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SYMBOLS:

He

Pog

|

throat area (inz)

characteristic velocity {(ft/sec)

throat diameter (in)

acceleration of gravity

mass flow rate (1bm/sec)

total pressure (psia)

total pressure (psig)

universal gas constant (1545 ft1bf/1bm°R)
total temperature (°R)

molecular weight (lb/mole)

ratio of specific heats
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I INTRODUCTION

A hybrid rocket test apparatus was constructed at the United States
Naval Postgraduate School located at Monterey, California in November of
1964. It is located at the rocket facility of the Astro/Aeronautical
Laboratories. It was initially designed and constructed under the auspices
of the Department of Aeronautics in order to accomplish a basic research
project. The resulting thesis is available and is entitled "A Parametric
Burning-Rate Study of the Polystyrene-Oxygen Hybrid System (Confidential)."
The discussion which follows is for the purpose of describing the basic

design and operation of the test apparatus.

II GENERAL DESCRIPTION

The hyrbrid rocket test apparatus is shown in Figures 1 and 2. Basically,
it consists of supply and control systems and the burner assembly. The entire
apparatus is semi-portable.

The supply system consists of the oxygen, nitrogen, and propane so~~ces
with their associated pressure regulators, fittings, and lines.

The control system allows electrical control of solenoid valves and
ignition. It also provides manual control of the oxidizer flow rate.

The burner assembly consists of the oxidizer injector and fuel grain
supports along with an assortment of hardware, depending upon test requirements.
It is presently configured to burn cylindrical grains with an outside diameter
of two inches. The fuel grains may be of varying length. An assortment of
exhaust nozzles may be accommodated. The apparatus in its present configura-

tion may be modified to provide for a variety of fuel grain sizes and
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experimental endeavors related to the hybrid rocket system.

III COMPONENTS
A, Supply System
1. Oxygen and nitrogen
Gaseous oxygen and nitrogen are contained in high pressure
cylinders outside the test cell. Oxygen is used as the oxidizer, and
nitrogen is used as a purge to extinguish residual burning at firing
termination.
2. Pressure regulators
a. Oxygen
Pressure reduction and regulation is accomplished by means
of a Victor GD 10-967 High Capacity Regulator. This device is
designed for inlet pressures up to 3500 psig, delivery pressures
up to 550 psig, and a flow capacity of 250 standard cubic feet
per minute., A safety relief valve is set at 550 psig. Delivery
pressure is impressed upon the regulator by opening the gas
cylinder supply valve. Then the adjusting handle on the regulator
may be turned clockwise to raise, and counterclockwise to decrease,
delivery pressure. To decrease dellvery pressure, the oxygen line
must be bled so that the downstream pressure is less than that
desired on the regulator. Due to flow losses between the regulator
and the flow rate nmeasuring apparatus, the delivery pressure must
be set higher than that required for measuring the flow rate. This

difference in pressure varies with the flow rate pressure, the



identical to that used in small scale soldering and heating applicatiomns.
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"sonic choke" utilized, and the length and shape of the oxygen
supply lines. Additional information regarding the oxygen
pressure regulator is given in Appendix A.
b. Nitrogen

Nitrogen pressure is regulated by means of a standard low
capacity Hoke-Phoenix regulator. It is capable of handling inlet
pressures up to 2500 psig and delivery pressures up to 500 psig.

However, a purge pressure of 200 - 300 psig is adequate. Opera-

tion of this regulator is identical to that of the oxygen regulator.

Propane

Propane, used for ignition, is contained in a small cylinder

It is equipped with a shut-off valve. Pressure regulation is not

required.

Control System

1.

Electrical control

a. Control panel

Four toggle switches and an indicator light are mounted on the

control panel. The switches are labeled as follows:

MASTER - a guarded switch which controls electrical power to

the three remaining switches. The position of this switch is

indicated by the light on the control panel;
OXYGEN - actuates the oxygen solenoid valve;
PURGE -~ actuates the nitrogen solenoid valve;

IGNITION - a spring-loaded switch which actuates the propane
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solenoid valve and the "spark generator" circuit simultane-

ously.,
b. Spark generator

The "spark generator" comsists of a six volt Model-T Ford
ignition coil and a step—~down transformer. This mechanism
operates on standard AC current and provides a rapidly pulsating
arc at the sparkplug for fuel grain ignitiom.
c. Solenoid valves

The three ASCO solencid valves are designed for two—-way,
normally closed, 115v/60 cycle operation. Each has a safety factor

of 5. Individual specifications are as follows:

Maximum Operating Working

Use Stock No. Pressure Differential Pressure

Oxygen 822323 750 psi 750 psi
Nitrogen 826223 300 750
Propane 8262A16 300 750

Additional information regarding the solenoid valves is contained
in Appendix A,
Oxygen flow rate control
a. Throttle valve
The flow of oxygen to the test burner is controlled by means
of a manually operated 3/8 inch Hydramatics ball valve. It may
assume any position between fully closed and fully open. Thus, this
valve controls the downstream pressure.
b. Reservoir

After passing through the throttle valve, the oxygen flows into
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a reservoir constructed of a two-inch seamless steel pipe which is
capped at both ends. The wall thickness is 1/4 inch. The velocity
of the oxygen flow in the reservoir is negligible compared to that
through a small orifice (''sonic choke") further downstream. Thus,
the pressure measured in this reservoir is essentially the stag-
nation pressure of the flow at this point.
c. Pressure gauge

The pressure in the above mentioned reservoir is measured by
a Marsh Type 200-3S '""Master Test" Test Gauge. This gauge is
accurate to within 2-1/2 psig. The eight-inch dial has a range of
1000 psig in 5 psig increments. The internal mechanism includes a
stainless steel Bourdon tube to withstand the corrosive effects of
oxygen,
d. Sonic choke

A "sonic choke" is used as a metering device. It provides
non-fluctuating flow regulation. It is placed in the oxygen line
immediately downstream of the reservoir. Basically, it is simply
a converging-diverging nozzle with known throat dimensions. As
explained more completely later, mass flow versus total pressure
characteristics can be plotted for oxygen at a given reservoir
temperature for each "sonic choke." Then, assuming negligible
total pressure loss and adiabatic flow between the reservoir and

T

the "sonic choke," the flow rate may be selected by the throat size

and the pressure setting.

across the

Care must be taken to maintain (P,/P) 2 (P /P ri¢
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"“"sonic choke" in order to prevent "unchoking" of the nozzle. This
is not difficult since the pressure downstream of the 'sonic choke"
is a known quantity. If the criteria for "choking" cannot be met
at a given flow rate, a smaller choke should be selected.
The "sonic chokes" are made of aluminum, and those presently
available have throat diameters of 0.081, 0.1068, 0.1368, and 0.191
inch. These chokes have been calibrated using master chokes of
known pressure-mass flow rate characteristics. Calibration curves
for oxygen at T, = 59°F are given in Fig. 3. '"Sonic choke" char-
acteristics typically follow those theoretically predicted quite
closely if due care is taken in design and fabrication. A detailed
drawing of a "sonic choke" with dimensions is shown in Fig. 4.
Burner Assembly
The burner assembly is illustrated in Figs. 5, 6, and 7.
1. Injector
The injector is an integral part of the front support. It is con-
structed of stainless steel. No attempt has been made to induce a
specific oxidizer spray pattern, although this may be accomplished quite
readily by insertion of a nozzle. A sparkplug mounted in the injector
and a propane port are used during ignition. A pressure tap is available
for measuring combustion chamer pressure. The fuel grain is inserted
into the 1/2 inch recess in the injector, and an "O-ring" around the
periphery of this recess prevents gas leakage.
P Aft support

The aft support is also made of stainless steel. It dlso has a 1/2
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inch recess and an "O-ring" seal identical to that of the injector. In
addition to supporting the fuel grain, it is designed to accommodate an
assortment of exhaust nozzles which are held in place by a stainless
steel threaded clamp. This nozzle retainer clamp may be screwed onto
the aft support.

The fuel grain is clamped between the injector and the aft support
by comnector rods. The length of the connector rods may be varied to
accommodate the fuel grain length. The present apparatus is designed
to accommodate a fuel grain with a two-inch outside diameter. The
diameter may be varied, however, by machining inserts to fit the fromt
and aft supports, or by machining new injectors and aft supports. The
maximum fuel grain size which may be tested on the present apparatus is
dictated by the oxidizer mass flow rate desired and the pressure
limitations of the system components, i.e., flow rate of 250 scfm and

system pressure of 550 psig as required by the oxygen pressure regulator.

IV OPERATING PROCEDURES

Toggle switches on the master control panel actuate the solenoid valves

and "spark generator" which make oxygen, nitrogen, and ignition available to

the system. The oxygen flow rate is manually controlled to the desired level

by means of a throttle valve. The procedure and suggestions which follow

should be adhered to for proper operation of the hybrid rocket test apparatus.

Initially, the operator should insure that all switches and valves are

in the OFF or CLOSED position. The handles on the oxXygen and nitrogen pressure

regulators should be turned fully counterclockwise. Next, the valves on the

10
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oxygen and nitrogen bottles may be opened slowly to allow pressure to their
respeétive regulators. The pressure In the bottles may be checked by the
high pressure gauge on the regulators. The pressure regulators may now be
adjusted to the desired level by turning the control handles clockwise while
monitoring the low pressure gauges. The oxygen delivery pressure must be
higher than the total pressure requirements determined to provide the desired
oxygen mass flow rate., For the test apparatus in its present configuration,
the delivery pressure versus total pressure conditions for a given "sonic
choke" may be determined from Fig. 8. The delivery pressure determined from
these curves is that which is required to give the total pressure desired
when the throttle valve is fully open. Use of these curves allows pre-setting
of the oxygen mass flow rate. After ignition, the throttle valve may be
fully opened rapidly, and starting transients and delays in attaining the
desired total pressure are minimized.

The nitrogen purge pressure may also be set on the nitrogen regulator.

A purge pressure of 200 ~ 300 psig is more than adequate, and in no case
should this pressure exceed the limitations imposed by the nitrogen solenoid
valve, i.e., maximum operating pressure differential of 300 psig. The propane
tank should also be turned ON. The pressures of all three gases are now being
exerted up to their respective solenoid valves.

The master electrical contrel switch must be turned ON to provide power
to the solenoid valves and "spark generator.' When the oxygen solenoid is
actuated, pressure is exerted up to the manual throttle valve. Each system
may now be momentarily checked on an individnal basis, if desired, to insure

proper operation, by actuating the appropriate valve.

11
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With the test grain securely installed in the burner assembly, the
firing sequence may be accomplished as follows:

1. open the oxygen valve very slightly;

2. actuate the ignition system;

3. when the fuel grain is ignited, secure the ignition system, simul-
t-qeously opening the throttle valve to attain the predetermined
reservoir pressure; and

4, upon completion of the test, close the oxygen throttle valve and
actuate the purge system immediately to terminate residual burning.

The test grain should be removed from the burner assembly soon after
completion of the test to prevent melting of the fuel grain. Carbon and melt
from the fuel grain should be removed from the burner assembly. The "O-rings"
should be checked for damage and replaced if necessary. The use of a non-oxi-
dizing grease on the "O-rings" and ends of the fuel grains will help in sealing
and will also reduce damage to the "O-rings.'" In addition, a high temperature
anti~seize compound should be applied to the threads of the aft support to
prevent seizing of the nozzle retainer clamp.

The supply lines should be bled at the completion of testing to relieve
pressure. This is accomplished by first closing the oxygen, nitrogen, and
propane cylinder valves. The lines are then bled by individually opening the
appropriate valves until flow has stopped. The pressure regulator handles
should then be turned fully counterclockwise in preparation for the next
testing period. Finally, the throttle valve should be closed and all
electrical switches turned OFF.

A Plexiglas safety shield is mounted between the burner assembly and the

12



TN No. 64T-8

operator's panel. However, safety glasses should be worn at all times while
operating the test apparatus. Heavy gloves, preferably of asbestos, are
necessary for removal of the test grain and for cleaning and handling the
aft support, nozzle retainer clamp, etc. Other safety precautions regarding
the pressure limitations of the supply lines and other components should be
observed.

Maintenance of this system is limited to occasional replacements of
oxygen, nitrogen, propane, and "O-ring' seals.

Improvements to the hybrid test apparatus could include:

1. an automatic firing sequence control panel which would actuate

recorders and control ignition, length of firing, termination, etc.}j-
2. a small thrust measuring device; and

3. an oxygen manifold to accommodate several gas cylinders.

V OXYGEN FLOW RATE DETERMINATION
The hybrid rocket test apparatus is configured with a pressure gauge
and a "sonic choke" of known dimensions and flow characteristics, thus allowing
determination of the oxygen flow rate. The discussion which follows describes
the basls for this determination.
Ordinarily, the desired flow rate is known, and the problem becomes one
of determining the pressure setting required to attain this flow rate. The

following equation for "choked" flow may be derived from basic principles:

Y + 1/2

Yy-1
. W /2)
m Po A 8 RT,g \v+1

13
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Y+ 1 -1/2
YW 2 y -1
Let * =
¢ ¢ R T, g (Y+1)
. A
ThuS, 10 = Po t &
c*

For oxygen at a standard temperature of 59°F:

-1/2

6
¢ 1545(519) (32.17) 1.4 + 1 310 ft/sec

-3 2
1.93 x 1007 P_ D,

Thus, m

" the oxygen mass flow rate versus total pressure

For a given '"sonic choke,
may be plotted theoretically, assuming a constant total temperature, More
precisely, each "sonic choke'" may be calibrated against a similar one of known
mass flow-pressure characteristics. This was done, and the calibration data
was found to be within 2% of the theoretically predicted results. This
deviation was within the experimental accuracy of the calibration apparatus,
so the theoretically predicted mass flow rate-~pressure behavior was con~
sidered applicable. Mass flow rate-pressure {(gauge) characteristics for the
four "sonic chokes" presently available are shown in Fig. 3.

To use Fig., 3, it is sufficient to merely select a "sonic choke" and a
mass flow rate. The pressure gauge setting is determined from Fig. 3, or it
may be calculated by using the equations shown for each throat size. Due

regard should be given to conversions between absolute and gauge pressures.

It is imperative, of course, to ensure that the pressure drop across the

14
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"choke" is large enough to cause "choking." Otherwise, another throat size
may be selected.

No attempt is currently made to measure the total temperature directly.
Instead, the gas is assumed to be at the same temperature as its container
and the alr around the container. The flow between the gés cylinder and the
pressure reservoir is also assumed to be adlabatic, Temperature corrections
to the curves of Fig. 3 may be desirable upon occasion, depending upon
ambient conditions. This is easily done, although temperature variations
of + 5°F from the standard used are well within the experimental sensitivity

of the equipment.

15
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