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FOREWORD

Thws report was prepared by the MRD Division of the General Amerlcan

--Transportatlon Corporatlon under Contract 0CD-08- 63 176 for the, Offlce of

Civ1l'Defense. Mr, Frank C. Allen of OCD's Directorate of Reseanch was

project‘mohitdr;' Thls rpport covers the period or June 196% Lo August 196h.
The contract was a study of the habltabnlaty of typlcal 1dent1fiedAshe]ter
configuratlons with cons1deratlon given to various. space a11otments, venhllatxng

‘rates, env1ronmental criterxa, and structural partlculars. “ALL of thebe parum-

eters were studied over a wide range of varLatnon ‘with the primarJ emphas¢s on

aboveground shelter spaces.

Anglytical studies of the environment in shelters are conbinuing under

& sﬁbcontraqt,with Stanford Research Institute, and a comprebensive report -

will be prepared at the conclusion of planned work.
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- ABSTRACT

Transient and steady analysis are used to determine the psychrometric

conditions that develep in large ghoveground fellout shelters ventilated with

"unconditioned anbient air. Theee analyéea consider the shelter siie, geometry
' ”’,end construction, the psychrometric condition of the ambient weather, and the

'j.various metabolic and nonmetebolic heet 108ds o the shelter alr, The results

of this 8tudy indicate that during the hot summer weather, only a smell-fraction

of the total energy input to the sheltef is lost through the shelter bounderv sur-'

faces. Thus, the ventilation requiremente for large aboveground shelters can -
be obtesined by the use of enwanalysis which neglecte the heat loss through the

shelter boundaries.. This means that eboveground shelter ventilation systems

- should be designed to remove the entire thermal load genereted within the shelter.

moBCTIOn

The fallout shelter must protect the:shelter ocrupemts from radiocactive

' fallout and from the detrimental effects of excessive carbon dioxide levels,

" dneufficient amount of oxygen, and excesgive shelter temperatures end humidities,

The shelter ventilation system's equipment insures that these edditionel eefe-
guards ere maiﬂtained.' For example, the cafben dioxide 1eve1'in & shelter can
be kept at; an ecceptsble value by ventilating the shelter with 3 ofm per occus
pant, But, es.ﬁuch as 60 cfm of outside airlcould be required to keep theh
sﬁelter temperature and humidity down to tolerable limite during the hot summer

months., In some situations, ventilating with external smbient air will not
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sufficiently control the shelter effective temperature and air conditioning

eyuipment will be required.

To properly select the ventilation equipment the shelter designer must

accurately know the ventilation rate required. The mejor parameters in this'

1~determination are the number of shelter occupants, the ghelter! 5 geographical
location, and the shelter's size and construction. The number of 00cupants

establishes the level of 1atent and sensible metaholic heat that is produced

im the shelter, -The geographical locaticn determined thet gtatistiesl proba-

bability and,frequenCy-of ocourrence of the»psychromeﬁric condition of the ambient

weather from which5the ueauher design.criperia can be obteincd;"A knOWledge
of the shelter 8 physical size and construction features defines the heat
transfer coefficients which are required to compute the heat transfer to and
- from the shelter. When 1hese factors and the required shelter effeetive temper~
erature are ‘known end- incorporated into a prediction technique for the ventilation;“
‘requirements of the shelter, the designer has a basis upon which he can select

o

the ventiiation equipment.

The MRD Divisionzhas.been'engeged in the development.of such a predictidn

Ytechnique under the Offiice of Civil Defense. Contract OLD 08 - 63v176, Subtask

elSA%. The eventual goal of this program is to formuiate 8 simplified procedure

for predicting the ventilation requirements of.shelters. This paper presents
the results of_eéverel studies which are preliminary steps in the development

of this simplified procedure. These stuiies are hased upon '

1, ihe metabolic energy output of approximately LOO Btu/hr«occupant'

given by the sensible and latent heat expression, see Reference 1,

*Mr. F, O, Allen of 7005 Directorate of Research was project meonitor,




2; the shelter habitability criteria represented by:the ASHRAE effective
temperature (an_empiracally devised index;of the various phychrometric
conditions that produce similar comfor£ levels), see Appendix A, and

3.‘nthe derived mathematical shelter model which is applicable to large

. shelters that are either aboveground or belowground, do or do not have"
‘boundery surface heat losses, and are in a transient or steady-stete

'cqnditioﬁ of mese and energy tranefer, gee Appendix B end Reference 1.

The metiematical model for the shelter is the most comprehensive analybical

procedure thet coﬁld be developed without unduly COmplicaming the computatiohal

procesdure. When used &s a transient analyeis, the model. permits the psychrometric

a

“gtate of the shelter air to be c0mputed as’ a function of time. The analysis

:considers

1. time. varying inlet alr conditions,'
2. time varying energy :anuta to the shelter air from equipment and Jights, v
3, time varying solar loads which have been transmitted through windows |

into the shelter (1. e., time varying values of 4ransmitted solar
radietion es obtained from the ASHRAE Guide end Data Book)

K, metabolic latent and sensible’ energy loads based upon the instanﬁaneous
psychrometric state. of the shelter, see Reference ‘1, and

5, shelter boundary surface heat losses {or gains) based upon a one‘dimensional
heat transfer analysis neglecting corner effects. "

The shelter model is based upon the assumption that

1. the air within the shelter is so completely mixed that all of the
ghelter air is at one psychrometric condition,

2. the convective heat trensfer coefficient for each external boundary

surface of the ehelter is not a function of temperature and has s

constant value over the surface,

(WS
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the walls and fioors which are internal to the shelter volume are at
the dfy—bﬁlb température of the shelter air,

the radiative energy interchanges within the shelter can be neglected,
the solar direct and indirect radiative input 40 the shelter through
ﬁindows and the equipment and lighting heat loads in the shelter can

be grouped together as one time. dependent load factor which is termed

‘ the thermal load,

"the ventilating air exhausted from the shelter is at the psychrometric

condition of the shelter air,

the effects of condensation on’the wells, floors, and ceilings of the

shelter can be neglected, " -

. ‘the thermal-physical properties of the strucfural matérials;arg.not'

o,

temperature dependent, and

the solar rediation absorption'on«opaque shelter bondary surfaces

“Can be negiected;

Thus the shelter is ldealized es an enclosed volume in which sensible

heqﬁ,‘lateﬁt heat, and ventilating alr are introduced and'from vhich eir is

exhauated_and energy is lost, see Figure 1. The gOvérning principles for
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FIGURE 1 - IDEALIZED SHELTER MODEL
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such a model are the conservation of energy and the conservation of the masses
= ], of dry air and water vapor.
5 . - ﬁ: The primary aim of this paper is to determine the most simple analytical -

model which can predict the psychrometric conditions which develop in above-

SR e g

' - ground shelters, To evaluvate this model, actual shelter test data are compared

T

to computed data; and variation of parameter approaches are applied to several

PRSP IS Ria

il - 4 _‘ .
’ l types of shelters to generalize the results. The analytical shelter models

studied in the paper are
1. aboveground adisbatic boundary shelter model (no heat transfer

through the shelter boundary surfeces) with time-dependent parameters

S (i.e,, the state of the inlet air and the thermal loads added to the :
1 . shelter air), . , : S ”
1 i 2. aboveground nonsdiabatic boundary shelter model with time-dependent "_

parameters,

R S

aboveground adiabatic boundary shelter,model«with steady-state

w

(constant with time) parameters, l ‘ _ ) o

Ly, aboveground nonadiabatic boundary shélter model with steady-state

T v i
parameters. o . S

B

RESULTS _OF SHELTER ANALYSIS

‘Transient Analyses of Shelters

The time-history of the temperature and humidity within a shelter is pre-

dicted by the transient analysis which considers the time varying mass and
energy balance about the shelter. The validity of this analysls is establighed
by comparison of several sets of analytical computations with data from

actual shelter tests, The sheliter tests chosen for the comparison are the

MRD Wilmington, North (Carolinn test #7 (Refergnce 2), the University of Florida

L =] - L ] oy o e

T




Central Stores Building test Phac . IV (Reference 3), and the MRD Houston, Texas
test IT (Reference 4). The Wilmington shelter is a 210-man aboveground shelter,

the Florida shelter is a 250-man basement shelter, and the Houston shelter is 7'

Piniowi pEmty NS AN

&‘ a 290-man-besement shelter, Using the observed -inlet air datae and the shelter

dimensicns and construction devails, the transient analysis computed the dry-

"bulb and effective temperatures for the shelter air as. a funchion G2 time, see

‘Am'? pes"

Figures 2, 3, and 4, The instantaneous calculated values are generally within
2° F of the experimental date for the shelter dry-bulb temperature and within

1°F for thé shelter effective temperature.'

When the shelter is assumed to have adiabatic boundaries (no heat transfer ﬂ¢ 1
through the shelter boundary surfaces), the analytical and experimental results - i
asgree on the 24 hr average to within 2°F for the dry-bulb temperature and within P

1°F for the effective temperature, The adiabatic boundary results are consis-

tently at or greater than the experimental values., This means that all of the

tested shelters 100t energy through thelr boundary surfaces and that the

i

transient analysis s]ightly overestimates the amount of this energy loss.

Steady~3tate Analysis of Shelters with Boundary Heat Loss Co Co

The time-average psychrometric condition of the shelber can be determined

by the steady-state analysis which considers the time-average values of the
peychrometric cdndition of the inlet air and the heal loads gensrated within

the shelter., The heat loss from the houndary surfaces of an sboveground shelter

i1s determined by the temperature difference that exists between the shelter air
and the ambient air external to the shelter and by the heat loss coefficient, UA.
The UA value for a shelter is determined by the size, geometry, and composition

of ite walls, floor, and ceiling; and its value is determined by

|
|
|
i
I
i
b
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Shelter Dry-Bulb
Temperature,Tyn, °F

Time-Average Temperatures of Shelter

Environment¥
Dry~Bulb,TDB Effective, TEFF
——————— : BExperimental Data 88.8°r 8h.5°m
— e em——=: Adiabatic Boundary 30.5°F 85,6°F
Computation :
—ms—eams-m e 1 Nonadiabatic Boundary 88.3°F 8l , 5°F
Computation

*For 20.0 CFM/OCCUPAN‘I‘ Ventilation Rate, 83.9°F Average Inlet Air Dry-Bulb
Temperature and 80°F Average Inlet Air Effective Temperature.

FIGURE 2 - COMPARTSON OF COMPUTATIONS AND EXPERIMENTAL
DATA FOR WIIMINGTON, N,C. TEST 7
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Time-Average Temperalures of Shelter

Environment*
Dry-Bulb, TDB ffective, TEFF
: Experimental Data 88.6°F 83.2F
—————— : Adiabatic Boundary 91.5°F 8h.2°F
Computations :
~s—s—+—s— : Nonadiabatic DBoundary 87.5°F 82.0°F

Computations
*¥For 13.9 CFM/OCCUPANT Ventilation Rate, 81,5°F Average Soil Temperature,
85°F Average Lnlel Air Dry-Bulb Temperalure and [8.3°F Average Inlet Air
Effeactive Temperature
FIGURE 3 - COMPARISON OF COMPUTATIONS AND EXPERIMENTAL
DATA TOR CENTRAL STORES BUILDING GAINSVILLE,
FLORIDA




SHE Fr il SRR

Shelter Effective
“Temperatwre,Tppp, °F

. Shelter Dry-Balb
8
]

4 \\_ e
I am g e gt
85 1 1 1 | ] L. | I | 1 (I
2 8 1L : 20 <
Hour
Time-Average Temperatures of Shelter
Environment*
Dry-Bulb, IDB Effective, TEFF
: Experimental Data 88.7°F 8L.8°r
—————— : Adiabatic Boundary Computation 90.5°F 86.1°F
—t—s—s—s~1 Nonadiabatic Boundary 87.7°F 8h.5°F

Computation

¥For 12.8 CFM/OCCUPANT Ventilation Rate, 87.9°F Average Soil Temperature,
83.0°F Average Inlet Air Dry-Bulb Temperature and 79.0°F Average Inlet Air
Effective Temperature

FIGURE 4 - COMPARISON OF COMPUTATIONS AND EXPERIMENTAL
DATA FOR HOUSTON, TEXAS TEST II
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m
7
A = L2
where: p

m = number of boundary surfaces
UJ = overall heat transfer coefficient of boundary surface j¥
AJ = -surface area of boundary surface i
P = number of shelter occupants

‘T> evaluate the accuracy of the analycis, the Wilmington eboveground

shelter test data are compared to the results computed by the steady-state

analysis with boundary heat loss. The comparison shows that the time-average

shelter dry~bulb temperature is determined to about 1.5°F and the time-average

" shelter effective temperature is determined to about 2°F, see Table 1.

TABLE 1

SUMMARY OF WILMINGTON, N, C, ABOVEGROUND SHELIER TEST¥**

Test Nos.

Obgerved Date ‘ 5 7 8
Ventilation Rate, cfm/occupant 9.0 20.0 7.0
Average Inlet Dry-bulb Temp., °F 83.1. 83.9 7.5
Average Inlet Effective Temp., °F 18.6 80.7 Th b
Aversge Inlet Relative Humidity 0.68 0.78 0.72
Average Shelter Dry-bulb Temp., °F 90,0 . 88.8  89.8
Average Shelter Effective Temp., °F 85,7 8k.s5 86.1

Values Predicted by Steady-State Analysis with Boundary Heat Logs

Shelter Dry-bulb Temp., °F 90.3 90.2 87.3
Shelter Effective Temp., °F 86.1 86.7 8h,2

*Ag obtained from ASHRAE Guide and Date Book -~ Fundamentals and Equipment,

American Society of Heating, Refrigeralion, and Air Conditioning Engineers, Inc.,

1963, pps. 391-428,

**PFor 210-man aboveground shelter of Reference 2,

10




These results are similar to the agreement obtained with the transient analysis.
If the steady-state shelter values of test #7 are compared to the time-average
shelter values of the transient study for test #7, the results are within 2°F
of each other., This shows that the steady-state shelter cdndition‘approximates
the time-average shelter condition determined by the transient anslysis.

The steady-state analysis with boundary heat losses was used to determine

the psychrometric oondition of the shelter as a function of the ventilation .

rate per occupant, the equipment and lighting load per occupant, the psychro-
metric conditions of the inlet air, and the heat loss coefficieﬁt, UA, see
Figure 5, 6, and 7. The shelter dry-bulb temperature veriation due to changes
in the relative humidity of the inlet ventilation alr is negligible (leéé
than 0.01°F). This is not true of the effective temperature of the shelter
and therefore, inlet air relative humidities of 15 and 80% are presented.

The main effect of the heat losé coefficlent, UA, is to decrease the
shelter dry-bulb and effective temperatures as the UA value increases. But,
the temperature reduction decreases as the flow rate is increased, see Figure 8,
Generally, less than 20% of the total energy input to the shelter 1s lost
through the shélter boundariesj however, this percentage can become as high as
30~50% for extérnal ambient dry-bulb temperasture below TO;F end flow rates
below 20 cfm/occupant.

Steady-State Anelysis of Adiabatic Boundary Shelters

The adiabatic boundary éhelter model differs from the nonadiabatic
boundary shelter model in that 1t neglects any heat logs through the shelter
boundary surfaces. This is not an unrealistic assumption, because the heat
losses of the sboveground shelter can be a small percentage of the total heat

input to the shelter. In the belowground sheller, a quasi-adiabatic boundary

11
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FIGURE 9 - NONADIABATIC BOUNDARY SHELTER DRY-BULB TEMPERATURES FOR ALL INLET
AIR RELATIVE HUMIDITIES AND UA = 10 BTU/HR-°F-OCCUPANT
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95 r gqéi ine s lmxé htlﬁggtiozx on walls.
e 0 BTU/HR=OCGUPANT
, —- 50 BIU/HR~0CCUPANT
— — — — — — —100 BU/HR~OCCUPANT

\ In All Those Calculstions .
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Shelter Effective Temperature, Tppp, -°F
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o
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Ventilation Flow Rate, Py, CFM/OCCUPANT

FIGURE 6 - NONADIABATIC BOUNDARY SHELTER RFFECTIVE TEMPERATURES FOR 15%
INLET AIR RELATIVE BUMIDITY AND UA = 20 BTU/HR-"F-OCCUPANT
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Neglecting solar absorption on walls.
4 : Equipment and Iighting 3
105 = . 0 BIU/BER~OCCUPANT
— - 50 BIU/HR=-OCCUPANT
\, = ———= = 100 FN/HR~OCCUPANT
: In Al) These Caleculations
N Metabolic Load™400 BTV/HR~OCCUPANT
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Ventiletion Flow Rete, Fi, CFM/OCCUPANT
FIGURE 7 - NONADIABATIC BOUNUARY SHELTER EFFECTIVE TEMPERATURES FOR 80% o
INLET ATR RELATIVE HUMIDITY AND UA =~ 20 BTU/HR-°F-OCCUPANT , )
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condition is reached when the wall temperature approximates the shelter average

dry-bulb temperature. For example, consider the Houston baesement shelter tests.

In these shelter tests the time-average soil temperature was 87.9°F whereas

the time-average shelter dry-bulb temperatures varied from 82 to 87°F, When

~ the Houston shelter is considered as an adiabatic boundary shelter by.the

steady-state analysis, the computed date agree with the test data to within 2°F

_in dry-bulb temperature and 1,5 °F in effgctiﬁé"temperature, gec Table 2,

TABIE 2

SUMMARY OF HOUSTON SHELTER TEST*

’Test Nos,

Qbserved Data : o o 1 CIT IIT
" Ventilation Rate, cfm/occupant 9,25 12,8 9,25
Average Inlet Dry-bulb,Temp., °F ' 2 . 83 - T7
Average Inlet Effective Temp., °F . 78 79 76
Average Irlet Relative Humidity 0.77 0.75 0.76
Average Shelter Dry-bulb Temp., °F 89.5 88.7 87
Average Bhelter Effective Temp., °F 87 84,8 N

Values Predicted by Steady-State Adiabatic Boundary Analysis

Shelter Dry-bulb Temp., °F 90.9 90,1 88.6
Shelter Effective Temp., °F 87.4 85.9 85.6

86.2
82.2

In test II, the steady-state and transient results agree to within 0.5°F when

the ahelter i8 considered to have adlabatic boundary walls., Thie agein confirme

the relationship of the time-average values of the transient analysis with the

adiabatic boundary steady-stete analysis.

The shelter's dry-bulb and effective temperatures were computed by the

adlabatic toundary steady-state analysis for the same ranpge of parameters used

with the nonadiabatic boundary analysis, see Figures 9, 10, and 11,

these data are compared with the data for the nonadiabatic boundary shelter,

the inlet air conditions that produce high rates of energy loss are found to

*For 200-man belowground basement shelter of Reference b,

16




It

- 105

8

Shelter Dry-Bulb Tempersture, T, OF

. 85

e e e ke e e e E— w

80

75

10

_ \ Equipment and Lighting Load:
\ 0 BIU/HR~OCCUFANT
N - 50 BTU/HR~OCCUPANT
« 100 PTU/HR~OCCUPANT

v N ~ In All These Celoulattons '
: \ N “Metabolic Loedas 40O BIU/HR«OCCUPANT
N . . , .

"
; -k
5

i ——==

\
] - ] i 1 !
10 20 30 Lo 50 60

Ventilation Flow Rate, F,, CFM/OCCUPANT

FIGURE 9 ~ ADIABATIC BOUNDARY SHELTER DRY-BULB TEMPERATURES FOR ALL INLEY

AIR REIATIVE HUMIDITIES

Ly

T DR AT A

IO R S Ky Fo T RRNRLs




" |

%

90

—3
A

Shelter Effective Temperature, Tgpp, °F
y . _
o . .

T0

65

Equipment and ILighting Load:
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FIGURE 10 - ADIABATIC BOUNDARY SHELTER EFFECTIVE TEMPERATURES FFOR

15% INLET AIR RELATIVE HUMIDITY
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FIGURE 11 - ADIABATIC BOUNDARY SHELTER EFFECTIVE TEMPERATURES FOR
80% INLET AIR RELATIVE HUMIDITY
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rates, see Figure 12,

occur when energy loss is the least needed to control the shelter environment.
For example, at inlet dry-bullb temperstures below TO°F, the adievatic boundary
shelter's effective temperature never exceeds 85°F except at flow rates of 6 cfm/
occupant and below, see'Figures_lO and 11.

| Ir the éffective témperaﬁure index is anceptéd as the shelter habi-
ability criteria, a psychrometric ‘chart can be used as & means of determining
the relationship between the psychrometric condition of the inlet air and the
ventilation f;ow_rate, gee Referencg 5.  For instance, if an average effec-
£ive témperature of‘85°F’is chosen‘as the habitability limit, the loci of
the avefage psychrometric conditionsg of.the»iniét air fhét produce an 85°F
9ffeét1ve temperatnre,in the shelter can bé plotted for various'ventilation
Equipment and Lighting Load = Zero
Metabolic Load ® 40O Btu/hr-occupant

Steady-State Adiebatic Boundary
Shelter Model
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FIGURE 12 - VENTILATION RATES REQUIRED TO MATNTAIN AN AVERAGE EFFECTIVE
TEMPERATURE OF 85°F
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‘LOcal Ventilation Rates

In order to determine the ventilation rate required for any given shelter,
weather design criteria must be selected. BSeveral weather data studiés are
currently available upon which the weaﬁher design criteria could possibly be
besed (e.g., see Referenc§s>6, T, and 8), but the weather design criteria to
be selected for a shelter must be based upon a deteailed study oﬁ}the relation-
ghip between the psychrometric state of éke amblent Weather‘énd the effect‘that

ventilation air from thigs ambient-has on the shelter environment when actual

" weather data are considered. This relationship will be influenced by the interval

of timé chogen for the comparison. Possibly none of tﬁe available‘weather daﬁai
studies will be épplicable and & nev set éf criteria wili have to be established.
fhe MRD Division is presently engsged in a program for the Office of Civil
Defense to study the relationship of periods of actual weather on shelter envi-
ronment, In additién, more information must be gathered concerning fhé ef£¢qt ,
of environmental conditions on the huﬁan pddy; particularly, wheﬁ thege con-
dltions are changing with time and the body is upder 8 high level of emotional
gtress. However, this paper has shown that the regional ventilation reqﬁiréments
for shelters can be determined once the weather design'criteria and habitability
criteria are known,

CONCLUSIONS

The transient analysis is able to predict an aboveground shelter's instan-
taneocus dry-bulb tempersture to within 2°F and the shelter's instantaneous
effective temperature to within 1°F, The time-average values of a shelter's
dry-bulb and effective temperature are predicted by a steady-state analysis to
within 2°F, Either of these analyses can be used to determine the environ-

mental condition of a shelter with a reasonably high degree of accuracy. The

21
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steady-state analysis has established that the energy loss that can occur

through the boundary surfaces of an sboveground shelter is generally less than

'20% of the total thermal energy introduced into the shelter air during hot
gummer weather, All of these results indicate that thé.mechﬁnism of heat loss
through the boundary surfaces of an aboveground shelter cannot beé depended

upon to remove energy ffom the shelter during hot weather. At most, boundary

‘surface heat loss should;be regarded as a possible safety-factor in ventilatidn

system design. It is therefore recommended that the ventilation systems for

abéveground shelters be designed to remove the entirq thermal load genérated

“within the shelter,

The flovw rate predicted by the analysis of'g shelfer without boundary

surface heat logs is the maximum flow rate that can be required (assuming the

solar radiation sbsroption effects on opague shelter boundary surfaces are

negligible*); and thus provides a means for establishing an upperulimit on the

glze of the ventilation equipment for an aboveground shelter. The reasonable

agreement betwsen the calculstions for a shelbter without boundary surface heat
loss and the shelter test data insures that the equipment sizé'based“ﬁpon this

ventilation rate is not overly conservative.

The paper has shown that with metsbollc head load data and weather design
criteria the veﬁ%iigyion reguirements for aboveground shelters (e.g., the
shelters surveyed in the National Fallout Shelter Survey) can be determined
analytically. %The reliability of these predictions is primarily dependent upon

the reliability of the metabolic and weather design data used in the calculation

procedure,

*¥This agssumption is presently under detailed evaluastion by the MRD Division.
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APPENDIX A

DERIVATION OF EFFECTIVE TEMPERATURE EQUATION
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DERTVATION OF EFFECTIVE TEMPERATURE EQUATION

Many sets of psychromelric conditions pfovide tﬁe human body with similar
levéls of physiological comfort. The effective temperature scgle has been
established as an empirically derlved index of lhe various psychromeiric condi-
tlons which produce similar comfort levels., The effective temperature is a
function of the dry-bulb temperaturé, wet-bulb ﬁemperatuie, and velocltiy of the
air in which a person resides. Generally, these data have been presented in
nomographic form or by approximatling equations. For the purposes of Lhis study,
the nomograms were inconvenient to use since they were not. in equation form,
and the existent equations were not of sufficlent geccuracy. As a resull, an

accurate mathematical expression for effective temperature was derived.

The derivation was based upon the ASHRAE nomogram¥ for effective temperature,
see Figure Al. Because the ventilating air velocities in sheltérs is generally
low, only the 20 fi/min flow velocity curve of the nomogram was considefed.

This eliminated the ajr velocity as o pérameter in the determination of effec-
tive temperature. A schematic of the curve AA which represents the éO £t/min
flow velocity in Llhe nomogram is shown in Figure A2. Curve AA is linearizegd

by a straight line which intersecis the wet-bulb (TWB) and dry-bulb (TDB) temper -

ature scales at the points M and N respectively. By geometric similarity

P- M4

o T W0 (A1)
and

p-g R »

st Rop (a2)

s —— s oy M e e N

XASHRAE Guide and Data Book - Fundamentals and Equipment, American Soclicty ol
Heating, Refriperation, and Air Conditiouning Bngincers, lac., 1963, p. 111
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FIGURE A2 - SCHEMATIC OF NOMOGRAM OF EFFECTIVE TEMPERATURE, T

but N-0=8-T., Then
g RQ | |
MO © RT (A3)
where
= Lanl -
M = 107.5°F R = TWB |
= ,. e =
0 i15.2°F Q TEFF
[SIEE Tl)B R = TDB

Al
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Substituting the above values into Equation (A3) yields

107.5 (TDB - TWB) + 62,3 (TWB)

u T, = . : (Ak) -
Z | EFF 62.3 + (TDB - TWB) i
S This relationship is limited to low alr velocities and is restricted to the
§ temperature range of
Ls© ) o )

15°F < TDB < 110°F

and
' ' 0 o
3OFSTWBS]"OOE

The temperature range restrictions are imposed due to the fact that the TEFF

oy S

curve of the nomogram- cannot be considered a &traight line beyond these temper-

ature limits. Table Al shows that)Equation (Ak) has an sverage error of less

than one percent.

TABLE Al ERRCR IN CALCULATED‘ERRECTIVE TEMPERATURES BY EQUATION (Ah)

Wy e G Npess e s O pees MNSG DESE R O ESG  OSE  Meaw peew |

Trp’ °F TWB’ °F Teff’ cal'd by Teff’ read. from  Percent; Error
Equation (Al) Figure (AL) -
110.0 98.9 99.k 99.0 " 0.45
110.0 90,0 ok .2 94,0 ~0.20 ,
110,0 30,0 73.5 ; 74,0 0.68 .
90,0 - 80.0 83.9 : 83.9 0 :
90.0 60.0 75.5 75.6 0,13
90.0 k0.0 70.0 70.0 0
} 80.0 60,0 7L.5 7L.5 0
4 80.0 40.0 66.3 66.3 0
; 80.0 30.0 6,7 64,3 0.62
u 70.0 60.0 66.6 66.5 0.15
- 70,0 50.0 63.9 6h.0 0.15
45,0 30.0 5.1 45,0 0.22

The effective temperature values are correlated to the relative strain
indicies with a 0.5 relative strain index being cssentially an 85"F
effective tempersture, see Figure A3. Almost all people are comfortable ot

zero relative strain index and physical failure is rapid and severe at 1.0
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relative strain index.* This comparison illustrates the convertability of Lhe

effective temperature index to other indices of physiological comfort.

2

LIRS
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*D, li. Lee and A. lenschel "Evaluation of Thermal Environment in Shelters", U.S.
Department of Health, Education, and Welfare, TR-8, August, 1963
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ANALYTICAL MODEL
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- B.1 DERLVATION OF ANALYTICAL SHELTER MODEL

The analytical model for a shelter is formulated with the philosophy that
whether a shelter is sbove or below ground and whether it is single story or

multi-story, the shelter can be represented by a single mathematical model.

Furthermore, the model 1is developed with the idea that it should be the simpleét

RS S

SRR Sk SR

G

WeF

model thal can be devised and still adequately explain the phenomena. In accord

with this philosophy, the assumptions are made that

ll

6.

the air within the shelter is so completely mixed that ali

of the‘shelter air is at one»psychrometricucondition,

the convective heat transfer coefficient for each external
boundary surface of the shelter is not a function of tempera-
ture Qnd hai a counstant value over the surface,

the ﬁalls and floors which are internal to the shelter volume
are abt the dry-bulb tempersture of the shelter air,

the radiative energy interchanges wiﬁhin the sheltier can be
neglected,

the solar direct and indirect radiatlve input to the shelter
through windows and the equipment aﬁd lighting heat loads in the
shelter can be grouped together as one tine dependent load facter
which is termed the thermal load,

the ventilating ajr exhausted from the shelter is at the
psychrometric condition of the shelter alir,

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

the thermal-physical properties of the structural materials

are nol Lemperalure dependent.,
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The model of the shelter is eslablished by these assumptions. Thus the shelter

: g. is idealized as an enclosed volume in which sensible heat, latent heat, solar
g ' bheat, equipment heat, and ventilaling air are introduced and from which air is
bad .

exhausted and energy is lost., The governing principles for such a model are =

i . , . . . . w

B the .conservation of energy and the conservation of the masses of dry air and i

Be G

" woler vapor, ki

| :

-+ . Lo #

The conservalion of energy requires that :

E% (the rate of change of onuthpy "the rate of change of enthalpy .

in the venlilating aix : in the shelter air N

“the rate of Metabolio heat the rate of thermal
+ input by the shelter occupants load to the shelter

E l . [the rate of energy transfer across :
: i + | the shelter boundary surfaces =0 (B1)
B J‘ and integrating Equation (Bl) over the time increment AT

(Hl - H2) + (HS’l - HS,Z) +Qp+Qn-Qy=0 (B2)

H. = enthalpy of ventilating air entering the shelier, Bbu

% v si vheres

l

f H2 = enthalpy of ventilaling air leaving the shelter, Bin

% HS,l = enthalpy of shelter air at beginning of time inercmfu. Aot
HS,E = enthalpy of shelter air at end of time increment A7, Blu
QM =  energy due to metabolism of shelter occupants, Blu
QT = energy inpnt due to thermal losd (see assumption #5, p. B2), Btu

£
v<}
i3

energy loss or gain through shelter boundary surfaces, Blu

WO, i f T DR S CU S
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The conservation of the mass of water vapor necessitates that

the rate of change of water the rate of change of water
vapor in the ventilating air + vapor in the shelter air

) the rate of water vapor
+ lintroduced by the shelter occupants | = O

(B3)

and integrating Equation (B3) over the time increment A7

Uy q = My p) + My g ) =My g 0) + gy = O (B

where:
MV'] = mass of water vapor in the entering ventilating air, 1b
s . . .
MV o = Mass of water vapor in the exhausting ventilating aif, 1b
J

MV g, 1 = mass of water vapor in the shelter at the beginning of
25 the time increment Ar, 1b

MV = mass of water vepor in the shelter at the end of time
2 \ Ot
incrementAr , 1b

MV M mass of water vapor introduced by the shelter orccupants, A1)
3 .

The conservation of the mass of dry air demands that

the rsle of changé of dry : the rate of change of dry |,
gir in the ventilating air + alr in the sheller air = 0

(B5)
and integrating over the time increment AT
(Mazl - Ma,2) * <Ma,S,l - Ma,S,E) =0 . (B6)
vhere:
Ma = mass of dry air in the entering shelter air, ib
3
M& o T Mass of’ dry air in the exhausting shelter'air, 1b
)
M . = mass of dry air in the shelter al the beginning of the
a,5,1 . . )
time increment, 1b
g0 C mass of dry air in the shelter at the end ol' the time
IS8

increment, 1b
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Denoting
AQ = Hl + HS’l + QM + QT - QB
Mpo= My ¥ My 5, 1 v Wy

Moo= Moy * My s

Il

and substituting Equation (B7) through (B9) into Equations (B2), (B4) and

(B6) gives
B = Hg 4,
M,0% Myt My 50
Yor0 = Mao T ¥ase
_‘whefe:
U5,2 = My 5,00;5,2 ¥ My,5,2%,5,2
By m M o s My oy

¢ et s

(87)
(88)

(B9)

(B10)

.(Bll)

(B12)

(B13)

(B1L)

From the assumption that the exhaust air has the same psychrometric condition

as the shelter air
h91,2 = na.,S,Q

and

hyo = Pygo

With Bquations (Bll) to (Bl6) substituted into Equation (B10)

- ;
aQ = M g g0t My oy g

The specific enthalpies of dry air and water vapor are given by

== ite
n, 0.2k4 (TDB + 459.69)
and
= ; il
h, 1001 + 0.l (TDB)
for 32°F < T < 150°F

B

-(BL5)

(B16)

(B17)

(B18)

(B19)
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where:

Tpy = dry-bulb temperature, °F

Combining Bquations (B17) to (Bl9) and solving for the dry-bulb temperature

results in

AQ - ’
_ Q- 857 M,
w2 T DWW, w02k,

T .
0
where:
i = dry-bulb temperature of shelter air at end of time increment
DB, 2 Ay op . Ab eng of Mme tuchement
) AT, °F ) . _ - " L

The following reiationships.are evident:

: Ma;2 =  6q’F2/)a,2Ar L “‘.i-‘, : (BEl?'
My, = 60 F2/7V’2AT - (B22)
Myge TV Pys,e (823)
o
aﬁd MV,S)2 v pV,S,E (B2k)
where:
V = shelter volume, ft3
AT = {ime increment, hr
0y o= density of dry air leaving shelter, lb/i‘t3
b4
Py o= density of water vapor leaving shelter, lb/ft3
3
P = densily of dry air in shelter at end of time increment,
B‘)S,’2 (0
1b/ft
IS = densitly of waler vapor in shelter at end of time increment
v,5,2 !
/0t
F2 = volumetric flow rate of exhaust air, ft3/min

but by assumpltion

R,2 = Fa,s,2 (B25)
and .
Pv,e T Pya (B20)

Bo

- (B20) ) “;




" 2 Bt R A R

P i B Pt ]

|
!
!
!

i e e S S

= ks

Substituting Equation (B21) through (B26) into Equation (BL1l) and (B12) yields

MV)O = Py (60 FEAf,- + V) (B27)
and
N Ma’o = P (60 F,Ar + V) | (B28)
When Equations (B27) and (B28) are solved for Fz,'they result in
M _-p _V ' ‘ '
i 0 a,?2 : : . i
o= aT__L__. (B29)
2 ~ BOAT p&’z | h
o n Py oY . .
_ %o P2 (ms0)
§OAT Py, 2

The densities of’the dry air and water vapor are assumed to obey the perfect

gas law, Thus;

o eV | (31)
[ . : . . Bt
v Ry(Tpy + 159.69) |
and P - B .
Pa R (TB + xsg 69) e (B32)
a' DB ) ‘
where:
P, = barometric pressure, lb/f’r)2
P, = partial pressure of water vapor, lb/ftd
- . At . : _ _o
Ry gas constant for water vapor, ft lb/lbmole 'R
R, = gas constant for dry adr, ft-lb/lbmole- R

The partial pressure of water vapor is expressed by

Py = r Pg ‘ (B33)
where:
r = relalive humidity
PS = galuratlion pressurc of' water vapor, ]b/fta
] 0.,0329(T
Po ¥ 5.132e 329( DB) A (B3M)
‘O 2050 - \ ' [alan
for 32°F < rlDR < 150°F
B/
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which is an analytical expression for the tabulated values of saturated vapor

o D gy

pressures as a function of dry-bulb temperature (Ref. ).

#

From Equation (B30) through (B33) with

R 53.35 ft~1b/1b . «°R

. S fa T mole”
8 and _ .
o | R, = '85.71 ft‘-;b/lbmo-le-, F.
'7‘% the following expressions can be ‘obtained:
i R - r [’5.132§O'3£9(TDB)] . - (B35)
o Lk 0:0329(P L) pag
8 ¥ (A_,‘.DB T555.69) [0,05987r e .DB’] - (B36)
: al and . S :
'_ Lo . 0.0329(T_), . :
poo= IR [0.01874kP_ - 0.0962 r e DB’ ] (B37)
l Fa (Tpg + 1459.69) * - B
' Equating Equation (B27) and. (B28) gives
a Yoo Mo | o (B38)
x o R, 2 Py,2
1 Evaluating Equu,tioﬁs {B36) and (B37) at the shelter dry-bulb temperature,

[r },and substituting the results into Equation (B38) gives the partiel

DB, 2 )
pressure of the water vapor [PV].as

.'[‘)\

Hioaei
3

(B39)

I
140, L0t (M:b.‘_-’.)
V,0

And from Equation (B33), the relative humidity of the shelter at the end of

the time increment is given by

r = (BhO)

*dl<"d

gubstituting Bquations (B34) and (B39) into Equation (BUO) results in

[#s}
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5,130 (0+0329(Typ) L] + 0.6224 a0 ]
‘ , 0

With these equations, the psychrometric conditions within the shelter can be

determined as a function of time through the use of the following procedure.

1. Determine the psychrometric conditions of the air
introduced into the shelter and the air within the -
. shelter along with the heat inputs and losses of
the shelter for the time interval AT

2. Compute the quantities AQ,.

; and M, ,0 from Equations
(B7), (BB), and (B9) respectivég

3. Assume that these quantities do not change over the time
“interval AT, ‘and compute the dry-bulb temperature of the .
shelter at the end of the time ipterval from Equation {B20).

b,  Caleulate the relative humidity of the shelter air at the
end of the time interval from Equation (Bhl)

5. Set the psychrometric conditions of the shelter at the end of
- the time increment equal to those in the shelter for the beginning
of the next increment, and repeat the entire procedure.
By the continupus application of this procedure, the shelter's psychrometric
condition can be obtained as a functionﬁof time for any time period. The

computation method that has been developed constitutég a transient analysis

of the shelter environment under the influence of time varying paremeters.

The sheller's psychrométric condition is.described in the anslysis by 1ts
dry-bulb temperature and relative humidity. Instead, the dry-buldb and wet-bulb
or effective temperatures can be used, The wet-bubl temperature is determined

*
from the Carrier equation.
{ - I . -
(By - Pg'MTpp - T

up)

- (B4h2)
v 8 2800.0 - 1.3 (ng)

.x.
J. H. Carpenter, "Fundamentals of Psychrometrics", Carrier Corporation,
Technical Note T 200-20, Syracuse, New York, 1962, p. 12.

B9
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PS' = saturation pressure at wet-bulb temperature, 1b/ft2
T,z = vet-bulb temperature, °F
with Pé' evaluated by Equation (B3h4)
Bg' = 5.132 e0'0329(TWB) . (B43)
and PV obtained from Equation (B39). The results is a transcendental equation
that can be solved for the wet-bulb temperature. T, When the vaiﬁe of the

‘.Wet-bulb temperature is known, the effective temperafure can be“detéfmined"

ffom“eqﬁatioﬁ (Ak). : .
' 207.5 (Tpg - Typ) + 62.3 ()
EFF =~ . 62.3 + (Tp ’

T (B

‘TWB)_

As mentioned in Appendix A, this relationship is limited to low air velucities

‘and is restricted to the temperasture range of

n < 110°F

mig
*5 ¥ 2T

and

30°F < T,

< 9
WB T“lOO F

The heat loss or gain-of the shelter boundary, Q,, over a time interval AT

is determined by the temperature of the inner surface of the boundery, Tl' In

the computations, the value of T. 1s obtained from the temperature distribution

1
thet existed through the boundary during the previous time incremené. This
temperature distribution is deduced from a transient analysis of the energy
transfer in the boundary. In order to accomplish this analysis, the boundary
is divided into a finite number of slabs of thickness A X, except for the inner
and outer surfaces which are made into slabs of thickness A X/2, with each slab

assumed to be al a single lemperature. This temperature is assigned to the

midpoint of each slab, except for the innermost and outermost slabs which are

B10O
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assigned temperatures al the external surfaces of the slab (see anure Bl1).

These locations of slab temperature are termed nodal points. The external

nodal points of the boundary transfer energy by convection with surrcunding air

and by conduction with the next internal nodsl point. All of the rest of the

nodel points transfer energy by coﬁduction with the two adjecent nodal points,

The energy balance about-an.internal nodal point m is’

k = thermal conductivity o[ composite boundary mater:al,
Btu/hr ft-°F

o= den51ty of CumPOblLE boundary material, 1b/f t3
Cp - specific heat of composile boundary material, Btu/lb-°F
Ay = thickness of boundary slab, 1t
Tm = temperalure of nodal point m al beginning of time
inerement, °TF
T = temperature of nodal point m-1 ab besinning of time
m-1

increment, “F

Bll

energy conducted energy conducted to | - energy stored in
to point m from .- point (m+l) to = . |the glab of point m
point (m-1) ol point m d - (Bh;)
or R (Tm—Tm-l) Cr KA (Tm+1 Tm) B A AOCp(Tm Tm) (BL6)
. _ . Ay ¢ AX - T AT )
and .the temperature atl Lhe nodal p01nt is
A = : 1o 117
| To= BT+ T o)+ (- 2T (Bh7)
with
B S 5 (B48)
where:
B = QAT
1 BXE
O = e
PC o ‘ Co-
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T o " temperature of nodal point m+l at beginning of time
m increment, °F
Tm‘ = temperature of nodal point m at end of time increment, °F

The energy balance about the inner surface of the boundary is

energy convected energy conducted to energy stored in
from shelter air - nodal point 2 from = the slab at
to boundary nodal point 1 : nodal point 1 J(B49)
| : (T,-1,) N .
2 - AX ' 1 !
or h; A(TDB,E - T ) + kA i = —5- A —-P_AT '(‘T.‘_l ml) (B50)
"and the temperature at the inner boundary surtace ig’ .
t = - ) )
"Tl = BT+ B,T, + (1 B3 )T (B51)
with By(By#l) <1 D (B52)
Where: N
2 k
B T
"»hi = heat transfer voeff1c1ent on the inner surface of the .
e boundary, Btu/hr £2-°F ‘
TDE o temperature of shelter at beginning of +ime 1ncrement, °F
’ ) .
Tl =. temperature of nodal point aL inner surface of boundary at
' beginning of time increment, °F
T2 = temperature of nodal point 2 al beginning of time increment,“
OF .
T1' = {emperature of nodal point at. inner surface of boundary at

end of time increment, °F

The energy balance aboul the cuter surflace of the boundary n is

energy conducted energy convected energy sbsorbed energy stored
from (n-3) nodal from outer surfac from solar radi- in the slab
point {o outer - | point n to exter- ation in the slab|= |at the ouler
surfeace point n nal ambient air al. the outer surface
surface
(B53)
B3
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A

(T” -T

. ) .
n_n-1 _Ax P , -
or -kA A - h AT -T)+9Q =~ —5- A A——P-T (v '-T ) (n;h)
and the temperature at the outer boundary surface is i
f;\j-.'. ’ oo =BT‘+BBT +(lB -B,B._)T +B3aAX' ; "(BSS) -
. S 'n 3°n-1 7 hU3A B3t T Y
. \ Wit +1) <1 : -
g N witn,BS(Bh 1) < | ) ‘ | | (B56)
LW K .
5 where:
" h Ay
: )
B)-l T Tk
h = heat transfer coeffécient on the outnr surface of, the ?
e boundary, Btu/hr-ft ' v
‘ QS’ =._Jnten51ty of solar radiation for shelter 1oc%tion and » . L
“given calender date per unit -area, Btu/hr ft . . c
T = temperature of nodal” polnt n at outer surface of boundary
n [} .
. at beglnnlng of tlme 1ncrement, F . :
i
T 1 = temperature of nodal point n-l at beginning of time f
T - e U= inerement, °F
. g{ : TA‘"= temperature of  external ambient alr at beginning of time
- L increment,- °F - ?
: %} Tn' = temperature of nodal point n at outer surface of boundary -
Bl at end of time increment, °F
' gi Y = absorptance_of outer slab surfaée for solar radiation
;e
The‘boundary surface heat loss as deflned by Bquations (B4T), (Bbl), and

L AT
iﬁ ENEN

(B55) is applicable to the one dimensional heat transfer from a boundafy sur-
face, If the boundary surfaces of a shelter are large, corner effects are
negligible and each houndary surface can be considered Lo be conducting energy

;i ‘ from or to the shelter uni~directlonally. However, the problem in solving for

the heat energy loss or gain from the shelter boundary surfaces is dependent

upon the designation of a tempersture TA in Equation (B55) and the properties

of the boundary surface, i.e., density (P ), thermal conductivity (k), specific

-

BLh
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. 3 v
heat (Cp), and thickness ( A) with Ax=:ﬁji— where n = number of nodal points.

To simplify the analysis, thz shelter boundary surfaces are grouped together

to form one slab surface expoéed to the temperasture of the shelter on one side,
and the tempéfature_TA on the other side, The procedure of replacing all of
the‘séparate'bounddfy surfaces by oné slab surface is based upon the determinstion
.of aree veighted average vdlues fqr the various,propérties of the houndary sur-
face. vThe property Qalueé of each boupdary surface are based upon thickness
theighted‘Avérage:property‘values of the materials that compose each of the

i

bdundgry surfaces. Fdr_example, for any boundary surface property X, thé‘area

" welghted average value of property X for the slab sgrface‘is given by

02 2 Ghoxisa 0 e
where: ’ '
AJ lﬁ .Sﬁrfacg area of boundgry sﬁrfacé i
m = number of ‘boundary surfaces
‘XP .= property X of the material p in tle boundary surface
A b = thickness of the material p in the boundary surface J
r(3) = number of materials in boundary surface J
. r(J)
g Z *p
p=l
. m
A = A,
2 J
'j’:..‘l
s0 that r(j) m N
p =L = 5o (g e) 1/ (B58)
p=1 J=1 3
v om
kK = b z A (A k)] /A B5
[ Za (Kj) (2, kD1 (B59)

B15
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- value of TA would be

SNBSSl

m A
E = I[= 2 (i-:]_L)(Kp{_Cp]j)]/E (BGO)

and
s = [z & 1/ A | ‘ (B6L)

A N

The ‘values bv, k, 65; and X determine the property values of the domposite

boundary -surface slab,

In geneyal,'the exterior sides of shelter boundary surfaces are exposed

‘o three types of environments. The boundary surface can be exposed to the

ambient weather (e.g., an outside wall), to the soil (e.g., an underground

. wall, the floor), or to & space interior to the structure but exterior to the

shelter (e.g.; a first flcor shelter ceiling exposed to a second floor space

of the building)., "In each of these situations, the value of TA for ¢ach

b',bound&ry surface will be different. In general, the ares weighted average

L

m :
. A (T, ).
S A N :
T, = dg— , _ (B62)
S A '
g=1
where:
(T,), = temperature to which the exterior side of boundary
J surface j is exposed
Letting
A,
p, - "‘E“—"i‘""" with j = 1,2,..., m. (B63)
Z A,
g1 9

B16




R T SN

T 4 R

-

o

|

R T N S

-temperature values of the soll and interior areas adjacent to the shelter can

then

(B6L)

.
= (
T § pJ‘TA)j

A J=1
With the fact that the exterior side of the boundary surface can be exposed

to only three types of environments, then

o N e _ - e _
T, = po(rA)o + ps(TA)S + pi('rA),1 vith 1 = 1,2,... | (136 )
: where:": ‘ A " "
By = percentage of shelter boundary surfaces exposed to
. the ambient weather temperature (T
-ﬁs = percentage of shelter boundary surfaces exposed to
J soild at the temperature (TA)S .
' Py = - percentage of shelter boundary surfaces exposed tor'

each of the interior space temperatures (T A) for
each of the q‘iqterior spaces.

KA

However, experience and experimental test results have shown that the )

‘be closely approximated by’

T, 4+ T

. g SE ‘
(Tg = —5— e
end , _
(7)), + Tgp
. A‘c ~ "SE ‘
A(TA)i = 2 ; <B67)
" .where:

T, = well vater temperature at locetion of interest as given by Collins.*
TSE = ghelter dry-bulb temperature at time for whieh boundary surface

heat loss or gain 1ls computed.

Substituting Equations (B66) and {BGT) into Equation (B6S) gives
N . ' Py
Ty = PolTplg v 5 [Ts * T'SE] Y [“A)o * TSE] (BG8)

X
W. D. Collins, "Temperature of Water Available for Industrial Use in the
‘United States", U.S. Geological Survey Water Supply Paper 520-F, 1925.

BL7




? . W—m_ " —e o et
; 1 . o
2 ’ P Pa t P :
Z: T = —I- 5 1 'J: s )
I Byom (gt ) (Mg =5 Ty +3 gl (869)
g_ .Where: ‘
g -8
8 P = 2  P. total percentage of shelter boundary surfaces
L I i
E A=1 expoged to interlor spaces. ‘
= ‘I The value of TA of Equation (B69) is used as the value of T, in Equation (B55).
i With these areas weighted,averagé property values and the relationship for TA’
W ' the value of the boundary'sﬁrface heat loss or gain, QB’ can be computed.
[ o n . .
’ The)aﬂalysia also tonsiders the solar radiation that enters the shelter
through windowé'and the éolar-radiation that is absorbed on the exterior surfaces B
: ’ i of the shelter: {he solar energy that comes through the windows is treated as a
- " :
i time varying thermal load in the Qp term of Eq. (B2).. The megnitude of this load
is determined by A - ‘4
Q) yinaow = (%) (A4 73 | - (B70)
vhere;
(Qs)window energy transmitted into shelter at timg of consi@eration
(QE)J = solar intensity on window j at time of consideration
(Aw) = surface area of window J ~ s
wh = tranemittance of window J for solar radiation

The solar energy that is absorbed by the walls is neglected as an assumption

in the study of the shelters mentioned in the main body of this report. Therefore

in Eq. (BS4), ¢ is tsken to be equal to zero. Generally, this may be handled in

the following way.

The solar energy that is absorbed by the wall is defined by the solar intensity
QS times the absorptance of the exterior surfaces for solar radistion, ¥ [see Eq,
(Bs54)]. The value of Q, that is used in Eq. (B54) is an ares-weighted average

value of the solar intensities that occur upon each of the bound?ry surfaces of

W NGNS RN BWe e s s e
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the shelter exposed to shnlight. Conseduently, this solar energy term is a
function of time and is defined as

A
J——————— 3 . (B71)

A,
1 dJd

% -

8

nM st Mo

J

vhere:

2

%
1)

area of the‘bondafy surface j,-ft

n "= number of bondary surfaces exposed to solar radiation
_at time for which Qs is required .

intensity of solar radiation incident upon the bondary
surface, J, &t time for which Q_ is required, Btu/hr-ft

1

@),
The value of (Q_ ), ie defined by

8”d
(Qs)j = ‘(Qdirect )J " {Qdiffuse )J ¥ (Qreflective )J (B72)

where:

= energy regeived by surflace J directly from sun,

(Q )
direct J Btu/hr/ft

it

(Qdiffuse )J energy from atmospheric scattering which
) reaches surface J, from all directions in

sky, Btu/hr-fte

energy reflected from objects facing the
gurface J: that reach the surface J:
Btu/hr- o0

(Qreflective )j =

B.2 COMPUTATIONAL CRITERIA

The time increment used in a computation cénnot be afﬁit:arily'chosen with-
out introducing instebility into the'computations.' Practice has shown that iy
the volume of the ventilating air introduced into the shelter during a time
increment is less than a fixed percentage of the internal shelter volume, the

calculations will be stable, That is,

B19
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; . 60 (F)) (A7) <C V (873)
cy
ar < 2L o - (BTH)
60 (F.)
1
where:

c & constant coefficient (= 0.1, by experience) i

AL pRe RN

AT = time increment, hr
?i = volumetric flow rate of entering ventilation air, ft3/min
V = shelter valume, ft3 .
When a shelter‘s stability conditioha are computed, the above'stébility

criterion is the relationship that requires the smallest time increment, AT,

and not the relationships of Equations (B4B), (B52), or (BS6). Therefore, the .

L BRAR TR

‘size of the time increment is determined by Equatiqn,(B?h).

Y
A {

_ 4 R S B
Two other computational procedures that are followed . the mathematical

G TRRlS oy

model of the shelter are

1) the input data are iinearly interpolated for time increments that

are smaller than those for which the data are given, and

o
A

the relative humidity, of the shelter is always képt less than or . o

equal to unity. If tﬁe computed relative humidity is grester thén

gnity, the latent heat Ilnput to the shelter is reduced unﬁii the

;3 ‘ V]

relative humidity is equal to unity.

B3 - STEADY-STATE SHELTER ANALYSIS

In the steady-state analysis of the shelter environment, none of the para-
meters vary with time including the psychrometric condition of the shelter.
This reduces the complexity of the computation program. The transient calcu-

lation procedure can be used to obtain steady-state environmental results if all

mmmmunm-u--“m—mui—nt—um-—
| " :

B20

&



1 2 i SR A SRR R

s

e

|
I
I
|
|
i
];A
I
|
]
!
|
)
:
i

of the parameters are made constant with time: T:  process i3 2n Lteyyyyon
procedure which converges to the steady-atut® Values. The sfeady-stq@e caleu-

lation is otherwise identical to the Lransient ghelter model.

" Under steady-state conditions, the cong€rvation of energy equatiy peaomes -

(B - HB) +Que Q-0 . (e
the conservation of‘thé mass of wm;er Va.p:‘mr 1{3.‘ A . :
(= Hyg) + gy =0 O aw
and the conservation of dry air ﬁas is ' a ,7;' o c ‘
o MatMe 0 e
Introducing the quantities AQ, M‘I,O and Ma”o"as'i"" BT 1 s ‘
AQ = H) +Qu+Gp - @ L ey
"‘Mv,o - Mv,_’n. A L  (e79) o :
Then Equa‘t%oné (37'5) through (B77) become ' : :
T O . ey
M2 = Mao - : . - 7(383) '

All of the other reletionships remain the same as in the‘ derivétioh Of the

transient analysis. The shelter's dry-bulb temperét'.pre le gtill defing by

Equation‘ (B20) end its relative humidity is still defined by Equation (B41) with .
the exception that the terms AQ, MV,O’ and Ma,o must be defined 88 In pgyations

(B78) through (B80). One consequence of the Steady-state derivation is ynat the

shelter deminsions and volume do not enter into the calculations of the gpeiter's

psychrometric condition.
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