An Analvtical Study of Aw Cireulation in Caves
By Anmiaa Al Ciawal)
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[ntroduetion

The motion of Lthe air ioside coves plavs an importunt role in the
field of cave meteorology. The cavses of the motion ean be grouped
into two different clazses, e, slutic or dynamic ones, Common stabic
cauges are those dicectly connected with a thermodynamic trans-
formation concerning the cave air, such s o variation of tempeeaturee,
of composition o of pressuce, Under the dynomie eauzes one can cile
moving fluids suel as water or air, In the present sludy o hivbeid anit
system hag been preferred because pressupes are generally measured in
“Larr” {under the condilions of the present work it can be assumed
I Tarr = 1 mm Hg} while other quantities (Leroperatures, length, den-
sity, ete.) are reported in technieal MIKS units, Therelore a dimension-
less factor, multiplying pressures in Tore 12 inteodoced every Lime it is
necessary, Thus the equations here obtained will ba easier employed,
without any change, 1o study the results of many messurements in
cavea.

Lo this paper particular emphasis has been given to the quantitative
solutions of the air virculation problems, Several authors have de-
seribed the details of Lhe qualitative characteristics and il is not worth
while to repeat them here {Crestant nud Anelli, 19659 Fraso, 19620465,
Monloriol Pows, 1951, 19589 Myers, 19537 Trombe, 1U52).

Blatie Causes of Air Molion

1, The Inlluence of Temperature, Prassure and Relative
Humidity

At dirst, an equation relating ae density £, to ibs Lemperature, pres-
sure and relalive humidity will be weitten.
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The dependance upon the teinperature will be wiven by a faclor:
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where @ is Lhe air lemperature in ©C

The pressure factor will be abviously:
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when p* is the prezsure in Torr, corrected to 0°C. 11 the humidity effect
must also be considersd, the pressure [sctor will be modified az
Follows:
B2 Mpw | g 3
T = My ()
where M st the relative humidity of the air, varying between O and 1,
free 15 Lhe purtial pressure of water vapour in Torr, and £ 15 the densiby
of water vapour in kg/m® By taking into acconnt all these [belors, Lthe
equation far aie denzity, &, will result:
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for dev air with o density al 0°C, of 760 Torr and standard composi-
tion, &, — 12820 lor/md,

By rearranging:

F— Mo
IO .7 209
b= 0460678 s

- Ml (51
where & iz expressed i kg/m?, The values of po and £y oas lunetions of
the temperature are reported in Tuble § {Anon, 1926), The dilTerences
between ouiside and inside air denzity may cause the eircolation of the
alr in caves both with a single entrance and with many entrances at
different levels, [n the Brst case aie will Dow inward aloog Lhe oo or
the ronf of the passage-way, and retnen outward along the roof er the
floar, according Lo the sign of the differenee of denzity. In the second
case Lhe alr-flow will be directed vpward or dewnward depending an
the difference of density, as usoal.
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In general the distinetion between the bwo cases s very easy. But it
seems bo be useful, from the point ol view of the present work, fo
distinguish them by means of the [ollowing integral which gives Lhe
air-llow through o erose section of o pussage-way:

= IH{system with 2 or more passage-wiys (6]

i~ = i1 {closed system with singly eotrance)
I 1 ils {
s thenngh to surface openinga)

where a5l the mean velocity of the aie and dy in an element of sur-
face, the integral bemng extended Lo the whole crass section. Tn the first
case (elosed system) il s rather difficult to measure the value of the
motive pressure produeed by the diference of the density on aceount
both of the small values reached and of the strony mloence of the
shape of Lthe cave on Lhe cirenlation of the air. T may be of some in-
terest Lo remember here an equation giving the distribution of the aie
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temperature®) along the main axis of a cave (Cigna, 18961, Tn such an
viquakion it is possible o caleulate the value of the product d2 . w
from the ather paramelers oblained by dircet measurements. 17 the
veloeity of the air o iz known too, the value of the equivalent dia-
meter d of the eavity can he deduced, This diameter i3 defined as the
dinmeter of the imaginary duet extending in the parct of the pazssagne.
way Bleongh which the enlering air only is flowing. In the case of
cave wilh bwo enlrunces ot different levels (Fig. 1) it is possible Lo

P,
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Fig. 1. Schematic cave with twe cofrances al dilfferent Jevels.

gomsider the cieeulation of the air inoa more quantilalive manner,
Indeed adranught iz cauzed by the difference in densily between a columnn
of air within the cave and a corresponding colomn of air of equal
dimension sutside the cave

In general, i pizs)is the almoapherie pressurce ab Lhe higher entrance,
Bz the corvesponding pressure at the lower one and J2 — 2. — 55
in melees, the following equation will be obtained:

o

- ] Faz
B8 = (B - @) 0,692 exp (—23.135 = ) L Gy
-

where & = temperature of air (*C) at point x
= termperatoer of air (70} outside

Gy = lemperators of Uhe wulls (7 C}

It = thermal diffusivity (m*sec) = — Flke,

£ = thermal conductivity {calisec « o+ G}

b= air density (kyeim®

rp o= specific heat of aie at constant pressuen (eal” 0 kg

d = diameder of Lhe cave (m] = 4% L2y H':ﬂ'm“rﬂ ‘“_"'“'"
cross sectional perimoeter

1w = velocity of the air fm sec)
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Plaa) + Rz = pisg) 1l

I the sign = holds, air cireolation inside the cave will be downward,
and the reverze if sign < holds, By introducing the pressure difference,
Ap o= piz;)— plza), equation (7) can be written:

KAz~ 135005910 p = 0 [#)

The Tuctor T3596491 has been introduced because the values of &
aned = ouee expressed inounits of the MEES system while Ap iz in Torr,
az podnted oul in the introduction,

To subatitnte cquation (53 in (8) 10 is pecessary to calenlate 4, p,
M, poe and £ appearing in egoation (5).

Temperature @ distribution along the main axis of the cave must
b known, This condition iz less restrictive than il appears because it
iz well known that the temperature sradienl inside the caves s -
pertanl only neae the entranees while it 15 almoest constant (and very
often negligible too) in the other partz, Therefors it is possible 1o cal-
eulate the average trmperatuee & with Lhe integral

JIIL )l
— i F
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wlwere @ is chosen alung the main axis of the cave, L5 the real lenglh
of the cave hietween the two entrances and @[z} is the temperature of
air inside the cave at a distonee of 2 melres from one of the entranees,

Integeal (1) can be easily calealated by grophical methods (Fipan,
1956).

Also the average pressure can be caleolated in the same way with
an analegons integral. Nevertheless the preszuee geadient inside Lhe
cavae I tuken Lo be constant in Lhis paper. [n most cases it iz quite suf-
ficient to caleulals Uhe average prezsure p#* corrected to 70 as Tollows:

L& ]

e
R i o i1

In the same way the uverage relative humidity M can be also de-
termined by taking into aceounl, Lhe small differences among its
values in diflferent points of the cave.

The corvesponding average partial pressure g, and the average
density. fe, of waler vapour can be found in Table 1 when & is ie-
Lermined.

By taking into account the average quantities which have been cal-
culutud, equalivn (3) can be substituted in equation (3) and the re-
sulling pressure on g eross section of the cave at the lewer enleance is
given hy:

[D.-’.ﬁ-ﬁﬁ?ﬁ i B

T ).-I:---I.‘-:.ESHE&EI! cAp =0 (1]

27305+ & !
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OF course equation (11 is valid for aic having the standard ehemical
composition, In case of a different composition (o.r in caves connecled
with voleanie phenomena) the value ks = 12939 kea/m® should be re-
placed by the eorrect one and the factor inequation (1) recalenlated,

The heigt Az of a karstic system, when only Lhe lower entrance is
kuown, cun be estimated from the values of the air density inside
(feen) amd outside (Foued and from the meazirement of the prossure py
reaulting from the difference of the densities, From equation (5):

13596491 - poy = 135984 M Ap - Fyy odz 1)
when pm and Ap = piz;) — piz) are measnreed in Tore, But

AR5840] - Ap = gy -z (13
andd thercfore
VHEWAM « proy = (ko — bren) A {14)

Thus, Az can be easily caleulated:

13.5964%1 - Py,

lrfnm_lifl'm 115]

._I$ =

The effective values of i, and faee can he determined by substitut-
mg in equation () the estimated average values of peesanre, humidity
gnid temperalure of the air column inside and outside, OF course, the
inpeeuracy of such estimalions canses an error in the determination
of Az Nevertheless even o reugh determination of Az can somebimes
bie inleresting far the development of further rezearches an the karstic
gystem nnder examinglion.

2 The Influence of Almospheric Pressure Yariatlions

Lot us consider a cave consisting of a rather big hall connected to
the outzide only through a single small passage (Fig. 21 If the volume
of the air inzide the cave is 1 and its pressure is p (equal to the pres-
sure at the entrance in equilibrinm conditions), if Lthe temperatore is
kept constant, the product p¥ will also be constant, Thercfore il
pressure i variez, also the eolume ¥ ehanges and an air curvent will be
eslablished at the entrance. Obviously this eorrent will be directed
inazide 1f the pressure iz increasing and ootaide if the pressure iz de-
ceeasing (Polli, 1956), I 5 is the cross section of the entrance, p, and Fy
the pressure and volime of the air at tiine 1, and py the pressure at
time 7o the volume of the same amount of air will also vary accord-
ing to:

pr¥y = paVa = conzlant 15
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FIG. 2

Fig. 2. Baramelric cave, consisting in a big cavity connected to the surface
through a small passage-way of length L,

and henee:

Lot be py = pg, then

-1] (18]

where s Lhe length of the imaginary evlinder with section § contain-
ing the nir exhavsted from the eave. Then the velocity of the air

purrent 12!

i Vilprpe—1)

= ren Flra-T1y )
Obviously if pe = py equations (17} and (18) bocome, respectively:
- - - r I E

Sl=Fi—Fa=] 1} 20

1= Fs J( s 120
y o Fill—pylps) "

STy iy —1y) (21)
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It iz interesting to remember the poszibility of measuring the volome
of Lhe cave without entering it. Equations (18) and {20} can be solved
with respect Lo 1, [coincident with the volume of the nave):

Vs HES [22)
Loy — o) :

Equation (22} gives reliable resulls only i pp and pe are meazured
under equilibrinm conditions (e, al time 7, anid 72, & = 0 and Lhe
period T = 1, — 7, I5 short enoveh Lo avoid any temperature change,
This condition is hesser achipved when py <2 pg, 80 that the ontgoing
air s corluindy al Lhe same temperature as the aie inside, The preszuen
varviation should be measured wilh o sengitive microbarometer wnd
section & can be eazily measured by modilying the enleance of the eavo
with i gorl of o switalile diaphragm in order to have o regular geo.
metrival cross-section; al last I is read divectly with an anemomeler
placed in the same eross section. O course the anemometer roadings
must be uveraged cver the whola sueface,

The cave constdered al Lhe heginning of this paragraph can alzo he
studind from another peint of view (Fig. 2). Let 17 be the volume of
Lhe hall, poand & the pressure and the density of the inside air and 8
the cross-section area of the passage, supposed to be constant all over
the length £ of Lhe passage. Tn saeh conditionz air oseillolions theaugh
the entrance are possible, 11 Lhe volume 81 iz much smaller than 77 the
alr mass &0k contained in the tube can be considersd to move as a
rigid pizton under Lhe effect of the differences holween the inzide and
outside pressures. The vscillavion of air araund the equilibriom point is
then defined by the displacement x of a luyer from itz rest position,

Fur a pressure variation Ap it holds that;

Ap=—%AF=_;sx 23

where ¢ i3 the modulus of compressibility of the air, The motive foree is

A

Solp = — ¥ ral
and from the motion Inw F = s il follows:
a4z PR
Sk == = 25)
i e
it
d2r oS "
f_[? | IJHI: £=0 ,'._EI
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which is the ecquation of an escillating melion. The perimd of the
motion §s;
=27/ L 27)
oy &

where &7 = Jefd is the velocity of sound,

Then it iz possible to determine the volume ¥ of the barometric cuve
by simple measurements of the length foand of the zection S of the
pazsage connecting the cave with the outzside and of the period ¢ of an
oscillation of the alr current through the passage itself.

The volume V in m? iz given by:

. g ;

V= 20302 (28)
deduced from equation (27) when 7= 340 m/sec and tis expressed in
seconds, & in m® and L inom. OF conrse equation {27) is valid under the
condilion of having a rather regular entrance passage. The walue of
the croas-seclion 5 must refer to that part of the seetion of Lhe passage
where the air i3 veally flowing. When ¥ is some hundreds of thousands
of m3, & a fow m® and L some tens of melres, ¢ s of the order of some
tens of seconds. 1f in some purlicular eases the length of the passage ia
short {very few metres) and the air velocity rather hich, the value of
Loshould probubly be estimated by determining the length of the air

Fig, 3. Bame as in Fig. 2, exeept or the length of the passage-way which is
negligilile.



&) Spoeleclnee T, Cigna

column moving eshwrently and extending oulside the passage nnder
consideration (Fig. 3.

Preszure variations may also affect the air cireulation sonsidered in
gection 1, According Lo the sign of pressure variation the throrefical
dranght of equation (11) can obviously be nereazed or reduced by a
canziderable amount.

Thereforae the implications of cquation (F1) are valid only Loe equ-
librivm conditions of atmospheric pressuree.

TDrynamie Canses of Molion

L. The Influence of Moving Fluids

{8} Movement Inside the Cave

As las already been stated in the introduetion moving fluids can
be clnzsified ns dynamie causes of the motion of the aie in a certain
part of a cave. Only the general cicealation will be considered here, [o
other words the steictly Ineal eirenlation of the air around a waterfall
for instanee will ol be stadied now, on aceount of itz redueed interest
from the point of view of cuve meleorology,

In general, Bernonlli's theorem can be applied, with some approxi-
malions to the motion of a fluid (air or water) in o cave, The mest im-
porLanl conzequence is a suction effect induced in some parts of a cave
with o auitable shape. Thus, a prinary aie- or water-current flowing
through a nareow pazsage may canse an induced coreent in anelher
passage connected Lo the first one at a certain angle (Fig. 4). The
eharacteristics of the dravghl indoced in zuch a way are quite peculiar
to the geometrical features of the passages and thereloce il i3 n-
possible Lo develop any guantitative study of the phenomenon, 1t can
only be said that [or euch single siluation under some approximations
i draught pe is proportional to the primaey Quid (ale or water] ve-
locity e

Pmo= f1 % Mmatiee 2%
where f; 15 a constanl with an snpredictable value. However, the
meazurement of pen ocan be rather dilficolt o aecount of the small
values achieved. Generally a simple correlation between the velocity
of the “motive air cureent and the yvelocity of the induced air current,
will be determined with direct measoremenls

Mimfuced = f.f o Mangdive i
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FIG. 4

Fig, 4, a} A conzslant direclion air-flow is induced throogh M by the ow
between T ownd Lo fsolid areows: Winter; dotted areows: Summer), B An
air-Now fnduesd by a waterfall,

Such a relation may be ol some interest for the study of o karstic
gyabem of the Lype shoown in Fig, 4. A freely running stream frequently
mduees an air coreent, on aceount of Lhe friction bebween the water
ard wir surfaces. Under particular conditions {waterlalls, ele) the air
may be carried along by the owing water in the farm of bubbles,
When the amount of water is large 1 comparison with Lhe cross-ane-
tion of the passage. which it i3 flowing through, the amounl tself in-
fluences e #ipgue 50 Lhul equation (30415 no longer valid. A quantita-
tive stndy 15 only possible when many setz of messurements are
wvailable in a single cave.

(b Movement Outside the Cave

The action of the wind on the cicoulation of the air inside a cave is
well known to every caver. As it has heen pointed out in the preceding
paragraph a mathemutical teeatment of such an influenee is nearly
impaossible on account of the great variation in the geometrical feabuees
of the cave entrance and in the churaeteristics of the wind self. The
measurements of the different, effects 2 sometimes diffienlt and great
care musl be paid to avoid any undesived modificalion of the phenom-
enon. In the case of single entrance caves a correlation between wind
churacteristics and air elreulation inside the cave will be rather doulit-
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full hecanse of the many factors volved, On the contrary, for svatems
wilth bwo or more entrances ab different levels the effect of the wind iz
generally more important and equation (11) may be of zome inlerest
inasmuch as it is possible Lo determine the effect due to the wind alone,
Iy a simple chunge of the place of the measurement of air pressure,
Two baremetric measurements performed a very Tew melees above
and below the entrance of a pothale, whilst they are unalfected by the
height variation, give by difference, the vulue of the depression pro-
duced by the wind Blowing outside, Its comparison with the valnes of
the veloeity and the direction of the wind Ieads to the determination
of equations of the same type as egquation {29),

The effects induced by watlerfalls or influent slreams entering a cove
can be considerad in the same way. As it has beon pointed out in sub-
section (a) the amount of water may also play an important role in the
ereation of an air current,

Conelusion

A mathematical treatment of problems concerning air circalation in
caves seems at first Lo be rather difficult. But in such o way, cave
meteorology can produce o good contribution o the knowledge of
learstic systoms,

In the first period of development of cave meleorclogy, only quali-
tative information could be obtained. AL present, with the help of the
mathematical treatment it is possible to draw quantitative informa-
tion.

For instanca, the method here reported for the determination of a
cave volume according to measurements performend at the entrance
of the cave only, iz a vseful tool for the easy defeclion of important
undergronnd systems,

Iri the near fulure many of these tools will be available to sxperts in
cave meleorology,
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SUMMARY

The different types of alr circulation in caves are classified according to
the origin of the circalation, as eilher static or dynamic,
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T a cave stalic cavses aro:
jap differences botween inside and outside aiv densily owing ta:
ri} air temperature,
(i) relative humidity,
(it} chenical composition,

[bl atmespheric pressiee variation,

Divnamic canses are:
{al moving fuils:

(1) inside the cayve,

i) oulside the cave,

Whenever possible the above mentioned plienmmena have been considered
fram o mathemalical point of view in order to obtain equalions relating the
different guantitios involved.

RIASSUNTO

Vengono proziin considerazione 1 vard tipd di circolazione dell'aria nells
grully a seconda delle cavse che doanno Tuogn o lale cireolazione. Queste
couse vengona distinte in slatiche o dinamiche,

In una certa genlba le canse ztatiche sono;
i) differenze di densiti lea Paria interna e quella esterna, dovute a:
11} temperatura dell’arin,
{itp umiditd eelativa,
[iTi] composizione chimica:

I variazione della pressione atmosferica.

Lar canse dinamiche sono:
ra)] fluidi in movimento:
[i] enleo [a geotia,
[iny ollesterno,
Chpnd qual volta & state possibile sono stall copsiderati 1 problemi sopra

accennati da un punto di vista matematioo, al fine idi ellenere delle equa-
zioni coreelanti ke varie grandezze che entrane in gioca.
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