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The National Bureau of Standards has been engaged in the heat j -

transfer analysis of underground installations for the past several I

years. This report covers a part of the Bureau's activities related to

the computer simulation of the thermal environment for prototype shelters. I

The computer was used basically to simulate energy balance in I -'
the shelter living space and to analyze heat conduction from the shelter

I
walls (including ceiling and floor) to the surrounding earth.

For the heat conduction analysis, finite difference techniques

were employed; using a three dimensional model in some cases and a one

dimensional model for the remainder. I
Digital computer programs were developed and applied to seven different

prototype shelters for which temperature and htmidity records with simulated
C

occupants were available as a result of studies by the National Bureau of
r
0

Standards and by the University of Florida. In the seven shelters used 2

for the investigation, twelve different operating conditions were analyzed.
U,

Of these twelve conditions, ten were under summer operation and two under

moderate winter conditions.

Generally the agreement between the computed and observed thermal

environment on these prototype shelters was surprisingly good, in spite of

the fact that numerous simplifications were involved in describing the complex

shelter heat transfer system for computer analysis. Tvo inherent uncertainties j

exist, which influence the final reliability of the calculations. The first I
involves the description of the actual complex system by athematical language 1
(or operat' il uncertainty). The second is related to the accuracy of input I
data used for the calculations, (or data uncertainty). Often, tbee ore I
interrelated. I

3 1
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In this study, the following four different computer models were

studied and two of them were extensively utilized for the comparison

of calculated thermal environment with the observed data in the proto-

I type shelters.

' I -M-(l) Three-dimensional rectangular model with composite walls

I and with separate initial temperature patterns normal to

the six bounding surfaces.

I M-(2) Three-dimensional rectangular medel with homogeneous heat

conduction medium having separate initial temperature

patterns normal to the six boundary surfaces.

z M-() One-dimensional compound model for six composite wall

Lsystems.

M- (4) One-dimensional compound heat conduction model, same asz
0

SM-(3) except that the roof region was assumed adiabatic.

To simulate the initial earth temperature distribution, the follow-

ing three modes were employed:

I-(l) Earth temperature gradients normal to the six bounding

surfaces.

I I-(2) Earth temperature gradient normal only to the ground

I surface.

I I-() Initial e ,rth temperature constant around the shelter.

One of the factors not well established for calculating the shelter

heat transfer is the heat exchange between the shelter air and the inner

I surfaces, between the occupants and the surfaces, and among ths surfaces.

I

I C



The analysis of simultaneous exchange for radiative and convective

energy among occupants, air and inner surfaces of a shelter is

very complex, and it requires the solution of a set of integi'al I

equations which are difficult to solve for even very simple geo-

metrics. Therefore conventional combined heat transfer coefficients A7

for radiation and convection were used in the analysis. Several

numerical values and combination of these combined coefficients

were assigned to the six interior surfaces to study the overall

effoct on shelter thermal environment.

Findings I
1) A soil analysis of the earth around most of the prototype shelters 2C

indicated that the thermal diffusivity and thermal conductivity

were in the neighborhood of 0.02 ft /hr and 0.75 Btv/hr, (ft) W ,
)

-4

°F/ft respectively. These values, in turn, seem to result in
z

a good agreement between the calculated and the observed earth m
temperature change surrounding prototype shelters.

2) The following combined heat transfer coefficients at the shelter

inner surfaces produced satisfactory simulation of the shelter I

sumner environment for most of the rototype shelters. I

1.0 Btu/hr. (ft), (F) for vertical walls

1.5 Btu/hr. (fta), (F) for the ceiling i

0.5 Btu/hr. (ft?), (F) for the floor

0

I

I

!{



r Although there may be some other values and other combinations of

these valu~es that might have resulteO1 in d slighrly better simulation

I than those umd in this analysis, these three values can be considered

I representative design heat transfer coefficients in the underground

% cavities.

5)For larger shelters, the one-dimensional and compound model (M-(3))

will probably be adequate for calculating the shelter thermal

I environment. The complicated three-dimensional model, therefore,

may not be required for the calculation simulating the 14-day

W occu;_ncy of many large commaunity shelters. For small sneicers
-J

(such as family shelters similar to the NBS shelter), however, it
x

is recommnended Lhat the three-dimensional model be used for the
0

0 accurate calculation.
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NOMENCLATURE

Unless otherwise defined in the text, the symibols used in this report are
summarized, as follows:

Shmbols

a shelter dimension (half of the inside length) ft

b shelter dimension (half of the inside width) ft

Cp specific heat of moist air Btu/lb,°0F

c shelter height ft

d shelter depth, distance between the earth surface
and the ceiling of the shelter ft

G flow rate of ventilation air CFM

h ground surface heat transfer coefficient Btu/hr, ft2 o Fg

h or h inner surface heat transfer coefficient of K th Btu/hr ft 2 OF
exposure

k thermal conductivity of solid Btu/hr, ft? F

Lh Lewis Relation - :I dimenaionless

aC
p

Pvs saturated vapor pressure of water at temp. t inches Hg

Pv vapor pressure of water in the air at dew point inches Hg
tempers ture

PB barometric pressure inches, Hg

QVS sensible heat released by the ventiltion air Btu/hr

QVL latent heat released by the ventilation air Btu/hr

QGS sensible heat generated in the shelter by Btu/hr
simulated occupants

QGL latent heat generated in the shelter by Btu/hr

simulated occupants
E4

sK osensible heat released by .14o mhelter inner surface Btu/hr
of K th exposure

QWLK latent heat released by the shelter inuer &urface Btu/hr
ef K th exposure

Q sensible heat generated in the Ahelter by things Btu/hr
other than simulated occupants\ )

IV



SZmbole

latent heat generated in the theltar by_ Bhzg tu/hT
other' than simulated occupants

Qsolar radiation intensity at the ezri'b su:1&g" Itu/hroft'

Sinner surface area of X th exposurxe ft?

t temperature - F

W ahumidity rat~o lb of wat.~r vsvoj* alb dry air

W a humidity ratio of air saturated by water vapor lb of water vapor
lb of dry air

XK (K =1,6) coordinate eystem used for shelter heat transfer ft

K. (K 1,6) coordinates of the system boundaries ft

ofKthermal diffusivity of earth in the region suir- fe/hr
K rounding K th exposure

albedo of earzh surface dimensionless

0time coordinate hr

Xlatent heat of vaporization of watez. Btu/lb

awater vapor transfer coefficient (lb/(hxr)(ft?)(lb/lb dry air)

p density of moist air lb/ft3

AXK finite difference length along X[ ft

E summation symbol

Subscripts

Unless otherwise stated, the following rules of subscripting

will apply to all of the variables.

a shelter space properties

0 outdoor air properties

V



V ventilation-air properties

C' Cocirete property

9 ground surface piroperties

deep underground

K innersurface excposure index~

* K i ~North

2 -South

3 - East

4 -West

5 aFl~oor

6 - Roof

lu awe cases, the subscript W is used to denote the wall proper~ties instead

The subscripts R and r are employed in the same manner, denoting, respec-

tively, the properties pertaining to roof and floor regions.

S sensible heat property

9 saturated air property

L latent heat property

Operational Symbols

+e 2 ?~2 +2OF:27
VI



- CAPTIONS FOR FIGURES

Fig. 1. Schematic diegram of the matrix used for computer program M-(l).

Fig. 2. Schematic diagram of the heat conduction region used for computer

program M-(2).

Fig. 3. Inner surface heat transfer coefficient frequency

distribution.

Fig. 4. Inner surface heat transfer coeflicient vs temperature difference

between the air and inner surface of the shelter.

Fig. 5. Comparison of the calculated and observed shelter air tempera-

tures and ralative humidities of test 1 for NBS family shelter

(computer program M-(l)).

Fig. 6. Comparison of the calculated and observed shelter inner surface

temperatures for test 1 of NBS family shelter (computer probcam

M-(l)).

Fig. 7. Comparison of the calculated and observed shelter air tempera-

tures and relative humidities for test 2 of NBS family shelter

(computer program M-(l)).

Fig. 8. Comparison of the calculated and observed shelter air tempera-

tures and relative humidities for test 3 of hBS family shelter

(computer program M-(l)).

Fig. 9. Comparison of the calculated and observed shelter air tempera-

tures and relative humidities for test 3 of N18 family shelter

(computer program M-(2)).

Fig. 10. Comparison of the calculated and observed air temperatures and

relative humidities for test 4 of 1B8 family shelter (computer

program.i
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CAPTIONS FOR VIGURNS (contd)c

Fig, 11. Comparison of the calculated and observed shelter air tempera-

tures and relative humidities for test 5 of NBS family shelter

(computer program 4().

Fig. 12. Comparison of the calculated and observed shelter air tempera-

tures for summer condition test for Sumerlin shelter (comuputer

program M-(2)).

Fig. 13. Corparlson of the calculated and observed shelter air relative

humiditLies for summer condition test for Suzmnrlin shelter

(computer program M-(2)).

Fig. 14. Comparison of the calculated and observed earth temperatures aur-

rounding Summelin shelter during sutmer test conditions (computer

program M-(2)).

Fig. 15. Comparison of the calculated and observed shelter air tempera-

tures end relative humidities during moderate weather condition

test for Summerlin shelter (computer program M-(2)).

Fig. 16. Comparison of the calculated and observed shelter air tempera-

tureas for Broyles shelter (computer p'rogram M-(2)).

Fig. 17. Comparison of the calculated and observed shelter- re iative

humidities for Broyles shelter (computer program M-(2)).

Fig. 18. Comprison of the calculated and observed shelter air tempera-

tures for Napier shelter (computer program M-(2))*

Fig. 19. (Compartson of the calculated and observed shelter relative

humidities for Npler shelter (compuiter program M-(2).

Fig. 20. Cmparlson of the "ckakted and observed shelter ir tempera-

tures and relative hustidities for lteadlug shelter (computer

-R - ,-M)-.
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~, CAPIONS FOR FIGURES (cont'd)

Fig. 21. Observed moisture balance of Reading shelter.

Fig. 2?. Comparison of the calculated and observed earth temperatures

outside Reading shelter walls (computer program M-(2)).

Fig. 23. Comparison of the calculated and observed earth temperatures

outside Reading shelter ceiling and floor (computer program M-(2)).

Fig. 24. Comparison of the calculated and observed shelter air tempera-

tures and effective temperatures of Ft. Belvoir 200-man shelter

(computer program M-(4)).

Fig. 25. Comparison of the calculated and observed shelter air tempera-

tures and effective temperatures of Ft. Belvoir 1000-man shelter

(computer program M-(4)).
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COMPARISON OF DIGITAL COMPUTER SIMULATIONS OF THERMAL ENVIRO?(ENTC IN OCCUPIED UNDERGROUNDl PROTECTIVE STRUCTURES WITH OBSERVED CONDITIONS

By

T. Kusuda and P, R. Achenbach

1.* INTRODUCTION

This report compares digital computer calculations of thermal environ-

ment for underground protective shelters with observed conditions of tem-

perature and humidity. Several digital computer programs have been

deve loped by the National Bureau of Standards f or the purpose of simulating

the heat transfer of underground structures. These computer programs were

applied to 7 shelters, whose thermal environment under simulated conditions

of occupation had been observed experimentally. Since the thermal environ-

ment in underground protective structures may become extremely vnfavasables

particularly during the suer occupancy period, for Lsr~e areas of the

United States, the majority oi prototype shelters mentioned heroin were

tested under sumr climatic conditions. Of the 7 sheters -As thermal

environments were calculated and compared with experimental observations,

12 different test conditions were included, 2. of which were under moderate

winter conditions.

Analytical and experimental studies of various shelters ha," shown

that the temperaturt and humidity within the occupied underground Shelter

depend on many parameters, which my be classified as fellaves

4. Six* and shape.

b. Physical and tbersal properties of constructiona materiel.
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2. Site characteristics..

a. Physical and thermal properties of earth surrounding the

shelter.

c. Thickness of earth cover.

d. Type of earth surface and landscape.

e. N~eighboring buildings and installations.

3. Climatic factors.

a. Earth temperature.

b. Psychrometric condition of outdoor air.

c. Solar radiation.

d. Precipitation.

4. Operational characteristics

a. Ventilation rate.

b. Psychrometric con.Ation of ventilation air

c. Density of Occupancy.

d. Activity of Occupancy.

a. Bleet and moisture release by equipment In shelter.

f. Swergency condition such as sealed up or surface fire conditions.

Testing of underground structures to cover even a Poall portion of all

of the possible cominations of the above parameters-Lis a foraidAble and

expensive task. However, the number of test# could be drastically decreased,

and the efficiency of testing improved, if the offsect of various parameters

in the thermal onviroment of a shelter could be predicted by computation.

The mathematical formulation of such a computation should take into account

a majority of the important parameters so the sensitivity of the overall C
thermal eriroamt to te sew Ial paraeters could be studiod tivItually

...........................................F
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or siuiltaneously with others. The mathematical procedures should be

simple enough so the computation time (or computer cost) would be reason-

able. Finally, and most important, the computed results should be

reliable.

Some previous computations of the thermal environment in shelters

have been reported which take into account simulated human metabolism,

ventilation effects, and heat transfer in the earth [1,2,3], but there

have been very few actual comparisons between calculations and observa-

tions for a given system over a substantial period of time. It is for-

tunate that the observed results of six of the seven shelters covered by

this study were so well documented by reports of the University of

Forda E4], thus making possible comprehensive comparisons between the

calculated thermal environment and the observed results.

2. BASIC HEAT TRANSFER RLATI0IS

Since the details of the nuwrical technique employed for the heat

transfer of underground protective structures have been reported pre-

viously [1], only basic mthema tical formulations eplvyed for all of

our computer programs are given here:

2.1. Shelter air hat balence.

6
Q I +.V + %9+ OS 0

6

where

(. s ' t aS

-*NW
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%Ma aaV' (W. -V)$ for v<V C

0 0 for W> V

QS= (1.08) (0) (t v " t )

V - (4.3) (G) (V - wa)

%S- 330 Btu/hr, person 60 OF

300 70 0?

220 800

115 g0o

0 1o0?'

-140 110 or

-280 1200or

Q ~m70 Btu/hro person 600OF

100 700,F

ISO 80 *

285 go0or

400 1000

680, 120 It

2.2. ftelter InRM S"rfago

2.3. ot*e~ (or. innr wall) b2!& coudgtatoi

II
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2.4. J~nkaYbten~acretearlnrwl)*a

t t

at at

2.5. Earth heat conduction.

!L, C gotg fo~r three-dimnsional model

-t of-11 K-1 to 6 for one-dimanu~onal modelas 9axe

2.6. larth bgIVANKI cmuditions.

2.6.1 Foujr-Itall r~Migna t
-- A 0 atLX (sse, large distan'.*)

aK
K- 1,2.93P,4.

2.6.2 Floor Iggion t 5  at -~ (some large distance)

vbere IK 5

2.6-3 A"jj~

whore K -6

at

(b) qadibtic model WAX.

at

()solari-heat model

Ovi (1 q Q50  duril. tb* #*lar irradiatoa

Qsd 0 dur'26 0* ..L rys~tlas



-6- C
This solar heat model is essentially the same as the sal-air tempera-

ture concept and ignores the direct radiation heat exchange between earth

surface and sky, but it doez; include the effective radiation heat exchange

between the earth surface and ambient air by adjusting the value of N

According to the last equation, however, the earth surface temperature

never becomes lower than the ait temperature, which is not always the case.

2.7. Psychrometric calculations.

Taking advantage of the large memory of the high speed digital computer

of the National Bureau of Standards, all the psychrametric cat ulaticns were

performed using the thermodynamic properties of moiLt air published by Goff

and Gratch.

The thermodynamic properties of dry air and those of saturated air at

one standard atmospheric pressure, such as the following, were tabulated as

temperature functions by Goff and Gratch r5].

W = humidity ratio of the saturated moist air (lb/lb of dry air).5

h = enthalpy of dry air (Btu/lb of dry air).

h enthalpy of the gaturated moist air (Btu/Ib of dry air).5

hw enthalpy of the wat.r (Btu/Ib of water).

V volume of the dry air (cu ft/lb of dry Sar).

V- volume of the saturated noist air (Cu ft/lb of dry air).

f factors relatcd to the relAtive humidity and degree

(diMtniouleas) of saturation.

These properties were read into the computer for the temperatute range

from 30 *F to 120 a at every ow degree incrazent, except that the humidity

ratio, Wg, was Prograed for the temperature range from -20 *F to 120 "F

at every one druste incremut.
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The following psychrometric symbols and formulas are used to

derive the desired properties from Siven sets of properties, such as dry-

and wet-bulb temperatures:

Pv- partial water vapor pressure in moist air (in. HA).

Pp- barometric pressure (in. Hg).

Pvs - partial water vapor pressure in saturated air (in. Hg.).

-relative humidity, as a fraction

p degree of saturation.

W -humidity ratio of moist air (lb/lb of dry air).

V -volume of moist air (cu ft/lb of dry air).

we W. eva luated at the thermodynmimic vet-bulb temperature

(lb/lb of dry air).

h*- bw evaluated at the thermodynamic wet-bulb temperatumo

(Btu/lb of water),

he he evaluated at the thermodvnamltc wet-bulb temperature

(Btu/lb of dry air).

P
W = 0.622 V 2.7-1

B v

P
CP4 = V 2.7-2

vs

* )(l - f ;1

- - 2.7-3
aI q* Yf

PB

W . 5 . .7-4

V. P.(V VS a Va2.-

*0~~Ua.-
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h - p(h 5  h&) + ha 2.7-6

h + (We,* -W)hwV hs* 2.7-7

The last formula repres~tts the thermodynamic wet-bulb temperature relation

for given h and V of moist air.

The psychromaetric calculations of thermal environment begin, usually,

with input data for dry- and wet-bulb temaperature of moist air. These two

temperature data are sufficient to describe the complete thermodynamic

state of the moist air at one standard ztmosphere. "Ae actual calculations

involving heat- and mass-balance within a given thermal system are, hoiwever,.

more readily performed with the dry-bulb temperature and the humidity ratio,

as seen in eq~uations of shelter heat balance. The method used during this

study to obtain the humidity ratio of moist air from its dry- and wet-bulb

data is described as follows:

The thermodyvnamic wet-bulb temperature relation 2 .7-7 can be

expanded by the use of anthalpy expression 2.7-6.1. .
w5tEhs(t) -ha(t)) + ha(t) + rWs*(t') -W]hw(t') tsh*(t') 2.7-8

In the above expression, Ws(t), hs(t)o and ha(t) are thermodynamic

properties at dry-bulb temperature t, while W.*(t'), h5*(t'), and hw*(t')

are thermodynamic properties evaluated at wet-bulb temperature '

Rearranging the term in. equation 2.7-8, the humidity ratio W for

dry- F-7.1 vet-bulb temperatures t and t' can be expressed as

U hg(t) -ha(t) -hw*(t')Vs(t) ()279I

The calculation of the thermodynamic wet-bulb temperature from a[

given dry-bulb temperature and humidity ratio . also possible from C

I -,
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2 .7-8 by an iterative technique-. The iterative tochniq~ie fo.wA itcesaful

during the course of this investigation is the Inverse interpolation

formula f 6) of Newton applied to Goff and Gratich tables.

2.8. Effective temperature of shelter air.

For some of the shelter anlss, effective temperatures have been

calculated from dry- and wat-bulb temperatur.. amt~jr an elfr tt1bcity of

less than 20 fpm. The effective temperature chart of the Afl* has been

stored in the computer memory in a tabular format, and a table-saarching

and interpolative subroutine usegi to c='iz:ate the-4tfrzt-iw teMperature.

3. DESCRIPTION~ OF eW~P1YTEft MOGRMS

3.1. Computer models.

Basically four different computer proprams have been developed during

this study. All the programs, however, essentially employ the time-iteration

techniqu-e for solving transient heat conduction equations and they are

4eaigns ted as follow.:

M-Wl Three-dimensional model with composite walls and with separate

initial temperature pattern normal to the six boundary surfaces.

M-(2) Three-dimensional model with homogeneous heat conduction

medium having separate initial temperature patterns normal to

the six boundary surfaces.

K-(3 One-dimensional compound heat conduction model for composite

regions treating the six exposures, separately.

M-(4) One-dimensional compound heat conductioin model for six

composite regions assuming &A adiabatic roof.

Each program ham advantages and disadvantages, as discussed in the

f following pages.

ASHV Gude 950Chapter6



-10-
-M-(l}. Tsia -program has bean described in reference [ 21, as was

uaed to avaluai.e the NBS family shelter. The earth temperetwor field sur-

rounding the. shelter was divided into 6 blocks,, such as shown in 44ue~I-

This block system enabled the program to account fct ' sit wons in which

son*e wail region(s) may be considerably diffaxent from the others in heat

transfer properties and earth. temperature.

-The initial temperature -in- each block was progrxmmedJ on.y -in -the

direction normal--tv- the waill surface, however, because the temperature

profiles were usually known only-along those directions.

Temperature calculations for the entire earth region surrounding the

shelter were made with time-iterative technique# on three-dimensional

finite difference equations. The concrete vail (including floor and ceiling)

temperatures were calculated by ona-dimensional finite difference equations

separately for each wall, assuming that lateral temperature variation on

the interior surface for a given wall could be neglected. Rab Inner-

wall-surface temperature was determined by surface heat balance equation

2.2, including vapor condensation but excluding condensate re-evaporation.

The shelter psychrometric condition, dry-bulb temperature, dew-point tem-

perature, and relative humidity wore then evaluated, based upon the total

heat balance equation 2.1.

M-(2). In this model,, thermal properties or best transfer charac-

teristici around the shelter air space all were 4suUMed hoMogeneous. In

other words, no distinction in thermal properties was made item the conereta

wall, to the #oil, or from one wall region to the other, as. in Model M-(1).

The earth temperature initialination was performed emly 1% the

direction auoml to the earth surface. The finite dif fora* seome'

employed for the three-diensional time-iteration solution of th. beet

S-_-Us
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conduction equation is shown in figure 2. The homogeneity assumption of

the heat conduction equation mentioned makes it possible to analyze only

a one-quarter segment of the shelter, because of the symmetric nature of

the entire system. The details of this program have been described in

reference [1]. This program was applied to the NBS 6-man family shelter,

the Summerlin shelter, the Broyles shelter, the Napier shelter, and the

Reading shelter, for the purpose of comparing the calculated shelter

thermal environment with the experimentally observed data.

M-(3). The three-dimensional effect on earth heat conduction

around the shelter becomes less and less significant as the shelter size

increases. A one-dimensional compound system was developed primarily

for large shelters, where a major portion of the heat flow Is always

normal to the shelter walls, ceiling, and floor. This program is identi-

cal with M-(l), except that the corner region of earth and concrete is

ignored, and the one-dimensional finite difference equation was used for

earth temperature determinations. Comparison with the two previous

programs indicates that the earth temperature computation scheme was

drastically simplified in the model. The program was applied to the

Summerlin and Reading shelters.

M-(4). This program was a modification of M-(3), to simulate

basement type shelters such as the two at Ft. Belvoir. The

heat transfer in the ceiling region of basemnt shelters will be much

less significant than that in wall and floor regios. Thus, in this

program, the outer face of the ceiling layer was assumed adiabatic.

AN
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The calculation of the psychrometric condition of shelter air for (3
this program was designed so that dry- and-vot-bulb and dew-point tempera-

ture, as well as shelter effective temperature, can be computed with or

without the air conditioning system turned on. The details of the air

conditioning calculations used in this program are described in the

appendix. This program was applied to 200--man and 1000-man shelters of

Ft. Belvoir, which were tested by the University of Florida.

3.2. Initialization of earth temperature surrounding a protective

shelter.

Accurate heat transfer calculations for the early part of an

occupancy period for these shelters are extremly difficult, because of

the uncertainty about the earth temperature distribution around the

shelter. Particularly for the shelters that had been installed wich only

ashallow earth cover, the temperature variation from roof region to the

floor region, from one wall region to another, and from corner to flat

surface region was quite appre iable, and very complex to approximate

mathevatically.

In order to simulate t'kie complex and three-dimensional pattern of

the initial earth temperature around the shelter, assuming that such

three-dimensional patterns ore important, th. earth temperature program

becomes highly, and perhaps unnecessarily, complicated. Therefore, during

the study,, a simplification was undo by selecting three Initial too'-

perature patterns &a follows:

-1. Barth temperaturo gradient* are always in a direction

normal to four wall*, float, an4 woo! surfaces -blocki mode.
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1-2. Predominant earth temperature gradient is always along a

vertical path, from the surface downward - vertical mode.

1-3. Earth temperature is virtually constant all around the

shelter - constant mode.

These three modes of the initial earth temperature patterns have

been employed during the calculation, and presented in this report.

However, it is important to remember that the detailed earth tem-

perature profile data surrounding shelters seldom will be available,

even when it is important, for the majority of actual shelters. For

most of the thermal environment calculations of underground structures,

it is usually assumed that the earth has a single value of temperature.

This uncertainty in the initial earth temperatures is one of the

sources of error in predicting the thermal environment of shelters,

particularly for the early period of shelter occupancy.

4. DESCRIPTION OF PROTOTYPE SHELTERS

Brief descriptions of the prototype shelters used for this analysis

and their characteristics are given. If the mathematical simulation of

shelter thermal environment is to be most effective, it is nacesssry to

secure accurate information regarding many parameters related to atruc-

tural, site, climatic, and operational chrecteristice of sheltoere.

The family site shelter in WishinSton, D. C., tasted by the

National Bureau of Standards, was constructed according to Bulletin P-15

'C"
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of the Office of Civil Defense [3] with some small modifications, It Was

a concrete wall shelter with external dimensions of 12 feet long, 9 feet

4 inches wide, and 7 feet 6 inches high (not including hatch), placed in

an excavation and covered with 2 feet 3 inches of earth. The interior

dimensions of the shelter area were 10 feet 8 inches long, 8 feet wide,

and 6 feet 6 inches high. A 2-foot-wide hatchway was installed on the

north bide of the occupancy area and separated from the 8- by 8-foot living

space by an 8-inch-thick concrete shielding wall. The earth surface over

the shelter was grass covered and partially in the shade of neighboring

trees. The soil around the shelter was mostly loam anid clay; its density

averaged about 109 lb/ft , and its moisture ;ontent averaged about 15

percent (dry weight basis).

Ventilation air was controlled in a neighboring equipment house to

specified conditionsu and ducted in~to the shelter through an inlet at the

mid-height of the shielding wall facing the occupied area, and the shelter

air was exhausted through an outlet located on the opposite wall of the

hatchway.

Six simulated occupentg (SDIOC) were carefully designed and con-

struced to produce sensible and latent portions of metabolic heat as

functions of shelter area temperature (details. of 8DM3C ore found in

reforauce £3]). Towr SDIOC'. had a nominal heat output of 400, Btofhr,

and the other two had heat output* of 2OO and 600 Btu/hr, i~opocttusly.

Comleto psychrometric obeservatious WWrt made at the watilattoo

a ir inlet, the exhaust air outlet, 0 nd at the 3-foot level abOwe the

.... ..
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geometrical center of the shelter floor. Temperature observations

obtained during this test included earth temperatures around the

shelter to a maximum distance of 4 feet away from the e..terior surface of

the concrete wall for all four vaills and the floor. In the shelter roof

region, earth temperature was studied with four thermocouples located

*6 inches, 12 inches, 18 inches, and 24 inches from the external surface

of the shelter ceiling.

Five tests were conducted with variations in test duration, venti-

lation. rate. number of occupantr,, ventilation air condition, and our-

rounding earth temperature. Test I was conducted with no occupants, with

42 cfm of ventilation air. Tests 2, 3, &nd 4 wer* *ach conducted with

six SUMC'a, and with ventilation air rates of 0, 18, ad 42 cfa, respec-

tively. Test 5 was undertaken to simulate -inter conditions of occupancy,

ventilation air,.and earth tempersture, using six MW4OCs and 1,8 cefe venti.

~ainair.

4.Z. :Sumerlin shelter (4].

This shelter was a w~elded steel structure locate41 entirely belowe the

finished grade line, with a 30-inch earth cover over the roof, in a rural

area of. CatnoovOI*,e, Fla., and thermally to-olated from other bL idiuge.

The Mccupiency #areo i u iot were 23 feet 7 ..inches long, and 7 feet 8

tact*# Vi!e The . ah~t*r roof, was- arched' or the vall, and, the akutmm

3466ot hi"r)'w w o~ted a ons end of the shelter. The eafth arond

the she kw~ Vas a Idxtir# of oaast oWt Ioaa end the earth cover ves bor

at bA tow, of.th sheltr anlo~ tal test*. The aiture coatnt (Ary

-stt b oi) of tsoiI*UPA psafa a yed tanged txro 9 wrnrtut to Is

An~h~ ry *nIt -range fromdo 03 lb/fts to Ill Wbfe .



I ~ Ventilation air conditions were generated in an equipment trailer(I

located outside the shelter, and supplied to the shelter by a flexibleI tube passing through the entrance hatch. The -ventilation air inlet was

near the north end of the shelter, and shelter air was exhausted from a

stack located at the sort-heast corner.

Two series of environmental tests were conducted, using 18 SIMOC's

(ref. 3) of NBS 400 Btu/hr type; one during July 1962 with ventilation

air of 700 cfm and typical Florida sutmmer outdoor psychrometric condi-

tions; and the other during April 1963 with ventilation rates of 54 and

216 cfm at August and April psychrometric Couditions. The simulated August

psychrometric conditions uWed for the tests were diurnal cycles of 96 OF

maximum dry-bulb temperature, 80 OF minimum dry-bulb temperature, and

19.8 Or average dewpoint temperature. The simulated April psychrometric

conditions used for the test were diurnal cycles of 76 OF maximusm dry-

bulb temnperature, 61 OF minimum dry-bulb temperature, and 59.5 OF average

dewpoint temperature.

The Broyles Shelter, at Gainesville, Fla., was so vonstructed that

a portion of the shelter tms belouw grade, and 3 feet of earth was %wanded

around the. above-rade, portion. The interior of the shelter had & cailtt*

height of 7.33 feet, and the floor ara measured 16 b, 7.7S teot, for a

total crts of 124 squaw. feet. The floor, placed on a plastic sv."rane,

was of wtempoo t £oucwto reinforced with 1/2-inch it**l rods on 12-incb

centters. The wells vetoe hollow concrtte blocks, with coweattima mortar

jolat*, a ad 00e caviftis Vvi f LIled with, Waterproof emnt #s tbe wealls

were CefttMt#4. The t0ot V40 a C0tret Slab VreinfOrcd With 3/Imtmti



steel rods on 12-inch centers. The concrete was treated with a water-

proofing material at the time it was mixced. This shelter was *#haded by LI'
surrounding trees. and a heavy laytr of sod and green grass ceovered tad-

the surrounding ground, The surrounding earth was a mixture of *,and and f
loam, whose dry density ranged from 95 lb/ft3 to 104 lb/ft3 , and MOiSture

content from 1 percent to 12.i percent.

Fo~r moot of the thermal environment test period, V 1~'MOC's (ref . 3)

o~f NBS 400 Btu/hr type were employed. The ventilation air was processed, f

ontaide the shelter to simulate diurnal cyclic conditions of 96 'F maxi-

nm dry-bulb temperat~ire, 80 'F minimum dry-bulb temperature., and 70 *Y

average dew-point temperature, and was forced into the shelter by a fan

through an air supply duc-t that wae laid along the irtaide surface of-the

longitudinal shelter wall, and which had four equally spaced outlets. The

shelter atr was exhausted through two outlets located at oppoi-Ate -*nds of,

the ahelter,

In additiot to the regular psychrometric measurements of inlet

ventilation Air, shelter exhaust air, and shelter air at the geometrical

center, several *oeasurements were made of tbe shelter innier wall surface

temperature und surrounding earth temperature..

The shelter was tested in four successive, phases:

Phase 1: A ventilation rate of 3 cfm per person was oupplied,

and a fan-at.J-coil unit simultaneously cooled the recirculated air by

4 gp.i of well water at an inlet water temperature of 71.5,"F, fur ing

the first two days, sensible and latent hest was removed from the shelter by~

this fau-and-coil unit at a rate of 6440 Btu/hre This coopling capacity

Q exceeded the total heat supplied to the SI)kDCs by 4800 'Btu/hr.



Pliae ,.The w"I-atni coil wat cut off and 10 efs per (
peron of ventiledon air was suppl-ied for a period of 12 days.

Teses 3, anti~ Tb~sd t*6-o baes wire operated under the -

same cozoditions as Ob-Ase i-exea pt thAt the ventilation rate in phase 3

was 6 cfm par person '(for 46 hours) atxd in phase 4 was 3 cfrn per person

(for 48 hour2).

4.4. Na-ier- ihq1t [4].

The NapAker shter was a 100-occupant community shelter designed

for a group of residents in a subdivision adjoining the city of

Gainesville, riq. The-floor level was 5 feet below grade and 30 inches

of tarth covered the roof. The floor slab was wire-mesh reinforced,

4-ine. h-thic* concrate poured over a waterproof plastic membrane. The

walls uwere of 8-inch-thick hollow concrete blocks, whose cavities had

rsiforingrods placed verticailly through then at selected intervals

ax~d were then ""lled with concrete. Outside dimensions were 20 feet wide

and 85 feet long. The interior floor area was 1561 square ftet. Rein-

forced prestressed concrete T-beams placed on top of the shelter walls,

e~ach in contact with the beams parallel to it, formed its roof. The

surrounding earth was mostly clay, whose dry density varied from 76 lb/ftp

to 109 lb/ft3 , while the moisture content ranged from 3.4 perca to

34.2 percent (dry .eight basis). The earth surface over the shelter was

bare with several patches of weeds.

For this coest, 100 SIMOC's (ref. 3) of NES 400 Btu/hr type were

employed. The ventilation air was conditioned in the equipment trailer

outside the shelter to represent a diurnal cycle of a Florida summer:

96 *F maximum diy-bulb temperature, 80.0F minimum dry-bulb temperature,0



and 73 "F average dewpoint temperature. It was forced iato the shelter

at two stations at the ceiling level in the south wall, approximately S

feet from the southwest and southeast corners of the shelter. The f
ventilation air was discharged in the direction of the north wall; and L
after passing through the main chamber was exhausted through the entry

doorway and entry chamber. Regular psychrometric measurements were made

of shelter air, ventilation air, and exhaust air. In order to study the

three-dimensional earth temperature profile during the simulated occu-

pancy period of the shelter, numerous measurements of earth temperature

were made around the northwest and southwest corner regions.

The test was conducted in six phases: L

Phase 1. Ventilation rate was maintained at 3 cfm per person

for 48 hours, during which a well-water coil using 12 gpm of 72.2 *F water

was in operation. The measured total cooling capacity of the well-water

coil during the phase averaged 20,700 Btu/hr, amounting to 51.6 percent

of the total heat released by S11OC's.

Phase 2. Ventilation air rate was increased to 6 cfm per

person and the well water coil was shut off for this period of 97 hours.

Phase 3. With all other conditions being identical with those

of phase 2, 30 NBS SIMOC's were replaced by one MASS SIZ4OC of MRD [4] for

42 hours. (One MASS SIMOC has an adjustable output from 1-40 SIMOC's of

NBS 400 Btu/hr type.)

Phase 4. The MASS SIMOC was replaced by 30 NBS SIMOC's for

51 hours.

Phase 5. Ventilation air rate was increased to 8.05 cfin per

person with 100 NBS SIMOC'.s for 116 hours.
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Phase 6. The total ventilation rate remained at P of.

and 100 NBS Sn='~s were used together with I MASS SDIOC for 36 hours,

representi ng a total of 140 occupants.

4.5. Readin shelter (41.

This wan a conummnity shelter located in a park owned by the city

of Reading, Pa. It was constructed in a hillside to take advantage of a

thick earth cover, and vas basically a rectangular parallepiped 56 feet

long, 17 feet 4 inches wide, with a ceiling height of 7 feet 8 inches.

The ends of the shelter were connected to separate tunnel-like entry

corridors so that two right angle turns were formed in each of these

passageways. The floor was 4 feet 6 inches below the grade level that

existed prior to construction, and the roof and all sides had a minium

earth covering of 30 inches. All bearing walls, the roof, and the

floor were constructed of concrete reinforced with steel bars. Water-

proofing was applied to the external surfaces of the shelter during

construction. There were many internal partition walls constructed of

hollow concrete blocks with mortar filled voids, for rooms of various

purposes, such as storage, first aid, mechanical equipment. and lavatory.

The surrounding earth was sandy loam of dry density between 89 lb/fts and

121 lb/ft, and moisture content between 10 percent anu 22 percent (dry

weight basis). The earth surface at the time of testing was grass under

snow. Ventilation air artificially created in an equipment trailer

outside the shelter was carried to the shelter through a duct connected

to a stack that under normal shelter operation would be utilised as an

exhaust stack. A temporary distribution duct for ventilation air supply C)
was installed at the ceiling level along the wast wall of the shelter.

" 4;

| i . .. ... .. . ..



Three air outlets were installed in the temporary duct at equally spaced

intervals. The air was exhausted through a stack located in the center

of the ceiling of the aquipment rao, which was almost longitudinally at

the opposite end from the air supply duct.

The ventilation air conditions used for this test varied considerablyl

however, the dry-bulb temperature was generally maintained between 32 and

40 0F, with an average dewpoint temperature of 30 oF. The simulated

occupants used were two MASS SII4JCts (ref 4), which were capable of

producing sensible and latent metabolic heat equivolent to 120 sdentary

adults.

Psychrometric observation stations were located at the ventilation

air inlet, geometric center of the shelter, and exhaust air outlet.

Thermocouples were used to measure interior surface temperatures and

several ground temperatures extending downward 45 inches distance from the

top of the floor slab and horizontally from the outside surface of the west

wall. The roof region ground temperature was also measured at several

distances from the outside surface.

The test was divided into seven phases, described as follows:

Phase 1. Ventilation at the rate of 150 cfm was supplied

to the shelter in the manner described previously, and the two MASS SINDC's

were adjusted to deliver heat and moisture equivalent to a total of 50

sedentary adults. This phase continued from February 26 to March 4, 1963.

Phase 2. Ventilation rate was then decreased to 75 ctm, or

1.5 cfm per person, with operating conditions identical to those of

(phase 1. This phase lasted approximately 5 days.

phas phsedys
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Phase 3. The mass SIMOC's were readjusted to produce total

equivalent metabolic heat for 100 occupants. The total ventilation air

rate was 150 cfm during this phase of study, lasting three days.

Phase 4. During the three-day perio d that followed phase 3,

from March 12 to 14, shelter occupancy was 50 simulated occupants. The

ventilation air at a rate of 831 cfrn was supplied by the blower that

originally had been installed in the shelter as a part of the permanent

facilities. The shelter's own air handling systems provided the distri-

bution and exhaust of the shelter air. The purpose of this phase of

the test was to determine if the original equipment for supplying air,

and the air distribution and venting systems were adequate.

lhase 5. During this phase, ventilation air at the rate of

718 cfm was supplied for 50 simulated occupants. The air distribution

and exhaust systems were changed during this phase, details of which are

not important for the purpose of this report.

Phases § f 7. These phases were conducted for sealed-up

conditions without ventilation for 50 simulated occupants for 24 hours,

and 100 cimulated occupants for 58 hours, respectively.

4.6. Ft. Belvoir 200-man shelter.

This was an experimental 200-man shelter designed and built by the

Protective Structures Development Center at Ft. Belvoir, Va. It was a

two-story reinforced concrete structure with one story below ground level.

Because the building had been occupied by personnel of the Protective

Structures Development Center prior to the environmental testing, the

temperature and humidity had been comfort conditioned. Only the base-

ment area was used for the shelter environment test, while the upper
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floor area was heated to simulate an adiabatic roof condition. The

shelter walls were 10 inches thick, the floor slab 6 inches thick, and

the ceiling-floor slab 8 inches thick. There was a 12-inch-thick fill

of gravel between the external, surface of concrete of the basement end

the earth on all sides, except the north end. The earth around the

shelter was a mixture of sand and clay, its dry density varying from

85 lb/ft3 to 120 lb/f t? and its moisture content from 9 percent to 23

percent (dry weight basis). The earth surface was composed of sod on

all sides of the shelter, except for a portion of the north end where

a bituminous concrete drivew#y was located. Interior dimensions were

37 feet 2 inches by 37 feet 2 inches, with a ceiling height of 9 feet 6

inches. Excluding a first aid room and stairwell, a net usable floor

area of 1032 square feet was available for 100 simulated occupants.

There were two family-type basement shelters that were built for display

purposes in the test room, one of sand-filled concrete block walls and

the other a triangular-shaped wooden lean-to filled with sand and sand

bags. They v y have had a considerable effect in absorbing heat during

the first few days of the environmental test.

The tempersture-and humidity-controlled ventilation air (dry-bulb

cycles 93 *F *- 76 *F and wet-bulb 78 "F- 74 "F were in phase with

maxim= at 2 p.m. and minimum at 4 a.m.) was produced in the equipment

trailer parked outside the shelter and introduced into the shelter from

ceiling level near the center of the occupied space. The exhaust outlet

was also in the ceiling, approximately 12 feet from the air inlet. The

thermal envirornet of the lower shelter space was measured with 100

C SIMO's of the NIS type (ref. 3).
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The test was conducted in five phases, in which the ventilation

air rates were 3 cfm per person for the first phase (6 days), 6 cfm per

person for the second phase (2 days), 9 cfm per person for the thirl

phase (3 days), 18 cfm per person for the fourth phase (2 days), and 27

cfm per person for the fifth phase (44 days).

Psychrometric measurements were made it the ventilation air

inlet, air exhaust, east geometric center, and west geometric center of

the shelter. Temperature measurements were obtained of various inner

surfaces, together with surrounding earth temperatures to a distance of

4 feet from the external surface of the concrete structure.

4.7. Ft. Belvoir 1000-man shelter.

This shelter was built by the Protective Structures Development

Center at Ft. Belvoir, Va. It was a two-ttory reinforced concrete

building with one story below ground level. Prior to testing the building

had been occupied by personnel of the Protective Structures Development

Center, and its thermal environment had been controlled at a comfort air

condition by a central heating and cooling plant. Only the basement

area was used for test, while the upper floor level was heated to simu-

late an adiabatic roof condition. The usable floor area of the basement

was 5400 fe and was given a simulated occupancy of 11 MASS 8IMOC's (ref.

4). The shelter walls vere 10 inches thick, the floor 6 inches thick, and

the ceiling-floor slab 84 inches thick. The Lntateior dlwuaions were 74

feet 4 inches by 74 feet 4 inches, with a ceiling height of 9 feet 6

inches. The surrounding earth was sandy clay end ranged in moisture

content froA 10 to 20 percent (dry weight basis), and in dry density

from 86 lb/ftS to 104 lb/ft dependfng upon the depth, as well as upon 0
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the location around the shelter. During the backfilling. and mowuding

operations, a 12-inch-thick fill of gravel was placed adjacent to all

the basement walls.

The ventilation ,Ar was conditioned by the equipment

trailer to yield a loca. design diurnal cycle of dry-bulb teuperature,

94 *F maximum, 76 "F minimuz% and wet-bulb temperature, 78 *F maxiamp

74 "F tinimum. The maximum and minimum conditions of dry- and wet-bulb

temperatures were both at 2 p.m. and 4 a~m., respectively. The ventila-

tion air inlet and exhaust air outlet were both near a corner of the

space and separated from each other by approximately 12 feet for most of

the test period.

The test was divided into four major phases, excluding an initial

short period of purging. Phase 1 was a sealed-up-condition test of

approximately 8 hours without ventilation, whereas the ventilation rates

for remaining phases were varied from 16.8 efm per per on for 3J days,

to 5 ofm per person for I day. The shelter thermal environment was

measured by dry- and wet-bulb thermometers at the exhaust duct, the

northeast area, the southwest area, and the geometric center of the

shelter, and numerous thermocouple temperature readings were taken for

many parts of the wall surface and the earth region extending outward

normally to the walls and floor to a distance of 4 feet from the

exterior surfaces.

5. SLTUR CALGULATIOS

As discussed in section 2 of this report, the calculated shelter

thermal envromnt is affected by several parameters, such as thermal

conductivity and thermal diffuslvity of surrounding walls and earth#

\.V
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and bat transfer coefficients &aLong the iuner surfaces of the shelter and

the ground surface. Based upon the characteristics of prptotyp4Aelters

and their test conditions described in the previous section, table 1 iI pre-

pared to summarize the parameters used for the shelter calculations. However,

many of the heat transfer parameters selected for the computation cannot be

too precise. The following considerations were given for assigning nuericl

va les to the parameters listed in table 1.

5.1. Physical dimensions (size and heat transZer area).

The size of the shelter is expressed in the overall internal

dimensions, which are the overall external dimensions less the thickness

of walls, ceiling, and floor. The heat transfer area used for the coa-

putation was calculated from the internal dimension only, thus ignoring

the complex pattern of partitioning and, consequently, the heat absorp-

tion by partition walls or columns.

3.2. Simulated occupants.

The simulAted occupants (SrKOC's) used for the experiment were

designed to simulate the heat output of human bodies and each generated a

total heat of 400 Btu/hr, regardless of temperature. The sensible heat

component was regulated according to the shelter air temperaturt in the

manner described in section 2. The number of active SDOC 'a wee varied

during som tests (Napier and Reading shelters) by turning the power

off and on to a part of them. For this reason, the ate per parso

data shown in table I for these tests are not constant.

In order to simulate the change in nokber of SDEOC t s during same

of the tests, the NU computer program was comjtrmted to take the WRer

of occupants as a time vatiran.. - stosd of a onstant. C
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5.3. Ventilation air.

Observed hourly data on dry-bulb and dewpolit temperatures or

dry-bulb and met-bulb temperatures of the supply air -luct were used as

the input data, either in the 2-hour step or the 4-hour step calculations.

Since the University of Florida varied the -entilation air rate during

their tests, the computer program was -asigned to accept the ventilation

rate as time dependent input data. These variations of the number of

SDOC's and ventilatioa rates during the tests are the reason thn the

per capita ventilation rate indicated in table I was tiot a constant for

some of the tests.

The ventilatirn air temperature and humidity conditions were

varied with respect to time, closely following a pret.cribed diurnal

cyclic pattern in most cases. The entries in table 1 show approximte

ranges of the temperature levels employed during the test, whereas actual

hourly v, ues were used in the calculations.

5.4. Tharezrl evoperties of earth and wall.

For all of the prototype shelters, soil samples were taken from

several representative spots around the shelter at selectee depths and

were analyzed vith respect to soil classification, dry density, and water

content (dry weight basis); their typical characteristics are shown in

table 1. The thermal conductivities end diffustrities of various types

of soils are ually presented as fuuctions of moisture content r5,61.

Such charts vere consulted in arriving at tl e values of thermal conduc-

tivity. k, and therdl dff.,eivty, , in table I,

For the NS shelter, the thermal diffuatvity value of .9 6 ft8 br.

for teast 1 and 2 "a eatiamt d from a phase aen1* shift of the earth

zeomvrature cycle at tvo different depths. The diffu vity volus of
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0.022 fO/hr for tets 3 rd 4, and 0.03 ft?/hr for test 5 vtre evaluated

by a num._rical technique similar to that reported by Beck 173. The wthod

is basically a raversed use of finite difference solutions of the heat

conduction equation for a semi-infinite solid. For the case of composite

wall models, the thermal diffusivity and ccnductivity of concrete were

assumed as 0.036 fte/hr and 1.1 Btu/hr ft2(deg F/ft), respectively.

5.5. Surface Hegg -jausfer Co Icet..

The surface heat transfer coefficient consists of a radiative per-

tion and a convectIve portion. For the heat transfer at the interior shel-

ter s&urfaces, the radiation portior. plays a predominant role, since the air

velocity over the shelter inner surface usually is vex- small. In addi-

tion, the .urface 1Jtt transfer roefficient along any one of the vertical

walls at a given time iculd vary considerably from the bottom to the top,

due to the vary.lg nature of layer patternt as well as that of the radia-

tion heat exchange geometry and air velocity, and also because of the

difference in local temperature distribution. However, it is probable

that the local variation of the surface heat transfer coefficient along a

given surface may be of the same order of magnitude as the convective heat

transfer coefficient itself, Several attempts were made during this study to

obtain the surface heat transfer coefficients for the experimental obser-

vation5 of the shelter wall heat conduction. Since the NBS test stwIter

was equipped with a heat flow meter at the geometric center of each of

all the inner surfaces, and since the ianer surface temperatures and

shelter air temperatures were si.multaneously measured, it was possible

to calculate the heat transfer coefficients. However, the accuracy of

this procedure is questionable because (a) the heat flow meter reading



at thit geometric center of an inner surl'ace did not necessarily yield

an average heat transfer coefficient for the .ntire surface, because of

the local variation of heat flow, and (b) where iondensation of shelter

air moisture was taking place simulta"e-:sly, the heat flow meter would

read the total heat flux, which is not proportional to the temperature

difference between the surface and air. In fact, these difficulties

were realized in the NBS sheiter, since the ratio agreement between the

shelter total heat conduction estimated by the heat balance, and the

heat conduction based upon the heat flow meter ranged from 52 percent

to 108 percent in various tests [2].

Nevertheless, the values of heat transfer coefficients listed for

the NBS shelter tests 1., 2, 3, and 4, and the Summerliu shelter test were

estimated from the test 3 data of the heat flow meter readings, adjiuated

by the vapor tranefer due to the difference of air humidity ratio between

the air and the wet sucf-ece, and the Lewis relation of heat and mass transfer.

A low value for the floor coefficient was observed. This result

was to be expected since the floor surface was typically colder than the

air immediately above it and the downward connection heat transfer rate would

be very low under these conditions. Moreover the effective heat transfer

area of the floor was considerably reduced by the rresence of simulated.

occupants. The same values for the surface coefficient were applied to

the test 5 condition of the NBS shelter, but the agreement between the

observed and calculated inner surface temperatures was rather poor

when this low value of the surface coefficient was used.
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Several other combinatious of the surface heat transfer coefficients

for NBS test 5 were tried and the results are sutuarized in table 2, which

will be elaborated later in this section. For the many other prototype

shelters, heat flow meter readings were not included, or were not usable,

so that the detailed heat transfer analysis on the surface by surface

basis was discarded. However, the average heat transfer coeffiLients

for the entire inner surface were obtained from the sensible heat

balance calculation for the Sun-erlin shelter during the moderate weather

condition test, the NBS test 3, the NBS test 5, the Ft. B6lvior 1000-man

shelter, and the Napier shelter.

As indicated in figures 3 and 4, the result of this analysis on

the overall sensible inner surface heat transfer coefficient shows a

greatly fluctuating pattern. The accuracy of the calculated values of the

surface heat transfer coefficient is inherently related to the accuracy of

measuring air and surface temperatures. Since radiation would usually be

present and wetted surfaces are sometimes involve the error in temperature

measurement could easily be a signigicant part of the observed temperature

difference for differences of 2 oF or less. A significant trend can be

observed, however, from Figure 3 and 4 that the overall inner surface

sensible Iea. tra.ksfer coefficLent seems to increase as the temperature

difference between the air and inner surface decreases. The majority of the

sensiLle heat transfer coefficients are in the neighborhood of 1.0, except

for the Napier shelter. Nevertheless, the iuner surface heat transfer

coefficients selected for the Proyles and Napier shelters of table 1 are

( somewhat arbitrary, whereas those given to the Reading and Ft. Belvior

shelters are estimated from ref. 8, which was net available prior to

the last three shelter calculations. The poesible effects of the various
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sirface heat transfer coefficients upon calculations of the shelter

thermal environment can be seen in table 2, which illustrates a result

of sensitivity analyses of inner surface heat transfer coefficients using

computer program M-(2) on the NBS shelter.

In table 2, the calculated shelter surface temperatures, shelter

air temperatures, and shelter air relative humidities are compared with

the observed data at the end of the seventh and fourteenth day on test

5 of the NBS shelter. The symbol WG in table 2 is zero when solar heat

input to the ground surface above the shelter is ignored, while it is

one when the entire solar heat effect is assumed absorbed by the ground

surface. If they are compared at atn identical condition, the calculated

shelter air temperature at the fourteenth day became approximately 3 'F

higher when solar heat input was considered than when it was ignored.

For the fourteenth day results, the interior surface temperature

agreement between the observed and calculated is better with rather high

values of surface conductances, while better air temperature agreement is

obtained with relatively low values of surface conductance. The combina-
tion of hR 1.21, h = 1.4A, and h = 0.57 is obtained from reference

[lOj on the basis that the simulated occupants obstruct each wall from

seeing each other. As far as the shelter air temperature is concerned,

a combination of hw = 1.0, hR = 1.5, and hF  0.3 yielded the best

agreement, which was also true for NBS tests 5 and 4.

5.6. Outdoor conditions.

Outdoor air conditions during the prototype shelter test periods

were not the same as the ventilation air conditions, as would usually

be the .ase for actual non-air-conditioned shelters. The ventilation air

conditions were selected and programmed according to certain clinactic

(I criteria to simulate typical operating conditions of a shelter, regardless

of the actual climatic condition during the test period.
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The cutd,)or air temperatures used for the calculations in this 0
report were recorded separately-during the test, averages of which are

shown in table 1.

Mhe NBS tests included observations of solar energy at the shelter

roof surface, but the tests conducted by the University of Florida did

not have these data. Therefore, the inclusion of solar energy data for

the shelters tested by the University of Florida was accomplished by

using data supplied by Flanigan Eli].

5.7. Initial earth temperature.

As described in Section 3, the computer model M-(l) incorporited

an earth temperature distribution normal to the surface in the six

surrounding blocks. The NBS test shelter included these observations and

they were used for the M-(l) calculation of this shelter, The M-(2)

calculation provided for only a vertical or depthwise distribution of

initial earth temperature. The observed data on roof region temperatures,

average of the wall regions, and observed distribution of floor region

were used to arrive at a depthwise distribution of the earth temperature.

Average earth temperatures of the wall, roof, and floor regions were used

for the calculations employing M-(3) and M-(4) models. Table 1 shown the

overall average values of initial earth temperature which were used for

the calculations in these latter two models.

5.8.. COmlrison between the computed and observed shelter
thermal e nvironment.

Figures 5 through 24 represent some of the results obtained by

computer analysis of thermal environment, together with the observed

data. Figures 5, 6, 7, and 8 compare the calculated shelter thermal

environments with the observed data for tfsts 1, 2, and 3 on the NUS
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family shelter. The M-(l) computer program was used for these compari-

sons. Computed shelter air temperatures agreed with the observed within

approximately 2 *F for the entire period of shelter occupancy. Agreement

between computed and observed relative humidities was good for tests 1

and 3, and somewhat poorer for test 2 using the M-(1) program. Figure 7

represents a iealed-up condition with 6 occupants, as indicated in table 1.

A very good agreement in calculated and observed air temperature for the

first 4-day period is shown in figure 7. However, the calculated relative

humidity was as much as 6 percent lower than the observed during the

jecond day of test, and did not quite attain the saturated condition that

was observed during the test, even after 48 hours of sealed-up condition.

Figures 9, 10, and Ii compare temperatures and humidities obtained

by computer program M-(2) with the observed conditions for NBS shelter

tests 3, 4, and 5. Figures 8 and 9, both for test 3 condition, show that

computer program M-(l), the temperature-block model, results in better

agreement with the observed shelter temperatutes for the first two days

than that by program M-(2), the homogeneous-earth model. This was

expected, because program M-(l), as explained before, is considerably

more elabor ate in accounting for a complex nature of initial earth tem-

perature distribution around the shelter than program M-(2), and also

takes into account the differences it. thermal properties of thz concr:te

and the earth.

A. However, the agreement betwreen the Clculated and obsorved air

temperature at the 5-foot level in the shelter was somewhat better using

the M-(2) program than the M-(l) program during the last 4 or 5 days of

tsot 3,
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The agreement ,f the computed Ehelter air temperature with the

observed condition for test 4 of the NBS shelter became poorer toward the

end of the test. The lowering of the computed shelter temperature during

the second week of Lhe test was caused primarily by a decrease in outdoor

temperature. This temperature decrease averaged approximately 15 degrees,

beginning on Occober 12 and continuing to the end of the test period, The

detailed report [3] on these tests indicates a steady and significant

decline of earth temperature during this period. The curves on figure 10

shows that the observed shelter air temperature was not affected as sig-

nificantly by this cool spell as the computer model indicated that it

would be.

The sudden and irregular drop of the calculated relative humidity

for the NBS test 5 condition shown in figure 11 is not reflected by the

observed data. It is probable that the relative humidity in the shelter

was sustained at a high level by drying of the shelter walls. The mois-

tu;' b-.lance between the supply and exhaust air indicated that this

evaporation amounted to approximately 2 to 2.5 lb/day during this winter

test condition where extremely dry ventilation air was employcd. As

indicated earlier, the computer program developed for this analysis had

no provision for taking this drying process into consideration. Table 2

indicates that the calculated air tempersture at the end of 14 days in

the NBS test shelter test 5 condition is in better agreement with the

observed value when solar heat effect was not included for the ground

surface heat exchange than when it was included. The ground surface was

quite vet during this test period because of a snow prior to the test.

This implies that during this particulAr test period the solar heat was

uostly absorbed by evaporation of water on or near the earth's surface
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moisture eviporat ion near the earti, s :urfae a 1hou explains the small

earth temperature rise near the surface for ot-h-.r te-t conditions, such

as the Sunmm-rlin, Broyles, and Napier shelters, some of which will be

illustrated later.

Figure 12 compares cd:Iculted (M-(?) program) and observed air

temperatures in the Summerlin shelter for its summer condition test.

Although the over,'11 trend of the aetu,.l temperature is closely followed

by the calculation, the computed amplitude of the diurnal temper-'ture

varia1tion within the shelter is considerably ,;maller than the observed.

The relative humidity calculation for the summer test condition of the

Surimerlin shelter is shown in figure 13. For the first five days, the

calculated relative humidity was higher than the observed. This dis-

crepancy may be due to the fact that there were cool regions in the

shelter interior surfaces whert ciore condensation of water vapor was

taking place thAn was determined by the calculation which was based ,'wn

average surface temperatures of each exposure. Some oi the high peaks in

the computed relative humidity during the last three days were not regis-

tered in the observed record. Figure 14 compares the calculated earth

temperature surrounding the Summlrlin shtlter during the summer test

period with the observed. The agrcrient between calculated and observed

Ivalues was quite good for the south and east walls. The earth temperature

under the floor was not observed during the test because this was a pri-

vately vwned shelter and it was decided that the water-tightness oi the

floor should not be Jvopardixed by raking a hole through it. The cal-

culated roof region temperature was much higher than the observed values.

As nentime before, this diecrepa cy is assurAi to be :aue; by partial

at~lfrAtion of solar etnergy by urfsce esportiton of Xrod moisture,
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resulting in less temperature rise in the interior of the earth than cal-

culated. It was found for all other shelters for which the ground surface

was not dry and bare, the inclusion of solar heat in the calculation

usually gave higher shelter temperatures, as well as higher roof region

temperatures, than observed values.

Figure 15 compares the computed Sunmerlin shelter thermal environ-

ment with the observed condition for a moderate climatic condition.

Although the computed tempetdaurc amplitude was again lower than the

observed, the agreement between the computed and the observed data is

very good and was better than for the hot summer test condition. Three

high peaks of the observed shelter relative humidity during the last two

days of the test were not reproduced by the calculation and they may

represent instrumentation errors, Essentially identical results were

obtained when the calculations were repeated by M-(3) or one-dimensional

compound model on Summerlin shelter.

Figures 16 and 17 compare calculated results with observed tem-

perature and relative humidities of the Broyles shelter. As described in

gection 4-C, this shelter was conditioned by a cooling coil using well

water during the first two days. In figure 16, a dashed curve shows the

computed result without consideration of the cooling coil, thus yielding

much higher shelter temperatures during the first two days of the test.

The last 2-day portion of figure 16 was not simulated by the computer,

so the comparison between the calculated and the observed shelter tem-

perature without air conditioning should be made between August 1 and 16.

However, an adjustment was made later to account for the observed cooling

(capacity of the coil by making QaS and L augative in the equation for

miscellaneous heat load in section 2. The first 2-day portion of the

Broyles shelter calculation was repeated with this adjustment and the
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-7results are shown by solid dots on figure 16. The adjusted and cal-

culated shelter air temperatures for this initial 2-day period agree

very well with observed temperatures obtained at the geometric center of

the shelter

Figure 17 compares the calculated and observed relative humidi-

ties in the Broyles shelter. The large disagreement of the computed

relative humidities during August 2 to 7 cannot be explained adequately

by the available data. The agreement of the computed relative humidities

with the observed values for this test were generally very poor, and the

same trend was also observed in the Napier shelter comparison, as shown

in figure 19.

The Napier shelter temperature comparison was satisfactory if the

solar heat input to the ground surface is ignored, as seen from figure 18.

The inclusion of the solar heat in the calculation caused the computed

shelter air temperature to be approximately 3 to 4 degrees higher than the

observed temperature.

By contrast, figure 20 shows excellent agreement between the

calculated and observed temperature and relative humidity during the

winter test condition for the Reading shelter. For this shelter, nearly

80 percent of the total heat generated was conducted into the surroundtn#

earth. The aoisture balance of the test results is shown in figure 21,

indicating the continuous condensation of water vapor on the imner sur-

faces of the shelter during the first ten days of the teat. The venti-

lation rate was either 3 cfs or 1% Ofm per person during this period.

The excellent agreement between the computed therml enviro-mnt with

the observed condition during the first 10-day period is a good demon-

stration that the computer siguletton technique wee v"id. Hmever, in'.

.-.
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figure, 20, the computed rtative huidity is oppro~dmately 10 percent

lower than the observed during the last three days. bvrin this perituo

the simulated occupants were increased from the equialenit of 50 to t00.

in figure 21, the indicated umoisture balance within the Reading shelter

during tbis period shows that the wart-flation sir etva ily carriod wet

"ere water vapor than was produced by all of the simutlated occupants.

'This proves that the shelter wall vat drying out during the period. As

~L"" I J.r- mputer prngraw doep uot have provL.4mn for aim-

toting the drying process of concrete wall#; therefere, the computed

retative humidity was lower than the observed.

Figures 22 end 23 compere the computed and obse.:ved earth tempero-

turts surrounding the Reading shelter. Being in the midst of winter,

the undisturbed earth taimersturo was relatively low and the ground aur-

fete was sno covered during this period. Two computer wMdels M- (2)

(sysetrical ad three-dimeen 1) and U-0~ (ono-d'mensional and compound),

were applied to the Reading shelter calculation, resulting in practically

identical tharmel eairooments. The ground temperature prof ies were

computed and compared with the observed profiles for other prototype

seolters and thet agreement between the calculated end observed results

ware, Sontrally similar to toe show in fizuros 22 and 23 for the

Beding sWolter.

Ite cCmpter KO&4. H.(4) * basically is one-div~esimal and cemed

#ys taun with the top ourface o. the reet btig adiabattic, Owe Oemploye to

awte, the themel mmauirots of the Ft. soevior 200-m m d WO-jm

besasat-type aseters. These ieelts ane Mhow gSspkially to ftvkees 24,,

eOd 25. TAstead of cempeting the r*IAtIVe bwityo s a asesof ether-

shoteon effective tempraturee VWego empere I& addtit *0 rybl

el-4,
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READING SHELTER EARTH TEMPERATURE ON THE
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READING SHELTER EARTH TEMPERATURE ON THE
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perfectly for the 1000-sian shelter. Higher prnd lessfl ai dy

bulb arnd effective temperatures veri calculated fdr the 200-ien she*ter

than were observed, particularly durzing the fir&,. seven dAys ote test

period. B:, comparison It appeared that the abaerved -sew~peraturee

reflected shelter diurnal ayclea corresponding to a highsr ventfl.*-

tion air rate than the indicated 3 cfm per pereon. It also should be

realized that the geometrical relationship bletween the inlet for the

ventilation air and the stations for room temperature messuremezt and

the mixing effects in the intervening space would have an effhct in the

amplitude of the temperature variations observed in any of the shelter.

6. CONCLUSIONS

Except for a very few cases, such as for the Napier shelter' and

the NBS shelter test 4 conditions, the comiputer simulation based upon a

finite differencc, solution of the heat conduction equation for the cal-

culation of the thermal environment of undergrotid protective shelters

has been found generally satisfactory. Good agreement between calculat-

ed and observed thermal conditions was obtained for tests 2 and 3 it the

NES shelter, the Summerlin shelter, the Reading shelter, and the Ft.

Belvoir 1000-man shelter. Thbis agreement coincided with well-controlledt

test conditions, and where input parameters were iinown more accurately,

than in other cases. However, for this typeef analy'sis there ara two,

inherent uncertainties which influence the accuracy of the calculations.

The first uncertainty stems from simplification of the actual

environmental system when constructing the mathematical model. The
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complexity of the system including construction details of interior

partitions,, foundations, wall supports and reinforcing; 'the hater-

ogenaous temperatures, thermal properties, and types of the surround-

Ing *arth; and space variation of conditioning air and its convective

ptftiq the shelter, makes an accurate mathematical description

of the .4yetet very c~iificult. Therefore, the simulated computer

madel ie a uimplified veruioni of the actual system that is suited to the

mathematical hamdiing of the problem The magnitude of the error due to

this uncertainty has not been evaluat~d, but it is a part of the differ-

ences between calculated arad observed tem~perature and humidity conditions

shown in this report for aeven different shelte!72.

The-second uncertainty is closely related to the first, and con-

cerns the reliability of input data. it ig almost impossible to6 acquire

complete three-dimensional information on earth thermal pr~operties and

temperature, and if such information were available, it would be difficult

to use as computer imput data. Therefore, when a homogeneous- heat con-

duction model is employed for a system surrounded by earth of hetero-

geneous characteristics and temperature, the choice of proper input values

becomes very difficult. The uncertainty involved in evaluating the interior

surface heat transfer coefficients is equally as diffic~ult, as discussed

in section 5.

Thus the simplification of the physical characteristics of the real

shelter-earth system employed in creating an analytical model and the

urcartointies in the thermal properties of the materials involved,

became the principal approximations incorporated into the computer
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analysis of the thermal environment in shelters. In spite of these

uncertainties, good agreement between computed and observed results was

achieved for many of the shelters descirbed in this report.

In addition to these general conents, these specific conclusions

are emphasized, as follows:

(a) Soil analysis of most of the prototype shelters indicat-

ed that thermal diffusivity and thermal conductivity are in the neighbor-

hood of 0.02 ft /hr and 0.75 Btu/hr f? (deg F/ft), respectively. These values,

in turn, seem to result in fairly good agreement of earth temperature

change during the test period for most of the shelters.

(b) Heat conductance at the shelter inner surfaces for most

of the summer shelter conditions may be approximated by the following:

1.0 Btu/hr fti deg F for v rtical walls.

1.5 Btu/hr ft? deg F for t e ceiling.

0.5 Btu/hr f? deg F for the floor.

Although there my be some other values and other combinations of these

values that may have resulted in a slightly better simulation than those

used in the analysis, these three values can be considered representative

design heat transfer coefficients in the underground cavities.

(c) For large shelters, the one-dimensional, compound 6-

directional model M-(3) will probably be adequate for calculating the

shelter heat transfer. Thus, the compl'icated 3-dimensional model may not be

required, at least for the heat transfer calculation of less than 14-day

occupancy. For small shelters (such as a family shelter similar to the NS

shelter), however, it is recommended that the three-dimensional model be

used for the accurate calculations.

'4
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7. APPENDIX

7.1 Air-conditionLg_ subroutne.

Program H-(4) employs a subroutine for air conditioning the

shelter. This subroutine enables the computer program to include the

heat and vapor absorbing capacity of a given cooling system (a fan-and-

coil unit) in the shelter heat balance equation of 2.1. The row by wow

account of the cooling coil performance is considered for the cross-

counter flow circuited coil circulating the well water. The input data

required for this subrwtine are:

Shelter air dry-bulb temperature, t
a0

Shelter air wet-bulb temperature, tag 01

Ventilation air dry-bulb temperature, t F
v

Ventilation air wet-bulb temperature, T, op

Wulet coolant temperature, t F

Recirculation air rate, CPIM

Contact factor of air conditioang coil per row, Cf

Thermal resistance between the solid-air inter-

face and the coolant, 0 F, fte hr/Btu

lstimated temperature rise duo to fan heat, Aty

0Coolant heat content, G 1Atu/hr, P

The contact factor per row Cf, mentioned above, is a function of air

f face velocity across the given art coo!ing coil., sti-side heat tvansfar

coefficient of the coii surface, ond the a*Owt of total beet tre;3sfer

surface. The factor may be etise*W by the followig eawprossions:

-, - 'j
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fa - FH 7-1

where f a- air side heat transfer coefficient, Btu/hr ft2 'F.

S p- air side heat transfer surface of the coil per row, ft2

CF CFM~t + CYM as total air flow rate.

The thermal resistance value R w may be estimated by the following expression:

S~f

where St - ciolant sidia heat transfer surface of the coil per row, ft2

f- heat transfer coefficient of coolant, Btu/hr, ft? *F.

Er - sum of all other heat reuistanci between the coolant aide

surface and air side surface, such as thermal resistance

due to tube wall, finish bond, finish metal (depending upon

the effectiveness of finish), and condensate film thickness.

The temperature rise due to fan heat can be estimated by total

power input to the fan and air flow rate, assuming that all the fan heat

will be expended to raise the air stream temperature. The value of Atf

usually does not exceed 3 *F.

The coolant heat Sw is the coolant mass flow ra&te multiplied by

the cool.ant specific heat. In the case of adirect expansion refrigerant

coil, where the coolant temperature change in the coil is very small, G,,

ts considered infinity, or a very large number. The details of the cal-
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culative procedure on Cf and Rw, and their design value can be found in

references 5 and 6.

First, the air inlet condition to the air cooling coil is calculated

by the following equation:

ti-(CFM)R(ta) + (CFM)(tv) 7-3

Hi -) + CFM Z 7-4

where ti, Wit Ha, and Hv represent inlet air dry-bulb temperatures, inlet

air humidity ratio, shelter air humidity ratio, and ventilation air

humidity ratio, respectively. These humidity ratio values are calculated

by a separate subroutine from dry- and wet-bulb temperatures, as

explained in section 2.7.

The air conditioning coil is assumed to be of mnulti-row structure,

and the overall direction of coolant is counter to that of Air flowv,

although for individual row* Cl coolant is flowing perpendicular to the

air stream. For sime~licity, it is assumed that the coolant temperature,

as well as air-side surface temperature of a row, changes by a step func-

tion. The heat and vprtansfer calculation of the ccountor-f low dehunidi-

fying coil requires ao iterative procedure. becaus', except for the direct

expansion coil, the outlet condition of. air or coatis not preioufsly

*known. in this report, the outlet coolant temperature, which is to the

sam side *a the inlet air condition of the coil* is first approkimatod.

The hoat and vapor transfer, and subsequent reduction of sit teipratures
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air humidity, and change of the coolant fluid, are then calculated

row by row. After the calculation is completed, the total net cbmwg

in coolant temperature is subtracted from the outlet temperature of

the coolant, yielding the calculated coolant temperature at the inlet

condition. If the calculated coolant temperature at the coil coolant

inlet is different from the actual, the calculation is repeated with a

modified outlet coolant temperature until the calculated agrees vith the

given inlet temperature of the coolant flow. The general heat and vapor

transfer relation used for this calculation is described for i row as

follows:

Cf [1.08 CFM(ti-tsi) + 4.5 (CPI)Q(.)(UI-Ws£)i -J,~tsi-twi) 7-5

Wi in the above equation is the humidity ratio of the air saturated at

the surface temperature, tsi; if Wi -9Wi the second term in the left

hand side of the equation is set equal to zero. Since Wi is a compli-

coted function of toi, an iterative technique is required to solve tai

from the above expression. Afterts Is obtaited, the leaving air condi-

tion, ti+j, WV~ 1 , from the I row, and entering coolant condition to the

I + Is tvi1+l, are calculated by the following relations:

Wi Viel (Vi W)(Cf) if WL > Wast
7-o7

S lp

twi) *(twi twi~i)(CG1)74C
RIM

R1
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Sine al1 of the .elations are linear, calculations of lt:+1* V1+, a d

tv,~l are stralstforwrd. -

When the total nmber of rows is N and the properties in the air

inlet poin-t are specified by subscript 1, the properties of the air out-

let condition rhould be specified by N + I. Thus, the calculations will

be iterated, as mentioned before, until tvi+l becomee equeal to tw. The

final results of the sir conditioning capacity will be expressed as

follovs:

(1) Sensible cooling capacity, QS = (1.O8)(CF)(t 1-tg 1+Atf)

(2) Latent cooling cp pciry, OAL - (4.5)(C1M)( 1 -4Wv+l).

With the value of QAS and OAL known, the shelter sir eolditio

for the next time period am ean be calculated by adding US and QA& to

the overall heat belance equation in (M).|j
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(CoMputer ~Pgoirasj

Portran listings of the computer program. developed for the

heat transfer studies in underground protective shelters during the

contract research are attached in the following pages. Except for

)I-3 program, the computer symbols are explained according to input

and output sequences at the beginwing of each program.

A complete set of input data and illustrative examples of

output format for program 14-4 are also shown

C-1



Program M-1 Inaput-and Output Symbols

KP: ati idx akigth ntrfc A arhan orh0sl
K!!: A matrix index marking the interface of earth and south waull,

KP3: A matrix index marking the end of earth block outside the south

wall.

KQI: A matrix index marking the interface of earth and east wall.

KQ2: A matrix index marking the interface of earth and wetit wall.

l'Q3: A tratrix index varking the end of earth block outside the west

wall.

KR1: A matrix index marking the initerface of earth and shelter roof..

KR2: A matrix inde-c marking the interface of earth and shelter floor.

KR3: A matrix index marking the end of earth block below the bhelter

floor.

KP: Nearest integer to (KPl + KP2)/2.

KQ: Nearest integez to (KQl + KQ2)/2.

KR: Nearest integer to (ICE + KRt2)/2.

RR: Number of time inL-. rents.

LC: Number of matrix points for shelter inner-wall.

WC: Work cell for determining type of initial earth temperature data.

WC -- 1. : Depthwise variation

-0. :Homogeneous earth temperature

-1. :Six diractioal variations.

TGI: A constaut initial earth temperature when WC -0.

C-2
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TCI(), G2(1, T3(1, Tr~l)117(l),TG61): nital arthtemara

tureproile ineart blcksoutideo-Wrh.4ut. eas,.~

Lr(. Thices ofl en earth block, fts eo ototes,

CGW Twetl rondciyof ea foo, resetivelyck Bt/rI t

AC(LM) Thitial difmperatr of-htrto~o h hle ner wall,ft2/r

2

AG(M): Thieldis it ofth earth block, ft /r

CK(M): Heras conduc ii t ther walltur nrf ace,

7 CG(M): ~~therl. codciiyoferhbok,.uh~tS

HD(M: Hats transfer coefficient at the shelter inner surface,

2

lb/hr. ft (lb/lb).

RG(H): Heat transfer coefficient at the external side of the earth

block, Btu/hr~, ft 2, -F.

DB(N): Outdoor air dry-bulb tenperatureq OF*

TV(CN)t Ventilation air dry-.bulb temperature, 'P.

DPV(N): Ventilation air dew-point temperature,S.
2

QW: Solar radiation-r.Btu h&ft

A: Shelter length (internal dimension), ft.

Bt Shelter width (internal dimension), ft.

C: Shelter height (internal dimension), ft.

C-3



ZRI: Number of 600 ktu/hr ctupaut64

ZN2# k4umber of 400 Btu/hr occupants

Z13.: Number of 200 Btu/hr occupanta

TA: 'Shelter Air temperature, 'F.

DPA: Shelter air dew-point temperature,

PB: Barometric pressure, in. Hg.

BS: Total sensible heat emitted by non-human heat source, Btn/ht

BL: Total latent heat generated by non-human beat 2ource, Btu/hr.

DGX: Finite Difference, eurth length for N-S. Coordinate direction,

DGY: - Finite Difference, earth length for I-W. Coordinate direction,

ft.

DOZ: Finite Difference, earth length for roof-floor coordinate

direction, ft.

DGXl: Modification of DGX for 1P1 <1 <1F2, ft.

DGYI: Modification of DGY for KRl <J <KR2, ft.F
DT: Finite difference inner wall time, hr.

V: Total interior volume of the shelter, cu ft.

G: Ventilation air rate, et.

ZN: Run identification number.

DTT: Finite difference time for earth block, hr.

TG(I,J,K) :Earth temperatu.re 07.

N: Number of time iterations (subscript).

TM.* Elapsed time, hr.

QVS: Sensible Heat Exchanged with Ventilation Air, Btu/hr.

C-4
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QVL: Latent Heat Exchanged with Ventilation Air, Btu/hr.

QGS: Sensible Heat Generated within the shelter, Btu/hr.

QGL: Latent Heat Generated within the shelter, Btu/hr

QWST: Heat Transferred to the shelter Inner surfaces, Btu/hr.

QWLT: Latent Heat Transferred to the shelter inner surfaces, Btu/hr.

TWCT: Water Vapor Collected on the shelter. inner surfaces, lb/hr.

TQVS, TQVLs TQGS, TQGL, TQWST9 TQWCT, TTWCT: Cumulative values for

QVS, QVL, QGS, QGL, QWST, QYLT and WCT, respectively.

AT(N) = TA Calculated shelter air dry-bulb temperature, *F.

RH(N) = RA: Calculated shelter air relative humidity, ~

DP(N) = DPA: Calculated shelter air dew-pcint temperature, *F.

Subscript M refers to exposures such that

M 1: North wall and its region

2: South wall and its region

3; East wall and its region

4: West wall and its region

5: Roof and its region

6: Floor and*,its region.

Subroutine:

GN: Computes the moisture saturated air vapor pressure for a given

temper A tre using Gaff and Gratch formula.

Cc-aiut-s the boundary tempero'ture by a finite difference formula.

QG: Comoutes the humin metabolic heat by type of occupants as t.Kr.ction

of 2tr



C UjNDERGROUND FALLOUT SHELTER THERMAL ENVIRONMENT HEAT TRANSFER 1185000C
C NATIONAL BUREAU OF STANDARDS PROJECT-10436 T.KUSUDA, 10.3 118500I1L

DIMENSION TG(23v22v29), ICC10t6)pQS UN~t7O,6),DB(17OhTVL 170)
DIMENSION DPV(170)oTGI-(10),TG2(10),TG3(10)gTG4(10)tTG5(l0) 118500(
DIMENSION TG6( 10),TGO(30),S(6b90(6),ZL(6),AG(6),AC(6) ,CK(6),CG(6)1185004(
DIMENSION K(6),HD(6),HG(6),QWS(6),QWL('6),rQWSc6).,TQWLC6),ITWC(6) 1185005(
DIMENSICN TTWC(6)tQSUNT(6), ATI 170) ,RHI 170),OP(170).,QSUNO(6) 1185006
DIMENSION CD16),E16),Q(170)

3 FOIRMAT(8F9.4) 1185007~
1 FORMAT(14I4,2F3,.O) 11851

99 READ 1,KPltKP2kKP3tKQ1vKQ2tKQ3 I KR1,KR2vKR3tKPKQ9KRtNNvLC,kZ 11851
IF(WC) 2v 1291i 1185010~

12 READ 3,TGI 1185011
GO TO 10 1185012~

2 GO TO 13 1 1850131
11 READ 39(TG1(I),I=1,KP1),o(TG2(I1),I=KP2KP3),,(TG3(J),J=1,KQI) 1185014(

READ 3t,CTG4(J)tJm KQ2,KC33,tTG5(K)',K=1,KR1),(TG6(K)i,=KR2,KR3) 1185015C
10 READ 3, (ITC(LM),L=1,LCltM=1,6) 11851

READ 3, (SCM),M=1,6), (D(M),M=1,6), (LL(M)tM=1,6) ,(CK(M) ,M=1,6) 1185017(
READ 3, CCG(M) ,M=l,6) ,(AC(M) ,M=1,6) , AG(M) ,M=l,6) ,(H(M) ,M=1,6) 1185018(
READ 3, (HD(M)#M=lt6),IHG(M),M=1,6)- 1185019(

6 READ 3,(OB(N),N=1,NN),(TV(N),N=1,NN),fDPV(N) ,N=lNN),(Q(N),N=1,NN)1185040(
DO 55 M=1,6 1185041(
IF(IG(M))50,5l#50 1185042(

51 DO 52 N=1,NN 11850)4Y
52 QSUN(NM)--0. 1185044(

GO TO 55 1185045(
50 DO 54 N=1,PNN 1185046(
'4 QSUN(NtM)=C(N) 1185047(
j CONTINUE 118504W~
9 READ 3. TB I ,Z'- ZN2,VN31,A )4B8S~,GX,DGY,OGZ,DGX1,DGY DT 1185049(

14 FOR&MAT(4F9.4) 1-, 11851
READ 14,Ly~b,4Nuirl 11851
GO TO 300 1 185052(

13 READ 3t(TGC(K)tK=1,KR3) 1185053(
GO TO 10 1 185V 54

15 FORMAT(43H1 UNDERGROUND FALLOUT SHELTER DATA) 11850551.
300 PRINT 15 1 185056C

PRINT 16 1185057(
16 FORMAT(79H0 ZN A B C V G 1185058e

1 ZN1 ZN2 ZN3 DT ) 11850591
30 FORMAT CF9.OF7. 1,2F8. 1,FIO.0,F12.0,F7.0,3F6.2)

PRINT 30.ZNvAtBiCvVvGtZNI ,1N2,1N3,DT 1185059.
PRINT 17 1185060(

17 FORMAT(64H0 M 1 2 3 4 5 11850611
1 6) 1185062(
PRINT 18t(CK(M),M=196 )1185063(

18 FORMAT110HO CK[M) 6F10.3) 1185064t
19 FORMAT(IOHO CG(M) 6F10.3) 1 1850651
20 FORMAT(IOHO0ACIM) 6F10.3) 11850661
21 FO'RMAT(10H0 AG(M) 6F10.3) 1185067'
22 FORMAT(10H0 DWM 6FI0.3) 1185068'
23 FORMAT{10ti0 ZL(M) 6F10.3) 1185069,
24 FORMAT(10H0 S(M) 6FI0.3) 1185070'
5 FORMAIOHO H(M) 6F10.3) 1185071'

,6 FOIRMAT(IOHO HGIM) 6F10.3) 1185072
27 FORM~ATIC0H0 HDIM) 6FI0.3) 1185073

PRlNT19,(CG(M),M=1,6) 1 185014
PRINT20, (ACCM),M=1,6) 11850i5
PRifNT21,(AC(,k),M=1,b) 1185076
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-PRINT22v(D(M), Mal,6) 1.185077(
PRZNTZ3tiZL(M)tM-16) 1185078(
PRINT24t(StM), M-1#6).. 1185079(
PRINT25,(Hn), Mu1t6) 1185080(
PRINT26p(HG(M)vM=l,6V 1185081(
PRINT27v H0(M),Ma=l6) 1185082(
GO TO 100 1185083(

C GROUND TEMPERATURE INITIALIZATION 1185084(
.100 IF(WC) 101,102,103 1185085(
101 00 104 I-1,KP3 1185086(

00 104 J-I,K03 1185087(
00 104 K=ItKR3 1185088(

104 TG(I,J,K)=TGO(K) 1185039(
GO TO 129 1185090(

102 00 105 lulKP3 ".... 1185091(
DO 105 JmlKQ3 1185092(
00 105 K*1,KR3 1185093(

105 TG(I,J,K)=TGI 1185094i
GO TO 129 11850951

103 DO 900 I-lKP3 1185096(
DO 900 JzlKQ3 1185097(
00 900 K=ItKR3 1185098f
IF(KPl-I) 111,106,106 11 85099C

106 IF(J-KCl) 111,1071107 1185100(
107 IFIKQ2-J) 111,108,108 1185101(
108 IF(K-KRI) 111,109,109 1185102f
109 IF(KR2-K) 111,110,110 1185103(
110 TGII,J,K) =TGIiI) 1185104(

GO TO 900 1185105f
..'1 IF(I-KP2) l17,112t112 1185106t
112 IF(J-KQI) 117,113,113 1185107(
113 IFIKQ2-J) 117,114,114 1185108(
114 IF(K-KR1) 117,115,115 1185109(
115 IF(KR2-K) 117Tl16pl16 11851101
116 TGCI,J,K) =TG2(I) 11851111

GO TO 900 1185112(
117 IF(KQI-J) 121,118,118 11851131
118 IF(K-KRI) 121,119119 1185114f
119 IF(KR2-K)I121,120,120 1185115f
120 TG(ItJtK)=TG3(J) 11851161

GO TO 900 1185117r
121 IF(J-KQ2) 125,122,122 1185118
122 IF(K-KRI) 125,123,123 11851191
123 IF(KR2-K) 125,124,124 1185120f
124 TG(I,J,K)=TG4(J) 1185i21f

GO TO 900 11851221
125 IF(KR1-K) 127,126,126 1185123:
126 TG(I,J,K)=TG5(K) 1185124t

GO TO 900 1185125i
127 IF{K-KR2) 900,128,128 11851261
128 TG(IJ,K)=TG6(K) 1185127,
900 CONTINUE 11851281
1900 FORMATI1OF9.5)
129 TM=O.O

TQWST=O. 1185133,
TQWLT=O. 1185134'
TTWCT-:O. 1185135
TQVS=O. 1185136
TOVL=O. 1185137
TQGS=O. 1185138
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TQGL=0. 1185139(

TTOSUN=0. 1185140(
00 152 M-1#6 1185141(
TQWS(M)-Oo 11851142(
TQWL(M)uO.' 1185143(
TTWC(M)s0. 1185144(,

152 QSUNT(M)=O. 1185145(
LLC*LC-1 11851
ZLCSLLC

C END OF INITIALIZATION 1 185146(
DO 800 Nu1,NN 1185147(

29 FORMAT (10F5.1) 11851
301 00 28 M=106
28 PRINT 29t (TC(LtM)tLzltL)' 11851

PRINT 29, (TG(IIKQKR)PI=1,KPI) 11851
PRINT 29, (TG(IKQtKR),li=KPZKP3) 1185L
PRINT 29t (TG(KPtJtKR),J-1,Kgl)' 11851
PRINT 29t (TGCKPtJ9iCR),J-KOZKQ3) 11851
PRINT*29, (TG(KPtKQPK)tK-i#KRIJ 11851
PRINT 29, (tt(KP,KQ#K)PK-KR2,KR3) 11851

1501 FORMAT( 16F5*1)
PRINT 15019 TG( 1,1,1),TG(1,1,KR3I ,TG(1,KQ3,1),TG(JKQ3.KR3),TG(KP311851
1,,Ib)TG(KP3,1,KR3),TG(KP3,KQ3,1),TG(KP3,,KQ3,KR3),TG,(KPL,KQ1,#KRl).1185I
ITG(KPIKQ1,KR2)tTG(KPIKQ2,KRI)tTG(KP1,KQ2tKR2),rG(KP2tKQ1,KRI~hTGIIS51
11(KP2,KQ1,KR2),TG(KP2,K02,KRIbtTGIKP2,KQ2,KR2) 11851
'TM-TM.DT T 11851
RPSVr-GN(DPV(N)) 1185148
WV-0.622*PSV/ CPB-PSV) 1185149
DTV'mO. 11851

X-. j5 DTMsDTM+DT 11851
DTAO0.2
TA 1=40.0
IR=1 11851

405 gVS%1.08#G*(TA1-TY(N)
QGS=QG(TA1tZN1,ZN2,ZN3, 1.)+BS
QWSTO0.
DO 153 M=1#6
ODIM)=D(P4)/ZLC 11851
0WS(M)=HCM).S(M)*(TAl-TC(lpM))

153 QWST=QWST+QWSIM)
GO TO C1153t406),IR 11851

1153 ZX=QGS-QVS-OWST 11851
IFIZX) 400,401,402

402 TAl=TA1+DTA
ZX2=ABSFCZX)
GO TO 405

400 TA2=TAl-DTA
ZX I=ABSF (ZX)
TA=ICTA1*ZX2+TA2*ZX1)/(ZX1+ZX2)
I R=2 11851
V'A 1 r A
GO TO 405 11851

401 IA=TAI
406 DDPA=O.2

JPA 1= 40 .0
I R 1 11851

409 PSA=GN(DPAl)
WA=O.6Z2*PSA/(CPB-PSA) 1185159
QVL=4780. .G*( WA-WV) 1 18516C
Q',L =o. 1185 !6C
TWCP- O. I18

CO] 158 M=1,6 C81u



WSwO.622*PSU/ I P-PSW) 106
tF(WA-WS) 154*1549M50154 QMLIMJ&O.

15 07()061. 11016')*WAW
IS6 OWLTaQWLT.0WL(M) 1185160

7WCIM)xQWL(M)/1061. 1385165
158 rwcTmTwcT+Twcif4) I116M

QGLwQG(TAtZaNiZ.1N3.0. 181tsoiv
GO TO I11S.t413)IR 11851

1158 Z*QGL-VL-QW11351s
IFIlY) 4109411t412

GO TO 409

O O 09 11151

f 411OPA-*DPA

4.13 POA*GNITA)
RHA.100.*PSA/POA
00 161 Mul#6 857

TQWLIN)zTQWL(M)4QWLIM1.DT 14P
lWuCOIM3*IQWSII4)*OWL(NIl/ICK(NJ*S(Ni)TC(2.NJi 1185165

160 TC(1,N)SZW 11*5 166,
161 YTWCIM)&TTWCIM).TWCIM)cDT 1101?

TQWSTmTOWSTOWSToCT 116l1k78
TQWLTnTQWLT.QWLT*OT 1657
rrwcT*TTWCTTWCT*DT 1$Y
FQGS*TQGS4QGS*DT I 10179
TOiGLsTQGL *DT MUM~1618
F QVS*TQVS*GVS#DT 14t
TQVL*TQVL+QVL*OT1111

C CONCRETE WALL TEXPERAAWREt DISTRIBUTION1190
00 164 N.Ih 18*0
EIMI.ACfPJ.Df/OOINI..Z 1149204
00 164 L*ZLLC 11691

164 rcLM*L)ICL1N.CL'.II.EN-..CLNI1189204
IF ICYR-OYT) 1405, 1164.1164 11651

C GROUJND AND CCNCRETE BtjND&AY TEMPERATURES 1145207
1164 00 165 J*KCI*KQ2 11651

00 165 KuKRI#KR2 1185209

16S 1,KQ1,K)g *FNICKI3ICG2),TCILC).TGIIK2l-6,RI. 0041#1,X0V0.1116f1
0016? ISK1PI*KP2 101

00 16? J*RI#KO*1152
TIJ.lKft1X) 'FNICEIS),CGI).TCILLC,5PTGII.J.RI1) OtStOZ0.115

166 tGIIJKRZ@) .FteCKb'G1)TCILLC,6),TGPIhJER*t*1I 0I011 Y#..b116
00IC 16 1AKFIKP.QR)10

ATII#C,)ItG(KPOF I,,AICGS#CIL*)Tft*ti~-l 0001014t

TCILC.SI*TGIRP,KQERI 11851

TCILC*6I.TG(KP.02Kt2)esV~Lol*GK*KlKt)t~
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C GROUND TEMIPERATURES 1165220
KP4 =KP3-1 1185220
KQ4 = KQ3-1 11-85220
KR4-,j* KR3-1 1)J85220
DO f,00 1=29KP4 1185221
D0 600 J=2,KQ4 1 185222
00 600 K=2#KR4~, 1185223
IF(KPI-I) 173t I6,166. 1185?24

168 IF(J-KC1) 173,169,169, 1185225
169. IF(K'02-J) 173#1709170 -1185226
170 IF'(K-KR1) 173,171,171 1185227
171 IF(KR2-K) 173,172,172 1185228
172 AGG=AG(1) 1185229

IF(I-KPI) 500,600,600
173 IF(I-KP2) 179,174,174 1185231
174 IF(J-KCI) 179,175,175 1185232
175 IF(KQ2-J) 179t,176,176 1185233
176 IFCK-KRL) 179,177o177 1185234
177 IF(KR2-K) 179,178,178 1185235
178 AGG=AG(2) 1185236

IF(KP2-I) 500,600,600
179 IFtKQI-J) 183,1.80,180 1185238
130 IF(K-KR1) 183,181,181 1185239
181 IF(KR2-K) 1839182,I82 1185240
182 AGG=AG(3) 1185241

IF(J-KCl) 500,590,590
590 !F[I-KPl) 500,5809580
580 IF (KP2-I) 500#60C,600
.13 IF(J-KQ2) 187,184,184 1185243
-j.~4 IFCK-KRJ) 187,185,185 1185244
185 IF(KR2-K) 187,186,186 1185245
186 AGG=AG(4) 1185246

IF (KQ2-J) 500,570,570
570 IF (I-KP1) 500P560,560
560 IF(KP2-I) 500,600,600
181 IFUKR1-K) 1899,188,188l 1185248
188 AGG=AG(5) 1185249

IF CK-KRI) 500t,550t550
550 IF U"-KPl) 500,540,540
540 IF (J-KO1) 500t530,530
530 IF CKQ2-J) 500,520,520
520 IF(KP2-I) 500,600,600
189 IF(K-KR2) 600,190,190 1185251
190 AGG=AG(6) 1185252

171:KR2-K) 500,521,521
521 IF (I-KPI) 500t522,522,
522 iF(J-KCI) 500,523,523
523 IF(KQ2-J) 500,524#524
'524 1f1(KP2-11 500,600,600
500 !Fil-KPI) 502,502,503 1185252
503 IFIKP2-I) 502,502,504 1185252
504 DGX=DGXL 1185252
5J2 IF(J-KCI) 501,501,505 1185252
505 IF(KQ2-J) 501,501,506 1185252

& CGY=OGY1 1185252
13j 1 EtGX=ACG*DT ri CDGX*2) 11851

EGY=ACG*0TT/i0.GY**2) 11F.51
EV -Z=~C G*CTTr/ (CG Z **2) 11l851

T2-=VGC 1-1I,J,K) 1 , 2 5, 65
T2 1-G( +1c-to



T3*TGC 19J-1.e) 1185
T4-TG(t#J4.I*K) 1185
TS2TGI 1,J,K-1) Ie
T6=TG1 1,J#K+Ii 1185.

XX=tGX*fT1T2ZEGY*(T3*I4J+E'&*iT5 f6) 1185,
YY=I.-2.*( EGJC.EGY+EGL)115

600 CONTINUE 1185. IC GKCUND SURFACE TEMPERATUKES 1185;
00 191 J-1,KQ3 1185;
00 191 K-ItKR3 1185.

191 TG(KP3,J,K)ZFN(HGLZ),CG(2),Ot0(N)UT'%-(KP3-1JK,91.,OGX,QSUM4Nt2)) 1185;
CO) 192 Iz1,KP3 1185;
C0 192 Kz1,g(R3 1185.,

TG, 1, K)=F#I(HG(3)tCG(3).U)BCN,*TG(1, 2p K)v1.,OGY,;,SUN(Nv3)) 1185;

00 193 Iz1,KP3 1185;
D0 193 J=1,'(Q3 1185;
TG(IrJ, 1 )zFN(HG(5)C'(5)DtffI),TG(lt J* 2)11.,DGZ*CSUN(N:,53) 1185;

193 TG(1.J#KR3)=Tc.(IPJPKR3)
11 85;

1l185;

AT(N)*T&A 1185;
OP (N)I=RPA185
R1IN )=RHA 1185;
WRITE OUTPUT TAPE 81,299(TCd1,M~tq=1,6),1GIl,1,U),TGI1,1,KRt3) 15
wRIrE OUTPUT TAPE 81,1900,IN

195 FORMAT1IOHO OUS!M) 6FI5.0J 1135;
196 FORMAT(IOHO roWStii; 6FI5.O) 1185;
197 FORMAT(ICHO QWLIM) 6F15.0) 15
198 FORMATilOHO TOWL(M) 6F15.01 1185;
199 FORMAT(lOIO TWC(M) 6F15.0) 1185;

200 FORMAT(IOHO TTWU(M) 6F15.0) 1185;
201 FORMATCLOHO TC(1,MI 6F15.l) 1185;
202 FORMAT1lOOMO 1 2 3 1185i

1 45 6 31135"
203 FORM1AT1100141 N TM oYS QYL 0GS1185;

I QGL QWST QWLT I1185;
204 FORMAT(10I0 TWCT rovs TQVI 1185;

1 T(.GS TQGL T(JWST I1185-'
205 FORMATMOOI- TQWLJ TTWCT TOSUN 11851

ITTCSUN 11852
206 FOKMAT(1I 3,1F6.1t6F15.0) I. 185
207 FORMAT(6F 15.2)
208 FORMAT(5F 15.0) 1185-
302 PRINT 203 11852-

PQ.iNYT 206, N4,rtQvs,QVL,QGS#QGL,QWST,QWLT 1185:
PRINT 204 1 185-
PR INI 207, TWCT,TQVS.TQVL9,T0GS, TOGL, T~wST 11852-
PRINT 205 11851
PR INT 208, TQWL T, T TCT,+9S~f, f f 0 1185-.
PRINT 202 1 18521
PKINT i95, (QWS(M)tM-1#b)
PRiNT 196t(TQWS(M',M=1,6) i8

PRINT~ I90. (TQWLMM=1,6) 11853
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PRuIrf ZO.I(Tr.WCjo)#"-1, 6 ) III~1PRINT Cr ,Tf,,
PRINT 20v# 1051S.

209 FORMATtloop. D.1853 11~
A TAT v N N) 04wi11353Z0

PRINT 29. At(NiOPjjw*fkRH1AA32

AA2)rSOO. 
It~T NNAP4,s?2AA,0e

no0 9 M*I I., IT

1105341

G O T O 19 10



~ro&ram M-2 Input and'Outptt Symbols

IXI: A matrix index marking the boundary between the shelter air

space and surrounding earth (longitudinal direction)

IX2: A-matrix index marking the end of earth region along the

longitudinal direction.

lYl: A matrix index marking the boundary bet-een the shelter air

space anil surrounding earth (transverse direction).

IY2: A matrix Index marking the end of earth region along the

tansverse direction.

IZI: A matrix index marking the boundary between the shelter air

and roof earth region.

IZ2: A matrix index marking the boundary between the shelter air

and floor earth region.

IZ3: A matrix index marking the end of earth of shelter floor

region.

CG: Thermal conductivity of earth, Btu/hr,ft, OF.

AG: Thermal diffusivity of earth; ft"/hr.

DT: Finite difference time, hr

DX: rinite difference length along the longitudinal direction, ft.

DY: Finite difference length along the transverse direction, ft.

DZ: Finite difference length along the vertical axis, ft.

'D T(.: Finite difference time for computing the ground surface heat

exchange, (modification of DT), hr.

A, E, C: Internal dimensions of shelter, ft.
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CUi: Shelter ventilation air, cu.ft/min.

HV (60) (specific heat of air)(density of air) 1.08 for standird (
air, Btu/hr, OF, CFM. 4

WG: Work cell for grourO surface temperature calculation

if WG < 0, ground surface temperature = outdoor air temperature.

if WG > 0, ground surface temperature is computed by solar heat,

convection heat and conduction heat.

RUN: Run number,

2
H1W: Vertical wall surface heat transfer coefficients, Btu/hr, ft, OF.

HR- Ciling surface heat transfer coefficient, Btu/hr, ft, OF.

HF: Floor surface heat transfer coefficient, Btu/hr, ft "F2

2
HG: Ground surface heat transfer coefficient, Btu/hr, ft, OF.

TSW, TSR, TSF: Initial surface temperatures of wall, ceiling and floor

respectively, "F.

TA: Shelter air temperature, "F.

DPA: Shelter air dew point temperature, OF.

ZNl: Number of 600 Btu/hr occupants.

ZN2: Number of 400 Btu/hr occupants.

Zn3: Number of 200 Btu/hr occupants.

BS: Sensible heat generated in the shelter by non-human sourceo

Btu/hr.

BL: Latent heat generated in the shelter by non-human source,

Btu/hr.

PB: Barometric pressure, in. hg.

LI: If posirive, initial ground temperature varies with depth.
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• I

C L2: If positive, outdoor therrial environment is constant.

L3: If positive, ground temperature will be printed out only at the

end of total time iteration.

IA: If positive, ventilation air rate varies with time.

L5: If posittve, number of 600 Btu/hr occupants varies with time.

L6: If positive, numbe.r of 400 Btu/hr occupants varies with time.

L7: If positive, number of 200 Btu/hr occupants varies with time.

L8: Strength of non-human heat source and sink will vary with time.

NN: Total number of time iterations.

OPT2: Work cell for two different kinds of data input formats.

ZLW: Lewis number for wall - 1.

ZLR: Lewis number for roof - I.

ZLF: Lewis number for floor 1.

TG0: Constant initial earth temperature, when L-0, OF

TG (K.'Depthwise variation of initial earth temperature when LI>O, OF.

DBO: Constant outdoor air dry-bulb temperature, OF, when L250.

TV4: Constant ventilation air dry-bulb temperature, OF, when L250.

QSUNO: Constant solar radiation, Btu/hr, ft2 , when L2QO.

DPV : Constant ventilation air dew-point temperature, OF, when L250.

DB(N): Outdoor air dry-bulb temperature (time dependent), OF.

TV(N): Ventilation air dry-bulb temperature (time dependent), OF.

DPV(N): Ventilation air dew-point temperature (time dependent), oF.

QSUN(N):Solar irradiation (time dependent), Btu/hr ft2 .

DN(N): Ventilation air rate (time dependent), cfm.

ZNlN(N):Number of 600 Btu/hr occupants (time dependent).
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ZNZN(N):Number of 400 Btu/hr occupants (time dependent).

QN3N(N):Number of 200 Btu/hr occupants (time dependent).

BSS(N): Sensible heat due non-human heat source (time dependent), Btu/hr.

BLL(N): Latent heat due non-human heat source (time dependent), Btu/hr.

QX: Heat flux on wall normal to longitudinal axis, Btu/hr ft2.

2QY: Heat flux on wall normal to transverse axis, Btu/hr ft

QY: Heat flux on ceiling surface, Btu/hr ft2. -

QZF: Heat flux on floor surface, Btu/hr ft2 .

TM: Elapsed time, hr.

STM(N): Mean surface temperature, OF.

STI(N): Average temperature of the surface normal to longitudinal axis, 'F.

ST2(N): Average temperature of the surface normal tu transverse axis, OF.

ST3(N): Average surface temperature of ceiling, OF.

ST4(N): Average surface temperature of floor, OF.

RHA(N): Shelter air relative humidity, %.

TAA(N): Shelter air dry-bulb temperature, OF. .

Y(N): Elapsed time = TM, hr.



C SIM~PLIFIED SYMMPETRIC SHELTER HEAT TRANSFER ANALYSIS rT*KUSUCA 118510
C RECTANGULAR PARALLELEP'IPED SHALLCIh UNCEPGRflUND 118510
C S=TO3T bHELTFP HEAT TRANISFER SURFACE, SOIFT 181

'CF~sVENTILATICN AIR RATE 1 HV-1.08 SEN'SIBLE 118510
GG wTOTAL I-EAT GEN4ERATED INSIDE THE SHELTER Iloi1o

C %G, *WOfRK CELL, IF WG=O.,CRCUND SURFACEmDB(N),IF NONZEROCAI.CULATE 118510
C IF LluO TGO(K)=TGCC 118510
C IF L2uO 08(N)nnBO, TV(iA)TVO# QSU,4(N)-QSUNO 118510
C IF L3=0 PRINT TEM4P6RATURE AT EVERY TII' E INTERVAL 181
C IF L4-1 READ CFM FOR EACiF TIME PERIOD 11650,
C IF L5zl READ ZNI FOR EACF TIME PERIOD 118510

[ F L6x1 READ ZN? FOR EACH TIME P'ERIOD 118,310
CIF 17=1 READ ZN3 FOR EAC14 TIME PERIOD 118516

C IF L8=1 READ 8S AND BL FOR EACH TIME PERInC 118518
DIMENSICN STMI300),STi( 300)tST2(300),ST313003 ,ST4(300)
CIMENSIEN CPV(300),Y(30C) ,EB(2),EC(2!,RHA(30C)
DIMENSICN T(2O,20,40),rGO(40),08I300) ,TV{300) ,OSUN(300J
DIMENSICN TAA1.300),V(30C iDN(3CC)PZNlN(3CO),Z'42N(300),ZN3N(300J
C11'ENSICN ISS(300)#BLL(300)

500 FCRI'AT(72A 118518

READ 5CC 1185LB
PRIPKT 500 11851D

201 FCRPAT(10F7,0) 11,8510
202 FCRWAT(1017) 1183510
199 READ 202pIXIvIX29IY1*IY2vIZ1t1Z2v1Z3 118510

READ Z01,CG,AGvCT#DXtDYDZ0T,,AtaC 118513
READ 201, CFMHVWG,RUNtHW,HR,FF,HV- 118513
READ 201,TSW#TSRsTSFTA,DPA 118513
READ 20lZNI, ZN?,ZN3,BS,8LPB
REAC 202q,1,L2t13pNN#L4t 15pL6,L7 118510
READ 201, CPT2
READ 201tZLW*ZLRPZLF
IF(LI) 203,203,204 13.8510

203 REA" 201,TGOO 1125 1C
CC 205 K=1,113 118510

205 TGO(K)=TGCO 118a51It
GC TO 206 -118510

204 REAC 20~j\(TGO(K)vK=1,IZ3) 118510
206 IF(L2) 2 7 C.T07t208 118510
207 READ 201,'!BOTVO9QSUNO,CPVU 118510

CC 209 Nz1*NN 118510
co(N)=080 118510
TV(K%)=TVO 118510
OPV(N)=CPVC 11851

209 QSUNIN)=QSUNO 1185L0
GL TC 210 118510

208 IF(OPT2) 401v400,401
400 READ 402,(CB(N),N=IPNN),( TV(N),NslNN3,(DPV(N),N1,NN)IQSU4I(N),Nu

402 FCRPAT (8F9 3)
GC TO 210

401 READ 201,(DB(N)tNlvNN)
READ 201,(TV(N),N-IvNN) 118510
READ 2O1,(CPV(N)tN-ltN4) 11851
IF (WG) 61,61,60 1 18SIM

60 READ 201,(QSUN(N)tN2INN) 118518
*61 IF (14) 63,63,62 WSW51

62 READ 20It(DN(K)vNm1,NNI 118511
63 IF 115) 65t65,64 I sP5it
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61, R-AC O1!,tZN1NWNsiINN) - - -. . . . . . .11851853IF (161 ti7*67M6 
f iesta66 b4EAC 2Pl.(ZN2N(rN),N-1,NN).......-.1156

68 READ 201,(ZN3N(N)vNNw1 k*) 18I69-REAC 202, M8 . 11851
MFLOJ 210#210,70 118518

10 READ 20I,(BSS(,N),N=14 MN) 118518

READ 20191OLL(N),=1,NN) 118518

DO 300 J1I,.l2 118510
DO 300 1=1,IQ' 118510

211 IF(I-IX1) 2i2,2Iav2I6 118510
- 212- IF rJ r-I-zr3-7r7 - 118510
213 IF(!ZI-K) 214,216,216 118510

215 GO TO 300 11851021T1T.JK)T(fl(KV 
1813C0 CCNTINUE_____150

-- PRINT- -- 217,RUN 11. -- ..---. I 0IO

217 FORM AT(SOHI SYP'4ETRICAL SHELTER HEAT TRANSFER,RUN F3.0 3118510~PRTNT 7- 
TUt218 FCRPAT(65HO S CFM TA NV NwI MG -111'87310

SR-A*a 
118513

SW=(+B)*.*C118513

PRINT 219,5,CFM*TAPH.VHWtHG
'65CfrFCRFATr-loo0 - WG - HR

1ZLR ZLF CX By c3

651 FOROAT(IOF1O.3)

219 FOROAT(6F1O.3) 
____118510-

220 FORPAT(55HO 08(N) TV(N) gSUN(N) 181DE;722- 1i7N1 8510
222 PRINT 221o DBfN)9TV(N)#QSUN(N) 11851

READ 202,II,JJ,KK 15TCE'J OF IATA INPUT .111

- KX=1X2-I ~181
KXXm 1l-1 - .--- 8..0

KYa!Y2-; ___ ____________161

K Y -fr- T- ____

KZuIZ3-1 
118510

KZ2*1Z2-1 118510u

____EYwAG*OT/lOY*CY) 
_____118510

M43 *HROCZ/CG 
161

HGUsHG*0ZICG - -ns

17~2Tr EY~RT-~ I1,8510
RXeRO-2.*EX*HI _______
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TRZRaRO-2.*EZoH3
..- .............

\.JEND OF INIT IAL IZATION 1151
PRINT 223 -- f1 0

223 FCRIAT(IOOHO no RX NY RZR RZF UAW51
I Hi liZ __H3 H~
PRINT 229,RORX.RYRZRRZFH1,N2H3i14

329 PRIPT 228
228 FCRPAT(I0H CG AG ox 0? 1185M.

I cZ CT EX_ .. 0 181
'PRINT 2?9oCG#AGHGU v0XvDYvOZ#CT*EXtEYsEZ

2Z9 FCRATI 10F'-13 - __ _ -~ - -- 152
234 FCRPAT(20F6.13 11.1

XXOaI
t YYu lvi

ZZ-1Z2-IZI
AA-CXXx.
BsacY*YY*?.
CCuOZ*ZZ _____

SX=AA*CC -. . --.---- .-

62S;:ee.CC

62FCRPAT( 50141 QY - Z ZF T1153
PRINT 61? 118513
lAmW(0PA)- Mom- -

WWuhITSW) 18L
* IRhITSR).. . . . . ..- 165'
0 WF-hITSF) 161

C START OF TIME ITERATION--*fls1
00 907 N-19NN . 11851
1T1'L4) 51,51,SCt . . .

50 CFN a DNIN) 14518
51 IF (1.5) 53,53,52 T11
52 ZNI aZN1NIK~) 161
53 IF IL6) 55t55954 ~16T
54 ZK2 * MNNIN) 167
55 TL7) fl,Tl,56--------------. .

56 ZN3 - ZN3N(14) 118516
71 IF(LS) 57,57,72 .. --.-.-- -- ~1 UT
72 SS*8SS(h) ~ 81

57 T~uTM+DT
~~P1WR-~W102i 6 ~ - T1

602 ZZWu1O6I..IWA-WW)/( TA-TSW..OOC1/0.243 ____116513

GO TO 603 114513
601 ZZW..
603 IF(WA-WR)6046040605 110513
605 li16 A wnATW . rr rUr1 3f

GO TO 606..........~- .
604 LZRwO.

W06 IFtWA-WFJ607,60Tv606 tftSI3
608 ZZF3161.@IWAwf)/(TA-TSF#,0.000CL)/0.2%)3 11851)

ZZF*7ZFIZLF- -

CC TO 609 __013

* ~~607 UZF*O. --.-.- .-

CC1



W0i TSH=1TSh'Sh*TSRSRTF*SF)/(Sv+SR*SF) 11513

PRaTA
PFwTA- -

HX*Hl.(il.+ZZW) 118513
HY-H2* 1.+ZUW) 110513
HZR-H3*( 1.*ZZR) 118513
HZFuH4'l .+Z1) 118513
QUU*QSUN(N )*DZ/CG 1185L0
QS-CG(1'A*ZNI,ZN2oZ43,1. )+8S
TAI=TA*1.
CSIsVG(TAIZNh*ZNZsZN3, l.V8S
SIS CS 1-CS
Y2-CS*TAI-CSI oT
CLmCG (TA, ZNI, ZN2. lN3, 0.) +SL
IW t DPV (N))
RXsRO-2 .*EX*HX
RYxRC-?. .EY*HY
RZRxRO-2.*EZ*.HZR
AZFmRO-2 .*EZ*HZF

7C2 IF(L3)231,231,8.5
&45 !FfN-NNI 2459Z31;211-- -

231 PRINT 232 118511
232 FORMAT(S0H1 EARTH TEMPERATURE ON Z-X PLANE AT JN1*1181

DO 235 KaIZ3 11851L
235 PRINT 234,(TIZ, lX)olIaIX2) T8f

PRINT 236 181
236 FORRAM~fl0W- E5RTEMPERATURE flN 2'-)('PLANE ATs -'Tnt5'1

DO 23? KmI,1Z3 118511
23T PRINT 234t(TlrJJ*K),I-1,IX2) -181

PRINT 238 181
236 fORPAT(50HI EARTH TEMPERATURE fN Z-Y PLANE -AT 1-11181

CC 239 Kul,IZ3 118511
MPRIT-3401 1 Jo~v-J'IY I YV51

PRINT 240 1851
240 FGRPATt5aHl EARTH TEMPERATURE EN 1-Y PLANE AT 1-1l 1118511

00 241 K-1,113 i16511

71PRINT 24TI..~ u.T7 liesil
ThT7F'RPAT(50Yt' EARTH TEMPERATUW-tN X-Y PLANE' 41- rI(K -)118511

DC 243 jui,1'V 118511is

243 PRINT Z34#fT(IJ.KKII-IX2' II8.
C EARTH TEMPSRATURE SOUNCARIES 181

14 5 3118511
7~iDC 1:3 1alt1X7 118511

DC'kG 13 J-,IY2 Iei

GO TO 1C3 . i5r
IOZ TG s 0.

if (TG-CfI 003,103t)03

6G0 To 602
10 T(71,J,I 3lS~T7Yf Z3)- 181

U401S3TURBED 13XRT1 TEMPERtATURE
vc 104 Yu2.RI

00 105 K*Z#KZ
00 los jolf,TV7*Y

11851



105 T f1X2#JtK)=TGOIK)__ 118511
*DC 106'vKmZ2---

00 106 Iu1,1Y2
__-TVVr(1,rY2,KJ*TGO(K).

cc 900 Kw2a" t 11851
cc 900 J*1,KY - .118511

Do 900 Iw1,KX 11851,1
P2-TI 1+1,#J,K) - -1,18511

PSwTrFJ*K-1 ) 118511

P6-T(1,JK.1) 116511

I Pl- p lissil
G C TO~ 3 - 11851.1

2 PI-T(IIJ#K) 116511
* YTF(J-_1TW,4 Y3_ -_ -- -.-- - - - - -.- __-, --....... 118511

GC TO~ -. 11511

5 P3xT(1,J-1,K) 118511

C ENDO F PREPARATION 118511
-TFT MTF, l11 11851L
7 IF(J-1Y1) 8,11,11 liestA

S 8 IF(IZI-K) 9.11,11 . .118511

9 IF(K-1Z2)10#11,11 1iesi1
iD GC TaO~ D- ILS1
11 IF(K-IZ1)800,12919 118511

13 IFIJ-IVI) 14,18,800 118511
14 PO.EX.(P1+P2)+EY.(P3+P4)2.*E(.(PSiHZftPR),pOb-rR 118517

GO6 TO 900 1185t,
15 IF(i-IYI) 16,17*800 .118511

16 PO-EEX/3. ).12.*P1*4..P2)iEYO(P3P4)+(EZ'3. ).14..PS+2.*P6)tPORC 118511
. - 118511

GO TO 900 118511

GO TO 300 118511
19 TrIT-4f 00'2;7 U -7- -- --

20 IFII-IXI) 24,21v, 800 118511

21 IF(J-IVI) 22p23, 800 - --- 118611
1~2 POEY.P3+P4),EZ4(P5+P6),2..EK,(P24NX *PWI+PO*RX 118513

'_-'_'_ -V J T 0 0O _ ___ - - _ _-_ -_. - - __l_ _ -_ _._ -._._ _ .-1185,11
23 POuIEX/). )a(2..Pk+.*P2)+IEY/3. ).(2..P3.4..P4).EZ.IPSP6)*PO*ft0 .18511

24 lFcJ-1Yfl900,25# 800 118511

GO TO 900 1118__1,
26 I~l__~l)'27'30 80 _16511

27 IF(J-IYI) 28,29,900 ______116511

GO TO 900 118511

GCTO 900 118511
*3lPIJ1 1 1,329000 liss8S11

31 POs(EXI3.).(2..PI.4..PZ).EY*tP3.P41.(Ei/3.l.(Z..P5,4.p6).P0.RO 181

* ~~32 PwE/..6.18o2t~/dI..3SQ)tZT_.I.46.ISL



GC TO 900 118511
800 PCuEXetP14P2)*EYeIP34P4)*EZo(P54P6)*POO181
9C0 T(I,JK)aPO0
910 ZTuO. -

ZN=0. 11851
DC 911 Kx!t,1Z2 -..---

cc 911 jaI,1Y1 11851
ZT-ZT+T(IX1,J,K) . .11851

T S Z /ZN 11851
TXzr /ZN 11851

ZN*O. 11851
CC 912 Ka ItloIZ2 11851
DC 912--Tu'IFTX1 11851
ZTAZT*T( 1,IYIKI 11851

9 12 M97l 11851- fas
TSY*ZTIZN 1 851.

ZTS-0 11851
CC 911- Is,1X1 I . 1851
LIC 913 Ju1,1Y1 11851

- -- T-zITr1,J,!ZS ).........- 1185
913 ZN-ZN+1. 11851

TS7R=!T/ZN L185
ZNM0. 11851
ZT-0. . - 11
IC 914 1x1,1X1 11851

~9~1Z~z~il.~-. 118l51-

ZT-ZT+T(I,J, 1Z2) I___1151

rSZF-ZT/ZN 11851
U~He.+-LZW)*oPW-;TSX7 118513'

QY-HW*( 1.ZI*(PW-TSY) _________ 118513'

OZF=HF*( 1..ZZF)*IPF-TSZF) _____110513.'

TSF-, SZF 118513'
TSWE1SlI It - 1513'

TSMut TSh.SW*TSROSR.TS.SF)I(SW.SR.SF) 118513'

ltIh.SW+HROSP#HF*SF) 118513'
CLxCG(TAh7W1,ZR',7ZN3,0.iU 118513"
WWW14ITSW) 1185131
WRsk(TSR) 118513'1
WfaW TSF) ____116513'

HR * MR/i IR
HF*NF/ZLF
WA.14780..CFN.WV.QL.( 1061.) W*i*W+RSORWc&FOF/.43/4IS3

HfNHF.ZLF
IdswkrTSF) 1 * 4513!--.--

IF('WA-WS) 610,610,611 15)
-*610 kiA- f4T80. oCFIWVQLf'1I)tFJ

611 PSA & WAP/tIWA*0.6Z2) 1185134

613 FORPAT(SFI0.2) _________________ 11651 3f

own



STIIn)TS0
STI(N)zTSX
SYZIN~mTSY
ST3(N)nTSZR
ST4(N)-TSZF

V(N)*TM
90T TAAfN)*TA

POINT 950
950 FCRPAT(100eI p STD4 sl1 $12 ST3

I ST4 RHA TAA
* DO 951 H-1.hN

951 PRINT 954,Ytk.hSTMfN),STI(N) ,STZ(N),ST34NPIST4tNJ.RHA(N),TAA(NI
954 FOROAT($FlO,2)

EASU ISO.

EC(I kulCO.
ECM2)40.
CALL PLCT(3,tqN,Y,STN.NN,V,TAA,2,E8,EC)

901 CCP41INUE 1185121
CALL SYSTE#P 1185121
CC TO 199 ias 1.2
END



Program M-4 Iput and Output Smbol ([1
NN: Total number of time iterations.

II: Number of ventilation air inlets where temperatures were observed.

JJ: Number of shelter air temperature stations.

KK: Total number of shelter inner surface temperature stations.

KWC: If -0, Ft. Belvoir 1000-man shelter analysis.

If >0, Ft. Belvoir 200-man shelter analysis.

WC: If <0, constant earth temperature, TGO, is read in.

If >0, six directional earth temperature profiles, TG(I,M),

will be read in.

Al: If >0, air condittoning calcu]ations are included.

VXl: If -0, cfm varies with time.

WC2: If 0, number of occupants varies with time.

TGO: Constant initial earth temperature, *F.

TG(I,H):Six directional initial earth temperature profiles, *F.

TCO(M): Initial inner wall temperatures, *F.

TC(L,M):I.nitial temperature profile within the shelter inner walls, *F.

S(K); Shelter inner surface area, ft2 .

VD(K): Finite difference length for Inner wall, ft.

DG(K): Finite differenze length for eaxth region, ft.

D(K): Thickness of the inner wall, ft.

ZL(K): Thickness of the earth block, ft.

AG(K): Therml diffusivity of earth, ft 2fhr.

AC(K): Thermal diffusiviLy of inner wall, ft 2 / hr.
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CK(K): Thermal conductivity of inner wall, Btu/hr ft, OF.

CG(K): Thermal conductivity ,of zarth block, Btu/hr, ft, 02,

1(K): Heat transfer coefficient of the inner surface, Btu/hr, ft2, 0F.

2HD(I): Vapor transfer coefficient of the inner surface, lb/hr, ft (lb/Ib).

DT: Finite difference time for inner vall temperaturecalculation, hr.

DTI: Finite difference times for earth temperature calculation, hr.

* GS: Per capita sensible heat generation from non-human heat source,

Btu/hr, person.

GL: Per capita latent heat generation from non-human heat source,

Btu/hr, person.

GA: Recirculation air rate for conditioning, cu ft/min.

FR: Coil effectiveness of the air conditioner (dimensionlesp).

CF: Coil contact factor of the air conditioner (dimensionless).

DATT: Coil leaving air temperature rise due to fan heat, *F.

TWI: Entering temperature of the coolant to the air conditioner

coil, *F.

XDB(N): Outdoor air dry-bulb temperature, *F.

TV(N): Ventilation air dry-bulb temperature, *F.

DPV(N): Ventilation air dew-point temperature, 0F.

EG(K): Finite difference stability modulus for earth temperature

calculation, which should not exceed 0.5.

E(K): Finite 'ifference stability modulus for shelter inner-wall

tempuorature calculation, which should not exceed 0.5.

EC(K): ()

TM: Elapsed time (hr).
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'VS: Sensible heat carried cut by ventilation air, Btu/hr.

QVL: Latent heat cairied out by ventiiation air, tu/hr.

QGS: Sensible heat generated in the shelter, Btu/hr.

QGL: Latent heat generated in the shelter.

QWST: Sensible heat absorbed 1-y shelter surface, Btu/hr.

QWLT: Latent heat absorbed by shelter surface, Btu/hr.

TWUT: Condensate collected in the shelter, lb/hr.

L:, : Sensible heat absorbed by the air conditioner, Btu/hr.

Qky.: Latent heat absorbed by the air conditioner, Btu/hr.

TA: Shelter air dry-bulb temperature, 'F.

DPA: Shelter air dew-point temperature, 0F.

WBA: Shelter air wet-bulb temperature, *F.

RHA: Shelter air relative humidity, %.

EFSl: Shelter air effective tem:-: ture, CF.

TSM: Average shelter inner surface temperature, 'F.

QWS(K): Sensible heat transferred to the Kth surface. Btu/hr.

QWL(K): Latent heat transferred to the Kth surface, Btu/hr.

TWC(K): Condensate collected onto the Kth surface, lb/hr.

FLX(K): Heat flux of the Kth surface, Btu/hr, ft 2 .

TS(K): Average temperature of the Kth surface, *F.

TC(L,K):Temperature distribution in the Kth inner wall, 'F.

TG(1,!'):Temperature distribution In the Kthblock of the earth.

TM(N):Elapsed time for the observed date, hr.

CFM(N): Ventilavion air rate used in the experiment (time dependent), cfm.

ZN(N)! Number of occilpants used in the experiments (time dependent).
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XI: - DBV(N) - Observed ventilation air dry-bulb temperature, OF.

X2: - WBV(N) - Observed ventilation air wet-bulb temperature, OF.

DBS: Observed shelter dry-bulb teap-rature.

WBS: Observed shelter wet-bulb tenperature.

ETSI: Shelter effective temperature based upon DBS and WBS.

Subscripts:

MwK Type of wall exposure.

1. North wall

2. South wall

3. East wall

4. West wall

5. Floor

6. Roof

N = Time

L - Spatial matrix index for inner wall

I = Spatial matrix index for earth region

Subroutines:

(1) PREP: This subroutine is designed to accept observed data of

prototype shelter and yield the psychrometrically processed mean

shelter conditions in terms of temperature, hiuidity and heat flux.

Following are the input data specific to this subroutine.

KWS: The first temperature entry for XWS table.

NWS: The total number of temperature entries for XWS table.

XWS(I): Saturated air humidity ratio table of Goff and Gratch, lb/lb.

KHA: The first temperature entry for XHA table.
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NHA: The total number of temperature entries for XHA table.

XHA(I): Dry air enthalpy table of Goff and Gatch, Btu/Ib.

KHS: The first temperature entry for moisture XHS table, *F.

NHS: The total number of temperature entries for XHS table.

XHS(l): Moistie saturated air enthalpy table of Goff and Gratch, Btu/Ib.

KFS: The first temperature entry for the XFS table.

NFS: The total number of temperature entries for XFS table.

XFS(I): Factors relating the degree of saturation to the relative

humidity.

KHW: The first temperature entry for the XHW table.

NHW: The total number of temperature entries for XMW table.

XHW(I): Liquid water entxlpy table of Goff and Gratch, Btu/Ib.

KVA: The first temperature entry for the XVA table.

NVA: The total number of temperature entries for XVA table.

XVA(I): Dry air volume table of Goff and Gratch, cu ft/ilb.

KYS: The first temperature ertry for the XVS table.

NVS: The total niber of temperature entries for XVS table.

XVS(I): Moisture saturated air volume table of Goff and Gra, bh, cu ft/ib.

KQS: The first temperature entry for the XQS table.

NQS: The total number of temperature entries for XQS table.

XQS(I): Per capita sensible heat table of human body, Jtu/hr.

EDB(I): Dry-bulb temperature entries ;i ASMAE effect've temperature

table, 0F.

EWB(I): Wet-bulb temperature entries to ASfRAE effe tive temperature

table, *F.

C

C-28

I



(2) STRCON: Subroutine to compute adiabatic shelter air conditions by

accepting ventilation air dry- and wet-bulb temperatures and ventilation

air flow rate.

(3) APCLN: Subroutine to compute sensible and latent heat absorption

by accepting the following input data.

GA: Recirculation air rate, cfm.

CFM: Ventilation air rate, cfm.

DBS: Shelter air dry-bulb temperature, OF.

WBS: Shelter air wet-bulb temperature, *F.

DBV: Ventilation air dry-bulb temperature, OF.

WBV: Ventilation air wet-bulb temperature, OF.

TWI: Inlet temperature of the air conditioner coolant, 0F.

E: Effectiveness of the air cooling coil.

CF: Contact factor of the air cooling coil.

DTA: Dry-bulb temperature rise of the air conditioner outlet air

due to the fan heat, OF.

(4) .YN: Boundary temperature calculation subroutine by a finite

difference fornvala.

(5) EFTI: Subroutine for computing effective temperature by using the

input data of dry- and wet-bulb temperatures.

(6) DBWBH: Subroutine for computing enthalpy of ,oist air using dry

and wet-bulb temperatures.

(7) DBWBRH: Subroutine for calculating relative humidity for given

dry- and wet-bulb temperatures and barometric pressure, PB (in. Hg).
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(8) DBMBH: Subroutine to calculate wet-bilb temperatures and enthalpy

of moist air based upon given values of the dry-bulb temperature and

humidity ratio.

(9) PV: Subroutine for calculating the vapor pressure in inches of Hg

of saturated moist air at given temperatures.

(10) DBWBDP: Subroutine for calculating the dew-point temperature and

humidity ratio of moist air for given dry- and wet-bulb temperatures,

(11) DBWPWB: Subroutine for calculating the wet-bulb temperature -nd

humidity ratio when dry-bulb temperatures and dew-point temperatures

are given.

(12) TBLU: Table look-up and linear interpolatior subroutine when

the independent variable is incremented by unity.

(13) XTBLU: Table look-up and linear interpretation sitbroutine when

the incrementation of the independent variable is non-unity.
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C ONE DIMENS!3NAL SHELTER 11651003
C SUBROUTINE TO BE USED IN THE PROGRAM 11651004
C PKEPiDTwIIvJJvKKvKWCqNN) 1105LM03
C STRCON(OBWBG) ADIABATIC SHELTER AIR CONDITION CALCULATION
C AIRCCN(GACFMOSWBSDBVtWBVTWIECFo QASvQALDTA) 11851A02
C FUNCTION FN
C EFT1(DB WB#EFX)
C DBWOHiOBWBH) GIVEN 08 AND WS ,CONPUTE H 11851012
C DBWBRHIDBvWBPPBtRH) GIVEN DBWbPS #COMPUTE RH 11851014
C DBWWBHfD8qW-W8,M3 GIVEN 08 AND W ,COMPUTE WS AND H 11851011
C FUNCTION PVIXtPBJ CALCULATE VAPOR %RESSURE FOR GIVEN 08 AND P511851018
C OBWBOPIDBW89DP,WI GIVEN DO AND WS oCOMPUTE DP AND W 11851010
C DBOPWB(D8OPtWB, W) GIVEN O8 AND OPv COMPUTE W8 11851013
C TBLU IXXVY) KXwFIRST VARIABLE 11851015
C V'aTABLE 11851016
C YxVALUE FOR X 11851017
C XTOLUIX,OX,KX,LXVV3, OX=VARIABLE INCREM4ENT 11851005
C KX*FIRST VARIABLE L1851006
C LXwNUMBEROF ENTRIES 11851007
C V wTABLE 11851008
C Y aVALUE OBTAINED FOR X 11851009
C 1=NORTH,2=SOUTH,3=EAST,4uWESTt5sFLO0R,6xROOF,J2ROOF MATRIX 11851008
C AI=0 - NO AIR CONDIIDING, +=AIR CONDITIONING
C WC-,- CONSTANT TGO #+mPROFILE 11851M12
C 11 -NUMBER OF VENTILATION TEMP. DATA 11851004
C JJ -NUMBER OF SHELTER TEMP. DATA 1.851.005
C KK =NUMBER OF WALL TEMP. DATA 11851006
C KWC m+ 200#4AN INPUT 90- *1000 MAN INPUT 11851001
C WClz- OR 0 CFM VARIES
C WC2a- OR 0 ZN VARIES4
C jTz FIRST ESIMATF OF CONCRETE TIME
C DTta EARTH TIME

OIMENSICN XWS(IO),XHAII5O),XHSI 150bXHW(1503,XFS(150),XVAI15O),XV11851M04
I115O)tQS5h~CFM3OI,Uq3O3,t
2D8Vf3o03,flpvt30C),W8V(3!)).DC43,3OQ),W8Cf2,300),PS(10,3001,
3TV(300),DPC(300),LA(3OO.10),LB(300,10),XOB(300),EO8I1OO),EWB(100),

* 4ET(SO,50), TWCl6) ,EC(6) ,EGf6I ,TSt6I,TSSf6)
5 v GtIO,6) ,TC(5,6),S(6i ,D(6),DDOI6i,116),OG(6),AG(6),AC(6)11851004
6tCK(6),CGt6) ,H(63 ,HD(6l, QWS(6).QWL(jITQWS(6),rQWLE6),TQWI6)11851005

COMMON XWS.XHA, XHS,XHW,XFSKWSRHAKFSK$WKtE3BEWBET, KET*N11651M09
IETQSC011C02,UO,TW,GS,GL,ZLEWS,CFM,OPS,08S,WBS,ETS1,ETS2,WCC,C03,118S1ilo
2WCDDPAZNQGtQGLOBVDPVDBCDPCWiCo S#TAtOTKWCq~4,XVA,
3XVSKVAKVSPStLA,LBXD,WV,WCI,WC2 #OTT

.17 FORMAT(tHO1OFIO.1) 
1.3101 FORMAT(I0F7.O) 1010

2_ FOMT407 1151A1A

12__ FORMAT(43H TIMERGVARNDABL TSHLERDT 11851060
16 FORMAT143HO OINITA EARTH TEPERATURESUN4 11651068
14 FORMAT14F1O.1INTA COCEEWL TMPRUE 11651059

18 FORMAT(63H TG(1) TGEZ) TG(3) TG(41 Y8(s) IGII851063
1163 P11851064

19 FORMAT(63H TCIII I~C(2) TC(3) TC(4) TC(s) %.11851065

20 i-URMATf 6I,10.1) 1816
124 FORMAT(43HI PHYS1KAL DATA USED FOR COMPUTATION P 1185108
t25 FORMAT1OHOS(K) O(K) IL(Y) CKfKD CGIX) ACIK1kg5a082
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126 FORMATI IOF1O.4) 11651084
64 FORMAT(1640 QWS(M) 6FI5.1) 11851206
4~5 FORMAT(16H0 QWLIM) 6F15*1) 11851207
6 FORMAT416H0 TWCIMI 6F15.11 116$51208

67 FORMAT(16H0 FIXIM) 6FIS.1) 11851209
68 FORMAT( 16140 TSIM) -6F15.1) 1185i1210
69 FORM4TI14H CONC.TEMP. III# 6F15.1: 11851211
74.FORMAT(144 EARTH TEMP III# 6F15.1) 11651212
63 FORMAT(IZOH- EXPOSURES 1 2
20 3D#4T 4014 5GI 62 G3

1 3 4 6OMT10OEG G2 G3
I EG14) EG(5)I

205 FORMAT(LOOHO ECII) ECIZI EC(3)
I EC(4) CC(5) L61
'i~RAATf 10H 6F15.3)

210 FORMAT(5OHO OBV DPV waY CFN 111851."50
75 FORPIAT1IOFIO.2)
76 FORMATI6OHO 085 OPS Wes RHS ET

2 TS
7100 FORMATI1OH-

62 FORMAT(IOFIO.0) -11851202

211 FORMAT(3F15.11
158 FORMATISOM- OBSERVEO SHELTER CONDITION P118511153
159 FORMAT(50H- CALCULATED SHELTER CONDITION 1118511155

5000 FORMAT(72H1

6T 'FdmAI( 100141 TINHE QVS oVL OGS QGL
2 QWST OWLT TWCT QAS QAL

&AM FORNATISOH1 ADIABATIC SHELTER RESULTS
FORMAT190HO TIME CFI4 ZN DBV wey
1 OBS Wes EFT

7001 FORMAT IIOF 10 v1I
-09- PORMATIO1F12.21

READ 5000
PRINT 5000

READ 2,NN1
READ 2tIIJ1,KKtKwC IIE51M33

1YP.EA6 1W A.WC1,WCZ
PRINT 158
IFIW,..) 3,, 11851013

3 READ 1,TGO 11851M135
00 5 H4-195 11851015
00 5 luldlO 11851016

zrT"ff.rb 1185101?
GO TO ? 118511138

4 D0 1000 Mal 5 I 1851136
1000 REAOi9(TG4IM),I.1,l0) 11851I137

7 kEADOI,(TC00tM)144,6) 11851M139
DQ 8 Lu1,5 118511140

6 )TC(LvM~wTC(1)18514
11 R'Ab 19 f(iK*. 6) 11851043

READ 1,(G0IK).X-1.6) '418%1044

READ )aiO(K)tKu1,6) 11651046
flW~iTETX~~ST,~) 1181047

READ 1,4AG(K)oK-l.6) 11851046
READ' I (AC 1.),k -a 161 11051049
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R~EAD 1,ECKIK),Kv1,6) iliasoso
READ I,(CGtI,~jK-Ij6) 11651051.( READ 1IIHIK) 901 It61 11851052
READ li(HD(K)#Ku1,6) 11851053
P5=29.97
READ 1,OT,DTToGSGL
CO I* I. Oft
C02- 4.5
C0sa 1050.
UO0O.
T Wa70.

* ZLEWS=1.
WCCU-1*.0
WCD--I. 0
CALL PREP

* Timm)1.a. 11851"15
Do 9 NulNN
TV(N)*DBV(N)

9 TIMEfN)sTIMEIN-1)+DTT 118SIM31
JF(41) 50595005PS06

5006 READ 19 GAvER,CFtDATT,TWI
5005 CONTINUE

PRINT 12 11851068
PRINT 13 11851069
PRINT 18 11851070
00 21 1=1,10 11851071

21 PRINT 20v(TG(I*M)tM-Iv5)'
PRINT 14 11351073
P'RINT 19 11851074
DO 22 L=195 11851075

-,I PRINT 20, ITC(l.,M)tP=196) 11651076
PRINT 15 11551077
PRINT 16 11851078
DO 5015 N=19NN

5015 PRINT 209XOB(NhtTV(NI,DPVIN)
PR!INT124 11851085
PRINT125 11851086
D0127 K*1,6 I LS51087

127 PRINT126,S(K) .01K) ,i dCKIKVCG(KR ,AC(K),AG(KbNI(K),$D(K)
2b06'U 28, K-1,6 11851097

UX(K)*D(K) 11851100
AS(K.)aAC(K)

28 CSI,")aCKIK) 11851101
o ST, *T 11851102
00 801 Kwl,6

801 E(K)uAC (K)*DT/A0DlK)*D0(KI 1 11951176
00 602 K-loS

802 EG(K)*AG(Kl*0TT/tDGIK#DOCI)) 11851184
ECI4AX'E () 11851M16
JK*1
00 58 K&2*6 11651917
IEK)-CMAX) 58,58.59 11851P118

JKaK 1! 95LM20
58 CONTINUE 1812

IF(ECMAX-0.5) 91,91,92 1185IM22
42 VST.0.4.ODJK)*0OIJK)/ACfJK) 11151"23

00 93 K*I,6 tIS511N24
*93 E(K)-AC(KI'DST/lD0(K)*OOCK))

91 CONTINUE t 10513126
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PRINT 203(7
PRINT 204, (EG(K),Kxlt5)
PRINT 205
PRINT 204,(E4KJKSI,6)
TM-0.
00 202 K=1,6

201 TSS(K)-TC(29K)
202 TS(KVMtiA,K)

00 8003 N=IPNN 1810

TM=TM*DTT 
181o

XL=DBV( N)
X2,WBVC N)
G=cFM(N)
ZPsOPV( N)

WsV.622*pSV IB-SV 
11851107

OTM=S 18510

53 DTM-DTM+OST 
11851.101

OTA=1.0 
15i'

30QVI=O8T TA-T0.) 
11851112

CALL XT8L1J(TAI,5.,60,9,QSQGP)
QGS=(QGP+GS) .ZNtN)

IFI KIEST 36995,6q99,6994
6994 CONTINUE

PRINT 899990GP,0GS

6995 CONTINUE
CALL oBoPW8CTAlOPA,W8A,WT)
IFIAII) 5007,5007,5008

5008 CALL A!RCON4(GAG,TAl,WBAtX1,X2,TW1,ER,CF90ASvQALTAA
GO-T 5009

5007.QAS-0.
QAL=O.

5009 CONTINUE

QWST=O. 
11851114

00 31 K=1,6 
11851115

QWS(K) H(KIS(K)*(TAl-TSlKJ ) 
11851116

3! 0WST ' QWST +QWStK) 
!1351117

2~ 1 
1 2

' -34



IF(ZX) 3493 5v 33 1

3 TA1.'TAI+DTA I15R

LXZaABSF (ZX) 11651123
GO TO 30 11851124

34 TA2sTAl-OTA 1812

zx1*ABSF(ZX) 11851125

TAutTA1*ZX2+TAZXI)/(ZX~ZZ 11851126

I R=2 11851128

TA jsTA 
7 185'129

GO TO 30 1813

35 TAx TAI 11851131~

36 DV)PAv0.2 
1511

OPAInOPA-10. 1813

IRa118513
37 PSA=PVfDPAi*PB)

WA.0.62Z*PSA/ (P8-$'SA) 11851135

QVLz478O.*G*(JA-WI) 
1813

CALL OBOPW8fTIDPA1,WBIA,WT)

5011 CALL A'RCONijGAiGsTA ,WBAX1,X2,TW1,ERCFQAtS,QAL,OTAAI

GO TO 5012
5010 Qhs~O.

WAL=O.
5012 CONTINUE

QWLTO.11851137
TWLT-0. 11651138

DO 42 K-1,6 
853*

PSw-P'( TS(K) ,P8J11814

WS=0.b22*psw/ (PB-PSW) 11851142

ZP=WA- WS 11851143

IM(P) 39,39940 1 1851.144

39 (QWL(K)-O. 11851145

GO TO 41 11851145

43 QWLiK)LC)61.*44(K*S(K)*lP. 11851147

41 QWLT=QWLT4-OWL(K) 11851148

TWC CK)-QWL('()/1061. 1814

42 TWCT=TWCT*TWC(K)115.4
CALL XT8LU (TAv5. ,60,9vQSvQGP)
QrLz( 4OO.-QGP+GL)*ZN(N)

GO TO (43,4;,IR 
1815

43 ZY=QGLQVLCWLT-QAL 1815

IF(ZY) 45 46,-44 113L5L1.53

44 DPA1I=PA*+bOA 
8115

ZYi=A9SF(iY) 
18i5

GO T9 37 
11851.156

9P,' 2=CPAl-DrJPA 
1.1.8511.5-

!Y1=,%SP (ZY) 
11851156

11.8511650
1." 2'P~()A#Y1P~l1/VI!1816
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I
WB=WBA 

ICALL EFT1(08s~W~ErS1)

DO 50 KsI.6 11851t66
FLX(K)u(QWS(K)*QWLIK))/S(K) 11851167
ESIKlxAS(K)*DSTI(OX(K)wDX(K)
rS(KL=2..ESIK).(FLX(K.*DX(K)/CS(K.TSIK).TSKJ(.5*./ESIK1-1.))

49 TC(1,K)zTSIK) 11851172
50 CONTINUE 11851173

IF(KTEST) 6985,6985,6984
6984 CONT1INUE

PRINT 8999q(TS(K),K~lv(.
6985 CONTINUE

51 U0 52 L:2,4
00 52 K=116

52 TC(LK) sEIK)eITCIL-1,K)*TC(L+1,K)*I 1./EIK)-2.)*TCILK)) 11851118
D0 8002 KmIP6

8002 TCC'(K)xrC(2,K)

IF(OTM-OTT) 53545 11851179
54 00 55 K-1,5 11851180

TG( 1,KV-FNICK(K) .CG(K; ,TC(4,K),TG(2,KJO0)(KI,0G(Xl,0. J 11851181
55 TC(5,K)=TG(I#K) 11851182

TGII,6)aTC(4,6) 1 1851946
TC(5,6)-TG(1,61 IMI 5M4 7

96 DO 57 122,9
00 57 K-1,5

60 PRINT 61 1185119$

ou 8001 K-'1#6
8001 1Sms T S,1 +TS (K)

TSM-.TSA/6.
PJA 114T 62 TV,,GWTQ TTWT QA.A
PRINT 159
PR I-NT 76
PRINT 75, TA.DPA,W8A.RHA#EFS1,TSM 11851P149

PRINT bNtLK),Ks1,6) 11651214

PRlI 66,1TWCM(K) -1.6) 8521
PRINT 67,lFLX(KI ,Kv1,b) 11851216
PRINT 68,1TS1K) vK-Iv6) 11851211
PRINT 7100

it DO 70 L-2,5 1 1651219
70 PRINT 69t L,ITCILLK),K=1v61 111220

PRINT 7LOO
7i )C 73 t-is1O 11851221
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13 PRINT 74,,,(TG(IK),K1,5) 
1812

PRINT 210
PRINT 75,TVlN)v0PVfN)vWBV(N)vCF~t") 

le1

p' CONTINUE 
1812

PRINT 6000
PRINT ?000
00 8000 N-I,NN
X1=03V( N)
XZ=WBV( N)
GM=CF4( N)
CALL syflcaN(XIX2,GM)

8000 PRINT 70019 TI?E(N) CM(N),ZN(N)TXI,X2*DBS,WBS#ETSI1512
CALL SYSTEM 

1512

END



SUBROUTINE PREP
D[MENSION XWS(150),XHA(l50)tXHS( 150) ,XHW(150,,XFS(150),XVA(150),XV

IS(15ObtQS(50) ,CFM(300)hlN(300),
208V( 300) ,DPV(300) ,DBC( 3,3003 ,OPC( 300) ,PS( 10,300)
3 ,LA(300910),LB(300,10)#XDB(300)tWBV(300),EDB(100) ,EWB( 100
4),ET(50t50ObWBC(2,300)vS(6J
COMMON XWS ,XHA,XHS,XHWXFSKWSKIIAKFSKHWKHSED8,EWB,ET, KET,N11851V.,G4
IETPQSCOlC02,uOTWGSGLZLEWSCFMDPSDBSWBSETSI,ETS2%4CCtC03,11851M10
2WCDDPA ,ZNtQGOGLDBVDPVOBC0 PCUBC, STA*DTtKWC,NNoXVA,
3XVSKVA,KVSPSLALBXDBWBVWCIWC2 ,DTT

26 FORMAT1120HO T-IME OBV WBV D85 UBS
I ET QGT QVT QWT QWS TSM HiX"^

50 FORMAT( 10!?) 11851002
52 FORMAT(7F10.1) 1185t024
I FORLMAT(1CF;7.0) 11851011
2 FORMAT(L017) 118510121

READ 2,i(WSNWS 11851015
READ 1, (XWS( I) ,I=1,NWS) 11851016
READ 2,KHA,NHA 11951017
READ 1,(XHACI),I=1#NHA) 11851018

-READ 2,- KHSNHS 11851019
READ 1,dXHS(Ihi.=i,NHS) 11851020
READ 2,KFSoNFS 11851021
READ l,(XFS(I),1ItNFS) 11851022
READ ?,KHW,NHW 11851023
READ 1, (XHW(IhT=1,NHW,) 11851024
READ 2.KVA.,N-VA .11851025
READ l9(XVA(I),I=1#NVA) 11851026
READ 29KVS*NYS 11851027
READ 1, (XVSII I,l=lvNVS) 11851028
READ 2,KQS,NQS 11851029
READ 1~(SI~=,~)11851030

-. REkD 1,(EDB(I),I=1*29)

OC0 73 1=1,29
,3 READ 1,(ET(I,J),J=1v30) 11851048

F(WCL) 4,4-t5
4 READ lv(CFM(N),N=1,NN)
GO TO 6

5 READ 1,CFMO
00 7 N=LtNN

7 CFM(N)=CFMG
6 IF(WC2) 8,899
8 READ 1,(ZN(N),N=1,NN)

GO TO 10
9 REAC loINO

00 11 N=1,NN
11 LN(NhILNO
10 CONTINUE
28 f:ORMATi 12Fl0.2!

TIME=0. 11851013

iF(KWC) 61,61, 6Z 11851FO5
*6i0 DO 00 N=1,NN

READ 5O0 (LB(N,L) vL=1 10)

S.: READ i, (OF3V( r4H),N=lt240) 11851 F09

K ~ E ~ ADV N= 1, 240) 118511
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IrEA; I ( w6~. C ,. 1. 2 41, 135 1 F 14

READ 1, (wE(A2,N,N'I,241) 14 95IF15

0061 Ja1,I0 1185IF18
63 fCEAOI) t,(PS(J,N),N=i,?40 1185IF19

00 600 N-!Ia40
600 CFM(NI=CFM(N)/Z.
5U0 PRINT 26 1185101t

00 400 Nal#NN
* IF(K4vC) 401,401,402

401 OBV(N)-LA(Npl)/10
X-DBV(N)
WVN)-LA(N,2)/10

CALL DBWBP(XtY#Z,Wo) 11851010
V PV (N)=LZ
X=(LA(N,3).LA(N,5)+LA(N,7)+LA(N,9)l/40 11851012
oysm~x
Y=(LA(N,4l+LA(N,6).LA(N,8)+LA(N,10flf40 11851014

CALL DBWBI)PIXY,l.,WQ) 11851016
UPSMzZ
X=ILB(N,1),LBI,2LB(N,3)LB(N4*LBN5)L(N6)*LBIN,J+LBIN8)11851018
14LB(N,10) fiqO 11851019
IF(LB(N,4'i 53t53,54 1 L851020

53 X=Xt.18.
54 TSM=X

XDB(N)*LB( N#9)/10
GO T0 70 118iSIF07

402 X-OBV(N)
Y-WOV EN
CALL O8WBOP(XYtlWD) 1185IF23
op V (N) a
X-E0BC(1,NJ,0BC(2,N)4DBC(3,N))/3.

Y*IW3C( 1,N)*WBC(2tN))/2.

CALL DBWBOP(X,Y,l,WC) IISSIF27
OP5Mm 1
SUMuO. 11851F31
SUN-~). LIOSIF32
DO 64 J-1,10 1 1851F'3
IFIPS(J#Nll 64,64,66 1185IF34

66sUm.SUN~PS(j,N) 1105IF35
SUN SUN' 1. 1 1851F36

6*# C0NTI~4if 1 165IF37
67 1 Sm*SUM /SUN

TIME-TII"E*OTt
X*ORVlhI
Y'.OPV(N)

* luW8V(NI

CALL TSLU(X*KWS*XWSoWSS) 11851106
(ALL TOLU(Y#KWSoXWStWSV) II651I07
CALL TOLU(X*KVAXVAtVA; 11851108

*CALL TOLU(XKVSXVStVS1I 11651109
VmVAI+( VSI-VAII* WSV/WSS 11851110
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SI S

WrJGS =QGSb7N(N)
wr,L ='(40.-QGS)*ZNjN)/I053.7 

1811
WVL=CFM(i) /V*6G).*WSA-,WSV) 1105 51
QVT=QVIWVL*.'1O54. 1185I16
dJS=QGs* QVS-Gs l812

04 QGT -QVTV1812
hiTX=QWT/S[ 1512
RATIO=QWT/Q;T 

1812PRINT 283,TIMEVO6SV(N) 1wBV'';iDBSM,WBSMSF1',QGTQVTfQWT.QWSTSM, 1512aHrX
',00 CONTINUE

TA=DBC( 1.1)
DPA=DPC (1)
RETURN 

11851029END
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C SHELTER A~IR CONOI11UN CALCULATION 181O
S GgRU,,UT INF sTRccN(OFaW~qzFM1
DIMENSICY4 XW$( 150I,XHAl150),XH$U150),XHW(150),XFS(LjOI,
IE.DFBI100) ,7WPB( 1O() ETi50,50) ,QS(50) ,CFM1 300) 1185IE05
COMMON?' )WStgi~CHA, , "#KSPt'"EKWK~CDoWo~

3KETNC.TQSCOICO2,UO,TWtGSGL, 1LEWS,CFMOPSOeS,1FBSETSIETS2 *11851028
4wCC#C0339WCO

12 FORMAT(IOH ETSI FIO.2)
13 FORMAT( 10H ETIS 2 F 10. 2
9 FORMAT(I101 QGL F10.2)
4 FORMATI 10H DOS F 10. 2
5 FORMAT! 10H OGS F 1'. 2

14 FORMAT( t CH OPS FlO.2)
6 FORMAT(I0H TWS F10.2)
7 FORMAT( 10H op F 10. 2

I1I FORMAT( 10H WBS F10.5)
10 FORMAf(10H WA F10.5)
8 FORMAT(1014 wv FIO.5)

Yt=CO1*ZFM.UO 1

Y2=(Q2+S /Y+Y-X

IFYIO 0. 3TO30931S11Z5

3 XS=XI+.5Z1F2 .1Z1
CALL XTBLUIOBS,5.26Ov9tQS#QS)18L1

CALL XTBLU(XTW,KW ,,WS, 11851EI8 I

CALL2 DBlOt D.8,PV 118514

XI=X2
1 20 -8FI PRINT 1OW

12 CONTINUE

13WA-WVIQGLGL)/CiFMWCO3)F*V/CO*F+F

IFIWCC) l1,22,22
20 PRINT 10,WBS
19 CONTINUE

12CALL OBWBP(DbSqWWBSPW) 181
JF(WrC) 23029,22

2PRINT 1,oPeS

23 CONTINUE

IFIWCC) 23,24,24

16 PRINT 4,DRS

C-41



TRN w, s

PRINT 8,wV
PRINT 9,QGL
PR IN t 1O,WA
PRINT 1iOWIBS
PRINT 14 ,flPS

25 CONTINUE
CALL EF T1 (fOS,WBS ETSII
IF(WCC) 15,17,11

17 PRINT 12 ,E TS I
15 R~ETURN

E ND



0, C 0 .-L A NT ~LO W f 1 ~l~C HE A TI ,TU/HR/0EG=50O* 1PM PUIR H2011851004
C R 'f"T RMAL RESISTANCE EXCLuDING AIR FILMI RES15TANCE 1510

C SP=CC1L ', SIDF HEAT TRANSFER SURFACE PP ROW 1185i10%
C CF=(01L CONTAcI rArTOR PERk POW '185 100-

*~~~<A r 1 I w;lI5008
C tvS~COLINLET AIR DRY-AND WET-BULB TEMPE RATURES 11851009

r I~; rCI 'r0LANT ENTrRlNG TFPV-PFRATUPF 11851010
r CA-S =COI)L- SENSIBLE' CAPACITY 11851011
C7 GAL 'COIL L!TFNT CAPACITY 11851012

DIM FN S I CN XWSf1 50l 9XHA (15 0) 0 XHS (150 )9XHW (,!50 ) 9XF$(150ITt 2nbqW 10118510 13
I )t T2o ,) ,TAL ' TING ( 2 ), GS '2 ) 11851014

ccl'NIorN XWSXHAtXHSOXHO oXFSKWSKHAtKFSKHiWKHS 118510115
T~l)=DFS11851017

CALL DR'v!DP(DRSWRSqDPS9WX) 1511
W ( 1 ) =WX 11851018
TWG(j )=D8S-1. 11851019
TWG( 7 )=TWGi 1)-i. * 1151020A= cP/ ( RC,4A*CF44. ri 11851021
70 DO CC K=1,2 11851022

W ( 1 TW K )11851023
,)n ~ I~,N0 11851024

X=T( i I 1R51025 I
Y=rW( r 11851026

L=Tq~ (I 11b51027
CALL 5'JRFT (A9X,Y d .ISXqW.X) 11851028
T (I 1+1 )=T(TI -(I I-TbX)*CF 11851029
Z~wsx-W( I 11851030
11F (Z )19?.? 11851032

W( TI f=W(fl-(W(I)-WSX)*cF 11851032 I
GO TO 1 11851033
W( I1 ) =W( I1 11 851034

qq CONTINUF 11,951036
NZ=NRZCW4 1 11851037
FC;SCK(=TW(NZI-TWI 11851038

10'U rALiK(=T(NZL 11851039
TEST=FGS( I IFGS(?' 11851040
!rITEST, '41516 11851041

6, TW ( I TWi,2) 1185104?
TW.G f 2 TWGI 2-1 11851043
(731 TO 11651044
STWLTWC, 11851045
Ti -zAL (?j 11851046
Go To 4, 11851047

TwL~I Ta~ 1 ~ ~0(21*C (I .C 111851049
rL=(JTALiI) +rAL(I?1 (2. 11851050

98 GA~.i*,*0ST111851051
QAL=CWV(TWoL-TW( (-Ol 1185.10 5
R EK' :R N 11851053
EN NO 11851054
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11851001
R i0 U T I StIFT(AoTAoWA9TW9TSvWS) 11851002

C $(LVC FUk TS FROM 0,243*iTA-TS)+1060.*(WA-WS)=A*(TS-TW) 11851003
DiMENS!ON XWb(1!Q) 9XHei150O 9HS(150)OXHW(15O').)XFS(150J ,Y(2),F12) 11851004
COMMON XW~tXIIA#XH!)oXHWXFSsKWSPKHAgKFSgKHoigKHS 11851005
Y (1) TA 11851006
V 171 TA-I * 11851007

5 Do I !1. 2 11851008
P1 .PVY (TI' 7Q. f)? 11510

W-.24L'7.92-Pli 11851010
1 Fl cA'*(YC 1-TW)-O.241*(TA-YCI) 1+1C60.*(WA-W) 11851011

TESTmF( 1 *rC7 C 11851012
TITEFSTI 29194 11851013

4 Y(1T=V(2) 11851014
Y 12)=Y (21-1 * 11851015
GO TO 11851016

3 TS=Y(2) 11651017

GO TO 10 11851018
2 Cz~fkSF(Fi1)/F(2)) 11851019

T'S YI () +Y (2 )*C1/Cl .+c) 11P851020
10 P1=PV(TS.29,97) 11851021

'AS=0.622*Pl/ I 9&92-P1 1 11851022
RETURN 11851023
END 11851024
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Pit' XL.Yi/ZI *'(29Y2112 + Z3 1 185373(1
Pfl- X1/U + XZ112 11853740

MORUN 11853760
ENO
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EFFEC!!VE- TEMPERATURE CILCULATION
SUJRUUT INr EFTI(EJBtWB,EFX)
DIMENSICN XWS4 150),XHA(15O),X,1S(I5O),XHW(15O),XFS([50),
'0Db(10),Fho8UOC),ET(5O,50)
-OMMON )(wS,XtIA, XHSKHWXFS,KhWSKHA,KFSKHWIKHS,EDB,EWB,ET,KET,NET
IFIDR-W3) 1.1,2

GO !0 15
2 IF(DF3-ECfBf29)) 3,4,4 1185~1 44
3 EFX=O.

GO TO 15
4 IF(WB-EhRB(3O)) 3,5,5
5 IF(tJB-ECe'113) 6,6,7
7 EFX z40C,

GO TO 15
6 iX=0

DO 8 I1129 11851 45
IF(DB-EC6(l)) 9 910,10

10 X'i-.E08I I)

Go TO 11
9 IX=IX+1
8 CONTINUE

11 JY=O
DO 12 J=1,30
If-C B-EtB( J) ) 13,14,14

14 YI=EWB(J)
Y2EWB( J-1)
GO TO Ic2

I NTINUE
16 ZI1=ET(1X4-1,JY+1)

U2.zET( TX,JY)
L21=ET(IX+1,JY)
IF~(Z11tZl2.Z22*Z21) 3,3,17

17 L2=L22+,DB-X2 ,)*(12l-L22)I(X1-X2)
/.Z 1Z2+ (Df-X2)I* C 71 -Z12 I I(XI-X2)
LFX =Z2+ CWB-Y2 ).(Zl--2 I/C V1Y2)

1', PFTLURN

NO4



ENTHALPY CALCULATION BY OB AND WB 11851G02
SUBROUTINE OBWOH(DBWBVH) 11851G03

DIMENSION XW.SC L50),XHA(150)vXHS(50)X4IJ150),XFS( 1501 181Q
COMMON XWS,XHA,XHS,XHWtXFS ,KWStrHAKFS,KHWKHS 1ia516O5
;.ALL T93LU (WB#KWSXWS#WS) 11851GO6
CALL TBLU (WB-pKHhXHWtHW) 11851G07
CALL TOLU IDBIKWS*XWSIWSS) 11851G06
CALL TOLU (DBiKHAXHAjHA) 11851GO9
CALL TOLL! (WBKHStXHStHS) I11851G10
CALL TBLU (OB,KHS,XHStHSSJ 11851Gb11
HAS=HSS-HA 11851G12
X=( HS-Hk*WSJ.HAS-HA*HW*WSS 1185.Gl
Y=HAS-HW*WSS 1c-1b
H=X/Y 118 51G15
RETURN 11851Gub
END
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AE LAT I VE ul';MHD CALCULAI i!N BY 06 AND W9 11851811
SUBROUT INE CtRhRPHCOavBtBPORHI 11851612
D1MENSICN xws(IbOI),XHA(I5O), XH5C(150)PXHW(lS50hKFS(1501
COMMON XWS,XI1AXiSXHWXFSKWStiAKF5,KHW,KHS I11851Si14
-. ALL D)8hBOtP(Df3,WUOrw?
CALL rPLUICB,KWS ,XWSWS) 11851817
LM=w/ws 11851818
O80=DB/ 10.
CALL 18101 CBE KFS ,XI-.,FSI%

L=PVCDB,PS)/PB 1612

RETURN 11851B22
END
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WE! BULB CALCULATION BY 05 AND W 1185JJFO2

SSROLJTINE 0hWP+tos.wvwBfH)
DIMENS!CN XWS(150)1XHA(150ObXHS( 15C ,XHW(15O).XFSI15OII
CO0MMON XWSXHAXhS ,XHhXFS ,KWSKHA,KFSKHWRHS 11851FO0

4L. TRLUfDBKHArXt4A,HA) 1
CALL T5Uf0fKS9HSt4Sl 1185IF07
CALL TBLU(CBPXU StXWSvWSI
JF(W-WS) 4.,515

GO TO 6
4 HvHA*W.(HS-'H&I WS

3 X2*Xl-O.5 IeI~

CALL TBLUiwXIKHSX4HSji 1185IF12
CALL TBLU(xKtISHS ,HS2) 11351FI3
CALL T8L(J(XIqI"SvXwS~hSI) 11851F14
CALL T8LU(X2vKWSvXkSvWS2) i185LF1 5
CALL TBLUUX1,KHWvXHWHWI) It8SIF16
CALL FBLU(X2%KHLkXHW9HW2) 1185IF17

; Xl=X1-O.5 1185IF21
GO TO 3 1185IF22

I WB=X2+O.5*CN-121/If1-Z2)

-6. RETURN-
E ND
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VAPOR PRE;;.JRE CALCULATiON . ~ 11051H1'
rUMCMON PV(XVPB) 181I

r=X+459.688 leIISSIH(
TS=671.688 S51~

TM2-(5.O28O8)*(LCG1OF(TS/T) I 118SdHW

Th4(81328/1OOQ.I.(1O...(-3.49149.(TS /r-1.))-1.) 1185LHZ1
ANS1'TfM1+TM2+TM3eTN4 i18~W24
ANS2*10..*4ANSI) 118SIH2!
PV=PB*ANIS2 11851H2;

RETURN 11851H2(

C-50
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OEW-POINT CALCULATIC4 BY OB AND 1.S 1185I0oo
SUBR~lIT1Nr- nUiflpn(OefBt~Dptw) 11e5100,
DIMENSICN )WSIISOJXHA(150,vXHS(150),XHWIISO),XFS(150) 1810
^.OMMON )WSgXHAXHSXHWXFSKWSKHAKFSKHlW.KHS' 1185100!
4FIOB-WO) 1#1,2 1185100(

CALL TBLU(DBIKWS#XWSW) 11851001
GTO100 11r16

2 CALL T8LUlDBtKHA9XHAjHA) 11851014

IS FULL. GIVE ME ANCTHER A3 AND START.

PERMANENT TAPE REDUNDANCY WAS DETECTED WHILE READING THE RECORD THAT PRODUCED

CALL TBLU(O8,KHStXHStHS) - -11851011

CALL T8L1J(DB#K~SX#AjyA!_. iA~01

CALL TBLU(WBtxmwtXHw,mW) .- - 1165101;
CALL T8LUIWBvKWSXWS*WSWBJ 185 101!

WwWS' (HSWB-HA-HW.WSWS)IHS-HA-HW.WS)....................Ll 14l
Y2l-O.5- 11851011

-- CALLT8LU(Y2,KWSvXWs 1 ?2) . .- .4 185102f
IFIZ-N)33,41-185102

4_YluI~y-0.5 -_ _ 1.185102;
GOcF TfO 5 1185102

3 OP-Y2*0.5*(N-ZZ)/IZ1-Z2)....... 11051024
100 REdURN 1185102'

END
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WET BULB CALCULATION BY 00 AND OP1850
SUBROUTINE OBDPWBIDBDPtWBPW) 150I
DIMENSICN XWS(15Ob*XHAI5O), XfHS(15O),XHWf15O),XFStI5O)
COMMON XWS,XH&,XHSXI4WtXFSKWSKHAPKFSKHW.KHS 1185180
CALL TBLU(DP#KWSPXWS*W) lis8518
CALL OBhjWBH(OBWvhB,H)
RETURN 1185180
END

C-32
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LINIER, INTERPOLATION 1 1SSLHOSUBROUTINE TBLUIXKXvVYl 1 ~H 0
I-XlNTF (Xi)I6~

d.-J-KX+Z
LL=J-KX. I 1181140
VL=V(LL) 11851140
Yu(V4-VL)*(X-INTF(X) )*VL 1185LHI
RETURN 11L51HI
END

C-3I
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SUBROUTINE XTflLt(X*DXKXLX9V)Y) 
15CfDiMENSICN VISO)

J=XINTFtXj 
IMo)l-KX.XIhTF(DX)(LY..) 11851c0

IF(J-KX) 1,2,2185C

L Y a V ~t l1 
6 5 CGO TO IC liasico2IFIJ-H ) 3,4,4 1185Cc4 Y-V (LX ) lISSIC IGD O 1I 11851CL

3 00 6 IulLX IISSLCI

PwK X lissici
QXP+Z*DX 1851CI

- .IX-Q) 59,6 1ISSICI
Ql-Vijj 1.1)LE
Q2=V(I, 11851C1

GO T IC1185 IC

6CONTINUE 
ISC10 RETURN 11851Cz

ENDlC

-V k



SomPle Input and Output Data on H-4Prora

I*40ERIGR0LJ%' FALLCUT SIPELTER DATA

INITIAL cARTH TEMPERATURES
TG(lo TrIZ) TG(3) TG(41 TG(5) TG(4U70.5 72.0 72.C 72.0 73.070.0 72.0 72.0 12.0 72.069.0 71.0 71.0 71.0 72.067.0 70.0 70.0 70.0 710067.0 70.0 7C.0 70.0 71.067.0 70.0 7C.0 70.0 70.067.0 70.0 70.C 70.0 6q~o

67.0 69.0 69.C 69.0 68.067.0 68.0 68.C 68.0 67.067.0 67.0 67.0 67.0 6 7.0

INITIAL rONCRETE WALL TEMPERATURETC(f) Tr(2) TC(3) TC(4) TC(5) TC16)73.0 73.w- 73.0 73.0 73.0 73.0-73.0 73.0 73.0 73.0 73.0 73.073.0 73.0 73.0 73.0 73.0 73.0730 73.0 73.0 73.0 73.-0 73.0o73.0 73.0 73.0 73.0 73.0 73.0



rimE VARTABLES

OM(N) TU'(N CPVINI QSUN(NI
10.0 76.0 57.2
72.0 72.0 47.9
74.0 74.0 61.9
75.0 66.0 4?.6
77.0 68.0 55.C
77.0 66.0 48.6
76.0 64.0 48.2
76.0 63.0 47.C
75.0 62.0 43.5
75.0 81.0 68,2
75.0 91.0 71.8
75.0 92.0 71.4
?7.0 93.0 71.C
78.0 92.0 6F.2
79.0 88.0 69.9
80.0 85.0 71.)
80.0 81.0 71.3
30.0 79.0 69.1
80.0 77.0 68.4
VI0.0 16.0 71.8

&00 79.0 7C.6
Zi 0 84.0 73.C

b1.0 87.0 71.9
b0.0 90.0 72.2
E2.0 92.0) 71.4
82.0 92.0 73.C
83.0 88.0 73.0
83.0 81-00 71.6
83.0 82.0 72.3
83.0 80.0 7C.2
?j3.0 79.0 69.1
p32.0 78.0 69.5
t2.0 80.0 7C.2

6, 2. 0 86.0 h.
91. q.0 7108

fz.0 92.0 71.4
83.0 92.0 6.

830 92.0 71.4
P40 88.0 71,4

e~4.0 83.0 70.4
84.0 81.0 69.0
#J4. 0 79.0 6S.1
h4.0 80.0 71.7
b4.0 79.0 7C*6
84.0 81.0 71.3
d3.0 86, 0 72.2
81.0 90.0 7C,6

110 92.0 69.6
440 92.0 71.4
eA*0 92.0 71.4

650 8.0 71.4
85.0 83.0 'IC.4

SSO 80.0 70.2
8s0 0.0 7C.2

d4.0 79.0 72.1
j 4.0 79.0 72.1
.14.0 19.0 72.1

0-2
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83.0 87.0 71.9
(83.0 90.0 72.2

83.0 92.0 69.8
84.0 92.0 71.4
84.0 92.0 71.4
815.0 886.0 73.0
85.0 800 ?0.2c
85.0 83.0 10.C
85.0 80.0 70.2
85.3 79. 0 TC, 6
85.0 79.0 70.6
U5.0 80.0 73.1
85.0 86.0 72.?
84.0 89.0 72.6
84.0 92.0 71.4
85.0 93.0 71.C
65.0 91.0 70.2
85.0 87.0 1(.
85.0 83.0 70.'.
85.0 81.0 69.8
85.0 80.0 70.2
85.0 79.0 IC. 6
135.0 78.0 71.0
85.0 80.0 71.7
84.0 85.0 72.6
84.0 89.0 72.6
633.0 91.0 71.8
84.0 93.0 71.C
83.0 92.0 71.4

85.0 88.0 71.4.
86.0 83.0 70.4
86.0 61.0 ?1.3
e6. 0 79.0 70.6
8500 79. 0 70.6
8S.0 79. 0 70.6
85.0 60. 0 71.7
85.0 62.0 73.8
85.0 90. 0 72.2
85.0 92.0 71.4
85.0 92.0 71.4
85.0 91.0 71.6
85.0 67.0 70. 3
85.0 63.0 72.0
85.0 60.0 ?1.71
65.0o 79.0 72.1
65.0 ?6. 0 7.

8~.0 77.0 7.
0400o 19.0 72.:
M4s0 85.0 7.

84*0 69.0 ?.
53.0 91.0 f.
64.0 91.0 7.

as,* 41.0 1.
645.0, 43.0

64.0 ?16.0 15.
MO I-C 0 3



84.0 85.0 72.6 ~84.0 89.0 72.6(.
84.11 92.0 73. C
84.0 92. 0 71.4
145.0 92.0 73.0
85.0 sol0 73.C
85.0 84.0 VC.C
85.0 81.0 71.3
85.0 80.0 70.2
85.0 78.0 71.0
84.0 78.0 71.C
015.0 80.0 71.7
84.0 85.0 72*6
84.0 90"( 72.2
84.0 92. 1 71.4
84.0 92.0 71.4
85.0 91.0 71.8
85.0 88.0 69.9
86.0 83.0 72. C
86.0 81.0 73
85.0 79.0 70.6
86.0 79.0 7C.6
85.0 78.0 71.C
85.0 79.0 72.1
86.0 85. 0 72.6
45.0 89* 0 72.6
85.0 90.0 72.2
85.0 92.0 ?3.0
86. 0 91.0 71.8
86.0 88.0 69.9
86.0 84.0 7CIC
86.0 81.0 71.3
86.0 78.0 Tile
86.0 7ee.0 72.5
86.0 7800 7 1. c
85.0 80.0 7117
85.0 8500 72.6
65.0 88.0 73.C
64.0 92.0 71.4
85.0 93.0 72.6
85.9f 92.0 Y.
86.0 s8l0 69.9
86.0 84.0 7.
8E6.0 797t6.1

&&0 79.0 7.
es.0 ?9. 0
85.0 a59o 71.
85*0 90.0, 7.
85.0 ,. 14
85. 9.0 71.2
I6.0 129.0 71.0 .

86.0 423.0 7Z.C
06.0 80. 0 71.7
86.0 78.0 71.
84.0 m7.0 U?
66.0 2400 7

&S.0



85.0 36.0 72.2
85.0 90.0 7 .2
-5.0 92.0 71.4
86.0 93.0 71. C
86.0 93.0 72.6
86.0 88.0 71.4

85.0 84.0 71.6
85.) 81.0 71.3
84.0 79.0 70.6
84.0 79.0 69.1

84.0 79.0 7C.6
53.0 80.0 71.7
83.0 85.0 71.1
82.0 90.0 7C.6
83.0 92.0 71.4
83.0 92.0 71.4
b3.0 91.0 71.8
83.0 88.0 71.4
s3.0 83.0 72.C
83.0 81.0 71.3
83.0 80.0 71.7
83.0 M. O 7C.6
83.0 79.0 72.7
83.0 81.0 72.7
82.0 86.0 72.2
82.0 90.0 72.2

i
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