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" FOREWORD

This report covers work performed at Rocket Research Corporation (RRC), Redmond,
Washington, for the Air Force Rocket Propulsion Laboratory under Contract FO4611-70-C-0036.
The work under this contract was carried out during the period April 6, 1970, through June 25,
1971. The program manager was Mr. B. W, Schmitz; the project engineer was Mr. W. W. Wilson: and
the test engineer was Mr, W. A. Arrera.

The program was completed under the technical management of Lt. Frank N. Fredrickson,
USAF/LKDA. The contracting officer was Mr. D. G. Jorgensen of Edwards Air Force Base,
Edwards, California.

This report has been assigned a supplementary report number 71-R-257,

This technical report has been reviewed and is approved.

Walter A. Detjen, Chici
Engine Development Branch
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ABSTRACT

Rocket Research Corposation-has conducted a research and development program under contract
FO4611-70-C-0036 from AFRPL. The objective of the program was to demonstrate the capability
of 1 x 106 pulses without performance loss on a flightweight monopropellant hydrazine S-1bf
thruster. This report describes the design, analysis, and tests which evolved into the final
flightwright rocket engine assembly (REA) design during Phase [ of the program, Phase ‘A testing
of this REA accumulated 400,000 cycles of operation while delivering in excess of 80,070 Ibf-sec
with 20 ambient (40°F) cold starts prior to performance degradation. Results of the testing are
presented, together with recommendations for extending life capability on the basis of REA
teardown and failure analysis. Concurrent testing of workhorse REA's to evaluate the relationship
of proprllant and catalyst temperatures upon catalyst life characteristics is also reported.
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SECTION |

INTRODUCTION

With the development of Shell 405 catalyst, the inherent advantages of monopropellant hydrazine
propulsion systems for attitude control and orbit adjust of spacecraft have resulted in their selection
as replacements for bipropellants on existing vehicles (e.g., Transtage) and their selection for newer
vehicles (e.g., P-95, Intelsat, NASA ERTS, NASA ATS F&G). These advantages of cost, simpiicity,
and reliability command the use of monopropellant hydrazine for generations of vehicles yet to
come. - ‘

Monopropellant hydrazine qualification test programs completed to date have established
significant milestones in demonstrating the capability of the Shell 405 catalyst to withstand
extensive firing durations. At the atti:ude control thrust range (5 Ibf), these programs have
demonstrated up to 200,000-cycle capability while delivering as much as 20,000 ibf-sec impulse.
Future vehicle requirements, however, have projectec requirements of up to 1,000,000 cycles with
200,000 lbf-sec impulte delivered. To develop technology and engine design approaches which
would meet these long life raquirements, RRC was awarded Contract F0461 1-70-C-0036 by the Air
Force Rocket Propulsion Laboratory. Work vnder the contract was initiated on April 6, 1970.

The objective of this research and devslopment program was to demonstrate the capability of 1 x
106 pulses without performance loss on a flightweight monopropellant hydrazine 5-ibf thruster.
The program performance goals were:

Thrust S 1b (vacuum) 6%
Impulse bit repeatability 7% *
Centroid location 5% *
Chamber pressute roughness 7%
Steady-state Igp 220 sec
*For 20 ms pulses only
Impulse bit repeatability t10%
Centroid location 15 ms

Specific areas of work studied during the program were:
a. Phasel

Design Iteration and Test — Those design improvements which were determined to
improve engine life were incorporated and tested to verify their capability.

Thermal Analysis — A transient and steady-state thermal analysis was performed on the
injector design improvements with' thermal margin tests conducted to verify the analysis.

« S T s il
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Catalyst Test — Nonflow cycle tests were conducted to verify the catalyst preload design
criteria.

Cold Start Test Series — Steady-state starts were conducted on the selected design with

both engine and propellant at 40°F and at maximum inlet pressure to evaluate cold-start
capability.

Abbreviated Life Test - A cycling/cold-start test series was conducted to demonstrate the
cycling capability of the selected design.

Phase IA

Life Cycle Test — The Phase I final design, as approved by AFRPL, was subjected to a life
cycle test simulating typical mission duty cycles with a goal of 1,000,000 cycles.

Cold Start Catalyst Evaluation Test Series — A series of special tests were conducted on
an engine simulating the flight design, in order to evaluate the independent effects of
propellant temperature, catalyst temperature, and bed loading on catalyst life.
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SECTION Il

TECHNICAL PROGRAM

2.1 PHASE I DESIGN

The requirements of the contract were reviewed with respect to the capabilities of 5-lbf engine
hardware currently developed and qualified at RRC. The 5-Ibf thrust engine experience at RRC
dates back to 1965, during which time experimental hardware was fabricated and parametrically
evaluated under NASA Contract NAS7-372 to develop generalized design ard scaling criteria for
monopropellant hydrazine reactors. On the basis of these studies, a flightweight 5-1bf engine was
developed and subjected to evaluation testing in pulse and steady-state rodes of operation.
Approximately 3 years ago, RRC was awarded a contract from Lockheed Missiles and Space
Company for the design, development, qualification, and delivery of flight S-Ibf rocket engine
assemblies mountad in a modular arrangement and termed REM-Mono (Reaction Engine Model —
Monopropellant). This engine has completed its formal flight qualification test program and is
currently in production for several space programs. This engine was considered as a baseiine for the
program described herein, and product improvements were incorporated to meet the longer life
requirements. The following paragraphs describe the REM-Mono engine baseline and product
improvement changes which were investigated.

2.1.1 REM-Mono S-1bf Enginc Characteristics

Mission requirements for the REM-Mono REA include operation in pulse mode at duty cycles
ranging from 0.01-cps to steady-state conditions, pulse-mode life of 175,000 pulses, capability of
steady-state burn times up to 20 minutes, dclivery of 17,000 Ibf-sec total impulse, and delivery of
impulse bits not exceeding 0.15 1bf-sec (22-millisecond width).

Design -- The engine operates in blowdown mode over a nominal thrust range of 5.69 to 3.34 Ibf.
Table I summarizes the design characteristics of the engine, and a cutaway drawing is included in
Figure 1. Figure 2 is a photograph of an assembled engine. Monopropellant hydrazine flows from a
trim orifice through the thrust chamber valve and on through an all-welded single feed tube to a
rigimesh dispersion element. Hydrazine is distributed from the rigimesh spud through the upper
0.25-inch, 25- to 30-mesh Shell 405 catalyst bed. An intermediate bed plate with screens welded on
each side separates the upper bed from the lower bed, which is 0.65 inch of (4- to 18-mesh Shell
405 catalyst. A lower bed plate with screen retains the catalyst. Decomposed hydrazine exits
through a 40:1 RAO nozzle. A 1/16-inch OD x 0.010-inch wall tube is provided to measure thrust
chamber pressure, and a flight thermocouple is welded to the external convergent section of the
nozzle to measure chamber temperature. The propellant valve is solenoid-operated and is
manufactured by Parker Aircraft Company.
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Table |. REM-Mono REA Design Summary

Bed diameter, iinches 1.179
Bed length, inches 0.90
Upper bed, inches 0.2§
Lower bed, inches 0.65
Catalyst .
Upper bed 6.2 grams 25 to 30 mesh granules
Lower bed 16.2 grams 14 to 18 mesh granules
Noazle RAO contour
Expansion ratio 40
Throat diameter, inches 0.197 A¢ = 0.03048 in.2
Exit diameter, inches 1.246
Material selection '
Thrust chamber and nozzle Haynes 25
Injector Inconel 600
Rigimesh insert Haynes 25
Bed plates and screens Haynes 25
Weight, Ibm 1.20

The engine is enclosed in a thermal shield for thesmal control. At the aft end of the chamber, a
diaphragm is welded between the chamber and heat shield. This provides for lateral structural
support, differential thermal expansion, and also presents a high thermal resistance to limit heat
transfer from the chamber to the heat shield. Axial loads are taken out by the propellant feed tube,
which is welded to the propellant valve outlet to minimize propelant holdup volume.

The REA is mounicd from the upper heat shield flange. Total REA weight is 1.20 lbm.

To satisfy the broad range of operating requirements of the REM-Mono Prograini, a conservative
engine design was used. The catalyst bed is designed with a bed loading at 5 Ibf of 0.020 1bm/in2-sec
to ensure long engine life. Program requirements include the capability of successfully operating at
feed pressures as high as 315 psia. Comequently. all parts of the TCA are stressed to 375 psia at
operating temperature. A

‘The catalyst consists of Shell 405 ABSG 25- to 30-mesh granules for the upper bed and 14- to

18-mesh ABSG granules for the lower bed. No special treatment of the catalyst is conducted at
Shell Development Corporation beyond calcining the basic carrier. Water-attrited catalyst has been
used throughout the program based on superior strength charscteristics determined from evaluation
testing at RRC. After receipt at RRC, the catalyst undergoes special thermsl processing. The
catalyst bed packing procedures use an overpack to account for differential thermal expansion
between the catalyst and the chamber walls.

i
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Development History — The duty cycles under which the REM-Mono REA operates impose severe
thermal design requirements on the engine. Worst-case thermal operation occurs at minimum thrust
conditions with the piopellant supply temperature at 140°F and the engine operating at
approximately 1.2% duty cycle. Under these conditions, heat soakback raises the propellant valve
temperature to approximately 220°F. The high valve temperature results in appreciable heating of
the propellant before entering the injector. This situation is further sggravated by the combined
requirements of minimum final thrust of 2.5 Ibf and a maximum impulse bit of 0.15 Ibf-sec. This
combination results in a short pulse width and yields long residence time of (he propellant in the
valve during worst-case thermal conditions. The propeilant, therefore, undergoes significant heating
in the valve before entering the injector. The resulting thermal balance requirements are the most
difficult that RRC has been required to meet in hydrazine engine programs.

After award of the REM-Mono contract to RRC, two injector design approaches were pursued. One
was a scaleup of a 2.5-1bf engine design using a single feed tube feeding a single rigimesh spud of
approximately the same diameter as that of the 2.5-1bf engine. The second vs¢d an annular rigimesh
element fed by three passages branching from a single supply tube. The annular injector design
represented a scaled-down version of the Transtage REA injector design. The annular injector design
was pursued to provide better dispersion of the propellant across the catalyst bed than was available
with the single spud.

Each design was fabricated under the REM-Mono Program and subjected to a severe altitude
thermal and life design verification test. These tests were conducted over the complete range of
operating pressures with inlet propellant temperatures from ambient to 160°F. Propellant boiling
was evidenced with the annular injector design and was belicved to be precipitated at the junction
of the main feed passage with the three feed passages. The single-clement injectors evidenced no
boiling whatsoever; however, their steady-state roughness as a function of life was greater than that
of the annular injector as shown in Figure 3. The engine did, however, satisfy the program
requirements and was selected for REM-Mono. It is significant that the annular injector design
exhibited significantly greater life capability than the single-spud design and for many space
applications has sufficient thermal margins. The improved life characteristics of the annular injector
desigr:, shown in Table II, are believed due to better propellant dispersion into the catalyst bed and
less sensitivity to small cacalyst loss in the upper bed.

Based on results of the REM-Mono injector evaluation, the major product improveinent was aimed
at providing an injector with improved propellunt dispersion capabilities while still maintaining
unlimited thermal duty cycle capability. Injector designs which potentially could improve engine
life are presented and discussed in the following paragraphs.

2.1.2 Baseline REA Design

The bascline REA used for the Long-Life Monopropellant Hydrazine Development Program is based
on a product improvement to the REM-Mono S-lbf rocket engine assembly (MR-S0A). Figure 4
presents the drawing tree of the existing MR-SOA engine with those drawings flagged that required
revision for the baseline engine. Only 4 of the 28 drawings comprising the MR-50A required revision
for the baseline design. Figure S is a cutaway of the baseline design.
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In order to minimize thrust deciy over the specified 3.5 to 1 feed pressure blowdown ratio, a

cavitating venturi was su stituted for the trim orifice normally used on the MR-$0A. Predicted
performance of this desig is presented in Table IIL

The following paragraphs discuss the baseline design in detail with paﬁicular emphesis on the
injector. The overall engine assembly is the same as the REM-Mono engine described in paragraph
2.1.1. The baseline design differs only in the injector design approach.

Injector Design — The baseline injector design approach is a modification of the REM-Mono injector
aimed at increased propeilant dispersion over the upper catalyst bed and reduction in the sensitivity
of the engine to small catalyst loss and/or settling. In-house research work conducted since the
REM-Mono engine was baselined has indicated that any smali catalyst loss or settling tends to form
a void underneath the injector element. This void can prev<ut propellans dispersion irto the bed and
allows the hydrazine to penetrate decper into the cataiyst bed before reacting.

Additional testing has indicated that the above problem may be greatly reduced and/or eliminated

by providing greater catalyst bed cove.age by the injection element. The baseline injector was aimed

at providing improved bed coverage. This rigimesh injection element for the baseline design covers

almost three times the cross-sectional area of the catalyst bed, as does the REM-Mono design. Figure

6 presents this baseline injector design together with two :iternate designs which provxded the same
potential dispersion with less holdup (rigimosh) volume.

The injector incorporates a single straight passage ¢ eding three branch passages, (krough a shallow
dispersion cone (countersink) to the rigimesh element. A finer rigimesh material is used (50- by
250-mesh, two layers) as cumpared to the 12- by 64-mesh material used in the REM-Mono engine,
This finer mesh material was chosen for the baseline to provide increased breakup of the propellant
into finer and lower momentum streams than does the 12- by 64-mash material.

Detailed thermal analyses of the baseline and alternate injectcrs, operating under worst-case thermal

duty cycle, are presented in paragraph 2.2.2. As a result of these analyses and thermal margin teste,

the final selected Phase I injector design was this baseline design-using the REM-Mono 12- by

64-mesh ririmesh material instead of the 50- by 250-mesh material.

Chamber nd Nozzie Assembly — The chamber and nozzle assembly consists of the catalyst
chamber, nozzle, and chamber pressure tap fitting.

The cha: Yer-nozzle body is a Haynes Alloy No. 25 one-piece machining witli a cylindrical lower
catalyst bed section and a straight 40:1 contoured nozzle. This material exhibits excellent
properties at elevated temperatures and is easy to machine. The entrance to ths cylindrical catalyst
bed section contains a step on which the intermediate bed plate of the injector assembly bottoms.

The chamber section was designed with minimum wall thickness of 0.020 inch. The lower end of

the cylindrical portion of the chamber contains a step to which the diaphragm assembly is heliarc
welded. The nozzle convergent zone is & 50-degree angle conical section blending into the
0.197-inch-diameter nozzle throat. The nozzle divergent section is RAO contour.

12
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The injector-to-chamber joint is made by means of meltdown weld. This joint is designed so that the
weld joint may be machined away, the injector removed from the chamber, repairs made as
required, and the joint then rewelded. This joint has been extensively used on flight engines by
RRC.

F
|
t
*

Catalyst Bed Design — The basic catalyst bed design is identical to the REM-Mono 5-1bf REA. The
catalyst bed is a layered bed design consisting of two catalyst particle sizes. The upper 0.25 inch of
the catalyst bed contains 25- to 30-mesh ABSG granular catalyst and the lower bed consists of 14-
to 18-mesh ABSG granular catalyst 0.65 inch in length. The overall catalyst bed length is 0.9 inch.
The catalyst bed diameter is 1.179 inches, which results in a bed loading of 0.02 lbm/in.z-sec at the
5-1bf thrust level.

The upper catalyst bed is retained by an intermediate bed plate of Haynes Alloy 25, which is
tack-welded in four places to the injector. The intermediate bed plate is used to provide retention of
the upper bed to meet life requirements. The lower catalyst bed is also supported by a Haynes Alloy
25 bed plate. The use of an intermediate bed plate provides compartmentalization of the catalyst
i bed.

As a result of the catalyst cycling load tests discussed in paragraph 2.3.2, a special 90% attrited 25-
to 30-mesh catalyst was substituted for the standard ABSG 25- to 30-mesh catalyst. This catalyst
was subjected to the identical processing procedures of the MR-50A REA.

Heat Shield and Support Structure — A high degree of thermal isolation of the thrust chamber is the
key to securing high pulse-mode performance at very low duty-cycle operation. Additionally, good
thermal isolation is usually desirable to minimize the effect of the reactor upon the spacecraft
thermal control system. A limit to the degree of thermal isolation desired is imposed by the need to
provide heat for temperature control of valves under cold orbit conditions.

Thermal isolation can be accomplished with conductive insulation, with radiative insulation
(shields), or with a combination of the two. In support of the REM-Mono Program, a thermal
isolation tradeoff study was run.

Specifically considered was reactor thermal isolation accomplished by maximization of the thermal
resistance of support structures (consistent with sound structural design) and by use of either or
both Min-K thermal insulation and a radiation shield. The primary function of the Min-K was to
help control heat rejection during steady-state operation. At the high temperatures characteristic of
steady firing, radiation resistances are low because of the fourth power dependence of emitted
radiation. For small-scale hardware, control of steady-state heat rejection is possible simply by using
a low-emittance surface on the reactor exterior in combination with a single heat shield around each
reactor. The elimination of Min-K (and use of a low reactor emittance) actually results in improved
pulse-mode performance at low duty cycle for the present reactor configuration. This results from
the fact that radiation “‘resistances’ are high relative to the Min-K resistance for the range of reactor
temperatures (500 to 600°F) encountered at minimum duty cycle. At these temperatures, the
Min-K increases the radiating area without providing a sufficient conductive resistance to
overshadow the resulting tendency for increased radiation loss.
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The ineffectiveness of Min-K at a reactor temperature of SO0OF is illustrated by the calculations
summarized in Table IV. The heat loss is actually increased when Min-K is added to a low emittance
reactor. This effect would be even more pronounced if the edge conduction through the stainless
steel jacket required to contain the Min-K were taken into account.

Table 1V. Insulation Tradeoffs
Basis: Reactor = Cylinder

L = 2.5 inches

D = 0.9inch

Reactor temperature = S00°F

No insulation edge loss

Insulation E?nui:ft:.:ce (eS.l.\l;‘lga) Heat Loss
None 0.03 One 1.02 Btu/hr

0.25 inch min-K 0.03 One 1.13 Btu/hr
0.37 inch min-K 0.03 One 1.16 Btu/hr
0.50 inch min-K 0.03 None 2.90 Btu/hr
0.50 inch min-K 0.3¢ . None 9.35 Btu/hr

The low reactor emittance is provided by a plated rhodium surface. Rhodium’s characteristic low
emittance is not degraded by oxidation such as might occur during sea-level tests. Additionally, it
has a high melting point (3,570°F). Diffusion into the base metal at high temperatures as exhibited
by gold (melting point 1,950°F), does not occur with this thodium surface. (Such diffusion must be
avoided to prevent degradation of surface emittance with high-temperature exposure.)

Fror. *:. _aaly.  _is believed that the combination of plating the chamber and using a radiation
shield represenis the best overall thermal design approach to satisfy most spacecraft applications.
Accordingly, this approach was used for the 5-1bf engine on this program.

The engine is mov  d by three bolts through tapped holes in the forward heat shield mounting
flange. The prope:.ant valve is similarly bolted to this same flange.

The thrust chamber is welded to the propellant valve at the propellant feed tube, and supported at
its center of gravity by a 0.005-inch-thick Haynes 25 diaphragm, which is electron-beam-welded to
the heat shield. The diaphragm allows for axial displacement of the thrust chamber, because of
temperature differentials, while supporting the thrust chamber in the lateral direction.

The heat shield, which also doubles as a .structural support for the diaphragm, is an
electron-beam-welded assembly consisting of a CRES 304 mounting flange, two CRES 304
- diaphragm support flanges, and two 0.003-inch-thick CRES 304 heat shield cans. This assembly
mounts to the support cage at the valve interface. Thermal management between the thrust
chamber and the valve and support cage is controlled by sizing of the diaphragm and heat shield

can.
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Propellant Valve — The propellant valve used in the S5-Ibf thruster test program is the P/N
5690023-103 normally closed, single soft-seat, long-life solenoid actuated valve manufactured by
the Systems Division of Parker-Hannifin Corporation. A cross-sectional view of the valve is shown in
Figure 7, and its construction and operation is described in the following paragraphs. This valve has
been qualification tested to 1,000,000 cycles for RRC's REM-Mono Block Il Program. With this
valve, problems inherent in flow and thermal matching to the engine have already been solved, and
the engine test program was carried out without risk of compromise due to valve performance.

As shown in Figure 7, the valve consists of the following major elements, with the coil cavity and all
external joints being sealed by welding. This valve weighs 0.4 1b maximum.

a. Valve seat — The seat is a flat-surfaced Teflon ring swaged into a boss integral with the
valve end cap. The seat material is Teflon procured to a Parker material specification
which controls its structure, microcleanliness, and physical properties.

b. Poppet - The poppet is a free-floating, three-sided, 17-4PH corrosion-resistant steel
member, guided by the armature and loaded by the poppet spring. The sealing surface is
flat-leoped.

c. Solenoid Actuator — The solenoid is a flat-faced axial-air-gap, bipolar-type with both the
solenoid shell and armature constructed of type 430F corrosion-resistance steel for good
compatibility with N2H4 and adequate magnetic performance. The.armature is guided
and loaded by a 1 7-7PH Belleville washer in such a way that no sliding contacts occur.

d. Coil — The coil consists of HML insulated copper magnet wire wound on a Teflon
bobbin, using DC997 vamish. Lead wires are Teflon-insulated and lead wire to magnet
wire joints are brazed. The coil is vacuum impregnated and oven-cured.

€.  Filter — The filter is a 10-micron nominal, 25-micron absolute pleated, woven-wire-disk-
type of type 304L corrosion-resistant stzel.

2.2 PHASEI ANALYSIS

Phase 1 analysis efforts were concentrated on evaluating the effects of the injector design
modification upon the proven operational capability of the REM-Mono 5-lbf REA. These efforts
consisted of injector pressure drop, thermal and stress analysis.

2.2.1 Injector Pressure Drop

Pressure drop data for the REM-Mono design is well documented from test data. This drop is made
up of frictional losses in the single feed tube and the loss through the rigimesh itself. The pressure
drop in the baseline and both alternate designs is calculated as the sum of pressure drops due to the
turn into the branch passages, the flow down the branch passages, the 32-degree turn into the
rigimesh section, and the pressure drop due to flow through the rigimesh itself.

Each turn required will result in a pressure drop as given by:

v2
APturning = Kturninge;-é- )

where V is the velocity in the supply tube and Kturning is a loss constant.
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The turning loss constant is given by:
2
Kturning = 125 (‘9%') (2)

where 8 is the turning angle in degrees,

The flow rate rate corresponding to minimum feed pressure and maximum propellant temperature
is 0.01139 Ibm/sec from Table Ill. Use of propellant density at the worst case propellant
temperature of 125°F, yields a velocity of 27.1 ft/sec in the 0.0355-inch ID feed tube and 28.4
ft/sec in each of the three 0.020-inch ID branch passages. Substitution into the foregoing equations
yields:

Aptuming feed to branch = 2.5 psi

Apturning branch to rigimesh = 0.8 psi

The frictional pressure drop in the feed tube and branch passages is given by:

2.
= [ 2(PVS L
P ( 8 D | G)
The friction coefficient is given by:
.16
f = 004 (Rg)? @)

Applying these equations to the subject design results in a frictional pressure drop of 1.9 psi for the
0.387-inch-long feed tube, and 1.5 psi for the 0.147-inch-long branch passages. The pressure drop
- through the rigimesh is described by the equation:

©\2

W 1
P= 5
a <C6A) 208 3)

where A is the effective flow area. The pseudo discharge coefficient C ' varies as the amount of
calendering or cold rolling accomplished during the rigimesh manufacturing process. Because of this
variability, RRC purchases rigimesh to a specified permeability. The permeability of the REM-Mono
rigimish is 3,500 gal/min/ft2 at a pressure drop of 45 psi. Substitution into equation (5) yields a
discharge coefficient for this rigimesh of 0.095. Applying these equations to all three injector
designs of Figure 6 results in a rigimesh pressure drop of 7.3 psi.

The 0.060-inch countersink was selected to provide approximately the same rigimesh pressure drop
as obtained on the REM-Mono REA. The single countersmk on REM-Mono is 0.100 inch,
approximately three times larger.

The total injector pressure drop is then calculated as:

APji = 19+ 25 + 1.5 + 08 + 7.3 = 123 psi
at 0.01139 lbm/seg with 125CF propellant

19
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Injector pressure drop as a function of flow rate and propellant temperature is presented in Table
L

2.2.2 Injector Thermal Anaysis

The elimination of two-phase flow blockage is the primary consideration of injector thermal
analysis. Two-phase flow blockage does not occur as soon as vapor bubbles begin to form at the
fluid boundary. Rather, two-phase flow blockage begins when the bubbles formed at this interface
break away from the heated wall and are maintained in the bulk stream. This is referred to as bulk
propellant boiling. The formation of bubbles occurs when the wall temperature exceeds the fluid
saturation temperature by 10 to 80°F, depending on pressure and flow velocity (Reference 1)
whereas bulk propellant boiling occurs when the fluid bulk temperature approaches the saturation
temperature.

”

nq
ATD - "v— | (6)

in
where:

ATp = Difference between fluid bulk temperature and fluid saturation
temperature where bubbles detach and choke the flow

q” =  Heat transfer rate Btu/ft2 sec

Vin =  Fluid velocity, ft/sec ‘

n =  Empirical constant, ft3 OF/Btu - 0.93 + 0.00047 p R
p = Pressurein psia y |

Reference 2 presents the results of an experimental investigation that measured heat flux to
hydrazine from an electrically heated tube. Boiling heat fluxes of 6 to 16 Btu/in.z-sec were
measured at wall temperature between 400 and 500°F, for velocities and pressures similar to those
in this design. Because of the constant heat flux nature of that experimental system, the test section
would fail when higher heat fluxes were attempted. Lower heat fluxes than the maximum will
prevail at all wall temperatures in excess of the “‘burnout temperature.,”

During the REM-Mono Program, early testing was concentrated on demonstration of the thermal
adequacy of the design approach. To demonstrate that the engine design approach was thermally
sound, the engine was operated at varying duty cycles to determine the maximum injector, valve,
and feed tube temperatures. Location of pertinent thermocoupies used in this testing is shown in
Figure 8. Mapping out of the worst-case duty cycle was conducted with ambient temperature
propellant. Data from this mapping is summarized in Tables V and V1. This mapping resulted in a
wonst-case (i.e., maximum injector head temperature) duty cycle of 1 to 2% depending upon the
feed pressure. After inapping the worst-case duty cycle with ambient propellant, the engine was -
oporated at worst-case condition with the propellant vaive preheated to' 250°F and the propellant
incrementally heated to 160°F. During operation, all pulse shepes (conducted at both 22 and 200
milliseconds) were completely normal with no signs of thermally related anomalies (i.e., distorted
pulse shape).
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Table V. D2-002 Test Data, Worst-Case Duty Cycle Sesrch
Ambient Temperature Conditions
Puise Width = 0.022 cec  Temperature, OF

K s e

5 183 302 | 1,240 | 1,335 | 1,045 765 93 | 101 91| 0.022 | 1.49
197 303 1,245 | 1,335 | 1,065 775 | 105 115 | %96 | 0.022s| - 1.49
98 304 | 1,255 | 1,315 {1,085 | 760 | 107 | 146 | 132} 0022 | 1.97
102 305 1,330 | 1,365 | 1,180 885°| 254 | 180 | i36¢ | 0.022 1.97
206 | 306 | 1,345.] 1,400 } 1,200 955 | 247 | 206 145 | 0.022 1.49 -
3 : 215 3067 | 1,355 | 1,405 | 1,220 955 § 2535} 217 | 159 ¢ 0.022 1.49
: ! 107 308 | 1,330 | 1,355 {1,215 990 | 250 | 220 | 158 | 0.022 1.97
- ' 112 309 | 1,345 | 1,370 | 1,230 990 | 250 §y 221 {164 | 0./M22 1.97
85 3N 1,325 11,345 | 1,236 985 | 250 | 224 | 171 { 0.022 1.97
224 | 311 1,365 | 1,410 | 1,240 | 1,030 | 249 | 220 | 169 | 0.022 1.49
224 1 312 11,310 | 1,385 | 1,150 } 1,025 | 250 { 223 '{ 176 | 0.200 1.50
85 313 | 1,280 | 1,305 {°1,165 | 955 § 251 | 228 | 1711 0.200 | 2.00

"N " | 1 ‘%Duty v H

Event T9 T10 Tl |[T13; Tvi [Tv2 Tzs Cycle 3

200 1,200 | 1,245 | 1,020 | 755| 129 | 140 97 0.5

‘_ g4 | 202 | 1255 | 1205 | 1030 1795 M3 . f126) 92 | 10 ) |

O 2] 203 |26 | 1,305 | 1085 [78s| 107 | 87 | 1s - H

i * 204 | 1,260 | 1,315 | 1,05 |765| 97 |[114]| 82 2.0 '

"ofpo205 | 1,255 | 1,315 | 1,000 [750] 101 | 110] 81 2.5 ! 3

s Bl 206 [1250 | 1220 | 1,045 [735] 98 [108| 80 3.0 B

o 207 | 1,225 § 1,330 | 960 |695] 96 1121 85 4.0 x

§ 208 | 1,050 | 1,295 | 855 {620 0 | 98| 75 5.0
b ] 209 | 1,240 | 1,290 | 1,080 |830| 115 {129} 8 | 05

{ £ ] 20 L1265 | 1,335 | 1,095 |s20| 101 [1i6] 77 10 | 3

| 2 211 | 1,250 | 1,335 | 1,070 [780] 96 |108| 74 ‘| 15 »

; " 212 | 1,230 | 1,335 | 1,025 [750] 92 |120| 74 2.0 E

< ! 213 11,195 | 1325 | 970 |715) 90 o] 72 2.6 5

t ? $ ] 214 jurae0 | 1325 | 920 [e90] 88 | 38| 72 3.0 |
I ‘ o 215 | 1,095 | 1,320 | 830 |670| 86 | 96| 72 4.0
- 216 | 1,050 | 1,315 | 780 |e6s| 8 | 95| 73 5.0

Table VI. Hot Propellant Margin Test ¥

‘_ , Psid - e | Pulse |%Duty|

H Psia Event 1 Ty . T10 | T1y. T13 .TV! Tv2 | T20 WIdth Cycle

91| 301 | 1,235 [ 1,310 | 1,05¢ | 725 | 9i | 102 | 75| 0.022 ] 197 ¥
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The selected worst case for thermal analysis is a hot environment with the following conditions:
a. Hydrazine enters the valve at 140°F with ieed pressure initially 100 psia.

b. The valve/feed tube temperature distribution corresponds to event 306 of Table VI
(REM-Mono test resuits).

c. When wall temperatures are 8G°F greater than the saturation temperature of the
propellant, nucleat¢ boiling heat transfer applies.

The thermal analysis considers each injector to bc comprised of three regions. The first region is the
valve holdup volume, and accounts for the refatively long residence time of the propellant in the
valve at the low duty cycles which represent the worst-case thermal condition. The second region
considers that region from the valve seat to the place where the wall temperature exceeds the
saturation temperature by 8(§°F. The turbulent lieat transfer coefficient is calculated from the
Seider-Tate equation to characterize this region. In the third region (the remainder of the injector
wetted surface and the rigimesh), a heat transfer rate cosresponding to the upper limit of nucleate
boiling is applied.

Other basic assumptions used in this analysis were:
a. Properties for hydrazine are evaluated at the averagc pressure for the region of concern
based upon the pressure drop analysis of paragraph 2.2.1.
b. Turbulent flow with short tube entrance effects dominates the transfer pro.ess in region
2.
c. Pulse-mode propellant consumption is approximately 95% of the product of the pulse
width and steady-state flow rate at the feed conditions.

d. A pulse width of 20 milliseconds was used in the analysis, corresponding to the minimum
oulse width required of the long life test duty cycle.

In" region 1, the propellant residence time in the valve is 39.3 seconds when operating at the
conditions stated above. The controlling heat transfer mechanism is conduction from the,valve body
to tiie propellant mass and inay be represented as:

di kA 2\
p'&""f‘(Tw'r) (7
Integration over the residence time interval yields:
kAt
\ mch
Tw~Tout = (Tw ~Tin ) € ®
where: ’
t = Residence time, 39.3 seconds
Ty =  Constant wall temperature, 217.00F
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=  Bulk inlet temperature, 125°F _ " S e L
= Propellant thermal conductivity S e
=  Prcpellant mass ‘
Propellant spzcific heat

Effective conduction length

A = Vaive internal surface area

3 &4
5

[2)
o
]

-
"

Application of equation (8) gives a propellant temperature of 171°F at thg valve exit.

The propeliant enters the feed pessage, region 2, which has a temperature gradient along its entire
length., The feed passage acts 85 a structural member with valve, feed tube, and injector. The
worst-case temperature distribution used for this analysis is presented in Figure 9. Injector
propellant inlet pressure is 78.9 psia (from Table III) corresponding to a saturation temperature of
340°F. A wall temperature of 420°F is recorded at 0.074 inches from the valve face on Figure 9.

The bulk propellant tempetature increase in re¢ .on 2 mav be dei::mined from the single pass
counterflow heat exchanger relationship:
| harDLy o ATe | 9
7DL) —8——L.. _ ‘
®mPb T ATa/ATb = WG Tout m> o ®

-~

D =  Passage diameter, inches

L =  Passage length, inches

AT, = Propellant — wal! temperature difference at region 2 exit
AT, =  Propellant — wall temperature difference at mglqn 2 inlet
w = Propellant mass flow rate, ibm/sec

Cp = Propellant specific heat, Btu/lbm °F

Tin = Propellant inlet temperature, oF

h = Convective heat transfer film cocff cient, Btu/in.-hr °F

The Seider-Tate heat transfe: film coefﬁcient accounts for the propellant viscosity change due to
temperature gradients between the passage wall and hydrazine. The viscosity of hydrazine is
predictable up to 720°F, which allows the application of the Seider-Tate relatlonship in region 2,
The empirical formulation is given as:

014
i

h, = 0.023 Re0-2 Pr-0.§67-<_‘y-) ‘ Cpq | 10)

H
where
Re = Reynolds number
Pr = Prandtl number

24




1400

1200

1000

& 800
ul' .
«
P
q
e
w
g ¥
£ 600
-
400
200
0
0 0.1 0.2 0.3 0.4 0.5
DISTANCE ALONG INJECTOR FEED TUBE, INCHES T
- | ,
INJECTOR FEED TUBE VALVE
FACE WELD FACE
Figure 9. Injector Feed Tube Tamperature Distribution
Worst-Cass Tast Results REM-Mono S/N D2, Event 305
11046-52

S ) ekt kb e




# = Hydrazine viscosity

Cp =  Specific heat

G = wA

A =  Passage cross sectional area

w, b=  Subscripts denoting evaluation of propellant physical properties at \;/all and
bulk temperatures respectively

Equation (10) may be modified to account for the sharp edge entrance effects of the propellant
entering the feed tube. Reference 3 gives the following empirical relationship:

h = he (1+FD/L) (11)

where
F = 3, forshort calming section with sharp-edged entrance
h, =  Result of equation (10)

Application of equations (12), (13), and (14) to region 2 results in an exit propellant temperature
of 174°F.

Flow conditions in region 3 are considered as follows. A highly sybcooled liquid core is separated
from a highly superheated wall by a boundary layer. Very small bubbles form in the laminar
sublayer and do not detach from the surface. Heat transfer rates characteristic of nucleate boiling
are applied, but the cold liquid core “‘quenches” the process so that vapor blockage does not occur.

liegion 3 consists of a) the remainder of the feed tube length, a cylindrical section 0.568-inch long
of 0.0355-inch diameter, b) the three branch passages, cylindrical sections 0.147-inch long of
0.020-inch diameter, and c¢) the rigimesh injection element. '

Assuming the upper limit of nucleate boiling applies in region 3, Reference 2 gives the following
relationship for the heat transfer rate:

: ' P-675
Q) = [1-0.236( =) ][6.9+o.z46v-Tb(o.ms+z.7_x 1o4v)] (12)

Where:

qyr *  Upper limit of nucleate boiling, Btu/in.2-sec
P . = Propellant pressure, psia

V = Fluid velocity, ft/sec

T, =  Bulk fluid temperature, O°F

26
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For given velocities and pressure, equation (12) may be expressed as:

qul = a-fTp

Equating the heat transferred io the fluid. to that stored in the fluid and integrating gives:

_ﬁﬂDL '
Tout=-;- a-(@-fTime * P o (13)

Solving equation (13) for region 3a yields an outlet temperature of 229°F. Repeating for region 3b
yields a 22CF rise to a temperature of 251°F.

In order to apply these nucleate boiling heat transfer equations to region 3c it is necessary to define
effective flow and surface areas. As discussed in paragraph 2.2.1, an effective flow area had been
empirically determined to correspond to the countersink diameter in the injector face. An effective
surface area was calculated by an estimation of the amount of flatting of the individual wires during
the rigimesh calendering process and subtracting the area where the flats of the two layers are
touching. The calculated effective surface areas per square inch of rigimesh material are presented in
Table VII for all of the materiais tested during Phase I. In order to define flow velocity through the
rigimesh, it was necessary to determine an effective flow area porosity. This was defined by
recognizing that the pseudo discharge coefficient of equation (5) was equivalent to:

Cb = CD FV (14)
where Fy = effective flow area porosity.

" Table VII. Rigimesh Characteristics for Thermal Model

Type Effective Surface Area
2 layer 12 x 64 4.9770 in.2/in.2
2 layer 50 x 250 5.9689 in.2/in,2
4 layer 50 x 250 10.9954in.2/in.2
lg::/nh:;l:_ig: Pseudo Discharge Effective Flow Area
@ 45 psid Coefficient Porosity
700 ' 0.019 - 0.032
1,650 0.045 0.075
3,500 0.095 0.158
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Assuming a discharge coefficient of the rigimesh of 0.6 allowed direct calculation of the porosity
which is also tabulated on Table VII.

Applying these boundary conditions to equation (13) yields a predicted rigimesh outlet temperature
of 277°F. The saturation temperature at this point is 315°F, resultingin a temperature difference.
of 37°F. Substitution of the rigimesh flow parameters into equation (6) yields a bulk boiling AT of
34.2°F, demonstrating that the baseline design would not boil even under these worst-case
conditions.
|

The foregoing thermal model was finalized during Phase I of the program. The preliminary model
did not account properly for heat transfer in the rigimesh element. On the basis of this preliminary
model, the first thermal design verification tests were conducted on designs, equivalent to the
baseline analyzed above, employing two- and fourlayer 50- by 250-mesh rigimesh. In order to
odtain an equivalent pressure drop with these designs, it was necessary to enlarge the injector face
countersink. As discussed further in paragraph 2.3.3, both of these designs gave definite indications
of boiling in the vicinity of worst-case operating conditions. The thermal model was subsequently
modified to account for rigimesh heat transfer analysis as presented in the foregoing paragraphs.
This model yields predicted outiet temperatures of 377°F for the two-layer and 446°F for the
four-layer rigimesh, which correlates with the observed boiling.

2.2.3 Rigimesh Stress Analysis

Since the only structural difference between the REM-Mono 5-1bf REA and the Long-Life REA was
the rigimesh injection element, stress analysis was limited to this area. Table VIII summarizes the
results of this analysis with comparative data for the REM-Mono design (case 1). All calculations are
for maximum surge-pressure across the rigimesh corresponding to hot pulsing operation. Table VIII

~shows that it is necessary to use a center support in conjunction with the REM-Mono two-layer, 12-

by 64-mesh rigimesh to maintain the same type of safety factors employed on the REM-Mono
design. Case 4, which evaluates further support for the element, shows insignificant gain over the
relatively inexpensive center support. Case 5§ predicts imminent failure for the 50- by 250-mesh
rigimesh without a center support, which condition was verified by test as discussed in parugraph
2.3.3. This result validated the simplified analytical techniques used in the analysis.

2.3 PHASE I TESTS

The Phase 1 test effort was divided into two areas, supporting research and conceptual evaluation
(development) tests. Under the supporting research activities, test series were conducted on material
nitriding and catalyst strength both static and cycling. Development testing included thermal margin
and cold-start tests in addition to an abbreviated life test on the final Phase 1 design.

2.3.1 Nitriding

Five candidate materials for use in monopropellant hydrazine rocket engines were subjected to a -
nitriding test. A schematic of the test setup is shown in Figure 10. The setup was first run with just
the specimen holders to determine the minimum flow rate of NH3 to achieve 50 to 60%
dissociation. Each test run included a Hastelloy X specimen to verify test conditions. The samples
were maintained at 1,800°F for 6 hours in the.dissociating ammonia eavironment, with gas samples

28
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: taken at 1, 3 and 6 hours to verify satisfactory dissociation. Table IX lists the five matériall tested
) together with their average composition,

g Table VIII. Rigimesh Injector Element Stress Anaiysis
i (Worst-Case Conditions 350 psid)

e Maximum Radial | Yield Stress @ 6000F*
; Case Description Strem
: SR, psi N-155,ksi | L-605 ksi
1 REM-Mono 2,917 21.2 24.6
2 | Baseline with4lyr12x64 8,102 21.2 24.6
3 Case 2 with center support 3,785 21.2 24.6
4 Case 2 with 4 support posts 3,742 21.2 24.6
? S Baseline with 4 lyr 50 x 250 33,897 21.2 24.6
6 Case S with center support 15,837 21.2 24.6
7. | Alternate No. with 2 lyr 50 x 250
(annulus) 6,371 16.3 . 18.9
] 8 | Alternate No. 2 with 2 lyr 12 x 64 1,296 21.2 24.6
_ 9 | Alternate No. 2 with 4 lyr 50 x 250 5,423 21.2 24.6
; E - | 10 | Alternate No. 2 with 2 lyr 50 x 250 21,694 21.2 24.6
b 1 ‘ ; -
1 *Extrapolated values

Table IX. Nitriding Test Specimen Chemical Composition

F | : Alloy - Chemical Composition — % By Weight

| C {Ma|Si{C| N | co | Mo| W cp|Fe!|Ti|a

L Hastelloy B |0.08 | 1.0| 1.0 [ 15.5| Balance | 2.5 | 16.0 | 3.7 5.5

| L-605 0.10| 1.5| 0.5 | 20.0| 10.0 | Balance 15.0

r Hastelloy C {0.05| 1.0} 1.0 | 1.0] Balance | 2.5 | 28.0 5.0

-0 Inconel 718 | 0.04| 0.2] 0.3 | 18.6| Balance 3.1 50[185(09] 0.4
Hastelloy X [0.10| 0.5| 0.5 | 22.0| Balance | 1.5 | 9.0| 0.6 18.5

e -

)

; Following this prestressed exposure to the nitriding environment, each test specimen was subjected
: ~ to a Rockwell hardness test and a free bend test, and a polished section was photomicrographed. -
Table X presents the results of each of these tests on the specimen, Prior to the nitriding test, all
specimens would withstand a 180-degree bend without fracture. The nitriding depth is that
observable from the photomicrographs. The following paragraphs present the photomicrographic
analysis of each of the materials tested.
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'vable X. Nitriding Investigation Results h%

p i

“Depth of | |

Alloy Tested | FroeBenas | Fardtes | Nieriding i

: R1 (inches) !

Hastelloy B 1800 663 | 0.005
L 605 1350 72.8 0.006
Hastelloy C 850 72.2 0.009
Inconel 718 520 68.1 0.009 ° \

Hastelloy X 90 68.3 0.014 :

*Degrees free bend to failure “\ 1
Hastelloy X — Hastelloy X was assumed to have a fair resistance to nitriding and was selected for

the control specimens to be run with each test. The test results indicate that it is very susceptible to
nitriding and was the least resistant of the alloys tested. Figures 11 through 13 show the
photomicrographs from each of the three test specimens. These photos show the diffusion of
nascent nitrogen to progress quite rapidly at the grain boundaries of Hastelloy X. Metal nitrides first
form at the grain boundaries which then grow until the entire grain is converted into a metal nitride
complex. Figure 11 shows a condition very similar to incipient melting ar the grain boundary (it
could be assumed that as the composition changed, the melting temperature is lowersd and a
molten phase may form). The advance of nitride reactions along grain boundary paths is much
greater than that of other materials tested.

Inconel 718 — The nitriding of Inconel 718 differs from that of Hastelloy X in that diffusion occurs
through grains rather than along grain boundaries. As shown in Figures 14 and 15, diffusion
probably advances along structural planes within the grains. This type of nitriding is somewhat
slower, but the depth that has occurred is greater than that for other alloys tested. Several distinct
layers of nitride reactions can be observed in Figure 14. These layers range from a complex nitride
layer at the surface to a barely evident precipitation of particles toward the center of the test
specimen.

et st

Hastelloy C — Hastelloy C does not appear tc be as sensitive to nitriding as Hastelloy X or Inconel i
718. Referring to Table IX, Hastelloy C has the highest molybdenum content of the alloys tested. i
Molybdenum is reported to be susceptible to the formation of plate-like nitrides at grain
boundaries. If so, this would explain the distinct appearance of grains throughout the specimen as
shown in Figure 16.

L60S5 (Haynes Alloy No. 25) — The microstructure of L605 as shown in Figure 17 indicates a
surface layer nitride reaction and a small amount of diffusion along grain boundaries. It is also quite
possible that the particles (salt and pepper) throughout the specimen are nitride precipitates.
Unnitrided specimens of L605 generally exhibit a typical solid solution microstructure with only a
small amount of secondary precipitation.
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Figure 12. Photomicrograph (100X) Hastellcy X — Test 2
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Figure 13. Photomicrograph (100)) Hastelioy X — Test 3
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Figure 15. Photomicrcgraph (100X) Inconel 718 — Test 2
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Figure 16. Photomicrograph (100X) Hastelloy C — Test 3
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Hastelloy B — Hastelloy B appeared to have the best resistance to nitriding of the alloys tested.
Nitride reactions do occur both in the grain boundaries and along structural planes of the grain. The
depth of nitriding is about the same for both grain and grain boundary. It should be further noted
that after. the nitriding test, the test specimens would withstand a full 180-degree bend without
fracture, and cracking was limited to the nitride layer. Figures 18 and 19 exhibit the nitride reaction
for Hastelloy B resulting from this test.

These tests show HasteHoy B to be more nitride resistant than the other high-temperature alloys
tested. The results of this test identify some chemical constituents which are undesirable in this
environment (iron, for example) and thus have iuentified other materials which should be studied
(TZM, Inconel 713, etc.).

Infector S/N 2 ~ Teardown of REA S/N 2 following the thermal design verilication test revealed a
failure of the rigimesh injection element as shown in Figure 20. This 0.5-inch-diameter element used
4-layer N-155 50- by 250-mesh rigimesh. Examination revealed extensive nitriding over the
complete surface.

In order to determine if Haynes 25 by 50 by 250-mesh rigimesh could withstand the long-life duty
cycle, a REM-Mono injector was sectioned and photomicrographed. The injector used (S/N 009)
had been used on the active pitch position of prequalification REM S/N 0001 A. ‘During REM-Mono
prequalification testing this engine had delivered 18,914 Ibf-sec total impulse while accumulating
172,779 pulses. Photomicrographic comparison at 100 X magnification of this injector’s rigimesh
element and the element from the long-life injector S/N 2 is presented in Figure 21. The relative
wire sizes between the two meshes are G.004 inch minimum for 50 by 250 mesh and 0.016 inch
minimum for 12 by 64 mesh. The photomicrographs reveal complete nitriding of the N-155 50- by
250-mesh material used in S/N 2, and a nitriding layer approximately 0.0004 inch on the H-25 12-
by 64-mesh material used on REM-Mono. The Long-Life Program requires a burn time
approximately ten times that of REM-Mono. Thus, if a worst-case assumption is made that the
nitriding depth is linear with time, an end-of-life depth of 0.004 inch would occur with Haynes 25.

This study councluded therefore that Haynes 25, 50- by 250-mesh rigimesh would be satisfactory for
the REM-Monc life requirements and consequently most satellite applications. For the Long-Life
Program, however, the probability of excessive nitriding of a 0.004-inch-diameter wire precluded
the use of 50- by 250-mesh rigimesh,

b A . : . . .
In summary, the nitriding tests indicate Hastelloy B to be a superior material for nitride resistance
with Haynes 25 a close second. Because of the closeness of Haynes 25 to Hastelloy B in nitriding
resistanlce,’. it was retained as the material for the thrust chamber body, bed plates, bed plate screens,
and the injection element. Because of the lower operating temperature of the injector, Inconel 600
was used, although subsequent life tests indicate that an optimum material should have been

selected.

2.3.2 Catalyst Stiength

Nonflow cycle tests were conducted to verify the catalvst preload design criteria. The first test
series was made up of static catalyst loading tests to evaluate the effects of catalyst overpack and
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Figure 18. Photomicrograph (100X) Hastelloy B — Test 2
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SECTION OF S/N 2 AT 100X MAGNIFICATION
Figure 21. Comperison of Long-Life and REM-Mono Injector Elements
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differential thermal expansion upon the catalyst. Maximum loads as determined from this static test
series werce used for a series of catalyst cycling load tests to assess thie catalyst strength capabiiity.

Static Tests — The static load catalyst test setup is schematically show: in Figure 22. A 6-gram
sample of 25- by 30-mesh catalyst was loaded into the specimen holder which is 1 inch inside
diameter. This ciosely simulates the injector assembly of the Long-Life REA (1.179 inch ID). The
specimen was packed by vibration for 5 minutes with 20 psi preload on the mandrel. Each specimen
was increimentally loaded with the deadweight tester to determine the actual pressures correspond-
ing to calculated length changes. Dimensionless deflection 2s a function of applied pressure from the
first nine tests is presented in Figure 23. For the first seven tests each specimen was subjected to
sufficient pressure to deflect 0.0085 inch. Subsequently an additional deflection of 0.006 inch was
achieved to simulate the effect of the catalyst reaching thermal equilibrium with the thrust chamber
walis still cold. In order to normalize the data for the length differences, the data is presented as
diinensionless deflection. Test numbers 1 thrcugh 5 were conducted by incremental lcading and
unioading of the specimen in 20 psi steps. This test procedure yielded as many as 60 cycles of
londing on test 4. In order to elimi:iate any effects of this cyclic loading, tesis 6 and 7 were steadily
loaded and unloaded. As shown in Figure 23, the test procedure does cause a slight shift in the
curve shape but has negligible effect on the permanent deflection. Tests 1, 2, 3 and 6 were
conducted on virgin catalyst processed per REM-Mono specification MS-0110, whereas tests 5 and 7
used that portion of catalyst from previous tests that was retained on a 30-mesh sieve. Test 4 was
unique in that the catalyst from test 3 was not removed from the holder, the final length measured
on test 3 being used as the initial length (Lo) for test 4.

The average permanent deflection of the virgin samnles is calculated from the average dimensionless
deflection of 0.0266 combined with the average initial length of 0.300 inch to yield 0.008-inch
deflection. Combining this with the 0.0085-inch overpack and 0.006-inch catalyst thermal growth
indicates that the catalyst is capable of 0.0065-inch recovery. The chamber thermal growth
calculations indicate a worst-case equivalent length change of 0.0087 inch, which, for a 0.0085-inch
overpack, results in a void in the upper bed of 0.0022 inch equivalent length during steady-state
operation. Tests S and 7 were conducted to see if one pressure cycle would weed out the weak
particles. The results shown on Figure 23 with a relatively high permanent deflection indicate
conversely that some weakening has occurred due to the previous stress cycle.

In order to limit the potential void volume in the upper catalyst bed additional tests were
conducted at different overpacks. Test results are included on Figure 23. Test number 8 simulated
an overpack of 0.003 inch which was loaded additionally to the predicted catalyst thermal growth
of 0.006 inch and relaxed for a permanent dimensionless deflection of 0.011. With an average
specimen initial length of 0.300 inch, this corresponds to a permanent deflection of 0.0033 inch.
Combining this with the 0.003-inch overpack and 0.006-inch catalyst thermal growth indicates that
the catalyst is capable of 0.005%-inch recovery. This results in an apparent void under hot wall
conditions of 0.003 inch as compared to 0.0022 inch with the 0.0085-inch overpack. However, as
shown on Figure 23, the maximum loading pressure applied to the catalyst bed is reduced from 920
psi with the 0.0085-inch overpack to 640 psi for the 0.003-inch overpack, with a corresponding
improvement in percent survivors from 84.3 to 97.7. In view of the extremely small void equivalent
length change as compared to the significant reduction in catalyst loads, the 0.003-inch overpack
was selected as baseline for the Long-Life Engine Program.
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Test 9 was a repeat of test number 6 on a sampie of untreated catalyst (as received from Shell
Development Company). The purpose of this test was to determine if RRC’s processing of the
catalyst had any effect on strength. As shown on Figure 23 the only appreciable difference is
permanent deflection with the unshrunk catalyst significantly higher. The test indicates that RRC
processing is not at all detrimental to catalyst strength,

A special sample of 90% water attrited Shell 405 ABSG catalyst was obtained from AFRPL and
samples were subjected to this static load test. Test results are summarized on Figure 24. For
comparison purposes the results of test number 8 are also included; this test was conducted on
REM-Mono type catalyst (50% attrited). As shown on the figure there is a significant difference in
load carrying capability with the 90% attrited catalyst as coinpared to the 50% attrited. The effect
of shrinking this 90% attrited catalyst does not appreciably effect the load carrying capacity or
permanent deflection as shown on Figure 24. This same characteristic was demonstrated on the 50%
attrited catalyst on Figure 23.

Cycling Tests — Simulated catalyst beds were subjected to cycling load tests to determine the
effects of mechanical loads, predicted during test firings, on the physical properties of the catalyst.
The schematic of the catalyst cycling test apparatus is presented in Figure 25. On the basis of the
static load test results, the load was cycled between 0 and 640 psig at a rate of one cycle per minute
with pressure rise and decay times less than ! second each. Three samples were taken of each
catalyst type tested and subjected to 1, 10 and 100 cycles.

Samples of the REM-Mono catalyst as well as shrunk and unshrunk 90% attrited catalyst were
subjected to this test series. Test results are tabulated in Table XI. As shown on the table the 90%
attrited catalyst significantly improves the permanent deflection and percent survivors at the
100-cycle data point. These values were converted into an effective hot bed void length in the upper
bed by assuming that all fines smaller than 50 mesh would pass through the upper bed plate screen
and combining this with the pcrmanent deflection. This data is plotted in Figure 26. As a result of
these tests the 90% water attrited Shell 405 ABSG catalyst was selected for the baseline long life
engine.

2.3.3 Thermal Margin Tests

REA’s fabricated with each of the candidate injector designs were subjected to a thermal design
verification test. This test was designed to determine the ability of the REA to operate successfully
while being fired at worst-case thermal duty cycle. The test installation schematic is shown in Figure
27; for this test series the cryogenic target and REA force cooler were not used, The test
instrumentation list is presented on Table XII and REA thermocouple instrumentation locations are
shown on Figure 28.

Test number 1 was contucted with REA S/N 2 which incorporated the 0.5-inch-diameter single
spud injector element fabricated from four-layer SO- by 250-mesh N-155 rigimesh. At the
completion of the sequence series which searched for the worst-case duty cycle, injector boiling was
indicated by the quick-look data. The test series was partially repeated at maximum feed pressure
conditions (350 psia). Pulse peak chamber pressure and ignition delay for each of these sequences is
presented on Table XIII, and peak chamber pressure is plotted as a function of duty cycle on Figure
29. The complete test series was repeated with the inlet propellant temperature decreased from 140
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Figure 2. Catalyst Cycling Load Test Results
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Table XII. Thermal Design Verification Test - - Instrumentation List

Recording Method
Parameter Symbol Range
Dymec Strip Chart Osc

Chamber pressure Pey 0--150 psia X X X
Chamber pressure | %) 0—150 psia X X X
Feed pressure Pg 0-500 psig X X X
Test cell pressure Py 0-0.5 psia X X
TCV temperature Tyi 0-10mv X

TCV tempersture Tv2 0-10 mv X

Feed tube temperature Tee 0-100 mv X

Feed tube temperature Tee2 0-100 mv X

Fecd tube temperature Tgt3 0-100 mv X

Injector temperature Thi 0-100 mv X

Injector temperature Th2 0-100 mv X

Injector temperature Th3 0-100 mv X

Chumber wall temperature Twi 0-100 mv X

Chamber wall temperature Tw2 0-100 mv X

Chamber wall temperature Tw3 0-100 mv X

Nozzle temperature Tnc 0-100 mv X X

Propellant temperature Tgi 0-10 mv X X

Flowmeter temperature Trm 0--10 mv X

Shroud temperature T 0-10 mv X X

Fuel flow w1 0-1KHz X X
Fuel flow w2 0—1 KHz X X
Time reference Hz 500 £ 1| Hz X X
TCV voltage Ve 0-30 vdc X
TCV current Vi 0—1 adc X
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Table XI¥l. Long Life REA Development Ignition Delay & Peak Chamber Pressure
for TDVT S/N 2 Test 1

Pr = 100 psia
T, = 140°F
4 Pe Pc
Sequence No. Duty Cycle ~ms lst:l::.') (Equilibrium)

1-1 0.020/1.980 22 9 15
1-2 0.020/.980 10 17 12
1-3 0.020/.480 10 16 10
1-4 0.050/.950 10 17 12
1-5 0.050/1.950 9 17 1
1-6 0.050/2.450 9 16 12
17 0.050/3.280 9 19 12
1-8 100/— 9 N/A 40

Pp = 350 peia

Tp = 140°F

§ Pe P
Sequence No. Duty Cycle ~ms P(‘:l:) (Equiliﬁdum)
I-1H 0.020/1.980 - 9 51 38
1-2H 0.020/.980 9 489 39.0
1-3H 0.020/.480 10 | 498 414
1-4H 0.050/.950 9 75.9 75.0
1-5H 0.050/1.950 NA| NA N/A
1-6H 0.050/2.450 NA| NA N/A
I-7H 0.050/3.280 NA| N/A N/A
1-8H 100/~ 3 N/A 99.0
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to 125°F. The results cf this test are presented in Table XIV and plotted on Figure 30. During the
last sequence of this test series (1-8Ha) a sharp dropof? in steady-state chamber pressure occurred
50 seconds into the run. Engine disassembly revealed that this was due to a failure of the rigimesh
injection element. Figure 20 shows the element after firing; this figure includes a photograph at 23
X magnificaton which shows severe nitriding and stress cracks.

Although the N-155 material had been successfuilly employed as an interim design on another RRC
engine, its high iron contert{ makes it much more susceptible to nitriding than Haynes 25 (see
paragraph 2.3.1).

On the basis of the test results on the single spud injector and revised thermal analyses, it was
apparent that the two-layer 50- by 250-mesh rigimesh in the annulus injector would fail. However,
since the REA was already assembled and it would provide a checkpoint on the thermal model,
RRC conducted the TDVT test on the annulus injector. Pulse peak chamber pressure and ignition
delay for each of the sequences is also presented on Table XIV, with peak chamber pressure plotted
as a function of duty cycle on Figure 31. It is obvious from this data that injector boiling did occur
at the low feed pressure in correlation with the final thermal model (see paragraph 2.2.2).

Inspection of the rigimesh element following disassembly revealed hairline cracks in the fine wires
over each of the three branch passages with a permanent deflection of 0.001 inch.

As a consequence of these TDVT tests and nitriding test evaluatigns, the 50- by 250-mesh rigimesh
was eliminated from further consideration for the long-life application. Injectors S/N 3 and 4 were
fabricated on the basis of the use of 12- by 64-mesh rigimesh using alternate No. 2 and the baseline
injector configurations respectively (see Figure 6). Because of the simplicity of the baseline injector
design, injector S/N 4 was completed first and subjected to the TDVT test series. Pulse peak
chamber pressure and ignition delay for each of these sequences is presented on Table XV, and peak
chamber pressure is plotted as a function of duty cycle on Figure 32. There was no evidence of
boiling throughout the test, and the steady-state sequence (1-8) was extremely smooth with’
nominal chamber pressure oscillations less than *1 psi. Temperatures for this run are tabulated for
each sequence on Table XVI.

As a result of these tests, this design was selected as baseline and work was stopped on the three
speed design (S/N 3).

2.3.4 Cold Start Test

A cold-start test series was conducted on the design selected from the thermal design verification
test series. This test duty cycle, shown on Table XVII, incorporated a 65°F baseline duty cycle,
which was conducted before and after the cold-start test series. Forty-two, 10-second-duration cold
starts were conducted at maximum inlet pressure with both the engine and propellant at 40°F.
During assembly and test of the cold-start REA, a nonfiring thrust chamber was assembled with
fresh catalyst, subjected to identical handling, and exposed to the same external atmosphere in
order to isolate the effects of cold starts upon catalyst characteristics. The test setup was as shown
on Figure 27.
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Table XIV. Long Life REA Development Ignition Delay & Peak Chamber Pressure
for TDVT S/N 2 Test 2
Pg = 100 psia
Tp =  1259F
Pc
Sequence No. Duty Cycle :"ns (1st (E uilli)grium)
Pulse) q
I-1a 0.020/1.980 19 17.7 19.2
i-2a 0.020/.980 14 14.6 26.7
1-3a 0.020/.480 10 24.0 27.0
1-4a 0.050/.950 8 30.9 339
1-5a 0.050/1.950 7 31.5 324
1-6a 0.050/2.450 9 31.5 32.7
I-7a 0.050/3.280 8 30.0 324
182 100/— 9 29.5 40.2
Pe = 350 psia
Tp = 125°F
t; Pe P
Sequence No. _ Duty Cycle s l’(1: lite ) (Eq’ailigrium)
I-1Ha 0.020/1.980 8 54.3 69.3
‘l-2Ha 0.020/.980 8 60.3 75.9
1-3Ha 0.020/.480 8 64.5 | 79.2
1-4Ha 0.050/.950 8 88.5 96.0
1-5Ha 0.050/1.950 | 9 86.4 92.4
1-6HA 0.050/2.450 9 76.5 924
1-7Ha 0.059/3.280 -8 82.5 87.9
1-8Ha 100/— 11 87.0 87.0
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Table XIV. Long-Life REA Development Ignition Delay and Peak

Chamber Pressure for TDVT S/N 1
Test 3 (Concluded)

Pr = 100 psia
Tp = 1259F
Sequence (3' ‘;gff%;l:e ti P‘z'l‘;:h Pc, rsia
No. ~ms (£quilibrium)
Seconds Pulse)
1-1 0.020/1.980 26 9.8 8.3
1-2 0.020/0.980 11 8.7 4.8
1-3 0.020/0.480 12 6.3 54
1-4 0.050/0.950 11 339 5.7
1-8 100/ 12 31.8
Pf = 350 psia
Tp = 1250F
. ..

e | B | 4 || ot
No. Seconds ms Pulse) (Equilibriam)
1-1 0.020/1.980 11 35.7 32.7
1-4 | 0.050/0.950 10 55.5 68.4
1-5 0.050/1.950 10 59.7 63.7
1-6 . 0.050/2.450 11 58.5 62.1
1-7TH 0.050/3.280 10 59.1 62.1
1-8H 100/ 10 78.8
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Table XV. Long-Life REA Development Ignition Delay and Peak

Chamber Pressure for TDVT S/N 4
Test 4
Pf = 98 paia
Tp = 125°F
Duty Cycle Pe
Sequence | 0 Time | Y (1st Pe
No. Seconds ~ms Pulse) (Equilibrium)
1-1 0.020/1.980 22 11.7 240
1-2 0.020/0.980 12 19.8 25.5
1-3 0.020/0.480 11 22.5 27.9
1-4 0.050/0.950 10 34.5 38.4
1-5 0.050/1.950 9 338 36.0
1-6 0.050/2.450 12 324 36.0
1-7 0.050/3.280 12 33.0 336
1-8 100/ 11 N/A 45.0

Cold Start Test Results — Pulse-mode data from the first baseline test series is summarized in Table
XVII. Each of these sequences was started with the REA and propellant at 65°F and consisted of
100 pulses.

Following this initial baseline test, 42 successive cold starts were fired on the REA. Each 10-second
steady-state burn was started with both the REA and propellant at 40°F. Test data is summarized
in Table XIX. Data from those sequences for which ignition delay is not available are due to an
overexposure on the oscillograph. This was repaired for subsequent runs by adding additional
automatic leader to the oscillograph before the first pulse. As required by the work statement, the
REA start temperatures were obtained by allowing the REA to cool naturally for 1 hour followed
by force cooling for no more than 30 minutes. Forced cooling was accomplished by the blowing of
nitrogen down the sides of the thrust chamber. This nitrogen increased the vacuum chamber
ambient pressure from the normal 10 microns to 400 microns and thus allowed conduction from
the REA to the 40°F thermal shroud and the -300°F cold target. The nitrogen gas was premixed
with 1% hydrogen to eliminate any posibility of oxygen diffusing to the warm catalyst and
damaging it by the formation of irridium dioxide.

The long ignition delays and associated pressure spikes observed on the first six cold starts were
obviously detrimental to engine operation. Therefore, an investigation was conducted into the
possible causes by changing the cooldown procedure. On Sequence 2-28 the REA was allowed to
cool naturally for 2 hours before force cooling was applied. The natural cool time was extended to
3 hours for sequences 2-29 and 2-30. On sequences 2-31, 2-32, 2-34, 2-35 and 2-36 the REA was
allowed to cool naturally to 200°F (approximately 2 hours) and the purge gas changed to gaseous
nitrogen only. Sequence 2-33 corresponded to a weekend hold with no force cooling at all.
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Table X1X. Cold-Start Test
Sequence Tign P, Spike P¢, Equilibrium Roughness

No. ~ msec ~ psia ~ psia ~ tpsid
2-22 NA NA 82.0 2.0
2-23 NA NA 84.0 1.5
2-24 83 195.6 834 1.5.
2-25 86 231 82.5 2.0
2-26 72 225 83.1 2.0
227 68 214.8 83.4 1.5
2-28 87 <74.5 834 2.0
2-29 £8 267.6 82.5 2.7
2-30 12§ 200+ 8l.0 2.7
2-3) 83 186.3 834 1.5
2-32 88 182.4 834 2.7
2-33 98 300+ 81.6 2.0
2-34 70 159 82.5 2.7
2-35 62 180 82.5 2.7
2-36 60 203 81.9 3.0
2-37 80 255 83.4 2.0.
2-38 55 228 83.1 2.7
2-39 100 300+ 83.1 3.0
2-40 70 177 33.7 3.0
2-41 70 182 83.7 3.8
2-42 80 242 834 3.8
2-43 S0 249 82.8 3.8
2-44 88 258 82.5 3.0
2.45 55 229.5 53.4 4.0
2-46 60 193.5 83.7 4.5
2-47 56 198 83.7 6.0
2-48 65 207 84.0 6.0
2-49 S6 214.5 83.4 6.0
2-50 62 222 83.4 5.3
2-51 50 241.5 84.0 6.0
252 NA 247.5 82.5 7.8
2-53 68 249 82.5 7.0
2-54 70 231 81.9 7.8
2-55 - 90 286 82.5 6.0
2-56 65 259.5 82.5 1.5
2-57 77 265 83.4 6.5
-2-38 90 300+ 83.7 7.9

. 2-59 7% 264 82.8 1.0
2-60 73 214 81.6 1.5
2-61 75 181.5 84.0 8.25
2-62 77 228 -83.4 7.0
2-63 2 222 83.4 8.25
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Sequences 2-37, 2-38 and 2-39 duplicated this natural cooldown with the shroud temperature
decreased to 20°F to aid ir cooling. All of these varistions had no appreciable effect on the ignition
delay, so the iest was compl~ted with the original 1.5-hour cool Jown.of.the. test .pian. It is
postulated thut a void formed in the upper bed as a resuit of the first six “hard” starts, and such a
void would consistently cause subsequcnt hard starts independent of catalyst conditioning.

ppee

As shown on Table XiX, the engine chamber pressure roughness increased throughout the test
series. This is graphically presented in Figure 33, which also shows sequence 2-47 (pulse number 3
1829) to be the first data point beyond the work statement goals on roughness.

B ST e s

¢ Pulse-mode data from the last baseline test series is summarized i Table XX. Table XXI prisents all i
; baseline steady-state performance data. All steady-state runs were of i3 second duration; 3
‘ consequently the pecriormance as tabulated does not refieci complete thermal equilibrium
1 conditions. Pre- and post-cold-start baseline pulse-mode data is compared in Table XXII.

As noted thercon, there are only two instances of impulse-bit reproducibiiity outside the work
statement goal although almost all centroid repeatability is outside the limits.

[ SN TR

In-house Cold Start Test Resuits — As part of in-house testing, a R¥M-Moac thrust chamber
assembly was subjected to a series of extended steady-state firings at low temperature ~onditions.
Table XXIII summarizes pertinent start transient data from the test series. The fact that this engine
: could be started at 40°F bed temperature with 40°F propellant (tests 4 and 5) with relatively short
4 ignitior. delays and small spikes was in conflict with the test data obtained in long-life cold start test
” series. A comparison of facility equipment and techniques used on the in-hcuse tests which differed
e . from the fong-life tests isolated two significant items. First, the in-liouse test did not use a cold
N_— ‘ .- target to simulate deep space. Secondly, no attempt was made to force-cool the in-house tests; the
‘ REA was allowed te cool naturally at vacuum conditions (approximately 10 microns). It was
therefore determined at a technical program review meeting with- AFPCO that the life test duty
cycle ba revised so as to deiete the cold target and force-eoolmg and re.)eat 25 of the cold starts

3 e
L Tabiitm A o b e AR Gtk el — o,

Two potentral explanations of why these test facility dxfferencee zmd/or longer penods between
. tests could be causmg the shift in 1gmtnon delay are discussed in the !’olicwmg paragmphs

X o 2.  Gas Poisoning — Rocket Research Corporatnon has documented many cases of ammonia
‘ - ‘(and/or hydrogen) poisoning a catalyst bed. Tt nas been postulated that the ammonia
occupies active catalytlc sites and thereby sngmficantly reduces the catalyst activity. The

" normal ammonia produced by a firing is dnven off in vacuum by the elevated

- temperature of the catalyst (i.e., degree of poisoning depende upon time temperaturs
. cooldown history). If this ammoma remains in the catalyst bed at low temperatures, it is

. extremely difficult to vemove. “The immediate presence of a cold target (-300°F) in the

~ vacuum tank will freeze some of the ammonia in the exhavst gas products. This ammonia

will subhmc during the cool-down penod allowmg ammonm molecuiss to enter a cool
. bed. . Lo : :
b. Quenching — The procedure used for force coolmg the REA could cause condensation of }
~ntrapped gases within the catalyst particles. _Addltronally, the 1% H2 added to the purge §
% Nz could enter the cool catalyst bed and be adsorbed on active sites. ]
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Table XXI. Cold-Start Test Baseline Steady-State Data S/N 4 REA

Sequence | Pfeed | T1% 190% | T10% Pc F Isp | Roughness
No. ~psia | ~msec| ~msec | ~msec| ~psia | ~Ibf | ~sec | ~ ipsid

2-7 102 71 1,432 43 41.0 |2.118{ 201.1 1.0
2-14 225 71 1,180 NA 66.2 | 3.500] 214.2 1.0
2-21 350 78 1,280 39 82.7 | 4.411] 215.1 2.0

2-70 351 S0 1,580 50 840 | 4.505| 219.2 12.0
2-77 225 50 2,170 50 67.8 | 3.605| 218.9 10.5
2-84 101 40 2,970 62 35.1 | 1.802) 205.0 10.5

The effect of force-cooling increased the vacuum tank pressure from the nominal 10
microns to 400 microns. At this pressure conductive heat losses to the target become
significant and cause rapid cooling. If the walls of the thrust chamber cool much more
rapidly than the catalyst particles, differential thermal contraction could cause catslyst
breakup.

Catalyst Evaluation Test Results — During buildup of REA S/N 4 for the cold-start test seiies, a
sample REA was also built up and subjected to the same handling and test procedures with the
exception of firing. Both REA's were disassembled following the test series and catalyst evaluation
tests conducted. Prior to disassembly X-rays were takén of the catalyst t-ed on the fired REA (S/N
4). An X-ray is presented i1. Figure 34 which shows a relatively large void in the upper (25- to
30-mesh) catalyst bed. This void was substantiated on teardown as 11.9% weight loss in the upper
bed. The lower bed of 14 to 18 mesh had an indicated 2.5% weight loss as a result of the cold start
test series.

Catalyst from both the fired and unfired REA’s was sieved and weighed to determine size
distribution and subjected to a crush strength test. Results of these tests are shown in Table XXIV
together with the crush strength requirements of RRC-MS-0110 Acceptance Test Procedure. It is
apparent from this data that the upper catalyst bed was damaged by the start spikes associated with
cold starts. The crush strength requirements are established for a 6-gram sample of catalyst. Since
only 5 grams of fired 25- to 30-mesh catalyst were remaining, both fine-mesh crush tests were
conducted on 5-gram samples. Comparision of the fired and unfired crush strength data for both the
14- to 18- and 25- to 30-mesh catalysts indicates a trend toward weakening as a result of firing.

All samples were further subjected to hydrogen chemisorption tests to determine the active metal
surface area. This measurement has been determined to be an excellent indication of catalyst
activity. Test results are tabulated on Table XXV together with data from virgin (as received) and
fresh-shrunk catalyst samples. The prefiring thermal treatment procedure stabilizes the active metal
surface area of the virgin catalyst and subsequent reduction as a result of firing is minimal.
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Table XXIII. Summary of Steady-State Test Ignition Data REA S/N RAE-001

Initial Initial Maximum
Test No Propellant Catalyst Bed | Ignition Delay | Pressure Sté:;\dy-it:te
RS Temperature, | Temperature, Time, ms* on Start, P amoer ia
OF OF psia ressure, ps

151811001 50 65 20 110 ‘110
151811-002 40 60 20 105 . 105
151811-003 40 49 40 117 71
151811-004 38 41 20 31 35
151811-005 36 40 40 200 105

*Time from valve open to chamber pressure start rise

Samples of the fired and unfired catalysts together with dry-shrunk catalyst were analyzed for total
surface area and pore size distribution by the BET apparatus, and active metal content by iridiumn
spectrochemical analysis. Results of measuring the active metal content by iridium spectrochemical
analysis are presented in Table XXVI. Although the measured values of the fired catalyst are
significantly less than ‘‘as manufactured™ specification values (30.0%), the unfired cataiyst sample
shows the same result. Personne] at Shell Development Company (SDC) were contacted regarding
the validity of these measurements. These discussions revealed that SDC has had similar results with
the method on catalyst known to contain 30% iridium. As a result of these problems, SDC has
developed a gravinometric analysis technique which is in excellent agreement with manufacturing
data. On the basis of compared results, SDC claims that a spectrochemical analysis can be no better
than 210% whereas the gravinometric method is accurate to +0.1%. Shell Development Company
did propose to conduct a gravinometric analysis on this catalyst; however, in view of expense and
schedule RRC deleted this test with AFPCO concurrence,

Also presented on Table XXVI are the total BET surface area and median pore radium determined
by nitrogen adsorption analysis. Tables XXVil and XXVI1il compure the BET determined pore size
distributions for each of the catalysts studied. On the basis of the data presented in these three
tables, no obvious catalyst pore size changes occurred as a result of the forty-two 65°F starts and
forty-two 40°F staris which this fired catalyst was exposed.

2.3.5 Abbreviated Life Test

In view of the cold-start test results discussed above, the abbreviated life-test duty cycle of the work
statement was modified, with AFPCO concurrence, to demonstrate REA performance over a serias
of 25 cold starts without the aid of artificial cooling techniques. The cryogenic target ard REA
force~cooling assembly were removed from the test setup shown in Figure 27. The abbreviated
life-test duty cycle is presented in Table XXIX.

REA S/N 5 — The duty cycle of Table XXIX was initiated on REA S/N 5. Pulse-mode data from
the baseline test is summarized in Table XXX. Table XXIX moditied the bascline duty cycle so that
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Table XX1V. Catalyst Evaluation Test Results

Size Distribution (1) 25 . 30 Mesh

% by Weight
30 Mesh 40 Mesh 50 Mesh Fines
Fired sample 79.48 10.01 3.04 7.47
Unfired sample 97.80 1.84 0.15 0.21
Size Distribution (1) 14 - 18 Mesh
% by Weight
18 Mesh 25 Mesh $0 Mesh Fines
Fired sample 93.85 3.06 3.00 1.09
Unfired sample 96.63 2.23 0.91 0.23
Crush Strength Test Results
25-30 Mesh
Dimensionless Dimensionless Weight %
Deflection at Recovery at <30 Mesh
1000 psi 20 psi After Test
Fired sample 0.105 0.0209 70.0
Unfired sampla 0.0725 0.0155 82.5
MS-0110 ATP <0.100 >0.015 >75
14 - 18 Mesh
Dimensionless Dimensionless Weight %
Deflection at Recovery at <18 Mesh
1000 ps 20 psi After Test
Fired sample 0.120 0.0171 54.7
Unfired sample 0.113 0.0205 59.5
MS-0110 ATP <0.180 >0.015 >55

(1) Percent retained on indicated mash size screen




Table XXV, Hydrogen Chemisorption Test Results

25—-30 Mesh
50% attrited as received (average) 390 4 moles/gram
50% attrited after shrinkage 147 p moles/gram
(average based on 07 chemisorption)
90% attrited as received 356 1 moles/gram
90% attrited after shrinkage 154 1 moles/gram
90% attrited from cold-start REA 163 1 moles/gram
90% attrited from sample REA 155 4 moles/gram
50% attrited from REM-Mono 122.6 4 moles/gram
qual S/N 1001 SY REA
1418 Mesh
As received (average) 400 u moles/gram
After shrinkage (average based on 135 u moles/gram
02 chemisorption)
Cold-start REA 139 u moles/gram
Sample REA 144 u moles/gram

L¥S

Table XXVI. Catalyst Evaluation Test Results

Active Metal Analysis
(% Iridium)
25—-30 Mesh 14—~18 Mesh
Fired sample 25.6 26.1
Unfired sample 26.5 27.1
Nitrogen Adsorption Analysis
25-30 Mesh 14—18 Mesh
BET Area | Medium Pore | BET Area | Medium Pore
m2/g Radius A® m2/g Radium A©

As received after shrinking 47.9 56.4 38.8 75.6
Unfired sample 49.2 57.6 423 70.1
Fired sample 48.8 589 48.1 67.8
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Table XXVIL. Pore Size Distribution 25-30 Mesh Catalyst

Volume - Percent

Area — Percent

Pore :o. dlus As Received | Unfired | Fired | As Received | Unfired Fired
snd Shrunk | Sample | Sample | and Shrunk | Sample Sample
300 - 250 2.8 2.8 2.8 0.5 0.5 0.5
250 - 200 4.5 4.9 5.1 1.0 1.1 1.1
200- 150 6.0 6.5 6.6 1.7 1.9 1.9
150 - 100 9.2 9.9 | 100 3.8 4.0 4.1
100 - 90 3.2 3.4 3.6 1.7 1.8 1.9
90 - 80 4.8 4.9 5.4 2.8 2.8 3.2
80 - 70 7.0 6.7 6.4 4.5 4.3 4.3
70 - 60 9.2 8.6 9.1 7.0 6.6 7.0
60- 50 10.2 102 | 99 9.1 9.1 9.0
50-45 6.5 5.8 ..6.0. 6.7 5.9 6.3
45-40 6.9 64 | 64 8.0 7.4 7.5
40-35 6.8 65 | 64 8.9 8.5 8.5
35-30 6.3 6.2 6.2 9.4 9.3 94
30-25 6.8 6.9 6.3 12.1 12.2 11.4
25-20 5.9 571 .58 12.8 12.4 12.8
20-15 3.8 4.5 4.0 10.0 12.2 1.1
15-10 0.0 0.0 0.0 0.0 0.0 0.0
10-7 0.0 0.0 0.0 0.0 0.0 0.0
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Table XXVIIL. Pore Size Distribution 14 - 18 Mesh Catalyst

Pore Radius

. A°

Volume — Percent

~ Area = Percent .

As Received

and Shrunk

Unfired
Sample

Fired
Sample

As.Received

Un ﬂr:‘

TFirea

Sevem gL

Ry

5{5‘,_‘957‘: it

R A I R A

T SNGE permy se sgr

300 - 250

250- 206

200150
 150-1QQ

16659ozf
o080

80-70

70- 60

60- S0

- 50-45

45-40

40-35
©35-30

30-25

25-20

1 20-15

15-10 |

i0-7

32
58
7.7

ﬁaJ

57

84
93
93
4.8
48
#1.4J1’
a4l
38
35

;’ 12

00

co

34
5.0

7.3

14.0

48
1.2

- 84

95
52
5.2

550

a5 |

a1

4.0

2t

0.0

00 |

3.3
4.5
6.7
14.2
:4.6:
68

8.3

- 93

8.8

4.9
49 -

5.0

4.6

46

. 4.0

4.1

SR

0.0

and Shrunk
,onl
1.6
5
83
féﬁ‘
5.6
69
8.9
10.5
1.0
' 70
7.7
79
8.5
9.6
.39
0.0

00

Sample

07 |

13

25

68
2.9
4.9
ea
87
10.0
7.0
7.0
1.7
8.0
9.8
10.3
6.4
0.0

0.0

* Sample |

0.6

SRR

6.3

2.5

A3

59

16
8.5
6.0
€.0
7.1
1.5
8.8
9.4
12.6
3.8

0.0
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* Table XXIX. Life Test Duty Cycle

| sequence | puse width lorf Time ““(‘:‘f"“ P:i::m»- Cumulative Shroud ';‘g'

Ne. | see se¢ Pulses psia Pulses Temp °F Temp OF

30 0020 | 0980 100 | 100 100 65 65
32 © 7] 0480 [ 100 100 200 65 -

| 33 0050 - | 0950 | 100 100 300 65 -

34 0.050 | 0450 | ‘100 100 400 65 -
35 0.100 | 0900 100 100 500 65 -
3-6 0.150 | 0850 100 100 600 65 -
3.7 10.000 _* i 100 ! 65 -
38 0020 - | 0980 100 225 701 65 65
3.9 0.020 0.480 100 225 801 65 -
3.10 0.500 0950 100 225 901 65 | -
311 0.050 0.450 100 225 1,001 65 -
312 0.100 | 0900 100 225 1,101 65 -
3.13 0.150 0.850 100 225 1,201 65 -

314 10.000 — 1 225 1,202 65 -
3.15 0.020 0.980 10 350 1,302 65 65
316 0.020 0.480 100 350 1,402 65 -
317 0.050 0.950 100 350 1,502 65 -
318 0.050 0.45¢ 100 350 1,602 65 -
319 0.100 0.900 100 50 {,702 65 -
3-20 0.150 0.850 100 350 1,802 65 -
321 10.000 _ 1 350 1,803 65 -
3.22 10.000 _ ! 350 1.804 40 40
323
thru Repeat sequence 3-22 24 350 1,828 40 40
346
347 Repeat sequences 3-1 1,803 - 3,63} - -
thru through 3-21 ,
3.67 J

-

*Off time is that required to reach next sequence initial REA temperature without force cooling.
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only the first duty cycle at each feed pressure is started at 65°F REA. Pr. pellant temperature is
conditioned at 65°F throughout the cc-nplete test. Consequently, first pulse data is only presented
for these 65°F sequences. Steady-state baszline data is presented in Table XXX1 and shows chamber
pressure roughness above the work statement goals at the high feed pressure. At this point it was
decided to terminate the test and determine the cause of excessive roughness. Before removal of the
REA, however, a series of cold starts was conducted to verify the effest of facility and technigue
changes that had been incorporated s a resuit of the cold-start test series conducted on REA S/N 4.
Data from these five cold starts (40°F REA with 40°F propellant) is tabulated in Table XXXII. As
shown on this table, the ignition delay and spike chamber pressure are significantly less than
observed on REA S/N 4 (Table XiX).

Tabie XXXI. Abbre.iated Life Test Baseline Oteady-State Data REA S/N §

Sequence | Preed | T1% | T90% | T10% | Pc | F Isp Roughness
No. ~ psiz | ~ msec | ~ msec | ~ msec psia 1bf sec ~ tpsid | ~ +%

3-7 97 10 46 49 425 | 223 | 197.1 2.0 4.7
3-14 217 9 31 40 68.1 | 3.65 | 226.2 4.5 6.6
3-21 341 9 82 42 84.6 | 4.57 } 22591 - 6.0 7.1

Table XXXII. Abbreviated Life Test REA S/N 5

Sequence No. :;1'8:“ Pg f)ls’::e Pc, Egtg:iigﬁum R:u:hmqgs
3-22 20 93 83.0 9.0
3-23 40 148 84.0 7.5
3-24 30 86 84.1 8.0
3-2§ 40 130 83.0 8.0
3-26 40 129 83.0 10.0

Post-test X-rays of REA S/N 5 were almost idential with tl.ose of RiA S/N 4 presented in Figure
34, the exception being that the void area appeared slightly smaller on REA S/N S. REA
Gisassembly, however, did reveal that the intermediate bed plate had been deflected in the center
approximately 0.020 inch. Since this bed plate had been used on two previous REA'’s (S/N 3 TDVT
and S/N 4 cold-start tests) and had not been checked for flatness prior to assembly into REA S/N 5,
it was considered to be the cause of the void in the upper catalyst bed. Upper catalyst bed packing
is accomplished by use of a flat packing tool, and final overpack measurements are verified by use
of ‘the intermediate bed plate. Therefore, no provision exists to scccommodate a deflected bed plate.

The injector subassembly (P/N 26235-302-11, S/N 2) was cleaned and fiow calibrated. This
calibration showed no significant change from the flow calibration prior to REA S/N 5 assembly.
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REA S/N 6 — REA S/N 6 was assembled by use of injector subassembly S/N 2 from REA S/N § and
a new intermediate bed plate. The REA was subjected to the abbreviated lite test of Table XXIX.
Pulse-mode data from the first baseline test is summarized in Table XXXII1. Following this initial
baseline test, 26 successive cold stirts were fired on the REA. Each 10-second steady-state burn was
started with both the REA and propellant at 40°F. As disccused above, all cooling was natural and
the -300°F cold targets were eliminated from the installation. Pertinent data from each of these
cold starts i3 presented in Table XXXIV, Figure 35 graphically presents ignition delay as a function
of cool down time and shows a distinct trend toward shorter ignition delays with increasing
cool-down times. Also shown on this figure is in-house data from a Transtage 27-1bf REA which was
tested under identical conditions; the correlation as shown on Figure 35 is excellent. This
phenomenon is consistent with an adsorbed gas model as described in paragraph 2.3.4 (item a.
under /n-house €% Ctart Test Results), since the loager time available for outgassing yields shorter
ignition delays. Figure 3€ is a plot of ignition delay and spike peak chamber pressure showing a very
strong correlation.

Follcwing the 26 cold starts the baseline du‘y cycle was repeated with pulse-mode data as
summarized in Table XXXV. Table XXXVI compares stexdy-state data from both baseline tests,
and Table XXXVII compares the pulse-mode data to the work statement goals. As shown on Table
XXXVII, there are three instances of “out of work statement goails” centroid repeatibility as
compared to only three instances within goals on PEA S/N 4 (see Table XXII). This improvement
in operation, coupled with the improved roughness characteristics shown in Figure 37, iudicates
that the facility and technique modification incorporated into the.cold-start tests of REA S/N 6 did
climinate the majority of the overstress test conditions.

REA S/N 6 — Extended Life Test — Following the abbreviated life test on REA S/N 6, an sxtended
life test was conducted in accordance with the duty cycle presented in Table XXXVIIL. The catalyst
bed degradation caused by the previous 26 cold starts, as evidenced by the steady-state roughness of
baseline number 2, led to ra)id deterioration as a result of pulsing. Figure 38 compares the low feed
pressure pulse shapes for the four baseline pulse widths. As shown on this figure, considerable pulse
shape dist~rtion was evident by baseline number 4 (106,000 pulses), and the test was subsequently
terminated at 258,000 pulses. Figures 39 through 41 present baseline pulse mode impulsz bit as a
function of baseline number for all six pulse duty cycles for the three feed pressure conditions
respectively. As she n on these figures, the delivered iiapulse bit is very repeatabdle in spite of the
distortion shown on Figure 38. Impulse bit and centroid repeatability for all five baseline tests are
summarized in Table XXXIX. Aithough only seven of the eighteen duty cycles mect the work
statement impulse it repeatability goals, all but two of the duty cycles have spreads less than 15%.
The centroid data presenicd on Table XXXIX shows the effect of pulse shape distortion with no
duty cycle within the work statement goals. This is graphically shown in Figures 42 through 44
which present centroid as a function of baseline number and feed pressure,

Steady-state roughness as a function of pulse number is plotted on Figure 45. Steady-state thrust is
presented on Figure 46. Although the roughness does significantly increase as the test progressed at
mid and high feed pressure, mean steady-state thrust was very stable with a maximum spread oF
3.5% at the low feed pressure conditions.
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Table XXXIV. Abbrevinted Life Test REA S/N 6 Cold Start Series

Sequence Ti% Pc, Spike Pc, Equilib. Roughness Cool Time
Number ~ msec ~ psia ~ peia ~ & peid ~ hours
3-22 55 121 84 3.0 13.0
3-23 81 146 84 1.5 11.0
3-24 78 172 85 3.0 12.0
3-25 90 139 84 3.0 11.0
3-26 90 18 84 4.0 6.0
3-27 54 117 84 3.0 9.0
3-28 85 153 85 3.0 9.0
3-29 85 144 84 2.0 5.6
3-30 24 50 84 2.0 62.0
3-31 49 105 84 30 8.5
3-32 19 50 84 30 11.0
3-33 22 35 84 2.0 14.0
3-34 24 43 84 1.5 10.0
3-35 50 96 84 2.0 7.6
"y 50 121 84 3.0 1.5
Py 47 97 84 30 9.0
3-38 50 100 84 30 12.0
3-39 31 54 84 3.0 15.1
3 50 114 84 2.0 9.0
>i 23 43 84 1.5 65.0
342 47 96 84 2.0 7.7
343 26 46 84 3.0 11.5
3-44 48 95 84 2.0 12.3
3-45 30 37 84 3.0 13.7
346 NA NA NA NA 13.0
3-46R 25 39 84 3.0 11.0
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Figure 38. Abbreviated Life Test REAS/N 8
Ignition Delay Versus Peak Chamber Pressure
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Table XXXVI. Abbreviated Life Test Baseline Steady-State Data S/N 6 REA

Sequence | Pfeed r1% TO0% T10% Pe F | Igp Roughness
No. ~psia | ~msec | ~msec | ~msec | ~psia | ~Ibf | ~sec ~ tpsid
3-7 94 8 53 53 43.8 | 2299 | 218.0 1.5
3-14 214 8 34 40 67.5 |3.619] 221.7 1.5
3-21 340 8 68 45 84.9 |4.585| 2246 3.0
3-53 95 10 155 57 41.1 }2.146 | 2159 3.0
3-60 210 8 28 45 66.5 | 3.562 | 225.8 6.0
3-67 335 8 " 46 849 |4.588 ) 229.0 7.0

REA S/N 6 Disassembly —~ Post-test X-rays of REA S/N 6 revealed a void in the upper catalyst bed
uncer the rigimesh injection element. The void was not centered under the element but rather
biased toward one side of the element. This condition was verified upon removing the intermediate
bed plate when a local void was observed (approximately 6.5% by volume) on one side of the
catalyst bed. The position of the void relative to the injector was marked for further study of the
injector on the water flow oench. Catalyst weights revealed an 8% weight loss in the 25- to 30-mesh
upper bed and no loss in the 14- to 18-mesh lower bed. Both screens on the intermediate bed plate
were lonsc and the upper screen was badly nitrided with a burnt appearance in the area of the void.
Although there were broken wires in the nitrided area, the holes thus formed were of insufficient
size to allow the migration of catalyst from the upper to the lower catalyst bed. This conclusion was
further substantiated by the fact that nc catalyst was found in the holes of the intermediate bed
plate.

A microscopic examination of the rigimesh injection element revealed excellent appearance, with no
apparent nitriding. Post-test water flow showed a flow maldistribution, however, with excessive.
flow in the region of the void. Further disassembly of the injector revealed that the rigimesh
orientation was different than injector S/N 001 which had been used in REA S/N 4. The rigimesh
\naterial ;. ~omposed of two layers of 12- by 64-mesh screen which are calendered together. The
warp wires (12 per inch) of each luyer are oriented at 90 degrees during manufacture. The warp
wires on the side of the rigimesh which propellant first contacts are drawn to scale in Figure 47,
which shuws the discrepancy of alignment between S/N 001 and 002. This misalignment was
precluded on later injector assemblies by the addition of a scribe line across the injector face
(location § on Figure 47) which was aligned with the visible warp wire during assembly. This,
combined with additional visual flow checks during assembly water flow calibration and additional
alignment checks before packing the upper catalyst bed, ensured that all subsequent injectors had
the saie operating charucteristics as injector S/N 001.

Venturi Flow Testing — Figure 48 is a tracing of chamber pressure on REA S/N 6 during its first
baseliiie pulse-mode operation. The shift in steady-stste chamber pressure shown on this figure was
also noted »n REA §/N §, although generally on both REA's the shift did not occur during the
pulse as shown, but rather from one pulse to the next. When this phenomenon was noted on REA -
S/N 5, it was also noted that propellant flow rate chianged proportionally to chamber pressure
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* Table XXXVIIL Exiended Life Test Duty Cycle REA S/N 6

Sequénces 3-1 through 3.67 = Abbreviated lifé test pér TPL 0147, Revision B
Sequences 3-68 through 3-74 — Duty cycle M at Pgeeq = 350 psia
Sequences 3-75 through 3-95 - Baseline No. 3
Senuences 3-96 through 3-158 — Repeat duty cycle N three times
Sequences 3-15$ through 3-179-Baseline No. 4
Sequences 3-180 through 3-410—Repeat duty cycle N cleven times
Sequences 3-411 through 3-417—Repeat duty cycle M at Pge.q = 100 psia
Sequences 3-418 through 3-428-Baseline No. § ,
"~ DUTYCYCLEM
~ On Time Off Time Number of
~ Sequence msec msec Pulses
a 20 980 3,200
b 20 - 480 3,200
c 50 | 950 1,300 !
d 50 , 450 1,300 k
e 100 900 : . 600 i
f 150 850 ' 400 E
'3 60,000 Steady State 1 : 4
DUTY CYCLE N :
Propellant " Feed ' ;
Sequence : ‘Temperature, °F Pressure, psia Duty Cycle “
a 65 350 M
b 65 225 ' M 3
65 100 M

PR R S
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Figure 38. Extended Life Test Pulse Comperison
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Figure 39. Extended Test REA S/N 6 Low Feed Pressure (100 psia)
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Figure 40. Extended Life Test REA S/N 6 Mid-Foed Pressure (225 psia)
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Figure 41, Extended Life Test REA S/N 6 High Feed Pressure (350 psia)
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indicating a change in venturi flow characteristics. During the disassembly of REA S/N 5 and
assembly of REA S/N 6, a series of flow tests was conducted with the venturi in an attempt to
verify this unstable operation.

Figure 49 presents the steady-state flow calibration data for the subject venturi, Extensive data was
g cbtained in the area of incipient cavitation showing far different characteristics than the sudden
g break usually assumned. The equilibrium cavitation flow rate vilues shown on the figure are in
X exceilent agreement with the manufacturers. The projections of thiese ¢quilibrium values to the
;, noncavitating flow curve yield recovery values equivalent to the menufacturers claim (80 + %).
Liowever, the region between noncavitation and full cavitation is unstable. The ef{fect of this on
pulse-mode flow rate was demonstrated on the flow bench by addition of a simulated propellant
valve to the downstream side of the venturi. With this test arrasigement pulse mode and stcady-state
flow overshoots were demonstrated at various Jduty cycles with as much as 9.0% increase over
nominal flow maintained for periods as long as & seconds. Various techniques of improving entrance
flow conditions were evaluated in an attempt to eliminate the condition, but to no avail. It was
appsrent that the venturi would have to be polished extenzively to correct this problem; however,
since this would have changed the stable operating point and it was desirabie that REA S/N 6
performance be compared with S/N 4 and 5, it was determined that REA S/N 6 be tested with the
venturi as is.

2.4 PHASE]FINAL DESIGN

Figure 50 presents a schematic of the MR-50C REA which represents the Phase I final design. The
final design is identical to the REM-Mono MR-50 REA except for the following five areas.

2.4.1 Catalyst

The upper catalyst bed uses 90% attrited 25- to 30-mesh Shell 405 catalyst, as compared to 50%
attrited in REM-Mono. This selection was based upon the catalyst sirength test r_esults discussed in
paragraph 2.3.2.

2.4.2 P Tube Adapter

As shown on Figure 50, the MR-50C REA incorporates an AN fitting on the chamber pressure tap.
The REM-Mono REA uses a brazed junction to the pressure transducer.

2.4.3 Injector

On the basis of the thermal design verification test results, the MR-50C injector uses a
0.5-inch-diameter, 12- by 64-mesh, two-layer, Haynes 25 rigimesh injector spud. This spud outside
diameter is welded to the injector face and retained in the center with a 0.060-inch-diameter tack
weld. Fropeliant is supplied to this spud from three 0.020-inch-diameter branch passages which join
in a single 0.0355-inch feed tube from the propeliant valve. The REM-Mono injector uses a
0.3-inch-diameter spud of the same rigimesh material which is supptied with propellant from a single
0.0355-inch feed tube.
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2.4.4 Propellant Interface

As shown on Figure 50, the propellant interface is a 0.25-inch MS union which internally
incorporates a cavitating venturi. The venturi is sized to deliver 5-1bf flow rate at 250 psia feed
pressure, The REM-Mono propellant inlet is a 0.25-inch CRES 304 tubc prepared for brazing.
REM-Mono uses a trim orifice to deliver 5 Ibf at a feed pressure of 194 psia.

2.4.5 Thermal Control Surfaces

The MR-50C does not incorporate an aft heat shield or thrust chamber thermal control plating as
incorporated on the REM-Mono. These refinements of REM-Mono were required to meet very tight
performance requirements while tied to a REM heat sink. Their cost and complexity were not
justified by the performance gain when this heat sink was removed. Should additional performance
be required, these concepts have been fully qualified on the REM-Mono Program. The forward heat
shield represents a structural as well as thermal control device and is identical for REM-Mono and
MR-50C.

The REM-Mono propellant valve is painted with Sicon R black paint on vehicle-exposed surfaces
and aluminum paint on thrust-chamber-exposed surfaces. This thermal control is required to
minimize heater power necessary to maintain the valve above freezing under worst-case cold-orbit
conditions. Since there was no detailed spacecraft definition for the MR-50C REA, these thermal
control paint patterns were not employed.

2.5 PHASE IA TESTS

A technical program review held at AFRPL following the completion of Phase I resulted in the
revision of the statement of work so as to replace Phase I with Phase IA. The Phase IA revision
included simultaneous testing of a) a flight-type 5-lbf REA (Phase 1 final design) to a
1,000,000-cycle duty cycle which included 42 cold starts (REA and propellant at 40°F) and b) a
cold-start catalyst evaluation test series which investigated the effects of cold starts on catalyst
attrition. The selection of 42 cold starts for the 1,000,000-cycle test program represented a
compromise between total test time/cost and the established cool down procedures (see paragraph
2.3.4) which consume considerable test time.

2.5.1 Life Cycle Test

A flight-type REA, S/N 7, was fabricated and assembled to the Phasc 1 final design configuration
(RRC drawing 25820). This REA was installed in vacuum chamber No. 5§ at the RRC vacuum test
facility. A schematic diagram of this portion of the facility is illustrated in Figure 51. Figure 52
presents the overali propellant feed and thermal conditioning system used in this test setup. The test
instrumentation list is summarized in Table XL.

The primary data system for the life test base point tests was the Monsanto Digital Data System.
Backup for the primary system and recording of data during the balance of the testing was provided
by a Dymec Digital Data system (slow scan), a Cimron Digital Data System (slow scan), oscillograph
recorders, and strip chart recorders.

An electronic control system was used to provide the necessary manual and semiautomatic control
signals to enable the control and operation of all the systems required during the test. The majority
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of the operations are controlled by the Tally tape system once the test is initiated, The tape
controls turning the oscillograph on and off, opening and closing the propellant valves. starting and
stopping the Monsanto digital data acquisition system, and sequencing the propellant cart valves
between main tank and sight glass supplies. Manual operations required are setting the oscillogragh
speed, turning on the strip charts (at start of test), setting the feed pressure, and taking sight glass
rcadings on the closed-circuit television system. The valve driver circuit (suppression circuit)
schematic diagram is illustrated in Figure 53. This suppression circuit limits back EMF to 56 volts.

The test duty cycle, feed pressure, thermal conditions and start temperatures are shown in Table
XLL

The life cycle test was initiated on REA S/N 7 on February 16, 1971, Testing was terminated on
March 19, 1971, after the accumulation of 509,057 pulses with a cumulative total impulse of
107,635 lbf-sec. Tuosiing was in accordance with Table XLI from sequences 4-1 through 4-60. All
pulses had been conducted with 40°F propellant except for the five baseline tests which had been
conducted at 65°F (total of 9,015 pulses). During the preceding testing the REA had been fired 22
times from an initial bed temperature of 40°F. Additionally each baseline includes three starts from
initial bed temperature of 65°F.

Chamber pressure pulse shapes for each of the five baselines are compared it figure 54. As shown
on this figure the pulse shap- distortion after 500,000 cycles is severe and the test was consequently
discontinued on the basis of agreement between AFPCO and RRC. Baseline pulse mode
performance for this REA is summarized in Tables XLII and XLIII. Average impulse bit for the last
10 pulses of each duty cycle noted is presented together with the spread for those pulses. Impulse
bit at the low feed pressure is plotted as a function of pulse number on Figure 55. Data is presented
for each of the five baselines conducted during the 500,000 pulses. The degradation noted in pulse
shape and stcady state performance of baseline 6 in Figure 54 is further dramatized on Table XLII.
Table XLIII presents centroid (time from valve signal to 50% impulse delivered) and specific
impulse data for the same pulses. Centroid repeatability for all but the 0.020-second pulse widths is
extremely repeatable through the first 250,000 pulses as graphically displayed in Figure 56. It is
significant to note that centroid is unaffected by feed pressure and therefore, the overall average
centroid is presentcd in Figurs 56.

Figure 57 prcserits oscillograph tracings of all stcady-state start transieats at the minimum feed
pressure with 40°F propellant. It is obvious from these analyses that the REA suffered a gross
failure between sequences 4-46 and 4-52. Tailoff overlays from the same sequences shown in Figure
58 correlate with this conclusion, The test duty cycle (Table XLI) shows that these two sequences
correspond to 398.243 and 458,249 cumulative pulses. The REA’s demonstrated life capability is
therefore approximately 400,000 pulses, corresponding to more than 80,000 Ibf-sec total impulse
delivered.

Steady-state performance from each of the five baseline runs is presented in Table XLIV.

Steady-state thrust and specific impulse are plotted as a function of pulse number on Figures 59 and
60, respectively. This data also correlates with the distortion noted on pulse shape at 500,000.
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Table XL Abbreviated Lite ‘Fest Duty Cyele

“BASL POINT DUTY CYCLE (BL)

Subsequence On Time Off Time Number Catalyst Bed s
No. ms ms of Pulses Start Temperature Frequency
H 20 980 100 65OF 1 ¢ps
b 20 480 100 - 2eps
¢ 50 950 100 - 1 cps
d 50 450 100 - 2 cps
e 100 900 100 - 1 cps
f 150 850 100 - 1 cps
g 10,000 - 1 - Steady state
DUTY CYCLE A
‘Sequence Cn Time Off Time Number of
No. ms ms Pulses Frequency
o a 20 980 1,200 ! ¢cps
“ b 20 480 3,200 ' 2 cps

c 50 950 1,300 I cps

d 50 450 1,300 2 cps

e 100 900 1,800 1 cps

f 150 850 1,200 1 cps

g 60,000 - 1 Steady state

DUTY CYCLEC
a 50 450 27,000 2 cps
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Table XLI. Abbreviated Life Test Duty Cycle (Continued)

equence t __ Propellant anq OF ! rt| Feed Pressure
Seqenes | Duty | peeE empere |17 Cosst B S| Fesa e
4-1 BL 65 None 100
4-2 BL 65 None 225
4-3 BL 65 None 350
4-4 A 40 a 100
4-5 BL 65 None 100
4-6 BL 65 None 225
4-7 BL 65 None 350
4-8 C 40 a 100
4-9 C 40 a 225
4-10 C 40 a 350
4-11 A 40 a 225
4-12 BL 65 None 100
4-13 BL 65 None 225
4-14 BL 65 None 350
4-15 A 40 None 350
4-16 A 40 c . 100
4-17 A 40 None 225
4-18 A 40 c 350
419 | A 40 None 100
4-20 A 40 c 225
4-21 A 40 None 350
4-22 A 40 b 100
4-23 A 40 None 225
4-24 A 46 a 350
4-25 A 40 None 100
4-26 A 40 None 225
4-27 A 40 g 350
4-28 A 40 None 100
4-29 A 40 b 225
4-30 BL 65 None 100
4-31 BL 65 None 225
4-32 BL 65 None 350
4-33 A 40 None 350
4-34 A 40 e 100
4-35 A 40 None 225
4-36 A 50 b 350
4-37 A 40 None 100
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Table XLI. Abbreviated Life Test Duty Cycle (Continued)

Propellant and
Sequence | Duty 400F Catalyst Bed Start| Feed Pressure
No. Cycle Shroud 1(‘)?1 perature | = Subsequence Nc. psia
4-38 A 40 ¢ 225
4.39 A 40 None 350
4-40 A 40 { 160
4-41 A 40 g 225
4-42 A 40 None 350
4-43 A 40 None 100
4-44 A 40 f 225
4-45 A 40 None 350
4-46 A 40 g 100
4-47 A 40 None 235
4-48 A 40 e 350
4-49 A 40 None 100
4-50 A 40 None 225
4-51 A 40 None 350
4-52 A 40 a 100
4-53 A 40 None 225
4-54 A 40 f 350
4-55 A 40 None 100
4-56 A 40 None 228
4-57 A 40 None 350
4-58 BL 65 None 100
4-59 BL 65 None 225
4-60 BL 55 None 350
4-61 A 40 None 100
4-62 A 40 a 225
4-63 A 40 None 350
4-64 A 40 C 100
4-65 A 40 None 225
4-66 A 40 a 350
4-67 A 40 None 100
4-68 A 40 None 225
4-69 A 40 None 350
4-70 A 40 f 100
4-71 A 40 None 225
4-72 A 40 c 350
4-73 A 40 None 100
4-74 A 40 None 225
4-75 A 40 None 350
4-76 A 40 None 100
4-77 A 40 None 225

T

117




118

Table XL1. Abbreviated Life Test Duty Cycle (Concluded)

Propellant an
Sequence | Du | Shroud Temprstre |40 chabo BedSar| Fecd Pesure
4-78 A 40 g 350
4-79 A 40 None 100
4-80 A 40 o 225
4-81 A 40 None 350
4-82 A 40 b 100
4-83 A 40 None 225
4-84 A 40 b 350
4-85 A 40 None 100
4-86 BL 65 None 100
4-87 BL 65 None 225
4-88 BL 65 None 350
4-89 A 40 f 225
A-90 A 40 None 350
491 A 40 e 100
4-92 A 40 None_ 225
493 A 40 g 225
4-94 A 40 None 100
495 A 40 e 225
4-96 A 40 None 350
4-97 A 40 a 100
498 A 40 None 225
4-99 A 40 e 350
4-100 A 40 None 100
4-101 A 40 None 225
4-102 A 40 f 350
4-103 C 40 a 100
4-104 C 40 a 225
4-105 C 40 a 350
4-106 A 40 b 100
4-107 A 40 b 225
4-108 BL 65 None 100
4-109 BL 65 None 225
4-110 BL 65 None 350

NGTE: All 400F catalyst hod temperature starts are preceded by a 12 hour

(minimum) cool down.
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PULSE PULSE

WIDTH FREQUENCY
sec cps

0.020 1.0

VALVE SIGNAL CLOSED OPEN

0.020 20
VALVE SIGNAL CLOSED OPEN
0.050 1.0
—— o Smva— ¢
VALVE SIGNAL CLOSED OPEN

APPROXIMATE

SYMBOL PULSE NO.

BASELINE #1 0

' | o |e— e ++ BASELINE #2 10,000
30 psi 0omec! | a--a- BASELINE #3 100,000

— — — BASELINE #4 250,000
~— « — BASELINE #5 500,000

Figure 54. Phase 1A Long-Life Test Results
Oscillograph Chambar Pressure Tracings — Feed Pressure 100 psia
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0050 10 1cps

VALVE SIGNAL CLOSED OFEN

0.100 1.0 1cps

J
—+ o & S ¢ W ¢ conppelil. « crm—
— “”

VALVE SIGNAL CLOSED OPEN

4
00 0% o 0-'\" ., *%s .-"\ .o ’. “oe0,
ﬁ/"‘pl \‘Q\["' \J"\, \ %

N '\.,:‘.

0.150 1.0 1cps

—— ,-
oy

.—W

VALVE SIGNAL CLOSED OPEN

Figure 54. Phase 1A Long-Life Test Results
Ozscillograph Chamber Pressure Tracings — Feed Pressure 100 psia (Continued)
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0.020 1.0

VALVE SIGNAL CLOSED OPEN

: .020 2.0
cmapems  eum— —"""_—_.,
—;:‘:—-:-:—---’—-——--‘-l"-:v—. N
VALVE SIGNAL  CLOSED } iopEN
0.050 1.0

VALVElSIGNAL CLOSED OPEN
Figure 54. Phase 1A Long-Life Test Results
Oscillograph Chamber Pressure Tracings — Feed Pressure 225 psia {Continued)
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0.050 2cps

VALVE SIGNAL. CLOSED OPEN

1 cps

VALVE SIGNAL CLOSED OPEN

Figure 54, Phase 1A Long-Life Test Results
Oscillograph Chamber Pressw.re Tracings — Feed Pressure 225 psis (Continued)
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\ 0.020 1cps

VALVE SIGNAL CLOSED OPEN

.-"/

0.020 2 cps
— e \.\\.
VALVE SIGNAL CLOSED l OPEN
0.050 1cps
VALVE SIGNAL CLOSED OPEN

Figure 54, Phase 1A Long-Life Test Results
Oscitlograph Chamber Pressure Tracings — Feed Pressure 350 psia (Continued)
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0.050 2 cps

0.100 1 cps
CLOSED OPEN
A VALVE SIGNAL
/|
j
‘/ 0.150 1 cpe

N\ \
-\._.-‘. \
VALVE SIGNAL \Xq
| CLOSED OPEN

Figure 54, Phase 1A Long-Life Test Results
Oscillograph Chamber Pressure Tracings — Pesd Pressure 350 psia (Concluded)
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Table XLI1I. Impulse Bit and Spread

P,
1 On/OfT Baseline No. i | Bascline No. 2 | Baseline No_ 3 | Baseline No. 4 Baseline No. §
psia | Time sec

100 1 0.020/.980 | N/A NA | 0.03803}2.00 ] 004179 3.7% | 0.03240 | 7.9% [ 0.02365 | 8.3%
100 | 0.020/.480 | 0.05002 |1.4% | 0.04479 | 2.3% | 0.04093 | 1.9% | 0.03468 |2.3% | 0.00539 |[43.7%
100 | 0.050/.950 | 0.12313 [0.6% | 0.11276 | 1.1% | 0.10667 | 1.5% | 0.09322 [1.4% | 0.02801 | 39.5%
100 | 0.050/.450 | 0.12637 |0.4% | 0.11440| 0.6% | 0.10867 | 1.1% | 0.10577 | 2.0% | 0.01630 | 74.9%
100 | 0.100/.900 | 0.22652 |9.0% | 0.21025]0.9% | 0.20008 | 1.0% | 0.19784 |0.9% | 0.11558 | 20.0%
100 | 0.150/.850 | 0.33413 |0.5% | 0.31132}0.3% | 0.29929 ] 0.5% | 0.28503 [0.7% | 0.15676 | 30.2%

225 10.020/.9%0 | 0.08436 [0.9% | NA NA | 0.0763113.7% | 0.07234 | 2.9% | 0.00197 | 55.4%
225 10.020/.480 | 0.09673 {0.4% | NA NA | 0.08157|1.0% | 0.07388 |2.5% | 0.00111 |41.3%
205 10.050/.950 | 0.22166 ]0.1% | NA NA | 0.21525[0.7% | 0.19742 |1.4% | 0.12066 | 23.5%
225 ] 0.050/.450 | 0.23144 |1.4% | NA NA | 0.2137810.7% | 0.1822i1 |1.4% | 0.03820 |82.9%
225 10.100/.900 | 0.44895 [0.4% | NA NA | 0.41399190.3% | 0.36321 [0.4% | 0.24268 | 21.3%
225 10.150/.850 | 0.67156 |0.2% | NA NA | 0.62770]0.3% | 0.53599 |0.5% | 0.37878 1 5.8%

350 ] 0.020/.980 | 0.07589 ]3.9% | NA NA ] 0.08101 | 5.9% | 0.06334 }3.5% | 003671 | 11.4%
350 | 0.020/.480 | 0.09448 [2.1% | NA NA | 0.08818 [ 6.6% | 0.09399 |3.3% | 0.01893 | 26.7%
350 | 0.050/.950 | 0.23613 |1.2% | NA NA | 0.28374|0.5% | 0.24718 | 0.9% | 0.13052 ] 25.5%
350 ] 0.050/.450 | 0.23052 {0.9% | NA NA | 0.27870]0.4% | 0.20208 |4.0% | 0.06327 | 70.7%
350 | 0.100/.900 | 0.45565 |0.4% | NA NA | 0.44879]2.0% | 0.40744 |5.4% | 0.29189} 2.9%
350 10.150/.850 | 0.68541 |0.4% | NA NA | 0.68859 |3.2% | 0.60396 |2.3% | 0.46485 | 3.6%

Approximate Initial 10,000 100,000 250,000 500,000
LPulse Number

Table XLV summarizes the start transients for each of the twenty-two 40°F catalyst bed start
conditions. The minimum hold time preceding cach cold start was 12 hours and as shown on Table
XLV, no excessive chamber pressure spikes resulted. Both ignition delay and peak chamber pressure
are in cxcellent agreement with the Phase 1 results on REA §/N 6 reported in paragraph 2.3.5 (REA
S/N 6).

2.5.2 Teardown and Inspection

Following removal from the altitude chamber, REA S/N 007 was oven purged for 1 hour with
heated (190°F) GN?7 at § psig and vacuum dried for | hour. An internal leak check of the REA was
conducted with no GN2 leakage recorded over a S-minute test period at inlet pressures of 10,85 and
285 psig. Two X-rays of the REA 90 degrees apart revealed a catalyst void in the upper bed of
approximately 40%. These X-rays further showed that the rigimesh injection elemient was detached
from the injector face. The REA was disassembled and the catalyst weighed. Weight loss in the
upper catalyst bed was 32.7% (2.19 grams) and a weight gain of 4.3% was recorded for the lower
bed. This weight gain (0.72 gram) was undoubtedly catalyst which had migrated from the upper
catalyst bed, through broken screens on the intermediate bed plate. The resultant overall net weight
{oss for the entire engine was 6.3% (1.47 grams).
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Table XLIV. Phase IA Long Life Test Results Baseline Steady State Data
(Burn Time 10.0 Sec)

Igniti Decay t
Baseline Feed Thrust Roughness Isp g;:hon Re;:;n;ec to { o;ypco
Number | [TOUre Ibf % Ibf-sec/lbm y
psia msec msec msec
1 100 2.13 2.5 208.3 9 23 46
2 100 2.29 73 215.0 8 40 47
3 100 2.10 11.3 212.0 10 40 70
4 100 2,07 10.3 2226 10 43 97
5 100 118 32.6 112.6 12 446 NA
2,05 +27.1%
*215¢ 5.1%
1 225 349 32 218.5 7 28 46
2 225 3.73 7.1 27.1 10 29 44
3 225 3.60 8.9 215.4 8 28 48
4 225 425 13.7 231.0 10 135 61
5 225 175 429 137.7 10 140 200
3.36 ¢ 37.2%
*377 4 10.1%
1 350 4.70 4.7 224.2 8 94 44
2 350 4.66 7.1 228.8 9 63 45
3 350 4.67 9.1 NA 9 30 43
4 350 4.82 109 222.3 10 138 60
5 350 3.82 420 209.9 11 180 161
453411.0%
%71+ 1.7%

*Excluding baseline No. 5
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Table XLV, Phase 1A Long Life Test Results Cold Start Ignition Data
(Catalyst Bed = 40°F, Propellant = 40VF)

Sequence . Feed Duty Cyflc Ignition Peak
Number Date | Time Pres?urc On/Off Time Delay Clmmber' Pressure

N psia sec/sec msec psia
4-4a 2171 0210 100 0.020/.980 70 9.0
4-8a 2/18 | 155§ 100 0.050/.450 62 294
4-9, 2191 0830 225 0.050/.450 57 627
4-10a 20221 1131 350 0.050/.450 25 40.5
4-11a 2/23 1 0429 225 0.020/.980 78 6.0
4-16¢ 2/25 1 1409 100 0.050/.950 66 16.5
4-18¢ 2/26 | 0909 350 0.050/.950 63 384
4-20c¢ 3/1 0210 22§ 0.050/.950 35 255
4-22b 3N 2021 100 0.020/.480 75 30
4-24; 3/2 1729 350 0.020/.980 57 16.2
4-27g 3/3 2107 350 s.8 70 106.2
4-29b 3/4 1339 225 0.020/.480 68 11.0
4-34¢ 3/8 | 0250 100 0.100/.900 43 21.0
4-36H 3/8 2012 350 0.020/.480 55 21.6
4-38¢ 3/9 1900 225 0.100/.900 NA NA
4-40f 3/10) 1819 100 0.150/.850 | 78 354
4-41g 3/11] 1435 225 s.S 58 71.7
4-44f 3/12] 1339 225 0.150/.850 50 57.8
4-46g 3/15) 0334 100 $.S 48 29.6
4-48e 3/15) 2324 350 0.100/.900 NA NA
4-52 3/161 2112 100 0.020/.98C 71 25
4-54f 3/171 1947 350 0.150/.850 176 148.0

Metallographic examination of all screens in the catalyst bed are summarized on Table XLVL. It is
postulated that the intermediate bed plate upstream screen was exposed to extremely severe
nitriding environment following the injector failure, resulting in the complete nitridation noted. The
relatively negligible nitriding depth measured at the edges of the intermediate bed plate is consistent
with that found throughout after normal REA operation.

Figure 61 shows the downstream face of the injector following disassembly at seven X
magnification. Detailed examination reveals extensive cracking over the complete propellant flow
suiface. Figure 62 is a photograph of the injector body following sectioning, the cracks shown in
Figure 61 are sectioned in thic view and considerable additional cracking is shown throughout the
body. Figure 63 is a photomicrograph of one of these cracks in the vicinity of the rigimesh weld
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Table XLVI. REA S/N 007 Metallographic Screen Analysis

Depth of Nitrided Layer
Position Material

At Edge At Center
Intermediate 50-mesh Haynes 25 0.0013 inch Complet:
bed plate—upstream 0.009-inch diameter wire ‘
Intermediate 60-mesh Haynes 25 0.0014 inch | * Completc
bed plate—downstream | 0.007-inch diameter wire
Lower bed 60-mesh Haynes 26 0.0006 inch 0.0010 inch
plate 0.007-inch diametes wire

preparation at 50 X magnification. A gray, classical nitride layer is shown over the complete crack.
If the crack were due to nitriding, the layer would be significantly thicker at the basc of the crack
rather than the more uniform (surface area dependent) layer shown, The conclusion, therefore, is
that the nitriding progressed down the crack following its failure, and the crack itself is the result of
thermal fatigue. Further examples of this classical type thermal fatigue crack are presented in
Reference 4.,

The separation plane between the rigimesh injection element and the injector face is composed of
both weld material and parent injector body material. The nitride layer on these plancs is very
similar to that shown in Figure 62 and the failure mechanism is considered to be thermal fatigue.
During testing of this REA the injector was at clevated temperature in excess of 105 hours. In
comparison during REM-Mono qualification (an eight-REA program), the maximum time at
temperature on any single REA was 20 hours with the majority of the REA’s seeing 6.5 hours.

2.5.3 REA §/N 7 Catalyst Characterization

Following the teardown and inspection, the catzlyst from the Phase 1A test REA (S/N 7) was
characterized. Table XLVII compares the size distribution and crush strength test results with the
equivalent data from REA S/N 4 and sample REA which were subjected to the Phase I cold-start
test series. This crush strength data reverses the trend indicated by the Phase | cold-start tests. The
conclusion to which that data led was a definite weakening of the catalyst as a result of the
cold-start spikes. Conversely REA S/N 7 catalyst meets all the requirements of the RRC Acceptance
Test Procedure (MS-0110 ATP) and thus has not been weakened by its 22 cold starts or 500,000
pulses. This further confirms the changes in test procedure used on REA §/N 7 to eliminate ground
effects, i.e., gas poisoning, etc.

Table XLVIII presents the hydrogen chemisorption test results compared to all applicable previous
data. This table shows that the second batch of 90% attrited catalyst post RRC shrinkage data is not
appreciably different from the first batch, or the average for 50% attrited. The effect of 500,000
cycles of operation is shown, however, to decrease still further the hydrogen chemisorption, i.c.
metal surface area. As pointed out in paragraph 2.3.4 (Cutalyst Evaluation Test Results), the RRC
shrinkage procedure does stabilize the catalyst by minimizing the amount of surface area change
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Figure 61. REA S/N 007 Injector Face Following
500,000 Cycle Test (7X Magnification)
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Figure 62. REA S/N 007 Post Fire injector Body
Cutaway Showing Thermal Cracks
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Figure 63. REA S/N 007 Post Fire Injector Body Cutaway
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Table XLVII. Catalyst Characterization Test Results

Size Distribution(1) 25 - 30 Mesh
% by Weight
30 Mesh 40 Mesh 50 Mesh Fines
Phase | Fired sample (REA S/N4) 7948 10.01 3.04 7.47
Cold Start
Test Unfired sample 97.80 1.84 0.15 0.21
Phase 1A life test (REA S/N 7) 70.00 16.70 5.50 7.80
: Crush Strength Test Results
25 - 30 Mesh
Dimensionless  Dimensionless Weight %
Deflection at Recovery at <30 Mesh
1000 psi 20 psi After Test
Phase |  ( Fired sample (REAS/N4)  0.105 .. 0.0209 70.0
e Cold Start
> Test Unfired sample 0.0725 - 0.0155 82.5
» MS-0110 ATP <0.100  >0015 D75
'v“)} .
z Phase IA life test (REA S/N 7) 0.050 0.0190 83.6
14 - 18 Mesh
Dimensionless  Dimensionless Weight %
Deflection at Recovery at <18 Mesh
1900 psi "0 psi After Test
Phase ]  ( Fired sample (REAS/N4)  0.120 0.171 54.7
Test Unfired sample 0.113 0.0205 59.5
oo | Y T MSOI10ATP <0.180 - >0.015 >55
Phase 1A life test (REA S/IND 0.129 0.0210 59.5

(1) Percent retained on indicated mesh size screen
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Table XLVIIL. Hydrogen Chemisorption Test Results

25-30 Mesh
50% attrited as received (average) 390 u moles/gram
50% attrited after shrinkage 145 p moles/gram
90% attrised as received 356 p moles/gram
90% attrited after shrinkage 154 u moles/gram
90% attrited from cold-start REA 136 4 moles/gram
90% attrited from sample REA 155 g moles/gram
50% attrited from REM-Mono 122.6 u moles/gram
qual S/N 1001 SY REA
90% attrited after shrinkage 162 p moles/gram
(Phase 1A catalyst)
Phase A life test — REA §/N 7 108.9 4 moles/gram
14—18 Mesh
As received (average) 400 p moles/gram
After shrinkage 135 4 moles/gram
Phase 1 Fired REA (S/N 4) 139 u moles/gram
Cold Start
Test Sample REA . 144 p moles/gram
Phace IA Life Test REA S/N 797.6 97.6 u moles/gram

during firing. The data on Table XLVIII shows that without shrinkage the life test catalyst
hydrogen chemisorption would have changed by 247. 1 u moles/gram during the test. As a result of
shrinking however, the change in hydrogen chemisorption during the test was only 53.1 u
moles/gram.

Table XLIX shows the BET surface area and median pore radius determined by nitrogen adsorption
analysis. As shown, the BET surface area and median pore sizes for all samples are approximately
equal. A comparison of pore size distribution is presented on Table L.

Table XLIX. Nitrogen Absorption Test Results

25—-30 Mesh
BET Area Median Pore
m2/g Radius A©

As received after shrinking 47.9 56.4
Phase 1 Unfired sample 492 57.6
Cold Start
Test ) Fired sample (REA S/N 4) 48.8 58.9
Phase 1A life test (REA S/N 7) 48.6 59.9
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The catalyst characterization tests establish changes that do occur as the resuli of extended firing
(500,000 puises, 107,635 1bf-sec delivered impulse, 8.7 hours total burn time with over 500 Ibm of
propellant through the engine). Not yet firmly established, however is whether the material is
completely stabilized or will undergo further losses in surface area with accrued burn time, and
what tht magnitude of these losses will be.

2.5.4 Cold Start Catalyst Evaluation

The objective of the cold start catalyst evaluation test series was to characterize the effects on
catalyst attrition of the following:

a. Propellant inlet temperature
b. Initial catalyst bed temperature
¢.  Catalyst bed loading

A workhouse reaction engine design was adapted from the flightweight design to facilitate assembly
and disassembly of the engine in order to allow a large number of tests to be conducted on the same
hardware with a minimum of assembly and disassembly time.

This design, schematically presented in Figu.z 64, incorporates a catalyst bed configuration and
injector design identical to those empioyed in the flightweight REA. The major changes made are
those which allow the REA to be bolted together, the ‘ncorporation of a reusable O-ring joint
between the injector inlet and the thrust chamber valve, and additional instrumentation (upstream
chamber pressure, bed and gas temperatures). Also, in the interest of fabricatio.: economy and ease
of handling, the 40:1 expansion ratio nozzle was deleted as well as the heat shield. As a result of
difficulties with attaining a reliable seal between the .njector assembly and the thrust chamber, the
stainless steel O-ring was replaced with copper-asbestos seals (MS35769-30) early in the test series.
Similarly, the O-ring seal between the propeilant valve and injector assembly was extruded into the
flow passage, necessitating its replacement with aluminum gaskets fabricated by RRC. With these
two modifications the workhorse engines proved capable of accurately simulating flight-type REA
operation.

The workhorse REA test installation was identical to the flightweight REA installation (Figure 52)
with the exception of cell modification to allow two REA’s to be tested simultaneously in the same
vacuum ¢ank when operating conditions permitted (i.e. identical feed pressures and temperatures).
Vacuum chamber No. 4 schematically shown in Figure 51 was used for these tests. Table LI
presents the instrumentation list and recording method used for these tests. The test series as run is
included in Table LII, each test representing a new workhorse engine buildup. Following each test,
the engines were allowed to cool to ambient, removed from the vacuum tank, and sealed in a glove
box with a dessicated nitrogen environment where they were disassembled. This procedure
minimized catalyst weight gain which would result from oxygen or water adsorption. Following
disassembly, the catalyst weights were measured and the upper bed (25- to 30-mesh) catalyst sieved
to determine size distribution. This work also was accomplished in the glove box. Table LIl
presents the results. of these measurements for each of the tests conducted. The object of the first
four tests was to determine the number of cold starts required to see significant catalyst loss. These
tests were conducted at 65°F conditions to cnsure sufficient data on the effect of temperatures.
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Table LII. Catalyst Aitrition Tests

Feed Pressure | Bed Temp. at | Propellant | Number of
Test No.® psia Start, OF** Temp., °F Starts Remarks
5-1 350 40 40 5 4 sec on time each
5-2 350 40 40 10 2 sec on time each
5-3 350 40 40 15 1.3 sec on time each
5-4 350 40 40 20 1 sec on time each
5-5 350 40 40 10 2 sec on time each
5-6 350 65 40 10 2 sec on time each
5-7 350 120 40 10 2 sec on time each
5-8 350 300 40 10 2 sec on time each
59 350 40 65 10 2 sec on time each
5-10 350 65 65 10 2 sec on time each
5-13 350 40 120 10 2 sec on time each
5-14 350 65 120 10 2 sec on time each
5-1§ 350 120 120 10 2 sec on time each
5-16 350 300 120 10 2 sec on time each
5-21 225 40 40 10 2 sec on time each
5-22 225 120 120 10 2 sec on time each
5-23 100 40 40 10 2 sec on time each
5-24 100 120 120 10 2 sec on time each

NOTE: *The following tests above were conducted simnultaneously: 5-1 and 5-2, 5-3 and 5.4,
5-5 and 5-6, 5-7 and 5-8, 5-9 and 5-10, 5-13 and 5-14 and 5-15 and 5-16.

**During cool down, the warmer of the two catalyst bed temperatures was maintained
at temperatures indicated with an injector head heater.

The upper bed catalyst loss plus fines as a percent of the original load is plotted versus the number
of starts for these first four tests on Figure 62. Based upon these tests, ten starts werr selected for
the remaining tests. This represented the maximum potential for data within reasonable test time.
The constraint to maintain a 12-hour minimum cool-down time between starts constrained the
number of tests to be run within schedule. As shown on Figure 65, data beyond this point appeared
to be in the area of diminishing returns.

Figure 66 summarizes in matrix format the remaining tests which were conducted. Test data is
included in Table LIII, and upper bed catalyst loss is plotted as a function of initial bed temperature
on Figure 67. As noted from the data shown in Figure 67, the catalyst loss rates for repetitive starts
are mainly a function of the catalyst bed temperature. At a given catalyst bed temperature the loss
rates are not markedly affected by either propellant temperature or bed loading for the range of
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variables tested. It is strongly believed that the date average of approximately 1.5% loss at 300°F
bed temperature probably represents a reduction in catalyst weight from adsorbed water rather than
a true loss rate. If so, then the catalyst loss rates are reduced by a factor of five by increasing the

catalyst bed temperaiure from 40 to 90°F,
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SECTION I11

RELIABILITY AND MAINTAINABILITY ASSESSMENT

3.1 INTRODUCTION

This section presents the reliability analysis for the long-life monopropellant hydrazine engine as
developed by RRC for AFRPL under Contract FO4611-C-0036. The prediction is based upon
operational requirements and duty cycles specified by AFRPL and the final design configuration
developed by RRC.

32 PREDICTION SUMMARY

The predicted value for the subject engine, based on the Long-Life Monopropellant Hydrazine |

Development Program failure rate data shown in paragraph 3.3 and the following duty cycles is
0.177. The operational duty cycles incorporated in the prediction are:

Number of cycles (pulses) 1x 106
Number of cold starts 43
Cumulative operational (bui-n) time 17.5 hours
Length of mission (10 years) 87,600 hours

On the basis of overall hydrazine engine experience at RRC, the predicted value is 0.793 by
incorporation of the design modifications identified i this program.

3.3 FAILURE RATES

3.3.1 Discussion

The failure rates used in this numerical prediction are based on the test data generated by the
Long-Life Hydrazine Engine Development Program. This applies specifically to the failure rate for
hot pulsing.

. The continuous hot-pulsing data characteristic of this program indicated a dominant failure mode

specifically resulting from this type of operation. This mode (metal fatigue, cracking, and nitriding
in the injector area) is fully discussed in the technical analysis. It is apparent that design and
material changes will eliminate or minimize this failure, and the. failure rate will be greatly reduced.
However, the rate used herein is applicable to the present state of development, which is the level

requesth by paragraph 3.3 of the AFRPL Exhibit “A™.

The subject program testing indicated that 400,000 cycles of hot-pulsing were achieved before
tolerances or required operational limits of impulse parameters were exceeded. These data are used
in the formula below to derive the related failure rate.
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3.3.2 Failure Rate Derivation
The chi-squére model is used to derive failure rates from developed data, as follows:

Act = X227

Where:

Ac/t Reactor and injector (TCA) failure rate (failure/hour or failures/éycle)

X2 =  Chi-square percentile based on 2r + 2 degrees of freedom and a one-s1ded 50%
confidence level, and “r” = zero accountable failures

T = Cumulative test units in hours or cycles

Hence:

1,386
c/H (hot-pulse - program level) = m = 1.73x 10°6

3.3.3 Application

Table LIV presents the operating times and cycles (listed in paragraph 3.2), in combination with the
derived failure rates and the resultant exponent summations. The application of these values to the
prediction is discussed under paragraph 3.4. The predicted reliability based on these values is 0.177.

-

3.3.4 Applicable Data

Since this program identified specific design modiﬁcations. which should eliminate the observed
failure mechanism, a predicted reliability was evaluated for this configuration.

The failure mode associated with cold starts is a disturbance of the catalyst bed, leading to
out-of-specification impulse characteristics. Although RRC has developed a great number of purely
cold-start data, including that from the subject program, these are not sufficient to yield a valid
failure rate. They are sufficient, however, to yield a ratio for comparing the severity effects of
intermittent cold-start cycles to intermittent (noncontinuous) pulse-mode operation. This
comparative ratio, established by engineering judgement and data evaluation, is that cold starts are |
100 times more deteriorating to impulse characteristics than hot starts (pulsing) in the resultant h
catalyst bed failure mode aforementioned. Hence, as a base, RRC’s more than 3,000,000 cumulative
hot-start cycles are applied to the foregoing formula.

Similarly, steady-state thrust (‘“‘burn’) is considered to have a 50 times greater failure rate (made up
of combined fzilure modes) than pulsing. Steady-state “burn” is any pulse long enough to raise the
catalyst bed and injector to equilibrium tcmperature, generally variable from 0.5 to 10 seconds,
depending on the size and design of the unit. In this prediction, the cumulative **burn” time is
handled by a steady-state failure rate, this parameter being in addition to those of pulsing and cold
starts. ‘

Once again, applying the chi-square model of paragraph 3.3.2 yields:

1,386 _ -
2 (3,000,000) ~ 0-231x10

)‘c (intermittent pulsing ~ cumulative RRC data) =
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A;/c (cold-start) = 100 (0.23 x 10°0) = 23.1 x 106
A; (steady-state) = 50(0.23 x 100) = 11.6x 10°6

These failure rates are applied to the mission requirements of paragraph 3.2 in Table LV. As shown
‘on this table, the prediction for the final engine design is 0.793.

3.4 MATHEMATICAL MODELS AND CALCULATIONS

The reaction engine assembly operates in both the time and cyclic domain; therefore the analysis
combines appropriate time-related or cyclic-related failure rates.

The basic exponential distribution and failure relationship is assumed.

Therefore:
R P e'Kkt Tn
in which:
R = Reliability (probability of no failure)
At =  Failure rate (failures/hour)
T = Time (hours)
n = Number of identical elements
K = Failure rate modifier
Expressed in cycles, this becomes:
R = KA, Nn
in which.
A¢ = Failure rate (failures/cycle)
N = Number of cycles

Hence, for components that experience both types of failures (e.g., the thruster engine), the
following is used to express combined effects:

R = T+ AcN)

For this analysis, the éxponent is made a summation of the failure rates, times, and cycles for all

mission phases, when multiplied by “K” and *“n”, according to standard procedures, and listed in
the last column of Table LIV.

These are the basic building blocks used to derive the engine reliability consistent with the mission
profile. The data from Table LIV, discussed in paragraph 3.3, have been substituted as required in
the foregoing models to perform the reliability calculations. The summation values (last column of
Table LIV) provide the exponent for deriving the reliability.
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3.5 MAINTAINABILITY

The final design reaciion engine assembly requires no periodic maintenance during or following long
periods of storage. The reactor is an all-welded assembly, and is welded to the valve. Therefore, even

though refurbishment can be accomplished, the operation is a major disassembly and reassembly,
and not a normal maintenance action.
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SECTION 1V

CONCLUSIONS AND RECOMMENDATIONS

The major results and conclusions of the Long-Life Monopropellant Engine Development Program
are summarized as follows:

a.

The 90% water attrited catalyst has superior strength characteristics as compared to
standard Shell 405 catalyst (50% water attrited). It is believed that this is primarily the
result of better packing density because of a more spherically produced granule.

Materials of low iron content have superior nitriding resistance in the typical environment
of a monopropellant hydrazine rocket engine assembly. A laboratory test was successfully
developed to evaluate nitride resistance. Of those material evaluated, Hastelloy B appears
to offer superior nitriding resistance.

The catalyst bed may be temporarily poisoned by decomposition gas products and this
poisoning will result in significantly higher ignition delay time and increased catalyst
attrition.

With improvements in catalyst and injector design, a 5-1bf cngine was developed capable
of delivering 400,000 pulses and 80,000 Ibf-sec total impulse before significant change in
performance. This represents a fourfold increase in total impulse capability and a greater
than twofold increase in numbers of pulses over which it was previously qualified.

Material thermal fatigue has been identified as a major development problem in meeting
the requirement of the long-life 1,000,000-pulse duty cycle which includes delivering in
excess of 200,000 Ibf-sec total impulse.

Parametric tests on a simulated flight-type rocket engine assembly showed a significant
effect of initial catalyst bed temperature upon upper bed catalyst loss rates under
repeated ambient temperature starts. The effect of initial propellant temperature on these
loss rates was negligible on the range tested.

Catalyst characterization tests conducted on samples with various firing durations show
no effect of life on catalyst strength. These tests show a gradual loss in activity (hydrogen
chemisorption) with a corresponding growth in median pore size as a function of life.
These changes are minimized by thermal treatment of the catalyst upon its receipt from
Shell Development Company.

The analytical thermal program developed for this contract was verified by worst-case
thermal duty cycle operation. The resultant final design has been proven capable of all
duty cycles.

As a result of the work accomplished under the Long-Life Engine Development Program, it is
recommended that additional work be conducted in the following areas to complete the
development of this long-life monopropellant hydrazine engine:

a.

The materials program to evaluate nitride resistance should be continued to evaluate ail
candidate engine materials. This test should be expanded to evaluate material resistance
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to thermal fatigue. This evaluation should consider material types as well as processing
techniques. Materials identified as superior in this program should be substituted into the
long-life engine final design and subjected to the same life test duty cycle, with resuits
directly comiparable to the baseline established in this Phase I effort.

A more fundamental program to define and determine fully the mechanisms of catalyst
loss and sensitivities thereof is needed. Catalyst loss rates can be influenced by many
means, including cold starts, catalyst poisoning, continued hot pulsing, thermal shock,
etc. Until these mechanisms are fully understood, engine design solutions for long-life
may not be made on a rational engineering basis which may cover the combined effects of
large total impulse, high numbers of pulses, and a substantial number of cold starts.

It is recommended that the operational limits of the long-life engine final design be
determined relative to cold-start capabilities. The cold-start test series conducted in Phase
I were directed at establishing the trends of influencing variables on flight-type engine
catalyst attrition. Insufficient tests were conducted on the cold-start test series to
correlate performance degradation vith catalyst loss and/or number of starts. The
definition of operational limits corresponding to nominal performance limits will allow

mission planners to conduct tradeoff analyses (e.g., heater power and attendant weight
versus reliability with redundancy). '
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APPENDIX I - FACILITIES
v '% &

&
All test work on contract FO4-611-0036 was conducted at_.the York Center es{gmbenng test
laborabory, building 63. This laboratory was designed specifically to accommodate- -tgsting of rocket
engines and associated hardware. The test cell configuration is standard, about one-third being used
for sea-level test activities with the remaining two-thirds equipped for altitude testing. Seven
vacuum test chambers of the following sizes can be used for high altitude propulsion system tests:

) Diameter Length Max. Altitude
Chamber No. (ft) (ft) (ft)

: 1 7 22 400,000

! 2 5 6 : 300,000
3 5 ) 300,000 .- '
4 41/2 S 300,000
5 4-1/2 5 300,000 B
6 9 11 400,000 =
7 5 5 '

300 ooo .

Cells 1, 2, and 3 are shown in Figure I-1, and Cells 4 and 5 which were utlhzed on Contract
FO4-611-0036 are shown in Figure 1-2,

Thermal conditioning was provided by circulating ethylene glycol, methyl 'hlgohol.,"or'?liquid
nitrogen through the walls of a shroud surrounding the engine being tested. The type of fluid used
was a function of the temperatures required. When ethylene glycol or methyl alcohol was 'used asa

circulating fluid, it was heated wnth electric heaters or cooled with liguid mtrogen in a‘heat
exchanger system.

All firings at RRC are controlled remotely from the test control room (Figure I-3). This room
provides maximum protection for operating personnel by being constructed of reinforced concrete
and pressurized slightly by the building’s ventilation system. Injection of toxic vapbl:s into the
building through the inlet of the ventilation system is unlikely because of the remote low‘tnon of the
fresh air inlet in relation to the test cells. Fire protection systems, isolated power for
instrumentation, high-pressure nitrogen distribution, and remotely controlled propellant systems are
included in this facility. o
Data acquisition equipment was located in the control room area (Figure I-3). This'edriipment
includes analog, digital, and FM recording devices to meet varied frequency response and regl-time
data requirements of each test. A Monsanto Digital Data Acquisition System, shown in Flgure 1-4,
consists of a digital magnetic tape recorder with an integrated computer to perform ‘“‘engineering
units” computations. The system collected data from various rocket engine transducers (such as
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Figure I-3. Rocket Test Laboratory
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pressure, fuel flow, temperature) and records it on magnetic tape in IBM 360 compatible format.

The data was then processed by IBIM 360 computer to produce a printed output of required
engineering perfonnance parameters.

Test sequences were programmed by tape systems which control the firirg operations electronically.
Pulse width and frequency are independently variable over extreme ranges with minute accuracy,
and were programmed for each duty cycle,

To support the rocket test facility, a calibration unit periodically calibrates and maintains all
instrumentation. Records of each item of equipment are maintained to ensure accuracy during test
operations. Calibration standards used by the calibration laboratory are in turn checked for
accuracy and certified by a local metrology laboratory at regular time intervals.
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APPENDIX II - DATA REDUCTION

All data from the Phase IA life test was reduced from the digital data types on a Model 50 IBM 360
computer. The data acquisition/reduction flow chart is presented in Figure II-1, and a typical
computer printout is shown in Figure II-2, For all duty cycles tested, digital data acquisition was
continuous over at least a 10-pulse train. To compensate for line noise and/or zero shift, the five
samples of chamber pressure preceeding the valve open signal were defined as zero reference for that
pulse. At sample size and scan rates utilized, this is equivalent to 3 milliseconds prior to valve signal.
Valve signal was determined from the valve voltage measurement. Parameters determined from
chamber pressure measurement were:

a. Ignition Delay — Time from valve signal open to 1% of equilibrium chamber pressure
(steady state for pulse width >0.050 second; peak for pulse width <0.050 second).

b. Time to 90% — Time from valve signal open to 90% equilibrium chamber pressure.
c. Time to 10% — Time from valve signal closed to 10% equilibrium chamber pressure.

Roughness — Average maximum pressure minus average minimum pressure divided by the
mean chamber pressure. Measured over the last 10% of the electrical pulse width if greater
than 0.050 second. Not calculated for pulse widths less than 0.050 second.

e. Steady-State Chamber Pressure — Calculated only for pulse widths in excess of 0.150
second, defined as average chamber pressure over the last 10% of electrical pulse width. !

f.  Pulse Chamber Pressure Integral — Calculated for all pulses <0.150 second. Defined as the
overall time integral of chamber pressure from valve signal on to less than twice ambient {
pressure (unchoked nozzle). ' ;

g. Centroid — Time from valve signal to deliver 50% of pulse chamber pressure integral.

A s o

The foregoing parameters were combined with appropriate constants to calculate steady-state thrust
and pulse-mode impulse bit from:

F = Pc Aty Cfy ¢}
and: s
i = i
BIT Cfp Aty S P dr @
Where:
F =  Steady-state thrust
Pc =  Chamber pressure
Aty = Hot throat area
Crg =  Steady-state thrust coefficient
167
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o

Cfp =  Pulse-mode thrust coefficient

T =  Time

Hot throat area is calculated from the measured throat diameter corrected for thermal expansion of
the nozzle. This is accomplished by the following:

Aty = 7 (Dp?0.9925 [1 +2a (T, - 70)] @

Dt =  Throat diameter measured at 70°F

f
(]

Linear coefficient of expansion of nozzle material (Figure II-3)
Tty =  Throat temperature

Thrust coefficient for this 40:1 RAO nozzle was thoroughly mapped during the REM-Mono
development program. As a result of statistical correlation studies completed on this data, the
steady-state and pulse-mode thrust coefficients are described by:

Ct, = 1.791 - 3.957/P; 4)
Where:
Pc =  Chamber pressure, psia N
Cr, = 712656 x 104 T, - 1.49930 x 107 T,2- 6.73398 x 10°71 T3 +1.297716 (5
Where:
Tt = Flight thermocouple, °R

The pulse-mode data used to develop Equation (5) covered pulse widths of 0.011 to 0.066 second
duration. Equation (4) was therefore used for pulse widths greater than 0.050 second.

Steady-state propellant flow rate was determined from turbine flowmeters, the cyclic output of
which was converted to analog voltage prior to recording on the digital data system. Pulse-mode
flow rate was recorded via closed-circuit television to the propellant cart sight glasses. This raw data
was converted to mass consumed per pulse by the data reduction group and input via data cards to
the data reduction program. These flow rates were then combined with the foregoing parameters to
determine characteristic exhaust velocity and specific impulse. ‘

C*, = ff%—“-f ©®)
Where:
C*s = Steady-state characteristic exhaust velocity
g = Gravitational constant = 32.174 Ibm-ft/Ibf sec2
w = Equilibrium flow rate
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C.p = Atﬂsg Pc dr
¥p
Where:

C*p = Pulse-mode characteristic exhaust velocity
wp = Average propellant consumption per pulse

Steady-state specific impulse is calculated by:

F
bp, = %

Pulse-mode specific impulse is calculated by:

IpiT

I =
st Wp
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APPENDIX III ~ERROR ANALYSIS

An analysis was conducted to estimate the instrumentation errors which are ircluded in the reduced
performance data. These analyses are broken down into the three tain categories of reduced data.

Timing Errors ~ All measured times were calculated on the IBM 360 computer using the Monsanto
digital data tape. The Monsanto sampling rate is 20,000 samples per second, with 11 continuous
record ~~nnels and one multiplex channel. Since all times are measured from valve voltage, this
parameter was on continuous record as well as chamber pressure. This combination means that each
individual continuous channel is sampled every 0.0006 second, resulting in a maximum uncertainty
on any time measurement of +0.0006 second.

Instrumentation Errors — Table III-1 lists the basic accuracy of the instrumentation system utilizing
the Monsanto digital data acquisition system. As shown on the table, the overall accuracies assume
that each component in series could simultaneously bias the measurement in the same direction
(stacked tolerances). All of the pressure measurements shown on Table III-1 were calibrated
“end-to-end” with the use of a primary standard dead weight tester certified to 0.015% and
traceable to the National Bureau of Standards.

-~

Table III-1. Long-Life Monopropellant Hydrazine

Engine Development Program
| Instrumentation Error
Accuracy, 1% Full Scale
Parameter T
' Transducer Recording Combined

Chamber pressure l 0.2 0.1 0.3
Feed pressure ' 0.2 0.1 0.3
Ambient pressure 0.2 0.1 0.3
Temperature 1.0 0.1 1.1
Voltage 0.2 0.1 0.3
Propellant flow

Turbine meter, 0.5 0.2 0.5

redundant measurements

Sight glass 11.0 millimeter height accuracy (manual)

Performance Parameters — The overall accuracy of each reduced performance parameter is
determined by applying the appropriate influence coefficient to the uncertainty of the independent
constituent measurements and root sum squaring the results, Table 11I-2 combines these accuracies
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with the influence coefficients established for the REM-Mono REA (Reference §). Pulse mode
uncertainties are evaluated at worst-case condition of 0.020 second pulse width, 1.0 cps pulse

B e <

i frequency.
Table 111-2. Long-Life Monopropellant Hydrazine Engine
Development Program
Accuracy of Reduced Performance Parameters
Overall
Measurement Influence
Parameter -. : Parameter
Accuracy (,qemclent | Uncertainty|
Steady-state thrust
Measurements . 0.6%
Chamber pressure 0.3% . 0.0534 Ibf/psi o
Throat area 0.5% 39.09 Ibf/in?
Pulse-mode impulse bit -
Measurements | 0.9%
Integrated chamber pressure 0.7% 0.01080 Ibf-sec/psi o
Throat area 0.5% 0.695 1bf-sec/in2 .
Steady-state specific impulse e | o | q
Meusurements ' = 0.8% ’
Steady-state thrust - 0.6% 46.0 sec/lbm '
Steady-state flow rate 0.5% 9,635 1bf |
Pulse-mode specific impulse '
Measurements 1.3%
Pulse-mode impulse bit ' 0.9% 2,000 lbm-1 ' |
Pulse-mode flow rate 1.0% - 50,000 lbf-sec ‘
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