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Abstract

The objective of this study was to evaluate the effectiveness of expedient sheltering in place in a residence for protection against airborne
hazards, as outlined in the U.S. Department of Homeland Security (DHS) guidance to the public. An improved method was developed to
determine the air flow rate for a shelter inside a house. Expedient sheltering measures (plastic sheeting and duct tape) were applied to a room
inside a test house by participants who followed the DHS guidance. Measured air flow rates were used to determine protection factors for
various scenarios. Protection factors were calculated for the house and shelter under various occupancy times, weather conditions, and outdoo
exposure times for hazardous agents. Protection factors ranged from 1.3 to 539, depending on the conditions. Results indicate that proper
sealing can make a substantial difference in the effectiveness of the shelter. Sheltering in place can be most beneficial if people enter shelters
before the arrival of a cloud of hazardous agent, and people exit shelters as soon as the cloud passes over. However, sheltering in place can b
detrimental if people enter or exit shelters too late ,@8d G concentrations inside the shelter are not likely to reach dangerous levels under
most scenarios, but concentrations could reach dangerous levels under certain conditions, and concentration levels could affect individuals
with respiratory problems.
© 2004 Published by Elsevier B.V.
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1. Introduction speed and temperature difference. Christy and Ch§aler
found that a room sealed with polyethylene sheeting and tape
Sheltering in place is a tactic for reducing human exposure provided a protection factor at least 10 times greater than the
to hazardous chemical, biological, or radiological agents in house as a whole when challenged with aerosolized spores of
the event of an accidental or intentional airborne release intoBacillus globegii Birenzvige[3] found that the filtering ef-
the outdoor environment. Exposure may be reduced whenfect ofthe building shell increases the protection factor during
people take shelter inside a building rather than being out- sheltering. Prugiy] calculated that, for a typical dwelling

doors. and a vapor plume lasting 10 min, the exposure indoors would
Several studies found in the literature have evaluated thebe about one-tenth of the outside exposure. For other types
effectiveness of sheltering in place. Anno and Didfeeval- of dwellings and releases, the indoor exposure could be as

uated the effectiveness of sheltering as a protective actionlittle as 1% of the outdoor exposure. Stearrfisirfound that

against nuclear accidents involving gaseous releases. Theyiltering of chemical vapors or gases by building materials in-

fitted experimental measurements to an empirical relation- creases the protection factor. Davies and P{g{igalculated

ship in which the net air exchange rate varied with wind indoor and outdoor concentrations during hypothetical toxic
gas releases and found that sheltering in place can be benefi-

* Corresponding author. Tel.: +1 919 541 4830; fax: +1 919 541 2157.  Cial by reducing the exposure. Wilsprj evaluated variation
E-mail addressjetter.jim@epa.gov (J.J. Jetter). in indoor shelter effectiveness, and found that variability in
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construction causes houses in Canada and the U.S. to vary ifbuilding inhabitants remain indoors for a substantial period
air leakiness by about a factor of two above and below the after the attack. Argonne National Laborat@t] described
mean value. a concept and a methodology that can be used to make the
Rogers et al[8] produced an extensive repoRyaluat- critical decision on when and how to end sheltering in place.
ing Protective Actions for Chemical Agent Emergendiest CSEPR14]assessed the state of the art for sheltering in place,
included an evaluation of sheltering in place. In the report, identified steps required to ensure that sheltering in place is
five types of sheltering are defined. Normal sheltering is de- used appropriately and effectively, and identified changes to
fined as taking refuge in existing, unmodified buildings and CSEPP guidance and policies. Sorensen and Mdgjtex-
involves closing all windows and doors and turning off all amined the effectiveness of expedient protection strategies.
HVAC equipment. Expedient sheltering is defined as taking They concluded that using a wetted towel as a vapor barrier
refuge in existing structures and involves taking simple, rapid at the bottom of a door should be discouraged, and taping the
measures at the time of an incident to reduce infiltration, such bottom of the door will provide greater infiltration reduction.
as applying plastic sheeting and tape, in addition to taking Sorensen and Vod16] reviewed issues associated with the
normal sheltering measures. Enhanced sheltering is definedise of expedient sheltering materials and the effectiveness
as taking refuge in structures in which infiltration has been re- of this strategy and concluded that duct tape and plastic are
duced before an incident by weatherization techniques suchappropriate materials for sealing. The National Institute for
as caulking and weatherstripping. Specialized sheltering is Chemical Studies (NICH1L7] reviewed scientific studies of
defined as taking refuge in commercial tents or structures ex-sheltering in place and reviewed chemical accidents where
plicitly designed for protection in hazardous environments. sheltering in place was used as a public protective action.
Pressurized sheltering is defined as taking refuge in exist-NICS concluded that sheltering in place is a good way to
ing or specially constructed structures that are pressurizedprotect the public during chemical emergencies.
with filtered air. Pressurized sheltering provides maximum  The U.S. Department of Homeland Security (DHS3]
protection, but expedient sheltering requires only minimal produced guidance for the public to prepare for terrorist
resources. Rogers et al. evaluated expedient sheltering withthreats, and the guidance included basic instructions for shel-
tracer-gas experiments on 12 single-family homes. Expedienttering in place using normal and expedient measures. In-
measures were applied by household members using writtercluded in the guidance for sheltering in place were instruc-
instructions and checklists. The time to implement the expe- tions to go inside; lock doors; close windows, air vents and
dient protection was recorded. Results showed a reductionfireplace dampers; turn off fans, air-conditioning and forced
of average air exchange rates. Variability in the reduction of air heating systems; go into an interior room with few win-
air exchange rates likely resulted from the way individuals dows, if possible; and seal all windows, doors and air vents
implemented the taping and sealing. with plastic sheeting and duct tape. A diagram showing how
Engelmann9] evaluated the effectiveness of sheltering to seal a door, window, fan, and vent was also included. The
from plutonium. Engelmann conducted an extensive survey objective of the study described below was to evaluate the
of previous air exchange measurements and developed areffectiveness of expedient sheltering in place, as outlined in
empirical relationship between wind speed, temperature dif- the DHS guidance.
ferences, and exchange rate. Blewett eftlfl] evaluated ex-
pedient sheltering in place for the Chemical Stockpile Emer-
gency Preparedness Program (CSEPP). Researchers cor- Methods
ducted tracer-gas experiments on 10 residential buildings and2
two mobile homes to determine the effectiveness of expedient™

measures..Expedient measures were applied by t.echnicians, A series of experiments was performed in a residential
and expedient measures were shown to substantially reducgag; house located in a suburban neighborhood with large

air exchange rates. Blewett and Arfdd] subjected a two-  aa5and other single- and 1(1/2)-story houses. The test house

room cottage of conventiqnal co_nstruction to a series of tran- was a single-story, conventional, wood-frame residence with
sient vapor challenges with sarin, mustard gas, and methyly31 n? of fioor area. An interior bathroom with no exterior

salicylate (@ simulant for mustard gas) to measure the proteC,5is was used as a shelter. Rooms with and without exterior
tion afforded by sheltering in place. Sorption of agent vapor

¢ > ) walls were previously tested by Rogers ef8&].and Blewett
was found to produce substantially higher protection factors 4., Arca[11]. Generally, rooms with exterior walls can be

than are predicted simply by air exchange. A consumer-type, eftective shelters, butinternal rooms tend to be more effective.
carbon-filter, air purifier was found to significantly increase

the protection factor. 2.2. Test participants

Yuan[12] used anindoor air pollution model to determine
the degree of protection offered by sheltering in place and  Men and women of various ages and occupations were
concluded that small buildings offer a modest degree of pro- recruited as participants in the study. Participants completed
tection in the event of an outdoor release of a biological agent, questionnaires before participating in experiments. The ques-
assuming that the attack occurs without notification, and the tionnaire included questions on prior knowledge about shel-

1. Test facility
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tering in place, ability to perform tasks, age, and occupation. centration measurements were recorded to verify that slitting
Plastic sheeting, duct tape, and the DHS guidance for shelterthe plastic and sealing the opening in previous experiments
ing in place were furnished to the participants. Up to 60 min did not cause substantial additional leakage. Three experi-
was allowed for participants to complete the sealing task, andments were also performed in April 2004 with the bathroom
the time required to complete the task was recorded. Partici-door closed but with no sealing in place for comparison with
pants were questioned on whether they had any difficulty in previous results, and two experiments were performed with
completing the task. The sealing was visually inspected after only the bathroom door sealed.
each experiment.
2.4. Determination of air flow rates
2.3. Test procedure
) ] In previous studies in the literatuf8,10], a common

Ineach experiment, atracer gas, sulfur hexafluorideXSF  racer-gas methdd 9] has been used to evaluate the effective-
was injected into the house before the shelter was sealedpgss of sheltering in place. After the tracer gas is well mixed
The tracer gas was well mixed inside the house using thejnside the house, the concentration of the gas exponentially

heating/air-conditioning (HAC) system fan and box fans un-  gecays over time, and the air exchange rate is calculated from
til the Sk concentration was relatively uniform throughout \easurements of the concentration as follows:

the house. The concentration was measured inside the bath-

room and at five other locations in the rest of the house. Con- 4 _ — In[C(t1)/ C(to)] 1)

centrations were measured with a Bruel & Kjaer model 1302 h—1o

photoacoustic gas analyzer. The instrument was callbratedwhereAiS the air exchange rat€{t;) the tracer-gas concen-

by the manufacturer on an annual basis, and azero and SPafation at timety; C(tg) the tracer-gas concentration at time
check was performed on each day of the experiments. to: t the time

In_ each experiment, the pqrtmpant sealed the room, In- Although the tracer-gas method works well to determine
cluding the bathroom door, with a large sheet of plastic, as . .
described in the DHS quidance. When the sealing of the bath_the air exchange rate for the whole house, this method cannot
: ! gui ' N9 be used to determine an inter-zone air flow rate. The tracer-

::%?/r;ri\;\va?hzoc%%?t:g’tr?eS“;:ﬁiis ;::: (I:TJLT delsg\?:ttr?efz ELaeSI::rgas method is valid when the outdoor concentration of the
9 ’ P P tracer gas is negligible and when the air exchange rate is

through the opening in the bathroom door. After the partici- ; .
. o ._constant. However, the tracer-gas method is not suited for
pant left the shelter, a technician sealed the slit in the plastic - ; -
with tape. and sealed the opening in the door with plastic determining the air flow rate for a shelter within a house, be-
sheetinp :':md tape. The HACps stgm was turned off F[))oors cause the concentration of the tracer gas outside of the shelter
windowg and trfe .fire lace dar)r/1 er were closed aﬁd Vemi:(within the rest of the house) changes over time. Measured
' P P ’ concentrations within the shelter do not fit an exponential de-

lation fans were not operated. A small fan was operated in- - . .
side the sealed-off shelter, and box fans were operated in th cay curve, and this is especially apparent when the shelter is
' P Sirst sealed off from the rest of the house, as showrign 1

rest of the house to mix the tracer gas for accurate measure-

ment. After these tasks were completed. the particioant andThe figure shows measured concentrations inside a shelter
o omp ' P b and inside the rest of the house. These data were obtained
the technician left the house. Since the tracer-gas concentra;

tions were nearly the same in the bathroom and in the rest Offollowmg the experimental procedure described above. The

the house before the bathroom was sealed off, the activities.SF6 concentration was nearly the same in the bathroom and

. . ) . in the rest of the house before the bathroom was sealed off.
of the participant and technician caused little perturbation of The measured concentrations in the rest of the house fit an
the Sk concentrations in the shelter and the house.®R-
centrations measured over time were used to determine air
flow rates between the shelter and the rest of the house and

between the rest of the house and the outdoors, as describe __ %

below. Meteorological conditions including temperature, rel- £ 9 [%’- o Shelter, measured
ative humidity, barometric pressure, wind speed, and wind ‘E ‘k%%ﬂ %

direction were measured near the house at a height of 9.1 rr-% & ‘qﬁ*s, N —— Shelter, modeled
above ground level. £ 70 -

Nine experiments were conducted in September 2003 § 60 ? ﬁii‘sirec?”se'
when the temperature difference between the inside and out-g —— Rest of house,
side of the house was small, hence the air exchange rate wa'x 50 modsled
low. Nine experiments were repeated in January and February 4, . . . ‘

2004 when the temperature difference between the inside anc 0 1 2 3 4
outside of the house was large, and the air exchange rate wa Time (hour s)

relatively high. Three experiments were performed in April
2004 with atechnician remaining inside the shelter while con- Fig. 1. Tracer-gas concentration vs. time.
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For each experiment, the ratio of the air flow rat@sQ,
was calculated. This ratio may be compared for experiments
conducted under similar weather conditions to indicate vari-
o ation in the_ quality qf sealing, with higher ratios indicating
v better quality of sealing.

0

v

Q v, 2 Q 2.5. Determination of protection factors

The same model, based on E{R) and(3), was used to
evaluate exposures under various sheltering in place scenarios
using the experimentally determined air flow rates. Cumula-

) ) . tive exposure is defined as the inhalation concentration of a
exponential decay curve, but the measured concentrations inh 2,4 rdous agent integrated over time:

the shelter did not fit an exponential decay model.
An improved method has been developed to more accu-
rately determine the air flow rate between the rest of the houseE = | Cdr (4)
and the shelter based on tracer-gas concentrations. The im-
proved method is based on an assumption that, for an interiorThe outdoor concentratio@, for a hypothetical hazardous
room used as a shelter, most of the air exchange in the shelteagent was specified over time as a Gaussian distribution to
is with the rest of the house. This assumption is consistentapproximate the exposure profile for a plume of gas or vapor
with our observations and with observations foundin the liter- passing over a home. The concentrations inside the shelter
ature. Rogers et g8] noted that *. . central room exchange  and the rest of the hous€; andCy, were numerically sim-
measurements are believed to be dominated by exchange beilated with the model.
tween the rest of the house and the central room.” The protection factor, PF, is defined as the ratio of the cu-
In Fig. 2, a simple, two-dimensional diagram is shown mulative exposure outdoors over the cumulative exposure in-
of the floor plan of a house with a central room used as a side the house or shelter: PEgydoordEinside. The protection
shelter. Differential equations for the mass balance model factor provides a quantification of the benefit of sheltering in

Fig. 2. Diagram of a house with a central room used as a shelter.

corresponding to the diagram are as follows: place. Protection factors were determined for various shel-
dcy tering scenarios using the model described above. Scenarios

1— = 01C2 — 01C1 2 were simulated for weather conditions with small and large
dr temperature differences between the indoors and outdoors
dc; using low, mean, and high measured values for the house and

o Q2C0 + Q1C1 — Q1C2 — 0202 ®) shelter air flow rates. Protection factors were calculated for

outdoor exposure times of 0.25, 1, and 2 h, and for house
occupancy times of 0.25, 1, 2, and 3 h. For all the simulated
scenarios, it was assumed that the building shell provided
no filtering effect for the hazardous agent. This assumption
X is valid for volatile gases, but for semi-volatile or aerosol

andthe rest of the hous@; the air flow rate betweentherest ;o5 the filtering effect can substantially increase the pro-

of the house and the outdootshe time. i tectionfactor, as shown by Stearnjahand Blewett and Arca
Egs.(2) and(3) can be solved either analytically or nu- [11].

merically by specifying the initial conditions: initial time,
and initial concentrationsZ (tp) andCx(to).

When tracer-gas experiments were conducted, the out-2.6. Habitability of the shelter
door concentration of tracer gaSp, was negligible. The
concentrationsC; and C, were measured over time in the Carbon dioxide (C@) and oxygen (@) concentrations
experiments, and the volum&g andV, were also known  over time for an occupied shelter were calculated using the
from measurements. Initial conditions for the concentrations lowest measured air flow rate for the shelter inside the test
and time were obtained from measurements. The air flow house. The calculations were based on,@missions of
rate parametei®; andQ, were numerically calculated from 32 g/h per persof20], a CG concentration of 600 ppm out-
the equations above with mathematical software, MicroMath side the shelter, ©consumption of 28 g/h per pers¢ail],
SCIENTIST, using the method of least squares. For all ex- and an @ concentration outside the shelter of 20.9%. The
periments, the correlations between measured and modeledioor area of the shelter in the test house was .0amd since
concentrations hal? values of greater than 0.99. The good- 0.93 n? of floor area per person has been recommerigkd
ness of fit for the model is illustrated in the example in CO, and Q concentrations were calculated for five persons
Fig. L inside the shelter.

whereV; is the volume inside shelteYs, the volume inside
rest of houseCy the gas concentration outside the housg;
the gas concentration inside shel@s;the gas concentration
inside rest of housé); the air flow rate between the shelter
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Table 1

Participants in the study

Participant Gender Age Occupation Test no. Approximate time to

complete task (min)

A M 35 Technician 1,10 42

B F 37 Chemist 2,12 48

C F 22 Microbiologist 3 60

D F 57 Office worker 4 50

E M 64 Welder 5,14 40

F M 38 Network manager 6 30

G M 28 Chemist 7,13 55

H M 48 Technician 8,15 25

| F 49 Scientist 911 40

J M 48 Deliveryman 16 30

K M 66 Purchasing agent 17 20

L F 57 Homemaker 18 25

Average 35

3. Results outlets with tape. Although the DHS guidance did notinclude
an instruction to seal electrical outlets, this measure may be

3.1. Test participants expected to reduce air exchange inside the shelter. Many of

the participants also sealed the bathtub and sink drains with
Information on participants in the study and the approxi- tape, but this measure would not be expected to reduce air
mate time they took to complete the sealing task is shown in exchange, because water traps prevent air flow. The average
Table 1 In the questionnaires that were completed before the time to complete the sealing task was 35 min.
experiments, most of the participants indicated that they had
some prior knowledge about sheltering in place fromthe news 3 2 Air flow rates
media, but two participants indicated that they were uncertain

about what to do in an emergency before they were giventhe  Results from tests conducted during weather conditions

DHS guidance. After the sealing task was completed, mostthat resulted in relatively low air flow rates are shown in
of the participants indicated that they had no difficulty in

completing the task. However, participant B reported having — 62 5 i

difficulty holding the plastic sheeting in place while cutting & 50 h |

and tearing the duct tape, and participant D reported having g i OBetween shelter and rest
difficulty in sealing the vent on the rough-textured ceiling, & * ] || | Eoieaa

and getting hot in the room with no air circulation. From vi- é 01 B | D?ﬁ:‘sﬁg.hggse "
sual inspection of the sealing after each experiment, it was =0 ] I

found that most of the participants performed the sealing cor- %1 il 4 —l_ . I

rectly according to the DHS guidance. However, participant 0
D left some gaps in taped areas around a partially hidden air
outlet grille located at the bottom of the sink cabinet, and
participant E faﬂed to seal the same air outlet grille in tes-t S Fig. 3. Results from tests during weather conditions that resulted in low air
All of the participants, except for one, sealed the electrical foy rates for the house.

1 2 3 4 5 6 7 8 89
Test Number

Table 2

Results from tests during weather conditions that resulted in low air flow rates

Test no. Ratio of air flow Inside—outside Average wind Maximum wind
rates,Q2/Q1 temperature®C) speed (m/s) speed (m/s)

1 85 0.3 0.89 4.9

2 55 0.5 0.28 5.8

3 7.0 0.6 0.44 3.6

4 39 -0.2 0.25 18

5 54 21 0.36 3.6

6 9.7 19 0.67 45

7 176 0.9 0.39 2.7

8 100 10 0.28 18

9 128 45 0.81 4.0

Average 8 13 0.47 3.6
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Table 3

Results from tests during weather conditions that resulted in high air flow rates

Test no. Ratio of air flow rate>/Q1 Inside—outside temperatureQ) Average wind speed (m/s) Maximum wind speed (m/s)
10 102 16.2 3.6 4.6
11 124 16.4 1.2 2.1
12 88 19.6 2.3 4.1
13 138 13.9 4.9 5.1
14 174 15.5 4.3 4.6
15 103 16.8 5.0 5.7
16 67 12.2 5.0 5.7
17 133 13.9 2.7 3.1
18 95 18.5 7.1 8.8
Average 114 15.9 4.0 4.9

Fig. 3andTable 2 For each test, the air flow rate between 180

the shelter and the rest of the houQg, and the air flow rate =1a0 T it

between the rest of the house and the outdd@rsare shown E Eg: _T_ ][]

in Fig. 3. Error bars indicate three standard deviations for the £ ;] H|E I |1 i iy
parametersQ, andQ., obtained from experimental data, as % 80 | L H |gBeween house and
described above. The average air flow rate between the shel-= 604 — — [—{ | [_outdoors, Q2

ter and the rest of the house was 6.8imwith a standard < 771 ] mimh

deviation of 2.6 M/h, and the average air flow rate between ol Al Al Al AT AT Al AT Al

the rest of the house and the outdoors was 5%/@ with 10 11 12 13 14 15 16 17 18

a standard deviation of 9.4%h. The average air flow rate Tost:Number

between the rest of the house and the outdoors correspondE. ! . o
. . ig. 4. Results from tests during weather conditions that resulted in high air

to an air exchange rate of 0.17 air changes per hour (ACH). siow rates for the house.

Results for each test are shownTiable 2for the ratio of

the air flow ratesQ2/Qy, the difference between inside and  the difference between inside and outside temperatures, the
outside temperatures, the average wind speed, and the Maxgverage wind speed, and the maximum wind speed. Aver-
imum wind speed. Averaging time for the maximum wind aging time for the maximum wind speed was 30 min. This
speed was 15s. averaging time differed from other tests due to an error with
Results from tests conducted during weather conditions the data acquisition system.
that resulted in relatively high air flow rates are shown in  Results from tests with a technician remaining inside the
Fig. 4 andTable 3 For each test, the air flow rate between ghelter during measurements are showfighle 4 For each
the shelter and the rest of the hou®g, and the air flow rate  test, results are shown for the ratio of the air flow ra@eeQ:,
between the rest of the house and the outdd@ssare shown  the difference between inside and outside temperatures, the
in F|g 4. Error bars indicate three standard deviations for the average wind Speed, and the maximum wind Speed_ Averag_
parametersQ; andQ;, obtained from experimental data, as  jng time for the maximum wind speed was 15s.
described above. The average air flow rate between the shel- - Resylts from the three experiments with the bathroom door
ter and the rest of the house was 143mwith a standard  ¢josed but with no sealing in place showed that the concen-
deviation of 3.4 ni/h, and the average air flow rate between tration of tracer gas inside the bathroom remained the same
the rest of the house and the outdoors was 156/f mith as the concentration in the rest of the house. Results from the
a standard deviation of 13.5%h. The average air flow rate o experiments with only the bathroom door sealed showed
between the rest of the house and the outdoors correspondghat the concentration of tracer gas inside the bathroom de-
to an air exchange rate of 0.51 ACH. Results for each test arecreased at a more rapid rate than the concentration in the rest

shown inTable 3for the ratio of the air flow rate€Q,/Qq, of the house.

Table 4

Results from tests with technician remaining inside shelter during measurements

Test no. Ratio of air flow rate§),/Q1 Inside—outside temperatureQ) Average wind speed (m/s) Maximum wind speed (m/s)
19 7.9 65 0.31 3.6

20 9.2 114 11 4.0

21 45 67 0.89 3.1

Average 7.2 ts] 0.78 3.6
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Protection factors for weather conditions with small temperature differences between the indoors and outdoors

37

Outdoor exposure time (h)

Occupancy time (h)

Protection factor for house

Protection factor for shelter

Low Mean High Low Mean High

0.25 0.25 35 44 60 314 448 539
1 57 71 9.9 17 33 58
2 30 36 49 5.3 91 15
3 22 26 34 31 48 7.2

1 1 96 12 16 40 77 127
2 36 44 6.0 7.2 13 21
3 24 29 38 36 5.9 9.0

2 2 51 6.3 87 13 24 40
3 29 35 47 48 82 13

3.3. Protection factors 100 A

. . : ------ Qutdoors
Protection factors are shown Table 5for scenarios that 80

were simulated using the air flow rates measured during S x Heuge

weather conditions with small temperature differences be- 8 899 : ' —— Shelter

tween the indoors and outdoors. Protection factors are shown § : '

in Table 6for scenarios that were simulated using the air g 01 ¢ ",

flow rates measured during weather conditions with large 9 £ y

temperature differences between the indoors and outdoors. = Y

In bothTables 5 and @he outdoor exposure time is the time p /)?

that the house is exposed to the hazardous agent plume. The 0 05 1 15 2 25 3

occupancy time is the time the occupants remain inside the Time (hrs)

house or shelter beginning with the arrival of the plume. Low,
mean, and high values for the protection factor for the house
are based on the high, mean, and low values, respectively, for

the measured air flow rate between the house and outdoorsth€Y-axes in the figures, and the scale is arbitrarily shown as

Low, mean, and high values for the protection factor for the 0-100

shelter are based on the high, mean, and low values, respec-

Fig. 6. Simulation for 1 h outdoor exposure.

tively, for the measured air flow rate between the shelter and 3-4. Habitability of the shelter
the rest of the house.

Simulated concentrations outdoors, in the house, and in  As shown inFigs. 8 and 9CO; and G concentrations
the shelter are shown Figs. 5—7for outdoor exposure times ~ Over time for an occupied shelter were calculated using the
of 0.25, 1, and 2 h, respectively, with an air exchange rate lowest measured air flow rate for the shelter inside the test
of 0.51 ACH and an air flow rate between the house and house, 3.2¥h. After 3h, the CQ concentration was ap-

shelter of 14.0 ¥h. Relative concentrations are shown on Proximately 16,000 ppm, and the;@oncentration was ap-
proximately 19.1%.

100 x 100
N Qutdoors /\ ------ Outdoors
80+ :: 80 ~ / \
£ i House 5 i \ House
® 60t Shelter B 601 / \ Shelter
£ 't g f \
g o ) / A
2 40q:! 2 404 /
3 3 3
209 1 201
P
P e |
0 T T T T T 0 T T T 7 T
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5 3
Time (hrs) Time (hrs)

Fig. 5. Simulation for 0.25 h outdoor exposure.

Fig. 7. Simulation for 2 h outdoor exposure.
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Table 6
Protection factors for weather conditions with large temperature differences between the indoors and outdoors
Outdoor exposure time (h) Occupancy time (h) Protection factor for house Protection factor for shelter
Low Mean High Low Mean High
0.25 0.25 14 16 19 122 159 232
1 26 28 33 54 7.0 10
2 15 16 19 21 25 33
3 13 13 15 15 16 20
1 1 41 45 5.4 12 16 25
2 18 19 22 27 33 45
3 13 14 16 16 19 23
2 2 24 26 30 44 5.6 8.0
3 15 16 18 20 23 31
£ 16.000 the approximate times shown fiable 1may be longer than
g necessary d_urlng an emergency. Rogers e[B_}arneasured_
= 12,000 an average time of 16.7 min to complete sealing of expedient
(=] . .. . .
= / shelters for 12 individuals who were each provided with an
£ 8000 “... expedient materials kit tailored to the specific room se-
§ / lected...” In Table 1, the approximate time to complete the
© 4,000 second test was less than the time to complete the first test for
9 / most of the participants, suggesting that the time required to
o . k implement the expedient measures improved with practice.
0 1 2 3

Time (hrs) 4.2. Air flow rates

Fig. 8. CQ concentration over time for shelter. o )

Variation in the air flow rates between the house and out-
doors, as shown ifigs. 3 and 4resulted from variation in
weather conditions. The air flow rate for the house tended to

% # \ be higher when the temperature difference or the wind speed
S 205 was higher, as reported ifables 2 and 3Variation in the
= air flow rates between the shelter and the rest of the house
-% S \ resulted from variation in weather conditions and variation in
§ \ the quality of the sealing. Quality of the sealing was affected
2 105 by how carefully and completely the participant applied the
8 \ plastic sheeting and duct tape to areas with air leakage. The
3 - ‘ ‘ air flow rate for the shelter tended to be higher for tests in
0 1 2 3 which problems with the sealing were noted. The variation
Time (hrs) in the quality of sealing is also indicated by the variation in the

ratio of the air flow rateQ,/Q1, as shown ifTables 2 and 3

As shown inTable 4 the ratio of the air flow rate§»/Q1,
for tests with a technician remaining inside the shelter dur-
ing measurements was similar to the ratio for tests shown in

Fig. 9. O concentration over time for shelter.

4. Discussion Tables 2 and 3and this indicates that slitting the plastic and
sealing the opening in the previous experiments did not cause
4.1. Test participants substantial additional leakage.

Results from the three experiments with the bathroom door
As shown inTable 1 men and women of various ages and closed showed that without sealing measures, the bathroom
occupations participated in the study, however, this group of provided no additional protection over the rest of the house.
participants was not a statistically valid, representative sam- Results from the two experiments with only the bathroom
ple of the general population. Although the educational level door sealed showed that the bathroom provided less protec-
of the participants was likely higher than that of the general tion than the rest of the house. These unexpected results were
population, the sealing task was relatively simple, and educa-likely due to the stack effect of the unsealed bathroom vent.
tional level may not be an important factor. Since the partic- When the door was unsealed, the stack effect drew air from
ipants were given up to 60 min to complete the sealing task, the rest of the house. When only the door was sealed, the stack
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effect drew more air from the crawl space through leaks in Health (NIOSH)[22] lists a recommended exposure limit
the HAC system ducts and through any leaks in the floor.  (REL) for a time-weighted average (TWA) concentration for
up to a 10-h workday during a 40-h workweek of 5000 ppm
4.3. Protection factors for CO,. The NIOSH short-term exposure limit (STEL) for
a 15-min TWA exposure is 30,000 ppm. The NIOSH imme-

In Figs. 5—7 exposure is illustrated as the area under the diately dangerous to life or health concentration (IDLH) for
concentration curves. Protection factors may be estimated byCO, is 40,000 ppm. As shown iRig. 9, the calculated @
comparing the area under the outdoor concentration curveconcentration in the shelter decreased to 19.1% after 3 h with
to the area under the concentration curves for the house offive occupants. The minimumg@oncentration for safe entry
shelter. Sheltering reduces peak concentrations in all sce-in confined spaces is 19.5%, and thg €@ncentration level
narios, but cumulative inside exposures approach cumulativewhere impaired judgement and breathing occurs is (536
outdoor exposures as the occupancy time increases. The proThe calculated C&concentration of 16,000 ppm and €on-
tection factor is maximized if a person remains inside the centration of 19.1% might be tolerated by most people for a
shelter just until the concentration outdoors is less than the short time during an emergency, but these concentration lev-
concentration inside the shelter, and then the person leave®ls could affect individuals with respiratory problems. The
the shelter and goes outdoors. If a person remains inside theCO, and G concentrations in a shelter could reach more
shelter longer, the protection factor decreases. In aworst-cas@&angerous levels if more occupants were in the shelter, if
scenario, a person might be exposed outdoors as a hazardouse air flow rate was lower, if the CQemission rate and the
plume passes over, and then seek shelter indoors after th€, consumption rate were higher due to activity inside the
plume has passed over, further increasing exposure to theshelter, or if the time of occupancy was longer.
hazardous agent.

As shown inTables 5 and 6the protection factor in-
creases when weather conditions result in relatively low air 5. Conclusions
exchange rates, such as when the wind speed is low and when
the temperature difference between the inside and outside of This study evaluated the effectiveness of expedient mea-
the home is small. The protection factor decreases when thesures for sheltering in place in residences, as outlined in the
outdoor exposure duration is longer, and when the time of U.S. DHS guidance. Plastic sheeting and duct tape were used
occupancy is longer than the outdoor exposure duration. Theto seal aroominside atest house by participants who followed
protection factor for the shelter is always greater than the the DHS guidance.
protection factor for the rest of house, but the advantage of An improved method was developed to determine the air
the shelter diminishes with longer outdoor exposure times flow rate between the shelter and the rest of the house, as
and longer occupancy times. Under ideal conditions, the pro- well as the air flow rate between the house and the outdoors.
tection factor for the shelter can be great, but the protection Air flow rates were determined from tracer-gas concentration
factor can become marginal under less favorable conditions.measurements.
A comparison of low and high values for the protection factor Protection factors were calculated for the house and shel-
for the shelter under the same conditions of outdoor exposureter using the measured air flow rates obtained under weather
time and occupancy time shows that proper sealing can makeconditions with small and large temperature differences be-
a substantial difference in the effectiveness of the shelter. If tween the indoors and outdoors. Results showed that proper
further instructions were included in the DHS guidance, such sealing can make a substantial difference in the effectiveness
as an instruction to seal the baseboard to floor area, the ef-of the shelter. Without any sealing applied, the bathroom used
fectiveness of the shelter may be increased. as a shelter in the test house provided no additional protec-

Results show the importance of timing for effective protec- tion over the rest of the house. Protection factors were de-
tion. Sheltering in place can be most beneficial if people enter termined for various outdoor exposure times and occupancy
shelters before the arrival of a cloud or plume of hazardous times. Protection factors ranged from 1.3 to 539, depending
agent, remain inside shelters as the cloud passes over, andn the conditions.
exit shelters as soon as the cloud passes. However, sheltering Results show the importance of timing for effective pro-
in place can be detrimental if people enter or exit shelters too tection. Sheltering in place can be most beneficial if people
late. Results imply that sheltering could be more effective enter shelters before the arrival of a cloud or plume of haz-
if the Emergency Alert System had the capability to inform ardous agent, and people exit shelters as soon as the cloud

people when best to enter and exit shelters. passes over. However, sheltering in place can be detrimental if
people enter or exit shelters too late. Results imply that shel-
4.4. Habitability of the shelter tering could be more effective if the Emergency Alert System

had the capability to inform people when best to enter and
As shown inFig. 8 the calculated C®concentration in exit shelters.
the shelter increased to 16,000 ppm after 3h with five oc- The CQ and &G concentrations inside a shelter are not
cupants. The National Institute for Occupational Safety and likely to reach dangerous levels under most scenarios that
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were evaluated in this study. However, concentrations could [9] R.J. Engelmann, Sheltering effectiveness against plutonium provided
reach dangerous levels under certain conditions, suchaswhen by buildings, Atmos. Environ. 26A (11) (1992) 2037-2044.

many people occupy a shelter, the air flow rate is very low, [10] W.K. Blewett, D.W. Reeves, V.J. Arca, D.P. Fatkin, B.D. Cannon, Ex-
pedient sheltering in place: an evaluation for the Chemical Stockpile

the CQ emls§|on rate and onnsumptlon rate are hlgh due Emergency Preparedness Program, Chemical Research, Development

to activity inside the shelter, or the time of occupancy is long. and Engineering Center, U.S. Army, June 1996.

[11] W.K. Blewett, V.J. Arca, Experiments in sheltering in place: how fil-
tering affects protection against sarin and mustard vapor, Edgewood
Chemical Biological Center, U.S. Army, June 1999.

[12] L.L. Yuan, Sheltering effects of buildings from biological weapons,

L Sci. Global Security 8 (2000) 287-313.
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