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Nomenclature
nozzle area
constant
heat capacity
characteristic velocity
activation energy
(burning area)/(throat area)
thermal conductivity
(chamber volume)/(throat area)
burning rate exponent = d(lnf
pressure
burning rate
temperature
distance
thermal diffusivity
ratio of specific heats
density
bar denotes initial steady state

Subscripts
c = chamber average
/ = flame, final value
g = gas
i = initial value
p = value at p
s = surface, solid
oo = far beneath surface

Introduction

THEORETICAL studies1"4 have shown that burning solid
propellants can be extinguished by rapidly reducing the

pressure in the combustion chamber. Early experimental
studies5 showed that if the depressurization process were
characterized by either ^/2, the time required to reduce the
pressure to one-half of the initial steady-state value, or the
corresponding average depressurization rate during the time
ti/2, a reproducible marginal extinguishment condition could
be measured. Extinguishment will occur if tnz is less than
some critical value. The models of extinguishment also pre-
dict this behavior.

Much of the experimental study of extinguishment by rapid
depressurization has been devoted to studying the effect of
propellant composition on ^/2.1>6~8 In addition, the effects of
initial pressure and ambient pressure have been investigated.
The most recent studies4-8 have shown that motor configura-
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Fig. 1 Predicted effect of varying initial pressure.

tion can have an important effect. This Note presents the re-
sults of further theoretical investigation of the effect of motor
configuration, in particular the effect of varying the L* of the
motor.

Theory
The transient combustion process leading to extinguish-

ment is assumed to be represented by a one-dimensional
temperature profile, with a planar boundary separating the
unburned solid and the combustion gases.4 The solid is
divided into finite-difference elements, and the following
energy balance, taken on an element of the solid, is assumed to
describe the transient heat conduction beneath the burning
surface:

- 2Tj + Tii+l

dT

The simplified combustion theory of Denison and Baum9 is
followed to compute the heat flux to the solid. The flux is re-
lated to the burning rate, surface temperature, and flame
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Fig. 2 Predicted effect of varying initial £*; recent experi-
mental data are also shown for comparison.
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Fig. 3 Predicted effect of varying
nozzle opening time.
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temperature according to the following equations:

(-kdT/dx)x==Q + = rps[ca(Ts - TJ + cg (Tf - Tf)] =
(TQ - T2)/2Az (2)

r = f, exp[(-J0./fl)(l/!T. - 1/f.,,)] (3)

r = fp(Tf/Tftf)*+1 exp[-(Ef/K)(l/Tf - 1/f,,,)] (4)

The effect of the instantaneous pressure is manifested in
these equations through fp, the steady-state burning rate that
corresponds to a steady-state pressure equal to the instanta-
neous pressure p. This is a departure from the original theory,
which has the benefit of forcing the theory to conform to
experimental data for steady-state burning. Thus, the tran-
sient rates are computed by applying a correction to the em-
pirical steady-state data, the correction factor depending
upon the temperature distribution throughout the combus-
tion wave.

This model for the solid propellant combustion process has
been combined with equations describing the transient bal-
listics of a solid rocket motor. Equations expressing con-
servation of mass and energy inside the motor10 are used in
the following forms in the present study:

dp/dt = y(p/rc)(Tc/Tc)[(Tf/Tc)r/f - Wn] (5)

dT9/dt = (Tc/p) dp/dt - (Tc/rc)(p/p)(Tc/Tc)(r/f - Wn) (6)

where

Wn (P/P)(A/A)

(7)

(8)

Prediction of p(t) requires the simultaneous numerical in-
tegration of these equations along with those presented above
for the solid burning rate. This was accomplished employing

Table 1 Properties of model propellant

Burning rate @ 1000 psia, in. /sec
Exponent @ 1000 psia
Flame temperature, °K
Surface temperature @ 1000 psia,

°C
Solid density, lb/in.3

7
(7*, ft/sec
(Cp)8/(Cp)g

a, in.2/sec
/TT °/^

Es = Eg, kcal/mole

0.4
0.4

3000

600
0.060
1.2

4800
0.5
0.00025

25
20

a numerical integration scheme based on Adams method.11

Computations are made using a Librascope L-3055 computer.

Results of Parametric Calculations

Before studying the effect of L* variation, calculations were
made to verify that the theory predicts the same effect of pi
that is commonly observed. Model propellant properties
were assumed as listed in Table 1. To represent the steady-
state effect of pressure on a typical propellant, the following
Summerfield burning rate law and corresponding Kn law were
assumed:

p/r = 250 + 22.5 p

Kn = 0.112 p/r
(9)

(10)
where p is in psia and r is in in./sec.

In the computation procedure the input variables that
govern the depressurization transient, in addition to the pro-
pellant properties, are the burning-area/throat-area ratio
Kn, the initial L*, the initial-nozzle-area/final-nozzle-area
ratio, and the ambient pressure (assumed herein to be 1
psia). For the first calculations, the L;* and the opening time
were held constant at 500 in. and 0.2 msec, respectively;
Pi's of 100, 500, and 1000 psia were selected; and A/A jwas
varied systematically until the marginal depressurization rate
for extinguishment was located. Results of these calculations

p >
psia

Time - Milliseconds

Fig. 4 Predicted transients showing the effect of nozzle
opening time; the final/initial nozzle area ratio for^these
runs is 2.53; the marginal ratio for extinguishment_is^2.1.
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Fig. 5 Correlation of predicted termination transients;
the data are plotted without regard for variations in

S dp/dt.

(Fig. 1) show that the marginal (dp/dt)i increases as pi in-
creases, in accordance with customary experimental observa-
tions.

In the second set of calculations Li* was varied from 100 in.
to 5000 in. for pi = 500 psia (Kn = 186.3) and an opening
time of 0.2 msec. The marginal (dp/dt)i was predicted to be
reduced from 70,000 psi/sec to less than 10,000 psi/sec as L*
was increased from 100 in. to 5000 in. (Fig. 2). Experimental
data extracted from Ref. 8 show this same trend (Fig. 2).

In the next set of calculations the nozzle opening time was
increased to 20 msec; the surprising result was that the
marginal over all nozzle-area change was affected very little
(Fig. 3). Figure 4 shows that the predicted effect of the
greater opening time is to decrease dp/dt by approximately a
factor of four until p reaches 100 psia. At this p, which cor-
responds to a time just prior to the nozzle being completely
open, the d(lnp)/dt for the slowly opened case suddenly in-
creases to near that of the rapidly opened case. This rapid
change is apparently due to transient burning rate effects.
For both cases illustrated, the nozzle-area ratio is near the
marginal ratio below which extinguishment does not occur.
Thus the important point illustrated by this figure is that the
initial depressurization rate does not distinguish marginal
extinguishment conditions in this case and, therefore, appears
to have little value to the designer.

After several attempts using different approaches, it was
discovered that all of the results of this parametric study
could be correlated in terms of the motor L* following open-
ing of the nozzle L*/, and the burning rate f/ that would re-
sult from the nozzle-area change provided steady-state ballis-
tics apply. Figure 5 presents all of the data plotted this way.
The line L*/ = 1.3/f2 provides a reasonable correlation of the
marginal extinguishment conditions.
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Dynamic Response of Hydraulic Hoses
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THE effects of hydraulic line dynamics on the over-all per-
formance of a hydraulic control system were reported

earlier.1 Distributed-parameter and lumped-parameter mod-
els of metal lines were compared. This Note addresses the
effects when braided hydraulic hoses, which expand when
pressurized, are used. No investigators have reported on the
degrading effect on dynamic response that occurs when hy-
draulic hoses are used in control systems.

The system studied was a closed-loop electrohydraulic
position servo consisting of 1) a hydraulic cylinder as the
power device; 2) two linear variable differential transformers
(LVDT's) as the feedback and measurement elements; 3) an
electronic servoampliner with a summing circuit for comparing
voltages representing the actual and desired positions of the
cylinder; 4) a servovalve driven by an electromagnetic
torque motor; 5) hydraulic hoses connecting the ports of the
cylinder with the ports of the servovalve; 6) a full-wave-
phase, sensitive demodulator which receives the measurement
LVDT signal; and 7) a frequency response analyzer which
provides the sinusoidal test signal and analyzes the return
signal to give frequency response data.

Three models of the fluid lines were compared with the
experimental results. The dynamic response was defined in
terms of the actual and desired positions of the piston. The
simplest line model is obtained by assuming that the pres-
sures and flows remain uniform all along the line. This
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