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ABSTRACT 

An experimental program vas carried out to investigate the flov 

properties of partly Ionized monatomic gases In the converging section 

of a nozzle* Choked flow vas maintained at the throat, and the stagna¬ 

tion pressure, mass flow rate, and thrust at the throat were measured* 

The thrust at the throat Is essentially a function of the stagnation 

pressure* Deviations from the predicted values were Interpreted as rep¬ 

resenting losses due to heat transfer, friction, and turbulence* The 

thrust data vas compared with the values predicted by a one-dimensional 

lsentroplc flow theory for partly Ionized gases expanding In thermal 

equilibrium. The theory, presented in terms of dimensionless flow param¬ 

eters, vas valid for any monatomic gas* Data obtained, when plotted In 

dimensionless form, shoved the same deviation from the Idealized rela¬ 

tionships for both helium and argon* 
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INTRODUCTION 

The mass specific Impulse of a rocket propellant can he signifi¬ 

cantly Increased hy increasing the stagnation enthalpy. Mass specific 

impulses of 200-400 grams force/gram mas s/sec are obtained with most 

chemical fuels, compared vith as high as 2000 grams force/gram mass/sec 

for helium at a stagnation enthalpy of about 2x10^ calories/gram. At an 

enthalpy of 10** calories/gram for helium at atmospheric pressure, the 

gas is about 5$ ionized by weight* Beckmann and Chapman have developed 

a one-dimensional isentropic flow theory fbr partly ionized monatomic 

gases expanded in thermal equilibrium in reference 1. The two goals of 

this investigation vere: to determine vhether or not the dimensionless 

flow parameters presented in the theory can describe nozzle flov of 

different gases vhen ionization is significant, and to find the correla¬ 

tion between predicted results and experimental data. 



SYMBOLS 

cross-sectional area of the throat 

sonic velocity in the gas 

ionization energy of gas 

maximum potential mass.specific Impulse (see ecgi. l4 h) 

thrust 

maximum obtainable thrust for a given stagnation enthalpy 

specific enthalpy 

ratio of specific enthalpy to ionization energy 

atomic weight of the un-ionized gas 

mass flow rate 

dimensionless critical mass flow density at the throat 

pressure 

dimensionless pressure 

universal gas constant 

absolute entropy of the gas 

absolute temperature 

velocity of the gas 

weight fraction of the gas ionized 

h/hQ - ratio of specific enthalpy to stagnation enthalpy 

ratio of specific heats - cp/cy 

mass density of the gas 
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B VA. 

b ■ 

vhere the a, e, and 1 refer to atoms, electrons, 

and Ions, respectively, and 

(27TmK)\q 
h5 * vhere: 

g * degeneracy 

h = Planch's constant 

k * Boltzman'8 constant 

n " mass of the particle 

Superscripts and subscripts: 

( )* referring to conditions at the throat 

( )Q referring to stagnation conditions 

Numerical values of constants: 

symbol dimension helium argon 

M 
a 

g/mole 4.003 39.994 

E cal/mole 5.649 x 105 3.618 x 105 

B atm-deg”2*** 1.318 xlO*6 2.634 x 10”6 

B(E/R)2*5 atm 

cm2 sec/g 

56.82 x 106 

0.0422 x 10"6 
37*29 x 106 

O.OI63 x 10*6 

M/e' gm/gf-sec 0.1J03 X 10*3 1.59 x 10"3 

Degeneracy (see reference l) 

e He+ He A+ A 

6 2 2 1 4 1 
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THEORY 

A gas, partially Ionized In the stagnation state, will recombine 

during expansion In a nozzle* Reference 1 derives some relationships 

applicable to one-dimensional flow of partially Ionized gases expanded 

In a converging nozzle with critical or choked flow at the throat* The 

following assumptions were made: 

1) Only monatomic gases and mixtures of their ions, 

electrons, and atoms were considered* 

2) Only singly Ionized particles were considered, and 

excited states were neglected* 

3) The mixture of atoms, ions, and electrons was 

considered to have no net electrical charge* 

4) Each constituent was considered to be a perfect gas* 

5) Thermal equilibrium was assumed to exist among the 

constituents at all times* 

6) The flow process was considered to occur isentropically. 

The degree of Ionization was defined as the weight fraction ionized: 

vbere p. is the mass density of ions, pe is the mass density of 

electrons, and p is the average mass density of the mixture. The de¬ 

gree of Ionization of the mixture in equilibrium was related to the 

pressure and temperature by the Saha equation: (reference 3) 

2 

where p Is the absolute pressure, T Is the absolute temperature and B 

is a constant determined by the quantum-mechanical state of the gas* 
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£ is the ionization energy of the gas* Reference 2 shovs the equation 

of state of a neutral mixture to he 

p-1Sr/9RT 

vhere M is the molecular weight of the neutral atom, and M /(l + x) Is a a 

the average molecular weight of the mixture* Enthalpy was determined 

as a function of temperature and degree of ionization: (reference 2) 

h = 5 ( , + x) RT +- xE + 

The entropy of the gas was Introduced hy a form of the Sackur-Tetzode 

equation as a function of temperature and degree of ionization in 

reference 1: 

^(l + xi = -|-|X +2|nlmi 5 

Six unknowns have been Introduced* and there are four Independent equa¬ 

tions that can be used to determine them* Thus* if any two properties 

are known* the remaining ones can be calculated* 

The determination of properties of a gas flowing in a nozzle Is 

desired at the throat and In the stagnation state* The continuity 

equation is applied to determine the mass flow at the throat in terms 

of the properties at the throat: 

m = yo*A*c* & 

where m Is the mass flow rate and c* is the sonic velocity at the throat* 

Reference 2 shovs that the sonic velocity of a partially ionized gas 

is given by 

——— (| 
^ Ma 

U + X )f (I K 7 
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where 
Z_ 

K‘ 

All properties at the throat can now be determined In terms of any two* 

Conditions at the throat are related to those in the stagnation state 

by the energy equation: 

h0 - h* « MP C*2 9 

and by the Sackur-Tetrode equation, assuming the flow to be isentropic. 

Properties in the stagnation state and at the throat can now be deter¬ 

mined as functions of any two properties* The desired parameters were 

made dimensionless as follows: 

p= "ifar 10 

He _ m \j /MJ 
A* B(^/R)2-5 

Values of these dimensionless parameters were calculated with an elec¬ 

tronic computer for the range under consideration in an experimental 

program* Stagnation pressure and mass flow density at the throat can 

be readily obtained, so the results of the analysis were plotted in terms 

of these parameters* fax convenience, m*/PQ and PQ were used. Figure 

4 gives 1 and x in terms of m*ff and P • 
o o o o 

The thrust produced by the flow can also be measured* Writing the 

momentum equation 

F — rnv +• p A II 



n 

vhere F is the thrust, and combining it with the energy equation at the 

throat, another expression for thrust is obtained: 

F 
K 

m 
12 

An expression for the mass specific Impulse at the throat is obtained 

by using equations 3, 4, and 6 in equation 12: 

ho - h* + Q.2(h*- *E) 

\] ho ■ h* 
13 

Maximum thrust would be obtained if a gas were completely expanded in 

a nozzle. A new quantity is defined as the maximum thrust by letting h 

and p be zero in equation 12. 

Fnax _ /iOkT 
m ~ V Ma m v iv»a 

Equations 13 and l4 are combined to obtain a new parameter: 

F* I “ O.&0(. - 0.2. X 
max, \J l - a 

14- 

15 

where « = h 

This parameter is a function of hQ, h*, and x* only, and can be deter¬ 

mined in terms of the same parameters used before. Values of F*/F max 
are plotted in figure 5 as functions of m*/PQ and PQ. 

The thrust at the throat can be shown to be a function of stagna¬ 

tion pressure only for a given throat area if the perfect gas relation- 
p 

ship, —« constant, is assumed for the expansion to the throat, 
P 

where Y is the specific heat ratio, Using the sonic velocity 

YRT/tAa = Yp/p \<o 
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in the momentum equation, rewritten in the form, 

F* _ * * 

A* " P + P C II -4 

one can obtain an expression of the form 

* ** 

£■ = (i* Fi 
*' p ' p„ A*p, 1 

17 

The ratio of specific heats is between 5/3 and 1*0 for any gas. Also, 

the value of p*/po can be determined for every value of / as given 

by reference 5s 

P* 
= 0.4-867 / = -5/3 

ro 
18 

= 0.6065 y"= 1.0 
p» 

The thrust per unit area at the throat should be within the range of 

c* 
= 1.3 p0 

&/3 17- a 

pr* 
4* « 1.213p« /»I.O \7-b 

for a given stagnation pressure, where 

slons as p. O 

is given the same dimen- 
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EQUIPMENT 

Tests vere performed vith a d-c arc heated plasma generator using 

argon and helium as working gases* The power source was a 50 KW d-c 

welding generator* A high frequency starting device was used during 

shout 0*01 seconds at the beginning of the test to Initiate Ionization 

In the arc chamber* The arc chamber was mounted In a test stand as 

shown In figure 1* The test stand was separated from an exhaust tank 

vith a volume of about 1000 cubic feet by an air operated valve* The 

absolute pressure In the tank was about 0*1 millimeters of mercury* 

A diagram of the arc chamber Is shown In figure 2* It consisted 

of a cylindrical space with axially oriented electrodes. The cathode, 

or upper electrode, was made of tborlated tungsten, and served as the 

nozzle through which the flow was passed* A conical converging nozzle, 

rounded near the throat to produce a parallel flow, was used since it 

was desired to investigate the properties at the throat* The proper¬ 

ties In the supersonic region of a nozzle are related to those at the 

throat* The diameter of the exit, or throat, was 0.125 Inches. The 

anode, or lover electrode, was made of graphite. The distance between 

the electrodes was 0*10-0*13 Inches* 

Arc voltage, arc current, mass flow rate, stagnation pressure, thrust, 

and electrode temperatures vere measured* The arc voltage was measured 

between the electrodes* Arc current was measured using a calibrated 

shunt with an output of 50 millivolts at 1*000 amps. A sharp-edged ori¬ 

fice was used to measure the mass flow rate to the unit as a function 

of the pressure upstream from the orifice, p * The orifice was calibrated 
s 

against p with a flow meter to determine a discharge coefficient, C* 

Room temperature was kept constant at 75 F, end the flow In the orifice 
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vas choked, so the actual flow rate could be compared vith the predicted 

flow rate. Stagnation pressure vas measured at the center of the arc 

chamber by means of a hole drilled in the lover electrode* The measure¬ 

ment vas made vlth a Statham PA 130TCa 0-150 psla strain gauge pressure 

transducer, connected to the space under the cathode vlth a flexible 

tube. The accuracy of the stagnation pressure measured in this maimer 

vas verified In a preliminary Investigation* The usual relationships 

for one-dimensional lsentropic llov of a perfect gas vlth constant spe¬ 

cific heats can be used to determine the mass flov as a function of 

stagnation pressure and temperature If the temperatures encountered are 

not high* If the flov Is choked, the mass flov rate Is given by 

m = p0 A* K, 

where is a function of the stagnation temperature and the ratio of 

specific heats* The mass flov rate through the metering orifice is 

given by 
m = C ps A K, 

where A Is the area of the orifice, C Is the discharge coefficient, 

previously determined, and Is the same constant as above* The mass 

flov through the orifice and the throat is the same, so that If the 

stagnation temperatures are the same, as they would be in the case In 

which no heat Is added In the arc chamber, p_ and p_ can be related as 

follows: 

Po A ~ C ps A 

Results obtained using no arc heating shoved this correlation between 

supply and stagnation pressure where the orifice discharge coefficient 

had been determined to be 0*60* An earlier attempt vas made to measure 

stagnation pressure at the periphery of the arc chamber, but reading thus 
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obtained vere high by a factor of about 1.5 due to the presence of a 

vortex. The working gas was Injected tangentially into the arc chamber 

to provide a vortex, which tends to concentrate the arc in the center 

of the arc chamber* 

Thrust was measured with a thrust balance (shown in figure 3) simi¬ 

lar to that described by Patterson in reference 4. Some difficulty was 

encountered in obtaining reliable thrust data. The oscillograph shoved 

a zero drift in the output of the Statham strain gauge type load cell 

used to measure thrust. This drift was of the same order of magnitude 

as the signal to be measured. At that time, the valve separating the 

test stand from the vacuum tank was opened about three seconds before 

the starting of the arc, and this drift seemed to reach a maximum about 

the time the actual test started. This Instability was caused by pressure 

differences on the two sides of the load cell's diaphragm. The pressure 

In the tank was lover than that in the test stand, and when the valve 

opened, some time was required to reach pressure equilibrium. This prob¬ 

lem was avoided by opening the valve some time before initiating the 

test sequence, and allowing the entire system to reach an equilibrium 

state before beginning a test. The flexible gas inlet was anchored at 

the pivot point of the balance arm. Thus, any force produced by the 

entering gas would not produce a moment on the thrust balance that would 

he picked up by the load cell. 

The electrode temperatures vere measured with copper-constantan 

thermocouples, the copper power leads serving as one thermocouple Junc¬ 

tion. The constantan Junction was located at the periphery of the copper 

electrode balder. Heat was conducted away from the electrode into the 

copper surrounding it. The electrodes vere not cooled, requiring test 
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times of less than 1 second to prevent extensive damage to the electrodes 

and arc chamber* The heating of the electrodes is the principal loss 

Incurred* This loss can be measured if the temperature change of the 

electrodes after the test and the weight of the electrodes is known. 

The total energy Input to the unit can be obtained by graphically Inte¬ 

grating the product of voltage and current vlth respect to time* This 

can be done to a fair approximation* Vlth the heat Input and the losses 

knovn, an average efficiency can be calculated, assuming that all losses 

go Into electrode heating* 

All data vas recorded vlth an oscillograph without amplification* 

Thermocouple output vas not recorded during the time the arc vas es¬ 

tablished, since the galvanometers would have been damaged* 
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TEST PROCEDURE 

The test sequence vas automatically controlled because of the short 

duration of the test* Before each test, the test stand vas evacuated, 

the desired supply pressure vas set, and the valve connecting the system 

to the vacuum tank vas opened* The controls vere such that a test could 

not he started If any of these steps had not been performed* The test 

sequence vas Initiated by momentarily closing a contact* The veiling 

generator, the oscillograph, a lov pressure gas flow, and a three second 

timer vere started at that time* At the end of the three second delay, 

the generator had reached the desired speed, and a relay closed, turn* 

lng on the high frequency starting device and the pre-set gas flow* The 

high frequency signal partly Ionized the gas In the arc chamber, making 

It conductive, and the d-c arc current began to flov. The high fre¬ 

quency signal vas cut off vhen the current flov began, and the test 

timer vas started* The power to the generator and the gas flov vere 

stopped vhen the test timer ran out, and after a tvo second delay the 

tank valve closed* The system vas returned to atmospheric pressure and 

disassembled. 
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DISCUSSION 

Thrust at the throat, stagnation pressure, and mass flow rate were 

measured quantities used to determine the condition of the flov. The 

throat area vas known, so the correlation among these quantities could 

he determined from theory, since any two determine a unique value of 

the third, if the limitations imposed hy the theory are valid. The di¬ 

mensionless stagnation pressure, PQ, and mass flov density at the throat, 

m*, determine the dimensionless stagnation enthalpy, iQ, from figure 4* 

Equation l4 gives the maximum mass specific Impulse at the throat in 

terms of stagnation enthalpy. Writing this equation in dimensionless, 

form, it becomes 

Figure 5 gives F*/Fmnv in terms of mass flov density and stagnation 

pressure. Equation l4 a may be rewritten introducing F*/F : 
' max 

Here F*/m is the experimentally determined mass specific impulse at the 

throat. Thrust can be compared with the predicted stagnation enthalpy 

with this equation, as shown in figure 6. It is worthwhile to note the 

lack of any substantial difference between the data for helium and for 

argon. There is a close correlation In the dimensionless parameters 

used for different monatomic gases, although the experimental data is, 

at best, in qualitative agreement with predicted results. 

Equation 17 gives an expression for thrust per unit area at the 

throat as a function of stagnation pressure for isentxoplc expansion. 

Figure 7 compares the experimented data vith the idealized case. The 

thrust produced is less than that predicted from stagnation pressure in 

14 - a 
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every case. In vlev of the high temperatures obtained, It Is not sur¬ 

prising that considerable losses were experienced during the expansion. 

Both figure 6 and figure 7 Indicate that the thrust produced at the 

throat la less than that Indicated by the assumption of an idealized 

flow. 

The losses Indicated introduce an error in the calculation of 1 • 
o 

This quantity vas calculated using experimental measurements at two 

different stations in the flow - pressure in the stagnation chamber, and 

mass flow density at the throat. The theory used in making the calcula¬ 

tions assumed isentroplc expansion from the stagnation chamber to the 

throat, so the stagnation enthalpy calculated using data at two differ¬ 

ent points should not be considered to be very accurate. 

Equation 17 makes possible the calculation of the stagnation pres¬ 

sure at the throat in the thrust and throat area cure known. Now the 

mass flow density and the stagnation pressure, p*Q, are known at the 

throat. The stagnation enthalpy at the throat, i*Q, can be determined 

from figure 4, and this calculation is consistent vith the theory since 

the calculation is based on data obtained at one point in the flow. 

Thus. 1*Q can be considered to be the actual stagnation enthalpy of the 

gas at the throat. It must be recognized that this is an average value, 

and may be subject to a non-uniform distribution due to friction in the 

nozzle. 

The investigation indicates that the flow properties can be deter¬ 

mined at some point if the thrust produced at the throat is measured. 

This cannot be done in cases in which it is necessary to use a diverg¬ 

ing nozzle section to further expand the gas. However, pQ and m* can 

still be measured, and the quantity iQ can be calculated. Figure 8 shows 
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a curve of 1 - i * as a function of 1 for helium and for arcon. A lln- o o o 

ear relationship Is seen to exist, at least for the geometry of the unit 

used in testing, and over most of the range of energies* If iQ Is known, 

i*o can he determined from this curve, and the other properties at the 

throat can then he calculated without measuring thrust at the throat* 

This would provide determination of the properties at least at one point 

In the flow* The value of extrapolation of this curve to higher energies 

Is doubtful, since a sufficient number of points for high enthalpies was 

not available* One point for 1Q “ 1*5 for helium does not fit the straight 

line* Figure 9 shows the two curves of figure 8 superimposed, and they 

are quite different for the different gases* It must he noted that these 

curves may he affected hy changes In the arc chamber geometry, electrode 

spacing, and the electrode polarity. 

The losses In the nozzle may have had several causes* Among these 

would he heat transfer at the walls, radiation, turbulence due to the 

Instability of the arc, and the presence of a vortex* 



21 

SUMMARY 

The theory advanced cannot he used to accurately represent the flow 

of an Ionized cas throughout a nozzle, due to the losses that occur at 

the extreme conditions that exist in the flow. However, the dimension* 

less parameters used to describe the idealized flow of various monatomic 

gases give consistent results with helium and argon. 

It is possible to determine all properties of the gas at the throat 

if pressure in the stagnation chamber, mass flow rate, and throat area 

are known. The relationship between the throat properties and the measured 

data depends on the working gas, and probably must be determined experi¬ 

mentally for different arc chambers, unless it is possible to measure 

the thrust at the throat. 
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EXPERIMENTAL DATA 

Test 
Number 

Po m F* F*/A* Power 

atm g/sec e atm KW 

A 1 1.84 0.462 136 1.67 26.5 
1.81 0.462 132 1.62 31.6 

A 2 1.57 0.532 124 1.52 30.4 

A 3 1.94 0.487 124 1.53 32.2 
2.00 0.487 122 1.50 30.8 
2.03 0.487 124 1.53 29.9 

A 4 1.11 O.283 70 0.93 34.1 

A 5 1.82 0.453 125 1.66 57.6 

He 1 1.33 0.127 91 1.11 33.1 

He 2 1.84 0.148 123 1.51 38.2 

He 3 0.93 0.l4l 84 1.03 34.7 
0.90 0.141 76 0.93 34.7 

He 4 0.95 0.142 89 1.09 39*5 
0.84 0.142 84 1.03 36.7 
0.88 0.142 84 1.03 37.2 
0.92 0.142 80 1.09 31.5 
0.99 0.142 94 1.15 32.2 
1.02 0.142 9^ 1.15 37.7 

He 9 1.62 0.110 118 1.45 4l.O 
1.72 0.110 133 1.63 39.0 
2.44 0.110 192 2.36 47.5 

He 6 0.99 0.120 71 O.87 46.3 
1.16 0.120 108 1.33 37.3 
1.20 0.120 86 1.06 43.2 

He 7 1.23 0.131 89 1.09 37.0 
1.25 0.131 80 0.99 37.8 
1.37 0.131 93 1.14 40.2 
0.14 11 0.13 0 

NOTE: A 1 through A 5 with Argon 

He 1 through He 7 vlth Helium 

A* - 0.0791 cm2 
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CALCULATED DATA 

Test   o Number o 

x 108 

m* 

x 108 

WP0 *0 P»/F 
f max 

A 1 {*•93 9.55 1.93 0.64 0.57 
^•97 9.55 1.97 0.64 0.57 

A 2 4.23 10.1 2.60 0.20 0.77 

A 3 5.20 10.3 1.97 0.59 0.58 
5.36 10.3 1.92 O.65 0.57 
5.44 10.3 1.87 0.71 0.56 

A 4 2.97 6.50 2.19 0.4l 0.62 

A 5 4.87 10.1 2.07 0.49 0.60 

He 1 2.34 6.79 2.90 0.16 0.78 

He 2 3.25 7.86 2.1(2 0.26 0.71 

He 3 1.64 7.53 4.60 0.06 0.80 
1.59 7.53 4.75 0.06 0.80 

He 4 1.67 7.57 4.53 O.06 0.80 
1.48 7.57 5.12 0.05 0.80 
1.55 7.57 4.88 0.05 0.80 
1.62 7.57 4.67 0.06 0.80 
1.74 7.57 4.35 0.07 0.80 
1.80 7.57 4.20 0.07 0.80 

He 5 2.86 5.87 2.05 0.50 0.58 
. 3.03 5.87 1.94 0.60 0.56 

4.31 5.87 1.36 1.50 0.52 

He 6 1.73 6.40 3.71 0.10 0.80 
2.04 6.40 3.14 0.13 0.80 
2.11 6.1»0 3.03 0.14 0.80 

He 7 2.97 6.97 3*21 0.13 0.80 
2.20 6.97 3.16 0.13 0.80 
2.41 6.97 2.87 0.16 0.80 
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CALCULATED DATA 

Test 
Number T*/m 

(see) 
A 1 294 

276 

A 2 232 

A 3 254 
250 
254 

A4 2 m 

A 5 326 

He 1 715 
He 2 827 

He 3 595 
539 

He 4 625 
594 
594 
625 
661 
661 

He 5 

H
i 

He 6 592 
899 
716 

He 7 680 
611 
710 

f Sz£ 
0.845 1.13 
0.792 1.13 

0.529 0.62 

0.703 1.09 
0.705 1.14 
0.729 1.19 
O.636 0.91 

0.733 0.99 
0.368 O.56 

0.473 0.72 

0.300 0.35 
0.272 0.34 

0.315 0.35 
0.299 0.32 
0.299 0.33 
0.315 0.35 
0.334 0.37 
0.334 0.38 

0.745 1.00 
0.875 1.10 
1.350 1.73 
0.298 0.44 
0.453 0.52 
O.362 0.54 

0.343 0.51 
O.3O8 0.51 
0.358 0.57 
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CAICUIATED DATA 

Test 
Number 

P* 
atm 

P» 
A? 

”*/P*o i#o <4o - 1*o) 

A 1 1.34 3.60 2.66 0.19 0.46 
1.30 3*1(8 2.74 0.17 0.47 

A 2 1.22 3.27 3.08 0.14 0.06 

A 3 1.22 3.27 3.15 0.13 0.46 
1.20 3.22 3.20 0.13 0.52 
1.22 3.27 3.15 0.13 0.58 

A 4 0.74 1.98 3.28 0.12 0.29 
A 5 1.33 3.56 2.76 0.17 0.32 

Be 1 0.89 1.57 4.32 0.07 0.09 

Be 2 1.2l! 2.13 3.79 0.09 0.17 
Be 3 0.83, 1.46 5.15 0.05 0.01 
i 0.74, 1.30 5.78 0.04 0.02 

Be 4 0.87 1.53 4.95 0.05 0.01 
$ 0.83 1.46 5.18 0.05 0.00 

0.83, 1.46 5.18 0.05 0.01 
t 0.87. 1.53 4.95 0.05 0.01 

0.92 1.62 4.67 0.06 0.01 
* 0.92- 1.62 4.67 0.06 0.01 

Be 5 1.16’ 2.04 2.88 0.16 0.34 
1.30, 2.29 2.56 0.21 0.39 

- 1.89, 3.32 1.77 0.89 0.61 

Be 6 0.70 1.23 5.20 0.05 0.05 
. 1.06. 1.87 3.42 0.09 0.05 
• 0.85, 1.50 4.26 0.07 0.07 
Be 7 O.87. 1.53 4.55 0.06 0.06 

0.79 1.39 5.02 0.05 0.08 
0.91 1.60 4.35 0.07 0.09 
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GENERAL SCHEMATIC DRAWING 

OF THE APPARATUS 
FIGURE I 
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FIG. 2: ARC CHAMBER 
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STATHAM STRAIN GAGE 

FIG. 3: THRUST BALANCE 



30 

Figure 4 Figure 5 

Degree of ionization and 

enthalpy at the stagnation 
state as a function of 

stagnation pressure and 

mass flow density. 

Thrust function and area 

ratio function versus stag¬ 

nation pressure and mass 
flow density. 
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Figure 6 

Potential nass specific impulse at the throat 

as a function of stagnation enthsl.py. 
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Thrust per unit area at the throat as a function 

of stagnation pressure. 
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Figure 8 

Losses during expansion versus indicated 

stagnation enthalpy for argon and helium. 
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Figure 9 

Comparison of losses during expansion to 

the throat versus stagnation enthalpy for 

argon and helium. 


