Arcjet Thruster Research And Technology

Contract NAS 3-24842
Final Report - NASA CR-180865
February 1988

N

Prepared For:
NASA/Lewis Research Center
Cleveland, Ohio 44135

{NASA~-CR-1808€65) ARCJET THECUSTER RESEARCH N88~17732
AFD TECHNCLOGY FPinal BReport - (Aercjet
dechSystenss Cc.) 300 €sCL 21H

Uaclas

G3/20 0124875

Aerojet TechSystems Company @)

Technion Incorporated ’k



RPT/BB0642

ARCJET THRUSTER RESEARCH AND TECHNOLOGY

Contract NAS 3-24842

FINAL REPORT
NASA CR-180865

February 1988

Prepared for:

NASA/Lewis Research Center
Cleveland, OH 44135

q%p6§//. akel
Aerojet “TechSystems Company

P.0. Box 13222
Sacramento, CA 95813

Gordon L. Cann
Technion Inc.
17751-F Sky Park East
Irvine, CA 92714



ABSTRACT

The design, analysis, and performance testing of an advanced lower power
arcjet is described. Aerojet TechSystems Company and Technion, Inc. in con-
junction with NASA Lewis Research Center have conducted a research program to
study a high impedance, vortex stabilized 1-kw class arcjet. A baseline
research thruster has been built and endurance and performance tested. This
advanced arcjet has demonstrated long 1ife time characteristics, but lower
than expected performance. Analysis of the specific design has identified
modifications which should improve performance and maintain the long life time
shown by the arcjet.
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FOREWORD

This program is conducted under Contract NAS 3-24842 for the NASA/Lewis
Research Center, Auxiliary Propulsion Branch. NASA Program Manager is Jim
Stone. The program is conducted by Aerojet TechSystems Company, Research and
Technology Department, Rich LaBotz, Director. Aerojet Program Manager is Don
Jassowski, and the Project Engineer is Darby Makel. Technion, Incorporated,
is a major participant in the program, with extensive participation by Gordon
Cann, President and Program Manager. Involvement of Technion includes
conceptual and detailed design, fabrication, and Series I testing of the
arcjet. Interpretation of test results, formulation of conclusions and
recommendations, and preparation of the final report are by Aerojet
TechSystems Company.
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EXECUTIVE SUMMARY

This contract is a result of the NASA Lewis Research Center RFP
3-142500, entitled "Arcjet Thruster Research and Technology." The objective
of the program is to advance and demonstrate the state of the art for arcjet
thrusters. Specific technology goals for the program were an Isp of 400
seconds, an efficiency of 40% and a 3000 hour life. A thruster has been
designed to operate with storable propellants over the power range of 0.5 to
3.0 kW.

The program consists of two phases. This report summarizes the work
done during the Phase I of the program. The first task of Phase I was an
assessment of the state-of-the-art technology utilizing ongoing literature
studies at Aerojet TechSystems Co. and Technion Inc. Information was assem-
bled into a state-of-the-art summary report to NASA, drawing together the
available information from the literature, workers in the field, and our
experience. The results of the Technion 1 kW thruster development program
were included. |

The available data and models were compared with those required in order
to identify areas needing further research. From this, a detailed program of
model development and empirical data collection was prepared. Research in
pertinent subjects has been performed. Topics in the study include analysis
and testing of arc-gas physics, electrode design, low Reynolds number nozzles,
and electrical characterization. This research has utilized a nominal 1 kW
thruster for experimental studies. The arcjet thruster was built in a flight-
like prototype configuration, so that the studies would be directly applicable
to a flight hardware program. The results of the experimental and analytical
efforts have provided a definition of problem areas which must be resolved to
develop a 1 kW class arcjet thruster.

The baseline arcjet thruster designed and tested during Phase I of the
program is shown in Figure 1. With the goal of a 3000 hour life time as a
major driver, the Aerojet/Technion team determined that major design innova-
tions would be required. With this in mind, this arcjet represents a radical
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Executive Summary (cont.)

departure from the constricted arc type arcjets investigated during the
1960's. This arcjet has been designed with advanced features for improved
life, increased efficiency, and low plume contaminants and RFI. These
improvements are achieved by the use of an arc where the anode attachment is
upstream of the nozzle in the high pressure region. In addition a mixing
chamber upstream of the nozzle is used to promote recombination of ionized and
dissociated species. Since this arcjet is estimated to operate at lower
currents than constricted arc arcjets of the 1960's and lower arc centerline
temperatures (estimated to be 10,000-12,000 K compared to 30,000-40,000 K for
constricted arcjets) electrode losses should be reduced and electrode life
increased.

The initial investigation of the advanced arcjet concept was concentra-
ted in the thruster design and experimental characterization tasks at Technion
Inc. During this part of the program analytic models of arc/vortex gas inter-
action were studied along with the results of a joint Aerojet/Technion 1 kW
arcjet IR&D program. From this work resulted the design of the advanced 1 kW
class arcjet thruster. The thruster was built at Technion and the initial
test series (i.e., Test Series 1) was performed in the Technion bell jar test
facility. During this test series, the arc stability, electrode erosion,
current/voltage relation, and arc initiation with propellant were all investi-
gated. In all, over 100 hours of operation were accumulated including 284
starts and over 70 thermal cycles of the hardware. The results of the testing
at Technion verified the feasibility of using the advanced vortex-stabi-
Vized/magnetically-driven arc in a thruster configuration. Without optimizing
electrode geometry, erosion rate measurements indicate that this thruster's
Jife characteristics are capable of achieving a 3000 hour life goal.

The second part of the Phase [ test program consisted of performance
mapping the baseline thruster and establishing the data base required to
develop the thruster into a flight-like unit. The performance testing was
performed in Aerojet's Arcjet Test Facility. The thrust levels produced by
the arcjet (less than 25 gm) required precise measurement to determine the

vi
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specific impulse and thrust efficiency of the unit. The best performance that
could be achieved was Isp of 310 sec and thrust efficiency of 22%.

There are three possible causes for the lower than expected perfor-
mance. First, convective heat transfer from the gas to the thruster body in
the mixing chamber lowered the specific enthalpy of the gas prior to expansion
through the nozzle. Viscous losses and inefficient expansion of the arc
heated gas through the nozzle contributed significant momentum losses.
Finally, the most significant cause is that 40X of the propellant mass
flowrate was injected in the mixing chamber and did not pass through the
arc. The intent of the gas injection in the mixing chamber is to promote
mixing, and to provide film cooling in the nozzle throat. "The design flow
split was 75% of the total flow through the arc and 25% of the total
propellant flow injected in the mixing chamber. The flow split is not
variable in the research thruster as currently designed. It has been
concluded that the flow split must be optimized before high performance can be
achieved. Analysis subsequent to the fabrication of the thruster and borne
out by the experimental results indicate that there was excessive mixing and
excessive film cooling.

In addition to performance testing and evaluation of the thruster during
the second half of the program, design and analysis of flight-like features
was performed. A permanent magnet (using high temperature, rare earth
colbalt) was designed and built for the thruster but was not tested. Also
built was a high capacity hydrazine gas generator for extended duration tests
with liquid hydrazine propellant which was also not used. In all, no hardware
design problems were encountered that would prevent the development of the
research thruster ints flight-like hardware.

Continued development of the advanced 1 kW arcjet thruster at the
research thruster level is required before the concept is ready for develop-
ment into flight hardware. Optimization of the features of the advanced
arcjet such as the mix chamber, ancde attachment location, and flow-split will
yield pctentially useful lavels of performance.
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1.0 INTRODUCTION

This contract is a result of the NASA/Lewis Research Center RFP
3-142500, entitled "Arcjet Thruster Research and Technology." The objective
of the program is to advance and demonstrate the state of the art for arcjet
thrusters. Specific technology goals for the program are an Isp of 400
seconds, an efficiency of 40%, and a 3000-hour 1ife. Storable propellants
were used. The power range goal was 0.5 to 3.0 kW.

The Phase I program consisted of two major tasks. Task 1.0 provided an
assessment of the state-of-the-art of arcjet technology utilizing ongoing
literature studies at Aerojet TechSystems Co. and Technion Inc. Information
was assembled into a state-of-the-art summary report to NASA, drawing together
the available technology information from the l1iterature, workers in the
field, and our experience. The results of the Technion 1 kW thruster develop-
ment program were included. The results of Task 1.0 were published in Ref. 1.

The available data and models were compared with those required in order
to identify areas needing further research in Task 2.0. From this, a detailed
program of model development and empirical data collection was prepared.
Research in pertinent subjects was planned. Topics in the study included
analysis and testing of low Reynolds number nozzles, arc-gas physics, elec-
trode design, and electrical characterization. This research used a nominal
1 kW thruster for experimental studies. The thruster was configured into a
flight-1ike prototype configuration, but with a water cooled magnet, so that
the studies would be directly applicable to a flight hardware program. The
results of our experimental and analytical efforts have been used to develop
the data base needed to evolve the arcjet into a flight-type design.

The task descriptions for Phase I are summarized as follows:
PHASE I - ARCJET TECHNOLOGY DEVELOPMENT

Task 1.0 - State-of-the-Art Assessment




1.0, Introduction (cont.)

Task 2.0 - Research and Technology Assessment

This task consisted of five subtasks:

Task 2.1 - Design and Analysis

Task 2.2 - Fabrication Support

Task 2.3 - Testing

Task 2.4 - Data Analysis

Task 2.5 - Final Design and Performance Prediction

Task 5.0 - Reports

The following sections describe the activities of the above tasks. In
addition recommendations are made based upon the conclusions of the program.



2.0  STATE-OF-THE-ART ASSESSMENT

The first task of the program consisted of an assessment of the state of
the art of technology important to arcjet research. The ongoing literature
studies at Aerojet and Technion served as the basis for this assessment.
Available information on arcjets and related technologies such as arc physics,
propellants, power conditioning units, viscous gas dynamics, and arc flow
interactions have been reviewed and summarized as they relate to arcjet devel-
opment. The State-of-the-Art Assessment was submitted as a report at the
conclusion of Task 1.0 in February, 1986 [1]. The report incliuded an exten-
sive bibliography with abstracts. The following section summarizes the scope
and topics covered in that report.

2.1 SUMMARY OF IMPORTANT TOPICS REVIEWED IN STATE-OF-THE-ART
ASSESSMENT

Arcs have existed in concept since the turn of the century. Arcs
were used to heat gases to extreme temperatures. Small, high-speed wind
tunnels in the 1950's used arc heating. Because the specific impulse of a
propulsive device can be related to temperatures which at the core of an
electric arc discharge may be as high as 50,000 K, it was natural that the
electric arc was looked upon as a means of heating a propellant considerably
above the 3000K range available chemically [2].

There was a significant effort during the early 1960's to develop
high-Isp arcjets[3’4’5’6]. Most of the efforts were at higher power levels
than the present program and focused on the constricted arc approach where the
anode attachment region is in the nozzle downstream from the throat. The
various arcjet efforts encountered the same basic problems; namely,

1) discharge erosion of the nozzle,

2) low efficiency due to thermal losses and frozen flow losses,
and

3) cathode erosion.



2.1, Summary of Important Topics Reviewed in State-of-the-Art Assessment (cont.)

The projects were terminated due to changes in mission requirements
and lack of available power sources.

During the late 1960's and through the 1970's, much of the high-

[7’8’9]. Designs evolved

pressure arc research was oriented toward arc heaters
from the constricted arcs to coaxial arc heaters to vortex-stabilized arc
heaters. Significant effort went into finding ways to increase the enthalpy
of the gas and to extend the lifetime of equipment. Efficiency became an

issue with the megawatt arc heater systems.

Recent trends have changed the applicability of arcjet propul-
sion. High efficiency, high power, solar arrays are being developed with
substantially improved power/mass ratio compared with those that than have
been used on prior spacecraft. Satellites are evolving from fractional
kilowatt capability to multikilowatt systems, with large-capacity battery ‘
storage. By careful management of on-board power, the power may be "free" for
arcjet propulsion. Nuclear electric systems are under development with
excellent power/mass properties. Interplanetary missions are now feasible
that could not be undertaken with chemical systems.

Arcjets are being considered for missions requiring high effi-
ciency, high Isp, and low to moderate thrust. The missions fall into two
categories; stationkeeping and primary propulsion. The use of arcjets for
these missions requires consideration of not only the thruster, but the entire
propulsion system. An arcjet propulsion unit consists of the thruster, pro-
pellant supply system, power conditioning, power source and controls. The
state-of-the-art assessment report covered each of these areas as they pertain
to lTow power (0.5 to 3.0 kW) arcjets. The chapter headings of the report are:

Missions and Applications
. Space Power Sources
Power Conditioning
Arc/Gas Flow Interactions

T oW N =
. . . .

Cathode Phenomena



2.1, Summary of Important Topics Reviewed in State-of-the-Art Assessment (cont.)

Anode Attachment
Magnets
Mixing Chambers

O 0 ~N O

Nozzles

10. Propellants

11. Hydrazine Gas Systems

12. Materials

13. Vehicle Interactions, Plumes, and RFI
14, Testing



3.0 TASK 2.0 RESEARCH AND TECHNOLOGY

3.1 SCOPE AND OBJECTIVES

Task 2.0 consisted of arcjet model development, construction and
testing of a high impedance, vortex stabilized arcjet, and empirical research
on critical issues identified in the Task 1.0 State-of-the-Art Assessment.
This work has covered the following topics.

1. Analytical modeling of vortex flow/arc interaction.

2. Performance estimates for a high impedance, vortex stabilized
arcjets.

3. Testing of low Reynolds number nozzles.

4. Design, construction, and testing of a baseline research
arcjet thruster.

Work on the baseline research thruster comprised the majority of
effort in Task 2.0.

The baseline thruster is a nominal 1 kW unit designed, constructed,
and characterized at Technion and later performance tested at Aerojet. The
testing of the thruster consisted of two parts, Series 1 testing at Technion
and Series 2 testing at Aerojet. The Test Series 1 consisted of establishment
of the thrusters operating characteristics, such as current, voltage, elec-
trode gap, and propellant mass flowrate. During Test Series 1 the thruster
was operated for over 100 hours with 284 starts and 70 thermal cycles. The
Series 2 testing consisted of the performance testing of the thruster with the
intent of obtaining a sufficient data base to develop the baseline thruster
into a flight-1ike thruster. During the Series 2 testing the thruster was
operated for 5 hours with 26 starts and 8 thermal cycles.

The following sections describe the design of the baseline
thruster, including model development, supporting analysis, and the activities
of Series | and 2 testing.



3.0, Task 2.0 Research and Technology Assessment (cont.)
3.2 DESIGN OF BASELINE THRUSTER AND COMPONENTS
. Thruster Design

The baseline research thruster was designed with as many
flight-1ike features as possible so data would be directly applicable to an
actual thruster. The following requirements were imposed on the design of the
thruster:

1. Radiation cooled
2. Use of high temperature materials
3. Hard seals (i.e, welds) wherever possible

q. Easily disassembled for inspection of internal parts and
electrodes

5. Usable for performance measurements.

Design features of the thruster are shown in Figure 2. Figure 3 shows the
assembled thruster and components.

The vortex stabilized arc extends from the cathode on the
centerline of the thruster, to an annular anode. Rotation of the anode
attachment spot is accomplished with a magnet. An electromagnet was used for
the testing, but can be replaced with a permanent magnet. The propellant flow
enters the thruster through a feedline connected to the nozzle as shown and is
distributed in an annular manifold. The manifold allows the flow to be split
between the arc chamber and the mixing chamber. Approximately 75 percent of
the propellant flow is designed to be injected tangentially into the arc
chamber to provide a vortex flow. Downstream of the anode is a mixing cham-
ber, where the remainder of the propellant flow is injected to provide film
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Figure 3. Assembled Arcjet Thruster and Components




3.2, Design of Baseline Thruster and Components (cont.)

cooling in the nozzle. The nozzle is a high area-ratio, trumpet design based
on Technion's high performance resistojet experience. The thruster was
designed with large thermal masses to provide sufficient conduction cooling of
hot surfaces in the thruster interior.

The thruster's body is extended to provide a thermal stand off
for the stainless steel mounting flange and low temperature ceramic/metal
electrical leadthrough. The cathode, which passes through the vacuum
electrical feedthrough is insulated by boron nitride spacers and alumina
tubing to prevent electrical breakdown to the thruster body. The nozzle and
outer thruster body are made of TZM moly and are welded to the thoriated
tungsten anode. A complete list of the thruster components is given below.

Part Material

Nozzle TIM moly
Propellant Feed Tube TIM moly

Anode Thoriated Tungsten
Cathode Thoriated Tungsten
Aft Body Stainless Steel

Arc Chamber Insulator

Cathode Insulator
Aft Insulator

Rear Seal/Electrical
Feed Through

Electromagnet

Boron Nitride

Alumina

Boron Nitride

Stainless Steel and Ceramic

Copper Tubing

Drawings of individual components are given in Figures 4 through 22.

During Test Series 2, a minor modification to the rear flange
assembly was required to ensure against a damaging electrical breakdown to the
arcjet body. Figure 23 shows the flange/feed through with the aft insulator
cemented in place and an alumina tube inserted into the aft insulator. In
order to ensure proper alignment of the cathode through the new rear flange
assembly, the shank portion of the cathode, in the region of the new assembly,

was reduced in diameter from 0.475 cm to 0.424 cm.
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3.2, Design of Baseline Thruster and Components (cont.)
. Permanent Magnet Design

The design of the permanent magnet intended for 1 kW arcjet
Series 2 testing is shown in Figures 24, 25 and 26. The purpose of
incorporating the permanent magnet into the Series 2 is to demonstrate that a
permanent magnet, properly insulated from the thruster, can provide a stable
magnetic field. The nominal design field strength is 500 gauss. This value
is not considered an optimal value, but is typical of the field strengths
generated with the electromagnet (the nominal Series 1 magnetic field strength
was 400 gauss). A 25% safety factor has been added in case temperature
effects on the magnet are greater than expected.

The maximum operating temperature of the rare earth cobalt
magnet material, Recoma 28, is 350 C. The magnet is insulated from the
thruster with zirconia felt insulation. Figure 27 shows the required thermal
conductivity of the insulation layer (approximately 0.2 inch thick for our
design) as a function of arcjet body temperature for maximum magnet tempera-
tures of 350, 250, and 150 C. Also shown is the thermal conductivity of
candidate insulation materials. The design point with an estimated arcjet
body temperature of 1500 K is shown for reference. The maximum magnet temper-
ature is expected to be approximately 200 C and the magnet is adequately
insulated for arcjet body temperatures as high as 2200 K. The maximum arcjet
body temperature, when operating with a water-cooled electromagnet, has been
measured at 700 C. Energy balance considerations 1imit the theoretical maxi-
mum outer-body temperature to less than 1800K and axial conduction in the
thruster housing reduces local hot spots in the region of the magnet.

Figure 28 shows the power dissipated through the magnet for
given maximum (inner diameter) magnet temperatures. For the worst possible
case, Ty = 350 C, a total of 81.0 watts would be dissipated. Ideally,
thruster body should operate at as low a temperature as possible to increase
the thermal efficiency of the thruster. To accomplish this, the anode region
must be conduction cooled by coupling it to the nozzle region, rather than
allowing conduction to the outer-body housing.
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Figure 26. Arcjet Permanent Magnet Assembly
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Figure 27. Thermal Characteristics of Permanent Magnet Design
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Figure 28. Energy Loss through Magnet
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3.2, Design of Baseline Thruster and Components (cont.)

Figure 29 shows a comparison of the magnetic fields for the
electromagnet and the permanent magnet. The field strengths were measured
with a gauss meter. The magnet field strength in the arc region can be varied
with the permanent magnet by changing its position along the thrust axis.

. Facility Gas Generator

_ Figure 30 shows the design of the facility gas generator. No
tests were conducted on this device. The inlet end is a tube with an 0.0254
cm I.D. to provide a high inlet velocity and to reduce the possibility of
thermal decomposition of the liquid hydrazine prior to it entering the
catalyst bed. The catalyst bed material is Shell 405 granules.

This design of the facility gas generator closely resembles a
flight-type unit. To ensure proper startup of the unit, the catalyst bed can
be heated to 550 K before the hydrazine is injected into the bed. The cata-
lyst bed temperature is monitored by a thermocouple (not shown) mounted on the
body of the gas generator. The enlarged catalyst bed is to ensure stable
generator performance during long-duration arcjet testing. The extended
startup and shutdown transients associated with a larger catalyst bed will not
be a problem during arcjet testing.
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3.0, Task 2.0, Research and Technology Assessment (cont.)
3.3 SUPPORTING ANALYSES

Analyses were performed in several areas in order to aid the design
and development of the advanced arcjet. The analyses conducted can be grouped
in three categories:

1. Basic arc-gas interaction

2. Overall scaling and performance estimates

3. Detailed hardware thermal/stress analysis

The studies of the first two types provide a model of the physics
and the gross characteristics of the device. Analysis of the third type was

used to ensure the integrity of the research thruster.

1. Basic Arc-Gas Interactions

A study of arc/laminar gas flow interaction for a vortex
stabilized arc was conducted to determine limitations on the coupling of arc
power into a vortex flow. The details of the analysis are contained in
Appendix A. The conclusion of the analysis was that a 1imit exists on the
total mass flux that can pass through a vortex due to the viscosity variations
of an arc heated propellant.

The second basic gas-arc interaction studied was definition of
the applicable plasma flow equations for arcjet. The distinction between the
compressible and incompressible Navier-Stokes equations was clarified. The
incompressible equations are applicable to the low Mach number regions of the
arc chamber and the compressible equations are required to describe the plasma
flow through the nozzle. A detailed discussion is contained in Appendix B.
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3.3, Supporting Analysis (cont.)

2. Overall Scaling and Performance Predictions

The approach taken in developing the advanced arcjet is based
on the scaling of the physics of large arc heaters. Appendix C contains an
assessment of the scaling and identified weaknesses. Due to limitations in
both experimental data and analytical techniques, extrapolation of arc heater
data to low power arcjets must be performed with care.

The baseline research thruster can be used with ammonia,
hydrogen, or hydrazine decomposition products as the propellant. The antic-
ipated performance faor each of these propellants is shown in Figures 31
through 33. A typical design point for each propellant is shown in Table I.
The estimates were prepared with the procedure described in Appendix D. The
research thruster has been design operated at a chamber pressure less than
1 MPa. The design point used for the research thruster is shown on Table II.

3. Thermal/Stress Analysis

Thermal and stress analyses have been conducted on the engine
design shown in Figure 34. One dimensional calculations for conduction heat
transfer and stress were used to design the thruster. The thermal design has
been made deliberately very conservative so that all critical components will
run cooler than is necessary or desirable in a flight design. The size of
components and material were choosen so to minimize stress and ensure no
failure due to mechanical loading or thermal stresses. This has been done so
that parametric tests can be conducted without undue damage occurring to the
components. Also, the long (20 cm) extension between the feed-throughs and
the vortex chamber, required to ensure that the feed-throughs do not overheat,
would be greatly shortened in a flight model by folding the tube. Folding was
not incorporated into the design, since it would interfere with access to
components in the vortex chamber and the anode. Some temperature and heat
flux estimates are displayed in Figure 34.
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Figure 32. N2Hg Isp Vs. Thrust at Pressure - 10 Atmospheres
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TARIE I

ESTIMATED PERFORMANCE FOR TYPICAL PROPELIANTS
IN THE 1~-KW ARC ENGINE

NoH, Products NH, Hy_
Pg watts 1057 1000 1000
h /min 2.4 1.4 .53
T %k 4300 4150 4000
V volts 150 170 200
I amps 8 6 6
F mlb 43 30 20
Iy, Sec 488 583 1027
ng - 35 31 40
Re” - 905 547 338
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TABLE II
1 kW ARCJET DESIGN POINT

Power Input:

Discharge Voltage:
Thermal Efficiency:
Propellant:

Mass Flow Rate:

Isp:

Overall Efficiency:
Average Gas Temperature:

Thrust:

Thrust-to-Discharge Coefficient:

Throat Reynolds Number:

46

1200 watts
130-160 volts
80-90%
Simulated NoH,
0.04 gm/sec
500 sec
34-40%

4300 K

0.191 N,
1.60

900
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3.0, Task 2.0 Research and Technology Assessment (cont.)
3.4 NOZZLE DESIGN AND TESTING

One of the technology development subtasks of Task 2.0 was an
investigation of the behavior of low thrust, low Reynolds number nozzles. The
typical throat Reynolds number for a 1 kW-class arcjet thruster is in the 1200
to 800 range. Previous investigators have noted a reduction in measured
thrust coefficients due to test chamber background pressure and due to viscous

[10’11]. In addition to the effect of large bound-

flow effects in the nozzles
ary layers occupying a large portion of the total flow area in the supersonic
portion of the nozzle, the presence of a large swirl component to the flow can
effect nozzle performance[12'13]. The purpose of this subtask was to evaluate

the performance of candidate nozzle designs for use on a flight-1like thruster.

Originally, a numerical study of nozzle performance using the
VNAP-2 computer code [14] was planned. Initial results indicated that the
VNAP-2 code was too costly to use for performance predictions in the straight
flow (no swirl) case due to lack of knowledge of the thermal boundary condi-
tions. The code is not applicable to flows with swirl, because it does not
calculate a circumferential velocity component. In conjunction with the
numerical study, it was planned to conduct an experimental investigation to
test candidate nozzle designs. The experimental investigation was conducted
using interchangeable nozzles on a modified Technion resistojet. The resisto-
jet is capable of simulating arcjet flow Reynolds numbers under certain oper-
ating conditions. The tests were conducted at NASA/LeRC in the Tank 5 test
facility. The Tank 5 facility was chosen because low background pressures

could be maintained.

3.4.1 Nozzle Design

Six candidate nozzle configurations were selected for study
at arcjet flow conditions. The nozzle geometries were chosen based on designs
in available literature and previous experience with low thrust nozzles. The

nozzles were tested using a modified Technion resistojet shown in Figure 35
1
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3.4, Nozzle Testing (cont.)

The adapter hardware was designed to allow interchangeablie
nozzles. The bell and the cone nozzle are shown in Figures 36, 37, and 38.
The nozzle skirts are shown in Figures 38, 39, and 40. A cone and tulip skirt
allow numerous experimental configurations. These include:

Geometry Area Ratio
Cone 50:1
Bell 50:1
Cone-Cone 100:1
Cone-Tulip 100:1
Bel1-Cone 100:1
Bell-Tulip 100:1

A swirl plate was fabricated, which can impart a circulation of
1 m2/sec; a second plate was fabricated which can provide an axial flow with
no circulation. Potential test combinatins include:

Swirl 6 500-2000 various
or X Nozzle X Reynolds X Back
Axial Combinations Number Pressures

Due to the difficulty in instrumenting nozzles with such small
dimensions, local heat flux or pressure measurements were not feasible. In
addition, the hardware associated with multiple pressure taps would substan-
tially increase the thrust stand tare, reducing the accuracy of the thrust
measurements. Only thrust levels in the 10-15 millipound range could be
attained using the Technion resistojet.

An operating space for the resistojet was defined as follows:
Pc > 100 kPa

Te < 1500 K
d* > 0,051 cm

51
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Figure 36. Bell Nozzle (Dimensions in Inches)
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Figure 37. Cone Nozzle (Dimensions in Inches)
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3.4, Nozzle Testing (cont.)

Evaluating the potential parameters to achieve a Reynolds number in
the 500-2000 range, a limited combination is available. Nitrogen is not
feasible. Throat diameters of approximately 5 mils would be required to
achieve the low Reynolds number. Hydrogen is the only feasible diatomic
gas. The operating parameters are:

To = 1400 K

P. = 100 kPa

d&* = 0.061 cm

h = 5-20 milligrams/sec
P = 100-1000 watts

The power was adjusted to achieve the required enthalpy for a set
mass flow rate. T. was varied by changing h and P to evaluate thrust at
various Reynolds numbers.

3.4.2 Test Results

Nozzle testing was Timited due to leaking from braze joints
of one of the chamber pressure taps during assembly. The leaks were not
discovered prior to assembly of the hardware at NASA/LeRC. Facility
scheduling precluded rebrazing the leading pressure tap. Since repair was not
feasible, the hole was closed by installing a tantalum plug and peening to
seal off the hole. Leaks were encountered in the braze between the original
nozzle and the nozzle adaptor, and at the Grafoil seal in the nozzle.

Significant drift (~10%) in the thrust stand occurred in the
course of 2-3 hours. The thrust stand zero was sensitive to vibration of the
raised platform. Significant noise was encountered in the thrust
measurements. The thrust stand was frequently recalibrated to reduce the
calibration errors.
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3.4, Nozzle Testing (cont.)

A hot run was performed using hydrogen propellant. When the
chamber temperature reached 1140°C, the pressure dropped significantly,
indicating a significant leak. Upon inspection, the second chamber pressure
tube was found to have failed. The appearance was that of a grain boundary
failure in the braze region. Therefore, a decision was made to discontinue
hot runs and to pursue cold tests. Rubber gaskets were made to seal the
nozzle and the swirl plate. Leak rate measurements indicated values less than
the minimum measurable level.

An insulation plate was removed from the thrust stand,
decreasing the weight. The thrust stand operated in a more stable mode with
virtually no calibration change and minimal zero shift.

Oue to the loss of both chamber pressure taps, an inlet
pressure measurement was used for chamber pressure. The conductance drop
between the line pressure gage and the chamber was calibrated by flowing gas
with the nozzle removed, thus bringing the chamber pressure to ambient. A
series of measurements was made to determine the conductance losses at various
mass flow rates.

A series of cold-flow tests was performed in which the mass
flow rate was set at various levels and the thrust and chamber pressures were
measured. These experiments were performed with hydrogen, nitrogen, nitrogen-
hydrogen mix, and helium. The cone and bell nozzles were tested without a
skirt and the cone was tested with the cone skirt. An additional series was
performed using a rotational flow in the chamber to simulate the swirl in the
arcjet. Table IIIl summarizes the configurations and conditions of the
tests.

The results are inconclusive as to the effect of swirl on
nozzle performance. There appears to be no significant effect of geometery on
thrust coefficient at the Reynolds numbers tested. The results indicate a
decrease in thrust coefficient with decreasing Reynolds number.
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TABLE III

SUMMARY NOZZLE COLD FLOW TESTS

NOZZLE CONFIGURATION FLOW GAS THROAT Re THRUST COEFFICIENT

BELL no skirt NO SWIRL HYDROGEN 1739 1.61
" " NITROGEN 4576 1.31
" SWIRL HYDROGEN 4243 1.30
" " NITROGEN 4717 1.55

CONE no skirt NO SWIRL HYDROGEN 3986 1.17
" " NITROGEN 1407 1.32
" " HELIUM 2801 1.42
" " HYD / NIT 3410 1.35

CONE w/ CONE SKIRT NO SWIRL HYDROGEN 932 1.21
" " NITROGEN 1342 1.45
" " HELIUM 4376 1.51
" " HYD / NIT 2345 1.55
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3.0, Task 2.0, Research and Technology Assessment (cont.)

3.5 SERIES 1 TESTING

The initial testing on the advanced arcjet research thruster was

performed at Technion Inc. The prime objectives of the test program were:

1)

2)

3)

To establish the envelope of stable operation of a 1 kW arc
thruster that is radiation and regeneratively cooled and
operates with a minimum arc temperature.

To establish the validity of mechanisms, operational modes,
and scaling laws predicted from the analysis of the arc-vortex

interaction.

To ensure that the electrodes, seals, and/or feed-throughs
survive for the required lifetime (~1000 hr) and number of
thermal cycles (over 500). This is to be established with
chemically inert propellants (a mixture of hydrogen, nitrogen,
and ammonia) in the proper ratios to simulate the decomposi-
tion products of pure hydrazine.

To accomplish these objectives, the test plan shown in Table IV was

implemented.

In order to obtain the required data from the tests, the mea-

surements shown in Table V were made. The instrumentation was

calibrated prior to use to ensure accurate measurements. A correction factor

was applied to the rotometer readings to account for the different gases. The
rotometer was subsequently calibrated after the test series with the actual

gases to check the correction factor.

Test Procedures and Results

The assembly shown in Figure 41 was used to adapt the arcjet to

Technion's existing bell jar. This equipment has previously been used for
30 kW arcjet testing. The existing data acquisition system, gas system,

calorimeter, vacuum system, and utilities were used for the 1 kw experiment.
The principal effort required was to build the adapter assembly and connect an

existing power supply.
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Table V.

Measurements Made During Test Series No. 1

Measurement Instrument
Current Hall Effect Ammeter
Voltage Voltage Divider and Digital

Voltmeter
Mass Flow Rate Rotometer
Arc Length Cathode Position
Magnetic Field Strength Magnet Current and Calibration
Arc Temperature Estimate from Ohn’s Law
Throat Tempertaure )
Nozzle Temperature ) Thermocouples
Body Temperature )
Power-In Gas Calorimeter

62




ORIGINAL PAGE IS

OF POOR QUALITY]

(101depy Jep jjag 10 49}sniYy L ayj jo Jied jou si yarym sapuijh) e Aq
palioddng si 8jzzoN ayj) soidepy 1ef ||1ag o} pajunoly }alosy yoseasay °Lp ainbi4

63



3.5, Test Series 1 Testing (cont.)

A schematic drawing of the test facility is shown in Figure 42.
The electric schematic is shown in Figure 43. Optional series resistors (3),
each 245 ohm have been used instead of the ten 50 ohm resistors. A gas flow
schematic is presented in Figure 44. This system was used for the engine
characterization tests except that no preheating of the gas was done. For the
characterization tests a water-cooled copper electromagnet was used. The
target calorimeter was also used. The cooling water circuits for the color-
jmeter and electromagnet as well as the thermocouple locations for measuring
the temperature of the engine body, are shown in Figure 45.

The axial magnetic field strength on the axis of the solenoid has
been computed and is shown in Figure 46, for a current of 100 amperes passing
through the solenoid.

The cathode was located by bringing it forward until it touched the
anode and then retracting it a fixed amount. Tests have been conducted with
three cathode locations, shown in Figure 47.

Table VI summarizes the results for the first 50 starts. Table VII
shows summary test data for starts 51 through 77. Many starts did not result
in a run for the following reasons:

1) The operating volatge of the arc required more than the power
supply was capable of producing.

2) The sudden flow of N,-H, propellant blew the arc out. Opera-
tion at that flow rate could be established in many cases by
starting with argon and slowly introducing the nitrogen-hydro-
gen mixture.

The first 18 tests conducted where data has been acquired while the
engine was running on a mixture of hydrogen and nitrogen are summarized in
Table VII.
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3.5, Test Series 1 Testing (cont.)

. Parametric Tests

The No. 1.3 series of tests which involved filling in a matrix
of arc current, mass flow rate, magnetic field, and anode-to-cathode gap were
completed in Tests 78 through 104. Power supply lTimitations severly
restricted the range of the variables over which useful data could be
obtained. Test data were obtained over the following ranges of variables.

Arc Current 6 - 9.5 amperes
Mass Flow Rate 30 - 50 mg/sec
Centerline Magnetic Field 330 - 580 gauss
Strength at the Anode

Arc Gap 0.343 - 0.572 cm

Evaluating the data, the following nominal ranges of the
variables were picked for an endurance test.

Arc Current 8 - 8.5 amperes
Electrode Gap 0.343 - 0.381 cm
Mass Flow Rate 35 - 50 mg/sec
Axial Magnetic Field 417 - 500 gauss
Strength

In Series 1.4, endurance testing, the initial tests were
partly a search for power supply characteristics that permit long-term test-
ing. Seventy-five starts were necessary to obtain the first 47.5 hours of hot
operating time extending over Tests 105 through 181. During these tests, the
engine was thermally cycled 37 times. A thermal cycle is defined as a run
that lasts 10 minutes and is off long enough to permit the peak thermocouple
temperature to fall below 300 C.

The parametric tests are summarized in Table VIII. 1In the
course of the testing, several improvements were made to the data acquisi-
tion. The nitrogen and hydrogen flow meter tubes were replaced with smaller
units in order to increase the scale readings for the typical flow range and
to provide better accuracy. The ammonia branch was added to the flow system
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3.5, Test Series 1 Testing (cont.)

starting with Test No. 103. This provides for more complete simulation of
hydrazine decomposition products. Ammonia flow was adjusted to correspond to
a hydrazine reactor ammonia dissociation level of 80-85%.

The operational procedure adopted was as follows:

Starting

Vacuum breakdown was chosen as the preferred technique
because, in the Technion engine configuration this represents a soft start.
Typically an open circuit voltage of 500 volts was used, but, in a few tests
the open circuit voltage was raised to 600 volts.

Starts were first tried by pumping down to under 10 microns in
the chamber, applying the voltage to the arc electrodes and then opening the
gas feed valves for the hydrogen-nitrogen mixture. When the arc did not
ignite, the same procedure was adopted except argon was substituted for the
hydrogen-nitrogen. Once an arc was established, then the valve feeding the
hydrogen-nitrogen would be slowly opened while the valve feeding the argon was
stowly closed. Attempts were made to ensure that the injection gauge pressure
never fell below 237 kPa.

A solenoid switch was placed in the power lead to the arc so
that arc current would activate a switch that turned on the magnet current.
This was done since initially it had been observed that the magnetic field
interfered with the vacuum breakdown. At the end of Test Series I, the
soleniod switch was removed and starts with the magnet on were conducted. A1l
tests in Test Series Il were started with the magnet on.

At the conclusion of Test Series 1.0, starts with propellant
gas were made using the following procedure.



3.5, Test Series 1 Testing (cont.)

Checkout Prior to Test

1) Retract the cathode from a shorted position to the
cathode to the desired amount, between 0.30 - 0.36 cm.

2) Ensure that there is no leak through the seal to the
cathode rod.

3) In vacuum environment, ensure that cathode rod external
to the engine and the lead is adequately insulated.

4) Ensure that cathode-to-anode resistance is >10,000 ohms.

5) Ensure that gas feed-tube joint does not leak.

6) Ensure that a water flow rate greater than 4 gm/sec
passes through the electromagnet.

7)  Check the resistance of the magnet coil by passing 20-50
amperes with water flowing. With the engine cold,

R ~0.038 ohms. When the engine is hot, ~0.040 ohms.

8) When passing 35 milligrams per second of simulated
hydrazine through the cold engine, with no arc, the
injection pressure should be over 169 kPa.

Startup

1) With water flowing through the electromagnet, increase
the magnet current to 50 amperes. The voltage across the
magnet should be 1.90 * 0.02 volts.

2) Current control should be set to establish arc current
between 7-8 amperes.

3) If argon start, argon flow rate should be set to give an

injection pressure of 237 - 304 kPa with no arc.
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3.5, Test Series 1 Testing (cont.)

4)

6)

7)

8)

9)

10)

If starting with to use simulated hydrazine products,
flow rate should be about 35 milligrams/sec at injection
pressure of about 414 - 440 kPa.

Eratron OCV should be set at minimum (740 volts) for
starting to prevent breakdown before gas is injected.

Note: On numerous occasions at Technion, breakdown
occurred before the gas was injected when using
the Eratron power supply. Immediately opening
the argon gas valve led to the normal arc start
mode.

If an argon start is used, the argon valve can be opened
to permit full flow at start.

A normal start is characterized by:

a) Luminosity is seen through the throat.
b) The ammeter registers a constant current.
c) The voltage across the arc should be 20-40 volts.

yith an argon start, once conditions noted in No. 7 are
met, the gas simulating hydrazine products should be
introduced slowly into the flow. Once the full flow of
this gas is established (~35 milligrams/sec), the argon
can be turned off abruptly.

It may be desirable-to ramp up the ignition voltage to
see if it prevents the arc from extinguishing.

If a start using simulated hydrazine products is

attempted, a valve can be opened to permit full gas flow
after the power supply is energized.
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3.5, Test Series 1 Testing (cont.)

OPERATIONAL PROCEDURES

A) It will take 10-15 minutes for the thruster to reach
thermal equilibrium.

B) Using a Simpson Model 260 or equivalent, an arc potential
drop of 130-170 volts should be displayed once the arc is
running on the simulated hydrazine gas mix. This voltage
may increase 5-10 volts during the 10-15 minutes while
the engine is heating up.

C) As the engine heats up, the voltage drop across the
electromagnet will increase to slightly over 2.0 volts
with 50 amperes flowing in the circuit.

D) With ~35 milligrams/sec flow of simulated hydrazine gas
products, the injection pressure should be between 410
and 473 kPa.

The cathode was inspected visually during the course of the
testing. The engine was completely disassembled, and the condition of the
critical parts documented photographically at three points during the
testing. Figures 48 through 59 show the condition of the cathode, anode, and
insulator after Test Runs 124, 172, and 181. Accumulated run time at these
points was 5 hours, 32 hours, and 48 hours, respectively.

Test Series 1.4 was concluded at the end of the 100-hour
endurance testing. A total of 120 starts and 63 thermal cycles were accumu-
lated during the endurance tests. Including all test series, the engine to
this point had 214 starts and had been subjected to 68 thermal cycles. A
summary of the test conditions is presented in Table IX. The engine was
disassembled after Tests 218 and 235. Photographs of the components are shown
in Figures 60 through 67. It should be emphasized that these are all the
original components which have been used for all 253 tests which include the
parametric tests, the endurance tests, and the starting tests.
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Figure 57. View of Insulator Face After Test No. 124 (Approx. 24X)
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Anode after Run #218 (Approx. 5X)

Figure 64.
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Figure 66. Insulator Face After Run #218 (Approx. 26X)
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3.5, Test Series 1 Testing (cont.)

The Cathode History

The cathode shape and length has been monitored 10 times
during the 3 test series conducted at Technion. A summary of the recession
rate of the attachment surface is given in Table X. The tip geometry is shown
in Figure 68. A jig was made for measuring the length of the cathode rod.
Also, the length of the conical section was measured from the photographs. As
time progressed, the edge marking the beginning of the cone became less
distinct, reducing the accuracy of the second set of measurements.

The first set of measurements indicate uneven recession rates
over the last 50 hours of testing. This is probably due to the molten
tungsten on the attachment face solidifying in different configurations.

Attempts to view the cathode attachment using telescopic
lenses were only partially successful. An intense attachment spot was, how-
ever, observed to move erratically over the surface from one location to
another.

The Anode History

The anode orifice diameter is nominally 0.119 cm. Some
changes have occurred on the cathode (upstream) face of the anode and to the
anode orifice. Measurements of the maximum size rod that would pass through
the anode orifice after Tests 218 and 253 are shown in Table XI. Examination
of the photos of the anode indicates that some small protrusion into the anode
orifice was visible after Test 172. Observing the anode orifice through
optics while under test confirmed that some material was deposited, probably
in droplet form, at one location around the periphery. Watching this anomaly
for extended periods of time indicated that it could be a flake which could
extend out into the orifice and then instantaneously move back to the wall,
leaving a barely observable protrusion.
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Figure 68. Cathode Tip Configuration
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3.5, Test Series 1 Testing (cont.)
The outer periphery of the anode face developed a mottled
appeardance during the tests. It is speculated that this may be droplets of

tungsten spun off the molten cathode face by the swirling propellant gas.

The Nozzle Throat History

Periodically during the tests, rods were inserted into the
nozzle orifice to see if any diameter change had occurred. In Table XI, the
size of the rod that would pass through the hole is listed, followed by the
diameter of the next size rod available that would not pass through the
throat. The diameter changes noted, a maximum reduction of 0.0064 cm, could,
as was the case with the anode, be due to the deposition of one or more
particles at some circumferential location, rather than be a uniform reduction
in diameter.

The Insulator History

Some changes occurred to both the face of the insulator and
the orifice through which the cathode protrudes. The face of the insulator
blackened and was cieaned with emery cloth several times during the test.

Some asymmetrical wear occurred on the orifice, but did not
appear to get progressively worse. On the cathode cylinder, some azimuthal
grooving occurred where the cathode emerged from the insulator. It is pos-
sible that, in some operating mode or during start, an intermittent radial arc
struck across the insulator face. This may have happened when the arc was
operating in the high-voltage mode.

The Electromagnet History

In order to cover a wide range of magnetic field strength, the
electromagnet was powered from a welding power supply. This power supply had
a fairly high ripple component. During Tests 172 through 181, the voltage
drop across the magnet fell from 2.44 to 1.86 volts, while approximately 60
amperes of current was maintained. This indicated that several turns had
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3.5, Test Series 1 Testing (cont.)

shorted out, probably due to overheating of the fiberglass insulation on the
coil. However, the coil resistance returned to its original value of (.403
ohms (hot) in Test 182 and remained there for the rest of the tests.

Subsequent to Test 229, it was determined that a magnet cur-
rent of 50 amperes or less would be adequate and the magnet was powered by a
highly regulated HP power supply. In all previous tests, a ripple of 30-40
volts peak-to-peak at a frequency of about 240 Hz had been observed. This
ripple was modulated by a higher frequency noise component. When the regu-
lated power supply was used to power the magnet, the 240 Hz ripple disappeared
completely from the scope trace of the voltage across the arc, leaving only
the high-frequency component.
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3.0, Task 2.0, Research and Technology Assessment (cont.)

3.6 SERIES 2 TESTING

Scope and Objectives

The objective of the Test Series 2 Testing was two-fold, first, to
establish the performance of the thruster under conditions of Test Series 1,
and second, to characterize the performance of the thruster in terms of meas-
urable and controllable parameters. At the conclusion of Test Series 1, three
important technical achievements had been attained.

1. Electrode 1ife is projected to be on the order 100's of hours
for cathode and anode.

2. Stable arc operation has been demonstrated over a wide range
of operating conditions.

3. Arc initiation with flight-type thruster hardware has been
demonstrated.

One of the goals of Test Series 2 was to determine if the perfor-
mance of the baseline thruster at the conditions examined in Test Series 1 met
the program goals. This objective was achieved by performance mapping the
thruster. The other goal of the test program was to obtain sufficient data so
the thruster can be developed into flight-1ike design with acceptable 1ife
characteristics and desired specific impulse and thrust efficiency.

3.6.1 Arcjet Test Facility

The Aerojet Arcjet Test Facility used for the performance
testing of the 1 kW arcjet thruster is shown in Figure 69. Figure 70 is a
plan view of the facility. The facility consists of a 1.3 x 1.9m (4 x 6 ft)
vacuum chamber located in a covered test bay and pumped by a Kinney 6000 CFM
vacuum system. Operations and data measurements are controlled through the
control room console and data acquisition system. For the Series 2 testing a
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3.6, Test Series 2 Testing (cont.)

10 kW Eratron plasma power supply was used to provide arc power (see Figure
71). High voltage power conditioning and connections are contained in a high
voltage safety cage in the test bay (see Figure 72). The thruster was mounted
in the vacuum chamber on a thrust stand capable of measuring thrust levels
from 0 to 250 gm. Both simulated hydrazine decomposition products (i.e., Hj,
Ny, NH3) and other storable propellants are available for testing, with supply
tanks located in adjacent test bays.

Electrical Power Supplies and Conditioning Equipment

The Eratron 10 kW PPS power supply can provide up to
47 amps continuous and an open circuit voltage of 1200 volts. Operating
characteristics are summarized in Figure 73. During constant current opera-
tion the voltage ripple from the power supply was measured to be less than 2%
of the total voltage at a frequency of 5375 Hz. To further reduce the ripple
current an inductive "T" filter was designed and installed in the arcjet power
circuit.

During Test Series 1, the arcjet was operated with a 50 ohm
ballast resistor in series with the arc to compensate for the slow response of
the current control circuit on the Technion power supply. Ouring checkout

testing prior to test series 2 the current control response of the Eratron
power supply was found to be slower than expected. A 40 ohm resistor was

required to provide arc stability. The impedance of the arc during testing
ranged from 10 to 20 ohms.

Propellant Delivery and Supply System

A schematic of the propellant delivery system is shown in
Figure 74. The propellant consisted of a mixture of No, Hp, and NH3, in the
proportions shown in Table XII to simulate the decomposition products from a
high performance hydrazine gas generator. The gas mixture was prepared at
Aerojet and stored in 34.4 liter tanks pressurized to 4054 kPa. The maximum
pressure was set at 4054 kPa to prevent condensation of the NHj at ambient
storage temperatures. The propellant tanks were connected to a manifold as
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Figure 71. Eratron 10 KW Variable Power Supply Used for Arcjet Performance
Testing at Aerojet
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Arcjet Power Supply Characteristics

Eratron, Model #PPS-8210

Rating 0-10 KW
Voltage 0 - 600/414/300
Current 0 - 16.5/24/47
Voltage Reg. 1%
Current Reg. +0.1%
Volt. Adj. 0 - 100%
Current Adj. 0 - 100%
Output Ripple 1%
Input 120 VDC
600 |- @ ~— — — 600
7 '
|
|
|
10) e e e
400 -i 414
|
s |
3
S Operating 2 _! 300
Envelope |
200 10 KW ® 212
0 15 30 45
Current

Figure 73. Operating Characteristics of Eratron Power Supply
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TABLE XII
COMPOSITION OF SIMULATED HYDRAZINE DECOMPOSITION PRODUCTS

Basis: 80% Decomposition of NH3

fi* ﬁi_ Mi/gg-mole mixture MM Eg—mixture
H, 0.585 2.0 1.17 0.100
N, 0.317 28.08.88 0.758
NH3 0.098 17.0_1.67 0.142
11.71 1.000
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3.6, Test Series 2 Testing (cont.)

shown in Figure 75 and isolated from the down stream flow metering by a pres-
sure regulator.

The mass flow rate of propellant was measured by two
methods, a sonic orifice and a Matheson 820 mass flow meter. The mass flow
rate through a sonic orifice is primarily a function of orifice size and the
upstream temperature and pressure. The orifice was calibrated in place by
flowing propellant into a known volume which has been initially evacuated. By
using a large volume and maintaining a sonic flow through the orifice, the
mass flow rate could be determined with an uncertainty of +2%. The Matheson
mass flowmeter was calibrated at Aerojet's Calibration Laboratory with NZ‘

The propellant mass flow rate was then determined by applying a correction
factor supplied by Matheson for the gas mixture.

A liquid hydrazine delivery system shown in Figure 76 is
also available for use in testing but was not used. The supply tank is
approximately 35 liters in capacity. The system has fast acting valves for
purge and pressurization functions.

Vacuum System

A Kinney T00850 850 CFM vacuum pump was used during the
performance testing of the thruster. A high conductance heat exchanger, shown
in Figure 77, was used to cool down hot gases from the arcjet, prior to
entering the pump. The pumping speed curve for the pump is shown in Figure
78. Figure 79 shows the background pressure in the test cell as a function of
propellant flow rate using the pump. The figure also shows the present cap-
ability of the system with a Kinney MB6500 roots blower installed (the pumps
are shown in Figure 80). The vacuum chamber was pumped down to approximately
10 microns prior to testing. At this pressure, a voltage exceeding 2000 volts
could be placed across the anode and cathode without an electrical break-
down. A voltage breakdown test was performed prior to every test.
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Figure 76. Hydrazine Propellant Delivery System




Figure 77. Vacuum Chamber Heat Exchanger
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TYPICAL PUMPING SPEED CURVE

MODEL KT-850
800 —1360
700 w{1190
008
Z ]
& 600 /, ;L:, 1020
2
o 500 / Qlss0
w -
w
o 400 <1680
(O} ]
Z 300 510
% |
5 200 340
o 1
100 170
I
o1 Iy
005] .050] 500 5 50 | [500
001 010  .100 1 10{_| |100 | 1000
PRESSURE IN TORR (MM. HG. ABS) 29-5292815 20 0

VACUUM, IN HG.

Figure 78. Pumping Curve for 850 CFM Kinney Pump
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3.6, Test Series 2 Testing (cont.)

Data Acquisition System and Measurements

A diagram of the data acquisition and control system is
shown in Figure 81. An Apple Ile computer is used as the controller for the
system, commanding the Daytronics data logger for data acquisition. Two other
computers are used for data storage (one for high speed data and one for low
speed). The control system is operated from the main control console by the
test engineer. The computer controller is programmed with interlocks to
shutdown the power to the arcjet if propellant flow is low, thruster body
temperatures are out of limits, or if anomalies in the voltage/current behav-
ior of the thruster are detected.

The following measurements were made during the testing:

Arc voltage and current

Thrust

. Propellant mass flow rate

Magnet current

Vacuum system pressure and temperature
Magnet water flow rate

~NOYO B W N e
¢ s e « e

. System conditions

Figure 82 1ists the types of transducers and the approx-
imate uncertainty of the measurements. A1l transducers have been calibrated
prior to use, either in Aerojet's Calibration Laboratory or in place, against
calibrated standards. Records of the calibrations have been maintained to
assure traceability of the measurements.

Figure 83 shows the signal conditioning and processing of
the transducer outputs. The system provides a means of in-place calibration
of the data channels and checks the data system operation. The Daytronics
System 10 shown in Figure 84 is the main analog-to-digital converter used to
scan data channels. Outputs from the transducers can be amplified and fil-
tered if needed to provide a signal compatible with the Daytronics.
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Figure 83. Instrumentation Block Diagram
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Figure 84. Data Aquisition and Control System




3.6, Test Series 2 Testing (cont.)

The most difficult measurement made during the testing was
the thrust from the arcjet. A 250 gm full scale thrust stand shown in Figure
85 was used during the program. The thrust stand is a paralielogram design,
with four flexures. The design greatly reduces bias in the thrust measurement
due to rotation during displacement. A load beam transducer was used to
measure the thrust, a second load beam was used as a calibration load cell.
For in place calibration of the stand, a force is applied to the thrust meas-
urement load cell by the external pressurization of bellows which cause the
calibration load cell to push on the thrust stand. The reading from the two
load cells can then be compared to determine the bias in the stand. The
calibration of the load beams and the stand tare was also periodically checked
with calibrated weights suspended from a pulley as shown in Figure 86. The
thrust stand calibration and tare calculations details are contained in
Appendix E.

Test Setup

For the Series 2 testing the thruster was mounted on the
250 gm thrust stand described previously, and installed in the vacuum test
cell. Figure 87 shows the arcjet mounted in the tank prior to testing. Water
cooled flexures, mounted perpendicular to the thrust direction provide arc
power and magnet power. A tubular flexure provides propellant to the thruster
(on the right side of Figure 87).

The arcjet power circuit is shown in Figure 88. Arc power
is supplied by the Eratron power supply described previously. The current
from the power supply is passed through a "T" filter consisting of two 100
micro-henry inductors, and a 110 micro-Farad capacitor, with a bleed
resistor. A ballast resistor of 40 ohms was used in series with the arc. Two
voltage dividers were connected across the arcjet electrodes to measure arc
voltage. Arc current was measured with a precision 50 amp current shunt.

Test operations were controlled from the control console
shown in Figure 89. The video monitor shown displayed an image of the arc
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3.6, Test Series 2 Testing (cont.)

viewed looking up the nozzle. The video tape of each test has been maintained
as a permanent record. During the tests, the video served a diagnostic tool
for monitoring starts and arc operation. The operator can control the power
supply current, data acquisition system and propellant supply system from the
console. To ensure proper test conditions at the beginning and end of the
tests, a check list of critical procedures was maintained. Figure 90 is a
long form of the test record used to note exact conditions of the tests. A
summary test sheet shown in Figure 91 was used by the test engineer to check
all critical items.

The start procedure used during Test Series 2 is similar to
that described in Section 3.5. After the vacuum chamber had been pumped down
to a pressure of approximately 10 microns with no flow, a voltage breakdown
test was performed. If a potential of 2000 volts could be maintained, the
electrical leads and cathode were considered sufficiently isolated. An auto-
matic thrust stand calibration was then performed to determine thrust stand
offset and bias. The calibration was controlled by a computer program which
activates a valve to a pressurized nitrogen supply. The gas then pressurized
a set of bellows on the stand, which in turn applied load to the stand through
a calibrated load cell. A summary of the thrust stand calibration data for
the tests is included in Appendix E.

When the calibration was complete, the current control
circuit of the power supply was then preset to a desired operating current,
typically 8.0 amps. The power supply was then activated and an open circuit
voltage of 700 volts was placed across the electrodes. The data acquisition
system and video camera system were then turned on and a solenoid valve in the
propellant 1ine was opened. The arc would initiate as the chamber pressure in
the arcjet increased. An initial flow of approximately 40 mg/sec was used for
most starts, the flow rate control set point was then changed manually during
the parametric tests.

The interlocks of the data acquisition system which command

shut down of the power supply if propellant flow is lost or if unusual elec-
trical operation (i.e., high current or voltage) were manually suppressed for
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Run Number: Date: By:

Test Objective:
1.0 Confiquration Identification Summary

1.1 Arcijet
Cathode:
Insulator:
Anode/Nozzle:
Magnet:
Other:

1.2 Facility
Vacuum System:
Propellant System:
Test Stand:
Power Supplies:
Instrumentation:
Controls:
Other:

2.0 Planned Test Conditions
Start Procedure:
Propellant:

Power level:
Propellant Flow Rate:
Duration:

Magnetic Field:

Figure 90. 1-KW Arcjet Set-Up Sheet (Page 1 of 4)
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3.0 Operation Sequence

3.1 Pretest Check

3.1.1 Instrumentation
Pretest: Functional, Zero, and Calibration
Data Record: Hard Copy ____; Disc
Data Rate: _ __ Seconds/Scan
Video System Ready

3.1.2 Test Cell and Thruster
Cathode Gap Set to _____ inches
Cooling Water on __
Voltage Breakdown Test to ____ volts
Stand Secured __
Thrust Calibration Check _
Door Installed _

-

3.1.3 Vacuum_System
0il Ievel OK

Cooling Water on
Vacuum Pump on
Pump Down for Minutes to Less Than torr

3.1.4 Propellant System
Argon Storage Pressure psig

Propellant Storage Pressure psig
Argon Regulator Setting psia
Propellant Regulator Setting psia

Figure 90. 1-KW Arcjet Set-up Sheet (Page 2 of 4)
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3.1.5 Power Supplies
Arc Power Supply Set to __
Magnet Power Supply Set to ___
Ballast Resistor Set to —____ oms
Capacitor ____ microfarad
Inductor millihenry

3.1.6  Special Requirements

3.2 QOperation

3.2.1 Start
Data System on
VideoSystanm

Magnet Power Supply on
Pretest Force Calibration
Arc Power Supply on

Argon on ____

Propellant on ____

Argon off _

Control Arc Qurrent to ___ amps
Adjust Propellant Pressure to ____ psia
Run Duration: _____ Mimtes

Figure 90. 1-KW Arcjet Set-up Sheet (Page 3 of 4)
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3.2.2 Shutdown
Arc Power Supply off __
Propellant off _
Posttest Force Calibration
Magnet Power Supply off
Secure Video and Data Systems __
Secure Propellant Systems _
Prepare for Tank Entry

or

Prepare for Retest

4.0 Initial Test Results/Comments

Figure 90. 1-KW Arcjet Set-up Sheet (Page 4 of 4)
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(Mod. 1)

SUMMARY
Run No.: Date: By:
Startup
1. Test stand unlocked
2. Tank pumped down to micron
3. Voltage breakdown: volt at ma
4. Test chamber cooling water ON
5. Argon gas system set to psia‘and ready
6. Propellant gas system set to psia and ready

7. Magnet power supply ON and set to amp

8. Arc power supply ready/volt set to 0; current set to
9. Instrumentation system ready

10. Thrust stand calibrated

11. Video recorder ON

12. Instrumentation ON

13. Power supplies ON

14. Gas supply ON

15. Set test corditions, conduct test

Shutdown

1. Power supplies OFF and secured
2. Switch gas supply to argon

3. VCR OFF ard titled for next test
4 Argon OFF

5 Calibrate thrust stanmd

6. Argon ON (if hardware hot)
7 Instrumentation off
8 Record test camments

Figure 91. 1-KW Arcjet Checklist
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3.6, Test Series 2 Testing (cont.)

30 seconds at the beginning of each test. After that start period, the
Daytronics data acquisition system would perform shut down to the test in the
case of abnormal operation. The test engineer also can end a test by shutting
down the power supply with a master control switch. At the conclusion of a
test, a post test thrust stand calibration was performed. A comparison to pre
and post test calibrations was analyzed to determine the tare factor (actual
thrust/measured thrust) and the zero offset for each run.

3.6.2 Arcjet Performance Testing

Table XIII is a summary of the data from the tests con-
ducted, AJ1KOO1l through AJ1K026, during Test Series 2. The data values shawn
are just prior to the end of each test. The test set up was configured as
shown in Figure 88. The tests were conducted for mass flow rates of 38 to 68
mg/sec, electric current levels of 7.5 to 8.6 amps, and voltages from 85 to
167 volts, with corresponding power levels from 700 to 1400 watts.

The tests were started using simulated hydrazine as the
propellant and the start procedure described in Section 3.6. The
electromagnet was turned on before each test. A test number has been assigned
to each experiment when current was drawn from the power supply. The testing
consisted of four subseries, 2.0 through 2.4:

Test

Series Test Number Purpose

2.0 AJ1K001 - AJ1KOOS System check out

2.1 AJ1K006 - AJ1KO11 Modification of arc power circuit
2.2 AJ1K012 - AJ1KO19 Baseline Performance

2.3 AJ1K020 - AJ1KO26 Parametric Testing

Performance Calculations

The method for calculation of data items included in 3.6,
Table XIII are described below.
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3.6, Test Series 2 Testing (cont.)

Vacuum Corrected T = Tmeas + At € PV
Thrust:
At = Nozzle throat area
Tmeas = Measured thrust
€ = Effective area ratio of nozzle
PV = Vacuum chamber pressure
Specific Impulse: I = -
S g
T = Vacuum corrected thrust
h = Mass flowrate
g = acceleration of gravity
('SmVZ)HOT
Thrust Efficiency: E = >
Petec * (-5 )eorp

No direct measurement of the chamber pressure was possible
with the design of the research thruster. Calculation of the thrust
coefficient and characteristic velocity have been made using the inlet
pressure to the arcjet. This pressure was measured from a tap external from
the tank and downstream of the flow control. The pressure in the mixing
chamber is the pressure which should be used for the calculation. The flows
to the arc chamber and mixing chamber are branched parallel from the supply.
Most of the arc power is absorbed by the flow through the arc chamber, causing
an increase in the arc chamber pressure relative to the mixing chamber
pressure. Since the inlet pressure is always greater than the arc chamber
pressure a significant difference may exist between the inlet pressure and the
mixing chamber pressure.

Thrust Coefficient: C. = T
F At PC
At = Nozzle Throat Area
Pc = Chamber pressure
z pinlet
Characteristic Velocity: C*' = Pc At g
th
Arc Power: P=1V
I = Arc Current
v = Arc Voltage

—

Arc Resistance: R =
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3.6, Test Series 2 Testing (cont.)

Test summary sheets containing measured and calculated data
values for the tests are included in Appendix F.

System Checkout

The system checkout test series was conducted to debug the
test setup and data acquisition system. The testing aiso familiarized the
test personnel with the operating characteristics of the thruster. Limited
data were taken during tests AJ1KOOl and 002 while the start procedure was
reviewed. During tests 004 and 005 the thruster was operated for 10 and 20
minutes respectively. During these tests a drift in the thrust measurement
due to radiation heating of the stand flexures and load cell was detected.
The thermal effects on the stand became apparent after approximately 12
minutes of operation. Figures 92 and 93 show the chamber iniet pressure and
thruster body temperature for tests 004 and 005, thermal equilibrium of the
thruster is achieved reached 10 to 13 minutes into a test.

The arc voltage and current during tests 004 and 005 are
shown in Figures 94 and 95. The arc resistance has been calculated from the
arc current and voltage as has the power; these are plotted on Figures 96 and
97 for the tests. Using the thrust stand tare correction calculated from the
pre and post test calibrations and zero shift offsets (procedure and values
are given in Appendix E) the measured thrust was corrected and the specific
impulse and thrust efficiency was calculated. Figures 98 and 99 show these
performance values for tests 004 and 005.

In addition to obtaining the initial performance data,
measurements were made on the voltage and current signal to characterize the
operation of the arc with the Eratron power supply. Figure 100 shows the
arcjet voitage and current trace during test 002. The measurements were taken
with an HP 54200A digital oscilloscope. A spectrum analysis of the arc volt-
age has been obtained during testing, as shown in Figure 10l. These measure-
ments were made with an HP 3561A dynamic signal analyzer. The FFT of the
signal, shown in Figure 102, shows a high frequency component of the voitage
signal at 5375 Hz which is the power supply ripple frequency. Figure 103 3.6,
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During AJ1K002
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3.6, Test Series 2 Testing (cont.)

shows a typical start transient of the voltage and current measured during
test 004. Differences in the arc voltage/current characteristics (both
transient and steady-state) were used throughout the test program as means of
detecting changes in the thruster's operation from test to test and as
parameters during an individual test were varied.

Modification of Arc Power Circuit

A series of six tests were conducted with inductive "T"
filters to investigate reducing or eliminating the ballast resistor in the
arcjet power circuit. For flight applications a ballast resistor is not
feasible and eventually all filtering and arc impedance compensation must be
performed with minimal power dissipation. During tests 006 through 010, no
data values are reported; the arc extinguished immediately after initiation.
During these tests, the external ballast resistor was completely removed from
the circuit. An electrical breakdown occurred at the beginning of test Oll
from the cathode to the aft insulator. The external power circuit was
returned to the pre-006 configuration prior to the test.

Baseline Performance of Thruster

The Tower performance measured during tests 004 and 005
prompted a reevaluation of the data acquisition system and thrust stand opera-
tion. No problems were discovered, except for an incorrect constant used to
calculate the propellant mass flow rate in the data reduction program. The
correction of this constant represented an increase in the actual mass flow
rate and reduced the specific impulse by approximately 10 percent. Figures 98
and 99 were calculated using the corrected values.

Tests 012 through 019 were conducted to document the per-
formance of the thruster at design conditions. The arc was extinguished
during the start of tests 012 and 014 by computer control due to an interlock
1imit incorrectly programmed into the control logic. During tests 013 and 015
the arc extinguished early in the test while the current was being reduced at
the power supply.
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3.6, Test Series 2 Testing (cont.)

Tests 016 through 019 were operated at design flow rate
over a range of power levels. Tests 016 and 017 were at high power and the
arc operated in a high voltage mode. During tests 018 and 019 the arcjet
operated in a Tow power, low voltage mode. The current in tests 016 and Ol7
was 7.9 and 7.8 amps respectively, while the current in tests 018 and 019 was
8.2 amps. At present there is no explanation for the low arc impedance of
tests 018 and 019.

Plots of the digital data from tests 016 through 019 are
shown in Figures 104 through 119. Fiqures 104, 105, 106, and 107 show the arc
voltage and current during the tests. Ouring the start procedure, a 700 volt
potential is set between the anode and cathode. The voltage spike on 017,
018, and 019 is the drop of the start voltage to operating conditions. The
power and arc resistance calculated for the voltage and current measurements
are shown in Figures 108, 109, 110, and 111. The arcjet body temperature and
chamber inlet pressure are shown in Figures 112, 113, 114, and 115. The
performance measured during these tests is shown on Figures 116, 117, 118 and
119.

Parametric Testing

The purpose of tests 020 through 026 was to obtain para-
metric data on the thruster performance and operating conditions with the
intent of identifying an operating regime of improved performance. A voltage
breakdown on the aft insulator of the apparatus occurred during test 020. The
ceramic tube surrounding the cathode required replacement and the design was
improved by cementing the tube into the aft insulator. During tests 021 and
022 the arc extinguished after 135 sec. and 45 sec. respectively. The cause
of the arc going out has been attributed to overshoot of the Matheson thermal
flow controller. Test AJ1K023 lasted 80 minutes with the mass flow rate
jncreased in increments during the test. Figures 120, 121, 122, and 123 show
the voltage, current, specific impulse, thrust efficiency, injection pressure,
thruster body temperature, input power, and arc resistance during the test.
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3.6, Test Series 2 Testing (cont.)

Tests 024 and 025 were shut down after 30 seconds by the
computer because limits were out of range on the fiow. The cause of the Timit
problem was that an orifice was removed from the propellant line in order to
allow higher flow rates and the limits were not changed accordingly.

Test 026 lasted 37 minutes, the arc extinguished while the
current was being increased up to 8.7 amps and the flow rate was 64.5
mg/sec. Several combinations of current and flow rate were tested during the
run. The data obtained from test 026 is valuable in mapping the performance
of the thrust. Figures 124, 125, 126 and 127 show the variation of data
during the test.

Data Analysis

The parametric performance data obtain from tests 023 and
026 has been cross plotted along with previous data (test conditions were kept
constant in tests prior to 023) in order to determine conditions yielding
improved performance. The data obtained to date has been with the nominal
"best" arc gap (gap = 0.348 *+ 0.005 cm) determined in the test series 1.0
testing. Figure 128 shows the relationship of specific impulse and electrical
power input. Figure 129 shows the variation of electrical power with pro-
pellant mass flow. Figure 130 shows the variation of specific impulse and
thrust efficiency with mass flow. The data points were obtained during tests
where the power level varied from 700 to 1400 watts with most points at 1000
watts,

Figure 131 shows the specific impulse of the thruster as a
function of specific power. A band is shown which represents the envelope of
operation typical of constricted type arcjets. At a given specific power, an
increase in specific impulse requires a corresponding increase in thrust
efficiency of the device. Lines of constant thrust efficiency are included on
the Figure 131 for reference. Two observations are apparent from the figure,
the first is that the measured specific power was only two thirds of the
design value of 30 mw*sec/kg. The second, most striking observation is the
trend of decreasing specific impulse with increasing specific power.
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3.6, Test Series 2 Testing (cont.)

Figure 132 shows the thrust to power ratio plotted against
the specific impulse. The data shows an unexpected trend in that thrust to
power ratio increases with increasing specific impulse. Typically, the thrust
to power ratio is inversely proportional to the specific impulse. Since the
higher specific impulses were measured at high mass flow rates and high power,
the trend may indicate that the device performs better at a 3 or 4 kw power
level. The reason for this may be a change in the internal flow at the ele-
vated flowrates, including an increase in the average Reynolds number in the
thruster, which may reduce flow losses.

The thrust efficiency of the device as a function of spe-
cific impulse is shown in Figure 133. Again an atypical trend can be seen in
the data. The thrust efficiency of the thruster increased with increasing
specific impulse. This data also indicates that the thruster design was more
suitable for operation at higher mass flow and power than the design point.

Mixing and Heat Transfer Losses

The operating conditions of 2.25 kw and 107 mg/sec, pro-
jected from Figures 128, 129, and 130, assume that no modifications are per-
formed on the thruster. The measured arcjet body temperatures of between (900
to 1000 C) indicate that there is more heat transfer from the arc and gas to
the thruster internal surfaces than designed. One explanation for this heat
transfer is that excessive mixing is occurring in the mix chamber between the
hot core gases and the injected film cooling. This results in an increase in
the gas temperature near the wall and a reduction of average temperature of
the core flow and a corresponding increase in the gas temperature in the
boundary layer near the wall. A reduction in the amount of mixing could be
achieved by reducing or eliminating the expansion ratio between the anode and
mix chamber. A modification the relative aspect ratios of the anode and mix
chamber may enable the thruster to achieve 400 sec specific impulse at the 1.0
kw power level.

In addition to eliminating the expansion ratio into the
mixing chamber, recent studies at Techm‘on[15I under contract to Aerojet and
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3.6, Test Series 2 Testing (cont.)

AFAL on 25 kW class arcjets, indicate that for certain propellants, including
hydrazine and ammonia, the amount of energy that can be recovered in the
mixing chamber is negligible and can be detrimental because convective heat
transfer and momentum losses in the region are high.

Flow Split Between Arc Chamber and Mixing Chamber

The injection ports in the arc chamber and the mixing
chamber were sized so 75% of the total propellant mass flow rate would flow
through arc chamber and be heated by the arc. This was a conservative design
to ensure that the components of the baseline thruster would be overcooled and
have long enough life that the thruster would survive the test program. The
remaining 25% of the flow is injected in the mixing chamber to provide film
cooling in the nozzle. At the conclusion of Test Series 2, cold flow
measurements were performed to check the flow split. The flow split was
measured to be 40% of the total mass flow through the mixing chamber. A
reason for the difference could be either the arc chamber injection ports
having diameters larger than design due to machining variation or a port(s)
might be clogged with metal shavings. Another possibility is that leaking is
occurring through the internal weld connecting the anode (part #7508002) and
the nozzle (part #T508003).

Since the flow split is fixed for the thruster as it is
presently designed, less flow than expected was coupled to the arc during
testing. The additional gas injection in the mixing chamber lowered the
performance of the thruster in two ways. The major effect was a built-in
upper 1imit on achieveable specific impulse. A fixed plasma arc configuration
heats the gas flowing through the discharge to essentially a fixed enthalpy.
Therefore, reducing the percentage of gas available for arc heating has a
profound effect on delivered specific impulse. Not only is a smaller quantity
of hot gas available for mixing with a larger quantity of cold gas, but also,
to a first approximation, as the flow rate through the arc is reduced, the
achieveable power input is also reduced.
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3.6, Test Series 2 Testing (cont.)

In addition, excessive mixing of the hot centerline flow
and the injected mix chamber flow caused further Ig reduction because of
enhanced convection losses to the mix chamber and nozzle. The excessive
mixing was the result of the anode-to-mix chamber transition geometry, which
was too abrupt, and the larger than design amount of injected cold gas.

Figure 134 shows a possible projection of the improvement
in performance of the arcjet with the design flow split of 25%. The
projection assumes that the arc power absorbed per unit mass fiow and the
fixed losses are the same as measured data values. The first assumption is
only valid over a limited range of flow splits. The second assumption is
conservative since convective losses to the thruster would be less. As seen
from the figure, a projected flow split of 10% of the flow through the mixing
chamber, which may represent an optimum flow split, leads to dramatically
improved performance. Future work on the thruster must contain a provision
for varying the flow split in order for the performance to reach desired
levels. Figure 135 shows our estimate of the improvement in specific impulse
as the flow split of the thruster is changed.

Figure 134 and 135 may be conservative since it is assumed
that the flow split during operation is equal to that measured at cold flow
conditions. Since the flow to the arc chamber and mixing chambers are
parallel branches from the inlet propellant 1ine, the flow through the arc
chamber actually decreased due to an evaluation in arc chamber pressure as the
gas was heated. Since no arc power is absorbed in the mixing chamber and cold
gas is mixed with the hot arc heated gas, the mixing chamber pressure is less
than the arc chamber pressure. Figure 136 illustrates the reduction in the
percentage of propellant mass flowrate through the arc chamber as power level
increases. The specific enthalpy of the mass flow through the arc chamber
increases as the mass flow through the arc chamber decreases, in order to
maintain a constant exit enthalpy.
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Figure 136.

Decrease in Arc Chamber Flow with Increasing Power
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3.6, Test Series 2 Testing (cont.)

Nozzle Losses

Thrust coefficients calculated from the data have ranged
from 0.9 to 1.1 during hot operation. These values are below the C¢/Cy of 1.6
assumed in the design and is well below what is expected for orifice flow.
Part of the discrepancy is due to the use of the inlet pressure rather than
the true chamber pressure in the calculation and the effects of the vortex
flow. Improper machining of the nozzle could result in viscous losses causing
a significant reduction in the thrust coefficient. The actual thrust
coefficient of a nozzle can be expressed as the product of a discharge coef-
ficient C4, a cosine loss term r, and the theoretical thrust coefficient

C as:
ftheo

C = Cf *2*C

fact theo d

Typically the value of Cy is a approximately 0.96 to 0.99.
Roughness and a long cylindrical section (3 to 6 L/D) in place of the intended
throat could reduce the discharge coefficient by 30% to 40%. The length of
the throat and roughness on the inlet section cannot be determined due to the
re-entrant geometry of the thruster. However, measurements have been made on
the nozzles used for the nozzle test program, which were machined in a similar
manner to the thruster nozzle, and the existence of a long cylindrical section
was verified. A 30% improvement in the actual thrust coefficient would
increase the best performance measured, 310 sec Isp and 22% thrust efficiency,
to 400 sec Isp and 37% thrust efficiency. A combination of improved nozzle
design, reduced mixing and heat transfer from the hot core gases with the film
cooling layer, and optimization of the flow split should result in an even
greater improvement in performance of the thruster.

Summary of Thruster Condition at Conclusion of Testing

Figure 137 shows and overall view of the thruster and its
components after test 026. In order to prevent the electrical breakdown from
the cathode to the rear flange of the arcjet which occurred during the start
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3.6, Test Series 2 Testing (cont.)

of 020, the aft insulator, ceramic tube, and rear flange were permanently
sealed together with ceramic cement as shown.

Figure 138 shows the cathode after test 026. No
significant change in appearance or dimensions of the cathode was detected
from the conclusion of Test Series 1 to the finish of Test Series 2. The arc
chamber insulator is shown in Figure 139. Slight wear at the 1ip of the
cathode feed-through can be seen. This wear may be attributable to removal
and replacement of the cathode for inspection and during assembly during the
test program. The arcjet anode is shown in Figure 140 (viewed from rear
flange). By scaling the photograph the anode diameter appears to be
approximately 0.107 cm + 0.008 cm. Earlier estimates of the anode reducing to
0.094 cm (determined by passing a rod through the anode) may have been due to
deposition of cathode material in one location rather than a uniform reduction
in diameter.

Figure 141 shows a view of the nozzle. The darkened
appearance on the inner diameter appears to be oxidation. A crack in the
nozzle can be seen from the photograph. This crack has been examined under a
microscope and can be seen only with certain 1ighting angles. It cannot be
determined if the crack is newly formed or has been present during the entire
test program. During the inspection of the crack, arc tracking in the nozzle
slightly down stream of throat was detected.

Detail photographs of the arc tracking are shown in Figure
142. The photographs are oriented so the view is looking towards the nozzle
with the top the photo corresponding to the top of the thruster. It can not
be determined when the arc tracking occurred during the testing.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

The following sections present the specific conclusions and
recommendations of the program based on the Phase I results. The program
performance goals of a specific impulse greater than 400 seconds, & thrust
efficiency of greater than 40%, with a storable propellant and components with
3000 hours of life were not achieved during of the program. In spite of this
disappointment, we feel the program successfully demonstrated the feasibility
of an advanced arcjet concept, which when optimized may provide the high
performance and long life needed to the program goals.

Three critical issues were addressed during Phase I of the program
concerning the development of the thruster. The first is the demonstration of
stable arc operation with projected electrode 1ife long enough to make the
device a viable propulsion system. The second issue is that the arcjet can
provide the minimum performance required to perform anticipated missions and
justify the cost of development. The final issue is that the arcjet can be
developed into a flight-weight, reliable, and cost effective propulsion
unit. The work performed during Phase I of the program has addressed each of
these issues and the potential benefits of the advanced arcjet concept. While
the results during Phase I were less than hoped for, we believe that the
approach the advanced arcjet shows merit and with continued development can
meet NASA's needs.

ASSESSMENT OF ARCJET OPERATION AND LIFE

The high impedance, vortex stabilized, arcjet has been tested over a
wide range of operating conditions.

Power: 500 - 2000 watts
Propellant Mass Flow: 23 -70 mg/sec
Current: 5 - 12 amps
Voltage: 80 - 220 volts
Arc Gap: 0.25 - 0.87 cm
Magnetic Field: 0 - 800 gauss
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4.0, Conclusions and Recommendations (cont.)

The most stable arc operation was found at the following Conditions.

Power: 700 - 1400 watts
Propellant Mass Flow: 40 < mass flow < 70 mg/sec
Current: 7.5 - 8.5 amps

Voltage: 120 - 160 volts

Arc Gap: 0.34 cm

Magnetic Field: 400 gauss

During the test no failure of the thruster in the arc region and nozzle
occurred. Electrode erosion of the baseline design extrapolates to 1000's of
hours of life for the cathode and anode. the cathode erosion slowed as the
conical portion of the tip recessed to the flat tip. Once the cathode
attained a nearly flat shape, no significant erosion was measurable. Figure
143 shows the cathode tip erosion rate calculated from cathode tip regression
measurements. The erosion rate measured between 80 and 104 hours of operation
was 0.23 ¢y m/hr. the rapid decrease in the erosion rate indicates that the
cathode was approaching a "stable" (i.e., minimal erosion) geometry. Further
testing with a baseline flat cathode tip should be undertaken to confirm this
conclusion. Minimal erosion of the anode was measured during the testing. A
reduction in the anode diameter was detected, but it could not be determined
if it was due to redistribution of anode material or deposition of cathode
material.

ASSESSMENT OF ARCJET PERFORMANCE AND SUGGESTED DESIGN IMPROVEMENTS

Several causes for the low performance measured form the baseline
research thruster have been identified.

1. Convective heat loss from the arc heated propellant gas to the
internal surfaces of the thruster prior to expansion through the

nozzle.
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4.0, Conclusions and Recommendations (cont.)

2. Fixed flow split limiting the amount of propellant mass flow which
could be heated by the arc.

3. Viscous losses and inefficient expansion of propellant through
nozzle.

Each of these causes is the result of thruster design and not a deficiency in
the physics of the approach.

One of the goals of the high impedance, vortex stabilized arcjet is to
achieve high efficiency by reducing energy loss from the arc and hot core gas
to the thruster body. Since the centerline temperature of the arc and gas are
estimated to be less for the advanced arcjet than the constricted arcjets of
the 1960's (12,000 to 16000 K compared to 30000 to 40000 K), radial
temperature gradients in the gas and resultant heat loss should be less for
the advanced arcjet. However, for a given specific impuise, the mass averaged
temperature of the exhaust gas must be the same for both the constricted
arcjet and the advanced arcjet. This implies that more gas must flow through
the arc for the advanced arcjet, and that less gas is available for film
cooling.

Mixing of the film coolant gas and of the hot core gas in the present
thruster design has actually increased the amount of heat transfer to the
thruster in the mixing chamber region. In addition, temperature
stratification of the flow due to its vortex action was reduced by the abrupt
expansionof the gas from the anode to the mixing chamber. To correct these
problems, we recommend that the expansion from the anode to the mixing chamber
be reduced as shown in Figure 144. Also, the amount of flow used for film
cooling should be reduced. This is not possible in the present thruster, but
could be included in a future design.

Not only was the absolute amount of film cooling more than required,
the ratio of the flow through the arc chamber to the flow injected for film
cooling (mass flow,../mass flowe;py cooling = 1.5 ) was too low. To achieve
optimum performance from the thruster only 10 to 15 percent of the total
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4.0, Conclusions and Recommendations (cont.)

propellant flow should be injected as film coolant. A new thruster with
separate flow control is required to determine the optimum amount of film
cooling. At the time of the design of the baseline thruster, the sensitivity
of the thruster's performance to the amount of film cooling and mixing was not
expected. Now in light of the Phase I test results, it is clear that this
issue is of primary importance.

The loss mechanisms described above were responsible for the Tow
performance measured from the advanced arcjet thruster. In addition, we feel
that through changes to the existing thruster and (or) the design of a new
thruster each of these loss mechanisms can be reduced and the performance of
the thruster improved.

ASSESSMENT OF FEASIBILITY OF DEVELOPING ARCJET INTO A FLIGHT UNIT

In order for an arcjet to be useful as a thruster, all enabling
technologies and components must be suitable for space application. For the
advanced arcjet developed during this program, the major areas of concern
were:

1. The use of high temperature materials to allow for radiation
cooling of dissipated power.

2. The use of a permanent magnet to provide rotation of anode
attachment spot.

3. Adapting the arcjet to the characteristics of a flight-weight
power conditioning unit (PCU) with adequate current control to
provide stable arc operation.

4. The integration of tankage (a flight qualified gas generator for
HoN4 propeliant), valves, and a control system into a propulsion
package suitable for commercial and military satellite station

keeping.
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4.0, Conclusions and Recommendations (cont.)

Since the size of a flight-type arcjet will be small compared to other
components of the propulsion unit, the weight penalty for using refractory
materials is negligible. The baseline thruster was built using thoriated
tungsten and TZM moly. No problems are foreseen using these materials on a
flight-type thruster.

The permanent magnet described in section 3.2 was designed to withstand
the thermal conditions of the arcjet, while providing the required magnetic
field for 1ife of the thruster. The development of rare earth cobalt
materials has increased the maximum operating temperature of permanent magnets
to approximately 350 C. Testing of the permanent magnet on the thruster
planned during Phase I was postponed when the Series 2 testing was
restructured to emphasize parametric testing of the thruster. To verify the
thermal analysis and life prediction, future testing of the baseline thruster
or a modified thruster should be done with the magnet in place.

Development of a flight-weight PCU and the integration of tankage and
controls for an arcjet propulsion unit will require only the use of state of
the art technology. Flight weight power supplies are currently being
developed for high power arcjets by the Air Force; including working being
done by Aerojet and Technion under contract to AFAL (F04611-86-C-0118) for a
25 kW arcjet propulsion unit. Storable propellant tankage and high
performance hydrazine gas generators (some even flight qualified) are
available for integration into an arcjet propulsion unit suitable for a flight
experiment.

ASSESSMENT OF BENEFITS OF PURSUING ADVANCED ARCJET CONCEPT

The advanced vortex stabilized arcjet concept was developed to meet
NASA's mission requirements for high performance, low power, long life
electric propulsion. The requirements include operating for 3000 hours and
hundreds of firings. The previous 25 years of research on constricted arc
type arcjets has not yielded a device which could meet 1ife time requirements.
Therefore, Aerojet and Technion have pursued a completely new approach for
arcjets, by scaling down the demonstrated technology developed for high power
arc heaters in the 1970's.
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4.0, Conclusions and Recommendations (cont.)

The arc heater studies in the 1970's [16517] showed that a higher
average gas enthalpy could be achieved with arc heaters operating with Tow
(12,000 to 16,000K) arc centerline temperatures. Heat losses from arc heaters
using high (30,000 to 40,000K) centerline temperature arc reduced their
efficiency. A high centerline temperature arc is typical of constricted arc
type arcjets and is considered by the authors as a fundamental short coming of
the conventional approach to arcjet thrusters.

The development of the advanced arcjet concept is based on creating and
maintaining a stable low temperature arc. Operationally, the Tow temperature
arc is achieved by keeping the current density of the arc low and the
impedance of the arc high, so at a given power level the current is less than
a conventional constricted arc type arcjet. The advantages and disadvantages
of operating either a high or low temperature are summarized as follows:

Advantages of Operating in the Lower Temperature Regime are:

a) Profile losses are kept low, i.e., the peak velocity is not higher
than about 1.4 times the average gas velocity.

b) The axial heat conduction from the arc channel into each electrode
will be Tower since there will be smaller temperature differences.

Disadvantages of this Low Temperature Approach are:

a) A higher percentage of the gas flow must flow through the arc,
leaving less for film cooling the anode - mixing chamber - nozzle
structure. This may require more sophistication in the design of
the gas flow system and in the radiation cooling of the anode.

b) There has not been an intensive, long term development of this
approach for radiation cooled arc thrusters. Technology transfer
from arc heater technology must be used.

c) More interaction between analysis and experiment is needed in
order to optimize this type of engine.
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4.0, Conclusions and Recommendations (cont.)

Advantages of the High Centerline Temperature Approach are:

a) There is a significant data base of thruster development from the
1960's for this type of engine.

b) There is a thick layer of cool gas between the arc and the
constrictor wall, keeping the heat transfer to the wall low.

c) The arc attachment at the anode is self adjusting.

Disadvantages of the High Centerline Temperature Approach are:

a) The high ratio of centerline to wall temperature results in high
profile losses, reducing both Isp and efficiency.

Since the most efficient arcjet will be the one with the best coupling
of arc power to the gas and the lowest losses, the low centerline temperature
arc approach appears best suited for arcjet propulsion. The greatest risk of
pursuing this approach is that the technology is far less mature than that for
constricted type arcjets, therefore several fundamental issues already
addressed for constricted arc type arcjets must be studied for the low
centerline temperature advanced arcjet.

PROPOSED APPROACH FOR CONTINUED DEVELOPMENT OF THE ADVANCED ARCJET
CONCEPT

In view of the results of Phase I of the program, the advanced, high
impedance, vortex stabilized arcjet requires further fundamental research
before being advanced to a flight- type hardware development stage. We
propose a four step program to advance the technology of the advanced arcjet
to that of the conventional constricted arc type arcjet. The steps are as
follows:

1. Baseline performance testing of the thruster as currently
configured in a low pressure test facility at NASA LeRC.
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4.0, Conclusions and Recommendations (cont.)

2. Modification and reevaluation of the existing thruster to improve
performance.

3. Design and test a bread-board research thruster based on the data
obtained from (2) and Phase I.

4, If test results from (3) are favorable, then the continuation of a
limited scope Phase II activity. This program should be oriented
towards producing an integrated arcjet propulsion unit.

In order to compare the baseline research thruster to a conventional
constricted arc type arcjet, testing in a common facility is recommended. We
feel that the thruster should be tested by NASA LeRC in their electric
propulsion test facility. The analysis of the Series 2 test data indicates
that the thruster should be tested at a higher power and higher mass flow rate
than the design point in order to achieve a specific impulse of 400 seconds.
In addition, we recommend that a cold flow test of the nozzle be performed to
determine its cold thrust coefficient and that the thruster be X-rayed to
determine if any welds have been cracked or obstructions in the nozzle exist.

Once the above testing has been completed, we recommend that the design
improvements discussed in detail previously be performed, namely:

1. Eliminate anode expansion into the mixing chamber.

2. Increase the nozzle throat diameter and modify the nozzle contour
to a conventional shape (i.e. bell or cone).

The thruster should be retested after these modifications. If it is not
possible to modify the hardware, we recommend that the thruster be sectioned
and material analysis be performed on the internal surfaces.

The above activities (1 and 2) describe a Tow cost approach for NASA to

evaluate most of the conclusions of this report. In order to continue devel-
opment beyond this, we recommend that a bread-board thruster be supplied for
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4.0, Conclusions and Recommendations (cont.)

testing at NASA with Aerojet and Technion personnel assisting in a consultant
role. The bread-board unit would have as a minimum, the following design
features:

1. Adjustable flow split between the arc chamber and film cooling
injection ports.

2. Completely "inspectable" hardware.
3. Arc chamber pressure tap.

q, Allow for nozzle inserts and electrical isolation of the nozzle
from the anode.

5. Permanent magnet.

This bread-board thruster could be performance tested at NASA LeRC with

consulting provided by Aerojet and Technion at NASA's discretion. At the
conclusion of this activity, and assessment could clearly be made by NASA
whether further development of the advanced arcjet thruster is warranted.

If further development is approved, we recommend the initiation of a
limited scope Phase II of the Arcjet Thruster Research and Technology
program. The program would be structured towards producing an integrated
arcjet propulsion unit suitable for a lkW arcjet flight experiment. The
program would emphasize design and test activities, with limited check out
tests at Aerojet and Technion and the majority of the testing at NASA LeRC.

The above program is a low cost and technically sound approach to
continue work on the advanced arcjet. We feel such work is required before a
through evaluation of the advanced arcjet concept can be made. The above plan
allows for maximum use of NASA facilities and experience.
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APPENDIX A

AN APPROACH TO THE ANALYTIC OR QUASI-ANALYTIC SOLUTION OF THE

ARC-LAMINAR GAS FLOW INTERACTION WHERE THE ARC IS VORTEX
STABILIZED
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LIST OF SYMBOLS

flow cross-sectional area (variable)
radial component of the magnetic field
azimuthal component of the magnetic field
axial component of the magnetic field
charge on the electron

strength of the axial electric field
total enthalpy of the gas

radial component of the current density
azimuthal component of the current density
axial component of the current density
Boltzman's constant

mass of the molecule

molecular weight of the atom

gas pressure

radial coordinate

gas constant

gas temperature

radial component of velocity

specific radiation/volume from the gas
azimuthal component of velocity
dissociation energy of the molecule
jonization energy of the atom

axial component of velocity

axial coordinate
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LIST OF SYMBOLS (cont.)

ionization level

equilibrium ionization level
dissociation level of molecule
equilibrium dissociation level

ratio of specific heats for the molecule
ratio of specific heats for the atom
circulation level in the gas, = rv
azimuthal coordinate

viscosity of the gas

radial vorticity component

azimuthal vorticity component

axial vorticity component

density of the gas

electrical conductivity of the gas
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EQUATIONS:

The full equations for axisymmetric flow will be presented first, and then the
set resulting from simplifying assumptions will be written.

The equation of mass conservation is:

= ar (rou) + —; (ow) = 0 (A1)

The radial momentum equatin can be expressed as follows:

au au - _ _3p,
PUgrtWaz o Q3 er ar (r ar (Ur)
3 au
z (haz) + 35 8, - 3, By (A2)

When expressed in terms of the circulation in the gas, r, the azimuthal momentum
equation is: '

u al 3 ar ar
Ay i L2} 4, B, -1, B (A3)

Wz T {r ar } FYA {r 2z r 2z

3l

For convenience, the three components of vorticity are listed:

. - _lar (h4)
r r ar
. - 3u_aw (A5)
2] 9z ar

_lar
2573 (A6)

The axial momentum equation is conventionally written as:

W, aw__ap 13 Wy L2 AW
T Y 3z T roar {rw ar} * 3z (057 (A7)
* Be - Jg Br
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If the cross-sectional area of the flow field and of the arc are independent of z,
equation (A7)can be partially integrated and written as:

A
%; I (PW2 +p-wu %g) dA = 2ar (n %¥ - puw) (A7a)
0

To date, the most useful equation for investigating arcs has been the enthalpy
conservation equation:
3h 3h
t t_ . 13 aT 3 aT
oWt oW = §, B - U+ o hxg) v 57 (e gy) (A8)
Again, if the cross-sectional area of the flow field and of the arc are independent
of z, then a partial integration over A > AA yields:

aT
X 3r

al

A A
]
3;£ (ow hy - x 55) dA = IE - 2ar {pu hy - }-g UdA (A8a)

In the above, if the gas is molecular,

kT u2 + v2 + w2 8 le VD
J m 2 + 2m
a a

i 'm 1-8 Ya
ht = { Ym-l 5 + Ya'l 8 (1 + a)

Ba |e] VI

M __"ﬁ;"_'"' (A9)

Frequently, the thermal energy (1St Tine of Equation (A9)) and the potential energy
at equilibrium, e.g., B = Beq and a = %q (3rd and 4 terms on right of Equation (A9))
are combined into a single term, called the thermodynamic enthalpy, if the specific
heat is integrated over the temperature range from =~ 300°K to the temperature T.

For a number of important reasons, this will not be done here.

Since the pressure is sufficiently high to make Hall effects and thermo-electric
effects negligible, Ohm's law can be written as

j = o (E + uxB) (A10)

The equation of state, for a dissociating, ionizing diatomic gas can be written
as

2 (MM.),
® =55+ Zag RT (A1)
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MODEL AND SIMPLIFYING ASSUMPTIONS

On the basis of observations (Ref [18]) and some physical reasoning, the arc
column will be analyzed under assumptions as follows:

1)
2)

3)

4)

5)

6)

7)

The arc diameter is constant over its length.
The electric field is constant over the length of the arc column.

The arc centerline temperature is constant over the length of the
column.

The radial profile of temperature is similar at each axial position.

Gas is injected through the constrictor with a specified constant
radial velocity and circulation level over the length of the con-
strictor.

The radial profile of the radial velocity is similar at each axial
position.

The radial profile of circulation is similar at each axial position.

Under the above assumptions and simplification the equations to be investigated

reduce to:

13

r ar

(reu) + %; (ow) = 0
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A z
f (pw + p) dA = f 2nr (u -g—g - puw) dz
o o

ah
t _ . 153 aT
U—r =3, B, - U+35r (rxgy)

= a P
T T+ 8 + 208 kT
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INVESTIGATION OF THE RELATION BETWEEN THE DISTRIBUTION
OF CIRCULATION AND THE MASS FLUX

The equation to be investigated here is:

3

ar _a

r  ar
. ni2)

r

sje

[¢]

a

There are two ways to investigate this equation:
1) Specify pu and u as functions of r and solve for r(r).
2) Specify r and u as functions of r and solve for pu(r).
Some of the implications of the second approach are investigated below.

Typically, in an arc heater, the radial distributions of the circulation, r, and
the viscosity, u, will be similar to those shown in Figures Al and A2.

For convenience these distributions are modeied as follows:

2

r (1 +a)n

r=-2" 5 (A13)
l+an
!

u=Q—2 (A1)
1 +8n

where:
n= r/rw

constant, greater than unity
constant, greater than unity

R
L]

®
]
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0 rtw 1.0

Figure A-1. Schematic of the Radial Distribution of Circulation in an Arc Vortex Chamber

0 r/rw 1.0

Figure A-2. Schematic of the Radial Distribution of Viscosity in an Arc Constrictor
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With these models, the mass flux can be expressed as follows:

rew = - 2“@ 1 :28 nf [1 +2: nl * 1 +Bs nzl )
o 2:52“‘ s i: fle; 2 :433 a2 31% . :z;i)} el
r;'cor'e - ﬂ%_£_§7§g (1+% :/a) (A17)
';'toteﬂ = 4"1u+ em [12: a b TE 5] (A18)

On the basis of this investigation, some rather startling conclusions can be

drawn.

1)

2)

3)

4)

5)

6)

There is a 1imit to the amount of mass flux that can be processed through a
vortex. The maximum occurs with constant viscosity and a vortex core

diameter much smaller than the wall diameter.

In this case

The mass flux through the vortex core, for constant viscosity, is always

more than 1/2 of the total mass flow.

Conclusions (1) and (2) are valid for all levels of circulation.

The distribution of viscosity decreases the mass flow rate that can be

processed through the vortex.

The gas always flows radially inward.

The viscosity distribution appears to cause the axial velocity to reverse

and flow backward at outer radial locations.
reverse flow for constant viscosity.
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Solutions have been made using other models for the radial distribution of
circulation and viscosity. These solutions lead to the same conclusions,
(1) through (6) above.

Conclusions (1) through (5) would appear to be generally valid. More detailed

investigations are needed to determine whether (6) is an artifact of the modeling or
a manifestation of some physical phenomenon. Besides this, a number of other ques-

tions require investigation, e.q.

1) At what level of Tye does this 1imiting effect of mass flux cease?

2) If more mass flow rate than the computed maximum is injected into a vortex
chamber, what happens?
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APPENDIX B

PLASMA FLOW EQUATIONS
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Model Development

In the equations used to describe the plasma flow, the question has been
raised as to the difference between the Navier-Stokes equations for compres-
sible flow and incompressible flow. This problem has been studied.

Summarizing briefly the results:

1) In the continuity equation, the density term must stay inside of the

differential.
2) In the momentum equations:
- The convective terms are identical.

- In Cartesian coordinates, the pressure term is modified by a term as

follows:
2 -—
p»p+u(2%-—3'd‘iVW).

When the pressure is about 1 atm, the additional term is negligible.

- The viscous terms must keep the viscosity inside of the differential,

e.g., in the angular momentum equation the viscous term is:
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3_qwar
r ar (Y' ar)

- The equation of state must be used to define the density.

- The compressible enthalpy equation must be solved for the temperature
distribution. With energy input from an electrical discharge, the
viscous dissipation terms can be neglected.

A model for the radial distribution of circulation has been proposed and used
to investigate the implications of momentum conservation. The model has the
following properties.

1) Near the origin, the gas rotates as a solid body.

2) Near the wall, but outside of the boundary layer, the product of the

aximuthal velocity and the radius remains constant.

3) Near the wall, but still outside of the boundary layer, the level of

circulation is a constant, independent of axial position.

As with all models, this one has limitations. When compared with the measured

values of spin velocity. The following observations can be made:
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1) The model matches the values of measured spin velocity fairly accurately

at all radial locations greater than where the peak spin velocity occurs.

2) The measured spin velocities for smaller radii are higher by 20-30% than

the values predicted from the model.

In Tow-power arcjets, when the gas is spinning, there can be very pronounced
radial gradients in the axial velocity. There will also be significant radial
gradients in the temperature. A11 of these effects make it difficult to
define a Mach 1 location. Simultaneously, it becomes extremely difficult to

establish a discharge coefficient, Cp, in the following equation:

*
4 pc A

D a. ¢

m=C

For instance, in some cold-flow tests conducted recently at Technion, where

there was a high value of spin in the gas, values of

Cp - 0.35 to 0.42

were estimated, based on the chamber pressure measured just upstream of the

vortex injection holes. Without the spin, a value,

Cp - 0.98

was anticipated.
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An investigation of this problem was conducted. The Mach number was not being
used. Rather, using the mass and momentum conservation equations, relations

were established among the following nondimensional variables:

A mass flow variable X = amh
A Po
i i = I W
A spin variable L= " a
W
A wall drag variable y = & mu2a
A Py
The pressure ratio P = 5/p0
In the above equations:
T = gas temperature = constant
a =  speed of sound
A = flow cross-sectional area
Po = wall pressure at upstream end
P = average pressure at each flow cross-section
r, = peak circulation in the gas
r, = Tradius of the flow channel
u = viscosity of the gas
|
i g = length of the flow channel
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Once closed-form relations have beeﬁ established among X, Z, Y, and P; Z and Y
are held constant and the maximum value of X as a function of P is found.

This criterion is used to establish the critical flow rather than the sonic
condition which is ambiguous with the pronounced radial gradients that occur

throughout the whole flow field.
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APPENDIX C

SCALING LAWS FOR ARC THRUSTERS




INTRODUCTION

There are three sets of variables that need to be given consideration in

establishing scaling laws. These are:

1) Performance Parameters (User Interface)

- Power level

- Specific impulse
- Thrust efficiency
- Thrust level

- Lifetime

- Engine weight

- Engine size

2) Controllable Quantities (Engineering Interface)

- Type of propellant

- Mass flow rate and the distribution of its injection

- Circulation level of gas injected into the vortex chamber
- Discharge current

- Geometry of the engine and nozzle

- Stability effects of interaction between the arc and the power supply
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3) Operational Parameters (Scientific Interface)

- Peak temperature in the electrical discharge

- Heat flux rates at all critical locations

- Chamber pressure

- Voltage drop across the discharge

- Reynolds number effects (laminar vs. turbulent flow)

- Arc stability effects

In practice, scaling laws for any magneto-fluid-dynamic device can consist of

any one of the following:

a) Relations among controllable parameters and output performance quantities
can be obtained from making analytic solutions to all of the relevant
magneto-hydrodynamic equation. Simultaneously, the solutions must ensure
that the values of important operational quantities, e.g., potential drop
across the discharge, wall heat flux at all critical locations, etc.,
must fall within limits controlled by materials properties and facility

limitations.

b) Same as a), only replace "analytic solutions" by "an adequate number of

numerical solutions."
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c) Assembly all relevant experimental data. Using cross-plots, nondimen-
sional parameters, etc., and ingenuity, establish relations between Group
1) and Group 2) parameters. As feasible, also establish relations

between Group 3) and Group 2) parameters.

DISCUSSION

If Approaches a) and b) can, in reality, be carrier out, then an optimum arc
thruster can be designed and built to meet specified performance requirements,
e.g., maximum Isp, maximum 1ife, etc. Despite numerous attempts, however
[19,20,21,22,23,24,25,26] practical scaling laws have not resulted from these
approaches without "calibration" of "constants" or codes. This is not totally

surprising since the analysis must include, at least, all of the following:

1. A solution to the arc-gas flow interaction in the region between the
cathode attachment and the column. This region is dominated by what can
be called current-density constrictions; this results in the highest
power dissipation per unit length of the arc and usually the highest
temperature seen anywhere in the arc. As gas is pumped electro-
magnetically through the expanding arc column, it can be heated to the
highest enthalpy available from arcs. For this reason, when the driving
design criterion is the attainment of maximum specific impulse, as

occurred in the 1960's, many of the arc thrusters were designed to
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capitalize on heating the gas in this region only and were hence short
enough so that no recognizable arc column developed (References 23,
386). Because this region is dominated by nonequilibrium effects,
analytic solutions to the relevant equations have only been partially

successful (References 27,38,29).

A solution to the arc-gas flow interaction in the constrictor region.
This must include the constraints on the axial and radial flow of gas
imposed by introducing the gas with some circulation level. Simultane-
ously, the parameters of the vortex core must be solved for. In most arc
heaters and thrusters, where gas flow has been mapped, gas has been found
to flow upstream (away from the nozzle) in the radial positions near the
constrictor wall over some fraction of the constrictor length. To date,
no analytic or, for that matter, numerical code for arc heaters has been
able to predict this type of flow and its influence on arc properties and

gas heating.

Some method of accurately predicting the centerline temperature of the
arc over its length, from the cathode attachment to the anode attach-
ment. Some success has been achieved in calculating arc temperatures in
the column region for wall-constricted arcs (References 30,31,32).
Typically, temperatures calculate out to be close to that found for wall-
confined arcs with negligible gas flow through the channel. In these
cases, centerline temperatures are related to wall heat fluxes and,

hence, the calculation of temperature distribution and peak centerline
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temperature represents the solution to a well-defined thermal boundary
value problem. This is not the case for a vortex-stabilized arc where
the radial inward mass flow often precludes any conducted or convected
energy from the arc from ever reaching the "constrictor" wall. In such
cases, the determination of an arc centerline temperature is no longer a
well-defined thermal boundary value problem, and alternate methods of
evaluating the centerline temperature and radial temperature distribution

must be investigated.

When a high percentage of the heating of the gas is done in a constrictor

where the arc is wall-confined, then reasonably useful and accurate scaling

laws have been derived and found useful in designing high-current (over 1000

amps), low-pressure (under 10 atmospheres), high-power (over 100 kW) wind

tunnels. These scaling laws are only marginally useful to the 1 kW arc

thruster program for the following reasons:

1.

Wall confining a low-current (under 10 amps) arc leads to unacceptably

high wall heat fluxes.

Turbulent flow occurs in almost all arc wind tunnels. The flow is likely

to be totally laminar in the 0.5-3.0 kW arc thruster.



For arc heaters/thrusters that are not wall confined, data correlation tech-
niques have been relied upon almost exclusively for establishing scaling laws
(References 18,33). Such techniques can be very useful and accurate for
interpolation over the range of controllable parameters where data have been
acquired. Extrapolation outside of the data base must be done with great

caution.

CONCLUSIONS

In view of the limitations of existing analytic and experimental arc heater

and arc thruster studies, great care must be exercised in extrapolating these

data to the low power level of this program (0.5 to 3.0 kW).
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APPENDIX D

PREPARATION OF PERFORMANCE ESTIMATE CHARTS FOR GASEOUS PROPELLANTS
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The following steps are followed in generating these charts:

1)

2)

3)

4)

5)

6)

7)

Using the thermodynamic data from the JANAF tables, the equilibrium

partial pressures for all constituents are computed.

The equilibrium enthalpy change, h, entropy, S, and molecular weight, MW,

are computed using the partial pressures from No. 1.

The “"frozen" specific heat, (Cp)f, is computed. Using this quantity, the

ratio of the specific heats, Yes is computed for frozen flow.
Y = Co/Cp = R/MW

The speed of sound for frozen flow is computed.

- RT
A =7 Ve Wy

The flow coefficient, Yoo is computed.

YF+ 1
L ‘;;ZI”T 2 (g - 1)

Assume a power transferred to the gas, PC'

Assume a set of values for CF/CD.
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8) Compute a mass flow raee.

h= Pc/Ah

9) Compute an exhaust velocity, w.

O

L3

I
9l
o |m
<| Y]

(3)

10) Compute a thrust.

11) Compute a specific impulse.

CF ac

B CD Yfg

Isp

12) Plot Isp vs. F over desired temperature range and desired range of Ce/Cp-
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APPENDIX E

THRUST STAND CALIBRATION DATA
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A calibration of the thrust stand was performed before and after each
performance test during Test Series 2. The calibration was done by applying a
known force to the thrust stand (measured with a calibrated load beam) and
recording the force measured by the load beam used for the thrust
measurement. The accuracy of the load beams was checked periodically by
loading them with precision weights. The effect on the thrust measurement
caused by pressurization of propellant and the cooled power leads was also

measured and found to be insignificant.

The pre- and post-test calibration was computer controlled. The computer
controller commands two fast acting solenoid valves, one which pressurizes the
system and one which vents the system. Pressurized nitrogen was used to
expand a bellows which pushed a calibrated 1oad cell up against the thrust
stand. The thrust stand was loaded in increments of approximately 10 gm from
0 to 50 gm and then the load was reduced in 10 gm increments back to 0 gm. At
each step in the calibration, the computer controller would wait a sufficient
time (30 to 90 sec) to allow the stand to reach a steady reading, and then
would collect data for that step. A sample output for test AJ1KO23 is shown
in Figure 1F. The output data was reduced to determine the average tare at
each load step, the initial and final zero offsets. Test were only conducted
if the pre-test calibration indicated that the stand was reading properly

(i.e., Tare < 10%, and no significant difference in zero at beginning and

ave
end of calibration).
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From the thrust stand calibration the tare and offset corrections for the

thrust measurement were determined as follows:

Tare = F°rceactua1/Forcemeasured

Initial Offset

load beam measurement with no propellant flow
immediately prior to test

Final Offset

load beam measurement with no propellant flow
immediately after test

Thrust,,. Tare*(Force - initial offset)

meas

When the final stand offset differed from the initial stand offset due to
thermal drift of the stand and Toad cell the offset was determined by linear
interpolation during the test., Table 1F summarizes the corrections to the

measured thrust for the performance data included in this report.
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PAGE NO.

TEST NO. THRUST CAL PRE AJ1K023

DATE 12/11/86

DISK VOLUME NO. 45

(SECS)

(LBS)

DATE: 12/11/86 TIME:

0.2
0.8
1.4
2.2
2.8
3.4
4.3
4.8
5.7
6.3
6.8
7.7
8.3
9.1
DATE: 12/11/86
0.5
1.3
1.9
2.5
3.3
3.9
4.5
5.3
5.9
6.9
7.5
8.3
8.9
DATE: 12/11/86
0.6
1.4
2.0
2.8
3.4
4.3
4.9
5.7
6.3
7.1
7.7
8.6
9.2
DATE: 12/11/86
0.4

0.
.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0001
IME:

.0061

O 00 OO0 O0OO0OO0OO0O0 O 4100000000 O0OOO O
N

0001

0061

.0061
.0061
.0063
.0063
.0065
.0065
.0065
.0065
.0065
0.
0.

0067
0067

TIME:

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

0137
0137
0137
0138
0138
0138
0139
0139
0140
0140
0141
0142
0142

TIME:

0.

0197

(LBS)

09:21:57 THRUST STAND CALIBRATION - CAL STEP 1

-0.0001
-0.0001
-0.0001
0.0000
0.0000
0.0000
0.0000
-0.0003
-0.0002
-0.0002
-0.0001
-0.0001
0.0000
0.0000

09:24:10 THRUST STAND CALIBRATION - CAL STEP 2

0.0059
0.0059
0.0059
0.0061
0.0061
0.0062
0.0063
0.0063
0.0063
0.0063
0.0063
0.0063
0.0063
09:25:01 THRUST STAND
0.0131
0.0131
0.0131
0.0132
0.0132
0.0132
0.0132
0.0133
0.0133
0.0134
0.0134
0.0134
0.0135

09:25:52 THRUST STAND CALIBRATION - CAL STEP 4

0.0189

1

1
1
1

- A - =

1
1

CALIBRATION - CAL STEP 3

1
1
1
1
1
1

1
1
1
1
1
1

1
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(LBS/LBS)

*khek
ki
Khkk
*ddede
*kkk
L2 2 22
*khk
La 2 2]
*hhk
*hkk
sk
*hkhd
sk

L2 22

.0338
.0338
.0338

1
.0327
.0161
.0317
.0317
L0317
.0317
.0317
-0634
.0634

.0458
.0458
.0458
.0454
.0454
-0454
1.053
.0451
.0526
L0447
.0522
.0597
.0518

.0423




PAGE NO. 2

TEST NO. THRUST CAL PRE AJ1K023
DATE 12/11/86
DISK VOLUME NO. 45

(SECS) (LBS) (LBS) (LBS/LBS)
1.2 0.0197 0.0189 1.0423
2.0 0.0197 0.0190 1.0368
2.6 0.0198 0.0190 1.0421
3.5 0.0198 0.0190 1.0421
4.1 0.0199 0.0190 1.0473
4.6 0.0199 0.0190 1.0473
5.5 0.0199 0.0190 1.0473
6.1 0.0200 0.0191 1.0471
6.6 0.0200 0.0192 1.0416
7.2 0.0201 0.0192 1.0468
8.0 0.0201 0.0193 1.0414
8.6 0.0202 0.0193 1.0466
9.2 0.020 0.0193 1.0466

DATE:  12/11/86 TIME: 09:26:40 THRUST STAND CALIBRATION - CAL STEP 5
0.1 0.0242 0.0235 1.0297
1.0 0.0242 0.0235 1.0297
1.5 0.0242 0.0235 1.0297
2.4 0.0244 0.0235 1.0382
3.0 0.0244 0.0235 1.0382
3.5 0.0244 0.0236 1.0338
4.4 0.0245 0.0237 1.0337
5.0 0.0245 0.0237 1.0337
5.8 0.0246 0.0237 1.0379
6.4 0.0249 0.0237 1.0506
7.2 0.0249 0.0238 1.0462
7.9 0.0249 0.0238 1.0462
8.7 0.0249 0.0239 1.0418

DATE:  12/11/86 TIME: 09:27:29 THRUST STAND CALIBRATION - CAL STEP 6
0.5 0.0287 0.0279 1.0286
1.3 0.0287 0.0279 1.0286
1.9 0.0288 0.0279 1.0322
2.7 0.0288 0.0279 1.0322
3.3 0.0288 0.0280 1.0285
3.9 0.0289 0.0280 1.0321
4.7 0.0291 0.0280 1.0392
5.3 0.0291 0.0280 1.0392
6.2 0.0291 0.0281 1.0355
6.8 0.0291 0.0281 1.0355
7.6 0.0291 0.0281 1.0355
8.2 0.0291 0.0282 1.0319
8.8 0.0291 0.0282 1.0319

DATE:  12/11/86 TIME: 09:28:17 THRUST STAND CALIBRATION - CAL STEP 7
0.3 0.0333 0.0325 1.0246
1.1 0.0334 0.0326 1.0245
1.7 0.0335 0.0326 1.0276

E-5
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TEST NO. THRUST CAL PRE AJ1K023

DATE

DISK VOLUME NO. 45

12/11/86

(SECS)

DATE:

DATE:

DATE:

2.6
3.2
3.7
4.3
5.1
5.8
6.6
7.2
8.0
8.6
12/11/86
0.2
1.0
1.8
2.4
2.9
3.6
4.1
5.0
5.6
6.4
7.0
7.8
8.4
9.0
12/11/86
0.3
1.1
1.7
2.3
3.1
3.7
4.5
5.1
5.7
6.3
7.1
7.7
8.3
8.9
12/11/86
0.6
1.1
2.0
2.6

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

(LBS)

0335
0335
0335
0336
0338
0338
0338
0339
0339
0339

TIME:

0.
0.
.0394
.0394
.0394
.03%94
.0395
.0395
.0396
.0396
.0397
0.
0.
0.

0000000 oo

0394
0394

0397
0399
0399

TIME:

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

0437
0437
0437
0437
0437
0439
0439
0439
0439
0439
0439
0439
0440
0443

TIME:

0.

0358

0.0358
0.0360
0.0360

(LBS) (LBS/LBS)
0.0326 1.0276
0.0328 1.0213
0.0328 1.0213
0.0328 1.0243
0.0328 1.0304
0.0328 1.0304
0.0329 1.0273
0.0330 1.0272
0.0330 1.0272
0.0330 1.0272

09:29:08 THRUST STAND CALIBRATION - CAL STEP 8
0.0389 1.0128
0.0389 1.0128
0.0389 1.0128
0.0389 1.0128
0.0390 1.0102
0.03%0 1.0102
0.0390 1.0128
0.0391 1.0102
0.0391 1.0127
0.0391 1.0127
0.0391 1.0153
0.0392 1.0127
0.0392 1.0178
0.0393 1.0152

09:29:56 THRUST STAND CALIBRATION - CAL STEP 9
0.0433 1.0092
0.0433 1.0092
0.0433 1.0092
0.0433 1.0092
0.0434 1.0069
0.0434 1.0115
0.0435 1.0091
0.0435 1.0091
0.0436 1.0068
0.0436 1.0068
0.0436 1.0068
0.0436 1.0068
0.0438 1.0045
0.0438 1.0114

09:30:48 THRUST STAND CALIBRATION - CAL STEP 10
0.0366 .9781
0.0367 9754
0.0367 .9809
0.0367 .9809
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TEST NO. THRUST CAL PRE AJ1K023
DATE 12/11/86
DISK VOLUME NO. 45

(SECS) (LBS) (LBS) (LBS/LBS)
3.4 0.0360 0.0367 -9809
4.0 0.0361 0.0367 .9836
4.8 0.0361 0.0369 .9783
5.4 0.0361 0.0369 .9783
6.3 0.0362 0.0370 .9783
6.9 0.0362 0.0370 .9783
7.7 0.0363 0.0370 .981
8.3 0.0363 0.0370 .981
9.1 0.036 0.0370 .9864

DATE:  12/11/86 TIME: 09:31:56 THRUST STAND CALIBRATION - CAL STEP 11
0.5 0.0304 0.0313 9712
1.3 0.0304 0.0313 9712
1.9 0.0304 0.0313 9712
2.8 0.0304 0.0314 .9681
3.4 0.0304 0.0312 9743
4.2 0.0307 0.0312 .9839
4.8 0.0307 0.0315 9746
5.6 0.0307 0.0315 9746
6.2 0.0308 0.0316 9746
7.1 0.0308 0.0316 L9746
7.7 0.0308 0.0317 L9716
8.5 0.0309 0.0317 9747
9.1 0.0310 0.0318 .9748

DATE: 12/11/86 TIME: 09:33:04 THRUST STAND CALIBRATION - CAL STEP 12
0.2 0.0256 0.0265 .966
1.0 0.0256 0.0268 L9552
1.6 0.0257 0.0268 .9589
2.2 0.0257 0.0269 .9553
3.0 0.0257 0.0269 .9553
3.6 0.0258 0.0269 .9591
4.2 0.0258 0.0269 L9591
5.0 0.0258 0.0269 .9591
5.6 0.0258 0.0270 .9555
6.5 0.0260 0.0270 .9629
7.1 0.0260 0.0271 L9594
7.9 0.0260 0.0271 .9594
8.5 0.0261 0.0271 .963
9.1 0.0261 0.0273 .956

DATE:  12/11/86 TIME: 09:34:13 THRUST STAND CALIBRATION - CAL STEP 13
0.2 0.0211 0.0222 .9504
1.0 0.0211 0.0222 .9504
1.6 0.0213 0.0222 .95%94
2.4 0.0213 0.0223 L9551
3.0 0.0214 0.0223 .9596
3.6 0.0214 0.0224 .9553
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TEST NO. THRUST CAL PRE AJ1K023
DATE 12/11/86

DISK VOLUME NO. 45

(SECS)

DATE:

DATE:

DATE:

4.2
4.8
5.6
6.2
7.0
7.6
8.5
9.1

0.5
1.1
1.7
2.2
3.1
3.7
4.2
5.1
5.7
6.2
6.8
7.4
8.2
8.8

0.2
0.9
1.7
2.3
3.2
3.8
4.6
5.2
6.0
6.6
7.5
8.1
8.9

0.2
0.9
1.4
2.3
2.9
3.4
4.3

12/11/86

12/11/86

12/11/86

0.
0.
0.
0.
0.
0.
0.
0.

(LBS)

0215
0215
0215
0216
0218
0218
0218
0219

TIME:

OOQPQQOOOO

.0159
.0159

0160

.0160
.0161
.0161

0163

.0163
.0164
.0164
0.
o.
0.
0.

0164
0164
0164
0164

TIME:

0.
L0113
.0113
.0115
.0115
.0115
.0116
.0116
0117
0.
0.
0.
0.

0O 0000 o0 OO o

0112

0117
0118
0118
0119

TIME:

0.
0.
0.
0.
0.
0.
0.

0063
0063
0063
0063
0063
0065
0065

(LBS) (LBS/LBS)
0.0224 .9598
0.0225 .9555
0.0225 .9555
0.0225 9599
0.0225 .9688
0.0226 .9646
0.0226 .9646
0.0226 .969

09:35:20 THRUST STAND CALIBRATION - CAL STEP 14
0.0164 .9695
0.0164 .9695
0.0164 .9756
0.0164 9756
0.0165 9757
0.0165 9757
0.0165 .9878
0.0165 .9878
0.0166 .9879
0.0166 .9879
0.0166 .9879
0.0166 .9879
0.0167 .982
0.0167 .982

09:36:28 THRUST STAND CALIBRATION -
0.0115 9739
0.0116 L9741
0.0117 .9658
0.0117 .9829
0.0118 9745
0.0118 9745
0.0119 9747
0.0120 .9666
0.0120 L9749
0.0120 L9749
0.0121 .9752
0.0121 L9752
0.0121 .9834

09:37:35 THRUST STAND CALIBRATION - CAL STEP 16
0.0063 1
0.0063 1
0.0063 1
0.0064 .9843
0.0064 .9843
0.0064 1.0156
0.0064 1.0156

E-8
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TEST NO. THRUST CAL PRE AJ1K023
DATE 12/11/86
DISK VOLUME NO. 45

(SECS) (LBS)

DATE:

® 0O N O O8N
VO &~ 0O WSV

VO R ONONOUV S WNWN = OO
NN =2 N N2 NN SO ON

0.0065
0.0066
0.0066
0.0067
0.0067
0.0067
0.0068
12/11/86 TIME:
-0.0001
.0001
.0001
.0001
.0001
.0000
.0000
.0000
.0000
.0000
0000
.0000
.0000
.0000

. ' '
O 0O 00O 0000 O OO O é

O 0 0 0O o0 o0 o

09:38:37

. . ' ' ' [ ' ' ' ' . . ' '
O 0O 000000000 OOoO O
.

PAGE NO. 6

(LBS)

.0067
.0067
.0067
.0068
.0069
.0069
.0070

THRUST STAND CALIBRATION - CAL STEP 17

.0002
.0002
0002
.0002
.0002
.0002
.0005
.0005
.0004
.0002
.0002
.0002
.0002
.0002

E-9

(LBS/LBS)

.9701
.985
.985

.9852
.o
9N

9714

*dekk
Fedkdek
Lt 2]
dededede
*kdrk
dekdedk
ehdk
*hkhk
dededkk
Ndededh
Fededed
Hekedk
oo de

TRk



TEST NO. THRUST CAL PRE AJ1K023
DATE 12/11/86
DISK VOLUME NO. 45

CAL STEP FCAL AVG

NC. (LBS)

1 1E-04

2 6.3€-03

3 .0139

4 .0199

5 .0245

6 .0289

7 .0336

8 .0395

9 .0438

10 .0361
1" .0306
12 .0258
13 .0215
14 .0162
15 0115
16 6.5E-03
17 0

DATA SUMMARY

FORMULA: TARE = A + B ® FLC
A = .982373257

B = .688918795

SIGMA*2 = 6.11185371E-05
AVG TARE = .998765791

PAGE NO. 7

FLC AVG
(LBS)

-1E-04
6.1E-03
.0132
.019
.0236
.028
.0327
.039
.0435
.0368
.0314
.0269
.0224
.0165
.0118
6.5E-03
0

TARE AVG
(LBS/LBS)

drkkk

1.0335
1.0487
1.0441
1.0377
1.0332
1.0262
1.0129
1.0083

E-10

.9801
.9738
.9589
9591
.9809
747
.9885

*khk



TABLE 1E
SUMMARY THRUST STAND TARE CORRECTIONS

Calculated Initial Offset Final Offset
Run No. Tare (1bf) (1bf)
AJ1K004 1.00 0.0007 0.0068
AJ1K005 1.00 -0.0007 0.0112
AJ1KO16 0.90 0.0002 0.0006
AJ1K017 0.903 0.0004 0.0008
AJ1KO18 0.904 0.0009 0.0023
AJ1KO019 0.903 0.0000 0.0008
AJ1K023 0.993 -0.0002 0.0081
AJ1K026 1.02 0.0001 0.0062

E-11



APPENDIX F
SERIES 2 TEST DATA

F-1



18!

10
20
30
35
40
42
4h
45
46
48
49
50
52

53

54
55

56

57
58

59
60
61

64
65
68
70
72
74
76
78
80

82
84
88
90
95
96

97
98

100
105
110
115
120

122

® ORIGINAL PAGE IS
REM PROGRAM REDUCES 1KW ARCJET DATALOGGER OUTPUT OFE POOR QUALITY
REM "“ARCREDL10"

REM C.M.GRACEY 12/11/86

HIMEM: 40000

DIM CD$(50),CD(50),A$(10)

HOME

INPUT "VOLUME NO. ";VN

FOR N = 1 TO 3:AS(N) = "»: NEXT N

PRINT CHRS (4)"BLOAD READWRIT.OBJ,S7,V2®

POKE 769,VN: POKE 773,2

CALL 768

NC = B:K = 1:KK = 1

"s = llTlME " 4 "TAS‘ " 4 llTAsz n » ”TAS} " 4 IITASL LS
WTASS M + WTAS6 M + WTAS7 M + WTHCI @

WS = WS + YTHCE "+ "TCO  * + “TFI W4 WTFO M+ TIPS
w o+ WTMG w4 NTE2 " 4 NTGG n

WS = WS + MIMCI % 4+ MTNCO ™ + “TARS " + WppS  »

xs = "(SECS) LU II(F) LU “(F) " § I'(F) " & ll(F) " 5
II(F) n 4 II(F) " @ IQ(F) " & l\(F-’ "

X$ = X$ + “(F) " 4+ N(F) " 4 W(E) LT 3Y "+ W(F)

" 4 II(F) " 4 II(F) LS "(F) LIS 'l(F) L]
X$ = X$ + "(F) " 4+ W(F) " ¢ B(PSIG) "
Y$ = "PUFT  # + "PDF1 " 4 WPUF2 M 4 WPDF2 M + WPVCB % +
WPVCT ™ + WPAO " + WPARS " 4 MIAM % + M]A ]
Y$ = Y$ + VA W4 WVAM %4 WFCAL %+ FLC "+ WAL1
" 5 CIM " "FVAC L |lw6 " ll]sv L s lIEFF L]
Z$ = "(PSIG) ™ + "(PSIG) “ + “(PSIG) * + W(PSIG) ™ + "(MICRS) *
HEMV) %+ W(PSIG) " + W(PSIG) " 4+ M(AMPS) " + W(AMPS) ¥
28 = 28 + (VOLTS) " + “(VOLTS) ® + M(LBS) " & "(LBS) ® + “(MV)
W4 W(WATTS) " + (LBS) ™ + "(MGS/S) " + "(SEC) " + “(%)  *
INPUT “TEST NO. ";TNS$
INPUT “DATE ¥;DAS
PRINT CHRS (4)"PR#2"
PRINT CHRS (9)"1D"
PRINT CHMRS (9)"7P"
PRINT CHRS (9)*1T*
PRINT CHRS (9)"2"
PRINT CHRS (27)“E"
PRINT CHRS (27)"&L10"
PRINT CHRS (27)"(s16.66H"
PRINT CHRS (27)"&s0C"
PRINT CHRS (12)
CALL 768:1 = 511
1F J = 192 THEN PRINT CHRS (4)"PR#O": END
PRINT SPC( BO)WPAGE NO. "KK: PRINT : PRINT “TEST NO. “TNS: PRINT “DA
TE “DAS: PRINT “DISK VOLUME NO. “WN
PRINT
PRINT SPC( 3)WS: PRINT SPC( 3)X$: PRINT SPC( 7)YS$: PRINT SPC( 7)2
s
PRINT
FOR N = 1703
AS(N) =
1F 1 = 767 THEN I = 511: CALL 786
d = PEEK (1 + 1): IF J = 192 THEN PRINT CHRS (12): PRINT CHRS (4)
9PRHQ": END
1F 4 = 135 THEN PRINT 0$:1 = 1 + 1: GOTO 255

+



125 1F J = 141 THEN | = 1 @ 1: GOTO 200

130 AS(N) = AS(N) + CHRS (J - 128):1 =1 + 1: GOTO 115
200 IF LEN (AS(N)) = 72 THEN 220

201 IF LEN (AS(N)) < > 128 THEN D$ = AB(N): GOTO 105
206 1F LEN (AS(N)) <« > 128 THEN 105

210 NEXT N

220 IF N < 3 THEN 105

230 AS = AS(1) + LEFTS (A$(2),40)

235 GOSuB 1000

237 AS(3) = LEFTS (AS$(3),32)

240 8% = " "+ RIGHTS (A$(2),88) + AS$(3) + C$

250 PRINT AS: PRINT BS

255 JF X = > 30 THEN XK = 1:XK = KK + 1: PRINT CHRS (12): GOTO 95
258 K = K + 2

260 X = FRE (0)

300 GOTO 105

1000 FOR N =1T016:M=(N-1)*8+1

1010 CDS(N) = MIDS (A$(1),M,8):CD(N) = VAL (CD$(N))
1020 NEXY N

1030 FOR N = 17 TO 32:M = (N - 17) * 8 + 1

1040 COS(N) = MIDS (A$(2),M,B):CD(N) = VAL (CD$(N))
1050 NEXT N

1060 FOR N =33 TO 41:M = (N - 33) *8 + 1 N

1070 CO$(N) = MIDS (A$(3),M,8):CO(N) = VAL (CDS(N))

1080 NEXT N

1090 PW = INT ((70(31) ® CD(32))):PWS = * "+ STRS (PW):PW$ = RIGHTS
(PW$,8)

1100 FV = INT ((1.000 ® CD(35) + 0.04155 * 200.0 ® 0.00001933) ® 10000) /
10000:FV$ = % + STR$ (FV):FV$ = RIGHTS (FV$,8)

1105 1F CD(21) < = O THEN WGS = O": GOTO 1120

1110 WG = INT (CD(40) * 1000) / 1000:uWGS = ¥ " 4+ STRS (WG):WGS =

RIGHTS (WGS,8)

1120 IF VAL (WGS) < = 0 THEN IV$

o": GOTO 1200

1130 IV = INT (FV / WG / 0.0000022 * 10) / 10:1v$ = ¥ “ + STRS (
IV):1v$ = RIGHTS (IV$,8)

1135 IF VAL (PW$) < = 0 THEN EF$ = % **ww: GOTO 1200

1140 EF = INT (21.810 ® Fv ®* 1V / PW * 10000) / 100:EF$ = » "+ STRS
(EF):EF$ = RIGHTS (EFS,8)

1200 C$ = PWS + FVS + UGS + IVS + EFS

1210 RETURN

"

*ARRDEES = M *RNXIYGS =

]
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ILIST

10
20
30
32
35
40
45 E
50
52 1
100
130
290
295

297
298
299
300
305
308

309
310
n
312
313
314

315
318
319
320
340
350
360

370
380
1000
1010
1020
1030

1040

1050
1060
2000
2010
2020
2030
2040
2045
2050
2060
3000

REM PROGRAM SETS COMPUTER CONTROLS ON 1KW ARCJET

REM  “PORELAYLY

REM C.M.GRACEY 11/26/86

REM TURNS VALVE ON & OFF

HOME

PRINT CHRS (4)"BLOAD OPTOMUX.08J/$4000,A$4000%

R% = O:SNX = 4:TDX = O:RCX = 10: POKE 20506,0: HIMEM: 16383
POKE 49366,128: POKE 49366,128

$ = “1KW ARCJET CONTROLLER™

T1 = 1000

DN = INT (T1 / 10): GOSUB 1000:218 = “Z0001H" + 2$
X = FRE (0)

PRINT : PRINT "HIT ";: FLASH : PRINT “<SPACE BAR> KEY “;: NORMAL : PRINT
“TO START"
GET AS$: PRINT CHRS (1)
IF A$ < > " v THEN 297
PRINT CHRS (1)
GOSus 3000
HOME : PRINT T$: PRINT : PRINT "SYSTEM AWAITING START COMMAND..."
PRINT : PRINT “TQO ACTIVATE SYSTEM PRESS ";: FLASH : PRINT “STARY SWI
TCH": NORMAL
PRINT CHRS (1)
1F  PEEK (49251) > 127 THEN 310
PRINT T$: PRINT
HOME : PRINT “SYSTEM AWAITING CURRENT START...*
X = PEEK (49361)
IF PEEK (49361) > 200 THEN VTAB 5: HTAB 1: FLASH : PRINT “RESET CU
RRENT ALARM": NORMAL : GOTO 313
VTAB 5: HTAB 1: PRINT ¥ "
1F PEEK (49361) < 200 THEN 318
IF PEEK (49251) > 100 THEN 312
HOME : PRINT T$: PRINT : PRINT “SYSTEM NOW OPERATING...™
GOSUB 4000
HOME : PRINT T$: PRINT : PRINT "SYSTEM NOW SHUTDOWN..."
1F  PEEK (49360) > 200 THEN VTAB 5: HTAB 1: FLASH : PRINT “ALARMS |
NDICATED": NORMAL
CM$ = #L0001*: GOSUB 5000
GOTO 295
REM CONVERT NUMBER TO HEX
Y1 = INT (DN / 4096):Y = Y1: GOSUB 2000:X1$ = 28
Y2 = INT ((DN - Y1 * 4096) / 256):Y = Y2: GOSUB 2000:X2% = 2$

Y3 = INT ((DN - Y1 ® 4096 - Y2 ® 256) / 16):Y = Y3: GOSUB 2000:X3$ =
23
Yo = INT (DN - Y1 ® 4096 - Y2 ® 256 - Y3 ® 16):Y = Y4: GOSUB 2000:X
4% = 28
2% = X1$ + X28 + X3% + X48

RETURN

IF Y = 0 THEN 28 = "0": RETURN

IF Y < 10 THEN 2% = STRS (Y): RETURN

IF Y = 15 THEN 2$ = "F": RETURN

1F ¥ = 14 THEN 2% = “E": RETURN

IF Y = 13 THEN Z$ = "D": RETURN

IF Y = 12 THEN 2% = "C": RETURN

IF Y = 11 THEN 2$ = "B": RETURN

IF Y = 10 THEN 2$ = VA": RETURM

ADX = 253:CM$ = "A": GOSUB 5000:CM$ = "G0001": GOSUB 5000
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3010 CM$ = 20%: GOSuUB 5000

3110 RETURN

4000 CM$ = "K0001": GOsuB 5000

4002 FOR X = 1 TO 1000

4004 IF PEEK (49360) < 200 THEN VTAB 5: NTAB 1: PRINT "NO ALARMS INDBIC
ATED"

4006 1F PEEK (49360) > 200 THEN VTAB 5: HTAB 1: FLASH : PRINT "ALARMS
INDICATED': NORMAL

4008 NEXT X

4010 IF PEEK (49360) > 200 THEN 4030

4020 IF PEEK (49251) > 100 THEN 4030

4025 GOTO 4010

4030 RETURN

5000 CALL 16384: IF ERX = O THEN GOTO 5010: PRINT "ERROR MESSAGE= “ER¥

5010 ME$ = “": FOR C = 0 TO RCX

5020 ME$ = ME$ + CHRS ( PEEK (20576 + C)): NEXT C

5030 RETURN
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20
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42
44
45
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48
49
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52

s1 OF Poog

REM PROGRAM SUMMARIZES 1KW ARCJET DATA IN METRIC UNITS

REM HARCSUML 3"

REM C..GRACEY 12/18/86

HIMEM: 40000

DIM CD$(50),C0(¢50),A%(10)

HOME

INPUT "VOLUME NO. “;VN

FOR N = 1 TO 3:A3(N) = “": NEXT N

PRINT CHRS (4)"BLOAD READWRIT.O0BJ,S7,v2%

POKE 769,VN: POKE 773,2

CALL 768
NC = 8:K = 1:KK = 1:J4J = 1
WS = "TIME ARC ARC ARC GAS THRUST 1sP

EFF c* cf P in T body P tank MA

55 X$ = ¢ VOLTAGE  CURRENT  POWER FLOW

60

65
68
70
72
74
76
78
80

S8R

95
96

97

98

100
105
110
115
120

122
125
130
200
201
206
210
220
230
235
236

cu
RRENT"”

Y$ = "(SECS) (VOLTS)  (AMPS) (WATTS)  (MGS/S) (N) (SEC
S) (X) (M/S) (kPa) (K) (MICRS) (A
MPS)"

INPUT WTEST NO. ";TNS$

INPUT “DATE ";DAS

PRINT CHRS (4)"PR#2V

PRINT CHRS (9)"1D¥

PRINT CHRS (9)n7p¢

PRINT CHRS (9)1Tv

PRINT CHRS (9)wzu

PRINT CHRS (27)%E®

PRINT CHRS (27)"&l10%

PRINT CHRS (27)"(s16.66H"

PRINT CHR$S (27)"&sOC"

PRINT CHRS (12)

CALL 768:1 = 511

IF 4 = 192 THEN PRINT CHRS (4)"PR¥0™: END

PRINT SPC( 80)"PAGE NO. “KK: PRINT : PRINT “TEST NO. “TNS: PRINT “DA
TE “DAS

PRINT

PRINT SPC( 3)W$: PRINT SPC( 3)X$: PRINT SPCC 3)Y$
PRINT
FORN=1T03

AS(N) = wn
IF 1 = 767 THEN I = 511: CALL 786

J = PEEK (I + 1): IF J = 192 THEN PRINT CHRS (12): PRINT CHRS (4)
"PR#OV: END
1F J 135 THEN I = 1 + 1: GOTO 105
1F J = 141 THEN | = 1 + 1: GOTO 200

AS(N) = AS(N) + CHRS (J - 128):1 =1 + 1: GOTO 115
IF LEN (AS(N)) = 72 THEN 220
IF LEN (AS(N)) > 128 THEN D$ = AS(N): GOTO 105
IF LEN (AS(N)) > 128 THEN 105

NEXT N
1F N < 3 THEN 105

AS = AS(1) + LEFTS (A$(2),40)

GOsuB 1000
IF CD(1) < 1 THEN PRINT D$:C$ = "START": GOTO 255

A A
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237 IfF C$ < > “START™ THEN 105
238 Jd = JJ + 1: IF JJ < 11 THEN 105

239 44 =1

260 AS = CDS(1) + " " + (D$(32) + " " + CD$(31) + PWE + " M + WGS +
0oy FYS 4+ N M e (Y e p

262 8BS = EF$ + " M4 LSS+ M M4 CFS 4" 14 PIS + M H 4 CDS2) + "
W4 pIS 4 M M4 CD$(30) 4 v v

250 PRINT AS + BS

255 IF K = > 30 THEN K = 1:KK B8 KK + 1: PRINT CHRS (12): GOTO 95

258 K = K + 1

260 X FRE (0)

300 GOTO 105

1000 FOR N = 170 16:M = (N - 1) * 8

1010 CD$(N) = MID$ (AS(1),M,8):CO(N)

1020 NEXT N

1030 FOR N = 17 TO 32:M = (N - 17) * 8 + 1

1040 CD$(N) = MIDS (A$(2),M,8):CO(N) VAL (CD$(N))

1050 NEXT N

1060 FOR N = 33 TO 36:M B (N - 33) * 8 + 1

1070 CD$(N) = MIDS (AS$(3),M,8):CO(N) = VAL (CDS(N))

1072 NEXT N

1074 IF CD(27) < 6 THEN 1078

1076 PT = INT ( EXP ((17.7735 - CD(27)) / 2.21947) ® 10) / 10:PT$
“ + STRS (PT):PTS = RIGHTS (PT$,8)

1077 GoTO 1082

1078 PT = INT ( EXP ((14.1415 - CD(27)) / 1.65685) * 10) / 10:PT$
“ + STRS (PT):PTS = RIGHYS (PT$,8)

1
VAL (CDS(N))

+

1082 F$ = - CD(1) * (.0002 - .0006) / 784.3 + .0002

1090 PW = INT ((CD(31) ® CD(32))):PWS$ = * “ + STRS (PW):PWS = RIGHTS
(PWS,8)

1100 FV = INT ((0.900 ® (CD(35) - FS) + 0.04155 ® PT * 0.00001933) ® 4.4
S ® 10000) / 10000:FVS = « " + STRS (FV):FVS = RIGHTS (FVS,
8)

1105 IF CD(21) < = 0 THEN WGS = " 0": GOTO 1120

1110 WG = INT ((€0.219 ® (CD(21) + 14.7)) ® 1.2 ® 10000) / 10000:WGS = *
" + STR$ (WG):WGS = RIGHTS (WGS,B)
1120 IF VAL (WG$) < = O THEN IV$S = ® *RAXUCEFS = ¥ wRARUCYGS = ¢
0»: GOTO 1145

1130 IV = INT (FV / WG 7/ 0.0000022 / 4.45 ® 10) / 10:1V$ = » "+
STRS (IV):IVS = RIGHTS (Iv$,8)

1135 IF VAL (PWS) < = 0O THEN EF$ = ® weaku: GOTO 1145

1140 EF = INT (21.810 ® FV ® IV / 4.45 / PW ® 10000) / 100:EF$ = ¥

“ + STRS (EF):EF$ = RIGHTS (EFS,8)

1145 P1 = INT ((CD(25) + 14.65) ® 6.895 ® 10) / 10:PI$ = » "+ STRS
(P1):PI$ = RIGHTS (PIS,8)

1147 1F WG < = 0 THEN Cs$ = " whukin CFS = o wkakn: GOTO 1210

1150 €S = INT (6068.9 ® PI / WG ® .308):Cs$ = * " + STRS (CS):CS
$ = RIGHTS (CS$,8)

1155 CF = INT (FV / P1 ® 2406.9 * 1000) / 1000:CF$ = "+ STRS
(CF):CF$ = RIGHTS (CF$,8)

1160 1F FV > .1 THEN Fv$ = bbb 1% BE FRNEUCEFS = M fabdaol H
ch =" L2 2 2 41

1170 €D(2) = INT ((CC(2) + 460) / 1.8 ® 10) 7/ 10:C0$(2) = "+ SRS
(CD(2)):CD3(2) = RIGHTS (CD$(2),8)

1210 RETURN
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