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DETACHABLE ABSTRACT

Four candidate blast closure valves for the ventilation openings

of the domestic type personnel shelter are investigated theoretically.

The calculated closing times of all four are one tenth or less of the

required closing time, which is defined as the longest time the closure

valve may stay open before the pressure build-up in the shelter exceeds

the tolerable limit. For a 50-person shelter with an assumed tolerable

limit of 5 psig pressure rise in the shelter, the longest required

closing times for 100, 80, 60, and 40 psig ambient overpressures are

60, 75, 110, aPJ 140 msec, respectively. Since analysis indicated that

all four of the investigated candidate valves should close at rates

much faster than these, the choice among valves %ill be determined only

on the basis of reliability and cost. If sufficient coitfidence can be

established in the physiological data given in Appendix F, the tolerable

limit of pressure rise can be elevated to 23 psig (see Appendix E). In

that case, ventilation openings will not require blast closures provided

of course that the openings are well protected from penetration of blast-

borne missiles and debris that might damage ventilating and other equip-

ments or injure personnel.
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NOMENCLATURE

Term Units Definitions

2
:•A in Area

A in Total maximum opening area of all valves
0

a in Length of the rectangular holes of a Chevron
valve

b in Width of the rectangular hole of a Chevron
valve

b in Width of the Chevron-valve plate
p

CD Orifice coefficient

D in Diameter of the valve plate

d in Diameter of the circular hole

E lb/in2  Modulus of elasticity

F lb Force

2
g in/see Gravitational constant

h in Thickness of the valve plate

in Moment of inertia of the valve plate

k lb/in Spring constant
!,

L in Half-chord length of a Chevron-valve plate

m lb-sec 2/in Mass of the valve plate

Ap in-H 20 Pressure differences across the valve

P lb/ir 2  Pressure

Pla b/in2  Overpressure (absolute)

Pig b/in2  Gauge ambient pressure (overpressure)

2a2P2a Wi/n 2 Absolute pressure in the shelter

xiii



(P 2 )o lb/in 2 Initial absolute pressure in the shelter (atmpressure)

P lb/in Maximum pressure rise in the shelterP2 a t=t

'2,- lb Maximum rate of pressure rise in the shelter
\-dt-' max in 2-sec

P lb Blast force on the valve plate
0

P2d b/in2 Pressure rise immediately downstream of thevalve

q in 3/sec Volume flow rate

in-lb
R in-l- Gas constant for air

T 0 R Temperature of the air

t sec Closing timec

t sec Positive pressure phase durationP

V in 3  Interior volume of the shelter

Wlb-sec Mass flow rate
in

w lb/in Load per unit length of the valve

x-y Rectangular coordinates
lb-sec2

pi 2  Mass per unit length of the valve platein 2

lb-sec2  Volume density of the valve plate
in4

lb-sec2 Density of air
pair in4

5 in Distance between valve plate and valve seat

max rad Maximum opening angle

lw Wbin2 Working stress of the material of the valve
plate

%; Poisson's ratio

Xiv



I INTRODUCTION

A. State of the Art

Critical phenomena associated with nuclear explosions are, among

others:

(1) Thermal and nuclear radiation

(2) Blast wave and ground shock

(3) Fallout.

,
These phenomena are considered in detail in Ref. 1. However, only

means for protection against blast-generated overpressure are discussed

in this report.

According to Ref. 1, immediately following a nuclear explosion an

air blast wave having a sharply rising pressure front is propagated

outward radially from point zero. Behind the peak pressure front, the

overpressure decays very rapidly. As the blast wave travels further

away from point zero the pressure peak itself also drops very sharply

(see Fig. 1).

At a distance away from point zero, depending on the magnitude of

the explosion, the peak overpressure will have decayed to 30 psig, which,

upon impingement against a rigid wall, would result in a reflected

pressure of about 100 psig. If we consider time zero as the point at

which the peak overpressure reaches this distance, subsequent pressure-

vs.-time relations appear somewhat as in Fig. 2 (Ref. 2). Note in Fig.

2, that following an overpressure duration totaling about one second, a

negative pressure phase commences, progressing to about -3.5 psi and

returning to zero in a total of about 8 seconds.

B. Description of the Problem

Shelters tised to protect personnel from injury by the blast wave

following a nuclear explosion must also provide protection against

aReferenzes are listed at the end of the report.
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thermal and other effects of the explosion. This report, however, con-

cerns only the protection of shelter occupants from the effects of high

blast overpressure, which, if not prevented from penetrating to the

shelter interior, can of itself result in severe bodily injury or death.

Probably, blast closure requirements for personnel shelters are far

less severe than for military shelters because of certain delicate

equipments in the latter. The shock pressure limits used in this study

have been taken from a physiological study, Ref. 3.

30 p~iq * •5pl

FIG. 2 PRESSURE vs. T;iE
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1. Exclusion of Blast Overpressure

A shelter is normally provided with a number of openings to

the outside atmosphere so as to permit ventilation and also ingress

and egress under other than "crisis" conditions. In the event of

attack warning, all openings except those used for purposes of ventila-

tion will presumably be closed immediately against the effects of the

anticipated blast. Nevertheless, it will be desirable if not essential

to admit and circulate ventilating air from outside the shelter up to

the instant of blast impact, since it seems very unlikely that individual

personnel shelters will receive warning of an imminent shock in time to

manually close a blast valve. Ventilation ports must therefore be left

open wherever possible urtil the moment of blast arrivdl. They should

be operable by the blast and not ba dependent on human or other energy

scurce. The rate of closure must be such that leakage of the blast

wind co the shelter interior does not cause a sharp rise in pressure

there, nor rise to a level high enough to be harmful to the occupants.

To this end a considerable portion of the project effort dis--

cussed in the body of this report was directed toward an evaluation of

existing designs of blast closure valves for possible use in domestic

shelters, and the consideration of other modified or new and alternative

desi.gns.

2. Blast Resistance of Domestic and Public Shelters

Past experimental studies appear to point to 100 psig as the

probable maximum blast overpressure that the typical existing building

designated as a blast shelter for personnel, could withstand before

partial or complete collapse. However, since no precise information on

the point appears to be available to date, the above pressure limit has

been adopted as one of the base parameters for calculation during the

research reported here.

All load calculations in this repo!t are based on the assumption that
this figure refers to the reflected and not the incident pressure.

3
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3. Blast Injury to Shelter Occupants

Data from a number of physiological studies, and particularly

Ref. 4, appear to indicate that if an overpressure reaching a shelter

ventilation port at 100 psig can be attenuated to a point where leakage

into the shelter does not result in an interior peak overpressure

exceeding 5 psi, the occupants will sustain little or no blast injury.

It has been the purpose of research efforts described in the body of

this report, to investigate means for achieving this degree of attenua-

tion in the simplest, most reliable and inexpensive manner possible.

4



II DISCUSSION OF THE GENERAL PROBLEM

A. General

Almost no really precise and conclusive experimental evidence

appears to be available relating to the physiological response of man

to overpressures that result from nuclear blast.

So far as can be discovered, the most comprehensive information is

contained in Refs. 3 and 4 (see Appendix F).

B. Summary of Broad Requirements

In order to afford adequate protection, a valve must meet the

following requirements:

(1) In its "open" state, it must be capable of handling

a required flow of ambient ventilating air and of

transmitting this air to the shelter with minimum

pressure drop across the valve.

(2) It must be a "passive" device (`.e., be able to close

without any dependence upon the occupants of the

shelter or other energy sources and sensors), and have

a closing rate such that leakage across the valve be-

fore complete closure is achieved will not result in

a damaging pressure rise within the shelter.

(3) It must function with a very high degree of reliability

and require little or no maintenance over long periods

of inaction.

(4) It must be of robust, simple, low-cost construction.

C. Summary of Assumed Limitations

The assumed limitations of' a valve used for our purposes are as

follows:

(I) Sustain a lOO-paig maximum blast-wave overpressure

at valve ports

• 5• • •



(2) Be adequate for a 50-person shelter having a volume

of 5000 cu ft (Ref. 5)

(3) Allow a 5-psig maximum pressure rise within the

shelter due to bypass leakage during valve closure,

the rise Lo be at the lowest rate achievable.

(4) Allow a maximum of 3000 cfm across the valve--i.e.,

60 cfm per occupant (Ref. 5)--and a pressure drop

across the valve, of less than 0.17 inch H120 (Ref. 6),

(essential in case of power failure, when ventilating

equipment must be "muscle-powered" by the shelter

occupants).

D. Discussion of Existing Valve Concepts (Refs. 7. 8, and 9)

Investigation makes clear that existing commercially available

valves (or valve designs) discussed in Refs. 7, 8, and 9 are mostly

quate large and of expensive and elaborate construction. They were

evidently intended to afford protection to equipment and personnel

occupying hardened installations against very high blast-wave over-

pressures. They are, with two exceptions, "positive locking." That

is to say, some type of locking device is included in the closure

mechanism, the purpose of which is to prevent the valve proper from

bouncing on its seat or from reopening during a negative phase of the

blast wave. A typical example of this is the poppet valve shown in

Fig. 3. Beth the Minuteman and the Titan II blast valves are of this

type.

The moving elements of these and others in the group of design

concepts discussed in Refs. 7, 8, and 9 have considerable mass and

therefore large inertia. As a consequence, the time required to close

them during the blast-wave attack is appreciable (in the order of 100

msec). Therefore, in order to achieve complete closure in time to

prevent an unacceptable pressure rise within the facilit,' or shelter,

most of the valvcs in this group are designed for remote-sensor

triggering--i.e., thr Jgh light, heat, pressure, or other effects re-

sulting from a nuclear explosion--and are power-operated (see Fig. 4).

6
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From the group of design concepts d1scussed in Ref. 7, only two

were selected as candidates (in a modified form) for application to

domestic shelters. They are the "Chexpron valve" and the "Swing valve."

(See Figs. 5 and 6.) Details of them are given later.

\BLAST
WAV E

30

262

FIG. 5 ARRANGEMENT OF CHEVRON VALVE

E. Existing Designs Other than Those Covered in Re!, 7

Several designs ha.ving~ iuteresting possibilities were uncovered

dalring iitvcstigations inl search' of other existing blast closure eoncepts

thi't might be suitable ror uLse in public or dor.estic shelters, or that

might be easily adatpted to that end. One i•= referred to as the

. .. I4
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FIG. 6 SWING VALVE

"itBuShips Vane Type Valve," which has been selected as one of the

candidates for this study (Fig. 7). Two other possible designs are

those recently developed by Messrs. Breckenridge and Stevenson of The

Naval Civil Engineering Laboratory, Port Hueneme, California. The

h .5bp z 13.5 BLAST WAVE

~AFULL-OPEN POSITION

L 31

CLOSED POSITION

FIG. 7 BuSHIPS VALVE
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fourth is a valve made by Luwa AG. Zurich being offered for sale in the

USA (see Appendix G for presently available detail).

F. New Concepts

As a consequence of the investigation of existing valves and in

order to expand the list of new candidate valve designs, several design

concepts that are directly oriented toward use in public or domestic

shelters were considered as having considerable potential. Of these,

one was chosen as eligible for further consideration and is sketched

in Fig. 8. Both this and the three modified versions of existing de-

signs are of simple construction, and should be relatively inexpensive

8LAST WAVE

TI-4 4I-I

FIG. 8 FLAT-PLATE VALVE

to produce in quantity. All would be blast-operated and three of them

are self-resetting after passage of the blast wave [the Janeth (Swing

Type) can be made resetting by adding a spring]. No means for locking

against negative pressure has been considered. The reason for this is

that if human beings can stand a positive pressure rise of 5 psi, it

is presumable that the 3.5-psi negative pressure will not cause serious

injury. However, in the event that future experimental work indicates

tkiat negative pressure may exceed 3.5 psi and/or that even this can

result in serious injury, locking devices or, preferably, check-valve

elements that arc open against blast leakage but capable of closing

10



against negative pressures could be included in the overall closure

design. This v ould of cnurse result in a cost increase.

Due to the low mass of the moving elements, operating responses of

the proposed new and modified designs are expected to be rapid (i.e.,

in the order of 1 msec).*

Since this general group of simple blast-closure valves forms the

main field of interest in this report, a detailed theoretical analysis

of the characteristics peculiar to each candidate is given later in the

body of the report.

G. Normal Ventilation

Before going into the dynamic studies of the different blast-closure

valves, a study of the normal ventilation needs under pre- or post-crisis

conditions was necessary to provide the needed information, such as the

total required opening area of the valves, the number of valve elements

needed for each type, their dimensions, etc.

1. General Analysis

A flow-rate-vs.-pressure-drop relation for each type of valve

could be obtained by using a method similar to the one employcd in

Ref. 7--that s, a summing of the pressure losses at every section of the

valve where the flowing air is being contracted, expanded, or re-directed.

However, quantities such as contraction ratios or bend radii could not be

clearly defined at this stage. This made quantitative calculations

imprecise.

The flow problem may be viewed on a large scale, instead of

approaching it through a detailed study of the complex valve configura-

tions. For example, the valves, which separate the ambient atmosphere

The calculated results for the four candidate valves give a closing-
time range *ron, 0.4 msec to 9.6 insec (see Fig. 15 and Table II). These
numbers will, of course, be a little different if other dimensions,
maLerials, and spring constants are used in the calculatLons.

11



on one side and that of the 5000-cu-ft .helter on the other, can be

looked upon as a single flow restrictor connecting two large reservoirs

(Fig. 9). The validity of this point of view arises from the following

considerations. The kinetic energy terms i4a an energy balance are

negligible compared to the enthalpy. Consequently the flow process is

one of constant enthalpy and therefore the orifice equation applies.

OPEN ATMOSPHERE

INLET PORT OUTLET PORT

VALVF

OPENING
AREA/

300 in2

50-PERSON SHELTER

5000 cu. ft.

TA-4949-9

FIG. 9 BLAST-CLOSURE VALVES AS FLOW RESTR!CTORS
CONNECTING TWO LARGE VOLUMES OF AIR

The advantage of this point of view is that it allows us to disregard

the structural complexities of a specific valve type and to treat the

problem as one of flow th..'ough a single orifice, Now, if a further

assumption is made that flow through the valve is at a low speed (in

view of the small pressure drop), then the incompressible flow equation

for orifice is directly applicable. The orifice equation is the direct

consequence of Bernoallli's equation for incompres•ible fluids:

q = C(A -Vp) ()
air

where CD is the orifice coetficient ranging from 0.6 to 1.0.

12



Applying Eq. (1) to the present problem with

q = 3000 cfm = 86,40D in 3/sec

(Ap) = 0.17 in H2 0

Pair = 1.13 X 10-7 lb sec2/in4

then

CDA = 262 In2

262"A
Set CD = for convenience; the area "A" is thereafter

taken as 300 in 2 . Note, however, that the area "A" just obtained is

the total opening area of the air inlet valve for the 50-person shelter.

An identical valve is needed for exhaust air. Therefore, the actual

opening area of the shelter to the outside atmosphere is equal to 2A,
2

or 600 in .

(The normal personnel entrance and all other openings to the

shelter are assumed to be securely closed and reinforced so that no

unprotected openings exist in the shelter boundaries.)

2. Specialized Analysis of Candidate Valve Concepts

Having arrived at the total opening area of 300 in2 (for one

port), the next step is to look into the special configurations of each

type of valve and calculate the dimensions and full-open attitudes of

each type.

a. Chevron Valves

The Chevron valves as shown in Fig. 5 are composed of a

number of elementary flaps, each one of which will be referred to as a

;:ingle Chevron valve. Each valve plate is formed into an arch such

that the ventilating air can flow through the clearances on both sides

except when blast overpressures close the valves. One attractive

feature of the Chevron valve is that a convenient number of single

valves can be grouped to provide the requirea amount of ventilation

for shelters of different sizes. As a blast wave impinges, these valves

will simply be flattened, thus sealing off both the inlet and the ex-

hausting ports.

13



In the following, only a single Chevron valve element

will be analyzed (Fig. 10).

y= a Cos r

-_--- --. } +L. ,.

0-t J 949T0

FIG. 10 A SINGLE CHEVRON VALVE

In order to express the result in a simple form, a cosine

curve is assumed for the theoretical flap shape even though a production

flap may for practical reasons be of modified configuration. Further-

more, the chord length 2L is arbitrarily set to be 1.2a. Here, ia" is

the length of the rectangular hole, which will be the only independent

variable. Another arbitrary limitation is on the angle .max This

angle must be small so that the two ends of the valve plate can slide

freely as the blast wave arrives. The angle has been arbitrarily set at

30°--i.e.. 9 = 30 for purposes of analysis.
max

As m is fixed, 6 will be determined by L only; themax

S- L relation can he obtained as follows:

The equation of the valve plate is

rTX

y Cos --s " (2)

The slope at x -L is

14
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x=-L max

rr1rx!
f- S i .2
2L 2

21,

Hence,

2 e
S Tax L(3)

TY

The area bounded by the cosine curve and the x-axis can

easily be obtained by an integration

A = 2 8 cos 2 dx

Ac 2L

--- 4 •L
T7

It is reasonable to design the valve so that the area of the rectangular

hole a X b equals the two side openings--i.e.,

ab=8 8L

22Equation '.1) gives the opening area of a single Chevron valve element.

Cr, it' a is given,, b can be calculated from Eq. (4). The analysis of

a single-element valve is now complete.

Basd on Eq. (4) and a total required area of 300 in 2

the number of sing.e valve elements needed to form either the inlet or

the exhaust port ,an be calculaced fcr a given value of a. With

8 =- and 2L i 1.2a, Table I illustrates this. The stmaller valves,
max 6

due to their smallur masses, ,lili respond faster to the blast wave and

therefore keep the pressure rise in the shelter lower. However, the

15



Table I

DIMENSIONS OF CHEVRON VALVE ELEMENTS vs. NUMBER OF

ELEMENTS REQUIRED PER INLET OR EXHAUST PORT

Area of a Single ,
a b Valve Element No. of Valve Closing Times

(in) (in) (in 2 ) Required Elements (msec)

3.0 0.916 2.75 110 0.2

6.0 1.840 11.10 28 0.37

9.0 2.750 24.80 12 0.56

12.0 3.670 44.10 7 0.74

These closing tir'es are calculated based on a shock overpressure of
100 psig, using Eq. (B-14) of Appendix B. For weaker shock over-
pressures, the closing time will be longei, yet the pressure rise in

* the shelter will not be any higher (see Table II).

larger number of smaller elements needed to provide sufficient ventila-

tion will undoubtedly result in increased cost. On the other hand,

large-sized valve elements, even though costing less, will respond more

slowly. Whii4 _ý design optimization is envisioned during the present

project, undoubtedly this should be a subject for study during a later

phase.

In order to compare the performance of Chevron valves

with that of the other candidate valves, attention is directed to the

second row in Table I--i.e., the valve element having an opening

6 in X 1.84 in. It is necessary to leave reasonable spacings between

the individual valves. A sugg sted arrangement of these elements is

schematically shown in Fig. 5.

b. "BuShips" Valve

Figure 7 shows the side view of a BuShips valve. Several

of these can be stacked together to provide the required amount of

ventilation (see Appendix G). Multiplexing of several small-capacity

closure assemblies where greater capacity is required would seem to be
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more desirable in the interest of tooling standardization, inventory,

and cost for large quantities t;han it would be to manufacture and stock

a range of assemblies of various capacitors.

The valve shown in Fig. 7 has an opening area of about

50 in 2; therefore, six of these elements are needed to make a total of

300 in2 (i.e., to provide 3000 cfm at a pressure drop of 0.17 in H2 0).

c. Flat-Pl-,e Valve

As shown in Fig. 8, the lid of the valve is a metal plate.

Th s plate may be quite thin, but reinforced by radially disposed,

formed ribs so as to maintain stiffness. However, in the analysis, we

have assumed a flat circular aluminum plate of 1/8-inch thickness. The

plate is held 3.5 inches above the supporting grid by a coil spring so
2

that an opening area of 150 in is available for ventilation. With the

dimensions given in Fig. 8, two such valves are needed for the inlet

port of the model shelter in order to provide 3000 cfm. They could be

duplicated at the exhaust port. Also shown in Fig. 8 is a suggested

cone-shaped cowl with an open top which probably would be more effective

than the cylindrical side wall shown in Fig. 6 for shielding the valve

against blast waves coming from the side. This cone-shaped cowl in

modified form can be applied to Chevron and BuShips valves. It is also

appropriate to mention here that the valve plate may alternatively be

made of materials other than metal. If some kind of thermally insensi-

tive, low-density, spongy type of material can be used and suitably

supported against collapse, it will probably improve the cushioning and

damping effect as the valve is slammed shut by the blast wave.

d. Swing Valve

The valve of dimensions shown in Fig. 6 will provide an

air flow of 1500 cfm; therefore two of those will be needed for the

inlet port of Lhe shelter and two for the outlet port.

As in the case of the flat-plate valve in Fig. 8, the

valve lid is assumed to take the form of a flat aluminum circular

plate of 1/8 in thickness. Here also the final design may employ

thinner plate with cadiallv formed reinforcing ribs.

17
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All three of the foregoing valves are intended to be

self-resetting after the blast wave has passed. The swing valve may

be arranged for ielf-locking in closed position, and manual reopening,

or may be equipped for self-resetting as the other three.

18
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III OPERATION DURING THE BLAST WAVE

A. Functional Analysis

By use of the equations derived in the appendices, the closing time

of the valves, the leakage pressure, and the rate of pressure rise in-

side the shelter were calculated. The procedures for calculation are

described in this section for each individual candidate. The numerical

results of the calculations will be listed in Table II.

Table II

COMPARATIVE CALCULATED RESULTS OF THE FOUR CANDIDATE VALVES

Overpressure Chevron BuShips Flat-Plate Swing
(psig) Valve Valve Valve Valve

Closing Time 100 0.4 6.0 1.5 1.6
t (cnsec) 80 0.4 6.8 1.7 1.8

60 0.5 8.0 1.9 2.1

40 0.6 9.6 2.3 2.6

Maximum Pressure 100 10-2** 10-1 10-1 10-1

Rise in the Shelter 80 10-2 10-1 10-2 10-2

Pg (psig) 60 10-2 10-1 10- 2  10-2
40 10-2 10-1 10-2 10-2

c

Maximum Rate of 100 10-1 10-1 10-1 10-1

Pressure Rise in 80 10-1 10-1 10-1 l0-1
the Shelter 60 10-1 I0-1 lO-1 iO-0

dP2a psi 40 10-2 10-2 10-2 10-2

dt max _ _ _ _ _ _

As pointed otit in Sec. III-A-2, the calculated closing time of the
BuShips valve is about 1/4 of the experimentally measured closing

time; therefore the BuShips valve closing times listed in Table II
have all beer multiplied by a factor of 4.

.Notv: The calculated pressure rise and rate of pressure rise are given
in Table II only in the order of magnitude. This is because the fixst

bracket tetiii in Eq. (1)-9) is so small in the present probler. that it
requires a high-accuracy trigonometric table in order to get reasonably
accurate results. It would appear that, in any event, greater effort
to obtain nx~re accurate values is neither necessory nor worthwhile.
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1. Chevron Valve

Equation (B-14) of Appendix B is used to calculate the closing

time for Chevron valves:

t 7 rE cos-l I ~ IF]
c -VEI4w( 4

The parameters needed in Eq. (B-14) for calculating the closing time of

the specific Chevron valve chosen from the previous ventilating analysis

are as follows:

a = Length of the valve opening = 6.0 in (see Fig. 10)

b = Width of the valve opening = 1.84 L,'

2L = Span of the valve plate = 7.2 in

b = 1.2b = Width of the valve plateP

h = Thickness of the valve plate = 0.01 in

p = Mass per unit length of the valve plate 2

= (steel density) x b X h = 1.60 X 105 lb-sec

P in

E = Modulus of elasticity of steel = 30 X 106 psi

I Moment of inertia of the valve plate
1 3 -6 4

72 Xb Xh =0.183X10 in

Maximum clearance between valve plate and seat (Fig. B-l)

9max L 1.2 in [see Eq. (3)]

w = Load per unit length of the valve plate

= P X (bp) = 2.2 P lbsn

ig p 1g i

The calculated closing times based on these parameters are

listed in Table I1.

With the closing times for different values of overpressure,

the pressure rise in the shelter and the rate of pressure rise can be

,'n1iculated by Eqz. (DI-9) and (D-10), respectively:

20
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S C A V° j j t -1

C -

P2a-t = Plg sin V + sin

c

dt a la V COs in Pla

The parameters used in these two equations are as follows:

A = Initial total opening area of the

valves = 600 in2

g = Gravitational constant = 386 in/sec2

in-lb

R = Gas constant for air = 53.3 X 12 -n--
lb uR

T = Temperature of the air = 530 0 R

V = Volume of the shelter = 5000 X (12)3 in3

P = Atmospheric pressure = 14.7 psia
0

C D= 1.0.

2. BuShips Valve

A purely theoretical derivation of an equation for the BuShips

valve closing time is extremely difficilt. This is due to the fact that

during the process of closing, the flexible vane plate and the valve

seat achieve progressive contact. Theoretically, this Mnans a problem

wtth a changing boundary condition. Therefore, instead of trying to
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derive a closing-time equation for the BuShips valve independently,

Eq. (B-14) is applied to a configuration shown in Fig. 7 (L, p, bp and

h are shown in the figure). It should be noted that some energy would

be absorbed by the valve seat as the valve plate comes in more and more

contact with the seat, and also that additional energy would be absorbed

by the internal shearing stresses due to large deflection of the plate.

These energies are not Included in Eq. (B-14). Furthermore, as the

BuShips valve closes, the vanes become stiffer and stiffer. The effect

of this increasing stiffness is also not taken into account in Eq. (B-14).

Hence we would intuitively expect the calculated closing time to be

quite a bit smaller than the actual closing time. A comparison between

the calculated closing time and the experimental data taken from Ref. 8

(Fig. 11) shows that the former is about 1/4 the average of the latter.

An attempt was made .o take into account the increasing stiffness of the

closing vane by breaking up the closing process into several steps and

applying Eq. (B-14) to each individual step. The result of this

multiple-step calculation (not shown in Fig. 11) did in fact increase

the calculated closing time to hall the experimental average. However,

the results were still on the non-conservative side (i.e., to the left

of the experimental data in Fig. 11), which makes the additional compli-

cation of the numerical calculation hardly worthwhile. Therefore, it

was decided that we should still use the one-step calculation, but

quadruple the calculated BuShips valve closing time. It can be seen

from Eq. (B-14) that this factor 4 will remain the same for all propor-

tional size changes. It should also be made clear that the inordinate

scatter of the experimental data as indicated in Fig. 11 for the top,

middle, and bottom vanes (see Appendix G) of the referenced BuShips

valve could have its origin in the close proximity of the valve to the

source of blast release, and to the influence of the rapid and pro-

gressive increase in cross-sectional area of The section of duct

connecting the valve with the blast source. Also the difference in

attitute of the top, middle, and bottom vanes in relation to the blast

front and the probability that the front is distorted could have had

considerable influence.
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AND EXPERIMENTAL DATA

23



The parameters needed for calculating closing time of BuShips

valve are as follows:

L = Half span of the valve plate = 6.6 in

b = Width of the valve plate = 13.6 inp

h = Thickness of the valve plate = 0.05 in

p = Mass per unit length of the valve plate

(steel) = 4.9 X 10-4 ib-sec2

in2 6
E = Modulus of elasticity of steel = 30 X 10 psi

I = Moment of inertia of the valve plate
1 3 -4 4

- _b h = 1.41 X 10 in

6 = 4.0 inch

w = Load per unit length of the valve plate

= P X b = 13.6 P lbs
lg p ing2

The calculated results are given in Table II.

The pressure rise in the shelter and the rate of pressure rise

are calculated by means of Eqs. (D-9) and (D-10). The parameters used

are the same as those for the Chevron valve.

3. Flat-Plate Valve

Equation (A-7) of Appendix A can be used directly to calculate

the flat-plate valve closing time:

t = cos -1(1

The parameters are as follows:

mi Mass of the valve plate, (Aluminum) = 0.556 X 102 lb-seci
in

(see Fig. 8)
lbs

k = Spring constant = 2,14 l-"

6 =Elevation of valve plate above the seat = 3.5 in

P = Blast force on the valve plate = 2 D P = 176.8 P lbs.

0 4 lg lg
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Calculated results are given in Table II. Pressure-rise

calculations are exactly the same as before except using different

closing time.

4. Swing Valve

Equation (C-7) of Appendix C is used to calculate the swing-

valve closing time:

me max
c V;P D

The parameters are as follows:

-2 lb-sec2

m = Mass of the valve plate (Aluminum)= 0.556 X 10 in
in

(see Fig. 6)

mx = Maximum opening angle = 260
max

D = 15 in

P = Plg"

Again, the results are listed in Table II.

The closing-time-vs.-overpressure curves for all four valves

are plotted in Fig. 12.
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IV PREPARATIONS FOR FUTURE EXPERIMENTS

So far in this report we have compared and evaluated the different

candidate blast-closure valves for domestic shelters, based on purely

theoretical investigations. However, as in almost all theoretical

analyses, a certain idealized mathernatical model is used that more or

less deviates from the true situation. In the present case, for example,

frictional forces were neglected, heat transfer was deliberately ignored,

the rebound problem was not considered, and many other assumptions were

made. Therefore, the calculated closing times, etc., even though they

serve the purpose of comparison, nevertheless depart from the experi-

mental data (see Fig. 11). Therefore, the values derived from the

theoretical calculation can only be used approximately for the actual

design of tne valve. Other, more complicated problems such as the

pressure rise immediately downstream of the valve are simply unsolved.

All of this points to the necessity for seeking experimental solutions

to these problems. This section is therefore devoted to discussing some

scaling problems for reference in future experimental work.

Of course, the best way to test a blast-closure-valve design is to

subject it to a irue nuclear explosion test. However, such a test is

not usually practicable, and is especially impracticable if a series of

tests are needed for a single valve design. Therefore, either a shock

tube or other suitable facilities are likely to be used to simulate

the blast shock waves created by nuclear explosions. Since access to

test facilities large enough to accommodate a full-size model may be

limited, it may be necessary to use a model scaled down to fit other

and more available facilities. A similitude problem thus immediatelv

arises.

Let us now pose this scaling problem in the following fashion. A

reduced-scale blast-closure valve model is built that will fit dimen-

sionally into the available shock-tube facilities. From the results of

the shock-tube tests, how can one predict the maximum failing load (i.e.,

the maxin.um overpressure), the (losing time of the valve, and the pressure

rise downstream of the valve of the full-scale prototype?
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The usual method of solving a scaling problem is to carry out a

dimensional analysis. First, we list in Table III all the possible

parameters that will affect the closing time, the failure of the valve

plate, and the downstream pressure rise. We shall have in mind the

Chevron valve, with the model geometrically similar to the prototype.

Table III

PARAMETERS OF DIMENSIONAL ANALYSIS

Symbols Parameters Units Dimensions

t Closing ti..,e sec Tc

L Characteristic length in L

E Modulus of elasticity psi F

L

v Mass density 
ib-sec2 FT2

in n4 L 4

P Overpressure lb Flg i2 2
in L

lb F
aw Working stress of the plate material lF

in L

V Poisson's ratio
lbF

(P 2 o Initial downstream pressure ln2 2
0 in L

P2d Downstream pressure rise lb 2
in L

There is a total of nine parameters and three dimensional quantities

(F, L, and T). Hence the well known Buckingham rr-theorem tells us that

six independent dimensionless parameters, sometimes called the T terms,

can be formed. Taking at least one new parameter from the list each

time a new Ty tern, is formed, so as to assure independence, the following

six T terms are formed:
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pig"r2 =a
w 2

TT-P IgtPig c

3 p0 L2

Plg
4 E

TT 
g

5 = Q2(P )
Plg

• r6 = p
P2d

To assure a true model, any five of the above 1- terms must be eqjal

for both the model and the prototype--that is, (TrT) = (n1),
m p

(2) ( P2 etc. The equality of the sixth pair is automatically

satisfied.

Let us choose to use the same kind of material--say, steel---for

the valve plates of both the model and the prototype. (This choice is

preliminary and may have to be changed to satisfy the r, terms.) This

choice immediately implies v = V p E = Ep, Pm = p .and ((,w) = (aw) )m p m Pm Wp

Now denote the dimensional reducing factor L /L by X; the'i it is easym p

to see that

(2 = (2) or (T4) = (rT4 ) implies (P =(Pmp . p mp

(tc)m

(1 3 )m = (TT3 ) implies (tc) =
3) p (tc) p

(rT5 ) = (!¶5) implies [(P 2 ) ] = [(P 2 ) 0 ]
m p o mI p

(T6)m = (rY6 ) implies (P2d)m = (P2d)

Where the subscripts m and p refer to model and prototype, respectively.
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In physical terms the above dimensional analysis means that if the

model and the prototype are geometrically similar, and made of the same

material, then the overpre.ssure P and the initial downstream pressurelg

(P 2 ) of the shock-tube simulation should be made the same as in the true

situation. Under these conditions the closing time (tc) of the proto-
p

type can be calculated by multiplying the experimentally measured model

valve closing time (tc) by 1/X. The downstream pressure rise (P2d)m p
of the prototype is the same as the experimentally measured (P2d)

m

The above conclusion regarding t can also be dictated by directC

analysis from Eq. (B-14).
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V DISCUSSION

A. Physiological Data

Conclusion No. 1 in Sec. VI rcquires a careful weighing of the de-

gree of confidence that can be placed in the physiological data itself,

bearing in mind that all values relating to man quoted in the references

are extrapolated from results obtained using four species of mammal

smaller than man.

The authors specifically state that "one should approach the ex-

trapolation to any given species including man, with considerable

caution" (Ref. 3, page 1007). Also on page 1008, that " Therefore the

extrapolation indicating that a 400 msec single sharp rising over-

pressure of 50.5 psi applies to as large an animal a. man might be

considered a tentative figure."

B. Blast Through Open Ports

Even if, on the basis of physiological data (Refs. 3 and 4), un-

restricted ventilation ports are judged acceptable in specific instances

where internal distribution of blast winds appear to present no diffi-

culty, it would seem necessary to provide means for excluding flying

(perhaps burning) debris carried by the blast, and also some means for

deflection and partial attenuation of the blast wiind along ceilings to

prevent its direct impingement on personne), etc.

Implementation of this approach could present a problem at the in-

let port, which presumably would be directly coupled to ducting and a

blower, etc.

The proulem might be overcome, however, by providing a very light-

weight, easily replaceable relief diaphragm, capable of rupturing above

a given overpressure and so permitting deflectiop of the blast wind

away from the ventilating fan.

Such precautions would appear advisable even where a blast closamre

is dvcrned necessary.
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It should be realized that the pulse (or bubble) of blast wind re-

sulting from bypass leakage during valve closure could attain a peak

force of about 10 psi at the downwind exit of the valve (see Ref. 8).

It would be important that direct impingement of this pressure

pulse on personnel be avoided even though the effect could not persist

beyond the time required for valve closure. Also, it would appear that

all ventilation ports, with or without blast closures, should be pro-

tected against penetration by gross fragments of flying debris.

C. Negative Pressure

Information derived from Ref. 2 make it appear that within the

possible range of 20 to 100 psig the negative pressure phase is virtually

independent of the peak positive overpressure and that pressure falls

slowly from zero overpressure to about ..5 psi below, and then regains

ambient pressure, the whole negative excursion extending over about 8

seconds. This would subject the shelter occupants to a relatively gentle

experience. In view of this, it would be difficult to justify present

consideration of means of closure against reverse flow, since even the

simplest arrangement would add some additional cost per unit with small

apparent return.
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VI CONCLUSIONS

1. The pressure rise has been computed in an underground personnel

shelter located in the 100-psi overpressure region of a nuclear blast.

This pressure rise has been compared with available physiological data

on human tolerance to pressure and rate of change of pressure (see

Appendices E and F). The maximum pressure rise in the circumstances

would not exceed, either in amount or rate, a level that would be overly

hazardous to man, even if both valves remained full open or it neither

the inlet nor outlet was provided with a blast valve.

However, the validity of this conclusion is subject to considera-

"tions set forth in Sec. V.

2. The other important conclusion that can be reasonably drawn from

studies and analyses carried out during the current project is that the

development and fabrication of a blast-operated valve of simple design

and capable of adequately attenuating nuclear blast pressures if 100 psig

appears quite practicable. Also that:

(1) Valve closure may be achieved in less than 10

milliseconds.

(2) Bypass leakage during closure should not cause
-i

an average pressure rise of more thin 10 psig

in a typical rectangular undivided shelter space

for 50 occupants, having a volume of 5000 cubic

feet.

(3) It was found that for a 50-persozn shelter with

an assumed tolerable limit of 5 psig pressure

ri:.e within the shelter, the longest required

closing timos for 100, 80, 60, and 40 psig ambient

overpressures are 60, 75, 110, and 140 d,,lliýeconds,

res pec t I ve I y.
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Since analysis indicates that all four of the investigated candi-

date valves should close at rates much faster than the above, the choice

among valves will be determined only on the basis of reliabiliti, and

cost.
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VII RECOMMENDATIONS FOR FURTHER STUDIES

Conclus..ons given in Sec. VI prompt us to recommend a further pro-

gram of research and development: implementing the work performed under

the present sub-task authorization.

In the light of the somewhat cautious advancement of physiological

data extrapolations in Appendix F. and also of discussions in Sec. V,

it is felt that additional studies should be made to determine if further

physiological data have been obtained since 1961 that might indicate

either a need for further research and experiment on blast closures, or

make it unnecessary.

If. on the one hand, such studies confirm the tentative findings

set forth in Appendix F, and that blast closures do not appear necessary

to protect shelter inhabitants from pressure, they may still be useful

to protect them "-iom flying debris.

On the other hand, future physiological studies might indicate that

findings referenced in Table 18, Ref. 4 are overly optimistic, and thus

at least elementary blast closures may indeed be necessary. If, how-

ever., as anticipated, the 5-psi value for threshold of damage to human

eardrums found in Table 24, Ref. 4, can be accepted, it is recommended

that a continuing pýrogram, of research and experimental development should

follow, implementing the above work and also that performed under the

present sub-task authorization.

This program would concern itself fiest with reduced-scale experiment
to determine the validity of the analyses performed as part of the
present task and also the validity of the assumptions and approxima-

tions inevitably associated with an application where there is little
background of experience to draw upon. Some of this background, use-
ful tUough it is in providing basic informatior and values not available
through other sources, concerns itself with the military requirement,

and does not readily apply without a certain amount of "fitting," to

the still important (if less rigid) needs of public shelters.

35



In considering experimental hardware, which would logically follow

this study, close attention must be given to the matter of scaling in

order to achieve a reasonably valid simulation of full-scale closures

based on analytical work performed during the present effort.

In preparation for the work recommended above, analyses have been

made in Sec. IV of this report in order to establish the conditions of

similitude in advance.

It is recommended that the initial experimental effort be confined

strictly to simulation testing of essential functions specific to each

of the candidate closures.

No attempt would be made at that time to cor.struct aand test proto-

type units of any of the candidate closures.

Anaiyses of experimental results obtained from such functional

hardware would permit a choice on the basis of performance.

Following these preliminary tests an attempt would be nade to

generate an engineering estimate of overall cost efficiency for the

several candidate closures, as complete full-size operable units. taking

into consideration the factors presented in Sec. V-A of this report.

For example, a decision could then be made to build and test eithe.r a

full- or reduced-scale model of one (or more) of the more promising

candidate closures (depending on the capacity of shock-tube testing

facilities available at that time).

Not included in the above recommendation, but considered to be

matters for serious future consideration in view of the effect of the

"by-pass" blast bubble during valve closure, are the following:

(1) Provision for a fallout and/or dust filter to be

placed directly downstream of the closure and

capable of withstanding approxii.:ately 10 psi over-

pressure for 2.5 msec without collapse.

(2) The effect of leakage overpressure on a ventilating

fan mounted either immediately downstream of the

closure or beyond a filter.
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(3) Effect of by-pass leakage, in particular the high

temperature associated with the leakage air, on

polyethylene ducting if coupling directly to down-

stream opening of the closure.
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APPENDIX A

CLOSING TIME OF A SIMPLE MASS-SPRING SYSTEM
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APPENDIX A

CLOSING TIME OF A SIMPLE MASS-SPRING SYSTEM

The -rublem here relates to a simple mass-spring system originally

at equilibrium (Fig. A-l). At time zero, a constant load f > K6 is

suddenly applied to and remains impressed on the mass for a finite

period of time. The problem is that of determining the time required

for the mass to reach a distance 8 under this load.

f (t) APPLIED AT t:O

iL m EQUILIBRIUM OTN

TA-4949-13

FIG. A-I SIMPLE MASS-SPRING SYSTEM

The solution to this problem will be directly applicable to flat-

plate valves. In addition, it provides some insight into the more

complicated Chevron valve closing-time analysis discussed in Appendix B.

The present problem, shn'wn in Fig. A-l, is a force vibration prob-

lem; therefore the governing equation is

mi + kx = f(t) (A-i)

The damping force is neglected.
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where f(t) is a constant external force applied at t = 0, hence it can

be written explicitly as

f(t) = P • H(t) (A-2)
0

where P is a constant and H(t) is the Heaviside step function.o

The initial conditions are:

x(0-) = 0 (A-3)

x(o-) = 0 . (A-4)

The problem is thus well formulated, and an analytic solution car,

be obtained. The solution (see Ref. 10) is

o~t = (1 G Cos ,;t) (A-5)P0) C•- ~t

Denote the time when x(t) = 6 by t ; it follows from Eq. (A-5) that

P
6=-( - cos t) (A-6)

k m c

Solve for t explicitly; thenc

t = cos- 1 1 - k (A-7)
C 

0

Equation (A-7) can alternatively be written in terms of dimension-

less variables t * t /'-•,i, and x* = (k8/P):
c c 0

1 -i
t = cos (1 - x*) (A-8)

A few limiting cases can be observed immediately from Eq. (A-7).

In the limit as P - , then (k6!/P = 0, and Eq. (A-7) gives t = O,o 0

which is congruent with our intuition. Also, in the limit as m c o, we

would expect it to take an infinitely long time to reach x = 6 for a

finite loading, and indeed Eq. (A-7) dictates t = co as an answer.c
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APPENDIX B

CHEVRON-VALVE CLOSING TIME
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APPENDIX B

CHEVRON-VALVE CLOSING TIME

A chevron-valve closing-time analysis was performed in Ref. 2.

However, in that analysis only the inertia of the valve plate was taken

into account; the stiffness of the valve plate, which intuitively may

be expected to greatly influence the closing time, was neglected com-

pletely. In this appendix, the problem will be resolved and the stiff-

ness of the valve plate will be taken into account. However, the

frictional forces of the two ends sliding on the valve seat are neg-
,

lected. The problem to be solved is very similar to that in Appendix A.

In this case the mass is distrPluted, and the spring is represented by

the stiffness of the valve plate. The loading is a uniform pressure

applied instantaneously at time zero (Fig. B-i).

COSINE LOADING

P-axr,•. /,UNIFORM

7rX
y C cos

TA-4941-14

FIG. B-1 CHEVRON-VALVE LOADING

We have calculated three different closing times for an identical

Chevron valve element. When inertia force alone is taken into account,

tc = 0.185 msec; when inertia and frictional forces (friction co-

efficient taken to be 0.5) are taken into account, t. = 0.191 msec;
when inertia and bending forces are taken into account, tc = 0.372
msec. The first two t is are calculated by means of equations derivedc
in Ref. 2, and the third one is calculated by means of Eq, (B-14). It
is thus seen that the neglecLing of the frictional force does not

seriously invalidate the result.
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As before, set down first are the governing differEntial equation,

boundary conditions, and initial conditions in their exact form. Then,

as an analytic solution is sought, certain approximations will be made.

It may be easily recognized that this Chevron-valve problem is one

involving a forced vibrational beam. The governing equation is therefore:

S+2Y = f(5,t) (B-1)

where R and Y (R,t) are used to distinguish these quantities from the x,y

coordinates to be used later. Attention is called to two features of

Eq. (B-1). First, in using this simple beam equation, we are es!sentially

neglecting the shearing effect of the beam due to large deflection. To

be more specific, any further refinement of th~s problcm will have to

use the Timoshenko beam equation, which is more appropriate for beam

problems with large deflections. Second, Eq. (B-1) is derived from the

condition that the beam is a flat plate at its neutral, or equilibrium,

position. In the present case, however, the beam is in a shape of

v = 6 cos r- when it is in neutral position--i.e., when it is at rest

prior to the application of the uniform loading. Hence, a transforma-

tion must be carried out before the beam equation can be directly

applied.

Necessary transformation in order to shift the neutral position is

merely a coordinate transformation--that is,

S=x

S(3t) Yv(x,t) - cos
2L

With this transformation pair, Eq. (B-l) becomes

4 +P)2y fxt 4
El + cos 2L (B-2)
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As in Appendix A, the external loading f(x,t) can be written as

-w H(t) where w is a constant force per unit length of the beam and

H(t) is again the Heaviside step function.

The boundary conditions are merely the statements that the dis-

placements and bending moments at x = L and x = - L are zero--that is,

y(± Lt) = 0 (B-3)

yxx(± Lt) = 0 (B-4)

where subscripts are used to denote partial differentiations as in the

usual convention. The initial conditions are,

y(x,o) = 6 cos TL (B-5)

Yt (X.-) = 0 . (B-6)

The problem is now well formulated. The uniform load, w, however,

presents a difficulty when a closed-form analytic solution is sought.

A closer examination of the loading in Fig. (B-l) reveals that the

loading w near the ends--i.e., x = ± L--does not contribute very much to

the closing the valve. Therefore, we propose to substitute a cosine

loading for the uniform loading (Fig. B-i). The maximum of the cosine

loading P is determined by equating the work done by the uniformmax

loading during the process of closing to the work done by the cosine

loading. This "equal work" proposal should give reasonable results.
L

The work done by the uni form loading W is I" w y . dx, and the•L ~-L
work done by the cosine loading Js P cos (rrx-2L) y • dx. WhenS-Lmax
the two are equated and then integrations carried out, the resuits lead

t()

4
P - w (B-7)

max r7
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with f(xt) = - w H(t) substituted by -P cos (TTx/2L) d(t). Equationmax
(B-i) then becomes

4 y + . B2y P mxY4
it)max t +c r (B-8)

x4 El Et2 cos T" H L-

Now, Eq. (B-8) with boundary conditions, Eqs. (B-3) and (B-4), and

initial conditions, Eqs. (B-5) and (B-6), can be solved by assuming a

solution of the form

y(x,t) = A cos T T(t) (B-9)
2L

where A, a constant, and T(t), a function of time, are to be determined

later. Equation (B-9) obviously satisfies all the boundary conditions.

Putting this assumed solution into Eq. (B-8), the partial differential

equation turns into an ordinary differential equation of one single

variable, t:

4 p 4
T"(t) + EI T(t) (-max H(t) + r EIB)T- pA 2-L -" (I)

Equation (B-10) is of the same form as Eq. (A-i) except for the addi-

tional term, a constant. Therefore, the solution of Eq. (B-10) can be

written down immediately [cf. Eq. (A-5)]:

P
T(t) - max (i - cos uI t) + (B-Il)

W1p

where w = (rT/2L)4 (EI/p) is the first natural frequency of the beam.

See, for instance, Ref. 11.
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Substitute T(t) in Eq. (B-9) by Eq. (B-11); then

P max TX .(-2
y(x~t) - -iMax (1 - cos W t) cos - + A 8 cos " (B-l2)

p2t 1 2L T

It is easily seen that Eq. (B-12) satisfies the initial condition,

Eq. (B-6). The other initial condition, Eq. (B-5), requires A = 1. The

complete solution that satisfies Eqs. (B--2) to (B-6) is then

P

y(x,t) - 2 (1 - cos w. t) cos + 8 cos - (B-13)
2 2L TW1 p

The closing time t can be obtained by setting y = 0 and t = t inc c

Eq. (B-13):

tc (-)I (B-14)

In getting Eq. (B-14), WL1 has been substituted by --Y2, and

P by - [see Eq. (B-7)].
max ITT

Equation (B-14) can again be put in a dimensionless form

1 -1

t 1 cos (1 -Gx*) (B-15)
c /x*

where

4w
Hr E18

and x*=
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Equation (B-15) is seen to b3 identical to Eq. (A-8). Therefore,

the problem of Appendix A and that of Appendix B are very similar. In

fact, t c* in either case i. proportional to tc and also to the square

root of loading, and inversely proportional to the square root of mass

of the valve times closing distance. And x*, in either case, is pro-

portional to stiffness times the closing distance and inversely propor-

tional to loading. Hence, the limiting cases observed in the concluding

remarks of Appendix A are equally valid for this problem.
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APPENDIX C

SWING-VALVE CLOSING TIME

In deriving the expression for swing-valve closing time, only the

inertia of the valve plate will be taken into account.

The uniform pressure exerted on the circular plate will be replaced
2

by an equivalent force F, where F p X (Tr/4) X D (Fig. C-1).

:.CIRCULAR 

D/

PLATE
HINGE

TA-4949-5

FIG. C-1 SWING-VALVE LOADING

The governing differential equation is the force-balancing e, ,a-

tion--namely, the external torque plus the angular inertia equals zero:

F X 2 4- = 0 (C-1)
2

The initial conditions are

9 = m at t = 0 (C-2)
max

0=0 at t = 0 (C-3)

The differential equation, Eq. (C-1), ran be readily integrated

and the integrating constants can be determined from the initial condi-

tions. The final result is
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F D 2(t)=- X X - +e (C-4)
I 2 2 max

The closing time t corresponds ,o e = 0; hence

tF (C-5)

The moment of inertia I of the circular disc with respect to the

hinge-axis is 5/16 D D2 + 1/12 mh2 , where m is the mass of the disc and

h is the thickness of the disc. As we will be dealing with discs of

h << d, the second term of the expression for I can therefore be neg-

lected; then,

I mD2 (C-6)
16

Replacing F by p X (Tr/4) X D2 and I by Eq. (C-6). we can write

Eq. (C-5) as

t =(C-7)
c pD
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APPENDIX D

PRESSURE RISE IN THE SHELTER

As is done in the general analysis of the normal ventilation, the

blast-closure valves are looked upon as orifices connecting two large

reservoirs. However, unlike the ventilation analysis where the pressure

drop across the valve is only a few inches of water so that the flow can

be considered as incompressible, tne pressure difference in the present

analysis can be as high as 100 psi; hence, the compressibility effect of

the air must be considered. That is, the orifice equation for com-

pressible instead of that for incompressible fluids will be used. By

using the compressible-fluid orifice equation, the amount of air florwing

across the valve during its closing period is calculated. This addi-

tional amount of air flowing through the valve, therefore, contributes

toward raising the pressure inside the shelter.

'he shock wave created by a nuclear blast is not only of high

pressure, but also of high temperature. However, in this analysis we

shall neglect this factor, assuming that the temperature of the blast

wave ir that of the atmosphere prior to the blast. Then the complicated

heat transfer process between tie flowing air and the shelter wall is

agnored. As the density of hot air is smaller than that ot cold a&r

under the same pressure, our isothermal assumption will result in over-

estimating the pressure rise in the shelter. lo other words, the

w.sumption is conservative.

No single-orifice equation covers the compressible flow from very

small pressure difference up to the so-calle4 choked flow. Therefore,

we have adopted a semi-.. $rical formula that gives the approximate mass

flow rate V of compressible fluid through an orifice:%V

C VA

Again r-foers to rv'lectel pressure.
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I

Here W, A. and P2a are all functions of time; the rest of the

quantities are constants.

Before using Eq. (D-I) to calculate the pressure rise in the shelter,

the variation of the valve opening area with respect to time--i.e., A(t)

must be given. The function A(t) can be found by using the results of

Appendices A, B, and C and the particular configurations of each kind

of valve. However, since the closing times for all valves are small,

A(t) will not differ extensively from one valve to the other. A simpler

approximation will be used instead.

It will be assumed that for all the candidate valves, the decrease

of the opening area during the process of cl osing will be due to a uni-

formly accelerating motion--that is,

d A(t)
= constant (D-2)dt2

Equation (D-2) can be integrated readily, and the integrating

constants are determined by the auxiliary conditions:

A =A at t=O0

dAT=0 at t =0

A =0  at t=Ot
dt

A=O at t=t
c

The resulting expression for A(t) is then

A(t) = A (D-3)
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Substitute Eq. (D-3) into Eq. (D-1),

CDA ID2)D4
W(t) = -gRT la - 2a (D)

Equation (D-4) gives the mass flow rate at any instant t. The

differential mass of air leaked through from t = t to t = (t + dt) is

(P2a is considered to be constant during the time interval dt),

_ Do t• • 2 _p2 d D5

dM = W(t) dt = CDI o ( 22 p dt (D-5)

The differential pr '.:ure rise in the shelter due to the amount of

leaked air dM can be calculated from the perfect gas law

dM
dP = T gRT (D-6)

2aV

where V is the volume of the shelter.

Substituting Eq. (D-6) intc Eq. (D-5)y a single differcntial equa-

tion governing P2 a(t) is obtained:

dP2
V= C A dt (D-7)

The solution of Eq. (D-7), subjected to the initial co-idition

P2a = (P 2 ) 0 = atm pressure at t = 0, is
P2a CDAt -

P 2 a = sic 3 t + sin . (D-8)

5c
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Equation (D-8) gives the pressure inside the shelter as a function

of time. The pressure rise at t = t (which is the maximum pressurec

rise) As then

""2aIt _ P1a sin 2 Do tc + sin . (D-9)

The rate of pressure rise in the shelter for a constant Pla can be

obtained by differentiating Eq. (D-8) with respect to time. It can

easily be shown that (dP 2 a/dt)Ip is maximum att =0. The

result wil! be 2 Pla =const.

AP2 - P C13A V /jRT -

tmax j o i la (-0

L

Equation (D-10) can alternatively be written as

Ad C A Ag- RT2

;2a ~ DoF _-
Kdt-2 - V 1 2a

maxc

which can be deduce• dizectly fzom Eq. (D-7).

Two remarks can be made regarding Eq. (D3-9):

(1) When t l- -- that Is, when the valve closes
c

ins tantliy-...t her1

= atm pressure
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and the result shows no pressure rise in the

shelter, which is as it should be.

(2) Because of the sine function, P2alt =tc can at

most be equal to Pla*

It should be noted that the theoretical analysis of pressure rise

given in this appendix assumes not only that the temperature of the

leaked air is the same as the air originally in the .helter, but also

that the two different sources of air mix instantaneously so that any

small amount of leakage will give a corresponding uniform pressure rise

in the shelter. However, the situation in reality will differ somewhat.

We woLld expect in fact that during the valve closing period, some

complicated interactions between shock waves and expansion waves would

take place in the vicinity of the valve inlet, which would cause the

local pressure rise to be much higher than that calculated by Eq. (D-9).

For instance, Ref. 7 measured a pressure rise of 10 psig at a point six

inches downstream of the tested BuShips valve for a shock overpressure

of 100 psig. Because of the extreme complexity of the problem, a

theoretical prediction of the pressure rise in the immediate downstream

of the valve is not feasible. It is therefore felt that these data

can only be obtained experimentally. (The scaling problem associated

with future experiments is treated in Sec. IV.) However, the pressure

rise calculated by means of Eq. (D-9), even though not completely

realistic, is still useful for a comparison basis. Another point worth

pondering is that even though the pressure rise immediately downstream

of the valve may exceed the tolerable limit of 5 psi, it need not

necessarily cause injury to the shelter occupants, expecially if the

downstream "bubble" of leakage from the valve is well baffled or de-

flected. However, this circumstance will certainly affect the design

of any filter system, expecially if the filter element is placed

immediately behind the blast-closure valves.

If a filter system is placed in between the valve and the baffle, it
will be loaded on one side as the leakage bubble pressure hits it, and
then, perhpas in a fraction of a millisecond) as the leakage pressure
in the form of a shock is reflected back from the baffle, the filter
system will be loaded in the opposite direction. It will be clear
therefore that the loading on the filter system presents a complicated
problem that should be studied in depth.
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APPENDIX E

PRESSURE RISE IN THE SHELTER FOR THE CASE WHEN THE VALVES STAY OPEN

In this analysis we examine the pressure rise in the shelter for

the case in which the blast-closure valves accidentally stay open during

the passage of the shock wave. The analysis is very similar to that of

Appendix D except that the exponential decay of the overpressure has to

be taken into account.

Denote the duration of the positive pressure phase of the over-

pressure by t ; the decay of the overpressure from its initial maximum
Sp f

value (Pla) to the atmospheric pressure (P 2,) can roughly be repre-

sented by 
_ o Pt o

oKPla,) e

In other words,

t oPl

lo

p la M) = (iD e 1.) (E-1)
0

By using the same orifice equation (D-1) and the perfect gas rela-

tion (D-6), a differential equation governing P2a(t) similar to Eq.

(D-7) is obtained:

SP2  C A(t (t) dt (E-2)

The only difference between Lqs. (E-2) and (D-7) is that the area is
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taken to be constant in Eq. (E-2): that is, the valves are assumed to

stay full open.

Substituting (E-l) into (E-2) and non-dimensionalizing all the

terms, we have

or

d 2a 2t log 0 *
Ia o p , 2

K-- e--P

(rip 2a 0 (E-d)

dt

With the initial condition P~ 1 (2Kl) at t* = 0, the

differential equation (E-4) is solved by using an analog computer. Four

sets of results corresponding to (Pla)o = 114.7, 94.7, 74.7, and 54.7

psia are given in Figs. E-I through E-4. The other parameters used in

obtaining the results in Figs. E-I through E-4 are:

t = 1 sec
P3 3

V = 5000 X (12)3 in3

CD=

0A = 600 in 2

T = 530°R

(P 2)o = 14.7 psla.

One remark has to be made on t . This posi tlve gpressure duration

time wu d bediferent for different values of KPla) ' For
(etaso = 114.7, 94.7, 74.7, and 54.7 psia, tp4S calculated from Ref. 2
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are 1.19, 1.14, 1.08, and 1.24 • c, respectively for a I-MT bomb. These

duratin times can be as much as 50% off due to the uncertainty of the

total energy involved in a 1-MT bomb explosion. As no precise informa-

tion is available to us, t is taken to be 1 sec for R ll four OS.
p 0

Results in Fig. (E-l) show that the pressure rise in the shelter

reaches its maximum in about 1/2 sec. At this instant, the upstream

overpressure is equal to the pressure inside the shelter. From this

instant on, the pressure inside the shelter will be decaying with the

outside overpressure. The detail of this latter half decay is not shown

in Figs. E-1 through E-4 because Eq. (L-4) becomes imaginary and is not

applicable anymore.

Some experimental results concerning the pressure rise in the shelter

were found in Ref. 13. For a shelter volume vs. opening area ratio com-

parable to ours, 5 psig pressure ri"- in the shelter was measured in

Ref. 13 at an outside peak overpressure of 20 psig. Extrapolating the

results of Figs. E-l(b) to E-4(b) to a peak overpressure of 20 psig

gives an 8 psig pressure rise in the shelter. This over-estimation of

the pressure rise is expected since our analysis does not take into

account the high temperature of the blast wave.
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APPENDIX F

PHYSIOLOGICAL DATA

Physiologice' data abstracted from Refs. 3 and 4 are reproduced in

this appendix. Attention has been directed particularly towards peak

overpressures as well as rates of pressure rise that may cause different

degrees of damage to humans.

Figure F-1 gives relations between body weight and fast-rising

overpressures of 400 milliseconds duration needed to produce 50 percent

mortality. Remarks made in Ref. 3 regarding Fig. F-1 are quoted below:

Page 10061, Column 2:

"There remains the question of extrapolating interspecies blast data

to larger (or smaller) animals. There is little to be said except that

one should approach the extrapolation of data to any given species, in-

cluding man, with considerable caution. First, it should be noted that

all the animals used in the work described here were mounted against a

reflecting surface and any extrapolation should keep this fact in mind.

Second, the shock overpressures related or correlated with the inter-

species mortality were the reflected shock pressures and one should not

confuse an incident or local static-free field pressure--corresponding

to the incident pressures reported here--with the reflected shock.

Third, exactly what the pressure reflection would be when an incident

wave strikes an animal in the open is not currently clear to the authors

and certainly the data presented do not bear upon this point.

"Fourth, the extrapolation set forth in Figure [F-l] applies strictly

to the pulse form studied and to an overpressure duration of about 400

msec. Fifth, for these conditions, it is not known whether man is more

or less tolerant than wight be implied by the 70 kg point marked in

Figure [F-l]."
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Page 1006, Column 1:

"It would seem that the extrapolation indicating that a 400 msec

single sharp-rising overpressure of 50.5 psi applies to as large an

animal as man and might well be considered a tentative figure subject

to all the conditions mentioned above. In the meantime, one must await

the results of further experimental work to define more definitively

man's tolerance to blast."

Page 1008, Column 1:

"If shock loading is one of the critical factors biologically, one

would expect that any degrading of the average rate of pressure rise--

all other factors being equal--would be associated with increased

tolerance to overpressure. Such is the case empirically."

Tables F-I and F-Il give shock-tube mortality data and eardrum

pressure tolerance.

Remark,, made in Ref. 4, relating to Tables F-I and F-Il, are quoted

below.

Page 35:

"Fast-rising Overpressures of Long Duration: Nuclear detonations

produce blast overpressures much longer in duration than those obtained

with high explosives; e.g., like 0.5 to many seconds for the former and

1 to 20 msec for the latter. Under conditions of exposure in which

pressures are applied almost instantaneously, such as might be the case

for a target located against a solid surface where an incident and re-

flected overpressure could envelop the animal practically simultaneously,

biologic tolerance is relatively low. Table F-I shows data for several

species of animals exposed against a steel plate closing the end of a

shock ft¢1. Overpresgures rose sharply in a few tenths of microseconds

(millionths of a second) and endured several seconds for the smaller

animals but only 400 msec in the experiments with dogs. A tentative

estimate of man's tolerance, if exposed under similar conditions to

overpressures enduring longer than 0.5 sec, is also included in the

t able."
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Table F-II

PRESSURE TOLERANCE OF THE EARDRUMS OF DOG AND MAN

Maximiun Pressures for the

Noted Conditions
Species Minimal, psi Average, psi Maximal, psi

Dog 5 31 90

Man E* [iE 43__________

Data from 1953, 1955, and 1957 Nevada Field Tests; see WT-1467.

Data from Zalewski. Human eardrum tolerance varies with age, hence
the variation from 33 psi (for ages I to 1C years) to 20 psi (for

ages above 20 years). See also Report TID 5564.

Source: Ref. 4, p. 39.

Page 37:

"Eardrums: Although eardrum rupture under emergency conditions is

not in itself a serious injury, it is well to set forth the available

data. Tolerance of the tympanic membranes of animals exposed to blast

overpressures at the Nevada Test Site correlated fairly well with the

maximum overpressure. The data are summarized in Table [F-II], which

also shows results noted by Zalewsk" in experiments on human cadavers."
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SKETCHES AND PHOTOGRAPHS OF BLAST-CLOSURE VALVES

81d • r• _ _ • . . . .



()AFTER 25.6-psi TEST. (b) AFTER 56.3-psi TEST.

(C) AFTER 110-psi TEST. (d) AFTER 144-psi TEST.

FIG. G-1 BuSHIPS l11BY15-INCH BLAST CLOSURE VALVE
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DATA:
OVERPRESSURE: 100 psi
CLOSING TIME: 2.5 msec
FLOW CAPACITY, 80 cfm AT 0.3 in. H20

INTAKE/EXHAUST

MANUAL RESET

TO FILTER AND BLOWER/EXHAUST
IA- 0941- i

FIG. G-3 AFM BLAST-ACTUATED VALVE
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6 in. 1.0. CONNECTION

I/4 In. THICK ALUMINUM DISC
TRAVEL: Iin.DOWN

SYNTHETIC RUUER
SEAT

24 DRILLED HOLES

SPRING TO HOLD
Disc or,.:j

5In. LD. CONNECTION /WIR FOR MANIPULATION

DATAs

CLOSING TIME: 1.5 msec
FLOW CAPACITYI 300 cfm
OVER PRESSUREt I0Opsi

?.-*.1l- ! S

FIG. G-4 CHEMICAL WARFARE VALVE - MODEL E-4
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OUTSIDE

HEAVY OPEN MESH R "CUT"
EXPANDED- RUBBER
SCRAP. (OPEN CELL)

BOUNDARY

HEAVY OPEN MESH %.....S..EL TUBE

SUPPORT GRID-I-D

TA-6949-25

FIG. G-6 STEVENSON VALVE
In action, the soft elastomeric scrap is compressed
against the inner support, thus deforming it into a
fairly effective plug against leakage.
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VALVE BODY

HING ' ••

S/0 FLAP

//

TA-4949-M

FIG. G-7 BRECKENRIDGE VALVE
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So far as has been ascv-tained, the only commercially available
blast valve which appears suitable for use in a personnel shelter is
that made by Luwa A.G. ZUrich, Anemonstrasse 40 8047 ZUrich (see Fig.

C-8).

The basic element of this valve operates in a manner similar to
that of the "Chevron" design shown in Fig. 6-2, except that the Luwa
valve is poised in a flat plane between opposing seats when relaxed
since it is intended to close against both positive and negative

pressures.

It is a passive device as are the other valve candidates discussed
in this report. Single closure elements are mounted in cabt metal units
that can be multiplexed rather simply in a frame in such a manner as to
satisfy a considerable range of flow requirements.

It is claimed that this valve is able to withstand overpreszure
waves of up to 147 psi and is capable of closing in as little as one
millisecond.
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(a) VALVE

(b) SECTION X-Y A4997

Information was received recently from Mr. Landeck ot O.C.D. Washington D.C.
relating to a blast valve of Swiss ofigin. Its operating principle is similar
to that of the Chevron valve shown in Figs. 5 and 10, and dlis, ssed
in Appendix B, except that it is constricted so as to react to, troughs
of negative pressure as well as to peak overpressure of up to 147 psi.
Closing time is stated to be 1 msec at this overpressure.

The element shown in the schematic above is intended to be stacked
vertically in an aligning fram* which con be accomrnoduted flush within
a wall thickness of 15-3 4 "

The number of elements per assembly is selected in accordance with flow
requirement s.

FIG. G-8 THE "LUWA" BLAST VALVE
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