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were measured at pressures of 515 and 715 psia. A slope of
1.14 and intercept of —430 lb-sec/in.? were obtained from a
straight line fit of the data. Figure 2 shows the results ob-
tained from four mixes with different blends of three oxidizer
grinds. Burning rates were measured at pressures of 315,
515, and 715 psia. A straight line through the data gave a
slope of 1.14 and intercept of —550 Ib-sec/in.3.

The slopes and intercepts for fits of small motor and liquid
strand data to Eq. (1) have been measured for both- poly-
urethane and polybutadiene formulations. Data precision
of 29 or better has resulted. The observed scatter has been
largely attributable to the small motors. Formulations not
containing burning-rate catalyst have yielded slopes ranging
between 1.12 and 1.18, with intercepts ranging between —350
and —550 Ib-sec/in.3. Therefore, the trends predicted by the
Summerfield Granular Diffusion Model have been verified
experimentally. More economical motor design through in-
creased application of strand burning rates can be achieved
through the use of Eq. (1).
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Electric Propulsion Characteristics of a
Pulsed Plasma Rail Accelerator

Danter H. Winicur*
Hughes Aircraft Company, El Segundo, Calaf.

Nomeneclature

x = axial displacement of plasma slug

t = time

{ = rail electrode length

2r = rail electrode width

d = distance to one rail electrode from centerline of the
other rail electrode

I = electric current

14 = voltage

C = capacitance

R = resistance

L = inductance

B = magnetic field along the plasma slug caused by the cur-
rent flowing in the rail conductors

v = plasma velocity

m = Imass per pulse

T = discharge time

do = gravity constant i

Mo = magnetic permeability of a vacuum

F = ingstantaneous force on plasma slug

E = stored energy per plasma slug mass

s = total length of plasma column

ds = increment of plasma column length

K = magnetic field strength per unit current acting on
plasma

Iy = total impulse per pulse
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Tsp = specific impulse

Pe = accelerator jet power

(P/F) = specific power

] = power efficiency

AV = net velocity increment
Subscript

0 = power supply circuit element
Superscripts

() = value per unit or rail length
() = averaged quantity

HIS note presents the results of an analog computer

study of the electric propulsion characteristics of a con-
fined pulsed plasma rail accelerator. The rail accelerator
has been proposed for long duration space propulsion missions
such as attitude control, orbit raising, and deep space propul-
sion.!”® The theory and operation of this accelerator is
amply described in Refs. 1-6.

The “plasma slug model” has been used with variable rail
resistance and inductance. The propellant is assumed to be
injected in a compact form with the plasma remaining as a
slug. This plasma slug is then treated as a moving circuit
element of negligible resistance.®* Assuming that the motion
of the plasma slug can be described one-dimensionally,

dL/dt = (dL/dx)(dx/dt) = L'v )

where dL/dx is assumed to be a constant equal to L’, the rail
inductance per unit length.

Starting with the expression for the instantaneous force
on a column of plasma moving in a direction normal to the
current flowing through it,

1«*=1de8 )
8

Maes! has derived the following equation for F which includes
the force due to the current flowing in the back conductors,
parallel to the plasma slug, in addition to the force due to the
current flowing through the parallel rail electrodes:

F = o { z + lnl:x + (@ + xz)‘/z]
d
o> — 1} 3)

When z > d, i.e., when the effect of the back conductors is
negligible, this reduces to the familiar expression

F = 3T @

After integrating Eq. (3) from £ = 0 to x = [ to obtain the
space average of F, the instantaneous force on the plasma,
can be expressed as

F = KI* (5)

The coeflicient K is a constant dependent only on the accel-
erator geometry equal to the magnetic field strength per unit
current acting on the plasma column.

The time varying resistance and inductance are then ex-
pressed in terms of R’ and L':

R =Rz L =1L (6)

Equation (5) is combined with the Kirchhoff voltage equation
of the equivalent electrical current to yield the equation
governing the current flowing in the rails:

1 ¢ L'K p: o, al
o—a)fozdtju[LoJr?‘[;fozdtdt]%Jr

7 I:Ro + RmK j;t fotpdt dt + L—ﬂ?ﬂ‘ﬂdt-l )
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Fig. 1 Specific power, power efficiency, and specific
impulse vs power supply circuit inductance.
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Fig. 2 Power efficiency and specific power vs power supply
circuit resistance.
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Fig. 3 Specific power, power efficiency, and specific im-
pulse vs stored energy per plasma slug mass.

The propulsion parameters (average thrust F, total im-
pulse per pulse Iy, specific impulse I, accelerator jet
power Pe, specific power P/F, power efficiency %, and
AV) were then expressed in terms of the current, and analog
computer solutions were obtained for various values of Vg,
m, Ry, Lo, and Co. The values used for K, R’, L/, and [ were
obtained from an experimental rail accelerator being built at
the Hughes Aircraft Company.

For a given charging voltage Vy, the current does not ap-
pear to change appreciably as m is varied. As V, increases,
the maximum current increases, but the period remains the
same. When m is decreased, the discharge time T decreases
exponentially.

The effect of reducing Lo, and Ry, on the specific power,
specific impulse and efficiency, is shown in Figs. 1 and 2.
Reducing L also increases the maximum current and reduces
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T. This is as expected since the electrical energy initially
stored in the power supply capacitor is divided between the
magnetic field of Ly (wasted) and the useful magnetic field
between the rails. As L, is decreased, an increasingly large
percentage of this energy becomes available for accelerating
the plasma slug. Decreasing Ry has a negligible effect on I,
F, T, and I,,. However, the power that must be supplied to
replace heat dissipation is proportional to By, so reducing R,
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Fig. 5 Average thrust/plasma pulsing rate and average
jet power/plasma pulsing rate vs stored energy per plasma
slug mass,
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Fig. 6 Total impulse per pulse vs mass per plasma slug.
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has the effect of reducing the electrical power input for a
given output, thereby raising the efficiency and lowering the
specific power.

The specific impulse, specific power, and power efficiency
are all functions of the stored energy per plasma slug mass
and are shown in Fig. 3. The relations between 5 and I,
and P/F and I,, are shown in Fig. 4. - The effect of reducing
R, is seen here to be very marked. The relations between 7,
P/F, and I,, do not vary with L.

The average thrust is shown in Fig. 5 as a function of E.
Tor a constant V,, F increases with increasing m (decreasing
E), and, for a constant m, F increases with V, (increasing ).
Since 7 increases with increasing K, the most advantageous
method of increasing the average thrust during operation is to
increase the charging voltage.

The total impulse per pulse, equal to AV multiplied by the
total space vehicle mass, is a linear function of the electrical
power input. It is a more complex function of m, as is seen
in Fig. 6.

On the basis of these results, the rail accelerator appears to
be useful for propulsion in space. The range of operation,
where the efficiency is neither too low nor the specific power
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too high, appears to lie between 1500 and 5000-sec I.,. The
rail accelerator has the distinet advantage that one engine can
be operated at various points in this range.
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Comments on ‘“Transition Correlations

for Hypersonic Wakes”

Jonn I. Erpos* aNp Harris GoLnf
Awco Corporation, Wilminglon, Mass.

N a recent note,* Zeiberg has shown that the effects of body
shape can be removed from a correlation of wind tunnel
and ballistics range wake-transition data for various two-di-
mensional and axisymmetric models by using the Reynolds
number based on freestream properties and the distance from
the model base to the transition location, a “body blunt-
ness”’ parameter, and the freestream Mach number. The
authors have correlated the same small-scale data®? as have
many others,4=® each interpreting the results in a different
manner but all having essentially the same goals, namely, to
understand the phenomenon and to derive a simple formula
for the prediction of wake transition for full-scale hypersonic
re-entry conditions. Although a correlation such as suggested
by Zeiberg, which employs concepts carried over from suc-
cessful boundary-layer and free-shear-layer transition cor-
relations, does in fact satisfy the latter goal, it contains im-
plications that are contrary to the present understanding of
the phenomenon, and its use to prediet transition at condi-
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tions outside the range of small-scale experimental condi-
tions is certainly questionable.

It is well established that the distance to transition in the
wake is a function of the local Mach number and “some’’
Reynolds number (almost any will correlate the data for a
given model). A close scrutiny of the small-scale data at a
given freestream Mach number and model shape reveals the
behavior sketched in Fig. 1.45 The concept of a unique
transition Reynolds number (p,Uszrr/u.) 2ppears to be valid
only within a limited range of body Reynolds numbers and/or
unit Reynolds numbers (see Table 1). At lower body Rey-
nolds numbers, the transition distance moves out rapidly
toward infinity (which has been explained by Lees! on the
basis of energy arguments), whereas at very high body Rey-
nolds numbers, the transition distance “‘slows down’’ as it
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Fig. 1 Schematic representation of wake transition dis-
tance vs freestream Reynolds number.



