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the shelter space. Also there were experiments in which water
was added to the top of the shelter ceiling slab to moderate
the peak heating period. Debris removal from the slab and from
venting points has been examined. An analytical model of the
heat flow through the shelter slab has been constructed to aid
in the projection and evaluation of countermeasure effectiveness. ;

Results to date indicate that debris fires contained within
the structural interior do not tend to direct toxic gases toward
near-ground vent locations. However, wind induced pressures in
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the Ltire zone can drive concentrated fire gases through faults
in (he sheiter ceiling, which may pose a problem should total
button-up systems be considered. Heat f[luxzes, as expected,

have been found to vary with fire load. A residential occupancy
with light particions produced neat transmission through a 12 in.
shelter celling slab equivalent to that which would be produced
by the occtpants. For a thinner slab (5 in.), this increases

to ihe equivalent of four added occupants per shelter space.

A heavily Yoaded occupancy (library) produced a peak heat load
cquivaleot: to saven occupants per shelter space through a 5 in.
ceiling slab or 2-1/2 occupants per space through a 12 in. slab.
Watevr added tg the top of the shelter ceiling slab at a density
of 1/2 eal/ft~ during a residential debris fire reduced the peak
heating of the shelter interior to 25 percent of that observed
without water addition., Debris vemoval from the ceiling slab
alter peak burning has also produced significaat reduction in
heal 1locad on the shelter space.

Debris removal from the immediate vicinity of intake vents
mitigates the severity of toxic gases. Deep debris with high
noncombustible content produces longer lasting, lower intensity
fires which may contribute to a degradation of general area-wide
air quality.
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FOREWORD

This final technical report is a summary of studies on
Contract DAHC 20-70-C-0406, OCD Work Unit 1135A (IITRI Project
J6217), entitled "Fire Laboratory Tests - Phase II: Interaction
of Fire and Simulated Blast Debris." This program is sponsored
by the Office of Civil Defense, Office of the Secretary of the
Army, Washington, D.C. 20310, with Mr. Norward A. Meador as
Technical Monitor. The contract was initiated on 1 July 1970.
Project activity from 1 July 1970 to 31 December 1971 is re-
ported herein.

IITRI peréonnel who contributed to the study include
C. Foxx, J. Hedge, J. Kopec, S. Noreikis, A. Takata, R. Valela

and T. Waterman.
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ABSTRACT

FIRE LABORATORY TESTS - PHASE II
INTERACTION OF FIRE AND SIMULATED BLAST DEBRIS

A reusable full-scale fire test facility, designed, con-
structed and instrumented by IIT Research Institute for the
Office of Civil Defense, has been operated to gather information : ;
on the flow of heat and fire gases intc unsealed basement i R
shelters. The full-scale structure tas many of the controlled : .
features of a laboratory experiment and adapts to systematic
study of parameter variation. 1t can also serve to spot check : ;
results of analytical or small-scale laboratory studies. . i
Activities included fire experiments with varied amounts and . ;
types of combustible and noncombustible loading over and beyond
the shelter space. Also there were experiments in which water
was added to the top of the shelter ceiling slab to moderate
the peak heating period. Debris removal from the slab and from
venting points has been examined. An analytical model of the
heat flow through the shelter slab has been constructed to aid
in the projection and evaluation of countermeasure effectiveness.

Results to date indicate that debris fires contained within
the structural interior do not tend to direct toxic gases toward
near-ground vent locations. However, wind induced pressures in

the fire zone can drive concentrated fire gases through faults : §
in the shelter ceiling, which may pose a problem should total ' : :
button-up systems be considered. Heat fluxes, as expected, : {

have been found to vary with fire load. A residential occupancy

with light partitions produced heat transmission through a 12 in. :
shelter ceiling slab equivalent to that which would be produced !
by the occupants. For a thinner slab (5 in.), this increases ’
to the equivalent of four added occupants per shelter space. : :
A heavily loaded occupancy (library) produced a peak heat load ) :
equivalent to seven occupants per shelter sgace through s 5 in. :
ceiling slab or 2-1/2 occupants per space through a 12 in. slab. ;
Water added tg the top of the shelter ceiling slab at a demsity :
of 1/3 gal/ft¢ during a residential debris fire reduced the peak

heating of the shelter interior to 25 percent of that observed

without water addition. Debris removal from the ceiling slab

after peak burning has also produced significant reduction in

heat load on the shelter space.
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Debris removal from the immediate vicinity of intake vents :
mitigates the severity of toxic gases. Deep debris with high i
noncombustible content produces longer lasting, lower intensity {
fires which may contribute to a degradation of general area-wide i

air quality.
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FIRE LABORATORY TESTS - PHA3E II
INTFRACTION OF FIRE AND SIMULATED BLAST DEBRIS

1. INTRODUCTION

Fire and its effects on shelter occupants, caused either
by explosion of a nuclear weapon or by subsequent events, has
been of concern to the JOffice of Civil Defense (OCD) for many

years.

The nature of the research efforts has varied in keeping

with the continuing evolution of OCD shelter philosophy. The
present study encompasses analytical and experimental investiga-
tions leading to the development of information to provide a

sound technical base from which to design occupant fire protection

into basement shelters in new construction. Specific goals

are to:

(1)

(2)

(3

(4)

(5)

(6)

)

(8)

Evaluate the flow of smcke, toxic gases and heat
into basement shelters from various types of fire
load in the building above the shelter,.

Develop recommendations on peirmissible fire load
in the building above a basement shelter.

Develop recommendations on the location and capacity
of ventilation intakes for basement shelters with
the objective of obtaining the least expensive air
intake consistent with 85 to 95 percent survival of
shelterees.

Develop recommendations for fire control methods
to be used with blast slanted basement shelters
and assuming considerable blast damage to the
building above the shelter.

Conduct and evaluate experiments to determine
ventilation problems in basement shelter associated
with fire loads on firzt and second flocors and debris
fires extending well beyond the bounds of the structure.

On the basis of preliminary tests previously conducted,
perform experiments to evaluate the effect of water
countermeasures.

Evaluate the effect of other expedient type counter-
measures (e.g., removal or scattering of debris
during and/or after start of fire).

Evaluate effect of operating emergency ventilating
equipment during fire period.

ilT RESEARCH INSTITUTE
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These goals reflect the concept of slanting new construction
(i.e., incorporating modifications during the design stage) to pro-
vide shelters with enhanced resistance to the combined effects of
nuclear weapons; blast, fire and fallout. There is little question
that helow grade shelters of concrete construction designed to with-
stand 10 psi or more overpressure, can also maintain structural
integrity under all imaginable fire exposures. Questions to be an-
swered are to provide life safety for the shelter oeccupants from
penetration of heat and fire gases into the shelter space. These
include both fire environments; as determined by fire load and
level of blast damage, and as modified by various conceptual coun-
termeasure activities.

The studies reported herein center around large-scale fire ex-
periments. These are being conducted in a reusable two-story fire
test facility which provides a 60-man (600 ftz) basement shelter, fully
instrumented for assessment of the flow of heat and fire gases.

By providing for full-scale experiments under laboratory conditions,
the facility is adaptable to a systematic study of effects of var-
iable parameters, as well as to spot check applicability of designs
based on theoretical or small-scale laboratory studies.

Included in the first year of effort were construction and gen-
eral instrumentation of the large-scale fire test facility as well
as conduct of preliminary tests. Reference 1 provides a detailed
report of this portion of the program. During the current report-
ing period (July 1970 to Dec 1971) further instrumentation has
been added and experiments have been conducted for debris piles
within and beyond the bounds of the structure above the shelter,
These have been augmented by development of an analytical model of
heat flow through the shelter ceiling slab and by conducting sev-
eral small-scale debris tests on an aluminum plate. Their purpose
is to aid in assessing the potential benefit of debris removal
and water application as countermeasure techniques and to aid in
predicting the heating effects as other debris piles or thicknesses
of ceiling slab are considered. Several large-scale countermea-
sure benefits have also been examined.

11T RESEARCH INSTITUTE
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2. THE FIRE TEST FACILITY

The largeﬂscale fire experiments are being conducted in
the test facility constructed under Contract DABC 2(-70-C-0206
(Ref. 1). This facility consists of a 20 by 20 ft basement
sﬁelter space topped by a two-story reinforQed concrete rigid
frame upper shell. The shelter ceiling is & 12-in,-thick rein-
forced concrete‘slab‘ Two outside.shelter entrances% a ramp
and a\stairwell provide locations for assessing entryway debris
pileup as well as for evaluating ventilation intakes. Photo-
graphs of the structure ére showﬁ as Fig. 1, and a plan view
is inclu?ed as Fig 2. As presently constructed, the facility
has the fire zones approximately 50 percent enclosed. This can
be readily increased by the addition of temporary panels\to the
remaining openings. As shown by Fig. 2, portions of the! shelter

\cniling (ficrst story floor) and the second story floor can be
iremoved to vary the fire zone configuration and its access to
the shelter space. In addition, c?anges in shelter ceiling
thickness or composition can be studied at thesi locations.

For further construction detail, the reader is referred:to Ref.l.

All features qf the instrumentation reported in Ref. 1 have :
been retained. These include numerous temperature measurements
;n the fire areas, on and within the shelter ceiling slab and
ﬁithin the shelter space., Heat flowg are measured through the
main ceiling slab and the inserts. Concentrations of CO, co,
and 0, are measuded in the shelter, its entryways and over the
surrounging ground areas. Humidity and smoke are also measured |
in the shelter space. Pressure differences between iche shelter,
the upper structure and a remote ambient are monitored. Ge: 2ral

weatber data are collected along with an ofkicial_description

ﬁz- ~ded by the weather bureau. | \

Al

During this reporting period, thermocouples have been added
within' the shelter ceiling slab to aid in definition of vertical
gradients through the slab and thus dgtermine%the way in which
moisture migration is affecting heat ioading.
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Pans have been attached to the lower ceiling surface which sep-
arate and collect moisture that has moved through the slab dur-
ing the experiment either as liquid or as vapor. One set of pans
is showri schematically in Fig. 3. The uppermost pan collects
liquid water dripping from the shelter ceiling. It is insulated
on its lower surface so that it remains at temperatures like
those of the ceiling slab. Vapors pass through the protected
holes in this pan and condense on the lower pan. Surfaces of
the lower pan are maintained at temperatures like those of the

E shelter floor by circulating water from a reservoir through
coils on the pan.
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b Added thermocouples have a’so been placed on both faces
of the shelter ceiling slab. These aid in judging average
conditions, a task that is complicated by the nonhomogeneous
nature of the debris. The number of gas sampling locations on ;
the grounds surrcunding the structure has been increased to
encompass a larger total area. In addition, gas sampling and
temperature measuring points have beeu added to the ramp entry
to furcher identify conditions of debris burning in that area.
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3. SCHEDULE OF EXPERIMENTS

Numerous parameters require evaluation in this continuing
program to properly assess fire vulnerability of occupants in
the basement of a blast and/or fire slanted shelter. To serve
this purpose, a series of experiments has been scheduled, subject
to review in the light of each set of results obtained. It
includes those experiments conducted during the previous study
and extends well beyond the scope of the present level of effort.
The experiments are designed to search out problem areas and/or
to examine conceptual solutions. Thus, they are not, taken as
a group intended to represent the average situation to be
expected in blast-fire-fallout enviromments. They may represent
only a portion of some fire environmments, but one which can be
combined with other portions to evaluate a total effect. For
example, the time history of heat flows through the shelter
ceiling for appropriate fire loads within the structure can be
added to descriptions of the gases produced by debris extending
over the general ground area to provide approximate descriptions
of those situations where a combination of the two exists. In
examining the data, one can also consider the test structure to
be a total shelter or to represent one portion of a larger
structure.

The particular ventilation scheme examined by a specific
experiment is usually not the optimum for the fire situation
created, but is designed to identify problem areas and con-
straints on ventilation use. The schedule of experiments now
stands as described in the following subsections.

3.1 Well Ventilated, Contained Debris Fires

This series of experiments assumes that blast has removed
glazing and, in most cases, has destroyed interior partitionms.
However, extericr walls ave assumed to survive and the debris
is confined to the general bounds of the building. Surrounding
structures are assumed to be sufficiently strong or far enough

11T RESEARCH INSTITUTE
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away not to add significant debris near the building exterior.
Six experiments have been conducted to date and are reviewed

here.

1. Retail Furniture Store Occupancy:
light interior partitions, blast
assumed to destroy interior parti-
tions, (Experiment 70-1, May 1970).

This occupancy contains combustible items common to a
residence but in higher comcentration (7-1/2 1b £t2 floor area
compared to 3-1/2 1b ;‘:'t:2 for a residence). Noncombustible
contents are much higher than those of a residence (4-1/2 1b ft
compared to 1-1.2 1b ft2) due mostly to display racks, counters,
etc. For the experiment, real contents items were placed in
the structurec (limited to the first story unless otherwise
noted), appropriately overturned or scattered and mixed with
added lumber, wallboard (rock lath was used) and ceiling tile
which represented the structural debris from ceiling cover and

interior partitioning.

2. Residential Occupancy: light interior partitioms,
blast assumed to destroy interior partitions
(Experiment 70-2, June 1970).

This occupancy represents that which can be expected as é
most common to potential slanted new constructions. For this
experiment, the contents were distributed with structural debris
in the same manner as described for 70-1. As in 70-1, the
exterior walls were 50 percent open.
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3. Residential Occupancy: light interior partitioms,
blast assumed to remove glazing but not interior
partitions (Experimeunt 70-3, August 1970).

L " ) Y >H‘ S
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By assuming a lower blast level, the licht structural non-
combustibles were retained in place until the latter stages of
the fire. This sequence of events produced a less serious heat
load on the shelter ceiling as the contents burned quickly and
delivered most of their heat into the air. The exterior walls

were 50 percent open.
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Under more restricted ventilation of the structure (less
windows) the reduction in heat load on the shelter can be expected

to be less pronounced.

4., Office Occupancy: light interior partitioms,

blast assumed to destroy interior partitions
(Experiment 70-4, September 1970).

This occupancy contains fuel weights similar to those of
a retail furniture store (70-1) but the fuel is more densely
packed (more books and wood and less clothing and upholstered
furniture). The produced fire burned more slowly and was more
efficient in heating the shelter. Part of this increased
efficiency was due to the retention of a fairly continuous
blanket of ash which reduced the ability of the slab to lose
heat upward after the main fire was over. Removal of the ash
could be an effective countermeasure.

5. Residential Occupancy: masonry interior partitioms,
blast assumed to destroy interior partitions
(Experiment 70-5, October 1970).

This debris had a greatly increased noncombustible weight
over that used in experiment 70-2 (residential with light interior
partitions). Although it had been suspected that the added non-
combustibles might effectively store heat for later delivery
through the shelter ceiling slab, this was not the case. The
stored heat was apparently readily released to the atmosphere
with the net effect being a lower rate of heat input to the
shelter during the peak heating period.

6. Library Occupancy: masonry interior partitionmns,

blast assumed to destroy interior partitions
(Experiment 70-6, November 1970).

This fire involved a very high fuel load (see Fig. 4) and
can gerve &8 an upper bound against which to interpolate the
results of occupancies of intermediate loading. Active flaming
was moderate (also see Fig. 4) but longer lasting than that of
previous fires. The shelter heating peaked slowly at a level
lower than might be expected but remained high for a period of

days.
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Contents Load Being Installed Prior to Dumping
and Mixing with Structural Debris
(Note: String Ties Cut Pricr to Dumping)

Active Burning Period

Fig. 4 SHELTER BURN 70-6: LIBRARY OCTUPANCY
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Table I provides a summary of configurations used for the-
well ventiiated, contained debris fires.

3.2 Water Countermeasure

M o 9 g L et D i Y N8 SN

These experiments introduce water on the upper surface of
the shelter ceiling (first story floor). The water is not
directed toward extinguilshing the burning debris but is added
in a layer to cocl the slab surface. 1In particular, it is
designed to reduce the heating rate of the shelter during the
peak period. No attempt to flood the space is being made;
rather, water ic added at a rate to produce a very light cover
which may not be quite complete. This approach cffers simplicity ;
of operaticn so that it may be applied as shelter protection in 3

the field.

The first of these experiments was conducted for a resi-
dential loading with water applicaticn delayed about 2 hours
after ignition, well beyond the peak fire. Water effectiveness
was low with this great a delay in application in that the
surface cooled well below boiling with the first portion of ;
water added and the bulk of the heat had penetrated beyond easy : i

) recovary even though it had yet to reach the shelter interior. L
A second experiment was then constructed for which application
of water was initiated earliexr. The results of this experiment
indicated that the shelter peak heating rate was reduced to
25 percent of that observed without water addition. Added
experiments were conducted with an ertificially unifomm
(homogeneous) load and are being used to aid in validation of
the descriptions of heat flow in the computer model as well as
in further predictions of water ccuntermeasure effectiveness.

TION

iy 1.t o b ok

3.3 Study of Shelter Vents

For these experiments, debris is extended well beyond the
bounds of thz etructure and tocally = compasses at least one
shelter entrance. This enurance isused as a ventilation peint.
Compariéons are being made between local gas concentrations and
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temperatures above the debris and those encountered in the
relatively high volume airflow being used by the shelter. The
experiments consider several debris concentrations representative
of those whizh might be distributed from the shelter building
and/or from surrounding structures. One experiment is contem-
plated which retains a previous debris density and increases

the ground area covered.

To date, one experiment has been conducted with moderately
low debris density extended some 3G £t in all directions beyond
the shelter ramp entrance. This has shown that a period exists
during which air should not be drawn directly over the debris
into the shelter. A second experiment arranged the same debris
over a slightly larger area but with a 15 ft cleared radius
extending outward from the air intake. A benefit was obtained
of reduced CO and CO2 concentrations and cooler entering air.
Experimeuts have been constructed to simulate a deeper accumn-
lation to provide preliminary assessment of rae button-up time
assoclated with attempts to pull air through the debris layer,
and of the active fire duration which might be associated with
deeper or moxre restrictively ventilated debris.

Experimsnts in this category will form a future effort.
Debris depth, quality and distribution will be varied further.
At least one fire of significantly larger ground coverage will
be included. This fire will be designed from predicted debris
distributions from real structural arrangements.

3.4 Debris Removal Countermeasure

These exneriments may take the form of an evaluation of
activities to remove fuels before they burn or of the uncovering
of the shelter ceiling slab (or critical portions) to sid cooling
after the peak fire. Actual operations are being considered and
the experiments would include the necessary auxiliary conditions
to develcp behavioral constraints representative of a fotal
attack environment. To date several experiments have been
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conducted which ghow that an advantage is gained by clearing
around a vent or uncovering the ceiling slab after the peak fire
to promote upward cooling, These have not evaluated the reaction
to or capability of the shelteree in performing the tasks. Such

will be initiated in the future.

3.5 shelteree Behavior

While much study has been performed on the behavior of
shelterees under the restrictions of suelter confinement, little
can be said with certainty as to their reaction to the added
stresses produced by the indic-*ors of a fire raging beyond the
shelter envelope or their willingness to spproach even to fringes
of a fire area to perform countermeasure activities. Future
activities will initiate studies to evaluaie shelteree behavior
under threat of external fire both when they remain within the
shelter and when they attempt countermeasure activity as mentioned
earlier. The first step will be to review shelteree behavior
under nonfire conditions and to examine the physical manifesca-
tions of the external fire that appear within the shelter space
under various modes of shelter operatiorn. The limitations on
experimentation imposed by fire sizes and configuration used at
the laboratory facility will also be examined to determine what
artificial constraints should be added for shelteree behavior
studies. All will be incorporated into the design, conduct and
evaluation of experiments deemed feasible.

3.6 Experiments. at ‘Reduced Ventilation

Future experiments in this category will be conducted with
exterior wall openings of less than 25 percent. The effect of a
greatly restricted air supply mey well csuse a fire that smoulders
snd produces much larger amounts of toxic gases directly over
the shelter. This portion of the study shcould include consider-
ation of realjistic shafts and wells which extend into the basement
(shelter) level. These are being ccnsidered in present efforts
only to the degree that they might be compatible with the primary

goals listed in the scope of work.
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4. SELECTED EXPERIMENTAL RESULTS

Experiments conducted during 1970 are summarized in Table I.
Table II briefly describes the experimernts conducted during 1971.

Table 11

SUMMARY OF EXPERIMENTS CONDUCTED IN 1971

Experiment

Debris Fire Load

Remarks

71-1

71-2

- E 71-3

71-4

EE 71-5

71-6

71-7

71-8

71-MP1,
2,3,etc.

Residential,
Light Partitions
Destroyed

Residential,
Light Partitions
Destroyed

Debris Crib*

Debris Crib

Extende.
Residential

Extended
Residential

Deep Residential
Includes Total
Structure

Deep Residential

Debris Crib

Water countermeasure applied
2 hours after ignitionm.

Water countermeasure applied
at peak fire (approx. 3/4 hour
after ignition).

Water countermeasure applied
to selected portion of slab,
debris allowed to remain.

Water countermeasure applied
to selected portion of slab,
debris removed from entire
slab after peak fire.

Debris in and around shelter,
shelter vented at 900 cftm.

As above but debris cleared
from vicinity of intake vent,
shelter vented at 900 cfm.

Debris depth increased to
gain insight on its effects
on time of burning, gases
generated ,significance of
buried vents.

Pile compacted, dirt inter-
mived to determine importance
on burning behavior.

A series of auxiliary debris
fire experiments placed on an
aluminum plate to aid in
assessing heat flows and water
countermeasures effectiveness.

A S TR S O R T U A e U N S

“The term "debris crib" is used io describe artificial debris
piles creatad from wood cribs interlaced with drywall. This
technique was used to provide a fuel load that is more uniform
in horizontal directions.
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4.1 Heat Flow tﬁrough Shelter Ceiling Slab

Typical heat flux:s transmitted through the 12-in.-thick
main shelter ceiling slab are shown in Fig. 5. For purposes of
comparison the results of . previous experimehts also are in-
cluded.”™ Table I summarizes the experimental conditiouns for
‘each burn. Figu&e 6 compares the

1 £t below the ceiling. @ince no significant veatilation of

the shelter space was undertaken, the shelter space can be
‘considered to approximate a large calorimeter. Thus, the mea-
sured relative levels of shelter heating can be confirmed by
ex?mining the relative rise of the shelter air although some

u .ertainty is introduced if outside ambient temperatures are
ir a period of rapid change. Examination of Figs..5 and 6 shows
that the debris containing.heavy partitions (burn 70-5) was not
as effective at heating the shelter as was that with light
partitions (burn 70-2). The penklty for placing shelter spaces
under heayily loaded occupancies is clearly shown by burn, 70-6
although the levels reaclied are not linearly related to fire
load. The levels of heat’ transmission through the 5 in. slab
sections reached 285 Btu/hr-ft> during burn 70-6 which rep-\
resents an added; load equivalent to seven cccupants per shelter
space. In additicn to being higher, heat transmitted through
the 5 in.%slab sections reaches significant proportions much
‘sooner. The time delay of heating afforded by the thicker

(12 in.) slab offers % significant benefit in that many fires
will be past their period of active gas generation before the
heat load becomes severe so that the two problems are not si-

multanéous.

\
The experiments listed in Table I and shown in Figs. 5 and
6 were conducted,with no ventilation of the shelter Space} The
possibility that ventilatlng\the space might measurably increase
the hea§ leaving the slab was of some concern. Steps were taken
during experiments 71-5 and 71-6 to examine this possibility,

Results of 70-1 are low due to the high moisture content of the
This is discussed in the Phas5 I Report (Ref. 1).
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shelter slgb.

rise in shelter air temperature
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These experiments had debris beyond the shelter building but also
had a residential debris loading above the shelter. They were
conducted with 960 cfm air drawn through the shelter (15 cfm/occu-
pant space). Two circulating fans were placed at the floor in
diagonalily opposite corners to provide additional circulation with-
in the shelter space. Examination of airflow at various locations
near the ceiling slab indicated flows of the order of 1 ft/sec
moving in random directions. This air motion was not sufficient
to appreciably affect the net heat flow through the ceiling slab,
and the measured heat flows in experiments 71-5 and 71-6 duplicate
those of experiment 70-2 which had the same debris loading but no
shelter ventilation,

4.2 Countermeasures Applied to Shelter Ceiling Slab

4.2.1 Water Countermeasure Applied to a Residential Debris Fire

Water was applied to the shelter ceiling for two residential
debris fires as described in subsection 3.2. For the firat of
thage experiments (71-1), the water was added about 2 hours after
ignition and little benefit was gained. Figures 5 and 6 present
r2sults for experiment 71-2 in which water was introduced on the
top of the shelter ceiling immediately after the peak fire was
reached, The fire was in a debris pile representative of a resi-
dential cccupancy with light interior partitioning destroyed by
blast (same s 70-2). Water was applied to a demnsity of 1/3 gal/
£t2 which would require a water supply equivalent to that stored
for drinking purposes. A marked reduction in shelter heating was
achievad, (about 75 percent) far better than what one would pre-
dict by assuming the water only removed heat from the concrete
surface. This will be discussed in greater detail in a following
section on computer modeling of heat flow in the ghelter ceiling slab.

4.2.2 Water Countermeasure and Debris Removal Evaluation using Cribs

In order to provide a more uniform debris pile, a crib of wood
sticks capped with sheets of plasterboard was devised and used to
cover the entire shelter siab. Tha makeup of this debris crib was
later used with smaller scale tests and is shown in Fig. C-2 of
Appendix C,
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Experiments 71-3 and 71-4 used this debris crib, 1In 71-3, one

small area was treated with a water countermeasure. In 71-4, this
area was &gain treated with water and then the entire debris pile

was removed once the fire began to subside. The purpose cf the

debris removal was not just to remove the heat source but also to
remove the insulation caused by ashes and noncombustibles so that

the slab could coocl to the upper air.

The effectiveness of the countermeasures can be judged by
examination of Fig. 7 which shows peak shelter heating due to
this fire was reduced from 57 Btu/hr-ft2 to 44 Btu/hr-ft2 by
the addition of 1/3 gal/ftZ water to the upper slab surface*} to
37 Btu/hr-£t2 by removing the debris 1-1/2 hr after ignition;
and, to 13 Btu/hr-ft2 by the combined countermeasures. Although
the exact magnitude of each curve is subject to some error due
to the limited (1 tc 3) heat flow meters monitoring each ares
and some interaction of areas, the benefit is clearly demon-
strated. Early portions of the curves are not shown as steam
leaving the 5 in. slab sections flowed along the shelter ceiling
causing random gyrations in the data records.

A second representation of the berefit gained by the debris
removal is shown in Fig. 8 which compares air temperatures 1 ft
below the ceiling of the unvented shelter (this type of compari-
son was used in earliier reports to verify results produced by
heat flow meters). It should be remembered that the results are

slightly perturbed by the fact that the shelter ceiling does have

several thin sections and that 36 ft2 was tcreated by water in
each experiment. However, the maximum temperature rise of 40°F
caused by the debris crib (a very severe exposure in spite cof its
low fuel content) was reduced to 20°F by debris removal 1-1/2
hours after ignition.

S

The water countermeasure appears less effective against the
crib fires than against real building and contents debris.
The reason for this is not clear at this time but is probably

related to debris geometry and/or relative time of water
application.
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As mentioned earlier, the water was added to one section
(6 ft x 6 ft) of the 12-in.-thick shelter ceiling in both ex-
periments using the debris crib. 1In the first case, water was
added over a period of 3/4 hr while in the second case it was
added in a matter of minutes. In both cases, the total amount
added was 12 gal (1/3 gal/ftz). Temperature records indicate
that the water did not spread over the entire area zoned for it.
Upper surface temperatures off to the side cf the delivery
point showed almost no change as the water was added. Those
somewhat deeper in the slab showed the cooling effect at later
times. However, the results of 71-3 and 71-4 do not yield all
of the hoped for input to aid the mathematical model, and fur-
ther experiments were conducted using the debris crib and a
modified version of it on top of an aluminum plate. These
smail-scale experiments are described in Appendix C.

4.3 Water Migration in Ceiling Slab

Section 2 describes a set of pans that were attached to
the shelter ceiling to selectively collect water driven as
steam or as liquid from the lower surface of the shelter ceiling.
These have shown no measurable collection thrcugh the 12-in.-
thick slab during residential debris fires and only small amounts
through the 5-in.-thick slab. However, the debris crib fire, a
more severe exposure, drove significant amounts of liquid and
vapor through both slab thicknesses. The amounts are summarized
in Table III. When more data are collected, they will be incor-
porated into an upgrading of the mathematical description of
hcat and mass flow in the shelter ceiling slab. At present,
it should be pointed out that the vapor, in particular, repre-
sents a significant introducticn of heat into the shelter space.
This heating is not accurately monitored by the heat flow meters :
as it tends to move around them.

MT RESEARCH INSTITUTE
24




———

TR

ST

i

)
]
4,

*autod UOTIO9TT0O JO AITuTOFA ul 3daoxa aanjsiow BTqISTA paMmoys qels °‘ul ZI Jo sy,

‘83§93 aJanINy Ul SyeAIajzuf jusnbaay axow e ®lEp A9yjled o3 pauueid sT 3I1 “
* S9OUDIAFITP £q PIIBINOIBO 9q UBD SYkAIIIUT JuTaNp pPaJVITLOD IeaeM, w

Tt s gt b

= S ,,§§

N ———————
I osaxsa i L RA e

0°0 LtLo°o 110°0 0 urm o - Iy £ e
¥90°0 £L0°0  T10°0 0 upm ¢ - au 9 S ;
%0°0 LL0°0  @deal 0 upm ¢ - Iy § I8 PIAOCUIY) §
ST0°0 890°0 0 0 Ure 66 - Ay | qExd Y-1L m
902°0 6S2°0 97100 200°0 ura gg ~ ay ¢ _
€81°0 ovT o S00°0 0 Uk 96 - Iy ¢
S.0°0 LST°0 230 %0 urk 1 - Iy 7 qtad £-1L
S%00°0 8100°0 0 o a4 6¢
§%00°0 8100°0 0 o urm 6T -~ Iy 9 TeFIuaprsay 9-1.
200°0 0 0 0 Iy €7
200°0 0 0 0 ujw 0z - Iy 9 TeFIUapEsay S-1L
xodep pInb1n xodep pInbyl UOTITuUsT
a933e Wil s1xqadg Juswrpxadxy
qels °"uf § qets °"ur ¢1
N»M\AH "pe3091T0) a938M Te30]
¥

ONT'IIHED ¥ALTIHS WOYd QILOTITI00 YALVM A0 AUVIWIS

I1I 91498]

e s gy e o)




T TR R 7"]

s A A A

4.4 Toxic Gases

4.4.1 Contained Debris Fires

As described earlier, ezperiments 70-1i through 70-6 (see
Table I) considered debris created by the contents and incerior
partitioning of varicus occupancies. The blast was assumed to
be less than that required to destroy the exterior walls and
the debris was essentially contained wichin the structure. For
these conditions, none of the CO or CO2 concentrations found
in the shelter, its entry walls, or at any expected vent locations
would be considered significant to a ventilated shelter.

Dats from burn 70-6 (library occupancy) indicate a phenome-
non that should not bhe overlooked if total shelter button-up
is considered. That is, that although no measurable CO was
found outside the shelter, levels inside (near the ceiling)
reached 0,015 percent CO approximately 12 minutes after ignition.
This would indicate that although the CO concentrations in the
combustion products of the burning debris were diluted by the
wind as they left the top of the pile, those driven through the
"eracks" in the shelter ceiling reached the interior without
dilution. As these cracks were quite limited in area, the ef-
fect could be greater for other leakage areas and differing

T eT]

winds or structural arrays (wind velocity for burn 70-6 was 10 mph).

The total quantity of CO reaching the interior is small and
normal shelter ventilation would easily remove it. However,
total button~up systems using recirculated air should consider
maintenance of a positive pressure in the shelter space and/or
means for absorption of CO from the shelter atmosphere.

4.4.2 External Debris and Vent Clearing

Experiments 71-5 and 71-6 were conducted with debris covering
the shelter ceiling and an additional 1800 ft?
rounding the ramp entrance. The external debris was a uniform
distribution that contained about the same combustible loading
as that on the shelter ceiling (residential) but a higher per-
centage of noncombustibles. Appendix B gives the rationale

of ground sur-

T RESEARCH INSTITUTE
26

e




that was applied to developing its description. The external
debris used in the experiments did not contain the very large
pieces described in Appendix B as they were assumed to have
little effect on the gases generated at this shallow level.
Obviously, when nonuniform accumulations are considered, these
larger items must be added to the deeper piles. For experiment f
71-5, debris extended up to the shelter ramp doors, one of which
was cut open several feet above the ramp floor to provide an

air intake. For experiment 71-6, the debris for a radius of
about 15 ft from the intake was removed (and added to the outer
perimeter to keep total amount a constant). The debris patterns
are depicted in Fig. 9.

i, G et L AR YA BT AT AL LD S o8 1t L s ap

Ventilation was continuous throughout each experiment even
though it is realized that this would be halted for some period H
in actual practice. For experiment 71-5, gas councentrations in
the shelter rapidly rose to values of 0.35 percent CO at 40
minut- - after ignition. At 2 hours after ignition 0.15 percent
CO was still being recorded within the shelter space. For pur-
poses of comparison, Table IV presents a summary of physiological
effects of carbon monoxide.

The debris clearance of 71-6 ameliorated this condition and
a value of .04 percent CC was reached at 25 minutes which per-
sisted slightly beyond 1 hour. Thus a problem of toxic gases
being drawn into the shelter does exist; can be decreased by ]
debris clearance; but, may be significantly worse for longer i
burning, larger area debris conditions. This subject will be
examined in future experiments.

4.4.3 Increased Debris Depth

To examine the effects of deeper debris piles on burning
time and active gas generation, advantage was taken of the ramp
entryway to provide a segment of a large pile. The ramp was
filled with debris to form piles some 8 ft deep at the shelter
doors that gradually reduced (due to rise of ramp) to some 3 ft
deep about 24 ft from the shelter.
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Table IV

PHYéIOLOGICAL EFFECTS OF CARBON MDNOXIDE*

Carbon Monoxide
Content of Inhaled Air
percent

Effects

0.02

0.04

0.08

0.16

0.32

0.64

1.28

Possible mild frontal headache
after 3 hours

Frontal headache and nausea after 1
to 2 hours; occipital (rear of head)
headache after 2-1/2 to 3-1/2 hours

Headache, dizziness, and nausea in
45 minutes; collapse and possible
unconsciousness in 2 hours

Headache, dizziness, and nausea in
20 minutes; collapse, unconsciousness
and possible death in 2 hours

Headache and dizziness in 5 to 10 min-

utes; unconsciousness and danger of
death in 30 minutes

Headache and dizziness in 1 or 2 min-
utes; unconsciousness and danger of
death in 10 to 15 minutes

Immediate effect; unconsciousness
and danger of death in 1 to 3 minutes

* From Ref. 2
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The proportions of the debris piles are described in Appendix B.
Their cotal weights ar: given in Table V. The first of these
(71-7) followed the siz. distribution of Appendix R quite faith-
fully. The second experiment (71-8) was conducted to examine
the magnitude by which a more dense packing and the introduction
of entrained scil would extend the burning period or change

CO production. For this burn, the brick and blocks of 71-7,
now broken into somewhat smaller pieces by the previous fire,
were reused with fresh combustibles and plasterboard and 21 ft
of fine sand was intermixed as the pile was constructed. The
sand was considered to represent both soil and the accumulation
of dirt within hidden spaces of the destroyed structure.

R T L L e R e T

B o B NS 4 il € oM s SRSt s 1

In each experiment, the pile was ignited near both ends and
at one midpoint. Periodically during the fire, air was drawn
in through the intake located some 2 ft above the ramp floor.
This attempt to pull shelter air through the debris was used
to determine the period where such action is unwise*; but, also
to describe that period when the pile was generating significant
amounts of gases which, when generated by larger area piles,
might provide a general blanketing of the surroundings. In both
experiments, the fires produced less heat and more smoke and
gases thar earlier tests and these gases were observed to hang
near the grcund for extended distances. They were cuviously
diluted by the surrounding fresh air as they spread, but this
effect would not necessarily be of the same magnitude were the
debris coverage over larger areas.

The (O content of the air drawn into the shelter is shown
in Fig. 10. The curves were obtained by drawing air for short
periods so that adequate measurements were made, and then stopping
the airflow so_that it would not significantly affect burning

of the pile.

g e

*This suggests that the stocking of a simple CO detector would
be appropriate so that shelter occupants could monitor ventila-

tion air quality.
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DEBRIS LOAD FOR EXPERIMFNTS AT INCREASED DEPTH
(71-7 and 71-8)%

\
i

Ttem Weight, 1bs
Residential Combustible Contents E 1,477 ‘
! i : ) |
Residential Noncombustible Contents 665

Plasterboard 1,330 \

Block and Brick % !
{sizes per Ap“endix B) h9,810
}
Structural Wood y ﬂ 812
Total Combustibles 2,289,
. Total Noncombustibles % 21, 805 '
\ *Load essentialiy fills ramp entrance to a dlséance of 24 ft

1

from shelter. It represents slightly over an average of !
three stories of residential structure but also can be : R
considered to approximate 1-1/2 stories of retail or office ;

building, etc.

D A A AN 1 38 1 WiV g uxnmw.-ﬁwwuﬁrmmwmwﬂ%a-&%ﬂ%ﬁ%ﬁﬂﬁﬁ

-

The periods of active gas generation can be considered tc be
about 2-1/2 hours for burn 71-7 and almost 6 hours for the -

' more compact, soil mpdified pile The a*eas under the curves
would indicate that %he totdl co production of the two fires _ r
was quite similar. The duration of the fires are such that the

active gas generation period usually will precedé the period

of major shelter heating for thick (12 in.) ceiling slabs. ‘
Only in areas where large amounts of unusually deep piles occur 3
shcild the time overlap be significant.- Obviously, one, should
not at;empt to pull air through the debris during the active
period and vents for specific sheltar buildings should be
located so rhat)likely debris patterns for the locale will. not
cover all vents to the shelter. The impaé* of having some
portion of the total ground area burning in this manner cannot
be answered comalétely until better descriptions are developed
of the movement of air and gases over and between areas of
burning debris. ' 1
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5. CALCULATION OF TEMPERATURES AND HEAT FLUXES
ASSOCIATE TH R N

Here we describe the development of analytical means
for calculating shelter temperatures and heat fluxes caused by
debris fires. For ease of computatious, the aralysis was com-
puterized and is currently being used in conjunction with experi-
mental studies to develop a quantitative understanding of the
heat transfer mechanisms. This process of cross fertilization
will continue throughout the remainder of the program and will
culminate in a code for the rapid evaluation of the multitude of
attack and environmental conditions that may be conceived.
Among the variables of concern are:

b R B TATUE LAY S e

&

Slab thickness,

Environmental air temperatures,
Countermeasures,

Effects of persommnel,

Effects of ventilation,

R T T A,

3 We also compare predictions with .xperimental results to

? gain an insight into how well the various phcnomena are being
; described analytically and to gain 2 measure of the impertance

_ of countermeasures including their time of implementation.

3 5 Except for a quantitative under .anding of the effects of water
3 ; application onto the heated shelter, the present analytical
description of the heat transfer processes appears satisfactory
: on the basis of limited checking. Further checking of course,

L b will be performed in the futi e to ensure the adequacy of the

E | analytical descriptiorn

W A 8 o

3 ? Predictions of the thermal effects of applying either water
‘ or removing debris indicate that both countermeasures are ef-
fective in very appreciably reducing the shelter heat load.

The remainder of this sectior is devoted to an elaboration
: of the above, The first part of this section briefly describes
g 3 the p.enomena and information affecting the transfer of heat

1T RESEARCH INSTITUTE
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into the shelter; the second part compares predictions with
experimental data assuming no countermeasures; and the third part
compares predictions with experimental data for the case of
water application and debris removal.

5.1 Basic Heat Transfer Information

Heating of shelters caused by burning debris involves a
number of important phenomena ~- the principal ones being:
e convective and radiative heat transfer

from burning debris to top surface of
concrete slab,

e heat flow by conduction within concrete slab,

e rate of heat absorption by the boiling of
free water within concrete,

e rate of heating of concrete due to
condensation of steam within cooler
portions of slab, and

® convective and radiative heat transfer
from lower surface of concrete slab to
the air space within shelter.

Mathematical means for calculating these quantities as well as tem-
peratures of the concrete and air are described in Appendix A. A
major simplifying assumption used in the mathematical analysis is
that the air space within the shelter is kept sufficiently well
mixed to be at a uniform temperature. More detailed calculations
involving the stratification of the air temperature are beyond the
scope of the present program and, furthermore, are not particularly

useful for the real world situation involving people and ventilation.

Of key imporctance for the latter, is a knowledge of the history of

the hear flux into the shelter and how it is perturbed by thermal
conditions within the shelter.

A summary of quantities used to calculate the heat transfer

through and from the concrete are summarized in Table V1 and
Fig. 11.

HT RESEARCH INSTITUTE

34

——nr

S et ik W,

L S

- ———n 0

A w20

R B A 1R AN AT IR KA LY LRAMANCR W b 8w &




e s i g
it Al Le ke

Table VI
BASIC DATA USED FOR SHELTER CALCULATIONS

PARAMETER SYMBOL VALUE

150 1bs/ft3

Density of concrete P

Specific neat of concrete C 0.23 Btu/1b -°F

Thermal conductivity of concrete K 0.9 Btu/ft-hr-°F

Weight of free water in concrete P 3 percent by weight

Density of air P, 0.075 1bs/ft3

Specific heat of air C, 0.24 Btu/1b-°F

Heat transfer coefficient Hy 10 Btu/ftz-hr-°F
debris to concrete

Heat transfer coefficient v, 18 Btu/ftz-hr-°F
steam to concrete per unit depth

Heat transfer coefficient H, 1.6 Btu/ft%-hr-°F

concrete to air space

Figure 11 presents an estimate indicating the direction with
which water vapor will move after being generated at some depth
X, beneath the heated surface of the concrete. Specifically,
*he curve indicates the fraction of the vapor F(x ) moving

toward the cooler portion of the slat after being generated
at some depth x,. The function F(xo) depends on the rate of
vapor generation, the resistance presented by the concrete,

the differential vapor pressures generated by temperature
differences, and has validity only in that along with the heat
transfer coefficient H,, it results in calzulated temperatures
and heat fluxes in close agreement with experimental data,

Bagic experimental studies are needed to establish both H, and
F(xo).

11T RESEARCH INSTITUTE

35

= Y

5 Fetiais

Gep gmo= 3 _ T et A DR s W A AR e TR
W R Ty 2 e, -

N T R L U

=! ¥ el LN T = Sapddal i = =) Sy

L L ORISR T

0,

Al AP Ml b e et W

A gl o

N o in . i “ b i LY i

S i




e \:li-iisivg&g%rziﬁ%%%%mﬁ kﬁ%f.ﬁg

4v'1S ALTFONOD OLNI Ydd3FId ONIAOW i

WW WOdVA ¥ALVM QIIVYINAD ATIVNYAINI J0 NOIIOVYd QEILVWILSE 11 ‘31a
WW 23 ‘QqeIS 233I0U0) JO 20BFANS PaIEIH Yeausq
: sa3euTS1I0 1odep Ia3eM YOTUYM e yadadg

—

0°1 6°0 8°'0 L0 9°0 S0 7°0 £°0 Z7°0 0 0 i
! | | _ | ] j 1 ! 0 ;

bt

H
b
i ozt
s &
w (]
: £
= b
b 3
,g,_, . 3
3 o)
; 12y}
A P>
A )
g
! . -
Wt A
b
£ .“ O
o
; o]
5 21
- =
4 o
p: S,
3 p— u
[t 5]
[+
®
(1]
b
o
2]
p=— | et
o
(g
o]
(7]
T—
L’ dl!l\l“\q\\\. “u s
. __,.._“
— — - x _ &\,(
Al
N
“d
]
il
4
" AR ~ ~ - PR i
L s el AT IR YR " ‘
i Kb LA kil G ™ i e 25X mr i sy R E B o s B N
ol gt ... . ,L 2 ok .,U L it oo 64 W



5.2 Application of Analysis to a Given Experimental Debris Fire

In order to appraise how well the analysis describes the ef- L
fects of debris fires on shelters, we shall use the results of
test 70-2., First it will be necessary to ascertain the rate at
which the concrete was heated in test 70-2 and then postulate a
mechanism that describes this heating. By using the temperature §
of the top surface of the concrete slab found in test 70-2 and the
analysis of Appendix A, it is possible to determine the tempera-
ture history beneath the surface T(x,t) and thereby the heat flux
supplied to the concrete q(t) as

a(e) = - k LELE) (1)

where K represents the thermal conductivity of concrete. Figure 12
illustrates the surface temperatures T(0,t) and the calculated heat
flux q(t) associated with test 70-2, During much of the early time
prior to the peak temperatures, the debris involved appreciable
flaming. At later times, the fire became increasingly spotty, fol-

lowed by glowing reactions and burnout.

Having established the heat flux received from the debris, the
next step is to postulate a mechanism that describes this heating.
Because of the complex heterogeneous nature of debris piles and of
the ensuing fire, detailed analysis is not practical. A more mean-
ingful alternative is to describe the heat flux in terms of the prod-
uct of a heat transfer coefficient and the difference between the
average temperatures of the debris and of the surface of the concrete
slab. This of course, introduces two variables, namely the heat .
transfer coefficient hy and average temperature of the debris T4(t), ‘
neither of which is known. However if we estimate hd on the basis
of radiation, then it is possible to determine the average tempera-
ture of the debris that will produce the heat flux q(t) described in ;
Fig. 12. Using an hy of 10 Btu/ftZ-hr-°F results in the average de- ;
bris temperatures shown in Fig. 13. Equation (A-7) of Appendi-. A
describes the resultant boundary condition associated with the heated
surface of the concrete. The next step is to check the adequacy of

the thermal analysis by first using the results of Appendix A, Table VI, %
and Figs. 11 and 13 to predict the temperature histories of the con- §
crete and compare these predictions with experimental values. %
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As noted earlier, average temperatures will be used throughout
this analysis because of the nonuniformity of the heating.

Figure 14 presents a compariscn of the calculated and
measured temperatures of the bottom surface of the concrete slsb
over the shelter space while Fig. 15 presents a comparison of
the calculated and measured heat flux entering the shelter
space. It may be noted that the temperatures are in fair agree-~
ment while the flux is in good agreement. Much of the discrep-
ancy in the concrete temperatures may be asttributed to uncer-
tainties in the average concrete temperature caused by variations
in the concrete temperatures on a point by point basis.

5.3 Effects of Debris Removal and Water Application

Very important reductions of concrete temperatures may be
achieved either by removing the hot debris and/or by applying
water to the surface of the heated concrete. 1In order to
determine the effect cf the two countermeasures on the thermai
conditions within the shelter, we must first consider each of

the two phenomena.

Debris removal, of course, exposes the upper surface of
the concrete slab to the envirommental air that may or may not
be heated as a result of exposure to other fires following a
nuclear attack. Heating of the envirommental air will depend
on the makeup of the local and surrounding areas, on the severity
of the attack, and time. 1In order to gain an insight into the
importance of ambient air temperatures following debris removal,
we will consider two situations -~ one in which the air remains
at ambient temperatures and one in which the air is sufficiently
hot so that the concrete loses no heat to the environmental air.

*This also represents the case where ashes and other debris
insulate the slab surface.
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For the case in whirh heat is lost to the envirommental air, the
boundary condition may be described as

h+(T(0,t)-T,) = K $rcat)

(2)

x=0

h = heat transfer coefficient between top
surface of concrete slab and the
envirommental air,

T(x,t) = temperature of concrete at depth x
and time t,

T = ambient temperature of envirommental

° air, and

K = thermmal conductivity of ai..

This equation should be used in place of Eq. (A-7) after
the debris is removed. For the case of no heat flow one should
set the left-hand side of Eq. (2) equal to zero, '

The next problem is how to treat the effects of water
application. 1In addition to cooling the surface of the concrete,
water will affect the fire intensity to some unknown degree.
However, at this point it is difficult to quantitatively appraise
how the fire will be affected by the water and more importantly
how the heating will be altered. Therefore, in the interest of
being conservative, we will proceed for the time being as if the
effect of the water on the debris is negligible and consider
only the cooling effect of the water on the concrete slab, Heat
flux into the slab will be maintained as described by Eq. (A-7)
of Appendix A at the same time the surface is being cooled by
water. As a result, actual benefits of water application on moder-
ating peak shelter heating will be somewhat greater than the predic-
tions since the water will extinguish and cool some of the buraing
debris and thereby act as a buffer to heat flow from the debris.
Preliminary analysis of experimental data indicates that such a
buffer is most effective in retarding heating and requires closer
examination in future studies.
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Here the results for four different situations are examined,
namely:

(1) No countermeasures

(2) Application of a total of 1/3 gal of water to

each square foot of heated surface during the
10 to 34 minute perjiod following start of the

debris fire.

(3) Removal of hot glowing debris 30 minutes after
start of the debris fire.

LA S SR B W o R BN S o “gu,ﬁ;eﬁg

(4) Combined approach involving water application

and debris removal; water is started immediately

after the debris is removed at 30 minutes,
In all cases the application of water is continued for a duration
of 24 minutes consistent with that of experiments 71-1 and 71-2,
Thirty minutes was chosen as a suiteble time for debris removal
since much of the flaming is down ;ci this fire by 30 minutes
and the enviromment presented by the debris appears to be

tolerable to personnel,

Figure 16 presents the effect of a residential type debris
fire (test 70-2) on the shelter for the case of no countermeasures
while Fige., 17, 18 and 19 illustrate the anticipated effects of
water application, debris removal and a combinaztion of these
countermeasures, respectively. First, Fig. 17 indicates that
the slab cooling effect from water application significantiy
reduces the temperature rise and heat flux into the shelter
apart from any debris cooling or extinguishing effects. Results
from test 71-2 involving similar water application were much E
more impressive than that shown in Fig. 17 and suggest that the E
eifect of water on the hot burning debris is much more than just i
the cooling effect of water on the concrete. i

£
g
-3
<
4
33
3
o
=
7y
3
3

I Gy )

Second, it may be observed from Fig. 18 that the removal of 3 ?
debris at 30 minutes also appreciably reduces the temperature
and heat flux. The shaded areas shown in Fig. 18 represent the
range of v.luee that may occur depending on the ambient tempera-
ture of the environment.
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The lcwer bound renresents values that would be achieved as
a result of heat losses to environmental air at normal temperatures
while the upper bound represents values for the case in which the
concrete neither loses nor gains heat following debris removal.
For the case of normal environmental air temperatures, the peak

flux of 15.2 Btu/ftznhr occurs at 8 hours while the 7°F maximum

rise of the average air temperature cccurs at 10 hours. For the
case of no heat loss, the peak flux of 22.7 Btu/ftz-hr occurs

at 11 hours while the maximum rise in thz air temperature of 11°F
occurs at 12 hours. These values may be contrasted to the calcu-
lated values of 44.3 Btu/ftz-hr (9 hours) and 21°F (i2 hours) for
the case of no countermeasures. These _esults are particularly
impressive when one realizes that the fire environment is prob-
ably tolerable to debris removal even without protective clothing
after 30 minutes.

Figure 19 illustrates the effect of removing the debris at 20
minutes and immediately applying 1/3 gal/ft2 of water over a period
of 24 minutes. As in the previous figure, the lower bound of each
shaded area represents the case of normal environmental air temper-
atures while the upper bound represents the case of no heat losses
from the upper surface of the ccncrete slab. The peak flux into
the shelter for the case of cool ambient air is 14.8 Btu/ftz-hr and
occurs some 8 hours after the start of the debris fire. This flux
may be contrasted with the value of 44.3 tu/ft-hr obtained for
the case of no countermeasures shown in Fig. 16 and the flux
of 12 + 2 Btufftz-hr measured in test 71-2 when an identical quan-
tity of water was applied between 35 end 49 minutes fr1llowing the
start of the debris fire.

Figure 20 illustrates the effect of the time of debris removal
on the maximum average temperature of the air within the shelter
and on the maximum heat flux entering the shelter space. As before,
the lower bound of each shaded area represents the values that may
be expected with normal environmental air temperatures while the
upper bound represents cases of heated envircnmental air in which
there are no heat iosses following debris removal.
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tvad that both the air temperature and heat flux
increase appreciably the longer the debris removal is delayed.
After a few hours, removal of residential type debris such as
employed in tests 70-2, 71-1 and 71-2 ceases to be effective.

5.4 Stesm Generated within Concrete

Steam generated by the excessive heating of free water
within concrete has two adverse effects. The first is to transfer
heat absorbed from the hotter portions of the concrete tc cooler
regions near the shelter space by vaporization and condensation;
and the secord is to transfer heat directly into the shelter
space if the concrete slab is too thin to totally condense the
evolved water vapor. If the latter occurs, the combination of
heat and humidity load on shelter inhabitants could be signifi-
cantly increased during the early fire period.

Fortunately, in no cases did significant quantities of water
vapor penetrate the l-ft-thick concrete slab, The maximum
penetration of the vapor predicted by the calculations was 0.8
ft for the residential debris load and is consistent with the
fact that no water vapor was collected in tests 71-1 and 71-2
on the underside of the 1 ft slab. However, the calculations
suggest that water vapor may penetrate concrete slabs signifi-
cantly less than 0.8 ft thick, in particular, at increased fuzsl
loads and, if so, could seriously increase the heat load within
the shelter space. Work, of course, needs to be performed to
check out this possibility.
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3 0 6. SUMMARY AND CONCLUSIONS

A .

3 ;% Here we shall summarize what is known about debris fires

as well as countermeasures to reduce the effects of excessive

: heat or toxic gases on shelter occupants. Included is a

: b specification of areas of major ignorance that require resolu-

; : tion to identify optimally effective means for coping with such
fires. While major inroads have been and, hopefully, will continue
to be made into such areas, it is clear that a number of needs
will remain to be resolved at the culmination of the present
program,

e

gt

6.1 Heat Loading
6.1.1 Debris Piles

Generally speaking, fires within residential type debris
piles will, within the first hour, deliver their maximum heat
flux into a shelter of a few thousand Btu per sq ft and rapidly
subside thereafter. Peak heating of the shelter interior will
occur several hours later. For situations involving relatively
cool environmental air temperatures, the heat flow into the
concrete will reverse direction after several hours and transfer
substantial quantities of heat from the concrete slab to the
external enviromment. A total of a few thousand Btu will be
absorbed by each square foot of heated surface during the several
hours following fire start. This sequence of events is appropri-
ate to other occupancies although with modified time scales.

Experiments have shown that heat loading of an unventilated
shelter thrcugh a 12 in. ceiling slab by a residential debris
fire equals that of the expected occupants. For a 5 in. slab,
the heating reaches an equivalent of four added occupants per
shelter space. Where less blast damage or less blanketing
types of noncombustibles permit freer burning, heat loading of
the shelter is reduced. Higher fuel loadings produce increased
but not proportional heat loads on the shelter. A library
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loading with heavy masonry partitioning produced the equivalent
heating of 2-1/2 occupants per space through a 12 in. slab and
7 occupants per space through a 5 in., slab.

At present there are two recognized areas of ignorance for
projecting the measured results to other situations. The first
is a poor quantitative understanding of the mechenisms dominating
the transfer of heat from burning debris to the concrete, and
the second is & poor quantitative r serstanding of how this heat
flow is affected by the application of water onto the heated
concrete. Detailed mechanistic’ descriptions, while most satis-
factory, are impractical at the present time. A more attainable
goal utilizes empirical means that describe the heat flow in
terms of temperature difference between the debris and concrete.

6.1.2 Slab Thickness

The thickness of the concrete slab is of key importance
in affecting not only the magnitude of the heat flux into the
shelter gpace but also the times at which the peak fluxes occur.
Thin slabs result in increased heat transfer through the slab
by conduction and by the vaporization and condensation of free
water, produce more severe heating of the shelter and cause it
at earlier times when ventilation air may be restricted. The
result, of course, will be a more rapid and pronounced increase
of the heat load within the shelter that will be especialiy
serious if appreciable quantities of steam penetrate the thin
slab. Accurate predictions of the effect of slab thickness
will be possible once the present computerized analysis is
completely checked out. Otherwise, there are no significant
obstacles involved in making such predictions.

6.1.3 Water Vapor

As noted earlier, the importance of the generation and
movement of water vapor within concrete has important effects
on the transfer of heat into the shelter space. Because of the
limited range of temperatures experienced by the concrete on
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exposure to debris fires, practically all of the evolved water
will be free water. Since the amount of free water in concrete
will vary with the humidity, conditions of high humidity are
conducive to increased heating of the shelter space.

At the present time, the internal genmeration of water vapor
is being described as a boiling wrocess that occurs at increasing
depths within the concrete. Practically all of the evolved vapor
is released within the first hour for the l-ft-thick concrete
slab of teat 70-2 and involves free water within the first few
inches of concrete. Part of this water vapor escapes through
the heated surface of the concrete; part is condensed out at
deeper and cooler depths within the concrete; and part will
enter the shelter in cases of thin glabs and/or intemse, long
duration debris fires.

Hopefully, more data will be forthcoming from future te..s
with the slabs instrumented to check the present description
used to predict the effects of water vapor. Most information
will come fromcollection of water vapor that passes through
the 5 in. slab and comparison of its weight with that predicted
by the present analysis. Limited experimentation with a slightly
thinner slab is al 5 being considered.

6.1.4 Initial Temperature

Even though no studies have been undertaken to appreciate
the effect of the initial temperature, one can at least to the
first order approximation consider that any reasonable temperature
variation either up or down will be additive on the shelter
cemp2ratures. Temperature variations are not expected to he
large especially since building temperatures are usually held
within narrow ranges.

6.2 Countermeasures Applied to Shelter Ceiling Slab

A variety of countermeasures may be used to diminish the
consequences of debris fires on the shelter ceiling. Here we

11T RESEARCH INSTITUTE

54

et

"‘"’&ﬁ‘é""‘ym“wv Ty itk _qul;t‘%i""b P

b AT A ARG kb bin MO S e oMy b AR Bt T LR Sl e B T L S P Y

(R

i




R s R

A oI S TR KR -

will limit discussion to postattack actions such as the removal
of hot and burning debris and the application of water. Experi-
mental evidence indicates that application of an average of 1/3
gal of water per £t of heated surface at about 1/2 hour follow-
ing the start of a residential debris fire will reduce the peak
heat flux into the shelter to values about one-fourth that with-
out water. Similar reductions of temperature rises and heat
fluxes to the shelter are predicied by analytical means if the
debris is removed 1/2 hour after ignition.

Predictions of the effect of debris removal present mo

difficulties presuming a knowledge of the subsequent environ-
mental air temperatures. Hested environmental air, of course,

could have serious consequences on shelter inhabitants if it is :
sustained for many hours. ' 5

At present, predictions of the effect of water application
suffer from a lack of knowledge of the quantitative effects of
water in altering heat flow to the concrete slab due to cooling

and extinguishing of hot burning debris immediately above the
heated surface of the concrete slab.

These answers will be
pursued in future experimentatiocn.

6.3 Toxic Gases

Experiments with contained debris (70-1 through 70-6)
indicate that localized debris fires of moderate depth do not
generate toxic gases for long periods. The debris was cepre-
sentative of that created by the destruction and mixiug of
interior partitioning and building contents. This type of
debris burned with sufficient intensity that the gases genersted

rose quite quickly and should not obviate a shelter by gas
accumulation at ventilation points.

b b dh WA wE x X

When the debris (interior partitions and contents) extend
beyond the structure and surround shelier vents, a period of

time exists when the vent cannot be used. Multiple vent locatiomns

can often solve this problem or button-up can be considered
1T RESEARCH INSTITUTE
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since this period usually will occur prior to significant heat
loa&ing ot the shelter ceiling. Localized clearing of the
ventilation intake provides significant benefit (71-5,6) so
long as the general air quality of the entire area has not been
obviated.

Debris piles of increased depth with a composition repre- 3 ﬂ
sentative of destruction of total structures and contents can ; :
produce slow burning fires whose gases show a tendency to hang ;
along the ground. Whether ornota large number of such fires ;
over large areas of high building density would cause general j
blanketing of an area remsins to be resolved. Fortunately,
recent advancements in the state of the art for the analysis of
stratified flow permit combined analytical and experimental
assessment of the problem and such study should be initiated.
Solution of this problem would define those specific portions
of the total urban area where more complex countermeasures might
be required as part of effective slanting. In conjunction with
this will be the need for means to more rapidly assess actual ;
debris patterns for specific building complexes and attack 3
conditions. This technology exists but needs implementation ]
in the form of a computer code.

joony

LTENGLEY

g

Debris directly over the shelter space can cause a toxic
gas problem during shelter button-up if wind induced pressures
are such that gases are driven directly from the piie down
through cracks in the shelter envelope. Where these are minor, :
shelter pressurization and/or crack scaling can solve the problem. _ i
More significantly the phenomenon points to the importance of i :
examiniry each structure for slanting so that no major flaws i

are permitted in the continuity of the shelter envelope (un- 3
protected stairwells, shafts, pipe chases). 3 :
L

3 i
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APPENDIX A

MATHEMATICAL REPRESENTATION OF HEAT FLOW
INTO SHELTER SPACE
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APPENDIX A

MATHEMATICAL REPRESENTATION OF HEAT FLOW
INTO SHELTER SPACE

Concrete can be physically altered in composicion by tempera-
ture in four ways. In order of increasing temperature, these are:

loss of free water,
dehydration,
calcination, and
melting.

e & > @

Loss of free water can occur at any temperature while dehydration,
calcination and melting occur at temperaturas of 750 to 840°F,

1020 to 1470°F and 2100 to 2300°F, respectively, depending on the
composition of the concrete. Since debris fires risually do not
heat the concrete slab sufficiently to cause dehydration, calci-
nation or melting, or concern here.is limited to the effects of
the evolution of free water on the temperature distribution

within the slab.

There are basically three phenomena of importance in affecting
the distribution of heat within concrete as depicted in Fig. A-1
namely:

e heat conduction,
e boiling of free water, and
e recondensation of water vapor generated by boiling.

Diffusion of free water and the resultaiut moveuwent of heat are
considered to be of secondary importance in affecting the
concrete temperatures.

A.1 Transfer of Heat within Con¢rece

The effects of the conduction and cradensation of water
vapor on the concrete temperatures may be described by

2 q.(x,t)
A T(x,t) c 2/ JT(x,t)
G ax‘l + p°C ot (A-1)

a = thermal diffusivity of concrete,
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# x = depth,

t = time, |

.9, = vate of heat absorption\by condensation of water I
vapor per unit volume of concrete,

e 3
LA T, a0 Son T b

Lyaa ey

\
p -\‘ density of concrete, and -.l -. :

c = speci{ic heat of concrete.

e 2380 TS ¢ ko iy om Sl RN o s o a0 s W e Wi, a0 =

This equation applied only to regions on either side of the zone
at which the water is being vaporized. At the upper portioms E
of thk concrete slab over the shelter, the concrete temperatures 4
will exceed that of boiling water after a few minutes of heating
and will continue to do so for some tihe after the debris fire ;
ié out. Significant values of q, oceur only curing the above
period and then only within the lower portions of the cdncrete
slab wherein Fhe waqer vapor condenses. ,
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At the zone between the hot pértion of the concrete slab
and the cooler regions which condensation occurs, steam will be
generated provided the heat flow received from the hot regiom
exceeds the rate of heaw loss into the cool region. Under such
a condltion, the fecllowing heat balance exists at the interface
wherein boiling occurs

PLUTE R

LTI RV L

= p-Lep-gf (a-2)

\ K ! thermal conductivity of concrete,
- § L = Jatent heat of vaporization,
5 p = fraction, by weight, of free water ia concrete, and

iu; X! = depth at which boiling occurs.
it "‘; R
ﬁ b For situations in which nc boiling occurs, the right hand side

of kq.(A-2)is zero. For the case of boiling, the depth x, at
which boiling occurs will increase as described by d‘/du.
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A certain fraction of the generated steam will move downward

into the concrete slab toward the shelter while the remainder
will escape through the hot upper portion of the slab. The
portion of the steam moving downward toward the shelter, which
we will term F(xo), will Increase with the depth x, at which
the steam is generated. The term 9> which eqguals the rate of
heat absorbed as a result of condensation of water vapor unit
depth per unit crossection area of concrete can be expressed as

where

¥

=

w

Tg
T(x,t)

qc(x,t) - hw-(Ts - T(x,t)), (A-3)

depth at which condensation is being considered,
time,

heat traunsfer coefficient per unit
depth and per unit crossection area,

tempevature of steam, and
tempergture of concrete.

Here of course, the concrete at depth x must be cooler than the
concrete at the depth x, at which steam is being generated and
must not exceed the depth X, at which the steam is depleted by
condensation. Xf the flow of steam is sustained all the way
into the shelter then Ry equals the thickness of the concrete
slab. On the other hand, if the steam is ccmpletely condensed
within the concrete slab, then the minimum depthn x, at which
this occurs can be determined by solving the following equation

for Xy

X

X
1
e (T, - = p.Lep 9X & -
Vf~ hw (Tb T(ﬁ,t)) d¢ p-L'p aE' x=xo \Ko) A-4)
(o]

where the function F(xo) represents the fraction of the generated
steam moving deeper into the slab and T, represents the temperature
of boiling water.
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The critical depth X1 of course, will increase as a function
of time t.

The rate at which condensation occurs per unit depth per
unit crossection area can be evaluated from the following
equation

,t
dee) | iei‘.’:_l @a-5)

where L refers to the latent heat required to condense a unit
weilght of vapor and W refers to its weight.

In addicion to the heat flux qc(x,t) absorbed by the concrete
due to condensation, part of the sensible heat of the condensate
will also be transferred to the concrete. The rate at which the
condensate heats the concrete qé can be expressed as

qi(x,) = ¢ QUEE) (7 _7(x,t)) (4-6)

py = density of water, and

Cw = gpecific heat of water.

The total heat flux to the concrete is equivalent to the sum of

the heat exchange involved in condensing the varor 9, and the

transfer of sensible heat from the Lot condensa.e to the concrete
[}

qG’
A.2 Boundary Conditions

A.2.1 Concrete-Debris Interface

The transfer of heat either from the hot burning debris
into the upper surface of the concrete slab, or from the bottom
surface of the slab intc the shelter involves a number of
extremely comnlex phenomena which require approximation. At
the top surface, all modes of heat transfer are important in
transferring heat from the burning debris to the concrete slab.
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Much of the complication arises from the heterogeneous nature

of debris, and the transient nature of both the iire and the
debris temperatures. One can approximate the average heat flow
over the surface by use of a mean heat transfer coefficient hd(t)
associlated with the average temperature Td(t) of the debris close
to the concrete. The resultant heat flux into the concrete can ‘
be represented mathematically by .

Elall G LS R st N A Ak e TR S B RSt PR iy,
- - . l‘.
o X » Dard o B ¥ M L

hy(E): (T4(t) - T(O,£) = - KX . (A-7)
Since the heat flux is determinable experimentally using T(O,t),
a knowledge of either hd(t) or Td(t) suffices to determine the
other, The problem here is that the average temperacure of the
debris close to the concrete is highly variable and therefore
difficult to measure because of the discrete nature of the debris.
Nevertheless, some measure of the sverage temperature of the
debris close to the slab is needed to estatlish the driving force
for the heat transfer.

A i b B R ok s e e e o el

Since the heat transfer coefficient should not change
drastically as a function of time, we will for the time being
assume it is constant. For this condition Eq.(A-7) becomes

[T

: hy- (T4(t) = T(0,£)) = - K g-%-’ o (A-8) f‘

A.2.2 Shelter Ceiling

The two major mechanisms by which heat is transferred into
the shelter from the shelter ceiling s#side from the possible :
entry of vapor, are radiation and convection. There are two é
aspects to the radiant transfer, nam-ly:

e radiant exhange between the ceiling,

walls and floor, and

® sbsorption of radiation by air.
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Large concentrations of water vapor within the shelter will
appreciably increase the absorption of radiation by air within
the shelter space.

Convection is particularly difficult to describe because
of the appreciable vertical statification of air temperature and
because of the natural circulation of air.

Accurate descriptions of each of the above heat transfer
mechanisms requires very complex analyses beyond the needs of
this program. Also, the heat transfer problem will be appreciably
altered by the presence of personnel within the shelter. A more
tractable, althcigh less accurs . approach, is to consider the
air sufficiently well mixed to be at a uniform temperature, and
describe the heat transfer to the air as the product of a constant
heat transfer coefficient ha and the difference in temperature
between the air T, and the temperature T of the shelter ceiling.

Mathematically, the rate of heat transfer into the air space q,
will be described by

4, = hy- (I(D,t)-T,) (4-9)

where

h8 = heat transfer coefficient between sir and
concrete, and

D = thickness of concrete slab.

Heat losses to the walls and floor 9, will be described by
a, = hg(T,-I,(0,t)), (4-10)

where the term T, represents the average temperature of the wall
and floor surfaces Wall and floor temperatures T, (0,t) should

be below the boiling point of water and may be LSlCUlatEd by
applying the transient diffusion heat conduction noted hy Eq.(A-1)
with 4. equal to zero and considering the wall and floors as
semi-infinite bodies. Equetion(A-10) of course, describes the

heating of the surface. The heating 4, will alter the temperature
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gradient at the surface cf the wall or floors as

) 3T,
h‘:‘(Ta“Tw\o,t)) = - K g;{- <=0

(a-11)

Air tempereture may be predicted by solving the following

equation
where
Py =
Va =
a =

dT
. a o -
Pa°va'ca'at 92" %

density of air,
volume of shelter space, and

specific heat of air.
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DEBRIS SIMULATION, A PRELIMINARY ANALYSIS
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APPENDIX B
DEBRIS STMULATION, A PRELIMINARY ANALYSIS

At overpressures exceeding about 2 psi, buildings will
commence to suffer significant blast damage from a nuclear burst
and certain amounts of the building and its content will be
swept out depending on the location and construction of the 3
» building. The amovnts of debris will, of course, increase with
: overpressure and its durationm.

e gt b 4

TR TR0 XX W VP o et

- At low pressures, onl, small amounts of debris will be

1 produced that for the most part will be relatively large in
size and involve appreciable fuel. This debris will consist
mostly of building contents, drop ceiling panels and light
interior partitions. Although it is likely to be piled prefer-

<, st S £

RS e T Eor st S

4 v o ey
bt ‘)_q;’._v- e 0

PITPIR T TP S SOT

% entially, it generally will remain on the floor of origin so

ff long as exterior walls remain in pls 2 (unless very large window

}' openings exist). As overpressure increases, heavier int--ior

?, partitions and exterior partitioms will also fail. At over- ;

E pressures just slightly above that required for exterior wall E

& failure, most debris will be swept from framed structures. i

S; Thus the location of the debris (inside or outside the structure) %

5 is closely related to the wall strength. ]
: % At higher overpressures, the debris involves higher per- %
3 ; centages of noncombustibles, travels greater distances and ends i
€3§ up broken into smaller pieces. Distances at wnich the debris

'? is deposted will also depend on the elevation angle associated ;
1 § with the direction of the blast wave and the duration of the

'; blast. Further increases in overpressure will result in more
- g uniform distributions of debris due to greater dispersion over ]

; several building separa“ionms. ;

S,
SAShion, i

Realistic veproduction of the quantity, sizes, and distri-
bution of the debris are important iv simulating debris fires
and must, of course, be adhered to as close as knowledge permits

R
402 S S g i

i g
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in order to obtain an accurate appraisal of the possible conuse-
quences of debris fires on shelters and the hazards of shelterees.

One can envision the two types of debris configurations as
having particuler ccnsequences on the enviromment within a
shelter. The first is direct heating by debris which is confined
to the buiidings ~- either as a consequence of low overpressure,
strong walls, or possibly due to an overhead nuclear burst. The
effect of fires in such debris on the shelter enviromment has
been treated in fire tests 70-1 through 71-4. The second type
of debris configuration in which substantial quantities of the
debris are cast out of the shelter buildings and/or surrounding
buildings and are strewn about the ground sufficiently close to
the shelter building affects the quality of air drawn into the

shelter. This debris condition will be elaborated on in the
remainder of this appendix.

In choosing realistic debris conditicns for the experiments,
several points must be considered, namely:

e the attack conditions should be chosen such
that there is an appreciable probability that
substantial quantities of debris are deposited

in the vicinity of air intakes located on one
or more sides of a building,

e the debris should be representative of that
produced by many bursts,

e the type of built-up area chosen should lend
itself to reasonably accurate predictions of
debris on the basis of existing knowledge,

e the built-up area should conform to areas
containing apprec’able numbers of shelters, and

e the resultant debris should present those cases
where a significant firz threat to shelter per-

sonnel is suspected.

On the basis of these constrairts, we will appraise the
effects of a nuclear attack on shelters within high-rise
residential type areas. While we will be specificelly looking
at the consequences of a blast of 9.5 psi overpressure from a

MT RESEARGH INSTITUTE

68

E

i

;
|
|
.

v

e

e Z& s, n WKWM X {.%M,;w-‘wmﬂv.b»m.wt.nup wox




B TP T R T LA LT
e ERL AL

E?
4
3
£

.

L P A Ryt 13 S Gk i b A A

nuclear atrack, the debris results also apply to a number of
other attack conditions of somewhat higher overpressures from
lowzr yield bursts. Here we shall choose 12-story steel or
reinforced concrete frame buildings having base dimensions of
100 by 100 ft with masonry panel walls. The building demsity
shall be 7 percent in conformity with values found by SSI in
their study of existing shelter locatioms. The specific type
of area is classified by SSI as number 1 and contains approxi-
mately 24 percent of the 691 shelters within the areas surveyed.

For purposes of this preliminary analysis, Fig. 12 of the
URS Final Report by Edmunds (Rev. 3) was used which indicates
that practically all the walls and content will be swept out
of such buildings at 9.5 spi and deposited over the ground.
Figure 4.5 of IITRI Final Report by Feinstein (Ref. 4) was used
to describe the size of the building fr mts formed (see
Table B-1). Although current studies (Refs. 5 and 6) would
indicate that these fragments are smaller than those initially
formed during wall failure, they may be fairly representative
of the final debris after transport which will include collisions
with other parts of the structure and with the ground.

Table B-1

ASSUMED FRAGMENTATTION OF NONCOMBUSTIBLE
BUILDING DEBRIS

Equivalent Radius of Debris, in. Percent of Debris

0 to 2,32 4
2. to 4.64 13
4.64 to 6.96 32
6.96 to 9.28 5
9,28 to 11.60 46
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Use of the calculated particle trajectories of the various
debris fragments shown in Figs. D-4.11 and D-4.12 of the IITRI
Final Report by Ahlers (Ref. 7) indicates that each of the
particle sizes from the masonry panels will be distributed over
the ground in a manner that will vary to within + 30 percent
on a lbs/ft2 basis. This is largely a result of the large
transport to separation distances between buildings such that
each of the various sizes of debris is spread over areas en-
compassing several buildings. Ground in the vicinity of unex-
posed walls will be shielded from such debris and may or may
not be covered with substantial debris originating from the
affected buildings. Except for such areas, it will be assumed
that all the ground in the particular area is uniformly covered
with the same quantities and sizes of debris. Furthermcre, we
shall assume that all of the brittle debris is broken up into
pieces similar in size as that noted in Table B-? for masonry
panel walls. Remaining debris will be assumed to be broken into
somewhat coarser pieces according to its strength.

Figure 12 of Ref. 3, indicates that the 9.5 psi overprussure
will convert 58 percent of the buildings material to debris which
will be swept out of the building along with the content of the

building.
On the basis of a building density of 0.07, each of the
100 by 100 ft buildiugs shall be located on an average land area
of )
N = 142,857 f£t? (B-1)

According to Table 1 of Ref. 3, the volume of material in
such buildings is equal to 2 1 of the enclosed volume of the
building and is 92 percent incombustible. From the same
reference, tygical contents of residential buildings consist
of 3.5 1bs/ft” of combustible material and 1.5 1bs/ft2 of in-
combustible material.
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If we use an average density of 80 1bs/ft3 for the in-
combustible material and 35 1bs/ft3 for the combustibles, then
the total weights of combustible Cm and incombustible debris I,
per building shall be

I = 0.92 x 80 x 0.68 x 0.1 x 12 x 10 x 100% + 5-2)
12 % 100% x 1.5 = 6.19 x 10° 1bs

L N Ll T FUPUTRNANGEL

- 2
C, = 0.08 x 35 x 0.68 x 0.1 x 12 x 10 x 100 + (B-3)
12 x 100% x 3.5 = 6.48 x 10° 1bs

For the case of uniform distribution over the ground, the
debris will consist of 43.3 1bs/ft2 of incombustibles and
4.5 1bs/ft2 of ~ombustibles for a ratio of close tn 10 to 1.

The above analysis was used to provide preliminary data
for selecting debris compositions and depositions for the fire
laboratory shelter experimentation. It is expected to refine
and expand the analysis to a broader range of conditions in the
future to define s useful range of conditions for study.
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APPENDIX C

g

EXPERIMENTS USING "DEBRIS CRIBS"
PLACED ON A METAL PLATE
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APPENDIX C |

1

\
EXPERIMENTS USING "DEBRIS CRIBS" : \
' PLACED ON A METAL PLATE

There are three major uncertainties in predicting the thermal
effects of debris fires on the transfer o. heat into the shelter
' space. These are discussed below:

o The first is the mechanism of heat transfer from
the burning debris to tiie upper surface of the
concrete slab lover the shelter space. 1In the
analysis discussed in the second quarterly report,

\ it was assumed that the race of heat transfer to-
the surface of the slab was linearly dependent on
the difference between the debris temperat.re Td(t)
and surface temperature of the slab Ty(t) a's
follows:

hy i74(6) - T:(t)], (€-1)

i \
whera hd represents' the heat transter coefficient.
e The se:z>nd unceriainty is a knowledge of the avercge
t:mperature of the burning deoris as a function of

time and how the debris temperature varies with the
configuration jand constituents of the debris pile.

® The third uncectainty is the effect of water application
or more specifically ¢ quantitative appreciation of:

- the cooling effect of water on both the slab and
debris as a result of contact with water, and

- the cooling effect of the escaping water vapor
on the debris.

In the previous andlysis, onlv the raciiug of the slab was
considered since the effects of water on the debris wers
not Known.

Procutemert 9f the abpve information frowm debris fires over
the shel er is most difficuli berauss the crroves, riab iy 4
poar cairrvimeter and beca se of the large va<iscious w0 the
cegtlng @cines ite surode cavsed by the very teterogenenus

nature of e debris. Yo circuinidnl these zapfironitice. =
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numder cf debris fire tests were conducted using a l-in.-thick,
24-in~wide and 60-in.-long aluminum plate to monitor the heat
fluxes from burning and to ascertain the effects of water appli-

: cation. The aluminum Rlate was split into two sections to allow
water application to half of the plate while the other half
remained dry. Debris consisted of wood and latn.

T

gt eres

The first debris pile is illustrated in Fig. C -1 and conforms
with typical mixtures of combustible and incombustible materials
while the second debris pile is illustrated in Fig. C-2 and
involves much less incombustible material to better appreciate
the effects of varying the constituents oi the debris. After
several pfeliminary trials, one test was zonducted using setup 2

{ without water while two tests were conductgd using seiup 1 with

i water. In each of the latter tests, water'was applied near the

" time of peak debris temperatures. Both the quantity of water
and period of application were varied. Results of these experi-
'ments are shown in Figs. C-3 thwough C-5. Temperatures affected
ty applying water onto the aluminum plate are illustrate - by
dashed curves while temperatures obtained without water are
presented by solid curves. 1In each test in whiclt water was
applied, only half of the split aluminum p&ate was wetted while
the other half remained dry.

C.1 Effects of Compocition of Debris

Figure C-3 illustrates the temperature histor s obtained
with the debris setur 2 which consists largely of « -od while
Figs. C-4 and C-5 presents temperature obtained with setup 1
which differs only on having greater quantities of rock lath.
Luemparizon of thz solid curves of Fig. C-3 with those of Figs.
C-4 and C-5 indicerer that the sdded lath has an important
affect in that it:

@ clays the fire develspr mt,

® apprecisbly lowers the peak tewparature
3§ the dsabris, and

» appreciably extends the duration of .he heating.
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Therefore, larger amounts of incombustibles moderate the hLeating
and extend the heating over longer times. Over sufficiently long
exposure times, the total heating of the shelter space should

be greater with the greater amounts of incombustibles. Whether

or not this will aggravate the threat to shelter inhabitants
dependg on the thickness of the shelter slab and when cool outside
air can be drawn into the shelter space. Since incombustibles
delay fire development, early availability of cool outside air

or debris removal would be most effective with debris fires
containing large amounts 6f incombustibles.

C.2 Heat Transfer Coefficient -- Debris to Slab

Mt AR e L G T

Data presented in Figs. C-3 through C-5 allow one to use
Eq.{(C-1) to evaluate the heat transfer coefficien:’, hd’ in terms
of the difference between the debris temperature Td(L) and the
temperature of the upper aluminum plate Tu(t) as a functioa of
time using the hear flux determined from the rates of
temperature rise of the upper and lower plates. Here one can
use a variety of temperatures to check the assumption that the
flux is linearly dependent on the temperature difference
Td(t)-Tu(t). In order to accomplish this end a total of 13
evaluations of hd were made using debris temperatures ranging
fxom 780 to 1740°F. The resultant heat transfer coefficient hd
was found to range from 5.3 to 12.7 B/ftz-hr-°F with an average
value of 7.8 B/ftz-hr. Part of this variation can be ascribed
to the dependence of h, on the debris temperature --- for exam-
ple, the average value of hd for debris temperatures of 1510 3
to 1740°F was 11.4 B/ftz-hr-°F while the average value of hd Z
for debris temperatures of 780 to 1070°F was 7.3 B/ft2-hr-°F. ‘
These values contrast quite well with the value of 10 B/ftz-hr~°F
used in earlier calculations and suggest that the assumption of ) 1
linear dependence is reasonable. Predictions could, however, be ' 3
improved by allowing the coefficient %o vary with the debris
temperature.
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C.. Effect of Applying Water

Figures C~4 and C-5 also illustrate the cooling effect of
applying water to the u aluminum plate on the temperatures
of the debris and alum" .z plate. Different quantities of water
were applied over different periods to better appreciate how
water should be applied most effectively. Comparison of the
dashed curves with the solid curves indicates that the cooling
effect of water is great -- both in reducing the temperature
of the dehris and the aluminum plate. Also it may be observed
that the cooling is roughly proportional to the total quantity
of water used and is not highly dependent on the duration over
which the water is applied.

Also the data indir.te that 60 percent of the water is
evaporated by the upper aluminum plate while the remaining
water is expended in cooling the debris. This is in variance
vwith the assumption used in the previous analysis in which all
*he water was assumed to cool the slab by evaporation leaving
the debris unaffected, This result points up the importance
of the heat capacity of the debris at the time of water appli-
cation and suggests that the application of water is most
effective with shallow, low heat capacity debris piles.

The above described experiments have offered incr-ased
insight into the mechanism governing heat transfer to the
shelter ceiling slab. However, they suffer the weakness that
the aluminum plate does not respond to water application in
the s2me manner as concrete. For this reason and to further
examine moisture migration within the slab, additional small
scale tests are being contemplated using a debris crib fire
over a several inch thick concrete slab.
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FIRE LABORATORY TESTS - PHASE II
INTERACTION OF FIRE AND SIMULATED BLAST DEBRIS

INTRODUCTION

Fire and its effects on shalter occurants, caused either
vy explosion of a nuclear weapon or by subsequent events, has
hoen of concern to the Qffice of Civil Defense (OCD) for many
yoars., The nature of the research efforts has varied in keeping
=1th the continuing evolution of OCD shelter philosophy. The
present study encompasses analytical and experimental investiga-
iions leading to the development of information to provide a
sound technical base from which to design occupant fire protection

into basement shelters in new construction. Specific goals
are to:

(1) Evaluate the flow of smoke, toxic gases and heat
into basement shelters from various types of fire
load in the building above the shelter.

(2) Develop recommendations on permissible fire load
in the building above a basement shelter.

(3) Develop recommendations on the location and capacity
of ventilation intakes for basement shelters with
the objective of obtaining the least expensive air
intake consistent with 85 to 95 percent survival of
shelterees. - ,

(4) Develop recommendations for fire control methods
to be used with blast slanted basement shelters
and assuming considerable blast damage to the

- building above the shelter.

(5) Conduct and evaluate experiments to determine
ventilation problems in basement shelter associlated
with fire loads on first and second floors and debris
fires extending well beyond the bounds of the structure.

(6) On the basis of preliminsry tests previously conducted,
perform experiments to evaluate the effect .of water
countermeasures.
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(7) Bvaluste the effect of other expsdient typs
countermesgdures (é,g.; removal of seatterin
of debris during andfor sfter stdvt oFf firej.

(8) Evaluate effect of operating emergency

ventilating equipment during fire perxiod.
Tiese goals reflect the concept of slauting new covscryction
(i.e., ivcorporating modifications during the design stage) to
provide shelters with enhanced resistance to the combined effects
of nuclear weapcons, blast, fire and fallout, There is little
question that below grade shelters of concrete construction
designed to withstand 10 psi or move overpressure, can also
msintain structural integrity under all imaginable fire exposures.
Questions to be answered arz to provide life safety for the
shelter occupancs from penetration of heat and fire gasss into
the shelter space. %These include both fire enviromments; as
determined by fire load and level of blast damage and as modified
by various conceptual countermeasure activities.

The studies reported herein center arcund large-sc'le .ire
experiments., These are being conducced in a reusgble two-story
fire test fscility which provides 2 60-man (600 ft2) vasement
shelrer, fully instrumented for assessment of the flow of heat
end fire gases. By providing for full-scale expsariments under
laborstory conditions, the facility is adaptable to & systematic
study of effects of varisble ~arameters, as weil as to spot check
applicablility of designs based on theoretical or small-scale
laboratory studies.

Included in the first year of effort were construction and
zeaeral instrumentstion of the large-scale fire test facility
anit conduction of preliminery tests. Reference 1* provides a
detailed report of this portion of the program. During the
enyrant reporting peried (July 1970-December 1971) furtler

strucentation hes been added snd experiments have been

Y3

%Qatetman, T. €., Fire Laboratoxry Te-ts - Phagse I, OCD Work
Unit 1135A, Contract DANC 20*75~§u3206, IITRI Project J5183,
September 1970.
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applicatian as ceuntefm&aaﬁka techniqgea and to aid in predicting
the hﬁating effects of other debris piles or thicknesses of
ceiling slab are considered. Several large-scale countermeasurs
benefite have also been examined. .

2. THE FIRE TEST FACILITY

The large-scale fire experiments are being conducted in
the test facility comstructed under Comntract DARC 20-70-C-0206
(Ref. 1). This facility consiste of a 20 by 30 £t basement
shelter space ilopped by & two-story rainforced comcrete rizid
frame upper shell, The shelter ceiling 18 & 12-in.-thil -k
reinforced conerete slab., Two outside sheltax cutrances, a
ramp and a stalrwell provide locatisns for assessing entryway
debris plleup as walil as for evaluating vemtilation intakes.
Phetographs of the structure -re shown as Fig. i, and 2 plan
view Is Included as Fig. 2. As presently comstructed, tf
facility hss the fire zounes approximacely 50 percent enclosed.
This can be readily incressed by the addition of tewmowary panels
to the remsining openings. As shown by Fig. 2, porilens of the
shelter ceiling (firat stoxry floer) and the sacond stc  floor
can be removed to vary the fire zone configuration .ad its
sccess to the shelter space. In addition, changes in shelter
celling thickness or composicion ¢an be studied at these
locations, YFor further comstruction detail, the resder is
referred to Ref. 1,
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3. SUMMARY ARD CONCLUSIONS

Here we shall summarize what is known about debris fires
as well as countermeasures to reduce the effects of excessive
heat or toxic gases on shelter occupants. Included is a
g specification of areas of major ignorance that require resolu-
: tion to identify optimally effective means for coying with such
fires. While major inroads have been and, hopefully, will
continue to be made into such areas, it is clear that a number
o of needs will remain to be resolved at the culmination of the
present program.

E 3.1 Heat Loading
3.1.1 Debris Pilles

Generally speaking, fires within residential type debris

3 piles will, within the first hour, deliver their maximum hest

3 flux into a shelter of a few thousand Btu per squere foot and
rapidly subside thereafter. Peak heating of the shelter interior
will occur several hours later. For situations involving rela-
tively cool environmental air temperatures, the heat flow into

= . the concrete will reverse direction after several hours and

. ® transfer substantial quantities of heat from the concrete slab

= §§ to the external enviromment. A total of a few thousand Biu will
. be absorbed by each square foot of heated surface during the

several hours following fire start. This sequence of events is
3 . appropriate to other occupancies although with modified time
X gcales.

: Experiments have shown that heat loading of an unventilated
t shelter thréugh a8 12 in. ceiling slab by & residential debris
: fire equals that of the expected occupants. ¥or a 5 im. slab,
: the heating reaches an equivalent of four added occupants per
gh~lter space. Where less blast damage or less blanketing

spes of noncombustibles permit freer burning, heat loading of
the shelter is reduced. Higher fuel loadings produce increased
but not proportional heat loads on the shelter. A library
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losding with heavy masonry partitioning produced the equivalent-
hesting of 2-1/2 occupants per space through a 12 in. siab and-
7 occupants per gpace through a 5 in. slab.

At presgent there are two recognized areas of ignorance for
projecting the measured results to other situations. The first
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is a poor quantitative underetanding of the mechanisms dominating

thé trensfer of heat from burning debris to the concrete, and
the second is s poor quantitative understanding of how this heat
fiow is affected by the application of water onto the heated
concrete, Detailed mochanistic descriptions, while most satia-
factory, are impractical at the present time. A more attainable
goal utilizes empirical means that describe the heat flow in
terms cf temperature difference between the debris and concrete.

3.1.2 Slab Thickness

The thickness of the concrete slab is of key importance
in affecting not only the magnitude of the heat flux into the
shelter space but also the times at which the peak fluxes occur.
Thin slabs result in increased heat transfer through the slab
by conduction and by the vaporization and condensation of free
water, produce more severe heating of the shelter and cause it
at earlier cimes whenm ventilation air may be restricted. The
result, of course, will be a more rapid and pronounced increase
of the heat load within the shelter that will he especially
gerious if sppreciable quantities of steam penetrate the thin
slab. Accurate predictinns of the effect of slab thickness
will be possible once the present computerized analysis is
completely checked out, Otherwise, there are no significant
obztacles involved in making such predictioms,

3.1.3 Water Vapor

As noted earlier, the importance of the genmeration ard
movement of water vapor within concrete has important effects
on the transfer of heat into the shelter space. Because of the
limited range of temperatures experienced by the concrete on

T RESEARCH IMSYTITUTE

“

T gk
A

\,

PR

Wt B SN Bl

A L 0 0 102 2 DA S e A 0 S Pt A 3 el T I 00 3050 8 PARBSAAN, 2di Bod r ti Send €- SRIAS Mk h a Zh Be oot

et ot

it el i A MG e XK e a3 P,



[LTLr - V) 23

LR

T exposure to debris fires, practically all of the evolved water
: will be free water. Since the amount of free water in concrete
will vary with the humidity, conditions of high humidity ave

. conducive to increased neating of the shelter space.

At the present time, the intermal generation of water vapor
g is being described as a hoiling process that occurs at increasing
depths within the concrete. Practically all of the evolved vapor
is released within the first hour for the l-ft-thick conecrete
slab of test 70-2 and involves free water within the first few
inches of concrete. Part of this water vapor escapes through

the heated surface of the concrete; part is condensed out at
deeper and cooler depths within the concrete; and part will

enter the shelter In cages of thin slabs and/or intense, leng
duration debris fires.

K Hopefully, more data will be forthcoming from future tests

‘ with the slabs instrumented to check the present description

used te predict the effects of water vapor. Most information
will come from collection of water vapor that passes through

the 5 in. slab and comparison of its weight with that predicted
by che pres:nt analysis. Limited experimentation with a slightly
thirmer slab ie also being considered.

3.1.4 Initial Temperature

Evzn though no studies have been undertaken to appreciate
the effect of the initial temperature, one can at least to the
first order approximation consider that any reasonable temparature
variation either up or down will be additive on the shelter
temperatures, Tewperature variations are not expected to be

large especiaily since building temperatures are usually held
within narrow ranges.

- 3.2 countermeasures Applied to Sheltec Ceiling Slab

A variety of countermeasures may be used to diminish the
consequences ¢f debris fires on the shelter ceiling. Here we

T RESEARCH INSTITUTE
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will limit discussion to postattack actions such as the removal

of hot and burning debris and the application of water. Experi-

mental evidence indicstes that application of an average of 1/3 .
gal of water per ft2 of heated surface at about 1/2 hour following

the start of a residential debris fire will reduce the peak heat

flux into the shelter to values about one-fourth that without

water, Similar reductions of temperature rises and heat fluxes

to the shelter are predicted by analytical means if tue debris

is removed 1/Z hour after ignition.

deANEEAL 21

Predictions of the effect of debris removal present no
difficulties presuming a knowledge of the subsequent euviron-
mantal air temperatures. Heated envirommentel siyr, of course,
could have scrious consequences on shelter inhabitants 1f it is
sustained for many hours,

At preseunt, predictions of the elifect of water applicaticn
suffer from & lack of knowledge of the quantitative effects eof
water in altering heat flow to the concrete slab due %o cooling
and extinguishing of hot burming debris immediately above tbe
heated surface of the concrete slab. These answers will be
pursued in future experimentation.

3.3 goxic Gases

vy :“", %ﬂkam?‘ﬁvi .

Experiments with contained debris (70~1 thrcough 70-~6)
indicate that localized debris fires of moderate depth do not
generate toxic gases for long periods. The debris was repre-
sentative of that created by the destruction and mixing of
interior partitioning and building contents. This type of
debris burned with sufficient intensity that the gases generated
rose quite quickly and should not obviate a shelter by gas
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accumulation at ventilation points.

When the debris (interior partitions and contents) extend
beyond the structure and surround shelter vents, a period of
tima exists when the vent cannot be used. Multiple vent locations
can often solve this problem or button-up can be considered
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since this period usually will cccur prior to significent heat

loading of the sheltes ceiliug. Localized clearing of the
ventilation intake provides significant benefit (71-5,6) so
long as the general air quality of the entire area has not been
obviated.

Debris piles of increased depth with a composition repre-
sentative of destruction of total structures and contents can
produce slow burning fires whose gases show a tendeucy to hang
along the ground, Whether or not a large number of such rires
over large areas of high building density would cause general
blanketing of an area remains to be resolved. Fortuuately,
recent advancements in the state of the art for the snalysis of
stratified flow permit combined analytical snd experimental
assessment of the problem and such study should be initiated.
Solution of thie problem would dafine those specific pertioas
of the total urban area where more complex counfermessures might
be required as part of effective slanting. In conjunctior with
this '7i1l be the need for means to more rapidly sssess actual
debris patterns for specific building complexes and attack
conditions. This technolegy existe but needs implementstion
in the foom of a computer code.

Debris directly over the shelter space can cause a toxic
gas problem during shelter button-up if wind induced pressures
are such that geses are Jriven divectly frow the pile down
through cracks i{n the shelter suvelope, Whzre thess ave minoz,
shelter pressurization and/or creck sealing can solve the problem.
More significantly the phenomencn points to the importsnce of
axairining esch etructure for slanting sc that nc major Lisws
are permitted in the continuity of the shelter envelope (un~
protected stairwells, shafts, pipe chases).
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