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Section 1 SUMMARY

ConceEt

The concept consists of accelerating a propellant with a suitable
subsonic discharge and a supersonic discharge, with the objective of having
flexibility of good performance in a wide range of specific impulse, partic-
ularly the range of 1500 to 5000 seconds, (Section 2)

Analzsis

As a first step, a preliminary analysis has been carried out
considering only the acceleration due to electro-thermal effects. Even under
this restriction, appreciable gains in specific impulse and efficiency were
indicated by theoretical calculations,

Analysis indicated increase of 25 to 100 percent in Ig corresponding
to B values of 1 to 4, where ﬂ is the ratio of maximum propellant temperature
in the supersonic discharge to the subsonic discharge (Fig. 6). Mollier chart
analysis with specific impulse up to 4800 seconds has been presented (Table 3).

Two step energy addition also results in propellant temperature
reduction, 30 to 40 percent for Sof 1, giving an increase in efficiency from
32 to 55 percent under the frozen flows assumption, and from 74 to 75 percent
under the shifting equilibrium flow assumption (Table 1).

Exggrinents

Preliminary 'experiments were conducted to determine the feasibility
of operating a high pressure subsonic discharge in close proximity to another
independent low pressure supersonic discharge,! This feasibility was success-
fully demonstrated., It was confirmed not only by current readings and obser-
vation of spots of arc attachment, but also by measurement of heat transfer
to segmented sections of the experimental unit,

The supersonic discharge was very stable, even more than the subsonic
discharge.” Arc attachment spots were visible for the subsonic discharge surfaces
but not for the supersonic discharge, indicating that the supersonic discharge
was well distributed over the electrode surface. Very high enthalpy levels
were noted in some tests., The current and power levels in the two discharges
could be varied. The unit could be operated with supersonic discharge alone, _,
as well as with subsonic discharge alone, in addition to operation with both. |

Considering the initial objectives and the available funds, the
feasibility experiment was performed with nitrogen, using a water cooled
copper unit,

Space Dynamics Corp.
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Section 2 CONCEPT

]

Cancept

-

In a Douwble Discharge Engline,|energy is added to the propellant with the
help of two controlled electric discharges, both within the same propellant
accelerating chamnel. The first discharge is in the high pressure subsonic
flow region, and the second is in the low pressure supersonic flow, Each
discharge i1s independently controllable by varying the power input. J Also
each discharge can be operated singly. -~

Purpose
The purpose of this approach is:

(a) to attain specific impulse much above 2000 seconds, possibly
5000 seconds, with the help of a low pressure supersonic discharge elimin-
ating the limitations imposed by the nozzle throat. :

(b) to improve performance in the low specific impulse range of
1000 to 3000 seconds, by reducing the maximum propellant temperature and the
assoclated dissociation losses,

(¢) and, to provide an electric propulsion engine with inherent
capability of good performance throughout the entire range of about 1000
to 5000 seconds.

Background

Consider first an englne using only a high pressure elctric discharge
to heat the propellant which then 1s passed through the nozzle, This has
been found to provide efficient operation at low specific impulse. The nozzle
throat, however, becomes a limiting factor as the specific impulse is increased.
The efficiency also decreases, due primarily to the high propellant temper-
atures and the assoclated dissociation losses,

These limitations can be removed if only part of the energy is added
before the throat in the subsonic flow region, and the balance in the low
pressure supersonic region. The engine 1s then no longer throat limited.
Specific impulse is increased by increasing enthalpy after the propellant
has passed through the throat, Figure 1 (a) shows schematically the variation
of the propellant enthalpy in a single high pressure discharge engine at
1500 seconds, and Double Discharge engines operating at 1500 seconds and
5000 seconds.

The typical propellant temperature variation is shown in Fig. 1 (b).
Because of the two step energy addition with intermediate cooling by expansion,
the maximum propellant static temperature in a Double Discharge is less than
for a single subsonic discharge. The dissociation losses are reduced,
thereby improving the performance in the specific impulse range of 1000 to
3000 seconds.

Space Dynamics Corp.



Thus, it is hoped that high efficlency can be achleved in the specific
impulse range of 1000 to 3000 seconds where dissociation energy plays an
important part; yet,specific impulse on the order 5000 seconds can be
achieved. In the lower part of the specific impulse range, energy needs
to be introduced at high pressures to keep dissociation low, whereas in
the higher portion of the range more energy is required in the supersonic
discharge. Hence, the need for independently controllable discharges.

Consider next the other extreme, namely an engine using only low press-
ure supersonic discharge. High dissociation and ionization of the propell-
ant is unavoidable. Such an engine is therefore limited to operation at
high specific impulses only, where the dissociation and ionization energy
can be considered negligible as compared to the total energy. The efficiency
may be expected to drop rapidly at specific impulse levels below 5000 seconds,

Consider next the case where the arc travels from the anode in the high
pressure subsonic flow, passes through the throat and terminates at the nozzle
in the supersonic flow region. This has the advantage of imparting part of
the energy after the nozzle throat; but, there are two limitations.

First, since wvoltage gradient in a discharge depends strongly on the
pressure, most of the voltage drop and energy transfer takes place in the
subsonic part of the discharge because of the high pressure, and only a
small fraction of the power can be introduced into the supersonic region
because of the low pressure, Only a small increase in specific impulse can
therefore be expected, due to the supersonic portion of the discharge. Also,
the location and quantity of energy input to various parts of the acceler-
ating chanmnel can not be controlled and varied.

Second limitation arises from the fact that in a single discharge, by
necessity the same current must flow in the low pressure region as in the
high pressure region. As a result, it is not possible to take advantage
of one of the most attractive features of the low pressure supersonic discharge.
wWhen the pressure is low, there is a sheath-llke discharge spread out evenly
on the electrode surface as compared to the rodelike or columelike discharge
at high pressures, This reduces current density, and decreases the heat flux,
High currents in supersonic region may give some additional electromagnetic
acceleration due to interaction with self induced magnet field; but, in any
case, high current$in supersonic discharge are necessary if appreciable amount
of power 1s to be introduced to attain high specific impulse.

These limitations can be removed if the two discharges are independent.
High pressure discharge can then have low current levels and high voltage
gradients, whereas the supersonic discharge higher currents at lower voltage

gradients,

Improvement in electrode life may be expected when the current level
in the high pressure discharge 1s reduced, as shown schematically in Fig. 1(c).

Space Dynamics Corp.
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Fig. 2 shows schematlcally a typical electrode configuration and
accelerating channel for Double Discharge Engine. Fig., 3 shows a cross
section of the experimental unit used.

Main Program Objectiwve

Although the Double Discharge Concept appeared to be attractive, it
was unknown whether it would be feasible to operate and control two dis-
charges in very close proximity, particularly if one discharge 1s required
to be high pressure subsonic and the other is low pressure supersonic. There
had been no known data on simultaneous operation of the subsonic and super-
sonic discharges an very close proximity.

The main objective of the work reported here was to determine if this
was feasible,

SPACE DYNAMICS CORP.




NOMENCLA TURE

Temperature Difference

Reheat temperature ratio - that is, retio of the meximum
stetic tempersture during the second energy eddition to the
maximum static tempersture during the first energy esddition.

* ~ Ratio of specific hests

n - Energy Efficiency

od - Degree of dissociation of propelleant

A - Ares of cross sectlon

c -~ a@accoustic velocity

p - Specific heet et constant pressure

g - Grevitationel constant

H, h -« Enthealpy

I - Specific Impulse

J - Mechanical REquivelent of Heat

q - Heat Flow Rate

Q - Heat Flow

R -~ Gas Constant

R - Ratio of Spesific Impulse of Double Arc to specific Impulse
of single arc

T = Temperature

| U = Internel Energy

\') - Gas velocity

w - Propellant Flow Rate

Subscripts

sub < Subsonioc Arec

sup = Supersonic Arc

i = 1Intermediste pressure

d - Double Arc

s - Single Arc

o = Outside
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Section 3  ANALYTICAL STUDY

The analytical study cansists of four parts. In the first three parts,
mathematical analysis has been made with simplifying assumptions. In the
fourth part, numerical analysis using hydrogen as propellant and working with
Mollier charts to take a real case, has been presented.

Section 3.1 THEORETICAL SPECIFIC IMPULSE

Assggticns

The propellant is assumed to be an ideal gas - that is there is no
dissociation, inization, or other real gas effects,

The specific heat is taken constant. The expansion in the nozzle 1is
taken as an adiabatic isentropic process. The energy additlon by the arc is
taken as a constant pressure heating process.

Under these assumptions, the performance of a Double Arc and a single
arc unit has been compared. )

Generalized Expression

The Double Arc engine may be considered to hawve three distinct thermo-
dynamic regions, as shown in Fig., 4,

In the first region, energy is added to the propellant by the subsonic
arc, and the propellant expanded in the nozzle up to sonlc veloclty. )

In the second region, further expansion takes place and there is simul-
taneous addition of energy by the supersonic arc., The rates of expansion and
energy addition must be such that the flow does not become subsonic or sonic.

In the third region, propellant expands further to the dlscharge pressure.

On the H-S dlagram, Fig, 14, the operation in the first reglon may be

shown by lines 0-1 and 1-3. The gas velocity, neglecting the initial velocity,
is given by

SPACE DYNAMICS CORP.
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S
—=— = B - b =c (Tj-Tp) (1)
2gd

The operation of the second region follows a line such as the line

3 - 4, representing reheating of the fluid and simultaneous expansion

to a lower pressure to keep the flow supersonic. The energy balance for

the second region gives

I
v - = st - c\l (Tu - T3) - (H‘VL‘ - P3 v3)
2gd 2gd

(2)

The operation of the third region is represented by line 4 - 2,
The wvelocity increase in this region is given by

A
- = hy-h, = 5 (TS'TU) (3)
2gd 2gJd

SPACE DYNAMICS CORP.
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The engline exit velocity is obtained by adding Equations (1), (2},

and (3},
v
= Cp (Tl - T3) + cp (T2 - Tu) + qup - Cv (Tu - T3)
2gd
= (py vy = p3 v3) (4)
c
Is =
g

Taking p, = 0 for space propulsion, specific impulse is

given by
1
I - i_’sez + (27g'J)/2 [cp(Tl-T3) +
g

12
cp (T2 - Tu) + qup - Cv (Tu - T3) - (Du vy = 93 V3)

(5)

“ SPACE DYNAMICS CORP,
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Constant Pressure Supersonic Arc

This generalized expression becomes quite simple if it is assumed
that energy addition by the supersonic arc takes place at constant
pressure,

Equation (5) then becomes,

S w g

{cp (T) = Ty) +c, (Ty - T5)

1/2
+ (cp - cv) (Tl} - T3) - (pu Vu - p3 V3)

Substituting pv=RT and R =c_ - c, it gives

P
12 1/2
Py A (2 gd)

6)

SPACE DYNAMICS CORP.
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Comparison with Single Arc Engine — Specific Impulse Ratio

Comparing this with the single arc engine, operating between the
same overall pressure ratlo and having the same total enthalpy at the
throat, we have for the single arc engine

Is-

Py A @2 g )2
) +

[cp (T; = T,) ] (m
g

The increase in specific impulse obtained by the use of double

arc may be expressed by the ratio R, that is the ratio of specific
impulse of double arc engine to that of single arc engine, and may
be obtained from Equations (6) and (7).

\
P, A

Ir —— is negigible as compared to the second term

in Equations (6) and (7), the ratio R, comparing the Specific
Impulse of Double Arc to Single Arc, is given by,

2 o % (Ty=T3) +c, (Ty=T3)

(8)
(hy = hg) + (y = hg)
By = hy)

v-l
Also, pL -v%l-] [ P2 —v_—] "
R = %0 [1"(1:1 *tep Ty 1'(pi)
V=l
T 1 - (P v
sn @7

py 1s the intermediate pressure at which the supersonic arc discharge
is assumed to take place,

SPACE DYNAMICS CORP.
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Optimization of Supersonic Arc Pressure

To determine optimum pressure, Equation 9 may be differentiated
with respect to p;j. The condition for optimum operation is obtained as

(1) i (P2)
(o) 5 g i

1 (P-l)

Ty
where S o= . This gives,

Tl

, X

(p)" = (AT (p -py (10)

pl 151
' —x 1/2
P, 12 v P2
= (&) —
pl | pl
Substituting these in Equation (9),
2
R = 1 + (v"ﬂ-x) (11)
1l - x2
X1
12 ~¥
P, )
where X =2 o
(2

SPACE DYNAMICS CORP.
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Effect of Reheat Factor and Pressure Ratio

The above equation shows that R will always be greater than one

since the term (A vz _ X )2 will always be positive. Thus, the
specific impulse of Double Are will always be greater than the specific
impulse of the Single Arc engine.

The equation also indlcates that the advantage to be gained by
theuseoftheDomleArcdependsupcn’ aswell as py /p; -

The effect of ,3 may be first seen by assuming the nozzle.
exit pressure is near zero, and suwbstituting p, / P, = 0 in
Equation (11), glves

R = (1 + # )l/2 (12)
where = i“
1

The increase in specific impulse can be expressed by a very simple
expression.

Increase of specific impulse for the ideal case of a nozzle with
infinite expansion ratio, is shown in Fig. 5 as a function of & .

In a nozzle, the heat flux to the nozzle wall falls rapidly after the
throat., This 1s due to the rapidly decreasing pressure, increasing
diameter, and decreasing recovery temperature. The upper limit on reheat.
temperature is reached when the heat flux from the reheated gas equals the
cooling capability. Values of ,& much greater than 1 should be possible
although the upper practical limit 1s not known.. :

SPACE DYNAMICS CORP.
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Nozzle with Limited Pressure Ratio

For a nozzle with pressure ratio of 1000, the specific impulse
increase has been shown in Fig. 6 for a diatomic propellant (hydrogen)
as well as a monatomlc propellant, (1lithium).

SPACE DYNAMICS CORP.
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3.2 PROPELLANT TEMPERATURE

A predominant source of energy loss in a high specific impulse arc
engine 1s the loss due to dissociation and ionization of the propellant.
The effect of use of Double Arc on this loss is considered next.

The maximum propellant temperature in a Double Arc englne is 1less

than the temperature in the single arc engine operating at the same
specific impulse.

Double Arc Propellant Temperature

Using subscripts s for single and d for double arc; for the two
engines operating at the specific impulse, the temperatures at locatimns
shown on Fig. 4 are as follows

M g =T) = (B g =T + (-1

Xi_
, &)
T 1 =\"p,
‘Tld ) 11 1
1,8 r-- -2
1-_.p_i_) '”J«,g 122\ ¥ (13)
P P,

SPACE DYNAMICS CORP.
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Double Arc With Equal Expansion Ratios

Assuming equal pressure ratios for the two arcs and substituting
for x, Equation (13) becomes

2
Tl,d _ l =-x
1,8 (L-x) + B L-x
. Y-1
Ps 1/2 A g
where b 4 B
Tl’ d l+x
—— R e———— ()
Tl’ s 1+ /

Since, for values of ﬂ > 1, the maximum temperature in the
supersanic stream of the Double Arc engine is greater than the maximum
temperature in the swsoic regim, it is also important to compare the
maximum supersonic temperature with the corresponding maximum propellant
temperature in the single arc engine.

— = (15)

SPACE DYNAMICS CORP,
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Temperature Reduction.

The maximm propellant temperatures have been plotted in Figure 7,
for a monatomic propellant.

It 1s interesting to note that the propellant temperatures are
reduced, not only in the swsonic regime (T, d) but also in the
supersonic regim, (TIP d). Ewen when the Supersonic reheat is up to
twice the initial temperature, that is S =2, the maximm temperatures
are kept less than the temperatures required in the single arc engine.

Figure 8 shows a similar plot of propellant temperatures for a

diatomic propellant. At the same specific impulse level, the pro-
pellant temperatures are reduced in the Double Arc.

SPACE DYNAMICS CORP.
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3.3 EXPANSION EFFICIENCY

Theoretical Efﬁciengx_

Next, consider conversion of thermal energy to kinetic energy.
Ideal conditions of isentropic adiabatic expansion, and 1deal gas
propellant are assumed, as before,

The 1deal cycle effitciency for a system with maximum temperature
Tl and heat rejectio temperature 'I‘2 is given by

n =

Thus efficiency of a single arc engine may be written in terms of
symbols of Fig. U as

}ls=l- 2 (16)

T3 ( 'I‘5 )
l - + l-
- ( Tp,d A, an

SPACE DYNAMICS CORP.
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If the expansion ratios of the two stages of the Double Arc engine
are assumed to be equal, this gives

T3
5 )
Ma = 1T 1+ B -(_Tg_) (18)

T

Comparison with Same Pressure Limits

The pressure ratio for the Single Arcengine is p, /p, . The
pressure ratio for each stage of the Double Arc, assunﬂﬁg aétm equal
pressure ratios in the two stages, is given by

1/2
Py Py Py /
Py Py Py

Substituting in the expression for Double Arc efficlency, and rearranging
gives

| = 1-x (19)
d
"L 1+ 1 x
1+p
For the Single Arc engine,
e = 1 - % (20)

SPACE DYNAMICS CORF.
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Figure 9 glves a comparison of efficlencies at different overall
pressure ratios, for 'B =1,

It 1s noted that the efficlency of the Douwble Arc on this basis 1is
somewhat less than the efficiency of the Single Arc. This remains true
even if allowance is made of the fact that the thrust due to exit pressure
P>, 1s samewhat larger for the double arc than for the single arc. This
a.zllmance for exit thrust was computed from the following

X
. = 1 - > (21)
(\‘-l . P> ) |
g = {1-x) +* ¥ 1+E) x (22)

Equations (21) and (22) have been plotted in Fig. 9.

SPACE DINAMICS CORP.



Page 21

Comparison With Same Temperature Limits

From the point of view of efficiency it is desirable that the
overall pressure ratio be higher for the Double Arc than for the
Single Arc, so that each stage can operate at appropriate pressure ratio.
For instance, Expansion ratio of 2500 for the Double Arc will give an
expansion ratio of 50 for each stage, assuming equal pressure ratio across
each stage.

In the absence of knowledge of optimum pressure ratios for the
Double Arc, it was considered desirable to make a comparison on the
basis of the same maximum enthalpy in the chamber. Also the same enthalpy
level 1s assumed at the exit. This 1s based on the assumption that the
cut-off point for expansion is decided on the basis of reaching a certain
enthalpy level rather than a certain pressure.

For constant specific heat, this amounts to comparison on the basis
of the same maximum and minimum gas temperatures.

7, = 1 - ! (23)

SPACE DYNAMICS CORP.
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Yquation 23 has been plotted in Figure 10 for differenct values of
Tl/ To. Under these conditions, the efficiency of the Double Arc is found

to be somewhat higher than for the single arc.

Both Figures 9 and 10 are under the assumption of ldeal fluld
neglecting dissociation and ionization of the propellant. Therefore,
they are of somewhat academic interest only. To obtain a more realistic
picture of efficiency, comparison was then made with the use of Mollier
diagram taking into account the propellant dissociation and ionization.

SPACE DYNAMICS CORP.
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3.4 NUMERICAL ANALYSIS WITH MOLLIER CHART

Numerical analysis of typical operating points of single and Double
Discharege engines was conducted, using Mollier Chart for hydrogen.

Comparison at Same Specific Impulse

Table 1 glves a comparison for englnes operating at approximately the
same specific ilmpulse, on the order of 1200 seconds. :

It is seen that, for approximately same specific impulse, the maximum
propellant temperature required for the Double Discharge 1s 3000°K as against
L4OO0°K for the single discharpe. The efficiency increases from 32 to 55
percent for the frozen flow, due primarily to the reduced dissocilation levels
corresponding to lower propellant temperature,

Single arc engine with T. of 4000°K gives specific impulse of 900 secands
and 1370 seconds, for frozen f‘}ow and shifting equilibrium flow, respectively.

For the Double Arc engine to operate at about the same specific impulse,
Fig. 8 indicates a temperature ratio of 6.5 for B=l. The temperature required
for ideal cycle double arc (without allowance for energy losses due to disso-
ciation), is 0.65 x 4000 = 2600°K, In the example shown, T, of 3000°K, and
reheat temperature of 3000°K, was assumed.

According to Fig. 8, the theoretical efficlency of a single arc engine
for pressure ratio of 1000 is 8 percent. For a Double Arc engine, with the
same pressure ratio, the theoretical expansion efficlency is 77 percent. The
Mollier Diagram analysis changes the expected performance values primarily due
to dissociation effects. The maximum orooellant dissoclation for the single
arc engine at 4000°K is 24 percent, whereas the maximum dissoclation at 3000°K
required for the Double Arc engine is only 8.5 percent. As a result the actual
efficiency does not decrease in accordance with Fig., 8. Actually the efficlency
increases from 35 to 50% for the frozen flow case, and remains approximately
same (74 versus 75) for the shifting flow case.

Two extreme cases of frozen and shifting equilibrium flow bracket the
actual performance.

Space Dynamlics Corp.
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Table 1 Comparison of Performance of Double Discharge Virsus
Single Discharpe at Approximately Equal Specific Impulse
- Note The Reduction In Propellant Terperature and
Increase In Efficiency.
Single Discharpe Dowle Discharge
~Frozen Shift- *rozen Shift-
Equilib- ing Equilib- ing
rium Fquilib- riun Equilib-
rium rium
Terperature, T. , °K °K 1000 — [000 3000 3000
Pressure, P1 s —atm 10 10 10 10
il /RT 108 108 45 b5
1l o
Dissociation, 1, % 24 24 4 b
Frozen H 1/RT 46 L6 8 8
'1 .
Pressure, P,, atm 01 01
H2/RT° 28 28
Intermediate Press, Pi, atm 1 1
H3/R'I‘o 25 25
HH/RTQ 60 60
Dissociation, 4, % 8.5 8.5
Frozen H ll/RTu 16 16
Pressure, PS’ atm 01 01
HS/RTO 20 20
Total H/RT_ added T 108 108 B0 B0
Available H/RT, 34 80 Ly 60
Specific Impulse, Sec 900 1370 1030 1220
Efficiency, % 3 T4 55.0 [63

Space Dynamics Corp.
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Comparison with Same Maximum Dissoclation Level and Same Temperature Limlits

Next, Mollier Chart analysis is made of englines having same
temperatures of heat addition and heat rejection. According to
Fig, 10 the efficlency of the Double Arc engine 1s somewhat higher

than the single arc engine, operating at same T, and T2. In the examples

shown in Table 2, T, is 4000°K and T, is 2000°K for both the engines.

The reheat temperature of 3400°K is selected so that the maximm
dissociation after reheat 1s same as the dissociation at the end of the
first heating cycle, 24 percent in each case.

It is noted from Table 2 that the shifting flow efficiency in-
creases from T4 to 78 percent. The frozen flow efficlency increases
from 31 to 42 percent. '

According to Fig, 6 for operation with hydrogen at B of 3400/4000
or 0,85, the specific impulse increase to be expected is 16 percent.

The specific impulse increases from 1370 to 1550 for the shifting
equilibrium case and from 895 to 1130 seconds for the frozen flow case,
The specific impulse increases 13 percent for the shifting case, and
26 percent for the frozen flow case.

Qrana Thmoamd na MNMAaves
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Table 2 Comparison of Performance of Double Discharge Virsus
Single Discharge at Equal Maximum Dissoclation Level
and Same Temperature Limits. Note The Increase In
Specific Impulse and Efficiency.
Single Arc Double Arc
Frozen Shifting Frozen Shifting
Equilib- Equilib- Equilibe Equilib-
rium rium rium rium
Max, Temp., Tl’ °K 4000 4000 4000 4000
Min. Temp., T, T, °K 2000 2000 2000 2000
Max, Dissociation, , % 24 24 2 1 2
Py, atm 10 10 10 ‘ 10
Hl/mo 108 108 108 108
Dissociation 1, % 24 24 24 24
Frozen H 1/RT° 46 46 46 46
P,, atm .01 01
H2/RTO 28 28
Dissociation 2, % 3 3
Frozen H ,/RT, 6 6
Pi, atm 1
H3/RT° 71
Reheat T, °K 3400
Hu/RTo 95
Dissociation, 4, % 24
Frozen, H ,/RT h6
T5, °K 2000
Hs/RT,, .003

Space Dynamics Corp.



Single Arc Double Arc

Frozen Shifting Frozen Shifting

Equilib- Equilib- Equilib- Equilib-

rium rium rium rium
Total H/RI‘O Added 108 108 13 132
Unav, Exhaust H/RT, 28 28 30 30
Add'1 Frozen H/RT, 46 - - 46 - -
Available H/RT, 34 80 56 102
Specific Impulse, Secs §22 1370 1130 1550
Efficiency, % 31 i 42 18

Snare Thmamira Crre
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HIGH SPECIFIC IMPULSE ENGINE

The effect of variation of intermediate pressure for the double arc
engine, and the quantity of energy addition in the second stage, are
shown in Table 3. .

Without exceeding the heat flux limitations, the reheat temperature
can be much higher than the first stage temperature because of lower
pressure,

Table 3 indicates specific impulse up to 4800 seconds with electro=-
thermal effects mly.



Table
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High Specific Impulse Double Discharge Engine
- Variation of Quantity and Location of Energy
Addition in the Supersonic Discharge

DOUBLE DISCHARGE
Operation Operation Operation
I 11 111
5500 5500 5500
31.5 31.5 31.5
228 228 228
-l
3.15 3.15 (10)
165 165 105
210 360 1570
4500 9000 14,500
-l 1 =l
(10) (10) (10)
50 110 T40

[« SV N
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DOUBLE DISCHARGE

Operation Operation Operation

‘ I IT 111
|
| Total Performance
H/RT, Added 273 423 1693
) H/RT, Avall 223 313 953
Efficiency 81 T4 56
Specific Impulse [2300 2750 4800

Vo D . Y .
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Section 4 EXPERIMENTAL STUDY

4,1 TEST UNIT
Experimental Units

Two units were designed to conduct tests. The first englne was designed
to operate at high wall temperatures, using Lithium or Hydrogen as coolant.
All the components of the engine were of refractory materials compatible with
Lithium.

This design is shown in Figs. 12 to 14. Figure 12 shows the high press-
ure end of the engine; making provision for electrode leaks, electrode gap
adjustment, high pressure containment without leaks, and lltnium vapor control.
The engine head was designed to enable separate ca.lorinetric measurements for
heat flux to the subsonic and supersonic electrodes and nozzle.

The subsonic and supersonic electrodes are shown in Figs. 13 and 14,
The tubular design of electrodes enabled measurement of the temperature
rise of the coolant, and the coolant flow rate, so that heat flux to each
electrode could be determined separately. The major problem was to get thin
walled tubes of refractory materials, and to fabricate an assenmbly of rather
small dimensions. These were overcome by appropiate design approaches, using
electron beam welding.

The second engine was designed to operate at comparatively low wall
temperatures, using copper throughout and employing water cooling. An assenbly
of the unit is shown in Fig. 3.

Nozzle Segmentatimn

A unique feature of this design was the segmentation of the nozzle into
four sections, separated by thin insulating washers. The segmented sections
were (1) propellant feed, (2) subsonic arc and nozzle throat, (3) supersamic
arc portion of the divervent section of the nozzle, (4) and, the final expan-
sion portion of the divergent section of the nozzle. The segmentation of the
nozzle was considered an important, almost necessary, step to accomplish the
test objectives.

It was felt that for the Double Arc to be most effectiwve, it is not only
necessary to be able to operate two independently controliled arcs, out aiso
to make sure that the supersonic arc operates within a limited portion of the
divergent portion of the nozzle, so that there is after-expansion at the end
of supersonic heating, It would not be desirable to have supersonic arc
attached at the exit end of the nozzle. Segmentation of the divergent part
of the nozzle was used to determine whether the supersonic arc strikes where
it should.

SPACE DYNAMICS CORP.
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The second objective of nozzle segmentation was to be able to assess
the heat flux to the part of the nozzle where the supersonic arc strikes,
to determine the distribution of heat flux in a nozzle with subsonic znd

supersanic arcs, and to compare it with a nozzle having subsanic arc only.

The operation of segmented nozzle was made possible by the use of
water cooled copper walls so that the insulators dividing the segments
could be kept at low temperature; through contact with cooled copper.

The design of the pin electrodes for the copper engine was similar
to that shown in Figs. 13 and 14, using tubular construction. For each
electrode, the water flow and the temperature rise could be measured
separately.

Research Unit

Considering the desired initial program objectives and the available
funds, the work reported here was conducted with water cooled copper engine.

The research unit is shown in the upper half of Fig. 15. The seg-
mented nozzle design can be easily seen. The two pin electrodes and the
various nozzle segments have independent coclant supply.

The research engine is shown mounted to the vacuum tank in the lower
half of Fig. 15.

Research Fluid

Althcugh a lithium or hydrogen engine was not used, it was considered
desirable that the Double Arc ignitim feasibility testing should be done
with a fluld as close to hydrogen as possible. Nitrogen has ionization
potential nearly the same as hydrogen. It is diatomic like hydrogen so
that the effect of dissociation of an arc stability would be simulated,
at least partially., Nitrogen was therefore selected as the working fluid.
Preliminary stability checks were made with Argon.

SPACE DYNAMICS CORP.
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4.2 TEST SET-UP AND INSTRUMENTATION

A schematic of the electrical test set up is shown in Fig. 16. Each
arc had a separate ballast and a separate electrical circuit. The voltage
at the electrodes could be varied on the positive side as well as on the
negative side. The object was to obtain a good degree of flexibility of
operation,

Ballasts used in the experiment are shown in Fig., 17. This figure
also shows the flow control consoles used.

A typical test set up is shown in Fig. 18, except for the thrust
measuring device which was not required in the current experiments. The
photograph also shows the end of the vacuum tank where the unit was mounted.
The vacuum tank was approximately 4 feet in diameter by 13 feet length.

Instrumentation

The coolant and propellant flow were measured by Fischer Porter gages,
with accuracy of 0.2% of scale. This amounted to an accuracy of 0.4 to 1
percent for the range of measurement. Prior to deliwvery of the coolant flow
meters, some tests were run with the technique, of collecting and welghing
the coolant from all the five circuits individually.

Wnen several electrical potentials are involved, the measurement of
temperatures by conventional thermocouples often gives difficulties, and
erroneous results due to stray currents. These were overcome by using
direct reading thermometer gages employing thermal sensing elements rather
than electrical sensing elements. The thermometer gages had an accuracy of
2 percent and divisions of 1°F.

To determine the flow characteristics of the propellant gas feed sys-
tem, the pressure drop was measured for different flow rates. This was used
to determine the true arc chanber pressure, from pressure gage measurenents
taken at the flow meter on the instrument console.

The voltmeters and the ammeters used had an accuracy of + 2%.
The enthalpy was measured by the heat balance method. The energy input

was measured by the D.C. voltmeters and ammeters. The losses were measured
by the coolant flow rate and its temperature rise.

SPACE DYNAMICS CORP.
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4,3 TEST SET UP CHARACTERISTICS

Prior to taking heat flux data, tests were run to insure that the
thermal characteristics of the test apparatus were sultable for taking
accurate data.

Thermal Equilibrium Characteristics

Transient characteristics of the system during a typical visit are
shown in Fig. 19.

Figure 19 shows that about 10 seconds were required for ignltion and
operatim of both the arcs. The coolant temperatures for the subsaic and
supersanic electrodes would reach near equilibrium condition in about 30
seconds, [he nozzle segments, however, took a little longer to reach
equilibrium, generally on the order of 60 seconds.

Most of the tests were run for 1-1/2 minutes to 4 minutes, although
in some cases, the unit was run as long as 7 minutes at a time.

The coolant flow had two circuits with a flow meter in each circult,
in most of the tests, The flow in the first circult passed through the
supersanic pin electrode, while the flow in the other circult passed through
the rest of the cooling segment. Because of the narrow coolant passages in
the supersonic pin electrode, and the resultant pressure drop, it was nec-
essary to have an independent circult for the supersonic pin electrode to
have adequate flow rate.

The unit was usually stopped immediately after the necessary data had
been taken. Running of the unit for long periods generally resulted in a
breakdown of the boran-nitride insulation sleeve between the pin electrodes,
as well as the insulators between the nozzle segments. It will be recalled
that the nozzle had been segmented to accurately determine the location of
arc attachment and also for heat flux distribution data.

Thermal Loss Characteristics

In order to minimize the thermal loss from the tubes carrying the coolant
from we engine to the temperature sensing elements, and the flow meters,
the tubes were of insulating materials (rubber) and the valves were lagged
with insulation. It was, however, not convenient to insulate the exposed
parts of the englne or the engine leads.

The thermal loss from the various parts of the system was computed by
the well known heat transfer relationship (see Appendix 1), and the results
are presented in Fig. 20.
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4,4 TEST RESULTS

Preliminary

After checking out the engine for possible leaks, coolant fiow ob-
structions, electrical insulation, etc., the subsonic arc was run alone,
operating as a canventional arc Jet. The tests indicated that the engine
design was generally satisfactory. The arc ignited and operated well.
Starting was dane by lowering the pressure below the breakdown value  Some-
times a high frequency ignitor was used.

Tests were then run with the supersonic arc alane. Except for some
difficulties due to mishaps resulting from inadvertent operation with
coolant valves closed, the supersanic arc discharge worked well in a stable
manner,

Double Arc Operation Feasibility

Several tests were then conducted with both the subsonic and super-
sonic arcs to determine the feasibility of ignition and simultaneous oper-
ation of both the arcs. The cbservations made during attempts to run both
arcs are summarized below,

The supersonic arc was found to he surprisingly very stable -« even
more than the subsmic are. Normally, this would be advantageous and
desirable; however, in the present design it sometimes created difficulties
of maintaining the subsonic arc, The entlre discharge tended to accumulate
in the supersonic arc. This was prevented by suitable adjustment of the

arc gap.

The high degree of stabllity of a supersonic arc has not been re-
ported in literature previously, to the best of our knowledge. This was
an unexpected discovery since it was originally felt that very high gas
velocities in the supersonic region might tend to overcool the arc colum
and make the arc discharge unstable.

Experimental engine and the test set up had been so designed that the
potential of each of the four electroce terminals, two pln electrodes and
two nozzle electrodes, could be independently controlled. The "floating"
surfaces could be made to assure any desired voltage. The voltage of vari-
ous surfaces was varied with respect to each other. Interestingly, three
arcs, instead of two, were sometimes observed. At times, even four arcs
were also thought to exist; this, however, is relatively uncertain as com-
pared to the cbservation of three arcs.

Tests were then conducted with the electrical insulators removed and
the two nozzle sections brazed together, so that the subsonic and super-
sanic arcs had a comma negative and the entire nozzle was at the same
potential. The operation was satisfactory.
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The temperature rise of the various sections, the currents registered,
and the visual examinatian of the electrodes confirmed that the supersonic
arc was operating as desired.

A typical mode of operatimm of the Double Arc unit is illustrated in
Fig. 21. In thls case, the engine was first operated with a single subsonic
arc at 140 amps and 125 volts. Then the supersonic arc was turned on. The
supersanic arc circult had a ballast of 0.25 cms larger than the ballast in
the subsonic arc. When both the arcs were operating the subsonic and the
supersanic arcs were drawing currents of 96 and 60 amps respectively, so the
total current had increased form 140 to 156 amps. This led to the drop of
voltage on the subsonlic arc from 125 volts to 90 volts. The voltage across
the supersaonic arc was 75 volts - the difference between 90 and 75 volts
represented the drop in the additional supersonic arc ballast of 0.25 chms.

Tests were then conducted to determine if it was possible to operate
the two arcs at different current and voltage lewvels and yet have stable arc
operation.

The stability criteria of a typical electric arc is shown in Fig. 22(a).
The solid line shows the V-I characteristics of an electric arc. The dotted
line shows the ballast drop. The points of intersection indicate possible
points of arc operation. The upper point gives unstable operation while the
lower point gives stable operation.

With the help of appropiate ballast it was possible to operate the sub-
sonic and supersonic arces at approximately equal currents, as shown by points
marked "1" on Fig. 22(b). This, however, necessitates havmg different
potentials at the two pins.

Attempts were then made to determine if the arcs could be operated
simultaneously when the current lewvels in the two discharges were substantially
different. A typical operation is shown by points marked "2" on Fig. 22(b).

The solid and the dotted lines in Fig. 22(b) represent the solid and the
probable arc discharge and ballast lines at each pvoint, similar to the solid
and dotted lines illustrated in detail in Fig. 22(a). Both tests were run at
approximately the same total power level -~ 14,0 KW for the first test and 14.5
KW for the secand. The distribution of power between the two arcs was, however,
different. In the second case, the subsanic arc had larger power - 9.2 KW for
the first test and 12.0 KW for the second test. It was felt that voltage and
current for each of the two arcs could be varied, and that a certain amount
of control of the two arcs was possible.

Next, the effect of varying the gap in the suwsonic arc of a Double Arc
unit was determined. The results are shown in Fig., 23. Increasing gap re-
sulted in increase of voltage, current and power level of the subsonic arc.

The supersonic arc remained relatively unchanged. The voltage across the
supersanic arc increased somewhat, but the current fell, and the power level
increased only slightly. The superscm.c arc perf'ormnce was not highly affected
by the changes made in the subsmic arc operaticn.

SPACE DYNAMICS CORP.



Page 37

From the data obtained, it was concluded that it was feasible to op-
erate a subsonic and a supersanic arc simultaneously in a small nozzle. It
was also feasible to have variation and control of their individual perfor-
mance.

Double Arc Characteristics

Test data was correlated, first at constant P to get V-I arc charact-
eristics, and then at canstant I to get V-P arc characteristics separately
for the subsanic and supersonic arcs.

Data of three tests at approximately 47 psi has been reduced and
plotted in Fig., 24, The points belonging to the same test have been paired
together by arrows. The V-I characteristics may be represented by V = A (I)” .
The value of was approximately the same for subsaonic and supersonic arcs
for the test pressures,

The V-P data has been correlated in Fig. 26 at current levels of 80
amps for the subsonic and 52 amps for the supersonic arc. The plots can be
represented by V = B (P)M where m 1s 0.4 for the subsonic arc and 0.2 for
the supersanic arc. The value for the supersmic case is somewhat uncertaln
because of the scatter of the test data.

It 1s noted that the characteristics of the supersonic arc are similar
to those expected from a high pressure arc colum, rather than a low press-
ure arc colum for which the expments are smaller.

To be able to compare the arc characteristics with available data,
tests were conducted with the subsanic arc only. The V=P data has been
shown in Fig. 26 at two current levels, .of 60 amps and 150 amps. The V-I
data 1s shown in Fig. 27 for canstant pressure level of 50 psia. The V=I
data could be represented by V= (I)™, at constant pressure, where n = 0.8
at P = 50 psia. The V-P data could be represented by V = (I)® at constant
current. The value of mwas 0.7 at 60 amp level and 0.8 at 150 amp level.

Camparing this data for swsonic arc aloane with previously available
data*, it was found that the exponent for V-I relationship was comparable
to the conventimal single arc in nitrogen. The expment for the V=P curves
was, however, somewhat higher than previously obtalned with nitrogen and
copper*, This may be due to the rather strong gas vortex used in the current
design.

It therefore appears that the subsonic arc of a Double Arc unit has
characteristics substantially similar to that of a single arc engine. The
supersanic arc characteristics are somewhat similar although the exponent
in the V = (P)M relatimship appear to be somewhat smaller than for the
subsanic arc,

¥"Gaseous Conductors", J.D. Cobine, Dover Publication, 1957, Pages 296 and 297.
SPACE DYNAMICS CORP.
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Gas Enthaloy

The gas enthalpy at the exit of the unit was computed by the energy
balance nethod, by measuring the electrical input to the engine and the
thermal losses from the engine. The gas enthalpy varied about 10,000 to
32,000 Btu/lb.

It is of interest to note that gas enthalpy values up to 32,000 Btu
per 1b were measured. Comparism with available data indicates that these
enthalpy levels are considerably higher than the values obtained in the past.
For instance, the maximum total enthalpy that has ever been achieved pre-
viouily with nitrogen is on the order of 15,000 Btu per 1b at 3.5 atm pres-
sure®,

The nunber of test points presently available at very high enthalpy
levels are too few to make firm canclusions conceming the magnitude of
increase; this is expected to be dane when larger number of tests at high
enthalpy levels are available, The attainment of higher enthalpies would
give an indirect proof of the ability to accomplish higher specific impulse.

Heat Flux

As indicated earlier, the purpose of segmenting the nozzle was to
ascertaln the locations of arc attachment, and determine the distribution
of heat transfer in a nozzle with supersonic heating. The nozzle had three
segments - the nozzle throat section (also called the subsonic nozzle elec-
trode), the supersanic arc nozzle electrode segment, and the after-exvansion
nozzle segment (also called the nozzle skirt). The heat transfer to these
three segments, as well as to the subsonic arc pin electrode and the super-
sonic arc pin electrode, was measured separately by noting the temperature
rise and the flow rate of the coolant through each segment.

It was noted that heat transfer to the supersonic nozzle electrode
segment was larger than the heat transfer to the after-expansion nozzle
segment, indicating the supersonic arc attached in the section immediately
after the throat and not at the end of the nozzle. This indicated the feasi-
bility of adding energy immediately after the throat and having an after-
expansion. It would not be desirable to add energy near the end of the noz-
zle, where there would be no after-expansian.

To be able to compare the heat transfer to various compaonents with the
case of a single arc only, attempts were made to run tests under ldentical
overating canditions. The propellant flow, and the total power lewel into
the englne were kept approximately the same. The results have been given
in Table 3.4 and Fig. 28. The table gives the direct experimental data;
however, in Fig. 28, data of single arc has been reduced to the same power
level as of Double Arc to enable comparison under comparable conditions.

¥Amold Engineering Development Center, TDR 62-145, Tullanoma, Temnessee
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Teble 4 Effect of Double Arc Operation on Heest Transfer
to Different Components

Subsonic Arc Subsonlc and
Item Only Supersonic Arcs
Opereting GConditions
Propellant Flow, lbs/sec x 10™3 0044y O.h%
Power Input, Subsonic Kw 12.48 79
Supersonic Kw - helb
Totel 12.48 12,1l
Chamber Pressure, psis 27.2 247

Heet Transfer, Btu/sec

Nozzle Throat section 1.95 0.98
Nozzle 3Supersonic Arc Section 0.29 0.82
Nozzle After Expansion Section 0.48 0.66
Pin Electrode, Subsonic l.42 0.90
Pin Electrode, Supersonic 2,20 2,60
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The data shows that the use of Douwble Arc diminished the heat transfer
at the critical location of the nozzle throat section. The heat transfer
to the nozzle immediately after the throat increased. The heat transfer in
the after-expansion part of the nozzle also increased slightly. These
measurements confirmed the fact that the energy addition to the nozzle could
be as postulated in the concept.

Also, the heat transfer to the subsonic electrode was significantly
reduced when the unlit was operated as a Double Arc. Heat transfer to super-
sonic pin electrode increased with the presence of the Double Arc. The
increase was, however, small (about 20%) indicating that most of the heat
transfer to the pin was by convection rather than by arc attachment.

It should be noted that while operating the unit as a single arc, it
was necessary to keep the supersonic pin electrode inside the unit, although
it carried no power. This was necessary for maintaining the same throat area
so that the comparison could be made under approximately identical conditions,
If the supersonic pin electrode had been removed, the unit would have had a
much larger nozzle throat area for the single arc case than for the Double
Arc case,

Since the heat transfer to various components as well as the power
input to the two arcs was measured, it is possible to calculate the energy
transferred to the propellant at various locations along the length of the
nozzle. This has been calculated in the Table 5, using the test data glven
previously in Table 4, and plotted in Fig. 29. This illustrates the achieve-
ment of the energy transfer as postulated for the Double Arc. It also shows
that for engines operating at the same total power input, energy lewel at
the throat is lower for the Double Arc.

Tests to check the Double Arc feasibility and compare operation with
single arc, were repeated at three pressure levels. Results were substan-
tially similar to those shown for 25 psia before. In case of the 45 psia
tests, the percentage of total power introduced in the supersonic arc was
increased from 34 to 41 percent. The results are shown in Figs. 30 and 3l.
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Table § Effect of Double Arc Operation on Energy Transfer
to the Propellsnt st Verious Locations in the Nozzle

Subsoniec Arc Subsonliec and
Item Only Supersonic Arc

Operating Conditions

Propellant Flow, 1lbs/sec x 10'3 Oeigly Oely
Power Input, Subsonic Kw 12,48 709
Supersonic, KW - Leo16
Total 12.48 12.1}4
Chember Pressure, psia 27.2 2.7
Energy Input
Subsonic Arc Addition 11.80 Te55
Less Subsonic Pin Electrode 10.38 6.65
Less Nozzle Throat Section 8.43 5.67
Plus Supersonic Arc Addition -- 9,6h2
Less Supersonic Pin Electrode 6.23 702
Less Supersonic Arc Nozzle Section 5e9; 6.03
Less Nozzle After Expansion Section 5,46 53
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Nature of Supersonic Arc Attachment

Some observeations ccncerning the nsture of esttechment of the
supersonic erc, ere noteworthy,

The exeminetion of the electrode surfeces indicated thst the
subsonic arc left the familiar tracks of erc "spots™ on both the
subsonic pin electrode and the subsonlc nozzle electrode, Similar
tracks were not present on the supersonic pin electrode or the super-
sonic nozzle electrode; indiceting that the supersonic src column
did not sttech on & small "spot™ with high current density but per-
haps as & "sheath™ with low current density, or perheps as & spot
with such lerge dismeter and low current density thet it left no
merking on the electrode surfsace,

The "sheath"™ type of discherge hes lower current density for
the same current, The lower current density mey be expected to
result in lower hest transfer to the electrode., This mesy be respon-
sible for the rether small increesse in heat trensfer noticed during
the tests, both to the supersonic pin electrode end the supersonic
nozzle electrode. .

Sheeth dischaerge would heve other advanteges, It would tend
to heet the ges more uniformly then the column discherge whichrepre-
sents & high tempersture core surrounded by ges et lower temperatures,
It would also result in & more steble operaticn than s moving column
discherge. This might explein the high stebility of the supersonic
discherge noted.

Severel fsctors point to the presence of & sheeth dischsrge,
except thet the V-I and the V-P cherecteristics of the supersonic
erc were found to be similer to those of & column discharge. It
is expected thet sveilebility of additionel dete in future might
result in clerificetion of the neture of the discharge.

SPACE DYNAMICS GCRP,
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Fig, 11 Top) High Pressure arc plasma jet
exhausting at atmosopheric pressure.

(Right) Subatmospheric discharge
viewed through a window.

SPACE DYNAMICS CORFORATION
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A

— \ v 1
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Fig. 16 Schemetic of Electrical Test Set Up
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LABORATORY FACILITIES

Fig, 17 Fecilities for Research end Testing et S. D. C, Laborszstory
-- (Top Left) Six vernier rheostats for providing control of
several electricel circuits with lerge current carrying cape-
cities; (Top Right) Console for control and regulastion of
cryogenic fluids; (Bottom Left) Master Flow Control Console
for lerge gas flows at pressures up to 3000 psi; (Bottom Right)
Bank of erc ballests cepeble of currents up to 5000 amps.

SPACE DYNAMICS CORP.
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Fig., 18 A Typical Test Set Up

SPACE DYNAMICS CORP.
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Fig. 23 = Power, Voltage, Current Veriations in e Double Are
as & Function of Subsonic Electrode Gep
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200 1 l L) l BB T ] l Y
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PRESSURE

"Double Arc Charscteristics - Effect of Pressure

at constent current ( 80 amps for subsonic end

52 emps for supersonic)
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Fig. 28 Heet Trensfer to Different Components, for a Double Arc

eand & Single Arc, st Totel Power Input of 12,14 Kw (34% in
Supersonic) snd Chember Pressure of 24.7 psia.
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APPENDIX I

THERMAL LOSS CHARACTERISTICS

Rubber Hoses

Thermal losses from the rubber hoses camnecting various coolant pass-
ages was computed. The heat transfer coefficient to the outside, h, »
was calculated from the equatims.

0.4
h, = o0.24 (....f’d_)

9, = has

where 8 1s the temperature difference between the environment and the
outside surface, A, the exposed surface, and d, the outside diameter of
the hose.

Assuming water side coefficient of 100 Btu per hr ft°°F and resistivity
of the rubber_hose wall, the combined coefficient was calculated as 16.2
Btu per hr ft“°F. The surface temperature difference, § , may then be
expressed by the following equation, in terms of (At), which is the total
temperature difference between the cooling water and the environmental air,

fat-9o) 16.2
8 " h
Conbining this with the expression for h,, suwstituting d equal to
half an inch, and A equal to .78 sq. ft., it gives

(at-9) 2.7
e ( 6, 0.5

q, =o0.476 ( 0)1-25
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qo was computed for (At) varying from 10 to 100°F, and plotted in Fig. 20.
Exposed Engine Surfaces

The total exposed area consisting of exposed engine surface, expcsed
copper tubes camecting the various engine passages to rubber hoses, and the
exposed parts of the thermometer walls, was 0,128 sq. ft. The thermal loss
was then calculated from the equatim.

q, = (0.24) (0.128) (2.53) ()23
Thermal losses are shown in Fig. 20. To illustrate the magnitude of
error involved, two examples were taken.
In the first example, with (At) of 20°F and heat collection rate of
one KW for each of the flow circults, the above thermal loss was 0.5 percent.
For five circuits, this would be 0.25 percent.

In the second example, with (At) of 50°F, heat collection rate of one
KW for each of the flow currents, the thermal loss was 0.3 percent.

Thermal loss corrections were made when (At) was S50°F or more.

SPACE DYNAMICS CORP.



