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20. Abstract (continued) 

A room (approximately 12 ft x 15 ft x 8.5 ft) in this facility was 
utilized to place burning materials and subject them to pressures of 1.0 
to 3.5 psi, flows of 200 to 600 ft/sec and attendant flow durations of 
1 to 2 seconds. The materials tested Included, tut were not limited to, 
paper (solid-pack and crumpled), cloth, vinyl, cardboard, and wood. In 
addition, two tests (without fire) of a simulated E0C (without blast- 
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 combustion, 
such as cotton batting and heavy clotn, do not extinguish even at 3.5 
psi. The results of the E0C test indicated potentially severe damage to 
communications equipment, monitoring equipment, and furniture. 
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SUMMARY REPORT 

m 

TYPE fHb  OBJECTIVES OF THE STUDY 

This is a first r .'port on an experimental program, the continuing 

objective of which is 10 investigate the effects of leng duration blast 

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

urban interiors, anu on the contents of Emergency Operating Centers (EOC). 

The experiments were conducted in a special facility called the Long 

Duration Flow Faci-ity ^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. 

THE LDFF 

The LDFF occupies part of an underground tunnel complex of a former 

coast defense battery. One portion of the complex, called the compression 

chamber and occupying some 40,000 ft3 is blocked off, then pressurized. 

A set of three shutters in a wall 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 room are similar to the flows 

that would be caused by the blast wave from a megaton range weaoon after 

11 strikes a relatively large builairg with a small opening (such as a 

basement shelter), or a smallpr building in which openings are close to 

the building's edges. In the first case the pressure that would drive 

flow through tne building opening is close to peak reflected pressure, 

somewhat more than twice incident blast pressure. These conditions can 

cause very high velocity flows (jets) into the room. For example, a 

4 psi reflected bla-,t wave pressure (or LDFF compression chamber pressure) 

can result in an inflow of some 420 ft/sec into a room with window and 

door openings occupying about 20% of their respective walls.  (Average 

room pressure would become about 2 psi). 

Flows generated by the LDFF do not simulate early blast generated 

conditions caused by reflections and interactions of shock waves in a 

room, but do, however, simulate the later high velocity flows (jets) caused 

by pressure differences across the openings. 

i 

TfST RESULTS AND CONCLUSIONS 

For this program, the test room of the LDFF was furnished to resemble 

an office, a classroom, a clothing store, a warehouse, a living room, and 

a simulated Emergency Operating Center (EOC). Two test« were also run '•nth 

cages containing various fuels placed in an otherwise empty test room. 

In all but the EOC centJguration, various materials in the room were 

first ignited with proDane sources and then exposed to the flow generated 
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by opening the shutters between the test room and the compression chamber 

in the LDFF. Compression chamber pressures ' tried 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 not set but damage to typical EOC equipment was monitored. 

In virtually all tests, even wit.o the lowest compression chamber 

pressures, all flames were extinguished. 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- 

boctrd, ordinarily capable 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 small weapons ( <0.05 kT). Preliminary analysis 

suggests that the findings from these earlier tests for minor fuels were, 

if anything strengthened. (These fuels would be extinguished at or above 

about 2 psi by the late«', longer duration, jet type LDFF flows.) The LDFF 

tests also suggest that lore major fuels might be extinguished than was 

earlier assumed 

In the EOC tests, almost all equipment was damaged in the first 
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test (three shutters open), and a]_l_ equipment was damagc-d in the second 

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

maximum flow velocities through trie two window openings were 450 and 

550 ft/sec.) 

 u   ._. . 



ABSTRACT 
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The objectives of the study were co extend the understanding of the 

manner in which long-duration air blast (from megaton weapons) interacts 

with fires ignited by the thermal nulse, it havirn been/postulated^'that 

extinguishment would occur, for many materials, when subjected to such 

long-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 x 8.5'ft)-, in this facility was 

utilized to place burning materials->and subject them to pressures of 1.0 

to 3.5 psi, flows of 200 to 600 ft/sec and attendant flow durations of 

1 ;.o 2 seconds-r The materials tested included, but were not limited to, 

paper (solid-pack and crumpled), cloth, vinyl, cardboard, and wood.  In 

addition, two tests (without fire) of a simulated EÜC (without blast- 

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 combustion, 

iuch as cotton batting and heavy cloth, do not extinguish even at 3.5 

psi. The results of the EOC test indicated potentially severe damage to 

communications equipment, monitoring equipment, and furniture. 

I 
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Section 1 

INTRODUCTION AND BACKGROUND 

About a third o^ 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 energy, 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 couV. 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 generated by the thermal 

pulse has been a matter of controversy since the first nuclear explosion. 

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 fuels (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- 

ment 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 urban areas 

1-1 
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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- 

structed a full scale room (12 ft wide, 8!
2 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 

room, and a bedroom). Furniture and other materials in the room were ig- 

nited so that they were burning as they would from a thermal pulse. After 

a time interval approximating the time difference between arrival of the 

thermal pulse and the blast waves from a low air burst of low megaton 

range weapons, blast waves of various intensities (overpressures) were 

generated and entered the room. Goodale reported, in Ref. 2, that all 

flames -- as opposed to smouldering combustion -- appeared to be extin- 

guished at shock overpressure levels somewher« between 1 and 2.5 psi 

(the flames were not blown out at 1 psi but were at ,'.' .,;i). This 

occurred with very large window openings (51,, of the wall area) and rel- 

atively small window openings (14% of the wall area). Certain materials, 

however, such as mattress ticking, some cushion fillings, and certain 

cloth materials, were found to be smouldering after tests at 2.5 psi, 

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

materials rekindled into flaming combustion after periods ranging from 

a few minutes to several hours. 

Until the present program there existed no experimental informa- 

tion on the interaction of blast waves whose durations are c.i the order 

1-2 
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of seconds (instead of fractions of seconds) with the fires in urban 

interiors. Because sucn information would help delineate those areas in 

a city in which direct ignitions would be extinguished, and within which 

seif-help extinguishment of secondary fires would be feasible, the DCPA 

sponsored the development of the facility called the Long Duration Flow 

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 thi same size as those used in th earlier 

tests. 

Initial calibration of the facility was completed during the pre- 

vious reporting period; during this last reporting period, the new facil- 

ity was used to investigate blast-fire interactions in various test room 

configurations including some similar to Goodale's (though, of course, 

with air flow durations more than an order of magnitude greater than 

those he used^ and also to study the effects of long duration flows in 

rooms configured as Emergency Operating Centers (EOC). 

The previous 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 scale 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 

were gathered during the limited calibration test program to allow an 
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adequate appraisal of how weil its actual operation compared with pre- 

dicdons (Ref.5). 

The recently completed test program, along with the earlier cali- 

bration tests, have gone a long way toward filling this information gap 

(a total of 2'i  tests have been carried out). Therefore, a major portion 

of this report (Section 2) is devoted to general LDTF 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 nuclear 

weapon blast environments. 

< -L 

The final section of the report (lection 3) deals with the test pro- 

gram complete.' during this reporting period. It includes a discussion of 

the general oesign of the tests, a summary of important test results, and 

conclusions that can be drawn from those,' results. 

I 

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 LDFF. 

1-4 
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THE?R RELATIONSHIP TO NUCLEAR BLAST FLOWS 
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Section 2 

THE LONG DURATION FLOW FACILITY (LDFF): 
DESCRIPTION, FLOW CHARACTERTSTICS, 

AND THEIR RELATIONSHIP TO NUCLEAR BLAST FLOWS 

GENERAL LDFF DESCRIPTION 

The underground tunnel complex which contains both the LDFF and the 

shock tunnel used by Goodale is sketched in Fig. 2-1. A plan view of the 

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

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

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

The shutters are held closed, as shown in the upper photo in Fig. 2-3, 

while the compression chamber is being pressurized. When the shutters 

are released, the compression chamber pressure forces them 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 

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 ore es Labiished. That is, both the average pressure in the room, 

and flow velocities through the openings cecrease uniformly as the com- 

pression chamber pressure decreases and a 'inuous flow "channel" with high 

flow velocities establishes itself between the window and the doorway 

openings. In other parts of the room -- in the back corner away from 

the doorway, for example -- flow velocities can be very low or even 

none\istent, and can show strong reversals in direction. 

In the following material some of the more important operational 

characteristics of the LDTF -- such as flow velocities through the win- 

dow and doorway openings, ana "hange of compression chamber pressure 

with time -- are derived. 
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ANALYSIS OF LDFF fLOW CHARACTERISTICS 

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

be simplified to the schematic form shown in Fiq. 2-4, in which the areas 

are in the same relative proportion as the volumes of the compression 

chamber and the test room (40,000 and 1500 ft3 respectively). 

Without seconcry effects, the mass flow rate, w, of a fluid 

through an ori fice is: 

w = PA u (2-1) 

where    ,, = fluid density 

A = the orifice area 

u = the flow velocity through the orifie?. 

If we assume incompressible flow, the velocity is given by the incompress- 

ible flow Bernoulli equation* 

u - '7-p/r (2-2) 

where   Ap = the pressure difference across :he orifice. 

* A mon correct compressible flow relationship (assuming isentropic 
derived from the compressible flow Bernoulli equation is 

U' =[2r/(,-l)jL(p/: Mp ,' :)> 7(p;/,1;)[(p/p1)
!'--l-,-l] 

where ,  =  ratio of specific heats  for air =   1.4 
p = driving pressure 
[j  = air density at driving pressure 
p[  = ambient pressure 
p,   =  air density at ambient pressure 

and (p/P|)   ~-   (p/p])r  for isentropic  flow. 

For the pressures  of  interest  to blast-fire  interaction studier   (a 
5 psi   or less),  the assumption of  incompressible   flow through  the 
orifice introduces  little error; with a pressure difference of 5 p 
the error i s about 6 .. 

flow), 

(2-2a 

bout 

si , 
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Eq.   2-1  then becomes: 

w = A v'ZpÄp '2-3' 

The rate of change of pressure within a volume when there is a mass 

flow rate, either into or out of it, through an orifice can be determined,* 

(assuming adiabatic flow) from the perfect gas law and the first law of 

thermodynamics as: 

w = i (V/a )p (2-4; 

where    V = the volume into or out of which flow takes place 

a = the speed of sound of the air1 upstream from the orifice 

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

Eqs. 2-3 and 2-4 when applied to the configuration shown in Fig. 2-4 

give the following differential equation^ for the pressures in the two 

chambers.** 

p. = -U'/vv) (/57)[AM >'TP'.:
:
P~)] 

( 

p-, ■  (cv/V,) (v'27) [A:1vTp7:"p';)-A,.TprPV)] 

'2-5) 

I 

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

approximation that gives values quite close to those from the numerical 

integration can be derived as follows. 

*  See Ref. 6. 

**    Solution of these equations  is simplif'ed  if  it is assumed that the 
product  (a')(i'iO   is  constant. 
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Since volume V3 is very much smaller than volume V5, the press- 

ure in the two chambers might be expected to adjust rapidly to values 

corresponding to a uniform flow rate (throuqh the orifices) which decreases 

gradually with time. With this assumption, Eqs. 2-4 and 2-5 give: 

p5-P3 = (w/A,) 7(2.0, p.-Pi = (w/A:)
;7(2. ) or 

(2p)(P5-Pi) = w:;[(l/A1()
2+ (1/A?)

2]  w:7A- (2-6) 

and 

P5 = -(a:7V0w (2-7) 

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

orifices A,( and A2. Combining Eq. 2-6 with Eq. 2-7 we have: 

Ps = -(Aa-7V.) [/2p (ps-pj)] (2-8) 

Integration of Eq. 2-8 results in 

/2(p7o]-p,)/[>" - '^(p^-pTT/" = (Aa 7V )t (2-9) 

where o^.'oi - the initial compressim chamber pressure. 

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

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

tf - (V./Aa- ) /2(ps{o}-pi)/p (2-10) 

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

ing the last two equatijns 

(p.-p,) = (pI,!o''-p7(l-t/tf)
:' (2-11) 

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

Eqs. 2-6 and 2-11. 

(P3-P,) = (p5{o}-p1)(l-t/tf)
2 (A/AJ2 (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;. 

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

ed from Eq. 2-2 

u,, - (A/A,))(l-t/tf) 1/2(p,:,1ot-p1)/r 

and (2-13) 

u.   =   (VA  )(l-t/tf)   /^{ol-pJTT 

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

and A/A,. 

Relationships der^'ed 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  tf,  the 

flow duration, also as a  ^'unction of initial   chambe»-  pressure.   Figs.   2-6 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 
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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 two orifices 

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

During the initial development work on the LDFF, nine tests with 

various window and doorwey nrenings (orifices A,f and A„ respectively) 

were conducted, all at a (.ornpression chamber overpressure of about 2 psi. 

During 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 pressures measured in the "oom side wall 

were all within 20'' of predicted values, and 21 of the 29 measuremems 

were within 10% of preoicted values. Results of positive duration measure 

ments were similar. 

! 

Particular 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 a 7 ft' 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. 
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LDFF FLOWS COMPARED WITH NUCLEAR WEAPON BLAST FLOWS 

Description 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 "tarqet" building 

relative to nearby structures. However, in many cases, little error re- 

sults f^om 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 process of reflection from the 
i 

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 ouild- 

ing dimensions. 
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The general phenomena that can occu^ arp 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-l), the opening is 

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 building. In the sketches, 

only one half the front wall is shown; the lowest line in each sketch is 

the centerline through the opening. 

The sketches of Fig. 2-10 are highly simplified: however, conditions 

resembling those on the left of the figure could occur near an outside 

entrance to a 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 degree, 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, moving 

to the right, strikes the building. The light shaded area behind the sh^ck 

wave indicates incident shock pressure. For simplicity, assume that the 

shock wave is very much longer than the building, so that pressure behind 

the shock front can be considered uniform. 

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 reflects from the front wall, the dark areas in both 
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Fig. 2-10. Shock Wave Interactions With a Structure Containing an Opening, 
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cases represent areas of reflected overpressure, at least cwice the value 

of incident overpressure. The curved lines cenLered at the corners of the 

building 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. 

The "C" sketches illustrate conditions at a later time. Note in 

sketch C-l a large area near the opening is still experiencing reflected 

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

small area, remote from the opening. Near the opening, where onock and 

rarefaction waves are interacting, pressure is generally above incident 

pressure, but closer to it than to reflected pressure. 

iiaaiiö . .   , , 

Eventually, after a time known as the "clearing time" when the inter- 

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

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

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 geometry 

on the right in Fig. 2-10, where the opening is close to the building 

edges, than for the geometry on the left. In sketch C-2, the pressure in 
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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-l, 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-l a'-e similar to the conditions discussed in 

some detail in the previous section: i.e., a pressure difference exists 

across an opening, and -- except in the immediate vicinity of the open- 

ing -- air on the high pressure side is largely at rest, as if it were 

part of a large reservoir. In sketch C-l, the h^gh pressure is caused 

by reflected pressure; after clearing takes place, in both geometries, 

the high pressure would be caused by stagnation pressure. Such pressure 

differences across an opening result in flow through it as derived in 

Section 2. 

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-l and B-2) to those more characteristic of flows through orifices driven 

by pressure differentials across them. 

For convenience, relationships among the various 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 
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done in Fig.2-11 on which the letters and numbers used are keyed to the 

sketch designations of Fig. 2-10. For illustrative purposes, an incident 

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- 

sure of 2 psi. Where the opening i^ distant from the building edges, 

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 not to peak reflected, then also 

falls to its stagnation value. 

A similar plot. Fig. 2-12, can be made for flow through the opening 

(assuming the volume downstream from the opening to be so large that shock 

reflections within it would not interfere with the flow, and that pressure 

within it does not rise due to inflow). Again, in both cases, the initial 

value is that associated with the incident shock wave, about 100 ft/sec. 

In the case where the driving pressure becomes peak reflected pressure, 

this increases by almost a factor of seven to about 700 ft/sec (while the 

the pressure increase factor was only about two.) Eventually, the flow be- 

comes that associated with stagnation pressure, about 490 ft/sec, still 

nearly five times that behind the incident shock wave. In the case where 

driving pressure becomes stagnation pressure at a fairly early time, flow 

velocity rises but stabilizes at the value associated with stagnation pres- 

sure, i.e., about 490 ft/sec. 

It is clear that a shock wave pej^_se is an inefficient mechanism for 

2-25 

i mämm^m^mmMmmmmmsm^^j^^^ 



^ 

A 

3 
ui 

OJ 

Q- 
S_ 
QJ > 
O 

A 1.2' 

r Mp = 4.2 psi   -  reflected) 

' r 

IS- 
\— 

C2(2<p<4.2 psi 

£ 'J 
"Clearing complete 
for condition 2 

\ 
\       Clearing complete 

^.   for condition 1 T 

\B1)2(p = 2.0 psi - incident)   \( 

-v 
Time 

—v  
p = 2.1 psi - stag 

\ 

nation )-y 

Fig. 2-11. Overpressure Outside Openings in Buildings Struck by Very Long 
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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. i ?i 
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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 

shock generates a flow velocity of 100 ft/sec, while the 2.1 psi stagnation 

pressure differential across the opening causes a velocity of 490 ft/sec. 

The 4.2 reflected pressure differential across the opening results in j 

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 
+ 

Ap^t) = Ap^O) [(l-t/t^e'^ ] 

where   Ap.(t) = overpressure 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, 

the figures should actually reflect a pressure decrease with time derived 

from the modified exponencial relationship given in Eq. 2-14. 

Blast Flow vs. LDFF Flow Through an Opening 

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

(2-14) 

_„- A\  sm 
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types of structures struck head-on by a long duration blast wave. The 

pressures rise from zero and stabilize. Fig. 2-12 shows that flow through 

an opening into a large downstream volume changes from shock induced flow 

to that induced by pressure differentials across the opening. (As just 

noted, the constant pressure portions of Fig. 2-11 should be modified by 

superimposing pressure decreases derived from Eq. 2-14.) 

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 

were removed so that downstream conditions in the LDFF were similar to 

those used to construct Fig. 2-12, after a period of .ransition, the flow 

would stabilize into one controlled by the pressure uifferential across 

the window. Since the volume of the LDFF compres:ion chamber is finite, 

its pressure falls according to the relationship giv^n by Eq. 2-11. 

Ap5,i(t) = AP5,i(0) [(l-t/tf)
;-] (2-11) 

where   AP5 ] (t) = the chamber pressure (5) in excess of ambient pres- 

sure (1) as a function of time 

and     t_p = the time the chamber pressure becomes equal to ambient 

pressure. 

■; 

Thus, it appears that after initial transition periods, flows through 

openings caused by blast waves are at least qualitatively similar to that 

caused by opening the shutter', in the LDFF. n both cases, the flow is con- 

trolled by the pressure differential across the opening, and in both cases, 

pressure decrease with time occurs on the high pressure side. If the pressure 
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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 

well as qualitatively similar to blast induced flow. 

The bracketed terms of these two equations (i.e., the tenn that de- 

termines the fall off of pressure with time from some initial value; are 

plotted as a function of the time ratios i/t for the blast wave and t/tf 

for the LDF; in Fig. 2-13. The two are very similar, especially in the 

early time, high fiow velocity parts. 

The comparison between the change with time of LDFF chamber pressures 

and blast wave reflected pressures (as distinct from incident pressures) 

is actually even better than that shown in Fiq. 2-13. The blast wave curve 

becomes a bit steeper, brinqinq it closer to the LDFF curve. The curve for 

reflected pressure is slightly different for each incident pressure (be- 

cause peak reflected pressure is an increasing function of incident pres- 

sure). A single point is shown for illustratfe purposes. At t/t of 0.5, 

the reflected pressure ratio for an 4 psi incident blast w^ve is 0.28, com- 

pared with a pressure ratio of 0.30 for the incident wave itself, and 0.25 

for the LDFF. 

I  : 

I--' " 
I i 

It can be concluded, therefore, that LDFF chamber pressures are good 

simulants of blast wave pressures produced by nuclear weapons. 

Flow Conditions Within Rooms 

The preceding discussion dealt with situations in which the chamber 
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or room downstream from the opening was large enough that its presence 

did not affect the flow through the opening. Pressure in the chamber was 

implicitly assumed to be ambient pressure. A far more common situation, 

however, is one in which a room's limited si.^e very definitely influences 

inflow. 

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

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

fract) immediately after passing into the room, and will reflect and re- 

reflect from the side and back walls of the room, and from its ceiling 

and floor. The overall effect of these complex interactions is to raise 

the general pressure in t!,e room (the process is appropriately called 

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

increase will result in outflow through that opening. 

Mi 

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

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

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

room, tending to be high near ihe entrance and exit, low in the corners re- 

moved from these openings, and with the possibility of strong eddies form- 

ing, but the flow pattern will stabilize. 

■ 

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

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 quasi- 

steady) conditions are established just as they are from a blast wave. 

Thus, air flow in the LDFF test room is similar to tne air flow that 

would be generated by a long duration bläst wave after reflections within 

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

inflow velOiJties (jets.) that are generated by lonr lasting reflected or 

stagnation pressures -- manifest themselves most strongly after shock wave 

reflection processes are well underway. The only way to study the effects 

of these phenomena is in a facility such as the LDFF that can generate 

flows similar to those from megaton range weapot. 

In earlier blast-fire interaction tests most of the information ac- 

quired was on the effect of the shock wave and its accompanying flows.* 

The test program described in this report was specifically designed to 

acquire information on the effects of later, high velocity flows, both in 

olast-fire interaction situations (i.e. in rooms where fires have started, 

and in other situations -- specifically in an Emergency Operating Center- 

(EOC) -- where the very high velocities themselves can cause damage. It 

is just these situations that can be examined in the LDFF. 

With a window that occupied only 14;' of the wall, there was evidence of 
a jet formation fairly late in the blast wave pulses (the duration of 
which were about 0.1 sec). (Ref. 2) 
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Section 3 

TEST PROGRAM 

1' 

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 living 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 present inventory of 

fallout shelter spaces (Ref 7). This examination indicated that NFSS use 

classes o1 commercial, educational, and government and public service each 

accounted for more spaces than did the residential use class. Therefore, in 

designing this program, greater emphasis was placed on non-residential 

facil it.ies. 

The room configurations decided on inc1,jded an office, a classroom, a 

clothing store, a warehouse, and a living 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 EOC 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 

) 
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twenty to sixty seconds. After a time delay equivalent to the delay be- 

tween the arrival of the thermal and blast pulses from bursts of low 

megaton range weapons, the shutters were opened. Subsequent phenomena 

in the room were photographed with the two high speed cameras, one lo- 

cated at the rear of the room and pointed toward the shutters, and a 

second located 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 

port and gauge locations are shown on Fig. 3-1. 

W- 
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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 books were placed on the book +able. 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 

psi 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 fv'   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 predicted 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 ft2 open- 

ing than with the 21 ft2 opening, see Fig. 3-4. Some papers were ejected 

from the room. 

■ ■*! 
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Fig. 3-2. Sketch of Test Geometry, Test Number 3 
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fig. 3-3. Pretest Photographs, Test Number 3. 
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Fig. 3-4.  Posetest 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 ft2. 

In both cases, alj_ fires were ixtinguished. 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.   3-5.     Sketch of Test Geometry,  Test Number 5 

3-9 

ä^m^^^ä^^m^mm^Mmm^^mM^mmmm^ääMämmmMsämMm^ 



m 

I 

Fig.  3-5.     Pretest Photographs,  Test Number rv 
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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 

from which pieces of similar cloth were hung. Overall views of one of the 

sinulated stores are shown in Fig. 3-9. 

All three shutters were opened for each test (window openings of 

21 ft2).  Initial compression chamber pressures were increased from 2 

psi, to 4 psi, to 5.75 psi; predicted velocities (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 no 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, L.:1 les and cloth- 

ing racks were virtually destroyed, as can be seen in Fig. 3-10. 

All flames were extinguished in all three tests, but smouldering com- 

bustion continued in some places. After the 2 psi chamber pressure test, 

a number of pieces of cloth outside the doorway were still smouldering 
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and burst into flame after' some 10 minutes had elapsed. After both 4 

psi and o 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 opening where after about five minutes 

it burst into flame. 
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Fig.   3-8.    Sketch of Test Geometry, Test Ni'ober  15 
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Fig. 3-9.  Pretest Photographs, Test. Number 15. 
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Fig. 3-10. Posttest Photjgraphs, Test. Number 11. 
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Warehouse Gpometry Tests 

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

metries generally similar to that shown in lig. 3-11, with a stack of 

unweighted boxes in the center cf the room and boxes weighted with lead 

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

a side tux are shown 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 placed in all the boxes. In all the other tests, the top box- 

es in the central stact ind those nearest the window contained large amounts 

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

except lor the ' MC! . ights. 

tv 

w(" " opened for each test. One test was run with a 

compression chamhi  pressure of about 2 psi; two (13 and 18) with press- 

ure1 of -ibout  , si; and two (16 and 20) with pressures of about 6 psi. 

Thus the flov. velut      ircugh the window and doorway for these tests 

■ a      nf two, from about 340 ft/sec to about 600 ft/sec. 

fi ' the first,        is " i the series, no problems were encountered with 

inii ing the ma ten a   th the propane sources such as those shown in Fig. 

On shot 18, howe.   ill :!Oxes ignited early so tnat the fires were 

irning much more vigoi  ly at the time of shock arrival than they were in 

the three preceding tests and on the last shot (20) ignition appeared to 

be ini iplete to that the fires were less vigorous than they were on any of 

the i1 'ceding tests. 
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In all cases5 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 doorway although a fair amount was scattered about 

the room, and especially in the corners near the front (window) wall as 

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

In contrast, on two of the tests, (both of those at 4 psi) flames 

were observed in the weighted boxes along the side wall near the doorway 

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

upper photograph of Fig. 3- 13.On two of the other tests (Number 7 at 2 

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

they were st'll smouldering immediately after the test, and reignited 

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

smouldering immediately after the test, but the smouldering fire itself 

went out. The box nea1' the rear wall on this test was ejected from the 

room, and all fires we."? extinguished. 

On the last test, of the series (Test 20) all fires were extM.guisn- 

ed and none rekindled, but as noted earlier, ignition on this test was 

not complete, so its results must be discounted. 

]M 
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Shutters 
3—1(—in JI iiczzjcizii: 

-& 

^ 3 

4 

82' 

—H Doorway   L IIS 
TT 

69' 

1 

DO 

1 & 2 - 17 x 13 x 13 in.  cardboard boxes 

3 & 4 -  17 x 13 x 13 in.  cardboard boxes  (stacked three high! 
ty    Ignition sources 

1 I 

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.  Posttest Photographs, Test Number 16. 
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Confined Fuels Tests 

In these two tests, (19 and 21) run to acquire information on the 

importcince of fuel location on the ability of blast to extinguish fires, 

paper Wc.s placed in four cages placed along the. two side walls and the 

rear wall as is shown in Fig. 3-14 and the photograph': 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.) 

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

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

On both tests, the material in the cage nearest to the window along 

the side wall burned completely, even though flow velocities through the 

window ranged up to about 550 ft/sec. On Test 19 the material in the other 

cage near the same wall also burned completely as shown in Fig. 3-16. In 

all other cases, fires in the cages were extinguished and the cages were 

moved (see Figs. 3-14 and 3-16), indicating the presence of strong eddies 

and counter currents. 
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8 XT 

^ 
4 

1 

CD 

1, 2, 3, and 4 - 8.5 x 12.5 x 8 in. wire cages containing 
paper (dotted lines indicate posttest 
locations) 

■^ Ignition sources 

Fig. 3-14. Sketch of Test Geometry, Test Number 21 
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Fig. 3-i1). Pretest Photographs, Tost Number 19. 
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. Fig. 3-16. Posttest Photographs, Test Number 19. 
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Living Room Geometry Tests 

Three tests (lumbers 8 through 10) were attempted with living room 

geometries like 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 compression chamber press- 

ure of about 4 psi, the shutters did cot op';n, 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 8] 

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 veld ity through the room openings was about 

400 ft/sec. 

All fires were blown out and stayed out. As can be seen in Fig. 3-19, 

both the chair and table were broken. Most of the cushions were blown out- 

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

those that were most severely burned. 
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Shutters 
y—ii—IJ—ii—ID—m—■' 
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k-1 
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A ^ 
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—3 Doorwa1 C 

8 TT 

"V 

50" 

^ 

1 I':,-.! 
M"-^. 

CD 

A - 59 x 28 in. wood frame sofa with plcstic cushions 

B - 48 x 18 in. wood coffee table 

C - 30 x 25 in. wood frame arm chair with plastic cushions 

•$- Ignition sources 

Fig. 3-17.  Sketch of Test. Geometry, Test Number 10 
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Fig.  3-18. Pretest Photographs, Test Number 8, 
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Fig. 3-19. Posttest. Photographs, Test Number 10. 
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EOC Geometry "iests 

In these two tests (Numbers 14 and 17) equipment, end other materials 

typical of those in EOC's were pla"ed in the LDFE test room. One of the 

arrangements adopted is sketched i.i Fig. 3-20, '.he other is shown in the 

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

cases, but three shutters were opened on Test 14, and two on Test 17. 

Thus flow velocities through the window were about 450 rt/sec and 550 

ft/sec respectively. 

While a few items of equipment located along the side wall near the 

window were undamaged after thf first test, all equipment sustained some 

damage as a result of the ^'fond test (only one item was still operable) 

and much vas ejected through the doorway as snown in Fig. 3-22. Refer tu 

the individual test reports for additional information on particular items 

of equipment. 
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Shutters 
JEZUI—ui—ii    iirmcmc 

D 

>- 
"w-J 

._! Doorway T 

B 

'3/ 

/ N 

V4' 

DO 

A & C - 23 x 18 n. school desk 

B - ^0 x 20 :< 84 in. relay rack 

D - 2D x 24 x 27 in. teletype 

E - steel frajne chair with plastic cushions 

f7 - 34 x 60 in. wood desk 

Note: For descriptions of eauipment 1 through 8 see text of test 
report. Numbers in clotted circles indicate posttest locctions. 

Tig. 3-20. Sketch of Test Geometry, Test Number 14 
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Fit;.   3-21.     Pretest Photographs,  Test Number  17. 
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Fig.   3-22.    Posttest Photographs, Test Number 17. 
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ANALYSIS AND CONCLUSIONS FROM BLAST-FIRE TESTS 

It ib clear from the material in Section 2, that the blast-fire test 

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 sharp front; it ris'?s to a quasi-steady value 

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

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

gauge. 

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

can be thought of as emphasizing the snoe'e front effects. Although th« 

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

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 

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

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

earlier tests has been superimposed on Fig. 3-23. 

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

with effects of the "front end" of a blast wave (i.e principally shock 

wave effects), and the LDFF program dealing with effects 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 programs 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 and 

could reignite. He also found that, in general, the placement of the burn- 

ing elements in a room was not especially c-itical. (This is because a 

shock wave immediately spreads out after passing through an opening and 

quickly extends from wall to wall in a rjom.) 

•M 
In the LDFF, the test results, summarized in Section 3, indicate 

tnat air flow from a compression chamber pressure of 2 psi* extinguished 

all flames in materials located in regions of high flow velocity (either 

from direct flow through the room o1" from strong eddies). In addition, in 

these regions of high flow velocity, even smouldering combustion was vir- 

tually eliminated in the lighter materials (cloth, cardboard, etc.) that 

could sustain smouldering combustion. (All 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 generally conservative to 
equate LDFF 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 
lower. 
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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 low 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 side walls of the room, and near the front (window) wall open- 

ing. 

Thus, for fuels not capable of sustaining smouldering combustion, 

(minor fuels) the LDFr 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 probability that later blast wave flows 

would complete the job, although some located in very low velocity regions 

night not be extinguished. 

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

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

* It should be noted that current Federal regulations on mattress mater- 
ials (that have been in effect for over five years) greatly reduce tlie 
likelihood of mattress fires. In the LDFF tests with mattresses (Ref. 4) 
it was very difficult to cause a mattress ignition. 
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from the clothing store, warehouse, and 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 totally extinguished at 5 psi, if the materials are located 

in high flow areas of the room. 

For these major fuels Goodale estimated the probability, pf, that a 

sustained room fire would be established (i.e. that flashover wculd take 

place) if the fuels were ignited. For incident blast wave o rpressures 

below 2 psi Goodale estimated that pf would be 1, and for overpressures 

above 5 psi, that pf would be %  (with linear interpolation in between). 

In effect he postulated that ther^.- would be n£ blast extinguishment of 

major fuels at 2 psi, and that only one half the major fuel fires would 

be extinguished at 5 psi, 

,* -v 

There has not yet been time to develop quantitative interpretations 

of the LDFF results, but qualitatively it would seem almost certain that 

both probabilities would decrease; there would be substantial extinguish- 

ment of some of these fuels at below 2 psi, and more than k  would likely 

be extinguished at 5 psi. Thus the LDFF results to date suggest that 

long duration blast flows can reduce sustaining fires to a greater degree 

than indicated by Goodale. 

) 
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Appendix A 

TEST REPORTS 

This appenciix contains detailed reports, including pre- and post-test 

photographs, on each of 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-l 

Summary of Initial Test Conditions 

■ 

Test 
umber 

Room 
Geometry 

Comp "ession Chamber 
Pressure 
(psr 

Shutter 
Opening 

{%  of wall) 

1 Of rice 2.2 21 

2 Office 4.2 21 

3 Office 2.2 21 

4 Office 2.2E. 14(7)* 

b Classroon 2.1 21 

6 Clothing Store 2.1 21 

7 Warehouse 2.1 21 

8 Living Room 2.0 21 

9 Living Room 4.0 - 

10 Living Room 3 0 21 

11 Clothing Store 4.0 21 

12 School Room 2.0 21 

13 Warehouse 3.9 21 

Number in parenthesis indicates planned shutter opening. 

A-l 
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Table A-l   (cont.) 

Summary of  Initial  Test Conditions 

Comp ression Chamber Shutter 

Test Room Pressure Opening 
Number Geometry (psi) (" of wall 

14 EOC 4.0 21 

15 Clothing Store 5.75 21 

16 Warehouse 6.?r. 21 

17 EOC 4.0 14(7)* 

18 Warehouse 4.25 21 

19 Confined Fuel 2.0 21 

Z'J Warehouse 6.1 21 

21 Confined Fuel 5.5 21 

lumber in pvrenthesis  indicates  planted  s; utter opening. 
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Test Report lest Number 1 

Type-- Ofri'^e 

Test Conditions 

Compression Chamber Pressure 

D'.rphragm Opening 

Peak Pressure in Room (side wall gauge] 

Positive Phase Duration 

Delay (ignition to blast) 

2 15 (psi; 

21 CJ 

0 85 (psi) 

0 85 (sec) 

27 (sec) 

Test Geometry and Results 

the simulated office consisted of a desk, chair and four drawer 

file cabinet, all located in the center of the room and a book table 

located directly in 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 blast put iut all the fires, moved the file cabinet and desk 

(slightly damaging the desk) and scattering papers around the room and 

in the outside halIway. 
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Shutters 

A - 24 x 22 in. table with books 

B - 26 x 14 in. 4 drawer steel file cabinet (top and bottom 
drawer open containing paper] 

C - 34 x 60 in. wood desk (paper scattered on top) 

0 - chair with steel frame and plastic cushions 

■ty.     Ignition sources 

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

ti 

H ^:iiM^i^^^^^mt^id<l^^&i^^^^^äiisjäl^^i}iää 



1 

Ei 

Fig. 1-2. Pretest Photographs, Test Number 1 
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Fig. 1-3. Pre and Posttest Photographs, Test Number ] 
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Fig. 1-4. Posttest Photographs, Test Number 1 
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Test Report Test Number 2 

Type-- Office 

T^st Conditir i 

Compression Chamber Pressur« 

Diaphragm Opening 

Peak Pressure in Room (side wall gauge] 

Positive Phase Duration 

Delay (ignition to blast) 

4, ,15 (psi 

21 ('") 

1, ,96 (psi 

1. 4 (sec 

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 put out all of the fires and did considerably 

more damage. The desk was broken up and was driven part way out the door 

The file cabinet was knocked over and ended up on top of the desk. See 

the posttest photographs Figs. 2-3 and 2-4. 

A.2-1 
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Fig.  2-^. Pos 
ttest Photographs, lest Number 2 

A. 2-.- 

i   ■  ■ ■ ■ . ■.■ -   I 



y 

Fig. 2-3. Posttest Photographs, Test Number 2 
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Test Report est Number 3 

Type-- Office 

Test Conditions 

Compression Chamber Prsssure 

Diaphragm Opening 

Pfäk Pressure in Room (side wall gauge) 

Positive Phase Duration 

Delay (ignition to blast) 

2.? (psi) 

21 [%) 

1.1 (psi) 

0.97 (sec) 

54 (sec) 

Test Geometry and Resul ts 

The simulated office consisted of a desk and chair in the center of 

the room, a four drawer file cabinet with the top and bottom drawers open, 

and a oook table directly in front of the shutter opening (See sketch 

in Fig. 3-1). Paper was placed on the desk and in the drawers of the file 

cabinet, and books were placed on the table. Lach location had an 

ignition source. See photographs in Fig. 3-2A and B, 

i ■ 

The blast put out all fires, pushed the desk into the doorway, 

broke the chair and pushed it against the back wall and tipped over the 

file cabinet spilling the contents on the floor. See posttest photo- 

graphs Figs. 3-3 and 3-4. 

A. 3-1 
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Shutters 

A - 24 x 2?  in. table with books 

13 - 26 x 14 in. four drawer rile cabinet 

C - 34 x 60 in. wood desk 

D - chair with steel frame and plastic cushions 

i^L Ignition sources 

Fig. 3-1. Sketch of Test Geometry, Test Number 3 
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Fig. 3-2. Pretest Phc ographs, Test Numher 3. 
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Fig. 3-3. Posttest Photographs, Test Number 3. 
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,L"ig.  3-4.     Posttest Photograph,  Tost Number 3, 
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rest Report "est Number 4 

Type-- Office 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Peak Pressure in Room (side wal 

Positive Phasp Duration 

Delay (ignition to blast) 

gauge, 

14* 

0.6 

1.2 

54 

(psi) 

( ) 

(psi; 

(sec) 

(sec) 

Test Geometry and Results 

The simulated office consisted of a desk and chair in the center of 

the test room, a four drawer file cabinet with the top and bottom 

drawer open, and a book table directly in front of the shutter opening. 

(See sketch in Fig. 4-1). Paper was placed on the desk and in the file 

cabinet ana DGOKS were placed on the table. There was an ignition source 

for each of the above locations. See pretest pnotographs in Figs. 4-2 

and 4-3. 

The blast wave put out all fires and severely damaged the desk, 

leaving the top on the floor and pushing the remainder part way through 

the doorway (See ; hotographs Fig. 4-4). The chair was also severely 

damaged (See Fig. 4-6B), and numerous papers and parts of the desk were 

scattered along the corridor outside the test room. 

* A 7%  opening had been planning, but as Fig. 4-5A shows, two shutters 
opened. 

A. 4- 1 

 ~ ^.■__ ;  : ; -,. •  - J ■: 



,'    . -^fc—    ' - ■ ^   '!^>«N.> \. ■'^l-i. ,■■>..' '——————■"■"— •""'"*:■-.._. .    . 

^.-,   -•--. .-^«r»! 

Shutters 
j—11—nrczjcizngjcinc 

A - 24 x 22 in. table with books 

B - 2C x 14 in. four drawer file cabinet. 

C - 34 x 60 in. wood desk 

D - chair with steel frame and plastic cushions 

ty     Ignition sources 

Fig. 4-1. Sketch of Test Geometry, Test Number 4 

A.4-2 

J^J ! I I : i -. L. I ' - ___  .,— : : : Ji] 



k^artt» ^-^ . ^SStiK^Xi^ü- _ Äl— ■- r 

J 

^riiÄlr 

Fig. 4-2 Pretest Photographs, Test Number 4 
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Fig. 4-3. Pretest Photographs, Test Number 4 
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Fig. 4-4. Posttest Photographs, Test Number 4 
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Fig. 4-5. Posttest Photographs, Test Number 4. 
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Fig. 4-6. Posttest Photographs, Test Number 4 
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Test Report Test Number 5 

Type-- Classroom 

Test Conditions 

Compression Chamber Pressure 

Diaohragm Opening 

Peak Pressure in Room (side wall gauged 

Positive Dhase Duration 

Delay (ignition to blast) 

2 1 (psi) 

21 (■') 

1 1 
.L (psi) 

i 0 (sec^ 

54 (sec) 

Test Geometry and Results 

Four school desks were placed as shown in the sketch in Fig. 5-1. 

Papers were placed in the desks, on top of the desks and on a shelf 

directly in front of the shutters. Six ignition sources were used, one 

on each desk and two on the shelf. See pretest photographs Fig. 5-2. 

All sources ignited. Once the shutters opened it appeared that 

the flames were quickly extinguished. Desk D (See Fig. £-1) tipped 

over and ended up against the back wall. Desks B,C, and E moved 

slightly but remained upright. Papers were spread throughout the room 

and in the corridor outside the doorway. Posttest photographs of the 

room aie presented in Figs. 5-3 through 5-4. 
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A  -  12 x 60  in.   shelf 

13,  C,  D,  & E - 23 x  18 in.   school  desks 

■Q     Ignition  sources 

■ ig.   5-1.     Sketch of Test Geometry,  Test Number 5 
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Fig.   5-2.     Pretest Photographs,  Test Number 5, 
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Test Report 

Type-- Clothing Store 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Peak Pressure in Room (side wall gauge) 

Positive Phase Duration 

Delay (ignition to blast) 

Test Number 6 

2.1 (psi 

21 (:•') 

1.2 (psi 

0.98 (sec 

54 (sec 

P/ 

Test Geometry and Resu 1 u,s 

A simulated clothing store was installed in the center of tne test 

room. A table (made up of two school desks) was placed as shown in 

Fig. 6-1. On the table were stacked, folded and rumpled piles of denim, 

drill, terrycloth, and two weights of muslin.  Directly behind the 

table was placed a clothes rack on which coat hangers draped with drill 

and muslin were placed. See pretest photographs Figs. 6-2A and B, and 

Fig. 6-3A.  Ignition sources were placed on the table and on the coat 

rack and considerable burning was evident at both locations prior to 

the blast. The airblast removed all the clothes from the rack and the 

tables, knocked over the clothes rack and essentially dismantled it (see 

photograph, Fig. 6-3B). One of the desks (whi.h mad" up the table) 

tipped over and ended upside down next to the back wall. The other desk 

A.6-1 
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rotated 180° and also ended up near the back wall.  (See photograph, 

rig.6-4B.) Cloth was scattered a distance of 50 ft outside the door- 

way. All flames were extinguished, although many pieces were smouldering. 

One piece (the furthest from the doorway) burst into flame less than 10 min- 

utes after the test. (See Fig. 6-5A and B.) A piece of light weight muslin 

ignited at 12 minutes and other pieces at later times. Various of these 

pieces are shown in Figs. 6-6A and B and 6-7. There were also numerous 

partially burned pieces which were extinguished. (One sucn piece in the edge 

of the doorway is shown in Fig. 6-4A.) 

A. 6-2 

i^tiifiiifi^^ 



m satrassia 

^ 

Shutters 
][=]ci"jm=zi[ziiiicini—in 

—1 Doorway   ^ 

,# 

n rS^rv^Y' 

= 2 

8 

J 

P3 

A -  table made  up of two 23  x  18  in.   school   desks 

B  -  clothes  rack 

1  -  piles  of  folded drill,  denim,   terry cloth and muslin 

2,   3,  & 4  - drill 

5,  6,  &  7  - muslin 

-^ Ignition sources 

Fig. 6-1. Sketch of Test Geometry, Test Number 6 
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Fig. 6-2.  Pretest Photographs, Test Number 6, 
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Fig.  6-5.     Posttest Photographs,  Test, Number 6. 
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Fig. 6-6.  Posttest Photographs, Tost Number 6, 
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Tig. 6-7. Posttest Photograph, Test Number 6. 
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Test Report Test Number 7 

Type-- Warehouse 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Peak Pressure in Room {i'ie  wall gauge) 

Posicive Phase Duration 

Delay (ignition to blast) 

2.05 

21 

1.1 

0.99 

54 

(psi) 

(%) 

(psi) 

(sec) 

(sec) 

^ 

Test Geometry and Results 

A simulated warehouse was installed in the test room Nine 

storage boxes were stacked in the center of the room and ^hree boxes 

were placed along the wall as shown in the sketch in Fig. 7-1. The 

boxes contained packing material (crumpled paper). The three boxes 

along the wall were weighted down (with lead blocks) and the ones in the 

center were not. Two of the stacks were icinited on the top and front 

(toward the shutters). See the pretest photographs Fig. 7-2 and Fig. 

7-3 

All flames were extinguished. The center stack of boxes ended up 

either 50 ft outside the room, as shown in Fig. 7-4A, or in the front of 

ehe room, as shown in Fig. 7-4B. The weighted boxes along the wall smoulder 

ed and burst into flame immediately. One of the boxes outside of the room 

/ 
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smouldered and burst into flamp 9 minutes, 26 seconds after the test. See 

photographs in Fig. 7-5A and B. 
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64' 

D3 

1, 2, & 3 - 17 x 13 x 13 in. cardboard boxes 

4, 5, & 6 - 17 x 13 x 13 in. cardboard boxes stacked three high 

ty  Ignition sources 

i Fig. 7-1. Sketch of Test Geometry, Test Number 7 
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Fiq. 7-2. Pretest Photographs, Test Number 7 
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Fig.     7-3.    Pretest Photograph , Test Number  1 
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Fig. 7-4. Posttest Photographs, Tost Number 7 
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Test Report Test Number 8 

Type-- Living Room 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Peak Pressure in Room (side wall gauge) 

Positive Phase Duration 

Delay (ignition to blast) 

2.0 

21 

1.0 

0.97 

(psi) 

CO 

(psi) 

(sec) 

(sec) 

Test Geometry and Results 

The room contained a sofa, coffee table, side table and wood frame 

chair. In this test the shutters opened prior to ignition, thus no 

blast-fire data was obtained. Furniture was arranged as shown in Fig. 

8-1 through 8-4. 
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Shutters 
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43" 

^—^ 
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L Doorway 

8 u 

.-24" 

U 

D3 

f %l 

A - 69 x 28 in. wood frame sofa with plastic cushions 

B - 48 x 18 in. wood coffee table 

C - 27 x 16 in. wood side table 

D - 30 x 25 in. wood frame arm chair with plascic cushions 

^ Ignition sources 

Fiq. 8-1. Sketch of Test Geometry, Test Number 

A.8-2 
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Fig. 8-2. Pretest Photogre plis.. Tert Number 8 
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Fig.   8-3.    Pretest Photographs,  Test Nuniber 8 
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Test Report Test Number 9 

Type-- Living Room 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening (planned) 

4.0 

21 

(psi) 

Test Geometry and Results 

The room arangement was the same as that for test 8 (see Fig. 8-1! 

In this case the shutters failed to open and the furniture burned as 

can be seen in Fig. 9-1. No blast-fire interaction data was obtained. 

A.9-1 
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Fig. 9-1. Photograph, Test Number 9 
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Test Report Test Number 10 

Type-- Living Room 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Peak Pressure in Room (side wall gauge) 

Positive Phase Duration 

Delay (ignition to blast) 

3.0 (Pfi) 

21 (%) 

1.4 (psi) 

0.9-, (sec) 

27 (sec) 

Mi 

Test Geometry and Results 

The room contained a wood-frame sofa with plastic cushions, a wood 

coffee table, and a wood-frame arm chair with plastic cushions arranged 

as shown in Fig. 10-1. Both igiition and shutter opening took place 

as planned. All fires were blown out. and stayed out. As can be seen in 

Fig. 10-3. both the chair and table were broken. Most of the cushions 

were blown outside the test room. On those that were most severely burned, 

the foam plastic cushioning material was separated from the plastic covers 

See Fig. 10-2 and 10-4. 
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A - 69 x 28 in. wood frame sofa with plastic cushions 

B - 48 x 18 in. wood coffee table 

C - 30 x 25 in. wood frame arm chair with plastic, cushions 

ijL Ignition sources 

Fig. 10-1. Sketch of Test Geometry, Test Number 10 
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Fig.   10-2.     P'-sctest Photoglyphs, Test Number 10 
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Fig. 10-3. Posttest Photographs, Test Number 10 
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Fig. 10-4. Posttest Photographs, Test Number 10 
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Fig. 10-5. Posttest Photograph. Test Number 10 
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Test Report Test Number 11 

Type-- Clothing Store 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Peak Pressure in Room (side wa 

Positive Phase Duration 

Delay (ignition to blast) 

gauge) 

4.0 

21 

1.8 

1.2 

27 

ipsi, 

(psi; 

(sec) 

(sec; 

Test Geometry and Results 

The simulated clothing store arrangement was similar to that in 

Test 6, with material arrayed on tables placed upstream from a clothing 

rack. The table contained terry cloth, denim and 3 ft by 4 ft pieces 

of duck and muslin, all folded once or twice, arrayed as shown in Fig. 

11-1. The cloLiiing rack contained hanging pieces of duck and muslin. 

The piloted ignition flames can be seen in Figs. 11-2 and 11-3. Damage 

to the rack and tables was far more severe than in test 6. Most of the 

cloth was blown out of the room and all fires in this material were 

extinguished. One piece, nowcv' >■, that was deposited under the central 

shutter opening smouldered vigorously and burst into flame about 3li 

minutes after the shuttei s opened. 

\ 

i A. 11-1 

 ., . ■/■■->.. .     ...  -   ■_ ,' :  ■ ■ .        ■ ■ -. •■ ., ■ 



Shutters 
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8 

-^s 

D3 

A -  50 x  18 in.   table 

B - 49 in.   long,  60  in.   high clothes  rack 

1 - terry cloth 

2 - denim 

3 - mixed duck and muslin 

4, 7, & 8 - muslin 

5, 6, & 9 - duck 

ty.     Ignition  sources 

Fig.   11-1.     Test Geometry,  Test Number 11 
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Fiq.   11-3.     I'r'ctc-t   PhotmpMiihs ,   lost   Number   il 

A. 11 - 4 

i&^^ä^&äJkSt^m^v^^  L_ ;-         : :  



.;-    : .,..   -- ■ 

-«V , i^ri^- S .-^.^SnO.: 
4~2 

; 

t x- 

i 

■ i 

Fig.   11-4.     Posttest Photographs,  Test Number  11 
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Test Report Test Number    12 

Type--Schüol   Room 

Test Conditions 

Compression Chamber Pressure 

Diaph» agm Opening 

Peak Pressure  in Room (side wall  gauge) 

Positive Phase Duration 

Delay  (ignition to blast) 

2.0 (psi) 

21 (%) 

1.1 (psi) 

0.97 (sec) 

54 (sec) 

t-m 

Test Geometry and Results 

This test was essentially a duplicate of Test 5, with a similar 

arrangement of desks and combustible materials (See Figs. 5-1 and 12-2). 

Results of the two tests were quite similar; all combustible materials 

were extinguished and papers were scattered about the room and into the 

hallway. None of the desks tipped over (one did in test 5) and they 

were displaced only slightly (See Fig. 12-3 and 12-4). 
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Fig. 12-1.  Sketch of Test Geometry, Test Number 12 
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Fig. 12-2. Pretest Photographs, Test Number 12 
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Test. Report Test Number 13 

Type-- Warehouse 

■i- . 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Peak Pressure in Room (side wall gauge) 

Positive Phase Duration 

Delay (ignition to blast) 

3.9 

21 

1.7 

1.3 

2/ 

(psi) 

{%) 

(psi) 

(sec) 

(sec) 

Test Geometry and Results 

The overall geometry of this test resembled that of test 7 in that 

the boxes weighted with lead were arrayed along the side of the room 

closest to the doorway and the unweighted boxes containing paper were 

placid near the center of the room.  In this test, however, there were 

two empty weighted boxes along the side wall, where in test 7 there were 

three boxes containing crumpled paper. Furthermore the central stacks 

consisted of six boxes (two rows, three boxes high) in this test, as 

shown in Fie. 13-2, in place of the nine box stack (three rows, three boxo- 

higti) of tust 7. Additionally, only tlv front row of '^oxes (toward t,)C 

shutters contained paper). 

After the test, the side (weignted) boxes were flaming, and about 

one half the paper content of the central stack was distributed ever the 

entire floor of the test ^oo„i (See Fig. 13-3 and 13-4). The remainde) or 

the pctper was blown out the rear doorway and aid not re-icnite. 
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Fig. 13-1. Sketch of Test Geometry, Test Number 13 
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Fig. 13-2.  Pretest Photoqro,)hs, Test Number 13 
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Test Report Test Number 14 

Type-- Emergency Operations Center (EOC) 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Peak Pressure in Room (side wall gauge] 

Positive Phase Duration 

4 

21 

2.1 

1.4 

.psi, 

%) 

ipsi! 

'sec' 

hV 

Test Geometry and Results 

The simulated EOC test geometry is sketched in Fig. 14-1. The 

equipment tested included a large radio rack, teletype, desks, chair 

and numerous items of radiation equipment. These items were as follows: 

Item Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Item 

:DV-717 Model 1-1 (94500) 

CDV-715 Model 1-A (95049) 

Charger (55918) 

Dosimeter (0852045) 

CDV-700 Model 6A (56559) 

CDV-1A (37641) 

CDV-6A (28804) 

CDV (16010) 

Dosimeter (0829919) 

Charger (02429) 

A. 14-1 
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The pretest arrangement (including the above itpms of equipment) is 

shown in Figs. 14-2 through 14-6. The blast severely damaged the desk, 

originally located in the center of the room. The top was broken in half 

and was found in front of the doorway. Most of the remainder of the desk 

was found outside the door in the hallway. The teletype and chair were 

heavily damaged and were found in the outside corridor. Tne chair was I7 ft 

from the doorway and the teletype 38 ft. Items 1, 2, E, and 7 were found 

in front of the doorway under the debris from the desk. All were damaged 

and only tM  of them showed any response when turned on. Item 4 (dosimeter) 

was badly damaged and was found near the back wall. All other items were 

undamaged. Posttest photographs from this test are presented in Figs. 

14-7 through 14-14. 
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Shutters 
JZ=1C=I3II=I3CZZ]II II |C 

1—3 Doorway I— 

B 

3^, 

^4 

F 

1 5J 

M: 

D3 

A & C - 23 x 18 in. school desks 

B - 20 x 20 x 84 in. relay rack 

D - 20 x 24 x 27 in. teletype 

E - steel frame chair with plastic cushions 

F •■ 34 x 60 in. wood desk 

Note: Foi descriptions of equipment 1 through 8 see text. Numbers 
in dotted circles indicate posttest locations. 

Fig. 14-1. Sketch of Test Geometry, Test Number 14 
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Fig. 14-2. Pretest Photograpns, Test Number 14 
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Fig.   14-3.     Pretest Photographs,  Tf-t Number  1- 
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Fig. 14-4. Pretest Photographs, Test Number 14 
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Fig. 14-5.  Dretest Photographs, Test Number 14 
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Fig. 14-6.  Pretest Photographs, lest Number 14 
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Fig. 14-7. Posttest Photographs, Test Number 14. 
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Fin. 14-8.  Posttest Photographs, Test Number 14 
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Fig. 14-9. Posttest Photographs, Test Number 14 
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Fig. 14-10.  Posttest Photographs, Test Number M 
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Fig, 14-il. Post test Photographs, Test Number 14 
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Fig 14-13. Posttest Photographs, Test Number 14 
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Fig. 14-14. Posttest Photograph, Test Number 14 
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Test Report Test Number 15 

Type-- Clothing Store 

A.15-1 

5. 75 (psi) 

21 (%) 

3 (psi) 

1. 4 (sec) 

Very short (sec) 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Op^.iig 

Average Pressure in Room 

Positive Phase Duration 

Delay (ignition to blast) 

Tjst Geometry and Results 

The general contents and arrangement of this simulated clothing 

store were the same as those used in Tests 6 and 11. As sketched in 

Fig. 15-1, tables containing foldea pieces of terry cloth, muslin, 

denim, and drill were placed upstream from a »"act from which hung 

pieces of drill and muslin. The photographs of Fig. 15-2 are two pre- 

test views of the room which show the materials as well as the piloted 

propane ignition 'ources. 

i 3. 

■ 

The tables and rack were virtually destroyed by the air flow follow- 

ing the opening of the shutters, and most of the cloth was thrown out of 

the room. One piece of drill that was thrown some 60 ft from tne door- 

way smouldered but did not reignite. As with Test 11, one piece of smoulder- 

ing muslin was deposited under the central shutter, and reign^'ted about 

five minutes after the shot. 

: i 
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Shutters 
3(Z=)C 

54' 

1^2    ^; 

= 4 
il 

__3 Doorway  [I 

8 TJ- 

48' 

34' 

D3 

> 

F 

I 

■ 
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A - 50 x 18 in.   table 

B - 49  in.  long,  60 in.   high clothes  rack 

1 - terry cloth 

2 - denim 

3 - mixed duck and muslin 

4, 7, & C - muslin 

5, 6, & 9 - duck 

i^i. Ignition sources 

Fig. 15-1, Sketch of Test Geometry, Test Number 15 
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Fig.   15-2.     Protest Photographs,  Test Number  15 
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Fig. 15-3, Posttest Photographs, Test Number 1 
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Test Report Test Number 16 

Type-- Warehouse 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Average Pressure in Room 

Positive Phase Duration 

Delay (ignition to blast) 

6.25 

21 

3 

1.3 

7 

(psi) 

{■') 

(psi) 

(psi) 

(sec) 

Test Geometry and Results 

The basic test geometry was very similar to that of Test 13, with 

two, lead-weighted, empty boxes along the side wall near the rear door- 

way, and a stack of boxes, two deep and three high, containing fairly 

large amounts of uncrumpled paper, was placed in the center of the room. 

One feature ad'f d for this test was an 8.5 in. x 12.5 in. x 8 in. wire 

cage (actually a guinea pig cage) near the doorway in which papers were 

placed and ignited. This was the first of the "confined fuel" tests de- 

signed to investigate the effect of preventing burning elements from be- 

ing transported out of the test room. Fig. 16-1 is a sketch oi the room 

arrangement; the pretest photographs of Fig. 16-2 show I he wire cage in 

place, and the location of ignition sources. 

Results of the test were quite similar to those of the tests con- 

ducted at about 1/3 and 2/3 the chamber pressure of this test. (The cham- 

A.16-1 
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her  pressure of Test 7 was about 2  psi, and that of Test 13 about 4 psi.) 

All burning materials from the center stack were extinguished and large 

masses of unburnt paper from that stack were distributed about the room, 

(particularly into the corners, Fig. 16-4) and ejected through the door- 

way into the corridor behind the room (see Fig. 16-3). Flames were ex- 

tinguished in the weighted boxes along the side wall, but they continued 

to smoulder, and rekindled in about 10 minutes as shown in Fig. 16-4. 
*-i 

The material confined in the cages near the doorway was completely 

extinguished. 

i 
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Shutters 

Doorway 

C 

80" 

B 
IT 

nczüi^: 

69' 

3 

P3 

A & B ■- 17 x 13 x 13 in. cardboard box (weighted, no f^per) 

C - '.7 x 13 x 13 in, cardboard boxes stacked three high (conLain- 
ing rumpled paper) 

D - 17 x 13 x 13 in. cardboard boxes stacked three high (empty) 

E - 8.5 x 12.5 x 8 in. wire cage containing crumpled .»aper 

^  Ignition sources 

Fig. 16-1. Sketch uf Test Geomt'cry, Test Number 16 
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Fiy.   16-2.     Pretest;  I'hotographs,  Test Number  16 

A. 16-'I 

^J mmm .. 



t VI 

'ig.   16-3.    Pre anc Posttest Photographs, Test Number  16 
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Fig. 15-4. Posttest Photographs, Test Number 16 
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Fig.   16-5,     Posttest Photographs,  Test Number  16 
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Fig. 16-6.  Posttest Photograph, Test Number 16 
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Test Report Test Number 17 

Type EOC 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Average Pressure in Room 

Positive Phase Duration 

4 (psi) 

14* C) 

0.8 (psi) 

1.9 (sec) 

Test Geometry and Results 

The simulated EOC test geometry is sketched in Fig. 17-1. The equip- 

ment tested included a desk on which was placed three telephones and three 

small radios. Placed next to the desk was a tall relay rack (previously 

used in test 14). Photographs of this equipment prior to the test are 

shown in Figs. 17-3 through 17-5 (lower photograph). 

11 

The blast damaged all of the equipment. Pieces of telephones and 

radios were scattered as far as 50 ft from the doorway (see Fig. 17-8). 

The relay rack was outside the test room in the corridor about five feet 

from the doorway and was severely damaged, see Figs. 17-7, 17-9 and 

17-10 (lower photograph) and 17-11 (upper photograph). 

The desk was broken up and piled in the doorway as shown in Fig. 

17-11 (lower photograph). 

* A 1%  opening was planned, but two shutters opened. 
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Shutters 

3 CIZDICZlCZZniIZZDCZZi C 

__]   Doorway C 

B 

\ 

66' 

58' -x 

VD 
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A - 36 x 65 in. desk containing three telphones and three radios 

B - 24 x 24 in. communications rack 

Tig. 17-1.  Sketch of Test Geometry, Test Number \1 
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Fig.   17-?.     Pretest Photographs,  Vest Numbei   17 
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Fig.   17-3.    Pretest Photographs, Test. Number 17 
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Fig, 17-4.  Pretest Photographr., Test Number 17 
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Fiq. 17-6. Posttest Photographs, Test Number 17 
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Fig.   17-7.     Posttest  Photo--ap^-S.  Test; Number  17 
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fig.   :'-8.     [-osttest Photoqraphs,  Test Number  17 
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Fig.   17-10.    Posttest Photographs,  Test Number  17 
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Fig. 17-11. Posttest PhotogrdpSi, Test Number 17 
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Test Report Test Number 18 

Type-- Warehouse 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Average Dressure in Room 

Positive Phase Duration 

Delay (ignition to blast) 

4.25  (psi) 

21 

2.4 (psi) 

1.3 (sec) 

27 (sec) 

Test Geometry and Results 

This test had the same basic warehouse configuration used in the 

last two tests (13 and 16) with certain additions designed to investi- 

gate whether the smouldering fires that occurred in the empty weighted 

boxes located along the side wall near the doorway and that reignited 

later could also exist in other areas of the room. The question was 

whether the cause of these fires was the location of the fuel or the 

type of fuel. Therefore, in addition toplacing the central stack of six 

boxes containing a large quantity of paper in the center of the room and 

the two empty weighted boxes along the side wall, an empty weighted box 

was placed along the rear wall and another between the center stack and 

the side wall away from the doorway. The configuration is shown in Fig. 

18-1 and the photographs of Fig. 18-2. 

In this test, it was apparent that the central stack of boxes pre- 

A.18-1 
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ignited, that is, they ignited by the pilot light (Fig. 18-3) before 

the supply of propane was increased to form a long flame that was suppos- 

ed to ignite the boxes. As a result of this, the fire in the central stack 

was very well established; its entire top and a good deal of the paper 

within the top boxes were flaming vigorously at the time of the shot. 

Despite this, all flames in this material were extinguished, and -- as be- 

fore -- the contents of the stack were distributed widely throughout the 

room, and in the corridor benind the rear doorway. 

In contrast, all fires in the weighted boxes were not extinguished. 

The two side boxes (numbers 1 and 2 in Fig. 18-1) Were flaming within 

30 seconds after the shot and the box near the other side wall (number 5) 

was smouldering, although the smouldering fire did eventually go out. 

A.18-2 
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Shutters 

j—ii—iir—ii—in—iczzic 

Doorway 

JL 
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^T 

B TJ 

70' 

69' 

y r -17' 

!:] 

CD 

1, 2, 5, & 6 - ]7 x 13 x 13 in. cardboard boxes (weighted, no 
paper) 

3 - 17 x 13 x 13 in. cardboard boxes stacked three high (full 
of paper) 

4 - 17 x 13 x 13 in. cardboard boxes stacked threp high (top 
full of paper) 

Q     Ignition sources 

Fig. 18-1. Sketch of Test Geometry, Test Number 18 
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ig. 18-Z.  Pretest Photographs, Test Number 18 
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Fig.   18-3.     Pre and Posttest Photographs, Test Numbe1" 18 
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Fig. 18-4. Posttest Photographs, Test Number 18 
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Test Report Test Number 19 

Type-- Cot.finöd Fuel Test 

TesL Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Average Pressure in Room 

Positive Phase Duration 

Delay (ignition to blast) 

2 (psi) 

21 ("'.) 

1.05 (psi) 

0.94 (sec) 

54 (sec) 

Test Geometry and Results 

In this test, all fuel (paper) was confined to four cages similar 

to the single cagp used during Test 16. These were placed: against the 

side wall nearest the doorway, one fairly close to the shutters (cage 1), the 

other near the center of the room (cage 2); along the rear wall directly 

opposite the shutters (cage 3); and near the side wall farthest from the 

doorway, about halfway between the front and rear walls (cage 4) The 

configuration adopted is shown in Fig. 19-1. The top part of Fig. 19-? 

is a pretest photograph of cages 1 and 2, and the lower part, a photo- 

graph of cage 4. Cage 3 is in the top photograph of rig. 19-3. 

After the shot the contents of cages 1 and 2 were found totally con- 

sumed; the fires were extinguished in cages 3 and 4, which were displaced 

as shown in Fig. 19-1. This suggests that cages 1 and 2 were away from 

the direct high velocity flow between the window and the doorway, that 

A.19-1 
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cage ? experienced a strong flow directly from the window, ind that 

cage 4 was located in an area in whicti a high /elocit swirl formed. 

Postlest photographs are shown in Figs. 19-3 through 19-5. 
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4 D3 

i, 2, 3, & 4 - 8.5 x 12.5 x 8 in. wire cages containing ignited 
paper. (Dotted lines indicate posttest locations] 

-$• Ignition sources 

Fig. 19-1.  Sketch of Test Geometry, Test Number 19 

A.19-3 

BliiiiiBiilteiiiiiifeMtt 



■:i. 

V- 

I 

^^Plu^PiliiPl 
^.SfKCi!-^— 

! 
Si 

' V 

I 
i 

Fig.   19-2.     Pretest  Photographs,  Test Number  lci 
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Fig. 16-3. Pre and Posttest Photographs, Test Number 16 
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Fig.   16-4. Posttest Photographs, Test Number 16 

A.16-6 

.- .    • üiääüüittttüiiäfisi 



gg0H 

?! 
■ ■. ■ . 

■..■■■' ■■'■■       .. - "■....  ..; ,;,-■■. ■■■ ^v 

Fig.   16-5.     Posttest  Photographs,  Test Number  16 
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Fig. 16-6. Posttest Photograph, Test Number 16 
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Test Ri.'port Test Number 17 

Type EOC 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Average Pressure in Room 

Positive Phase Duration 

4 (psi) 

14* (:) 

0.8 (psi) 

1.9 (sec) 

Test Geometry and Results 

The simulated EOC test geometry is sketched in Fig. 17-1. The equip- 

ment tested included a desk on which was placed three telephones and three 

small radios. Placed next to the desk was a tall relay rack (previously 

used in test 14). Photographs of this equipment prior to the test are 

shown in Figs. 17-3 through 17-5 (lower photograph). 

The blast damaged all of the equipment. Pieces of telephones and 

radios were scattered as far as 50 ft from the doorway (see Fig. 17-8). 

The relay rack was outside the test room in the corridor about five feet 

from the doorway and was severely damaged, see Figs. 17-7, 17-9 and 

17-10 (lower photograph) and 17-11 (upper photograph). 

i 

The desk was broken up and piled in the doorway as shown in Fig, 

17-11 (lower photograph). 

* A 7%  opening was planned, but two shutters opened. 
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D3 

A - 36 x 66 in. desk containing three tel phones and three radios 

B •- 24 x 24 in. communications rack 

Fig. 17-1.  Sketch of Test Geometry, Test Number i7 
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Fig.   17  2.     Pretest  Photographs,  Test Number  17 
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Fig.   17-3.     Pretest Photographs,  Test  Mumber  17 
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Fig, 17-4.  Pretest Photographs. Test Number 17 
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Fig,   17-6.     Posttest  Photographs,   lest Number  17 
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Fig.   17-9.    Posttosf:    Photogtaphs,   Test Number   17 
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Fiq. 17-10. Posttest Photographs, Test Number 17 
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Test Report Test Number 18 

Type-- Warehouse 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Average Pressure in Room 

Positive Phase Duration 

Delay (ignition to blast) 

4.25  (psi 

21 

2.4 

1.3 

27 

( ) 

(psi! 

(sec; 

(sec' 

Test Geometry and Results 

This test had the same basic warehouse configuration used in the 

last two tests (13 and 16) with certain additions designed to investi- 

gate whether the smouldering fires that occurred in the empty weighted 

boxes located along the side wall near the doorway and that reignited 

later could also exist in other areas of the room. The question was 

whether the cause of these fires was the location of the fuel or the 

type of fuel. Therefore, in addition to placing the central stack of six 

boxes containing a large quantity of paper in the center of the room and 

the two empty weighted boxes along the side wall, an empty weighted box 

was placed along the rear wall and another between the center stack and 

the side wall eway from the doorway. The configuration is shown in Tig. 

18-1 and the photographs of Fig. 18-2. 

In this test, it was apparent that the central stack of boxes pre- 

A.18-1 
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ignited, that is, they ignited by the pilot light (Fig. 18-3) before 

the supply of propane was increased to form a long flame that was suppos- 

ed to ignite the boxes. As a result of this, the fire in the central stack 

was very well established; its entire top and a good deal of the paper 

within the top boxes were flaming vigorously at the time of the shot. 

Despite this, all flames in this material were extinguished, and -- as be- 

fore -- the contents of the stack were distributed widely throughout the 

room, and in the corridor benind the rear doorway. 

In contrast, all fires in the weighted boxes were not extinguished. 

The two side boxes (numbers 1 and 2  in Fig. 18-1) were flaming within 

30 seconds after the shot and the box near the other side wall (number 5) 

was smouldering, although the smouldering fire did eventually go out. 

A.18-2 
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Fig.   18--1.     Sketch of Test Geometry,  Test Number  18 
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ig. 18-2.  Pretest Photographs, Test Number 18 

A. 18-4 

^^^^^^^ 



I 

: 

L.  __. 

Fig. 18-3. Pre and Posttest Photographs, Test Numbe*- 18 

A.18-5 

.  Hü—l _.,»____—„^-._^J.^.^,..;.....i:._...__.___^^-^ ^-..;_._„^._..J..^:..,;_ - ; i■ ■   __.„.;_,_    ,        . 1 



I 
i 

I 

Tig. 18-4. Posttest Photographs, Test Number 18 

A.18- 6 



'^g^w^^w^mp^^f^w^pn^''-^' ■,-•'-- 

Fig. 18-5. 
Posttest Photograph, Test Number 18 

A.18- 7 
1 1 
4 t 

; . . ■ ■ il 



Test Report Test Number 19 

Type-- Cot,fined Fuel Test 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Average Pressure in Room 

Positive Phase Duration 

Delay (ignition to blast) 

2 (psi) 

21 {%] 

1.05 (psi) 

0.94 (sec) 

54 (sec) 

Test Geometry and Results 

In this test, all fuel (paper) was confined to four cages similar 

to the single cagp used during Test 16. These were placed: against the 

side wall nearest the doorway, one fairly close to the shutters (cage 1), the 

other near the center of the room (cage 2); along the rear wall directly 

opposite the shutters (cage 3); and near the side wall farthest from the 

doorway, about halfway between the front and rear walls (cage 4) The 

configuration adopted is shown in Fig. 19-1. The top part of Fig. 19-2 

is a pretest photograph of cages 1 and 2, and the lower part, a photo- 

graph of cage 4. Cage 3 is in the top photograph of Pig. 19-3. 

After the shot the contents of cages 1 and 2 were found totally con- 

sumed; the fires were extinguished in cages 3 and 4, which were displaced 

as shown in Fig. 19-1. This suggests that cages 1 and 2 were away from 

the direct high velocity flow between the window and the doorway, that 

A.19-1 
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cage 3 experieticed a strong flow directly from the window, ^nd that 

cage a  was located in an area in which a high velocit, swirl formed. 

Posttest photographs are shown in Figs. 19-3 through 19-5. 
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Test Report Test Number 2( 

Type-- Warehouse 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Average Pressure in Room 

Positive Phase Duration 

Delay (ignition to blast) 

6.1 

21 

3.0 

1.5 

7 

(psi) 

(%: 

fpsi) 

(sec) 

(sec) 

Test Geometry and Results 

This simulated warehouse room was arranged very much like that of 

Test 18, with a central stack of 6 boxes containing a good deal of paper, 

aid four weighted but empty boxes placed in various other parts of the 

room. See Fig. 20-1 and the photographs of Figs. 20-2 ■ irough 20-4. 

For the first time, all flames were extinguished and none rekindled. 

More movement of the weighted boxes was evident than before. Those along 

the side wall nearest the  doorway wer? moved away from the wall and to- 

ward the front wall. The one along the opposite side wall moved upstream 

some 10 ft, coming to rest against one of the shutter openings, suggest- 

ing the presence of a strong eddy. Posttest pnotogranhs are shown in Figs, 

20-4 through 20-7. 
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Test Report 

Type-- Confined Fuel Test 

Test Number 21 

Test Conditions 

Compression Chamber Pressure 

Diaphragm Opening 

Average Pressure in Room 

Positive Phase Duration 

Delay (ignition to blast) 

21 

2.8 

1.4 

7 

(psi) 

("') 

(psi) 

(sec) 

(sec) 

Test Geometry and Results 

As with Test 19, this was solely a confined fuel test, with paper 

fuel in four cages at various places in the room. (See Figs. 21-1 

through 21-3. The overpressure used in this test was, however., much 

higher than that of Test 19 (5.5 psi chamber pressure vs. 2 psi). 

The results of the test were similar to those of Test 19 except 

that more fires were extinguished. Only fuel in cage number 1 contin- 

ued to burn. Fi^es in the other three were extinguished and the cages them- 

selves were translated as shown in Fig. 21-1. These translations give 

some insight into the Flow field thit established itself in the room. 

A.21-1 
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Appendix B 

SUMMARY OF RELATIONSHIPS AMONG BLAST WAVE PARAMETERS 

In this appendix, expressions relating flow velocity, reflected 

pressures, and stagnation pressure to incident shock overpressure are 

given. The notation, values, and units used are as follows: 

ai = sound velocity in air at amtnent conditions = 1130 ft/sec 

M. = the Mach number of the flow (the ratio oc flow velocity to 

sound velocity) behind the incident shock front 

Pi = ambient pressure = 14.7 psi 

p. = total pressure in the incident s:iock wave (psi) 

p = total pressure in the stagnation region (psi) 

Ap. = incident shock overpressure (psi) 

Ap = reflected shock overpressure (psi) 

Ap = stagnation overpressure (psi) 

q. = dynamic pressure in the incident shock = (p.j.)3/2 (psi) 

u. = flow velocity behind the incident shock (ft/sec) 

PI = ambient air density = 0.002503 lb sec/ft1' 

i 

N 

Relationships among these variables, and typical values for various 

values of p. follow. 

1. Incident shock wave flow velocity, u. 

u. = (a1)(5Api)/ /7p, (7p, + ÖAp^ 

for Ap- = 2 psi, u- = 101 ft/sec 

for Ap. = 4 psi, u- = 190 ft/sec 

B-l 
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2. Reflected overpressure, Ap after head on reflection of the incident 

shock wave from a solid wall 

Apr = 2Ap.(7p] + 4Api)/(7p1+ Ap.) 

for Ap.«, Apr = 2AP. 

for Ap. = 2 psi, Ap =4.2 ^si 

for Ap. = 4 psi, Ap =8.9 psi 

for Ap. = 8 psi, Ap =19.5 psi 

for Ap.>>, Ap = 8 Ap. 

'I ■'■• 

s ■ 

3. Mach number of the incident flow, M. 

Mi = 5Ap./ /TTPI + Api)(7p1 + Api 

for Ap. = 2 psi , M. = 0.090 

for Ap- = 4 psi, M. = 0.17 

4. 'lyna^ir pressure of the incident flow, q. 

q. = 2.5(ADi)
?/(7p1 + t.p.) 

for /.p.. = 2 psi, q. = 0.095 psi 

for Ap. = 4 psi , q. = 0.37 psi 

: 
i 

5    Stagnation pressure of the incident flow, p 

(p  -p.)/q =   1  + M.2/4 + M.'740 +   .... 

with incident overpressure of 10 psi   (M.  = 0.36)  or less,  the error is  less 

than aboi;t 37> if it is assumed that 

or 
Pi + q 

:  APi.   +  q 

for Ap. = 2 psi, Ap - 2.1 psi 

for Ap. = 4 psi, Ap - 4.4 psi 

B-2 
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p
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