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1-06 Symbols

Symbols utilised. In this work are as - follows m

A * Area, ft*j Ag and A^ for -floor,-walls and ceiling

respectively; A* for internal structure; A for ex-

posed rock >
A^i for wetted s\irfacV

a = Hadlus,^ ft; a^^^for equivalent cylinder, &2

q equivalent sj^ere"-'^'-'^? froiM.

B » Mathematical quantity for use in section I4-05

C Mathematical' quantity for use In section i^-O^ s?

C ® ConductanceV'Btu hr^^ff^*^

c * Specific heat, - Btu for water

F ® Mathematical ^ quantity- for use In- sections of chapter I4.

P « Dec^rees ^PahrenJiieit or temperature difference, F;

f « Function of; depends upon-^^> -

G - Math«»atical quantity for' use In equation I4-0

8

h * Surface heat' transfer coefficient, Btu hr-lft'^p-l

K * Thermal conductivity, Btu hr*lff2 ( p/ft )-l

k « Thermal conductivity, Btu’*'lir“*^ft*2(p/in* ^

L ** Length, ftf distance'^ frora'^entrance of tunnel' section

L ** Length, ft, of wetted area, figure l|-32

M « Mass, Ibsj M* « mass (lbs) of water’ per foot of tunnel

or reservoir ^»*arr

m s Length, ft. of underground space

N « j^athematioal quantity for use with equation 1^-06

n « Width, ft. of underground space.
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*io1 ^^isfciitx^o ^neXavJt/jpe -lol |d-*i ^aulbaH ^ a

e^ailqe ^^K®Xj^vli/p«

50«|i noljoaa nl dSii «iol: ^^JtXrtsi/p lAoX^Jacss-dcfSi'C S

noXci'oee fiJt <d&u *iol Xsoi^.^jiSH&Ai^sH = 0

X-'»S-^^X-^
jLrjfcI jdoaacfouj&uioO » 0

*re^svr ’xo'l ; •^^-'^•f-’cfX ssiB. ^J&ad oX'Uoage = o

.|i ‘lod'qBfio lo artolcfoee al ©ejj •sol ^^fxj^oajyp XsoIrf«ni»dijBM = 'i

,‘3 ,»on0‘idl‘lJtJb a^:iBneqmi io a9©aT5 *»a *

‘

>• aoqi/ ai)a»q«Jb ;lo aotiotw^. = t
.>,

60-4 aoX;tsi/p9 ax ©axr; ’loX ^^XXoai/p Xs3XjSKori;tsH - 0

n[©XoIl;l.®oo *i©'xaaai*id’ ^M»si ®aftl‘uuS =

jjc^a ,^;tXvWoi/baoo Xama®!!? « J

-^“( .aX\'5)^“Xl*^*'uri[ q;fa *^;tivicfoajbaoo X»£ffxarfT >{

aol^oss Xonoi/X lo ©ons'^cjcr© Moal ©onsctslX ;X1 jd^gaaJ « j

^0-4

St-|i auj^JI bdXXow lo ,r(;tafi®J « J

lanca/J^ lo Xool neq lo^aw lo (adX) asBa = >M |adX jaesM « M

fiXov jaa'z *io

©osqa bcwo*isn&bap lo .11 ,11130©J ® at

dO-4 aollBop© rllXw d«iLj *xol t^Xlaajjp Xs » H

•©osqa £»m/o*X'j^oJbm; lo .11 ,iilblW « n



« Watat* pressuroV lb In.-^ I4-I

p a Prasaure^ lb In. *2; Pg = vapor pressure, water on

'R
, Uy

a^surface; Pgi vapor proasure, water^ vapor"islxed

wltb' air

Q, « Heat ^ trail Iferri^ or absorbed, 3tu

R = Ratio^^^for use with equation 14-05®^^^^^' m-'V’

q = HeatHransfor ' rate, Btu hr-lft-2, from air to rock;

w
. ^

q* for constant rate

q_= Heat absorption
,

per .foot of length of reser^voir,

„ Btu hrr^ft“l . ^

qp=*= Heat absorption of reservoir, Btu hr*^
~ ;V l >..• .-ii

8 -Height, ft,^of underground chamber

T -.= Temperature,^ for outside air; T for initial

rock: To for rock surface; T* for inside air de-

- sign temperature, T« for annular space

t = Time, hours
T - dv'.nf liGs r'r ^

0 = Temperature Increase, degrees P; Og for rock surface

©i^for Inside^ for air at distance from

" tunnel entrance; Q.f^for water In'^a reservoir
' w

tJ ® Heat transmittance"^’^"Btu hr-^ft“%**^/ for a wall

or other heat barrier

U'* Heat transfer coefficient, Btu hr*^ft®F“^, from

air in occupied space to surrounding rock; for

no internal structure, U* * h

V » Velocity, ft hr*^



52s- ai cfX ,»^meeoiq

no "stBw ‘toq^.v » JX s* q

aeqBV la^.avf ‘loq&r ^

*XX3

i;^9 ,.5^d'iGacf3 *20 i^a'i'iolRcrjB'Xi? « p

50*|j iioi^sjEff^'j il;iiv? H

1^00 i 0^1 tl& mo'l.'l gS“^'lX*"32f isi& ^«ad, IS p

^nB^&aoo '•iot »p

^'tlov'ifte?*-! 'lo ''to Xoo'i rs^q noIXq^xosciis sfiseii »^p

•“"<*£l sjif^ ^*xioy^<&sa-rj -lo csoXiq‘Soed.« daisH «.-:^p

^6dis,'3.cfs omrcT'SQ'XSii^fJtr tc tv*l « k

IjBtXXni *3:g1i oAXe;}^.vo ^jT {1 * 0?

-©X> nia sJbX<S0l 'lol {ooal^wa i^so's ‘rol gT 53^00^

©o*qa ^»X£JCtai» fto'l «xb 1*

a^ujcri ^siaiT ~ ^

©ixalii/a iloo^x ‘Sdl B^&*z:g&b ^ftaasrxonX &*sjy;J-s‘X«q«aa'l.’ •« d

fflo*£l J aot'iisjXcIij ‘xX* *sol •‘iX© »r.laftl --fol j.©

iXo/*i30o-]t f3 ni ^tol ©
, x®ficwx

XX^-JW B «iol xrda ,©oaGX^X£?.8fxB«id ctaoii ® 0

rc&l^^ad xt.iif£l T©rUc *io

Cioii uXH oXl'iBOO 'if>‘l3rf3'’-j^ X;*eif

•xol {jIoo*t 3nI£>axrcTC*iua oJ- ©o^sqa bBlqxGoo nl jIa

si X »u ZMan&;saJt on

•^-‘td cfl ^xittooIoV « /



FORM A

V = Matheoi&tieal^ (^tfantit^ for with figures [j-1
Data and omputations

and i|-2
Design iwFORMATiON date;

W « Water flow rate, lb hr*^; W* for evaporation of

location;_ wat^?- — - "

Purpose: _ y » Angular- velooity -

DiMENSiO' 2 '-^'‘Mathematical quantity for us© in section ij-05

lenwth, p ss'

D

ensity, lb^ft*‘35 p» ‘for waVer

FLCK)R shea A'«

1-07 Data Forms
REWAA^;»:

FT ;
Internal area» A“ FT ; Volume

FT

F"‘

Some forms for recording data and to serve as work

Dim sheet s » are suggestid as fellows;

Form A - Design Information " HEiOHf °

FLOOR Heating ^and‘^06'ollnt' Loads

Depth or
fj R<j<5 ic Heat' ^Absorption, Warm-up

seologjc.^U Hbck H«at Absorption, Nomai OpexnBtter"— —
SftouND WA.g - Heat Absorption Gapacity of a R

g

servoir"*^

Climate p . Cooling or Heating of * al^T in Tunnels or iihkfts

Mm- m&x. ££

These forms are expected to be improved as indicated
OB, F

W8,
by future use and experience* Extra copies should be

obtained or provided as required for different problems.
RH,

Rain Fall, sn8-

Snow, ins.

Rock temperature, initjal undisturbeo,

Required inside air Condi t; on

Personnel

r

r;

Persons

Prepared 8Y:



.£-4 lU hi sair *io'l ^

S-4

‘io aoi;ifi‘ioq-9V9 dl woX/Jt *i0*/a¥ « W

‘XdXiJw

\f5>iooX©v a.sIiJ;snA = w

»oi;lo0e sii ©ejL^ *iol ^d’lijaiSJLrp « S

teSm 'To'i »q cfl *^^lsn«a «
-s

&ano^ a;}'i5Q TO-I

2It:ow as svi^a o^ baa ^nlbnoo^'^ *io*i Sf^«o‘i ©xno8

jawoXXo 1 ss £>0^6a33JL'B ©fis ecfasde

dol jS0i'5jOlnX fs^iieQ - A m'lo'?

ai),3oJ ^<nXX<x>0 gal^ti^oH - a

qy-nri-afc? <,noiXq’ii,)3dA ^saH 5li>oH - 0

ficid‘s*i©qO Xs*-aT:oi;! ^ciox^qioacfA cfaaH iJooH - a

‘ilo^/*i938/X a Ic ^^MosqsO aol^qioadA d^Bn •* R

no sleaixwT £iX nl& lo 3fiXd'saH no gJilIocO - %

bB^At>Xbi:sJ. B& be? c'tqiTtf. ad od Xedsaqx© ais aarsol asadT

©d f),D.rojda Ki^lqoo aodx3 .sofi&Xiaqxd mm &av &*un^sfl y;d

• affiaXdoiq TCion&'^tlib lol JbtrxXispa's as belsivoaq t:o i)artIaddo



FORM A

Underground Installatjon air Conditioning Design

Data and Computations

desjgn Information Date:

Location:

Purpose:

Dimensions, Rock Chambers

Length, m

Floor area, a®»

Remarks:

ft;

l
PT

;

WIDTH, N

Internal area, a-

Height, s“

Volume =

FT

FT^

Dimensions, Internal Structure ( 1 F used)

Length - ft; W 1 DTH - ft; Height =

Floor area * FT^; Internal area • 2
FT ; Volume FT^

Depth of over burden FT

Geological format i on _

Ground Water condition

Climate Winter Summer

MlN. Dgs,. Max.

DB, F

WB, F

RH, io

Rain Fall, ins-

Snow, ins.

Rock temperature, Initial undisturbed, f

Required Inside air Condition F;

Personnel Persons

pH

Prepared by:





FORM B

Underground Installation asr Conoc ticnung oescgn

Heating & Cooling loads

heat Gain Btu hr**

Personnel, Persons x 270 (Sens.); x 230 (lat)

Lights; kW x 3415

Electric motors kw x 34 os

Cooking Equipment

OTHER Equipment

total internal Load

Fresh air Supply, Summer

Total Cooling Load

Fresh Air Supply, winter

Cfm X 1 , 08 ( 0 |

” *

S£Cisj,.ej,.E Latent

Time from Start, Hours 2000 5000 10,000 20,000

Rock ht. abs. btu hr*'

Total Cooling Load

Net Cooling Load

total Heating Load





FORM C

UNOCRGROUNO 1 N8T/kLLAT8 ON A9R CONOlTtONiNG OESSGN

DATA and COMPUTATtCNG

HEAT ABSORPTION BY ROCK SURROUNDING AN UNDERGROUND

Installation; Warm-up Period

Chamber Dimension, Ft.: Length, m-
;

width, n-
; Height, s-

Internal Area, Eq. 4-01, A - 2 (mn ms ns) - FT

Equiv. CyL, Radius, Cq. 4-02,^ - a/2 1TM - FT

Equiv sphere, Radius, Eq • 4-03
, ^2 - FT

<^*V,/v (Cylinder) Fig. 4-i X

^v^/V (sphere)* Fig. 4-2 -

Rock: Density,^- ;
Conductivity ;

sp.heat, c»
; Temp., F

0 - T.-T “ U' (SEE 4-08)-
I I R

Find relation between warm-up time (t, hours) and heat input, (Btu. hr "*ft~^)

BY MEANS OF EQUATION 4-04-

F- Ki/pca^^ (use for cylindrical case, (^2 for sphere) -

find F (F) - , from fig. 4-3 (CYL)j IN 4-4 (SPHERE).

Solve for heat reqd for warm-up Period with the equation

Btu hr“‘ft“^ =

<^f(F) K/U*^

Rock heat absorption, total per hour, a<^' - Btu hr

•If v,/v exceeds v^/v, utilize Cylindrical case

•If V^/v Exceeds v,/v, utilize Spherical case

••Btu per hour for one square foot and for a temperature gradient of one deg F

PER foot of thickness.



/



FORM 0

HEAT ABSORPTION BY ROCK SURROUNDING AN UNDERGROUND

INSTALLATION; NORMAL OPERATION

Properties of Rocks

Conductivity, k*>
;
Density, p -

;
sp. heat, c»

Properties of Structures

heat TRANS. COEF. AIR TO ROCK, U'- ;
RADIUS OF EQUIV.CYL. OR SPHERE, FT

Maintain Air Temp. ,T,, above initial temp. T„; T, -fTot" 0
i R I

' K
I

Rock Surface Temp., Tg, use above injtsal temp., T ; Ts - Tr - Og at any instant.

With equation 4-os, solve for rock heat absorption,

Btu hr ft ‘

n«<^'J'/k “
;

R (Fig 4-1 OR 4-2)





FORM E

HEAT ABSORPTION OF AN UNDERGROUND RESERVOIR (PIPE OR TUNNEL)

Filled with Water

Permissible Temp. Rise of water, 0^* deg F in time, t- hours for

A HEAT ABSORPTION OF

PropertIes of Rock:

Thermal Conductivity, k-

Properties of Water;

Btu hr
•I

;
DcwSITY ; Sp. heat, C-

OZHSiTfjP ^ 62.4; 8p. HEATjC- I.O

Dimensions of Reservoir (for rectangular cross-sections)

Width, n - ft.; height, s - ft-; length, l -

Radius of Equivalent Cylinder, a = (s w)/7r ‘ ft.

In equation 4-08, * F (F, G)

F - Kt//) C <K
'

=

G » 2/Oc/ yo'C’ =

VALUES OF F (F, G) ARE GIVEN BY THE CURVES ON FIGURE 4-7

then - F (F, G) =

FT

BTU Hr“'ft”'

REQUIRED LENGTH, L FT-

FT.Volume, SNL -





FORM F, PAGE i

CooLiN'G OR Heating of air in Tunnels (or Shafts)

Continuous air Flow, annual Weather Cycle

Dimensions of tunnel

LENGTH L » ft; width N ft; height, s = FT

Perimeter, P, s) - ft; C>s. area, ns -

hydraulic Radius, 2ns/p « a = ft

Properties of air Entering Tunnel from outside

Mean annual Temp. « Initial rock Temp, Tr rr

Temp. Diff., Outside air and mean annual Temp., Uq *

FT

Max. Value of 0^, ^0

AIR velocity in Tunnel ^

Properties of Rock

Conductivity, k -
;
Density,^ =

CoEF. OF heat Trans, air to Rock, =

Constants computed from above date for use in equations on page 2

W - 0.000717 RADIANS PER HOUR

F

F

F

FT hr'

;
SP. heat, C =

;
Diffusivi ty, c< =

b =

z = a/ w/®c

)tL/ Va

c - F| ( lp,z ) Fig. 4-8

B Fp ( ) Fig. 4-9

C’B 4-MFiyv





FORM F, PAGE 2

Solution of Equatson for Tunnel heat Transfer

Maximum and minimum Temp, at Point L in a Tunnel, ( Eq. 4-i i

)

—cr •

0^ - * 0^ e =

T' - T 0’ « , ALSO Tr - 6,' •

Temp. in tunnel at point L at time t, ( Eq. 4‘-i.o)

0 • &* cos (wt - wl/v - CB)
° cos (wt - )

Outside air temp. 0^ ( Eq. 4-09)

0„ » o' cos wt
0 0

Rate of Heat Loss or gain by air in tunnel at Point l and Time t, ( Eq. 4-i2)

a • 0.0566 V (o^ » 0 )

Temperatures and Heat Flow Rates During annual Weather Cycle

JUL J5 Sep 15 Nov 15 Jan 15 Mar is May i5

Time hrs 0 1460 2920 4380 5840 7300

wt Radians 0 1 . 047 2.094 3.142 4< 1 89 5.236

Outside temp,* Oq , r 0' =
0

"®0=

TEMP AT L,*

Temp diff (©o-©l)» F

blSAT LOSS ,or_g&j.n..-B_IU/.H,Rlj

•For actual temperatures, algebraically add the mean annual temp. Tr to Oq or 0^_.





Qmfrm 2

for a» im4ersr«w><t iRifttallmtlan- ©ft tJst- location# fuiw*

tiofti »ia« ^<1 «Mp#* r^ctorii aro to !>©

e«l ©y tJw ^iMsy ro?|ul*^.ftg space or by bi^’l^r authority

m u &4s»t« of fso<ts$».' fof« A is »mts0i(8tc-4 for rt*

cgw^iiiS ft^n^oas^iry tata*

iiMstalXatlofts mf ^ stru««

tasr^s for tactic&l administrative offlcoi or ®c«a3fti«4iti0ft

fcer»i m ai:iOp» fsstort-#© prodtttlisg misoMsi® parts# ^iootronlc

chomisal |jr©^t» ^ ^ *toraj>^ spme®

for ^«hij30 p^ts# instrtia^ftt®# o^plpsi^nt# fo©4#

olotiuiig# mmltimm or other |^»|ilt^X «ar^ 4# teoil

a# oopestle fmcllitles ineludlm^ kltohsns# lavatories aad'-hert^

Insj ao«o»»^ddsti«»s^s.. my ^ rv^uired In cmjtmetloii with of

thrs# other funotlona.

th« tbtatliwt sft4 tlr oondltimiliic sy#t«??j *stt»t mitttsin

^tmdxtimn snitotl# fcsr porsc^ool offiolorcy in work-

la* spaoos and for aotorliX prasorvation (^-0$) 1ft otorasgo

•paoos as mil m shops# offloos and -othur spaces whsro

.aont is titillsoS* thss# sondiltlofts mm% tv isalatalned diirlm

ths 8tsn4ty# normal oporatln* sft4# so fitf as possltlo# 4«rir*jr.

tiMi attack Sftd post oltaok 'eoftdltlons fir condltlonln^N



i*?|JI«A»Si 94f

-M cj v^# mv»^ ^i^k'4 -^to m.M

" Mi' -^9 %€ fcV

t «u^. • as^a’^ •»«?i^^, ^,|&«u>^^(!|^jswi « ^’%-i

fr^4':^f'!^sr<v.jfjf M- “tWi# m-^

. f''

«S#.#'U4^-» <34* *3^

m
>« '^U» -Mtv I?ii,’5|fc^6#«tf'|tini» -^tki

^a''yiH^^ ':^tmJ^X!>rt4u^ Nas* aw-^^:: a»4 'm'^

rx (>C‘>'5,) W'i s!*i3*. i;!?

vV‘’4i^/:^>i A-u>i7'ttt; 41..' ilii^.

jii’a^i. iit^;%U.J^im ^ imx *4^:s$'fc^^sf^» «*vs.?»!?y »-

;viJJtJsrf*J>-ii»fijrt»a &mU:.isM>"'ii Titbit *»."* * ''>»1.i

;



&m¥iUti^n O't'^mxtmm mmmtpsipmf <ar

Crlt«ri.^’ a.»i Limits

nim^- mi mmr ^ii^mn for

far''ei#lMiss, itM*$ mw Irr^gal^ it%

Wf^ Imm a ml^tlml^ u^llm %m^r of 'ipmu*

mm- or tmilktim %q 4^fmm
ifi:- - ’'

-V .

'

hm tmt^ll%^ in ^f^pis^r tm m^psr
,;;S'

'*’
. %..: '

'
. f.-

liMmls to W l.o>«5c, tmmml^XikM-m

%tm ^ m^m^X tlit'r# or

m^ iomr {1^*04)*

^.v:,.'i| pm m4
f

iMt #411 ,mmnmmi m pmmmm4:

or -mtuiM tklr .mnXi-l^txm^ liiiO

l»m^- of of for

^9#l|>««iit ooolfoji P^XM')» m^. or rooit

ik^f):0' , .1,;

v: . Floor mm of m o#ou|»i#0

mpm\ i»oi»uiot4oi!i« tmm%lmi m^i imiorml IcNMd (^*4^jO>v4).

' imiroQimfOtoi. €#oaiu^od« Xa.

mmi, to a X^»mr m
«atli rof«ron«# to ^roooml or

•r«turono«» oiMl «iilwi^,FF#s*rvAt4oii



.’j7 W;:- ^ '..<s» ’ >* .M ;T ' t J

i -w^^1 .S??;
. f

r.^
. „v

' " '•'*t*'-'-^'’“>i-k-?^ *5‘'’>g s'-j^ jSSsj^ iV4te^*f«il^i,--^ -'.Igi^
' . .

'

,

'*
'"t “ ^ * *

• »
, V - '•

. •
.

' r .r .; ,*T'X'7 . 'i:

•

•. y.r* ;
. :.(

5i;
•
< -

. ,

•
• -

'
•

- 4*.- '

i-5,'A
, ,?x .^;v^i:•. ^;5-»>««fvsf-:.-',,;,,. .

-}; ,,• ,. .,^,*,-,r^."'...
'

-'•
' ^ -^' '*-^

X-
. ’;v.'^': i,‘- : -

,

'

.
.

is4 9fmim i^-tt* -“i*

^5.
' '

•

- • • .•..-'•<••'
^

'{'

'** v‘''-^*'»-; ' 4i5^Ti.> A «t ^wi^:.''*jv4t; '4". T .' ,;..4 v.v ’./ it

•
’ •’ '’ 4 .v.V'.v j'* V •. -••4..T*<

i!._ X . a
-

T :; i '*^^

t



emMti.m» pwmtmmX ^mX-m% qt

(a-Oi| f©r kl%€l^n m4 iaiiratai»i««‘(t^9) «*»<$ f«>r

Air tilt^rB er« uli «ir t@

l»^iift«4 ©o»4iii<iiiil.nt t*#«4 is rnmlm-» «?r

i4t# sitopft yimm 0^ipmn% ifli ^
Air ^Xl m ^%r it

fm initial (^'^Tj* tmwml

an4 h«st oi mfimt
>: :i

'

|j«@tiiif m& ^mlim is m mi#rgr^5>m^i
'¥.

=,

-

SH?3 4ir 0ss4itii^ftls|t

For is^t^sos^^s istorior sir ^osiliiton si

4i»4.5(C tmmmnt mlsitim Hsiml4iSy m&/h& ha hissf

mill so»4i%ios is wimis m# pmetlm^hs rss^ aitsissSi# ^lUi

eonvontiosfti $,hm

.

m »tti%s'i>li» ptitrm&m’isX ofiieieisoF in^ tm^ i^,fe«riai

(st-^5) Wilfeti* ly^ml X» griwiral air

sosdltioos ior ufuSor^roiSKS siioulJ sissitiu* is

iSo»o ssise%s4 f«sp vmwfm^ struts stiiiso4 for tiw 9^im or

ftlmiXar smrptMiss* Frosh or oattti4« ^ir (s^«*04) mt^ ^
ro^usocl 8'irieo eomiort. is m% always s ssisotivs* 3iso«

ifiilXtrstlon is sslikolr is s» unSori^crousd Isstsiistiosf tha

sir ini^ply sisl nitmmt systsms i^at it># to haMlo ths
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Ihat ^ ©r
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tttit tf ^ 4i^^r44tt -of mq &kp

QmMiX%lmlm ^M^tmmr** Wm a^smlitltsst art till 1 un^p

??*a.ii4.»a%ltii mnA-mM 4»f*t te\ pm%imX^%w r^

Itllng tffttit of rt^latlaa* Changes Uk trll^ria at^

m% liktlf Vj» t# ,,tjtiMia»lift# aawiivtrt't^ f^r at tlr taii4itl©«-

l.gig %m%*rllMth^&m er« t«i#«.tn^4 wlfstr# «t»v^4-«tlaR

4nd it9^ilm fluliis^t art i»or®

lo rffitult. tn Sk4^m%mt%m ta ojclatiiig
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t&er ftusiatit#

iA ^i^rmr iluft «r 70f for irt4a^

winter i^aq^ratur«» E'>%^iair«F« la d«ira|>i«a eo9l^

lag patEi^ ti^iifeis h»<itla,;S' '4lil He pag^lp^E 4a» lalEPri^l

mA ,mm teigaar »4s6iwsf#» oi5.

%hiB eoollii^ e^l|ws«»ls# It i# tfeat

&rt &% n 0B ©I 7^ «riiit^p
i

1^4 mmmr timn k,! m ©S ^ tt## "Bm

iwi4 la safiily tls$

«li4«h 4^a lnt»pf«^p« wltE «f xm%r%tmn%

mkmmm» 4paI^HRsen» 4is€ »tii&p» mfkXm ^1^ isaj^-^pfe m4.

Fp®aE OP sip to oeo’S|^i@4

la pp«i$»<ar&i^ to

2M>5 ^IP C'Ors^itloat f-^ ^N© of l^i#pia|ji

4irsiXifefel# IMlost® tia^t «sl .im^i41t|r is IE# msm^

fpo® %e- to €-S %» fop te prmmi?^-^tiQfm of

toolmiosllp UAS4rfi^l «m%#rlslo st ftiioatsriii&lly

to^popstspo «<m4itioi3t4* #ltli#p ir* otops^# ^ i®, jssOo a# ia si^ofo*

offi#oa ^ oas££»yiilo<^tioa #of%tora»

M ojsooptioii io #Eppt'to«t#-4 «til4 #p asp4?oja

ttoi&l v^hlfth p»<|oiro« & .J«4®i4lt3f cf 15 p>ifmmt or Oslo* for

riO ©r 30 pope&ni or #«1©« for tolers'&lo in 3c

si^ntlia* lEla mmm Ih^t «p«f«lal Im- im^Mtt^ »ajr be

lit im%mmn% ^mput «^^epe each steel is >^eri£#4 or sterol eltE»

o«t oil OP rest Inventive treotflwmt*
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in mmm-ix^ it Imt im**

.wl4i.t3r ftt <^r taifipi!«tiefc<2!4 bnt

»iseh »f-trl m in tfm fi^rm ist3»sll c^n

$$ fmtmnl liM iK^»t of oyns?^r ^.n

wc|5p#F l%mi% for ti?mo4 m&% fmm4 tmt m^h

con* probafeli^ mfi at Imut BO •p^t^mit

^i<3li3r*

l>«triBg th<* to#t^ m wS:^.ioh ttm in Ifafel#

onlr tfe# a#i4 m% tl3@: te®p^ratsi3E*fi# nm

tm%»- in ^m-lmmm to MmthM-r

the t«^oratw»^s oioaalf tbt *foat-b®r*

omditian within a ohip In

vmith tho iiolht of tnt^mst in 'thin Inr^sutlgmtion* a

result of th« t#ot« mh^T a h«^14itr of

35 i^roont m& ohoaon for lnt-#i*:l^ of "si^ij.f shii^a i»

afeora.^ following l^Torld- »fiir II* 1^1® 55 poro#r,t io

‘mtm thr j|«i^notmto4 tolor&jso# of'mhf irjttorl^ls '^n% it ^ffor4»

a faetor of a^fot^r ss^lmt o«|ui|>«sitit failwt^' aii^ agaimt aiisrj^

to?^ralur# ^hMtgm that Might e^ua# oss^adl^ha-iition on Bmm objocta

to toj^r^turo frm. mprnltym

m &4^mttkm of im4orp*mhi4 atora^ i» »t«a41ma« of

.
to-^l>*ratwo* yor this Vaafton a jailor faotor of i«

4oao«4 a4o«jiimfeS‘ Sn an ijm4trg3P'©»i e!m«ib#r iiM' it a|j|»o4wrs that

a eOfi4tti«m o-f 7f^ an4 50 ^reaist hwr44Sty# t*mmmndm4 tor

peraonnol offleiohoy ti«i4' foaaihllity vith' omtvo-ntiortal ampr^misr
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is SASi«if<wat«Spry f<i>r «»!' m*

tt«FlttXs m4. Im )r^^iuir^ci

for i*witru»«at or os^^or si>^o stooi or otwsior

ttm mt^Pk-^iM HP0 »&pjiJ^4 m mm% pmmutlv&m*

fifo^sr la ^ttsosUJU. &o kii>^a of maWrMi

asioo* m ojirtoo#

toiiloaiisa or •iootrol^tls iii pro«om»« of

yrg^oiiis ostorials i^iipporS ooM or @r

Oovio«»i^» S^^roforo* ^ |^4st¥«m^4 oo or

ait^klo siaiorloitt In usorstj^* ^iosso ao^vsi or#

»uj&'fioier»ta^ Hjr^«»09Sis ^ aMWMPo of

r^ioi«asi@s ioao jp»iNi#iit» V firsorofort Msioiw

tNiitfrtf tiir pofm si^tui «hi

f%ir»# niip%S.llm4$ mm%mp is li^- sofvox^i f«^ Bmm

miMpi'ii.'iM A»5i m trn^ ^&m

onffiir Mm$m oi&a

pm»^% ii^ mms ls»iiki»frl&f rogioii iiliKOS^iior#a« urc^

pmm Wm mmmm 'korf^

toovs Oiii fmklm i^k i« mt^ m% koonxt*'

oor« ot atm li^vf IT^vf^*

kx^oosivo is ktmm;tiA.l V#

3»iot^V)»r 'umMim in amv^^nNi '‘4m'%kJm*''

Wi»u^4l%lm* ^ufmPi ^%r^t le^tl&sr# r&m

feath-^r®^ m In s^rittlo

4i^rnllaj?i4 ye-Kfor %i}ntm <imiditi^u&m gXm 4oos i^i mr-

laosx^ lasif Sr;r*ii3g;tj& iri 4ry ^.t»a»i^>r#s gseetoral
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£intern 4T<» ^£tmn t&

'mNtitk' J0iixm ^ ar »o$€k;jE»

h4iX%mpX^st iJiXBQ 4til^iserat« mmm s*is.pl4l^ mt Im mmXiitlXntA*

m%^ iMiirt# oC' ssa!i«i^3tfei^fejf m ster«f4,w^i^i* u*&

ii^« Iw 4&ir

4X%imM '^xi^ j£9X^tim ^ p&rmu% m4
mtwmB mmn, m^mm^^\4^4^ lu

^st» it ta hmM> £^vm4 xk&% m4
io«t j?K»t«mar^...fea4 mm- ^:Mmm4 t# .ti;^i#r ^m^mm ^?r

tapNsr^tiir© «mdi<S«r&iii5§ pgi?ie<S«, It i# ai»#

^ §004 pr&$U«ii to aviihl4

m4. ^*tf**^« ^mmrn mmt m 002^41tlono

4otorioi»atio®. ar# ImMlm^ mm^ of

or rot.9jp4if^.-. i® ,ta

ot ^11 tl«j#»,

rnplmim^ tm »ioro4 im %mill

«M#or» roa^t® fpm t&ols ofei&or_^to tho offoot# of

iioolioiit#. 1Ras» &ir oofs4iti«n»i«§ #^oi|^r;it for ^mmrnrti

%hml^ m «olo«i#4 mltk m£^mmm to mXmXmX%$M$^ plm 4iu«t

n*iMi* oooijt|f^2so|^ ijo littlo er ^ roatl*

i#ti€WR my «3o ro^iroi* tliio lit4io^too that o^niyiswstit

of OotaB&iifytog i?^4or«toiy to

«ahl# in nm^ typloiil t^ooo*
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'tmX.m^ in Ttfmri^ne<^ 1 ntid ^ %M% W ^tm p^r m^mn
1# f^V' whUm 13

tm mcm^^rr tn 'pm^mt sih^m

5»^l£ii8^ IWifailn. ^ #iif gnppl^ rnl^m mrp^
mtUf^empit^ for umktrirmmi^ imuxutUm mi^Xm m^^ml

m whiiih to '^.m# m^h
t4,<m« iir©- Slot waiEaa^i.#,

m. mmm-Umm imanMm
cioaiilaci, to otoispi^cl if

«ad felologtooi It mmt also be C5-ill},

#:^iwi^3r ««* mMmUr oo#i4iu^s. 4I1

ftorvlee® mkf tm out off stir

^ boov^mo of p&mt* faliiire or ^l#iii?ors.tely

iiooicuo#
. ^mtmMm-im4 uim

or g,4iie^* thie

!)»«!? Of a« "agiO*rgr«mrid irntmilstloo «»;sy ij#

to roif ^ re»owj«» i*vaiUoit- in y»» for fc^ir

reifrplriis.ltiiosi 5n|j* « 2^so oltU4t!j<oii wiH in swijvy

roa|?^tet® to tisot
^

isolated trow o frems air mapply oim.

for »0m mm% m siay» oia 1^ s4r iu tl*e

of tliitt 9ft ti» V9l<uffift of tuo Air Araila./1«

tha iwssbor or m€ih aO'^Sesit«r^• parooo oak ivs
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g^>2 0i> jt«<niUr«a yapOT ifeal
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Chlop^to Caodlo X o.a* no ^4 pw cu# ft,0

Vintm U wt#d» mmt l»® fcn4 ^XUi au#

sftfctlon. In p^tieul&p ^0diim *n4 t«tro*

oftiifaft ar« »toPO!a«; o*jU.4i»ia*j; at,0ifitu hia»^a,

tlal» f5«s4 t^ir nm in nom emm* Chlor&i« amai^n
«houl4 9om apnairieailjr ^ AV^l«i £ir« niMtora.

!• on torood «ilr flow tlaroueto th& clnmlCAln
i&zeep% iihl&ruUt Ooodl%) OM oafi conovBiptiiofi of .1 cuaic

foot p«r i(Min*h<wr ond oori?o« oioxido Utiormtlon of ou*»lo

foot pop msr^hottr.
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i»h0rt wsufma# ^rl©4 ia mt

&if»orp«ii©a rat« r©«x * w#f^4 i»

^«*6ipa«*^ti¥#2.^ v«f^ If m qui^k v^Mmmp t®
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Personnel liberate heat and water vapor and the rate

depends on state of activity. Some typical data for design
-

‘

-V

purposes are given in Table 3-1.

Table 3-1. Sensible, Latent and Total Metabolic

|r

Heat ^oss Per Person, BTU hr"^

^bom bi t.tlnp or Kovlnp Slow,l;y^.. Li^ht Working
Temp. Sensible Latent ^otal Sensible Latent Total

QU ^ 150 220 IjOO' 150 510 660

82 200 200
'

I4OO 180 l|80 660

80
I 220

"

180 liod 210 1)50 660

78 2li0
"

160 I400 21)0 1)20 660

"76 256 -ll;lt
- ' 1*00

"
^270 390 660

71|
^ * 272 128

‘ ii.
i^OO

^
300 360 660

70 300^ lod' '’1,00“ •

350 310 660

60 360 70
"

1^30 1)60 200 660

'

KUO l(0'‘‘ 550 110 660

'

*.
'?

610 110 720

- .' n ii.£ -'

Cooking Is responsible for both sensible and latent loads
-A.

For electric cooking, the total load. Is, equivalent to the energy

utilised, but part is latent while the remainder Is sensible load

In most instances it may be possible to vent vapor from kitchens

and avoid imposing the latent and some of the sensible load on

the air conditioning coils,
^

Hf an apparatus is cooled by the evaporation of water into
r.

the surrounding air, the total load is not affected; part of

the load becomes latent and the rest remains sensible load.
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Fresii or outdoor air introduced for ventilation (2-06)

must at times be cooled and dehuBiidlfied. The resultant

load ma^ be reduced by passage of tne air^ through supply

shai'ts or tunnels (l4-05)« -

3-07 Dehuraidification; Bare Chamber

> ? The dehumidification load of a bare chamber Includes

water vapor from equipment and processes, if any, and

personnel (3-06), dehumidification of fresh air (2-06), and

evaporation from surrounding; damp rock* Bare rock condenses

water from the surrounding air whenever its surface Is below

the dew point, and, conversely, water evaporation from damp
.. - 1 * . ..

V

rock, or from pools, whenever the surface temperature exceeds
-- ' : --I .vi. 'j,..

tf,. i j..'

the dew point (I4-IO). The rock therefore tends to govern the

humidity in the chamber by holding the dew point at its own

surface temperature* The rock cannot be relied upon indefinitely

as a dehumidifying means because its surface warms with time

when receiving heat frcm the air in the chamber (ii-03)»

Water in the liquid state either from leaks due to fissures

in the rock or from condensation must be drained away by

trenches, gutters, pipes, etc* Water in the vapor state, from

pefsonnel or processes as well as that due to evaporation from

damp surfaces, must be removed by ventilation or by dehumldifi-

cation effected by the air conditioning means provided.

3*06 Dehumidification; Lined Chamber

Use of vapor barriers (I4-O9) or of thermal Insulating

materials (Ij-OS) in direct contact with rock surrounding under-
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ground spaces is not generally to be^rocoamended., , TJa©

hydros. tatic pressures ^tbat oaii.be generated due to the

depth of an unaerground working are greater, than can be

restrained by ordinary vapor barxjier materials or even by

moderately heavy concrete liners. Assuming Uiat water head

is at times as deep as the overburden, the possible pressure

is represented by the equations r

< .
“ 0-1*3 d unc <3-03)

* hydrostatic pressure, p,s,i,^,

d = depth, ft ^ ^

Insulating material applied directly to rock walls or

to concrete in contact with such walls is likely to be wet

either by condensation ’’dr by ground water or both, with

5 CO:
resulting damage to the insulating’ material "or to its

' <s?>
.

'

,
'

.

fastenings. A vapor barrier inside the insulation does not

protect it from ground water and such a barrier outside the

material does not protect it from condensation.

Fjpom these considerations it appears that, J.f insulation

is to be used, an air space is desirable between the

insulation and the rock and, if tlie air space, is provided,

there are some advantages to making its width suffifient to

permit access for purposes of inspection and repair,

particularly for multi -story installation, i'his done, the

liner becomes substantially an Inner structure and can be

treated as such.
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A concrete liner may be Installed in an undergroiiTid

space to Improve its appearance or to reduce the changes

of spalling but it should not be considered effective as

either thermal insulation or a vapor barrier. The de-

humidification load in such a space is subject to the same

considerations as those for a bare'^ch^iber,

3-09 Dehumldlfication; Inner Structure

If the walls, ceiling, and floor of an inner structure

are vapor proof, the water vapor to be removed by the air

conditioning apparatus is equal “to that liberated by the

equipment and personnel ( 3-O6 ) within the structure.

Conditions in the annxilar space do not directly affect

tiiose within the st2*ucture.

If the walla, ceiling, and floor of the inner structure

are pervious, the water vapor to be removed by the air-condi-

tioning apparatus Is then the algebraic sijbb of the water vapor

liberated by personnel and equipment smd that entering the

inner structure through the walls, ceiling, and floor by per-

meation, or by convection from the annular space.

Compared to convection, migration of water vapor by

either capillarity or diffusion through a material may have

feeble and often negligible effects in transferring water

vapor. Leaks ejcist in most ordinary structures and therefore

if a difference In air pressure is maintained between the

inside and outside of an Inner structure, the Interior

humidity is likely to be governed by the resultant air flow.
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In the absence of an air pressure difference, migration of

vapor through a barrier such as a wall or celling may oe

’’ji
ty-y

i i''i

-’ H -

estimated on the assumption that the flow is proportional

to the vapor pressure difference and to the permeance of the
1'; fe- S ,. ‘-“vrh

-

barrier (14-09)*

- i > •

; ‘fhe^suiTounding rods, cambe relied upon aS' a dehujsildifying

( and cooling) means so long as its surface remainSi, cool. If

the^ surface: becomes warrii, due to, heat received frcara^ the inner

structure or due to ^ the passage^ of^wamer air througii the

annular space, -the rock; will cease to be a means for main-

taining;, a -satisfactorily lowijii^nidity. o a th^

if ft Ir ift ttotf lOiJid :

3-10 Waste Heat Disposal

During normal operation waste heat from such equipment

as Diesel engines, refrig,eration condensers, etc, , can be

dissipated in water as from a. brook, river, or creek if

available or into the al r^by means of air cooled or
^ ^ .

^

evaporative condensers or cooling towers, ^ however, during

attack ox* under some post attack conditions (1-05) it Biay

sometimes be necessary to utilize heat disposal me&uis built
'1

into or in conjunction with the undergro^d installation.

An underground reservoir la ,an obvious and practical

heat sixik for use when outside water service is cut off*

It must be adequate in size or capacity to absorb the waste

heat from the equipment to be operated for the duration of

the estimated period of isolation.
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There are two ways to utilize an undererround reservoir

(l4-Ol4)« The water can b© passed through the equipment to be

cooled and wasted outside the installation, or the water can

beused to absorb heat while remaining in the reservoir.

Somewhat more heat can be absorbed by a reservoir of a given

size when the heat is added t o'' the water while it remains in

the reservoir because the surrounding rock also absorbs heat.

A possible disadvantage of the method for a reservoir of

limited size, is that the surrounding rock will be left warn

at the end of a perloa of isolation and may require toe much

time and water for cooling in-preparation for the next attack.

If a reservoir is large compared to the load imposed upon it,

the arrangerrient can serve for a^long period of time.

,J>. .

For estimating purposes it cai:5 be assumed that, for an

internal combustion engine, about 30 percent of the heat

value of the fuel burned appears iii the jacket cooling water.

For an air conditioning refrigerating machine, the condenser

and jacket cooling water receive about "five times the heat

equivalent of the electric energy that drives the compressor.

The heat absorbing capacity of a reservoir with wastage

of water outside after use is given by equation I4-07. The

heat absorbing capacity of an underground reservoir as a

function of time, if tiie water is recirculated and retained,

is given by equation U-OtJ.
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3-11 Air Conditioning Effect of Tunnels or .ihafta

The Initial or undisturbed temperature in a tunnel

or shaft with an overburden of 50 feet or more Is likely

to be at or near tfca mean annual temperature which is in

the range $0 to 55 ^ i^^ many regions* This is usually

above the winter outside design temperature and below the

summer outside design t^iperature and dew point for such

regions. A tunnel or shaft is therefore a possible means

for tempers r?g the air in winter or of partially conditioning

it in summer. For a long tunnel and a small flow, the air

passed through a funnel assumes nearly the earth temperature,

say 55 ?’• Also, such a tunnel, can dehumidify outdoor air in

suHUTier, and humidify it in, winter if ground water is present.

A large wet tunnel with a small air flow can therefore

condition air to approximately 55 ^ saturated at all seasons,

Air at tlfiis condition, warned to 75 a relative

humidity of 50 percent,

^ - ^

A tunnel in continuous use for traneporting outdoor air

extracts heat froro the air in summer and imparts an approxi-

mately equal amount of heat to the air in wintexu The outdoor

temperature, plotted against time throughout a year describes

an approximate cosine curve and the air leaving the tunnel

describes a similar curve but with a simallor amplitude. The

amplitude of the air temperature vai'lation at the exit end

of the tunnel indicates the heating and cooling effects of

the timnel. For a long ttmnel and small air flow this
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amplitude will fee amall, as discussed above. For any

specific tunnel there is a liirdt to the cooling and heating

capacity, depending on the dimensions, the nature of the

surrounding rock, etc. The mathwsaatical rjelations governing

heating and cooling: of outside air by tunnels are given by

equation I4-IO, (li-G5)« Remarks about tunnels in tills section

apply substantially also to shafts or other openings of equal

dimensions* 1

3-12 Evaporation from Pools or Damp Surfaces

Ground water can have several effects that influence

structure and e^Alpisent design, Includln^g the following.^"

It can exert pressure on any vapor bai’rier or liner installed

to prevent its ingress into underground spaces as shown by

equation It can affect the conductivity and heat

capacity of porous or hygroscopic rock (i^-Ob). To evaporate

water from damp surfaces or open pools requires heat (ii-io)

and can add to the heating load. Water evaporating absorbs

the same latent heat as it gives up when it condenses.

Therefore in some cases the effect of evaporation as from

damp surfaces In a space being cooled is not to change tiie

total air conditioning load but is to convert part of the

load from the aensiiilo to the latent type. If a machine

or apparatus is cooled by the evaporation oi Winter and if

the resiAlting vapor is v^ted outside without reaching the

cooling coils, the heat conveyed is not added to the cooling

load.
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Chapter I4

HEAT ABSORPTION OF ROCK AROUND UNDEHQROUND SPACES
... . -.,T^

'

I4-0I Prlaclplea .‘ i:- ,

ii: : .rsd

The geological formation around an underground instal-

lation is termed rock in Uiia chapter. Usuall:?, ^at re-

quired deptiia, locations will be olioaen where tiie apace

will be aurroonded by rook, rratiier- than cla;/, sand or v .

• Vfc •
•

.

another material, in consideration of strength and stability

requirentente. flov; i;

The temperature in an ,occupied underground space is .

usually, maintained above that of the surrounding rock and

consequently , heat flows from the space to the rock* In

the abseiice of internal load, the heat supplied to the

space must equal that absorbed by the rock* w When the in-

ternal load, such as the heat from lights, motors or other

equipment and personnel, exceeds the heat‘d absorbed by the

rock, the difference^ must be removed by some cooling means

such as an air conditioning apparatus*

^

JThe rock surrounding a continuously warmed *apac© it-

self becomes warm withntime, its surface toisperature

increases and its heat absox^ptlon rate decreases* Con-

sideration of these effects is obviously essential in the

computation of heating or aii* oonditioalr.'T, loads but un-

fortunately heat flow of this transient type Is not subject

to simple analysis. Ti<e pertii^ent differential equations
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are too ocsnpleJt for ©vory-day us© and for this reason an

approximate mctliod has been evolved and checked against

experimental results obtained in several underground

spaces,
f'-o.

,

The recoimaended method for estimatin^ heat absorption

by surrounding rock Is based on consideration of an assumed

underg;ro'and space, either spherical or cylindrical in shape,

with thermal characteristics similar to those of a charriber

to be utilized. Hie heat flow equations pertsd,ning to spheres

or cylinders ai’e simpler than those for otiier shapes. The

data presented for us© with the equestiona in" tills manual

(^4-03 ) ai'b based on nuraericsLl solutions of the equations

for cylinders and spheres obtained by ;: . ans of a large

electronic computer, available at the National Bureau of

Standards.
ir : _ ^

Usually, a new underground space must be warmed to

some acceptable temperature in preparation for occupancy.

Heat may be supplied to the space for this purpose at a

relatively large, constant rate. If the desired temperature

and permissible warra~up time are specified, the required heat

supply rat© can be computed by means of Item 6 under pro-

cedure (li-02).

After the wajw-up, presumably a constant temperature

will be desired in the space, at or near 75®
«.

The heating

or air conditioning system is then expected to operate on

thermostat. The surrounding rock absorbs heat at a rate
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that decreases with time and the absorption rate at any

instant can be computed by means of Iteias 7 and 6 under pro-

cedure (I|-02)*

It-02 Procedure for EsMimfcing. Heat Transfer. Air to Hock

, The procedure recowmended for estimating heat trans-

fer from an underf?round' space to surrounding rock is as

follows: . . 11 . I'^-y ^ -
^.v.

«« !• Compute the internal -surface area of the space*

Projected areas can be used | irregularities left in walls,

ceilings, and floors after blasting can be ignored. Equa-

tion lt-01 is applicable* - ^

2* Obtain the value of V^/Y for the cylinder by

means of Figure Ij-l and of Yp/V for the -sphere by^meana of

Figure lt-2. ^
-

v> , 3« li* V^/V ejiceeds V2A»' utilize the cylinder as the

beat approximation loathe space considered; if V2/V exceeds

Y^/Y, utilize the sphere. ' " &

It* Compute the radius of a cylinder of"the"same in-

ternal area using Equation I4-O2 and compute the radius of

a sphere of the same internal area by means of Equation

I4-O3 .

5* Determine the Initial ter,perature of the rock,

thermal conductivity, density, specific heat, and overall

coefficient of heat traiisfer* These may be found from
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geologic data, testing of samples, or estimated from infor-

mation given In section 1+-06, lj-07, ands^ii-06,

6« For a given warm-up time (lt-03), determine the

required heat input by r.eans of- Equation Utilize

Figure ij-3 for the cylindrical case or J4-I1 for the

spherical case in conjunction with this equation. Data

Form C Is sapgeated as a work sheet (1-07), v, ^

7, Compute the rock heat absorption for the constant

air temperature, or thermos tated condition {I4-O3 ), by

means of Equation Equation I4-05 will yield the heat

al^aorption for the cylinder or for tlie sphere, vdiichever

was selected for an approximation to the^space being con-

sidered. ; • e- - r

d. « Ad just the results obtained under Item 7; divide

the heat absorption obtained for tiio cylinder by the ratio

Vi/V or divide the results obtained for the sphere by the

ratio V2/V. . This will yields an approximation to the heat

absorption for the space under consideration that can be
-rr-:.

used In heating and air conditioning load estimates

Form D is suggested as a work sheet (1-07).

Data
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lj-03 Bquatlona for Heat Transfer/ Air to Hook

Equations applicable to the procedure 'for computing

heat absorption by rock aren as follows;
’ *

Area of an Underground <>hea5iber, either square or

rectangular,
^ i. ^

A « 2 (mn + ms 4* ns) ' ‘ ^ ^

A = wall, ceiling and floor area, ft®

U4-01)

m = length, ft

n « width,’ ft

'

F.

o ^ fJ8 « ceiling height, ft

If the apace is hot parallelepiped', that’ is if the

celling is arched or if either major irregularities in shape

exist, the area. A, ^ould be adjusted^ accordingly by some

appropriate method/ .:.e uve ^ ,

Hadlus of a cylinder with thermal characteristics approxi-

mately similar to those'^bf the space considered;

of’

^rm

,^iiadius of a sphere with thermal characteristics approxi-
- V

mately similar to those of the space considered;
. i.

4:- ^

(I4-O3)

Kook heat absorption; steady heat input required to warm

‘2

the rock surrounding a space in a specified time
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Og » Temperajbupe rise of rock surface. If-
"

above initial temperature, deg* F *

• &

K « Thermal conductivity of, rock, . r

^ ©tu hr ?^ft ^ the .for m?
qtjs Eock heat abs^orption rate, hr“^ft*^

a = Hadius, ft| 83^^ fpr ti;e cylinder;

,^the sphere selected for tiie appro;ci-„

mation^ from Equation 4-02^ or^ i{-03

F ^ * Kt/pca®; cylinder; sphere

t ~ J?ime. permitted* for warm-jip period, jrs

p = Density of r^^ space,

ai3<a tre ttsjper;^ .,

c “. Specific^ heat of rock,,>Bta lb -Ip”^

To utilise Equation first compute the value of .

F, then determine the value of ©g^K/q^a from^ Figure ii^3

the cylinder or Figure the. spher„e*^
^

From the value

of 0^K/q*a thus estimated, determine ,the heat absorptlon^.^vv ^

of the rock q*, in Btu per hour and per square foot* It -

will be noted that tl.e.heat absorption rate, determined with

Equation 14 -Oii depends .on^ rock ^surface temperature rise, ©g*

Hook Heat Absorptions Constant Air Temperature (Thermostated
—A.. V - - .

Condition)

= (l-»a/0l) U'«i/R ^

1 V^v,
i • j

Ui-0^) ,.r-q
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q

0 /’

a Rock heat absorption rate, Btu hr
^r.‘

The value of ©g/©i In Equation l;-05 is

given by Equation h-06, and is a function

of F which involves the time, t, for >diich

the^tliemaostated condition has been con-

for the cylinder -•

f1 gv.^r<g)

U* =

Tb.^ ^ :

tinued. It will be seen that the rock
. .X^it Is.., r-liji. . - -‘i

heat absorption rate q decreases as time t

increases. See Form D {l-07)«

Overall average coefficient of heat trans-
V-

fer, Btu hr*^ft*^, for each degree tempera-
^ v’ ' t:"' .a>a

T^xc^ an

vfi tiohj. ihftt X=--. i-

roo?') at

equ«il-

ture difference between the rock surface
-

- .*C ' w- -> <%** X- 1^. •- * i*''
' - » V - f'

temperature and the temperature of the
C'D"’ '’‘ox s.

.
oai.' » « : •-.r

air within the heated or air conditioned

apace. For an internal structure, the

relevant air temperature la that inside
-i ’ ’

the structure, (ii-Od)

^v.iiwr-^s q i» = Temperature difference, air teraperature to

L.X i.qr06 ) r.v.i vtiv- 1 be ^maintained in the’^alr conditioned space

^.5 def iri«id f'-'r K-iU'- minus .Initial rock temperature, deg S’,

ii the irm ©g a Temperature' rise of rock surface, above

initial rock temperature, deg. F.

H a V^/V for the cylinder or V2/V for the

sphere. Values are taken from Uie charts,

Plgurea I4-I and 1^-2. These values are
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used also for„ofooQSJln£ between tlie

£-
cylindrical and spherical app^^Jjaate

solutions- as stated in it«s 3 under

( '.i.l

_.u^r

procedure

©a « r (F, K)

a; o
u.
c-

Q
U4-O6)

;
u. 3 (

- O
:

-41 .
— - - f ^ h

: ' ^Values of ©a/©j[_' are taJcen froxa 'tiie ohartst Figure 14^$
-.-j H- ---——

' > bJ r" '-^5? t#5 —
' r r

-5 H X "

fo:f*. the cylinder or Fi^re

fli
.. ;. .|-

E^pit r
•'--

ihSi

il-ii fp^ 'tKe.“sphere. On this

E^--
-

^ o ^
ii.- iiJ

« n. -JL,

bE-Ai/
:':'-pjEE:

Th^ quanti

t

y N iaus t ' be computed for^use with the charts

,

,T
:P

For an internal structure under the thermos tated con->

ditloa, th© heat ^fbotjfrom any particular

room at any time_,equal^^^^rt^":^ canjbe shown to

equal
..p-

r

-i:-

- ^- + 0 . 71=»
where q is ^l^en b:rl<iufttl<jm Is'takeh froiii Table

I4.I (I4-03) for the vSiructuro*^ andrtH and U» are

as defined for Station total'^^ the
._!. -4

room is the sian -ofv' th^

floor.
rrk-' ^

’T ' ' ^ '
•.!

rrrrrjsr'^ A;*STr--TVi:r.“rH:t~ ‘,r;V-'r
- . ..} \---U...: ... .

. -V '
-•-..-•-I.

•> ' -

^colthe walls ^ celling, and

-f-Pr,

\

V.;^;

'K.

: :

: ''Xtj-Oif '-!^E "Ell- '
i

s

-

\ -N'
\

-V

vW«W^
;n

d
A/ V\

O o
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Heat Abaorptlop of Underground Heservoira

An iinderground reservoir of water may be provided as

a sink for tl.e waste heat from engines, air conditioning

equipment or other apparatus for use during emergenoiea

(1-5) when outside services are cut off (3-10)* Spaces

prepared for this purpose are likely to be long and tunnel

-

like for reasons of economy in excavation and to provide

necessary rock surface area. Therefore, in the capacity

calculations the tunnel shape is assumed and the cylindrl-
9 ~

cal approximation is employed.

If the water is used -.to absor> heat from engine jackets

or refrigeration condensers, etc.,,^and is then wasted out-

side the installation, ;y^its heat absorbing capacity can ba

computed by the equations

* Heat '^‘absorbing capacity of the water, 3tu

K =* Hass of water In* the reservoir, lbs -

= Temperature; water discharged from engine

jacket or condenser, etc. F

Tp « Temperature; water available from reservoir;

F

If the water is recirculated from the reservoir to the

engine jackets or condenser and back to the reservoir the

heat-abaorblng capacity Is increased by the heat-absorbing

capacity of the surrounding rock and the total capacity can

be computed by means of the equation:
'



to flQiiq«iotdA isafl 4o-4

as £>®l?lvo'xq ecT ^aai nectaw lo ilovieea^L ^>fXuo*ss^#bai/ nA

^iiinotiSlbaoo %la mo*!! iiBsti 9Sti&\a bJS *io1 atal* a

aoloft93*!3i?Ta 9si/ «iol »ij;rB*iaqqa io ^fnainqli^pe

eaosqa ,(OI-C) l!o tfjjo a‘x« 8«alv*i©8 ®Jbl8;|j/o aeriu (^-I)

-X»nf£D^ b(ta 3 K0I 00' od^ '^X«aill «*ia ©aoq'jjjq al*id *iol JbaiaqsTiq

&blvo'iq o& brm noldsvaox© c£l ^iaoaoo© lo aaoaas*! *xol ea£lx

\;dXoBq£a ©rid at ^e*xo‘l©*X9xfr ©oaTijua aioo*! %*iAi690Ba

«I*sbalI^o add ba& bBKtm&B a I ©qarla iBnauS ©iid anoldaloolao

•be^oXqitjs eX (xoXd80iixo*xqqa Xao

eddiiofif, ©niga© mo*i! dasii d*3i;oscla od beaxr aX <t»daw ©rid II

-dtfo badBBw fXdUd el boa ^«©d© ,a*x9Sn®bftoo «oXdBi©3iil;0n 10

««f as© ^dlosqao sKlcf*soa<J« dsad edl ,cxoldaXXadaal adS ©JbXa

saoJtdai/pa ©rid jbadx/qmoo

(qT-w^) M «

bdS ,*x©djBW ©rid to ^dloBqao 3alcf*xo8cra dasH « ^
adX ^-iXovioe©*! ©rid at ladaw to aaaM « M

©nlga© cfio^t X)®3 *18x108 iJb 'iddawr |©iixds*i©qni©T =

'‘‘I .odo ,*i©ecy©bnoo *10 d©3loa^

iov‘ioav©‘i ifloit alcfaXXavB -ladaw ;d*ti/da*x©qm©T »

•51

©xld od ixovida©*! exld mo'll bodaXi/oalo©*! «1 'x»daw arid II

©rid ‘iXov*i©B©‘i ©xld od jiaaci £>fia iQBabbaoo *10 adaiioa^ ©ni^aa

Snlcf'xcttdo-daftxl ©rid boa8©*ionX al x[d2©aqao 3aJtd*xoacfa-da9ri

fiao ladod ©rid brm liovrt ^attrujon^iija ©xld to ^dioaqao

: noIdaA/f© ©rid to acsa®ai ^jd bedi/qaioo ©d



where ©y = Temporature rise of water above the

initial water teraperatiare, deg F
. .

-

= Constant heat transfer rate to the water

from external sourqe stich as engine

O.QU

0.0?i

,06;.,

lengtii OT reservoir
x' _ : . -

*

t i

t_ . t = Tims from initial application of qf, hours

; a a j^s+n)/7r\.._r4dius_

8 r Height""of riservoir, ft

cif
,05

[;
2:!:

'

, « Width of
,

- i. ;. >
reservoir, ft

—
G

H-: ,/ : .
-

» 2 Tfa^pc

me*
.t:

= 2pc/p • cJLMIos* a 0 idinder ,_completsl;r_ filled
r,

n with_^water) US
-4^-

U-. •/-
H* 5E Kass-of water in reservoir, lbs per foot

i

;

j:

,/ length of- reservoir -

:

'v' :

pi » Denilitv of water, lbs ft-

c « Specific heat of rock, Btu ib**^F“^
.Cc:'J

r^!|

« specific heat of water, lb*^P*^

m~ * Length of reservoir'^^J ft 'J

'•PSFrtVO;:'' F ,

«0 »* « .TT S.

foot

SUg-

the

heat absorption par- foot, of length, q^^, for a tunnel of radius,
' 0 . , .

a, for a specified water temperature rise ©w ib a specified

time, t*
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fc9.mosqe a nl wO sail 8-it;la'j9q..sl isJaw damoaqt a lol ,a



f(F.G)

=

e^K/q,

0.09 =

EQUATION 4-08
RESERVOIR HEAT ABSORPTION

AT CONSTANT HEAT RATE0.01

0.2 0.6

F =

S

Kt/oca
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It-05 r. fluting or Coollnfe or Air riig Tunnel « or Shafts

FreaL on outeld© air naed®d for. ventilation is often

inti educed to installations throu#^ shafts or tunnels with

bare walls so that the air flows in contact with the sar-
L a

rounding rock^*''^Por a tunnel in < continuous use, ht:?at is al-

ternately trans^ferred froBj the fair to .thor^ rook in stmsner

aiid froa the rock to the air, in winter* Savings are poa-

sible^under botii conditions since the air is warmed in' )

winter, thus reducing. the heating load, and cooled ^^In

sumaer,^ thus reducing the cooling load (3-ll)« The tem-

perature of the air at^ the exit, like that at the entrance,
•J, w

oscillates above wd below the mean annual temperature but

the amplitude of the temperature change la smaller at the

This problem is subject to analytical treatment if
rj

’
'

3-l:s^s?a>
^

seasonally according to the equation.

o

temperature, deg F, maximum or minimum,

w » Angular velocity, 27Tradians per year

e 0.000717 radian hr“^

t « Time, hours (t *= o when d* « 0*)o o



TCf «X1A t o HflJtXooO -IQ ,ngld;>aH 50-4

rtd^lo 3l aolS»ltia9V 'xol £»«i)0e« «iiB 9bt9iuo lo ilaoi'?

. dtflw «;tlsr{a si^uoidi anoicfalJjaianl l>9(M;Jbo'i^nl

ditf il^lw ;^D£^noo cfl ewoXl tl* oa allaw ©uBcf

-Xfi «1 3irowal;r«oo nl Xancu/^ a 10*5 .jfoo'i sitlbtujoi

rLerimjja ni jfooi arfit oi *iX* oxl^ aao-n bd'x'iolaaai^

-eoq d'xa saEilvaa ,i©^nXw ni -ila ej±t ifooi ©d;t mo^xl bciB

al l)©imaw aX ila adS &onl& aaol^ibnoo rf^ocf rLebcur ©Xdla

nX bdXooo bna «baoX guXcfa^d ©iij 3alojLfb©*i ejjxitf ,*i©^alw

-i3x®X ®xlT a(Xl«.£) ixaoX saiXooo ®xi^ gaJtoub9i BjjdJ ^'i&ami/a

,&oaB*iJri9 ©xii ;t« 93ilX &d^ Js ijtjs adt lo aruj^M^iaq

^ifd 9*ujdM^9q!:i9d iBuaetB aaoai add Moled baa evoda aodsIXtoao

add dM ‘xoXXorae al ©300x10 8‘iJL;d'0«x©q0r©;t add lo ©bu^llqaia ©ri^

• ^Ix©

11 dn&itsfMBrtd laolSxlaaa od do&(^djj9 el meXdoiq aldT

B&i'iBV 0^udB^9q:ij9d ila oblsctuo odd dadd bemjaaa al di

»cioldM^(p& odd od QtilbioooB ^XXanoaaea

iw aoo »0 « ^000
^d t®fl!ld dM **5 3®b ,»^£ji^a*x©qcj0i ila ©blaijuO *

iBimna rmom etsmisi &^sJdB^eqimd *xla ©bla^'i/0 « *0
o

.mutalttlm *io inuatlscsm 3®jb ,©ix/tfai©qm©;t

'X.Bez ^eq acmlba"i^Z ,£liooXov ‘laXiignA « w

fuBlba*! VXV000,0 «

^Q® “ o® ® «Ti^oil ,©iolT » d

y . z’ y



Ba*j©d on this asayjiaption, equations yielding results

relevant to air conditioning are as follows;

por the temperature at distance L in the tunnel and
)>

at tizae,

^cos (wt • HIj/^ — C*B} ih-10)

©• « ± ©» e
b O

(j4-ll)

hate of heat loss or gain by the air in length L

at time, tj

Total heat gain of air in winter (equals total heat

’
<i » 107^7 Va“e* A+e"®’C_ 2e-°'®co8 (ml/? + C'B) (1)-

where Average cross section area of airway, ft^

a B 2A/p, hydraulic radius of airway, ft*

B « f£ (s, b) e (Figure I4-9) .

b » h/K /&^ •

C, B f^ (a, b} (Figure l4-b)

C'B

V̂a

e » Base of natural logarithms

q « 0.0566 Va** (©o - 0;-12)

loss of air in summer)
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*V

Brruiil'UBsbl lAi£/^Ba to obmQ » •



h « Coeffloiont of hdat trSirsfei* between the moving
i i i

aixv and the eurtao© of airway, Btu ?

K » TJiermal eohductlvifey of rock, Btu h3^"^ft"- (F/ft}"^

....

T

V

\. ±
^Average perimeter of airway. ’ -- -

*= Period, 6760 hr (1 year) :;
--

1
B
-4

_

, -j-:

I

‘
i

Velocity of air stream, ,f

t

'S-

w * Angular velocity, 2 » OV000717 radians hr"^

a /w/a
-y -^-r--

i-.

V+i-r--i

^'iSr-rni I"!

a «__5her3ial dlffusivity ft^hr^"^- ~r
: V

J
!

/rS^' 'iH-" !

.

0. « Ileparture of teasperature f tlio mean ^annual
:l- X; :

.:F"

. , B ' t^aperaturo, iPj”‘ 0^', Kaatotffli'dep^turo"W'''fe

i ' 4-
'

'-

©Q, outside air; sX distaao© I* in airway t

B, C, and Equations and 1|**12 are based Ton Ihe assiijgption

that ti’i© d ©nBit y'^' sold oyeolfio hoat'^of "-air are- 0*075 ' lb* ft*

3

and 0*0l6^^Btu rospodtiyeXy* I

FF i.

Form F is suggested uw & work sheet for problems of
-t-t

this type. If a tunnel or Shaft 1soused Intemittently as

an aiiKay, the equations in ' this -sectitm do 'not apply wlthcut
>.

T,±±-!

modification and'^ the effects of such ah airway eahnot bo
'-j-crnir

estimated unless the method of using it is stated.

Values of h, the surface film coefficient of heat
'

fzir*

'

..
f

i

transfer for various-values of[ V, the air Teloof%, in the
^ ^ '

,

, _ ;

'

- -i

tunnel or shaft are given bn figure ^-10. 1
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J

8^xdqi,n®i
i,'
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lo an«Xcfonq -lol .l©oil$ aC^iow a ejs fioiao^.'ijuis aX *? snol

ai5 'jXd’fjec^d'XiS'io^nl fiasw «1 Ht^dM lo Xonnifi ® II *9<ix^ aXdJ

dx.^0AXxw ^Xqqfi 4 on ofi {ioljo®a aiiiX cii aaoUanpo ^'^avr*Jba cm

oc Xofinxso '^Jicrils tt» fiof,m lo tilooll© fin* noIdaollXfioK

•fiddBJtB aX jri: jjaX»n lo boiid^m ®nd ««©Xrai fiaXawidio

daori lo Inolol li^oo ?iX.fl ©oalnwa ®xl^ to stoi/IaV

ddct Cl,I ,^XlooXov T!Xft of£J ,V lo aotrXev sxxoI'TSv *io1 'xolanand

*C. V ©'ti/gil 1*0 fi©vX3 dladi Tto Xooxu/j
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U-06 Thermal- ?ropertl»a of Rook ^ ^ Kf.^ -r-t ^

.

Hock, heat absorption oomputatlona depend on the thermal

properties of the rock and it Is unfortunate that the available

data are inoomplete endues In some degree, discordant. For esti-

mating "purposes itiis reooi^iended that ’"a apeclflc heat of 0.2

Btu lb*^F"^ be assumed for any rock and for use in the equations

In this chapter although rock specific heats as low as 0.16

Btu lb’*^F“^ have been 'reported! ^

or rcFor- greenstone I present-in'^'tlie mountains% Virginia,

tests and 'experience show a -thensal conduct!vlty^ of about

1.5 Btu hr-ift“^<P/ft)-^f with a density oflB6 lbs ff3.

These figures -have been 'used in dernonstration^problems In

oonneotlon with this worlc and are ^regarded as gc^ ^asaimp-

tiona at least for preliminary estlmatee in many case^^.

When precision is required, however, more precis© values ‘

oan be obtained eitJier by testing some specimens for con-

ductivity or by the us© of figure 1^-11 In conjunction with

a petrographic* analysis of bous© specimens. Facilities for

leaking tiicae tests or analyses are maintained in’ several

laboratories in tills country. -
..

For Igneous and sietamorphlc rocks the density generally

falls in the range from 15O to 190 lbs ft“3^ and that of the

sedimentary rocks In the rarjge from 100 to 175 ft“3.

For i^eous and metanorphic rootes, the theiwial^ conductivity

falls in a raiige from 1.2 to 2.0 Btu hr-lft-2(p/ft)-l.

^ ;j=43 V...
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Ui^»At »Ai ao Imaqob BaoU»iuq«oo stolJqiosd* U»d jJaoH

•Xd.Xi»W add dBrid edBrnid-iolnu al dX bo» :i80, .--id 1o «.XJi.qo,q

-t«e lo'H .do*Moo*Xi. .e,®i30i.
*•“

S.o Xo d.*d oXlio»q« « bebr.3.»D0di aX XX awoqiuq snXi.-
I

.„oXX..pe .dX ax oaa aot bo« q»oa ,r» tot .d X-, *dX .xa

dx.o aa «oX ex»»il aXlXo.qd Sdo*i rfsbodXX. isXq^ilo aXdX aX
|
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,*XnX3-jXV 10 aaUXdOom adi nX Xi»8.-.q .•aoX«a».is ’O’!
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|

,£-il 8dX dSX 10 tXXanob * dXXw ,J^"(Xl\’!)^ dl-^

al ara.Cd<«q no XX.-iX aaoa.b aX boao a««d or.d a.a«ai1
|

-q«8a. booa aa b.t>-«30’ boa daow aXdX dXXv aoXXoaaaoo

. 89BB0 ^a«ra nX aoisaXiae v;ia«XiaXX*aq tol iaa.X t» anoXJ

bsuXbv «eXo*'iq a’om ,i9V9WOil ,b»rtXi;p»i aX noXaXo9iq
^

.„oo ,ol ao.«xooqa ,.oa aaXXaaX ,d a..lXXo b.aX«Xdo ed o.o ^

dXXw aoXJdOPtooo aX XX-)1 01^3 X1 lo eaa *HX ^d io ?#XvXiobb|

•lol aaXXXXXo*'? .B««KX09qa araoa lo aXa^Xans o XriqBisoaXaq a

X«.<9V 98 at boalBXaXBn 9io aoaxXaaa io adaoX aaodi 3nXd»«|

.^ijrujoo aXxIX oX «9XioX9aod«X

,XX9i9a93 tJXanab arid ajlooa aXdq'ior«X9<« on« aboansX 10H

»dJ 10 X.dX bo* .t-Xl adX 0« oi OZS mo,l 930.1 arfl nX aXX.l|

.t“il 9dX 5TX oX OOX moil 930.1 9xIX oX 9j(ooi ^i«X(ioaiXboa

r ^44 a^ToO*! O lltOt'XOl'’®
®UO#03 ^ V

lvl;to<jbfToo Iopi*iexl^ dflJ ^axooi ox ^

.C-(Xl\’I)S-Xl-t-iri uxa O.S oX S.X raoH 990.1 * nX aXX.1



Granites are found to be in the range 20-1^0 percent quartz,

50-73 percent feldspar and 5-12 percent mafic« The factors

which determine thermal conductivity of sedimentary

rocks are numerousj composition, porosity# temperature,

grain size and ^ ^1^^ content all have to be
' '

X I : i.:-.

considered. 1 g ", ^
^ '

5;
*

I4-07 Initial Under^<round Conditioi^
'it

At depths of 50 to'^70 feet,^th© treteperature of earth"

or rock can be expected to approximate the mean annual tem-

perature for a region in disturbing factors

3uch as underground .flres.or large subterranean streams.

At i^reater -depths the tessperature is found to be higher,

increasing at the "rate of about ,11^ per hundred feet.,,. Earth

temperatures "thus determined, are regarded as adequate for

air conditioning estimates for underground spaces although

a check of the^firures is desirable during the survey of
• -.yV"" . ‘v* ''.Kt,

any proposed site*
:k'

>
'V,.

The earth* s surface '"Is.warmed clilefly by solar radiation

and it is cooled by wind, rain^br snow find by radiation to

the sky, particularly at night. There is therofore an approxi

mately regular diurmal cycle in the surface temperature but

its effect disappear^s, practically speaking, at a depth of'^.

a foot or so in the earth. The annual surface temperature

variation is greater and its effects may be significant to

depths of 15 or more feet for some pxirposes, borne measure-

ments were made at vardous depths down to I3 feet near
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Values of U and of U* for soiao materials and structures

are given In table I4-I for illustration and possible use in

heat transfer estimates. The fact that particular materials

and construetions are, mentioned in the table is not a recom->
^ 'r = :irr “,y<& ..tt:*

mondation that these materials or constructions should be
; ;2 ,

*

used* The designing engineer m&y select other materials

in which case suitable values for the coefficients should

be otherwise detemined*

^
For a rock surface such as that left after blasting,

the surface air film^ heat transfer coefficient averaged

h = 1,14 Btu hr-^ff^F*^ in some tests in an underground

chamber with onl;v natural air motion, Tixls figure is based
'

.A.'j ...

''
••'iey- .

on projected wall area- ignoring irregularities left after

blasting* For the surface conductances of interior structures,

a value^pf f^/* f* « 1,65 is recojsmended for present purposes,

With these values, heat transfer coefficients of walls, ceil-

logs and floors of Interior structures can be computed by
. juji.' . - .fi

:

means of the following equations* ^

(ii-114)

1,65 C 1,65^

1 (I4-I5)

1.65 C 1,25
+ 1 + 1

C = Conductance of wall, ceiling or floor
of interior structure

V
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TAI3LE l|-l

Heat Transfer Coefficients for Underground Structures

-- Material^ or Structure --'r. ' 9o u»

Bare rock surface ^
ft

l.liO

Studs with 3/8” gypsum board on one side 0.67 0.59

Studs with 3/8" gypsum board on both sides 0.37 0.35

Studs with 1/2" insulating board on one side 0.36 0.34

Studs with l/2 ** ^insulating board on both sides 0.19 0.18

Brick, one coxirse - tj" thick no finish
'

o;f6o 0.54

Brick, one course - 1;** thick ^3/6” gypsum bd. 0.47

Brick, on© course - l|” thick 1/2” insulating bd .0e32- 0.30

Brick, two course 6" thick, no"' fIniah
'

0 . 1)1 0.38

Concrete, 8 ** thick, no finish' 0.54 0.49

Concrete construction floors, (3”) no ceiling,
no flooring

^ 0,68 0.60

Concrete construction floors, (3”) no ceiling,.
1/6" aspheat tile .

'
. , ^ 0.66 0.59

Metal roof deck, bare
'

0.90 0.77

Metal roof deck, roofing and 1/2" insulating
board 0.33 0.31

Wood roof 1 ** roofing and l/2" insulating bd,
'i- ,*4

'

0.25 0.24

Uq « heat transfer coofl'iclent, baaed on temperature differ-
ence between air in conditioned space and air outside,
in the annular space, with zero wind.

U* a heat transfer coefficient, Btu per hour for each square
foot of rook surface area and for each degree F differ-
ence In temperature between rock surface and air in
conditioned spaces.
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lj-09 Vapor Permeability of Kat©rials' — ^ '7

A vapor barrier material ma"y ’ dometimes be included in

the vails, ceiling or floor of an internal structure to re-

duce^ the latent air conditioning load* or to preclude harm-

ful condensation inside tdie wall, ceiling or floor con-
!$. JEi.

struction* The danger of condensation in parts of an under-

ground structure is not considered great particulai*ly if

die space is continuously air conditioned because the..^....,,^

-a 1 ju
' ‘

temperature differences- or gradients are not severe c<»apared

to these that occur in surface buildings*^ Data are lacking
« .Vrt

*

but it appears that condensation might occur in a con-

struction such as a double-faced wall containing insulation,

A vapor barrier might therefore be installed in or near the

outer,, surface as precautionary measure#

A method for predicting vapor transfer and condensation

in walls is presented in ‘*Koisture Condensation in Building

Walls” (ref, 17) vdth some data on the permeabilities of

some materials used in bdildings. The method is based on

the theory that wateiv vapor^ transfer a material is

proportional to vapor pressure difference between the two

aides and that resistances ar^e additive as they are for

heat flow* It' is known tiiat Uils is only an approximation

but it may 'be close enough" for practical estimating pur-

posesy' Another uncWtalnty in this field concerns the

vapor permeance of material a’'which differs considerably
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between speciiaeris of the aaiue material. However, the data

in Table l|-2 were selected to show the range of the per-

meances of some materials used in buildings as observed by

Babbitt (a) and leesdale (b), reported in Reference 17.

, TABIiE 2 -

Permeance of Some Materials to Water Vapor

. T'

Material
Thickness
Inches

Permeance
?

Resistance
(i/p)

Wood - spruce (a) O.S63 3.!t6

.

0.287

Wood - pine
i

(a) 0.6ij5 2.52
'

'll.

.397

Paper, kraft,
1 sheet' (a) O.OOli 166.00 '.00l|

Asphalt felt,
1^-lb., dull
surface (a) 0.032 ft 13.50 .071)

Asphalt-coated
paper, ^0 lb

i

(a) - l.Olj
a ;

.962

Plasterboard,
between heavy
sheets of paper (a) 0.37 „

70.20 .oiU

Unit of permeance. P « 1 grain ff^J^ir^^db/in*)*^. (permeance
in perms * 0.ii9 P)

I4-IO Underground Water
" f 'A =1 .

In daifip regions or seasons water may enter nn underground

chamber In cither of two ways. It may soak through pervious

rock and appear as dampness on the surface, perhaps with

streams amnnlng or dripping downward, or it may leak In
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through faults ^or fissures. At the greater depths, entrance

of water through fissures, rather than through pervious rock,

Is usual because a site in hard rock Is likely to be chosen,

If possible, for structural strength. Such rock Is likely

to be irapervlous or nearly so. Because the'possible hydro-"*

static pressures are hi^ (3-08) It Is customary to drain'

off excess water rather than attempt to stop the leaks or*

to treat the j?ock surface and make It impervious*

Evaporation frc»n rock surfaces may l-^ave significant /
•

effect oh the humidity in bare '"chambers. When such a

chamber is first warmed
j, the rock can act as a dehumldlfier

and ’"‘tend to hold the dewpoint ’^at the stafface temperatare.

In the course of time, the^rock surface temperature in-

creases and water evaporating from'-the surface becomes part

of the latent load. Figure li-13 is a means of estimating

the evaporation from wet or '‘damp surfaces, based on data'^in

reference 16. l^iie curve gives the average rate of evaporation,

in lb hr“^ft"*^ for a wet surface L ft long in the direction

of air "flow parallel to the surface for a velocity of Y ft

mln-1 and for a vapor ^pressure difference (Ps-Pa) psi, where

Ps is the vapor pressure of water at the temperature of the'^

wet surface, and Pa is 'the vapor pressui*e of the raovlng air.

Estimates of evaporation from rock^'are difficult beca*.*se

the area of the wet surf*»c© cannot be predicted with certainty

for any proposed underground chamber. In the Installation so

far examined in the eastern Ikilted States the wet ai ea did not
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exceed 10 percent or the total. In the arid reeiona of the

uesty dmpness on the walls would be rare.

For an Internal structure, evaporation from the rock

may not be lui'iortant since the ingress of vapor to tije

conditioned space can be limited by vapor barriers if races-

sary; also. If the annulat* space is used as an exhaust plentzm,

most of the vapor due to evaporation is carried out by the

leaving air. However, materials, or equipment such as pipes,

ducts, wiring, or timber enclosed in the annular space or in

contact with the rock should be capable of withstanding

humidities of 100 percert since parts of this space may

contain saturated air at times.

If a structure is so arranged that the rock remains

cool, at say while the interior structure is held at

some iiigher teraperatore, say 75^ 50 percent humidity,

t^ie rock can serve as a condenser and assist in dehumldl lying

the structure. In this case the vapor bar-riei^ is not needed.

This effect can be useful during emergency periods with

arrangaments suitably designed to employ it. In this case

either dampness or free water in the annular space, being

drained awa;^, has no objectionable effects since evaporation

does not occi-ir from tlie surface.

Metals and metal foils are practically perfect vapor

barriers except for possible leaks at joints. If leaks exist

in any vapor barriers the resulting vapor transfer by convection
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Functions and Activities

The functions of the National Bureau of Standards are set forth in the Act of Congress, March

3, 1901, as amended by Congress in Public Law 619, 1950. These include the development and
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for other Government Agencies, particularly the Department of Defense and the Atomic Energy
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odicals, available from the Government Printing Office: The Journal of Research, which presents

complete papers reporting technical investigations; the Technical News Bulletin, which presents
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