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Abstract 

The thrust characteristics of a conical nozzle were ex¬ 

perimentally determined using helium, partially ionized by a 

high energy electric arc, as the working fluid. The thrust 

produced in the supersonic section of the nozzle is presented 

in dimensionless form as the total thrust less the thrust 

produced in the convergent section. Data for divergence half 

angles of 20°, 25°> and 30° are presented as a function of 

the Reynolds number and the ratio of the exit area to the 

throat area for area ratios varying from unity to 250. The 

experimental thrust data were compared with values predicted 

by one dimensional nozzle theory corrected for boundary lay¬ 

er effects. 
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Nomenclature 

the thickness of the boundary layer 

the displacement thickness 

the displacement thickness measured In a plane normal 
to the centerline of the nozzle 

the Reynolds Number based on length 

the Prandtl Number 

the free stream temperature 

the surface temperature of the nozzle 

the stagnation temperature 

the reference temperature 

the recovery factor, which Is the square root of the 
Prandtl Number for laminar flow 

the Mach Number 

the ratio of the specific heats 

the pressure in the test chamber 

the pressure In the exit plane of the nozzle 

the stagnation pressure 

the mass flow rate 

the velocity in the exit plane 

the free stream velocity 

the density in the exit plane 

the density in the boundary layer based on T* 

the dynamic viscosity 

the length measured along the nozzle wall 

the expansion half-angle 

the total thrust 
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* 
F - the thrust at the throat 

re - the exit radius 

r^ - the throat radius 

Ae - the exit area 

At - the throat area 
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Introduction 

Two primary reasons for the expansion of a partially ion¬ 

ized gas through a nozzle are to provide a hypersonic stream 

in a wind tunnel and to provide a high velocity jet for pro¬ 

pulsion purposes. 

The thermal energy of random molecular motion can be con¬ 

verted into directed kinetic energy of high velocity flow by 

expanding the gas through a converging-diverging nozzle. Since 

the amount of energy required is very great, the temperature 

of the unexpanded gas must be high. The passing of a very 

large current through an ionized gas is one of the most prom¬ 

ising methods of heating a gas to the desired temperatures. 

The electrical discharge in the gap between two electrodes 

consists of a mixture of electrons, neutral and ionized atoms 

of the gas in which the discharge takes place, and some ions 

of the metal constituting the electrode. This mixture is known 

as a plasma. 

When a free electron falls into an atomic energy level, 

the energy radiated is directly proportional to z and inversely 

proportional to the square root of the temperature 6, where z 

is the atomic number of the ions. Thus, small quantities of 

heavy impurities, such as residual oxygen (z0 = 8) or metal 

vapors (ZQU = 29) released from the walls or the electrodes by 

hot gases, would cause a significant increase in the energy 

losses. 

Note: Superscript numerals in the text refer to the references 
listed in the bibliography. 
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Additional losses are experienced in a hypersonic noz¬ 

zle. Significant losses occur due to Viscous effects. The 

primary purpose of the investigation was to determine if an 

optimum nozzle length exists, such that the additional losses 

incurred due to an increase in length are greater than the 

additional thrust anticipated as a result of the increase in 

the area ratio. 
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Apparatus 

Three basic nozzle configurations were investigated. A 

throat diameter of 0.125 inches was common to the three nozzles 

The nozzles had divergence half-angles of 20°, 25°, and 30°. 

Initial tests were performed at an area ratio of 250. The 

original nozzles were subsequently shortened and data obtained 

for area ratios of 200, 175, 150, 125, 100, 90, 75, 65, 50, 25, 

and 1. The divergent portion of each nozzle was made of alumi¬ 

num; the throat region was made of copper. The upper electrode 

or cathode, and the iron coverplate constituted the convergent 

section of the nozzle. The nozzle geometry is illustrated in 

Figure 1. 

To obtain the high stagnation enthalpies required to pro¬ 

duce partial ionization of the helium, the gas was passed 

through an electric arc. The helium was injected tangentially 

into the arc chamber providing a vortex, which tended to con¬ 

centrate the arc in the center of the chamber. A 50 kilowatt 

direct-current welding generator was used as a power source. 

In order to strike the arc, a Miller High Frequency Starter 

was used to initiate ionization in the arc chamber. Figure 2 

is a general schematic drawing of the test assembly. 

The arc chamber was 3/4 inch in diameter and 1/4 inch deep 

The wall was made of boron nitride to prevent sublimation of 

the teflon insulation and additional contamination of the arc. 

The electrodes formed the two bases of the cylindrically shaped 

arc chamber, as illustrated in Figure 3* Both electrodes were 

made of tungsten. To keep the experimental variables to a mini 
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mum, an electrode gap of 0.110 ± 0.003 Inches was maintained. 

The current lead to the cathode, or upper electrode, was wound 

in a spiral. This created a magnetic field, which exerted a 

force on the arc. Thus, the arc was kept in motion (as illus¬ 

trated in Figure 4), minimizing the damage to the electrode 

surfaces. An iron coverplate provided a path of high permea¬ 

bility for the magnetic field. 

The ambient pressure was approximately 0.1 mm of mercury 

(1.3 x 10“^ atmospheres). This low pressure was achieved by 

connecting the test section to a one thousand cubic foot sphere, 

evacuated by means of a mercury diffusion pump. 

The mass flow rate through the unit was controlled by 

adjusting the pressure at which the helium was supplied. The 

mass flow rate was calibrated as a function of the supply pres¬ 

sure using a sharp-edged orifice, 0.025 inches in diameter. 

The flow in the orifice was choked, so that the actual flow 

could be compared with the predicted flow. 

The arc voltage, the arc current, the stagnation pressure, 

the thrust, and the electrode temperatures were measured and 

recorded during the test by a Minneapolis Honeywell Visicorder, 

Model 1012. The arc voltage was measured between the electrodes 

The arc current was measured using a calibrated shunt with an 

output of 50 millivolts at 4000 amperes. A Statham PA 130TCa 

Strain Gauge Pressure Transducer was used to measure the stag¬ 

nation pressure. A hole was drilled through the lower electrode 

to connect the transducer, located in the space under the anode, 

to the center of the arc chamber. 
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The electrode temperatures were determined using a copper- 

constantan thermocouple, the copper power leads serving as one 

thermocouple junction. The constantan junction was located at 

the periphery of the copper electrode holder. The copper pro¬ 

vided a heat sink for the tungsten electrodes. 

The thrust was measured using a thrust balance, as shown 

in Figure 5- The arc chamber with the nozzle fixed in place 

was attached at one extremity of the lever. The helium was 

injected into the arc chamber in a plane parallel to the plane 

of the lever arm. The force produced by the gas exhausting from 

the nozzle was measured by means of a Statham strain gauge type 

load cell. A damper consisting of a perforated plate in an 

oil bath was mounted adjacent to the arc chamber. This was 

done to eliminate oscillations in the thrust measurement due 

to various vibrations in the building. Originally, these os¬ 

cillations were in the order of magnitude of the thrust meas¬ 

urement itself. 

Initially external arcing was a problem. To eliminate 

this, the electrodes and their leads were insulated with tef¬ 

lon . 



12 

Procedure 

Before each test, the electrode surfaces were polished 

smooth and the electrode gap carefully adjusted to 0.110 ± 

0.003 Inches. The test section was evacuated and the trans¬ 

ducers excited. The circuits were given time to stabilize. 

The helium supply pressure was set to produce a flow of 0.123 

grams per second, and the valve joining the test section to 

the vacuum tank was opened. 

Prom the instant the "start" button was pressed the test 

sequence was automatically controlled. Simultaneously, the 

Visicorder, a low pressure gas flow, the welding generator, 

and a timer set at 2^5 seconds were started. At the end of 

2.5 seconds, the generator was up to speed, a relay closed 

initiating the high frequency starter, and the gas began to 

flow at the pre-set rate. Once the arc had been struck and 

the d-c current began to flow, the high frequency signal was 

cut off. As the system was not cooled, the test was limited 

to a duration of 0.5 second. At the end of the test, the 

power to the generator and the gas flow terminated. The tank 

valve then closed automatically. 

The test section was returned to atmospheric conditions. 

The thrust was calibrated by placing a known weight at the 

center of the nozzle. The calibration was expressed in grams- 

force per inch of galvanometer deflection. 

It was found that damage to the anode was severe during 

the second of two consecutive tests and that the stagnation 

pressure transducer was sealed off from the arc chamber. 
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Therefore, the arc chamber was allowed to cool for at least 

thirty minutes between tests to minimize damage to the elec¬ 

trodes. 

One test was run with reversed polarity, that is, the lower 

electrode was negative and the upper electrode was positive. 

The flow properties were essentially unchanged, but the damage 

to the anode, or upper electrode, in this instance, was ex¬ 

tensive. Since the upper electrode formed the convergent sec¬ 

tion of the nozzle, damage of this type was undesirable, and 

no further tests were run in this manner. 

To determine the reliability of the thrust data, tests 

were performed using cold helium as the working fluid. The 

helium supply pressure was adjusted to produce a mass flow 

rate of 0.123 grams per second, and the thrust produced in a 

convergent nozzle was measured. 
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Theory 

Two possible descriptions of the type of flow of a real 

fluid between nonparallel walls are: (l) a central core of 

frictionless flow, in which the properties at a cross section 

are uniform, surrounded by a boundary layer adjacent to the 

walls of the nozzle, and (2) fully developed viscous flow, 

i. e., the viscous layers have grown together and have filled 

the entire cross section. 

The determination of the physical picture of the flow 

in a divergent nozzle enables one to predict the amount of 

thrust produced by the nozzle. The assumption is made that 

the velocity distribution at the throat is uniform. The 

thickness of the boundary layer increases continuously with 

increasing distance from the throat. Once the viscous layers 

have grown together, the flow is termed "fully developed 

flow" . 

c * If the displacement thickness, o , which is the dis¬ 

tance the streamlines of external isentropic flow are dis¬ 

placed owing to the effect of friction near the walls, is 

introduced, the effective are?, at a particular cross section 

can be obtained. Based on the effective cross section area, 

the amount of thrust obtainable in the divergent section of 

the nozzle can be determined using tables such as those of 
q 

Keenan and Kaye . For laminar flow on a flat plate the dis¬ 

placement thickness is given by ^ 

1.72 x 
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where x Is the distance measured along the wall of the nozzle 

from the throat. As a result of t\xe dissipation of mechani¬ 

cal energy in the boundary layer, the temperature of the gas 

increases near the surface of the nozzle, and the fluid pro¬ 

perties should be evaluated at a corrected temperature. This 

temperature is given by ^ 

T* = i(Tt 
+ Ts) + 0.22r(-V)M‘Tf. (1) 

The dynamic viscosity can be approximated from the Sutherland 

formula, 

C, 
f 

h 

(2) , T* + Ca 

7 i 
For helium, C1 = 7-6 x 10"' lbm / ft sec (°R)2, C2 = 176 °R. 

As a result of the large pressure gradient, the increase 

with distance of the viscous forces relative to the inertia 

forces must be taken into account. To allow for changes in 

the fluid properties with (distance, b* was calculated by 

(3) £*_<.*= VIZ 
©I £ 

ji*. 

J 

the fluid properties and J4.* being evaluated at the ref¬ 

erence temperature. 

The effect of varying certain parameters, such as the 

stagnation pressure, the power input, the expansion half¬ 

angle, the radius at the throat, and the nozzle length, can 

.p* v/« 
be seen in a general expression for J o . 

A 
Since the surface temperature of the nozzle is small, 

the reference temperature may be approximated by 

T*= 0.151 T0 + 0.349Tp. 
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In equation (2) C2 is negligible compared to T ; and the 

viscosity may be approximated by 

= 7.6 « /O'7 (TY\ 

Thus , 

4^ = 4.90/ 10s"> <4> 

which has the units of foot-1. 

Substitution of the following relations for pressure, 

free stream temperature, and velocity 

into equation (4) yields 

>P*Vqo 
A* 

7.OS * IQ7 M(l+ 4*)Z R 

[o.lSl 4 0.343 (I * T I £ 

(5) 

The Mach number 

3_ _L 
16 M 

is relate. 

0 = 

Except for small values of x, 

considerably larger than unity 

Equation (5) then becomes 

= 1.902 vlCf 

•3 to the area ratio by 

(6) 

At 
the flow is hypersonic. _ is 

3 
, and unity can be neglected. 

R. I  
To MS(0.I5I+ ’ 

and equation (6) becomes 

M = 2.52 (* *1? Q 
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Combining the above relations 

A 
(7) 

the derivation of equation (7) are compared below with values 

obtained using the more exact relations of equations (l) and 

(2) to evaluate the fluid properties. A stagnation tempera¬ 

ture of 20,780 °R, a stagnation pressure of 19.6 psi, and 

a throat diameter of 0.125 inches were chosen as the values 

of the various parameters. 

x sin 9 
(inches) 

0.197 
0.442 
0.540 

Exact Value 
00 

U* 

(feet-1) 

4.46 x 103 
3.60 x 10^ 
1.88 x 10^ 

Approximate Value 

/*■* 
(feet-1) 

4.72 x 10-3 
3.99 x 10p 
2.10 x 10^ 

o* y 
Once an appropriate value of is obtained, the 

A 
displacement thickness can be determined from equation (3). 

The predicted thrust obtained in this manner is compared to 

the experimentally determined thrust data in Figure 8. 

For fully developed flow the thrust may be determined 

from the relation 

FT = rh Ve + Ae ( pe“ pa). 
Since the pressure term is small in comparison to the mo¬ 

mentum transport term, the thrust may be approximated by 

FT = -Je AeWe )ove . 

For a Prandtl number less than unity, the thermal bound- 
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ary layer Is thicker than the velocity boundary layer. The 

Prandtl numbers are in the vicinity of 0.45 for this series 

of tests. Therefore, in a region of fully developed flow 

the thermal boundary layers will have grown together at an 

earlier cross section, and the temperature may be considered 

to be constant over a cross section. The assumption of a 

parabolic velocity distribution provides sufficient infor¬ 

mation to calculate the thrust obtained with the nozzle. 
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Discussion 

The thrust produced by the expansion of the partially 

Ionized gas, the stagnation pressure, the mass flow rate, and 

the energy Input were the measured quantities used to describe 

the flow. As the stagnation enthalpies were greater than 

20,000 Btu / lbm, the helium used In the tests was partially 

ionized 8. However, since the maximum amount of ionization 

at the pressures encountered was computed to be not more than 

four per cent, the effect of ionization on the thrust was 

neglected. 

Initially, the effect of friction produces a boundary 

layer flow adjacent to the walls of the nozzle, while the 

flow outside of the boundary layer remains isentropic. The 

boundary layer grows until it fills the entire cross section. 

The amount of thrust produced in the supersonic portion of 

the nozzle has been calculated. The calculations, based on 

a stagnation pressure of 19.6 psi, a stagnation temperature 

of 20,780 °R, and a divergence half-angle of 25°, are pre¬ 

sented in tabular form in Table I and in graphical form in 

Figure 6. The thrust obtained for the portion of the noz¬ 

zle in which there is a central core of frictionless flow 

is represented by Curve I. Curve II represents the thrust 

obtained when the flow in the nozzle is fully developed. 

Figure 7 illustrates the physical picture of the flow 

in the nozzle. The boundary layer grows such that the ef¬ 

fective exit area reaches a maximum when the actual area 

ratio was approximately 100 : 1. Once the effective area 
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began to decrease, a sharp decrease in the thrust output was 

experienced. The decrease in the thrust output can be explain¬ 

ed as the result of compression waves. 

Tests were performed using conical nozzles having di¬ 

vergence half-angles of 20°, 25°, and 30°. The results of 

p 
Bloomer, Anti, and Renas showed that, for a given nozzle 

area ratio, maximum thrust coefficients were obtained with 

20° and 25° half-angle nozzles. The thrust obtained in a 

simply convergent nozzle was determined experimentally. The 

additional thrust produced in the supersonic section of a 

nozzle was determined by subtracting the thrust of the con¬ 

vergent section from the total thrust. The experimental re¬ 

sults are presented in dimensionless form in Figure 8 and 

compared with the predicted values. 

The thrust data were divided by P0 A^. in order to pre¬ 

sent the results in dimensionless form. P0 is the stagnation 

pressure measured in the arc chamber, and A^. is the throat 

area of the nozzle. 

Within the experimental error, the same results were ob¬ 

tained for the three different divergence angles tested. For 

the lower thrust outputs, there is a significant scatter of 

the experimental data. The thrust measurements were made 

with an accuracy of ± 5 Since the thrust of the supersonic 

section is the difference between the total thrust and the 

thrust at the throat, the error in measurement could be of 

the same order of magnitude as the difference between the two, 

when the two values are not much different from one another. 



Summary 

The high temperatures in conjunction with the low den¬ 

sities resulted in a laminar flow through the expansion noz¬ 

zle. The agreement between the calculated values of thrust 

and those obtained experimentally indicated that a boundary 

layer adjacent to the wall grew until the flow became fully 

developed. The effective area ratio reached a calculated 

maximum at a nozzle expansion ratio of approximately 100 : 1. 

The experimental data showed a marked reduction in the thrust 

produced in the divergent section of the nozzle for area 

ratios greater than 90 : 1. 
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TABLE NO. I 
Dimensionless Thrust of a Supersonic Section of Nozzle 

I. Calculations based on a core of isentropic flow surrounded 
by a growing boundary layer. Expansion half-angle = 25°, 
Po s 

Physical 
Ae / At 

19.6 psi, 

T* 
% 

T0 = 

N
REX 

20,780 °R 
L* ® VI<> L Effective 

Ae / A^ 
Prp P 

re Po At Po At 

10 0.193 293 0.244 5.67 0.189 
20 0.179 337 0.262 9.85 0.200 
46 0.169 362 0.393 16.85 0.221 
71 0.165 371 0.439 22.30 0.226 
92 0.164 371 0.487 24.30 0.228 
109 0.163 372 0.517 23.80 

II. Calculations based on fully developed flow 

Physical AA Ve fe , 
Ae / At (sq ft) (fps) (ibm / ft3) 

FT F* 

175 0.0149 23,700 6.60 x 10~l 0.058 
200 0.0170 23,800 5.75 x 10-7 0.058 
250 0.0213 23,800 4.60 x IQ-7 0.058 
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FIGURE 4 
ARC ROTATION 



FIGURE 5 
THRUST BALANCE 
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Figure 7 

Calculated Dimensionless Thrust of a Divergent Nozzle 

 1 1 1 1 1 

1 10 25 50 100 250 
Ae / *t 

Physical Picture of Flow in the Nozzle 

surrounded by a boundary layer 
Region II - fully developed flow 
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Data 

Test No. J *e / At Power In 
(1<*0 (ps?a) 

FT, FT _ F 
. At Pn Af; t’rv A 

Cone angle = 20° 
3 250 38.9 21.6 0,705 -0.080 
4 250 36.2 18.6 0.850 0.065 

16 200 35-9 16.4 0.901 0.116 
22 200 38.4 15.6 0.810 0.025 
30 175 36.8 18.0 0.744 -0.041 
52 150 33.1 18.8 0.702 -0.083 
54 150 34.2 19.9 0.763 -0.022 
55 150 37.4 20.0 0.786 0.001 
63 125 37.0 19.2 0.770 -0.015 
64 125 38.8 19.6 0.839 0.054 
78 100 42.6 16.0 0.911 0.126 
83 100 43.7 14.2 0.923 0.138 
86 90 39.0 13.7 1.020 0.235 
87 90 36.0 14.2 0.915 0.130 
88 90 38.8 14.7 1.015 0.230 
97 75 36.8 14.4 0.980 0.195 
98 75 36.0 14.4 0.998 0.214 

103 65 38.0 14.1 0.930 0,145 
104 65 37.6 14.1 0.880 0.095 
113 50 38.8 15.0 0.980 0.195 
116 50 36.4 15.1 0.891 0.106 
117 50 38.4 15.0 0.960 0.175 
122 25 38.4 14.5 0.999 0.214 
123 25 36.0 15.1 0.958 0.173 

Cone angle = 25° 
23 200 40.8 16.1 0.821 0.036 
24 200 38.1 15.4 0.849 0.064 
25 200 41.2 16.3 0.851 0.066 
35 175 41.0 16.6 0.820 0.035 
36 175 41.9 16.9 0.833 0.058 
40 175 36.5 16.2 0.771 -0.014 
41 175 45.0 16.7 0.890 0.105 
42 150 40.5 18.7 0.738 -0.047 
50 150 37.1 19.6 O.813 0.028 
51 150 39.4 20.0 0.836 0.051 
6l 125 35.6 17.2 0.932 0.147 
65 125 30.4 18.4 O.811 0.026 
75 100 30.8 15.2 0.860 0.075 
91 90 37.9 14.0 0.930 0.145 
92 90 36.4 13.9 0.961 0.176 
95 75 34.4 14.3 1.012 0.227 
96 75 37.2 14.6 0.962 0.177 

102 65 38.0 14.2 1.010 0.225 
109 65 38.8 15.3 0.972 0.187 



Test No. Ae / At Power In 
    (kw) 

Cone angle = 25° 
112 50 37.5 
118 25 36.0 
119 25 34.0 

Cone angle = 30° 
20 200 35.4 
27 200 42.2 
38 175 43.0 
46 150 31.8 
47 150 35.5 
56 150 32.0 
59 125 40.0 
79 100 38.0 
80 100 38.0 

100 75 36.8 
114 50 38.4 
120 25 34.0 
121 25 42.9 
124 25 35.9 

Throat Tests 
125 1 34.7 
126 1 36.3 
129 1 36.6 

P0 
(psia) 

Frp Fm 

Po A* Pp 

15.3 0.915 0.130 
12.7 1.043 0.258 
13.4 1.020 0.235 

16.5 0.776 -0.009 
14.8 0.827 0.042 
18.6 O.831 0.046 
16.3 0.842 0.057 
20.1 0.775 -0.010 
17.4 0.778 -0.008 
19.2 0.835 0.050 
13.5 0.972 0.187 
13.6 1.040 0.255 
14.5 0.993 0.208 
15.0 0.900 0.115 
14.9 0.972 0.187 
15.0 0.975 0.190 
14.7 1.034 0.249 

15.2 0.753 -0.032 
15.4 0.764 -0.021 
15.2 0.840 0.055 


