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FOREHORD

The forced ventilation tests reported herein were conducted by the General
American Research Division (GARD), formerly the MRD Division, of the General
American Transportation Corperation, Niles, Illinois, during the period from
October 1962 to September 1964 under the Office of Civil Defense Contract
No. OCD-0S-62-134, Mr. Frank C. Allen of GCD's Directorate of Research was the
project monitor. These tests are reported under Stanford Research Instiiute
Subcontract No. B-64220(L49Lkoa-16)-US. Mr, C. A. Grubb of SRI is the project
monitor. The contracts provided for forced ventilation tests of representative
identified fallou: shelters: (a) to evaluate parameters that determine the
nature of the resuliant environment in identified shelters in existing
builaings, (b) tc determine minimum equiprent requirements for control cf the
environrmeat in accordance with limiting critaria, and (c¢) to obtain and cor-
relate experimental data ir. support of curreni or modified computational

nmethods or for direchk use as empirical daza.

Fxperimental ond analytical work regarding netural ventilation tests of
Tallout shelfert has bezun sinGer the SRI clatract. Such tests have alrealy
been perrocmed in Batcen Rouge. [ouisiang and Bozeman, Montana. A final report

of a2il netural veniilation tests will Le availabie uvpon completion of zll tests.
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ABSTRACT

et

The results of two years' field testing of fallout shelters is reported
herein. Simulated occupants (Simocs) and forced flow conditioned air were
used to duplicate emergency environmentel conditions. Nine tests have
previously teen documented in detailed Interim Reporis. Based on field measure-
ments of temperature, humidity and heat flux, and supplemented by an analytical
computer program, an "adiabatic" procedure is recommended to predict shelter
environmental conditions. This adiabatic procedure reglecits heat transmission
through the shelter boundary surfaces and can predict shelter effeciive tem-
peratures to within 2°F. The procedure is conservative in that it will over-

estimate the shelter temperature for all sheliers tested.
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SECTION 1

INTRCDUCTION

During the period from October 1962 to Sepiember 196k, forced ventilation
tests were performed by GARD on nine fallout shelters. A brief summary of
these tests is presented in Table 1. All tests have been previously described
in detailed Interim Reports (Ref. 1A to 1H and 2) and these should be referred
o for specific details. The principle objective of the test series is to
deternine the minimum equipmeat requirements (ventilation rates) for maintaining
habitable coadivions of temperature and humidity within building types which
may serve as possible fallout shelters. A secondary objective is to obtain
experimental cata to be used to verify analytical methods of predicting shelter

sychrometric conditions resulting from ventilation with ambient 2ir.
psy g

Sufficient combinations of rhelter geographic lccations, types, configur-
ations and sizes were tested to assure a thorough study of the parameters
affecting fallout shelter enviromment. The shelters were tested with various
occupancy, lighting and equipment loads, ventilation rates, and in some cases
different air distribution systems were evaluated. Since critical shelter con-
diticns will occur during hot and/or humid weather, all tests except one were
conducted during periods of warm weat.er. Ii possible, the tests were performed
when ambient conditions approached summer design weather, cr these conditions
were simulated and sufficient data obtained to correct nondesign test resulits

to design conditions.




Test Iocation

Houston, Texas

Chicago, Illinois

Milwaukee, Wisy~

Milwaukee, Wis.

Wilmington, N.C.«

Wilmington, N.C.

Bozeman, Montana

Athens, Georgia

Providerice, R.I.

Type of Shelter

Partially
Belowground

Aboveground

'+ Aboveground

Partially
Belowground

Aboveground

Belowground

Aboveground

Belowground

Partially
Belowground

Table 1

Summary of Forced Ventilation Tests

~—

2]
R et

a)
b)
)

a)
b)

.¢c)

Type of Forced Ventilation Test(s)

Programmed cycle test using average hourly
conditions for a typical August in Houston,
Texas; (various cfm and occupancy levels)
Constant 75°F DBT and 95-100% RH Test

"No Ventilation" test

Ambient air tests @ 3 and 2 cfm/occupant
"No Ventilation" test

Ambient air tests at> verious cfm using
different air distribution systems
Controlled supply air test; constant dew-
point and ambient dry-buldb temperatures
Dehumidified air tests simulating a
refrigerated coil and well water coil
systems.,

Programmed cycle test using (5%) Milwaukee
susmer design cycle {various cfm)

Constant inlet air condition test {ave. of
5% Milwaukee design)

Simulated air conditioned shelter test.
Constant inlet air condition test {hot and
humid climate)

Ambient air test: @ 5, 9, and 15 cfm/oce.
Programmed cycle tests at various cfm using
summer design cycles of Wilmington,N.C.
(2-1/2%), Phoenix, Arizona (5%), and Mil-
waukee, Wisconsin (2-1/2 - 5%)

Programmed cycle test using (5%) Wilmington,
N.C. summer design cycle (various cfm)
Constant dehumidified air test

"No Ventilation" test

Ambient Air Tests:

1) 460 occ. @ 3, 5, and 7 cfm/foce.
02) 275 occ. @ 3, 7, and 11 cfm/occ.

Human Occupancy Tests (evaluation of various

al

r distribution systems)

14-Day Ambient Air Test @ 8.5 efm/occ.

Sroap s e o . s g

Test
Date

10 Oct
2 Nov
1962

18-29
March
1963

30 June

25 Jul
1963

11-31
August
1963

9-28
1963

5-13
Nov

2963

11-29
June

196k

31 July
2 Aug
196L

2)-Avg
£ Sept
1964

e ag e g i SRS

-

Total
Occupancy

Loo

240 .

8o

275,
Leo



For each test extensive data were recorded on shelter, inlet anil ambient
air conditions, as well as heai flux and temperature distributions ir. the

shelter surfaces and in the surrounding soil of belowground shelters.

L 1.1 Simrlated Occupancy
pancy
% For ail tests in this series (except one), the metabolic load of the

shelter occupants was simulated by aggregate Simces (Fig. 1) (Ref. 3). Each of
these electromechanical devices can simulate the latent and sensible energy
output of up to sixty sedentary human beings {L00 Btu per hr-occupant). The
electrical energy supplied to the Simoc heaters represented the toatal metabeolic
load and was manually adjusted by means cof a variable ftransformer on each Simoc.
The moisture output of the shelter occupants was provided by a humidifier
located in each Simoc. As the shelter dry-bulb temperature varied, the rate

at which water was atomized into the cheiter was automatically controlled to

0 match the human output.

1.2 Instrumentation

1.2.1 Air Flow

For most of the tests in this ceries, pre-conditioned or untempered ambient
air was supplied to the shelter by means of a 2h-inch diameter flexible duct,
a sheet metal air metering station and an appropriate length of polyethylene
duct. The plastic duct was either placed on the sheliter floor or hung from
the ceiling and ventilation air delivered tc the shelter froum one or more

openings in the plastic duct.
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A reasonanly accurate measurement of the shelter vertitatrizn rate was :
cbtained frum alr velocity measurements at the air metering station with either
a thermal anemometer (Alnor Molel HNo. &500), propeiler-type anemometer (Gill
Model B) or a hand-held rotating vane anemoineter (Taylor Biram's Type No.

3132). The accuracy of all anemcmeters is estimated at + 5 per cen*,

1.2.2 Temperature Measurement

Shelter, inlet and ambient wet- and dry-bulb iemperatures wvere measured
with aspirzting psychrometers (Sargent Nc. S 42610} equipped with copper-con-
scantan thermocoupls sensors. In some instances, therwet-bulb thermocouples
were replaced by mercury bvlb thermometers graduated at 1/2°F intervals to
obtain more accurate data. For portable indication of psychrometric conditions,
the Bendix Model 566-2 "Psychron' mercury bulb psychrometer was used. The
Minneapolis-Honeywell "Dewprobe" (Model SSP1295) was used to directly measure
the dew point of the shelter air. Hcowever, because this sensor required care-
ful handling and freguent maintepance to maintain calibration, its use was

discontinued after the first few shelter tests.

Additional dry-bulb temperatures were obtained from resistance bulb ther-~
mometers and copper-constantan thermocouples located inside and outside the
shelter. Temperature measurements employing thermoccuples included wall, floor,
ceiling and partition surface ienmperatures; wall interior temperatures and
surrounding soil temperaiurec. All thermocouple measurements were recorded
by strip-chart multi-peint recorders. Class thermometers and recistance bulbs

are accurate to + 1/2°F; thermccouples are accurate to + 1°F,
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1.2.3 Heat Transmission

4

Heat transmission measurements thrcugh Shelier surfaces vere mada at the

inside surface of the geometric <enter i excit major surlace or the stielter.

o
ey

The heat flux transducers (Hational Instrument Tatorstorics Medel EF-3) consisted

By

of a disk with a spiral theruopile moulded in a filler imaterial of »ulyvinyl-

chloride. These were neld in contact %iih lhe sheilter surfar2s by means of an

alumirum plate fastened to the surface by nyion screws or wore simply taped to

the surface with a sufficient amacunt of heat 2orducting compound spread beyween

o do

e

meter and surface Lo assure z good thermatr contact. A third installation method

]

was to chisel away a poriion of tke suriace material, positinn a hecat meter in

the recess and plaster cover flush with vhe zurface, The heat transmission

Banid

data were recorded wiith £ maltipeint racorder. Accuracy of the heat meters,

which were Trequently recalibraied, is 4§ 5 per ceat.

fomacini]

1 oA M T %y - 3
i,2.2 Sheater Energy inputs

Faiodovelf

A kilowati~houwr meier wmeaswred the itoial energy input to tre Simocs.

g Instantanecus power levels were slso obtained with a precision (1%} ammeter
] (with current traust'ormers) and a voiimeier. An Amprobe Mcdel AVIX recording
E volineter and a Model AA2 recoraing ammeter providaed g record of any voltage
: and current fluctuations.
Totel water impui to the shelier from Lhe Simocs was measured on a balanced
i beam platform scals, with an estimaled accurasy of + 1/2 pound.
1.3 Test Vebicle
. The alr supply for the shelter tesits was obtained from the OCD Test
i
i Vehicle ¥o. 1 {Fig. 2) (Ref. k). The test vehicle jis capable of supplyiag up

LR VT )
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to BO00 cun of oir at a predstermined consiaal dew point temperature aid a dry-
Lolb SCurergtus o whith may e autoratically eveled as a fuaction of the time
of 4Azy. The éry-builb temmeraturz was corntrollzu by rcheaiing ihe suppiy air

witlr a hot waier coil. Devuwniiification was accompliched Ly a 20 ton water

chiller, and bumidificaticn {and reheat) was achieved by a Lot vater boiler with

th

a Eroi

(K

adjusting the fen speed, thne fan inlet vanes; and the air by-pass ports.

output of 900.002 Biu per hour. The air Tiow wes manually controlled by




SECTION 2

TEST RESULTS

Individual test descriptions and significant results are summarized in

this section, arranged in the chronological ~rder of the performance of the tests.

2.1 Houston BRasement Test

Forced ventilation tests were conducied in Houston, Texas (Ref. 1l4) during
Cctober of 1962 in a pariially belowground shelter area. High earth tempera-
tures and weather equivalent to that occurring in summer provided ambient
conditions which result in maximum ventilation requirements and very small
heat transmission losses for this locaticn. Test results indicated that with
average August weather prevailing, a minimum ventilation rate of 13 cfm per
occupant is required to keep the shelter effective temperature from exceeding
85°F. With simulated well water cooled inlet air (constant 75°F dry-bulb tem-
perature and 95-100 per cent relative humidity), a minimum ventilaticn rate

of 9 ¢fm per occupant would be needed.

Heat valance calculations made from heat meter data sometimes showed
unbalances, i.e., the sum of the heat transmission loss and the heat loss to
the exhaust air was often less than the total heat input to the shelter.

This discrepancy resulted from errcneous measurements by the heat flow trans-
ducers, and consequently, no accurate analysis regarding heat dissipation
and transfer rates through the shelter boundaries and surrounding soil could
be made (overall shelter heat transmission could be estimated indirectly).

Table 2 presents a tabulation of shelier houndary surface construction features.
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Table 2

Houston ‘Shelter Bcundaxy Surface Properties.

2

,
-t

i Surtace Interior Constriaction Areg Weight U,
or (£t 1(1b/£+7) | (Btu/hr-£t™-°F)
- Exterior 7 : . )
_ EAST,WEST
and NORTH Ext 12" concrete 145k 140 .61
Belowgrade - .
woalls
EAST and
‘NORTH above- Ext 12" ccncrete 230 140 0.53
grade walls -
SOUTH waii Inw 2" x 4" studs with A : 0.07
1/2" Celotex board
and ncminal 3"
) aluninum Toiled fiber
zlzss insulation i
Ceiling Int 8" ecncrete 3867 93 0.52
Floor Ext 6" conoretce 28F7 70 0.71

*U (overall hest transfer coeffizient) calculated from ASHRAE Guide data.
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.2 Chicao Aboveground Test

Asnhient air forced ventilatioa tests were conducted in an aboveground

¥ e

(4]

faliout shelter located in Chicago, illincis [Ref. 1B) during a period of nild
winter weather in March of 1953, Shel*er bounagry smaface properties are sum-
marized in Table 3. The shelter was tested at ventilatlon rates of 3, 2, and
zerc oim per occapant. These tests indicate tna® a minimum ventilation rate of
3 cfm per occrpant was more than adeguate to meet thermal eavirorzental re-
guiremernts while the ¢ ofm per cccupant ventilation rate was tound to be
inadequote in limiting the maximum shelter effective iemperztwre to below E5°F.
During the 3 ofm per occupan: test (! days) the shelter dry-bulb temperature
range was 82°F to 74°F and the effective temperatore range was 76°F to &8°F
with an average effective temperature of T3°F. Averzge elfeciive temperetures
for the 2 cfm per occupant {3-1/2 days} and the zero veniilation (3 days)

tests were 83°F and 85°F, respectively. During the latter two tests, ccnden-

sation occurred on all surfaces of the shelter.

Heat metsr m2asurements showed that approximately 7O per ceat of tﬁé total
input energy was lost through the shelter boundary surféces, anxdh sienificantly
reducea the ventilation rate requirements. EKowever, in _ri.icar summer weainer
with higher ambient temperatures, any surface hea® Lransmiasion would pe coi-

siderably smaller, znd ventilation reguirements nearer {ne adiabatic¥* rate

would be necessary. Alihough adjacent shelter spaces wel= heated to the same

—

*Adiabatic refers to a simplified shelier model which ncglents any heat trans-
missiun through the shelter boundary surfzces ana assumes sil metabolic and
interrally generated energy is removed by the ventilsting air {Ref. 5).

1
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Table 3

Chicago Shelter Boundary Surface Properties

Surfaze Surface¥ Are ' Weighg U ¥
Construction - (££5) (1b/£t) (Btu/hr-£t°-°F)
. Ceiling | 6" reinforced | 13hh : T0 l\ 0.59
) . czncret -
™ —— . T —— - e ~
~ Floor 6" reinferved | 334k 70 . 0.43
: -eonnrete - . ’
/ .. O c : _ - ~ A = . Ww\.\-;dh-Lw
NORTH 13" csmnon 1 703, Yooz | 0.29
 sail 4. brick i ' S I
SOUZH 13" commor [ ThL I 130 0.29
Jwell : bricg A
S - = - R aacalet - - J‘ . e - -
WEST + 13" common bt h2g 130 0.29
wall : Trizk 1 .
1 EAST 18" common 5 kg 3 180 - 0.22
wall T Trick o i
1 Total 9028 !

# window area insignificant

#* U (overali heat trancfer coelficient) calculated from dats in ASHRAE Guide.




dry-bulb tempsrature as the shelter, about 40-€0 per cent of +he 1otal heat

transfer was ibrough adjacent area surfaces .floor and ceilins). This indicates
that in wintsr an internal surface cannot be assumed o e adialatic even if the
temperature differential across it is reduced to small proportions. This effect

is probably due to slab edge heat losses

Air infiltraticn tests 1llustrated the effect of wind velocities and sur-
face quality on infiltration rates. For this shelter {32,000 cubic feet),
with average wind velocities of 22 and 12 mph, the infiltration through the
walls amouated to 0.10 and 0.08 air changes per hour {54 and 42 cfm),

respectively.

2.3 Milwaukee Aboveground Test

Ventilation tests of a 2L0-man aboveground fallout shelter (Ref. 1C) were
performed with conditioned and wich ambient air supplied to the corridor-iype
shelter at rates varying from 3 to 15 cfm per occupant. The "H"-shaped shelter
vwas suppiied with verntilation air at either the geometric center (split-path
system; cr at the extreme end of the corridor !single-pass system). Better
air distribution was obtained with the center supply system than with the
single-rass system. The ambient air tesi series indicated that some type of
air distribution system is required for a complex aboveground shelier. The
taqperature distritution in the shelter showed that approximately 70 per cent
of the forced veniilation air supply to the shelier exfilty ed prematurely
from the shelter for rotb air distribution systems and 4id not leave the
chester at ins exhaust conditions. Poor quality shelter surfaces and window

fittings were responsitle for this large forcea exfiltration rate.
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For all amblent vests b2 transmission losses from thie shelter averaged
from 15 per cent to 19 per cent of the total energy inpai « cool summer weather
prevailing?  Cue tc the non-uniformity of temperature within the shelter
resulting from the corridor layout, varistions in wall, floor and ceiling con-
struction, and irregularities of wall surfaces caused by large windows, door
and stairwell openings, a meaningful analysis could not be obtained from any

heat meter data.

2 summary of significant test param ters and resulis are presented in

Table L,

2.4 Milwaukee Eazement Test

Forced ventilation tests performed on a partially-belowground fallout
shelter in Milwaukee, Wisconsin (Ref. 1D) during August of 1963 indicateé that
6 2fm per occupant of ambient ventilating air would be necessary on a Mil-
wavkee 5 per cent summer design day> to maintain this shelter at 85°F effective
temperature When ventilated with hot, moderately humid air, a ventilation
rate of 13 cfm per cccupant was needed to limit the shelter to these same design
concitions. Mo signifiecant dirferences in resulrant average shelier conditions
werz noted when the shelter was ventilated with cyclic or comstant (average

r conditions Tcbles 5 and 6 tabulate significant test

Buio

of zyciic! inlet a

paramsters and results, gnd give aescriptions of shelter boundary surface.

The energy lost to the below-grade soil backed shelter during the

*Five per cent summer design day refers to the wet and dry-bulb temperatures,
assumed coincideni, whicu would be exceeded during only five per cent of the
total summer hours (Ref 6}.
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entire test was 3.9 Btu per hour-ftz or 12 per cent of the total energy input
to the shelter. No significant reduction of this heat transfer was observed
as the tests progressed. The wide variations in flow rates and inlet conditions
tend2d to mask any large reduction in heat transfer which may have cccurred

as the temperatures of the surfaces ard the surrounding =0il incressed, The
heat transfer 0 soll-backed surfaces was shown %o be proportional to ihe
shelter mirus earth temperature differential, and the heat transfer to "non-
occupied" adjacent areas was somewhat proportional to the shelter minus ambieut
temperature differencsz The overall heat transfer coefficient calculated from
heat meter and temperatare differential data was O 23 Btu per br~ft2-°F, and

is approximately one-half' the overall coefficient calculated from the ASHRAR

Guide of 0.43 (Ref. 6).

2.5 Wilmington Akoveground Test

Ventilation tests at various fluw rates and iniet nondi<ions were per-
formed on an aboveground fallout shelter in Wilmingion, North Carolina (Ref. 1E)
&iaring Getober of 1963 {sec Table 7). (Infiltraticn tests vare also run, but
the resvlts 0¥ 7r¢ data have litile significance cther thar %o 1llustrete that
infiltration zate is degrident on wind speed and “irection ) For this sheltev,
a ventilation rate i aprrorimste) <. =fa per :ﬁcupaht is required to fhads

ite effective temperature to 85°F when went.ia _o wite

Y3 " e P
W imlngtan 2-1/2 zer

cent summer design air. From these tes*s, o vrocedure was develozed o pre-

dict shelter ventilation requisements for any avovegromd sheller in any

<

locacion (Ref. 5: Using this procsdure and comparing the reswts with
adiabatic rates, predicted ventvilation rates assuming heat losses vwere 1 tn

2 cfm per =crupa.it lower than those which were coumputed adiabatica®iy.
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Heat fluxes throush exterior surfaces (4.9 Btu per hr-ft2) vere over
twice a5 large as those through interior surfaces (2.4 Btu per hr-ft2) due to
the greater iemperature differential across the exterior surfaces., However,
only 8 per cent of the total input energy to the sheiter was transferred
through exterior surfaces whereas the larger interior surfaces traunsferred
approximately twice as much total energy. Under design conditions, when adjacent
interior areas would be occupied, the only =znergy transmitted Shrough the
shelter boundary surfaces would be trausferred to the external surfaces re-
sulting in an insignificant redvction in reguired ventilation rate. Con-
sequently, for this and similar sheliers tne adiabatic ventilation rate is

recommended,

The experimenial average heat transfer ccefficient for exterior surfaces
of 0.Lkh Bta per hrmf‘2-°F agreed very well with the ASHRAE Cuide (Ref. &)
value of C.U5, The experimental eefficient for the eniirz sheitsr of 0.17,
however. was somewhat less tnan that given by the ASHRAE Guide 0.2%. Thic
deviation is probab:y cavsed by the fact that the experimental value is based
upon the shelter minus ambient it<¢mperature differential instzad of an area-
weighted average cemperature difference. The latter could unos Se calcuwzted
becpuse the temperatures orf all adiacent area spaces vere nut i€ \svred..

Table 3 presents a tabulation of shelter toundary surface constraction features.

2.5 Wilmingtcn Belowground T25t

Ferced ventilaticn tects were pevformed on 2 belowground fallout zhelter
1n Wilmington, Morth Carclina (Ref. 1) using sinmlated occupants. Table 9

presents a summary or tests performed. For g Wilirington 5 petr cent summer
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degion day, a ventilatizcn rate of 1

cfm of ambient air per Cocupant was
to be adeguate 0 maintain this shelter at 55°F effective temperature. When
the shelter was ventilated wits dehumidified air ((3°F dry-bulb and 59°F wet-
bulb temperatures), 5 ~fm per cccupant wa: sufficient, When the ventilation
was stopped completely, the snelter effective temperature increased from

85°F to 90°F in one hour, to 92°F in two howrs and to 93°F in three hours.

The earth temperatures during the first six days o1 lesting increased approxi-
materiy 5 to 6°F. This tempersture rise resulted in a slight decrease in heat
transmission losses through belowground shelter surfaces, which over the
entire test period ranged from 1.0 to 6.9 Btu per hr—ft2 and averaged 3.7 Btu
per hr—fi2. The latter “ralue agreed fairly well wita the heat loss through

these surfaces predicted by procedures in the ASKRAE Guide of L4.5.

Tt was noted that this heat flow consisterntly pesked beiween 1200 and
1900 hours, and was g minimum belfween midnight and 0500 hours. Heat losses
through adjaceni interior surfaces was slightly less than the losses through
soil-backed surfaces but maoy be absent in emergency situwalions, Heat trans-
ferred from the shelier to the surrounding soil was 1k.5 per cent of the total
energy input to the shelier ani significantly reduced the required ventilation
rate. The overall heat transfer coefficient calculated from neat meter data,
an area-weighted average AT, and the total area of the shelter was 0.43 Bitu
ver hr-ft-°F, which is less than the U vaiue of 0.5€ determined from the

ASHRAE Guide., Table 10 lis*s shelter surface properties.
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2.7 Bozeman Aboverrourd Test

An elghteen-day, bCO-man simulated cecvpance, eS8t Was periormed on a
seconG floor fallout shelter in Bozeman, Muntara rel’, G, durins Juse of
196k, The shelter was ventilated with outside air at flow rates from 3 to 11
ofm per occupant. The ener;y loss tnrough tihe shelter boundary surteces

amounted to 17.4 per cent of the total ener.y input to the chelter. The znexgy

-

urfaces «11.9 per cent) was twice as large as the

»

loss througn the interio

=
L]

exterior suriace lcss ‘5.5 psi cent). For ths averass June dzy. which approxi-
rated setual tect weather, the snelter when loaded with orne oecupant per ten
square feet of flocr area, would require L. 5 cfm per oecupant to iimit the

shelter average effeclive temperature to 85°F. Thic is an 15 per ceni reduction

[ &)

from the 2adiabatic rats £ 5 5 cim per occupant. For the hottest June day on
re2ord, the shelter would reguire 7.0 cfin per occupant, & 7 per cent reauction
from the adiavatic rats of 7.5 cim per occupani, The above rates are based

on the assumption thai the floors adjacent to th2 sheiter were unocccupied.
Under emercency conditions, this would probably not be the cas2, Heat trans-
mission losses frum the shelter would, thereforz, be reduced, and the corres-
poading reduction in air flow rate would be less than 0.5 c¢fm per occupant.
Consequantly, the adiabatic model is recommended for selecting ventilation

reguivemeants for this and similar shelters.

‘vhe average heax transfer coefficient for the shelter given by the
. . 2 . - .
ASHRAR Guide is 0.u45% Bta per hr-fi -"F. Tais compares favorably wiih the

calculatzd zxperimental coefficient of 0.40, which is based on an area-

weighted nverall averare AT.

WETROAFT o e S aao L
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This test rrovided si.elier and wzather data for a companion stady e¢xich

Povammca

mathematically wredicted notrly s.oelter psychromeiric conditious. Thase data

§' included heurly weather conditinrs, shelter socnstruction and —onfiguaration
detalls, and aijacent interioxr arca tempervatures, Fredicied shelter dAry-bulb
and erfectives temperalures were generally within &°F and L°F of the experimental
suelier dry-bolit and offective temperatures, cespevtively, when actaual adjacent
incerior temperatures were used in the calculativns. When the temperatures

of adjacent noun-shelter areas were estimated, the acrezment was generally

Wi Ji M;

within 2°F for woth shelier dry-bulb and effective temperatures. It was con-

i

Carrwpin

cluded from these recults *that without a more accurace interioe temperature

estimation technigue, furiher rafinement of this apaliytical mrthod would not

¥

llmcwi

be possible.

1

A summary of significant test parameters and resalis are presented jin

Buhudns
f

Table 11 mable 12 lists shelter surface consiry2 .ion characteristics and

3-

¥ . .

i physical propertieos

i 2.8 Athens jlwnan Qocupancy Test

. A fifty-hour, 30C-human occupaint forced ventilation test was conducted

H

g in a basement Tallout sueltsr in Athens, Georgia (Ref. 1H) in conjunction with

% the University of Georgia., Luviag the test, ventilztion alr was supplied to
the shelter by meanrs cf three different ventilatiol systems. In the first

{‘ portion of the test, the installed shelicr veatitation system was used and

found to be adejuate to maintain habitavle shelter c:-Jditiuns if the central

Waismpieit

- refrigeration plant is operating. Following this, two sirplified ventilation

l“ systems constructed of placstic (polyethylene) duct was evaluated. One system
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1 of the ventilation alr was supplied
at ore end of the shelter and exhaustcd at ihe opposite enid, The ntner arrange-
ment was a distribution-type system, i.e.,, air inlet holes were cut into the
plastic duct at uniforrmly spaced intervals The single-inlct system provided
adequate air mixing witr a single room, with the stipulation that the air

inlet was designed to eliminate local drafts. The more conventional distribution-
type of system should be used to supply air to partitioned areas, but is an
unnecessary luxury in a single-room shelier. A minimum thickness of 4 mils is

recommended for the plastic air duct to provide adequate resistance to damage.

2.9 Providence Easement Test

A 1k-day ambient air test was run in a partially belowground fallout
shelter in Providence, Rhode Island (Ref. 2) during August of 1964 at a con-
stant ventilation rate of 8.5 cfm per occupant. Ventilation air was uniforinly
distributed in the shelter by a plastic duct at floor level. During the
test, almcst no temperature stratification in the shelter was evident. Sur-
rounding scil temperatures increased as the test progressed, and the temper-
ature rise was greater for soil nearer the wall and caused the total shelter
heat loss rate to decreasz slightly during the test. ©Transmission losses to
aboveground exterior surfaces were most sensitive to changes in ambient air

conditicns,

Approximetely 23 per cent of the total input energy tc the shelfer was
lost through the shelter poundary surfaces. This accounted for a 30 per
cent reduction from the computed adiabatic ventilation rate. Roughly one-

half ¢f this total heat transmission was conducted throuugh aboveground
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exterior boundaries and one-third through sceil-backed surfaces. However, it
is concluded that under design-day conditions, ithe moust impcrtant heat sink

would he the scil-backed =2xierior surfaces., The heat Tlux through these sur-
faces was smaller (2.7 Btu per hr- t2-°F) than observed during previovs GAED

shelter tests.

The experimental averall Leat iransfer coefficient. computed from an area-
. 2 oo . . . .
weighted average H T was 0.25 Btu rer hr-fi7-"F, which is ouite diiferent
from the ASHRAE Guide value of 0.38. 1t ig believed that this disagreementi
was due to transient heat transfer effects, and the inability to groperly
measure the temperature of bthe outside surface of exterior belowground sur-

faces. Pnysical properties of the shelier boundary surfaces are shown in Table

13; a summary of daily test averzges is presented in Table ib.

The empirical data from this test was used in conjunction with a computer
program to analytically predict sheliter psychrometric conditions entirely
without the knowledge of experimental shelter and adjacent interior area tem-
perature data, Input information supplied to the computer program consisted
of measured hourly inlet air wet and dry-bulb temperatures, estimated cloud
cover, day of year and latitude of the shelter lccation. Besides this weather
data, other inputs included ventilation rate, number of occupants, instrumen-
tation load and various shelter construction and configuration details. The
mathematizal prediciions (both dry-bulb and effective temperatures) were
generalily within 1.5°F of the experimental results. It was therefore con-
cluded that this analytical method can be used to accurately predict shelter

psychrometric conditions for given inlet conditions for this type of shelter.
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reports, is presented in Table 15. Signifac
follows:

1) During all abovegrcound tests, the shelter always lost energy
by transmission through the boundary surfaces  However, in an emergency
occurred on a not summer day, this heat loss cannot be =xpected to occur
because: (a) the tests were conducted during a period when cocler than
design summer weather prevailed, thus increasing the heat loss through the
external surfaces, and/or (b; the building areas adjacent to the shelter
were uncccupied .and thus co:ler than the shelter area}; durirg an emergency

these areas would usualiy be occupied, eliminating this heat sink.

2) Duing most celowground tests, the shelter lost energy to concrete

soil-backed surfaces, as indicated below in Table 16,

Table 16

Belowground Heat Losses

Test Heat lLoss to Belcwgrade Initial Soil
Exterior Shelter Surfaces Temperatures

tu/hr-ft2 °F
Milwaukee
Rasement .o 6l
Wilmington
Belowground 37 70
Providence
Basement 2,7 73
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The soil surrounding tie Milwaukee shclter was silt and :lay, while the other

two sheltere had a Ary saud and gravel {711 mixiure. It is suspecied (data not
sufficiently accurate) that the heat loss during the Houston test approached
zero, as the soil temperature exceeded 90°F  As the above four tests were con-
ducted during the summcr, it is reasonable to assume *hat thase heat losses
would also exist Jduring a summer design day emergency, since scbosurface soil

temperatures show little diursal variations.

3) The shelter diurnal dry-buib and 2ffective temperature cycles closely
folilow the ambient cycles, but at diminished amplitudes. For aboveground
shelters, there is a fair coirelation between the ratio of the amplitides and
the air flow rates {see ¥igs., 3 and 4). For belowground sheiters, nc similar
correlation could oe made, since the shelter 2ycle ic apparently a stronger

function of the heat storage mass exposea to the shelter air.

L) Possibly the most significant resuits of this test series is the
verification of the mathematical shelter model (Ref. 2). Dry-bulb and effective
temperatures can almost without excepiion be predicted to within 2°F, usuaily
much closer.

5) Large open shelier areas will not need elaborate conventionsl-type
distribution systems. (Sinc. aggregate Simocs inherently disturb the air cir-
culation pattern within a shelter, only one test {Athens) provided an oppor-

tupity to evaluate air distribution.)
y
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SECTION L

CONCLUSICNS AND RECOMMENDATIONS

The temperature and humidity that will develop in a shelter are determined
by *he state of heat and moisture halance at any time. The energy quanta enter
or leave by the ventilating air, may be generated by metabolism or equipment
in the shelter, or mey be transferred by convection, conduction, radiation and
condensation at the shelter bouncdary surfaces. A comprehensive analysis of
these transient heat and moisture flows can be performed for any shelter if
the extensive date are available. Computer programs ha  been cdeveloped which
aumerically treat many aspects of this comprehensive model. The major problem
in the applicaticn of these models to shelters in general, is the amount of

detailed input information required {o analyze any given shelter.

Only a small percentage of the total metabolism energy generated within
most large sheliers will bé lost by heat transfer to the shelter walis during
hot summer weather. This is especially true for the second week in a below-
ground shelter and for every day in an aboveground shelter. Therefore, it is
possible to obtain reasornable estimates of the shelter conditions developed at
various ventilation rates during hot weather by neglacting the wall heal loss
or gain. TReference 5 presents the details of a graphical method to make such

predictions.

The results of such solutions are displayed in Figures 5, 6, and 7 for average
shelter effective temperatures of 80, 82, and 85°F. These solutions are based

upon the metabolic heat load of sedentary people and do not include any other
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heat lcads. These charts may be used to deiermine the minimum reqaired shelter
vertilation rate prer shelter occupant as follows:
1. Select the limiting shelter effective temperature; 80, 82, or 85°F.

2. Locate the pouint on the psychromeiric chart which reprecents a

2h-hour average of the inlet air dxy-bulb and dew point tempera-

ture (or wet-bnlb temperature).
3. Read the required ventilation rabte in cubic feet per minute per

shelter occupant.

Neglecting wall heat losses greatly simplifies the determination of
the shelter conditions. Using 2h-hour average inlet conditions results in an
overestimate of the 2h-howr average shelter conditions, provided that all

energy sources within the shelier are included in the analysis (Ref. 7).

For partially or completely Lelowgrade shelters, a reduction in required
ventilation rate may be possible because of heat transfer to cool soil-backed
surfaces. Since =oil composition around identified shelters is almost impos-
sible to predict, this heat sink must not be considered unless reliable soil

information is awvailable.

The shelter diurnal dry-bulb and efféctive temperature cycles follow
ambient cycles, at amplitudes from 15 to 50 per'cen§ of the ambiént cycle,
depending on the ventilation rate and heat storage mass expcsed to the shelter
air. Considerable research is needed to determine the physiological response

to cyclic effective temperature.

Adequate natural ventilation of most aboveground shelters will probably

be possible. This will be the subject of a future report under this contract.
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Recent GARD analytical sl. . r studies have indicated that the adiabatic

g I
"

mcdel mayr not be the limiti - .se. For a shelter in a lighit-constructed

building, solar radiation on the shelter walls may during extreme weather

r»-,a-v“

conditions raise the shelter dry-bulb and effective temperatures above those

==

predicted byﬂthe adiabatic model. Present work is directed toward further

definition of thisz effect.
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