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ABSTRACT
2270 1,

The MIRA 150A thrust chamber assembly (TCA) Phase III program is reported in detail.
The operation and performance characteriétics of the variable thrust, bi-propellant
‘Tocket engine, and detailed description of the assembly and its component parts are
documented. The test history is presented, including tests under all specified
interface conditions and with expected extremes of envirommental conditions. The
integrated TCA having successfully completed its prequalification test program

w ~is shown to be ready for use in overall systems tests and ready for entry into a

formal qualification test program.
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1.0 INTRODUCTION

1.1 Purpose

The purpose of this report is to provide a description of the design, performance,
development, and testing of the MIRA 150A Thrust Chamber Assembly (TCA) and its sub-
assemblies and component parts. The time period covered is from 1 April 1964 to ¢

30 January 1965.
1.2 Contractual Coversge

The effort reported on herein was accomplished under JPL Contract Number 950596,
Modifications 10 through 16.

1.3 Background

The STL Surveyor Vernier TCA effort began formally on 18 April 1963 with a 1lh-week
Phase I feasibility demonstration program. This portion of the development program was
performed using company-built MIRA 500 hardware and demonstrated the following

objectives:

1. Feasibility of an electrohydraulic servoactuator to attain high speed and
reproducible variable thrust control.

2. Durability of an uncooled combustion chamber to withstand 300 seconds of
operation at 125 psia chamber pressure with an ablative throat, and at
150 psia chamber pressure with a tungsten throat insert.

3. An engine vacuum specific impulse of 295 1bf sec/lbm at the 150 1db thrust
level using & 73:1 expansion ratio nozzle.

In addition to fulfillment of the above objectives, the Phase I program included the
design effort to incorporate the basic features of the MIRA 500 throttle mechanism
(injector and flow control valves) into an integrated flight weight TCA design. This
design, called the MIRA 150, was sized to comply with the interface requirements of
the Surveyor spacecraft vernier propulsion system.

With the successful completion of Phase I, STL received on 25 July 1963 a six-month
Phase II contract to fabricate and test developmental hardware of the MIRA 150 design.
An additional two-nmonth period was added to this program, called the Fhase II Follow-
on, to effect advance fabrication of prequalification version of the MIRA 150 TCA,
called the MIRA 15CA TCA, and demonstrated the ability of the MIRA 150A TCA to meet

the following criteria:

1. Vacuum specific impulse of 292 1bf sec/lbm between 90 and 150 1lbs thrust and
260 1bf sec/lbm between 30 and 90 1lbs thrust, both with a 37.8:1 expansion

ratio.
2. Mixture ratio control between 1.4 and 1.6.
3. Engine survivability under the most severe mission cycle thrust program.

L. Dynamic response capability, both start-stop and variable thrust, adequate to
meet current spacecraft control requirements.

The Phase II program was brought to a successful conclusion by the end of March 1964,
whereupon the Phase III effort described herein commenced. ;‘
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1.4 Phase III Chronology

Phase III of the Surveyor Vernier TCA project formally (contractually) b.gan on 23 March
1964. The planning for the technical effort for this phase was described in the Develop-
ment Plan, STL Document 9730.4-64-1-43. A summary of the major milestones accomplished
during Phase III is presented in Table 1.4-1. These milestones are divided into three
categories — development and prequalification testing, fabrication/procurement and
acceptance testing, and major documentation — for convenient identification. o

The FPhase III development effort as described by Task 17 of the contract ran from
1 April to 1 August 1964. During this period, major development activities centez
around establishing the MIRA 150A configuration baseline. The injector design we
through a series of four modifications before the design was frozen. Fixed ares
injector tests were performed on the selected injector design to provide some basis
for evaluation of the possible use of the coaxial injector with a GFE throttle valve.
An slternate power source was subjected to a thorough analysis and evaluation. This
concept was rejected by JPL on 18 June 1964 in favor of a fuel-powered servoactuator
concept with overboard dump of fuel return flow. During the four-month development
period, TCA thermal control studies were performed to establish tkhe type of passive
thermal control surface best suited for the purpose. By 1 August 1964 all of the major
Phase III planning and testing documentation had been delivered to JFPL.

On 11 August 1964, the first major milestone of the prequalification test phase took
place wren a Phase III TCA was fired at the JPL Edwards Test Site. The prequalification
test pkzse may be characterized as that effort devoted to evaluation of the TCA undexr
the extreme limits of interface and environmental conditions and to gathering nominal
perforzance data at sea level and at altitude on a number of different HEAs and TCAs

to obtain the data needed for the Model Specification. From August on through

8 January 1965 prequalification tests were performed at either the JPL Edwards Test

Site (ETS) or the STL Inglewood Rocket Test Site (IRTS). On 27 Kovember 1964, a hot
firing centrifuge test was performed &t the STL Capistrano Test Site (CTS). This

firing was the only test performed at this site.

Phase III TCA hardware final assembly btegan in full swing during the last week of
September 1964 and progressed through 4 December 1964. At this time, a decision was
reached by JPL to terminate assembly of TCAs, head end assemblies (HEAs), and combustion
chamber and nozzle assemblies (CC & NAs). Hardware not assembled at that time was
packaged in an "As Is" condition and sent to Bonded Stores.

Final Frese III activities were devoted to: (1) finishing certain testing underway,
(2) prezaring the Final Report, including reduction of the November and December test
data presented therein, (3) preparing the remaining final documentation - parts list,
outline and mounting drawings, fabrication drawings and most importantly, the model
specification, (4) cleaning and packaging the hardware which were subjected to the
final prequalification tests, as well as all remaining contractually procured hardware,
and (5) preparing a tabulation of the disposition of all items procured on the

contract.
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2.0 SUMMARY

This document is the final report on the development program of a TCA for application
to the Surveyor spacecraft vernier propulsion system. The program was conducted under
contrect to the Jet Propulsion Laboratory, JPL Contract No. 950596, first initiated in
the first quarter of 1961.

The Thrust Chamber Assembly is designated MIRA 150A. It consists of two variable-area
cavitating venturi flow control valves to control the propellant flow rates; a sif
coaxial, variable-area injector element to maintain propellant injection velocitiey
propellant shutoff valves; a servoactuator; and an ablative-cooled combustion chasller
and nozzle assembly. The flow control valves and the injector element are mechanigally
linked and are positioned by the fuel-operated electrohydraulic servoactuator. The
ablative-cooled combustion chamber employs a herd throat insert in an ablative- lined
titanium case which is extended to become a radiation-cooled expansion skirt.

This final report describes the development since April 1964 of the above TCA components
and of the integrated TCA. It also presents the overall performance and control capa-
bilities of the TCA, and the associated test data and analytical effort.

The report is divided into the following main categories:

1. The introductory sections 1.0 and 2.0, in which background and chronology
are given.

2. The technical description of the final design, section 3.0, in which:

(1) The TCA and its major subassemblies and components are described in
detail.

(2) The TCA operation is explained.

(3) Values for performance~pafameters are given.

(4) Interfaces between the TCA and the spacecraft are defined.
(5) Detailed test data is not included.

Section 3 may be considered & TCA characteristics report.

3. The detailed review of the testing effort is given in sections 4.0, 5.0,
and 6.0. Section 4.0 reports on the HEA calibration and on the series of tests
specified in the acceptance test specification.. These are:

(1) Leak checking.

(2) Ablative throat or streak test.
(3) HEA acceptance firing test.

(%) TCA vibration test.

(5) TCA acceptance firing test.

Section 5.0 reports on the festing done in Phase III that did not involve
firings. This testing includes:
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(1) Functional acceptance tests of servoactuators, filters, and pilot valves.
(2) Laboratory testing under deep vacuum conditions.
(3) Component evaluation testing.

(4) Servoactuator power system studies.

Section 6.0, the largest section in the report, covers in detail all the i
riring tests, including discussion of the test hardware, the test setups,
the results and the derivation of the overall TCA performance parameters.

L, The theoretical effort, section 7.0, includes discussion of that work that
was primarily analytical in nature, such as theoretical internal ballistics,
the dynamic response analyticel model, thermal analytical computations, and

applicable fluid flow theory.

5. The remaining sections, 8.0, 9.0, 10.0, 11.0, and 12.0 cover other items such
as special test equipment, reliability, quality control, and references.

The integrated TCA design is shown to have demonstrated operational characteristics
satisfying the contractual requirements of JPL Contract No. 950596. Based upon the
demonstrated capabilities of the TCA design and upon STL's development record in
accomplishing program objectives within the time and cost constraints of the subject
Contract, the STL MIRA 150A TCA is now considered ready to be used in ground based
integrated spacecraft systems tests and ready to advance through qualification testing

to prove operational readiness.
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3.0 THRUST CEAMBER ASSEMBLY DESCRIPTION AND OFPERATION
3.1 General

3.1.1 TCA Description and Operation

The MIRA 150A TCA is a throttleable, liquid bi-propellant rocket engine with a thmst
capability of 150 1bs maximm to 30 1bs minimm; a 5:1 throttling range. The TCAZ
wvas developed for use cn the Surveyor spacecraft to provide thrust for velocity ..
correction and for attitude control during mid-course trajectory and velocity attén-
uation during lunar landing meneuvers. In this spacecraft control application, two
of the prime performance requirements are: . N

1. The TCA must be cpsble of smooth and continuous throttling.

2. ‘The TCA thrust response to spacecraft commands must be predictable and
repeatable.

The MIRA 150A TCA complies with the above requirements through mechanization of two
cavitating venturi flow control valves, a coaxial variable area injector and a
precision electrohydraulic servoactuator. These and other major TCA functional
components are described in the following paragraphs. The TCA 1is designed for long-
term compatibility with propellants by extensive use of 17-4 PH stainless steel and
Teflon sealing elements.

Teble 3.1.1-1 presents & brief summary of TCA physical and performance characteristics;
subsequent paragraphs, noted below, contain more detailed data.

Envelope: ' Paragraph 3.1.2
Mass Properties: Paragraph 3.1.3

Components and Sub-
assemblies: Paragraph 3.2

Spacecraft Interfaces: Paragraph 3.3
Performance: Paragraph 3.4

The MIRA 150A TCA is shown in Figure 3.1.1-2. Part (a) of this figure shows a cross
section of the TCA. It is comprised of two major subassemblies, the Head End Assembly
and the Combustion Chamber and Nozzle Assembly, as shown in Figure 3.1.1-3. An
exploded view of the Head End Assembly is shown in Figure 3.1.1-4.

3.1.1.1 Major Functional Components

The major TCA functional components are briefly described in the following paragrephs.

Detailed descriptions are contained in paragraph 3.2. A schematic diagram of the TCA
is shown in Figure 3.1.1-5 and is included for use as & reference during the following

discussion.
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MIRA 1S50A TCA Performance Summary

Thrust, 1b

Chamber Pressure, psia
Specific Impulse, 1bf-sec/lbm
(nominal delivered)

Expansion Ratio

Characteristic Length, in.

Thrust Coefficient

Characteristic Velocity, ft/sec
Service Life at Maximum Thrust, sec
TCA Weight, 1b

Mixture Ratio, MOX/HF

Oxidizer

Fuel

Total Engine Length, in.
Exit Diemeter, in.
Throat Diameter, in.

Feed System Pressure, psia

8p

L*

Cc*

291 (at 150 lbs thrust)
259 (at 30 1lbs thrust)..

32.8

17

1.74

5400 (at 150 lbs thrust)
00 )
8.3

1.5

90% Nitrogen Tetroxide
10% Nitric Oxide

Monomethylhydrazine
13.3

5-725

1.00

720
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Filter

(b) Three ~quarter View

Figure 3.1.1-2. MIRA 150A TCA

Servoactuator

8L422-6013-TU-000

Page 3-3

Combustion Chamber
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Figure 3.1.1-5. MIRA 150A TCA Schematic
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Propellant Filters

A pair of S micron nominal (15 micron absolute) filters are contained within the TCA to
provide filtration of supplied propellants. The filters are located immediately
downstreem of the propellant inlet ports and upstream of the flow control valves.

Flow Control thveg

Two cavitating venturi valves are used to control the flow rate and mixture ratio of
the propellants to the injector. In the range of TCA pressures and flow rates, the
rate of propellant flow through the valves is entirely a function of the position of
the pintles relative to the venturi throats and thus insensitive to downstream pressure.
Therefore, flow rate and mixture ratio are purely a function of the flow control valves
and independent of injector opening. The total stroke of the flow control valve

pintles (maximum to minimum thrust) is 0.155 inches.

Propellant Shutoff Valves

Two pilot-operated shutoff valves (normally closed) are used for start/stop control of
propellant flow. The valves are actuated to the open position by application of helium
pilot gas precsure. Valve closure and poppet seat sealing is achieved by a spring and
propellant pressure. The valves are closely coupled to the injector in order to
minimize downstream volume and, thus, minimize TCA start and stop times.

Eelium Pilot Valve

A solenoid-operated, three-way valve supplies pilot gas to the propellant shutoff
valves when energized with a DC signal. When de-energized, the pilot valve ports the
pilot gas volumes of the shutoff valves to atmosphere.

Variasble Area Injector

A coaxial, variable area injector provides the propellant velocities and patterns
necessary to maintain combustion efficiency throughout the throttling range. At low
propellant flows for minimum thrust the injector area is small and, therefore, the
propellant velocities are maintained at the high value needed for efficient operation.
The injector is configured such that a central pintle 1is stationary and area changes
are obtained by rectilinear movement of the injector sleeve through a total stroke of
0.0067 irnches during throttling from maximum to minimum thrust. Fuel flow is through
the center of the injector around the fixed pintle. Oxidizer flow is on the outside, .

on the periphery of the movable sleeve.

Servoactuator

The servoactuator receives spacecraft electrical commands and resolves these into rect-
{linear motion (position) of its ocutput shaft. The servoactuator has a built-in
position feed-back and, therefore, an electrical command for a specific thrust is
resolved into a specific shaft position. The output shaft 1s mechanically coupled

to the injector and flow control valves through the flexures and actuation arm; thus,
each servoactuator shaft position is translated into specific flow control valve and

injector settings.
Fuel (MMH) is the servoactuator working fluid and is supplied from a connection down-

stream of the fuel filter and upstream of the fuel flow control valve.

The total stroke of the servoactuator ocutput shaft is 0.17% inches.
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Actuation Arm/Flexures

The actuation arm and flexures mechanically couple the servoactuator, injector and flow
control valves. Flow control valve flexures are an integral part of each valve pintle.
Injector and servoactuator flexures are separate parts. The actuation arm is pivoted
on the head end body such that the lever armm from the pivot to each flexure is as

follows (refer to Figure 3.1.1-5):

Servoactuator 2.466 inches to left of pivot

Injector Sleeve 0.095 inches to right of pivot

Flow Control Valves 2.195 inches to right of pivot
As the servoactuator shaft extends, the injector sleeve and flow control valve pintles
retract. This motion reduces the flow area in the throats of the cavitating venturis
and the orifice area in the injector. Reduction of flow area in the throats of the

cavitating venturis reduces thrust, and reduction of orifice area injector maintains
injectant velocities for the reduced flow.

Combustion Chamber and Nozzle Assembly

The Combustion Chamber and Nozzle Assembly (CC & NA) contains, directs and expands the
gaseous products of combustion. Propellant combustion occurs in a 2.35 inch internal
diameter ablative-cooled zone (silica-phenolic liners). Gases then converge to a 1.00

inch diameter hard throat of JTA graphite. Expansion of gases from the throat is
through a silice-phenolic exit cone liner and radiation-cooled titanium skirt, with

exhaust occuring at a diameter of 5.725 inches. The entire outer case of the Combustim
Chamber Assembly is titanium with integral trunnions provided for spacecraft mounting
of the TCA. The overall length of the CC & NA is 10.5 inches; other parameters are

noted below and in paragraph 3.2.7.
Contraction Ratio (chamber area/throat area) = 5.5
Expansion Ratio (exit area/throat area) = 32.8
Characteristic Length (L*) = 17 inches

3.1.1.2 TCA Operation

The events involved in a iypical TCA operational sequence are as follows:
Pre-Start

The TCA is placed in & ready condition by pressurizing the oxidizer, fuel and helium
inlet ports to 720 psig (nominally) with their respective fluids. The pilot valve and
servoactuator are not energized at this point. Since the fuel inlet to the servoactuator
is upstream of the fuel shutoff valve, servoactuator null leakage occurs whenever

the actuator is pressurized. Locs of fuel by null leakage can be avoided by use of a
two-way (normally closed) solenoid valve connected to the servoactuator fuel outlet
ports. (Such a component is, of course, required for use of the TCA on the spacecraft;
however, STL was not required to design and develop this component.) In the pre-start
condition, propellant pressure in the FCV causes the servoactuator output shaft to

fully retract and, therefore, the "throttle position" is set at maximum thrust.
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Start

To start the TCA, electrical commands are sinultaneously applied to the servoactuator
and helium pilot valve (and actuator fuel outlet valve if used). Energizing the pilot
valve produces actuation of the shutoff valves, and propellant now flows through the
injector and ignites hypergolically in the combustion chamber. This sequence of events
1s shown graphically in Figure 3.1.1-6. The electrical signals to the servoactuator
cammend the desired thrust. The servoactuator response is sufficiently faster than the
pilot valve and shutoff valve cambination such that the desired thrust setting will be
in effect vhen ignition occurs. This, of course, assumes the delay of the null leakage

dump valve is negligible.

Throttling

Throttling of the TCA is accomplished by electrically commanding the servoactuator to
the desired thrust level(s). The electrical commands are resolved into specific output
shaft positions. The actuation arm and flexures move the injector sleeve and flow
control valves such that the commanded thrust level or profile is obtained.

Shutdown

TCA shutdown is achieved by removal of the electrical signals to the pilot valve and
servoactuator (and its outlet valve if used). Power removal results in closure of the
shutoff valves, shown graphically in Figure 3.1.1-6, and the TCA is restored to its
pre-start condition.

3.1.2 Envelope

The TCA overall size and shape are delineated in Drawing No. 107062 and are illustrated
in Figure 3.1.2-1.

3.1.3 Mass Properties

The mass properties of the 106570-1 TCA are given in Mass Properties Baseline Report
9730.4-64-3-6 and are summarized below.

Weight = 8.30 1b

Mament of Inertia About Trunnion Axis = 73.7 1b in.2

Center of Gravity Location = Nominally on the trunnion axis at its
intersection with the thrust exis (TCA centerline).

Minor design changes which have occurred since the baseline report was issued have not
affected the figures given below.

An Engineering Technical Directive (ETD), MIRA-OF-00l1, entitled "Determination of Weight
and Center of Gravity Location" was prepared. This ETD lists the procedures and equip-

ment required to determine the weight and center of gravity location of the TCA devined

by Drawing No. 106570-1.

e X
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3.1.4 Parts List and Drawing Tree

The MIRA 150A TCA Drawing Tree, revised 15 Jamuary 1965, is given in Figure 3.1.4-1.

The MIRA 150A TCA Indentured Parts List, revised 15 Jamuary 1965, is presented in
Teble 3.1.4-2. This parts list contains parts manufactured by STL or purchased to
STL specifications. Parts such as seals, lockwire, or fasteners, commercially avail-
able or covered by Military Standards, are not included in this indentured parts list.

] ﬂlg e
I |

The parts 1ist and drawing tree contain not only Phase III final design part mumbers
but also the Phase II Follow-on part nmumbers, where appropriate.

3.1.5 Specification Tree

|
\
The MIRA 150A TCA Specification Tree, revised 30 September 196k, is presented in
Figure 3.1.5-1. The specifications listed are as follows:

|

’ ' 1. ©Specification No. SK1-7, Model Specification MIRA 150A Thrust Chamber Assembly.

2. Specification No. EQL-94, Combustion Chamber Assembly.

Engine. This specification establishes requirements for the preservation,
packaging, and packing of both the assembled TCA and the Combustion Chamber
Assembly alone. The required shipping container as well as the package
configuration is defined on STL Drawing No. C-302148, Surveyor Vernier TCA
Shipping Container.  The package identification is defined on STL Drawing l
No. 302444, Marking Drawing, Shipping Container Surveyor Engine. |

|

’ 3. Specification No. PKk-2, Packaging Specification, Surveyor Vernier Rocket |
i

|

/e

. Specificetion No. EQ1-95, Head End Assembly, elthough shown on the specification
tree, this specification was not completed prior to phase out of the Surveyor
Project. However, two specifications, containing technical content planned for
inclusion in EQ1l-95, are available — Specification No. EQ5-5A, Injector
Assembly, and Specification No. EQ5-6A, Valve Assembly, Flow Control. These

- specifications cover Phase II Follow-on HEA parts defined on STL Drawing

No. 105461, Head End Assembly. These parts were reworked to the Phase III

configuration as noted in Paragraph 3.l.k.

!

|

Specification No. EQ2-25D, Solenoid Operated Three-Way Valve.
Specification No. EQR-42, Servoactuator, Electrohydraulic.

Specification No. EQL-T73B, Filter, Propellant.

® N o W

. Material and process specifications applicable to the CC & NA parts are as
follows:

a. Specification No. MI'3-9, Molding Compound, Chopped Silica Pabric
Reinforced Phenolic. This specification establishes the require-
ments for the molding compound used in manufacture of the liner
components.

b. Specification No. PR10-9, Compression Molding of Chopped Silica Fabric
Reinforced Phenolic Parts. This specification establishes requiréments
for molding the ablative molding compounds into the ablative liner components.

- r

2
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Specification No. MT'3-10, Silica Fabric Reinforced FPhenolic Resin Tape
and Broad Goods. This specification establishes requirements for the
material used in overwrapping the molded liner component pieces.

Specification No. PR 10-10, Laminating and Wrapping of Silica Fabric
Reinforced FPhenolic Resin Tape and Broad Goods. This specification
contains some of the requirements for the overwrapping operation.

Specification No. MT3-12, Grephite, Oxidation Resistant. This
specification defines the requirements for the oxidation resistant graphite
composite used in the throat insert, defined by Drawing No. 106544, and
chamber liner insert, defined by Drawing No. 106542.

Specifications No. MI'3-9 and No. PR1O-9 apply to the following parts: Injector Head
Liner, defined by Drawing No. 104L4S53; Exit Cone Liner, defined by Drawing No. 106543;
and Chember Liner, defined by Drawing No. 106541. Specifications Nos. MI3-10 and
PR10-10 apply to the Overwrap Liner Assembly, defined by Drawing No. 106558.

3.1.6 Log Book

The purpose of the "Quality Assurance log Book" is to (1) provide a complete 1list of
the parts and subassemblies constituting the particular TCA,
to the TCA and components thereof, and (3) delineate the tests performed in the TCA or
assemblies thereof. Thus, a permanent and current record is available for purposes of
accountability and traceability of all raw materials and purchased components assembled
into the TCA. Further, tests to which the TCA have been subjected are listed, and
limited items of test data may be included in the log. The log then becomes a single
gathering point for information related to assembly and testing of the engine so that,
if required, more detailed information can be searched out from this point.

The basic log book contains 13 form-type pages which are supplemented by pertinent
information such as component acceptance test reports, engine test data sheets, and
oscillograph data &s appropriate.

(2) document any modifications
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3.2 Components and Subassemblies

3.2.1 Flow Control Valve

Propellant flow control is accomplished by dual variable area cavitating venturi valves.
The cavitating venturi valves separate any oscillations in the combustion or injection
pressures fram the feed system. The flow through the cavitating venturis is independent
of downstream pressure and dependent only upon venturi inlet pressure and propellant
density &s shown in the following equation:

fo=cy A Vage (2, - ®)
= Mass Flow Rate

= Venturi Throat Area

= Discharge Coefficient
Propellant Density

= Inlet Pressure

= Vapor Pressure

<~v d_"d Pae) GQ >
"

Figure 3.2.1-1 shows the assembly drawing of the MIRA 150A flow control valve (Fev).
An exploded view is shown in Figure 3.2.1-2. The pintle contour is a paraboloid
resulting in a 1irear flow srea with stroke. Figure 3.2.1-3 shovs typical flow-stroke
data fram athrottileéd ergine firing.Figure 3.2.1-4 shows typical mixture ratio data for
a throttling run. .

The cavitating venturi valve operation is based on the fact that as liquid flow through
a venturi throat is increased by decreasing the pressure downstream of the throat, a
point will be reached at which no further flow increase will be experienced with further
decrease in the downstream pressure. The reason for this characteristic is that as the
upstream pressure head is increasingly converted to fluid velocity, the throat static
pressure finally reaches the vapor pressure of the liquid. At this point, some of the
liquid vaporizes. Further lowering of the downstream pressure merely creates additional
vapor (cavitation) at the throat, with the liquid flow rate reraining constant because
the flow controlling pressure drop in this system is between the inlet pressure and the

venturi throat pressure.

In a venturi with a well designed diffusing section downstream of the throat, cavitation
will occur when the downstream pressure is about 85 percent of the upstream pressure;
that is, a maximum of about 85 percent of the throat velocity head (which for low vapor
pressure fluids is equivalent to the upstream pressure) can be recovered in the diffusing
section of the venturi. Therefore, as long as the injector manifold pressure is less
than this velue of 85 percent of the upstream pressure,the propellant flow rate to the
engine will be a function only of the tank pressure and the venturi throat area.
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Pintle

Figure 3.2.1-2. MIRA 150A Flow Control Valve
Asserbly (Exploded View)
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Figure 3.2.1-5 shows the actual measured cavitating recovery pressure on the FCV during
a wvater flow test. The scale also shows the equivalent oxidizer flow rateg. This curve
can be used to help predict the lowest possible tank pressure allowable for a given

chamber pressure.

For example, & change in the FCV pintle contour could allow operation of the TCA at a
chamber pressure of 110 psia with an oxidizer tank pressure of approximately 350 + 20
psia. This would allow a pressure budget of the following approximate values:

Item ) Nominal Pressure Drop, psi
Filters ' 15
Shutoff Valve 10
FCv 67
Other Passages 25
injector 95
TotalAP 212 psi

This 212 psi pressure drop plus a chamber pressure (Pc) of 110 psia gives 322 psia to
the needed inlet pressure.

The 67 psi pressure drop for the FCV 'was derived assuming an inlet pressure to the FCV
of 335 psia (i.e., 350 minus filter drop of 15) end an 80% recovery (see Figure 3.2.1-5)
or 20% loss, thus, 67 psi drop (i.e., 0.20 x 335).

Further discussion of pressure budgets is given in paragraph 3.4.11.

The FCV pintle contours are paraboloids providing a linear flow area versus stroke over
the throttling range. The true flow area is difficult to predict since the flow at the
throat is not parallel to the centerline of the pintle nor parallel to the imrediate
parabolic surface. Though the later assurption is probably more valid, analysis shows
that either assurption (flow parallel to centerline or to surface) results in & linear
flow area versus stroke. A detailed analysis of the derivation of the proper shape of
the paraboloids for the fuel and oxidizer is given in Appendix A. A closed form
computer solution for the parabolic contour, and for the transformation to equivalent
coordinates through which a machinists grinding tool must move to cut the contour is
also available.

The flow discharge coefficient for both valves is assumed to be 0.92. Pintle contour
tolerances are held to * 0.0002 inches.

3.2.2 Propellant Filters

Filtration of propellants upon their entry into the TCA 1is necessary in order to avoid
the detrirental effects of contamination which can cause: (1) jamming of moving parts,
(2) seal leakage, and (3) disruption of established flow rates and combustion pattern.
Fuel and oxidizer filters are provided within the TCA irmediately upstream of the propel-
lant flow control valves and permit the propellants to be filtered as soon as they enter
the TCA. The two filters in each TCA are identical and interchangeable and provide the

degree of filtration noted below:
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M-Water Flow (Ibs/sec)

Figure 3.2.1-5. MIRA 1504 Flow Control Valve
Cavitating Recovery
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98% filtration of particles 5 microns in minimum dimension.

100% filtration of particles 15 microns in minimum dimension.
100% filtration of fibers 1000 microns or greater in length.

The filters must meet the requirements delineated in STL Specification No. EQ 1-73B and
Drawing No. C105183. The filter, shown in Figure 3.2.2-1 is constructed of Type 20L
stainless steel wire mesh, pleated and welded to 304 stainless steel and rings and core.
The closed end of the filter element contains a 10-32 tapped hole which is used to aid
installation and removal. Flow direction is from outside to inside, and the pressure
drop is 15 psi maximum for an oxidizer flow of 0.36 lb/sec or a fuel flow of 0.2k lb/sec.

Paragraph 5.1.2 discusses acceptance testing of the propellant filters and presents
test data acquired during these tests. .

3.2.3 Propellant Shutoff Valve

The TCA contains two propellant shutoff wvalves (s0Vs) for start/stop control of fuel
and oxidizer flow. The SOV outlet ports are closely coupled to the TCA injector in
order to minimize TCA start/stop times. The SOVs are pilot operated by gaseous helium
supplied at a nominal pressure of 720 psia fram a cammon helium pilot valve (see

paragraph 3.2.4).

Each SOV is camprised of a group of interchangeable component parts and utilizes the

"'TCA head end body as & cammon valve body; the head end body contains all pilot gas and
propellant porting. The SOV assembly and component parts are shown in Figures 3.2.3-1 (a)
A picture of the parts that are inserted in the head end body is presented in Figure

3.2.3-1 (b).

All metallic parts are stainless steel. The seals (Bal-Seals) are made of Teflon with |
a stainless steel spring insert. The valve seat is sized to mate with a standard Teflon

O-I'ing .

In the absence of pilot gas pressure, the SOV is closed with the poppet-to-seat seal
maintained by a closure spring and propellant pressure. The spring will provide valve
closure in the absence of propellant pressure. With the application of helium gas
pressure, the valve piston moves downward (reference Figure 3.2.3-1 (a) ) opening the
poppet and cocpressing the closure spring. Upon removal of pilot gas pressure, the

( valve poppet is closed by propellant pressure and/or closure spring force. Pilot gas
threshold pressures for opening and closing the valve are noted below.

1. Valve initially closed.
Propellant Pressure = T20 psia
Pilot gas opening threshold pressure = 400 psia:
(1.e., valve will open vhen pilot gas pressure reaches approximately 400 psia).

2. Valve initially open.
Propellant Pressure = 175 psia (corresponds to thrust of 100 1lbs).
Pilot gas closing threshold pressure = 150 psia: )
(i.e., valve will close when pilot gas pressure reaches approximately 150 psis
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(b) Closeup Photograph
Figure 3.2.2-1. MIRA 150A Propellant Filter
54
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105117-2 Cop for -3
Torque to 325 +25 in-lb
106796-2 Cop for -1 ond 2
Torque 1o 325 £25 in-lb

— Y
200-20 Bol-Seal
106657-1 Pis'on——\/ ]
200-12 Bol-Seal v | B:

200-10 w-Seal\
4 - . .

106656-1 Sleevo\J s \

200-15 Bcl-Seal\

106670-1 Wosher\/

~ /V /

2-17T o-aamh%/

1067981 Poppet /

MS 24585-182C1 Spring

(a) Shutoff Valve Cross Section

(b) Closeup Photograph of Shutoff Valve Kit Parts

Figure 3.2.3-1. MIRA 150A Propellant Shutoff Valve
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" It 1is noted that opening and closing threshold pressure may vary + 50 psia from the
- values shown because of tolerances essociated with spring force -and seal friction.

: The basic SOV design was developed during the Phase II effort and refinements were
incorporated during Fhase III. These refinerents and the testing thereof are discussed
in -paragraph 5.3, SOV Component Evaluation Test Seriés. Envirorrmental testing of the

SOV is discussed in paragraph 5.2, Deep Vacuum Tests.

3.2.4 Helium Pilot Valve

The TCA contains a single, solenoid-operated, helium prilot valve for supplying and
removing gaseous helium to and from the two propellant shutoff valves. The pilot
valve is a three-way, two-position design, and its performance is an important factor
in TCA start/stop operation. The pilot valve is attached to the TCA head end body
such that its pilot (outlet) port is connected to the pilot gas inlet/outlet of both

propellant shutoff valves.

Pilot valves were procured fram two sources under STL Specification No. EQ 2-25D and
Drawing No. C1l04337. During the early part of the FPhase III effort, orders were
Placed with only one vendor. At that time, the possibility of delivery delinquencies
appeared. Therefore, & second source was established and additioral pilot valves were
ordered. The two helium pilot valves are shown in Figures 3.2.4-1 and 3.2.4-2. The
initial design, Part No. C104337-1 was finally chosen to beccme the camponent part of
delivered TCAs and was used exclusively in the prequalification test program.

In operation, the inlet to the pilot valve is normally pressurized with gaseous helium
at 720 + 20 psia with a meximum possible inlet pressure of 850 psia. Inlet poppet
closure is maintained by a spring to achieve a maximum allowable helium leakage of 10
scc/hr at 850 psia. With the valve de-energized and (inlet poppet closed), the vent
and pilot ports are connected and the pilot gas portion of the propellant shutoff valves
i1s now vented to atmosphere. Upon energizing the pilot valve solenoid, the armature
moves thereby opening the inlet port and closing the vent port. Thus, with the pilot
valve energized, the vent port is closed and the inlet port is connected to the pilot
port with the result that propellant shutoff valves are actuated to the open position.
With the pilot valve energized and the vent port closed, the raxirmum allowable leakage

across the vent poppet is 10 scc/hr at 850 psia.

Electrical power for operation of the pilot valve is 15 watts maximum; voltage require-
rents are noted below.

Minimum Actuation Voltage: 16 vdc for one second (pull-in)
Minimum Hold-in Voltage: 13 vde

Maximum Actuation Voltage: 23 vde

Meximum Applied Voltage: 26 vdc for 5 minutes

The valve inlet port must be pressurized to approximately 400 psia in order to obtain
valve actuation upon energizing the solenoid. Also, the pilot port must be capped or
connected to a fixed volume to permit the armature to return to its unactuated position

upon removal of power from the solenoids.

Sl
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Pilot Port

Inlet Port

Inlet Poppet (Nylon)

\ - -, . S

AL

N
///////1/

Vent Poppet (Teflon)

(a) Section View

(b) Closeup Photograph

Figure 3;2.'h-1. MIRA 150A Helium Pilot Valve
STL P/N C104337-1

Spring
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Solenoid
Spring
Vent Port
. - Pilot Port
oyt o £

Inlet Port Vent Poppet (Teflon)

Inlet Poppet (Teflon
ppet { ) Armature

Figure 3.2.4.2. Alternate Helium Pilot Valve

STL P/N C104337-2
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The magnetic circuit of the Cl04337-1 valve is high permeability iron coated with
electroless nickel plate. The first lot of C104337-2 valves had a similar magnet
circuit. On a second lot of C104337-2 valves, stainless steel replaced the nickel
pPlated iron. The Cl0O4337-2 design used Teflon on both the inlet and vent poppets
vhile the -1 design used Teflon on the vent poppet and nylon on the inlet poppet.

Paregraph 5.1.3 presents data fram acceptance testing of the helium pilot valves.
Pertinent envirommental test data is in paragraph 5.2, Deep Vacuum Tests. Pilot
valve cycle life data is contained in paragraph 6.4.3, Cycle Life.

3.2.5 Variable Area Injector

The HEA injector is a single element, coaxial type injector. The single moving
injector element, the sleeve, is mechanically linked to the flow control (cavitating
venturi) valves and to the Bervoactuator. Thus, as the propellant flow rate increases
the injector orifice areas are simultaneocusly increased.

The injector has several unique characteristics:

1) The use of coaxial impinging sheets provides uniform circumferential
propellant distribution in the combustion chamber.

2) The cambustion zone is removed fram the injection ports, minimizing
coupling with the feed system.

3) The single moving injector element controls the injector gaps accurately
to maintain the proper absolute and relative injection stream velocities

over the entire throttling range.

4) Streaking and uneven heat flux to the chamber, faceplate and throat is
minimized by the type of boundary layer generated.

5) The injector is not required to be a flow control mechanism - the cavitating
venturi flow control valves have this function - thus the injector can be
adjusted for optimum combustion efficiency. For example, the injector flow
gaps can be set for wider tolerances than would be allowable if the injector

controlled flow.

6) The injector geometry, impingement angles, pressure drops, flow rates and
gaps ere relatively easy to adjust and/or modify during developmental testing

and calibration.

An exploded view of the injector is shown in Figure 3.2.5-1. A scaled injector cutaway
drawing is shown in Figure 3.2.5-2.
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Figure 3.2.5-2. MIRA 150A Injector Assembly
(Section View)
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As the flow of propellants is reduced linearly by the servoactuator, the fuel and
oxidizer injector gaps are reduced simultaneously. The MIRA 150 injector orifice
diameters, metering angles, and gaps are designed and adjusted to provide a nominal
pressure drop for oxidizer and fuel as shown in Figure 3.2.5-3. The oxidizer to fuel
momentum ratio, Movo’ is kept approximately equal for the entire thrust range.

Meve
The injector sleeve stroke on the MIRA 150A is 0.0067 inches of travel fram 30 to 150
1bs of thrust and the gap at the minimum thrust level (30 1lbs) is approximately 0.0017
inches. Although this gap is quite small, the injector pressure drop at the low thrust
level is relatively insensitive to fabrication tolerances.

Further discussion of pressure budgets is presented in paragraph 3.4.11.

Injector development and performance test data are discussed in paragraph 6.2.

100 -
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Figure 3.2.5-3. Typical Injector Pressure Drops
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3.2.6 Electrohydraulic Servoactuator

The servoactuator converts thrust control electrical signals into output shaft position.
It is powered with 720 psia fuel (MMH) from the spacecraft vernier engine fuel system.
Two servoactuator designs are discussed herein - The Phase II Follow-on design and the
Phase III design. Both designs are conceptually identical and operationally similar,
but differ in stroke, electrical connector location, other minor design areas, and

detailed performance.
The servoactuator design is shown in Figures3.2.6-1, -2, -3, and -4. A schematic of

the servoactuator is shown in Figure 3.2.6-1 and is applicable to both the Phase II
Follow-on and the Phase IIT units. Figures 3.2.6-2, -3, and -4 apply only to the

Phase III units.

. The actuator consists of a double coil, torque motor which positions a single nozzle
" flapper fluid amplifier.

Control pressure from the first stage amplifier positions a
second-stage, three-way spool valve, which in turn supplies pressure to a balanced
power piston which positions the load. A feedback spring mechanism 1s connected from
the output shaft to the torque motor armature, insuring positioning accuracy. A
pressure port filter, rated at 5 microns nominal, is installed to preclude inadvertent
actuator contemination during handling and installation. In the TCA installation, the
MMH flowing through this filter has already been filtered by the TCA filters described
in paragraph 3.2.2.° An additional internal servoactuator filter, rated at 2 microns

nominal, protects the orifice and nozzle.

The differential command current signal to the two servoactuator torque motor coils
varies from a nominal value of -72 ma at 150 lbs of thrust to +70 ma at 30 1lbs of
thrust. The permissible thrust to[&I hysteresis and linearity envelope allows a small
actuator over-travel. The[&I signal is superimposed on a DC quiescent current of 4s
ma per coil to insure correct current flow direction throughout the throttling range.
A 400-cps differential current dither signal of 5 ma peak-to-peak is superimposed on
the command[&l signal to reduce actuator hysteresis and deadband.
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Figure 3.2.6-1. MIRA 150A Servoactuator Schematic
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Figure 3.2.6-3. MIRA 150A Phase III Servoactuator
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A typical extend mode function is as follows (refer to Figure 3.2.6-1). A differential
current signal to the torque motor moves the flapper away from the nozzle, increasing
the effective nozzle area and allowing an increase in fluid flow through the nozzle.
The nozzle control pressure, P., acting on the right hand side of the second stage
spool decreases, because of th% increase in effective nozzle area. The unbalanced
second stage spool moves to the right until a force balance equilibrium is obtained,
and ports fuel at high pressure, P,, to the right side of the output piston. The left
side of the output piston is porteg to the low return pressure, P,. The piston and
output shaft assembly then extends to the left. As the desired pdsition is approached,
the feed back mechanism exerts & torque on the armature opposing the original cammanded
torque. When the desired position is reached, the feedback torque exactly balances the
cammanded torque and the flapper is then in the original or null position. This null
position of the flapper results in increesing the nozzle pressure to its original or
null value and returning the second stage spool to the center. Thus, for any steady
state position of the output shaft, the flapper and second stage spool are always in
the mull or center position, except under one circumstance. This occurs when the torque
motor receives a signal for an extreme position of the output shaft beyond the position
its mechanical stops will allow. For example, a -80 ma signal to a servoactuator whose
mechanical stops are set for a position corresponding to a signal of -75 ma will result
in the flapper and second stage remaining away from the null or center position until
the signal is changed to -75 ma or less (i.e., lower negative amperage or positive

signal).
Dynamic throttling performance for the TCA for frequencies up to 10 cps are totally a

function of the servoactuator dynamic response. Details on a matheratical model dealing
with TCA dynamic performance are presented in STL Report 8422-6014-TV-000.

Table 3.2.6-5 1ists servoactuator documentation and associated drawing numbers. Table
3.2.6-6 1lists rajor servoactuator specification requirements when operating on MMH. -
Figures 3.2.6-7 and -8 support Table 3.2.6-6. Figure 3.2.6-9 graphically defines
certain dynamic performance parameters '

A passive resistance network was designed to allow a change in position gain of the
Phase II Follow-on servoactuators to simulate the Phase III gain. This network allowed
the input impedance to remain constant and also allowed the position of the extend stop

to be altered by changing resistance values.

The formula for calculating.the fuel dumped for a mission profile, shown below, is based
on a piston area of 0.17 in", and a 100% stroke for -70 to +70 ma naminal signal range

g with no overshoot.
Total Volume Flow = V = 12t + (2)(£)(60)(x)(t)(.17) in3

= 12t + 20.4 fxt, 1n.3
V = Totel Volume, in.3

t = Time, min.
f = Frequency, cps

x = Actual Storke, in.

Total Weight Flow = Volume (V) times fuel density (Q) = v(0.0316) 1bs
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This relationship is plotted in Figure 3.2. 6-10 for the Phase III servoactuator. This
figure can be used for determining fuel flow rates for any combination of stroke and
|

frequency.

Calculation of typical (i.e., for typical mission profiles) fuel dump weights for Phase
III servoactuators, using Figure 3.2.6-10, are given below.

Time b o M Weight VWeight - Three
Mode (secs) (cps) Stroke (1b/min) (1ibs) Actuators (1bs)
270-sec total 50 T Stop-to-Stop 1.2 1.01
duty cycle 220 1 6.7% (10 1bs .38 1.39
(4.5 minutes) thrust)
Totals 2.40 7.20
L4L80-gec total 50 7 Stop-to-Stop 1.21 1.01
duty cycle 430 1 6.T% .38 2.72
(8.0 minutes)
Totals 3.73 11.19

Table 3.2.6-5

Servoactuator Documentation ‘

Phage II
. Follow-on Phase III
Part Number Cl04312 B C219217 A
Serial Numbers C53747 to €53752 C55390 to C55407
) Specification EQ 2-23B Amended EQ 2-42 |
by 9354 .4-149
9354 .4-167
Specification Control Drawing C104312, Revision B C219217, Revisgion A
Acceptance Test Procedure 9354 .4-140 9354 .4-255
Quantity Procured 5 18

T m'
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Table 3.2.6-6

Servoactuator Major Specificetion Izgquirements

Parameter

Operating Differentia.l- Pressure
Burst Pressure

Weight

Loading
Input Signal

Dither Input Signal

Hysteresis

Deadband

25% Stroke Step Response
Rise Time
% Overshoot
Settling time

100% Stroke Step Response
Rise Time

Frequency Response
Amplitude Ratio

Phase lag
Static Shelf Life

Endurance

Operating Altitude

Operating Temperature
Storage Relative Humidity

‘Mull Leakage

A. Commgon to Both Phase II Follow-on and Phase III Units

Required Value

635 to T4O psia
1720 psia
1.7 1bs max, dry

15 to 25 1bs compressive, + 4 to + 10
lbs friction, 0.01 slugs max inertia

+ 70 ma AT normal, + 120 ma AI con-
tinuous overload

5 ma peak-to-peak AI at 400 cps

Léss than 2.5 ma or 15% of anyAI
excursion, whichever is greater, and
within envelope

2.5 ma maximum

40 ma maximum

23% maximum
65 ma maximum

40 ra maximm

«97 min @ 5 cps, 15 ma peak-to-peak
20° max @ 5 cps, 15 ma peak-to-peak
2 years

20,000 cycles minimum @ + 70 ma, 1 cps
sinusoidal input

100 hours in Cis-lunar space
0 - 100°F

3 to 95% throughout a temperature range
of 32 to 100°F for 2 years

12 1n.3/min maxinmm
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Table 3.2.6-6 (Continued) '
B. Different for Phase II Follow-on and Phase III
Parameter Required Value
Phase 1I Follow-on Phasgse III
Proof Pressure 1050 psia 1035 psia (1035 psig
at sea level
Nominal Stroke 0.253 stop-to-stop 0.1836 stop-to-stop
. 0.233 at + T2 ma Al 0.174 from 30 to 150
1bs thrust
0.172 at + 70 ma AI
Quiescent Current k2.5 + 2.1 ma/coll © b5 + 2.1 mafcotl
Coil Impedance 400 + 20 ohms/coil DC 400 + 20 ohms/coil DC
625 ohms/coil max at
. 400 cps
Dielectric Strength 2 ma max current at 5 megohms min at
500 VDC, pin to ground 125 VDC, pin to
ground
Lipearity per Figure 3.2.6-7 per Figure 3.2.6-8

3.2.7 Combustion Chamber and liozzle Assenbly Description and Operation

The coambustion chember and nozzle assembly (cc & NA) is that portion of the TCA that
contains, directs and expands the gaseous products of combustion. A cross section view
of the CC & NA is shown in Figure 3.2.7-1 and an exploded view 1is presented in Figure

30207"20

The CC & NA is composed of six rajor parts; & cambustion chamber liner, an exit cone
liner, a throat insert, a convergent section insert, an injector head liner, and a metal
case. These gix major parts are fabricated fram three different materials; a silica-

phenolic ablative material, JTA graphite, and Titanium 6 Al1-LV alloy.

The injector head liner, cambustion chamber liner, and exit cone liner are machined as
detailed parts fram silica-phenolic billets. The raw stock billets are molded from %"

x 4" squares of pre-impregnated silica-phenolic material in a closed metal die and
pressure cured at 2000 psig minimum for 4 hours at 10°F. The billets are then post-
cured in a circulating air oven for 24 hours at 310°F. The uncured ablative material
molding compound is composed of 23 to 2T% resin solids and 2 to 5% volatiles by veight.
The remaining material is 98%, or better, pure silica reinforcement material. The
resulting molded billet has a minimum specific gravity of 1.77, an average Barcol hardness
of 70, and less than 0.5% by weight of uncured material. The raw material billets are
radiographically inspected before machining into detailed parts.
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Figure 3.2.6-9. Servoactuator Step
Response Definitions
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Figure 3.2.6-10. Phase III Servoactuator
Fuel Flow Rates
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The nozzle throat insert and convergent section insert are machined as detailed parts
from JTA graphite billets. JTA graphite is chemically composed of 4,84 carbon, 35$
zirconium, &% boron, and 9% silicon by weight. Durigg the hot press molding process,
graphitization is accamplished at approximately 2500°C. Radiographic analysis of a
finished billet shows carbon, zirconium diboride, and silicon carbide as the chemical
products present. The finished billet has a minimum specific gravity of 3.0 and is
radiographically inspected before machining into detailed parts.

A unique feature of JTA is its oxidation resistance at high tenperature. This character-

istic is provided by a surface coating of oxides (e.g. Si 0,) that forms during the high
temperature use and which wets and coheres to the basic JTA"substrate. Thus, the
characteristic is a function of the use temperature and of the shear forces and boundary
layer conditions which could strip the molten surface coating away.

The metal case is machined to its final configuration from solid bar stock material
camposed of 90% titanium - 6% alumimum - 4% vanadium by weight (T1-6A1-4V) alloy. The
metal case retains the ablative liner assembly, provides trunnions for mounting to the
spacecraft, and is the unlined aft portion of the nozzle divergent section from an area

ratio of 13.5 to 32.8.

Upon campletion of the machining of the detailed parts, the nozzle insert and convergent
section insert are bonded into the cambustion chember liner and exit cone liner using a
high terperature adhesive. The ablative liner assembly is then overwrapped with a
silica-pherolic broadgoods cloth. The uncured silica-phenolic material used for this
operation is composed of 29 to 33% resin solids and 3 to Tk volatiles by weight. The
reraining raterial is 98%, or better, pure silica reinforcement material. Following
the overwrap process, the part is pressure cured at a minimum pressure of 200 psig for
6 hours at 310°F followed by a post-cure cycle of 24 hours at 310 F in an air circulating
oven. The resulting cured overwrap material has a minimum specific gravity of 1.70, an
average minimum Barcol hardness of 70, and less than 0.5 percent uncured material by
weight. Following the post-cure cycle, the abletive liner assembly is radiographically

inspected to assure conformance with specified requirements.
The campleted ablative liner assembly after machining to final configuration is assembled
to the reraining portions of the CC & NA (see Figure 3.2.7-2). The CC & NA is pressure
checked as a camponent at 110 + 5 psig in accordance with Engineering Test Directive ETD
MIRA-2F-001 before it is installed on an HEA injector.
The CC & NA has the following naminal physical characteristics:

Overall Length: 10.090 inches

Largest Diemeter: 6.000 inches

Internal Diameter: 2.350 inches

Throat Diameter: 1.000 inch

Exit Diameter: 5.275 inches

Contraction Ratio: 5.5

Ablative/Radiation Skirt Interface Area Ratio: 13.5

Characteristic Length: 17 inches ,

(
Weight: 2.6 1lbs ’I’
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The CC & NA has the following operational characteristics:

1. Throat erosion 1s zero and case temperatures will not exceed 2000°F during or
following operation under operating conditions of 100,000 feet altitude vacwuum
enviromment, 1.6 mixture ratio, 100°F propellant temperatures, maximum thrust
of 150 pounds for a total of 300 seconds consisting of three starts with a
maximum single firing of 180 seconds.

2. The total weight loss of the CC & NA as a result of an accumulated 300-second

firing under the operating conditions described above will not exceed 7.8 per-
cent of the pre-fired weight.

Additional inforration on the CC & NA development is given in paragraphs 3.4.9, 3.4.10,
and 6.4,

4 "L"
1 =
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3.3 TCA/Spacecraft Interfaces

The paragraphs herein define the mechanical, electrical, pneu::atic/hydraulic , and thermal
control interfaces. Drawing No. 107062 or Figure 3.1.2-1 may be used as a reference for
the dimensional relationships of the various interfaces.

3.3.1 Mechanical

TCA mounting provisions conform in general to Hughes Aircraft Company (HAC) Drawing No.
276594, Rev. A, dated 20 April 196k. The TCA is designed to be mounted on the space-
craft using trunnions which are an integral part of the TCA combustion chamber and
nozzle assembly. The mounting trunnions are normal to the TCA thrust axis and their
centerline passes through the TCA center of gravity.

During attachment of the TCA to the spacecraft, nozzle centerline alignment may be
achieved by using a special aligmment tool, P/N XT106429, designed for this purpose.
Installation procedure and use of the alignment tool is described in STL Document No.
9730.4-64-54, Informal Operating and Maintenance Instructions, revised 14 September 196k .

3.3.2 Electrical

The TCA contains two items which must be electrically connected to the spacecraft; the
helium pilot valve and the electrohydraulic servoactuator. The electrical interfaces
conform in general to HAC Drawing No. 27659%, Revision A, dated 20 April 1964. Electrical
pover for these items is required only during operation of the TCA.

3.3.2.1 Helium Pilot Valve

The helium pilot valve is a DC solenoid-operated device. It is electrically connected
to the spacecraft by two wires, each fitted with a wristlock disconnect connector,
Thomas and Betts P/N B-14D. The pilot valve is not polarity sensitive and thus, either
wire may be grounded. The mating spacecraft connector is also a Thomas and Betts P/N

B-14D.

Maximum input power is 15 watts and the minimm pilot valve coil resistance is 45 olms.
Input voltage requirements are as follovs:

Minimm Actuation Voltage: 16 VDC for one second (pull-in) followed
by 13 VDC continuously ?holding)
" Maximum Actuation Voltage: 23 VDC
Maximm Applied Voltage: 26 VDC for 5 minutes

3.3.2.2 Electrchydraulic Servoactuator

The servoactuator (S/A) is a dry-coil torque motor device. It is electrically connected
to the spacecraft through an electrical receptacle (Bendix P/N PTO 2H-8-LP) located on
the servoactuator. Polarity of the electrical connection is important. The mating
spacecraft connector is a MS 3116 and must be wired in accordance with the following

schematic:

5%
[ ?
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s/A — Bendix P/N PTO 2i-8-4P Receptacle '

I~ == —:J/ s -——MS 3116 Connector

o ]

I Blk. | cB _

I € Red DWD N

|

L - —

Current Input S/A Output Shaft Position

AB = CD Mid-position (Mid Thrust)
AB> CD Extends (Min Thrust)
CD > AB Retracts (Max Thrust)

Pertinent servoactuator electrical interface values are as follows:

Differential Signal Current: 70 ma (Norral)

I+

+ 120 ma (Overload Capability)
Quiescent Current: 45 + 2.1 ma/coil
Coil Impedance (maximum): 625 ohms/coil at LOO cps

400 ohms/coil DC

Dither Differential Signal
Current: 5 ma peak-to-peak at 400 cps

3.3.3 Pneumatic/Hydraulic

The TCA is designed to operate from a pressure regulated feed system of pilot gas and
propellants. The TCA is also equipped with fittings/ports for servoactuator fluid
outlet, pressure instrumentation, and connection to ground supply propellants. The
following peragraphs define each of the pneumatic/hydraulic interfaces.

3.3.3.1 Pilot Gas

Helium pilot gas is supplied to the TCA by connection to the MS 33656E3 inlet fitting
on the helium pilot valve. The pressure at the interface is 720 + 20 psia during
operation of the TCA. oThe maximum static system pressure is 850 psiu. Pilot gas
temperature range is O F to 100 Cp. F}ow requirements are small; each actuation of the
pilot valve uses approximately 0.3 in° of pilot gas. A 3/16-inch nominal diameter
supply line 1s adequate.
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3.3.3.2 Propellants

The propellants consist of the fuel, monamethylhydrazine (MMH) per MIL-P-27404, and
the oxidizer, which is a mixture of 90% by weight of nitrogen tetroxide (N Oh) per
MIL-P-26539A and 10% by weight of nitric oxide (NO). Propellants are suppfied to the
TCA by connection to the two MS 33656-4 fittings on the flow control valve body. The
fuel inlet fitting is parallel to the centerline of the TCA mounting trunnions, and
the oxidizer inlet fitting is normal to the centerline of the trunnions. The propellant
pressure at the inlet fittings is 720 + 20 psia during TCA operation. The maximum
static system pressure is 850 psia. Propellant temperature range is 0°F to 100°F.
Propellant flow at maximum thrust are:

Fuel: .21 1b/sec
(For I__ of 291 sec, MR = 1.5)
Oxidizer: .31 1b/sec 5P

Refer to paragraph 3.5 for additional propellant details.
3.3.3.3 Servoactuator Outlet

The servoactuator (S/A)working fluid is fuel (MMH). This fluid is supplied to the S/A

inlet port by a feed line connected to a fitting on the flow control valve body, upstream

of the propellant shutoff valves. The's/A fuel feed line 1s an integral part of the TCA,!

and therefore, whenever fuel is supplied to the TCA, the S/A is pressurized. The S/A |

outlet port must be connected to a normally closed dump valve in order to avoid fuel

loss due to null leakage. To activate the S/A, the dump valve rust be opened to route

the S/A outlet fluid overboard or to a collection tank. The outlet connection on the

S/A is MS 24299C3. The outlet valve used should not impose a pressure drop in excess

of 20 psi with a fuel flow of 0.0493 1b/sec. The S/A outlet dump valve was not developed

during Phase II, since this valve was considered a spacecraft propulsion system ccmponentn
|

3.3.3.4 Pressure Instrumentation Connections

All TCAs have a port for instrurenting combustion chamber pressure. This port conforms
to AND 10050-2 and must be either plugged or connected to pressure instrumentation.

TCAs 106570-4 and -5 have provisions for instrumenting fuel and oxidizer injection
pressures. These instrumentation bosses conform to MS33656-G3 and must be either capped
or connected to pressure instrumentation.

3.3.3.5 Ground Supply Connection
The flight TCAs have provisions for comnnection to ground supply propellants or purge
equipment. A ground supply boss is located on each shutoff valve. These ground supply
bosses are ported to the upstream side of the fuel and oxidizer SOVs and must be either
plugged or fitted with the quick discomnect fittings listed below.

Fuel Quick Disconnect: HAC P/N 254060 (or equivalent)

Oxidizer Quick Disconnect: HAC P/N 254073 (or equivalent)
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3.3.% Thermal Control

Considerable thermal interface analysis and materials testing was performed during
Phase III; however, the thermdl design was not finalized because spacecraft thermal
interface requirements were not provided. Thus, the TCA in its present form does not
include surface finishes compatible with the Surveyor spacecraft passive thermal
control requirements. :

In accordance with paragraph 3.4.5 of JPL Specification SAM-50255-DSN-C, the temperature -
og the inagtive TCA will be controlled during flight within the temperature range of

O°F to 125°F. In compliance with this requirement, several meetings between STL and

HAC were held to discuss TCA thermal control design requirements, surface processing
methods, coating patterns, etc. In early STL/HAC thermal interface discussions, the

TCA passive temperature control was conceptua.llg configured as en overall coating of
vacuur deposited alumimum (VDA) with 3 to 10 in“ of black on sore of the forward facing
surfaces of the TCA. Subsequently, gold plating was suggested by STL as being superior
to VDA, since gold is more resistant to atmospheric conditions, more easily cleaned,

and is operable at higher temperature because no organic subcoating is used. In addition,
a "Cap" to enclose the HEA was proposed and analyzed. Ultimately it was decided to

- pursue the STL design approach utilizing the HEA cap to passively control the temperature

of the TCA while leaving all exposed surfaces below the HEA-to-CC & NA split line to be
gold finished to provide low values of absorptance and emittance.

An analysis of the MIRA 150A using a cap for thermal control is presented in Appendix B.
Recammendations resulting from this analysis were as follows:

1. A cap should be used over the HEA for thermal control.

2. The cap should be aluminum with a liquid bright gold finish.

3. The external surface of the CC & NA should have a gold finish.
The thermal properties of various sample surfaces representative of the TCA surfaces vere
deterxined. These included various gold finishes and several titanium surfaces represent-

ative of the uncoated case and nozzle before and after firing. Details of this analysis
are presented in Appendix C. .

=
-
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3.4 TCA Performance

The MIRA 150A TCA steady-state and transient performance characteristics presented
herein are based on static test data provided by the Phase III prequalification testing.
The supporting data for this information may be found in Section 6.0.

3.4.1 Specific Impulse

Table 3.4.1-1 provides nominal and 3-sigma deviation estimates of specific impulse at
three different thrust levels. The requirements of JPL Specification SAM-50255-DSN-C
are provided for comparison. Figure 3.4.1-2 shows vacuum specific impulse as a

function of vacuum thrust and operating mixture ratio. Further details may be found

in paragraph 6.8.5.

Table 3.4.1-1

MIRA 150A Specific Impulse Variability at
Standard Inlet Conditions®

A

Isp (seconds)
Measured Values SAM-50255-DSN-C
Nominal + 3-Sigma Deviation Nominal + 3-Sigma Limi
Minimum Thrust (30 1bs) 258.7 12.5. 260 T -
Midrange Thrust (90 1bs) - 287.6 5.2 290 5
Maximum Thrust (150 1lbs) 201.3 3.3 290 5

*NOTE: Standard inlet conditions are defined as 720 psia TCA propellant
inlet pressure and TO°F propellant inlet temperature.
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3.4.2 Characteristic Exhaust Velocity

Table 3.4.2-1 provides nominal and 3-sigma deviation estimates of characteristic
exhaust velocity at three thrust levels. Figure 3.4.2-2 shows characteristic exhaust
velocity versus nozzle stagnation pressure and mixture ratio. Further details may
be found in paragraph 6.8.5.

Table 3.4.2-1

MIRA 150A Characteristic Velocity Variability
at Standard Inlet Conditions

C* Measured Values (fps)

Nominal + 3-Sigma Deviation
Minimm Thrust (30 1lbs) 4826 180
Midrange Thrust (90 lbs) 5286 99
Maximum Thrust (150 1lbs) 5328 101

3.4.3 Thrust Coefficient

Table 3.k4.3-1 provides nominal and 3-sigma deviation estimates for thrust coefficient
at standard inlet conditions. Figure 3.4.3-2 shows vacuum thrust coefficient versus
nozzle stagnation pressure and mixture ratio. Further details may be found in

paragraph 6.8.5. ‘

| Table 3.4.3-1

MIRA 150A Vacuum Thrust Coefficient Variability
i - at Standard Inlet Conditions

‘ EF Measured Values

! Nominal + 3-Sigma Deviation

| Minimum Thrust (30 1bs) 1.711 0.07k
Midrange Thrust (90 1bs) 1.752 0.035
Maximm Thrust (150 1lbs) 1.763 0.0k42

i

r %
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3.4.4 Mixture Ratio

The ncainal and allowable limits of mixture ratio at standard inlet conditions are
1.50 + 0.03 for any thrust level. These values are the acceptance test limits, and
any TCA found outside this range during acceptance testing will be recalibrated and
readjusted as needed to meet these limits. Further details may be found in paragraph

6.8.4.

Figure 3.4.hk-1 provides propellant temperature effects over the O°F to 100°F speci-
fication range. The information presented in Figure 3.4.L4-1 is based on a perfectly
adjusted nominal mixture ratio at standard inlet conditions of 1.50. Any deviation
because of the "imperfectness" of the HEA (e.g., the allowable of + 0.03) would be
added to that shown. Further details may be found in paragraphs 6.5.1 and 6.5.2.

3.4.5 Chamber Pressure

Table 3.4.5-1 provides nominal and 3-sigma deviation estimates of chamber pressure
at three thrust levels. Figure 3.4.6-5 may be used to determine nominal chamber
pressure as a function of vacuum thrust. Further detasils may be found in paragraphs
6.8.5 and 6.8.7.

Table 3.4.5-1

MIRA 150A Head End Chamber Pressure Variability
at Standard Inlet Conditions

P Measured Values (psia)

Vacuum Thrust
(1bs) Nominal + 3-Sigma Deviation
30 22.4 1.3
90 ' 65.2 1.1

" 150 108.2 2.4
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3.4.6 Thrust

Table 3.4.6-1 presents nominal and 3-sigma deviation estimates of thrust at five
different servoactuator signal levels under standard inlet conditions. Figure 3.4.6-2
shows the nominal thrust versus signal curve with the SAM-50255-DSN-C limits super-
imposed. Figure 3.4.6-3 provides the influence of TCA inlet _ressure on thrust.
Figure 3.4.6-4 shows theoeffect og inlet temperature variations on thrust over the
specification range of O F to 100 F. Figure 3.4.6-5 is a plot of vacuum thrust versus
head-end chamber pressure. A

Further details may be found in paragraphs 6.5.3, 6.8.6, and 6.8.7.

Table 3.4.6-1

MIRA 150A Vacuum Thrust Variation
at Standard Inlet Conditions

Measured Values

Signal Level Nominal Thrust + 3-Sigma Deviation
(ma) (1bs) - (1bs)
-80 26.4 6.2
-70 : 29.0 8.6
0 ‘ | 95.5 4.2
+70 154.6 2.9
+80 160.8 3.0

3.4.7 Startup =nd Shutdown Transients

The TCA startup end shutdown transient data provided herein is based on altitude
firings at the JPL/ETS facility and sea level firings at the IRTS. Sea level and
altitude transients summaries are presented separately.

3.4.7.1 Sea Level Stertup and Shutdown Transients

Table 3.4.7-1 presents estimates of nominal and 3-sigma deviation for startup times;
and Table 3.L4.7-2 presents startup impulse estimates at different startup thrust
levels for sea level firings. Specification SAM-50255-DSN-C specifies a maximum
startup time of 0.130 seconds.

. »\\\
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Table 3.4.7-1

MIRA 150A Sea Level Startup
Time Estimates

. Startup Time Measured Values (seconds)

EQEEEEE + 3-Sigma Deviation
Minimum Thrust (30 1bs) (1) (1)
Midrange Thrust (90 lbs) 0.069 + 0.036
Maximum Thrust (150 1bs) 0.026 + 0.048
- 0.026

NOTE: (1) Sufficient data was not available for a reliable estimate.

Table 3.4.7-2

MIRA 150A Sea Level Startup
Impulse Estimates

Startup Impulse Measured Values(l) (1b-sec)

Nominal + 3-Sigma Deviation
Minimum Thrust (30 lbs) (2) (2)
Midrange Thrust (90 1lbs) 1.9 +1.b
Meximum Thrust (150 1lbs) 0.87 +0.31
NOTES: (1) These estimates are based on chamber pressure integrals converted
to vacuum impulse by I . = C, A, j’ P, dt.
vac

(2) Sufficient data‘was not available for a reliasble estimate.

Table 3.4.7-3 presents estimates of shutdown times; Table 3.4.7-4 provides shutdown
impulse estimates under sea level conditions. Further details may be found in

paragraphs 6.9.2 and 6.9.3.
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Table 3.4.7-3

MIRA 150A Sea Level Shutdown
Time Estimates

Shutdown Time Mezsured Values (seconds)

Nominal + 3-Sigma Deviation
Minimm Thrust (30 lbs) (1) (1)
Midrange Thrust (90 1bs) 0.035 + 0.030
Maximum Thrust (150 1bs) 0.028(2) + 0.003 (2)

NOTES: (1) Sufficient data was not available for a reliable estimate.

(2) Estimate based on data from only one HEA.

Table 3.4.7-4

MIRA 150A Sea Level Shutdown
Impulse Estimates

Shutdown Impulse Measured Values (lb-sec)(l)

Nominal + 3-Sigma Deviation
Minimum Thrust (30 1bs) (2) (2)
Midrange Thrust (90 1lbs) ‘ 2.8 + 2.5
Maximum Thrust (150 1bs) 3.9(3) + 0.3(3)

NOTES: (1) Impulse values based on chamber pressure integrals-converted
to vecuum impulse.

(2) Sufficient data was not available for a reliable estimate.

(3) Estimates based on data from only one HEA.

3.4.7.2 Vacuum Startup and Shutdown Transients

Table 3.4.7-5 provides estimates of startup times; Table 3.4.7-6 gives startup impulse
estimates for vacuum conditions. Tables 3.4.7-7 and 3.4.7-8 provide estimates of

shutdown times and shutdown impulse at vacuum. Further details may be found in
paragraphs 6.9.1 and 6.9.3.
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Table 3.4.7-5

MIRA 150A Altitude Startup
Time Estimates

Startup Time Measured Values (seconds)

Nominal + 3-Sigma Deviation
Minimum Thrust (30 1bs) 0.275 (1)
m&mge Thrust (90 1bs) 0.104 + 0.013
Maximum Thrust (150 lbs) 0.077 + 0.012

NOTE: (1) Sufficient data was not available for a reliable estimate.

Table 3.4.7-6

MIRA 150A Altitude Startup
Impulse Estimates’

Startup Impulse Measured Values (seconds)

Nominal + 3-Sigma Deviation
Minimum Thrust (30 1lbs) 3.4 (1)
Midrange Thrust (90 1lbs) 3.1 +1.2

Maximum Thrust (150 1lbs) 3.1 + 2.6
NOTE: (1) Sufficient data was not availeble for a reliable estimate.

Table 3.4.7-7

. MIRA 150A Altitude Shutdown
Time Estimates

Shutdown Time (seconds)

Measured Values SAM-50255-DSN-C
Nominal + 3-Sigma Deviation Requirement
Minimum Thrust + 0.280
(30 1bs) 0.179 - 0.179 0.200 max
Midrange Thrust 0.165 + 0.122 0.200 max
(60-100 1bs)
Maximum Thrust 0.123 + 0.056 0.200 max

(150 1bs) :
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Table 3.4.7-8

MIRA 150A Altitude Shutdown
Impulse Estimates

Shutdown Time (1lb-sec)

Measured Values SAM-50255-DSN-C

Nominal + 3-8;§§a Deviation Requirement
Minimum Thrust .
(30 1bs) 3.2 + 2.9 None
Midrange Thrust
(60-100 1bs) 3.3 + 2.4 + 1.0 (variation)
Maximum Thrust
(150 1bs) 5.6 +1.1 None .

3.4.8 Thrust Dynamic Response

This peragreph summarizes the MIRA 150A dynamic throttling characteristics. Table
3.4.8-1 provides step response information. Figures 3.4.8-2 and -3 show typical
chamber pressure response characteristics to large step servoactuator position changes.
Table 3.4.8-4 summarizes loop width and 5-cps response characteristics. Typical
sinusoidal response as a function of frequency is shown in Figure 3.4.8-5. Hysteresis
loop characteristics are shown in Figure 3.4.8-6.

Paragraph 6.9 presents additional deteils on TCA thrust-to-signal dynamic response
test firing information. At frequencies below 10 cps, the thrust-to-signal dynamic

- response is almost totally a function of the servoactuator response. Thus, additional

information that deals with dynamic response is available in paragraphs 3.2.6, 5.1.1.2,
and 7-3\

Table 3.4.8-1
MIRA 150A Step Response

Characteristics
Measured Values SAM-50255-DSN-C
Nominal + 3-Sigma Deviation Requirement

Large Stegs(lz

Rise ’I'ime( ) (seconds) 0.038 0.023(2) 0.065

overshoot(4) (%) 0 0 25
Small Steps(3)

Rise Timesﬁ; (seconds) 0.01k 0.008 0.065

Overshoot (%) 19 10 25

NOTES: (1) A large step is defined as step signal inputs from +70 to -80 ma and

<70 to +80 ma.
(2) The output spool reaches the mechanical stops preventing any overshoot
in response to +80 ma signals.
(3) A small step is defined as any 35 ma amplitude step signal between -T70
and +70 ma.
(4) Rise time and overshoot are defined in Figure 3.2.6-T; for purposes
here, the ordinate callout of position in 3.2.6-7 may be assumed to
be equivalent to thrust.
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Table 3.4.8-%&
MIRA 150A Loop Width
And 5-cps Sinusoidal
Response Characteristics
Measured Values SAM-50255-DSN-C

Nominal + 3-Sigma Deviation Requirement

Loop wiatn(l) (%) 1.8 1.h 15 max
Phase Lag(a) (degrees)
-62.5 + 7.5 ma Signal 17.4 11.8 28 max
0 + 7.5 ma Signal 17.4 8.7 28 max
+62.5 + 7.5 ma Signal 4.2 13.% 28 max
Amplitude Ratio(3)
-62.5 + 7.5 ma Signal 1.0l 0.20 0.95 min
0 + 7.5 ma Signal 1.02 0.12 0.95 min
-62.5 + 7.5 ma Signal - 1.00 0.19 0.95 min

NOTES: (1) Percentage loop width is defined from a plot of thrust versus servo-
actuator signal current in vwhich the width of the plotted hysteresis.
loop is divided by the command current excursion times 100.

(2) Phase lag is defined in Figure 3.2.6-7.

(3) Amplitude ratio is defined as the peak-to-peak thrust attained under
dynamic signal excursions conditions divided by the peak-to-peak thrust
attained by the same signal excursions under steady state conditions.

3.k.9 TCA Operational Temperatures

Temperature profiles of the TCA external surfaces were obtained during Fhase III
development and prequalification testing. Figure 3.4.9-1 shows the thermocouple
locations on the TCA altitude configuration. Figures 3.4.9-2 through 3.4.9-k show
typical surface temperatures as a function of time for maximum thrust, minimum

thrust, and variable thrust conditions, respectively. These plots were derived from
altitude test firings in which the test cell pressure was approximately 0.16 psia
(100,000ft pressure altitude) and the test cell walls were uncooled and paénted white.
The temperature of the cell walls during the firings was approximately 100°F.

During the test firings, view factors for radiation cooling of the external surfaces
were not simulated to represent the actual spacecraft condition. The differences
between actual test conditions and spacecraft conditions in effect on surface temper-
atures are: (1) small but unconservative for conductive and convective heat transfer
considerations, and (2) somewhat greater and conservative for radiation considerations.
In general, the TCA surfaces would run cooler in the spacecraft environment than

in the altitude test firings. ..

[~
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3.4.10 CC & NA Charring, Erosion, and Weight Loss

& The testing performed during Phase III did not include individual tests whose primary
objective was the determination of any CC & NA liner charring, erosion, or weight loss.
Data applicable for these determinations was derived from tests performed for other
purposes, such as durability and overall TCA performance tests under extreme operating

conditions. (Refer to paragraph 6.4 for details.)

IE

" T

Typicelly char depth and pattern are not highly reproducible parameters being
functions not only of the injector and chamber design and the unit-to-unit variability

but are also a function of the firing duration, chamber pressure, and the environ-
mental conditions influencing the CC & NA external heat transfer.

Based on the data obtained from several CC & NAs used on altitude firings, the predicted
char depth of the ablative liner as a function of firing duration for a typical var-

jable thrust program is shown in Figure 3.4.10-1.

CC & NAs tested at sea level were fired for no less than 300 seconds duration, and
thus no data on duration versus char depth or weight loss are available. Figure
3.4.10-2 shows a comparison of typically sectioned CC & NA liners that had: (1) 300
seconds at maximum thrust, (2) 315 seconds of veriable thrust, (3) 480 seconds at
minimum thrust, and (4) 57 seconds at maximum thrust. The variability of the char
rattern in the combustion chamber is readily seen in these photographs. The buttercup
char pattern is directly relatable to the 12-hole distributor ring used in the
oxidizer propellant manifold. It is also of interest to note that the mininum thrust
firing is more severe on the head end liner than a maximum thrust firing. This
occurs primarily because the combustion zone moves back toward the head end liner as
the TCA is throttled back. Charring completely through the liner, especially at
station 2 (shown in Figure 3.4.10-1), is typical for most test duty cycles used.

The estimated nominal mission profile, per JPL Specification SAM-50255-DSN-C has a
duration of 162 seconds; thus the test cycles used represent & considerable oversiress

condition.

The total chamber liner weight loss following a typical 300-second maximum thrust
multi-start firing does not exceed 7.8% of the prefiring CC & NA weight —— nominally
2.6 1lbs. The CC & NA percentage weight loss varies approximately linearly with firing

tim.

i The MIRA 150A TCA rarely experiences any nozzle throat erosion with a HEA that has
satisfied acceptence criteria. Based on experience with 30 CC & NAs in more than
10,000 seconds of total firing time there have been only three instances of JTA
graphite throat erosion. In each of the three cases, the calculated thrust vector
deviation, based on throat area centroid shift calculations, was within design

~ specification criteria. (Refer to paragraph 6.4 for details.)

T
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3.4.11 Pressure Schedule

This paragraph presents the nominal MIRA 150A propellant pressure schedule. Since

the only pressures reasured during a static firing are inlet pressures (Po and Pf )
1l 1l

injection pressures (Po and P, ), and combustion chamber pressure (Pc) , the remaining
5 5

pressure drop information was extrapolated from water flow data. Figure 3.k.11-1

shows various TCA prorellant pressures as a function of TCA thrust level. Figure

3.4.11-2 shows the pressure measurement locations.
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Figure 3.4.11-2. Pressure Measurement Locations
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3.5 Propellants

The bipropellant MIRA 150A TCA uses a fuel and oxidizer heving the characteristics
described herein.

Fuel - Monomethylhydrazine (MMH) conforming to MIL-P-274Ok.

Oxidizer - MON 90/10, which is a mixture of 90% by weight of nitrogen
tetroxide (N20 ) per MIL-P-26593A and 10% by weight of
nitric oxide (hO).

Table 3.5-1 and Figures 3.5-2 through -7 present physical properties of MMH and
MON 90/10. Freezing and boiling points are given in Table 3.5-1; Figures 3.5-2 and
-3 provide density versus temperature relationships; Figures 3.5-4 and 3.5-5 give
vapor pressure - temperature data; and viscosity versus temperature data is shown
in Figures 3.5-6 and -7. _

Table 3.5-1. Propellant Freezing and Boiling Points

wd MON 90/10

Freezing point at -62°F -10°F
standard atmospheric
conditions.

o
Boiling point at +189.5°F 54.0 P
standard atmospheric
conditions.
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Density (lb/ ft3)

57.2
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56.4
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k.0 FINAL ASSEMBLY AND ACCEPTANCE TESTING

This section discusses program activities associated with the final assembly and acceptance
testing of the TCA. .

Acceptance testing of STL-fabricated assemblies was initiated at the HEA level and
included tests and operational checkout during and after final assembly of the TCA. The
| major steps in the final assembly of the HEA and TCA are listed in Table 4-1. Figure

4.2 depicts the acceptance test sequence as defined by Acceptance Test Specification
TS3-01B. The final assembly and acceptance test procedures developed during the Surveyor
program are considered to be a substantial contribution to state-of-the-art techniques
of assuring operational adequacy for a delivered variable thrust rocket engine. In
particular, these procedures applied in conjunction with associated special test equip-

'  ment permit:

1. The HEA to be adjusted after final assembly to achieve the desired flow
rate/pressure drop/input signal relationships to produce within specification

performance characteristics,

2. The HEA to be hot-fired on a substitute combustion chember employing s soft
throat such tbat the erosion pattern of the soft throat establishes the
subsequent minimim life of the flight weight chamber.

Item 1. above is made possible because the MIRA 150A injector, being a coaxial tube

! design, permits orifice sizing to be accomplished after final assembly, merely by
adjusting the axial location of the coaxial elements. The as-assembled coaxial tube
injector characteristics are readily adjusted to acceptable values in the calibration
\ procedure. Thus, in-process fabrication controls are considerably less stringent

and manufacturing yield is higher than would be experienced without the adjustability
feature and without the HEA calibration technique.

The calibration procedure in which the coaxial tube injector is adjusted to its final
configuration requires the use of in-process test equipment, called the HEA Calibration
Stand. This stand is essentially & water-flow bench, on which the water flow char-
acteristics of a master HEA have been measured and recorded. All final assembled

MIRA 150A HEAs are adjusted on this stand to match the water-flow characteristics

of the master unit. Details of this equipment are presented in section 8.0.

Item 2. requires an abletive test firing, or "streak test", as part of the routine
acceptance testing on every HEA. This streak test, with specified, quantitative
accept/reject criteria, is a means of evaluating the compatibility of an injector
with a particular chazber geometry. The test employs an erodable nozzle throat

to record the effect of the combustion pattern. This part of the HEA acceptance test
is run at an overstress condition, namely, maximum thrust for 200 seconds when the
nominal mission cycle is equivalent to mid-thrust for 162 seconds.

These two techniques of calibrating and streak testing are interrelated in that it

is possible to adjust the coaxial tube injector for optimum streak test results,

Just as it is possible to adjust it for optimum combustion efficiency. Thus, if an
assembled HEA produces an unsatisfactory throat erosion characteristic in its streak
test, this characteristic can be modified by coaxial tube injector adjustment. How-
ever, the most important reason for the use of a streak test as an HEA acceptance

' criterion is that a reproducible and quantitative correlation between the durability

’ of a streak test throat and the flight chamber has been developed. Data to corroborate
acceptance test criteria by prequalification test results of flight chambers is
availeble on HEAs -001, -OO4, -008 and -010; refer to paragraph 4.k for streak test
results and paregraph 6.6 for prequalification test results on these four HEAs. Thus, \yf*

_ R e e e
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it 1s possible to predict with confidence the durability of the flight chamber based
upon the streak test characteristics of the HEA during its acceptance test.

4.1 Leak Checking

Fluid leakage in excess of stipulated amounts can adversely affect operation of the TCA.
Therefore, leak checking techniques were developed and implemented in the TCA fabrication

and acceptance test operations.

4.1.1 Potential Leakage Paths

Possible leakage paths and the allowable rates and affects associated with such leakage
are discussed below.

External Leakage

No external leakage of propellants is allowed other than the small external leakage

appearing as wetting of the output shaft of the servoactuator. Leakage other than this
could: (1) damsge adjacent spacecraft equipment, (2) be hazardous to personnel during
spacecraft operations, (3) affect mixture ratio and flow, and (l4) waste the spacecraft

propellant supply.

Potential external propellant leakage paths associated with the flow control valve are
from: (1) the propellant inlet supply fittings, (2) the servoactuator fuel supply

line fitting, (3) the filter retention nuts, (&) the flow control valve insert retention
nuts, and (5) the face seals between the valve body and the head end body-.

Potential external propellant leékage associated with the injector, possible only
during the firing mode, is limited to oxidizer or fuel leakage across the injector
sleeve seal and fuel leakage across the pintle guide seal and/or pintle O-ring.

Externsl fuel leakage associated with the servoactuator includes those sealing
elements of: (1) the torque motor cover gasket, (2) the feedback cap gasket, (3) the
spool stop O-ring, (4) the piston outside glend ID and/or OD O-rings, and (5) the
inlet and/or return port fittings.

Internal leakage

Internal prcpellant leakage is possible across the filter outlet seals, and, if small,
would have no adverse affect on TCA operation; however, if learge, this leakage would
result in inedequate filtration and possible TCA malfunction. Internal propellant
leakage could also occur across the flow control valve throat inserts. Simflarly, this
leakage, if small, would have no adverse affect on TCA operation but, if large, could

affect TCA mixture ratio and flow control performance.

In the nonactuated state, internal propellant leakage across the shutoff valve poppet

seat and/or bottom sleeve seal would emerge as unacceptable external leakage at the
injector. In the actuated state, shutoff valve leakage across the small piston seal and/or
center sleeve seal would emerge as unacceptable external leakage at the shutoff valve
vent.
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Internal leakage of fuel is possible across the sealing elements in the servoactuator
at: (1) the torque motor flapper O-ring, (2) the orifice retainer face seal and/or
O-ring, (3) the piston inside gland ID or OD O-rings, (4) the piston O-ring, and (5)
across the spool (i.e., null leakage). Allowable spool null leakage is 12 in. /min
at 700 psig. Other servoactuator internal fuel leakages are allowable only to the
extent that they do not produce excessive external leakage or impair performance of

the servoactuator.

Internal helium leakage in the shutoff valves is possible across the large piston
seal and/or top sleeve seal (which would emerge as external leakage at the shutoff
valve vent) and across the shutoff valve cap. This leakage if small would be toler-
able, but if large, could prevent the shutoff valves from actuating and/or waste

spacecraft helium supply.

With the helium pilot valve in the nonactuated state, internal helium leakage can
occwr across. the inlet poppet/seat. In the actuated state, internal helium leakage
can occur through the valve case or across the outlet poppet/seal. In both cases,
the leakage would emerge externally at the valve vent ports. This leakage, plus any
from across the face seal between the pilot valve and head end body, would waste the
spacecraft helium supply; excessive outlet poppet seat leakage could prevent shutoff
valve actuation. Internal helium leakage is limited to 10 scc/hr at 850 psig.

CC & NA Leakage

Leakage of combustion gases in the CC & NA can occur: (1) between the ablative

liner and shell, (2) between the ablative liner and hard throat, and (3) at the

CC & NA/HEA Joint. This leakage is limited to minor emounts that will not: (1)

erode the ablative liner materials and destroy the joint integrity, (2) cause structural
failure of the titanium shell because of overheating, and (3) result in structural
failuré of the head end body/chamber shell flange.

L.1.2 Test Techniques and Equipment

Four Engineering Test Directives (ETD) were prepared specifically for conducting
lezkage tests on the TCA and its major subassemblies. These ETDs are listed below.

ETD No. ETD Title
ETD-MIRA-2F-001 Combustion Chamber and Nozzle Assembly Leak Check
ETD-MIRA-1F-001 Head End Assembly Leak Check
ETD-MIRA-0A-001 TCA Leak Test
ETD-MIRA-0A-002 TCA Pressure Decay Test

In addition, a portion of the following component acceptance test procedures for
the helium pilot valve and servoactuator is devoted to leak checks on these items:

ETD-MIRA-3R1-001 Acceptance Test Procedure Solenoid-Operated Three-
Way Valve
STL Document No. Acceptance Test Procedure, Surveyor TCA Electro-

9354.L4-255 hydraulic Servoactuator
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4.1.2.1 Component Level Leakage Tests

During component acceptance testing of the helium pilot'valve, external and internal
leakage are measured quantitatively with a helium leak detector (mass spectrometer).
Leak measurements are made with the valve energized and de-energized, using helium test

gas at 850 psig. :

Component level leak checking of the servoactuator is performed during its acceptance
test. External leakage is checked by pressurizing the unit with fuel to proof pressure
(1035 psia) and visuelly checking for leakage other than normal wetting of the output
shaft. The null leakage is quantitatively measured by pressurizing the servoactuator
with fuel to 700 psig and collecting the "null flow" in a graduated cylinder over a
one-minute period. Internal leakage cannot be measured directly, but is assessed by
the foregoing checks and servoactuator performance measurements.

4.1.2.2 Combustion Chamber and Nozzle Assembly Leak Check

A leak test is performed prior to attaching the CC & NA to the HEA. The CC & NA is
tested while on a special test setup that seals off the chamber head end and plugs the
throat. The CC & NA is pressurized with nitrogen at 110 psig and leakage is qualitatively
checked by applying Leak-Tec to the potential leak paths and visually checking for

bubble formation.
4.,1.2.3 Head End Assembly Leakage Tests

The HEA is subjected to two types of leakage tests. The first test is an imnersion
test and is performed before the servoactuator and helium pilot valve are installed on
the HEA (the head end body fluid attach points being plugged or capped). The HEA is’
attached to a chamber face cap fixture which seals the injector face and provides a
fitting for test ges pressurization. The leak check is performed with nitrogen gas
pressurization. The leak check is performed with nitrogen gas by pressurizing the
propellant inlets to 500 psig and the sealed injector face to 125 psig and then
immersing the assembly in water. Leakage is detected by emmission of bubbles and
corrective rework, if required, is implemented before proceeding with further assembly

and test.

The second technique of HEA leak checking is performed with the pilot valve installed

on the HEA. The pilot valve is pressurized to 720 psig with nitrogen and then energized.
Leakage is checked (with Leak-Tec) at the pilot valve and its attach point and at the
SOV vents and SOV caps. The pilot valve is depressurized and the propellant inlet

ports are pressurized with nitrogen to 500 psig. The test gas fitting on the chamber
face cap fixture is connected to a water-filled inverted graduate. Leskage across the
SOV poppets is then measured by observing the change in water level in the graduate as

a function of time.

4.1.2.4 TCA Leakage Test

The TCA leakege test provides a check on all external leakage paths of the TCA and is

- performed during the acceptance test sequence. For this test, the combustion chamber

is fitted with a throat plug having an integral fluid fitting. In the first phase of
the test, the propellant inlet ports and the pilot valve are pressurized with nitrogen
to 720 psig and the throat plug fitting is connected to a water-filled inverted graduate.
Using Leak-Tec, the potential leak paths of the TCA are qualitatively checked, except
for leakage across the SOV poppets which is quantitatively measured by displacement
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versus time of the water in the inverted graduate. Next, the throat plug fitting is
pPressurized with nitrogen to 110 psig and the potential leak paths of the TCA are
qualitatively checked again using Leak-Tec.

4.1.2.5 TCA Pressure Decay Test

The TCA pressure decay test provides a quantitative measure of the total TCA external
leakage. Maximum leakage of gaseous helium of 10 scc/hr is allowed when the TCA is
Pressurized to 500 psig. In this pressure decay method the propellant inlet ports are
pressurized to 720 psig and then closed off with_a resultant total fixed volume of the
propellant passages and test equipment of 10 1n.3. Test acceptance is based on a
maximum allowable pressure decay of 10 psi/hour. The helium pilot valve is also
pressurized to 720 psig_and then closed off, with a second test system also having

a total volume of 10 in3, in order to perform a similar pressure decay test. The
Pressure decay tests are run over a time period of 8 hours minimum. '

4.1.3 Test Results

The results of the component leakage tests (conducted during component acceptance
testing) ere contained in paragraphs 5.1.1 (servosctuator) and 5.1.3 (helium pilot
valve). Data are not tabulated here for: (1) CC & NA Leak Check, (2) HEA Leakage
Tests, and (3) TCA Leakage Test, which are in-process type tests used in the
production cycle to assure leak-free items for subsequent operations (i.e., assembly,
calibration, firing). The TCA pressure decay test was conducted on three TCAs

(2 Fhase IIs and 1 Phase III); test results are given below.

Initial Fnal Test Pressure Decay
Test Pressure Pressure Duration (psi/nr)
Test Specimen - Date (psig) (psig) (hrs) Actual Allowable
MIRA 150A-001 10/1/64 :
Propellant Passages 720 345 5 75 10
Pilot Valve 720 718 8 0.25 10
MIRA 150A-005 10/7/6k
Propellant Passages 737 723 16 0.88 10
Pilot Valve 137 735 16 0.13 10
~ MIRA 150A-00T 11/11/6%
Propellant Passages 720 T23% 10 0 10
0 10

Pilot Valve 720 T25% 10

*Small increase in test specimen temperature caused pressure rise.

The above data show that the propellant passages of MIRA 150A-001 did not meet the test
requirement, and propellant leakage could therefore be expected. However, subsequent
Pressurization of this TCA with propellants did not result in propellant leakage and,
therefore, the allowable helium leakage requirement was shown to be conservative.

MIRA 150A-005 and -007 (which met pressure decay requirements) of course did not
exhibit propellant leakage.

v
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k.1.4 Discussion of Test Results

The several in-process type leak check procedures proved to be very useful in detecting
leak problems and, thus, enabled remedial action to be performed prior to subjecting
the particular item to operation. The following parsgraphs discuss the reasons for the
leaks found, the leskage criteria, and the influence the leakage had on TCA design.

4.1.4.1 leakage Causes

Investigation of the causes for leaks revealed that leakage was generally attributable
to one or more of the following:

1. Contamination (i.e., foreign material on sealing surfaces)

2. Defective sealing elements (i.e., scratches, cuts, etc.)

3. Improper assembly (e.g., shearing of seals)

4. Inadequate sealing surface (i.e., rough or scratched bores, seal grooves).

During the course of the Phase III program, leakage problems were resolved by an
iterative process of; (1) leak checking/detection, (2) isolation of leak cause,
(3) change in material, design or assembly technique, and (4) final leak checking.

Leakage attributable to contamination was resolved by increased attention to clean-
liness procedures and requirements and by elimination or improved processing of micro-

sealed surfaces.

Defective sealing elements resulted in a few leakage problems. Some Bal-seals and
Omniseals were found to have small scratches or imperfections on the sealing lips
which resulted in leakage after assembly. These defective parts were not detected
in Receiving Inspection, since when received these items were classified in the
small hardware category (i.e., nuts, bolts, etc.). As a result of this problem,
assembly technicians began to visually inspect every seal with a 5-power eye loupe
prior to using the seal in a TCA assembly.

Improper installation of seals, subsequently resulting in leaks, was generally confined
to: (1) excessive seal stretching when the seal was pulled over a land, and (2) shearing
of seal lips upon assembly into a bore. The stretching problem was resolved by incor-
porating a procedure of heating the Teflon seals to 400 to 500°F and installing in the
hot condition using a tapered-type installation tool. Shearing of seal lips was
eliminated by using & "sizing" procedure on a seal before insertion in a bore. The
"sizing" consisted of depressing the seal lips in a cylindrical tool whose I.D. is

slightly less than the seal 0.D.

The need for very smooth metal surfaces in contact with sealing elements was
recognized in Phase II testing, and as a result surface improvements were incorporated

into the Phase III TCAs (see paragraph 4.1.4.3).
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4.1.4.2 Leakage Criteria

leak testing has shown that, for the TCA to exhibit zero external propellant leekage,
it is not necessary to comply with the 10 scc/hr helium leakage requirement at 500 psig
(see paragraph 4.1.3). Though compliance with this helium leakage requirement assures
zero propellant leakage, 10 psi/hr Pressure decay can be exceeded without subsequent
propellant leaks.

For example on MIRA 150A-001, TCA leak checking of the HEA revealed a total SOV poppet
leakage of 70 scc/hr of helium at 500 Psig. An additional check using water at 700 psig
was conducted, and after one hour there were no visible leaks. The TCA was subsequently,
pressurized with propellants at 720 psig, and there were no visible leaks.

Complete evaluation of the leakage criteria and determination of an allowable helium
leakage that is equivalent to zero propellant leakage was not made. Indications are
that propellant leakage will not be encountered if the item exhibits a helium leakage
of 100 scc/hr at 500 psig. Qualitative leak checking(using Leak-Tec) of paths such
as SOV vent holes, flow control valve pintles, etc., indicated that a bubble formation
of approximately one bubble per second (using nitrogen at 720 psig) is acceptable

to the extent that the path will not leak propellants.

The need for a leak-free CC & NA 1s also not believed to be mandetory, since within-
specification firings have been performed on chambers which did leak prior to firing.

4L.1.4.3 Design Considerations

To achieve a leak-free seal between & metal surface and a sealing element the smooth-
ness of the metal surface is very important. Thermal effects on Teflon seals cause

the surface finish to be even more important when sealing is to be accomplished at low
temperatures. Experience gained with TCA S/N-001 through -006 resulted in refinement of
surface finishes on the Phase III TCAs S/N-007 and subsequent. This is shown in the
following table: .

Seal Application Surface Finish of Metal Parts
(RMS per MIL-STD-10)
HEA S/N HEA S/N 00T and

001 thru 006 Subsequent
Dynamic Sealing of 8-16 4
Propellants
Static Sealing of 16-32 8
Propellants

In addition to surface finish refinements, surface processing methods were also improved
for Fhase III TCAs. The use of micro-seal (a dry film lubricant) was minimized in
Phase III units, and this material was used only in those areas where galling is a
definite possibility because of extremely small clearances (e.g., in the flow control
velves and injector). Where microseal was used, the surface was subsequently highly
burnished in order to avoid flaking of material which could buildup on seals and cause
leaks.

It is important to note that in conducting in-process type leak checks, significantly
fewer leaks were encountered with Phase III TCAs than with FPhase II units ( HEAs-001
thru 006). There were no failure reports due to leakage against & Phase ITI TCA.

A
L R
3
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4.2 HEA Calibration

The Head End Assembly Calibration Stand, described more fully in section 8.0, was
developed for the purpose of measuring and adjusting HEA flow and pressure drop character-
istics during fabrication. The goal was to achieve complete HEA calibration with

water flow thereby minimizing the number of static firings required to prepare a TCA

for delivery.

In addition to serving as a calibration tool, the HEA stand also proved most useful
in diagnosing and correcting fabrication and design problems.

The experience and data obtained with this stand during the Phase III is summarized
herein. By the end of the program, a total of five Fhase II HEAs (S/N-001,-002,-00k&,
-005, and -006) and five Phase III HFAs (S/N-007 through -0ll) were calibrated on the
stand at least once and subsequently static tested at the Inglewood Rocket Test Site
(IRTS). Detailed test data is provided in Figures E-1 through E-8 of Appendix E.

In developing the final calibration procedure, a matching technique was used. This
procedure consisted of first calibrating a standard HEA by means of static firing.
Without changing any settings the standard HEA was then completely characterized on
the stand with water flow. Subsequent HEAs were then matched to the standard HEA. -

Experience gained with this testing demonstrated the feasibility of using a water
flow calibration technique to measure primary HEA performence parameters and to allow
their proper adjustment without injector gap setting without resorting to a static
firing. Even in early testing, before the calibration technique was fully developed,
firing data from water calibrated HEAs indicated that in many instances no resettings

were required.

The HEA Calibration Stand alcohol subsystem, required to simulate the servoactuator
hydraulic supply, was not completed until late in Phase III. As a result, only
limited data are avzilable on the servoactuator setting operations performed during

a complete HEA calibration.

Table 4.2-1 provides a summary of the HEA calibration data for HEAs S/N-008 and -009,
the only two HEAs that underwent a complete calibration. Table 4.2-2 provides the
static firing data from tests conducted on these two HEAs without readjustments between
water calibration and firing. Figures 4.2-3 and 4.2-4 provide a comparison of these
data.
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Table 4.2-1
MIRA 150A HFA Calibration Data
M, M * Mixture
HEA Servosctuator Pinlet  Wate®Flow  WateF Flov  Ratio A Pox APf
s/ Signal (ma) (psig) (1vs/sec) (1bs/sec) (o/f) (psi) (psi)
008 -80.6 722 0.0528 0.0458 1.154 30 25
-70.4 T20 0.0611 0.0528 1.158 34 28
-48.% 718 0.0903 0.0778 1.160 46 34
-25.4 716 0.1305 0.1125 1.160 61 42
- 0.4 714 0.1652 0.14k45 1.14% 71 47
+24 .8 715 0.2013 0.1721 1.171 83 52
+47.8 714 0.2318 0.1986 1.167 92 . 57
+70.2 Tik 0.2595 0.2222 1.167 100 62
+80 .4 Tk 0.2722 0.2332 1.168 10k 64
009 -80.6 722 0.0501 0.0426 1.175 33 21
-70.6 720 0.0528 0.0456 1.158 35 23
-ks5.4 718 0.0973 0.0834 1.166 52 33
-25.4 716 0.1292 0.111 1.163 64 39
- 0.3 714 0.1666 0.1h44 1.155 T5 46
+24.9 712 0.2055 0.1763 1.165 86 53
+45.1 T10 0.2348 0.2012 1.167 9k 57
+70.2 710 0.2694 0.2320 1.162 103 64
+80.2 711 0.2780 0.2388 1.164 106 66

*
Indicated water flow in lbs/sec obtained by converting from gal/min measured on

HEA Celibration Stand.
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M (X) M (1) Mixture
HEA Servoactuator ox t Ratio Pch C*
S/N Signal (Ma) (1bs/sec) (1vs/sec) (o/f) (psia) (fps)
008 -80.0 0.0641 0.0428 1.499 21.0 4938
-50.4 0.1033 0.0692 1.404 3.8 5077
-35.6 0.1326 0.0879 1.509 45.5 5192
- 0.6 0.1975 0.1318 1.499 69.8 5332
+35.4 0.2585 0.1727 1.497 92.1 5382
+71.0 0.3132 0.2113 1.482 111.9 5378
+78.6 0.3243 0.2205 1.470 115.8 5359
009 -79.4 0.0628 0.040 1.554 19.9 4807
-49.6 0.0998 0.0655 1.524 32.4 Look
-34.4 0.1305 0.0857 1.522 Lh.5 5139
+ 0.6 0.1992 0.1326 1.502 70.3 5300
+35.8 0.2663 0.1770 1.505 93.9 5304
+T1.h 0.3240 0.2180 1.486 15.0 5314
+81.4 0.3327 0.2223 1.496 117.8 5315

(1) Data corrected to standard

inlet conditions.

e
st
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4.3 HEA Ablative Throat Test

HEA ablative throat tests were conducted in accordance with STL Acceptance Test Spec-
ification TS3-01B. This test followed the HFA calibration (paragrarh 4.2) and was
conducted prior to the HEA performance test (paragraph 4.%).

The test consisted of a 200-second meximum thrust sea level static firing with the HEA
mated to a water-cooled combustion chamber (Part No. 106694) that incorporates an
ablative throat insert.

The objectives of the test were to demonstrate that: (1) the combustion character-
jstics of the HEA and the resultent heat transfer to the chember were acceptable, and
(2) that there was no nomuniform distribution of propellants in the injector spray

pattern.

Objective (1) is determined by the change in throat area as evidenced by chamber
pressure changes under the constant propellant flow rate conditions of the test.
Any decrease in chamber pressure indicates an increase in throat area. Any throat

area increase is cause for rejection.

Objective (2), propellant distribution uniformity 1s measured in terms of maintenance
of throat symmetry. This is determined by change in the initiel throat radius and
the shape of the throat after firing. Any increase in redius (using the original
throat center and radius as reference) is cause for rejection. The resultant post-
test allowable out of roundness is determined first by locating the maximim post-
test throat diesmeter, D___, and the diameter at right angles to it, D] , then meas-
uring the two, and finafi§ computing Dbax -Dy . If this ratio is greater

| Dy nitial
than 0.05, the HEA is not accepted without rework and/or retest.

The piece-to-piece reproducibility of the ablative throat insert material must be

maintained at a high level. Therefore, the ablative throat material is procured to the

same material specification used for the liners in the flight CC & NA.

During Phase III, a total of nine different Pnase II and Phase III HEAs were tested
with ablative throats in accordance with the Acceptance Test Specification TS3-01B.
The results of these tests are summarized in Table 4.3-1. Typical ablative throats
after firing are shown in Figure 4.3-2. These photographs show inlet and exit vievs
of throasts tested on two different EEAs, one being acceptable and the other being not
accepteble. Circles are drawn to show the original diameter of the throat before
firing. A mark is placed at the bottom of each throat insert indexed to the oxidizer

inlet passage.

Of the nine HEAs tested, three failed to pass the acceptance criteria. Each of the
three nonacceptable tests were run at abnormal fuel injection pressure drops, ZSEEV
as discussed in paregraph 6.2.2. Two of the failed HEAs (S/N-009 and -010) were

later re-tested at normal fuel injection pressure drops and successfully passed the
acceptance criteria for the ablative throat testt The third failed HEA was not

available for retesting.

-




MIRA 150A HEA Ablative Throat Acceptance Tests

Conditions for All Tests:

200 seconds at maximum thrust

Nominal P_ = 110 psis, M.R. = 1.5 (MO/Mf)

Flow rates constant within + 2%

Initial throat diameter, D

Acceptance Criteria:

(Specification TS3-01B)

A. No incresse in throat area

B. No increase in throat radius

Table 4.3-1

X100

Dinitial
Do = D1
Area D
AP, Change  ax Dy initial
HEA S/N (ps1) (%) (in)  (in) (%)
001 Fhase II 59  <7.6 0.90 0.88 2
002 Fhase II 71 +4.3 0.90 0.90 0
004 Fhase II 62 +46.1 0.88 0.86 2
005 Phase II T -8.4 0.89 0.85 4
007 Phase IITI 85%% L7.4 0.92 0.86 6%
008 Phase III 62 «9.3 0.90 0.86 4
0C9 Fhase III 76%% 5.0 0.9 0.88 . 6%
009 (Repeat) 63 =1k.5 0.88 0.84 4
010 Fhase III _82#% 40.9% 1.02% 0.9 11
010 (Repeat) 60 <+1.6 0.88 0.84 4
Ol1 Fhase III 59 -+9.8 0.89 0.86 3

*Nonacceptable value.
*Adbnormal A Pp - see paragraph 6.2.2 for discussion.
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Accept or
Reject

Accept

Accept

Accept

Accept

Reject, C > 5%
Accept

Reject, C D> 5%
Accept

Reject A&B increased,
C>5%

Accept
Accept
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4.4 HEA Perfermance Test

The HEA performance test, defined by STL Acceptance Test Specification TS3-01B, is
normally conducted immediately after the HEA ablative throat test described in
paragraph 4.3, and prior to the TCA vibration test discussed in paragraph 4.5. The
objective of the test is to demonstrate the acceptability of the HEA steady-state
and dynamic performance characteristics. This thrust cycle was modified during the
course of Fhase III by adding several large steps near the end of the cycle for

dynamic response analysis.

The test consists of a 130-second, sea level static firing with the HEA mated to a
water-cooled CC & NA. The thrust cycle used for these firings is prerecorded on

magnetic tape and is given in Table 4.4-1. Primary performance parameters determined
by this test include characteristic velocity, chamber pressure, propellant flow rates,
mixture ratio, thrust versus servoactuator signal, 5-cps signal dynemic response, large

step signal-thrust response, thrust-signal hysteresis loop width, and startup and
shutdown transients. .

During Phase III, a total of eight HEA performance firings were completed with seven
different Phase II and Phase III HEAs. The detailed test data is presented in
Tables D-2-20 and D-2-21 of Appendix D-2 and also in paragraph 6.7. Table 4.4-2
presents a typical summery of data acquired during this test and entered in the TCA

Log Book (see paragraph 3.1.6).
The characteristic velocity data obtained early in the acceptance test program were

eristic velocity data bilas between the JPL/ETS and IRTS test sites with HEA 8/N 001,
data reduction and measurement discrepancy were discovered which had resulted in
erroneously lowering the reported characteristic velocity data during the earlier

testing.

 somewhat lower than the more recent data. As a result of investigation of a charact-
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+7-5

+2.5 + 7.5
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-47.5

-32.5

-40.0

-ko.0 + 7.5

-4o .0

+30.0

-40.0

-40.0 to +70.

+70.0 to -40.
0

0 to +15.0

+15 t0 0

Sinusoidal, 5 cps
Step

Step

Step

Step
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Step

Step

Step

Step

Sinusoidal, 5 cps
Step

Step

Step
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Step

Step
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Step
Step
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Startup, (+ .1)

-10.0
0.0
*5.0
10.0
15.0
20.0
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30.0
35.0
4.0
4s5.0
50.0
52.0
54.0
54,2
59.0
60.0
62.0
" 64.0
4.2
69.0
70.0

.0
Th.2
79.0
80.0
82.0
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9L.0 -104.0

10k .0
105.0 - 107.0
107.0 - 109.0
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119.8
120.3
122.8
123.8
128.8
129.0
130.0
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Table 4.4-2

HEA Acceptance Test Firing Log

Test HEA Acceptance

HEA Serial No. 150A-007 Rev. No. B

Date Performed 3 November 1964 Input Tape No.
Test No. C2-621
Parameter Signal Level Required
Isp + 70 MA 285 sec
Ip +35 283.7
I &p o 282.5
Isp -3 - 270.5
Isp = 59 262
Mixture Ratio + 70 1.5 + 0.03
(sta) | ’ R
e 1.5 +0.03
-0 1.5 +0.03
-3 1.5 +0.03
- 80 1.5 +0.03
Thrust Envelope - 40 to + 70 per Spec
Phase Lag 60 + 7.5 28°
0+17.5 28°
- 45 + 7.5 28°
Step Response
Time - 40 to +80MA <0.065 sec.
+ 80 to -koMA <0.065
Start Impulse oM 1.9 +1.%
Thrust Buildup Time O MA < 0.13
Shutdown Impulse O MA 2.8 + 1.k

Shutdown Time oM £ 0.065

Test Document TS3-01

Measured

291
289.7
289.3
277
267

1.470

1474
1.48%
1.h97
1.49%

15
16
13

0.048
0.036
2.0
0.076
4.2
0.0k

AT-1M
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Date 15 September 1964

Output
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Tape No. 162

Test Engineer B. Wallace Inspector No. 32

Reject

R



i ALT G L ks e

8422-6013-TU-000

Page LW-21

These discrepancies affected the HEA performance data reported for IRTS Runs c2-548
through €2-585 conducted as part of acceptence testing. JPL/ETS and IRTS test data
after Run C2-585 were not a:reqted.

'Table 4.4-3 surmarizes the results of the HEA performance tests. It may be noted

that the acceptance criteria defined by Acceptance Test Specification TS83-01B were
not entirely met during some of the firings. EHEA 150A-O0k failed the specific :
impulse criteria when tested with N0, . Subsequent tests at IRTS and JPL/EI‘S showed
a significant performance improvemefit when MON was used as the oxidizer and would
have resulted in acceptable performance for HEA 150A-00%.

Both HFA 150A-004 and 150A-005 fell below certain portions of the thrust-signal
acceptance envelope. The use of MON as the oxidizer would have brought HEA 150A-00%
within acceptance limits. Correcting for the previously mentioned C¥* error would
bring the 150A-005 thrust-signal curve within the allowable envelope. Only two

HEAs (S/Ns 005 and 007) passed the 1.50 + 0.03 standard mixture ratio criteria. The
specification tolerance was tightened from a previous value of 1.50 *+ 0.05 after 1t
was discovered that the mixture ratio variability with temperature was greater than
expected (see paragraph 6.5). Since all of these HEAS were calibrated to the earlier
limits, many of them did not meet the newer criteria. However, only HEA J.SQA-OO‘l
could not have been recalibrated to meet specification requirements. Rework of the
flow control valve would have been required on S/N 0Ok.

i
H

Both HEA 150A-001 and -005 failed the step response requirement vhen tested yith
Fhase II Follow-on servoactuators. No HPA has failed this criteria vhen tes

with the improved Fhase IIT servoactuator. HEA 150A-002 exceeded the startup impulse
upper limit by only 0.1 lb-seconds, and probadly could have been brought witk
specification limits by substitution of a different helium Pilot pilot valveior new
shutoff valve parts. HEA 150A-005 failed both the shutdown time and impulse jcriteria
because of sluggish helium pilot valve operation. Subsequent investigation revealed
severe valve corrosion caused by inadequate surface plating. A helium pilot valve
design improvement corrected this situation. No HEAs failed the phase lag or startup
time requirements. ~

“rupe
~
.-
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4.5 TCA vivration Test

The TCA vibration test was conducted in accordance with STL Acceptance Test Specification
TS3-01B and was then followed by a leak check and a final TCA acceptance firing test
(paragraph 4.6) in the acceptance test series. The vibration test setup i1s 1llustrated
in Figures 4.5-1 and 4.5-2 showing the TCA installed on the shaker.

During the vibration test, the servoactuator control cevities were filled with
alcohol and the external ports were capped. The TCA propellant passages were filled
with water and pressurized to 300 + 20 psig by means of a regulated gaseous nitrogen
pressure source. A control accelerometer was mounted on the test fixture and the
output was recorded on an X-Y plotter. No other instrumentation was required.

The vibration spectrum is 1llustrated in Figure 4.5-3. It consisted of two variable
frequency sine wave sweeps of three minutes duration each along each of three mutually
prerpendicular axes (along the thrust axis, the trunnion axis, and the axis perpen-
dicular to the first two). During and after the vibration test visual inspections were
made for evidence of structural damage or leakage. At the completion of the vibration
test, a thorough leak check was performed prior to subjecting the TCA to the final

acceptance firing.

During Phase III, a total of four different TCAs were subjected to the vibration

test. These included TCA S/Ns 001, 002, 005 and 007. No post-vibration difficulties
were encountered with TCA S/N 001. This unit successfully completed the prequalification
test program without hardware replacement or calibration readjustments (see para-

grephs 6.6 and 6.9). After the vibration test, TCA S/N 002 exhibited & fuel leak in

the torque motor static seal of the Fhase II Follow-on servoactuator. Design changes
were initiated for all Fhase III servoactuators to correct this failure mode

{reference paragraph 6.12.1.2).

Following the vibration test of TCA S/N 005, both the flow control valve pintle
Jjam nuts and the servoactuator jam nuts were found to be loose resulting in a TCA
performance shift during the TCA acceptance firing test (see paragraph 4.6). This
problem was traced to inadequate torque in tightening these nuts, and resulted in a
fabrication procedural change to preclude a recurrence.

Problems were also encountered during vibration testing of TCA S/N 007. The post-
vibration firing (discussed in paragraph 4.6) exhibited a significant chamber
pressure shift downward for a given servoactuator signal. The difficulty was
traced to a servoactuator null shift. It wes found that the torque motor cover
screws were loose. A design change incorporating more stringent torque and lockwire
requirements was immediately accomplished (reference paragraph 6.12.2). The mll
shift had also been noted on other Phase III servoactuators which had not been
subjected to vibration. This problem was traced to spring design deficiencies
(further detail is given in parasgraph 6.12.2). A servoactuator spring design
change was incorporated. Design verification of this change was demonstrated in
Prequalification Test -Oll wherein TCA S/N 008 was successfully subjected to
"qualification" vibration levels that were well in excess of the acceptance test
levels. (See paragraph 6.10.2 for discussion of this test.)
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L.6 TCA Acceptance Firing Test

The TCA acceptance firing test, conducted in accordance with STL Acceptance Test
Specification TS3-0O1B, was performed immediately after the TCA vibration test
(paragraph 4.5) in the acceptance test series. The test consisted of a 12-second
programmed hot firing test at sea level on the complete TCA. The thrust-time pro-~

file used is shown in Table L.6-1.

The objective was to verify HEA performgnce after the TCA vidbration test and to check
on the quality of the CC & NA.

Three complete TCAs were subjected to the TCA acceptance test. Tests on two of the
TCAs (S/Ns 005 and 007) were invalid because of loose adjustment screws on the HEA
and servoactuator. Remedial action was initiated as outlined in paragraph 4.5.

The TCA acceptance firing test on TCA S/N 001 was successfully completed on 23
September 1964. Relationships among characteristic velocity, mixture ratio, chamber
pressure, specific impulse, thrust, and servoactuator command are presented in
Figures 4.6-2, 4.6-3, and 4.6-4. Data from the previbration HEA performance test
are also shown in these figures to present & direct comparison O6f HEA performance
characteristics before and after vibration.. These data, plus the phase lag between
signal and actuator position for the 5-cps - servoactuator signal, showed acceptable
post-vibration HEA performance. Both the test data and the post-firing inspection

“verified the acceptability of the CC & NA (S/N 003). Thus, TCA S/N 00l passed all

the TCA acceptance requirements of STL Specification TS3-01B.

Table 4.6-1

AT-2 Thrust Cycle Profile

Time From :

Command (milliamps + .5) Startup (sec + .1)

-

0 Step' ' -10.0
o) Startup 0.0
+70 Step 3.0
-80 . - Step 5.0
=50 Step | 7LO'
) Step ' 9.0
0+17.5 Sihusoidal, 5 cés'- 9.5
0 Step . _ 11.5
0 Shutdown _ 12.0
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i

AN Of C2-564 HEA Test (Previbration)

O C2-569 TCA Acceptance Test

*Data Point Questionable - Slice Time < 2 sec

0
-80 -40 -20 0 20 40 60 80
Servoactuator Signal (ma)
Figure 4.6-3. TCA Acceptance Test Thrust
Deta for MIRA 150A S/N 001
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5.0 NONFIRING DEVELOPMENTAL EFFORT

Nonfiring testing accamplished during Phase III included carponent functional acceptance
testing, other camponent evaluations and vacuum tests in the laboratory. Also, effort
was expended in design studies that were involved with the servoactuator and related
power systems. These areas of effort are discussed in this section.

5.1 Component Subassemblies - Functional Acceptance Testing

As part of STL company standard practice, all incaming parts were subjected to receiving
inspection. In addition, corponent subassemblies delivered by vendors as complete units
were functionally acceptance tested in an "As Received" condition in accordance with the
applicable procurerent specification and associated acceptance test procedural document.
The three camponent subasserblies receiving acceptance tests were the electrohydraulic
servoactuator, the heliur pilot valve, and the propellant filter. These subassemblies

are listed below with their corresponding acceptance testing procedures and specifications.

Subassembly Specification No. Accept. Test Doc. No.
Electrohydraulic Servoactuator EQ 2-42 9354 .4-255
Helium Pilot Valve (Solenoid- EQ 2-25 ETD-MIRA-3R1-001
Operated, Three-Way Valve)

Propellant Filter ‘ EQ 1-73 ETD-MIRA-4R1-001

5.1.1 Servoactuator

The servoactuator (S/A) was acceptance tested in accordance with STL Document No. 9354 .k-
255. 1In Addition to the S/A acceptance test results discussed below; S/A experience of
any unusual nature occurring after acceptance is discussed in paragraph 6,12.

5.1.1.1 Test Setup

Required S/A acceptance test measurement talerances are given in Table 5.1.1-1. The
servoactuator MMH test stand is shown in Figures 5.1.1-2 and -3. . The stand includes

a carplete MMH recycling pressurization end supply system capable of supplying fuel at
the required flows end pressures. A servoactuator load fixture was designed and
constructed to simulate TCA induced loads. These loads consisted of a pressure area
load simulated by a spring and a superimposed friction load simulated with an electro-
ragnetic friction brake.

The Surveyor servoarplifier design schematic was used as a basis for the construction of
laboratory test servoamplifiers. These amplifiers incorporate dither oscillators to
simulate the spacecraft-imposed dither signal.

5.1.1.2 Servoactuator Acceptance Test Results

5.1.1.2.1 Pnase II Follow-on Servoactuators - Acceptance tests were conducted on all
six Fhase II Follow-on servoactuators. Table 5.1.1-4 sumrmarizes the internal leakage
tests. DBecause these units were procured only for HEA and TCA development test purposes
(rather than on deliverable TCAs), all units were found usable for subsequent testing.
TCA dynamic response data was not obtained using any of these six S/As.




e N LI L 7
] il
‘

"

. ]

8422-601.3-TU-000
Page 5=2

Table 5 l.1-1

Instrumentation Meacurement Tolerances

Current + 0.5 milliamperes
Displacement + 2.3 milli-inches
Force 3 + 3.0 1bs
Resistance + 0.4 ohms
Inductance . + 10 millthenries
Pressure . + 10 pei

Phase III Servoactuators

Acceptance tests were conducted on seven of the 18 Phase III servoactuators. Results
are given in Table 5.1.1-5. Figure 5.1.1-6 illustrates a typical FPhase III hysteresis

curve.

Based on experience with earlier units, servoactuator S/Ns C55394, €55395, 55398, and

C55390 were
Unit C55398

sormevwhat modified prior to delivery and acceptance.

passed all tests.

Unit C55394 passed all tests with the exception of linearity and phase lag. The actuator
failed the linearity requirement because the retract stop was reached at -69.5 ma instead

of the -~70 ma required.

20° maximum.

Unit C55395 passed all requirements with the exception of amplitude ratio, which was as

low as 0.95

Unit C55390

compared to the 0.97 minimum specification value.

passed all tests excepg frequency response. Amplitude rayio was as low as

0.91 and phase lags as large as 27 .

Units 05539h.and C55395 vere marginal in performance but were accepted after review of the

test data.

with the exception of amplitude ratio, which was 4% low.

Actuator C55390 would have allowed the TCA to meet all systems requirements

by Material Review Board (MRB) action.

The reraining 14 Phase III units were not acceptance-tested at STL but received similar

testing at the vendor's plant.

5.1.2 Propellant Fillter -

Acceptance testing of propellant filters procured to STL Specification EQ 1-73B, consisted i

of functional testing in accordance with ETD-MIRA-4R1-001 plus visual and mechanical

inspection.

Phase lag at 5 cps wes 22.5° at -60 ra, instead of the allowable

This actuator was also accepted

1
]
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The functional parsmeters checked by ‘oceptance testing were:
1. Fominal Filtretion Rating

‘2. Pressure Drop Versus Flow .% .
In performing these tests, the mudm- allowable tolerances on test condition neasnre
ments were:

1. Pressure: _ _+_~1$
2 Flow: + 2%

A bubble point test was used to evaluate the nominal filtration rate. In this test,
the filter element in a test fixture is subtmerged in alcohol and nitrogen gas is slowly
applied to the filter outlet. For the nominal Semicron filter to be acceptable, the
initial bubble emlssion must occur at a pressure greater than 11 inches of water and
the entire surface must emit bubbles at a pressure of less than 30 inches of water.
These requirements are shown graphically in Figure 5.1.2-1.

The pressure drop versus flow test was conducted in accordance with ETD-MIRA-LR1-001.
Water was used as the test fluid, end with appropriate density and flow corrections,
acceptance criteria was established as a pressure drop of 13 psi meximum at water flow
of 2 gom. Figure 5.1.2-2 shows the nominal pressure drop versus flow. for water (accept-
ance test fluid), and for oxidizer and fuel. Two filters failed to pass this acceptance
test (S/Ns 36 and 38). These fﬁters wvere subsequently accepted by MRB action. °

Data fram ecemunatesting of 27 ﬁlt@'s is shown in Table 5.1.2-3.

Acceptance testing of henum pﬂct valves consisted of visual and mechanica.l examinations
and functional testing of. each valve in accordance with ETD-MIRA-3R1-001 to check ror
campliance vith ﬁ 2-25 specification requirements.

As noted in parsgraph 3.2.%, tw ﬁesgna of helium pilot valves were evaluated, aiffer-
entiated here ‘hy the part mmbers 104337 and C104337-2.

Among other oconfigurstional differences the two designs differedintheuteruhmdin
the magnetic ecirewit {(including the case) and in the poppets. The magnetic cireuit of the
C104337-1 valve 1s electroless nickel plate over high permeability tron. The plating
process is proprietory to the vendor and was developed for use in propellant systems. The
inlet poppet. is nylan whereas the vent poppet is Teflon. Teflon is used on the vent
poppet because of prodlems wvhich occurred during Phase IT testing involving propellant
contamination in this area of the pilot ‘wive. ‘Inlet poppet contamimation problems have
never occurred. The C104337-2 valve use Teflon on both the inlet and vent poppets.

- The first lot of C104337-2 valves received also used electroless nickel pme over high

Permeability iron in the magnetic circuit. However, the plating process (apparently not
identical to that used by the other vendor) was inadequate, and the valves rusted from
exposure to atmospheric and rocket test stand moisture. These valves were removed from
service, and & second lot was ordered with appropriate design changes. ,

124
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41 Noe: | ‘ w
: 13 1. Spec. EQ1-73 Allowable for Oxidizer 1 e
P 2. Spec. EQ1-73 Allowable for Fuel
; 12 3. Max. Allowabie Using Water as
y Test Fluid per ETD-MIRA 421-001 / 3
L] 4 N ciosiss |
;i | 10 4+ / /
| o Oxidizer (computed R / /
= from water data) / X |
& \ o |
8— 8 l N yl y i |
5 |
, : 1 |
2 7 £ |
“ |
& /
é v ’
5 /r‘
4
| Fuel (computed from .
3 water data)
| 2
b
4 0 ’
0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0

Flow {gpm)

N S

Figure 5.1.2-2. Filter Pressure Drop
Versus Flow
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4
— Bubble Point Pressure Pressure Drop
E Filter | Initiml Gross  For vater | For ruel riov(®) | ror ox mow(V)
2] Serial Emission ‘| Bmission Flow of 2 gm of .24 1b/sec of .36 1b/sec
E No. (1n.nzo) ' (m.xzo) (psi) - (psi) (psi)
E ' .
= Accept. Greater Less Less
Test than than than None None
Reqm't 1 30 13
| 1 13 26 10.5 8.8 12.2
; 2 15 25 1n.4 9.6 13.3
’ 3 19 . 26 12.0 10.1 14.0
5 19 27 9.4 7.9 10.9
6 12 27 9.7 8.2 11.3
7. 20 28 9.6 8.1 1.2
8 13 27 9.5 8.0 1.1
9 20 28 10.1 8.5 11.8
10 20 27 9.k 7.9 10.9
1 21 27 9.2 7.7 10.7
: 12 17 27 9.8 8.2 1.4
13 16 8 9.5 8.0 1.1
1} 13 1 9.6 8.1 11.2
15 20 - 28 9.3 7.8 10.8
16 29 28 9.k 7.9 10.9
17 17 27 10.5 8.8 12.2
18 20 27 10.1 8.5 11.8
19 19 28 12.5 10.5 4.6
~ 22 20 2h - 10.7 9.0 12.5
I 23 10 24 10.5 8.8 12.2
E 24 19 24 12.5 10.5 14.6
26 16 23 1.3 9.5 13.2
: 28 19 27 1.3 9.5 13.2.
4 30 20 23 10.7 9.0 12.5
i 36 1 2 15.5 13.0 18.1
: 37 13 22 11.3 9.5 13.2
§ 3B 19 26 15.4 12.9 18.0
3 _
E NOTE: (1) Fuel and Ox AP's computed from water flow data.

SR e
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The second lot of 010%337-2 nlm m’c
- eircuit. Unfortunately, these staisless M v&lm were dclivered too R
" program for TCA usage; thsretdu, the -} valmmuudexclminlymmw ‘
scheduled for dcuvu-y or torm in the mqnnﬂection test m

The specific items W amutmw:eeeptm tuting»m
1. Dielectric (500 valts t‘or one mimrte vlth no 'breakdm)
2. Coll Reststance (kS o!ma.ainim)-.
3.' Proof Pressure (1000 psig).

Bl <
SRR

o FEIMQ!” !mm!wr

Leakage (zero external; internal, 10 scc/hr of helium at 850 peig).

L. 4

Respnnsei‘im&(mtmmtatooeo”c for 16 VBC and 0.012 sec for |,
16 vdc and 0.012 sec for 23 vdc; 0.025 sec for pilot pressure increase to
200 psig and decrease to 100 psig with 700 psig applied).

\Nn
.

In perfoming these tests, the maximum allowable tolerances on test condition movements

vy YWWTITT'——Y :

+2$

The dielectric test was conducted by applying & potential of 500 volts rms for one minute
between each valve lesd wire, in turn, and the valve case. Insulation breakdown was
defined as a current flow in excess of two milliamperes.

The coil resistance test consisted of measuring the resistance of the valve solenoiad,
using a Wheatstonedbridge circuit. _

The proof pressure test was conducted by applying a pressure .of 1000 psig to each valve
in the energized condition and checking for any detrimental erfect during the following
five-minute period. -

External and internal leakage tests were performed using a heliun J.ea.k detector. Leakage
was checked using helium at 850 psig. Internal leskage measurements were performed for
both the inlet poppet and the vent poppet with the maximum allowable leakage for either
being 10 sce/hr. .

T 7T ﬂ_%w IR TN o
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" Response time tests were conducted using & test setup that simuleted TCA pilot gas porti

and volume. Tests were donducted dy ywéasurizing the valve inlet With helium at 700 peig.
Valve response vas measured both with m without the use of svitch protection cireuitr;

shown below: . v

e

e C < Resistor: 8.2, 1 watt
To { .. _.—Diode: HFIC .
Valve . o + e

(Variable Source

This circuit simulated that used in the Surveyor spececraft. Pilot valve opening and
closing (energize asnad de-energize) response times were measured for the following two
signal conditions:

:‘.

(1) 16 vle pull-in for a one-seeond duration followed 'by a 13 vde
holding signal.

(2) 23 vae.

Table 5.1.3-1 presents data from acceptance testing of the 28 C104337-1 design valves.

The de-energize response time data shown were obtained with the simulated spacecraft

switch protection circuitry (diode and resistor) connected. The observed effect of this

switch protection circuitry was to delay valve armature movement upon de-energizing the

valve by approximately nine to ten milliseconds, but had no affect on energize response

times. Thus, the regponse-dmte shown for the energized condition is applicable for both

use end nonus¢ of the switcld protection circuitry. _ - . :

‘ bl Sapeinitnn S , .

ibout switch protection circuitry, the response time, ta,
“to be typieally 0.5 to 1.0 milliseconds for the voltmge range of 13 to 23

vdc. Analysis of tést 4ata &lso showed that upon de-zmergizing a valve, the time )

L Cocti and betveen t_ and t il.e., t - t_.and -t ) wvas

circuitry delays the begimning of amiature movement but has no affect (within the accurecy

of instrurentation and spalysis) on armature travel time and pressure decay time. Thus,

de-energize refponse times ¥ithout svitch protection circuitry may be readily computed

rra the hu el s L -

T

!-vif\“

*

TSI T, T ee—m—— ——
[=7]
o
]
o

The response time pilot pressures presented were selected because: (1) the propellant B
shutoff valve opening threshold pressure is equal to approximately 400 psig pilot pressure
at a propellant pressure of 740 psig, and (2) the propellant shutoff valve cloesing thres-
hold pressure is equal to approximately 150 psig pilot pressure at a propellant pressure
of 175 psig. ‘

Figures 5.1.3-2 and -3 show the naminal energize and de-energize response times for the
C104337-1 valve. '

Late delivery of the -2 design stainless steel valves resulted in acceptance testing of
only two of these valves. Table 5.1.3-k contains these data.

ELA

m

All valves tested passed the acceptance requirerents for dielectric strength, coil resist-
ance, proof pressure, external leakage, and internal leakage, and response time, with one
exception. Valve P/N C104337-1, S/N 001, did not meet the energize response time require-
ments. This valve was subsequently accepted through MRB action.

S
i
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' Table 501'3"1

Acceptance Test Data - Valve C104337-1

ENERGIZE RESPONGE TIME V1) | DE-ENGRGIZE RESPONSE TDEVY) | Goil ‘Tutersa) Leskegn] |
VALVE 16 vdc Applied | . 23 vt Applied. | 13 vde Removed © 23 vdc Removed |Resis-| Busr- |De-ener- |
S/N ®s | *350 “uso | “Ys | %30 | uso.| ta | Y200 | t100 | e | tzoo | Pioo | tance] gized | gized
(msee )] (moec) (msee) Qun? (luc) (meec) (n;sec‘) (msec)| (msec)|(msec)| (msec)|(msec)| (ohma )| (scc/hr) '(lcc/ﬁr)
Specif;cationjf 1 (5) 1 (6)#-- S PR
Value 20 257" - 34 - - -} W 1wy
o — el i

001 19.5 | 25.5 | 11.2 | 20 26 - |5k 81

002 20.2 | 26 13 20.5 | 25.5 | 55.6 |.

003 20 26.5 | 12.2 | 20.5 | 26.8 | 55.1 |

00k 18 21.8 | 22.8 i |10 20.2 | 24.5 | 11.8 | 19.5 | 24.8 | s5.2

005 12,8 | 17 18 9.21 13.5 | w.5 | 9.5 | 17.8] 22.8 | 10 18.5 | 2 55,1

006 w.2|18.3)19.3| 9 |12.8]13.8| 9.2 17.2] 22.5 | 10,5 | 18.2 | 24.2 | 56.6 |

007 1.2 15.3} 16.3] 7.5| 108} 12.8] 8 |18 |24 9.8 | 19.5 | 25.5 | 55.2

008 20 2L | 25.3 9.8 13.86 | 14.8 |- 8.5 | 18 2L.8 9.8 | 18.5 | 25 54,6

009 15.8 | 20.5 | 21.5 9.8 13.8 | 15 10.8 | 19.5 | 26.2 | 11.2 | 21 27.2 | 55.1

010 13.21 17.3 | 18.5 | 7.5] 11.8 |13 | 10 18.3 | 24.2 | 11,8 | 20.2 | 25.5 | 55.3

011 13.5 | 17.5 | 18.8 8.2 12 13 7.8 | 17.5 | 24.? 9.8 | 19 25.2 | 55.0

012 1k 17.8 | 19 8.8 12.5 | 13.5 9 18.2 | 24.5 | 11 19.2 | 25.2 | 55.7

013 16.2{ 20.3 | 21.3 | 8.2| 12.3 | 13.3| 9.2 | 17.2 | 22.5 | 10.8 | 18.8 | 23.8 | 55.2

ok | 12 |16 |17 g2 12 |13 115|200 | 25.8 |12 |2 | 25.2|55.0

015 12.81 16.8 {17.81 7 10.5 | 11.5 | 9.5 | 18.2| 24.8 | 11.2 | 19.2 | 24.2 | 55.9

015 11.8| 15.5 [ 16,5 | 8.5] 12.3 | 13.3 | 108 | 19.2| 25.2 | 11.2 | 19.6 | 25 | 5k.9

017 .81 1 20.3 | 8.2} 12.5 | 13.% 9.8 | 19.51 2.5 | 11 20.5 | 26 55.1 .

as ). 16?{:@? O&J&aiiihz;’ " % ﬁ Poull BN B Tl W+ IO !E'%iﬁ%ﬁ"*ﬁ' 2 b s i

e . s el Sl DL el b G0 235 ) 9.2 17.8 ) 2362 15543 T

L&l 13.2 4 17.3 | i6.3 8 11.6 | 13 6.8 | 16.2 | 21.8 8 17 22.5 | 55.6

021 9.8 13.8 | .8] 6 |10 {11.3)] 9 118.8) 2u.2]| 10.2] 20 | 26.8 | 55.1

022 A 18.5 | 19.8| 7.8 12 13.5 | 10.8 1 20 | 25.5 || 10 20.5 | 26 55.8

023 12 165 | 17,5 | 8.2! 12.3) 13.3 | 8.8( 17.2} 23.2|| 9.8| 18.5 | 23.8 | 55.6

02k o135 14 19 8.5, 12.8 | 13.8 | 10.5 | 19.2} 25.2|| 11 20 26 55,9

025 | 15.86 | 20.3 | 21.3 9.2 1 13.9 | 1b.5 | 10.5 ¢ 16.5 | 2k.2 | 11.0 | 19.8 ] 25. 55.6

02% 13.21{ 17.8 | 18.8 8.2] 12.3 | 13.3 9.5 ] 20., | 27 - | 108 | 19.8 | 25 55.7

027 1 | a7 s 7.2} 11.3] 12,310 | 18.8) 4.8 {11.2| 19.5] 25 | 55.5

028 11 14.8 1 16 7.2 o | e 10.5] 19.2) 25.8 § 12.5 ] 21.2 | 26.5 | 55.2

x(3) .1 18.2 | 19.3] 8.41 12.3 13,& " 9.7] 18.7 % 24.6 1 10.8 ] 194 | 25,0
~ %) 2.9 +3.0 | 13.1 ;}.14 A2l sae|a2el n.2f 3]0 ] A2

NOTES: (1) Response time data acquired using helium at 700 psig. Valve attached to test block

which simulates TCA pilot gas porting and volume.
t_ = tire from application/removal of voltage until valve armature moves.
txxx s tire from aeppliéation/removal of voltage until pilot pressure = xxx p#ig.

(2) Internal leakage measured with helium at 850 psig. (Helium leak detector used.)
N
Y -1 N\ Coon T % ; FUETHIGTT AR
e (K :ziammxwwmf\ ,%7 L L T T

11
3

. N 2
(%) (standard deviation) = [E%T t (xi - X)
) 1l

-

(5) sSpec. value energize response time of 25 msec is for t (i.e. time for pressure
200
to reach 200 peig).

(6) Spec. value de-energite response time is for condition without switch protection circuitry
and 1s 25 msec. The value showvn (34 msec) assumes a switch protection circuitry delay
of 9 msec.

{#T-¢ 98ed

000-AL-£T09-2218
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Solenoid Current (ma)

Figure 5.1.3-2.

Time (msec)

Nominal Energize Response Time for
Helium Pilot Valve P/N Cl04337-1
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0
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Armature Movement
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Figure 5.1.3-3.
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. 5.2 Deep Vacuum Tests |

Three deep vacuum tests were conducted &uring July and August 196k. The primary
objective of these tests was to determine the effect of space enviromsent on the
function of the HEA moving perts; for exsmmple, to see 1f a.ctuation friction levels
increased, or if lesks dculcged.. , .

Thece tests were performed at a point. in time when all assembled and operational MIRA

. 150A HEAs vere being utilized for high priority firing tests; therefore, a MIRA 150

- HEA (Part No. 103950 and S/N 002) was selected as the basic vacuum test specimen. At

- the outset of this vacuum testing with the MIRA 150, it was planned to conduct subsequent
tests with MIRA 150A HEA hardware; however, it was felt that the MIRA 150 HEA testing
would indicate potential problem areas and provide definition of test equipment and
instrumentation requirements.

|

The paragraphs which follow discuss the three vacuum tests.

5.2.1 Head End Assembly Vacuum Test

L 5.2.1.1 Test Specimen and. Test Setup

The test specimen was MIRA 150 HEA S/N 002. The test setup is shown schematically in
Figures 5.2.1-1 and -2; a photograph of the setup is presented in Figure 5.2.1-3.

For this test, water was used es a substitute for both fuel and oxidizer and gaseous
nitrogen was used as the pilot gis in place of helium. The servoactuator was supplied
vith Brayco 939 (a tmx- mnlat i nm) fluid from a hydraulic power supply developed
for actustor Hesting. To o8CFEet and drain the water flowing through the m (vhen
actuated), a Fp m WM ﬁ.n phce of the CC & MA.. L

5.2.1.2 Instrumentat:lon -

Servoactuatar 1 ntabi n m photogrephically in Figure 5.2.1-k, eonlistea of a
rectilinear potentimeter for position readout and a load link for out.‘put shaft force
measurement. = ad 1ink was fabricated from aluminum and employed four foil-type

strain gages:in & bridge airangement containing four active arms. Pilot valve actuation /
current was'monitored by an oscilléscope connected across & one-ohm shunt. Actuation of

the oxidizer shmtaff valve wmg detected vith & pressure transducqr attached to thc
oxidizer injection: ‘Pressure tap. ,

Thermocouples were attached to the test specimen to veriry the 125°F te-peraturc uintained
during vacuum storage by means of a peir of heat lamps. . -

The specific HFA perforreance parsmeters of interest in the test were:

[

d

1. Friction loads as measured at the ~ac‘l;u‘aimr end of the HEA
actuation arm (loed link instrumentation).

ST T TR Ur—m e Ty

- 2. Servoactuator hysteresis deadband and linearity (shaft positioan
instrumentation).

3. Pilot valve actuation (current instrumentation).

{

L. Shutoff valve actuation (injection pressure instrumentation).



VEH = oT3ewmayog dnjss jusudmby

822-6013-TU-000

Page 5-19

593G 00 4 S41OBA,,

; S 100psuns) yur poo jo yiieq

dwng wansop
1le) O«I - S : |
dung O%H —
105npsuDI] Sines.y ..//
O9H 051 oUW~
Y

: a\\ A\ 199npsuD| eoz_ue._ﬁtzﬁx
- /Lou:vaso.; mca 3.3
(Z) sdwo 4ooy pay oiyu -

483 uMmowp

NLY =

(1Sd 002) Agdng 1010NI Y ]

*I=T°2°§ sanBrg

z ISd 002)
O"H 9anme .4 Y81} ~=-

!_K_

159 oz M #Boi0is O%H

Ajddng eA[DA 10414 IN-

014 0o04
Ayddng 2mod 10onidy

_bmor.é/é

o A ozo_&uug.ég
o1 ozo_.sssiﬁﬁ_

sonpsumy cozwom !S.u( i

g
Ajddng
usBouyiN
ol :
{uswdinby
Bujpiodey

O e o M :
195npsuUdy) Hulq pool

i M e IR il

i M fif o L ‘




8422601 3-TU-000
Page 5-20

700 PSIG Nitrogen
4o Scope

Water In

28 Vdc | {Pilot Valve

T T I A YT 0 T T TR |

Flow Control
Valves

Shut Off
Pressure - M Valves
= Transducer

To Scope
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T Figure 5.2.1-4. HEA Vacuum Test Actuator Shaft
s Position and Load Instrumentation
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5.2.1.3 Test Procedure | .

Prior to subjecting the test specimen to the vacuum enviromment, the above performance’
parameters were measured to provide reference values. The friction loads were measured
both with and without wabder flow, and the vater was then purged from the HEA with ary

gaseous nitrogen.

The dry, unpressurized HEA vas next exposed to a vacuum enviromment, and following a pumpr
down period of four and on? half days the HEA was soaked for approximately 100 hours at
a mean pressure of 4 x 10 ' torr. During this time, the gpec:.men temperature was main-
tained at 125°F, except for brief cyeles from 80 F to 160°F to expedite out-gassing.

Following the 100-hour soak, fluid pressures were slowly applied to the HEA in order to
£i11 the various volumes without causing a pressure surge which might break loose any

cold welds and this mask sticking or friction changes. The aforementioned performance
parereters were then measured and recorded; these data are presented in paragraph 5.2.1.h.

Following the performance measurements, the HEA was again subjected to the vacuum environ-
ment; however, this time the test specimen was pressurized with the various working fluids
(i.e., water, Brayco 910 and n trogen). In the pressurized condition it was only possible
to achieve & vacuum of 6 x 10" 7 torr (apparently because of test specimen leakage); the
HEA was soaked at this pressure for approximately 100 hours. After 100-hour soek in the
pressurized condition, the HEA performance parameters were again measured and recorded;
these data are also presented in paragraph 5.2.1.4 .

5.2.1.4 Test Data

Figure 5.2.1-5 shows a plot of bell jJar pressure versus time for the unpressurized and
pressurized. vac\;n atongo test runs. :

Upon pressurizing the servoactuator after the 100-hour dry vacuum storage, fluid (Brayco
910) leakage was: detected by the output shaft; however, after cycling the servoactuator
at 0.05 cps and an tude less than full travel, the leakage stopped and & 100-second
actuation (throttllng run wvas conducted with full shaft excursion. Because of an
inadvertent grounding of the trigger signal, the pilot valve solenoid current and oxidizer -
injection pressure were not recorded during the first HEA start. However, normal water
flow occurred during this start; in su'bsequent starts current and pressure recordings were

successfully obtained.

Servoactuator hysteresis plots taken after both vacuum storage tests revealed no gain
changes or null shifts. The actuator fluid leakage which occurred at the conclusion of
the dry storage test stopped with shaft motion and no further leakage was encountered.
This action suggests that the leakage was due to shrinkage of the shaft seal causing

it to pull away from the shaft and that wetting and/or fluid pressure restored the seal.
Pilot valve current rise and oxidizer injection pressure build-up are shown in Figure
5.2.1-6. Pilot valve armature movement as noted by the cusp in the current trace did not
indicate any vacuum envirormental effect. The oxidizer injection pressure trace for the
post dry storage test was attenuated, since the flow setting at startup for this test was
different than for the control test and post wet storage test.

T
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Scales:

Sweep Speed 10 ms/cm
Pressure 25 lb/cm-
Current 200 ma/em

Figure 5.2.1-6. HEA Vecuum Test Startup Data
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' rigure 5.2-1-'{shmthe toulmtuundon :
shaft position. These loads do not incliude any friction vithin the actuator 1tau
The "Flow Condition™ in Figure 5.2.1-T 18 vith the shutoff valves open and vater
flowing through the HEA. The "No-Flow Condition” is with the shutoff valves closed
and, thus, the flow contral valve pintles are working against the static water press- S
ure. The difference in water pressure betugen flov and no-flow conditions results in
a reduced actuator loading of approximately 20 1bs for this flow condition. The post
vet storage total load curve ‘is shifted approximately 6 1bs higher than either of the
other two curves possibly bacsuse of a drift in the load readout mtmemtion or s
shift in the straln gage excitation level. '

The friction loed is equal to one-half of the difference in loading that occurs Buring
a shaft direction reversal. Table 5.2.1-8 shows the friction load data derived fram
. Figure 5.2.1-7. Changes in actuator loading resulting from changes in friction are -
3 negligible vhen compared to the 100-1b stall load rating of the servoactuator. The
. exact reason for the cbserved increase in friction loads is not clear; however, it may
possibly be attributed to measurement technique ard accuracy and variations in seel
friction. Cold welding was not observed nor expected. A review of available data on

Ty

cold welding indicates pressures less than 1 x 10~/ torr are necessary to produce cold
‘ welding.
Table 5.2.1-8
k Friction Loads at S/A Shaft
r FLOW CONDITION
(sovs Open)
_ S/A Shaft 8/A Shaft
Condition Retract Load Extend loed
(1v) (1v)
Pre-Storage -~ . 3.5 3.5 | 3 | b
Post Iry Storege 5 6.5 3.5 6
Post Wet Storage kS 6.5 | 3.5 3.5

WERTET eme— "

5.2.2 Shutoff Subsystem Vacuum Test

Immediately following the HEA vacuum test discussed in Paragraph S5.l1l.1, a similar vacuum
test was conducted on the shutoff subsystem. The test objective here was to determine
if shutoff subsyster performance would be affected by vacuum storage in the pressure
region where cold welding phenomenon occurs (less than 1 x 10~ torr).

[T T TR

5.2.2.1 Test Setup Description

The shutoff subsystem functionally consisted of the shutoff valves and the helium pilot
valve. The test article was the same head end body, shutoff valves, and helium pilot
valve used in the previous test (described in Paragraph 5.2.1) but with the FCV, and
servoactuator removed. The injector elements also rerained, fixed in the full-open
position. The shutoff valves used were of the Phase II design, except that Microseal

7
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was not used on the metal parts and Bal-Seals were used for static and dynamic seals.
The helium pilot valve was P/N C 104337-1 (S/N 005).

The test setup, shown schematically in Figure 5.2.2-1, used helium for the pilot gas and
water in lieu of propellants. Heat lamps were used to maintain a test specimen nominal

temperature of 125°F.
5.2.2.2 Instrumentation

Test instrumentation was provided to measure and record the following performance
parameters as functions of time:

1. Fuel and oxidizer injection pressures
2. Pilot valve solenoid current

3. Pilot valve solenoid voltage

Additionally, test specimren temperature was monitored to verify the 125°F temperature
requirement.

5.2.2.3 Test Procedure

The test article was pressurized and the performance parameters were measured at (room)
embient conditions to establish reference values prior to vacuum storage. Following
these initial control tests and with ghe system still pressurized, vacuum pumpdown was
started. A pressure level of 2 x 10™° torr was readily obtained, and the test specimen
was soaked at this pressure for 168 hours. Throughout the vacuum storage, the pilot
valve inlet pressure was 700 psig, the inlets to the SOVs were pressurized to ThO psig
and the test specimen temperature was maintained at 125°F. It is noted that during

the vacuum storage the water sump ocutlet was valved to the vacuum chamber such that the
downstream portion of the SOVs was exposed to the vacuum enviroment. )

At the conclusion of the 168-hour vacuum storage, the water sump outlet was valved to
(room) ambient pressure. The pilot valve was then energized and de-energized several
times with the aforementioned performance parameters being recorded during each actuation.
The actuation signal was 16 VDC and the switch protection circuitry (see Paragraph 5.1.3)

was connected to the pilot valve.

5.2.2.4 Test Data

Table 5.2.2-2 presents pre-vacuum storage and post-vacuum storage data on energize response
times of the pilot valve and SOVs.
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Table 5.2.2-2
Shutoff Subsystem Energize Response Times .
Pre-Storage Post-Storage
Energlze Energize Response Time
Response Time 1l st 2 nd
(msec) Actuation Actuation
(msec) (msec)
Helium Pilot Valve 11 57 13 -
Shutoff Valves 13 (11 + 2) 61 (57 + &) 15 (13 + 2)

NOTE: The energize response time is defined as the interval of time from closure
of the pilot valve switch until movement of the particular valve is detected.
Pilot valve movement is noted by & cusp in the solenoid current trace which
indicates armature movement (see Figure 5.1.3-2). SOV movement 1s detected |
by a change in injection pressure downstream of the 30V poppet.

The first actuation of the pilot valve following the vacuum storage displayed a large
delay in response time, perhaps caused by the start of cold welding. In subsequent
actuations, the response time was approximately equal to the initial value; the small
differences could be attributed to instrumentation and data reduction inaccuracy and to
the fact that input power to the valve was less than that during control tests because
of the temperature difference. '

Cold welding ar sticking of the S0Vs was not indicated. The two-millisecond increase
in time interval between pilot valve armature movement and SOV movement (i.e. 13-11=2
msec versus 61-57=4 msec) can be attridbuted to instrumentation and data reduction in-
accuracy. The de-energize response times are not tabulated, since the oscillograph
tapes did not indicate a difference between pre-storage and post-storage values.

To verify the apparent vacuum envirommental affect on the pilot valve response, a third
vacuum test, discussed in the paragraph 5.2.3, was performed.

5.2.3 Pilot Valve Vacuum Test

A third vacuum test was conducted in order to further assess the effect of a vacuum
environment on performance of the helium pilot valve.

5.2.3.1 Test Setup Description.

The same test setup was used for this test as was used in the previous vacuum test, except
that two additionsl helium pilot valves were added as test specimens. The added pilot
valves (P/N Cl04337-1) were S/N 016 and 017. For this test they were secured to a metal
block within the vacuum chamber. The pilot ports of the added valves were cepped and

the vent ports were open to the vacuum chamber. Further, the inlets of these two valves
were connected such that during vacuum storage the inlets could be either pressurized
with pllot gas or exposed to the vacuum.
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5.2.3.2 Instrumentation

Instrumentation for this test was the same as the previous vacuum test (see Paragraph
5.2.2.2) with the exception that current and voltage instrumentation were added for the

two additional pilot valves.
5.2.3.3 Test Procgdure

Prior to vacuum storage, the performance pararceters were measured for each of the
three pilot valves and two SOVs.

After initial control tests to establish test specimen reference values, vacuum pump-
down was started. Throughout the pumpdown and vacuum storage, the shutoff subsystem

was pressurized as in the previous test vhereas the two added pilot valves were intern-
ally as well as externally exposed to the vacuum enviromment. The test specimens were
soaked at 2 x 10-° torr end 125°F for 1h4 hours. At the conclusion of the 144 -hour
vacuum storage, the inlets to the two separate pilot valves were pressurized with helium.
Each of the three pilot valves was then actusted twice by a 16 vdc signal and the various

response times recorded. :

.5.2.3.4 Test Data

Table 5.2.3-1 presents the emergize response time data of the three pilot valves. The
SOV energize response time was not obtained because of an error in instrumentation

wiring.
Table 5.2.3-1

Pilot Valve Energize Response Times

Pilot Valve Pre-Storage , Post-Storage

Serial Energize ' Etergize Response Time

Ihrber Response Tire 1st 2nd
(msec) Actuation Actuation
(msec) (msec)
- )

005 11 ) 14 11
016 12 13 10
017 1k 16 17

* Same valve used in previous test.

The post-storage actuation of the pilot valves did not indicate the sticking that had
apparently occurred in the previous test. The small variations in energize response

time can be attributed to instrumentation and readout in-accuracy, temperature differences
and valve repeatability. The de-energize response times were, as before, unaffected.

As a result of this test, it was concluded that the pilot valve is not affected by vacuum
enviromrent. The previous indication of sticking with the S/N 005 valve may possibly
have been caused by dirt between the ammature and the bore.
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5.3 SOV Component Evaluation Test Series

In Paragraph 3.2.3 it is stated that refinements to the SOV were incorporated during
Phase III. Testing of these refinements is discussed in this paragraph. Table 5.3-1
outlines the parts of the shutoff valve package and the corresponding part numbers for
the Phase II and Phase III designs. The SOV design features that were refined for the
Phage III design are briefly described below:

1. Seals - The Phase II SOV used Omniseals. This seal is a spring-loaded Teflon
configuration and seeling is achieved by single ridges on the O.D. and I.D.
peripheries. The Phase III SOV uses Bal-Seals throughout. The Bal-Seal is
also a spring-loaded Teflon configuration; however, it provided superior seal
ing because of uniform spring loading and two sealing ridges each on the 0.D.

and I.D, peripheries.

2. Microseal - Microseal is a dry film lubricant applied by a high velocity
spraying process and was used on the Phase II SOV sleeve and piston to avoid
galling and seizure. Action of the piston seals caused the Microseal to wear
and flake off. The subsequent buildup of this material on the piston seals
resulted in leakage. Microseal was not used in the FPhase III SOV, since
adequate piston to sleeve clearance presented no problem of galling or seizure.

3. Surface Finish - Critical area surface finishes of 8 and 16 microinches rms
(per MIL-STD-10) in the Phase II SOV were replaced in the Phase IIT SOV with
finishes of 4 and 8. The better finishes improved sealing, decreased frictiom,

and enhanced seal life.

4. Poppet and Seat - The same basic poppet and seat design concept is used in
Phase II and 1II SOVs. However, in the Phase II SOV, the poppet to seat contact
diemeter is 0.38 inches whereas the Phase III SOV & smaller Teflon O-ring seat
is 0.31 inches. The smaller contact diameter of the Fhase III SOV lowers the
pilot gas pressure at which the SOV opens and enables the SOV to be used in a
lower pressure system (e.g., 370 peia system instead of 720 psia).

5. Tolerances - The Phase III SOV incorporates smaller dimensional tolerances than
those used in the Phase II configuration. The reduced tolerances improve
performance repeatability and enhance component part interchangeability.

The SOV component evaluation test series was camprised of three separate tests which are
discussed in the following paragraphs.

5.3.1 Seal Camparison Test

The objective of this test was to make a camparative evaluation of the performance
characteristics of Omniseals Versus Bal-Seals. The test specimens were a pair of Phase
II SOVs with one valve assembly equipped entirely with Qmniseals and the second valve
assembly equipped with Omniseals for the static elements (i.e., sleeve seals) and Bal-
Seals for the dynamic elements (i.e., piston seals). Each SOV was installed in a test
block containing a cavity identical to the SOV cavity in the Phase II HEA. The two SOVs
were pressurized with N_.O, at 700 psig. Valve actuation was accanplished by supplying

the SOVs with 700 psig Helium (through a tee comnection) from a helium pilot valve.

o

1y >
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Table 5.3-1
Shutoff Valve Package Refinements -
Part Number Changes
Phase II Phase III
Item Design Design PZN
Sleeve 103947 106656
Piston 103948 106657
Poppet - 103946 106798
Separation Washer . None 106670
Poppet Spring MS 24585-182C1 MS 24585-182C1 (no change)
0-Ring Seat Parker 0-Ring 2-110T - Parker O-Ring 2-11T
Sleeve Seals Omniseal R10105-015 AlN ~ Bal Seal 200-15
Piston Seal (smell) Omniseal R105J-.242 AlQ Bal Seal 200-10
~ Piston Seal (large) Omniseal R105J-.370 A1Q Bal Seal 200-12
The test consisted of concurrent cycling of the SOVs and periodically measuring the

fluid leakage from the vent of each SOV. The method of measuring leakage did not

af’:rd quantitative data; however, the test revealed that qualitatively the Bal-Seals
were superior to the Omniseals in this application. From the start of the test the
valve assembly completely equipped with Omniseals exhibited some leakage of N Oh dur-
ing actuation. This leakage was sporadic throughout the cycling period and b€came
severe after 400 cycles. On the other test article using Bal-Seals there was no initial
N,0, leakage, but some did develop graduslly with wear and became severe after 600
cycles., 8tatic leakage, leakage of N20 during noractuation - was undetected for |
either test aritele after 1000 cycles o% operation.

5.3.2 S0V Seal Life Test No. 1

The objectives of this test were to evaluate SOV life and galling or seizure resulting
from not using Microseal. The test specimens were a pair of Phase II SOVs incorporating
the design deviations noted below. : .-

l. Microseal was not used.
2. All seals were Bal-Seals.
3. Surface finish in critical areas was 4 and 8 microinches rms. '

The two SOVs were installed in the same test blocks used in the seal comparison test
(described in parsgraph 5.3.1). The SOVs were pressurized with N Oh at TOO psig.
Actuation was accomplished with TOO psig helium via a tee-connectgon from a helium
pilot valve.

For this test, the SOVs were cycles for 2000 actuations with periodic interruptions for
quantitative leakage measurements. The specific leakage paths which were periodically
checked are identified in Figure 5.3.2-1. The leakage rates as a function of total
actuations are tabulated in Table 5.3.2-2. Upon campletion of 2000 actuations, the SOVs

1, 5}




action taken.

were disassembled and visually examined.
run in Microsealed bores, and there were no indications of galling or seizure.
inspection did not reveal the cause of helium leakage in Valve No. 1 (Path 1-2), but it
is noted that this leakage would have been detected in HEA leak checks and corrective
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The seals were quite clean as compared to seals

Visual

ngure 503¢2-l

SOV Leakage Paths

Helium
NN
1 .‘-' A\
N\
2 3 Vent
3 o 4‘\ |
\5 g ‘ 4 Pout (Prop. Outlet)
\ A F\\
b y = 1 (Prop. Inlet)
\ \\\ A\
Pressure Conditions
Leakage Leakage (psig) -
Path Type He VENT Pout Pin
l1-2 Helium 7001 O o (o]
3-2 Neoh 7001 O 250 250
b -3 Naoh 0 (o] 0 700 R

* Leakage from 4-3 checked with helium before
testing and after 2000 valve actuations.
other leakage paths checked before testing and
after each 200 valve actuations.
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5.3.3 SOV Seal Life Test No. II

The objectives and conduct of this test was the same as in SOV Seal Life Test No. I.
The identical SOV pistons were used in this test as in Test No. I but all other SOV
parts were new. Here again, Microseal was not used and all seals were Bal-Seals.

The results of this test are presented in Table 5.3.3-1; the leakage path definitions
of Figure 5.3.2-1 also apply. No leakage of R Ou developed after 2000 cycles. The
valves were disassembled and visually inspecteg. Here again, the .seals were very clean
and there were no indications of galling or seizure. »

Table %.3.3-1

Leakage Vs. Actuations - SOV Seal Life Test No. 2

Leakage Path & Type
tumber of | 1-2 33-02 k-3
Valve Helium 2°h Helium
Actuations (cc/Min) (C(()/D;in) (cc(:{r;xm)
a
valve #3 | vaive #4 | valve #3| Valve #4 | Valve #3 | Valve s
0 3.3 1.3 0 0 0 )
400 20 | .9 0 0 - -
800 1.5 .8 0 0 0 o -
1200 o 1.0 ) ) 1»2 ) 0 0 - -
1600 ' 1.3 | 1.2 ) ) 0 o
2000 o 3.6 1.0 o) o] 0 0

(a) Zero leakage is defined as not detectable during an observation
period of approximately 2 minutes.

(v) Zero leakage is defined as not detectable during an observation
period of approximately 10 minutes.

5.3.4 Additional Data

The porpet seat design of the Phase III SOV was not evaluated by a specific test series..
The basic poppet and seat configuration, consisting of a Teflon O-ring seat and speherical
radius poppet, is used in both the Phase II and III SOVs and was well tested. However,
the reduced poppet seat contact diameter used in the Fhase III results in the bottam
sleeve static seal (Bal-Seal 200-15) being exposed to system pressure and functioning as
a primary seal. In the Phase II SOV design, the bottam sleeve seal was actually a K
secondary element since primary sealing was performed by compression of the O-ring seal
between the sleeve and a step in the SOV port.

157
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The Phase IIT SOVs have been installed in nine MIRA 150A EEAs (S/Ns 001, 002, OOk, 005,
007, 008, 009, 010, and Ol1) and have undergone leak tests and operational use. The
performance of the design has been satisfactory. The few leaks associated with the
poppet seat or lower seal that were encountered were traceable to installation of
defective parts, dirt, or insdequate surface finish. These leaks would have been

.....

detected during HEA acceptance testing and would have resulted in replacement paris
being installed on the TCA prior to its delivery.
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5.4 Servoactuator Evaluations

Two short developmental tests were performed on the servoactuator alone. One was a
test for performance at the expected minimum, in-flight temperature, i.e., near
0°F. The other test was to determine performance at various inlet fuel (MvH)
pressure levels down to 350 psia. This latter test was accomplished to support a
spacecraft system evaluation of a possible low pressure propellant. feed system and
to support the servoactuator power system evaluation study discussed in paragraph

5.5.

The servoactuator low temperature test was performed on a Phase II Follow-On unit,
s/N €53751. Rysteresis, deadband, step response, and frequency response character-
istics were measured at ambient temperature in accordance with STL Acceptance Test
Procedure 9354.4-140. The actuator and fuel were then cooled to 0-15°F, and the
servoactuator characteristics were again measured. No change in performance occur-

red.

The low pressure tests were conducted on two Phase II Follow-On servoactuators,
S/N C53747 and C53748, to determine the following performance parameters at three

pressures ]OO, 500 and 350 psi:
1. Null Leakage
2. 100% Stroke Rise Time
3. 25% Stroke % Overshoot
L. 25% Stroke Settling Time
5. 5 g':p#r 10% Stroke Phase Lag

These tests were conducted under imposed loads corresponding to those imposed by
the FCV loading. The compressive loads assumed were 12 1lbs at 350 psia MMH pres-

sure, 19 1lbs at 500 psia, and 25 1lbs at 70O psia.

Test results are shown in Figure 5.4-1. Null leakage and phase lags were within
STL specification limits for all differential pressures from 350 to T50 psi. Step
response rise times and settling times were generally over the required limits
specified in the ccmponent specification.

In view of these results, it was concluded that the'performance parameters can be
altered to result in a S/A design that would meet all performance requirements
at the 350 psi AP condition. However, the effect of low differential pressure on

reliability is unknown.
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5.5 Servoactuator Power Systems Evaluationé

Prior to final selection of the servoactuator power system using MMH with overboard
dump (see section 3.0), several other possible power systems were evaluated. Of
the alternate approaches the most extensive effort was expended on a separate

hydraulic power supply (HPS)
5.5.1 Alternate Systems Considered -

Six different servoactustor power systems were considered. They are shown schemat-
ically in Figure 5.5.1-1. .

Scheme Description

I Battery driven, separate hydraulic power unit (HPU), using
oil.

II Low pressure drop, fuel-driven servoactuator with regulator
bypass.

I1Y High pressure, fuel-driven servoactuator with overboard MMH
dump.

Iv Electromechanical servoactuator.

v Helium motor-driven hydraulic power supply, using MMH as
hydraulic fluid.

VI Elgctropneumatic servoactuator using helium.

The evaluation results are sumparized in Table 5.5.1-2. As a result of the evalua-
tion, STL recommended System I, the electric motor-driven hydraulic power supply ‘
for the following reasons:

1.

Existence of a highly reliable, readily adaptable, qualified, missile type
hydraulic power unit now used on the second stage of the MINUTEMAN Wing VI
missile.

High system reliability.

Competitive overall weight for spacecraft vernier engine system.

Short development and qualification test periods.

Sealed hydraulic system resulting in lowest possibility of actuator
contamination.

Excellent ground functional checkout capability.
System dynamics uncoupled from the propellant feed system.

Allows man rating the propellant tanks because of reduction in feed
system pressure requirements.

11\
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9. Excellent spacecraft growth potential with regard to use of the HPS
for other uses (e.g., to drive equipment to be used after the space-
craft reaches the moons surface).

10. Low development risk.

5.5.2 Rydraulic Power Supply

A development program was initiated to develop a completely closed HPS using
hydraulic oil as the power fluid. The HPS was comprised of a hydraulic power
unit (discussed in paragraph 5.5.2.2) and associated hydraulic lines and fit-
tings. One HPS was designed to provide power to the servoactuators of all three

TCAs on board the spacecraft.

The spacecraft location chosen for the HPS was near the helium tank, somewhat
outboard of the main spacecraft freme. This location was chosen to satisfy
thermal control, weight and balance, and hydraulic line routing and length con-

siderations.

Two system detail design alternatives were considered. One alternative was to
package the battery and switch in a separate container, requiring the HPU to undergo
modifications needed for operation in a hard vacuum environment. The second alter-
native was to package the HPU, battery, and switch in a sealed container which
would be pressurized with inert gas at a moderate pressure. Figures 5.5.2-1 and -2
show two packaging arrangements for the second alternative, assuming 20 battery

cells. :

The MMH servoactuator design (see paragraph 3.2.6) was reviewed for use with
hydraulic oil. AItems requiring design changes for the change in fluid media were:

e Seal materials (compatibdility). I '
o Orifice and noztle sizes.
@ TFeedback spring rates.

e Spool centering springs.

These required changes were considered minor and easy to incorporate in the existing
MMH servoactuator design.

During the course of the HPS program, purchase requisitions were submitted to pro-
cure 5 HPUs including a special test HPU, to permit hard vacuum starts to be made
during spacecraft systems tests, and one mass mockup unit. In addition, the loan
of two MINUTEMAN units was negotiated. One HPU and three pressure transducers
were received from vendors, and the two loan HPU units were received.

Before testing was started on HPS components a decision was made to develop
Scheme III (see Figure 5.5.1-1).

A detailed discussion follows on the major constituents of the HPS and its pre-
dicted performance.
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5.5.2.1 Hydraulic Power Unit (HPU)

Vickers Aerospace Division, vendor of the second stage Wing VI MINUTEMAN HPU, wvas
chosen to make the minor modifications to this HPU for use with the MIRA 150A. The
modified HFU was given Part No. EA1513711-2 and it is scheratically represented in
Figure 5.5.2-3. Figure 5.5.2-4 shows the actual MINUTEMAN HPU.

The modified HPU consists of the following components:
e Variable-delivery, pressure compensated hydraulic pump.

e DC, explosion-proof, pump-drive electric motor.
I
e Self-pressurizing reservoir.

® Pressure transducer.

¢ Hydraulilc oil filter.

e Radio noise filter.

® Check valve,-

e Manifolad.

® Fill and bleed disconnects.

The displacement of the pump is varied by controlling the angle of the cam plate by use.
of the cazpensator. The compensator is & three-way valve which senses system pressure
and ports fluid to the stroke control piston to change pump flow,maintaining system
pressure between required limits. _

The welded steel bellows reservoir acts ag & campression spring to maintain a miniomm -
system pressure for storage purposes and to facilitate pump startup. Following the
initial startup cammand, the reservoir is pressurized by system pressure.

Radio frequency interference (RFI) requirements were given in Hughes Aircraft Company
Specification No. 226100, "Electramagnetic Interference Specification." Low ripple
voltages and essentially no cammutator arcing result fram a minimum number of armature
turns and a maximum number of commutator bars in the motor. This motor design keeps the
arrature reactance voltage and commutator bar-to-ber voltage at & minimum. The radio
noise filter utilizes the inherent inductance of the motor field windings as inductive
elerents of symmetrical filter networks. The motor compensating field windings are
divided equally between the positive and negative circuits in a four pole configuration.
Conducted and radiated RF energy is thus kept below specification requirements using a
light weight radio noise filter.

5.5.2.1.1 Considerations for Space Envirorment Operation - If the pump-drive, DC motor
were to operate satisfactorily in a deep vacuum enviromment without the packaging and
pressurization noted earlier, modifications from the original MINUTEMAN design would

be required. A study was performed, investigating the feasibility of such modifications.

i
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On the proposed design the motor and pump have & cammon shaft allowing good heat
conduction. The partially sealed bearings combined with the explosion-proof motor
sealing were estimated to result in pressures at the bearings of about 107~ torr
vhen the HPU is exposed to 10-11 torr. Proposed plugging of the shaft seal drain
port would further improve this motor internal pressure situation. In a vacuum, the
DC motor brush materiel deposition must supplant the embient oxidation film and
provide a lubricant film on the cammutator of low enough resistance to minimize
voltage drop, but sufficiently high to prevent undue brush short-circuiting and wear
out. A possible brush material for use in deep vacuum was estimated to consist of
electrographitic carbon, copper, silver and edditives to control filming rate. This
material would have to operate at temperatures not to exceed 550 F. A change to the
brush spring rate probably would also be required.

The order of sublimation of materials of the HPU were considered to be: oil, lubricant,
insuletion of armature and field, highly polymerized resins of the mechanical insulation,
brush impregnants, and lastly, metals. Of the 2.23 lbs of motor weight, it was estimated
that 5% would sublimate in three years under deep vacuum enviromment.

Other anticipated changes required to convert the existing Vickers HPU fram Model No.
EA1513-530-2 to Model No. EA1513-711-2, are surrarized below. These changes would
permit the HPU to operate within the performance requirements and environmental
conditions defined for the Surveyor application.

Reservolr - Change spring preload on bellows to simulate the existance of
sea level atmospheric pressure under outer space conditions.

Menifold - Revise shaft seal leakage drain holes to permit plugging after
seal leakage check.

Seals - Change all O-ring seals to a material capable of withstanding the
required temperature cycle.

Pressure Transducer - Change operatiﬁé pressure range fram O-700 psia to
0-1000 psia.

5.5.2.1.2 Predicted Performance of HPU - A special test was performed by the vendor
prior to subcontract award to insure that the Vickers MINUTEMAN HPU would meet the
pressure-flow requirements. Test data, shown in Table 5.5.2-5, confirred that the

unit would meet the requirements subsequent to slight modifications. Considerable

effort was expended in an analysis of the HPU predicted performance and its campatibility

with system requirements and servoactuator characteristics.

These studies confirmed the earlier opinion that minor modifications to the existing
HPU, plus development of the batteries and the packaging, would provide an HPU that was:
(1) fully capable of powering the servoactuators, and (2) adaptable to the required

spacecraft installation.

A preliminary draft of an equipment specification for the HPU was prepared. This
unreleased document was given the specification number, EQ 2-40. Some of the primary

performance requirements are excerpted in Table 5.5.2-6.
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Table 5.5.2-6
Selected HPU Perforrance Requirements
(From EQ 2-40)

Operating Fluid MIL-H-5606 hydraulic oil
Voltage, vdc

Nominal Operating 22 to 30

Overload Rating - for 0.010 seconds 4o
Operating Pressures, psia

Nominalydifferential operating pressure 750

Maximum inlet pressure 90
Pressure versus flow demonstration requirement See Figure 5.5.2-7
Flow Rates, gmm

Minimum operating flow rate ‘ 0.156

Maximm flow rate 0.790

Flow demonstration See Figure 5.5.2-8
Flow Response

Demonstration requirement See Figure 5.5.2-9

Maximum Time, seconds :

(1) From 63% of full flow to minimum flow 0.015
(2) From minimum flow to 63% of demanded full 0.015
flow.

Startup time, seconds 0.090

(fram voltage application to achievement of

0.160 gpm)

5.5.2.2 Battery

The battery and switch requirements for powering the HPU during the mission cycle were
analyzed in detail, resulting in the selection of a secondary type battery.

Battery developmwent activity was suspénded in the middle of June 196k4.

5.5.2.2.1 Requirements - Preliminary battery design requirements were derived based on
the 8.5 - minute duty cycle shown in Table 5.5.2-10. This duty cycle was considered to
be very conservative. The total power requirements derived from the duty cycle (Table
5.5.2-10) in conjunction with Figures 5.5.2-11 and -12 are given below for alternate
average battery voltages.
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Figure 5.5.2-7. HPS Pressure Flow Relationship
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Figure 5.5.2—9. Dynamic Response Demonstration
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Design Voltage 22 vde 24 vdc 28 vde 30 vde
Watt hours over -
mission cycle 70.3 Th.1 79.8 82.7

In addition to the approximately 80 watt-hour power requirement, other technical require- §

ments established for the battery were:

1. To survive after ghe lunar landing without liqu%d legkage or explosion
for 5 days at 300 F followed by 15 days at -300°F.
2. To be capable of at least 30 days stand time when wet at 20°F to 100°F prior
to launch - recharging permitted during this period.
- To be capable of operating during launch and in any attitude in space.
k. To be capable of supplying motor current requirements during the start transient,
(assuming a start voltage of 24 vdc the motor current requirements for start was
90 amperes, decaying to the steady state requirement in approximately 0.3 seconds
Table 5.5.2-10
Battery Dty Cycle
Load Curve
* Shown in Time
Starts Figure 5.5.2-11 o sec
#1 A 30
#2 A 60
#3 B 20
“#4 "B 20
# B 20
A 10
B 10
A 30
B 10
A 280
B 10
A 10
Totals A 420

Battery usage to occur as follows:

1)
2)

-\
oy

Turn on #1 to occur near beginning of 100-hour period.
Turn on #2 to occur near middle of 100-hour period.
Turn on #3, #4, and #5 to occur near end of 1(O-hour period.

Total mission time = 100 hours.
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Figure 5.5.2-11. Motor Power Versus Voltage
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A summary of the battery requirgmen%s was éiven to vendors to obtain their recammendations
Since there was not time to develop & new battery for this application, a choice was to
be made of batteries or cells presently in production. The following is a summary of

vendor recommendations:

(1) Electric Storage Battery - The ESB Type 22l battery was recommended.
Tt was in production and was to be used on Surveyor Test Spacecraft
T-2. The cells have a six-month stand life and are.capable of 10
cycles of operation. Twenty cells, the number needed, would weigh
four pounds and caould probably be packaged for a total weight of 5.0
1bs. The ESB Type 241 battery weighing 6.8 1bs might also be useable.

(2) Eagle-Picher - Eagle-Picher recamended using Type 515 cells in a MAR
196 container. This battery was similar to one of the batteries that
was supplied to STL for the Polaris STV Program. This battery weighed

6.0 1vse.

(2) Yardney Electric - Yardney Electric had no suitable battery in production.

However, they recormended using 17 Type HR-3 cells in a titanium case
estimating a meximum weight of 6.0 lbs. Delivery of this battery was

estimated at 3-4 months, cells alone in 4-5 weeks. .
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6.0 TEST FIRING EFFORT

The hot firing tests conducted during Fhase III are .outlined in this section. The
results of these tests are discussed to the extent needed to substantiate the

performance set forth in paragraph 3.k,
6.1 Combustion Chember and Nozzle Assembly Final Selection Tests

As related in the Phase II Final Report (STL Document 9730.4-64-36), the two-plece

JTA nozzle throat insert had been chosen by the end of FPhase II as the primary throat
configuration for the MIRA 150A CC & NA. A secondary design, still under consideration
at that time, was the tantalum-tungsten alloy throat insert.

As planned in parasgraph 3.1.2 of the Phase III Development Test Plan (STL Document
9730 .4-64-1-43), a series of final selection tests were performed using three sea
level chambers with coated tungsten throat inserts, three sea level chambers with
90% tantalum-10% tungsten throats, and nine sea level chambers with JTA graphite
throats (eight of which were of the final configuration). The specific test
objectives for t{ese finael selection tests were to:

1. Determine the reproducibility of service life of the JTA insert design
by testing with several MIRA 150 injectors.

2. Determine the effect of a silica-tape overwrap on the service life of
the ablative liners.

3. Determine the effect of a JTA graphite converéent section upstream of the
throat on the durability of the throat inserts.

4. Compare service life limits of the candidate nozzle materials.

5. Determine the valve of an oxidation protective coating on toutalum-
tungsten. :

The test conditions for the final selection test series were the following:

Propellants: NTO or 90-10 MON, ?nd MMH

Mixture Ratio: 1.5 +0.05

Starting Chamber Pressure: 125 + 5 psia (0.920 inch diaméter throat)
104 + 5 psia (1.00 inch diameter throat)

Combustion Efficiency, C¥: 5400 ft/sec + 1%

Firing Schedule: | ; 15 seconds at maximmm P followed

by & cool down to ambiegt temperature,
50 seconds at maximum P_ followed by a
cool down to ambient temperature, and
a final 235-second firing at maximum Pc‘

Environmental Conditions: Ambient sea level conditions with
ambient propellant temperatures and
prestart chamber temperature. No
thermal blenket used on chambers.
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The results of the final design selection tests are summarized in Table 6.1-1. The
significant conclusions drawn from these tests are as follows:

1.

The primary throat design (i.e., two-piece JTA insert) is more than
adequate for the intended use. (Full duration firings were successfully
completed on eight chambers employing this throat design. Two MIRA 150
injectors were used in this series, neither producing any throat erosion
following 300 seconds of operation. One JTA throat was fired for a total
of 1141 seconds end resulted in only an 11% throat area increase. Another
JTA graphite throat was tested at the maximum MIPRA 150A chamber pressure of
110 psia for a total of 683 seconds without throat erosion.)

The silica-tape overwrap used to hold the multi-piece composite together,
provides structural integrity to the entire assembly.

The JTA graphite nozzle convergent section extends the service life of a
refractory throat insert. (The JTA convergent section does not erode and
disturb the boundary layer thet provides long throat life.)

Oxidation protective coating is not essential to provide long service life
of a tantalum tungsten throat insert.

The tantalum tungsten insert provided the longest service life of the
throats tested. (A total of 2266 seconds was achieved with no change in

throat insert dimensions.)

Based upon these test results, the two-piece JTA graphite throat design was selected
for advanced development directed toward final qualification because it 1is
adequately erosion resistant and lighter weight and easier to fabricate than the

Ta-W alloy design.
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6.2 Injector Modification Tests

During the course of the Phase III development program there were two occasions
when the basic injector design was modified and tested.-

The Pirst such effort took nlace in May -~ June 1964 and led to injector design
modifications that became part of the final MIRA 150A design. This effort is d;s-

cussed in paragraph 6.2.1.
The other effort was primarily one of testing and characterizing the current injector

design under unusual test conditions. It also included evaluation of some design
features that are different from those on the MIRA 150A. This effort is discussed

in paragraph 6.2.2.

¥

6.2.1 Mod 1 to Mod b Injector Development

Early in Phase III the initial injector design for the MIRA 150A was found to.
exhibit excessive throat erosion on streak testirg. The injector development program
described herein was undertaken to arrive at an injector design that would exhibit
acceptable throat ercsion when tested at full thrust on standard streak test throat

inserts.

6.2.1.1 Background

The MIRA 150 injector was satisfactory from the standpoint of low throat erosion
after the propellants were reversed from oxidizer center to fuel center, In that
design the totel injector sleeve stroke from O 1lb to 150 lbs of thrust vas approxi-
mately 0.0050 inch. Thus, at the 20% thrust level (i.e., 30 1lb), the gap on the fuel
and oxidizer injection control point was approximately 0.0010 inch. The sensitivity
of this small dimension to manufacturing tolerances made it difficult to contrel
reproducibly the injection pressure drop at the low thrust levels. These small gaps
also increased the danger of completely closing the injector gap and stopping flow,
thereby introducing high pressures into the injection pcrts and seals. The initial
MIRA 150A injector was desigred with a smaller injector pintle and sleeve to reduce
the effective dismeter at which prcpellent injection velocity is controlled. The
injector sleeve travel and geps were therefcre increassd proportionally. The injector
sleeve stroke on the MIRA 150A HEA is designed for 0.0084 inch of travel from O 1lb

to 150 1lbs of thrust. Therefore, the gap at a minimum thrust is approximately 0.0017
inch. This gap is still quite small; nevertheless it makes the injector pressure
drop at the low thrust level considerably less sensitive than on the MIRA 150 HEA.

The above-mentioned injector design change (resulting in the MIRA 150 HEA becoming
MIRA 150A HEA) completely altered the geometry of the injector although the genmeral
impingement angles, ramps ard steps were still very similar. Unfortunately, the
design change resulted in unforeseen rough combustion. Throat erosion during
200-second streak tests increased from essentially zero to over 35%. The initial
MIRA 150A screamed (i.e., emitted a high pitch sound) at full thrust with various
injection pressure ratios. Screaming did not exist at low thrust levels. The
appearance of the ercsion and char pattern of the streak sample was completely dif-
ferent from that exhibited by the MIRA 150 injector. Whereas the streak sample on
the MIRA 150 injector had a sherply defined 12-leaf char pattern with absolutely no
char upstream of this distinct char pattern, the initial MIRA 150A injector (un-
modified design) had no virgin material visible after 200 seconds. The unmodified
150A injector produced characteristic velocities at the high thrust level in the
range of 5400 to 5500 ft/sec uncorrected. Low thrust level performance was above
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5000 ft/sec with readjusted injector pressure drops. This HEA had a 108-hole dis-
tributor ring, and all streak samples tested on this design (Runs C2-237 and C2-2%0)
resulted in an eroded oval throat aligned to the inlet of the oxidizer manifold. It
was apparent from these tests that a higher pressure drop was required across the
distributor ring. A 24-hole, 0.021-inch hole diameter, distributor ring wvas then
selected and tested. This ring resulted in a T7.5-psig pressure drop at 100$ flow.
This change eliminated the high erosion at the 1 and T o'clock positions. _

After preliminary tests (water-cocled and streak) were performed on two of the -
initial dezign MIRA 150A HEAs, S/Ns OOl and 002; four modifications were made o~
the injector geometry on HEAs S/Ns 001 through 005. These design changes are dis-
cussed in paragraph 6.2.1.2, and the test results are presented in paragraph 6.2.1.3.

6.2.1.2 Design Modification Descriptions

The four injector modifications evaluated are shown in Figufe 6.2.1-1.:

Mod No. 1 - The first modification involved reboring the sleeve I.D. from 0.148 4n.

to 0.175 in. The modification was incorporated on all HEAs after it was shown that
the fuel velocities and dynamic pressures in the pintle-sleeve passage were excessive
(effective fuel pressure drop was approximately 10 %o 15 psi) and probably resulted

in poor fuel distribution. The velocity in the fuel flow passage could not be reduced
beyond a certain limit; otherwise, the radius of curvature of the fuel passage at the
injection zone would be reduced to a point which 'introduces losses and unstable flows.
This modification is shown in the upper left hand corner of Figure 6.2.1-1.

Mod No. 2 - The second mocification involved adding e 10° ramp extension on the injec-
tro sleeve. It was incorporated in an effort to move the propellant impingement zone
away from the pintle and sleeve thereby reducing combustion reoughness (which was
believed to be contributing to the excessive erosion). This modification is shown

in the upper right hand corner of Figure 6.2.1-1.

Mod No. 3 - Modification No. 3 (shown in the lower left corner of Figure 6.2.1-1)

was made by press fitting an extended oxidizer ramp onto the injector. This modifi-
cation was iesigned to move the impingement zone away from the fuel injection point
and still maintein a 90° impingement angle. The ramp was designed to prevent oxidizer
from overlapring at the fuel injection point as 1t probably did on Mod No. 2. The
distance from the end of the ramp and the fuel injection plane was also significently
reduced. Testing of this modification was done with a rebored sleeve (Mod No. 1) and

a 108-hole distribution ring.

Mod No. It - Modi“ication No. U4 involved a simultaneous 0.200-inch lengthening of the
injector pintle, increasing the diameter of the oxidizer upstream ramp, and lengthen-
ing the downstream oxidizer step. This modification was first tested on HEA 150A-005
with a 2l4-hole distributor ring and with a rebored sleeve (Mod No. 1). It is shown
in the lower right hand corner of Figure 6.2.1-1. ;

) -
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6.2.1.3 Test Results

A total of 228 firings were conducted during this injector modification effort. Of
these firings, two were done with JTA throat inserts, 13 were done with ablative
streek test throat inserts, and the remaining 213 firings were done with completely
water-cooled chambers including the throat section. The following HEAs were test

fired: 150A-001, -002, -003, -OO4, -005, and 150-003.

Table 6.2.1-2 summarized the tests perfcrmed on these HEAs. A summary of the
individual streak tests performed during this serles is presented in Table 6.2.1-3.
Seven streak samples selected from those listed in Table 6.2.1-3 are pictured in

Figures 6.2.1-4 through 6.2.1-10. They are viewed from the upstream end.

The characteristic velocity, Cu*, listed in Table 6.2.1-2 is an average of the un-
corrected values obtained on water-cocled chambers during that test series. There
is normally an 80 to 120 ft/sec C* correction which is added to the tabulated figure.
This correction includes pressure correcticn, throat growth, and water-cooling cor-
rection. The ACE , shown in the fifth column of Table 6.2.1-2 is the correction for

heat removed from“the chamber by the w=ter-ccoled combustion chamber. The sixth
column, P n’ indicates the roughness in chamber pressure as measured by the down-
stream trffsducer. Whenever a streak test was performed during the test series
shown in Table 6.2.1-2, said test is identified in the Comments column.

Table 6.2.1-3, the streak test summary, lists tge run number, HEA number, injector
modification, and mixture ratio. The listed cu and AC* o are measured on the water-

cooled run which preceded the streak test. In all cases no HEA adjustments were made
between the streak test and the preceding water-cooled test. Pci/P indicates the
initial and final chamber pressures. The injector pressure drops tggulated for the

oxidizer and fuel indicate the pressure crop between the pressures measured Jjust below

the shutoff velve and the chamber pressure. Of this pressure drop, approximately
20 to 30 psia is irreversible at full Zlow and does not contribute to injection

velocity. The roughness indicates in tke Pc .column were obtained from the Photocon
transducer used for the water-cooled run Jus% prior to the streak test.

The only effect Mod 1 appeared to.have cn ﬁEA operation was to lower the heat flux
correction, AC¥ o from 40-42 ft/sec to ebout 35-L0 ft/sec. Characteristic velocity

was not signififantly affected but streak test throat erosion was still unsatisfactory.

Mod 2 probably gave the most interesting set of test results of all the modifica-
tions; however, the streak tests were unsuccessful. Testing on Mod No. 2 alone
resulted in high C*'s (5400 f£t/sec uncorrected) as indicated by Test Series 4 of
Table 6.2.1-2. The injector when reworked to include both Mod No. 1 and No. 2 pro-
duced the lowest C* (5000 ft/sec or less), lowest heat flux, and smoothest Photocon
traces of any TCA fired. Tests on HEAs wiih these modifications are shown in Test

Series 5 and 10 of Table 6.2.1-2. No screa=ing was evident on either series of tests.

With Mod 3 the heat flux was low - 30 #+/sec but screaming was pronounced. The re-
sulting characteristic velocity was low - 5200 ft/sec (uncorrected). The Mod 3

streak test failed; chamber pressure drcpped from 109 to 75 psia in 200 seconds. The

erosion pattern on the streak sample was oval and aligned to the inlet oxidizer
port. (See Figure 6.2.1-7.) This was the only unsuccessful streak test that showed

a sharp char border with about 1/4 inch of virgin material at the water-cooled
ablative interface.

2%
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For Mod L4, three streak samples and a JTA chamber were tested with complete success.
The initial tests demonstrated a characteristic velocity of about 5250 ft/sec at the
high thrust level. Later testing, during the same series, demonstrated character-
istic velocities of 5350 ft/sec at maxirmm thrust. The test on the JTA chamber (with
no erosion) was run for three separate runs with a C* of 5420 ft/sec on all runms.
Tte water-cooled runs prior to the JTA test showed uncorrected c*'s of 5360, 5354,
and 5337 £t/sec. This TCA did not scream at any thrust level or injector pressure
drop. With the Mod No. 4 injector design, a sharply defined char pattern was also
distinctly evident after a 50-second rua with a JTA throat insert in an ablative
crzemter. Heat fluxes were the lowest experienced over the entire range of pressure
drop rztios. The patternator tests showed oxidizer flow varied from plus 15-20%
high on one side to minus 15-20% lcw on the other side.

6.2.1.4 Test Conclusions

The following conclusions were reached based on the test data and earlier data obtained
from testing the MIRA 150 HEA:

1. Characteristic velocity (ft/sec) ic not the controlling parameter on
throat erosion.

2. Cozmbustion roughness measured at either the head end or the downstream end
of the chamber with Taber or Photocon transducers does not correlate with

throat erosion.

3. 1Injector pressure drops (absclute or relative) do not have a significant
affect on throat erosion, using an otherwise good injector.

L. Low heat flux is a necessary but not sufficient criterion for low throat
ercsion.

S. Injector geometry is the prizary rarameter controlling erosion. Roughness,
injection pressure drop, ani ctaracteristic velocity are controllable
perameters which can affect erosion within limits on a poor (high erosion

czusing) injector.

6. A direct measurement of thrcat erosion using a streak test sample is the
best method of predicting the tkrcat erosion characteristic of an injector.

Tre ¥od L design provided smooth coztuisiion, eliminated throat erosion and maintained
high performsnce. All Phase II HEAs {S/Xs 0Ol through 006) were modified to the Mod

L in;éctor configuration by fabricatioa of new injector sleeves of the size and
stape s¥Tleved experimentally by the two-piece arrengement shown in Figure 6.2.1-1.
s M4 4 design thus became the stendard injector configuration on the MIRA 150A;

ell Phese III HEAs (S/Ns 007 and subsequent) were fabricated with the Mod 4 shape
and size.

3
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6.2.2 Bi-Stable Combustion Investigation

The objective of the bi-stable combustion investigation was to determine the cause(s)
of observed operating differences between Phase II and Phase III HEAs such as greater
than usual streak test erosion with Phase III HEAs than with Phase II HEAs. As a
result of this investigation, it was determined that: (1) two possible combustion
nodes existed, (2) the mode causing higher heat transfer could be triggered only at
sea level, and (3) the CC & NA could tolerate the more severe mode.

6.2.2.1 Background

The basic design difference between Phase II and Phase III HEAs was the addition of
quick disconnect ports to the injector body. This change necessitated relocation of
tke injection pressure taps and propellant passages. No change was made to the basic
injector element configuration.

Initial streak testing of the first Phase ITI HEA (S/N 007), resulted in an erosion
and char pattern noticeably different from that of Phase II HEAs. Overall erosion
was greater, the erosion pattern was less uniform, and the throat insert appeared
"hotter” than in previous streak tests. Another unusual characteristic of this HEA
wes an occasional 20 psi increase in the pressure drop between the fuel injection
menifold and chamber head end. This anomely correlated with an increase in heat
transfer to the water-cooled chamber and an increase in combustion noise., Initial
tests on the next Phase III H=A (S/N 008) showed none of these characteristics, while
the third and fourth Phase III EEAs (S/N 009 and 010) exhibited all of the anomalies
of S/N 007. It was then evident that a bi-stable cambustion condition existed which

bed not been experienced during testing of Phase II. K HEAs.

An investigation was initiated to determine any differences between the Phase II and
Phase III 150A HEAs vwhich might explain the combustion characteristics mentioned
above. A reinspection of all major parts of the Phdse III units was conducted. The
sleeve (Part No. 105192), pintle (Part No. 105107), pintle guide (Part No. 105106),
and body (Part Nos. 106809 and 1C546k4) were reinspected to original prints. 1In
eddition to reinspection, the parts from Phase III HEA 150A-007 were compared to the
perts from Phase II EEA 150A-C06 at high magnification on an optical comperator in
an attempt to identify differences that might explain the change in performance.
After a thorough investigation of Phase III and Phase II parts, the differences noted
between the two injectors were: (1) the method of applying Micro Seal treatment

‘c the 106664 Body Assembly on the Phase IIT unit, (2) the method of staking in the
distribution ring (Part No. 105103-2), and (3) the aforementioned additions of quick
disconnect ports and relocation of injector pressure ports on the Phase III design.
Tre third item results in a slight increase in provellant volume upstream of the

shutoff valves.

A series of engine firing tests were performed concurrently with the reinspection of
ra2ris mentioned above. Conmparative tests under identical conditions were made on
three Phase II 150A HEAs and five Phase III HEAs, and also on the MIRA 150 HEA-003,
wanich has a significantly different basic injector element. Figure 6.2.2-1 shows
trhe injector configuration of the MIRA 150 HEA and the modifications to the basic
15CA element which were tested in this investigation. These modifications are
described in paragraph 6.2.2.2, and the results are discussed in paragraph 6.2.2.4,
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6.2.2.2 Injector Configurations and Modifications

The injector configurations and modifications (to the basic condigurations) which
were tested during this combustion investigation are shown in Figure 6.2.2-1.

The basic configurations were:

e Phase IT 150A HEA - This configuration was the standard Phase II design.
HEAs S/Ns 00L, 005, and OC5 were tested under this configuration.

e Phase III 150A HEA - HEAs s/ns 007, 008, 009, 010, and 011 were tested under
this configuration as standsrd Phase III HEAs. Basic change from the Phase
II design was the addition of qguick disconnect ports, as discussed in para-
graph 6.2.2.1.

Y

e 150 HEA - HEA S/N 003 tested was one of the original MIRA 150 ITAs.
This design has a larger diameter sleeve and pintle compared to the MIRA
150A HEAs. .

Injector modifications for these tests were limited to changes which could be readily
performed on existing HEAs by remachining of parts already fabricated.

Tke modifications tested weres

e "Roughened" Sleeve - The surfece of the injector sleeve on 150A HEA S/N
010 was roughened using #4CO emery paper while the HEA was on the test stand
between Runs C2-664 and C2-665. This was done to alter tbe oxidizer flow
boundary layer conditions. Tte roughened sleeve was left in the HEA while

other modifications were beirg investigated.

e 80° Pintle - A fuel pintle (Par: No. 105107) was reground fram 90° to 80°
as shown in Figure 6.2.2-1 t5 chenge the propellant impirgement angle in
an attempt to elimirate injecticn pressure drop shifts Ty relocating the
combustion flame front. This rintle was installed on EZA S/N 010 for Runs
C2-696 through C2-698. This IZ=A already had the "roughened" sleeve modifi-
cation mentioned above.

e Reduced Diameter Sleeve Tip - This modification was tested on 150A HEA S/N
009 during Runs C2-601 taroiga C2-684. The tip of the sleeve, (Part No.
105192) was machined to a smaller diameter, as shown in Figure 6.2.2-1.

In 2ddition to these modifications, the fuel pintle from Phase II EEA S/X 006 was
installed in Phase IIT HEA S/N 01C for Runs C2-699 through C2-708. Although Phase
II and Phase III HEAs both use the szxe pintle design, this exchange was performed
to ascertain that no change in fabricatiorn techniques had occurred between the times
the Phase II and Phase III pintles were produced that might have affected the flow
ckaracteristics of the injector. Eaca of these basic configuration and modifications
were subjected to an identical series of test conditions as described in paragraph
6.2.2.3. The results of these tests are given in paragraph 6.2.2.h4.

*J
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6.2.2.3 Test Setup and Conditions

After inspection of HEA detail parts showed no significant change in injector con-
figuration between the Phase II and Phase IIT HEAs, a review of the test setup at
the Inglewood Test Site was made to determine whether the Phase III HEAs had been
tested under different conditions which might explein the change in combustion charac-

teristics. )

The Phase III HEA tests, except those for dynamic resronse and start-stop transient
response,were run without the nitrogen gas purge lines which were usually connected
to injection pressure taps. Earlier, purging had been used es a safety precaution to
prevent accidental accumulation of propellants in the combustion chamber -vhen the HEAs
were fired on the IRTS horizontal test stand, C-1. Since the Phase III HEAs were to
be fired only on the IRTS vertical stand, C-2, where propellants would drain from the
chamber, it was decided to eliminate purge volumes to enable the acquisition of valid

response data on all runs.

The elimination of purging had two effects on run coniitions: (1) successive firings
without purging may result in varying amounts of residual propellants in the injector
passages, which could cause an oxidizer or fuel lead on startup; (2) the fill volumes
between the shutoff valves and the metering gaps are cdecreesed by two-thirds, which
causes shorter start transient times and rapid chamber pressure rise on startup. Both
of these conditions were considered as possible causes of the bi-stable combustion

experienced in initisl testing of Phase III HEAS.

13

Figure 6.2.2-2 shows the relative locations of the fuel and oxidizer passages down-
stream of the shutoff valves. Vertical mounting of +he HEA creates a trapped fuel
volume between the shutoff valve and the pintle guile, while the oxldizer passages
drain freely. 1In addition, the low vapor pressure of itke mixed oxides of nitrogen
(MON) compared to monomethylhydrazine (MMH) causes rerid boil-off of the oxidizer
compared to the fuel. 3Both of these conditions teni to cause a fuel lead on ignition

wvhen the injector passages are not purged prior to starting.

To investigate the effects of the above conditions, tests were conducted both with
and without the purge volumes attached. Additional tesls were made with the purge
volumes disconnected ani the propellent passages cc—sletely free of trapped propellant
by purging the injector with nitrogen and then removing the purge lines immediately
prior to firing. ’

Phase III HEAs, which had the quick disconnects ports upstream of the shutoff valves,
wvere tested with and without the additional volumes of these ports filled with pro-

pellants (attained by bleeding) or plugsed with Teflon rods.

Instrumentation used for all tests is listed in Table 6.2.2-3. The results are listed
in Table 6.2.2-4 and described in paragraph 6.2.2.h.

The test conditions for each of the HEAs fired dur&g this investigation are summarized
as follows: : '

1. Empty Passages Downstream of Shutoff Valve - This condition was attained
when the HEA was first installed on the test stand or by purging through
the injection pressure ports. Purge line vcliumes then were or were not
removed before the firing.

524
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Table 6.2.2-3

Instrumentation Requirements

Parameter
Chamber Pressure 1

Chamber Pressure 2
Chamber Pressure 3

Inlet Venturi Pressure,
Oxidizer

Inlet Venturi Pressure,
Fuel

Fuel Flowrate

Oxidizer Flowrate
Actuator Signal
Actuator Position
Cooling Water Flowrate

Cooling Water Tempera-
ture Rise

" Fuel Temperature

Oxidizer Temperature
Start Signal
Injection Pressure Fuel

Injection Pressure
Oxidizer

#0ptional Instrumentation

Instrument

—Type

Taber
Taber

Photocon
Taber

Taber
Rotating Vane
Rotating Vane
Ammeter
Potentimeter

Rotating Vane

Thermocouples
Thermocouples
Thermocouples
Relay -

Taber

Taber

8422-6013-TU-000
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Range
0 - 150 psia
0 - 150 pala
0 - 150 psia

0 - 1000 psi.a

0 - 1000 psia
.03 - .3 1b/sec

05 - .5 1b/sec

+ 100 Mamps - |
+ 0.12 Inch
0 - 10 1b/sec |
0

0 - 100°F

0 - 100°F

0 -« 1 Volt

0 - 250 psia

0 - 250 psia

- 50°F
|
|

0




(*@8ed 3xou uo paupeTdxe L PUB ‘9 ‘G ‘4 sagoN) ~

‘UOTINQTIISTD DPOIOSII8 SABY DPTNOA YOTUA ‘oBessed JozIpYX0O ey3 O3UT YeaT UMTTaY ﬂ
® 9AWY O3 PUNOJ X336 SeM X0309(UT 8TYL °XNTJ 3UY O 4D UT 96TSIOUT OU PAMOYs 900 N/8 vEH (€) s

*UOTYBOTITPOW 8TY3Z 03 JOTxd paTaj3oxys 30U s®vA VHH STYL *2°2'2'9 yduvaBexed uUT paqrIO8aP AASSTS
LDRUSYBNOX,, qITA OTO z\m.a uo ATuo paxmdd0 BuTT330IY] SUTIND PIIVTITUT UOTISNQWOD 3Tqel8-Td (2)

‘unx sTY3 uo uado 3337 AT3uSpToow sem aaTes ssedAq wagsfs Tang ossnwosq aTqeuUOTIsINd B38(Q Ad $SAION

8422-6013-TU-000

Page 6-19

GLY (2)%9 ofT £9 Ly (1)t TVIOL

111 pus

II sssyd

6T (2)09 4TI €6 €N (01 TVIOL
GVT Gvoa- 2 0 9 i T 0 110
11 09 91T (2)09 28 € e 0 (L)ot0
()% 00T st - 0 L 9 2 0 (5)600
L 09 - -—- £ 2 2 0 600
w 09 ma , 0 2T m 6 0 moo
0 0 1 f T 00
(%) (1) Yoot

III aseyd

Te 0 91 08 4 0 TVIOL
0 0 -- -~ ] 4 g 0 900
Amvo.n ASS 4 -- e h 13 1 o] S00
LT 021 T 0 g8 S T 0 00
VOST

II eswyd

--- === A 0 02 0 T 0 £00-061
9swaIoul §  eswarouUI | enIYY pautelly 833938 pautulv 83938 pouTeIY N/8
098 \..C X8 03 uoT368NqQWo) Jaqumy uoT48INqQWo) Joqumy UOTAeNqQUWO) pue
sdaag aTqe3s-1d 31qe31s-1d 9Tq938-14 odAg,

Jaqumy
O-xnTd 3l *N Surtaroxyy, safessed PoTTTd goBesssg A3duy VaH
ATTeT3.08g

Areummg 383], UOT48NQWOY) STqEIS-TH

=c'c*9 °1qsy




d

22

Y

8422-601 3-TU-000
Page 6-20

‘BOT3WdTFTpow aT3uTd Og PU PIYPUBLS U30Q SIPNTOUI (L)

*UOCTINQTIFS TP WIOITINMUOU ATIWIIIXQ PaMOYs VEH STUI JO SMOTJ J838M
*TT10 N/S VOST uo ATUO PaIIMODC STUL °») PUE XNTJ 38 PIONDaX S238OTPUT UBYs snutH (9)

*2°2°2°9 udsxPexed Ul PaqTIOSSp WOTIBOTITPOM JT3 2A99Ts J33aweTp padnpal UITA 600 N/S VEH (S)
*968VSIOUT PIP XNTJ 293Y ‘I5AMCGYH °*SMOTJ JX97BAM JO UOT3BAIASqO AQ DPOITJTIAA 8%
UOTANQTIIETP MOTJ 29ZTPTX0 xood Jo esnwdon A(qrssod ‘w) UT 98WSIOUT 30U PTP LOO N/S VEH (%) !SZION

(ponutiuo)) 44-g°2°9 STAVL




bl A

TOTERTRY R

DR CIPRER LAY WAL

8422-6013-TU-000
Page 6-21

2. Partially Filled Passages Downstreeamn of Shitoff Valve - This condition
occurred when an injector was repeateily fired on the test stand and not
purged prior to restarts.

3. Throttling - To achieve this condition, HEAs of each configuration were step
throttled from minimum to maximum thrust to check for initiation of the
bi-stable combustion mode.

6.2.2.4 Test Results

A total of 98 firings were performed on nine different HEAs. HEAs of the three basic
configurations described in paragraph 6.2.2.2 were tested. Most of these tests in-
cluded multiple starts and/or variable thrust operation of the HEA. Twenty-three
streak test ablative throat inserts and four ablatively cooled CC & liAs were tested
in addition to the majority of the firings that were made using a water-cooled
combustion chamber.

A sumary of the test results are presented in Teble 6.2.2-L. The table lists the
number of times the bi-stable combustion mode +wms attained compared to the number of
times the particular test conditions were imposed. Tests results are listed separately
for each test conditicn on each HEA tested, ani are also subtotaled for each configura-
tion. The right hand columns of the table show <he ckhange in C* performance and
chamber heat flux measured when the bi-stable combustion conditions existed.

Typical effects of bi-stable combustion on HEA measured parameters are shown in
Figure 6.2.2-5. Exceptions to some of these norms are discussed in the notes below
Table 6.2.2-4. 1In general, bi-stable combustion resulted in increased C* performance,
higher heat flux, and an increase of about 20 rsia in Zuel injection pressure drop.

High speed oscillograph traces of the tests, such as tte one reproduced in Figure 6.2.2-6,
showed that the chamber pressure fluxuations measured by a Photocon transducer in-
creased in amclitude from + 5% of the mean pressure peax-to-peak under normal conditions
to + 10% peak-to-peak under bi-stable combustion conditions. The oscillograph traces
also showed a significant fuel injection pressure lead on ignition when the injector
passages downstream of the shutoff valve were partially filled with propellants, as
described in paragraph 6.2.2.3. Photocon measuremen:s of chamber pressure frequencies
indicated a shift from 2000-3000 cps at normal conditions to a consistent 1500 cps at

the bi-stable combustion comditions. This 1500 cTs freguency was occassionally audiovle
during TCA firings. , '

The Handbook of Astronsutical Engineering (H. H. Knoelle, Z3ditor-in-Chief; McGraw

Hill 1961), page 20-00, described an "Entropy Wezve" mode caused by a sudden mixture
ratio shift at the injector resulting in a pressure wave traveling to a zone near the
throat, changing in pressure at the sonic nozzle, and propagating back to the injector,
thereby causing a further change in mixture ratio. Tke fuel lead on ignition result-
ing from residual fuel in the injector passages wes & possible cause of such a mixture
ratio shift. Inserting the actual combustion chember dimensions in the equations
presented in the above reference results in a ceslculated frequency of 1525 cps, which
is very consistent with the measured frequency of 1500 cps. It was also possible

that local mixture ratio variations caused by nonuniform flow distribution may have
initiated an "Entropy Wave." This was a possitle explanation for the fact that the
bi-stable combustion mode was initiated by throttliag HEA S/N 010 after the sleeve

was roughened. !

ir
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Streak test ablative throat inserts and injector face plate liners tested on 150A
HEA S/N 010 at both normal and bi-stable combustion conditions are shown in Figure
6.2.2-7. The only difference in test conditions for these two firings was purging
of the fuel passages before Run C2-673. Purge lines were then removed before the
firing. Both test samples showed that the injector distribution pattern was not
perfectly centered, causing more charring on one of the throat. ZHowever, the streak
test at normal cambustion conditions was acceptable by the criteria described in
paragraph 4.3, while the streak sample at bi-stable combustion conditions had more
erosion and a serious streak at one point. Both the ablative throat and face plate
liner from the test operated at the bi-stable combustion conditions (Figure 6.2.2-7)
showed the characteristic white glass flow associated with higher temperatures at
the chamber wall.

On all HEAs tested, the streak test nozzles operated'under bi-stable combustion
conditions showed more erosion and a less uniform pattern than those run under normal

conditions. . :

Three of the four CC & NAs tested during this investigation were run at the bi-stable
combustion conditions: CC & NA S/ 004 on HEA S/N 007, Run C2-620; CC & NA S/N 009

on HEA S/N 006, Run C2-515; and CC & RA S/ Ol4 on HEA S/N 010, Run C2-694. These
chambers had a noticeable arount of throat erosion after the 300-second, full-thrust
durability tests; however, the thrust vector deviation which would have been caused

by this erosion did not exceed the required limits. Paragraph 6.4.2.2 discusses this N
subject more fully. ‘

The results of all tests discussed under this investigation have shown that the
bi-stable combustion condition is atteined only when the injector passages are partly
filled, which occurs when the injector is not purged or exposed to vacuum between
firings. Altitude testing experienced at JPL/ETS indicated tkat residual propellants
are expulsed during the shutdown transient, as described in paragraph 6.9.1.2.

6.2.2.5 Conclusions |

The following conclusions were derived from the test results presented in paragraph
6.2.2.4;

1. Bi-stable combustion conditions would not have occurred under actual mission
conditions where a vacuwm environment would assure empty injector manifold
passages between festarts'of the TCA.

2. Bi-stable combustion conditions did not result in unaccerieble durability
of the CC & NA.

3. The geometry of the injector element (sleeve tip and pintle) is the critical
parameter in control of combustion characteristics.

4. The use of ablative streak test nozzles is the most consistent quantitative
method of determining both the overall and localized erosion characteristics

of an injector.

W
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6.3 Fixed Area Injector Tests

A series of static firings were conducted on MIRA 150" HEA 8/N 002 with the injector
sleeve locked in position. The purpose of these tests was to demonstrate the
operation and performance of the MIRA 150 Design in a fixed area injector configuration.

One test series had the sleeve position set for optimm performance at maximum thrust.
During a second test series the sleeve position was set for optimum low thrust per-
formance.

Performance is depicted in Figure 6.3-1. Additional tabulated data from these runs
are presented in Table D-2-21 of Appendix D-2.

: These dat; indicated that the MIRA 150 injector with the injector sleeve fixed is
- capable of being employed for limited range throttling as a fixed area injector.
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*Details of this Phase II type injector configuration are discussed in the Phase II
Final Rerort (STL Document No. 9730.4-64-36).
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6.4 Service Life Tests

The MIRA 150A TCA service life capability may be considered from two points of view -
one involving primarily cumulate firing time and the other involving the number of

cycles of operation.

-

The former consideration is most applicable to the CC & NA. First, because it contains
~he ablative liner that chars progressively with total cumulate firing time. Secondly,
because it conteins JTA in the throat that (theoretically at least) must give up to

its surface as a function of time at elevated temperature molten Si O, to serve as a
protective layer. (It is recognized that char and erosion rates of aglative liners

are also dependent on the number of starts and cool-downs, and the liner temperature

at restart. However, in the context of the MIRA 150A CC & NA performance where re-
starts should never exceed six, this startup influence is quite small.)

The latter consideration (i.e., cycles of operation) is most applicable to the HEA
and-especially to the following component subassemblies of the HEA: Servoactuator,
helium pilot velve, shutoff valve, flow control valve, and injector.

Paragraphs 6.4.1 and 6.4.2 discuss the CC & NA durability (or service life aspects).
Paragraph 6.4.3 deals with the HEA cycle life aspects.
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6.4.1 Applicable CC & NA Service Life Tests

6.4.1.1 Sea Level Durability Tests

During Phase III, a total of 18 CC & IAs incorporating ablative liner assemblies and
JTA nozzles of the final design were tested under sea level conditions at IRTS. The
first eight of these 18 tests served to verify the choice of the final design of the
ablative liner and two-piece JTA nozzle throat insert. The next ten sea level durability
tests successfully demonstrated.the two categories of service li®e specified in JPL
Specification SAM-50255-DSN-C. that recuired 300 seconds at maxirm thrust and 480
seconds at minimum thrust with the mixture ratio at 1.6. Anomalous behavior resulted
on one chamber (S/N 014) where the chamter burned through after 255 seconds of maximum
thrust.. Only three CC & NAs exhibited any detectable throat erosion and what was
reasured would not have resulted in excessive thrust vector devietion or any risk of
continued firing. These three CC & IlAs (S/N 0Ok, 009, and 014, also the CC & NA on
which the burn through occurred) were tested either with HEA S/L 006 that hed a helium
leax causing unacceptable combustion cheracteristics, or with HE:s that were operating
ic the bi-stable mode discussed in paragraph 6.2.2. Such perforrsnce would not occur
urder spacecraft operational conditions.

6.4.1.1.1 Test Article and Set-Up - In early Phase ITI CC & NA &urability testing,
eight CC & NAs with liner assemblies identical to that specified on STL Drawing 106546-2
were tested under maximum thrust conditions. The metal case used on these tests was
stainless steel (80 mils thick) instead of the flight weight titazium case. These
eight tests (identified as CC & RAs JTA-006 through Ol3) are also discussed .in para-

graph 6.1.

Later in Phase III, ten more durability tests were performed in accordance with para-
graph 3.1.3.1.2 of the Develomment Test Plan. These tests were perforzed with complete
CC & IAs (case included) that conformed to STL Drawing 106546-2.

A typical test setup for a sea level TCA firing is shown in Figures 6.7.1-1 and -2,
except that an ablative-cooled CC & LA was used in place of the wzier-cooled chamber
snown in the figures. The CC & NAs tested during the early stages of Phase III (JTA-
CO% through JTA-013) were not insulated from the test cell enviro—ent. The later
Fnase III sea level tests were conducied with insulated CC & KAs. A schematic of the
sea level CC & NA thermocouple locations is shown in Figure 6.4.2-1.

6.4.1.1.2 Test Objectives - The eight early durability tests discussed in paragraph 6.1
were paximum thrust firings conducted to verify the choice of the £iral design by test-
irg under the following conditions: ’

Propellants N0, + 10% KO or N0,
MH

Mixture Ratio 1.5 + 0.1

( m/F‘uel):
Chamber Pressure: 104 psia + 5 psia

»
C (Corrected): 5400 ft/sec + 1.0%
Piring Schedule: 15 seconds at max P_ followed by a cooldown to ambient

temperature, SO secSnds at max Pc followed by a cool-
down to ambient temperature, and s Iinal 235 second , x{
firing at max P_. , Qﬁ

B

= = T e
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The purpose of the later ten sea level durability tests was to demonstrate the following
tvo categories of minimum service life on the selected final design using MON and MMH at

a 1.6 mixture ratio.

e Maximum Thrust Duration: 300 seconds in 3 increments (15, 50, and 235
seconds) at maximm thrust with complete cool-

dowvns to ambient temperature between firings.

e Minimm Thrust Duration: 480 seconds in 3 ircrements (15 seconds.at
maximm thrust followed by 50 and 4l5-second
firings at minimm thrust) with complete
cool-downs to ambient temperature between

firing' .

6.4.1.1.3 Test Matrix - The test matrix for the ten durability tests performed in
accordance with paragraph 3.1.3.1.2 of the Develomment Test Plan is shown in Table

6."’ 01"1.
Table 6.4.1-1

Sea Level CC & NA Service Life Test Matrix

cC & NA Test Type HEA

Serial Max. Min. Serial Initial Cherber Propellant

Number Thrust Thrust Number Temperature (°F) Temperature (°F)
010 X 006 Ambient Ambient
009 X 006 125 Ambient
011 X 006 Ambient Ambient
013 X 005 - 0 100
001 X 005 125 100
012 X 005 o 100
o004 X 007 Ambient Ambient
003 X 002 Ambient Anbient
014 ) ¢ 014 Ambient Ambient
o X 008 Ambient Ambient

6.4.1.1.4 Test Results - The test results of the Fnese III sea level CC & FA durability
tests are presented in Table 6.k.1-2.

6.4.1.2 Other Applicable CC & NA Tests

Table 6.4.1-3 summarizes the other applicable CC & KA service life tests performed
during Phase III. These tests are described in other paragraphs of this report; the:
applicable paragraphs are referenced in the last colurn of this table. :

Considered herein are 13 CC & NAs (including seven flight expension ratio chambers )
tested at altitude at JPL/ETS.. The results in terms of char, erosion, external TCA
surface temperature, and weight loss are reported in paragraph 6.4.2. In every case

the CC & NAs performed acceptably.
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Table 6.5.1-3

Other Applicabdle CC & KA Service Life Tests

“CC & NA

Test Objectives, Summary, COnﬁ.g-

Test

Serial Test CC&RA Matrix urations, Setup, Conditions, and

Iumber Designation Type -~ (Rer) Results (Ret)
002 5.2.11(1) Altitude 6.6 6.6.3
003 PQT-001 Altitude 6.6 6.6.4
005 PQT-002, Altitude 6.6 6.6.4

003, 00hA

005 PQT-004B Altitude 6.6 6.6.6
010 PQT-005 Altitude 6.6 6.6.11
008 m-m Altitude 606 60607
007 PQT-011 Altitude ——- 6.10.2
006 5.2.1(1) Sea Level 6.5 6.5(2)
008 5.2.2(1) Sea Level 6.5 6.5(2)
005 5.2.3(1) Sea Level 6.5 6.58)
007 5.2.1;(1) Sea Level 6.5 6.5(2)
gg & 5.2.5('1) Sea level (2) (3)

(1) De‘ireiopﬁehf Test Plan paragraph mmber describing the test.

(2) The test objectives, summary, conditions, and results are described
in paragraph 6.5. The test setup was identical to that used in the
CC & NA sea level durability tests (paragraph 6.4.1.1.1). :

(3) Test 5.2.5 was to have been the last test in the propellant temperature-
pressure extremes tests with all conditions at mean values. It wvas never
caspleted: The sea level CC & FA Serial Funbers 002 and 012 were used -
partially in test 5.2.5 and partially on the CC & RA durability tests.

6.4.1.2.1 Test Results - The CC & NA test results from the tests listed ipn Table
6.4.1-3 are presented in Table 6.h.1-k. _ '

241




S EERE e e b

~h®

'L--—..( L.____l L___ l___; l___ .__

= : : €-1°9°G 1AW 1-Ly
= L 3 IeIY CUTE W PINEd Q-
M : ASNIGY *XWT AT TAXTI, lemyg
- e e 0 e et i vy o 2020 I
. = -(LOC PT® “LOC ‘G0 ‘500 /) O30T WX % 20 G ST aJam _-DQL puv o~ ST 2 ATTIoXd [-q°G°G AW 4-3d
! - ¢ curs om BT voﬁdwua 3lan SanTwi TXTAUT ISR L PUT ‘FE T 1Iodd 1-4°9°9 I1aW ”mudm
= 203 1de3xs ‘poiiad ¥ouq ¥eos FUTINp PALI I3 TACTS SIUMIBIAI B3 &) | : 2-£:9°G MW 1IN
m ~ B¢ PTe NOW  83uv (2) 1A0TT0] %u axe sayyjoxd on.«nuuduw«u snm (1) :S3ION
601 w1 aot /4 o ; € +.
| a9 |9 ot % % 1 o veeoto |
; LS | 25 oel . ¥ | & : g o & -
m |y pISY 194 S F- 3 I’ 2 o L poc
.u L1 | gén: ot @ - 2 w L PR voos® | ‘0 | 2-gmégor
! sy | 2o est 96 1 M s © i | g
| 019 | 96$ o2 2ot 2t} ; i 9. : a. S
709 | % 05t ot ot ! ¢ 2 o
sel | ol9 06 88 oot v - 4 f ° nm ) 00
905 | S6n - “ot €6 %6 Teavy w8 0 (eS| v | %0 2-4n39CT
T - usy | 2Ty o1t 4 S 4 0 a
w 0€L | 2Ly ot 8 L 0 a
: sc9 | s19 (444 gt 9 o 5
w YK I TR4 09 2 L ; o} g . aco
oLy | ogn st 62 €1 |1aaa7 wat 0 (qUEs | v | wo | 2-umsoet
: e | we ont $ 9 _ $ ° u
: 06£1| 0611 ot " é w w
i 209 | g18 09 11 8 :
: 205 | 6gn st 9t o1 o g . 0
qe S | €6 0 gt a1 347 wac o €29 Y509-"2 %00 2-975901
fUNS TIIAIIG STRALILT] ~ wmm: 0mm 89 69 a £y o :v oxn-xa
Pao3as 0T Lraiwapxosdde iia = 0zz-0 | osero | oogro | cecre| ter | mte | gor | ot | est | 6m | oL feeer |emor |gem $9 89 0 €g%-10
a3 O pue ‘g ‘y gn-iC sId ; - . - "l 29 29 : 1 [ . w34 ot0
- - m mﬁ_ = _ v _ £s 15 (019 pmITITY o © 400-IDd Mm-.s 010 T1-975901
: . ) 09 |- 1w | € | ogn g0t | 915t 2wt 951 g6 96 £ v 0 -xa :
IIATF THLS TacSw og€0 | o090 | a0 | csere | fie | wer | ut | oot fene | wrer| Wit |eoet | aér |oort ot L6 66 : 0 9€-1a T 500
Po30u o¥wo uy AITNG LJETTS : 2 | ;1 9T [T ist | c12 | 096 | ot6 |sl9T | Se@T foeor g1 001 001 | serataty o L00-Ibd $e-aa | 800 T-om350T
Zet 331 SET f ot jogt | o2 | 069 |0$ST | owgl |oOLT ] 5 €5 £ o 2
i gtit| ges €6 6n €¢ « o } £ o0
= 06 | g1l o én £ | Torer wes 0 “tro-ava | v6ol-% | oo | T-9msgor
. . _ : 899 | 2L¢ ol 2% £S - 0 InoYIYY 200-DR YOG
0100 | o1£°0 | 0%E°0 | C5T°0 f seL | g99 g9 26 £6 {oA¥] wac 0 adngrIiuey T00-08 100 T-om590t
= 91L | 299 €- 2 9= , y SLL 0 FH00-Id 115 3 1 :
. 082°0 1 0090 | S1€°0 | 60°0 | 9T | eLT | oS =S | 91T | %6 | glé |aser | LSLT 2Lt o€ g9 99 0 Yy00-add g2~ _
- ozt 161 611 oTt | ent | €89 | %29 |@2ttT | €ELT | 95<T 06 oL 29 . (] £00-IDJ Lz-1a S0
o der - 00 K/S WitA 21 2tz | €2t 21T | 15T | 189 | w29 | otwt | €8T | T2t 5L oL 69 apniysly o 200-I0d 9Z-3a°| 100 T-gwS901
PoowTday - YOIP ¥WIT PITIT3 ot 89t Lot ot | S2T | 645 | g2s | w921 | 4691 | 3TST ‘ i : . - €00
POXNDT IawT 090°0 | 060°0 | 080°0 | Ti0°0 § LET Wt | et j@matt | oot | als | wss | trer | eeet falst oot €L 69 spniraTy 1 - o} To0-IM 2~ | 100 1-9%5901 -
. 062-0. | 0090 | SlE-0c | 600 | #OT %Y g2t =St oSt | OLL | 099 | otor | OT9T | OLST oct ‘29 % _ S €9 ] -3
201 2Lt EET {=TfY jolt | OT6 | omg | or€r | OELT | OOLT 0034 €9 9 4 0 te-2a
te 144 60T {=w01 | 0f1 wl | $59 oot | se9t | owst 5 19 %9 o, , Z-1a
€ET | 2 | onT l—ont ] o9t | <€9 | o6y | stor | opSt | 0951 cif 73 6 : 0 ©@-la 200
v . s 61 % 1=26 SET Gl | oLz 10S6 | OBET | olet ool 69 oL NIy TY 0 ?vna.w. 4 oz-xa | woo 1-9n$901
0%-0 | 0210 | 0g0°0 | O5T°C | & %1 | T f_2T | LT | oS | oog | oég | sot | oot el 96 86 : £ 6Lz 0 . ow~38
8Tt 02y et §=6zt |oltv |ozs | 065 |oeg | Spot | seot "% 20t 00t : : o 6t-xa 100
) w2t o1 | ETU 611 | 9t | sen | ovs | wg | s21r | ot ¢ L6 g6 | semaraty . 0 §00-I5d g6-2m | goo | T-9mE90T
sxswmoy vws {vas|zws | vws | ram | e | emm [Roama | o0 | corf o var | €-ouf - | T f(4 )dma 4,) ) 200w | s3rwig 3o | (spmooes EF(wpuosse) (vwns®) | (%) uw“ - ﬂ.m ne w%n
. = 1& e L | -uoxjauz Jequny s. g} #3507 1p | wolIs0]y )
(ssqomt) ‘madac red (45) (ggeemanroimal sowsmg Tenseseqy wnapro wiarer | o senioneo | T __ e iy amry | 3woagy

R

o NN~ ~¢ T09-2248

——————— . e e

iiiim‘ i i

»
S rUristu

| #3830 a5F1 #37a95 Vi 00 III sewag STawITTddy 13m0

[U————

R

Al

t e L o 7 - , Miii i i

\,‘-\‘I—‘mei.‘\ Y=y _iMlu h_, Il _“ B



.

| S T o I Y T T T N T U G I U IS WS e e

8422-6013-TU~000
Page 6-35

*

6.4.2 Applicsble CC & NA Service Life Test Results

6.4.2.1 Externsl Surface Temperatures

Temperature profiles of the MIRA 150A TCA external surfaces were obtained on both sea
level and altitude firings. Temperature measurements were not acquired on the HEA dur-
ing sea level firings because of the difficulty of thermally insulating the injector
from the convective cooling enviromnment inherent in the test cell. Such insulation is
necessary to make the temperature meeningful as related to the operational condition.
Some of the CC & TAs fired at sea level were thermally insulated from the test cell
environment with cne-relf inch thick silica batting. Figures 6.4.2-1 and -2 show the
thermocouple locations on the sea level and altitude configurations.

Figures 6.4.2-~3 through 6.4.2-5 show CC & NA surface temperatures obtained unier sea
level conditions with use of the thermal blenket for Runs C2-522 (maximum thrust), C2-525
(minimum thrust), acd C2-60k (variable thrust conditions). In Figure 6.4.2-3, the
surface tempersiure profiles of & CC & NA tested under sea level conditions without the
thermal blanket (Run C1-155C) is also shown for a 235-second firing. The case tempera~
tures are spproxinztely 600°F lower for the uninsulated case where convective cooling

is apparently appreciable.

Figures 6.4.2-6 t‘n:ouéh 6.14.2-8 show typical surface temperatures obtained at JPL/ETS
under altitude coriitions for maximum thrust firings (Runs DY-35, -36, and -37), minimum
thrust firings (Runs D¥-38, -39, and -40), and variable thrust firings (Runs DY-20

through DY-24).

Figures 6.4.2-3 ax3 6.4.2-6 show that at maximm thrust the simulated altitude environ-
mental conditioas result in epproximately 300°F higher surface temperatures at Stations
4 and 5 than with the insulated chamber in a sea level test, This can be seen by compar-
ing Run C2-5223 with Run DY-35. Figures 6.4.2-5 end 6.4.2-8 (Runs C2-604C and DY-23)
show approximately 200°F higher surface temperatures at Stations 4 and 5 for the altitude
conditions then for tne insulated sea level test under variable thrust conditions.

Comparing Runs DY-27 (reximum thrust) on Figure 6.4.2-6 with Run DY-39 (minimum thrust)
on Figure 6.L.2-7, the s .o ace temperatures were higher for maximum thrust conditions
at all stations, except TEE-4. Station THE-4 was epproximately SOCF hotter during the
minimum thrust firirs then during the maximum thrust firing. This may have been caused
by more local conveciive heat transfer surrounding THE-U4, since the test cell pressure
was about five ti—es higher because water was injected into the test cell to cool the
facility butterfly valve during the maximum thrust firing.

Also of interest is +he tendency for surface temperatures at Stations 4 and 5 to rise
more rapidly ané to resch higker values under the saxe firing conditions as the liner
becomes more charred. This can be seen by a comparison of the three successive 160-

second firings shown in Figure 6.4.2-T.

Selected theoreticel temperature profiles, extracted from those given in paragraph T.5.3
for correspondirg stations are shown as dotted lines in Figure 6.4.2-8. Agreement is

good between predicted and measured temperatures at an expansion area ratio of 24 in
the radiation portion ¢f the nozzle skirt, TC-2. Larger variations between predicted

and measured tezperstures occur at the othexr combustion chamber stations. Less accurate
prediction of tkese temperatures may be attributed to lack of knowledge on the gas

film heat transfer coefficient. The heat transfer prediction 1s especially difficult
in & chamber such as the MIRA 150A where there is appreciable film cooling.

2¢3
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6.4.2.2 Nozzle Erosion

During Phase ITI, a total of 10,000 seconds of firing time was accumulated on 30

CC & NAs incorporating JTA graphite nozzle inserts. During these tests, only three
CC & NAs exhibited throat erosion. The erosion in each instance occurred during the
ses level maximm thrust durzbility tests. The three eroded sea level chambers (P/N -
1C6546-2) had Serisl Numbers OOk, 009, and Olk and were tested on HEAs S/Ns 00T, 006,
end 010 respectively. Figures 6.4.2-9 through 6.4.2-15 are post firing photos of

the CC & NAs showing the nozzle erosion and their corresponding streak test nozzles.

CC & NA S/N 004 was tested on HEZA 150A-007, the first Phase III production HEA. The
streak test nozzle shown in Pigure 6.4.2-10 was used in the ablation throat acceptance
test of this HEA (see paragraph L.3); the HEA failed this test. Evidence of a bi-stable
ccmdbustion condition existing with HZA 007 was apparent on Runs C2-610, 2 water-cooled
chember firing, and C2-620, a streak test firing (see paragraph 6.2.2 for further
details). A maximum thrust durebility test was performance on & CC & NA S/N 004 to
experimentally determine the corresponiing erosion on a JTA graphite nozzle that is
characteristic of an HEA that hed fziled the streak test.

CC & NA S/NW 009 was tested on FEA 150A-006. The injector body of HEA 006 had been re-
worked by welding a sleeve in the oxiiizer shutoff valve body to correct an unaccepte-
eble machined dimension. The weld was faulty allowing a helium gas leak past the
sleeve into the oxidizer manifold. The flow of helium caused abnormal oxidizer in-
Jector pressures and a more erosive environment.

CC & NA S/N 014 was test fired on HEA 150A-010. During preliminsry checkout and streak
test firings, it was noted that EEA 010 operated in a bi-stable mode (see paragraph ,
€.2.2). As with HEA 007, & maxim3 thrust durability test on a CC & NA was performed
to determine the effect of the bi-stable mode of operation on chanmber durability.

Figures 6.4.2-16, -17, and -18 show the chamber pressure versus time curves for the
2:inal firings of CC & NA S/&s 00L (Run C2-628C), 009 (Run C2-515C), and Ol4 (Run
C2-634C). Erosion of the JTA graphite rozzles occurred during the final 235-second
Curation firing in all three cases.

Oz CC & NA S/N 004, the throat area increase following the final firing was 9.6%
+2th a throat area centroid zhift of 0.035 inch. If the throat erosion pattern is
essuxed to have occurred on an altitude type cheamber and the exit diameter remained
cozcertric with the centerlire of the TCA, a nozzle area centroid shift of 0.035
inch would correspond to a thist vector deviation of 0.316 degree. A thrust vector
deviation of 0.316 degree is within ke allowable deviation of 0.35 degree as
srecified by JPL Specificatiorn SAM~-50255-DSN-C.

T-ze throat area increase oa CC & NA S/R 009 following the final firing on HEA 006
wes 0.96% with a throat area centroid shift of 0.010 inch. This corresponds to a
trrust vector deviation of 0.091 Zegree assuming the erosion occurred on an altitude
type CC & NA. This was again within the allowable thrust vector deviation.

The steps in chember pressure dsia on CC & NA S/N Olk, shown in Figure 6.4.2-18,
rerresents an attempt to trigger on HEEA S/N 010 the mode of operation that produces
tre erosive environment. After 190 secords of firing, the CC & HA burned through

tte case upstream of the JTA graphite irsert. The burn-through was coincident with
a streak area or point of propellant impingement on the ablative wall. At the time
tre final firing was stopped, the rozzle throat area had increased 8.54%. The throat
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Figure 6.4.2-10. Pretest Streak Nozzle Number TA-1-C2-620
on HEA 150A-007
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Figure 6.4.2-11. CC & MA S/N 009 Maximum Thrust Durability
Test C2-515 on HEA 150A-006

Figure 6.4.2-12. Pretest Streak Nozzle Number 6A-3-C2-513
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Figure 6.4.2-13. CC & A S/¥ 014 Maximm
Durability Test C2-69%4 on
HEA Iiumber 150A-010
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area centroid shift vas 0.020 inch which corresponds to a thrust vector deviation
on an operational CC & NA of 0.181 degree; again an acceptable deviation.

Tests on the Thrust Vector Deviation Stand, designed and built to measure the sugle

of thrust deviation from the centerline of the TCA, were not accomplished. Therefore,
the assumptions used in the geometric anelysis of thrust vector deviation on CC & NA
S/Ns 0Ok, 009, ani 01k were not proved experimentally. A discussion of this stand is
included in section 8.0 (Special Test Equipment) and also in Appendix G. - :

The three tests cited above did show that HEAs that fail the acceptance streak test
described in parasgraph 4.3 do indeed cause more than normal erosion of an operational
CC & NA throat. Eowever, the resultant erosion is not of such & magnitude that un-
acceptable thrust vector deviation is expected to result.

It is noted that had the TCAs been operated at the nominal mission cycle of 162
seconds at an average thrust near 85 1bs (per JPL Specification SAM-50255-DSN-C)
rather than the overstress conditions used in the above tests, the erosion would

probably have been barely detectable.

6.4.2.3 Char Depth

Determination of CC & NA liner char depth was not a primery objective of Phase III |
testing. Test dsta suitable for char depth determinations was derived froa tests
performed for oiker purposes, such as durability and overall TCA performance tests
i
\
|

under extreme operating conditioms.

An isametric cutsway view of a typical CC & NA liner assembly is shown in Figure 6.4.2-19.
This figure defizes the axiel location of the char depth measurements. These measure-
ments were taken st the zero degree section which coincides with the plane that passes
mid-way between the oxidizer and fuel flow control valves.

Figure 6.4.2-20 shows the effect of firing duration on char depth. The char depth
data was obtainei from three CC & NAs tested at simulated eltitude curing: (1) 45-
second PQT-001 (Rm CY-25), (2) 18C-second PQT-005 (Runs DY-47 and -48), and (3) 315-
second total dureiicn Test Series PQT-002, -003, -OO4A, and -OO4B (Runs DY-26, -27,
-28, and -33). Cuteway views of the CC & NAs used to obtain the char depth for Figure
6.4.2-20 are stown in Figures 6.4.2-21, -22, and -23. The CC & NAs tested during
PQT-001 and PQT-005 were the only ones fired for durations less than 300 seconds.

All of the CC & Tiis tested at sea level were completely charred in the zones of interest.
Furtber, since the sea level tests were conducteld under a less severe heat transfer
environment than “te operational one, sea level char depth data was excluded.

Table 6.4.2-24 si——sarizes the measured char depth deta at four average thrust levels.
The data were obiaired from the following tests performed in the JPL/ETS altitude
cell: (1) 4BO-secozd, minimm thrust PQT-008 (Runs DY-38, -39, and -40), (2) 315~
second, varisble trrust Test Series PQT-002, -003, -OOLA, and -OOLB (Runs DY-26,

-27, -28, and -33), (3) 300-second, maximum thrust PQT-007 (Runs DY-35, -36, and

-37) and (4) 3-8-second, initial dynamic throttling test (Runs DY-20 through DY-2k).
Cutaway views 02 the CC & NAs used to obtain the char depth for Table 6.4.2-24 are
shown in Figures 6...2-23, -25, -26, and -27.

2 line of white dots has been added to the cutaway CC & NA views to clarify the
char to uncharred material interface.
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Table 6.4.2-2%
Char Depth to Thrust Level Relationship
Station No.  Maximum Ablative Average Total Firing Measured Char
(per Figure Material Thiclmess Thrust Duration Depth
6.4.2-19) (inches) (1bs) (sec) (inches)
1 .270 3 ) .150
81 348 .090
96 315 .090
152 300 .060
2 375 32 480 .080
81 348 375
96 315 375
152 300 375
3 .600 32 480 .120
81 348 .600
96 315 .600
152 300 .600
4 .380 32 480 .050
81 348 .230
96 315 .280
152 300 -380
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The head end liner (Station 1) chars more at minimum thrust than at other levels.

This is caused by a shifting of the combustion zone towards the head end liner when
the TCA is at minimmm chamber pressure. .

The 81 and 96-pound average thrust levels were calculated by integrating the thrust-
time plots and dividing by the total firing time. The 32 and 152-pound average thrust

levels were obtained by fixed thrust level firings at minimm and maximum levels.
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6.4.2.4 CC & NA Ablative Liner Weight Loss

Data acquired from two CC & llAs tested with variable thrust-time profiles under
altitude conditions at JPL/ETS (180-second PQT-005 Runs DY-47 and 48 and 315-
second Test Series PQT-002, -003, -004A, and -OO4B Runs DY-26, -27, -28, and -33 )
showed a direct linear relationship between firing times and weight loss increases.
The CC & NAs lost 45 grams during PQT-005 and 78 grams during the 35-second test
series. Figure 6.4.2-28 shows the effect of thrust level on chamber liner weight
loss under both sea level and eltitude conditions. The data on altitude conditions
shown in Figure 6.4.2-28 were obtained from the same four CC & lNAs cited as used
for Table 6.4.2-24k. The sea level data in Figure 6.4.2-28 were obtained from Runs
C2-525, C2-515, and C2-623. The dashed lines shown represent estimated weight loss
values as a function of aversge thrust level for a 300-second duration firing, and
are based on a linear relationship between firing time and weight loss. It is
assumed that the weight loss is all from the polymeric material in the chamber liner.
The weight of the CC & NA prior to test is nominally 2.60 pounds. Data from Figure
6.4.2-28 indicates that the MIRA 150A CC & NA weight loss will not exceed approxi-
mately 7.8% of its prefire weight for thrust levels and firing durations typical of
those used in Phase III testing.

6.4.2.5 CC & NA Gas Leakage

Even though test data show that the present CC & NA design is esdequate in all respects
for Surveyor application, most CC & IAs did not exhibit zero gms leakage on pressure

checking.

When the cause of the leakage was traced to a damaged O-ring between the ablative
liner and titanium shell, the leak was repairable. On other occasions, replacement
of the O-ring seal did not stop the gas leakage. When leakage occurred on firing,
it could be detected at the following places: between the ablative liner and
titanium case, at the radiation skirt to ablative exit cone interface, around the
eblative liner retaining pins, and between the ablative liner and JTA nozzle insert.

When the leakage became a resularL detected characteristic during the CC & NA leak
check procedure, several units were disassembled and the ablative liner assemblies
leax checked separately. These eblative liners themselves were found to be leaking
nitrogen gas at pressures as low as 30 psig. An attempt was made to pressure
imregnate the ablative liner asserxbly with a high temperature resin. Upon leak
checking the liners following resin impregnation, the leaks tkrough the ablative
liner were reduced but still present. These CC & NAs were re-assembled and sub-

sequently tested without failure.

Delsminations between the ablative inner liners and silica overwrap were present
to some degree on the majority of CC & NAs tested. They were never proven to be
the cause of gas leakage through the ablative chamber wall.

Following a firing, the leaksge rete generally became worse. Experience showed
that a CC & NA that exhibited detectable leakage did not have a shortened service

life and did not effect the performance of the TCA.
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Groes leakage led to CC & NA replacezent during prequalification testing on CC & NA
S/N 003. The chamoer had been fired Ior 12 cecond during acceptance testing and 4s
seconds during PQT-001. Leak checking =f S/N 003 at JPL/ETS following PQT-COl dis-
closed a severe gas leak between the advlative liner and titanium chell. The CC & KA
was disassembled and the ablative liner alone was leak checked. The main leakage
occurred through & crack in the ablative liner. The crack was believed to have

been caused by the 135-psig leak check nrocedure performed on the rartially charred

chamber at JPL/ETS.

Altitude CC & NA S/H 008 and sea level CC & lA S/N 003 successfully completed
maximum thrust durability firings, but tzz titanium shells were slightly bulged.

CC & A S/N 007 successfully withstood & maximum thrust durabdlity test at sea level,
but showed extensive gas leakage from the ablative liner retaining pins.

Thus, it was shown that gas leaks in the CC & NA do not lead to burn-throughs or

degraded performance.

On the other hand, a2 "zero leakage" CC & NA would enhance

confidence in the CC & NA design. The possible solutions to the leakage problems

are listed below.

These solutions were ccasidered vut neven implemented.

1. Overwrap the ablative liner assembly before the internal machining is
started, thereby reducing damage to the inner ablative liners during
the overwrap process. :

2. Increase the overwrap thickness and allow no overwrap delaminations.

3. Move the head end O-ring seal down near the titanium split ring, and
allow the combustion gases to pressurize the annulus between the shell
and eblative liner assembly. (This change would require the use of a type
of seal other than a rubber O-ring, since the temperatures in the split
ring area reach 1500°F during tke required demonstration testing.)

6.4.3 Cycle Life

Tests whose principal objective involved cycle life determination of HEA components
were conducted on the helium pilot velve and propellant shutoff valve. In addition,
"troucle-free" HEA firings serve as an indicator of cycle life of the entire HEA
("trouble-free" meaning total run time without a hardware change or malfunction).

The cycle life potential of the propellent shutoff valve, as tested on the
compoaent level, is indicated in parasgraph 5.3 vherein the results of a successful
2000 cycle life test are discussed. Tne JPL Specification SAM-50255-DSN-C SOV
cycle life requirement of 250 cycles after TCA delivery is, therefore, well within
the capability of the present propellant shutoff valve design.

The helium pilot valve cycle life after TCA delivery is specified in JPL Specifica-

tion SAM-50255-DSN-C as 250 cycles.
to check for poppet/ seat durability.

A simple test was conducted on one pilot valve
valve S/N 023 was processed through the pilot

valve acceptance testing, installed in MIRA 1S5CA-007 and processed through the
T1S3-013 acceptance tests. Therefore, the valve underwent all predelivery actuations.
The valve was then cycled 125 times with a 700 psig inlet pressure and 125 times
with a TLO psig inlet pressure (250 cycles total). The inlet and vent poppet/seat




leakage was then checked with a helium leak detector and the values compared to-those
obtained in pilot valve acceptance tests. These data are shown below. ’

Inlet Poppet/Seat Vent Poppet/Seat
Leakage Leakage

(sce/nr) (sce/nr)
Valve Acceptance
_ Test Values 0.002 0.002
After Pre-Delivery Actuations : _
plus additional 250 cycles 0.05 . 0.10
Maximm Allowable 10.0 10.0

In sdditiom to the above cycle life test, a qualitative evaluation of poppet/ seat
life was conducted by the velve manufacturer wherein a pair of valves were cycled
approximately 1500 times each. The pair of valves were then disassembled; examina-
tion of the poppets and seats revealed that they were still in good condition and

capeble of many more actuations.

Cycle life testing at the component level was not conducted on any TCA components
other than the two discussed sbove. Other TCA components or subassemblies and the
HEA per se were not given any specific cycle life testing. However, in the develop-
ment and prequalification testing complete HEAs underwent various test firings of
considerable total duration during which no hardware changes occurred or were
required. This testing testifies to the gemeral service cycle life capability of
the HEA. For example, HEA S/N 005 underwent a series of tests with no parts re-
placements nor melfunctions extending over 2934 seconds in 38 starts with test -
durations ranging fram 26 to 415 seconds, thrust levels from minimm to meaximum,
and with 65% of the totel time under conditions of step or dynamic throttling.
Similarly, HEA S/N Ol0 underwent 1845 seconds of testing, in 23 starts with test
durations ranging from 70 to 275 seconds. Thesé HEAs were in every way complets,
e.g., including servoactuators.

Based on test data of the above type, various HEAs demonstrated a capability of
three repetitions of the "operating sequence” including e "noninal mission thrust-
time profile," as given in paragraph 3.6.2 and 3.6.3 of JPL Specification SAM-50255-

DSN-C.




6.5 Extreme Propellant Temperature and Inlet Pressure Tests

The MIRA 150A TCA is designed to operate over & propellant temperature range of 0°F to
100°F and the following inlet pressure range:

Nominal Thrust, 1lbs 30 90 150
Oxidizer Pressure, psia T9 +20 T15 +20 1707 + 20
Fuel Pressure, psia 720 + 20 T1T +20 T2 +20

The Surveyor propellant tanks are pressurized to 720 + 20 psia by a camon regulator.
Thus at-any one time, there will be no significant pressure differential betwesn inlet
fuel and oxidizer. The propellant temperatures can vary independentlyoana the must
operate at any combination of fuel and oxidizer temperatures between O  and 100 F.
Therefore, a geries of tests were run to evaluate the effect of propellant temperature
and inlet pressure on mixture ratio, propellart flow rates and resultant performance.

The test series specified in paragraph 3.6.2.3 of the Develomment Test Plan was designed
to cover the possible matrix of propellant and TCA inlet conditions. These tests were
conducted at sea level conditions with HEA 15GA-005 coupled to a water-cooled.combustion
chamber. Each test consisted of a ten-step throttle run. In addition, the test series
described in paragraph 5.2 of the Development Test Plan was performed with temperature
conditioned propellants and two levels of inlet pressure. For this series, flight-type,
ablative-cooled cambustion chambers were employed. Table 6.5-1 summarizes the conditions
for these tests.

Table 6.5-1
Develomment Test Summary
CC & NA
Development Test Fue% Tuxp Oxid. Temp. Propellant Chamber Temp.
Plan Para. Nurber Test Number (°r) (psia) (°r)
3.1.3.1.2 -4 C2-612AKC 100 100 As Req'a, Ambient
-5 611ABC 100 100 As Req'd, Ambient
-6 610 100 100 As Req'd Ambient
3.6.2.3 -1 C2-592AB Ambient Ambient T40 Water cooled
-2 C2-592C Anmbient Ambient T00 Water cooled
-3 C2-593A 100 100 T20 Water cooled
-k C2-599A o] o T20 Water cooled
-5 C2-592D Amdbient Ambient 720 Water cooled
-6 C2-599B (o) o] T20 Water cooled
-7 C2-593B 100 100 T20 Water cooled
-8 C2-597AB 100 (o] T20 Water cooled
-9 C2-594AB 0 100 T20 Water cooled
5.2.1 . ca- 605Axcm; (o] o] 40 0
5.2.2 C2-600ABC 100 100 Tho 125
C2-603AB 100 100 Tho 125
5.2.3 C2-606ABCDE 0o (o] T00 (o]
5.2.4 C2-604LABCDE 100 100 700 0

*As required to achieve a 1.6 mixture ratio.
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6.5.1 Effect of Temperature and Inlet Pressure on Mixture Ratio and
Flowrates with Constant Vernturi Discharge Coefficients

As described in paragraph 3.2, the MIRA 150A flow control valve employs dual, variable-
area cavitating venturis to control the propelleant flow, with the flowrate through a

Where: M = Mass Flowrate

A = Venturi Throat Area
CD = Discharge Coefficient
Q = Propellant Density
Pt = Inlet Pressure

Pv = Vapor Pressure

The flow control valve pintles for the MIRA 150A were designed with average discharge
coefficients of 0.92. Previous testing at room temperature showed that the variation
in discharge coefficient had little effect on mixture ratio ard an average lc)E was
satisfactory. The predicted variation in mixture ratio with propellent température
vased on constant C. is shown in Figure 6.5.1-1. The veriation in flow rate and
mixture ratio noted is solely based on variations in vapor pressure and propellant
densities as expressed in Equations (2) and (3). '

My = /0T (Ft - Fy)sr (2)

q'r (P, - T’v)T

Where: ST = Standard conditions for constant cD

T = Conditions during the test

and:
MRsp = [ Mox )
ﬁ
e | ar
Where: MRSI‘ = Mixture Ratio at standard conditions

The FCV pintles are parabolic in shape to provide a linear relation between flow and
. position. Equation (4) used for the pintle design is shown below.

o
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Aox = Kox L Op (B, - B) (4)

o K Lp fox o~ ) o

X “ox = Design mixture ratio of 1.50.

= Position of venturl pintle in inches.

= Rate of change of standard flow rate with
position in 1b/sec/in. .

The actual mixture ratio obtained at stanéard conditions for pintles 4esigned in
Equation (4) is obtained from Equation (5).

MR = be = Dox Kox Lox (5)

;4: b, & Iy

In Equation (5) it may be assumed that L, = Lg; i.e., the pintle position relative
to the throat of both the oxidiser and fuel pintle are identical, thus, the projected

zero intercepts are identical.

In paragraph 7.5, it is shown that the discharge coefficients are neither equal nor
constant but vary with temperature and flow rate (or pintle position).

Figure 6.5.1-2(a) presents the mixture ratio at standard conditions predicted by the
use of Equation (5) with L _ equal to L, end discharge coefficients that vary with
flow rate. (Details on th?% aspect are found in paragraph 7.5, and the Cp to servo-
actuator signal relationships used in deriving Figure 6.5.1-2(a) are those given in
Figure 7.5-3.) This mixture ratio deviates appreciably fram the design goal of 1.50
+ 0.10. Tote that temperature extremes were not considered. '

It is possible to adjust the pintles so &s to reduce relatively the oxidizer area (or
increase the fuel area) by a constant amount over the entire throttle range. The effect

of such an offset is shown in Equation (6).

:4—91 = CDOX Kox Lox = cDox Kox (3‘? - 8) (6)
Mp Cp, Kp Lp CDF Ke Ly

F

MR =

Where: é; = relative adjustment of oxidizer pintle

The effect on mixture ratio of adjusting one pintle is much more pronounced at low
thrust than at high thrust. Thus, the relative adjustment of one pintle can compensate
for the increase of mixture ratio with decreasing flow rate shown in Figure 6.5.1-2(a).
In Figure 6.5.1-2(b), the effect of adjusting the oxidizer pintle to provide a mixture
ratio of 1.510 at low flow is shown. It is seen that it is possible to produce a
relatively flat mixture ratio over the entire throttle range. As the flow control valve
Pintle positions are set during actuasl flow tests, the mixture ratio is maintained
relatively constant over the entire throttle range. This is further shown by test data
presented in Figure 6.5.2-2 for HEA 150A-005. ' ){,
12
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6.5.2 Test Results and Discussion

The results of the extreme temperature and inlet pressure tests are shown graphically

in Figures 6.5.2-1 through -6. The detailed tabular data from which these figures are
prepared appear in Table D-2- of Appendix D-2. From the results of these tests, it

is apparent that the simple standard MR formula shown by Equation (3) does not adequately
represent the venturi flov over a wide temperature range.

In Figures 6.5.2-7, -8, -9, and -10, the bands of the standard mixture ratios predicted
by the viscous discharge coefficient theory (discussed in paragraph 7.5) are compared
with the "As Measured" experimental data ovtained during the different extreme tempera-
ture teste on HEEA 150A-005. The data is standardized to the temperatures shown. Also
for comparison, is shown the standard mixture retio obtained on the ambient temperature
tests (Run C2-552). The boundaries of tne theoretical curves shown have been corrected
to correspond to the measured ambient temperature mixture ratio for HEA _lﬁoAaOOS. “As o
the mixture ratio varies appreciably between the fuel temperature range of O F and -20°F,
both boundaries are shown in Figure 6.5.2-10.

The standard mixture ratio velue varied appreziebly between the lov temperature test
(Figure 6.5.2-9) and the high temperature test (Figure 6.5.2-7). As the basic Equation
(1) for mass flow rate must be satisfied, the discharge coefficients in the venturi

must be considered to be varying with temperature.
Camparing the theory with the experimental cdata it is seen that the upper boundary -of
the theoretical curves corresponding to the high range of I'eq/ seems to fit the

experimental data best, particularly at the low temperatures. I’(I. eq end D are defined
and discussed in paragraph 7.5.)

In Figures 6.5.2-11, -12, and -13, the predicted standard and actual mixture ratios are
plotted as a function of the S/A signal level and propellant temperature for the high
Le o/ condition. The curves are constructed for & FCV with a "naminal™ mixture ratio

of 1].)50 over the ertire throttle range. Allowirg a mixture ratio variation of + 0.03
at standard corditions for the FCV, the expected boundary of actual mixture ratio as a
function of S/A signal under the expected terperature and pressure extremes is shown
in Figure 6.5.2-14.

6.5.3 Effect of Propellant Temperature and Tenx Pressure on Thrust

Extremes in propellant supply pressure and propellant temperature result in a thrust
change. Supply rressure affects flov rate directly and therefore causes a change in
thrust. Propellant temperature variations irdirectly affect flow rate and thrust by
temperature-indypced changes in density, vapor pressure, and discharge coefficient.

The quantitative effect on thrust of extremes in propellant supply pressure and temper- |
ature are given in Table 6.5.3-1. These values were camputed using the following |
assumptions:

1. Thrust is propartional to propellant flow rate (specific impulse
is constant).

2. Propellant supply pressure and temperature are independant variables.

3. Nominal thrust at any commanded level occu.rg at a propellant supply
pressure and temperature of 720 psig and TO F, respectively.

1)

\
)
—~
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Notes:
1. Run C2-592
2. To = 59°F
3. TF = 61°F
l\ sl a8
H .
[
-100 -80 -60 -40 -20 0 20 40 60 80 100

Figure 6.5.2-2.
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L. The viscous theory discharge coefficient (discussed in paragraph 7.5)
is applicable.

5. Propellant supply pressure extremes are T40 psig mexdimum and TOO psig
minimmm. ‘

6. Propellant temperature extremes are 100°F meximz and O°F minimum.

Supply pressure effects are cacputed using Equation (2) in pe:agreph 6.5.1. For this
caleulation, propellant temperature was assumed constant (et 70°P), and therefore
density and vapor pressure were essumed constant. As shown in Table 6.5.3-1, supply
pressure extremes result in & + 1.4% effect on commanded thrust.

Propellant temperature effects were canputed using Equation (%) in peragreph 7.5.

This calculation provided the "viscous theory"” thrust retio versus temperature curves
given in Figure 6.5.3-2. Although not used in assessing terperature effects here, the
"constant C." thrust ratio versus temperature curve is a2lso shown in Figure 6.5.3-2.

The curves ?n Figure 6.5.3-2 were camputed assuming & constazt propellant supply pressure

of 720 psig. The effect of temperature on commanded thrust varies from +1.h$ to -1.9%,
as shown in Table 6.5.3-1.

The last column in Table 6.5.3-1, entitled "Allowable Thrust Boundary for Acceptance”
ves maximum and minimum values of thrust for S/A signals of -70, O, and +70 ma
corresponding to minimm, mid, end maximm thrust, respectively). These- thrust
boundaries were camputed using the cambined effect of extreres in propellant supply
pressure and temperature, and assuming that e.gcepta.nce firirgzs were conducted at (or
corrected to) 720 psig supply pressure and 7O F propellerc terperature. The "Allowable
Thrust Boundary for Acceptance" is assumed to be centered within the "Specification

Thrust Boundary.”
The "Allowable ... Boundary” lirits are those within which unit to unit {ation is

allowable on acceptance testing at standard temperature ard pressure (70°F and T20 ps:ln.).

This hardware variability is allowsble in conjunction witn <he edded variability from

propellant temperature and supply pressure extremes which results in overall variability

that complies with the design specification (JPL SAM-50255-Di-C ) thrust to signal
boundary.

Table 6.5.3-3 presents the results of test firings conducted on four Phase IIT TCAs and

one Phase II TCA (S/N 004).




Thrust/Thrust at 10°F

5102001 3=TU~-000
Page 6-86

1.05
1.04
«= = = Constant C
1.03 l\ D
~ Viscous Theory
1.02 1
_ =~ N Servoactuator
1.01 Signal (ma)
1.00
0.99
SO
0.98 0 %
70
0.97
0.96
*0.95
0 20 40 60 80 100

Oxidizer and Fuel Temperature (°F)

Tigure 6.5.3-2. Variation of Thrust with Propellant
Temperature




8422-6013-TU-000
Page 6-87

Table 6.5.3-3
Actual Thrust Versus Commanded Thrust for Phase III TCAs
Thrust (1b) at Standard

Conditions for S/A Acceptable
Signal (ma) of

10 ° =10

Allowable -

per Table 6.5.3-1 150 to 164 91.8 to 99- 2tohl 0 e-ee-
TCA S/N 00k 154 .2 96.0 28.8 Yes
TCA S/N 007 155.0 94.1 28.2 Yes
TCA S/N 008 153.3 95.0 27.7 Yes
TCA 8/N 009 157.1 95.0 26.6 Yes
TCA S/N Oil' 154.0 97.6 33.6 Yes

*Standard conditions are cefined as propellant pressure of 720 psig
and propellant temperature of 70°F.

e




6.6 Altitude Steady-State Performance Tests

All steady-state performance testing associated with the Develomment and Prequalification
Test Program conducted at the JPL Edvards Test Station under simulated altitude
conditions (plus one sea level checkout test and one sea level test for photographic
purposes) is discussed in this section. £idditional steady-state data from tests
conducted at STL's Inglewood Rocket Test Site are discussed in other subsections of 6.0.
The results of individual tests are discussed here; however, the discussion of combined
data from all tests used to determine the steady-state performance characteristics of

the MIRA 150A are given in Paragraph 6.8. Transient data is discussed in Paragraph 6.9.

The TCA test program conducted at JPL/ETS consisted of 32 firings (DY-18 through DY-49)
for a total of 35 TCA starts and & run duretion of 2,405 seconds. This program was
conducted in accordance with the Develoment Test Plan (STL Document Ihubder 9730.’4-6&-1—
43) and Prequalification Test Specificetion TS3-02B. Table 6.6-1 provides a summary of
the total test matrix, and the following reragraphs discuss the detailed test results.
Three test series were run prior to {nitietion of the formal prequalification test
prografn. These tests were & checkout ruz of the data acquisition system (per Paragraph
5.2.8 of the Develomment Test Plan) end two additional altitude tests (per paregraph
5.2.9 and 5.2.11 of the plan) to verify the readiness of the MIRA 15CA to enter the
formal prequalification test progrem.

6.6.1 Initial Checkout Test

6.6.1.1 Test Objectives

The primary test objectives of the initiel checkout test (Run DY-18) were to:
1. Perform an initial checkout firtrg at JPL/ETS under sea level conditionms.
2. 6bta.1n sea level performance data. '
3. Obtain acoustic data. |

6.6.1.2 Test Summary

With the exception of obtaining acoustic ceesurements, the primary test objectives were
achieved. At JPL direction, the acoustic ceasurements were deleted prior to the firing.
This cea level test was conducted accordirg to paragraph 5.2.8 of the Development Test

Plan except that a 130-second AT-1 thrust cycle was substituted for the cycle originally
planned. The test article consisted of ESA S/N OO4 coupled to a sea level, water-cooled

combustion chamber.

6.6.1.3 TCA Configuration

The HEA tested was MIRA 150A-004, built to the basic Phase II configuration (STL Drawing
No. 105461-1, A-1) and included the following major parts:

Component P/R glo!é
Helium Pilot Valve c104337-1
Servoactuator Cc104312-1 Cc53748
Injector Assembly 105462-1A1 ook
Shutoff Valve Piston 103948- 3B1 K/A
Shutoff Valve Sleeve 103947-3B1 N/A
Shutoff Valve Poppet 103946-1A N/A
Flow Control Valve 105466-1A2 00k WO
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This HEA was functionally different from the baei: Frase IIXI configuration (STL Drawing
No. 106662) in the following major respects:

1. Servoactuator response, linearity, hysteresis, and gain characteristics were
different. (A Phase II servoactuator was used in place of a Phase III servo-

actuator.)

2. Leaskage characteristics were different through various static and dymamic geals,
because of differences in seal design. (3al seals are used exclusively on the
Phase ITI HEA while some Omniseals were used on the Fhase II HEA.)

3. Proovellant flow rate versus stroke was slightly different between the Phase II
HEA and the Fhase III HEA, because of changes in flow control velve pintle and

insert design.

4. No quick-disconnect bosses or fitiings were available on the Phase II config-
uration precluding propellant bleeding at the shutoff valves. This difference
affects the initial startup transient.

However, since the major parts of the HEA 004 injector assembly (pintle P/N 105107-k,
sleeve P/N 105192-4, guide P/N 105106, and plate P/ 106423-3) are dimensionally
jdentical to their Phase III counterparts, it may be stated that the two HEAs are
jdentical from the standpoint of cambustion characteristics (c*, 1T _, etc.). The CC &
NA tested consisted cf a sea level, water-cooled cambustion chambe£P(P/N 106372).

6.6.1.4 Test Setup and Test Conditions

The TCA was installed in a thrust fixture (P/N X-104433) vhich was rigidly mounted to
the altitude chember door. The test installation is illustrated in Figures 6.6.1-1 and
6.6.1-2. The TCA was tested under sea level ambient conditions with sufficient measure-
ments to determine sea level steady-state and transient performance characteristics.
However, because of the additional fluid volumes imposed by the use of injectlion pressure
measurements, none of the transient data are considered valid. An unmodified®* AT-1 thrust
program cycle (Table 6.6.1-3) wvas used resulting in a 130-second test duration.

6.6.1.5 Test Results

The initial checkout run {DY-18) was successfully completed on 11 September 1964 satis-
fying the requirements of Develomment Test Plar paragraph 5.2.8. Detalled steady-state
performance data for this test are sumsarized in Table D-l-1 of Appendix D-1. With the
exception of & slightly high mixture ratio at the maximm thrust step (1.557 at standard
conditions), measured performance characteristics were within acceptance test specifica-
tion limits. Corrected C* data varied from 5276 fps at & 108-psia chamber pressure to
5048 fps at a 20-psia chamber pressure. Because of the differences between Phase II and
Phase III servoactuators end the flow control valves (discussed in 6.6.1.3), these data
are not representative of Phase III thrust-signal characteristics.

¥This AT-1 thrust-time profile was later modified by additional stepping during the
last 20 seconds. Refer to paragraph 4.5.

19
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Initial Checkout Test Setup
Closeup (Run DY-18)

gure 6.6.1-2.
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Table 6.6.1-3

Thrust Cycle AT-1 - Unmodified

Command (+ 0.5 ma)
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6.6.2 Initial Altitude Test

6.6.2.1 Test Objectives

The primery test objectives of the first altitude test (Run DY-19) were to:

1. Determine altitude performance of the TCA with a water-cooled
CC & NA.

2. Determine altitude startup and shutdown characteristics.

6.6.2.2 Test Summary

This test was successfully conducted under altitude conditions accor?ing tc peragra
5.2.9 of the Develomment Test Plan except that a 45-gecond, step-thrust cycle (PQ-3

was substituted for the cycle originally planned. All major objectives were achieved.
The test article consisted of HEA S/N OO4 coupled with a water-cooled combustion chamber

and radiation cooled skirt.

6.6.2.3 TCA Configuration

The HEA was identical to that described in paragraph 6.6.1.3. The CC & NA consisted of
a water-cooled cambustion chamber (P/N 106372) and a radiation-cooled altitude expansion

cone (P/N 106831).
6.6.2.4 Test Setup and Test Conditioms

The TCA was installed as described in paragraph 6.6.1.4; the test setup is shown in
Figure 6.6.2-1. The TCA was fired under simulated altitude conditions using a thrust
cycle planned for part of the PQT series and given by Profile 1 in Table 6.6.4-1 (see
reregraph 6.6.4) with the cell pressure varying between approximately 0.03 to 0.1k psia
¢epending on the TCA thrust level. The TCA was at test cell am'bieng temperature
conditions prior to firing; the propellants were maintained near 70°F by water cooling
+the propellant tanks. Prime performance measurements included thrust, Fhotocon amnd
Taber measured chamber pressures, propellant and cooling wetfer flov rates, and servo-

actuator signal and position.
6.6.2.5 Test Results

e initial altitude test (DY-19) was successfully campleted on 16 September 1964

satisfying the requirements of paragraph 5.2.9 of the Development Test Plan. Detailed

- steedy-state performance data for this test are summarized in Table D-101 and Figures
D-1-2 through D-1-5 of Apperdix D-1. It may be seen fram Figure D-1-2 that the specific

irpulse data falls within the limits of JPL Specification SAi-50255-DSN-C which are

superimposed on the data plot. The standard mixture ratio was slightly high at maximnm

thrust (1.547 at 151.7 1bs compared to & 1.50 + 0.03 allowable range).
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6.6.3 Initial Altitude Dynamic Throttling Test

6.6.3.1 Test Objectives
The primary test objectives of the initiel altitude dynamic firings were to:
1. Determine TCA dynamic throttling characteristics.

2. Determine altitude performance of the TCA with a flight-weight
CC & NA.

3. Demonstrate TCA durability under throttling conditioms.
L. Obtain TCA reliability data.
6.6.3.2 Test.Sumary

The initial altitude dynamic throttling test series (Runs DY-20 through DY-24) were
conducted in campliance with the requirements of paragraphs 5.2.11 of the Develoment
Test Plan. This test was only partially successful in achieving the primeary objectives,
because ¢f facility problems and meesurement response limitations. Although transient
response data are not considered to be valid because of these problems, same satisfactory
steddy-state data were obtained. '

6.6.3.3 TCA Configuration

The EEA was identical to that described in paragraph 6.6.1.3. The CC & NA was a Phasge
II (P/N 106546-1) altitude CC & IA, S/N 002, which is functionally identical to the
Pnese III CC & NA with the exception of the trunnion location which influences CG and
mounting provisions only.

6.6.3.4 Test Setup and Test Condition

The test setup is illustrated in Figure 6.6.3-1. The TCA was fired under altitude
cqnditions with the propellants held near 70 F. The original plan was to conduct the
first two firings, Profiles A and B of thrust cycle PQ-1 (see Table 6.6.3-2), vacuum
sosk the TCA for at least—48 hours, camplete Profile C of PQ-1, and then repeat Profiles
A & B of PQ-1.

Beceuse of JPL facility problems during the third start (Run DY-22), the firing was
terminated after approximately 4O seconds. As a result, the actual sequence consisted
of: (1) the first two firings (Run DY-20 and DY-21) according to plan, (2) a vacuum
soax of approximately 70 hours duration, (3) the first LO seconds of Profile C of PQ-1
(Rurn DY-22), (4) a complete 115.8-second firing per Profile C of PQ-1 (Run DY-23), and
(5) a repeat of Profile A of the PQ-1 cycle (Run DY-24). ‘

In addition to the prime perfcarmance measurements mentioned in paragraph 6.6.2.3, a
numter of TCA external surface temperatures were measured at the locations shown in
Figure 6.4.2-2. ) :
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AN

Figure 6.6.3-1. Test Setup for Initial Altitude
Dynamic Throitling Test (Runs
DY-20 Througn DY-24)
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Table 6.6.3-2

Thrust Cycle PQ-1

Profile A

Step

Startup
Sinusoidal, % cps
Sinusoidal, 2 cps
Sinusoidal, S5 cps
Simusoidal, 7 cps
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6.6.3.5 Test Results

Runs DY-20 through DY-24 were completed during the 18 through 21 September 1964 time
period,-satisfying the requirements of paragraph 5.2.11 of the Development Test Plan.
Since the PQ-1 thrust cycle was designed primarily for dynamic response determination,
only a limited amount of steady-state data were available from these firings. Only
date time slices of 4 seconds or longer are reported in Table D-1-1 and Figure D-1-6
through D-1-9 of Appendix D-1. The vacuum specific impulse was again within specifi-
cation limits; also, the mixture ratio was slightly high at maximum thrust.

The post-fire condition of the CC & NA was excellent after undergoing five starts and
a total firing duration of 348 seconds. (For a more detailed discussion of CC & NA
perforzance and TCA temperatures, refer to paragraph 6.4.)

6.6.4 PQT-001, -002, -003, and -OO4A

6.6.4.1 Test Objectives
The primary test objectives of PQT-001, -002, -003, and -OOLA were to:

1. Determine TCA vacuum performance characteristics over the full specification
thrust and mixture ratio range.

2. Determine test-to-test TCA vacuum performance reproducibility.
3. Acquire additional data on TCA reliability.

6.6.4.2 Test Sumary

The test requirements of PQT-001, -002, -003, and -OOLA given in paragraph 7.2 of the
prequalification test specification (TS3-02B) and the primary test objectives were
successfully achieved during Runs DY-25 through DY-28. These firings were conducted
under altitude conditions with HEA 150A S/N OOl and two different flight-weight altitude

 CC & Iks S/Nis 003 and 005.

6.6.4.3 TCA Configuration

HEA 150A-001 was built to the basic Phase II configuration (STL Drawing No. 105461-1,
Al) and then fitted with several Phase III design features. The HEA rajor parts and
camporents are listed below.

Component 74! S/%
Helium Pilot Valve C1l04337-1 (o]
Servoactuator C104312-1 C53750
Injector Assembly 105462-1A1 001
Shutoff Valve Piston 106657-1 N/A
Shutoff Valve Sleeve 106656-1A1 N/A
Shutoff Valve Poppet 106798-1A1 N/A
Flow Control Valve 105466-2A2 001

The same corments with respect to the major functional differences between this configu-
ration and the Phase III configuration discussed in paragraph 6.6.1.3 apply hete, except
that the following items had been reworked to the Phase III configuration prior to
initiation of PQT-001 (DY-25):

Y
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1. 106657-1 shutoff valve piston replaced 1039&3-331.»

2. 106656-1A1 shutoff valve sleeve replaced 103947-3.

3. 106798-1A1 shutoff valve poppet replaced 103946-1A.

L. 106219-1A and 106905-2A flow control valve pintles were installed.
5. 106907-2 flow control valve throat inserts were ingtalled.

6. 106423-1 injector diffuser plate replaced 103966-3Cl.

7. 200-12, 200-10, and 20C-15 Bal seals replaced R105J-370A1Q, R105J-2Lk211G,
end R10105-015A1N Omniseals, respectively.

As a result of this rework, HEA 150A-001 shutoff valve operation, flow rate versus
valve stroke, and cambustion characteristics were all considered identical to the

Phase III cohfiguration.

Altitude CC & NA (P/N 106546-1A4) S/N 003 was used on PQT-COl, but was replaced by
cC % 1A (P/N 106546-1A6) S/N 005 for PRT-Q02 through PQT-O0LA. CC & NA S/N 005 was
jater used for PQT-OOUB {see peragraph 6.6.6).

6.6.4.4 Test Setup and Test Conditions

The test setup and test conditions were as described in detail in paragraphs 7.2.2
torough 7.2.6 of the prequalificetion test specification (TS3-O2B). Propellant supply
terz pressures were varied off-naminal to obtain 1.4 and 1.6 operating mixture ratios
dur:rg Runs DY-26 and DY-27 while maintaining total propellant flow rate approximately
constant. The thrust signal-time programs used are given in Teble 6.6.4-1 - Profile
io. 1 for PQT-001 and -O04A, Profile No. £ for FQT-002, and Profile No. 3 for PQT-003. '

€.6.4.5 Test Results

PQT-201 through -OO4A were successfully completed by Runs DY-25 through DY-28 fram 12
through 20 October 196i4 satisfying the requirements of the precuslification test
grecification. During PQT-001 and -O0kA, the propellant tank pressures vere set at the
rnaziral 720 psia to achieve a terget mixture ratio of 1.5. For P&Z-002, the fuel
pressure was set at 770 psia and the oxidizer at 674 psia for & 1.k mixture ratio. In |
a s:rilar fashion, the oxidizer pressure was set at T60 psia and the fuel at 663 psia

to target a 1.6 mixture ratio during PQT-003.

Tio ETA hardware changes or resettings vere made during this series. After PQT-001 (Run
DY-25), a TCA leak check perfamed with gaeseous nitrogen a