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SUMMARY

The effects of openings in structures struck by blast waves from

accidental explosions are of two types: those that alter loadings used

for design of the basic structures; and those that subject interior ele-

ments to loadings.

Basic design loadings on structures with openings such as windows

and doorways can differ substantially from what they would be on closed

structures. Even without considering secondary reflections of the shock

wave that enters the structures, for example, net front wall and side

wall impulses can be reduced by one haif or,more, and rear wall loadings

can actually reverse in direction. Subsequeht shock wave reflections can

create even greater changes by imposing outward-direct'~d forces on the
walls after the blast wave itself has passed the structure. Basic design

loadings can also change even when exterior walls are not affected by in-

terior phenomena (which can occur, for example, when a doorway opens on a
hallway rather than on a room whose exterior wall is exposed to the blast
wave). In those cases, clearing times are shortened from what they would

be on closed structures.

Interior spaces are affected both by the portion of the blast wave

that enters through openings, spreads out, and reflects from all interior
surfaces, and by high-velocity jets that can form later due to blast-caused
pressure differences between the extev'ior and interior. On interior ele-
ments, such as walls, forces due to shock wave reflections will tend to be

larger than those due to jet flow, though the two will not occur at the

same time, and jet forces can be applied over a more limited area than can I
shock wave forces. On elements or objects that are quickly immnersed inj
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the flow behind a Ahock wave, the dominant force is that due to drag or

to flow past the object. Until shock wave pressures are quite high, drag L

forces created by jet flow are much larger than those created by the flow

inmnediately behind the shock front. Small objects that are not fixed can

attain relatively high velocities due to this flow.

A final effect of flow through an opening is that of "fillirng", in

which the overall interior and exterior pressures essentially equalize.

The times required for this phenomenon to occur are such that it should not

be of importance with accidental explosions of interest here, except when

interior volumes are quite small compared with the openings through which

filling would occur.
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INTRODUCTION

The possibility of a very rapid, even explosive, accidental energy

release at any facility in which explosives orpropellants are manufac-.

tured, loaded into shells, bombs, missiles and the like, or even just

stored can never be discounted. Such incidents have taken place ever

since materials in which detonation or deflagration waves can be sustained

weve first employed in commerce, industry, and by the military.

Both the materials involved in these accidents and their geometry

have varied widely, but a comn characteristic of them all is the form-

ation ofa pressure pulse in the air around the source. This pulse is

created by the piston-like action of the rapidly expanding hot gases to

which the original material is converted.* The pulse propagates away

from the source at speeds greater than the speed of sound in the ambient

air.

At some distance from the source, virtually all such pulses-whatever

the source material and whatever its geometry--will be characterized by

an initial extremely rapid rise in pressure (a shock front) followed by

a much slower pressure decay to and somewhat below ambient air pressure

before the pulse finally passes the point of observation.** In these
shock or blast waves, the maximum initial peak overpressure (pressure above
ambient) is about 8,030 psi (55 l1Pa) at the surface of an explosive

High velocity missiles can also be created, but this report deals
solely with the pressure pulse.

*e The phrase "...much slower pressure decay..." can be misleading. For
example, the entire positive pressure pulse duration, at a point 100 ft
from a TNT source weighing 1,000 lbs is only about 20 ms.
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source like TNT, and decreases to zero witth distance at a non-linear rate

dependent on charge size and to some extent on the nature of the source
and its geometry.

This report deals primarily with structure- located where initial peak

blast cverpressures from accidental explosions range from about 20 psi to

1 psi (=140 - 7 kPa). Structures in such locations -especially at higher

overpressures -must be specifically designed to withstand the forces im-

posed on them by blast waves, and a large portion of the comprehensive

manual "Structures to Resist the Effects of Accidental Explosions" (Ref. 1)

is devoted to methods for preparing these designs.

In the manual, however, design loadings on exterior walls and roofs

are those for a structure without any opening (i.e., windows, doors, and

vents). Openings are only considered for their role in nllowing overall
interior pressures to increase by permitting air flow into a structure

and then only because these interior pressures can affect personnel.

And yet, the dynamic response to blast of many structural elements

can be changed substantially if pressures on them are altered as a result

of the passage of a blast wave through an opening. Blast wave passage

through an interior space can also subject objects in that space to dankig-

ing forces. Finally, blast-created high pressure outside an opening (such
as a vent) can create very high flow velocities through the vent and thus

subject ducts behind the vent to high flow forces.

The existence of these effects (collective'y tevTied blast leakage

effects) has long been recognized, but they have not yet been incorporated
into general methods for designing structures. This is largely because

much relevant information was derived from tests with nuclear or other ex-
Sotic, extended, or irregular sources and requireas adaptation to be incor-

porated into a general design method. Furthermore, much of the Information

appears in publications that are long out of print.

Because of the potential importance of leakage effects in the design
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of structures located near explosive or propellant sources, the U.S. Armiy

Armament Research and Development Commtand retained the services of Scien-

tific Service, Inc. to bring together, analyze, and correlate already avail-

able information, and - without conducting any new tests - to prepare
material that could be used for structural design. To be included was a
review of the effects of explosive source geometry and character. This is
the final report on that project.

It is divided into two main parts, with the first - Accidental Explo-

sions and Closed Structures - essLntially setting the stage for the second,

which deals specifically with effects of openings. The first part dis-

cusses the basic elements of accidental explosions - the blast waves they

create and the effects of the difftrent potential explosive sources (also

termed donors) namely, effects of donor quantity, type, and materials (Sec-

tion 1-1). This part also briefly reviews techniques currently in use for

determining design forces on closed structures; that is, structures with
no openings (Section 1-2).

* The second part of the report contains six sections. Section 11-1

describes in general terms what happens when a blast (or shock) wave strikes
a structure with openings. Section 11-2 presents methods for determin1ing

how openings affect design loadings on exterior faces of structures assuming

there are no counterforces from interior sources. The next two sections

deal with interior phenomena: Section 11-3 witý shock waves; and Section 11-4

with air flow created by shock-structure interaction. In the last two

sections, design loadings are again discussed, with Section 1l-5 dealing

with interior loadings alone, and Section 11-6 with net design loadings;J

that is, the difference between exterior and interior loadings.

Conclusions and recommnendations inmmediately follow the main part of

the report. The Appendix contains examples illustrating use of the tech-

niques developed for determining loadings due to accidental explosions.

23



Part I

ACCIDENTAL EXPLOSIONS ANn CLOSED STRIICT1RFS

Section I-1

BLAST WAVES AND DONOR CHARACTERISTICS

BLAST WAVES

For structural design, the most important characteristics of a blast

pulse are its peak overpressure and its positive overpressure impulse

(i.e., the area under a plot of overpressure vs time to the time at which

the pulse decays to ambient pressure). For explosions of TNT, and for

values of peak overpressure* up to about 200 psi (= 1.4 MPa ), the rela-

tionship between pressure, P, and time, t, given by Kinney in Ref. 2 (simi-

lar to Brode's in Ref. 3) is:**

P Pso [1 - (t/to)]e-t/tO

where Pso = peak pressure in the pulse

to = positive pulse duration

tis a non-dimensional constant with values of

S I for 0 _Pso 1-2 0 psi (140 kPa)

S•0.57 Yso°0
6 5  for Pso > 20 psi (140 kPa)

YSO = (Pso + Po)/Po
Po a ambient pressure.

S* For convenience when referring to blast waves, the term "pressure" will
be used in place of overpressure.

** Impulse from Eq 1 is given by:

i a Poto0 [(1/M) - (1/0 2 )(1 - e-)] (la)

which, for P of < 20 psi (140 kPa) equals (0.37)P to, and for
Ps? of 200 ps (1.4 MlWP equals (0.22)Psoto. or a •ly triangular,purse, impulse would be (L.5) Psoý --

4
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For design convenience, the pressure pulse given by Eq 1 is replaced

by an equivalent triangular pulse having the same peak pressure and the saie

impulse and with a fictitious duration given by:

tof - 21s/Po (2)

where is a impulse, i.e., of°Pdt

Fig. 1 contains normalized pressure vs tim plots (pressure as a fraction

of peak pressure vs time as a fraction if positive putse duration) for

peak pressures, Pso, of 0-20 psi (0-140 kPa) and 200 psi ( 1.4 MPa).

Equivalent pulses for the two pressures are also shown.

1a
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DONOR CHARACTERISTI CS

The blast waves from standard high explosives such as TNT -when in a

concentrated source such as a sphere in free air or a hemisphere on the.
surface -are well defined; however, the some generally cannot be said of
accidental explosions of other explosive materials. There is always un-
certainty with regard to the fraction of the total donor material contri-
buting to the explosion, the geometry of such material, the influence of

surrounding inert materials, and for many materials, their inherent ex-
plosive properties. Yet, these factors - quantity., type, and geometry of
donor materials affect the blast pulse to which a structure can be exposed.t

In the following, the influence of donor characteristics on blast waves
is briefly discussed.

Donor quantities - Scaling Rules

Numerous tests with high explosive charges ranging in weight from a
few grams to thousands of pounds, and even nuclear sources with yields
ranging from sub-kiloton to megatons, have long confirmed expressions re-
lating peak pressure, impulse, and time, with charge weight (or energy

release) derivable on the basis of dimensional considerations alone.

Broadly, these relationships indicate that 'at some distance from two comn-

pact charges (i.e., spheres, hemispheres, cubes, etc.) of the same materialj
but of different weights:*

o peak pressures will be essentially the sameI
at the same values of scaled distances d/W1/3

o scaled time, t/W'/3, will be essentially the same ()
at the same values of d/W1/3

o scaled impulse, i/W1/3, wil be essentially the same
at the same values of d/WV 3

where d - the distance from the charge

W a the charge weight.

* The relationships apply strictly to charges exploded at equal ambient
pressure P . Sachs, however, in Ref. 4, showed that they could be
generaliAe to apply to different ambient pressures as well by replacing
charge W with an equivalent charge weight (W/P0) in all cases.

6
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Normal variability in explosive material from batch to batch, and
even within the saw batch, accounts for some departure from these general

scaling rules; blast anomalies such as those shown in Fig. 2 (from Ref. 5)

account forothers. Still, the relationships are generally accurate and

widely used, as in Ref. 6, where they provide the basis of tabulated values

of acceptable distances from different quantities of explosives (Quantity-

Distance relationships) for various activities.

Fig. 3 shows curves relating peak pressure P5 o, scaled duration to/W•3

aiid scaled impulse Is/W'/:to scaled distance d/W113 from a hemisphercal

charge of TNT on the surface (from Ref. 1).

Donor Materials

The variety of possible donor materials is almost endless. Ref. 7

lists over 100 explosives of military interest; there are scores of solid
propellants which can detonate; a wide variety of explosive liquid combi-
nations can be created by mixing various oxidizers such as liquid oxygen

and liquid fluorine (see others in Ref. 6) with liquid fuels and other

substances; and new explosive materials in a variety of forms (such as

aqueous gelled slurry explosives, Ref. 8) are continually being developed.

At sufficient distances from the most common sources fabricated in a

relatively compact shape such as a sphere or hemisphere, the blast waves

will resemble those shown in Fig. 1.

While the most common explosives are of relatively high density,
(about 1.6 and 1.8 gm/cm3 ; TNT's density is about 1.65 gm/cm3 ), Wilton's
unpublished data (Ref. 9) indicate that explosives with densities as low

as 0.31 gm/cm3 will yield similar results. For example, the curves of peak
pressure and impulse in Fig. 4 from 55-gm hemispheres of low density nitro-

guanidine and high density C-4 are similar in shape.

Such simple relationships cannot be assumed for all explosives,

7
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however. For example. in Ref. 10*, a particular propellant in a partic-
ular cylindrical configuration is shown to give both higher and lower
peak overpressure blast waves, when compared to a TNT hemisphere on the
ground.

As another example, in Ref. 11 Strehlow indicates that peak pressures
from very low density explosives (gases) will not scale as high explosives
do but that impulse will.

Thus, while Eq 1 and Fig. 3 will apply to many potential explosive
accidents, if thesource material involved is not a conventional high ex-
plosive, other relationships among peak pressure, impulse, distance and
time must be employed.

Donor Geometry

Perhaps the most difficult problem to deal with in predicting blast
characteristics from accidental explosions is that of source geometry.
While compact sources would not be uncommon, they may also be barricaded,
that is, very close to substantial barriers, or contained, as in a steel-
arch earth-covered magazine. They may consist of a single explosion, or
multiple explosions, not necessarily simultaneous. Sources that are not
compact may be essentially in a line or they may cover a considerable area

and thus resemble a cylindrical source with a very small length (or height)

source involving gaseous materials are given by Strehlow in Ref. 12: after

spillage of liquid petroleum gas in 1962 at New Berlin , N.Y., the vapor
cloud covered 200,000 ft2 (18,600 in2 ) and was 80 ft (24 m) deep before it ex-
ploded (LID -0.16). After an accidental opening of a gate valve on an
isobut~'lene tank in 1967 at Lake Charles, LA, a vapor cloud eventually

*In Ref. 10, Petes notes that, whatever the configuration of a source,
its blast output is usually compared to that from a sphere or hemi-
sphere of TNT. He maintains that this can be misleading.

8



formed which also covered about 200,000 ft 2 (18,500 M2) and was about

20 ft (6 m) deep before it exploded (L/D - 0.04). Finally, following the

burst of a 40-year old pipeline carrying propane gas in 1968 at Fort Hud-

son, MO, the vapor clotud eventually covered some 10 acres (40,500 m2 )

before it exploded. (No cloud height was given.) i

An extreme example of a line source explosion involving more conven-

tional explosive sources occurred in 1944 at Port Chicago, CA with the

explosion of the ship E.A. Bryan which contained some 1,800 tons (1.6 x 106 kg)

of high explosives. A similar extreme example of a source ýovering a

large area, wht.h also involved vultiple explosions, c,..urred in 1926 at

Lake Denmark, N.J. when explosions propa.jated from one storage magazine to

another, evantually involving some 800 tons (7.3 x 10" kg).

Some of the problems with these geonetric eifects can be resolved

quite simply. For example, a number of investigators (Refs. 13, 14, 15)

h ave observed that barricades have little influence on a blast wave at the

overprmsurr ranges of interest in this report. That is, both peak pres-

.urrs arid iqpul•c from ba-rtce4ed chirges Are essentially the same as they

wotld ae from uwbarricaded charges. (At some ranges, Impulse is actually

greater with a barricade than without ore.)

Other geometric zffect problems cannot be solved so easily. In tests
wit!" explosives rtGred in arched and covered magazines, for example, Zaker

S(Ref. 16) Ohtc'ed that tar-field pek pressures and impulses scaled gener-

ally as in Fig. 3 (though higher values of equivalent weight for impulse

indicated that pressure decay with tiiwe would be slower than that given

by Eq 1). Closer to the magazines, however, Sound in full-scale tests

(Ref. 17) and Kingery and Coulter (Ref. 18) in model scale tests showed

Sthat while scaling as given in Eq 3 held quite well (over a range of
charge weights of 125,000 lb), pressure-distance relationships differed sub-I stantially from those in Fig. 3 and differed among themselves, depending

on whether measurments were made at locations along a nomal to the axis

9
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of the magazine, in line with the axis closer to the headwall, or in line

with the axis closer to the earth-covered rear of the magazine.

As noted in Ref. 1 multiple explosions, if close enough together in

time, can give rise to a s-Nock wave characteristic of a single source

weighing the simp as the multiple source. (See, for ex"uple, Ref. 19.)

This is especially true at lower pressures. With more widely spaced ex-

plosives, the waves from two or mris sources can partially merge, giving

rise to a blast wave with multiple penks, or even to a series of separate

shock waves. Since the tim of publication of Ref. 1, the problem has

beer extensively studied (Refs. 20, 21) and some criteria have been devel-

oped for determining whether single partially merged or multiple pulses

will occur. If partially merged or multiple shock waves are incident on

a structure, the loading of that structure will, of course, differ consid-

erably from the kind of loading that would arise from a single merged

pulse with characteristics such as those given in Eq 1.

Line charges, or charges that are very long compared to their width,
will generate pulses that resemble those in Fig. I only qualitatively, and

will actually follow a diffidrent relationship between peak pressure and

distance from the charge than that in FIg. 3. Characteristics of the pres-

sure pulses from a truly linear charge (i.e., one of infinite length) will

not scale as the cube root of the charge weight, but rather as the square

root (Ref. 22). If the length-to-width ratio is large enough, this cylin-

drical character of the shock wave will persist to low values of overpres-

sure. The blast wave from the ship explosion at Port (.hicago displayed cy-

lindrical characteristics to grea; distances (see Fig. 5 from Ref. 23).

Finally, the length-to-diameter ratio of an essentially cylindrical

charge with its axis vertical can also have a significant effect on pres-

sure pulse produced by the charge. This can be seen in Fig. 6 from Wil-

ton's unpublished data (Ref. 9). The cylindrical charges of Comp C-4 with

L/D - 3.8 were intended to provide an approximate HE simulant of liquid

propellants in an upright missile, and those with an L/D 0.1, a simulant

10



of conditions after the liquid propellants had spilltd ooi the ground.

The measurements were made on the ground at right angles to the charge

axis. Note that at a scaled distance of about 4 ft/lbl/3 (1.6 m/kgl/" ),

peak pressure differed by a factor of 3, with the lowest value being that

for L/D - 0.1; at d/W1/A = 10 ft/lbl/*3 (4 in/kgl/3) they differed by about

50% and at greater distances peak pressures became almost equal from all

charges. Impulses followed a different pattern, however, being a factor

of 2 different at d/W1 P- -4 ft/lbl/ 3 (1.6 m/kg 1/ 3 ), (L/D - 0.1 being the

lowest) virtually equal at d/Wl'of 10 ft/ lb1/3 (4 m/kgi/3), and aI
larger distances, impulse from the charges with small L/D ratios were

greater than those with the larger ratio.

Also shown on Fig. 6 is the curve given by Petes (Ref. 10) for TNT

cylinders with L/D ratio equal to 5. Except at the higher pressures, it

closely matches the Wilton curve for L/D - 3.

As before, the fact that peak pressures and impulses for the two cyl-

inders behave differently as a function of distance either comipared with
each other or compared with the standard surface burst curve indicates that

the simple relationships given in Eq 1 will not hold. Peak pressures are

close, but at a scaled distance of about 4 ft/lbl/ 3 (1.6 m/kgl/ 3 ) from

the pancake-like charge, the shock wave from the cylinder has a much

steeper decay of pressure with time than that from a hemispherical charge.

, Summary

From the foregoing it is concluded that

o At the distances of primary interest for this report (peak

overpressures less than 20 psi (140 kPa)) all non-conven-

tional explosive sources considered generate blast waves

generally similar in character to those from conventional

spherical or hemispherical TNT charges, in that they have

a sharp-fronted shock front and a faster than linear decay

of pressure to ambient values. Thus, existing experimental

11
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information on the modification in loadings on buildings

due to various openings obtained from any such sources *

should be generally applicable to accidental explosions.

o For certain types of sources and source geometries, however,

the pulse shapes differ substantially from those for TNT.

Thus, for these sources, it should be recognized that spe-

cial techniques will be required to determine loadings on

buildings.

1i
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Section 1-2

CLOSED STRUCTURES

INTERACTION PROCESSES

When a shock wave encounters an object-such as a building -partially
blocking its path, a number of di'fferent interactions take place, some of
which, for a structure with no openings, are illustrated in the plan view
of Fig. 7.

If the shock wave path is nearly perpendicular to the wall (the angleI of incidence is small), "regular" reflection takes place and a single re-
flected wave is formed. If the shock wave strikes the wall at a glancing
angle (angle of incidence is large), a "Mach' reflection occurs, and a
three-shock configuration forms with one shock (the Mach stem) being al-
most straight and propagating essentially parallel to the wall. A rare-
faction wave forms at the edge of the structure and propagates down the
wall, relieving pressures against it.

While this is going on, the remainder of the shock wave traverses the
roof, possibly forming low pressure rotating flow; i.e., vortices, at the
leading edges of the building. Finally, the wave diffracts on to the back
face of the structure, both over the roof and around the edges, creating
upstream propagating rarefaction waves and again possibly forming vortices.

This diffracted wave subjects the back face to pressure loadings.

Absent the effects of vortices, the structural faces on which reflec-
tion occurs will experience higher initial loadings than the pressure in
the incident wave; those faces generally parallel to the direction of

shock wave propagation (the roof in Fig. 7) and those on which diffraction13I



occurs will experience initial pressures below incident values.

For purposes of this report, an angle of incidence of zero will be

assumed, mainly because this assumption generally leads to maximum -worst

case -loadings. Details of the interactions thdt can take place on front

walls, roofs (and side walls), and back walls are shown graphically in

Figs. 8 and 9, from an analysis of Schlieren photographs of shock inter-

actions with blocks made by Bleakney almost 30 years ago (Ref. 24). Inci-

dent shock wave strength was about 1.9. In both Fig. 8A, taken 15 Ps

after the shock wave struck the block, and Fig. 8B, taken 30 ps later, the

rarefaction wave proceeding down the front face can clearly be seen. In

both plots, the head of the rarefaction wave is at reflected pressure, and

its tail at the edge of the opening is essentially at ir~cidE ~t pressure.
(A vortex is clearly forming at the block .&.rjer. ) Pressures above the
block near its front face remained close to incident values. despite the
high pressure wave propagation above the block from the corner.

The process of diffraction on to a back face is shown in Fig. 9. In
Fig. 9A the process has just started, almost independent of front face ef-
fects which have not yet propagated across the block. The head of the
wave proceeding down the wall is close to ambient pressure; the head of

that proceeding into the shock from the corner is at incident shock pres-
sure. Fig. 98 depicts conditions just before reflection occurs at the

base of the block. Clearly, a strong vortex has already formed. Outside

the region of the vortex, however, pressures along the wall are uniformly
almost at ambient levels.

[ I Later interaction processes will become even more comp~lex, as alil the

Fshock iaes rarefaction waves, and vortices just described encounter
each other and create more waves which propagate up and down along the
structure's face and across its roof.

14

I. v1



Very broadly, the effects of these complex processes are to reduce
overall pressures on front faces (those first encountered by the shock
wave) to just above incident values; and to raise pressures on the roofs
and othier walls to just below incident values.



LOADINGS USED FOR DESIGN

It has been normal prdctice. in structural design, to ignore transient

loadings due to these complex interactions and to replace thmi with far

more simplified loading-time relationships. The practice is generally

justified because natural periods of many structures and structural ele-

ments are far greater than the very rapid pressure changes brought on by

intersect"ng shock and rarefaction waves.

A set of such sinmllfled loading (pressure) -,s time relationships

for long duration waves was derived in Ref. 25 for the case shown in Fig. 7;

that is, for a wave striking a structure at angles of incidence greater

than zero. It accounts for both Mach and regular reflection, and maximum
pressures on "front" walls occur only after the shock has traversed that

wa 11.

Another set of such curves also for very long duration waves, but

for zero angle of incidence is given in Ref. 26. (Thecurves in Ref. 25

and 26 were actually derived for blast from nuclear weapons.) This set

of curves resembles those shown in Fig. 10 (from Re.. 1), which were de-

rived for use with relatively short duration blast waves. Ivn Fig. 10, on

the front face of a structure, high reflected pressure loadings are as-

sumed to occur instantaneously over the entire face. Then, if the shock

wave is long enough, the loading pressures are aswmaed to decrease line-
arly with time to a value of Ps + Cuq,* where Ps Is the pressure in the

incident wave (i.e., the blast pressures that would exist at the location

Fig. 32 contains plots of various shock wave parameters, derivable from
those in Fig. 3 and used in Fig. 10. These include: q a dynamic pres-
sure, U - shock velocity, Pr - peak reflected pressure. Other structut-al
and shock wave terms used in Fig. 10 are illustrated in the inset on
Fig. 11. See Ref. 1 for values of tr - peak reflected tmpnlse.
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in the absence of the structure), q is the dynamic pressure in the inci-

dent wave, and Cd is the front face drag coefficient taken as equal to 1.

The time for this decrease to occur is known as the clearing time, and in

Ref. 1 (as well as many other sources) front face clearing time is given

as:

tc - 3 S/U (4)

where S - the height or half width of the face, whichever

is lesser

U - the shock front (not shock flow) velocity.

Front face pressure is then assumed to decay linEarly with time to zero

at a time equal to the positive duration of the shock wave. In Fig. IOA,

the dashed line connecting the pressure, Pr' with the time, tr, represents

the loading pulse counterpart of the equivalent triangular shock wave

pulses shown in Fig. 1. It has a fictiJous duration of tr = 2 ir/Pr,

where i and P are peak reflected impulse and pressure respectively.
If the area of this triangular' pulse is smaller than that of the solid

curve (i.e., if the triangular impulse is the smaller), the implication is

that the incident pulse is too short for clearing phenomena to have a

significant effect. In that case, the triangular pulse is used for design
purposes,

On the roof and side walls of a structure, the loading patterns are

based on the assumption that the wave on these faces is the unmodified
incident shiock wave. Pressure builds up linearly with time to a maximum

value which depends, in part, on whether the span being considered is

parallel with or perpendicular to the shock -front. The maximum also in-
cludes a factor. C~q in which q is again incident wave dynamic pressure.
and CD is a dr'ag coefficient, with a value ranging from -0.6 for

0 . Ps< 35 psi (240 kPa) to -0.2 forPso - 120 psi j2,800 kPa), (if

the span direction is perpendicular to the wave front, as might occur on
a roof, the maximum value also includes a factor dependent on shock wave

length to span length given in Fig. 11.) Pressure is then assumed to de-
cay linearly with time, essentially until the wave leaves the structure.

I7
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Finally, on the back face of a closed structure, pressure is assumed
to build up linearly with time to a value dependent. both on the ratio of
shock wave length to span length, and on C~q. where values of C. are the
sam as those for the roof and side walls. The time for this lb idup
is taken as the time for the shock wave to traverse the distance, .3, de-
fined in the same way, as for the front face. Thereafter, pressure is
again assumed to decay linearly with time essentially until the shock wave
leaves the back face.*

*The basic difference between the loading pulses shown in Fig. 10 and
those for nuclear weapons given in Ref. 26 are: in the latter, the
final pressure decay to zero follows the modified exponential form of
Eq 1; the maximum pressures on roof, side walls. and back wall are iden-
tically Ps - P ()+C~q (the shock wave length being very much longer
than the span legh; and values for roof and side wall drag coeffi-
cients differ from thase in Ref. 1.
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Part I I

EFFECTS OF OPEmIFmGS

Section 11-1

GENERAL DESCRIPTION

An opening (a window, doorway, vent,etc.) in any wall struck by a

shock wave causes additional interactions which can change the exterior

loading patterns from those shown in Fig, 10 and subject the interior to

loadings as well.

EXTERIOR EFFECTS

Imediately after a blast wave strikes the front face of a structure,

rarefaction waves form at the edges of any opening in the face. These are

generated by the difference between incident shock pressures In the area

of the opening. and reflected pressures on the wall adjacent to it. They

propagate at the velocity of sound into the reflected shock region, caus-

ing a reduction in pressures on the exterior face of the wall, from their

reflected values. At the same time a higher pressure pulse propagates at

acoustic velocities into the area of the opening.

On the exterior of th•e roof and side walls of a structure, an opening

again serves to reduce pr.essures because of the generation of rarefaction

waves that propagate away from the opening along the exterior faces. Simi-

larly, on the exterior of the rear face of a structure, an openitg serves

to reduce pressures which, however, are already below incident v'Alues be-

cause of diffraction effects.

S. 19Si
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INTERIOR SHOCK HAVE EFFECTS

An opening in a wall struck by a blast wave allows a portion of the

wave to enter the structure creating other shock waves that can reflect

and re-reflect from interior surfaces, generating rapidly changing load-

,ngs on them. An example of the types of interior Interactions that can

occur is shown in Fig. 12, shadowgraphs of tests in a shock tube carried

out by Coulter (Ref. 27). In the sequence the shock wave first diffracts

around the opening (Frames 2, 3); reflects from the side walls, generating

reflected waves (Frames 4-7); and then the reflected wavesinteract (Frame8).

A vortex is also formed at the edge of the opening (Frames 3-7) and begins

to move downstream (Frame 8). Note that the central portion of the min

shock wave remained straight for some time (up through Frame 5). After

that the entire main shock wave became curved.

IN4TZRIOR FLOW EFFECTS

At some time after arrival of the shock wave at the opening, if the

shock duration is long enough, and if the interior volume does not fill

too quickly, a jet of high speed air will form in the opening, driven by

the difference between internal and external pressures. The general char-

acteristics of the jet are shown in Fin. 13.

Flow velocit;es immediately behind a shock wave can be quite high.

(With a shock pressure of 5 psi, for example, flow velocity behind the

shock is about 230 ft/sec.) At the sane pressure levels, however, the

flow velocitirs in the jet -and especially in its core -are far greater.

If the difference between internal and external pressures is the same 5 psi

(which could occur with a 5 psi, long-duration shock wave at a vent on the

roof of a structure, or even at an opening on the front face of a structure

if the front face area is small) je; flow core velocities would be on the

order of 720 ft/sec, more than three times the shock flow velocity. If

20



the pressure difference were 11 pi(ltleesthnreflected pe-
sure fromua a5 psi blast wave). jet core velocities would be on the order
of 1,000 ft/sec.

INTERIOR SHOCK WAVES IN NOMINALLY CLOSED STRUCTURES

A final effect of "openings" mnono type of building which ostensibly
does not contain any openings should be mentioned. During recent tests
on a strengthened pro-engineered building (a steel frame building with
cold rolled, ribbed, steel siding and roofing) which had no openings, pres-
sure pulses propagating in the interior of the building, and keeping pace
with the shock wave outside it, were recorded. Toe peaks of these waves
were 30 to 40% of peak incident pressures (Ref. 28). The pulaes had rela-
tively steep fronts, though there was some rounding (Ref. 29). It is con-

jectured tnat the steel siding and roofing parted enough along seam5 during

shock loading to provide enough open area to create such a pulse. motion

picture records confirmed that such seams did open and clotie repeatedly
during loading, but closed again, and most remained closed, after shock

wave passage.

Too little is known about the phenomenon, at present, to develop rela-

tionships that would apply to other similar situations. It is apparent,
however, that the effects could be significant in particular circumstances.
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Section 11-2
EXTERIOR LOADINGS

This section discusses how loadings on exterior surfaces alone are
modified by the presence of openings. If interior loadings can affect 'the
design load on a structural element, Section 11-6 should be consulted.

FRONT FACE

As indicated in Figs. 8 and 9, the pressures on the front face of a
closed structure struck by a shock wave decrease because of rarefactionI waves from roof and side walls meeting, crossing, strikingsolid boundaries
and generating complex non-uniform loading patterns across the wall face.
Exactly the same kind of interactions shown in Figs. 8 and 9 occur on the
front face exterior wall as the result of an opening in the wall. Rare-
faction waves form at the edges of the opening, propagate away from it,
interact, reflect from nearby surfaces, and generally subject the wall
to highly non-uniform loadings. The overall effect of all this process,
however, is again, to reduce loadings on the exterior face of the wall
from peak reflected values to values just above incident pressures.* It
would appear then, that effects of openings can be combined with other
effects on front faces of structures, at least during the clearing time
period.

The clearing time as given by Eq 4 is essentially the time for rare-
faction waves formed at the roof or side edges of a structure to travel

from their origins to a major reflecting surface (the ground in the case
of structure height, another rarefaction wave in the cinse of structure

*This asswumes a large enough interior space that significant filling
* does not occur during shock passage.
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width) back to their origins, and once again back to the reflecting sur-

face.* An opening in the front face of a structure should, in essence,

shorten this clearing time by providing intermediate sources of rarefaction

waves; that is, sources other than the to'p and side edges of the f€'ont face,

A situation in wh ch there is no doubt that clearing times will be

reduced by the presence of a window opening is shown in Fig. 14A, a sketch

of a structure with clerestory windows. If the strength of the window

glass itself is ignored, the presence of the windows clearly shifts the

origin of rarefaction waves from the roof line to the window sill, thus

decreasing S in Eq 4 and shortening the clearing time.

In other cases, a window or doorway in a front surface could have a

negligible effect on clearing time. In Fig. 148, for examle, a value of

S equal Lo the height of the structure should clearly be used in Eq 4,

whether the doorway in the center of the wall were present or not.

These figures emphasize the need to integrate the presence of one or
more openings in the front face of a structure into the overall pattern

of clearing. Such openings can, in essence, shorten either the effective
building height or width (for use in Eq 4), and which effect predominates

should be determined. This can be done as follows.

Referring to Fig. i5A and 15B, the overall structural width, 4s1, and

heignt, Hs can ba divided into segments of width, W s, WS2,.. Wsn, and

heigi't, Hs, H ... Hsn, as shown. In each segment where there is a .
window of height h s, and width w s, tha "height-clearing-distdnce", which

on a closed structure would be H , is decreased to H, (H - h ). The

"hlalf-width-clearing-distance" - Ws/2 on a closed structure-- has been
decreased to Ws /2 = (Ws - ws)/2.

SA more logical parameter to use in Eq 4 than U, shock velocity, would

be some measure of the speed of sound in a medium, since rarefaction
waves propagate at the speed of sound. Newmark (Ref. 30) aning others
has proposed a clearing time relationship based on sound velocities.
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The total effects of openings on the height clearing distance is cal-

culated from the relationship:

WSJ HIS, _+ Ws 2H' 3 +WsnH sn
Wsl + SWS2 + + Wsn% ( )]/ [ WS

E (WsnH'sn Ws

Af[i - (Ao/Af)]/[Ws]

where Af is the total area of the front face

and Ao is the open area of the front face.

Similarly, the half-width-clearing-distance in Fig. 15A is given by

i [ I sn-n//[Hs] (5b)

S I - (A/Af)] [2H]

Note that in Eq Sa and 5b, a value of zero is assigned to the height

or width of an element that is entirely open. The values of S in terms of

the structvre height H for the two simple examples of Fig. 14 are:si

for Fig. 14A, S - 0. 75Hs, H / (3/2)H5 - .5Hs

for Fig. 14b, S- Hs, SW/2 = (31/16)Hs -194Hs

it should be emphasized here that if the durationof the triangularpulse
in Fig. 1OA (tr a 2 1 r / P r) is still shorter than any of the clearing times

calculated as above it should be used for design. Again, the implication

is that the loading pulse is too short for clearing phenomena to have effect.

24

1'1



REAR FACE

The effects of openings in the rear face of a structure differ from
tWhose for openings in the front face. In the latter case, the openings

served the same purpose as the edges of the structure; viz, as a source
of rarefaction waves to decrease pressures from peak reflected values.
On the back face of a structure, however, the edges of the face are the

sources of pressure increase on the face, and the openings in the face

tend to decrease that pressure. The amount of decrease is clearly related

to the relative areas of openings and face. If an opening were very

small relative to the area of the entire face, it would have little effect

on overpressure on the face; if it were large, pressures on the remainder

of the face would be essentially ambient.

of fce reato penare-a, then the maximum pressure P moon the back face
of a structure which contains openings would be

mo = m [(AF A A)/AF (6)

where P mis the maximum pressure on the face in the absence
mof openings

A isthe ota fac are igorin opeing

AF

A is the total area of the openings in the back face.
Th im tA ste oa fc re gorn peig

Thetim atwhich this P essure would be attained would still be the

tim rquiedfor the shock wave to traverse a distance, S, as previously

defined.
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ROOFS AND SIDE WALLS

The sawe basic reasoning as used for the back face of a structure
applies to its roof and side walls; viz, the effect of any opening is to
reduce the pressure to which the faces would be exposed in the absence of
the openings. Whether or not it is appropriate to use a loading scheme
that applies over an entire face must first be deter'mined by the designer,,
however. On a side wall, for example, with the span direction parallel to
the shock front, the blast wave may, if short enough, completely pass a
particular element (a column, for example) before it even arrives at a
distant opening. Thus, the local loading of that element would not be af-
fected by the presence of the opening at all.

if it is appropriate to use loadings applied to an entire face, Eq 6
would give the decrease in maxlmi. pressure on roofs or side walls due to

* the presence of openings in theu.
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LIMITATIONS

it is appropriate here to emphasize the Itmitations of the various

design loading methods Just presented, even those for closed structures.

As already noted, the "clearing time" concept used for front and back

faces is itself a substantial simplification of actual events, and there
are differences of opinion about how these times should be calculated.

Elements of the methods which rely on experimental information are
of questionable accuracy. Where Ref. 1, for example, recommiends values of

CD ranging from -0.6 at low pressures to -0.2 at high pressures for

roofs, side walls, and back faces, Iwanski et al. (Ref. 31) recommnend a
value of CD -- 0 for hack faces, and a ~.onstant -0.6 at high pressures

for roofs and side walls. In Ref. 26, values of CD at low pressures are

50% smaller than those in Ref. 1.

Whether roofs and side walls actually experience incident pressures

can also be questioned. In the tests reported in Ref. 2-9, recorded peak

pressures on the roof of the structure were about 60% lower, and 25%
higher than incident, and side wall peak pressures were consistently 20
to 25% lower than incident values.

Finally, Eqs 5 and 6 accounting for the effects of openings, while
drawn inferentially from experimental data, have not beer directly yeri-

fled experimentally. That is, the precise geometries discussed have not
¶ been the subject of tests.
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Section 11-3

INTERIOR PHENOMENA: SHOCK WAVES*

GENERAL BEHAVIOR

The behavior of a shock wave downstream from an opening can be divided
into three phases. An initial, plane wave, phase begins as soon as the
shock wave passes into the Interior. During this phase. a part of the
wave proceeds as if there were no opening at all. (See, for example,
Frames 1-3 in Fig. 12.) Acoustic signals from the edges of the opening
have not yet arrived to "inform" that part of the wave of the existence of
an opening. As the wave proceeds into the Interior, it diffracts into
the region shielded from the incident shock wave by the wall adjacent' to
the opening and rarefaction waves propagate back toward the center of the
main wave. Pressures at the front of the portion of the diffracted wave
proceeding along the wall adjacent to the opening are essentially zero
(see Fig. 9, where the shock wave diffracts onto the back face of the block).

While the diffracted portions of the wave are sharply curved, a sig-
nificant portion of the main wave remains essentially plant for same time
even after the rarefaction waves have traversed the entire main wave front,
though pressures along the front are no longer unifoni. (See Fig. 12,
Frames 4 and 5.) By the time, however, that the main wave has progressed
a distance into the interior of between one and two opening widths, it is

*This discussion is restricted to waves striking a structure head-on-,
that is, to shock waves entering through an opening in the front face
of a structure. For the sa size opening, interior shock wave effectsfrom this orientation are the most severe. It also deals only with the

-~ I characteristics and effects of the shock wave on its initial passage
throuqh a room downstream from an opening. Some characteristics of sub-
sequent effects (e.g., second, thiird, and other reflections), which are
highly geometry dependent, are discussed in Section 11-5.



curved along its entire front. During this intermediate (curved wave)

phase, it spreads out until it encounters ra.flecting surfaces such as roofs

or side and back walls.

The final phase only occurs if the back wall is distant from the open-

ing, and reflections from otaer interior surfaces have occurred. In those

cases, the shock wave again becomes essentially plane and proceeds down the

axis of the room.

While shock front pressures during the initial (plane wave front) and

intermediate (curved, expanding wave front) phases are continually changing,

not only in the direction of wave propigation, but along the front itself,

it appears that relatively simple empirical relationships can be derived

which adequately describe important characteristics of the wave front.

First among these are pressures along an axis from an opening; that is,

along a line, normal to the plane of the opening, drawn from its center.
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INITIAL Ad) INTER14EUIATE PHASES

Axial Pressures

Analysis - In analyzing the results of tests in a two-dimensional,

shock tube geometry, Melichar (Ref. 32) Indicated that the shape of wave
fronts during the period we have termed the intermdiate phase was approx-

imately cylindrical, with the center of the cylindrical expansion located

upstream from the opening itself* The analogy in threedimenrional gem-
etries would be spherical waves also expanding from a center upstream from

the opening. ThI occurrence of spherical expansion suggests that pressure

changes with distance in the direction of wave propagation migwt be related
to sli•ilar pressure changes in the more usual case of waves expanding
sphe'ically from an explosion source. Such changes are show in Fig. 3
(or perhaps the equivalenc of Fig. 3 for tursts in free air instead of on
the ground surface). These figures inticate that over the pressure range

of interest (and beyond) peak shock pressures from explosive sources de-

crease approximately as the 3/2 power of distance from the source.

A fair amunt of experimental evidence seem to confirm that, for much
of the Intermdiate phase, shock front pressures along an axis from an open-
ing also vary approximately as the 3/2 power of distance, with the center

of expansion located about one half an opmning width upstream from the open-
Ing. The derived empirical relationship between axial shock front pressure

and distance is:

PS/PS s [(2 d' + bo)/(3 bo)'s (7)

for d' > 3b0o/2

where Ps shock front pressure along the axis,

* (In essence he found that differences in velocity of propagation between
high pressurw and low pressure portions of the shock front could be neg-
lected.)
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Pso a shock front pressure in the opening,

bo a characteristic dimension of 4ds opening (also
referred to as opening widt0)*

d* a distance from the opening.

Eq 7 implios that shock front pressures begin to decrease from their

values at the opening only after the wave has moved into the interior a
distance equal to one characteristic dimension of the opening; that is,

after d' - bo. This cannot be the case, however, because axial pressures

actually, begin to decrease from their values at the operding before d' - bo-
More specifically, at aboy÷* ti~ t~me the: d' a bo/2, while much of the
min wave is still plane..ow pressure sonic signals from the edges of the
min wave procesding along the wave front have arrived at the axis, sig.-
naling the center of the plane wave that diffraction is taking place. The
effect of these signals is to decrease pressures along the axis, thus shock
frout pressure when d' zb 0 must be less than Pso, the pressure at the
opening. Still, Fig. 12 ( and other similar shadowgraphs from Ref. 27)
indicate that the wave front actuaily achieves a spherical shape shortly
after d' bo. Thus, the spherical expansion type of pressure decrease
with distance (i.e., with the 3/2 pcoer of distance) should also be expected

to begin shortly after d' - bo-

A relatively simple approach in which axial pressures begin to decrease
when d' b0/2, but which also leads to the spherical expansion type of

pressure decrease in Eq 7. when d' is somewhat greater than b is given
below:

For b /2 < d' 3 bo/Z
00

Ps/Po" 0.75(d'/bo- (8)

For d' , 3 b 12, Eq 7 applies.

As will be seen later, experimental measuremnts are consistent with Lq 8.

&Bcause openings come in many different shamos and sizes, the definition
of b has been stancii-vitzed as the diameter- *r a circular opening which
had the sawe area as the actual opening AO. Thus, b. a (0A0/1.)'.
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If the explosive source is small enough that a significant change of

shock pressures would take place over the distance d' in the absence of any

structure (i.e., if free-field pressures are changing relatively rapidly

in the vicinity of the structure), expressions equivalent to Eq 7. or Eq 8.

can be derived which would Incorporate this change. As already noted.

Fig. 3 indicates that the decrease in free-field pressure with distance

follows an inverse 3/2 power relationship, viz:

PS - Pso[1 + (d'/d)]-''s (9)

where d a distance from the source to the opening,

P so a peak pressure at a distance d from an explosion
(in this case the opening),

P*s a peak pressure at a distance d + d' from the

explosion.

If the assumption that the two pressure decays -one due to spherical

spreading from an explosive source, the other due to the effects of an

opening continue to have effect after a shock wave passes an opening,

Eq 7 and Eq 8 can be modified by multiplying their right-hand sides by the

factor [I + (d'/d)]-'5. For d' ( b /2. Eq 9 alone gives thu chane in
0

pressure after the shock wave from a small explosive source passes an open-

ing.

Exmerilntal Informeti. - Three min sources of emperiwntal infor-
mtion were used to compare with predictions of axia! peak pressures from

Eq 7 and Eq S.

o A field test in which a concrete instrumnt shelter was exposed
to blest from a SO-ton TNT source (date reported In Ref. 33;
details of the experiment av In Ref. 34)

o An extemlove series of tests of small-scale structures coa-
ducted in a shock tube (Ref. 33)

o Tests on t full-scale roe. n ioducted in a explosively driven
shock tunmel (Oef. 35, 36).

Brief descriptions of the experimental arrengemmuts follow.
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o Field Test of Full-Scale Structure. During operation Prairie

Flat in 1968, a standard concrete instrumentation shelter 8 ft high

by 8 ft wide by 12 ft long, shown in Fig. 16A, was exposed to the blast

from a 500-ton hemisphere of TNT resting on the ground surface. The

doorway, 7 ft high and 2.9 ft wide, was left open, and three pressure

sensors were installed In line with the doorway opening: two in the

floor, 2 ft and 4 ft from the doorway; and one in the rear wall: i.e.,

V• ft from the doorway. Incident pressure at the doorway was 4.7 psi.

o Shock Tube Tests of Small-Scale Structures. An extensive

series of tests on small-scale structures, reported on by Coulter in

1969 (Ref. 33) were carried out principally to derive information on

room filling. In some of the tests, information on shock front pres-

sures was also sought (and in one case was derived from shock pulses

shown in Ref. 33). One of the structures used was a 1:24 linear model

of the full-scale instrumentation shelter described above.* A sketch

of the model is shown in Fig. 16e. As with the full-scale structure,

the model was equipped with gauges in the floor at 1/3 and 2/3 the

distance between front and rear walls, and in the rear wall as well.

Back wall pressure (fill) records from the prototype and one of

the shock tube tests are shown in Fig. 17. For the time of interest,

the shock tube record is flat; the field record shows incident pres-

sures decaying as in Fig. 1, with the positive pressure pulse bein9

over 160 ms long. (Fig. 3 indicates that the total duration would

have beem about 200 ms.) The data of iuportance for tnis stud3" are

the magnitudes of the initial peaks of the pressure records (which

murk the arrival of the shock front at the back wallý. At later times

in both prototype and model the pulses were so long that roum filling

and other interior ssock reflections exposed the wall to higher irreg-

ular pressures.

A linear scale factor of 24 is equivalent to a charge weight (or energy)
scale factor of 13.124. Thus. a model charge equivalent to the 500-ton
(1,000,000 lb) charge used in the field would have weighed about 72 lb.

3 . .
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Another small-scale structure employed by Coulter was that shown

in Fig. 18. As can be seen, the structure was variable in length with

gauges located in the rear walls. Three different sizes of doorways

were used, though data from the smallest (which occupied only about

two tenths of one percent of the front wall) were not considered in

this analysis.

With these small-scale structures an especial effort was made to

identify and record the first peak of the gauge retord, by employing

fast as well as slow oscilloscope sweeps. Typical records are shown

in Fig. 19.

One final model, which is not illustrated but for which relevant

information could be derived from Ref. 33 itself, was a cubical struc-

ture, 4 in. on a side, with an opening 1.245 in. high and 0.6245 in.

wide. A gauge was placed in the center of the floor. The fill and

input pressure traces for an input pressure of 10.7 psi, published in

Ref. 33, were clear enough to identify a first peak.

o Shock Tunnel Tests on a Full-Scale Room. For many years, a

shock tunnel was employed by URS Corporation to test full-scale wall

panels. The facility which was converted from the tunnels of a for-

mer 16-in. coastal gun battery, was explosively driven witt strands

of PrImacord strung the length of Its compression cha*-er, and had a
test section 8.5 ft high by 12 ft wide. Incident shock pressures of

up to about 10 psi could be generated, and though the blast pulse was
somwhat noisy, its duration was about 100 ms long (50 mn flattop),

and significant informtion on structural response of walls to blast

was derived. A sketch of the facility is shown in Fig. 20.

Loading study (calibration) tests, with instrueted wells de-

signed not to fail under blast loadings, were carried out throughout

the program. One loading study configuration of interest to this pro-

gram was that of a rom with a window shown In FIg. 21. M can be seen,
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the back wall was heavily Instrumnted, a gauge was located in the

room on asid wall, and pa'.red gauges were placed on the exterior and

interior of the front face of the wall. Details of this portion of

the test progam are given by Wilton and Gabrielsen in Ref. 35; Ref. 36

by Wilton, Kaplan and Gabrielsen is a summary report of all loading

study tests.

Fig. 22 shows traces (averaged by camputer) from the back wall

gauges. As with Coulter's work, our interest lies in the initial step

of the pressure pulses which mark the arrival of the shock front at

the back wall.

Data derived fromi these experimen.al sources are summarized in Table 1.

Tabulated are values of d' (distance from the opening to a gauge), b. (char-

acteristic dimension of the opening); measured peak pressure Ps, or in the

case of back wall gauges, measured peak reflected pressure Psr" (Listed

in the second column labeled Ps on Table 1 are calculated incident pres-

sures at the location of the back walls which would result in the measured

reflected pressures.) Incident pressures Pso are also shown, as well as

the ratio Ps/Pso.

Comqarison of Analysis with Experiment - The exper 4 mental data from

Table 1 are plotted on Fig. 23, along with curves from the empirical ex-

pres' i Eq 7 and Eq 8. The ordinate and abscissa of Fig. 23 are, respec-

tively. normalized axial shock front pressures (the ratio of pressure in the

interior P5 to pressure at the opening P ) and normalized distance (thes so
ratio of distance into the interior d' to the characteristic dimension of

K the W ho).

The data plotted on Fig. 23 cover a considerable range of incident

pressure levels (from I to 10 psi), and a considerable range of relative

distances (from d'/bo a 0.78 to 7.3). Not shown on the figure or in Table 1
is the fact tMat the range of relative opening area (area of the opening

relative to the area of the face) is also quite large; viz, from about 11
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to over 30%. Over these ranges, the agreement of experimntal data with

the simplified prediction relationships of Eq 7 and Eq 8 appears satis-

factory.

off-Axis Pressures

It has already been noted that during the intermediate phase of shock

wave behavior, when the wave is spreading out frou an opening with a gen-

erally spherical shape, shock front pressures vary along the wave front,

from axial values given by Eq 7 to initial values of zero at the inter-

section of the wave front with the interior surface of the front wall.*

At any point on a wave front, the decrease in pressure from its axial

value clearly should be some function of the angle bebtmen the axis itself

and a line from the center of the spherical expansion to the point. In

the absence of a detailed analysis, a linear dependence on this angle will

be assumed. Thus, for the geometry shown in Fig. 24, predicted values of

pressure at any point along a wave front, Pse5 are related to axial pres-

sures, PS, by:

P " Ps[(0 -)90(11)

with 9 in deg, and where

tan 0 - /[L + (b a/2)]
W - perlendicular distance from the point

of interest to the axis

L a the perpendicular distance from the point
of interest to the surface containing
the opening.

P5 in Eq 11 is the value along the axi% from Eq 7 at a distance of R - Wsin 0

from the center of expansion, or a c -Lance d' - R - (b /2) from the opening.
0

* Pressures along the wave front gradually equalize so that if a wave can
propagate far enough, without encountaring any reflecting surface, it
will resemble in all respects the spherically expanding, unifom pres-
sure waves of Fig. 3. This would not occur, however, until the opening
could, in essence, be considered a point source. For the conditions of
interest in this v-aport, tne non-uniforviVy of pressure along the front
as described above is appropriate.
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In the absence of information that will allow off-axis front pres-

sures to be determined during the initial (plane wave) phase of shock be-

hayior, it is recomnded that for 0 < d' <_ b0 /2, Ps should be taken as

equal to Pso at the opening. For b 0/2 < d' < 3 b0 /2, the effects of the

dngle 0 should be gradually increased until Eq 11 holds. This requires

that Eq 11 be replaced by

Pse "Ps[(go _ 0)/90] /b.) - (1/2)] (ha)

Shock Front Pressures on Interior Surfaces

Side Walls, Roofs, etc. - During the initial phase of shock wave be-

havior, relatively little spreading occurs. If side walls (or a roof)

are encountered by a shock wave while it is in this phase, little error

should result in assumlng that the pressures on the wall are little dif-

ferent than those given by Eq 8.

During the intermediate phase, Eq ii provides a basis for determining

shock front pressures on interior surfaces, either real or imaglnary,*

with which the expanding shock wave interacts. As noted in Section 1-2,

the shock wave reflection process depends, in part, on the angle of inci-

dence, defined as the angle betmeen a normal to the shock wave, and a nor-

mal to the reflecting surface. With large angles of incidence (tht shock

front being nearly perpendicular to the reflecting surface), Mach-- or

* A real surface would be represented by a side woll, for example. AP
imaginary surface would be represented by a plane midmy between two
openings, which-from the standpoint of sLhck behavior -- serves the
same function as a solid reflecting surface. This is illustrated in
Fig. 25, on the left side of which is shown shock wave behavior between
two openings, and on the right side, shock wave reflection from a solid
wall. The plan m.idway betwem the openings Iz termed a plane of sym-
metry.
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three-shock-reflection takes place, with a shock turmeda Mach stm I
propagating parallel to the surface. With small angles of incidence (the

shock front being nearly parallel to the reflecting surface, regular-or

two-shock- reflection takes place. The angle 0 &s defined in Eq 11 and 5

Fig. 24 is the complement of the angle of incidence.

The pressure in the reflected wave is also dependent on the strength

of the incident wave. At low Incident overpressures, in most of the regu-

lar reflection region reflected pressures will be about twice Incident,

while Mach stem pressures can range from zero to some three times incident

pressure. At higher Incident pressures, regular reflected pressures in-

crease relative to incident pressures (the relationship is givet by Eq 10).

In the Mazh region, the angles of incidence at whic.t particular relative

reflected pressures occur tend to decrease with an increase in incident

pressure.

Ref. 1 contains a plot of reflected pressure coefficients (ratio of

reflected to incident pressures) vs angle of incidence, with the relation-

ship in the Mach reflection region being highly approxinte. Ilef. 26 pro-

rides a more detailed plot of such coefficients. In light of the uncertain-

ties about the value of pressure actually incident on a reflecting surface

from a shock wave expanding from an opening, and the fact that the shock

front itself might not be too well defined, a still simpler version than

that in Ref. 1 is proposed for this report. In this version, shown in

Fig. 26, the sloping line represents the Mach reflection region,* the hori-

zontal line with a value of two represents he regular reflection region.

* The slope of the Mach reflection line in Fig. 26 is a uomise betn e
those in ref. 26 for weak shock waves (slopes are steeper), and strong
shock waves (slopes are shallower). If Letter values of reflection Co0
efficients in the Mach reflection region than those in Fig. 26 are de-
sired, refer to Ref. 26. In the regular reflection region, better values
can be derived from Eq 10.
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Combining Fig. 26 with Eq U1, pressures at a reflecting surface, such as

a side wall, are:

For 0 i <_ 200

,sr a P[0.f [(90 - #)/90]

and for 0 ) 200 (12)

Psr P,[(90

with * again in degrees.

As can be seen in Fig. 21, the shock tunnel tests of a full-size rowm

incorporated a side wall gauge (Gauge o. 10) inside the roam. The type

of traces recorded by that gauge (averaged over a n•mber of tests) is shown
in Fig. 27 for a test with an Incident pressure of about 3.3 psi. Except

for those from a pulse with an incident shock pressure of 1 psi (which had
a rounded front when it arrived at the window wall), all the traces were

characterized by a relatively slow pressure rise (indicating that the wave

front was not sharp) to an initial peak, then a fall to a lower "plateau"

value. The relative difference between peak and plateau values increased
with increase in incident pressure. At a tim of 17 to 20 ms, about the

tim required for waves reflected from the back wall to arrive at the meas-

uring station, the plateaus ended and pressures again rose.

In the shock tunnel tests, b - 5.2 ft, W - 6 ft, and L - 5.6 ft,

from which a value of * of 36.2* 0 ana a vale of (d'Ib )*1.46 can be0
derived. From Eq 7, axial pressures in the Interacting wave fronts are

Ps V 0.65 Pso, and from Eq 11, shock front pressures at the side wall be-

fore reflection are Ps 6 * 0.60 Ps a 0.39 P With 0 a 36.2 deg, regular
reflection occurs, and reflected pressures are Psr" 2 Pse " 0.78 P

In Table 2, predicted and measured values (both peak and plateau) of

reflected pressure on the side wall of the room shown in FIg. 21 (12 ft
wide with a window occupying about 20% of its front face area) are tabu-

"lated. Thty are plotted on Fig. 28 as a function of incident pressure.
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It appe,-rs that, for waves expanding from a relatively large opening,

Eq 12 closely predicts the peak pressures at side wall gauges over the on-

tire incident pressure range. Plateau pressures are also closely predicted

for incident pressures up to about 3 psi. At higher incident values, how-

ever, the reflected plateau values are much lower then either measured or

predicted peak values.

It should be noted here that tims of arrival of an explnding shock

wave at a point on the interior of a side wall will always be greater then

the time of arrival of the incident wave at the sam point on the exterior

of the wall. For shock waves with incident pressures of about 2 psi or

less, the ratio of arrival times (after the wave reaches the front face of

the structure) at exterior and interior points is approximately equal to

the ratio of distance travelled by the waves outside and inside the build-

ings. Referring to Fig. 24, if points (D) and (D are on side walls, the
ratio of exterior to interior arrival times at the too points would be

[Li/(L1 * Wj)'] and [L2,(L 2 +

After the spherical expansion phase Is over and, in a long building,

the shock wave has become plane again, pressures along the wave front (and

thus sinock front pressures on side walls) are uniform. Their values are
discussed under "Final Phase Loadings.

Rear Walls - When a shock wave that has passed through an opening

arrives at the interior face of a wall opposite the opening, regular re-

flection occurs. Reflected shock front pressures on the wall are from Eq 10
with P from Eq 11, using Ps from Eq 7 or Eq 8. Table I and Fig. 23 indi-

Kso
cate that this approach provides rear wall pressures In fair agreement with

experimental data. (This is because Eq 10 was used to derive incident

pressures equivalent to measured reflected pressures, and the derived inci-

dent values comared favorably with those from the curve of '1g. 23; i.e.,

with values from Eq 7 or Eq 8.)
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FINAL PHASE PRESSURES

At some time after the spreading (intermediate) phase is over, and

waves have reflected from side walls,etc., a plane wave should form and,

if the structure is long enough, propagate down its length. It should be

weakar (i.e., have a lower peak pressure) than the wave at the opening be-

cause it occupies a greater area. It should also be a shock wave because

all positive pressure pulses (other than weak sound waves) are basically

4,,table and tend to "shock up!' with distance. (See, for example, Ref. 38.)

Thus, both the plane wave at the opening and that within the building

should behave according to the Rankine-Hugoniot relationships governing

shock wave behavior.

Assuming conservation of momentum through the window opening and

past a downstream section of the interior, and constancy of shock duration,

shock front pressures at the two sections should be related by

[P 2/(7P + Ps)] A [P:! (7P" + P) (13)

where Ps = peak pressure downstream from opening

Pso = peak pressure in the opening

Po M ambient pressure

and Ar = area ratio = Ao/Ad

Ao = area of the opening

Ad ' area of the downstream section.

Within an accuracy of about 10%, for P 10 psi, Eq 13 implies the
so

following simple relationship

Ps A• PF0  (14)

For waves from sall explosive sources, the right-hand side of Eq 14 should
be mltiplied by [1 (d/d)].
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Because of the complexity of the processes leading to the formation

of tWe plane shock wave within the interior of a structure, it is diffi-

cult to say when It ca, be said to form. At the time the axial pressures

from Eq 7 (i.e., during the intermediate phase) equal plane front wave

pressures from Eq 14, reflected side wall pressures from Eq 12 are between

30 and 60% higher than axial pressures, depending on the value of the area

ratio Ar. A reasonable (though still arbitrary) guideline is that plane

waves may be assumed to exist when side wall reflected pressures from Eq 12

are the same as plane wave pressures from Eq 14. This occurs at about

1.5 times the distance from the opening that axial and plane wave pressures

become equal. With this assumption, the limit value of distance from the

opening d' marking the transition from intermediate (spreading) to final
(plane wave) phases(from Eq 7 and Eq 14) is:

d'L * (0.75 b )(3A -'/I- 1) (15)0 r

Fig. 29 in which shock wave shapes beased on Eq 15 have bilen drawn for

two different ratios of window opening to downstream areas suggests that a

somewhat larger limit might be appropriate since the incident waves still

have significant curvature. Use of this limit is conservative, however,

since plane wave pressures beyond d. will be higher than axial pressures

from Eq 7 and side wall pressures from Eq 12.

The pressures given by Eq 14 will be experienced on side walls and

roofs. On rear walls, reflected pressures should be determined by sub-

stituting Ps from Eq 14 into Eq 10.
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SHOCK WAVE PRESSURES - SUIMNRY AND SIMPLIFIED GRAPH

Values of axial shock front pressure, Ps" in terms of pressure at the

opening, and distance from the opening, d'. in terms of b0 (opening width)

during the three phases of shock wave behavior are sumarized below. (The

first two entries describe conditions during the initial phase.)

INTERIOR SHOCK FRONT PRESSURES

ALONG AN AXIS FROM THE CENTER OF AN OPENING

Relative Distance Relative Pressure Source
d'b 0o P sl;Pso (q)

0 : d'/bo _ 1/2

1/2 < d'/b0 < 3/2 O.75(d'/b )-O.4 (8)

3/2 < d/b0 ,[(0.75)(3A r -/P - 1)] [(2d, + b•0 )/ (IS),(7)

dlIb 0 [(0.75)(3Ar-d3 - 1)] (Ar)% (1b), (14)

b 0 -a opening width

d' - distance into interior along the axis

Ar a area of the opening divided by area of an interior
section

Pso " incident peak shock pressure at the wirdow.

For sroal1 explosive sources, the values of P /P shmuld be multiplied by
s so

+ (d/d))-1.5 where d is the distance from an exploive source to the

opening.
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Off-axis shock front pressures during the Intermediate (spreading)

phase my be deri ved from:

Pse a P,[(90 - )/]90 (11)

in which 9 (in degrees) is as shown in Fig. 24.

Reflected shock front pressures at a side wall (or roof) during the

intermediate phase are:

for 0 < 9 - 20 des

p sr a 0.1lop[(90 - @)/90] )
and for 0 9 20 deg (12)

p -2 [(90 - 0)/90
sr L -

Reflected shock front ritsures at rear walls during the intermediate

phase are given by:*

PPsra 2s,(7PO * 4Pst)/(7Po + Pse) (10)

with Pso from Eq 11.

A plot of many of the relationships Just given, shown in Fig. 30,

simplifies the process of predicting shock front pressures downstream from

an opening. The following procedures should be followed In using Fig. 30.

I. "Mntial Steps !M!ired in All Calculations

1. Calculate dW/bo), at a point of interest on the axis

2. Enter gra with (d'/bo 1 a read off (Ps/P ), as given
by the s~olid curv

J. Calcilate Ar O (Ad)'

4. Enter Vroowiwth (Ar)". wid road off value of (44/b ) WuR
the so id curvea

"Eq 10 is plotted in Fig. 37.
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I1. Axial Pressures, Ps

A. For Ar > 40%

5a. If (dl/b 0 )1 < (d'/bo)c. Ps a Pso(Ps/P so)

5b. If (dl/bo), > (d'/bo)c. Ps a Pso(Ar)½

B. For A < 40%

r

6. Multiply (d'/b ), by 1.5
(P(

7a. If d/bb0 )1 < lb5(d'/bo)c, Ps PsoSPs/Pso)l

7b. If (d'/bo)i > 1.5(d'/bo)c, PC c (A )1

III. Off-Axis Pressures, Pse

A. For Ps P so(A)r
so S so r

B. For Ps = P so(Ps/Pso)t

9. Calculate 0 (see Fig. 24)

10. For any point a distance W off the axis (see Fig. 24),

a. Calculate (d/bo)0 = [W/(sin e) - O.5]/bo

b. Find P /P from appropriate dashed line using (d'/bo)0

IV. Reflected Pressures on Side Walls and Roofs, Psr

A. For P, = Pso(Ar

11. Psr P Ps a Pso(Ar)•

B. For Ps a Pso(Ps/P so)

12. Calculate 9.
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13. For a point on a side wall a distance W off the axis

(see Fig. 24).

a. (d,/bo0)e - [W/(sin e) - 0.5] /b.

b. Find P from appropriate line below solid curve
using 131/bo)e

c. Calculate Psr from

0 < e _ 20 deg, Psr " 0".1Pse

e > 20 deg, Psr a 2Pso

V. Reflected Pressures on Rear Walls

With Eq 10, Psr-[2 P(7P0 + 4P)7PO0 + P)j, (see also Fig. 32)

14. Axial values

a. For Ps a P o(Ar)½t use P - Ps from step 5b or 7b

b. For Ps =P (Ps/P so)i' use P =Ps from step 5a or 7a.

15. Off-axs values

a. For Ps w Pso(Ar)\ use P = Pso(Ar)

b. For Ps q Pso(P/Ps) use P =Ps) from step 1Ob.
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Section 11-4
1TrERIOR PHEIONENA: FLOW EFFECTS

FLOW REGIMES

Air flow induced by the interaction between a shock wave and a struc-

ture with an opening stem from two di•ferent sources: flow caused by the

passage of the shock front itself; and so-called jet flow which occurs

latar.

Flow Behind a Shock Front

In the Inmediately preceding material, changes in pressure at the

front of a shock wave which enters a structurt through an opening are dis-

cussed in somw detail. In addition to causing a pressure change, passage

of a shock front through a region previously undisturbed, sets the air in

motion, and thus there is air flow ,ith'n an interlor space as soot' as a

shock wave passes thro'jgh the opening. Velociles and forces caused by this

flow will be discussed later.

Jet Flow

Characteristics - If the duration of the incident shock is long enough,

and the volume of the interior relative to the area of the opening is great

enough, the pressur) difference between the exterior of a structure and its

interior will result ir the formation of a jet of air through the openirg.
This type of flow can take place at openings in any face of a st.ructure
and can have particular importance in connection with small openings such

as vents. Flow in these kinds of jets have been studied for some time,

and Abramovich (Ref. 39) has described them as shown in Fig. 31,
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In the first of the three regions shown, high velocity flow that enters

through an opening connecting a high pressure region (on the left) with one

of lower pressure (in our case close to atmosoheric pressure) begins to

spread out. Velocities near the center of the JL. win at their high

initial (core) values but decrease to zero at the edge of the jet. As can

be seen core values are maintained for several opening diameters (- 4.5 bo

according to Abramovich).

The next, transition region, is about 2.2 bo long and is marked by

changing flow velocity patterns, but further downstream, in the main region,

the flow has stabilized somewhat so that the change of velocity with dis-

tance normal to the axis can be described with a single relationship; viz

u a um[1 - (y/b) .5 ] 2  (16)

(Note that b - jet radius, not diameter, although bo j jet diameter at the

opening.) The variable um is the velocity on the axis In the main region

and is given by

um = Uo(6.2 bo/d') (17)
0 0

where u is the velocity at the opening.
0

Flow velocity an the axis at the beginning of the main region is still

quite high, being about 93% of that at the opening.

The jet half-width in the main region Is given by

b - d' tanct= 0.22 d' (18)

When to use Jet Flow Relationships - Jet flow through an opening does
not take place as soon as a shock wave arrives at the opening. At first

the shock itself controls the flow, then rarefaction and reflection waves

crisscross the opening causing changes and fluctuations in the flow

through it. Based on an analysis of Coulter's experimental shock tube

data (Ref. 27), Rempel in Ref. 40 concluded that-for long or nearly
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flat-topped pulses-- the time, ti, for Jet flow to establish itself (which

might be called the Jet clearing time) is
t = 4 b0/C (19)

where c -" the speed of sound in the opening

1.13 ft/ms or 13.6 in./ms

For large openings (windows or doorways, etc. as opposed to vents),

t can be relatively large cLvpared with the durations of many of the

pulses that might be caused by accidental explosions. As an example, both

the concrete instrument shelter and the full-scale room with a window

tested in the shock tunnel, wh(.h were discussed earlier, have values of

bo = 5 ft. Eq 19 indicates thet the jet clearing times would be on the

order of 18 ms. At inhabited building distance (d - 40 W1/3), this time

exceeds the entire pulse duration from all explosiYes weighing less than

about 100 lb. At intraline distances (18 W1/3 unbarricaded, 9 W1/3 barricaded),

explosives weighing less than 200 lb and 850 lb respectively are similarly

completely eliminated.

With larger explosive sources, of course, jet flow can establish it-

self and, if the pulse is long enough, can impart significant force to any

object or obstacle in its path. When jet flow effects should start to be

considered is somewhat arbitrary, of course but, based on a comparative

analysis of impulses from shock waves and from Jet flow, the criterion

adopted in this report is:

o Jet clearing time from Eq 19 should be equal to or less !

than 1/2 the pulse duration from Fig. 3.

For large openings, this criterion still eliminates the need to con-

sider jet flow for most accidental explosions covered by this report. In

the cases just considered, for example, (i.e., bo 5 ft) the explosive

sources must be larger than about 700 lb at d - 40W1/3; 1,700 lb at d - 18WI/3;

and 7,000 lb at d * 9WI/3. With vents and other small openings, however,
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the consequences of Jet flow must be consilered for most accidentas expio-
sions. As an example, with an 8 -Mn.-di4mter vent, t2 - 2,4 tat, The Jetclearing time criterion Indicates that for this size of opening, explosivesources larger than about 2 lb at d - 40WI/3v, 4 lb at d I 8WIP/3 , and 16 lb
at d 913,, must be considered.

so

5 
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FLOW VELOCITIES

Velocity Behind a Shock Front

The velocity of the flow immediately behind the front of a shock is

a function of shock pressure and is governed by the Rankine-Hugoniot rela-

tionships. Air flow velocity caused by the passage of a shock front is

given by:

u acolf5 Ps/ [7P 0(7P + 6P ]½5 S (20)

= 2.135 x 103[Ps/(7P0 + 6Ps)] ½

where u = flow velocity behind the shock front

P5 = shock pressure above ambient pressure

PC, z ambient pressure
cc) the velocity of sound in ambient conditions.

In the numerical expression Ps and P0 are in psi (or other consistent units)

and u is in ft/sec. Eq 20 is plotted in Fig. 32 for shock front pressures

from 0.5 to 50 psi. It can be used along with Fig. 30 (or Eq 7, 8, 11, or

14 as appropriate) to determine either axial flow veloc4,ties or off-axis

velocities accompanying the shock wave downstream from an opening.

VeiOcities in Jet Flow

Rempel's work (Ref. 40), cited earlier in connection with jet flow

clearing times, was largely devoted to filling of rooms from the jet cre-

ated by blast from nuclear, weapons. He used basic conservation principles,
quasi-steady flow, and generally employed the Isentropic relationships

between pressure and density changes of a perfect gas; that is,
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P Po(P1/Po/y (21a)

where P, and Po are densities at two differents states

P1 and P0 are total pressures at two different states
(abso-T'uhe rather than gauge pressures; i.e.,
psia rather than psig)

-* the ratio of specific heats of the gas at constant
pressure and volume

a 1.4 for air.

If the volume downstream from an opening is large enough that filling

Is not a problem (and if upstream pressures change relatively slowly), Ram-

pel delimits two types of flow through in opening: unchoked flow in which

the ratio between exterior and interior total pressu-es 1s small enough

(less than about 1.9) that isentropic (i.e., frictionless and shook free)

flow through the opening is possible and flow Is unimpeded; and choked

flow, in which the ratio between exterior and interior pressures is such

that isentropic flow is not longer possible, shocks form in the opening,

and mass flow through it is '•iuited. With atmospheric pros-lure in the in-

terior, the choking occurs when the total exterior pressure is 27.38 psi,

or the pressure over ambIent is 13.13 psi.

Convenient forms of Rempel's relationships •or flow velocity, u,

through an opening are:

Eq 21a does not really apply to shock waves, since a shock front is not
an isentropic change of state. but Re.l show-, that it provides a
good approximtign to the pressure and density relationship for norml
shock wmves; viz:

P, UPOOU, + P0)/P1 + GI'*) (21b)

being within about 15 of Eq 21b for shock pressures of about me ams-
phem (15 pti). It is within 101 for shock move pressues as large as
S 0 psi. It cm also be shown that tho Isomtrepic prusswe-dsiity rela-
tionship of Eq Z2a provides an even hetter appvkinutimo to the pressure-
density relationship that applit. to reflected shock wavis.
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For 0 < P < 27.83 psia (unchoked flow)

2 - 2-lir-,)[P.Y1/y01 (PIY-1 y.PC-01)
jii-[2v/(v - •IJIr [ 1o•),Do] [r 0 J*Po''''

or, in ft/sec.

Uju a 1.657 x 103 [(P + Po -O2e6- 2.155]½ (22)*

For P1 > 27.83 psia (choked flow)

uj2- [ 2/(- + 1)] [vPoJ/Y o][P 'Y- 0 A

orr in ft/sec,

u 6.76 x 102C(P + P)o.143] (23)'

where P1, total pressure outside the opening
Z P+ PO

P - pressure in excess of amitent

Po ambtent pressure.

In the numerical forms of Eq 22 an'd 23, P and Po must be in psi.

Eq 22 and 23 are also plotted in Fig. 32. As can be seen, until pres-

sures are quite high ( 43 psi) jet flow velocity exceeds flow velocity

behind the shock front. Note that the pressure P to be used in jet flow

velocity calculations in Fig. 32 (and in Eq 22 and Eq 23) may be incident

shock pressure, or reflected pressure or something in between. It is the

pressure that drives the flow through the opening.

Eq ZZ and 23 do not include on mpirical discharge coefficient of 0.7
apprently required with small mIdeis. Ripel suggests that its value
may be 1.0 vith full-size structures.
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FORCES AND ACCELERATIONS DUE TO FLOW

Dynamic Pressures

The dynamic pressure

q - p U2/2 (24)

is a factor ir.erent in the Bernoulli equation for steady flow. It repre-

sents the additional pressure in a stre3 that exists because there is

flow: i.e., the increase over the pressure that would exist if there were

no flow. It also represents one half the momentt per unit area that flows

past a particilar section of a fluid per unit of tim. Thus, for a body

imersed in a fluid, the product of dymnmic pressure and area of the object

presented to the flow (and a factor dependent on the object's particular

configuration) gives the force imparted to the body because of the flow.

If an object or obstacle changes the momentm of the fluid, the force re-

quired to change that momentum is also a function of q.

uynamic pressure in shock flow, from the Rankine-Hugoniot equations, Is:

q, ((25/14)(p 2 )][p 2/p(P P)0 )][:0(%÷o + p]
(25)

2.69 p 2/(7p + Ps)

with Ps. Po0 and qs in psi

where p. " atmspheric density

a0  - atmospheric scund speed

Dynamic pressure In unchoked jet flow, in which the jet density is

quite close to atmospheric density of 0.0025 slugs/ft3 (lb-sec 2/ft4) can

be deri ved from Eq 22

qju a 23.8 ((P 0 Po)O.2e66- 2.1SS] (26)

Again with P P, and qJV in psi.
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In choked jet flow, the core density changes with increase in pressure:
P m 2.327 x 10`- (P + P) IY (27)
jc 0

with P ana P in psi, and Pc In slugs/ft 3 (lb sec2 /ft4)

Since velocity in jet flow is a function of pressure raised to the [(y-1)/2y]

poer (see i.q 23). dynamic pressure becomes a linear function of total ex-
terior pressure

qc - 0.37 (P + Po) (28)

with Po, P and qjc all in psi.

Values of q for both shock flow and jet flow are plotted in Fig. 32.

As with flow velocities, Jet flow q is very much larger than shock flow q

over most of the pressure range of interest. They cross at a pressure of
about Z6 psi.

Forces Wue to Drag

If an object quickly becomes immersed in the flow, the principal

forces on it are due to drag; i.e., those forces, akin to friction, caused
by tie flow past the object. They are given by

FD - (CDA)q (29)

and impulse imparted by flow whose dynamic pressure is changing with

time is

I q CAJ adt (30)

where CD, termed a drag coeff!cient, is a factor associated
with the object's geometry

A i• the area of the object presented to the flow.

The integral is termed dynamic pressure impulse, I
q,
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Acceleration Due to Drag

The motion of an object exposed to drag forces can be determined from
Newton's second law which, for an impulsive loading, can be written as

AV o/N (31)

where av - change in velocity of the object

ID a drag impulse given by Eq 30

M - object mass.

Combining Eq 30 and 31 we have

Av a (CDA/M)Iq (32)

The factor (C0A/M) * CA is called• acceleration coefficient and is common

to al1icalculations of accelerations de'e to drag. Values of CA for people

and various other objects are given in Table 3.

Drag accelerations are wmst likely to be of importance in cases where
t.he shock wave enters a large opening behind which are movcble objects.
Structures with such ,•penwngs are likely to be encountered at relatively

low pressure 'evels, where d-ag accelerations in shock flow are negligible.
(As can be seen in Fig. 32. with a shock wave pressure of 3 psi, dynamic

pressure is less than 0.3 psi.) Therefore, i• the remainder of this ele-
ment of the report, only Jet floti acceleratlon will be considered.

t Flow Accelerations - An approximate--but conservative--expression

of dyntimic pressure impulse due to flow in the core of the jet caused by
shock waves, using the modified exponential pulse o01 Eq 1, is.*

qj (0.4 qj)(to - tj) (33)

where
to pulse duration from Fig. 3
t tP* Jet flow learing time from EQ 19

the Oynamit pressure ot time L., from Fig. 32.

• (See footnote. page 57)
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The pressure driving this flcw is essentially that of the incident wave

at tiime tj. This can be taken from Fig. 1, or-wt' conveniently --- from

Fig. 33, a log-log plot of the relationship [1 - (t/t )] e-t/to from Eq 1.0 A.

for most situations of interest, only the highest line of Fig. 33, that

for a pressure range between 0 and 20 psi, need be used.

Combining Eq 32 and Eq 33, the change in velocity of an object comi-

pletely engulfed in Jet flow is

Av - 57.6 CAqj(to - t1) (55)

The units of av are ft/sec, those of t and t are sec. those of qj are psi

and those of CA are ft 2/slug - ft3/lb sec".

While Eqs 33, 34, and 35 apply only to the core of jet flow, the some

procedures can be used to determine drag accelerations on an object down-

stream from the end of the core and off-axis accelerations as well. In the

main region of the jet (see Fig. 31) axial velocities can be determined

from Eq 1?, and off-axis velocities fron Eq 16. In the.e equations uo is

the velocity in the core, whlQ:h can be derived from Fig. 32. Once uf (axial

velocity) and u (off-axis velocity) have been determined, use Fig. 32 to

find the pressure that will cause each velocity, and from that the dynamic

pressure. rq 35 then gives the velocity of the object.

........f m age bb
* For an opening in the front face of a structt!re, Eq 33 actually only

applies for tj > 3 S/U. If tj is significantly smaller than 3 S/U,
and drag impulse is still desired, Eq 33 should be replaced with

I = (1/2) qj(tc - tj) + qc(tof - tj) (34)

where tc = 3 S/U
t = duration of equivalent pulse = 2 1s/Ps
is = impu.je from Fig. 3

S= jet dynamic pressure at time tc or tj

Similar changes should be made for back wall openings if ti << S/U.
,No changes in Eq 33 need be made for side wall or roof opeiings.
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the front waii appeared to Indicate that driving pressures were somuhere

between reflected pressures and 801 of reflected,

The rem p0try was such that flow reversal of the Jet through the

opening would take piece, and therefore Eq 38 should apply. Table 4 lists
prVlctVud values of pressure 3n the rear wall due to flow reversal, using

the iloer value of driving pressure, and measured values from the rear wall

ages at the low point behind the first peak. It can be seen that pre-

*4 c"M and Wfstrwea values agree quite well.

Tiam of occ0rmnce ,rv qsnerelly as w1P. be preIcted (note that

rero tille for Me tr•ces of Flg. ýZ are the tims of arrival of tow shock
at eceA of the gaops). As nted e, lier. however. ay other thins were
V*%g me. TPe fPrst p for es.ble. pr ly stems, (no the arrival at

taw Mr w0ll of te pulses reflected fro the side walls (see Fig. ?9).
eW *- c4t c *ia' SM bIuYl well IN time with th predicted

ar"nl tps of pressre pulses that r*flecte free tW rar "all 161tially.

*esurW4 to the ftra wmol. sace .pl to tft beck voil.
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CiWISER FILLING DUE TO JET FLOW

Filling, defined as the overall pressure rise In a cwaer or struc-
ture due to f low Into i t. will not generl Ily be a problM With accidental
explosions uecaese of tat tim reqluired for the proces. This can imat
easily be seen by noting that Lriebel (Ref. 44) has shoia that filling
time tf In as from a cons-tant pressure bibst pulse Is q~remiintely

Stf . V12A (44)
Wwre V Is time volume of a dwomer In ft 3

and A is thme &roe In ft; through uhich filling takes place.

The ~~ties Is dimensionally Inconsistmnt, but stlill sseful. It Indicates,
for @asmle. that with a opening of. saW. 2 ft ftiq1 a 3 ft wide (A - 6 ftV)

Sad a very long dwratiom pulse (long enough that pressur ca be Considered
contant). a small structure a ft high a 10 ftwide a 10 ft long (Vs 00Wft 3))
womlw have a fill tine of rAI? u4 s. longer tMom towe entire dwattin
of most of tow Occidental exPlosions of lmterest fte".

co.iledge of taw filling process cam, hoever, aid Is the design of
pleu chambams, ae other devices designed to mitigate it effects of Jet
flewý A step-wise techniqu for calculating fill pressur Is given Is
Olaf -1. but Low folleml~as stcsm sirepler 4"asrniate techaiq. based on asaa.
ystis 00 filling relationships. ihould give conservative results far inre

The tedolo is based on thme okteevatious by hemel that over a very
large reap. of retios of cftekr pressure to driving pressure (0.2 to 0.6),
pressure, rise In the chabr Is alnest independest of the chamer pressur
and that Eq 44Itself holds anpronimmtely over a sin~larly wide reng..
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Therefore, even with a ctiangfng pressure regIm outsile, the role of filling

should not change slgnificantly. The pressure Inside the chimer should

rise to a z-az bout equal to the exterior pressure,* then begin to fall

as the cnasmev wptie to the lower pressure surrounding air.

E(xmermental evidence suggests thma for structures with an opening in
the front face (I.e.. head-o shock Incidence) aftose arma ratio Ar.
(At - area of opening/area of face) -. 05,OS1 pherem- related to other
structural dimensions can resuTt in pressure fluctvatione of up to
twice fill time pressures prior to eventual filling 'see Fig. 17 and 19).
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Section 11-5

INTERIOR iESIGN LOADINGS

As with the exterior design loadings oa solid struotures discussed

in Section 1-2 (as well as those on structures wit.h opelnqgs In Section 11-Z)

loadings on Interior walls, ceilings, floors, etc. that are to be used for

structural design will be highly simplified. Ifny of the transients dis-

cussed In Section 11-3 on shock waves spd in Section 11.4 on flow effects
can safely be Ignored because the duration of these translats is for
shorter than the natural period of structural elemnts.

TIh interior design loadings can be of three types depending on the

incident pulse duration, the size of the openIng, and the dimnsions and
volume the interior space dowmtreaw frun the opening. Clearly. if

the tnrKIeet pulse duration is Shorter tran the jlt clearing ti~m jLq 19.
tJ A 4 1c) no effects of jet flow in the Interior need be considered.

Interior ioa~dnis or side wal•s. roofs. flooMr And rear wells will be le-

ter•iftd ow towe bilavior of the shock wave In the space.

:f. imer. the pulse duration is long c€arWd with the jet clear-

iog time. internal loadings OW to flow can be of Iqportance. The flow-
rv!ate" loaoiags thuitelvot can br of two ba0tc types; those due to dy-

navic pressures, in which the direct tction V' the jet is iportant- and

those due to filling pomn~na,. in whicS direct jet forces art less Imor-

tant than overall pressure chamges within a chamber.

See Section 11-6 for talculatic- methods.
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ODSIGN LOADING CIA TO SHOCI WAVES -- 1O FLOW EFFECTS

nro D Oescription

A shock frou an opening in a front well will sprmad out &w described

in Section I1-2. If it encountors side walls (or. with multiple openings

if it esco"Ats ImJIinory surfaces- see Fig. 25) it will reflect frow

these surfaces. If the interior is long emough compared with the dista•ce

metuewo reflecting surfaces. it will becin essentially plame. In any

case. It will eventual ly reflect from the rear well of the intoilor, and

mnow upstrve again.

with no otmer openitgs in side waels, roof. or rmr wall, (and with

no leakage to tme outside throw" the eills) the strength of this V-

strean-dirtcted pulse will be essentially Uw sam as that of the pimne

wave pulse incident on the mar walL. This reflected wave will returm to

the fruot well, lose sa strength on reflecting from that wall. and will

be redirected again tow4ra the rear wall. Several such cycles can take

place.

If side walls. roof. and rear wall contain openings, the shock wave

will be further wekented during each reflectfon and passage. During each

reflection, the p64k in peek pressure if the reflected pulse can be taken

as approximately equal to the ratio of opening to total area of the reflec-

tion surface; during each passage of the shock wave along a side wall, the

lecreuse will be approxiastely in proportion to the total open area passed

by the shock wave to the area of the shock front itself.
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Initial LeII.t g

Descri•td in the folloawi. mterial are )oaaings dinrl'g the initial

passage ef the shock wave.

Frot Wall Loodi - Forces on the interior of at f•wt weil, even

without any Jet flow, can be significant. This Is il.ustreted by Fig. 34,

a typical example of data recorded during tests on a rom with a windw in

the shock tufel (see Fig. 21). Gauges 6 and H, on the dw stre face of

the vo•low wall. recorded substantial pressures at very early times.

tjauges A and B. on the upstream face of Om& sam wl, sfývw only small

changes from reflected values.) There Is strong experimental evideni:e

out interior loadings follow the s#Ae qeferal pattern as followed by load-

ings on the back face of a block; that is, overall pressures begin to rise

as soon as the shf)ck wav-. pisses the opering, and they stabilize a short

time later. There is not eno,.gh experimental infoirmntion to define precise-

ly when stabilization occurs, out, for relatively large openings ( 5'. and

above), the evailabl'r eviaence (for both dr,)rways and windows reported in

Ref. 43) suggests that, with long pulses, the stabilizing time is S"/U,

where S" is Cie dist.nce from the edge of an openinrg to a nearby reflecting

surface. Me -value of pressure when stabilizing occurs sapears to depend

on the area of the opening relative to the area of the face it is in.

Similar information is not available for short pulses, or for cases

in which the nearest reflecting surface is far enough away that S"/U is a

significant proportion of (or even greater than) the total incident loading

pulse duration tof. For these cases it is recoraueded that no int2rior

loading pulse on a front wall be considered, -I

S-,de and Rear Wall Loadlngs - As can be inferred from the summary of

shock wave inforution in Section 11-3. reflections f.om Oide walls (and

roofs or ceilings) of an expanding wave bring the pressure at the reflect-

ing surface to values equal to or exceeding their values along the axis.

According to the criterion adopted for plane shock fomation, however, side
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f l.. . ..... . . .. .... ... . . . . .. . . .

wall pressures themelves could be both greater and siller then plioe

wave values. Accordngly, unless specific structure geintres dictate
aglMo i~s t:

o Interior dasign loadings am side and reer wells trm short

durtion pulses will Q* derived free plow wave valums (Eq 14).

If the are openings to the exterior In side and rear walls, upon initial

passage and reflection of the shock wve frim the rear wa'l. ldonpgs will

be taken as eq" l to those frm Eq 14 (losses and gains through the opme-
imgs being assemed to be roughly balanced). In ad1ition, unless specific

strvcture 9gesetries dictate &painst it. the interior shock wave will be

assumed to keep pact with any exterior wave.
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UISIGN LOADINQS DUE TO FLO EFFECTS -- FORMS AND FILLING

With pulses. whose duration Is significantly longer than the jet

clearing tim. forces related to jot flow mast be conssikdi-d in addition
to the shock weve forces jmst discuss•d. The to possible types of effects

(jet forces and filling) can occur together, thus structures mast be ama-
lyzed for both. As far as design loadiogs are concerned, both types of

jet forces can be used directly. Their nature has alr•ady smoothed out

short period transients.

Rar Mall Loadings

For many situations that give rise to Jet forces, rear wall loadings

my be determined from the simple expressions, give" in Eq 41 for force at

tim ti, and in Eq 42 for iqmulse. For simplicity of calculation, a trian-

gular rjulse whose peak is F (Eq 41) and whose duration is 2 1/F -O.8(tO -tj)

can be used. Note that this force neea not be applied over the entire

will. Eq 18 indicates its area of application to be approximately 0.15 d'.

If the geomtry is such that flow reversal takes place, Eq 41 and 42

need only be multiplied by two.

Side Wall Loadings

Use of Eq 41 and 42 for the rear wall implies that interior side wall

forces are zero. since pressure in the jet along a wall past which it flows
is close to abient pressure. Forces on side walls will be generated at

earlier tims by the shock wave (with initial values of about twice front

wall values) and at later times by a plane wave proceeding down the struc-

ture or as a result of room filling.
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Front Mail1 Load!ng

In the models employed herm (see Fig. 31), there are no initial load-

ings on a front wall due to Jet flow. At later times, flow reversal from

the rear wall can cause pressure increases on the front wall, though forces

from ft1Iing are much more likely to occur.

Design Loadings from Rom Filling

Room filling times are given approximabely by Eq 44, and room filling

forces are approximtal:y those of the incident wave at the time tf. For

relatively large openings there do seem to be mechanisms which can give

rise to significant transients before filling is complete, but predicting

when these occur is not yet feasible.
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Section 11-6

KET DESIGN LOADINGS

Where the exterior and inter,•or surfaces of the saoe wall in a struc-

ture are loaded by the sAme shock wave, the net Ioadings (difference be-

tween exterior and irterior loadings) can differ substantially from either

one alone. The dittferences depend on the type of loading being experienced

in each case. Methods for PredictinS initial shock wave, and later flow

dependent. loadings are given in tth. section. Noto before- proceeding, how-
ever. that all net loadings due to interior shock wave reflections after
the first will be outward directed because the exterior shock wave will

have already pdssed the structure

INITIAL SHOCK WAVE LOADINGS

Front Wall Lo~dinIVs

Early time front-face loadlngs,(i.e., those due to shock diffraction
inside a structure and rarefaction waves propagating outside a structure)

can be greatly decreased cy the upstream-directed interior force-,. rhe

type of change that can occur, and its possible magnitude can be seen in

Fig. 35. Fig. 35A shows averege traces from shock tunnel tests in a geom-

etry simile.r to that of Fig. 21, but with the rear w'll. removed (Ref. 45).
Fig. 35B relates the size of thi decrease to the window opening ayea, as

a percent of trtal wall areu. 'A solid wall, of course, has a 0% window

opening area.) As can be seen, the decrease In net loading is quite large.

The upstream-facing interior loading has two effects: it tends to

reduce initial clearing times below those due to exterior effects alone

(i.e., 3 S'/U from Eq 5a or 5b), and it tends to reduce all values of net

pressure after initial clearing occurs as shown in Fig, 35, (Note, the
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shock tunnel had no "structural" clearing time, It represented a very

large- infinite- structure with many identical openings, but with no

roof or side corners.) It is clear that this initial clearing time should

be related in some way to relative clearing distance, though a strict lin-

ear decrease does not appear justified. In a large structure with many

openings, for example, the area near the center of the structure would

clear as in Fig. 35A, but areas near the edges would be essentially unaf-

fected, because structural (edge) clearing would take place quickly.

To account for these effects in a generalized loading scheme, the

following is suggested:

1) Find S" = distance from edge of opening to nearest

interior reflecting surface

2) Calculate Sr S"/S'; S"/U and S'/U; At = (3S'/U) -(S"/U)

and A0 /Af ( (opening area)/(total front wall area)

3) Find new initial clei'ing time tc [(3S'/U)- At( ]

4) Decrease loadings at time t" from their closed structurec

values* by the percentage given in Fig. 35B, using
(A0 /Af) x 100 as "window opening" percentage

5) Decrease loadings attime tc = 3S/U by the pet-centage

given in step 4, and draw line to P - 0 at time tel.

These steps result in a three-part fir-oit face loading pulse in p'-Ace
of the normal two-part pulse of Fig. 10A. As ati example, with the structure

in Fig. 14A, S" - S', thus Sr 1 1. Tne initial cle.,-ing times would be re-

duced to (3S'/U) - At - S"/U Because the windows occupy 25% of the wall

• Fig. 353 essentially gives the reduction In net pressures from the shock
tunnel equiva~ent of closed structure (peak reflected) values.
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area. net pressures at that time (and later) would be reduced by 40% (Fig, 358).

Note that after these reductions in clearing times and net loading
pressures are made, the area under the resultant curve should be compared

with the area under the reflected impulse cairve (shown dashed in Fig. 10A),

and the one with the smaller area (impulse) should be used, It is unlikely,

however, that the reflected impulse curve will have a lesser impulse than

that constructed above.

Side Wall Loadings

If differences in arrival time can be ignored, the side wall loading

pulse showti in Fig. 10B will be reduced by an Identical pulse on the inte-
rior surface whose peak pressure is P Ar½ Thus. the peak of the loading

pulse in Fig. 1OB will decrease to Ps.(1 -Ar½1). Effects of openings in the

% side walls can be ignored during the first passege of the shock waves (gairs

and losses from both exterior and interior balancing). On subsequent pas-
sages, however, outward-directed forces should be derived from Eq 6.

Rear Wall Loadings

Rear wall loadings will be substantially changed, both in magnitude

and direction. The maximum initial outward pressure peak will be Pr as

given by Eq 10, or for low incident overpressures, approximately by 2 P,

where P is either the axial pressure during the intermediate (spreading)

phase, or the plane wave pressure. Again, during the first interaction,

the effects of openings on shock pressures can be ignored, but on subse-
quent reflections, outward-directed forces should be taken from Eq 6.
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I
NET DESIGN LOADINGS DUE TO FLOW FORCES

For structures with large openings, (that is, those not likely to be

exposed to high overpressures) and especially for those narrow enough, and

long enough that a plane wave can form, overall flow forces on back walls

will tend to be smaller than those caused by shock wave reflections. They

will, however, occur at different times. In addition, jet flow forces may

be applied over a more limited area than wculd shock wave forces, and thus

be locally more intense.

NET DESIGN LOADINGS TO DUE FILLING

Eq 44 implies that efter V/2A ms, interior and exterior pressures on

a wall through which filling takes place would be essentially the same.

Thus, net pressures on this surface would be essentially zero. (As noted

before, there might be some substantial oeitward force fluctuation before

the time V/2A.) Net force on uther surfaces must be determined for each

case.
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Section IT-7

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

This rerort dealt mainly with two very different aspects of accidental
explosions. Part I dealt mainly with the explosions themselves; Part II

dealt principally witt, the ways in which openings in structures can alter

exlosion effects from what they would be on closed structures.

The important conclusions from Part I were that virtually all explo-

sions generatea blast wave characterized (at distances of interest for this
report) by a sharp pressure rise followed by modified exponential pressure

decay to (and below) ambient pressures. Of course, all shock wave charac-
teristics depend on the explosive used, but they can also be affected by

such things as explosive density and shape. Change of shock front pressure
with distance from a spherical charge, for example, will generally not be

the same as t~i6t from cylindrical charges with either large or small diam-
eter-to-length ratios.

In Part II it was shown that openings in structures, such as windows,
and doorways, can not only alter loadinas used to design structures, but

also wil1 allow objects within such structures to be subject to blast forces.
Important factors affecting design loadings are the ratio of open to solid

structural areas, and the geometry of the structures themselves. Changes
of design loadings from those experienced by closed structures can be profound.
In one relatively simple structure, used as an example, total iritial blast
wave impulse on the wall closest to the explosive (the front wall) was halved,

and a later impulsive load caused by internal reflections was of about the
same magnitude as the initial impulse and directed upstream. Impulse deliv-
ered to the back wall of the structure actually reversed its direction.

Internal elements can experience direct blast wave forces and may also

be subject to the force of a high-velocity air jet which can form because
blast-induced pressures outside the opening are higher than pressures within
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the structure. The jet tends to remain more concentrated than the blast

wave itself. Flow through opedlags also serves to "fill" a structure; that

is, to raise its interior pressure until that pressure is essentially the

same as exterior pressure.

RECOMMENDAT IONS

1. Develop and promulgate structural design methods that incorporate

effects of openings (windows, doorways, vents, etc.) on blast loadings.

The very magnitudes of some of the predicted (and observed) effects

suggest that standardized design methods should include them.

2. Design and carry out an analytical and experimental program

in alving blast waves that are relatively short conpared with structural

dimensions.

Much of the experimental information used in this report was derived

from tests designed specifically to provide answers to problems associated

with nuclear weapons. Some of the shock tube tests described earlier, for

example, used small models of full-scale structures deployed on nuclear

tests. Similarly, the "full-scale" tests in the shock tunnel with an

8h ft x 12 ft test section were supported by civil defense agencies.

Because of this, inadequate data exist on some important blast phenom-

ena that are size dependent. The time required for a jet to form, for

example, is dependent on the dimensions of the opening. The characteristics

of jets which form only after blast pressure has decayed significantly from

its shock front value are not well understood.

3. Design and carry out a program to investigate the influence of

windows (tha'ý is. window glass itself) on design loadings. 4

While very little blast pressure is needed to break a window, it takes

a finite time to do so. This time can be a significant portion of the dur-

ation of a blast pulse from an accidental exi3lision. How this phenomenon

can affect loadings described earlier in this report is conjectural.
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Table 1

LISTING OF EXPERIMENTAL INFORMATION

Sta d' d,/b° Experimental Values(" l Pso Ps/Pso
0 P sor P sr ýP o ss

A. From Coulter (Ref. 33)

1. Field Structure (Ref. 34) see Fig. 16A: H 8ft x W 8 ft x L 12 ft;
Entrance: H 7 ft x W 2.9 ft; bo = 5'.1 ft.

1 4 ft 0.79 3.6 4.7 0.77

2 4 ft 1.6 3.2 4.7 0.68

3. 12 ft 2.4 5.3 2.4 4.7 0.51

2. Model of Field Structure, see Fig. 16B: H 3.92 in. x W 4 in. x L 6 in.
Entrance: H 3.49 in. x W 1.45 in,; bo - 2.54 in.

1 2 in. 0.79 4.2 5.2 0.81

1 2 in. 0.79 3.9 5.1 0.76

2 4 in. 1.6 3.9 5.2 0.75

2 4 in. 1.6 3.5 4.7 0.74

3 6 in. 2.4 6.4 2.9 5.1 0.57

3 6 in. 2.4 6.1 2.8 5.7 0.49

3. Shock Tube Structures with Movable Rear Walls and Variable Opening Size.
See Fig. 18: H 15 in. All measurements taken on rear wall.

a) Opening( 2) - H 4 in. x W 2 in.; bo = 3.2 in.

4 in. 1.3 7.3(2) 3.3 4.7 0.70

8 in. 2.5 3.1(2) 1.4 4.7 0.30

12 in. 3.8 2.9(2) 1.3 4.7 0.28

b) Opening(2)= H 2 in. x W 1 in.; bo = 1.6 in.

4 in. 2.5 2.5(2) 1.2 4.7 0.26

8 in. 5.0 1.5(2) 0.74 4.7 Q.16
(2)12 in. 7.5 1.2 0.57 4.7 0.12
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Table 1 (contd)

Sta d' d,/b 0  Experimental Voluez, p ps/PsoP or Psr P so s so

4. Cubical Shock Tube Structure (no illustration) with gauge in center of
floor: H, W, and L - 4 in. Opening = H 1.245 x W 0.6245 in.; b = 1.0 in.
(Data taken from gauge trace in Ref. 33) o

2 In. 2 4.2 10.7 0.39

B. Room with Window in Shock Tunnel (Ref. 34, 35), see Fig. 20:
H 8.5 ft x W 12 ft x L 14.5 ft. Opening = H 4.5 ft x W 4,7 ft;
bo = 5.2 ft. All measurements taken on rear wall.

five 14.5 ft 2.8 0.58(3) 0.29 1 0.29back .(3)

wall 2.8 1. 0.60 2.1 0.29

2.8 2.0 0.95 3.3 0.29

2.8 2.8 1.3 4.5 0.29

two 2.8 4.0(3) 1.8 6.0 0.3
back
wall

Notes: (1) Pressures Ps at the rear wall causing the measured reflected
pressures Psr were calculated from

Psr = 2Ps(7P0 + 4P s)/(7P0 + PS) (10)

This expression is based on the Rankine-Hugonlot relationships (derived
from conservation of mass energy and momentum) governing conditions at
the front of a shock. (See, for example, Lampson, Ref. 37 and Courant
and Friedrichs, Ref. 38.)*

(2) Average values from two tests with identical incident pressures.

(3) Tabulated values were derived from individual traces produced
by five gauges near the middle of the back wall of the room shown in
Fig. 21. The record from Gauge D-1, a gauge quite close to a side wall,
was not considered.

i

* Most works on aerodynamics and compressihle fluid flow treat shock waves
because they can affect flow through nozzles and the behavior of air-
foils. The references cited are relat'vely early works in the field.
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Table 2

PREDICTED AND MEASURED SIDE WALL PRESSURES (in psi)

Incident Predicted Measured Side Wall Pressures
SdWalInitial Average

Pressure ~ pressures (2) Peak Plateau

1.0 0.78 0.8 0.9

2.1 1.6 1.7 1.6

3.3 2.6 2.6 2.2

4.5 3.5 4.0 2.7

6.0 4.7 4.4 3.2

Notes: (1 From shock tunnel calibration

(2) From Eq 12 for 0 > 200.JI
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Table e

VALUES OF ACCELERATION COEFFICIENTS (CoA/M)

SPECIFIC ITEMS* *t 2(Slug (ft3/lbSec 2 1

168-lb man:

Standing facing (and sidewise to) wind 1.67 (0,708)

Crouching facing (and sidewise to) wind 0.676 (0.547)

Prone aligned with (and perpendicular to) wind 0,203 (0.708)

Average value for tumbling man in 0.966
straight, rigid position

Typical stones, 1.0 g 10.3

Typical stones, 10.0 g 4.83

Window glass fragments, 1/8 In. thick:

1.0 g, edgewise (and broadside) to wind 15.4 (18.4)

10. g, edgewise (and broadside) to wind 10.9 (23.2)

Steel spheres, 1/4-in. diameter 2.24

Steel spheres, 1/2-in. diameter 1.12

Aluminum sphere, 1/2-in. diameter 3.36

Concrete block 0.85

GENERAL ITEMS (Approximate)

Spheres 0.5 A/M

Cylinders:
axis perpendicular to wind (L/D = 1) 0.6 A/M

axis perpendicular to wind CL/D = 5) 0.75 A/M

axis parallel to wind 0.2 A/M

, Largely derived from Ref. 41 and 42.
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Table 4

MEASURED VALUES OF REAR WALL PRESSURES IN THE SHOCK TUNNEL ROOM,

AND PREDICTED VALUES ASSUMING FLOW REVERSAL") 1

Incident Driving(2) Predicted Measured( 3
Pressuent PressureRear Wall Rear WallPressure Pressure Pressures Pressures

1.0 1.6 1.3 1.3

2.1 3.5 2.6 2.6

3.3 5.8 4.2 3.8

4.5 8.1 5.6 5.5

6.0 11.2 7.0 7.0

Notes:

(1) All pressures in psi

* (2) 80% of calculated reflected pressure

(3) At low point after first peak.
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1.0

Blast Pulses

Equivalent Pulses
0.8

_-

.0.6

[(0 -20 psi)

[0 -140 kPa]
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Psi.0.2

200 psi--•

[1.4 MPa]

I\
0 0.2 0.4 0.6 0.8 1.0

Normalized Time (t/t)
0+

Fig. 1. Normalized Blast and Equivalent Pulses.
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A. Ground View.

rI~k1¶IIMIOo

B. Aerial View.

Fig. 2. 'U'ast Anomalies from a Burst of a 100-Ton TNT Charge, Tangent to
the Ground.
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Fig. 4. Peak Pressure and Scaled Impulse vs Scaled Distance from Surface
Bursts of 55 gm Hemispheres of Nitroguanidine with a Density of
0.31 gm/cm3 and Composition C-4 with a Density uf 1.6 gm/cm/.

84



CA

Lu M 0

'-IA '-4)i
rý 4J

0l4

LO o-~ Lu J ii r.'
*1Q 0%.

CD 0 ,z

4 ~-
00 CD

41

0 0
.- 3 L-Lu xa

me CU

C" 0.LL

liiis 0~ I -Cc1

C~CL

Cl Wl f*Ic%
Lu 0

'fl
L) lo-

-40 LI

85



Scaled Distance (in/kgl/3)
0.5 1.0 2 5 10 20

10001 1 T I

.L/D =5o Petes
500 ,l LID 3. I

L/D = 0.1

200
-1000

"100 - -1000

500

50_-_100-
S~200

"" . 20 0-_ 20

"1,� IPRESSURE 100v~10 I0- 0) 
10 "

50 1 2- __-

2-A

1.0 2 5
Scaled Distance (d/W/P).

Fig. 5, PeadK Pres'ure and Scaled Impulse vs Scaled Distance from

,, Cyl indrical Charges.
L Axial Length of Cylinder

S1) Diameter of Cylinder

86



DiwDaffracted

eWave
Refl ectedaIt/d

WaveW

Reflectedave
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Propagation

Fig. 7. Shock Wave Interactions with a Structure Plan View

*r = Angle of Incidence for regular (two-shock) reflection

mSU- A,7gle of Incidence for Mach (three-shock) reflection
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Incident
Shock Wave

P//oo6 1.1

PP/Po I'

p/P 2.4-S

A. 15 us After Striking Block

Incident -
Shock Wave

PP 1.6

P/o /1.1

B. 4S 5 s After Striking Block

Fig. 8. Shock Wave Behavior at the Front Face of a Block. Isodensity
Contours Behind the Shock are Shown. P/P -1 indicates ambient
density; p/p, - 1 6 is deisity behind inci~nt sh ck; p/pOm 2.4 is
density behind reflected shnck. Shock strength r(P50 + 1o/~j .9.
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Incide.t .t
Shock Wave

p/po 1.6 P/Pou

P/p0 < 1.3

P/% o 2, 2.

A. 90 us After Striking Block

p/p -

• P / Po 19 - P p/ r 1 .

"B. 149 us After Striking Block

Fig. 9. Shock Wave Behavior at Both Front and Back Faces of a Block. Iso-
density Contours are Shown. P/.)o =1 Indicates ambient density;
P/p - L6 -is density behind incident shocic; p/pO 2.4I is density
behind reflected shock. Shock strength Pso + P0 )/Po 1.9]
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Fig. 12. Shadowgraphs Of Shock Wave Entrance into a Chamber.
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H
S

A. Clerestory Windows: hs O .25Hs, Ws * 3Hs

WsW

B. Doorway OnlyS Ws2 = W3/8, Ws = 4Hs

Fig. 14. Effects of Openings on the Front Face:.- Single Openings
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A. Single Story.
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Hs 1
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B. Two Story.

Fig, 15. Effects of Openings on the Front Face:. Multiple Openings
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A. Field Structure- Dimensions are 8 ft x 8 ft x 12 ft.
Doorway is 2.9 ft x 7 ft.

3.92"

x' ENTRANCE
40ý 1.45" x 3.49"

B. Model of "ield Structure Tested in a Shock rube.

Fig. 16. Structures Exposed to Blast Waves in the Field and in a Shock Tube.
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B. Shock Tube Record.
"Fig. 17. Pressure Records from Interior Back Uiall Gauges.
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Fig. 18. Models with Variable Lengths Tested in a Shock Tube.
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A. Normal Sweep Speed.
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B. Fast Sweep Speed.

Fig. 19. Pressure Records from an Interior Back Wall Gauge in a
Model Tested in a Shock Tube. (See Fig. I1.)
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4°1.0• ., P3s 2.1 psi (14.5 kPa) 30

3.01 Gauges D-1, D-2, D-3, _2°'°/J""v " •W, X, and Y0
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Fig. 22. Average Pressure vs Time on the Rear Wall of a Room with a

"20%" Winc;,w (See also Fig. 21.)
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Shock front pressure at this Shock front pressure at this

Wavef ront 2

j~i 94R, Wavefront # 1

"P8 So Ps9[go- 01) /90J Vb1 P/62 s P S2 (90 02) 90J

Fig. 24. Sketch Showing Method of Calculating Pressures Along a
Wave Front

Wave transmitted through Wave refilI-,
plane of syrmmtry / solid s"

Plane of symmnetry

Fig. 25. Sketch Showing Equivalence of a Plane of Symmetry with a
Solid Wall
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Fig. 26. Reflected ,•ressure Coefficient Ps /Ps
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SFig. 27. Average Pressure at a Gauge in the Side Wall of a Room with
S~a "20%" Window. (See also Fig. 21.)
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Pressure Incident on the Window Wall (psi)

Fig. 28. Predicted and Measured Side Wall Pressures
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* I BShape of shock wave
wwhen d'A 40boBuilding side wall (f rom Eq 15)rno r

-Shape of shock wave
when d'-3.1bo
(from Eq 16I for Ar 20%

Building side wall I q 15

when Ar 20% I I
rI

I I
I I

, I•

S~Front face of structure

Center oF shock wave curvature 
F___.f t u r

Direction of shock
Propagation

Fig. 29. Shape of Shock Wave at the Predicted Limits for Curved Wave

K i Propagation. Both the opening and the interiors of the struc-

tures are assumed to be rectangular,
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REGION IN WHICH TRANSITMgN REGION OF SIMILAR

THE CORE EXISTS REGION VELOCITY PROFILES

(initial region) (main region)

S,- - d ' u •' 0

U U

T 0

bI

Fig. 31. Jet Flow Characteristics
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Fig. 32. St:-k Wave and Jet Parameters: Dynamic Pressure q, Flow Veloc-
ity u, Shock Front Velocity U, Reflected Shock Pressure r
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-Arrtgal1- f -"?On7 If~t'eCd --fMK__ W WhdW1ATT-_-_____

~~~~~Sa 7'4~W~ *~ 6.06 psl/in...-

------___ Sta. Y -2.55 psi/in.-

J.~ Sta. A -5. Vsiin..~

Std. Hn

__ A.A -- __

Sta. W - .1.56

_____T -. . 7r''L - e' job

Sta.-X4. 10 psi/in.

- _- 6 1

Sta.~yS 8 3.90 psiin

___NSa._ 5.54_ps i/In...~

*Fig. 34. Pressure vs Time Traces from a Test on a Room with a Window at
an Incident Pressure Level of 3.3 psi. Sta 7 is in the Shock
Tunnel Side Wall Upstream from the Front (Window) Wall; Silo W,
X, and Y are on the Rear Wall; Sta A-4 and 0.4 are Upstream
and Downstream~ Paired Gauges on the Front Wall (see Fig. 21).
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6. %.J 27% Window Openinj 4

6. "' %V Gauge Pair C-G
'II, 30
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2. ~20 L
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.0 0

-2.0
0 s0 100

Time (wrs)

Fig. 35A. Localized Net Pressure vs Time from Paired Gauges. Solid Curve
is for a Wall with a Window, Dashed Curve is for a Solid Wall.
For Gauge Locations see Fig. 21.
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Fig. 358. Net Loading in a Wall with a Windooti as a Function. of
Window Opening Area.
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APPENDIX. EXAMPLES

This Appendix contains examples which employ most of the techniques

for determining various effects of openings in structures.

The first example, in which front, side, and rear wall design loadings

on a structure are calculated, is the most comprehensive. It involves a

structure with multiple openings exposed to a shock wave with relatively

low peak pressure fromn a large explosive source.

The remaining four examples illustrate particular aspects of effects

of openings in structures; viz

2. Acceleration of objects in Jet flow

3. Filling of small chambters

1' 4. Forces on ductwork behind a vent (high pressure)

5. Forces behind small openings (very high pressures).
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EXAMPLE 1
NET STRUCTURAL DESIGN LOADINGS*

TO BE DERIVED: Design Loadings on Front, Rear, and Side Walls.

INPUT INFORMATION

Structural (see Fig. A-i)

Dimensions: Height = 9 ft. Width - 17 ft, Length v 30 ft.

Openings: Front Wall: Two windows, 3ft H x 3 ft W, two ft from side
walls and four ft from ground,
One doorway, 8 ft H x 3 ft W, centered.

Side Walls: One window, 3 ft H x 3 ft W, four ft from ground,
centered front to rear.

Rear, Wall: none.

Explosive

Weight of Explosive: W = 10,000 lb

Distance to Structure: d = 340 ft

DERIVED QUANTITIES

Symbo Description Value

Blast Characteristics

W1/3 Cube root of charge weight 21.54 lb1/3

d/W1/3 Scaled distance 16 ft/lb1/3

Pso Peak pressure, from Fig. 3 4 psi
to/W1/ 3  Scaled duration, from Fig. 3 3.0 ms/lb1/3

i /W1/3 Scaled impulse, from Fig. 3 5.2 psi-ms/lb' 1 3

to Duration 65 ms
is Impulse 112 psi-ms
tof Fictitious duration .21 /P 56 ms

* See comments at end of example.
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lDescription Value

Structural Parameters
Ao Area of front wall opening (add all 42 ft 2

opening areas together)
Af Area of front wall (-m A1, area of interior) 153 ft 2

Ar (A%/A 1 ) - 0.274 0,274

SCharacteristic dimension of opening -(4A^/u)½ 7.3 ft
S Closed structure front and rear face

clearing distance. (The lesser of 8.5 ft
sH - f ft, or SW/2 - 8.5 ft)

s' Open structure front and rear face
clearing distance. (The lesser of 6.2 ft
Sh a 153[1 - (42/153)]/17 - 6.5 ft
or S4/2 [.153/2)[1 - (42/153)]/9 - 6.2 ft

Sit Interior clearing distance (for single
opening - distance to nearest reflecting
surface. For multiple openings, use b and
average distances to side wall and rooP) 2.9 ft

d'i Distance required for plane wave
formation, Eq 15 (Note: since d', is less 18.8 ft
than structure length, a plane wave forms)

Important Times and Interior Conditions

tL Time for single passage of shock a 30/U .26 nis

* t. TimE for jet formation - 4 bo/c. (Since
each of the multiple openings can clear 14.5 ms
independently, use average of bo for each
opening. % (av)m[2(4x9/y)ý + (4x24/w)"]/3 4.1 ft
Note: since tj< to/2, Jet effects must
be considered in design.)

t Time for filling - V/2A. (If fillitg
from front face only, tj a54.6 ms; if
filling from front and side openings all
the time, tj - 38.2 ms. But shock wave
takes -12 MS to get to side openings.
Therefore use average tj.) 46.4 ms

Psp Pressure of plane wave - PsoAr 2.1 psi
R Distance correction before plane wave

Sforms - [i + (d'/d)•.- 5

A-3
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D escription Value

Ps (15)* Pressure of expanding wave 15 ft from
opening. From Fig. 30 with dl/b 0 m 2.1
and including distance correction

L jo.44)(1 + 15/340)-l.s]P - (o,44)(0.94)no- 1.6 psi*
so (15, 30)* Pressure 300 off-axis accompanying

Ps(15). From Fig. 30, with d'/bo a 2.1,
and including distance correction
= (0.29) (0.94)Pso 1.1 psi*

qj Dynamic pressure in the jet core at
time tj. From Fig. 32 2.4 psi

* Not needed for design calculations,

A-4 '
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Symbol Uescription Value

Front wall uesign Loading Diagrams, SeeFig. A-2

Initial Loadings

Psr(front) Zero time peak from Fig. 32 9.0 psi

tc Closed structure clearing time a 3S/U 20.4 ms

t' Clearing time for exterior loadings only
3S/U 15.6 ms

to Initial clearing time for net loadings
c at - (3S-/U)- (S"/U)- 15.6 - 2.6- 13.0 ms

Sr (S"/S) - 2.9/8.5 - 0.34

" c (3S'/d)- (L&t)(Sr)- 8.0 (
PS(red.) Reduction of net loadings from closed

structure values - from Fig. 358 35%

Reflected Loadings (all outward)

Pressure in incident shock

1 - (side wall open area/ shock front area)]Psp
= [1 - (18/153)] Pap (0.88) (2.1) = 1.8 psi

Pressure in reflected shock. From Fig. 32 3.9 psi
Clearing time = time of arrvial + 3S'/U 68 ms
End of reflected pulse 2 tL + tof 108 ms

L of
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SLo0] Description Value
Rear Wall Design Loading Diagram (see Fig. A-3)

Initial Loadinjs

Ps(rear) a Incident pressure at rear wall P P 2.1 psi

Psr (rear) a Reflected pressure at rear wall 4.6 psi
from Fig. 32

tp Time of arrival of exterior and
interior shocks at woll 26 ms

Pso(rear) Peak exterior pressure at poq
rear w'll - P so[+ (30/'340) 3.5 psi

tc (rear) Rear wall clearing time for exterior
loadings = S/U 7 ms

Jet Loadings (flow reversal)

tj/to Relative jet clearing time 0.22

Pj/Po Relative incident pressure at 0.63time t From Fig. 32
P. Incident pressure at time t 2.5 psi
qj Dynamic pressure at time t. From Fig. 32 2.4 psi
P (rear) Pressure on rear wall from jet

= (4qjAo)/Ai 2.6 psi
i uj Jet core velocity. From Fig. 32 520 ft/sec

t.(rear) Time of arrival at rear wall =30/u 58 ms
tof -t Nominal duration of jet forces 41 ms

Reflected Loadings (all outward)

Pressure in incident shock including two
reductions due to side wall openings, and
one reduction di~e to front face reflection
=( - (18/153)]2 [i- (42/153)]Psp 0.56 Psp 1.2 psi
Pressure in reflected shock. From Fig. 32 2.5 psi
Time of arrival - 3 tL 78 ms
End of reflected pulse 3 tL+tof 134 ms

A-6
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Symbol Description Value

Side Wall Design Loading Diagram (see Fig. A-4)

(Span parallel to shock front; center 10 ft from front wall;
span length L a 4 ft)

Initial Loadings

Ps(r 't) Exterior peak pressure at center of
span, including distance correction

[.+ (10/340) ]-1- 5 PSO- 0.96 Pso 3,8 psi
Ps(int) Interior peak pressure at center of

span - P sp 2.1 psi
tf Time of shock arrival at leading
f edge of span = 8/U 6.7 ms

td Time to pressure maximum - 12/U 10.0 ms
tf+ (td/2) Time of shock arrival at span center- 10/U 8.3 ms

t Ti we to end of initial pulse 64.3 ms
= tf + (td/2) + tof

Reflected Loadings (all outward)

First pressure peak (reflected from rear wall)
at center of span, including reduction due
to side wall opening
= (- 18/153 P = (0.88) (2.1) 1.9 psi

p sp
Second pressure peak (reflected from front
wall) at center of span, including reduction
for reflection from front wall
= [1- (18/153)l[1- (42/153)] P - (0.88) (0.73) (2.1)1.3 psi
Time of arrival of first peak - 50/U 43 ms

Time of arrival of second peak - 70/U 61 m s

End of reflected pulse - 70/U + tof 117 ms

! A-7
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Fl9 17 3032I ~ I z

Front Elevation Side Elevation

Fig. A-!. Structure Used in Example No. 1. All dimensions are in ft.

10 --- Closed Structure

Open Structure

\

• Initial Clearing
€•"-"Filling

a, S0 •

Second Clearing,P Reflectioni

0 40 80 120 160
Time (ms)

Fig. A-2. Front Wall: Net Loadings for Closed and Open Structure

Shown in Fig. A-1.
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5 -- - •Closed Structure

- Open Structure

0.a) 0

Second Reflection

0.5

0 40 80 120 160
Time (ms)

Fig. A-3. Rear Wall: Net Loadings for Closed and Open Structure
Shown in Fig. A-1.

5----- Closed Structure
•-• ----- " en Structure

4;lctiton 1 _Reflection frow,
from Rear Wall Front Wall

"50 40 so 120 1;0

Tilme (ms)

iFig. A-4. Side Wall: Net Loadings for Closed and Open Structure,I amn in Ftgý A-1.
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GOI9ENTARY

While the example was designed -and calculations carried out -speci-

fically to illustrate many of the concepts discussed in the report, it

does serve to illustrate the potentl•l Importance of openings in structures

on design loadings. Speciflcally--even without considering jet flow ef-

fects, and reflections -front wall and side wall loading impulses were

reduced by more than half, and rear wall loadings were reversed in direc-

tion. When jet and reflection effects are considered, outward-directed

front face impulses are virtually .clal to inward-directed initial impulses,

and in cases of rear and side wal;, they are greater than initial im-

pulses. Similar effects can be expected in most buildings with large open-

ings where the principle of "net loadings" applies (that is, where the

exterior and interior faces of a single wall are loaded by the same shock

wave).

Some comments on individual calculations follow

1) Front Wall,_Fillng. Although fill times were calculated,

the filling time occurred so late in the pulse (46 ms) that the re-

duction of net front face loadings to zero could have been ignored.

This will generally be true unless openings occupy a very large per-

cent of wall area (A is 27% in the example) or unless design explo-
r

sions are very large (10,000 1b in the example).

2) Rear Wall, Jet . An abrupt increase in force is shown

thouglh the increase will actually be more gradual. Nominal jet

loading duration is used to determine slope of jet loading curve.

Note that Jet f(;t,'es were actually smaller than shock wave forces,

but they occurrud much later.

A-10
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3) Rear Wall, Second Reflection. These pressures were not

added to jiet pressures though they could well have been. Interactions

between Jet and reflected waves is an extremely complex process (see

Fig. 22). Reductions were made in the reflected pulse because of

interactions with side window and front wall openings (11% and 19%

respectively). For smplicilty, both could have been ignored.

4) Side Wall, Both Reflections. Reflected pressures were added

to snock wave pressures alreacdy present.at the various times.

5) Lxterior Loadings Orly. Since only net loadings were re-

quired, these loadings (associated with clearing distance S', and

described in detail in Section JI-2) are not shown in Fig. A-2 through

A-4. They must be considered, however, when an opening does not per-

mit pressures to be applied to the interior face of a wall, as when

a doorway leads to a corridor instead of directly to a room.
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EXAMPLE 2

ACCELERATION OF OBJECTS IN JET FLOW

TO BE DERIVED: Change In Velocity of Objmcts

INPUT CONDITIONS

Structural

Opening: Small window, 2 ft high x 3 ft wide

Objects: are subject to core flow

Explosive

Weight of Explosive: W - 7,000 lb

Distance to Structure: d - 270 ft

DERIVED QUANTITIES
S 1 Description Value

Ao Area of opening 6 ft2

b Width of opening a (4Ao/)• 2.76 ft0 0
d/W1/3 Scaled distance 14.1 ft/lb1/ 3

Ps Peak incident pressure, from Fig. 3 5.0 psi
t 0 /W1/3 Scaled duration, from Fig. 3 2.8 ms/lb'/3
to Duration 53.6 ms

tj Jet clearing time, from Eq 18 (-4bo/c) 9.8 ms
t./to Relntive clearing time 0.18
Pj/Ps Rel~ative pressure at time tj, from Fig. 33 0.69
P Pressure at time tj 3.45 psi

Jet dynamic pressure, from Fig. 32 3.3 psi
AV (general) Change in velocity, from Eq 35 8.3CAft/sec

Av man crouching From Table 5 4.6-5.6 ft/sec

Av concrete block 7 ft/sec
AV k-in. steal sphere 9.3 ft/sec
av l-g stone." 40 ft/sec
bv 1P-g window glass A290-200 ft/sec

_A-12

€t



EXAMPLE 3

FILLING OF SMALL CHAMBER*

TO BE DERIVED: Filling Pressure In Chamber

INPUT CONDITIONS

Structural

Plenum Chamber is 2 ft x 2 ftx 3 ft

Vent Diameter is 8 in. - b0

Vent Location is in center of 2 ft x 3 ft side

Explosive

Weight of Explosive: W= 3,000 lb

Incident Pressure: Ps = 5 psi

DERIVED QUANTITIES

Sm•_I Description Value

s/W 1/3 Scaled impulse, from Fig. 3 with Ps- 5 psi 6 psi-ms/lbi/3

t o f/W1/3 Scaled fictitious pulse duration 2.4 ms/lbl/3

tof Fictitious pulse duration 34.6 ms
V Volume of chamber 12 ft 3

A Area of vent 0.35 ft 2

tf Filling time = V/2A 17.1 ms

tf/tof Relative filling time 0.49
Pf/Ps Relative filling pressure- (1- (tf/tof) 0.51
Pf Fill pressure 2.5 psi

* Chamber must be designed to withstand Jet forces.

A-13
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EXAMPLE 4

FORCES ON DUCTWORK BEHIND A VENT (High Pressure)

TO BE DERIVED: Forces and Impulse Due to Jet

INPUT CONDITIONS

Structural

Structure is equipped with a 16-in. diamter vent on roof. All

covering equipment has been carried away by blast,

Vent leads to an initial portion of a duct 33 In. high and 18 in. wide.

Duct runs parallel to roof.

Explosive

Weight of Explosive: W - 3,500 lb

Distance to Structure: d - 110 ft

DERIVED QUANTITIES I
SDescrition Value j
d/W' Scaled distance 7.2 ft/lb't 3

Ps Peak incident pressure, from Fig. 3 18 psi

is /W1/3 Scaled impulse, from Fig. 3 10.8 psi-u/lb"3

tof Duration of fictitious pulse - (21s/Ps) 18.2 ms

b Diameter of vent 16 in.

t. Jet clearing time - 4bo/C 4.7 sec

tj/tof Relative jet clearing time 0.26

P /P, 0lative pressure at time tj - [i- (tJ/tof)] 0.74
Pj eressure at time t 13.3 psi
qj Jet dynamic pressure at time t , from Fig. 32 10.5 psi

Ao Area of opening - (wb /4) 12.6 in.2

F e on duct at timett 2Aoqt 264 lb

Ioulse on duct due to jet

• Aoqj( tof- tj)* 1,782 lb-m

* Triangular pulse used rather than modified exponential of Eq 42.
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EXAMPLE 5

FORCES BEHIND SMALL OPENINGS (Very High Pressures)

TO BE DERIVED: Maximum force and Impulse on ducts located inside
structure, 3 ft from vents

INPUT CONDITIONS

Structural
Control structure is equipped with 8-in, square uncovered vents
in wall furthest from test cell

Explosive

Explosive Weight: W = 5,000 lb

Distance toWall with vents: d -80 ft

DERIVED QUANTITIES

Smbo Desltription Value
:!Id/W 1/3 Scaled distance 4.7 ft/lb 3

P Peak incident pressure, from Fig. 3 48 psi
ts/WI/3 Scaled Impulse, from Fig. 3 16 psi-ms/lb/3

tof/W1/3 Scaled fictitious duration 2(1s/W/3yP 0.67 ms/Ib
tof Fictitious duration 11.4 ms

Area of opening 64 tn.2

b Characteristic dimension of vent (4A /T)½ 9.0 in.

"tj Jet clearing time = 4 b /c 2.7 ms
of/t Relative jet clearing time 0.23

Pi/P Relative pressure at time t [i- (t /t 0.77
Scpa Pressure at tame tl 36.8 psit

qj Dynamic pressure in jet at time ti, (Fig. 32) 18 psi

q Dynamic pressure in jet at criticalcrpressure Pc" 13.1 11ps

tcr Time at whichcPcr" 13.1 [1- (Pcr/ Pso)]tof 8.3 ms

* Initial jet flow is choked. Unchoked flow begins when P < Pcr * 13.1 psi
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l mDescription WLe

F Force on flat surface at tim tj- 2Aooq 2,304 lb

Fcr Force on flat surface at time tcr- 2A0 qcr 1,408 lb

tch Time of choked jet flow-tcr-t 8,3.2,7 - 5.6
t Time of unchoked jet flow

St o- t 11.4 - 8.3 - 3.1n

I IImpulse from jet, sum of:
choked (2304 - 1408) (5.6/2) + (1408) (5.6) - 10394 12,576 lb-ms
unchoked (1408)(3.1/2) - 2182

d! Diameter of area over which iWulse is
applied - 0.22 x 36 16 in.

Tay Average Impulsive pressure over (wd )2 15.6 psi-ms

Ii

i

:A 1

tI



TABLE OF EQUIVALEMTS

ft m [ m

1 .305 .5 .0127
2 .610 .625 .0159
2.76 .84 1 .0254
2.9 .88 1.245 .0316
3 .91 1.25 .0317
4 1M22 1.45 .0368
4.5 1.37 2 .051
4.7 1.43 2.54 .065
s 1.S2 3.2 .081
5.1 1.55 3.49 .089
5.2 1.58 3.92 .010
5.6 1.71 4 .102
6 1.83 6 .152
6.2 1.89 8 .203
7 2.13 9 .229
7 3 2.22 12 .305
8 2.44 15 .381
8.S 2.59 16 .406
9 2.74 17 .432
10 3.0S 21 .533
12 3.66 28.5 .724
13.5 4.11 30 .762
14.5 4.42 33 .838
15 4.57 38 .965
17 S.18 42.25 1.07
13.8 5.73 42.375 1.06
30 0.14 44 1.12
100 30.S 45 1.14
270 82.3 46 1.17
340 103.6 46.25 1.17

46.7S 1.18
48.75 1.24
49 1.24
51 1.30
67.375 1.7
83.5 2.1
84.75 2.2
95.7S 2.4
96.75 2.5
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psi kPa psi kPa
.29 2.0 4.2 29.0
.3 2.1 4.4 30.3
.39 2.7 4.5 31.0
.50 3.45 4.6 31.7
.S7 3.9 4.7 32.4
.58 4.0 5 34.S
.60 4.1 S.1 35.2
.74 5.1 S.2 35.9
.9 6.2 5.3 36.5
.95 6.6 5.38 37.1
1 6.9 5.5 37.9
1.1 7.6 5.54 38.2
1.2 8.3 5.6 28.6
1.3 9.0 5.7 39.3
1.4 9.6 6 41.41.S 10.3; 6.06 41.8
1.6 11.0 6.1 42.0
1.8 12.4 6.4 44.1
1.9 13.1 7 ,4.3
2 13.8 7.3 50.3
2.1 14.5 8 55.2
2.2 15.2 9 6?,O
2.4 16.5 10 68.9
2.5 17.2 10.5 72.4
2.55 17.6 10.7 73.8
2.56 17.7 11 75.8
2.6 17.9 13.1 90.3
2.7 18.6 13.13 90.S
2.8 19.3 13.3 91.7
2.9 20.0 15 103.4
2.99 20.6 18 124
3 20.7 20 137.9
3.1 21.4 26 179.3
3.2 22.1 27.38 188.8
3.3 22.8 27.83 191.9
3.45 23.8 36.8 253.7
3.S 24.1 43 296.S
3.6 24.8 48 331
3.8 26.2 so 345
3.9 26.9
4 27.6
4.1 28.3
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lb JUL. ft2/slua !2/kA ft/sec /e

2 .91 .& .00127 4.6 .14

4 1.8 .203 .0013 5.6 1.7

16 7.3 .5 .0032 7 2.1

72 32.6 .6 .0038 8.3 2.5

100 45.4 .676 .0043 .9.3 2.8

168 76.2 .75 .0048 40 12.2

200 90.8 .83 .0054 90 27.4

26, 119.7 .966 .0062 200 61.0

700 317.S 1.12 .0071 230 70.1

8W0 385.6 1.67 .0106 520 158.5

1000 453.6 2.24 .0143 720 219.4

1408 639 3.36 .0214 1000 304.8

1700 771 4.83 .0308
2304 1045 10.3 .0657
3000 1361 10.9 .0695

10,000 4536

ft2  u2 ton k l M3k 3  k 1 / 3

2718 M2 Tg6 .56 O00 453,592 21.54 16.6

42 3.9
1S3 14.2

i/sMmja 2 *2 ft/!ft
3  .3

I3 T -
64 .041 800 22.7

lb-ms kg-as t as kPa-us

12,576 5704 112 772.2
6 53.8
10.8 96.8
16 143.4

7.2 2.86 2.4 3.1
S14.1 5.60 2.8 3.6

3 3.9
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