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(ABSTRACT)

An experimental investigation on an uncooled choked plasma torch using

hydrogen/argon mixtures as a propellant was conducted. This low-power plasma

torch was designed to be used as an ignitor and flameholder in supersonic

combustion. The anode and cathode were made of two-percent thoriated

tungsten, and no cooling system was required. Sonic flow through the nozzle was

obtained by using a small throat diameter (0.813 mm).

The plasma torch can operate stably over a wide range hydrogen/argon

mixtures at power levels of 500 to 2000 W. Voltage·current characteristics of the

arc are presented for discharge currents ranging from 5 to 40 A and for various

flow rates and mixture fractions. The electrical input power is found to be a

. linear function of the hydrogen flow for a constant argon flow and for a current

of 20 A. Measurements with a calorimeter reveal that the thermal efficiency,

defined as the rate of increase of total enthalpy of the gas flowing through the

torch divided by the electrical input power, is about 88 percent.
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NomenclatureSymbol

Meaning _

A area, mz

cp specific heat, J/kg.K

D, water flow rate,mz/sh

electrode gap, mm

l electric discharge current, A

k specific heat ratio: cp/c,

m mass flow rate, kg/s

m,. reduced mass flow rate, -
p pressure, Pa

P,,, electrical input power, W

p, total pressure, Pa

q gas flow rate, mz/s f

Q, energy flux dissipated in the calorimeter, W
T

QG„ energy left in the cooled gas, W

Q,,,,,„,, net power input to the plasma, W

R gas constant, J/kg.K

T, calorimeter exit temperature, °C

T, calorimeter inlet temperature, °C

T, temperature upstream of the metering valve, °C



T60, in gas temperature upstream of the torch, °C

T60, 0,,, gas temperature after the calorimeter, °C _

V electrical potential, V

Greek Symbols
S

n thermal efticiency, percent

9 half angle of the anode, degrees

p density, kg/mg

tp half angle of the pointed cathode, degrees



I. INTRODUCTION

Although electrical discharges in gases were studied as early as the l830’s

by the English physicist Michael Faraday, Irving Langmuir first applied the term

"plasma" to the discharge regions of ionized gases in 1929.

A plasma is defined as an ionized or partially ionized gas in which the

concentrations of positive and negative particles are approximately equal and are
l

relatively high. Thus, a plasma is electrically neutral. The ionization of a plasma
I

is maintained primarily by electron collisions.
I

The properties of plasma are sufticiently different from those of solids,

liquids,/and gases for appropriate consideration of plasma as a fourth state of

matter. More than 99 percent of the matter in the observable universe appears

to exist as plasma. An important property of plasma is its electrical conductivity.

Because of its large number of free electrons, a gaseous plasma generally offers

little resistance to the passage of an electric current. The resistance that does

occur arises from the collisions of electrons with each other and with ions.

Because the probability of such collisions occuring decreases with increasing

electron velocity, the electrical resistance of a plasma decreases at higher

temperatures, exactly opposite to the behavior of a metal. At 10 million degrees
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Kelvin and l atm, the conductivity of a plasma is equivalent to that of copper
' at room temperature [1].

Mahan [1] describes several applications of plasmas in the field of

controlled nuclear fusion, illumination (neon, xenon lamps), direct energy

conversion (thermionic converter), propulsion (plasma thrusters, scramjet flame

retention), medicine (plasma surgical scapel) and production (material cutting

and welding, spray coating).

The objective of the work reported here is to develop a plasma torch to

raise the temperature of a gas to dissociation/ionisation levels so that this gas will

act as an ignitor and flameholder for Scramjet combustion. Indeed, for high

speed combustion, hydrogen and hydrocarbon fuels will not autoignite, and the

use of an ignitor is required [2,3].

Analytical studies [4,5] have been performed to investigate the effect of

hydrogen atoms, as produced by a plasma torch, on the ignition characteristics

of hydrogen-air mixtures. The results show that the generation of H atoms is the

major factor in the reduction of ignition delay. Ignition by the production of

hydrogen atoms is thought to be more efficient than the currently used

pyrophoric liquid ignitor silane (SiH,)

[6].Thisthesis presents results of the development and testing of an uncooled,

choked·flow plasma torch especially designed for ignition and flameholding in

supersonic combustion. The advantage of an uncooled torch is the considerable

reduction of heat losses to the electrodes. Thus, the thermal efticiency, defined

as the thermal power output of the plasma torch divided by the input electrical
i
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power, is improved. On the other hand, because of the high temperatures

involved in a plasma torch, the choice of the materials and the lifetime of the

torch become crucial. The sonic flow condition in the torch is imposed by the

conditions of high-speed combustion in a supersonic jet stream. Therefore, a

choked nozzle has been used to maintain constant flow in the torch, and to avoid

torch "blow off" during the ignition process.

In a study performed at NASA Langley Research Center, G.B. Northam,

R.Mc Clinton, T.C. Wagner and W.F. O’Brien [6] reported that "an adiabatic

plasma torch operating at about 2 kW could be an effective ignitor and

flameholder for high-speed combustion." As a result, and with the plan of testing

the torch in the Hypersonic Propulsion Branch supersonic combustion facility at

NASA Langley Research Center, the present plasma torch was designed to

operate in a power range of 500 to 2000 W. The low power range implies a small

feedstock flow rate through the plasma torch. As will be seen later, this operating

condition will lead to a noticeable reduction of the throat diameter, compared to

traditional plasma torches, in order to choke the nozzle.

For this study, the working gas used in the arc is a mixture of argon and

hydrogen. First, the plasma arc is initiated in pure argon, a monatomic gas. This

is necessary for smooth starting of the electrical discharge process. Then, a

hydrogen flow is mixed with the argon flow progressively, and production of

hydrogen atoms is obtained as the gas flows through the arc. Thus, argon is used

as a carrier and permits stable operation of the plasma arc. In fact, our

experience shows that a plasma arc using hydrogen only is very difficult to start
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and to maintain. This unstable behavior is thought to be due to the interaction

of the voltage·current characteristics of a hydrogen arc and the power supply _

characteristic.

This thesis traces the evolution of a plasma torch design which meets the

y previously stated requirements. The mode of operation used to conduct the

different tests is fully described. An analysis of the arc plasma process shows the

importance of the parameters related to the torch dimensions. Tests have been

performed for different argon/hydrogen ratios. One objective of the study was

to determine the characteristic curves of the arc discharge. Voltage·current

curves as a function of flow and hydrogen/argon ratio are presented for discharge

currents ranging from 5 to 40 A. A second objective was to measure the thermal

efficiency of the uncooled torch. By measuring the increase of total enthalpy of

the gas as it passes through the torch with a calorimeter, heat losses to electrodes

have been evaluated and experimental efticiencies have been deduced.
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II. LITERATURE REVIEW

In the last few years, interest in using plasma torches in combustion has
“ increased greatly. The first works were related to electrically augmented flames

[7,8], which produced flame temperature augmentation by electrical power

dissipation in an associated discharge. Due to its low efficiency, this technique

was not found generally promising.

ln 1971, Harrison and Weinberg [9] demonstrated the remarkable
x

characteristics of a continuous plasma jet for flame holding: "The addition of

only 10 percent of electrical power increases the throughput [flow rate through

burner] by almost 700 percent with N, in the carrier gas, even though the

corresponding increase in flame temperature is only about 116 K." In this case,
V

a magnetically-rotated plasma jet was used to generate specific radicals, such as
f

OH, H and O, which permitted the increase of the flame propagation speed and

the stabilization of a larger main stream flow of methane/air mixtures. Later, ·

Cetegen et al. [10] and Weinberg et al. [5] investigatedx the causes of improved

ignition and flame propagation by plasma jets. Both recognized the importance

of hydrogen or nitrogen radicals, as produced by the plasma jet and expelled into

the mixture. However, only Weinberg et al. [5] demonstrated this by comparison
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with other plasmas. They also concluded from their work that hydrogen was

more efficient than nitrogen. The first use of a plasma jet for ignition was

probably in 1973 by K. Waterson [1 1], who used a modified spark plug as a

plasma torch.

Chan et al. [12] developed a tunable low power plasma generator. The

new plasma jet design, shown in Fig. 1, utilized a small permanent magnet, which

improved the uniformity of heating and reduced electrode erosion. One novelty

of the design was the use of a flat·ended cathode. The authors found that this

geometry enabled a synchronous rotation of the anode spot and cathode root

under the action of a magnetic field. Hence, the arc was contined in the upstream

region, between the sharp·edged cathode and the sloping anode surface, which

was intersected at a right angle. The authors explained the stability of the path

followed around the sharp edge by the arc’s tendency "to avoid any change that

increased its surface area." Another feature of this design was its capability for

operation on a variety of gaseous feedstocks without the necessity for a

monatomic carrier gas. This was achieved by the fine adjustment of the gap

between the electrodes. The convergent-divergent anode was designed to

minimize the energy loss on its surface (Fig. 2). The throat length varied between

0.8 and 3.0 mm and the throat diameter was between 1.4 and 5 mm depending

on the operating conditions. Copper, which offers a low recombination

coefficient and high thermal conductivity, was chosen for the anode material. In

most of the cases, a water cooling jacket was required in order to limit the anode

temperature. Experimental results were presented using nitrogen flow rates
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within the range 100 to 500 cm°s·‘. The power input ranged from 250 to 1500
W, and typicalvalues of voltage and current were 60 V and 10 A. The water

cooling loss was found to represent less than 20 percent of the electrical power
under most conditions but up to 45 percent in the worst case. In one of the tests
presented,the torch was choked with a downstream pressure of 1 atm and an

expansion ratio of 2.5. Because of its compactness and high stability with a
variety of gases, this device was more efficient for practical applications than its
predecessors.

Behbahani et al. [13] investigated the reduction of nitric oxide by nitrogen
atoms generated from a plasma jet. The destruction of nitric oxide, a major

pollutant in combustion products, would be of practical importance. The novel

design of the plasma jet previously described (Chan et al.) was used in this work.

The operating pressure of the torch was 1 atm. The principal reaction governing

the chemical process was noted to be

N + NO —> N2 + O .

This reaction has almost no temperature dependance and is more rapid than the

recombination reaction

N + N + M —> N2 + M ,

the rate of which decreases with increasing temperature. However, the

temperatures required to dissociate an appreciable amount of nitrogen are high

enough so that the reaction
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N + O2 -> NO + O

could take place in the presence of any oxygen in the flow. Therefore, the A

nitrogen atoms must be formed at high temperatures but used at low

temperatures in order to obtain the reduction of nitric oxide in the combustion

products. In fact, experimental measurements of the proportion of NO destroyed

revealed high efliciencies although the mean specific enthalpy of the nitrogen

plasma was low. From these results, the investigators concluded that only a small

fraction of the nitrogen was heated to very high temperatures by contact with the

arc. Thus, the torch generated small pockets of very hot nitrogen atoms

surrounded by cold nitrogen molecules, resulting in a thermal stratiiication of the

plasma jet. Another interesting feature of this investigation was that the

measurements of the amount of NO destroyed indicate the number of N atoms

used in the reduction. In some cases, the number of nitrogen atoms reacting with

NO molecules every second was found to be 2.2 x lO*°. By comparison, fewer

than 102* N atoms would have been obtained if all the electrical power input (744

W) had been only used in the dissociation of N, (i.e., in the absence of gas heating

and heat losses). In order to verify the thermal stratiiication of the plasma,

ionization probes were developed. They revealed the survival of very hot gas

pockets up to several centimeters downstream of the jet. Most of the pockets

were smaller than 2 mm in diameter. The authors also conducted experiments

with mixtures of nitrogen and argon in the torch. The highest efiiciency in the

reduction of nitric oxide was of course found with pure nitrogen rather than with
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a nitrogen/argon mixture, but at very high enthalpies. At lower specific

enthalpies, however, the efficiency of the mixture was greater. For example, a

mixture of 10 percent N2 presented an efficiency four times greater than that of

pure nitrogen.

In the previous work, the authors noticed that the magneticallyspun

plasma jets acted rather like- atomizers ejecting at high velocity small hot pockets,

which contained nitrogen atoms at very high temperature. The efficiency of the

destruction of nitric oxide by nitrogen plasmas was due to the existence of these

hot pockets. Following this demonstration, Behbahani et al. [14] decided to

substitute a vortex for the magnetic rotation of the arc. The magnetic field, in

fact, tended to heat the gas uniformly forcing the arc to move through the flow.
x

By contrast, a vortex rotation kept the. arc in contact with the same pocket of gas

for longer periods. Therefore, the thermal stratification of the plasma jet was

amplified by the new mechanism. This modification also led to further

simplification of the design and reduction of its size. The aerodynamically spun

plasma torch, not much larger than a conventional spark plug, is shown in Fig.

2. A high velocity tangential gas inlet was used to generate a swirl in order to F

rotate the arc. The gap adjustment of the electrodes was obtained by a fine

thread. The torch was operated with nitrogen flow rates within the range 175 to

300
cm3s·‘ at power levels of 400 to 1300 W. As in the previous work, shadow

photographs and ionization probes were used to analize the structure of the

nitrogen plasma jet. The investigators found that the aerodynamically spun

plasma jet produced more hot pockets than the magnetically rotated arc.
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Moreover, they reported that the hot pocket velocities were relatively higher with

the new plasma torch. These obervations were confirmed by the results obtained

in the destruction of nitric oxide. Experimental efficiencies, as defined previously,

were highest with the aerodynamically rotated plasma jet. For example, the

efficiency increased from 18 to 28 percent with a NO stream injected at 4 mm

downstream of the plasma jet. The new torch also increased the distance

downstream over which NO destruction still occured. Thus, the larger number

of hot pockets with higher velocities, generated by the new plasma torch,

contributed in the increase of the efficiency of NO removal.

The experimental results showed some other interesting features. An

increase in gas flow rate or power input led to an increase in the distance traveled

by the hot pockets; however, only the flow velocity affected their production. The

investigators also reported that the mean pocket velocity was ten times the

velocity of the average gas flow and was proportional to flow velocity and power

input. Tests indicated that the torch was more efficient at the highest flow rates

and lowest power inputs. In this study, the authors also explained the formation

of the high temperature pockets. Since only a small proportion of gas was in

contact with the arc discharge, large temperature variations took place. The high

temperature regions had of course a lower density and inertia. Thus, the large

pressure gradient occuring in a nozzle appeared to produce and disperse pockets

of hot gas.

Warris and Weinberg [15] studied ignition and flame stabilization by

plasma jets in fast-flowing lean hydrocarbon/air streams. Important practical
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applications such as the ignition and flame stabilization in gas turbine

combustors or furnaces were considered. The continuous plasma torch, using

nitrogen or argon as feedstocks, has already been shown in Fig. 2. This torch did

not need a cooling jacket and dissipated approximately 1 kW of electrical power

with an efüciency of 80 percent. A small gap (0.3 mm) was adjusted between a

flat-ended cathode and the anode. The torch pressure was high enough to assure

a sonic flow through the nozzle. The arc rotation could be obtained magnetically

(permanent magnet) or aerodynamically using a tangential gas inlet at a rate high

enough to preserve the swirl. A low mean enthalpy of the order of 15-50 kJ/mole

indicated that all the gas was not at a very high temperature, but the authors

were more interested in the production of hot pockets:"...the large proportion of

‘luke warm’ gas carries a dispersion of exceedingly hot pockets which encapsulate

the highly dissociated active species." The effects of the plasma jet, located

downstream of the duct, in the combustion were studied using ionization probes.

In this case, the argon plasma, characterized by a flow of 400 cm3s·‘ and an

electrical power of 400 W, was found to be completely inactive. This result was

very different from results [9] obtained with higher power input, where an

increase in flame stability was observed. The authors pointed out that the new

plasma torch operated with a different mechanism which allowed most of the gas

to by—pass the discharge. In the presence of a nitrogen plasma jet (flow rate: 485

cm3s·‘; power input: 1100 W), ignition and flame holding occured well below the

lean flammability. The authors also noted that the electrical power input

represented only 0.2 percent of the rate of chemical energy release.
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In 1981, Kimura et al. [16] published the first investigation of a plasma

jet for flame stabilization and promotion in supersonic combustion. In order to

demonstrate the feasability of the use of a continuous plasma torch, they injected

transversely a plasma jet and the fuel gas (hydrogen) into supersonic air streams

of Mach 2.1 or 2.7. In all the experiments, the static pressure of the supersonic

flow was one atmosphere, where injections took place. The fuel gas was injected

at a pressure of 16 atm. The injection of plasma was made under subsonic

velocity. In most cases the plasma torch was located 25 mm downstream from

the fuel injection. Tests were conducted with the plasma jet located at several

positions: 75, 50 or 5 mm downstream, or 25 or 5 mm upstream of the fuel _

injector. The electrical power of the torch was selected to be small compared with

the chemical energy throughput of the combustor. The electrodes of the plasma

torch were cooled by water. Considering heat losses to electrodes, the net power

of the plasma jet varied between 2 and 4 kW. Hydrogen, nitrogen, or argon were

used to operate the plasma torch. The flow rates of torch feedstocks mentioned

in this study were 220 ml[s for nitrogen, 200 ml/s for argon, and 830 ml/s for

hydrogen corresponding to an electrical power input of 4.7 kW. Note that the

input power, in this case, represented only two percent of the chemical energy

throughput based on a hydrogen fuel injection of 72 m3/h. The authors observed

that the high thermal conductivity of hydrogen led to larger heat losses to

electrodes. Since the torch nozzle was operated at subsonic conditions, the arc

discharge was sometimes interrupted by disturbances occuring in the supersonic

air stream. The use of a high-frequency discharge permitted the stabilization of

12



the plasma jet. The effects of the plasma jet in the promotion of combustion were

recorded by direct photography and the Schlieren method. Thermocouple and

pitot pressure measurements were used to compare the combustion efficiency

under different experimental conditions. Results showed the effectiveness of

plasma jet injection in supersonic combustion. In fact, the use of a plasma torch

allowed the reduction of the minimum ignition temperature of hydrogen fuel.

With the plasma jet located 25 mm downstream from the fuel injector, the

authors calculated a combustion efficiency of 68 percent at a location lO cm

downstream of the plasma injector. They also found that nitrogen plasma was

as efficient as hydrogen plasma in the promotion of supersonic combustion.

However, hydrogen plasma was less efficient based on input electrical power due

to larger heat losses in the torch. Different tests with argon led to the conclusion

that argon was ineffective for the promotion of combustion. The authors, then,

investigated the influence of the position of plasma jet injection. They found that

the best results were obtained when the fuel was injected 25 mm upstream of the

plasma injector, In this case, the plasma torch was located in the separated

region behind the fuel injector and the penetration of the plasma jet was made

easier by the relatively low static pressure of the flow. At this location, the

investigators also observed that the combustion occured without noticeable delay.

They concluded by pointing out that the promotion of combustion in supersonic

flow, obtained with a plasma jet, will permit a reduction in the size of the

combustor.
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Later, Northam er al. [6] investigated the use of a continuous plasma torch

for ignition and flameholding in supersonic combustion. Combustion tests at

Mach 2 with hydrogen, ethylene, ethane, and methane were conducted to

determine the effects of the injection of plasma. The water-cooled plasma torch

(Plasmadyne Model SG-1B) used in this study is shown in Fig. 3. Both the anode

and cathode were cooled with a water flow rate of 220 cm’s·‘. The heat losses to

the electrodes were calculated from the temperature rise of respective cooling

water flows. The torch operated with argon and hydrogen as feedstocks. First,

the torch was started with argon only. Then, a mixture of argon and hydrogen,

based on a volumetric ratio of unity, was used in the plasma torch. Previous

analytical studies [4] have shown the major role of H atoms in the reduction of

ignition delay. The total feedstock flow rate was about 470 cm3s·‘ (60 scfh),
\

representing only 0.02 percent of the total mass flow rate through the combustor.

The net power of the plasma jet was evaluated by substracting the electrodes heat

loss from the input electrical power. Around 50 percent of the input power was

lost in the cooling process. In the tests presented, the estimated net power ranged

from 1.5 kW to 4.2 kW. The effects of the plasma jet in the ignition of

combustion were recorded by ultraviolet television. Experimental results showed

the effectiveness of the plasma torch as ignitor and flameholder in supersonic

combustion with both hydrogen and hydrocarbon fuels. In the case of hydrogen

fuel, a minimum ignition total temperature of 591 K was obtained while

operating the torch at a net power of 2 kW. By comparison, the temperature

required for autoignition of hydrogen would be 1555 K. The authors concluded
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that an adiabatic plasma torch operating at about 2 kW would be very efficient

as ignitor and flameholder in supersonic combustion.
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III. DESIGN OF AN UNCOOLED CHOKED

PLASMA TORCH

3.1. GENERAL DESCRIPTION

The uncooled, choked plasma torch used in this study is shown in Figs. 4

and 5. This torch consists basically of an anode, a cathode, an electrical

insulator, and a housing to encase the different parts. The total length and

diameter of the device are respectively 10 cm and 3.8 cm. An insulated stainless

steel titting (Conax Fitting Model EG-125) holds and guides a pointed cathode

in the convergent section of the anode. The electrical insulator material is

ceramic and can support temperatures as high as 1300 K. A lava sealant, which

has a similar temperature limit, prevents gas leakage around the cathode. Both ·

the anode and cathode are readily replaceable. Gas seals between the anode and

the torch body are provided by a metal O-ring made of inconel 750 and silver

plated. Silver plating, which provides a relatively soft film between the O-ring

and the mating surfaces, is recommended for light gases such as hydrogen. The

maximum working temperature for this metal-O-ring is around 1200 K. The gap

16



adjustment between the pointed cathode and the conical anode is obtained with

a micrometer drive, mounted at the outside extremity of the Conax titting. A

tangential gas inlet provides the vortex which encourages arc rotation. Since the

present design is based on an uncooled torch, the electrodes must resist high

temperatures and thermal shocks. Thus, the anode and cathode are made of 2

percent thoriated tungsten. Tungsten is a good electrical and thermal conductor

and has the highest melting temperature of all metals (3600 K). In addition to

having an extremely high melting point, tungsten with 2 percent thoria presents

a high emissivity of electrons and greater contamination resistance. Therefore, it

is usually used as cathode material. Regarding the anode erosion, a recent study

of arc discharges [17] showed that, among six different materials tested, thoriated

tungsten and pure tungsten had the lowest anode mass loss rate. Although

thoriated tungsten had a slightly higher mass loss rate than pure tungsten,

thoriated tungsten has been chosen for anode material because of its

machinability.

3.2. CATHODE CONFIGURATION
i

The actual cathode is a 3.175 mm rod of 2 percent thoriated tungsten

which is ground to a 40-degree cone on one end. However, the initial tests were

conducted with a flat-ended cathode. Two discharge modes, corresponding to

low and high voltages, were observed using the flat-ended cathode geometry. In
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this case, the high voltage mode was associated with high flow rates of working

gas. The high voltage mode is characterized by the appearance of a visible plume

downstream of the nozzle. Fig. 6 shows a schematic view of the arc column for

the two different modes. In the low voltage mode, as shown in Fig. 6(a) for the

flat-ended cathode, the arc attachment occurs upstream of the nozzle throat. An

arc is observable in the attachment region but no luminous plume appears

downstream of the nozzle. Because of its short arc column, this mode

corresponds to low discharge voltage. It has been observed that the use of a

flat-ended cathode usually leads to the low voltage mode. On the other hand, in

most cases, the pointed cathode develops the second mode (Fig. 6(b)),

corresponding to high voltage discharge. The anode arc attachment associated
5

with this mode occurs in the divergent section of the nozzle. The use of the

pointed cathode may lead to the low voltage mode if the cathode is not well

centered. In order to insure operation of the torch in the high voltage mode, most

of the tests presented in this study have been conducted with the pointed cathode.

3.3. ANODE CONFIGURATION

The form of the anode as shown in Fig. 7(a) is convergent-divergent. In

the tirst tests conducted, the anode had no discharge divergent section. In this

case, it was observed that the arc discharge was unstable due to changes in the

arc attachment. The anode dimensions are 25.4 mm in outside diameter and 12.4
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mm in length. In order to have a sonic flow, the throat diameter is reduced to

0.813 mm. Since thoriated tungsten is a very hard material, carbide tools were

used to drill the small nozzle throat. A throat length of 1.016 mm, which gives

a length-to-diameter ratio of 1.25, has been established by experience.

3.4. ANODE·CATHODE COMBINATION

The electrode geometry is illustrated in Fig. 7(b). The gap between the

anode and cathode is represented by the dimension h. A fine adjustment of the

cathode position, provided by a micrometer drive, is required when operating the

torch with hydrogen as feedstock. In this case, a very small gap (178 um) is

necessary to get a stable operation of the plasma torch. Moreover, values of gap

width greater than 178 um cause the interruption of the arc discharge as soon as

hydrogen is mixed with argon. By comparison, stable argon arcs can be obtained

with gap sizes up to 800 um. Having the half·angle of the anode convergent

section, 9, at 45° and the half-angle of the pointed cathode, cp, at 20° probably

helps to insure that the arc attachment will not occur in the convergent section

of the nozzle.
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IV. EXPERIMENTAL SET UP AND

PROCEDURE

4.1. SYSTEM CONFIGURATION

A schematic diagram of the experimental arrangement is shown in Fig. 8.

A test cell, located outside of the main laboratory building, has been built

especially for this research. In order to insure the safety of the operators, all the

hydrogen and argon lines are situated outside. Gas flows are carried from the

high pressure cylinders to the test cell through copper tubing 6.35 mm in

diameter. The high pressure cylinders are placed on a wood base and fixed to the

laboratory’s outside wall. A small wooden roof is provided to protect the tanks.

Two separate flow lines from hydrogen and argon cylinders pass through an

instrument box housing the appropriate regulators, thermocouples, pressure

transducers and metering valves. The gases are mixed in a chamber ülled with

steel beads before entering the plasma torch. A nitrogen cylinder connected to

the hydrogen flow line is used to purge the system before and after the tests. The

function of the second nitrogen tank is to regulate the hydrogen and argon flows
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by exerting pressure on a dome-loaded regulator (Tescom Corp. 44-6200 series

regulator) located inside the instrument box.

Two hand-loaded regulators (Tescom Corp. 44-2200 series regulator)

mounted on a control panel allow the control of the hydrogen and argon flows

from the laboratory. A view of the control panel is provided in Fig. 9. Pressure

and temperature indicators mounted on this panel provide the data concerning

the test conditions. The temperature indicator is an Omega digital indicator

(Model 412) with 5 input points accepted. Gas temperatures in the argon and

hydrogen lines are determined using iron-constantan thermocouples. The body

temperature of the torch is obtained using a chromel·alumel thermocouple

soldered on the outside surface of the housing. Closed-circuit video equipment

(RCA Model 1500) permits observation of the plasma torch operation from the

laboratory. The control television monitor is visible at the top of Fig. 9. Eye

protection is required to prevent radiation damage, when it is necessary to enter

the test cell while operating the plasma torch. Because of the possibility of

accumulation of hydrogen gas issuing from the torch, ventilation of the test cell

is necessary. A hood is suspended from the roof above the plasma torch. An

exhaust fan and vents on the side of the test cell insure the room’s ventilation.
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4.2. ELECTRICAL MEASUREMENTS

The electrical power is supplied by two Miller d.c. constant- current

welding power supplies (Model SR-150-32), each capable of providing currents

up to 170 A. Standard equipment includes a high-frequency arc starter and a

current adjustment control. This later allows the selection of the exact current

desired within the entire range of the welding power supply (5 to 170 A). These

two power supplies are connected in series, resulting in a maximum open circuit

voltage of 140 V. The power supply system is located in the control room. ‘

Current °supp1ied to the arc is monitored with a voltmeter which measures

potential drop across a calibrated 50-mV, 50-A shunt in series with the circuit. ’

The ammeter used is a Weston Model 430. The arc voltage is measured with a

Weston Voltmeter Model 901 connected to the electrical terminals of the power

supply. The ammeter and the digital voltmeter were calibrated respectively

against a John Fluke Manufacturing Company Model 8505A digital multimeter

and a John Fluke Manufacturing Company Model 343A d.c. voltage calibrator.

The electrical input power of the plasma torch is computed as the product of

voltage and current.
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4.3. GAS FLOW MEASUREMENTS

Gas cylinders used in this experiment were purchased from the local Airco

agent. The regulation of argon and nitrogen gas from the high pressure cylinders

is provided by an Airco Model 806·9605 pressure regulator. The hydrogen gas

is regulated by a Victor Model SR-4521-3 pressure regulator. The pressure

upstream of a calibrated orifice is used to measure the flow rates of the hydrogen

and argon feedstocks. The oriüce calibration is obtained with a standard

calibrated flowmeter under condition of choking the valve’s orifice. The pressure ‘

in the argon and hydrogen lines is monitored with Omega Model PX 302

transducers, located in the instrument box. Transducer signal outputs are

received by two Omega Model DP 350 pressure indicators mounted on the

control panel. Nupro "S” series fine metering valves are used as calibrated

orifices in each flow line. The pressure downstream of the metering valve is

monitored with an Omega Model PX 302 pressure transducer and controlled with

a test gauge (Duragauge Model 316). The mass flow rate is calculated using

m = m, . (4.1)

This equation shows that the mass flow rate is a function of the gas constant R,

the total pressure p, and total temperature T, upstream of the metering valve, the

area A of the orifice and the dimensionless reduced mass flow rate rn,. The

reduced mass flow rate is expressed by
A
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. = 2k L mt l_ _g_ (14-1)/k 42m' ./(1;-1) (pt) ./ (pt) ' (‘)

where k represents the specific heat ratio of the gas and p/p, represents the

expansion ratio. Once the valve’s orifice is choked, the reduced mass flow rate

has a fixed value. The use of these equations assumes an ideal gas undergoing

adiabatic, reversible, steady flow. The volumetric flow rate of the hydrogen and

argon feedstocks can then be calculated from

- £q P . (4.3)

The temperature T, upstream of the metering valve is determined using an Omega

iron-constantan thermocouple.

4.4. JET ENERGY MEASUREMENTS,

It is important to determine the electrical efficiency of the plasma torch,

defined as the net power input to the gas divided by the electrical input power

of the torch. As previously stated, the electrical input power is easily obtained

from the arc current and arc voltage measurements. In contrast, the evaluation

of the net power input to the gas is more complicated because of the difticulty in

measuring the temperature of a plasma jet. In most earlier studies, the fact that

the torch was water cooled enabled the investigators to determine the power
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losses to the electrodes. These heat losses to the anode and cathode of the plasma

torch were calculated from the temperature rises and flow rates of the cooling

water. In such investigations, the net power input was then deduced from the

difference between the electrical power input and the power losses to the

electrodes. In the present study, the plasma torch is not actively cooled and a
‘

relatively complex thermal analysis would be necessary in order to determine the

power losses to the electrodes. Because of the complexity of such an analysis, it

was deemed best to measure directly the total enthalpy of the plasma jet issuing

from the torch with a calorimeter.

The calorimeter shown in Fig. 10 was built especially for this investigation. I

It consists essentially of a copper tube in a spiral, which carries the cooling water

flow, fitted into a 19 mm diameter brass tube used as a housing. The copper tube

diameter is 3.175 mm. The plasma jet is injected in the central axis of the spiral

and is in direct contact with the cooling tube, thereby allowing large heat transfer

coefficients. In order to trap the gaseous radiation, the final section of the
i

calorimeter is bent 80°. The total calorimeter length is 0.18 m, corresponding to

a cooling tube length of 1.4 m. A brass washer soldered at the calorimeter’s base

is used to mate the calorimeter to the anode shoulder. Only a thin electrical

insulator separates the calorimeter and the plasma torch. The inlet and outlet

connections to the calorimeter are fitted with iron-constantan thermocouples to

monitor the temperature rise of the cooling water. The temperature of the cooled

working gas is measured in the final section of the calorimeter with a

chrome1—alumel thermocouple. Knowing the temperature of the cooled gas and
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the proportion of hydrogen and argon mass flow rate, the enthalpy of the gas

issued from the calorimeter may be estimated using thermodynamic tables [18].

The enthalpy difference between the gas issuing from the calorimeter and the gas

upstream of the cathode represented less than 2 percent of the enthalpy decrease

through the calorimeter. This result indicates that essentially all of the enthalpy

contained in the plasma jet is given up to the calorimeter.

The cooling water flow rate through the calorimeter is measured with a
'

calibrated Dwyer Ratemaster Flowmeter, Model RMB-82, mounted on the

control panel. The flow of cooling water is typically about 60 cm’s·‘. The energy

flux dissipated in the calorimeter is calculated from

Qi, = DW p ci, (Te — Ti) , (4.4)

where the subscript e refers to the calorimeter exit and the subscript i refers to the

calorimeter inlet. In Eq. (4.4), DW represents the water flow rate, p the density,

ci, the specific heat and T the temperature of the water. The net power input to

the plasma was then found from

QPlasma = Qc + QGas • (4-5)

where Qgi, is the small amount of energy left in the cooled gas leaving the

calorimeter.
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4.5. TEST PROCEDURE

Regular steps were followed during the experimental tests. First, the

system was purged with nitrogen gas and the torch was checked to be certain that

there were no gas leaks. Next, the ventilation was started and the test cell was

closed for safety. For all the tests, argon gas was used to start the arc with a flow

rate set at l3O ml/s or above. It was observed that high flow rates helped the arc

to start in the high voltage mode. Once the arc started in this mode, a decrease

of argon flow did not change the arc mode. When the power supply was turned

on, the torch was initiated by the high frequency arc starter. The arc

establishment was veritied on the television monitor, and the torch was operated

on argon for an initial warm—up period ofapproximately 5 min. Then, the

hydrogen flow was mixed with the argon flow progressively and the flow rates

were set at their desired values. The current of the power supply was also set to

the desired level. After the various parameters had stabilized, readings were

finally taken. Each time the current or flow were changed, the plasma torch was

allowed to operate for 2 min before another measurement was taken.

In a typical test sequence, the total run time was approximately 2 hrs,

including 3 or 4 startups and shutdowns. The plasma torch operation was

stopped by shutting down the two power supplies. At the end of each

experiment, the system was purged again with nitrogen gas.
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V. RESULTS AND DISCUSSION

The main objectives of these experiments were to map out the torch

operating characteristics over a wide range of flows and currents and to

determine the thermal efficiency of the plasma torch. All the results presented

below were obtained during stable operation of the arc, and have been selected

to illustrate the various conclusions.
Q

·

Argon arc in high and low voltage modes.
F

Fig. ll presents the voltage-current characteristics of the arc discharge for

two argon flow rates corresponding to the high voltage and low voltage modes (as

produced by using a pointed cathode and a flat-ended cathode, respectively). The

curves drawn through the data corresponding to a flow rate of 142 ml/s are 4 th

order regressions. The curves corresponding to a flow rate of 87 ml/s are

obtained using a parametric cubic spline. Tables 1 and 2 give the numerical

quantities concerning the operating conditions of Fig. ll. In this figure, the

electrode gap is 0.8 mm. At 20 A and with an argon flow of 142 ml/s, the arc

voltage is found to bei 20 V in high mode compared to 14 V in low mode. For the
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same argon flow, the difference of voltage, AV, between the high mode and the

low mode varies over the range 6 to 10 V. Also, the slope of the characteristic

curve is negative; that is, the voltage decreases as the current increases. In a

previous investigation, Hardy [17] found similar characteristic curves in argon

arcs for currents below 20 A. However, Mahan [19] showed that the voltage

increases as the current increases for currents above 60 A in an argon arc
[

discharge. lndeed, the voltage·current characteristics have a falling branch and

a rising branch corresponding respectively to low and high current. Finally, it is

shown in Fig. ll that, in both modes, the voltage is higher for the higher flow rate
l of argon.

From the results of Fig. 11, the electric field E in the argon arc may be

estimated as

E = ä-li , (5.1)

where Ax represents the difference of the arc column length between the high and

low voltage modes. The value of Ax is approximately 0.23 cm. The electric field

as a function of current is presented in Fig. 12. The curve drawn through the

data is a parametric cubic spline. The corresponding data are given in Table 3.

As shown in Fig. 12, the electric field decreases with increasing current. For a

current range from 80 to 200 A, Mahan [19] found that, with his typical plasma

generator, the electric field increases linearly as the current increases. However,

the author pointed out that other investigators [20, 21] reported a decreasing

electric field characteristic in argon arcs for a lower current range. lt is shown in
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Table 3 that the values of E calculated for two different argon flows are similar _

for a given current. This result implies that the electric field does not depend

upon the flow rate in this case. In fact, this result is not unexpected if the flow

is laminar.

Characteristics ofhydrogen/argon arcs.

All the results presented below were obtained with an electrode gap of

0.178 mm. As stated in Chapter III, such a gap is required in order to operate

the torch under stable conditions in the high voltage mode with hydrogen as the

working gas. During all the tests, it was observed that the arc goes out at 5 A for

high hydrogen flow rates (above 200 ml/s). A minimum current of 7 or 8 A is

needed to get a stable arc in this case. Also, it was observed that a voltage

exceeding 95 V, due to an increase of flow rate at constant current or a decrease

of current at constant flow rate, caused arc extinction. This suggests a power

supply limit. Finally, it seemed that the arc was smoothest for a current range

of 20 to 30 A.

The voltage-current characteristics of the arc discharge measured for three

different flow rates of hydrogen mixed with a constant flow rate of argonare

shown in Fig. 13. A characteristic curve with argon only as working gas is added

in this figure so that a comparison can be made. A11 the curves drawn through

the data are quadratic regressions. The numerical values corresponding to Fig.

13 are given in Tables 4 through 6. Fig. I3 shows that, ih argon/hydrogen arcs,
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the voltage decreases with increasing current between 5 A and 40 A. This result

is identical to that observed previously in the case of argon only as the working

gas. However, the slope of the falling branch for an argon/hydrogen mixture is

generally steeper than that for argon alone. Also, an important result of Fig. 13

is that the arc voltage increases with the flow rate of hydrogen. Since the argon

flow has a constant value of 130 ml/s, it may be concluded that the

voltage-current characteristics depend strongly on the hydrogen flow. For

example, at 20 A the value of the arc voltage is 72 V for a hydrogen flow of 330

ml/s and only 46 V for a hydrogen flow of 110 ml/s. Characteristics of hydrogen

arcs or hydrogen/argon arcs obtained under conditions similar to this study are

difficult to find in the literature. Behbahani et al [14], using a small plasma torch

similar to the one used in this work, report that the voltage increases with gas

flow rate in a nitrogen arc. In the cited study, the nitrogen flow varies between

175 ml/s and 300 ml/s with a current range from 7 to 20 A. Other investigators
_

[19, 22] also found the same result in argon arcs while varing the mass flow rate.

Indeed, this feature is explained by the fact that a larger arc power is required to

ionize a larger amount of working gas.

The measured relationship between arc voltage and current is again shown

in Fig. 14 for three different mixtures characterized by a hydrogen flow

representing 60 percent of the total flow. Quadratic regression was used to draw

the curves through the data. These data are presented in Tables 7 through 9.

The purpose of Fig. 14 is to show that the voltage-current characteristics of the

are are different for the same percentage of hydrogen with different total flows.
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This result contirms the previous observations, namely that the characteristic

curves of the arc are strongly dependent on the total amount (absolute flow rate)

of hydrogen propellant used in the plasma torch. Indeed, Fig. 11 shows that

voltage also depends on the total argon flow, but not as much. For example, in

Fig. 11, an increase of argon flow of 63 percent in high mode at 20 A leads to a

voltage increase of 4 V. In contrast, Fig. 13 shows that an increase of only 31

percent of hydrogen flow (between 252 ml/s and 330 ml/s) at 20 A corresponds

to a voltage increase of 5V.

Fig. 15 shows the relationship between the percentage of hydrogen and

voltage for three different currents. In this case, the argon flow was set at 130

ml/s. Table 10 presents the data used for Fig. 15. The percentage of hydrogen

ranges from 55 to 72 percent of the total flow rate. As expected, for a given

percentage of hydrogen, the voltage decreases with increasing current. Also, the

voltage generally increases while increasing the percentage of hydrogen for a

constant current. These two results confirm again the previous observations.

However, it is observed in Fig. 15 that, for a current of 30 A, there is more scatter

in the data. For example, 66 percent of hydrogen yields an arc voltage of 64 V,

while the voltage is only 55 V for 66.5 percent of hydrogen. In both cases the

torch pressure, which is measured inside the cathode chamber, was 3.8 atm. The

changes in arc voltage could be associated with movement of the anode

attachment point, since different nozzles have been used for this data set.

The curves of Fig. 15 may be collapsed using a Gauss-Newton regression

method and the resulting expression is
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where °/01-1, represents the percentage of hydrogen flow in the mixture. This

result is presented graphically in Fig. 16. No attempt is made here to explain the

physics underlying Eq. (5.2).

Fig. 17 shows the electrical input power as a function of the percentage of

hydrogen. Table ll gives the numerical values corresponding to Fig. 17. The

current for this case was 20 A and the argon flow was set to 130 ml/s. In these

operating conditions, the electrical input power varied between 0.84,kW and 1.68

kW while the hydrogen proportion varied between 46 and 73 percent of the total

gas amount. As an example, with 51 percent hydrogen the torch power is 0.92

kW and with 72 percent hydrogen this power becomes 1.68 kW. Thus, a relative

increase of 41 percent of the hydrogen proportion resulted in a power increase of

83 percent. Also, the wide range of data presented in Fig. 17 seems to indicate

that the electrical input power, for this particular torch, is a linear function of the

hydrogen percentage and hydrogen How since the argon flow is constant. Curran

[23] obtained a similar result in an experimental study of energy loss mechanisms

with a low power dc arc·jet thrustor. In his study, nitrogen was used as working

gas and the arc power varied from 0.7 kW to 1.75 kW. Once again, the scatter

in the data about the linear regression line could be associated with movement

of the arc attachment. Indeed, a small change of arc Voltage implies a large

power difference.
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Finally, it is worth noting that Tables 1 through 11 include the values of

the torch pressure. In all cases, the torch pressure is greater than twice the

atmospheric pressure. This result verifies that the plasma torch nozzle was

choked.

Thermal efficiency.

The thermal efficiency, n, is defined as the net power input to the plasma,

Q,,,,,,,, , divided by the electrical input input power Pu. Results of this efficiency

measurement for various flow rates and current levels are presented in Tables 12

and 13. Table 14 gives the different temperatures which were measured in the

calorimeter and used to calculate the energy flux dissipated in the calorimeter,

Q, , and the amount of energy left in the cooled gas, Qu, .

The thermal efficiencies presented in Table 12 correspond to the case

where a warm·up period of the torch is allowed in order to stabilize the torch

body temperature. For this operating condition, the torch body temperature,

which is measured on the outside surface, is above 300°C. Results indicate values

of efficiency around 88 percent. The highest efficiency found is 91.5 percent for

an electrical input power of 1824 W. As expected, this thermal efficiency is very

high compared to other investigations where water·cooled plasma torches were

used. Northam er al [6] reports a thermal efficiency of around 50 percent.

Curran [23] found that his arc·jet thruster lost about 30 percent of the input

energy to the electrodes. While operating with an uncooled plasma torch, Warris
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and Weinberg [15] report an efüciency of 80 percent at an electrical power level

of l kW and with a nozzle throat of approximately 2 mm in diameter. Thus, the

efticiency presented in this work is
a‘ very encouraging result.

The data presented in Table 13 were taken without a warm·up period,

resulting in torch tempcraturßs below 300°C. In this case, the thermal efüciency

is found to be around 75 percent. These lower values verify the expectation that

some energy is lost during the warm-up period as the torch body is heated to its

equilibrium temperature. Results of Table 13 show that the efticiency increases

with the torch temperature, as expected.

Finally, in Table 14, it is worth noting that the amount of energy left in

the cooled gas represents less than 2 percent of the energy dissipated in the

calorimeter.

Electrode erosion.

Throughout the series of tests, it was observed that the cathode erosion

was very small compared to the anode erosion. Mahan [1] and others explain

that the electrons emitted by the cathode leave the electrode with energy,

providing a cooling mechanism. Inversely, condensation of these hot electrons

on the anode provide an additional heating mechanism there. In this work, the

anode erosion is increased by the fact that the torch is not cooled. Furthermore,

the swirl provided by the tangential gas inlet probably does not insure dependable

rotation of the anode attachment point. Actually, I10 measurements of arc
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rotation were made. A strengthening of the arc swirl would most likely lead to

a decrease of the anode erosion. In general, the total run time of a nozzle was

one or two hours. Usually, the anode erosion was accompanied by a decrease of

the torch pressure due to the widening of the nozzle throat. For example,

although the hydrogen flow is higher in Table 7 than in Table 6, the torch

pressure is only 2.8 atm compared to 3.8 atm in Table 6 for current range from

15 to 30 A. In this case, the pressure drop due to the anode erosion was greater

than l atm.
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VI. CONCLUSIONS

As stated in Chapter I, the main objective of this study was to design,

develop and evaluate the performance of an uncooled choked plasma torch for

ignition and flameholding in supersonic combustion. This objective was attained,

and the principal conclusions drawn from observations and data presented in this

investigation are listed below.

1. The results clearly demonstrate that the uncooled choked plasma torch

operates stably over a wide range of hydrogen/argon mixtures at power level

of 500 W to 2000 W. Furthermore, the plasma torch has been tested

successfully in the Hypersonic Propulsion Branch Supersonic combustion

facility at NASA Langley Research Center.

2. The arc voltage decreases with increasing current between 5 A and 40 A, and

increases with increasing flow rate of propellant. Also, the voltage-current

characteristics of the arc are strongly dependent on the total amount of

hydrogen flow used in the plasma torch.

3. The electrical input power is a linear function of the hydrogen percentage for

a constant current of 20 A.
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4. The thermal efficiency determined from the measurements with the

calorimeter is around 88 percent for an electrical input power range from 600

to 2500 W.

5. The anode erosion which causes a decrease of the torch pressure, limits the

total run time of a nozzle. The lifetime of a nozzle is at least two hours.

The following recommendations are expected to improve the plasma torch.

l. In order to reduce the anode erosion, a swirler placed in the convergent

section of the nozzle should insure the rotation of the anode attachment point.

In addition, the reduction of the diameter of the tangential gas inlet, which

is four times larger than the throat diameter, should strengthen the tendency

of the arc to swirl. Arc rotation may also be provided by a magnetic field.

I-lowever, as stated in Chapter II, the magnetically rotated arc tends to

produce less hot pockets than the aerodynamically rotated arc.

2. A small motor can be used for remote adjustment of the electrode gap during

the tests. With this modification, it will be easier to investigate the effects of

gap variations.

3. The present power supply should be replaced by a power supply providing

higher voltage and better power regulation.

4. The development of a method to estimate the hydrogen atom concentration

in the plasma would be of interest.
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Figure I. Diagram of plasma generator from Ref.|l2|. A, interchangeable
anode; B, cooling pipe; C, mild steel magnet support; D, brass outer
casing; E, bonded-ferrite annular magnet; F, thoriated (2%) tungsten
cathode; G, mild steel focusing cathode support; H, arc tuning com-
ponent; J, Perspex insulating plate; K, feedstock inlet; L, water-
cooled i.l.ll'1l1’lg COIHPOIICHIZ SL1ppOI°t; M, U.1I'llHg knob; N, l.1pStI'€3.I'I1
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Figure 2. Aerodynamically spnm plasma iet from Ref.[15| :
l Cathode. 2 Anode. 3 Spark plug body. 4 Fine thread
for gap adjustment. 5 Tangential gas inlet.
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Figure 6. Schematic view of arc column :
(a) Low Voltage mode. (b) High Voltage mode.
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Figure 7. Detail of electrodesz
(a) Anode. (b) Anode-cathode combination.
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TABLE 1

Data for Figure ll

Low Voltage Mode (Flat·Er1ded Cathode)‘

Flow I V P„, Torch Torch

Ar Pressure' Temp.3

ml/s A V W atm °C

87 5 18 90 2.2 90

87 10 14 140 2.5 190

87 14 12 168 2.6 215

87 18 1 1 198 2.7 290

87 31 10 310 3 320

142 10 18 180 3.7 82

142 12 16 192 3.8 93

142 20 14 280 4.1 121

142 30 1 1 330 4.2 260

142 40 10.5 420 4.5 540

l See Fig. 6.
’

3 See Fig. 4.

E
S6



TABLE 2
E Data for Figure ll

High Voltage Mode (Pointed Cathode)‘ ‘

Flow I V P,„ Torch Torch

Ar Pressure Temp.

ml/s A V W atm °C

87 5 28 140 2.4 90

87 10 21 210 2.6 ‘ 93

87 16 19 304 2.9 171

87 20 E 17 ‘ 340 3 240

87 30 16 480 3.1 300

142 10 25 250 2.9 93
E 142 15 22 330 3 177

142 20 20 400 3.3 305

142 30 17 510 3.6 345

1 See Fig. 6.

57



TABLE 3

Data for Figure 12

Flow I AV E

Ar

ml/s A V V/cm

87 5 10 43.48

87 10 7 30.43

87 20 6.5 28.26
1

87 30 6 26.09
” 142 10 7 30.43

142 20 6 26.09

142 30 6 26.09
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TABLE 4

Data for Figure 13

Flow Flow 1 V P,„ Torch Torch

Ar H, Pressure Temp.

m1/s m1/s A V kW atm °C

130 330 7 90 0.63 3.6 305

130 330 10 84 0.84 3.6 470

130 330 15 76 1.14 4 270

g 130 330 20 72 1.44
‘

4 400

130 330 25 67 1.67 4.1 370

130 330 30 65 1.98 4.1 415

130 330 35 65 2.31 4.1
E

460

130 330 40 64 2.56 4.1 482
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TABLE 5
Data for Figure 13 '

Flow Flow I V P,„ Torch Torch

Ar H, Pressure Temp.

m1/s m1/s A V kW atm °C
A

130 252 7 76 0.53 3.4 430

130 252 10 74 0.74 3.4 430

130 252 15 71 1.06 3.7 250

130 252 20 68 1.36 3.8 260

130 252 25 66 1.65 3.8 380

130 252 30 64 1.92 3..8 415

130 252 35 63 2.2 3.8 440

130 252 40
1

62 2.48 3.8 480
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TABLE 6

Data for Figure 13

Flow Flow I V
/P,„

Torch Torch

Ar H, Pressure Temp.

ml/s m1/s A V kW atm °C V

130 110 5 66 0.33 3.7 360

130 110 10 58 0.58 3.8 425

130 110 15 52 0.78 3.8 425

130 110 20 46 0.92 3.8 425

130 110 25 42 1.05 3.8 440

130 110 30 38 1.14 3.8 450

130 110 35 38 1.33 3.9 440

130 110 40 36 1.44 3.9 470
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TABLE 7
5

Data for Figure 14

Flow Flow I V P„„ Torch Torch

Ar H, Pressure Temp.

m1/s m1/s A V kW atm °C

130 193 5 68 0.34 2.5 450

130 193 7 58 0.41 2.5 480
A

130 193 10 62 0.62 2.7 250

130 193 15 60 0.90 2.8 304

130 193 20 55 1.1 350

130 193 25 47 1.17 2.8 470

130 193 30 43 1.29 2.8 504

130 193 35 41 1.43 2.8 525

130 193 40 39 1.56 2.8 560

4
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TABLE 8
Data for Figure 14

Flow Flow I V P,„ Torch Torch

Ar H, Pressure Temp.

ml/s ml/s A V
kW.

atm °C

173 260 10 79 0.79 3.3 160

173 260 15 71 1.06 3.4 240

173 260 20 67 1.34 3.5 280

173 260 25 · 64 1.60 3.5 350

173 260 30 60 1.8 3.6 395

173 260 35 58 2.03 3.6 440

173 260 40 53 2.12 3.7 480
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TABLE 9

Data for Figure 14

Flow Flow I V P,„ Torch Torch

Ar H, Pressure Temp.

ml/s ml/s A V kW atm °C
‘

g 205 307 10 80 0.8 4.3 195

205 307 15 74 1.1 1 4.5 205

205 307 20 71 1.42 4.6 225

205 307 25 66 1.67 4.6 240

205 307 30 67 2.04 4.6 280

205 307 35 66 2.34 4.6 340

205 307 40 65 2.64 4.6 380
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TABLE 10
Data for Figure 15

Flow Flow Perceut I V P,„ Torch Torch

Ar H, H, Pressure Temp.

ml/s ml/s % A V kW atm °C

130 157 55 20 42 0.84 3.5 340

130 157 55 30 41 1.23 3.5 390

130 157 55 10 50 0.50 3.5 290

130 252 66 10 78 0.78 3.7 290

130 252 66 10 74 0.74 3.7 215

130 252 66 20 68 1.36 3.8 260

130 252 66 30 x 64 1.92 3.8 415

130 228 64 30 57 1.71 4.0 395

130 330 72 10 84 0.84 3.6 471

130 330 72 20 72 1.44 4.0 337

130 330 72 30 65 1.95 4.1 415

130 193 60 10 62 0.62 2.7 250

130 193 60 20 55 1.10 2.8 349

130 193 60 30 43 1.29 2.8 505

130 181 58 20 50 1.0 2.4 250

130 323 71 10 80 0.80 3.9 250

130 216 62 30 56 1.68 3.9 315

130 260 67 30 55 1.65 3.8 425
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TABLE 1 1
Data for Figure 17

Flow Flow Percent 1 V P,„ Torch Torch

Ar H, H, Pressure Temp.

m1/s m1/s °/6 A V kW atm °C

130 157 55 20 42 0.84 3.5 340

130 252 66 20 70 1.40 3.8 260

130 252 66 20 81 1.62 2.4 290

130 193 60 20 55 1.10 2.8 349

130 181 58 20 50 1.0 2.4 250

130 1 10 46 20 46 0.92 3.9 425

130 220 63 20 76 1.52 2.4 290

130 173 57 20 62 1.24 2.2 390

130 275 68 20 77 1.54 2.4 316

130 338 72 20 84 1.68 2.6 316

130 173 57 20 56 1.12 2.0 300

130 265 67 20 70 1.40 2.4 320

130 347 73 20 80 1.60 2.5 320

130 178 58 20 56 1.12 2.0 320

130 265 67 20 68 1.36 2.4 315

130 138 51 20 46 0.92 3.6 230

130 216 62 20 56 1.12 3.9 271
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TABLE 12

Thermal Efficiency

(Torch Temperature > 300 °C)

Test Flow Flow Torch I V Ph, Qhh,„,,, 11

n°. Ar H, Temp.

ml/s ml/s °C A V W W %

1 130 228 315 21 56 1176 1058 90

2 130 228 293 32 57 1824 1670 91.5

3 130 228 471 42 60 2520 2149 85.5
‘ 4 130 173 340 10 62 620 518 83.5

5 130 157 393 30 41 1230 1028 83.5

6 134 267 382 10 68 680 615 90.5

7 134 260 393 20 55 1 100 970 88

8 134 260 427 30 53 1590 1428 90
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— TABLE 13

Thermal Efficiency

(Torch Temperature < 300 °C)

Test Flow Flow Torch I V Pin Qninnnn 11

n°. Ar I-I, Temp.

ml/s ml/s °C A V W W %

9 130 216 138 10 60 600 403 67

10 130 138 227 20 46 920 692 75

11 130 216 271 20 56 1120 810 72.5

12 130 138 282 30 44 1320 1071 81

13 130 252 293 10 78 780 648 83
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TABLE 14

Data for determining results of Tables 12 and 13

Test Torch P,„ TG,, TG,, Qu D, T, T, Q, Q,,,,„„,

n°. Pressure in out

atm W °C °C W cm3/s °C °C W W

1 4 1176 21 29.4 6 6.045 18.4 60 1052 1058

2 4 1824 21 26.6 3.9 6.045 18 83.9 1666 1670

3 4 2520 21 28.3 5 6.045 18.1 102.8 2144 2149

4 3.3 620 17.5 31.1 6.7 6.045 17.8 38 511 518

5 3.45 1230 29.2 32.2 1.5 5.257 22.3 69 1026 1028

6 3.5 680 29.2 36.4 4.6 5.257 22.3 50 610 615

7 3.7 1100 29.2 40.3 6.9 5.257 ‘ 22.3 66 963 970

8 3.8 1590 29.2 38 5.7 · 5.257 22.3 87 1422 1428

9 3.9 600 17.5 26.8 5.8 6.045 18.3 34 397 403

10 3.6 920 17.5 26.9 4.2 6.045 17.8 45 688 692

11 3.9 1120 17.5 31.6 6.2 6.045 18.2 50 804 810

12 3.6 1320 17.5 27 4.2 6.045 17.8 60 1067 1071

13 3.7 780 21 34.5 8.3 6.045 18 43.3 640 648
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