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NOMENCLATURE 

English 

A area 

c specific heat of water (watt-sec I g°K) 

d duct diameter (mm) 

E electric potential gradient (V/mm) 

f friction force (N) 

gc dimensional constant ( 1 kg-m / N-sec2 ) 

h 

I 

j 

1 

enthalpy (watt-sec I g) 

discharge current (ampere) 

ionization energy per unit mass 
of argon (38050 watt-sec I g°K) 

average current density (ampere / m2 ) 

thermal development length (mm) 

ld calorimeter length (mm) 

L reference length (mm) 

L axial segment length (mm) 
s 

LFC local fluid constriction 

m gas mass flow rate (g/sec) 

m base gas mass flow rate (g/sec) 
b 

local fluid constriction 
gas mass flow rate (g/sec) 

m water mass flow rate (g/sec) w 

viii 



M Mach number 

Oh Ohmic heating parameter 

p gas pressure 

Po reference gas pressure 

p local power input (watts/mm) 

net power absorbed by gas per 
unit duct length (watts/mm) 

Pr Prandtl number 

q radiation heat loss per 
unit duct length 

energy released by the plasma 

(watt/mm) 

to the calorimeter per unit mass (watt-sec/g) 

Q wall heat loss per 
unit duct length (watt/mm) 

RA gas constant for argon (0.208 watt-sec/g°K) 

Red Reynolds number based on duct diameter 

S dimensionless length parameter 

t time (sec) 

T gas temperature (OK) 

T0 reference gas temperature (°K) 

~T change in water temperature (°K) w 
u quantity of expected error 

u average axial gas velocity (m/sec) 

u gas velocity (m/sec) 

VB inlet gas flow rate (ft3/min) 
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Ve injection gas flow rate (ft3/min) 

v1 segment electric potential (V) 

v2 segment electric potential (V) 

Wa molecular weight of air 

W molecular weight of argon 
ar 

x 

z 

y 

n 

µ 

p 

cr 

x 

axial arc distance (mm) 

axial distance between adjacent 
segment centers (mm) 

Greek 

specific heat ratio , cp/cv 

local energy conversion efficiency 

thermal conductivity· (watt I m-~K) 

gas viscosity (g I m-sec) 

gas density (g / mm3 ) 

electrical conductivity (mho/mm) 

ionization fraction 

x 



I. INTRODUCTION 

Arc plasmas are assuming a position of increasing 

importance in modern technology. Some of the current 

applications include chemical processing, material cutting 

and welding (1), spray plating (2), and hyperthermal wind 

tunnels for high speed atmospheric entry research (3). 

An interesting application under study is a plasma sur-

gical scapel which would cauterize as it cuts (4). In 

the future, plasmas may be used as a source of electrical 

power generation (1) • 

Design correlations are sought which would enable 

prediction of wall characteristics of such devices. 

Important characteristics are heat flux per unit area, 

static pressure gradient, and electric potential gradient. 

The typical wall-stabilized arc plasma generator 

consists of a pin cathode and a ring anode separated by 

a cylindrical duct composed of electrically and ther-

mally isolated segments. The duct serves to contain the 

arc plasma within a well-defined region between the two 

electrodes. Normally, a working gas is introduced at 

the cathode and flows down the duct where it is heated 

by the electric arc, after which it emerges at the anode 

as a field-free plasma stream. 

1 
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The two important quantities which characterize the 

performance of wall-stabilized arc plasma generators are 

the energy conversion efficiency and the mean plasma en-

thalpy. The energy conversion efficiency is defined as 

the net fraction of the electrical energy input which is 

transferred to the gas. The mean plasma enthalpy is defined 

as the net energy given to the gas per unit mass of gas. 

Near the cathode the arc has a diameter which is 

smaller than the duct diameter. Growth of the arc diameter 

downstream occurs as a result of heating of the gas and 

continues until an asymptotic condition is reached where 

the local electrical energy input to the gas is balanced 

by the thermal energy lost to the duct wall. The axial 

distance necessary for the gas to reach the asymptotic 

condition is defined as the thermal entry length. Down-

stream of this location there is no net energy increase 

of the gas. Thus, net energy addition in an ordinary 

confined-discharge arc plasma generator occurs only in 

the inlet developing region. If the plasma generator duct 

length is greater than that of the inlet region, the energy 

conversion efficiency suffers. On the other hand, if the 

duct is shorter than the inlet length, the energy con-

version efficiency is increased but at the expense of . . 

decreasing the mean plasma enthalpy. Mahan (5) has dem-

onstrated experimentally that the energy conversion eff i-



ciency and the mean plasma enthalpy are inversely related 

and has explained this relationship. 

A means of simultaneously increasing both the energy 

conversion efficiency and the mean plasma enthalpy in 

plasma generators of this type has been reported by Mahan 

(5). He introduced most of the working fluid through a 

narrow circumferential slit in the confining wall duct, 

as shown schematically in Fig. 1. This gas injection 

caused the dis~harge column to constrict locally followed 

by redevelopment downstream. The redeveloping region 

allowed additional net energy to be added to the gas. 

Mahan suggests that for optimum performance the local 

fluid constriction (LFC) should occur slightly upstream 

of the axial position where the discharge would other-

wise become thermally fully developed. 

An understanding of the inlet region and redevelop-

ment re~ion is essential for the efficient design of arc 

plasma generators employing LFC. This thesis presents 

a correlation which allows prediction of the axial extent 

of the thermal development and redevelopment regions of 

a confined-discharge plasma generator. 

The results from a proposed thermal development length 

correlation may be compared directly with the results from 

several existing empirical correlations because the approx-

imate prediction accuracy of the empirical correlations is 
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generally known. Mahan (5) offers an empirical correlation 

for the thermal entry length of the form 
1 1 o.484 

1 = 106 m • /I (1-1) 

based on limited e-xperimental, results. Bower and Incropera 

(6) give the thermal development length as 
1 = 250 mo.94/I0.636 (1-2) 

based on numerical results, where the expression correlates 

calculated results to within + 10 percent. Smelyanskii, 

et al. (7) included duct diameter in an empirical expres-

sion for thermal entry length of the form 

1 = 200 m1 • 25d/Io. 55 (1-3) 

based on experimental results for argon. 

Radial injection is a fairly new idea and relatively 

few researchers have studied it. Elliott and Gomez (8) 

conducted experiments with LFC :but their tests were on an 
.. 

otherwise free-burning electric arc. Therefore, there was 

no thermal·entry length as defined for confined arc dis-

charges. 

Yas'ko (9) has derived several nondimensional param-

eters helpful in the correlation of electric arc charac-

teristics. He gives a good explanation of the difficulties 

involved in formulating useful parameters and presents 

correlations for various types of electric arc configura-

tions. Even though he includes an electric field versus 

current correlation for the confined-discharge plasma gen-
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erator, this in itself gives no information.concerning ther-

mal development lengths. 

Cremers, et al. (10) have studied the redevelopment 

of an electrical discharge column downstream of LFC. They 

observe that redevelopment occurrs roughly as predicted 

by classical constant-property theory, and they state that 

the thermal development length downstream of the cathode 

or downstream of a constricted arc can be predicted from 

l/d = C Red Pr (1-4) 

where C is a constant to be determined from experimental 

data. The Prandtl number and Reynolds number in Eq. 1-4 

are based on room temperature. 



II. ASSESSMENT OF THE PROBLEM 

As mentioned earlier, the' energy.conversion effi-

ciency of an arc plasma generator is a measure of the 

amount of energy given tq the gas relative to the total 

electrical energy input. In a similar manner, a local 

energy conversion efficiency can be defined as the net 

fraction of local electrical energy dissipation trans-

ferred to the working fluid, 

(2-1) 

The local energy conversion efficiency can be 

determined for generators similar to those in Fig. 1 

if the local wall heat loss, axial electric potential 

distribution, and discharge current are known. The 

local power input per unit axial length can be computed 

as 

P = IE (2-2) 

where I is the CUfrent and E is the local electric field. 

If each wall segment is water cooled, the local wall heat 

loss averaged over the length of the wall segment is 

(2-3) 

where mw is the water mass flow rate through the segment 

of length Ls' c is the specific heat of water, and 6Tw 

is the temperature rise of the water. The net power 

given to the gas is 

6 
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(2-4) 

and by substituting Eqs. 2-2, 2-3, and 2-4 into Eq. 2-1, 

the local energy conversion efficiency can be written 

(2-5) 

The quantities on the right hand side of Eq. 2-5, 

with the exception of the electric potential gradient, 

are readily measurable. The electric potential gradient 

is derived from the segment electric potentials, as will 

be explained in Section V-B. Therefore, Eq. 2-5 can be 

used to determine the local energy conversion efficiency. 

Figure 2 shows a typical potential distribution for 

a confined arc discharge. The regions near the cathode 

and anode characterized by relatively steep potential 

gradients are called the cathode fall and anode fall. 

Even though thE!( concept o~· a local energy conversion . . . ~ .· -... ,, . 

efficiency does not apply in the cathode fall and anode 

fall, the local energy conversion will have meaning for 

nearly all of the duct length if the axial extents of 

the falls are small. 

Nondimensionalization of the basic equations de-

scribing a phenomenon is one method of deriving relevant 

dimensionless groups. This method is used to develop a 

dimensionless parameter which correlates the local 

thermal efficiency. Yas'ko {9) has nondimensionalized 

the energy equation, 
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pu grad(h + 1/2 u2) - div(A grad T) + q = jE, (2-6) 

in combination with Ohm's law, 

j = crE, (2-7) 

to find appropriate dimensionless parameters. This 

form of the energy equation does not include frictional 

dissipation because this component of energy is insig-

nificant compared to the energy given to the gas by 

Joulean heating. This is true especially for laminar 

plasma flow where the velocity gradients are small com-

pared to those for turbulent flow. 

The next step consists of forming dimensionless 

groups by dividing dimensional variables by appropriate 

reference values. In this case, the dimensionless 

* * * * variables cr = cr/cr 0 , u = u/u 0 , h = h/ho, j = j/j 0 , 

* * * E = E/E 0 , A * = A/A , T 0 = T/T 0 , and q = q/qo are used, 

where the " 0 " subscript indicates reference values. 

Substitution of these dimensionless variables into the 

energy equation and division of both sides by joEo gives 

PoUoh 0 
3 

* * * Pollo * * u*2> p u grad h + p u grad(l/2 
j 0 E0 L joEoL 

Ao To * * qo * * * div(A grad T ) + -- q = j E (2-8) . 2 , 
JoEoL joEo 

where L is a length characteristic of the problem. 

Both sides of Eq. 2-8 have been divided by j 0 E0 

so that the nondimensional factor multiplying each term 
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of the energy equation is indicative of the proportion 

of heat transferred from the arc column by each of 

.several mechanisms. 
pouoho 

The first dimensionless parameter, , repre-
j0EoL 

sents the fraction of the electrical energy input which 

is transferred ~o the gas, the second dimensionless 
Pollo 

parameter, , represents the fraction of the en-
joEoL 

ergy input which is used 

is heated, and the third 

·and , are measures 
joEo 

in accelerating the gas as it 
A0 To 

and fourth parameters, 2 . joE 0 L 
of the amount of the energy 

input which is lost tq the confining walls by conduction 

and radiation, respectively. The third group is occa-

sionally referred to as the Ohmic heating parameter. 

In this work, the second and fourth terms of Eq. 

2-8 were neglected. Bower (12) calculated values of the 

four groups for a range of operating variables and he 

states that the ratio of energy used for gas accelera-

tion to electric energy input is extremely small and 

can justifiably be omitted. Borovchanko, Krylovich, 

and Yas'ko (13) report that the Ohmic heating parameter 

Oh should be considered as the main criterion for pre-

dieting the heat removal from the arc column. 

The two parameters which are left can be modified 

to a more usable form. The Ohmic heating parameter can 
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be written as 

(2-9) 

by substituting E0 = j 0 /a 0 from Eq. 2-7 into the param-

eter and then substituting j 0 = I 0 /A 0 from the definition 

of average current density. In Eq. 2-9, the dimension-
2 

less constant (circumference/diameter) has been omitted. 

Also, L has been replaced with the duct diameter. Using 

similar substitutions, 

mhd a 
0 0 

= 
I 2 

0 

= s . (2-10) 

It will be demonstrated later that the parameter S 

is useful for correlating thermal development lengths. 

The success of the parameter S in correlating the thermal 

development lengths should increase when S is based on 

asymptotic conditions because the two terms which were 

not used from the energy equation are relatively impor-

tant only near the cathode and have little significance 

in the fully-developed region. 



III. EXPERIMENTAL APPARATUS 

Electrical power for the experiment is supplied by 

a 40-kilowatt capacity motor-generator set. The motor-

generator set consists of three components connected by 

a common shaft; an ac motor, a de generator, and a de 

generator-exciter. The motor is a 60-horsepower, 440-

volt, squirrel cage induction motor which drives both 

the generator and generator-exciter. The compound wound 

generator-exciter is rated at 5000 watts and supplies 

the power necessary to energize the field coils in the 

main generator. A rheostat in the shunt field is used 

to control the current output of the exciter, which in 

turn controls the field strength and hence the output 

of the main generator. 

The motor-generator arrangement just described 

provide$ a relatively constant potential difference 

over a wide current range corresponding to a given 

rheostat setting. Under some ope~ating conditions, 

this may result in current instability. This can be 

explained by referring to Fig. 3, which is a schema~ic 

representation of the potential difference-current 

chare.cteristics of a separately excited gen·erator, a 

rectifier-type de power supply, and an arc discharge. 

This figure shows that due to the relatively constant 

11 
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potential of a motor-generator power supply, the arc 

may exist at two possible currents for a single gen-

erator potential setting. If the arc were to suddenly 

shift from the low current mode, point A, to the high 

current mode, point B, severe thermal damage to the 

electrodes could occur. The rectifier-type de power 

supply has a much steeper potential-current slope which 

eliminates the current shifting possibility. 

A ballast resistance is connected in series with 

the main generator and the plasma arc generator. The 

ballast resistance serves to protect the main generator 

in the event of an accidental short circuit. It also 

improves control over the arc current by increasing the 

arc potential-current slope. The ballast resistance is 

composed of three individual resistors, each of about 

0.4 ohms, which can be connected together in series as 
~ 

needed. · A view of the power supply and ballast resist-

ance is shown in Fig. 4. 

The generator output has a small amount of ripple 

because of the generator commutator. An oscillogram 

of this ripple is shown in Fig. 5. The oscillogram was 

obtained while the plasma generator was operating at 

approximately 80 volts cathode-to-anode potential dif-

ference. Ripple for this case was less than 0.5 percent 
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of the plasma generator potential. 

The electric power to the arc is controlled from 

a control panel built especially for this research. 

The plasma generator is composed of five major 

components. These are the cathode, duct wall segments, 

special injection wall segments, anode, and calorimeter. 

The actual cathode, as shown in Fig. 1, is a 9.525 

mm rod of 2.0 percent thoriated tungsten which is ground 

to a 90 degree cone on one end and faced flat on the 

other end. The flat end is pressed into a copper shell 

which in turn is soldered into a brass shell. The cop-

per and brass shells form a gas reservoir which allows 

a symmetric inflow of gas to the cathode. Symmetry of 

the gas flow is further assured by a boron nitride 

nozzle· which·· surrounds the ·cathode: tip.. Cooling water 

enters and leaves through the bottom plate of the cath-

ode asseinbly. The bottom plate is mounted flush in the 

top of the table which supports the plasma apparatus. 

Most of the arc channel consists of duct wall 

segments. A wall segment is a copper disc approximately 

5 mm thick with a 10 mm diameter axial hole through which 

the arc column passes. The segments are separated from 

each other by rubber 0-rings which insulate the s~gments 

electrically and thermally and align them radially. 
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Radiation shielding for the o-rings is provided by off-

sets in the segment faces. The total distance between 

adjacent segment centers, including the gap due to 

spacing by the 0-rings, is 5 mm. Each segment is 

equipped with a static pressure tap and is cooled by 

water which flows around the segment circumference. 

Furthermore, wires attached to each segment allow them 

to be used as electric potential probes. Note in Fig. 

1 that the segment immediately adjacent to the anode 

has the duct wall rounded in such a manner that the 

confining duct diameter increases slightly near the 

anode. This area increase prevents the segment from 

possibly interferring with the arc anode attachment at 

low mass flow rates. 

The two special gas injection segments are made 

from copper and have a larger diameter than the othe~ 

duct segments to allow room for a gas plenum chamber. 

An 0-ring placed near the outer edge of the segments 

aligns them radially and prevents argon leakage from 

the plenum to the surroundings. An annular mylar 

spacer located between the plenum and o-ring spaces 

the segments a fixed axial distance apart. The mylar 

spacer also separates the channel walls of the two 

segments a small axial distance, thus forming a narrow 

circumferential slit in the channel wall. During 
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operation, argon enters the plenum through the bottom 

of the lower segment and then is forced through the 

·slit into the arc column. The channel between the 

plenum and the slit is rounded as much as possible to 

form a converging nozzle. The lower segment has three 

3.175 mm hose connectors which open directly into the 

plenum from the bottom of the segment. Two of these 

connectors are on either side of the arc column and 

carry ~rgon into the.reservoir. The third connector 

carries an iron-constantan thermocouple into the plenum 

and also serves as a pressure tap for measuring static 

pressure in the plenum. Each injection segment is 

individually water cooled by a copper tube silver-

soldered in a groove around the sec;Jlllent circumference • 
. . ~ . ·,_ 

Al though an electric potential ·wirt{'' is' ~ttached to 

each injection segment, there is insufficent room for 

a static pressure tap. The injection segments are 

forced together by two small clamps as a precaution 

against gas leakage past the 0-ring. 

The anode is designed to allow a large coolant 

water flow rate because it is subject to the largest 

heat load of any component. The anode is a disc-shaped 

piece of copper approximately 15 mm thick with rela-· 

tively large internal water passages for maximum 
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cooling. 

To guard against a possible shock hazard, the 

positive electrical generator terminal, which is con-

nected to the plasma generator anode, is grounded. 

This means that the cathode is at a negative potential 

with respect to earth ground and hazardous to touch 

during operation, while the anode potential is very 

nearly the same as earth potential.and therefore safe 

to touch. 

The calorimeter is placed directly on the anode 

and is used to determine the thermal energy given to 

the gas. Figure 1 shows that the calorimeter is made 

of two concentric copper tubes spaced apart by a heli-

cal coil of copper wire. The plasma stream flows 

through the innermost tube while water flows in the 

shell between the two tubes. Cooling water enters at 

the calorimeter base and exits from the tip. To pre-

vent the calorimeter from acting as an anode, it is 

carefully insulated from the anode and ground by a 

mylar sheet. A view of the entire plasma generator 

apparatus is given in Fig. 6. 



IV. EXPERIMENTAL PROCEDURE 

A. STARTUP 

Regular steps were followed in starting the plasma 

generator. First, the cooling water was turned on to 

all components. After a final check of the plasma con-

fining duct to determine that it was clear of obstruc-

tions, a safety disconnect switch was closed which ener-

gized the control panel. Next, the control panel rheo-

stat was set for minimum generator output potential 

difference. At this time, the motor-generator unit was 

started from the control panel and the generator poten-

tial was adjusted to approximately 120 volts; then the 

base gas flow rate was set at approximately 0.1 grams 

per second. To establish the· arc, a 6.3'5 min diameter 

water-cooled copper starting rod was inserted through the 

anode into the plasma duct until it contacted the tung-

sten cathode. After touching the cathode, the starting 

rod was rapidly and carefully withdrawn so that an arc 

followed the starting rod until the tip passed the anode, 

at which time the arc attached to the anode. After the 

arc was thus established, the calorimeter was positioned 

over the anode and fastened in place. Finally, the 

calorimeter electrical potential was checked to be certain 

17 
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that the anode and calorimeter were not shorted together. 

Once the arc was established, the current and base 

mass flow rates were set to the desired values. If local 

fluid. constriction was desired, it was initiated after 

the current and base mass flow were set. Since the cur-

rent and mass flow rate were interdependent, some readjust-

ments usually were necessary. 

B. ELECTRICAL MEASUREMENTS 

Current supplied to the arc was computed using the 

potential drop across a Weston 200 ampere, 50 millivolt 

shunt, as measured with a Honeywell Digitest Model 333 

digital voltmeter. The shunt was calibrated against a 

100 ampere standard shunt whose resistance was known 

within 0.1 percent. The digital voltmeter was calibrated 

against a John Fluke Manufactoring Company Model 8200 

digital voltmeter having a National Bureau of Standards 

calibration curve certificate. Electric potential 

measurements of the segments, cathode, anode, and calo-

rimeter were also made with this ·digital voltmeter. The 

segment potential measurements were used to calculate 

the axial potential r::-p:<{dient along the arc column, as· 

explained in Section V-B. 
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C. GAS FLOW MEASUREMENTS 

Argon gas for the experiment was provided from 

cylinders purchased from the local Airco agent. The 

gas was regulated from the high pressure cylinders by 

an Airco Model 806 8407 argon pressure regulator. From 

the regulator, the argon could flow through one of two 

rotarneters, depending on whether it was destined for 

use in the base flow or the injection flow. 

A Brooks rotarneter with tube size R-7M-25-l and 

spherical stainless steel float was used to monitor the 

base flow, while a Brooks rotameter with tube size 

R-8M-25-5 and float 8-RV-3 was used to measure the in-

jection flow rate. 
. . 

Each rotameter was calibrated aifectly £6r argon 

with the use of a 4.7625 mm diameter circular orifice 

constructed to ASME specifications. 

The gas pressure in each rotameter was measured 

with a separate U-tube mercury manometer connected 

directly to the rotameter. Atmospheric pressure was 

recorded from a mercury barometer before each run. 

The gas temperature in each rotameter was assumed 

to be room temperature. This is probably a good assump-

tion due to the length of hose between the pressure 
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regulator and rotameters. 

Measurements of the arc column static pressure 

were made with a Vernon E. Hill micromanometer. This 

instrument had a maximum measurement limit of 5 inches 

of water pressure; therefore, for static pressures above 

this value, a water-filled u-tube manometer was used. 

Total pressure in the injection plenum was deter-

mined from a U-tube mercury manometer connected to the 

plenum. 

Gas temperature in the plenum was determined using 

an iron-constantan thermocouple mounted in the plenum. 

The thermocouple was located such that it may have been 

subjected to some thermal radiation from the arc. It 

also may have been influenced by the electric field 

across the injection segments. However, the gas tempera-

tures measured with the thermocouple are used only to 

calculate an approximate injection velocity.. Since the 

injection velocity is nearly proportional to the square 

root of the absolute temperature, as is shown later by 

Eq. 4-4, the possible error in gas temperature measure-

ment is not considered critical. 

The mean injection velocity was calculated using 

the isentropic relations for compressible flow. The . 

pressure inside the plasma duct at the injection slit 

was estimated by interpolating between the pressures 
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indicated by the static pressure taps immediately upstream 

and downstream of the injection segments. The relation 

2 y/(1-y) 
[ 1 + M (y - 1)/2 ] (4-1) 

can be transformed to 

(y-1)/y 1/2 
M= { 2/(y-1) [(p 0 /p) -1]} (4-2) 

where M is the injection Mach number. The throat tempera-

ture was found from 

(y-1)/y 
T = T0 (p/p 0 ) (4-3) 

where T 0 is the measured plenum temperature. Thus, the 

isentropic injection velocity can be calculated from 

u = Mv'yRAT •.. (4-4) 

The use of these equations assumes an ideal gas 

undergoing isentropic flow. Isentropic flow through 

the slit is doubtful due to the small thickness of the 

slit with resulting boundary layer effects. However, 

the accuracy of the injection flow velocity is relatively 

unimportant in this work since comparisons between dif-

ferent injection velocities are made only in a quali-. 

tative sense. Indeed, Cremers, et. al. (10) report that 

the magnitude of the injection velocity seems to have 
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little effect on the character of the flow redevelopment. 

It was impossible to use the slit area and injection 

flow rate to calculate an average velocity because the 

slit thickness depended in part on how tightly the seg-

ments were compressed. Also, thermal expansion effects 

and plenum pressure might be expected to change the slit 

gap. Thus, there was no way to determine the slit gap 

when the device was operating. 

D. ENERGY BALANCE 

The heat loss to each segment was determined by 

measuring the cooling water flow rate through each seg-

ment and the water temperature rise of each segment. 

The water temperature rise was determined with iron-

constantan thermocouples. Figure 7 illustrates the 

plexigla·ss mixing cups used to contain the thermocouples. 

The mixing cups insured a mixed water temperature at 

each thermocouple location in the segment water cooling 

lines. Thermocouple potentials were read from a Rubi-

con Instruments Model 2945-A potentiometer. The water 

flow rate for each segment was found by using a stop-

watch to record. the time necessary for the water f lqw 

to fill a one lite:r: graduated cylinder. The energy 

lost to the cathode was also determined in this manner. 



23 

The quantity of heat absorbed by the anode and 

calorimeter was calculated from water flow rate and 

water temperature measurements for each. The water 

temperature rise was measured with iron-constantan ther-

mocouples immersed in the entering and discharging water 

streams. On the water inlet side, the thermocouples 

were placed approximately three channel diameters down-

stream of copper cross wires. On the water outlet side, 

the thermocouples were situated in larger mixing cups. 

The mixing cups and cross wires were used to guarantee 

that the thermocouples were measuring the mixed or bulk 

water temperature. The water flow rate through the anode 

was measured with a Brooks rotameter with tube size Rl0-

25-5 and float number SlO-RS-64. Each rotameter was 

calibrated by recording the time necessary for twenty 

liters of water to flow through it. The rotameters were 

placed between the water supply line and the experimental 

apparatus and thus the water temperature in the rota-

meters during calibration and operation was essentially 

constant. 

More details on the thermocouple calibration and 

temperature measurement are given in Appendix c. 
In order to obtain dependable wall heat fluxes, it 

was necessary for the water pressure to remain fairly 

constant during measurement periods. To minimize the 
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effects of electrical and water pressure fluctuations, 

measurements were made between the hours of 12:00 mid-

night and 3:00 A.M. Also, the thermocouple reading for 

each segment was taken simultaneously with the timing 

of the water flow rate for that segment in order to in-

sure that the correct water temperature rise was obtained 

for the measured water flow rate. 

The temperature of the argon leaving the calorimeter 

was measured with an extended-scale mercury thermometer. 

With the calorimeter, it was possible to make a 

closed energy balance on the plasma generator. Total 

energy input was computed as the product of discharge 

current and electrical potential difference between the 

electrodes, while total energy output was computed as 

the energy of the gas leaving the calorimeter plus the 

energy given to the cooling water. The computed energy 

output was within 5 percent of the computed energy input 

for all cases except one where 94.1 percent of the energy 

input was apparently transferred to the water. In all 

cases, the net energy absorbed by the gas in traveling 

through the plasma generator and calorimeter was less 

than 3 percent of the electrical energy input. 



V. RESULTS 

A. STATIC PRESSURES 

The data points for Cases 1 through 4 in Figs. 8 

and 9 show axial stat1c pressures measured with respect 

to atmospheric pressure. The mass flow rates and electric 

currents for the different cases are given in Table 1, 

while Tables 2 and 3 present the numerical data for the 

static pressure distributions~ 

The pressure gradient in the inlet region of Cases 

1 through 4 is larger than the linear pressure gradient 

downstream of the inlet region. Figures 8 and 9 show 

that the maximum static pressure increases with an in-

crease either in the mass flow or current. Near the 

anode, the static pressure for each case is less than · 

atmosphe;ric. 

Figures 10 and 11 present the static.pressure dis-

tributions for local fluid constriction (LFC) Cases 5 

through 8. In these cases, the pressure gradient in-

creases sharply downstream of the LFC due to the increased 

fluid velocity and wall friction. As in Figs. 8 and 9, 

negative static pressures occur near the anode for each 

case in Figs. 10 and 11. 

25 
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B. ELECTRIC POTENTIALS AND WALL HEAT FLUXES 

Electric potentials and wall heat fluxes for Cases 

1 through 8 are shown in Figs. 12 through 19. Tables 

4 through 7 give the numerical values of the variables 

in Figs. 12 through 19. The electric potential distri-

bution in each of these Figures is nonlinear in the 

inlet region where the flow is developing. The electric 

potential becomes linear downstream of the inlet region 

in the noninjection cases, and in the LFC cases, the 

potential gradient downstream of the LFC is larger than 

the upstream potential gradient. 

The wall heat flux distributions for Cases 3 through 

7 have a small peak near the cathode and then increase 

gradually. For Cases 1 through 4, the heat flux distri-

butions increase downstream of the cathode and apparently 

attain a.n asymptotic value. For LFC Cases 5, 7, and 8, 

the wall heat flux decreases abruptly immediately down-

stream of the local fluid injection. However, Case 6 

has its largest wall heat flux at the wall segment imme-

diately downstream of the injection segments. Cases. 6 

and 8 have relatively large local fluid injection veloc-

ities of 379 m/sec and 486 m/sec, respectively. 

Two assumptions are used in calculating the local 

wall heat flux and local electrical dissipation. The 
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heat absorbed at the midlength of each segment is assumed 

to be the same as the average of the heat absorbed by the 

segment per unit length. The local electrical dissipation 

is the product of current and axial potential gradient. A 

best-fit least squares polynomial fitted through the seg-

ment potentials is used to calculate the potential gra-

dient. The numerical value of the derivative of the poly-

nomial evaluated at a segment is assumed to accurately 

represent the potential gradient at that segment. 

C. NONDIMENSIONALIZED THERMAL DEVELOPMENT LENGTHS 

The S parameter has been written in Eq. 2-10 as 

s = mhad I r 2 (5-1) 

or 

s = • (5".'"2) 

Equation 5-2 shows how the parameter may be considered to 

represent the ratio of energy convected by the gas to elec-

trical energy dissipated per unit axial arc length. Rela-

tively large values of this parameter are associated with 

relatively large axial energy convection by the gas stream 

(large mh), while small values are associated with rela~ 

tively large electrical energy dissipation (large I). 

Division of the relative axial arc distance, x/d, by the 
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S parameter should tend to pull the local efficiency 

distributions together since, in general, the entry 

· length increases for convection dominated distributions. 

The effectiveness of the S parameter in nondimen-

sionalizing thermal development lengths can be judged by 

referring to Figs. 20 through 23. Figure 20 is a plot 

of inlet local efficiency as a function of axial gener-

a tor length x nondimensionalized by the duct diameter d 

for nine different operating conditions. Figure 21 

presents the local efficiency as a function of x/d for 

Cases 5 through 11 for the region downstream of the 

local fluid injection. Figures 22 and 23 are similar 

to Figs. 20 and 21, respectively, except that the inde-

pendent variable x/d has been replaced with the dimen-

sionless variable (x/d)/S. Cases 9 through 11 are from 

data obtained by Mahan (5) • 

In Ffgs. 22 and 23, the S parameter cannot be eval-

uated until each of its components is evaluated. Obvi-

ously, the duct diameter and current should be assigned 

their measured values. The inlet mass flow rate is used 

when the S parameter is based on inlet conditions. When 

the S parameter is calculated for the injection region, 

the sum of the inlet mass flow rate plus the injection 

mass flow rate is used as the total mass flow rate. The 

average electrical conductivity is obtained from Ohln's 
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law in the form 

cr = I/AE (5-3) 

where the potential gradient E is calculated as explained 

in Section V-B and generally is evaluated in the asymp-

totic region. The asymptotic condition is not obtained 

for the injection cases and for these cases the potential 

gradient is evaluated from the segment potentials imme-

diately upstream of the anode. After the average elec-

trical conductivity is known, DeVoto's computed results 

(14) are used to find a characteristic temperature. 

From the characteristic temperature, the enthalpy is 

found from statistical thermodynamics with the relation 

presented by Pierce (15), 

(5-4) 

With the introduction of the appropriate numerical con-

stants, the result 

h = 0.519(1 + X)T + 38050 X (5-5) 

is obtained. The enthalpy can be found since Devoto· (14) 

relates temperature and ionization fraction for an argon 

plasma. Argon enthalpy and electrical conductivity as 

a function of temperature are shown in Fig. 24 for one 
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atmosphere pressure. 

The numerical quantities used to evaluate the S 

parameter and the values of the S parameter for different 

operating conditions are given in Table 1. The infor-

mation presented in Figs. 20 through 23 is summarized 

in Tables 8 through 13 in Appendix B. 



VI. DISCUSSION OF RESULTS 

The static pressure information presented in Figs. 

8 through 11 shows a phenomenon reported by few investi-

gators. This oddity is the negative static pressure 

observed near the anode in each of the eight different 

cases. On first thought, a negative static pressure 

inside a constant-diameter tube which is opened to atmos-

pheric pressure at one end and above-atmospheric pressure 

at the other end may appear puzzling. However, such 

behavior can be explained by considering the motion which 

a fluid element undergoes in traveling through the plasma 

generator and calorimeter. 

The gas flowing through the calorimeter is in a 

field-free region and must obey the momentum equation 

where the subscript 1 refers to the calorimeter entrance 

and the subscript 2 refers to the calorimeter exit. The 

momentum equation will be used to solve for an approx-

imate value of p1-p2 and thus explain how the static pres-

sure at the calorimeter entrance may be less than atmos-

pheric pressure. 

In the calorimeter, the possible forces which may 
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act in an axial direction on the gas are a gravity force, 

a friction force caused by friction between the gas and 

the duct wall, and a pressure force due to an axial pres-

sure gradient. The gravity force is insignificant com-

pared to the friction force and the pressure gradient 

force. Therefore, the momentum equation for the gas flow 

through the calorimeter can be written as 

= (6-2) 

or 

= + f /A (6-3) 

It will be shown later in this section that the flow 

through the calorimeter most probably is laminar. There-

fore, the friction pressure term in Eq. 6-3 can be esti-

mated from the expression for friction pressure loss in 

laminar pipe flow, which is stated by Schlichting (16Y as 

(6-4) 

Equation 6-4 applies for fully developed laminar pipe 

flow of constant-property fluids. 

Evaluation of either the friction force or the pres-

sure gradient force can be accomplished only after the 

inlet and exit velocities are known. The average exit 

velocity can be calculated with the continuity equation 
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and the ideal gas state equation. Case 6 will be used 

as a typical ex.ample' with a gas exit temperature of 594 

°K, a gas exit pressure of 94,750 newtons per square 

meter, and a gas mass flow rate of 0.467 grams per second. 

Substitution of these values into the state equation 

= (6-5) 

gives 
94750 N/m2 

= (6-6) 
( O. 2075 N-m/g°K) (594 °K) 

and so 

= 769 g/m3 (6-7) 

Equation 6-5 assumes the gas temperature at the calorimeter 

exit remains constant in the radial direction. 

~he duct diameter is 1.0 centimeter and the duct area 

is 7.85 x 10-5 square meters. Substituting appropriate 

values into the continuity equation gives an average exit 

velocity of 

0.467 g/sec 
= = (6-8) 

or 

= 7.75 m/sec ( 6""9) 
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Now that an average gas exit velocity, density, and 

temperature are known, the Reynolds number can be esti-

mated. For a typical measured exit temperature of 594 

°K, argon viscosity is approximately 3.05 x lo-2 g/m-sec. 

The Reynolds number based on average calorimeter exit 

conditions is 

= (6-10) 

or 

= 1950 • (6-11) 

This value is in the range normally considered to dictate 

laminar flow. The Reynolds number for the calorimeter gas 

flow is a maximum at the calorimeter exit because it is 

there that the gas viscosity has its minimum value while 

the density attains its maximum value. Therefore, the gas 

flow through the calorimeter is presumed to be laminar. 

The average calorimeter inlet velocity u1 can be 

approximated in a manner similar to that used for u 2 • 

However, an average value of p1 and T1 must be known 

before the ideal gas state equation can be solved for a 

representative value of p1 • This presents some diffi~ 

culty since p1 is part of the quantity ultimately being 

sought. This obstacle can be overcome by assuming that 

the density change between locations 1 and 2 is due 
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entirely to the temperature change between 1 and 2. This 

will be approximately true if the pressure change between 

1 and 2 is small compared to the temperature change be-

tween 1 and 2. This assumption is supported by experi-

mental measurements and by the calculated value of p1-p2 

presented later in this section. 

Preceding with the assumption that p1 is approxi-

mately the same as p 2 means that only T1 remains to be 

found in order to calculate u1 • T1 can be estimated by 

applying the first law of thermodynamics between locations 

1 and 2, and then the entrance enthalpy is given by 

= + ( 6-12) 

The magnitude of the velocity term is momentarily assumed 

to be insignificant compared to the magnitude of the 

energy given to the calorimeter. The power absorbed by 

the calorimeter was 2301 watts and the gas exit tempera-

ture was 594 °K. Substituting these values into Eq. 6-12 

gives 

= 

or 

watt-sec 2301 watts 
(594°K) (0. 519 ) + 

g°K 0.467 g/sec 

h = 5210 watt-sec/g 
1 

(6-l3) 

(6-14) 

According to DeVoto's argon enthalpy tables (14), this 
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enthalpy corresponds to a temperature of 9273 °K. 

Substituting the assumed representative gas entrance 

pressure of 94,750 newtons per square meter and the cal-

culated gas entrance temperature of 9273 °K into the ideal 

gas state equation yields 

94750 N/m2 
= ( 6-15) 

(0. 2075 N-m/g°K) (9273 °K) 

and 

= 49.2 g/m3 (6-16) 

Applying the continuity equation at location 1 re-

sults in 

or 

0.467 g/sec 
u = 

1 (49.2 g/m3 ) (7.85 x 10-5 m2) 

u = 121 m/sec 
1 

(6-17) 

(6-18) 

Using Eqs. 6-9 and 6-18 to estimate the gas velocity 

term in Eq. 6-12 shows that the velocity term can justi-

f iably be neglected. 

Evaluation of the friction pressure term in Eq. 6-3 

is somewhat elusive as it requires an average axial ve-

locity, but the velocity varies from 121 meters per second 
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to 7.75 meters per second. Also, the velocity varies non-

linearly with axial distance. Most of the velocity change 

occurs in the first few centimeters of the calorimeter 

because most of the heat transfer and density change occur 

there. Therefore, the average velocity used to calculate 

the friction loss should be less than the average of the 

inlet and exit velocities. An exact evaluation of an 

effective average velocity is not undertaken here since 

only the relative magnitude of the calorimeter entrance 

pressure is desired. Instead, the average velocity is 

assumed to be in the range 

(6-19) 

or 

(6-20) 

. -5 The value of argon viscosity at 594 °K, 3.05 x 10 

N-sec/m2 , will be used in the friction pressure term of 

the momentum equation. 

Finally, substituting the appropriate values into 

the momentum equation, Eq. 6-3, yields 

p -p .<:. 1 2 
(4.67 x 10-4 kg/sec) (7.75 m/sec - 121 m/sec) 

(7.85 x 10-5 m2) (1 kg-m/N-sec 2) 
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8(3.05 x lo-5 N-sec/m2) (1 m) (64.4 m/sec) 
+ 

(0.005 m) 2 

Pl -p2 t: -67 4 N/m2 + 627 N/m2 = -4 7 N/m2 

Also, 

( 6-21) 

( 6-22) 

(4.67 x 10-4 kg/sec) (7.75 m/sec - 121 m/sec) 

(7.85 x 10-S m2)'(1 kg-m/N-sec2) 

or 

The 

8(3.05 x lo-5 N-sec/m2) (1 m) (30.4 m/sec) 
+ 

(0.005 m) 2 

2 p1-p2 ~ -674 N/m + 296 N/m2 = -378 N/m2 

measured value of P1-P2 of -238 N/m2 for Case 

within the calculated range of Eqs. 6-22 and 6-24. 

Figures 12 through 15 show the wall heat flux 

(6-23) 

(6-24) 

6 is 

and 

axial electric potential difference distributions for four 

cases of confined-discharge plasma generators without LFC. 

These cases are the four possible combinations using two 

different operating currents and two different base mass 

flow rates, one large and one small in each case. The 

axial extent of the thermal development length is clearly 
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evident in these figures with the exception of Fig. 12. 

This information was collected at the start of the experi-

mental investigation to determine the maximum value of the 

thermal development length for this range of ope~ating 

parameters. When this maximum value of the thermal devel-

opment length was known, the local fluid injection slit 

was located slightly downstream of this point to guarantee 

that the radial gas injection would always be into an 

otherwise fully-developed region. Also indicated in Figs. 

12 through 15 by the horizontal line is the fully-devel-

oped wall heat flux, which is the product of the arc cur-

rent and the fully-developed electric potential gradient. 

The occurrence of a negative local efficiency, as 

happens in Case 7 (Fig. 20) at 57.5 mm distance from the 

cathode, is probably. due to measurement error. Error in 

the wall heat flux measurements make it appear as though 

more heat· was lost to the duct wall locally than was dis-

sipated in the gas, in which case the local efficiency 

would be a negative quantity. 

In every case, the average local efficiency in the 

fully-developed region does not quite reach zero. This 

is likely due to the heat loss from the segments to the 

atmosphere. The measured heat absorbed by the generator, 

calorimeter, and gas was typically 95 to 98 percent of 
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the measured electrical energy input, whereas an ideal 

energy balance would account for 100 percent of the 

energy input. If heat was lost from a segment by con-

vection to the atmosphere, then the heat absorbed by 

the cooling water for that segment would be less than 

the heat absorbed by the segment from the plasma. This 

would result in a reduced water temperature rise and, 

by Eq. 2-5, a local efficiency larger than zero. 

Cases 5 and 6, shown in Figs. 16 and 17, are for 

LFC cases having practically identical operating cur-

rents and injection flow rates. However, the isen-

tropic injection velocity in Case 6 is approximately 

2.3 times that of Case 5. This may lead to an expla-

nation for the variation in magnitudes of the local 

efficiencies for Case 6 in the redevelopment region, 

as explained below. 

A fixed alignment error between the two nozzle 

walls becomes larger as the slit thickness decreases. 

Therefore, a parallel misalignment error between the 

injection segments could have large consequences at 

very small slit thicknesses. A parallel misalign-

ment error, which could occur if one injection seg-

ment was in a horizontal plane while the other seg-

ment was not, could cause the injection process to 
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force the arc away from the centerline. Under extreme 

conditions, the arc could be deflected against the duct 

wall. If this happened, the result might be a large 

heat load on one or more of the segments immediately 

downstream of the injection slit. This is a possible 

explanation for the extremely large wall heat flux in 

Fig. 17 at 67.5 mm axial distance from the cathode. 

Apparently the same phenomenon was present to a lesser 

extent in Case 7, Fig. 18, and Case 8, Fig. 19. 

With the exception of Case 1, the wall heat flux 

for the segment adjacent to the anode is less than 

would be expected from an examination of data for seg-

ments lying immediately upstream. The most probable 

explanation for this .is in. the contour of the inner 

duct wall for the segment adjacent to the anode. The 

inner wall of this segment is flared as shown in Fig. 

1. This flaring might be expected to result in-a de-

creased heat load to the segment because at least part 

of the segment wall has been relocated farther away 

from the hot gas. 

Figures 22 and 23 show that the local efficiency 

approaches zero at an approximate nondimensional arc 

distance value of 2. This indicates that the thermal 

development or redevelopment length extends for a 
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distance of 2dS units within the range of operating 

currents and mass flow rates used in this work. 

The average calorimeter gas inlet temperature 

for Case 6 of 9273 °K, as calculated with calorimeter 

data and the energy equation, agrees closely with the 

temperature of 9110 °K calculated from the average 

electrical conductivity in Table 1. The temperature 

calculated from the calorimeter data is probably more 

accurate than the electrical conductivity-based tem-

perature, especially since the overall energy balance 

for Case 6 accounts for 98 percent of the input energy. 

Even so, the S parameter uses the electrical conduc-

tivity temperature because it can be obtained even if 

a calorimeter is not used. Furthermore, the electrical 

conductivity temperature can be used to calculate the 

S param~ter for inlet flow conditions upstream of LFC, 

while calorimeter data for this application would be 

irrelevant. 

The experimental data can be used to derive a semi-

empirical expression for the value of the S paramet~r 

which consists of a constant, the operating current, 

and the mass flow rate. In order to evaluate the S 

parameter from the values of the electrical conductivity 

indicated in Table 1, an empirical expression is needed 
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which relates the average electrical conductivity to 

the mass flow rate and current. Such an expression, 

cr = 0• 0865 m-0.0886I0.7065 (6-25) 

has been obtained from the present data. Similarly, 

an expression has been obtained which relates the 

average plasma enthalpy to the mass flow rate and 

current, 

(6-26) 

Substitution of Eqs. 6-25 and 6-26 into the expression 

for the S parameter, Eq. 5-1, yields 

s = (6-27) 

The values of S calculated by Eq. 6-27 are sum-

marized in Table 15. The average of the absolute 

values of the deviations of the S values in Table 1 

from the S values calculated using Eq. 6-27 and the 

mass flow rates and currents in Table 1 is 10.9 per-

cent. Figure 25 compares the S values in Table 1 to 

the S values from Eq. 6-27. 

The form of the S parameter implies that the 

thermal entry length should be proportional to the 

plasma generator duct diameter. Unfortunately, the 
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information available in the literature for arc char-

acteristics is not sufficently complete to allow eval-

uation of the S parameter for various duct diameters. 

For this reason, no correlation of the duct diameter 

using the S parameter is attempted in this thesis. 



VII. SUMMARY AND CONCLUSIONS 

The amount of energy lost to the duct walls in a 

confined-discharge plasma generator varies with the 

current, mass flow rate, and axial location. A local 

energy conversion efficiency can be defined as the 

fraction of local power input which is absorbed by 

the working gas. In general, the local efficiency 

decreases with increasing axial distance from the 

cathode. 

The axial region in which the local efficiency 

is nonzero is the inlet region, or thermal development 

region. The axial extent of the thermal development 

regi,on varies with current and mass flow rate. How-

ever, a dimensionless parameter obtained by nondimen-

sionalization of the energy equation, S = mhcrd/I 2 , 

can be used to predict the thermal development length. 

The thermal development length is given with reasonable 

accuracy by twice the product of S and the duct diameter. 

Below-atmospheric static pressures in the gene+ator 

duct are caused by deceleration of the plasma as it is 

cooled by the calorimeter. 

Empirical expressions for enthalpy and electrical 

conductivity as functions of mass flow rate and current 
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can be introduced into an expression for the S parameter. 

When this is done, the S parameter can be evaluated di-

rectly from the mass flow rate and current data. 

The S parameter is effective in evaluating thermal 

redevelopment lengths downstream of local fluid injec-

tion. The s parameter also proved effective for corre-

lating thermal development and redevelopment lengths 

from independent data obtained by a previous investi-

gator. 
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Figure 6. The Plasma Generator Apparatus 
and Instrumentation 
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Figure 24. Argon Enthalpy and Electrical Conductivity at One 
Atmosphere Pressure as a Function of Temperature 



71 

12 

11 

ti) 10 

p:; 9 
µ:i 
8 
µ:i 

~ 
8 

,,:x: 7 P-4 

z 
0 6 H 

~ 
....:I 5 ~ p:; 
0 4 CJ 
µ:i 
CJ . 3 
~ 
8 
ti) 2 H 
Cl 

1 

0 
1 2 3 4 5 6 7 8 9 10 

105.8 m0.8714 I-0.9775 

Figure 25. Comparison of Empirical and Semi-
Empirical S Values 

11 12 



1. 

2. 

3. 

4. 

5. 

6. 

7. 

REFERENCES 

Hellund, E. J., The Plasma State, Reinhold 
Publishing Corporation, New York, 1961, 
pp. 170, 183-184. 

---, "Spray-On PTFE Coating," Mechanical 
Engineering, January, 1972, p.39. 

Stalder, J. R., F. K. Goodwin, B. Ragent, and 
c. E. Noble, Aerodynamic Applications of 
Plasma Wind Tunnels, Wadd Technical Note 
60-1, Aeronautical Research Laboratory, 
Air Force Research Division, Wright-
Patterson Air Force Base, Ohio, December, 
1960. 

Incropera, F. P., and R. K. Scott, Flow 
Calculation for an Argon Arc Plasma 
Scapel, HTGDl-1, Purdue University, 
June, 1970. 

Mahan, J. R., An Experimental Study of the 
Effects of Local Fluid Constriction on 
the Confined-Discharge Plasma Generator, 
Ph.D. Dissertation, University of 
Kentucky, December, 1970. 

Bower, W.W., and F. P. Incropera, "Heat 
Transfer, Development Length, arid Friction 
Factor Correlations for the Asymptotic 
Region of a Laminar Arc Constrictor," 
Heat and Mass Transfer, Vol. 2, 1969, 
pp. 150-162. 

Smelyanskii, M. Y., E. K. Zhigalko, and A. B. 
Kuvalbin, "Experimental Studies of the 
Energy Relationships in a Plasmatron with 
Arc Stabilized by an Argon Flux," High 
Temperature, Vol. 5, 1967, pp. 855-858. 

72 



73 

8. Elliott, H. F., and R. V. Gomez, Energy 
Exchange in the Column of an Electric 
Arc. with Radial Gas Inflow, Master's 
Thesis, Air Force Institute of Technology, 
Wright-Patterson Air Force Base, Ohio, 
GA/EE/64-6, 1964. 

9. Yas'ko, o. I., "Correlation of the Characteristics 
of Electric Arcs," British Journal of Applied 
Physics, Vol. 2, February, 1969, pp. 733-751. 

10. Cremers, c. J., H. S. Hisa, and J. R. Mahan, 
"Downstream Conditions in a Constricted 
Arc with Radial Injection,"CIEEE Transactions 
on Plasma Science, Sept. 1973, pp. 10-14. 

11. Emmons, H. W., "Recent Developments in Plasma 
Heat Transfer," Modern Developments in Heat 
Transfer, Academic Press, New York, 1963, 
pp. 401-478. 

12. Bower, W. W., Correlations for the Wall Parameters 
in the Asymptotic Region of a Laminar 
Constricted Arc, Master's Thesis, Purdue 
University, 1969. 

13. · Borovchenko~ E·., A., v. ;r •. ~r.ylovich, arid o. I. 
Yas'ko, "Some Problems on Heat Transfer in 
Plasma Jet Generators", Proceedings of the 
Third International Heat Transfer Conference, 
Vol. 5, August, 1966, pp. 228-235. 

14. Devoto, R. s., "Transport·Coefficients of 
Partially Ionized Argon," The Physics of 
Fluids, Vol. 10, No. 2, 1967, pp. 354-364. 

15. Pierce, F. J., Microscopic Thermodynamics, 
International Textbook co., Scranton, Pa.,. 
1968, p. 349. 

16. Schlichting, H., Boundary Layer Theory, 6th ed., 
McGraw-Hill Book Co., New York, 1968, p. 12. 



74 

17. Holman, J. P., Experimental Methods for Engineers, 
McGraw~Hill Book Co., New York, 1966, p. 37. 

18. Lukens, L. A., An Experimental Facility for 
Friction and Heat Transfer Measurements in 
a High Temperature Plasma~ Master's Thesis, 
Purdue University, June, 1969. 



Appendix A 

UNCERTAINTY ANALYSIS 

Some uncertainty was introduced into the results 

due to measurement inaccuracies. The measured quan-

tities and their estimated measurement uncertainties 

are given in Tables 16 and 17. The method of Kline 

and Mcclintock (17) is used below for finding an ex-

pected uncertainty in the results. 

The base mass flow rate was calculated from 

= 
w p 

0.778 VB (-B 
war 29.92 

530 
-> 

T 

or, in a simplified form, 

'i/2' 
m = 2.78 V (p/T) . 

b B 

1/2 

Following the method of Kline and Mcclintock, the 

expected uncertainty is given by 

The partials in Eq. 2 are evaluated as 

am/av = 2.78 (p/T) 
1/2 

am/ap = 1.39 V (pT)-l/2 

am/aT = -1.39 V (p/T3) 1/ 2 • 

75 

(1) 

(3) 

(4) 

(5) 
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Using Table 16, typical values of v B' p, and T are 

VB = 0.3 + 0.0275 SCFM -
p = 31.0 + - 0.05 in Hg 

T = 540 + 2 OR -
Substituting these typical values into Eqs. 2, 3, and 

4 gives 

am/av = 0.665 (6) 

am/ap = 3.23 x lo-3 (7) 

am/aT = -1.85 x 10-4 (8) 

The product of ~ and am/av dominates the other terms 

of Eq. 1. Substituting Eqs. 6, 7, and 8 and the esti-

mated uncertainties in VB, p, and T into Eq. 2 gives 

an expected base mass flow rate uncertainty of 0.0183 

g/sec. -Substituting the typical values of VB, p, and 

T into Eq. 1 gives a typical mass flow rate of 0.2 

g/sec, and so a typical value of the percentage error 

in determining mb might be 

= 0.0183/0.2 = 9.15 percent. (9) 

The expected injection mass flow rate uncertainty 

is found in a manner similar to that used to find the 
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base mass flow uncertainty. Typical values of the 

variables are 

v = 0.6 + 0.0625 SCFM c -
p = 33.0 + - 0.05 in Hg 

T = 540 + 2 OR -

and so a typical value of. the injection flow rate 

percentage error might be 

u /m = 0.042/0.412 = 10.2 percent. (10) 
m 

The local wall heat loss is calculated from 

Q = 2321 m w f;;T I t Ls (11) 

Typical values of the measured variables are 

m = 1.0 + 0.001 liter w -
t = 100.0 + 0.5 sec -
f;;T = 10.0 + 0.5 OR -
L = 5.0 + 0.1 mm 

s -
and so 

2.51 watts I mm 
uQ/Q = = 5.4 percent. (12) 

46.42 watts I mm 
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Finding a limit for the axial potential gradient 

presents difficulties because the gradient is determined 

from a least squares polynomial curve fit of the axial 

electric potentials. However, if the potential gradient 

changes relatively little with axial distance, then the 

linear potential gradient between agjacent segments 

approximates the actual potential gradient between those 

segments. It is assumed that the actual gradient between 

two adjacent segments is bounded by the maximum and 

minimum linear gradients which could exist due to the 

error in potential measurement and axial distance. The 

equation describing a linear potential gradient between 

two adjacent segments is 

where 

= 

= 

z = 

electric potential at a segment 

electric potential of the segment 
immediately downstream of the 
segment with potential v2 

axial distance between segment centers. 

Typical values of v1 , v2, and z are 

= 3.0 + 0.1 volts 

= 0.0 + 0.1 volts 
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z = 5.0 + 0.1 nun • 

Therefore, a typical potential gradient is 0.6 volts/ 

mm, the uncertainty in the potential gradient is 0.0307 

volts/nun, and a typical percentage error in the potential 

gradient is 

= 0.0307/0.6 = 5.1 percent • (13) 

The local power dissipation is computed from 

P = I E 

Typical values of I and E are 

I = 100 + l ampere 

E = 0.6 + 0.0307 volts/nun 

and a typical percentage error in the local power dis-

sipation is 

3.13 watts I nun 
up/P = = 5.2 percent . (14) 

60.6 watts I nun 

The local efficiency is calculated from 

n = 1 Q/P 

Typical values calculated previously for Q and P are 
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Q = 46.4 + 2.5 watts/nun 

P = 60.0 + 3.1 watts/mm 

A typical uncertainty in n is 0.0582 and a typical 

value of n is 0.227. This gives a typical percentage 

uncertainty of 

= 0.0582/0.227 = 25.7 percent (15) 

Equation 15 applies in the fully-developed region.be-

cause the typical values of P and Q are for the fully-

developed region. The percentage uncertainty appears 

large because in the fully-developed region, n should 

be close to zero and even a small uncertainty in n, 
when divided by a value of n near zero, will result in 

a large percentage uncertainty. However, in the devel-

oping regions where n approaches one, the percentage 

uncertainty in n approaches 

= 0.074/1.0 = 7.4 percent (16) 

The electrical conductivity is given by 

cr = I/AE = I/0.785d2E 

Typical values of the variables are 

I = 100 + 1 ampere 
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d = 10.0 + 0.1 mm 

E = 0.6 + 0.307 volts/mm 

and so a typical value of cr is 2.12 mho/mm, a typical 

uncertainty in cr is 0.113 mho/mm, and a typical per-

centage uncertainty is 

= 0.113/2.12 = 5.3 percent (17) 

The uncertainty in cr can be used to calculate an 

uncertainty in the average plasma temperature. Figure 

24 shows 9300 °K as the plasma temperature corresponding 

to a typical plasma conductivity of 2.12 mho/mm. Also, 

the values of cr used in calculating the S parameter 

generally gave characteristic temperatures in the range 

of 9000 °K to 10000 °K. Figure 24 shows that for this 

temperature range, cr is approximately a linear function 

of temperature and the relationship between cr and T is 

approximately 

~T = 922 ~cr (18) 

The value of cr at 10000 °K is 2.939 mho/rnrn and since 

the expected uncertainty in cr is 5.3 percent, the 

expected uncertainty in cr at 10000 °K is 

~cr = (0.053) (2.939 mho/rnrn) = 0.155 mho/rnrn (19) 
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Substituting Eq. 19 ,into Eq. 18 results in a tempera-

ture uncertainty of 144 °K and a percentage temperature 

uncertainty in the 9000 - 10000 °K range of less than 

= 144/9500 = 1.5 percent. (20) 

The enthalpy uncertainty is found in the manner 

just described for conductivity uncertainty. From Fig. 

24, the relationship between h and T in the 9000 - 10000 

°K temperature range is 

Llh = 1.14 LlT • ( 21) 

Substituting the temperature uncertainty of 144 °K from 

Eq. 20 into Eq. 21 yields a typical h uncertainty of 

164 watt-sec/g. Since argon enthalpy at 9500 °K is 

5050 watt-sec/g, a typical enthalpy percentage uncer-

tainty ~ight be 

= 164/5050 = 3.3 percent • ( 22) 

The uncertainty in the S parameter based on inlet 

conditions can now be determined. The S parameter is 

calculated from 

s = mhcrd / r 2 

Typical values of the variables in the S parameter are 
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m = 0.2 + 0.0183 g/sec 

h = 5050 + 164 watt-sec/g -
CJ = 2.12 + 0.113 mho/mm 

d = 10.0 + 0.1 mm -
I = 100 + 1 ampere 

Using the appropriate values of the S parameter 

variables and their uncertainties gives a typical 

value for S of 2.14, a typical uncertainty of 0.322, 

and a percentage uncertainty of 

= 0.322/2~14 = 15 percent. 

Evaluation of the uncertainty in the S parameter 

based on injection conditions is similar to the process 

used immediately ·above~ However,· the typical mass flow 

rate and its uncertainty is assumed to be the sum o.f 

the base and injection mass flow rates and uncertainties 

because the combined mas·s flow is used to evaluate the 

S parameter for injection conditions. The value of the 

combined mass flow rate and uncertainty is 

m = 0.612 + 0.0612 g/sec • 

The calculated typical value of S is 6.55, while the 

uncertainty is 1.022 and the percentage uncertainty is 
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= 1.022/6.55 = 15.6 percent. 

The various uncertainties calculated in this 

section are summarized in Table 18. 
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TABLE 1 

VALUES OF THE S PARAMETER AND ITS 

COMPONENTS FOR VARIOUS OPERATING CONDITIONS 

m I E C1 T h 
CASE mho w-sec s 

* 

g/sec amp V/mm OK --- ,... 
~ 

1 0.144 58.2 0.416 1.78 8924 4880 3.68 

2 0.141 111.2 0.501 2.83 9904 5950 1.92 

3 0.337 57.5 0.421 1.74 8886 4850 8.58 

4 0.344 111.2 0.510 2.79 9868 5910 4.59 

5* 0.146 80.3 0.452 2.26 9386 5320 2.72 
5 0.447 80.3 0.481 2.13 9264 5200 7.68 

6* 0.147 79.3 0.459 2.20 9330 5260 2.66 
6 0.467 79.3 0.512 1.97 9111 5050 7.40 

7* 0.148 80.3 0.398 2.57 9671 5650 3.33 
7 0.799 80.3 0.604 1.69 8837 4810 10.1 

8* 0.147 115.5 0.491 2.99 10045 6090 2.01 
8 ·o.504 115.5 0.546 2.70 9788 5800 5.90 

9* 0.506 213.9 0.692 3.93 10847 7050 3.07 
9 1.396 213.9 0.849 3.20 10228 6130 6.00 

lo* 1.090 213.9 0.975 2.79 9868 5190 3.39 

11* 1. 505 213.9 .0.910 2.99 10045 6090 6.00 

The starred mass flow rate for a Case refers to S 
Parameter based on cathode plus injection flow ~ate 

Cases 9, 10, 11 based on data from Mahan (5) 

Duct diameter is 10. mm for all Cases 
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TABLE 2 

DATA FOR FIGURES 8 AND 9 

Static Pressure N/m 2 

Position Case Case Case Case 

mm 1 2 3 4 

2.5 259 397 . 654 998 
7.5 252 387 678 1007 

12.5 237 349 628 924 
17.5 223 328 597 855 
22.5 206 306 552 766 
27.5 189 282 501 673 
32.5 179 264 470 612 
37.5 164 248 430 554 
42.5 159 233 376 484 
47.5 154 228 358 451 
52.5 147 207 319 400 
57.5 130 195 274 365 
62.5 125 176 246 397 
67.5 117 167 218 264 
72.5 ·102· 159· . .... 181 ·.2.20 
77.5 92 139 157 .193 . 
82.5 : 87 120 136 161 
87.5 75 108 105 121 

·92.5 67 89 77 80 
97.5 37 72 50 50 

102.5 42 59 21 5 
107.5 17 43 9 -20 
112.5 17 7 2 -65 
117.5 20 18 -49 -90 
122.5 3 13 -37 -119 
127.5 5 -11 -83 -139 
132.5 -14. -31 -115 -187 
137.5 -21 -42 -124 -208 
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TABLE 3 

DATA FOR FIGURES 10 AND 11 

Static Pressure N/m2 

Position Case Case Case Case 

mm 5 6 7 8 

2.5 1108 1373 2384 1794 
7.5 1108 1370 2376 1794 

12.5 1099 1340 2352 1754 
17.5 1066 1310 2347 1764 
22.5 1049 1283 2327 1731 
27.5 1026 1270 2317 1721 
32.5 1011 1268 2292 1686 
37.5 1009 1265 2274 1646 
42.5 984 1236 2264 1644 
47.5 979 1225 2294 1647 
52.5 959 1199 2249 1622 
57.5 - - - -
62.5 - - - -
67.5 665 581 1211 832 
72.5 633 700 1457 1163 
77.5 558 601 1295 779 
82.5 471 558 1075 688 
87.5 403 433 917 526 

. 92. 5 361 396 786 450 
97.5 304 303 599 335 

102.5 233 240 . 456 272 
107.5 164 158 278 162 
112.5 108 104 159 102 
117.5 64 48 51 31 
122.5 0 -21 -68 -35 
127.5 -45 -70 -174 -102 
132.5 -85 -110 -220 -138 
137.5 -124 -150 -318 -209 
142.5 -187 -203 -397 -266 
147.5 -229 -238 -423 -314 
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TABLE 4 

DATA FOR FIGURES 12 AND 13 

CASE 1 CASE 2 

Position v E Q v E Q 

mm volt V/mrn w/mrn volt V/mm w/mrn 

2.5 9.7 0.467 10.0 9.7 0.525 25.9 
7.5 11.4 0.461 12.l 12.0 0.559 28.6 

12.5 13.7 0.456 17.6 15.l 0.575 42.0 
17.5 16.4 0.451 18.3 18.2 0.573 45.2 
22.5 18.8 0.448 20.5 21.0 0.554 50.4 
27.5 20.9 0.444 20.4 23.3 0.518 54.5 
32.5 23.l 0.442 20.4 25.9 0.501 54.2 
37.5 25.0 0.440 20.9 28.2 0.501 55.7 
42.5 27.2 0.438 21.7 30.5 0.501 55.3 
47.5 29.6 0.437 21.6 33.l 0.501 53.6 
52.5 31.7 0.437 21.6 35.5 0.501 52.2 
57.5 34.0 0.437 23.1 38.0 0.501 54.9 
62.5 35.8 0.416 21.8 40.5 0.501 53.6 
67.5 38.0 0.416 22.2 42.9 0.501 57.3 
72.5 40.2 . o. 41.6. .. .2.2.s ... 45.5· 0.501 55.6 
77.5 42.3 0.416 2·2·. 9 48.Q 0. 50.l 54.5 
82.5 44.4 0.416 23.9 50.6 0. 5 Oil: 55.8 
87.5 46.6 0.416 23.l 53.l 0.501 56·. 9 
92. 'S 48.6 0.416 23.7 55.7 0.501 56.2 
97.5 50.7 0.416 22.6 58.0 0.501 54.2 

102.5 52.7 0.416 23.5 60.6 0.501 54.9 
107.5 54.9 0.416 24.3 63.2 0.501 55.4 
112.5 56.9 0.416 22.l 65.7 0.501 54.3 
117.5 59.0 o •. 416 22.4 68.2 0.501 56.1 
122.5 60.9 0.416 23.0 70.7 0.501 55.0 
127.5 63.0 0.416 23.9 73.0 0.501 55.4 
132.5 65.1 0.416 22.3 75.8 0.501 54.'l 
137.5 67.l 0.416 23.0 78.4 0.501 50.6 
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TABLE 5 

DATA FOR FIGURES 14 AND 15 

CASE 3 CASE 4 

Position v E Q v E Q 

mm volt V/mm w/mm volt V/mm w/mm 

2.5 9.2 0.447 9.8 10.8 0.643 30.5 
7.5 11.7 0.465 6.6 14.0 0.633 24.9 

12.5 13.8 0.479 7.1 17.0 0.623 25.9 
17.5 16.1 0.491 4.5 20.l 0.613 28.0 
22.5 18.5 0.501 6.5 23.3 0.603 33.0 
27.5 21.2 0.507 8.2 26.2 0.593 38.8 
32.5 23.8 0.511 9.4 29.1 0.584 38.0 
37.5 26.6 0.512 12.5 32.1 0.574 42.3 
42.5 29.1 0.511 11. 9 34.8 0.564 43.6 
47.5 31. 7 0.506 14.9 37.9 0.554 45.2 
52.5 34.1 0.499 15.l 40.5 0.544 47. 5 I 
57.5 36.3 0.490 14.4 43.0 0.534 49.6 
62.5 38.8 0.478 17.0 45.6 0.510 49.0 
67.5 41.1 0.463 18.4 48.2 0.510 53.1 
72.5 43.4 0.445 18.1 50.9 0.510 53.7 
77.5 45.7 0.424 20.3 53.5 0.510 53.3 
82.5 47.9 0.401 20.9 56.1 0.510 54.2 
87.5 50.1 0.421 21. 9 58.7 0.510 55.l 
92.5 52.4 0.421 22.1 61.3 0.510 so.a 
97.5 54.4 0.421 21.6 63.6 0.510 51. 3 

102.5 56.6 0.421 22.5 66.3 0.510 54.9 
107.5 58.7 0.421 22.8 68.9 0.510 54.4 
112.5 60.8 0.421 22.2 71. 4 0.510 54.7 
117.5 62.9 0.421 22.3 73.9 0.510 54.8 
122.5 65.0 0.421 22.0 76.4 0.510 54.7 
127.5 67.1 0.421 23.7 78.7 0.510 55.0 
132.5 69.3 0.421 21.7 81.5 0.510 54.4 
137.5 71.1 0.421 20.4 83.9 0.510 48.7 
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TABLE 6 

DATA FOR FIGURES 16 AND 17 

CASE 5 CASE 6 

Position v E Q v E Q 

mm volt V/mm w/mm volt V/mm w/mm 

2.5 9.5 0.331 15.8 9.4 0.506 16.7 
7.5 11. 4 0.436 12.6 11.5 I o.508 14.9 

12.5 13.8 0.504 15.7 14.4 0.511 22.0 
17.5 16.4 0.535 22.4 17.0 0. 513 24.1 
22.5 19.1 0.529 25.6 19.5 0.516 26.4 
27.5 21.6 0.487 29.5 22.0 0.459 29.3 
32.5 23.9 0.452 30.7 24.5 0 .• 459 30.7 
37.5 26.4 0.452 32.4 26.6 0.459 33.6 
42.5 28.8 0.452 .32.7 29.1 0.459 34.5 
47.5 31. 0 0.452 32.3 31.3 0.459 33.9 
52.5 33.2 0.452 32.2 33.5 0.459 33.7 
57.5 35.5 0.452 31.3 36.0 0.459 33.3 
62.5 39.2 0.692 14.8 39.5 0.919 21. 9 
67.5 42.7 0.672 18.2 45.5 0.875 53.7 
72.5 45.;7 0~651 18. o· 49·~ 3. o·. 831 43.4 
77.5 49.l 0.631 20.1 53.3 0.786 29.5 
82.5 52.3 0.610 21.1 56.7 0.742 26.8 
87.5 55.2 0.590 23.6 60.2 0.698 23.7 
92~5 58.2 0.569 23.0 63.5 0.654 25.7 
97.5 60.8 0.549 24.5 66.9 0.609 26.3 

102.5 63.5 0.528 25.9 70.1 0.565 29.1 
107.5 66.2 0.508 25.5 72.8 0.521 23.3 
112.5 68.7 0.487 26.2 75.6 0.512 27.7 
117.5 71.3 0.467 I 25.l 78.2 0.512 28.3 
122.5 73.6 0.482 27.4 80.7 0.512 27. 8 
127.5 76.l 0.482 28.8 83.4 0.512 30 • .? 
132.5 78.6 0.482 27.4 86.0 0.512 29.7 
137.5 80.8 0.482 30.3 88.3 0.512 29.5 
142.5 83.5 0.482 28.8 91.1 0.512 30.9 
147.5 85.6 0.482 25.4 93.5 0.512 26.5 
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TABLE 7 

DATA FOR FIGURES 18 AND 19 

CASE 7 CASE 8 

P'osition v E Q v E Q 

mm volt V/rnm w/rnm volt V/rnm w/rnm 

2.5 9.8 0.403 14.9 9.9 0.546 28.1 
7.5 12.2 0.451 14.8 12.7 0.548 31. 3 

12.5 14.4 0.489 21.1 15.3 0.550 37.1 
17.5 16.8 0.515 26.0 18.2 0.552 43.5 
22.5 19.5 0.531 27.0 20.9 0.555 51.2 
27.5 22.1 0.536 29.5 23.7 0.557 54.8 
32.5 24.7 0.530 30.2 26.5 0.491 52.9 
37.5 27.3 0.513 28.4 29.l 0.491 57.1 
42.5 29.9 0.486 33.1 31. 5 0.491 55.9 
47.5 31. 9 0.447 28.8 34.0 0.491 58.3 
52.5 34.0 0.398 31. 3 36.4 0.491 53.1 
57.5 35.7 0.390 34.1 38.8 0.491 56.7 
62.5 41.1 0.961 15.9 43.9 0.816 37.6 
67.5 47.1 0.922 25.l 47.9 0.795 61. 6 
72.5 51. 6 0.883 24.0 52.4 0.773 43.8 
77.5 55.6 0.844 16.3 56.6 0.751 41.1 
82.5 59.6 0.806 23.2 60.3 0.729 37.2 
87.5 63.6 I 0 o 767 21.6 64.0 0.707 41.7 
92°.5 66.9 0.728 22.0 67.2 0.685 41.1 
97.5 70.5 0.689 20.5 70.7 0.663 43.3 

102.5 74.1 0.651 25.3 73.6 0.642 46.9 
107.5 77.1 0.612 17.5 76.6 0.620 45.l 
112.5 80.4 0.573 25.2 79.4 0.598 50.0 
117.5 83.1 0.535 21.0 82.3 0.576 51.1 
122.5 86.6 0.604 27.6 85.0 0.546 52.2 
127.5 89.6 0.604 27.0 87.9 0.546 54.7 
132.5 92.8 0.604 31.1 90.5 0.546 54.4 
137.5 95.5 0.604 27.8 93.1 0.546 56.0 
142.5 98.6 0.604 32.2 95.9 0.546 53.5 
147.5 101.3 0.604 22.2 98.8 0.546 46.2 
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TABLE 8 

DATA FOR FIGURES 20 AND 22 

INLET CONDITIONS 

CASE 1 CASE 2 CASE 3 

Position x/d n x/d n x/d n 
--- --- ---

mm s % s % s % 

2.5 0.06 67.0 0.13 55.6 0.03 61.9 
7.5 0.20 54.9 0.39 54.0 0.09 75.4 

12.5 0.34 33.5 0.65 34.2 0.15 74.1 
17.5 0.48 30.5 0.91 29.1 ' 0. 20 84.1 
22.5 0.61 21.5 1.17 18.2 0.26 77.5 
27.5 0.75 21.l 1.43 5.3 0.32 71.9 
32.5 0.88 20.6 1.69 2.7 0.38 67.9 
37.5 1.02 18.3 1.95 o.o 0.44 57.5 
42.5 1.16 15.0 2.21 -0.8 0.50 59.5 
47.5 1.29 15.0 0.55 48.8 
52.5 1. 43 16.8 0.61 47.3 
57. 5 . 1.56 ·9.1 .. , '.I 0.67 48.8 
62.5 1.70 10.0 0.73 40.0 
67.5 1.83 8.2 0.79 30.7 
72.5 1. 97 7.2 0.84 29.l 
77.5 2.10 5.4 0.90 16.9 
82.5 2.24 1. 2 0.96 9.4 
87.5 2.38 4.8 1.02 9.7 
92.5 2.51 2.1 1.08 8.7 
97.5 2.65 6.5 1.14 10.9 

·102.5 2.79. 2.8 1.20 7.0 
107.5 2.92 -0.2 1.25 5.9 



Position 

mm 

2.5 
7.5 

12.5 
17.5 
22.5 
27.5 
32.5 
37.5 
42.5 
47.5 
52.5 
57.5 
62.5 
67.5 
72.5 
77~5 
82.5 
87.5 
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TABLE 9 

~ATA FOR FIGURES 20 AND 22 

INLET CONDITIONS 

CASE 4 CASE 5 

x/d ! n n --- x/d I ---s % s % 

0.05 57.3 0.09 40.7 
0.16 64.6 o. 28 63.9 
0.27 62.6 0.46 61.1 
0.38 1 58.9 0.64 47.8 

I 0.49 50.8 0.83 39.7 
0.60 41.1 1.01 24.6 
0.71 i 41. 4 1. 20 : 15. 61 
0.82 

I 
33.7 1.38 lo. 9 I 

0.93 30.5 1.56 9.8 
1. 04 26.6 1. 75 I 11.1 i 
1.14 I 21. 5 I 1. 93 . 11.3 
1.25 16. 4 l 2.11 13.8 

I 1. 36 I 13.5 
1.47 6. 3 l I 

1. 58 I s. 3 I 
I 1.69 I 

I 5. 9 I 
1.80 4. 3 I 
1.91 I 2.7 

I 
I 

I j 

CASE 6 

x/d n 
---
s % 

0.09 58. 41 
0.28 62. 9 I 
0.47 45. 8 I 

0.66 40.8 
0.85 35.6 
1.03 19.7 
1.22 15.8 
1. 41 7.9 
1.60 5.4 
1.79 7.0 
1.97 7.4 
2.16 8.7 
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TABLE 10 

DATA FOR FIGURES 20 AND 22 

INLET CONDITIONS 

CASE 7 CASE 8 
I I Position x/d n x/d n ---
i mm s % s % 
1 

2.5 0.08 53.9 0.12 55.4 
7.5 I 0.23 59.2 0.37 50.5 

12.5 0.38 46.4 0.62 41.6 
17.5 0.53 37.2 0.87 31.9 
22.5 0.68 36.8 1.12 20.1 

l 
27.5 ! 0.83 31. 6 1. 37 14.8 
32.5 0.98 29.1 ). •. 62 6.8 
37.5 1.13. 31.2 1.87 -Q.8 
42.5 1.28 15.1 2.11 1. 3 
47.5 1. 43 19.9 2.36 -2.8 

I· 52.5 1.58 2.1 
57.5 1.73 -9.0 
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TABLE 11 

DATA FOR FIGURES 20 AND 22 

CASE 9 INLET CONDITIONS 

* * Position 
~l~ 

E Q n 
mm s V/mm w/mm % 

o.o 0.0 0.779 79.6 52.2 
5.0 0.16 0.775 95.8 42.2 

10.0 0.33 0.772 104.0 37.0 
15.0 0.49 0.768 97.9 40.4 
20.0 0.65 0.765 108.6 33.6 
25.0 0.81 0.763 122.4 24.8 
30.0 0.98 0.758 137.3 15.2 
35.0 1.14 0.754 132.6 17.8 
40.0 1. 30 0.748 132.4 17.2 
45.0 1. 46 0.738 140.6 10.8 
50.0 1. 63 0.725 142.0 8.4 
55.0 1.79 0.705 142.8 5.5 
60.0 1.95 0.692 148.3 o.o 

* The potential gradient and wall heat 
loss are not shown in Figures 20 and 22 

Case 9 data are from Mahan {S) 
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TABLE 12 

DATA FOR FIGURES 21 AND 23 

CASES 5 AND 6 

INJECTION CONDITIONS 

CASE 5 CASE 6 

Position x/d n x/d n 
---mm s % s % 

2.5 o. 03. 73.3 0.03 70.0 
7.5 0.10 66.2 0.10 22.6 

12.5 0.16 65.6 0.17 34.2 
17.5 0.23 60.4 0.24 52.8 
22.5 0.29 56.9 0.30 54.4 
27.5 0.36 50.1 0.37 57.2 
32.5 0.42 49.7 0.44 50.4 
37.5 0.49 44.5 0.50 45.5 
42.5 0.55 39.0 0.57 35.2 
47.5 0.62 37.5 0.64 43.5 
52.5 0.68 33.0 0.71 32.0 
57.5 o. 75 . . . 33. 2 .• ,. 0.78 30.3 
62.5 0.81 29.l 0.85 31.6 
67.5 0.88 25.5 0.91 25.0 
72.5 0.94 29.2 0.98 26.8 
77~5 1. 01 21.8 1. 05 27.3 
82.5 1.07 25.7 1.11 23.9 
87.5 1.14 34.4 1.18 34.7 
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TABLE 13 

DATA FOR FIGURES 21 AND 23 

CASES 7 AND 8 

INJECTION CONDITIONS 

CASE 7 CASE 8 

Position x/d Tl x/d Tl --- ---
mm s % s % 

2.5 0.02 79.4 0.04 60.2 
7.5 0.07 66.l 0.13 32.9 

12.5 0 .• 12 66.l 0.21 50.9 
17.5 0.17 75.9 0.30 52.7 
22.5 0.22 64. 2 . 0.38 55.8 
27.5 0.27 64.9 0.47 48.9 
32.5 0.32 62.4 0.55 48.l 
37.5 0.37 63.l 0.64 43.5 
42.5 0.42 51.5 0.72 36.7 
47.5 0.47 64.3 0.80 37.0 
52.5 0.52 45.2 0.89 27.7 
57.5 0.57 51.l 0.97 23.1 
62.5 0.62 43.2 1.06 17.2 
67.5 0.67 44.3 1.14 13.l 
72.5 0.72 35.8 1. 23 13.8 
77.'5 0.77 42.7 1.31 11.3 
82.5 0.82 33.6 1.40 15.l 
87.5 0.87 54.3 1.48 26.8 
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TABLE 14 

DATA FOR FIGURES 21 AND 23 

CASES 9-11 (INJECTION) 

Position x/d E* o* n 

mm s V/mm w/mm % 

CASE 9 

2.5 0.04· 1.943 71.1 82.9 
7.5 0.12 1.215 77.8 70.0 

12.5 0.21 0.855 79.1 56.9 
17.5 0.29 0.849 63.4 65.0 

CASE 10 

2.5 0.07 1.558 94.4 71.6 
7.5 0.22 1.314 90.l 67.7 

12.5 0.37 1.120 79.5 66.8 
·11.5 0.52 0.975 88.8 57.4 
22.5 0.66 0.880 88.7 52.8 

CASE.11 

2.5 0.04 3.115 57.5 91.3 
7.5 0.12 1.802 71.0 81.5 

12.5 0.21 1.060 67.0 70.4 
17.5 0.29 0.910 63.8 67.1 
22.5 0.37 1.320 68.8 75.6 

* The potential gradient and wall heat loss are not 
shown in Figures 21 and 23 

. Data for Cases 9-11 are from Mahan (5) 
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TABLE 15 

DATA FOR FIGURE 25 

0.8714 -0.9775 
CASE s 105.8 m· I 

1 3.68 3.68 
2 1. 92 1.92 
3 8.58 7.86 
4 4.59 4.16 
5 2.72 2.71 
6 2.66 2.76 
7 3.33 2.73 
8 2.01 1.91 
9 3.07 3.05 

5* 7.68 7.18 
6* 7.40 7.54 
7* 10.10 11.86 
a* 5.90 5.57 
9* 6.00 7.39 

10* 3.39 5.95 
11* 6.00 7.89 

* Injection conditions 

See Table 1 for values of S 
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TABLE 16 ESTIMATED MEASUREMENT ACCURACIES 

Measurement Accuracy (%) Uncertainty 

Base Flow 5.o* +0.0275 SCFM -
Constriction Flow 5.0 * +0.0625 SCFM -
Base Flow ** Rotameter Pressure 0.6 + 0.1 in Hg -
Constriction Flow ** Rotameter Pressure 0.6 + - 0.1 in Hg 

Constriction Plenum ** Pressure 0.6 + 0.1 in Hg -
Base Flow ** Rotameter Temperature 0.8 + 2.0 op -
Constriction Rotameter ** Temperature 0.8 + 2.0 op -
Constriction Plenum ** Temperature 3.8 + 10.0 op 

-

SCFM Standard Cubic Feet per Minute 

* Percent full scale 

** Percent of indicated measurement 
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TABLE 17 ESTIMATED MEASUREMENT ACCURACIES 

Measurement Accuracy (%) Uncertainty 1 
I 

** Duct Static Pressure 0.2 + 0.01 in H20 -
Axial Position 4.o** + 0.1 mm -

** Duct Diameter 2.0 + 0.1 mm -
* 

I Segment Potential 0.2 + 0.1 volt -
** Cooling Water Volume 0.2 + 0.001 liter -

Cooling Water ** Temperature 0.2 + 0.5 op -
** Elapsed Time 1.0 + 0.5 sec -
** Discharge Current 2.0 + - 1.0 amp 

* Percent full scale 

** Percent of indicated measurement 
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TABLE 18 

EXPECTED UNCERTAINTY IN THE 

S PARAMETER AND ITS COMPONENTS 

TYPICAL 
VALUE 

0.200 g/sec 

0.412 g/sec 

46.42 watts/mm 

0.6 V/mm 

60.0 watts/mm 

0.227 

1.00 

2.12 mho/mm 

9500 °K 

EXPECTED 
UNCERTAINTY 

~0.0183 g/sec 

t0.042 g/sec 

1±2.51 watts/mm 

±0.0307 V/mm 

±3.13 watts/mm 

±0.0582 

±0.074 

±0.113 mho/mm 

±144 °K . 

5050 watt-sec/g ±164 watt-sec/g 

PERCENT 
UNCERTAINTY 

± 9.1 

±10.2 

± 5.4 

± 5.1 

± 5.2 

±25.7 

± 7.4 

± 5.3 

± 1. 5 

± 3.3 

s<c> 2.14 

s<a> 6.55 

±"o. 322 · 

±1.022 

±15.0 

±15.6 

(a) n in the fully-developed region 
(b) n in the thermally developing arc region 
(c) S based on inlet conditions 
(d) S based on injection conditions 



Appendix C 

DIFFERENTIAL TEMPERATURE TRANSDUCERS 

The wall heat flux to any segment was calculated 

from the upstream and downstream cooling water tempera-

ture difference and the water flow rate through the 

segment. There are at least two ways of using thermo-

couples to determine this temperature difference. One 

method consists of placing the thermocouples in the up-

stream and downstream water lines of a segment and using 

the standard ice junction reference thermocouple circuit 

on each thermocouple to find the water temperature at 

each location. Obviously, if the water temperature at 

each of the two locations is known, then the water tem-

perature difference can be found. The other method, 

which is the one used in this research, is a simpler 

and more direct approach for determining the temperatur.e 

difference. 

The second approach involves the use of two simi-

lar thermocouples connected in series such that two . 

similar leads (such as constantan) are joined and the 

other two similar leads (such as iron)· are connected 

directly to a thermocouple switch. No reference junc~ 

tion is required in this arrangement because the thermo-

104 
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couple switch terminals may be assumed to be at iden-

tical temperatures. 

The type of thermocouple arrangement just described 

produces a thermoelectric potential (emf) which is almost 

directly proportional to the temperature difference of 

the two thermocouple junctions. This is because the 

thermocouple at the higher temperature produces an emf 

which is partially opposed by the emf from the thermo-

couple at the lower temperature. It was established that 

the thermocouple emf is almost a linear function of the 

thermocouple junction temperature for the cooling water 

temperature range of 21.l °C to 43.3 °C encountered in 

this research. 

Thermocouple calibration was accomplished by immer-

sing one thermocouple junction in hot water while the 

other junction was placed in cold water. Mercury ther-

mometers indicated each water temperature while the ther-

mocouple assembly emf was recorded simultaneously. The 

temperature difference was predicted from the thermo-

couple assembly emf with the use of the National Bu~eau 

of Standards Iron-Constantan Thermocouple Tables (Circu-

lar 561) and was within ~ one percent of the temperature 

difference measured by the thermometers. Considering 
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the error possible in reading the thermometers, the 

temperature difference was assumed to be that difference 

given by the thermocouple tables using the thermocouple 

emf. 

Lukens (18) used differential temperature trans-

ducers similar to the one just described. He reported 

difficulty in obtaining a sufficent thermocouple signal-

to-noise ratio. He also noted that the coolant pressure 

drop between the inlet and outlet thermocouple locations 

was large enough to necessitate flow work corrections. 

Lukens calculated that the flow work could correspond to 

a water temperature rise of 1.3 °C. Of course, the cool-

ant pressure loss is dependent on the particular experi-

mental apparatus. However, neither thermocouple elec-

trical noise nor a flow work coolant temperature rise 

was obs~rved in the present research. Within the coolant 

flow limitations imposed by the cooling water hose con~ 

nections, the coolant pressure drop did not produce a 

temperature rise which could be measured by the thermo-

couple assemblies. Under steady operating conditio~s, 

the thermocouple assemblies produced very stable output 

potentials. Furthermore, the calculated energy given 

to the cooling water agrees closely with the energy input, 

and this supports the assumption that the thermocouple 
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assemblies were accurately measuring the coolant 

temperature increase. 
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AN EXPERIMENTAL STUDY 

OF THE WALL CHARACTERISTICS 

OF A LOCAL FLUID CONSTRICTION PLASMA GENERATOR 

by 

Wayne Lee Smith 

(ABSTRACT) 

A local energy conversion efficiency for a con-

fined-discharge plasma generator is defined as the frac-

tion of local power input which is transferred to the 

gas. The local efficiency is a maximum near the gas 

inlet and diminishes with axial distance. 

The thermal development length is the axial extent 

of that region in the plasma generator duct where the 

local efficiency is nonzero. This length varies with 

mass flow rate, current, and duct diameter. Nondimen-

sionalization of the energy equation results in a dimen-

sionless S parameter which determines the thermal devel-

opment length. The S parameter is the product of mass 

flow rate, electrical conductivity, enthalpy, and duct 

diameter divided by the arc current squared. The ther-

mal development length is the product of two times the 

S parameter and the duct diameter. 



Below-atmospheric static pressures occur when a 

calorimeter is installed at the generator plasma exit. 

These pressures result from deceleration of the plasma 

in the calorimeter. 

Empirical expressions for enthalpy and electrical 

conductivity as functions of current and mass flow rate 

are substituted into the S parameter, allowing the 

parameter to be evaluated directly from the mass flow 

rate and current. 

The S parameter is effective in evaluating rede-

velopment thermal lengths downstream of local radial 

fluid injection into the plasma. Also, the S parameter 

is found to be effective in evaluating thermal develop-

ment lengths of independent data from a previous investi-

gator. 


	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110
	0111
	0112
	0113
	0114
	0115
	0116
	0117
	0118
	0119
	0120

