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CONVERSION TABLE

Conversion factors for U.S. Customary to metric (SI) units of measurement.

MULTIPLY +BY TO GET
TO GET < BY - DIVIDE
sngstrom - 1.000 000 X 10-10 maeters (m)
atmosphere (normal) 1.018 38 X 10*3 kilo pascal (kPs)
bar 1.000 000 X 10+3 kilo pascal (kPa)
barn 1.000 000 X 10~28 meter? (m?)
British thermal unit (thermochemical) 1.084 380 X 10+3 joule (3)
calorie (thermochemical) 4.184 000 joule (J)
cal (thermochemical)/cm? 4.184 000 X 10°3 megs joule/m? (M3/m?)
curie $.700 000 X 10*? *gigs becquerel (GBq)
degres (angle) 1.748 329 X 10°3 radisa (rad)
degree Fahrenheit i = (1% + 459.67)/1.3 degree kelvin (K)
electron vols 11608.4 degree kelvin (K)
org 1.000 000 X 10°7 joule ()
erg/second 1.000 000 X 10°7 wass (W)
foot 3.048 000 X 107} mater (m)
foot-pound-force 1.388 818 joule (J)
gallon (U.S. liquid) s.788 13 X 1073 meter? (m%)
inch 2.840 000 X 10°3 meter (m)
jork 1.000 000 X 10+° joule (3)
joule/kilogram (J/kg) (radiation dose
absorbed) 1.000 000 Gray (Gy)
kilotons 4183 terajoules (TJ)
kip (1000 1bf) 4.448 323 X 1073 newtoa (N)
kip/inch? (ksi) 6.004 787 X 109 kilo pascal (kPs)
ktap 1.000 000 X t0*3 newton /m3
(N-¢/m¢)
micron 1.000 000 X 10~% meter (m)
mil 2.840 000 X 10°8 meter (m)
mile (international) 1.600 344 X 10*3 meter (m)
ounce 2.834 963 X 10°3 kilogram (kg)
pound-fores (Ibe avoirdupois) 4.448 223 newtoan (N)
pound-fores inch 1.139 848 X 10°} newtoa-meter (N-m)
pound-force/inch 1.751 268 X 10+3 newton/meter (N/m)
pound-foree/foor3 4.788 0% X 103 kilo paseal (kPs)
pound-force/inch? (pei) 6.904 TS kilo paseal (kPs)
pound-mass (Ibm svoirdupois) 4.538 934 X 107} kilogram (kg)
pound-mass-foos3 (moment of inertis) 4314011 X 10°3 kilogram-meter? (kg m?)
pound-mase/foot’ 1.001 848 X 10*! kilogram/metee® (kg/m?)
rad (radiation dose sbeorbed) 1.000 000 X 1073 **Gray (Gy)
rosntgen 2.679 700 X 1074 coulomb/kilogram (C/kg)
shake 1.000 000 X 10~9 second (s)
slug 1.460 390 X 10+1 kilogram (kg)
toer (mm Hg, 0° C) 1.338 23 X 107! kilo pascal (kPs)

*The becquerel {Bq) is the 31 unit of radicactivity; 1 Bq = 1 eveat/s.
radiation.

**The Gray (Gy) is the $I unit of sbsorbed
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SECTION 1
INTRODUCTION

During a previous study of the Large Blast/Thermal Simulator (LB/TS)
driver system for DNA [Ref. 1], it became apparent that additional research
was required on the diaphragms that are to be used to initiate the gas flow
from the high pressure storage vessels (drivers) to the test chamber. In the
proposed design for the LB/TS, there are on the order of 15 drivers internally
pressurized as high as 2200 psia. Each driver may contain room temperature
gas at 2200 psia or may contain gas at 1250 psia that is heated to 600° F.
The pressurized gas is contained in each driver vessel by a metal diaphragm
that is one meter in diameter.

It is important to the operation of the LB/TS that all of the
diaphragms be ruptured simultaneously. Also, because the diaphragms are used
to contain heated gas at high pressure, they must be designed from material
that can withstand the elevated temperatures and the diaphragm opening system
must be designed to operate at these temperatures.

During the previous LB/TS driver system study, it was pointed out that
an automated "cartridge" loading diaphragm should be used to facilitate
installation and removal of the 15 driver diaphragms for each shot. Conven-
tional diaphragm installations rely upon the use of bolted flanged joints to
contain the diaphragms and seal the pressure vessel. Because of the size and
quantity of the bolts required for these one-meter diameter diaphragms, the
installation and subsequent removal of 15 or more diaphragms per shot would
result in a time consuming, manpower intensive operation. The automated
cartridge diaphragm installation is also necessary so that turnaround time
between shots will not be unduly compromised.

This study describes a design investigation of a cartridge loading
diaphragm system for the LB/TS.
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SECTION 2
BACKGROUND

2.1 CONVENTIONAL DIAPHRAGM SYSTEMS.

SAIC investigated methods of automating the installation and removal of
diaphragms on the LB/TS. Diaphragms area used to operate the driver system
and are used in the driver system of the large shock tube facility at Gramat
in France. The LB/TS is designed to have 15 to 16 drivers, each with its own
diaphragm or pair of diaphragms. A conventional diaphragm usually consists of
a preformed dished steel sheet that is clamped between two flanges secured by
a lTarge number of holts closely spaced around the periphery of the flanges as
schematically illustrated in Figure 1. The diaphragm is also held radially by
the bolts. Sealing is usually accomplished with an "0" ring.

Figure 2 illustrates a conventional flanged'diaphragh that is radially
restrained by a circumferential ring.

The forces on the bolts of such installations are very high. For
example, if the inside diameter of the bore was one meter and the seal
diameter was 48 inches, the load on the flange due to pressure (2185 psig)
acting out to the seal face would be 3,954,000 1bs. If we used one-inch
diameter bolts, each capable of being stressed to 50,000 psi, then each bolt
would carry 39,000 1bs. of force (neglecting the threads) and we would require
102 bolts just to contain the pressure load. At least 50 more bolts would be
required to preload the seal and prevent the joint from opening up. Thus, 152
one-inch diameter bolts would be required.

For the LB/TS with 15 drivers and 15 diaphragms, it would be a costly,
time consuming task to take apart and reinstall 2,280 1.0-inch bolts or 1,020
1.5-inch bolts every time that diaphragms have to be replaced. If dual
conventional diaphragms are used, 4,560 1.0-inch bolts or 2,040 1.5-inch bolts
would be used.
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Figure 2. Conventional flanged diaphragm installation.
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2.1.1 Conventional Diaphragm Opening.

Because there are 15 widely separated diaphragm installations arranged
as illustrated in schematic fashion in Figure 3, it is apparent that only an
electrically initiated explosive cutting system can simultaneously rupture the
diaphragms into gores and allow the compressed gas to flow from the drivers to
the test section simultaneously as required to form the planar shock wave in
the test section of the LB/TS. The detonation speed of explosive is in the
order of 7,000 meters/second so that a linear shaped charge initiated at the
center of a one-meter diameter diaphragm takes only 0.07 milliseconds to
finish cutting the gore pattern. No mechanical cutting system can operate so
swiftly.

Explosive cutting of diaphragms as described here is state of the art
in many shock tubes. Depending on the thickness of the diaphragm, linear
shaped charges or lengths of "rope" explosive like "primacord" are attached to
the downstream diaphragm surface, usually in the form of a six- or eight-
pointed asterisk depending on the number of gores that are desired as illu-
strated in Figure 4. Unfortunately, the explosives that can be used to cut
the diaphragms are not safe and usable at the elevated temperatures that will
be experienced in the heated drivers of the LB/TS.

Therefore, special attention was paid to designs for maintaining the
explosive cutting charge at safe temperatures.

2.2 LB/TS DIAPHRAGM OPERATING PARAMETERS.
2.2.1 Unheated Driver Gas.

The previous LB/TS study [Ref. 1] resulted in design data for the
driver systems. These data are tabulated in Table 1 and were used in the
design of the diaphragm system. The calculations for unheated Driver System
V2 showed serious discrepancies in the generated static and dynamic pressure
wave forms at static overpressure levels of 35 psi. Figure 5 shows test
station wave forms for unheated driver gas and the dynamic pressure is on the
order of three times too great. Only a single diaphragm would be required for
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Figure 4. Explosive cutting charge layout.
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the unheated case but it would be designed for a working pressure of 2200 psia
and would be approximately 0.44 inches thick if a steel with 150,000 psi
minimum yield strength was used and a safety factor of 1.5 was included. If
two diaphragms in series were used, each operating at half the pressure, the
metal thickness would decrease to 0.22 inches per diaphragm. These thick-
nesses do not account for engineering or fabrication tolerances, notch
sensitivity, metal variations or grooving.

The study concluded that for the configurations that were studied,
unheated driver gas could not be used in the LB/TS at high overpressures
unless a wave-shaping valve was used to control the dynamic pressure.

Examination of the driver data in Table 1 shows that there is a strong
sensitivity of the required internal pressure to driver volume and to opera-
ting temperature. For example, for Driver System V1 with a driver volume of
700 M3, design pressure is 4070 psia. As driver volume increases to 1071 M3,
the design pressure drops to 2200 psia. For System V3 with a volume of 2200
M3, the design pressure drops to 1700 psia. If variable geometry of the
system diaphragms were studied, calculations would have shown that the ratios
of effective "nozzle" throat diameter to driver and driven section diameters
would have been important variables in system performance. However the
geometries for that part of the study were deemed to be fixed by the technical
monitor and variations were not included in the calculations.

In each case, the design pressure drops by approximately 45% if the gas
is heated.

The design pressure directly affects the thickness of the diaphragms
and the thickness of the structure of the diaphragm system.

2.2.2 Heated Driver Gas.

The analysis performed in the previous LB/TS study showed that ideal
wave forms could be substantially simulated if the driver gas was heated to
600°F (1060°R). Figure 6 shows that both the ideal static pressure and
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dynamic pressure waves are closely simulated by the heated gas in Driver
System V2. ODriver pressure is 1250 psia and temperature is 600°F. A single
diaphragm fabricated from 150,000 psi minimum tensile strength (at 600°F)
steel would be 0.25 inches thick not accounting for manufacturing tolerances.
Unfortunately, if the diaphragm is exposed to 600°F drive gas at 1250 psia, it
will rapidly reach a temperature of 600°F and no explosive cutting system can
survive at such elevated temperatures.

Therefore, if heated driver gas is to be used in the LB/TS, some means
of isolating the explosive cutting charge from the hot diaphragm must be

developed.
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SECTION 3 i

DIAPHRAGM AUTOMATED LOADING SYSTEM DESIGNS ;:::,':3

®
The conventional diaphragm is a high pressure component which is !‘:’:E::.:;
installed on the shock tube driver by means of mechanical fastening techniques 3{2}:"&‘_
as described in Section 3.2.2. It is the intent of this section to describe a ":‘:g::
means by which a diaphragm or a series of diaphragms could be installed on the j
shock tube driver automatically, efficiently and reliably. The basis of the E;"
! design is to supply the diaphragm in a preloaded cartridge which could be v,:’,
| easily inserted into a cartridge housing built into the shock tube driver. Q;;EE:
The cartridge sealing and retention would be accomplished by the use of - ¢
mechanical and/or hydraulic clamping techniques. ::‘,:‘t‘é
o.::o:::
3.1 DESIGN CRITERIA. o
The design criteria for the diaphragm cartridge system and its ‘:;""';
driver housing is based primarily on the ASME Boiler and Pressure Vessel Code ':"é:
Ref. 8. The ASME Code provides the necessary safe design rules and practices ,.'c:!0:
for pressure containing structures when they are pressurized and operated in 8 (
close proximity of any personnel or hazardous area. Additionally, the ASME :;,'!.
Code specifies the types and grades of materials to be used under Code rated heY) .:
designs and tabulates allowable stress values at temperature for all the
recommended materials. Table 2 summarizes the pertinent design criteria used '-.‘3'
to design the diagram loading system structure. ‘,‘: 4
o
3.2 DIAPHRAGM DESIGN CONCEPTS. :.:;
3.2.1 Diaphragm Arrangement. "'
3.2.1.1 Single Stage Diaphragms. If unheated driver gas is used, a single oS
diaphragm can be used to control the flow from each driver as schematically _\ﬁ'.:
illustrated in Figure 7. The diaphragm is thick enough to contain all of the ._
driver pressure with safety. For the V2 system, pressurized to 2200 psia, the 20
minimum thickness of a high strength single diaphragm would be 0.44 inches. _:,5_\
W
The explosive cutting charge is fastened to the leeward side of the C}" :;
diaphragm. . '
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Table 2. Diaphragm automated loading system (DALS) design criteria.
DALS application or part

Design Hot Gas Pressure Cold Gas Pressure A1l Other Misc.
Criteria

Service Air or Air or Atmospheric
Environment Nitrogen Nitrogen Conditions
Corrosion Yes Yes Yes
Working
Pressure (PSIG) 2300 2300 Not Applicable
Design
Pressure (PSIG) 2500 2500 Not Applicable
Working
Temperature (F) 700 <350 <100
Safety Factor on
Tensile Strength 4.0 4.0 4.0
Min Thickness ASME ASME ASME
Strength Basis Code Code Code
Man Rating’ Yes Yes Yes

If heated gas is used in the driver system, the explosive cutting
charge would soon reach the temperature of the driver gas (600°F) and would
either deteriorate, melt, burn or detonate.

If sufficient insulation was applied to the upstream side of the
single diaphragm, it would be possible to keep the diaphragm cool enough so
that an explosive cutting charge could safely be attached to the diaphragm.
If insulation was applied to the downstream side of the diaphragm, the
explosive cutting charge would have to penetrate the insulation as well as the
diaphragm and it may interfere with the required explosive "standoff"
distance.

The problem with insulation attached to the diaphragm is that some
or all of it would be blown downstream towards the test chamber when the
explosive charge fractures the diaphragm. Pieces of insulation would tend to

15
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disturb the local air flow in the shock tube and would strike the test object j&q@
and instrumentation at high velocity thereby creating impact damage. There- :kﬂg
fore, it was concluded that insulated diaphragms were undesirable at this ]
time, but in the future, if a tenacious insulation similar to silicone rubber i
could be developed, that would survive the heat, the explosive decompression, IS
the explosive generated shock and the flexure of the diaphragm gores as they !

petal open, such a system would be a worthy candidate to consider. . h

)
3.2.1.2 Duyal Stage Diaphragms. If a dual stage diaphragm as schematically %gZﬁ
illustrated in Figure 8 is used, a number of conditions make the system ;5&5
advantageous. As in the single diaphragm system, the driver vessel contains Z

gas pressurized at Po and at temperature T,. For the unheated case (System
V2) P = 2200 psia, Ty = 60°F. The forward diaphragm adapter would be pres-
surized to 1100 psia at 60°F. Therefore, the pressure differential across
either diaphragm is half the amount that a single diaphragm experiences and
diaphragm thickness would decrease from 0.44 inches to 0.22 inches. This
would decrease the amount of explosive charge required to cut the downstream
diaphragm. When the downstream diaphragm is opened by the explosive charge,
the upstream diaphragm which was also designed to contain Py,/2 psi (1100 psia)
suddenly sees the full pressure differential, 2185 psig, and ruptures. The
time required for such a rupture would be the time required for the expansion
wave to travel from the open downstream diaphragm to the upstream diaphragm.
This would be in the order of four milliseconds.

If the driver contained heated pressurized gas, driver gas between
the two diaphragms at 1100 psia could be cooled to room temperature and the
explosive cutting charge could safely be attached to the room temperature
downstream diaphragm.

In this type of design, insulation and/or cooling of the forward
diaphragm adapter may be required.

Also, because the downstream diaphragm is unheated, less expensive
materials may be used.
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3.2.2 Mechanical Fastening Techniques. e
E:'t! ¢
,.0:.
In the previous LB/TS study, [Ref. 1] a number of techniques were @
h*in'y;
briefly examined for use in fastening the diaphragm section to the driver i«_:s_‘:‘l
vessel and nozzle. Some of these are discussed below. ;".‘t*‘f':l
b
An explanation of the forces on the fasteners is given below. ’
Figure 9 schematically illustrates a diaphragm assembly. ,:ﬂ;‘,!_'
e
AN
F = force acting on the diaphragm, 1bs. ‘;:‘,:;'5;;
F=PoA - PgA=(Py-Pq) A £ 3
rd? L,
3.
A=—2 g
4 t.'qfis;‘
.‘g'-f.‘
AR
2 '@
nd . N .
. ] —S _ s
F= (P -Pg) e
where: ;:;!:::f
LA Y]
Po = 2,200 psia R
Pq = 14.7 psia (single diaphragm) i;._.‘g
Pqg = 1,100 psia (dual diaphragm) :'::}i‘t:
’ +
dg = diameter of the seal .:::ﬁj':::
) (]
dg = 48 inches f:::.f.i::‘
| A = 1,810 inches? g
F = 3,955,000 1bs. on a single diaphragm with Py = 2,200 psia 2&:::3{
F = 1,964,000 1bs. on each dual diaphragm with P4y = 1,100 psia ::'::E;E
Al
If bolts are used to fasten the flanges together, not only must they withstand ®
U S\
the diaphragm force, but they must have a preload sufficient to prevent %‘}é{
leakage. Also, the bolts stretch when under tensile force. ‘:a:..:
“‘;
R
F,. "
Bolt elongation = AL = 2, 8§, inches i:;;i;;}
AE AN
‘ g
Fp = force in the bolt, 1bs. :':?.:‘,:T
. }
| € = length of the bolt, inches '!‘-"!‘
\ T 3
18 hI
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A = Cross sectional area of the bolt, inches?
E = Modulus of elasticity of the bolt, psi

Table 3 shows the number of bolts required to sustain the diaphragm force and
gives their elongation if the bolts are eight inches long between the head and
nut. Bolts are stressed to 50,000 psi at the thread root.

Table 3. Bolt characteristics.
Number of Bolts Required

Bolt Dia Bolt Root Bolt Force Bolt Elong- Single Diaphragm Dual Diaphragm
In. Dia.. In. Lbs. ation, In.* Stress Actual Stress Actual

1 .8446 28,010 .0097 141 282 70 140
1.25 1.0725 45,170 .0110 88 175 43 86
1.5 1.2955 65,910 .0102 60 120 30 60
1.75 1.5022 88,620 .0100 45 89 22 - 44
2 1.7245 116,790 .0101 34 68 17 34

*  For purposes of discussion, all bolts were assumed to have indentical
stresses but actual stresses will differ slightly, depending on ratio of root
diameter area to outer diameter area.

This indicates that all of the bolts will stretch almost identical amounts
when stressed to 50,000 psi at the minor thread diameter and will allow the
seals to leak. The solution is to preload the flanges so that deflection is
reduced to zero. This is normally accomplished by stressing the bolts to 100%
greater than the expected load, thereby keeping joint and gasket deflection to
zero. Usually this is accomplished by doubling the numbers of bolts.

A problem arises with a large number of bolts. The flange generally
must have a space between the bolts that is at least equal to 1.5 bolt
diameters. Therefore, it is difficult to make a single row of bolts hold all
of the bolts that are required.

For example, the minimum bolt circle diameter can be calculated as
follows:
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nd,’ n(l + 1.5)db’ e
8.C Dia = —L = ( ) st

x x
n(2.5d, ) K
B.C Dia = __L ‘c', A!;f

x ‘t‘:'ti.;'
!
'
where: KRR
h o

B.C. Dia = diameter of the bolt circle, inches
n = number of bolts o
dp’ = bolt diameter plus clearance b

For cases previously calculated, the minimum diameters of the bolt circles are -l
shown below for a nominal clearance = 0.063 inches. X

Bolt Dia. Inches No. of Bolts  B.C. Dia. Inches R

282 | 239 RN

140 101 ) '
.25 175 183 b
.25 87 79 e
.5 120 149 Uty
.5 60 64 o
.75 89 129 P
.75 44 55 -8
.00 68 111 ey
.00 34 48 AT

D (\) b pd it foud fd (b (unnt et

Note that these diameters are much larger than the space available so that a e
bolted flange would probably require two concentric rows of preloaded bolts as & &
illustrated in Figure 10. ' !

Therefore, it is more practical to design the diaphragm containment :':‘!'.:!
system so that the full force of the diaphragm pressure load is not reacted by o
the bolts. This is accomplished in the SAIC cartridge design which is o
schematically illustrated in Figure 11. In this design, the diaphragm DY
pressure load is not reacted by bolts but is reacted directly by a containment 30
frame. Sealing pressure is generated by an annular hydraulic piston. Such a [ ]
diaphragm system is much simpler than a bolted system and is easier to install )
and remove. n":::f
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FOR REMOVAL

Schematic insertion and removal of quick-loading diaphragm - cartridge type.

Figure 11.
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Other mechanical fastening techniques were discussed in Reference 1,
but were not considered for this study because they are expensive and require
very accurate positioning of heavy parts during installation and disassembly.
Such systems included breech lock interrupted threaded joints, hydraulic
cylinder clamps, and vee clamps. Although these systems were all feasible,
they were much more expensive to implement than the cartridge system described
and required the maintenance of precision joints and precise orientation of
massive parts for assembly.

3.2.3 Hydraulic Fastening Techniques.

If hydraulic cylinders were to be used to provide clamping force as
schematically illustrated in Figure 12, the sizing would proceed as follows.

Assume that the sealing force on a single diaphragm is 3,955,000
1bs. (as calculated in Section 3.2.2) and 1,964,000 1bs. for a dual diaphragm.
Let the hydraulic pressure in the actuating cylinders be 10,000 psi, which is
the maximum pressure commercial system available (Enerpac). If the clamping
force is Fc = 2Fp, then the net hydraulic clamping area, Ac, can be calculated
as follows:

Fps = 3,955,000 1bs. (single diaphragm)
de = 1,964,000 1bs. (dual diaphragm)
Fes = 7,910,000 1bs.
Fed = 3,928,000 1bs.

Hydraulic area Acg = Fog /10,000 = 791 inches?
Acd = Fed /10,000 = 393 inches?

Net area/cylinder cylinder area - piston rod area

Maximum tensile stress allowable on the piston is 50,000 psi (same as the
bolts.)

A

cyl

X 42 42
, (4 - %)

Fcyl = PcAc
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Schematic hydraulically-clamped diaphragm installation.

D e R s O - i 2 2P

I
Figure 12.

NYDRALAKC CYUNDER
RETAACTION CAM
e,
o4

'l
,0

A
(EXRAN
l,“é N

1y
ol



) ‘o 82 82 4°2 02 570 8% 870 8% 872402 2%a 1Va V2 AN 2V A0 At SR A0 0000 0 4 0 0 87 0% 4% W atAs s 4V AVIAY, ¥a 00208, 4% $o '8 800 Bt .‘..'

25
r S
| .;:;
| Ap = area of the piston rods = F./50,000 e
; Acn = Net area of the cylinders = F/10,000 ol
i Acg = gross area of the cylinders = Acy + Ay ®
IORM
Acg = Fc/50,000 + Fc/10,000 DR

O
Acg = 6 Fc/50,000 b

Q'l |'i
QAR

Solving for a single diaphragm. N
T
¢
2 *55,&
Acgs = 949 inches s
St
Acgd = 471 inches? igﬁg
Now, if we look at the physical space allowed for placing these cylinders ;;ﬁy
parallel to the flow duct as shown in Figure 12, we shall calculate the number iﬁﬁﬁ

¥
of cylinders required to clamp the diaphragms in place. ﬁkﬁh
N = Area Reguired Acas or Acgq i §§§%
Area/Cylinder A A W
c (o ‘5$$¢
Y,

A = 3
c 4

Table 4. Hydraulic cylinder characteristics.

Cyl. Dia. Ac ) Ng Ng PD, PD4
Inches Inches Single Dual Inches Inches
3 7.07 135 68 170 86
4 12.57 76 38 103 52
6 28.27 34 17 52 26

If a one inch radial thickness for the c:linder wall assembly is allowed, the
pitch circle diameter of the cylinder can be calculated as follows:

n(d_+ 2)
po,_ﬁl_.

These diameters indicate that cylinders which are at least four inches in
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diameter must be used and the number of required cylinders is considerable.
The mechanism required to engage and disengage the cylinders is complicated
and expensive.

A 10,000 psi working hydraulic pressure is now commercial state of
the art in pumps, lines, fittings, valves and cylinders are available from
stock.

3.3 MATERIALS SELECTION.

The diaphragm loading system materials selection is based primarily
upon the application, service environment and the fabrication methods used.
Additionally, cost considerations must be taken into account when manufac-
turing heavy components which require thousands of pounds of material. As a
rule of thumb the least expensive materials are carbon steel followed by Tow
alloy steel, high alloy steel and stainless steel, respectively. Aluminum,
titanium, and other nonferrous materials are not recommended because of their
relative high cost compared to similar strength ferrous materials. The ASME
code specifies the materials under several classes of applications. These
are: bolting (all fasteners used in ASME pressure vessels); fittings (all
parts specified as pressure containing piping fittings); plate and sheets (all
pressure vessels manufactured from plate and sheet by rolling and welding);
seamless pipe and tube (pipe and tube manufactured by extrusion methods);
electric resistance welded pipe and tube (all pipe and tube manufactured by
plate/sheet forming and welding); and forgings, castings, and structural
shapes (all other materials used other construction of pressure containing or
structural parts). Under each application, a specification for material is
given which supplies information as to the applicability of the material to
the service environment (i.e., high temperature, cryogenic, etc.), the
material constraints (if any), the fabrication and heat treatment methods, the
composition, and the testing requirements (i.e., tensile test, composition
test, etc.). Table 5 shows materials that were selected from the ASME Code
for use in the various diaphragm loading system parts.

3.4 STRESS ANALYSIS.
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The diaphragm loading system design is shown in Figure 13. Shown
are the various dimensions of the cartridge and cartridge housing assembly
which were calculated based on the diaphragm port size of 40 inches (approx. 1
meter). The calculations are based on the ASME Code rules and practices.

3.4.1 Cartridge Assembly.
3.4.1.1 Minimum Wall Thickness. For internal pressure containing cylin-

drical vessels of the cartridge assembly the minimum allowable wall thickness
is given by the greater thickness calculated by equations 1 and 2 (ASME Code

UG-27):
CIRCUMFERENTIAL STRESS: t = creo— (1)
t < R/2 and P < 0.385SE +oP
LONGITUDINAL STRESS:  t = yerbo—s (2)
t < R/2 and P < 1.25E ' _
where:

t = minimum required thickness of shell, excluding corrosive
allowance in.

P = design pressure, psi

R = inside radius of the shell, before corrosion allowance is
added, in.

S = maximum allowable stress values, psi (given by Tables in
Subsection C, ASME Code)

E = joint efficiency, given by Table UW-12, ASME Code

This minimum thickness accounts only for the design pressure (shock
and/or hydrostatic) which the vessel is subjected to. All other external
structural and weight loads must be accounted for separately. In the first
order analysis performed here, these external loads are neglected because the
weight of the pressurized gas is negligible compared to the weight of the
steel structure and the system is assumed to be adequately balanced to avoid
any adverse moments or forces on the pressure vessel wall. Using the design
criteria established in Section 3.1, calculations were made for shell thick-
ness using several materials. The greater thickness was calculated from the
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circumferential equation (Eq. 1) in all cases. These results (circumferential
stress only) are tabulated in Table 6. The table gives design data required
to size the pressure shells at the design pressure and several temperatures.
For the hot shells (no cooling assumed) a minimum shell thickness of 6.9
inches is required compared to 6.2 inches for a cold shell utilizing standard
pressure vessel grade plate SA-285-Grade A carbon steel. For the higher
performance SA-516 carbon steel, a minimum thickness of approximately 5.7
inches is required for the hot shells and 3.75 inches for a cold one. For the
low alloy SA-302 steel, the minimum thickness drops to about 3.5 inches for
all temperature levels. The low alloy steel is less susceptible to elevated
temperature strength degradation than carbon steel. The low alloy steel
appears to be the most ideal material to use in the pressure shells when
considering shell thickness at elevated temperature constraints. However, a
more detailed analysis of the costs for fabricating the diaphragm pressure ~
components from carbon steel versus low alloy steel should be performed.
Additionally, the corrosion properties of each material should be examined if
they are exposed to a hot gas/oxygen containing environment.

Table 6. Minimum shell thickness for diaphragm loading system
based on circumferential stress (equation 1).

Material Design Inner Joint Minimum Thickness
Spec No. Press Radius Efficiency <650°F 700°F 750°F
(tb? 3.3.1) psi in in in in
SA-285-A 2500 20 0.85 6.17 6.37 6.89
SA-285-8 2500 20 0.85 5.48 5.69 6.23
SA-285-C 2500 20 0.85 4.89 5.10 5.69
SA-516-55 2500 20 0.85 4.89 5.10 5.69
SA-516-60 2500 20 0.85 4.44 4.66 5.24
SA-516-65 2500 20 0.85 4.05 4.28 4.85
SA-516-70 2500 20 0.85 3.74 3.97 4.51
SA-302-A 2500 20 0.85 3.45 3.45 3.56
SA-302-8 2500 20 0.85 3.23 3.23 3.30
SA-302-C 2500 20 0.85 3.23 3.23 3.30
SA-302-D 2500 20 0.85 3.23 3.23 3.30

3.4.1.2 Hydrostatic Pressure and Compression Loads. The operation of the

hydraulic diaphragm loading system, introduces an additional strength factor
31
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for the pressure containing shells of the cartridge assembly. When hydro-
static and hydraulic clamping loads are applied to the first (upstream)
diaphragm, a compressive load is exerted on the downstream shells. This
compressive load could cause the shell to fail by elastic instability. This
load is calculated by the required sealing compression load on the gasket plus
the hydrostatic load exerted by the internal pressure acting on the cross-sec-
tional area. The formulae for computing this load are given by the ASME Code
(Sec VIII Div 1, pg. 413) under the rules for bolted flange connections with
ring type gaskets. The formulas are:

Wml = H+Hp = 0.785(G2)P+(2b)(3.14mP) (3)
where: .
Wml = required bolt load for the operating conditions, 1b

H = total hydrostatic end force, 1b

Hp = total joint-contact surface compression (sealing) load, 1b
G = diameter at gasket load reaction, in

P = design pressure, psi

b = effective gasket seating width, in

m = gasket required compression load factor

The diameter at the gasket load reaction is the effective diameter of the
pressure vessel that the pressure acts upon. In the case of a ring gasket,
the effective diameter is at approximately the average diameter of the gasket
(i.e., the center of the gasket width). Assuming a 1 inch width gasket and a
40 inch inner shell diameter, the effective diameter, G, is approximately 42
inches (1/2-inch gasket offset from inner diameter assumed). The effective
gasket seating width is calculated from the following formula (ASME Code Sec
VIII-Div 1, pg. 418):

b = 0.5(bo)1/2 (4)
where:

bo = basic gasket seating width, N/2, in

N = actual gasket width, in

For the 1 inch gasket width, b=.35 in. The gasket compression load factor, m,
32
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is determined from the type of gasket used. In the design, a spiral-wound
metal, asbestos filled carbon steel gasket material is chosen and the ASME
Code (Sec VIII-Div 1-Table 2-5.1 pg. 416) specifies m=2.50 for this material.
Using a design pressure of 2500 psi and the above factors, H=3,461,850 1b,
Hp=576,975 and Wml=4,038,825 1b.

The elastic instability phenomena must be taken into account in the
design of the pressure shells because the ASME Code rules assume the shell is
to be under positive longitudinal stress (i.e., tension). The elastic
instability of a tubular shape is given by the ultimate load which is required
to fail the compression member. Reference 7, pg. 422 gives the following
parabolic formula for short columns:

P/A = Sy-k(L/r)? (5)
where:

P = ultimate load, 1bs

= section area, in2

Sy = tensile yield strength, psi
= correlation factor
= 1/C,column length adjustment for end conditions, in
2, end condition factor for welded ends
= column length, in
= least radius of gyration of section, in

=~ - o x
'

For the shell furthest downstream (See Figure 13), the compression load is
greatest and the differential pressure load across the shell is zero. The
following factors are used to compute the ultimate load on a tubular cylin-
drical column [Ref. 7, Roarke pg. 418]:

Sy = 36,000 psi
k =1.172

The calculated ultimate buckling load for a 40 inch inner diameter by 4 inch
wall thickness shell 50 inches long is:

a3
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P = 20,000,000 1bs

where:
r = 15.6 in
A = 553 in

The ultimate load is approximately 5 times that exerted by that gyrostatic and
gasket clamping loads combined and indicates that the pressure shell will not
buckle from those compression loads.

3.4.1.3 Bolted Flange Design. Pressure vessel components are commonly

assembled by means of matching flanges which are bolted together with a ring
type seal (i.e., gasket, O-ring, etc.). The flange design is critical to
ensure that a pressure tight seal is kept under all design operating condi-
tions. The loads under which a flange operates were previously described and
consist primarily of the hydrostatic pressure load and gasket compressioﬁ
sealing load. This load was calculated previously to estimate the elastic
stability of the diaphragm cartridge structure to compressive loading.
Because the cartridge is loaded in compression, the flange design for this
assembly need not take into consideration the total hydrostatic and clamping
forces. Rather, these flanges are designed to efficiently assemble the
cartridge and prevent damage to the assembly (especially the seals) while
handling and installing. The flange design must adequately clamp and align
the various pieces (i.e., diaphragms and their adapters) until the hydraulic
clamping engages with the full sealing force. Bolt tension for the diaphragm
cartridge assembly could realistically be allowed to decrease to zero upon
hydraulic sealing and thus is not a critical factor. Therefore, the flange
design becomes a function of the handiing and clearance constraints which are
imposed on the cartridge system. In the design, one inch bolts were con-
sidered adequate for assembly and handling stability. The flanges were then
designed to allow sufficient clearance for the use of these bolts. The fact
that the flanges for the cartridge assembly are not sized for the full
pressure/sealing load is a benefit to the design because it allows the maximum
outer diameter of the cartridge to be smaller and thus the cartridge recep-
tacle and hydraulic clamp mechanism could be sized smaller. This greatly
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. decreases the size and weight of all components involved. ﬁég
| o
3.4.1.4 [ntegral Cooling System. The cooling parts shown in Figure 13 s

represent preliminary cooling system size estimates to limit metal tempera- ﬁﬁ{

tures to 350 degrees F. The cooling system is an integral part of the ;;;f

pressure vessel wall and is assumed not to be included in minimum wall EQT

thickness calculations (i.e., Eqs. 1 and 2). Only the upstream section is al

shown with a cooling capability, however, the other section could be cooled :sab

similarly. The structural design performed for the cooling system shown is :5?5

for the thickness of the material from the diaphragm port inner diameter to eﬁQ

the cooling port. The material thickness must be capable of two functions: 7$?;

first, to provide sufficient strength to withstand the local pressure forces §$$

(i.e., collapse of the cooling part) and second, the capability to withstand :§$§

crushing by the diaphragm petals as they open and strike the wall. A one-inch 'sﬁk

thickness is considered adequate to provide strength for these loading A

conditions. Replaceable heavier metal sections could be added in the vicinity ;fr

4 of the striking diaphragm petals to decrease the likelihood of cooling system ‘ﬁ#é
' failure. ':'::;':ig
A

3.4.1.5 Pressure Seals. Pressure sealing is wusually accomplished in laiﬂ

pressure vessel construction by ring type seals. Ring type seals generally $?$E

! consist of two types: first is the self-sealing type which requires no %ﬁ&
{ compressive load to operate; the second type of seal requires compression ?S?f
loading which ensures a tight seal and is usually referred to as a gasket. ;?gg

; Both of these seal types were considered for the cartridge and the gasket &?ﬁ
r type was chosen because of its simplicity in design. A self-sealing type ks%
seal, like an O0-ring, requires a special groove to be machined for its 5&*
)y

installation and the mating sealing surface must be flat and without flaws or
scratches. Any small scratch in the mating surface could develop a leak and
result in hot, high pressure gas blowing by the seal. A compression gasket
type seal, however, requires less control over the mating surface. The
compression gasket is seated by clamping the surfaces together and the gasket
material flows into all imperfections and flaws. There is a wide variety of
gasket type seals and the application usually dictates the type of gasket
material and design. For high pressure elevated temperature gas, a metal
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reinforced asbestos filled gasket is commonly employed. This type of gasket
has layers of spiral wound metal chevrons with asbestos material between the
layers. These types of seals are widely used and have proved their reliabi-
1ity in all types of services.

3.4.2 Cartridge Housing Assembly.

The cartridge housing assembly is composed of two main parts as
shown in Figure 14. The first part, the hydraulic clamping mechanism, engages
the end of the cartridge assembly and compresses the assembly and a gasket for
pressure sealing. The second part is the housing which holds the cartridge in
place and transfers hydraulic clamping forces to the downstream section of the
driver. The main body of the housing assembly is designed to transfer
hydrostatic pressure loads from the cartridge to the upstream driver struc-
ture. Additionally, the hydraulic mechanism is exposed to hot, high pressure
gas and must be designed to withstand the gas heat and pressure loads as well
as the hydraulic pressure loads.

3.4.2.1 Hxdrgu]jSL_glg!n__Asggmhlx. Figure 15 shows the hydraulic clamp

assembly parts and the operating loads that are imposed on them. The hydrau-
lic clamp design incorporates force balancing through the use of the hydraulic
pressure and driver pressure differential. The shell thickness for the
various parts are designed by the differential pressure acting across their
radial surfaces. Assuming that the driver and hydraulic pressure is a
constant, the flange part (see Figure 15) shell thickness, ty, is sized
according to the pressure differential, Pq-P,. The piston shell thickness,
t3, is sized according to the hydraulic pressure which acts on only the inner
radial surface. The piston is also sized by the hydraulic work area, Ay
(specified by tp), which is acted on by the hydraulic pressure, P, to provide
sufficient seal compression. The seal compression force, calculated earlier
in Section 3.4.1, is constant for a given driver pressure. Assuming a driver
pressure of 2500 psig, the sealing force is given as 576,975 1bs. Assuming a
hydraulic supply pressure of 3000 psi, the requived work area is approximately
193 square inches.
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Figure 14. Cartridge housing assembly. :"
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Hydraulic clamp parts and pressure load diagram.
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Figure 15.
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The flange shell can now be sized using a differential pressure of -.'.::.‘:f
500 psi, assuming that the hydraulic pressure is decreased proportionally with ,:,:}:'.
the driver pressure when the shock tube is operated (otherwise the differen- S
Uy XS
tial pressure could increase to 3000 psi when the driver is vented to 0 psig "q;}:
and the hydraulic pressure is not decreased). The resultant flange pressure |:o‘::§
is exerted on the outer radial surface and is treated as a shell subjected to ;;_::;:3,
external pressure. The ASME Code provides rules for the computation of the '
shell thickness of a cylinder exposed to external pressure. The computation '.:‘E":
)
of the thickness is performed through a series of calculations using a trial Als
and error algorithm and tables provided in the code. The following factors :E:::::f
LY
are used in the analysis: '
R
D, = outer diameter of cylindrical shell, inches R
HAS
t; = shell thickness, inches .:’:;'..:';:
L = shell length, inches e
A = factor from ASME Code #:2:
B = factor from ASME Code '::S:gl
. nikt
0"
The ASME Code factors, A and B, are each a function of the geometry and ""'
material used for the shell, respectively. Assuming a shell thickness of 3 ‘.}::
inches and length 18 inches, the ASME factors are: :'::‘E:?.
s
A = 0.08 i
B = 14,000 for SA-516-GR.C carbon steel @ <300 F ‘:‘::
)
The allowable external pressure for the shell is calculated from the following :;:?;i;
formula: ""
Pa = ___18_ :l:"is
3(0,/t,) W
o
The pressure is calculated at approximately 1220 psi, which is roughly 2.5 A"
times the actual working pressure. A similar calculation performed for a 2 _'
inch shell results in an allowable pressure of 750 psi. The 3 inch value is L 'i"
used in the design to allow a greater safety margin to account for hydraulic N -‘
and driver pressure fluctuations during shock tube blowdown. “,'
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This hydraulic piston is designed as an internal pressure shell and
thus the previous ASME Code rules used for cylindrical shells will apply. ®
Using a working pressure of 3000 psig, an allowable working stress of 25 ksi J "f
and equations 1 and 2, the shell thickness for the piston, t3, is approx- "'c‘:::'
imately 3 inches. The last part of the hydraulic assembly, the cylinder, is $“'
sized by geometric constraints rather than by hydraulic pressure. The |
cylinder must be large enough to accommodate bolts to fasten the flange/pis-

ton/cylinder assembly to the cartridge housing. A outer radius, Ry, of 32 $ff€
inches provides ample space for 2 inch bolts and makes the cylinder thickness thj‘
equal to 6 inches. f“"
e

3.4.2.2 (Cartridge Housing Structuyre. Figures 16 and 17 show the cartridge kg{%
housing structure and the operating loads that are applied on it, respec- ag;ﬁ
tively. The total cross-sectional area of the housing, A-A, is subjected to ada
the resultant hydrostatic pressure and sealing compression force imbalances ; 5&&
due to the housing slot configuration. The neutral axis must pass through the f~. $
same axis as that of the force, F. The neutral axis must therefore be located 5 :\
on the centerline of the driver/diaphragm cartridge assemblies. 7~34f
gyla.

The resultant force, F, was calculated previously taking into S%*E}

account hydrostatic pressure and sealing compression forces. This force value ’:;E%
was given as: "

F = 4,038,825 1b

The minimum cross sectional area for the housing is given by the following
equation:

| A= F/S
where:
A = minimum cross sectional area, in2
S = maximum allowable working stress, ksi

The maximum allowable working stress is given by Table 5 for SA-36 carbon
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DOWNSTREAM PORT DIAPHRAGM
: CARTRIDGE

UPSTREAM PORT-

CARTRIDGE

HYDRAULIC CLAMP HOUSING
ASSEMBLY INSERT STRUCTURE

Figure 16. Cartridge housing structure.
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F, resultant force applied to the housing structure

Figure 17. Cartridge housing structure design.




steel as 12.7 ksi. The resulting minimum area is 318 in2. For an internal ::'E
radius, Ry, of 27 inches, the required thickness for a complete cylinder is Ef;l.':
approximately 3 inches. For the cross-section shown in Figure 17, the lower )
part cylindrical section is assumed to have a thickness of 3 inches and the ;;i'.:uii
upper rectangular section is designed so that the resultant moment is bal- :;;:’E
anced. The moment is balanced if the centroid of the section falls exactly on .::t
the center of the force, F. The resulting dimensions for the section are
calculated by equating the moments of inertia of the upper section about the ;Z:':;Y;':
force line with the moment of inertia of the lower cylindrical section about :::‘:.:::ii
the force centerline. The following dimensions represent the balanced system: :.‘:E'{-.EE
Rl = 27 in ';:‘3

R2 = 30 in ;‘,;‘.’;1;;'

H =36 in R

D = 64 in e

s

These values indicate an upper rectangular section that is much heavier than ;:.:3;!:
the lower cylindrical one. Consequently, the actual tensile stress and ::E::;E:
deflection are greatly decreased due to the increased material thickness from ‘_L‘:ls‘
the force balancing. ,.;:":
:"»

3.5 DESIGN AND DRAWINGS. :“:::E
K RMN

The preliminary design of the Diaphragm Automatic Loading System ;.;g

(DALS) is shown in Figure 18 and 19. The figures represent preliminary Level .::E{:::’
I drawings which were created to illustrate the mechanical design of the ::'{-:.::
system. The DALS design is a first order solution to the labor and time el
intensive diaphragm removal and installation problem perceived in the LB/TS o
driver operation. The operation of the system is simple and efficient yet 2,'."%
offers flexibility in the type of automation. After the cartridge is loaded 5:;“
into its housing, the various gas supply/cooling hoses and electrical sensor- }'
/initiator lines are connected to the cartridge. The cartridge is then e
pressure sealed by means of a hydraulic pressure supply system. The driver ,. ':s:
system is now ready for operation. For the dual diaphragms, the gas between ::.{
the two diaphragms is regulated at the proper operating pressure and tempera- .:.32‘::
: i

":t“t
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DIAPHRAGM LOADING SYSTEM
CARTRIDGE HOUSING ASSEMBLY

Figure 18
SCIDCE APPLICATIONS INTL CORPORATION

il { oms P RaST vy, VNS Sy Or SO

VILESS OMEMISE SPECIFIED:
AL DMENSIONS ARE LB LRCMES

T

Y \-.\\N"‘ A ;\)x:,,“’. .).... o4 f
; (H’\. Y, ‘:\‘ > e "','a""'l ) l‘/! Mt by
) v ) .

S Py Ve A

~‘ f‘l -‘l‘e ¥ o)

WK
e NN A éé
hat

T, ™, u N
W ~
) : vyl '0.5':5". A '\‘

0000 AN L "*& ”’.
:':':'\'f:m,.m'c, W iyt 0:1‘ W A e e, L



LRSI T YT O T T TN Y I Y YOI Vo 8% Bt Vg @ WY D'MD o Big &) ¥, MY YN T8 888" ]

Figure 19

UMLESS OTHERWISE SPECIFIED:
ALL DIMENSIONS ARE IN INCMES

[0
DIAPHRAGM LOADING SYSTEM
CARTRIDGE ASSEMBLY

545

AL ) A A A W A9

I, O Ol NSO



-
«
‘
0
(L
0
+
+
Ll
'y
g
0
' -
A
*
L)
,
4,
¥
\J
Y
0
U
‘qv
v
N,
S \J
O
D
LA
+
L)
g
*
4
-
L)
W
0
27
+
&
9\
-4,
i)
D
[J
-t
v,
D
"¢
)
" 4
¥
[
(]
K]
'S
[}

tu
| re
| hy seq me
| dr ue an
ea aul nt s 0
as Ty cal oc a
se 1i ly k co
sho mb1 ift m bl ntr
P ed ed ovi owd ol
and wh a 0 n 0 S
e t ut 9 wn yst
pre mad re i an a th 0 em
.s e ‘t'a “de cc )
ini su r - n cl ur A
iti ri ead is si re am s ft
of lat-zin y di te pla p ot er
fers :ng 2’ czor Zassemshopced :aCkhe cathe )
0 . o -
he gr"tro:]in;e a:]ed Thleth . Thetrid;aphra
= "esys’t s:in.’ insp Use:°the car: ca:’"s a
1 e n ecC r ri r
1abi;“ii:isngA(Sc":ed :artrca'::ge :e : rupt
t h t m nd id id s asi "
for n i per e oreas cae t mb] y rd a
d n a f n h y nd
i F t se a em
a i u a m t t ¢ 0 t R
phr qu re t ble hen wa an ved he a0
agm"e2 andypi dw be s th . “
sy 0. cal ith ¢ pre en y :::'::.:
sten Th? ress hydr newake" vtious?e ‘.::;:1:3
° s ur au di 0 y ,.!';ce:f
pe'att"’ee’ o taohr the &
n a m
. cont diampin s .::::".;
rol phra:’ :'.::‘.:'-:‘
s m ,«m
;i!‘
i
.\v:.nj
S
9 i!_-c{
s
Q;:::i)

A
LS
oy
d 3 'V“
h -
M"‘
“.'
PRl
[ ,&q -
}ﬁ& at



TR T R R R WU R WU I WU WV WUV WUV WU W WV WU
IR N O N N ST TN W U W VO WY W T RS G -

HYDRAULIC
SYSTEM

INCREASE P,
HYDRAULIC
PRESSURE
CONTROLLER

2

Figure 20. Typical diaphragm control sytem.
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DIAPHRAGM SECTION SET PRESSURE AND TEMPERATURE

DIPAHRAGM SECTION GAS PRESSURE AND TEMPERATURE
DIAPHRAGM GAS PRESSURE & TEMPERATURE CONTROL SYSTEM SCHEMATIC

Pm'Tm

Pa, Ta

Figure 20. Typical diaphragm control system. (Continued)
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HEAT TRANSFER ANALYSES .ﬁkk%

.

[
The design of the cartridge loading diaphragm system is shown on gﬁ%ﬁl

]
Figures 13, 14 and 15. Figure 15 is an enlarged view of the upstream annular :ﬁ&a&

: U

hydraulic piston that is used to seal the cartridge assembly. A heat transfer ﬂﬁﬂﬂ

analysis was conducted to obtain preliminary design data for the system. )
N
Cooling passages were shown in the design of the sealing piston and diaphragm :ugg&
cartridge. At this time, it is not certain that cooling will be required on 952%
| the full-sized LB/TS system but provisions have been included for cooling. g?ﬁgg
| Water would be the coolant fluid. .
o | G
| Qualified insulation for the upstream passage between the diaphragm and Qﬁﬁ?
DD
driver does not exist at this time; therefore, firebrick type insulation s§$¢§f
v
values were used in the calculations. Similarly, no suitable insu]atiop ‘ﬁﬁi
appears to be available for the diaphragms. Therefore, uninsulated diaphragms o]
SN
were calculated for this study. o
e
’ ‘0,’:“;‘:‘

To obtain estimates of the length and time scales involved in heat N

conduction into the steel parts of the cartridge diaphragm assembly, we
consider first the simple problem of heat conduction into a semi-infinite
solid slab of metal. Specifically, assume that the surface of the metal slab
is quickly raised to and kept at temperature T, and the initial solid metal
slab temperature is To. The temperature profile in the solid is

T(x) - T, = (T, - T,) erfc z‘/ﬁt—

where erfc is the complimentary error function, x is length, t is time, and a
is the thermal diffusivity of the metal (a = 1.3 x 10-5 mz/sec for mild
steel). Setting

T(x)-T

T 0.1

w o
one may conservatively estimate the "depth of heat penetration" into the metal
(the temperature profile drops off rapidly with depth) as

50
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X _ _
2/ at 1.16
or
X =2.3at

For present design considerations, t - 7200 sec (2 hours), yielding a heat
penetration depth x of 0.7 meters (27.6 inches).

From this simplified exercise, it can be seen that the heat will easily
conduct through an uninsulated 0.05-m (2 inches) steel wall but will not
conduct significantly along the wall. This means that heat will reach areas
of concern (such as the hydraulic seals) and will be lost to the atmosphere by
conduction through the shock tube walls but will not reach the downstream
diaphragm (one meter from the upstream diaphragm) in the times of interest
(care needs to be taken for critical parts near the upstream diaphragm).

4.1 HEAT TRANSFER METHODOLOGY.

Two problems need to be addressed in more detail:

0 Heat conduction into the wall in the vicinity of the hydraulic
sealing unit

o Heat transfer across the double diaphragm cartridge to the down-
stream face where the explosives are located

These heat transfer problems are ideally handles by lumped parameter
models governed by diffusion equations. For this work, the Systems Improved
Numerical Differencing Analyzer (SINDA) code is used [Ref. 5]. SINDA is a
typical thermal analyzer approach that accepts resistor-capacitor (R-C)
network representations. The SINDA code uses an explicit forward differencing
method to solve the transient thermal analysis equations.

In the following calculations, the properties of the steel are taken to
be [Ref. 6]:

p = 7800 Kgm/m3

Cp 450 Joules/Kgm-°K

K 50 Joules/m-°K-sec
1.5 x 10°5 mz/sec
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Where an insulation is used (somewhat arbitrary) properties represen-
tative of fire brick were selected:

5000 Kgm/m3

p =
Cp = 540 Joules/Kgm-°K
K = 1.5 Joules/m-°K-sec

5 x 107 mz/sec

Film coefficients were calculated from empirical convection heat
transfer equations found in Edwards, Denny and Mills [Ref. 6].

hgriver = 70 Joules/mZ-*K-sec
heartridge = 40 Joules/m2-°K-sec
hexterior = 30 Joules/m2-°K-sec

In the present calculations, the driver pressure was assumed to be at
85 atmospheres and the diaphragm cartridge was assumed to be at 43 atmospheres
for the selection of film coefficients. A more complete analysis would
specify the film coefficients as a function of the changing pressure and
temperature, but the present calculations should be conservative. Radiation
was examined briefly and was found to slightly lower the downstream diaphragm
temperature, primarily due to heat loss to the walls.

4.2 HEAT TRANSFER CALCULATIONS.

The shock tube/diaphragm cartridge geometry assumed for the present
calculations is a one-meter interior diameter (except when an insulation layer
0.03-m thick is added to the interior) tube with 0.05-m thick walls in the
cartridge and 0.12-m thick walls in the hydraulic seal region. The diaphragms
are one meter apart.

4.2.1 Wall Temperature.

With no active cooling or insulation, SINDA code calculations (Figure
21) indicate that the temperature at the seal will exceed the design criteria
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of 400°K at about two hours after start of heating. This can be fixed by
either cooling the wall (an example calculation for 5 x 10° J/mz-sec is given
in Figure 22) or by insulating the interior of the driver (Figure 23).

4.2.2 Diaphragm Temperature.

If the walls in the diaphragm cartridge are insulated, the temperature
of the downstream diaphragm exceeds the design criteria about two hours from
start of heating (Figure 24). With no insulation, there is sufficient loss of
heat to the walls/atmosphere to keep the temperature of the downstream
diaphragm below the design criteria (Figure 25). An active wall cooling
calculation demonstrated that the downstream diaphragm could be kept at near
ambient temperature, if desired.

4.3 INTERPRETATION OF THE CALCULATIONS.

From a modeling point of view, there does not appear to be any dif-
ficulty in achieving the design temperature goals either by active cooling or
insulationl It must be noted that the accuracy of the present calculation is
unknown because of the uncertainty in the validity of the film coefficients.
As designs progress, a more detailed selection of heat transfer parameters
should be done, and the predictions should be validated by a full-scale test
of the diaphragm cartridge region (i.e., with a shortened driver). This could
be accomplished as part of the prototype development tests at the U.S. Army
Ballistic Research Laboratory, Aberdeen Proving Ground, Maryland.

The results show that the aft diaphragm can be kept cool enough to

safely attach explosive cutting charges to its face. It also appears that gf%;
cooling the center section walls will lower the diaphragm section air tempera- &f‘ﬁ
ture so that an explosive charge can be mounted between the diaphragm, if ;ﬁ%ﬁ
desired. iiiﬂ
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4.4 SYSTEM COOLING CONCEPT.

Figure 26 schematically illustrates three of the cooling concepts that
were considered in the design of the heat gas diaphragm system. Figure 26a
shows a driver gas compression system pumping gas through a heater that raises
the system temperature to Tj. The sealing piston and cylinder temperatures
must be maintained at relatively low values (on the order of 250°F) so that
seals do not fail and radial clearances do not approach upper and lower
limits because of thermal expansion. This is accomplished by circulating
water through passages in the wall and rejecting the heat with radiators or
other means. Insulation on the inner wall would reduce or eliminate the need
for cooling.

The central compartment is similarly cooled by circulating water in
passages in the wall.

Heated gas from the driver at temperature T} and pressure P; is cooled
in a heat exchanger and passed through a pressure regulator to the central
compartment at pressure Py, which is always maintained at P = Py/2. Some
heat is rejected across the downstream diaphragm to ambient air at P3, T3.

Figure 26b shows an alternate cooling system that is similar to that
illustrated in Figure 26a except that unheated gas from the compression system
is directly brought to a pressure regulator into the central compartment
before the gas is heated. This eliminates the separate cooler.

Figure 26c shows a system that cools the central compartment by
continually bleeding fresh compressed unheated high pressure gas into the
compartment to replace gas heated by convection from the upstream diaphragm.
Therefore, if the exchange rate, 62, is properly set, the central compartment
temperature, Ty, can be maintained at the desired level. Thus, in this
scheme, no gas or wall cooling of the central compartment is required.
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CUTTING CHARGES ON DOWNSTREAM DIAPHRAGM L

WATER COOLED WALLS L
IN SECTIONS 1 AND 2 re
COOLED AIR @ P. (a) o
SUPPLIED FROM SECTION 1 b

WATER CODOLED WALLS £3
IN SECTIONS 1 AND 2 " i
COCL AIR @ P. R
SUPFLTED BY COMPRESSORS o

WATER COOLED WALL %@;
IN SECTION 1 ONLY R
cOOL AIR @ P (c) :”&
SUPPLIED BY COMPRESSORS g
AND CONTINUOUSLY BLED o
OUT OF SECTION 2 o

e
Figure 26. Heated dual diaphragm schematic. YN
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SECTION 5
DIAPHRAGM DESIGN CONCEPTS

5.1 DIAPHRAGM OPENING MECHANISMS.
5.1.1 Explosive Methods.

If the diaphragm that is schematically illustrated in Figure 1 is
subjected to pressure on its concave side, the shape of the diaphragm can be
configured so as to put the diaphragm in tension out to the very edge. This
will be discussed in detail in Section 5.2

The spherical segment of the diaphragm is in tension and is normally
designed to break into triangular gores upon initiation of an opening
sequence. In many designs, the downstream surface of the diaphragm is scored
with sharp vee grooves as illustrated in Figure 27 where an eight-petal design

in shown. In some designs, the vee grooves have a length of explosive cord

such as "primacord”" cemented or attached over each groove. In other cases,
where pressure is relatively low, the explosive cord is fastened to an
ungrooved‘diaphragm. Initiators, usually in the form of an exploding bridge-
wire detonator, are usually installed at the apex of the explosive cord
pattern so that all cuts (0OA, 0B, 0C, 0D, OE, OH) are made simultaneously.
The explosive detonation wave travels at approximately 7,000 meters/second;
therefore, all cuts in a 40-inch diameter (1 meter) diaphragm are made within
0.09 milliseconds. A1l diaphragms on a 15-driver LB/TS can be opened explo-
sively in simultaneous fashion.

As pressures increase, thicker diaphragms are required. The equation
for thickness is given below in simple fashion.

(P, - PyIr(f)

t =
ZSty

where

t = thickness of diaphragm, inches

Py = upstream pressure, psig

P4 = downstream pressure, psig
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Figure 27. Diaphragm opening pattern. e
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r = spherical radius, inches
Sty = minimum tensile yield stress, psi
f = factor of safety
For the case of interest:
Py = 2,200 psi
Pg = O single diaphragm

r = 40 inches

Sty = 35,000 psi Tow carbon steel
Sty = 150,000 psi alloy steel
f = 1.5

This shows that for a single diaphragm, the low carbon steel diaphragm would
be 1.9 inches thick, whereas the heat treated alloy steel diaphragm (AISI
4130) would be 0.44 inches thick. A normalized alloy steel diaphragm would be
0.9 inches thick. The dual diaphragm would be approximately half as thick.
Therefore, because we are interested in cutting the diaphragms with explo-
sive, SAIC received estimates of explosive performance from two leaders in the
field. These were:

1. The Ensign-Bickford Company
Aerospace Division
660 Hopmeadow Street
Simsbury, Connecticut

2. Explosive Technology
Fairfield, California

Both of these companies suggested that the diaphragms be cut with
linear-shaped charges at the proper standoff distance. Both also suggested
that sharp vee grooves be machined into the downstream side of the diaphragm
to facilitate fracture at the desired locations. Both concerns make linear-
shaped charges that can withstand temperatures on the order of 300°F. Figure
28 (from Ensign-Bickford) shows a cross-section and data for typical flexible
linear-shaped charges (FLSC) of the type that would be used to open the
diaphragm. Preliminary estimates from the explosive supplier indicate that
loadings of the order of 500 grains/foot would be required.
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FLSC CONFIGURATION 1V
PART NUMBERS, WEIGHTS,

SHEATH
Ve
CORE \ /
— .006 min.
R °?
8 2
“ N 8
? g
D ref. y F. c
FLSC
A -
TARGET
—_—
RECOMMENDED
STANDOFF -—f
r 3 .
Nominal | ensian.sicHrORO Qcmpnsuons
Core ! Part (in inches) Gross Weight
Load Number (Ib/ft)
(gr/1) (RDX/LEAD) | A 8 ¢ D |E,(1) | E(2)
50 206007 .268 | .2051.098 {.071 {.100 {.100 0.0436
100 206006 .395 | .298 | .140 | .099 | .180 | .100 0.1548
200 206009 .556 | .422 | .203 | .144 ] . 230 | . 230 0.2988
(1) Against 6061-T6-Al
(2) Against 304 Stainless
Figure 28. FLSC characteristics.
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Note that standoff is important and the cutting charges must be XN
f@ supported above the surface by foam or light frangible material to obtain the L&
' proper standoff distance.

N Figure 29 (from Ensign-Bickford) shows a log-log plot for the cutting ;&
jﬁ of 304 stainless steel. The explosive suppliers believe that cutting the heat fﬁ
R treated alloy steels or precipitation hardening stainless steel (17-4PH) will ;-
0 be much more difficult and they recommend that tests be performed to obtain A
{§ data. In the interim, they suggest that a FLSC loading of 500 grains/foot be i;
ié used in our estimates. iﬁ

Figure 30 (from Ensign-Bickford) shows the ranges of effective standoff =

distances for stainless steel. It can be seen that standoff distance 1@
ﬂ} increases with charge weight and for 500 grains/foot, the standoff distance ﬁg
R would be approximately 0.2 inches. '2;
*y -E
" Cutting performance of the 1linear-shaped charge is a function of o
,§; detonation rate and characteristics of the sheath material and is also g?
o affected by the hardness, strength, and density of the material being cut. 0
W -
W Penetration and cut of a given material are essentially proportional to ké
;h the square root of the coreload. Actual data with improved shapes such as the ??
K? Ensign-Bickford Configuration IV show an exponent value of 0.6; i.e., .%é
R . [3‘1] . ‘.3
W Ty W, 0
f": .c:t
a) where o
;4 Ty and Ty are total cut of a given material and W) and Wy are “{
?? coreloads. &:
A b
" Using this equation, we can examine the effects of coreloads when the 3&
;; cutting performance of a given coreload is known. Generally, penetration is '
-ﬁ equal to about 50% of the total cut with fracture accounting for the balance.
3 This relationship depends on the strength and hardness of the material being
K cut, which, in turn, relate to environmental conditions, most notably to
- 65
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Figure 29. Performance of RDX/Aluminum Configuration IV LSC. A
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temperature.

The following explosives are used in Ensign-Bickford linear-shaped
charges. Data are from Ensign-Bickford.

RDX, cyclotrimethylenetrinitramine.
Specification
Melting point
Autoignition
Degradation

Maximum recommended prolonged
storage temperature

Detonation rate

MIL-R-398

190°C

405°C

350°F after 1/2 hour
325°F after 1 hour
300°F after 4 hours

+ 250°F
8200 meters/sec @ 1.65 g/cc

RDX, cyclotetramethylenetetrainitramine, is a homolog of RDX.

Specification
MeTting point
Autoignition
Degradation

Maximum recommended prolonged
storage temperature

Detonation rate

MIL-H-45444

273°C

380°C

425°F after 1/2 hour
400°F after 1 hour
375°F after 4 hours

+ 300°F
9100 meters/sec @ 1.84 g/cc

PETN, pentaerythrtoltetranitrate, is somewhat more sensitive and slightly less
powerful than RDX and is used primarily in Primacord and detonators.

Specification
Melting point
Autoignition
Degradation

Maximum recommended prolonged

MIL-P-387

141°C

272°C

250°F after 1/2 hour
225°F after 1 hour
200°F after 4 hours
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storage temperature + 150°F
Detonation rate 8300 meters/sec @ 1.7 g/cc

The explosive cutting charge should be sized so that it cuts enough
metal to allow the system pressure to rupture the diaphragm along the cuts.
For example, if the FLSC cuts half way through the diaphragm, and the factor
of safety is less than 2, the pressure behind the diaphragm will rupture the
diaphragm. It is necessary that after the cut, the following equation be
fulfilled.

N"U
ad ]

S = > S

tu
where
) = actual tensile stress, psi
P = diaphragm differential pressure, psi
r = diaphragm spherical radius, inches
t = thickness of diaphragm remaining uncut, inches
Sty = ultimate strength of diaphragm material

If the FLSC cuts clear through the diaphragm, it is too large a charge
for the job.

An alternate method of explosively opening the diaphragm is illustrated
in Figure 31. The dual diaphragms are prescored with sharp vee grooves. The
upstream diaphragm is pressurized at driver pressure, P,, and is exposed to
heated gas at pressure T,. The compartment between the two diaphragms is
pressurized to half the driver pressure. Py = Py/2 and the compartment is
cooled to keep the temperature low enough so that a small explosive charge can
be suspended between the two diaphragms. Upon command, this charge detonates
and the overpressure fractures the downstream diaphragm and vents the central
compartment whereupon the system pressure, P,, fractures the upstream
diaphragm.

Unfortunately, there may be problems with this simple system. Because
the pressure wave from the explosion reflects from the upstream diaphragm with
amplification that could reach considerable levels, it is possible that the
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DRIVER GAS @ Po,To

DRIVER PRESSURE VESSEL

EXPLOSIVE CHARGE &
INITIATOR FEEDTHROUGH

DOWNSTREAM
DIAPHRAGM

L

AMBIENT
— ~ CONDITIONS—
Pa,Ta

—
-EXHAUST NOZZLE

UPSTREAM —
DIAPHRAGM

' FORWARD AND AFT
DRIVER GAS @ Po/2,Ta DIAPHRAGM ADAPTERS

Figure 31. Explosive charge overpressure diaphragm opener.
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upstream diaphragm could bend backwards (upstream) before opening and reverse
its bending downstream as the pressure is vented by the downstream diaphragm,
thereby causing the gores to separate at the roots due to the physical
elongation in the reverse bending cycle. Perhaps this could be alleviated by
facing the spherical radius upstream but then the thickness required would
increase. Also, the explosive pressure loading does increase the thickness of
the diaphragm compartment walls. This effect is also present on the walls
around the diaphragm with the linear-shaped cutting charges but not to this
degree because the FLSC are in ambient pressure rather than at half the system
pressure.

5.1.2 Pressure Rupture Methods.

If there are two diaphragms in series as illustrated in Figures 8 and
32, the system pressure, Py, is applied to the upstream diaphragm and half the
system pressure, P, is applied to the space between the two diaphragms..
Figure 32a shows that an explosive cutting charge on the downstream diaphragm
2 ruptures. it, whereupon the pressure in compartment B between the diaphragm
is vented to the exhaust nozzle, C. Now diaphragm 1 has the system pressure,
P1, acting on the upstream side and ambient pressure, P,, acting on the other
side. Because diaphragms 1 and 2 are designed only to withstand half the
system pressure, diaphragm 1 breaks and releases the system pressure to the
nozzle.

If diaphragm 1 was unscored, it would break in a random fashion and
parts of it may obstruct the flow. In order for it to break cleanly, in a
predetermined pattern of triangular gores, the diaphragm has a pattern of
sharp vee grooves machined into the rear face to act as stress risers.

If no explosive is used, breakage of the diaphragms can be initiated as
illustrated in Figures 32b and 32c. In Figure 32b, when the command to open
the diaphragms is actuated, a valve, V, is opened between the diaphragms to
vent compartment B to the atmosphere. When the pressure in B drops low
enough, the upstream diaphragm, 1, fractures and opens. This suddenly
increases the pressure in B to full system pressure, P}, which ruptures the
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EXPLOSIVE CUTTING ON

DIAPHRAGM @ CON @

R, T R,T. FOR UNHEATED CASE) (a)
PRESSURE BREAKS THE
SECOND DIAPHRAGM

VENT (B)T0 ATMOSPHERE
P, BREAks DIaPHRAGM (1) ()
AND THEN DIAPHRAGM (2)

PrRessurizE(B) o R (
DIAPHRAGM@BREAKS ¢)
FOLLOWED BY DIAPHRA_GM@

Figure 32. Dual diaphragm opening concepts.
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downstream diaphragm, Py, thereby opening the driver to the exhaust. The time
period for this operation to take place depends on the time required to vent
compartment B to the atmosphere. It is a function of P, volume B, and valve
V port size and opening time.

Figure 32c shows the same physical arrangement but valve V vents high
pressure air from the driver A to chamber B. As pressure P, in B rises to the
level required, diaphragm 2 ruptures releasing chamber pressure, Py, and the
full system pressure, P, acting on diaphragm 1, causes it to burst. In all
of these cases, the diaphragms are designed to burst at pressures below system
pressure, P}, and greater than half system pressure, Pj.

Response time depends on the venting and pressurization time and the
bursting strength of the diaphragm.

5.1.3 Mechanical Methods.

Diaphragms can be opened by using a mechanical device, usually in the
form of a pointed rod, to initiate the fracture at the junction of a series of
radial grooves. Using-this technique as illustrated in Figure 33, a piston
driven by a pyrotechnic gas charge pierces the diaphragm to initiate the
rupture. Action time can be on the order of 10 milliseconds depending on gas
generator output and piston parameters. A gas generator similar to a shotgun
cartridge is required. Electric squib initiation would start the decom-
position of a gunpowder charge. Pressures on the order of 25,000 psi are
attainable with simple cartridge type gas generators. The mechanical system
would not require explosives and would not be affected by heated driver gas.

If compressed air or hydraulic pressure is used to drive the piston,
response time will be increased and piston diameter will be increased because
compressed air is not normally available at pressures greater than 2500 psia
and hydraulic pressures are limited to 10,000 psi maximum. An accumulator
would be required to provide hydraulic flow so the working hydraulic pressure
would drop to approximately 3,000 psi over the stroke of the piston. Also,
because hydraulic flow rates are limited by the pressure, response times would
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increase.

v = kf2gh = kf2g 7

/]
where

= velocity of flow through an orifice
= orifice coefficient = 0.97

32.17 ft/sec?

= pressure, PSF

= density, 1b/ft3

W U v O x <
L}

For 3,000 psi, the oil could theoretically flow through an orifice as fast as
1800 FPS. Actually, when multiple orifices and pipe losses are accounted for,
maximum flow rate will be on the order of 100 FPS and response time can be
calculated accordingly.

5.1.4 Petal Formation.

When the diaphragm is sheared into petals (or gores) by the action of
explosive or pressure, individual petals are formed as illustrated in Figure
27.

The pressure force acting on the petal surface, normal to the surface,
is the static differential pressure, P, acting on a triangular area.

F = PA
= area, inches? = (h-y) Xy
Xy = (h-y) tan 8/2

Therefore:
A = (h-y)2 tan 0/2
F = P(h-y)2 tan 6/2 1bs
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Force acts through the area centroid y where
yo- Ao,y e
3 'qh’.‘."
Yo
e
Therefore, the bending moment, M, that acts to open the petals at any station ot
y is given by the following equation: Ko
DN
i
- h-y)3 2 ¢ o
M = Fy = P [ 1—311 + y(h-y) ] tan 5 in 1b tﬂﬁﬁﬁ

» 3
Section moduls § = t 2 (h-y) tan 8/2 ﬁﬂ%&
y 3 i
M 2 bk
Bending stress S =5 = —Ef [ (h-y)€ + 3y (h-y) ] v
t i g9 6
For a typical case of interest -
. e
h = 20 inches NVRRH
OO
Sp max occurs as y = 0 S

2 ¥
Sp max = -P'('h—z)'
ty

For 1,000 psi differential pressure, the bending stress is greater than
the 150,000 psi minimum yield stress of the diaphragm material but as y
increases, the bending stress decreases. However, it may be great enough to
cause local failure of the petal near the tip, which could bend prematurely
like a banana peel and prevent the entire petal from flattening itself at the
root. Experiments are necessary to verify the petal formation.

5.2 DIAPHRAGM STRUCTURAL ANALYSIS.

The structural design of the rupture diaphragm is critical to the safe
design and operation of the high pressure, high temperature LB/TS driver
system. The diaphragm is basically a pressure vessel component and is
designed not to fail at its ultimate strength level at the maximum static
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working pressure differential and temperature (a suitable design safety factor
is included). In the case of a diaphragm designed to rupture, however,
additional design criteria must be developed for the precise rupture opening
of the diaphragm upon an explosive, mechanical or pressure force initiation.
As a result, the diaphragm is designed to operate at very high stress levels.
Therefore, manufacturing and inspection processes for the diaphragm must be
stringently controlled to minimize material and production flows which could
cause accidental catastrophic failure. Additionally, the inherent low design
safety factor for the diaphragm creates an unsafe and hazardous condition in
the shock tube while the driver is being pressurized and/or heated.

In this section, the design criteria for the rupture diaphragm will be
established from the operating characteristics of the LB/Ts driver system,
then a materials survey will be used to select several candidate steel alloys
which are suitable for the diaphragm design under study and finally a para-
metric stress analysis will establish the required geometryi(i.e., thickness,
radius of curvature, etc.) of the diaphragm design.

5.2.1 Design Criteria.

The structural design criteria for the LB/TS diaphragm is derived from
its two modes of operation. The first mode is the diaphragm’s function as a
"safe" pressure vessel component operating at the design pressure and temper-
ature. The second mode is the diaphragm’s ability to precisely rupture upon
initiation by mechanical means, by explosive cutting charge or gas pressure
differential increase. The three operation modes must be considered simul-
taneously to derive the necessary design criteria for the diaphragm stress
analysis.

The LB/TS dual diaphragm system design is shown in Figure 8. As was
stated previously, the dual diaphragm system facilitates the use of an
explosive cutting charge (limited to 200-300°F temperature operation) on the
downstream diaphragm which is thermally isolated from the hot driver gas by
the upstream diaphragm. Additionally, the pressure differential across each
of the diaphragms is regulated at approximately one half the total driver gage
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pressure and thus the two diaphragms are each stressed half as much as a
single diaphragm system. The working temperature of the upstream diaphragm is
considered to be at the driver gas temperature and the downstream diaphragm at
approximately room temperature due to driver gas cooling between the two
diaphragms.

The design criteria for mechanical stress is established from a design
safety factor imposed on the tensile ultimate strength of the diaphragm
material. For the upstream diaphragm, the design safety factor must be less
than two to assure that this diaphragm is ruptured by the pressure increase
which occurs when the downstream diaphragm is explosively ruptured. Because
the initial pressure differential across the upstream diaphragm is only one
half tne tot2l driver gas pressure, a design safety factor greater than two
would not induce sufficient mechanical stress to fracture the upstream
diaphragm. To provide adequate assurance that the diaphragm will rupture, a
design safety facior of 1.5 is used in the analysis. The downstream diaphragm
(in the explosive opening design), however, has a more conservative design
safety factor because it is ruptured by explosive cutting charges. In this
case, the only limits to the design safety factor are the required safety in
the LB/TS test section while the driver gas is being pressurized/heated and
the cutting ability of the linear shaped charges which are used to rupture the
diaphragm. For the diaphragm in this study, a design safety factor of at
least 2 is used to provide sufficient margin of safety to prevent accidental
discharge of driver gas. In order for the test section to be man rated while
the drivers are pressurized, the ASME pressure vessel code maximum allowable
stress specification for the material used must be used for the diaphragm
design. A summary of the design criteria for each of the diaphragms is given
in Table 7. IT IS OUR RECOMMENDATION THAT NO MEN BE PRESENT DOWNSTREAM OF A
PRESSURIZED DIAPHRAGM!

5.2.2 Diaphragm Materials Selection.
The selection of materials for the LB/TS rupture diaphragm is dependent

upon its operating environment and opening constraints. The diaphragm is
subject to high stress levels at temperatures from 70° to 700°F. The tensile
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strength of the diaphragm material is the single most important property to be
considered. If the ultimate strength is low (less than 75 ksi) the diaphragm
would be excessively thick and heavy. A diaphragm which is very thick (in the
order of one inch) would be very difficult to fracture predictably and
completely. The required FLSC charge would be heavy enough to cause severe
pressure loads on the downstream cartridge walls. A thinner diaphragm would
be more likely to fully petal open in a predictable and controllable manner.
A heavy diaphragm would make handling and assembly more difficult and would
inflict greater damage to the diaphragm housing when it petals and strikes the
housing wall. An additional constraint on the diaphragm material is the
degradation of strength properties at elevated temperatures. As the material
temperature increases, the ultimate strength correspondingly decreases and
over time the material tends to creep (elongate) under stress. The hot
diaphragm (upstream) should be made from a material which has high strength
properties and resists creeping at its operating temperature.

Table 7. Rupture diaphragm design criteria.

Design Criteria Diaphragm No. 1 Diaphragm No. 2
Location Upstream Downstream
Working Pressure (psig) 1150 1150
Rupture Pressure (psig) 2300 1150
Working Temperature (F) 700 <100
Rupture Method Differential Pressure- Explosive Cutting

Charges
Opening Pattern 8 Radial Grooves Min 8 Radial Grooves Min
Safety Factor 1.5 >2.0
Min Thickness Strength
Basis Tensile Ultimate Tensile Yield
Man Rating No No

A second important class of properties to consider for the diaphragm is
the fracture strength. The most common type of property affecting fracture
strength is elongation. Elongation is the amount of strain a material will
exhibit under tensile stress before any fracture is observed. This property
is important because when the diaphragm petals open, an excessive amount of
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strain will occur at the base of the petal. To prevent the failure of the
petal base and thus the possible fracture and release of the petal into the
high velocity gas flow, the material must be resistant to fracturing at high
strain conditions. The elongation is specified in percent strain which is the
percent length per unit length that the material is stretched to failure.

Other fracture strength properties to consider are fracture and notch
toughness. The notch toughness of the material is the ability of a metal to
absorb energy and deform plastically before fracturing. Fracture toughness, a
material property related to notch toughness, describes the resistance of a
metal to the propagation of an existing crack. Both of these properties
describe the brittleness or low ductility of the material. The diaphragm
increase the possibility of an unwanted failure because of stress concentra-
tions produced by the material discontinuity. The fracture roughness of a
material is typically specified as the stress intensity factor, K, in units of
stress times square root of length (i.e., ksi-(in)l/z). The stress intensity
factor generally describes and relates the material flaw size, component
geometry and fracture toughness. For every structural material which exhibits
brittle fractures there is a lower limiting value of K termed the plane-strain
fracture toughness, Klc. In a general sense, all high strength alloys (steel,
aluminum, etc.) exhibit some degree of brittleness and therefore the fracture
roughness must be carefully examined when considering the material for high
stress structural use as in the diaphragm operation.

The types of structural materials which were initially considered for
the rupture diaphragm are steel, aluminum, and titanium alloys. These alloy
groups have available a wide range of strength and toughness properties
through the use of different alloying elements and heat treatment practices.
For two of these alloy groups, steel and titanium, there are available
materials with ultimate strengths in the order of 150 ksi. Aluminum alloys
cannot be heat treated or alloyed to the 150 ksi strength level (maximum
strength for a 7075-T6 alloy is typically 75 ksi) and thus were eliminated as
candidate diaphragm materials. The properties of the alloys are available
from several sources. The ASME Boiler and Pressure Vessel Code [Ref. 8] has
material specifications for all types of pressure vessel applications (i.e.,
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Qg bolting, fittings, plates and sheets, pipes and tubes, forgings, castings, and é%
}§§ bars). A second source for property data is the Military Standardization "?
h Handbook for Metallic Materials and Elements for Aerospace Vehicle Structures -
¢g (MIL-HDBK-5C). This handbook tabulates data for a wide variety of metallic s}
iﬂi materials used in the aerospace industry. A selection was made for materials :X
:S; which have the desired high strength and ductile properties suitable for the :?
. rupture diaphragm. The candidate materials were selected based on engineering -
o judgement and reference research. Table 8 gives properties for the various o
ﬁg candidate materials. 'ii
X 'E‘,.
« 5.2.3 Diaphragm Stress Analysis. Ei
""n ::':
-%: The diaphragm structural design was performed on the baseline diaphragm :&
%g configuration shown in Figure 34. The stress analysis was limited to a first _ﬁ%
" order simple stress model to calculate relative thicknesses of the diaphragm i
:ﬁ‘ shells so that an evaluation of the required fabricating and opening E?
;? techniques could be made. A higher order design would incorporate a finite ﬁ?
:i : element analysis which would provide excellent diaphragm opening/rupturing ;x
R design data. This analysis, however, was beyond the scope of project and is e
o left for a future study. The diaphragm stress model is composed of three :
:2 basic structures. The major section of the diaphragm is the spherical dish- :&
ﬁ' 1ike shell. The spherically shaped structure is characterized by its radius fg
X of curvature which is assumed to be approximately 40 inches, roughly twice the ﬂf
o diaphragm port diameter. The spherical shell transfers it membrane stress to .E?
ﬁf the next structural section, a toroidal shell. The toroidal shell is a smooth s
$. transition section from the spherical dish to the mounting ring and is %ﬁ
!Z characterized by a major diameter approximately equal to the diaphragm port #ﬁ
;, diameter and a minor diameter chosen based on parametric calculations (range

? is from 4 to 8 inches diameter). The inner minor diameter of the toroidal N
? shell is assumed to transfer all bending loads caused by the spherical shell )
0 deflection to a mating male bearing surface on the flange in which the ‘§5
™ diaphragm is mounted. This insures that the spherical structure only trans- -
éﬁ fers the membrane stress to the toroidal shell which in turn transfers its ak
‘q membrane stress to the mounting ring where the load is taken out in shear by ;ﬁ
L the diaphragm mounting ring. The mounting ring is the section of the “3
& 81 ‘:
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Table 8. Strength and elongation properties of selected high
strength steel alloys.

ALLOY HEAT
SPEC TREAT
LOW ALLOY STEELS
AISI 4130  ANNEALED
Q&T
Q&rT
Q&rT
AISI 4140  ANNEALED
Q&T
Q&T
Q&T
Q&rT
AIST 4340 Q&rT
Q&T
Q&rT
Q&rT
Q&T
INTERMEDIATE ALLOY STEELS
AMS 6523 . Q&rT
AMS 6526 Q&T
HIGH ALLOY STEELS
AMS 6520 Q&T
STAINLESS STEELS
AM-355 SS
AMS 5749 SCT850
AMS 5749 SCT1000
17-4PH H300
H925
H1025
H1075
H1150

Q & T--QUENCHED AND TEMPERED TO ULTIMATE STENGTH GIVEN

@ RT
ksi

90
125
150
180

90
125
150
180
200

125
150
180
200
260

190
220

252

190
165

190
170
155
145
135

ULTIMATE STRENGTH
@ 700 F
ksi

16
105
126
151

76
105
126
151
168

105
126
151
168
218

160
185

212

160
139

154
138
126
117
109

@ RT
ksi

70
103
132
163

70
103
132
163
176

103
132
163
176
215

180
190

242

150
140

170
155
145
125
105

59
87
m
137

59
87
1
137
148

87
m
137
148
181
151

160

203

126
118

133
121
113

82

PERCENT

10
12

8
8
8
9
10

Reference: MIL-HDBK-S5C-Metallic Materials and Elements for Aerospace
Vehicle Structures
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YIELD STRENGTH ELONGATION EXPOSURE
@ 700 F
ksi

LIMIT

800
800

<900
<925
<1025
<1075
<1150
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Figure 34. LB/TS diaphragm schematic. qﬁ.
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diaphragm that has two functions. First it provides a flat surface to seal
against the driver pressure and second it provides structural support for the
diaphragm while it is under high stress during operation. The ring is
characterized by a 1ip that is inserted into a slot in the mounting flange to
firmly hold the diaphragm in place. This lip is under shear stress and
prevents the diaphragm from pulling out of its mounting.

‘ﬁl The stress analysis was based on the following assumptions:
N 1. Driver pressure is exerted only on the spherical shell.

}Q 2. Only membrane stresses due to differential pressure are transferred
at the interface of the spherical shell and the toroidal shell.

3. The mounting ring 1ip is in shear stress only.

4.2 4. Each section (i.e., spherical, toroidal and ring) is treated
: independently and the end deflections are matched for each section.

The stress analysis is performed by first choosing a membrane thick-
de ness, then calculating the membrane stress and deflection of the spherical
W shell where it meets the toroidal shell and then calculating the deflection of

X the toroidal shell due to the spherical shell end conditions. The last step
5 is to calculate the deflection of the ring due to the toroidal end conditions.
iﬁ‘ The results will provide two values, the stress state of the membranes and the
ﬁﬁ shear force of the diaphragm at the ring outer diameter. Two pressures were
:ﬁj used in the analysis, first the initial differential pressure of 1150 psi and

then the final differential pressure of 2300 psi' exerted on the upstream
gﬁ diaphragm when the downstream diaphragm is ruptured. Table 9 shows results of
i? calculations performed for various thicknesses of the diaphragm configuration

e previously shown at 1150 psi. Table 9 also gives calculation results for the
same thicknesses and configuration at 2300 psi. The stress values given are
actual tensile and shear stresses and must be modified by a safety factor for

i a design allowable stress. The stress values are based on a uniform thick-
%; ness diaphragm, including the ring lip which is in shear stress only. The
‘a shear stress levels for the diaphragm are much less than the tensile stress
23 levels as indicated by the table. For a 2300 psi diaphragm operating at the
;g 150 ksi stress level, the shear stress taken out by a single shear area is
:g less than half the tensile stress. This shows that a double shear configura-
3 tion (see Figure 34, Section A-3) is not necessary for the diaphragm. The
N 84
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thickness for a 2300 psi diaphragm operating at a design allowable stress of
150 ksi would typically be about 5/8ths of an inch as the table shows. For a
1150 psi diaphragm, the thickness is about 3/16ths of an inch. The material
selection would be based on the material working stress (i.e., yield stress
times an appropriate safety factor) and the working temperature. The prelim-
inary structural design analysis indicates that the materials previously
chosen and given in Table 8 are applicable for this design and represent
excellent candidates for the diaphragm configuration under study.

Table 9. Diaphragm structural design results for 1150 and 2300 psi.

Diaphragm Maximum Bending Maximum Single Maximum Double
Nominal Tensile Stress Shear Stress Shear Stress
Thickness @1150 @2300 @1150 02300 @1150 @2300

in ksi ksi ksi ksi ksi ksi

.250 182 363 84 168 42 84
375 122 243 56 112 28 56
.500 91 182 42 84 21 42
.625 73 146 33 67 17 33
.750 61 122 28 55 14 28
.000 46 92 21 41 10 21

DIAPHRAGM FABRICATION TECHNOLOGY.
Fabrication Methods.

The diaphragms that are required for the LB/TS are best described as
circular sheets of steel of uniform thickness which are formed into a partial
spherical segment. The steel that is selected for the diaphragm must be cross
rolled sheet with uniform properties. The steel must be free from inclusions,
pits and flaws. The shape of the diaphragm is shown on Figure 34. The
spherical radius of curvature and other radii will be determined after a
detailed structural trade study is accomplished. for purposes of this study,
a 40 inch spherical radius was selected and the transition radius was three
inches. This geometry places the diaphragm in almost pure tension. Shear
forces are reacted by the tension component acting on the support frame.
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Minimum tensile yield stress is specified as 150,000 psi. A number of
manufacturing processes were investigated and some are described in detail
below. The processes were designed to provide a uniformly thick diaphragm
with vee grooves machined or formed in the convex spherical side.

5.3.1.1 Explosive Forming. Figure 35 schematically illustrates the explosive
forming process. A diaphragm blank with a preformed flange or with bolt holes
is held to a very heavy alloy steel female die by edge clamps. For illustra-
tive purposes, the clamps are shown bolted by hydraulic or mechanical clamps
could be used in practice. The female die may be several feet thick and a
steel such as AISI 4340 could be used. A vacuum pump is used to evacuate the
void between the diaphragm blank and the die. The entire assembly is sub-
merged in a tank of water. A small explosive charge is suspended at or near
the center of curvature of the die and detonated. The intense hydraulic
pressure generated by the detonation forms the diaphragm blank to the contour
of the die. If grooves are desired in the finished diaphragm, a pattern of
wires outlining the grooves may be positioned on the concave face of the die.
The impact of the diaphragm blank on the die face is so fast that the blank
will locally flow around the wires to form grooves. If round wires are used,
round grooves will be formed. Therefore, if vee grooves are desired, wires of
the proper cross section must be used on the die.

Unfortunately, the forming process stretches the metal and the most
severe stretch will result near the 45 degree radial line of the spherical
segment. Therefore, the diaphragm thickness must be sized at this thinnest
area or the diaphragm must be machined to a final contour after forming. It
is likely that the sealing face of the diaphragm will require machining or
polishing.

In any case, the diaphragm is formed from annealed material and is heat
treated after forming. Jigs will be required to prevent warping during heat
treat and in some cases, straightening dies would be required to eliminate
residual warping.

Explosive forming is a rapid, relatively inexpensive process. It is
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Figure 35. Explosive forming of diaphragms precision die method.
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likely that a number of dies would be required to get the required production
rate. One advantage is that only one die size is required to handle the range
of thickness of diaphragms that will be required for the LB/TS.

This process can be used to form scale diaphragms for BRL scale model
shock tubes.

5.3.2 Hydroform.

In the hydroform process, a female die such as that illustrated in
Figure 35 is constructed and the diaphragm blank is mounted as before.
Instead of submerging the die in water, a heavy pad of rubber is used to cover

the diaphragm blank and a huge hydraulic press squeezes the rubber and metal
blank into the forms cut into the die.

Because hydroforming cannot be used for heavy steel parts, the process
was not thoroughly investigated, however, because many of the diaphragms will

be "thin," hydroforming should be investigated for these cases in future
studies.

5.3.3 Forging.

Both Ladish and Wyman-Gordon said that the one meter diameter diaphragm
was too thin for them to forge in male and female dies. For the flange
diameters of interest (about 50 inches 0.D.) they would start with a billet of
steel and end up with a diaphragm that was approximately two inches thick.
This would then require machining to the final thickness which is in the order

of 0.5 inches or less. This makes the process uneconomical for the thin
diaphragms of interest.

5.3.4 Spinning.

SAIC had detailed engineering discussions v .th Spincraft in North
Billerica, Massachusetts. Spincraft has another plant in New Berlin, Wiscon-
sin. The diaphragm would be formed from AISI 4130 steel or 17-4PH precipita-
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5
tion hardening stainless steel. The forming is carried out by spinning a flat f}
disk shaped diaphragm blank against a male die rotating on the spindle of a qt
power spinning machine. The same die can be used for any thickness of ’
diaphragm. During the spin forming operation, the metal flows and the i
thickness of the finished part varies along the radius. Figure 36 shows a k¥
large conical dish being formed on the spinning machine. f?
»
Thickness is reduced as follows for the diaphragms of interest. ‘3
¥4
W
Inches Inches 3
0.7 0.550 ’
0.5 0.375
0.375 0.290 R
0.250 0.180 )
_ ™
5$ Therefore, we would end up with a diaphragm whose thickness varies along the ﬁi
' radius with the minimum thickness located approximately at the 45° point on ;ﬁ
i“ a;{
ﬁ; the spherical segment. ﬁg
\ I8
2
Y The radial vee groove pattern would have to be machined after forming. )
§$ Also, Spincraft says that the sealing surfaces must be machined after spin- ;g
iﬁ ning. The heat treat would take place after machining. 3&
9:§| ’;e_
-
ot Spincraft has estimated the ROM unit cost of diaphragms based on 1000 o
i units. Their estimate is given below. "
i R
N Spincraft ROM cost. i
v 17-4 PHG precipitation hardening stainless steel. R
N :.(,
& Bank Thickness Unit Price Unit Material .ﬁ
E; Inches Including Material Cost 3
A )
\ 0.7 $3,200 $2,069 bt
0.5 2,500 1,380 |
™ 0.375 1,975 1,035 )
> 0.25 1,450 690 o0
W R
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Figure 36. Spincraft power spinning machine.
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This shows that metal flow is significant. Flatness of the seal area can be
held to within 0.020 inches by machining. As spun, the flatness will vary
t .063 inches.

5.3.5 Hydraulic Forming.

Diaphragms can be free formed by subjecting them to hydraulic pressure
in a fixture similar to that shown in Figure 37. The diaphragm is held in
place by a bolted clamp and hydraulic pressure is applied to one side by a
hydraulic pump. Water is usually used as the pressurizing fluid so that it
can be drained without recovery. The deflection of the diaphragm is measured
and pumping is stopped when the deflection reaches a predetermined amount.
The metal is stretched beyond the yield point but setback will occur when the
pressure is released. As in any of the other processes, the diaphragms will
be thinner at preferential radial stations and may need to be machined and
grooved after deflection.
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Figure 37. Hydraulic forming of diaphragm.
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SECTION 6
OPENING TECHNIQUES DEMONSTRATION TEST PLAN

This section very briefly describes a test plan that would be used to
evaluate the opening techniques and obtain test data. It is designed to
utilize the linear shaped charges on a dual diaphragm installation.

6.1 FLSC CHARACTERIZATION TESTS.

Test panels of metal shall be fitted with a length of FLSC at the
proper standoff distance and the charge shall be fired. The test panel shall
be unsupported except at the edges. Depth of cut shall be measured. Metal-
graphic cross sections shall be prepared for each cut. Test panels shall be
six inches by twelve inches. Three measurements per cut shall be made at the
beginning, center and end of the cut.

FSLC TEST MATRIX

Panel Thickness Charge Panel Material Type
Inches Size A B c
.125 1 AISI 4130 17-4PH AMS 6523
.125 2 AISI 4130 17-4PH AMS 6523
.125 3 AISI 4130 17-4PH AMS 6523
.25 1 AISI 4130 17-4PH AMS 6523
.25 2 AISI 4130 17-4PH AMS 6523
.25 3 AISI 4130 17-4PH AMS 6523
.375 1 AISI 4130 17-4PH AMS 6523
.375 2 AISI 4130 17-4PH AMS 6523
.375 3 AISI 4130 17-4PH AMS 6523
.50 1 AISI 4130 17-4PH AMS 6523
.50 2 AISI 4130 17-4PH AMS 6523
.50 3 AISI 4130 17-4PH AMS 6523

For valid data, three panels/test point should be tested. Tests should take
place at room temperature.
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6.2  DIAPHRAGM OVERPRESSURE TESTS.

At least three scaled diaphragms of each material and each thickness
shall be tested in a pressure vessel in which the diaphragm is pressurized to
design pressure on both sides. The convex side should have the pressure
slowly released until the diaphragm ruptures. This will characterize the
particular design to obtain the initial bursting point.

After the diaphragms have been tested for initial opening, the above
tests should be repeated with very rapid venting of the downstream pressure by
means of a large ball valve or diaphragm to obtain data on the petal formation
and bending as the diaphragm opens. A test rig similar to that illustrated in
Figure 8 should be used with the aft diaphragm replaced by a quick opening
valve. The test matrix is shown below.

DIAPHRAGM PRESSURE BURST TEST MATRIX

Maximum Test Diaphragm

—Pressure Confiquration Diaphragm Material
P1 1 A B C
P1 2 A B C
Py 3 A B c
P2 1 A B C
P2 2 - A B C
P2 3 A B C
P3 1 A B C
P3 2 A B c
P3 3 A B o

Petal formation will be noted as a function of the various variables.

6.3 DIAPHRAGM EXPLOSIVE OPENING TESTS.

At least three scaled diagrams of each material and thickness shall be
tested in a test rig similar to that illustrated in Figure 8. The FLSC shall
be mounted on the diaphragm and actuated. Petal formation shall be observed.
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Local blast pressures shall be measured aft of the diaphragms and strain gages
shall measure the response of the chamber walls.

EXPLOSIVE OPENING TEST MATRIX
SINGLE DIAPHRAGM

Diaphragm Charge
Confiquration Size Pressure Material
A 1 123 A B C
2 123 A B C
3 123 A B c
B 1 123 A B o
2 123 A B C
3 123 A B c
o 1 123 A B C
2 123 A B C
3 123 A B o

6.4 DUAL DIAPHRAGM EXPLOSIVE OPENING TESTS.

The scale test series described in Section 6.3 shall be repeated with a
test rig similar to that illustrated in Figure 8. Dual diaphragms shall be
installed. Explosives shall be installed on the aft diaphragm. The system
shall be pressurized with P, upstream and P,/2 between the two diaphragms.
The explosive shall be fired to open the aft diaphragm and measurements made
of complete system response time.

These tests will result in designs and performance data for explosively
opened or pressure opened single and dual scaled diaphragms. The test matrix
is shown below.

Ty
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EXPLOSIVE OPENING TEST MATRIX
DUAL DIAPHRAGM

Diaphragm Configuration
Upstream _ Downstream

WL, e

Q“ﬁ. o ¥ "-' )l'-'\ W R -
B R A A o e R

Charge
Size __Pressyre ___ Material
123 1 A B c
123 2 A B
123 3 A B C
123 1 A B C
123 2 A B c
123 3 A B C
123 1 A B C
123 2 A B
123 3 A B C
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SECTION 7
CONCLUSIONS

7.1 HEATING.

(a) The design of a diaphragm system for heated driver gas is
feasible.

(b) A single diaphragm may be used in combination with a mechanical
diaphragm rupturing device.

(c) A dual diaphragm system is required if explosive release of
heated driver gas is required.

Cooling is required on the upstream sealing piston if suitable
insulation is not available.

(e)

Cooling may be required if explosive charges are used to open
the diaphragm.

DIAPHRAGMS.

(a) Thin diaphragms of high tensile-high elongation steel are
. preferred because:

1. They are easier to form.

2. Less explosive energy is required for rupture.

3. There is less chance of petal separation upon opening.

4. Full opening is more likely.

Diaphragms for the LB/TS will be an expensive expendable item
with 15 to 30 units being used per test.

Diaphragm thickness will be matched to the driver pressure.

(c)

Explosive charge performance must be obtained experimentally.

Diaphragms must have vee grooves machined on their convex faces
to assure uniform tearing patterns during opening.

(e)

DIAPHRAGM CARTRIDGES.
(a) The diaphragm cartridge loading system is a feasible design.

(b) No bolting is required to install or remove a diaphragm car-
tridge.
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(c) Automatic programmed "“cherry picker" type manipulators can be
used to exchange diaphragms in the drivers if cartridges are
used.

(d) Sealing is best accomplished by an upstream annular piston.

(e) Although not illustrated in the design drawings, all gas and
coolant connections can be automatically coupled when a car-
tridge is installed and disconnected when the cartridge is
removed. Ports and valving can be provided in the downstream
flange which faces the nozzle.

7.4 STRUCTURES.
(a) The ASME boiler code should be used for the design of all
man-rated structures such as the diaphragm housing and
cartridges.

(b) A safety factor should be used in the diaphragm’s bursting
strength design.

(c) A1l assemblies should be proof tested.

13 "I 4
98 Q'O..'Q‘
v ! \"J

N o o . ~ - W e A e LA iy LA SN . e W R "
D O A T L A N s D T A AP SN IR PSS WS A - .
e -',"f"'? ’.ﬂt“t?’gl. 4':'-',' ' 'z‘.'lf:’t'.‘_t’g‘_"o’&.'o.‘l':‘l.‘_l'. l'. ':'l".lJ WGOUN J'[”'g 2'.‘.’. N _.l.,!" }._.‘._Jf, TS "'h- " N ,.“.t J,!h‘!’o’.*a‘i'l.‘.‘

a
\



SECTION 8
RECOMMENDATIONS

1. A scaled diaphragm test facility should be designed and fabricated. This
facility would be used to pressure test, rupture test, opening test and
evaluate diaphragms. The facility should have heating capability so that
actual exposure to heated environments can be made.

2. A diaphragm opening test should be conducted to characterize the opening
of the diaphragms and quantify the design parameters.

3. An explosive opening test should be conducted to determine the proper
explosive charge and standoff distance for the diaphragm materials which are
heat treated to design conditions.

4. Explosive overpressures as a function of system pressure, geometry and
charge weight should be analytically and experimentally determined for
structural.design of the LB/TS diaphragm/nozzle hardware.

5. Very detailed thermal design analyses should be conducted to verify the
heat transfer due to the higher pressures and natural/forced circulation in
the diaphragm region of the LB/TS. Experiments should be conducted on heated
scaled diaphragm sections to correlate data and theory.

6. A scaled mechanical diaphragm opening system should be designed,
fabricated and used to evaluate this technique and obtain full scale design
parameters.

7. Diaphragm fabrication technology should be evaluated by making and testing
scaled diaphragms that are fabricated by various processes that can be used on
full size diaphragms.
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