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The fallout shelter must protect the shelter occupants
from radioactive fallout and also from the detrimental
JfFects of excessive carbon dioxide, insufficient oxy-
sen, and excessive shelter temperatures and humidi-
ties. The shelter ventilation system insures that these
additional safeguards are maintained. For example,
the carbon dioxide in a shelter can be kept at an ac-
ceptable level by ventilating the shelter with 3 cfm
per occupant. But, as much as 60 cfm of outside air
might be rcquir(‘d to keep the shelter temperature
and lumidity down to tolerable limits during the hot
summer months. In some situations, ventilating with
external ambient air will not sufficiently control the
shelter effective temperature and air-conditioning
cquipment will be required.

To l)rupt'rly select the ventilation equipment, the
shelter designer must know precisely the ventilation
rate required. The major parameters for determining
this are the number of shelter occupants, the shelter's
geographical location, and the shelter’s size and con-
struction. The number of occupants cstablishes the
lovel of latent and sensible metabolic heat that is
pruduced in the shelter. The geographical location
determines the ambient weather from which the
weather design criteria can be obtained. A knowledge
of the shelter’s physical size and construction features
defines the heat transfer coefficients that are required
to compute the heat transfer to and from the shelter.
When these factors and the required shelter cttective
temperature are known and incorporated into a pre-
diction technique for the ventilation requirements of
the shelter, the designer has a basis for selecting the
ventilation equipment,

The MRD Divisjion has been engaged in the de-
velopment of such a prediction technigue inder the
Office of Civil Defense Contract OCID-05-63-176,
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Subtask 1215A. The goal of this program is to for-
mulate a simplified procedure for predicting the
ventilation requirements of shelters. This paper pre-
sents the results of. several studies which are pre{im-
inary steps in the development of this simplified pro-
cedure. These studies are based upon:

1. the metabolic energy output of approximately
400 Btuh/occupant given by the sensible and latent
heat expression,'

2. the shelter habitability criteria represented by
the ASHRAE effective temperature (an empirically
devised index of the various psychrometric condi-
tions that produce similar comfort levels) (see Appen-
dix A) and

3. the derived mathematical shelter model which
is applicable to large shelters that are either above
or below ground, do or do not have boundary surface
heat losses, and are in a transient or steady-state con-
dition of mass and energy transfer' (see Appendix B).

The mathematical model for the shelter is the
most comprehensive analytical procedure that could
be developed without unduly complicating the com-
putational procedure. When used as a transient analy-
sis, the model permits the psychwmctric state of the
shelter air to be computed as a Function of time. The
analysis considers:

L. time varying inlet air conditions,
2. time varying cnergy inputs to the shelter from
couipment and lights,

3. time varying solar loads which have been
transmitted through windows into the shelter (ie.,
time varying valuces of transmitted solar radiation as
obtained from the ASHRALE Guide And Data Book),

1. metabolic latent and sensible energy  loads
based upon the instantancous psychrometric state of
the shelter,' and

5. shelter boundary surface heat losses (or gains)
based upon a oune-dimensional heat transfer analysis
neglecting corner effects.
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Fig. 1 Idealized shelter model

The shelter model is based upon the assumptions
that

1. the air within the shelter is completely mixed
and at one psychrometric condition,

2. the convective heat transfer coefficient for each
external boundary surface of the shelter is not a func-
tion of temperature and has a constant value over the
surface,

3. the radiative energy interchanges within the
shelter can be neglected,

4. the solar radiative energy which enters the
shelter windows and the equipment and lighting heat
loads in the shelter can be grouped together as one
time-dependent load factor which is termed the ther-
mal load,

5. the ventilating air exhausted from the shelter
is at the psychrometric condition of the shelter air,

6. the effects of condensation on the walls, floors,
and ceilings of the shelter can be neglected, and

7. the solar radiation absorption on  opacue
shelter boundary surfaces can he neglected.

Thus the shelter is idealized as an enclosed vol-
ume in which sensible heat, latent heat, and ventilat-
ing air are introduced and from which air is exhausted
and energy is lost, sce Fig. 1. The governing princi-
ples for such a model are the conservation of cnergy
and the conservation of the masses of dry air and
water vapor.

The primary aim of this paper s to determine the
most simple analytical model that can predict the
psychrometric  conditions  that de\'el()p in above-
ground shelters. To evaluate this model, actual shelter
test data are compared to computed data; and varia-
tion of parameter approaches are applied to several
types of shelters to gencralize the results. The ana-
Ivtical shelter models stadied in the paper are

1. aboveground adiabatic boundary shelter model
(no heat transfer through the shelter boundary sur-
faces) with time-dependent parameters (i.e., the state
of the inlet air and the thermal loads added to the
shelter air),

2. aboveground nonadiabatic boundary shelter
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¢ Experimental Data 888 F 845F
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~—.—.—: Nonadiabatic Boundary 883 F 845 F
Computation

Fig. 2 Comparison of computations and experimental data
for Wilmington, N. C. Test 7

model with time-dependent parameters,

3. aboveground adiabatic hmmdary shelter model
with steady-state (constant witly time) parameters,

4. aboveground nonadiabatic boundary shelter
maodel with steady-state parameters.

RESULTS OF SHELTER ANALYSIS
Transient analyses of shelters

The lillll'~flf.\flll‘_\’ uf the temperature and hnmi(lity
within a shelter s predicted by transient analysis
which considers the time varving mass and cnergy
balance around the shelter. The validity of this anal-
vsis is established by comparing several sets of ana-
Ivtical computations with data from actual shelter
tests. The shielter tests ¢hosen For the comparison are
the NRD Wilimineton, North Caroling test No, 7. the
{'nn'(-rsik}' ob Florida Central Stores Building test
Phase IV," and the NIRD [Houston, Texas test 11 The
Wilmington shelter is a 210-mun aboveground shelter,
the Florida shelter is a 250-man basement shelter,
and the Houston shelter is a 290-man basement shel-

® For 20.0 cfm ocenpant ventilation rate, 83.9 F average inlet air db
temperature and 80 F average inlet air cHective temperature,
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i Experimental Data 88.6 F S3.2F
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Fig. 3 Comparison of computations and (’.\'])(‘I'i”)('llf(l[ data
ior Central Stores Building, Test Phase IV, Gainestille, Fla.

ter. Using the observed inlet air data and the shelter
dimensions and construction details. the transient
analvsis computed the dry-bulb and cltective temper-
atures for the shelter air as a function of time, sce
Figs. 2, 3, and 4. The instantancous values are gen-
crallv. within 2 F of the experimental data for the
Jielter drv-bulb temperature and within 1 I for the
shelter effective temperature.

When the shelter is assumed to have adiabatic
houndaries (no heat transfer through the shelter
houndary surfaces), the analytical and experimental
results agree on the 24 hr average to within 2 F for
the dry-bulb temperature and within 1T F for the cf-
fective temperature. The adiabatic boundary resnlts
are consistently at or greater than the experimental
values. This means that all of the tested shelters lost
energy through their boundary surfaces and that the
transient analysis considering energy loss slightly over-
estimates the amount of this loss.

103

Shelter Effective
Temperature, Tgpp, °F

OF

Shelter Dry-Bulb

Temperature, TDB 5

Time-Average
Temperatures of
Shelter Environment® ®

Dry-Bulb, Effective,

TDB TEFF
Experimental Data 88.7F 848 F
------- Adiabatic Boundary 905 F 86.1 F
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Computation
Computation

LFig. -+ Comparison of computation and cxpwimental data
for Houston, Texas Test 11

Steady-state analysis of shelters
with boundary heat loss

The time-average psychrometric condition of the
shelter can be determined by the steady-state analy-
sis which considers the time-average values of the
psyehrometric condition of the inlet air and the heat
loads generated within the shelter on a per-occupant
basis. The heat loss from the boundary surfaces of an
aboveground shelter is determined by the temperature
difference that exists between the shelter air and the
ambient air external to the shelter, the number ot
accupants, and by the heat Toss coellicient, UA. The
UA value for a shelter is determined by the size, ge-
ometry, and composition of its walls, floor, and ceil-
ing; and its value is determined by

R -‘-:I,l‘” LYI-'\|
ry —_— (n
l)
wlhiere:
Uy == overadl heat transfer coclficient of boundary surface i

Ay == swrface arca of boundary surface i
p = number of shelter occupants

To ecvaluate the accuracy of the analysis, the

* Fur 13.9 cofm oceupant ventilition rate, 81.3 F averave soil temper-
ature, 835 F average inlet air db temperature and 78.3 F average inlet
dir ¢ffective temperature.

°0 For 12.8 cfm/occupant ventilation rate, 87.9 F average soil temper-
ature, 83.0 F average inlet air db temperature and 79.0 F average inlet
air ¢ffective temperature,
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Fig. 5 Nonadiabatic boundary shelter db temperatures
for all inlet air rh's and UA = 20 Btu/hr-F-occupant

Wilmington aboveground shelter test data are com-
pared to the results computed by the steady-state
analysis with boundary heat loss. The comparison
shows that the time-average shelter dry-bulb tem-
perature is determined to about 1.5 F and the time-
average shelter effective temperature is determined to
about 2 F, see Table I.

These results are similar to the agreement ob-
tained with the transient analysis. If the steady-state
shelter values of test No. 7 are compared to the time-
average shelter values of the transient study for test
No. 7, the results are within 2 F of each other. This
shows that the steady-state shelter condition approxi-
mates the time-average shelter condition determined
by the transient analysis.

The steady-state analysis with boundary heat
losses was used to determine the psychrometric con-
dition of the shelter as a function of the ventilation

Table I. Summary of Wilmington, N. C. Aboveground
Shelter Test

Test Nos.
7 8 10A
200 70 130
839 7715 904

Observed Data

Ventilation rate, cfm/occupant 9.
Average inlet dry-bulb temp, F gg
0.

o

Average inlet effective temp, F 80.7 744 80.1
Average inlet relative humidity 8 078 072 041
Average shelter dry-bulb temp, F 900 888 898 949
Average shelter effective temp, F 85.7 845 861 854

Values Predicted by Steady-State Analysis With
Boundary Heat Loss

Shelter dry-bulb temp,
Shelter e?

DM =O

] F 903 902 873 956
ective temp, F 86.1 86.7 842 856

%5 - uipment and Iighting

O BIU/ HR~OCCUPANT
50 BIU/HER«OCCUPANT
_______ 100 BIU/HR~OCCUPANT

In All These Calculatioms
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Fig. 6 Nonadiabatic boundary shelter effective tempera-
tures for 15% inlet air rh and UA = 20 Btu/hr-F-occupant

rate per occupant, the equipment and lighting load
per occupant, the psychrometric conditions of the in-
let air, and the heat loss coefficient, UA, see Figs. 5,
6, and 7. The shelter dry-bulb temperature variation

Iig. 7 Nonadiabatic boundary shelter effective tem-
peratures for 809 inlet air rh and UA = 20 Btu/hr-F-
occupant
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Fig. 8 Influence of magnitude of UA value on shelter
db temperature for various ventilation rates

due to changes in the relative humidity of the inlet
ventilation air is negligible (less than 0.01 F). This is
not true of the effective temperature of the shelter,
and, therefore, inlet air relative humidities of 15 and
S0% are presented.

The main effect of the heat loss coefficient, UA,
is to decrease the sheter dry-bulb and effective tem-
peratures as the UA value increases. But, the tempera-
ture reduction decreases as the flow rate increases, see
Fig. 8. Generally, less than 20% of the total energy
input to the shelter is lost through the shelter bound-
aries; however, this percentage can become as high as
30-50% for external ambient dry-bulb temperature
below 70 F and flow rates below 20 cfm/occupant.

Steady-state analysis of adiabatic boundary shelters

The adiabatic boundary shelter. model differs from
the nonadiabatic boundary shelter model in that it
neglects any heat loss through the shelter boundary
surfaces. This is not an unrealistic assumption, be-
cause the heat losses of the aboveground shelter can
be a small percentage of the total heat input to the
shelter. In the belowground shelter, a quasi-adiabatic
boundary condition is reached when the wall temper-
ature approximates the shelter average dry-bulb tem-
perature. For example, consider the Houston base-
ment shelter tests. In these shelter tests, the time-
average soil temperature was 87.9 F whereas the time-
average shelter dry-bulb temperatures varied from 82
to 87 F. When the Houston shelter is considered as an
adiabatic boundary shelter by the steady-state analy-
sis, the computed data agree with the test data to
within 2 F in dry-bnlb temperature and 1.5 F in ef-
tective temperature, sce Table 11

In test 1I, the steady-state and transient results

Table I1. Summary of Houston Shelter Test'

Test Nos.

Ohserved Data | 1 1] v
Ventilation rate, cfm/occupant 925 128 925 183
Average inlet dry-bulb temp, F 82 83 11 19
Average inlet effective temp, F B 19 18 11
Average inlet relative humidity 077 075 087 079

Average shelter dry-bulb temp, F 895 887 87 84
Average shelter effective temp, F 87 848 84 82

Values Predicted by Steady-State Adiabatic Boundary Analysis

Shelter dry-bulb temp, F 909 90.1 886 862
Shelter etfective temp, F 874 859 856 822
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Fig. 9 Adiabatic boundary shelter db temperatures for
all inlet air r’s

agree to within 0.5 F when the shelter is considered
to have adiabatic boundary walls. This again confirms
the relationship of the time-average values of the
transient analysis with the adiabatic boundary steady-
state analysis.

The shelter’s dry-bulb and effective temperatures

Fig. 10 Adiabatic boundary shelter effective temperatures
15¢; inlet air rh
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Fig. 11 Adiabatic boundary shelter cfective temperatures
for 80< inlet air rh

were computed by the adiabatic boundary steady-
state analysis for the same range of parameters used
with the nonadiabatic iJumulzu‘y analysis, see Figs. 9,
10, and 11. \When, these data are compared with the
data for the nonadiabatic boundary shelter, the inlet
air conditions that produce high rates of energy loss
are found to occur when energy loss is the least
needed to control the shelter environment. For exam-
ple, at inlet dry-bulb temperatures below 70 F, the
adiabatic boundnry shelter’s  effective temperature
never exceeds 85 F except at How rates of 6 cfim/oc-
cupant and below, sce Figs. 10, and 11.

If the effective temperature index is accepted as
the shelter lmbitnbility criteria, a psvchrometric chart
can be used as a mecans of (Ivtvrmining the relation-
ship between the psychrometric condition of the inlet
air and the ventilation flow rate." For instance, if an
average cffective temperature of 85 F is chosen as the
llabimhility limit, the loci of the average psvchro-
metric conditions of the inlet air that prodice an 83 I8
effective temperature in the shiclter can be plotted for
varions ventilation rutes, see l"ig. 12.

Local ventilation rates

To determine the ventilation rate required for any
given shelter, weather (l(-sign criteria: must be se-
lected. Several weather dalya studices are crurently
available npon which the weather desivia eriteria
could be based,” > but the weather design criteria
selected for a shelter must be based upon a detailed
study of the ro]utionship between the psyclirometric
state of the ambicent weather and the etfect that ven-
tilation air from this ambient hag on the shelter en-
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vironment. This relationship will be influenced by
the interval of time chosen for the comparison. Possi-
bly none of the available weather data studies will be
applicable and a new set of criteria will have to be
established. In addition, more information must be
garnered concerning the effect of environmental con-
ditions on the human body; especially when these
conditions are changing with time, and when the body
is under a high level of emotional stress. However, this
paper has shown that the regional ventilation require-
ments  for shelters can be determined, once the
weather design criteria and habitability criteria are
known,

CONCLUSIONS

The transient analysis can prediet an aboveground
shelter’s instantaneous dry-bulb temperature to within
2 F and the shelter's instantancous effective tempera-
ture to within 1 F. The time-average values of a
shelter's dry-bulb and cffective temperature can be
predicted by a steady-state analysis to within 2 F.
Liither of these analvses can he used to determine the
environmental condition of a shelter with a reasonably
high degree of accuraey. The steady-state analysis has
established  that  the cnergy loss  that can  oceur
throngh the boundary surfices of an aboveground
shelter s generally less than 2007 of the total thermal
energyintroduced into the shelter air during hot
stmmer weather: Al of these results indicate that the
mechanism of heat loss through the boundary surfaces
of an aboveground shelter camot be depended upon
to remove energy from the shelter during hot weather.
At most, boundary surface heat loss should be re-
garded as a possible sibety-factor in ventilation Svs-
tem design. [t s therefore fecommended that the ven-
tilkition svstems For abovearomd shelters be desioned
to remove the entive thermal Jowd generated within
the shelter.

The How rate predicted by the wnalvsis of a
shelter without boundary surface heat loss is the
maximum flow rate that can be required (assuming
the solar radiation absorption cffects on opaque shel-
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ter boundary surfaces are negligible®); and thus pro-
vides a means for establishing an upper limit on the
.ize of the ventilation equipment for an aboveground
shelter. The reasonable agreement between the 24 hr
average value calculations for a shelter without bound-
ary surface heat loss and the shelter test data insures
that the equipment size based upon this ventilation
rate is not overly conservative.

This paper has shown that with metabolic heat
load data and weather design criteria the ventilation
requirements for aboveground shelters (e.g., the shel-
ters surveved in the National Fallout Shelter Survey)
can be determined mml:_.-'tically. The reliability of
these predictions is primarily dependent upon the re-
liability of the metabolic and weather design data
used in the calculation pruccdure.

APPENDIX A
Derivation of effective temperature equation

Many different sets of psychrometric conditions pro-
vide the human body with similar levels of physiologi-
cal comfort, The effective temperature scale has been
established as an vmpiricnlly derived index of the
various psyclu‘muulric conditions which prmluc:- simi-
lar comfort levels. The effective temperature is a fune-
tion of the (lr}--bulh temperature, wet-bulb tempera-
ture. and velocity of the air in which a person resides.
Cenerally, these data have been pl‘(‘St‘l‘Itl'(l in nomo-
araphic form or by approximating cquations. For the
purposes of this study, the nomograms were incon-
venient to use since they were not in l-tluatinn form.
and the existent cquations were not of sufficient ac-
curacy. As @ rosult, an accurate mathematical expres-
vion for clfective temperature wis derived.

The derivation was based upon the ASHRAL
nomogram: for cifective temperature, see IFie, AL
Because the ventilating air velocities in shelters s
wenerally low, only the 20 fpm How velocity curve of
the nomogram was considered, This eliminated the air
velocity as a parameter in the determination of cffec-

® This assumption is presently under detailed evaluation by the MRD
Division,

Dry Bulb Tempersture, Tpp, op

g

|
I
1
]
[}
|
L}
1
L}
|
|
L
i
1
I
|
]
'
I
]
i
|
I
L}
1]

]
1
i
1
|
1
]
|
|
I
|
|
I
i
|
]
|
1
|
|
|

T

|
|
[}
i
I
1
1
i
1
! |
|
'.
|
Q

~ Effective Temperature, Tgyp,
(Mr Velocity = 20 F7/MIN)

Wet Buld Temperature, Typ, °F

Fig. A2 Schematic of nomogram of effective temperalure

tive temperature. A schema
represents the 20 fpm flow
is shown in Fig. A2. Cur
straight line which intersects
dry-bulb (Tos) temperature scales

N respectively. By geometric similarity

and

but

then

where

M
N
O
S
R
1)
Q
R

T T T

Substituting the above values in Eq.

1075 F
432 F
452 T
'Fli[\
'r\\'l\
'rlil‘l"
'l‘l‘ZFF

Tun

P-Q M-Q
N-O MO
P-Q R-Q
ST R-T
N0 = S-T
M-Q R-Q
V-0 R-T

tic of the curve AA which
velocity in the nomogram
ve AA is linearized by a
the wet-bulb (Tws) and
at the points M and

(A1)

(A2)

(A3)

(A3) yields

Table Al. Error in Cal
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Equation (A4)

T..,cal'd by
Eqg. (A4)
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94.0
74.0
839
15.6
700
715
66.3
64.3
66.5
64.0
45.0

culated Effective Temperatures
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ORY BULS TEMPERATURE {*F}
3 40 43 30 55 60 63 TO 75 00 83 %0 95 108 110 118 120 128

~———— RELATIVE STRAIN INDEX

— —~ — EFFECTIVE TEMP, INDEX

Lol
33 40 43 30 353 60 63 TO 7S @0 83 90
ORY BULB TEMPERATURE (*F)

40 45 &0
WET BULB TEMPERATURE (*F)

Tere — 107.5 (Tos — Twp) + 62.3(Tws) (Ad)
62.3 4+ (Tvs — Tws)

This relationship is limited to low air velocities and
is restricted to the temperature range of '

45 F =Ty =110F
and
OF=Tws=100F

The temperature range restrictions are imposed
because the Tuww curve of the nomogram cannot be
considered a straight line beyond these temperature
limits. Table AI shows that Eq. (A4) has an average
error of less than 17%.

The effective temperature values are correlated
to the relative strain indices with a 0.5 relative strain
index being essentially an 85 F effective temperature,
see Fig. A3, Almost all people are comfortable at zero
relative strain index and physical failure is rapid and
severe at 1.0 relative strain index." This comparison
illustrates the convertability of the effective tempera-
ture index to other indices of physiological comfort.

APPENDIX B

Derivation of mathematical shelter model

The study of the ventilation requirements for a shelter
is based upon the philosophy that whether a shelter
is above or belowground and whether it is single story
or multi-story, the shelter can be represented by a
single mathematical model. Furthermore, the model
is developed with the idea that it should be the sim-
plest model that can be devised and still adequately
explain the phenomena. In accord with this philoso-
phy, the assumptions arc made that:

1. the air within the shelter is so completely
mixed that all of the shelter air is at one psychro-
metric condition,

2. the convective heat transfer coefficient for each
external boundary surface of the shelter is not a func-
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Fig. A3 Relationship of effective tem-
perature and relative strain indices

tion of temperature and has a constant value over the
surface,

3. the walls and floors that are internal to the
shelter volume are at the dry-bulb temperature of
the shelter air,

4. the radiative energy interchanges within the
shelter can be neglected,

5. the solar direct and indirect radiative input to
the shelter and the equipment and lighting heat loads
in the shelter can be grouped together as one time
dependent load factor which is termed the thermal
load,

6. the ventilating air exhausted from the shelter
is at the psychrometric condition of the shelter air,

7. the effects of condensation on the walls, foors,
and ceilings of the shelter can be neglected, .

8. the soil about belowground structures is an
infinite extension of the thickness of the shelter’s ex-
ternal boundary surfaces.

9. the thermal-physical properties of the struc-
tural materials are not temperature dependent.

The model of the shelter is established by these
assumptions. Thus the shelter is idealized as an en-
closed volume in which sensible heat, latent heat,
solar heat, equipment heat, and ventilating air are
introduced and from which air is exhausted and en-
crgy is lost. The governing principles for such a model
are the conscrvation of energy and the conservation
of the masses of dry air and water vapor.

The conservation of energy requires that”

rate of change of enthalpy in ventilating air + rate
of change in shelter air 4 rate of metabolic heat
input by shelter occupants 4 rate of thermal load
to shelter + rate of cnergy transfer across shelter
boundary surfaces — 0

(B1)

or upon integrating Eq. (B1) over the time interval At

(H1 - Hﬂ) + (Hs,1 - Hs.z) + Ql + QT - QB =0 (B2)
where

Hl =

enthalpy of ventilating air entering the shelter, Btu




H, = enthalpy of ventilating air leaving the shelter, Btu

Hs: = enthalpy of shelter air at beginning of time incre-
ment Av, Btu

Hss = enthalpy of shelter air at end of time increment AT,
Btu

Qu = energy due to metabolism of shelter occupants, Btu

Qr = energy input due to thermal load (see assumption
No. 5 above), Btu

Qs = energy loss or gain through shelter boundary sur-

faces, Btu

The conservation of the mass of water vapor necessi-
tates that

rate of change of water vapor in ventilating  air (B3)
+ rate of change of water vapor in shelter air 4 rate
of water vapor introduced by shelter occupants = 0

and integrating Eq. (B3) over the time increment At

My, — My ) + My sp — Mysa) + Mvx= 0 (B4)

where

Mr: = mass of water vapor in the entering ventilating
air, lb

Mys; = mass of water vapor in the exhausting ventilat-
ing air, 1b

My s, = mass of water vapor in the shelter at the begin-
ning of the time increment AT, Ib

My s, = mass of water vapor in the shelter at the end of
time increment At, 1b

Mry = mass of water vapor iritroduced by the shelter

occupants, 1b

The conservation of the mass of dry air demands
that
rate of change of dry air in ventilating air 4 rate

of change of dry air in shelter = 0 (B5)

and after integrating over the time increment At

(Myr— Ma2) + (Masi—Masa) =0 (B6)
where
M,, = mass of dry air in the entering shelter air, 1b
M., = mass of dry air in the exhausting shelter air, 1b
M. s, = mass of dry air in the shelter at the beginning of
the time increment, 1b
Mgz = mass of dry air in the shelter at the end of the
time increment, 1b
Denoting
AQ = Hi + Hen 4+ Ox + Qr — Qn (BT)
Myo= My + My sy 4 Mo (B8)
Mao = Mus + Mass (B9)

and substituting Eq. (B7) through (BY) into Eqs. (B2),
(B4), and (B6) gives

AQ = }{s': + H. (B1OY
Myo = My + My sz (B11)
Mao = M+ Mass (B12)
where
}{5_2 = .\{l's'-: h‘."".z + A\i\'vﬂlz hv‘s‘z (BlS)
H., = M.2 lh : 4 '.\I\‘Iz h\': (314)

From the assumption that the eahaust air has the
same psychrometric condition as the shelter air

hes=hass (B15)
and
hva = hv s (B16)

With Egs. (B11) to (B16) substituted into Eq. (B10)
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AQ = Mo hass + My hys (B17)

The speciﬁc enthalpies of dry air and water vapor are

given by

he = 0.24 (Tos + 459.69) (B18)
and
hy = 1061 4 0.444 (Tos) (B19)
fOl‘ 32 F éTm; = 150 F
where

Tos = dry-bulb temperature, F

Combiniﬁg Egs. (B17) to (B19) and solving for the
dry-bulb temperature results in
AQ — 857 My

Tos s = (B20)
0.444 My + 0.24 Mapo

where

"Tps 2 = dry-bulb temperature of shelter air at end
of time increment At F

Also have the relationships that

M. : = 60 Fzpu s (B21)
Mv.z = 60 Fz Po2 (B22)
l\'la_s'z = Vpn,s,z (B23)
and
Mv,s,z = va.s.z (B24)
where
v — shelter volume, ft’
paz = density of dry air leaving shelter, 1b/ft’
pva = density of water vapor leaving shelter, 1b/ft’
pasa = density of dry air in shelter at end of time incre-
ment, 1b/ft’
pvsa = density of water vapor in shelter at end of time
increment, Ib/ft®
F. = volumetric flow rate of exhaust air, 1b/hr

But have assumed that

paz = Pas;z (B25)
and

pv,z = pv,sz (B26)

Substituting Egs. (B21) through (B26) into Egs. (B11)
and (B12) yields

My o = pv.2 (60 Fadt 4 V) (B27)
and
Mao = pas (60 Fadt + V) (B28)

When Egs. (B27) and (B28) are solved for F., they
result in

N L\‘Iu,o = pn,zv
Py = (B29)
60AT Pa
Mv,o— pvaV
= : (B30)
60AT pv 2

The densities of the dry air and water vapor are as-
sumed to obey the perfcct gas law. Thus

i (B31)
P Re(Tom + 459.69)
and
Py—T (B32)
P Ru(Ton + 459.69)
where
Py = barometric pressure, psf
Py = partial pressure of water vapor, psf
Ry = gas constant for water vapor, ft-1b/1bu.i.-R
R. = pas constant for dry air, ft-1b/Ibmare-R

wﬂ
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. The partial pressure of water vapor is expressed by

Py=r Ps (B33)
where
r = relative humidity
Ps = saturation pressure of water vapor, psf
Ps = 5.132¢™%*“ps’ (B34)

for 32 F =Toa =150 F

which is an analytical expression for the tabulated
values of saturated vapor pressures as a function of
dry-bulb temperature.*

From Egs. (B30) through (B33) with
R. = 353.35 ft-Ib/lbmo1-R
and
= 83.71 ft-lb/lbmoi-F

can obtain the expressions

Py — r [5.132¢" 0] (B35)
1
;= e——————— [0.05987 r ¢*®"pp B36
P Tos + 459.69) L b (B36)
and
= [0.01874 Ps — 0.0962 r e****o»’] (B37)

(Tos + 459.69)
Equating Eqgs. (B29) and (B30) gives

Mao My

(B38)
P2 pv,2
Evaluating Eqs. (B36) and (B37) at the shelter dry-
bulb tempelature Tu.», and substituting the results
into Eq. (B38) gives the partial pressure of the water
vapor, Py, as
Ps

1 06?24<\I °>
L \I\o

Py =

(B39)

And from Eq. (B33), the relative humidity of the shel-
ter at the end of the time increment is given by
Py
L=
Py
Substituting Eq¢s. (B34) and (B39) into K. (B40) re-
sults in

(B40)

Py

r= (B41)
] A5
5.132¢" " Tow | 1 40,6224

Mo

By the derivation of these ecuations, the psychro-
metric conditions within the shelter can be determined
as a function of time through the use of the following
procedure:

1. Determine the psychromctric conditions of the
air introduced into the shelter and the air within the
shelter along with the heat inputs and losses of the
shelter,

2. compute the quantities AQ, M., and M.,
Eqs. (B7), (BS), and (B9) rcsp('ctivol_v,

3. assume that these quantitics do not change
over the time interval, At, and compute the dry-bulb
temperature of the shelter at the end of the time in-
terval from Eq. (B20),

4. calculate the relative humidity of the shelter

from
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Fig. BI Arrangement of nodal points in shelter boundary
surface .

air at the end of the time interval from Eq. (B41),

5. set the psychrometric conditions of the shelter
at the end of the time increment equal to those in the
shelter at the beginning of the next increment and
repeat the entire procedure.

By the continuous application of this procedure,
the shelter’s psychrometric condition can be obtained
as a function of time for any time period. The com-
putation method that has been developed constitutes
a transient analvsis of the shelter environment under
the influence of time varying parameters,

The shelter’s psvchrometric condition is described
in the analvsis by its dry-bulb temperature and rela-
tive hllll]ldlty Instead the wet-bulb and dry-bulb or
cffective tempe ratures can be used. The wet-bulb
temperature is determined from the equation™

(Pu — Py) (Tin — Tws)

O A (B42)
2800.0 — 1.3 (Twn)

where
Py = satwration pressure at wet-bully temperature, psf
Tws = wet-bulb temperature, F

with Py evaluated by Eq. (334)
Py = 3.132¢" 0

Twe!

(B43)

and Py obtained from E¢q. (839). The result is a trans-
cendental equation that can be solved for the wet-
bulb temperature, Towe. When the value of the wet-
bulb temperature is known, the effective temperature
can be determined from Eq. (A4).

Boundary surface heat loss

The heat loss or gain of the shelter boundary, Qu,
over a time interval Acis determined by the tempera-
ture of the inner surtace of the boundary, T. In the
computations, the value of T, is obtained from the

temperature  distribution  that existed through the
boundary during the previous time increment. This




temperature distribution is deduced from a transient
analysis of the energy transfer in the boundary. In
order to accomplish this analysis, the boundary is
divided into a finite number of slabs of thickness Ay,
except for the inner and outer surfaces which are
made into slabs of thickness Ay/2, with each slab as-
sumed to be at a single temperature. This temperature
is assigned to the midpoint of each slab except for'the
innermost and outermost slabs which are assigned
temperatures at the external surfaces of the slab, see
Fig. Bl. These locations of slab temperature are
termed nodal points. The external nodal points of the
boundary transfer energy by convection with sur-
rounding air and by conduction with the next internal
nodal point. All of the rest of the nodal points transter
energy by conduction with the two adjacent nodal
points. The energy balance about an internal nodal
point m is

energy conducted

to point m from
point m — 1

energy conducted  energy stored in
— to pointm 4+ 1 = the slab of point m
from point m

(B44)
or
Tow — Tmoa) (Tmss — Tn)
Al Y kA —2 —
Ax Ax
AxApCp(Tn' — Tni
xApCe( ) (B45)
At
and the temperature at the nodal point is
n' = By(Tmt + Tiwaa) 4+ (1 — 2B4) T (B46)
with
1 -
B, = =i (B47)
where
alt
B, = —o
Ax®
k
43 =
PCD
k = thermal conductivity of composite boundary material,
Btu/hr-ft-F
P = density of composite boundary material, Ih/ft®
Cr = specific heat of composite boundary material, Btu/
Ib-F
Ax = thickness of boundary slab, ft
Tm = temperature of nodal point m at beginning  of

time increment, F
Tu. = temperature of nodal point m—1 at beginning of
time increment, F
temperature of nodul point m4-1 at beginning of
time increment, F
Tw' = temperature of nodal point m at end of time in-
crement, F

T

The energy balance about the inner surface of the
l)mlndary is

energy convected  cnergy conducted to energy stored

from shelter air - — nodal point 2 from = in the shab at
to houndary nodal point 1 nodal point 1
(B48)
ur
‘ (1—T) 3¢ sC -
AT — T + kA —— = — A 1) (B49)
Ax 2 At

and the temperature at the inner boundary surface is
T, = B.B;Tua» 4+ BsT: + (1 — B, — B.B.)T, (B50)
with BuyB: + 1)=1 (B51)
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where
hidy
g
k
Bs = 2Bl
hi = heat transfer coefficient on the inner surface of the
boundary, Btu/hr-ft*-£
Tus,» = temperature of shelter at beginning of time incre-
ment, I
T. = temperature of nodal point at inner surface of
boundary at beginning of time increment, F
T. -= temperature of nodal point 2 at beginning of time
increment, F
T/ = temperature of nodal point at inner surface of

boundary at end of time increment, F

" The energy balance about the outer surface of the

boundary n, is

energy conducted energy convected from energy stored

from (n—1) nodal

outer surface point n in the slab

point to outer to external ambient at the outer

surface point n air surface
(B52)
or
— kA H — hoA(Ta — T,) = A— A &(Tn — Th)
Ax
(B53)

and the temperature at the outer boundary surface is

To = BiTa + B.BsaTs + (1 — By — B.By)Ta (B54)

with By(Bi4+1)=1 (B55)
where
hoA
B, = —X
k
ho = heat transfer coeflicient on the outer surface of the
boundary, Btuh-ft*-F
T. = temperature of nodal point n at outer surface of
boundary at beginning of time increment, F
Tua = temperature of nodal point n—1 at beginning of
time increment, F
T: = temperature of external ambient air at beginning
of time increment, F
T = temperature of nodal point n at outer surface of

boundary at end of time increment, F

The heat transfer at the boundary, as expressed
by Qu, is applicable to both above and belowground
shelters, The cquations that have been formulated
arc for an aboveground shelter. When an under-
ground shelter is to be analyzed, Eqs. (B46) and (B30)
arc used with the number of internal points increased
until there is a sufficient number of points to insure
that the temperature of the outermost nodal point
docs not change during the caleulations. This last
point represents a thermally undisturbed section of
the soil at its original temperature. As a result, no
cquation like L. (B54) is required at this last point.

Thie boundary surface heat loss, as defined by
Eqs. (B46), (B30). and (B34), is applicable to the
one dimensional heat transter from a bound: wy surface.
If the boundary surfaces of a shelter are lm'c corner
cffects are nq,ll(fll)lc and cach boundary smf.l(e can
be considered to be conducting energy from or to the
shelter uni-directionally.  However, the problem in
solving for the heat energy loss or gain from the shel-
ter boundary surfaces is dependent upon the desig-
nation ot a temperature, T\, in Eq. (B54), and upon
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the properties of the boundary surface, i.e., density, o,
thermal conductivity, k, specific heat, C,, and thick-

ness, L, with Ay = = where n — number of nodal
n —

points. To simplify the analysis, the shelter.boundary
surfaces are grouped together to form one slab sur-
face exposed to the temperature of the shelter on one
side and the temperature, T., on the other side. The
procedure of replacing all of the separate boundary
surfaces by one slab surface is based upon the deter-
mination of area weighted average values for the vari-
ous properties of the boundary surface. That is, for
the boundary surface property, X, the area weighted

average value of X for the slab surface X is given by

—  ZMaAX
X — — 2 (B56)
2™ Al
where
A, = surface area of boundary surface i
m = number of boundary surfaces
X; = property X of the boundary surface i
Then have
Z™Ma Ay
=— (B5T7)
? 2™ Ay
—  ZMaAk
k= — 20 (B58)
Z%a
— 2™ AC
C = 1;‘(”)'_. (B59)
2™ Ay
and
- =" Al
L= (B60)
2™ Ay

The values E k, C,, and L determine the values of the
composite boundary surface slab.

In general, the exterior sides of shelter boundary
surfaces are exposed to three types of environments.
The boundary surface can be exposed to the ambient
weather (e.g., an outside wall), to the soil (e.g., the
floor), or to a space interior to the structure but ex-
terior to the shelter (e.g., a first floor shelter ceiling
exposed to a second floor space of the building). In
each of these situations, the value of T. for each
boundary surface will be different. In general, the
area weighted average value of T, would be

T 2"z AT

A= (B61)
2" A
where
(T = temperature to which the exterior side of boundary
surface i is exposed
Letting
. thi=102 2
=—— withi=12 ..., m B6
P T Ay (B62)
then
Ta = 2™ p(Ta)i (B63)

With the fact that the exterior side of the bound-
ary surface can be exposed to only three types of
environments
'I_'_A = pu(TA)u -+ ps(TA)s + PI(TA)I
where

withi=12,...,q (B64)
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po = percentage of shelter boundary surfaces exposed to
the ambient weather temperature (Ta)o

ps = percentage of shelter boundary surfaces exposed to
soil at the temperature (Ta)s
p1 = percentage of shelter boundary surfaces exposed to

each of the interior space temperatures, (Ta): for
each of the q interior spaces.

But experience and experimental test results have
shown that the temperature values of the soil and
interior surfaces adjacent to the shelter can be closely
approximated by ’

(Ta)s = Ts -1; Tusa (B65)
and
(T =(TA)0;- Tos,s (B66)
where
Ts = well water temperature at location of interest as

given by Collins®®
Tue,. = shelter dry-bulb temperature at time for which
boundary surface heat loss or gain is computed

Substituting Eqs. (B65) and (B66) into Eq. (B64) gives

Ta = po(Ta)o + %f [Ts + Tosa] + %—T [(Ta)o + Tos.]l (B67)

or

N . 1
Ta = (Po + P_;-T> (Ta)e + (ps + po.x) Tosa + ?paTs (B68)

where

pur = total percentage of shelter boundary surfaces ex-
posed to interior spaces

The value of T of Eq. (B68) is used as the value of
T.s in Eq. (B54). With these area weighted average
property values and the relationship for T., the value
of the boundary surface heat loss or gain, Qs, can be
computed.

It is remarked that in this procedure, Eq. (B54)
does not include a term for solar radiation absorption.

But the inclusion of this term is a simple modification
of Eq. (B54).

Steady-state shelter analysis

In the steady-state analysis of the shelter environment,
none of the parameters vary with time including the
psychrometric condition of the shelter. This reduces
the complexity of the computation program. The
transient calculation procedure can be used to obtain
steady-state environmental results if all of the param-
eters are made constant with time. This process is an
iteration procedure which converges to the steady-
state values. The steady-state calculation is otherwise
identical to the transient shelter model.

Under steady-state conditions, the conservation
of energy equation becomes

(Hi—H:) + Qu 4+ Q:— Qs =0 (B69)
the conservation of the mass of water vapor is
(M — My.z) + My = 0 (B70)
and the conservation of dry air mass is
Mui—Mia=0 (B71)

Introducing the quantities AQ, Mv,, and M., as



AQ=H: 4+ Qu + Qr— Qs (B72)
My,o = Mv: + My,u (B73)
Mo = Mas (B74)
Then Eqs. (B69) through (B71) become
H, = 4Q (B75)
My,s = My,o (B76)
M.z = M0 (B77)

All of the other relationships remain the same as
in the derivation of the transient analysis. The shel-
ter's dry-bulb temperature is still defined by Eq. (B20),
and its relative humidity is still defined by Eq. (B4l),
with the exception that the terms AQ, My, and M.,
must be defined as in Eqs. (B72) through (B74). One
consequence of the steady-state derivation is that the
shelter dimensions and volume do not enter into the
calculations of the shelter’s psychrometric condition.

Computational criteria

The time increment used in a computation cannot be
arbitrarily chosen without introducing instability into
the computations. Practice has shown that if the vol-
ume of the ventilating air introduced into the shelter
during a time increment is less than a fixed percentage
of the internal shelter volume, the calculations will
be stable. That is

60(F,)(At) = C(HH)(GG)W) (B78)
or
At = C_(H..H___—-)(GG)(W) (B79)
60(F.)
where
C = O0.l(by experience)
At = computational time increment, hours
F, = volumetric flow rate of entering ventilation air,
ft*/min
GG = interior length of shelter, ft
HH = interior height of shelter, ft
W = interior width of shelter, ft

When a shelter’s stability conditions are com-
puted, the above stability criterion is the relationship
that requires the smallest time increment, AT, and not
the relationships of Egs. (B47), (B51), or (B55). There-
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fore, the size of the time increment is determined by
Eq. (B79).

Two other computational procedures that are fol-
lowed in the mathematical model of the shelter are

1. the input data are linearly interpolated for

time increments that are smaller than those for which
the data are given, and )
2. the relative humidity of the shelter is always
kept less than or equal to unity. If the computed rela-
tive humidity is greater than unity, the latent heat in-
put to the shelter is reduced until the relative humid-
ity is equal to unity.
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DISCUSSION

P. R. ACHENBACH, Washington, D. C.: I think Mr. Baschiere and
his associates are to be complimented for presenting this data and for
gathering data in the field and for the kind of probabilities they were
working on. This is a tough job. I know, hecause I visited some of
thetr experimental sites,

The graphical data in Figs. 2, 3 and 4 in the paper, 1 think,
demonstrate rather clearly that the heat capacity of the buildings and

. a significant effect on the effective
It invide the building, and indicates
otk that we should tey to find a way to take this into acconnt anel
Qoo that the diurnal effects are smportant. These two  things are rather
U fReult to aceount for, but 1 think this paper shows that they definitely
should be considered.

I also would like to compliment the authors on the U.A, concept
of trying to evaluate the heat transfer potential of different kinds of
construction. The value of the heat transfer varies rather radically, as
indicated by the graphs with ventilation rate. The more the ventilation
rate, the less valuable this heat transfer is, and, of course, this points
up a relation with the paper I presented.

If there is any way in which you can safely and logically reduce
ihe ventilation rate and lower the values that the paper suggests, it
will be beneficial toward making greater use of heat transfer that is
available from the walls.

seratitre level that is geners

AUTHOR BASCHIERE: I agree with vou that these parameters do affect
the heat transfer from the shelter, however, I have to disagree with
you in regards to whether or not these complexities must be brought
always into account, 1 think the paper has shown that the higher rates
of heat loss can only oceur with the lower values of ambient tempera-
ture and lower shelter ventilation flow rates. As a result the ambient
temperatures must be coupled  with the construction features of the
<helter houndary surfaces to ascertuin whether or not shelter heat losses
through the houndury surfices can oceur. Henee, only in certain situa-
tions must vou asccount for the heat transfer effects.

I you have bigh smbient temperatures existing, the pessibility of
heat loss is almost completely out of the question, But §f, on the wther
hand, we are talking about a location like Spokane, Wash., which has
low temperatures most of the year, we can start looking at the heat
loss that can occur and pick up the added advantage that these heat
losses ean produce in reducing shelter ventilation rates, Thus, it is the
interplay of ambient temperature muagnitudes and frequencies of oe-
currence that are important.

W. F. SPIEGEL, Jenkintown, Pa.: I would like to comment that, to
those of us who have been following this subject, the authors have
presented a rather exciting development in the method for determining
ventilation of above-ground shelters.

el
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As Mr. Carroll pointed out, when v fon rates apg h the
range of 30 cfm per person, the installation of ventilating equipment
becomes extremely expensive, and any procedure that can be devised
to accurately determine a safe ventilation rate of lower magnitude would
be most useful in design applications,

The coneept previously outlined in the paper by Kusuda and Achen-
bach identified the parameters of simultaneous occurrence of maximum
dry- and wet-bulb temperntures. This paper identifies the magnitude of
heat conduction cffects, A third factor is the flywheel effect of the
shelter structure itself; this appears to be a difficult parameter to evalu-
ate, since peak weather would be required to verify theoretical analysis,
and testing periods are severely limited by wenther, 5

It would appear very difficult at this stage of the art to intelligently
interpret the ventilation adequacy factor between 80 and 95%, and the
data presented in this paper should certainly contribute toward develop-
ing a general solution. Further development of both of the concepts
presented today should be encouraged. with the thought that some
method might be found to combine the concepts of adequacy factor,
heat transfer and flywheel effect of the structure,

If the data presently available are applied to a site in the south-

west part of the United States, the various methods will yield widely
different solutions.

If all of the concepts could be combined into a single me,
including means to identify the effect of massiveness, and, if the separaty
mechanisms could be identified and combined, then it might be Ppossible
to develop a procedure whereby a designer could select an €Cconomicy]
ventilation rate with confidence,

AUTHOR BASCHIERE: Your comments in regard to the fAywheel effecty
g0 along with an item I had mentioned before. Namely, the fact that
MRD is presently studving the effects of solar radiation absorption on
the outside walls of shelters, Whether or not high shelter heat losses
¢an occur assumes, among other things, that the energy ean be removeg
from the outside surfaces of the shelter walls. Yet, at the same time,
there can be an incident solar heat flux which raises the exterior tem.
peratures of the walls. As a result, the amount of heat loss from the
shelter will be reduced and possibly eliminated, thus making the shelter
environment more intolerable than would have originally been antici-
pated. As a consequence, the solar radiation absorption effects also must
be considered within the overall shelter analysis scheme.




