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DEVELOPMENT OF A HEMISPHERICAL METAL DIAPHRAGM FOR SINGLE- 

CYCLE LIQUID-METAL POSITIVE EXPULSION SYSTEMS 

by So l  Gorland 

Lewis Research Center 

SUMMARY 

This repor t  presents experimental r e s u l t s  per ta ining t o  the  design and 
development of a metal l ic  expulsion diaphragm f o r  single-cycle pos i t ive  e x p l -  
sion of high-temperature l i q u i d  i n  an agravity condition. The diaphragms were 
made from type 304 s t a i n l e s s  s t e e l  having a w a l l  thickness of 10 or 1 6  m i l s .  
Tests were conducted i n  a 22-inch-diameter transparent l u c i t e  sphere i n  order 
t o  observe t h e  diaphragm during the expulsion cycle. For simplicity,  water was 
used as the  working f lu id ,  both pressurant and e q e l l a n t .  

Greater than 98 percent expulsion without f a i l u r e  was obtained only with 
a diaphragm configwation l e s s  than a complete hemisphere. 
l/Z-inch equator ia l  segment removed f r o m  a 22-inch-diameter hemisphere success- 
f u l l y  expelled over 98 percent of the  enclosed l iquid.  
l a r g e r  than complete hemispheres could only obtain between 60 and 82 percent 
expulsion before f a i l u r e .  It appears t h a t  meta l l ic  diaphragms without a method 
of control l ing random deformation cannot go through more than one complete ex- 

A diaphragm with a 

Diaphragms s l i g h t l y  

pulsion cycle without fa i lure .  

INTRODUCTION 

A s  p a r t  of an overa l l  program t o  provide a single-cycle pos i t ive  expulsion 
device f o r  a l iquid-metal  flow system, a metal-diaphragm type of expulsion u n i t  
was invest igated.  The expulsion device was s p e c i f i c a l l y  intended f o r  use i n  a 
heat- t ransfer  study, requiring the storage and expulsion of f l u i d s  a t  tempera- 
t u r e s  i n  excess of 500' F under zero-gravity conditions. 

Methods of t ransfer r ing  f l u i d s  during agravi ty  conditions are  a major de- 
s ign problem. One solut ion i s  the use of a pos i t ive  expuls im device. Space 
missions and maneuvers requiring posi t ive expulsion i n  a zero-gravity environ- 
ment a re  described i n  reference 1. A thorough survey of expulsion techniques 
f o r  l i q u i d s  s tored a t  or near room temperature was made i n  reference 2. Refer- 
ences 3 and 4 invest igated the  use of collapsing bladder-type expulsion devices 
f o r  cryogenics. A l i t e r a t u r e  search did not indicate  any published information 
r e l a t i v e  t o  t h e  use of a metal diaphragm for the  expulsion of high-temperature 
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Figure 1. - Schematic diagram of flow system for expulsion diaphram tester. 

The purpose of this program was to investigate at room temperature the 
behavior of a metal diaphragm expulsion device intended for single-cycle oper- 
ation with a percent expulsion greater than 95 percent. The investigation was 
performed with corrosion- and radiation-resistant expulsion diaphragms that 
could be used with high-temperature liquid metals. 

Desirable qualities of an expulsion unit for space applications are light- 
weight, reliability, simplicity, and high volumetric and expulsion efficiency. 
Volumetric efficiency is the total volume minus the ullage of the container, 
while expulsion efficiency is the percent enclosed by the diaphragm that is pos- 
sible to expel. The expulsion device tested consisted of a transparent 22- 
inch-diameter simulated containment tank and a prototype hemispherical 
stainless-steel diaphragm designed to store and expel fluids at temperatures 
above 500' F. 
with flow rates ranging from 150 to 500 pounds per hour and for pressure dif- 
ferentials across the diaphragm in the order of 1 to 2 pounds per square inch. 

Actual testing was performed using water at room temperature 

APPARATUS 

A schematic of the test apparatus is shown in figure 1. The expulsion 
system consisted of a spherical storage container, an expulsion diaphragm, a 
pressurization system, and the required valves and gages. Figure 2 is a photo- 
graph of the experimental apparatus, 
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Containment Sphere 

The containment sphere 
cons is ted  of two 22-inch- 
diameter hemispheres made from 
t ransparent  l u c i t e .  Lucite 
flanges were a t tached  t o  each 
hemisphere s o  t h a t  when bol ted  
together t he  in s ide  sur face  
formed two 22-inch-diameter 
hemispheres separated by a 
1-inch c y l i n d r i c a l  s ec t ion .  
Rubber gaskets were used be- 
tween the  flanges t o  a c t  as 
both seals and spacers.  Each 
hemisphere had a 4-inch- 
diameter hole a t  i t s  pole t o  
which l u c i t e  f i t t i n g s  were a t -  
tached s o  t h a t  flow l i n e s  
could be connected. The con- 
tainment sphere w a s  mounted on 
a platform attached t o  a sta- 
t i ona ry  stand. The platform 
could be r o t a t e d  360' about a 
hor izonta l  axis; t h i s  r o t a t i n g  
f ea tu re  f a c i l i t a t e d  the f i l l -  
ing of t he  container,  which 
will be discussed i n  the  sec- 

Figure 2. - Expulsion apparatus for experimental test of expulsion diaphragm. t i o n  Test Procedure. 

Expulsion Diaphragm 

The diaphragm was a separate assembly and was placed i n  the  containment 
sphere j u s t  p r i o r  t o  t e s t i n g .  
f lange  t h a t  was clamped between two rubber gaskets and he ld  by the  force  of t he  
flange b o l t s  of t he  containment sphere. The ma te r i a l  s e l ec t ed  f o r  t h e  dia- 
phragm was AIS1 304 s t a i n l e s s  s t e e l .  Fabrication of t h e  diaphragm consisted of 
hydroforming 0.016- or 0.010-inch-thick s t a i n l e s s - s t e e l  sheet i n t o  22-inch- 
diameter hemispheres with an addi t iona l  1-inch c y l i n d r i c a l  sec t ion  and an i n t e -  
g r a l  1-inch flange around t h e  edge. Heat treatment a t  1400' F followed t o  an- 
nea l  t he  hemispheres and remove r e s idua l  s t resses .  
t a t i o n  was made i n  t h e  dome of t he  hemisphere t o  reduce t h e  pressure necessary 
t o  s t a r t  expulsion. 

Each diaphragm was equipped with a mounting 

An 8-inch-diameter inden- 

Three diaphragm configurations were t e s t ed .  

Configuration A 

Figure 3 shows a sketch of t he  unmodified diaphragm, he rea f t e r  r e fe r r ed  
t o  as configuration A. 
were 0.016 inch  th ick ,  and one was 0.010 inch th ick .  

Five configuration A diaphragms were fabricated; four 
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Figure 3. - Unmodified diaphragm. Configuration A. (Al l  dimensions in 
inches.) 

I 
Configuration B 

Configuration B consisted of a 
diaphragm containing a pair of corru- 
gations that were spun onto the sur- 
face to a1loi.r easier rolling of the 
metal during expulsion as shown in 

figuration B diaphragm was fabricated. 

,-3/4 

'-1; figure 4. One 0.010-inch-thick con- 1 

Figure 4. - Convoluted diaphragm. Configuration 6. (Al l  dimensions 
in inches. 1 

Configuration C 

Configuration C was essentially another modification of configuration A. 
It consisted of removing the 1-inch cylindrical section and 1/2-inch of the 
hemispherical section of the diaphragm as shown in figure 5(a). 
wide flange was then welded to the original material (to replace the integral 
flange of configurations A and B) so that the diaphragm could be clamped in the 
containment sphere. The flange was silver soldered to waterproof the joint as 
seen in figure 5(b). 
is actually a "segment" of configuration A. 
tion C diaphragms were fabricated. 
tion C diaphragm. 
figure 5(b) is typical of the diaphragms and clearly shows the polar indenta- 
tion common to all. 

A new 1-inch- 

Configuration C was slightly less than a hemisphere and 

Figure 5 shows a photograph of a configura- 
Two 0.016-inch-thick configura- 

Although configurations A and B were slightly different, 

Instruqentation 

Instrumentation consisted of two pressure gages, a mercury manometer and 
a flowmeter as shown on the schematic of the experimental system in figure 1. 

1 A 60-pound-per-square-inch, %-inch dial-face Bourdon gage (PI) was used to 
measure the pressure of the incoming water (the pressurization system would be 
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(a) Schematic. (All dimensions in  inches.) 

(b )  Photograph. 
Figure 5. - Final segmented hemispherical diaphragm. Configuration C. 

Figure 6. - I l lus t ra t ion of diaphragm deformation wi th a i r  as 
pressur iz ing medium and water as expulsion medium. 

gas i n  a f l i g h t  system); a 
15-pound-per-square-inch, 
12-inch dial-face Heise gage 
(Pz) with sca le  increments of 
0.05 pound per  square inch and 
and accuracy of 1/2 percent, 
was used t o  measure the  appl ied 
pressure on the  diaphragm; t h e  
U-tube mercury manometer with 
sca le  increments of 1 m i l l i -  
meter measured the pressure d i f -  
f e r e n t i a l  across  t h e  diaphragm, 
each l e g  was open t o  water pres- 
sure on opposite s ides  of t h e  
diaphragm; a rotameter with a n  
accuracy of t5 pounds per hour 
was used t o  measure t h e  flow of 
t h e  pressurizing water. 

Flow System 

The pressur iza t ion  system 
as w e l l  as t h e  t e s t  f l u i d  w a s  
provided by c i t y  water l i n e s  
capable of 60 pounds per  square 
inch. A i r  had been considered 
as a pressurizing agent, t o  be t -  
t e r  simulate a c t u a l  use, bu t  
t h i s  was decided against  be- 
cause of the  unequal pressure 
forces  on the  expulsion s ide  of 
t he  diaphragm r e s u l t i n g  from 
the  hydraulic head. Figure 6 
i l l u s t r a t e s  t ha t ,  wi th  a i r  as 
the  pressurizing medium, the  
force  a t  A would be l e s s  than 
a t  B because of t h e  hydraul ic  
head difference.  Theref ore, t o  
simulate zero gravi ty ,  t he  same 
f l u i d  was used as both the  pres- 
sur iz ing  medium and the  expul- 
s ion f lu id .  This i s  not neces- 
sary i n  ac tua l  f l i g h t  operation, 
and a gas pressur iza t ion  system 
would be used. 

A siphoning e f f e c t  w i l l  
occur i f  the  i n l e t  and o u t l e t  
flow l i n e s  a re  a t  d i f f e r e n t  
leve ls .  The gravi ty  head 
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was eliminated so t h a t  "true" flow and pressure readings would be obtai'ned. 
This was accomplished by placing the gages and flow l i n e s  a t  the  same eleva-b 
t i o n .  Flow passages were kept short  t o  minimize l i n e  pressure drop. 

Test Procedure 

Preparation f o r  a t e s t  s t a r t e d  with clamping a diaphragm i n t o  the contain- 
ment sphere such t h a t  the  diaphragm was on the  lower half  of the  sphere. The 
sphere was then f i l l e d  with water on the  expulsion s ide of the diaphragm with 
care taken t o  eliminate a i r  pockets. A valve was then attached t o  t h e  expul- 
sion side of the  system, and the container was ro ta ted  180' on the t e s t  stand 
so t h e  expulsion diaphragm was now on the  upper half  of the  sphere. The sphere 
was then f i l l e d  on the  pressurant side of the  diaphragm using a graduated cyl- 
inder  t o  measure t h e  amount of water between the  diaphragm and the  containment 
sphere. 
tached t o  the l u c i t e  f i t t i n g  on the t o p  pole of the  sphere. The mercury manom- 
e t e r  and rotameter were connected t o  t h e  system, and t h e  flow l i n e s  were f i l l e d  
from the  c i t y  water l i n e .  
bypass l i n e  needle valve. 
spheric vent valves were used t o  bleed a i r  from the  manometer legs.  

A n  assembly consisting of the  Heise gage and flow l i n e s  was then a t -  

A i r  entrapped i n  the  l i n e s  was removed through t h e  
The Heise gage was mechanically zeroed, and atmo- 

Referring t o  f igure  1 (p. 2 ) ,  with no pressure on t h e  system, the o u t l e t  
valve on the containment sphere (V,) was f u l l y  opened so t h a t  flow would not be 
res t r ic ted .  
t h e  system pressure. For most of the t e s t s  the  i n i t i a l  flow establ ished by 
s e t t i n g  V1. was not changed. 
r a t e  i n t o  t h e  l u c i t e  containment sphere. The s t a t i c  l i n e  pressure i s  indicated 
by P1, and the  applied pressure on the diaphragm i s  indicated by P2. 
from the  i n l e t  and o u t l e t  of the  containment sphere was connected t o  a manom- 
e t e r  t h a t  measured t h e  pressure d i f f e r e n t i a l  across the  diaphragm. A t  t h e  end 
of a t e s t ,  V1 was shut t o  s top t h e  flow. Photographs were taken of the  expul- 
s ion diaphragms during the  t e s t s .  

The t h r o t t l i n g  needle valve (VI) was opened t o  allow flow and s e t  

A floating-disc-type rotameter measured the  flow 

Tubing 

To determine the amount of water expelled, the  diaphragm was removed; and, 
i f  it had leaked, the hole was soldered. The diaphragm was then replaced i n  
t h e  containment sphere, and the quantity of water remaining on the  expulsion 
s ide of the diaphragm, between the  diaphragm and containment sphere, was mea- 
sured with a graduated cylinder. The percent expulsion of the diaphragm was 
found by: (1) calculat ing the  t o t a l  quant i ty  of water enclosed by twice the  
volume of the diaphragm configuration minus the  8-inch-diameter indentat ion i n  
t h e  dome of the  hemispheres; ( 2 )  subtract ing t h e  amount of water between the  
container and the  diaphragm on the  pressurant s ide of t h e  diaphragm before ex- 
pulsion minus the  8-inch-diameter indentat ion volume, from t h e  quantity of wa-  
t e r  remaining between the  container and the diaphragm on t h e  expulsion s ide of 
t h e  diaphragm a f t e r  expulsion; and (3)  dividing the  second quantity by t h e  
first,  multiplying by 100, and subtract ing from 100 percent. 
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TABLE I. - DIAPHRAGM TYPE AND TEST RESULTS 

T e s t  Diaphragm 
nun- t h i c k n e s s ,  
b e r  i n .  

1 0.016 
2 .016 
3 .016 
4 .010 
5 .010 
6 .016 
7 .016 
8 .016 

Expulsion, 
p e r c e n t  

60.2 
68.5 
82.1 
95.6 i 98.3 

Maximum appl ied  
s t a r t i n g  pressure,  

p s i  

4 

-2 
--- 
2.75 
2.80 
3.75 
4.15 

(3.5 when r e v e r s e d )  
-9 

Flow r a t e ,  Config- 
l b / h r  u r a t i o n  

190 A 
220 t o  225 A 
295 t o  375 A 
205 t o  235 B 
180 t o  210 A 
180 t o  215 A 
350 t o  376 C 
490 t o  502 C 

(a) In i t ia l  deformation showing assymetry (2 percent expulsion). (b) Sharp-edged corner ing (5 percent expulsion). 

(C) Pyramid-type deformation (15 percent expulsion). (d) Pyramid-type deformation closeup (15 percent expulsion). 

Figure 7. - Progressive deformation of diaphragm dur ing  expulsion cycle. Configuration A; test 1, 0.016-inch-thick diaphragm; flow rate, -190 
pounds per hour .  
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FESULTS 
b 

Test 1, Configuration A, 0.016-Inch Wall Thickness 

The f i r s t  expulsion t e s t  was run as a shakedown f o r  t h e  experimental pro- 

Deformation of t he  diaphragm began a t  an appl ied pressure of approxi- 
As  shown i n  f igu res  7 ( a )  and ( e ) ,  deforma- 

Deformation took 

cedure and equipment. 
hour. 
mately 4 pounds per  square inch. 
t i o n  was unsymmetrical. A cornering e f f e c t  s t a r t e d  almost immediately, as seen 
i n  f igure  7(b) ,  but it did  not seem t o  hinder deformation. 
t he  form of a t r i angu la r  pyramid-type de f l ec t ion  shown i n  f i g u r e s  7 ( c )  and (a) .  
A s  t he  diaphragm neared the  cy l ind r i ca l  sec t ion  a t  the  f lange area, a double- 
fold-type deformation developed, which was t y p i c a l  of a l l  t h e  diaphragms tes ted .  
This i s  seen i n  f igu re  8 a t  a percent expulsion of approximately 60 percent. 
A t  approximately 65 percent expulsion, recycl ing was attempted t o  t e s t  the  cy- 
c l e  capabi l i ty  of t h e  diaphragm. Immediately, a tors iona l - type  deformation 
developed ( f i g .  7 ( f ) ) ,  similar t o  t h e  tw i s t ing  of a roll of paper. If recycl ing 

The flow r a t e  as shown i n  t a b l e  I was 190 pounds per  

( e )  Assymmetry of deformation 125 percent expulsion). 

(f) Three corner fold as a result of torsional deformation (65 percent 
expulsion). 

Figure 7. - Concluded. 

a 

had continued, f a i l k r e  of t he  dia-  
phragm would have occurred because 
of t h e  severe tw i s t ing  action, so the  
d i r ec t ion  of expulsion w a s  again re- 
versed u n t i l  approximately 85 percent 
of t he  o r i g i n a l  volume was displaced. 
The diaphragm developed a l eak  a t  
approximately 70 percent expulsion, 
bu t  s ince t h i s  w a s  a shakedown run 
it was decided t o  continue t h e  t e s t  
beyond i n i t i a l  f a i l u r e  t o  study the  
deformation proce s s. Upon removal, 
t he  diaphragm was found t o  have t o r n  
a t  one of t he  double fo lds .  
ure 9 shows t h e  f i rs t  diaphragm a f t e r  
removal from t h e  containment sphere; 
t h e  t e a r  a t  t h e  double f o l d  i s  c i r -  

- 

Fig- 

I cled* 

Test 2, Configuration A, 

0.016-Inch Wall Thickness 

The second expulsion t e s t  re-  
peated t e s t  1 at  a higher  flow rate. 
An attempt was made t o  t ake  motion 
p i c tu re s  (1 frame/sec) of t h e  e n t i r e  
t e s t  t o  see i f  t h e  cause of t h e  cor- 
nering and double fo ld ing  could be 
determi ne d; however, a c ompli ca t ion  
developed. 
added t o  the  water on the  pressurant  
s ide  of t he  diaphragm during t h e  

A dye (Azo Rubin) was 



. 

(a) Double fold in  diaphragm. 

-ae 

Jf Section A-A 

1 C-75112 

(bl Closeup of double fold. 
Figure 8. - Typical double fold. Configuration A, test 1; 0.016-inch-thick diaphragm 
(60 percent expu Is ion). 

f i l l i n g  operat ion t o  check fo r  t e a r s  i n  the diaphragm, but  t he  dye mixture was 
too  dark f o r  the  p i c tu re s  t o  have good contrast .  
i n  t h e  previous tes t .  

Deformation proceeded much as 

Fa i lu re  occurred, as previously, a t  a double fo ld .  The dye made it pos- 
s i b l e  t o  determine the  moment of f a i l u r e ,  SO t h a t  the  flow could be stopped, 
but  a more d i l u t e  dye was necessary f o r  photographic purposes. A s  shown i n  
t a b l e  I, t h e  percent expulsion of t h e  second diaphragm a t  the  time of f a i l u r e  
was 76.5 percent.  
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. 
,-Tear i I t  

Figure 9. - Diaphragm configuration A at end of test l (85  percent total expulsion tear occurred at 
70 percent expulsion). 

Test 3, Configuration A, 0.016-Inch Wall Thickness 

The t h i r d  expulsion t e s t  again attempted t o  ge t  motion p i c tu re s  and a l s o  
run t h e  t e s t  a t  a higher flow rate. Fa i lu re  again occurred a t  a double fold,  
t he  formation of which was similar t o  t h a t  f o r  t he  o ther  lower flow rates. The 
t e s t  was stopped when a hole developed i n  t h e  diaphragm a t  an expulsion of 
63.4 percent. Fa i lu re  occurred e a r l i e r  i n  t h e  expulsion cycle than previous 
t e s t s  a t  lower flow ra t e s .  Films of t h i s  t e s t  c l e a r l y  showed the  method of de- 
formation and t h e  double f o l d  phenomenon, which caused f a i l u r e .  These films 
aided i n  the v i sua l  ana lys i s  of t he  problem of diaphragm f a i l u r e .  

T e s t  4, Configuration B, 0.010-Inch Wall Thickness 

I n  the four th  expulsion t e s t ,  a 0.010-inch-thick hemisphere using config- 
ura t ion  B ( see  f i g .  4, p. 4)  was t e s t ed .  It was f e l t  t h a t  t he  combination of 
t h e  thinner mater ia l  and the  b u i l t - i n  convolutions would cont ro l  t he  buckling 
and allow e a s i e r  r o l l i n g  of t he  metal  t hus  possibly el iminat ing the  double-fold- 
type deformation occurring a t  the  c y l i n d r i c a l  sec t ion  of t h e  diaphragm. 

Flow was set so t h a t  comparison with t es t  2 would help determine the  ef- 
f e c t s  of the corrugations 
pulsion. 

Fa i lu re  occurred a t  approximately 60 .2  percent ex- 
This i s  much below the  76.5 percent expulsion of t es t  2. 

The corrugated hemisphere i n i t i a l l y  deformed very uniformly as shown i n  
f igu re  lO(a). 
corrugation was reached. 
r i a l  would e a s i l y  r o l l  over t he  corrugat ion,  bu t  corner ing occurred i n  t h e  cor- 
rugated area ( f i g .  l O ( C ) ) .  Columns formed i n  the  corrugated areas ( f i g .  1 0 ( d ) )  

It then began t o  deform on one s ide  u n t i l  t h e  f i r s t  or upper 
A s  seen i n  f i g u r e  1 0 ( b ) ,  it appeared that the  mate- 



(a) Initial deformation of corrugated diaphragm (5 percent 
expulsion). 

(b) Deformation nearing first corrugation (25 percent expulsion) . 

(d) Column formation in first corrugation (50 percent expulsion) (c) Cornering effect in first corrugation (35 percent expulsion) 

Figure 10. - Progressive deformation of diaphragm. Configuration B; test 4; 0.010-inch-thick diaphragm; flow rate, 205 to 235 
pounds per hour. 
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supporting the  hemisphere on t h a t  s ide u n t i l  deformation was symmetrical. TQe 
second corrugation then became the  s t a r t i n g  point f o r  the  double f o l d  phenome- 
non seen i n  f igure  l O ( d ) .  When t h i s  condition was at ta ined,  nearly the  e n t i r e  
surface within the  f i rs t  corrugation seemed t o  double f o l d  a t  once. S ix  double 
f o l d s  occurred almost simultaneously, a l l  of which were l a r g e r  than i n  t h e  pre- 
vious hemispheres. Three of these double folds produced t e a r s  a t  the f a i l u r e  
point of 60.2 percent expulsion. 

Test 5, Configuration A, 0,010-Inch Wall Thickness 

The f i f t h  expulsion t e s t  attempted t o  determine i f  e i t h e r  or both w a l l  
thickness and convolutions caused the  premature f a i l u r e  of the  corrugated dia- 
phragm. The f i f t h  diaphragm was an 0.010-inch w a l l  hemisphere of configura- 
t i o n  A. It was t e s t e d  a t  a flow r a t e  of 180 t o  210 pounds per  hour. Approxi- 
mately 68.5 percent expulsion w a s  achieved a t  f a i l u r e .  The diaphragms used i n  
t e s t s  4 and 5 had a lower t o t a l  expulsion a t  f a i l u r e  than other  diaphragms 
t e s t e d  a t  a similar flow r a t e  ( t e s t s  1 and 2) .  
t h e  corrugations seemed t o  be responsible. It appeared t h a t  the  convolutions 
i n  diaphragm configuration B of t e s t  4 gave the double f o l d  phenomenon a place 
t o  form, causing an e a r l i e r  f a i l u r e  than f o r  type A diaphragms. 
e a r i l e r  f a i l u r e  of the  thinner  mater ia l  seemed t o  be associated with the  mode 
of fa i lure .  
type A diaphragm ( t e s t  5 )  as f o r  the 0.016-inch-thick type A diaphragm of t e s t s  
1, 2, and 3. Where the  thinner  mater ia l  cornered, f a i l u r e  occurred by tear ing  
r a t h e r  than double folding as i n  previous t e s t s .  The 0.010-inch-thick mater ia l  
appeared t o  form sharper corners than the  0.016-inch material, r e s u l t i n g  i n  
higher l o c a l  s t resses  thus causing tears e a r l i e r  i n  the  expulsion cycle. 

Both the  mater ia l  thickness and 

The reason for 

Double folding was not as pronounced i n  the  0.010-inch-thick 

Test 6, Configuration A, 0,016-Inch Wall Thickness 

The s ix th  expulsion t e s t  w a s  performed t o  obtain more data  using an 
0.016-inch-thick diaphragm of configuration A a t  a flow r a t e  of 180 t o  215 
pounds per hour. An expulsion of 8 2 . 1  percent was obtained a t  f a i l u r e .  

Test 7, Configuration C, 0.016-Inch Wall Thickness 

Observation of the  previously t e s t e d  u n i t s  during t h e  expulsion cycle and 
study of the slow motion f i lms  l e d  t o  t h e  decision t o  f a b r i c a t e  a diaphragm of 
configuration C. I n  the previous t e s t s ,  it was observed t h a t  f a i l u r e  occurred 
a t  sharp bends (bend radius of -0) formed i n  the  1-inch c y l i n d r i c a l  sect ion or 
i n  the  section of the  diaphragm whose tangent was nearly p a r a l l e l  t o  the  direc- 
t i o n  of motion. With the  removal of these  sections,  e a s i e r  r o l l i n g  of the met- 
a l  i n  t h e  flange area, due t o  t h e  l a r g e r  bend radius, could eliminate f a i l u r e  
caused by the double folding e f f e c t .  

The seventh expulsion t e s t  used a 0.016-inch-thick diaphragm of configura- 
t i o n  C with the  operating procedure remaining the  same as previously. Dye w a s  
used t o  check f o r  leaks. Flow was set a t  a moderately high l e v e l  (375  lb /hr )  
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Figure 11. - Fully formed double fold in diaphragm configuration C after completion of expulsion cycle, 
0.016-inch-thick diaphragm (95 percent expulsion, test 71. 

Figure 12. - Double fold at flange jo int  i n  diaphragm configuration C after completion of expulsion 
cycle, 0.016- inch-thick diaphragm (95 percent expulsion, test 7). 



and remained constant f o r  most o,f 
t he  run. Deformation was f a i r l y  
uniform, and where cornering oc- 
curred the  r a d i i  of curvature were 
l a r g e r  than the  previous dia- 
phragms. No le&s occurred during 
expulsion, and t h e  t e s t  w a s  a rb i -  
t r a r i l y  stopped a t  about 95 per- 
cent expulsion so t h a t  t h e  dia-  
phragm could be examined i n t a c t .  
Only two double folds ,  much fewer 
than observed previously i n  con- 
f igu ra t ion  A and B type diaphragms 
had formed, but  ne i the r  had torn .  
These f o l d s  ( f i g s .  11 and 1 2 )  
were much shallower than i n  pre- 
vious tests, as can be seen from 
the  comparison with f i g u r e s  13 and 
14, and a re  l e s s  l i k e l y  t o  t e a r .  
An expulsion of 95.6 percent w a s  
a t t a ined  t h a t  could have been i m -  
proved i f  t h e  t e s t  were continued. 

Test 8, Configuration C, 

0.016-Inch Wall Thickness 

The e igh th  expulsion t e s t  
Figure 13. - Progressive stages of double folds in diaphragm. Configuration A; 

test 3. 

again used configurat ion C. This 
t e s t  was conducted t o  check the  cycle l i f e  of t h e  diaphragm. 
water, i n  t h i s  case, removed the  indenta t ion  i n  the  diaphragm while t h e  con- 
tainment sphere was being f i l l e d ,  giving t h e  diaphragm a spher ica l  dome. Max- 
i m u m  flow (490 t o  500 lb /h r ) ,  l imi t ed  by l i n e  s izes ,  was used i n  t h e  t e s t .  The 
completely spher ica l  dome gave t h e  diaphragm more i n i t i a l  s t r eng th  than  i n  pre- 
viously t e s t e d  diaphragms, and a higher i n i t i a l  deformation pressure was re-  
quired. 
pressure immediately dropped t o  2.40 pounds per  square inch. 
a r b i t r a r i l y  stopped when the  Heise gage used t o  measure P2 ( see  f i g .  1, p. 2 )  
reached the end of i t s  range (15 p s i ) .  
only of s t re tch ing  t h e  mater ia l  t o  remove t h e  wrinkles, and it was not  con- 
s idered important t o  continue the  t e s t .  
leakage was a t t a ined  and t h i s  could have been improved i f  t he  appl ied pressure 
was allowed t o  exceed 15 pounds per  square inch. The diaphragm was removed f o r  
inspect ion and photographing. It was then replaced i n  t h e  containment sphere, 
and a recycling attempt was made. Fa i lu re  occurred a t  approximately 20 percent 
reverse  expulsion and seemed t o  be the r e s u l t  of a low cycle  f a t i g u e  f a i lu re  
r a t h e r  than a double-fold-type f a i l u r e .  

The weight of t h e  

Deformation s t a r t e d  a t  approximately 9 pounds per  square inch and the  
The t e s t  was 

A t  t h i s  point, deformation cons is ted  

An expulsion of 98.3 percent without 



Figure 14. - Fully formed double fold i n  diaphragm. Configuration A; test 3. 

Figure 15. - Typical percent expulsion against pressure. 

Pres sure and Def o m t i o n  

Charac te r i s t i c s  

The pressure and deformation 
c h a r a c t e r i s t i c s  of t he  diaphragm 
can be discussed i n  a general  man- 
ner  s ince a l l  t he  diaphragms per- 
formed s imi l a r ly  i n  t h i s  respect .  
A curve of percent expulsion p lo t -  
t e d  against  appl ied and d i f fe ren-  
t i a l  pressure, which was t y p i c a l  
f o r  a l l  t h e  diaphragms t e s t e d  i s  
shown i n  f igu re  15. Af te r  t h e  i n i -  
t i a l  deformation, t he  appl ied pres- 
sure decreased rap id ly  during the  
f i r s t  2 percent expulsion. The 
deformed area  was increasing a t  a 
r a t e  such t h a t  the  load  per l i n e a l  
inch on the  perimeter of t he  de- 
formed surface was near ly  constant 
with the  decrease i n  appl ied pres- 
sure. Typical deformation up t o  
t h i s  point  would appear as i n  f i g -  
ure 7(  a ) .  
formed during deformation give 
s t rength  t o  the  diaphragm and when 
one of these  buckled ( a t  approxi- 
mately 5 percent expulsion),  a 
sharp pressure drop resu l ted .  De- 
creased s t r u c t u r a l  s t rength  and 
t h e  l a r g e r  deformed a rea  allowed 
the  diaphragm t o  deform a t  an in-  
creased r a t e ,  thus  increasing t h e  
flow ra t e .  Typical deformation a t  
t h i s  point  would appear a s  it does 
i n  f igu re  7 ( b )  (p.  7 ) .  Deforma- 
t i o n  continued a t  e s s e n t i a l l y  con- 
s t a n t  pressure u n t i l  approximately 
40 percent expulsion, when the  
f a c t o r  of increased force neces- 
sary t o  r o l l  the  mater ia l  over it- 
s e l f  overcame the  increase i n  de- 
formation a rea  and the  appl ied 
pressure began t o  increase.  A s  
shown i n  the  curve of f i g u r e  15, 
t h i s  gradual increase i n  pressure 
continued u n t i l  approximately 
95 percent expulsion, i f  f a i l u r e  
d id  not occur. Beyond approxi- 
mately 95 percent expulsion, a 

The arch-type bulges 

15 



rap id  increase i n  pressure was noted (accompanied by a decrease i n  vol&e flow) 
and w a s  the  result of the  increased pressure required t o  s t r e t c h  the  material' 
t o  remove the  wrinkles formed during deformation. The difference between the  
applied and d i f f e r e n t i a l  pressure curve i s  due t o  pressure drop i n  the  l i n e s .  

I 

DISCUSSION 

The w a l l s  of a metal diaphragm are  r e l a t i v e l y  t h i n  and w i l l  buckle under 
I small external  pressures. This i s  a desirable  c h a r a c t e r i s t i c  since it mini- 

mizes the d i f f e r e n t i a l  pressure needed t o  deform t h e  diaphragm. 
t i o n  f i r s t  starts, the  buckling waves a re  large,  but as t h e  diaphragm collapses, 
t h e  bend r a d i i  decrease and double f o l d s  can occur. Double f o l d  formation i s  
similar t o  the buckling of thin-walled cylinders under compression. 
double folds  occur a t  local ized points  i n  the  diaphragm. Figures 13 and 14 
show progressive stages i n  double f o l d  formation. These photographs were taken 

development and severi ty  of a double f o l d  i s  dependent on the  contour of t h e  
diaphragm. The sever i ty  of the  bend (as measured by the  bend rad ius) ,  sheet 
thickness, and mater ia l  physical  propert ies  govern the  magnitude of the  s t r a i n .  

When deforma- 

These 

I of a single diaphragm a f t e r  it had been used i n  an expulsion t e s t .  Manner of 

Fai lure  of a diaphragm occurs when a hole o r  crack develops i n  t h e  sheet 
metal due t o  l o c a l  f rac ture .  I n  a diaphragm t h a t  w i l l  be cycled, f a i l u r e  w i l l  
occur by fat igue because of repeated folding on the same l ines .  Fatigue fa i l -  
ure can be predicted by data obtained from s t r a i n  cycle t e s t s .  
curve f o r  t h e  var ia t ion  of minimum required d u c t i l i t y  with t h e  number of fold-  
ing cycles and bend r a d i i  i s  given i n  reference 1. For 304 s t a i n l e s s  s t e e l  
with a maximum percent reduction by cold working of 70 percent, a diaphragm can 
be expected t o  sus ta in  between 1 and 2 cycles a t  ambient temperature before 
fa t igue  fai lure ,  assuming zero bend radius  as i n  the case of a double fold.  A 
cyc l ic  t e s t  of diaphragm configuration C ( t e s t  8)  produced approximately 1 . 2  
cycles before fa t igue  f a i l u r e .  The problem i n  meta l l ic  diaphragms seems t o  be 
the minimizing of double folding or  more specif ical ly ,  eliminating zero bend 
r a d i i  . 

An experimental 

Theoretical  buckling loads f o r  spherical  s h e l l s  under ex terna l  loading can 
be calculated based on Love's equations. For a complete hemisphere i f  the  buck- 
l i n g  s t r e s s  oCr = PcrR/2t (where Pcr i s  t h e  c r i t i c a l  buckling pressure, R i s  

propert ies  
I the  radius  of the  sphere, and t i s  t h e  thickness) ,  then i n  terms of mater ia l  

ET - 
D 

where E i s  Young's modulus (28~10~ p s i  f o r  304 s t a i n l e s s  s t e e l )  and r i s  

Pc, = 7 1 . 3  pounds per square inch, while f o r  a 0.010-inch diaphragm Pcr = 27.9 
pounds per square inch. 
approximately one-fourth of the  t h e o r e t i c a l  values ( r e f .  5). 

I Poisson's r a t i o  (0.285 for  304 s t a i n l e s s  s t e e l ) .  For a 0,016-inch diaphragm 

Experimental buckling values have been found t o  be 
From the  data of 
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, 

9 

these t e s t s ,  denting 
ues 'to approximately 
t e s t  8, i n  which t h e  

the  dome of the  hemisphere seems t o  lower t h e  buckling val-  
one-twentieth of the  theore t ica l  values. It was found i n  
dome had been reformed t o  t h a t  of a hemisphere, t h a t  the 

buckling pressure increased t o  one-eighth of the t h e o r e t i c a l  values. 
r i a l  where the dome had first been dented had been weakened or  the  buckling 
pressure would have been s t i l l  higher. 

The mate- 

Various random buckling and deformation pat terns  introduced undesirable 
increases  i n  diaphragm s t i f f n e s s  with a possible reduction i n  percent expulsion 
f o r  a given working pressure. 
increased pressure d i f f e r e n t i a l  required as deformation proceeded. 
folding of the  diaphragm would be desirable,  and there  a r e  several  ways i n  which 
t h i s  might be done. 
could help control  bending and thus minimize tearing. 
t h e  thickness of the  metal could a l s o  be u s e d t o  make s t r e s s e s  more uniform. 
Reinforcing r ings  could a l s o  be used i n  the highly s t ressed  regions. 
analysis  would be necessary t o  determine where t h e  most highly s t ressed  areas  
were and how t o  best use any solution. Controlled deformation would then be 
possible and both cornering and double folding might be eliminated. 

This increased s t i f f n e s s  was apparent f r o m t h e  
Controlled 

Scoring the  metal (over-stressing i n  a loca l ized  region) 
Chemical mil l ing t o  vary 

An exact 

Single and multiple f o l d s  and t h e i r  random formations a re  an inherent char- 
a c t e r i s t i c  of a collapsing bladder configuration. Double-fold-type f a i l u r e s  a r e  
not normally encountered i n  ordinary applications of metals. 
type of f a i l u r e  mode occurs when materials are used i n  a f o i l -  o r  film-type ap- 
pl icat ion.  

Generally t h i s  

A n  expulsion diaphragm should be designed so t h a t  during the  expulsion 
cycle, folding o r  doubling back of the material i s  avoided. This was done i n  
t h i s  invest igat ion by eliminating the regions within the  diaphragm where 180' 
f o l d s  were necessary. 

The p o s s i b i l i t y  of performing a mathematical study of t h e  design param- 
e te rs ,  with t h e  purpose of calculat ing the  strength and other  requirements of 
the  diaphragm as wel l  as a b a s i s  f o r  determining an optimum design, w a s  con- 
sidered. It w a s  obvious t h a t  the  unknown quant i t ies  involved made a purely 
mathematical analysis  impossible. 
a diaphragm during i t s  expulsion cycle was due t o  the problem of synthesizing 
t h e  def lec t ion  and collapse of s h e l l s  i n  which l o c a l  yielding was exceeded. 
Unpredictable wrinkles, creases, and f o l d s  r e s i s t  the  deformation of the  dia- 
phragm and add complexity t o  a n a l y t i c a l  design solutions. 
design, i n i t i a l  buckling i s  considered fai lure ,  but f o r  an expulsion diaphragm, 
t h e  i n i t i a l  buckling and deformation must be extended t o  complete collapse. 
Assumptions can be made regarding movement of a section, but invest igat ion on 
t h i s  basis w a s  beyond the  scope of t h i s  program. 

The d i f f i c u l t y  i n  analyzing the  behavior of 

I n  conventional s h e l l  

The advantages of t h i s  metal l ic  diaphragm f o r  the  appl icat ion considered 
a r e  as follows: 

(1) It i s  applicable over the flow range t e s t e d  (150 t o  500 lb /hr) .  

( 2 )  It can be used over a large range of system pressure levels .  
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(3)  The pressure d i f f e r e n t i a l  needed during the  g r e a t e r  portion of ' the  ex- 
pulsion cycle i s  small, producing a low energy requirement system. 4 

(4) Fabrication of the  diaphragm and system operation a re  simplified. 

( 5 )  It i s  lightweight because of t h e  e f f ic iency  of i t s  configuration and 
method of expulsion. 

The disadvantages are as follows: 

( 1) Compatibility requirements l i m i t  the  mater ia l  selection. 

( 2 )  Replacement of the  diaphragm, although r e l a t i v e l y  simple, requires  
dismantling of the  containment tank and removal from the  missi le  i f  it was pre- 
viously ins ta l led .  

(3)  By nature, t h i s  i s  a "one-shot" device requiring replacement p r i o r  t o  
each subsequent cycle. 

These l a s t  two are  only disadvantages f o r  t e s t  purposes; i n  ac tua l  one-shot 
f l i g h t  operation, no replacement would be necessary. 
shot operations a re  l e s s  s t r ingent  than f o r  repeated cycles since some damage 
t o  the  diaphragm can be t o l e r a t e d  without adverse r e s u l t s  during t h e  expulsion 
cycle. Only t e s t i n g  under c losely simulated f l i g h t  conditions can be expected 
t o  render t h e  information necessary f o r  f i n a l  evaluation of the  diaphragm de- 
sign. 

The requirements f o r  one- 

SlJbQURY OF RESULTS 

The r e s u l t s  of invest igat ing hemispherically shaped meta l l ic  expulsion 
diaphragms made from type 304 s t a i n l e s s  s t e e l  using water as the  working f l u i d  
indicated t h e  following: 

1. Greater than 98 percent expulsion without f a i l u r e  was obtained only 
with diaphragms having a configuration t h a t  was l e s s  than a complete hemisphere. 
I n  t h i s  invest igat ion a diaphragm with a 1/2-inch equator ia l  segment removed 
from a f u l l  22-inch-diameter hemisphere achieved successfully 95 t o  98 percent 
expulsion. 

2. Diaphragms whose configurations were s l i g h t l y  more than a f u l l  hemi- 
sphere f a i l e d  by pin-holing or tear ing,  r e s u l t i n g  i n  a leak through the  dia- 
phragm a f t e r  only 60 t o  8 2  percent expulsion was obtained. 
the  region where approximately 180' folding was necessitated.  

Fa i lure  occurred i n  

3. Reducing the diaphragm w a l l  th ickness  from 1 6  t o  10 m i l s  had a d e t r i -  
mental effect .  For the  same configuration operated a t  a similar flow rate a 
0.016-inch-thick diaphragm f a i l e d  a t  8 2 . 1  percent expulsion while a 0.010-inch- 
th ick  diaphragm f a i l e d  a t  68.5 percent expulsion. 

4. The use of spun convolutions i n  t h e  region where f a i l u r e  occurred d id  
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not impro+e tLe percent expulsion. 

5. It appears t h a t  meta l l ic  diaphragms without cont ro l led  deformation can- 
not obtain more than one complete expulsion cycle without f a i l u r e .  
t o  make a second expulsion cycle using a diaphragm t h a t  had successful ly  com- 
p le ted  1 cycle r e su l t ed  i n  a fa t igue  f a i l u r e  a f t e r  approximately 20 percent ex- 
pulsion. 

An attempt 

6. An indentat ion i n  the  dome of t h e  diaphragm aided deformation and sig- 
n i f i c a n t l y  lowered the  i n i t i a l  buckling pressure. 
t he  diaphragm did  not seem t o  a f f e c t  t he  percent expulsion. 

Unsymmetrical deformation of 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, Apri l  6, 1965. 
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