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Ihe 1¡terco¡¡ectioa between tbe fornatlo¡r of qgarr¡r et-
moephere coatamiaatioa w'ltb barufi¡l adaixtures a¡d a co-
mplex of geotechnological a¡d. metegrlological factore 1s
co¡eidered. Coad,itlo¡s a¡d scbemes of quarzy-space natu-
ra1 ve¡tiLatioa forned in tb.ie caae Erre alralyzed. lbe
degree of the quarrSr-atnospbere stablllty Ls estitrated.
Dlscuased a¡e tecbaLques ead Eea¡sr of rafelng tbe ¡at¡¡r
al eLr-exchpñge rate ae well as methods and waye of ar
tlfLclal ve¡tl1atlon of both 1ad.fçIduel local zo¡es a¡d
the quar4y spêce es a who1e.
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N.Z. Bitkolov, I.f . Iva¡ov and. V.N. Sytenkov
Research Institute of Sea lraasport Hygfene

St.Petersburg, Russia

T¡¡'IBODUqTION

Tbe appJ.tcation of oodern L¡:ieÞ-cluty uachÍaee for ext¡ac-
tfon and traneportatÍon of rock mass tra.kee it poesibl_e to
iacreaee substaatially tbe eco¡oqically gror:ndect deptb of
guanies a¡d tbeir Bpace. Eowever, aa facrease in the
space ald depth of open oX¡ing 1e accompa¡íed by an lac-
rease in the a^mor¡nt of ba¡nful_ ertrni rüurêg releagecl to the
quarry atnosphere: d.ust, exhaust gaaes of d,unp trr.rcks,
eoot etc., which leaclg to a¡ increase of tbe ¿rìni¡!¿7'e
conceatration 1n the workiag zone air u¡d.er coaùj.tl_ons of
reduced, aatural ventÍlatlon or sometimee in tbe al.r of
tbe quarry as a whole. ID tbe latter caEe the need a¡ises
to stop uinlng.

UÀTN PâRT

Þeee¡t-day enterprlgee engeged, in open-csf, m{n{¡g of ut-
:reral reoources are cavltÍes Í¡ the ea¡thre crugt wboge
volunes reach tens a¡d hr¡¡d.redg nillioa .3. Ib" depth of
present-day quanies cañ be as great es 15O-45O m, in the
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nearegt, futu¡e it Ís planned to carrry on o.pen-cut nÍnÍng
at deptbs up to 7OO-9OO n and above (lable 1 ).

Table 1. Geometric sizes of qua:ries

Quarry QuarrT
deptbrn

Quarry
volu.me;
lo6 n3

Quarry eu¡face sizesrm

length vridth

180

180

290
25O,",

1 080

2000
1200
2450

950
825
870
2410

97
156.
158

773

Tbe presence of sources of adairtu¡es releasing to the
quapy atnosphere a¡d reduction of tbe natural air-excb,a-
Dge futeDsity are tbe nain causec of adnÍrtu¡e accr¡n¡Ia-
tion in alr.

Âs tbe quarrT operation experience has ehowa, atmos¡ùtere
coatarnJnatÍon of the quarrXr aé a v¡hole or of its ind,ivi-
dual part is cornected, as a ru1e, rrith the appearance of
atnosphere inversion stratificatlon 1a the quarln¡-s¡rrou-
ncling terì:.tozy: ' '

I'Iatural ,-air exchange within the guer{y space is fornqd in
"""poou"ttto 

ayai-i'à (rioa') a¡d tbermal (tbe::nal stratifi-
cation) forces whLch values châñge vc'ith ti¡De and, space.

The wi nd condítion 1n the quarrT dep-entls first of al1 on
lts characteristÍcs in tbè region u¡rd,er consj.d.eration

't
(wind velocity a¡d directlo¡) aad geometrÍc sizee (depth.,
widtb, leaeth) of the qualry space.

&amples of the daily variation of the vyi¡d velocity are
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shown in llg;1a. Ia sumner cbaracterÍetfcalIy expre,ssed

are day maxima at active mar::ifestatlon of heat flows. ì

A change of the wÍnd velocÍty in the quarrry may be cba-
racterized by its rel-ative value

¿,lJ=tJ /!q's (1) "

r'.'hgre U

and on
q *d 'U" are tbe wind-flore velocitiee fn the quar4f
dhe surface, res¡pectfvely, n/e.

å change of tbe relative rrj-nd velocity i¡ tbe quarrSr 1s

co¡r¡¡ected wÍth the presence of beat fl-ows deternlned by

the inteueity a^nd. tllstribution of soLar rad,iatioa. Sbowt:

it¡ lig.1b is tbe¿.U claily variatÍon in st¡nloer and'1íi wln:
ter.

In wi¡ter'as well ae with increasing U, th.eaU cþg.:rge na
nifests ltself less stroDgly.

RelatÍve-ve1-ocity changes 1n tbe a¡nr.¡aI varfatfon are ia-
irJ-y sna11 (eee Elg.2), rzbicb is fud,icative of the d,lrect
dependence of the vriad velocity 1n the quarry oa its va-
l-ue on tbe sr¡rface.

lhe :relettvè wl¡d velocity decreasee vrith iräcreasing qu-
arry depth, wbLch accord.lngly reduces the lntensity of
natr:raI ai-r exchange. Fig.3 presents the profile of the
wind rielocity 1n the quarry, which åfaea from
fulL-scale aad, nod.el measúrements.

3or quarrSr coad,itio¡s the wiud-velocity cba.gg at the
depth Z from tbe quar4y eurface ca¡ be exprestied, w:ith
sr¡ffíclent eccriracy by the.e*pression 

r

- __ log (E-Z)-togZ,
'úr= Y¡'ü--------c 'ologE-1ogZo

a

(2)
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where Uu is the wind velocity on the.su.rf,ace, 4/s; H the
quarry,depth, n¡ Y the coefficient, takj.ng into accor¡¡t
the rrzÍnd veloci.t¡r change Ln movement, ¡uithln the quarry
along the X-a.ris y¡hich may be taken to be equa1 to 0.6Þ
O.67. Characteristic of quarry sections with fonva¡d-
flor¿ air movement is co¿tinued decrease of tbe velocÍty
fron top to botton according to tbe dependence described
by the porver larz ,..

uz=Ytu" {E;Z¡n (3)

In this case the exponent m changes over tbe Ta¡gg 0..3 to
0.5 apd is.{etermi.ned by the atmosphere stability, the
degree of the surface e'i r flow d,evelopment withiu tþe qu-
arr¡r and the location of tbe profile consÍd,ered in one or
another gection. Cha¡acteristic of the backwartl ,- flIol
zone is the velocity change according to the parabolic
1a¡v

vr=[!(z-h)2+B(z-u)+c]u" (4)

wþere ArB and C are coefficients characterizir¡g tbe pro-
file considered; h the d,epth of the -recirculatíon zone
bouadar¡r for the sectÍon considered,, reckoning f?ora the
quarry su¡face.

trccor"ding to the geometrT of the qrra¡tT space, under the
actign of.wind the¡e Ís formeal a certain echeme of natu-
ral ventÍlation: fo:rva¡d-f1ovrr. recirculation, fomrard.-
flow - recirculation a¡rd recirculation - fo::vr¡ard-f1ov¿
(Îie.4)..

fhe fqlrafd-flov echeme _(Fig.4a) Ís characteristic of
shallow querries, whe¡ the a:agle of slope of the quallry
lee flank p.'tSo, a!d, is most effective from the v:iewpo-
int of natural air excbange.. I¡creaeed levels of ha::'tlfl¡L
adnixturgg are ,?dy poesible here c_Iose to sourceç of the
dust-a¡d-Ãas release., ,r - .'.,'... ..
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The reclrculation scheme of ventilation occurs at Fngles:

of slope of the quarrT lee flark P>15o. I¡x thLs case the
upper part of the quarry iè veutilatetl by the foward
flows coincident vri'th the wind clirectlon on tbe surface;'
wldle the bottom part is ventilated by recirculatiou
flows having the backrvard direction.

In practice cormon is a combj.nation of the above scb,emes

depending on the qusrry geometry, na.mely: forward-flow -
¡ecirculation a¡tl recircülatio¡ - fonrard-fIow.

It should be borne in nlnd. tbat in'one a¡d tbe eane quar-
rT at different wÍnd d,Írectioùs a¡dl on different stagee
of nÍning the scÌ¡eme of natural veutilatj.on nay change.

[be::na1 forces ¡¡a¡Lfest themselves and act w'ithln tb.e :

qua¡rT space l-n two foms:
1 ) tenperatu¡e no¡u¡ifo:rmLties of tbe so11 surface layer
produced by various sources a¡d. fo¡uing correspoacling
alr flow di:rectfo¡:s¡ i

2) etuospheric tberual strettfÍcation which cha¡acterizee
the atmosphere etate (tlegree of gtabllity) a¡d ie deter
mÍned by values of the vertical temper.ature grad.ient

¡fl=-¿z
lemperature ¡ou¡¡¡lfoinitiee' l-ead' to tbé' i¡¡itt atÍou' of
coavectlve clrcul-etÍon flows'oT':är. Si¡nifa¡ flovrs are
formed fron other Local sources locatéd. ia the á"*ty.

Ihe:nal gtratlfÍcatlo¡ of the qua¡ry atnospbere 1s forined
by lts veluee 1n the eavlro¡¡¡¡e¡t a¡d due to racliatlon
beatlig olcooltng of rocks at tbe éÈlabatic conpreseion
of the vertlcal alr coLt¡¡¡;" \ :::

Tbe:sa1' gradient val-ues sþeng€ tlurlng'ä aay aad accôrd-
lng to yËii"tàeasoDs. ttre tiaiLy variation'sho#e g¡aùieats
greater than ad.iabatÍc ones cbtefly 1n day time, whiLe
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values lower than adiabatic ones are connected, with, light.
and ear3-y mornlng hours.

In the an¡ua1 cycle f values exceeding adíabatÍc ones a¡e
characteristic first of all of gu¡mer months due to the
preseDce of a¡ intensive eolar radiation inflor'¡. In win-
ter monthsthe repeatabilit¡' of gratiients Jorver tha¡ adi-
abatic. ones increageg.

the value of the temperature grad,ient in tbe quarqy
atmosphere can be deternined by the equalion

I = lu*(tr"-/") (1-eP/Po ) ,O

where à " 
iu the vertical temperatr.¡¡e gradient 1n the qu-

arry-surror¡¡d.ing territory, "Q/mi ¿" tbe vertical tempe-
ratu¡e gradient of the guarry rock surface, "C/m; P the
reLative quar?y depth, Po=O.43 is a coeffÍcient¡

(7)

where E, I, B e¡e the depth, length and widtb, respecti-
ve1y"

Ibon (6) it follows that at the 1¿ltia] qua¡ry working
stage (P -t O) ü-?f,u,.tUat is, the tem¡eratrrre grad.ient
in the quarrT depend,s essentially on atmosphere thernal 

:.

stratification on the surface

4ç the -relative fep,th Íncreases, the effect of the geo-
thernal coaditions of tbe quaJÍry as dete:mined by the te-
mperature d.istribution of the soil su¡face Ín the qua.rr¡r
sp"g"".,.".if,ests itself uore ta4gi.bly. In deep quarriee
air thernal. stratiflcation will depend fn many respects.
oF l,le rock temperatu¡e dietribution with deptb.

"',,If j¡tbquarry there is forned stable etratÍffcatlon Y( ,ø
nhich is a consequence of a beat tleficit witþin the luar-

l=
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ry space, thÍs leads to tbe appearaJxce of tbe alr'lnver-
slon structr¡¡e vrhich is characterized.by tbe stable'at-
mosphere etate vrith posslble accumulation of aduÍrtures'
vhen sourcee of their releage are present. For ¿z>O the
state of air ¡IEIsses 1n tbe quany by ancl large 1s uJxetab-

Ie.

Acting in conbination, the dynanic e¡d theroal components

of natr¡ral afr exchange nay be characterlzed by the tber-
Dodyneml c-gratlf ent value

I te¡l*lt (8)

where f, 1s tbe vertical gradie¡t of the air temperature
d.Ístribution and l* tUe wind equivalent of the temperatu-
re vertical gradieãt. tts value

l.arr.)r (r)I e;= l\j-z'
where T is the air tenperatr¡re lnltbe ayer considered, K;

c ¿g the free faI ecceleratlon, m/e?.

If rtg ) l¡ ( ¡n=o.o1"c/m f e the vaLue of tbe aillabatic
grad,ient), tbe k1¡etic eaerry of ¡oiring in the air layer
wtll be sufficient for tbe fornation of lnteneive air ex-
cbange whÍcli prôvldes removal and effectf,ve ilflutlo¡ of
admixtu¡es. : ' i

Ât sna1l sþ¡ng€s of tbe wlnd velocity with beÍebt l" r.O
aad tbe¡ral stratificatLo¡ has thè nain effect o¡ air"êx=
cbange :' : ' : "" ' i

'':;. - l. 
.

Thus, wbêri paÊsing to work at low levelgr B"'reduction'l.n
tbe aÍr flovl velocity antl a decrease in tbe ¡atr¡raI ai¡-
exchaage inteirsity are regf.btered 1n quàrrl'ee, whlc,h hí¡-
ders processes of dilutioa and removal of attnixtu¡es re-
IêaËed to"the quarzT atmosphere'a¡a cal1s rfor'"actd,itLonat i

work '-on air-exchenge control in the guarryr includÍag re-
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strÍction of ..the ad¡oixture.release, dílutioa a¡d removal
beyond'the boundarles of the space being ventiJated.:

Raising the range of, natu¡aI air exchange 5.s possible by
controlllng the geometry of tbe quarry space, structr:re
of urind fl-ows a¡¡d.red,Íetribution of the heat energr as
vrel1 as by provid.Íng artificial ventil-atÍon in the guap
ry.

ft has been established that the proposed techniques of
raising, the rate of natural air exchange in deep quarri-
es ensu?e d,ifferent increase of the v¡i_ntl relative velo-
city. lbe ¡eIiabílity and. efficiency of the techniqire
depend.:-on the geonetry of the quarry space, sizes of a
dev:ice and its placenent as well as oD the,variabi3.ity of
the wind flow direction with respect to tþg psens of rai-
siug the air exchange rate"

lhe greatest increase of the wind relatÍve velocity in
the quaræy (by 3-4 tinee) is reached as directing appa-
ratus, an elaetic ving end a system of wind-d,eflecting
boards wLth co¡t¡ollable pararoeters of a suspensioD are
used. (&ig.5). Bhen directing boa¡ds are used., aircircu-
Lation schemes do not ebange, but the voh¡:¡e of the re-
circulation zone in tbe quarry ie reduced.

An elagtic wiag or a board eysten nake it possible
eli.rliuate completely the zone of ,backrruard flows at
que¡ly bottom. In this, case the recirculation zoae
upvzard,s to the eerodynamic-shadow zoue of the wJ.ng
ard system.

to
the
chi fts
or bo-

honotJ.ng air excha¡ge ln quarriee is also possible at
tbe expeae€; of producing direeted upgolng ai¡ f,Lows in
the, quar:¡r atmosphere ¡vith tbe use of l_ow-temperature
heaters. In tbig case-the ai.r-exchange promotion schene:
nay be both al.1-qua:rier a¡d l_ocal or combineô.
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Additional heating a¡d heat accumulation aye possible, if
quarry surfaces a¡e processed v/ith aopbalt, ,-bitr:nen or ,

s1ag. .As this takes place, the colou¡ of rocks changes,
vrhich increases the tenperature difference -between the'.
soiL and air in day tiroe by a factor:of ,2-4. This ig con-
nected v¡ith increasing absorptÍon capacity of such coat'-
ings and âocumulation of additionaL heat quantity in
then. îhe air-exchange rate is raised due to the air fl-ov¿

formed above the processed surface.

îo promote natural.air exchange, it is a1-so .possible to
use the depth heat of rocks: througb which air is punped
(fie.6). WhiJ-e contacting vrith deep Iayers,. air iË heated
and as, i-t,r again enters tbe worlcing zone of the. qua:ry., it
increages the heat content. of the near-,ground air layer;

;1 " -:"

Among other methods of promoting air exchange, 1t xoigbt
be well to poÍnt out tbe application of strea^m ventilati-
on based, on the use of turbulent free strea-s f.or diluti!
on or for coagr:J-ation.and precipitation' of atlnÍrtrtres :'

vrith vrater-ahd-air stream.B.. . -

Different scaLes of usÍng strea¡ ventilation are recotr-
mended: from local, ventilation of .working places to:acti-
ve ventil-atioa ofì lndivid.ual zones and-even-quàrries.,âs a
who1e.

' t: : I i., j. .. . .- j t.

It Ís coruoon for ,Iocal vehtÍLation tto,include- ventilation
aad hydraulic dust removal from. indivltlual faces or,quâr;
r7 . sections w'ith "ê higb degree of, the work ooncentratioa¡.

As mea¡s for air-excha"'ge control- i¡ the quarlTr there may

be used 'various me.chanical derrlces produciDg tr¡¡bt¡le¡t
free streams as well as heat ¡¡¡its fo:niring coavectÍve :

flows,i:'lechnical faciliti:eg,'producing free gt¡snms eri
esse,¡t-Í:eIly oriented to the use of si-rcraft. facilitiee ':

([able 2). ;; :.=' .
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lable 2. Characteristics of quarry ventj.lators based. on
aircraft propellers

Ventilat- Initial dia-
or mark meter of the

streaD, m

r¡i tial St¡ean Drive
veLocily, rar¡ge ¡-
n/ s m Type Porver, kTJ

ulúP-1

U,IP-14
IJÌæ-21

III(-1zIfV

3.6
14.6
21.o
5"6

350

570
1 030
1 300

Dieeel
ELectric
ELectric
Gas-tur-
blne
Gas-tux-
bine

308

3zo
1 000
11000

22. o

5

6

o

..,

o

61.

AUK-35 35.O 1Z.j 1980 11000

For local ventilatÍon systems IIMP-1 , IJtrÍP-14, IILfP-2'l e¡¡d

others have been developed arld passed trial testing in
quarries.

Ihe sprinkler-a¡d-ventilation system WP-1 serves for
ventlLation of Local stagnation zones as rzell as for
eprinkling tbe broken down rock ¡oass a¡d qucrry roadbed.

Systens IIIúP-14 a¡d IILÍP-21 produce vertical upgoing stre-
a-s, they are typically arranged at lovrer qua¡ry levels
and promote the removal of harnful admirturee beyond the
quar4f atmospbere.

lhe quarry strean ventilator lüI(-12ifl/ is made on the basis
of a 1U-114 turboprop e¡gfne e¡d is j.ntended for ventila-
tion of and hydraulic dust removal fron stagnation zones
of a great quarr¡r-space volu:ne.

Ventilator systens baeed o¡ main rotors serv for ventila-
tion of stagnation zoneE¡ r,rith upgoing flows.

1o produce upgoing convective streans, there are also us-
ed heat units:IE-I¡3f-2, IIGK-1, IIPK-1 , AVR-7O/3O a¡d oth-
ers. Ihe obl-igatory conditlon of the effective use of tbe
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heat r:¡its is the.convestfve É,trea^m leaving''thè quarry
space. .

COlÍqLÜSIOTI

I{atr¡ral- air excha¡ge in qua¡ries is deternined by the
wind enerry and ther¡oaI forces for"ned in the near-ground..
layer at the expense of the solar energy and the earth
depth heat.

Dieturbances of air excha-nge accompanied by the acct¡muIa-
tion of adÉixtures are co¡nected with inversions a:td, as

a rule, are observéd, 1¡ vrindlees vreatüer.''

Àir exchange in quarries cen be controJ-1ed by pronoting
natr:¡al alr excho¡Ee a¡d in part by 1oåaI artificial' ' i

ventilatl,on.

Tbe control effÍclency depends in Dany respects on rout-
ine pred,ictlo¡i of possible circulation dieturbances.

hesent-day reçÉrémeats liroit peruüåsibie äniesfons frön
the quarry, wbÍch puts on the forefrout tbe iròblens of 't

localization e¡d restri
the quarry atmosphere..

ction of the ad¡oirture release to 
.. .:.:
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FIGI'R3 CAITTONS

Daily variatlon of the wj-nd vel,ocity in the quar-
z5l pnd on its surface in Januar¡r aad Ju1y.
RelatÍve winC velocity in the quarry in Ja:ruar¡r
and Jul¡'.
-Anr¡ua1 varLation of the lrind velocÍty.
IÍind-velocÍty profiLe in the quamy:
1 - nod.eI, 2: ful1-scale
Schemes of guarry natural ventiLation:
a - fo:r,¡a¡d-flovr
b - recfrcuLetlon
c - fo¡va¡d-flow - recirculation
d - recirculatlon - forrva¡d-flovr
Vertical profilee of, the wind velocity in the qu-
arzy with the use of devices for raising the air-
excho¡'ge rate:
a - dlrecting apparatus;
b - eLaetlc wi.ng¡
c - eystem of wind-deflecting boards.
Scbeme of raj-sing the ai::-exchange rate in the
quêrrT with the use of rock heat.
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