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S U M M A R Y 

Experiments on ring vortices inside e torus end experiments on 

seed-toroidal arcs stabilised by such vortices are described. 

The studies were performed in two separate devices. One of the 

toroidal vortex chambers - "Cogion", with R » 0.45 i and r • 0.10 • -

permits the establishment of a gas flow only. In the other device -

"Tovorex", with R - 0.19 m and r - 0.04 m - it is also possible to draw 

a semi-toroidal arc. In both devices the toroidally symmetric ring vor

tices are obtained by poloidal injection and exhaust of gas through 

slits running in toroidal direction and extending over the whole cir

cumference. The arcs are drawn between two tungsten electrodes in the 

core of the rotating flow. The arc can be given an adjustable length 

of 1.0 m maximum, which only covers a part of the 1.2 m long circular 

vortex axis; therefore we use the term semi-toroidal arc. The rotation 

of the gas forces the discharge into the core of the vortex, thus 

preventing it from getting into contact with the metal wall. 

Measurements in "Cogion" are carried out with air as working 

gas at a static pressure of 100 Torr (1 Torr « 133.3 Km'2). During some 

seconds a stationary state is observed. The measurements surprisingly 

show that it is possible to describe the radial distribution of the 

poloidal flow in terms of a plane turbulent wall jet discharging in an 

external stream. The velocity profile and the growth of the width of 

the jet are in accordance with experimental data on this subject. A 

different behaviour is found for the decay of the maximum velocity. 

The core of the flow proves to be almost stagnant; the axis of rotation 

is displaced outwardly with respect to the centre of the cross-section 

over a distance of 6 mm. 

In *Tovorex" information about the rotating flow is obtained 

without the presence of an arc in the vortex core. The measurements 

of the flow are performed in air at pressures of 50, 100, 200 and 

400 Torr, which can be kept constant during some tens of seconds. The 

velocity profiles prove to be independent of the pressure. For experi

ments with arcs nitrogen is used. It has been found that the semi-

toroidal DC-arc, surrounded by a continuous metal wall can be stabilized 

by the toroidal vortices in the experimental range 30 <_ p £ 400 Torr, 
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20 <_ I < 100 A, <0 <_ U, < 200 ms~! . 0.* ^ a ^ 5.3 MR.where U. denotes 

the injection velocity and a the width of the inlet slit. The arc po

tential mist be positive with respect to the wall as otherwise the wall 

takes over the role of anode for long arcs. Reproducible discharges can 

only be obtained by «taking the wall section between the exhaust slit 

and the inlet slit fro» an electrically insulating material. The toroi

dal field strength, which is of the order of 500 Vm~r, depends on the 

current and on the pressure, and is independent of U- and a. Temperatures 

of the discharge are deduced from the experimental values of the elec

tric conductivity and are estimated at approximately 6000 K. 

The velocity profiles in both vortex chambers are obtained with 

a hot-wire anemometer operated at constant resistance. As the pressure 

regime - 50 to 400 Torr - is not the normal range for the hot-wire 

anemometry, the influence of the pressure on the calibration curves is 

studied. 
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C H A P T E R 1 

GENERAL INTRODUCTION 

In this report experimental studies on ring vortices inside m 

torus and experiments on semi-toroidal «res stabilized by such vortices 

are described. The investigations, performed in the two separate de

vices "Cogion" and "Tovorex" and described in Chapters 2 and 3, formed 

part of the research programme on gas-blanket, confinement of the FON-

Institute for Plasma Physics "Rijnhuizen". In this chapter we present 

the motivation for the experiments. 

1.1 The concept of gas-blanket confinement 

In the field of thermonuclear fusion research the crucial prob

lem is to reach a high plasma temperature, T, in combination with a 

sufficiently high confinement parameter, nr, which is the product of 

the density, n, and the confinement time, T. For the fusion reaction 

with the highest cross section, that between deuterium and tritium, 

the parameters to be reached are T * I0fl K and n.t * 5-l0?n m~'s 

(Refs.1,2). 

The fusion power density varies with the square of the ion den

sity and amounts to about 10 MW m"' for n * 3>10-° m":' in case of D-T 

reactions. The choice of the operating density of a reactor is based 

on practical requirements, such as the generated power and the permis

sible wall loading. For a steady-state reactor, ion densities around 

10?r> m~' appear to be acceptable . Plasma pressures are then of the 

order of several atmospheres. 

A satisfactory confinement method must prevent the plasma from 

making contact with material walls as this would lead to plasma con

tamination and to inadmissible heat losses. Originally, the plasma 

containment by magnetic fields in vacuum seemed to be the most attrac

tive possibility for confinement, since surrounding the thermonuclear 

core by a cool gas in pressure equilibrium would give rise to inadmis

sible energy losses because of the strong increase of the heat conduc-
V 

tivity, * , with T at high temperatures (< ^ T •') (Ref. 4). Up to now. 
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the magnetic confinement schemes are still not capable of holding the 

plasma long enough to satisfy the n.T criterion. 

In 19C0 Alfvtn and SmSrs suggested that a thermonuclear plasma 

might nevertheless be surrounded by a gas of high density. They consid

ered a cylindrical model in which the radial heat conductivity is re

duced by a strong magnetic field perpendicular to the temperature gra

dient. In that case, according to Braginskii , < varies -is K ̂  T~'n?B~' 

or 11 r % T /2p2B~2 at sufficiently high temperatures; p and B repre

sent the pressure and the magnetic field strength respectively. The 

calculated conduction losses would not be prohibitive for a large D-T 

reactor. They presumed that such a gas-insulated plasma would not be 

subject to the same types of instabilities as a vacuum-insulated plasma. 

Moreover, contamination of the plasma would be much reduced as impuri

ties from the wall would effectively be prevented from reaching the hot 

plasma region by such a gas blanket. Por a more refined model the 

calculated heat losses appeared admissible again. 

Experiments were set up in Stockholm to investigate this method 

of confinement and heating in toroidal discharges at gas pressures be

tween 1 and 400 Torr (l Torr - 133.3 Nm~2). Experimental difficulties 

in this geometry and, moreover, tht fact that the theoretical studies 

were m&de for a cylindrical geometry soon led to the study of pulsed 

n o 1 At 

linear high-current arcs at atmospheric pressure ' '1V', A lack of equi

librium between the hot channel and the cool surrounding gas caused un

stable discharges, which in the initial phase were similar to low-pres

sure pinches, so that the experimental conditions still did not agree 

with the theoretical assumptions. Further investigation of this method 

of plasma confinement, where the self-magnetic field was used both for 

confinement and for limiting the thermal conduction, was abandoned. 

Later experiments in Garching, however, showed that stable high-

current arcs of high temperatures, surrounded by a cold gas, can be 

produced if an external longitudinal magnetic field is applied , and 

that the heat conductivity of the plasma is strongly reduced by the 
12) magnetic field, in agreement with numerical calculations . 

1.2 The Jutphaas approach of gas-blanket confinement 

In 1966, Braams reconsidered the advantages of enclosing a 

thermonuclear plasma in a gas blanket. As a modification to the idea of 

Alfvr'-h and SmSrs, he proposed a toroidal arc discharge surrounded by a 

rotating neutral gas blanket, and embedded in an externally applied 

magnetic field to reduce the heat conduction. The idea was that if the 

plasma pressure would be balanced by the pressure of the gas blanket, 
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a magnetic field produced by external coils should adapt its VACUUM 

configuration and that there would be no free energy available to drive 

instabilities. To prevent axial heat losses as well as velocity-space 

instabilities a closed system seemed to be advantageous. Rotation of 

the aas would produce a stabilising force which Might be favourable 

for defining the equilibriua position of the arc, for suppressing in

stabilities driven by diamagnetic or paramagnetic effects occurring 

during the build-up phase of the thermonuclear plasma, for stabilising 

«gainst the diaaagnetisai caused in the stationary state by aabipolar 

diffusion, and, possibly, for allowing a higher ohmic heating current. 

1.2.1 7^e.earl^_researchsgrograeBie_ 

Based on these ideas, a research programs» was started with the 

purpose to realize a fully toroidal device in which a high-current gas 

discharge could be produced and Maintained long enough to attain steady-

state conditions. This discharge was to be enveloped by a rotating gas 

blanket and to be embedded in a strong toroidal magnetic field. Ti»e di

mensions of the proposed experiment would be: major radius of the torus 

R * 0.45 m, minor radius r - 0.10 m; the magnetic field B would amount 

to 1 T or 2 T for continuous and pulsed operation respectively. In view 

of the ambipolar pressure increase, the operating pressure should be 

in the order of 10 To»r (this is referred to later). 

The demand of toroidal symmetry caused experimental problems. 

The electric current needed for the pre-ionization and the main dis

charge current could not be supplied by electrodes like in the Stock

holm and Garching experiments, but had to be induced. An important 

problem seemed to be that breakdown could only be obtained in the lower 

pressure range. The second problem concerned the rotating gas blanket 

for which methods as employed with linear arcs could not be used. The 

only way to produce a steady ring whirl seemed to be by blowing in and 

sucking off at the wall of the toroidal vessel. The behaviour of such a 

vortex was unknown. Furthermore, a numerical model to describe a toroi

dal arc in a toroidal (inhomogeneous) magnetic field does not exist. 

Due to the lack of data and knowledge on this type of plasma 

production and confinement, it was decided to postpone the realization 

of the main experiment until different aspects of the problem had been 

examined in separate experiments, which will be summarized below. 

The stabilization of a straight arc by a forced vortex was stud

ied in a cylindrical vortex chamber. To simulate the method of whirl 

production to be used in the toroidal device, the chamber was provided 

with two slits parallel to the axis of the cylinder. One for the gas 
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supply and one fcr the exhaust. The 0.15 m long arc was drawn between 

electrodes. The length of the vortex chamber was 0.18 m, the radius 

0.04 m (Ref. 14). 

The behaviour of a fully toroidal vortex was investigated in a 

torus with R * 0.45 m, and r * 0.10 m. Gas was blown in and exhausted 

tangentially by means of two slits extending along the whole major cir

cumference of the torus, and running in the toroidal direction (Fig. 

2.1). The flow showed the character of a toroidal wall jet. This inves

tigation, described by Piekaar and Polman , will be reviewed in this 

report (Cogion; Section 2.4.1). 

The influence of an externally applied, strong toroidal magnetic 

field on a high-current discharge in hydrogen was studied in a torus 

with R - 0.45 m and r * 0.075 m. The arc was struck between two elec

trodes and extended over a length of about 2.1 m, i.e. 3/4 of the full 

toroidal length. No forced vortex was present. The behaviour of the 

arc, described by Schüller , proved to be strongly influenced by the 

electrodes. 

Experimental problems related to the electrodeless toroidal pre-

discharge have been investigated by Lok17' in a fully toroidal device 

with R » 0.19 m and r = 0.04 m. Energy, supplied by a motor-generator 

system operating at a frequency of 8 kHz, was inductively coupled by 

means of an iron-core transformer of which the plasma column was the 

secondary winding. Owing to the high voltages needed in the 10 Torr 

pressure range, the discharge was obtained by breakdown at a low pres

sure and was sustained in a wide range of higher pressures by subse

quent gas influx from a reservoir. 

The interaction of a low-current (I £ 100 A) nitrogen arc with 

a ring vortex was examined in a metal toroidal vessel (R • 0.19 m; 
18) r = 0.04 m). This experiment combined the features of the adapted 

linear arc and of the toroidal gas flow '. The arc was not com

pletely toroidal; it was drawn between a fixed and a movable electrode, 

making the arc length adjustable between 0 and 1 m. A magnetic field 

could not be applied. This investigation will also be described in 

this report (Tovorex; Section 2.4.2 and Chapter 3). 

These experiments did not aim at even approaching very high tem

peratures. Aspects connected with the presence of a gas blanket around 

a rhermonuclear core were, therefore, studied theoretically. 

A gas blanket between the cold wall and the fully ionized core 

will result in a temperature profile that continuously decreases from 

the centre to the wall. The temperature gradient perpendicular to the 

magnetic field introduces two pressure-increasing effects. The first is 
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the ambipolar pressure increase. This manifests itself mainly between 

the edge of the fully ionized reqion and the neutral region, where neu

tral particles diffuse towards the centre, while charged particles move 
L*>) in the opposite direction* . The second is the thermo-magnetic Nernst-

Ettinghausen effect which had been observed for plasmas in 1967 (Ref. 20). 

This effect occurs inside the fully ionized core. Its origin is that 

for charged particles the cross section for momentum transfer is a 

function of the relative velocities. 

The ambipolar pressure gradient decreases when the pressure in

creases and when the magnetic field decreases. In hydrogen, the static 

pressure and the ambipolar pressure increase are of the same order of 

magnitude when p * 103 - lO*1 Nm-2 and B * 1 - 2 T. The pressure build

up due to the Nernst effect can exceed the static pressure by a large 

factor. For an infinitely long cylindrical plasma column, one obtains 
21) after some simplification 

2>-Z 
_2TY+?T .. t n T = constant. e e 

Here n represents the electron density, y the ratio between the ion 

temperature T. and the electron temperature T (T, = YT ), and Z the 
X C I S 

atomic number (or the number of stripped electrons per atom). For hy

drogen in thermodynamic equilibrium, that is Z = 1 and Y = 1» the above 

relation yields n**T = constant. Hence, the kinetic pressure, p - nkT, 

increases with the temperature according to p i T ' . The Nernst effect 

influences the temperature profiles through the thermal conductivity, 

since due to the relation n^T = constant one has < *» T"* B"2 instead 

of K % T '2 B"z, which only holds when p = nkT » constant. These effects 

have been included in the following numerical studies. 

Temperature and pressure profiles as well as the voltage-current 
22) characteristics were calculated by Verboom for an infinitely long 

cylindrical hydrogen arc embedded in an externally applied longitudinal 

magnetic field. The role of the dissociation and ionization in the 

total thermal conductivity as well as the influence of the Nernst ef

fect on the temperature and pressure profiles was shown. The influence 

of the magnetic field strength and of the surrounding-gas pressure was 

also borne out. The temperature on the axis was usually 10^ K, the 

pressure at the wall was 10 Torr. 

A model of a steady-state thermonuclear reactor with the core 

embedded in an externally applied magnetic field, and surrounded by a 
231 

high-density relatively cold plasma, was studied by Verboom and Rem . 
The geometry was again an infinitely long cylindrical symmetric plasma 
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column. Owing to the Nernst effect a range of solutions with realistic 

parameters was found. Without this effect no such solutions could be 

obtained as the radiated power, P. ^ n2T*t would lead to intolerable 

losses from the fully ionized transition layer around the thermonuclear 

core. The computation showed that the fuel supply and the ash removal 

can take place by classical diffusion; it seems that the magnetic field 

strength has to be chosen as low as possible. Due to the Nernst effect 

the pressure in the centre (* 100 atm) exceeds the static pressure at 

the boundary (* 0.1 atm) by a factor of about 103. This model has been 

refined by Markvoort '. Related aspects can, among others, be found in 

Refs. 25, 26 and 27. 

The Nernst effect is essential for a steady-state fusion reactor 

with realistic dimensions, of which the thermonuclear core is surround-

ed by a magnetized gas blanket. It was concluded ' that no accept

able solutions can be found when the Nernst effect is not taken into 

account, that is, when gas-blanket reactor models are considered in 

which the kinetic pressure of the hot plasma is balanced by the pres

sure of the surrounding cold gas, while the magnetic field serves only 

to decrease the heat conductivity. 

1.2.2 Conse gue nces_f or_ the_exger injenta i_Brocjramme 

Although the theoretical studies have been based upon a highly 

simplified model, the results were judged to be of such a nature that 

the original experimental programme was modified. 

In view of the prohibitively large dimensions, a reactor in com

plete kinetic pressure equilibrium had to be abandoned; a considerable 

magnetic field had to be introduced. Though the Nernst pressure in-
281 

crease has not adequately been studied in a toroidal geometry , it 

was expected to be so large that it would be questionable if a suffi

ciently strong vortex could be set up to oppose macroscopic instabili

ties sufficiently. Therefore, the vortex was eliminated from the exper

imental programme. This meant a considerable technical simplification, 

especially since the establishment of a vortex requires an experimental 

time-scale of seconds. 

On the other hand, an expe>-anient based on a fully developed 

Nernst effect seemed equally impossible because of the long time-scale 

needed for the diffusion of the magnetic fields. Consequently, it was 

decided to concentrate the attention on the remaining aspects of the 

gas-blanket concept, i.e. on the physical processes connected with the 

gas blanket around a toroidal discharge in a curved magnetic field. In 

this way, conditions would be simulated that might prevail in the outer 
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regions of a thermonuclear reactor. The present toroidal discharge ex

periment Ringboog (R * 0.52 m, r » 0.087 m, B * 3.2 T maximum), a 

tokamak-like device, is of pulsed nature and operates for a f«w milli

seconds in a quasi-stationary state at filling pressures in the range 

of 10~? - 10~' Torr (Refs. 29, 30). Particular points of interest are 

the energy transport through the transition layer between the ionized 

core and the surrounding non-ioni2ed gas, the extra energy losses due 

to toroidicity, and, finally, a possible protection of the plasma 

against contamination due to interaction of the plasma with the wall. 

Though not relevant at present, it may be expected that for 

future experiment», on a long tine-scale the favourable properties of 

a gas blanket are enhanced by a rotation as described in this report, 

since it involves refreshment of the outer layers while it provides a 

moderate stabilizing effect. 

1.3 The scope of this report 

This report consists of two parts: 

1) the experimental study of fully toroidal vortices in toroidal vortex 

chambers (Chapter 2), 

2) an experimental investigation on low-current dc-arcs (20^1 <̂  100 A) 

in nitrogen which are stabilized by such vortices (Chapter 3 ) . 

Describing the experiments wc will meet concepts from the field 

of fluid dynamics. To some of these concepts, though belonging to 

standard knowledge in aerodynamics, attention will be paid for the con

venience of the plasma physicist. This refers in particular to the 

treatment of the hot-wire anemometer (Section 2.3.1) and the wind tun

nel (Section 2.3.2). 
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C H A P T E R 2 

EXPERIMENTAL INVESTIGATION OF ROTATING FLOWS 

IN TOROIDAL VORTEX CHAMBERS 

2-l introduction 

A semi-toroidal low-current gas discharge embedded in a rotating 

gas blanket was investigated experimentally as part of the programme 

on gas-blanket confinement. The rotation of the gas forces the dis

charge into the core of the vortex, thus preventing it from getting 

into contact with the wall and, possibly, removing impurities by its 

centrifugal force. 

The toroidal shape was chosen because a future experiment would 

be toroidal in order to eliminate axial heat losses due to end effects, 

which limic the maximum attainable plasma temperature in linear high-

current arcs. The toroidicity of an experiment, however, introduces 

new problems if the plasma is to be stabilized by rotation of the sur

rounding gas. The production of a symmetric ring vortex in a torus 

necessitates a new way for swirl generation as the well-known methods 

used with cylindrical whirl-stabilized arcs, like rotating walls 
32) or tangential gas injection at the wall and exhaust at the axis , 

cannot be applied. 

The ring vortices in our experiments were obtained both by in

jecting and sucking off gas at the wall a the torus chamber. Gas was 

blown in tangentially to the wall via an entrance slit and was removed 

by way of an exit slit. Both slits extended over the whole circumfer

ence of the torus as indicated in Fig. 2.1. Thus a poloidal gas flow 

was established. Notwithstanding the rather comprehensive literature 
33) on confined rotating flows , no data were available on this toroidal-

ly symmetric type of vortex. The experiments set up to study its prop

erties will be described in this chapter. 

Two different vortex chambers have bepn used as shown schemati

cally in Fig. 2,i, One of the chambers permitted the establishment of 

a gas flow only, enabling us to detect some of its characteristics. 
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Fig. 2 . 1 . Schemes of toroidal vortex chambers. The flow l ines sketched run in 
the poloidal d irect ion , the z -ax i s runs in the toroidal d irec t ion . 
The axis of symmetry (A), an e l e c t r i c a l discharge (D), the major 
radius (R), and the minor radius (r) are indicated. 
The top picture (a) represents the vortex chamber described in 
Section 2.2.1 (R= 0.45 m, r * 0 . 1 0 m, "Cogion"), the bottom picture 
(b) the vortex chamber described in Section 2 .2 .2 (R = 0.19 ro, 
r * 0.04 ro, "Tovorex"). 

In the other device i t was also possible to draw a semi-toroidal arc. 

Although c las s i ca l measuring instruments such as hot-wire anemom
eters and pitot tubes were used, i t proved to be d i f f i cu l t to gather re 
l iab le resu l t s due to the pulsed nature of the experiment and the re
quired operating pressures. Velocity pro f i l e s , pressure d i s tr ibut ions , 
and degrees of turbulence could be obtained with a fair degree of accu
racy, but the acquirement of data of equivalent r e l i a b i l i t y concerning 
correlations between turbulent f luctuations was considered out of reach. 

2.2 Experimental apparatus and procedures 

The vortex chambers were situated between a high-pressure and a 
low-pressure reservoir. The gas stream between these reservoirs gener
ated the rotating, flow to be studied in the vortex chambers. 
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Since the gas-handling systems were different for the two vortex 

chambers mentioned before, the experimental arrangements and procedures 

will be described separately. 

2.2.1 Exgerimental_arrangement_I_jCogign| 

The gas-handling system of the Cogion is diagrammatically shown 

in Fig. 2.2. The components are the toroidal vortex chamber, a 10 m3 

vacuum vessel as low-pressure reservoir, three pre-vacuum pumps, values, 

and the tubes connecting the vortex chamber with the 10 m3 vessel. For 

diagnostic purposes a wind tunnel could also be connected with the low-

pressure system. 

rotating vacuum pumps TO m3 

Fig. 2 .2 . Diagram of experimental arrangement I . 

A schematic picture of the metal vortex chamber, having a major radius 
of 450 mm and a minor radius of 100 mm, i s given in Fig. 2 . 3 . 

t - — _ i • i 

' ntOOmm | 

i i 
Fig. 2.3. Cross-section of the vortex chamber (cogion). 

Stopvalve v. (on-off action} separates the outside atmosphere, 

which serves as high-pressure reservoir, from the interior of the de

vice. The whole system could be evacuated to a pressure below a few 

10 Nm"2. With the system evacuated to the starting pressure of about 

500 Nm"2 the opening of Vj results in an air flow from the outside at

mosphere to the vacuum vessel, This flow generates a vortex in the 

torus, V , activated by an electro-pneumatic controller, opened 
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within 0.1 s. This time was short compared with the time interval of 

0.4 s necessary to reach a stationary state in the torus. 

The working gas. air of room temperature, was blown in tangen-

tially through slit S. and was removed via slit S-j. Both slits extended 

over the whole circumference of the torus. S, had a fixed width of 7 mm. 

The width of inlet slit S., being the distance between the inside wall 

of the torus and a threaded ring, could be varied by turning the ring. 

The measurements were carried out with slit widths of 0.5, 1.1, 2.2, 

3.1, and 5.15 mm. Slit S in front of S, was also adjustable. Its width 
O X 

was chosen at 1.4 • the width of S.. 

Valve V controlled the mass flow from the surrounding atmosphere 

towards the vacuum vessel. The butterfly valve V, in combination with 
v enabled us to realize various inlet velocities at S, at the chosen o l 
operating pressure. This pressure was measured at the wall of the torus 

and was regulated to be 1.33*10u Nm~? (100 Torr). The velocities at S. 

ranged from 90 to 340 ms"1 at operating conditions and were determined 

from pressure measurements (see Section 2.3). As will be understood 

from the discussion on the wind tunnel (Section 2.3.2), a stationary 

state was maintained until the pressure in the system behind V2 sur

passed a value of about Q^lO1* Nm~? . The steady state laste J for at 

least 4 seconds during our experiments. 

The toroidal shells were equipped with pressure tappings and 

holes for diagnostic purpose*. The velocity at S. was measured with a 

total-pressure tube. The total and the static pressures signals were 

recorded with transducers. 

A hot-wire anemometer, operated at constant resistance, was used 

to measure the radial dependence of the poloidal velocity. The opening 

used for the measurement was provided with an adapter for inserting 

the probe holder into the toroidal vessel. The holes not used were 

filled up with matching stoppers. The stations for hot-wire traverses 

were located at poloidal distances of 152, 235, and 390 mm from the 

entrance slit. Each of the three ports was located at different toroi

dal angles. Usually, velocity profiles were also recorded at 75 and 

467 mm distance. This was effectuated by pushing the probe holder deep

ly into the torus with the sensor as far as the wall opposite the holes 

at 152 and 390 mm distance. The probe was set with an accuracy of 

0.1 mm. To calibrate the anemometer at pressures of 1.33*10'' Nm"2 , 

user has been made of a wind tunnel which will be described later 

(SIM r ion 2.3.2). 

A circular flat plate, having suitable pressure taps, was used 

to obtain the precise radial static-pressure distribution. This plate 

had a radius slightly less than the minor radius of the torus and its 
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plan* coincided with the plane given in Fig. 2.3. There were 22 static-

pressure holes, each with a diameter of 2 MI, located at different radii. 

By rotating the disc in the plane given in Pig. 2.3 the pressure dis

tribution could be «easured for a given radius as a function of poloi-

dal angle. The disc was not present during the determination of the 

velocity distributions. 

The tubes connecting the vortex chamber with the vacuus vessel 

were several «eters long and» in general, they had a diaeeter of 0.3 m. 

The pimps had a pumping capacity of 0.07 PI'S"1 each. 

2.2.2 §£ger iMntal_arrange*«nt_I I.jToyorex), 

Ift the vortex chamber of this device an electrical gas discharge 

could be struck in the centre of the whirl. A schematic representation 

of the gas-handling system is given in Fig. 2.4, a schematic of the 

vortex generator is presented in Fig. 2.S. 

Fig. 2.4. Basic experimental setup of experinental arrangement II. 

The method of whirl generation was similar to that of the pre

vious experiment: the torus was equipped with inlet and outlet slits 

extending over the entire circumference of the torus and was inserted 

between a high-pressure and a low-pressure reservoir. 

In the presence of an electrical discharge air could not be 

allowed as working gas. Therefore, a high-pressure vessel that could 

be filled with the chosen working gas was used at the inlet side. This 

vessel with a volume of 1 ms was suited for pressures up to 15 atm 

(1 atm * 105 Nm~2); for the experiments it was filled up to 4 atm. For 

measurements of the arc the gas, nitrogen, was supplied by a battery 

of high-pressure bottles (200 atm) using a reducing valve IRV). In the 

measurements devoted to the study of the vorcex the vessel was charged 

with compressed air. 

The torus was made of aluminium. The major and minot radii were 

0.19 m and 0.04 m respectively. A pyrex window permitted visual inspec

tion of the gas discharge. The ring separating the inlet and outlet 

slit was attached to a funnel which, by turning, simultaneously regu

lated their widths (Fig. 2.6). For reasons to be discussed in Chapter 3, 
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this r*ng was aad* of concrete. 

Gas was supplied and exhausted via ssoothly converging and di

verging channels, as shown in Figs. 2.5 and 2.4. Por the production of 

arcs, the onion-shaped rotor, holding one of the electrodes, was re

volved around its axis. This axis was vertical, whereas the gas supply 

and exhaust pipes outside the vortex generator were eounted horizontal

ly and, for reasons of available space, at right angles (Fig. 2.7). 

The supply was via a diffusor ending at a diasw/ter of 39.4 cm. the ex

haust was through a 2i cm tube. Beneath the vortex generator, an 

adapter for «etching the co-axial flows of Fig. 2.5 with the supply 

and exhaust pipes had to be used. 

005 in gosin gas in satin 

Pig. 2.5. The vortex apparatus (Tovorex), 
(a) Cross-section through the electrode holders. 
(b) Arbitrary cross-section. 

The diffusor was downstream of an on-off valve V (Fig. 2.4) 

and of two parallel ducts with valves Vj and V2 having diameters of 

25.5 and 76 mm respectively. Vj and V2 controlled the mass flow. The 

outlet tube forked in two ducts with valves V3 and V4, having diameters 
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of 101.4 and 203 mm respectively. The valves were controlled pneumati

cally by a regulating system. Through this system the pressure in the 

torus could be kept constant at an operating value between 4*103 and 

5.5M01* Nm~2 <* 30 to 400 Torr) for some 30 s. A time span of 30 s was 

required for the establishment of the arc. 

Around the toroidal part of the vortex generator threaded holes 

of * mm diameter were present for general diagnostic purposes. This 

diameter was determined by the diameter of the hot-wire probe holder 

(6 mm). Only a limited number of holes could be accommodated in a 

cross-section as is shown in Fig. 2.6. For flow measurements the ports 

1 through 4, positioned at 5, 19, 43, and S7 mm distance from the en

trance slit were used. These distances corresponded to poloidal angles 

of 7°, 27°, 62°, and 82° respectively. The cross-section given in 

Fig. 2.6 applied to positions at toroidal angles at 60°, 90°, 120°, 

and 270° from the fixed anode 'Fig. 2.7). Individual adapter pieces or 

matching stoppers were used. At appropriate places pressure tappings 

were available. 

0 - 5 diagnostic port» 
o ring of concrete 
b exit sitt 
c entrance slit 
d funnel (movable) 

gas out gas m 

Fig. 2.6. A cross-section with diagnostic ports. 

Inlet velocities were deduced from hot-wire and from pressure 

measurements. The velocities inside the torus were measured with hot 

wires. To ensure an accurate determination of the position of the 

probe in the torus, the holder was set electrically. All signals, ex

cept for those connected with the hot-wire anemometer/ were recorded 

on magnetic tapes by means of two "analogous" tape recorders with 

7 channels each. The signals were analyzed with the aid of a plotter 

afterwards. The not-wire output and the position of the probe were mon

itored digitally and read directly, the signals concerning turbulence 
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were read fro» ar. r.m.s.-meter. 

Traverses to measure the radial dependence of poloida) veloci

ties were made at stations 1 through 4 at cross-sections a. b, c, and 

d (Figs. 2.6 and 2.7). The traverses were made perpendicular to the 

wall and consisted of 25 to 30 readings. The step length with which a 

profile was scanned varied with the spatial derivative. The measure

ments were performed at pressures of SO. 100, 200, and 400 Torr for 

the slit widths 2.0 and 3.4 mm. The inaccuracy of the slit widths was 

estimated at 0.15 mm. The inlet velocities were in the range from 12 

to 180 ms"1. 

Pig. 2.7. Top view of the torus, showing the gas supply and exhaust 
lines as well as the positions at various toroidal angles 
(a, b, c, and d) at which diagnostic holes (as given in 
Fig. 2.6) are present. 

During a gas-handling cycle the inlet velocity generally in

creased with time at nearly constant pressure in the torus (Fig. 3.4), 

By taking successive readings (e.g. 3) at distinct moments in the cycle 

at every position of the hot-wire sensor, several velocity profiles 

were obtained when making one traverse. 

Before auu «titer c*ch one of the traverses the hot wire was cal

ibrated in the wind tunnel. This time-consuming procedure was necessary 

to ensure as accurate results as possible. 

The profile of the concrete ring is given in Pig. 2.6. Because 

newly set concrete is rather fragile, we did not succeed in producing 

undamaged rings with the outer edge thinner than 2 mm. Incoming gas 

and gas not sucked off at the exit slit thus joined after having been 

separated over a distance of 2 mm. 

2.3 Diagnostics 

The method of whirl generation and the toroidal shape of the 

devices resulted in turbulent flows with curved stream and vortex lines 

inside the vortex chambers. 

Notwithstanding the existence of a variety of measurement tech

niques in fluid dynamics, only a few of them could be used. Optical 
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methods like flow visualization could not be applied in the Metallic 

vortex chambers. Moreover, as it is impossible to t-htain a head-on 

view in a torus, there would have been considerable • fficulties in 

the interpretation of the results. The laser Doppler technique, with 

which the instantaneous magnitude and direction of the velocity can be 

obtained, although in principle feasible, had to be rejected in view 

of the experimental conditions . Two standard techniques, however, 

proved to be applicable, in the first the velocities are calculated 

from simple pressure measurements, while with the second technique 

the velocities are deduced from heat transfer of a hot wire. 

From the equations of motion for a perfect fluid it can be de

rived that for a steady barotropic flow, i.e. a flow characterized by 

p » p(p> or p * p(p), 

?»? + j =E + g* « constant (2.1) 
P 

on a stream line and on a vortex line . Equation (2.1) is a Bernoulli 

equation; u is the velocity, p the pressure, p the mass density, g the 

acceleration of free fall, and z the height above a horizontal refer

ence plane. If 2 is constant, Eq- (2.1) for an ideal gas in isentropic 

motion (pp Y - constant, where y is the ratio of specific heats) yields 

2 if-1 P Y-l P0 

where p Q and pQ are the values of the pressure and density at a point 

of the stream line where u • 0. Velocities can be calculated from the 

total pressure p and the static pressure p on a stream line (Eq. (2.35)). 

Total pressures can be measured locally in the flow, e.g. by 

means of a simple tube with a right-angle bend. The mouth of the bent 

part has to be directed towards the incoming fluid (Fig. 2.8). It is 

less easy to measure static pressures with a probe. The insertion of 

strange bodies disturbs the flow in the immediate vicinity, which easily 

gives rise to pressures different from those of the undisturbed flow. By 

the use of a suitably designed probe static pressures can be measured in 

plane flows; for flows of which the stream lines are strongly curved, no 

reliable methods exist to measure static pressures in situ. In channels 

with a constant pressure over a cross-section, static pressures may of 

course be measured at the wall. Unfortunately, this procedure cannot be 

applied in toroidal rotating flows, due to the existence of radial pres

sure gradients. Therefore, velocity distributions in the vortex cham

bers could not easily be determined by means of pressure measurements, 
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except for the velocities at the entrance slits of the chambers. 

In the Cogion experiment the entrance velocity was obtained by 

measuring the static pressure at the wall of the torus, whereas total 

pressures were tapped from a thin cylindrical tube provided with a small 

side hole. This tube was radially inserted in the torus, close to the 

entrance slit and with its hole directed towards the injected fluid. 

In the Tovorex experiment both pressures were measured at the wall. The 

static pressure was taken from a tapping at the entrance, the total 

pressure from a tapping at an upstream position in the supply channel. 

At this position velocities were sufficiently low to ensure only a 

slight deviation of the static pressure from the stagnation pressure. 

Velocities in the wind tunnel were deduced from measurements with a 

pitot-static tube , a combination of a total-pressure tube and a 

statin tube (Fig. 2.8). Consequently, both pressures were measured lo

cally, in the interior of the flow. 

II 

to stotic-pressure 
connection 

to total-pressure 
connection 

Fig. 2.8. Head of a pitot-static tube. 

Hot-wire anemometers were used to measure the velocity distribu

tions in the toroidal rotating flows. The hot-wire anemometer, which is 

basically an indicator of heat transfer, has become the most important 

tool for research in fluid dynamics, especially for studying turbulence. 

The detecting element is a short length of thin wire stretched over 

relatively massive supports (Fig. 2.9). Its temperature is maintained 

above that of the surrounding fluid. The dimensions are small as com

pared with the characteristics of the flow field. Even when relatively 

stf'i' velocity gradients are present such sensors can be considered as 

exposed to plane flow, without disturbing the flow too much. 

In principle, it is possible for continuum flows to calculate 

the calibration curve for a given probe with the aid of empirical 

total pressure 
opening v — 

flow 
direction 

t 
static-pressure 
openings 

J» 
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relations. In practice however, for reasons to be mentioned in Section 

2.3.1.2, hot wires are calibrated. We had an additional, more fundamen

tal, reason for calibrating the hot wires, as the pressure range of the 

experiments (3.3 to 53*103 NaT2, i.e. 25 to 400 Torr) differed from the 

noriwl regime in which hot-wire anemometry is usually applied. In the 

normal regime, i.e. for continuum flows, the molecular mean free paths 

are very small as compared with the diameter of the sensor (5 urn). For 

the pressures mentioned above, mean free paths in air at a temperature 

of 300 K range from 0.12 pm at 400 Torr to 2.0 pm at 25 Torr, varying 

inversely proportional with pressure. Obviously, the criterion for the 

occurrence of continuum flows is not always fulfilled for the given 

diameter of the sensor. Thus, as the available empirical relations for 

heat transfer apply to continuum flows, a deviating behaviour of the 

heat transfer may be expected under these flow conditions, which, as 

far as known, has been unexplored for hot wires. Therefore, the depen

dence of the hot-wire response on the pressure was also studied {Section 

2.3.3). 

A wind tunnel was used to calibrate the hot-wire probes at the 

relevant sub-atmospheric working pressures. 

A discussion on the hot-wire anemometer will be given in Section 

2.3.1. The wind tunnel is described in Section 2.3.2. Its characteris

tics are discussed on the basis of the behaviour of compressible fluids 

running through nozzles. From this behaviour the stationary state of 

the Cogion, mentioned in Section 2.2.1, can also be understood. 

2.3.1 The_hot;wire_anemometer 

For velocity measurements inside the vortex chambers hot-wire 

probes as depicted in Fig. 2.9 were used. The sensing element, the bare 

part of a copper-electroplated wire, is a 2.8 mm long, 5 pm diameter 

tungsten cylinder that can be heated by an electric current. The copper 

sleeves (50 pm diameter), enveloping the tungsten wire, allow the sol

dering to the prongs at the end of the holder and keep the detecting 

wire at some distance from the flow-disturbing prongs and holder. The 

prongs are electrically connected with a plug at the other probe end. 

The diameter of the holder is 6 mm, the length of the prongs is 10 mm. 

The probes are inserted in the sub-atmospheric interior of the vortex 

chambers through adapters which permit displacement of the probes. 

The sensor forms part of a bridge circuit. The resistance of 

the detecting element is kept constant by a feedback system. This is 

schematically shown in Fig. 2.10. 
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Fig. 2 .9 . A hot-wire probe. 

differential 
ompiifier 

Fig. 2 .10. A schematic of the e l e c t r i c a l c i r c u i t for constant-
res istance operation. The output voltage E i s measured 
over the whole bridge. 

2.3.1.1 E lemen tar y__ theory for hot-wir_e_anemometers_ 

A hot wire behaves l i k e a slender circular cylinder of length I, 
fixed at i t s ends by re la t ive ly massive supports and immersed in a uni
form gas flow normal to i t s ax i s . The wire i s heated by an e l e c r t i c 
current which maintains the temperature above that of the surrounding 
fluid. The energy supplied i s balanced by heat loss to the surroundings 
and by a change of the wire energy content. 

Heat i s transferred by forced convection, conduction along the 
wire, free convection, and radiat ion. It i s customary (see Appendix A.l) 
tj describe heat transfer '̂ y the heat transfer coe f f i c i ent a, which i s 
defined by 

q = a(Tw - T ) ( 2 . 3 ) 

where q i s the heat-flux density through a surface, T i s the surface 

20 



temperature of the body, and T the temperature of the bulk of the 

fluid. The coefficient a is usually presented as part of the dimension-

less Nusselt number, Nu: 

Nu - f^ , (2.4) 
9 

where d represents a characteristic dimension of the body (the diam

eter in case of a cylinder), and A the thermal conductivity of the gas 

at temperature T . It is shown in Appendix A.l that Nu is in general 

related to other dimensionless groups and to the physical and geometri

cal boundary conditions. The exact relationship between Nu and these 

groups for a given situation usually has to be acquired by correlation 

of empirical facts. 

For a hot wire of resistance R , which is heated by an electric 

current I and which has a uniform temperature T over its length I, we 

have in the steady state 

Î R » TTd4a(T - T ) « NuuU (T - T ). (2.5) 
w w g g w g 

The temperature difference T -T can be expressed in the resistance of 

the wire. When the resistance depends mainly linearly on the tempera

ture 

Rw » RQ(1 + b(Tw - T0) + ....) , (2.6) 

where b is the temperature coefficient of the resistance, then Eq. 

(2.5) yields 

I2R irl\ 

w g o 

where R̂ / K , and R denote the resistance of the wire at operating 

temperature T , gas temperature T , and at a reference temperature T 

respectively. 

A relationship between the electrical quantities of the wire 

and the fluid parameters which influence the heat transfer (e.g. the 

velocity) is obtained when ttu is expressed in those quantities. For the 

case in which radiation and free convection effects may be neglected, a 

large amount of data exists on average heat-transfer coefficients of 

cylinders in cross flow. At low speeds and moderate densities Nu is 

found to depend mainly on the Reynolds number, Re, and on the Prandtl 

number, Pr: 

P Ud p c 

R e » _2-_ , P r s _3_E , {2.8) 
9 g 
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where p - density of gas at temperature T , 

U • velocity of gas, 

d * diameter of cylinder, 

u • viscosity of gas at temperature T , 

c - specific heat of gas at constant pressure. 
P 

Por air, Pr is practically independent of temperature and pressure. 

The heat transfer also depends on the angle between the velocity vector 

and the normal to the wire. For not too large angles {< 70°) circular

ly cylindrical wires respond according to a cosine law. 

A correlation recommended for application to hot wires * is 

Hu - 0.42 Pr°*2* 0.57 Pr° 33 R e 0 5 0 (Refs. 39,40), (2.9) 

(0.01 < Re < 10,000) 

where the values of the gas properties refer to the "film temperature* 

T + T 

Bradshaw quotes as an accurate relation 

-0.17 

Nu [=£] * 0.24 + 0.56 Re 0 , 4 5 (Ref. 42). (2.10) 
1 gj 

(0.02 < Re < 44; air) 

Substitution of Eq. (2.9) or (2.10) in (2.7) yields the functional re

lationship between the parameters of the wire and the parameters of 

the fluid. 

A form of this relationship, convenient for anemometry, is: 

I 2 R 
— • = A + BU n , ( 2 . 1 1 ) R - R w g 

* > , * n ™ " * , 1 rt „ rP«d,0-50 
"*f* 0 20 ^f* 0 11 fpfal 

where n = 0.50, A - 0.42 -^- PrJ' , and B • 0.57 -^- PrJ'33 — 

i f Eq. (2.9) is substituted and where 

n - 0.45, A = 0.24 f *A.l , T f l ° ' 1 7 **fl f T,x° - l 7
f oA 0 ' 4 5 

^ , and B - 0.56 - ^ • £ » * ' bRo sua 
if Eq. (2.10) is used. The subscript f refers to values at Tf. 

Equation (2.11) shows that the non-linear anemometer output 
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depends on many variables. Care should be taken to isolate or control 

all variables that are not of interest when a single variable is mea

sured . 

There are two basic methods for the operation of a wire: the 

constant-current method and the constant-resistance method. A danger 

arising if one keeps the heating current constant, is that of melting 

when the wire is exposed to low pressures and/or zero velocity. Such 

is the case during the evacuation of the 10 m3 vessel. In the second 

method a feedback system controls the heating current in such a manner 

that the wire is maintained at a nearly constant resistance. This 

method, which is generally preferred, was also applied in our experi

ments. 

For turbulent flow (Appendix A.2) the momentary value of the 

velocity, U, can be written as the sum of a time-averaged velocity, ÏÏ, 

and a fluctuating component, u. The hot-wire system responds with a 

fluctuating voltage, e, superimposed on a dc-component, E. If it is 

assumed that Eq. (2.11) is valid for the instantaneous values, the re

lation between the respective voltages and velocities can easily be 

found. 

When Ü * V + u, and if the response is I = Ï + i or E = Ê + e, 
where E is the voltage drop over the hot wire, Eq. (2.11) for u/U << 1 

yields 

Ï2R 
W - A + BUn (2.12) R - R w g 

Rw " R« nfin « ., (R« " R„)BUnnu 
i , » 9 gL " H , or e * iR Ï 2 su,(2.13) 

R _ T 5 n w w I * U w I2U 

s is the sensitivity of the hot wire. Linearization of the hot-wire 

response is permitted for relative turbulence intensities not ex

ceeding circa 10% (Ref. 37). For n < 1, a high sensitivity occurs for 

low velocities. For a given velocity the sensitivity can be shown to 

be large if R„/R„ and *R d are large. The value of RVR„ is limited by 
w g o ^ w g 

the maximum allowable temperature of the wire material. A large value 

of IR d is obtained by making t large and d small; requirements of 

strength and spatial resolution set limits to the diameter and length 

of tne wire. 

Equations (2.12) and (2.13) result from the simplified energy 

balance, where along the wire a uniform temperature and a uniform ve

locity distribution is assumed. This is justified for infinitely long 
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wires. In practice, wires have a length of a few mm, and a diameter 

of a few um, resulting in a finite aspect ratio 1/d — 200-500. The 

temperature of the wire ends is determined by the temperature of the 

much thicker copper sleeves. These, in turn, adopt the temperature of 

the ambient gas flow as they are not significantly heated by the elec

tric current. Consequently, the temperature distribution along the 

wire is not uniform (Fig. 2.11). For wires of finite length the ampli

fiers maintain a constant operating resistance R , which means that 

only the mean temperature is kept constant. In that case we have 

- i 

2T~ 

I2R 
w . 

R 21 

1 - - * T £ 
5 l 

1 w 

S w _ R g 

R 21 

1 - - * T £ 
5 l 

1 w 
where 1 is the "cold length 

tgh ^y-

c 
(A + BUn) » A' + B'Un, (2.14) 

defined in Eq. (2.18), and Rw the 

operating resistance as given by Eq. (2.21). Since I depends on Nu 

and on I, factors A' and B' are only approximately constant. 

To show the influence of the finite aspect ratio we consider a circularly 

cylindrical wire with a length I and a diameter d, which is bounded by two cold sup

ports at gas temperature T , and which is placed in a steady, uniform flow field. 

In the case that ad/A « 1, where X is the heat conductivity of the wire, the vari

ation of temperature in a cross-section perpendicular to the wire length nay be ig

nored. Por our 5 um diameter tungsten wire ctd/A is of the order of 10"1*. The tem

perature T , therefore, may be assumed to depend only on the axial position, x. The 

heat balance can be expressed as 

2 dT 
j2R. + B L JL X _Jt . aair(T - T ) " 0 , (2.15) 

w 4 dx w dx w g 

where R* denotes the resistance per unit wire length at temperature T . When A is 

independent of temperature, and when the electrical resistance of the sensor material 

varies linearly with the temperature, the following differential equations for T 

and R* are obtained: 
w 

d2<r 1 4 
Ï (T - T ) + — - — I2R* - 0 (2.16) 

dx2 I2 w g Ttd2A g 

c w 

d2R* 4bR* 
- — (R* - R*) + — i2K* = 0 (2.17) 

dx2 *2 w * nd2A 9 
c w 

with 

- f ( l i = a HU r* -
A bIzR* 2p. -* * i * 

c 2 A TiX 
w w ' 

dl "» Aw \ 
21 R A Nu v g g 

(2.18) 
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The solutions which satisfy the boundary conditions 

T at x • • :r and 
g — 2 

dT 
w 

dx 
0 at x (2.19) 

art: 
_ _ cosh T — 
T - T I 
i* g m . _c_ 
T -T * t 
**— g cosh jT-

and 
R* -R» 

1 -

cosh j— 
c 

(2.20) 
cosh 

21 

where T and R* are the values of T and R* which would be reached by an inf inite-
W W W W 
•» 38) •• 

ly lonq wire . The temperature distribution along the sensor is depicted in Fig. 
2.11 for f/fc - 1. 3. 10, 30, and 100 respectively. 

if /^*^ */'c 100-
3 0 -
10-

N \ I if /^*^ */'c 100-
3 0 -
10-

if /^*^ */'c 100-
3 0 -
10-

-0.5 

x/f 

Fig. 2.11. Effect of heat loss to the supports on the 
temperature distribution. 

For our tungsten wires {l/d > 500) l/% was about 10 or higher. 
c 

From Eq. (2.20), after integration over the length I, we get for the wire 

resistance R • 
w 

21 
tgh 

21 
(2.21) 

This equation states that this resistance value equals that of a wire with length 

t - 21 and a temperature T (tgh 5J--M for t> 5*c> 
c 

Common wire materials are tungsten, platinum, and platinum-

rhodium. We used tungsten as it is much stronger than other materials. 

It has a high temperature coefficient of resistance (* 0.004 °C _ 1), and 

a high thermal conductivity (* 190 Wm"1 °C~1}. Due to its poor oxidation 

resistance it cannot be used in gases like air at temperatures above 

300° C. 
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2.3.1.2 Grounds |or £»iibr»tinj the hot-wire_probes 

Equation (2.14) establishes a correlation between the voltage 

drop along the wire and the velocity if the operating data of the probe 

are known. In practice, however, due to non-calculable effects to be 

mentioned hereafter, factors A' and B' have to be obtained by calibra

tion. 

The heat transfer relations considered as especially suitable 

for hot-wire anemometry (Eqs. (2.9) and (2.10)) yield different Nu-

values for the same Re-numbers. For the relevant Re-range (Re* 0.25-30) 

the difference in Nu-values calculated from these recomnended relations 

amounts to some 61, which in turn implies an uncertainty in U of 

roughly 12%. Furthermore, the electric resistance R~w cannot be calcu

lated accurately, as the specified diameter of the wire lies only with

in certain tolerances which are difficult to ascertain, and as the 

actual values of the resistivity and the temperature coefficient can 

differ appreciably from the handbook values. The latter may also be 

true for the heat conductivity. 

Besides these "constant" effects there are "ageing" effects such 

as creep and corrosion, which make the wire properties change during 

its life-time. This may result in considerable shifts of the calibra

tion curve. In our experiments the intermittent gas flows caused an 

almost continuous shifting of the calibration curves because of another 

phenomenon, plastic deformation under aerodynamic loading. This severe 

effect is characterized by a constantly increasing value of the cold 

resistance R , and was especially appreciable when R* was larger than 

1.25 R . Therefore, only low overheat ratio (low sensitivity' could be 

applied. 

The accumulation of dust on the wire is another non-calculable 

effect. The Nusselt number as given by Eq. (2.9) or (2.10), is the mean 

value along the circumference. The local Nu, however, depends on the 

angular position. The major part of heat is transferred at the surface 
43) facing the velocity vector . Here the accumulation of dust also takes 

place. As dust has a poor heat conductivity (* 0.1 Wni'1 K"1) a thin 

layer (1 ym) deposited on the wire will noticeably diminish the heat 

transfer as well as the static sensitivity (Eq. (2.13)). 

The influences of ageing and accumulation of dust on the cali

bration curve are illustrated in Fig. 2.12. The three calibration 

curves apply to a hot wire U • 1 mm, d * 3 ym, tungsten) which for a 

period of 5 hours has been exposed to a stationary air flow at atmo

spheric pressure. The velocity was 11.7 ms"1. Curve a represents the 

calibration curve of a newly manufactured wire. After 5 hours of con

tinuous operation, the calibration curve was found to be shifted to 
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position b, due to ageing and ac

cumulation of dust. M u r resoval 

of the dust, curve c Mas found. 

Th« influence of ageing (a -» cl 

and of deposition of dust (c * b) 

proves the necessity of frequent 

inspection of the validity of the 

assumed velocity-voltage relation. 

It stay be observed that for 

the determination of turbulent 

velocity fluctuations, clean wires 

allow the use of the static sen

sitivity obtained fro* the momen

tary calibration curve. Dusty 

wires do not tolerate the use of 

Eq. (2.13) as the dynamic sensi

tivity in the presence of a dirt-

layer is considerably lower than 

the static sensitivity, which in 

turn, is lower than that of a bare 

wire. For the wire of Fig. 2.12, 

the static sensitivity of the 

dirty wire at the velocity of 

11.7 ms-1 was 23% lower than that 

of the cleaned wire, while the 

dynamic sensitivity appeared to 

be 51% lower than that of the 

cleaned wire 

Effects relating to the temperature dependence of the wire and 

fluid parameters, to possibly too simple boundary conditions (Eq.{2.19)), 

or to a non-uniform velocity distribution along the wire, were not 

considered in the above. Radiation effects and free convection effects 

were omitted as well. 

Fig. 2 .12 . 

Effect of ageing and of accumulation of 
dust on * cal ibrat ion curve. The curves 
apply t o the same wire: new and clean (a) , 
aged and dusty (Jo), aged and cleaned ( c ) . 

Though an experimentally obtained relat ion between ve loc i ty and 

anemometer output el iminates a l l uncertaint ies about the influences of 

the various e f f e c t s , re lat ions l ike the 0.45 or 0,50 "law" (Eq. (2.11)) 

are nevertheless useful , as they indicate an appropriate way of p lo t 

ting the resul t s and provide an ins ight in the character i s t ics of hot 

wires. Constants A and B or , more correct ly , constants A' and B' of 

Eq. (2.14) have t o be determined individually for each probe; the same 

holds for exponent n. 
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2.3.2 I*»?_ïiD£_tunn;l 

Hot-wire calibrations war* conducted in • 1 • long cylindrical 

tuba of IS mm diameter in which gas flows at pressures ranging from 

3.3 to t0*103 Mm"2 (25 to COO Torr) could be realized. This tuba formed 

part of the device45* shown in Pig. 2.13. 

outside pressure * tÔ Nm"* t*—-K)Krvwn—*4 

to vacuum pump 

c / at operating conditions 
pttottub* 3.3 to «0 xXi* Mni* 

Fig. 2.13. The wind tunnel. 

The working aas is supplied by the open atmosphere by way of a 

nozzle, M, which can be shut or opened by cone D. A 1.6 m lone; diver

ging channel with a top angle slightly sore than 5 degrees, and ending 

at a large diameter of 0.24 m, is sanothly connected to this nozzle. 

The diameter at the contacting circle between the nozzle and the cone 

amounts to 95 aw. The diverging channel is followed by a cylindrical 

tube which after a contraction (C), well-known in wind tunnels, dis

charges into the 85 an diaaeter calibration section. This section is 

connected with the low-pressure system fro» which it can be separated 

by the butterfly valve V. Three fine nashed gauzes, G, are inserted at 

the end of the diverging channel. 

Valve V can be operated Manually as well as electrically with 

the aid of a servo motor. Cone D, having a top angle of 13 degrees, is 

attached to a threaded rod and can also be displaced either manually 

or electrically. A displacement of 1 mm corresponds with an increase 

of the released area of 35 mm2. A pitot-static tube and a hot-wire 

anemometer can be inserted in the test tube. The hot-wire sensor and 

the static holes are at the same axial position. 

2.3.2.1 The characteristics of_the_w^nd tunne_l_U)_ 

The flow conditions in the test tube depend on the area of the 

inlet, on the setting of the butterfly valve, and on the pressure in 

the system behind V. As the mass flow supplied by the atmosphere gen

erally exceeded the exhaust by the vacuum pumps, this pressure increas

ed during the calibrations. However, as long as the pressure was lower 

than half the static pressure in the calibration tube, a stationary 

flow was observed in the tube, notwithstanding tht varying back pres

sure. As will be explained in section 2.3.2.2, this implies sound speed 
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•t the outlet of the tunnel. As soon as the pressure in the 10 r 

vessel approached the chosen pressure in the test tube, the latter 

could no longer be Maintained.. 

To find how for the stationary flows the pressure, pc» and the 

velocity, M, in the test tube depended on the positions of valve and 

cone, Measurements were performed with a pitot tube and pressure trans

ducers. At each of the cone displacements of 1.4, 3.3, 4.6, (.8, 8.4, 

».S. 12.1, and 14.2 mm the pressure in the test tube was regulated at 

SO, 100, ISO, 200, 2S0, 300, and 400 Torr, by adjustment of the valve: 

the cone displacement is defined as the displacement of the cone from 

the position at which it blocks the nozzle. 

The results are given in Figs. 2.14 through 2.16. The velocity 

is expressed by the Mach number, H, which is the ratio between the ve

locity and the speed of sound. The cone displacement, d (mm), is a 

measure for the influx opening, the angular position of the valve, 4 

(degrees), determines the efflux. The valve is closed for 4 * 0 and 

fully open for 4 • »0°. The pressure, p c, is given in Torr. The experi

mental relation between p , H, and d can be summarized by pcH/d * const. 

(Fig. 2.14). As room temperature was observed for the flow in the cali

bration tube, this relat-ion indicates the occurrence of local sound 

speed at the entrance and a shock between the entrance and the calibra

tion tube. With sound velocity at both the entrance and the exit, the mass 

balance for the tunnel yields the conclusion that p /d is a function of 

the setting of the valve (Eq.(2.58)). The experimental data are dis

played in Fig. 2.IS. 

I 
a 

\ 

0 * S 12 16 

w cone dispiocement (mm) 

Fig, 2.14. The product of pressure and velocity in the calibration tube as a 
function of the displacement of the cone. Each mm of displacement 
releases an area of 35 mm2. 
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Another conclusion which can be drawn fro» mass balance considerations 

is that also N is a function of the valve setting only (Eq. (2.59)). 
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Pig. 2.15. The pressure in the calibration tube as a function of the 
angular position of the outlet valv». p i s the atmospheric 
pressure. 

The observed values of M and • , plotted in Fig. 2.16 ( confirm t h i s . 

The necessary elements to understand the above resu l t s and con

c lus ions , w i l l be considered in Section 2 . 3 . 2 . 2 . 

M 

U . 3 p r - " 1 1 — —r- - ~ r T T -

0.4 9ti * 3.3 mm 
/ • 
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Fig. 2.16. H u t function of the set t ing of the valve. 
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2 . 3 . 2 . 2 Flaw_of_ a cpayr>s«ibj,»_f luid_throufh_*_tgh» otjNtriaMe c r u s - t t c t i M 

(BW-aiWMiwal treatment) 

TH* discussion «till te res tr ic ted to the stationary flow of an idoal «as in 

isentropic motion. 

along a stream l i n e , v e l o c i t i e s and pressures of inv l sc id f lu ids ara ralatad 

by tha Bernoulli aquation (Bq. ( 2 . 1 ) ) . Heelectiae external forces we haw* 

i...f constant. (2.22) 

For an ideal aas in isentropic notion, tha pressure p. the taaperature T. 

the density p, and the ratio of specific heats Y. are related by 

PP ,-W-l . const. 

PP 
-Y 

• const.. 

(2.23) 

(2.24) 

tnd equation (2.22) yields 

i-„2 u' • Y-l p Y-I PQ ' 
(2.25) 

or, with the use of the well-known formula for the velocity of sound. 

c2 . Y E 

1 2 c* rÓ 

2 u * FT " T̂ T * 

(2.26) 

(2.27) 

The subscript o denotes the stagnation values. 

In its differential for» Bq. (2.22) reads: 

U s : r..j 

u du + - dp • 0 

dp - c2dp , 

(2.28) 

(2.29) 

we find after «one reduction 

^ -' ['- S] • (2.30) 

This equation expresses that along a strean line the H I I flux density, pu, increases 

with velocity as long as the flow remains subsonic, whereas the opposite is true for 

supersonic flow. Thus, the mass flux density exhibits its maximum value when the gas 

velocity equals the local speed of sound. 
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The physical quantities of a Clow that attains sonic speed isentropically 

can easily be expressed in the stagnation values. If values corresponding to sonic 

conditions, i.e. in the point of the stream line where the velocity is sonic, *r» 

indicated with an asterisk, that sonic velocity is determined by putting u • c • c* 

in Eq. (2.27): 

. c » 0.913 c . (2.31) 
•y+1 o o 

By means of equations (2.23), (2.24), and (2.26), we obtain at maximum mass flux 

density 

JL 

(A) 
Y-t 

P* - I^TTI P 0 " 0.528 PQ (2.32) 

Mr) 
Y-l 

p - 0.634 p (2.33) 
*o o 

(ah - 0.833 T . (2.34) 
o 

The numerical values hold for y • 1.4 (diatomic gases). The maximum mass flux density 

for a perfect diatomic gas consequently amounts to p*c* = 0.58 p c . 
o o 

Pressure and density along a stream line are related to the Mach number 

M(= u/c) and to the stagnation values by Eqs. (2.24) through (2.26): 

P 2 

Y-l 
& I , + IZL„2r ; -£- 1 +X=i M2 (2.35) ; (2.36) 

while the ordinary Mach number M = u/c is related to the modified Mach number 

M* = u/c* by: 

2 V+l „? 
u s M*Z r 1— . (2.37) 

Now, we consider the flo< of a compressible fluid through a tube of variable 

cross-section (Fig. 2,i7). The tube is located between a large reservoir with f.ses-

surized, stagnant gas of constant pressure (p ) and density (p ), and a reservoir in 

which the pressure is adjustable, for instance, by a controlled removal of the gas. 

We suppose that the cross-sectional area of the nozzle varies sufficiently slowly along 

its length to ensure a gas stream that may be considered as one-dimensional. Por 

stationary flow, the .conditions at any two cross-sections are then related by the 
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one-dimensional continuity equation: 

pu A = constant. (2.38) 

0.528 • 

P3 T throat with oreo AT 

® 

Fig. 2.17. Schemes of a convergent-divergent channc1 (a) and of a convergent 
nozzle (b). For the Laval nozzle a few pressure distributions are 
shown (see text). 

The maximum of the mass flux density pu consequently occur, at the minimum area, i.e. 

at the throat of the nozzle. As the value of pu cannot exceed the maximum value 

p*u* (• 0.58 p c ) , attained when u equals the local sound velocity, it follows that 
o o 

the mass flux through a nozzle cannot be more than p*c*A , where A is the area of 

the throat. Furthermore, since pu increases with u for subsonic flow and decreases 

for supersonic flow (Eq. (2.30)), the maximum speed exists at the narrowest cross-

section for subsonic flow, whereas the minimum velocity appears there for supersonic 

flow. A flow through a convergent-divergent nozzle (Fig. 2.17a) which is not sub

sonic or supersonic throughout the tube, but achieves supersonic speed after having 

been subsonic, consequently, must be sonic in the throat. 

Equation (2,38) may also be expressed as 

puA • p*u*A* constant, (2.39) 

where A* equals A if sonic conditions prevail in the throat; if not, A* is a ficti

tious area smaller than A , Using relations (2.32) and (2.35) through 12.37), one 
46) 

arrives after 3ome reduction at the area-pressure relation : 

hi 
A 

pu 

ÏZÏ1 h 
f ) Y f \ 

1 - -E_ JL 
K> J K> 

p*u* (pu) 
max 

*r t^r 
(2.40) 
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which, for Y " 1.4, is plotted in Pig. 2.18. Th« flow will be subsonic throughout the 

channel if p/p > p*/p . Typical pressure distributions are represented by curves 

a and b in Pig. 2.17a. The amount of fluid forced through the nozzle increases with 

decreasing back pressure till the maximum M S S flux density is reached in the throat 

and sonic conditions prevail. If such is the case, two pressure distributions in the 

downstream diffusor are allowed: an upper branch (curve c) representing the return 

to subsonic flow, and a lower branch (curve e) for the supersonic continuation. The 

corresponding pressure distributions along the wind tunnel are given in Pig. 2.19 

for n cone displacement of 10 mm. Use has been made of Pig. 2.18. 

Pe 

- M>1 

Fig. 2.18. Area-pressure relation for isentropic flow (Y • 1.4). 
The dashed line intersects the ordinate at p/p • p*/p • 

Everywhere in the tunnel the area of a cross-section exceeds the inlet area. 

Consequently, subsonic flow in the calibration tube can be realized isentropically 

only for static pressures p > p* • 0.53 p . Under the same conditions supersonic flow 

will only be possible for one particular pressure and at a decreased gas temperature. 

Since, however, pressures in the calibration tube could be varied at will, a non-

isentropic process through which the flow will adapt itself to variation in the back 

pressure has to be included somewhere along the flow (curve d in Fig. 2.17a). 

47) 

The mechanism is provided by a steady compression shock . This is a gas-

dynamic discontinuity, characterized by the occurrence of abrupt changes in the 

various fluid parameters the moment the flow passes across the surface of disconti

nuity. The thickness of the zone in which the transition from one physical state to 

another takes place can be estimated if viscosity and thermal conduction are taken 
into account. It is found to be of the order of several mean free paths of the role-

48) 
cules . From a macroscopic point of view this is extremely thin, which is the 

reason why a shock may be treated as a mathematical discontinuity. 
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Fig. 2.19. Variation of various quantities along the length of the wind tunnel for 
sonic conditions in the throat. A is the area of the tunnel cross-section; 
A{ is the entrance opening (3.5xlO_I* m2 for a cone displacement of 10 mn); 
p is the static pressure; p Q Is the atmospheric pressure; P2 is the re
lated pressure after occurrence of a shock (Eq- (2.38)). The index pc de
notes pressure distributions terminating at pressures of 100 and 400 Torr 
in the calibration tube. Most quantities vary considerably near the 
entrance; this is elucidated in the left figure with a stretched abscissa. 

For a stationary one-dimensional flow of an ideal fluid in the absence of 

external body forces, heat sources, and heat conduction, the flow parameters at two 

positions, 1 and 2 (Fig. 2.20), are related by 

P,u, = p2u2 

Pi + Vl = P2 * P2U2 

hl + 2 ul " h2 + I u2 ' 

(2.41) 

(2.42) 

(2.43) 

where h is the enthalpy per unit of mass. 

Pi I ! p * 
u ' 1 ! U a 

Pi [ 
! P B 

Fig. 2.20. Diagram illustrating the occurrence of a 
discontinuity in a one-dimensional flow. 

A trivial solution is found if the States at both sections are the same. 
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Non-trivial solutions such ss the Hugoniot relation: 

h2 * hI " Ï^^I» (^ * ̂ ) ' C2-44> 

are obtained when between the surfaces 1 and 2 the flow par «Meters undergo a change, 

for instance, due to a discontinuity like a shock. The index 1 marks the quantities 

in front of the shock, the index 2 marks those at the back. 

Explicit formulas for the change of state through a normal shock can only 

be given for ideal gases with constant specific heats. For such gases h • -*y * . 

Equation (2.43) can then be written as 

_JL!I+IU2 ,_i_!i + i u 2 , _ Ï _ ! O . _ 2 U _ C . 2 ( 2 „ 5 ) 

Y-l P, 2 1 7-1 02 2U2 Y-J P0 2<Y-1> 

where use has been made of Eqs. (2.25), (2.26), and (2.31). Equation (2.4S) has the 

same form as the Bernoulli equation (2.25), and states that the critical sound speed 

is conserved across the shock. In other words: if the gas behind the shock is ac

celerated to sonic speed again, that speed is the same as it was in the throat of 

the nozzle. For our wind tunnel this means that the sound velocity at the entrance 

and at the exit is equal when sonic conditions exist at both. This is in agreement 

with the observed temperature in the calibration section. 

The Prandtl relation 

ulu2 * C"2 ' (2.46) 

which can also be deduced, shows that the velocity change across a shock must be 

from supersonic to subsonic or vice versa. Entropy considerations (s > s ) (Ref. 49) 

yield that only the transition from supersonic speed to subsonic speed is allowed, 

which corresponds to a compression shock (p > p , p > P.). Therefore, a shock wave 

in a flow through a convergent-divergent duct with sonic conditions in the throat 

must be situated downstream of the throat. In that case, the mass flow throuc*>. the 

channel is not affected by the presence of the shock, which is consistent with our 

experimental findings (Fig. 2.14). 

Thus, when the prescribed pressure at the end of the duct of Fig. 2.17a lies 

between the two isentropic values, c and e, a shock is set up somewhere behind the 

throat. The transition from supersonic to subsonic velocity is associated with an in

crease in temperature, pressure, and density. After the shock the flow continues sub-

sonically, whereby the pressure increases with area and terminates at the required 

valuf (curve d). This flow behaves like an isentropic flow discharging from a reser

voir with stagnation pressure p , (< p ) and density p , (< p ), with p /p » p ,/p ,, 
oi o oi o o o ol oi 

It can be derived (Eqs. (2.35), (2.41), (2.42), and (2.45)) that the pressure 

behind the shock, p., is related to the upstream-reservoir pressure, p , and to the 
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pressure in front of the shock, p.» by 
r 

'n v2_, IPJ Y-1 P„ Po vz-l 

in which the ratio pt/p depends on the tunnel-area distribution as described by 

Eq. (2.40). 

For the wind tunnel this function hes been depicted in Pig. 2.19 for a given 

cone displacement (d * 10 en) . The location of the shock is determined by the point 

of intersection of this curve with the subsonic branch of the isentropic flow that 

terminates at the pressure in question. These branches have been sketched in Fig. 

2.19 for 100 and 400 Torr. 

With a pressure p in the downstream reservoir, the velocity in the throat 

of the convergent nozzle of Fig. 2.17b, is (Eg. (2.25)): 

„.ƒ 
1 V Y-l 

pol - [ - 1 
U»oJ 

Y 

(2.48) 

where p . and p are the stagnation values in the upstream reservoir . For p_ » p . 

the ve loc i ty i s zero; when p i s lowered, the v e l o c i t y and mass flow density w i l l 

r i se t i l l the pressure in the throat has become p , * p* • 0.53 p . . The v e l o c i t y i s 

then equal to the speed of sound and the mass flow through the nozzle w i l l have 

reached i t s maximum. A further reduction of the back pressure does not increase the 

mass flow. The pressure in the throat retains the value p*, associated with loca l 

sound speed, while the f a l l from p* to p occurs outside the tube in the surrounding 

f lu id . 

2.3.2.3 The character is t ics £f_thej*ind tunnel_(2J_ 

In Section 2 .3 ,2 .2 i t was shown that the mass rate of a compres
s ib l e f lu id , i sentropical ly discharging through a convergent or a con
vergent-divergent nozzle, i s independent of the downstream-reservoir 
pressure for pressures associated with sonic conditions in the narrowest 
cross-sect ion of the tube. In that case , the exhaust, amounting to 
p*c*Afc( = 0 . 5 8 P0

c
QA t)r depends only on the throat area A. and on the 

stagnation values of pressure (pQ) and density (p ) of the upstream 
reservoir (c i s the veloci ty of sound; the index o denotes the reservoir 
values, the asterisk sonic condit ions) . I t was a lso shown that in a 
convergent-divergent channel with sonic conditions in the throat, i t i s 
not possible to obtain arbitrary pressures i sentropica l ly in the down-
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stream region. This can only be realized if downstream the throat, 

where the velocity is supersonic, a compression shock is present. 

There, transition from supersonic to subsonic velocity takes place, 

coupled with an increase in temperature, pressure, and density; after 

the shock the flow continues subsonically ard behaves like an isen-

tropic flow discharging from a reservoir with stagnation pressure p . 

(< pQ) and density P Q 1 (< P Q>, with P Q / P O » P O 1 / P Q I -

With this behaviour of compressible fluids the characteristics 

of the wind tunnel as presented in Pigs. 2.14, 2.15, and 2.16 can be 

understood. For that purpose, we assume that the outflow past valve V 

(Fig. 2.13) behaves like the exhaust through a convergent nozzle (Fig. 

2.17b) with the same throat area and that the entrance region may be 

regarded as a convergent-divergent nozzle (Fig. 2.17a) with the same 

area distribution. We presume that there is sonic speed at the entrance 

and that between the entrance and the calibration tube a compression 

shock is present, which initiates a subsonic flow in the calibration 

section. The flow becomes sonic again at the exit of the tunnel. Thus, 

the wind tunnel is considered as a duct with two throats, with sonic 

conditions at both throats. The velocity at the entrance then equals 

the velocity at the exit, since critical sound speed (Eq. (2.31)) is 

preserved across a shock (Eq. (2.45)). 

The mass balance for steady flow in the tunnel is given by 

p.u.A, = p u A = p u A , (2,49) 
i i i c c c v v v 

where the subscripts i, c, and v apply to the inlet, the calibration 

tube, and the valve res] 

cone displacement d by: 

tube, and the valve respectively. The inlet area A. is related to the 

A± * a.d (ai - 35 mm) (2.50) 

while the outlet area, A , is connected to A by: 

Ay = f(l - cos$)Ac , , (2.51) 

where f is a correction factor for the finite thickness of the valve 

and <J> characterizes the valve setting (fully open for $ = 90°) . For 

sonic conditions at the entrance as well as at the exit of the tunnel, 

and with a s.iock present between the entrance and the calibration tube, 

the following relations are true for air (Section 2.3.2.2): 

«Vi = °'58 PD
co ' pvuv = °-58 polCo ' (2-52) 
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where p is the density of the atmospheric air, and p . is the stagna

tion density of the flow after the shock, with pQl =» pQ ^^/\ by the 

outer terns of Eq. (2.49) Substitution of Eqs. (2-50) through (2.52) 

in (2.49) yields: 

0.58 p c a.d = p u A^ • 0.58 P^,c f (1 - cos<J>)A„ . (2.53) o o i c c c oi o c 

With the use of Eqs. (2.35) through (2.37) the various equalities of 

Eq. (2.49) lead to: 

pc M f v-1 )* 0.58a.p 

_J_| 1 +Ï_i„2| » _±-0 {2>54) 

P0d " A f(l-COs<M 3 1 ( ' 

M
 y+l » 0.58 f (1 - cos*) . (2.56) 

! + lzi„2l2TFTT 

For our range of Mach numbers these expressions may be approxi

mated by 

p M/d - 0.58 a.p /A„ (2.57) 

p /p d = a.(Af(l - cos*)}-1 (2.58) 
CO X C 

M = 0.58 f(1 - cos*) . (2.59) 

The linear relationship between p M and d, prescribed by Eq. (2.57), 

is confirmed on Fig. 2.14. Equations (2.58) and (2.59) are supported 

by the experimental points given in Figs. 2.15 and 2.16. The theoretic

al curves of Figs. 2.15 and 2.16 were obtained for f =• 1. 

Although in reality a more complicated flow behaviour may occur, 

the essential features of the wind tunnel are well-described by the 

simplified treatment. 

2.3.3 ESBerimentallyB_obtained_calibratign_curves_ 

In order to examine the influence of the pressure and of the 

"overheat ratio" R /R on the relation between anemometer output and 
w g 

gas velocity at sub-atmospheric pressures, two series of measurements 
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were performed. At first, for an overheat ratio of 1.15, calibration 

curves were determined at static pressures of 25, 50, 75, 100, 150, 

200, 300, 400, and 600 Torr. The hot-wire resistance,Rw, was 7.5 fi, 

the value of R approximately 6.5 SI. Next, at pressures of 100 and 

400 Torr, similar measurements were performed for various hot-wire 

resistances (6.5, 7.5, 8. 8.5, 9, 10, and 11 fl). 

All calibration points were collected with a wire demonstrating 

sufficient stability. The stability was judged by the output voltage 

with the wire in quiescent air of atmospheric pressure. The voltage 

was not allowed to have changed more than 0.01 V before and after the 

determination of each calibration curve. 

In the series where the influence of the static pressure was 

traced, a rather low overheat ratio had to be chosen. Otherwise, wire 

properties would have changed too soon. A minor change in the cold re

sistance R now results in a perceptible change of the calibration 

curve, see Eqs. (2.11), (2.14), and (2.60). Measurements were succes

sively performed at 50 (2.115), 100 (2.11), 200 (2.105), 400 (2.105), 

300 (2.105), 150 (2.105), 75 (2.085), 25 (2.085), and 600 (2.06) Torr. 

The numbers between brackets are the above-mentioned output voltages by 

which the stability was judged. The voltages indicate a sufficient con

stancy of the wire to ascribe the shifts of the calibration curves to 

the influence of the pressure only. 

24 

<v 20 
> 
CM 
U 

16 

12 -

e 

p, BOO Torr 
400 

4 6 8 

*• U0«»(m/s)04* 

10 

The output voltage, E, and the 
velocity, U, are correlated 
through Ez - E £ + B'U0'1*^. The 

values obtained for Z2 and B* 
o 

are: 

p 
(Torr) 

E2 
o 

B* 

25 3.35 0.33 
50 4.15 0.60 
75 4.0 0.84 
100 4.0 1.08 
150 4.0 1.42 
200 4.0 1.73 
300 3.9 2.19 
400 4.0 2.54 
600 4.0 2.98 

Fig. 2.21. Effect of the pressure on the calibration curve. 
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Fig. 2 .22. Factor B* (Eq. (2.60) and F ig . 2.2I) as a function of th» p r e s su re . 

The resul ts are plotted in F ig . 2 .21; the presentation i s based on 
Eq. (2 .11) . I t was found that for the 0.45-power the constant at the 
right-hand side is independent of the pressure, in agreement with e l e 
mentary theory. A choice ot the 0.5-power also led to points very near
ly positioned around s tra ight l i n e s , but here the constant increased 
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almost linearly with the pressure (from 4.SO at p * SO Torr to 5.40 at 

p • COO Torr). As an illustration the- square of the voltage is plotted 

against u0"»5 and Ü0*5 in Pig. 2.23 for an arbitrary choice out of the 

second series (S^ • • 0, p » 100 and 400 Torr). At p • 25 Torr for 

both powers the constant proved to be lower than was expected. The 

coefficient B* from the equaticn in the caption of Pig. 2.21 should 

vary with p0***5 (Eq. (2.11)). The experimentally obtained values 

(Pig. 2.22) do not obey this rule. Most probably this is due to the 

deviation of the flow fro» continuüm flow. 
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Fig. 2.24. Effect of the ratio R /R on the calibration curves. E2 « E2 • •*u0'1'5. 
w g o 

a) p * 100 Torr. 

1 
w 

E2 

O 
B» 

6 . 5 1.0 0 , 1 0 
7 .5 3 . 9 1.02 
8 5 .6 1.50 
8 .5 7 .4 1.87 
9 8 . 6 2 .12 

10 11 .5 2 .74 
11 12 .3 2 .94 

b) p - 400 Torr . 

*"l 1 * B
# 

6 . 5 0 . 9 0 . 3 4 
7 . 5 4 . 0 2 . 4 0 
8 5 . 8 3 .50 
8 . 5 7 . 4 4 . 5 2 
9 8 . 8 5 . 1 0 

10 1 2 . 5 6 . 6 4 
11 13 .2 7 .07 
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In the s econd s e r i e s the inf luence of the r a t i o R /R was 
_ w g 

examined. The sequence of the measurements was R = 7.5, 6.5, 8, 8.5, 
w 

9 ( 8 . 8 ? ) , 10 , and 11 12. At each r e s i s t a n c e , the w ire was c a l i b r a t e d at 

100 and 400 Torr. The same s t a b i l i t y c r i t e r i o n as with the f i r s t s e r i e s 

was used . The wire s t a r t e d to change i t s p r o p e r t i e s a t R = 1 0 and 11 Si 

forc ing an end t o t h e s e r i e s . The r e s u l t s , shown in F i g s . 2 . 24a , b , are 

i n f a i r a g r e e m e n t w i t h t h e t h e o r y (Eq. ( 2 . 6 0 ) ) . 

For a co r rec t i n t e r p r e t a t i o n of the measured v o l t a g e s , i t has to be observed tha t the 

output vol tage was measured over the whole bridge (Pig. 2 .10 ) . The r e l a t i o n between 

output and v e l o c i t y , with the use of Eq. (2 .14) . then r eads : 
R -R 

E< = - ï _ i R 

R ( v 

R 21 
I . .3. __£ 

R * 

* — 

w ' w 

(A + Bu") = E' + B*u", (2.60) 
o 

where E2 is the intersection of the straight line through the calibration points 

(oest fit} and the E2-axis, and where R is a resistance of the bridge circuit as 

given in Fig. 2.10. 

Though the aerodynamic loading of the wire was kept as low as 

possible, the corresponding curves of the two series (R = 7.5 Q, 

p = 100 and 400 Torr) indicate a slight drift. It can be noted, however, 

that this effect does not invalidate the results. The drift would un

questionably have been more pronounced for nigger velocities and, in 

the first series, larger overheat ratios. 

The wire that yielded the results presented, followed the 0.45-

"law" very well for velocities up to some 80 ms_1. In general, wires may 

have calibration curves which in the E2 - U0*4^ plane do not present 

themselves as straight lines. In that case, calibrations can be linear

ized by plotting voltage squared against velocity to another, adequate, 

power. This power will usually lie between 0,38 and 0.62. It is also 

possible to approximate the set of calibration data with parts of two 

(or more) straight lines. This is illustrated in Fig. 2,25 for a wire 

calibrated over a more extended velocity range. The nonlinear depen

dence of the output voltage on the velocity is obvious. In Fig. 2.25b, 

the square of the voltage is plotted against the velocity to the 0.45-

and 0.62-power respectively. When the 0,45-exponent is used, calibra

tion can be best described by two straight lines, .as denoted in the 

caption. The method of least squares indicated n = 0.62 as the best 

power for linearization. The best fit between E; and u0'62 has been 

transferred to Fig. 2.25a. 
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Fig . 2 . 25 . Hot-wire cal ibration at p » 100 Torr. 

E2 - 4.7 + 0.99 U0**5 (E2 < 11) 

n » 0.45 

. E2 « 3.4 + 1.17 U0,1*5 (E2 > 11) 

n • 0.62 E 2 - 6.0 + 0.38 u 0 * 6 2 

2.3.3.1 Conclusions 

From the experimental findings it is concluded that in the pres

sure range from 25 to 600 Torr the hot-wire anemometer can be applied, 

and that for low overheat ratios reasonably accurate results are ob

tainable. As, due to aerodynamic loading, the calibration curve normal

ly drifts much more than that of the wire used in the preceding section, 

the hot-wire anemometer could only be used for elementary measurements, 

such as determination of velocities and degrees of turbulence in con

stant-temperature flows. A frequent check on the calibration curves is 

necessary. At pressures below 300 Torr factor B* of Eq. (2.60) did not 

vary with p0,115 or p°'5°, as was expected from Bqs. (2.9) or (2.10) in 

case of continuum flow. Thus, it is found experimentally that molecular 

mean free paths larger than 0.15 um are not sufficiently small, in com

parison with the wire diameter of 5 \im, to allow the use of the heat 

transfer relations for continuum fluids. Probes therefore have to be 

calibrated at the pressure at whii h they will be applied later. 
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2.4 Experimental r e s u l t s 

2 . 4 . 1 Exgeri»ental_arrangement_I_^Co2iotO 

2.4.1.1 Methods 

The measurements on the flow in the vortex chamber of Fig. 2.26 

were carried out at a static pressure of 100 Torr- The pressure was 

measured at the wall. 

r -- IOC rnrr 

Fig. 2.26. Cross-section of the vortex chamber. 

Data on the radial dependence of the poloidal velocity component 

as well as on the relative intensity of the turbulence were collected 

with hot-wire anemometers. The wire sensor was parallel to the inlet 

slit and the exhaust slit. In that case the poloidal velocity component 

was measured. The toroidal velocity component could not be determined. 

In interpreting the anemometer signal it was assumed that the static 

pressure was 100 Torr throughout the torus. In reality, due to the cen

trifugal force, the static pressure in the centre was slightly less 

(Fig. 2.32). The poloidal-velocity profiles were measured at 75, 152, 

235, 390, 467, and 550 mm distance from the entrance slit, measured 

along the wall. Calibration graphs as in Fig. 2.25a were us d. 

The inlet velocity, U., was calculated from the stagnation pres

sure measured via a side hole in a cylindrical tube. This tube was ra

dially inserted in the torus, close to the inlet, with its hole direct

ed towards the incoming fluid. 

The static pressure distribution given in Fig. 2.32 was measured 

by using the circular flat plate described in Section 2.2.1. This plate 

was not present when the velocity measurements were performed. 

2.4.1.2 Results 

15) The experimental results have been published elsewhere . For 

the reader's convenience and for comparison with the results o Tovorex 
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(Section 2.4.2) a recapitulation will be given below. 

The gas injected at S. caused the gas in the central region to 

rotate. Figure 2.27 shows the radial dependence of the velocity for 

traverses at 235 (1) and 390 {2} mm poloidal distance from the entrance 

slit. The abscissa indicates the distance to the wall; the origin co

incides with the wall at which the probe is inserted. The ordinate 

gives the measured velocity divided by the speed of sound, which amount

ed to 340 ms-1.The inlet speed was 185 ms"1, the slit width was 3.5 mm. 

The curved arrows in the stylized cross-section indicate the direction 

of the flow. 

M 

i 
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0.1 

• 

*J0P, 

90» i n 

ga s out • 

0 

\ 

\ 

width of entry slit (o) 3.5mm 
inlet velocity (Uj ) M . 0.55 

o—« 2 
*—x 1 

\ 

_1_ _ i _ 

200 160 120 80 40 0 

•* distance to the wall (mm) 

Pig. 2.27. Measured po lo ida l -ve loc i ty p r o f i l e s . Lines 1 and 2 in 
the s ty l ized cross-sect ion Indicate the probe traverses; 
the curved arrows indicate the direct ion of the flow as 
well as the poloidal d irec t ion . 

Tie p r o f i l e s show a rapid increase of ve loc i ty from the wall to 
a «ijxir-jv. value, followed by a gradual decrease to some low va lue . Such 
^/'.''F.^'is are a l so observed for wall j e t s , which may occur, for example, 
when a sheet of f lu id in contac t with the wall emanates from a narrow 
s l i t in to a large volume f i l l e d with a s imi l a r f l u i d . Noting t h i s 
resemblance i t was t r i e d to descr ibe the experimental f indings in 
terms customary for wall j e t s . Figure 2.28 diagrammatically i l l u s t r a t e s 
such a type of flow. Through a s l i t of width a, the f luid d ischarges 
with ve loc i ty U,. The ve loc i ty d i s t r i b u t i o n i s thought to be p r a c t i c a l l y 
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inner region 

Outer region 

Fig. 2.28. Diagram illustrating notations. 

uniform over the slit width. Due to the mixing with the surrounding 

fluid, which may have a parallel velocity U^lU^ < U.) , the jet broadens 

with the distance covered, while the maximum velocity occurring in a 

cross-section, U , decreases. The velocity, V. is a function of U., U , 
in J 

a, x, and y, where x and y denote the distance to the entrance slit 

measured along the wall, and the distance perpendicular to the wall 

respectively. Tne inner region of a wall jet is defined to extend from 

the wall to the velocity maximum; its thickness is denoted by 6,(x). 

Characteristic for the spread of the outer region, 5?(x), is the value 

of y farthest from the wall where Ü = \U , or where U = ^(U +U ) when 
J m m <" 

an ou te r flow i s p resen t . Over a d i s tance x , some 15 nozzle widths 
downstream of the s l i t , the j e t may be affected by local d ischarge con
d i t i o n s . 

Primary work on wall j e t s was done by Glauert , who developed 
the theory for a plane wall j e t and for an axisymmetric system a t lami
nar and tu rbu len t flow condi t ions . He considered the inner region as 
the boundary layer*J of a flow with a free-stream ve loc i ty equal to the 
maximum ve loc i ty in the w a l l - j e t p r o f i l e , and the outer region as one 
half of a f ree j e t . He sought for so lu t ions according t o which the 
form of the ve loc i ty d i s t r i b u t i o n across the j e t does not vary along 
i t s l eng th . This s i m i l a r i t y approach has proven to be useful for v a r i -

51) ous problems in f lu id dynamics . Longi tudinal -veloci ty p r o f i l e s a t 
d i f f e r e n t x -pos i t i ons may be transformed to one i d e n t i c a l curve through 

/ The boundary layer i s a thin layer adjacent to the wal 
f l u id . In t h i s th in layer the ve loc i ty f a l l s to zero a t 
and i n e r t i a l forces a r e of the same order of magnitude^ 
the presence of large ve loc i ty g r a d i e n t s . 

t ) A plane free j e t i s a flow discharging from a s l i t i n to 
a s imi la r f lu id a t r e s t . The j e t mixes with t h i s f lu id , 
neighbourhood of the outflow the width of the turbulent 
to the d i s t ance tx) from the point of outflow. The mcme 
i s conserved, thus the ve loc i ty diminishes with increas 
v e l o c i t y in the j e t decreases with x - 0 . 5 

1 of a body in a flowing 
the wall; viscous forces 
*'. It is characterized by 

a large volume filled with 
Except for the immediate 
jet increases proportional 

ntum of the jet, //pu2dA, 
ing distance. The maximum 
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the use of adequate scale factors: the speed is made dimensionless by 

dividing it by a characteristic velocity of the profile, the transverse 

distance y is made dimensionless by a characteristic dimension of that 

cross-section. These scale factors for U and y are x-dependent. For 

boundary-layer flow the free-stream velocity and the boundary-layer 

thickness are suitable quantities; for free-jet flows the maximum ve

locity of the cross-section considered and the corresponding half-width 

are fit. For the turbulent wall jet Glauert assumed a simple connection 
, , 3U *' 

between the shear stress, T, and the mean-velocity profile: T » e j - ; 

U is the mean velocity and e is the eddy viscosity, about which plaus

ible assumptions were made. Due to the related postulate on eddy vis

cosity, complete similarity was not possible. This could be obtained 

after a slight modification in the supposed behaviour of eddy viscosity 

in the outer region. 

For x > x velocity profiles of the wall jet have to show simi

larity when U/U is plotted against y/62. When, like in the vortex 

chamber, the wall jet is not injected into stagnant air but into an 

external stream with velocity Uw, this velocity has to be considered. 

The "external" stream in the vortex chamber was generated by the wall 

jet itself; it was the residue of the gas flow not sucked off at the 

exit. Following Weinhold53) , we plotted in Fig. 2.29: (U-UJ/ Wm'UJ 
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Fif|. 2.29. Comparison of the experimental data with the theoretical velocity profile. 

*) Physically, the s<mple relation is not valid because the shear stresses are not 
zero at the velocity maximum52'. Nevertheless, the theory gives a good description. 
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against y/y{^(U +11̂ )} to reduce the mean-velocity data to a single 

curve. The latter denominator is the value of y where U - HiV +U ), 

whereby the velocity Uw(x) has been chosen as the value of U at y • 106.. 

Figure 2.29 shows a close resemblance with Glauert's velocity profile. 
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• a = 0.5 mm 
X = 105 
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Fig. 2.3C Rate of spread of a jet discharging in an external stream. 

The spread of the flow is to be found in Fig. 2.30, where 

y{^(Um+UoD) }/a has been plotted against x/a. From experimental evidence, 

the width of the jet increases linearly with x. This backs the wall-jet 

character of the toroidal flow as well. The growth of the inner layer, 

the thickness of which was of the order of a few millimetres, was more 

difficult to determine. With a scatter of some tens of per cents, which 

is satisfying in view of the experimental accuracy near the wall, the 

experimentally obtained values of 6. agreed with the relation 6. = 

0.l82x(pUmx/y)"°'
? , deduced for plane wall jets54). 

A marked difference with plane wall jets was found for the decay 

of the maximum velocity along the downstream distance x- In the two-

dimensional wall jet U;|i/U , should vary with the distance as (x/a)m, 

where m is about -0.5. The variation U ^ x"0'5, which is the same as 

for the plane free jet, was adopted by, among others, Sigalla54), who 

fitted his data with (U^/u .)(x/a)* = 3.45. The analysis of the experi

mental values of our toroidal vortex chamber, however, showed an ex

ponential decrease, with Re = pU.x/p as parameter: 
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£*»«xp{- 154 R e ; 0 " 7 * } . (2.61) 

If Re * pu.a/ji i s taken as parameter 

" f * •.-,-, { 1 0 . 2 2 3 % 

J - «p {- .54 *£>"' (f) } . <2.«, 

Re and Re are Reynolds numbers (see Appendix A.l) with respect to 

x and a respectively. The dependence on the Reynolds number is also 

a new aspect. In Fig. 2.31 "_./".. according to Eq. (2.61), is plotted 
in ] 

against x/a with Re as parameter. The dots in the figure are the ex

perimental points, each labelled with its Reynolds number Rex multi

plied by 10"3. The scatter about the formula values is seen to be with

in acceptable limits; the mean deviation in U /U- is less than 0.03, 

which is satisfying in view of the sensitivity of the results for the 

accuracy at which U. and the slit width are known. For purposes of 

comparison, Sigalla's relation has also been plotted. 

The fact that the variation of Ü with x for plane wall jets 
m 

is almost the same as for plane free jets physically means that the 
free jet portion of the flow, i.e. the flow in the outer region (Fig. 
2.28), plays a determining role in the wall jet. For free jets the varia
tion U « x~°*s results from the integral momentum flux of the jet, 

m 

which is independent of x. Because of its complexity, the flow in the 

toroidal vortex chamber was hardly amenable to theoretical analysis. 

Moreover, the flow in the outer region of a toroidal wall jet is a ro

tating flow. For such a rotating flow not the integral momentum flux 

{•v. /pU2dr), but the integral angular momentum flux K /pU2rdr) has to 

be conserved when the shear stresses are zero at the velocity maximum. 

The experimental profiles of Fig. 2.27 substantiate the conservation 

of angular momentum within a few per cent if the experimentally ob

served displacement of the centre of rotation and the divergence and 

convergence of the flow, inherent to poloidal rotation in a torus, are 

considered. 

Figures 2.29, 2.30, and 2.31 apply to the same set of experi

mental data. The data were taken from experiments covering distances 

up to 900 slit widths, which is a considerably larger range than is 

usually found in the literature on wall jets (200 slit widths at the 

most). This is probably due to the manner of whirl generation: the 

"endless" entrance slit in the torus can be regarded as an infinitely 

extended slit. Therefore, end effects which habitually appear in 

"ordinary" wall jet research, where use is made of slits with a finite 
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Fig. 2.31, Decay of the maximum velocity. Each experimental point is 
labelled by its Reynolds number Re . The straight lines 
apply to various constant value* of Re and obey Eq. (2,62) 
Figures (a) and (b) are complementary.x 

51 



length, and which come forward downstream, do not occur here. 

Free jets are laminar for Ite < 30 (Ref. 51). In most practical 

cases. Re is much larger than 30 and flows are turbulent. Our flows 

were also turbulent; the velocities discussed concern the mean values. 

To gain an impression of the radial distribution of the turbulent 

velocity fluctuations and of the relative intensity, we refer to 

Figs. 2.36 through 2.38. In the torus of Fig. 2.26 the degree of tur

bulence (T) varied from 5% near the wall to 30% in the centre. The dom

inating frequencies of the turbulent signal ranged from 70 to 1500 Hz 

and depended on the slit width and on the distance to the wall. The 

frequencies decreased with increasing distance, it should be observed 

that although the steady-state values of U. and of the static pressure 

of 100 Torr were established within 0.4 s, stationary hot-wire signals 

were not reached until 1 to 2 seconds had elapsed. 

An example of the radial pressure distribution in a torus cross-

section is given in Fig. 2.32, showing that the pressure difference be

tween the centre and the wall is only about 1 Torr. Thus, the static 

pressure was practically uniform throughout the torus. If we calculate 

the pressure distribution starting from the relevant velocity profile 

{U.: M = 0.43; x = 235 mm; a = 2.2 mm; U : M = 0.17) and using the for-
j m 3 

mula dp/dr = pU2/r, we arrive at a pressure difference between centre 

and wall of 0.9 Torr. In view of the fact that the displacement of the 

centre of rotation and the compressibility was not taken into account, 

combined with the limited validity of the applied formula, the agree

ment is reasonable. 
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From Figs. 2.27 and 2.32 it may be concluded that the core of 

the flow, which is highly turbulent, is almost stagnant and that the 

axis of rotation is outwardly displaced. The minimum output of the 

hot-wire anemometer was recorded at positions R * 455 to 457 in Pig. 

2.26. 

For the unexpected behaviour of the core, especially the rela

tively slow rotation which differs from solid-body rotation, no satis

factory explanation has yet been found. Unfortunately, measurements on 

the radial distribution of turbulent shear stress, which might have 

lifted a tip of the veil, were not possible. However, as up to a few 

tens of mm from the wall the character of the flow appears to be de

termined by the layer of injected fluid and since the longitudinal ve

locity components of wall jets on both a flat plate and a cylinder sur

face, roughly speaking, are much the same ' ' , and show high de

grees of turbulence (T * 40%) near the outer edge of the external re

gion, it may be expected that analogically generated enclosed vortices 

will exhibit a similar character as the flow described. 

A support for this conclusion may be found in measurements to 

be described in Section 2.4.2 as well as in measurements performed in 

circularly cylindrical vessels of finite length (r= 0.04 m; I - 0.184 m), 

featuring injection slits and exhaust slits over the whole length ' . 
CO J 

it was observed that the core of the vortex increasingly started to 

rotate like a solid body after both the inlet and the outlet slit had 

been cut off. After resumption of the injection and the exhaust, the 

core slowed down again through the development of a set of counteract

ing vortices. 

2,4.1.3 Summarŷ  and conclusions 

Contrary to the velocity field of a fluid contained in a con

stantly rotating circularly cylindrical vessel, which shows solid-body 

rotation, the flow field in the torus proved to be turbulent with high 

velocities near the wall and with a highly turbulent, almost stagnant 

core. The velocity profiles and the way of injection suggested a wall-

jet character of the flow. Notwithstanding the radial pressure gradient 

in the poloidal rotating flow, which is absent in plane wall jets, it 

appeared partly possible to describe the experimental outcome empirical' 

ly in terms of plane wall jets discharging in an external stream. The 

more striking results are: 

a. The growth of the jet, up to some 900 slit-widths distance, was a 

linear function of the distance covered (Fig. 2.30). 

b. The radial distribution of the poloidal velocity appeared to be in 

surprising agreement with that of a plane turbulent wall jet dis-
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charging in an external stream (Fig. 2.29). 

c. The decay of the local maximum velocity with the distance to the 

entry slit was quite different as compared with the decay of plane 

wall jets. Instead of the expression (U /U.)(x/a) ' * constant, the 
• ] 

experimental data correlated with a rather unusual expression con

taining the Reynolds number Re : U /U. = exp{-l54Re~0*777 tx/a)0-223} 
* a m ] a 

(Eq. (2.61), Pig. 2.31). A formulation explicitly containing vari

ables which could not be varied in the device, but which possibly 

also affect the decay of Um, e.g. the aspect ratio R/r, the 

ratio r/a, the poloidal positions of the entrance and exit slits, 

etc., could not be derived. The effect of these parameters will be 

hidden in the constants of the empirical relation. 

d. The flow was turbulent. Velocities in the vicinity of the wall were 

high, velocities in the core were almost negligible. The degree of 

turbulence varied from 5% near the wall up to 30% in the centre. 

Steady-state hot-wire signals were observed 1 to 2 seconds after the 

start of the cycle. 

For the range of Reynolds numbers of practical interest Re 

amply exceeds the value of 30, below which free jets are laminar. Con

sequently, turbulent flow will be unavoidable. As up to a few tens of 

mm distance to the wall the flow resembles a wall jet, a flow phenome

non of which the outer region is highly turbulent (T * 40%), it may be 

expected that enclosed vortices generated via a relatively small slit 

will show a similar nature as the flow described. When arc stabiliza

tion through such whirls is aimed at, turbulent flow has to be con

sidered. 

2.4.2 Exgerimental_arrange njent_ll_^Tovorex)^ 

2.4.2.1 Methods 

In the toroidal whirl chamber 

(R = 0.19 m, r = 0.04 m. Figs. 2.1b, 

2.5, and 2.33) an electrical gas dis

charge could be struck. The stabiliz

ing vortex was again driven by a sheet 

of gas which, in poloidal direction, 

was blown parallel to the wall. 

Information about the rotating 

flow was obtained without the presence 

of an arc in the vortex core. Air, 

supplied via a high-pressure storage 

tank (Fig. 2.4), was used as work

ing gas. The data were again gathered 

90s in gosm 

Fig . 2 . 1 ) . Cross-sec t ion of t.hf 
vorr.ex gen«raf.or. 
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with hot-wire anemometers. At various toroidal angles diagnostic ports 

war* located at 5, 19, 43, and 57 aw distance fro» the entrance slit 

(Pigs. 2.6 and 2.7). Measurements were done at pressures of 50, 130, 

200, and 400 Torr, Measured at the wall. Slit widths of 2.0 and 3 . 4 M 

were used. The widths were determined by means of a measuring wedge. 

Traverses with the hot wire were made at positions a, b, c, and d given 

in Fig- ."..7. 

2.4.2.2 Results 

The ring between the inlet and the outlet had been cast from 

concrete. The outer edge could not be made thinner thin circa 2 mm. 

The injected flow and the part of tha rotating fluid not sucked off at 

the outlet thus join after having been separated over this distance, 

which is of the order of the slit width. The influences of the edge 

and slit are found up to distances of about 80 mm from the entrance 

slit. In that vicinity, however, the flat transparent top plate inter

rupts the curvature of the torus wall, while thereafter the outlet 

starts to affect the flow. Similarity of velocity profiles of different 

traverses is therefore not necessarily to be expected. Experiments 

showed indeed the absence of similarity for profiles obtained at dif

ferent poloidal positions. 

Measurements at various static pressures as well as at different 

toroidal positions showed identical velocity profiles. Therefore, the 

flow behaviour is adequately illustrated on the basis of a typical set 

of results. Results obtained for various inlet velocities, U,, at cross-

section b (Fig. 2.7), with a slit width of 3.4 mm and at a pressure of 

100 Torr, have been selected as being characteristic for the measured 

velocity profiles. 

Velocity distributions in traverses bl, b2, b3, and b4 are 

shown in Figs. 2.34a through 2.34d respectively. In Fig. 2.35 the pro

files are normalized with respect to the maximum velocity in the re

spective traverse. The relation between each maximum velocity and U., 

the maximum velocity in traverse bl, can be found in Fig. 2.34. The 

origin of the abscissae coincides with the wall farthest away from the 

axis of symmetry (Fig. 2.33). 

The profiles are different from those of Fig. 2.27. The traverse 

at bl starts close ahead of the entrance slit. Figures 2.34a and 2,35a 

clearly show the injected jet with a width of some 3.4 nun. At about 

5 mm the hot-wire sensor finds itself in the shadow of the concrete 

ring. At distances still farther removed from the wall, the flow of 

the rotating core shows up. AF before, the speed decreases towards the 

centre. At a first glance, a wall-jet profile is found at the opposite 
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O 20 40 60 8 0 O 20 40 SO 8 0 

~> distance to me wan (mm) 

Fig. 2 .34 . Measured po lo ida l -ve loc i ty p r o f i l e s . Figures a , b» c , and d apply t o 
the t r ave r se s indicated by the i n s e t s . The pressure was 100 Torr , 
the s l i t width was 3.4 mm. The curves correspond with the i n l e t 
v e l o c i t i e s U. = 129 m s _ 1 l i ) , U. = 93 ms_ 1 lO), and U. = 58 m s _ 1 ( ' ) . 

3 3 3 

s ide- The r o t a t i o n in the centre again d i f f e r s from sol id-body r o t a 
t i on . Figures 2.34b and 2.35b show tha t the wake and the s t eep v e l o c i 
ty g rad ien ts disappear a f t e r a short d i s t a n c e . Only a s l i g h t ind ica t ion 
i s l e f t . The t r ave r ses a t b3 and b4 show p r o f i l e s which can be described 
by rapidly increasing v e l o c i t i e s going from the wall to the i n t e r i o r , 
followed by a more gradual decrease . As compared with the plane wall 
j e t , these p r o f i l e s are more rounded near the maximum v e l o c i t y . 

With the s l i t width of 2.0 mm, an in jec ted layer of some 2 mm 
thickness was observed, while at pos i t ions 3 and 4 the maximum v e l o c i 
ty at the opposi te side amounted to 0.9 times the maximum speed of the 
t r a v e r s e . 

The s l i t widths, due to dev ia t ions in the symmetry of both the 
metal wall and the concrete r i ng , varied from 3.2 to 3.5 mm, and from 
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Fig. 2.35. Normalized poloidal-velocity profiles (see Fig. 2.34), 

1.9 to 2.3 mm respectively. Apart from this relatively minor asymmetry 

a gross asymmetry is present due to the way gas is supplied and ex

hausted, as well as due to the presence of the electrode holders (Pig. 

2.7). However, no dependence of the profiles on the axial position 

could be detected within the experimental accuracy. 

No influence of the static pressure was observed. 

In Figs. 2.36a, b, and c the root-mean-square of the polo±dal 

turbulent velocity fluctuations as a function of the position has been 

plotted for the stations bl, b2, and b4 respectively. In Pig. 2.37 the 

profile of the turbulent fluctuations near the wall of bl can be com

pared with the normalized velocity profile of Fig. 2,35a. In Fig. 2.38 

the degree of turbulence is given for the same station. 
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Fig. 2.36. Radial distribution of the turbulent component of the poloidal velocity. 
The data were simultaneously obtained with those of Fig. 2.34. The drawn 
curve applies to U. =93 ins-1. 
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A detail of Fig. 2.3fca. The 
radial distribution of the in
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ponents is compared with the 
distribution of the mean ve
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Fig. 2 .36. Radial d i s tr ibut ion of the degree of turbulence. 
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C H A P T E R 3 

ARC STABILIZATION WITH A TOROIDAL VORTEX 

3.1 Introduction 

This chapter considers semi-toroidal low-current dc arcs, sta

bilized by a fully toroidal poloidally rotating gas blanket (Fig. 3.1). 

A vortex flow is to prevent a gas discharge from striking the 

wall by providing an equilibrium force. Experiments on pure vortex flows 

have been reported in Chapter 2. 

In the experiments to be presented, the arcs run only along part 

of the length of the circular "vortex axis"; therefore, the terir semi-

tot oidal is introduced. The method of whirl generation, the toroidicity 

of the gas flow, and the semi-toroidal shape of the arc are illustrated 

in Fig. 3.1. 

toroidol 
direction 

gosin 

f ig. 3.1. Scheme showing part of the aluminium toroidal vortex chamber in which a 
fully toroidal vortex encircles a serai-toroidal gas discharge. The poloidal 
and toroidal directions are defined; the method of whirl generation i s 
indicated. 

Turbulence can have a dominating in f luence on p h y s i c a l t ransport 

phenomena (Appendix A . 2 ) . This r e f e r s in p a r t i c u l a r t o the turbulent 
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mixing in the cold outer layers. On these mixing phenomena neither 

theoretical nor experimental information could be gathered. 

3.2 Experimental details 

3.2.1 Exp.erimental_setup 

The experiments were conducted in the toroidal chamber with 

major radius R * 0.19 m and with minor radius r = 0.04 m, shown in 

Fig. 3.2. The vortex generator is made of aluminium; the observation 

window and the ring between the inlet slit and the outlet slit are 

made of pyrex and concrete respectively (Fig. 2.6). Diagnostic holes 

are, among others, in cross-sections at 20, 30, 40, and 90 cm from the 

fixed electrode, that is at toroidal angles of 60°, 90°, 120°, and 

270° (Fig. 2.7). In each of these cross-sections the diagnostic ports 

are, among others, at 5, 19, 43, and 57 mm distance from the entrance 

slit (Fig. 2.6). 

Fig. 3,2. The vortex apparatus. 
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The ring vortices are obtained by poloidal iir._ction and ex

haust of gas through slits running in toroidal direction and extending 

over the whole circumference (Chapter 2). The inlet side of the 

vortex apparatus is connected to a 1 m3 storage tank filled with in

dustrial-grade nitrogen at 4 atm. The exhaust side is connected to an 

evacuated 10 m3 vessel. A flow-regulating system maintains the pressure 

in the vortex chamber at a value between 30 and 400 Torr. The working 

gas is supplied by a battery of 10 high-pressure cylinders, each with 

a filling pressure of 200 atm and a content of 0,1 m3. This gas, after 

being exhausted through the exit slit, finally arrives in the 10 m3 

vessel. From here it is deposited in the open atmosphere by three 

continuously operating pumps with a pumping capacity of 0.07 m3s_1each. 

More details about the flow facility are to be found in Chapter 2. The 

basic experimental setup is given in Pig. 2.4. 

The arc current is delivered by a constant-current power supply, 

The current ranges froi*> 20 to 100 A, the maximum available voltage 

amounts to 750 V. A diagram of the electrical circuit is given in 

F i g . 3 . 3 . 
continuous metol wall 

cathode 
V i go» discharge 

•**SifcW>^^r.«^W%BHSSIWiMi« r anode 

to rec 

50 ml) 

to rec to recorder 
« ) (V) 

; ; 

* 

K2O-10OA) 

constant-current 
power supply 

Fig. 3 . 3 . The e l e c t r i c a l c i r c u i t . The actual toroidal discharge chamber i s 
represented symbolically by the cyl indrical metal tube. 

Arcs are drawn between two tungsten e lectrodes (diameter 10 mm, 

length 15 mm) in the core of the rotating flow. These e lectrodes are 

fixed in water-cooled copper holders. To obtain stably burning gas d i s 

charges, the heat conduction in the tipped cathode towards the holder 

has to be limited by a constrict ion in that e lectrode . One holder i s 

introduced from the outside into the discharge chamber through an 
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opening in the wall, the other one penetrates from the inside via the 

onion-shaped rotor (Fig. 3.2). The holders are electrically insulated 

from the metal torus. Non-conductino jackets envelop the parts be

tween the electrodes and the wall. The fixed electrode usually serves 

as anode. 

For arc ignition, the cathode is brought into contact with the 

anode. Subsequently, the arc is given an adjustable length, up to 1.0 m, 

by rotation of the onion-shaped centre part. The power supply requires 

the grounding of one element of the circuit; the metal gas-handling 

system is chosen in our case. 

The time-scale of the measurements is some tens of seconds. 

Slowly varying measuring signals are recorded on magnetic tapes and 

are read out afterwards. The diameter of the electrically conducting 

channel was measured with potential probes, shot through the discharge 

(Section 3.3.3). The position of the probe is digitalized: the total 

path length of 80 mm is divided into 55 intervals of equal length. 

Such faster signals are monitored with an oscilloscope. The width of 

the entrance slit was varied between 0.6 and 5.3 mm. 

The measurements are electro-pneumatically controlled; the 

delay times between events are individually adjustable. In the stand

by situation, the air-tight stop-valve V is closed, whereas the regu

lating valve V. and the stop-valve at the back of the vortex generator 

are opened (Fig. 2.4). Consequently, the pressure in the torus is as 

high as that in the 10 m3 vessel. 

3.2.2 ExEEfiro^Qta^grocedure 

Prior to a measuring series, the entrance-slit width, a, is set 

at the chosen value, the flow regulating system is adjusted for the 

selected static pressure, p, and a time sequence for the operations 

during a measurement is programmed. 

Before a measurement,the 10 m3 reservoir is evacuated to a few 

Torr while the 1 m3 storage tank is pressurized with nitrogen up to 

4 atro; the electrodes are manually made to touch each other; the arc 

length, I, and the arc current, I, are chosen. The cycle is started by 

the pulse that switches on the tape recorders. After the attainment of 

the stationary tape speed, 76 cms"1,the flow regulating system is ac

tivated. After the pressure has increased to the desired value, and as 

soon as some gas flow has been established, the electric current is 

supplied. By separating the electrodes over a few millimeters the gas 

discharge is struck. The discharge heats the electrodes, which results 

in a lowering of the arc voltage and in a stably burning discharge. 

Subsequently, thé arc is lengthened up to its pre-set value and 
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measurements can take place. At the end of the cycle the regulating 

equipment and the arc current are switched off and the movable elec

trode is returned. 

-»• t 

Fig. 3.4. Specimen of a recorder read-out, showing various parameters as a function 
of time during a measuring cycle (p = 100 Torr, H = 0.5 m, I = 60 A, a -
1.6 mm). The shooting of the potential probe through the gas discharge 
(Section 3,3.3) is indicated by the dotted line. 

Figure 3.4 shows the read-out of a typical cycle with a dura

tion of, roughly, 30 s; the zero of time axis coincides with the start 

of the sequence of operation. The signals apply to an arc carrying a 

current I = 60 A, which at a pressure p = 100 Torr is drawn to a length 

t - 0.50 m. The slit width is a = (1.6 * 0.2) nun. The arc voltage is 

denoted by V, the current to the wall (to be discussed later) by i . 

A measure for the inlet velocity is fip, being the difference in static 

pressure upstream of the entrance slit, where the velocity is low, and 

in the entrance slit, where the velocity is highest. Separation of the 

electrodes over a few mm results in a fluctuating arc voltage of about 

40 V. When the cathode spot forms, this voltage falls to about 20 V after 

which it shows a smoother time dependence. Usually, the cathode spot 

forms immediately after the separation of the electrodes. During arc 

operation at least a small gas velocity is necessary, otherwise the 

discharge will hit the wall and cause damage. The disturbance on the 

electrical signals (indicated by an arrow) is due to the effect of the 

potential probe being shot through the arc. For measuring V, 1, and i 

use was made of the circuitry of Pig. 3.3; note that the cathode is ap

proximately at earth potential. 
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3.3 Experimental results 

Figure 3.4 shows that it is possible to draw arcs with a 

length of 0.5 m. This length considerably exceeds the distance between 

the anode and the wall (0.04 m). Without the gas flow the discharge 

would favour the short-cut to the wall (Fig. 3.3). The gas flow, de

scribed in 2.4.2.2, obviously compels the discharge in the centre of 

the vessel, in this way realizing an effect equivalent, to that of an 

electrically insulating layer, protecting the wall. 

The apparatus, though not suited for detailed arc studies, was 

well adapted for the determination of voltage-gradient - current char

acteristics obtained from voltage-length plots. It was investigated 

how variation of the various parameters affect the characteristics. 

For the discharge of Fig. 3.4 the arc voltage is about 300 V. 

This voltage gives rise to a current of 0.3 mA in the measuring resis

tances (Fig. 3.3). A current of about 50 mA, however, was measured in 

the 1.05 ü resistor. The dependence of this current, i , on the various 

parameters was also investigated. 

3.3.1 Y2l£a2e;current_characteristics 

The effects of variation in arc length, current strength, stat

ic pressure, inlet velocity, and entrance-slit width on the arc voltage 

and on the voltage gradient are discussed below. 
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Fig. 3.5. Arc voltage (V) and current to the wall (1 ) as functions of the distance 
between the electrodes. 
a? For the discharge of Fig. 3.4 (p = 100 Torr, I = 60 A, a = 1.6 mm), 
b) For a discharge at p = 200 Torr, I - 100 A, a = 1 mm, U = 30-60 ms"1. 
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a) Influence of the arc length. 

The increase of the arc voltage V with the length * for the measure

ment presented in Pig. 3.4 is shown in Fig. 3.5a, where V is plotted 

agfinst t. Figure 3.5b shows the voltage increase for a discharge, 

which is drawn to a length of 0.75 m at p « 200 Torr. 

A linear increase of V with X is found: 

V = VQ + E 1 , (3.1) 

where E represents the longitudinal voltage gradient, graphically 

obtained as the slope of the V-t characteristic. The voltage V , 

obtained by extrapolation of the fairly linear potential distribu

tion, roughly equals the sura of the cathode and anode fall. An arc 

voltage which, on the average, increases linearly with the length 

of the discharge is characteristic for almost all experimental con

ditions. 

b) Influence of the current strength. 

Typical examples of the effect of the current strength on the volt

age-length characteristics are given in Fig. 3.6a. The conditions 

were: 20 <_ I <_ 100 A, p = 100 Torr, Z = 0.50 m, a * 4.2 mm; the 

inlet velocity increased from 50 to 70 ms"1 while the arc was drawn. 

The obtained values of E are plotted as a function of I in Fig. 3.7. 

The field strength varies according to i~o .'•'• m 

5 0 0 l ' I * F i • P • • i i i » i 1 I rt • T 1 i r 1 1 1 1 1 1 1 1 i i 

— f (75mm/dïv> f ( 7 5 m m / d i v ) 

Fig. 3 .6. a) V-t character is t ics at d i f ferent currents, 
b) i -fc character is t ics at d i f ferent currents. 
The s ignals apply t o p = 100 Torr, a = 4.2 mm; the position of the 
origin of each curve i s chosen corresponding to the current strength: 
the displacement in the plot i s proportional to the current strength. 

c) Influence of the s t a t i c p r e s s u r e . 
Figure 3.6 appl ies to measurements at a p ressure of 100 Torr . The 
c h a r a c t e r i s t i c s of measurements a t 30, 50, 200, and 400 Torr a re 
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similar. At the same current, the field strength increases with the 

pressure as p 0. 07 (Figs. 3.7 and 3.8) 
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Fig. 3.7. E as a function of I for 
different static pressures. 

Fig. 3.8. E as a function of p for 
different discharge currents. 

d) Influence of the inlet velocity. 

For the measurements of Fig. 3.6 the arc was drawn at inlet veloci

ties of about 60 ms"1. If higher velocities had existed during the 

lengthening of the arc, characteristics like curves 1 or 3 given in 

Fig. 3.9 would have been obtained. This figure illustrates the 

400 

300 

200 -
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T 1 ) 1 1 

> 

No. 
I 

(A) 
P 

(Torr) 
a 

(mm) (IBS"1) 

1 70 200 2 . 4 70- 95 

2 70 200 2 . 4 20- 35 

3 70 200 1.55 80-105 

4 70 30 1.55 140-190 

5 70 30 1.55 50- 95 

f <0.1m/div.) 

Fig. 3 .9 . The influence of the i n l e t speed on the shape of the V-l charac ter i s t i c s . 
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influence of the inlet velocity on the V-l relation for 70 A dis

charges at 30 and 200 Torr. At p * 30 Torr the characteristics are 

swooth for all velocities, while at p = 2G0 Torr an irregular volt

age growth is found at the higher inlet rates, an effect which 

proved to be even aorc pronounced at 300 and 400 Torr. The smooth 

lines correspond to arcs that visually appear to be quiescent; the 

irregular curves correspond to fluctuating arcs. 

Though at the higher pressures the velocity grows capriciously with 

the arc length, the increase on the average is linear. Therefore, 

the mean slope has been used whenever a fluctuating curve was com

pared with a smooth one. The (mean) voltage gradients proved to be 

hardly dependent on the inlet speed U., except for a barely perceiv

able effect at the lower current strengths. This result contrasts 

with the data obtained with a 0.15 m long linear discharge, similar

ly stabilized in a chamber with stationary end plates behind the 

electrodes (I « 35 A, a « 3.4 mm) (Ref. 14). There, a marked in

fluence of U. on E was observed. For our measurements, however, the 

velocities were lower and the currents were higher. 

e) Influence of the entrance slit. 

Measurements made at slit widths, a, ranging from 0.6 to 5.3 mm, 

showed a slight dependence of E on a only for the low currents. The 

field strength was a few per cent higher at a = 5.3 mm, compared 

with that at a - 0.6 mm. The "quality" of a slit proved to be of 

importance for the behaviour of the arc. With slits of a fairly 

uniform width stably burning arcs were obtained which otherwise 

would have been fluctuating. Very unstable arcs were observed with 

rings that were damaged at the inlet side; rings damaged at the ex

haust side caused short-cutting of the arc to the wall. 

Sometimes the mass flow is used as a parameter. In the above 

it was found that at a given pressure the electric field is hardly af

fected by both the injection velocity U. and the slit width a. So, the 

mass flow is not important and E may be assumed to depend only on the 

arc current I and on the pressure p. The empirical formula 

E = 2.3*103 p0'07 i-o-"1» (VnT1!, (3.2) 

with £ expressed in Virt_1,p in Torr (1 Torr • 133.3 Nm"2), and I in 

amperes, agrees with all results within approximately 5%. 

For the transition of the V-l characteristics from smooth to 

fluctuating, no criterion could be ascertained although it is suspect

ed that the uniformity of the entrance slit and the mass flow are in

volved . 
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3.3.2 Curr«nts_to_the_wall 

The electrical current i which flows fro» the positive dis

charge channel through the cold rotating gas layer towards the wall 

at earth potential, is also a function of external parameters. The 

shot-to-shot reproducibility was within a few per cent, but larger 

deviations (up to tens ~>l per cents) were found between different 

series of measurements. The results are therefore only indicative for 

the various trends as described below: 

a) Influence of the arc length. 

The dependence of i upon t, for the discharge of Fig. 3.4 is shown 

in Fig. 3.5a. If a best fit is made with ln, n proves to be in the 

range from 1.5 to 2.0, with a most probable value n = 1.85. For the 

discharge of Fig. 3.4 n equals 1.75. 

b) Influence of the current strength. 

The effect of I on the i -t characteristics is illustrated in 

Fig. 3.6b. The increase of i with I for arcs of a constant length 

is manifest in Figs. 3.10 and 3.11. 

8 0 | r 1 1 1 1 

< 
E 

$ 60 - J^*J0~^~° 

40 • > ^ 

20 - <r 

0 ' 1 ' 1 ' i 

0 20 40 60 80 100 
I (A) 

Fig. 3.10. Increase of i with I for a 0.5 m long discharge (p = 100 Torr, 
a « 1.6 mm, U = 40-60 ms"1). 

c) Influence of the static pressure. 

Figure 3.11 shows that for an arc of constant length, i diminishes 

with increasing p and a. 

d) Influence of the inlet velocity. 

No definite effect of U. on the magnitude of i could be detected. 
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e) Influence of the slit width. 

The current i decreases when a increases (Fig. 3.11). 

f) Influence of oxygen admixture. 

Atmospheric air could be admitted to the system through a small 

hole ( 0 = 1 mm) situated upstream of the discharge chamber. The 

low concentration of oxygen (about 1%) introduced in this way caus

ed a reduction of i to less than 10% of the initial magnitude. 

When a new concrete ring had been mounted» or when a ring had been 

exposed to atmospheric air for several days, also lower currents 

than usual were found. This phenomenon disappeared after a few dis

charges. The decrease of i was accompanied by a slight increase 

of the arc voltage. The presence of oxygen in the arc atmosphere 

was recognizable by light-blue flares behind the electrodes. 

Fig. 3.11. The influences of the pressure and of the slit width on the relation 
between i and I, for 0,48 m long discharges. 

3,3.3 Estimate o|_£he_arc_temgeratures 

The arc temperatures have been estimated from the mean electric 

conductivity of the arc plasmas. When local thermodynamic equilibrium 

is assumed, the conductivity, o, can be calculated as a function of 

the temperature and the pressure, as outlined in Appendix B. The re

sults are shown in Fig. 3.12. 

The mean conductivity of the arc plasma was deduced from the 

experimental values of the field strength E and of the mean current 

density j" (j" = ÖE) . The field strength was determined with the pro

cedure of lengthening the arc, as described before; the mean current 

density was obtained by measurements of the arc current and of the 

diameter, d , of the conducting channel, which was assumed to have a a 

circular cross-section. 

The diameters were determined with potential probes made of 

tungsten wire, 0.5 mm in diameter, enveloped by an alumina ^M.2©0 
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Fig. 3.12. The conductivity of a nitrogen plasma as a function of the temperature 
for different pressures. 

shield having an outer diameter of 1.4 mm. A 1 mm long bare tip senses 

the presence of plasma. The probe was connected to earth by a load 

resistance (Fig. 3.13). When the probe is moved through the plasma the 

probe potential indicates whether or not the bare tip is in the con' 

ducting channel. 

The arc potential for an unperturbed /—metoiwoii 

plasma will be constant in each poloidal 

cross-section of Fig. 3.2. The measured 

voltage distribution, however, depends on 

the chosen value of the load resistance 

and on the resistance between the plasma 

and the probe. The latter is in series with 

the load and is a function of the plasma 

parameters and of the characteristics of 

the probe. Figure 3.14 illustrates the 

influence of the load. It is to be expected 

that the nearly constant voltages observed in the core for load resist 

ances of 0.33 MSI and higher are approximately equal to the arc poten

tials at the traverses in question. 

tO OSCillOiCOpi 
OM0) 

Fig. 3.13. Scheme for diameter 
measurements. 
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• • distance to the won (mm) 

Fig. 3.14. Example of probe s ignals obtained with dif ferent loads. The probe 
penetrates the discharge chamber rad ia l ly over a distance of about 
40 ma. Contrary to norma1 use , here the posi t ion of the probe i s 
monitored analogously. 

At temperatures above 2200 K the alumina shie ld started to draw 
so much current that , even with low res i s tances , too broad a voltaqe 
dis tr ibut ion was indicated. This e f f ec t could be avoided by rapidly 
Inserting and withdrawing the probe, so that the alumina shield could 
not become too hot. The probe was pneumatically shot through the pl3saia, 
traversing i t in a few ms. To determine the position of the probe, i t 
was equipped with a s tr ip on which over a length of 80 mm 56 equidistan-
t i a l , coded rows of holes had been d r i l l e d . During the f l i g h t of the 
probe t h i s "ruler" passed an adapted l ight-emit ter - receiver system, 
through which the probe posit ion was read out (Fig. 3 . 1 5 ) . 

For the measurements a load of 0.5 Mft was chosen as for that 
value of the load a constant voltage was indicated in the luminous 
core. The dependence of d_ on I i s shown In Fig. 3.16 (p = 100 Torr, 

3 
U. = 60ms-1, a - 2 mm). The variation of d with p, for different arc 
J a 

currents, is shown in Fig. 3.17, Typical diameters range from d • 25 mm 

at J « 30 A to d " 45 mm at I » 100 A. The uncertainty is 1.5 to 

4.5 mm, which corresponds with 1 to 3 intervals of the "ruler". Current 

densities increase only weakly with I, if not constant; typical values 

are 50 to 70 KAm-2. The error in 3 due to the uncertainty in dfl was 

estimated to be approximately 20%. 
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Fig. 3.15. The influence of the load resistance. Examples of recordings of the 
probe voltage as a function of the distance to the wall: 
a) for a load of 0.5 Hfi; b) for a load of 5 kfi. 
The spatial resolution amounts to 1.5 mm. The signals pertain to an 
arc with parameters: I = 70 A, £ - 0.60 m, p = 100 Torr, a = 2 ran, 
U.j =60 ms~'. Tne left ends of the traces coincide with diagnostic 
hole bl (Figs. 2.6 and 2.7). through which the probe was inserted. 
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i (A) 

100 200 300 400 
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Fig. 3.16. The arc diameter as a 
function of the arc current. 
(p = 100 Torr). 

Fig. 3.17. The arc diameter as a 
function of the pressure. 

Temperatures derived from the data of Fig. 3.16 are to be found 

in Table 3.1. They r.inge from 6125 K at I = 30 A to 6500 K at I = 100 A. 

Use has been ma'e of Eq. (3.2) and of Fig. 3.12. Temperatures deduced 

from conductiv s 40% lower and 40% higher *:han those derived from 

the data of Fig. 3.16 are also given for comparison. The deviations 
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TABLE 

I 
tA) 

E 
(VB"1) 

*a 
(mm) (lO^AB -2) 

0 
(fl~lnTl) 

I 
T 

(K) 

_ 
a 

Cir'nT1) 
T 

(K) 
c 

t ïT'nf l ) 
T 

(R) 

30 710 26 56 79 6125 47 5950 111 6300 

40 630 29 61 97 6225 58 6000 136 6400 

50 570 33 59 103 6250 62 60;*) 144 
I 

6425 

60 520 36 59 113 6300 68 60 :>-J ' 
1 

158 6475 

70 490 38 62 126 6375 76 felOO 176 6500 

80 460 40 64 139 6425 83 6150 195 6550 

90 440 42 65 148 6450 89 6200 207 6600 

100 420 43 69 164 6500 98 6250 230 6675 

Electron temperatures derived from the measured mean conduct ivi ty of the d i scharge . 
For comparison, values of the temperatures are a l s o given for conduc t iv i t i e s d i f f e r 
ing by +̂  40* from the measured va lues . 

a r e found t o be r e l a t i v e l y smal l due t o t h e r a p i d i n c r e a s e of a w i t h T 

in t h e t e m p e r a t u r e i n t e r v a l of i n t e r e s t ( F i g . 3 . 1 2 ) . The u n c e r t a i n t y 

in t h e e x p e r i m e n t a l l y de te rmined v a l u e s of J i s t h e r e f o r e no t of g r e a t 

i m p o r t a n c e . Moreover, as t h e assumpt ion of t he rma l e q u i l i b r i u m i s open 

t o a rgument , t h e accu racy of t h e t e m p e r a t u r e d e t e r m i n a t i o n w i l l not be 

improved by measur ing t h e d i ame te r more p r e c i s e l y . 

Tempera tu res d e r i v e d from t h e d a t a of F i g . 3.17 a r e g iven in 

Table 3 . 2 . For a g iven a r c c u r r e n t t e m p e r a t u r e s a r e seen t o i n c r e a s e 

when t h e p r e s s u r e i s r a i s e d . 

TABLE 3.2 

p 1*100 A 1=80 A 1=60 A 1=50 A 

( T o r r ) T(K) T(K) T(K) T(K) 

50 6400 6350 6300 6300 

100 6550 6475 6450 

200 6750 6650 6650 6650 

300 6950 6900 6800 

400 7200 6900 
. j 

Temperatures from the measured conductivity at various pressures, 
derived from the data of Fig. 3.17, 
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The above is valid for nitrogen plasma in thermodynamic equi

librium. Actually, due to the applied electric field, the electron tem

perature T will be higher than the temperature of the heavy particles, 
59) T . The relative temperature difference is small when 

T -T m f* eE 
_e 2 _ s_ 
e e 

e 

IkT . 
2 ey 

2 

<< 1 (3.3) 

where m and m represent the mass of the electrons and of the heavy 

particles respectively, e the elementary charge, k Boltzmann's con

stant, and \ the mean free path of the electrons. For our experimen

tal conditions (A * lO"1* - 10"5 m, E * 500 Vm*1) this criterion, which 

is based on energy transfer by elastic collisions only, is not satis

fied. However, the excess of electron temperature is expected to be 

not very large, due to the role of the inelastic collisions '. 

The position where the maximum of the potential is measured 

when a low load resistance is used (Fig. 3.15b), is believed to coin

cide with that of the temperature maximum of the traverse. The maxima 

proved to be eccentrically situated in the poloidal cross-sections 

(Fig. 3.2). The displacement, varying from 6 to 11 mm, is from the 

centre of the cross-section towards the wall where the gas is injected. 

Temperatures in the zone between the wall and the luminous core 

were measured by use of 0.25 mm diameter W5Re/W26Re thermocouples, 

which, with the junction a few mm outside the head of the tube, were 

mounted in a four-hole ceramic tube (outer diameter 3 mm). Such thermo

couples withstand temperatures up to 3200 K while their response is 

known for the whole temperature range 1'. In the stationary state the 

heat transferred to a wire element, mainly by forced convection, is 

balanced by heat conduction along the wires and by radiation. Therefore, 

the measured temperature of the junction will be lower than the local 

gas temperature. Attempts to determine this temperature difference be

tween the gas and the junction with fair accuracy, by considering the 

energy balance of a wire element, were without success. This was pri

marily due to the large amount of heat conducted in the thermocouple 

wires, because of the large thermal conductivity of the wire material 

and because of the fact that the radially inserted probes were situated 

in an area with large temperature and velocity gradients. Consequently, 

such a large temperature jump between the junction and the gas will 

arise that the assumptions underlying the calculation of the correction 

are not satisfied '. For instance, in case of a measured temperature 
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of 1800 K the calculated correction for p = 100 Torr proved to be as 

high as approximately 2000 K (Ref. 63). A possible catalystic recom

bination of N-atoms at the junction surface was not taken into account. 

The 4000 K isotherm was estimated to be situated at about 10 mm 

distance from the wall. The radial temperature gradient is then of the 

order of 4*10̂ ' Km-1. By substitution of 0.3 WnT'K"1 for the molecular 

heat conductivity, the energy losses by conduction are estimated at 

25 kW per metre arc length. The losses by radiation and axial convec

tion, as well as the losses towards the electrodes are much smaller. 

The power input varies between about 22 kW (at I = 30 A) and 40 kW (at 

I = 100 A) per metre. The turbulence of the rotating gas blanket may 

enhance the heat transport. 

3.3.4 Additional_observations 

The results described so far were obtained with the cathode 

almost at earth potential (Fig. 3.3). Measurements with a grounded 

enode have also been performed. The f'.eld strengths of such "negative" 

arcs were about 10% higher than those of the "positive" arcs. The cur

rents to the wall were notably higher. For a discharge with I = 60 A 

and £ = 0.3 m, characteristic values were 4, k.75, 2, and 1.5 A at 

100, 200, 300, and 400 Torr respectively, to be compared with 20 mA 

in case of the positive arcs. At pressures of 50 Torr and lower, such 

arcs tend to short-circuit to the wall. For longer discharges the wall 

acts as anode for all pressures. 

In the arcs toroidal velocities were also present. The order of 

magnitude was determined at 10 ms"1 . 

The voltage obtained by extrapolation of the V—B. characteristics 

to zero arc length (Eq. (3.1)) proved to depend on the pressure and on 

the arc current. For quiescent arcs these voltages ranged from 25 to 

45 V, for fluctuating arcs from 40 to 60 V. 

Field strengths obtained from potential measurements at each of 

the stations a, b, and c (Fig, 2.7) at arc lengths of 0.4, 0.5, and 

0.6 m, were found to be in satisfactory agreement with the values ob

tained from Eq. (3.2). The "cathode falls" deduced from the probe mea

surements amounted to 10 to 30 V. 

In the early experimental stage the ring was made of aluminium. 

This led to arcs burning at the exhaust side of the ring. It was tried 

to suppress this damaging behaviour by introducing two resistors of 

770 ü, connected parallel to the arc and grounded half-way. This lower

ing of the voltage with respect to the wall did not remedy the trouble. 

Making the ring of an asbestos product brought some improvement. 
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However, since the ring proved to become conducting at higher tempera

tures (> 20C0 K), a time-dependent behaviour resulted. Finally, rings 

of fireproof castable concrete (usually applied in furnaces) were de

veloped, which functioned satisfactorily and which yielded the results 

of this thesis. 

3.4 Summary and conclusions 

It is found that semi-toroidal dc arcs in a toroidal vessel with 

a continuous metal wall can be stabilized by toroidal vortices in ni

trogen gas (Section 2.4.2) in the parameter regime 

pressure 30 <_ p <_ .00 Torr 

current 20 <_ I ^ 100 A 

injec* Ion velocity 20 «- n. < 200 ms"1 

inlet-slit width 0.6 < a ^ 5.3 mm. 

The arc potential must be ->*ttive with respect to the wall as other

wise the wall t res t <" r tht iole of anode for long arcs. The ring be

tween the entrance; slit and the exhaust slit has to consist of an elec

trically insulating material, when stably burning arcs are required, 

the widths of the slits have to be as uniform as possible while the 

electroc.es must be well-centered. 

TABLE 3.3 

The field strength E, the arc voltage V, and the currents froi. 

the arcs towards the wall i prove to be affected by the pressure p, 

the arc current I, the arc length I, the injection velocity U., and 

the jntrance slit width a. The trends of the various effects are indi

cated in Table 3.3 (increase +; decrease -; no influence 0). 

The field strength depends on the 

current and on the pressure only; E, p, and 

I are related (within 5%) through 

E = Z,3xl01 p0'07 i-o."" (Vm-1), 

where E is expressed in Vm"1, p in Torr, and 

I in amperes. E is of the order of .̂00 Vm"' 

for our parameter range. Electrode falls of 

10 to 30 V were observed. 

The results for the currents to the 

wall are less reproducible. A scatter of a factor 2 was occasionally 

observed. The currents depend almost quadratically on *he arc length. 

For <i 0.5 m long arc a characteristic value is 50 mA. Negative poten

tials over the arc give rise to currents to the wall of several am-

I I p Ü . 
3 

a 

E 0 - + 0 0 

V + - + + ( 0 ) 0 

i 
w 

• 

+ + — 0 

- . . 

Influence of I, I, p, UJ 
and a on E, V, and i . 

peres. 
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The diameter of the current channel was determined with poten

tial probes. A characteristic arc width is 40 mm, characteristic cur

rent densities are of the order of some tens of kAra~2. Temperatures 

of the ore plasmas were deduced from the experimentally obtained values 

of the electric conductivity and were estimated at approximately 6000 K. 
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A P P E N D I X A 

A.l EMPIRICAL RELATIONS TO DESCRIBE HEAT TRANSFER 

In Section 2.3.1.1 the cooling of the hot-wire sensor was de

scribed by means of empirical relations. In this appendix the physical 

basis of chis approach is sketched. 

Ne consider the heat transfer of a heated body immersed in a 

flowing fluid. In case the role of radiation may be neglected, heat 

transport in the immediate vicinity of a boundary can only take place 

by thermal conduction. At any point of the surface this transport is 
dT determined by q = - ic -s-, where q represents the heat flux density, and 

dT 

-T- the temperature gradient in the fluid normal to the surface. Con

sequently, the total heat transferred can be calculated when the tem

perature distribution in the fluid is known. The temperature field is 

governed by the continuity equation (Eq. (A.l)), the momentum equation 

(Eq. (A.2)), t-he energy equation (Eq. (A.3)), the equation of state, 

which is assumed to be that for a perfect gas (Eq. (A.4)), and by the 

boundary conditions. 

3£ 
at 

Sou,. 

TxT = 0 (A.l) 

d\l. <)U. 
1 1 

at uk sxk i 3x. 3x. 
(A.2) 

„ J T 1 3T 
p cp at * uk ax^ 

- o + -A-K ** + 
9xk axk 

2E + u, •& 
at k ax k 

+ T ij 3x 
j 

(A.3) 

p = ('R*T . (A.4) 

The symbols are listed in the glossary. Appropriate assumptions 

for the connection between the symmetric viscous-shearing-stress tensor 

1,. with the velocity £;jld remain to be made in Eq. {A.2). The energy 

equation can be put into many equivalent forms; in expression (A.4) the 
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Fourier heat-conduction equation, 3 = - «vT, has been substituted. 

Usually, one is interested in the total amount of heat transfer

red <q> rather than in the details of the velocity and the temperature 

fields. Furthermore, one wishes to express the heat transfer in a form 

as given by Newton's law of cooling. This "law" states that the rate of 

cooling of a body is proportional to the temperature difference between 

the body and its surroundings: 

<q> = aS(T - T ). (A.5) 
W *J 

T is the surface temperature, T is the temperature of the bulk of the 

fluid, S is the area, and a is the coefficient of heat transfer from 

the surface towards the fluid. Equation (A.5) is the definition of the 

mean coefficient of heat transfer; in this coefficient all flow phenom

ena involved are included. 

The simultaneous solving of the set of governing equations is a 

complex problem. Analytical solutions are only known for some relative

ly simple cases. For the majority of practical problems the heat trans

fer cannot be calculated and recourse has to be made to experiments. 

From equations (A.l) through (A.5) it may be decided which parameters 

are important for the description of heat transfer. For that purpose, 

it is usual to introduce scales characteristic for the flow problem. 

These scales will be denoted by the suuscript o. Thus, x is a charac

teristic length, u a typical velocity, t a characteristic time, etc. 

The scales will be used to obtain non-dimensional reduced quantities, 

which will be denoted by an asterisk: 

vi u 
o o * 

T = — — — — X . 

V xo ij 

u e 

° - ' o - i - 2 ^ 
o 

(A.6) 

The reducing factors for Tj. and Q represent the order of magnitude of 

the viscous stresses in a Newton-Stokes fluid and a suitable measure 

for the power density respectively. 

When the relations (A.6) are substituted into Eqs, (A.l) through 

(A.4), «also the latter can be obtained in a non-dimensional forrc: 

xi = xoxI 

t = t0t* 

p = PQP* 

P - P0P* 

ui = uouI 

o 

K = K K* 
O 

f = f f* — o— 
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x. -^» 3p*u* 
_2_ l£l + 
V o at* = o (A.7) 

»x? 

*< *° 8U* + u. *"'] -
 Po SP* , foXo f> 

' V o ? f k 3x*' p u£ 3x» p ui x 

p c I—r~ + "e  

P IVo af k 3x?J 
c T 
Po ° 

Q# + 

uo 

3x* 
3 

poXoUo 3x* 
3 

(A -8) 

» , « j ̂ T * + 
o pQ o o 3xfc 3xk 

p C T 
° Po ° IVo »f

 k axfi 

Vi u *o o 
T* p c x T ij 

o pQ o o 
!2 
»x» 
3 

(A.9) 

P*T- , (A.10) 

where, as custoriary, no-i-dic-jnsionality has been achieved through di

viding by the quantities characteristic for the respective convective 

terms. Combining variables Ky introducing the dimensionless groups of 

Reynolds (Re), Prandtl (Pr), croude (Fr), Euler (Eu), Strouhal (Str), 

Mach (M), and the ratio of specific heats Y: 

Re -

Fr ~ 

poxouo ; Eu = 
pouo 

Po 
p y ° c p ° 

;Pr = KQ 

Pouo 

O O 
Str = xo 

c 

' " cv ' 

' - * ( - < % 

(A.11) 

and assuming that Q equals zero, Eqs. (A.7) through (A.9), by use of 

(A.ll), can be put into the form 

!_ Ml + Str at1 

# 9p*u* 

3x» 
= 0 (A.12) 

1 au 3u* 
i + u* — i 

S t r 3f K 3xJ 

3T' 
, - J L ^ + J-f+J-üü 

YM? 3X* 
Fr i Re 9X* 

3 

(A.13) 
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. • « ; l 
Str 

1Ü + u« 21! 
at' 3x! RePr 

3*k 

9T* 

3xk 

ï-1 
7 Str _ # k . 9t* 

. + 
(Y-DM2 . 

Re ij 
ï CA.14) 

where YM2 has been substituted for Eu. 

The equations show that the temperature and velocity fields will 

depend on Re, Pr, Fr, N, Str, y, on the dimensionless coordinates, and 

on the boundary conditions. 

It may be noted in passing that to each dimensionless number a 

physical meaning can be attached (Ref. 64). For instance, the Reynolds 

number is a measure for the ratio between inertial forces and viscous 

forces (Eq. (A.8)), the Mach number represents the ratio between fluid 

velocity and sound speed, the Prandtl number the ratio between momentum 

diffusivity and thermal diffusivity, and the Froude number the ratio 

between inertial forces and external volume forces. Different inter

pretations are possible. 

By making a suitable choice for the characteristic quantities 

the reduced quantities can often be made of the order of 1. This makes 

it possible to estimate the relative importance of the individual terms 

of the differential equations and to draw various conclusions. Thus, 

e.g., we ma;, infer from Eqs. (A.12), (A.13), and (A.14) that the motion 

of a fluid may be considered as quasi-stationary if Str >> 1. Kinetic 

gas theory, with the use of the Eucken formula , yields Pr = 47/(9Y-5). 

Thus, the relative magnitudes of K and p are such that the Prandtl 

number is of the order of 1. The effects of viscosity in Eq. (A.13) 

and that of heat conduction in Eq. (A.14) are thus found to be of 

equal importance, that is, when one effect is taken into account, the 

other should also be included in the analysis. 

Let us return to the subject of heat transfer and let a(x) be 

the local heat transfer coefficient, defined by 

q(x) = a(x)(T - T ) . w g (A.15) 

As also 

q(x) = - K 
hn 
9T 
T-I applies, we have n=0 

a = - T -T 
w g 

9T 
n̂ 

(A.165 
n=0 
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Introduction of characteristic quantities, like in the foregoing, re

sults in 

O K 

O W l^n*J„»=n lATl L3n L*=.n n #=0 ("*> (W" 'n"=-0 

The dimensionless group axQ/*0> tn« ratio between the total heat trans

fer and the conductive heat transfer is known as the Nusselt number, 
AT Nu. This number, introduced by Eq. (2.4), is now seen to depend on — 
q 

and on the quantities mentioned after Eq. {A.14). In heat transfer 

Fr, which is a measure for the external volume forces, usually does 

not appear explicitly in the equations. Temperature differences in a 

fluid cause density differences. Characteristic forces of the order of 

Apg = gBAT may be generated, where B denotes the thermal expansion co

efficient, and AT the temperature difference between the wall and the 

fluid. In that case, Fr = eou£/xog&p = u£/xQgBAT, or Fr = Re
2/Gr, 

where Gr * x3p2g(3AT/ij2 is a characteristic (Grashof) number emerging 

from analytical considerations on free convection heat transfer. 

Integration of -- -:.".v>eat flux and averaging over the surface give 

a mean a and Nu. For a '._,* r*s;i geometrical configuration, and given phys

ical boundary conditions, we arrive at: 

Nu = Uu |Re, Pr, M, Gr, |^ , Str, Y 
g 

(A.18) 

To obtain the actual relation the flow problem has to be solved in de

tail. In those cases where the relationship has to be procured by cor

relation of empirical facts, the insight in the structure is acquired 

from analytically solved problems. 

For steady flows Str is not relevant. The temperature number 

AT/T can be left out when relatively small temperature differences 

occur in fluids without a strong temperature dependence of the physical 

properties. If M << 1, a fluid can be considered as incompressible and 

M will not play a significant role. For free convection flows Re is 

not important since no representative velocity exists. In that case, 

if also the just mentioned conditions are satisfied, Nu only depends 

on Pr and Gr . For forced convection flows the impressed forces are 

so large compared with buoyancy forces that the latter are negligible. 

Then the heat transfer is dominated by Pr and Re, thus Nu = Nu(Re,Pr), 

Such relations were applied for the hot-wire anemometer (Section 2.3.1.1). 

The above applies to laminar flow, while the wall was supposed 

to be smooth. When dealing with turbulent flow (see Section A.2), rough 
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surfaces or other circumstances not included in the model, additional 

dimensionless criteria may be required. 

This part will be concluded with some empirical relations for 

cylinders in forced cross-flow. For the same conditions, various rela

tions can be found in the literature. Most of the expressions listed 

are valid for air and for the range of Re-numbers important for hot

wire anemometry. Re bears on the diameter of the cylinder and on the 

velocity of the forced flow. Viscosity and heat conductivity are to be 

taken at the film temperature Tf = M T +• T ), where T is the mean 

cylinder temperature, and T is the mean ambient temperature. The rela

tions apply to the Nusselt number averaged over the cylinder. The 

local heat transfer coefficient, however, depends on the angular posi

tion and on Re. For Re < 600, it shows a maximum at the stagnation 

point and the major part of the heat is transferred at the front side 

of the cylinder. At high Re (Re > 40,000) the transfer at the rear side 

equals or exceeds the contribution of the front side. This is due to a 

change of the flow pattern around the cylinder, and is expressed in the 

form of the correlation. 

Nu = 0 . 3 2 + 0 . 4 3 R e 0 , 5 2 0 . K R e < l , 0 0 0 (Ref. 67) 

Nu = 0 . 4 2 P r ° ' z + 0 . 5 7 P r 0 , 3 3 R e 0 ' 5 0 ^Re^lO1* Pr>0 . 7 ( R e f . 39) 

Nu = 0 . 4 3 + 0 . 4 8 R e 0 , 5 l < R e < 4 , 0 0 0 (Ref. 43) 

Nu = 0 . 3 5 + 0 . 5 R e 0 , 5 + 0 . 0 0 1 Re 0 .01<Re<5- lO' J (Ref. 40) 

Nu • ( 0 . 2 4 + 0 . 5 6 Re 0 '" s ) (T f /T ) c ' 1 7 0.02<Re<44 (Ref. 4 2 ) 

NU = 0 . 8 9 1 R e 0 ' " 0 l<Re<4 (Pef . 68) 

Nu s 0 . 8 2 1 Re°'"'< 4<Re<40 (Ref . 68) 

Nu — 0 . 0 2 3 9 R e 0 * 8 0 5 4 0 , 0 0 0 < R e < 4 0 0 , 0 0 0 (Ref . 68) 

The Nu-values calculated from the various relations for the 

same Re-numbers may differ a few per cent. 
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A. 2 TURBULENT FLOW 

Laminar flows are characterized by a smoothness of the stream

line pattern. The fluid moves in well-ordered layers» while nonentun, 

heat,and mass are transferred by molecular processes as described by 

viscosity, conduction, and diffusion. Generally, however, flows are 

turbulent. Such flows are characterized by stochastic fluctuations of 

the flow variables. Hinze defines: "Turbulent fluid motion is an 

irregular condition of flow in which the various quantities show a 

random variation with time and space coordinates, so that statistical

ly distinct average values can be discerned". 

The momentary value of a flow variable can be separated into a 

mean value and a fluctuating component. The latter is not necessarily 

relatively small, its mean value is zero. Thus, for the velocity in a 

flow field with a time-mean component in the x,-direction only, we 

have 

ui(x,t) - ü1(x,t)«11 + u'tx.t) , {A.19) 

where the overbar and the prime denote the time-average and the fluc

tuating value respectively. The time average can be defined as 

u.(x,t) - r*- I u. (x,t+t')df , (A.20) 
l - t j l — 

1 0 

where t is large compared with the time-scale of the turbulence, and 

small compared with slow variation.-, not belonging to the turbulent 

motion. An apparently steady state of turbulent flow is steady in so 

far as the time-mean values of the various variables are concerned. 

The irregular motion, superimposed on the mean flow, may be regarded 

as the superposition of turbulent eddies of different sizes, the size 

being of the order of magnitude over which the velocity varies appre-
37) 

ciably . The largest eddies are mainly determined by the size of the 

flow apparatus, whereas the lower size limit is determined by viscosi

ty effects and decreases with increasing velocity of the mean flow. 

For velocities of the order of 100 ms-1, the smalles . space scale is 

about 1 mm. Typical values of turbulence frequencies range from 1 to 

lO1* Hz. Characteristic values can be obtained by dividing a character

istic velocity by a characteristic length. Fluctuations of 5 to 10% 

around the average velocity are typical. The turbulent fluctuations 

cause an intense mixing of the fluid. As a result, momentum, heat, 

and mass are transferred across the flow at rates highly enhanced 
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as coopered with the transports determined by the molecular transport 

coefficients. 

To show how ssvall fluctuations can produce large changes in 

flow properties, we apply the procedure by which equations for 

the average values of turbulent flows are obtained. For that purpose 

the instantaneous values of the flow variables (ui * ü, • u£ with 

i * 1, 2, 3, p - p + p ' . p - p + p ' . T ^ f + T ' ) are substituted into 

the fluid equations, which hold at any instant. Carrying out the aver

aging procedure as given in Eq. (A.20) yields the equations for the 

mean values if use is made of the relations ¥i"/3s * da/3s and 

SaVds * i*r/is, where a - a + a* is a flow variable and s » x± or 

s • t (Ref. 69). 

The continuity equation for the mean value 

as compared with Eq. (A.l) , additionally contains a correlation be

tween density and velocity fluctuations. Por incompressible flow 

dïï./ax̂  * 0. 

The Navier-Stokes equations after the averaging procedure can 

be written as 

T? + n- Yi] - - &±
+ £;[»*% -p ^ 1 • ,A-22) 

Again, except for the presence of second-order mean products of fluctuat

ing velocity components, - p uTuT , they have the same form as the 

equations for laminar flow. The effect of the extra terms is equivalent 

to the presence of additional stresses. These apparent stresses, caused 

by the momentum flux due to turbulent fluctuations, are called the 

Reynolds stresses. The component - p uTuT can be interpreted as trans

port of momentum in the x.-direction through a surface normal to the 

x.-axis. The Reynolds stresses are not a fluid property but depend on 

the flow itself. The crucial problem is to obtain useful relations for 

the turbulent stresses. 

Relations connecting the turbulent stresses to the mean-veloci

ty field are, among others, due to Prandtl who, on the analogy of the 

molecular mean free paths in kinetic gas theory, introduced the concept 

of f he mixing length, I (Refs. 37,47,51). The mixing length is a char

acteristic distance over which macroscopic lumps of fluid travel before 

they lose the identity of the original fluid parameters. The length 

scales may depend on the direction. For a plane flow in the x.-direction 
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du 
Prandtl assumed that u! • I Jx"~' *ndr moreover, that tl» orders of 

Magnitude of u! and uj arc the same. Th* virtual stresses ar* than of 

th« ordar of pi^dü^/dx^2 C T ^ - pi7 Uü^/ax^l»^/»».. to b* adapted 

for places where au./»», is zero). In case t - constant, the turbulent 

stresses, in keeping with relevant experiences, approximately vary 

with the square of the s*an velocity. Using typical flow parameters, 

it can be estimated that the magnitudes of the Reynolds stresses can 

be much larger than the magnitudes of the molecular uOu./Sx.) terms. 

To explain mean-velocity distributions, satisfactory assumptionr 

about the mixing length remain to be made. Such assumptions exist for 

pipe flow, boundary layers, jets, and wakes. Nhen such are not avail

able, like for flows in ducts of complicated cross-section, the cor

relations p u'u! have to be determined experimentally. When even this 

is not possible, one must be satisfied with the observed velocity 

fields. 

From the energy equations it can analogously be obtained that 

the turbulent motion causes an additional neat transport. Putting 

T • T + T', the extra turbulent heat flux density in the x.-direction 

ii q! » c u!T'. Here likewise, the turbulent transport generally ex-
P * 471 

ceeds the molecular heat transfer '. 
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A P P E N D I X B 

CALCULATION OF THE CONDUCTIVITY OF A NITROGEN PLASMA 

The conductivity of a nitrogen plasma in thermodynamic equili

brium is calculated as a function of the temperature. The calculations 

are made for temperatures up to 15000 K, for the pressures 25, 50, 100, 

200, and 400 Torr (1 Torr * 133.3 N m " 2 ) . The results are applied in 

Section 3.3.3. 

The electric conductivity, o, of an arc plasma is essentially 
.59,70). due to the electrons and is given by' 

e2n 
6 * (B.l) 

/55TKT7? I nkQek 

where e is the elementary charge, n is the electron density, m is 

the electron mass, k is Boltzmann's constant, and T is the temperature. 

The electrons move in a gas consisting of different species with 

density n. ; each species has an effective cross section Q . for colli

sions with electrons. Sometimes a coefficient of uncertainty, ranging 

from about 0.75 to 1.38, is introduced in Eq. (B.l) {Ref. 70). 

Since o depends on the plasma composition (Eq. (B.l)), the par

ticle densities of the components have to be determined. When, like in 

references 71, 72, 73,the species N2, N*, N, N
+, N2+, N3+, and e 

(electrons) are taken into account, which is ample for temperatures up 

to 30,000 K, then the composition of the plasma is described by the 

equations (B.2) through (B-9), These are: 

' The equation of state 

p - ntkT , (B.2) 

where p represents the pressure, and n the sum of the densities 

of the components: 

n = n + n + n + n + n ~ + n , + n . (B.3) 
N2 N* N N N NJ 
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- The assumption of charge neutrality 

n + * Ï in i+ • 
N* i-1 H1 

(B.4) 

where i refers to the degree of ionization of the atoms (1 denotes a 

singly-ionized atom, etc.). 

- The rate equations for the reactions Hj t 2N (9.764 eV), H2 Z Hj • e 
(15.60 eV), N J N* + e(14.S4 eV>, M* * H2+ + e (29.605 eV),and H2* t H3+ 

+ e(47.426 ev): 

a, H 2
 W 2 

'V2 X « . x o - E d 

h> I \*xp ** 

•v ( B . 5 ) 

n.n + 
• »2 S (T) 

N2 

f2in» kT 
e 

h2 

% v 2 
5— exp s ( B . 6 ) 

nen 
Sx (T) (B.7) 

n e n 2+ 

N 

* S 2 (T) (B.8) 

-TT- ' s3 <T) • 
N 2+ 

( B . 9 ) 

Sana's equations S,(T) have the form 

nine S (T) « -±-Z = 2 
1 ni-l 

2*m_kT 1 
I h * J 

Zi Ei 

^ exp - kè • 
(B.10) 

(i - 1, 2, or 3) 

E, and E . denote the dissociation and ionization energy of the N -d N* 2 
molecule, respectively; E. is the ionization energy of the atom or ion 

considered. In the above, the values in question are noted in paren

theses for each reaction. Further, h is Planck's constant and Z is the 

partition functions 

Z - I gn exp - En/kT , (B.ll) 
n 

which is the sum over all permissible internal energy states, c ; 

g is the statistical weight. 

92 



Equations (B-2) through (B.9) can be combined into a single 

equation in terms of n (Ref. 71): 

2 + 

< 

• A(B+1) y v2 
* * \ 

3 i 
with A » [ i n 

i«l r-1 n 
, and B - I (i+1) n 

i»l r»l 

0. 

(B.12) 

(B.13) 

Once the value of n is known, the number densities of the heavy par

ticles can be determined. 

Equations (B.5) through (B.9) show that the composition is de

fined in terms of the partition functions of the species involved. The 

functions were calculated in Refs. 71 and 72, where for atoms and 

atomic ions use has been made of data of observed electronic energy 
74) 

levels , supplemented by levels of state» which are predicted but 

not spectroscopically observed. The difficulty in evaluating the par

tition functions is the absence cf an upper bound in the series of 

Eq. (B.ll) for an unperturbed particle. The series, self-limiting for 

low temperatures, diverges for high temperatures. In Refs. 71 through 

73 the series were terminated by the application of a cut-off crite

rion. The partition functions were computed taking only into account 

the energy levels of states of which the classical major semi-axis is 

less than, or equal to, the Debye shielding distance. Consequently, 

the cut-off criterion depends on the temperature and on the composi

tion. Because of this interdependence between the partition functions 

and the number densities, the equations were solved by iteration. The 

associated lowering of the ionization potential was also included in 

the calculations. 

In different temperature intervals different species proved to 

be of importance. For our case, we calculated the plasma composition 

by splitting up the temperature range and using a simplified set of 

equations. The values of Z and of Z + were taken from Ref. 73, the 

2 ^2 
values of Z,. for temperatures above 127000 K from Ref. 71. The remain
ing partition functions were calculated using the energy levels given 
in Ref. 74. As an illustration, the composition at p = 100 Torr is 
shown in Fig. B.l; in Fig. B.2 the composition at 25 and 400 Torr, 
respectively, is displayed. For temp^istures up to 15,000 K, only the 
species Nj, N,, N, N , and e are of importance (Figs. B.1,2). 
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T (10JK) 

Fig. B.l. The composition of a nitrogen 
plasma as a function of the 
temperature at p * 100 Torr. 

Fig. B.2. The composition of a nitrogen 
plasma as a function of the 
temperature at 25 Torr ( ) 
and at 400 Torr ( ). 

Apart from the various particle densities, the values of the 

collision cross sections Q . are required for the calculation of a. 

For the particle energies of interest, no accurate data are available 

for the cross sections of the neutrals, the effect of which is pre

dominant at lower temperatures. Because of the insufficient knowledge 

of the cross sections a constant value, independent of the tempera

ture, was used. In the literature values for Q „ are mentioned rang-
® 2 

ing from 6.5 to 10*10"20 m2; for Q M values between 5 and 20xlO"
20 

eN m' 
Also for Qei» where i refers to ions, different expressions are found. 

The conductivities presented in Fig. B.3 are obtained using the 

values (> „ = 8.5xl(T20 m2 and Q „ * 10*1CTZD m2 . ew2 eN 
the expression 

Q . - 2 . 7 1 X 1 0 " 1 0 T _ ? l n < 1 . 2 3 8 * 1 0 7 T^2 n"1/z 

GI e 

For Q and Q 
eN eN* 

) mi 

has been used, which can be derived using Spitzer's formula for the 
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conductivity. The cross sections and the particle densities were sub

stituted in Bq. (B.l) using the factor 0.532 instead of the factor 

(K/8)'. In Pig. B-4 the effect of varying the values of the cross 

sections, within the cited range, is shown. 

T(IO'R) 

Fig. B.3. The electric conductivity of a nitrogen plai 
temperature at different pressure*. 

as a function of the 
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Fig. B.4. The e l e c t r i c conductivity of a nitrogen plasma as a function 
of the temperature for various values of the cross sect ions 
(p • 100 Torr). 

U> Q„ -8 .5X10" 2 0 m2, Q -10*10- 2 ° m2, Q . - 2.71xio"10T"2*n(l .238*107T^n" &) m2 

eK~ en e i e 

(compare Fig. B.3a,b), 

(2) Q^, - 6 . 5 * 1 0 - 2 0 ro2, Q^ - 5 x l 0 - 2 0 m2, B e i - 2.71xlO-1 0T_ I£nU .238><107T^n" **) m2 
"eNi "eN 

1 1 

O ) 0_„ - 10xl0-2c in2, Q -20tl0_2° m2, Q . <* 2.7lxlo-10T-2lnU.23'»<107T/2n- ^) in2 

The dashed curve is obtained using Gvosdover's expression ' 

C . - 2.43xlO~,0T_2An(O.9xlO5Tn"/3) m2 instead of Spitzer's. 
ei e 
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G L O S S A R Y 

Frequently used symbols 

A coefficient of hot-wire characteristic 

area of a cross-section of the wind tunnel or of a flow tube 

furction defined by Bq. (B-13) 

A. area of the throat of a flow tube 

A' coefficient of hot-wire characteristic 

a width of entrance slit 

a. released area at the inlet of the wind tunnel per mm of dis

placement of the cone 

B coefficient of hot-wire characteristic 

Magnetic field strength 

function defined by Eq. (8-13) 

B*,B* coefficient of hot-wire characteristic 

b temperature coefficient of electric resistance 

c velocity of sound 

c specific heat at constant pressure 

c specific heat at constant volume 

d diameter of hot-wire sensor 

displacement of the cone of the wind tunnel 

d arc diameter 
a 

E output voltage of anemometer device 

electric field strength 

EA dissociation or ionization energy of species i 

EQ output of anemometer device extrapolated to zero velocity 

Eu fcuier number 

e turbulent fluctuation of voltage 

unit electric charge 

energy per unit of mass 

Fr Froude number 

f correction factor for the finite thickness of the outlet valve 

f;fA external body force per unit of volume; component in i-direction 

Gr Grashof number 

g acceleration due to gravity 

gn statistical weight 

h enthalpy per unit of mass 

Planck's constant 

I heating current for hot wire 

arc current 

103 



i turbulent component of hot-wire heating current 

i current towards the well 

j?5 current density; mean current density 

k Boltzmann's constant 

1 length of hot-wire sensor 

length of arc 

stixing length 

tc cold length, defined by Eq. (2.18) 

M Nach number 

• exponent for the decay of U 

•ass 

Mu Musselt number 

n exponent (hot-wire characteristic; currents towards the wall) 

normal to a surface 

number density 

P. power density of the brestsstrahlung 

Pr Prandtl number 

p pressure 

0 energy production per unit of volume 

0 . effective cros* section of species k for collisions with 

electrons 

q heat flux density 

<q> total amount of heat transferred 

g heat-flux-density vector 

R resistance of hot-wire sensor 

main radius of the torus 

R* resistance of hot-wire sensor per unit length 

specific gas constant 

R resistance in bridge circuit of the anemometer device 

R resistance of a hot wire without conduction to the supports 

R operating resistance of hot-wire sensor 

Re Reynolds number 

Re Reynolds number with respect to i, pU.a/v 

Re Reynolds number with respect to x, pU.x/y 

r minor radius of the torus 

S area 

Str Strouhal number 

S.S. ,S,slits for gas inlet and gas exhaust in Cogion 

SJ Sana's equation or mass action equation for reaction i 

s sensitivity of hot wire 

entropy per unit of mass 

T temperature 
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T~ film temperature 

T gas temperature 

T wire temperature; wall temperature 

T temperature of a wire without heat conduction to the supports 

t " time 

tj averaging time for obtaining mean values in turbulent flow 

t' integration variable 

U velocity 

U. velocity at the entrance slit 

U maximum velocity occurring in a cross-section of a wall jet 

U_ velocity of external stream (defined as the poloidal velocity 

at distance y » 10 61) 

u turbulent component of velocity 

u. velocity in i-direction 

u! turbulent velocity component in i-direction 

V valve 

arc voltage 

V through V. valves 

x distance from entrance slit measured along the wall 

variable; coordinate 

x position vector 

x value of x where the maximum velocity begins to decay 

characteristic length 

y distance perpendicular to the wall 

Z atomic number 

partition function 

z height above a horizontal reference plane 

a coefficient of heat transfer 

3 thermal expansion coefficient 

y ratio between ion temperature and electron temperature 

ratio of specific heats 

A difference 

6. value of y where U « U 
l m i 

Ó, value of y farthest from the wall where u » ±(u + u ) * i m " 
6,. Kronecker delta 

c energy of an internal energy state 

K thermal conductivity 

A mean free path of electron 

A thermal conductivity of gas 

A thermal conductivity of wire material 

v viscosity 

p mass density 
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electric conductivity; mean electric conductivity 

confinement time 

degree of turbulence 

component of viscous-stress tensor 

angular position of outlet valve 

nabl* operator 

Frequently used subscripts 

c calibration tube 

e electron 

f at film temperature 

g at gas temperature; of gas 

i ion; species N 

entrance of wind tunnel 

i,j,k component in i-, j-, k-direction 

N~ species IT 

v valve 

w at wire temperature; at wall temperature 

0 at reference temperature 

stagnation value; reservoir value 

characteristic value for f lot» problem 

1 at exit of nozzle 

before shock 

2 behind shock 

3 at exit of nozzle 

ol apparent reservoir condition 

Supersoipts 

* sonic condition; with respect to critical sound speed 

dimcnsionless quantity 

time-mean value of a turbulent quantity 

' fluctuating component of a turbulent quantity 
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