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When U.S. Government drawings, specifications, or other data are used for any
purpose other than a definitely related government procurement operation, the
Government thereby incurs no responsibility nor any obligation whatsoever, and
the fact that the Government may have formulated, furnished, or in any way

; supplied the said drawings, specifications or other data, is not to be regarded by
i implication or otherwise, or in any manner licensing the holder or any other
person or corporation, or conveying any rights or permission to manufacture,
use, or sell any patented invention that may in any way be related thereto.
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FOREWORD

The work reported here was performed in-house at the AFRPL under Job Order
No. 469A00RJ, Bang-Bang Pressurization. The overall objective of the work
was to evaluate the feasibility and performance of a pulse-modulated pressuriza-
tion system as applied to a High Altitude Supersonic Target Vehicle Propulsion
System. The report summarizes the results of this evaluation.

This report has been reviewed by the Information Office/DOZ and is releasable
to the National Technical Information Service (NTIS). At NTIS it will be avail-
able to the general public, including foreign nationals. This report is unclassified

and suitable for general public release.
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SECTION I
INTRODUCTION

5 The High Altitude Supersonic Target (HAST) is a reuseable target vehicle

~: capable of cruise speeds up to Mach 4.0 at altitudes up to 100, 000 ft after air
launch at Mach 1.5 at 50,000 ft. The target vehicle is intended for tri-service
use for training and for weapons systems evaluation. A unique feature of this
vehicle is a hybrid rocket propulsion system, which uses a liquid oxidizer
(inhibited red fuming nitric acid) and a solid fuel (80 weight percent polybutadiene

and 20 weight percent polymethylmethacrylate).

—

i ‘ : The AFRPL served in a consultant role for the Air Force Armament Test
“aboratory (AFATL) development of the HAST propulsion system and conducted
a series of limited preliminary flight readiness tests (PFRT). This testing was
conducted in a high altitude test facility at the AFRPL. The objectives of the

PFRT were to: (1) demonstrate that the propulsion system would reliably per-

form the intended flight test mission, (2) verify safe altitude ignition and
operation, thereby certifying flight safety and (3) obtain performance data at
simulated altitudes for selected flight test missions. The PFRT program

conducted by the AFRPL is reported in Reference 1.

In the conduct of the PFRT program, difficulties were experienced with the
liquid oxidizer tank pressurization system and with maintaining an adequate
inlet pressure to the liquid oxidizer pump. The AFATL requested that the
‘ AFRPL conduct a minimum effort feasibility test program as an alternate means
of controlling the pressure in the liquid oxidizer tank and at the liquid oxidizer
pump that would be more responsive to the needs of the system and be less

sensitive to anamolous performance by components in the liquid oxidizer tank

and feed system.
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SECTION II

HAST PROPULSION SYSTEM

SYSTEM OVERVIEW

The inboard profile of the HAST vehicle is shown in Figure 1. The
components of the system may be seen in the drawing. These components are
part of two major sub-assemblies of the propulsion system, identified as the
Oxidizer Management Assembly (OMA) and the Controlled Thrust Assembly
(CTA).

Since this report is concerned only with the OMA, the CTA, which is
discussed in Reference 1, will not be presented here. The OMA includes all
components for the storage and pressurization of the liquid oxidizer. These
include the oxidizer tank, the start valve, the directed power unit (DPU -
includes the oxidizer pump, electric alternator and ram-air turbine), the nitrogen
storage tank, the pressure regulators and the associated plumbing. An isometric

view of the propulsion system is presented in Figure 2.

OXIDIZER MANAGEMENT ASSEMBLY

The oxidizer tank is a rolled and welded structure of 17-7 Ph stainless steel.
The tank volume is 9,465 cubic inches, with a maximum oxidizer capacitly of
496 pounds. The tank is divided into four compartments, as can be seen in
Figure 3, so as to move the center of gravity of the vehicle aft as oxidizer is
consumed and the vehicle accelerates to higher mach numbers. A surface
tension screen located in the liquid communication path between the aft two
compartments, coupled with a weighted, flexible, gravity-vector-following outlet
tube, serve to provide liquid oxidizer to the CTA during vehicle maneuvers
which tend to unport a stationary liquid outlet. The surface tension screen
retains liquid oxidizer in the aft compartment by serving as a flow block in the
reverse flow direction, The nominal pressure differential across the screen at

maximum oxidizer flow rate is 7 psid.

Outflow from the aft compartment takes place through a flexible tube which

is termed a 'free siphon'. This device is weighted on the free end and is

flexible enough to follow the local resultant acceleration vector as the vehicle
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maneuvers. When the aft compartment is only partially full, the free end of the
siphon follows the residual oxidizer as it moves about in the nearly spherical
aft compartment. The siphon is constructed of a seamless teflon tube heat
shrunk over a wide spiral which serves to prevent collapse of the tube by
oxidizer flow induced pressure differential. A chain restrains the lengthwise
extension of the wire and supports the weighted end a given distance off the

compartment wall. The siphon is shown in Figure 2.

Isolation of the oxidizer in the tank from the feed system prior to launch is
accomplished by an explosively actuated start valve located at the tank outlet

port.

The functions of the Ducted Power Unit (DPU) are to pump the oxidizer to the
pressure required by the thrust chamber and to provide electrical power to the
vehicle. The unit contains a ram-air turbine, an alternator and a centrifugal
oxidizer pump, all mounted in that order on a common shaft. The oxidizer pump
is an unshrouded radial vane type. The pump develops a pressure rise of 685
psid at an oxidizer flow rate of 3.6 lb/sec at 70°F with a minimum suction

pressure of 30 psia.

A dynamic seal between the oxidizer pump and the alternator uses the visco-
seal concept. Helical grooves are machined into the shaft, with a very small
clearance between the groove bands and the housing core. At normal operating
speed of the pump shaft, the helical resists flow along the shaft toward the
alternator up to a pressure of 50 psid. At pressures greater than this value,
oxidizer leakage occurs and is dumped overboard of the vehicle through a seal
cavity drain. Oxidizer leakage represents lost impluse and hence reduced

vehicle mission capability.

FLICHT PRESSURIZATION SYSTEM

Gaseous nitrogen for pressurizing the oxidizer tank is stored in a toroidal
tank made of 17-7 PH stainless steel. The tank volume is 317 cubic inches,
containing 3. 3 pounds of gaseous nitrogen at 3500 psig and 70°F. Two stages of
pressure regulation are used to reduce this pressure to the desired oxidizer
tank pressure of approximately 50 psig. The first stage is a spring reference,

piston actuated gage pressure regulator. The outlet pressure regulation band

is specified as 340 to 280 psig over a gas flow rate range of 1 to 10 scfm. The
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second stage pressure regulator is contained within the Multi Function Valve
(MFYV) and is supplied directly from the first stage regulator. The second stage
is the same type as the first stage regulator. The required outlet pressure

range is 68 to 53 psig over a gas flow rate range of 1 to 8 scfm.

An aluminum burst disc at the oxidizer tank pressurization inlet isolates the
regulators from the oxidizer. The disc ruptures when a pressure differential of
20 £ 5 psid exists in the gas flow direction. The burst disc can withstand a pres-

sure differential of 150 psid in the direction opposed to gas flow.

The difficulties experienced during the AFRPL PFRT program were, in part,
related to the pressurization system and resulted in below normal oxidizer pump
inlet pressure. If this pressure drops below the minimum allowable for pump
operation, the result is pump cavitation, a loss of oxidizer flow and ultimately a
flame-out in the thrust chamber. If this were to happen in flight, the vehicle
would be lost since the propellant combination is non-hypergolic and a second
commanded ignition capability is not provided. Hence, even if oxidizer flow were
to resume after a flame-out, proper operation of the CTA would not be possible.
The most probable cause of below normal pump inlet pressure is an excessive
pressure drop across the tension screen between the two aft compartments of the
oxidizer tank. This could be caused by foreign matter clogging the screen.

Since the pressure regulation system controls the pressure at the regulator out-
let, it could neither sense nor accomodate an abnormally high tension screen
pressure drop. The result of the pressure drop must be a reduction of pump

inlet pressure. Clogging of the surface tension screen was in fact observed
during the PFRT program. Other possible causes for below normal pump inlet
pressures might be failure of the aluminum burst disc to open completely, thereby
introducing an excessive gas pressure drop and a restricted siphon introducing

excessive liquid pressure drop.

MODIFIED PRESSURIZATION SYSTEM

The modification to the pressurization system which was tested consists
basically of replacing the continuous modulating control of tank pressure, as
performed by the second stage regulator, with a pulse modulating control system.
This is accomplished by replacing the second stage regulator with a fast response

electric solenoid valve directly operated by a pressure sensing switch. The
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pressure switch is located in the oxidizer feed line between the tank outlet and the
pump inlet. By sensing pressure at this location, the tank pressure is controlled
so as to provide the minimum required pump inlet pressure independent of the

pressure drop in the feed system up to this point. Higher than normal pressure

i e

S oo, i

drops in the system are inherently compensated by the pressure switch driving
the tank pressure to a higher value. A schematic of the modified pressurization

system is presented in Figure 4.

The solenoid valve in the gas supply line to the oxidizer tank also serves to
isolate the pressure control components (i.e. the first stage regulator and the

pressure relief valves) from the oxidizer in the tank at the end of a mission. In

the present system, oxidizer vapors migrate back and cause degradation of the
non-compatible elastomeric materials in the components (including the second

stage regulator) requiring refurbishment before reuse.

Pulse modulated pressurization systems have been proven feasible by
exploratory development efforts (Reference 2) and by use on one Air Force
operational launch vehicle, the Martin Marietta Co Transtage. These systems

have differed from the system suggested for the HAST vehicle in that the pres-

sure switch senses pressure in either the tank ullage gas or the gas feed line
upstream of the pressurized tank. Control of the tank pressure by sensing pres-
sure in the liquid outlet line was considered sufficiently unique to require a

feasibility demonstration test program.

The major components of the HAST pulse modulated pressurization system
were a pressure switch mounted in the ligquid outflow line from the oxidizer tank
and a solenoid valve electrically driven directly by the pressure switch, mounted
in the gaseous nitrogen feed line. These components are discussed individually

in the subsequent paragraphs.

The pressure switch used was the Hydra-Electric part number 572074. Two

pressure switches were used in the program and are of identical design, the only

L

difference being the actuating pressure of 40 and 50 psia. The switches are of

the normally closed type,

A belleville spring is used to provide snap action actuation, thereby suppress-

ing any tendency for contact chatter. The pressure switch contacts carry the

IR TEIN

valve current, so secondary switches or relays are not needed. The pressure

switch deadband (1. e. the make-break pressure difference) is 2 psia or %l psia.

10
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%
The pressurant control solenoid valves were manufactured by Sterer as part

- number 22i30. The valve poppet is a tungsten carbide ball, brazed to the sole-

.J noid core with a chrome-nickel alloy. The valve body and seat is 304 CRES

: steel. The solenoid assembly and core were treated with a dense electrolytic
"1 . nickel plating followed by a dense chrome plate to provide propellant compatibility.

1 The valve opening time is 8 msec when nominal voltage is used (28. VDC). The

poppet is spring loaded and pressure assisted for closing and sealing. Internal

leakage is 10 sec/hr at 1650 psig. The valve weight is 0,44 1bs.

12
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3 , SECTION III

TEST FACILITY

The experimental HAST pressurization system was assembled and tested at
the Hydrodynamics Laboratory in the 1-14 Test Area. The purpose of the test

was to demonstrate a pulse modulating pressure regulation system.

o

The pressurization gas used was gaseous nitrogen supplied from the facility
nitrogen system and regulated by facility components to 3500 psig. This pres-
sure was used in the later phases of the test program to pressurize the flight
gaseous nitrogen tank. A regulated pressure of 1700 psig was used in the first

phase of testing to supply a facility regulator, which provided an outlet pressure

PR S

of 300 psig to the test system solenoid valve. This regulator simulated the first
stage regulator in the flight system. Facility type pressure relief valves were

used throughout the facility gaseous nitrogen system.

! Since the test article was a flight type pressure vessel, special safety
precautions were taken to protect test personnel from possible rupturing of the
oxidizer tank and the high pressure nitrogen storage tank. These precautions
consisted of a blast shield, which also served as a control panel, between the

{ test article and the test personnel, and a 3/8 inch steel shroud surrounding the

high pressure torus tank (see Figure 5).

In order to prevent overpressurization of the gascous nitrogen system or the
test tanks, two methods were used. The first method involved the use of
facility relief valves. A total of three relief valves were used, one in the test
b torus tank, set at 3800 psig, one in the system between the 300 psig regulator
and the solenoid valve, set at 400 psig, and the third on the oxidizer tank, set

at 80 psig. As a back-up method, a pressure transducer output from the oxidizer

tank was fed to a strip chart record on which a microswitch was installed. This
microswitch, set to trip at 80 psig acted to close the gas supply to the tank and
to relieve the pressure in the tank. In addition to these two overpressure pro-

. tection methods, the test conductor could manually inhibit the action of the
pressure switch-solenoid valve combination on the test system to prevent

= additional pressurization of the oxidizer tank if the pressure were to exceed a

b safe valve. It should be noted that it was essential that the pressure control
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circuit not be energized until valve 0-017 was opened, since that valve would
isolate the pressure switch from the tank., Valve 0-017 and the pressure switch

were electrically linked (Figure 6).

In order to accurately test the modified pressurization system, it was
necessary to duplicate the operation of the HAST propulsion system. This was
accomplished by controlling the oxidizer flow rate time profile to preselected
HAST mission profiles, as well as investigating the effect of wide flow variations
at random points in time throughout the mission. Oxidizer rate of outflow was
controlled by the test conductor, following a flow rate time plot. The HAST
system operates at a minimum flow rate of 4 gpm, which is equivalent to sus-
tainer thrust level, and a maximum flow rate of 17 gpm which is equivalent to
booster thrust level. A manual valve (see Figure 7), 0-024, was preset to flow
4 gpm with the tank at its normal operating pressure. This valve was left open
to the preset position throughout each test. The main control valve, 0-019, was
preset to flow, in conjunction with 0-024, 11 gpm, the initial ignition flow rate
of the HAST system. To initiate the test, the conductor opened valve 0-017,
which started flow from the tank. The test conductor then opened valve 0-019
to increase flow rate linearly from the initial 11 gpm to 17 gpm over a 20 second
time period, to the maximum HAST flow rate, equivalent to boost thrust level.
To reduce the flow rate at any selected time after the initial 20 second time
period to the sustain thrust flowrate of 4 gpm, the test conductor had only to
quickly close valve 0-019. To adjust the flow rate to match the desired flow

rate-time profile, the test conductor manipulated valve 0-019.

Valve 0-019 was a 3/4 inch Anin Domotor controlled remote valve. The
valve was fitted with a linear flow plug with a CV of 6.0. A 1/2 inch line was
install~d on the downstream side of the valve to provide the proper flow restric-

tion for controlling the flow rate over the desired range.

For flow rate control purposes, a real time flow rate indication was
accessible to the test conductor, This consisted of a Hewlet Packard digital
counter, which received the same flow-meter output data that was fed to the
digital data acquisition system. Thus, the test operator controlled flow rate to
a predetermined value of counts as displayed on the Hewlet Packard counter, A
flow rate response of one second was provided by the counter. During the last

series of tests, a second counter was mounted above the flow rate counter and

15
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was used to accumulate the flow meter output counts and thus integrate the flow

rate for the entire test.

The water used as the test liquid was filtered by a 10 micron (absolute)
facility filter. This was done to keep particulate contamination out of the tank

and thereby prevent clogging of the surface tension screen between the aft two

S Uk

compartments of the tank.

Data was recorded by two methods. The primary data acquisition system

was the SEL 600 Digital Acquisition system. This system is composed of 100
channels of signal conditioning equipment (only 10 channels were available in the
hydrodynamics laboratory). These signal conditioners fed the data through a
multiplexer to an analog to digital converter. One channel can be displayed, in
E digital counts, at all times. This feature can be used to monitor one or more
critical parameters in real time through the known digital counts to engineering

units conversion. At maximum speed, the multiplexer can scan 100 channels

(or 10 channels) every six milliseconds. The digital signals are assembled and
recorded on an Amplex/TM-3 tape recording unit. Only one tape could be used,

which had a maximum recording time capability of 240 seconds. Since most .

tests ran in excess of 300 seconds, it was not possible to record an entire run
| on tape. The tape was stopped during long duration constant condition periods
and restarted to either record events during changing conditions or to record the
shut-down transient behavior. The digital data was reduced to engineering units

by the AFRPL-CDC 6400 digital computer,

The second method used was data recording on strip chart recorders. Four
Mosley Autografs were used, primarily as quick-look data and to single out
critical parameters for system operational safety purposes. Because of limited

equipment rack space and recorder availability, only four pressure parameters

were strip chart monitored.
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SECTION IV
TEST PROGRAM

The evaluation test program consisted of a series of exploratory or
check-out, tank explusions followed by a number of selected HAST flight profile
flow rate profile expulsions. The check-out explusions, numbered runs 101
through 103, consisted of a variety of out-flow time profiles, in which the basic
initial flow rate ramp of 11 to 17 gpm in 20 seconds was followed by short and
long outflow durations with randomly located rapid increases and decreases
between sustain and boost flow rates. The purpose of these rapid flow rate
excursions was to investigate the pressure control stability and accuracy of the
system and to make system configuration changes as necessary. No changes
were found to be necessary since the system as originally configured was found

to be stable and accurate to approximately the same accuracy dictated by the

deadband of the pressure switch. A 50 + 1 psia pressure switch was used for the

check-out explusion tests. The tank ullage pressure was set to 63 psia before

e

the start of outflow. Because of the exploratory nature of these explusions and
i since they were not preplanned, no data from these tests are presented. Time
plots of all critical parameters for the remaining explusion tests are presented
in Figures 8 through 20, along with a narrative discussion of selected test runs
in the succeeding paragraphs. The nemonics of the test variables are defined in

Table 2.

A summary of the test conditions and flow profiles is presented in Table 1.
Only selected tests will be specifically discussed as being representative of the
entire spectrum of tests conducted. The remaining tests varied only in the

outflow rate-time profile.

' Tests 104A and 104C weré to explore the effect of time at boost flow rate
conditions on the control accuracy of the pressurization system. Test 104C was
run with a longer period of initial boost flow rate, 120 seconds compared with 20

. seconds, to investigate the effect of ullage volume on tank pressure and pump
inlet pressure. It may be seen that the result of the longer duration boost flow
rate was to increase all system pressures after the flow rate was reduced to
sustain flow rate because of the larger ullage volume developed in the tank. This

is a fundamental characteristic of a control system which regulates a delivered

pressure as opposed to a supply pressure. If the liquid flow pressure drop is

19
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1
Table 2. Mnemonics of Test Variables

Mnemonic Description Range
4 WFLOW Water Flow Rate 0-25 gpm
3 PINLET Pump Inlet Pressure 0-100 psia

ACOMP Aft Compartment Pressure 0-100 psia

1 FCOMP Forward Compartment Pressure 0-100 psia
ISTGM GN, Delivered Pressure 0-5000 psia
E |
‘ VPULSE Solenoid Valve Activation Non Dimensional




high, as with a high flow rate, the supply pressure is maintained high in order to
acnieve a controlled delivered pressure. When the flow rate and consequently the
liquid flow pressure drop is reduced, all system pressures except the oxidizer
tank ullage pressure increase by the amount of the pressure drop reduction.

This high pressure condition persists until sufficient liquid outflow allows
rcduction through gas blowdown to the sensing range of the pressure switch.

This is true regardless of the ullage volume condition. The effect is seen to
persist longer with a larger ullage volume because of the greater volume of

higher pressure ullage gas.

The total flow duration of 104A was 253 seconds with an integrated total flow
of 40, 50 gallons. This compares favorably with a total tank volume of 40.97
gallons. The entire 104C test was not captured on tape so it was necessary to

determine the outflow time from total tank volume, outilow volume at the end of

the tape, and flow rate from the end of the tape record to depletion, which was
held constant, This procedure yields a total flow duration of 476 seconds. The
outflow from the tank as a function of time into the run is determined by numerical

integration of the flow meter data, Wflow, during data reduction.

The data from tests 104A and 104C are presented in Figures 8 and 9. With
regard to the flow rate ramp from 0 to approximately 20 seconds, it should be
noted that the controls for the flow valve were manually operated. The flow

e ramp from 11 to 17 gpm is therefore operator technique limited with

Fest

pect to linearity, which in all tests conducted was satisfactory for the purpose

4

of the lvsting.

lhe pressure control bandwidth for both runs, except for the first 10 to 15
seconds of the run is approximately 2 psi, during periods of steady state flow
where the pressure switch and gas supply can exercise control over the pump
inlet pressure. After a period of high flow rate during which the system pres-
sures equilibrate at values that satisfy the high pressure drop associated with
high flow rate, a reduction in flow rate and therefore pressure drop causes the
pressuring action system to lose control. Pump inlet pressure rises to a hig!
value, approaching very closely the tank pressure. The tank pressure will
reduce to the control pressure if the low flow rate is sustained, by blowdown.
The blowdown process is virtually isothermal, having a polytropic exponent in

the order of 1,04 to 1. 05, It may be seen that a 50 psia pressure switch was

used for these runs.
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The operation of the pressure switch and the solenoid valve may be seen by

3 the positive pulses of the VPULSE parameter on the plots.

Tests 107 marked the changeover in gas supply from regulated facility GN2
to the HAST flight torus. All subsequent testing was performed using this
source of GNZ' Tests 107 through 109 were conducted using the HAST flight

system first stage regulator as opposed to a facility first stage regulator which

was used for all other tests. In this regard, tests 107 through 109 were the most

¢

B

nearly representative of the HAST pressurization system in the flight configura-

tion in that they involved both the high pressure torus gas supply vessel and the

SR

first stage regulator.

Tests 107 through 114 were run to flowrate vs time profiles provided by the
HAST program office as representative of the envelope of mission flight profiles.
Satisfactory performance of the pulse modulated pressurization system (Bang-
Bang) system in these tests could be interpreted as indicating a capability of

performing satisfactorily for any mission profile within the envelope.

The system is seen to perform well in all the tests, 107 through 114 (Figures
i 10-23), maintaining pump inlet pressure at £1 psi of the pressure switch normal
setting of 40 psia. The %1 psi is the deadband of the pressure switch. The only
anomalous characteristic of the system, which has been discussed earlier, is
the increase in pump inlet pressure that accompanies a reduction in flow rate
and hence flow system pressure drop. The early testing in the program was
performed with a 50 psia pressure switch because it was not certain that a lower
control setting would insure maintaining a minimum of 30 psia at the pump inlet.
This setting resulted in driving the pump inlet pressure over 65 psia while
maintaining above 40 psia as a minimum. It is scen in the data plots that the
maximum pressure reached with a 40 psia setting is in the order of 55 psia while
the minimum pressure is never less than 38 psia and then for a very short
period., This suggests that a pressure switch setting of say 35 psia would never
result in a pressure in excess of 50 psia, the pressure at which viscoseal leakage
begins in the HAST oxidizer pump, nor would the pump inlet pressure fall

below 30 psia, the minimum pressure to prevent pump cavitation.

The pressure time trace of ISTGM parameter, the inlet to the first stage of
regulation shown in Figure 19, run number 112 suggests a potential system

improvement possibility. A potentially significant advantagc of the pulse

S EETR
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modulated pressurization system is the elimination of a pressure regulator, one
of the most unreliable components in a pressurization system. Because of the
need of the HAST thrust chamber to provide a flow of aeration gas at low thrust
levels, a first stage regulator was retained in the pulse-modulated system tested.
This reduces the torus pressure vessel pressure to 300 psia for use as oxidizer
pressurization and aeration of oxidizer injected into the chamber. If the first
stage regulator were eliminated and aeration gas furnished at the required
condition,a system simplification would be achieved. Figure 19 suggests that a
“ configuration as shown in Figure 24 could accomplish this purpose. The pulse-

£ I modulated pressurization system would function the same as the system described
in this report, except that the solencid valve would operate on full torus pres-
sure rather than the reduced pressure of nominally 300 psia. Aeration gas for

the thrust chamber would be obtained from the small accumulator shown. When

the solenoid valve is open, the pressure in the line between the solenoid valve

and the tank is significantly above tank pressure. This pressure would be higher

if the first stage regulator were eliminated. The check valve in the line to the -
accumulator would act to maintain the accumulator pressure close to the maxi-
mum transient pressure occurring in the line between the solenoid valve and the
oxidizer tank. With this configuration, the aeration system should function
essentially as it does with a first stage regulator. The performance of the
pulse-modulated pressurization with -1l torus pressure at the solenoid valve

would have to be determined, since no testing under this condition was done under

i the AFRPL test program.
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SECTION V
3 CONCLUSIONS AND RECOMMENDATIONS
g
Conclusions
1 : The overall conclusion that can be drawn from the test program is that a

while in control, to the deadband value of the pressure switch.

namely the pressure switch and the solenoid valve,

Recommendations

pulse modulated pressurization system (Bang-Bang) is a feasible approach for

the HAST propulsion system. The system is shown to be stable and accurate,

A specific,

significant conclusion is that a satisfactory pulse modulated pressurization sys-

tem was assembled using commercially available, off-the-shelf components,

It is recommended that this type of system be considered if engineering
development of a HAST system is initiated. It offers the potential advantages of

maintaining adequate pump inlet pressure under conditions of abnormally high

: flow system pressure drop, isolating the pressurization system from the oxidizer

| after propellant depletion and providing a higher reliability pressurization system.

! It is further recommended that consideration be given to a system configuration

that would greatly enhance the simplicity and hence increase the reliability of

the system, namely the deletion of the first stage regulator. The concept is

discussed in the text of the report and is illustrated schematically in Figure 24.
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