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Corrigenda
- p.3 Last line: insert tat o read: "Although a high ponversioﬁ cevendtt
p. 5 et seq. Re-write as detailed on attaéhed sheets
Dp. 9 2nd para: replace by:
"The problem of one-dimensional energy addition was also treated.in a slightly.
different form by Nonweiler!t, and the same broad conclusions were reached."
Sec. 2.3 Under fig: "Let the femperature at the emitter be To, ......."
P18 4th line: After egn. 2.2 Insert "DI¥ is the emitter field,"
p.18 4th iine: "T/a, -t should read (Tf/m) -t .
7.20 End of' 2nd para last sentenée should read: "es.... total surface area
(including the end suffaces) of an axial field heater ....."
p.23 4th.line from bbttom: insert "the" to read "Aslthe applied voltage veeee.
Last line: '"Photos" showld read "Photons"
P.24 9th line from bottom: I"With further ..,.."
p.33 4th line: '"vitrogen" should read "nitrogen"
2nd pera. 2ad word: "text" should read "next"
P34 4th line: ‘“genMrally" should read "generally"
P.35 4th line from bottom: '"prints" should raad "points"
D.38 2nd para. 3rd line: insert "inversely" to read " cees inversely proportional....
P«39. Last para: Replace 1st 8 lines by attached text.
p.44 4th para 1st line should read: "Hethods §f controlling heat losses have been
suggested, but wany more fundsmental experiments on the properties of the corona
lééscharge at high temperature and pressure would be ﬁéede& before a reliable
‘breakdown condition could be given."
Ath line: exraszse "corona" to read " .... on the discharge ...."

P.A0 Addenda: section 6.1.6 as on attached sheet.

p.61 20d para. last sentence "suffices" should read "suffixes"



Continuation of

Corrigenda

.49 2nd line:

P.50

P52

.54
P.T4

" 4th line:

6th

line:

Replace "1.3" by "1.5", "1.4" by "1.6"
Replace "1.3" by "1.5"

Replace "1.4" by "1.6"

2nd last line of text: Replace "1.17" by "1.18"

Last equation: Replace "1.17" by "1.18"

T1at
2nd
3rd
4th
Tth
8th
8th
9th
2nd
4th
3rd
* 3rd
1st
6th

2nd

line:
line:
line:
iine:
iine:
line:
line:

line:

Replace "1.15, 1.16, 1.18, 1.19" by "1:16, 1.17,
Replace "1,17" by‘"1.18”

Replace "1,20" by "f.21”

Replace "1,12" by "1.10"

Replace "1.9" by "1.12", "1.14" by "1.15"
Replaée "gy/E" py "-qv/E

Replace‘"1.11” by "1.3"

Replace "1.8" by "1.12", "1.14" by ™ .15"

last line of text: Replace "1.13" by "1.14"

line:

Replace "1.10, 1.2" by "1.13, 1.3"

lagt line of text: Replace "1,10" by "1.13"

and 4th lines: Erase "(c.f. equation 1.7)"

equation: Rewrite as ! g(fé-) = (J%«Qo ,“

line:

Lrase "and e is the electron charge"

and 3rd equations: Erase "e" in both.

1.19, 1.20"
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Corrigenda_ to Notation , e

Add: h = specific enthalpy - .. :
Add: H = total enthalpy
Add: J = current density vector relative to neultral gas

A

charge density

i

$

n 1\
"Erage [ = Defined by equation 1.24 (Secétion refwritten).

P.39 section 6.1.4: 2nd para should read as follows:

Mleither of these two wniformity requirements is likely to be closely met in

practice, firstly because the energy_distribuiion from the discharge.is not
uniform, being much greater near the wiie, and secondly because of axisl wvelocity
gradients, both in the tube boundary layer and as a consequence of convective
ourreﬁts set up by the density gradients. These effects will be offset, however,
by hixing caused firstly by turbulence in the tube (the Reynolds Number for the
present experiments was about 2000; for the design operating condition it would
be‘30,000—40,000), and secondly by forced convection by virtue ...."

p.A0: Addendum

6.1.6 Interaction of electric and velocity fields

It was‘assuned (section 2,4.1) that no interaction occurred between the electric
and velocity fields, While thé discharge could have a substential effect on the
gas velocity distribution (see section 6.1.4), the reverse effect should be small,
since the ion velocities (of the order of 200 ln/sec) are much higher than the gas,
velocity (1 In/séc) and its perturbétions.

p.45: addendum: at bottom (Erase present last sentence)

.The joint paper (ref 1), which is submittéd in support of the thesis, was written

RN

by the candidate, with modifications suggested by Professor ﬁonweiler and Dr Foord.
Sections 2.2.1 to 2.2.4 of the theory were the combined work of the candidate and
Professor Nonweiler; the remainder was entirely the work of the candidate. The

experiments were conducted and the results analysed by the candidate.



2. THEORY

2.1 Introduction

In the following sections the energy addition to a mﬁving gas by gaseous ions
moving in an electric field is examined. It is assumed throughout that there
are no energy losses, and th;a ef.‘fect;s oi: viscosity, and thermal and electrical
conductivity are ignored; in particular the perfect gas law is assumed to apply.
Direct voltage is assumed in sections 2.2 to 2.45, and 2.5, and the effects of

- alternating voltage are deal’s'w)ith in sections 2.4.6 and 2.4,7. Steady state

conditions only ere treated; other assumptions are introduced where applicable,

2.2 Generél quasi-one dimensional theory

Consider a gas stream which is contained within an insulating duct of varizble .
crogss-sectional area A. A fraction & of the gas molecules 1s assumed Vo have a
net electric_charge, and a system of electrodes is arranged to give field lines
which are everywhere coincident with streamlines, The besic equations

describing the flow are, with the usual notation,

. State  p = pRI.
cEnereVtion of mass = I = constant,
Energy dh db = j.E ,
01 de 1 de -

where  is the specific enthalpy, 1 is the axial length, J is the current density

vector with respect to the neutral gas, and E is the electric field vector.

it

Momertum eia_l% + %% . S)E. 3

where g is the charge density and © is the axial component of the field vector.

“Poisson's Equation

VJ_E__: YQ"
&
where € is the gas pexmittivity.
- :



Mobility Equation v = kE i

—

where \v is the drift velocity of ions with respect to the neutral gas, and k is
the ion mobility.

Conservation of charge

V.j—:.o .

ield strength

E =-VV .

where V is the voitage.
The mass flux density eiis“given by

€= 0:Vi + Ve
where (D :()i +(Jn_ and the V‘s are mean velocities, subscripts 2 and n referring.
to ion and neutral .gas respectively. Thus u)the ion mass fraction, is given by

| = eife
4A parameter j is mow introduced, defined by the ion mass flowrate divided by total

mass flow rate. Thus

i= ev/eq
L = oc(\+v/ci),

where V =Vi~q = ion drift velocity with respect ‘toLneutral' gas. The equations
are now put into dimensionless forms for convenience of analysis, and restriction .

18 made to streamnwise derivatives.

By taking logarithmic differentials, the equations of state and conservation of

“mass become, respectively

dh — de _ dT — o, 1.1
PooC T

i
0O

and, .‘il_q,+2(_e+i&
9 ¢ A

1.2
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Since B = — dV{dé 3

and, for a perfect gas,

dh = Cp 4T |

the energy equation may be written
. : .
d(5q?) + dT = — jQedV
CkT T CpT

where QO is the charge to mass ratio of an ion.

b

The momentum equation becomes

o_l£+)mo( = — dV
- _@__,_

h = 2
M g (G
and O(E)Qa ::.9
An entropy equation may be gilven as
- ds - — ¥l dp .
B (LFTT T ¥ P
Polgson's equation becomes, by considering a tube of force

dEA) = dE 4+ oA = — Q. AV |

EA E A e E?
The mobility equation is

E

= ki |,

.

wamf‘b
It is frequentlj assumed (see section 6.1.2) thqt nmobility is Immensel] U&

proportional to gas density, so egquation 1.11 may be written .

kE_Q_

where P is a comstant mobility referred to a standard density eb.

For conservation of charge

-fgéqAQb =1 =Z9A(v + q) = constant

where‘i is the total current.

For convenience of expression put

af = — &, dV = specific power increment
CpT

1.3

1.4

1.5

1.6

1.7

1.9

1.10

1.11

1.12

1.13

1.14
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and w =V = _é_ — l ' e 1.15

e

The above equation eeesses... (continue existing text).

- T )
[ - -

- Replace p.8 para 2 to last para with following text.
The two possibilities to be investigated forLgdhievament of a substantial
stagnation enthalpy gain involve‘operation at eithexr high or low Mach Nunber.
To'givé some impression of the limiting‘factors ipvolved with high Mach Humber
oper;tion, equation 1.21 is integrated for the simplified case in which the
initial Mach Number is 5, the upstream (reservoir) stagnation pressure is
100 étmospheres (giving an initial density of about 1 atmosphere) and in which
the product Mzcyis constant throughout the heating section.
Then since the wvalue of the parameter k02 F%/é is about 500 for air ions in air,

the following equation is obtained:

WP = (wE-u?) = so(H-d)
H,

where H is total enthelpy and suffix 1 denotes conditions at the beginning of the

heating section.
Now the simplest breakdovn condition that can be applied is that E/e has an upper:
limit; ‘for air ions in air this méans that the drift velocity v has a maximum
4 ~value of‘aboﬁt 200 ny/sec. Thus with the working wvelocity of about 700 m/sec
it is seen that u has an upper limit of 0.3, and the possible total enthalpy rise

is very small; similar conclusions would be reached whatever simplifying assumptions

were made,



; Thus it is clear that any significant gain in enthalpy must be achieved with a

large value of u, and a consequeatly very small Mach Number.
i

With the above restriction on Mach Number seesesses (contiﬁue with existing text).

i
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NOTATION

Cross sectional area or constant

Dimensionless variable defined by equations
252, %415, 3.18

Specific heat at constant presgsure
Exp(Bo)

Electric field strength

current

Integral defined by equation 2,7
ion mass flow rate/gas mass flow rate
Ion mobility

axial coordinate

Total length of heater

mass flow rate of gas through heagter
Mach Numbexr

operating pressure in atmospheres
gas pressure

Rl/r0 = c¢ylinder ratio

Powexr

velocity of gas

Charge to mass ratio of ion
radial coordinate

radius of central electrode

Radius of heater

specific entropy

T/To or time

Gas temperature
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dimensionless parameter defined by equation 1.15
mean velocity of ions relative to gas

Voltage ‘

Specific power increment defined by equation 1.13%
axial coordinate (section 4)

Dimensionless variable defined by equation 3.6

Ion mass fréction or 1st ionisation coefficient (section 4)
2nd ionisation coefficient (section 4)

Ratio specific heats or 2nd ionisation coefficient (section 4)
Defined by equation 1,24

Gag permitiivity

Coefficient of performance (defined by equation 3,11)
Photon fraction defined fully in section 4

Mean free path of gas

Photon absorption coefficient of gas

Gas density

Time constant (section 4)

Constant of integration (equatioﬁ 3.5)

Parameter defined preceding egquation 3,5

Frequency of alternating voltage

Various suffices and primes are introduced and defined where appropriate.



1., Introduction

The heating of the working gas of a hypersonic intermittent wind
tunnel is normally achieved by the process of convection from a hot medium
to the gas., In some cases the medium is solid (for example in a pebble
bed heater); in others it is gaseous, as is effectively the case with
an arc heater, All such methods suffer from the same inherent limitations
of convection processes, but each has its own particular problems. A
pebble bed heater, for example, is limited in run time by its finite
thermal capacity, while arc heaters suffer from poor energy conversion
efficiency, and are liable 1o problems with electrode erosion and arc

control.

It is the object of this thesis to describe an investigation
into the possibility of heating gases by means of a "dark" electric
discharge, whereby the heatinglgarried out by gaseous ionsg liberated at
one electrode and accelerated through the gas in an electric field to be
neutrallised at a second electrode. Energy is thus transferred from the
ions to the gas by collisiony if the electrodes are suitably arranged l
there is also a net body force which could be used to pressurise the gas,
Since heating tekes place in the body of the gas a high conversion
efficiency is to be expected. A stable current-voltage characteristic

is expected, and electrode erosion should be negligible.

Two basic electrode geometrics are considered: an 'axial field!
system, in which electric and aerodynamic flux lines ideelly coincide, and
body forces are taken into account; and a "radial field" arrangement, in
which electric field lines are normal to tﬁe streamlines, body forcesg
being ignored, The only ion source investigated is the corona discharge,
whereby a state of partial electrical breakdown exists near the surface of
a sharply curved electrode in a highly divergent field. This source was
used primarily because it was the simplest, needing no ancillary eguipment.
Other possible socurces are a spark, photoelectric emission and thermonic

emiggion, the latter two of course yielding only negative charge carriers.

In ref.(l) a simple comparison was made between the two above
geometries, and a simplified theory was given for the performance of a
practical radial field heater., A fuller assessment is now made in chapter 2.

In sections 2 and 3 of chapter 2 a general one~dimensional analysis is made,




from which it is concluded that low Mach-number operation ig the most
suitable for an axial field heater;i?gnalysis is then extended on thig
assumption,. Section 4 deals with the radial field heater: an equation
for the temperature gradient is derived, and the numerical method of general
solution is outlined; Tollowing thig an allowance ig made for an
alternating voltage supply; again some approximate solutions are derived
and the equations are set up for mmerical solutions. Finally, a
comparison is made between the two heater configurations, illustrated by
means of a numerical example, from which it is concluded that the radial

field heater has significant advantages.

The experimental work was divided into two distinct stages, the
first of which was conducted al atmospheric pressure and had the objects
of

1, Verification of the theoretical current/voltage characteristics

of axial and radial field heaters.

2e Determination of the efficiency of energy transfer,

The results of this series of tests were presented and discussed in Ref.(l).
In summary, the theoretical assumptions were found to be largely justified,
and conversion efficiency was high, although experimental errors prevented
the determination of an accurate figure. On the bagis of fhis work, and
by making additional assumptions concerning the variation of breskdown
field strength and ion mobility with gas density, an estimation was made
of the performance of & small radial field heater to provide a gas flow of

-—~about 10 gm/sec at 50000, working at a pressure of 15 atmospheres. The
second stage of the work, described here, had the primary object of
developing such a heater.

Other work related to the present investigation falls broadly
into three groups:

1. A great deal of basic research on corona dischaiges has been carried
out, principally by Loeb2 and his co~workers, who have explained
qualitatively most of the observed phenomena at pressures up to one
atmosphere, Much of the earlier work was performed with point-to-plane
geometries, but because field calculations are easier with cylindrical

3

symmetry, wire~to-cylinder configurations were used for subsequent work”,



LR

This work was, however, chiefly concerned with identifying the various
electronic mechanisms active in the discharge, and little attention was

4

given to the factors affecting spark breakdown. In 1956 Uhlig ' showed
that the corona structure had an important effect on breakdowns his
description of the form of corona required for high breakdown strength
corres pon%s to the "steady burst pulse" state described by Loeb..

Hermstein” suggested a method of producing this form artificially in
conditions which would otherwise preclude it, thereby indicating a possible

means of controlling breakdown,

2e Study of the interaction between electric and aerodynamic fields has
led to two developments: the electrostatic pump and the electrogasdynamic
generator., Robinson6 performed experiments on an electrostatic blower
in air at a range of pressures up to 8 atmospheres, with a point emitter
and wire mesh spherical segment as collector. A series arrangement of 5
stages was also tested. A semi-empirical theory was given to describe
the performance, and it was shown that gas blowers or pumps are limited
to a very low electro~kinetic energy conversion efficiency, This
efficiency is strongly dependent on the parameter k®p/e, which for air
ions in air is about 500, and limits the efficiency to sbout 1%. For
insulating llqulds, however, it is up to two orders of magnitude smaller,
which enables efficlencies of up to 30% to be obtaa.ned7 Stuetzer in a
more general analysis derives an upper limit of 67% based on a simple
model; the potential usefulness of the energy wasted as heat was not,
however, considered by either,

Electrogasdynamic power generation has been studied fairly
exten51vely in recent yearss, and ‘several approximate theories have been
developed. Gourdine and other39 give a thorough one~dimensional
thermodynamic analysis showing the optimum relationship between energy
exchanged by Joule heating and momentum change, using chcakins as a
limiting criterion, Their analysis is incomplete, however, in that it
takeg no accouni of space charge or gas breakdown, each of which also
imposes limitations on performance. Moreover experimental attention
appears to have been concentrated on the use of colloidal charge carriers,
the mobility of which is assumed negligible, Although high conversion




efficiency can be obtained by this means, it is evident by analogy with
one-dimensional energy addition (section 2.2) that the possible power

output is small,

3 Perhaps the most relevant area of related work is that of the
electrostatic precipitator, since the primary object is to maximise the
current for a given throughput of gas. Workers at the American Bureau
of Mines10 performed a number of experiments on models of concentric

cylindrical precipitators with dust-free air at high temperature and

pressure in order to obtain background informatlion for development purposes,

Alr was supplied preheated to the precipitators and current/voltage
measurements were made with various air temperatures up to BOOOC and
pressures up to 5 atmospheres, Unfortunately, no measurementsof the
change in temperature were made, and as a consequence of the limited
voltage available, breskdown data could not be obtained with positive
coronsa, However, it was shown that stable operation of positive corona
could be achieved in these conditions; negative corona became unstable at
the higher temperatures., Measurements of ion mobility were made and are
discussed in chapter 6,1.2.




2. Theory

2.1 Introduction

In the following sections the eﬁergy addition to a moving gas by

gaseous ions moving in an electric field is examined. It is assumed
throughout that there are no energy lossesg, and the effects of viscosity,
and thermal and electrical conductivity are ignored; the perfect gas law
is assumed to apply. Direct voltage is assumed until sections 2.2 to
2445 and 2,5, and the effects of alternating voltage are specifically
dealt with (section 2.4.6); other assumptions are introduced where
applicable.

2.2 General quasi-one dimensional theory

Congider a gas stream which is contained within an insulating
duct of variable cross-gsectional area A. A fraction o of the gas
molecules is assumed to have a net electric charge, and a system of
electrodes is arranged to give field lines which are everywhere coincident
vith streamlines. The equations describing the flow in steady state are,
with the usual notation:

State db — g(_@ dT = O 1.1
P T

Conservation of mass éﬁL 4*ggg + QQA = O 1.2
1 P A ,

where q is the velocity of the gas,

Energy OLﬁ:?L;ﬁ + £ = ——-\.]Q‘,G’V 1.3

CeT T (:k'T'
where j = lon mass flow rate/gas mass flow rate,
€), = charge to mass ratio of ion.
Thus _jGQ, = gpecific current

(Note that AV will take a negative sign when Q, is positive).

ATAY



Momen'aum dp +¥Mdg = — o_:ewioalv L4

where (038 ion mass fraction

M

It

b

cl/(cPT(x-l))'/’” 1.

local Mach number of gas

i

U

Entropy ds = AT — =1 o__ug 1.6
CpT T ¥ p
Poisson's equation
4‘_.(.5‘2‘) = ﬂ_@.&'ﬁé‘- 1.7
de €
vhere =~ = electric field strength

i

permittivity of gas

™ M

= gaxial distance along duct.

The electrical quantities are also liked by the following relationships:

Mobility equation v=FkE 1.8
whare V' = mean velocity of ions relative to bulk gas velocity
and k = don mobility.

I4 is normally assumed (see section 6.1.2) that mobility is invérsely

proportional to gas density, so equation (1.8) may be written

v = K E Le . 1.9
Y
where ko is a constant mobility "normalised" to a standard density f’o'

Conservation of charge

J("LAQ": 1 - 1.10

»

where 1

current,

and ecLA = m = mass flow rate A 1,10a

[



It follows directly from the definitions of ‘:}) ol and 7 that J and o4

can be linked by the equation

ol (VV+(Z) = \5<1 .
Finally, E = -——d\[/o{@

By the use of equation (1.12), € may be eliminated and Poisson's

equation may be put into a dimensionless form:

4(ER) = dE +dA - _ pQ.dV

-—-.—-..—-

EA  E A e BE*

For convenience of expression put

dW = “‘“J &, dy = gpecific power incremént,
G T
and w =V =) —|

1.11

1.12

L.13

1.14

1.15

ol
The above equations form aqéet cf simultaneous equations which can now be
solved for the reduced derivatives d_b/ \9 etc. The area change A A / A

and energy addition term W are chosen as control variables, after the

11

method of Shapiro and Hawthorne™ ™, and the Mach number M, and u, are used

as pa:rame‘ceré. Solutions for  dT/T and du/u are given in Appendix I, and

the results are summarised below.

d -:wdeM ~ L ] dA . ¥M
_P‘2 | =M I uﬂ(“(a’-‘W) e

*

dp = —dW. L ¥ ] 4+ dA M
s |—-M“[l aRvey! A I-M*

AT = dW._L_ {\ ....XM'?__L}__] +dA (¥ -1)M?
T |-

Ut |~ M

v

|

. L d ¥
dM™ = dW\ M[%XM{I it J dA ?—(' M?_M)

N

BT w+ |

du = dW. _g,_e_

(=)

B M"(b’»—-l)

1.16 ¢

.17

1.18

1.19

1,20

1.21



These equations are now in a form sultable for numerical
integration, once "starting" values of M, u and o/ have been specified,
and increments of power addition (dW) 'and area change (da/A) decided, In
order to establish these starting values it is necessary to consider the
requirements of the heater, which are that a large enthalpy rise of the
gas must be achieved in the minimum volume of duct, without a significant
pressure drop, without such an area change that the one~dimensional
treatment is invalidated, and within the restrictions imposed by the

condition of electrical breakdown of the gas.

The relationship between the parameters M and u, which control
the pressure change, ig dictated by equation 1.21, the modified form of
Poisson's equation. Now from equations 1.9, 1.,10a and 1.15, it is

easily shown that (see Appendix I)

?t__t_L .:-',_ CIE -+ CJ.A 1,22
w = A
so that egquation 1.2l relates the change in field strength to the energy

addition, The simplest spark breakdown condition that can be applied to
the gas is that the quantity E/ e has an upper limits +this requires that
d-E/E o O{P/ P be small (say of order d¥W at maximum). Expanded with the

aid of equation 1,21, this becomes, after re-arrangement

| ‘%— - 4-(,@ = dW(P ﬁ.‘_w(‘ ..%g’:l.:lﬂ»_, iA& '1-lM°' S

2 .
where M= K, Po - Lo ... - 1.24
€ e Wl M*(¥~1)
For a given duct, the value of the term \'-', M'z(l — -gz-f-i . a%)

is at maximum of order unity, so the multiplying factor of dW din
equation 1.23% depends entirely on the value of T, Since the wvalue of the

2 : . . . .
parameter ko ea / = is about 500 for air ions in air, inspection of 1l.24
reveals that the product MQ" 3 (:\ / f’o must be very much greater than unity,
or, for practical values of working pressure, Mz ;4_3 >> I « But

equation 1,16 shows that to avoid considersble pressure less, M K|

so that u >>> 1.

With the above restriction on Mach Number it is clear from
equations 1,16 to 1,18 that the effect of area change on the properties of

state is small; thus there appears to be little loss in generality in



e

confining consideration to constent area flow with its associated simplicity

of analysis. This case ig treated more fully in the following section.

The sbove i8 necessarily an incomplete discussion on one=-
dimensional energy addition; the subject was also treated in & slightly

different form by Nonweilerlz, and the same broad conclusions were reached.

2,3 Axial field heating at low Mach Number

Consider now the flow in a constant area duct with M << 1,

and wd) 1. Mus  db LdW , and T/ - ol(a/P = dwW
Emitter P Cottector
LLLLL L Ll L LLL e £

2 ¢] | e

Flow

ST T T 777
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Let the temperature at the emitter To’ be the same as smbient, and the
pressure-constant throughout—~ e n atmospheres,

“With the above simplifications equations 1.18 and 1.2]1 may he
combined to give

dT - E°dE.eAk, | 2.1
T nmChT,
which could be more easily obtained by working from simplified forms of
the Yasic equations 1.3, 1.7, 1,9, 1.10 and 1,12,

For optimum operation the maximum field strength [, at the
collector must correspond to the breakdown strength. Then integration
of 2.1 yields (see Appendix II):

%)30“ %):Bg.na(l—-(%é_)z) | o

where B(r = GSAJ;;EG’Q‘ 5 243
mCp iy n




and [E& a is the breakdown field strength at atmospheric conditions,
? i .

for an axial or one~dimensional field, Equation 2,2 thus provides a

relationship between mass flow rate, cross-sectional area and operating

pressure, for operation near gas breakdown.

The length " L of the heating section is obtained by consideration
of equations 1,12 and 1.18 together with 1,10 and 1,14:

T, w3
L = Vv A aL(‘éF?) cL(jﬂljz,) 2.4
nElo =T} e,t(z;rz“)'

where V = .applied voltage,
D = exp (B),
0’43
and B = ¢Ak,E
3mCpTon
The derivation of equation 2,4 is given in Appendix II,

2.4 Theory of the radial field heater

244.) Introduction

A radial field is produced by the maintenance of a potential
difference between concentric cylinders; +the imner cylinder can conveniently
be a wire, and if the votential difference is great enough the stress at
the surfacé of the wire is sufficient for corona formation, where upon a
radial current flowse A radial field heater thus consists of such an
arrangement with an sxdal flow of gas which becomes heated by the discharge,
It is evident that the gas velocity field lines are not coincident with
"electric field lines; there is assumed to be no interaction between the
two fields. In general, the outer cylinder radius is allowed to vary
along its axis, with the limitation that the axial component of the field
strength and its derivatives are small.

The hasic assumptions made in the theory additional to those
mentioned in section 2,1 are that

a) The electrodes are ideally smooth and concentric

b) Tonisation in the gas is confined to a small region immediately

surrounding the wire., The thickness of this region is ignored.

¢) Ton mobility is dependent only on gas properties.



d) Gas pressure is congtant throughout the heater.
e) Gas temperature is independent of radius,
f) 'The perfect gas law is applicable.

The current-voltage relationship of this geometry is first

discussed and then used to predict the heater performance.

2,4.2 Current-volitege relationship (direct voltage)

A number of investigators have studied the relationship between
current and applied voltage for an arrangement of concentric cylinders,
using various assumptions concerning the boundary condition at the inner
cylinder (hereafter referred to as the wire), The general form of the
relationship is always an implicit expression for the current in terms of
the voltage, however, and most investigators make small=-current
approximations in order to obtain a simplified explicit relationship,

The method developed here appears to have been first derived by TownsendlB.

Consider a cross-section of cylindrical duct, as shown below, of
internal radius Rl and with a concentric wire of radius Tye A potential
difference V is maintained between these electrodess +the problem is to
find the currint 1 in terms of Vg, Rl and T, for given conditions of
the intervening gas, and to express it in a form suitable for the heater

theory,.

) /’Azzé;ﬁgﬁzggzﬁgkf. cduct

/J/‘
R I A

2%
%zzm WIH'Q.

=

, Fﬁovv_

(oo




Tovnsend!s solution, which is derived in Appendix IIT, is of the form:

)
AR (B0 L A {)n( L+ sz)vz) s
s L+{) +Xho)
where XQ::: v )Edimansioni’.ess] 542
Ef -V - ..
Vo= difdl | 343
2wek .
‘% = R;/+o > _ | 3e4

Eu:% ig the starting field strength at the wire, and k is the local
mobility,

The relationship may also be writtgn

) |
.d__":‘. = ?-TTG: k Vz 3 | .
T 1 <"§F.+o ’ | 709

vhere 'rl = Xz(p-r = |)7[( ‘ 4—.)(2[3:' }'/z-— ( | + Xz)'lign"f ¥ e"( Li_(—n_szz )1- 346

[+ (14 Xh)"

The value of "l depends only upon X and P} it is zero when

the current is zZero and approaches its maximum value of wnity as either [:+
or X tends to infinity. The latter occurs as \ —> ijFz , 50 that
there is a theoretical upper limit to the current (and hence voltage),

The parameter ’Q may thus be regarded as a convenient coefficient of

- performance., I practice spark breakdovm usually occurs before the upper
linit is reached, The physical significance of the limit follows from
equation III,viii (Appendix III); as X —» ©© the field strength
becomes uniform and equal to the starting field strength, at which it has
been assumed that local "breakdown" occurs,

If the current is very small. the current~voltage relagtionship
is linear (see Aopendix III), while at higher currents equation 3.5 shows

that it tends to a quadratic function as 'Vl approaches unity.

It is convenient, especially for section 2.,4,6, to know how -r(
varies with applied voltage, and in order to non-dimensionalise the
relationship, a "starting voltage", Vo
is just formed. From equations 3.1 and 3,2, as ~» O , the well~known

result 1s obtained:

s is defined as that at which corona




V = E:*+O &bf 3'7

o

Combination of equation 3.7 with 3.5 and %.,3. then gives

,\./i = X ( hr - ‘) . . ' %8
V. (1 +X2)V2”llh luby 2

By the use of X as a parameter, '7 may be calculated from 3.6 and

substituted into 3.8 to obtain va/vo. Fig. (1) shows i plotted
againgt Va/Vo for various values of p .

2¢4+.% The heating equations

Congider the elemental volume of cylindrical duct shown below.
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Let the cylinder radius be R = R (£). Then the increment of power input

1 1
to the volume is , from equation 3.5,

V,di = 2mweknV, de 59 -
(R1“+°)7—

From sssumptions (d) and (e), and equations 1.10, 1,14 and 1.18, the

energy equation is

dT = V,dw - 3,10
T mCpT

Equations 3,9 and 3,10 may now be combined to give

dT _ Q_Trequvfde . 3,11
T wmCp (R~ %) T




This equation gives the temperature gradient along the duct in terms of
the applied voltage and mass flow rate, and is used as the basis for all
the subsequent heating analysis., It cannot easily be integrated directly,
gince y| is an implicit function of Vé, and of k, which is temperature
dependent, Two simplified solutions may be obtained, however, by the
assumptions that ﬁ = unity and that ion mobility and breskdown field
strength are directly proportional to density (see sections 6,1.2 and 6,3);
these solutions are given in ref.(l) for a typical heater specification, and
represent the ideal maxima obtaingble with constant-radius snd variable-
radius heaters. The curves are shown on fig.(z), and the shape of the
optimum hester is shown on fig.(3).

The methods of the complete solutions are now giveny the Algol

“procedures used for the numerical computations are given in Appendix V.,

2.4o4 QGeneral solution: constant radius case

Congider now the real situation in which b, and X are finite,
s0 that qz is lesg than wnity. In order to set up equation 3,1l for
numerical integration the following steps are involved:

1. The mobility k is expressed as

K = k.. k(h,Te/T‘,), 302

vhere ko is the mobility at standard (atmospheric) conditions, and
¥<(n.jTZ/ﬁ;) is a dimensionless function of operating pressure, represented
by n, and local temperature (Tp/T,).

2 Since the applied voltage is constant, the radius R dis determined by
the breskdown condition at the downstream end. It is aésumed (see section
6.3) that the ratio Vé/?i at breakdown is dependent only on gas

pressure and temperature; this relationship is writiten as

(_\_/_z_) —y Ea_*_. Em(n) T&/To) 3,13
R, By ’

where Eg,+, corresponds to (Vé/R ) at atmospheric conditions
1

Breaskdown
(see Ref,1), and Em is a dimensionless function of pressure and

temperature. A similar expression is also used for the starting field

(see Appendix VI).




Thus 1if the required exit temperature is given by T f/To’

equation 3,13 gives
R, = Ve
B, En(n,Ti/T)

3« The value of % is found at each step of the integration by the

3el4

formation of the variable X of equation 3,65 this is an iterative
process and is described in Appendix IV,

By the incorporation of the above steps, the heating equation
%3211 may be written in finite difference form as

A"—-\“’I = B. E,.(n ,"Q/Tc,)._k(h,brg/'r,).% L JAY4 , 3615
e 2 ("" /t’g Ry
vhere B, = 2me k,,Vz Eg).r . (Compare with B 4 of section 2,3)
CpTo
The constants Kk_, Et,f ’ \/2_ s, m and C,t) are assumed

to be known from experiment or requirement, and the functions E,, and k
by experiment. A suitable interval AL / R| is chosern. The equation
is then integrated step by step, the temperature calculated at each stage
being used in the functions K and E, « The process is repeated until
the desired exit temperature Ti‘ is reached (at which point breakdown is
assumed to occur). The length of heater is obtained during the course

of integration by counting the increments AQ/R, .

Fig. 2 shows the temperature distribution thus calculsted, for
a range of values of the parameter - ( = Eg“‘i + see Appendix IV) s to

the following heater specifications C Bt
E . = 10 kV/ems V, = 100 kVy & = 10 gn/sec; n = 15 atmospheres;
s .
T, = 293K p, = 1005 T.,/T = 3,0 (not attained within scale of graph).

It is seen that the curves all have a form similar to that of the
corresponding simplified solution (ref.l), which is exponential. For
convenience it was assumed that corons field and breskdown field were each
proportional to density, and that mobility was inversely proportional to
density. .




2+445 General solution: varigble radiug case

The intention here, as in the simplified case considered in
ref,(1), is to maintain a near~breakdown condition over the whole length
of tube, and gimilar sssumptiong are used, Assume that the wire radius

H aks B > : N o *- 7’
r, is fixed, so that p, is variable, and that (Va/Rl)Br’ E* and Kk
are dependent on gas pressure and temperature, as belfore.

ld

Thusg ( V'z. ) = E_(,’f Em(n)T'&/To) : 3416
R, (&) Bteakdown "
Now define the heater inlet radius as Rs’ so that

o= V.
Efc’-r' = (n, \)

Substitution of these relationships into equation 3.1l as before gives

3617

AT _ 8, 8 (n,TeT). k(n,Te/T). Euln,).m_ . DL . 3418

LoumeSto

T, ("‘/h\ Rs

[~

%
where Bz = 2Te k. R: Egﬁ.
m Cp o

The calculation of ’rz follows the form given above for the constant

radius case, modified by the fact that P. ig variables this is given by

h - R! Q) ~ V., (from equation 3.16)

-+, T EMLE ("L:ra/—ll)
il.e, f) FfS' m\r\ l) R 3,19

m (H -rQ. To)

where prs is the cyllnder ratlo at entry to the heater,

BEquation 3,18 may now be integrated as before, by starting from
the known gas condibtions at inlet, -

The shepe of the heater is given by

Rl(e) = "ko' k)-r

= B__%_ : F'{' 3420

38




Fig.(2) shows the temperatures distributions obtained for a
performance the same as that of the constant radius heater, with a
starting cylindexr ratio of 30, The curves approach closely to the ideal

of ref.(l). The corresponding shapes of the heaters are shown in fig.(3).

44,6 Modification for alternating voltage supply

Suppose the supply voltage ig sinusoidal with an angular
frequency w, We now examine the effect of this on the performance of the
heater, It ig agsumed that the instantaneous current at any instantaneous
voltage is the same as the current at that direct voltage, implying that
the capacitance of the electrode system must be negligibly small. An

approximate criterion for this is derived in Appendix VIT,

By examination of equation 3,16 of the direct voltage analysis,
it is seen that v may be regarded as an index of effectiveness of pover
input, being the ratio between the actual power input and the theoretical
limit of input (for the same epplied voltage), This ratio is now called

Nd.. » end an "a,c. effectiveness", <9, . is defined as the ratio
between the mean power absorbed from an allernating supply and the same
(a.c.) limit, the peak voltage corresponding to the d.c. value. The
problem ﬁéw iz to find ‘?ax. in termé of the applied voltage, in a similar
form to that presented on fig.(l) for Ndc* The method of solution
adopted is to integrate the instantaneous power over a quarter cycle, it
being assumed that the current waveforms for the two polarities are

identical. The situation may be described by means of the diagram,

\l/‘/z A ’
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(:c.nsta.nt“o.naou -s) I
|

:

M= 'S- (Vi /Vo)

" _\_/_z_ Vo{ba{ae

2] vl SR :
° Y, (1 nstantaneo WS)

wb [T ==




The instantaneous voltage is given, by definition, as

Ve
Y

[

AV W t 4ol

Vi o
Vo

The instantaneous current, represented by \P (see equation 5.5),
is zero up to the time t and after a time ﬂ/w—to, where 'bo = -i-;a:rc.sm Vo/\/?_.

Between these limits it follows the relationship given by equation 3.,5:

\//:‘ = ﬂfz_\_/f: 9 | 462
(=) RS |

where the subscript i refers to the 1nstantaneous value.

The details of calculation are described in Appendix VIII, and
yield the result: '

3 VZ.

-2 (bTD _ | — |{ AKX, 43
lae™ m)( )7.,.#( V'ﬁmﬁﬂ@ﬁy{ }
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where A ( X)
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X is the instantaneous value of X corresponding %o 1, and
X ig the value of X at the pesk voltage V .

The function is shown plotted versus V /V on figure (4), and
is asymptotic to a value 4/3%n as V /V —> o2, fThree simplified
solutions also given in Appendix VIII have the same limiting value, The
M gol procedure used for integration of equation 4.3 is given in
Appendix IX,



2.4.7 The effect of alternating voltage supply on heater performance

Since m, . is found in terms of the same parameters, X and fo,
as 'Ycl.c. s & simple substitution of qu.c for '12 in the equations
3,26 (section 2,4.3) and 3,32 (section 2,3,4) will give the a.c. heater
performance, The parameters Xz and (’7 de ><zhave of course to be evaluated

first from the applied (peak) voltage, using the method described in
Appendix 1V, ’

2.5 Comparison between axial and radial field heaters

The principal factors to be considered in the choice of &
heater for a given duty are those of overall shape and the complexity of
the electrode system. These are now dealt with in turn.

From Appendix II,2 the shape of an axial field heater of
circular cross-section may be represented by

(—l:-) = I.€& kovzz E{-,a . 12 Il.ix
R* favial 3T, = ‘/t(_)" £2 4. (D tr_) |

were | = f“(%&%)’h d

and t = T/'l‘o, ’bc referring to the collector,

.._¥or g radiagl field heater, the asgumption that ion mobility is proportional

1o density gives, by integration of equation 3,11 for a constant radius R ¢
3

: 2
T = exp 2rek, . LV, ¢l E(’*- I.e.) R II.x
T mCp T, R, T

where ’)Z is an overall heater effectiveness.
Thus (__[:_ = m CPT; t.__Qutc_ . ' IT.xi
R z
"vadial 2’7_TT€: k°Vz EG;*

Division of equation IX.ix by IT.xi gives
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Substitution of a typical set of design values (t_ = 2.7, V. =100 kY,
=B, , =10 kV/em) for a small
9

= 10 gn/sec, k_ = 2 cm®/volt.secs, B
o] bsa

heater reveals that

(%’)We K, and (%)wza.‘e >> .

Now for heat losses to be a minimum, the shape factors would each have to
be around unity to obtain a small surface area. In each case this
requirement could only be met if the applied voltage were very high,
Voltages above 100 kV, however, would raise considerable practical
difficulties owing to insulation requirements, so it must be concluded
that the above shape factors are unavoidable, and since for the purposes
of expanding the heated gas through a nozzle the flow must be constricted
to a very small diameter, the radial heater would seem preferable. Mo
illustrate this point the above example is expanded, since it corresponds
to the pilot model envisaged in ref.(l) and investigated in +this report.
It has already heen seen that at 15 satmospheres pressure the radial field
heater has a diameter of about 3 cm and a length of about 1 metré;
substitution of the requisite numbers into equation 2.4 for an axial field
heater yields .a length of 2 om and a diameter of about 0,75 metre. It
is evident that the total surface area of an axial field heater would be

much the greater, with consequently greater heat losses,

The other main factor to be considered in the comparison is that
of the electrodes., Tor each heater the electrode system would have to
satisfy the assumed electrical boundary conditions as closely as possible,
and for the axial heater the electrodes would also have to be permeable
to the gas, Considering the latter gas, a wire mesh screen would be
sultable for the collector, provided that the melting point of the metal
used was well above tho operating temperature, The emitter (c.f. ref.l)
would typically be an arrangement of fine points in wriform distribution
across the emitter plane, Such an arrangement for a large diameter would
be of considerable complexity, especially when it is borne in mind that the

points need frequent replacement when run at high current dengities. The



staging of several such heaters in series in order to reduce the diameter
would be possible but wasteful of space, since neutrallisation zones at
least equal 1o the gap length would be necessary. Insulation problemsg

would glso be severe,

A radial field electrode gystem would suffer from none of these
disadvantages, and it is concluded on both theoretical and practical

grounds that this geometry is preferable.

'2 i




%+ 'The Corona Discharge

H

3,1 Introduction

The concept of heating by dark discharge considered in the
work described here is based on the corona discharge, w%ereby a very
small region of ionised gas provides a source of charge carriers which
pervade the rest of the inter-electrode volume, It is assumed that the
power required for ionisation is small compared with the total rower
delivered (see section 6.1.3).

Although the corona region plays no direct part in the analysis -
indeed its dimensions are agsumed negligible - it is useful to gain an
understanding of the mechanismg involved in the discharge, since they
control the spark breakdown condition, which sets the upper limit to
heater performance. Most of the research on corona processes has been
performed with point-to~plane geometries (Ref.z)p.958 et seq.) in
connection with studies on seconﬁary ionisation phenomena, but there is
no fundamental difference between point-~to-plane and wire~to-cylinder
corona. There are, however, differences between positive and negative
polarity, and these are now treated separately., Breakdown is more fully
discussed in chapter 4 and section 6,3,

%+2 MNegative corona,

When the point, or wire, is acting as the cathode, the discharge
consists of a scries of regular pulses of electrons (Ref., 2, P 938 et seq.),
vhich follow very narrow discharge channels, or streamers, outwards from
the cathode, The €lectrons are emitted by a variety of processes,
including positive ion bombardment, field emission and photoelectric
emission, Initially the electrons are dravm by the high field; they
are then rapidly accelerated to high energy, and create positive ion/
electron pairs by collision with meutral molecules. The positive ions
then bombard the cathode, creating more electrons. The "pulse" thus
formed is eventually choked by the formation of & space charge of negative
iong further out in the field, which reduces the field strength at the

cathode., A new pulge is formed when the hegative ions have drifted



clear towards the anode. As the applied voltage is increased the pulses
become longer in duration until eventually the resultant current to the
anode is a steady direct value with a high frequency ripple superimposed.
Another consequence of the increasing voltage is that electrons remain
at high velocity further from the cathodes +this delays thelr attachment
to oxygen atoms and molecules, with the result that the effective
mobility of the ions is increasedlo. Ultimately, with further increase
in voltage, a pulse crosses the gap before it can dissipate, and the low

resigtance chamel thus formed leads to a'spark.

The above tendency for the carriers to remain as electrons leads
to an inherent instability, particularly at high temperatures' ", as the
stabilising influence depends on the reduction of cathode field by the

negative ion space charge. Negative corong is thus thought to be fundamentally

unsuitable for the purposes of dark discharge heating,

%+% Positive corona

Positive corona is also basically a pulsed phenomenon, having
three fairly distinct phases of operation with a common fundamental
mechanism, which is the first phase described below,

Phase I

The fundamental mechanism is initiated by electrons liberated by
random processes in the gas, such as thermal ionisation and cosmic rays.
The electrons which are not immediately attached to neutral particles move
in rapidly towards the anode, and when they have gained sufficient energy
they ionise the gas. The resultant electrons cause further ionisation
before being neutralised at the anode, while the positive ions drifit
outwards at a much lover velbcity. Since high fields exist only very
close to the anode, the electrons only exist in large quantities in this
region, while the positive ions traverse almost the whole gap. The
prositive space charge near the anode reduces the local field strength,
preventing further iocaisation until it has drifted away, thereby csausing
the pulsing effectlB. As applied voltage is raised the pulses become
larger and form "streamer" channels, These éarry sufficient positive
charge for them to attract electrons, which cause further ionisation and

excitation of neutral particles. Photos from the latter process also aid




in promoting further ilonisation in the neighbourhood of the streamer tip.
Growth of the streamer is stopped when the local field strength is not
sufficient to promote ionisationy spark breakdown occurs when s
sufficiently large pulse of ionsg reaches the cathode at high energy, to

release a return stroke of electrons.

Phage I1
The second phase of corona consists of streamers formed in the

5

same vay, but Hermstein” has shown that a small negative ilon space charge
is present near the anode under some conditions which has a controlling
influence on the streamers and greatly alters both the outward appearance
of the discharge and the breakdown conditilon, Its formation is rather
complicated, being connected with the process of decay of streamers, but
the main requirement is that the field strength near the anode must be
very high and highly divergent. Thus with reference to a concentric
cylindrical electrode system, if the cylinder ratio P. is high (say
greater than 200 at atmospheric conditions), stresmers will form initially
on application of a voltage greater than the starting voltage (defined in
section 2,4.2), 'These will usually be visible as a violet diffuse glow
and will be audible as an irregular hissing. As the applied volitage is
raised, sufficient numbers of regative ions are produced which escape
:ecombinafion and arrive to form a close sheath around the anode, Their
effect is to enhance the field at the anode surface but to reduce the field
outside the sheath; the latter effect serves to prevent growth of
streamers beyond the sheath boundary, This phase corresponds to the
(Ref.2 p.952 . Tt is

inaudible, and the glow is much fainter and closer to the anode surface than

"gteady burst pulse corona' described by Loeb

that of the streamer phase I, The charge pulses are much smaller and more
uniform than those of phase I, 1In further increase of voltage a further
slight reduction in size is noticed, but eventually because of the increase
in current, the field ouiside the sheath can rise to the value necessary
for streamer prcpagation, Since the field becomes also much more uniform
with high current (see equation III,viii) spark breakdown may occur very

5

suddenly. Hermstein” showed, however, that an external control can be
imposed by the introduction of negative jons from an external source; this
was shown to extend the range of voltage within which suppression of

streamers takes place,



Phase ITT

The remaining phase of operation occurs when the cylinder ratio
is very high (e.g. greater than 400 at atmospheric conditions); the
discharge then takes the form of discrete tpfts regulerly spaced along
the wire. Bach tuft appears to be composed of a large number of
stresmers similar to those of phase I, The tufts increasse in number as
voltage is raised, but no explanation of their formation appears to have
been given, It may be that this form is analogous to that of the point-
to~plane geometry, for which there is knowh to be a constricting
mechanisml4. Sparking from thig phase is erratic, but is generally at a
low voltage compared with that of phase II. JFurther reference to these

phases is made in the discussion in section 6.3,



4e Spark Breakdovn

In this chapter the basic mechanisms of the spark discharge in
relation to the axial field and radial field geometrics are outlined in
turn. Practical aspects are considered in chapter 7.

4,1 Breakdown in a uniform field

Sparking between parallei or quasi-parallel electrodes has bheen
one of the most widely studied of gaseous breakdovmn processes, and hag led
to the common but misleading references to the "breakdown field strength®
of a gas. It would in fact be very difficult to measure such a field
strength, since the presence of electrodes is a necessary prerequisite
for such studies, and breakdown streemers, although able to propagate
purely by gaseous processes, are invariably initiated at clectrode surfaces.
Thus in referring to the breskdown of a gas it is strictly speaking
necessary to allow for the shape, material, and surface condition of the

electrodes.

Towvnsend was the first to obtain a condition for gaseous
breskdown; by defining the coefficients o« and B +to be the number of ion
pairs produced per uhit digtance of travel through the gas by the collision
with neutral molecules of electrons and positive ions respectively, he
showed(Ref'z’ p.751 et seq) that an artificially produced current at the
cathode became infinite in a uniform field when

oL = {3 exp (M~ﬁ>x | Aol

where x is the distance between the electrodes, Thus if o and B are
knowvn as a function of the field strength the sparking voltage can be
calculated. However, it was soon shown that B was far too small, in
the majority of situations, to have any direct effect on breakdown, and f
was replaced as a secondary process by Yi(Ref.Q, loc Cit), the number of
electrons liberated at the cathode by the impact of & positive ion, The

breakdown condition then becomes

| = X‘;(e'xh(okx)—-l) 442




From this equation, and using the semi-empirical relationship

%&- .y /\4%1*3(“"1%§2)

given by Townsend, where A and B are constants for the gas, it is

4e3

easily shown that

VS - Bbx . Aol

)

O A-bx ) ‘
{w(‘/xi)

where VS is the gparking voltage. Equation 4.4. would perhaps be

better expressed more generally as

Ve - B'(%/3)

: Js L2 4e5
Ve at(%%%g

where Vi is, say, the fivet ionisation potential of the gas, A is the
mean free path, and A' and B! are revised dimensionless coefficients,
Thus within the range of applicability of equations 4.2 and 4.3, the
gparking voltage ig a function of the product of gas density and gap
lengthy this is the well known similarity rule for spark gops. In
general, however, it is likely that seversl secondary mechanisms are in
operation simultaneously, snd also that space charges play an appreciable
part in the process, If positive ion action and photoelectric action
are taken in account, but the effect of local space charges is ignored,
it has been shown by Loeb(Ref‘ 2, p.861) that the breakdown condition
becoines

- fotera i, foorie

ot~ /ey
vhere l/v represents the sum '\q_+‘/b: s V; and V_ being the
draft velocities of the carriers, T 1is a time constant related to the
growth rate of space charge in the propagating streamer, g 1is a
geometrical factor related to photon arrival at the cathode, © is the
fraction of photons to liberate electrons which escape back-diffusion,
¢ is the photon absorption coefficient of the gas, f£(x') is the photon~

production ratio at x' per electron produced, and



Equation 4.6 contains statistical factor315 and is clearly of
such complexity that a simple expression such as equation 4.5 for a
breakdown voltage or field would be impossible to derive. In fact the
concept of a well~defined breakdown voltage loses its meaning when the
above mechanisms are present; a more realistic viewpoint would be to
congider the probability of a spark at a given voltage within a given

time of application of that voltage.  This concept has given rise to
(Ref. 2, p.751,864)

much recent work on time lag studies

4+2 Bregkdown in a non-uniform field

When +the field strength is not uniform across the gap the
breakdown condition is given by the integral relationship (of which

equation 4.6 is a simplification):

S“[%r(j(d_.._)dx)]dx439Xg(x)a+(gd_____) e

Clearly although the field(for a concentric cylindrical configuration)
could be calculated from equation ITIL,viii (Appendix IIL), the problem is
more intractable than the uniform field case. It must also be borne in
mind that factors such as electrode material and surface texture, and gas
temperature and composition may play an important part in the breakdown
process, neither of which are allowed for in the above,

It thus seemg unlikely that a reliable theoretical breakdown
~condition can be derived at present; the only alleviating factors are that
the field strength for a concentric¢ cylindrical arrangement tends towards
uniformity as voltage is increased (see section 2,4.2), and that experiment
may reveal that certain ionisation mechanisms are predominant in the region
of interest thus simplifying calculations. Alterngtively it maey be possible
to exercise a form bf external control to aclieve a similar effect, as

suggested in section 3.3,




5. Bxperiments

hel Introduction

The first stage of the experimental work was conducted at

atmospheric pressure(Ref.l)

s and, as stated in the main introduction, had
the objects of verificetion of the current-voltage characteristics of the
two geomeitries, and determination of the efficiency of energy transfer,

A perspex oylinder of about 1l cm diameter and 40 em in length was used

as the test duct, and various combinations of emitter and collector
geometrics were tested, Both axial field and radial field results agreed
well with theory, in spite of the inevitable lack of correspondence of
electrical and aerodynamic boundary conditions. In all configurations the
efficiency of energy transfor was high, and the results as a whole were

sufficiently encouraging to warrant further experiments at high pressure,

The primary aim of the second stage, described here, was to
develop a radiagl~field heater designed, with the aid of a breakdown
assumption, on the theory of ref.(l). A constant radius heater was to be
tested first to establish the validity of the theory and the breakdowﬁ
assumption;"the information gained was then to be used in ihe design of
an optimum hesgter.

52 General arrangement of apparstus

An overall view of the apparatus is given in fig(5)j; more detail
is shown in fig,(6) end a schematic diazram of the gas supply is shown in
fig, (7). The heater, shown also in fig.(8), was mounted in a large
pressure vessel which was supplied with gas from high pressure cylinders
through a gland in the bottom end plate (fig.(9)). On passing through
the heater the gas was passed to atmosphere through a control valve.
Electrical power at high voltage (up to 80 kV) was supplied via a rectifier
system (section 5.4.2) to a bushing on the top end plate of the vessel
(fig. 5). |
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The pressure vessel congisted of two sections bolted end to end,
each being two feet in length and one foot square. Box section stiffeners
were welded circumferentially at two positions along each section (fig. (5)),
and flanges were welded on to take circular endplates. One endplate was
adapted to take the high voltage bushing, the other being adapted for the
heater mounting internally and gas connections externally (see figse(9) and
(8)), MO" ring seals were inserted between the sections, at the endplate
and the above fittings. A pneumatic relief valve acted as a safeguard,
and also alloved for rapid exhaustion of the vessel. A gland in the vessel
wall was adapted for electrical connections to be made between the heater

and external measuring equipnent,

The vessel was mounted on a large steel frame with provision for
vertical movement to allow for accommodation of & vacuum chamber beneaths
this facility was designed for the intended development of a low density
wind tunnel. Because of the considerable weight of the lower gndplate,

a wire suspension was arranged whereby it could be manoeuvred by means of

a chain pulley system (fig.(8)).

Before use with gas the vessel was hydraulically tested up to
250 p.s.i. gauge. For this purpose transformer oil was uscd as the test
fluid, since water, and possibly hydraulic fluid, would have damaged the
insulation of the high voltage bushing, The pressure vas taken up to
250 p.s.i. several times, and in one case was left{ for several hours
without sign of leakage,

54 Measurement systemé

5e¢4.)1 Gas supply and measurenent

High pressure cylinders were arranged (fig.T) %o operate either
singly or in parallel to supply gas to.the vessel via a regulator valve
and control panel. A Platon flowmeter calibrated by the manufacturers
was used in series with a fine control valve to monitor the gas flow to the
pressure vessel, A line in parallel with the flowmeter provided for rapid
filling of the vessel prior to tests., The input line pressure, which at low

flow rates is equal to vessel pressure, was measured downstream of these




fittings by a Budenburg six-inch diameter Bourdon-type gauge. The control
panel also contained the outlet valve to the chamber, so that pressure and

flow rate could be controlled simultaneously,

Measurement of gas flow rate through the heater was made by
" adding an increment to the input value calculated from the rate of pressure

change in the vessel during the tests (see section 5.6.1).

Hede2 Ilectrical supply and measurement

Power at direct voltage was supplied from mains by a 10 kVa,
50 kV transformer in conjunction with a solenium plate rectifier unit,
which operated in a Cockeroft-Walton doubler arrangement to give 100 kV at
100 mA. A 0,06 uF capacitor was used for smoothings the ripple factor
wags found to be less than 5% at no load, and up to 10% under working loads.
The applied voltage was measured by monitoring the current pasging through
a 400 mf{)l resistor bank across the load, the system having an estimated
accuracy of about 4%. An Avometer was used 10 measure the current across

the heater, The circuit was as given in ref,(1).

5e443 Gas temperature measurement

In the 1ight of previous experience with platinum resistance
thermometers(l) it was thought desirable to position the thermocouple for
outlet gas temperature measurement so ags to obtain the maximum possible
electrical shielding. The thermocouple was accordingly inserted and
bonded into the brass comnection on the vessel endplate, the hot junction
being placed on the centreline., An icz bucket was used to provide a

fixed cold junction temperature. The location is shown on fig.(9).

The heater inlet temperaiure was assumed to be equal to the
ambient (laboratory) temperature,

5¢5 Description of heater

The development of the heater is described in Appendix X. The
arrangement consisted essentially of & stainless steel tube of 2.8 cm
internagl diameter, fitted with 6 mm thick, 10 cm diameter flanges at each
end (fig. 8). A length of 79 cm was chosen, being the maximum that
could be accommodated in the pressure vessel after space allowances for
insulators and the H.T. bushing had been made.



In order that electrical measurements could be made the heater
tube was insulated from the vessel endplate by ceramic insulators, The
arrangement ig shown on fig.(8) with the endplate ready for raising and
attachment, The insulators illustrated are to the original design,
which proved unsatisféotory (see Appendix X); the final versions are
shown on figs.(12) and (1%). Tufnol bolts held the assemblies together,
and at the lower end P.T.F.B. gaskels were inserted Lo prevent leskage of
gas into the heater. The emitter wire was located (see Appendix X) by
gpiders mounted in the insulators, and was held in tension by a coil
spring attachment at the upper end, A P.T.F.E. spider was inserted along
the wire to prevent excess vibration (fig. 11). A similar attachment made
electrical contact with the electrode of the high tension bushing in the

pressure vessel.

5.6 Heater performance tests

The experimental programme had two main objects, t0o be pursued

concurrently:

1. To find the efficiency of energy conversion of the heater at stages
of increasing mass flow rate and pressure up ito design values of each, for

the constant radius heater,

2. To check the validity of the theoretical assumptions, especially the
variation of ion mobility and spark breakdown voltage with density and

temperature, in order to facilitate development of & variable~radius heater.

5.6.1 Energy conversioni results and discussion

A measvrement of electrical to thermal energy itransfer efficiency
was made by comparing the enthalpy output with electrical power input, the
former being obtained by measuring the output gas temperature and flow rate,
and the latter from current and applied voltage measurements. The
temperature measured at the centre-line of the duct at outlet was assumed
t0 be the mean temperature of the gas; any refinement obtained by

assumption of a temperature pfofile was thought unjustifiable at this stage.
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In order to avoid wastage of gas while both the electrode system
and experimental procedure were under development, the vessel pressure was
not taken above 80 p.s.i.g. {or these testis. The gas used was oxygen-free
vitrogen, which was supplied in 625 8 cylinders at 2000 p.s.i.g. No
effort was made to exhaust the vessel before filling, so that the gas
passing through the heater was a variable mixture of atmospheric air and
nitrogen, It was not thought that this had any significant effect upon the
measurements, as the thermodynemic propert;es of air and nitrogen are
similar, and a difference in ionisation phenomena is only encountered when

pure nitrogen is used.

The text procedure was firstly to fill the vessel to the desired
pressure by means of the flowmeter bypass valve, end to set up a given
influx of gas using the fine control valve (fig.7) in series with the
flowmeter. The vessel outiet valve was then opened and adjusted so that
the pressure remained as nearly constant as possible, thus equalising the
input and output flow rates. Any deviation was accounted for by timing
the pressure change over the period of the run and making & small correction,

The applied voltage was then raised until the desired power level was

--reached, -wvhereupon & pause was necessary to allow the system to gain its

"eguilibrium" temperature. Thigs was assumed to have occurred when no
urther increase in output gas temperature was measureable, an average time
being about 20 minutes. Temperature measvrement was made difficult by

large fluctuations of the galvonometer needle, which were probably caused

by turbulence in *the gas at the probe, gince they were still present when

power waé switched off, but disappeared when the flow was shut off,

Results of measurements df conversion efficiency are shown in
figs 14 and 15, for a variety of input powers up to the spark breakdown
point, and for several flow rates. A table of results is also presented
in Table I.

The maximum performance achieved at an operating pressure of about
3 atmospheres was a temperature rise of 6890 with a mass flow rate of
1.25 gm/sec and a conversion efficiency of 0.37, while at 5.4 atmospheres
8 maximum temperature rise of 8700 was obtained, with the same mass flow rate

and an efficiency of 0.453, In each case the heater was operating at spark
breakdown point.



Time did not allow for comprehensive investigations of the
inéependent effects of mass flow rate and power input to be made, but the
evidence shown {fig. 15) suggests that conversion efficiency increases with
mass flow rate., However, the genrally low figure of 0,3~0.5 cannot be
wholly accounted for by eiperimental errors. Most of the steady state
convective losses from the exterior of the tube can be expected to be
recovered in the form of an increased inlet gas temperature, and an
egtimation of the loss from the outlet duct indicates that this is less than
about 15% for these tests. The estimation was made by the use of the
gosumption of a fully developed turbulent pipe flow in the duct and
indicated a loss of about %3 the factor of 3 was allowed to cater for the
possibility of boundary layer, or not fully-developed flow. Since this
loss would increase with Reynold's Number and hence with mass flow rate,
it is evident that there must be a considerable remaining energy loss which
must decrease with increasing flow rate. The most likely source of this
logs isg thought to be that of natural convection from within the tube set
up by the inevitable temperature gradients present. The loss would be
expected to decrease ag the mass flow rate increased, and increase as
operating temperature increased. It would be difficult to predict what the
overall effect of this would be as both of these variables were increased
to practicai—operating‘values; the only way to avoid the problem altogether
would be to invert the whole electrode arrangement so that convection

“currents assisted the flow. This change would not be difficult.

~5,6,2 Tests to check theoretical assumptions

- Current-voltage relationship

The validity of the basic current-voltage relationship was tested
by a series of measurements made with a polished copper tube of 10.1 cm
dismeter and cylinder ratios P, of 142.8, 270.3%, 322.6 and 400, in air at

atmospheric pressure, The wires were of nickel and at positive polarity.

Measurements were made of current and voltage from corona onset
to spark breakdown, and the results, plotted on the basis described in
Appendix XI, are shown in fig.20, using dummy velues of X _ end Er* of

2,00 cma/volt.sec. and 100kV/cm respectively. The corresponding
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theoretical curves are shown in fig. 213 the fit between theoretical and
experimental curves is very good, giving derived values of mobility and

starting field strength as shown in fig. 20, Slight deviation is evident
in all curves at high values of current, indicating a probable increase in

ion mobility with increasing field strength.

Preliminary high temperature experiment

While the main equipment was being manufactured an approximate
check on the breaskdown assumption was made, A stainless steel tube 30 cm
long and 3,1 cm diameter was fitted with a concentric wire of 0,25 mm
diameter, Bungs of ceraﬁic were inserted into each end to reduce the
effects of intermnal convection, and thé tube, mounted horizontally, was
heated to a dull red glow (about BOOOC) by means of gas flames. Several
runs were made, both alternating and direct voltage being used, and the
breakdown voltages were compared with those obtained with the unheated tube,
In each case it was found that the breskdown voltage was about one third of
that at atmospheric temperature, thus roughly verifying, within this

temperature range, that breakdown voltage varied inversely with density,.

Breakdown and starting voltages at high pressure

Aléeries of tests was made on the heater to determine tﬁe effect
of pressure on starting and breakdown voltage at atmospheric temperature,
Measurements were made with a cylinder ratio of %37.4, up to a pressure of
about 8 atmospheres, The starting voltage was assumed, for coanvenience,
to be the voltage at which the current was 10 pA; the applied voltage was
then raised rapidly towards the bregkdown value to avoid the effects c¢f
heating, The results are shown on fig.(16). It is seen that the breakdown
voltage rises only by a factor of 4 while the starting voltage apoears to be
almost constant. The final low figure of starting voltage was due 1o a
partial insuvlation failure; +this is not thought to have affected the breaik-

down voltage. A "conditioning" (Ref.2, p.942)

of the wire was also thought
to have affected the starting voltage during the testssy conditioning is a
process frequently used for preparing electrode surfaces, particularly prints,
prior to tests of this nature, and involves repeated sparking. The method
is not suitable for wires as it could not be ensured that the whole surface

was affected,



The breakdown figures illustrate the rather random nature (see
chapter 4) of breskdown from a streamer mode of coronaj; the hiss of the
streamers could be heard through the pressure vessel walls as breakdown was
approached., It is nét therefore thought that these values represent the
upper limit to what could be achieved, Similar inconsistances were
noticed in fact throughout the development programme; for one particular
wire and tube at atmospheric pressure, breakdown voltages between TkV and
17 kV were observed,

Other assumptions

Since at best only an indirect check on the overall validity of
the theory could be gained from the heating experiments, some other means
was gsought for a check on specific assumptions. It was intended to achieve
this by conducting current-voltage measurements at several values of
operating pressure, with a gas mass-flow rate sufficiently high that at all
power inputs the temperature rise would be small. This would ensure that
the gas density was nearly uwniform throughout the tube, and the results
could be analysed by the method described in Appendix XI,  Thus the
variation of starting field strength, breakdown strength and mobility with
pregsure would be obtained at ambient temperature; +to assess the effect of
increasing temperature would be much more difficult. Owing o the
development problems described in Appendix X, however, there was not time
to complete these tests, only the shortened series of measurements described

in the previous sectionsg being made,



6. Genersl Discussion

A mumber of assumptions was made in the theory (sections 2.1 and
2.4.1), gsome concerning boundery or limiting conditions, and others were
introduced in order to simplify the problems for analysis. Their velidity
is now examined on theoretical grounds, and in the light of the experiments

and those of other workers in related fields,

6,1 Simplifying assumptions

6elel Coincidence of field lines

In the axial field heater analysis it was assumed that electrical
and aerodynamic fields were uniform and coincident everywhere, This
requirement can be met very closely at the collector station by a wire
mesh screen, which acts as a good electrical earth while being permeable
to air. At the emitter, however, there is the additional requirement of
the ion sgource, The most convenient mechanism of ion production, as
mentioned in the introduction, is by corons emission from a surface of high
curvature. In the above context (see section 2,5) this would entail a
series of fine points arranged to lie in a uniform distribution on the emitter
plane, The electric field distribution and current densgity would therefore
be very non-uniform near the points; Since the length of.the heating
section would have to be of the same order as the separation of the points
to achieve the required highly divergent field, non~uniform conditions would
prevail over a large proportion of the gapj. reasonably wniform aercdynamic
conditions could of course be achieved vy suiteble design of the emitter,
Thug it would be expected that the idealised operation, with the breskdown
condition obtained at the collector, would not he achieved, since breakdown
streamers would almost certainly propagate from the emitter points, where a

state of partial breaskdown, the corona, already exists,

In the radial field case there was assumed to be no interaction
between the electrical and aserodynamic fields, so that no momentum exchange
took place between space charge and neutral gas., This point is further

discussed in section 6.1.4.



601.2 Ion mobility

Throughout the axial field analysis (sections 2,2 and 2,3) and in
the simplified radial field analysis (sections 2.4) it wag assumed that ion
mobility was inversely proportional to gas density, This has been shown
by Shale and otherslo.to be justifiable for positive ions in air for atb
least part. of the range of density and field strength of interest
(17 kg/m?, 100 kV/cm). There is, however, evidence from both the present

10,16

experiments (see section 5,6.2) and other sources that mobility increases

slightly at field strengths approaching breakdown valuves,

For the general analysis of .the radial field heater the mobility
was left as an arbitrary function of temperature and pressures in the
~ example computed it wag téken as proportional to local density. iny
forther generslisation (e.g. Lo allow for variation with [ield strength)
would make analysis very complicated and was thought not justified at this

stage,.

6.1.,3 The energy equation

The agsumption implicit in the use of the energy equation in the
form of equation (1.3) is that all losses are small. Two sources of loss
are those of digssociation and ionisation within the corona region. Now
the dissociation potential of either nitrogen or oxygen is of the same order
as the ionisation potentialsy +tlms, gince the current in the corona region
is the same as that in the remainder of the gap. an approximate criterion
for both of these losses to be small is that VI/Va is small, where VI
ig the first ionisation potential and V  the applied voltage. Since
VI is of order 10 volts and V;I of ordir 10 kV in practice thigs
requirement is satisfied, Another energy loss is that of each ion on its
terminal impact at the collecting surfaces this should be smell if the
ratio MN/d is small, vhere A is the ion mean free path, and d the
electrode gap length, which is also satisfied.

A more serious source of heat loss from the fadial field heater
is by convection, both directly by hot gas issuing from the "inlet" to the
heater tube (see section 5.6.1) and indirectly from the exterior of the tube,




The neglect of these logses was purely for convenience of ansalysis,
although it is thought that the latter could be made indefinitely small
either by insulating the exterior of the tube or by suitébly ducting the
convected gas to the intake 40 achieve a regenerative heating process.

The former, as suggested in section 5,6.1, could be eliminated by inverting
the heater,

Heat losses by convection from an axial heater would be
considerable (see section 2.5) unless well lagged; such a heater would
have congiderable thermal inertis necessitaling long "warming up" periods

before operation.

6.1.4 The strip theory (radia). heater)

In order to apply the strip theory used in assessing heater
performance (section 2.4.2) it was necessary to assume that the gas
temperature and axial velocity were uniform across the tube at any section,
and that there was no mutual interference of any sort between adjacent

elements,

Neither of the two wuiformity requirements is likely to be
clogely met in practise, since the energy distribution from the discharge
is not uniform, being much greater near the wire, and because of viscous
and convective forces on the gas. It is thus unlikely that the theory
gives an accurate detailed descripiion of the heating process. However,
there are processes at work within the gas, including the above, which would
.give mixing on a larger scale, The others are: +the very small eflfect of
molecular diffusion arising from density gr@dients; and forced convection
by virtue of electrical body forces acting radially. The latter effect is
thought to be quite considerable, as the pressure difference across the gap
can be shown to be (see Appendix XII) Ab ‘-'-bal'“ k’v,“—“zé\{/&\% = é”z%: ‘e"l’-»r
(using previous nomenclature), As a numerical example, suppose that
V =80kV, R =1.40m, p, =100 and % = unity; then Ap = 0.125
atmospheres. Thus the average radial body force is at least an order of
megnitude greater than the sxial aerodynamic force., Measurements made
downstream of "mixed field" and radial field electrodes at atmospheric
pressure‘(ref. 1) showed that both velocity and temperature were reasonably

uniform across the duct, suggesting substantial mixing,



Thus while it would be very difficult to allow for these mixing
processes in the theoxry, or even to make comparative assessments of them,
their total effect should be to reduce the temperature gradients caused by
the discharge. Hence the overall performgnce of the heater may not show
gignificant variation from that predicted, if losses were accounted for,
Matual electrical intereference between elements is thought to be small
provided de/de is smallsy for the electrical and magnetic forces imposed
on the space charge by the adjacent space charge and its motion are both
very small compared with the force imposed by the applied field. This can
easily be shown by an order-of-magnitude estimation of the wire current

needed to produce an appreciable effect.

6.1.5 Electrical conductivity of gas

An assumption used throughout thg theory is that gas conductivity
is negligible; a more general form of the energy, momentum, mobility and
Poissont's equation should allow for g finite proportion of free electrons
and negative ions, The perfect gas law will also cease to hold with a gas
of finite conductivity, especially in the case of a diatomic gas, in which

there will also be substantial dissociation.

The'critical operating temperature, at which the current;voltage
relationship will be affected, will be very high (say above ZOOOOK)17, and
will depend not only on the pressure but also on the applied voltage, since
thermal ionisation will be assisted by the small proportion of high energy
-ions of the dark aischarge, It would also be expected that for the
cylindrical electrode gystem, the region immediately surrounding the wire

would be affected first, owing to temperature and ion energy gradients.

The onset of substantial ilonisation would probably coincide with
an instability of operation, owing to the consequent rapid rise in current;
the discharge would then tend to hecome an arc. This point thus probably

marks the limit of usefulness of this form of heating.

A



6.2 Boundary conditions

For the axial field heater the only applied boundary condition
was that an assumed critical field E, was required at the emitter station.
As was implied in section 6,l.1, this is a gross simplification of the real
situation, but appeared to yield results consistent with experiment at
atmospheric pressurel . The assumed linear variation of &, with density
is thought unlikely to hold exactly. An implicit extra requirement is
that no wall boundary condition need be applied; +the insulating wall of
duct between the electrodes will collect charge, but the effect of this
will be small provided the 1ength/diameter ratio of the heating section ig
small (see section 2.5).

The electrical boundary condition applied for the radial heater
was that a critical field Er* was required at the wire surface for corona
emigsion, regardless of current. Although again this is a simplification,
it appears largely Justified by the results. There is, however, ample
evidence18 that Er* ig dependent on wire rsdius, or more properly, on
tocal field distribution, with the implication that it is not a function
of gas properties alonej thus more experimental evidence would be needed

50 ensure its correct use with the heater performance computer programs.

6.3 Terminal condition: -spark breakdown

The upper limit to heater performance igs controlled by the spark

" breskdown condition, whereby the gas between the electrodes suddenly becomes
condueting in a very narrow zone. If the external circuit permits, the
spark will develop into an arc. - This, however, is usually prevented in

the case of direct voltage, as the high tension source is smoothed by a
capacitor which is partially discharged when a spark passes, thus
momentarily lowering the voltage across the gap to below the sparking value,
It would thus be technically possible to operate at or above the breskdown
voltage, with a frequencj of sparks set by an overall time constant, but

this would have the following disadvantages:

1. Much of the energy in the sparks would be transferred to the electrodes
rather than the gas.



2. IErosion of the electrodes, particularly the emitter, would be caused

by the sparks, which would affect both performance and relisbility,

Both of these are also problems encountered with the method of

arc heating, which it wag the intention of the present method to avoid,

The breakdown criterion used in the axial heater analysis was
the relationship equation 4.5 of chapter 4, together with the experimental
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observation™ that for plane parallel electrodes within the range of
interest, breakdowvn voltage is directly proportional to both pressure and
gap length at normal temperatures. Thus since the space charge is
negligible before sparking the field strength is proportional to density
over this region (up to about 8 atmospheres). The limitationsof this
assumption in practice have already been pointed out in section 6,1l.l.

It is also probable that gas temperature has an independent effect on

breakdown, although this may be small below 500°C,

For the radial heater a simllar concept was used, the assumption
being that the Qoltage/gap ratio (ignoring wire radius) at breakdown was
dependent only gas temperature and pressure. In the simplified case a.
linear relgtionship with density was assumed, as for plane parallel
electrodes.  Since the field strength at s given radius is not directly
proportional to voltage, owing to the space charge, this is a simplification,
aithough if the voltage is sufficiently high the field tends towards

uniformity (see section 2,4.2) which redeem the situation to some extent,

As in the axial field case, however, the concept of a "breakdown
field strength" or similar is inadequate to deal completely with the real
situation; for a state of partial breakdown already exists, and the
question is one of propagation from that state. This depends as much on
distribution of field strength as on its magnitude at any given point, as
the work of Uhlig4, Uhlmanneo, and others has shown., The point ic best
illustrated by mesns of a diagra%lof applied voltage versus ro/R y OT
l/pr, as shown; the diagram is due to Uhlmann. ' !
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If the wvoltage is below the line ACD no discharge can occur; between

A and ¢ this line represents the locus of the corona starting voltage,
Ingtantaneous spark breakdown occurs above the limit line BCD, Corona,
can exist, therefore,‘within the region ABC, Consider, for convenience,
a fixed outer cylinder of radius R . Then for a very small r_ (region
III), the corona is in phase IIT of section 3.3 , and breakdown can occur
anywhere within it, with the probability increasing as voltage is raised,
Within region I, for a slightly greater ro,zghe "purst pulse! corona of
phase IIL is obtained, and according to Uhlig ", the breskdown voltage
becomes very well defined and only occurs at the upper limit to the region,
The final zone I, denotes the streamer phase (phase 1) of corona, in which

a spark can occur at any voltage between the limit lines AC and BC.

The above is again a very simplified picture; the boundaries
between the regions are not well defined, and are dependent on other
parameters such as gas temperature, and the ratio ro/K. The former effect
will become manifest in thermal ionisation, while the latter is exemplified
by the fact that Uhlig!s experiments revealed "burst pulse" corons from
starting voltage up to breakdowa for a cylinder ratio P.. of about 300,
vwhile in control experiments in the present programme this form was not
observed at any voltage, although the cylinder ratio was similar, The
main reason is thought to be that the scale was different; +the value of
the parameter ro/k in Uhlig!s experiments was about 105, while in the
present experiments it was about 103. Other factors such as dust and

vater vapour content of the gas may also be significant.

The geometry of the heater investigated here was also such that
the corona was in the streamer phase (III), with consequent random ‘
breakdown voltage; attempts to obtain burst~pulse corona by altering the
cylinder ratio and by other means (see section 5.5.3) were not successful,

5

As was reported earlier, Hermstein” has shown that burst pulse corona can

be initiated and maintained by an extermal control mechanismj if such could
be introduced, there is some reason to believe that the assumed breakdown

4

condition may be approached, as Uhlig' reported a breakdown voltage directly

proportional to electrode gap with this phase,




Te Conclusions

A ‘theoretical analysis of the two basic heater geometries,
coupled with practical arguments based on preliminary experiments, showed
that the radial field arrangement was preferable, The theory was
developed to predict the performance of both a constant radius heater and
for an "optimum" shape, in which a condition neaxr to spark breakdown vas
maintained over the whole length, A modification was also given for the
use of alternating voltage, for which it was shown that the power input
for a given peak voltage V;J could not exceed 4/3n of that for a
direct voltage Vz' ’

A constant radius heater desigred to a simplified theory
achieved an indicated maximum performance of a flow rate of 1,25 gm/sec.,
of nitrogen with a temperature rise of 8700, at a conversion efficiency of

0,45, 'The designed performance was not attained for the following reasonss:

1. Development problems prevented operation at the maximum voltage

available,

2 Heat losses were greater than expected.

B The spark breakdown condition agsumed was optimistic,

4e The theoretical model was incomplete,

Methods of controlling heat losses have been suégested, but much more
fundamental experiment would be required before a reliable breakdown
criterion could he given. Some form of external control mechanism ¢n the
corong discharge may be necessary if reliable performance is to be ensured

with the presenyv scale of apparatus.

In view of the limited experimental results a direct check on the
validity of the method of analysis (the strip theory) was not possible,

although the basic current-voltage relationship wae Justified,

Operation of the equipment with alternating voltage is not
recommended at this stage, partly for theoretical reasons and partly since,
with the power available from a transformer, very fast trip mechanisms would
be needed to prevent the wire electrode being fused by the arc in the event
of gas breakdown. ‘
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With present knowledge no definite conclusion can be reached as
to vhether a heater suitable for a high enthalpy wind tunnel can be made
on this principle.  The results indicate, however, that an efficiency of
energy trensfer can be obtained which is substantially higher than that
typical of arc heating, suggesting that the work would repay further
attention, The greatest problem remaining is that of controlling and
predicting spark breakdown, which involves more fundamental work on the
discharge processs +the corona discharge in the range of pressure, voltage,
and dimensions peculiar to thig' application has not been previously studied

in detail.,
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Appendix T

Derivation of equations 1,17 and 1,20

Boguation 1,17

The dimensionless temperature increment d7/T is found by
eliminating p, ¢ and P between equations 1.1, 1,2, 1.3 and 1.4 as
follows:

Equation 1.% may be rewritten

dT « (¥-OM'dg — —iQ.dV . ‘
T Zf’ \]'aﬁ; II.1

From equations 1.1, 1.2, 1.4, dT/T becomes

glI::. _d‘(_h_—O( :*‘%QQodU—XMzii—}i(_i‘l Ql_/‘l
T b _G{z p g 9 A
= —eoQdV — (1=¥M)QdV 4 dT| 4 dA
b (s-OHM*L GT 1 A

By rearrangement and simplification

dT - ,.JQoolV((X n)M)LX ¥M 4 ol X] L (- I)M oA

T CpT -DM ¥ j-M" A
= -jQav i v )] (= gl
cpT (1= M) J |-~ A

By substitution of eduation l.14 in the main text equation 1,17 is
obtained:

dl =
-

)[l — XM‘.__@__J + <X"“\\1M’L,QLA- i 1.17
| —M*

(\ M W+l A



The remaining equations 1.15, 1,16, 1.18, 1.19 are obtained

in a similar way, using equation 1,17,

Tguation 1.20

Poisson's equation (1.12) is

dE é!i = ?‘%?&ﬁi@
E.+A & ‘

= 1df
Eﬂcléf\(u44)
from equations 1,9 and 1,14,
But de = %g s from equation 1,11,and

u = ()o k, E , from equations 1.8 and 1.14, from which

9
u = QQEE_I\E..
m

T.id

I,iii

Since eoilgo and h  are constents within a streamtube or tube of force,

differentiation of equation iii gives

du = oA 4 dE
w A =3

Thus equation 1i becomes

du = xdV ,
W E? geA(us)

vhich; by equations (iii) and (1.13) in main text, becomes, after

rearrangement,

(u?wﬂili = dW. onf._&_ z‘ ,
w e e M™m(¥-n

T,iv

1,20
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Appendix IT

Axial field heating at low Mach Number

ie Temperature rise

The only quantities in equation 2.1 which change from emitter
to collector are T and E, so the equation may be integrated to give the

temperature in terms of the field sirength at any station in the duct:

&(I) — eAlE’ (\ _ ¥ TI,i
To/ o B3wmCpTon E*?

where E* is the field at the emitter required to produce corona emission
(see discussion in section 6.2), and is assumed to be independent of

current,

Now, as in section 2.2, the simplest breakdown condition
applicable is that E/§> has a meximum permissible value; the heater will
operate in its optimum condition when this value is obtained at the

collector, where the field is highest. The condition may be expressed as

E

poee

e = Egonlt I1.ii

T

c

where suffix ¢ refers to the collector, and Eb a igs the breakdown

?
gtrength pertaining to the geometry at atmospheric conditions.
Substitution of equation IL.ii into II.i then gives equation 2.2 in the

main text:

3 3
T_L ¢ I_g) = B,. 3(‘-—- _E_*__) 262
(T) k(’ro - 2l ’

;vhere BL — eAko Eé,a
3n(pTon

If it is assumed that the starting field E* is dependent on gas density

as is Ec, equation 2.2 mey be rewritten:



'5 '3 ¢ .
B V\;3< [D) — 'eh (Tc) = B‘G h’b( Ea ) 3 II.idii
¢ Te To Ey

where Eo = E*/n, and is the starting field at stmospheric conditions.

ii., Length of heatex

The combination of equations 1,10, 1.2, 1,14 and 1.18 gives

d¢ = fCpdT

Il.iv
2 E

and since (from equation II.i)

I
E hg;f QK(I:E) IT.v
ES"3 T J

o

i

%3
vhere B = eAk E , and D = 3943(50) s
Amlpion ‘
subgtitution into equation IT.iv gives, upon integration, the length of

the heater in terms of the temperature rise:

T
L = nCpB. T B,°T: A (TIT) i IT.vi
RE* (4 (Td/T)) 2

This expression can be simplified by the integration of 1,18 together
with 1,10:

nCp(T=To) = 3V

IT,vii
and the usgse of equation II.v referred to the collector:
!
*
Ec‘ = n-—E.:—— QK(TC--D) . ‘e
[ 1ﬁ:‘ IT,vidid
B, o

Substitution of these equations gives equation 2,4 in the main text :

4 <



AT,

I/3

L"-"'—- .._\.Z.... __..!_.. {’u 1':"—-9) Cl T/T¢> 204
wBEy \-TO/TK (ﬁ}%) ( )

To

[
The length to diameter ratio of the heating section is an important

{

parameter (discussed in section 2.5) and is obtained from equations 2.4

e

and 2,2, It may be expressed as

_‘:—-1 =V ek EeS X z > IT.ix
R 3 ChTo L (=6 ) E3L(ED) .
te I3
where I = j ( ’@.“..__(__t_%}.’)_) dt
1 ein.. (k’b)

and t = T/7, t  referring to the collector.

JUp



Appendix ITT

Current-voltagze relationship for radial field

Poisson's equation in the form for radial symmetry is (c.f.
equation 1.7)

405 - =2

ITT.4

where Er is the radial field gtrengthy other parameters are ag in

section 2.2. The equation of conservation of charge is:

dx
dd
where i, is the current and v

The mobility equation is

— 2W+0€VT f) Qc, (independent of r), ITT.id

is the radial drift velocity of ions.

V, = klz¢. .

-f

ITI,idid

The quantities 0<er and V,  can now be eliminated from III.i and
I1T,idi, giving

.‘2{..(+E+)= difde . 1,

IiT,iv
ch 2xr61< EE+

By assumption.(c) in the main text put

- difde
\P 2mwek

Equation ITII.iv may now be integrated to give

E:'-'-“- \){/+i >
+'L

. (independent of x). IIY.v

IIT,.vi

where ¢ ig a constant of integration. When the current is zero this

equation may be integrated again to give the familiar logarithmic

voltage distribution (c.f. equation 3,7 in main text) . To account for s

W

o



finite current appropriate boundary conditions must be applied to find ¢,
the most widely accepted one being that a minimum field Er* is
required at the wire surface (r = ro) for corona to be established there.

This field is assumed to be independent of current,

mms B4 = __gé:_ + ¥
+o

2 KT )
giving Q , T E__—{-__ — | = .__L_Z (say), IIT,.vii
Lty W X

Bauation III,vi then becomes
IIT,viii

which upon integration yields the voltage digtribution

V("')X = =t —LX-Z)VE- l+Xz ‘/-2- CLH' "“[‘hlx .
\—!772—;‘: _KI+ %3_ ( ) wose .)5\::.'* cos TIT.ix

Suppose that the applied voltage is Va at the emittelr (wire), positive
with respect to the outer cylinder, which is earthed. A positive space
charge is then obtained, and subgtitution of this condition then gives,
on re-~arrangement,

W (1Y (1) s L) )

o1
Py, (14X ‘):)‘/’“ > 2

where ‘:).i.

{l

Rl/’\“o .

Smgll~current approximation

2
If the current is so small that X b: << | R equation 3,1
can be expanded to give '

VX — z_
g = o), s

or Voo - b, + N (b.,‘—f‘),

EF4, +EX



which, by reference to equations 3.3 and 3,7 in the main text, can be

expressed as

di = (Vo=V,).8mVeke | TIT i
de R (1= bt) Ay

The range of voltage over which this equation is applicable igs found by
rewriting it as: '

W= AV, b, (_y_'g _l).j; — 4t EX b, (y_ _1) )
RE@ub ) ' Vo W R,2 o

giving the condition X p.t << | as

VR
B

~ 4—(_&_13 &b, KV . TIT,xid




Appendix IV

Congtant radius heater: calculation of 12_

As stated in section 2.4.4, fq is found by the formation of

the variable X and the use of equation 3.6,

The basic current-voltage relstionship is (equations 3.3 and

T

VeV, = oz
(=vpY RE (=)

Suppose now that the critical wire surface field strength,

: E{:_. E,:(n,"f;n/"l;) , Vi

Er*, is dependent on local gsas temperature and pressure such that

EX- E,,.E (n.Te /To)) IV,id

-+

where EO r is the critical field strength at atmospheric conditions

s
(note that E_* and R
r Q4T

correspond to EF and E of section 2.3 and
?

Appendix II).

‘Division of equation IV,i by the square of equation IV,ii now
gives

. |
N o= _ﬂ._i.(Eﬁ,rr)- Ew (n,T%/T) . IV,iii
E¥ (-t/b) \Eor/ E*(n,TelT)

Thus, for a local temperature T& and known final temperature

Tos \D/E_‘.*z can be found in terms of N whence

2 e
X* = wles . 5.2
| /B
Now since the cylinder ratio P, is knowm, examination of equations
IV,iii, 3.2 and 3.6 shows that 3,6 may be written

7= £(2)> IV.iv

which is solved by guessing a starting value and using the simple expression

“ln+l = f(’?n'), it being known that hz' is a well~behaved function of X,




Appendix V

Algol procedures used for solution of heating equations
(radial field heaters)

(1) constant radius heater

Degcription of procedures.

The principal procedure is procedure "conheat", which perform
the integration of the temperature increments along the heater asg
described in section 2,4.4 of the main text. Three functions "Em", el
and "E" are called by "conheat" to provide the dependence of breakdown
field, mobility and starting field on pressure and temperature, In the
examples Em and B are given as being directly proportioraal to density,
while K is inversely proportional to density. A procedure "result",
one of the formal parameters of "conheat", provides current answers as
required (e.g. local temperature, length, 7 ), and the finsl answer at
the regquired exit temperature. All parameters are dimensionless,

real procedure Em(atm,temp); velue atm, temp; real atm, vemp; E := atm/ bemp;

real procedure K (at ,tem); value at, tem; xeal at, tem; K := ten/at;

- regl procedure T (a,te); value a,te; real a,te; B = a/te;

procedure conheat (pt,dx,r,tf,n,BL, result)
value pt,dx,r,t§,n,Bl; real pt,dx,r,tf,n,Bl; procedure result;

begin comment pt is cylinder ratio, dx is increment of length,

r is ratio of corona field to breskdown field, tf is requirens
temperature ratio (output/input), n is the pressure in atmospheres,
Bl is a parameter (see equation 3,15), and "result" is th2 output
procedure providing, for example, temperature and length,depending
on a counters
comment breakdown occurs at end of tube at temperature t
real Xsqd,&npr,s,t,eta,S,S5l,tx,4t,B8,DX; integer i,j;
tx t= 1,05 eta s= 0,45 S := eta; i 1= 05 enpr := &n(pr);

Ef t=Em (n,tf); DX := dx x Bl x Efj
for i =i +1 while tx < tf do



o
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begin comment first iterate to find etaj

Ay Sl 1= 53
Xsqd = 1,0/((x xE(n.,'tx)x(l.O-l.O/p+)/Em(n,1: ))4 2.0/eta~1,0);
s 1= 8qrb(1,04Xsqd x pt x pt)g t 1= sqrt(l.0+Xsqd);
eta t= Xsqd x ((pt=1.0)/(s~t+enpr+en((1.0+t)/(1.0+¢8)))) 4 2.0;
S t= etay
if abs(1.0-5/81)> , =3 then goto Aj
dt := DX x K(n,tx) x eta/(L.0-1,0/py); tx = tx + dts
result (temp,length,counter)

J =13
ends .

result (temp,length,counter);

end conheat 5

(ii) Optimum shape heater

Degcription.

The only difference between this procedure “"optheat" and
procedure "conhegt" is that the cylinder ratio and radius are variable;
thus the starting cylinder ratio p+s is used as a formal parameter
ingtead of pt, The functional procedures Em,K and E are the same,
while procedure "result" will provide the radivs in addition to temperature
and length,

procedure optheat (p¥s,dx,r,tf,n,B2, result)
value pts ,dx,r,tf,n,B2; procedure resulty real p¥s,dx,r,if,n,B2;
begin comment pts is starting cylinder ratio, dx is increment of length,

r is ratio of corona to breakdown field, tf is required exit
temperature, n is operating pressure in atmospheres, B2 is a
parameter (equation 3.18), and 'result! is an output procedure
providing, for example, length, temperature and radiusj

comnent breakdown condition is maintained over whole length of heater;
real Xsqd,€npr,s,t,eta,S,Sl,tx,dt,pt,DX; dinteger i,J;

pt 1= ptsy tx := 1,05 eta := 0.6 5 := etaj 1 1= 05 DX 3= B2 x dx x Em(n,l
for i =i+ 1 vhile tx < +tf do
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begin comment first iterate to find eta;
enpr = en(pr);
At Sl 1= 53
Xsqd 3= 1.0/((r x B(n,tx)x(1,0-1.0/pr)fi_(n, tx}42,0/eta~1,0);
g 1= sqrt(1.04Xsgdxpt 4 2,0); t t= sqrt(l.0+Xsqd)s
eta t= Xaqd x((pr=1)/(s~t+enpr+en((1,044)/(Ls0+8))) )% 2.0;
S $= eta; if abs(1.,0-~5/81)<; o=3 then goto Aj
dt z= K(n,'bx)xDXxe*sax(Em(m,tx)M‘ 2,03 tx 3= tx + dtj
Pr $= Prs x n/Em(n,tx.);
result (temperature, radius, length, counter); j := ij
ends
result ('tempera‘cure, radius, length, counter);
end optheats

G
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Appendix VI

Summary of nomenclature of field strengths

Consider the diagrams depicting the two geometrical arrangements:

Axial field Radigl field
Em\il?:e+ Cotlector \’z/al
Lot ot Cotloctor
Flow &Ff
g Emitte+
ST 7T
EX E. <
* —
E*=Yﬁ%q E*zEwpthﬂlhﬂ
Ee = Ega-nle (Vele,) =E4,¢'Em(“-“"¢/1‘o)
. T , B+,
[

Although the field strengths referred to have all denoted a
breakdown condition in some form, that is, corona formation in one sense
and spark breakdown in another, none of them will in general be identical
with any other, since the concept of a breakdovn field strength (see
chapter 4) is inadequate for the description of more than a restricted
range of practical situations. Thus the use of different suffices is
necessary.,

Axiagl fields

Current is assumed to flow when the field at the emitter plane
is E*;' for the purposes of the simplified anslysis this field is assumed
to be proportionsl to density, and ig thus written E¥ = nEo,a’ where n
is the pressure in atmospheres and Eo a is the starting field at

H
atmospheric conditions, It is assumed that the temperature at the emitter
is atmospheric.
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At the collector the field EC, which ideally is greatest here
(by virtue of Poisson's equation), is assumed to be at breakdown point,
The breakdown field is also agsumed to be proportional to density, so
-4

T
0 = ._[\_____ ; . .
that Ec Eb,a T where Eb,a is the breakdown field strength at

atmospheric conditfons, and T, is the exit temperature.

Typical approximate values of fields from the atmospheric
experiments (Ref. 1) are 2 kV/em and 10 kV/cm for E, , and B
b ]
regpectively,

Radial fields

The critical field for .emission (at the wire) is Er*’ which is
sssumed to be a function of temperature and pressure, such that
D ¥ xR 1 1 f i f i ac - 1
E, Eo,r.D(n,T /To) where Do,r is the normalised, or atmospheric

value, and & is a dimensionless function of n and T (see section 2,4.4).

The limiting condition for the radial field is not set by the
" collector field but by the breakdown voltage (see section 6,3); the
voltage/gap ratio at breakdown, which is used as the criterion, is given

approximately vy (V /R )Br’ and is expressed as
a’ 1

(.\_/.) o B En(n,TefT.)
R, By ’ '

where Eb " is the ratio at which breakdown occurs at atmospheric
*

conditions, and Em is another dimensionless function of pressure and
--temperature.
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Appendix VIT

An approximate criterion for the applicability of the alternating

voltage snslysis

The requirement may be defined as the necessity that the mean
time taken for an ion to cross the gap be very much smagller than the time
teken for reversal of the voltage.

Tor direct voltage the time taken for the ion to cross the gap

is R, R, R,
ti = .‘?.l..t = -99— = -r}-—-r?- —o‘-li ?
V‘-f kE-{~ k‘,"\‘ E,r
'ro 'f., -(\0

where T and n are the gas tempersbture and pressure regpectively, Both
are assumed to be independent of radius., Now make the pessimistic

]
assunption that the field strength is everywhere equal to 9//2 (see

equation III.,viii), Thus

Ry
oo nh ([ de = nT(Ri—m)
kT iy v k,T W'
Putting % = unity for simplicity this becomes
i3
ti = nlR,
Ko TV

where V .is the direct voltage. Now, considering an alternating voltage,
and bearing in mind that most of the current passes when the voltage is

near its peak value, an approximate mean time may be given as mean

2
t’ = n-l': RI
1 S s s———
koT \/7_
where V ig the peak volitage., Now an ion liberated at the wire near the
]

time of peak voltage has 4 of a cycle to cross the gap before the field is

reversed, that is a time /9w, Thus the oriterion becomes



. ‘
nl, R, . 2w l
ik, TV, <<

As an illustration, 1f the peak voltage -is close to the breakdown
value and the frequency is 50 Hz this sets a limit on the tube radius
such that R << 600 cm., which is clearly satisfied with the present

1
apparatus,




Appendix VITL

Altermatineg voltage correction for radial field heater

As stated in section 2.4.6 it is assumed that the supply voltage
is sinusoidal so that Vi = V2. sinwt, where « is the angular frequency.
Since the complete analysis requires a numerical process, it will be
useful to apply two simple approximations which will yield an indication

of the wvalues of ')?a o to he expected.

Cage 1. '746 = ‘—VO/VQ,
Inspection of fig.(‘l) shows that this approximation to 'de o is fairly
close for values of . of aboul 200 and above, which represent the upper
limit of the range of P, of practical interest.

For convenience wrile equation 4.2 as
14 2 ..
Ly = AV_‘ . ,,z s VIII.i

where A is a constant.

The instantaneous power is
. 3
. Py = Vii, = AV{"m

and the energy absorbed over a guarter cycle is
“‘/an

W = AS 'w?V:oU:. VIIT.ii
t

_ Division of W by the time 1T/ 2@ gives the mean power, which divided
by the "optimum"power, AV23, yields the result

2\! 2 :

Noe = _2-_{(\-.\&?)/2(2- —_ y,g.z - _\./e(ﬂl —n_Lafcsmyg) VIIT.iii
ac T VA CIAVAY VoA g 2 Va

This function increases as expected with Vz/Vo and is asymptotic to the

value 4/311- (-‘7-1 0.425) as Vz/Vo-‘y o, It is showh plotted on fig.(4).

et Pt

Case 2 Nie = I-—VDQ‘/Viz

Fig.(1) shows that this funcbion gives an approximate lower bound of the
family of curves of ﬂzd o, versus Va/Vo. A similer process to the

last gives



Yoo = ( | — )3/7- VIII.iv
RS """"
3 Vp* ’

which is also shown on fig.(4).

It may thus be expected from the above that the following exact
calculation of oza,c will give curves lying approximately between the

above curves, for the practical range of P,

Complete analysis

As indicated earlier the problem is to integrate the product

of instantaneous current and voltage over a quarter wavelength,
Wﬁ&o '

Thus W = j; ii\h dt .

o
Now ii and Vi are most conveniently expressed in terms of the

dimensionless variable X (see equations 3.1, 3.2 and %.3), so that 4t

must also be expressed in terms of X. The integral then becomes

| <.
W o= S 2 O)VL (%) T (X) Vi(X) d ¥,
A dV;  okX

where X is the value of X corresponding to the peak voltage V .

8 2
The integrand is now evaluated term by term, Irom equation 4,1 in the
main text it follows that

dT - ' ,
AV; wV, (1= Vit /v )=

VIII.vi

From equations 3.1 and 3.2 the instantaneous voltage is

V, = E+ +, {(l 4 X*h] )/2 by b+é“|° ‘*e"[M}} > VIII.vid

1. lll \ Xzb ?)ih_

which vhen differentiated with respect to X becomes

dV, = E5.X B . ;z
dx (axd)* l+(\+><‘}o, Y- \+(l+x)”?~ (|+ng T2 VIIT,viid




From equations 3.2 and 3.% the instantaneous current is

1.= . 2welk (for a length L of duct)
kX .
— o,
= Zwelk EF X VIIT.ix
(1+%*)
Now if Er* is expressed by Er* = Vo/r0 én p, (from equation 3.7), the

terms given by equations vi, vii, viii and ix can be collected to give

WMV zﬂekLv*m (VN 7 { A(x\l, VIIT.x

AV, dX Ve b )T (14 XVerp*
')1 b b ) ( + ) (' MX"‘) 2 J(- 2 (&\b‘y
A= b2 VL Xl -J._%

L+ (Xt p2 )'/”- B YRk (m{’)oz Vo

and (pe-1) ,
™ {(HX b)Y (et )'h+€u§; + &[.ﬁ_ﬂﬁﬂ‘_ z]}

& (0 X )

where

Wow from the definition of 'Y 8.C

’)ZQQ = W. 20 (Q‘-—'ﬂ;)z

m2we Lk V32
vhich gives
" Xe 15
: + 3 {
o20xF rve) (bet) AL,
o™ ""“X‘{"‘? 2(‘\7"). (4w +( X Ve : { O VITI.xi
T o('\-Y) T ( b‘i) G'i‘xa)'?d(v) (Q—},?i:.)
vhere A(X) and 7 d;c. are as above, and
2
VAR (A (‘*Xﬁ(”&i&)xﬁ
(“\7: 2% (1= /mz VIIT,xii

By the use of VIIT.xi and xii, and by the choice of suitable wvalues of X
2
end p,, the parameters anmc. and v;/vo may be calculated and plotted



1%}

against each other, Solutions obtained numerical}y for P, = 20, 40 end
200 are shown on fig.(4) for comparison with the simplified solutions
above, As expected the computed solutions fall between the two
approximate curves shown, and agsin have the upper limit of 4/3%. The

Algol procedure used for the calculations ig given in Appendix IX,



Appendix [X

Algol procedure for evaluabion Of‘? a.c (see section 2.4.6)

Degcoription of operation

Inspection of equation 4.3 shows that '7 0.G. ig a function of
X and p,asis M 4 . The procedure 'acE5§¥ provides this
function by a numerical integration of equation 4.33 an analytical
solution would be very difficult. An external procedure INTEGRATE is
called, which uges Simpson's rule to integrate a given function between
prescribed limits to a given accuracy. The main body of the procedure
conglsts of assignment statements designed to provide the integrand with
the minimum of computational time. Since the integrand becomes infinite
at the upper limit the integration is truncated at o value of X/X less
than unity, and a correction term based on a simple expansion abou% X=X
is applied; it was, however, necessary to go to X = 0'999999X3 to obtaii

sufficlent accuracy.

The formal parameters py q, r of a.c.E.'ﬂ‘ correspond to X, P.
and the required accuracy. '



real procedure INTEGRATE (f,x,a,b,eps,h); value a,b,eps; xesl f,x,a,b,eps,h;

comment integrates £(x) between 1limits a and b with accuracy eps, starting

interval h;

real procedure acELf (p,a,r)s value p,q,r; real p,q,rs

comment p is the parameter‘x, g is the cylinder ratio Py T is accuracy required;

begin real procedure g(x)s value %3 real x;

end

comment uses non local C2, qsqd, 2ng. Supplies variable part of integrand;
begin c,d,s,t,w,csqds .

At d t=x x x3 8 1= 8qrs(l.0+dxgsqd); t = sart(1L.,0+d);

c s= (en((1.0+4t)/(1.0+8) J+s~t+enq)/t; csqd t= ¢ x c5 w = C2~csqd;
if abs(W)<,0-8 then begin x := x=10-65 goto A end;
g = (x/t)4 3,0/aqrt(W)x(cxqeqd/(1.0+s8) =6/ (1.0+t)~csad/t)

end g3

real qsqd,m,£&nq,vyu,C2,CLl,X,vi,ui,xi,ci,xis;

gsqs = ¢ x g5 m = p/20.03 &ng := €n(q); x := P x 0.9999993 xis := xix xi;

vi = sqrt(L.0+xis)s vi = sqrt(L.0+gsqd x xis)s v = sqrt(1.0 + p x D)3

u := s9rt(1.0 + 9sgd x p x p)§ CL 3= (£a((1.0+v)/(1L.0+u) )+u=v+eng)/v;

€2 t= C1 x Cly ci := (en((1.0+vi)/(1.0+ui)) + uvi=-vi + &ng)/vi;

~acEff ;= INTEGRATE(g(X),X,0,0001,xi,r x 1.57,m)x qsqd/C11 3,0/

1.5707963268 x (1.0-1.0/q} 2.0 + ((xi/vi)® 2.C + (p/v¥)4 2.0)x(ci+C1)
x gsqd x (1,0-1.0/9) 2.0 x sqrt(2.0x(1.0-ci/C1))

/2.0 % 3,1415926536 x CLA 3,03

achEff;



ﬁgﬂendix X

Development of heater

Since several unexpected difficulties arose which delayed, and
finally curtailed, the testing of the heater, it is pertinent to describe

its development in some detail.

X 1 The insulators

The original design incorporated four glazed ceramic insulators,
which were fitted in pairs at each end of the heater tube (see figs. 8 and
10), The spiders (fig., 11) locating the central (emitter) wire were
mounted between each pair., The thickness of each insulator was 2.5 cn,
which was thought to be sufficient to prevent surface tracking between the
spider and earth on either side, This width was, during the high pressure
tests, found to be inadequate, and an insulator at the upper end cracked
owing to overheating caused by tracking., Replacements for the upper
insulators were then made to similar dimensions of Sandanyo, with the
central hole threaded to 2mm piteh to lengthen the tracking path (fig. 10).
Since this material was hygroscopic the insulators were varnished in an
attempt to seal them, but when tested they failed through the body at about
40 kV. The wire location at the upper end was then completely redesigned
with much longer possible tracking paths, and mede of Tufnol (fig., 12);
at the same time the insulation thickness at the lower end was doubled
(fig. 13). ‘

X ii BEnitter development

‘The main factor affecting the choice of emitter were its diameter,

surface texture and materisl. Several experiments were conducted et

atmospheric pressure in order to establish the best combination,

The work of Uhlmannzo and Uhlig4

of using a high cylinder ratio P. in order to obtain a high breakdown

had indicated the desirability

field strength, by the formalion of "steady burst pulse" corona (see
section 3,%). However, the ratio necessary - about 400 ~ could not be

achieved because the outer diameter was predetermined by heater design




R

requirements (section 2.5), and the wire had to be of sufficient diameter
for mechanical strength and to withstand repeated sparking. In
consequence the maximum ratio obtained was about 100, which meant that the
corona was in the "streamer" phase (section 3.%). Two attempts were

made to overcome this limitation:

1. The wire was replaced by a 10 B.A. brass screw thread in order to
achieve the reguired very high field strength on the peaks. This method
failed as streamers quickly formed on small imperfections on the thread,

causing irregular current and premature spark breakdown.

2, The wire was heated in stages up to red heat (about 800°C), by passing
through it an alternating current of up to 24, EMS, and later (see below)

a direct current of up to 1l.5A. The cylinder was at high potential, the
wire earthed. It was hoped by this means to create the "steady burst

4

pulse" corona by the change in ion structure proposed by Uhlig’, which was
a change from molecular or colloidal to atomic form,  Although this mode
of corona was shown by Hermstein (see section 3.3) to have different causes,
a progressive suppression of streamers did take place, both on visual and
audible evidence., However, it was not possible to assess the effect on
breakdown voltage, as oscillaticvn of the wire which was present but not
serious with the unheated wire reached an smplitude of half the gap at 1}A,
resulting in early breakdown. The wire heating experiments were stopped
at this stage,.largely because of the difficulty of arranging, within the

pressure vessel, = power supply to the wire, which was at high potential.

Attention was then directed 4o the problem of wire oscillation,
which it was thought might be aggravated by the greater forces involved in
the pressure vessel, The oscillation was only slightly reduced by the
change from a.c. to d.c. wire heating, and was not affected by variation
of the wire tension‘or diometer. It was finally reduced to a small
amplitude by the insertion of a P.T.IE. spider upstream of the centre of
the tube, to act as a spacer (see fig, 11).

The materials used for the tests were Kanthal and nickel, there
being no noticeable difference in performance between them. Platinum was
used for some later tests, and showed a much greater resistance to fusing

on sparking, owing to its higher melting point.

~



Appendix XI

'Determination of starting field gtrength and ion mobility from

experimental results (radial field system)

Since the theory for the current~volitage relationship requires
a knowledge of the quantities Er* and k, it ie useful to be able to
determine these experimentally instead of having to rely on published or

assumed values,

The relationship may be written (see équations 3.3 and 3.5):

- V
ql =

ez,
V/(Rl“""(\o)
But '7 is a function of the variable X, with the cylinder ratio p, as a

g2

parameter (see equation 3.6), so that for a given P ﬁf'l may be given

. . s - x
as a function of X. But since Er /yV -1 l/X (from equation 3'2)

it is preferable to plot 'q_l versus 1 -+ 1/X . The curve thus represents

k2 2
—_ V@ — Vetsus Jzif
2
V(R ~+5) v

Séme curves for various values of p, are shown in fig,., 16,

Now the experimental variables measured are 7V, and i/L, P, and & being
known.,  Thus recalling the definition of Y/ (equation 3.3) it is possible
to plot Vo 2mels, L QWEElLEf“

T(RAy versus
where k1 and Er

from experimental results,
*
]

and experimental curves are drawn on a logarithmic basis to eliminate

are "dummy" assumed values, If both theoretical

effects of scale, the fit then gives the ratios between kl and k s and
between k‘EQTl and k:E;“z s from which the desired true values K and
Er* are determined directly, The latter can of course be checked
approximately by noting the voltage Vb at which a very small current

(say 10 yA) was observed and calculating Er* from the formla V_ = Er*IOEnpr.




Appendix XTI

Radial field pressure rige (see section 6.1.4)

Consider a cylindrical duct with electrodes of radii R and Ty
1
Let the charge density be expressed by

g(ﬂ = Py X Ko

wheis pg is the gas density and e dis the electron charge.

Then the radial pressure gradient may be written

db — eSa(ﬂ. E(+). _ XIT.i
cht

Now from Poisson's equation, (See Appendix III),

plr) = € L(+Ey).

et d+ XIT.ii

Also, from equations III,iv and III,v,

d(+E= M
3.0

E,{~ XIT,idi
Substitution of equations XII,ii and XIT,iii into XII,i now gives, on
integration: R,
- - — i
A%’ ‘be, h,“‘é‘(%‘r-—o“)
To
giving Ab = & W tn [°+ > XIT.iv

or, from equation 3.5 in the main text,

A_b = G,‘V'z.? . ’7 ‘?t‘tpf D)

Oer“*b) XIL.v

vhere 42 <1l.
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FIQ 5 GENERAL VIEW OF APPARATUS (1)
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FIC 8 HEATER ATTACHMENT AND BOTTOM PLATE



Fig q BOTTOM PLATE SHOWING CAS AND
THERMOCOUPLE CONNECTIONS



i

Fie 10 ORICINAL UPPER INSULATORS SHGWINC SPRUNG
CONNECTOR

Fig 11 WIRE EMITTER SHGWINC SPIDERS



Fiq 12 FINAL UPPER INSULATORS

Fiqg 13 FINAL LOWER INSULATORS
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.IOO- FOR SOME TYPICAL CYLINDER RATIOS

1

FIG 16 THEORETICAL—- CURRENT VOLTAGE RELATIONSHIP
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FOR INTERPRETATION SEE APPENDIX XI ...
NOTATION DERIVED VALUES
O P = 142:86 2:00 cn?/ 74-5 kV/cm
C k=270 2-00 volt sec Nip0.0
£
A P = 322.58 °l2-00 " lico.o
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FIG 17

EXPERIMENTAL CURRENT VOLTAGE RELATIONSHIP
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FIG 18 THEORETICAL CURRENT-VOLTAGE RELATIONSHIP
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TABLE 1

Resultg of heating experiments

i v iy T AT m HOpAT on.
mA kV vatt og oC m/sec | joule/sec 2%212§Z;Z§J
‘ Run 1 : Pressure = 2,9 atnm,
3,20 | 23,0 73%.6 37,0 | 18,0 0.58 10.45 0,142
6,50 | 21,0 | 1%6.4 ‘57.0 | 38.0 0.90 34,20 0.251

11,50 20.0 | 230,0 87,0 | 68,0 1.25 85,00 0.370

6,10 17.3% | 105.,0 58,0 | 39,0 0.58 22,60 0,215
+ Run 2 : Presscre = 5,4 atm,

12,00{ 20,0 | 240,0 | 106.0 | 87,0 1,25 108,90 0,45%
3,60 18,0 64.9 47,0 | 28.0 0.76 21.20 0,3%%2
2,00 | 18.0 36.0 37.5 | 18.5 0.98 18,10 0.504
3.20 | 17.4 55.7 39,5 | 20.5 1,40 28,70 0.515
3,10 |~ 17.5 54,2 40,8 | 21.8 1,10 24.00 0.442
3,20 17.% 55.4 44,0 | 25,0 0,85 21,20 0.%84
3,10 17.3% 53.6 46,5 | 27.5 0.58 15,90 0.298

x Run % : Pressure 5,4Aatm_

1.631 26,0 42,4 %3%.0 | 14.0 0.92 12.90 0.304
4,80 19,5 93,6 50,2 | 31, 0.95 29,60 0.317
2,72 16,8 45.7 37,0 | 18. 1,03 18.50 0.406
1.81] 13,5 24,4 28,0 . 1,00 9,00 0,369




