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ABSTRACT 

Half Scale ve r sions of the Princeton Benchmark and Flared 

Anode self field MPD thrusters have been investigated and 

compared to full scale thruster behavior to determine the 

influence of scale and design upon MPD performance. Thrus

ter performance determined from impulsive thrust and termi 

nal voltage measurements has been found to depend primarily 

on propellant flow rate and the ratio of electrode radii, 

but not on t hruster size. Current distributions obtained 

from magnetic field probes are independent of scale for both 

thruster designs. Voltage depends upon current, electrode 

geometry , and propellant flow rate. Because of the scale 

invariance of the above performance parameters , subscale 

thrusters show limited promise in low power applications. 
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Chapter I 

INTRODUCTION 

Although chemical rocket propulsion has prove·d adequate for 

near Earth missions, a need has arisen for a form of space 

propulsion with higher specific impulse for missions of 

longer duration , such as outer planet exploration and orbi

tal transfer ( 1). These missions are expected to require 

specific impulse values of 2000 to 5000 seconds. Electric 

propulsion has often been proposed a s a viable means of pro-

pulsion for such missions. Two forms of electric rockets 

are particularly promising for missions of this type: 

Electrostatic and Electromagnetic rockets. 

Electrostatic thrusters use an electrostatic potential to 

accelerate propellant ions to high velocities. These 

devices are capable of achieving high levels of specific 

impulse, greater than 10000 seconds, but space charge 

effects limit their thrust densities to low values ( ,..._ S 

N/ m2
). Electromagnetic propulsion uses electromagnetic 

forces to accelerate a conducting quasi-neutral plasma pro

pellant and consequently do not suffer from space charge 

effects. The primary force in these devices, the Lorentz 

( jxB) body force, acts upon a plasma in the presence of a 

magnetic field. These devices produce specific impulse lev-

- 1 -



2 

els ranging from 2000 to 5000 s, at t h rust densities on the 

order of 100 kN/ m2 (2) • This thesis describes res earch that 

has been conducted t o unders tand the behavior of self-field , 

Lorentz force Magnetop lasmadynamic (MPD) thrusters as a 

functi on of geometric scale. Emphasis has been placed on 

the possibility of des igning subscale MPD thruster s that can 

be used with the low megawatt level space power plants env i

sioned for the ne ar future. 

1. 1 The MPD Accelerator 

The MPD thruster, a coaxial plasma accelerator , is exem

plified by the "benchmark" thruster , as shown in Figure 1.1 . 

In this device, the cylindrical cathode is surrounded by an 

annular anode . A gaseous propellant is injected from the 

insulated rear wall of the chamber into the space between 

the two electrodes. Application of a several thousand volt 

potential difference across the electrodes ionizes the gas 

and a diffuse arc is formed. At ki loampere ( kA) current 

levels, the coaxial geometry of the MPD thruster allows it 

to act as a self-field plasma accelerator, in which the cur

rent flowing through the cathode establishes an azimuthal 

magnetic field which then interacts with the current flow 

through the plasma to accelerate the plasma outward and com

press it toward the axis via the Lorentz body force. Thrust 

is thereby produced by the expulsion of the plasma at high 

speeds out of the chamber . 
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In order to obtain appreciable amounts of electromagnetic 

thrust, the MPD thruster must be operated at thousand ampere 

current levels. Since the voltage across the electrodes is 

on the order of tens to hundreds of volts, continuous opera-

tion requires megawatts of power. In testing such devices 

in laboratory env ironments, it is not only difficult to sup

ply appropriate power; the pumping requirements necessary to 

operate at the low pressures required for a diffuse arc 

while injecting propellant at rates up to 20 g / s are formi-

dab le with existing technology. These problems have been 

circumvented in the Electric Propulsion Laboratory by oper

ating the MPD thruster in a protracted pulsed mode. A 1 

millisecond flat pulse is sufficient to allow the gas dynam

ic and electromagnetic acceleration processes within the 

thruster to attain a steady state condition. 

"quasi-steady" operating mode (3). 

This is the 

The electromagnetic thrust dominates over the electroth

errnal thrust in these devices . This quantity can be calcu

lated theoretically as a function of geometry and current 

level: 

T = bJ 2 

where bis a geometry-dependent constant expressed as 

b = 

The logarithmic term represents the effective ratio of anode 

radius to cathode radius for current attachment within the 
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thruster. Expressions for specific impulse and thrust effi

ciency can also be determined from the thrust equation: 

l = T/ m = bJ2 / m sp 

As is obvious from the above equations, thrust, Isp' and 

efficiency all increase with current level. However, other 

processes come into play within the thruster to create a 

limit in the currents at which the thruster can operate for 

a given propellant flow rate. This limit is called the 

onset condition. At onset, high frequency voltage oscilla

tions and both insulator and electrode erosion occur, effec

tively limiting the current levels at which a given thruster 

can operate. The current at which the peak-to-peak voltage 

oscillations reach 10% of the mean voltage arnpli tude has 

been defined as the "so-called" onset current (J*); this 

value is used as the upper limit of thruster operation (4). 

1.2 Review of Scaling Research 

Research in MPD propulsion has centered upon questions of 

performance and lifetime. Both questions have been 

approached experimentally by varying electrode and mass 

injection geometries, so that a limited amount of informa

tion concerning the effects of these parameters on perform

ance already exists (4,5,16,19). All of these studies used 

thrusters of comparable size, and all operated in the mega-
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watt range. The primary goal of many of these studies was 

to improve performance through increasing the onset current. 

one of the obstacles the MPD thruster faces in terms of 

application in space is the problem of available power. At 

this time, no mul timegawatt electrical space power source 

exists to provide appropriate power for steady state opera

tion of the MPD thruster. When viewed in this light , the 

drive to increase the onset current, while ultimately bene

ficial , leaves open the problem of how to provide thrusters 

that are applicable to existing space power supplies . This 

problem forms the central concern of this thesis. 

MPD experimental scaling research has been conducted pre

viously at Princeton's Electric Propulsion Laboratory . In 

these studies the approach has been to reduce the size of 

the standard "full scale" MPD thruster by a factor of two 

while maintaining similitude of the electrode geometries in 

order to isolate the effects of size upon the acceleration 

processes. 

Initial experimental findings by Mead (6) with the Half 

Scale Benchmark Thruster· (HSBT) examined terminal voltage 

characteristics in relation to scale and mass flux. In that 

first study, a half scale version of the Benchmark thruster 

was tested at low mass flow rates (0.125 - 3 g/s) to deter

mine the range of performance possible in the smaller 

device. Voltage measurements and theoretical calculations 

of electromagnetic thrust indicated that the HSBT might have 
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an advantage over the Full Scale Benchmark Thruster (FSBT) 

at low powers (6) . Thi s study also indicated some scaling 

of thruster voltage with mass flux; however, no physical 

explanation for this dependence was put forth. A second 

experimental investigation of the HSBT by Kaplan (7) inves

tigated voltage characteristics and current distributions of 

both scales for similar mass fluxes. These results included 

performance calculations obtained from current patterns, and 

indicated that the HSBT had marginal utility at low powers 

compared to the FSBT. These experiments concentrated on 

operation of the half scale device with mass fluxes equal to 

those used in the full scale, in order to preserve similari

ty of interelectrode conditions. Half scale mass flow rates 

ranging from 0.75 to 4.5 g/ s in these experiments were then 

compared to full scale thruster behavior at flow rates of 

3-18 g/ s . This study showed that the full scale thruster 

was capable of reaching higher peak efficiencies than the 

half scale models, and that there was no advantage in effi

ciency by operating at low powers (Figure 1.2} (7) . 

The above studies consisted of measurements and theoreti

cal performance calculations for a single electrode configu-

ration . To develop a more useful foundation for making 

judgements about scaling, a second electrode configuration 

with a flared continuously conducting anode was introduced 

into the study. This was done in an effort to separate the 

effects of geometry and scale with respect to their influ-
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ence on operation. Figure 1. 3 di splays the size and geom

etry variations used in this study. 

In this study, thrust measurements were obtained using 

the benchmark design that had been used in the two previous 

studies. In addition, terminal characteristics, current 

distribution, and thrust have been measured for the Half 

scale Flared Anode Thruster (HSFAT) and compared to the full 

scale device (FSFAT). This has permitted an evaluation of 

the effects of scaling upon the two thruster designs to be 

made. 

This work is presented in the following form: Chapter II 

of this thesis describes the experimental apparatus used in 

these studies, including diagrams and dimensions of the 

thrusters used. The third and fourth chapters describe 

results obtained for the two electrode configurations. The 

fifth chapter deals with scaling and geometric comparisons 

with respect to performance. Finally, the results are dis

cussed and interpreted for implications to thruster design. 
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Chapter 11 

EXPERIMENTAL APPARATUS AND TECHNIQUES 

2. 1 Introduction 

The Electric Propulsion Laboratory has been active in MPD 

research for over 25 years. The apparatus and techniques 

which have been developed over this period are described 

briefly in this chapter; detailed descriptions can be f ound 

in reports and theses published by this laboratory. 

2.2 The MPD Thruster 

Two MPD thruster designs were used in this study: the 

so-called "Benchmark" and the "Flared Anode." Both of these 

devices are coaxial, with differing arc chamber and elec 

trode construction, as illustrated in Figures 1 . 1 and 2.1. 

The Benchmark thruster is the reference design for 

Princeton's Electric Propulsion Laboratory. It consists of 

a cylindrical chamber insulated with Pyrex at the walls and 

a boron nitride backplate at the rear of the chamber. At 

the front of the cylinder is an annular aluminum anode, with 

a cylindrical cathode with a hemispherical tip located on 

the chamber axis. The cathodes used in these experiments in 

both thrusters were constructed of 2% thoriated tungsten. 

- 8 -
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The Flared Anode thruster design arose from a desire to 

exploit the choking characteristics of MPD flow (8). The 

chamber is longer than that of the benchmark, and the walls 

are formed by the continuous copper anode. The anode cross 

section consists of a short straight section, followed by a 

25 degree conical flare , followed by another straight sec

tion. The cathode extends the length of the chamber. Mass 

is injected through the boron nitride backplate at the rear 

of the chamber. This design is depicted in Figure 2.1. 

Two sizes of each configuration exist: "Full" and "Half" 

scale . Full scale denotes the standard multimegawatt size 

commonly used in the past. Half scale is then 1/ 2 the lin-

ear dimensions of the full scale. In other words, length 

scales by 1/ 2, area by 1/ 4, and volume by 1/ 8. The full 

scale benchmark dimensions are given in Table 1: 

r l 

I I 
I Table 1: Full Scale Benchmark Thruster I 
I I 
I Chamber Depth 8 cm I 
I Anode Radi us 9 . 4 cm I 
I Orifice Radius 5 cm I 
I Cathode Length 10 cm I 
I Cathode Radius O. 95 cm I 
I I L ______________________________ J 



D 

10 

The Full Scale Flared Anode dimensions are listed in Table 

2: 

r----- ---------------- -----------1 
I I 
I Table 2: Full Scale Flared Anode Thruster I 
I l 
I Chamber Depth 22 cm I 
I Anode Radius 9.4 cm 1 
I Orifice Radius 5 cm I 
I Cathode Length 20 cm I 
I Cathode Radius 0.95 cm I 
I I 
L J 

Argon gas is used as propellant in all experiments. The 

gas is injected into the chamber at two locations on the 

backplate of each thruster; half the flow rate is injected 

through an annulus at the base of the cathode and half is 

injected through 12 evenly spaced holes located at a fixed 

radius from the central axis. In the case of the Half Scale 

Benchmark Thruster (HSBT), the outer injection ports are 

located at a radius of 1. 9 cm ; in the Half Scale Flared 

Anode Thruster (HSFAT), the outer ports are located near the 

anode at a radius of 1. 5 cm in order to correspond to the 

location of the mass injection ports used in the FSFAT. 

Mass flow rate is controlled by choked orifices located 

upstream of the backplate . By choking the flow, the mass 

flow rate through the sonic orifices can be regulated by the 

upstream stagnation pressure. Stagnation pressure, in turn, 

is measured and regulated at a plenum upstream of the sonic 

orifices . Calibration tests show that the mass flow rate is 
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linear wi th respect to plenum pressure, as is expected for 

an ideal gas ; however, the proportionality constant obtained 

empirically is less than that calculated from fluid rnechani-

cal theory (Appendix A). This is attributed to the non-

ideal aspects of flow within the propellant distribution 

system, such as v iscous losses in the small channels and 

losses from the turning of the flow at sharp corners . 

2.3 Vacuum System 

MPD thrusters operate with interelectrode chamber pressures 

of approximately 10 torr. In order to duplicate the low 

density background conditions of space and maintain the nec

essary diffuse arc, the thrusters are operated within large 

dielectric vacuum chambers at back pressures on the order of 

lOE-5 torr. Two vacuum tanks were used in the course of 

these experiments: a Plexiglas diagnostic chamber and a 

fiberglass performance test vessel . 

The Plexiglas chamber measures 1. 83 m long and O. 92 rn 

inner diameter. This tank was kept evacuated by two rnechan-

ical roughing pumps and an oil diffusion pump . The diagnos

tic facility is used to obtain terminal characteristics and 

magnetic field distributions. Probing is accomplished using 

a remote controlled electrical probe rack with three degrees 

of freedom. 

The fiberglass chamber is 5 m long and 2 min diameter. 

This chamber is also kept at a pressure of approximately 
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The 
chamber is equipped with a thrust stand for performance 
measurements. 

2.4 The Power Supplies 

The MPD thruster is operated in a pulsed mode by which qua

sisteady operation is attained. Typical pu lses are 1 milli-

s econd in length , at · t ins antaneous powers up to several 

megawatts. The pulses are supplied by an L-C ladder network 

designed to produce rectangular current waveforms 0.5-2 mil-

liseconds in length . Each facility has a separate ladder 

network and power supply, and both systems are configured to 

produce the required rectangular wave forms (Figure 2.2). 

The capacitor bank used with the Plexiglas tank is the 

more versatile of the two systems . It consists of 80 sta-

tions with four 26 . 1 t,J. F capacitors per station. These 

stations are arranged in four rows of 20 stations each, and 

each station is connected by a 1.5 t-,\H "jellyroll" induc

tor. Several series and parallel configurations can be cre

ated to achieve current pulses of various shapes and dura

tions. The bank is connected to the MPD diagnostic facility 

through an electrolytic ballast resistor which matches the 

impedance of the bank to that of the thruster. The bank is 

charged by a DEL High Voltage DC Power Supply; switching is 

accomplished using a high speed solenoid valve and gas dis-

charge switch (9). Propellant is injected for 15-20 milli-
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seconds prior to activating the gas switch that connects the 

thruster to its power supply . This allows the propellant 

distribution to become steady and uniform before the dis

charge is initiated by the gas switch . 

The fiberglass power supply consists of a 20-station L-C 

network which can be adjusted to produce rectangular current 

pulses ranging from 0 . 5 to 2 milliseconds in duration. SCR 

thyristor switches capable of 1 Hz repetitive operation ini

tiate the discharge (10). Ballast resistance is maintained 

with a water cooled tubular steel resistor in series with 

the thruster. 

2.5 Diagnostics 

Experiments involving terminal characterization, magnetic 

field probing , and thrust measurement have been conducted . 

Data are acquired primarily using Polaroid photographs of 

probe signals as they appear on the screen of a Tektronix 

7844 oscilloscope. Electromagnetic interference from the 

thruster is reduced through the use of coaxial cable trans

mission lines and by placing a grounded metal screen Faraday 

cage around the oscilloscopes and related electronics. 

2.5. 1 Terminal Characteristics 

Thruster current and voltage are measured simultaneously 

over the duration of the discharge . The current is measured 

using a low inductance copper-sheet shunt in series between 

the capacitor bank and the cathode of the thruster. This 
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shunt was calibrated using a Pearson Electronics No. 301 X 

current transformer. The voltage drop across the shunt is 

displayed and photographed on the shielded oscilloscope 

screen. 

Terminal voltage is measured differentially across the 

anode and cathode using two Tektronix 6013A 1000: 1 high 

voltage probes, which were calibrated prior to each experi

ment . Once calibrated, the probes remained calibrated over 

the course of the experiments . The power supply and termi

nal measurements were quite repeatable . The primary meas

urement error (~5%) is associated with reading data from the 

photographs. 

2.5.2 Magnetic Field Probing 

The magnetic fields within the thruster are measured by 

inserting a small multiturn coil of insulated wire into the 

discharge . Thi s coil is encapsulated in a closed glass rod 

and the coil itself is coated with epoxy to protect it from 

the discharge. Total probe diameter for this experiment was 

4 mm. 

The magnetic probe coil produces an emf in response to 

the changing magnetic flux through its center. This voltage 

is proportional to the change in field strength with respect 

to time. The coil signal is integrated using an active 

integrator to produce a voltage which is proportional to the 

magneti c field strength at the probe location . The probe 

can be positioned precisely in 3 directions; axial, hori -
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zontal, and vertical, as well as rotated in the horizontal 

plane, using the remote controlled electrical probe rack in 

the Plexiglas test facility. 

Through the use of Ampere's Law in conjunction with the 

assumption of azimuthal symmetry within the discharge, 

enclosed current contours can be calculated from the magnet

ic field strengths measured throughout the thruster . Elec

tromagnetic thrust can be obtained by summing the axial com

ponents of the Lorentz force over the thruster surfaces 

perpendicular to the thruster axis (4,5) . In the case of 

the benchmark thruster, calculated thrust was found to 

approximate actual thrust . stand per_formance; the Flared 

Anode thruster has shown significant deviations from the 

value predicted from magnetic field measurements. 

2.5.3 Thrust Stand 

Thrust is measured using a thrust stand built according to a 

design by Fairchild Republic and modified by R. Burton (10) 

for use in the fiberglass vacuum chamber. The stand con-

sists of the thruster, a horizontal free swinging thrust 

arm, and an Bentley Nevada rf position transducer. The 

transducer is located directly below the thruster's central 

axis. 

The thruster is located at the free end of the thrust 

arm, with the other end attached to a vertical axis which 

permits it to swing freely on two friction-free flexural 

Pivots (Figure 2. 3). The horizontal arm also contains the 



VERTICAL 
AX!S OF 
ROTATION 

/r~ 
\ ,,,, 

FLEXURAL 
PIVOT 

c57 
CURRENT 
PULSE 

~ 
EXHAUSi 

Figure 2.3 



16 

coaxial current conductor to the thruster. The stand assem

blY is insulated from the discharge and is floating with 

respect to the thruster . The connection to the power supply 

at the chamber window is isolated from the discharge with 

rubber insulating disks b olted to the conductor on either 

side of the connection and sealed at the edges with an 

o-ring seal. 

Thrust is calculated from the displacement of the thrus-

ter obtained by the position transducer . The transducer 

produces a voltage which is linear with respect to displace-

ment . The displacement measured is that of a 4140 steel 

alloy target mounted at the b ottom of the thruster (Figure 

2. 4). The velocity of the thruster is determined from the 

measurement of displacement with respect to time, and from 

this result thrust can be calculated . 

Other measurements which are necessary for the calcula

tion of thrust are cold flow thrust, mass flow rate, and 

mass flow time . Since the thrust stand measures the total 

impulse of the thruster, including the impulse delivered by 

the mass flow alone during the period of mass injection 

before and after the current pulse, this contribution must 

be measured in order to remove it from the thrust calcula-

tions. This calculation requires knowledge of the mass 

PUlse time, as well. Mass flow data are obt~ined using a 

Piezoelectric pressure transducer located downstream of the 

regulating plenum. Cold thrust is measured with the thrust 
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stand by pulsing the mass injection system without generat

ing a discharge. 

2.5.4 Data Acquisition 

Terminal voltage and current , magnetic probe signals, and 

position transducer signals can be obtained and stored using 

an alternate system to the photographic one described earli

er. This alternate method uses a Nicolet 2090-IIIA digital 

oscilloscope in conjunction with a Hewlett Packard 9816 per

sonal computer to record and analyze digitized traces. This 

system was used for all thrust-current measurements in this 

thesis. Current measurements taken with this system were 

found to agree to within 5% with simultaneous measurements 

taken from photographs of the Tektronix oscilloscope dis

play . 

Nicolet oscilloscope traces of thrust and current were 

recorded and analyzed using a data acquisition program, 

FASTTRANS, written by James Polk. This program receives 

digital oscilloscope data automatically and stores the data 

on 3.5" computer diskettes . The data are then analyzed by 

computer to obtain thrust and current measurements. 
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SCALING OF THE BENCHMARK THRUSTER 

The Benchmark thruster described in chapter I serves as the 

reference design for comparisons of performance and physical 

processes at the Princeton Electric Propulsion Laboratory. 

The data collected for the Half-Scale Benchmark Thruster 

(HSBT) now consist of current, voltage, and thrust charac

teristics in addition to magnetic field probing . These data 

are described and compared with respect to the large full 

scale data base that exists. 

3.1 Terminal Characteristics 

Experimental HSBT terminal characteristics now include 

thrust-current measurements in addition to voltage-current 

measurements obtained in the Plexiglas and fiberglass facil-

ities. Electrical terminal data to be discussed here are 

voltage and current transient behavior, quasisteady voltage 

as a function of current, and the onset current as a func

tion of propellant mass flow rate . 

- 18 -
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3, 1. 1 Voltage Waveforms 

The HSBT displays typical quasisteady behavior (Figure 3.1); 

that is, the voltage trace is rectangular, with no initial 

or end transients to distort the 1 ms plateau . Current and 

voltage show a rapid rise (10-50 l-As), followed by a 1 ms 

plateau and a final drop off to zero . Voltage and current 

levels measured at a point 700 ~ s into the pulse were taken 

to be representative of the quasisteady operating state (cf. 

Figure 3 . 2). These terminal data are qualitatively similar 

t o those obtained with the full scale device. The experi-

mental results are discussed in the forthcoming sections. 

3. 1 .2 Voltage-Current Characteristics 

Three separate tests of the Half Scale Benchmark Thruster 

have been made in both facilities by two different research-

ers. The first voltage measurements were collected by 

Kaplan (7) in the Plexiglas vacuum facility, while this the

sis reports data taken in both test facilities. While the 

first set of voltage-current measurements agreed with 

Kaplans' s findings, the second set did not. These later 

data exhibited the same qualitative behavior seen in the 

initial findings, but the magnitude of the voltage was con

sistently 40% lower. This second experiment was done under 

identical conditions of mass flow rate and tank pressure, 

Using calibrated instruments. No explanation, either physi

cal or systematic, could be found for this behavior, which 

occurred repeatably and consistently throughout the experi-
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ment. This voltage discrep_ancy led to a recalibrati on of 

the choked flow mass injection system to verify the mass 

flow rates stated by the previous researcher , as n o records 

of calibration could be found. A detailed description of 

the procedure, as well a s the calibration curves obtained 

for both half scale thrusters , can be found in Appendix A. 

The mass flow calibration was done in the diagnostic facili

ty after the lower voltages were measured in the second 

round of experiments. This calibration was done using the 

same orifices that have been used in all HSBT experiments. 

Calibration showed that the mass flow rates used in ini

tial experimentation were actual ly a third higher than quot

ed; that is , the 3 g / s mass flow conditions in the previous 

HSBT work equate to 4 g/ s according to recent c alibration . 

Following the calibration, the next set of HSBT experiments 

were done in the fiberglas s facili ty, using the correct mass 

flow rates of 0. 75, 1.5, and 3 g/ s, as well as some repeated 

tests at the same conditions used b y prev ious researchers 

and i n the mo s t recent Plexiglas fac ility data. 

As a check of thruster repeatability, the HSBT was oper

ated at 2 and 4 g/s in the fiberglass facility t o compare to 

Plexiglas facility voltage characteristics at the same mass 

flow rates. Excellent agreement was found with Kaplan's 

original voltage characteristics (Figure 3.3) . This agree

ment indicate s that the HSBT mass injection system behaved 

in a manner consistent with Kaplan's experiments in both 

.., 

--------------------------~~ 
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facilities· The mass flow calibration reported here for 

both the diagnostic and performance experiments holds for 

both. Therefore, calculations in this thesis using results 

from Kaplan's work, such as onset parameters , wi l l u se the 

corrected mass f ~ow rates based on recent cal ibration, which 

yields flow rates a third greater than reported in his the-

sis. 

No systematic or physic a l cause for the temporary devia

tion of the HSBT from the voltage characteri sties measured 

initially can be advanced. Based upon the excellent agree 

ment of the initial and final data from the two separate 

systems, the data shown in Figure 3. 2 have been chosen as 

the correct quasi steady operating voltage-current results 

for the HSBT. 

Terminal voltage characteri sties of both scales of the 

Benchmark thruster can be modeled using a functional form 

obtained from Ohm's law: 

V = J i-61 + J(ux"H) 61 + Vf (3 - 1) 

where (J = plasma conducti vity, u = plasma velocity, B = 

induced magnetic field, and Vf = · the electrode fall voltage. 

The above coefficients are assumed constant for a given 

geometry (11,12). 

Equation 3-1 can be analyzed using the following assu mp

tions: 

1.) All t hrust is electromagnetic in origin (T=bJ2
). 
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The plasma is mov1· ng at th · 1 e equiva ent exhaust 

velocity Ueq = T/m = bJ 2/ rn 
3.) The linear term (the Ohmic term) is calculated 

assuming axially uniform radial current density, J / 271. rL. 

With this simplification, the line integral of the field 

from the anode to the cathode reduces to 

J / (2. l'i L O" ) ln ( R / R ) 
a C 

This term is scale dependent; however, at the current levels 

of interest in MPD arcs, the second term dominates (12). 

4.) The magnetic field is calculated assuming uniform 

radial current flow and azimuthal symmetry. Then B = 

~(l-z/ L)/2TTr. 

5. ) The fall voltage is considered independent of cur

rent, and represents the cumul ative effects of electrode 

sheaths and other losses. 

Integrating along the radial current paths from anode to 

cathode, the first term is the ohmic voltage. The second 

term is the field arising from the motion of the plasma, and 

is called the "back emf". It is expressed as UXB, where U 

is the particle velocity and Bis the magnetic field. Using 

the above assumptions for the plasma ve locity and magnetic 

field , and integrating along the interelectrode separation 

results in u multiplied by \J,oJln(Ra/Rc)/271, which pro-
eq 

d 1 t b 2Jl / m". uces a term proportiona o These assumptions 

Produce the final expression 

V 2 (R / R ) + kb2 J 3 / m + v =J/ (TTLa)ln a C f (3-2) 
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where k is a constant dependent upon current and velocity 

distributions within the thruster . 

Thi s general functional form was fit to terminal voltage 

data of both scales and thruster configurations in order to 

determine its applicability. Statistical regression of 

voltage data to this function yie l ded coefficients which 

represent the measured voltage characteristics of the thrus

ter ( Figure 3. 4), The cubic coefficient obtained from the 

regression, 0.08 V/ kA for Jin kA, is within a factor of t wo 

of the square of the electromagnetic thrust coefficient cal-

culated from HSBT thrust measurements ( 2b 2 = 0. 08). Ohmic 

coefficients and fall voltages are in agreement with values 

previously observed in this laboratory (11). 

HSBT voltage shows the same functional dependence upon 

current as the FSBT, as shown by equations 3 - 3 , curve fit 

for Jin kA and mass flow in grams per second (g/ s): 

V = l.26*J + 0.082*J 3/ m +48.2 (Half Scale) 

(3-3) 

V = l.65*J + 0.064*J 3 / m + 24.5 (Full Scale) 

Equations 3 - 3 were obtained from non- linear curve fits of 

HSBT data for propellant flow rates of 0.75, 1.5 , and 3 g/ s , 

which are equal in terms of mass flux to full scale mass 

fl ow rates of 3, 6, and 12 g/ s , to FSBT mass flow rates of 3 

and 6 g/ s. Terminal voltages of both scales for t h ese mass 

flow rates are shown in Figure 3 . 5. Note that the case of 
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equal mass flow rate shows close agreement across scales, as 

opposed to the equal mass flux cases. This correspondence 

indicates that thruster voltage is less dependent on scale 

than on mass flow rate in the Benchmark Thruster. This 

result can be seen in Equation 3-2 , where factors of scale 

are not present except in the linear coefficient , which has 

only a weak effect on voltage, particularly at high currents 

( 12) . 

3. 1 .3 Onset Current 

The third form of data obtained from measurements of voltage 

and current is the onset current, J*. A more universal way 

of expressing the onset condition for a thruster of a given 

size and design is the onset parameter, (J2 /m)*. This 

parameter has appeared in various theories (13,14) as well 

as in experiments. (15) 

The onset parameter is expected to be a constant for a 

given thruster geometry, propellant, and scale (14). Sta

tistical analysis of the (J2 / m)* for a given scale shows a 

relative standard deviation of 20% about the mean; a level 

of uncertainty that is consistent with Kaplan's results. 

Consequently the data provide weak corroboration of the con

stancy of (J2/m)*. 

In a similar vein, the square of the onset current was 

analyzed by Kaplan as a function of mass flow rate using a 

least squares regression to a power function. The following 

relations (from Kaplan's data corrected for the calibrated 

mass flow rates) were obtained: 



Half Scale (J*)2= 82.B*mD.SS 

Full Scale (J*)2 = 136*mD,72 

25 

A regression of the form ( J*) 2 =kin, as predicted by theory , 

produced the following re l ations for the same onset data . 

Ha l f Scale (J* )2 = 76.l*m 

Full Scale (J*) 2 = 65.B*m 

Comparisons of the two fits at Full Scale and Half Scale are 

shown in Figures 3. 6 and 3. 7. Note that either curve fol 

lows the data within the error bars; statistically, neither 

fit can be said to be superior to the other. 

Onset current data were taken at 2 and 4 g/ s argon flow 

rates in the Plexiglas tank with the HSBT , and at 0 .75, 1.5 , 

and 3 g/s in the fiberglass faci l ity. The 2 and 4 g/ s onset 

currents were found to agree well with previous resu lts. 

Onset data obtained in the fiberglass facility require some 

interpretation before a comparison can be made to other 

data, and are discussed in the following paragraphs. 

Qualitatively, two types of voltage oscillations are 

present in the HSBT data from the fiberglass performance 

facility ( Figure 3. 8). High frequency hash at 10 % of the 

mean amplitude appears at much lower currents than measured 

in the Plexiglas facility. The relative amplitude of these 

oscillations is near 10% for all higher currents, causing a 

wide spread in values for the onset current. At c u rrent 

l evels closer to the onset levels measured in the Plexiglas 
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facility much higher amplitude, lower frequency oscillations 

appear suddenly and are present at all currents greater than 

the onset level. Comparisons using this threshhold as the 

value for onset leads to agreement with earlier values. 

A similar statistical analysis of this second set of 

onset data was also performed. The onset parameter showed a 

relative standard deviation of 13% about an average of 88.9 

kA 2 -s/ g for this data; experimental variation was 10%. Lin-

ear and power curve fits were applied to these data. The 

linear curve fit of the large amplitude onset data produced 

behavior somewhat similar to that seen before: 

<J*) 2 =48.4*m 10% hash 

( J*) 2 =81. 8*m large amplitude hash 

The power curve fits are also similar to those seen before: 

( J*) 2 =69. 5rh 0
·' 

6 10% hash 

(J*) 2 =97.6m 0
•
78 large amplitude hash 

The large amplitude onset curves, which show the closest 

agreement with previous measurements, are plotted in Figure 

3.9. 

To summarize the onset findings, the half-scale benchmark 

thruster has been found to show consistent onset behavior in 

all experiments , if the large-scale oscillations described 

above are considered to be the onset condition in the case 

of the fiberglass facility experiments . Statistical analy-
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sis of onset current a s a function of mass flow shows simi

lar behavior in all trials. The small sample population and 

the associated uncertainties in the measurement of onset 

current warrent the use of the familiar (J2 / m)* = constant , 

which has experimental and theoretical precedents 

(13,14 , 15) , rather than a power law. 

The experimentally measured onset parameter for both 

scales can be compared using statistical regression. The 

average half scale onset parameter obtained by Kaplan was 

found to be 80 . 6 kA 2 -s/ g with a relative standard deviation 

of 23%. The latest data yield an average value of 88. 9 

k.A2 -s/g with a relative standard deviation of 13%. The dif

ference between the two values, 10%, is within the range of 

uncertainty for this measurement. The average onset parame

ter for all half-scaled data is 84.8 kA 2 -s/ g with a standard 

deviation of 18%. This can be compared to the full scale 

onset parameter of 75.4 kA 2 -s/ g, with a relative standard 

deviati on of 20%. This value is lower than that obtained 

with the half scale device, indicating a lower ceiling on 

performance, particularly in terms of specific impulse . A 

more complete comparison of the scales in terms of perform

ance will follow in Chapter 5. 
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3, 1.4 Thrust-Current Characteristics 

previously, Full Scale Benchmark Thruster (FSBT) thrust data 

have been obtained by two means: 1. ) calculated electro

magnetic thrust from magnetic field maps (7); 2 . ) direct 

impulsive thrust measurements (10). Comparison of these two 

methods showed that thrust measured at high currents approx

imated values inferred from magnetic field measurements. 

The electromagnetic thrust coefficient obtained from 

B-probing was found by Kaplan to depend weakly on J 2 / m (7). 

This behavior was identical for both scales of the bench-

mark. A linear best fit regression of the B-probe thrust 

calculations for both scales was fitted to the relation: 

b== \,-\-/47i *ln(5.63+0.0ll*J2 / m) (3-4) 

over the range of J 2 /m from 25 to 100 kA 2 -s/ g (7). Note 

that the expresson in parentheses above is the effective 

anode to cathode radius ratio in the theoretical formulation 

of the electromagnetic thrust equation. With a minimum val

ue of 5.63, this expression is greater than the actual elec

trode radius ratio of 5.26. Consequently, the B-field meas

urements indicate performance superior to the stri ctly 

geometric predictions. 

Equation 3-2 gives b values that range from 0.17 to 0.19 

N/ kA 2 for currents below onset; the corresponding geometric 

b value is o .166 N/ kA 2 • To determine actual thruster per

formance, the thrust measurements of the FSBT can be ana

lyzed for their quadratic behavior. A quadratic regression 
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of full scale thrust as a function of current produces an 

overall electromagnetic thrust coefficient of b=0.195 N/ kA 2 , 

egui valent to the highest value determined from magnetic 

field probing. The additional thrust measured in the FSBT 

was accounted for as the electrothermal thrust contribution 

(10). 

HSBT thrust performance was found to be equal to that of 

the Full Scale Thruster (Figure 3.10). Thrust measurements 

of the HSBT have also been analyzed to examine the behavior 

of thrust with respect to current. The extensive thrust 

measurements taken at mass flow rates of O. 75, 1. 5, and 3 

g/ s were analyzed for repeatabilty and for dependence on 

current and mass flow. Ideally, electromagnetic thrust 

should only depend on the square of the current. Al though 

this has been found to be approximately true , some differ-

ences in performance with flow rate were also seen. 

differences will be discussed later in this section. 

These 

Thruster operation is very repeatable, with the chief 

variation in thrust data being associated with the cold flow 

thrust measurements for each mass flow rate. These data 

were taken at the start of an experiment with each flow 

rate. The behavior of cold thrust measurements was consis

tent from flow rate to flow rate; that is, the ratios of 

cold thrust at different mass flows were equal to the ratios 

of the mass flows themselves. Repeatability of cold flow 

thrust data in a given experiment was within 5% . However , 
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comparison of various experiments at equal mass flow rates 

shows a 10% variation . The day-to-day variation in cold 

flow produced offsets of + / - 1 N in data obtained at 1. 5 

g/ s, and+/ - 3 N during operation at 3 g/ s. The small mag-

nitude of these offsets permits a fixed , reference cold flow 

value to be used to correct all data obtained at a given 

mass flow as a result. Agreement to within 5% was found for 

each mass flow data set. 

Unlike 1.5 and 3 g/ s thrust measurements, hot thrust data 

obtained at O. 75 g/s showed day-to-day variations of the 

same magnitude as cold thrust results. A change in cold 

flow data corresponded to a change in hot thrust measure

ments; therefore , the cold flow value measured just prior to 

thrust measurement experiments at 0.75 g/s was used to ca l 

culate thrust for those data, instead of using a single val

ue of cold thrust for all data. This was done to minimize 

the scatter in data due to systematic variations. This 

behavior is characteristic of the 0 . 75 g/ s results , and may 

be due to the relatively small displacements which result at 

low current and mass flow rate. 

The resulting electromagnetic thrust coefficients for 

0.75, 1 . 5 , and 3.0 g/ s are shown in Table 3. The values of 

b range from 0.16 to 0.20 N/ kA 2
; the value obtained using 

all thrust data is .19 N/ kA 2
• This value falls within a 95% 

confidence interval between .188 and .193 N/ kA2
; as the 

table shows variation of the individual mass flow rates is 
I 
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outside of this region. It is interesting that the electro

magnetic thrust coefficient scales with mass flow rate ; this 

maY actually be an indication of superior thrust performance 

at higher mass flow rates. In other words, the electromag

netic thrust coeffi cient may reach its maximum at flow rates 

greater than 3 g/s. This suspicion is supported by the rel

atively high electromagnetic thrust coefficient seen at 3 

g/ s and above in the HSBT and FSBT . The improvement in per

formance cannot be related to the parameter J 2 / m, since the 

thruster covers the same range for all mass flows and 

scales. 

r 1 

I I 
I Table 3: Experimental Thrust Coefficients I 
I I 
I m{g:/ s} b {N/ kA2l 95% interval I 
I 0.75 0.164 0.161 - 0.166 I 
I 1.5 0.173 0.169 - 0 . 174 I 
I 3 0.200 0.197 - 0.202 I 
I All 0.190 0.188 - 0.193 I 
I I 
L J 

In comparison, the HSBT operates in a manner quite simi 

lar to the FSBT, particularly at equivalent current levels 

and mass flow rates. The electromagnetic thrust coeffi-

cients of both scales come within 3% of each other at 3 g / s 

operation, indicating that the same thrust process is occur

ring within the thrusters for identical mass flow rates. As 

Was seen in the voltage-current characteristics, equal mass 

flow rates are important to maintain invariance between 

thruster scales. 
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Extensive • thrust measurements of the HSBT also allow a 

comparison of measured thrust behavior to that seen in 

B-probe results. The quantity T/ J 2 can be used to represent 

an "effective" electromagnetic thrust constant based upon 

thrust measurements (Figure 3.11) . At values of J 2 / m great

er than 50 kA
2
-s/ g, this variable is approximately constant 

for both the HSBT and FSBT. The constant can be transformed 

into an effective R / R ratio, which can then be curve fit a C 
.. 

as a function of J 2 / m to compare to the re lation obtained by 

B-probing. 

Taken as a whole, the thrust data, curve fit for values 

of J 2 / m greater than 40 kA2 -s/ g , does not form any defini-

tive pattern. Generally, the effective R / R increases with 
a C 

J 2/m for all mass flow rates, but the trend is obscured by 

the scattered data. In order to compare to probe results, 

linear fits were made for each of the mass flow rate thrust 

data sets. The intercepts and slopes obtained for each of 

these sets are listed in Table 4. 

r l 

I I 
I Table 4: Linear Curve Fits of HSBT R / R I 
I 

a C 
I 

I . intercept slope I m 
I 0.75 3 . 94 0.014 I 
I 1.5 3.42 0.023 I 
I 3 5.48 0.025 I 
I All 5 . 49 0.0085 I 
I I 
L J 
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comparing these values to those obtained from B-probing , a 

similar order dependence is found for R /R upon J2 / m; how
a C 

ever, only data for 3 g/ s show close quantitative agreement 

with B-probe results. 

3.2 B-probing 

The similarity in current contours between the two scales of 

the Benchmark Thruster has already been mentioned in the 

discussion of thrust. B-probing of both thrusters was done 

by Kaplan at similar values of (J2 / m) below onset; while a 

dependence of inferred R / R upon J 2 / m was seen, no depen-a C 

dence on scale was observed (7). The distribution of cur-

rent contours for both scales, shown in Figure 3 .12, pro

vides a qualitative representation of the invariance of 

current distribution between scales . 

3.3 Summary 

A Half Scale Benchmark Thruster has been tested to examine 

the effects of scaling upon MPD behavior and performance. 

Current distributions had previously shown qualitative simi

larities in the two scales. Voltage and thrust characteris

tics have now been measured as functions of current and mass 

flow rate. Thrust shows a quadratic dependence on current 

and is independent of mass flow at high values of J 2 / m. The 

electromagnetic thrust coefficient closely approximates cal

culations based upon current distributions in either thrus-
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ter size . Voltage exhibits the same functional form in 

either scale; at equal flow rates, the voltage characteris

tics of either scale have approximately the same magnitude 

and behavior. This similarity agrees with predictions based 

on simple MID) analysis of MPD behavior . 



Chapter IV 

SCALING OF THE FLARED ANODE THRUSTER 

The flared anode design has been advanced as a means by 

which electromagnetic and electrothermal thrust and there

fore thrust efficiency could be improved. The original 

design using 50/ 50 mass injection and tested at 6 g/ s Argon 

(8), was characterized with respect to terminal behavior and 

magnetic field profiles. Electromagnetic thrust and thrust 

efficiency calculated from the current distributions 

obtained from B-field probing were interpreted in terms of 

an inferred electromagneti c thrust constant 

b=0.15 N/kA 2 (4-1) 

These results predicted that the flared thruster was more 

efficient than a straight channel of equal length and exit 

diameter ( 16). 

The Full Scale Flared Anode Thruster (FSFAT) was also 

used with 0/ 100 all- outer mass injection of Argon at 3 and 

6 g/ s in prior experiments (17). These tests were performed 

in an attempt to maximize the onset current for a given 

geometry and mass flow rate. In this case, the onset cur

rent at 6 g/ s was increased from 21 kA to 41.4 kA. Terminal 

characteristics, current mappings , and thrust measurements 

- 35 -
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were obtained for this second flared anode configuration 

( 5) . 

The primary result of performance measurement of the 

flared anode thruster came from the comparison of theoreti

cal electromagnetic thrust calculated from magnetic field 

probing to impulsive thrust measurement. Current distribu

tions predicted electromagnetic thrust performance in close 

agreement with previous B-probe findings. Actual thrust 

measurements, however, produced thrust levels 20% lower than 

inferred values (5). Viscous drag losses within the chamber 

are thought to be responsible for this inferior performance. 

The Half Scale Flared Anode has been characterized by 

terminal measurements, current mapping, and thrust measure-

ments for this experiment. This design uses 50/ 50 mass 

injection, with the outer injection holes located at a radi

us of 1 . 5 cm, close to the anode wall. The anode length is 

equal to the cathode length (10.0 cm) , which is a departure 

from the extended anode used in the full scale device. The 

anode is constructed of copper, the cathode is thoriated 

tungsten, and the backplate is made of boron nitride, as in 

the full scale. 

4.1 Terminal Characteristics 

Three characteristics of thruster behavior of particular 

interest can be obtained from measurements of current and 

electrode voltage: voltage waveform, V-J dependence and 

onset levels. 

1 
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4, 1, 1 
Voltage Waveforms 

The temporal behavior of the guasisteady current and voltage 

as a function of propellant flow rate and current provides 

insight into the behavior of MPD devices with respect to 

power conditioning requirements. Generally, the guasisteady 

current and voltage appear as rectangular millisecond pulses 

(cf, Chapter III). In the benchmark design thruster, these 

waveforms remain constant throughout the range of current 

values, with the only change occurring at and above the 

onset current, where high frequency oscillations appear in 

the voltage trace. 

The 1/2 scale flared anode thruster exhibits a very dif

ferent behavior over the range of currents up to onset . The 

low current voltage signal is rectangular like the benchmark 

thruster. At higher currents , the voltage trace deviates 

from a flat plateau . Instead, at the initiation of the mil

lisecond pulse, a high voltage peak or hump forms , from 

which the voltage relaxes to a more quasisteady value (Fig-

ure 4 .1). As onset is approached , high frequency oscilla-

tions appear first at the high voltage level . The hash 

extends progressively further into the pulse as current lev-

els increase. This behavior occurs at all mass flow rates 

tested in the HSFAT . Reference to full scale data taken 

with 50/ 50, 3 g/s Argon show similar transients in the 

breakdown; these transients are not seen in the 0/ 100 volt

age traces taken afterwards. 

.. 
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4, 1.2 Voltage-Current Characteristics 

voltage current characteristics of the HSFAT were measured 

in both the Plexiglas and fiberglass vacuum facilities. 

characteri stics for 1.1, 2.2, and 3 g/ s were measured in the 

Plexiglas facility; voltages for O. 75, 1. 5 , and 3 g/ s were 

measured in conjunction with thrust measurements in the 

fiberglass facility. The V-J curves for 1. 1 and 2. 2 g/ s 

obtained in the Plexiglas facility displayed linear-cubic 

behavior of the same form seen in the Benchmark thruster : 

V=2.O5J +O . O15J 3 / m + 30 (4-1) 

Characteristics for O. 75 and 1 . 5 g/ s measured in the 

fiberglass facility displayed different behavior. Voltages 

at low currents agree with Plexiglas fac i l ity results; how

ever, at currents greater than 9-10 kA , voltages for 1 . 5 and 

0.75 g/ s d r op precipitously (Fi gure 4 . 3). This beh avior has 

been observed in the HSFAT in t he Pl exigl a s facility u sing 

other propellants suc h as Xenon and Krypton , but these 

results are preliminary and their cause remains unr esolved 

(18). Terminal characteristics at 3 g/ s in either fa
0

cili ty 

agree well with one another, although their behavior differs 

from that seen in the low mass flow rates (Figure 4.2). 

Full scale voltage also shows the characteristic behavior 

seen in previous experiments: 

V = l.18J + O. O18J 3/ m +33 . 1 (4-2) 
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Again, the cubic term is quite similar to that seen in the 

HSFAT at low mass f l ow rates . Due to the qualitative dif

ferences between them , the unusual voltage characteristic of 

the HSFAT at 3 g/ s does not allow a direct scaling compari

son to the FSFAT at an equal flow rate, due to the qualita

tive differences between them (Figure 4.4). FSFAT voltages 

for 3 and 6 g/ s bracket the HSFAT voltage characteristic at 

3 g/ s ; the three curves are within 10-20 V of one another at 

high currents . It is important to note that HSFAT 3 g/ s 

voltage data remain closer to FSFAT results at comparable 

flow rates , rather than the HSFAT low mass flow data. 

Whether the differences arise from mass injection differenc

es or size differences requires further experiments with 

mass injection effects in the HSFAT. 

4.1.3 Onset 

The HSFAT was tested to onset during all terminal character

istics measurements in both the Plexiglas and fiberglass 

facilities. Onset currents as measured in the Plexiglas 

facility produced a consistent onset parameter of J 2 / m = 180 

kA2 -s/ g. Similar experiments in the fiberglass facility 

produced onset parameters of 180-190 kA
2 -s/ g, with the 

exception of 1.5 g/ s data. The fiberglass tank voltage data 

is scattered for o.75 and 1.5 g/ s mass flows, and accurate 

determination of the onset current was difficult. Statisti

cal regression using 0. 75, 1.1 , 2.2 , and 3 g/ s onset data 

from the Plexiglas facility produced an onset parameter of 
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1a7 kA 2 -s/ g +/ - 3% sta ndard deviation. The FSFAT with 0 / 100 

flOW has a higher onset parameter of 280 kA2-s/ g due to its 

all-outer mass injection design; this is consistent with 

experiments using Benchmark Thrusters with 0 / 100 injection 

(19). The FSFAT at 50/ 50, 6 g/ s mass flow has an onset 

parameter of 73.5 kA 2 - s / g, which is comparable to the Bench-

mark onset behavior. The outer injection ports in both the 

FSFAT 0/ 100 and the HSFAT 50/ 50 are located closer to the 

anode than in the FSFAT 50/ 50; anode injection has been dem

onstrated to increase the onset current (19) , as is seen in 

this case . The HSFAT was found to have a higher onset than 

the FSFAT 50/ 50 for this reason; the onset parameter is l ow

er than that of the 0/ 100 case due to the greater amount of 

mass injected at the anode in the case of the FSFAT. 

r--------- ---------------------, 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Table 5: 

Thruster 

Flared Anode Thruster Onset Parameters 

Mass Injection 
0 / 100 50/ 50 

FSFAT 280 73.5 

HSFAT 
187 

l ____________________ _ 
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1 4 Thrust-Current Characteristics 4 .. 

Thrust performance of the Flared Anode design has been meas-

ured in both full and half scale. Full scale measurements 

were taken with 0/ 100 mass injection of 3 and 6 g / s Argon 

propellant. While thrust shows the predicted quadratic 

dependence upon current , performance is 20% lower than the 

value that had previously been derived from current map-

pings. Viscous losses, as discussed by Wolff ( 17), can 

account for some of this discrepancy. 

HSFAT thrust was measured over a range of currents for 

mass flows of 0. 75, 1.5, and 3. 0 g / s ( 50/50 mass inj ec-

tion). Thrust data are plotted as a function of current for 

these mass flow rates in Figure 4. 5. These data are shown 

in comparison to the theoretical curve for electromagnetic 

thrust using the geometric thrust coefficient, b, obtained 

from probing (b=0.15 N/ kA 2
). The quadratic curve which best 

fits the high current thrust values is also shown in the 

figure (b=O. 120 N/ kA 2 ) . The inferiority of a ctual HSFAT 

performance compared to theoretical values is immediately 

apparent. 

that seen 

In fact, the loss in performance is comparable t o 

in the FSFAT. As in the Benchmark thruster, 

thrust was found to be scale independent at high currents. 

Some dependence upon mass flow is seen; however , thrust data 

at equal mass flow rates show close agreement across scale 

(Figure 4.6). 
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r l 

I Table 6: HSFAT Experimental Thrust I 
I Coefficients I 
II m( g/s) b (N/kA2l I 

0 75 - 95% conf. int I I · 0 . 105 
1 5 0 .103 - 0 .107 I I · 0.127 
3 0 0.120 - 0.133 I I · 0.121 
All 0.120 - 0.123 I 

I 0
- 120 0 . 119 - 0.122 I l _____ __________________ J 

The lower electromagnet1· c th 
rust coefficient can be 

interpreted as an effective electrode radius ratio of 1.6, 

corresponding t o the smallest anode radius in the Flared 

Anode Thruster. The thrust coefficient based on current 

distributions, as shown above, indicates a larger anode 

radius of attachment; thus the thrust decrease cannot be 

explained on an electromagnetic thrust basis. 

In his analysis of viscous drag in the Flared Anode 

Thruster, Wolff developed the following equation for viscous 

drag losses in a nozzle using a formulation for a conical 

nozzle arcjet: 

(4-4) 

where D=drag force , R=radius of the anode, J' = density , 

u=flow velocity, ~r =reference viscosity of the propel

lant=2. Sxl0E-4 kg/ m-s for Argon. By replacing ~ u with the 

known mass flux and u with T/ m, where Tis the net thrust of 

the rocket, equation 4-4 can be expressed as 

D=O. 65SR(m/ T\' R2) o., ( (bJ2-D) / m)"1,r Lo., 

• 
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can be reduced to 

tJliS 
0.024 [~] [ W~] 0 7 

D== bJ2 A 
0.024 [ ! ] = bJ2 

1 + [W~]o 7 1 + A (4-5) 

d thrust can 
an 

be expressed as 

1 
bJ2 1 T= = bJ2 b'J2 

0.024 [R] [W\] o 7 
1 + A = 

1 + 111 (4- 6) 

In this formulation, drag is a function of scale and mass 

flow. Some sample calculations demonstrate the effects of 

scale and mass flow upon the coefficient b', shown in Table 

3. 

r------- ---- ------------------, 
I I 
/ Table 7: Viscous Drag Scaling Calcuations / 
I I 
I Sca le m(g/ s) A/ ( l +A) b'=b(l/l+A)(N/ kA 2l I 
I Full 3 0 . 128 0.131 / 
I 6 0.100 o.134 I 
I Half 0. 75 0 . 266 0 .110 I 
I 1.5 0.128 0.131 I 
I 3 0.100 o.134 I 
I I 
L J 

This analysis indicates that drag is dependent upon scale 

and mass flow rate. The calculations are invariant for a 

constant value of the parameter m/ R, where R is the diameter 

of the thrust chamber . This quantity can also be written 

U~7TR 2/ R, or r u 1( R . The Reynolds number of the flow is 

flJ!); ~ ; with an assumption of constant gas viscosity, the 

Parameter rn/ R is proportional to the flow Reynolds number 

► 
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It has been seen in low Reynolds number nozzle flow 
(20 ) · 

· s c ous losses increase with decreasing Reynolds number 
that Vl. 

) . this s c aling of loss e s acco rding t o Reyno lds number 
(21 , 

s qua l itativ ely with experimental results in the HSFAT , agree 

wnere the smaller device has been operated at values of ~ / R 

iess than or equal to the lowest value of FSFAT operation. 

Thrust measu rements at these lower Reynolds number condi

tions are inferio r to those at the higher levels , even in 

the electromagnetic thrust regime (Figure 4.5). This behav

i or is also seen to a lesser extent in the Benchmark thrus

ter , and indi cates a need for higher mass flow rate s in the 

Half Scale thrusters. 

In contrast to viscous losses seen in the Flared Anodes , 

an offsetting gain in thrust performance over the predicted 

electromagneti c acceleration is seen at low currents. This 

phenomenon i s particularly pronounced in the Flared thruster 

design , and may result from more effective conversion of 

t hermal energy to directed kinetic energy by the nozzle. 

Thruster design obviously plays an important role in this 

behavior , since the Benchmark design shows little additional 

t hrust at low currents . 

B-Probing 

The f 
lared anode design has been probed under a variety of 

Condit · 
ions , which are described in Figure 4. 7. The FSFAT 

has b 
een mapped for 50/ 50 and 0/100 mass flow; the HSFAT has 
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3 0/100 2 1 . 3 0.69 15 I 

7.9 0.34 20.8 
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Figure 4.7 
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mapped for 5o; 5o flow at two current levels. General
peen 

the flared design can be divided into three regions of 
1y, 

interest: the straight inlet, the flaring section, and the 

l· ght exit . The current mappings for both scales will be 
5 tra 

interpreted in terms of these regions. 

current contours of the FSFAT for both mass injection 

schemes are di splayed in Figure 4. 8. The top figure was 

done at 6 g/ s , 50/ 50 mass flow at 20 kA (near onset); only 

t he electrode surfaces were probed. Straight dashed lines 

link points of equal enclosed current value at each elec 

t rode . The inlet region c~rrent flows radially, with 20% of 

the current located within this section . Only 10% of the 

current attaches to the anode in the flaring section; cur

rent is distributed evenly over the cathode surface. A 

strong axial, or "blowing", component appears in the current 

within this region ; this axial current continues into the 

exi t sec tion. 70% of the current attaches to the anode over 

this region ; 50% attaches to the cathode. Current distribu

tion on the electrodes is uniform until the exit , where con

centration at the anode lip and cathode tip can be seen . 

The lower figure (Figure 4.8b) is the FSFAT, 0 / 100, 3 

g/ s , at 21 . 3 kA. Current concentrates at the cathode root 

and flows axially to the anode exit region. Again, only 10% 

of the current reaches the anode in the flaring region. The 

beginning of the anode flare and the anode lip show the 

highest current concentrations, as do the cathode root and 
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Less than 20% of the current is enclosed within 

60% of the current flows to the anode in the 

·ght exit section; 50% concentrates at the anode lip and stra1 

face. The current is blown in the axial direction in the 

flared and exit region, as in the first example. 

current distributions for the HSFAT were taken at 3 g/ s 

50; 50 for two current levels. The first current level, 7. 9 

kA, is representative of the rectangular voltage waveform 

seen at low values of J 2 / m; the second current , 17. 8 kA, is 

representative of the peaked voltage behavior . The low cur

rent mapping differs markedly from the full scale results , 

as well as from the high J 2 /m half scale contours. At 

7.9kA, current flow is primarily radial, and concentrates at 

the exit of the thruster ( Figure 4. 9a). 60% of the current 

attaches in the outer 3 cm of the anode exit region and 

within 4 cm of the cathode tip . 

diffuse, even in the inlet section. 

Attachment elsewhere is 

The 17. 8 kA high J 2 /m condition for the HSFAT demon

strates behavior markedly different from the low current 

case, and quite similar to the FSFAT 50/ 50 distribution 

(Figure 4.9b). The inlet section contains 30% of the cur-

rent, which flow s radially. The flaring section has only 

10% of the current distributed over the anode, and current 

ct · . 1str1bution at the cathode in this region is diffuse. Cur-

rent lines blow downstream to the straight region, just as 

in the FSFAT. The discharge current structure is less simi-
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the exit section due to the slight difference in 
1ar in 

d construction between the two scales. The FSFAT 
electro e 

anode which extends 2 cm beyond the cathode tip; the 
)las an 

T has electrodes of equal length. The FSFAT configura
JlSFA 

. favors axial current flow at the exit due to the axial t1on 

separation of the electrodes at this point. The HSFAT cur-

rent lines at the exit exhibit some axial components near 

the center of the interelectrode region where the current 

flows out into the exhaust a short di stance before returning 

to the electrodes. For electrodes of equal length, any cur

rent flow away from the tip of one electrode must flow back 

upstream to the other; whereas in the FSFAT, current flow 

downstream of the cathode can originate at the upstream edge 

of the anode, thus maintaining downstream flow at the exit 

of the thruster. 

One additional characteristic of the HSFAT current dis

tribution at high currents has been observed in the exit 

region near the anode. In most regions of the discharge, 

magnetic field signals were rectangular and steady, even at 

high currents. At the anode lip and face, however, the 

B-field traces mimiced the terminal voltage, including an 

initial peak as well as similar oscillations in the signal 

(Figure 4. 10) . This peak in the field indicated that cur-

rent at the anode initially blows further out into the 

exhaust along the anode face before retreating to its qua

Sisteacty position. This extension of current represents an 
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in the path followed by the electric field within 
iPcrease 

thruster, causing the voltage (E .dl) to be higher ini
the 

This extension is shown in Figure 4.11, which shows 
tiallY · 

t contours extending farther out into the discharge 
the exi 

. g the voltage peak. 
durln 

Initially, 30% of the current 

ds outward over the anode face before retreating to the 
exten 

isteady distribution shown earlier . quas 

4.3 summary 

The effect of scaling upon the Flared Anode Thruster per 

formance has been examined. As with the Benchmark, voltage 

and thrust terminal characteristics and current patterns of 

the HSFAT have been obtained and compared to FSFAT data. 

Current distributions show essentially similar patterns in 

both scales , al though there is a noticeable difference in 

the HSFAT at low J 2 / rn. Inferred electromagnetic thrust 

coefficients in both scales are approximately equal. Thrust 

measurements show the predicted thrust behavior and similar 

thrust coefficients in both scales. Thrust similarity is 

seen to include viscous losses in both devices, with 

increasing losses at low Reynolds numbers. Voltage measure

ments show the greatest variation across scale; characteris

tics at equal flow rates in both scales behave differently. 

The Fl 
ared Anode Thrusters show qualitative scal~ng similar-

ity. h 
' 0 wever the varying cross section electrode design 

appears to be more sensitive to changes in thruster size. 
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Chapter V 

PERFORMANCE COMPARISON : SCALE AND GEOMETRY 

The experimental data repoited in Chapters 3 and 4 have 

been · used to calculate performance parameters for the four 

combinations of MPD thruster scale and design. Variables of 

interest for performance evaluation are thrust efficiency 

(T2; 2mJV) , input power (JV), and equivalent exhaust veloci 

ty , Ueq' defined as T/ m. Ueq and specific impulse are 

related by Ueq=glsp' where g is the acceleration of gravity. 

u is considered to be a more meaningful descriptor of the 
eq 

thrust process, and will be used in the place of I in the sp 

performance in the performance discussion. The effects of 

scaling upon these performance parameters wi 11 be examined 

first to examine the potential merits of smaller scale MPD 

thrusters, particularly at lower power ranges. The geometry 

comparison will focus on the question of thruster design 

selection as a function fo thrust level. 

5.1 Scaling 

As was noted in the previous two chapters, experimental 

results show that performance i s generally scale invariant 

for both the Benchmark and the Flared Anode thrusters . This 

is Particularly true with respect to thrust behavior . 

- 4 9 -



50 

curves for a given thruster design overlay each other 
111rust 

oth scales, regardless of scale. Some variation in 
for b 

due to mass flow differences is evident at low cur
t J1rust 

as noted in Chapter 4. At high currents, the elec
rents, 

tromagnetic thrust coefficient is independent of scale. 

Terminal voltage characteristics display similar behavior 

Ct to scale . with respe In both thruster configurations, the 

~itage is seen to be primarily a function of geometry, mass 

floW rate, and current. Voltage levels in the two scales 

are closest for equal mass flow and current. This is par-

ticularly true in the Benchmark thruster, . in which the mass 

injection designs were equivalent in both scales . The 

Flared Anode design shows greater variation in voltage from 

scale to scale. HSFAT voltage data at low mass flow rates 

show the same behav ior seen in the FSFAT and described using 

the linear-cubic function of Chapter 4; while voltage data 

taken at 3 g / s does not match full scale data taken at the 

same mass flow rate. 

MPD performance parameters have been calculated from the 

experimentally measured current, voltage, thrust, and mass 

flow rates. Some initial conclusions of the effects of 

scaling can be drawn from the scaling of thrust and voltage 

described in the preceding chapters. In the case of thrust 

and Ueq , the behavior of a given design is seen to be scale 

independent. The scaling of U with respect to current for 
eq . 

both thruster designs is shown in Figures 5.1,2. Note that 
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S lope of lines shown in these figures is the electromag
the 

netic thrust coefficient, b. The scaling of thrust effi-

► 

ciencY and power is more variable, since these quantities 

include both thrust and voltage, which exhibits scale depen

dent variability. 

Effic iency, power, and U eq are pertinent to the evalua

tion of thruster performance, since all three have a major 

influence on mission capability. To simplify and organize 

the examination of scaling effects in MPD thrusters , fami

lies of performance curves of efficiency as a function of 

power for fixed U will be used. eq 

5.1. 1 Scaling of the Benchmark Thruster 

In the Benchmark design, thrust is only weakly dependent on 

scale. Therefore, the major factor in the scaling relation

ship is the v oltage. As has been seen, voltage characteris

tics are similar in behavior for equal mass flow rates, but 

not identical. Since FSBT voltages are lower than the HSBT 

for the same flow rate and thrust is the same in either 

device, the FSBT is more efficient (Figur e 5.3). At higher 

flow rates , such as 6 g/ s , the FSBT reaches an asymptote in 

efficiency of 20%. This v alue is attained by the HSBT at 3 

g/ s at its highest possible power level, and should show 

behavior similar to the FSBT at flow rates greater than 3 

g/ s. At the lower mass flow rates, maximum efficiencies are 

12% and 15%, respectively. 
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Efficiency, power, and U are pertinent to the evaluaeq 

tion of thruster performance, since all three have a major 

influence on mission capability. To simplify and organize 

the examination of scaling effects in MPD thrusters, fami

lies of performance curves of efficiency as a function of 

power for fixed U will be used. eq 

5.1. l Scaling of the Benchmark Thruster 

In the Benchmark design, thrust is only weakly dependent on 

scale. Therefore, the major factor in the scaling relation

ship is the voltage. As has been seen , v oltage characteris

tics are similar in behavior for equal mass flow rates, but 

not identical. Since FSBT voltages are lower than the HSBT 

for the same flow rate and thrust is the same in either 

device, the FSBT is more efficient (Figure 5.3). At higher 

flow rates, such as 6 g/ s, the FSBT reaches an asymptote in 

efficiency of 20%. This value is attained by the HSBT at 3 

g/ s at its highest possible power level , and should show 

behavior similar to the FSBT at flow rates greater than 3 

9/ s. At the lower mass flow rates, maximum efficiencies are 

12% and 15%, respectively. 
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Judging the two Benchmark thrusters on the basis of the 

three parameters , the FSBT is superior in all above 

respects. For fixed values of exhaust velocity, the FSBT 

erates more efficiently , even at low power levels (Figure op 

5. 4) · In order to match the efficiency of the full scale 

thruster, the half scale must be used at higher powers, 

which would require higher flow rates than the FSBT. No 

advantages were found in operating at low mass flow rates; 

indeed, the penalty in lower efficiency is substantial, par

ticularly at 0.75 g/ s. 

5.1.2 Scaling of the Flared Anode Thruster 

Measured thrust in the FAT shows the same trends of scale 

invariance seen in the Benchmark design. Therefore, exhaust 

velocity shows the same invariant form as seen in the Bench-

mark design. One primary difference in the two scales, of 

course, is the greater onset levels attainable by the FSFAT 

due to its optimized mass injection design. Voltage charac

teristics in this design proved to be more sensitive to 

scale, so that the terminal voltage is once again the prima-

ry factor in performance scaling. For completeness, a com-

parison of the two scales' performance calculated from the 

actual voltages measured during thrust experiments is shown 

(Figure 5.5). Recall that these HSFAT voltages disagree 

strongly with previous measurements at comparable flow 

rates. For general performance modelling and comparisons , 

Voltages based upon the function obtained from Plexiglas 
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f acility results at 1.1 and 2.2 g/s will b e used to calcu-

1ate 0 . 75 and 1.5 g / s voltage characterist1·cs . f 1n urther 

discussions, as the steep declines in volt ages measured in 

the fiberglass facility yield abnormally hi· gh ff. . . e 1c1enc1es 

at high currents, as well as a great deal of scatter. 

Because the HSFAT data at 3 g / s is independent of the facil

ity in which it was obtained, these data are used in per

formance calculations. 

As shown in Figure 5.6, HSFAT thrust efficiency depends 

upon flow rate. Data at 0.75 and 3 g/ s monotonically 

increase with power and exhaust velocity; whereas efficiency 

during operation at 1. 5 g / s remains almost constant over 

most of its range. Performance of the HSFAT at the two low 

mass flow rates is worse than the full scale in terms of U eq 

and efficiency. The peak exhaust velocity in either scale 

for any flow rate is the same ; however, the maximum effi

ciency attained by the HSFAT at 0.75 or 1.5 g / s is only 15%, 

compared to the peak value of 24% achieved by the FSFAT at 3 

g/s. HSFAT performance at 3 g/ s follows FSFAT performance 

at the same flow rate quite closely until the FSFAT reaches 

its peak efficiency. Above this point HSFAT efficiency con

tinues to increase with U and power to an efficiency at 
eq 

onset of 32% while the FSFAT at both 3 and 6 g/ s remains 
QI 

constant at the peak efficiency independent of exhaust 

velocity or power. Note that although the increase of onset 

in the FSFAT allows for a greater range of exhaust velocity 
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and power, the efficiency does not improve for U greater eq 

than 20 km/ s. 

The effect of scale upon Flared Anode Thruster (FAT) per

formance is different from that observed for the Benchmark 

design. Curves of efficiency and power at fixed exhaust 

velocity will be used to illustrate the influence of scale 

(figure 5.7). The HSFAT is able to reach comparable U and eq 

efficiency values at lower powers than the FSFAT. For 

instance, for an exhaust velocity of 15 km/ s, HSFAT effi

ciency ranges from 15-20% at powers of 1-2 MW, whereas the 

FSFAT operates at 17- 20% efficiency at power levels of 2-3.5 

MW. It is therefore possible to attain equivalent efficien

cies and exhaust velocities in the HSFAT at lower power lev

els than required in the FSFAT. 

5.2 Geometry Performance Comparison 

The data also allow an evaluation of the two half scale 

thruster designs on the basis of performance . The HSBT fol

lows the predicted quadratic behavior of thrust with current 

over its full range of operation. The electromagnetic 

thrust coefficient is 0 . 2 N/ kA2
, or close to that value, for 

both scales. The HSFAT thrust characteristic is more var-

ied, with a linear low current region and a quadratic high 

current one . The quadratic region has a thrust coefficient 

of b==O .12 N/ kA2 , 60% lower than the Benchmark value . How

ever, the HSFAT also has an onset parameter of 180 kA2 -s/ g, 
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Compared to 90 kA 2 -s/ g for the HSBT. Th 

is allows the HSFAT 

to operate at higher currents for a given mass flow 
rate, 

and so compensates for the lower thrust coefficient. 
For 

example , for onset at 3 g/ s, the HSBT produces 54 N of 

thrust, while the HSFAT produces 68 Nat its onset current 

at 3 g/ s. Thus the higher current range allows the HSFAT to 

compete with the HSBT in terms of thrust. 

-

Vo ltage characteristics of both thrusters have been shown 

to be functions of geometry, current, and mass flow rate. 

The HSFAT operates at much lower voltages for comparable 

current and mass flows than does the HSBT . The two designs 

differ in both their cubic dependencies and in their fall 

voltages, both of which are lower in the HSFAT. HSFAT volt

ages range from 67% of the HSBT voltages at low currents 

(due primarily to the sheath voltages) to 45% of HSBT levels 

at high currents. The HSFAT's lower voltages allow it to 

perform more efficiently than the HSBT. 

The characteristics described above have been translated 

into performance variables to use for judging the two 

designs . Since the maximum thrust of both designs is almost 

equal, the range of u for each thruster is approximately 
eq 

1 5 1 5.2) For equal thrust, the HSFAT equa ( Figures . , 

requires 30% more current than the HSBT; its terminal volt-

that it still operates more effiag~ is sufficiently lower 

ciently and at lower power . Specifically, for a fixed 

. more efficient at lower powexhaust velocity, the HSFAT is 
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ers than the HSBT (Figure 5.8). These results reflect the 

effects of design upon both thrust and voltage characteris-

tics. 
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6.1 Summary 

Chapter VI 

SUMMARY AND CONCLUSIONS 

Experimen ts with Ha lf Scale MPD thrusters hav e prov ided new 

insight into MPD behav ior and performance. The effect of 

scale upon thrust and voltage characteristics , current pat

terns, and performance for the Benchmark and Flared Anode 

has been examined using Half Scale models of these designs. 

The effects of varying geometry seen in the smaller devices 

have also been determined. These results lead to fundamen

tal conclusions about thruster size and geometry. 

6. 1. 1 Scaling 

In b oth designs , similarity can be seen from scale to scale . 

Thrust follow s a quadratic behavior with respect t o current 

in both sizes; In keeping with theory , the electromagnetic 

thrust coefficients for the two scales are comparable in 

both designs. 

A second result observed in the Flared Anode thrust data 

is the scaling of viscous losses. Losses seen in the FSFAT 

were present in similar magnitudes in the HSFAT; in particu

lar, these losses show some dependence on flow rate as well 

as thruster size through scaling with the Reynolds number of 

- 57 -
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the flow. Such losses are observed in arcjet nozzle design 

and merit further investigation. 

Terminal voltage is a function of mass flow rate and cur-

rent, but not scale. Voltage characteri sties in either 

scale are comparable at equal flow rates; in the case of the 

Benchmark Thruster, agreement is quite close. This corre-

spondence can also be anticipated from calculations using a 

one- dimensional MHD model of the discharge. 

The effect of scaling on thruster performance has been 

calculated from terminal characteristics in terms of equiva

lent exhaust velocity (U ), input power, and thrust effi eq 

ciency. In the Benchmark Thruster, some similarity in per-

fo r mance can be seen at equal mass flow rates, where peak 

exhaust velocities and efficiencies are comparable; however, 

at comparable power levels the FSBT is superior in efficien-

cy to the HSBT . The Flared Anode Thrusters show greater 

variation in performance across scale; the HSFAT shows 

superior efficiency at comparable exhaust velocities and 

power levels. 

6. 1.2 Geometry 

In a comparison of half scale designs, the Flared Anode 

Thruster design emerges as being superior to the Benchmark . 

Although the FAT thrust coefficient is lower than the Bench

mark's, the terminal voltage characteristic is also lower , 

A resulting in a net gain in efficiency over the Benchmark . 

higher onset current in the FAT also allows peak exhaust 
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velocities comparable to those seen in the Benchmark thrus

ters. 

► 

6.2 Conclusions 

In terms of thruster design, several suggestions arise from 

the above results. For scaling, any downscaling should be 

done using propellant flow rates equal to those used in the 

larger device. The HSBT actually requires higher flow rates 

and powers to match the FSBT in exhaust velocity and effi 

ciency. The Flared Anode design is a promising design for 

scaling; the HSFAT is comparable to the FSFAT in exhaust 

velocity and efficiency at lower powers, and despite its 

lower thrust coefficient, is generally superior to the HSBT. 

Pertinent design considerations are maximizing thrust 

coefficients while minimizing terminal voltage and increas

ing onset . The Flared Anode design accomplishes the goal of 

low voltage; however, the electromagnetic thrust coefficient 

is much less than its predicted value . Onset can be 

increased using additional flow at the outer anode; thi s has 

already proven to be successful in both the FSFAT and the 

FSBT ( 1 7 , 19 ) . Prime design considerations that are evident 

from this r esearch are the tradeoffs between increasing 

thrust and decreasing voltage. The Flared Anode has shown 

that efficient performance can be achieved with a relatively 

low thrust c oefficient, if the onset limit is high enough to 

allow the FAT to achieve comparable exhaust velocities. As 
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for the HSBT, mass injection near the anode has been shown 

to increase the onset level in both the full scale Flared 

Anode and Benchmark Thrusters (17,19). The HSFAT has 

already benefitted from outer injection; a similar injection 

scheme in the HSBT might allow it to achieve higher U and 
eq 

efficiencies than it has presently achieved . 

6.3 Future Work 

Mass flow variation has a greater effect on thruster behav

ior and performance than does scale. Reducing the mass flow 

rate to less than 3 g/s has been found to impair the per

formance of both thruster designs. On the other hand, the 

lower limit of effective electromagnetic thrust has not yet 

been reached; this limit might be found at smaller scales 

and powers. A further reduction of scale, while retaining 

the mass flow rates used in the Half Scale research, would 

extend our knowledge of the interplay between mass flow rate 

and scale. The effects of mass injection location upon ter

minal characteristics, particularly onset, should be inves

tigated· to determine the maximum current range of half scale 

devices and to examine scaling further with respect to the 

flow fields of various scales. 

An unsolved problem in the Flared Anode design is the 

Viscous losses seen in both scales. Experimentally, the 

Validity of the concept of viscous losses can be tried by 

testing shorter electrode thrusters , such as a short flared 



anode, to see if l osses are less. 
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The boundary layers in a 

plasma flowing over an electrode in the presence of crossed 

electric and magnetic fields and current flow are not well 

understood. An understanding of the loss mechanisms present 

in the MPD nozzle might allow an improvement in Flared Anode 

performance in all scales and provide for improved perform

ance for MPD devices at low mass flow rates and powers. 
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Appendix A 

CALIBRATION PROCEDURES 

A.1 Mass Flow Cal ibration 

In quasisteady MPD thrusters , propellant is injected into 

the thrust chamber in a pulse 20- 60 milliseconds long . The 

mass pul s e sta rts 10- 20 milliseconds prior to the initiation 

of the discharge to allow the mass distribution within the 

thru ster to r each a steady state. Thus , the mass flow rate 

takes the form of a 20 - 60 ms long , approximately rectangu

lar pulse, the the actual discharge occurring sometime dur

ing the plateau of the mass pulse . 

Mass flow calibration of the plenum and choked nozzle 

injection system used the smaller diagnostic plexiglass 

facil ty with the proper thruster and mass injection system 

installed. The tank was e v acuated to pre ssures on the order 

of l0E- 5 torr , and the tank was then sealed off from all 

pumps using a gate valve between the diffusion p umps and the 

vacuum chamber. Leakage of the tank ove r the time of any 

measurement was found to be negligible. Argon propellant 

was then injected into the tank using the standard pulse 

length . Tank pressure was then measured using a CVC Macleod 

guage in equilibrium with the chamber (after approximately 1 

- 62 -
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minute). 
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The experiment was done for a variety of p l enum 

pressures , using both single and multiple (5-10) shot meas

urements; close agreement was found between the two methods . 

W1. th accurate pressure measurements, the mass of the 

Argon injected during a single pulse can be calculated using 

the assumption of an ideal gas: 

m = PV/ RT 

where P = chamber pressure , V = chamber volume, R = Argon 

gas constant, and T = gas temperature. Volume of the plexi

glass facility has been calculated to be 1.16 m3 , T = 300K , 

and R = 208 J / kg- K for Argon. With all variables known or 

measured, the total mass per shot can be calculated. 

Time of the mass pulse was calculated from the pressure 

pulse as measured by a Piezotronic piezoelectric pressure 

transducer l ocated between the plenum a nd solenoid valve . 

The pressure pulse was stored in digital form using the 

Nicolet 2090-IIIA oscilloscope . The pulse waveform was then 

numerically integrated. The integral is then equated to an 

"ideal II rectangular pulse of the same amplitude as the 

steady portion of the measured pulse. The effective mass 

pulse time is 

T= / p 8t 
Po 

The total mass injected is then divided by the calculated 

mass pulse time. This method has been used previously by 

Merfeld (19), and has proved to be an effective means of 

calibration. 
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Both the HSBT and the HSFAT were calibrated using this 

method. The HSBT flow rates were found to be 33% higher 

than quoted by Kaplan or than calculated from theoretical 

choked flow calculations. HSFAT flow rates were found to be 

47% higher than predicted from theory . Calibration curves 

for each thruster are shown in Figures A-1 and A-2 . 

A .2 Operation and Calibration of Magnetic Field Probes 

The magnetic field probe, or B-probe, is based upon two of 

Maxwell's equations 

The B-probe is a coil of wire with its axis parallel to 

the direction of a magnetic field . Therefore , applying 

Faraday's Law to the coil and integrating over its cross

section perpendicular to the field, the relation becomes 

V = -A (dB/ dt) 
C 

( 3) 

where V = emf through the coil and Ac= the coil area. The 

voltage between the two coi 1 ends is proportional to the 

change of magnetic field strength through the center of the 

coil. Note that the above integration assumes that the 

field does not vary appreciably over the area enclosed by 

the coil. 
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Integration of this probe voltage then provides a record 

of the magnetic field as a function of time at the probe 

location. In the probe experiments performed for this the-

sis, the probe signal was integrated using an active op- amp 

integrator. The circuit is shown in Figure A- 3. 

The general form of the integrated equation can be writ

ten 

V = KB 

where K is a constant subsuming the probe coil area and any 

multiplying factors from the electronic integration . In 

this form, the probe- integrator system can be calibrated and 

K calculated, provided a known B-field is used. For such a 

calibration, a known magnetic field source was constructed 

using two Skinner 120 VAC solenoid valve coils aligned with 

each other with a place for the probe coil at the middle of 

the two coils (Figures A- 4,5). This system was calibrated 

using a F.H. Bell Hall Effect probe and Gaussmeter (Figure 

A- 6). Probes are then calibrated with the solenoid coils. 

An alternative method of calibration uses the high cur

rents produced by the MPD capacitor bank to produce a known 

B- field. This can be done in two ways: 1.) Using a spe-

cial thruster head constructed with the anode and cathode 

connected such that t he current flows through a central met 

al column in the middle of the thrust chamber. The current 

is fixed at the axis of the chamber, and the magnetic field 

at any point in the thruster can be calculated to provide a 
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known B-field for probe calibration. 2 . ) The actual thrus-

ter can be used for calibration. The total current through 

the thruster can be measured using a current shunt or trans-

former. If the probe is placed at a position adjacent both 

to the backplate and the anode, at the rear of the thruster, 

the total current is known to be enclosed at this location 

and so the magnetic field strength can be calculated from 

the current and the probes radius (Figure A-7). Any of the 

above three methods can provide the value of K. 

Once K is known, the magnetic fields within the thruster 

can be mapped as functions of radius and axial position. In 

addition, the amount of current enclosed by the probe at a 

given location can be calculated from magnetic field 

strengths using the inverse of the relations used above for 

probe calibration within the thruster: 

Je = K' Vr 

where Vis measured probe voltage , J is enclosed current, r 
e 

is the probe's radial location in the thruster, and K' is 2TT 

/ Kp.. K' can also be obtained using t he last two calibra-

tion methods outlined above. 

Measurements of magnetic field strength were found to be 

sensitive to another form of signal present in the MPD 

thruster environment , electrostatic pickup. This arises 

form the capacitance present between the probe coil and the 

plasma, and produces a spurious input into the coil and 

integrator. This effect is detected by measuring the field 
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strength at two diametrically opposed locations in the 

thruster. The flux at one location should be the negative 

of the other (since azimuthal symmetry is assumed); however, 

the electrostatic signal polarity remains constant, and so 

the two signals are not exact reflections of one another. 

The method used to eliminate this problem is to install 

50 ohm terminators between the probe and integrator. The 

terminator forms a circuit with the coil that acts as a low 

frequency filter which effectively eliminates the DC offset 

introduced by the electrostatic effect. This solution was 

found in the excellent reference by R.H. Lovberg (22). 
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