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ABSTRACT :

Cavq\ sYstels vith two or more én;rances at different.
elevétlons'Pften exhibit seasonally dlrdctlonal air fl?v.
~'Txn.s flow is analogqQus to that in a chlnney and'i’s‘th‘u‘s~
referred to as xhebﬁchi-ney"l or “siéck"" ~effect. Pfevious |

‘_attenp£s ‘to nodel cave winds of th*s type bave greatly'
sllpllfled the phenonenoq by dssunlig static condltlons and
then estxlat1ng air pressure or danLty dlfferences betveenl
the cave atncsphece and tae outside alr. Thxs approach is
nas;cally 1ncorrect vpen applied’ to dynanxc conﬁltions, and
Ray . 1§ad tQ' ’ subbtantxal , 'errors in‘ estxlatlng
speleplxcroclzlatle pata-eters. Wigley and Btoun (1972) have

’.'predxcted tel;erature profiles under dyaalxc conditxoas. and

/{ﬁxs the51s extends thexr vork to a general nodel fot this
type of air tlov. The assﬁlptlon of. the 1ncolpress;b111ty of

ialr 1s apalysed and found to by a reasonable silpleication._

'zhé: results are of s:gnificance %to qe0|0tphologist§x

n‘znvestzgﬁtan iaaccesslble karst systq:s, bxospﬂleoloqists B

chncerne&.vxth the dist xbutxon of lite 1& qpvas,‘ and ‘wine. -

.

;ventxlatxon engioeets.'_p.
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L_-_CAVES AND_THE_CAVE_ATHOSPHERE  ~
. N

A
From very. early in human prehisfory, man has heen
[ , ) -

‘

' associated with caves. They have provided him ‘vith shelter
rrom the elelengs, protection from his enemies, and oftqh a
means of 1ivi;g by the extracfion of valhablé Riner 1s. Bgen -
in the heavily industrialised western'uorld, they are- still
used .as storage Afeas for pétisbahles such as winpe, and as a
source of bat guano, ah excelLent organmnic fert1llzet; UOre
Lecently, houeVer, caves have come under the scrutxny of the
scientific ccununlty. A51de fron the obvious concerns of hou
. caves are fc:ned and _whit effect they have on local vqng

reglopal dralnage pattern;, an aspécf of.speleology that has
eliéiied nuch’lnterOSt is speleonicroclilatoloqyo the studyi\
of the cave at-osphere.} of consxderable interest xs the.
relatzve 1nvariability of cave at;ospheres. since this )
ixnvar;abzlxty 18 one of the nost usetul features of caves.
-.Qecause 1ntetna( telpetatures approxinato the nean anaual
,tgnperatnre outsxde a cave,! caves uhich are IOCatad in
" regions  of sxgnifxcant seasonal telpe:atuxe yariations are;f
‘ ﬁ§;bstantia11$ varler than the oxtetior rcqion 1: Iinter and“
; 'subatantially coolar in suuhor. As a‘\oans J! anriving tte’  
':QAarsh antets of early pp-t~glnc1a1 tilos. to;;‘q;QQple¢:"

f’catés lete ndarly 1deaL.-]- 5 n

v4‘~.‘

’ B N ) . ..'i
, / .
* 'ﬁ”‘" ‘\. : "

Tyt

A v;}l bc aoen 1atox, tltctnnl tclpotatnrnl lay vat;f$

‘5“szqni£1¢ant1y ‘near “entramces ‘which  drev’ air, but the

- amplizude of  these - fluctuations: docrgqnnc “avay g,q. o8
" entrspce - to ' tho point uhntt tclp.:dtum.‘ C are’ nlatlyg -
,exlvatidnt. L R G R .G‘ AN



lgvolule

The cave atnosphere also deteraines, to a large extent,
\ one flora and fauna found beneath the surface. Poulspu and
thte (1969) have chatacterxsed caves as ecologlcal and
evolutionary laboratories .vheré relations betugen sorfacé
and subsurface sﬁeciés, as oell. as ’telations within sub-

1]
surface cossunities, may be more easxly studled than those
l
amongst surface spec1es and conlunltles (see also _Vandel,

1965) . .f, S : . o
Karst hydrologxsts hav;!;or many years used the flov of
gxoundvater to study..inacce551ble karst' aqulfers. ‘the
.rapidity with which wviter ohdeoteﬂ vaves flour through . the
agui§er,,_-as . vell as thg7‘télpeiature‘ an geochemical
. characteristics of the vAiér ontoring .angfrleaving —the‘
laqnifez;‘ yxeld inforlatlon concernxng the charactar of that
agniter (see Browa et ii;: 1969- Btovn 1972; Shustet- and .
Hhite, 1911. among ¢thers). The possxbility of gleanlng"
: sxn&lar i forlatlon tton tﬁe flon of = air has been llttle
Y'Istudxed, 1\aue 1q/ patt to the subl&antially increased
o‘c019lox1ty of the//latheaaticpl description of tle f£l0w,
j»‘nqley (liqley al., 1966* ugley. 196‘! aigley apd’ Brovn, -
| 1969) f7hak ne conslderablg :vork on eatilatinq totalo”
| 'perncabxllty/ of aqnxfora tro- =_vo1¢c1ty d' pnnasure:-7

‘ fvariations of alr at the ent:anCe to:a oavc‘iq tustrnlia,.

 'Ih11e Pln’not (1962, 1969) has a&tnlpted estllatns ot GdVQ;S

@ro- the tcsouauco 'nf ce:tain cave-.;!otk thoceff*

’s:udl,', hovc!e:, do‘l nith non—dyaallc caves, aad uork on

R .(‘ .'v .
Cie ’ﬂi? Sl e

e



dynamid caves is virtudlly non-existent. Since-4 knovledge,

v

or the microclimatic coaditions to be expected in -dynanic

cdves - would be vital to the use of alr-flou in the reaote

sensxng of karst aquifer characteristlcs, a dynallt ‘model

should be of interest to karst hydroloqlsts. o

: : r
‘Much  akin  to  the cave atno‘phere is the mine

dtaosphere, which is of great xnterest to the linidg
engxneer. TOo ensure safe .and ccnfortable vorkxng cond1t1ons,

.the natural l1¢roc1;lat1c condltxons found in’ Rines must be

» . .
ascextalned_ and, if necessaty, altered ~ by lechanical

vedtilation. Khile flines are found" in "a. much. broader
_spectrun of clilatlc and’ qeologlc condltions, the same baszc
pclnc1ples ate responslble for ‘the deterlinatxon of

llctOClllltlc cond;txons in both aines ana caves.

A

’

- 7 . .. 8 '
Bssic Pxipciples .

‘Héving ' lndxcated . the‘-‘inportancg of suhtetranean
_nzcroclxlatxc con‘itions, ono niqbt c:pect a guestion as to

ffyhat~ dgterlines these codditions.' rhe ansucr .has been

~

!

- xntxuated by hef' statenent that '-cavo ' tenpenatutes_i.

s 5

: ayprbxxlate the léan annual snrtaco telperatnre- heuce the: -

‘cave atloaphere is not a clodcd lyatqu,_ bqﬁ rathet 1sf

'

:‘dzrqptly ccnlected with apd to a latgc extcnt dote:uin«d bx.«v
‘the free atlosphere. rhe natuzo ot this tdlattonship ilf.J
rdﬂpen¢ent npon the lotphology ot tho givcn cavo, c-pccinlly~f;
 :the nuube: ot entrancag. rbe cld/sical di:iaion of cavot'"“

AL e e



¢
into "static" amnd "dynamic" wag popularised by Geiger (see
to;.idgtance Geiéér, 1966) . By  implication, static eaves ‘

(ihose uitﬁ only'rone eht:ance) ho not vary microclimatic-
ally. Wigley and Brown (in Fress) point out tgat this
aefinition is (inadequate, for 6ne-ené§anoe,’caﬁe systeas
often havg very active air circulations‘.fseew Conn, 19?5;
Wigley et al., 1966; Wigley, 1967; uigiey And Brown, 1969),
‘but for simplicity, .this te;uinology vill be -aintainéd,
'Figure '1' éhows an idealiged' static caVe. VA$ external
yregsurg'(P[ext]) rises. the iéferhal pressure leapdred at
. f&easurface (P(int]) must also fi#e'to maintain ééuiiibtiél.j
Othervise  a pressure @diffeténtial could ‘exisf at the
ent;aqce._xn‘érder for P{int] to~.increése, air lustq.floix
ihto the cave 'ftoi- fhe Surface. Thxs air cxrcula;iou'is‘
tundanental to the detetlxnation of speleonictoci&latlc
condltfgns. "Hlnd is aot only the aost str;king yhdnouenon
ot veat‘.t 1n caves, it is also its detetnxaxng tactot...
(80911 and Pranke, 968, p., 39). Likeuxse, 1t P[ext] <.'
D[xnt],,theze is a flov ot air out the en;ranco. Thus airé_
__cxrculatlon an%wits etfect on.apel«putc:paliltbzc.conditions

wﬁsf, . ih | static- caves, teﬁitcd ptilatily to externalf:u

' barometric pzeasuce changq;, ;_} i o
) Yy o . . P 9._
"“Dynalic" caves are thohe vith tuo. or -ore entrances :

: vertxcally aeparatpd hy at 1east a tov letcrs.‘l na:kedly'
: ¥,

. dszerent teiatia‘thip betlnen thp cavo and free atloapyere'
)exists hete, tot ait neéd not tlov in &nd;out tho salo“f

,’enttance. ‘ lil_ previously stated,\ag spcleonic:qclilatica



-

»

rameteys are considerably less vqx%able.gha‘ their surface
countérparts. This 1s due in lafge pgrt-to the relative
1nvdriability of ‘the rock. tenpera%pre within the cave.

L4 »

Assume for the aoment that the 1internal and external
. » ¢ .

atmospheres are balaﬂaed; that is5 they are in static

&gdilibriUI (see Figure 2). Now increase the averaye

external temperature. A'pressure'ilbalance is created suc

that air flovs into the upper entrance and out the lower

eatrance. If a. static model is assumed, . the pressure

dlffeience 'at‘ either entrance (1.e., the pressure

-~

. dxfferegtlal that would exist across any barrier Ulthln the

»~

2 var;at;on in the rock vwall tolporaturc. lit circulntion, )

‘Process is amuch

Cave that celpletely stopped the flow of air) 'is the

dlff‘tence 1n velght of a coluan of Cave air and a colunn of

extennél dl[ vhose heights are the height dlfference betueen‘

>

tae two entrances (Figure 3) As the wvaramer a1r flovs, into
\

taoe -cave,' it i cooled by the rock whlls of - the cave until

1t is at vxrtually the sﬂhe télperature as tue rdck. At the

same tlle, the iji‘ valls are varsed by the axr. but. thxs
o

ver because of the d1ffetent heat

« -

‘capacity »0f the rock If extexnal cond1txons did not again

vary, then the Ccave and ttee atnosPhetes vould, over a

‘period _of years, once lote achlﬁ}e static eqnxlibriul.

v
ai!ernal condxtxons obvxously vary seaionally, houever, and

over such .d shatt petxod of tiln there is very lxttle

4

-

tnerefote, is. sttonqu directional vith lit flouiqg steadilx;

e N i N
Lnto the upper enttance and out tho 1on6t oattance uleq
: . ¢

- 1
N L3
s .,

* an

R N



external temperatures are greater thdn the internal rock-
wall tenperatufe, a condition found consistehtly in summer.
Ibp winter, external temperatures are lower than éhe internal
wall temperature and airflovw is im the opposite direction.

‘Tnis dynamic wind flow is called the: "chimney”" (or “stack")
ertect . because of ﬂ.e strong analogy (un&er iinter
conditions) tc.air'flou in a-chilngy. Air within the chimney
(cave) 1is varmer than external air so é pressure ilelancg

exists which draws air into the fireplacei (lover .entrance)
N . ! . '

and pushés it out the top of the chimney (uppeE eﬁtfance).
Subject of Thesis | | RN

_ | . L E -
This thesis will be concetned specxfically vztﬁ the

theoretical prediction of ‘lacroclilatlc paranetets in an '

}
) .

1deal d}n}nic cave, giyen the external atmospheric

c;nditionsta;ﬂ_fﬁé cave lotphology. Ii is fecoq;ised that in
practice thé ﬁit‘éirCulation in Any parﬁicular‘ cafe say
often-  be "a ‘vconhihation of both staﬁic and dynamic -
processes,? but ‘the concern here uzll be for an lidealised
tvo-entrance systes yﬁose'§nternal at;osph?te fklcohdiiione¢ 
by dynalic inf}ugnCes 6n1y;'vrhe pt&poséd"iodel iill
‘therefore be a dyniijc 'one"based'foi thg,'ppinciplesflof;
':thernodynaazcs andf hé&t: ahd-;iaks ttinsfer. This ié.’a
significant depnrtnte froa -ost p;evious vork, ihich'[haé
assuned stat;c or quasi-static nodels for thc saké'ot
sxnpl;c;ty. Ecth co-presaible cnd inconprossible ltoady flov

. °

will be ;nvest;gated. sinc* _as prcvionlly- stated, thea



«

A.prediction cf subterranean atlosphéric conditions is of
1nterest to speleologisis, bio}ogists( karst hydrologists,
and wmining engineers alike, the ;esults of tbis thesis
snould be ofp considerable significanqe td a pumber of

dlsciplines.

»
~

¢ " While barcmetric pressure changes and the chianey e§£QCt
~are the predcminant causes of air.circulation, other cawuses
should not be overlooked. Winds induced by the surface drag
or flowing vater within caves arg very common - (see Trombe;
« 1952; | Myers, 1962), .and Helmholtz resonance has been
observed in smany caves (Plummer, 1962, 1969; Noore  and
~Nicholas, 4@6“; see also schmidt, 1958). Por further -
airscuysion of the types of winds found in caves, see Trombe
(1952), #yers (1962) and Trimmel (1968). . |




$*

ALthough “the existencef%f the chimney effect in caves
‘has_been known ;dr years, fey jesearchers have attenpted td’
describe it' nathelatlcally. ~Host are content to point out
itpat, in sunner, cave air is COlder than external air, so it
" descends. uhlle .in vvlnter, -the. reverse -occurs. Nearly
everyone who Egs atteapted to model the chxlney phenOIenon
has’ chosen to treat densit '(pr’ pressure) dlfferences in
'terns of hydrostatics. Uhile it is obv;ously incorrect to
use, hydrostatlcs in a dynalxc ;ltnatlon. the app ach is

understandable due-to a persxstent lack of understand1ng of |

tane pr1nc1p1es involved and due to - the _ mathematical

" simplicity uhich This approach affords.

_At the turn of gmb century, the cave atmosphere ves
cbouqht of as distinct from the free atnoqphcte.l ".'.static.

.znfluences, : especzally those ._due»' to’ dxfterences »1n-v

.cenperature, vere regarded as decxsive... - doternining“.'

f air carculat;on (aogli and ?ranke,41968, p. 39). One of the'

;2 to use thia approtc& vas 51nonys A(1913). He eqaated f~ 
_-;h erage kznet;c enetgy ot tho cavc air lith the rork',"

| ”requxcod to ncve a pnrcel of air dt uait lcngth tirouqh tho~f;"

v o
cave. tbis "lode P houovor, fib_ obyipqs;y . 8 jgtoq;»“
his ‘claslicll £adti_ is

.'sxlpliticatxon.

Troabe ¢19$2) eascﬁ:ially toitcratcd thc cenvoational static3y‘
. N ) . .' % - . . N -."l



¢

model. ; Rather than actually calculate veloc1t1es, he (and

most subseguent proponents of the statlc lodel) concerned

#

hiaself with the .motive force 'bghind the. adar movement,

deriving the fcraula

-

PDIFF = (0.1)(u)(273)((D[int]/T[int]y-(o[ext]/r[ett]))

vhere PDIFF is the pressure difference (in the unfortunate

dimensions cf gas force/cm?) between internal and external

‘ COlu.%f of air - (the wmotive force); H is the elevation

; difference betuebn . the  two " entrances. . (meters), .

DLlnt](ng/lltet) and T[lnt}(°qf) are the ipietnal air

‘denszty (cortected to 0°C) and telperature;'and D[ekt] and

TL€xt] are the correspondlng external paraneters. The D's

and T’s re . assuled to be, avera e values taken at an’
9 -

elevatxon halfway betveen the enttances, on ghe ptesupposr A

‘ition that »they vary’ 1inearly vith elevation.-‘!ﬁis is’

aefxnxt%ly ‘an over-sznplification in a dynanic situatxon,

4

g‘qnd' represents ,:a ‘ basic . flav in. !tonbe's approach.
'levettheless, this vety silplic1tY h‘h atttacted lany'
‘ Ixndxviduals to a‘opt the static uodel. uontOtiol Pots (?),v

”;Ln expla;ning neteo:ological obso:vations in a Spaai-h cavo,

. adopted Ironbe's arqnlgnts nithont noditicatioq. 2 !ote

sodel ta- mclhd- the cttocu of . hnidity onair demstey.

s

':recently,; hovever. ciqua (1963. 1965) ha- noditiéd ttonbo's»',‘ 

:flothing. houever,' is uontioncd abont dcnpity |ltintioa¢1 ;?”

elnvatxoa.  ¢7,37_::“ ) :ﬂ§



10

) Another -proponent of the static theory, Eraso (1965),

‘ ’ ’ . ) . ) ! . N .
has developed a nomogram for cave climate calculations.
Basically, be treats cave and surface air masses as two
separate eptities vhich are mixed in the entrance arth to

produce am air mass dlfferlng in telperature .and densxty

tron both original air masses, The nonoqra- is 1ntended to-

&?

s;npfzfy calculations of - the ‘resulting tenperatéﬂz and
)

danaaty. In- effect, as ﬂigley and Brown (1971) point out,;

A . | ‘

fitﬁé' no*ognan .states that the transition or "cold ‘Zone"
_ apdherature (zone of sxgnlfxcant telperature fluctuatlon
 .aqﬁr the surface) is eqnal to the external adgabatic vet-

> nqlb :feipeiatute; but this is fundalentally 1n;orrect.<

":Q.;the aqkeelen% betueen the - theory of PEraso 'and.'_

obsetvatioa is. [-erely] fortuxtons.,.ﬂ  {Hi?lexv and  Brows,

. T ' i -.'bbq-‘-

. 1971, p. 314).

xih 'tha '116,19603. spcleologiats begnn to unders&and

that aicroclj-atic p.t..‘t.t‘ *uc. ‘. tOIPOtltnte VVere iotv;177'

\

constant uithin caves, but v.tiod niqnificlntly ovon l"ﬁfll-ikﬂ,;

| thoannd teet fron the ut.unca. no ptoviou uunnption .nu

th:t internnl to-po:atunea avay tron thc éntttncn ua:c
gnnrned by3 tho truniu\n ot auzt;cc conditioh‘ thtqu‘gh
solid bed:ock (spociticnlly 1iiquton¢). SLlcc thgtt &r
u.ttle cttcct tcen mmu tlnetuuou lnyoad q tqpti of

fifty tcct (loe fq: ilttCﬁc‘ Ctﬁrltlo 1963)-' th. concll;&o& 'fQF;
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relained', that deep cave teaperatures aré essentially
znvarlablc. While agxeelng vith this ba51c argunent, Croplex
(1965) actually observed varlatxons of t+19F over a Ille from
tae 9ntrance.of several caves in West V1rg;n}a. He conc;uded
tnat three tenperaturé zones existed in tﬁese caves. zdne 1
1s the zone gcverned by entrance etfects. Zone }\15 the zone.-
of con;tant telperaturevvhere condltlons are ‘controlled by
heat transmitted through ;1pestone froa theﬂsnrface, Zone. 2,
however, is a dynamic ’zone uheké .ielpératuzés vary‘

vseasonally vith/an exponentxally decreasing alplitude as one

B

progresses into the cave fro; any entrancg uhich\d;avs qirw
. ' ' ,g S T - ' '
Cropley does not directly dxscuss ;ind _ velocity.v“}_
hovever, and tefrains tron a theoretical di#cnssion of
telperature distrzbntton. B&t tor the purposes £ this
“fthesis, since the ciilnly nttnct xs dependant zhpon,_an
xnternal-external teaperatu:e dxffercltial, the telpetaturef

~

distribution vlthia a cavo is ctxtical to thd lodel to be-
ae;:1°pea ,,Higley and Bronn (1971) havo succeoded -iﬁi B
adequately p:edictiag cavn tenyeratnrea bx includinq (in af»: '
dynalic nogol) the attqcts at cond-aaation and QleOt;tioa.;vj;;)
1 bascd on hcat und gasl ttanstcr thto:y.; !bl{ tlanno a-
constant u.u tapoutnu ud nho- that ﬁc Ai!teruceii’ .
bctveou ;;h,jti;gi” telperatuxc and thc 1nettn|1 vull o

|

teupetatnzc dccnya, gaasi*o»poacnti&lly to zcxo tt ,°“ »;Lj»f

RESERE :', ST "i', S L 7"? .'
. E b . L N R IR }

L‘ngg usm. oxtuds tbi: um; dnpcr tnn 50 ftgo hnt
:hc Qt!lltnt 1: tttll th. atac. “> ; BUR s
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.broceeds along the cave Passage in the direction of the -

wind. The rate of decay- was found to bpe dependent upon
' ®

yaggage size and wind veLoc1ty Thls study by ngley and

browny will serve as the bas1s for the present the51s.'



_ii;_:.sz’m;mmsy.
A problel similar to the‘deterllnatxon of llCIOClllatIC
paraneter= of ‘the cave atnosphere is found in . th; planning
of mine ventllatxon. Mines u;th tvo or nore ‘connections to
the surface are analoqous to dynAllc caves. To laintain“

) healthy uotking condltzons, lany Bines lust be artif;cxally
: ventzlated, and the degree to vhich the hatural ventxlatlon
(due to the chilney effect) helps or hinders this arti£1c1al'

.ventxlatzon is ot consxde:able i-portance.

L

 Nine enqineets ‘have been coﬁceined vvith"lihe
ventzlat;on fcr a much longer perxod than have licro-.
uﬁnlatologzs’ vith caves,uand it is only to be expected

1; that thelggpadiysis of the chilney gtfect (and its eftect

-

wt upon the sine atuosphere) is so-evhat lone refxned thau the_
’:'nxcroclxnatclcgists'- rhe najor advaace of engiaeets in this ‘d}

' a:q; has been the calculation of vhat ia terled tbe "natntalV‘
x‘_ventllatxon pressnxe.' fIn- the ab‘encg .of attiftcially-.9f, S
‘”1ndnced deasity’ d;ttetences,‘ this lly be detincd as the;

B proSsnra ditterence (due to genpity ditton.neen) bcthon tloda":id
d,colunnz ot lit of equnl hoight, (tocinicuil’ gh. 5.1ghg offid.f7'
jd7tue ctnosphere abovc the lo-et onttaaco. bnz 9.3.:.11, taknn?%{j7fd
i*“ ti* 'ettical Jeptta on of tbi t'o onttun¢u-a onc -1t51afig;;dz
'dj,nd tho othgt cxtat$0t to th. liuq. 1h£: 1: tho shatt-aid-ui;;;:;

chdit caso,,‘vhich boat .pptogxnatc: a éyuanic qavt. Il nitnf

ff'oatiiatlcl lit-:atuca, boucvo:. th; antntgl vqutitation\
l*pt-nsu:o 1119) olao .t.fO:l to tht p:na:nt. dtttctonct

R i o e R I . K e E L A E
s LN e PO - S T RO . ety et R S Lo
o T . . N fhe BT, AR S g ,
. S . 2 R L A . LR T R S .
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»
reéultlng frca denszty differences 1ndgfed by artificial

ﬁ%ugntllatxon 1as opposed to the pressure dlfferentxal due. to
tue fanp ,tselt). Because the tvo entrances to the nne‘ need
aot be.,at d1ffe;ent elevatlons ‘(see Figure 4), this&
situation is nérkedly diffé;ent'fron'dynaiic caves (where no

artificial ventilation exists).

Earlj étteupts to ' calculate vnatnnal ventzlatlon
. pressures dlffeted lxttle frou static aodels of the chimney
- erfect in caves. Béard (1920) elployed the forsula

P = (1.3273) (B) (H) ((\/R{ext]) - /280t )

where P is the ~pressubéh,ﬁifféren¢éf (lbs/ft!), "B ?3. thei“?~
Aatloépherié pressure (10.5 of ug),‘ H “thg hexght of fhe,f'
colulns (ft), and R[ext] and B[iut] the avetage tanpetatute;

(°R) 'of. ‘tie exte:nal and vlnternal- colunns. Ihis is . -
eguxvalent to thq statlc lOd‘l of ttalbe (see page 8),; vith,"
the exceptxon that telperatnte nathet’ thnn dnnsity is_hhia;

IR

averaqed over height. Pennan and Penlan (19&1) .dopt the _?fi;_

aaae ; approach although t eir

pxon&nto ditfetontial 1,‘_1{ o

couched in te:ls of & totive,qifﬂan. Ihic lotivc colunaﬁ nayi»_ﬁggf

A.né; vzsualiaed ‘bagl JAR{ng tiit the two static colnnns havoihif“"
uihh f:" dent' 'iih;%;'uneqntl hoiqhtl.;figh psn:nntt ffi
’ ditfcxontial , thn tuo cclnnns, thon. 1- l.t.l’ ‘b“fyhlr
‘ conﬁgn dcuidhj tilea tha dittetenc& ia htight ot thc twof;i“
vlgnn. tua th nccclontion du txp guuty

, ‘l‘he natotal nntihttn n:quurd' unuh
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static_pressure difference between two columns of air.
‘Should éii' circulation 'bg alloyéd betveen the two columns
(that is: between the liée or caié. and the suiface), the
ensuing air  velocity may bé .related to ‘the natural

ventilationp ;ressureiby the tollouxng forlula,‘ vhich is

ascr;bed _to Atklnson (1886 as c1ted in Heeks, 1926)

¢

Ry () = (ﬁ)(S)IV)z .

' Wwhere

. P = ‘piesSure ditfetence in 1b/£t2
A i_'cxcss-sectional area of passage 1n ft! | y L

S = 'rubblng sdtface 1n ‘fte

&

Vo= air ve10c1ty in ft/min
K = ‘coeffzcient of ttaction .

, ‘ L, , :
Tﬁe value ot K is dependeqt upon the units nsed and inclndes

the average denaltx of the air. rhe equiiaiﬂht to:nnla asing"
f nettic units (i e., thn npp:optaate ttiction cbctticionts}_ !

 -nay be found in Stoces (195&)

.

1hia static apprgnth to lit tlow 1n ninqs 13 p:.valeat f

- cten today., !c!lrog f;

ilakc lhér nuoulcu tor tlot-sinducod tupcuturc chngu,jﬁ- »V

;950) and aatris:qnd Ktngcrly (1973) O

 ;but i theit nodels atc b} ao leans d]nllié. 'ctlto,;ff“

f'ccknovlodgbs tlc qtfocts ot neiatnnt on ai: danaity.~ hntﬁ.

;fcoasiatrt 1t¢ inclusioa into hta lodol uanartantbd; aa::it}‘gM;v5f

Jnoist uir.‘. R -H,,_,wv. e el

ﬂlinqcxly g;vo thn follovtng toraul. tot the a.s-xty oggiggg;;i



16

Density = (1.327) (1/1-)(5-0.37'ef)

where. the density is %P lb/ft3; T is the teaferature in

aegrees Rankine; B the at ospher1c pressure in inches of
V¥ '

| netcury. and £ the vapot pressure (1n inches of nercury) at

the dewpoint telperatu . They then state that temperature

! =) » .
and pressure are too -erable for this ‘sort of accuracy, so

tnat the'vapOt pfessugy can be ignored Their model then.
becoues 1dent1ca1 to - that . of Beard (1926), as previously

lentianed. o ' ak

. /"y:

Y o .
Not all llne eﬁﬁlneers follov thls school” of thinking,
A haiever. The depattute from static lodellzng began with F.p.
"u1nsley (1938, as cited in Hllll&lSi 1969;,1943apb,c,d).
d;nsley recognised natnrql ventxlation as' aiq problel
involving ‘the. thgrlodynankcs of, co-pressibie fluid flou.:
¥ueat added-to (taten f;onf the nine air is balanced by the
'uork .done " by (od\ he air and by the change in intetnal
;-energy of the ait. ¢h¥ work done~includes chgnges in kinotic
'and potontial éneryibs, \changes ‘;h pressutc * cnerqy
j_(Binsley‘q teruinolc&}&, and the uonk doao aqainst frﬁction.
' Tﬁa, heat added incluﬂcs th¢ net oxternal hcat .aaoa, the
\

j‘fclctionql hcat, !and nny lcch&lical Quergy added (all
j‘\vu‘iawhm are IOClﬂer *et unit vcight). rhusttlo 9 vctninq

IR R e

‘\ e . o . I U e
S BRI
3 »

[.(1.2) um: o L

. (m;w) - rmmu ¢ 2(1,2)

cg;htion, bttuean}nﬁy”tvo ctosa-soctions 1 and J, is.‘ .“'

tm»-mu v [INZD' - nm *1/263
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¢ [E(2)=E(1)] o
where
H{i,3) = net heat added between i and j
M(1 = w@echanical ener added' een i and j
‘(.j) . - energy added beey | ‘J
F(i,j). = Zrictional'heat added between i and j
4
F(i,3) = work done agalnst ft1qtlon betveen i and j
Z(1) = potent;al energy at 1’
. , £ |
(L) = air velocity a; i 7 - |
P(i) = pressure at i =
Vi) = speCifié vdlule at i
B(if ' = ,xnternal energy at {1
 -G I acceletatlon of gtavxdr'

( C v . ‘4
. > .
K

‘(Care should be taken to assure conpatzbllxty of dllensions”
unen} lzxxng heat and lechanxcal enetgy terls ) In _the cnse'
of natural ‘ventxlatxon, there is no lechanzcal energy

znvolved (5(1 2) = 0) and the iﬂf!“ﬁone against fniction is
'assuned to be exactly the heat ga;ned ftOI ftiction (that'

xs.» there' is no 1oss of heat to extetnal sinks. 1(1 2) = -

._rn 2)).1f B
“ﬂ(i;i) c,“uqu done. on or py‘tgerg;hid;bdtvc«n‘i,indfj»

LA
.

."tne Precedlng unatmn. wnoting ntiauou in potential ud co

net;c cnexgy xeduces to fal"*'ﬁﬁx“'j.f'“.'f
BER TUF TR T R I AR £ T2 T 10 S T

" Hinsley showed that the work done vas

-



*

fxon’ sdv.t'ucs :

* 1
W(1,2) = j@dv

SO it is necessary to know the variation of pressure with

specific volume to be able to calculate this work.

If an ideal mine is assumed (as pictured in Figure 5),
then air mcving through the mine (for whatever LFeason) goes

;nrOubh the»télloving thermodynamic cycle:

‘3) Air en;ers -the lxne and -descends, ga1n1ng heat at
the equpse of potent1a1 energy. g

2) At the bottoa of  the dovncast shaft, air passes
through the workings and gains heat fros the strata.-

3) The ait rises up the upcast shaft, losing 1nterna1
€nergy to poteantial energy.

4) The air at the" top of the upcast shaft is. returned
. to the " state of the air at the top of the dovncast
. shaft, ‘

- 3

On a.pt5§sure-specific volume (P-V) gtaph, thlS' cycle is

(the a enclosed by the cycle), tlles the avorage value of'

. the air densxty, yxelds the natural ventilation ptessure.

cheral otﬂer authors have adopted the thetlodynalic;

_ approach; along then. Hzlliann (1960), tnd Jﬁll (1953

1967). While ihe approach is bazically é;rroct. there are‘;;;

.nulerous ptoblels tssociated !1th the actual calculations.

\n

”]If actﬁal t;éid neasurenenta pte akcn nnd plottod on a p-vviﬂ,

7-d1aqran, v the detg:lination at " the nqtntal rqntilation o

prqssuto is zczroaably qtraiqhttotva:d. ro cnlcnlato tho lVPi.. )

LT
.- .
R ¥

hat of ngnre 5. The net uork done pet lb of air”“l

dztions alone,~ vithout actuallg ""ﬂrianjf’*"



19

i gﬂue-yolume _variation, is considerably wmore

- Hinsley (198da,b,c,d) assumed that flow in the

Asha:fﬁ'fuas' frictioﬁal adiabaeic_ (Hinsley's terminology 4

adiaddt$e mcdified by fricticmal effects), and that thd
. '-."\w

o : . . /
coll’% ‘ % the upcast and downcast shafts were at the same
c

-

cleva %bh fotential energy differences would sum to zero.

" looks extensxvely at these assupftions and

attenpt QLo analyse .the effects of removing thenl Héll shows

tndt the fUeal mine cyclg, with fio friction, vith collars at’

the salet:‘Yevataon, ylth no l01sturg, and Hlth no ret loss

«

or klnetlc energy throdbh the cycle, 1s actually the Joule
or Brayton cycle.‘ This cxple,v vhieh comsists ' of two

heverg}b;e adiatatic processes’ jdinod bx tvo  isobaric
. processes, ‘is pictured iﬁ. Flgure--s on 'a n-v dxagralw it

these factor< are Epken into consxdeta(;on, qhe c@qde should

look llke Flgure56, but Hall is unable )ﬁo..GValtlte‘ theln

sxlultaneous “effects and must. :esort to a stepﬁby-step

evaluation resultlng in-a cycle like that ,ot_ Figure 7.
Assdlptlons are a;so‘lade in HinSléy's:lode{ concerhihg the
character.of the heat tt#nsferral'in both the shafts and the
ugrkings; ;nd ﬁinsley says _very 1iti19’:Concerning' ltne_

entrances Jat .ditforent elevations, the sxtuatlonl‘lost
’ <¢

.analbgous to dynanzc caves. cleatly xlpravenents can y .dg~
" to both uinsley's and Hall's lodels. S '~,}

.
\J
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Tae_Approach’ R .

' Much of the 'difficulty with mine ventilation Studies
iavolves the necéssity fcr calcul&ting the natut§l
ventilation pressure‘despite the inability to integrate’ all
the involved factors'into a continyous pfocess. 3hile many
speleomicroclimatologists have followéd’ the approach - of
calculatiﬁg the NVP' and then the velocity of {he air flow
trom the Atkinson Pbrgula, this is circular reasoning,
'because the velocity of the air .deterpines lhrgely the
pressure variation thaf ‘exists (due primarily to the
variation of temperature. vith velocity as will be seen
‘later). A more valid approach- uould. ain at 'calénlatihg
"Velocities‘ first.. For the speleologist, this would be
"enough:_the ¢éVe at-osphere is détetlined. ior the mine

enqiheét,‘ once the llne partion of the p=v cycle is ‘known,
calculation of the surface parameters. conpletes " the cycle

and the NVP say then be’ calculated.

*

the‘ idiot  ébstacle i6"iit09tat1ng all- the factd&s ,
" involved ip the calculation ot ai: velocitxos 1: the ptob1e| 
J; estilathg t#e net heat exchanqc b@tuccn ‘the air and the :
rock" strata. ﬂovover, as previou:Lg pointcd out, ‘this has'
'beeu solved theoretically by ﬂiqley and lroun 1’971). It 1:
_;herefore pcss;ble to dototlino éle pxtaloto:: of the cave

t'atno;phete qnder steady~st¢t. conditiﬂnp, given tlc cxtetnal. '



i1
dtmospheric conditions at the two entrancés and certain non-
dyﬁaliC'pioperties of the particulat tave. The approach is

o ‘ ,
'via the thernod‘nalxcs of conpressiple fluid flow (or gas

dynamics), and the basic model, ls descrlbed in the next

section.

Ihe_Model s

:'-" i t d/ - ? 3
) ~j,s ynal1cs to an actual

tbe. ptxncxples involved.

To apply the techh
Cave would dc little to elucidifv
Var;ationsjin passage»gfadient'and cross-sectional‘atéa, and
the effects of passage béndiyg'ubuld serve only to mask the
actual chimney process. To avoid such di@ficulties, the
passagé vill be assumed to have a ‘cbnstant radius and
gradient' bht in order to’giVe the reader some insight as to
‘thelr 1nfluence, these assulptloas vill not be ilnediatelfq
lntroduced. The effects of bends and of lo-entul losses due

to rapid changes “in passage  size, direction, or

confxguratlon vill at Bo -’ tlle be consxdeted. Pot 1n£orlat10n,'
in thls axea, the reader is retetred to Shapxto (1953), fron
vhon 'luch ot the“follovxng is taken. Radial ratiatxons 1n
the’ parqletezc are ot no 1lportance hore, 80 the flov ‘will

' ef treatea As onesdxlensxonal uith -all: pa:aletets bOihg~

presont, only the steldy~state casc vill be’ iavcatigated.,»

thn effccts of. loistnte in thc lir dcsctvt spoc1a1 '

..fncutxon. -1a lost sxtuations, noisturc aill be aédod to (or:{

avercqes (fo: a ‘more ptccisc detinition of avetage,. seo ;f'

ngley aad Brovn, 1971) ovat onch cr l-section. Por the' ”-'
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taken awvay) ttbn the air by condensation (or evaporation).

This creates a substantial heat source (or sink) vhigh‘
cannot be neglected. Density differqnces due te -oisture,‘
" howvever, . are minor and will be ignéred;lso that the maes .

rdte of flow is constant.

The_Dypamics_apd_Thermodypamics

. The idealAdynanic cave, with constant gradient ‘and
'crbss-section, is »pictured' in Pigure 8, and all'feléyaqf
‘paraneters are explained in Table 1. The basic procedure ~i$,
to look at an incremental séégion of passage {(called the:
control volume - see Figure 9) of length dx, dﬂ& describe
the dhangel in density; préséure, and ait ve1ocify}in ferns
of ‘the tenpgtagnte and tﬁe tficticn along the  ia11$. The
solution is obsained from the‘silultsﬁeous solution of the
~eguatibn5 of state; 'cohtinﬁify, ¢ and lo;ehtui. For
sxup11c1ty, the concepts of Mach nunhet and stagnation statQ)
iace, introduced; and, for co-pleteness, tha energy eguation,

- although not. regulred fot the solu;ion, is also derzved..

. For a petfect gas, Uhich g;; ‘air ‘ lpptbxilatcs:;.
»(cbrrections fot ‘hoibt ait, to avoid a varinblc gas’

‘:‘conscant, vill be nade later). tho oquitioa of state is

2 = pagT , :-.*‘; } 'f'*;'w:';.'~:f*“¥"‘ ?

. trom which logaritheic differentistion yields .
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¥ 4
dP = 4D ¢ dT
P D T (4.2)
.ot
The Mach pumsber is defined to Le
N 1=0.5 |
M = Vlk(Rg)Tl . .
' v (‘4.3)
Thus by logarithaic differéntiation,
sz = dvz2 - 41 . 't -
- M2 ve T (4.4)

" since k is ccmstant for a perfect gas. The mass rate of flow

15
v = DAV, o (4.5)
"‘sd again by logarithaic differentiafion,
0 = gvddedy .
S L T | » (4.6)
since w is cpnstint; ’
','.f The sosentus equation is sonevhat more cacplicatcd.f

“The net"torce acting on the laterinl vithin tho conttoli'

-'surfaCe is eqnal to the incthse of lOlcntdl tlax of th¢3;"

‘strGAIs tloting throuqh the ccp;rol suttaco" (Shapiro, 1953, ~.

‘y'p. 22&). rhns. as:uaiaq tho divothaco ot thq ucllc 1: 31.11', : 

;v(angle of divotqoncu approxinatod &s oa. uu h;vo »ﬁ[-

n . ua . u + «m n » an.- t[uu)u(..u] Py “ | .‘
Lo m - vm meT R “ 7".;_;
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The vall friction factor is defined to be

(f.‘=¢[ugu_] , |
‘ pv2 o : ' . (6.8)

SO

t(vall] = fpyz .
2 (4.9)

Fﬁrther, by detlnxng B as the mean hydraulic dzauetet (the
'Ctoss-sectional area of the passage divided by the perileter )

of . the ctoss-sectlon), ve have

"smmu' = Wx . o
A B - (u.101
thns, fuon (u 1), (4 9), and (0 10), and neglectiag second‘

ordez tetls.;
‘,‘.
L 4

vav = -MdP - 20p¥egdg - ax . -
: . B S
5ﬁt; ffo‘ (k;1) aid_(4.3),,;;”
'~01£§ = .kPH} ,,Q ;h.f?'~~f» V'__ _A-, L ey
‘ S s J1w¢‘*;;~H'_”'a”'w;‘,,_7, N e
B so ftou (0 5), (0 11) and (Q 12), uc qot

kp.g!gl 1 ‘-,4, - 2‘1 kfﬂ.yH.

'7“"““ hr ” e mmm-v. ¢ R




! 25

But X is the conponent of weight - uorklng agajinst the flow,
so if Z[(x] is the height above the lower entrance fat " x

dlstapce ;ntc the caye,
dx = ~£acz'[i1dx. . : | - (4.15)

"and thus, frca }0.1#). (quS), ;nd (6.1),‘
@ - -kaegy - kﬂ'ZiQi".DEZLLLJ§§

- ,-katgz - kne200s - ezt(xlsy - . |
v, BT e

* e

The enetgy eguatxou, while not requxred fbr solut*ba ‘of

the problel,' is nevertheless instrnctive.‘ror flon thtougb
. ‘s

tne control aurflcc, the tate of heat tlou is e

-~ S

. wdQ = ‘w(b + dh) = wh ¢ | X2 ¢+ 4y2 v
o e I E l 2 2

:: - !12 - vc(plltz 0 dz) R S |
| f*'nuuz '7;°5’ﬂ§5fe*757;f[,ff
. . ldh 9 ’glﬂ - 'c[pn,u

(4.17;

vhon dQ 1: tho ut hnt pQ: Init nu m-a to ugg hy
‘fi; 5}3.;oudnction ox: ndhtiu ftﬂl nxtcrnl -ou:cu. otvtuly b -

‘ifvﬁ ve 9¢t _ﬂiLﬁ;;<;;;;ﬁz?t;,§§f§;
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dh = <-de(pr] ¢ c[{p}dT. , SR (4.19)
yrelding, upch rearrangeament, | ;
dQ ¢+ dh{pr] ¢ c[p]Ldz ) - J '
= c[plT ¢ dyz . |
o S 2 . (4.20)

" Division b}‘¢[pjt'give54

QLL%UU;&&L&_?':*”M' . o

: cprr - T 2¢c[p]T o («.‘21)

'and substltutxon fron (4. a) and the telationshxp betuaen Rg,

clp], and k yzelds. '

29_. .bLB:J.,.sLRJLﬂz = 41+ 1&:1135 gve . .
p]T ] T 2 3 g2 ,:(0.22)

Thns, the heat 1npnt fto- the sttata pln- the ‘heat 1npnt (or o

|
;outpnt) ftO. condensttion (evaporation), plns  the’ enotgy

' lost to the gain 40 elevation (n.gggi'.,’ 1, doactibed‘ .. 

-totallr by the teiperatute and valocity,; f'?‘lﬁ~;b§ 'P.
';expected T ;~;_-;»;53‘.~1._$ _,. SRt -

‘., . .

It iq advantageons hqu to ittroducn tho concqpt offxf"

 staqnntion stcte, vhich 13 dctined aa that utato tgtivtd ttifﬂ??

Jf.bx 180&ttopict111 r-ducigg tbc tlos to zozolvolocity. r:ouﬁ;f_{;

f? (u 19), ucqlcctinq pOt-ntinl -attgy an& plalc chtngbs, , 5;{#ffff?
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To = T ¢ Ve

-— ———

c{p] : : _ (4. 24)

From (4.3), this may be ypritten

X

1*15__1).;31 .

. 2 P
4

+ (4425)
Similarly,
SR " ak/(k=1) _
- Po = P L3 :

B 3»,.‘ | - : (u,Zq)'_

"
o
-—
b

T e

;;

. ~ .
-
| ]

Do -
i“7@' 'Ya B S . “(4;27)
' »Rathet than solvo di:ectly for density, ptessure. and

'j veloc1ty, 1t 15 eaaier to solve to: the nach nu!ber.

L variation alcng the passaqe (to be discussed latc:). then. P

;. tron eqnations (. 2),’ (. ;). . 4 “)o qﬂd . 6} _and’ th¢f f
'1;variatxon ot the tODthatnqp alaag the paaaagd,<1ho dcnsity.ﬁ‘
f; pres-n:e, and volocity va:iations | thcir -rolqtgd
7:ﬁstaqnation propatties lay bo obtaih-d. o o

./

&he'solnttoa to: dengity tro. (0.4) aaa ‘. ‘), ."“"‘9.i;ii

;jthe nach nnihct and tenp‘:atntc v.tintinn ;o be. k:a..,.t,?=f .;M#_
;i;f ’; Qﬁ;ﬂr, I S =,t¢a:.;-(g;:vrﬁg; ,rkxjﬂg;;'f}lfi
u . u ﬂ;

3 . i T TR R PR IEL I BES : . e Feie
PRI SRR N P PRI S DT e e e
~t PR Ea F d RN 4 T * [ o TR S L L
S - Lo ce Ll - e S e PR PR Bl e :
ot ST e AR ESRTT TR St . P < . AN T
> " e % o,
' . N ¢
E




2T -  (4.28)

It (4.28) is integrateh between any twvo sections 1 and 2 and

exponentials taken, we arrive at

0.5

o
A
'n.r
N
n»

IJJL
CT2)

~N

(

J.l -
2) 1(2)

E
-——

5—-‘
.

7 . {(8.29)

Similarly, fbx‘ptésSqre, from (4.2) ve have . ’"‘b‘

'Pe2) = pe2) T2) - o B
BC DU TO) L. ‘ I (4:30)
. : '.l‘, - v - .

But substitution froa (4.29) gives
o;s

12
T

E .
P-~

212} = Jl%

P i(2) 2)

k-*d
[ ]

—_—

| ‘ . | (4. 31)'
The solntion for nach nwnbet-vatiation is sonevhat lore
conplicated‘ statting with eqnatiqps (0 6), (4.6),0 andv;_
(9. 2), ve get N R | |
“ o “

‘f-zgp - 241 g:

'}’212 - 2!‘ ‘. ﬁ! t-;z:T“v; B ‘f‘:ﬂf”f ﬁl;d;i”
A ’.'i.?;f;' L ‘;fuv Dol e

i ‘..'

Qj: snb-titut1cn tto- th- aoncntnl cqn&tion, (0 16). qiv.:'.’

e e e
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and frou'(u.u),

dn2 = kM23p2 + (1 ¢ kuZ)dI + kM24fdx
nz N2 B
+ 262'(x])dx - 2dA .
: (Rg)T A

By collectlng dap2 , this yields
B2 ,

(1 - knz)gge
' n2

= O xuz:gz * RBTUEdg ¢ 262°0x 341 - 21; .

(RQ)T
. . . % e . y
a8 = 1 1_+ k§® (4T ¢+ | _4kN2__ (£f4z
Tt | 1~ kN2 | T | t=-kNZ | B
[} C 4 (8 ' 4
r o 1 K
e f 2 __ 162'(2)dx :
| 7=k | (RgST | *
' SR
. ~> T
= -..2... lﬂl
v /’J‘ (A.321

.;'dniy'ﬁndet‘VQ:y spocitic conditions may thip oqnation be{,f,
solvad tnalytically. rot a nun-tical solntion. ve first ,if

xnloko the ainplificltiohs pxovionslx n-ntinaod. !hc ctnsc~: ;

tional a:ea becoaos 'c0nsttat tith constant raéiul 37 1’

(necct&itatcd by thn toupctatn:o snllt;on\discilacd 1ntnt;.;; }f

rhu: dl/l -0 gnd B =28 zn:tu.:, the . gtadiont 1; coa-ta-t.fxf{f

_"'Z ._} ‘o ZL‘J llil' .‘ z![*] : lj.l'& “-tl u.ltl’

a:upliticatxeuu, .quatxoa (n.az) bcco-.- ‘;;Tf;f*f“;;;ﬁ n;-v

.,4_'-,



Do - h |
t 1 ___2_ __ IGsipedx .
I 1 - ké2 | (Rg)T
. ¢ 4 {48.33)
o . . v, ' ) v
For manipulative simplicity, let

]

F1 J. -+ _kg2) ,

~knz | | - (4.34)

F1I l'= ' -3!. ’ ’ ) . :
IR TR = C (.35)

;.235.;. . Lo | -
1~ kaz - X S - (4. 36)

FIII

ﬁnen (ui33) becdnes.
. dN? = PI4T o
T (u.37)

ents of dr and d: ate constant

By assusing £hatitf

: az'; their lean _n: tho do-ain. of intoqtation N

(trapezoidal rule), , (u 37) na;y hc_ \1npogxqte¢4

betveen sections 1 an_ f yield | ;»w’ i.'

Cwmes e

e eemd

) 1 - . P
R .- ;
Y v .
g . . L
/ ; o ¥ :
'R .
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[ g Tr . 3
+ | ﬁLEI_JZL__.EILilLJ :l LQJ.-%.;.UL ll
' ) " h
r ¢ o‘
oaz;;_ua ;ulgmg, wmQ
T, T (Rg)
L 4
r h ]
o | 1121_3_1111 [
| ! |
L v e (4.38)

) A o )
Now frpl eguations (4.25), (4.26), (4.27), (4.30), (4.31),

and (J.38),_.a .coaplete solntiop for ‘aensity, velobity, '
pcessnre,fénd the related stagnatien properties is available

fof’lany crocs-sectlon (2) in terls of sone previous CLoss~-
section (1) and the telpetature dlstrlbutlon. 'As FI, FII,
_and PIII all contain u(2), the solution for H(2) in equatlon

’

(4 38) vill ot necessity be an 1tetat11e one.

Ié!_zsx_a!é:s_.!siis&ien.;.éu.n;

Por 111nstratxve purposes, let s Lnitzally look at thef'
| vcase vhete the;e is no noistnre lhatsoover in the C&'Gsot n
free.vggiosphere.' ‘n this instauco, iﬁaé vqriatioh -ot;"
tenpétafnté; assuling tnlly-devclopcd tnrbnlent@ytlov. isw
| expresaed (1n the case ot a hotizontal pts:age) by thes
~dxfferen¢1a1"eguation ST | - ‘
4Tt ATAMe-m T -
dx ,3' G RO e e (u.JQ{
:f (soe Sha;i:o, 1953. liqlay aud itovn, 1971f§\§§qlny andQ{;";

- ]



Brown (1971) haQe shown that, for smooth-walled passages, o

xo = [EfEr) (Re) , .

2 (Nu) ' (4.40)
where Pr is the Praﬁdtl number, Re the Beynolds.nblbe;,_ and
‘Nu  the \Nusselt number of the flow. Elpirical felationships
have been worked out }seé for instance 'Kays,' 1966) which
21gld the uussel£ nusber in teras of the Prandtl and
&eynolds nunbers, but the correct relationship depends upon
vthe nature ozithe heat flov betueen rock wall amd air. It 1;

?ecessary, therefore, to 1look at what determines the

temperdture of the rock wall.

To. analyse TWALL, considet vhat conditions uouldv exist
:>u1th1n the solid rock lass in the absence of a'cave. "The
the;lal condition of a xpck _mass at a given . time is a
qunctidn"pf' its conductivity, denéity,‘heat capacity,'rate
of internél‘ " heat qenexation aﬁ?l lloss; tﬁ}petatnrev |
zluctuatlons of the surfa;e, and the regional geotherlal.A‘
_ grad1ent" (Lange. 1950, p.21). By assuninq A lcvel-surtaced

_ho-ogoneous Tock nass of constdnt ttgrlal ccndnctivity and 
diffnéiviij; ‘Lange - ‘has calculatod | iiéhf vnriation Cof
telpeithre uith depth fron a sinucoxdal vntiaxion in
sntface teapezature. If k.is the the:lal conductivity of‘the’
‘rock, and 4 apd c[p] its density ald hoat capacity (constant'jf
) 'pressuro), then the telpetntnre 0 at dcpth 2 and tilc t'v
,‘}resulting fICl -a sgg%acc tgnpgrgtqtg fluctnatipa~qt;lco§vt5”

is

[
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Y
#(z,t) = \Nexp(-mz)cos(wt - mz) , . (4.41)
{? e o
where
5 * :! ° -~ ‘ .
F 10.5
. A = l ¥de(p] | . Ce
“4. . l‘ 2k ' . ' ‘ .
a .;:“‘"-I . [N 4 . ' » . (“. 42) |

Tais fluciuation is"superilposed. upoﬂ a neaﬁ geothefle :
gradient -which is assﬁned to be linear with depth. The
period‘of the surface fluctuation is 2n/w ;nd éié a-plltude
| is N, and the thermal dlffus}v1ty kysdc{p] depends upon the
 _particulat _ rock“; Por certaln marbles that -Lange
;nvegtigated, the thersal dxffusxvxty was 0. 00502 la/hr, so
usinq'this‘value, a_diurnal temperature. Vatlat;og s?t 209C

'on1d yield a subsurface variation of ¢ . e

O(Z,t;fii. 10exp(-5;1i)ccs(.262t'-»S.Ii} . (4.43)

_i\ . | .,
From eqnatlon (4. 03), by settlng (. 262t - 5. 1:) = 0, the
depth at uhxch a 2°c varlation exlsts (as a result of the
20°C‘!sar£ace varzatxon) \is- 0 45 ‘meters. Clearly, daily

surfate va;xatlona vill have no significant effect upon rock

Qtenperatures lt depth.‘

g. . Wov let us assune a . 40°C ‘apaual variation. Equation - 4
' (4.61) qou ‘becomes S e "

Y TENTI 2Qup(-o 267z)cos(.000111t -no 267:)
| e I 1" (u.uu)

S

s the g-pts.irt‘-dhich .f“g-c‘}v§x1-g£65.1-‘t¢1§,1¢j11.2 .

I -

~ v
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@eters. Again, seasonal effects are minimal with depth. Thls
pcocess may be. continued 1ndef1n1tely, and it beCOIes
reasonably cbvious ‘that only cycles of very long duration
can po=51bly affect rock temperatures to any depth.A Thus,
“for our fpurgoses, tbe geothermal gradieant may be coansidered
txle—xndependent.
Despité the lack of dependence on temporal variations,
"the aeteruinatfbn of rock telperature 1s still complex. In
low—lyxng karst areas, such as central Kentucky, the problea
1s not too dlffxcult; the temperature at depth may be-
extrapol&ted froa the average surface*tenperature and thé
regxonal geotherlal gradxent, the latﬁgt usually being
betugeg_0.01 and 0.06°C/leter (see Carsla?'and,Jaeger,'1959;
‘aé éited ‘ip Pord et al., 1975{. In aipine areas, however,
‘ine change of lean annual te-perature vith elavation, and<'
especxally the efoCts of a hithy irregular zurface,
‘severely conpllcate heterlxnation of the rock teamperature at
) depth, and such an endeavor wounld be beyond the scope of

~thxs thesis. One approxlnation would be to assule tho"
~ . ‘ *

surtace vas 1evel and extrapolato fton‘the local loal annunl‘/
’tq-peratnre nnd the reqiqnal gcothctlgl qradicat 1-.: rignre

_10). The error should not be lanqc 1t the local snztncc is

fn?i steep aud the tolio( not grcat. This app:oach is cqnion,‘g 

1n line enqineoriug, vhcrn sn:t’co 1rt-qn1aritxol ire ottoh'
»slall tn cc.pa:ison to sige dcpthl. Cavcl. ho-ovot, are
i Aconsidcrthy lore to:ttictc& ia their 1occtio.._ that 1:, ,€:
'thoy are tctnod by gtoundvutox tlol.tld howcc do not oxtald o

7.-, . - ‘. - . -
AR 9
LS .
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sxgnificantly deeper than the louest point at which the
limestone outcrops (at the time of their formation), which
1s the apgroximate point at which their waters resurface.
Taus, cave depths are generally of the same order of
magnitude as (or less tﬁan) the local topographic relief,
and the variation of mean annual surface telperature Jlth
elevatlbn sxgnlflcantly affects the cave rock temsferature at
depth. A fpossible altetnatlve approxilation would be to
.assune that the telperature of the rock varies linearly with
tae dlstance norsal to the qean surface (see Figure 10).
8any caves descend or ‘ascend at approxilately the sade

gradient "as the surface' hence estinmates of the rock wall
N

temperature by ‘this method would yield reasonable tesults.

_The silplést”approxination is to assulé an isbtheflal_
rock sass. Por shallower caves in lov-lyinq ateal, this is a
- reasopable . approxilation. Fo: caves in. alpine ateas or at
gteat deg;g in lovolyxng regions, hovever, thc 1sothetlal‘
':case can ouﬁzfmbe considered a firlt approxilation.vrhose
“xnterested in furthet approx;nation ncthods are raterred to’
'xays (1966), ‘where . ‘dhf in—depth dihcnssion of tha
 :01ationship betveen the: lnsso1t, Ptandtl, dnd loynoldai
'.-unbers (to: flo~ ~through coﬁntnnt dilllt.t pipos) 13 tonnd.

_Por the . pntposes of this papcx, oaly the. tlothntnal catcf.f

!

“v;ll Be 1nvcztigntod, bocansc of tho tath.lntxcal '1lp11c1t”7~’:

 The. faugo_iug discussion concerned rock temperatures at .-
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depth in a hcmogeneous rock mass. The intraguction of a
dynamic cave into this rock mass necesggrily alters souevhaf
tahe  temperatur distribution vithin the rock;.fof not only
does the tock{fall télpefature affect the iniernal~ air

temperature, but also the reverse is true. The effeéts are-

~ most not1ceable in the entrance area, uhere the 1nternal air

telperature differs most fron the telperature of the rock

‘mass, Beyond the entrance zone, however, the effects, should‘

be N minisal -hecause the temperature difference rdpidly

becomes quite small.

For the sake of latheldtical»tractability,v Higley .and
Brown (1971) ignore heat transfer vithln thé ‘vall and

replace it ;ith4fthe boundary condltzon that the wall

’ tenpetatute g THALL7 'is'.'constant. Under these soueuhat'

strlngent condxtlona, the relationship betucen the lusselt,

* Prandtl, and aeyuolds nulbers (for a constant pipe dialetor) o

is

i S . ‘b;g 7,-0.a'_ o T S ;
du = ,(0.0:21) (Er) Vo (Re) . L (4. “5)

. \ * A L. ) ) t.

N \ . . St i
(segg Kays, 1966. as citod in Uiglty lld Btova, 1911). rhis," :

uzth equation (« 40), yicIds.;;

i : o v

. \ . . . A‘.‘. . . ‘.. " :‘;" o

L e
St aen) e m L tmsr
R 03 . \.,“_.:“ et

| Irol the dltlpitiOls o£ Pr an‘;po, tlil 1: tlrn givca

t“‘l‘.», ‘j-\“f ‘.--..-",_' ‘ - ,
. .4 3 “. . . ".‘ . ‘ : . 3 \0 ’
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20.2 :
xo = (28)1 jcosz;_gz._ugssmmw( .
, { (thermal conductivity)2 |
L . . 4

* (R) (DV) . (4.47)
While D and,v-iaty along the passage, bV js constant and

equal to w/A. Further, for dry air,

, c[p] = 1004 l!/siF2-°C o - (Hess, 1959};'
and since the épefficient of Qiscoéity and the therlal
éouddctiiity?vary little nith te-perature ‘and density, a
teaScnable' approxxlation is qalned g; consideting theu
: _constant. At 10°c, their Values (by 1linpear 1nterpolatxon
, fron Heast, 1970) are.
- coefficient of viscosity = 1.774 (10) .kg/I'QQC,>¢;
_therlq; conductivity .= -2.Q82(19)“53fn-.§c~°c";
"ihnsi-equd%idh'k0.47),4baitidot1qg g@gt l_i ﬁli.jbe¢olol f
o oo 0.8 0.2 T
X0 = mom)t TAw) e u.oa) BRI

ru puuou tonnu nnpu th puug. u .m..‘u."} - . 
xt tua ia uct tu cu., 0 mud bc «xmm -us m og:.;

e actnl ttictiou tactot (m nm m«n. a tou;" “:

v . e Tt i .
g . :
;T} {#'" ‘ 5 "
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. 40.5 - 0.8 0.2 -
f(smooth] | . (169.86) (&) (v) |
i |
¥ |

X0 =

- e
(o

(4. 49)

Since TWALL is ’cdnétaut for the isothetnal rock -mass
consxdered in thls paper, and X0 1s constant for steady flov'
condltions, (assnllnq a constant dxanetet pipe) eguation
(4.39) may nov be solved. The solutxon (9iven T=TEXTL at
x =0) is:

T = THALL ?.(rzer'-iIiaizyexég-i/;o) o (4.50)

PR

”qnich‘déscribes a’sinple'é:pdnential decnf of the=‘enttnnCe -
;air tenpe:ature to’ the rock-uall tenpcratnre, lith di:tancc

znto the cavc.n

To altet this tornula far our non-horixontal passngc,gf

a8 Higley and Btovn (1971) state, the qppropriata adinbnticf,nf“

lapse rnte (1n thil calg.' tho dry rnto) nocd only ho f‘

.;snpetinposed as a ,non~dynln1c cttuct. !hi: ctnnot Bt tho,gﬂ7'

'~case, houevqt, to: any clanqn in tonpotltlt' dl‘ Uﬂ ! cﬁ&aﬁ'j 

Al'xn elevntxon nnnthttoct llh.!ﬁlont tgnporatuznn 1: tho 6110757*5

fni‘by oquntion . 39))¢ The . proyo: nothod ot tnkiai tﬁ"'4ﬁ73ff

>

7@,'1‘h tho pctcttt&l tinﬁntntlin (!f) ~which }};’ﬁ h
fftClPOlltltl -ttorf#ti- p:oensa 1: adithatinlil;~ni¢lcoh'to"

5’%.:- :olatnd li tollont

"“tac¢0to 1ntb nccouat ia to—xcplaqt tbc'netunl ttbli:atirﬂff>gff




. ' .39

+

It may be shown (from the.séccnd 1§v~ot thermodynasics) that
‘equation (4.29) bec.-eé . | | ' |
Idlalp = AIWALL = T) .
.. dx xo
‘1so't§at Lo ~

ar - ENMEP = (INML - Ti .
-,C[PJd! e, e T

_But

. ‘q AR

Bx approxiuatinq ti- donsity vaztation nith h;tqht ¢I~tt¢t } }
un&o: stttic loads, t‘iﬂ'rlqld‘ 'f':f l“"’““ LRt
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Ieaperature Varjation - Moist dir -

*The.intxoduction_df moisture to the air complicates
substdntially the deterlination of tenperatute. While dry
azr and water vagor sepacately approxi-ate petfect gases,’

tné conb;natxon does not (vxthout resort to a variable gas

. gonstant dependent upon the humidity of the air). rhis may -

be overcone by 1ntrodﬁc1n9/ the . concept "of virfuai_
.._cenperature, which is def;ned as 75.;;thé vte-pératura at
which dry ait would have to be 1n ordcr to. havc the sanev
! den51ty as a salple of -oxst ai:, asauainq both 'have _the
same’ p:essure"( (Best. 1959, p 60).» the use of virtnal
'telperatuxes allows the elploylent of the equatiOn of st¢t9<.
'“tor dty air under all citcnlstances. Iho qonetal torlnla tor> 

4: vzrtual telsexature is: Wi - v:.f_ ‘f  I:.‘fJﬂ S '-.ﬁ 4
Tv :'f_s'-{,rc“t v q.‘_‘so_sq) Gl T e

anothcr iuportant cttoct talnttd to thc inttoductiqn ot :

f-':’.aoistuu m thc ait 1- tho hnt addition (or lou) ttc-ﬁ _‘

, lcoad¢nsat1ua IOt ovhporatioa). lig&c; Ilﬂ ltota {1!11) hav.’ fn
f5 a1so tnten tlss 1ato con:tﬂnratiaa iﬁi h:v' 1&0:10-& .;fﬁf?‘f

o Wdiuod ton a: tb‘ utto:au_'-' ; i
":_’iaccoun “gdr con«nn’tm' "4 "‘"““” ““"‘““"‘

Tgﬁnglqtion ia~'
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= 1_{ TWALL = T - HE(QWALL = §§ch1 }-'.,
- xo0| c(pl (.
L _ ; 4 (4.53)

Q-‘D-
. 3

vhere

d0SPEC - = E(QUALL - QSPEC) :
Cdx . X0 R (4.54)
'i‘and E is- the fract;on of the passaqe vall tbat is wmoist. -
Genetally, E uould vary along the passlge. hence it vould be 
a functxon cf " x. ror lost applic:iions. however, 1tvis
sufficient to assuno that E = ﬁi . Since (. 53) becones |
(4.39) vhen B ‘ = 0, ve vill retain 2 in the formula as a
<-constant, 80 that -oist and dry solutions lay be coupated.fA

'frhc solution to (ﬂ.ﬁn) nndor the sale assulptions as tor dryi,

- a;r ¢xo and !iALL constant, honce QHALL also constant), is , _;:."

. Qs‘pnc_." onu. . (mr - onux.)cfxp(-xx/xo) ;'(4'- 55) .

'Substituting thil into (4 53) qivos T

T :".LI uu.x. - : + HRJOBIT = GNAL

T T |

R . el s . : CESL
. . R . L . R
PR T e .

. IR EN

L s
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T = THWALL - Lxosin® .
¢+ (TEXTL = TWALL + Lxosin®) exp (-x/xo0)

¢ HEJQEXT - Q mwsmi:wwl ,
c[p]xo o (4.58)

\Equation (4;53)' does  not always apply, hovever. In'
certun c1rculs£ances supersaturatxon would be predicted by,
tais equatxon, and alterations lust be lade to avoid this.

If xsat 119 the po:.nt at vhich saturatmn is’ achieved, a'n‘d }
= ISAT the tesperature at that point, then the soluuon (see |

uuley and Etovn, 1971, for details) is

./_ , ’
(1 + (Jllunl IﬂL.JHnL I + (JU{JZJ(TSH - r)
| '1‘ - THALL

v ’ . | _‘. »
xo (“'59) :
. i'hi_‘ch‘. _kii;earta'x_!ged, ;pe_'cou’ '

T f .'l_"gi"lfu,?x.;o.'_('t_s;r -ﬂ.u) o

-

o o , (1 . (auno Lo
waere ~ ‘f '

L o
. :
v, Pd
-
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[J2) = ' .

- —— —— S———

(Rv) (TWALL) 2

dgain, egquatiom (4.60) can be modified for the mon-

‘horizonmtal case to yield.

. e o
T = TWALL = _ac_ ¢ | TSAT - TWALL ¢ _ac_ |
"becer | bcet |
. . . . o . )
. e'P' h!“l.ua..._t = n__..a.__zummmm 1 :
(o)
‘ v v . S : J ‘
o , S : . ’ (0.6_1) _
where | - B ' '_ . ' o
a o ='yveqan v
b = [(31)J2) -
c ?.L!io)siib.‘-"—fﬁ;;fi;,

‘rhus equaticn (n 58) is uand vhcu x<xsat aud oqua;ion (4. 61)
'vhen xz::at. aoth equations lnst bo eouvottod to ti:tnal
itaapetaturc b} ule of ¢quatioua (0 52) and (A.SS) 11 thoy
':arc to bo upcd to calculata tht vatiation 1n lach nu;hcr 1n

:‘ﬂquatlon (# 30). ro:'x<xsat th',tornula 1: - ‘7;f~ ’ﬂ‘ﬁ?‘l

fvhorc ! couo; tton cqnation 11.531.

i'r 3 m . a.sosmmtm
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The description of th aperature distribution is now

complete. Equations. (4. o (4.62), and (4.63) may

be uéed ibp conjunctioh;uif -(4.38) to describe theA
variation of aach';: | | passqqe‘qiveh-suitablél
Abounﬁary-conditiobsh 'iate;. The mass rate of
flov is ;eéuiréd for- v nfé solution, and while the
stagnation density _;alculabie fro; the boundary
condltions, the velocif fénce thé actual.deﬂsity) aust
be found 1tetat11e1y. fi iioh.factor, tequired forjﬁdth
the desc:iption of the . ’tuté vatiatioh;‘ahd the uach_
' nnibé:.va;ia}ibh,isfdis? belov, |

u_s.-z:is_&ién-_um

f

- The t:ictxon coeftic‘}
'factor,: vhich relates thi sheat stress :'tp'i,ghef'
-qutergnce betvecn the i . p:essuto and tho 3t&qnat10!z
-p;éssnté (cc-noaly ca110d~¢tho volocity ptossure '3;ﬁsq¢"

'bqﬁation (u 8)). It is a dilonsionlots pa:alotor vhich lugf'

is the Panning trictipn.wl'

‘be shovn by dilctlion¢l annlyail to dcstnd upon . tho lachf‘ ;ﬂ -

»nnlber, the ne:nold!s nulb.t; und thc :qlntivo ronghn.ss of

fthc passaqd uall (rhonpson. 1972). !hn aop.udoncd o! 3 on':ff“

,ti‘ lﬁch lﬂlbtto. bovcvot. 1: qolcrally :-nll. olpocinlly;f;fﬂ“fV
"_uu tho uch uulbu is cxt;«.n;y 1” (<o L] ,'“ “ the cuo.",'-_-j;,

ihu:o. rhna. t 15 hcxn concilozcd to-bc-q zuncttqn oaly' ot‘ f1;f:?

'¢§§  l‘7‘°1“ ll'bit lad tlo°‘tcxlt£vc :ongsgqg. (g..;}naj“”i

*schlichtinq, 19Gl;f““

_?'ciud 1; cnpua ud tau;o:. ¥ 1911)
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For the steady flow case (with constant pipe radius) being
anestlgated, the Reynolds nuaber is treated as constant, so
that  f depends only upon the relative rqughness. The
relative roudhness,-uhich \ the average height of the wvall
xrregularj.uec divided . byﬁa |

AN
expectéd- to vary along the passage. Because thg surface

(. . _
e passage diameter, may be

lcregularities are ohly average values over a distance, a
coamon 51|p11fy1ng assunptlon is that the friction factor is’
constant -for_ a g1ven»ptob1el such as-thls one. Therefore,

--one ‘need only look up the app:oprzate value of the friction

tactor for the type and ronghness of the tock rhese values

are commonly found in any nodern‘lxpe engineorlng‘handbook.

In hyd:aulics, the iogt colnoh fsJ\;ce fbf‘ tabies of

\
-.frxctzon factots is 30061 (19u6). These values, ﬁovever, are

tor the Dagey ttictioa factor, rather thal the ranainq
. fn.ction f.netor. J‘he Darcy fncticn tactor is\ exactly fonr

: t;les aE large as the raaning, and tho roade§<il caé&ioned

to deterlino which a given set of tahles :ntets ¢o,_ ap\ it

SRR : .. .‘\’ :

~_o£ten is’ not stated. R ;;';:‘ - o o k*-\

© por a;plicntion to cavts and lil.l, hovcvc:\\connoé

.eﬁﬁineq:ing :outcos for ttiction xactats (anch aa the \

3,iproviou:13 : -entioncdx \gqu; (1906)) ”ggé g..g:.11, not

“;sufficiaut, because the’ range et :clltivo ra;:hnqss i too

'flov. Ia tnrn. theéz/;te,; to. thc linin f:
féahonld innndiatuly cantion th. toador ll to ihat viil be

’gftound l l!ltitlﬂ! ot dctinitions .xiat bcto fot ttiction~='ggj

' . . .;‘ '/ .

;t.tltlt‘, .ug '/:d

\»
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tactors. They are all denoted by K and seldos can ‘one
-readily determine the relationship between one K and

‘ e
another. This is primarily due to the K's beiag §imensional

t

wvhile f is dimensionless, and to théirAbeinéﬁb&%ed an both
tnevbarcy and Fanning friction factors. The  mcst -common.
friction factor in mining is the Atkinson friction factor,.
‘which may te related to the Fanpning . friction '-factéi
(assnllng the average weight of a cubig foot of air, at 609F

and atlo:pherxc ptessure, is 0.0764 1bf) by

£ o= 3.0_3,!(",-

vhere ‘the K-tables have been' tabulated from velocity
. measurements 22d? in thbusadds;qf feet per mipute (Bunt,

‘ 1560). Hartman (1961),:BoneVer, relies dn-the»relationsﬁip '
£ .= 1.214(10)7 K.

‘

4‘uhere the K-tables have béen calculated fros vcldcit}
*-'neasute-ents in teet pcr linute. converszon to. thousands ot;

"_fget per ninute gives v

RN R : . X oo 8
SrnEmEe
} 'fror uhich vc sec that Ba:tun'a ttiction factor X nut b"b :
"lbased ‘an the batcy fg}ctSOH factot.' aovcvcr. io lakel ‘Bo B

‘dxstinction betueen‘ Datcy and rcnuing triction tlctnta, _
'.uhich neels to be a connon nccqx:cnco 1n liling litqt;tu:n.A “5

‘Q!hc reade: il thu; ngqia cnntioand to be tnto ot tho -oaniug -

ot the t:xction tacto: bc/ah. hu- obttiuod.;

T

Pw .
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In determination of the relaxation length, it is
A . .
hecessary to relate the actual Fanning friction factor of
- F L g * .
the passage to - the friction factor of the same passage if

.tne valls were smooth (relative roughness.is zero). This has

been’determined eapirically as
: ’

‘tEL Smooth ]
Lr - 11"2
. = 0. 25. 0. 0859ln| Be_ - (4.6&)
. .o | 1 1 9601n(Re) - 3.8215 1§
y L 44

.?gechd, Ticknei..and James, 1965; as cited in Chapaman  and
|balker, 1971) , which becomes, .under the previous assua
(page 37y,

flsioothj

| o a2t
s Q. 254 €.08591n -_-...._.}§§§§412!£B......-—3 .
| Jj1.96810(35806.12u/0) - 38208 1)
_ . ] , . 9

-

uithA the tonpotatuto vatiation and the. £t1ction factor

. daterlincd. the -odcl is now oolpleto nnd all par.-otets nay
Che RN *AJ— ‘ B

- be determined. & S

numnuln R R

T

B ' :ho ptocodurc tn cnlcalutc tht iictoc&inatlc pnttnototc
f’thni:-a llltiplo ilitattqnto a.d 1: thoxotomo -c-t alitcd

o -nutpnlatien uailc L ‘tsitll COlPIt‘t. rso ihttc pctntnc 5'

L. . . .. LA . e . .
AR S . S
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of the model is that there is a smooth tranmnsiticn through
}he'cave from the atmospheric pressure at the lower entrance
to the.atlospheric.pressuré at the upper entrance. It is the
variation of ag¢r velocity that saintains this transition. It
1s assumed that the Stsgndtion pressure and temperature at
the lower entrancé are the atmospheric bre;sure and
temperature Cat‘tl{;\t,point,'since nearly all_tﬁe euergyilost
in  the . dIQf 9f pressure .and telpe;ature as the air
atcelerates into the cave is ‘maintained in the kinetic
'ene:gf of the éir (that is, the process }is isentropic).
Further, the actual pressure at the upper entrance sust
balance ng atmospheric pressure there. ohge:these bbundary
cpndit%ons are set,rbalcﬁlaiions may begin.

1) .Spgcify lthe» exteg;al conditipﬁs: atlospﬁiric
pressuge at the upée: and lover entrances ‘;na
temperature . and' relative hunﬁdxty ?i the lover‘
entrance (for uxntet conditionq).,‘ o |

.gj_ Specity the cave passage paranotett. length, rldius,
- angle of rise, ‘internal uall tolporature. ~.Aan:d

\\'ttxction cocff;cient. ' ' K
\-

3) Calculntc the satnratcd and thca the actncl lpocific a

—

.hulidity for atuespho:ic conditions at tho lovor h
_ClttllCQ. ) .

7fu) -nstiuatc thc initiul volocity o! tho air at the
- loucx onzr:nco‘ _7 , 4. L rg- ‘f'\; L

5). c;lctlato | tho actnal tonpozatutv at’ thc lovo:.fAf

uuttuuéc nnd colvott to vtttlal/ tn.,.“t." G(iFH‘

¢
PR R
o S A



6)
)
8)

-9)

10)

1)
12)

the specific humidity for atmospheric conditioms.’
Calculate the initial Mach number.
Calculate the initial fpressure and density.

Calculate the nmass rate bf flov and the relaxation

length.
Begiﬁ caléulating parameters of subsequent cross-
sections by calculating for each cross-section the

specitic humidity, the satyrated specific - humidity,

‘and  the temperature according to the appropriate

' torlulas.

Calculate the virtual teapatature and iterate tor ,
the lach nuaber of each cross-section. | .
Calculate p:esSure at each c:oss-saction.

Coatinue ‘until end of cave is. reached « 1Is the fina1 

. pxesaute equal to ataosphntic ptesunteig- If no,

estiaate new init1a1 veloc;ty fton the talpetatute

. and velocity calculated and tke ;g;gg} ataosph.ric‘

ptaaaute - natura to step & - If yea. calculata all

 reaainin9 pa:aaotara | ttun 'hlﬂll' lach vnnabat

huaidity. and toapqraturc vatiatioas.‘

" case stndlea ot this - -and othct lodcll aro contained ia s

sec;iol VI,

...__ "".' ) )

¢

R

e
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Y - INCOMPRESSIELE MODEL

The coipressibility' of air Severely complicates the
aetermination of speleomicroclimatic parameters as’ is

vitnessed by the foregoing lodel.‘lt-yould'be of qréat value

1f air could be treated as imconfpressible for the purpose of

Calculatiné these parasketers. This is not an unuarrahted

assuaption fcr level passages thgt are short ‘relative to

their diameter (thg‘ efté¢g of f:iction anthé flov is not

/

. .

extremely strong) if the wmach huibét- 1s; saall. Shabitd.”

(1953; p.QQ) states ‘ that "...the error ptoduced 'by
neqlebt;nq-ccnpréssibility in the cbupniation- of :ptessnré
variitions 1s of the order of one—toqrth the square ot the

ratxo of the streans veloczty to the sound Velocity [aach

-fnunber] " If the given :eqnitelonts lere net, the assnlption

of - inconpressibility shou}ld ;toduce an, orror in’ tho :

calculation of preasnrc of :outhy oaly one por cont at a

- Mach nu-be: of 0 2..An error oi thi- aaglitndo is lOtl thnn

_ acceptable for the rosult: dosi:od hcto. buta nltortnaatolge

f-fthe assuoptioas atd not lnt. lith a lovol pataaqc. no

Q

-consistont chinnny ctfuct cal lxist. aad .olt ca'os vhiqh

”exhibit this ettoct ate gc..tllly quito long (@;& :n-puct to
“the ;1:. ot the pacs.gh. tho :augc o! l;ct nis)ctc thct atc

7jdea1t nith hota, hou.v.t. arc 80 lol (0.0005 0 053 thct

NEW - .

f;_‘_'oodcl is wtu nvntunthc- S

. _‘thu uz aot M nzueiut ob;bcuon. -o u utmrnmbu

.._‘ -

It 1: obuou tut tn lmu; oﬁ u: cm uu un

S SRR
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elevation in a non-horizonial passage, so the air cannot bei
treated as totally 1nconpressible. The asswmption belng made
1s that gxggl;_ 1nfluences on densxty are not sxgnltxcant.
It is- necessary. then, to know how density, or equivalently |
»p;essure, vq:xes vith elevation under static"conditions.
‘Given} no f};v of air, there 'can b§ no 'tenpetature
dxfferent1al betveen the cave air gnd the sutrounding rock,_
80 the -internal atamosphere is at' the -internal vall 
teupetature,='T§ALL; Sinée.'TiALL has been assuned constant
.4thrqqghdut. ghe' cg§§; iheb:cave atnosphere (under . tye‘
_aésunption: of no‘flbv only) zs iaotherlal, and-thb_§f93§ﬁre B .
‘variation with height say be calculated from the hydrostatic

equatlon

| ,Replating D by P/(Rg)r trol egnation (u 1) and tontranginq. Lo

- ve got
7 §_§;3¢;'»=§§.y.;~hg’fu_.uééaioi to 1t¢ia o
. -l]il'? ‘19¢‘¢‘3(3) “3(1))/(llv)fllﬁl)) '
PH T S A 45-3’

. ;T;ffft ot vcloctt!o tbo
'fi_f,"““lptiﬂa 02 hmouaz&uuty wnd ugi mg

: 'f:mmmu mmm . ..m.u « open he ats
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731§CitYf houever, and hence density is indifectly-depéndent
upon this velocity. The assdnption’ of -inconpréssihility
aust, in this situatipn, sean that the actualiana stagnation'
densities ate. the same, not that the density is invariabt. S
The Situatioh'l&y be ‘more cléarly undetstood by pzcturing
the cave atuosphete as being conposed of horizontal layers
of 1nf1n1tesila1 thickness. dir density lay vary tro- layet"
to 1ayer, but is constant uithin any givon laye: rrhOlpson.;.
1972). rhe ettect ot a change 1n flon -cOnditxons,_ vith .a
" resultant change in the tenpe:atu:e disttibntiﬁn, serves not
to chanqe the actnal densitios, hnt leroly té shitt tho

| layets upvard o: dqnava:d It is thil upvatd and dovnnard

notiqp (ot tho deasity 1313;’) that allova the cavn~.“.

) .atlosphcte to adjust to ‘external condition:.i The :olntiou»v
tb: tho denaity v:tiction, thon, is voty ctlilat to thatt

L ]

- undor static cnnditinnt, bnt tha totpcratntq 1.;1‘¢gqu 1.;]]{,:

nov that ot cglntian: (G 50), (t.slj,((0¢62). .l¢ &l.iaj.ff; f

. The lolutiOp f:oa oquuou (a.so) (5.3, g.,.u..__? o

nunctic inthration (ttap«:cidal tllo), niscc t 1: no ldlg.tztif;é

- conltant. rhia iioldl ‘}‘,;}”}?:,pﬁb}j'f?,;}{f}‘;;;“bj‘g,f751
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¢ of the . flow pacaietets. In the cdlpressible model, the
9 ‘atlospheric ccnditions vere taken as the iﬁitiél stagnation

conditions,- so let us look at equatxons (4.25) and . 26),

which are
To = 1‘ 1 ¢+ (k- l'_ ‘ ¢ A\ .
w4 | (5.5
and S
_ : |
) e o akzk=1)
e N T TR

 The hiéhest'lccﬁ nulbei thit‘lﬁ uodld"bé'cbncorncd' vith 1n
_cave stndies is atound ’o 05, uhich cotrosponds,v at a

“ ‘telpetatu:o of 1o°c, to nn air volocity ot apptoxilatoly 173~f”“

"

Lf gcnnronsly aanulc that tht :ango ot tolrtrat!tnlet 1nt-tost}¥fi;”

~

to u: 1; 230-310'!, ao tot to vatgiaq uithi; thil tthn. t§c ,?‘
uaziuun czro: 1n noqlqctllc a is. cnly 0.11 to 0.150t, |

:_K, ve, laxf:f .

‘wiaisal ditferesce. fhis meswlt s a-ttciyntoa, Y tuc{fff““

'dt'lloylﬁﬂt ot cgnutiou: (5.3) aaa (5~Q}"

;;?aaluaaa .!1theut cxptaattiaa that {tha tntnc:lturcldtdj.otf;
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Po I‘l 1+ 5!‘ ¢ ks o !JZ.Kl!. t ...
| 8 -
[} ' :

= E ¢ PKNZ ¢ PENS ¢ EK(2:K)HS ¢+ ...
2 8 T R -

’ [ S
(4

[]

) s Ee gjgzg 1. 12.311. t ..
N o

L

L——J

5.7)
" But fros equatioh (“rJ)'ll 'Q‘- R ' . _‘?

- RkY2_ -
2 g;k(ng)y

g i LI
52(39)!

aad since

LT TR

-'f'trog‘_nefq.ﬁa'-t.'i_:oﬁh- (a".‘-n‘.. it zdxghyi' jea,‘e-;_.qi;m.;;‘- (snbocoau -
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and DV2/2 the velocity pressure. The staqnation pzessuré, in
this context, is often called the total. pressure for qbviousy

reasons.

The solntlon is now availablé‘ltroﬁvgghe Bernoulli -

Eulet equatxcn‘ :

. | \ |

0 "= dP + DVAY + DGsinedx + £py?dx - .
' . v R : (5‘ 10)

7 | . ol P ‘
by 'iﬁteqration- oiet tho length ot the cave. This yields_,

g(usznq 51lpscn s one‘thitd rule), o ? }"? ( B

L0 = P - vm * Dmvmmz)-- LT

BRI GsinO(D(1) + qn(zp e ® D(l*1))(x(2) - x(1))/3

e muﬂ‘{’ﬂn . wn«zn TR n/n(mn

; S Tad - xun/m) ; B (5 11)

| *sxncg Dv i: constant vhon w aud R ate coustnlt.. Roi;:ihgidqﬂ 
T e
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)

xtcration, cc-pcring P(N#1)  to PEXTU until they are
sufficiently . closc ‘(so that each calculated velocity is
lcﬁithin 0.0001 i/cec of the previously calcn;cted yelccity).
Nith. the " télperature variation.'cbtaincd }fr0|~ ejuatiocs
(4.58), (u.61j; (4.62), gnd (4.63), the solution ié now
"readily' avaijable froa  equations (5.4) and (5.9), and the -
equatxons to: tenpetatu:e disttibhtioa,A (4.58),  (4.61),
(4.62{ and (4. 63). The procedure As as follovs | |
| .i)_ sPectty thc external atnospher;c conditions.
‘2) Specxfy the ca;e pataletets. :
IJ)Y Estinate the 1n1tial velocity and' calculate the
| telperature and henc¢~ pteasnre ;vqriatibn step by
o step along the passage.< _ | '_' | |
"ljv rrcn f the external prelsure .and calculated airc
H: * télperatnre at the gggg; enttance, calcul&te tht? .
) ptcssnte at the lovot entralce. f" ' ’ |

,5» COIPlte txe:* calculntod ptctsntc ar thc- 10&0:» _c

ent:ancc uith thc stagnat;on Ptinlnrc (‘tﬂclplcgic,?‘j:!

o thc:e, aad eatilatc tlc ncv 1niti;1 vclocity.-
. ,1,g)_ Coltinuc tlc itctatics ou th: iaitial 'clocity "tilhlff:
th‘ d“*"‘ '¢¢'=t¢r 1"t0!¢h‘¢. ﬁ;ﬁﬂfq'If S

: ;1‘7; ) COlcalttc 111 rtaai;i., ,.;“?t.t';c;.”<ﬁ. .
R Shipeabat. ,
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A furtoer'silp}ifiCQtion  vhich can be @sade to the
incompressible sodel uiihout severe ioss of accuracy is
‘suggeSted~ by Higloy ‘.pa' Btovn (1971) .  Removal of " the
constraint 'thot the a1r lay not hecone saturated produces
only 2inor error and allows the use of equatdons (4. 58) .and
(4,62) for the. telperatu;e- variqﬁlon along the entite
passaoe,‘thus avoidinq the iterative ‘solution5 of 'egoaoioh
A'(« 6i). _"[ooe. 1s] justxfied 'ip using the non-consttained
solution ' for the tenperature dlstrxbntion in the lajotity of
» guantxtative applzcatxons“ (Wigley. and Brovn, 1971 p.312).
 The procedure ,here is identical to that in the previous'-'
section. Equatxon (5 12) aqaxn uaed to iterate for the

xnitial veloczty, with the telperatu;a Wariation coling troi'

equations (ﬂ 58) and (4.62), depcndiuq oa vhethor or. not tho

e;’bcts of lOlltutG are considetod. A cooputioon of this aad*]-liﬁ

”the previous uodols 13 tonnd in tho tollouinq tection.

.’ \‘A .



. ’. i
1;_-.'_c;e§;.§19942§

In ordet tov CoMfpare the three prevxously descrlbed
lodels. the 4bllou1ng bypothetxcal situation is constructed.
Assule)that qhe 1dea1 dynalxc cave descrlbed in section IV
1is 1000 Aetres long and rises at a constant angle of 10°,
The 1nterh31 nall/{:lperature s 10°C, the vall frictlon -
tactor ;g 3»030 and the radius of the passage is 1. 5

, L

. ]metres. The ialls ot the passage nxll be conszdeted vet -

! {
. tnroughoqt its length, so E = 1.0 . In order to deternlne.

. tae 1nte:nhl l;croclxlatlc’condxtlons, all that is ;tegnlred
}a;e’ the pxternal atlosphetic conditions. Three cases vere
devised dhi h. for sxuplicity in the conpatison, vify4 oniy_

" 1h exterqpl tenperatnre. rheaeAthrge-caqes“are. | o

Atnoq&hefié pteslura at u;pe; eggt§ncq._£ ,ézivlb  ;‘,‘

At-os;ahegic prenuc at‘l‘ov'ef: ei’t’ranc'o =950 sb

aeﬂptﬁxw Bunidity at loucr ontrancu L = 0.50
relp,raﬁkre at>lnv¢t eattanco '(.)‘f‘lvfr..go °c

'.“ '_t

‘c'i o =

't 25 .Iottc

.1 pauuzqn uu Ctlﬂh“‘
| tht. spocitic

P i . J‘ . :
: _-.:hu.tdi& 1 NQ utuluou) uith ptn”:o na iqnond. l'lu

.

| w!‘&‘ t@huutod 1,. ”p.utix l. vhih m Coapitct

hahac SN RN
"
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Ine_Compressible Model i

As this stody is entirely theoretical' in nature, the
norms by 'nhich lodols are' accepted or rejected must of
necéssity 6é that one vhich wmakes the fewest assuaptions
aooot the nature of the flow, naoely the colpréssible‘lodel.ié‘
'The _three cases Studfbd all show very llttle variation
between denoxty, ptessure, and telperatute and their related_
"stagnatlon ptopertxes. The dlfference 18 on the order of
0. 05 per: cent of the stagnatlcn pnopertxes and hence Ray ..
generally be 1gn0ted The reasos for thls minute dxffetence-
is evxdent froa the Sach nunbers calculated. In no inztance-'
is the uach nulber gteatet than 0. 015, and the varlation
alonq .the passage is linllal Ihus the relationship betveen-
Veloc;ty and the state patoleters may be iqnored (uith “the
: bvxous exception of tenpe:atnte. uhlch depends on the rate
of heat tranzferral to or f:o- the air, a velocity dependent‘

operation).

¢  The rolativo hulidxty hoara spocl&l |Oto, tor it al-oat'
'1-ned1ately reachos 100 per cont. rhls 1: to bc oxpocted,J
- hoyevor, £ot 'nndot vlntot conditions soch ll tho:a horo.l

‘,these is vety llttlo vatot vapor in tho ait ot satnrntioa.‘

'“9°” ‘““”“9 the °"‘v ‘the air v-tr qnictlr Qllal .olceu:c}-"]wfii

, t:o- the cnvo vall: aad sntutqtlou ts ochlovod ll.dtt at

'“onco.‘ lhe c;poslte~ ottoct occn:s_la llliot tox tho uppo:fflf{,,7

*J'"t"““‘ "‘“ “‘ ‘1‘ “ “PlBi ..rot' boiuw cuua.:aui":i S

.Qr’ "t't "'°‘ ‘h" "“’ 'i"“ °°““*°"- °von catorttqﬁff'ljﬁg

e
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tae cave, the air takes on moisture from the walls for #
- auch longer reriod of time (than under wvinter conditionms
with the sanme relativé humidity at the entrance drawving air)
before saturation 1is finally (if ever) teaéhed (if;%he
| external aip is satu:ated;,houever; then the entire‘ cave

N |
¥vi1ll also be‘'saturated, regardless of season).

) o : . ‘
'By far the most curious result obtained from the

conpressiblé lodél, however, is the air velocity. While the
-overa;l lagnithde of. the velocity in ééch'caSe.is reasonable
(in 'light‘ of the obsetiéd lagnitude-of.loét cave winds)
-iconsiAe;iag the siaplifications imposed :(pb constrictions{
e bends,' €tc.), the rel&tiye‘_qagnitnde pg;!gggl cases .
appears ‘,¢ont;adictorj. As . the'. external tepbe:atdre_
_app;oaches ‘the 'ihteinai uall telperature, the.@dﬁétnal#-
_externél préssute diffe:entxal cdec;gasgs, ‘50'- the air
.velécitx':'shouid '4also - decrease. .Bxactlyu‘the opébsifé,~
' hovevér, is found in ;be three cases - studjed; as° the
.external telpetature increases. tton -2o°c to -103;, 1:he"~

1n1tial velocity increases from 4. 25 l/soc to 4. k2 a/sec to_

24 57I/SGC.' 1he conttadictiou is only .ppa:cnt, hovever, aud;f'

18 ‘due eutxzely to the cases chosen., aecause the extotnal B
?{atnospherxc. ;:esanre at both entrunccs wna spocittod as

.constagt, 1nctease in te:petatn:e tt the lovct cnttanc-'

i anst bring about a Qgg;g‘gg 1n air dcnlity thorc. rhu-, to - -

laintain the doligunted pt‘stltd A;ftnrcntiai bct-oon thef?ﬁf 

Jfontruncos. ,the 108: denso ai: lnst aove fcstor to hav. theu

‘tgnivnldnt Cttcct. the rcadcr shoild thns bo nratc that tho"‘\

: -y
L, ..

o
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( .
cases under study are not meant to be related in any sanneg
*
) ‘ s . . . 13 13 K3
through time, but rather are distinct situations in which

certain variables dre held constant so that the others may

be more fully understood. In am actual situation, one +would

~expect some variation in Fressure to accoampany such a

variation in teaperature.

Iés.usmusgius.ﬁsﬂsl;

Comparigcn  of - the results generated by the

v'zncoipressiblé nodels with those  produced by " the

conpresszble sodel shovs excellept agreement vith teqatd to

pLessure variatxons. The ditterence betweea '11 loatis in

/]

tnxs respect, is again on the or&er°of 0 02 pet Cdbﬁ‘ but

thys conld easily be ant;cxpatad - The pte;cutc ditterontial,

2

£;
. betueen the entrances is only 25 l1111batd'and 1urtherno:e,
~“thq entraace pressutes are ;1;34 liqits betueon vhich each
) uodel 13;; operate. COnsxdering that the printed results are

.accurate only to 0.1 nxllﬁgars, one weould t‘ndily cxpoct the

pressure variation alomg. the passago to dittor littlc ffbn a

" mean of 2. 5 aillibacs po: hundtcd let:os, ‘and such is in

\!§act the cnse. The vaziation over ull cases asd 111 l°d‘l§. f

C ks 2.2 to 2.6 vith the vnrigtlﬁn consictontly q:oatct at tlc

‘-louer entxance and loss at the uppot !h- p:adictivo cbilityf
:‘ox the 1ncotstcsa;b1¢ -oaclt, thol. cnnlot be jldoud ou,f

'tbtir n&ility to predict ptcsnnto va:iations. S =.f- ;"

¢ i . q . .

ﬂigh f',tegaptatarp" n§d 7 a.-axg,~ ';ta . bbuai&qx.ﬁ;';

<

s ° . o &
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differences betveen the aodels bpegin to appear. The
constraiped; incoipressible model still agrees well with the
compressible, the variation of the former over the lateer
being on the order ;t 0.2 per cent. The unconstrained
~1nconpressible model, however, varies“nearly 3.0 per cent

from the coamfpressible model in both telperature and dens;tyl

While erxors of this magnitude llght hot appear to be.

.significant in light of the numerous simplifications used to
generate thes, it should be noted that for the analysis of
error, telperatutes lust be expressed: in degrees Kelvin and

a 3.0 per cent error at the telperatures under consideration

O

LlS approxxlately 8. 0°C. This dszetence is most readily seen .-

in case 1, uhere the telpe:atuxe at 150 letres is calculated  -

at =8.46°C in the uncbnstrained inconpressible scdel uhd at

- =1.449C ip the conpressible lodel While UigAey and Brown

(1971) ha'e shovn that, at thc sale “velocity, and vith a_

relatively saall teaperature .dittqtontial hetucon the

Atnospheté andg'the cave ' uall tho‘ constra;ned and
unconstrained telperntnre p:ofiles ate sulticiently sxnilar,

here the telpcrature ditferential is extrene (30°C) and

»

narkedly etroneons estimations of tonpotatlto are ptoducud. i

Il gene:cl, the conattailnd 1lc0lrr¢llib1¢ lodol Qgtoost‘“
3u011 uith thc goibrosliblc nodol. lep-tctls-. pr-lcqu. nud 
density varg lcss tkan o‘s por cont trou tbo couptoonihlch

val&os. vhiao volocity vazio- oa tho otdt: ot 3 2 pc: ct;t.

f"Il noutly all cpplicntions, tp-a, - tho ' coaatttincd :
.ﬂ‘inCOI't‘lliblﬂ lcdol proaolts an clccllolt upproainatiou tb‘}} E

-

EVE MO -
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the conpressitle:‘

A word of caution concerning velocify estimations fros.
the above models is in ofder. Wigley and Biovn (1971) have
vointed out that the relaxation>iength for telperatare is
very insemsitive to changes in velocity (the dependence is
_only to the 0.2 pover). The pressurev varjation, is also
ueakly. dependent upen velocity, for it uas«noted duriag, the
iterations for initial veloc1ty that a reduction of only two
"nxlllbars in the calculated ‘pressure at the upper enttance.
required an increase i velpcity of nearly 1,0 iﬂt:es_perﬁ
second. Very accuraéﬁ Seasurements _or}festilates of the
pressure ditfeiential betueen ’fhe enttances lohld‘thns be

A

necessary for the reasonable estilation of velocities vithin

W
i

the cavF f \

The results of the three éase:‘studies are . dispieyed ~'

"_-graphigally in figures 11 to 20, and the actual ¢oaputer ;

print-out and the p:oqrals used appetr in Appendxces A and B

respectively.
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£Qﬂ£§££a9!§-SQBSIJD!LIQQ.QI.EIS§§E&.§&!21

It haé been shown that thé constrained ‘inCOlpIéSSible
ipodel is ap éxcellent approkilation to the coipressible
nodel -for the flou of air in caves. At no point in the case
'studxes did the twe differ beyond the'bonnds of the error
inherent in the nuamerical solutions, and thete is o teasqn
to expect any qreatzr dxfference if these solutxona vere
retlned Desfpite the long dlstances over vhich frictiom "
.uorks, and desp;te the substantial changes in elevation, it
is cleat that the nach nulhet 13 suffxciently 10l to allow
use of a modified 1ncolyressib1e tornulation. The Bernoulli-
Eyler eguation ’in its coupressible fo:n, the hydtostat1c .
eguatxon, ‘and the tenpetature varxation dorion by Uigley,
”’and Brovn (1971) give a more than adcqnlte detc:nination off

.the licroclilat1c vaziables ia ourx idoal cavc.' 7  ' . '0‘7

T

Any extension ot thit lodol to actnnl cavcl lnst be

-~ done '1th Ci"tiOIo bovever. rho rcadcz is toliaded that the

~ present study is un eatitoly thoo:cticnl dovclopu-nt 1-1,‘:_<7

'uiicb nu-ctcus silplityiuq ansnlptioa- havo booa naac. In |

~ ,:elaﬁivolx sho:t,‘ unconstrict.a, ‘0'-.t..°" c.'.. !ttlf_#;ﬁ i

lxttle voxtical o:to:t. tkc pxnscnt ttaory lay Bo oxyoctoaf‘::5jV

to yi;td r¢a-oaablc rdcnltl. 1t these . conﬂitial: are- noc'gfff;ﬂ

..ot. tip lgtcunoat .ot tto nolul-!ith t..lit’ .gy b. ’a‘t';;

- 1'50 ot!cctl Df lilluity uy bl .mmgd b) tt. fticti “

b,.v"‘

e s
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factor, for the effect of bends in the passage is to resist
the flow of air. Changes in cross-sectxonal area, however,
.vould be sosevhat more bothersone. Their inclusion 1nto the
Comprespible model's eguation for mach nuaber varzatzon,

is straightforva:ﬂ. Wigley and Brown (1971), however, '

A4.39)
have{ pojnted out that their 1nclusxon 1nto the equatzons for
tenperature variatxon sakes the relazation }lbugth _Yathble
and -ay negate the enpitical telatlonship jbetv;en the
uusselt, Prandtl, and qunolds nulbets. Thetefore, given the
present sta" of heat and IlSS transfer theory, an .

assu-ption ot.‘constgpt'radins (i.e., an average vélue)_lax

pe decessary. - ’

In actual caves, chanqes in elévatf%n ahd, -ore -

”;iiportdnt; changeé in depth ‘beneath ‘the sutface ptodnce

changes 1n the rock tcng,:ntu:e, llking rUALL non-conat&nt. e

 The requx:xte dittercntial equations -ay be 1ntegratod

'-'nunetically assaning a non-constaat uall tenpcrgtlrc, bnt

_ again _the ‘lpit'

: ¥tclatioaship bctvonn the lnalult'
: prandtl. and lcyucldavnunbort luy not hold. rron thc ltudy
5ot_ xayn »(1966), it nould lpptit tbtt thi: tulntion*htp Il’

.. still be a rcanonablo appxoxilatton.' but ‘. uorc thono-ch

ffknovlodgo at hcat lld u.n- ttnnlto: thoory thtu thc tltbo: 5? 

 $90:..;¢¢- uonld bo nncoasaty to pltclc tiis point.,5

I -un, tﬁa- thtc tha;iﬂ hlalyoos tia atoh;nq aad ttc }}?j;

'f‘constziiata 1pvoxyud. :ltho: ttﬁn ntﬁaocttng c Jolgt&on nc
ffsuch to thtt ptnhlnn thn nodttinﬂ incoapressi 2

Lo :
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‘. 4

presented is only a basic framework. Refineadnts to the
» . . I . . M ‘. . . .
'theory are needed but, more ilportant, substantial tieldvork

1S called for to adapt . this scdel to reality. Only throngh .
vell-planned eapirical studies lay the theory more closely__'

~

~ approximate actuality.
, | . . W,
zn&nsé.zggsgxsh . | o .
COncurrent vith the vxde acceptance of static thoorxes
tor cave ajr tlou is a lack of catefnlly execubed fieldvork..'
The\ author .knous of no 1nstAACe vhere the axr toaperature. :
) .
‘ﬁpressnre. and velocity vithin a caye have been ucasn:ed
ggn;;gngggjx over a 1ong pe;iod of time at, lOt‘ than one

locatlon. the conplete lonitoring of a cavo at nuac:ousjy

. locatxons alonq its 1cngth needs to be nndertaken, but therefgig

'°are fev cavos in_.Canada that atc sntticiont tpr :uch;:

‘ivsiudies. Nakisu Cave; in Gllci.t latioull Pazk, ntiti-hf~

fﬁfCOlulbxa, -:;“iﬁ adequatd. but tho 9:0:0&00 ot a subatantial  {$

.S&feﬁ' in the cavg colplicate: tho toapotatutc prctilt tldf;i'~

i;aitots the air vdloclty ttnonqh oltrail-ont. Grotto anazicaffu?
-.iOtthwout :ox:ltoritl. has ; lg bttl tliﬂ"f“o b" *t 1'1T:
‘:_..g uxgsuay x:d thna pu-a-ntsl

,.,cow.a-unu pxablua 48 Aogxauca cmu; ““‘ ‘o

 fjvalcouvor r.z.na. h:ttilh‘Colt-hia. y clao‘;nitlcn, tl‘lql
| i’j’.-cny uaa to ha too -hm oc to0. m" '
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v R .

iniolved.

The extemsion of the steady-flov case to unsteady
Situations needs also to be - uhdertaken. Higley ‘and Brown
(1971) have attenpted to predict xelperature protlles un'er;
changinq external conditxons, but they assule a constant;

velocity, vhich 6an - at best be considered ~only an

- approximation. The solntxon of the unsteady case is of gteat‘

o znportance fot the use of airtlov 1n caves in the telote

sensing of subsuttaceHKAtnt charactetistics, as vwell as in
»vthe deteqlinatzon of - vatiahxlity of the Qubter:aqean_
ﬂ;qt-psphete. _ It is this conbination,» then, ‘th;oiy~5dhd;
"eupiriciS-,  that uill ultinately lead\4”t0":a: better

understandinq ot subterranean licroclinntzc coaditions.
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-

wavelength of temperature
variation

‘cCosponent . of gravjtatipnal

fo:ce vorkan aqaxest flou

' dxstance 1nto tave

relaxation length - distance

at . ‘which - temperature -
" differential has decayed to

/e its or;gxnal value

' distence into cave at "which

saturation is achidved

 e1evatxon of point in cavillie
S tu.ction of x e

‘elevation ~ above '; lover
: euttance. depth belov surface

angle, ' of inclimtion - of
_paasaqe ‘ Coo

;.'denotea >;a1ne -'otb‘ variable"
‘corresponading to cross~section
. at aistancc x(i) into ,cave
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FIGURE 1: Idealised Static Cave

P [exi] > p (in)
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FIGURE 2: Dynarmc Cave in Equmbrlum with Aimo5phcrc
| (after Cigna, 1963)
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FIGURE 3 Air C_olumnS-of Different Weights
- Summer Conditions in a Dynamic Cave
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FIGURE 4: Mine with Artificial \{z_r.itilation—Wiﬁter Conditions

(Enhanced Natural Ventilation)
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. FIGURE 5. IDEAL ‘PRESSURE -"SPECIFIC -VOLUME GRAPH
(THE JOULE OR BRAYTON CYCLE (AFTER .

HALL, 1967) . -

PRESSURE , P (N7M2)

“ SPECIFIC VOLUME, V (M3/KG) .
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FIGURE 6: Ac{ual Pressure - Specific Volume Graph -,
" (after Hall, 1967) ‘ - B

PRESSURE-, P (N /M2)
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FIGURE 7.. Pfessdre - Specific Volume Graph for Step -

by - Step Analysis (after Hall, 1967)

 PRESSURE, P (N/m2)
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FIGURE 8: Ideal Dynamic Cave |
~ (see Table 1 for explanation of symbols)
. ' é:}‘ [
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'FIGURE 9: The Contfol Volume. (after Shapirq,1953) - *




FIGURE 10: Approximation to Geothermal Gradient e
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- NUMBER OF LCIVISIONS OF PASSAGE

0.0 -20.00 949.9 1.3071
25.0 =15.51 549.2 1.2833
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'“07‘12 o
e 7“‘&‘.

STAGNATION
PRESSURE
(MILLIBARS)

950.0
949.3
948.7
948.0
947.4,
946.7
946.0

.- 944 .7

e R

944.1
943.4
942.8
942.1
941.5
940.6
940.2
939.6
938.9
938.3
937.6
937.0
936.3

©935.7°

934.4 ,
'933.7
933-1
932.4 N
931.8
'93’q2'

" 929.9

929.2
928.6
927.9

927.3
. '926.6

926.0 .

925.4
924.7
925 » 1

. N9S

RELATIVE
HUNIDITY °
0.500
1.000

- 1.000 .

1,000
1.000 .
1.000
1.000
1.000 -
1.000
1.000
1.000
1.000

. 1.000

1.000
1.000 ,
1.000
1.000

. 1.000
1.000
1.000 .
1.000
1.000
1.000

-1.000
1.000.

- 1.000
1.000
1.000
1.000
1.000
1.000

" 1.000

'1000Q
1.000

‘ 1.000

"~ t.000 -
1.000
1.0400
1.000
1.900
1&000 .

950,000 uB°
’250000 'lh
0 500 ‘

"20p0°° DIG CO; )
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NUNBER OF _DIVISIONS OF pnssncz 40
LENGTH OF PASSAGE ) 1000.000 ‘
RADIUS OF PASSAGE P : 1.500 .
ANGLE OF PASSAGE - A 10.000 DEG “\
WALL TEMFEFATURE - : o "16.000 .DEG c.
FRICTIOM. FACTOR - . - C 0.030
FRACTION CF WALL THAT IS uorsr © 1,000
DISTANCE TEMPERATURE ERESSURE. DENSITY
(METRES) - “(DEG CELSIUS) (HILLIBIRS) (KG/CUBIC M)
0.0  -20.00 . -9«9 9 1.3071
25.0 -18.98° v . 949.2 ~1.2961,
50.0 -16.23 =, 948.6 : 1.2846
75.0 -14.24 9%7.9 .27
©100.0 . =12,25 947.2 < 1.2620 -
125.0- ~10.31 C . 9U6.6 : 1.2514
© 150,0 -8.46 945.9 .24
' 175.0° .=6.71 - - 945.3 - o t.23
200.0 . -5.07 . 944.6 . 1.2234
225.0 . -3.56 944 .0 o 1.2155
250.0 . -2.16 '943.3. - 1.2082
275. 0 . ’ ‘0-88 9“207 1020 15 . '
300.0 ¢ 0.29 o 942.0 1.1954 ”
. 325.0 : 0.30 . 941.4 . 1.1927
,350,0 .71 - 949,17 1.1874
375.0 2,61 . C940.1 - 1.1826
* 400.0 - 3.43 T 939.5 1.1782
. 425.0° © 417 . - 938.8 1.1
450.0 4.82 . 938.2 S 1.1706
*475.0 - 5.41 . 937, 1.1673
500.0  ° 5.93 . ° ' . 936,99 - -1.1643
:625.0. 7 6.39 936.2 131615
. 550.0 +6.80 . 935.6 1.1590 .
5750 . 7£16 .- 938.9 : 1.1567
600.0 .  7.48 L 934,3 ¢ 1.1546
625.0 .- . . 7.76 - "933.7 - 1.1526
650.,0 < 8.0v - . .933,0 % .1,1508
675.0 - " 8,23 - 932.4. R P I 5
790.0 = 8.42 C831.7° 0 L 1.1415
_125.0 - 7 8.59 - - 931.1 T 1.1460
15004 8.74 . .930.5. 11446
©-775.0 . - 8.87 - 929, 8, - t.1e33
800.0 - 8.98 929.2° cotewe2y -
1825.0° ' '9.08 . 928.5 . o 1.1409 - S
- 850.0 ‘, 9.17 . 1927.9 ' . w1397 B
.875.0 L 9.2¢ 0 927.3°. 1 r.1386
©'900.0 9.3 u. 926.6 - 1.6
925, o.‘.] ©9.37. T 926.0 - Y1366 . .,
950.0 [9.42 . 925.3 -,j . 1.135%6¢
9750 . 9,46 - C.928.7 T 1.1346

“1000,0 - x,]‘ k2 ig o wesi0 . a3 Lo
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o, - . STAGNATION _
PISTANCE VELOCITY « PRESSURE RELATIVE
(METRES) ‘(u/szt) * ©  (MILLIBABS) - HUMIDITY

0.0 4. oaaa 950.0 _0.500
25.0 4.0830 949.3 2.233
50.0 4.1196 948.7 . 3.114
75.0 4.1566 948.0 3.469
100.06, 4.1932 . 947.4 3.499
125.0 4.2288 T 946.7 3.355
150.0 _4.2629 946.0 3.131
175.0 4.2952 945.4 28880
200.0 - 4.3255 ~ 944.7 . 2.634
225.0 .- 4.,3538 : 944 .1 ' 2.406 A
250.0 4.3801 943.4 2.202 . .
275.0 4 4004 942.8 2.023 . :
300.0 4.4268 942.2 1.868 .
326.0 4.4369- 941.5 1.739 'y
350.0 , 4.4567 © 940.9 1.719 L
¥75.0 " 4.4748 940.2 1.623 -
400.0 4.4915 . 939.6 - 1.540 -
425.0 4.5067 ° 938.9 - 1.468 - ‘
450.0 4.5206 . - 938.3 1.406 :
475.0 ' 4,5336 - 937.6 1.352
500.0 4.5451% 937.0 . 1.305
525.0 4.5559 © 93f.4. - 1.265
550.0 = 4.5658 935.7 - . ' -1.230
'575.0 4.5750 935.1 *. . 1.199 '~
. 600.0 . 4.5834 . 934.4 “’ﬁ-w”%;4735~“ .
625.0 . - 4.5912 . 933.8, v "1,150
. 650.0 - 4.5985 1 7933.1 . f;ﬁa’ 1.129
675.0 4.6053 . 932.5 . 1,112
+ 700.0 M4.6116 931. 9.,1' 1,096
725.0 " 4.6176 . 93t.2 1.083
750.0 46232 930.6 1.071
775.0 - 4,6286 ~ %29.9 1,061 - *
800.0 4,633 929.3 . 1,052
. 825.0 49,6384 . 928.7 ° .. 1,043 :
-850.0 - 4.6831 .o 92800 & . 1,036
y 875.0 ;g.&47§;;;,r;fa~921.~ | 1.030
',900 0 aﬂ 518 . .° " 926,17 - 1.025
925.0 . . 4.§560 926.1 -+ 1.020
950.0 anssoo . 925.5 - 1,015
" 475.0 . 4y8640 - 924.8 - 1,012 TU
1000 0 4. 6678 o 925.% . 1.008. s
§.§s 2; Sﬁ!&:gslikls !91!&

- g S o i o ‘ ' v .  1¥

-ﬂ-rszzaatoax AT 'LOWER ENTRANCE- = - =10.000 . ﬁicgc. '
"PRESSURE ‘AT LOWER ENTRANCE -~ . . 950.000 #B. .
PRESSURE AT UPPER ENTBANCE .. 925.000 HB

 RELATIVE HOAIDITY AT LCWER'ENTHANCE - 0.500°

~

L -~
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1000.0

9.71

NUMBER OF DIVISIONS OF FASSAGE 40
- S .
LENGTH OF PASSAGE v Y 1000.000 M
dADIUS(OF EASSAGE ' 1.500 ™
ANGLE OF PASSAGE \ 10.000 DEG
WALL TEMPEBATURE 10.000- DEG-C.
FRICTION FACTOR 0.030
FRACTION Q& WALL THAT IS MOYS1 1.000
' >
« DISTANCE TEMPERATURE PRESSUBE DENSITY
(METRES) (DEG.CELSIUS) (RILLIBARS) (KG/CUBIC H)
0.0 -9.99 950.0 1.2576
25.0 -7.02 949.4 1.2427
50.0 -4.50 948.8 1.2301 .-
75.0 -2.36 948.1 Y 1.2196
100.0 -0.54 . 947.5 o 1.206
. 125.0 1.01 946.9 1.2029
150.0 2.32 946.2 1.1963
175.0 3.44 945.6 1.1907
200.0 4.39 945.0 1.1858
1 225.0 5.19 944 .4 1.1816
250.0 5.87 943.7 1.1779
Y 275.0 e.ae\ 943.1 “1.1746
300.0° 6.95 942.5 1.1717
325.0 7.37 941.8 1.1692
350.0 7.73 . 941.2 1.1669
375.0 8203 940.6 1. 1649
409.0 _ 8.29 §:>\\u://)9uo.o . 1.1630
425.0 8.51 \. ,939.3 1.1613
450.0, 8.69 =~ 938.7. 1.1598
475.0 8. 85 938.1 1.1583
500.0 - / 8.98 937.4 * 1.1570°
52540 9.10 936.8 1.1558
550 , 66 v 9.19 93642 1.15¢6 .
575.0) 9.28, 935.6 - 1.1535
600. 9.35 935.0 1.1524
625.0 9.40 93433 1,1514
1 650.0 9.46 933.7 1.1504
675.0 9.50 933.1 1.1495
100.0 19.53 932.5 1. 1486
125.0 9.57 931.8 o 1.1477
750.0 9.59 % . 931.2 1.1468.
e 175.0 9.61 ¥ . 930.6 e 1.1460
" 80Q.0 9.63 '930,0° < T 1451
828.0 . 9.65 929.3 1..1443 <
- 85G,0. 9.66 928.7 1.1435, -
875.0 - '9.67 -~ 928.1 11427
1 925.0 . 9.69 '926.9 1. 1411
250.3 9.69 926.2 11,1403
975. 9.71 ©925.6 (¥ 1.1395
N 4

1.1387

102
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VDISTANCE
(METRES)
0.0
25.0
50.0
75.0
100.0
125.0
150.0"
175.0
200.0
225.0
250.0
275.0
300.0
325.0
350.0
375.0
400.0
425.0
T.450.0
475.0
5000

525,0 -
5501Q\
575.0
600.0 ' .
625.0
50.0
75.0
- 700.0
'725.0 -
150.0
- 175.0
800.0
: .0
850.0
875.0
900.0
. 925.0
975.0
1000.0

-

‘0.0
25.0
50.0
B 105-0

DISTANCE '
 (METRES) -

"STAGNAT ION
TEMPERATURE
(DEG CELSI1US)

-9.98

=7.01
-4.49
-2.35
-0.53
1.02
.33
3.45

- 4,40
5.20
5.89
6.417
6.96
7.38
7.74
8.04 )
8.30 "
8.52
8.70

. 8.86
8.99

9.1
9.20

N
(-

¢ e o 8 e a
KN eew
B WO UNWaw

-

VELOCITY

~ t8/5EC)

4.4200
4.4730
4.5185
4.5577

»N

STAGNATION
EFESSURE
(MILLIBARS)

950.1
949.5
948.9
948.3
947.6
947.
946 .4
945.7
945.1
944 .5
943.9
943.2
9%42.6
942.0 .
941.3
940.7
940.1
939.5

- 938.8

938.2

9336 -

937.0
936.3
935.7 ' . .
935.1
934.5
.933.8

1 933.2
932.6
-932.0
931.3

+930.7

930.1
929.5 '
928.9
928.2
.927.0
9264
925.8
925.1

BACH

. DUNBER

0.013591
0.013677
0.013751

.0.013815°

0.013871

103

STAGNATION
DENSITY
(KG/CUBIC ¥)

1.2577
1.2y28
1.2803
1.2197
1.2107
1.2030
1.1965
1.1908
1.1859 \ -
1.1817
1.1780
1.1747
1.1718
1.1693
1.4670
1.1650 *
1.1631
1.1614
1.1599
1.1585
1.1571°

" 1.1559

1-1547
1.1836
1.1526
:1515
» 1506
1.1496°
1.1487
1.1478
1.1469
1. 1461
1.1452

S 1. 1444

- 1.1436

-

s

1.1428
1.1420
1.1412
1. 1404

"1.1396

1513@@
RELATIVE

'HUNIDITY

>

1.600 =«
1,000 -
1.000

1.000



» =

125.0 4.6208
150.0 4.6462
175.0 4.6682
200.0 4.6815
225.0 4.7043
250.0 4.2191
275.0 4.7322
300.0 4. 7438
325.0 4.7541
350.0 4.7634
375.0 4.7718
400.0 4.7794
425.0 4.7863
450.0 4.7927
475.0 4.7986
500.0 4.8041
525.0 4.8093
550.0 4.8141
575.0 4.8188
600.0 . 4.8232°
625.0 4.8274
- 650,0 4.8315
675.0 4.8355
700.0 4.8393
725.0  4.8431
750.0° 4.8468
775.0 4.8504
800.0 4.8540
825.0 4.8575
850.0 . 4.8610
875.0° ~  4.8645
1 900.0 4.861717
925.0 4.8713"
950.0 4.8746
‘975.0 4.81781
1000.0 4.8813

0.013919
0.013962
0.014000
0.014034
0.014063
C.014090
0.014114
0.014136
0.014157
0.014175
0.014192
0.014208

0.014223

0.014251
0.014264
0.014276
0.014288
0.014300
.014311
0.014323

0.014333

0.01434y
€.014355
0.014365
0.0143175

0.014385

0.014396
0.014406

0.,014416

0.014426

0.014435

0.014445
0.014455

0.014465

0.014475

1.000
¥.000
1.000
1.000
1.000
1.000
1.000
1.000 .
1.000
1.000
1.000
1.000
1.000
k\1‘000
1.000
1.000
1.000

. 1’000
- 1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

- 1.Q00
- 1,000
1.000
1.000
1.000

.[’

1.000

1.000 °

1.000
1.000

Qiﬂs yH Insn:2:s&sihls\i9ﬂsl gsnssxs;nsd

TEHPEBATURB AT LOWER BITHIICE -

" PRESSURE AT LOWER ENTRANCE

" PRBSSURE AT UPPER ENTRANCE

RELATIVE HUMIDITY AT LOWER BITRAICE
NUBBER OF DIVISIOIS oF PISSIGE

LENGTH -OF PASSAGE
RADIUS OF PASSAGE

"ANGLE OF PASSAGE

* WALL TRAPBRATURE

FRICTION PACTOR

" 1000.000
1500

PRICTIOI 0! UALL TBI! 15 IOIS!

-10.000

950000

" 925.000

1 0.500
40

- 10.000

-

]

DRG

- PEG C.

104
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" DISTANCE '
(KETRES)

oy

S i0g0 SR

DISTANCE
(METRES)
. 0.0

© 25.0,
50.0
75.0
100.0
125.0

. 150.0
. 1i5.0
200.0
225.0

250.0°

275.0
300.0
325.0
350.0
$35.0
400.0
- 425.0.
450, 0
1 475.0
500.0
525.0
. 550.0
575.0
. 600.0
625.0
650.0
- 675.0
700.0
725.0
75000 ’
775.0
800.0

1825.0 1

850.0
875.0
$25.0
- 930.0 .
975.0"
1000.0

0.0
- 25.0°
50.0
75.0

TENPERATURE ERESSURE
(DEG CELSIUS) (MILLIBARS)
'=10.00 949.9
-7.02 949.2
-4.50 948.6
*-2,35 947.9
«0.§3 947.3
1.02 946.6 .
2.34 9%6.0
3045 © 945.3
4,40 944 .7
5.21 944 .1
. 5.89 943.4
6.47 942.8
- 6.96 942.1
7.38 941.5
T.74 ° 940.8
8.04 940.2
¥ 8.30° 939.6
'8.51 938.9
8.70 938.3 .
8.86 937.6°
8.99 937.0 _
9.10 © 936.4 )
9.20 * 935,17 -,
9.28 " . 935.1
9.35 934 .4
9,41 933.8
9.46 933.2 -
9,50 932.5 -
9.54 - 931.9
9.51 931,2
9.59 1 930.6
9.62 930.0
9.64 - 929.3 o
9.65 928.7
19.66 92830
«. 9.68 927.4
9,68 926.8
9.69 - 926.1
. 9.69 .. -925.5 .
< 9.7V . 92,8
9.7 . $925.0
o  STAGHATION
- VRLOCITY .. PRESSURER.
(8/SEC) - (HILLIBARS)
. 4,3200 - 950.0 .
" 4.3736 " 949.3
4.4185 - - 9a88.7
- 4.08593 | 948.0
4.4939 . 947.4

105

DENSITY
(KG/CUBIC M)

1.2570
1. 2416
1.2287
1.2177
1.2084
1.2003
1.1934
1.1815
1.1824
1.1779.
1.1740
1.1705
1.1675
1.1648
1,1624
1.1603
1.1583
1.1565
1.1549 ,
1.1534
1.1520
1.1507
1.1495

1. 1484
1.1473
1.1462  *
1.1452

1. 1842

S 1.1433

1.1424
1.1815
1.1406

1.1397

1.1389
1.1380

o 1.1372

t. 1360
1.1356
1.1348
1.1339.

Coa13n

RELATIVE .
ROMIDITY -

- 0.500°

L itooo ’ . "‘_ .'
Crl000 e

-



& go0l0.

Efﬁ'§~"

L, 125.0
150.0
175.0
200.0

225.0

250.0
275.0
300.0

325.0

0.0

1 375.0
.. 400.0
425.0
450.0
475.0
500.0
525.0
550.0

} 575.0
600.0

1 625.0
650.0
675.0

7¢0.0 .

725.0
1150.0
775.0

825.0
.850.0
875.0
900.0

925,90

950.0 .

975.0

1000, o-"" :
&i&s rH znssnsssiiihls 121:1 nsssnn&x:tlnﬂ

“*@ ¥,

4.5240
4.5501

. 4.5728

4.5927
4.6101
4.6255
4.6391
4.6511
4.6619

- 4.6715

4.6802
4.6880
4.6952
4.7018
4.7079
4.7136
4.7189
4.7239
4.7286
4.7332

- 4.7375
W 7u1f

4, 7457
4.7496

" 4.7535

4.7609
4.7645

“.168‘ 4
4,776

4.7784

4.7854.

4.7889

4. 7922

"L!lGTﬂ or PASSABB
RADIUS OF EASSAGE -
ABGLE ‘op PISSIGI
HMLL TRUPEBATURE -
-PRICTION PACTOR -

]

946.8

946.1

945.5
944.8
944.2
943.5
942.9
942.3
941.6
941.0
940.3
939.7

. 939.0

938.4
937.8
937.1

936.5

935.8
935.2

'934.6

933.9

1933.3
932.6

932.0

S 931.4
930.7

930.1

928.8

928.2 - -
927.5 -

926.9
926.3
925.6
1 925.0°
925.1

- rzupsnntuaz AI:LOH;l &lIlllCz
.. PRESSURE AT LOWER ENTRANCE
. PRESSURE AT UPPER ENTRANCE
- RELATEVE HUMIDITY AT LCRER lltlllC! |
NUEBIR OF CIVISIONS OF PISSAGI C

IIICIIOI OP HILL !ﬂtr IS IOIS!

. -

’ . \kv

& N

-

. s
H

. =10, 000‘
950,000
925.000
0 509 a

1000 000 _
. 1.500 .
10,000
10000
Q.QSGV C

1.000
1.000
1.000
1.000

1.000

1.000

1.000

~1.000

1.000 .

1.000
1.000
1.000

1.000

" 1.000

1.000
1.000
1.000

1.000

1.000
1.000

1.000
1.000

-1.000

1.000
1.000
1.000
1.000

- 1.000

1.000

1.000
1.000

"V 1.000
1.000'

. DBG

:vg!‘%cslff:;;fﬁf o

106

-

DEG c."
as ..
-NB



107.

DISTANCE TEMPERATURE PRESSORE -DENSITY.
(METRES) (DEG CELSIUS) (MILLIBARS) . (Kc/cuald'u)
! 0.0 -10.00 949.9 1.2570
" 25.0 . =9.52 949.2 ©1.2532 ¢
50.0 -8.73 948.6 1.2479
75.0 -7.74 . 947.9 1.2418
100.0 ~6.63 . 947.3 o 142353
125.0 =5.45 946.6 1.2286
150.0 | -4.26 . 946.0 1.2219 .
175.0 -3.08 %S.4. 1.2155 -
' 200.0 -1.94 944 .7 - 1.2093
’ 225.0.  =0.85 | 944 .1 1.2034.
. 250.0 0.18 - 943.4 - © 11,1979
2715.0 - 0.43 942.8 - 1.1958
300.0 - 1.37 . 942.1 Y 4 1.1908
325.0 - 2.24 C9e1.5. T 1,1861
Y 350.0 3.04 ©960.9 - 11818
- 375.0 3.1 940.2 . 1.1778 S
400.0 4.42 939.6 1. 1742 BN
425.0 5.02 : 939.0 1.1708
450.0 5.56 938.3 ., -~ 1.1677
475.0 6,04 ° 937.%, 1.1648 "
500.0 - +6.47 | 93IMO - 1.1622
525.0° ' 6.86 . 936.4 - .. 11,1598
53@.0 T 7.21 935.8 ° ' 1,1576
0 7,51 '935.1 . 1,188 ) -
'600.0 - 7.78 934.5 . . 1.1536 -
625.0 8.02 - 933.9 11518 ‘
650.0 . - 8.2¢ . . ¢33,2 - 1.1501 e
' 675.0 o c8.42 - - 932.6 . 1,486 o
- 700.0 ©8.59 932.0 TR P T & RS
725,0 8.73  931.3 1.1457 '
. 15000 8.86 ©7930.7 . 1.1044,
¢ 118.0 . 8.97 .- . 9300 1,32
- .800.0 M " 9,07 929.4 . 1.1420
©825.0- 9,16 1 928.8 ' . 1.1409
850.0 . 9,23 . 928,1 11398
- 781%.0° 9.30 L.921.5 L 1.1387
. 900,0 9.36 92609 T naan.
925.0 - 9.t U 926,27 . 1,1367
950.00 9,45 9256 . " ' .1,1358
9.0 9.e9 - 925,00 U 1 1348
v 1€00.0 9.52 f_ 925 0 e hﬂﬂ? 3

oIsTamce "vtiocxit " enkssumz- fv»ngzarxvsf: e
- (meTERS) - (l/sxc)-;,ry'v (nxxxxatus) WeEIDITY

00 w2506 | 950.0"  gseq .
25,0 l2636 T ouse. 1 6

o 7§.°§j'yg:"-30273} rfn/.?il§gli,'t]f“‘510920ﬁ _
'2-5 100;Q'?”~ ;.Q.)25Qf S A CLINEEE ¥ T I
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125.0 4.3489 946.8 2.137
150.0 4.3726 : 946.1 2.120
175..0 4.3958 945,.5 '2.058
200.0 4.4183 - 944.8 1.973
. 225.0 4.4399 944,22 _ 1.877
250.0 4.4603 943.5. 1.779
275.0 4.4681 o 942.9 1.6868
300.0 , 4.4869 842,37 1,699
325.0  4.5046 '941.6 ; 1.621
- .350.0 4.5210 94t.0 - 1,549
‘ 375.0 - 4.5363 © 940.3 . 1.484.
400.0 4.5505 : 939.7 1.426
., 425.0 4.5636 939.1 1.374
450.0, = -4.5757 . 938.4 1.328
475.0 - . 4.5869 937.8 - 1.288
500. 0  4.5973 " 937.2 1.252
525.0 4,6069 936.5 1.220
1 550.0 - 4.6158 - " 935.,9 1.193
575.0 ° . 4.6240 . 935.3 - 1.168 -
1 600.0 ; 4.6317 - 9346 . 1146
- 625.0 - 4.6389 - 934.0 - ! 1,128
- 650,0 4.6456 933.3 e 1N
675.0 4.6519 = 932,717 - 1.096 -
700.0 - :4.6578 . - 932.% ‘" 1.083 .
725.0. 4.6635 8314 s 1.072°
750.00 ~  4.6688 . 930.8° - 1.062
775.0 4.6738 930.2° . 1,053 = . .
© 800,0 4.6787 929.5 - - 1,065 x e
825.0 - 84,6833 = 928.9. 1.038 "
- .850.0 q, 8718  928.3 1.032>< o :
875.0 . " 4,6921 927.6 .. 1.02%) '
900.8 .. 4.6963° .. 927.0 Sl 1,02 .
925.0 . 4.7003 . - 926,44 1,017 °
- 950.0 - U7043 925,70 - 1,013
975.0. © - 4708t . 925,1 . 1.010

1000 o . 47119 K ‘925;1 R P 006
s;m L ﬁmssmm mm e

. rzupsnarnnz i Lovms ritaascs e oxé < (w
~ © PRESSUBE AY LOWEE ENTRANCE . 2950.000 8
PRESSURR AT UPPER ENTRANCET 925.Q°0~?ll_

CRELATIVE BUMIDITY AT LOWER: xlrnticn,  S.s00 P
llllll or uxvx;IOis or rasstcz BRSO

“Leveew ‘oR PAsSAGE. 'ff; | I':_;*it'; 1000 oonfih,E:ff\1  TR

. BaoIgs or’ PASSAGE . . »v»';w Cooeouse wl |

ANeLE or’:mm AT e 12,::3..-.,;1136;" SRR
CUALL TESPREMORR - . ' o 10,000 ppec.
L PRICTION FACTOR - . RN ,o{.3¢L;5_51~,?w p33 “p
n‘mlﬂ' O' ML !ﬂlf 13 “IS’ vt ' m% A
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® s
/ " DISTANCE' TEMPERATURE FRESSURE . DENSITY
" (METRES),*  (DEG CELSIUS) (MILLIBARS) (KG/CUBIC N)
0.0 0.01 950.0 - 1.2114 -
25.0 +0.88 949.8 . 1.2146 .
50.0 -0.84  948.7 o 1.2134
‘ 75.0 0.75" 948.1 1.2056 .
{ 100.0 © 2011 941.5 1.1988
' 125.0 3,26 . 946.8 T 1.1930
: 150.0 4,23 946.2 . 1.1880
. 175.0 5.06 945.6 1 1.1836
200.0 5.76 944 .9 -~ 1.1798
225.0  6.36 944.3 . 1.1765
250.0 - 6.87 943.7 S 1.1736
. 275.0 7.30 943.1 - 1.1710
300.0 - 1.617 942,48 1.1687
325.0 £ 7.98 941.8 1.1666,
350,08~ - - 8.25 941.2 C1.1641
19.0 - - 8.47.  940.6 - 1.1630
400.0 8.66 T 939.9 1.1614.
425.0 .  8.82, - 939.3 1.1600
‘. 450.0 J . 8.96 °  938.7 > 1.1586 . S
475.0 9.08 - ©938.1 1.1574 , -
500.0 9.18 © 937.4 1.1562 . .
\ 525.0 9,26 936.8 - . Y. 1551 ‘ e
. 50.0 - 9.33 936.2 1. 1540 - ’
. 600.0 . 9.45 T 938.9 ©  ° 1.1520 T
625.0 - . 9.49 . '934.3 . 1.1510 |
- 650.0: . . 9.53 933,17 t.150v - .
675.0 - '9.56 933,1° ° 1.1892 h
. 700.0 . % 9,59 . 932, Mo B PR 7 Y T -
725.0 T 9461 931,87 1,145 .
750.0 9.63 9312 . L 101467
Co 11500 9.65' 930.6 . - . t.1458
. 800.0 9.66 930.0-. . 1.1850
- 825,00 9.67 - /929, e V842 ..
890.0 .9.68 928.7 - T 1, 1434 v
- 875.0 . . -9.68 - 928.1 - . 1,1426. g
900,07 . ¢ ',-179.,.70 - 927.5 . TR 1, 1"8"‘ L
©925.0 | 9,70 926.9 -, Lm0
. 950.0 ¢ 9.71 926.2 - 1.1802 "
-915:0° . 9.71. 93$.¢'~,.; oL Ta3es o
1000..0 :_'_W;_=9§71" L9380 *4 1 1387,
B stncltr;OI sraallrxon stna:arrou -‘,.,~v e
“ DisrllCl rzuvzlﬁrn:t - PERSSURE - ' DEESITY - ek
(untntsg (nzc clLszns; (lILhIDiIS) (xc/cdlic l? ST
-‘.' 25 foLu{f‘°¢ﬂ0 'T@“ 949.5, ;. L 1331‘7a fiﬁH;IH u~fwf3
| 50,¢ - «0.83 g_v ‘988.9 ,.{1;213§1,~vff_.ﬁ o
o T80 0,760 940.2:; “jf.f31;2951gﬂ;;“?;rg-:,g,ogg
B ioo ofj“:uﬁ,".125:j _A=- 9&1.6;m LU 1.1949 e L e



125.0
150.0
175.0
200.0
225.0
250.0
275.0
300.0
325.0

$350.0 -

© 375.0
7400.0

425.0

450.0

- 475.0

0.0

500.0

550.0 -

575.0

600.0 -
625.0 -

650.0
675.0
.700.0 -
. 125.0

- 750.0

175.Q-
- 825,0

)1‘

 800.Q.

-850.0

875.0

" 900.0 .

925.0
950.0

.995.0

1000 0'

DISfIICE

(METRES) '

v 25.0

75,0
100n05i¢-a

r

125 0
'5°oﬁj

115.0°

200. '

250.0“”

i ag;i*:

~300.0

‘-i.325$Q {;fa

Lo ’i P

3.27
4.24
5.07
5.78
6.37
6.88
7.1
7.68
©7.99
8.26
" B8.48
8.67
8.84
8.97
9.09
. 9.19
9,27
9.35
9.4
9.46
9.50
9.54.

.. 9.517

9.60
9162
' 9.64
9.66
9.67
9.69
9.69

9.1
9.1

9.72
9. 12
'9 72

W LOCIT!

4 /ssc;,

7ﬁ4h5701_.

#5583 ..
0'4.5626‘-;32
: '.59234,_,.
846407 -

e N Yi N e
.- 84,7087

TS A ) L TR
S T80
a3

947.0°
.946.3
945.17
945.1
944 .4
943,8
943.2
942.6 .
941.9
941.3
940.7
940.1

. 939.4
938.8

938.2
937.6
936.9 .
~936.3
935.7
935.1

933.8
932.6

1 932.0
931.3
- 930.7 -

930.1 |

©.929.5

928.9

T 928.2
- .927.6
. 927.0

1926.4

. 928.8 '
9251

macn
1' |onanx' -

- Q. 013793:“
.0,013779
L 0.013791
- 04013040
- 0.013088.
0 ¢13922 Vg] .
‘ f“0.0139564”“:
2T 0.0%3986 . ,
- 10.014013;4 T

- Q.01k038°
< 0.014080
- 0.014080. ¢ . .
'Q.O‘Cﬂg’f“f°~
1?0 01‘!1‘

1.1931
1.1881

1.1838 . -

1.1800
1.1766
1.1737
1.1711
1.1688
1.1667
1.1648
1.1631
1.1615
1.1601
1.1587
1.1575

- 1. 1563

1.1552
1.1541
1.1531 .
1.1521

1.1512

1.1502

- 1, 1493

-+, 1485

"fi'o°°°

‘”1.09
ﬁi.ooo'
e c°°°
1 000

1.1476
1,1468
1.1459
1. 1451
1.1443

- 1. 1435

1.1427

C1.1419

11611

. 1.1403

1.1396

. 1.1388

ninaixvi

| ﬁvnnaxnxr!

E 0 500
0727
7 0.993
,;_7.000 ~'.
‘f‘ 000

.000'

; §1 000

1:0Q0

110




DR 125:0 © 0 326 9a6.13;;;;; jT

- 111
'850.0 4.7535 . 0.016¢133 ©1.000
375.0 4.7605 0.014 148 1.000
400.0 . 4.7669 40.014162 1.000 2
425.0 4.7729 0.014175 1.000 _
450.0 4.7784 0.014188 1.000
475.0 " 4.7836 0.014201 1.000
500.0 4.7885 0.014213 ", 1.000
525.0 4.7931 0.014224 1.000" .
© 550.0 4.7976 0.014236 1,000
575.0 4.8018 0.014247 “1.000
+ 600.0 4.8059 0.014258 1.000 -
625.0 4.8C99 .  0.014268 1.000 -
650.0 . 4.8137 0.014279 1.000
675.0 4.8175 ~0.014289 1.000
700.0 4.8212 0.014299 1.000
725.0 - 4.8248 0.014309 1.000.
750.0 = 4.8283 0.014314 ~1.000
775.0 . 4.8318 0.014329 " 1.000
800.0 4.8353 0.014339 - 1.000
825.0 4.8387 - - 0.0%4349 1.000
. 850.0 4.8421 0.014359 - 1.000 ‘
875.0 - . 4.'8454 O 0.014369 1.000 8
900.0. 4.8489 - 0.014379 1,000 ;
©925.0 - 4.8521 - 0.014388 1.000 . ,
950.0 . ' 4.8536 0.014398 . 1.00 A ¢
975.0 . 4,8588 0.014408 1.000 :
1000.0° 4.8621 0. 014417~ - 14000 )
sts & Inss!nsgﬁaihls 19§£1 ssns&xsinsﬂ T
f- | R -
- rznpznnruuz ITJLOUBR EITRAICE , . =40 ' "DEG.C.
PRESSURE ‘AT LOWER ENTRANCE R T 950.000 HB.
_PRESSURE AT UPPER EMTRANCE .~ . 925,000 #B .
RELATIVE HUMIDITY AT LCWER BITIAICE - 0.%00 el
NUNBER OF. BIVIS}OIS OF PASSAGR. ~ - . 40 - - Co et
LENGTH OF FASSAGE Ve "1ooo,ooo ¥ T
"RADIUS OF PASS ST 1800 A
A . 10 oqo,t 6 - |
z o S e.oaof;-;‘-v ey e
: snLeruar IS noxs: R _~; .ooo";u;~ FO |
rnsnllarulz “f'PIBSSGIS -nxlszr! |
o (nzn cnzszos, (lILLIlllSJ (tc/culxc a&gﬁ /
0-0 o.o “’ 9 ol
H‘zs;o~".;: “0.90 R 949;2”;i<¢.,~ | .
S 80,0 .0, 08 T SNR.E *:a S
L1540 0 0,18 9t0-0f59a£;¢~u af



150.0 4.23 946.0
175.0 ° 5.06 945 .4

200.0 5.77 944.8

225.0 6.37 944 .1

250.0 6.88 943.5

275.0 7.31 942.9

300.0 7.67 942.2

i 325.0° 7,99 941.6
350.0 8.25 941.0
375.0 8.417 940.3

- 409..0 8.67 939.7

425.0 8.83 939.1

450.0 8.97 938.4

' 475.0 9.08 937.8

- 500.0 9.18 937.2

525.0 9.27 936.5

550.0 9.34 935.9

575.0 9.40 935.3

600.0 9.45 934.6

625,0" 9.49 '934.0

650.0 9.53 933.4 -

675.0 9.56 932.7

- 700.0° 9.59 '932.1

725.0 9.61 931.5°

- 750.0 9.63 . 930.8

775.0 9.65 ” 930.2 .

- 800.0 9.66 ' 929.6

825.0 9.67 929.0

*850.0 ceg 9468 928.3

- 875.0 '9.68 - 927.7

900.0 9.7p 927.1

925.0 9.70 " 926.4

950.0 9.71 . 925.8 . .

2975.0 9.71 925,27

1000 o %.71 ;;nszs.o-

N '__ IR stAcllerl
DISTANCE ~ VELOCITY - . ‘- PRESSURE.
' _‘(uzrngS)- . (M/SEC)” (HILLIBIIS)

- c . :

0600 1 4.5100 0 ' 950.0.

- 25.0.° Y 4.5000 ;QWQ,O
30.0- - 4.5062 . ', 988.7
7.0 . 44,5357 98Bt

10050 - .. 4.5626 - . 94T.41 .

©135,0 - . 4.5860 i 986.8

. 150.0 - q.sosa~“*"“”,sas.2,

Ts.0 4.6243 - . 945.5
o0 200,00 4.6800 . 944,.9
T 225.0 . 806539 9883

S 25000 0 v 4.6662 . 983.6

| 275,00 w.6772 ﬂﬂi,scs.o

» ©300.0 . 4.6870 . - 942.4
'325.0 . . 4.6959 .. 943.7 -

1.1848
1.1802
1.1762
1.1727
1.1696
1.1669
1.1644
1.1622
1.1603
1.1585
1.1568
1.1553
1.1539
1.1526
1.1514
1.1502
1.1491
1.1481
1.1471

S 1.1461

1.1452
1. 1442
11434
1.1425

1416

1.1408
1.1399
1.1391

/1.1383

1.1375.
-1.1367.
1. 1351

C1.1363,
1.1335" ./

. RELATIVE

BUAIDITY

--~o.Soo:.!

0.728

,i*ropsss

1,000

, ?;1-900,};' 
' =ﬁ1 000

112

R
- ; .
. ; e
- e

‘geo“ja

'~ﬁ1 000

1.000- -

- amee
S Ae00
:.-; Ve oon - . ,



e T . N
- DPEIL ‘ v . )
-‘:r_d..‘.-' - . .

o . .

350.0 © 4.7039 941.1

375.0 4,711 940.5
400.0 . ~ 4.7178 939.8
425.0 L 4.7240 939.2
450.0 .. 4.7297 938.6
475.0  .j $.7351 937.9
.500.0 5, 4.7401 :937.3
525.0 .,[ 67449 936.7
550.0 ! 4.7494¢ - 936.0
575,0 gy 4.7537 935.4 -
600.0 a 7579 934.8
. 625. off .7620 934.1
650.0-;/ u.7659 1933.5
675.0"" . 4.7697 932.9
700.07, . 4.7734 - 932.2
725. y  4.7171 . 931.6
750, - 4.7807 ‘931.0
775.9 4.7842  * 930.3
800.0 4.7817 ' 929,17
.825:0. 6.7912 929.1
‘#50.°0 4.7947 % 928.5
87%40  4.7980 927.8
908.0.  4.8015 927.2
925.0 4.8048 1 926.6
950.0 , 4.8083 '925.9
1 975.0 4.8115 925.3
1ooo 0 4.8148 925 1

113

1.000

1.000

1,000

1.000

1.000

1.000

1.000

1.000

1.000

1.000 - :
1.000 S
1.000

1.000

1.000

1.000

1.000

1.000

1.000
1.000
1.000

1.000 .
11,000 |
1.000

1,000

1.000

1.000
11.000

ssss EH 1359!2::&51&12 19491 = nnsgnxsxginsd

. \.:-"l.‘ > . L

..pn;asoau AT UPPER BNTEANCE .. 925.000 uB
RELATIVE HOUNIDITY AT LOWER: zutnaucz © . 0.500 y
NUNBR or uzg;sIOls oF PlSSAGE S w0
LBIG dr ptss:cz 1000.000 -8

. RADIUS\OF £ASSAGE. - 3 1.500 - .

" AMGLE QF PASSAGE ' 10.000  ©2G -

. WALL TENRERATURE 10.000 D26 c.
'PRICTION FACTOR . 0.030 -
_raaérxol OF WALL runr s, uoxsr 1. 000 . .

_ SR R
nxsaxlcz* . TB!P!BAIUBB . PRRSSURE .;nzlsxzt o :
(531325)' - (DBG czzsxns; gulnxzaalS) Qltc/cusxc u) :

. o 0. e, 0 ‘; 949.9 , 1. 213% , “M;7
sog‘u‘ g, ~84 . . 948.6 o 2N2
R W “0.76.- 948.0 Co1.2098 o -
U 100.0° - =0,46 . '. '987.3 1,2069 ..
.,12§;oa;v,vf—o%Q1.f.-; . 986,7 1.2038 =

ttu&znnznna AT ‘LOWER EMTBANCE
PRESSURE AT LOWER ENTRANCE

P

“'! ' t

-.0. LBG C.

. 950.000.- ¥ - *



. -

[P

©150.0
- 175.0
200.0
225.0
250.0
275.0
- 300.0
325.0
350.0
375.0
- 400.0
425.0
450.0
475.0
500.0
.525.0
550.0
575:.0
600.0
625.0
650.0
675.0
700,.0
725.0
750.0
775.0 .
800.0
-825.0
. 850.0
875.0
900.0
925.0
950.0
975.0
1000.0

DISTANCE
(METRES)

b 0.0
25.0
50.0 -
75.0_-

»125'0 -
150.0.

13500
200.0- . -

.225.0

250,0

K:,275}0»
3000

32800

-

0.54 946.1
0.41 945.4
1.07 944 .8
1.3 944 .2
2.40 $43.5
3.04 942.9
3.66 942.3 .
4.24 941.6
4,79 941.0
5.30 940.4
5.76 929.7
6.19 939.1
6.58 938.5
' 6.93 7 - 937.8
7.25 937.2
7.53 936.6
7.79 935.9
8.02 g ‘935.3
8.22 934 .7
8.41 © 934.0
8.57 933.4
- 8.71 . 932.8 K
8.84 . 932.2
- 8.95 931.5
9.05 930.9
9.13 930.3
9.21 it 929.6
9.28 - 929.0
9.34 928.4 -
9.39 927.7
9,43 - 927.1
9.47 1 '926.5
-9.51 925.9
- 9.54 925.2
9.57 ¥25.0
g STAGHUATION
VELOCITY FRESSURE
(M/SEC) *(yllLIBIIS)
4.4700 - ‘~?50.01
4.4601 9.4
4. 4662 o :9“807
oo B.4T724 948.1
4.4819 947.5
k't“-“ﬁ3§ o 9“6;8~{g
- 4.5066 S 946.2
4.5086 - - - 945.5 .
4,5232 -~ _9““;9 o
4.3379 0 4.3
 4.3825 . 943.6 -
f‘oSG"  9.30°*».
- 4,5806 °  9%2.4
4.5935 . -oe1.7

1.2003
1.1998
1.1959
1.1920
1.7882
1. 1845
1.1810
1.1776
1.1744
1.1714
1.1686
1.1660
1.1636
1.1613
1.1592
1.1572
1.1553

. 1.1536

- 1,.1520
1.1504
11490
1.1476
1,1463
1. 1451
1.1439
1.1428
1. 1417
1. 1406
1.1396
1.1387
1.1377
.1,1368
. 1.1359
1.1350
1. 1341

 HUMIDITY

0,500
'“Q00128
0.99%
1.165
1,396
'}‘-““P'
1. 47

. 1.55%
' 1.538 -

‘L v'@51‘.{
.»1'¢‘17“ 
.ﬁb‘Q“QOi_.
1,801

=l .

. RELATIVE .

114



350.0
375.0
4Qb. o
425.0
450,0
. 475.0
500.0
©525.0
550.0
575.0
600.0

625.0

650.0
675.0
7€0.0
725.0
750.0
+775.0
¥800.0
825.0
850.0
875.0
900.0
925.0
950.0

975.0"

1000.0

4.6059
4.6177
4.6288
4.6391
4.6489
4.6580
4,6665
4.6745
4.6820
4,689
4.6957
4.7020
4.7079
4.7%35
4.7188
4.7239
4.7288
4.7335
4.,7380

4.7423 -

4.7465
4.7506
4.7546
4.7585
4.7623
4.7661
4.7698

941.1,
940.5
939.8
939.2
938.6
938.0
937.3
936.17
936.1
935.4

. 934.8

934.2
933.5
932.9
932.3
931.6
931.0
930.4
929.8
929.1
928.5
927.9
927.2
926.6
926.0
925.4

925.1

1.364
1.328

. 1.294

1.262
1.234
1.207
1.184
1.162
1.143
1.126
1.110

1.096

1.084

-1.073

1.064
1.055
1.047
1.040
1.034
1.029
1:024

1,020

1.016

1.012 .

1.009
1.006

1.003
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THE COMPBESSIELE MODBL

- N
]
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THIS PKOG BRAN CALCULATES SPELECHICﬁOCLIHATIC PABRAMETRES
GIVEN CERTAIN CHARACTERISTICS OF THE CAVE AND THE
EXTERNAL ATMOSPHERI CONDITIONS. THE AIR IS ASSUMED
TO BE COHPEESSIBEE. :

» . - )
. ; .

“
"DOUBLE PRECISION U,SVP HTEST DABS,ESTETD, ACTUAL
DINENSION T (101), T0(101) TV(\OI),D(IO\),DO(101)
DIMENSION P(101), PO(101),QSP£C(101)

DIBENSIOI }(101) v(101) ,REED(101).

DIMENSION- PI(101) PII(101) PIII(101)

DIMENSION X(101)’ .

REAL L,QBIGTH K JI,ﬂII,LlPSE INPUT

g “a '. . "

l

VIRT (A,B) CALCULarxa'riz vxamo&n &zﬁpaaarunz AT
TEHPERATURE A AND SPECIFIC HSSIDITY. B

L] . e '/.o ’
" VIRY(M,E)=A%(1.040.609¢B) .

‘hElD THE EXTERNAL ITHOSPHBRIC‘COIDITIONS

Atuospuznxc rsupnnarunz AT LOWBR. BITRIIC§
ATBOSPHERIC BRESSUEE AT LOWER ENTRABCE
ATHOSPHERIC PRRSSURE AT OPPER ENTRANCE :
BELATIVE AUNMIDITY AT LCWER BETRABCE (nzcquL)'-
WUNBER QF DIVISIONS AT WHICH PARANRTRES ARE
. CALCULATRD (THE LARGER ¥ IS, KHE. GREATER raz-
ICCURIC!. uaxxnus = 100)

. ,Jf

ﬂzan(u 100; TRXTL 9zxtL.rzxrb.nu,l -
100 IOBBII(PG «T10, re.a.rzo,re 1,:30 e, 1,240, 14)

TEXTL
PEXTL
PEXTU
RH :
LB

E R

N o

'READ rut cnannctxaxstxcs OF iﬂﬁ
. ».~

'LENGTH = LIIGTE'OIACI'B
?COB!P = CO!I!ICIIIT or PIICfIOI (?IIIIIG)

l"

P T
T

e
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L4

RADIUS = RADIUS OF PASSAGE ! ' o
TWALL = WALL TEMEERATUBRE IN CAVE

THETA* = ANGLF OF PASSAGE

E = zaac&xou OF PASSAGE WALL THAT IS MOIST (0.0 OR

1.0), .

-

READ (4,101) LENGTH,FCOEPF,RADIUS, TWALL, THETA,E \
101 FORMAT (F7.1,T10,F5.3,T20,F5.2,730, F6.2, T40,F4.1,T50
1 JE3.1) ,

CONSTANTS
K = RATIO OF SPECIFIC HEATS FOR DRY AIR .
TFREEZ = FREEZING POINT OF WATER :
BGAS = GAS CONSTANT FOR DRY AIR,
RVAP = GAS CONSTANT FOR WATEE VAPOR
ce = SPECIFIC HEAT CONSTANT PRESSURE
G = ACCELERATION DUE TC GRAVITY
L = DEY ADIABATIC LAPSE RATE )
K =-1.4
TFREEZ = 273.16
RGAS = 287.04
RVAP ° = 461.50
cP = 1004.0
<G = 9,80
1 =

0.00976

. >
PO(1) AND TO(1) ARB ruz INLIIAL STAGNATION Passsnnx AND
rnupzalronz

X(I) IS THE DISIHJCE INTO THE ClVB, WHILE DBLTA IS THE
IICREHENT OF DISTIHCB EITﬂEBl CILCULIT!D CROSS"SBCTIOIS

PEXTL=100,#PEITL o
PEXTU= 100 .*PEITO R .
PO (1) =FEXTL - o
TO (1) *TEXTL+TIRERZ e

. x':' . . S

- NN=Ne C : .
oznrn-x:usrn/(xl) N
Ir)s=¢.¢c. , = . o 4
DO 10z I=2,8M, - - . -
X(I)=}% fI"1) ODBLTJ : e

- 102 CONTINUE *

LAty O

. :!ALLa:lALLorrnzzz o SRR
- SEOTH=1.0 IR | o
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-

QWALL = SPECIFIC HUMIDITY AT SATURATION FOR THE
WALL TEMPEEATURE AT ATMOSPHERIC PRESSURE

QST = SPECIPIC *HUMIDITY AT SATURATION FOR
INITIAL ATMOSPHERIC CONDITIONS

.QSPEC(I) = SPECIFIC HUMIDITY AT DISTANCE X(I) INTO CAVE

T (I) = TEMPERATURE AT X (1)

TV (I) = VILATUAL TENPERATURE AT X (I)

D(Iy = ALR llﬁﬂ%;x AT X(I)

W 5 'LOW

.,‘L’ 2 .\3“ ‘
\‘QST*(RH~1.0))01.0)

¥ ¢ . ,
ASSUME INITIAL VELOCITY = 1.0 AND CALCULATE INITIAL
CONDITIONS, ESPECIALLY THE INITIAL MACH NUMBER B(1)

V(1)=1.0

103 BEAD(5,999) INPUT

999 FORMAT (F6. 3) ' -
P (YupoT .NE. ) V{1 =INPUT | ‘ «
T(1):10(1)0(7(1)&*2%0)/(2 o*Ccp) -
TV (1) =VIRT (T (1) ,QSPEC (1)) :
M(1)=V(1)%((K*¥RGAS*TV (1)) *# (=0.5))
FI(1)=(H(1)$*2.0) % (1.00K¥ (n (1) 922.0)) /"

R (1.0=K* (N (1)*$2.0))
PII(1)=(n(1)#*%2,0)%(2. 0‘!‘(&(1)*#2 0))/
1 * (1.0-Ks (N (1)*2+2,0))

PIII(1)=(#(1)%%2.0)%2.0/(1.0-K* (M (1)*#$2.0))
P(1)=E0(1)*((1.0 +(K-1. 0)4(5(1)¢¢2 0)/2.0) %+ ((K=1. 0)
1 /K)o . , . .
D (1) =P (1) /(RGASSTV (1)) : : T
~W=D (1) 93, 14159#(310105tt2 optV(t)

=

ﬁOlITﬂ = lOlITORIlG DEVICE POR HU!IDIT! (IP 0, IIR
' - IS UOI YET Sll’UllT!D, I! 1, 17T 1s) .

' uplirn -'o

. .

'SROOTH = COEP!ICI!IT or IRIC‘I'IOI IOI S!OOIH PISSAGB
X0 o = ﬂ!LleTIOI LllGTB c : .

!

Iruncozrr zq SIOO!ILPCOIIP=2 o _ '

. saooraao.25t(A:S(o.seassonxoc((ssoaa 12*!/:19103)/
1 ° (1, 96~t|Loe(3saas 12#!/:10103-3.32:5);;¢t :
2. 2.0)) . _

Ir(tcorrr.cl.1 ooo)rca!rr-slaarl
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'CALCULIQR 'IITDAL !Bl?lllfﬂll IID IICB lﬂ!'!l

XO=( (SMCOTH/FCOEFF) #%0.5) #169.86% (RADIUS**0.8) **
1 (W#%0.2) “

BEGIN DO LOOP TO CALCULATE SUBSEQUENT CROSS=-SECTI@NS

-

DO 110 I=2,NN , : S

-

N
‘

IF THE TEMPERATURE IS BBLCi FBREEZING, H IS ThB LATERT
HEAT OF SUELIMATION. IP IT 1S ABOVE PREBZIIG, B IS
THE LATENT EEAT OF VAPORISATION

‘ B
IF(T(I-1).LT.TPBEEZ)H=2.50E6
IF(T(I-1) .GE.TPREEZ) H=2.83E6

THE TEMPEFATURE IS NOW CALCULITED. THE PARTICULAR

FORNULA USEL DEPENDS ON WHETHER OR NOT THE AIR. IS
SATURATED ' .

IF (ROMITR. uz 0)co 70 105
cspzc(I)aQuALLo(ospo(i-cnaLL)tE:p(-x(I)/xO)
EP (CSPEC (I) .GE.SAT (T (I=1) ,P0(1}))60 TO 104
T (1) TUALL-L*XOtSIl(anrAts 14159/180.0) -

o1+ #(T(¥=TUALL*L*XO*SIN(THETA®3.14159/180.0))%
-2 BXP(-I(I)/XO}O(B‘B*(GSPBC(1-QBILL)‘X(I)'
3 BXE(-E‘!(I)/XO))/(CP*XO) ,
60 TO.107 | s

104 LSAT=X(I-1) i
TSAT=T (Ir 1)
MONITR=1

105 QSPEC (I) =SAT (T (I=1) 90(1))

T =T T-1)

- stouALLtL/(cptnvapt(tiALL#tz o;;

‘JII=L/ (EVAD* (THALL%%2.0))
LAPSE=LeXO*SIN (THETA®3. 14159/180 0)

'106 TI!STSIUALL*((I 04JI) *LAPSE/ (JI*JIISLAPSE+]. 0))*

1 (TSAT-TRALL+ ( (1. Ooax)tLlnax/(JztaxxtLApszo
2 7 1.0)))*BXP( | (ABS (JI*JII*LAPSE+1.0) ##2.0)%
3 (XSAT-X ()~ (!(I-tSlt)‘XO‘JI'JII‘(JI‘JII‘ -
4 - LARPSB+1.0)) /(X0%(1, ooax))) :
IP(AES(!(I-!!IS!).L! 0. 01)30 1o7
. T(I)=172ST N _
- ro 106 '
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' 4
: N(1)=H(I-1)
108 PI(I)=(M(1)*%2.0)%(1.0+K*(N(I)**2.0))/

1 (1.0-K*(K(I)*%2.0))

FII(I)=(M(1)*%2.0)% (2. o*xt(u(I)ttz 0))/

1 (1.0=K* (8 (I)*%2.0))
PIII(I)=(H(I)*%2.0)%2.0/(1.0=K* (N (I)**2.0))
MTEST=( (M (I=1)*%*2,0) ¢ (((FI(I)/TV(I))+PI(I=1)/TV(I~1))

#0.5% (TV(I-TV(I=T)))+ (FCOBFP* (F1I (1) ¢F1I (I~1))
*(X(I-X(I~1))/(2.0#RADIUS)) ¢ (G*SIN (THETA®
2.0%3.14159/360.0)* ((FIII(I)/TV(I)) +
FIII(I=1) /TV(I=1))*(X{I-X(I~1))/(2.0%
BGAS)))**(0.5)
A I?(DABS(H(I-UIEST) LT.(1.E-6))G0O TO 109
M(I)=MTEST |
6C 10 .108
109 P(I)= (1)*(5(1)/5(11)*((TV(I)/TV(1))*‘0 5)
110 CONTINDE
" WRITE (6,9000) Vv (1), P(Iol)
9000 roanar(1x,r1;u,sx,r9.2)

N EWN -

'MOW ITERATE POR INITIAL VELOCITY
| A

ESTHTL=DBLE(P (N+1))
ACTUAL=CBLE (PEXTU)
VIEST=V (1) % ((ESTHTD/ACTUAL) #%4.0)
- IP(ABS(V(1=VTEST) -LT.0. 0001)60 T0 111 .
V) =VIEST . , L
. GO T0 103

ecnxcnxnrz,ixnfasapxpzuc'pnnadzraxs

L 111 BH!D(1)'QSP!C(1)*(511(1(1),PO(l)-l 0)/

-1 : (sar(r(1) PO(1))‘(QSPIC(1-1 0))
. DO 112 I=2,8N
112 RBID(I)'QSPIC(I]‘(SA!(!(I-I),PO(I)-1.0)/
S o (51!(:(1-1;,po(1;;t(csntc(1-t 0))
*DO 113 I=4,08 = IR
PO(I)=P{X)*( (1. 0*(8-1 01‘(!41)"2-0r/2 07“ PSR
1 (R (B=1.0})) . Lo T Lt
D (I)=F (I) /(RGASSDV (1) )
719011)‘3:1%*3(1 0*(!-1 0)‘(141)‘*2 0)/240)“(1 0/
o (F=1.0))) -
o ro«;)-!¢1;041.oo(a-a 030(1(:5tt2 03/2 o-rr:::z
L T(I) =T (I-TIREET J
_t,_t'tI)-rvcx-rrnlnz - ‘
' -~fpo(1;-.01090(1)
P(I)=.010P (1) o
' ”'(I)"li)'Dtii/D(x)

. \‘."

113 cortINoy

yﬂ:!lilgutlltl~!tlllz
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PEXTU=.01*PEXTU
PEXITL=.01%PRXTL
WRITE (7,114)
114 FORNAT (*=')
WRITE (7, 115) TEXTL
115 PORMAT (1X, *TENPERATURE AT LOWER BNTRI!CE',TQO,
1 F8.3,750,"'DEG C.') ,
WBITE (7, 116) PEXITL ' : ‘ .
116 PORBAI(IX.'PRBSSURE AT LOWER BNTRAICE',TQO, i
1 F8.3,750,'H4B") - L,
WRITE (7,117) PEXTU : .
117 FORMAT (X, *PRBSSURE AT UPEER EITBAUCE',THO,
1 F8.3 TSO,‘BB ) ,
WRITE (7, 118) RH '
118 FORBAT(!X,'RELATIVB HUUIDIT! AT LOHBH BNTRIICE'
1 T40,p8.3) ) ,
HRITE(? !19) N
119 PORMAT (1X,*NUNBER OF DIVISIONS OP PASSAGE',TQO i4)
‘ URITE(? 120) - _
120 FORMAT (*'~')
: WRITE (7,121) LENGTH . ‘
121 308511111,'LEUGTH OP PASSIGE',TQO P8 3 TSO,'B')-
: WRITE (7, 122) EADIUS
122 FOBBIT(1X,'RIDIUS OF PlSSAGE',T“O r8 3.150,'!')
; WRITE(7,123) THETA
123 {QR!AT(1X.'A!GLB or PASSAG!',TMO 18 3,!50,'036')
RITE(?7,124) TWALL ’
124 PORHAT(1X,'IALL T!lP;BAIOlE'.T“O,!B 3,!50 'DBG C.')
WRITR (7, 125) !COB!! -
125 Poaal!(ix,'lllcrIOI rac:oa-.ruo,ra 3)
. WRITE(?, 126) ) B ' o
;.126 FORllt(ll,'rilC!icl or UALL Tﬂl! IS IOIS?‘,IIO,PS 3)_;
7 NBITE(1,12)) JA< .
127 FORNAT (*~) | |
GRITR(7,128) :
g1za zonunt(1:.-nxstancz-,115,-rnnrxnnrnlx'.rso.
U -pxzssunz-.tns.'onlsxz!-) . o
WRITE(7,129)

. iz’ ’°"“61i;'(lztatst'.!15.'(016 cz;sxus;',a;o, _.;f'_]

1 ;:'(lILtI!llS]',165,'(gg/cq';¢:.,c)
CNRMTE(7,130) . - (e I
130 POREAT ('=%). . 7493"-' .~"x““;a ,.J?ﬁ -
DO 132 I=1,88 | s
L MRITR(1,131) xtzl.tlz:.a¢xa.a(1
. ‘31 lo"“““”‘ "!ul”‘21f3°o" l,‘l’ti;!ﬁoﬂ

o (132 CoRtLEUE

. ...-;_133 !Qil!tQ:-q T

WRITH (7, 134)

o 13¢_zoRnat (1,115, 'uummn'.:u. ' smmuev ,ns , gty

A muom
III!I(T,th]

'f.“’ﬁ"‘of.5nfﬂ"‘1t"’




WRITE (7, 136)
136 FOBBAT (1X,* (METBRES)',T15," (DEG CELSIUS)', T30,
1 ' (SILLIBARS) *,T45," (KG/CUBIC H)') .
WRITE(7,137) : ’
137 FORBAT(*~*)
DO 139 I=1,NN
WRITE (7,138) “’% ,TO(I) ,EO(I),DO (1) _
‘138 FORMAT (1X,F7.1,TVS, ra 2,r3o,r6.1,ras,re.u)
139 CONMTINOE . .
WRITE(7,140)
140 PORMAT (*=?)
WRITE(7,141)
141 PORMAT (1X,*DISTANCE?,T15, 'szocxrr-,r3o;“uacu-
1 145, "RELATIVE®)
. WRITE(7,142) v '
- 142 FORBAT(1X,'(BETBES)',T15,'(H/SEC) ,rso,-uuuann'
1 - rus,'uuuxnxwr') ,
~ WBITE (7,143) -
143 PORMAT (*="')
DO 145 I=1,NN '
WRITE (7, 1aa; (), V(I}.l(l).iﬂlb(l)
144 FORNAT (1X,P7.1, 115 1.4, rao F8.6 rujL15 3;
145 comtINoe
WRITE(?, 146)

| ﬁu(» PORNAT (*=4) - /

'hﬁnn&nhd<_

" nffaoon svp sto.otog-s.osvata((zis.1Q/t~1.0) jg{ffj'éfff;féi”'

srop S T
!.D -. . . .‘ N X N . L .

snr(a,a) c:nconarzs THE srxcxrlc HUNEDITY ar saruaarxoi
POR TENFRBATURE A AND rnzssu:z B e

SVP IS Tﬂ! 8!208]!10! VAROR 3388033 AT !8!?3“!0!! T

IﬂlCtIOl Sl!(l,h)

SYP =10. ottc-1.90298‘((373-15/t’1 0) Lk
1. . +5.02808%4L0G10(373.16/4) -

2 =(1.,38168-7) 5 (10. ottftt.sunt(l 0*(11373 16)))
3 #1i0)448.13208=3) 8 ((10. 088 =3 ugeNGe . .
K3 ((313.16/A-1 o;)-t 0)01L0010(1013.2l6))

'60 101001 -

AP =3.505540410610(273..16/8)
30 +0.876793% (1, 0~(A13?1-1§))0ALo¢1ﬂ(6.!G?l))

’ :{; ;*;1003 l&’siiﬂ-(J.OI((CQ 6219792%0) /(. oztn-ayp;;¢1 o -

ll!b

122

IP(A.11.273.16)60 TO 1000 . “'..3_;-. ;1;,;u

° e Ben
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THE INCOMERESSIBLE MODEL - CONSTRAINED

‘O#t#‘t.‘0‘ﬂt‘gtiﬁtﬁtttttttttiti‘i“‘#“tt.#.‘0“‘###“‘#‘

Tt

THIS PROGBAM CALCULATES SPELECMICROCLIMATIC PARAMETRES

GIVEN CEBRTAIN CHABACTERISTICS OF THE CAVE AND THE

EXTERNAL ATMOSPHERIC CONDITIONS. THE AIR IS ASSUMED L
TO BE INCCMFRESSIBLE. _ , - ' .

COO AN ACAA A
<

DINEZNSION V(101; P (101) ,P0(101)

DINENSION T(101) ,D(101) ,TV(101)

'DINENSION CSPBC(101) 3830(101)

DIBMENSION X(101) :

BEAL IQEE:ST”'JI JII IITA,IIIB LAPsx,Ilpur

VIRT(I,B} CILCULIIBS THE VIRTOIL TEMPEEATURE IT
TBBPEBITUBB A AND SPBCIIIC BOMIDITY B.

‘,ri;nmg;.a)t;t(j;ofq,sosta) y

‘aznn,yuz‘zxrzannx AT!OSPB!IIC counxrzous
CTEXTL -
PEXTL
PEXTU
nﬂ_.:
L

- l!lOSPBBlIC ruunwxx AT LO'II IIIRIICE

ATHOSPHERIC PRESSURE AY LOWER ENTRANCE =
ATHOSPHERIC PRESSURE AT UPPER ll!lllCl o

'l!LlfIVl HORIDITY A% LOIIR ENTRANCE : I

" BJNBER OF DIVISIONS AT #HICH Plllll!lls ARE.

. CAELCULATED (THE LARGER ¥ IS. Tﬂ! Gllltl! TH! BRI
'ICCBIAC!. !illﬂﬂl - 100) .

fﬁfﬂ . RN

3

,Qdoqnhnhdﬁhnh‘nhhnhh.

e naan(a,ioo; tzxtL.pxx!L,p:xrn.ln,; 7
1100 roau&t(rsez.!to,rs.1,:20.!6 s,rso.ru.t ruo.xns

v.I ‘

fnzan ruz camaact:nxsrxca or rnx cnvz 'm:';;l:

.txlctn LINGE8. o& cav: ’

- PCORRY = CORPRICIRNT ‘CPF. rucnoa (ruum
-RADIUS = BACIUS OF PASSAGE. ¥
~THALL. ‘s SALL TBEPRRARURS 1: cavn |
CTHRTR o~ &slzx”nr,rassacl |

‘II

nonmatnaany
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101

1

CONS

{

READ (4,101) LENGTH,FCOEFF,RADIUS,TWALL, THETA,E
FORMAT (F7.1,T10,F5.3 rzo P5.2,130, F6. 2,T40,P4.1,T50
~!33 1’,"\ L

. \ / \

!
)

N
TANTS \M/ \
FREEZING POINT QF WATER

TFREEZ =
RGAS = GAS CONSTANT FOR DRY AIR
BVAP = GAS CONSTANT POR._JATER VAPOR
cp = SPECIFIC HEAT. CONSTANT PRESSURE
G = ACCELERATION DUE TO GBlVIT!
L = DRY ADIABATIC LIPSE RIIE
n
TPREEZ = 273.16 , I
RGAS . = 287.04 . | g R
RVAE = 461.50 "
- CP’ = 10064.64 |
G a 9080 o ‘
L s q;qos1s.

PO(1

X (T)
INCRESENT OF DISTANCE Bnrnnxl CALCULATED cnoss-szcrxons

qsk&

IV(D . e VIRYEAL SERPERATORR aY ¥{

 I{I) =X (I~1) ¢DELTA
102 o
. rc:xz-:uaxzorraxxz gt TN T T
osMOcTHRN.G o Pm,-,,:;ﬂj;;j;”a,{iy¢,w»fs

) IS TBE IIITIIL ST‘GIITIOI PRBSSURS
18- Tﬂ! DISTAUCB IITU IBE CIVB, WHILE DELII 1s. THE.

i
: 7,93111-109.998;!L._
PBXTU= 100, ¢PEITU
.‘«‘LPO(t)-F!X!L e
ﬁ.‘.‘. I f".‘
L aesper. T ' '
R .oxxta-§nlcra/(xl)
L B ()=050
a : DO ‘02 132,“

CoNTINOE"

S

L - SPlCIIIC ﬂB‘ID ! At 8&!0“!10!'?0] fll

= SPACTRIC NOAZOITY AT SA$ORALION 2O
INITIAL ATAASPARALC CONDITIONS
* SENPERATORE A% 2@1)

e AN DRNSITY AT X {1}
w uss lul or Mok .

124

gu”“.(!‘)' - 'SPRCIFIC. HONIDE r at wmuct xm xm. cn: Lt




BN o N2z R s R e Na]

nheconn

. ‘ .
T(1) =TEXTL¢TFREEZ

QWALL=SAT (TWALL,PC (1))

QST=SAT(T (1) ,PO(1))
cspsc(1)=(osr*aa)/((osr¢(aa-1 0)) ¢1.0)

CALCULATE THE VIRTOAL TBHPEBATUBE AND THE AIR
DENSIT! AT THE LOWER ENTRANCE

TV(i)='IFI(T(1).QSPEC(1))
‘ 0(1)fEC(1)/(nGAStTV(1))x.

ASSUBB IlITIAL -VELOCITY = 1.0 AND CALCULATE IIITIAL

'PRESSURE , o : - ‘.’b

V(1)=1.0 '
103 REAL(5,999) INPUT

© 999 FOBHIi(!6 3)

‘dnnnnn

”dhqnnq

.Wﬁﬁﬁﬂqdhﬁd_ p‘

IF (INFOT .NE. O, 0)'(1)=IIPUI .
P(1)=EC {1=0.5%D (1) *(V (1) #%2.0) .
g nsnjl){3.14159*(agnxus¢t2a0)tv(1y3

!OHI?B ® BOIITOBI!G DEVICB FOR HUIIDIT! (IF 0, AIR
o IS lOT YET SITURIT!D. ir-1, IT Is)

_upuirn =0 N

_SMOOTH = CO!I!ICI!IT ‘or. PRIC!IOl lOl SlOOTH PlSSlG! "

10 | = RBELAXATION LENGTH .~ .

II(ICOBIP !o.snoorn)rCOlrrcz.o S

. o QCQ*lLOG(JSSOG‘12011110103-3 0215)g)ta
L2  4=240)) .
xr(!cottr.c¢«1 ooo:rcotrr-snoors S '
0-4(slco:t/rCOlrr)“0.5)tisy.cstglnozns*to.O)t
("‘ -2¥ - o R

‘A e Lt

125

’:';; ' saoarnao .25¢ (ADS (0. asassonzoattssdéé 12*:/11»103)/ .h;'-""’

sraxs 0 1008 70, mcmnsummc-oss-mm-s LA
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. HEAT OF SUBLIMATION. IF IT IS ABOVE PREEZIHG, B IS
THE LATENT HEAT OF VAFORISATION

IF(T(I-1) .LT.TFREEZ) H=2.50E6 R
IF(1(I~1).GE.TPREEZ) H=2.83E6- :

THE TEMPEBATURE IS NOW .CALCULATED. THE PARTICULAR
PORMULA USED DEPENDS ON HHEIHEB CR lOT THE AIR IS
SATURATED

-+« JP (MCNITR.NE.0)GO TC 105
QSPEC (1)=QWALL+ (QSPEC (1-QWALL) #*EXP (~X (I) /XO0)
IP(CSPEC(I) .GE.SAT(T(I-1),P0(1))) GO TO 104
T (I)=TWALL-L*X0*SIN (THETA®3.14159/180.0) .
1 ¢ (T(1=TWALL+L*X0#SIN (THETA*3.14159/180.0)) *
2 zxp(-x(x)/xoyo(atzo(QSPEC(1-oaALL)tx(x)t
3 E!P(*E‘X(I)/XO))/(CP*XO) ,
. G0 TO 1C€7 -
104 XSAT=X (I-1)
TSAT=T (I~ 1) : :
" MONITE=1 D A .
105 T(I)=T(I~1) VAR .
o QSPEC(I)=SA1(T(I-1) p0(1;)
-axsonALLtn/(cptavnptgrnnLLtdz 0))
JII=L/ (RVAP*(TVALL#*+2.0))
» 'LAESE=L#XC®SIN(THETA*3. 14159/180.0)
106 TTEST=TWALL~ ((1.04JI)*LAFSE/ (JIMMII*LAPSE+1,0)) ¢
1. (TSAT-THWALL ¢ ((1,0¢JI)*LAPSE/ (JISJIF*LAPSE+
? . 1.0)) ) *BXP ({ (ABS (JISJII*LAPSE+1.0)*%2.0)"
3 .
"

N

4xsar~x(1)-¢r(x-tsnr)»xohaxtaxlt(axtalxo
© LAPSEs1. 0)) 7(XQ*(1.04JI)))
g ABSII(I-TTES!) L1.0. 01)cc T0 107
! g;}i-iilsr .
co 10 106 L R

'cntcoLgtl'yrltﬁ1;ftxubnng¢u§gg;j;’
107 TY() =VIRT (B4I),QSPRC(L))

R

fcaicunnri E:-sxrr? o

é.h-nh-n;"‘n:h*nnﬁ L

nm-wmrvmxﬂummwcommm
1 ~J *3,34159/180. orz:em;oc;g:.n/tV(1;)¢
L2 T 08 (= 1) ), 120X F=845 m 73.9))
L3 wpEey/r M) ol
vm-t (2=1=D (1) ® (¥ (1) tmtmﬂmm %, o- I T
t c‘all(!altlﬂs.16151/1!050}‘(0(!)vntt-il)tw,f_~,~fi“i




(2

S on0onn

.’f . 113 &

2 ‘ a. 5‘(X(i'X(I 1)=FCOEFF* (D (1) *%2) % (V (1)

3 $42)*((1.0/D (1) B (1.0/D(I=1)) ) * (X (I=X(I=1))/
4 (2.0%RADIUS)
110 COITIIUE
C 1
C . e
C NOW ITERATE FOR INITIAL VELCCITY
C : . . ..
C
INTA=D (1) + (4. 0%D(2)) +D (N+1)
. INTB= (1.0/D (1)) + (4. 0/0(2))0(1 0/0(301))
, DO 3COC I=4,N,2 -

INTB=INTB+(2.0/D(I~1))+ (4.0/D(I))
. INTA=INTA+ (2. 0*0(1-1))0(0 0*D (1))
3000 CONTINOE -
p(u‘1xapxer-n(1; ((0(1)/0(101) -0. 5)*('(1)**
1 2=G*SIN(THETA*3.14159/180.0) *INTA*
2 - . DELTA/3. O=FCOEFP* (D (1)*#2) % (V(1)*32)+
3 - INTB*DELTA/(3.0%RADIUS)
. VIEST=V (1) % ((E(N+ 1) /PEXTU) #24)
- WRITE (6,2000) V(1) ,P(N+1) .
2000 FORMAY (1X,F7.4,5X,F8.2) . .
IP(ABS(V(1-vrzsr) Lr.o 0001)60 TO 111
V(1)=VTEST _

.

CALCULATE ALL REMAINING PARANETEES

PEC (1) (SAT (T (1), PO(1)=1.0) /
1(1(13,20(1))0(05P!C(1 1 0))

)|

!C(I)‘(SIT(I(I°1) 90(1) 1. 0)/
11(1(1'1),PO(i))‘(QSPlC[I‘1 0))

TR T a

b1} /be1) e
1) +0. 5*0(1)‘('(1)*‘2 0) SR
~TPREBZ . - &

be. - e
lﬁiil'f’.!!z N
,.atorxxrz

127
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WRITE(7,117) PEXT
117 FOBMAT (1X,*PRESSURE AT UPPER ENTRANCE',T40,
1. F8.3,T50, 'HE?)
WRITE(7,118) RH
118 FORMAT (1X,'RELATIVE HUMIDITY AT LOWER ENTBANCE''
1 T40,F8.3)
WRITE(?, 119) N
119 FORMAT (1X,*NUMBER OF 01v1510us OF PASIAGE',T“O,IB)
WRITE (7,120) .
120 FORMAT (*=')
_ WRITE(7,121) LENGTH
121 FORMAT (1X,'LENGTH OF PASSAGE',T40,F8. 3,150,'a')
VRITE(7,122) BADIUS
122 FORMAT (1X,'RADIUS OF PASSAGE',T40,F8.3, T50, 'n9)

WRITE(7,123) THETA :
123 FORBAT (1X,'ANGLE OF PASSAGE' m{p{;;\a,rso,'nzs-)
WBITE(7,124) TUALL :
124 FORMAT (1X,*WALL TEMPERATURE',T40,F8.3 «T50,'DEG C.') -
. WRITE(7,125) FCOEFF .
125 Fonuari1x,-ralcrxou r:croa-,ruo F8.3)
: WBITE(7,126) E c ‘
126 FORMAT (1X,'PRACTION OF HILL THAT IS, uozsr',ruo,ra.3)
. WRITE(7,127)
-127\?033:14'—')
WRITE (7,128) -
128 PORNAT (1X,*DISTANCE',T15, 'rzuvzaArunz',r3o,
1 -;nxssnaz',145,'nsu3111-)

WRITE(7,129) . :
129 roaanr(1x.=(asrn23)-.115,'(025 CBLSIOS)'.T30,‘ S
r o ' (MILLIBARS) ", ras,'(xc/cuaxc n)* ) o

_WBITE(7,130) o

130 FORMAT('~*) o o )
. DO 132 I=1,MN A . :
: WRITE(?, 131; X(I) 1(1) P(I).D(I) . |
131 PORMAT (1X,P7.1,T15,F6. 2 +T30,26.1,T45,P6.4)
132 CONTINUE _ S

~ WRITIE(7,133) o L
133 ronuar('-') i S
. HRITE(7,134) ' R A
134 rotalt(lx.:so,'srAGnAxIOl') - . N
L WRITE(7,135) ' .

135 ronaar(1x.'nxsrAlcz'.:15,'vzzocztt',230.

SR JRREO 'snxssunl',:‘s.'lnxarrvx}

. WRITR(,136)
.. 136 roaaatctx,'(uztlzs)',215,'(n/§ﬁb)',t30.

B IR '(lxznxatls)',t&s,'auaxnrer') .
- 5312317 137 |
' _,,37 rolta:('-') St

: DO 139 Is1,BN ‘ ,
- lnxtl¢1.1aay X(I).V(I).PO(I)oIHID(I) . T

. "},139~colrxuos

-]vtdo rotna:t'~';

e
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STOF
END

SAT (A,B) CALCULATES THE SPECIFIC HUMIDITY AT SATURATION
FOR TEMFEEATURE A AND PRESSURE B :

SVP IS THE SATURATION VAPOR PRESSORE AT TEMPERATURE T

FUNCTICH SAT (a,B)
IF(A.LT.273.16)GO TO 1000
SVP =10.0%%(=7.90298% ((373.16/A-1.0)
1 45.02808*AL0G10 (373.16/4)
2 =(1.3816E=7) * (10.0%* (119 344* (1. 0-(A/373 16)))
3 ~1.0)¢(8.1328B=3)* ((10.0%%(=3.49149*
4 ((373.16/0=-1.0) ) - 1.0)0ALOG10(1013 246))
Go €0 1001
1000 SVP =10,0%% (=9, 09718‘((273 16/4-1.0)
1 -3.56654*%AL0G10(273.16,4)
2 +0.876793% (1.0- (A/273. 16))01LOG10(6 1071))
1001 SAT=1.0~(1.0/(( (0. 62197‘57?)/(.01‘8-579))01.0)) _
RETURN - , -

END
ke

'ttttttttt‘.Oa‘:“‘tt#ttt‘“‘#l#“#t0‘##“‘0#“‘.#“.#*“.t

THE INCOMFBESSIBLE .MODEL = UNCONSTRAINED

##“’t".‘O“‘#“#.t‘####‘t.‘0#“.##.."#‘.“‘.“#‘t‘t#f‘t

THIS PRDGBI! CILCULATBS SPELEC!ICBOCLI!ITIC PIIIHETBBS
GIVEM CERTAIN CHARACTERISTICS OF THE CAVE ‘AQD THE
‘BXTERNAL ATBOSPHERIC COMDITICMS. THE AIR IS ASSUNED
TO BE IlCClPﬂBSSIBLB.~

DIBB!SIO! 7(101).0(101),90(101)

DIBENSION T(1Q1),D(101),TV(101)

DIBENSION QSPBC(101) 0811(101) 3330(101)

DINENSION X(10% - ’ R
wREll , LIIGTH IlTl,IITB IIPUT : I

o

VIRT(A,B# CLLCULITES TKZ 'IRQGIL rzazxanrnts l!
TBIPBRATGRB l AND SPBCIIIC ﬂUlIDI!! :

a vfﬁt(A.ﬁ)c:t(t.Ooo.absts)

")



B

&

'.,‘!hnn

130
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-

C READ THE EXQERNAL ATMOSPHERIC CONDITIONS v
C ‘ =

C TEXTL AIBOSPHERIC TEMPERATURE AT LOWER ENTBANCE

C PEXTL = ATMOSPHERIC FRESSURE AT LOWER ENTRANCE
C PEXTU = ATHOSPHERIC PRESSURE AT UPPER ENTRANCE
C RH = RELATIVE HUNIDITY AT LCWER ENTRANCE

" NOMBER OF DIVISIONS AT WHICH PARAMETRES ARE ‘
C CAICULATED (THE LAEGER N IS, THE GREATER THE
C \\\ v ACCURACY; MAXINUB = 100)

C ]
READ (4,100) TEXTL,PEXTL,PEXTU,RH,N
100 FOBMAT (F6.2,T10,P6.1,720,F6.1,T30,F4.1,740,14)

C
c’ ' .
C READ THE CBARACTERISTICS OF THE CAVE
. _
C LENGTH = LENGTH OF CAVE_
C FCOEFF = CCEFFICIENT OF PRICTION (FANNING)
C RADIUS = BADIUS QF PASSAGE
C.TWALL = WALL TEMEERATURE IN CAVE
C THETA = AMGLE OF PASSAGE
CE = PRACTION OF PASSAGE WALL THAT IS NOIST (0.0 OR
. ¢ 1 0) . * .
C : T
¢ o CAT
. READ(4,10T) LENGTH,PCOEFF,RADIUS,TWALL,THETA,E .
101 FORMAT (P7.1,T10,PS5. 3.rzo.r5 2,130,76.2,T40,F4. 1,750
- I ", E3.1) . . A .
< .
< /
C cousru‘rs
C
" C rziznz = rntzzxnc roxlr OF WATER
- C.BGAS' = GAS.CONSTARTr PCR DEY AIR . - .
CCP - = SPECIFIC HEAT CONSTANT PRESSURE o .
- C 6 = ACCELERATION DOE TO GRAVITY ‘ L
CL = DRY KDIABATIC LAPSE RATR : L
o R | : ;
c o N
. TERBRE = 273,16
BGAS = 287.08 , _— S , ’
RVAE . = N61.50 g - Y
) < fooss X g0y
6 7 ®9.80- ‘ o.M
o | A o«no!1t ' SR ‘
c, . . , . R ,
.
C .rom 1s :1:: xutm sncﬁ‘uo- rmun
C

Xll) IS DIS!I.CI Il!ﬂ THL Clllo lllll DILSl IS TR
;lCIllllf l DIS!&ICB l!!llll CltCULI!ID CIOSI-SICTIOUS

R I
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PEXTL=100,.*PEXTL
" PEXTU=100.*PEXTU
PO (1) =PEXTL

XN=N

‘HN=N¢1
DELTA=LENGTH/ (XN)
I(1)=0.0 .

DO 102 I=2,NN
X(I)=X(I-1)¢DELTA

102 CONTINUE ,

muALLsrnALLorraEBz
SMOCTH=1.0

SPECIPIC HUMIDITY AT SATURATION FOR THE
WALL TEMPERATURE AT ATBOSPHERIC PRBSSURE

QWALL

QSPEC(I) = SPECIFIC HUMIDITY AT DISTANCE X(I) IRTO CAVE
QST = SPECIFIC HUMIDITY AT SATOURATION POR O .
. INITIAL ATNOSPHERIC CONDITIONS ‘

T (I) = TEMPERATURE AT X (I)

TV (I) = VIRTUAL TENPERATURE AT X(I)

D (I) = AIR DENSITY AT X (1) y

] = MASS RATE OF PLOW L
T(1)=TEXTLeTPREEZ ‘

" QUELL=SAT(TWALL,PO(1) ),
QST=SAT(T (1) ,PO(1)) - .
QSPEC (1)= (QST*RH) / ( (QST* (RHE=1.0)) +1.0)

. -

CILCULITB THE VIRTUAL TENPERATURE AID THE AIR
DENSITY AT TBB LOWER Bl?BIICE ‘

N . )

TV(1)-VInt(r(1l.QSPlC(1))
D(1)=EC(1)/(BGIS‘TV(1))

1

N

ISSU!E 1§ITIIL VBLOCIT! dﬁ] 0 llD CILCULAIB Illflll

PRESSURE g

| v:l)-1 0 '
103 READ(S,999) 130T

- 999 PORNAT (26 3) .-

"rrﬂiﬁc%n_

IP(INFOT .NB. O. 0)'(1)=Il!0! SN
P{1) <EC (1-0.59D (1) #(V (1) *92.0)

- QSAT (1) =SAX(T (1), PalV)) , B
I-p(1)03.1a159t¢llnxost‘2 o;ov«:,

suoora - coxrrxcxnur cr rnxci)dn roR auoorl rnssncx
o' . :x&axarxon Lxucrn . .

.~ . ¢« -
R . . L AR '
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132

c -
IF(FCOEFF.EQ.SHOOTH) FCOEFF=2,0
SMOOTH=0.25% (ABS (0.86859%ALOG ((35886.12%4 /RADIUS) /
1 (1.964%ALOG (35886, 12*W/RADIUS~3.8215))) **
2 (~2.0))
IF(FCOEFF.GE. 1.000) FCOEFF=SHOOTH
X0=( (SECOTH/FCOEFF) *%(, 5)‘169 86‘(8&0105*‘0 8)*
1 (We20,2) .
BEGIN DC LOOP TO CALCULATE SUBSEQUENT CROSS=-SECTIONS
DO 110 I=2,NN
c’ . .
C ' : .
C IF THE TENPERATURE IS BELOW FREEZING, H IS THE LATENT
C HEAT OP SUELIMATION. 1IFP IT IS ABOVE PREEZING, ﬂ Is
C. THE LATENT HEAT OF VAPORISITIOI .
C
s
IP(T(1-1) .LT.TPREEZ)H=2. 506
IF(T(1-1) .GE.TPRERZ) H=2,.83B6
THE Txusznlruaz IS NOW c@Lcuxlrzn .
QSBEC(I)-QUALLo(Qspnc(1-QHALL)¢zxp(-x(I)/x0)
L=0.00976
T(I)=THALL-L*X0#SIN(TRETA*3. 14159/180 0) .
i 4 (T(1-TUALL+L*XO®SIN (THETA®3, 10159/180 o”.
2 ElP(-X(I)/XO)O(B‘l‘(QSPlC(i-QIlLL)'x(I)‘ :
3 sz(-ntx(I)/on)/(crtxa) -

E'AALCULITB VIRTOAL rzupznntonz
107 TV(I)-vlntjf(I)ﬁQSflexii"

c:tCULAri emsrey
. .

n(x)aact)t(rvgl)/rv(x))a:xf((-ctsxlt!lsrA
VL #3.16159/1804.0)/BGAS) % ( (1. o,mm)o
2 (V0 /2V (T, nmux-ur-!u/zom
3 SRE=1)/P1Y)). e
mhm-t-nm-um“ wmﬂmﬂ N S
etsxl(rux:avs.vnts 7189.0) ¢ (1)0!¢1°1))‘ -~t- '
0.80 ¢x(x-x¢x-1;-rcoa!vt¢n¢1;qu;tzvtti o

1
- 3 - '°2mu.c/nm_)m A/m-:m*mx-m-tn/

- ‘(2 001&0103)
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;. A111 RH!D(1)805P3C(1)‘(SlT(T(‘),P(1) 1. 0)/ -

2 112 RB!D(I)*QSPIC(I)‘(Sl!(f(l-l),?(l‘l) 1.0) /"

‘5.116 PORNAT {

110 CONTINUE | .

NOW ITERATE FOR INITIAL VELOCITY

oo

: INTA=D (1) ¢ (4.0%D (2)) +D (N¢1)

N\ InTB= (1. 0/D(1)) +(4.0/D(2)) +(1.0/D (N+1))
DO 3000 I=4,N,2
INTB=INTB# (2. 0/D(I=1))+ (4. 0/D(I))
INTA=INTA+(2.0#D(I-1))+ (4.0D(I))

3000 CONTINUE . .
P(lf1)=PBXTL-D(1)t((D(1)/D(l01)-0.5)*(1(1)“

1 2=G*SIN(THETA®3.14159/180.0) *INTA*
2 DELTA/3. o-rcozrtt(n(l)ttz)t(v(1)t~2)t
'3 "INTB*DELTA/ (3.0*EADIUS)

VIEST=V (1) % ((B(N¢1) /PEXTU) *%4)
WRITE (6,2000)V (1) ,P(N¢1)

2000 FORMAT(1X,r7.4,5X,P8.2) '
IP(IBS('(l-Vr!ST) LT.0.0001)60 TO 1
V(1)=VIPST : S

60 TO 103 . -

ananarz_nxm'nsuAilxlc PARARETERES

1 SN (Sl!(T(I),P(1))‘(CSE!C(1-1 0)
DO 112 I=2,MN

1 (Sl!(!(l-?),D(I-'))‘(QSP!C&I~1.B))

) 113 1=1,88
. V(I) =V (i) eD(1)/D(T)

PO() =E (X) +0. 5*»(1)*(‘(1)**2-0)
'T(I)till-illlll

TV (I) =TV (I-TPREEZ y

PO (1) .01#PO(I) e T
CORMMELOvR@) o
113 consqmoE . - T
“TEAL -tlALL-:rnzzz S
. PRXTUS.01SPRXTU"

_.pzxrxa.o1trnxrz
< WRITR{T,11W) T S
116 PORMAT(S=ty - il L
WRITE(1,115) TRX

| .7115 roass |:x,'tlur:n zinE AT LCIll xtranlcx'.zno.

A ¥ «3,750, D¢ c.')
ltxxtl7._
gltllSIﬁll l! ldltl llflllCl'.lto.
: 10,35950, -n*)

- cllt:;?.z 7). PRIRD -

111 ron;trctx..

) 13.3 rsﬁ":liy

6) sRITL SORRE LT

133

*PRRSS0RE tt nvr:n ll!llltl'.!t#,-;:, f gn




E 31 FORBAT (%)
,“'~9y,3¢ oMM (ia,17. 1,71

: L_~'7,,‘uo roRmT )
3708

134

WRITE (7,118) BH

118 PORMAT (1X,*RELATIVE HUMIDITY AT LOHBR ENTRANCE?,
1 140,F8.3)
WRITE(7,119) N

119 FPORMAT(1X,'NOABER OF DIVISIOIS or pnssn@z',rao 14)

. WRITE (7,120)

120 PORMAT (*~*)
WRITE (7,121) LEWGTH -

121 FORMAT (1X,*LENGTH OF P ssncz-.rao P8.3,T50,'4*)
JRITE (7,122) _RADIOS

122 PORMAT (1X, 'RADIUS OF passucn',ruo F8.3,T50,°'n')
WRITE (7,123) THETA :

123'POBHAT(1X,'ANGL8 OF PASSAGE',T40,P8. 3,r50 'ch')
uaxrn(7 124) THALL ‘

124 AT (1X,'WALL rsuprAruns',ruo ra 3,150, *DEG c.')
nn IR (7,125) FCOEFP : A

. 125'rohatr(1x,'ralc110l racroa',ruo,rs 3)

. MRITE(?,126) E

126 PORMAT (1X,'FRACTION OF WALL THAT IS uoxsr',rao,re 3)

- WRITE(7,127) 4 ' ,

- 127 FORMAT ('~') o o

. WRITB (1,128) - 4 e

. 128.POBBAT(1X,‘DISTIICB',T15,'r!anﬂlTUlB',130. e )

1 ’EBBSSURB',TQS.'DI!SIT!') Lot

-

WRITE(7,129) .
129 ronaar(lx.-(uzrnxs) .T15,* (DEG CBLSIUS)',T30,
. %- . Y(BILLIBABRS)® ,rss,'(xs/conxc 5n')
WRITE(7,130)

130 FORHAT ('=!)

- DO 132 I=1,MN

. WRITR(7,13V) X(I),T(I), pm .nm o
131 PORMAT (1X,F7.1 rts,rs 2,230,!6 rts,rs 4) .
132 couTimue fﬁn , S
-~ HRITR(?,133) SR
133 PORBAT (3=7) o .

. WRITR(1,138) :
134 ronut:(1:,130.'3110112101') T
.+ ERITR(7,138) ' o s
-135'IOIuAt(tl.'DIStllCl' 115.'vsnocxtx'.tao. T
’ 1‘~1 : 'rl:sgalx',rta,'llzarxv1') R
o n:xrl(1.136; O '
' 136 ronuazc1x.ttlntll=3' 215.'(qzslc;',:3o._

SR R '(l;ttllllS) .tms.'aulxbzr!') B T
UREER(T, 13N Gl ke e T g

DO 138 I",l' ) '
A 'llll(?,!ﬂ’ 3(13;‘(1) Eﬂt!),ll"
o 0'7-‘:!39v“ 1,2
139 conerues Bt

B lll!il?.1.0) ?7ﬁ;;f ; g:ﬂ

'.

£l . e eta
A T S T .
3 R 5 "0




