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SUMMARY

This note desoribes & simple model from which the flow in an annular
electric arc heater can be calculated. It is intended to clarif'y ideas about
such heaters, to direct thought to alternative possibly better types and to
guide experimental work. When more experimental and theoreticsl results are
available it can form the basis from which heaters might be designed.

It is shwwn that the simple annular type of heater will probably
produce excessive swirl in the outlet air stream. Alternatives are suggested.

Account is taken in the theory of both the heat addition and the foroes
produced by the interaction of magnetic fields with the arc currsnt.
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SYMBOLS
heater ennulua area
velocity of sound
longitudinal magnetic field strength
circumferentlal magnetic field strength
apecific heat of gas at consteant pressurs
eleotric field strength in column
longitudingl force on arc
radial force on arc

cirocumferential force on are

current in arc
distance along aro
total arc length
pressure in gas
power developed by FR
rate of heat addition in heater
radius of inner electrode

radiua of outer electrode

temperature of gas

longitudinal veleccity of gas

swirl velocity of gas at outlet
circumferential component of arc velocity
voltage difference bestween eleotrodes

sum of voltage drops in electrode f2ll regions
velocity of gas relative to aro

the width of the arc wake



SYMBOLS (CONTD)
|

. angle between radius and normal to arc, Fig.3

Y ratic of specifioc heats

p gas density

Suffices

1 station upstream of arc

2 staticn downstream of arc

3 ) station immediately behind arc, introduced in Appendix 1
8 a swirl component of velocity, introduced in Appendix 1
w indicates a mean wake velocity, introduced in Appendix 1




1 INTRODUCTION

When we first became seriously interested in electric arc heaters, we
used the empirical data then available to produce ocutline designs of heaters
suitable for a range of proposed wind tunnels., Ilowever it was necessary to
meke s number of arbitrary assumptions and numerous difficulties appeared,

Sinoce then the problems have been tackled experimentally and, within
the very severe restrictions of our present experimental facilities, we have
obtained more datal and an understanding of the shape of an slectric are in
an annular gep<. To supplement and extend the experimental work the processes
oocourring in and around electric arcs both stationary end in a moving air
stream have been investigated theoretically? and expressions obiained for the
electric field strength, arc velocity ete, in terms of the pressure, current
and applicd magnetiec field.

The present note is concerncd with construeting a simple model of the
flow and heat addition progesses within an aro heater with a view to calcula=
ting conditions at the outlet and facilitaling correct design. The heater is
assumed to consist of an annular passage vith the are rotating in a plane
normal to the duct axis, Attention is fooussed firstly upon two planes
remote from the arc where condltions are assumed to be uniform, Finally in
Appendix 1 consideration is given to conditions close to the arc and an
approximate model is proposed for one particular case, This model is shown
to be consistent with the results of the main text,

A tentative analysis leads to the conolusion that an annular heater may
produce a high degree of swirl at the exit,.

2 FLOW MODEL

The basic heater geometry considered is shown in Fig.1., It is assumed
that the gas is flowing in an annular passage from station (1) to station (2)
with an are rotating rapidly in a fixed planc normal to the axis and loceted
between tho two stations. The arc is driven round the centrsl electrode (core
of the amnulus) by the uniform longitudinal magnetic field BL. The aro is

held against the mass flow p1u1A by & uniform oiroumferential magnetic field
Be. The air flow is uniform across the inlet annulus area A, The arc is of

& shape like an involute i,e., I has components in the radial and ecircumferential
directions but not in the longitudinal direction,

It will be assumed that there is no friction betwecn the air and the
electrodes or between the arc and the electrodes. There vill therefore be no
convective heat loss to the walls and the forces usually regarded as acting
upon the arc mey be regarded es acting on the gas as it passos the region of
heat addition, Radiation from the arc column will be negloeted exccpt for
that part vhich is absorbed by the gas in the arc region.

The foroe acting on the air will be treated as threc scparatc components:



Fe, ths circumferential component produced by the radial component of I and BL.

FL, the longitudinal force produced by the radial component of I and BG'
FR’ the outward radial force produced by the circumferential component of
IB.ndB-
L

N.Bs If there was & radial magnetic field this would also produce a
force in the longitudinal direction when the current has a circumferential
component, Such a field could be introduced to overcome any practical objec-
tion to assuming B6 constant and to vary with radius the force opposing the

longitudinal drag should this prove neceasery.

The problem will now be simplified by adopting the approach used in
simple outline turbine deslgn. Conditions at the mean radius will be con-
sidered, the force FR will be neglected as will the radial non-uniformities

produced by FR and by any awirl veloclty. The heat added will be assumed

unifors across the annulus. The resulting flow model is then as shown in
Fig.2 where we have the uniform entry and exit conditions designated by

suffices (1) and (2) respectively, a heat addition rate per unit area Q/A
and forces per unit area soting on the gas Fe/A and FL/A. A is the total

annulus area.

We then have the following equations®:=-

(Continuity) Pyl = Pl (1)
{Momentum) p1u1(u2 - u1) = P, -P,- FL/A (2a)
p1u1(us -0) = B/A (2b)
2 2 2
u ¥, u u u
8 “are 2 8
(Energy) B A Jp = == =+ CT (3)
2 p1 Ap,lu1 Ahu1 2 2 p2

where U o is the circumferential component of the arc velocity.

The' equations can be sclved using the 1deal equation of state and regard-
ing P2, T2, Pos Uy and u, as unknowns.,

*These squations apply exactly to the limiting case where r, + o and (r2 - r1)

1

remains finite. Under these conditions the are will be radial gnd then FR = Q.



0, = ey (2 4 1.,
2 1ZY+1S Yy T Bp, )~

2 2
-4 Uy 1 T:i.f
\/[_(Fﬂ' e APJ] _g:"_}[ (“P1 1) BERRT {m%u“”}- ’M:l
oo (&)
2 2 Y2 YU Fy
e, = & G: - Yuz(uz - u1) - EF:E: {5)
F
8
Ua = AP_}u,‘ . (6)

The remaining unknowns P2, T2 and p, can be obtained from equations (1)
antd (5)., However it will be found that when u, is asmall, u, is als0 small and

o in that ocase a, is best determined

from equation (3) through first calculating Ty

equation (5) cannot be used to determine a

To proceed further we need to know Fe, F, and Qe

L’

2.1 Determination of FB

The total force resulting from I and BL will be normal to both and i
shown as F in Fig.3. Fy is the circumferential component of F. 8F 1 the
foroe acting on incremental length &£ of the aroc.

= IBL 65¢ ’

and 6Fe = IBL sin o 88 = IBL or .

Therefore FG = IBL(I'2 - r1) (71

where a 18 the angle between the radius and the normal to the are (Fig.j) and
r, and r, &re the radil of the inner and outer electrodes respectively., Note

thet F9 is indeperdent of the arc shape. This is not true of FR which gets
bigger as the arc becomes more swept or as a gets smaller.

“ 7 -



Because SFe =18 or we may write

r

applied torque j~ IB rdr = == (r2 - r1) = Apju, U T,

8

o

the angular momentum gained by the fluid/unit time, where'ﬁ8 1s defined as the

mean velocity of swirl end T is the mean radius.

IB(r, ~r) F
Then u o= L2 1 . as before .

8 Aoy 4%

2.2 Determination of FL

As 11lustrated in Fig.3

5FL = I Be sinabé = I Be Sr.

Therefore Fo= 1 Be(r2 - r1) . (8)

As wlth Fa, FL is also independent of arc shape. These are two most
importent and convenient results.

2¢3 Determination of Uore

Experimentally Yoo is one of the esasiest gquantities to measure and as

e result numerous investigators have published results. This work has been
roeviewed by Ademst who deduced from his own results at one atmosphere that

u = 187 Bg-s 1033 (9)

c

where U, is the cathode root velocity* and

*We assume here that the arc is of involute shape as described in Ref.2. This
means that all parts of the arc travel at velocity u_ in a direction normsl to
the local current. °

-8 -



Ure & Y sin o . (10}

Hers u, is in ft/sec, BL in gauss and I in amps.

There is an almost complete absence of results at pressures above
one stmosphere, However Lord’has deduced theoretically that

Bg'58 I0'15
u, = const DY . (11)

We will therefore ssasume that
BO-G I0-3_‘5

\ L
U, = 187 sina o (12)

i.es ascoept the practical index for I and the theoretiocal index for P. This
will be good enough for present purposes.

2.4 Determination of Q

The required energy input to the gas for the production of e satis-
factory heater for a particuler wind tunnel is easily caloulated*, However,
even when ignoring heat losses to the walls, the energy input to the gas for
a given geometry, current, megnetic field eto. is most difficult to determine.

Experimentally the voltage V between the electrodes, the current I and
the applied magnetic field can all be measured. The tetal power experded
within the ochamber is VI, However this includes the power expended immedi-
ately adjacent to the electrodes in the electrode fall regions, also the
mechanicel pewer Fo U and that lvst by radiation,

The model considered above assumes that the arc is gll uniform column
in as much as all electrode effects arve neglected. To be consistent we must
confine ourselves to the case where the electrode effects are very localised
and it may then be assumed that the power expended within the electrode f£all
regions will be absorbed by the cooled eleotrodes and lest to the gas. Then
(ignoring radiation from the ocolumn)

£=1
aro BL)dﬂ (13)
£=0

where E is the electric field within the column (measured relative to the
electrodes) ard L is the column length,

-9 -



Also

(14)

- »
VI = V¥I + Q + Fe Urg

where V* is the sum of the voltage dreps at the two electrodes,

Clearly we need to study the electrode wvolt drop V¥ and the column
gredient E, We a2lso need to know the conditions under which the electrode
effects are localised and the radiation loss amall,

3 MAGNITUDES OF QUANTITIES

To determine the magnitudes of the quantities involved, assumptions must
be mads about the geometry of the heater, the values of ourrent, magnetio
field and flow through the heater. It must be remembered that the values
essumed for current and magnetic field may not be consistent with the assumed
heat input, geometry and mass flow.

It will be essumed here that the heater is intended for a high density
hypersonic tunnel with a gas flow of 3+6 1b/sec at a stagnation pressure of
1000 atmospheres and that u, is approximately 0-5 ft/sec.

3e1 Maghitude of Fe

Fg = IB(r,-1) . (N
Assume 1000 ¢ I < 10,000 amps
1000 < BL < 10,000 gauas
and (rz-r1) % 2 ins i.e. 5 cms
then 36 < Py < 36 x 10° poundals .
3.2 Magnitude of FL
Fo= I Be(r2 - r1) . (8)

At the present time we have little direct knowledge of the value of Be

required to maintein the arc in the correct plane. However we msy assume
that




If we assume B = 10,000 geuss, u, = 0-5 ft/sec and Uiro = 500 ft/sec, then
Be = 10 gauss and for the sbove variation of current

-

36 x 1072 < P < 36 x 10™" poundals.

2.3 Magnitude of Uore

046 IO~33
are = 187 8ine—gmm— - (12)

=

If we assume sin a = 1 then we cbtain the following values for u

When BL = 1,000 gauss, I = 1,000 amps and P = 1,000 atmos.
u = 63 ft/seo
aro
When BL = 10,000 gauss, I = 10,000 amps and P = 1,000 atmos.,
U = 537 ft/sec
When B, = 10,000 gauss, I = 10,000 amps and P = 1 atmoa.

Uprg © 9,800 ft/sec ‘

3.4 Magnitude of Q

From the wind tunnel performance we know that the required increase in

stagnation enthalpy is sbout 6 x 107 £t poundels/sec. This we will assume is
equal to Q.

3.5 Magnitude of u,

u

I N o - A
2 = uly+t) M * Ap1j'

2 2
\/l:—(m[ cr- ]:I _&ﬁ}[(’*ﬁ 1) -‘El-"‘f’:% {%Feua”}.(*—irﬂ

e (4)

¥When u, is subsonic only the negative sign before the square-root is
epplicable, Assume F, = 36 x 10° poundals, F = 36 x 107" poundals (the
maximum values) and u . = 500 ft/sec.

- 1] =



6 . 6
Folure = 1 8 x 10° compared with Q = 60 x 10

mechanical work done by force F

ft poundals/sec, 1.e. the

" is small compared with the heat added.

1 _ 6,2, 2
Ap1u1 iQ + Fe uarc} = 17 x 10" £t7/sec compared with
P 2
6 6 .2 2
%<A91u1> = 05 x 10" £t%/sec” ,
u2 9.2 6
1 k| 2 2
5 = 0125andm = 3425 x 10 £t /sec
leading to
u2 a I3
- 1 g - 4 - 1 o _fs 2
-%itT% [} (AP1 1) 5 0 {Q + FB uarol T;:Tj] = =66 x 10" £t/sec”.
Similerly a12 = 143 x 10° £1%/5002
Tuf = 0+25 ft2/3602
xF
and EEL = 07 ft2/8302
1
F
1 2 2 T 6
leading to {a + YU, - -——} = 11 x 10
u1iy+1) 1 1 4,
F
1 2 2 T 12
wt [ [ enf -G T = rexo®.

Clearly we have a case where u, is small (in faot u, = 32 ft/sec).
This is beocause of the very low value chosen for u, e Ir u, increases until

it epproaches a, a very different result will appear. The optimum value of
u, to be used in & heater is not yet known and therefore the above formulae

have been written in full. However obvious simplifications can be made when

it is known that u, and FL are small,



3,6 Magnitude of ug

—

8 (6)

Prom shove 36 < By < 36 x 102 poundals and Ap,u, = 3+6 1b/sec so

10 < u, < 10° ft/sec »

These values of ug must be compared with u, = 0+5 and u, = 3.2 ft/sec.

It is olear that the gas at the heater exit may have a very large swirl
component of veloclty.

b DISCUSSION OF RESULIS

Lot Shortcomings of flow model

The ma jor fault with the flow model presented is obviously the negleot
of the radial c-mponent of force produced when the current has a ciroumferential
ocompenent and also the neglect of the power developed by this foroe as the aro
moves outwards, Unfortunately both these gquantities depend upon the arc shape.
However if we essume that the arc is of involute shape~ then we can proceed,
Fige3 illustrates that

BFR

H]

I BL cos o 6&

also Sr/8¢ = sina

and for an involute sin a = r1/b whers r, ia the radius of the inner eleotrode,
Substitution gives

2
87, = IBLJ%-1 5r . (15)
Ty

Integrating from r

to s where r, is the diameter of the outer electrode
gives

1

This may be rewritten in terms of r, end A asg

-13 -



2 . r T TN

A A %1 A A
F, = 1 I:%J +—-—log{ —-—+1+\/—-—j]. (16a)
R B 2rf "~ T 19, o m‘f

1
From which it can be seen that for a constant annulus area FR decreasea

as r1 increases.

The magnitude of FR can be quite large, For the case considered above
when r, = 3 inches and r, = 5 inches, FR = 31 x 102 poundals compared with
Fe = 36 x 102 poundals. This however is probably not so important as

neglecting the power P' experded by FR'

' = u IB cosza 5¢&
c L

which for an involute shaped arc becomes

r
r 1
Spt = u, I B i:’] - r]ér (17)
which on integrating from r, to T, gives
- r
2 1 2
1 = erenmraarte ——
P' = u I BL' o, r, log 3 (18)

and may be rewritten eas

A A .
L] - - P
P' = u, I BLI o, r, 103e ’ 5 + 1 ‘ . (18a)
i,

From which we again see that for a constent snnulus area P' decreases as r,
increases,

4.2 Practical interpretation

The major result appearing from the above is that a heater with a simple
annular arraengement of fixed electrodes and using a large longitudinal megnetic
field to produce repid arc motion may produce an excessive swirl in the heated
gas stream.

Loy -



The swirl will produce a radial pressure gradient which will persist as
long as the swirl exists., In addition there is an outward body force acting
in the arc region which locally will increase the pressure gradient.

The results also show that with a low inlet velocity there will be very
little change of longitudinel velocity through the arc region in spite of the
inclusion of the body foroces in the equations.

. For use with & wind tunnel it will be necessary to remove the swirl
before the gas enters the sonic throat presumably by inserting vanes into the
flow. These will need to be coocled and must introduce lerge heat lcsses.
Consideration should therefore be gliven to alternatives,

The original reason for introducing the rapid arc motion was to minimise
eleotrode erosion and it has boon auggostod that

Iy = 250ﬁ (19)

where I _ is the maximum erc current (amps) and u, the are velooity over the

electrodes (ft/sec). No further information on this practical limit has
reached the author, Accepting that there is such a limit and that & high
valus of u, is essential then thres slternstives to the simple annular arrange-

ment appear possible. Firstly the electrodes could rotate relative to the gas
stream, the arc remeining stationary or slow moving., Secondly a geometry
oould be evolved where only the ends of the aro move, the column being
reatrained by passing the arc through orifices and shielding the majer part
from the magnetic fleld. Thirdly swirl could be given to the alr entering

the chamber and removed by the arc,

The third suggestion appears the most prastical but it has the dis-
advantage that for a given current and magnetic field u, will be reduased.

Firelly the outward radial force on the are, always present with the
annular geometry, 18 & practical nuisance., The obvious arrangement that
avolds this problem is to use an irward flow type heater where the ring
electrodes are of equel size and the are, driven by a radiel magnetio field,
generates the surface of a oylinder as it rotates.

5 CONCLUSIONS

By treating the flow through en snnular electrio are heater as that
through a linesr cascede, where the usual aerofoils ere replaced by the
electric arc, a method of calculating the resultant flow at a station down=
stream of the aro has been presented, The resultant electromagnetio farce
on the arc is equal and cpposite to the drag on the are which in turn is in
the direction of the relative incident air stream. In spite of the arc having
no 1ift (any force normal to the relative velocity), it is shown that when
the drag and circumferential are velocity are large e considerable amount of
swirl is produced in the outgolng slr stream.



The model neglects the radial component of the forece acting on the are
and the work done by this component (para.l.1). However, in any practiocal
design, efforts will be made to minimise this force for a number of reasons,

To determine the outlet flow the following must be known:=-

the heater geometry,

the inlet temperature, preasure and mass flow,

the arc current,

the applied magretie field,
and the voltage across the electrodes.

In addition experimental or theoreticsl relationships are required to
determine the arc veloclty, the voltage gradient in the column and ths

voltage drops at the electrodes,

To use the methad for successful arc heater design an additional
equation is required involving the electrode erosion such as equation (19).

The model will assist the rational consideration of alternative heater
geometries and clarifies our need for more information on:-

U,» the arc velocity,
E, the voltage gradient in the eolumn,
I, the current,
V*, the electrade volt drops,
and I _, the erosion limit,

nax

All the asbove must be investigated over the full range of working
conditions.

- 16 -~
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APPENDIX 1

e ——ee——

CONSIDERATION OF THE WAKE BEHIND THE ARC

1 INTRODUCTION

In the above note discussion is limited to conditions in the twe planes
(1) and (2) remote from the arc. Vhen the throughput in the arc chamber is
low and the arc advances partly into its own weke little else can be done.
However, the author has been asked to consider the case where the throughput
is suffioient to ensure that the rotating arc leaves a discrete wake. In this
pase some oclarification of events between stations (1) and (2) is poasible,

It has also become spparent. that some readers find it eaasier tc conslder
the case where the arc 1s regarded as stetionary but then have diffioculty in
seeing how an are, regarded as a solid body experiencing drag but no lift, can
produce s swirl in the exit gas streams, To clarify these points the following
discussion is based upon a stationary arc model and to avold confusion with the
main text it is presented in an Appendix.

2 FLOW _MODEL

The approximate flow model adopted is illustrated in Figselhe For simpli-
city the case where r, = co whilst (r2 - r1) remains finite will bte considered,

thus avoiding asll reference to ocurvature of the arc and effects theredby intro-
duced. The arc is considered es a rigid body giving up heat to the air which
flows past it.

In the centre of Fig.4 is shown the heater annulus straightened into a
"cascade", The distance between the arca is the circumference of the aere
heater 2rr and A = 2nr(r2 - r1) is the heaster annulus srea,

Consideration is again given to conditions at stations upstream (1) and
downstream (2) of the heater plane. In addition a station (3) is considered
jmmediately behind the arcs where dlascreté wakes exist but sufficiently far
from the arcs for the stetic pressure to be conatant scross the atation. At
station (3) all the effects of the arc are assumed to be confined to the wake
regisns and the flow outside the wake is assumed to be unaffected. (This model
is in fact never completely reallised in e closed dust. It should be noted that
the above assumptions imply that A3 > Ay 80 that the duot must be assumed to

expand after station (1) returning to the original aree at station (2).)

The air velocities relative to the arc are designated v where typloally

The air velocities relative to the chember are designated u as before
and suffices (1), (2} and (3) refer to the above stations. In eddition suffix
s refers to a swirl or circumferential component of velocity and suffix w to a
mean wake velocity.

- 18 -



Appendix 1

Downstreem of station (3) a mixing process is assumed whereby the wake
type flow is smoothed until uniformity is achieved at station (2).

Finally, a slngle force F is assumed to act on the arc in a direction

oppesite to vys where

3

astation (3

E

ARALYSIS

=

F_6+EI:.

The preocedure adopted is firstly to write down the conditions at

in terms of conditions at station (1) and an erbitrary division
of the flow between the wake and the undisturbed region treating F and Q as

known quantities, then to apply the conservation of momentum prineiple to the
peripheral component of momentum whilst passing through the mixing zone

between stations (3) and (2),

after converting from v to u the same formula results as before, i,e.
equation (6).

tinuity, momentum end snergy eguationa.
ohange in the mixing region which direotly effects the axial momentum,
Here the conservation equations are written
firstly in terms of v equating conditions in region (3) to region (2).

wes done in the main text.

It is thus shown that swirl is produced and

To preceed further it is necessary to solve simultaneously the con-

are then trensformed to u velues and the original equations produoced.

through the continuity, momentum and energy equations,

We thus show how Veo depends primarily on F and u

not be in the direction of +,.

and

1

At station (3) the total mass flow per unit time

Assume the wake flow

and the unaffeoted flaw

2

In general v

This is beoause there is a pressure

This

These

primarily on Q and F

The momentum equation applied to the wake flow then gives

1
F = EAP1U1(V1 - ij)

v

w3

Fn

V, = vr—
1 Ap‘lu,l

- 19 -
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Appendix 1

Rete of momentum in wake flow passing station (3) = -:-1 A§1u1 <v1 - Agnu )
1"

7

and rate of momentum in undisturbed flow passing station (3) = Eil Ap1u1v1.

Finally, considerin% Just the weke flow, the conservation of energy
2

betwesn stations (1) and (2) gives
2 2
v v
= + - 5 S | -
Q = 3 fpu [cp('.vW5 T1) + =3 2} N.B. Py = P g

v2 v2
= D8 N S

or Cy Tyz = e, v, + Cp T, 5.t . (25)

2.1 Momentum in oircumferential direction

We oan now equate the momentum at station (3) to momentum at atation (2)
taking oomponents in the plane of the aro.

1 n~1
nﬂp1u1 ij sin s +< n)AP1u1 vs sina = Ap1u1 v2 sin b

1 Fn -1
or n<v1 Ap1u1) 8in a +( n) v_‘ gina = v2 sin b
i.e. v, sin a - -—EE- sina = v, sinb. (2€)
fp oy
From Fig.4
v, 8ina = u
1 aro

_ﬁzﬂ"i": = Va2
and a2z 7 Yapo ” va2
leee 0 - = wid ¥ 2} ,if:i*ivéf’fs'ifn b = ST -‘uaé .



Appendix 1

Substituting in equation (26) gives

F
Yare ~ fp,u, sina = u, .. - U,
Fe )
or u = as before . (6
82 Ap1u1

Cleerly U, = C only when Fy = 0 i.e. Vep = U when Fy = Os Also Voo < U

are arc

when Fe finite +ve and angle a = b when

u u

L= = (27)
u v

ars 82

3,2 Momentum in longitudinal direction

Next, equating the axial components of momentum at stations (3) and (2)
and writing in terms of velocities relative to the arec, gives

4 n n~1 =
{E B, v, (v1 - Ap1u1> +-< = ) fp.u, v1] cos & - Ap u, v, cos b = (P2 P1)A

.oe (28)
-V -
i.e. [?1u1 {:% +-(£;i> V1J - %] cos & - p,u, V, cos b = P2 - P1
e
or pavyluy - wp) -5 = Py - Py (29)
which may be rewritten as before
FL
p1u1(u2 - u1) = P, =P, -2, (2s)

3«3 Energy sguation

Similerly, we may equate the energy at station (3) to the energy at
station (2),.

-2 -
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2 2 2
- v v v
W n-1 2
- Ap1u1 ch Tw3 + 3 } + ( ) Ap1u1 {C 'I'1 + E}} = Ap1u1 [Cp T2 + ??].
eee (30)

Eliminating Cp ij by using squation (25) yields

2 2 2
v 7 . . V. v
1,08 AN . ) N -2
nkAP1u1+CPT1+2>+ n)(cp T1+2) = CPT2+2
v2 v2
e 1 2
or 5, + c]?J T, +3° = cp Ty + 5 (31)

This equation is clearly the equaticn cbtalned if the energy at station (1) is
equated to that at station (2) ellowing for the heat added and using exes fixed
relative te the are,

Equation (31) may be rewritten

2 2
Ap,u, p 1 2 p 2 2 *
Fig.4 shows thet
Vg2 % Yaro Us2
s0 that
W W2 ul
S L, -are’ =2, 1 - )2
Iy A A C, Ty + 5 + 1 C u_,)
; u? Wl u?
- 4 =2 , 8IS _ 82
= O Tyt T U Yt
Substituting for u_, from equation (6) gives
2 2 2
-i—+CT+:1=CT+2- Fe +-u—8-2-,
Ap1u1 p 2 p 2 2 Ap1u1 arc 2
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which may be rewritten as

u2 F,u
?} +C T 2 §_erg

+
Rpyuy o Aeyy

“4nfn>

“iz
==+ cp T2 R (3)

which is the original equatiocn (3).
I CONCLUS TONS

We thus see that results achieved using the above model for conditions
at station (3) will be consistent with the main text, which conasidered only

stations (1) and (2), in as much as the same momentum and energy equatioms
are obtained.

The immediately obvious condition that the aro shall have a discrets
wake at station (3) is that

w3 cos a < 2xr (32)

where L is the width of the arc wake at station (3) measured normal to Ty
However, inspection of the continuity equation reveals that the supposition of
g diserete wake and an unaffected flow region demands an increase in orass-
section at station (3). The actual value dependingupon F, Q and n. In a
practical heater there will probably be a conatant or decreasing area and we
may then deduce that there must be interference between the flow patterns
about adjacent arcs in the cascade. Although there will be only one arc in

a heater, this nevertheless means that suitable allowance for this "ocascade"
interference must be mede when applying results from, say s single aro

travelling slanz atraisht 'rn'l'lg to the caae of an gro rokatir g in an annular

e ¥ Nk e d oy aip A A ATNAS W A

E&ape

The achievement of a heater sultable for wind-tunnel purposes will be
oriticelly dependent upon the mixing process between satations ?}) and (2),
beocause it is this which will produce the uniform conditions required at
station (2). It is shown above that in general the flow turns between
statisns (3) end (2) end, in as much as the wakes ocan be followed through
the mixing process, they will be found to turn alsoc.

Electrically, the significance of this investigation is that, an are¢
with & discrete wake will be moving into unheated air an then can be expected
to have a higher coclumn voltage gradient than a similar arc moving inte its own
wake., It would appear reasonsble to expect that in an arc chamber the voltege

gradient would change abruptly at a particular throughput where the wake
became discrete,

- 23 -
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FIGI~3
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FIG.l. ANNULAR ARC HEATER.
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A SIMPLE METHOD COF CALCULATING THE FLOW PRCDUCED IN AN AMNULAR
ELECTRIC ARC HEATER., Shaw, J.M, November 1963,

This note describes a simple model from which the flow In an
arnular electric arc heater can be calculated, It Is Intanded %o
clarify ideas about such heaters, %o direst thought to alternative
possibly better types and to gulde axperimental work, When more
sxperimental and theoretical results asre avallable 1t can form the
basis from which hsaters might be designed,
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It 13 shown that the simple annulsr type of heater will probably
produce excess{ve swirl in the outlet air stream, Alternatives are
suggested,

Account is taken {n the theory of both the heat addition and
the rorees produged by the fnteraction of magnetic filelcde with the
arc current,

It 1s shown that the s
produce excessive swirl in
suggested,

Account, 1s taken In th
the forces produced by the
arc current,

It is shown that the si
produce axcessive swirl in i
suggested,

Ascount §s taken In the
the forces produced by the .
are current,
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