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FOREWORD

This research program was conducted by The University of
Tennessee Space Institute, Tullahoma2, Tennessee. The work
covered by this report was sponsored by the Air Force Rocket
Propulsion Laboratory, Research and Technology Division,
Edwards, California under Air Force Contract AF 04(611)-11388.
The experimentai phase was carried out at the Arnold Engineering
Dev2lopment Center., Arnold Air Force Station, Tennessee with
assistanc. of Arnold Ceanter personnel.

The University of Tennessee Space Institute personnel who
participated in this study were as follows:

L. G. Bunter: Especially, on the first nozzle design
and power source study

¥W. Bergt: on the influence parameter and the character-
istic of arc discharge study

I,. €. Chow: on the evaluation of side force

T. C. Powell: on the calculation of plane flame theory

T. D. Buchanan: on the design of the rectangular nozzle,
Technical assistance was alsc received from: T. A. Tell,

M, Y¥cYlveen, M. P. Smith, R. E. Taylor and J. W. Tipps; and
Ruth Binkley typed the final report.

ARO, Inc. persomnnel who contributed greatly to the
accomplishment of this work were: L. E. Rittenhouse and J. ¥.
fihoric of PWT; and G. H. Pope and D. Miller of ESF.

The work was menitored by Captain D. Stump, AFRPL/RPMCH;
Captain H. Shock and Captain D. Pilkington. The research
reported herein was conducted from February 15, 19866 threcugh
May 31, 1967. This report was submitted by the authors on
September 30, 1967.

This technical report has been reviewed and approved.

Captain D. Stump
AFRPL/RPMCH
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ABSTRACT

The phenomenon of disturbances caused by electric
arc discharge ir a supersonic flow was studied both analyti-
caily and experimentally. The purpose was to study the
feasibkility of using this concept for attitude control of
space vehicles, A possible application for rocket propelled
vehicles was selected for the test condition of an experi-
mental program. Fair agreement was obtained between the

test results and the analytical solutions. It was found that:

1. A locazal static pressure rise can be created by
the electric discharge in a supersonic stream.

2. The electric field to initiate discharge was
about 2 x 102 volts/in for nitrogen stream at
Mach number 2.5 with static pressure of 2 psia
and stagnation temperature of 4000°R,.

3. The arc discharge, without a magnetic field, in
a supersonic flow of Mach number 2.5 can be
maintained and is stable,

4, The affected area is small which resulted in
small side force.

S. The generated side force per unit electric power
input is small in view of the available electric
power supply.

The use of an electric discharge for practical thrust
vector control cof rock.t motors is only feasible if the power
supply can be improved. This concept, however, proved to be
physically sound and may be very important for applications
in nuclear rockets where electrical energy is already avail-
able on board, or to the space mission re-entry vehicles
which the needed power has been generated and stored before
re-entry.
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SECTICK 1
INTZCITCTION

attitude control is reeded fcr both rockeil grepslied zzd
re-eniry vehicles. Tke first device io achieve this rarpose
w2Ss to coatrol tks jet vzres or to gixbile tte rocket exkaus:t
rozzles by m=chanical zeans. Tke schexwe ¢f secozéary fiuid
injection was introdzced in 1852 (Ref. 1) by wsirg xass additicn
2nto tEke rocXet extaust cozele to crezte tke desired sicde fcorce
¥or thrrst vecior control. Sraigtical strdies mace in eariy
185G"s (Bess. 2, 3, and 4) provided severzal different agpreackes
for predicting ike gecerated sicde force, acd zliso revealed tke
possible appiitsticcos for re-eoiry vehicles., Eanfxan (Rei. 3)
in 1857 stowed bis experimentzl resnlis in hyperscnic regime.
Tte egmivalernce prirciple between keat 2nd m2ss
searces in high speed flows w2s noticed by Hicks {R=f. 6) im
3850 and by Chu (B=£. 7) im 1355, arnd furtker dsvelcgped by
¥illxarih (Ref. 8) im 1957. This cozcept lezds io tke present
iovestigation of uwsing eleciric arc discharge to produce itke
Eeat sonrce for vehicle attitade coatroi.

Coxpared with tke existing technigmes, tke electiric
dischazge coxcept premites the followimg inkerent advamiages:

i) It kas ro mowving paris.

ii) Plrzhing systexm is rot reguired.
iij) Iznstantarescwus response rate appsars possible.
iv) Sicce ike sysien is eleciricai, it may be more

comratitle with the guidaczce ard conirol systems.
The pessible diszdvaptages may be a2s ol lows:

i it may result ip a2 keavier sysien compared to that
of the secondary injection scieme.

ii) Taere may be mzierial problexns associazazed with aigh

arc texoperatures.

This report is a study of the feasibility of using the
ne¥ cethed to sieer a vehicle during its flight. The proposed
techpigue is an zttenopt io obtain a2 positive and instantaameous
control of the systen by =eans of discharging eleciric emnergy
focally into the supersonic sirean as shown im Fig. 1.

For rocket applications, the electiric discharge is
accoxplished by an arc loczted at one side of the nozzle wali,
which causes a static pressure rise in the wvicinity of the

[ &mwﬂiﬁﬂohwwvﬂﬁ«“%f“ﬁw
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disckarge. This asyzzeiric pressure rise inside the nozzie

exit cone resunlis in a2 side Iiorce exerted agzipst tke nozzle
w21ll. A similar phenorenon has been cbserved ian the secondary
finid injection scherze f5r thrust vecior control of rockets.

The szze concept may aliso be applicable to the re-entry vehicles.

In order tc gain soxe insight o7 the gheroxecological aspects
0i this corcept, 2 feasibilily siuvdy khas been cosducted both
theoreticz2lly arcd experirentally. The magnitude of the side
ferce was predicted by three different amalytical xodels as
giscussed ir Sectinz II. The electric discharge arnd its cor-
respordirg pressure rises were ipvestigated by 2 limited
experirentzl program as discussed in Seciion Xil.
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SECTION 11
- ANALYTICAL INVESTIGATION

2.1 THEORETICAL XODELS

The phenoxena associated with electric discharge in super-
sonic flow (Refs 9, 10, and 11) are very complex. The flow
field is affected by the electric dischkarge, which in turn will
be ipfiuenced by the flow. The side force, produced by the
ipteraction of the flow field and the electric discharge, can
only be znalyzed based on simpliiied models at the present
tine. The validity of these simplifications, however, will be
verified by experinental investigation.

Froa experience it secondary fluid injection into a super-
sonic flow, it was found that both the "Blast Wave Analogy,™
(Bef. 4), and the “Linearized Small Disturbance Theory" (Ref. 2)
gave a fairly gocd gross agreement with the measured side force.
In additicon to the a2bovs two nodels, a "Plane Flame Analogy"
was alsc eaployed to predict the magnitude of the generated
side forece. All three models gave the same order of magnitude
resulis and are discussed as follosws.

2.1.1 Blast Wave Analogy

- The f2ow field induced by a blast wave in a guiescent

atmesphere was studied extensively by various authors (Ref. 12,
13, 14, and 15). lLees (Ref. 16) observed that the bow shock

. wave formation due to blunt pmosed bodies in a hypersonic flow
is equivzl ent to a constant epergy supply in the form of a
body drag. He successfully related the unsteady phenomecnon of
a sudden energy release into 2 quiescent flow to the steady
vhenoxenon ¢f am aerodynanic body in hypersonic flow. The
electric arc dischiarge in a supersonic flow can be coasidered

- as a high thernal energy release into a high velocity gas

strean.

L3E The conbined eifects of both the thermal energy and the

: free stream velocity makes it possible to apply the concept

oy of the blast wave analogy for 2aalyzing electric discharge

by and flow field interactioms. It is obvious that the accuracy

3 obtained from this analogy can be improved as the thermal energy
3 - or the free stream velccity increases. Roman (Ref. 17) also
observed that an electric arc confined by a magnetic field

E i behaves like z heated so0lid body in a flow field. This observa-

)
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analogy applyirg to electric arc aischarge into a supersonic
low field.

In order to see the nature of the problem and to determine
the equivalent energy source strength, it is assumed that a
large amount of heat is released on a flat plate which has a
zero angle of attack in a uniform supersonic stream. The energy
dissipation in the viscous boundary layer is small compared to
the energy release due to the blast and was ignored. The net
result of interaction between the flow field and the released
energy can then be adequately treated by the blast wave theory.

If the energy is released at a point at a constant rate,
the pressure wave will be spherically symmetric. This corresponds
to a point-blast case. A uniform flow of velocity u_ super-
imposed on the point energy source will result in an 3xially
symmetrical steady flow. In other words, the phenomenon is
equivalent to that of the point energy source moving with a
speed of u in the upstream direction with respect to a quies-
cent flow. This constitutes the strength of the line energy
source per unit length, E, and can be expressed as

P,
E=-— (1)

where Pi is the total energy input per unit time, or the power
ipput. Phe above relation may be understood in a different
manner; the total power input to the flow has to be equal to
the strength of a line source carried with the characteristic
velocity im question, namely, the free stream velocity u_.

The above equation is derived without considering the wall
effect. 1If the source is on the wall, and without considering
the boundary layer, this means that only the half-space is
affected by the above energy release; that is, half of the
strength will produce the same net result in the half-space.
Hence, in the flat plate case, the energy per unit length is
given by

2P,
E in

= (2)
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The first order similarity solution, from blast wave theory,
for a stroung shock wave is given by Sakurai (Ref. 13) and
Sedov (Ref. 14) for the effected area as

a_ Ro
(DFED2 = 5, (3)

and for the magnitude of pressure as,

a
&) D2 =g (4)
P, u
where Ro is defined as,
i
R, = ( E 2 (5)
217poo

and a_ is the free stream speed of sound, R is the shock radius
u = dﬁ/dt is the shock speed, jo is a constant depending on the
ratio of specific heats y, p is the pressure, n = r/R, with r
the distance from the center of explosion, and g{n) is a non-
dimensicnal pressure given as:

2y }yp1-y VE-1
'y-i" 1 v

2v3+4vy-1 .l - {(y3+2vy-1)
(6)
]
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If the energy is released adjacent to a wall, the force
exerted on the wall can be obtained by integrating the pressure
rises over the effective area as (Fig. 2),

LR
F o= 2 6/({ (p - p,)drdx )

where 1, is an arbitrary length toward downstream, and R is to

the shock position. Broadwell (Ref. 4) successfully showed

that Equation (7) can be integrated for the maximum side force

by employing the relations of Equations (3), (4), (5), and 6), and
resulted in:

_ 1
Frax = ;'U(Y)ng (8)
where M_ is free stream Mach number and o(y) is a constant
depending on the value of -,
o(y) = 0.10 for vy = 1.2
o(y) = 0.14 for vy = 1.3 (2)
G(y) = 0.17 for vy = 1.4

The side force F_ exerted on the plate due to a certain
power input Pip, in tRe present problem, then becomes

c(y)P,
F o= __z__iﬁ (10a)

a
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or, the side force per unit power input is

F oy
s _ c{vy) - S bl (10b)
Pin a_ u_
in terns of the iine energy strength,
FS )
(—=3 = o(y)M i {10c)
B/2

Equation (10c) indicates that the sSide force generated is
linearly proportional to the free stream mach cumber for the
same line emergy strength. Hemnce, it will be more wveneficial
to have the energy released to a2 higher Mach number stream
than the lower Mach number supersonic stream. A plot of the
generated side force vs. free stream Mach number is shown in
Fig. 3.

2.1.2 Supersonic Small Disturbance Theory

The present problem of heat release to a supersonic flow,
if viewed from the other a2aagle, namely, the entire flow field,
may be said to only be a local phenomenon. The energy additiion
only constitutes a periurpvation to the main flow, hence
linearized theory can be used.

Linearized supersonic small disturbance theory has been
employed in Wu, Chapkis and Mager's (Bef. Z) analysis and showed
a good agreement in predicting the order of magnitude of side
force generation by fluid injection. Broadwell (Ref. 4) also
peinted out that the linearized theory should give the right
order of magnitude of the side force. Hcwever, Broadwell added
one additional term to the side force equation proposed by
Wu, et al. He argued that the supersonic small disturbance
theory implicitly included the mass source entered to the free
stream with an x-component velocity of the same magnitude of
the free stream. The addifion of that term made the result of
the equation by an order of magnitude greater than the original
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one. The disturbance created by the plane source fiow in a
supersonic stream is caused only by the "interaction® of the
main and the source streams. Tihere is no need to add another
term to take care of the ari.ficial x-component of the velocity
since the disturbance created by the plane source flow is a

net interaction phenomeron. A detailed discussion of #Aroadwell's
additional term is included in Appendix I.

The apzalysis of a plane mass injection into a supersonic
stream on a filat plate was performed by Wu, et al. The pressure
coefficient C_ due to the mass injection disturbance is

analogous to the disturbance created by the half-wedge angle
5 (Fig. 4)

b =

v
= (11)
u

[22

i where vy is the‘vertical disturbance velocity. If the secondary
' mass flow rate m; , over the area A, is small as compared to
the mainstream mass flow rate, then the vertical disturbance

velocity can be related to the injected mass flow rateg as
follows:

(12)

Hence, the pressure disturbance by the mass injecticn can be
written as

p - pm T e (—__) = __——-—-—-—-i (13)
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Toe side force exerted on tke fiat plate is therefore

miu

e o

F= ffto-ppaa-322 (14)
. A v¥2 -1

Assuming that the disturbances were created by a mass source,

2 heat source azd a body force, Willmarth (Ref. 8) derived the
governing flow equation of the x-component as follows (Appendix
11),

q - f (15)

where n is the mass source per unit volume, g is the heat source
ver upit volume, and f_ is the x-component of the body force per
unit volume. it can bé seen that the mass source and heat
source can be related as

m=2X-1g (16)

where m and é are the total quantities of the rate of mass and
heat additions respectively. This analogy was also observed by
Hicks (Ref. 6) and Chu (Ref. 7).

Empleoying Equation (16), the generated side force on the
wall as expressed in Equation (14) can be written as

v AT
e

3 (v - 1)M2 .
i F, = R (172a)
5 . M2 -1 u
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Since Q = P;,, the side force per unii power iangrut can be
expressed as

FS (‘y - ;)M:: -
= (17b)
D, a Yuz _ 1
in = T =

It is surprising to iind out tkhat the asyoptotic form of
the above equation for large ¥_ is similar to tkat of fhe blast
wave theory, although linearized assumption should not z2pply
to high Mach number flows. XNevertheless, both theories give
the relation that

¥

! (=) ~¥_for ¥ > 1 (18)

i E/2 ® = !
4 !
i !
, f,
i The plot of generated side force vs. free stream ¥ach nunber ;

{ is shown in Fig. 5.

2.1.3 Plane Flame Analogy

There is another possible way to calcuiate the magpitude
of the side force by a simple plane flame analogy. It is assumed
that the heat is added intc an inviscid supersonic stream through
a plane thin flame as shown in Fig. 6. This approach is similar
to Willmarth's (Ref. 8) flame method except that the solutions
of the flow parameters can be uniquely determined.

ih The analysis of the flow field resulting from the heat
i addition through a plane flame can be greatly simplified by
making the following assumptions:

I i) The gas is thermally and calorically perfect. .
S ii) Gas properties dc not change across the flame. |

. iii) Plane flame has a negligible thickness, standing !
rg at an angle o to the plate (Fig. 6).

iv) Heat transfer occurs only when the flow passes
this flame.
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2eress 2 fizxe sheet, the zormal compezeni ci t2e ficw
velocity may oitter increase or decrease Cepending co whsizer
tte filzme is urndergoing 2 cefizgrazicn or Cetczatica crocess.
in eifZer cass, tke velocity compr=aat rparaliel 9 tZe Iizze
is unafifected. Trerefore, 2 Ceflagraiticn flzme will turn tke
flicw toward the plate, while 2 deifcnaticn fiawe will turn ke
figw away Irom tke plaite. Eowever., tre boxxlary co-diticn
recaires that tte Ilcw must be rarailel to tre plate, tzerefcre
tke presence o0f 2 secozd wave is recessary. There are wo
ooscible waves that may be prescaoi, nzwely, 2 stock wave wiich
always cecelerates tke rormal (o shsck wave) coxpornent of

tke velecity, ken-e iturzs tihe ficw a2x2y fream the piaze, cor
exrarcsion waves which zlways tures tke flcw ioward tie plate,
in tke configuration as showz in Fig., 5. Thersfore. we nay
LZave eight possibie flow rattercs. as listed in Teble I.

There are Icur cases where ibe bouzdary corditions are
satisfiad. Case (1) (2 stock wave follcwed by a deflagration
fiawe) does pot violate zany Dasic ghysical or xatkematical
laws, therefore its exisiance is possible. Case (4) (=g
expansion wave folicowed Py 2 cCeteonation flame) is ruled ot
tvecause of the follcewimg consideraticn. Im supersonic flow
(here only the velccity component mormal (o these waves are
considered. tke paralilel coxnpszent unzy be elimimated if the
Gbserver noves with that speed). ail disiurbamces prcpagate
downstrean only. The existarce of an ezpansicn waye spsiream
Of the detomation flaxe regmnires the sigmals propagatie up-
strean. Therefiore, Case (4) can not cccur. Case (3) is a2
deflagration flame followed by 2 shock. Howmever, there is rs
deflagration flaze in supersonic flow, this rules out the
possibility of Case (5). Fipe2lly, we shall consider Case (8)
(detoration followed by an expansion). Exgansion waves caan
orly occur in supersonic flow. In ibe presernt case it re-
quires the flow be supersonic (ithe pormal cozponent) after
the detonation flame. This iype of flarme is calied weak
detcnation which has rot been observed in reality. Therefore,
Case (8) does act exisi. Tie omnly cordition, which both
satisfies the boundary condition and is physically possible,
is a shock wave followed by a2 deflagration flane {Case (1}).
Therefore, the solution is uniquely deternised.
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12

| 7

A s ae




The continniiy, mcrentuxn and erergy eguz2tions, together
with the eguation of state, for the flgw norzai to the sheek

wave arec:
i pnsin;‘5=;:2u sin(B - §) (29)
2 3 2
P + gu®sin®g=p + p usin?®(p - 5) (20)
3 zZ 2 2 2 2
CT +2u2 =cT 242 (21)
D2 2 1 D2 9 2
and
T = n T (22
pz/p:-. 1 p2/p22 (22)

Those equations for the flow normal to the fiame are:

pusin(c -~ 5) = pusina (23)
2 2 3 3

,:.’:{

S

£ p + pu? sin®(a - 8) = p + p u®sina {24)

-5 2 2 2 3 3 3

3

} 1 5 1 5

- CpT +=-uc + A =CT + --u (25)

2 9 2 P 3 9 3
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The Ckhapzan-Jouguei deflagraiion process across the flaze is:

N

v sina= (yETS)

-

27)

In addition, two eguations expressing the fact thaf the tan-

gentizl velocity does not change across the shock and the flace
nay be written as:

u’ cos B = u2 cos (§ - &) (28)

2 cos (& ~86)=1u sin a (29)
2 3

where p is the demsity, u the veiocity, T the temperature, p
the pressure, AQ the heat addition per unit mass of gas, B
the coblique shock wave angle, a the flame angle, § the
deflection angle across the shock wave and the subscripts,
1,2,3, are indicating the regions respectively, as shown in
Fig. 6. Now we have eleven equations with elever unknowns.
This problem is solveable. However, due to the complexity of
algebra involved in simplifying the above equations, it is felt
that the best method is to solve numerically and iterate the
results with the help of tabulated numerical tables for the
static temperatures and pressures c¢f one-dimensional heat
addition.

The generated side force per unit power input can be cal-
culated by considering the geometrical relationships as shown
in Fig. 6. The total power input through the flame is p @ AQ,
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herce tke side force per unit power input is

, cos
¥ D -p )(—)rcos{s~a) + sinl(s onF
s _ (o, 3 L en 5) [cos{g~2) + sin(z-o)cot(a-5)] (203
Psn puQ

The side Icorce per unii power ipput calculated zccording
10 Eguation (30) is in agree—eanf witk the ovder of magnitude to
that of the blast wave theory. Side forces evaluzted by both
the blast wave theory aad the flaxe theory appeared to be less
thar that of the linearized theory. This is io be expected
because the linearized theory impliciily zssumed reversible
heat addition arnd should give tke mininum loss. Bowever, in
rezlity, the blast wave theory amnd the flame theory should
give better resulits due to the non-limear effect caused by
the iarge acount of heat addition.

2.1.4 Su=xary of Theoretical Stedies

Froz the above-nmentioned tnree approaches, one can predict
the magnitude of the side force gererated by hea: addition froz
2 side wall to the maim sirean. For a special case which is
investigated later experimentally, the following conditions are
used:

"

p. = 6000°R

=

14
N
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the specific side force per unit power input FS/Pin for the
three approaches are as follows:

Blast Wave Linearized Plane Flame

FS/Pin ~ .05 ~ .10 ~ .033

where ¥ _/P. has the unit of 1bs/kw, or approximately, lbs/BTU/sec.
A1l of The'Pharece different approaches predict the side forces of
the same order of magnitude. Blast wave and linearized theories
give the solution explicitly, while the piane flame theory needs
iteration. As expected, the blast wave theory gives the better
agreement than the linearized theory as compared to our experi-
mental results which will be presented in Sectiomn III.

The linearized theory predicts the highest specific side
force per unit power input. This is so because the small dis-
turbance theory represents the condition of minimum loss. There-
fore, the value may be considered as the upper 1limit of side
force obtainable by the arc discharge in a low supersonic flow.
For a higk supersonic flow or large energy addition, the linearized
theory breaks down due to its inherent assumption which we made
in the derivation of the governing equations.

The blast wave theory, on the other inand, can not extrap-
olate to the low Mach numbzr flow or low energy addition case.
This is duve to the assumption of 3 strorg shock wave bounidary
condition employed in its original derivation.

2.1.5 Comparison of Heat Addition and Mass Injection in
Generating Side Fcrce

From the abecve discussions, it is clear that both mass
injection and electrical energy addition are capable to generate
side force locally in a supersonic stream. Purely from a the-
oretical point of view, it is difficult to determine which method

16
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is superiocr. Depending on the quantities of injection, both
schemes may yield comparable magnitudes of side force. There-
fore, the selection of either method for a specific mission,
depends very much on the conditions such as the state of the
art on power source, the material capability, the hardware
designs, etc. In some cases, there is electriczl power avail-
able on board such as nuclear propelled vehicles, the electrical
energy addition through the arc discharge technique appears to
be superior, because there is no need to carry the redundant
auxiliasy tank for the mass injection. On the other hand, the
arc discharge method depends on the specific energy of the
power source if tbe power source needs to be carried on board.
The specific energy of the power source is defined as the ratio
of the energy of the source to its weight.

From the airborne weight penalty point of view, the
performance of arc discharge may be best analyzed by using the
parameter of side force specific impulses, Isps- This parameter
is defined as the side force generated per unit weight consumption.

For the mass injection case,

F
_ s
Ugps)n = = (31)
and for the electric discharge case,
¥
= 5
(Igpsde = = (32)
e
where w = flow rate of secondary injectant, ﬁ = battery, or

electric power soui:e, consumption rate definéd as

v =22 (33)

17




and E battery specific eunergy, usually is given by

watt—ﬁ?/1b Hence,

(34)

The side force specific impulse can be evaluated by the blast
wave theory and the linmearized theory, respectively.

2.1.5.1 Blast Wave Theory

The side force generated by the thermal energy release has

been derived as

B.
_ in
Fseb - O(y)Mw —_

Hence, the specific impulse may be written as

F
(Igpsdeb = _SP
W
e
E
= o(y)u_ —=E
u

by employing the conventiounal unit, i.e.,

E

(1. .)
sps’eb u

(35)

(362)

in watt-hr/1b, u_
in ft/sec, IspS in sec, the above equatlon ggcomes

= 2655 o(y)M_ —=E

o]
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2.1.,5.2 Linearized Small Disturbance Theory
The same argument may be also applied to the linearized

theory. The expression for specific impulse of electric ais-
ckarge based on linearized theory is as follows:

(I ) , = 2655 <o Sp (37)

The theoretical performance of employing electric discharge
in generating side force by the above two thecries are shown in
Fig., 7. The side force specific impulse is linearly related to
ike specific energy of the power source. At the present state,
the specific impulse of using electric discharge, by carrying
chemical batteries on board, is significanily lower than that
of the secondary mass injection because of the low specific
energy values. However, the electric discharge technique will

appear to be superior than the secondary fluid injection scheme,
if

i) the electrical source is available on board, such as
nuclear rockets,
ii) storage of solar energy is possible during the long f
time space mission vehicles in its re-entry phase,?
iii) further improvement and development of chemical
batteries are possible,® and
iv) development of new type power source like MHD generators?
becomes available.

2pt the present capability, a round trip to outer planets
tztes several years in space. In addition, according to Cheng
(Ref. 21) the arc discharge applied to a high Mach number low
density flow may result in some other effects which will help
in generating side force.

31t is felt, with the present technology on chemical batteries,
that the limit of specific energy required from this system is
below that required to make thrust vector control by electric
arc discharge competitive.

4Airborne tvpe MHD generators are in the development stage at the

J. B. Dicks and Associates, Tullahoma, Tennessee (see detail in
Appendix III).
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2.2 ELECTRIC ARC CHARACTERISTICS

An analytical method is not available for predicting either
the breakdown voltage or the operating characteristic of an elec-
tric arc with sufficient confidence. For the configurations
that the electrodes are mounted flush on the same surface with-
out facing at each other, there is no information available
even to serve as a guide for an intelligent guess. It is felt
that there is a need to collect the existing information on
electric ares for defiping an operation range in order to in-
vestigate the aerodynamic aspect of the flow field phenomenon
caused by electric discharge.

The breakdown voltage as indicated by Cobine (Ref. 18) and
explained in Appendix IV could be as high as 23,000 volts for
the present problem. Of course, this is not practical for any
possible aerospace applications. Experimental methods for
establishing an arc with reasonable breakdown voltage are
available for different electrode configurations. A literature
survey of the available information under various conditions is
discussed in detail in Appendix IV and revealed the possibility
of establishing an arc at a breakdown voltage at about 400
volts. The value is encouraging but the information curves
are not directly comparable with the present problem. Never-
theless, the range of investigation can be considered as a guide
for the purpose of preparing experimental investigations.

The operating characteristics for a cylindrical arc were
analyzed by Maecker (Ref. 19) with the assistance of some
experimental results. Following Maecker's approach, the
voltage-current variations of an arc operating characteristic
at a nitrogen stream of 5000°R was evaluated in Appendix V.
There the consideration of thermal-chemical effect concerning
ionization for an arc discharge at various temperatures and
pressures was based on the results of Cambel (Ref. 20).
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SECTION ITII
EXPERIMENTAL PROGRAY

Electric arc studies have relied on expesrimental programs
because of the complex emission processes caused by various
parameters. such as the elecirode surfaces and the surroundiag
conditions. Avzilable theories can only provide qualitative
guidance for designing the experime .tal apparatus. The desired
configuration with the electrodes embedded in the same surface
without facing each other has not been examined in the litera-
ture. Preliminary study of Appendix IV indicated that

i) the breakdown voltage could be as high as 23,000 volts
for a pair of electrodes separated by one guarter of
an inck betweer the shortest distance, and

ii} the arc might not be stabhle without the confinement
of a strong magnetic field.

Consideration for apparatus design further revealed that
the material problem could be very serious especially in the
vicinity of the electric arc. In order to study the aerodypamic
phenomera on pressure rises caused by electric discharge, all
the related problems need to be investigated. Tkree different
types of testing nozzles were designed and tested. The
difficulties encountered during the testing processes are pre-
sented in Appendix VI.

3.1 TEST FACILITY

The experimental program was conducted at the Arnold
Engineering Development Center, Arnold Air Force Station,
Tennessee. The two-megawatit arc heater located in the
Propulsion Wind Tunnel was selected because it provides 1)
the high temperature gas stream for simulating the rocket ex-
haust and ii) the required d-c power sunply for starting and
mainta‘ning the electric arc. Since the facility has been
scheduled for other higher priority tests at the same time,
the apparatus and instrumentation were so designed that a
minimum alteration of the standard set-up was needed.

The arc heater supplied heated nitrogen at a stagnation
temperature range between 3000°R and 6000°R, and a stagnation
pressure of about 50 psia. With a vacuum system to provide an
ambient pressure approximately 2 psia, at a continuous flow
rate of .3 1lbh/se; the high temperature environment of a rccket
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nozzle was ablie to be simulated at an exhaust Mach number
approximately 3. Due to the high temperature environment of a
cooling system at 400 psia with a maximum water flow rate
approximately 300 gallons per minute was used to maintain the
test apparatus within the allowable stress limit. A schematic i
diagram of the test facility is shown in Fig. 8 and a photo-
grapb of this facility is shown in Fig. 9.

In order o provide the electric energy for establishing
anu maintaining an electric arc, a d-c power supply up to 1200
volts was used at a maximum possible current of 800 amperes.
The d-c¢ voltage can only be applied at an increment of 75 volt
interval; the voltage and current were registered on standard
neters and recorded photographically at three frames per second.

The stagnation temperature of the arc heated nitrogen was
determined by using the relation cobtained from ihermal energy
balance between the cooling water and the heated nitrogen. Nc
temperature measurement was attempted in the test section be-
cause the arc temperature generally is out of the range of
conventional temperature measurement technique such as thermo-
couples. Optical systems for temperature measurements were
studied, but the reliability and accuracy could not be proven
to justify the effort.

The stagnation pressure of the heated nitrogen was measured .
directly from the stilling chamber., The static pressures in
the gas stream was measured through wall pressure taps by :
transducers and manometers, and recorded by an oscillograph and ’
cameras respectively. Due to the distance between the test
apparatus and the instrumentation panel, a minimum time of 0.8
seconds for the transducer readings and 3.0 seconds for the
manometer readings were required to give the steady state
response. The detailed study of the response time is discussed
in Appendix VI. The standard set-up of the test facility is
described in the AEDC Test Facilities Handbook (Ref. 22).

3.2 TEST NOZZLES

Three test nozzles were designed for adapting to the two-
megawatt heater for rocket nozzle simulation. Due to the high
temperature requirement, only water-cooled copper and ablative
composite material were chosen for this study.

3.2.1 Axisymmetric Copper Nozzle

A water-cooled axisymmetric copper nozzle was built for the
purpose of studying: i) arc establishment, ii) insulation mate-
rials, and iii) electrode configuration investigations. Prelimi-
nary information on arc establishment was obtained by surveying

22

- b = i - - [N - oo mm— s - - — e s ra e w e ama o e b it



the available literature as outlined in Appendix IV. The heat
transfer analysis was made by considering the conductive andg
conv-_tive heat transfer at the test conditions. The insulation
materials were determined by trial and error method as outlined
in Appendix VI. Two pairs of electrodes were instalied for
obtaining the information on breakdown voltages affectad by

% electrode arrangements. However, the available space Tor

¢ pressurec measurements was limited by the number of electrode

' configuration possibilities. A schematic diagram of the
axisymmetric copper nozzle isshown in Fig. 10; the photographs
of the side and end views are shown in Figs., 11 and 12,
respectively, to indicate the pressure tap and electrode
arrangements. The water-cooled axisymmetric nozzle was modi-
fied for studying pressure distributions. A schematic diagram
of the modified axisymmetric copper nozzle is shown in Fig. 13
to illustrate the pressure iap locations with respect to the
tested electrode configuration., The photographs of Figs. 14
and 15 show the assembly and the exit of this nozzle.

3.2.2 Rectangular Copper Nozzle

The rectangular copper nozzle was designed for the
following purposes:

i) Visualization of electric arc and flow field interaction.
ii) Electrode configuration variations, and

iii) Material selections for electrodes, insulators, and

- rlastic nozzle parts.

z

! In order to meet these requirements, three nozzle sections

% were used, namely, the throat section, the top and

side wall sections and the bottom wall section. Water-cooled
copper was used for the first two sections with quartz windows
installed at the downstream portion of the side walls for flow
visualization. Various materials were used for the third
section which was simply a flat plate with electrodes and
pressure taps. This third section can be easily replaced for
investigating electrode configurations. A drawing of the

3 rectangular nozzle is shown in Fig. 16, photographs of Figs.
17 and 18 show the three main sections of the rectangular
nozzle; Figs. 19 and 20 show the assembly and the side views,
respectively.

§v AT e A I
IR AR e B
]

TS, VS SR e SRS T
oy, sl b

L

vverbn

ey

g
G

FO

g
i

23

POy

B

| o=




I

Liged Lt las

TIPS VLB E

G

L U
M s
e

<
&
M 4
!
*
>
P

|

I'ﬁ’*‘-\@{‘m

3.2.3 Axisymmetric Silicon Phenolic Nozzle

The water-cooled copper nozzle was inherently accompanied
with 2 cold boundary layer which may affect the electric dis-
charge characteristics. In order to investigate the possible
effect on the flow field, an axisymmetric silicon phenolic
nozzle was built identical with the axisymmetric water-cooled
copper nozzle. Due to the high ablation rate of this material,
a graphite threcat insert was used for better duration. A
design drawing of the axisymmetric silicor phenolic nozzle is
shown in Fig., 21. Photographs of Figs. 22 and 23 show the
pressure tap locations and overall assembly of the nozzle.

3.3 TEST PROCEDURE

After all instruments were properly calibrated, the test
was started for any predetermined test conditions . The standard
procedure for each test run was as follows:

The vacuum system was started first to establish the
desired back pressure at the nozzle exit. The cooling water
was thep started to circulate. The water flow rates of all
cooling sections were recorded and inspected to insure sufficient
amount of coocling for preventing any possible overheating of
any parts. Since the test was conducted at very high temperature
and low pressure environment, the cooling water flow rate could
be very critical in order to keep the apparatus withia the
allowable stress limit.

When the cooling water system was functioning properly,
the cold nitrogen flow was then started. Simultaneously, all
the cameras and oscillograph were turned cn to record time
dependence variations of all pressures and temperatures.

The arc heater was then started to heat the nitrogen at
the stilling chamber. As soon as steady state was reached
(generally, it required 3 to 5 seconds), the d-c power for
electric discharge was applied. A high frequency starter was
connected in the circuit and cculd be used if necessary.

The operating characteristics could be established by
decreasing the circuit resistance or increasing the circuit
voltage. The variations of both current and voltage were
continuously recorded by photographing the ammeter and volt-
meter readings. The voltage for electric discharge was dis-
continued after a period of time which was considered long
enough for steady response of all the pressure measurements.
The nitrogen fiow, instrumentation recorders, cooling water
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and the vacuum system were then turned off in sequence. In
some cases, the static pressure afier discharge did not return
to the before-discharge readings as discussed in Appendix VI.
Cautions were taken to allow at least 3 seconds between the
voltage off and instrumentation cff in order to check the
possible cause of pressure rise other than the electric dis-
charge. The actual pressure rise caused by electric discharge
was determined by using the pressure difference between the
pressure reading during and after discharge. This method of
deternining pressure rise caused by electric arc is being
considered as conservative because the material is deforming
continuously even shortly after the electric discharge.

3.4 RESULTS AND DISCUSSION

3.4.1 Breakdown Voltage in a Supersonic Stream

No information is available concerning the breakdown voltage
between two parallel electrodes embedded flush in the same
surface in a supersonic stream. Various sources as discussed
in Appendix IV indicated the possible breakdown volitage ranges
from 400 to 23,000 volts for the desired configurations. This
uncertainty caused a great deal of difficulty in selecting an
appropriate test facility for the experimental investigation.
A compromise had to be made in order to cover the reasonable
ranges for the flow Mach numbers, the stream temperatures, and
the 4-c power availability. The two-megawatt heater provided
the conditions closest to the desired range with the disad-
vantages that the flow Mach number was limited to 3 and the
side force could not be directly measured.

The axisymmetrical water-cooled copper nozzle was used for
investigating the breakdown voltage. A 75 volt increment was
applied for testing at various design parameters., The
experimental results are tabulated in Table 11, It can be
seen that a breakdown voltage of 375 volts was needed to start
an arc between a pair of electrodes of one-gquarter inch apart
mounted flush on the same surface over which a Mach 2.5
nitrogen stream flowing at a static pressure of 2 psia and a
stagnation temperature of 4000°R. The breakdown voltage was
substantially reduced by increasing the stream temperature,
decreasing the distance between the electrodes, arranging the
electrodes parallel instead of perpendicular to the flow direction,
or seeding the stream with low ionization potential material.
It is to be emphasized that the tabulated results in Table II
are only qualitative nature because of the d-c power supply was
limited to 75 volt increments. Nevertheless, the possibility
of successfully establishing an electric arc in a supersonic
stream is proved to be within the practical voltage range;
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TABLE II - ARC ESTABLISHMENT PARAMXTERS
(MACH KO. OF GAS STRRAM = 2.5)

Investigated Parameters . .
Circuit
Voltage
Total High Freq.] Dist.(d) | Electrode polarit Seeding (Vo)
Temp. Starter Between Arrg't I =ty (K2C03)
(T, (s Electrode
°R — in. — A volt
4200 wlo .25 L . 0 375
6000 300
£200 w/o .25 0 375
w 300
300
4200 w =22 l -_— 0
125 225
1
300
4200 w =125 0
.20 H 150
150
4200 W .20 I l 0
Reverse 225
4200 w .20 | | Reverse 0 223
.25 150
5700 v .20 Il — .28 75
7 7, 77,7 §1
Vo — /
I
—_—
: ®
oo I

26

e —————

Iy

[P




s

a2 Bl

Y ettt i v e

namely, the electric field required to initiate discharge was
about 2 x 102 volts per inch at the studied condition. More-
over, the use of high frequency starter was found to be very
effective in assistance to establish the arec.

3.4.2 OQperating Characteristics of an Electric Arc

The operating characteristics of an electric arc can only
be analyzed for highly simplified models as discussed in Appendix
V. Configurations for the proposed scheme have not yet been
studied. The experiment for establishing a voltage-current
curve was conducted by

i) increasing the circuit voltage, Vo, as shown in
Figure 24 and,

ii) reducing the circuit resistance, Rc.
The coperating characteristics are svown in Figure 25 for the
electrode arrangements perpendicular and parallel to the flow
direction.

3.4.3 Pressure Distributions

The pressure distributions in the vicinity of the elec-
trodes were measured. However, due to the high temperature
environment (approximately 10,000°K arc temperature), and the
high velocity (about 5000 ft/sec) flow field, the material
problem became so severe that the pressure distributions
could not be obtained without any interference from the material
deformation. Three test nozzle designs were used for in-
vestigating the static pressure distributions:

3.4.3.1 Axisymmetric Copper Nozzle

The pressure distribution along the nozzle centerline is
shown in Figs. 26, 27, and 28 for the electrode configurations,
A, B, and C, respectively. Configuration A was for electrodes
one-quarter inch apart perpendicular to the flow direction.
Configuration B was for electrodes one-eighth inch apart perpen-
dicular to the flow direction. Configuration C was for
electrode one-quarter inch apart parallel to the flow direction.
The area affected by pressure rise in configuration A is compara-
tively larger than those of configurations B and C. However,
the pressure taps were not dense enough to provide the detailed
distribution especially in the vicinity of the electrodes. Further-
more, the deformation of the insulation material destroyed the
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smooth contour of the nozzle surface, which caused the static
pressures after discharge to differ from that befcre discharge.
The insulation damage can be seen from a photograph for electrode
after discharge in Fig. 29. By examining the post discharged
test nozzle the different colors on the wall downstream of the
electrodes indicated a very similar pattern as observed down-
stream of the injection part of the secondary fluid injection
cases (Ref. 23). These color changes were considered as an
evidence of the presence of a shock wave caused by the mass
addition in the secondary fluid injection case and by the
electric arc discharge in the present case.

The insulatior material created a serious problem, as
discussed in Appendix VI. Among all the tested materials, boron
nitride appeared to be the only one possible to provide the
desired performance and was used for electrode insulators for
all the remaining experiments. The electrode configuration C
vas tested for measuring pressure distributions at various power
inputs. The arc was established at a breakdown voltage of 75
volts, with the assistance of a high frequeacy starter under the
filow conditions of a Mach 2.5 nitrogen stream seeded with
K2C0g (approximately 0.28% of potassium) at 5700°R stagnation
temperature and 2 psia static pressure. The pressure distribu-
tions are shown in Fig. 30. The history of the pressure
variations corresponding to the power variations is shown in
Fig. 31. It can be seen that the pressure rise is a function
of power input. Moreover, the static pressure after discharge
returned to the values of beifiore discharge which proved that
the boron nitride could be used as insulators between the
electrodes and the copper wall.

; . It is necessary to point out that the static pressure at

1 the nozzle exit was not following the isentropic expansion curve
even without electric discharge. This was caused by flow

3 separations resulting from the leaking problem of the vacuum
system which prevented the test facility from reaching the
designed nozzle back pressure. The axisymmetric copper nozzle

. was modified by changing the exit area to the attainable back
pressure of the facility and installing more pressure taps in

the vicinity of the electrodes. The problems of flow separations

o and insulation damages appeared to be considerably improved.

- The static pressure distributions are shown in Fig. 32. The
¥ ‘ static pressure rise due to electric arc discharge seemed to

t affect only a very smail area. -
% ‘
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3.4.3.2 Rectangilar Copper Nozzle

The pressur: distribution of the rectangular copper
nozzle was measu.'(d using several types of material as the
bottom nozzle wa. . The purpose of eliminating the cold
boundary layer eiject was the main reason for using a non-
metallic materiz! as the bottom nozzle wall. However, several
problems were encuntered during the testing. Boron nitride
was the first material selected because of its high thermal
shock resistancez, but the difficulty of preventing leaks
between the pressure taps and the boron nitride plate made
this material impractical from the cost standpoint. The leak
prevention effort for using boron nitride is discussed briefly
in Appendix VI.

Silicun phenolic material was used with fair success
when the electrodes were insulated with boron nitride. The
insulation /s necessary because charred silicon phenolic is a
good electric conductor. The pressure distributions are shown
in Fig. 33 for electrode arrangement perpendicular to the flow
direction. The flow field disturbances caused by electric
arc were recordea with high speed movie cameras for visualization
purposes (available on request). Fig. 34 shows a typical
movie frame of the flow field disturbance due to electric
discharge which is very similar to the picture for secondary
fluid injection as shown in Ref. 3. It was observed that
the extensive heat of the arc caused the plate to ablate and
deform and prevented the pressure reading from returning to
the original vaiue after discharge. Moreover, the highest pzak
of the pressure rise was not detected because the insulatica
occupied the space where the pressure tap was located in the
axisymmetric nozzle. The phenolic plate after discharge is shown
in Fig. 35. A water-cooled copper plate was also used for the
configuration of electrodes perpendicular to the flow direction.
The tlectric discharge was established through the copper plate.
Ceramic coating on the surface of the water-cooled copper plate
was used. The pressure distribution is shown in Fig. 36. The
static pressure returned to the original values after discharge.
The ceramic cocated copper plate seemed to be a better approach
to prevent erosion as well as to maintain the arc between
electrodes. Houwever, the ceramic coating could not remain
effective for sufficient time to give steady state manometer
readings and the effective pressure rise area appeared to be
very small. The picture in Fig. 37 shows the copper plate
after discharge.

It is noted that the supplied electric energy partially
went to ablate the material as in the silicon phenolic plate
case and to heat the cooling water as the ceramic coated copper
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plate. 1In any event, the phenomenon that electric discharge
can cause pressure rise in a supersonic flow field is confirmed.
The effective area, however, is very small for free stream

Mach numbers near 3.

An electrode configuration arranged parallel to the flow
direction was also tested. No substantial pressure rise was
measured during discharge for all the pressure taps. The ceramic
coated copper plate after discharge is shown in Fig. 38.

3.4.2.3 S8ilicon Phenolic Axisymmetric Nozzle

The pressure distributions obtained from the silicon
phenolic axisymmetric nozzle are shown in Fig., 39. The static
pressure after discharge failed to return to the before discharge
values because of the severe damage of the surface of phenolic
naterial. The information on pressure rise was obtained by
using the pressure differences between, during and after dis-
charges. The actual pressure rise caused by electric discharge
could be higher than the used value because of the continuous
deformation of the phenolic material. Nevertheless, this
method provided the quantitative results on the most conservative
side. Thus, the concept that the electric discharge can cause
sudden pressure rise is confirmed. Fig. 40 shows the picture
of the phenolic nozzle taken after discharge. By examining
the post discharged test nozzle, the color changes on the wall
downstream of the electrodes indicates the shock wave pattern
caused by the electric arc.

3.5 COMPARISON OF PRESSURE RISE IN MAIN STREAM DUE TO ELECTRIC
DISCHARGE AND THE PRESENCE OF SOLID BODY

It has been reported by Roman (Ref.17) that a magnetic confined
arc in a cross flow behaves like a heated solid body as has been
mentioned in Section II. In the present experiment, the arc
discharge is not magnetically confined. However, it has been
observed that the same arc - solid body analogy still exists.

Once the discharge is established, energy is continuously being
fed in. The discharge takes a curved path rather than a straight
one (as in the magnetically confined arc) because of the blowing
effect of the main stream,.

Figure 41 shows the pressure rise caused by the protrusion

! of electrodes above the nozzle wall about 0.06 in. without discharge
and caused by electric discharge with flush mounted electrodes.

It is clear that the pressure rise caused by these two effects are

.30
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quite similar. The pressure rise was shifted downstream in the
discharge cases (Fig. 41). This was caused by the curved shape
of the discharge due to the blowing effect. Vas and Bogdonoff
(Ref. 24) reported that the pressure just upstream of a forward
facing step increases linearly with step height as long as the
step height is less than the boundary layer thickness. Since
the distance of protrusion of electrodes were less than the
boundary layer thickness (about 0.2 in. in our test case),

it may be able for us to estimate the equivalent step height
corresponding to a similar pressure rise by an arc discharge.

3.6 SIDE FORCE EVALUATION

The side force was evaluated by integrating the pressure
differences during and after discharge over the affected areas.
The detailed evaluation procedures are discussed in Appendix VII.
Due tc the limited experimental data available, this evaluation
only gives the order of magnitude of the generated side force,

The evaluated resultis are compared with theoretical calculations
and presented in Table IXII. The experimental level for the
parameter Fs/Pin is low but comparable to that of the theoretical
calculations. The energy lost in ablating electrodes, insulators,
and conduction to the cooled walls has not been considered.
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SECTIOXN 1V
CONCLUSIONS

Analytical and experimental investigations were conducted
for the electric discharge in a supersonic stream. The
following conclusions were reached.

4.1 STATIC PRESSURE RISE CAN BE PRODUGCED BY ELECTRIC DISCHARGE

A static pressure rise occurred in the vicinity down-
stream of the electrodes when an arc discharge was applied in
a supersonic flow field. This type of static pressure distribu-
tion was also observed in secondary fiuid injection case,
especially when gas was used as the injectant. The pressure
peak caused by arc discharge agreed with the trend predicted
by the blast wave theory.

4.2 SIDE FORCE GENERATED 8Y AN ARC DISCHARGE MAY BE PREDICTED
¥ITHE SIMPLIFIED THEORY

The blast wave analogy, linearized small disturbance thneory,
and plane flame theory all predictec with the same order of
magnitude of the experimental result. The blast wave analogy
appeared to be more advantageous because it considered the
nonlinear interaction phenomena of the energy source with the
flow and also resulted in a simple mathematical expression.

4.3 ARC CAN BE ESTABLISHED AND MAINTAINED IN THE SUPERSONIC
STREAHM

There is no report available on the arc discaarge to a
pair of electrodes which are embedded flush on the wall and
are not directly facing each other. From this study, it was
found that the arc can be established and maintained in a
supersonic flow without magnetic confinement.

4.4 THE BREAKDOWN VOLTAGE IS WITHIN THE PRACTICAL RANGE

The electiric field, to initiate arc discharges, was
about 2 x 10 yolts/in. for nitrogen stream at Mach number 2.5
with static pressure of 2 psia and stagnation temperature of
4000°R. The required electric field can be reduced to approxi-
mately 3 x 102 vyolts/in., if the gas streanm stagnation
temperature is about 6000°R with 0.28% of potassium seeds and
favorable electrodes orientation.
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4.5 THE SIDE FORCE SPECIFIC IMPULSE OF ARC DISCHARGE DEPENDS
ON THE SPECIFIC ENERGY OF POWER SOURCE

Comparing the specific impulse of arc discharge scheme
to that of the secondary fluid injection method, it was

found that the arc discharge technique only becomes competitive
when

i) high specific energy power source is availabie
for rocket type vehicles, or

ii) sufficient power source is available on board for
re-entry type vehicles.

4.6 MATERIAL PROBLEMS ASSOCIATED WITH ELECTRIC ARC DISCHARGE
IN SUPERSONIC FLOW

It was found in the experiments that the available
material can »nly sustain a very short duration without serious
deformation. In order to obtain accurate measurements, highly
sensitive instrumentation must be used. The experimental
program was discontinuved because the development of high
temperature material at the present is not adequate for
system applications.
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SECTION V

RECOMMENDATIONS

Based on the results of this investigation, the following
recommendations can be made:

5.1 ARC DISCHARGE FOR ROCKET APPLICATIONS

The most attractive place to use the arc discharge tech-
nique is for nuclear energy propelled rockets where energy
consumption for auxiliary power does not result in significant
weight and cost penalties. For chemical rockets, however, the
only possibility of making the electric arc discharge for
thrust vector control to be feasible is to employ high specific
energy power source which may be available in the future.

5.2 ARC DISCHARGE FOR RE-ENTRY APPLICATIONS

For the long time mission space vehicles, the solar energy
may be stored and used for the re-entry ftrajectory control
purpose. The phenomena of arc discharge in a very high Mach
number case needs further investigation.

USRS

. 5.3 A COMBINED APPLICATION OF SECONDARY MASS INJ<CTION AND
ARC DISCHARGE

[P

From the side force specific impulse point of view, it is
found that the arc discharge alone, or purcly by the thermal
energy addition, under the present available power source is
not as effective as the seconrdary injection. A new device may
be developed by combining the two methods. The arc discharge
could be designed, such as the arc jet device, to provide thermal
energy for the secondary injection gas rather than directly
delivered to the main gas stream. By this means, the secondary
gas flow will receive an additional energy or to increase its
momentum as it leaves the injection port, and resulted in a
mecre effective side force generation than by either gas injection
or arc discharge alone.
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5.4 ARC APPLICATIONS FOR SUPERSONIC COMBUSTION

The electric arc¢ discharge proved to be a very practical
means for energy addition at low pressure environment. This
phznomenon may assist to overcome the difficulties for diffussional
aixing in supersonic combustion at low pressure. There, in
general, the long relaxation time results in a combustor being
too long for practical purposes. Arc discharge in the fuel and
air mixing region may accelerate the mixing and combustion

TES
2

ST

<
PR

o
PRORy ST

35

(:&\W;': ’Qn-f'; YQ'J'E‘,'#

5
b
l
¢
i
i

e t— b i . i = -

L SR S\ AN RS
N "
i

2
%
B

,po O

-
T e ““’?""‘""""w‘l s

¢ v e ok s s

Biprtig ¢ S 99%

|
{
|



li o

s o

;
processes. Moreover, the required power source can be obtained i
through a HHD generator which mey be located at the downstream T
portion of the system. r
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Mach Number by Blast Wave Theory

Generated Side Force vs.

Figure 3.
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SYMBOLS

O = Axisymmetric water-cooled copper nozzle

& = Rectangular nozzle with coppetr plate

0 = Modified axisymmetric water-cooled copper nozzle

# = Axisymmetric silicon phenolic nozzle

& = Rectangular nozzle with silicon phenolic plate

- |
A :. °
&
S ee@, 8o & g

] 1 1 1 i ! 1 1

300
-
8
3 200 L
o
>
.
100
0
100
FE)
~
o)
>
>
0 |
100
43
P
[e]
>
> 0o
Figure 25.

20 40 60 80
I, amp

Measured Arc Characteristic

61

e e <

ettt b e A

N N 1




- - |
= 48,7 psi — -3
?0 ] 2 O = Before Discharge ] 3
T = 4300 "R R - -3
j.e ‘ A = During Discharge -
- P, =6 kv . s . * . :
" 4 +[Cin ’ Ab = p S ] :
& during before 3
'S O — - . %
2 37 » ;
: 5
2 2 b A ._f
2 S E
(®) g
2 1 A A :
i o 2
E © s‘
@ ) -1 ! W 1 ! 1 x ‘_
iin Electrodes 4 1n :
3 -
: -4 1 E
g L
: 2 o
11 i ?
g -
P o ? ® b
- 0 s s s B —— — — . — 0——-—-0 ———————————————————— : Af
&, L
q B ; 3
| i ) |
-1 i ' 2 in 4 in ’ x 3
I - 1
: Throat Ex:;.t
3
f Pressure '3
tap i
[ 0 ©
“‘aaw_luﬂ_ﬂl—wu ;
——l—-’ — . - e )—Q‘-2-5—4 e @ s O Rt e
Flow
direction
g -
: 3
% Electrodes 3
'i Figure 26. Pressure Distributions along Nozzle Center Line ‘
- (Axisym. Copper Nozzle Cross-Flow Electrodes, :
i 0.25 in, apartéz
!
i
4 R e ~ . o




p. = 47.2 psi G = Before Discharge
) To = 4400 °p 4 = puring Discharge
aH©° o _
T “{Pyp = 1 k¥ AP = Pyuring ~ Pbefore
3 P S é

Static pressure, psia
N

P L

! ) 2:111

Ap, psi

Y S

4=in T X
Electrodes

P 4

________________ o

ﬁ 2 in

Pressure tap

e et o o i i St e e e o

Flow
direction

~
Electrodes

Figure 27.

0.125 in., apart)
63

Pressure Distributions along Nozzle Center Line
(Axisym. Copper Nozzle Cross-Flow Electrodes,

- g

.\)




IR A ik s i a )

TG

EFL R

o

Static ﬁressure, psia
»

Before Discharge
During Discharge

i

48.18 pai -~ Jo
= 4000 © A
Pin f 2.5 o

o |
o
i
It

~J

AP = Pduring = Paefore

>
ob

psi

ap,
(=)

-1

Electrodes

L
L

e P e e e e e

Throat i

* 7T ‘ a1

Pressure tap .
-\- oy
N

ooy
Flow
direction

Figure 28,

Electrodes

Pressure Distributions along Nozzle Center Line
(Axisym. Copper Nozzle Parallel-Flow Electrodes,
0.25 in. apart)

64

LT T TP R

.
I , .,
f . »
Y
. . ‘ )
‘L * .
. . P Ll . . AL o S et b pue
‘GMWM‘;M' R O AN I A SN AL A SRR sk e R A 33 & RS DRNE™




TIZZON YAIJOD OIWITWNASIXV THYL JO IDYVHOSIA-LSOd ‘63 FINDIL ’

65

Debvabstiie P v AR vities oRANRRD Hre BN Ao i 1o B o e st oty 8 S KT




4
R Ty )

“*’3)& «

P e o e

i p——— e 4 e

[ RSN AR

B

O : Before Discharge P, = 55.7 psia
5.0 - ¢ : During Discharge _ °
. g : After Discharge ‘To = 4914°R
3 ® : AP = Pauring ~ Pafter Pin= 8 kv
w 4.0 4
= - 4]
'g 3.0 4%
3
0
o
4 A A
E 2.0 4] “
) [
5 104 ® o
e .
A2
w
. | 1 1 1 X
¥lectrodes
2 in 4 in
2.0
1.0 4
7 , o *
o
22 ————— —————— e e e — X
-1 | l | |
2 4din 4 in  Exit

Flow

Direction

Figure 30.

Electrodes

Pressure Distributions Along Nozzle Centerline
(Axisymmetric Nozzle; 0.25 in. apart with K CO
Seedings and Boron Nitride Insulations) 2 s

66

N
Y Y o VLMV PTAION
5

.
AR A b b A S AN

3%

VAL TR SN

o
It kit

OLLEES

A

FEE L s phd st ds

Sl

-




B

I\

3

= -~
==

ot

—

' oy
vy .

dw

0 10

1.2 ¢

Ap,
Psi

0.8 |

26 30 490 S0

Tixe, sec.

0.0 —G 1

Figure 31.

20 30 40 59

Time, sec,

Variaticns of Pressure Rise anu
Power Input as a Function of Time

67

s o

PYT I L WY P RN

Al £

[V YP{ DN

Y T

MEohe. TERaan mhedd aae

Caabbits.n

o bl L AALLL

(S PN
Yerped

i




2r D:Before Diseharg4 5
£;Puring Discharge
A 408 - _ B
2 8:after Discharge
&, 2 BN
] *ar= PdurinEPafter
~ 3L g
§ T, = o9 Dpsiz é
L) _ =RINe
g 2 | T, = S850°R &
& > = 4.1 kw 5
f 3n
F. S
2 1r
3 =
E @w v
[E 0 . " X - n l x
1 in 2 in Elecirodes & in
L =z 17
g o L 3
2 0 > -o——2 ——
Flow
‘ Direciion
-
i Eiectrodes
| i
f i
g Figure 32. Pressure Disiributions along Xozzle Certer-line
: f (¥odified Axisyormetric Copper Nozzle,Cross-flow,
. 6.95 1
. : 25 inckes apart) 68
i
o
I -
R e t

VR

N
L
T g Ve b i TV PR N

PR TS

v aPmas arendie Lilad

Lk b ni) ca s thaker swrr 3a e #f b

b e s et Bt s

(. . ' ' ‘
.
RETTRVS LIS IUTNT IR er) JTTIITSURER VEUIVE LIF PP IR VR VO YRT PWPR PR IO T COTe

i .




G = Before Dizcharge]
< 5 ¢+ (A = During Disckarg A
] 2 8 = after Discherge; O
; - - a
™~ 17 |#:a0 p&ztii:g Yafrer a
) 4§ B, = S4.2 psiz 5
2 3% |7 =s830° o ©
sn‘- ° = £.2 ko a
o 2 lPin— === o 8
< B o
>
£ ' ' ' W ' "R |
@ 1 % in Z i
Rlectrodes
2
- 1= &
& *
- e 0 f+—— - - - - ———— —g— &~
<3

o O—GF~ O——0O0—O0—0—1—
Flow ya 0.25
Direction .‘)(

-'L‘n\‘\ -

Figure 33. Pressure Distributions along Kozzle Center—Line
(Rectangular Nozzle with Silicon Phenolic Plate,
Crogs-Flow, 0.25 in.apart) -

69

. © . .

@
{
'
[

[t R,
.
L)
B

l
A b oadtans 1

Sonntaati o ea

N 13
| S emada smandlidamd Lt 7 ax



Copper Wall
B A A O A B WANIENES

§

Qrartz

’iind“\
TLILITTITTAL AT LR LR TV TR v vy

Siliccn Phenoiic
Plate

Sa

U

Electrodes

:
ggz
'||

2.5, Nitrogen ®low Only

Eleciric Arc and Flow Field Interaction

Figure 34. Flow Field Disturbance Visuzlization

790

<<}:::3 Rlow

Direction

oY

PEVIEN




SILICON PHENOLIC PLATE)

POST-DISCHARGE OF THE RECTANGULAR NOZZLE(CROSS~FLOV,

FIGURE 35

P

{




« 5 0 = Before Discharge
§, T 1a = During Discharge
S € = After Discharge
'o 4 <> ) N -
g : ®: Ap A ?during' Pagter a
g 34 po,a 99.1 psigl A
5 = - o . 8]
5 T, = 6360°R _ 8
8 ol Fin= 6.1 kw a
v f | , 8
@ 1 1 1 1 @ 1 1|
Zin Electrodes 5 in
2
. 14
i . °
B - e @-4-0--————
g
| < 1 !
}
« | Throat
“ .
%‘
~§ Pressure tap
, 0.25
\ | - --0—0— ———
o Flow
‘ ; direction
o L/ Ny
| -
|
M

Figure 36. Pressure Distributions along Nozzle Center Line

(Rectangular Nozzle with Copper Plate, Cross-F1
Electrodes, 0.25 in. apart) ’ o~

|
1
l 72

[RYTSY § IO T x.u&

Lau Aran

e oW B

eatnd Trads

)
. \ .
TUPVT T E TN 6 VA SUWTY 10 L CNUE VY P SRCIRR SRS 7% T TSI T TURY

 hekie A s

Vaak

aks e

N 7 VPO W It ANTPIRPIFS X § 3 § S AU TTRTETRRY YO

(AT

ER'S

S Ctetdca. S

> -

P s Nt e Pt At e



-~

s —— e g s

Y P Lt P ) TR P IR T SR a LY H L

e ——— e -+ — o B, ———— s

(TLVId UTAI0D
¢ ROTU~SSOUD) ATZZON UVINDNVIOTY TN, J0 HOUVHOSIA-ISOd L& HyNOIX

\ s S e o e——— 0

. L " i L H [ SRR Sofasrd NS NARIS A,

73

e e A e s e

IR o e G T P SR S LTI




——r— e ——

(ILVId YIddOO

' MOTI~TITIVEVA) TTZZON HVINONY.LOIY THL JO IDUVHOSIA-LSOd 8¢ JUNDIA

3

-
X5
e

..?
S o
S 962,

- e ‘f\a.uxm
g
BA

.N\... b
.\,rv.u.,wn.,, '

) Sl ey L LD caeetie Qs fireer AN s a7 st 4 s .- e < RUALEN

74

N

e o o b i b S

W




B R A .
Fos
eh
Y
Lo )
’ [ §d£3§"psia<
, T = 6480°R A
St 8 41 . 9 » )
99:‘ - Piﬂ=5'4 kw ) «
@:before discharge _ o0
%T 7 1|a:during discharge |
l ’ ﬁ o :after discharge a
[ Q- 6 r
}z - AP=Piuring ~ Pafter,
o g a
- I g 5 -+ ‘
} | Q o a
- 0 8
o A 4 o
| ¢ o
,9{ o
. ; z ] o
: f g @ 0
. é 8
L 27 A
E 1 — - ,_1 i i i [} —t X
: 2 . . 2 in. Electrodes , , -
\ - 14 o
| a
|
. S SESEPEIRPRUNEREEEY S
| !
l -1 f 1
M h Throat
\ W‘;
‘,
\ —-n‘.’ — e -
\ Flow
N direction
E
1
[
\

Electrodes

Figure 39. Pressure Distributions along Center Line of the
Axisymmetric Silicon Phenolic Nozzle

75

e o e otpa—mt Yo e et o —

i FUIROIE T TN PRSP STEN A




o ———t et

JO TDYUVHOSIA ‘0y FUNDIL

TTZZ0N OITONYHI NODITIS OIULINNASI

@

"

vy e

76




‘;: 2 “
W - -
‘» :
’ i B % .
2.0 __ ; .
go = 51.7 psia - o O Phefore
! 4 TO = 4380°R . p - p
- . * Fduring Faften
B ., = 0 kW . *ne
) 1.0 L=
% - N
[ -
Q‘ -
s 90 S, W, W—— 0--0-—m—— —O—
< Electrode ,g\l Nozzle
A -0.5 1 1N l 1 Exit
* o 1 in. 2 inJj 3 in. 4 in.
] a. Axisymmetric Copper Nozzle with
Electrodes Protruding .06 inches
{ 1.0 _ ,
P, = 54,2 psia
— ]
y _TO = 5680°R ¢
8 gin = 4.4 kv o
- 0 _ Y. S
P ¢ .
i Electrode g—\J Nozzle
-0.5 1 ! | { 1 I/ Exit
1 in. 2 in. 3 in. 4 in, 5 in.
B b. Rectangular Nozzle with Silicon
Phenolic Plate
1.0 __
'po = 55.0 psia
T, = 5850°R @
- —
g Iiin = 4,1 kw ®
T e A A& a0 Sl S 2 2o
| Q Electrode G, Nozzle
1 -0.5 . 1 ] | J Exit
0 1 in, 2 in. I 3 in. 4 in.
. ¢. Modified Axisymmetric Copper Nozzle
Figure 41. Yressure Rise due to Different
Methods o7f7 Flow Disturbances

kL% SRR by

’ oy

N
KPS

IR WP ATy

30w

DU TS PR TISORE-T N FE AV TR FREIVU

ekt o5

Linod)

et s+ o vn s shtpe AR
o

WL, LRV SRS VRN L Pl

s 1o

raand .

el AARE S LAK TR

ASTTPSCKL TN L F 2\) iR

AZewFus wWALaY

N
LN




-

&

r- e 074 K ‘:"’oo . :': - "“3‘0‘
, { - PEECEDINY PASE Briterawe g ?f :
B ) i - ~ . - L5400, EqY X

APPENDIX I

DISCUSSION ON "ANALYSIS OF THE FLUID MECHANICS OF
SECONDARY INJECTION FOR THRUST VECTOR CONTROL, "
BY BRCADWELL

Broadwell-éRef;-4) demonsirated that the blast wave analogy

can be employed in explaining and predicting the side force by
the secondary mass injection thrust vector control. He suc-
cessfully derived the side force expression by integrating
the pressure differential, obtained by the blast wave theory,
over the affected area and resulted in

F,.=o(y) EM_ (1

Obviously, to our study, the line energy source E is
contributed by the rate of thermal energy addition Q or equiv-
alent to the electrical power input Pi only. The relation
of E to P._has been discussed in det2il in the main text.
In case o%nsecondary mass injection, Broadwell related E to
the drag force caused by the secondary fluid injection which
is analogous to the derivation originated in Lees' paper
{Ref. 18). Iees argued that in order to hold a blunt-nosed
body in a hypersonic stream, it is necessary to apply a drag
force. This drag force then can be shown equivalent to the
line energy source in the cylindrical blg§t wave case.

The linearized small disturbance theory was employed by
Wu, Chapkis and Mager (Ref. 2) in determining the side force
generated by the slot type secondary fluid injection. The
theoretical prediction yields good agreement with experimental

results. However, Broadwell (Ref. 4) stated that the linearized
disturbance theory implicitly included the mass source entering

the free stream with an x-component velocity of the same
magnitude of the free stream. Then he argued that the initial
x-velocity of injectant has to be zero, and added an additional

term to the side force equation originally derived in Wu, et al,

(Ref. 2). His result is as follows:
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F_= + (2)

As it may be seen, and also pointed out by himself, that the
added second term could be order of magnitude 2arger than
the original first ferm, since M > 1. ZExperimental results
contradict with this order of magnitude large side force
prediction. Furtkermore, he claimed that when M2 >> 1 the
lincarized theory with the added term are comparable with the
blast wave theory with a volums effect. These two theories
are not comparable, because the linearized theory is valid
only at mcderate Mach number, while the blast wave theory is
valid only at hypersonic coaditions.

Ir fact, the mass enters the main stream with zero
x-component of velocity relative to the surface. This mass
injection disturbs the main flow. It is a false statement
to assume the flow enters with x-componeni velocity of u_,
and then "make" the x-component to be zero. The small
disturbance theory is derived under the assumption that the
uniform velocity is much larger than the disturbance velocity.
This is somewhat different from the blast wave theory,
because the blast wave theory was criginally derived from the
case of a quiescent ambient atmosphere. Therefore, in order
to use the blast wave theory in a steady flow stream, a
superpesition of the same magnitude of the free stream velocity
to the disturbance source is regquired.

Therefore, it can be concluded that the second term of
the right-hand side of Equation 2 should not be included.
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APPRNDIX I
WITJMSRTH'S HEAT AXND MASS AWNAILOGY

In this Appendix we are gcsng to outlige bhriefiy #Willmzarth's
analysis of the heat source, ma2ss source and bady Iorce
analogy in supersonic flow by small disturbarnce theory.

The goveraing equations of motion, irciuding mass source.
body ferce and heat addition, neglecting viscosity z2nd aneat
conduction, can be written as follcws:

¥

T R R T TR TR SR

o b Lk R S £

where

Qs Ve ) o ¥

Q-e + V - (pw) =1 (xry:zrt)
ot

>

>
pgz—’ = - vp+ £ (x,¥,2,t)

C_(y-1) .
D—S' = l——' q (x)y,zit)
Dt P

velocity vecter

= entropy of the flow

fluid source strength, mass/sec/volume
body force/volume
heat source strength, ft-lb/sec/volume

And, in addition, we assume the equation of state

p = pRT
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; Where ¥W. = disturbed velocity vector = ui, + vi, + wi,. There
Y fore, tﬁe governing equations may be linearized. The results
E are:
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Cozbininz the above egquations, the result in the x-component

becozes: a
. - B
(1_1,!2)93__-..@11.-:-@:_1}_-;-7-1 q - — f (10)
¥ o 3y p, p2° PeZ

¥hich is the forn, we cited in Section II of Equation 15.

It can be seen that 2 mass source per volume of strength
n will produce,the same disturbance as an energy source of
strength q if n = (y-1) q/a , or the same as a body force per
volume £_, if n = umix/ag Therefore, there exisits an analogy
among thé three disturbance sources. The equivalenges for
the total rate of mass addition m, energy addition Q and the
total body force Fx are as follows:

n=X>- g=--2F (11)
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APPENDIX IIIX

SURVEY ON CHEMICAL BATTERY POWER SOURCES

At present, the available chemical battery power sources
are unsuited for use in rocket application. This is largely
due to the fact tkat the available batieries are not designed
for such purposes because of its weight and life duration.

The theoretical performances of the state of art of
availazble chemical batteries are listed as follows (Ref. 25):

Type of Battery Theoretical Maximum
Performance, w-hr/1b

Lead-acid 75
Nickel-cadium 0
¥ercury-zinc 100
Zinc-silver oxide 1890

The actual periormance cf the above batteries are considerably
less than the theoretical values. The extensive research

now under way has substantially increased the battery performance,
vet from the system point of view, it is still too heavy for

the airborne type application.

Ray and Ross (Ref. 26) reported that a system producing
as high as ~300 w-hr/lb specific energy battery is being
developed. Its reactants are liquid lithium and gaseous
chlorine, and the electrolyte is fused lithium chloride.
Experimental data indicates a power density of about 15 w/sq.
cm. They reported that the major uncertainty of this battery
is lifetime. The short lifetime may not be suited for some
other purpose but could be suited for the airborne short time
application.

It is worthwhile to point out here that the airborne MHD
power source, besides the chemical battery, may be also promising
in the future. J. B. Dicks and Associates (Ref. 27) are now
engaged in developing MHD generators by using superconducting
magnet for airborne purposes. Using a liquid propellant
motor with mass flow rate of 4 1lb/sec, with the power generation
unit located at the nozzle exit at a pressure of 5 atm, 1.5
kw/1b can be generated with a maximum voltage of 3000 volts.
This weight includes the magnet, channel and magnet coolant.
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In order to get some feeling of the reguired power source
weight, a sample calculation for 2 main thrusi of F, = 10,000
1b motor of chamber temperature of T = 5000°R, has been
made. Assuming that the deflection angle e is 4° and the
electrodes are embedded at M, = 4.0 station inside the
exhaust nozzle, then the required power source weight consump-
tion rate w can be calculated by the following equation:

. Fo tan e,ﬁR ‘/ft

w = [ O’(’Y) 1 ES

P

where R = gas constant, o(y) is a coanstant from blast wave
theory and Eg, =specific energy oi power source. From the
above equation the total weight of power supply W is there-
fore directly proportional tgo the specific energy of power
source Eg and the duration of time applied. At present,
the best gattery available on market (Ref. 28) is about in
the order of E,, ~ 30 (w-h)/1b. The corresponding battery
consumption,ra%g can be estimated as w X 110 1lb/sec. This
is still under the assumption that a very short time battery
is available. However, according to the manufacturer, the
battery is designed for three minutes use. If the battery
of specific energy of ~ 300 (w~hr)/lb may be available in
the future as reported by Ray and Ross (Ref. 26), the weight
consumption rate will be about w ~ 11 1b/sec for this specific
application.
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N SDDENDIX IV
INFLISKCE PARAUETERS ON THR ARC DISCHARGE

"under our specific conditions, am order of nagniiude estimation

Fﬁ- in order to deiermine Zhe arc voltage and the current
|
\
\

W

_has been conducted. The test conditions are as follows:
gas nediun = nitrogen

arc length = 1.4 ¢ca > L > .6 cr (cross flow copfiguration
an average arc Iepgih 0f 1 em is used in the
calculaticn)

gas strean static pressure = p ~ .07 2tz ~ 53 =1 Hg
gas strean static temperature = T ~ 12906°K
gas strean ¥ach nuzber = ¥ ~ 2.5

The literature survey reveals that in Ref. (29) the nost
similar case to our tesi conditjons was investigated. The arc
was discharged betweer 2 poini cathode and a2 ring-shaped anode

: ip coaxial arsrangement and werce 35 m=n agpari. The gas nediun was
h argon with flow ¥ach number 3. The ambient pressure was 16 mm
Hg. A mipimum arc currenf of 150 apps and a paxinum arc
voltage of about 60 volis were observed.

DREDICTION OF MAINTENANCE YGLTAGE

In order to exteand the above resulis to our experiment,
severzal transformations have to be made corresponding to our
test conditions.

- Transformation of the Medium

The influence of the flow media on the arc discharge has
been studied by John and Bade (Ref. 30). They investigated
different flow media at a mass flow rate of about 0.5 gr/sec
and at a static pressure of about 1 atm. The investigations,
for a parallel flow configuration, showed that the smaller the
molecular weight of the medium the higher the voltage required
to maintain the arc. 1In the case of nitrogen and argon, the
required voltage ratio is about 3 to 2 (mnearly independent of
the arc current). The maximum arc voltage given in Ref. (29)
should be corrected accordingly to a nitrogen stream which
gives Va & 96 volts.
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Transformation.of the Mass Flow Rate

For air at a static pressure of about 1 atm, the influernce
of the mass flow rate has also been studied by Jobn and Bade
(Ref. 30). Fron the observation of a cross flow configuration,
the necessary'voltage to maintain the arc is increased if the
nass flow rate is increased. Xore speclflcal ly, the voltage
is increased by about 20% {independent of the arc current) if
the mass flow rate is gdoubled.

In our case, a rough estimation of ithe mass flow rate
passing through the arc gives m < 3.2 gr/sec, where the arc
radius has been assumed to be 0.1 ecm. This is about 1/50 of
our tofal mass flow rate of the nozzle. In view of this, the
arc voltage should be corrected to Vé ~ 200 volts.

Transformation of the Arc Length

Busz and Finkelburg (Ref. 31) investigated the effect of
the electrode gap for an argon arc at 200 amps. Their results
snowed that the larger the arc length the larger the required
voltage to maintain the arc. 1If it is assumed that the same
aualitative behavior exists for a nitrogen arc, then, according
to Busz and Finkelburg (Ref. 31) the arc voltages compare like

V35mm

v

x 2
6mn

Hence, a corrected value for the arc voltage should be about
100 volts.

Transformation of the Ambient Pressure

In Ref. (32), the relation between arc voltage and ambient
pressure is given in detail. It can be observed that the arc
voltage decreases as the pressure decreases. However, it may
be found that this decrease of the arc voltage for low pressure
arcs is less substantial than in case of high pressure levels.
In view of Ref. (32), it may be assumed that no transformation
is needed.

The maintenance voltage of the arc in our case may then be

said to be about 100 volts. It is known from experiments (Ref.
32) that in order to establish a stable arc it is required that
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~
) Vo ~ 2Va

Therefore, the required power source voltage, Yo, 1s about 200
volts in our case; while the arc power supply should be 15KW
approximately. Using the voltage balance of the circuit, the
outer circuit resistance may be calculated to be about 0.7 ohms.

ESTIMATION OF BREAKDOWN VOLTAGE RANGE

Another property which has to be estimated is the breakdown
voltage. The estimation is based on the results given in the

classical work of Cobine (Ref. 18) for the following test
parameters:

electrode gap: 0.6 cn
static pressure: 53 mm Hg

Figure IV-1 (reproduced from Ref. (18)) may be used to estimate
the breakdown for the arc to 23,000 volts approximately.

As it is pointed out by Cobine (Ref. 18), this breakdown
voltage may be decreased considerably if there is an insulator
connecting the electrodes. This is due to the phenomenon of
collection of surface charge. 1In addition, the presence of
any gas layer, moisture or dust again may decrease the break-
down voltage. Under these conditions it is recommended (Ref. 18)
to allow a factor of 3 in the gap length. Moreover, Howell (see
the same reference), has found that at high pressures the
breakdown voltage can be reduced by a factor of 4 if the surfaces
of electrodes are rough. Therefore, the minimum breakdown
voltage, assuming rough electrodes and surface charge, could be
as low as approximately 400 volts.
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,-of the outer circuit.

- ‘ APPENDIX V
ANALYTICAL DETERMINATION OF THE ARC CHARACTERISTIC

‘Emploxing the Ellenbaas Energy Equation, an approximate
method to determine the operation parameter of an electric arc
discharge has been established by Maecker (Ref. 19) using the
Schmitz's approximation. The analysis given herein connects
the characteristics of the electric discharge with the parameter
It should be noted that Maecker®s
criginal analy51s was derived for a contained cyllndrlcal arc.
Since no theory exisis in predlctlng the arc characteristic
corresponding to our case, it is felt that Maecker's theory

may be used in order to obtain at least some qualitative
itaiormation.

The voltage balance for the whole circuit is (Fig. V-1):

v, - RaI/- RI=0 (1
where

Vb = battery or power source voltage

Ra = resistance of the arc

Rc = resistance of the outer circuit

I = current of the circuit

Under the assumption of a cylindrical arc the electric field
strength may be written as

E = y
I

where If stands for the arc length.

Then, Equation (1) may be
rewritten as:

£re St 14307 S 3 a0
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(o] ‘. A _ 5
—-—— ===80) |+ soint of (12)

F4 ’ t
L L L loperation

where E_(I) is the arc ¢haracteriétic, or the current-voltage
relationship of the arc.

Neglecting any mass flow as well as radiation, the Ellenbaas
Energy Equation in cylindrical coordinates takes the following
form:

omE2 + 2 LremeE) = o (2
r dr dr
where
r = arc radius

9(T) = electrical conductivity
k = thermal conductivity
.. T = temperature of the gas

Introducing the heat conduction function,

T
s = [ x(r)aT (3)
O-

then, the energy eguation takes the form

o(mez + = Lr By 2o (4)
r dr dr
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In general, the elecirical copductivity 6(1) varies rather
significantly with gas temperature, hence the material function
is 0 = o(S). TUsually this is determined experimentally and
given in graphs. In view of the substantial temperature differences
beiween the core of the arc discharge and the beoundary, the
material function may be approximated by two linear segments
dividing the arc into two regions,; (Fig. V-2). Let o* be
the electrical conductivity corresponding to a point of the

approximating line segment (Fig. V-2) then 6 =0(S) may be
expressed a4s:

ok =0 for 0 ¢ S ¢ Sa

¥ = a(S - Sa) for Sa< S« So

where o is the slope of one of the line segments. As mentioned,
the above approximation divides the arc into two regions, namely,
tkhe outer region without electrical conductivity and the imper
region with electrical conductivity. These two regions can be
considered separately as follows:

The Region with Electric Conductivity

In this region 0% = o(S - S_), defining x = rEéjTF, we
find that Equation (4) may be Peduced to

1 . -
* = o% =
ok, + . of + 0¥ = 0 (5)

where subscript x denotes the differentiation with resnect to
X. This equation is a zeroth order Bessel Equation. Since
o¥(x) has to be finite for all x and Jo(x = 06) = 1, we have

ok (x) = cx J_(x) = 5 = Ba’ '.: (6)
So = 5,

The last term follows simply from the geometry of Fig. V-2. We
note that for x = x, = 2.405 the Bessel function reaches its
first zero; in that case o*(x = 2.405) = 0 and S = Sa'
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The Reglon without Electric Conductivity

In this region the energy equation, i.e., Equation (4)
‘becomes C,= x dS/dx. In order to determine the integration
constant C_, we require that the slopes dS/dx for the outer and
inher regidms to be matched at the intersection. From the
solution of the inner region, we have :

a3 [xD |
2§l = (SO - Sa) —2 "] =- (SO - Sa)J (XO)
ax| ax o 1

ar

-Hulfiplying this by X, = 2.405, we have .-

gs
dxo

X .

o = - 1.248(80 -3.)

a

¥atching this result with the outer region solution, we obtain

c =x8B-_1.28(s -5,
Now a second integration of dS = - 1.248(S0 - Sa)25 gives, using
the boundary condition that for x = x,, S = Sa X,
282 1248 X 7)
So = 84 %o

ﬁeplaéing x by its definition x = rE,/@ , and requiring that
r = ra'and S = 0 at the wall the following relation is obtained:

S r
—3 =1.248 In|—2-|E & (8)
8, - S - 2.405 %
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where r_ is the arc tube radius in Maecker's original text.
The eleftrical field strength ‘is
Sa

E = 2.405 - —2_ - o1-248(8, - 8))

9y

) ¥riting Equation (7} for x = r and x,= T,s the following equation

is obtained:

S=~1.248(S_ - S_)ln = ‘ (10)
O a ra

.

The power conducted through the face of fhe assumed cylindrical
arc may be expressed by

a7 -

P =1"'E = - 2rk(T))—

a a dr
= - 27r 4s(T) (12)

dr
or in view of Equation (10),

Pa = (2w)(l.248)(so - Sa)

= 7.'84(So - Sa) (13)

Oh the other hand, Equation (8) after some manipulation, can be
rewritten as

E,_ = © exp.[ ] (14)
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" so that,

P o% S
i 2 =¥ =7.27 ra --2 exp.|~- o (155
E, 2 & 1.248(s, - S,)

it can be observed that for constant arc powei and a given gas,
the values of S, and T aré independent of the arc tube radius.
On the other hand, it is evident that the arc current varies

Pro ortionally—ané the electric field varies inverse proportionally
with the arc radius.

To approximate the material function o(S) with the line
segment of Fig. V-2, two f£illing factors f and fl were defined
by Maecker (Ref. 19) such that:

1 o S %o
f = J‘ adS f = ._.q.g__.._f 0Sds - (16)
: 1
croSo O . Sog$ 0ds o

Now the Equations (13), (14} and (15) may be rewritten to obtain:

a

5.(T)
E, = 3.24 ¢ () _ [—2 exp.[—-—i——-}, [volt/cm] (18)
r.o 2£(T).0,(T) _3Zfl(T) :

I=17.27 ré\/gf(T)So(T)oo(T) exp.[- g;}lTTT] , [amp](19)
1

P, = 6wzfl(T)So(T) , [kw/cm] (17)

where z = 1.248. These equations enable us to find the arc
characteristics provided So(T), 0,(T), £(T) and £ (T) are
known as funé¢tions of the arc cen%er temperature.” In addition
it is also necessary to know the arc tube radius.
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To demenstrate the method of determining the arc character-
istics from measured values of arc current and arc voltage, the
following test data will be considered:

Arc Current Arc Voltage Arc Power

I Va Pa

[amps] [volts] [kw]

i 26 115 2.99
64 25 1.60

104 57.5 5.98

94 60 5.64

102 47.5 4.84

148 40 5.92

78 0 Y

These data are given in Fig. V-3 assuming that the average arc
length is 1 cm. As it has been mentioned the arc characteristic
may be determined with the aid of the Equations (17), (18) and
(19) . The unknown properties S(T.), 0(T.), f_(T;) and £(T,) are
given in Ref. (19) for nitrogen as functions of %he axis temper-
ature of the arc. The temperature at the arc axis are not known
a priori. However, they may be estimated as follows.

Assuming a linear decrease of the arc temperature from its

axis value T¢ to its edge value T, (here the edge is the boundary

between the arc and the external flow field). The average
value for the arc temperature may be defined as

_ T 4T,
TS 2 (20)
2 .

So that the axis temperature mdy be writter as
T = 2T - T, (21)

C
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The average plasma temperatures are given as functions of the
arc power in Ref.(33). It should be noted that even though
the temperature values given in Ref. (33) are ccrrespording to
an argon plasma, the graphs as shown in Fig. V-4 should still
give qualitative representation of the temperature, at least
within the limits of our approximation. The effect of the mass

fiow rate upon the average temperature may be neglected {Ref. 34).

Now the edge temperature of the arc has been assumed to be
the static terperature of the free stream (T & 1200°K). It
should be noted however, that this temperature may be somewhat.
low as compared to the actual case. In Fig. V-3 the calculated
power line corresponding to that edge temperature of the arc
is shown with the measured data. The agreement is fair. The
discrepancy can be explained 51mp1y by the assumption made
concerning the temperature at the arc boundary being the static
temperature of the free stream. Obviously the assumed value
was too low; this possibility has already been mentioned. 1In
view of the Equatioas (17) and (21), it might be observad that
it is possible - using an iterative procediure - to determine
the correct value of the edge temperatures. Fig. V-4 shows -
the calculated arc characteristics for different arc radii as

- -well as the neasured data. Again, the correct arc radius may

be obtained by an iterative procedure.

It should be pointed out here that Maecker's method was
derived for a contained cylindrical arc, hence, the results
cannot be safely claimed to be directly applicable to our
case in a strict manner. However, since we are interested
mainly in obtaining some qualitative data concerning arc
center and arc boundary temperature as well as the arc radius,
the way of obtaining these quantities as stated above seems

_ justifiable. . One may observe that the measured arc character-

istic is most closely represented by the arc characteristic
of an arc operating in a tube of approximately 0.1 cm.
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APPENDIX VI
DIFFICULTIES OF THE EXPERIMENT

Information on pressure distribution in a flow field dis-
turbed by electric discharge is not available in the literature.
The magnitudes of the pressures and their affected areas could
only be evaluated by using the simplified theories established
for thrust vector control by secoadery injections. Different
opinions in theoretical considerations, as discussed in Appendix
I, made it necessary to conduct an experimental investigation.
However, the mechanism of creating the flow field disturbance
by an electric arc discharge was not well-understood; for
example, thne breakdown voltage of an electric arc could not
be aralytically determined in a supersonic flow field (Appendix
IV). The additional material problems for both the nozzle
section and the electrode insulations also needed to be explored.
In order to solve all these major problems, a water-cooled axi-
symmetric copper nozzle was built (Fig.10) for preliuinary
investigation in order to determine the design criteria,

PRELIMINARY TEST

The first test was successfully completed with the
following information confirmed:

1) The water-cooled copper nozzle designed at a marginal
strength by considering steady state heat transfer
of conduction and convection sustained the high
temperature environment for ten to thirty seconds
without problem. "

2) The arc can be established between a pair of cross-flow
electrodes of 0.25 inch apart at a breakdown voltage of
375 volts for a nitrogen stream of Mach number 2.8
with static pressure of 2 psia and stagnation tem-
perature of 4000°R.

3) The electrode configurations affected the breakdown
voltage as well as the effective area. Since the
highest breakdown voltage was considered within the
practical range, it was felt that the largest affected
arez should be more useful for thrust vector control
applications. The largest effective area was obtained
for the configuration that the two electrodes were
perpendicular to the flow direction.
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4) An electrié arc can cause the static pressare rise in
a supersonic flow field. The are can be maintained
without the confinement of a magnetic field.

The difficulties encountered in the test for the preliminary
investigations were as follows:

Flow Separations

The nozzle was designed for a back pressure of 1 psia
which was originally expected from the test facility. Leakage
problems in the vacuum system were not able to be solved during
the time allocated for this test. Thus the pressure distributions
(rigs. 26, 27 and 28) at the nozzle exit should not be considered
relevant to the purpose of this test. A back pressure of 2 psia
must be used as the design parameter of the future test nozzles,

ggtérial Problenms

The insulation material between the electrodes and the copper
was severely damaged as shown in Fig. 29. Micarta, silicon
phenolic, and boron nitride were used. Micarta was melting and
running with the flow almost instantly. Silicon phenolic became
a good electric conductor at high temperature. Boron nitride
was ablated at a comparatively slow rate and was considered
the best insulation material for this purpose.

The method of electrode protrusion for protecting the
insulation was tested by extending the electrodes approximately
one-half of the boundary layer displacement thickness into the
free stream. The insulation was comparatively better protected
but the flow field was also disturbed substantially. Fig. Iv-1
shows the pressure distributions caused by electrode protrusion
with and without discharge. It was thus felt that the electrode
protrusion did not have any advantage and should not be used
for further testing.

Pressure Response Rate

Transducers and manometers were used for pressure measure-
ments. Due to the distance between the apparatus and the instru-
mentation panel, a finite time period was required to reach a
steady state reading. The pressure response history was
recorded and is shown in Fig. VI-1 for both transducers and
manometers, It can be seen that the transducers required 0.8
seconds and the manometers required 3.0 seconds to reach the
true pressure values of the flow field.
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Data Uncertainty

The material problem required the discharge time to be
as short as possible in order to produce minimum damage which
influenced the flow field pressure readings. On the other
hand, the pressure response rate requires longer time in order
to register the steady state readings. Since these two demands
could not be satisfied simultaneously, a compromised time
interval had to be selected. Three seconds for electric
digcharge was decided for the future test with pressure data
taken after the discharge for comparing with that before dis-
charge. If any disagreement occurred between the after and
before discharge values, the pressure differences obtained by
subtracting the after discharge value from the during discharge
value should be used in order to give a more conservative result
for side force evaluation.

Practice of Side Force Evaluation

wwith the static pressure data from the preliminary test,
it was possible to evaluate the generated side force for both
practice and curiosity. The practice was to determine the
actual difficully which might be involved. The curiosity was
to check the different cpinions of Appendix I, since an order
of magnitude difference of the generated side force was in
question.

It was felt that the pressure measurements were not as
comprehensive as needed in order to give a guantitative side
ferce evaluation. However, since the preliminary investigation
had to provide the various combinations for electrode configura-
tions, the limited pressure data were used for the order of
magnitude comparison to verify the different opinions of the
analytical considerations.

The procedure of Appendix VII was used for the side force
evaluation. With very limited numbers of data points on
pressure distributions, only the order of magnitude of the
side force was able to be evaluated and agreed well in tne order
of magnitude with Broadwell's modified linearized theory
(Appendix I). This information was exciting because it could
bring the thrust vector control by electric discharge comparable
with the secondary injection scheme even with present technology
on power sources, namely chemical batteries. The determining
factor of the success of this new concept, however, lies on
a detailed verification of the pressure measurements in the
entire flow field especially in the vicinity downstream of the
electrodes.
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DETAILED EXPERIMENT

From the experience of the preliminary test, s rectangular
nozzle was designed in order to satisfy the following puyrposes:

1) Detailed pressure measurenments

2) Visualization of the flow field caused by the electric
discharge

3) Hot and cold boundary layer effects at the discharge

4) Electrode configuration‘effect on the high pressure
areas.

The nozzle consisted of three paris as shown in Fig. 18. The
bottom plate could be replaced easily for boundary layer and
electrode configuration investigations. Three different materials
were used for the bottom plate:

Boron Nitride

From the insulation material experience, the boron nitride
appeared to be the most attractive choice because of its high
thermal shock resistance. A plate was built with heavy concen-
tration of pressure taps in the vicinity of the electrodes.
Pressure checks indicated very serious leakage problems for

i

all pressure taps. Several methods were tried for preventing

the leakage, only the metallic coated boron nitride plate appeared
to be possible. However, the cost and time needed for this
process made it impractical because the number of pressure taps
and different configurations required.

Silicon Phenolic

Silicon phenolic appeared to be the second to the best choice,
if the electrodes were insulated with boron nitride. This plate
was made and tested. The flow field disturbance by electric
discharge was clearly observed through quartz windows downstream
of the electrodes. The only problem was the deformation of the
plate at high temperature. Severe ablation of the phenolic
material occurred in the vicinity of the electrodes. The static
pressure after discharge did not return to the values before
discharge as shown in Fig. 33. Nevertheless, the pressure dis-
tribution is different from the interpolated results of the
axisymmetric copper nozzle where the sharp pressure drop right
behind the pressure peak could not be determined. Side force .
evaluation was made by using the pressure difference during and
after discharge. The evaluated side force, however, was an
order of magnitude smaller than that obtained from the preliminary
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test aud agreed well with the theoretical results of Section II.
It was felt that the only way to confirm the magnitude of the
side force should be achieved from the test results where the
pressure measurements after discharge returned to that of
before discharge.

Water-cooled Copper

Water-cooled copper appeared to be free from deformation
and was used for the bottom plate with boron nitride as electrode
insulateors. 7The discharge was established from the cathode to
copper then to the anode. This process transformed a large
quantity of the supplied electric energy to the codling water.
Ceramic spray of the copper plate was used and proved to be the
best method for this purpose. Pressure distributions were
mezsured as shown in Fig. 36. The pressure readings aiter and
before discharge were identical, but the area with pressure rise
during discharge was small. Due to the need of the boron nitride
insulators, no pressure tap was available between the electrodes.
Nevertheless, 1t is obvious, the peak pressure rise dropped
sharply along the_flow direction. The side force evaluation
confirmed the theory of Section II.

Silicon Phenolic Axisymmetric Nozzle

A silicon phenolic axisymmetric nozzle was also tested for
the purpose of confirming the rectangular nozzle results and
comparing the cold boundary layer effect. The pressure distri-
bution is shown in Fig. 39. The evaluated side force again
confirmed the theoretical results of Section II.

CONCLUDING REMARKS

It was felt that an additional test should be conducted
by using the rectangular nozzle with ceramic sprayed copper plate.
However, more pressure measuremeants with faster responses would
pe desired. A modification was needed by re-fabricating a new
copper plate and re-installing the pressure transducers closer
to the test nozzle.

The project was terminated for the following reasons:

1) Additional time and funds would be required for further
testing which appeared to conflict with the higher
priority projects scheduled for the test facility in
the near future.

2) The material problem is very severe from the system

applications point of view, This could not be solved
even with more precise test data available.
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ADPENDIX VIT 5
AN EXAMPLE OF THE SIDE FORCE CALCULATION 4

An example to illustrate the side force evaluation is
presented here for the purpose of indicating the attainable
accuracy in the calculation. The test results obtained from
the axisymmetric silicon phenolic nozzle are used for the
numerical calculation. The pressure tap distributions onto
the projected area are shown in Fig, VIi-1. The x-axis is along
the flow direction and the y-axis normal to the flow direction.
Since the electrodes are symmeiric to the nozzle centerline, the
pressure distributions are also assumed to be symmetric to the
. same centerline.

Pressure readings beforzs, during and after discharge have
been all recorded. Fig. VII-2 shows the reading along nozzle
centerline (y,-section). Figure ViI-3 and Figure VII-4 show the
readings along x,-section and x,~section, respectively.
Similarly, readings in sections x5, X,, X5, ¥,, and y, can be
obtained. Due to the material deformation un&er high temperature
environment, it is noted that the pressure readings before and
after discharges are not consistent. 1In order to be able to
study the feasibility of this concept, the pressure rise caused
by electriec discharge is assumed to be the pressure difference

- between, during (Pgyrine) and aiter (Pyfter) discharges. The
side force is then evaluated as

- - i
Fs =2 j~(Pduring Pafter)dA
A

where A is one~half of the affected area or the area behind the !
- shock. Dividing the affected area A into some reasonably small
g ) subdivisions, AAj, and since these subdivisions are sufficiently
small, we can assume that the pressure change is constant within
each subdivision, 1In some high pressure gradient regions a
finer partition is used. The mean value of the pressures is
chosen at each subdivision. Those mean values are obtained from
Figures Vii-2, VII-3, and VIiI-4. Let,

-

AAi = the area of each subdivision,

then

- (62 )iAAi = the side force produced in AAi.

during ~ Pafter
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Summing up all the affected areas, AAg, we obtain

F. =2 3 (@

s pafter)iAAi = total side force. -
i

daring

The procedure of the side force calculation for the silicon
phenolic nozzle is as follows:

1. Choose AAj = é% in? as shown in Fig. VII.-5.

2. Find all the pressure rises

~P_ ... )

APi = (Pduring aiter

i

3. Trace out the isobaric area. Namely, to determine '
the number of small blocks, N;, with same values of o
pressure rise APi.

4, Then, we can write

= s, -
Fs 2 z (pduring pafter)AAi

=2 2 APi(NiAAi)

2(88) = (aP)(N,)
i
which gives

Fs

2 x c%;)[(o.l)(ls.s) + (0.2)(15.5)
6

+ (0.25)(3) + (0.3)(9) + (0.8)(0.,5)

+ (- 0.2)(1) + (- 0.5)(1.5) + (- 0.8)(0.5)]

0.26 lbs.
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