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FOREWORD

(U) The work described in this report was performsed by rersonnel of
the Engire kesearch Branch, Liquid Rocket Division, «air Force Pooket
Propuleion Laboratery, as part of an interlaboratury tearn to deinon:irate
the feasibility of hybrid propulsion for the Sandpiper high-performancs
ta:get missile. Mr. Franklin B, Mead, Jr,, wzs the Frojeci Enginner
ard Mr. Zernard R, Bornhorst was the Program Maragez. Thiz ui-heuvse
program was conducted between /ugust 1966 and March 1568 undex Ticject
Number 573002CRQ.

(77) This report has been reviewed and approved.

Ponadiho

GEORGE M HALKO, Major, USAF
Chief, Cngine Research Branch

Liquid Rocke* Division

Air Force Rocket Propulsion Laboratory
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ABSTRACT

{U) An in-house exploratory development prograrm was accomplished
ag part of an inter-laboratory team effort to demounstrate the feasibility of
hybrid propulsion for the Sandpiper high-performance target missiie. The
objectives of this program were to: (1) conrduct "off-design' tests of a
flight type {(heavyweight) hybrid thrust chamber assernbly (TCA); (2) con-
duct flight certification tests on flight -weight propulsion systems delivered
urder a concurrsnt AFRPL contract; and (3) provide propulsion sys<em
field servicing and engineering support during subsequent flipht tests of
the propulsion system, Thirty heavyweight TC A tests were conducted, and
TCA comperent operating characteristics, TC.A component durability,
effects of metal fuel grain additives on combustion, effects of fuel grain
temperature on combustion, effects of IRFNA oxidizer substitution, and
TCA altitude performance were evaluated. MON-25 (75% N204/25% NO)
oxidizer and 90% Plexiglas (polymethylmethaczylate)/10% magnesium metal
fizl were the propulsion system propellants, Eight flight-weight propulsion
iyitems were tested over simmulated mission duty cycles afier being sub-
jected t2 envirunmental extremes of temperature (-A5°F to 1659F) and
huamidity,

(U) Reenltz of the heavyweight TCA tests and subeequent propulsion

syatem flight teevs are summarized, The flight certification test data are
jrrusented in detail,
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INTRODUCTION

A, BACKGROUND
' (C) Existing docnmentation (Reference 1) indicated that improved

rocket-powered target missiles were reeded to simulate the flight perform-
ance of the best aircraft a po*ential enerry might produce in the next
decade., Maximum altitude requirements might be as high as 100, 000 feet,
with flight speeds up to Mach 5. To meet a variety of mission profiles with
actual on-station operating times of 5 minutes or greater, an extremely
flexible propulsion system with a multiple stcp thrust capability was
required. Moreover, any propulsion system developed must be cost effec-
tive and must offer ease of handling, storage under a wide range of condi-
tions, a minimum of checkout and maintenance and a maximum of safety
and reliability, Cuareful review of propulsion requirements for target
missile applications revealed that propulsion technology was not available
to provide the thrust variation and ¢xtended burning times necessary to
fulfill this wide mission p(\rf(»rmhnre envelope. The alternatives that
solids, liquids or hybrids offered to obtain the needed propulsion technology
indicated that a hybrid propulsion unit might provide a quick and ‘nexpensive
means for cstablishing the riecensary propulsion capability, An exploratury
development program was conceived to develop the required propulsior
technology and densonstrate under acteal flight conditions a hybrid propula
sion system meeting size and performance requirements for an improved

rocket-powered target minsile,

(U) The developinent of a rocketapowered misnsile te demonstrate
bybrid propulsion technology involved three Air Force Systems Command
(AFSC) leboratories, The Alr Force Armament Laborsrtory (AFATL) at
Fglin AFB, Fiorida, held primary responaibility for this effort, The Air
Force Flight Dynamica Laboratory (AFFDL) at Wright-Patterson AFRB,

Ohio, provided technical support in the areans of acrodynamics,

CCHFIDERTIAL
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aerothermodynamics, stability and control, and vehicle flight performance,
The Air Force Rocket Propulsion Laboratory'(A'E_’RPL) at Edwards AFB,
California, was in charge of propulsion system design, development and
preflight checkout. Flight testing was accomplished at the Air Proving
Ground Center (APGC), Eglin AFB missile range over the Guif of Mexico,
with each laboratory providing direct support.

B. OBJECTIVES AND APPROACH

(U) The priimary objective of this program was to conduct flight cert.-
fication tests on a number of hybrid pronulsion systems delivered to the
AFRPL under Contract AT 04(611)-11632 by United Technology Center
(Reference 6), thereby insuring that a high degree of success could be
expected with the hybrid propulsion system during Sandpiper target miscile
flight tests at Eglin AFB. The certificatior tests were conducted undar
conditions simulating the environment that the hybrid propulsion system
would experience in flight., Hybrid rocket performance, reliability, and
safety were evaluated over a wide range of altitude and tempcerature environ-
ments to insure that system operation met Air Force requirements. Other
objectives were to develup engineering experience in hybrid prupulsion at
the AFRPL and to contribute to the advancement of hybrid rocketry. Major
areas of investigztion included the effects of metal loading in the fuel grain
on regres-icr. and combustion characteristics, the effecta of oxidizer/fuel
(O/F) ratio, the differences betwecen ambient and altitude performance, the
efinrt of temperature extremes on system dynamics, and the ¢ffects of

vibration 2. system durability,

(U) A two-phase effort was initiated to accoriplish the program ohjec-
" tives. Phase I consisted of tests using heavyweight hardware identical to
that being developed Ly the contractor., While the contractor wis taking a
"rifle bore” approach with a specific end item in mind, the AFRPL
approach was to conduct "off design' tests extending overall knowledge of
this propulsion system and hybrid rocketry in general, but also verifying

system operation and performance, Kesults of these tests were related

2
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to the contractor and significantly influenced decisions on the final system
design. Throughout this phase, the thrust chamb:r assembly (TCA) did
not change, Interior components such as nozzle, mixer, and injector wcre
modified over the course of the program as described in Section 1II, '
Phase I also served .8 a training program for AFRPL project personnel,
allowing them to become familiar with the hybrid hardware and system
operation and testing proceduras critical to successful conclusion of

Phase II.

(U) During Phase II, 10 flight-weight propulsion systems were
delivered to the AFRPL for certification testing, and five systems were
shipped to the Beech Aircraft Company for mating with airframes and sub-
sequent shipment to Eglin AFB. The 15 propulgion systerns delivered to
the Air Force were identical, The 10 units delivered to the AFRPL were
picked at random from the total lot to obtain a representative sampling.
Using this procedure, the flight-wecight design concept, rather than each
irdividual uni‘t, would be certified for flight, Thus, the usuai concept of

unit acceptance testing by hot firing was bypassed,

(U) The AFRPL was responsible for handling, maintenance and check-
out of the propulsion systerns during the demonstration flight tests at
Eglin AFDB, During this portion of Phase I, AFRPL technical personnel
and equipment were avanlable prior to each flight, and it was the responsi-
bility of the AFRPL project enginecr to verily propulsion system readiceas
for the flight, The specific objactives of the flight demonstration test
program were to obtain in flight rocket engine performance data, demon-
strate specified cruise/time profiles, demonstrate flight programmer
controlled manenvering capabilitics, evaluate aircraft/minsile supersonic
launch capabilities and techniques, determine migsile flight control system
performance during launch, ¢limb and crulse conditions, investigate target

missile maintenance and handling procedures, and determine infrared

signature data from the hybrid rocket motor during flight (Reforencen 2, 3),
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C. DESIGN CONCEPT

(U)v From the beginning, the conceptual apprnach utilized for the
demonstration program was based upon low cost 2nd system simplicity.
The airframe proposed to demonstrate flight feasibility employed a 180~
inch-long version of the Navy ANMM-37A liquid bipropellant rocket-poweréd
target missile, With only elight modification, the Air Force was able to
ugse operatioral hardware and off-the-shelf components tor a large portiun

of the misgsile system.

(U) In the hybrid rocket, a liquid oxidizer reacts with a solid fuel
grain, While the oxidizer flow is metered through the injector by appro-
priate valving and tankage (liquid management system), the fuel flow, and
thus the oxidizer/fuel ratio {(O/F), is controlied by transport processes
and chemical reactions occurring in the zolid fvel combustion chamber, In
other words, the oxidizer does not automatically strip off the fuel in
stoichiometric proportions to provide efficient performarnce, Thus, the
heat, mass and momentum transfer processes, and gas-phase combustion
and heterogencous fuel decomposition reactiona must be understood and
described before the solid fuel regression (burning} rates can be predicted,
achieved, and muaintained in the hybrid rocket engine, Ounce understood,
the hybrid rocket offers the attractive featurecs of throttling, restart capa-
bility, unrestricted use of propellant ingredients regardleas of chemical
compatibility (due to the complete separation of fuel and oxidizer), system
simplicity (because only one liguid must be controllod), and increased
safety in manufacturing, handling and cperations (again, as a result of

separation of fuel and oxidizer).

(U) As shown in Figure !, the sclacted hybrid minsile system included
a nose cone with guidance and controls, a gaweous nitrogen presaurization
tank, an oxidizer tank and the solid fuel combustion chamber,  To cantrol
the hybrid propulsion aystem, the lquid manag-ment syatem conmisting of

the nitrogen and oxidizer tanks and the appropisate lines and valves wan

4
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designed to inject a single boost flow rate through two paraliel lines pro-

ducing a nominal 500-1bs boost thrust with the duration varied as required
for a given mission. The sustain phase of operation was initiated by
cloaing the main oxidizer boost valve, thus forcing the oxidizer to flow
through the dial-a-thrust valve orifice which provided for variable oxidizer
flow rate and was preset by mechanically adjusting the orifice prior to
launch. During sustain pbase, the oxidizer was aerated with gaseous
nitrogen at the injector to maintain momentum and enhance atomization,

The propellants utilized consisted of 10 percent powdered magnesium dis-
persed in 90 percent polyfnethylmethacrylate {Plexiglas) as the solid fuel
and a mixture of 25 percent nitric oxide and 75 percent nitrogen tetroxide
(MON-25) as the liquid oxidizer. The nitric oxide addition provided stora-
bility in the liquid state over a temperature range of -65°F to +165°F. The
propellants were norexplosive, nonhypergolic, and readily available at
modcrate cost. The thrust chamber assembly (TCA), as shown in Figure 2,
coneisted of a graphite nozzle assembly with a 21:1 expansion ratio, a
maraging steel case, a cylindrical, single-port solid fuel grain surrounded
by silica phenolic insulation, an injector designed to prcduce a hollow cone
spray pattern and a pyrotechnic igniter. Although the airframe was 13
inches in diameter, a 10-inch-O. D, TCA was used based upon an expected
future target missile diameter, The actual throat of th. nozzle was pyro-
lytic graphite, and the rest of the nozzle was a high-density-grade graphite, . )
The entrance to the nozzle was tapered without the plenum usually used to’ v
enhance mixing and combustion efficiency, 7The tapered entrance allowed
smooth flow, with some loss in performance, of a protective fuel-rich
boundary layer over the nozzle throat, The constriction in the fuel port
was at the point of maxirnum regressjon rate where additional fuel permitted

a more even burnout along the grain length,

(U) The thrust requirements for the hybrid target mninsile are linted .
in Table I. The thrust requirements reference the sprcified mission altia
tudes to delivered thrust at altitude conditions. Rating Number [ was an .
all-boost phase mission at 50, 000 ft requiring at least 60, 000 Ihg-nee total

6
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impulze, Rating IA was a 50,000-ft mission using the first 10 sec of boost
phaze nrovided b'y Pating I followed by 297 sec of sustain phase with thrust
matcinng drag at Mach 2. 0. Rating Number II was a 70, 000-{t mission
14ilizing the firet 62 sec of boost phase that would be delivered in Rating I
follnved by 303 sec of sustain phase with a thrust level exactly matching
drag at Mach 2,2, Rating Number III was an 80, 000-ft mission utilizing
the fi.at 73 sec of Rating I boost phase followed by 176 sec of sustain
phase with a thrust level to match drag at Mach 3. 0. Rating Number IV
wazr & 90, C00-ft Mach 4 mission, applicable only to future advanced ver-
risng of the target missiie because the 13-inch-diameter demonstration
vehicle could not fly at this altitude and speed. Rating IV dofined the mini-
mum flow rate combustion regime for the hybrid engine. Rating I defined
the maximum flow ratc combustion regime, hence, an 8:1 throttling ratio
was required fromn the hybrid TCA., The total impulse valuea reflect
predictions for anticipated advanced versions (10-inch O. D, ) of the target
missile, Settings 1, 2, 3, ard "Alternate' refer to positions of the dial-a-

tl.rust valve as discussed in detail in Section II.

9
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SECTION II

EXPERIMENTAL PROCEDURE

A. STATIC TEST PROCEDURES

1. Test Facility Design and Operation,

(U) This program was conducted at the Air Force Rocket Propul-
sion Laboratory altitude facility located at Test Area 1-14 (Hydro Lab),
Cells A and B (Figure 3). B-Cell was the facility where liquid oxygen and
propane were combusted and the exhaust used to flash water to steam for
driving three two-stage ejectors located on top of the condenser. A-Cell
was the hybrid engine test facility and contained the altitude test chamber,
the environmental system and the oxidizer supply tank. The altitude test
chamber vas connected to the condenser by a diffuser. Vacuum conditions
created by the steam ejector system were applied at the top of the con-
denser, and the engine exhaust gases passed through the diffuser to enter
the bottom of the condenser where a water deluge removed the majority of

particulate solid products and condensible gases,

a. Thrust Stand.
(U) The thrust atand was located in the altitude teet chamber,

It was designed to accommodate either the heavyweight TCA or the complete
flight-weight propulsion system. Therefore, testing could be accomplished
with oxidizer supplied from either the exterior supply tank or the flight-
weight tankage located on the thrust stand. The thrust stand was a channel
bearn extension of an existing 5000 )% stand with a new load cell, two new
alignment flexures, and two new spring flexures to support the extended

thrust-bed frame,

b, Diffusecr.
(U) The diffuser was a water-cooled, double.walled, straight

tube with a 5-inch inside diameter. Design theory used to predict diffuser

10
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performance was obtained from Rt;ference 5. For sea-level testing, an
18-inch-diameter uncooled diffuser with a large convergent entrance was
installed to collect the exhaust while still allowing observation of the exhaust
plume. The ambient pressure tests were conducted with the altitude cham-
ber door removed. This provided airflow to ingest and scrub all exhaust

gases, with the altitude facility providing suction,

¢. Environmental System

(U) The environmental system provided the capability of con-
trolled temperatu¥'es from -65°F to 165°F at any desired relative humidity,
- Air wag pumped through a closed system as the temperature-conditioning
fluid, A water boiler provided steam; a dehumidifier was available to
remove moisture; an electric heater was used for heating; and a liquid
nitrogen heat exchanger was used for cooling. Components could act inde-
pendently or in unison to provide the required conditioning environment,
Operation of the environmental system was completely remote. Two
insulated cocoon jackets were used to cover the entire propulaion system
during system operation. Temperature levels were controlled to approxi«
mately 21°F, and cold-conditioning time was limited by tae liquid nitrogen

supply. The electric heater did not impose a conditioning time limit,

d. Oxidizer System

(U) For heavyweight testing, preset variable-arca cavitat.ng
venturis were uscd to altsr oxidizer flow rates throughonut the range of
interest and maintain constant flow, Turbine-type flowmeters were used
to measure oxidizer flow rates, A water scrubber system wan used for
venting the oxidizer tank and disposing of resicual oxidizer in the system
lines. This technique avoided the danger of toxic propellant within the close
confines of the test area. The test system was designed to prrnut oxidizer
feed to the engine either from a heavywefght storage tank or flight-weight

tankage located on the thrust stand,

¥
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e. Gaseous Nitrogen System

(U) Starting altitude pressure was controllable by feeding a
metered flow of gaseous nitrogen into the condenser, overloading the
vacuum system, and causing an increase in pressure in the altitude test
chamber. The nitrogen flow rates were controlled by three remotely
operated valves of different orifice sizes acting independently or in unison
with variable supply pressure (0 to 1500 psi). To effect moderate changes
in altitude (10, 0C0 ft), extremely large amounts of nitrogen were required.
Normal operating times averaged 2 to 4 minutes. Once engine ignition
occurred, the altitude in the teat chamber was controlled mainly by diffuser
operating characteristics, and the nitrogen overload system was turned off.
Gaseous nitrogen was also used to aerate the oxidizer at low flow rates

with a sonic orifice providing the necessary flow control.

2. Test Hardware.

a, Heavyweight TCA
(U) The thrust chamber assembly (TCA) used during Phase I,

heavyweight testing, is shown in Figure 4, The heavyweight TCA consisted
of a case, a forward closure, combustion chamber insulation, and igniier
assembly, an injector assembly, a furl grain assembly and a nozzle
assembly. One complete TCA waas initially supplied by the contractor with
additional igniter and nozzle assrmblies as replacements for expended
hardware used during the test series. The heavyweight TCA configuration
was identical to the configuration used by the contractor during his heavy-
weight development tesats, Thus, test results and data generated at the

AFRPL were usceful to the contractor in his final configuration selection,

(U) The engine case was fabricated from carbon steel tubing,
It was 10 inches inside diamcter by 0, 25 inches thick, The forward closure
was fabricated from carbon steel and included the igniter and injector
assemblies, the chamber preasure transducer tap, and an RTV.1l seatant

tap for the fully amsembled TCA,  The combuation chamber insulation

13
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consisted of a piece of silica phenolic bonded to the fuel grain aséembly
with Epon 934. This insulation was designed to protect the forward clos-
ure from the high temperatures encountered in the combustion chamber.
RTV-11 was used both as an insulation surrounding the fuel grain and as a

potting compound to bond the fuel grain in the case,

(U) The igniter assembly is shown in Figure 5, The igniter
cartridge was a small solid charge designed by the contractor to produce
high temperatures in the combustion chamber and induce a further heating
effect by reaction between the solid exhaust products and the oxidizer, A
standard Holex double bridge wire initiator was used to ignite the solid
squib, The 304 stainless steel igniter blast tube had three exhaust channels
drilled at 1209 intervals to uniformly disperse the hot s0lid exhaust prod-
ucts, The igniter case was fabricated from 4130 steei, ard the throat

insert was high-density ATJ graphite.

b, Flight-weight Tankage
(U) The flight-weight tankage, furnished by the Beech Aircraft

Company, was an integrzl part of the oxidizer feed system. A portion of
the heavyweight tests utilized the flight-we.pht tankage assembly, including
the nitrogen tank, the oxidizer tank, and the appropriate valving and
components shown in Figures 6 and 7. The oxicizer tank held about 175 lbs
of MON-25 and had a pressure rating of 920 psia. Note specifically that a
combination normally closed squib valve and regulator was used to begin
pressurization of the oxidizer tank, Also note the presence of a I0-micron
filter in the oxidizer line, Thia filter was later removed,  The material

used for the tanks war 17-7 stainless steel,

C, Flighf -weight Propulsion System

(U) The flight-weight propulsion system included the feed
system assemmbly, intiator assembly, dgniter asscmbly and thrust chamber
ammembly,  The feed system asscrmbly containmed all the valving, lines

and fittings required to control the nitregen pressurant and MON. 25

]
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oxidizer as shown schematically in Figure 7. All the valves used on the
flight-weight system were Conax explosively operated types with Bendix
dual-bridge wire initiator assemblies. These valves were off-the-shelf
items meeting the environmental requirements for the system. The valves
were extremely fast acting (0. 002 sec or less) and lightweight {less than

1 1b,). The nitrogen regulator used to maintain an oxidizer tank pressure
of 750 psia was a refurbigshable combination normally closed valve and
regulator made by Pneu-Hydro Valve Corporation. A similar model is
used on the Navy AQM-27A target missile. For operation on the flight-
weight system, the regulator valve was always set open during installation,
so that only the regulator functioned during system operation. The dial-a-
thrust valve, as shown in Figure 8, was essentially a variable-orifice
valve calibrated by United Technology Center (UTC) to provide oxidizer
flow rates sufficient to produce desired thrust levels for the various mis-
sions. All of the 80 possible settings were not used during calibration.
Flow requirements were estimated from test results, and the orifice was
opened until the correct flows were obtained. The settings were then
recorded and stamped or a tag attached tc the valve, This‘inexpensive
valve had wide fabrication tolerances which necessitated flow calibration
of each unit. The 10-micron absolute nitrogen filter was used to prevent
plugging of the 0,0135-irch-diameter aeration orifice in the aeration line,
The aeration line provided nitrogen for aeration and extended into the in-
jector via a tube through the tee connecting the boost and sustain lines.
The effects of aeration on flow rates are discussed in Appendix B, The
burst disk had a forward breaking pressure of 450 psia and reverse break-
ing pressure of 550 paia, These burst pressurcs were well above the

maximum oxidizer vapor pressure of 270 psia (165°F).

(U) The flight-weight igniter differed from the heavyweight
version only in itls shorter atraight-bore blast tube and one-piece welded
construction, The graphite throat inscrts and cartridges were shipped

separately, and the igniter was loaded just prior to each test,
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(U) The flight-weight thrust chamber assembly consisted of
the splash block, forward inesulation, fuel grain assembly, injector assems-
bly, nozzle assembly and combustion chambesr as shown in Figure 9. The
splash blc<k andAforward insulation (Figure 10) were made from graphite
phenolic and were designed to elimirate head-end recirculation effects,
The splash block angle was slightly less thau the injector spray anyle thuag
zllowing the oxidizer to wine the block face, The forward insulaticn was
thicker than the heavyweight component to decrease heat goar-througlh at

.#he head end. The fuel grain was an assembly of four cyhindrical billets
bonded together to form a continuous fuel grain of approximately 5.7
inches in length by 9. 7 inches in outside diameter. The first billet was
machined to match insulation and engine case contour at the head end, A
silica phennlic sleave was placed over the outside of the fuel grain to pro-
vide acditional insulation of the combustion chamber case during the termi-.
nal portion of firing, This sleeve varied in thickress, providing the
greatest insulation protection in the second and third billet portion of the
fuel grain where initial burnthrough of the fuel occurred most {requentiy.
The ingide diamcter of the fuel grain was not uniform. The {irst, third,
and fcurth billets were a constant 3, 35 inches inside port diameter., The
second billet had a 2. 35-inch ineide diameter, tap-red through 30 degreens
at each end to mate evenly with billets 1 and 3. To bond the hillets together,
trichlorcethylene was applied to the mating surfaces, softening the Piexi-

glas and allowing the Lillets to Lond together.

(U) The flight-weipght irjector ia shown in Figur~ V1, It pro-

duced a hollow cone spray pattern with a apinner and taperved orifi. e,

(U) Th: flight-weight nozzle aascimnbly (sec Fioire 9) cantained
a throat insert, insert backup, exit cone, insulation, contoured throat
entrance and case {aft closure). The throa! inscrt consiatesd of three pyre.
lytic graphite washers bonded together, threadod on the ovtside, acrvand
into place and bonded on the forw:rd surface only, Fpons 901 wer used

exclusively as the bonding agent, The contoursd throat entraice, nuaest
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. Nitrogen Gas

Injection Line 'Modified AN « Bulkhrad Flitting

Orifice

Flow Spinner Insert

Figure 11, Flght-weight Injector
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bzckup and exit cone were all ATJ graphite material. The contoured throat
entrance allowed better utilization of fuel at the att end of the combustion
chamber and protected the nozzle throat because it did not cause high turbu-
lence. Therefore, a fuel-rich boundary layer was formed which partially
protected the throat from the oxidizer-rich central core. The nozzle exit
cone consisting of graphite and silica phenolic had an expansion ratio of
21:1. The only existing joint was in the throat entrance, and it was at this

point that rnaximum heat soak-through was predicted.
B. FLIGHT TEST PROCEDURE
1. Airframe Characteristics

(U) A half section of the Model 1069 Sandpiper hybrid target mis-

sile is shown in Figure 12. The vehicle was cylindrical with a amall conduit

(raceway) on the lower surface and highly swept delta wings with vertical
stabilizers at the tips. Canard surfaces were uscd for pitch control and
aileron for roll and yaw., The= airframe configuration was aimilar to the
AQN-37A and had almost identical drag and flight characteristics, The air-
frame was dismantled for shipment and storage by removing the nose,
canarde, wings and fins. Access to the equipment and controls bays was

provided by removable skin panels.

2. Test Plan and Procedureas

(U) The flight tests consieted of a total of six flights, three captive
and three missile launches, as described in Referenves 2 and 3, The Sand.
piper missile was launched from an F-4C Phantom fighter at an altitude of
upproximately 47,500 ft and Mach 1. % over the APGC Fglin Gulf test range,
A Navy LLAU-24/A guided missnile launcher (centerline fnstalledj and PEU.
86/A firing panel were adapted for une with the Sandpiper. The launcher {n
a standard AQM-3T7A piston.operated, trapere-type compuonent, At launch,
an ejection cartridge drove the trapeze mechanism downward and forward,
enabling miswsile releasc in a level attitude, Aw the target lett the lannche -
trapeze, & lanyard was pulled, activating the pressurization and tgnition

sequence,
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3. Assembly and Modification
{(U) The target missiles were assembled at Eglin AFB before each

test, The propulaion systems were shipped from UTC to the Beech Company
fully loaded with oxidizer classified as an ICC class two poison, The igniter
cartridges and throat inserts were shipped directly from UTC to Eglin
where they were stored until final flight checkout. The Beech Company
assembled each individual missile and attached the required instrumentation
(Reference 3). After a complete checkout, the missile was disassernbled
and the various assemblies sent to Eglin where the miasile was reassembled
and a final check performed before flight. Following assembly at kglin,
each propulsion system was modified slightly to prevent possible vibration
damage during captive and free ﬂight. Certification vibration test results
dictated that three Adecle clamps be attached to the oxidizer propellant lines

and rubhcr pads inserted between the largs mass components and the tanka-

age to provide damping action,

B 4, Checkout and Servicing
(U) Checkout and gervicing of the Sandpiper propulsion system

involved a continuity check of each squib valve (total of three!, checking

and loading the {gniter, sctting the dial-a-thrust valve and chargivg the
nitrogen tank, A detailed procedure was deveioped during certification
tests at the AI'RPL for each of theue steps (Appendix F). A special high-
preassure facility was asseinbled specifically to pressurize the misaile
nitrogen tank, This system is shown schematically in Vigure 13, The
aystem contained three 2200 paip and three 6000 pmig nitrogen bottles
meeting MIL-P-27401 specificationa, The 2200 paig bottl~g were uned
first to raise the missile nitrogen tank presaure to between 1500 puig and
1800 poig. This was accomplished by slowly filling the system in 500-pwiy
increments with a system leak check following each incremental siep,

. Before using the 6600.paiyg bottles, the minaile nitrogen tank waw allowed
to cool and the mitrogen (I8 fitting was checked to insure that it still func -
tioned properly, The fill fitting wam a sunple prensuve sealing valve

which occanionally became jammmed open and had to he revlaced,  Since hagh
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pressure was available in limited quantity, the valve was always checked
before using the high-pressure bottles. After these checks, the presaure
was raised to 3500 psig in 500-psig increments with continuous leak checks,
At 3500 ps'g, pressurizing was stopped and the missile system was allowed
to ccol to ambient temperature, since the pressurization process caused the
nitrogen tank to become very hot. A voltage reading of the nitrogen pres-
sure transducer and a pressure computation were then made to douvble check
the nitrogen tank pressure. There was about a 100-psi difference in pres-
sure between the nitrogen tank and the pressure gages mounted on the
nitrogen servicing facility. After cooling sufficiently, the nitrogen tank
was topped off to 3500 psig and the facility disconnected. The missile
nitrogen tank was then fully charged, All work to this point was performed
in the assembly area, Final continuity check and electrical hookup of all
valves and the igniter were performed at the hot gun line just prior to

mounting the missiie on the launcher,
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SECTION III
INSTRUMENTATION AND DATA REDUCTION

A, THRUST MEASUREMENT AND CALIBRATION

(11) 2lignment of the thrust stand was ac~omplished by transit and
levcl gages., Frequent mechanical calibrations maintained and verified a
statigiical measirement error less than #] peicent. Appendix F details
calibration teste performed during the heavyweight testing phase of the
program. An end-to-end thrust calibration was performed at ambient pres-
sure before each test with a single-beam dead-weight automatic calibrator
ovaer a range of 0 to 600 lbss in six ateps. It was assumed that bouyancy
effectas were negligible between ambient and altitude pressures. Sealed
load cells were initially used for thrust measurements, These load cells
were supposed to be qualified for altitude testing; however calibration
checks on these transducers showed that they were unaguitable. Special
vented load cells were acquired and used successfully. Resulis of tests to
evaluate the effects of abrupt changes in altitude are described in Appendix
G. lgnition altitude for certification teats was set with the nitrogen loading
valves. During hoost-phase operation of the hybrid propulsion system,
the altitude charnber waas maintained at a presrure of about 0, 730 psia or
67,000 ft altitude. By starting the hybrid engine at this altitude, the
diffuser system did not have to pump down the altitud.: chamber, When the
diffuser system did pump down the altitude chamber, a guction pressure
on the engine developed after throttling, causing a negative theust, and the
changing pressure causcd a slight errvor in the vented load ¢ell, Thrust
measurementa were firat corrected from test altitude to misaion altitude
by means of the pressurc arca term in the theoretical thrust coefficient
equation, All boost thruret levels ware corrected to 80,000 1, and the
sustain levels were corrected to their various minsion altitudes, 50,000 ft,
70,000 ft, or 80,000 ft, Mcasurements made of pressure a4t the exhaunt
plane of the nozzle ware then used to correct for negative thrust during

trans.ent operation, No attempt was made to correct for thruat deviations

30
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caused by load cell adjuetments to altitude, For certification tests, zero
thrust was intially set at altitude. However, with the new vented load cells
and using a proper time period before ignition to allow the transducer to

adjust to pressure change, zero shifts were normally within noise limits

of the digital data acquisition system (3 lbg).

B. HEAVYWEIGHT TCA

(U) Instrumentation was designed to measure hybrid engine perform-
ance, altitude test chamber characteristica, oxidizer feed system opera-
tion, diffuser performance and overall altitude facility (not discussed)
operating characteristics as shown in Table II. To evaluate engine per-
formance, measurements were made of chamber pressure, injector
pressure, nozzle entrance pressure, nozzle exit pressure, thrust, oxidizer
flow rate, TCA vibraticn levels, and TCA case temperature, Low-range
instrumentation was isclated during high-pressure operation by solenoid
valves actuated by the sustain control switch, Accelecrometers measured
vibration both axial and normal to the motor case. Thermocouples were
placed on the chamber case and in the fuel grain, To control and evaluate
the ovidizer feed systemn operation, mezasurements were made of oxidizer
cavitating venturi entrance pressure, acration line total pressure, oxidizer
tank pressure and valve position voltage, Data reduction took the raw data
recorded on magnetic tape and converted it to engineering units, L&M
strip charts provided a direct readout in engineering units of parameters
used to'inonitor and control facility operation during tests, Some engine
paramecters were placed on strip charts to provide instant recadout of engine
operation, However, strip chart data were not used in the final analysis of
engine performance, The digitaf data acquistion system, because of 1ta
speed and accuracy, was used exclusively to calculate performance, The
firat step in reducing the digital data was to use the AFRPL General Data
Program which, when supplicd with the transducer calibration for cach
parameter, converted the data to engineering units, The Performance
Program, which made the final caloulitions and printout, took samples

from the Geneval Data Program results, Nopmal sampling interval for

3
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TABLE II, HEAVYWZELCHT TEST INSTRUMENTATION

untLASSIFIZR

Parameter

Thrust

Acceleration

iChamber Pressure
Injector Preasure
INozzle Exit Pressure

Nozzle Entrance Pressure

Oxidizer Flowrate

Oxidizer Teraperature

0-5 psia

0-1000 lbf

0-30g
'TCA Case Skin Temperature 0-3000°F
Nozzle Skin Temperature 0-3000°F

-26 to I50°F

————

OXILIZER FEED SYSTEM

Cavitating Venturi Pressure
iAeration Line Pressure
Oxidizer Tank Pressure

Valve Poaition Voltage

0-15020 peiy

1-2000 paig

0-28 VDC

- x

ALTITUDE TEST CHAMDER

Altitude Pressure

UNCLASSIFIED

Tra~sducer Rarge (high/low)

0-10C0 paig/C-100 paig

0-1000 reia/C-100 psig

0-750 psig/0-100 psig

2,7-27 gpm/0.7-3.8 gpm

O-I‘)OO ;1'1‘,{/0-‘500 ’:nqa

0-1% peia/0-2 pmia

ot oen e

LGl RS




the digital data acquisition system was 0.003 sec. The unusual length of
the tests reouired a special operating sequence to aveid runring cat of mag-
netic tape. During long tests, the first 10 seconds during boost, 1) seconds
covering boost-to-susgtain transition and the last 10 seconds of the test were
sampled continuously, Other portions of the tests were sampled at 4, 5-
second intervals with each s=mpling period L‘ASﬁhg 9.5 second. Fuel ficw
rates calculated from total meazured TCA weiyht loss and nozzle throat
ernsion rates estimated from total change in ithreat diameter were aver-
aged linearly with test time.  When throttling necurred, fuel flow-rate
estimates were made frem previous data ard the overall weight less,
Throat arca was considered constant during sustain operation, Onidizer
flow rates were corrected for density changes based on temperatures meas-
urcd in the oxidizer run hine, Usually, oxidizer run line and oxidizer tank

temperatures agreed well enough that either value (ould have been used.
C. FLIGHT-WEIGHT CERTIFICATION

. Attt de Performuance

(U) The creetafication toats serificd ral alttade performance of
the £l ghtoweght habrid pronulsior o, stem, ot nent cer was hinated
pa vt tore reqriired toopeas e D TCA Lt re ance as gshown an
Pable T 1t was e planred to measare the g sane parameto Is €oriag
fooght testory ao tat w o nparison beteren oo vt cat s and fhght perform -
dice oalt he oo, A atter ptwas oaske to gt all dnetromentation
o ter v actal floght comparents waaaid b o anrods oo caloulate TUA
corfetniart o, dbhoatt bher press re, oxi7er oo tlar presygure, thrast, and
vl cer tary press e wers gneasared. Thenmocouples on the no~sle and
cogine cane creasured terr peratare aw woadd Lo exporicnced an fhight, o
cdbmaor Ay atern, fanciorag performance was based voon data trom the ovie
docer presncrization s,atem Bhese besng matrogon tank prossure, mtiogen
segalatep peoma e, voltage of natrogern start valve ) and the veltages of
cxvhizer wtart salve, of the bocat valoo, of ibe oxathizer - atotf velve, and

of the sgmiter, The outoff valve was an added feature pecaliar to the

33

UKCLASSIFIED

i im ———— e e A s



ﬂ":x . ?‘
%ods g

R

TABLE III, FLIGHT CERTIFICATION TEST INZTRUMENTATION

Parameter

Transducer Range

Chamber Pressure

Injector Przasure

Thrust |
Acceleration

Nozzle Temperature

GNz Tank Temperature
Oxidizer Tank Temperature
GNZ Tank Pressure

Nozzle Exit Pressure

GN, Regulator Pressure
TCA Case Skin Temperature

Altitude Cell Pressure

0 to 1000 psig
0 to 10090 psig
0 to 1000 1bg

0 to 30g

0 to 3000°F
-3C0 to +160°F
-300 to +160°F
0 to 4000 psig
0 to 5 psia

0 to 1000 psig
0 to 3000°F

0 to 15 psia (high)/0 ta 2 psia (low)
g A

certification test systems,

only on the propulsion systems sent to the AFKPL,

This valve was inatalled separately by UTC

It provided for over-

boaxd oxidizer dump in caso of emergency to avuid damaging the altitude

test facility.

and corrected as in the heavyweight TCA tests,

However, this vilve was never used,

Thrust was measured

Altitude chamber, diffuser

and altitude facility parameters remained the same with the exception of
two additional nozzle exit pressure transducers. Thruat and chamber

pressure were the only performance parameters measured dircctly during
each test. The values reported represent an average over five samples
on each eide of the time slice, This sampling method was not completely
satisfactory. Figure 14 shows the chamber pressure printed from the
complete digital data for part of a typical firing, During any time slice it

P
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was possible to get 10 values lying'on a high or low pezk. Therefore, the

final performance data may be misleading if it is assumed that cach number

represents an accurate mear value, Actually the number may be too high

or too low, Throat erosion vias considered to occur only during boost -
phase and bagan after an initial peried of time for the 70, 000- and 80, 000-1t
missiona. This delay time for erosion was basad upon & noticeable drop in .
For

the 50, 000-ft missicns, erogisn of the throat began only after a 175-sec

chamber preasure norrmally seen after 30 acc to 50 sec of run time,

tirne delay,

2., Oxidizer and Fuczl Flow Estimntes

{U) Neither oxidizer nor fuel flow rates could be measured directly

for vse in calculating Isp and C*, Each flight-weight feed system was cali-
brated with water after the certification tesats, ang oxidizer flow rates were
estimated based upon the exnerisnental obaervation that the ratio of flow
rate o injector presgure was constant for a given oxidimer tank pressure
(see Appendix B), Using a surface mapping routine, oxidizer flows were
estimated by interpolaticn of the water-fiow data using the density ratio
between water and the MON-25 oxidizer, Fuel flow rates were predicted
with a theoretical hybrid combusion program using the estimated oxidizer
The oxi-

dizar and fucl flow ratzs were then fed into the final Performance Progra,

flow rates and measured chamber pressures (see Appendix C),
and & completa nerformancae analysis of each certification test was made
and compared with predicted theoretical performance at the existing con-

ditions.

3. Environmental Storage

(U) Environmental storage conditions were aimulated during a
number of testy, Temperatures were monitored at the air inlet and outlet
to the coccon surrounding the propulsion system and on the moror case.

These paricoeters were recorded continuously for up to 48 houre on LAN

strip charte, Sufficient thine, at leawt 10 hours, was provided at conatant

temperature to allow the complets hybrid propulslon aystein to reach s

36
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uniform temperature, One propulsion systerm was stored outside and

exposed to the elements on a 24-hour basis for 2 weeks,

4, Vibration »
{U) The vibration tests to verify structural int~grity were con-
ducted at the NASA Edwards AFB facility operated by TPL,

were used to determine detrimental eifects that misht be encountered

These teats

during transportation, normal handling operations ard launch or flight
environments, Appendix D presents a summary of the reculis of these
tests, Dummy masses simulating the flight transducers were atta-hed to

the propulsinn systems‘ before delivery to JPL,

5. Flight Teat Data Reduction

{U) Data from the flight demonstration tests were recorded on

magnetic tane as PDM/FM analogue data. The complete data reduction
process was conducted at the AFRPL computer facility and required a

modification of the thern existing capability. Two separate programs to

convert analogue to digital units had to be written for the 5032190 com-
('\ﬂll'

puter system, Thesc programs converted analogue to digital cutput,

brated the data, and produced engincering units on Jd,gital tape. The digitad
tape was run or the IBM 7040 and printed out, This printout sevrved aa the
General Data Program reaults, These results were distributed to all

members of the program team for analysis and gcauting.,
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SECTION IV

TEST RESULTS

S —— i ————

A, HEAVYWEIGHT TCA

(U) The theoretical shifting equilibrium performance for the propellant
combination MON-25/Plexiglas-10%Mg is shown in Figures 15 and 16 as a
function of%mixture ratio (O/F). Three chamber pressures are presented
to cover thje engine operating regime and provide a comparison with other
known propellant combinations., The hybrid engine (TCA) operated over a
chamber pressure range of 50 psia to 600 psia during heavyweight testing,
The theoretical curves show the performance in both these regimes of
operation, - The performance at a chamber pressure of 1000 psia is pre-
sented for a standard comparison of theoreticall parformance expanded
optimumly to sea-level altitude. The maximum specific impulse occurs
at an O/F ratio of 1,75 for a chamber pressure of 1000 psia. On the hizh
side of the optimum O/F for each pressure, the apecific impulse drops off
slewly, Since throttling (decreasing thrust) involves a drop in chamber
pressure and a more fuel-rich shift in mixture ratio (hybrid throttling waa
accomplished by decreasing the oxidizer flow rate!, the theoretical down-
ward shift in optimum O/F ratio for lower chamber pressures is advan-
tageous, and the hybrid engine may be desigred to operate near maxirnum
Isp at both high and low prensurellby judicious choice of design O/F ratio
at maximum thrust. The characteristic velocity in Figure 16 does not have
as large a shift in optimum O/F for decreasing chamber pressure as does
the specific impulee and, for O/F values below about 1,5, chambter pres-

sure has very little effect upon characteristic velocity,

(U) Figure 17 comparas the theoretical shiftirg Inp of MON-25 and
Plexiglaa loaded with 2%, 10%, and 20% by weight magnesium powder,
These three combinations were te.ted during the heavyweight TCA eftort,
The effect of decressing ruetal lociing in the fuel grain wans to shift the
optimum performance O/F to higher values with a very slight maximum

UNCLASSIT!ER
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performance increase. In the lowez &/F rarge, the increased metal
loading provides a performance advantage, Teat results presented later

in this section show that better combustion charaxteristics were obtained

with lewer metal loading.

(U) A summary of tests conducted during tae heavyweight TCA effort
is presented in Table IV. A total of 32 firings were conducted with the
hybrid engine. Five of these tests were ursuccessful. During this portion
of testing, the boost phase (rmaximum O/F, thrust and temperature) and the
90, 000-ft mission phase (minimum O/F, thrust and tempcrature) were
considered the extremes of operating conditions subject to investigation.
Most of the heavyweight tests were conducted in these two regiines for
this reason, After the contractor encountered difficulties in the intermedi-
ate operating regime of the 50, 000-ft mission, the tesating effort was‘altcred
in an atiempt to furnish data that might be of assistance in contractor
attempts to modify the TCA configuration to meet misgion requirements,
Boost-phase operation presented an extreme test of hardware durability
because erosion of the graphite throat was severe in the presence of a
high temperature oxidizing atmosphere, and ignition could have been
difficult due to fuel grain surface flooding by excess oxidizer.  In the low
regime of operation, hardware durability was less of a problem, and the
combustion mechanisra of the solid fuel becarne more important here
where subsurface melting and charring corld severely affect hybrid rocket

performance.

(U) Testing with the first fuel grain began | December 1966 and
included the first four tests. No ignition occurred on the firat test because
stray voltage in the electrical circuitry caused premature firing of the
igniter, The second attempt gave ignition at ambient (13,2 pnia) pressure
Using the diffuser syertem alone (no ejectors), test chamber altitude
increasad slowly to 15,000 ft (8,30 paia). Presumably, had the teat run
longer, the diffuser would have eventually dropped altitude cell pressure

down close to 30,000 {t equivalent (1. 74 psia) as deaigned, The data for

42
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the second test were corrected to 60, 000 ft, for comparison with tests
three and four. The third test was a firing with the heavyweight TCA
conditioned to 165°F,. Both tests 3 and 4 were ignited at an approximate
altitude of 50, 000 ft. The ignition sequence was programmed with a 200-
millisecond oxidizer propellant valve opening lead before igniter fire signal.

(U) Tests 2, 3, and 4 evaluated a Spear Carbon nozzle throat insert
under maximum oxidizer flow conditions. As the data show, the nozzle
eroded badly. These results elirninated high-density graphite as a nozzle
throat candidate, and UTC aselected pyrolytic grapnite after these tests,

/Postfire examination of the TCA after these tests revealed a number cof

unexpected results. Trapped in the combustien chamber were a number of
large rock-like objects, small grey flakes, and fine black flakes {porato
chips) as illustrated in Figure 18. Analysis of this material revealed its
composition (Table V) and the fact that the rocks were hollow, containing
small spheres of pure metal, Tbeée types of residue were seen throughout
the testing program at the AFRPL, The quantity of each typ= «f material
seemed to depend upon the magnesium loading in the fuel gra:: and the

oxidizer mass flux through the fuel grain port,

(U) The second fuel grain was utilized for minimum oxidizer flow
rate tests to evaluate performance at low pressure in tests 5 through 8,
Test number 5 was set for ignition at the minimum cperational temperature
of -65°F, A larger initiator with a higher heat output was used, Holex 2074,
to insure ignition of the solid igniter charge at this low temperzture, but
ignition did not occur. A check of the hardware showed that the igniter
had fired successfully and oxidizer flowed correctly into the chamber.
However, 't}xere was a large amount of ice collected along the combustion
chamber walls due to condensed water vapor, This ice probably prevented
normal igaition because ignition occurred successfully with the warm grain
in tests 6 through 8, The tests with the second fuel grain also utilized a
Spear Carbon nozzle inscrt, and no erosion occurred. In fact, a slight

decrease in nozzle arca occurred du~ to a deposit in the throat, All of
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Figure 18,

Fuel Debris After Testa | and 2, Aft Encd of TCA
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TABLE V. CHEMICAL ANALYSIS OF FUEL DEBRIS AFTER
TESTS 1 AND 2

Red Crystals

Mé.jor:

Minor:

Iron and Magnesium

Aluminum, Silicon, Nickel, Manganese

Large Rock

Major:

Minor:

Major:

Minor:

Black Material, Silver, Magnesium, Aluminum, Silicon
Iron, Copper, Nickel, Manganese, Chromium

The rock was broken anl fouud to be hollow, It contained small

spheres of pure metal,
Magnesium, Silver

Aluminum

Grey Flakes

Major:

Minor:

Silver, Magnesium

Iron, Copper, Nickel Manganese, Chromium, Aluminum

Silicon

Fine Black Flakes

Major:

Minor:

Silicon, Magnesium, Aluminum

Iron, Copper, Nickel, Chromium, Silicon
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these low oxidizer flow tests produced a large amo.unt of residue in the
thrust chamber. This material, designated 'potato chips,'' was the same
type of black flakes, only larger, seen in previous testing. Figure 19
shows the chips in the combustion chamber, as seen from the aft end, aftgr
removal of the nozzle assembly following test number 7. The chips were
collected and weighed. Although the chips were large volumetrically, they
'weighed only 13 ouncez. These chips represent the accumulation from only
one firing because th2 TCA was disassembled and the residue dumped out
after eact test. Presumably, this amount would be increased significantly
with longer durations, Figure 20 shows the second fuel grain after tests 5
through 8. Note that burnthrough of the fuel grain occurred approximately
midway down the length of the grain (forward half of the grain is on right).
This picture also shows the RTV-11 insulation on the outside of the grain,
It was also noted after each test that the fuel grain sagged ‘vertically. In
Figure 19, note the gap betwe2en the grain and case at the top and the rip-
pled effect of the insulation, Evidently, the fuel grain was heated enough
during firing to allow it to creep, This probably occurred after shutdown
_‘when the thermal soak-through to the case was maximum.

(U) The next eight tests, 9 through 16, were conducted at ambient
pressure of 13.2 psia with a nozzle expansion of 7. A special diffuser
arrangement was used for these tests, as previously described in Section II,
and photographic and closed-circuit television coverage was used for obser-
vation of the exhaust plume during firings., The third fuel grain was used
for tests, and very little erosion was observed, For smoother starts,
oxidizer prop-valve lead time over the igniter firing was increased to
0.5 second. The first two tests, 9 and 10, resulted in a cleanly burned
fuel grain like that observed in tests 2 through 4. Test 11 produced the
usual potato chips.

(U) The fourth grain was loaded with 2 percent by weight magnesium,
the 2 percent magnesium being just sufficient to make the Plexiglas opaque
and prevent subsurface melting or other problems associated with a

4
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Figure 19, “Potato Chips' Debris, After Test 7, Aft Fnd of TCA
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Figure 20,
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Fuel Grain No, 2 After Tests 5 Through 8
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transparent fuel. Four tests, 12 through 15, were conducted with this
grain to compare performance and combustion characteristics with the
previous 10 percent magnesium loaded fiels. All tests were now being
conducted with the pyrolytic graphite (PG) insert and showed corsiderably
reduced nozzle erosion. The first 2 percent test showed a strange ripple
effect on the aft end of the fuel grain after tests 12 and 13, as shown in :
Figure 21. Also, the fuel burned very cleanly with no residual material
left in the combustion chamber, Obscrvations of exhaust plume pictures
showed a much cleaner, transparent flame than observed with the 10 per-
cent fuel. Tests 12 and 13 also shovwed more rapid regression of the fuel
at the head end. So rapid, in fact, that the fuel port diameter exceeded
the diameter of the head end forward insulation. An asbestos ring was cut
to protect the forward closure out to a larger port diameter and sufficed
well for the third and fourth tests, numbers 14 and 15. The injector from
test number 12, although scorched cn the outside, was cleaned and found

to be reusable,

(U) The fifth fuel grain containing 20 percent by weight magnesium was
used for two tests, number 16 at ambient and number 17, a 50,000 to
80, 000-1b-thrust duty cycle (this was the first throttling test). The com-
bustion of the 20 percent fuel was very dirty., Observation of the exhaust
plume showed a thick, heary smoke being ejected from the engine, Also,
many brightly flaming particles spiraled outward from the exhaust plume,
No potato chips were observed, Instead, the grain had seemed to flow, It
appeared to have oozed, as if extruded under pressure., After test 16,
inspection revealed a relatively clean combustion chamber. However,
after test 17, the nozzle was definitely plugged by extruding material. This
plug could not be removed after the test, Note that thrust, but not duration,
met requirements. This test also provided data for nozzle exit temperature
effects on the heat shield. The Beech Aircraft Company designed an alum-
inum boattail extension surrounding the exhaust nozzle exit. Temperature
measurement: Jduring a test were requested to determine whether or not

insulation would be required to protect the interior of the boattail extension.
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Fipure 21, Fuel Surface Ripple, Aft End of TCA After Tests 12 and 13
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The‘rmocouples were installed on a simulated boattail extension, as shown
in Figure 22, The temperatures, measured during test 17, are shown in

Figure 23 and resulted in the use of insulation.

(U) A comparison of the 2%, 10%, and 20% magnesium (Mg) loaded
fuel behavior can be made from the first 17 tests. During high-thrust
tests, the 2% fuel grain burned moat cleanly but with rippled markings.
Fuel grain color after firing contained a definite reddish tint. The 10%
Mg fuel grain, greyish in color, burned cleanly with high oxidizer flows.
The 20% Mg grain burned poorly, producing a sooty flame, ejection of ash,
and extruded flow of grain material which plugged the nozzle, A compari-
son of thrust levels and chamber pressure for nearly identical oxidizer
flow rates was impossible because of the inconsistency of the data. Even
with the same fuel grain at constant oxidizer flow, the tests did not show
repeatability of measured data. Inspection of the fuel grains after tests-
revealed that during the shutdown and cooling-off period the more volatile
components of the fuel were being vaporized off in a heat penetration region
near the surface. Thus, after the first test with each fuel grain, the fuel
surface was chemically different at the start of the next test, A thermal
analysis by UTC showed that below a regression rate of 0, 004 inch/sec the
thermal profile penetration rate into a pure Plexiglas was so much more
rapid than the regression rate that subsurface melting and flowing of the

fuel was probable.

(U) The addition of Mg metal should increase the thermal soak rate
and the fuel regression rate simultaneously (Reference 4). A comparison
of average-weight-loss rate for tests 13 and 10, which were run at almost
identical oxidizer flow ratcs and after very similar previous firing his-
tories for each grain, should reveal the average regression rate trend as
a function of metal loading. This indicated a 20% increase in average
regression rate for the 107% Mg grain over the 2% Mg grain, Unfortunately,
no similar comparison was available for the 20% Mg fuel, but the test
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results definitely show that the thermal heat-soak rate drastically exceeded
the regression rate with this fuel as evidenced by the fuel flcwing observed
in test 17,

{(U) Test number 18 was an 80, 000-£t duty cycle test with the booast
thrust corrected to 50, 006 feet and the sustain thrust corrected to 80, 000
feet, This was the first test with boost followed by a full-length sustain,
This iest subjected engine hardware to actual mission conditions for the
first time. The thrust levels were sufficient to have flown an actual mis-
sile for the measured duration. However, the measured nozzle erosion '
rate was higher than expected from previous experience with the pyrolytic

insert, but extended boost operation could have caused this. It was assumed

for this test that all erosion occurred during boost phase only, During this
test, the heat generated at the aft end of the combustion chamber was great
enough to cause the graphite mixer to break. Otherwise, the TCA com-
ponents showed no unusual effects. Figure 24 shows the fuel grain and the
portions where burnthough occurred (the head end is on the floor) in the
first, second, and third billets. ‘

(U) Test number 19 was similar to 18 except the shorter boost duration

caused less noticeable heat effects and the sustain time was longer, This
was also the first test during which thrust was calibrated at altitude (see
Appendix F), Note the lower nozzle erosion rate, primarily b'ec.aune of
lower oxidizer flow rate during boost. However, as in test 18, the fuel
grain burned through in the second and third billets,

(U) At this point in the heavyweight testing, the flight-weight oxidizer

 feed system was mated with the heavyweight TCA in order to measure the

system performance of the proposed propulsion system configuration at
altitude, Although the heavyweight TCA was used, the internal conﬂgun-
tion was identical to that propoued for flight-weight TCA used by the con-
tractor at that time, The first three attempts (tests 20 through 22) to test
with the flight-weight system gave no ignition becauvse the combination

. 56
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nitrogen start valve and oxidizer tank regulator failed to function properly

(see Figure 7). The ignition sequence timing was set for oxidizer start
valve firing 2 seconds after nitrogen valve firing and followed By igniter
fire signal 0.3 second later. DBoth tests 23 and 24 delivered ample thrust
levels to meet program requirements, but test durations fell below mini-
mum time limits. These tests also utilized a newly developed AFRPL
injector, which improved the fuel port profile by making regression more
uniform along the fuel grain length. This injector had a larger hollow cone
spray angle than the previous UTC injector, and a higher oxidizer injection
velocity. This injector was used exclusively in the remaining tests because
of its desirable effects, Again, as in tests 18 and 19, a higher nozzle
erosion rate occurred in test 24 with the longer boost time, This indicated
that most nozzle erosion occurred during the 60- to 94-sec boost-phase

time period.

(U) Tests 25 and 26 were an attempt to compare performance of 2%
and 10% fuel grains using the facility oxidizer feed system, heavyweight
TCA, and the AFRPL injector. Although the boost flow rates differed,
note that the sustain thrust levels and chamber pressures were almost the
same for nearly identical flow rates. The 10% fuel caused a heating effect
on the forward closure insulation. This problem, along with the phenome-
non of the head end grain port diameter alrnost exceeding the insulation
diameter, occurred previously, using the AFRPL injector.- Measurements
consistently confirmed that the exhaust nozzle exit did not suffer erosion
during any tests,

(U) Tests 28, 3., and 32 were designed to measure the insulating
qualities of asbestos, graphite tape and silica phenolic as case insulation.
For test 28, a fuel grain was assembled from 10% Mg fuel billets left from
previous testing. It was wrapped with a 1/4-inch sleeve of asbestos and
fired at a low thrust level in an attempt to get an even burnout of the fuel
oves a large area to better observe the eftect on the insulator. Since
astestos had been used successfully at the head end, it was hoped that it
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would do well around the grain., The results were comparable with the
RTV-11. For tests 31 and 32, a graphite tape on 10% and 2% fuel grain
was used to compare insulation qualities after fuel burnout. Of the three
materials, the graphite tape was the poorest, probably because it was so

easily oxidized by N,O 4

(U) Tests 101 and 102 were conducted with Inhibited Red Fuming Nitric
Acid (IRFNA) as the oxidizer. It was anticipated at this time that this oxi-
dizer might be substituted for MON-25 during flight testing, These two
tests were conducted to compare IRFNA/PMM-10 performance with MON-
25/PMM-10. The flight-weight oxidizer system was used with the heavy-
weight TCA. Timing for ignition sequence was as previously described,
The tests were planned to be throttled duty cycles with maximum and
minimum oxidizer flow rates to evaluate performance at both extremes,

- The dial-a-thrust valve setting was comparable with the 90, 000-ft thrust
level with MON-25, In both tests, the combustion process extinquished
after throttling occurred. It appeared in postfire analysis that particle
contaminants in the IRFNA had plugged the dial-a-thrust valve orifice.
Examination of the oxidizer system and transfer lines used to fill the
oxidizer tank revealed a coating of fine white powder on the inside of the
liner. This powder was found to have built up around the valve orifice,
The fuel grains used for these tests were rebuilt from scrap 10% fuel
material, and weight loss during the tests was not measured, Burning of
the fuel visually appeared similar to that observed with MON-25,

(U) Throughout the heavyweight testing phase, certain tests were con-
ducted to evaluate various system components and their effects upon system
operation. The contractor was plagued with a problem of getting the com-
bination nitrogen s.art valve/regulator to function properly, and both the
Beech Company and AFATL were worried about an in-line 10-micron
nitrogen filter, A cold-flow teat was conducted with a flight-weight Thor
regulator meeting the system operational requirements to evaluate posaidble

9
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performance losses due to condensation of ice on the filter, The test
indicated that, with proper precautions to avoid water contamination of the

system, no icing problems would result.

(U) Beginning with test 19, obtaining more accurate thrust measure-
ments became a serious problem. The inconsistencies and lack of repeata-
bility of engine performance indicated errors in measurement, All instru-
mentation was checked for accuracy, and during tests 19 and 21, thrust
calibrations were conducted for the first time at ambient pressure and at
altitude to evaluate dual-bridge load-cell accuracy over a large variation
in pressure. The results of the calibration for tests 19 and 21 are tabulated
in Table VI. These data showed deviations and lack of repeatability in thrust
calibration at altitude, Laboratory checks of the load cell confirmed this
.and also showed that the transducer had been damaged by operation at alti-
tude. Several different load cells had been used up to this point in time and
all showed similar defects. Tests 29 and 30 furnished accurate thrust

TABLE V1. LOAD-CELL ALTITUDE CALBIRATION, TEST 19

Applied Load (lbf) Measured Thrust (lbl)"' Altitude

Bridge A Bridge B
600 598. 6 598, 7 Ambient*
600 608, 3 608. 3 59,000 £t (1. 7 psia)
TEST 21
600 593, 4 593.9 Ambient*
600 592,1 592, 7 50, 000 ft
0 2.5 -2,8 50, 000 ft

*Approximately 13, 2 psia
f*Ormonq, nec, Model WCL-FFJS-CD'-IK-ZI% load cell (Serial No. 2111)

o
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deviation data at altitude and thrust response time to rapid changes in
altitude. This was done by modifying the load cell, Transducer, Inc.
Model RCL.-FF34-CD-600-7309 (Serial No., 4053), used. The load cell
cylinder was vented to test cell pressure by drilling a No. 31 drill (0,120
inch) hole into the load cell cylinder chamber, There was no noticeable
deviation in thrust between ambient and altitude for the modified load cell.

Because the venting process required a certain amount of time for adjust-

~ ment to altitude, temporary deviations of thrust were experienced during

transient aititude conditions, as described in Appendix F, before return to
normal calibration limits, Therefore, engine ignition was started at an

. altitude ex, :cted to yield steady state operation, but a slight deviation in

thrust due to the unbalanced pressure in the load cell immediately following

throttling must be assumed.

(U) A test was run with three fuel samples to evaluate the effect of
165°F temperature soak. This test was designed to measure any change in
fuel characteristics by weight loss. The samples were weighed before the
test at 700F and following 24 hours exposure to 1659F in ar «ven, The
results show that the samples lost an average of only 3 percent of their
original weight. This could have been due to vaporization of volatile sub-
stances in the Plexiglas binder, Further investigation is required to
determine the complete effect of 165°F temperature soak upon the fuel,

B, FLIGHT CERTIFICATION TESTS

1., Vibration Tests
(U) The vibration tests were condurcted in the JPL vibration fa-
cility at Edwards AFB, as described in Appendix D, Initially, these tests

were designed to determine any detrimental effects on structural integrity

that might be encountered during transportation, normal handling operation,
captive flight, and launch environmenty, but the complete testing program
was not accomplished, It was immediately obvious during checkout tests
at low ''g'" loadings that the propulsion system would never withstand the
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UNCLASSIFIED

B P T

i

e, vem

v ——ae

B ]



UNCLASSIFIED

full "g" loading planned at the various resonance frequencies. In fact, the

vibration requirements were determined to be unrealistic. It was also
decided that the propulsion system would never experience such extreme
conditions and that the configuration being tested was not representative of
the assembled missile configuration. As a missile component, the vibra-
tion requirements should have been derived separately for the propulsion
system. The main results of the vibration tests were the addition of clamps
and pads to the oxidizer and nitrogen plumbing to eliminate high-frequency
oscillations (buzzing). These minor modifications were very effective, and
each flight-weight missile at Eglin AFB was modified similarly. Figure 25
shows the position of an additional clamp to the oxidizer line in the raceway
before entering the section between the oxidizer tank and thz TCA. Fig- .
ure 26 shows an added clamp to the oxidizer line between the oxidizer tank
and the TCA.

2, Flight Certification Firings
{(U) The certification test conditions are shown in Table VII, This
testing phase included two 50, 000-ft duty cycles, two 70, 000-ft duty cycles
and four 80, 000-ft duty cycles, Four 80, 000-ft duty cycles were conducted

because they involved longer boost phases, It was thought that this would
provide more information on boost-phase performance when coupled with
the 70, 000-ft boost-phase data, All testing was conducted at 70°F because
there were not enough tests to adequately evaluate the temperature effect,
and limited analyses indicated that flight-demonstration-use temperatures
would not exceed this value, However, the flight-weight propulsion system
was thoroughly evaluated over a large range of storage conditions.

(U) The results of the flight certification tests are summarized
in Table VIII. The tabulated data are average or mean values for two or
more tests of each mission type, The duration of boost-mode operation
for each mission was different than originally planned, and reflected more
accurate last-minute mission analyses for the flight demonstrations., The
test results indicated that delivered boost thrust and 50, 000-ft mission
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Figure 26, Antivibration Clamp, Oxidizer Linc at Oxidizer Tank Bulkhead
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. TABLE VII, CERTIFICATION TEST CONDITIONS

: Temperature Simulated
Test No. History Duty Cycle
1F Cycle (10 Hours at 165°F, 80, 000 ft
10 Hours at -65°F, 10 Hours
at 70°F)
2F 24 Hours at 70°F 80, 000 ft
3F 15 Hours at 165°F and 90% 70, 000 ft
Humid, 10 Hours at 70°F
4F Cycle (8 Hours at 165°F, 50, 000 ft
12 Hours at -65°F, 10 Hours
at 70°F} '
5F 24 Hours at 709F 70, 000 ft
6F 24 Hours at 70°F 50, 000 ft
1F 24 Hours at 70°F 80, 000 ft
8F 24 Hours at 709F 80, 000 ft

sustain thrust levels were comparable with the UTC predictions based upon
sea-level tests, However, the 70, 000-ft and 80, 000-ft mission sustain
thrust levels were lower than anticipated by UTC, but analyses by Beech
Aircraft Company predicted that the demonstration missions could still be

successfully flown,

(U) The certification test data presented in the following paragraphs
include engine thrust corrected for diffuser pressure differentials and
corrected to mission altitude (Appendix (G), chamber pressure, delivered
specific impulse and specific impulse efficiency based upon corrected
thrust, estimated jnstantancous oxidizer flow rates (Appendix B), and pre.
dicted instantanecus fuel flow rates (Appendix C) as functions of engine

burn time for each mission type,
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a. 50, 000 ft Missions (Runs 4F and 6F)
(U) Figure 27 compares the regulated ox1dxzer tank pressure

histories for Runs 4F and 6F. Similar trends are shown, but 6F consist-

ently ran lower in tank pressure.

(ﬁ) Run 4F: Figures 28 through 30 show the observed and
estimated results for this run, The 5-sec preprogrammed boost duration
barely allowed time for the propulsion system to approach full boost thrust
before throttling down. The chamber pressure and thrust traces (Figure 28)
indicate rising pressure and thrust due to progressive nozzle throat shrink-
age from thermal soak up to 160 sec, Figure 27 indicates that oxidizer tank
pressure began decaying at about 160 sec and this is reflected by dropping

thrust, pressure, and oxidizer flow rate (Figure 29),

(U) Run 6F: Figures 31 through 33 depict the results of this
run. Sustain chamber pressure and thrust are lower than for run 4F due to
lower oxidizer tank pressure. Again, nozzle throat shrinkage drives thrust
and pressure upward until about 160 sec, but in this case, oxidizer tank
pressure held reasonably constant until 180 sec. The increasing thrust and
decreasing pressure trends oblerved beyond 160 sec are due to nozzle throat
erosion gradually reversing the previou- decreasing throat area trend. This
is evidenced by increasing oxidizer flow rates after 180 sec (Figure 32)
despite decaying oxidizer tank pressure after that time, Increasing oxidizer
flow rates maintain thrust through mass addition even though chamber is

drbpping.

(U) Ruﬁ 6F was 25 sec longer than run 4F, This added dura-

"tion is attributed to generally lower tank pressures and flow rates for run

6F.
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Figure 32, Oxidizer and Fuel Flow Rates; 50, 000-ft Mission, Run 6F
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b.+ 70,006-ft Missions (Runs 3F and 5F)
(U) Figure 34 compares the oxidizer tank pressure histories

for these runs, A wide dispersion in tank pressure regulator performance
can be observed, Run 3F consistently indicated 20 to 30 psi greater pres-

sure than run 5F,

(U) Run 3F: Figures 35 through 37 show these resulte. The
67-sec preprogrammed boost time allows observation of boost performance
characteristics from this run, No significant nozzle throat shrinkage
effects are noted in boost before nozzle erosion is evidenced by dropping
chamber pressure at 30 sec. Thrust is held almost constant by increased
oxidizer flow despite constantly dropping chamber pressure. As seen in
Figure 36, oxidizer flow ratee are much mcre sensitive to chamber pres-

sure in boost phase than in sustain (see Figure 32),

(U) During boost-phase operation, oxidizer flow is metered
mainly by injector pressure drop, because the parallel dial-a-thrust sus-
tain valve represents a much greater resistance path, A typical boost-
phase injector pressure drop was 250 psi, and during severe nozzle erosion
this rose as high as 400 psi, an increase of 60 percent. Typical water-flow
pressure drops for a dial-a-thrust sustain valve are shown in Figure 38 for
various mission categories. Values of about 550 psi characterize 7C, 000-ft
missions, Further, flow rate is not very sensitive to pressure drop across
the sustain valve at any setting, as shown in Figure 39, Hence, nozzle
throat erosion drastically increaced oxidizer flow rates during boost, High
nozzle erosion rates during boost are attributed to normally high O/F rato
operation at high pressures. This is a self~aggravating situation with a
blow-down type oxidizer feed system, because chamber pressure decay

results in even higher O/F operation,

(U) Sustain-phase operation exhibits almost constant pressure
and thrust with an indication of increasing throat erosion rate after 310 sec

as evidenced by increasing thrust and oxidizer flow rate,
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(U) Run 5F: Figures 40, 41 and 42 present these results.
The lower oxidizer tank preun'rel observed for this run resulted in lower

average O/F ratio during boost phase. However, the nozzle apparently
eroded at a higher rate during boost for run 5F than for run 3F, despite
the higher O/F ratios experienced in the latter case. Greater nozzle .
erosion in boost resulted in lower sustain chamber pressure and higher
sustain oxidizer flow rates and O/F ratio for run 5F. This caused signif=
icant nozzle erosion after 180 sec as evidenced by r’aing oxidizer flow

rates and decaying chamber pressure. Further, the higher sustain oxidizer

" flow rates caused oxidizer depletion 30 seconds earlier for this run. These

iy

ohservations identify TCA nozzle behavior as the primary factor deter-
mining resultant propulsion system performance.

c. 80,000-ft Missions (Runs 1F, 2F, 7F and 8F)
(U) Figt;r: 43 con;parel. the oxidizer tank pressure histories
of these runs. This duty cycle exhibited the widest dispersion of tank
pressure regulator performance with pressure variations up to 90 psi

between tests. With the exception of run 8F, run duration appeared to
vary inversely with oxidizer tank pressure,

(U) Run 1F: Fikurel 44 through 46 depict the results for this
run, Initial tank pressure for this run was the lowest of all the 80, 000.ft
mission riu1s, and average O/F during boost was also the lowest., This
apparently reduced initial nozzle erosion to the point where some throat
shrinkage effects can be noted from 30 to 60 seconds with throat erosion
reversing the trend thereafter (Figure 44), The oxidize~ flow~rate history
verifies this conclusion (Figure 45). The lower tank pressures experi-
enced (with attendant low O/F) reduced chamber pressure decay for this
run to 8 value lower than that experienced in either of the 70, 000-ft duty
cycles (runs 3F¥ and 5F) which had boost durations 40 seconds shorter, ’
Sustain phase exhibits almost constant pressure and thrust with some
nossle erosion indicated after about 200 seconds,
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(U) Run 2F: Figures 47 and 48 present the results of this
test. Reliable thrust data was not obtained for this run. The chamber
pressure data indicate initial pressure levels comparable with Run 1F until
about 20 seconds. Initial oxidizer flow rates and attendant O/F ratio are
higher than for Run 1F because of the slightly higher oxidizer tank pressure
for this run., At about 20 seconds, oxidizer tank pressure began to decay to
levels below that for Run 1F for the remainder of the firing, Since the oxi-
dizer flow rates remained almost constant during boost, nozzle erosion,
beginning at about 20 seconds, apparently offset the decaying tank pressure
by dropping chamber pressure. Nozzle erosion was less severe than for
Run 1¥, however, as evidenced by slightly higher chamber pressure at the
end of boost. Sustain phase indicates relatively constant pressure with
some additional noszle erosion causing a gradual rise in oxidizer flow rate.
The shorter duration for this run is attributed to the higher oxidizer flow
rates experienced as compared to Run 1F. The oxidizer flow rate during
sustain phase for this run was high despite lower oxidizer tank pressure
than for Run 1F and lower noszle throat erosion. This occurrence could
not have been due to improper dial-a-thrust valve setting, because these
settings were double-checked before each test, No explanation other than
malfunction or erroneous calibration of the dial-a-thrust valve has been
found for this behavior,

(U) Run IF; Figures 49 through 51 depict these results. As
indicated in Figure 43, this run experienced the highest boost-phase oxi-
diser tank pressure of the 80, 000-ft mission tests. The thrust and cham-
ber pressure history (Figure 49) shows severe nossle erosion starting
slmost immediately. This was undoubtedly caused by the high initial O/F
due to high oxidiser tank pressure. Increased oxidiser flow rates main-
tained thrust level, but resulted in premature shutdown after only 15¢C Jec.
This run identified the oxidizer tank pressure regulator as the second most
critical propuleion system component in achieving reproducible perform-
ance,
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(U) Run 8F: Figures 52 through 54 present these results. The .

‘thrust and chamber pressure trends are very similar to those of Run 7F,

which would be expected, because this test displayed the second highest
initial oxidizer tank pressure during boost (Figure 43). The slightly lower
initial boost O/F ratios delayed the onset of severe nozzle erosion until
about 20 seconds. The higher oxidizer flow rates accompanying nozzle ero-
sion tended to maintain thrust level, but reduced system burn time to 170

seconds,

d. 1Isp and Isp Efficiency Data
(U) The Isp and Isp efficiency data reduced from the certifica-

tion tests are presented without specific comments for each test, because
fheu parameters were based upon assumed nozzle throat area histories

and estimated instantaneous propellant flow rates. Hence, these data are
the least accurate of those presented. The Isp trends indicated should be
reasonable approximations of enginevperformance. However, in many cases
the Isp efficiency plots very closely approach, and in some cases exceed,
theoretical limits. This is due to discrepancies between the assumed nozzle
throat area histories used to calculate the theoretical maximum perform-
ance for each set of test conditions and the actual (unknown) values which
existed. As interpreted from the chamber pressure and thrust data, noz:le
‘hroat shrinkage gradually offset by nozzle erosion is evident, but data
reduction for Isp efficiency assumed constant nozzle throat area fo: iuitial
time increments which varied for each test, Obviously, this prccedure
;introducod considerable lsp efficiency errors, but the actual throat area
hhtoty was imrossible to obtain.

e. Nozzle and TCA Case Skin Temperatures
; " (U) Figure 55 depicts the nozzle and TCA case skin tempera-
tures observed during 70, 000-ft mission Run 3F, Similar data was taken
for all of the certificaiion tests, but the 70,000-ft miseion test data gave
the highest readinge due to the long duration for thie duty cycle, Figure 55
{llustrates the maximum temperatures observed during hot firing, Maximum
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{U) The propuleiun eystem started normally during Flight Num-

ber ). wAiLh vao indervied a8 & 10, 000.11 cruise mission, but missile
negolive ‘g mansuvers irduced by the flight programui.er during pitchover
ol L Furee alldde revLiled in unpurting of the onidizer feed system and
estirg iohsmant ol the Rytr.d TCA  Since the gravity.feed-type oxidizer
fecd spotaen wnoo raver ricrsfed tu vjerate urder goru 'g" or negalive g
condilesne  arputt.ag ol the Ls.d.ser tard vullet would result in shutoff of
sevtiser thow aned il UGNy prarge ol Bhe Mybiid TCA. This sequence of
ereale @ ucd e ee,w ted 1o oAt dumin the TCA and prevent reliable reigni-
tom ol IRE snbppatgoan. plopeilante, A eun:lar sequenie of events with a
Grovity fead Lot Bipropeliont propaieior gyetem might well have resulted
A8 Nerd reetert art deotruition ol the TA. This experience points out

the .ahated for..08fe rat.re .f th.o Uype uf Ryded TCA.

S Pomet N Lol ared cRarmber pressaure charaiteriatice of the
Lg% poapriin.on oroterm dirirg Fight Number ) were very similar to those
JEBan ) The eyetem weed in Fight Number & uperated normally in boost
a~d 0cota.n [hasees, Th.0 eyetem eaperienied higher initial omidizer tank
preee tv ondd 0. boequert (hamber preeosure and thrust levels than any of the

.ot .. 80 sn tool ayolerne

' Inesot Caeffiiient Caompartieon

(U Uelivered thruet cueffivients for the {light test systeme and
selocted cortif cation tret syetems are compared in Table IX. Theee data
wore ol ulate from (hamber preossure and thrust data at identical time
siicen during finng., and ase me identical TCA nozale throat sreas for
flight and rertif.cation syetems. Since the flight test thrust data was esti-
mated {rom the cbeerved miseile acceleration, known missile aero-dynamic
drag tharacteristico, and estimated missile weight history, the validity of
the flight teet thi st estimates 10 unkown, However, this comparison indi-
caten that about || percent greater Cp. wae delivered during Flights Num.
ber | and ) than was observed during comparable certification tests, Since
the ¢ ertification teste were nut conducted with a simulated missile boattail
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surrounding the TCA nozzle exit, this thrust increase may be due to nozzle
or boattail base-pressure effects. Only further well-instrumented flight

tests could conclusively evaluate this hypothesis.

TABLFE IX. DELIVERED THRUST COEFFICIENT COMPARISON;
CERTIFICATION VERSUS FLIGHT TEST

lﬂtCf
Coemparison —tne,
(Flhight Test/ Time Slice Cf
Certification Test) (sec) fit
1/4F 20 0. 88
f(:i:Z/?l-‘ ZO . 0. 97
3/7F 10 G. 89
“Delivered thrust coefficient; C, = A
| i S | pcAt
& z Delivered certification thrust coefficient based on mission
me corrected thrust
C‘ = Delivered flight thrust cocfficient based on apparent thruast
flt

NOTE: Throat arcas assumed equal at comparison time slice

*4Noisy TM data casts doubt on eatimated flight thrust levels (Reference 3),
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SECTION V

SUMMARY AND CONCLUSIONS

(U) A total of 30 heavyweight tests were conducted during Phase 1.
Twenty-six of these tests were accomplished successfully, Performance
was measured at boost and 90, 000-ft sustain thrust levels (considered the
most critical), o{zer altitudes from ambient (13, 2 psia) to 90, 000 ft, over
magnesium loadiﬁgs in the fuel of 2%, 10%, and 20%, and over environ-

mental temperature ranges of -659F to 165°F,

(U) Pyrolytic graphite gave the lowest erosion rate as the nozzle
throat material (less than 1 mil/sec) for boost durations up to 97 sec when
compared to a Spear Carbon high-density graphite throat with a rate of 3

to 5 mil/sec,

(U) The effect of increased metal loading was increased fuel regres-
sion rate and lower combustion efficiency. Temperature conditioning of
the fuel only had no noticeable effect on combustion, The stop-start tech-
nique used for this phase of the program definitely had its drawbacks.
During the codling processes following shutdown of the engine, an undeter-
mined amount of the volatile fiel binder was vaporized by heat soak into
the grain thus changing the fuel composition at the surface, Subsequent
tests utilizing such grains may have been significantly influenced by past
firing history due to this effect.

(U) Various insulations other than silica phenolic were evaluated,
Thease included graphite tape and asbestos, and no significant improvement
was noticed,

(U) Late in the program it was discovered that load cells used to
measure thrust were not deaigned to operate satisfactorily at altitude, A
series of tests was made to evaluate thrust accuracies using specially

-
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designed instrumentation. The results showed that abrupt, large-magnitude
changes in thrust such as encountered in throttling from boost to sustain

temporarily represented the worst condition for instrumentation.

(U) A test was conducted to measure heating of the aft boattail exten-
sion designed by the Beech Aircraft Company. Results of this test were

used to design an aft heat shield for the airframe,

(U) Various injectors were evaluated and tested, The best performing
injector was a swirling hollow-cone injector of wide angle and high momen-
tum. It caused more uniform fuel regression along the length of the fuel
grain and less recirculation at the head end. Burning also appeared cleaner

with less erosion of head-end .asulating material.

(U) A unique procedure for measuring oxidizer flow rates based on
cold flow of the injector was developed (Appendix B), This method was useu

to allow complete data reduction of engine performance during Phase IIL

{(U) Heavyweight testing demonstrated the safety and reliability of the
hybrid system and the propellant combination., There were no accidents of ?

any kind, i

(U) The results of the flight-weight certification tests showed consider-
able dispersion of overall propulsion system performance for any given duty
cycle, but this did not preclude adequate performance to meet flight demon-
ttraiion requirements, The primary factor which determined overall system
performance was TCA nozzle response to the oxidizer-rich boost-phase
combustion environment as the boost-phase operating time was varied for
each migsion type, The severity of this environment varied widely for any
raission’depending upon the performance of the oxidizer tank pressure !
regulator, Improved TCA nozzle durability and oxidizer tank pressure
regulator repeatability should be subjects of future Sandpiper hybrid pro-

pulsion system development programs,
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(U) One certification test displayed unexplainably high oxidizer flow
rates in sustain phase probably attributable to a repeatability problem with
the dial-a-thrust valve, This valve should also be the subject of future
development to improve repeatability and ease of foolproof adjustment in
the field,

(U) Comparison of apparent flight-test thrust levels with those of
comparable certification tests indicates that flight-test thrust coefficients
are higher by about 11 percent. The validity of this observation and the
mechanism, if any, involved should be investigated in future flight tests,

(U) On 12 December 1967, the first hybrid target missile demonstra-
tion vehicle was successfully flown over the Eglin AFB test range at an
altitude of 50,000 ft. Subsequently, two additional flights (50, 000 and
70,000 ft) were successfully accomplished. The demonstration vehicle
performed at altitudes up to 78,000 ft and Mach 2.5 and flew under power
for durations approaching 5 minutes. Together, these flights demonstrated
adequate hybrid propulsion system capability, airframe stability and con-
trol, air-launch capability, and mineuverability. The feasibility of a
high-performance maneuvering target concept employing a low-cost, dial-
a-thrust hybrid rocket engine for propulsion was thus demonstrated by this
program,
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APPENDIX A

.

SUMMARY OF FLIGHT-TEST RESULTS

(U) On 12 December 1967, the first hybrid target missile demonsiration
vehicle was successfully flown over the AFGC, Eglin AFB test range at the
50,000-ft level. Subsequently, two additional flights (50,000 ft and 70, 000 ft)
were successfully accomplished on 21 January and 25 February 1968, The
demonstration vehicle performed at altitudes up to 77, 000 ft at Mach 2,51
and flew under power for durations approaching 5 minutes, A summary of
the flight test reaults is shown in Table A-1. The flight test results have
been reported separately and in more detail in References 2 and 3. Although
each flight was not entirely successful, the three flights together demon-
strated adequate hybrid propulsion system capability,

(U) Flight Test No, 1: Flight test No. 1 was planned for Mach 1. 8

sustain (maximum) at 50, 000 ft. The hybrid engine was programmed for

5-sec boost and 260 sec of sustain with destruct time set at 277 sec. The
dial-a-thrust valve was set for a 50, 000-ft mission (7). The missile was
launched at 49,500 ft and Mach 1.5 from an F-4C aircraft. Due to clectri-
cal problems, the boost valve was closed during the ignition sequence and
the hybrid rocket was ignited in the sustain mode, The target missile flew
for 250 sec under powered flight and was destructed aerodynamically by a
canard down maneuver at 277 sec, This test demonstrated successful
launch and flight of the missile at supersonic spceds, The hybrid engine
ignited successfully under uncertified, off-design conditions and performed

satisfactorily in the high-altitide supersonic environment,

(U) A comparison between in-flight engine performance and ground
certification test performance i{s made in Figures A-l and A-2, Figure
A-]l presents telemetered and reduced chamber pressure for the flight
(Reference 3) and the chamber pressure trace from Run 4F versus timne,

Certification test 4F was sclected for comparison becauss this was the only
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run at the 50, 000-ft mission sustain thrust in which the exhaust nozzle did
not incur severe erosior, and resulted in a chamber pressure trace very
similar to that observed in the first flight test. It is evident that the flight
propulsion system exhibited slightly lower oxidizer tank pressure as evi-
denced by the lower average level of chamber pressure throughout powered
flight, Very little TCA nozzle erosion is indicated by the relative flatness
of the chamber pressure itrace and the slight rise in thrust with time begin-

ning at 100 seconds.

(U) It must be realized that the indicated thrust data was calculated
indirectly from knowledge of the missile axial and normal acceleration and
angle-of-attack hiatories, zero-lift and induced drag characteristics, Mach
number and altitude history, and estimated missile weight history, Hence,
the estimated thrust levels shown in Figures A-1, A-4 and A-6 should be
accurate at the beginning of powered flight but may deviate from actual

levels later on as assumed missile weight errors accumulate,

(U) Since the actual TCA nozzle throat areas which existed during
certification and flight tests should be almost identical during the first
10 to 20 seconds of run time, the initially indicated flight and certification
test thrust and chamber pressure levels can be used to compare delivered
thrust coefficients (Cg) for these tests., Comparison of delivered Cy at
the 20-second time slice using the above assumptions indicates that 12%

greater delivered Cy for flight as compared to Run 4F.

(U) Flight Test No. 2: Flight No. 2 was planned for Mach 2, 0 sustain

at 50,000 ft, The hybrid engine was programmed for 20 sec of boost and
185 sec of sustain with destruct time set for 223 sec. The dial-a-thrust
valve setting was for a 50, 000-ft mission (7TH). The missile was launched
at 49,500 ft and Mach 1.5. The hybrid engine ignited successfully, flew
under boost phase power for 21 sec, throttled and flew under sustain phase

power for 196 sec.
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(U) Since the hybrid propulsion system performance at any time salice
was determined by the previous oxidizer tank pressure and TCA nozzle
throat erosion histories and no certification test was run with only 21 sec-
onds of boost phase, an exact comparison with certification results cannot :
be made, However, Figures A-3 and A-4 compare flight number 2 resuits
with those of boost phase for Run 7F. Run 7F was used here because it
exhibited the highest boost-phase oxidizer tank pressures and thrust levels
observed during certification. It is apparent that the flight propulsion

system experienced even higher tank pressure due to the greater boost-

.phase chamber pressures and thrusi levels indicated., Figure A-3 tends

to show similar, almost immediate nozzle erosion characteristics. Com-
parison of the delivered Cg values from these data for the 20-second time
slice yield about 3% greater C; for the flight propulsion system. It should
be noted that Reference 3 points out that the telemetered data, including
pitot/static pressure (Mach number), were noisy during this flight. This
casts doubt on the reliability of the estimated thrust data and the above C¢

comparison results. .

(U) A comparison of the sustain-phase trace for this flight with that
from Flight Number 1 and Run 4F also substantiates higher oxidizer tank
pressures for this flight because of the greater average pressure indicated

during sustain.

(U) Flight Test No. 3: Flight No. 3 was planned for Mach 3,1 maxi-

mum sustain at 70,'000 ft. The missile was programmed to achieve Mach

2.2 during an approximately 82-sec boosted climb to altitude followed by
180 sec of sustain phase operation, After powered flight, two "S'" turn
maneuvers were planned with destruct scheduled for 260 sec. The dial-a-
thrust valve was set for 50, 000 ft (7H) to insure adequate acceleration
during sustain operation. The missile was again launched at 49, 500 ft and
Mach 1.5. Boost-phase operation lasted 80 sec and terminated when mis-
sile pitch-over occurrea at an altitude of 78,000 ft. The pitch-over mane-

uver was violent enough to subject the missile to negative '"g" conditions.
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Oxidizer flow was temporarily disrupted and engine combustion extinguished
because the feed system was not designed to operate under these conditions,
Reliable reignition would not be expected because unporting of the oxidizer
feedline would cause the cold GN, purge of the TCA thus aggravating the
‘nonhypergolic nature of the propellants, The target missile glided for the
remaining 4-1/2 minutes. The two "'S'" turn maneuvers did take place at
about 240 sec into the flight.

(U) Figures A-5 and A-6 compare the results of this flight with those
of Run 7F. It is apparent that this flight propulsion system experienced
initial oxidizer tank pressure levels very similar to those of Run 7F since
thé maximum boost chamber pressure level (Figure A-5)is almost identical
to that for the certification test. However, the flight system tank pressure
and TCA nozzle erosion histories apparently were significantly different
from Run 7F after ignition, because the pressurc and thrust trends diverge.
Companson of these data at the 10-second time slice indicates about 11%

greater delivered C; for the flight system.
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APPENDIX B
OXIDIZER FLOW ANALYSIS DESCRIPTION

(U) Throughout the heavyweight testing phase of this program, no
satisfactory technique had been developed to accurately predict oxidizer
flow rates from expei’imental test data., The contractor assumed that dur-
ing boost-phase operation aeration had little effect and that oxidizer flow
rate was purely a function of the injector pressure drop. For sustain- )
phase operation, the contractor assumed that the oxidizer flow rate was a
function of the pressure drop across the dial-a-thrust valve., Calibrationy
of the injectors (without aeration) and the dial-a-thrust valve with water
were used by UTC to predict oxidizer flow rates in the flight-weight hybrid
propulsion system, Average or nominal values were the best that the con-
tractor could predict for system flow rates, Tests at the AFRPL, however,
had shown that aeration did have a significant effect on oxidizer flow rates
during boost phase and that dial-a-thrust valve calibrations were not very
accurate because downstream conditions did have a noticeable effect on
oxidizer flow rates during sustain, The following technique was developed

to accurately predict oxidizer flow rates from test data,

(U) The water-flow calibration facility shown in Figure B-1 was set
up in the 1-14 Hydro Laboratory. A heavyweight case with a special flange
attached to the aft end was used as the water accumulator tank, The normal
head-end closure was used to attach the injector assembly and all other
oxidizer lines to simulate as nearly as possible the actual feed system,
Pressures were measured as they actually were taken in hot firing tests,
Chamber pressure was controlled by the addition of nitrogen through the
RTV-11 {ill port. The drain valve was operated manually to keep the water
level constant, All pressures were recorded on L&N strip charts and the
data later reduced, Illustrative tabulated data for certification test injector
6F appcars in Table B-1, An aeratinn pressure upstream of the supersonic

orifice was maintained at 750 psia corresponding to the approximate
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Figure B-1. Injector Water-Flow Calibration Apparatus
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TABLE B-1. WATER-FLOW CALIBRATION DATA FOR
"CERTIFICATION TEST INJECTOR 6F
Aeration Flow Injector Chamber AP-Aer | AP-Inj
Press (psia) (GPM) . | Press (psia) Press (psia) (psia) (psia)
750 5.99 740 590 169 150
750 6.23 740 579 171 161
750 6.51 740 563 187 177
750 6.75 740 549 201 191
750 7.01 740 533 217 207
750 7.32 740 513 237 227
750 5.99 720 568 182 152
750 6.25 720 554 196 166
750 6.52 720 541 209 179
750 6.77 . 720 528 222 192
750 7.01 720 510 240 210
750 7.27 720 492 258 228
750 5.98 700 549 201 151
750 6.27 700 532 218 168
750 6.50 700 522 228 178
750 6,78 700 508 242 192
750 7.02 700 489 261 211
750 7.28 700 474 276 226
750 5.99 650 494 256 156
750 6.23 650 480 270 170
750 6. 49 650 468 282 182
750 6.73 650 453 297 197
750 6.99 650 439 311 211
750 7.29 650 414 336 236
750 2.133 350 310 40
750 2,60 350 303 47
750 2. 86 350 295 58
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TABLE B-1. WATER-FLOW CALIBRATION DATA FOR
CERTIFICATION TEST INJECTOR 6F (Cont'd)

Aeration Flow Injector Chamber P-Inj

Press (psia) (GPM) Press (psia) Press (psia) {psia)
750 3.13 349 286 63
750 3.32 349 278 71
750 2.38 300 256 44
750 2.64 300 248 52
750 2. 83 300 242 58
750 3.10 300 230 70
750 3.45 300 222 78
750 2.38 249 200 49
750 2.60 251 195 56
750 2. 80 250 182 68
750 3.15 250 169 81
750 ° 3.38 249 155 94
750 2.35 199 142 57
750 2.60 200 135 65
750 2,87 201 120 81
750 3,12 199 101 98
750 3.40 200 [ 78 122
750 7.81 720 420 300
750 8.72 720 320 400
750 8.62 700 300 400
750 7.80 700 401 299
750 7.63 648 352 296
750 8.35 650 250 400
748 3.3 350 278 75
748 3.8 350 2%0 100
750 3.12 300 228 75
748 3.62 300 200 100
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regulated pressure during tests. Injector pressurewas varied in incremental
steps covering a range comparable with actual operation in the engine. Flow
rates were selected for each injector pressure to bracket possible flows

that might be encountered. Using a specific gravity of 1. 385 for MON-25,
the boost flow rates covered 1. 15 lbm/sec to 1.4 lbm/sec, Chamber pres-
sures resulted from setting all other conditions, flow rate, aeration, and
injector pressure. The aeration pressure drop (delta Paer) was the pres-
sure difference between the aeration regulated pressure (750 psia) and the
chamber pressure. Chamber pressure was used because the point at which
the nitrogen entered the injector was just behind the injector face. The
chamber pressure was used as a back pressure rather than injector pressure

located in the modified tee because it more realistically approximated the

real condition,

(U) Actual computer procedures used a surface mapping routine to
determine the volumetric flow rates. The data for each injector was fed
into the computer and a statistical plot made, This gave a separate cali-
bration for each injector, and that calibration was used for the test utilizing
that particular injector. Figure B-2 illustrates the complex observed
relationship of water flow rate to injector pressure drop as influenced by

injector pressure, and aeration pressure drop,

(U) Figure B-3 compares the calibrations of five of the eight certifica-
tion test injectors for fixed injector and aeration pressures, As shown
here, deviation from the norm was significant in some cases. In other
cases, the data fell almost on top of each other., This scatter of calibration
data was the reason for having to calibrate each injector separately, It was
assumed that the installation of the injectors in the calibration bench was
identical with the inatallation in the original propulsion system; however,
there was no way of telling what differences existed, The effect of engine
testing upon the injector must have been small, All injectors showed very
little, if any, damage following the tests, They did have to be cleaned

because of the deposition of soot in some cases, It was obvious that the
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. injectors did get hot, but exactly how this affected the calibration could not

be determined.

(U) The end results of this calibration procedure are included in Sec-
tion IV as plots of estimated oxidizer flow rate as a function of time for
each certification test, The data presented are surprisingly close to what
would be predicted. These oxidizer flow-rate curves were integrated to
determine the oxidizer utilization as a function of time. These data are
presented in Figures B-4 through B-11 as compared with the target propel-
lant load of 165 lbs. The exact oxidizer weight for each test was not known.
It was assumed that the UTC f{illing procedures were precise enough to in-
sure close to the 165 lbm, and that this total quantity was expelled during
the tests,

(U) The largest single error of the presented technique was caused by
aeration. Foilowing the shutdown decay of chamber pressure, nitrogen
flow continued through the feed system as the residual nitrogen tank and
oxidizer tank pressures dissipated, This nitrogen flow caused the injector
pressure to remain significantly high. The computer, when estimating
oxidizer flow, would calculate oxidizer flows on the basis of these false

pressure readings after the combustion stopped. This result introduced a
" slight uncertainty into the last 5 seconds of the actual weight-loss predic-
tions. But the closeness of the weight-loss predictions still bore out the
accuracy of th: presented technique when one considers the very long time
period over which error could accumulate. After 200 sec to 300 sec, the
maximum predicted error was about 8 lbs, An average flow-rate error of
0.024 Ibs/sec would be required to cause this effect, This was about 5% of
steady-state predicted flow rate,
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APPENDIX C
THEORECTICAL HYBRID COMPUTER TECHNIQUES

(U) One of the most difficult hybrid parameters to evaluate is the
burning rate of the solid fuel. Yet, this parameter must be known as a
function of grain length and firing duration to determine fuel ntilization,
the variation of thrust with time, and the variation of oxidizer-to-fuel ratio

with time.

(U) While it is difficult to evaluate this burning rate (sometimes called
the regression rate) either experimentally or theoretically, it has been done,
with varying degrees of success. Experimentally, an average value of
weight loss per total burning time can be found by direct weight or volume
displacement measurements of the motor before and after a test. Light
probe, thermocouple, and pyrofuse wire techniques have been used to
estimate the instantaneous burn rate at particular points along the grain
length by indicating physical passage of the fuel surface., They have been
found to be ditficult to implement and subject to inaccuracy. Theoretically,
the instantaneous regression rate can be estimated as a function of both

grain length and burning time.

(U) However, any analytical hybrid model is complex. The physical
situation for any engine is a two-dimensional, non-isothermal turbulent
flow problem complicated by chemical reactions, In a perfectly rigorous
mathematical simulation of the hybrid, all of the heat, mass, and momen-
ium transfer processes and chemical kinetic effects must be described and
coupled together. Thus, most fundamental investigations, to simplify their
theoretical descriptions, have assumed heat transfer to the solid fuel sur-
face and/or kinetic effects to be the controlling mechanisms of combustion.
Their work is then limited to describing these phenomena. Spangler has
summarized many of these film and boundary layer theories (Reference C.1),
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Test data indicate that the theories of Marxman and Muzzy {United
Technology Center) and Smoot and Price (Lockheed Propulsion Company)
correlate and predict hybrid performance. These two computerized per-
formance programs have been written up in detail in References C-2 and
C-3. As the empirical constants required for the UTC analysis had already
been evaluated for the MON-25/Mg + Plexiglas propellant system, this
heat-transfer theory was used in a modified computef program (WS-275) to

calculate fuel flow rates for the Sandpiper.

(U) The detailed derivation and description of the equations used in
this model are given in Reference C-2, Thus, this appendix will only
describe how they were used on the Sandpiper. Figure C-1 illustrates
format and order of input data cards. Figures C-2 and C-3 show general
and detailed block diagrams of the computer program. A Fortran listing
using the nomenclature shown in Table C-I is provided in Figure C-4, The
listing is liberally sprinkled with numbered comment statements to facili-
tate an understanding of the various parts of the program. The following
detailed discussion of the program will be broken up into sectione distin-

guished by these comment cards.

(U) The heat tranafer controlled regression rate theory used in this

model provides the equation shown below:
. m
r~ < r(P
qac(zp) + ar(Pe)

where,
r = linzar regression rate
qc, qr = convective and radiative heat transfer rates, respectively
h = mass flow rate through port
Ap = cross-sectional area of port

Pc = chamber pressure
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Run 1
Test Injector
Data Flow Calbr,
Data
4 2
GN=-420 GN=-410
General Data Regression and
Program Correlation
' Analysis Program
"sEU" 5
Test DS-254
Calculation
Program
11 ?
DS-250 WS=275
Test Run Final Regression
Performance Calculation
Program Program
f {
12  J 8
Final Performance Time, Wox, Pe, Fuel Regression
Output Data W Fuel, A.r Printout

Figure C.2. WS-275 Data Flow Chart
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C-4,1

C-4,2
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C Star Data
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Subroutine
OX Flow

Propellant
Parameters
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Parameters
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Read In
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Throttling
Data
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C-8

C-9
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Set Up
Initial Port
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of PC and
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Calculate
Regression
Rate as a
Function of
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l

Calculate
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Throat Area

Calculate
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C Star Table

|
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Locate Position
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Figure C.3. WS.275 Block Diagram
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' c-12.3 ?

| f.ocate Position
of O/F in
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c-12.4 1

Calculate

C Star Using New Time, )
PC and O/F in Wox, PC
C Star Table

- ——

C»12.5 ;
Write Webb

Radius and
Burn Out
Billit

"
C=-14,2
Throttling
Check

Write
Throttle
Time

gonresnadh

C=-13
(! ; Calculate
. C star If PC

Read In
C-14
Print Time
. or Quit
C~14.1

Read In

Calculate

New WFUEL.
Dift, Radius
Web Check

Figure C-3. WS-275 Block Diagram fcon't)
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- C-15

C-15.1 :

‘ _ NOTE: C-1 THROUGH C-17 INDICATES

: Calculate COMMENT NUMBERS IN COMPUTER

Nozzle Exit PROGRAM FORTRAN LISTING
o Pressure

i C-15.2 [

: Y Calculate
iy Thrust
Coefficient

T : C-16 ) I

Write Output
Data When Time
= Printout, Quit,
or Throttling

Punch Cards
with Data for
Prog. DS-250

Calculate
Avg. Fuel
Flow Rate

C-17

Write Avg.
Fuel Flow Rate
and Avg,

Regression
Rate

Figure C-3. WS.275 Block Diagram (con't
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TABLE C-1. WS-275 PROGRAM NOMENCLATURE

DIM UTC
Name VAL SYM Description
A 0,027 a Convective Constant (K CON)
ALF 24 Header for run information
ALPHA 0.4E12 Radiation Constant
AP Ab Port Area
APGEOM| 100 A Geometrical Port Area
AK 21 Area Ratio
ARNEW
AT Nozzle Throat Area
ATl Nozzle Throat Area (Preliminary Value)
AVED
AVERAD
B 10 B The:mochemical mas~ transfer number
CHGT 10 Time Throttling Oziurs
‘| corr
CSs C* as calculated from C* Table
CSDIFF Difference between C* values in C* Table
CSK
CKSPI
CST 11,40 C* data for C* Table
CSTAR C#* calculated using Pc from subroutine
OXDATA
CSTEFF | 90% C ST AR Efficiency
CSTIN
D 3.1in D Diameter (in.) (4 A /')I/Z
DELAY 178 sec Erosion Delay (sec)
DELP Difference in Pc values in C* Table
DELR
DELT 1 Time increment (sec)
DELX 1 Distance increment (in,)
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TABLE C-1, WS-275 PROGRAM NOMENCLATURE (Cont'd)

DIM UTC
Name VAL SYM Description

DIFT Difference between reduction times

DIN D Initial diameter (in.) (4 A /x)1/2

DISDIA 28% Egundary-layer displacement thickness

DT 0.89 in Diameter of throat (in.)

EG

EQ

EQl

ERR 0. 000187 Erosion Rate (in/sec)

EwW 0.9

F Counter for printing C* Table

FRACT Used for calculation of Pc from C*
Table (E5EE3T)

G 100 Mass flux (Ib/sec - in?)

GAMMA 1.2 Specific heat ratio

GASCON | 1 Specific heat ratio (Cv/Cp)

GEE 386. 4

GMl1

GPl

HV 600 Hv Heat of gasification

I

ICST - Code for C* Table input

1¢X - Code for reading WOX from subroutine
OXDATA

IPC - Code for reading PC from subroutine
OXDATA

ISP

J Do loop counter

JM1 S'ub-cript term used in calculating data

from C#* Table
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TABLE C-1. PROGRAM NOMENCLATURE (Cont'd)

DIM UuTC
Name VAL SYM Description

K Counter for calculating data from C*
Table

L Counter for printing C* Table

LAMBDA]| 1,666 Mass of particular combustion products
formed per unit mass of nonvolatile
surface material

LNG 46.17 in L Length of fuel grain

MDOT 100 mg Total gas flow

MDOTOX| 1.27 Head-end ox flow (specified) 1b/sec

MOLWT 22

N

N1 1 Print out increment for length

NALPHA Counter for number of different ALPHA's

NCST 40 Number C* 4 O/F values for each Pc
in C* Table

NCSTEF | 10 New C* Effi 1ency

NDP C- Number data points f1 om sud )utine
OXDATA

NEW$X 10 New ox flow after throttling

NOTIME Number times motor throttles

NP Do loop counter for locating Pc in
C#* Table

NPCST | 11 Number Pc inputs to C* Table

NRLIN C- Run number from subroutine OXDATA

NT Suabscrip counter for each reduction time

NX Integer of XN

OF Mixture ratio for calculating C* in
C#* Table

OFF 11,40 Mixture ratio (O/F) for C* Table

oX Ox flow used in calculations for each

time
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TABLE C-1. WS-275 PROGRAM NOMENCLATURE (Cont'd)
DIM uTC
Name VAL SYM Description

OXDATA Subroutine for inputing Run Pc, WOX,
TIME

OXFLOW Call for subroutine OXDATA

P - P Pc used in calculation for each time

Pl

P2

PATMOS| 1.68 Exit Press (psia)

PC C400 Chamber press from subroutine OXDATA]

PCALC

PCOUNT Counter for Pc for each time

PCST 11 Pc for C#* Table

PDIFF

PER Per Perimeter of Port

PERMI 0.9 1. -PERME

PERME 0.1 K Mass fraction of nonvaporizing
component in fuel

PERMR PERME/PERMI

PI 3,14159 Constant

PIA 0. 7853975 r/4 for calculating Areca

PMDOT mg MDOT of previous grain billet uased in
MODT equation

PNEW

POT 10 Print out time (sec)

PRNT 10 Print time interval

PS 500 Initial P¢ (apecified) psia

PSTORE P Storea value of P¢

QcC qc Convective heat transfer in the absence
of radiation

QR 4r Radiative heat transfer

QRQC g Radiative to convective heat transfer

ratio
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TABLE C-1, WS-275 PROGRAM NOMENCLATURE (Cont'd)
DIM UTC _

Name VAL SYM Description
QT 275 Quit time (sec)
R 100 T Regression rate (in/sec)
RAD 100 Radius (in.)
RAD134 | D/2
RAD2 24
RADCON
RADN
RADP 0.59E-4
RADSUM
RADTOT
RATE r Regression rate (in/sec)
RAVE '
RCOUNT Counter for R for each time
RDEN
RDIFF Regression rate difference for each

billet
RHO
RHOOPT
RHOP 0.137
RHOT 0. 042 Total grain density (1b/in3)
RHOV RHOT * PERMI
{ RHOVR
RMASS
SALPHA Starting ALPHA read in
SIGMA 3.307E-15 Stefan-Boltzman constant
SLOPE 11,40 Slope of C* versus OFF from C* Table
SNGCT '
SUM Surnmation of WFuel
(SUM » SUM + WF * DIFT)
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TABLE C-I. WS-275 PROGRAM NOMENCLATURE (Cont'd)

DIM UTC
Name VAL SYM Description
T t Time used in calculations
T1
T2
TE Tr - Effective radiation temp used in equation
TEO 800
TH
THCOE
THROT .
TIME C400 Run time (sec) from subroutine OXDATA
TITLE 24 Heading for C* Table + other information
TR 4000°R Tr Effective radiation temp (°R)
TRAD Tr4 '
UNIT 24
VISC 0.134E-5 Viscosity
w 3.35 in Webb thickness (in, )
WEBCHK Indication of webb burn out
(WEBCHK = W + D/2)
WF Fuel flow
WFUEL 400 Fuel flow (lb/sec) (WFUEL = WF * DIFT)
we C400 Ox flow (lb/sec) from subroutine
OXDATA
wWT Total flow {ox + wf)
X 100 Distance increment (number)
XA XA Value of boundary layer merge point
(XA = XBL*2*RAD)
XBL 5 Boundary layer merge point
XCRIT 25 Critical value of X/Diameter
XM 100 Mass flow rate (lb/sec)
XN LNG/DELX
149
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TABLE C.I. WS-275 PROGRAM NOMENCLATURE (Cont'd)
DIM uTC
Name VAL STYM Description

XN1 Real N1

XoD X/Diameter

XPRNT

XX Summation of DELX (XX = XX + DELX)

2 - Z Optical path length

ZETA 0. 666 Mass of ox consumed in producing
particulate products per unit. Mass
of nonvaporizing components in solid
fuel,
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The regression rate is primarily a function of the mass flow through the
port, m; the port cross-sectional area, Ap; the chamber pressure, Pc: and
the regression rate itself. An iterative technique must be used to solve

this implicit relationship.

{U) An examination of these independent variables helps illustrate the
computer program. The mass flow through the port increases with length
due to the mass injected from the fuel grain surface, Thus, the regrassion
rate increases with length, The program simulates this increase by divid-
ing the grain into finite increments and assuming the regression rate is
constant over each interval. The rate within the first increment is calcu-
lated assuming the mass flow to be all oxidizer (input oxidizer flow rate),
This regression rate adds a certain amount of mass into the chamber
which, when added to the oxidizer flow rate, provides a larger mass flow
to calculate the regression rate over the second increment, This additive
procedure is continued down the length of the grain to yield a regression

rate for each distance increment,

(U) Since the regression rate is inversely proportional to the port
cross-sectional area which increases with time, the regressior. rate tends
to decrease with time, To simulate this, the program divides the burning
duration into finite time increments. After regression rate values have
been determined over each distance increment, they are each multiplied by
this time interval to calculate the corresponding change in port radius at
each position, Thus, new values of the port area are determined and used

to calculate new values of regression rate for this time.

(U) The previous f »o paragraphs describe in general the computer
calculation of regressi-n rate versus grain length and burning duration.
When the chamber pressure is not read in versus time as input data from
subroutine OXFLOW, it is also calculated, An assumed Pc value is read
in to get the program started, Using this assumed value, regression rates
are determined to provide the fuel flow rate and O/F ratio., The C.star
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corresponding to this O/F and the assumed pressure is found from theoreti-

cal C-star data read in as input. Thus, a new chamber pressure can be

found from

C*) (w total

Pc = (gc) (A throat)

If this new Pc and the initially assumed value do not agree within a specified
tolerance, the assumed value is replaced by the new, and the procedure is
repeated, This "iteration' process continues until the computer converges
on Pc, Since the regression rate calculation is an implicit function, an
iterative process is used over each distance increment to converge upon a

value which satisfies both sides of the equation.

(U) Figure C-Z ties the above descriptions into a general schematic of
the program. The input data are read in first, i.e., m, Ap, and Pc, Based
upon these values, the regression rate is calculated over each distance
increment, Once the regression rate is known, values of the fuel flow rate,
the total mass flow rate through the port, the O/F ratio, and the throat area
are determined, If the Pc is not provided versus time frcm OXFLOW, an
iterative scheme is used to converge upon a chamber pressure, At this
point in the program, time is compared with printout time and quit time,

If it has reached either a printout time or the erd of the run, the computer
calculates a thrust coefficient, a thrust, and a specific impulse, and prints
out the results of the program, After writing the results, if a printout
time was reached, or after calculating Pc, if time was below the printout
time, time is incremented by a specified interval, The products of this
time interval and the regression rates are added to the old values of port
radius to give the new chamber geometry for this new time, If the oxidizer
flow rate was not read as input data from OXFLOW, the program checks
to see if this new time is equal to a time the motor throttlea, If it is, the
oxidizer flow rate is replaced by the throttled value, A check is made to
make sure the new, enlarged port does not exceed the wed thickners. I
web burnout occurs, the program stops, Otherwise, the computer returns
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and calculates new values of regression rate for this new time (enlarged
port area). The program continues in this manner until quit time (end of
run) has been reached. A condensed description of this procedure, refer-

enced to the steps shown in Figure C-2, is given below.

(U) Step 1. A series of water-flow calibrations is conduced on each
injector to be use, The flow rate is measured as the delta pressure across

the injector is varied over the anticipated range,

(U) Step 2. These flow data are surface fit, using regression and
correlation analysis program GN-410. This provides a set of coefficients
for boost and sustain operating range values of chamber and injector pres-

sures,

(U) Step 3. Run test data are recorded in digital form on magnetic

tape,

(U) Step 4. The test data are edited and calibrated with general data

program GN-420 and output in engineering units on magnetic tape,

(U) Step 5, Chamber and injector pressures are taken from the test
data and used with the flow calibration coefficients to calculate oxidizer

flow rate as a function of chamber pressure and injector delta pressure,

(U) Step 6, Chamber pressure (Pc) and oxidizer flow rate (Wox)
versus run time are written on magnetic tape to be used with program
WS-275,.

(U) Step 7. Fuel regression calculation program WS-275 is designed

to calculate Pc, Wox, and W FUEL versus time for a purely analytical
case or inay use actual Pc and Wox as calculated in program DS-254.
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(U) Step 8. The data printout from WS-275 includes the various

performance parameters as well as the fuel grain profile and regression

rate for each desired run time,

(U) Step 9. Data cards are punched by the program to provide run
times, Wox, W FUEL, and throat area (At) calculations for program
DS-250,

(U) Step 10. Theoretical propellant performance data have been pre-

viously calculated and are recorded on magnetic tape to provide theoretical

ISP, C star, and Cf.

(U) Step 11, All test data, along with calculated Wox and W FUEL,
are compiled in run performance program DS-250, The thrust, pressure,
temperature, and flow data are averaged for each time slice and all neces-
sary correctione made, The required performance para.ieters such as
exhaust velocity, expansion ratio, C star, ISP, and Cf are calculated.
Calculated C star, ISP, and Cf are compared with the theoretical values

to determine engine efficiency.

(U) Step 12, The final performance data are output in a tabulated

report format,

(U) Figure C-3, a more detailed block diagram, has its vurious
sections labeled by numbered Comment statements, These Comment
statements correspond in number with the more detailed eaplanation and
FORTRAN listing which follow,

(U) Comment 1: In this section, the fixed point indicators used with
the program are read, While the significance of these indicators will
becrome apparent as they are used in the program, they can be briefly
identified as follows.
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(U) ICST: When this indicator is set to zero, the program does
not read and write the C-star data (used when multiple cases are run on
same propellant combination and C-star values are already stored), When

this indicator is any value greater than zero, the C-star data are read and

printed out on the first output page.

(U) IPC; I0X; ISUB: When they are set equal to a positive num-
ber, these indicators tell the computer to read in subrouting OXFLOW and

thus Pc and oxidizer flow rate as a function of time, When set equal to
zero, the oxidizer flow rate is specified and held constant (unless motor
is step-throttled) with time, and the chamber pressure is calculated via

an iteration routine,

(U) IERR; Thia indicator is used in the routine that calculates
the nozzle throat area.. When set equal to 0, the nozzle erodes at a speci-
fied rate throughout the run (after specified heat-soak time has passed).
When set to a positive number, the nozzle will erode up to a specified
time, i.e., time of throttling to sustain, and then stop and remain constant

at that throat size,

(U) Comment 2; If ICST is greater than zero, this section reads and
writes theoretical C star (CST) versus O/F (OFF) data, using chamber
pressure (PCST) as a parameter, A title card (TITLE) is also read and
printed at this time to show what propellant combination and system these
theoretical C-star data represent, The input format and order required
for the data cards used in this section is identical with that for its counter-

part in Reference C-2.

(U) Comment 3: When IPC, 10X, and ISUB are greater than zero, the
program calls for subroutine OXFLOW which provides for storage of the
chamber pressure (PC) and oxidizer flow rate (WOX), as a function of
time (TIME). These are subscripted variables with as many values as tho
number of time increments (NT) desired. In other words, TIME (1) would
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refer to the first time value (whatever time is picked from the run tape).

PC (1) would have stored in its meinory slot whatever chamber pressure
corresponds to TIME (1), WOX (1) would refer to an oxidizer flow rate
calculated (in subroutine OXFLOW) from the injector pressure drops at
TIME (1).

(U) Comment 4, 1: Additional propellant property parameters are read

as follows (specific numerical evaluation of these parameters is discussed

in Section IV of Reference C-2):

(U) Format: (7F10,0)

CC
1-10
11-20.

21-30

31-40

(U)
cC
1-10

11-20

21-30

Input
PERME
TR

GAMMA
ZETA

Description
Percent by weight metal in the solid fuel grain, %.

Radiation temperature, °R. Taken to be 2/3 of
stoichiometric flame temperature.

Ratio of specific heats,

Mass of oxidizer consumed in producing metal oxide
products per unit mass of nonvaporizing fuel particles,

Format: (7F10, 0)

InEut
B

HV

LAMBDA

Description

Thermochemical mass transfer number (commonly
called Blowing Parameter).

Effective heat of gasification of the solid fuel,
BTU/lb.

Mass of metal oxide product formed per unit mass of
slemental metal in the solid fuel,

(U) Comment 4,2: Geometry Parameters and Operating Conditions

are read according to the following format:
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(U) Format: (7F10.0)
ccC Input Description
1-10 LNG Length of the grain, inches.

11-20 w Web thickness, inches,

21-30 D Chamber Diameter, inches,

31.40 DT Nozzle throat diameter, inches.

41-50 - DELAY Delay time before nozzle throat starts eroding, sec,

51-60 ERR Nozzle throat erosion rate, inches/seac,

61-70 AR Area ratio.

(U) Format: (7F10.0)
CcC Input Description
1-10 MDOTOX Oxidizer flow rate, lb/sec. Used if oxidizer flow
versus time is not calculated and made available from
OXFLOW subroutine.

11-.20 PS Initial chamber pressure, psia, If Pc versus time
not available from OXFLOW subroutine this value is
used to start Pc iteration routine,

21-30 PATMOS Aimospheric pressure, psia, that surrounds nozzle,
Subtracted from nozzle exit pressure to calculate
thrust coefficient.

31-40 PATSUS Same as PATMOS if rocket crulises at the same alti-

tude during sustain as in boost, Otherwise, changed
accordingly.

(U) Format: (2F10,0, E10,3, 3F10,0)

CC
1-10
11-20

21-30

31-40

Input Description
RHOT Total density of the solid fuel grain, lb/m3
A Empirically determined constant (usually called the

convective constant).

ALPHA Empirically evaluated constant (usually called the
radiation constant),

CSTEFF  C-star efficiency during bonst operation.
174
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41-50 CSTEFS  C-star efficiency during sustain,

51-60 STIME Time at which motor throttles from boost to sustain,
seconds,

(U) Format: (4F10,0, I5)

£C  Input Description

1-10 POT Printout time, sec. Interval between printouts,
11-20 QT Quit time, sec. Time signifying end of the run,
21-30 DELT Interval between time calculations, sec.
31-.40 DEILX Interval between distance calculations, inches.
41-45 N Printout interval for distance,

(U) Format: (12A6/12A6)

CcC Input Description
1.72 ALF Two cards that can be used to read and write alpha-

betic descriptive information,

(U) Comment 5: If the oxidizer flow rate is not available as a function
of time from subroutine OXFLOW, the IOX will be equal to zero and the
following throttling data will be read:

(U) Format: (I5, F15.0, 2F10.0)

CC Ingut Deucﬂgtion
1.5 NOTIME Number of times that the motor is throttled,
6-20 CHG'_I‘ Times at which the motor is throttled, secc.

21-30 NEWOX New oxidizer flow rate after motor is throttled, ib/sec.
31-40 NSCTEF New C-star efficiency applicable after motor throttles,

(U) Comment 6: This section sets up general conatants that are con-
tinually used {n the program, They are specified internally rather than
read in on data cards each time, since they did not change in all of the
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Sandpiper runs. However, when different systems are tested, the following
constants should be scrutinized for possible change:

Constant Description
RADP, RHOP Radius and density of radiating metal parﬁcles.
VISC Average “riscosity of gas in combustion chamber,
TEO Entering oxidizer temperature,
Ew Emissivity of solid fuel surface,
PRNT Printout interval. Time between write statements,
XCRIT Length/diameter ratio beyond‘ which severe main

stream dilution of oxidizer concentration causes
a drop in regression rate,

XBL Length/diameter ratio where boundary layers merge,

GASCON The ideal gas constant was set equal to 1, 0 for the
MON-Mg + PMM system since UTC included this
term in their experimental evaluation of ALPHA

{radiation constant),

(U) Comment 7: The initial port radius and distance increments are
set up by merely dividing the initial diameter by 2,0 at each point and by
starting at zero and incrementing by DELX, respectiveiy, It is pertinent
to note that the Sandpiper has an orifice in the second billet, To change
to the usually encountered cylindrical chamber, merely set RAD2 equal
to RAD134 at internal statement number (ISN) 274, DELX must be equal
to 1.0 in the program as it is now set up to obtain the correct orifice
length, Measuring from the head end of the grain, the orifice is currently
inserted betwcen points 10 and 22 inches down the motor,

(U) Comment 8: Values of chamber pressure (P) and oxidizer flow
rate (OX) are set up for each time calculation, depending on whether or
not the values are read in from subroutine OXFLOW as a function of time
or set constant, When the 10X indicator (s rero, P and OX are assumed
constant by the computer and set equal to P35 and MDOTOX from input data
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cards. The only time OX changes values after this is when the motor
throttles. P is either kept constant at this value of PD or is changed each
time increment through iteration, using the C-star tables. Time (T) is

set equal to 0, 0 and is evenly incremented by DELT after each time calcu-
lation. When IOX is greater than zero, values of WOX, PC, and TIME
have been stored in the computer memory from subroutine OXFLOW, These
values are redesignated by symbols OX, P, and T, respectively. If OX is
below 0.2 lbs/sec, the computer skips up until it is above this value, as
the thrust coefficient iteration routine will not converge otherwise (see
Section 15, 1),

(U) Comment 9: This is one of the most important sections of the
program. At this point, the computer has all of the data required to use
the Muzzy heat-transfer theory to calculate regression rate, Appendix 1
of Reference C-2 presents and derives these equations. Only their use
will be discussed here. The regression rate is first calculeted at the head
end of the grain, based upon values of the entering oxidizer flow rate and
the initial cross-sectional area of the port. Then this regression rate is
assumed constant over a small distance increment, adding mass to the
center flow, The regression rate calculated for the next finite increment
is based upon a value of mass flow through the port 2qual to the entering
oxidizer flow plus the mass addition over the last distance increment,
Thus, the regression rate can be calculated down the length of the grain,
increasing the mass flow rate through the port cach time by the maass
added over the previous increment,

(U) As the equationc to calculate the regression rate are implicit
(lependent upon this rate), an initial value is assumed at each distance
increment and the computer {terates until the whole set of equations are |
satisfied. Specifically, the iteration process continues at each point until
the calculated values of two successive iterations are within a specific
tolerance,
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(U) Comment 10: Once the regression rate is known for each distance
increment down the length of the grain, these values are summed to arrive
at the total fuel flow rate. Thnis number, when divided into the oxidizer
flow rate yields the O/F ratio. The O/F ratio is compared with the mini-
mum and maximum mixture ratios read in as input C-star data. It it is

outside of these boundaries, the panic button is pushed and the computer

stops.

(V) Comment 11: During the boilerplate and flight certification tests,
it wus found that after a finite heat-soak time, the nozzle throat eroded at
a fairly constant rate during boost. After the motors were throttled to their
sustain level, nozzle throat erosion either continued at the same rate or
stopped completely, These characteristics were simulated in this section
of the program by calculating an initial throat area based upon the initial
throat diameter. This area was kept constant during a DELAY time and
then enlarged commensurate with a constant erosion rate, ERR. After
throttling at STIME, erosion continued or stopped altogether based upon
the value of IERR, After calculating the throat area, the program then
proceeds to either Comment 12 and an iteration for pregsure or it goes to
Comment 13 and direct calculation of C-star, depending upon the IPC

indicator value,

(U Comment 12: This section is used to calculate the chamber pros-
sure when the value of indicator IPC = 0 (Pc not available from OXFLOW),
An initial value of the chamber pressure was assumed in order to calculate
a fuel flow rate (radiative heat transfer is dependent upon Pc), This fuel
flow then provided values of O/F ratio and total weight flow through the
por.. Now, based upon the assumed Pc and calculated O/F, and total
weight flow rate, a new value of Pc is calculated using the input C star

versus O/F and pressure and the equation

Pc » LA WL
A"q("

LS
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The assumed and calculated values of Pc are ¢. »pared. If not within a
specified tolerance, the assumed value is replz.:d by the calculated pres-
sure and used to determine a new fuel flow, O 7, totzl weight flow, and
pressure, This iterative process is continues iatil the new and old calcu-

lated values of Pc are within tolerance.

(U) Comment 12,1: The position of P within the input C-star table is

located, After this section, the computer knows that P is between pres-
sures PCST(K) and PCST(K+1). Checks to determine whether or not P is

within bounds of input data are also provided at this point.

(U) Comment 12,2: The slope or ratio of C star to O/F between each

input data point is calculated. These values are used to determine C star

in Section 12, 3.

(U) Comment 12.3: The O/F ratio is located in each of the two pres-
sure tables from 12,1, These O/F ratios are multiplied by the correspond-

ing slopes to provide C-star values at each point,

(U) Comment 12,4: The pressure, P, has now been located between

two pressure tables. The O/F has been located within each pressure table
and used to calculate corresponding C-star values. Now the slope of C
star/pressure is used to calculate C star at P (whole objective of Section 12
really, since a new value of P is readily determined once C star is known),

(U) Comment 12.5: The difference between the newly calculated and

old values of Pc is compared with a tolerance, If within tolerance, the pro=
gram has converged upon a new Pc and continues to Section 14; otherwise,
it replaces the old with the new and determines a new fuel flow and O/F
(iterates).
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(U) Comment 13:. When subroutine OXFLOW pr.vides Pc values and
the Pc convergence routine is nut used, a C-star value is calculated directly

from the well-known expression:
C# = (P) (AT) (ge)/w,

{(U) Comment 14: The computer has calculated values for fuel flow,
O/F, total weight flow, and Pc (if not read directly from OXFLOW), It now
checks to see if it has reached either the quit time of the run or a printout
time, If so, it prints out the results, If these points have been reached, it
also calculates and writes out a thrust coefficient, a thrust, and the specific
impulse., If a printout time or the end of the run have not been reached,
time is incremented by DELT, Assuming the regression rate is constant

over this small time interval, the radius of the port is enlzrged by

Rnew = Rold + rAt

Thus, after a new port cross-sectional area is calculated fr=m the new
radius, the program returns to Section 9 to repeat regresai.n rate, fuel

flow, O/F, etc., calculations for this new time,

(U) If the time, T, is less than 10 secs, the program prints. This can
easily be changed (yank out Statement No. 1023), but was used to closely
monitor engine characteristics during the first part of the run, U T is
equal to printout or quit time, the computer writes out its results, This
printout is accomplished by skipping to Sections 15 and 16 to calculate
thrust and specific impulse and write, respectively, After printing results
in Section 16, the program, depending upon whether or not quit time has
been reached, either returns to Section 14 to increment time for another

iteration, or continues to Section 17 where it terminates,

(U} Comment 14,1: If subroutine OXFLOW is available, this section
is used to increase time and to prepare for the next fuel flow calculation
at this new time, Since the run tapes from the actual tests were not marked
off in even time increments, the time interval was determined by
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subtracting succeasive values. The total weight loss at this time {callad

SUM) is calculated by multiplying the fuel flow rate by the time interval and
a.dding' this product to the previous value. Thus, the weight loss is accumu-

lated and stored over all of the time intervals in SUM. The fuel flow rate
for each time is stored separately and is available as subscripted variable
WFUEL (NT), where NT refers to the number of time increments. New
radius values are determined down the length of the grain by adding the
product of rAt to the old values, If one of the new radius values exceeds
the web thickness, the computer stops and prints Termination Due to Web

Burn-Out at Time = . The value and location of this radius is a'so

written out.
(U) After replacing the old values of T, OX, and P with new ones
stored as TIME, WOX, and PC from OXFLOW, the program returns to

Section 9 to calculate corresponding values of regression rate, O/F, etc.

(U) Comment 14,2: The only difference between this and the previous

section is that a new time is obtained by incrementing with DELT, OX
remains unchanged at the input value unless the motor is throttled. P
remains unchanged, as it will be calculated in Section 12,

(U) A check is made to see if a throttling time has been reached, If
it has, new values of oxidizer flow rate and C-star efficiency are used to

replace the ones used previously,

(U) Comment 14,3: Print tirne is incremented by whatever printout

interval was specified in the input data,
(U) Comment 15: The thrust coefficient is calculated using equations

3-25 and 3-30 from Sutton (Reference C-4), After determining the thrust,
the specific impulse is found from the thrust/total weight flow ratio,
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(U) Comment 15, 1: Equation 3-25 from Sutton is used to calculate the

noszle exit pressure,

f’

1 o ‘7;1 1/2 -
bl e b -0

As the area ratio of the nozzle, gammma, and Pc are known, the exit pressure ‘
can be determined. However, it cannot be determined explicitly due to the | —-
nonlinear mature of the above equation. The point-slope convergence tech-

rique was wtilized, where two initial guesses of the exit pressure, for it ,

shouid be close to this valae if the engiie is optimally expanded, The sec- , *
ond guess required for the pcint-slope method was arbitrarily taken as one =
half of the first guess. This iteration scheme converged very quickly, as : -
long as the chamber pressure was above 10 psi, If a value smaller than ,

10 was fed in from the first microseconds of the run tape, the program
would '"blow up', This was caused by ISN 666, where a negative number
was being raised by an exponent (illegal FORTRAN procedure),

(U) Comment 15.2: After the exit pressure has been calculated, the
thrust coefficient is found explicitly from equation 3-30 of Sutton, The
thrust is then determined from the product of the thrust coefficient, the

throat area, and the chamber pressure, Dividing this thrust by the total
weight flow yields the specific impulse,

(U) Comment 16: This section prints out the results, At each print

time, the port radius, port geometrical cross-sectional area, the linear

regression rate, and the mass flux (G) through the port are written as a e
function of distance down the fuel grain, The chamber pressure, oxidizer
flow rate, C star, thrust coefficient, nozzle throat area, total flow rate
through the port (ox + fuel), specific impulse, thrust, O/F, fuel flow rate,
and total weigh? loss of fuel are also printed out, When Mr, D, Shirley's
performance program (DS 250) is going to be used, some of the above

results are purnched out on cards and used immediately as input data,
182
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(U) Comment 17: At the end of the program, average values of fuel
flow rate, and regression rate are calculated over the length of the run,

Fuel Grain Weight Loss Predictions
(U) The above described procedure and computer program were uti-

lized with the instantaneous oxidizer flow-rate estimatep’ developed in
Appendix B to predict fuel grain weight loss as a function of time, This was
done by integrating the instantaneous fuel flow-rate predictions from the
hybrid regression model, Figures C-5 through C-12 present these data.
The final fuel grain weight change is compared with an estimate of the total
fuel consum.:d obtained by subtracting the estimated oxidizer expenditure
frcm the total weight loss of each propulsion system.,
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APPENDIX D
JPL VIBRATION TESTS

(U) Development tests on two Air Force proplsion systems were
performed per JPL Procedure TP 503552 dated 1 October 1967, between
20 October and 20 Novembexr 1967 at the Northrop Support Operations
Department (NSOD) JPL Hazardous Environment Test Facility (ETS)
Edwards AFB, California. The Drone tests were given run numbers G-44
and G-45. Two Drone simulated fuel grains were cast and cured by NSOD
at ETS, The fuel grains were then assembled to the liquid oxidizer tank,
and the oxidizer tank was filled with an equivalent weight of tricloroethylene
to simulate the liquid oxidizer, Sinusoidal vibration runs were made cn the

two shaker test fixtures prior to the actual tests,

Run G-44

(U) Three axis (see Figures D-1, -2, -3)1 and 2g RMS sine sweeps
from 20 to 1200 Hz were made on the first system betwecen 31 October and
7 Novembor 1967. Resonances in excess of 50g RMS on the oxidizer tank
with 2g RMS input at fixture were noted. Loose plumbing and valves were
secured and padded. The sine sweep was repeated with a marked reduction

in resonant levels,

Run G-43

(U) Single axis (z) lg sine sweeps from 20 to 1200 Hzs were made on
15 and 16 November 1967, The runs on 15 November were made to investi-
gate the rcsponse of a system with full flight-weight oxidizer plumbing,
On 16 November single and two-point control 1g RMS sweeps were made
after elastic supports and tape had been added to oxidizer tubing and valves,
The last z axis sine sweep was made on 22 November after additional metal
brackets and clamps were added to the oxidizer tubing and valves. No
significant difference in resonant levels was noted between runs of 16 Nov-

ember and 22 November.
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{(U) On 23 November 1968 tests were terminated by telecon with Air
Force project engineer, It was decided that since the test hybrid drone
did not dynainically simulate the aft thrust chamber assembly configuration,
as it lacked the airframe structure, further vibration tests would not be
fruitful. The identification and development of on-the-spot fixes for the
oxidizer feed system successfully achieved the technical objectives of the
Hybrid Target Missile Program.
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APPENDIX E

CHECKOUT AND SERVICING PROCEDURES

Gaseous Nitrogen Filling Procedure
1.. Obtain copy of UTC Drawing No. C01669 Rev. N/C

2, Remove cover from the forward end of raceway by removing

retaining screws,

3. Remove nitrogen fill valve protective cap with 9/16-inch wrench
backing up stationary part with 11/16-inch wrench; this cap is gray ano-
dized in color and is located in a Tee at station 24E on drawing UTC

C01669,

4, Install nitroger; fill adapter, per UTC Drawing No. C04111 (or

equivalent) on nitrogen fill valve,

5. Connect gaseous nitrogen source to fill valve, It is recommended

that the nitrogen source be capable of maintaining a constant 3500 psig,

6. Open gaseous nitrogen charge valve and slowly charge missile

nitrogen tank to 500 psig with nitrogen per MIL Spec MIL-P-27401,
7. Close nitrogen charge valve,

8. Check system for leaks using liquid leak detector. If no leaks are

detected, continue to pressurize,

9. Repeat steps 6, 7, and 8 in 500-paig increments until the nitrogen
tank is charged to 3,500 psig and no leaks have been detected, If leakage
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occurs while performing steps 6, 7, 8, and 9, proceed with the following:

a. Close nitrogen charge valve,
b, Open {ill system bleed valve,

¢c. Loosen '"B'" nut at nitrogen initiation valve inlet side and

bleed tank until all gas has been depleted.
d. Repair leak and proceed from step 6.

10. When nitrogen tank is charged initially to 3, 500 psig, it will
become very warm, Let nitrogen tank cool to approximately 77°F before
recharging to 3500 psig.

11, Close gaseous nitrogen charge valve.

12, Open nitrogen fill line bleed valve andbvent fill system to ambient,

13, Disconnect fill line from fill valve on missile,

14. Remove nitrogen fill adapter from nitrogen fill valve,

15, Install cap on missile fill valve,

16. Replace raceway cover, install screws and torque to proper level,

Igniter Assembly Procedure
1, Obtain copy of UTC Drawing No., C01669,

2, Obtain one each of the following parts:
a, Throat Ineert, P/N C02123-01.01,

b, Cartridge, P/N C02147-0101,
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c. Initiator Assembly, P/N C03118-0101,
d. 2-28 O-ring Compound S418-6.
e, 3-6 O-ring Compound S418-6,

3. Check continuity of initiator assembly using an igniter circuit
tester which has a maxium output current of 5 milliamperes DC. An
acceptable unit is the Alnico Model 101-5BF, Continuity is checked by
shorting pins A and B and recording resistance on balance, Pins C and D
are shorted similarly., Short pins A and C, B and D and verify open cir-

cuit, Continuity check of all squib valves is performed in this manner,

4. Remove 34 each screws from access door located just aft of the

rear launch pin,
5., Remove access door.

6. Locate igniter as illustrated per UTC Drawing No, C01669
location 15F.

7. Remove snap ring from igniter assembly with snap ring pliers,

8. Kemove igniter closure from igniter assembly using caution to

avoid damaging the closure,

9. Wipe clean interior surfaces of igniter case with cloth lightly

dampened with trichlorethylene,

10, Inspect snap ring groove to insure no particlea are lodged in

groove,
11. Remove O-ring and dust cap from igniter closure,
201
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12, Lubricate 3-5 O-ring with DC-11 silicone grease (or equivaient)
and install on initiator assembly, P/N C03118-01-01,
13. Clean igniter boss with a cloth lightly dampened with trichlor- -

ethylene,
14. Lubricate O-ring surfaces on boss with DC-11 silicone grease,

15. Install initiator assembly into igniter closure and torque to
40 ft-lbs.

16, Install throat insert, P/N C02123-01-01, radius edge first, into

igniter case,

17. Lubricate inside of igniter case with DC-11 silicone grease,

1 inch deep.
18, Insert igniter cartridge, P/N C02147-01-01, into igniter case,

19, Lubricate 2-28 O-ring with DC-11 silicone grease and install on

igniter closure,

20, Press igniter closure (with initiator assembly installed) into
igniter case uniformly using care to not damage the O-ring when passing
over the snap ring slot,

21, Install snap ring in slot with snap ring pliers,

22, Replace access door and 34 each screws in door,

Dial-A-Thrust Valve Setting Procedure
1. Remove 34 each screws {rom access door located just aft of the

rear launch pin,
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2. Remove access door.

3. Locate adjustable fluw control valve, P/N C02817-01-02. This
valve is identified in the following manner: The valve is gold anodize in
color and has a circular knob with the alphabetic letters "A'' through "H"

stamped clockwize ¢n the top.

4. l.oosen lockscrew on top of valve approximately 1/4 inch with a

5/17-inch wrench.

5. Determine valve setting for mission by obtaining the setting from

the calibration tag attached to the side of the valve for the following

missions:

Mission No, 1 = 50, 000-ft Mission
Mission No. 2 = 70, 000-ft Mission
Mission No. 3 = 80, 000-ft Mission
Alternate = 90, 000-ft Mission {not to be used)

6. The valve settings are interpreted as follows: The valve is set

initially at a value of ""0A" (zero "A'') with the lockscrew being the index,

All settings are to be taken with respect to this setting. The numbers are

complete counter clockwise turns of 360° from position "A'" to "A'", The

letters are the position to which the knob is turned after the numerical

turns have been made, EXAMPLE: 5E is five turns from zero "A' to 5A

and then only a portion of a turn to the letter E,
7. Set valve for the mission required,

8. Tighten down lockscrew with 5/16-inch wrench,
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APPENDIX F
THRUST MEASUREMENT AND CALIBRATION

(U; Accuracy of measured thrust was of constant concern thfoughout
this program hecause testing at altitude complicated the prediction of

actual delivered thrust due to environmental effects on transducer accuracy.

(U) It is unusual, in the measurement of thrust, to provide a means of
applying a calibrated force to the flexurally supported engine cradle prior
to actual engine thrust measurements being made. Thus, the thrust stand
usually includes a calibration device which is contributory to the overall
"end-to-end' error., The evaluation of thrust measurement channels must
necessarily include this calibration error as well as those errors attribut-
able to such factors as the manner in which the technicians apply and
remove the calibration load, The usual load transducer is a flexurally
mounted strain gage ''load cell.” This cell is placed between the engine
cradle and a load takeout abutment. This working cell will produce an
output proportional to force, be it from the calibration device or from an
actual engine firing load. It is this working cell that is calibrated by the
calibration device. Generally, it is not feasible to calibrate the working
cell in a laboratory and eliminate stand calibration becausec only a percent-
age of the applied load goes through the lo-d cell, A portion of the load is

taken out by the flexures, piping, etc.

(U) Before each test firing, the test stand (working cell) was calibrated
using the calibration device. The electrical output from the working cell
was recorded at each load level. In addition, a precision resistor was
placed across one of the bridge resistors in the load cell. This shunt
resistor produced an output proportional to the cell excitation voltage,

This output was called a "ser.se step' and was used later in the data reduc-
tion process to rationalize differences in system sensitivity between the |

time of calibration and the time of firings, In some cases, several
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different sense steps were recorded, each of which was derived using a
different value of shunt resistance., Only one of these values was actually
used in the data reduction process. When digital data records were m;de.
the digital value derived at the several calibration loads and the sense step
were manually recorded. These data were then sent to the data processing

area ahead of, or concurrent with, the tape-recorded test-firing data,

{U) At the data processing facility the calibration data were used to
derive a formula or curves suitable for the determination of force from
the test-firing records. The sense step became the '"common denominator'
in the reduction process, From the calibration record, the value of force
which the sense step represented could have been determined; however, this
this was not usually done because the ratio of the output derived from the
recorded force divided by the output from the sense step was more useful,

(U) A typical example of the process was the reduction of data recorded
on a digital acquisition device. Starting with the manual calibration record,
the number of digital counts recorded at zero pounds force was subtracted
from the number of counts at a specific value of calibration force., Also, a
difference between counts with and without the sense step applied was com-
puted, The ratio between these differences was then determined. Depend-
ing upon the linearity of the system, an analyst chose either a lst, 2nd,
3rd, or 4th order curve-fit technique to determine a best-fit equation of

the form:

F=at+bx +uxz§ dx3 +ex‘
Where:
F = Force in lbs.
a, b, ¢, d, and e were the derived coefficients using computer routines.

counts at any force - counts at zero force
counts with sense step ~ counts without sense step

X = counts ratio =
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The coefficients determined from the calitration inforrmation were stored
for further reference when the record from the actual test firing was being

processed,

(U) When data from a test firing was processed, pre- and post-run
zero values had been recorded. The data analyst had the option of selecting
either of these zero values or of computing an average zero value. The
denominator of the '"counts ratio' was then calculated by subtracting the
chosen zero from a similarily chosen or averaged sense-step value, The
recorded firing data were a succession of data samples, the count value
of which varied with time as a function of the thrust produced by the engine.
Each of these samples, or selected ones, was used to derive a value for
the numerator of the '""counts ratio' expression by subtracting the chosen
or computed zero from the data count value, At this point, both the numer-
ator and denominator of the '""counts ratio'' expression were available and
the value of the ratio itself was computed. This value was then used with
the coefficients derived from the calibration data to compute a value of

force in pounds corresponding to the recorded data count value,

(U) The first step was to calibrate the thrust stand using the calibra-
tion equipment associated with the test stand, The results of this calibration

were manually recorded,

(U) To evaluate thrust stand accuracy, known forces were applied to
the cradle along the axis parallel to the engine. Thia method of loading
the thrust stand did not apply during the stand calibration and was only
applicable during the evaluation., The known forces did, however, exert
force on the load cell similar to the calibration forces exerted on the same
load cell during stand calibration, It was the difference between these two
methods that constituted the basis for obtaining data that resulted in the
stand accuracy figure,
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(U) The force load cell was provided with two strain-gage bridges,
Bridge A and Bridge B. Data from each bridge was acquired during stand
calibration and evaluation. For evaluation, two channels of a digital
record were activated. When any of the known force increments were ap-
plied, and held constant, the magnetic tape recorder, associated with the
digital recorder, was turned on. The bridge data were thus recorded
simultaneously for both channels. This process was continued for each

force increment and for three cycles .{ test.

(U) Data reduction began when the data were placed in the hands of an
analyst for evaluation. The first step was to compute the indicated forces
using the standard data-reduction programs and techniques peculiar to the
particular test area. These computed values were compared with the known
applied forces, and using appropriate statistical techniques as indicated

below, numbers were derived that reflect the accuracy of the stand.

(U} The accuracy of a calibration test was limited to the accuracy
realized when technicians used the available force calibration kit. This
force calibration kit was sent to the National Bureau of Standards, and
certified to be within the following error limits: +0.05% of reading down
to 1/5 of full scale and to 16.05% of 1/5 full scale down to zero.

{U) The actual Bureau certification records indicated that these were
conservative values. Because these standards were used only by the most
competent and meticulous technicians, it was assumed that personnel using
the standards do not degrade the accuracy from that actually measured
beyond the certified value of 0.05%.

(U) The kit cunsisted of an indicator and 10 load cells of different
capacities, raunging from 120 pounds to 120, 000 pounds, full scale.
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i {(U) This thrust stand evaluation did not include a major potential

i source of thrust measurement error, i.e., error resulting from forces

that were caused by propellant line pressurization effects. There were

g several reasons why this potential error source was not included in this

evaluation:

a. It was generally inconvenient to pressure the piping system at

the time of evaluation.

b. The engine was not usually in the thrust cradle at the time of
the evaluation, and piping errors, if any, would be dependent upon how the 7
piping was twisted and bent to force it into position to torque the mounting

bolts in place.

¢. Stand and system errors as determined in this evaluation were '
a constant value plus or minus the piping pressurization errors. Inasmuch
as pressurization errors would vary (unless eliminated) with each engine

installation, the reasults of this evaluation would not be consistent or re-

VO amny o e e,

peatable if piping pressurization effects were included.

d. Piping pressurization errors were, generally speaking, easy
f : to detect as well as eliminate. Good management di-tated the neceasity

to test for and eliminate these errors after sach engine change.

! : (U) The primary standard used in Thrust Stand Calibration was located
in Laboratory No. 213.04/185045 of the National Bureau of Standards,

; Washington, DC. Attesting documentation disclosed that the errors of the

; i applied loads, used in calibrating the Baldwin-Lima-Hamilton secondary -
standard, did not exceed 0.U02%. It was concluded that the accuracy of the
primary standard is 99. 998%.
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(U) The secondary standard was a Baldwin-Lima=~ Hamilton Force
Calibration Kit. The manufacturer guaranteed an accuracy of 0.05% of
point when calibrated by the National Bureau of Standards. This was a
conservative figure as individual calibration sheets from the Bureau at-
tested. In any event, it was safely concluded that the accuracy of the sec-

ondary standard was 99.95%.

(U) The average of pre and post-run sense step sigmas (deviations)
were noise check figures. They represented the error band (noise) being
recorded. Because the full scale count value was usually +9, 999 counts,
the signal to noise ratio was this number divided by 19,998. The average

was computed as follows:

a. Fifty data points were recorded for the pre-calibration step

value when zero lbs of force was being applied to the stand.
b. These 50 points were averaged.

c. A difference between each of these points and the average value

was computed.

d. Squaring each of the differences, summing them, dividing this
sum by 49, and taking the square root of this quotient yielded a standard

deviation for the step.

e. Repeating the foregoing steps, a through d, for each of the pre
and post-sense steps and taking the simple average of the resultant figure

yielded the tabulated counts value.
(U) The stand deviation of thrust datc channel represented the precision

associated with the particular data channel under test. It was calculated
from the following equation using data typified by Table F-.I.
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- PREC (%) = 100 Fdl + Fdz +. .. Fd33
32 :
P — e
FFs

Where: The factor of 100 is used to result in a percentage figure,
Fd denotes the difference between the force value in Columns 2,

3 and 4 with Column 1 of Table F-I.
Subscriptions 1 through 33 represent the 33 individual difference.

Fr

The data in Column 1 are the forces applied using the Baldwin-Lima-
Hamilton Force Calibration Kit. The data in Columns 2, 3, and 4 are the
computed forces derived from the tape recording made at the time of test.

s denotes the full-scale calibration force.

There are three columns, one for each of three runs. The data in Column

5 are simple arithmetic averages of the values in Columns 2, 3, and 4
subtracted from the corresponding values in Column 1, divided by the

value in Column 1 and then multiplied by 100 to result in a percent of

point error figure. The figures in Column 6 are derived in the same manner
as those in Column 5, except that the difference is divided by the full scale

value.

(U) The accuracy of thrust channel was a single number which could
be used to represent the entire system accuracy. It was related to the
precision derived above and also took into account the uncertainty in the
standards. The value was calculated using the following equation:

% Accuracy = 100 - error
= 100 - 9PREC + 9pspf + 9sTIf
Where: The nines under the radical sign were used to result in three sigma

values.

PREC was the precision (%) of the nystem as determined above.
STD was the precision (%) of the secondary standard.

PSD was the precision (%) of the primary standard.

21

UNCLASSIFIED

e o o AT e st en et AT AU A5 i R




UNCLASSIFIED

*ewB1s ¢ J0F ayeds [[NJ JO JuUIdIad €26 "§6 = JdUUEYD eBIEP ISNIY]J JO Adeinddy
*ayeds [0} JO juadxad 96y 0 = [2UUEYD BIELP ISNIY] JO UORELIAIP pirepuels

*g3uUnod 7§ °2 = sewd1s doys asuas unx 3so0g pue 31g yo aderaay

*ewdis ¢ 103 Juadxad gO¥6 *66 = pPrepueys Axepuodas Jo Adeinddoy

‘quasxad 0866 ‘66 = pavpueis A1eurtzd Jo Ad>eanddy

¥1°0 deek ok 1X%:] B SPIv 1 6¥S1°I 00°0
LL’o S8 70 1LEL 102 €02L “102 10£9°1CG2 00 002
0€°0 ¥L 0 0L06 "20¥% 62¢0 "tO¥ 6526 "2G¥ 00 "00¥%
8% °0 08°0 9985 “¥09 9566 "¥09 €1EL V09 00 "009
89 °0 S8 °0 ¥165 °908 9060 °LO8 1269 "908 00 "008
$6°0 56 °0 ¥062 "6001 LEES 6001 ¥E19 76001 00 "0001
69 °0 98 °0 ¥12L°908 €190 °L08 €L¥8 "908 00 "008
6% °0 18°0 1609 "¥09 ¥¥50 °S09 0€86 “¥09 00 "0n9
1e°0 LL°o €29L "20¥ olLeE "€0V ¥801 “€O¥ 00 "00¥
81°0 06°0 9s0L "10¢ 6L6L "102 L6L8 102 00 "002
€1°0 Rk 222¢e 1 9202 °1 0L62°1 00°0
9 S ¥ t 4 | |
Sd 40 Id 430
INIDHIAJ ILNIOYdId LNdNI LS3AL LSNYHL

1112 "ON HAS €612-M1-D0D-G€JJI-TOM AONW OT AdAL JANOWYO DIW ¥IDNASNVIL

VvV IOand 9961 YIHOLDO 61

T ‘ON 1LSIL V-¥I-1 ANVLS IS3L

IOAIEE FATONIS V ¥OJ VIVA NOILVILITVD TIAD avOT TVIIdAL T-4 ITdVL

UNCLASSIFIED




- URCLASSIFIED

{(U) It should be noted that the foregoing equation is a simple RMS

addition, which implies a random error as contrasted to a systematic

error.

(U) Table F-II presents the results of thrust stand calibrations using
the procedures described above. l.oad cell S/N 2111 was used during
boilerplate tests 1 to 27, and S/N 245372 was used during certification

testing.
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TABLE F-II, THRUST STAND CALIBRATION RESULTS

X* Ve

S/N 2111 (19 Oct 66) Ormond Type LC Model WCL-FF35-CD-1K-2193

Bridge A 0.4916% 98.523%
Bridge B 0.4637% | 98.6077%

Bridge A (7 Feb 67)
0.4985% 98.5033%

S/N 245372 Revere Model U.S.P,2-1-B

Bridge A (21 Sep 67)
0.2944% 99.1158%

Bridge A (29 Sep 67)
0.2783% 99. 1640%

* X = Standard Deviation of Thrust Data Channel in Percent of
Full Scale

#% Y = Accuracy of Thrust Data Channel in Percent of Full Scale
for 3 Sigma

214

UNCLASSIFIED




URCLASSIFIED

: APPENDIX G
i THRUST MEASUREMENT CORRECTIONS

UNCLASSIFIED




UNCLASSIFIED

APPENDIX G

THRUST MEASUREMENT CORRECTIONS

! (U) Heavyweight tests 1 through 27 were conducted with hermetically
sealed load cell S/N 2111. Test data from calibration at altitude and
ambient pressures are shown in Table VI of Section IV. Tests 28 through
101 were conducted with the second load cell (S/N 4053). This load cell
was never evaluated in thrust stand calibration. The second load cell was
vented to allow equalization of internal transducer pressure with the altitude
chamber pressure. This equalization process was not instantaneous and
various transitory effects occurred with temporarily caused large inaccu-
racies in measured thrust. Figure G-I shows performance of the second
(vented) load cell under no-load conditions during typical dynamic test
chamber effects that were experienced during engine throttling tests. This
second transducer also exhibited significant shifts in calibration points at
various simulated loadings between altitude and ambient pressure. Most
of the transitory effects are typical of any vented system.

{(U) The third load cell (S/N245372) was used for certification tests
1F through 8F. This Revere load cell (Model U. S. P. 2-1-B) was vented
similarly to the second load cell. To avoid the start transition deviations,
the altitude chamber was allowed to stabilize at a pressure equal to
65,000 ft. If the engine had been allowed to ignite at 50, 000 ft, the diffuser
would pull down the test cell pressure to the 65, 000 £t level. During this |
period, thrust measurements would obviously be in question because a
situation similar to that shown in Figure G-Il would exist. No method was
devised to avoid the throttling error, but it was fairly small.

(U) Thrust corrections were made tc all measured data. Corrections
consisted of two types: (1) Corrections for suction pressure forces caused
by differential pressures acting on the propulsion system between the
diffuser pressure and the altitude test chamber pressure, snd (2) altitude
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Figure G-1. Typical Thrust Deviation with Test Cell Pressure During Engine Throttling
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corrections to predict thrust at standard altitudes different from the actual
operating test altitude. . The methods are outlined below.

* v Diffuser/Test Cell Pressure Differential Correction

Pamb

Nozzle
‘Diffuser --
AP ® (Pex - Pamb) . Pex = Diffuser pressure
W « Faf Pamb = Test cell pressure
Dn s Nozsle O, D,
s 7Tin,
De = Nozzle exit O, D,
= 4,09 "1,

Where: s positive force adding
to thrust -

F = measured thrust
w = actual thrust

t -3 (o2 . ni)-“; s 12,67 (Pex, -Pamb. )

Altitude Correction

F, = F) = Ay (Pamb,, = Pamb, ) » F, = 13, 14 (Pamb, 2 = Pamb, ) ..

- Subscripts: 1 Altitude 2 = Mission Altitude
WRlL7.1218
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