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Fig. 3 Test specimen back-face temperature history.

Some of the effects of compression due to sewing can be
seen by comparison of the maximum temperature on samples
1 and 4. What is not indicated is the temperature at or
near the threads, where more than average compression
occurs; on some samples these areas were found to be as
much as 400°F hotter than the temperatures midway be-
tween the threads.

In general it has been found advisable to sew the material
with as little local compression in the thread area as possible.
This precaution results both in reduced temperatures in the
thread area and better wear resistance of the material.

The effect of increasing the nominal Fiberfrax thickness
results in a decrease in the temperature of the back surface,
as seen by comparison of temperatures on samples 6, 7, and
10.

Analysis

Proper appliecations of the material require an analytical
model with which the temperature behavior of the material
in use can be predicted with some confidence. In this in-
stance, the analytical model considered a heat source to the
front face of the test sample of a value determined by the
calorimeter measurement. The level of the heat source is
reduced by the absorptivity® of the quartz cloth at 0.95 u
wave length 0.585. The front face is assumed to radiate
with emissivity* 0.68 and convect to the surroundings at a
constant nominal temperature. Likewise, the back face
is assumed to radiate, with emissivity 0.92, and convect to
the same environment as the front face. The point is that
it is important to account for speetral variations in surface
radiation properties and that the published surface properties
of pure quartz fit the behavior of the Astroquartz satis-
factorily. Standard finite-difference techniques were applied
to the transient heat conduction equation for the thermal
history prediction of the blanket. A comparison of analyti-
cal and test results appears in Fig. 3. The peak tempera-
tures are predicted within 109, based on temperature rise,
and the final temperatures are predicted within 10 deg.

Conclusions

The low-density sandwich of quartz cloth and Fiberfrax
filler is an excellent heat shield for high radiative heating

¥ig. 4 Photograph of test samples.
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rate applications, especially where flexing is necessary during
heating. Generally, it is recommended that the surface be
kept clean of any “protective’” coatings, such as silicone rub-
ber, since such materials may have a detrimental effect on
the heat shield performance (see charred sample, Fig. 4).
Optimum material performance is obtained when stitching
is kept as loose as practicable.

Flight evaluation of the heat shield (Fig. 1) will be con-
ducted shortly on a Thor-boosted Delta vehicle. In-flight
temperature measurements will be made, and the results of
the measurements will be reported in a subsequent article,
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Helium Injection to Reduce Resonant
Frequencies in Propellant Lines

BranTLEY R. HANKS* AND Davip G. STEPHENS |
NASA Langley Research Center,
Langley Station, Hampton, Va.

LIQUID propellant launch vehicles often encounter severe
longitudinal oscillations (accordianlike or “pogo” motion)
during flight as a result of a closed-loop coupling of vibrations
in the structure, propellant feed system, and engine.»»? One
proposed “fix’ is to alter the resonant frequencies of the pro-
pellant feed system by injecting small amounts of gas into
the flowing liquid to decrease the speed of sound in the
liquid. The lowering of sound velocity by gas bubbles in a
liquid has been reported by others.>»* The objective of the
program discussed herein was to study the change in resonant
frequencies and resonant pressure responses resulting from
the addition of helium to water flow lines in both normal and
increased acceleration fields.

Apparatus, Test Procedure, and Analysis

The test apparatus (Figs. | and 2) consisted of an overhead
3-ft-diam, 8-ft-high pressurized water tank on a nonrotating
foundation with a feed line running through a rotary gland
and flexible rubber feed pipe to a test section mounted
radially on a whirl table. The whirl table was used to pro-
duce a nominal 3.4g acceleration field on the test section to
simulate a typical flight acceleration condition. The test
section was a 17-ft-long, 1.5-in.-i.d., 2-in.-0.d., stainless-steel
tube that had a 3-in.-diam cylinder and piston attached at
its near end at the center of the whirl table. The piston was
driven by a hydraulic shaker which was controlled to sweep
frequency at a uniform (1 decade/min) rate at constant ac-
celeration for frequencies above 20 Hz and at constant ampli-
tude below 20 Hz. Water flowed into the test section from
the tank above through a Y-joint just ahead of the piston
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Fig.1 Schematic of test apparatus.

and discharged through a 1.0-in.-diam, sharp-edged orifice at
the end of the test section. Water supply pressure was held
constant (by an automatic control system) at 40 psig at the
bottom of the tank. The water flow rate was monitored
visually using a sight glass and stopwatch. A tank on the
whirl table supplied He through a pressure regulator to the
He injection valve (a calibrated, variable-area orifice),
which maintained a constant flow rate of He into the water
just past the Y-joint. Quick-opening valves on the end
of the steel tube and in the He line were used to initiate
flow once the desired whirl table speed and ullage pressure
were obtained. Pressures in the tube were monitored by
diaphragm-type pressure gages at 2-ft intervals along the
length and were recorded on a light beam oscillograph.

The test procedure was as follows: the tank was filled to a
desired level with water; the automatically controlled ullage
pressure was applied; the whirl table was brought up to
33 rpm for the 3.4g acceleration level; water and He flows
were initiated; and the shaker was started. The pressure
histories (oscillograms) were analyzed to determine the fre-
quencies, mode shapes, and amplitudes of the dominant
resonances of the liquid in the feed line test section.

The acoustic velocity C in a liquid-gas mixture in a pipe
is given by?

C = {z2/C2 + (1 — 0)¥/C* + 2(1 — 2) X
[pi/Pay + pKi] + D/EI(1 — @)pr + 2p ]} 712 (1)
for adiabatic bubble expansion and contraction and by
C = {yar/C + (1 — 2)¥/C* + (1 — 2) X
lo/Pa + pKi] + D/E[(1 — x)pr + pol} 72 (2)

for isothermal expansion and compression of the bubbles,
where z is the volume fraction of gas, C, and C; are the
acoustic velocities in the gas and liquid, respectively; p, and p;
are corresponding densities; P is the absolute pressure in
test section; 7 is the ratio of specific heats for the gas; K is
the compressibility of the liquid; and D, £, and E are the
inside diameter, wall thickness, and modulus of elasticity
of the test section, respectively.

Fig. 2 Vibration input and helium injection equipment.
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Fig. 3 Effect of helium and acceleration on frequency of
dominant mode.

Both Eqgs. (1) and (2) reduce to
C = [Ci 2+ (Dpi/tE)]| V2 (3)

for the case of no gas in the liquid.

For cases where an induced acceleration field was applied
by the whirl table, P4 and z varied slightly along the test
section length; calculations for these cases were based upon
mean pressures and volumes.

Results and Discussions

The effects of helium volume fraction x and acceleration
(0 or 3.4¢) on the dominant resonant frequency f of the fluid
in the test section is shown in Fig. 3. The response of this
mode (f = C/2I, where 1 is test section length, 17 ft) was very
strong and easily measured, whereas the responses associated
with other modes detected (f = C/land f = C/4l, not shown)
were of much lower magnitude. The curves represent be-
havior as given by Eq. (1). The percentage reduction in fre-
quency as a function of He content was found experimentally
to be independent of the mode shape. The effect of the 3.4¢
longitudinal acceleration is relatively small.

The response pressure in these tests was measured in
terms of a magnification factor X that is defined as the ratio
of the average peak pressure at first mode resonance to the
pressure in the line with no standing waves present. For
water, X = 10. The effect of He on the response pressure
in nondimensional form (ratio of X for the helium-water mix-
tures to that of water) is shown in Fig. 4a. One-half percent
helium lowers the X ratio to 0.2. Also presented in Fig. 4a
is a curve of the ratio of sound veloeity in the helium-water
mixture to that in water as calculated using Eq. (1). The X
ratio appears to vary in the same manner and proportions as
the C ratio. It is shown in Ref. 5 that damping of pressure
waves in fluids due to the presence of gas bubbles results only
at frequencies very near the resonant frequencies of the
bubbles. The resonant frequency of a bubble in a liquid is
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Fig. 4 a) Reduction of resonant pressure response with
helium for dominant mode, and b) comparison of adiabatic
and isothermal theory with frequency data for all modes.
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given by®+*
f= (1/nd)(3Psk/p)"* 4)

where d is the bubble diameter. For our test conditions,
Eq. (4) becomes approximately

f = 530/d )

where d is in inches. Because the bubbles were very small}
their resonant frequencies were well out of the test frequency
range, and they probably contributed very little damping to
the system. A more likely explanation for the lower X ratio
at resonance is that the damping due to viscous shear and
structural relaxation in the water was higher at the lower
natural frequency of the mixture. The damping from these
sources is®

a = ($1 + n")w?/2pC? (6)

where « is the theoretical coefficient of attenuation of acoustic
waves,  is the circular frequency of excitation, p and C' are
the density and sound velocity of the liquid, and 5 and " are
the shear and volume coefficients of viscosity. Since, in
these tests, the frequency w at which the magnification was
measured was directly proportional to C, Eq. (6) can be
written for resonant conditions as

a « (47 + v")/oC %

Thus, if the physical constants are approximately the same
in the mixture as in the homogeneous fluid, the damping at
resonance is inversely proportional to the speed of sound, and
higher damping would be expected in the helium-water
mixture.

There is some question as to whether the expansion and
contraction of the bubbles should be treated analytically as
an adiabatic or an isothermal process. Curves for adiabatic
theory, Eq. (1), were shown in Figs. 3 and 4a. Figure
4b shows a nondimensional comparison of all frequency data
with both adiabatic and isothermal theory, Eq. (2).
The adiabatic theory appears to fit the data slightly better
than the isothermal theory.

The effect of flow-pipe test section flexibility was not
studied experimentally. Calculations based on Eq. (1)
indicate that the flexibility of the test section was negligible
in these experiments. However, Eq. (1) indicates that in the
case of a very flexible pipe (such as might be the case for a
launch vehicle propellant line) the speed of sound in the pipe
is lowered and the effect of helium on the natural frequencies
may be somewhat less than in the rigid pipe case. For ex-
ample, had the test section wall thickness been 0.025 in. in-
stead of 0.25 in., the first natural frequency would have been
114 Hz instead of 140 Hz. One percent of helium would
have lowered this frequency by a factor of 4.7 instead of the
factor of 5.6 for the rigid pipe case. Increasing the pipe
diameter by a factor of 10 would have a similar effect.
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Burning Characteristics of Composite
Solid Propellants at High Pressures

CuARLES Harr* AND EUGENE GARNERY
Talley Industries Inc., Mesa, Ariz.

Nomenclature
K, = arearatio
s = burning rate, m/sec
p. = chamber pressure, psia
C/F = oxidizer granulation ratio, coarse to fine

Introduction

HE usual practice for designing rocket motors for opera-
tion at higher pressures is to utilize data obtained from
subscale test firings at lower pressures. The data are pre-
sented on burning rate (r5) and K, plots and are extrapolated
to the pressures required for the application. Since most
design requirements are at pressures of 3000 psi and lower,
experience to date has been satisfactory. Newer applica-
tions of propellant systems have dictated that the extrapola-
tions must be reliable to the 5000 to 10,000 psi range. Most
propellant systems fail to perform as expected in this region.
This Note describes a series of evaluations performed on
“standard” solid propellants and presents some conclusions
based on the systems investigated. Burning instability for
the purpose of this Note shall be considered as any marked
change in K, slope. The condition of resonant burning or
other forms of instability are not considered to be meaningful
in the configurations studied.
The propellants chosen for initial evaluation, first six
groups in Table 1, are standard formulations and constitute
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Fig. 1 K, motor assembly test fixture.
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