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FOREWORD

This report constitutes a portion of the Project Clarinet-Sanguine facili-
ties research program which was accomplished through NCEL by contractual and
in-house effort. The facilities research program was sponsored by the Earth
Sciences Division of the Office of Naval Research (ONR) under their field pro-
jects program. ONR was charged by the Sanguine Division of the Naval Electronic
Systems Command with the general management of the overall research program for
Project Sanguine.

1.is facilities research program consists of work units as follows:
Facility System Study
Air Entrainment System
Water Wells
Air System Components
Fuel Storage Containers
Computer Output Display
Hardness of Buried Cable
Vertical Grounds

These work units encompass areas in which improved technology was needed or
in which significant cost reduction might be achieved through improvemen: in ex-
tant knowledge. The research program at NCEL was irnitiated in early November 1968,

General direction of the program was provided by Dr. T. P. Quinn and his
staff of the Earth Sciences Division, ONR, with the counsel of Messrs, W, J,
Bobisch and W. W. Pinkerton of the Naval Facilities Engineering Command. Mr.
J. R, Allgood of NCEL served as project coordinator. Messrs. D, E, Williams
and J, A. Norbutas served as contract monitors for the work described in this
report.

The Clark Valve Company project engineer was Mr. Robert Clark. Principal
contributors to the report were Messrs. Robert Clark and Wayne McMurtry. A
portion of the work was done under subcontre:t by Mechanics Research Incorpo-
rated.




ABSTRACT

! An airblast valve utilizing the piston plate principle is

conceptually designed for use in a blast hardened air entrainment

e el s ¢
-

system. Primary features of this valve are the elimination of the
exteneive delay path external to the valve housing, the elimination

of a sensor and auxiliary power to help close the valve,

ingensitivity to ground shock even if some distortion of the valve
housing occurs, and several leas significant features.

One dimension ol the valve is independent of scaling properties.
This dimension was reduced about one-sixth to design a sectional
test valve that would adapt to a high pressure shock tube without
changing any performance characﬁeristics asgsociated with normal
ventilation flow or shock interaction.

The sectional test valve is stress analyzed for static pressure
up to 1,500 ps1 and dynamic interacting high pressure shock on the
closure mechanism.

The sectional test valve was constructed according to the

included shop drawings for tests in a hizh pressure shock tube.

The first series of tests showed three problem areas or performance
faults and indicated likely methods of solution. The second test
series validated these methods of solution. Finally, repeated
shock waves were applied up to the incident pressure of 250 psi

(1,640 psi reflected pressure) successfully.
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The normal ventilation pressure head loss through the valve
was found to be exceptionally low at 0.73 inches of water for 500 .
cfm.

The resulting recommended modifioation applied to the prototype

ﬁ is expected to more than satisfy governmenti spscificaticns and re-

3 quirements of the blast valve.
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I. 1NTRODUCTION

1. Discussion

This is the final report on the development and shock tube
test analysis of the piston plate sirblast valve by The Clark Valve
Company, under a contract to The Naval Civil sngineering Laboratory.

Work on this project began on March 26, 1670, and has required
slightly over two years to complete. The work was divided into two
phases in which the second phase was contingent upon the successful
completion of the first., A draft report was written con each phase
and was approved by the government. Both reports, with some additions
and changes, are included in this report.

Phase I consisted of designing the prototype valve and the
sectional-test-valve with stress analyses and consistant with speci-~
fications and service parametsrs.

Phase II consisted of the construction of the sectional-test-
valve and an ansalysis of the test results, with recommendations for
modifying the original prototype design.

For the most part, the order of contents of this report is
consistant with the time sequence of the work.

The stress analysis and design drauwings were done by Mechanics
Research, Incorporated.

The sectional-test-valve was constructed by G.ddis Machine
Service of Albuquerque, New Mexico.

The shock tube tests were done ithrough the Air Force Weapons

Laboretory at the Civil Engineering Reseirch Laboratory, Albuquerque,

&
|
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New Mexico.
Results of the planncd tests showed that problems encountered
would require additional tests to prove corrective measures. This

resulted in a second test series and test report from ths testing

agency.

2. Background

The principle of this piston plate valve 1s based on an
invention by R. 0. Clark called, "Shock Closure Valve," Patent Number
3,115,155, in which a thin spring material is used as a closure
mechanism against high pressure. The adaptation of this principle
in a blast valve is pending patent under serial number 191979. “This
blast valve wac a technological development that has evolved to the
present design, the performance of which is the objective of this
groject.

The prototype design shown in Figure 1 has many features that
are superior to any other known shock actuated valve intended for
the same service and hardness. The heart of this superior performance
lies with its very fast acting closure mechanism and the resulting
short delay path contained within the valve housing. Other advantages

resulting from the fast closure are described in the following.
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1) Reduction of vulnerable target size by the elimination
of the large area needed by the extensive delay path.

2) Mipimum vulnerability to ground shock by the absence of
movable parts that are possible tc a. Even if the outer housing
were permanently distorted by ground shock, the closure mechanism
would show little or no effects.

3) The auxiliary power required by most valves to aid the
low pressure closing cycle is not used in this valve.

These and other advantages of the fast closure system will

bacome more apparent as the construction is understood.

3. Purpose

The purpose of this investigation was to prove that the
proposed valve could perform properly under high pressure airblast
loading. The prototype valve was designed as a unit that would be
expected to have a3 normal ventilation capacity of 3,330 cfm, so that
three units would be used in a system requiring 10,000 cfm. This
prototype was too large to adapt to a high pressure shock tube for
testing and also expensive to construct. Therefore, the smaller
valve was designed by reducing one dimension without reducing the
others, and without changing the scale that would affect its inter-
action with the shock. This meant that processes such as the closing
time, closing impact velocity, ani momentum per unit area of the

diaphragm, would be the same in the test valve as in the prototype.

- v v v e p——— - s
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4. Performance
Besides the advantage of this valve over other valves that
was discussed previously, its mechanical simplicity provides still
other advantages. Since there are no sliding parts, lubrication is .
not needed, and the only maintenanee Qeqnired is removal of dust that
would accumulate in a ventilating system, especially in the grid of
the valve. Maintenance is facilitated by removal of the entire
closure mechanism from the valve housing. Also, there should be a
sink at a low point in the valve to remove cleaning fluid. The
abgence of sliding parits in the valve allow paint to be used as

corrosion protection. Stainless materials can also be used to prevent

corrosion in the valve.

The valve is to have an overpressure protection frcm 5 psi to
1,000 ps1r reflected shock pressure. The criterion of protection is
that no more than 5 psi of shock with a positive duration of 3
milliseconds may be exceeded in the protected side of the valve.
The valve should be designed to contain a static pressure of 1,500
pei.

Other elements included in the prototype valve, but not in the
sectional~test-valve, are a manual or sensory actuated method of
closure and a2 negative phase closure. These elemonts were not in- .
cluded in the test valve because they did not pertain to the objective
of the investigation and, therefore, may be changed. Preliminary |
designs of these other elements are shown in Figure 1 under "positive |

closure"” and "negative closure."

Figure 2 shows a sectional view of the sectional-test-valve,
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; Figures 3 through 5 show the deaign drawings of the original

prototype valve. Figures 6 through )4 are a complete set of shop

drawings of the sectional-test-valve,

The static and dynamic stress analysis of the prototype and

sectional-test-valve are given in the following sections.

e




II. PLATE DESIGN OF MODEL VALVE

1. General Comments

In analyzing the componente of the blast valve as shown on the
design drawinge, a static internal pressure of 1,500 psi is used.
[ Various combinations of boundary conditions are considered so that
the governing condition can be determined to ensure that the yield
stress is not exceeded.

In the following sections, the componenis are treatsd
separately. Skatches ere presented for convenience, but for detailed
dimensions, the design drawings should be used.

The primary reference for the plate analysis is Timoshenko and

Woinowsky-Krieger (Raference 1), and notation and resultant maximum
moments are taken cdirectly from this source.

Since two of the principal stresses are usually of the same
sign and the transverse normal stre-: 18 assumed to be zero, the
maximum difference between the principal stresses will just be the
maximum principal stress. The purpose of the anctlysis is to show
that this stress is less than the yield stress for all cases.

It is assumed that for most cases, the membrane stress can be
igncred in comparison with the bending stress.

The pictorial views and design drawings. though not specifically
referred to in the analysis, may aid in understanding the areas under

congideration. These figures are at the end of the report.




2. Cover Piave
8. Geometry
Length - 73 1/2"
' Wiqth = S0

Thickness = 1 1/2%

b. Naterial
USS Tl Steel
G y = 100,000 psi

Oy« 115,000 psi

¢. Design Load

Internal Pressure = 1,500 psi

where we have the following bolt geometry:

One critical span will be that area next to the piston plate

+ Denotes Bolt Iplet
Centers 2"' Pipe
én 6" W
‘ b 1N
5 3/8n \
/ e \
-FS 3/4" + 12" + 12" +j 3/4"
+ 6 3/4n +
+ 9 3/4" + 16" + 9 3/4" :J'_
1
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Since an exact analyzis would not be feasible, consider the

following possible approximaiicns for plate segment geometries and

boundary conditions:

e ———
w -
o an e o ran oA AP St VS S S & S o & Ao

Caso (l) Simply Supported

J { 7

E Fixed -
1xe 4 7n L’ Fixed

] Support__ . : ” ~e— Support

) 36n v \

7
1 h_ Simply Supported i

Case (2) Pleate segment 24" x 12" considered simply-supported on all

4 sides

Case (3) Plate segment 24" x 12" considered built-in on all 4 sides

The span next to the inlet pipe can bs closely approximated by

Case (4)

[ 7244408 LLLLLLLLL AL L L LLLLLS
Z
/ Built-in Edges 12" Free Edgé
7
51 40n

ALV

These loading conditions should yield a conservative approxi~

mation for the maximum stress in the plate.

A
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d. Analysis i
Case (1) With b = 36" a=71" :
' b _3 o
a 7
and from page 187, Reference (1), the maximum moment is
(M) _ = 0.1250q8> g
max i
|
%
The maximum stress is |
6(M)
(0)max = ;zax
h |
!
i
With
q = 1,500 psi :
h =1 1/2 inches
i
]
we get i
i
:
2 i
(lg i
©)pay = 0125 x 1500 x 49 x 6/(2 3;
= 25,000 psi
i
1
1
}
1
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Case (2)
Let b = 24" a = 12"
Then b/a = 2 ,

From Reference (1), page 119, the maximum moment is
2

(H)max = .102qa

Hence,
6
(¢:r)max = .102qa2 x ;2
2
6
= .102 x 1500 x 12 x 12 x 6/(2
= 59,000 psi
Case (3)

Let b = 24" a = 12"

Then b/a = 2

From Reference (1), page 202, the maximum moment is

(M), = 0.0829qa°

e e e e A AT e et e s e A o

Hence,
2_6
@’?max = 0.0829qa“ x ;5 %
i
= 48,000 psi
1
10 |




Case (4)
Let b = 40" a = 12"
Then b/a = 3 .

From Reference (1), page 215, the maximum moment for b/a = 1.5 is

(H)max = .0842q32

and

(0")max = 49,000 psi

Fur b/a 1 5, the maximum stress would probably be less.

e. Remarks
in addition to the bending stress, we should include a
membrane stress due to the reaction forces from the edge plates.

This stress would be approximately given by

= L1}
(ajmem F/2
Where F is the edge force per
Cover Plate ‘ > F
unit inch.
81" —3 e and
F = 1500 x
> ‘g“ ] Edge .
Plate
S o "
Gr)mem = 4,400 psi 3/4
—
> F
Cover Plate —p R

11
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Also, the effect of other stress components should be
considered by means of three-dimensional Mohr's circles. However,
essentially no additional oritical possibilities will arise in this

manner. The maximum difference in principal stresses will still

be less than 65,000 psi which is well below the yield stress.
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3. Acocess Door

a. Geometry

t ? .
]
: 2 3/4n
3 Y
3 % r_- —
; l
~ | 4 1/2"
P A
2 1/4n

el /2%

34"

|

112u

11/2v

b. Material
USS Tl Steel
Cr& = 100,000 psi

Cru = 115,000 psi

13
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c. Design Load
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F
|3
3
E .
g
'

' Tt

1500 pei

P -t

d. Analysis ’

An 1mportant consideration Lere is that of shear fzilure

along the plane A. The total load is

Fp = 1500 x g:;%g x (34) = 23,000 1bs.
This force must be trausmitted across an area A that is 1 inch wide

and whose circumferential length is

£ =34+34+4%+4%-77in.

14
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If the resultant force is assumed to be carried uniformly around

this area, then the shear force per inch is given by

v a2 °7f,’°‘i)n1b“—° - 3,000 1bs./in.

If the shearing stress is distributed parabolically acroes the plate,

then the maximum shearing stress will be

T pax = -3- V = 4,500 lbs./in.

Thus the access door will bs quite adequate in this regard.
To obtain an approximate expression for the maximum bending
stress, assume the door is simply-supporied alcrg all four edges.

With b = 37", a2 = 9.5, and x = 0.3a, the maximum moment according

to Reference (1), page 118, is
2
(N)max = ,079qa

Taking q = 1500 psi will be conservative since it may not act over

the whole door. With h = 1", we get

6
(cjmax - (Gjmax x ;5

= .079 x 1500 x (9.5)° x 6
= 64,000 pBl

which 18 less than G'y.

15
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4. Baffle Plate

a. aeometry

t =1 1/2v"

Length = 62" M\ 4
" v
Width = 82 -~
4 g
" Ve
Thickness = l% Ve
e
P 62n
1
y ;"
| %
L’
Ve
7
e
::.¢__-
P
-4
v,

b. Material

USS T1 Steel & N

& = 100,000 psi ’/’

v -
@ = 115,000 pei i1 8 1/s¢

1 1/2" i e
dz)
by
"]
X

c. Design Load
For convenience, assume 2 single baffle plate on each side.
Case (1) No pressure between Baffle Plate and Side Plate

Assume a maximwn internal oressure of 15C0 psi, plus a

force Tl per inch due to the pressure on the cover plates




1
N
on the interior side of the baffle plate Fl _,,1
on DA
and a moment Nl due to the connection
<™ 1500 psi
between the baffle plate and the cove: —
Pty
plate. F —--l
)
5!

Assume that the force 'I‘1 ig the contribution of the
pressure acting on the cover plate on an area bounded by the baffle
plate and a line halfway between the baffle plate and the line of

bolts next to the inlet pipe.

s &

REELEEREXS

< 1500 psi
—ad

B C
™ “"If' _L ~—
g R |

DO L
|

Now T, = 1500 x 3% = 8,250 lbs./in.

1

17
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To obtain an upper bound for Ml, consider a portion ABCD of the cover
plate. Assume the edge AB is built in and the other three edges

are simply supported for a conservative approach. Take a = 42" and

b = 11", Then b/a = i and according to Table 32, page 194 of Reference

3
(1), the maximum moment is

M, = 0.123qb°

1
= 0.123(1500)(11)? in.1bs./in.

= 22,300 in.1bs./in.

Case (2) Pressure between Baffle Plate and Side Plate

Here the forcs T2 per inch

along the baffle plate will

}

N
=
N

be

1500 psi 1500 psi

I

_ (11 5)
T, = 1500 (55 + 3)

AR

= 12,000 1bs./in.

G
N emthed
=
n

The moment M2 will be the moment ll minus the moment ll computed for
the edge of a plate fixed on two sides that spans the area between
the baffle plate and the side plate. For this case, a reasonable

design approximation would be

where b' = 5", Then

18
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%5 x1500 x5 x 5

3,100 in.1bs./in.

and

N
n

19,200 in.lbs./1n.

d. Analyeis
Suppoee we consider & segment c¢f the baffle one inch long.

Then the loading on this "beam" would be of the type shown.

EEERER,

M;:: M

e

The maximum value of the axial stress compcnent im given by

(T,
(@) pax = % < ¢

—IE

)
)
)

where the factor ———l-§ - g is included to account fcr the fact that
1-YVY

we more closely approximate a case of plane strain rather than plane

stress. For this situation

A = 3/2 in.?

c = 3/4 ian.
I = (1/12) (3/2)3 = 27/96 1n.?

b 19
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The critical stress will ocour on the edge at the end of

the beam (point A). Stressee at interior points will be smallar in

absolute value.

Case (1) T, =T

M, =N

Ouae = 83" + S50 = /43

= 73,000 psi

(cjmax 2 gglggggg + lg%%%% x 3/4 g

= 67,000 psi

e. Remarks
The above analysis is applicabie to the portion of the
baffle plate that roughly parallels the inlet tube. Since the
loading on the baffle plate will be less severe towards the end
vwhere the piston plate is located, and there are two baffle plates

in the region that parallels the inlet tube, the design is quite

adequate.

20

B o Lt o e S U .




e B i M et e i T A A S

5. Side Plates
a. Qeometry

Length = 12" 72"

Width = 8%"

. 1"
Thickness = 15

AALAAN MV AANY VANV VNV NN

1 1/2" - -f— 8 3/4n L

NN\ NN

b. Material

USS Tl Steel
o, = 100,000 pei

oy 115,000 psi

c. Design Load

"o

| cotifermans

-

ol

1500 psi

e

e

L
F o +
M T

21
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In a procedurs completaly analogous to that used for

the baffle plate

T = 1500 x 2 = 3750 lbs./in.

1 1 2 . .
X =1, av® . $o x (5)% = 3,100 in.1ve./in.

d. Remarks
This load is not as severe as that considered for the

baffle plate. Thus, the design is adequate.

6. Bottom Plate

a. Qeometry
Length = 18"
Width - 8%"
. l"
Thickness = 15
b. Material
USS T1 Steel
c. Design

See analysis for baffle plate.
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7. Test Door
a. Geometry
Length = 18"
3"
Width = 112
"
Thickness = %
b. Material
Mild Steel

¢« No Design Load

Plate will hold pressure gages only.
11 3/4n
8. Top Plate # -}

a. Geometry

25"
Length = 50"

1
Width = 11%' '

1"
Thickness = 1-2- @
fon - - 50"

b. Material

USS T1 Steel i
G, = 100,000 psi

G‘u = 115,000 ps1

¢. Design Load j

The design load is very similar to that of the baffle plate

and, hence, the previous computation for maximum stress will be the
same., The weld that holds the inlet pipe should adequately compen-
sate for any stiress concentrations that might arise because of the

presence of the circular hole.

23




9. 1Inlet Tube
a. Geometry
Length = 54"

Inner radius r, = 4"

P
f
i
;
S
(

. 1"
Outer radius r,= 42

. 1"
Thickness t = T, - ri = Z
Inlet area Ao =T ri = 50.3 i.n.2 r,
—
—A bt

! b. Material

1015 CR Stesl

E=30x 106 psi

Yy - 65 x 105 uei (yield stress)

o, = 80 x 10° psi (nltimate stress)

c. Design Load

: Internal pressure of 1500 psi

#*Values obtained by telephone from Tubesales, Lvs Angeles, California.,

R
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d. Analysis

Thin shell theory is applicable.

Membrane Theory: (Portion of pipe away from entrance)

Ce =

K3

(1500) .12
0.25

24,750 psi

The other maximum principal stresses are

g =
¥4

0

S r ™ -15C0 psi

From the maximum shear-stress criterion

N

(&

N

(o0

- )<d....!

max min/ - 2

max min

-o ) .% (24,750 + 1500) = 13,200

< 32,500 psi
Bending Theory:
6M
‘z = E& + .z N,» Ng ~ membrane force
t 2 resul tants
N 6M
Ld (-]
To . =+ — K_, Mg - bending moment
t 2 2’ @
t resul tants
25
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At the point where the pipe is fastened to the plate, the

shell cun bte considered Luilt in. Here we have [Reference (2),

page 1397}

where

Et3
2
12(1 =¥ °)

1/2

;)

Z'max

(a,)m-,(l—_-ﬁ)—lfé.g%

- =1.77 3% with V=

_=2§:0 -:12L't .

Maximum shear stress

1(, 1.Pr
-3 (277 tg - 21,800

This indicates the given design is adequate.

26
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10. Typical Grid Plate
a. Geometry
Assume for the purpose of analysis that each grid plate
can be approximated by a beam that is
34" long

4" deep, and

"
% thick

b. Material
USS Tl Steel
6; = 100,000 psi

0; = 115,000 psi
c. Design Load

1611 91!

-7 2
S 11 AIII I

L S I O A A

750 1bs./in.

Assume the supports are simply supported which will yield a
more conservative estimate of the bending stress than if the supports
are taken to be Tixed whioh more closely approximates the actual

situation.

27
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d. Analysis
Load Diagram 12?/1n. 12,7508 12, 750#
(A R S S N SN SO SO K OO O K
, Shearing Iorce 6,000# 6, T50#
Diagram
| ' V37 %

"61750#

30,400 1b,in 30,400 1b.1n.

Bending Moment
Diagram

(M), = 30,400 lbe./1n.

(o)

max (“)max %

28
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where

‘ c = 2”
B 1 (1), .13 4
. 1= 232(4) = % in.
| E

X
:g ¢ (l .
3 (@) gax = (30,400) (2) (3] psi

= 45,600 psi

which is less than c‘y.

® R N TR RA A TR AT Alab oy

The effect of the bolt hole directly below the support

g should be analyzed for stress concentrations.
i
i
S
A
If the hole were not present, the stress at point A would be
; o . X
) I
. - (30,400) {74
3 3/4
= 22,800 psi

29
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A stress concentrcation factor of 3 yields a maximum

stress at the edge of the Lole of

G = 67,400 psi

<Ic‘y -

e. Remarks
"
Additional rigidity is provided by the % plates at the
ends of the grid assembly, as well as by the weld t» the spacers and

the plates that support the grids.
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11. Grid Support Plate
a. Geomeiry
Length = 10"
Width = 8,75

Thicknesg = 2"

b. Material
USS T1 Steel
d‘y = 100,000 psi

d'u = 115,000 psi

c. Design Load
Assume that three edges
are built-in and taat the
edga along the grid is free
(Grids will have a slight
amount of rotetional and

lateral freedom).

Bottom Plec e

S

v

S S

Grid

- Support

s’

AT Plate
—
—p-

Grid

-—-L ‘7 /Plate

Tn addition tc the internal pressure, the edge loading transmitted

by the grid plate must be taken into account.

i1
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2 CGrid Support Plate

-

SRR

The edge force F3 per inch is equal to

)
"

1500 x 8

12,000 l.s./in.

and the meximun possible edge moment Me (obtained by assuming the
grid plates are rigidly attached) is

2
M =32
() 12

\ With a = 16", we get

¥, = 32,000 in.1lbs./in.

3

Grid
Plates




d. Analysis

With b = 10", a = 8.75", h = 2", Referance (1), page 215,

yields a maximum moment of

(M)max = .086qa2

The maximum bending stress is

6(M)
()pena * hgu

.% (.086) x 1500 x (8.75)>

= 14,800 pai
The uniform compressive stress due to the force Fe is

|(@)cf = 12,000 1be./in. x 3 = 6,000 pei

and the beuding stress jue to the applied edge moment is

6M
c ...t
e h2

AP ALt ke a e i  h

= 48,000 psi




Since the full value of these stresses will not occcur at the same

point in the plate, the maximum stress will be less than the sum

1
3
.
E (6) oy < 14,800 + 6,000 + 48,000 = 69,000 psil “'y

e. Remarks
In addition, a buckling analysis should perhaps be
considered. However, because of the small length to thickness
ratio and the fact that the plate is well supported c¢n thrse sides,

it is highly likely that buckling will not bs a problem.
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Analysis of Piston Plate

l. (Geometrical Considsrations

Let

R = radius of curvature of piston plate in

its initial state

B = one-half ihe included angle

h = thickness of the plate

Piston Plate
in
Initial State

Sketch of Piston Plate Geometry

35
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From geometrical considerations

ol bbb £

ReinP = 16.25"

R - Rcoa/&- 2"

o————— T TR TP

Solve for R and ,3

stinzﬂ - (16.25)2

R2coezﬁ = (r-2)?

Add

3 R = B - 4R + 4 + (16.25)°

4R = 268

R = 67n

Sirce 3 is small, approximate cos/&by a series expans.on of order

2 1n{3.

1 - cosf=2/R
1-(1-B8%/2) = 2/R
pBZ = 4R

B = 0.244 rad.

To compute the cross-sectional area for the air flow, the magnitude

29is necessary. Again, by inspection

S
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Rein = 9"
§ = Rcos« - Reosf

sin% = 9/67
cosee= (1 - sin)/2 . Lo - )2 6.4

Rcogs¥ = 66,4"

Rcog XK= 65"

$ = 1.4

2. Required Closure Time

As a reference point, choose the end of the inlet pipe.

The minimum distance from the pips to the horizontal plane containing

the edges of the piston plata is

L, = 16"

The minimum path length by which

the blast wave could reach the exit

portion of the valve is

L2 -11 +!2 +23

From the given dimensions of the valve,
% - (352 + 18.52)1/2 = 40" N
L, -6 2 . H
| 3 = (1005 + 9.5 ) = 14.2" g ———e e e
L.

" -

L2 = 116.2
37
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Difference in path lengthsdL = L2 - Ll = 100 in, = 8% ft. Assume
(conservatively) a shock wave velocity of 2,000 ft./sec. Hence, if
no portion of the shock wave is to pass through the valve, the piston
plate should close in a time less than the transit time

8 r¢.

3
At = 5500 ft./sec.

or

At » 4,16 ms ms = milliseconds.

3. Approximate Closure Time

To compute the closure time of the valve, we make the
following assumptions:

(1) The bending stiffness of the plate can be ignored

in comparison to the inertia effect.

(2) The valve is closed when the center of the piston
plate reaches the grid.

(3) Transverse shear forces can be ignored and, hence,
any arbitrary element ocan be considered independently
of the neighboring portion of the plate.

Consider a segment of the plate at the center. For
convenience, let the surface area be one square inch. Denote the
displacement from the initial position by x and the pressure by P.
When the valve clixes at time t = T after the blast wave has

reached the plaia, x = 4 in,
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Applying Newton's law, F = Ma, we have
Pa=mx
where m is the mass of the plate per unit surface area. Assuming

x(0) = 0 and x(0) = O, we have
t
[ s
o
b t
Pdtldta = mXx
° 0

At t =2 Ty let x = X

T t2
Pdtldt2 = mX
(o] (o)

(4) Assume that over the closure time, P can be approximated

by a constant pressure Po. Then

T2

F,5=mk

Let @ be the weight density. Then we have

POTZ - Ph i
——— x i
2 g

39
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or
T2 - 2ehX
Pog
Suppose we have the following values:
x = 4 ins,
P = 0.3 1bs./in.?  (Steel)
= 0104 ino
€ = 12 x 32.2 ins./sec.2
Po = 50 ps1
Then

™ -5 x 1070 sec.?

T = 2.2 ms

This is the valve closure time for this particular piston
plate. This time is less than the required closure time of 4.16 ms.

which suggests that this aspect of the design i1s satisfactory.

Remarks: If the blast pressure is larger, then both the required

and actual closure time are reduced. Since the exact pressure-time
distributions throughout the valve are almost impossible to predict,
accurate values for closure times cannot be determined. However,
the above calculations, which are on the conservative side, do
indicate the feasibility of a successful mechanisa.

If h = .125", with all other parameters the same, then

T = 3.9 ms.

40
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4. Impact Velocity

From the previous section we have the impulse-momentum

relation

Pdt, = mx
0
To obtain the velocity of a typical segment of the piston plate just
before impact, let t+ = T, the closure time. Then, assuming the worst
case occurs at the center of the plate,

t
Pdtl = mv
(o]

where v is the impact velocity. If P is constant (Po) and m = e%,

then

ézpogxgl/z
( @n)

x = 4 in.

Po = 50 psi

g = 12 x 32.2 1n./sec.2
P = 003 1b8./l!‘-.3

h = 0.04 in.
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1/2

va= |2x SOLELE x 12 x 32,228 5 X ) 4118’04 ™
in. sec. 0.3——-’3 * *
in.
= (40 x 32.2)1/2 in./sec. (100)
= (4 x 3.22)1/2 x 1000 in./sec.
= 3,600 in./sec.
Hence,
v = 300 ft./sec. for P, = 50 psi or| Po = 100 psi
h = 0004 in- h = 0008 1!1.
Other typical values would be
v = 210 ft./sec. for P, = 50 psi
h = 0.08 ino
v = 425 ft./sec. for Po = 100 psi
h = 0.04 in'
v = 135 ft./sec. for Po = 300 psi
h = 0004 in.

5. Static Stability
Under the free-flow or normal ventilation usage condition,
the piston plate should not snap-through nor should there even be
significant deformations if the cross-sectional area available for
air passage is not to be reduced. The primary load acting on the
piston plate 1n the open mode is that due to head loss beiween the
two sides of the plate.

Each inch of water head loss contributes a pressure of
1l in,

1728 in.3/ft.3

A H) = 62.4 1bs./ft.3 x

= 0036 pBl
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The estimated head loes for this valve is two inches of water = .072
psi. It is therefore prudent to design the plate valve to withstand

a maximum uniform pressure of 0.15 psi with an allowance for adjust-

ment to about 0.05 psi.

The buckling pressure can be computed baaed on formulas

derived in Reference (3).

For a geomeiric arch parameter

2H
a-—ﬁ 25

where H is the rise, the buckling load of an arch is given by the

formula

2.3
Py = _II_§£_7§ (2.04)
123(&3)
For the plane strain case that we have here, E should be repiaced
with E/(1 -112) where )/ = %vis Poisson's ratio. Using the Following

geometrical values:

R(3= 16.75 in.
R = 71 in.
we can simplify the above formula to

%
- 2
(213)(16.75)

B

If
< 6 .
E = 30 x 10 psi (Steel)
h = 0004 ino
then the static buckling pressure is

Py = 0.16 psi

43
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which is the minimal acceptable value. If h = 0,125 in., then
PB = 4,9 psi
Remarke:

It is immediately apparent that increasing the thickness will
significantly increase the buckling.load. However, one of the
positive attributes of this valve is that it will close for shock
waves with a relatively low peak overpressure. Thus, the maximum
value of h would be limited by this requirement.

Relaxing the boundary conditions for the fixed-end conditions
that were used in deriving the above formula will significantly reduce
the buckling load. The optimal relationship between boundary conditions,
plate thickness, and positive closure 1s extremely difficult to
ascertain theoretically. For this reason, a considerable amount of
flexibility in adjusting these conditions has been included in the
prototype design so that various possibilities can be determined
experimentally.

Because of the initial curvature of the plate, the prebuckling
displacements of the plate with the ends rigidly fixed will be negli-
gible. However, if the ends are free to mrve, no memdbrane force 1is
developed and the piston plate could deform so as to seriously retard
the air flow.

Depending upon the orientation of the valve, the weight of the
nlate itself could contribute to the static loading condition. This

additional loading would be

P, = Pn ps1

et
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K For
. = 0,04 in. ’ Pa = ,012 psi and for

h = 0125 in. ’ Pa = 1048 p81

Such a contribution is only of some significance (8% of buckling

pressure) for the thinnest plate that is being considered. Due to

B e i e

the inability to accurately defina the internal pressure distribution,

thie component of the loading can be ignored.
Following the above analysis, “ssts of pressure head loss
practically eliminated the above considerations as a problem. The

pressure head loss was found to be much amaller and this did not even

cause a flat plate to buckle. The modified prototype valve is
expected to use the flat plate arrangement with no more than 0.8

inches of water for 3300 cfm.
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IV. BOLT AND STUD DESIGN

p 1. General Comments -
Lot The large internal pressures for which the valve is designed

requires the use of high strength bolts and studs. The bolts can

be obtained commercially [feference (4)] whereas the studs will be

fabricated from 4340 steel rods which are heat treated to produce

a minimum yield stress of 150 kipsi. Yield forces associated with

these fasteners are summarized in the following table:

i Diameter, Yield Forcs,
: Inches Kips
3 (bolt) 56
4
e | 1 (stud) 100
1% (stud) ! 155
4 -

In general, a fastener is subjacted to baih an axial force
and a shear force. It 18 conventional in bult design [Refereace
(5)] to assume tkat tas chear stress iz uniforw asross the bholt,
ae is the tensils streas, For cesign purposes under combtined
siresges, & maximum shear stress criterion is used. Sisce the

stresses aro considered to be uriform, the Mohr®s circle represen—

tativu of the siress state can be expressed 1a terms of the

resuitant shear and axial forces. Fs ths following figurs indicates,

thie failure criterion rs cguivslent to stating that the diameter

e At b €t d .,.....‘...__‘
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of Mohr's ocircle must be less than the yield force. If Fs’ Ft’ and
Fy are the ghear force, the tensile force and the yield force
respectively, then this criterion can be exp;ressed analytically by

' "a ® [wﬁ ' F?‘]l/a <fy (1)

‘F
!
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2. General Analysis

Before performing a detailed analysis of the bolts and studs,
it is appropriate to study a section of the valve that will yield
valuable information concerning the fgrces on the fasteners,

Suppose we cut a strip 1 inch wide through one-quarter of the
valve in the vicinity of the inlet pipe, If end effects are ignored,

then we have a system that is essentially a framework.

4‘—/_— Cover Plate

Plate Inlet Tube
Baffle Plate

Framework Obtained by Considering a 1" Thick Portion of Valve.

We now consider two extreme loading cases that yield critical i

values for forces and moments.

Case (1) Internal Pressure on One Side of Baffle Plcte

B 2 c 22 1 3 p
T

P = 1500 1b./1in.
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For convenience, replace the actual segment by the structure
shown sbove where 5 inches. The deflections at points B, C, and
E will be essentially zero end beceuse of symmetry, the slope and
shear force at points A, D, and F will be zero. This structure can
be easily analyzed and the critical forces and moments are shown

on the following free-body diagrams.

2

?Lz c PR
3
PR ~4——___,'-

P“jﬂ’)%z'C‘TfPf 17 +PTF>1"’M
|2 4

2Pg

P

2
2
[ P2

RN
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Case (2) Internal Pressure on Both Sides of Baffle Plate

E
B ¢ F »)
Pt trt fp*f#‘

= ~ppa—

pa P P P

= -

e Pt
ATY D~

Again, we take the dicplacements of points B, C, and E to be
zero and by symmetry the slope and shear force at points A, D, and
F will be zero. An analysis of this structurs yields the forces

and moments shown on the following free-body diagrams:

22/6 2
Pe°/ ; . ‘§!/3

P2/3 2r4/3
Pe/3

ik T A e TR TR TR R T TR R R T e e e s e

pz’z/s QT P:P’Z/B (C F—F F§ 7 T3 QF)
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3. Stud Selection

q ﬁ . These studs should withstand a force equivalent to the maximum

14 internal pressure acting on an area delineated by lines that bisect

- the distances to adjacent studs, For example, if we sketch the region
near the end of the inlet tube, the studs should withstand the
pressure on the surrounding plate to the extent of the dotted lines
(See sketch in the section on the design of the cover plate, as well

; as the design drawing).

+A '7" + Denotes Stud
11 1/8" l Centers

[} ' 6 3/16"
I""“ i

I R

‘,S— Bolt Line in Baffle Plate

n } yo
6n -k.
Lo L™ 8 7/ +> Bolts
3 3/8" 15 1/8"F
S - AV S N
. i471/8" |
1 .
-4 A, B, C, D - IZ Diameter
\ Studs
-+ Bolts E, F - 1" Diameter
Studs
-+

Stud F passes through
grid assembly
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(a) sStuds A, B, C, and D

Denote the forces in these studs by FA’ FB’ F.,, and F_,

c D

respectively. Then
#
F, = 1500 x 7 x 113 = 117 kips

Note that this force agrees with that derived in the last section
which gave a stud force of
FA = (292)(7)

with approximately equal to 5 in.

~7eT

Similarly,

o

1 .
Py = 1500 x 6;% x 11F = 104 kips

Fo
Fp

1500 x 53 x 138 = 108 kips

1500 x 6 x 12 = 108 kips

"

Additional stresses due %o hending and shear will be neglibible. All
of these stud forces are well under the yield force of 155 kips.

(b) Stud E

The force in stud E 1s

FD = 1500 x 6 x 8% = 80 kips

which 18 less than the yield force of 100 kips for a 1 inch diameter
studs.
(¢) Stud F

The axial force is

Fp = 1500 x 8 x 3% + 4% x 5% = 78 kips
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The effect of the bending moment will be insignificant. However,
from the ana.ysis of a typical grid plate, it might be possible to

have a shear force of 6,400 lbs. based on the following free-body
diagram: Bolt

o
o o =g

12,800#
From the yield criterion
Fm = 4FB + Ft

2 2]1/ 2

1/2
= [a(6.2)% + (78)2] /

- kips

which is less than gy for a 1 inch stud.
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4. Bolt Spacing
(a) Bolts in the Baffle Plates
Consider the forces in the bolts that attach the cover
plate to the baffle plate. According to the analysis performed for
Case (1) in part 2, this particular connection may have to transmit
& shear force R}, an axial force PR and a moment B%E’ per inch along
the baffle. If we choose £ = 6 ins. (conservatively), then the

free~body diagram of the edge of the baffle plate becomes
t 9,000 1lbs.

p/\ ———eepp— 9,000 1bs.
18,000 lbs./in.

g AT~ Barrie Plate(d)
Baffle 1 11/2v 11/2"
.

Plate(®) - >

Assume these edge loadings are transmitted to the baffle places by
bolt forces Fl and F2 per unit length as follows:

F2 F1

t |

® ®
/\/\N\/J
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Then, to transmit the axial force and moment we must have

P, + F, = 9,000
- F)3 -
(F) - F,)3 = 18,000

Solving for Fl and F'2, we get .

F) = 10,500 1bs.

F2 x -—1,500 le.

Actually, the compressive force would be taken up by contact forces

between the plates.

The maximum allowable spacing © in baffle@, based on a

yield force of 56,000 1bs. for a 3 inch bolt, is

4
6,000 ,
85%6-:-5-(-)—0=5m.

The actu.l spacing of 3 in. leads to a tensile force of

P, = 31,500 1lbs.

in each bolt. If we assume that these bolts take two-thirds of the

shear force (since there are twice as many of these bolt. as there

are bolts in plate@, then the shear force in each bolt s

2y
8 3

1/2
2 2
R = [%FB + F{]

= 45 kips

F

(9]

x 9000 = 18,000 lbs.

Thus

which is less than Fy.
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For Case (2) in Part 2, these bolts have to withstand an
axial force of % P# per unit length with no moment. This yields &

maximum tensile furce of approximately (f = 5.8")
Ft = 50 kips

in each bolt in baffle(:)which is below the yield force.

For the l2ngth of btaffle plate in the general vicinity
of the piston plate, the loading situation is very similar to that
on the edge plate which is handled next.

(b) Bolts in the Side Plates

According to Case (2) of Part 2, the forces and moments

per inch transmitted to the edge of the side plate are those shown

on the following free-body diagram (here £ = 5 in.):

2,500 1lbs.

6,250 1bs./ith.
»- 7,500 1lbs.

1 1/om

e WGy

The normal forces per unit inch on the side can be approximated by




r‘" " S o el L be ) it Ml
SRR

4 RII >y W - rone o - w re . o e e

where Fl is the bolt force per unit length &and F2 is a compressive

"reaction" force. We have
Fl - F2 = 2,500
(F) + F,)8 = 6,250

which yields

F, = 9,600 1bs./in.
From the yield criterion, the maximum bolt force per inch is
= [ars (9.6)2]1/2
= 17.8 kips/in.
The maximum spacing allowed would be

o I%?g = 3.1 1ins.

Thus the 3 in. snacing given in the design specifications meets this

requirement.

P e




(¢) Remaining Bolts
The bolts in the end plates and the plates that support
the grid assembly must meat a load requirement that 1s very similar
to that for the side plates. Thus, the analysis of this section

essentially completes the design analysis of the model blast valve.
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V. DESIGN ANALYSIS OF PROTOTYPE

!, Introduction

The format followed for the analysis of prototype components
is similar to that used for the model. Critical loading cases are
utilized and under these conditions, the analysis shows that each
component will remain elastic.

Since experimental tests with the model may indicate that
some alterations in the basic design are necessary, neither a
detailed analysis nor design drawings are specified for the
prototype. Instead, the analysis that is giveri is intended to
show that the basic dimensions are feasible and the resulting
valve 1c 1llustrated on the conceptual drawings.

Some of the analysis is completely analogous to that given
for the model. In particular, the basic dimensioas associated
with the free flow path length, piston plate, and grid assembly
are essentially unchanged so there 18 no need to repeat the
design analysis of these aspects of the prototype.

The following sections consider the major components of the
prototype urnder the design load. Sketches are given, but for
an accurate presentation of dimensions and rels..ive positions

of cumponents, the conceptual drawings should be used.
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2. Buffla and Daffle Support Plates

{
E_ ». Goometry
b
f

1

12v

) prrtme GBS caavne. M eemEE Gree T e -~ Ya— e

. Baffle

o

Baffle
Sipports

12"

12'0

AR AMEAA MM AL LA A A A TA R A A VN

6201

b. Material

USS T1 Steel

(7& = 100,000 ps1
O, = 115,000 ps1
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c. Design Load

{1) Baffle

Tne baffle can be considered as a combination of

four plates, esch of which are 12 in. by 62 in. and are rigidly

supported on the two longest sides and free on the other two sides.

The design load is 1500 psi pressure on one side.

(2) Baffle Supnorts

For all practical purposes, the baffle will not have

to withstand a lateral pressure loading since the pressure will be

acting on both sides of the plate. Thus, we need consider only an

edge loading of 1500 x 12 = 18,000 lbs./in. and investigate the

possibility of loss of stability. For this analysis, the critical

plate is the onz 11% in. wide.

d. Analysis
(1) Baffle
NN NNENNNINNIN

njor

~lo

ANVLUNLVLV VLV VY VVV VAR

a

et >
y

a = 62 n,
b = 12 in.

The edges y = he % are built in. The conditions at

X = 2 will not be affected by the boundary conditions at x = O

2

and x = &, 80 we can take these edges to be simply suppcrted.
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Then, according to Reference (1), page 187, the maximum moment occurs

at x = %, y = g, and is given by
Hy = —0.0833qb2

The maximum bending stress is

- 6(M)max
max h2

6
(5/4)

[}

5 (0.0833) (1500) (12)2

69,000 psi

which is less than the yield stress.

(2) Baffle Support

—— 11 l/ " O -
18,000 1bs./in.

> 62n -

e o) attytr———

e and il —

. B

A lower bound to the buckling load can be obtained

by considering a unit strip and by assuming 1t acts as a simply

62
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supported column. The Euler buckling load for this case is

P, = =—==

2p1
B™ g2

(o)
[}

30 x 106 psi

1 31 . 4
13 bh~ = 15 in.

—t
n

g =12 in.
Thus, PB = 174,000 lbs., which is more than the yield load.

The 18,000 1bs./in. load that we have is well below
the buckling load and yield load of the material.

e, Remarks
For the case of internal pressure on just one side of

the baffle, a considerable edge moment will be transmitted to the
cylindrical wall, The maximum value of this moment will be that

given in the above analysis, namely (with the minus sign discarded),

8 2
33

= (0.0833) (1500) (12)2

= 18,000 1b.ins./in.

If the flexibility of the cylindrical wall 1s taken into account,
the transmitted moment will be somewhat less than this value

(See analysis of cylindrical wall).,
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3.

N

8

6n

Geometry

41 1/2"

ln" N
20

1

‘4._4.1 1/2"

\

11"

b

Stiffeners

Side Plutes

b. Material

USS T1 Steel

(f} = 100,000 psi

O"u = 115,000 psi

Inlet Side Plates and Stiffeners

Ellipsoidal End Cap

/!

YA

Rl 1/2" 35 1/2"
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c. Design Load
(1) Side Plate
The side plate should withstand an internal pressure
of 1500 psi. The case of pressure on both sides of the side plate
; will be much less severe. .
(2) sStiffener
The stiffener will have to withstand a pressure

differential that is primarily due to the change in the shock wave

as it passes along the inlet. This differential can be ignored.
’ Thus, the only force will be that due to the effects of the side

plates. Thus, the stiffener will have to withstand a membrane

force of 1500 x 11 = 16,500 1lbs./in.

d. Analysis
1 . The analysis is very similar to that performed for the
] baffle and baffle sur-ort plates. For an interior section, the
f side plate can be cc....dered composed of segmeats that are 63 in.

by 11 in. with rigid supports on the two loengest sides. From the

analysis for the baffle plate, the maximum stress is

6(M)
Olax =3

max h

. 6
(5/4)

= 58,000 ;si

5 (0.0833) (1500) (11)2

~

For the portion .~ the inlet that includes the cylindrical wall,

the following situation holds:

:
!
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No Shear .
Force by 1500 PeL,.
Symmetry —

.

Consider a segment of unit width. Then from structural

analysis, an approximation for the forces and moments acting on this

segment would be the following:

1. P
? 6.4P

E &

—d

——pp

¢p 8= )1i.op

3P

P = 1500 lbs./ir.

A M Dbl ann e
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The critical point in the cylindrical pznel is Point A

where

N  Mc
Olpax =% * 7T

max

.5 x1500 6.4 21500 3
(3,’23 4
%5(1)(3/2)3

= 5,100 + 25,500

= 31 ,000 psi

For the side plate, the stress at pocint B governs. There we have

_N Mo
max A I
3

©)

X l%OO . 11.9 x 1500 X

3
(3/2 1 374
(1)(3/2)

]

3,000 + 48,000

"

51,000 psi

Both of these stresses are well below the yield stress (See analysis
of cylindrical wall).

Because of the uniform loading on the side plate panels,
relatively little bending moment will be introduced into the
stiffeners which can easily withstand the direct i.nsile stress of

16,500 psi.
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e. Remarks

Two areas of concern involve the pomsitive closure mechanism
and the region where the rectangular inlet is welded to the
ellipsoidal end. For the material su?rounding the positive closure
device, an analysis at this time would be premature. It would be
preferable to wait until the proposed device be approved before
proceeding further with the analysis.

An analysis of the stresses in the neighborhood of the
weld line along the ellipsoidal snd would require a much more
sophisticated approach than is femasible here. However, from the
above analysis, it would seem that no major problems should arise

for expected increases in maximum stresses.
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4. Cylindrical Wall

a. Geomeiry '

11/2n

Side of Rectangular

/ Opening

/

[V ¥
LA Yad

AVAVA WA VA VA Y. V. V. WA WA WL V. WAL ¥

Baffle

Length of Cylindrical Wall = 62 in.

b. Material
USS T1 Steel

(?& = 100,000 psi

R s S S S IR A

C'u = 115,000 psi
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c. Design Load
Case (1) FPressure Inside the Rectangular Inlet
This case has been handled in conneciion with the
analysis of the inlet,

Case (2) Pressure on the Internal Side of the Baffle

FE PR R

SARRRNE)
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Case (3) Pressure on Both Sides of the Baffle

Internal Pressure q
in all compartments

Case (4) Stresses in the Vicinity of End Joints
Because of the welded joint on the inlet end and the
flange joint on the exit end, bending stresses will be introduced.
These stresses may be a critical factor in the design.
d. Analysis
Cages (2) and (3)
Both of these cases can be handled by considering a
segment of unit width under the following loasd and boundary cendi-

tions:
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Fixed Edges

The angle ﬂ is chosen to fit the arc length of concern; for example,
baffle plate to inlet side plate, baffle support plate to baffle
plate, etc. The action of these plates on the cylindrical wall
can be conservatively taken into account by the fixed end boundary
conditions shown above,

The maximum moment and stress resultant occur ato(==lg

where, to a first approximation,

242

y . X879
3
2

The arc between the side inlet plate and the baffle yields the
largest value of so this will be the governing case. The span
is 31°

B = %2~§1-g = 0.2] rad.
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Then
R = 8v12 ino

2
M= 842\3 1590) . 33,000 in.1vs./in.

N = 1100 1bu./in. .

and the marximum stress is

©)

rol2

=§+
max h

=

= 89,000 psi

; Case (4)

The stresses in the neighborhood of a joini between
a cylinder and an ellipsoidal end subjected to internal pressure are
considered on page 484 of Reference (1). For the type of ellipsoidal

head that we have here (b/z = 2), the maximum longitudinal and hoop

stresses bec mo

¢
qr
5 (“'!)max = 2,172 3=
| (-4 = g
. { h)max 1.128 -
; respectively. Since (Gh)rax is the larger of the two, it 13 the

determining factor. Fer our design specification

0
(':rh)mx = 1.128 (1500) 3727

= 34,000 psi
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For the exit end, the flange itself serves as a reinforcing
element. On the inlet end where the ellipsoidal end and the
cylindrical tank are welded together, a reinforcing ring could be
used to ensure that the maximum bond%ng stresses are well bolow

yield (not shown on conceptual drawing).
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5. Semi-elliptical Head
a. Geometry
Major radius a = 30 in.

Minor radius b = 1% in.

Thickness = 1% in.

Flange

b. Material
USS T1 Steel
CT; = 100,000 psi

(T; = 115,000 ps1

c. Design Load
Case (1)

For points sufficiently far from the edges,
membrane theory can be applied to find the stresses due to an
internal pressure of 1500 psi.

Cuse (2)

Tha rectanguiar inlet, rigidly fastened to the

head, will cause bending stcec228 to arise. ‘This possibility

should be considered.

--3
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d. Analysis

Case (1)
E. According to Reference (1), page 440, the membrane

stress resultants are

ar
2
| Y%=
Vo = a1 - 2
; Ye = W8t T or
1
where
| . 32b2
17 3/?
(azsin%¢ + bzcasgﬁ)
Ir =
3 2
1/2
(agsin2¢ + bzcos%t)

T TN W R T T T T T NPT R T T T




At the crown of the shell (point o), = 0 and

a2
==y
) which means that
2
- -
Ng = Ng = 5%

With a thickness of h = 1% in., the stresses are

2
6-¢ =6.°z%%—h

_ (1500)(30)?
= 0k
- 30,000 psi

" At the equator (or the flange area), ¢ =¥, and

L
1 a
r2=a
so0 *hat
- 3
Ny =5
( 2)
No= aa{l - -Z5)
2b°)

This yields the following membrane stresses:

Gg = 15,000 psi

Se = -30,000 psi

The maximum difference in principal stresses is

C¢ -Ce = 45,000 psi

11
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which is less than the yield stress.
Case (2)

A study of the interaction of the rectangular inlet
with the ellipsoidal end is unwarranted at this time. Such an
enalysis could be easily handled by existing computer codes but
before this task is undertaken, all of the other aspects of the
valve should be approved.

e. Remarks

A discussion of the effect of bending stresses introduced
by the connection to the cylindrical shell is discussed in the
previous section on the cylindrical wall. Localized bending
stresses will be introduced, but the presence of the flange will
greatly alleviate these stresses as far as the end is concerned.

It should be noted that if the ellipsoidal end was
continuous, the given thickness would satisfy the ASME~-8 Unified
Pressure Vessel Code which specifies a thickness t. for this case

h

as follows:

qd,
n = 2@.e - 0.1)
where
g = pressure, p8i
di = ‘.ternal diameter
G, = allowable stress, psi, and
e = welded joint efficiency
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When a high strength, low hydrogen rod such as class E11018

electrode is used, e = 1. Then

b n e 1500(60
h ~ 2[100,000(1) - (0.1)(1500

= 0.45 in.
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£ 6. Exit: Side and End Plates, and Stiffeners

]
s
I .5.411
Ellipsoidal End ¢
//4ff—————————'-—'—-~ 18"
Side Plate /

11/2" —

a. Geometry Stiffener

Y Grid Plate

, 4.6 ~(/

]
A /pry;al Cross-Section

End Plate Stiffener
14 = iy o
rl———]r——r! 4 L4 9"
; | J’///:n—.rﬁd-—————’j1
e H
{

14.4"

]
10.6" 10.6"
\_ 4" of weld to o 24 1/2" g 1/2n
flange
SIDE PLATE
80
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F LAY, 4
H 15"
30.4n
3" 4 1/2u 4 1/2n 3n
" diameter hol
2" diameter holes =) () O -]E. on
il
END PLATE
b. Katerial
USS Tl Steel
O"y = 100,000 ps1
o, = 115,00C psi
¢. Design Load
Case (1)
1 When the shock front first reaches the grid plate,
we could have the following load:
/— Side Plate
¢
/—- Grid Plate
AR
/(( 1500 psi
- 17" 3
M 81
!
ho.
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Assume the side plate is simply supported at the

ende and that it supports a load of 1500 x 17 = 25,500 lbs./in.

Case (2)

TR pey T T

When the blast valve has filled, the following

situation could exist:
—]

1500 psi

e
.
e

1500 pei

d. Analysis
Case (1)

Simplified free body diagrams of a 31de plate and

e\
. %6 }

SRR EIEEERER

IR
5,000 :l
1bs./'1n. g 24 1/2" b-7 13"

an end plate would be as follows:

SIDE PLATE
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LR

R R
2 2 2
SR SR SR
END PLATE

R -~ reaction force transmitted to end plate

S -~ reaction f«:s. transmitted to the flange
Assume the resultant .orce on the end plate is equally distributed
to the three bolts as shown. The primary function of the stiffeners
and ellipsoidal end in this situation is to prevent the side plate
from buckling.

In considering the side plate, we further assume
that because of the large depth, the plate acts like a rigid beam.
To make the problem statically determinant, assume that tecause
of the bolt holes, sliprcege between the end plate and the supporting
frame will occur. This would allow the reactive forces to be equal,

that 1s, R = S, By equilibrium then

2k = 24% x 25,500

= 625,000 1bs.

or

R = 313,000 1bs.

A 2-4l UNC high strength bolt can susgtain a shear force of 250,000
2

lbs. which is larger than %R = 208,000 lbs.
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The maximum force Fw that could be carried by the
veld is the yield stress of the material times the contact area,
i.e,,

( 1)
FW Tz 100,000 X (4 X 12)
= 600,000 1bs.

which is almost twice the design load of 313,0C0 lbs,
To obtain an approximation for the maximum bending
stress in the side plate, assume the ends are simply supported at

a distance £ = 24.5 + 4 = 28.% in. from the center. The maximum

"

moment would then occur at the center and be equal to

2
(), =2

max

- 3§é§99 (28.5)°

= 104 x 10° 1lbs./in.

The maximwr bending stress 1s

N
«r)max = (d)max I
- 104 x 10° x v
1
i3 X % x (30)3
= 46,000 ps1

Since there is a considerable amount ¢f fixity ut the ends, the
maximum bending stiress will be below chis value.

Of some concern in this case 1s the possibility

of buckling. Because of the stiffeners,; the voundary conditiong




are difficult to specify accur-~tely. However, a reasonable
approximation to the buckling force can be obtained by assuming
that a segment 1 in. long will behave as a column. The governing

situation can be modelled as follows:

//////I/

1" pod g #

p
Because ot the stiffeners, the maximum effective

length would be

1 = 6+%'2?12 in.

The buckling load is given by

2, 2 6 3
p . T né _m 13012510 x%(l)%
4 4(12)
= 147,000 1bs.

which is considerably above the edge force of 25,500 1lbs./in.
Case (2)
Again, because of the stiffeners, 1t is very

difficult to present an accurate but elementary anilysis. However,

it is conceivable that the critical point as far as thc side

VAt e bt ¢ T b
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plate is concerned would be one that is next to the grid. From the
analysis of the model, the edge force is 12,000 lbs./in. and the

edge moment is 32,000 in.lbs./in, This produces s maximum stress of

(@) . =

max

>z
+
I

12,000 , 321020 - 3
i 3
2 12 (1)(2%

1]

[}

3,000 psi

The resultant edge forces on the end plates and
the gtiffeners will be the order 1500 x 12 = 18,000 1bs./in.
compression with very small edge moments. Thus, the resulting

stresses will be insignificant.
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7. Concluding Remarks
The preceding sections indicate that the spscifications for
the prototype are adequate for a maximum static pressure of 1500 psi.
Fo analysis of the ellipsosidel head on the exit end is given since
the geometry and locads are similar to that at the inlet snd. A
detaiied analysis in the vicinity of the intersection of the
rectangular inlets and the ellipsoidal heads at both ends was not
attempted because of the involved geometry. However, an adequate
reserve stirength was allowed to more than compensate for any
struss concentrations that might arise because of these connections.
More detailed information of the stress distribution in all
componente of the blast valve could be obtained with the use of
a finite -lement code. Ia fact, with the use of a more accurate
description of the possible dynamic loads, such a code could be
used to analyze the complete structure. It is highly probable
that the suggested prototype i1s considerably overdesigned and that
a more accurate analysis could lead to mignificant reductions in
the thicknesses of many components. However, this study does show

that the suggested valve is feasible and that additional testing

and evaluation are warranted.




Saadt Aot on S 2o o T aahts ok RN A

VI. VALVE CONSTRUCTION AND ANALYSIS OF FIRST TEST SERIES

1. Construction of Sectional Test Valve and its Modification
With the government acceptance and approval of the design
and stress analy;1a of the prototype and the sectional test valve,
the project continued with the construction of the test valve,
Except for a problem in obtaining fvlly tempered spring steel
diaphragms for the first series of tests, there was no difficulty in
consiructing the test valve.

The reason for the temper problem was that the first test series
required curved and bert diaphragms of tempered spring mater:al, so
that factory tempered material could not be used. Even with heat
plates to maintain temperature during transfer to quench, only about
sixty percent of full temper could be achieved in local machine
shops. However, this turned out not to be a serious problem because
all of the conclusions would have been exactly the same even 1f the
fully tempered diaphragms were availabie. The main lesson learned
regarding temper was that factory tempered spring material should be
used. Therefore, in the second test series, the valve modification
would adapt to flat diaphragms, so that the factory tempered material
could be used.

Also, the modification to insert in the valve for use in the
second series of tests was fabricated as shown 1n the shop drawings,

Figure 15, )

E
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2., First Test Series

The first test series on this valve was done primarily to
observe the principle of operation of using the thin plate i1n con-
Junction with a short delay path to produce an operational valve,
There was little doubt that impact effects would be likely to present
problems. The possidility of excess backpressure across the ends of
the diaphragm was known, but exactly how this would affect the
performance of the valve was nc¢t known. Therefore, thes test valve
was designed so that diaphragms and the closure mechanism could
aasily be modified.

Spring steel diaphragms were made so that their ends could
be free or clamped, as shown in Figures 16 and 17. Pressure-time
gages were mounted at positions shown in Figure 16 o measure the
applied shock wave pressure, the pressure on the aiaphragm, pressure
ai the end of the delay path, and the transmitted pressure through
the valve,

The tentative test plan was set up with the assumption that
there would be no sericus failures. When the rather serious impact
yield and reopening of the valve was discovered sarly in the tests,
1t wes realized that the rems.ning tests would have to be directed
to examining these problem areas more thoroughly. Therefore,
diaphragms without their ends bent and clamped, and the use of a
Neoprene layer attached to the impact surface would be studied in

the remaining teots «f this test series.

&%




Figure 17 shows how the excess backpressure acted to reopen
the valve, and Figures 18 and 19 show the measured pressure-time
responsible for developing the excess backpressurs, and also shows

the transmitted pressure caused by reopening.

3. Evaluation of First Test Series

This evaluation is based on the results of the first test
series.

The important conclusions derived from the first series
of tests were remedies to correct faults or malfunctions in three
main areas described in the following.

There was a need to find better constituent materials for
diaphragms io withstand the high impact forces which occurred when
the valve was closed with high pressure sheck. These constituent
materials include the thin spring base plate, the elastic layer,
and the adhesive for bonding the two together to compose diaphragms.
The preferred materials could be determined by actual tests in the
valve of a variety of thes: types of materials.

When the entering shock wave or rapid compressional front
arrives at the end of the delay paths, the path had been closed,
and the wave reflected to higher pressure. This higher pressure
is the reflected backpressure that exceeded the pressure holding
the valve closed from the opposite side. This excess reflected
backpressure was about 30 psi for the nominal 176 applied shock

pressure to the clamped end diaphragm. It forced the end quarters

o



of the diaphragm to move backward, away trom the grid, and to lift

the sides of the center portion of the diaphragm and let high pressure
air pass through the valve., This process ig caused by the pressure
difference above and below the diaphragm as expressed by Figure 17.
Note also, the resulting transmitted pressure in Figure 19 shows the
same process when the ends of the diaphragm were not clamped for the
155 psi applied shock pressure.

When the reflected excess backpressure caused the end
quarters of the diaphragm to move away from the grid, the motion was
so vigorous that it bent the diaphragm, whether clamped or unclamped.
In the case of the free end diaphragm, the ends were forced back
against and par:ly around support bolts in the valve with sufficient
force t wrap partially around the bolts.

The free end arrangement was somewhat effective in venting
the reflected backpressure, in that the transmitted pressure caused
by reopening was reduced to about one-third when diaphragm ends were
unclamped. This free end system could be a useful technique for
backpressure relief without damage, if the magnitude of excess back-~
pressure could be substantially reduced.

It was realized that a more positive method was available
for preventing reopening of the valve by excess backpressure,
regardless of 1ts magnitude. This method depends on a double diaphragm
arrangenent 1n which slots are cut through the end sections of the
lower diaphragm, coinciding with slots in the grid on which it im-

pacts. When any excess backpressure develops, 1t does not disturbdb
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the lower diaphragm as it is seated against the grid, and therefore,
does not reopen the valve. With this arrangement, the reflected
backpressure acts through the slots to move the back diaphragm away
from contact with the slotted diaphragm. Therefore, with this
double diaphragm arrangement, a backup grid is needed to distribute
the forces and stop the backward movement of the back diaphragm.

Also, it was realized that waves can reflect to pressures
highar than their stagnation pressures only in a non-steady process.
Thue, if the non-steady portion of the reflection at the end of the
delay pathe is absorbed by a volume, then effectively quasi-steady
conditions will determine the maximum pressure which will not exceed
the stagnation pressure at the time a maximum pressure is reached
in the volume.

If a discontinuous jump in pressure occurred at the
entrance of the delay path, we would have seen even higher reflected
pressures, and the increase i1n volume necessary to absordb this
reflected pressure would need to be about 1.5 times the volume of
the delay path.7 However, the entrance chamber causes a gradual
pressure increase of 2 to 3 milliseconde to maximum to be applied
to the delay path entrance. This may not seem like much, but when
it compares to the travel time in the delay path, or to the filling
time of a chamber at the end of the delay path, it is very significant.
Therefore, in this case, the volume at the end of the delay paths
can be increased to approximately the volume of the delay path to

prevent excess reflected backrressure.
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This volume adjuxtment could not easily be made in the
test valve. Therefore, it was deacided that the double diaphragm

arrangement with the backup grid modification should be tested,

realizing that if this tested successfully with the high reflected
backpressure, it would certainly be successful when the backpressure

18 reduced by the volume adjustment.

Pressure head loss was measured and the theory previously

L
developed showef the following.

4. Pressure Head lcsas
The path of normal ventilation flow through the valve

involves cranges 1n cross sectional area and shape, sharp 180 degree

turns, and a grid plate,all of which do not resemble & conventional
duct system subjectable to conventional engineering head loss
calculations. However, conservative conditions can be imposed on
this system to make 1t resemble a conventional system so that a
conservative head loss can be calculated as follows:

(a) Head Loss by Turns and Lengths

Assume the following diagram analogy for half of the

valve model: gmf

2 M ASY R~

M
% U = (A Where e bl
i
= “ " ' I out -t
P U 4 soch 180° turns % =05 % 2

or 8 each 90° turns
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Acoording to Reference 8, the equivalent loss-distance-~to-
width-radio L/W per 90 degree turn is 65, so the length is 21 feet.
Therefore, the total loss length equivalent for the 8 turns is 168
feeot.

The actual length through the valve is approximately 15
feet for a total length aquivalent of 183 feet.

L = 183 feet
(b) Head Loss by Grid Plate

From the pipe flow equation
~L
e
different ducts have the same loss when P/ﬁﬂﬁ can be

equated, or when

rS%J»F'
Nb'\)' Nr‘

Assume an element of the grid cross section to be 1/4" x 2" and a
length of 12",

Reference & shows this duct to be equivalent to a circular
duct of C.69" diameter. Similarly, the 4" x 8" duct diameter
equivalent is 6.1". Therefore, the equivalent loss length in the
small duct can be related to loss length in the 6.1" duct. This
was necessary because the available air friction flow charts were

not given for diameters below 1.5", so that
2
€.1
Ly =12 §63§3

» 40" or 78 feet
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(¢) Total Wead Loss
¢~ abining the three sources of head loss for a total
e, 11valent iength of 261 feet. Since the equ. alent duct diameter
is 6.1", according to Reference Q, the total head loss for 250 cfm
is 0.45 iaches of water per 100 ft, equivalent is therefore

{
- {0.45) ;
AH = 261 (160) = 1.17 inches of water

This thecrretical dete..:ina*ion of the pressure head loss
was ' * 1t to be cone rvative because the method used, Refersnce 3,
vas cased on axially symmetric changes on cross sectional area and
180 degree turns without increased cross sectional areas. In the
valve, most of the turns have at least a 30 percent area increase
relative to the entrance area.

(d) Experimental Measurements of Pressure Head Loss

When the valve was mounted in the shock tube, the pressure
head loss was measured for flov in hoth directions, and also with
the grid modification 1n place, Figure 20 shows these measursments.

From these measurements and with the theory lating
pressure head loss,AP, to the vclume rate of flow, AV/At, it is
possible to caiculate accurately how a new cross sectional area
modification will affect the normal -rentilation flow.

From the theory

(LAV)?

AP'C(AE) (1)

where the constant C has the dimension of density, and contains

dimensionless conversion factors, and A is the cross sectional area.
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Since the individual losses in the valve are additive to
get the total loss, any inlividual loss element can be examined
separately. The impact grid is an element that is to te changed in

the prototype and needs to ba exasined separately, so that

AP( g o’ =ZAF +AP(gx‘id) (2)
from eq.(1)
- 1 v)?
oy - R

Measurements were made at& V/At = 500 cfm for A = 56 sq. in. and

for A = 23 8q. in., to get respactively,
‘Lp(total) = 0.45 inches of water

‘sp(total) = 1.78 1nches of water

and calculate from eq.(3)

S AP = 0.18 and € = 3.39 x 1072

go that )
zsp(total) = 0.18 + 3.39 x 1073 Eiggg (4)
Reference to Section VIII shows that 3/8 inch grids will separate 1/4
inch slots as recommended prototype modifications. Were this
modification applied to the test valve, then A is 38 sq. in., and
the resulting prassure head loss versus the volume rate of flow
in shown on the figure., Note the 12 percent increase for exhauat

flow.

In the real vensiiation system, two valves would be rejuired

(-
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for intake and exhaust flow, so the total pressure head loss would

be tie sum 0.82 + 0.73 = 1.55 inches of water. Alsc, in the real

prototype system, the correszponding volume rate of flow would be

approximately 3.330 cfm, corresponding to 500 cfm in the test valve

for the same pressure head loss.
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VII. SECOND TEST SERIES

1. Discussion

The instrumentation, the mounting of the valve to the shock
tube, and other test prccedures were essentially the same as those
in the first test series.

Tusts on the elastic layer were done under conditions that
would be harsh snough to be likely tc cause some impact damage in
every test. This was accomplished by not using the backup grid
modification and applying 147 psi incident shock pressure. The
various materials collected for these tests are shown in the
fellowing "List of Materials", with information provided by suppliers

or manufacturers.

LIST OF MATERIALS

SPRING BASE AND BACK DIAPHRAGM MATERIALS

Spring Steel 1095 Temp. C35 0.032 in. thick
Spring Steel 1055 Temp. C37 0.025 in. thick
Spring Steel 1055 Temp. C37 0.050 in. thick
Spring Steel 1074 Temp. C40 0,025 in. thick
Spring Steel 1CT74 Temp. C40 0.050 in. thick
Stainless Spring Steel 410 Temp. Spring 0.025 in. thick
Stainless Spring Steel 410 Temp. CR 0.042 1n. thick
Stainless Steel 301 Temp. FH 0.050 in. thick
Sta:nless Steel 302 Temp. FH 0.032 in. thick
Titanium-6A1-4V Temp. Heat K-3829 0.032 in. thick
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SPRING BASE AND BACK DIAPHRAGM MATERIALS

(continued)
Phospho-bronz Spring Temp. Spring
Monel Temp. CR

Scotchply 1002 (fiberglass)

Scotchply 1002 (fiberglass)

ELASTOMER LAYER MATERIALS

Natural Rubber Style 606

Natural Rubber Style 606

Synthetic Rubber MIL-R-6855-CR40

Hypalon Rubber

Hypalor Rubber

Plylon Rubber

Silicone Rubber CHR9050
ADHESIVES

Aron Alpha

Resiweld -~ H. B. Fuller Co., 7004
Weldwood Contact Cement, U. S. Plywood
Scotch-Grip Contact Cement 2210
Scotch-Weld Structural Adhesive
Eccobond 8TH Contact Cement

Silicone Adhesive, Dow Corning 96-083

Coast Pro-Seal 890

99

0.032
0.040
0.070

0.100

0.125
0.250
0.125
0.125
0.250
0.250

0.125

in,
in.
in.

in.

in,
in.
in.
in.
in,
in.

in.

thick

taick

thick

thick

thick

thizk

thick

thick

thick

thick

thick
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2. Evaluation of Second Test Series

This evaluation 18 based on results of the second test series,
Reference 9, which should be referred to 1f more details not covered
in this report are desired.

Of the materials tested, the following was determined.

The Aron Alpha was the best adhesive tested and was used for
all double diaphragm construction. The Coast Pro-Seal 890 bonded
well to the metai, but not to the natural rubber. This adhesive
may be good 1f the rubber surface is well roughened.

The fiberglass, Scotchply, was the best spring-base material
tested, mainly because it did not becoms deformed as matal diapragms
did under the same conditions. Of the mestal diaphragms tasted, the
titanium alloy and the spring stainless steel 410 were the best
because they showed the least yield of the metals tested under the
same conditions. In these cases, the impact damege could be
controlled by thicker elastic protection, but backpressure damage
could only be controlled by reduced backpressure.

The natural rubber and synthetic rubber seemed to afford the
»est protection to the base metals and suffered the least impact
damage themselves.

In all cases, the double diaphragm was completely effective
in preventing reopening of the valve by reflected backpressure.
This was verified by the absence of excess pressure surges

transmitted after tha valve had closed.

The unbalanced distribution of pressure caused by reflected
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backpressurs on the ends of the back diaphragm caused a hump
distortion at the center of all metal back diaphragms tested, but
not to Scotchpiy diaphragms.

The backup grid modification merved its intended function to
receive the back diaphragm wi;hout causing damage. It also served
to reduce the closing pressure since about 78 percent of the cross
section was closed bty this backup grid. This caused the valve to
close more slowly and thereby, to sustain less impact force.
Pressure measurements were not made under the backup grid, so the
real closing pressure is not known. As expected, this reduced
closing pressure seriously affected the closure time at low applied
shock pressures, so that some pressure did pass through the delzsy
paths before closure was complete, However, this bypassed pressure
was only about one-fifth of the applied low shock pressure.

The only damage sustained by the elastic layer was surface
damage where it contacted edges of the impact grid slots, which
seemed to be caused by a sliding of the surface parallel to these
edges. This surface damage was quite shallow and was not found to
be serious, as repeated high pressure tests did not increase the
extent or depth of the damage. However, this surface damage
should be eliminated if possible, because higher closure pressures
will be expected if a more open backup grid i1s recommended to
facilitate low presasure closure.

The most important of the pressure-time measurements made
was the transmitted pressure wave. The transmitted pressure-time

record shows four important points. It will be worthwhile
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discussing these points in some detail.

For the nominal 176 psi applied shock pressurs, a very thin
pressure spike was the first digturbance iransaitted through the
valve. This spike attenuated from 20 pasi st station 5 to 13 p=i at
station 6, Pigure 16, which is 1.6 feet further downstream, for an
attenuation rate of 4 psi per foot of travel. This is appreximately
the attenuation rate of a pressure spike having a tase duration of
1/4 mi1llisecond, and this is approximately the measured base
duration of the recorded spike. From this, it can be shown thai
the spike will reach about 7 psi in the next 1.5 feet of tr&vel.lc

The second imporiant point is that at 7 psi, the negative
slope of the spike suddenly increases to a base of about one milli-~
second. This will slow the attenuation of the peak pressure to
about 0.5 psir per foot of travel. This means that the peak
transmitted shock pressure would be approximately 2 psi at 10 fest
further down stream in a uniform cross sectional duct. Lateral
expansion will produce the 2 psi in less than 10 feet,

Considering the source of this spike, since it is the first
disturbance to get through the valve, it must be produced directly
from the entering shock front that passes the edges of the diaphragm.
The piston action of the diaphragm could not poseibly generate a
spike of sucl high pressure and short durati.a.

This initial spike is followed by two successive weaker spikes
that are probably diffracted or reflected from the first spike that

originates from edges of the diaphragm and passes through the grid.
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The four+h point is the long duration of very low overpressure
following there spikes and continuing after the valve had closed.
This represents .ow pressure flow and since there 1s no surgs, it
repiezents rather steady flow which must be caused by a comtinuous
lgak from ths high pressure region of the valve. The unsealed
interface betwaen the modification and where this modification seats
on the original valva grid probably allows enough high pressure
ieakage to account for this low pressure transmitied flow. Of course,
this would not occur for the modification built into a valve,

One double d:aphragm arrangement was used 1n seven test runs,
including one applied shock at 250 psi incident pressure, or 1,640
psL reflected pressure. This arrangement sustained only superficial
damage that did not increasa with successive runs and did not alter
1ts performance. This arrangement was composed of Scotchply 1002
with surface fibers aligned perpendicular to the grid slots. Both
front and back ciraphragms were¢ of this material O.1 inch thick.

A 1/8-.ncn thick natural rubber layer was bonded to the impact surface.
On the back of impact diaphragm were strips of 1/8-inch thick natural
rubber running from end to end to provide 8 each 1/2-inch channels

so that reflected backpressure could be conducted between both
diaphragms to their center portion. Tests showed that thie channel
system was not successful as a means to prevent the hump distortion

of metal back diaphragms,

It appeared that more and even higher pressure shocks could have
been applied to this 0.1 inch thick Scotchply doutle diaphragm

arrangement without sustaining further damage.
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iAll of the surface damage io rubber appeared to be caused by
sliding along edges of grid elotz and not by iepmct. Tae reason
for the sliding hypothesis is that wherever surface cutting ocourred,
rub marks also occurred in the same vicinity, running perpendicular
to the cuts where the rubber centnct;d s surface and that no surface
damage ocourred in the center poriiom of the impact surface. This
sort of friction could develop when the center portion of the

diaphragm moves into contact with the grid and draws %ka tightly

contacted ends toward the center.
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VIII. RECOMMENDED MODIFICATIONS OF THE VALVE

The tests showed which of a large number of constituent
diaphragm materials temted had the best tolsrance to impact. The
tests also showed how te corre;t Qalfunctions caused by Lackpressure.
It should be obvious that there is considsrablse dependance between
some of the important functions of the cloeure mechanism actuated
by shock, so most of the recommendations are associatea as a set,

In the following, each distinguishable area where modifications are

recommended is discussed individually.

1. Reflected Backpressure

The only serious effect of reflected backpressure when the
double diaphragm arrangement was used was the sirong unbalanced
pressure distribution between tlhie top center and tne bottom ends of
the back diaphragm that caused the hump deformatior in metal diaphragms.
The reflected backpressure did not cause reopening of the valve, so
1t is recommended that the double diaphragm arrangement be used in
the prototype valve. The Scotchply back diaphragm was not deformed
as the metal diaphragms were. However, the Scotchply did show that
stretching did occur as the surface fibers were separatod where the
apex of the hump would have occurred in metal diaphragms. This
stretching separation would perhaps .z avoidaed if the surface fibere
in the Scotchply were aligned from end to end, instead of from side
to side.

Even though the reflected backpressure 18 not a problem where
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Scotchply diaphragms are used, it is recommended that this back-
pressure be reduced as much as possivie.

The process whereby reflected shock pressure can be developed
in a chamber are described in Reference 7. Essentially, supersonic
flow does not allow a backup of pressute from the chamber until an
upstream facing shock front of sufficient veloocity develops and
moves against the incoming supersonic flow. The theorylof‘this
process is born out by experiment when the process begins as a
discontinuous pressure wave. However, in the case of the valve in
which the theory is to be applied in order to find a proper volume
at the end of the delay path that will prevent reflected pressure
from developing, the driver pressure entering the delay paths showed
a rise time of 2 to 3 milliseconds, and not a discratinuous front.
This makes a precise theoretical determination of a chamber pressure
curve difficult, especially when the rise time is comparable to the
travel time in the delay path. However, it is not necessary to
accomplish a precise determination, since the important thing is to
realize that the discontinuous driver allows development of the
reflected pressure in the chamber earlier than any other kind of
wave front. Therefore, a correction for shock wave filling of a
chamber to avoid reflected pressure will be an overcorrection for
the compressional wave acting in the valve.

In the entrance chamber of the test valve, 2 to 3 milliseconds
vore required for maximum pressure to be reached. This 2’to 3
millisecond rise time is the driver pressure time that determines

the rise time of the transmitted wave in the delay paths. Because
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of this slow rise time, the reflected pressure at the end of the
delay paths was only 130 psi instead of the theoretical maximum of
200 psi for the nominal 176 psi applied shock pressure. It is
desired that this 130 psi be further reduced to approximately 100
ps1 and close to the pressure acting in the opposite direction
through the diaphragm. This sort of reduction in pressure at the
end of the delay path can be achieved by providing a volume increase
to further delay the pressure-fill-time. Theoretically, this would
be satiasfied by a chamber having a volume of about 1.5 times that
of the entrance duct (delay path) when a driver pressure is dis-
continuous at 160 psi. In the prototype valve, a volume exists at
the end of the delay paths which only requires a slight increase

to match the volumes of the delay paths. Since the delay paths

in the prototype valve are now 5 feet long, and a natural volume
increase of about 3 feet now exists at the end of the delay paths
in the prototype, it is recommended that the grid-diaphragm system
in the prototype be moved one foot further into the valve, thereby
increzsing the volume at the end of the delay paths and decreasing
the volume of the delay paths to be approximately equal. The
decrease in the delay path length and the shock travel time therein
caused by this adjustment 1s negligible, as 1t is outweighed by the
advantages of not having to uce a thicker back diaphragm to contain

high backpressure.
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2. Impact Grid
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The backup grid modification included a modified impact grid,
Figures 7 and 15. This rather substantial reduction in the number
of openings in the impact grid had no basic advantage with regard to

impact damage and backpressure effecfb. It greatly increased the

pressure head loss from 0.45 to 1.78 inches of water at 500 ofm.,

Figure 20. The 3/4-inch surfaces between 1/4-inch slots provided :
a wider surface for attacning elastic strips. For convenience in i
attaching elastic strips, the impact grid should be composed of 1
3/8-inch separations between the 1/4~inch slote. It is calculated %
that this recommended grid spacing will increase the pressure head !

loss to about C.73 inches of water at 500 cfa,

The only damage done to the elastic layer by impact was thought

to be caused by the sliding of the elastic layer along the edges

of grid slots while in :ight contact with those edges. The sliding
action 18 belisved to occur when most of the baseplate has mede
coniact with the grid, but a few inches at the center still has to
move into contact. Under high pressure, this center i1s forced into
contact, thus drawing the rest of the surface toward the center.
Since the rest of the surface is pressed against the grid, limited
shearing occurs.

It 18 believed that most of this shearing can be eliminated
1f the central half of the impact grid is flat and the ends turned
up as required to get the normally opened space. Also, it is
recommended t' + all edges of the grid be rounded to about 1/64-inch

radius. This also includes the bottom edges that ars not involved
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in the impact, so as to minimize pressure head loss. There is a
possibility that the impact grid would be covered with elastic
strips instead of the impact diaphragm. Thas would also eliminate
shearing at edges, since in this case, the edges would de& the elastic
material. This variation would also remove the mass of the elastic
layer on the closure mechanism and allow the closure to be faster,
The turned up ends of the impact grid serve to provide the
normally open space between the center portion of the impact grid

wnd the base plate. This space should be no less than 2 inches.

3, Double Diaphragm Arrangement and Triple Diaphragm

Even though the backpressure can be reduced by the volume
adjustment, the double diaphragm arrangement is recommended for use
in the prototyps.

The optimum thickness of the diaphragms is based on inoreased
thickness for favorable impact strength and decreased thicknass for
favorable short closing time and perhaps less impact inertia. It is
not possibie to arrive at an optimum set of design specifications
without a large number of tests, and it is probably not essential.
What is essential is that we know that damage does not occur for
at least the 176 psi applied shock pressure and that closure is
sufficiently fast to block low pressure effectively. From experienco
of these tests, some judgment of materials and thicknesses can be
made.

For the prototype valve, it is recommended that the baseplate

be 0.10 inch thick Scotchply and the backplate be 0.050 inch thick
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Scotchply. The baseplate also may be made of titanium alloy
approximately 0.040 inch thick. With a slightly thicker elastic
layer, 1/4-inch thick, the titanium baseplate should not experience
impact damege even with a larger backup grid opening area.

Another possibility as an outgrowth of the double diaphragm
arrangement and made possible by the backup grid, is the use of a
triple diaphragm  in which two of the back diaphragms are plane and
unslotted. The reason for this triple diaphragm is that &an air
inlet can be arranged to let air between these two diaphragms o
force them apart and to close the valve., This air inlet cau be
sensory or manually actuated as a pneumatic closure that can act
very fast and can probtably close the valve within 50 milliseconds.
This pneumatic closure w#ill eliminate the mechanical closure,
utilizing the half cylinders shown in Figures 1 and 3}, This will
give the entire valve the same insensitivity to ground shock.

Since this triple diaphragm eliminates need for the criginal slot
entrance, the new entrance should be a 19 inch diameter openinrg.
Also, the total combined thickness of the triple diaphragm arrange-
ment does not need to be increased since their impact support is
nearly additive., Therefore, it is a recommendation that the triple
diaphragm arrangement be used in the prototype with each of the
bcck diaphragms being atout 0.030 inch thick Scotchply. It is also
recommended that the entrance orifice be a 19 inch diameter opening
‘thet- snds at least 3 feet above the backup grid to insure even

shock loading distribution on the closure surcace.
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4, Backup GOrid

The backup grid used in the modified valve tests accomplished
two things., It received and distributed the force caused by the
backward movement of the backplate by reflected backpressure, and
1t .educed the closure pressure by covering 78 percent of the
diaphragm area with a grid.

The reduction in closure pressure was not a problem excapt
at low applied shock pressure where the closing was much tou slow
for good low pressure performance.

With the reduction of reflected backpressure, the backup grid
can have a much iarger open area and significantly reduce tne low
pressure closing time.

It 1s recommended that the backup grid leave at least 50
percent of its surface open. To facilitate the structural design,
the backup grid should be integrated with the impact grid, both

of which can be removed from the valve housing as a unit.
5 Elastic Impact Layer

The elastic layer attached to the impact surface prevents
damage to the baseplate when it impacts against the grid.

The 1/8-inch thick natural rubber prevented y:ield of metal
diaphragms from impact when the backup grid was used, but not when
the backup grid was not used. No damage was done to metal diaphragms
when l/4-inch thick natural rubber covered the impact surface with-

out the backup grid, thereby indicating that the thickness of the
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natural rubher has a lot to do with impact yield of the metal.

If the ackup gric upen area 18 incransed from that of the
tests, a thicker natural rubber layer shoulJ be used, especially
with the metal baseplate. With Scotchpily diaphragms, 3/16-inch
thick natural rubber should be adequate, and with titanium alloy
or spring stainless steel, 1/4-inch thick natural rubber should
be adequate.

The elastic layer should cover the end portions ¢ ¢ the impact
diaphragm between slots, as well as the center portion. The natural

rubber should be bonded te the plate with Aron Alpha adhesive or

other cyanoacrylate cements.

The use of the elastic layer attached to the impact grid,

instead of to the diaphragm, should be considered for future tests

and possibly for the prototype.
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IX. CONCLUSIONS AND RECOMMENDATIONS

A pre-test valve design was showa in drawings and the features

of its expected performance was discussed. This valve was tentatively

designed to be shock pressure actuated, or with a remote or manual

actuati~: capability. In a typical air entrainment system of a blast

hardened facility, it was presumed that less than 2 psi would be
allowed through the valve for shock pressures on the ground surface
up to 1,000 psi, and normal ventilation of a unit valve would be

3,330 cfm, with a pressure head loss of less than 1.5 inches of

vater. Tests showed that the 2 psi condition could be expected within

10 feet of the protected exit of the valve for much higher surface
pressures, and the pressure head loss would be about half of the
theoretical estimate.

One dimension of the valve that is independent of scaling
properties of the closure process was decreased to design a test
valve which would be adaptable to a shock tube. This test valve
was constructed and tested in a high pressure shock tube. The first
series of tests showed three performance faults and indicated
methods of correcting these faults. A second series of tests were
conducted to prove whether or not the indicated methods would
correct the faults. The results wera all positive and a set of
recommended modifications to apply to the prototype were given.

The main conclusions on the expected performanca of the

modified prototype are gg follows:
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1.

The modified prototype valve is expected to satisfy, or better

than satisfy, all government requirements and specifications of this

valve,

It is recommended that this prototype valve be conatructed for
‘e field test in a simulated blast hardened facility.
suggested that the prototype valve and the facility be designed to

conduct further tests by using high explosives in the entrance shaft

That the air shook raaching the valve from at
least 2,000 ps3i on the ground surface can be
handled by the valve;

That the valve is so insensitive to ground
shock that even some permanent distorvion of
the valve housing can ba tolerated without
impairing its performance;

That pressure head loss of about « |5 inches

of water will let one unit valve deliver

3,330 cfm.

in a semi-shock tube situation. This would allow a great

of blast conditiones to be tested which could not be accomplished

in the conventional field test.

VW T e ey e+ o
R ‘
»

Also, it is

PUSCIPIV

R SN O U

PUEU

A e e e emen o m e

varioty

PR



1.

2,

3.

4.

90

10,

REFERENCES

Tomoshenko, S. arnd Woinowsky-Krieger, S., Theory of Plates

and Shells, ficGraw-Hill, 1959,

Kraus, H., Thin klastic Shells, J. Wiley & Sons, Inc., 1967,

Schreyer, H. L., and Masur, E. F., Buckling of Shallow Arches,

J. of Engineering Mechanics Division, Proceedings of ASCE,
Volume 92, No. EM4, August, 1966.

The Allen Manufacturing Co., Allen Hex-Socket Screw Handbook,

1964.

Bresler, B., and Li., T. Y., Design of Steel Structures, J. Wiley

& Sons. Inc., 1960.

Clark, R. O., and McMurtry, W. M., Test of Fiston Plate Airblast

Valve, Letter Report of CERF-AFWL to NCEL.

Clark, H. O., aad McMurtry, W. M., Shock Wave Filling of Chambers,

AFWL-TR-70-73, September, 1970,
ASHRAE, 1960 Guide and Data Book.

Clark, R, 0., and McMurtry, W, M., Tests on Kndifiad Piston Plate

Airblast Yalve (Second Test Series), Letter Report of CERF-AFWL

vo NCEL, February, 1972.

Clark, H. O., Theory for Viscous Shock Attenuation in Ducts Based

on the Kinetic Theory of Gases Experimentally Verified to a Shock

Strength of 68, AFWL-TR-65-204, July, 1966.

ALL

115

FPyY

PP DY V)



_ELLIPTICAL END
FLANGE
_ELLIPTICAL END

STIFFENER

1_—~NEGATIVE CLOSURE

\\ \\ S W ‘

————--POSITIVE CLOSURE
e

L4

VA S G S M LY A ALY D TN NP

View of Original Prototype Valve

Figure 1 Pre-Test Sectional

4
7

Yy .\ I
P .
oS —
=N\
T TN e T Y AW
. ¥

o\ AT — T s VTN AR N 3 T L P AN N JAT NN o2 N

9626







SRTRATMTL T My CETN AL DR A e B s = T - - -~
3 T 0 CI0Baav ] X v
3) C 0 0130 Fatew 3%
1 P YT Tviadivw
A 1SYIE »yvD
34A10108d
| J—
J
ru -
L
-— - T B | B
: To 5 TIL: M

% 42 328 Ica
4 305 WIS ARNIV T
S3MIA w3s I33d45 FeeTyg

23174

\.\

==
=
=
=3
=
==
=
=
=
==
=
o

e ey

a |
- i}
, i
|
- ‘_
M |
o /
ey = \ |
Taie J.“u .n.::w\l.w\ \ i
/o
<
- e e b

dOL

€OF ¥¥3Y
S IEOSTTT A0

SR GaE s TRl e fa ot

12




— e TR
o) 19 330
= T

VA I59E av D)
. =3dAC10Ne

33 7 I SNONGNOW D
§ w4 S B S3ar e 9

oy

¥ aand1y

K4 —-Ii po—

19

d01




N * 29 03AOmedv «“ulﬁ Il
S DY ST P
iy T |
WA LSWTI8 XNV1D Vi o VL ens
-3dAi01083 04 7] T - - -
: FANREY N SN T I P U
- gt
T Mt T T T D I TR o
Vo or 3 '
- - it ekl

a Hi

|
|

¢ aamiry v

t g

/20




B Y R e S e

M g e e

TR T T e Py e T s N T

PRI SN LAY M b AN R e o

M O IAOBaTY] heal vy
(D) P 9 eamFrg
L lodo] M-
ASSY ALVid dOL
SYYTEIAWR 4O AW

P01 L NIRTI N0 | a0
E) EFCECYE DRI S . F ) = v  — J

S %18 ;]| oovmscommvirL- aar ‘YIRS - E]
el s v % W - OB WYD MO = |
OWN- YA R I00ME Wwer. - ri m

0$230000Y

SHONDAVIGN™ 1T W BId SAVIM 30 NONIIISN ¥

ABIS QUK VLYW BLYNBILYY

19d 00D 00! - OVIA FUSNIL MOWINUW 2
S3QA0W|WLIVTA NIVOUAAN MOY

XX09 SAMY ONIS,H GIT3M DV TYLIN OIS !

SILCN

BAL-FNO QRS

[

/2]

COk’s 000 vE

(o f8bs
Sabisng B

b0 bt 60 010 b-o—b-0—b—0—0l

i

-~ 52 30000%

THO 2082 *u||||lll~

o < e e e =+ $24 3000 § 2 o e

Ry Lt SR DM DR YA Rt agyrio'y




cem

e Naut alndd ~— —

rr———r -

1802/0884Y] v/ 3WO5 1
i oINPT,
@ ..Q&u AGOAPINA 55 0m ey td
f__ rammwng R\ 0TI
> (siot) 73315 aUW  311,LvW
y.mmd u VIIQJD D_dl\ dWVYID EFA AV NOLSId

S, 2 - SIToH2
ATIWISSY LY 3ILvDOO1

3,2 Z2- SION
- NanL Q¥3dmL AN mu..w

QRO 1 O00'L —fje- -
OC0 2 OCT'C

b7 A T %l
M6 OO
JLV0] NO\LIBDS 30| w
MO 1S IAIY

*1(|®

SdY

PIDVVSANG ONIIWIS v JLvIIDO OL
JNOLNOD BLYId QIAS HLIIM HSATd 3T OL SAIDVLES < F)
ND2ILISOd NI OIQT13M ONY T133LS A THW . ¥A
WONZ 20D IFF AVTILYNIILTY AYWN LOG MNDI0LS HINI-Z2 HIIM —4
LINN IVEOILNI ¥ QINIHIVW 3D LON OIIN SaISVIS <]

i

[
- WIS 05"

L

——

ﬂ‘ 20308 "

4

20,297 | oo-s0s
_ 20°FS52'2 ml.
I T-
S3ILON 25 308"
(07318 000001 ) AINDI  AIACUIIY
¥C GGG ODWHY ‘1L SSN I Lvw

X,55v JIvid ai3%©’

SO0 PT

23y OO'I —wt po

J3Y 00°5% - p—

S300H 2)

175 OF» \MU 2osoTe
— NMHL Vg 2001

vv\.—\ i

& o0 wOO&.Q —

|

m.uqke\ukmkmm.
T (@I ATSY) <Jj
QT NS L2 I G

o 093520

ANGWISSY 1V

—WAWINGY  da 211 .
*x QVIHHL INND-h — - GO'FO00'G - 21°200 L1 —- ——
“I.Inu..noﬂ..o - ! w1l% 002 T.l_ dID OT'F e wes- 60°300°E

003 b e e A3W 5iE 2 i 433 001 = 134 006G - -
_ &0 4 | _ |

oJ oot | ~ ;
+ ] - *xu u o o*
| 32 ooz . .
—_ . é
NOILI MY ISNDD . N T eavey P _

a4

J<“ocn0 " mozooar | &) 1w algoon i LR

239 602, - wWAnINS JC 1 i ’

' xile g2° T w "0 . » OWIYHL IC Tl : 0" compa— WIS G2
N ®0°3 52" “_ RFE -u.mn P A H ! . “. A
N -~ - . -
N ~I N g e C ; P U "
S §2° { _ T ¢ 1
N 052 _
-t

|
S
|

-
ke = ®@osg2ui i
! _90«0?. L.l

i
AT ¢ e O _
e .o ——. oo'zom® L

- —
1

14O T3S QTN - . .
!
1

Azo.aux H
St N3Nyl :
AN BOOLNOS) L

P SNy UV S WP TP

/S22




YTy

e agiae® Ay

bt

T RO e B A

LY SV AN YAy

1
1
' A9 Q3A0YddYV 2/t 37VOG g sandyy
O ==r=r—p17
: AG NMVED TIVIHIIVA L
31Vd NOLSId
1
H30VdS
cos'8
€GO'F
SMNAvaE INUL IS O
AON @IIAN- ' —loaz ir=- OO0'E —t=- OOCO'c—] N
I/ ‘s | z00°% o0F X
- ~
1]
S21"'3 000V
s2v'¥Q00's
- _ﬂ M |
‘MLS V
—I- 0 € SO e -

gdVv

3.1v0

SNOISIAIY




i 1
i
1
J
1
{
!
i
Fl
1
q
E
E
A

6 oundtd

: :AS QIOYIIY /1 31vos
L @ 3% A80INBHI 310N 3I3AS

A8 NWVHQ IV IHTITIN

VO0a $S3V

S2I'r 000 LE ] A
mUJun_m%_ — S2'FO0Ss’

A Y R T R I P U S Y YT Y ey NPT T S P 1 R T R Yo ey

Ourl vIiQ 8_0_

0SLE o0 3OSE S2— L ] S21'F 0052
S2ZV FOSL | | 290°F _ — _..MN_.ﬂomhn&hOOn._-ll_

290° TO00%"
.M — —— 290;:218')

_
gz ! &) =
= AV \f
ls.r.lrm

T T AT e
’
,
/4-? "/
/

( Yo
. 290°5000° 9
: LO8L'®
’ NQO ® - \, " H s/ - — N
: S21':00%'6 \ . mT \7 — . é \\ Go3IGLEY
; _ N ! / , -
- . °@27d
: 290°F 219 —, _ 000..GLB'€E ! _ *YNWHD,SP X
; o1 D i oﬂ.wL 290+ ~| |- serroost
; gtk el .m.m 3903 NYHLVIQ %ow .\ L
—90. 051 . .
oSLe2
290 % THEW JO
; AVAROHA AV NO4N IN™NMOILEO ANINWATBM Dd 2 2
i (@13IA NIN 1Sd O0Q'00i )
W INIIVAINDE HO 001-SSS OONAY ‘1L-'5'SN
; _ 2088 OO v 1331S HIOMIYLS HOH - NOGQEVYD MO LYW
: ! addv] 31v0] NMO\LaWWIS30] WAS —_——
-4 ENOGIADY S3LON ]
ol
Nm




©

1AS OIAOYIGY 2/1

:31V0% 01 sandtyg

NS Nmved

Ay a8 03Ny T3S AINA
ree

NITHILVA

J00a 153l

!

|
1 L 1
1 23 OSL” \_J A B \_/ |
] © 5
S21'3G21°E _ '
% $21d O-NEML VWa %3 - mv
i i
czl'FOGL 1N gaizsel L
o
" SO v -Odvl wHa =
S21'30S2 01 _ _ \_,
L/ N —_— " o0 . —
AN J\ - - Aw 1
| I
FZP W
G2\ FO00Q | — =-S21- 3 000" ¥ —
IBW OO v |
daV | 3.V3| NOWWLAIEHIOS3Q] WAS
eNOISIASY




R A

I b adts b R ta e b iah b A et A At

ar TOOVRT

Lt ohs dhabstdabi gl

:AQ O3A0B2dyl INON 38 11 eandtyd
@ § J0: A8 QaAI3HD 2o,r4wmm<.r
AL a8 NMVEA NG IR
NOLLVANGVL s 9IIMNDON OF SSINQAVH QL OBIvRAL
3J1LVd NOLSid ~ Iv3H 39 OL D OnNv ‘Q¢Yy elavd T
12-ncs 2e OL VD3 Sl 7 NOISN3IWIC |
S310N
VO OAMNC \
2396 - 3IAVA LSVIg Ni
ARANENWISSY NIHM A3V SI\d 2 - eNavy
AAOW OL 3LV g NOLSIH 2€0 7052 —
43 /
| LS N
osL'e 434 OEE€'SD SOV \ N
NoOWwvInavL 335 -A\N0 QO +000 LD ~
2015 oInlL - 3,038 SV /
—HAK2SNHY A\ddVv /
O¥E€ 2€ 080" T 1-29207-SAY I WONINOIVY a .
eEISIIeLER) ZERSSIY
w388ny ?Y_3ZINVIINA O
e , w 30N OaY ovoO S0l ¥ .ol Y-, 13316
IR lwrrra) >'@'v Tivwows] @ B S$&012°$,0I3vS 34LS =
206% OIHO v 080" SE6ol o +.L0 VWS 133LS 7
dav] 31va NOI1LAIEDS 30| WAS lm.r. \alle] AN =N o SRS\
SMOISIATY NOILV NSVl

Jhi e




S RS Sk SRR e A e Y T T YT

A e g . DR T
Fevs 4 s
r
s ——— - _“.._-.~-J

] :AG AIA0UdGY] IANON :Fvog] 21 eandtg
Pt @ Roprrugy A8 GINIIMI & 3LON IS
m : 7242° : AQ NWMVAA MVINELVA
5 :
b
bl NO\WLYNGVYL -ANLS
.m R
|
3 000'S! €-ann2L- ¢ Q-4
: Q00 P €-4aNO21 - | o9-1
P OO0S S| €-aNMel VAl S-L
[ 00% v C-aANO2\-Wi | V- L
m : BRECICLEREE N TN lavd
.t NOTLV T 1a VL
' OO -
." , OS2+ ”._
P 5
) -
) 3 SGN3 HLOE
: oo - glel Y
. i
=== 5 |
- — . 4 -
= == \ ===
o \ O\
b i
= i
& sM ‘Po :
W\
! KINW TIF1A
L FWSNIL ISl O00'0S/ OL LYIYL L¥aH "COM
3 05! DIHO ALITNG LAVEDHIV (OPEPL ) 133LS A0V LIV
/. dav | 310 NOTLdld |
B3 SNOISIASY
|

IPPPIPNY




T

TR TRY IR TV

“ehe .

C

€1 aandtd
i)
)
NI 7 S, YL LA rL
_ S9Q7? ST Y WLIC
3N 2 NDDV MoK 3G C.
VA LSVI8 AV law\,rﬁ.O(mﬁﬂ..d Nu lmu.vilvaOo €
- AgN3SSY &MY A i s 2
Wi % $IDVIunG ou3000«,.,4 A
2000¢C -
AOILdwIeIC on om0 § aa2] 1IvIune 223 . J3end AARS 1.’“7»;5 nod
R X T : _ AT L AR - C 6D 555 OB o, Th
—. Ay alya gty & § . e v Naen) 30 13205 MIONIBIS nO- NOREYL 2T muva ¢ |
3TN e Woita BaIvas, — 2 on . N - e -
= e e een C 2 = @R wanTyn 3310
~ H00G %8s, € £
- ILV0 NO1sw b S 4 g, y‘!aarﬂo
ot —
SR X 71 YOOI e A
L FIy w L v
S - %ﬁarMI 4..'~r.. mED s
— ? s S0 262
il - ik L 3ivAa woLLoa ] N.. N : " - N gD $3 X 2 shen %
am Y BINCI LW K\J lllllll = 7 e X ol
T VO e T 19 w \.\w.
A LY )55 SUDREENINE By m———— ;. - 7
(] 3Iveval T = 00 2.
% v .v.:scnyﬁr — e = 43 - ) osto T8 TS ) .?O RIS \_,
SR S i T - e e TIe T & 9= L2 e o o .
s T D 0 6 & o o o i P
T - (- S — n N o O
3 n.-nr..m..ﬂy.mwml! ) o %" 5 o -¢_ & ] e
. avamxInes T T .hﬂ { 0521000 3% ) i 71
vil ] — e Lot 0ocs —- - cSr YO0 vy - ' .
(3} v [ Cand - 0$2 3008 ¢ —- _ —is s
= T Ay e 1 i oo R S S S u—
& vy T T . -kt J K — . 3 3 ) ¥
= ridm—— NPT - - T4} e B S 2 S Sy S S o e
= 2 } SO ' A T o /7 os1 z 08 e - \ ~
M I\m‘ i o] 1 ' / ~wxa cLs0s3 2 .. H
(I - H . - !
J —1T - Al \ &y \;.\ ) Y
v Ci o, ~- BERes sl . Ny
o : 3 o~ N\
" m ° ; P 4 2 e} N,
_ “ O M CExE: Py ©, 0 o0 ©° 09 5 _
L I /m\f ~ Mg . PG ' O 51 — XN
H -~ _ WA Ba WLV : ) e 33} {
: N4 v+.c Ooms w2 | .Cmpnum\. \\I‘\\nll- _
: o3 B LI B |
(11 X v e i {
] 039 :006 ¥ .
'z pxa.oL H : * 4 - \\_\x\ N gl
o . e 2 ¢ ! J— . P [ S8
! %2 0081 L HuV.N.h.Twom...uOanQ - _y\\llll . Tillllhl‘-
R i - i - b Gla % e 6§ - . - - - - - _ t
! \\\\4\.\.\1_ 1] w e " % I.\fl .- S . @ .@ . 1 1 “
! ‘ P H e G .@. i oI ! s
L1009 ABVEEIIN GNY § WdLi-3uve ﬂ - A , - f.wv«\ﬂ A.u\u_ 4 =2 A
e gk N s - ; g "
= awa - Loo o - s - N - Y
y 18 38 L5 - .o OO t S e L] ~ o ~ 00T e = sz 02
RTINS - 0000 (.%0_ G % ZGLDT EE
' IR A . lgr 000f -
! A-” G243 - H Y D " TXEe - oo
-, \n/.\h( - r.n - L& e }- ee3 37 €3 100CE . e = 82 1006 _ ...O-m:..
' - oo : - 1
- : 1 Trgbst e oo ]
L oy * T e s 6o 060 %sP-25% _
- - - o N L e TN T N hd Al
' . R B P Rt Nw ' Y [e] _C__ Q. - T B ]
' : e ’ I < .. - - ' LY - OCC® e
' ) o (O] OI.HNIA S m_’-ooonth.vlﬂ W S 4
s .
i
921 2000 9 1 O] 7 . _ . 5 . A .
_ s s7 20008 |, L | NE DD 00N DO D70 2 QD OO D &= .
1 : Ebl@jv\n-'kr - - e ‘ @ha §2' 3DO0OC - - o ©
Yoo ! ~ - 205 L i
239 oy 74 2
N LVE —_—
P2 nbnta ‘M!u.: aM) ¢ [
Setie B S
—— SNOIRIA£L - - q

——




S e e e

A
{
|
|
1

S

£

. _

,. : .
+ |
: :
: |
E .m
' |
. M SAG AU WadY] INON  31vOg _
4 .@ ..f\ N OTHIN] VH OaA& |
M Nea? @ W . |
v ANTVA LSVIB MUBYID

AR i3SSY

R At Lol

a9 AT SNOILINBLSM 1 W YN Wida SOVIM 40 MOWLIZASN ¥ wiL!
BO00 $$3IIV VO 'S MILL MOOS Le3L S M3l 31V WOLLOG
1 WAL HIAOD LNOMS GTIA IOV IX) - NAMORS SV Q1M

\“, u./l —, NOILDABLVNOD 4O GORLIN NYHOILOO SMOTS MMA Sing 310N
. St R - -3 NOIIIB
; _ . 3
j ._ )
. it P AN . UIO?T KA TYS -
L A . ,
| -
H ABSY LW Lt W3
. [ i [T SHBACD WIS ¢ ¥ WAL BIACD 1
& LA i € AL NOMA IOV - ANOwas LOFIVEY BIWEG L8R ' \
¢ AWML 1% RIG e SIIVIBOE IIVE 438 05 9~ ] |
1] ,*/ 1 _
! CNS O1- LWL O ~ _ 1
W - NN ] G .
_ e AT e \ _ _ : _
5 4 [ BN
¢ S
9 | d
! L L M |

W 3TVD6) NCILINVLENOD 3144V¥EE 1¥NOILSO

b\ m N S
po ~ %

B ht b - c oot bt TR & e A S 0t L b e il T alihbthe M N A
-
PR

VRTEN LT AR

M \m ]
/ -
/ <L

: N h i o S |

! - Y =T

N | N L wis ovOS®

» 4 081 1000 39 — —— —m ———ed]

w 1 ¢ @ .‘. 110 Wi LAve ...6.%

3 \ 1

]

. e 1 {IRC 5 VR

h \ ¥ _\l.
1 1 | susoooos 1 B e b L em dHANIM e

: i g
F i | “w. Ip _. ' ! ! 3 1 1 : w : 1 . t N It : ; 1 : b __ )

: N L L i i ; J S
3 : 1 $ I if

{ wu_(cwmr W 3 _ 1 .2y 4

: vli=boiih = 03 T

5 ! P . 1 -

i SRV ST B B BTV et =4 _ —
1 M | B oy + SO s y LT | \w\/ : 3 ! : 3 T 3 : _ . $ I " V4. ! L..

w v V v v v X v ' T ASSYW LV MBAOD Wove i
¢ € » HIACD LNOUI MO BVIS LSOV SaNd |

¢ 421 51 0%1 9 SUAIVES TV ,
3 M FET) —JV a3 :

£ J '

{ !

W e e - - . 438 OOOSL ——-- e P




FFAPRTAReN

Lo ni g o

TSP M QLN €10 Makerhaem Lo oane Apenve,w s

4 e ELdN R NTV NS o RvSe

-

A8 G3A04ddY H
! e ] ng
@ oo I8 T UOT3BSTJTPOK PTIH dmojoeg G oundtd |
sy 18 z;ssv ) O MYl b LYVd S ™1 |a LYYd ;
K g/ "I
0 drjTA AOL) 24 ) i
S B SR
TR
Ju3ITIVAIND3 N0 wl *l i “ \ “
G1010 WOd4 I0VW 38 OL Siava S 2 g% 2 1¥vd _ § ; ! . i
"0310N SV L439%3 FHQJ AINWAVITD m.t_ I e m . .” m / ._4
TUYT SL3VY 40 ¥IANivW3IE N €l-F i Patitat } P
dvi 31N v P Siave 40 (M)t NI w m _ \
ST 2 e g W
P _ \ _
! ' ! t i
nlm.l. _ i1 _— “\\\\\\JL !
- N . ¥ L2 ' ' 9"
SNO'LJAALSNI QMW ISSY [ T ¥ < ) | 7 ! '
0 I, I : ; “ j
M EERET w g ] f I |
58888 il ]
Pl i
—_ i — i
hqr g 7 M & ! 4 _-_ ®© yal
g @ - O_ ﬂm .-..N-(A& A m f.!lm. b@’l - “ﬂ 3 ~An-
Wi V] A e Nl ]
w 0t 7%/ Q:’ ,,/ 1 1. s1on v hr" ) N |
_ i oY to - ! f, dAL i s210m
_.” d E . ' . — 1, 3LON MY AL
m b i B ° _ _ , , 310N
o i ' 1) | /
all P i i \\
byt , | b L
| b e N > A
o ! . S 1 - ;
A | = uu,,%i.r
f N i SN
Lﬁw ~i b
Rl
Lih 1 __ L
i > 4 »
. g o |
F n/ yWvids — x0¥ddv T seave —
m ~R ] _ 23¢ i
' . had=] ~¢v <32 |
m w2z | . _Towr]
10| v |Lavd
._ 2 [ 3 2
i1 .
L <L \& ALOL O |Lavd
2 2 2
CEFE




T TEETRTE AT T Tepprwe T ryr——— e o

PRSI T T T e

R B

r—

TR

Gl

suoT} 1804 e,
AINS8VId pue eqny m
Ao0ys Ut sAT®p JO !
MOTA ueld 9 eandry :

SAT®A 18BTQJITY

equ 31Xy ‘ul-g ouerd
suo13eo0y °3e?
oanceead 93w0Tput g Ydnoays 1 (930N

Apmmwmv
e3ep g Msann//

2 N,
o S oaep " I )
N M - Yoous LY w. ™~
e ‘“
1 / /IIAaoumv
98en 103319y

aqn], eouBJIUF ‘UT-Q

Avo»aooﬁouv
9

ej3eld uoI8Tg

aqny, ¥ooys ‘ut-{{

pLay




er oy o v T na
l !—l “.I m g onl LT T o L e ¢ e, . . =

No Venting

} ‘ t l Closing Pressure

8 |

Excess
Backpressure

Reopening

(a) ©nds Clamped

Venting

Closing Pressure

Excess
Backpressure

Reopening

(b) Ends Unclamped

Free End Diaphragm
Arrangements

..lh1.IIll...lll..!!---—r-i;f JORRIP OO o= = = S —

l\ Figure 17 Clamped and

il

Transmitted Flow

Transmitted Flow




e TGP T T Y T

AT RAIULAT L ARGy s a e

T - T ATPRONY Y % P TR [T A"

L

|
A

oesw ‘sury

S um
]

ufeaydetq pug peduRlD {
uo oanesegdicedg Jo §100]Jd
pue jusisdoyeasd Q1 eandtyg

INGLOI] POGF TUSTBI], == == o won =m =ome G 29wy
BINBSIIAAINY  ——memmmremneeme 7 2 WY

9IN88IL ‘RUTSOT) = == ¢ eBup

8 °‘ON 3189

isd ‘eanssead

£ &8 2 =




1 Loe Ty T T T ——— T Y T T T T T P T ST W T vy 4‘J

wBeayde1§ pum ©9xd U0
sanssead)owg Jo 83003J4
pue juswdoysasq 61 exndtd

T
%
.

oesu ‘auty

PN U IV E R T A S 1]

91 Gl V1 €1 21 11 01 6 9 L
mnl:lmr T 7 T T T T I L
I/I \\I\\
- - - —
// "

aeren

S T T R R W TRV AN R T

m 3
m <ot 2
» :
” 3
: 1% 3 ©
- 9N
O} sansseud e
L POI}TUBURL] wm e o — = G ey
w : eanssaadyoeg v e3ep

aIns8etd JFuTsol)

U e TN TR R RECRT RS TR p AT T
R T Lt}




.m ) L Sk A . ] m
N & - -
: _m
m Y
*suativpuswnodex 9dLyojoud ao
; & PS3BINOTED PUB PATBA 3893 UT POINSESW KROTJ JO O1WI SENIOA SBBJIGA SS0] PWOH eINeBdXd (o2 oJuPyy
o
,_,r w JejeA JO SOUOUT UT $80] DUSH SIneseld - 33& t
,, w.m g . . . . - . . . . . . .
. N ‘T 618 : ’ A ‘T z°1 1°T O'1 6 L ¢ v € 2 1° 0
.W M, ﬁd‘m O*N bld.ﬁo wl.ﬁ \udﬂ OI-Gﬂ o mﬂ Qdﬂ nd quH L v L t[4m L I.M v L g L 4 v 8m
: 4
i b qv—A
5 %
o1 \
3 d <
A ? o
- . m
- <4 oor
W, .
! <+
b : o
; o
' =
¢t 5
{ c
3 <
2 -
: w - 005§ = 'y
- 2 O
! o~~~
! 4
i o
f T
T -4
4 o
s o+
W 3
3 t+ 8@ "y
3 3 B
tn
3 " m
k¢ 8807 KOTJ 3SUEYXe J0J uedied s
1 3 21 £q Asowm 9svOIOUY

Li oy




