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Fig. 5 Comparison of the experimental vortex valve data
with theoretical predictions.

system was used. Helium at room temperature was chosen
for the control gas because its ratio of T/M closely approxi-
mates T./M, The control mass flow was measured by
means of an upstream sonic orifice.

The end-burning propellant® was a 15% aluminum, 709,
ammonium perchlorate composition with ecarboxyl-termi-
nated polybutadiene binder, with n =~ 0.42, 7 = 0.21 in./sec
at 300 psia, Ts =~ 5000°R, and M, =~ 30. Graphite nozzle
inserts and a pyrolytic graphite V'V supply flow diaphragm
were required to withstand the erosive effects of the alumin-
ized propellant. The flow diaphragm held up remarkably
well and showed less than § in. stagnation-point erosion after
more than 100 sec of operation. The combustion products
contained almost 309, liquid Al;:Os, much of which condensed
on the internal surfaces of the motor and valve. With the
valve attached to the motor, it was found that the deposited
material represented 159, of the total propellant mass. This
mass sink effect proved to be the greatest source of experi-
mental uncertainty.

The control flow was cycled on and off during each run
producing similar step responses in P, (Fig. 4). The test re-
sults (normalized in terms of Wy, W. and the scaling factor)
in Fig. 5 show that performance fell short of theoretical as
control flow was increased. This was not unexpected as
performance may be degraded by boundary-layer effects,
control flow mixing and ducting losses, heat transfer, mass
sink effect, and swirl destruction causes by material deposited
within the valve chamber.

Figure 6 contains the experimental data of pressure ratio
vs n, and compares it with the performance that could be
expected from straight mass augmentation. The error bars
represent the uncertainty in total mass flow due to the mass
sink effect.® In spite of the low burning rate exponent, the
valve produced an effect over 2309, greater than would be
predicted for straight mass augmentation. A maximum
experimental pressure ratio of 5.45 was obtained.
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Fig. 6 Solid-propellant chamber pressure as a function of
secondary flow.
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Concluding Remarks

It is shown in Fig. 6 that the VV yields far better per-
formance than mass augmentation giving the VVREM greater
flexibility for the same expenditure of control flow. This
superiority would be even more impressive with a more effi-
clent valve and a higher burning rate exponent (see Fig. 2).
Increased stability and continuous throttling are inherent
advantages of the vortex valve.

The successful performance of the pyrolytic graphite
flow diaphragm is a positive indication that plates of high-
temperature materials can be mounted directly in the main
propellant exhaust stream. Lightweight composites (e.g.,
graphite, oxides, ablatives) are necessary to ensure structural
integrity and minimize the condensation of exhaust products
on surfaces that otherwise would have to be cooled.

Concepts such as staged series vortex valves and bidirec-
tional control flow injection may yield further increases in
system flexibility and performance.
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Iterative Solution of a Radiation
Dominated Heat Balance

Cuarues W. Bouz Jr.*
Rocket Research Corporation, Redmond, Wash.

Nomenclature

temperature of node 7

thermal resistance between nodes ¢ and j
Stefan-Boltzmann constant

radiation interchange factor between nodes 7 and j
heat generation at node 7

over-relaxation factor
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Introduction

ODERN spacecraft thermal design makes extensive use

of concepts such as heat shielding and multilayer in-
sulation (superinsulation) which exploit the fourth-power
temperature dependence of radiation heat transfer. How-
ever, the analytical model representing the thermal design is
normally solved by numerical techniques developed for linear
equations.! Certain of these techniques are iterative and may
be extended to handle radiation heat transfer by use of a
temperature-dependent radiation coefficient (radiation re-
sistance) which is recomputed at each iteration.*?® This
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approach is quite satisfactory as long as the radiative coeffi-
cients about each node are of similar magnitude to the con-
ductive coefficients. Instability arises, however, about heat
shield or superinsulation nodes where the radiative terms
dominate.? This Note presents a stable method for solving
the heat balance about such nodes.

Development

About any node ¢ an equilibrium energy balance may be
written as follows:

2T — T)/Ri) + Zi0AF (T4 —TH +¢ =0 (1)

When the radiation term is absent, Eq. (1) is typically re-
arranged and solved for 7; by means of some over-relaxation
technique.
2;(T;/Ri) + g:
T:= @1 —-pBT: + [J—’—————— (2)
G = PTHB 75 /R
This approach is extended to radiation by defining a radiation
resistance equal to the temperature potential divided by the
radiative heat flux at the previous iteration:

R(rad) = 1/cAF (T2 + T2 (T + T)) @)

For radiation dominated heat balances, however, it is useful
to solve Eq. (1) for the T'; appearing in the radiative term.

VOL. 8, NO. 1

This yields the expression:

T = l:EiUAFifTi4 + Ej[('l_'f_— T:)/R;] + qi]1/4 @)
¢ 2Z,0AF;;

which may be used wherever Eq. (2) is unstable.

Discussion

Equation (4) has been extensively tested using the Rocket
Research Corporation Thermal Analyzer Program.* The
analyst specifies those nodes for which Eq. (4) is to be used;
Eq. (2) is then used for all other nodes. Kquation (4) has
converged quickly in all cases to date for which Eq. (2) was
unsatisfactory. Equation (4) is also used for transient solu-
tions when the node thermal mass is negligible and the im-
plicit assumption of thermal equilibrium with the connecting
nodes is tenable.
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