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Fig. 3 PPT RFI measurements.

wave. Waves at Ao incident at an angle with respect to the
normal, have only the normal component completely ab-
sorbed. For the PPT, RFI experiments, a significant por-
tion of the radiated wave was not normal to the absorber
and some ringing took place within the cavity formed by
the vacuum tank walls. This ringing was due to the presence
of high-order coaxial modes propagating parallel to the ab-
sorber sheet. RF¥T measurements were made initially on a
PPT mounted in the flight configuration with respect to the
antennas. The results of the experiment were in error for
the chamber acted as an echo box to vield erroneous time
duration RFI measurements.

Two successive experiments were subsequently performed.
One used a vacuum bell jar to house the PPT and a mono-
pole antenna eut for 300 MHz (VSWER = 1.35:1) mounted
both inside and outside the jar. The walls of the measure-
ment area were lined with the broadband absorber blocks of
the type used in large anechoic chambers to prevent reflec-
tions of the rf energy. The effects of antenna coupling
were proved to be small in this experiment for the amplitude
of the RFI was essentially independent of antenna location.
Finally, RFI measurements were made in a 4 ft diam vacuum
tank completely lined with broadband ferrite absorber ma-
terial.f This environment rendered measurements free
from any chamber resonance effects. Measurements were
made of RFI time duration above the measurement threshold
as seen in a 100 kHz bandwidth. The amplitude results of
the three experiments agreed to within a few db/Hz and the
time duration results varied from 40 usec in the first experi-
ment§ to 10-15 usec in the last experiment. Although there
were some uncertainties in the discharge time of the thruster,
it was expected to be more in the neighborhood of 2-3 usec
rather than 10-15 usec. This additional stretehing is
attributed to the (relatively) narrow bandwidth of observa-
tion. The answers, nonetheless, were sufficient for the
LES-6 purposes. Figure 3 gives the RFI power vs time
recorded from measurements on five successive firings in the
4-ft-diam ferrite lined chamber. The center frequency was
300 MHz and the Bandwidth 100 kHz. The peak power
varied from —139 dBmw/Hz to —149 dBmw/Hz with
suceessive firings of the plasma thruster.

Conclusions

A technique has been evolved to measure RFI emanating
from a Pulse Plasma Thruster. This involves the measure-
ment of the amount of r.f. power received at an antenna
having a plasma in the near field. It is desirable to make
the measurement in a vacuum anechoic chamber with the
plasma and receiving antenna in their flight orientation. If
this is not possible a good estimation of the RFI power may
be obtained by using smaller vacuum anechoic chambers of
low electrical Q to house the PPT and a test antenna.
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Nomenclature
A = area
a,b = constants, b/pp and r/Pr, respectively
C = constant for perfect gas
E = E({y) = energy of a streamline
0 = stagnation and static enthalpy, respectively
AH.AH, = heats of combustion and vaporization, respec-
tively
K = flow coefficient, constant
M = molecular weight
m = mass flow rate
O/F = oxidizer/fuel flow ratio
P = pressure
r = radial coordinate, or burning rate
R = radius
R, = perfect gas constant
T = temperature
UvV,w = radial, tangential, and axial velocities, respec-
tively
€ = contraction ratio, A,/A4
v = specific heat ratio
I'=I() =V Xr
¥ = stream function = fm(r) (Z@
0 mr
w = angular velocity
p = density
Subscripts
0 = stagnation condition
1,2 = inner and outer zones, respectively
c,cl.T = chamber, centerline, and injector, respectively
f,9,L,P = flame gas, liquid, and propellant, respectively
R,Ttw = reservoir, total, throat, and wall, respectively

Introduction

HERE are occasions in the design of nozzles when it is

convenient to treat flows in which the entropy (i.e., total
pressure, total temperature) varies normal to the streamlines
but is conserved along the streamlines. In the case when
two-dimensional effects are of secondary importance, the
flows from rotating rocket motors or bypass turbojet engines,
for example, can be treated by special one-dimensional tech-
niques. Some of the ground work has been laid for such
analyses.!™* This paper describes a unified theory for which
the specific problems listed earlier are subsets and presents
specific examples of its uses.

Analysis

The properties of the flowfield are assumed to be known
at the nozzle inlet (see Fig. 1a). Tt is desired to evaluate
the radial distribution of the flow variables at the throat
plane and to determine the radius, R,, required to choke the
flow as defined by the initial conditions. The following re-
strictions (some of which can be removed as discussed later)
are placed on the flow for the flow for the initial develop-
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ment: the flow is steady, adiabatie, and inviscid; the gas
associated with each streamline is thermally and calorically
perfect; and radial velocities are negligibly small. Under
these restrictions the equations for axisymmetric flow are,
normal to streamlines;

din = 2wpWrdr, dP = p| (D) J2/r8}dr 1
Along streamlines;
' =Tw; P = PVCOII); E=EW) )

Tn general, vy, 3, To, Py, and T’ vary with each streamline,
and they are determined by the initial chamber conditions.
By substituting Eqs. (2) into Eqs. (1) the governing equa-
tions can be reduced to two nonlinear, simultaneous differ-
ential equations,

W = :i:l:?(E _ 7 o/ [)(7—1)/7> _ _I;]lrz @)
r?

vy —1
Therefore,
P 1/v
dm = £ 271’(6) X
I‘2 1/2
[Z(E _7 z . oV~ p(~/~1>/~/>_7;2:| rdr (4)
dp = (P/O)YY(T/r¥)dr ®)

Equations (5) and (6) are the general governing equations,
the boundary conditions for which are

r=r,m=0 P =P
I N
= Tw, M = g, P = Py
In most cases r; = 0; however, if a centerbody is present,

integration should be initiated at this boundary. Equations
(4) and (5) are solved in a plane defined by a P.. The
plane of most interest is the plane of minimum cross-sectional
area (4,). For flows with a centerbody, some care must be
taken to identify this plane. The best method is provided
by a calculus of variations approach. Since there is no
general criterion for the P,; yielding A, for compound flows,
the selection of the P,; at the physical throat is accomplished
iteratively. For each pressure selected Eqgs. (4) and (5) are
integrated observing the distribution of 9, v, B, C, and T
with ¥ as determined by a solution for the particular chamber
conditions. The chamber solution depends upon the method
of mass generation and the properties of the combustion
products. The chamber solution then determines the flow
properties at the nozzle inlet. It is not necessary to intro-
duce any artificial choking criteria to obtain the R., but to
obtain a particular desired design value, one must alter the
gas static pressure at the nozzle inlet, P, or an equivalent
parameter and recalculate the nozzle inlet conditions. Thus,
a solution can be obtained which simultaneously satisfies

Table 1 Results for LOX-hydrazine® with fuel-rich
injection at wall®

Chamber *LQ—- - ©=9
condition Zone 1 Zone 2 Zone 1 Zone 2
P, psia 118.6 112.0

Py, psia 223.4 200.9

P, psia  212.26 212.34 200.52 200.53
7,°R 5830 3539 5830 2539
7,°R 5795 3508 5826 3538

W ips 1324 1251 279.0 264.6
Ag/A. 0.801 0.199 0.801 0.199
M, 1.0037 0.9837 1.0037 0.9837

a Wr = 30 fps liquid injection velocity.
o/ T = 0.20, Py = 200 psia, 0/F1 = 1, y1 = 1.219, ML = 19.66, 0/F: =
0.25, y2 = 1.285, and Mz = 13.35.
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9
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Fig.1 The modelfor the inviscid theory of rotating flow in
nozzles, and schematic of the injector and nozzle flow-
fields; with constant-displacement injectors.

the chamber and throat requirements, by employing a double
iterative method. It is possible to consider rotational flows
in which entropy varies from streamline to streamline, as
well as problems which include axisymmetric centerbodies.

For nonrotating flows, considerable simplification in the
governing equation can be achieved, since dP/dr = 0, I' =
0, and Eq. (4) applies without the I'*/r? term.

For irrotational vortex flows, I' is constant for all ¥, as

_ for internal-burning solid-propellant grains; I' = V.,R» = K.

Since the flowfield is also homentropic, C and E are constants
for all streamlines. In Eqs. (4) and (5), I'? is replaced by
K® Integration must start from the edge of the void region
r=0m=0,P=0).155

For rotational vortex flow, I' = r?w = I'(¥) at the pro-
pellant face in an end-burning motor, and Egs. (4) and (5)
apply. Integration can start from r = 0; however, it may
be necessary to consider the negative sign in Eq. (4) to
account for reverse core flow.157

For flows in which a diserete number of zones are con-
sidered, it is possible to reduce the differential equations
to algebraic equations, which are solved by iterating on P
until R, is minimized,

/v R 1/2
Ty = :’:77'(1(/_:.) 2<Ei _ e al/wpw—l/w) %

Yi-1

B2 = Ria® (1)

Constant-displacement injectors (m = constant)

Figure 1b illustrates the use of constant — injectors:
Two zones (¢ = 1,2) are considered, the interior zone (1 = 1)
at high T'; and the outer zone (1 = 2) with fuel-rich injection.
The energy, momentum, and mass cquations for each zone
are

hr; + Wi2/2 + AHe; + AHy = Hogy = hy; + Wo2/2 (9)

o

AgiPr; + prWir2Ar = PyAg 1 + R,.T,:

(10)

priWrAr = m; = paiWaid o (11)
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Fig. 2 Throat Mach number and pressure for a two-zone
flow with constant displacement injectors.

Since V. =0and U =20,
Pr, = Pr; Pu= Py Ac= Ay + 4, (12)

Equations (9-12) give a system of eight equations for which
there are eight unknowns: T, Ty, Wo, We, Ag, 44, Pry,
and Py, Therefore, there exists a solution for the chamber
properties for an assumed P,. In a practical case, the energy
equations are solved employing a chemical reaction computer
program for the desired O/F in each zone, and R, is deter-
mined by applying Egs. (7) and (8) for various P, until R,
is minimized. It may be necessary to adjust P, until Eqgs.
(7) and (B) give the desired throat value.

Table 1 presents some results for a LOX-hydrazine, P, =
200 psia system in which fuel-rich injection was employed at
the walls. For this case 209, of the total flow was specified
to have (0/F), = 0.25, yielding an equilibrium 7’; of 3539°R,
while (O/F); = 1.00, yielding 5830°R. Chamber conditions
are presented for two €; these results indicate that there
can be significant differences in Py and W, for the two zones
even when P, is uniform. These results further show that
P, may not be assumed equal to P, when calculating iy,
especially at low contraction ratios.

Figure 2a shows that M, is uniformly unity only at #y/mr
= 0, and wy/mr = 1. TFigure 2b presents P, vs #o/mr for
three e; the variation of P, with #./mr is due to changing
effective v and 9 for the gases.

Constant-pressure-reservoir injection Pr = constant

When the chamber is fed propellants from constant — Pz
reservoir, an increase in P, (hence, decrease in Pr — Pp)

250 T T T H 7 T
CONSTANT PRESSURE RESERVOIR
PR=300 psia, A12/,r/A|T=0A20

200 (= = — CONSTANT DISPLACEMENT INJECTION P!
V=30 Ri/sec, sy fiy = 0.20 =

Re=1.0ft O/F| =83 O/Fy=3.0

Py, psic

00 —mmmopfe el T s 8
. —a0 £
. N
50 (- e £
COMMON OPERATING POINT—#e] -
0 . I ! i L : 0
v 2 3 4 5 6 7 3 B

CONTRACTION RATIO, €

Fig.3 Operating characteristics for LOX-H2 motors with
two injection techniques.
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results in a decrease of . The physical model for this case
is similar to Fig. 1b except that the constant m injectors are
replaced by a reservoir at a fixed Pg.  In practice it is often
desirable to maintain a fixed Pr/Py to assure a “stiff’”’ injec-
tion system. If we define X; = (Pgr/Pr): — 1, then

m; = A K:@QpriPrX)"? (13)

Use of Eq. (13) with Eqgs. (9-12) is then sufficient to deter-
mine the chamber conditions.

Figure 3 presents some results for constant m and constant
Pz injectors for a range of € for a LOX-H, motor in which
(O/F); = 8 and (O/F): = 3. These conditions provided
Ts = 60S1°R and 77, = 3292°R. For the constant » in-
jectors, my/mr = 0.20, and the constant —Ppg case, was
An/Arr = 0.20. The two motors operate along different
P,le;) curves; however, when the P, of the two motors are
equal, the m also agree.

Rotating, solid-propellant, end-burning motor

In a solid-propellant motor, m « P»; this effect is of par-
ticular importance in rotating motors, where the tangential
velocity tends to decrease the effective throat size of the
nozzle. 1559  Let us consider an end-burning rocket motor
rotating at a specified o with a given P at the propellant
surface

To =T + (V2 + W2/2C» (14)

Referring to Fig. 1a, the rotating burning surface is assumed
to be at g, where the streamlines emanating from that swrface
possess a component of angular velocity.  For the combustion
gases leaving the propellant surface, 7 is related to the 7'y of
the propellant and the kinetic energy due to the radial
distribution tangential velocity component of the spinning
grain:

Ty = T; + V2/2C»r (15)
Since, W = aR,TP~"1 it may be expressed as,
T, =T+ (@R, TP»1)2/2Cp (16)
which, when solved for pressure, yields
P = [2(T; — TCr/(aReT)?]H¥m"D an

To solve explicitly for T'(r) or P(r), it is necessary to employ
the radial momentum equation

dP/p = [R,T(dP/P)] = (V¥r)dr = (w¥dr) (18)

where the latter parenthetic equality applies because the

2000

Tg = 4000 °8
y= 1.2

1000

Tg = 5000 °, y = 1,10
500 =

f
= = T = 5000 °R, y=1.25 !
Rg=1.201 !
legm14a | |

0 - ; . ! _

0 500 1600 1500 2000

wp, radians/sec

Fig.4 Chamber pressure vs rate of rotation for end-burn-
ing motors with various propellant properties.
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propellant surface rotates as a solid body. Ience References

dP 2.9 ! Norton, D. J., Farquhar, B. W., and Hoffman, J. D., “An

f T Tl = wT (19) Analytical and Experimental Investigation of Swirling Flow in

0 P 2R, Nozales,” AIAA Journal, Vol. 7, No. 10, Oct. 1969, pp. 1992

Using Eq. (17), the left side of Eq. (19) can be expressed as
a function of temperature only,

P [ 1 —27, T2 + T~1] 4
e _ TELL T NG (20
% (Zn = 2)[ T,7% — 71 ©0)

Substituting Eq. (18) into Eqg. (17) and multiplying each
side by T2 allows the left side of Eq. (20) to be integrated
where T* = T/7T;

1—T* (1 — n)
o (AT ) e e (9
T In (1 — Tcl*> TR - T 2D

It can be shown that T* must lie between T0* and 1.0.
Once T*(r) is obtained, the radial momentum Eq. (17) can
be integrated to obtain P(r). The integration can be carried
out numerically from the specified P to the desired P(r)

Py = Pacal 5 [7 7% )

The properties across the propellant surface can be evalu-
ated by substituting the T*(r) from Eq. (21) and the P(r)
from Eq. (22) into Tgs. (1), (14), W = aR, P>, and Py =
P(Ty/T)-7/&v=1_ In addition, the functions relating the
properties along the streamlines may be evaluated at the
propellant surface:

C(¥) = [R,To(¥)]7/Po(¥)7—1 (23)
E = Hy(¥); T = wr? (24)

I

Figure 4 presents some typical results for the variation of
P,. with w for end-burning motors. As w 1Is increased for a
given P,., the throat size required to pass the same mass
flow also increases. In most cases it is desired to find the
chamber conditions which will oceur for a particular w and
&. Under these circumstances, it is necessary to vary the
P, at a given w until the desired R is obtained. Increasing
€, or decreasing T'; or vy, increases the pressure sensitivity of
the propellant to rotation. These effects can be explained
qualitatively in the following manner. Decreasing vy or T,
tends to decrease the sonic velocity of the gas, hence W, is
reduced. Increasing e tends to increase the tangential V,
due to the conscrvation of angular momentum. Thus for a
given w, V,/W, becomes larger for increasing contraction
ratio and decreasing v and T of the propellant gases. As
V. increases, the effective A, decreases. An increase in 9%
affects P, in the same manner as a decrease in T or .

Concluding Remarks

The theory presented here permits the extension of one-
dimensional flow concepts to flows which are not homen-
tropic and homoenergetic. The solution for a particular
problem depends upon the initial conditions and the nozzle
geometry. Once the throat is determined, other planes in
the subsonic and supersonic portions of the nozzle can be
ivestigated, recalling that radial velocities are assumed to be
negligibly small.

The effects of changing composition along a streamline
may be included in a simple manner if equilibrium reactions
are assumed to occur. In this case, a map of the molecular
weight 9, specific heat ratio v, and temperature 7 as a func-
tion of pressure should be determined. Then, during the
iteration for the throat pressure, the correct values of v, o1,
and 7' can be introduced for each stream tube as determined
by equilibrium calculations for the assumed pressure. The
problem of flow with chemical kinetics may also be studied;
however, a time integration must be made reflecting the
proper nozzle geometry.
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Reaction between Oxygen Difluoride
and Diborane. I: Preliminary Results

RoserT A. RuEBIN*
Jet Propulsion Laboralory, Pasadena, Calif.

Introduction

ISSION studies! have indicated that the OF,—B.Hs

propellant system, with a calculated maximum specific
impulse (1000-14.7 psi) of 368 see, can provide a payload
capability exceeding that of Fo—H, and O,—H, and that it
has advantages in handling and space storability. Both
OF, and B;Hg are storable in spacecraft, have compatible
liquid range, and are hypergolic, with rather shart ignition
delay times, at sea level and at high altitudes. This Note
discusses the results from some preliminary experiments
designed to provide a qualitative understanding of the OFy—
B.Hs reaction. In these experiments, the partial pressures
of OF. or Bolls were 20 torr or less. The reacting mixture
was studied by 1) observing it in Pyrex bulbs kept at ambient
or lower temperatures, 2) determining gas composition vs
time at ambient temperatures from infrared spectra, and
3) obtaining pressure-temperature relationships of an equi-
molar mixture at low pressures during a transient heat-up
cycle (to 260°C) in a metal “reactor.”

Experimental Methods and Results

The BoHs (supplied by Callery Chemical Company) was
purified, first, by being cooled to —195°C and pumped for
H, removal. Then, after being warmed to —160°C (with
an isopentanc slush bath), it was pumped out and collected
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