
UNCLASSIFIED 

An292 337 
H&fpioduced 

luf the 

ARMED SERVICES TECHNICAL INFORMATION AGENCY 
ARLINGTON HALL STATION 
ARLINGTON 12, VIRGINIA 

UNCLASSIFIED 



NOTICE: When government or other drawings, speci¬ 
fications cr other data are used for any purpose 
other than in connection with a definitely related 
government procurement operation, the U. o. 
Government thereby incurs no responsibility, nor any 
obligation whatsoever; and the fact that the Govern¬ 
ment may have formulated, furnished, or in any way 
supplied the -.aid drawings, specifications, or other 
data is not to be regarded by implication or other¬ 
wise as in any manner licensing the holder or any 
other person or corporation, or conveying any rights 
or permission to manufacture, use or sell, any 
patented invention that may in any way be related 

thereto. 



CO
CO

o

UJ
CSJ

Si
g'ss

#

%

AIR UNIVERSITY 

UNITED STATES AIR FORCE

SCHOOL OF ENGINEERING

WnaHT-PATTiaSOH Al* roici MSI, OHIO

*r-*F-04IAT « I.M

ASTI A
[T- - "-a/7r7^

jm„4 1963 5

TISIA c



EXPERIMENTAL STUDY OF A TrtAKSiLRATICN-COOLED, 

WALL STABILIZED D-C ARC 

Petar D. Tocsss 

Ga/ME/62-6 

AÍ.WP.Q.SKF 42 2S 



A/KE/ 6? 

iiXFEHli'iii'.TAL ¿TUDY OF A 
TRANSPIPvATIOi'.-COOLiO. WALL 

STAB1LI2LL L-C AhC 

TriESIS 

Presented to the Faculty of the 

School of Engineering of the 

Air Force Institute of Technology 

Air University 

in Partial Fulfillment of the 

Requirements for the Degree of 

Kaster of Science 

By 

Peter D. Taimen, B. Aero. Eng. 

First Lieutenant USAT 

Graduate Astronautics 

August I962 



GA/ME/62-6 

Prafac» 

This study was undertaksn with ths hops that it would add significant 

inionuation to the literature on electric arcs in forced conreetion. 

Although arcs hare been ueed for many years, at present there is no one 

theory which can explain the various observad phenomena. Moat major 

advances in plasma technology are based on empirical methods. Perhaps, 

when sufficient experimental information is available, a rigorous 

theoretical approach will be obvious. 

Because of their extremely high operating temperatures, arc plasmas 

are difficult to contain within solid boundaries. Yet, it is the contain¬ 

ment of those high temperature plasmas which makes them so useful to 

aerospace technology. Transpiration cooling, a method wall known to rocket 

engine designers, is one possible way in which this confinement may be aided. 

The effects of transpiration flow on the electrical and heat transfer 

characteristics of a D.C. arc device are studied in this report. 

This investigation was sponsored by the Aeronautical Research 

Laboratories, Office of Aerospace Research, Wright-Patterson Air Force Base, 

Ohio. I wish to thank Mr. Erich Soehngsn for his ideas and »uggeationa 

which made this study possible. It has been a rewarding and an enjoyable 

experience to have worked for a man of his caliber. My thanks also to 

Mr. Kurt Daniels for his excellent job of assign. I em Grateful to Capt. 

D. Dye and Mr. E. Moore for their help in instrumenting and operating the 

device, and to Prof. M. E. Franks, my faculty advisor, for his suggestions. 

To all the members of my class, and to the personnel of the Aeronautical 
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fte¡ieerch laboratories, I extend my sincere tbanks for their contributions 

to this study. Particular mention must be made ci my class mate, Lt. 

James H. Teaeschi, without whose patiert assistance, I would never have 

completed tülô thesis . 

I must also acknowledge a special indebtedness to my wife for main¬ 

taining our home and marriage in the face of extremely adverse conditions. 

Peter D. Tannen 
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Abstract 

A study was made of a D-C arc dance which confined the arc cclumn 

within a 1/4-in.-diameter tube with transpiration-cooled walls. The tube 

was composed of individual porous segnenta, or chambers, which were 

electrically insulated from each other. The arc was struck between a 

tungsten cathode and a water-cooled, hollow copper anode. Argon was the 

principal gas used for the study, although two unsuccessful runs were made 

with helium. Except for one heat transfer experiment, all the gas entered 

the discharge region as transpiration coolant. Vail lengths of one, two. 

and three inches were tested at various transpiration rates. 

The volt-ampere curves for this device had negative characteristics 

below 40 amperes ana slope reversals in the range of 40-4; amperes. From 

this range to the maximum currents attained (IÇO amps), the arc voltate 

increase- «.i.kb increasing current for all wall lengths and gas flows. 

Simultaneous measurements showed that the arc column voltage gradient also 

had a positive slope with increasing current. Both the total voltage and 

the column voltage increased with increased gas flow. 

The power lost to the external cooling water system was used to 

compute the device and wall efficiencies. The wall efficiency was based on 

the power lost in the wall region and the arc power dissipated in thie 

region. Both efficiencies increased with higher flow rates at a constant 

power. For a given gas flow, both decreasea with increased power. At the 

highest transpiration rates, device efficiencies on the order of Si»'»* 

wall efficiencies of approximately 80J, could bo maintained at the highest 

power levels. 
xl 



ga/IE/62-6 

The heat -.ransfer coefficient» for trenaplrav.ion and non-transpira«on 

(lows «er» compared at low power inputs and at the same total mass flows. 

The results indicate that the coefficient may be reduced to 5* of its 

original value by the application of transpiration flow. 

High-speed motion pictures at 7.000 framer par-second were taken of 

the arc column, and the optical diameter of the column was used to compute 

the current density. The current density was then used to estimate the mean 

plasma temperature, which was approximately 13.000¾. High-speed photographe 

of the end view of the discharge failed to show an anode spot or any 

indication of spot rotation. 

xil 
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EXPERIMENTAL STUDY OF A TRANSPIRATION-COOLED. 
WALL-STABILIZED D.C. ARC 

I. Introduction 

Background 

The net is of hypersonic flow research, materials testing, and apace 

propulsion have pressed the development of high enthalpy gas heaters. One 

of the most satisfactory ways of obtaining the required enthalpies is by 

forced convection of electric area (Ref 1*4)• Because of the size and 

weight of the power supplies necessary to run these devices, it is 

imperative that arc heaters for space applications be as efficient as 

possible (Ref 2:96). The long running time required of space engines 

further complicates the problem. This combination of high enthalpy, high 

efficiency, and continuous operation has been difficult, if not almost 

impossible tc obtain (Ref 3:34) • 

The most camón configuration for arc devices has the electrodes in 

a concentric arrangement (Ref 1:7). The gas flows through the annular gap 

between the electrodes, while the arc current passes across the gap. High 

power operation is generally associated with high currents and high thermal 

loadings. These cause electrode erosion, which results in gas contamination 

and short operating life. The erosion may be reduced by rotating the arc 

around the annulus. There are two primary methods for doing this: 

1. Swirl the gas and rotate the arc by fluid forces (Ref 1:7¡ Ref 4:88). 

2. Apply a magnetic field perpendicular to the arc current and rotate 

the arc by the resulting Lorentz force (Ref 5i R"f ót22¡ Ref 7:3; Ref 8:4). 
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If the arc length is increased, then for a giren current, arc roltaga 

and power are increased (Ref 3¡35¡ Ref 4:93). This is usually done by 

extending the outer electrode in the direction of gas flow, and allowing 

the arc to be ‘blown* to the required length (Ref 1:8¡ Ref 6:19). Strong 

swirl, or vortex, flow is often used to constrict and stabilize the arc 

(Ref 6:18; Ref 7:3» 9«9)» This typo of gas flow allows sustainea 

high power operation, but due to non-uniform gas heating (Ref 3:33) and 

strong secondary flown (Ref 4«09)» »orne foi» of »ixing or plenum chamber 

must be used (Ref 6:21; Ref 9>9)« The heat losses to the plenum chamber 

may be quite high (Ref 9:19). 

When the gas is injected without vortex motion the arc discharge tends 

to fill the cylindrical tube (Ref 4«85-87} Ref 6:18). These devices, called 

'wall-stabilized* arcs are generally more efficient than the *vorcex- 

stabilized* types and are in wide use (Ref 3:33; Ref 6:21; Ref 8:3). How¬ 

ever. at high power levels, the heat loss to the walls may be the major 

loss (Ref 10:222) and may in fact exceed 50* of all loases (Ref 6:23). 

Transpiration cooling has been suggested as a possible means of reducing 

this loss and protecting the walls (Ref 2:92; Ref 10:228). 

Some work has been done in transpiration cooling of the positive 

electrode (Ref 3; Ref 11). These experiments primarily reduced electrode 

erosion, but the devices used were not high enthalpy heaters. This phase 

of arc work remains largely unexplored. 

Theory 

Vail cooling by fluid transpiration is effective for several reasons, 

first, the porous wall is cooled in a manner similar to a counterflow heat 

2 
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exchanger (Hef 12007). That is, the coolant moves through the porous wall 

from a cool exterior surface to a hot interior surface. This is opposite 

to the normal direction of heat flow in the wall. The second reason for 

the effectiveness of this type cooling is the direct injection of cool 

fluid into a hot gas flow. This cools the boundary layer (Ref 13i25) and 

trcuosports heat from the wail into the main gas flow (Ref 12:462). The net 

result is that the film heat transfer coefficient is decreased, and the 

heat transfer to the wall is reduced. The effect is very pronounced and 

this reduction may be on the order of 55* for wy low transpiration ratios 

(0.01), ana up to 93* for higher ratios (0.05) (K«f 14«28, 29). 

Most theoretical works (Ref 12:306; Ref 13; Ref 15) use the following 

assumptions : 

1. Negligible heat transfer by radiation. 

2. No heat loss through exterior surface of wall. 

3. Coolant fluid leaves porous wall at wall surface temperature. 

The heat balance equation that is developed on the basia of theae 

assumptions may be rearranged to solve for the film coefficient (Ref 13«3^. 

Ref 15:522): 

k op (Ty-To) 

(Tg-T ) 
(1) 

Although there has been some question about the third assumption (Ref l4«4)« 

it should prove valid for small pore sizes and thick walls. The second 

assumption is incorrect. However, if the heat lost per unit wall area is 

added to the basic heat balance equation, the film coefficient may he found 

3 
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from: 

h = ^ °P (VTC^ * Plw/^ (2) 

(VTw> 

Chipión (Raf l6,34í>) «tatea that radiation loaaae nra a’rout 0.1?. rt 

toted arc power for a 1 atmosphere argon arc. ho-eyer, Soehngen and 

Tedeschi at Aeronautical Reaearch Laboratories. Wright-Patter.on Air Tore. 

Base, stated in a personal coc-unic.tion that under certain condition. 

in an enclosed argon arc. radiation losses may be - high as 25% of total 

arc power. These losses are almost entirely abaorbed by the walla. 

Equation (2) still holds, but the coefficient calculated is now the 

equivalent heat transfer coefficient (Ref 12,423)- « 1« *>ped that with 

strong transpiration flow a larga fraction of this radiativa loa. will b. 

fed back into the plasma. 

The theory of high currant arcs in forced convection la still baing 

developed, and the g.n.ral equations are -olvabl. for only apacil c—a 

(Raf 4:66-69; Raf 17,169). for ■iniPie CMM oho*an th#r* 

large discrepancies between the theoretical model and the experimental 

device (Ref 4,69)- 7or the low-current regime, there are aeveral theoretic^ 

work, now g^rally accepted (Ref 16; Ref 19)- Thee, studies predict 

negative volt-ampere character!.tics. That ia. decr—ing «c voltage at 

4 

increasing currents. 
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II. Experimentai Objectlres 

The primary objectires of this experimental study eres 

1. Operate a wali-stabilized, D.C. arc in argon at one-atmoaphere, 

with ail gas injected aa transpiration coolant. 

2. Obtain the electrical (V-I) characteriatice of this aewice 

for difforent mass flows and various wall lengths. 

3. Determine the arc column voltage gradient (E) for these same 

conditions. 

In addition to the above it is hoped that the following (secondary) 

objectives will be attained) 

4. Determine the efficiency of this device in converting electric 

power into gas enthalpy. 

5. Operate the device without transpiration cooling for comparison 

purposes. 

6. Extend the study to other gases, such as: helium, hydrogen, 

and nitrogen. 

5 
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HI. Description of EQulpment 

Introduction 

Only the tranapiration-cooled wall, which la the mam componen* of 

the teat dewlce. la described in detail. The other componente, inatru- 

mentation. and power aupply are briefly described. Two complete dericee 

were planned, on» with c 1A-In.-diameter inner wall, the other one with 

a 1/2-in.-diameter; all other dimensions were the aaae. Only the 1/4-in. 

device was completed in time for this study. A cross-section drawing of 

the 1/2-in. device is shown in Fig. 1. Fig. 2 is a photograph of the 

1/4-in. arc device, while Fig. 3 »“o« “ overall view of the experimental 

apparatus. 

Cooled Wall 

The porous wall was assembled from separate and independent sections 

(Fig. 4) which are referred to as wall sections or chambers. This unique 

design had several advantages which included! 

Variation of wall length in 1/2-in. Increments. 

2. Simple replacement of damaged sections. 

3. Incremental voltage drop could he measured by insulating the 

sections frcm each other. 

Fig. 3 is a photograph of two chambers, one disassembled, the other 

assembled. The wall material was porous graphite NC-60 purchased frcm the 

National Carbon Company. This grade of graphite bad a porosity of 4« 

and a mean pore diameter of O.OOI3 in. The pore diameter was the smallest 

available and was chosen to ensure the smoothest and most uniform flow into 

the central (arc) region. The chambers were assembled by fitting the 

6 
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graphite disk into the holder and soldering the cow plate in place. 

Because of the difficulty in machining the porous material, it vaa 

hard to obtain a good gas seal between the graphite, the holder, and cower 

plate. A3 a result a large percentage of the flow diffused through the 

faces of the porcua disk and escaped out the ciack (Fig. 6). This sealing 

problem was complicated by the high temperatures expected and the desire 

to maintain good conductiwity between the graphite and copper surface*. 

The problem was solved by coating the faces of each porous disk with 

Saurelsen *Conductalute* cement, and smoothing the surface with fine 

abrasive paper. In addition, a fillet of the same cement was built up at 

the inner radius of the crack (Fig. 7). This method of sealing was quite 

effective, and the seal was maintained even after long operating times. 

An Ir^n-Constantan thermocouple was imbedded in one (haslber as shown 

in Tig. 7. The junction was within l/l6-in. of the inner wall. This 

thermocouple and all others used in the experiment were electrically 

insulated frem their surroundings by a sheath of Alphex shrinkable tubing. 

This material was slipped over each thermocouple and heated. The heating 

caused the tubing to shrink to about two-thirds of its original dies»*ter 

and bond firmly to the thermocouple. The alphex material had a dielectric 

strength of 800 volU/mil. and increased the thermocouple time constant 

to about six-tenths of a second. 

A straight length of 1/4-in. O.Ü. cupper tubing formed the gas inlet 

to the internal gas manifold (Tig. 4 end Tig. 7). Another length of similar 

tubing was bent to fit the external shape of the chamber, as shown in 

Tig. 4. This tub* provided unter cooling for the exterior of the chsmber. 

7 
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The chambers were electrically insulated from each other by disks of 

artificial mica. This material is manufactured by the Minnesota Mining and 

Manufacturing Co., Inc. unuer the trade name of "Crystal-M1 paper.* 

Saureisen DW-jO cement was used to hold the insulation :>l*ce. Thi^ 

temperature resistant cement is electrically insulating, but heat conducting. 

Electrodes 

Anode, a water-cooled, hollow copper anode was used as this is a 

typical anode configuration for a wall-stabilized arc. The cooling watar 

in the anode was directed by internal baffles as shown in Fig. 1. The 

upper portion of the anode acted as a support for the electromagnet 

described later. 

Cathode■ The cathode was a simple tungsten tip set in a copier water 

jacket (Fig. 1). Cooling water flowed up through the central tubs, impinged 

on the bottom of the tungsten tip, and then flowed down and out through 

the outer passage. The cathoda mounting plate had two gas inlets to allow 

gas to be blown into the arc longitudinally. 

Both electrodes were held in place and centered by machined plates and 

threaded studs. These studs ware insulated from the electrodes by fiber 

sleeves and washers. 

Auxiliary Components 

View Pieces. A 45-mm-diameter *Vycor* glass tuba was mounted between 

the wall and cathoda mounting plates (Fig. 1). This tube allowed the cathode 

portion of the discharge to be observed. Soft silicone rubber gaskets 

sealed the glass-metal interface so that an argon atmosphere could be 

maintained around the cathode. 
8 
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A ï'ô'ît&ngui.ar piece of "Vycor* jiass piaced in a machined brass piece 

was used as a window to Tiew the a¿v (.oAumn. Bectanguiar asbestos gaskets 

sealed the arc from the outside enrirongent. Fig. 6 shows che view piece 

assembly and its position in the device. This window was installed only 

when it was desired to view the arc column. 

Electromagnet. To prevent possible anode erosion and burnout, pro¬ 

vision was made to rotate the anode spot. Magnetic field rotation was the 

means chosen to do this. An axial field of 3OO gauss was proouced by a 

direct current of 7.5 amp ere a in a coil of approximately two hundred turns 

of #14 enameled copper wire. The dimensions of this coil are shown in Fig. 9, 

while the position of the magnet on the apparatua is shown in Fig. 2. The 

coil was impregnated with ÚVÍ-30 cement end wrapped with tape to ensure 

structural rigidity. The magnetic field strength was msas’ured with a Bell, 

Inc. model 110 gausameter. 

Instrumentation 

Current. Arc current was read from a general purpose panel mater, 

converted to an amnater by means of a 50-millivolt, 300-amp shunt. The 

meter face was marked as a dual range (C-300* O-600 ampere) aniueter, and . 

full scale deflection was produced by 37 mv. a calibration resistor was 

added in series so that the meter and shunt would be matched at full scale 

(50 mv, 300 amps). Whan checked against a laboratory standard, this ammeter 

was correct in the range 0 to 200 amps, and then read low by 1 amp for each 

additional 10 amps. At 300-amps (true) the meter read 290 amps. Since the 

9 
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G-2ü0 ajtp ranga waa oonsidared the most important for this onpariiuant, 

the meter calibrator was set to read correctly in this range. 

Voltage. The arc voltage was measured by means of a general purpose 

panel meter with c full-scale deflection. A 30,000-ohm series 

resistor converted this meter to a 0-130-volt voltmeter. This meter had 

two scales (O-I30 V, 0-300 V) marked on its face. The high scslo was 

used by adding an additional 30,000-ohm resistor in series. A switch 

was added in parallel to this resistor so that the meter could be switched 

from high to low scale. This system was chscked with a precision high- 

voltage power supply. The column voltage was measured with a Bruno-New 

York multimeter. Tie arc anmeter and voltmeter are shown in 7ig. 10, 

while the electrical schematic is shown in Tig. 11. 

Gas Flow. An Air Raduction Co., Inc. type 805-1601 argon dual-ranga 

flowmeter was used to meter the gas flow. This flowmeter had a range of 

O-I35 cubic feet per hour which waa found to ba accurate to within 5* 

at room conditions (1 atmosphere, 70-85°T). ?or higher gas flow ratea, 

two of these maters were used in parallel to the gas line. A gas manifold 

(Fig. 3), supplied the gas to the individual wall sections. A thermocouple 

* was mounted to this manifold so that gas inlet temperature could be measured. 

Vater Calorimetry, a «chemaje of the water calorimetry ayatem is 

shown in Fig. 12. All water-cooled components were connected in series 

so that only one water flow measurement was needed. This measurement 

was made by passing the water through a Flacher-Portar #5 "Flowrator* 

(Fig. 13) for which a calibration curve waa available in the laboratory. 

Four Harco »Thrift Therm TT-SY* iron-constantan thermocouples ware mounted 

10 
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ao that tho water temperature riaes for the whole device (Tin, Tout) 

and the wall region (Twi, T^l1 ) could be measured. These thermocouples, 

and those previously mentioned, were connected to a Honeywell-brown 

•Electronik Potentiometer Pyrometer.* This Pyrometer (Fig. 14) wss used 

in a range from 0 to 500°F. 

Power Supply 

Arc power for most runs was supplied by three A. 0. Smith type 

A-3001-2 rectifiers attached In series (Fig. 15). Each unit had a marjmum 

output of 40 volts at 300 amps, so the series arrangement permitted arc 

operation up to 120 volts at the rated current. For higher voltage operation 

an A. 0. Smith type A-50Q0-1QS rectifier was used. This allowed operation 

up to 500 amps at 250 7. The no-load and arc-on voltage ripples for 

the smaller rectifier are shown in Fig. 16. 

The rectifiers had a minimum power output of about 3 kilowatts (kw) 

for the type 300I and about 20 kw for the type 5000. In order to obtain 

lower power (lower current) various load resistors were used. Two water- 

cooled coils of stainless steel tubing, each having a resistance of 0.6 

ohms, made up the first load bank. These dissipated about 1 kw at the 

current levels attained. For even lower currents, banks of quartz heat lamps 

wars arranged in various series-parallel configurations. These beaters 

were Research, Inc. Radient Heating Units ALT 8-612. Each bank was capable 

of dissipating 24 kw at 440 V. 

D.C. power for the electromagnet was supplied by a Perkins Engineering 

Co. power supply model K60 7. set at 28 7. The current to the magnet was 

regulated by means of a large variable resistor. 

11 



ga/me/62-6 

IV. Experimental Approach 

of Variables 

Wall Length. Data were obtained for four configuration«! of «a11 

length, referred to as configurations A, Bk C. and D, respectively. Con¬ 

figuration A was mane up of two unsealed chambers and a chamber with a 

wall thermocouple. This assembly was primarily used to check the feasibility 

of the device, and test the instrumentation. The main series of teats were 

conducted using configurationa B, C, and D, which consisted of two, four, 

and six chambers, respectively. All the chambeis used in these configurations 

were sealed, and one chamber in each set had a wall thermocouple. Although 

the basic design can accoomodate up to twelve chambers, power and water- 

cooling difficulties limited the scope of the investigation to a maximum 

of six chambers. Configuration E, consisting of two sealed and one thermo¬ 

couple chamber was used for special investigations. 

Gas Flow. Because wall length and thus area was variable, it was 

decided that the transpiration rate, Ç (mass flow per unit area), would be 

a more basic parameter than total mass flow. The range of mass flow, trans¬ 

piration rate, and longituninal mass velocity are shown in Table 1. It was 

felt that would have little meaning for the unsealed chambers, so total 

mass flow was used as the parameter for configuration A. An upper limit on 

fxow rate was set by compressibility effects hue to arc heating. A sample 

of the raw data obtained la shown in Table II. 

12 
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Current. The current wan varied from u low of IO-I5 amps to approxi¬ 

mately 100 amps. Configuration £1 waa not run at currents below 30-35 

amps since the ballast resistors were not large enougn to "¿oad* the power 

unit (A-5000) bel.->w this range. The upper limit on current varied with 

configuration and gaa flow rate, but waa determined by one or more of the 

following: 

1. Arbitrary wall temperature limit of 450°F. 

2. Local boiling of anode cooling water. 

J. Insulation failure. 

The maximum current attained was I90 amps at a transpiration rate of 

I.013 lb/sec-ft2 using configuration B. This also corresponded to the 

maximum power reached (15.6 kw). 

Gas Type. Argon was the primary gas selected for this study due to 

its ease of ionixation and low heat conductivity. Because argon is inert 

and monatomic, arcs struck in this gas are more easily analyzed than in 

other gases. Some runs were attempted with helium, but these ended abruptly 

due to arc instability and insulation failure. Although the wall could 

normally be maintained at relatively low temperatures, there was a possibility 

of insulation failure which could result in * arc-over* to the porous segments 

and subsequent high local temperatures. Since nitrogen and carbon react at 

high temperatures and can produce a deadly gas, no runs were attempted 

with nitrogen. 

Non-Transpiration flow. Some comparative data were obtained using 

configuration E. These runs were restricted to low arc currents due to 

wall overheating and insulation failure at currents above 3° amperes. 

13 
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Procedure 

Starting. Xue «re wee usually started by Inserting a carbon rod down 

through the inode and chamber region until contact was made between cathode 

and anode. The rod was then withdrawn drawing the discharge with it When 

the end of the rod passed the anode, the arc would stabilize on the anode. 

A high gas flow was needed to start the are. Starting was also aiued by 

allowing some argon flow to enter the discharge region through the cathode 

inlets. For configuration D, this starting method was unsatisfactory. 

Due to the high flow rates required to start the arc, the carbon rod 

could not be held in the apparatus. Instead, a fina wire was inserted 

between the cathode and anode before the gaa and power were turned on. 

'When the power was applied the wire vaporized and provided a conducting 

path for the plasma. The major disadvantage of this method was that the 

exploding wire left a deposit on the interior surfaces of the device, even 

though a high gas flow was maintained. 

Volt-Ampere Characteristics. the current was varied by adjusting the 

manual control on the power supply. Since this was a time-consuming task, 

sre voltage readings were taken while varying over the range of gas flow 

ut each current setting. In this manner a completa set of data could be 

obtained with one traverse of the current range. Usually, data ware taken 

first at the highest flow rate and then at decreasing rates. This was dona 

so that the region of high wall temperature and insulation failure, which 

occurred at low flow rates, could be approached cautiously. In the low- 

current regime, the current was dependent on the external load resistor, 

therefore, the apparatus had to be shut down to change this resistance. 

14 
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Column Voltü&e Gradient. The voltage meaaurad for the column voltage 

gradient van the potential difference between the top and bottom chambere. 

Since each chamber waa 1/2-inch thick, there was some uncertainty as to 

actual column length to which this voltage could be referenced. Because 

carbon is a fairly good conductor, the distance between disk centers was 

used as the reference length. Arc voltage distribution measurements were 

made on a configuration consisting of three sealed chambers. The total 

length of the arc was undetermined due to the long (2-in) anode. No 

definite anode spot trace was observed. 

Heat Transfer Data. The total arc power was determinen from total 

arc voltage and current. The arc column nower was calculated from the 

column voltage drop and arc current. This letter power is more correctly 

termed the power dissipated in that portion of the column between centers 

of the top and bottom chambers. Total power loss was found from the water 

flow rate and temperature rise. The temperature rise of the water flowing 

past the wall region was also measured, and the power lost through the walls 

was calculated. The total arc power and the device losses ware used to 

calculate the device efficiency as defined in the List of Symbols. Similarly, 

the column power and wall losses were used to calculate a wall efficiency. 

The wall temperature and gas inlet temperature were also recorded. 

Photographs. Fastax (7,000 frames per second) movies were taken of 

the arc column so that an estimate of the arc diameter could be made. 

Fast.'ix movies were also made looking aloig the arc column in an attempt to 

observe arc stability and rotation, fhcac films are available at the Thermo- 

Mechanics Research Laboratory of the Aeronautical Research Laboratories. 
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V. Diacuasion of Raaulta 

Operation cf the Perica 

In ganeral. the device vas reliabla and simple to operate. Ths major 

difficulties noted -sere insulation failure and anode over-heatin*. These 

would occur at various combinations of high power and low gas flow. For 

configuration D. high transpiration rates required high total flow ratas. 

When heat is added to a coihpressibla fluid in a duct, an additional pressure 

drop is needed to maintain a constant mass flow rata. Since the exit was 

open to the atmosphere, this additional pressure drop could be supplied 

only by incre-sing the inlet pressure. Due to the limited inlet pressure 

available from the flow meter, high flow rates were not obtainable for 

configuration D with the arc on. An investigation of the longitudinal 

pressure distribution within the arc would be of considerable interest. 

Volt-tmyare characteristics 

Figures 18 through 21 show the volt-ampere characteristics of the 

four configurations as functions of gas flow rate. As previously mentioned. 

to*al mass flow was used as the parsmeter for configuration A, while trans¬ 

piration rate was the parameter chosen for configurations B. C, and D. 

Data for five flow rates for configuration B and two flow rates for C 

were not plotted on their respective figures in order to preserve clarity. 

These data show the same trends as those plotted and are available from 

the author. 

16 



GA/ME/62-b 

The significant increase in arc voltage with increasing gas flow, 

at a constant current, has been previously found by other experimenters 

(Hef 1:8; Ref 3:100). The low-current characteristics are negative at a 

constant gas flow. This was predicted from low-current theory (Ref 17; 

Ref 16; Ref 19). For most arc devices, the voltage continues to decrease, 

or at most remain constant, as the current is increased (Ref 1:8). For 

all configurations except 0, and all flow rates tested in this study, the 

volt-ampere curres had minimums at approximately 40 amperes. As the 

current was increased beyond 40 amps, the slope reversed and the voltage 

increased. This positive slope of the characteristic curve has been noted 

in other arc devices (Ref 3:17-23. 130-132), but it was related primarily 

to an increase in anode fall voltage. In the present study, the positive 

characteristics appear to be related to corresponding increiaea in arc 

column voltage gradient. This is discussed in more detail in the following 

section. Because of the previously mentioned difficulties of load bank 

adjustment and starting, configuration D was not run at low currents. 

Arc Column Voltage Gradient 

The column voltage gradient for configuration A was measured for only 

one gas flow rate and is shown in Figure 22. The variation of voltage gradient 

as a function of arc current and transpiration rate is shown for con¬ 

figurations B, C, and D in Figures 23, 24, and 25 respectively. For these 

eonfiguratlons, at a constant current, the gradient increased with increasing 

transpiration rate. For a given flow rate, the colusn gradient increased 

as the current was increased. This appears to be true over the entire 

current range. 

17 
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This behavior may be explained if we can assume that the majority 

of the current was carried by a well-defined, conducting column. This 

assumption is typical of arc work and is generally sound (Ref 1:8} 

Ref 20:331). The following form of Ohm's Law will also be used: 

Vw » IR0 (3> 

where Rc is the column resistance in ohms. For aach configuration, the 

reference column length wa. a constant, so that the linear increase of 

voltage gradient with current, as shown in the figures actually indicates 

a linear increase of column voltage . This linear change of voltage 

with current indicates a constant resistance, which itself indicates a 

fairly constant plasma temperature, since arc resistance decreasta with 

increasing temperature. It has been poetulated that for argon at one 

atmosphere, the radiation losses are proportional to the 7.2 power 

of temperature (Ref 20:9). Äis seems to be due to the strong dependence 

of emissivity on temperature. If thie ie true, then large increases in 

arc power density caused by increased current may be dissipated by the 

increased radiation losses without causing an appreciable rise in arc 

temperature. 

When the flow rate was increased the colunn gradient also increased. 

This indicates that the outer periphery of the conduction column was being 

increasingly cooled and the arc was constricted to a emaller diameter. As a 

partial check of the ebove theory a separate experiment was performed. Fastax 

motion pictures were taken of the arc column for different transpiration 

rate». The results of this experiment are shown in Table III. The arc 
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diaaeter could b« estimated from the photographs, and used to cas«>ute 

the current density, J. The following form of Ohm's Law wa-; used to 

compute the conductivity: 

j = irE (4) 

The electrical conductivity, , is a knowu function of temperature 

(Ref 4:174) so that the mean plasma temperature could be computed. It 

should be noted that the apparant arc diameter did decrease when the 

transpiration rate was Increased. A lower bound on arc temperature was 

established by assuming that the conduction column completely filled the 

inner diameter, and then using this diameter for the computations. This 

portion of the study ought to be extended to higher currents in order to 

verify the above theories. The temperatures found are in the range of 

strong argon radiation. 

Figure 26 shows the voltage distribution of the arc for configuration E 

at three transpiration rates and at a current of approximately 45 tap». 

This study was performed in an effort to dotermine whether the column 

gradient varied along the length of the arc. It had been postulated that 

the gradient might be at the lower chamber and decrease in the 

region of the upper chambers. This theory was based on the fact that the 

effects of the transpiration cooling should be strongest at the lower chamber. 

However, the data obtained seem to indicate that the gradient was 

constant throughout the transpiration-cooled region. In fact it appears 

that the voltage gradient for the lower portion of the discharge is much 

less than for the remainder of the column. The lower region of the arc 

was probably not constricted, since there was no gas flow. 
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The potential aifferec.:® between the cathode and the wall mounting 

plate approximates the cathode full roltage, due to the close proximity 

of these two components, end the low column gradient in this region. This 

ralue (8-9 volt») agrees with previously measured values of this quantity 

(Ref 21j300). The horizontal lines at 65, 82. and 97 volts represent 

the anode potentials for the respective transpiration rates. These 

potentials were constant over the length of the anode. An anode fall of 

6 volts was assumed so that an estimate of the total arc length could be 

made. The constant gradient lines were extended to a point 6 volts below 

the anode potential. As shown in Figure 26, the total arc length found by 

this method is approximately the same for the different flow rates. 

Device Efficiency 

As shown in Figures 2? through 30, at a constant arc power, the device 

efficiency increased with increasing gas flow. This trend is probably due 

to the lowering of the mean gas temperature, thereby decreasing the heat 

loss to the wall and cooling water. As the total arc power was increased 

the device efficiencies decreased. However, the drop in efficiency was 

loss rapid for the higher gas flows. In fact, at the highest transpiration 

rate used, the efficiency was nearly constant for the entire range of arc 

power (Figure 28). Since the device as a whole was not designed for maximum 

efficiency, it should not be compared to comercial arc heaters. 

Figures 3I and 32 show the division of power losses smong the major 

components for two transpiration rates. For both transpiration rates, 

the largest slngls loss was at the anode. The per cent loss to this 

component was constant for the high gas flow, but Increased with power at 
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the lover flow rete. An additional thermocouple would he needed to 

separate the cathode losses from those to the wall mount. The fact that 

there was no gas flow over these two components probably contributed to their 

high combined heat loss. In fact, the voltage distribution shown in Figure 

26 indicates that the discharge may nearly fill the inner diameter in this 

section. This would certainly produce increased losses to the mount plate. 

The increase in total heat loss with increased power appears to be 

associated with the increasing wall loss. This loss risas more rapidly 

for the low transpiration rate. The next section discusses the wall losses 

in more detail. All heat loases shown in Figures 31 and 32 are in per cent 

of total arc power. 

Wall Efficiency 

Rather than show wall losses as functions of total arc power, the wall 

efficiencies are plotted against the arc column power. Column power was 

chosen since this is the part of the arc power that is diesipated in the 

transpiration region. The two thermocouples needed to measure wall losses 

were not installed on configuration A. Figures 33, 34, and 33 show the wall 

efficiencies as functions of column power and transpiration rate for 

configurations B, C, and Û. The curves for the five transpiration rates of 

configuration D wore very close to each other, so only two representative 

rates are plotted in Figure 35« 

The curves roughly tand toward 100ft efficiency at zero power. This 

is due to the decreased lossus at low power levels. A similar tendency 

was not noticed for the total arc efficiencies (Figures 27 through 30) 
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since the anode and cathode losses were approximately constant percentages 

of total arc po*er for the range tested (Figures ^1 and 32). Figures 33 

and 34 show the increased wall efficiencies with increased transpiration 

rate. This effect diminishes as the higher transpiration rates are 

approached. Howerer. it should be noted that the wall efficiencies at the 

higher rates do not drop as rapidly with increased power as the efficiencies 

et. the lower rates. For all rates, the drop in efficiency is probably due 

to the higher gas temperatures which occur at the higher power lewels. 

Gas Enthalpy and Performance 

Although the dewice was not designed for maximum enthalpy, the gas 

enthalpy rise was of considerable interest. Figures 3& through 39 «re 

plots of the gas enthalpy rise as a function of total arc power and gas 

flow. For a constant flow rate, enthalpy increased with rising arc power, 

while for constant power it increased with decreasing gas flow. However, at 

th- lower transpiration rates, the curves are quite close, and even appear 

to cross (Figures 37 and 38). This is definitely related to the low 

efficiencies recorded for these flow rates. That is. for a given power 

in the gas. the specific enthalpy will increase with decreasing gas flow. 

But for this device, the conversion efficiencies were very low for the low 

flow rates (Figures 28 and 29). Therefore, for a given arc power, the power 

actually going into the gas stream was lower for these rates. The net result 

was that the specific enthalpy did not increase significantly when the 

transpiration rate dropped helo- approximately 0.20 lb/sec-ft2. 

Figures 40 through 43 cross-plots of the gas enthalpy and device 

efficiency curves. From the first three of these figures, it appear, a. 
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though the JeTice tends toward the same limiting efficiency of 60¾ for 

ell gas flows, at zero enthalpy. Note also that for low transpiration rates 

the high enthalpies are associated with low efficiencies, and .hat, in 

general the high flow rates xaintaineu their high efficiencies even for 

high enthalpies. The performance curves for coniiguration 1) liigure 43) 

behave differently from those of the other configurations by tending toward 

a constant efficiency of 53S at high enthalpies. The reason for this 

behavior is not known. 

Heat Transfer Comparieon 

As mentioned in Section 17, the non-transpiration flow study could be 

made only at low currents due to wall overheating. No attempt was made to 

obtain volt-ampere or voltage gradient curves because of the high wall 

temperatures. Three different mass flows were used in strictly axial 

(non-transpiration) flow, then three comparison runs were made using the 

same mass flows in the transpiration mode. The total arc power was main¬ 

tained at approximately the same level for the six runs. The results are 

shown in Table 17. Tho gas temperatures were computed from the enthalpy 

rises. Equation 2, page 4 was used to compute the equivalent heat transfer 

coefficient. The results presented in this table clearly show that trans¬ 

piration cooling greatly reduced the heat transfer coefficient. This 

reduction may aven Increase at higher currents, since low wall tsmparatures 

and low wall losses could be maintained with transpiration cooling. 

yarlation of Gas Type 

Two runs using helium were attempted. The first lasted about two 

minutes and ended when the Insulation failed. Total arc voltage was 
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considerably higher than for a similar argon arc. The plasma flame was 

▼sry long and appeared transparent. This run resulted iu the diatruction 

of two chambers. The second attempt confirmed the observations of the 

first. In addition, the flame seemed to be a red-green color rather than 

the brilliPrt white usually seen with argon. This attempt ended because 

of recurrent instability of the arc. 

Accuracy of Results 

Arc voltage and current could be determined within 1 volt or 1 amp* >*'. 

Column voltage was accurate to 0.5 volt for readings below 45 volts, an*. 

within 1 volt above that level. Temperature could be read to the nearest 

degree fahrenheit. However, it should be noted that at the water flow 

rates required to keep the anode cool, the temperature rise in the wall 

region was on the order of only 2-3®T. This was generally the case at 

low power levels and high transpiration rates. The water flow could be 

determined with an accuracy of 0.001 lb/sec. The gas flow meter was read 

to within 1 ft3/hr. with an accuracy of i 5%. All computations were done 

on a desk calculator, and the results were reduced to three significant 

fibres, except for special cases where the additional accuracy was warranted. 

In general, individual runs could be reproduced within 1 3%. 
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VI. Conclusions 

1. The device wes reliable and simple to operate. It should prove 

to be a useful tool for further arc research. 

2. The positive volt-ampere characteristic curves are due to the 

positive slope of the column voltage gradient curves. 

3. The positive slope of the column voltage gradient appears to be 

due to the cooling and constricting effect of the transpiration flow. 

4. The column gradient is constant within the transpirarion-cooled 

region. 

5. High enthalpies can be attained at good device afficienciaa 

and high transpiration rates. 

6. Transpiration flow is a very effective method of iecreasing heat 

losses to a confining wall although a large fraction of those losses may 

be due to radiation. 
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711. Racoamandation» 

Equipment Changea 

1. ProTide separate water cooling to the arode and to the wall 

region. Large flow ratea are needed to cool the anode, while small flow 

rates are required in the wall region for accuracy of measurement. 

2. Redesign the ánodo to provide better cooling. 

j. Increase the diameter of the central hole in the wall mount plate. 

Thie would allow the catbode to be raised into the vicinity of the bottom 

chamber, and should minimize the cathode and mount plate losses. 

4. Manufacture the porous disk frcm some material other than carbon; 

possibly porous alumina or zirconia. This would allow the experiments to 

be extended to nitrogen. 

5. Use a resistance bank which is more easily varied than the quartz 

heat lamps. 

6. Provide a better means of starting the long configurations; e.g., 

high frequency starter. 

Experimental Extensions 

1. Determine the flow rate to each chamber. 

2. Vary the transpiration rate along the length of the arc in order 

to optimize efficiency and enthalpy. 

3. Extend the study to longer arc lengths and to the 1/2-inch 

inner diameter design. 

4. Run the arc with mixed axial and transpiration flows to determine 

the effect of the ratio of transpiration to axial flow. 

5. Extend the study to other gases. 
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6. Determine the radiation losses from the arc column. 

7. Keasure the axial anu raaial temperature and pressure variations 

within the plasma. 

Ü. Design a transpiration-cooled anode and determine its effects 

on the arc characteristics. 

9. Measure the velocity and enthalpy distribution within the device, 

and in the plasma flame. 

Analytic Extensions 

i.. Set up and analyze a simple model incorporating diabetic flew in 

a constant area duct, modified to include constantly increasing mass flow. 

2. From the temperature, pressure, and velocity distributions make 

an estimate of the heat transfer rates. Compare the computed rates with 

the measured rates. 
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CROSS-SECTION OF ARC ASSEVBLY
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ARC COLUMN VIEW PIECE 
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FIGPHE 11 

SCHEMATIC OF ARC ELECTRIC SYSTEM 
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FIGURE 12 

SCHEMATIC OF WAT^R CALORIMETRY SYSTEM 
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GA/ME/62-6 

TABLE I 

RANGE OF GAS FLOWS 

CONFIGURATION 
TOTAL 

MASS FLOW 
A 

lb/sec 

TRANSPIRATION 
RATE 

Q 2 Ib/sec-ft 

LONGITUDINAL 
MASS VELOCITY 

W 
Ib/sec-ft2 

A 

1.37x1.0 5 
2.03 
2.66 
1+.57 

— 

4.02 
6.01 
7.si 

13.40 

B 

0.259x10*3 
0.523 
0.8514. 
1.110 
1.36 
1.61 
2.12 
2.62 
3.IU 
4.15 

O.O6I 
0.:.28 
0.208 
O.27I 
O.33O 
0.393 
O.52O 
0.640 
O.767 
I.013 

0.76 
1.54 
2.51 
3.26 
3.98 
4.72 
6.22 
7.72 
9.22 

12.20 

C 

0.528x10*3 
1.12 
I.62 
2.1k 
2.66 
3.18 
4.I7 

C.064 
O.I37 
0.197 
0.261 
0.324 
0.537 
0.51c 

I.55 
3.29 
4.75 
6.25 
7.77 
9.34 

I2.5O 

D 

3.213x10*3 
k.82 
6.1|3 
8.03 
9.64 

0.262 
0.592 
0.523 
0.654 
0.785 

18.8 
23.6 
28.3 
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GA/ME/62-fc 

App«nd: x A 

Sample Computatlone 

Ida data used la tbo following ccmputitioos are from Table 11. 

Gas Flow quantities 

Gas Flow = 50 ftG/hr 

m = Gaa riow- X usnsity at room conditions 
jbOO sec/hr 

density = 0.0974 lb/ft3 

¿ = 5,?..x °,ÚV^ - I.35 r 10-3 lb/ae 

3600 

0, = Î— (Aw = Wall Area) 
ky 

ky, = ft-*-.;2:?. * •375_ x No> of chafers = 2.Q5 N x 10"3 ft2 
144 

N = 2 for configuration B 

0. = 1-3-- X lQ-^- = O.33O Ib/aec-ft2 
4.1 x 10*3 

W = -— (Ac = Exit Area) 
Ac 

,.. .y-*»2 = 3.«, ,0-4 ft2 
4 ï 144 

1 *33 Ji lo~3 
^ = - = 3.9a lb/aec-ft2 

3-4 x 10*^» 
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Power 

Pt r I7t = bl X 52 * 3.I7_ 

Pc = IVW * 61 X 16 = 0.976 lew 

*“Lt = “w cpw (Tout - Tin) 

iw = water flow rate * O.0764 lb/*ec 

Cnw = epecifis beat of water * 1.Q55 
pw 1 00 

Tout = 36 Tin = 6? 

P^t = 0.0764 » 1.Q55 (19) * 1.53 ta* 

flw s “w cpw i^w2“^wl) 

Tyi = 74°F 7*2 = TS°* 

PLw = 0.0764 X 1.055 (1) = 0.0606 lew 

Efficiency 

X 100 =» 3.17-1.53 x 100 

3.I7 

O.976-O.O6O6 x 100 

0.976 
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Ht * , 3.I7-I.53 (kw) x 1 BTO 
m 1.35*10"^ (Ib/aec) 1.Q55 kTf-««c 

= 1.6¿pcl03 

(1.35) (1.Q55) 

Ht = 1150 BTU/lbm 

Voltaga 0radiant 

L 

L = Hefarenca length * center-.0-center dietance 

For configuration B, L * 0.5 In * 1.2? cm 

£ 3 _ * 12.6 eolta/cm 
- 1.27 - 

Mean Gee Temperature 

Tg = Tc ♦ Ü!_ 
CP 

Cp = O.I24 BTU/lu-°R for argon up to 18,000°R 

Tg * 460 ♦ 87 ♦ Ü52_ = 547 ♦ 9.270 
O.I24 

Tg = 9620 OR 
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OA/KE/62.6 

Mean flaaaui Temperature 

The following computations are for data taken during the Conductivity 

Experiment, Table in. 

fron Fastax Film (¾ í! 0.39Ó Ib/aec-ft2). 

Apparent arc diameter = 22.0 am 

Apparent window heignt = 28.5 nm 

Actual window height » 4.0 mm 

22 Arc diameter = 4 x _— = 3.09 am 
26.5 

d = O.309 cm 

m* d** 2 
Conducting area 3 P. 3 0.075 cnT 

4 

Mean current density 3 _ 

J = = 573 any/«»2 

rj s 1 3 -áZ2 3 48.6 mho/cm 
E 11.8 

From Ref 4'^74. 

for T- 48«b mho/cm 

T 3 12 POOR' 

3 22 i500°R 
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Kgulvaleat H-;«t Tninafar üoefflclepti 

The folloviu,) casputatlone are for oaia token during the Heat 

Transfer Comparison Experiment, Table IV. 

h 
ft Cp (T 

(T 

w-Tç) + 

m \ 
ST1-*' 

Q. - 0.223 lb/sec-ft2 Ay » O.OO615 ft2 

Tv = j68°R Cp = O.I24 BTU/lh-°n 

Tc = 540°R Plw = 0.0205 

Tg = 5400«R = 0.0195 BTU/aec 

h s n.223 X 0.124 (28) + 195/6^ x 3600 (sec/hr) 

(4832.' 

= Í0.774 *• j.iC) 0.745 = (3.95) (.745) 

h « 2.95 ÍS 3.O gfU/hr-ft^-OR 
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Vita 
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. He ettended , and graduated from 

there in 1953. Ho ihen attended Rensselaer Polytechnic Institute, 
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