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The work reported here was per formed in-house at the AFRPL under Job OrderNo. 469A00RJ , Bang-Bang Pressurization .  The overall objective of the workwas to evaluate the feasibi l i ty and performance of a pulse-modulated pressur iza-tion system as app lied to a Hi gh Altitude Supersonic Target  Vehicle PropulsionSystem. The report  summarizes  the results of this evaluation.
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SECTION I

INTRODUCTION

The Hi gh 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  tn -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 n i t r ic  acid) and a solid fuel (80 wei ght percent  polybutadiene
and 20 weight percent  pol ymethy lmethacrylate).

The AFRPL served in a consultant role for the Air Force Armament  Test

~ abora tory  (AFATL) development of the HAST propulsion system and c onducted
a ser ies  of l imited pre l iminary  fli ght readiness  tests (PFRT) .  This t e s t ing  was
conducted in a hi gh altitude test  facili t y at the AFRPL. The objectives of the
PFRT were to: (1)  demonstrate  that the propulsion sys tem would reliably per-
form the intended flight test  mission , (2) verif y safe a l t i tude  igni t ion  and
operation , thereby cert if y ing fli ght safety and (3)  obta in  p e r f o r m a n ce  data at
s imulated al t i tudes for selected fli ght t es t  miss ions .  The PFR T program
conducted by the  AFRPL is reported in Refe rence  1.

In the conduct  of the PFRT p r o g r a m , d i f f i cu l t i e s  were  exper ienced with the
li quid oxidizer  tank p res su r i za t ion  sys tem and wi th  m ai nt a i n i n g  an adequate
in l e t  p r e s s u r e  to the liquid ox id izer  pump. The A F A T L  r e q u e s t e d  that  the
AFRPL conduct a minimum effort  feasib i l i ty  test p rog ram as an a l te rna te  means
of c o n t r o l l i ng  the p r e s su re  in the li quid ox id izer  tank and at the li quid oxidizer
pump that  would be more respons ive  to the needs of the system and be less
s e n s i t i v e  to  anam c , Ious  p e r f o r m a n c e  by components  in t he  l iquid  oxidizer  tank
and feed sys tem.

I
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: SECTION 11

HAST PROPULSION SYSTEM

SYSTEM OVERVIE W

The inboard profile of the MAST vehicle is shown in Figure 1. Thz ~
components of the system may be seen in the drawing.  These component s are

part of two major sub-assembl ies  of the propulsion sys tem, identif ied as the

Oxidizer  Management Assembly (OMA) and the Controlled T h r u s t  Assembly
.4 ( C T A ) .

Since th is  repor t  is concerned  only with the OMA , the CTA , which is
discussed in Re fe rence  1 , will not he presented  here .  The OMA includes all

components  for the s torage and pressur iza t ion  of the li quid oxidizer .  These

inc lude  the oxidizer  t ank , the  s ta r t  valve , the directed power unit  (DPU -

inc ludes  the  ox id ize r  pump, e lec t r ic  a l ternator  and r a m - a i r  t u r b i n e ) ,  the n i t rogen
s to ra g e t ank , the  p r e s s u r e  regu la to r s  and the  associa ted p lumbing.  An i some t r i c
v i e w  of the propuls ion system is p resented  in Figure 2.

OXIDIZER MANAGEMENT ASSEMBLY

The oxidizer  tank is a rol led and welded s t r u c t u r e  of 17-7 Ph s t a in l e s s  s teel .
The tank volume is 9 , 465 cub ic  inches , wi th  a maximum o x i d i z e r  capacity of
496 pounds. The tank is d i v i d e d  in to  four  c o mp a r t m e n t s , as can h e seen in

Fi gure  3 , so as to move the c e n t e r  of g rav i t y of the  veh ic le  a f t  as ox id i ze r  is

consumed and the vehic le  acce l e ra t e s  to hi gher  mach n u m be r s .  A s u r f a c e
tension sc reen  located in the  li quid communica t ion  pa th  be tween the  aft two

compar tment s , coup led with a weig hted , flexible , g r a v i l ~ - v e c t o r - f o l l o w i n g  outle t
tube , s e r v e  to p rov ide  li quid o x i d i z e r  to the CTA d u r i n g  vehic le  maneuv e r s

which tend to u n por t  a s t a t i o n a r y  liquid outlet. The s u r f a c e  t ens ion  s c r e e n
retains  li quid oxidizer  in the af t  compar tment  by serving as a flow block in the
r e v e r s e  flow di rec t ion .  The  nominal  p re s su re  d i f f e r en t i a l  ac ross  the s c reen  at
maximum oxidizer  flow ra te  is 7 psid.

Outflow f rom the aft compartment  takes place throug h a flexible tube which
is t e rmed a “free siphon ” . This  device is weig hted on the f r e e  end and is
flexible enough to follow the local resul tant  accelerat ion vector as t h e  vehic le

4 
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maneuvers. When the aft  compartment is only partially full, the f ree  end of the
siphon follows the residual oxidizer as it moves about in the nearly spherical

aft  compartment. The si phon is constructed of a seamless teflon tube heat
shrtm k over a wi& sp iral which serves to prevent collapse of the tube by
oxidizer flow induced p ressu re  different ial .  A chain res t ra ins  the lengthwise

extension of the wire and supports the wei ghted end a g iven distance off the

compartment wall.  The siphon is shown in Fi gure 2 .

Isolation of the oxidizer in the tank f rom the feed sys tem pr ior  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 al ternator  and a cen t r i fuga l

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

ilternator up to a pressure of 50 psid. At pressures greater than this value ,

oxidizer leakage occurs arid is dumped overboard of the vehicle through a seal

cavity drain. Oxidizer leakage represent s lost impluse and hence reduced

vehicle mission capability.

FLI~~HT PRESSURIZATION SYSTEM

Gaseous nitrogen for pressurizing the oxidizer  tank is s tored in a t o ro idal

tank made 1) 1 17-7  PH s ta inless  steel.  The tank volume is 317 cubic inches ,
containing 3. 3 pounds of gaseous n i t r o g e n  at 3500 psi g and 70°F. Two stages of
pressure regulation are used to reduce this pressure to the desired oxidizer

tank pressure  of appr oximately 50 psi g. The first stage is a spring reference ,
I

piston actuated gage p r e s s u r e  regula tor .  The outlet p r e s s u r e  regulat ion band

i s  speci f ied  as 340 to 280 psi g over a gas flow rate range  of 1 to 10 scfm. The

8
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second stage p ressure  regulator is contained within the Multi Function Valve
(MFV) and is supp lied directly f rom the f i r s t  stage regulator .  The second stage
is the same type as the f i r s t  stage regulator.  The requi red  outlet p r e s s u r e

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

An aluminum burs t  disc at the oxidizer tank p r e s s u r i z a t i o n  inlet isolates the
regulators  f r o m  the oxidizer.  The disc ruptures  when a p r e s s u r e  d i f f e r en t i a l  of
20 ± 5 psid exists in the gas flow direct ion.  The bu r s t  d i s c  can wi ths tand a pres-
sure d i f fe rent ia l  of 150 psid in the direct ion opposed to gas flow.

The diff icul t ies  experienced d u r i ng  the AFRPL PFRT p rog ram were , in pa rt ,
related to the p re s su r i za t ion  system and resulted in below normal  oxidizer  pump
inlet p r e s su re .  If th is  p r e s s u r e  drops below the min imum al lowable  for  pump
operat ion , the resul t  is pump cavi ta t ion, a loss of oxidizer  flow and u l t ima tel y a
f l a m e - o u t  in the th rus t  chamber.  If this were to happen in fli ght , t he  vehic le
would be lost s ince  the propellant combinat ion is n o n - h ypergol ic  and a second
commanded igni t ion capabil i t y is not p rov ided .  Hence , even if o x i d i z e r  flow w e r e
to resume af te r  a f l ame-ou t , prop e 1- operation of the CTA would not be possible.
The most probable cause of below normal pump inle t pressure is an excessive

p r e s s u r e  drop across  the t ens ion  sc reen  between the two af t  comp a r t m e n t s  of t h e
ox id izer  tank.  This  could be caused by fo re ign  mat ter  clogg ing the  s c r e e n .
Since the p r e s s u r e  regula t ion sy s t em cont ro l s the p r e s s u r e  at t he  r e g u l a t o r  ou t -
let , it could n e i t h e r  sense  nor  a c c o m od a t e  an a b n o r m a l l y hi g h t e n s i o n  sc reen
p r e s s u r e  drop.  The resul t  of the  p r e s s u r e  drop mus t  be a r e d u c t i o n  of pump
inlet  p r e s s u r e .  Clogging of the s ur f a c e  tension sc r een  was in fact  observed
dur ing  the PFRT p rog ram.  O t h e r  possible causes  for  below normal  pump  inlet
p r e s s u r e s  mi ght he fa i lure  of the aluminum bur s t  d isc  to  open completel y, t h e r e b y
introducing an excessive gas pressure drop and a restricted siphon introducing
excess ive  liquid p r e s s u r e  drop.

MODIFIED PRESSURIZATION SYSTEM

The modi f ica t ion  to the p r e s s ur i z a t i o n  sys tem w h i c h  was t e s t ed  c o n s i s t s
ba sicall y of rep lacing the con t inuous modula ting con t r ol of ta nk p r e s s ure , as
p e r f o r m e d  by the  second stage regula tor1 with a pulse modulating control  sy s t em.
This  is accomp l ished  by rep lacing t h e  second s tage r egu la to r  with a fas t  r e sp o n s e
e l e c t r i c  solenoid valve d i rec t ly opera ted  by a p r e s s u r e  se n s i ng  swi t ch .  The

9 
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p r e s s u r e  switch is located in the oxidizer feed line between the tank outlet and the
pump inlet . By sens ing  p r e s s u r e  at this  location , the tank p r e s s u r e  is con t ro l led
so as to provide  the minimum requi red  pump inlet p r e s s u r e  independent  of the
p r e s s u r e  drop in the feed sys tem up to this point.  Hi gher  than  normal  p r e s s u r e
d rops  in the sys tem are  inherent ly compensated by the  p r e s s u r e  switch d r iv ing
the tank p r e s s u r e  to a hi gher value. A schematic of the  modif ied  p r e s s u r i z a t i o n
sys tem is p r e s e n t e d  in Fi gure 4.

The solenoid valve in the gas supp ly line to the ox id ize r  tank also s e r v e s  to
iso la te  the p r e s s u r e  control components  (i .  e. the f i r s t  s tage regula tor  and the
p r e s s u r e  rel ief  v a l v e s)  f r o m  the o x i d i z e r  in the tank at the end of a mi s s ion .  In
the  p r e s e n t  system, ox id i ze r  vapors mi gra te  back and cause degrada t ion  of the
non-compat ib l e e l a s tomer i c  m a te r i a l s  in the components  ( i n c lu d i n g  the second
s t a g e  r i u u l a t u r )  r e q u i r i n g  r e f u r b i s h m e n t  before reuse .

Pu lse  modulated p r e s s u r i z a t i o n  s y s t e m s  have been  p r o v e n  feas ib le  by
exp lo ra to ry  development  e f f o r t s  ( R e f e r e n c e  2)  and by u se  on one Air  Force
( ,p er a t i o n a l  l aunch  veh ic l e , the  M a r t i n  Mar i e t t a  Co Tr a n s t a g e .  These  sy s t e m s

ha ’.-e d i f f e r e d  f r o m  the  s y s t e m  s ug g e s t e d  fo r  the  J IAST veh i c l e  in that  the pres-
s u r e  swi tch  s enses  p r e s su ~~e in e i the r  the  tank u llage  gas or the  gas feed l ine
u p s t r e a m  of t h e  p r e s s u r i z e d  tank . Contro l  of the tank p r e s s u r e  by s e n s i n g  pres-
s u r e  in  the  li quid outlet l ine  was  c o n s i d e r e d  su f f i c i e n t l y un i que to  r e q u i r e  a
fe a s i b i l i t y ~ e ru o n s ~ r a t  ion t e s t  p r o g r a m .

The major  c o m p o n e n t s  of the TIAST pulse  modula ted  p r e s s u r i z a t i o n  s y s t e m
w e r e  a p r e s s u r e  swi t ch  moun ted  in the li qu id  out f low l ine  f r o m  t h e  o x i d i z e r  tank

and  a so leno id  va lve  e le c t r i c a l l y d r i v e n  d i r e c t l y by the  p r e s s u r e  swi t ch , m ou n t e d

in the  ga seous  n i t r o g e n  fe e d  l i n e .  These  comp onen t s  a r e  d i s c u s sed  i n d i v i d u a l l y
in he s u b s e q uen t  p a r a g  r ;t p h s .

T h e  p r e s s u r e  s wi t h used  was the  Hy d r a - E l e c t r i c  par t  n u m b e r  572074.  Two
p r e s su r e  s w i t c h e s  w e r e  used in the  p r o g r a m  and a r e  of iden t ica l  d e s i g n , the onl y
d i f f e r e n c e  b e i n g  t h e  a c t u ~i t i n g  p r e s s u r e of 40 and 50 psia . I l ie  sw i t c h es  a re  of
t h e  no rma l ly closed t ype .

A h e l l e v i l l e  sp r i n g  is  used  to  p rov ide  snap ac t ion  actuation , t h e r e b y s u p p re s s~
ing any t e n d e n cy  fo r  con tac t  c h a t t e r .  The  p r e s s u r e  swi tch  con tac t s  c a r ry  the
valve c u r r e n t , so secondary  switches or relays a r e  n o t  n e e d e d .  The p r e s s u r e
switch de adhand  I I .  e. t h e  m a k e - b r e a k  p r e s s u r e  d i f f e r e nc e  I is 2 p s i a  or ± 1 psia .

10
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The p r e s s u r a n t  control solenoid valves were manufac tured  by Sterer  as pa r t

number  22130.  The valve poppet is a tungs ten  carbide  ball , b r azed  to the sole-

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 electrol yt i
n ickel  plating followed by a dense chrome plate to provide  propellant compat ib i l i ty .
l h ~ valve opening time is 8 msec when nominal voltage is used (28. VDC). The

poppet is sp r ing  loaded and p r es su re  assis ted for closing and sealing.  In t e rna l

leakage is 10 s e c / h r  at 1650 psi g. The valve weight is 0 .44 lbs.

a
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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

4 was to demonstrate a pulse modulating p ressure  regulation system.

The pressur iza t ion  gas used was gaseous ni t rogen supplied from the faci l i ty
n i t rogen  system and regulated by facility components to 3500 psi g. This pres-
sure  was used in the later phases of the test p rogram to p r e s s u r i z e  the fli ght
gaseous  ni t rogen tank. A regulated p ressu re  of 1700 psi g was used in the f i r s t
phase  of testing to supply a facility regulator , which provided an outlet p r e s su re
of 300 psi g to the test system solenoid valve. This regulator simulated the f i r s t
stage regula tor  in the fli ght system. Facility type p r e s s u r e  relief valves were
used throughout the facility gaseous nitrogen system.

s ince  the tes t  a r t i c l e  was a fli ght type p r e s s u r e  ves se l , special safety
- I precau t ions  were  taken to protect  test personnel  f rom possible  rup tu r ing  of the

-> ~~ch i . c r  tank and the hi gh p r e s s u r e  n i t rogen  s t o r a g e  tank.  These precaut ion s
cons is ted  of a blast shield , which also served as a control  panel , between the
tes t  a r t ic le  and the test  personnel , and a 3/ 8 inch steel  shroud surrounding the
hi gh p r e s s u r e  torus  tank (see  F igure  5) .

In o rde r  to prevent  o v e r p r e s s u r i z a t i o n  of the gaseous n i t r og e n  system or the
tes t  tanks , two methods were  used. The f i r s t  method involved the use  of
fac i l i t y re l ief  va lves .  A total of t h ree  relief va lves  were  used , one in the tes t

‘
. t o r u s  tank , set at 3800 psi g, one in the sys tem between the 300 psi g regulator

and  the solenoid valve , set at 400 psig, and the third on the oxidizer tank, set

at 80 psi g. As a back -up  method , a p r e s s u r e  t r a n s d u c e r  output f rom the oxidizer
‘ t ank  was fed to a s t r i p char t  record  on which a microswitch was installed.  This

microswi tch, set to t r i p at 80 psig acted to close the gas supp ly to the tank and
to rel ieve the pressu re  in the tank. In addition to these two o ve r p r e s s u r e  pro-
tect ion methods , the tes t  conductor could manually inhibit the action of the
p r e s s u r e  switch-solenoid valve combinat ion  on the test sys tem to prevent
addit ional  p r e s su r i za t i on  of the oxidizer tank if the p r e s s u r e  were to exceed a

ii sa f e  valve. It should be noted that it was essen t i a l  that the p r e s s u r e  control

13
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c i rcu i t  not be energ ized until valve 0-017 was opened , since that valve would

isolate the pressure  switch from the tank. Valve 0-017 and the p ressure  switch

were  electrically linked (Fi gure 6).

In o rde r  to accurately test the modified pressur iza t ion system, it was

necessa ry  to duplicate the operation of the HAST propulsion system. This was

accomplished by controlling the oxidizer flow rate time prof i le  to preselected

HAST mission prof i les , as well as investigating the ef fec t  of wide flow var ia t ion s

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 F{AST

sys tem operates at a minimum flow rate of 4 gpm , which  is equivalent  to sus-

tainer  t h rus t  level , and a maximum flow rate of 17 gpm which is equivalent to

booster thrus t  level. A manual valve (see Figure  7),  0-024 , was preset  to flow

4 gpm with the tank at its normal  operat ing p r e s s u r e .  T h i s  va lve  was left  open

to the preset  position throughout each test .  The main con t ro l  va lve , 0 -019,  was

prese t  to flow , in conjunction with 0-024 , 11 gpm , t h e  i n i t i a l  ign i t ion  f low ra te

of the HAST system. To initiate the tes t , the conduc to r  opened valve 0-0 17 ,

which started flow f rom the tank . The tes t  c o n d u c tor  then opene d valve 0-0  19

to increase  flow rate l inearly f rom the init ial  11 gprn t i  17 gpm l i v e r  a 20 second

time period , to the maximum HAST flow rate , e q u i v a l en t  to  boost t h r u s t  l eve l .

To reduce the flow rate at any selected time a f t e r  the in i t u i l 20 s e c  end t ime

period to the sustain thrust  flowra te  of 4 gprn , the  tes t  conduc tor  had onl y to

quickl y c lose  valve 0-019.  To adjus t  the flow ra te  to mat~ h the des i r ed  f l ew

ra t e - t ime  prof i le , the test conductor mani pulated valve  0-0  19.

Valve  0-0 19 was a 3/4 inch Anin Dornotor cont ro l led  remote valve.  The

valve was f i t ted with a l inear  flow p lug with a C of h . 0 . A 1/ 2  inch l in e  was

ins ta l l  d on the downstream side of the valve  to p rov ide  th ~ p r o p er  flow re s t r i c -

tion for con t ro l l ing  the flow rate  over  the  desired range.

For f low rate control purposes , a real t ime flow ra te  ind ica t ion  was

access ible  to the test conductor, This consisted of a Hewlet  P a c k a r d  di g ita l

coun ter , which received the same f low-meter  output data that was fed to the

I ~. di g ita l data acquisition system. Thus , the test opera tor  control led flow rate to

a p rede te rmined  value of counts as displayed on the Hewlet  Packard  counter. A
flow ra te  response  of one second was provided by the counter .  Dur ing  the last

s e r i e s  of tes ts , a second counter was mounted above the flow rate  counter  and 
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w i s  used to accumulate  the flow meter  output counts and thus  integrate the fl ow
rate for the enti re  test.

The water used as the tes t  li quid was f i l tered by a 10 micron  (absolute)
f ac i l i t y  f i l ter .  This was done to keep par t iculate  contamination out of the tank
and t h e r e by prevent  c logging of the sur face  tension sc r e e n  between the af t  two
c o mp a rt m e n t s of the t ank .

Data was recorded  by two m e t h o d s .  The p r i m a ry  data acqu is it ion  sys tem
was the SEL 600 Di g i ta l  A c q u i s i t i o n  sy st em.  This  sys tem is composed of 100
c h a n n e l s  of si gnal c o n d i t i o n i n g  equi pmen t  (onl y 10 channels  were  avai lable in the
h ydrod y n a m i c s  l a b o r a t o r y) .  These si gnal c o n d i t i o n e r s  fed t h e  data th r o u g h a
mul t i plexer  to an ana log  t o  di g ital ( on v er t e r .  One channel  can he d isp layed , in
d ig i t a l  c o u n t s , at all, t i me s . Th i s  f e a t u r e  can be used to m o n i t o r  one or more  —

c r i t i c a l  p a r am e t e r s  in rea l  t ime t h r o u g h the  known di g i ta l  count s to eng i n e e r i ng
u n i t s  c o n v e r s i o n . At m a x i m u m  speed , the mul t i p lexer  can scan 100 c h a n n e l s
(o r  10 c h a n n e l s )  every  si~ mi l l i s econd s. The d i g i t a l  si gnals  a re  a s sembled  and
reco rded  on an Amp lex/TM.. tape r e c o r d i n g  unit . Onl y one  tape could be used ,
w h i c h  had a maximum r e c o r d i n g  t i m e  cap abi l i t y of ~4O Sec l i d s .  Since most
tes t s  ran in excess  of 300 seconds , it was not p o s s i b l e  t o  r e c o r d  an e n t i r e  run
on t ap e . The tape was stopped d u r i n g  long du ra t i on  c o n s t a n t  c o n d i t i o n  pe r iods
and r &~~t a r t e c l  to e i t he r  r e co rd  e v e n t s  ( lur ing chang ing cond i t i on s  or to  r e c o r d  the
s h u t - d o w n  t r a n s i e n t  b e h a vi o r .  The  di g ital data  was r e d uc e d  to eng i n e e r i ng  un i t s
by the  A F R P L - C D C  ~- 4 O 0  di gital compute r .

The second method used was data r e c o r d i ng  on s t r i p c h a r t  r e c o r d e r s . Four
M o s l e y  A u t o g r a f s  we re  used , p r i m a r i ly as q u i c k - l o o k  data and to  s ing le out
c r i t i c a l  p a r a m e t e r s  for  s y s tem  opera t iona l  sa fe ty  p u r po s e s .  Because  of l imi ted
equi pment  r i~ k space  and r e c o r d e r  av a i l a b i l i t y ,  onl y f o u r  p r e s s u r e  p a r a m e t e r s
were  s t r i p ch a r t  mon i to red .

18 
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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 fli ght prof i le
flow rate profile expulsions. The check-out explusion s , numbered runs  101

through 103 , consisted of a variety of out-flow time prof i les , in which the basic
init ia l  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

‘I between sustain and boost flow rates. The purpose of these rap id flow rate
excurs ions  was to investigate the pressure  control stability and accuracy of the
system and to make system configuration changes as neces sa ry .  No changes
w e r e  found to be necessa ry  since the system as ori ginally con f igu red  was found
to be stable and accurate  to approximately the same accuracy  dictated by the
deadband of the p re s su re  switch. A 50 ± 1 psia p r e s s u r e  switch was used f o r  the
check-out  explusion tests.  The tank ullage p r e s s u r e  was set to 63 psia be fo re
the sta rt of outflow . Because of the explora tory  n a t u r e  of these explusion s and
s ince  they were  not prep lanned , no data f r o m  these t e s t s  a r e  p resen ted. Time

plots of all c r i t ica l  pa rame te r s  fo r  the r ema in ing  exp lusiori  tes ts  a re  p r e s e n t e d
in Fi gu re s  8 th rough 20 , along with a n a r r a t i v e  d i s c u s s i o n  of se lected tes t  r u n s

in the succeeding paragrap hs.  The nemonics  of the t es t  v a r i a b l e s  a r e  de f ined  in

Tahle 2.

A summary of the tes t  condit ions and flow p ro f i l e s  is  p resen ted  i n  Tabl e 1.
Onl y selected tests  will  be spec i f i ca l l y d i s c u s s e d  as be ing  r e p r e s en t a t i v e  of the

e n t i r e  spec t rum of tes ts  conducted. The remaining t e s t s  va r i ed  onl y in the
out f low r a t e - t i m e  p ro f i l e .

• Tests  lO4A and 104C w e r e  to explore  the e f f ec t  of t ime at boost f low ra te

condit ions on the control accuracy of the p r e s s u r i z a t i o n  system. Ti st 104C was

run with a longer  period of initial boost f low rate , 120 seconds compared  with 20
s e c o n d s , to investigate the e f fec t  of u l lage  volume on tank p r e s s u r e  and pump
inlet p r e s s u r e .  It may be seen that  the r esult  of the longer  dura t ion boost f low

rate  was to inc rease  all system p r e s su r e s  a f t e r  the flow rate  was reduced  to

sustain flow rate because of the l a rg e r  ullage volume developed in the tank.  This

is a fundamenta l  charac te r i s t i c  of a control  system which  r egu la tes  a de l ive red
p r e s s u r e  as opposed to a supp ly p r e s s u r e .  If the l i qu id  flow p r e s s u r e  d r o p  is
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Table 2. Mnemonics of Test Var iables

Mnemonic Descr iption Range

WFLOW Water  Flow Rate 0 -25  gpm

PINLET Pump Inlet P r e s s u r e  0- 100 psia

ACOMP A f t  Compartment P re s su re  0- 100 psia

FCOMP Forward  Compartment  P r e s s u r e  0-100  psia

— ISTGM GN 2 Del ivered  P r e s s u r e  0-5000 psia

V P U L SE  Solenoid Valve Activat ion Non D im en s i o n a l
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h i g h , as w i t h  a hig h flow r a t e , the supp ly p r e s s u r e  is m a i n t a i n e d  hig h in o rde r  to

a c n i e \ - c- a c o n t r o l l e d  d e l i v e r e d  p r e ss u r e .  When  t h e  f low ra te  and c o n s e q u e n t ly t h e

li quid flow p r e s s u r e  drop  is r e d u c e d , all sy s t e m  p r e s s u r e s  except  the  ox id izer

t a nk  u l l ag e  p r e s s u r e  i n c r e a s e  by the  a m o u n t  of t h e  p r e s s u r e  d r o p  r e d u c t i o n .

F h i s  hi g h p r e s s u r e  cond i t ion  p e r s i st s  un t i l  s u f f i c i e n t  l iqu id  ou t f low al lows

e I H - t  ion t h r o ug h gas blowdow n to  the  s e n s i ng  r a n g e  of the  p r e s s u r e  s w i t c h .

~ I 
r h i s  is t rue r e g a r d l e s s  of t he  u l lagc  volume c o n d i t i o n .  The e f f ec t  is seen  to

p e r s i s t  l o n g e r  with  a l a rg e r  u l lage  volume because  If t h e  g r e a t e r  volume of

h i i j l e r  p r e s s u r e  u l lage  gas .

The to ta l  flow d u r a t i o n  of 104A was ?~53 s e c on d s  w i t h  an i n t e g r a t e d  total flow
- - I If 40 . 50 ga l lons . This c o mp a r e - s  f a v o r ab i l , - w i t h  a t a t a l  t ank  volume of 40 . 97

- I ga l lons .  The e n t i r e  104C t e s t  was not - c ap t u r e d  on l I p e  so it v-a s n e c e ss a r y  t o
— 

l et  ii r r n i n e  the ou t f low t i m e f r o m  t I ) t a l  t a n k  vo atr n e - o u t f l o w  vo lume  at the  end of

t he tape , and flow ra t e  f r o m  t h e  end of the tap e r e c o r d  to  de-p le t i o n , which  w a s

• h eld  c o n s t a n t . T h i s  p r o c e d u r e  y i e lds  a tota l  f low d u r a t i l , S 1  of 47t1 s econds .  Tho-

LIIII . flow f r o m  t h e  t a n k  as a f u n c t i o n  of t m o e  int o I so- r u n  i s  d c - t o - r n  m e d  by n um e r i c ,t  I
i n t e g r a t i o n  of the fl ow m e t e r  data , \ V f l u ’.v , d u r i n g  data  r e d u c t i o n .

The  dal~. f r o m  t e s t s  I O4~ \ and 1- I-4 C a re  pr es l- I l l  ed in H g I l  r es  -~ a n d  ~ 
, Vs i i  11

re ::Ird to the  flow r a t e  r a m p  f r o m  0 o app s - o x i r n a l  el y 2 0 s e c on d s , it sh ou ld  be

111 11 ~d tha t  the  c o n t r o l s  f o r  t b . - f low ~-a l~ I ’ W e r e  m an u a l l y  o p e r a t e d . The  f l o w

s-ate r amp  f r o m  11 to 17 gp n ~ i s  th e- - - - f o r e op e t -at or  t~ - - - I s s o i qu s - l I m i t e d  w i t h

r - - s p e c t  t o  l i n e a r i t y .  W h i I  h in  oi l  t t - ~~ I -~ 
- u n d u ct e d  v a s  s at i s f a cl l l l  y for  t h e  p u rp I I~~~c - j

of t h . -  t e s t i n g .

i h e  p r e s s u r e  cool  ro l  h a n s l \ I i l l t h  ar  both  i - i n s . t--~~~o - t ) 1  I I I  t h e  i r s t  10 t o  15

si -co ns-Is of the run  is a p p r I J x I u o I I t i - l y ±~~ p s i  - d u r i ng  4 ) I - r i I ds  of ~t i - a d - -  s t a l e fl ow

\- I I I - r c ,  t he  p r e s s u r e -  swi tch  and gas  S i r 5fl ) I Y a 00  ( - x O 1~ ( : j 5 s -  I I l a l l - O l  o - - a - r  t he  ~~Ut l l ~~

in let  o r e s s u r e . A l t e r  a p e r i o d  of h i g h flou rat e d un n w h i c h  t h e  s y s t e m  pres-

s to r e s  e q u i l i b r a t e  at  va lues  t h a t  s a t i s f y  th e -  hig h p r e s  s u n . -  d r op  a s s o c i a t e d  w i s h

h i t - h  flow ‘ i l l s . , a r e d u c t i o n  in  flow r a t e  a n d  t h e r l - f I I r I -  p r e s s u re  d r op  c a u s e s  t h e

• pr e s s i r i n g  a c t i o n  s y s t e m  t o  lose c o n t r o l . Pu mp  m b - I p i - e s s l ir e  r i s e s t o  a h i g h

value , app r - I l e h l n g  v e ry  c lose l y t h e  t a n k  p r e ’ s s a t s -c- • 1 h o-  l a n k  p r e s u r e  wi l l  —

r educe  to t h e  cont  rol p r e s su r o -  if t h e  l o w  f 1o~ - r o e  is ss~~-i I a  m o d , b~- h l a v 1 d m t- s s ,

The  b lowdown  p1~~I I I  - s - s  s is v i r t u a l l y is at h.  r rnal  - I a  s-in g a po1 y i r op i C - -aponeti t i n

• t b -  o r d e r  of 1. 1-4 t o  1. 0~~. It may  be s o ’ s - n  I h s ~i t  a 50 p s i a  p r ( - s s u l - I -  sw i h h w as

u s ed  f o r  t l t 1 - ~~ o- r u n s .
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The opera t ion of the p r e s s u r e  s w I t e  h and the  s o l o -n o i d  va lve  may be seen by

the posi t ive pulses of the VPU I SI-~ p a r a m et s -r  on the  p i t S .

Tests 107 marked  the  changeover  in gas supp l y f r o m  r eg u l a t es-I  f a c i l i t y  ON ,

to the HAST fl i ght torus . All subsequent  tes t ing was  p e r f o r m e d  us ing  t h i s

s o u r c e  of ON 2. Tests  107 th roug h 109 w e r e  conduc te d  using the HAST f l ig ht

s y s t e m  f i r s t  s tage regu la to r  as opposed to a f a c i l i t y  f i r s t  s t age  regulate) )’ which

was used for  all other tes ts .  In th i s  r e g a r d , t es t s  107 th rough  109 w e r e  the nost

n e a r l y r - p r esentat iVe  of the HAST p r e s s u r i z a t i on  sy s t em in the f l i ght c o n f i g u r a —

- 1 t ion in t h a t  they involved both the h i gh p r e s s u r e  t o r u s  gas  ss ipp I y y e - s  sd and the

f i r s t  st a g e  r egu la to r .

U- s t s  107 t h r o u g h 114 were  run to f lowra te  vs  t i m e  p r o f i l e s  pr ov i d e d  b y the-

4 HASI p r o g r a m  of f i ce  as r e p r e s e n t a t i v e  of the enve lop l - of nu~~siori f l i ght p r o f i l e s .

S a t i s f a c t o r y  p e r f o r m a n ce -  of the pulse modulated p r e s s u ri z a t i o n  sy s t em (Bang-

B ang)  sys tem in these  t e s t s  could he i n t e rp re t ed  as i n d i c a t i n g  a capabil i ty of

p e r t o l - n i a n g  satisfa ctori l y for  any mission p r o f i l e  with in the enve lope .

The  sys t em is seen to p e r f o r m  well in a l l  the t e s t s , 107 t h r u n g lm 114 (Fi g u re s

1 0 - 2 3 ) ,  ma in ta in ing  pun-sp i n l e t  p r e s s u r e  at  ± 1 psi I I I  th 1.- p r e s su r e  -~~w s t c h  normal

se t t ing of 40 p3ia. Th e- ± 1 psi is the de-adban d o, 1 t he  p r e s s u re  swit ch . The f l i~~

a n o m a l o u s  c h a r a  t e r i s t i c  of t h e  sy s t e m , which has bee- n d i s c s t s s o - d  - i r l i c r , is

t h e  Inc rca -s e it -. pump i n l e t  p r e s s u r e  that accompan ies  a r educ t i on  in f low r a t e

~ i )Ii l I O f l a  . -  f l ow s y s t e - t i l  p r e s s u r e  drop.  The ear l y t e s t in g  in the  p rog ram was

p e r t o r m e d  with a 50 p sia p r e s s u r e swi t ch  b~~o d~s 1 S s  it w a s  not  o ( - r t a i n  that  a lowe r

I ( I ; t r ( d  s I t t i ng  would  i n s u r e  m a i n t a i n i n g  a m i n i m u m of 0 p s a  st  the pump i n l e t .

Thi s  t t i n g  r e s - m l t e -d in d r i v i n g  the pump in l e t  p r e s s u re  - o v e r  t - 5 psia whi le

- - u in t a i nin g  above 411 psia as a m i n i m u m .  It is 5 C C - t i  in the dat 1i p lots  that  t h e

tI I a : - : i mn um p r e s s u t- - r e - ached  \ v l t h  a 40 p si a s et t  I I t t  i s  in the o r d s - 1- a! 55 psia  wh i l e

• t b -  m i n i m u m  p r e s s u r e  is n cv . -r  l e ss  than 38 psia and  t b i . -n  o r  a v e r y  s ho rt

per iod . Th i s  s u g g e s t s  t h a t  a p r e s s u r e  sw i t c h  set t i n g  a! say 35 psia would n e v e r

r e-s i l t  in a p r e s s u r e  in ex c e s s  of 50 psia . the p r e s s u re -  at w hi c h  v is oseal lo - akage

h o - g i n s  in the HAST o x i d i z e r  pump,  nor  would t h e - ~~~~~~ i n l e t  i - s s a t r c -  f a l l

)(-i oIw 30 p sia , t h l -  r -n inimnurn p r e s s u r e  t o  p r o v e - P t  PU~~ b) c a v i t a t i o n .

I h e  pr - s su r e  t ime t r a ( 5’ 1sf  ISTGM pa r a n i e - t I -  r - the a l t  t o  the  I t  r s t  s t a g e  ot

r s - g l i l a t i o n  shown in Fi g u re  19, run  n u m b e r  1 12 s u g ge s t s  a p I t - - l I t s o l  s y s t e m

l o o p  iI IVI In s iS t  p o s s i b i l i t y . A p o t en t i a l l y si gn i l i cant  ad v a s~ t - o g of t i e  pu l se -
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modulated p r e s s u r i z a t i o n  system is the  el imination of a p r e s s u r e  r e g u la t o r , O t i e-

of the most  unreliable component s in a p r e s s u r i z at i o n  sys tem.  Because-  of the

need of the  HAST th rust  chamber to provide  a flow of a e r at i o n  gas at low t h r u s t

levels , a f i r s t  s tage  regula tor  was re ta ined  in the  pu lse-modula ted  sys tem t e s t e d .

This  reduces  the to rus  p r e s s u r e  vesse l  p re s s u r e  t o  300 psia f o r  use as ox id ize r

p r e s s u r i z a t i o n  and  aera t ion  of oxidizer  in jec ted  in to  the c h a m be r ,  If t h e  f i r s t

s t a g e  r e g u l a t o r  w e r e  e l iminated and ae ra t ion  gas f u r n i s h e d  at the  r e q u i r e d

c o n d i t ion , a sys t em s impl i f ica t ion  would be ach ieved .  F igu re  l~ s u g g e s t s  that  a

c o n f i gu ra t i o n  as shown in Figure  24 could accompl i sh  th i s  pu rpose .  The p u l s e -

modula ted  p r e s s u r i z a t i o n  sys t em would func t ion  the same as t h e  syst em d e s c r i b e d

in t h i s  r e p o rt , except that  the solenoid valve would o p e r at e  on fu l l  t o r u s  pres-

s u r e -  r a t h e r  t han  the reduced pr e s s u r e  of nominal ly 300 ps ia .  A e r a t i o n  gas fo r

the thrust chamber would be obta ined  f r o m  thc small accumulato r  shown.  W h e n

the solenoid  val ’ - -e is open , the p r e s s u r e  in t h e  l ine  b e tw e e n  the  so lenoid  ~a l - e

and  t h e  t a n k  is si gn i f ican t ly  above tank p r e s s u r e .  Th i s  p r e s s u r e  would he h i g h e r

if the  f i r s t  st age  regulator  w e r e  e l imina t ed .  The c h eck  v a l v e  in the  l i n e  t o  h i t -  U

a c c u nou l a t o r  would act  to main ta in  the accumulato r  p r e s s u r e  close to  the maxi -

mum t r a n s i e n t  p r e s s u r e  o c c ur r i n i ~ in the l ine  b e t w een  h I s s -  so lenoid va lve  and  u s e

o x i d i z e r  t a n k .  With th i s  c o n f i g ur a t i o n , t h e -  a e r a t i o n  s y St e  - should f u n c t i o n

.- 5 s - - c i h  i s i l y  as  it does w i t h  a f i r s t  s tage r e g u l a t o r . The  pu t ’f o r m an c e  I I I  t h e

p u l s e — s n o o lu l a t e c i  p r e s s u r i z a t i o n  wi th  f- -I l  t o r u s  p r e s su r e  at t h e  so l e -n o i d  val-

a I I I d , 1  h a v e  I i ,  he d e t e r m i n es- i , s ince  no t e s t i n g  u n d er  t h i s  c o n d i t i o n  v.a s d o n e -  t i n d e r  r

th e- A l - ’RPL test  p r o gr a m .
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SEc flON V

CONCLUSIONS AND RECOMMF:NDA I’ IO~~S

Conclus tons

The overall  conclusion that can be d rawn f r o m  the t e s t  p r o g r a m  is t h a t  a
pulse  modula ted  p r e s s u r i z a t i o n  syst em ( B a ng - B a n g )  is a f e a s i b l e  ap p r o a c h  f o r
the HAST propul s ion  system.  The s y s t e m  is shown to b~~- s ta ble and  a o-u ra t e .

while in c o n t r o l , to the deadhand value of the- p r e - s su r e  swi t ch . A s p e c i f i c ,
si g n i f i c a n t  conclusion is that a s a t i s f a c t o r y  pulse- m o d ul a t e d  p r e s s u r i z a t i o n  sys-

- 
- t on i  was assembled using commerc i a l ly avai lable , o f f - t h e  - shelf  c o mp o n e n t s ,

namel y the  p r e s s u r e  switch and the solenoid v a l v e .

R e c o m m e n d a t i o n s

It is r e c o m m e n d e d  that th is  ty p e  of s y s t e m  be c o n s i d e r e d  if eng i n e e r i n g
deve lopment  of a HAST s y s t e m  is in i t i a ted .  It o f f e r s  t h e  p otent ia l  a d v a n t ag e s  at
m a i n t a i n i n g  adequate  pump in l e t  p r e s r u r e  u n d e r  c o n d i t i o n s  of a b n o r m a l ly h i g h s
f low s y s t e m  p r e s s u r e  d r o p , i so la t i n g  the p r e s s u r i za t i o n  s y s t e m  f r o m  t h e  o x i d i ze r
a f t e r  p r o p e l l a n t  dep le t ion  and p r o v i d i ng  a hi g he r  r e l i a b i l i t y p r e s s u r i z a t i o n  svsl s-n -i .

It is f u r t h e r  r e c o m m e n d e d  t h a t  c o n s i d e r a t i o n  be gi~ s - t i  t o  a ~~y st er n  c o n f i g u r a t i o n
t h a t  would g r e a t l y e n h a n c e  the  s impl ic i ty  and henc e  i n c r ea s e  the r e l i a b i l i t y of
t h e  sy s- t o r r s , n ame l y the  dele t ion of the f i r s t  s tage  r e g u l a t o r .  The  c o n c ep t  is

~I i s c i i s s e o l  in t he  t e - x t  of the  r e p o r t  and is i l l u s t r a t e d  s c h e m a t ic a l l y in F igu r e  24 .
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