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SUMMARY RZzPORT

TYPE FND OBJECTIVES OF THE STUDY
This is a first r:port on an experimental program, the continu:ng
nobjeceive of which is 1o investigate the effects or lrng duraticon plast

type flows, simulating flows from megaton range wespons, on fires in

urban interiors, anu on the contents of Emergency Operating Centers (EOC).
The experiments were conducted in a special facility called ine Lcng
Duration Flow Facility (LDFF) capable of generating -lows with duration-

of several seconds.

In this summary, the capabilities of the LDFF are discussed first.
This is followed by a brief review of the results of the test program,

and some implications that can be drawn from these results. ) 3

THE LDFF

The LDFF occupies part of an underground tunnel complex of a former
coast defonse battery. One portior of the complex, calied the compression
chamber and occupying some 40,000 ft3 is blocked off, then pressurized. ¥
A set of three shutters in a wail of the compression chamber can be
opened, and the contents of the compression chambe. discharged through
the open area that resembles a window, generally into a simulated room

formed by placing a wall with a doorway some 15 ft downstream from the

shutter wall.
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The air flows generated in the LDFF test yoom are similar to the flows

£ 3 that would be caused by the blast wave from a megaton range weanon after |
|

g it strikes a relatively large builging with a small opening (such as a

F basement shelter), or a small=, building in w!ich openings are close to s
? . the building's edges. In the first case the pressurs that would drive :
5 flow through tne building opening is close to peal reflected pressure,
5 % somewhat more than twice incident blast pressure. These conditions can |
? : cause very high velocity flows (jets) into the room. For example, a

|

%f‘ 4 psi reflected blast wave pressure (or LDFI compression chamber pressure) :
TE% can result in an inflow of some 420 ft/sec into a room with window and ,

z§ door openings occupying about 20% of their respective walls. [Average ,
; g room pressure would become about 2 psi). | ]
L - 4
g Flows generated by the LDFF do not simulate early blast generated ¢
ﬂ:% conditions caused by reflectinns and interactions of shock waves in a l |
%3%, room, but do, however, simulate the later high velocity flows (jets) caused
LE‘ by pressure differences across the openings.

"%' TCST RISULTS AND CONCLUSIONS 5
Sii ' For this program, the test room of the LDFF was furnished to resemble 9
gﬁ, an office, a classroom, a clothing store, a warehouse, a living room, and : %
. ? a simulated Emergency Cperating Center (EOC). Two test: were also run ith ; &
gj? cages containing various fuels placed in an otherwise empty test room. | ;j
%;\ In all but the EOC cort.guration, various materials in the room were ﬁf
%;I first ignited with propane sources and then exposed to the Tlow generated | ﬁ
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by opening the shutters between the test room and the compression chamber
in the LOFF. Compression chamber pressures ' iried from 2 to 6.25 psi. In
the two tests using the EOC configurations, (conducted with compression
chamber pressures of 4 psi, but with two different shutter openings) fires

were nct set but damage to typical EOC equipment was monitored.

In virtually all tests, even wita the Towest compression chamber
pressures, all flames were extinquished. Materials incapable of support-
ing smouldering combustion (minor fuels) did not rekindle, nor did the
lighter materials such as cloth or individual pieces of corrugated card-
Prard, ordinarily capahle of supporting smouldering combustion. However,
many of the heavier materials (major fuels -- mattresses, intact stacks
of cardboard and the like) continued to smoulder, and some did rekindle

after the tests.

Earlier blast fire tests had been made with flow durations (~0.1 sec)
like those from very smaill weapons { <0.05 kT). Preliminary aralysis
suggests that the findings from these earliei tests for minor fuels were,
if anything strengthened. (These fuels would be extinguished at or above
about 2 psi by the later, longer duration, jet type LDFF flows.) The LDFF
tests also suggest that .i0re major fueis might be extinguished than was

earlier assumed.

In the EOT tests, almost all equipment was damaged in the first
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test (three shutters open), and all equipment was damag:d in the second

test (two shutters open), with one item still operable. (Predicted

maximum flow velocities through the two window openings were 450 and

550 ft/sec.)
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ABSTRACT
;

The objectives of the study were to extend the understanding of the
manner iﬁ which Tong-duration air blast (from megaton weapons) interacts
with fires ignited by the thermal nuise, it -having been,béstulatedithét
extinguishment would occur, for many materials, when subjected to such
lTong-duration flows. To this end, tests were designed and conducted in
the URS Long Duration Flow Facility (LDFF) at Fort Cronkhite, California,

under the sponsorship of the Defense Civil Preparedness Agency.

) , A room (approximately 12' ft x 15'ft 8.5'ft>)1n this facility was
utilized to place burning materials>and subject’fhem’to pressures of 1.0
to 3.5 psi, flows of 200 to 600 ft/sec and attendant flow durations of
1 10 2 seconds. The materials tested included, but were not limited to,
paper (sclid-pack and crumpled), cloth. vinyl, cardboard, and wood. In
addition, two tests (without fire) of a simulated EOC (without biast-

doors) were performed at 2 psi.

The results indicated that 2 psi (rather than 2.5 psi predicted) is
a boundary for extinguishment of lighter materials, such as paper and
cardboard. Those materials which readily support smouldering corbustion,
such as cotton batting end heavy cloth, do not extinguish even at 3.5
psi. The results of the EOC test;indicated potentially severe cdamage to
communications equipment, monitor%ng equipment, and furniture.
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Section 1
TNTRODUCTION AND BACKGROUND

About a third of the energy from a nuclear explosion in the lower atmos-
phere is liberated in the form of heat or thermal radiation that propagates
radially from the burst point at approximately the speed of light. Under
proper conditions, this radiation can lead to a substantial number of igni-
tions within buildings in an urban area. The blast wave from such a burst,
which carries away about half the explosion enerqy, propagates much more
slowly -- at speeds of the order of the speed of sound rather than the speed
of light. Thus the blast wave -- a generally sharp fronted pressure wave
characterized by an air flow field (the blast wind) -- always arrives at any
location well after the thermal pulse. (From megaton range weapons, portions
of the thermal pulse couls be experienced at the same time as the blast

pulse, generally where incident blast pressures exceed 10 psi.)

The effect of this flow field on the fires genzrated by the thermal
pulse has been a matter of controversy sirce the first nuclear explesion.
Until the present decade, the only experimental information on blast-fire
interaction was that of Tramontini and Dahl in 1953 (Ref. 1) who ignited
small quantities of forest kindling fusls (e.g. weathered ponderosa pine
needles, madrone leaves, cheat grass, punk) and subjected them to flows
resembling those behind a blast wave. Under certain conditions, extinguish-
rient was observed, but it was difficult to apply their results to the urban
fire problem because their test conditions were so far different from those
in urhan areas

1-1
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B { Much of this difficulty was resolved by the work of Goodale in

; 1970 and 1971 (Ref 2, 3, and 4). In a shock tunnel capable of generat-

ing blast waves with durations of a tenth of a second, Goodale con- ' ;g
g . structed a full scale room (12 ft wide, 85 ft high, and 15 ft long) ;
%“ with window openings in its upstream face and a doorway in its down- :!=}
; stream face, and furnished it in various ways (as an office. a living f:
E : room, and a bedroom). Furniture and other mcterials in the room were ig- vg
: : nited so that they were burning as they would trom a thermal pulse. After ‘:
?? a time interval approximating the time difference between arrival of the 1
;%g thermal pulse and the blast waves from a Tow air burst of low megaton 4
i% range weapons, blast waves of various intensities (overpressures) were ‘é
i_% generated and entered the room. Goodale reported, in Ref. 2, that all A
Eg flames -- as opposed to smouldering combustion -- appeared to be extin- !
g{g guished at shock overpressure levels srmewhera between 1 and 2.5 psi z
E:i (the flames were not blown out at 1 psi but were at ' .<i). This | %
E%} occurred with very large window openings (51 of the wall area) and rel- .
ii atively small window openings (147 of the wall area). Lertain materials,
2;? however, such as mattress ticking, some cushion fillings, and certain
I*f cloth materials, were found to be smoulcering after tests at 2.5 psi, g

5 psi, (Ref. 2) and at up to 9 psi (Ref. 4). Many of these smouldering

materials rekindled into flaming combustion afler periods ranging from

a few minutes to several houvs.

]
Until the present program there existed no experimental informa-
tion on the interaction of blast waves whose durations are cu the order jé
S e e A R o S R s B S L i
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of seconds (instead of fractions of seconds) with the fires in urban

{ interiors. Because sucn informatiosn would help delineate those areas in
a city in which direct ignitions would be extinguished, and within which
seif-help extinguiskrment of secondary fires would be feasibie, the DCPA
sponsorad the development of the facility called the Long Duration Flou
Facility {LDFF) capable of generating air flows of several seconds dura-
tion. This facility occupies another portion of the underground tunnel

complex in which the shock tunnel used by Goodale is located, and its

test rooms are essentially th= same size as those used in th earlier

B T A S R e

ok
“gi tests. 'g
hg Initial calibration of the facility was completad during the pre- ; %
'ég vious reporting period; during this last reporting period, the new facil- ! z
§;§ ity was used to investigate blast-fire interactions in various test room | E
:% configurations including some similar to foodale's (thoush, of course. 'i
g; with air flow durations more than an order of magnitude greater than ’ 7
%?j those he used) and also to study the effects of long duration flows in %
%? rooms configured as Emergency Operating Centers (EOC). |
The previcus report on the facility contained a description of the §
design of the various elements; an analysis of the structural integrity
and a comparison of the tests with a 1:12 sca'le model; and the first cali-
bration tests in the full scale facility itself. The predicted capabili- | ;
ties were discussed only in general terms, however, and rut enough data fg

were gathered during the limited calibration test program to allcew an : -

PSS § AL st et b i TR ety
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gy adequate appraisal of how weil its actual operation compared with pre-

dictions (Ref.5).

ﬁ '

Sf: The recently completed test program, along with the earlier cali-
:? bracion tests, have gone a long way toward filling this information gap
‘b (a total of 29 tests have been carried out). Therefore, a major portion

of this report (Section 2) is devoted to general LDIF considerations, in-
cluding a brief analysis of its operation, in which anticipated flow pa-
rameters are derived (and presented in graphical form); a comparison of
measured with predicted parameters; and finally, a discussion of how

LDFF flow conditions relate to those that can be expected from nucltear

weapon blast environments.

The final section of the report (Cection 3) deals with the test pro-
gram complete’ during this reporting pe~iod. It includes a discussion of
the general wesign of the tests, a summary ot important test results, and

conclusions that can be drawn from these results.

The report also contains two Appendices: Appendix A is devoted to

a detailed, test-by-test description of the conditions, geometries, and

results of the latest test program; Appendix B summarizes relationships

of the various nuclear weapon blast parameter< that are germane to the

operation of the LDfr.
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Section 2
i THE LONG DURATION FLOW FACILITY (LDFF):

E . DESCRIPTION, FLOW CHARACTERTSTICS,
' AND THEIR RELATIONSHIP TO NUCLEAR BLAST I'LOWS

B (\ENERAL LDFF DESCRIPTION

The underground tunnel complex which contains both the LDFF and the
g shock tunnel used by Goodale is sketched in Fig. 2-1. A plan view of the

5 LDFF is sbown in Fig. 2-2. A compression chamber with a volume of about

80
R 2

40,000 ft3 has been formed by blocking off the tunnel at Point A, and in-

sy

£2ova

stalling a wall, containing a set of heavy steel shutters at Point B.

The shutters are held closed, as shown in the upper phoco in Fig. 2-3, }
while the compression chamber is being pressurized. Whein the shutters

are released, the compression chamber pressure forces trem open, creating ‘
an opening resembling a window as shown in the lower photograph of

Fig. 2-3. |

A test room, 12 ft wide, 8. ft high, and aoout 15 ft long, was

created by the installation of a wall at Point C in Fig. 2-2. For this

= gl
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program, the wall at Point C included a doorway on one side that occupied

about 20% of the wall area.

When the shutters are opened, air flows into the room through the
"window" in the front wall, and begins to flow out of the room through
the doorway opening in the back wall. The pressure in the compression

chambe.' decreases as the chamber empties through the test room. This

2-1
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pressure reductior., however, is slow enough that quasi-steady flow con-
ditions are established. That is, hoth the average pressure in the rocm,
and flow velocities thrcugh the openings cecrease uniformly as the com-
pression chamber pressure decreases and a ~inuous flow "channel" with high
flew velocities establishes itself between the window and the dcoiway
openings. In other parts of the room -- in the back corner away from

the doorway, for examnle -- flow velocities can be very (ow or even

nonevistent, and can show strong reversals in direction.

In the following material some of the more important operatinnal
!

cnaracteristics of the LDFF -- such as flow velocities through the win-

dow and doorway openings, anu ~hange of compression chumber pressure

with time -- are derived.

J
!
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ANALYSIS OF LDFF FLOW CHARACTERISTICS

be

The conplex actual configuration of the LDFF shown in Fig. 2-2 can

simplified to the schematic ferm shewn in Fig. 2-4, in which the areas

are 1n the same relative proportion 35 the volumes of {he ccmpression

cha

thr

whe

[5fi

ibl

whe

mber and the test room (40,000 and 1500 ft* respectively).

Without second. ry effects, the mass flow rate, w, of a fluic

ough an orifice is:

w=Au (2-1)
re o = fluid density

A = the orifice area

u = the flow velocity through the orificz.
we assume incompres<ible flow, the velocity is given by the incompress-
e flow Beraoulli ecuationt
TRV {2-2)

re Ap = the pressure ditference across _he orifice.

*

whe

A mor( correct compressihie flow relationship (assuming isentropic flow),
derived fron the compressiole flow Beirnoulli equation is

u- =[2y/ (-1 M0/ d-Cp 70012 T0p /o (/P ) e 1] (2-2a)

re ¢ = ratio of specific heats for air = 1.4
p = driving pressure
. = air density at driving pressure
p, = anbient pressure
p, = air density at ambient pressure
(p/py) = (/)" for isentropic flow.

For the pressures of interest Lo blast-fire interaction studiec (about
5 psi or les<), the assumption of incompressible {low through the
orifice introduces little error; with a pressure difference of 5 psi,
the error 1s about 6

2-6
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2-1 then becomes:

w=A 208p (2-3)

The rate of change of pressure within a volume when there is a mass
flow rate, either into or nut of it, through an orifice can be determined,*
"assuming adiabati. flow) from the perfect gas law and the first law of

thermodynamics as:

w=" (V/a )p (2-4)
where V = the volume into or out of which flow takes place

a = the speed of sound of the air upstream from the orifice

ﬁ = rate of change of pressure with time = dp/dt

Eqs. 2-3and 2-4 when applied to the configuration shown in Fig. 2-4
give the following differential equations for the pressures in the two

chambers.**

b = (e /) (IR FET)
py = (2 /¥y (V) [hTpr-p)-Aovp-py)]

Eq. 2-5 can be numericaily integrated directly, tut an analytical

approximation that gives values quite close to those from the numerical

integration can be derived as follows.

i3 See Ref. 6.

** Solution of these equations is simplif ed if it is assumed that the
product (a”’) (Vo) is constant.
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Since volume V, is very much smaller than volume V., the press-
ure in the two chambers might be expected to adjuét rapidly to values
corresponding to a uniform flow rate (through the orifices) which decreases
gradually with time. With this assumption, Eqs. 2-4 and 2-5 give:

pe-p3 = (W/A,)7/(20), pa-py = (w/A)7/(20) or

(2:)(pc-py) = w/[(1/A)°+ (1/A;)°]  w'/A° (2-6)
aid
|:)5 = —(a:'/V:,)W <2'7)

where A is defined as the "effective flow area" corresponding to the two

orifices A, and A,. Combining Eq. 2-6 with Eq. 2-7 we have:

py = ~(Ra’/Vy) [V20 (ps-py)] (2-8)
Integration of Eq. 2-8 results in
e 01-py )/ - v2(po-p1)/i = (Ra/V)t (2-9)

where 2./0of = the initial compressiin chamber pressdrn.

The time tf for the chamber pressure p. to reach its final value,

p; can be found from Eq. 2-9, since the second term becomes zero.

te = (vi/Ra’) Y2{p.Tol-p)/p (2-10)

The compression pressure change with time can be found by combin-

ing the last two equations

(py-p1) = (poio’-py)(1-t/t) (2-11)

2-9
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The test rcom pressure change with time can be found by using

Eqs. 2-6 and 2-11.

(p3-py) = (Dg{ol—p1)(1-t/tf)? (A/Ay)" (2-12)
The room pressure change is identical with that for the change of chamber !
pressure in the preceding equation with the exception of the orifice fac-

tor A/A.. f

Flow velocities through the two orifices A, and A, can be calculat-

ed from Eq. 2-2

U= (A/A“)(]—t/tf) V2(psiot-py)/oe
and (2-13)
u o = (W/A,)(l-t/tf) VZ(ps(ot-py) /¢ '

Again, these are identical with the exception of the orifice factors A/A,

and A/A..

Relationships derived from the preceding equations are plotted in
Figs. 2-5 through 2-9 for the present LDFF configuration in which A, is fixed at
about 20.4 ft . Fig. 2-5 gives initial room pressure*, and Fig. 2-6 gives ini-
tial flow velocities* through orifice A, (between the compression chamber and
the test room) and through orifice A, (between the test room and the outside

world), both as functions of initial chamber pressure. Fig. 2-7 gives t., the

f‘ﬁ
flow duration, also as a function of initial chamber pressure. Figs. 2-3 and

2-9 show pressure and velocity changes with time for a typical initial chamber

* These room pressures and flow velocities are actually those that occur
as soon as quasi-steady flow is established.

2-10

st )

AT A S R oS AR



VR B SR T e AR g B o R T A Y TN A S T SRS T ey S R

o
—— - n
| e | | N o) o
L_ ] _ P —
A N _ £
el 1 | 1 = S mu
I T S il | SIS
== = [ . o
I i L { c LD
__I._...— T e e S . fie]
B i : o ~
£ i . ! n O
M 4 B e o e i ey ot
SE R
oA
—— |
- p— [32NVs )
%) oo
(@] [l
. ~— L
o v v -
[¢3] e N
[ S D
> " 0N Y
n " wn —
n U W —
[} P S o] !
(e} S~ a o oJ
. [ - T
— (<P <
[ > > ©
[¢B) o O
b -
= E S <
[4e] O U —
<~ oL
Ve (& x £ -
0 T P~
o o + =
(@) " QO Y4
o— ¥} o
V) | sl
" o -~
[¢3)] XL e
e o v =T
=% U n
= a o -
o ~ wn
: o O » aom
. oOE &
! - o I © O~
Ji: : O o
i ! bod — @ o
] " | ] - — >4 O
] [ .m.. { L | { mr << oo
_ F o, B LR . b
_"\ | m - a rnJ.
o 3 = [ ] Lo & —_ wy & 1
) . p . . 4 s £ = o~
o uy o —_— = > L # -
— = = o
o
-
. L
(tsd) sunssaddusro wood 3533 yead sbedsay = (ld-£d)




Peak velocity through window, A, (ft,sec)

[ | | |
1 iy n,?2 N.5 1.1} 2.0

(ps-py) = Compression chamber overpressure (psi)

Fig. 2-6. Peak Flow Velocity, u,, Through Front Window, A,, and Peak
Flow Velocity, u,, Through Rear Doorway, A,, vs. Compression
Chamber Overpressure, p,-p,, for Shutter Openings, Ay, of 7,
14, and 21 ft2.

Peak velocity through doorway, A, (ft/sec)
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pressure of 4 psi. Fig. 2-8 shows the change of chamber pressure with
time, and Fig. 2-9 shows the flow velocities through the twoc orifices

as functions of time.
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COMPARISON OF PREDICTED WITH MEASURED LDFF BEHAVIOR

During the initial dzvelopront work on the LNFF, nine tests with
various window and doorwcy oranings (orifices A, and A, respectively)
were conducted, all at a compression chamber overpressure of about 2 psi.
Curing the current testing program, an additional 20 successful tests
were conducted with compression chamber pressures ranging from 2 psi
to over 6 psi. Measured and predicted values (from Fig. 2-5 and 2-7) of

room pressure and duration from these tests are given in Table 2-1.

The agreement between measured and predicted pressures and durations
is really quite good. Test room prassures measured in the -~oom side wall
were all within 207 of predicted valies, and 21 of the 29 measuremenis
were within 107 of preoicted values. Results of positive duraticn measure-

ments were similar.

Particutar attention is drawn to shots 4 and 17 of the second test
series. Both were planned as shots with shutter openings of 7 ft-', (only
one shutter open). But in each case a comparison of measured with pre-

dicted durations indicated that something was amiss. For the two shots,

the predicted durations for 4 7 fi” opening were about 2.5 sec and 3.3 sec.

more than twice the observed 1.2 sec and 1.9 sec. A subsequent careful
examination of tne motion pictures showed that in both cases, two shutters
rather than one had opened. As can be seen in Table 2-1, predicted

values for a shutter opening of 14 ft’ are generally close to the measured

values.

b
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LOFF FLOWS COMPARED WITH NUCLEAR WEAPON BLAST FLOWS

Descripticr of Nuclear Weapon Blast Environments

The characteristics of flow fields generated by blast waves from
nuclear weapons in the vicinity of buildings within a city depend on a
great variety of things, such as building geometry, building orientation
relative to the burst point, and the location of a "target" building
relative to nearby structures. However, in many cases, little error re-
sults from considering a target building to be isolated, and in assuming

that the blast wave strikes the building head-on.

Broadly, for this simplified case , the flow into any opening of a
structure -~ a window, for example -- is first characteristic of that
immediately behind the shock front. However, the pressure within the
blast wave is immediately increased by the prucess of reflection from the
solid portions of the building, and the increased pressure increases the
flow velocity through the opening. Rarefactions from the edges of the
building and other openings, propagate into the regions of high pressure
outside the building and interact with each other in complex ways. The
overall effect of these interactions is to reduce the pressure outside
the window. The value to which the pressure decreases is highly dependent
on the geometry of the situation including the placement of the opening
relative to the building edges and roof, the number of openings in the
building, and the length of the shock wave relative to the various build-

ing dimensions.
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The general phenomena that can occur are schematically illustrated in

Fig. 2-10, which shows the plan views of two simplified cases of buildings

:

% with a single opening. In the first case (see sketch A-1), the opening is
f{‘*‘

‘ far from the edges of the building; in the second case (see sketch A-2),
/

;: the opening is much closer to the edges of the buiiding. In the sketches,
?: only one half the front wall is shown; the lowest line in each sketch is
5 the centerline through the opening.

o

i

i The sketches of Fig. 2-1C are highly simplified: however, conditions
ig resemtbling those on the left of the figure could occur near an outside

Fait

entrance to a4 basement in a large building. Conditions resembling those

on the right could occur near an entrance to an isolated underground shel-
ter where the entrance structure is relatively small. They could also

occur near a relatively small structure, and, to some deyree, near a struc-

ture whose window area occupies a significant fraction of its wall area.

The "A" sketches show conditions just before the shock wave, mnving

to the right, strikes the building. The 1ight shaded area behind the shuck

wave indicates incident shock pressure. For simpiicity, assume that the
shock wave is very much longer than the building, sc that pressure behind

the shock front can be considered uis form.

The "B" sketches illustrate conditions just after the shock wave has
struck the building. In each case, part of the wave enteis the opening un-

changed, and part refiects from the front wall. the dark areas in botn

2-21
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Shock Wave

Structure

I : Stru_::_ture

Opening far from edge Opening near edage

1

incident pressure

reflected pressure

Fig. 2-10. Shock Wave Interactions With a Structure Containing an Opening. :
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}, cases renresent areas of reflected overpressure, at least cwice the value

E.r ! of incident overpressure. The curved Tines centered at the corners of the

‘+ buiiding and the opening are wave fronts which propagate into the region

? ‘ behind the reflected shock, reducing the pressure there, and into the re- ;
- gion behind the incident shock, increasing the pressure there. 5
o The "C" sketches illustrate conditions at a later time. Note in 1"§
? : sketch C-1 a Targe area near the opening is still experiencing reflected ?

pressure, while in sketch C-2, reflected pressure still exists in only a

AP

small area, remote from the opening. Near the opening, where .nock and
rarefaction waves are interacting, pressure is generally above incident i

pressure, but closer to it than to reflected pressure.

Eventually, after a time known as the "clearing time" wher the inte:.-

.

acting shock and rarefaction wave fronts have dissipated, steady state con-

ditions occur. Pressures at the openings in the two cases are close to

v 4
= as et St

stagnation pressure, the pressure that occurs on an object immersed in steady

flow where the flow is at rest (for example, at the center of a flat
plate oriented normal to the flow, or at the point of a sphere furthest
upstream). For pressures of interest to blast-fire interaction problems :

(about 5 psi or less), stagnation pressures are close to incident pressures.

The time at which clearing occurs is much shorter for the gecmetry
on the right in Fig. 2-10, where the opening is close to the building 1

edges, than for the geometry on the left. In sketch (-2, the pressure in

i Ii{i
’Jc"r A i s e s 1 23 5y -....:.
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front of the opening has already been significantly decreased by rare-
faction waves from the building edges, but in sketch C-1, rarefaction
waves have not yet reached the area of the opening, and the pressure out-

side it is still shock wave reflected pressure.

Conditions in sketch C-1 a»e similar to the conditions discussed in

RS Ty L LRy 2 SRR

some detail in the previous section: i.e., a pressure difference exists ‘ %:
across an opening, and -- except in the immediate vicinity of the open- , é
ing -- air on the high pressure side is largely at rest, as if it were !%
part of a large reservoir. In sketch C-1, the high pressure is caused %
by reflected pressure; after clearing takes place, in both geometries, 2
the high pressuré would be caused by <tagnation pressure. Such pressure ,%
aifferences across an opening result in flow through it as derived in :%
Section 2. %
o

In other words, flows through the openings shown in Fig. 2-10 change -

from those caused by the passage of a shock front through openings (sketches %
B-1 and B-2) to those more characteristic of flows through orifices driven %
by pressure differentials across them. ;
i

For convenience, retationships among the vz.-ious shock parameters dis- §

cussed in the previous paragraphs (reflected pressure, stagnation pressure.
flow velocity behind the shock front, etc.) are summarized in Appendix B.
These relationships permit construction of a schematic diagram of the pres-

sures outside the openings for the two cases shown in Fig. 2-10. This is

2-24
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F done in Fig.Z-11 on which the letters and numbers used are keyed to the
|

i sketch designations of Fig. 2-10. For illustrative purposes, an incident
P
EJ overpressure of 2 psi has been assumed. Note that for both cases, at the
; time of shock arrival pressure across the opening is the incident pres-
ﬁf sure of 2 psi. Where the opening is distant from the building edges,
gﬁ this rises to peak reflected pressure of 4.2 psi, then eventually falls

to stagnation pressure of 2.1 psi. Where the opening is near the building
edges, pressure rises above incident, but 1ot to peak reflected, then also

falls to its stagnation value.

f A similar plot, Fig. 2-12, can be made for flow through the opening vﬁ
 § {assuming the volume downstream from the opening to be so large that shock f%
%é reflections within it would not interfere with the flow, and that pressure é
;§ within it does no*t rise due to inflow). Again, in both cases, the initial ! 'g
rg value is that associated with the incident shock wave, about 100 ft/sec. §
!52 In the case where the driving pressure becomes peak reflected pressure, ; g
é% this increases by almost a factor of seven to about 700 ft/sec {(while the by
%% the pressure increase factor was only about two.) Cventualiy, the flow be- g

comes that associated with stagnation pressure, about 490 ft/sec, still %
nearly five times that behind the incident shock wave. In the case where j%
driving pressure becomes stagnation pressure at a fairly early time, flow ';i
velocity rises but stabilizes at the value associated with stagnation pres- ;
sure., i.e., about 490 ft/sec. %
-

"t js clear that a shuck wave per se is an inefficient mechanism for %ﬁ
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Time ——

Fig. 2-11. Overpressure Qutside Openings in Buildings Struck by Very Long

Flow Veiocity ——>

Duration Blast Waves. Letters and numbers correspond to those
in Fig. 2-10.
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// (—‘Cl(u = 700 ft/sec) \

/ \
/ \
/ \

\ Clearing complete

\ for condition 1
c \ AL
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Fig. 2-12. Flow Velocities Through Openings in Buildings Struck by Very

Long Duration Blast Waves. Letters and numbers correspond to
those in Fig. 2-10.
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accelerating flow; a far greater flow velocity through an opening can be
generated by a particular pressure across it, than con be generated by a
shock wave with the same pressure difference at its front that passes

through the opening. As shown in Figs. 2-11 and 2-12, the 2 psi incident

o

E shock generates a flow velocity of 100 ft/sec, while the 2.1 psi stagnation
g! pressure differential acrcss the opening causes a velocity of 490 ft/sec.

S The 4.2 reflected pressure differential across the opening results in u

”-y velocity of 700 ft/sec, while a 4.2 psi shock wave would result in a

velocity behind the shock front of about 200 ft/sec.

One further characteristic of the nuclear weapon blast wave environ-
ment should be discussed: the change of pressure with time. Incident blast
wave pressures in the pressure range of interest are well represented by

the classical Friedlander equation

#-t/th
i, (t) = ap (0} [(1-t/t")e™/ ] (2-14)
where Api(t) = gverpressure as a functicn of time, t
and t+ = the duration of the positive blast wave overpressure.

In constructing Figs. 2-11 and 2-12, it was assumed that the blast wave

duration was long enough that any decrease in blast wave pressure during

the time covered by the figures was negligible. To be correct, however.

s S

the figures should actually reflect a pressure decrease with time derived

f

from the modified exponential relationship given in Eq. 2-14. ,i
%

Blast Flow vs. LDFF Flow Through an Opening b
4

Fig. 2-11 shows the pressure environment outside openings in two ] iﬁ

k-

i
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types of structures struck head-on by a long duration blast wave. The
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B pressures rise from zero and stabilize. Fig. 2-12 shows that flow through

k- an opening into a large downstream volume changes from shock induced flow .ég
i to that induced by pressure differentials across the opening. (As just ?jg
ihﬁ noted, the constant pressure portions of Fig. 2-11 should be modified by ? é
.h superimposing pressure decreases derived from Eq. 2-14.) ﬁ,&%
. Ry
B f
by In the LDFF, as soon as the shutters are opened, air begins to flow %
; through the shutter (window) area. If the rear wall of the test room ;
Ejgi were removed so that downstream conditions in the LDFF were similar to E
Sg? those used to construct Fig. 2-12, after a period of c(ransition, the flow é
;% would stabilize into one controlled by the pressure uifferential across t g
Eg% the window. Since the volume of the LDFF compres.ion chamber is finite, I %
g%z its pressure falls according to the relationchip given by Eq. 2-11. ‘ é
i aps 1 (t) = Aps,1(0) [(1-t/t4)7) (2-11) |
:ﬁ where bPs (t) = the chamber pressure (5) in excess of ambient pres- ) ?

L
S

sure (1) as a function of time

i

§
f,
bE and tf = the time the chamber pressure hecomes equal to arbient :
' |
5_5 pressure. .
(4 ‘2
Thus, it appears that after initial transition periods, flows through &
openings caused by blast waves are at Teast qualitatively similar to that , ;
caused by opening the shutter< in the LDFF. 1 both cases, the flow is con- ,' A
trolled by the pressure differential across the opening, and in both cases, Ef
i
pressure decrease with time occurs on the high pressure side. If the pressure ﬁ@
%
!
2-28 ::
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e-f decreases in the LDFF (from Eq. 2-11) are similar to blast induced pressure
?'“ decreases (from Eq. 2-14) then flow in the LDFF should be quantitatively as
Eqﬁ well as qualitatively similar to blast induced flow.

“ The bracketed terms of these two equations (i.e., the term that de-
E termines the fail off of pressufe with time from some initial value, are

4 plotted as a function of the time ratios 'L/t+ for the blast wave and t/tf

for the LDF' in Fig. 2-12. The two are very similar, especiatlly ir the

early time, high fiow velocity parts.

i pa e e e
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f The comparison between the change with time of LDFF chamber pressures 1 |
2 and blast wave reflected pressures (as distinct from incident pressurcs) ? %
qr@ is actually even better than that shown in Fig. 2-13. The blast wave curve ! '?
i becomes a bit steeper, bringing it closer to the LDFF curve. The curve for §
reflected pressure is slightly different for each incident pressure (be- ) _z
cause peak reflected pressure is an increasing function of incident pres- '%
sure). A single point is shown for illustrati.e purposes. At t/t+ of 0.5, %
the reflected pressurc ratio fer an 4 psi incident blast wave is 0.28, com- %
pared with a pressure ratio of 0.30 for the incident wave itself, and 0.25 é
for the LDFF. f

[t can be concluded, therefore, that LDFF chamber pressures are good

simulants of blast wave pressures produced by nuclear wedpons.

Flow Conditions Within Rooms

The preceding discussinn dealt with situations in which the chamber

2-29
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or room downstream from the opening was large encugh that its presence
did not affect the flow througn the opening. Pressure in the chamber weas
implicitly assumed to be ambient pressure. A far more common situation,
however, is one in which a roum’s limited <.~e very definitely influences

inflow.

In the case of a blast wave striking a building, the shock wave inat

enters an opening (a window in a room, for example) will spread out (dif-

ST S T ey,
i A S

fract) immediately after passing into the room, and will reflect and re-
reflect from the side and back walls of the room, and irom its ceiling

and floor. The overall efrect of these complex interactiors is to raise

[

R

the general pressure in tle room (the process is appropriat2ly called

—————— g e —

"room filling"). If there i, another opening in the room, this pressure

increase will result in oucflow through that opening.

=

\_.
R A Ve

If the blast wave is long enough these complex reflections and re-

fraction processes will dissipate, and a genevally steady (or quasi-steady)

flow condition will establish itself. Flow will not be uniform in the

e

room, tending to be high near ine entrance and exit, low in the corners re-
moved from these vpenings, and with the possibility of strong eddies torm-

ing, but tne flow pattern will stabilize.

In the case of the LUFF, similar processes take place, except for the

2

.

initial effects of the finite time taken for the shutters to be pushed

»

open by the compression chamber pressure. Flow, however, enters tne room,
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and in its own complex way fills it until generally steady (or guasi-

ads TRl
N

g@; steady) conditions are established just as thev are from a biast wave.
B

E ¥ Thus, air flow in the LDFF test room is similar to tne air flow that
g{” would be generated by a long duraticn blast wave after reflections within

the room had died out. Some blast wave phenomena -- such as the very high

inflow velocities (,ets) that are generated by Tonc lasting reflected or

|
i
.:I

stagnation press.res -- manifest themselves most strongly after shock wave
reflection processe. are well underway. The only way to study the effects |
of these phenomena is in a facility such as ihe LDFF that can generate %
4
flows similar to those fro.n megaton range weapor. i
| “%
L
In earlier blast-fire interaction tests most of the information ac- ) ;
quired was on the effect of the shock wave and its accompanying flows.* ' f
The test program described in this report was specifically designed to i
=
acquire information on the effects of later, high velocity flows, both in ) %
H
]
plast-fire interaction situations (i.e. in rooms where fires have started), §
and in other situations -- specifically in an Emergency Operating Center 4
¢
(EOC) -- where the very high velocities themselves can cause damage. It é
js just these cituations that can be examined in the LDFF. ﬁ
i
ik
* With a window that occupied only 147 of the wall, there was evidence of ¥}
a jet formation fairly late in the blast wave pulses (the duration of a
which were about 0.1 sec). (Ref. 2) A
3
2
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Section 3

TEST PROGRAM

GENERAL TEST DESIGN

A basic element of blast-fire interaction test design is the type of
facility to be tested. Previous tests had emphasized residential facilities,
with tests being made in simulated 1iving rooms and bedrooms {Ref. 2,3),
and additional tests being made using mattresses (Ref 4). For this program,
an examination was made of the characteristics of the presen* inventory of
fallout shelter spaces (Ref 7). This examiration indicated that NFSS use
classes of commercial, educational, and goverrment and public service each
accounted for more spaces than did the residential use class. Therefore, in
designing thic program, greater emphasis was placed on non-residential

facilities.

The room configurations decided on included an office, a classroom, a
clothing stuvce, a warehouse, and a 1iving room. Additional tests were con-
ducted to investigate extinguishment of confined fuels, and two non blast-
fire tests were conducted using typi.al Emergency Operating Center (EOC)

configurations.

For each test (except those of the £0C configurations) furniture
and other combustibles in the room were ignited with an array of pro-

pane flames that were played on the combustibles fo. a period of about

2 P n 2
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twenty to sixty seconds. After a time delay equivalent to the delay be-
ween the arrival of the thermal and blast pulses from bursts of Tow
megaton range weapons, the shutteis were opened. Subsequent phenomena
in the room were photographed with the two high speed cameras, one l¢-
cated at the rear of the room and pointed toward the shutters, and a
second lozated in the side wall furthest from the doorway and pointed
across the room. A Tyco (strain gauge type) pressure gauge was located
on the side wall near the camera port, and a Kistler (piezoelectric)
pressure gauge was located in the center of the solid portion of the
rear wall. A leaf switch was located near the doorway, and for certain
tests, an anemometer was placed in various places in the room. Camera

por: and gauge loc~*icns are shown on Fig. 3-1.
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Blast Nirection
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EEZ Pressure Gauge Port

Camera Port

fig. 3-1. Sketch of Room Geometry.
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SUMMARY OF TeST RESULTS

Office Geometry Tests

Four tests (Numbers 1 through 4) were conducted with the office qeo-
metry shown in Fig. 3-2. Before the tests, papers were scattered about on
the desk and in the drawers of the filing cabinet, as shown in Fig. 3-3,
and Ltooks were placed on tne book table. The combustible materials were

ignited with ignition sources such as those shown in Fig. 3-3.

Three of the tests had compression chamber pressures of about 2.2
ps1 and the other a pressure of about 4 psi. Shutter openings were 14 ft
and 21 ft° for the 2.2 psi tests, and 21 ft” for the 4 psi test. With
these openings, flow velocities through the front window and rear door-
way for the 2.2 psi tests were nredicted to be between 340 ft/sec and

400 ft/sec. and for the 4 psi test, about 470 ft’/sec.

In all cases, all fires were extinguished. Considerable rearrange-
ment and breakage of the furniture took place, more with the 14 ft” cpen-
ing than with the 21 ft“ opening, see Fig. 3-4. Some papers were ejected

from the room.

3-4
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Fig. 3-4. Posttest Photographs, Test Number 4.
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Classroom Geometry Tests

Two tests (Numbers 5 and 12) were conducted with geometries similar
to that shown in Fig. 3-5. Before the tests, papers were scattered about
on the four desks, and an open book was placed on the window sill, as
shown in Fig. 3-6. The ignition sources also shown in Fig. 3-6 were used

to ignite the papers.

Both tests had an initial compression chamber pressure of about 2
psi, and after a delay time of 54 seconds, all three shutters were open-

ed, which resulted in a window opening of 21 ft?.

In both cases, all fires were 2xtinguished. One desk tipped over on

Test 5, none on Test 12. The deskc that did not tip over were moved, but

not a great deal, (see Fig. 3-/).
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Fig. 3-6. Pretest Photographs, Test Number
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Fig. 3-7. Posttest Photographs, Test Number 5.
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Clothing Store Geometry Tests

Three tests (Numbers 6, 11, and 15) were conducted with geometries
similar to that shown in Fig. 3-8. Folded pieces of terry cloth, muslin,
denim, and duck were placed on a table upstream from a clothing rack
1rom which pieces of similar cloth were hung. Overall views of one of the

sinulated stores ere shown in Fig. 3-9.

A11 three shutters were opened for each test (window openings of
21 ft?). Initial compression chamber pressures were increased from 2
psi, to 4 psi, to 5.75 psi; predicted velocitiec (through either window
or doorway) for these initial conditions were about 350, 470, 570 ft/sec
respectively. Delay times for the first two tests were 54 seconds and 27
seconds, respectively, but the third test was fired with nc delay time

(about 7 seconds was planned) because of shutter closure failure.

In all three tests, most of the cloth material was ejected from the
room (Fig. 3-10) and scattered up to 100 ft from the doorway. In the
first test, the clotnes rack was dismantled and the tables tipped over.
In the higher pressure tests, physical damage was great. tc!les and cloth-

ing racks were virtually destroyed, as can be seen in Fic. 5-10.

ATl flames were extinguished in all three tests, but smouldering com-
bustion continued in some places. After the 2 psi chamber pressure test,

a number oi pieces of cloth outside the doorway were siill smouldering

3-12
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and burst into flame after some 10 minutes had elapsed. After both 4
ps1 and T psi chamber pressure tests both flames and smouldering combus-

tion were extinguished in the pieces of cloth that were ejected from the

room (which constituted most of those that were originally in the simulat-

ed stores). In each case, however, one still smouldering piece was de-
posited directly beneath the window cpening where after about five minutes

it turst into flame.
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Fig. 3-8. Sketch of Test Geometry, Test Nimoer 15
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Fig. 3-10. Posttest Mholugraphs. Test Number 1.
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Warehouse Geometry Tests

Five tests (Numbers 7, 13, 16, 18, and 20} were conducted in geo-

3 metries generally similar to that shown in iig. 3-11, with a stack of
unweighted boxes in the center cf the room and boxes weighted with lead

o blocks, along the side wall near the doorway. Both the central stack and

a side tux are <hown in Fig. 3-12. In the last two tests, additional
weighted boxes were placed near the other side wall and near the rear

wall as well. In the first (low pressure) test, a small amount of crumpl-

ed paper wis pla od in all the boxes. In all the other tests, the top box-
es in the central stac. ind those nearest the window contaired large amounts

of uncrumpled new per, and the boxes near the walls were entirely empty

c«rept tor the —ad 1ghts.

A the st we o opened for each test. One test was run witnh a
compression cham oressure of about 2 psi; two (13 and 18) with press-
ure« of ahout iooand twe (16 and 20) with pressures of about 6 psi.

Thus the flow veloo e “ircugh the window and doorway for these tests

Jaried t almost a * At two, from about 340 ft/sec to about 600 ft/sec.
the first v 5 0 the series, no problems were encountered with
;niing the materia o th the propane sources such as those shown 1n Fig.
5 - n shot 18, howe 117 hoxes ignited early so tnat the fires were

irning much more vigm Ty at the time of shock arrival than they iere in

(he three nreceding tests. and on the last shot (20) ignition appeared to

o it g

be 1 aplete to that the fires were less vigorous than they were on any of

R

the 1 ~ceding tests.
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In all cases, fires in the central stack of boxes were extinguished

and remained so. Much of the material from this stack was ejected from

the room through the dvorway although a fair amount was scattered about
the room, und especially in the corners near the front (window) wall as

4 shown in the lower photograph of Fig. 3-13.

In contrast, on two of the tests, (both of those at 4 psi) flames
4 were observed in the weighted boxes along the side wall near the doorway

i immediately after the shot (within 30 seconds), as can be seen in the

e
B Rt R A e T A et e

upper photograph of Fig. 3- 13.0n two of the other tests (Number 7 at 2

psi and Number 16 at 6 psi) fiames were extinguished in these boxes, but

they were st*11 smouldering immediately after the test, and reignited t

e
FRICBR T S ] S e

v

within 10 minutes. On Test 16, the box near the other side wall was also

smouldering immediate!y after the test, but the smouldering fire itself

£33

went out. The box nea* the rear wall on this test was ejected from the §

room, and all fires wer o cxtinguished. ;

! A

I Idn the last tesi of the series (Test 20) all fires were extinguisn- é
ed and none rekindled, but as notcd earlier, ignition on this test was :

not compiete, so its results must be discounted. : 4
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Fig. 3-11. Sketch of Test Geometry, Test Number 13
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Fig. 3-12. Pretest Photograph, Test Number 7.
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Fig. 3-13. Postte<t Photographs, Test Number 16.
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Confined Fuels Tests

In these two tests, (19 and 21) run to acquire information on the
importance of fuel Tocation on the ability of blast to extinguish fires,
paper wés placed in four ceges placed along the two side walls and the

rear wall as is shown in Fi1g. 3-14 and the photographc of Fig. 3-15, and

ignited before blast wave arrival. (A similar, but smaller, cage was

placed near the doorway on Test 16, basically a warehouse gecmetry.)

A1l three shutters were opened on the tests, and the compression cham-

ber pressures were 2 ns1 (shot 19) and 5.5 psi (shot 21).

On both tests, the material in the cage nearest to the window aleng
the side wall burned complately, even though flow velocities through the
window ranged up to about 550 ft/sec. On Test {9 the material in the other
~age near the same wall also burned compietely as shown in Fig. 3-16. In
all other cases, fires in the cages were extinguiched and the cages were
moved (see Figs. 2-14 and 3-16), indicating the presence of strong eddies

and counter currents.

3-22
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test Photographs, Test Number 19.
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Fig. 3-15.




Fig. 3-16. Fosctest Photographs, Test Number 19.
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Living Room Geometry Tests

Three tests (%umbers 8 through 10) were attempted with 1iving room
geometries Tike those shown in Fig. 3-17, but only one (Number 10) was

successful. (In Test 8, with a compression chamber pressure of about 2

psi, fires were not ignited; in Test 9 with a cumpression chamber press-
ure of about 4 psi, the shutters did not open, and all materials in the
room, except the coffee table burned up.) The test rooms all had a wood
frame couch with plastic covered cushions, a wooden coffee table, and a
wood frame chair with plastic cushions. A pretest photograph (from Test

is shown in Fig. 3-18.

Compression chamber pressure on Test 10 was 3 psi, delay to a pre-
mature shutter opening was 27 seconds, and all 3 shutters opened (21 ft-
window area). The predicted velo. ity through the room openings was about

400 ft/sec.

side the room, and the cover and cushioning material were separated oi

those that were most severely burned.
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A11 fires were blown out and stayed out. As can be seen ir Fig. 3-19,

both the chair and table were broken. Most of the cushions were biown out-
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Fig. 3-17.

Shutters

42“
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A - 69 x 28 in. wood frame sofa with plestic cushions
- 48 « 18 1in. wood coffee table

C - 30 x 25 1n. wood

XX Ignition sources

Sketch of Test Geometrv, Test Number 10

frame arm chair with plastic cushions
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Fig. 3-19. Posttest Photegraphs, Test Number 10.
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EOC Geometry iests

In these two tests (Numbers 14 and 17) equipment end other maierials
typical of those in EOC's were pla-ed in the LDFF test room. One of *he
arrangements adopted is sketched 7., Fig. 3-20, the other is shown in the

photograpns of Fig. 3-21. Compression chamber prescure was 4 psi in both

cases, but three shutters were opened on Test 14, and two on Test 17.
Tous flow velocities through the window were about 450 rt/sec and 550

ft/sec respectivelyv.

While a few items of equipment Tocated along the side wall near the
window were undamaged after the first test, all equipment sustained some
damage as a res 1t of the <rcond test (only one item was still operable)
and much vas ejected through the doorway as swown in Fig. :-22. Refer to
the individual test reports for additional information on particular items

of equipment.
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Sktutters
- S | ey § S | o—" ) § o s | S———

IN\
]
\Si/

& C - 23 x 12 n. cchool desk

- 20 x 20 x 84 in. relay rack

- 27 x 24 x 27 in. teletype

m O o0 =

- steel frame chair with plastic cushions

hal

- 34 x 60 in. wood desk

Note: For descriptions of eauipment 1 through & see text of tect
report. Numbevrs in dotted circles indicate posttest locations.

Fig. 3-20. Sketch of Test Geometry, Test Number 14
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Fic. 3-21. Pretest Fhotographs, Test Number 17.
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ANALYSIS AND CONCLUSIONS FRUM BLAST-FIRE TESTS
i [t 15 clear from the material in Section 2, that the blast-fire test
o program in the LDFF is, in essence, an examination of the effect on room

fires of the part of a blast wave that controls flow into a room after

all effects of the sharp shock front have been dissipated. Air flow caused
by the LDFF has no such shavp front; il ris=s to a quasi-steady value

after the shutters are opened This can be seen in Fig. 2-23, a typical

TR

trace of the first part of i pressure vs time signal from the side wall

gauge.

In contrast, Goodale's earlier blast-fire tests (Ref. 2, 3, and 4)

e e

can be thought of as emphasizing the snoc front effects. Although the

pox:

times between the end of the thermal ignition phase and the arrival of a

ks

NG e 2 C
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blast wave in the earlier tests were characteristic of megaton range }
weapons, the b'ast pulses themselves had total durations (~100 msec)

similar to those from weapons smaller than about 0.05 kT. Indeed, the

T OF £ vy

total pulse durations in the earlier tests were of the same order as the

Y

rise time (+160 msec) of flow in the LDFF. A typical pulse from the

2arlier tests has been superimposed on Fig. 3-23.

The two programs thus complement each other, with Gocdale's dealing

R e T T IS O TR T

AR

with effects of the "front end" of & blast wave (i.e printipally shock ;

R S i

wave effects), and the LDFF program dealing with eivfects of the "back ¢«nd"
of a blast wave. In that sense, the results of the two programs could be

thought of as additive, that is, effects observed in the LDFF would take
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place in addition to those observed in the earlier tests, because they

would occur later.

With these considerations in mind, the combined results to date of

the two progrems can be summarized in the following manner.

Goodale found that blast waves with incident overpressures of about
2.5 psi and above extinguished all flames, although substances capable
of sustaining smouldering combustion tended to continue to smoulder ard
could reignite. He also found that, in general, the placement of the burn-
ing elements ir a room was not e-pecially c-itical. (This is because a
shock wave inmediately spreads out after passing through an opening and

quickly extends from wall to wall in a ruom.)

In the LDFF, the test results, summerized in Section 3, indicate
that air flnw from a compression chamber pressure of 2 psi* =xtinguished
all flames in materials located in regions of high flow velocity (either
from direct flow through the room or from strong eddies). In addition, in
these regions of high flow velocity, even smouldering combusticn was vir-
tually eliminated in the lighter materials (cloth, cardboard, etc.) that
could sustain smouldering combustion. (A11 fires were extinguished in the
centrally placed materials in the warehouse geometries, and in the cloth-

ing store geometries, only pieces of cloth directly under the window even

* For reasons discussed in Section 2, it is gencrally conservative to
equate LDF¥ compression chamber pressure to incident blast wave over-
pressure. Pressures from blast waves outside an opening in a building
would frequently be higher than incident pressures and would not be
Tower.
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smouldered.) Smouldering fires in heavier materials ‘mattress fillings,*

intact stacks of paper, etc.) were not extinguished.

The LDFF tests also showed, however, that the location of materials
in a room could be critical. Some areas experienced very Tow flow veloc-
ities, so low, in fact, that even flames in crumpled newspapers (as in
the confined fuel tests) were not extinguished. These areas tended to be
along the sice walls of the room, and near the front (window) wall open-

ing.

Thus, for fuels not capabie of sustaining smouldering combustion,
(minor fuels) the LDFF results tended to confirm and strengthen Goodale's
conclusions and lowered the experimentally observed threshold from 2.5
psi to 2 psi. (In his analysis, Goodale assumed the threshold to be 2 psi.)
For these fuels, Goodale concluded that all fires would be extinjuished
by the shock front. The LDFF results indicated that if any escaped such
extinguishment there would be high prcbability that Tater biast wave flows
wouid complete the job, although some located in very low velocity regions

night not be extinguished.

The more important LDFF results, however, relate tc materials capable

of sustaining smouldering ignition. For these materials, the LDFF results

* It should be noted that current Feceral requlations on mattress mater-
ials (that have been in effect for over five years) greatly reduce tie
likelihood of mattress fires. In the LUFF tests with mattresses (Ref. 4)
it was very difficult to cause a mattress ianition.
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from the clothing store, warehouse, ard living room geometries indicate
that many will be totally extinguished at overpressures as low as 2 psi,
and {with the exception of heavier materials that stay intact) virtually
all would be totaliy extinguished a* 5 psi,if the materials are located

in high flow areas of the room.

For these major fuels Goodale estimated the probability, Pe> that 2
sustained room fire would be established (i.e. that flashover w-uld take
place) if the fuels were ignited. For incident blast wave o ‘rpressures
below 2 psi Goodale estimated that Pe would be 1, and for overnressures
above 5 psi, that Pe would be % (with linear interpolation in between).
In effect he postulated that ther. would be no blast extinguishment of
major fuels at 2 psi, and that only one half the major fuel fires would

be extinguished at 5 psi.

There has not yet been time to develop guantitative interpretations
of the LDFF results, but qualitatively it would seem almost certain that
both »robabilities would decrease; there would be substantial extinguish-
ment of some of these fuels at below 2 psi, and more than % would likely
be extinguished at 5 psi. Thus the LDFF resuilts to date suggest that
long duration biast flows can reduce sustaining fires to a greater degree

than indicated by Goodale.
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‘ Appendix A

TEST REPOKTS

This appenaix contains detailed reports, inciuding pre- and post-test
photographs, on each uf the tests, the results of which were summarized
in Section 3. The reports are arranged in numerical order; the first num-
ber of the pagination refers to the test number. A summary of initial
test conditions follows. (See also Table 2-1 for predicted and measured

flow values.)

Table A-1

Summary of Initial Test Conditions

Compression Chamber Shutter
Test Room Pressure Opening
Number Geometry {psi’ (7 of wall)

1 Cfrice 2.\ 21
2 Orfice 4.2 2
3 Office Z.% 21
4 Office 2.25 14(7)*
S Classroon 2.1 21
6 Clothing Store 2.1 21
7 Warehouse 2.1 21
8 Living Room 280 21
S Living Room 4.0 -
10 Living Room 30 21 =
11 Clothing Store 4.0 21 | Al
12 School kooum 2.0 21
13 Warehouse 3.9 21
*  Number in parenthesis indicates planned shutter opening. 1 !i




Table A-1 (cont.)

Summary of Initial Test Conditions

Compression Chamber Shutter
Test Roam Pressure Opening
Number Geometry (psi) (" of wall)
14 EGC 4.0 21
15 Clothing Store 5.75 21
16 Warehouse 6.25 21
3 17 EQC 4.0 14(7)*
18 Warehouse 4.25 21
19 Confined Fuel 2.0 21
e Warehouse 6.1 21
21 Confined fuel 5.5 21

*  Number in p-renthesis indicates pianred s:utter opening.
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Test Report Test Number 1

Type-- Office

Test Conditions

Compression Chamber Pressure 2.15 (psi,)
Dizphragm Op=ning 21 ()

Peak Pressure in koom (side wall gauge) 0.85 (psi)
Positive Phase Duration 0.85 (sec)
Delay (ignition to blast) 27 (sec)

Test Geometry and Results

ine simulated office consisted of a desk, chair and four drawer
file cabinet, all located in the center of the room and a book table
Tocated dirvectly 11 front of the shutters. Papers were placed on the
desk and in the top and bottom drawers of the file cabinet which were
left open. Books were placed on the book table.

The vlast put ut all the fires, moved the file cabinet and Jesk
(s1ightly damaging the desk) and scattering papers around the room and

in the outside hallway.
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| ] Doorway [ b

A - 24 x 22 in. table with books

B - 26 x 14 in. 4 drawer <teel file cabinet (top and bottom

drawer open containing paper)
C - 34 x 60 in. wocd desk (paper scattered on top)
0 - chair with steel frame and plastic cushions
2L Ignition sources

Fig. 1-1. Sketch of Test Geometry, Test Number 1

A.1-2

SUR B SN S RN e

S b ey

: ] it
b ol bt el g i i e (i




1
wl
@

o

=

20
wl
@

E
(%]

<
=l
<
—
Tp)
o

-
O

Lo

(&N
[Vl
Q

-
Q
R

(o5

1-2.

Fig.

TEORINE PR QS i O - P
Pl . o e e E

e




pr———

A T T P TP Y B g

ARYE R

i3

- ‘fm‘?"mw"';\g\-ﬁz;;&;‘ﬁilw e

T o

Fig. 1-3. Pre and Posttest Photographs, Test Number 1
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Test Report Test Number 2

£
é "'
Type-- Office
4 i
0
23 Tast Conditic
A
:T; Compression Chamber Pressure 4.15 (psi) t
|2
N Diaphracn Opening 21 (%)

Peak Pressure in Room (side wall gauge) 1.96 (psi)

Positive Phase Duration 1.4 (sec)

Delay (ignition to blast) 14.5 (sec)

i.

Test Geometry and Results

This test was essentially a repeat of test one at a higher pressure.

(see Fig. 1-1). The blast rut out all of the fires and d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>