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PREPACE

This ¢hesis describes work carricd ocut in the Hining
Department of tho Royal College of Sciemce and Technology, Glasgew,
during an investigation into disturbances in the mine ventilation
eircuit caused by single cage winding., Winding with & single ocago
inotead of two csmaller balemced cagos had a very noticeable offect on |
the vontilation of a Forth of England colliery and the substence of a
report by the Area ventilatlon eteff, describding theme offects, ie
included in the thesis in order that thepe effecte may be more cleaply
underatood. The colliery, the ventilation of which is described in
the report, is Ryhopo coelliery and is referred to in ¢the thesis as
colliery R,

The inveetigation described in the report was, raturally,
very limited in scope, due to the small numder o¢f factors which could
be varied, o it was deeided to comsiruct e medel in vhich the offocte
could be simulated, and in which more fasotors could bvo varied, Tho
considorations influencing the design of tho model are explained and
the model is described,

The methods of meesurement used and the inmﬁruﬁanﬁu involved
are descridod, and toots which were performeod to amscos tho limitetions
of the pressure recorder are inecluded, together with the conclusions
¢o which they 1ead.

The tests carried out om the model fall inte two groups. The

first is concerned with the prescure drop produced dy the cage, and



the factors which affect 1%, Tha second deals with tho effects on
tho ventilation oystenm of communicating this procsurs drop to thoe
large volume of air contained in the underground workings. The
tests in each group are deccribed in full ard fhe cogclusioan aro
dxravn.

[laving described the worl conneclted with the model the ﬁhgsis
thean dealc with theozetical metheds of prediciing thé effecto. Tho
investigation leading to the meothod used is fully ezplained end +tho
method ia given in detail. lany oxamples havé beeca solved uvaing
the mothod and the resulis and.conclusions havo boen.giv@n.

An alternative mothod of solution is indicated and its edvoninges
and limitations discusged, |

In the conclusions an assessment i made of the phenomenon in
the light of the knowleage vhich has been geined frem both scctions
of the work. All factors which may influence the effocis ave
considered and thoir rolative nerits diescussed.

Tﬁe limitations of {the present investigation are indicated and

suggéations are made as to how the work may be extended,
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Chapter 1 THE*RODUCRITOH

Hining Ventilation is one agpect of mining vhich readily
lends itself ¢o systematic study, both in the nins and in tho
laboratory. Yorwover many of the lawa which apply in a @ine havo
besn extensively siuvdied in other fields, It is not curpricing,
thefafore, that tho laus of wveatilation are, in general, familiarp
end well understood, Thess laws apply, hevover, only tb stoady
ptate conditicns when the cir veleeity at cny point does not vary
with time; The aosumption of steady sitate conditions is rozsconablo
in normalhmining circumstances whon variatione of veleccity are
clight.

The work described here is concernod with investigating the
behaviour of the ventilating eir under the unctszdy conditions
produced dy the movemgat of a single large cage in one of the chafic,
Under these conditions ¢the application of the steady state lawg may
give very miocleading resulis,.

Unsteady flow conditions occur all the time underground whea
doors are opened and clozed, when tubs or mine ca?s’suddonly eater
e roadway and change its resistance, whon szplosives are dbeinsg fired
or when the cagses move. Many other incideants produco varying degroos
of unstesady flow but it is the movement of the cages and, in pariicular,
of a single cage which produces the mosit serious disturbancers,

In the pasti. men and materiglc have been reised and lowered

in nine shafi¢s by means of a systenm whersby {wo einilar cagss itravel



Chape 1) 8

in cpposito directions. fhie has meant thet any pressurc
disturbance around one cozd was couniteractied Dy o similar disiurb&xce
eround tho othor cago znd hemco any pressurc variation wac limitcd
%o the distanco beiween tho czges and to a thort distance beyond
tﬁemo Concideration of winding oysctems in the light of medezra
techniquen and cconomios has meant that, in ceriesin cases, ii hao
boen advantageoous to use a single large cags and countorweight.
The frontal area of the countorweight is genorally less then 29 of
that of the cags so that {ho elfect of the counterveight on the
lven%ilation systen may bo noglectcd. It io 4¢hie mingle cago,
thérefore, having approximately <wice the frontal area of each cago
in the balanced cage oystom, producing a promsure disturbance not
offset by any other pressure diciurbanco, which is, in cortain cagos,
cauging a serioues disturbance of the steady air flcws. |

Work dome in the field can be invaluadle in stuﬂ&ing tho
disturbance but it is more likely thati so few results cen be obiained
end oo few factors varied that a true picturo is difficult %o obtain.
In the study of mine ventilation it hao been found, in general,
more useful to do teets on models where many factors may be varied
and %o vgrify the mesults of the model tostes by a fow fiold {osis.
This technique io now well ostablished for steady flow otudies
and the laws relating the remulis in the model o thoso in the field
have bson doterained. In the case of non-oieady flow additional

factors must be considersd, and the lawa relating the model and the
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Fig.l. Cross-section of shaft and eguipment

at colliery R after the change-over.
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Air cunntitice (Cefem.)
- . o < - - g
Sanm Shaft. holmesn =eos
2ol

5/4 43,000

Llevdlin 29,000 . -

HutSor 16,000
108,500
Iarvoy 103,000
Totos Average shaii cuenvities have been corrected for temporainro

and cenpreasion offecto,
Soveral conclusicns can bto drawn immediasely frem the dicgromo.
The marmitude of the disturbenco appears to boar conmo velation Yo

the coge proasuro drop, co that when tho cage ie descending, and
Fodh-] > w?

therefore has'a low voelocity rolative 1@ the air, tho cogo prooours
drop is exall and so, thereiore, are ¢
following cteervaticas arc mado from thoe grapao of il
Cag%a

When winding from the 5/4 level the shafi pressure difference
appears to follow the cage moveucnic very closely, dropping slcwly
as ‘the cagé colerates and reobvering as the cage silows dowa. Lnon
winding from tho Hax oy lovel we cce tha® the prescurs drops very

suddcnly as the cage passen the inset, alithough the nelhed of

reasurenen’t uced waso not oble to chow ozactly how curddonly Thooo
obsrrvaticons chow that the pressure digturvences Tollow the Dovoenents

of the cage foithiully.



expazd, It would gppear to bo thio cxzpenciocz of the aix vhic

I

ceuses the volceity disturbencon and rmevercal of flew,. VIc oo
that 1ittle or no chonge of velcesity is debegicd adjacent o tho

return, vhile 1,000 yards frem the source it ie atismvaiod 4o e
groator or lecoor despece.

I¢ is this ottenuation vwhiech causcs mémﬁ EUPRTICe, in o
caccs the attcnuation at 1,000 yoaxrde is vory cligad, vhilo in other
twe i¢ io mevere. Thore appears to Lo no ovbvious explanation and
no conncctien can bo coca botwreca the cttenuaticn and thoe cpoed cf
the cage, o> the opsed a¥g which vho precsuro pulse ic epplicd to the
ingot, I% wao hopzd thet the furither inqicht Goined during sho
expexinmental ard thoeorotical work undortafaﬁ w&ul& provido coms
explenation,

Iy intogreting tho volumo of cir effected by the prescurc
chaagos it is powsible to estimato fhs volumoe of the workings,
ascuming @ cimplo Eﬁylo“s Lzw relationchip. In tho case of winlding
at normal cpeed from the Harvey lovel the oxcess air flowinsg Tfrom
the 5/@ levsl io coroxzicately 25,000 cu.?t. ond tho pooszuro drop
is approzimately 17 W.0, Thie would cuggest thot 107 cof%. of aix

hac boca effecicd vhickh iz

.
<

an uarealistic figuro Lor tho wolumo

¥

a

no

E3

o? workings in the 5/4 lovel.
Hegving gained thioc inforrmaticn from tho colliczy invectigoticn

it was decided %o atitempt to vimulete theeo disturitarncoo in o mzdol



Coap. 2.,3) | 14

g0 that, having greator coniroel cver 211 Tactors, the offcet of

these factors could Lo carefully ctudieds

Chaopter 3 DOSCRIPTICNH OF TOF  Lobhn

Freo the investigaticns a% colliary I thoe feollewing
conclusionc may bo dravie.

1) Tho variaiicn of tho velocity of the air flewing through

tha workinga at any lovol corvecaponds cloooly %o the precsure
differenco votween tho two chzlte ot that lovel, Bince the flovw
in the rotuzrn, zdjocent to tho upsact chaft, ioc coea to be 1littls

affocted wo may acsutme that tho precsure in the upcast shaft io

constanto Since the procoure at tho top of tho downcast chafd is

conctant aad tho chaft ouentity wvarics livile, woe wmay deluce that

tho velocity disturbanco corrocpondn clecoly {o the pressuro 4ron

produscd by the eagd in tho dowacast caaft, Tllu preccuro drop is
obviously a fumstion oY, coong othor things, tho ecago voloecity onmd
tho air veleeily in the dewacant shafie

2) Tho volosity disturbanco i propagated imbyo o o

tut the facicrs govorning this aftenuation aro not evident from thc

Csﬂ-ull nus ‘bc—’ 0.\. T Hﬂlb(ﬂ 6w Jllwblvo
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Chap. 3)

Ca these conclusions, it wag dzeided. weuld ve basod supowimantal
teste desipned o dsiormine

{(a) How %ho pressure disturbance was produced,

() low %hio preceurs disiturbanceo preduced = woleeidy,

digcuurbancs, and

(¢) How tho veloelty dinturbonco was pronegaiced,

In erder to invosltigato hoew the pressure disturbanco was
produced 1% was planned to comstruct a medoel oysitom vhich would

- 1. oL, e e gy o o o oy ot o~ ha - T T . L . S

clooely »oocmble tho arrangszeants at colliocxy . When dnwvootignting

the prossuro drop produced by the cagn 1t was nocescary o hovo

)

2 " ] *, B2 A PO e Py B .V BRI - - S
available cage cpoeds which wero of Ihe soms crdsr ac the air cooacds,

L

inco cuch arelationship is coumocn in p“ac;icc. Thiao meoont, i tho

air velecity were o saticly the cornditions of Hurbnlaont

relatively high cogo cpsecic,. To cbtain theso ths ctalc of tho oodc:
o ) o p
. . . 1 . N .
wap necossarily eam2ll. A dianedter of 3I%" was considorad o convoniont
" “ "

sizos for the model chaft and this gave & ceale foctor. comparad =widh

collisry R, of 52 t{iuecsa
The ckaft was 337 lomgzg with a 13" Perspaor cestion centrolly

s .~ 2 . & nan 5 I U
cy U0 soe whoXe The cogo was ot any iamsgtant wos

pats
o

pleccd. The abil

I )

vory uceful znd aveided tho nsed for complicated

The shafb, cn eithor mide of %ho ccntral coeticn was opaaud Polyihons
the bore of which wos net quive uwniforn and, Tor thin renscn

o~ b3

measurenen$s were coniined To Tho Porspon ceetion,

o

To enmure that tho eage weuld %ravol cafely at tho epoondic
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Chapo 3) 7

fon was, Yor rozoons given latcer, not cuiteble and the investigation
into the pressure drop producsad by the cagse woe carzicd oundt urians o
wmuch largsr fon,

Ia ordey that tho abililty of 2 pressure dieturbance to oroduco
a valoeity disterbtoncs could be studicd, tho Peropom gootiocu of tha
chaft had fitted, at ito econtrso, a T picece jurciicn. Thic oilowod
any pressure disturdance produeed by tho cogo to B communicotod
olsawhors, It was then evideaut that i€ o lerge volumg waeve euonnaztod

to thisc T picca, and if the cags wore immedictely dowmstraam oo

tho T piose, the prossurc of the zirz in tho woluzz would bo thed

which io normally upsizesaw from tho cago,. IT tha cage were then
moved %o a pooition immedictely upsitrezm fror Shie T pilezo tho precours

in %he wolumc weuld be lowcred by an amount couval to the pronpurs
-drop produced by tho cagos AL thin lower pressouwe tho eviginol
masd of air wust gceupy o larger veluns and honee air auwsds Tior out

of the 7 picce as the cage chaages poositicn,

A

o]
¢}
h
(o]
1
It d
[ ]
(w4
()
()
[

LN
Lg¥]

Calculation shewed this ol 5 @oc/csaa which
may be 100 £4s/seec. for 1/290 sec. or 1/10 f%/b;e. Tor § seoconds,
Attempts %o dedect this Tlow of air with the pressure resording
equipmcnﬁ net with cenplete failuro. Zince thore counld bLe ne douby
avout the fac% that air fleowvod out, 20 nmuct, then, hnavo flowed
oither tco ouickly cr %oo clowly %o bo detceied. The
offeroad to air {lowing oudt of thoe velumo was vory omoll, honco 1%

s A 5 - - - S8 B s 5 [P TN o -
vas aosuned thet the air hod flovwed ocut teo »apidly. Ths solution

O 2N B - o} e wfa Ty e ~ Py ot < - o PN A
Dich MIighy have Leon €0 inersasd ohe
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Chap. 3) 1¢

length of connectiion betwoen the shaft and the Tan. Bug the
magnitude wae such that it could be dauped ocut without seriously
affecting the lower frequencies which wero hding meacured,

Other equipmcat ascociated with the nodel includsi two
'voluzes®, one of 49 cu.ft. and the othor of 250 cu.fi., Doth
rectangular boxes, They wero descigned to simulate the vworkings
but, sinco tho volume of the workings is difficult to estimate
and sincogoomotricel similzrity might b2 of no advantage in thic
case, tho sctual voluaoe had no mesming at the dosign stapo.

‘In order to inveatigate fully the precsure drop produced
by a cage, a series of modol cages was construcﬁed'giving a ranrze
of variable factors. The factors investigated were itho wnumber of
decks, the frontal crea, tho lecngth %o brecdth ratio amd the offect
of completely closing the sides of the cageo Tae terms used in
relation to a cage are chowa in Fig, 11 and Téble I giveo tho
dimensiona for the series boing tested, The medol cageo are Bocn

in Pla%ie 1,



Height

&»{
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Aspect Ratlc = LEDALR
Breadth

Pig. 1l. Cage Homenclaturc.
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Fuzbor deighv Lenpth | Decadin
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Cage | of édecks | (inmn.) | (ias.) | (ins.)
ﬂt ,3 O 2075 1:3 -—1&12 1..:.33: "‘
3 4 ¢ 2759 1.50 4,12 1.85

e

1) 6 12 20?5 10:’0 40 }.?. ?u :3
B 3 5 2,75 175 4.061 1.5%
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Tho medel eauipamcnt woc ceopleted by adding a cagc pooiticn

indicator so that ithe positicn of the cagse ceuld b soon

e

contrelling positicas.



Chapter 4 CRECRIPELCYT OF  G2F  TUSTRUNIINS  ATD

In all the tosts in thio investigotion tho booie quantilty

being wmeacureld wos preccurs, whothor 1t pepzesented an casesy loco

or ¢tho welcecitly of tho air flow. In oo eases it was sicaly
procoure while inm othera it wac fluotuaiing prezource. For goneral

direct reading insirument was found to bo vwory cimple o read,

)

raligblo and accurato, o vory accurato work, for szample when

¢

dotermining the sceuracy of otheor instrumenis, the Chatiosk Toy tilt-
imz momomotor (Fleto 3) was uced, Thio has o meh m5?a Lizitcd ronge
than tho Lotz and io no% co easy to wroad, but the accuracy 16 greator.
To moasure and record Tlustuanting proosurez a wocording
manozoter dovolopod im the Mining Dopazémcat of tho4ﬁoya1 Colleso of

Scienco ard Technology waa ueed, A deseripiicon of tho dovolopnent

2in

3

vork cam bo found im refercncc 2. Tho consitive clemcat wao &
brasc diaphragm ptroicked taut and elemped betwern two etcol rings.
This éiaphraga wac co crranged ac o divide imfo tro compartzoate

an air chambde?, One wall of the chauber was o heoavy bress plote wvhich
actgd ao tho gitationary plaﬁe of a varisble condcasor, tho thin
diaphuregm Being tho othexr plate. A difforenco in jexdolotatikale ﬁ@t"eoa

the two conporiments czused the thin diaphrogn 4o bo defleetel,
producing a chanse in capacitenco totwzen tho oo élatosa Tho

capacitenoce of {he two plotes was arrangod to act as one arm of 2



PLATE 2.



PLATE 3.
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produced ea output voltaze from the p“’?lcu 1y velanced bridoo.

-

This output voliege was amplified, rectified and fod to cns chanmol

of a twolvo chomnol golvancncter mocorder,. Fila oposas of uon o
5 incheﬂ/éac.»enabled a continuous record vo be obviained of {Tho
differential preoccure cpplied to %he ccacitive clcaont.

This prlnclplo hao been found to bo very saticfaciory and
capable of mtability and accuracy censletent with tho purpsoes of
tho teatc, Szacitivo olcmoato with braco diaphrogae of thickinoocos
0.015" (for pressurss up to 14" W.C.) mnd 0.C35 (for pressuros ud

to 5" W.G.) wore clready availablo but it w:

Q
o]
Pb
)
e}
o>
43
©
()
©
}
4]
I
!
-
<
[¢]

construct a2 nore songitive clement with brass 0.0015" {thick. Tho
trass was stretched by cenmenting it to 2 largs aluninivn riag ond

o
then hoating thisc zing Yo a teaperaturs of 1C0° C. The broca was

f:l

clamped between two smaller, 4" diameter, stcel ringe while the
alu=zinium was at that tcoporaturs. It was found that the amount of

tonsion so produced was cufficiont to cauce tho thin brass diepare

to return to the neutral plane accuratsly afior cach opplicotica of

pressur®, while having a2 scusitiviiy esuch that 3.5 w.n. V.8. producca
a full ecale doflection of tho recording galvancmeter, This prosczurs
sénsing elemont igiknonn in any lazter d@mcription a0 the 3.5 m.0.
diaghragn.

The voltage amplifigr had a variable cmplificeticncontrol and

this ellowed adjusirent so that full scale deflection of the galvanerou:

corresponded to the prescurses being measurcd,
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Pig., 12 shuma a calibration curvo Tor the mest sonsitvive
diaphragmr. The galvoncactor deflection kas baen plotisd o

- ey o 3 - - - ~ .y e R P B AL L N A ompnge A3 [T A
the precssure in m.m. W.&. as moasured by tho Chalbiccek FPey tilting

wznemoter. It i1l ©o scen that there iz, in actual fach, no
etraighd 1linge portion althougsn two efreight lincz would covey the

c.
pus
Q
e

ranas with little errov. T will aloco e woticed Shat the coob

5 ic elight — leas thon 0.67

Howevar, it wao Tound that the ovorall clopes Sondad to vorsy abond

a mean slepe bty = 4% from calidvation to celibraticn. ot %

P ; 3 v hin
reagonr it was decided o ealibrate the apporatul over the poangs of
pressures boing uced immsdictely befora and after any test oy corics
of tec%ta,. This allowed a otraight lins calibration %o be ussd fop
tho most useful part cf the curve end coliminated the offcein of lcng

poriod dri
The response el tho preocure rocorder o Fluctuating nroucuTos

* ) .

wac, 30 & ceriain exwtent. unknewn_althougu caleulatione had <
(ref. 2)‘ﬁhat the natural freoucncy of tho diapare
greator than 2C0 c/ss Hovimg%rum@nﬁ of known roepcnse was aveilallo
for comparizen and it was neceszary to cavry ocutl sceveral tests whiskh,
it waé hoped,y weuld provide come agsurTance
Geing measured wers Leu.seve;ely atderuateld.

" . -
e Par T SO Gy SN S
g Wia LrlwwiiaawmlUliw

volume V. , conneciing tuvo volume V., and the ratio g of ths
comvined lowest rozomant froqueancy of tho cyoiem Ty, o %

resonant frequoncy of ihe comneeting tuting £ . Thic rselaticnghimp
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In tkio case TV was estimated 4o bo 10-=15 cco. and the

[

chortect leasih of 8 m.m. bore tubing which could be uzed was 27,

CQ

Allowing for the volume o2 tho sietic plate ard ecnmncciticn to tho

sensitive olencat inpide tho insitrumeat V. woo approzimasoly

Tho loweat rosonant frequausy of the conmnceling tubing ic given
oy fo e 27? where o io tho velesity cf couxnd and L ic thae
& N

lezgith of the tubing. The total cormnceting ler sz Was no Eioavor
then 6" vhich given f£5 = 560 o/s indieating that tho lowoot
reconant froqucaoy of the cystca would be approximately 180 c/ho

This aimvllfiea thooxy is Dbased om the essumpiiecn Thot tho
friction offect of the tubing was mogligibdio. This, acco*dvm” 30
Taback, is reasomable in the cace of <the & nm.m, tubing boirg uwead,
henzo tho attczuction of frogquemsios belew 15 ¢z would to nerligibl
and measurcacnts takea with a 2% comnecting leagth were asauasl 4o
be esescurato.

During tho inveotigation & cozmercial prescurs recording
nstrum@ﬁﬁ bresane availablo‘bu% it wag limited to onoe degroa of
gonsitiviiy. A high degreco wag chotsn and it was ucod o wegord
filvedsuntions in woloecli<y vhen tho steady velocitylwas lecs <hos

20 £4/3cc. Tho inctruzsat is chowm in Plate 4 end io refonred o

LG
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r2

23 tho micro-manometor. The sencitive slemsat volumoasof the
insﬁrmm:nb vazs C.0019 c¢&o. which emoured that if a dhort lenpgih of

conmecting tube woere used thse natural Trecouvcoaney ¢f tho mcacuring

eyoten would te wvery high - ahout S5CO c/m. Hewico the meaonrercnid

obtained when this incirument was corneched by 27 of O pum. baTo
tubing fo = static plets were takon ac sctardard and the reshonsos

of othor measuring oystens wore compayved with ih, Fige 13 chovs

the prossuro at & point in the model, mcamared ao ohove, and taken

H

[

g stzndard. Twvo major frequencios, ons of 17.95 ¢/ and tho othow
of 53 c/b, are readlly noticad. A similar troce wod cutaincd

the 3% p.om. dicphresm end a similer chord picco o

Vhen this moasurcment was ropcated with 307 o ? 8 m.ne. bowo wuing vhe
17.5 c/s cempanent was ot atfcnucted noticecbly whilo tho B3 cfé

coaponont wac grealor. Thue we ceo that in ovder to avold rousranss

effecte at tho higher frequencies very chort icngthso of tubing cuot

be used. Yaen 9° of tudbing was ussd both froquencies showed olighi

attenuation. The rosponses applared to o tho samo whon tho tooic

were repeated using 6 m.n. bore tubing.

The 17.5 ¢/s component was due to recoxances in tho ncdel oad
wag clwayc preacat. It tended to mash the effect which wos boing

neasured and a mebhod of attenvetling 1t was soughs. Tho incerticn
cf various lengthe of capillary tute in the cennccting tubing wao

~

tried and it was found that any length longer than 1V gave very

severe altenuation. A length of 1¥ attemuated the 17.5 ¢/ counond

to different degreen, depesnding on the length of cemaceting tuvin

nate
!



Fig. 13. Pressure recorded
with micromanometer connected
by 2" of 8mm. bore tubing to

the static plate.

Fig. 14. Pressure recorded
with micromanometer connected
py 2" of 8mm. bore tubing and
1m of capillary tube to the

static plate.

Fie 15. Pressure recorded
with 3imm. diaphragm connected
by 2" of 8mm. bore tubing and
1" of capillary tube to the

static plate.

Fig. 16, Pressure recorded
with micromanometer connected
by 2" of 8mm. bore tubing to

a 4mm,., pitot-static tube.

Fig. 17. Pressure recorded
with micromanometer connected
by 2" of 8mm. bore tubing to

a 3mm. pitot-static tube.
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and tho volume of ihe instruncnt.  Fig. 14 chows the pronsuro

recorded with the static plate connceted to tho micrommnomsicn

{inssrumcat velume 0.001%5 ces.) by 27 of 8 m.o.—Subing oad 19 of

capiliary wube, A rmederate dogzoc cf aticavaticn iv noticoablo
~ ey 2T s Py LR P | s hrl " S Pl A, -, =

conparasd wita tho svandard. Fig. 15 chioro the saze precoure

ginilarly cennosted to the 3y mem. diaphrasm {(inodrumcat volvmo

10 = 15 cec. ) and here we notlce the very sovsrs attoauaticie

The variation irm proveurc which it wac intendcd o weasurae
had a fweocuensy of ar*“e:lm;oolv 1 c/e and it was Tourd that 17

of capilliasry wube did not ot
_ jo

. . s 1 2 n et g o
degrse whon using tho 3r D.o. diaghragm. Thio cepillary wag
thercfero uced when measuiag th@ﬂo NPOSSUTEN, Trno 1% lcongith of
capillary tube did not sufficicntly ctionvote the 17.5 c;c COLTONSE,

3

when using the nicrcmancmeter Lut thoe iactrumont had o fized demror
of slectrical domping vhich could be switehed inte eircuit, Tnic
was Tound td proauco fhe reouirved offcct, cidtenuating the 17.5 c/a-
~ccaponent ©Cv ewolv and the 1 ¢/o componeat 1ittlio.

The prossuros in these Leshs werce noasvzred with o otatic

plate Dbecauso the ationuating offect of the oirntiec holes im o gitoi®

static tube is vory severe, altitenuating ovon the lew froeuoncy
ccmponcit. Fig, 16 io k2 prozscuro rocorded with a 4 m.n. pitct-

2,

static tube connected by 2% of 8 m.n. boro tubing %o tho wicvo-

ranenoter. Fig, 17 is tho care pressure rceorvded with o 3 m.nl.

ad

9]

pitot~-platic tube. Theo cevero attcauaticn io ovildent in Toil eanco

Tho conclusiors to be drawvn from thess tosts gre thod the
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length and bore of tubing conneciing the inclrumsny e the prossuve
will not affost the rcoponco of fhe ¢yotcn to frogucncios ag low as

e.

1 c/s. Unvantsd frequencieu may be sup @onuuﬁ in vhie caso by

o}

ingerting 1" of cepillary tubo in the counecting tubing vhen uoing

’.

the 3% n.m. diaphragm and ¥y using the micromancaoter with ths
electrical dampinsg in eivcuit.

The other guantity with whick the ib ostigaticns wWSTe Concernsd
wao the opocd of the capgoa. Thie wag acasured at the incod when
the cage interrupied a bean of 1light to a phovowsleciric coll, Thic
produced a crd on tho filz of tho cogo spsed at o known pocition.
The mazimum nominallvalu@ of %the Tilm cpoed wan 5 inches/ooe. Lut
that voried 311 ahitly from doy to day dus to the insgbility of tho
motor to maintain a conctant cpoed in the face of ﬁho-Va?,ing Teicvion
in the Gyatém, end a time bese was recorvded on enothor chanuosl co that
the cago speed could be doterninsd accuratoly,. At a cagoe speoed of

) -

12 fﬁ/8®c. and a film spoed of 5 inches/mgc. the length of thoe

This could be measured, if aecossary, to & accuracy of boetier thon
1% ucing a travelling microscope. It wan, hewevsy, congidorcd that
the accuracy givean by normal mothedso of mcasurcmcat, atout S, was

eufficient,.
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The use of modele as an ald to pzadiciing proagsure loczes

Y

- A 3 - < - -~ - - b P o vm vt r mr s
in wventilaticn circuiin haoc bBoca cocmmen practico for many yoars

and the principles are now woll esvablisncd. IT we aesuue thov
tho pressure drop due o air pascing over a curface is depcndent

only on {a) the density of tho air, w (b)) ths wviscesity of tho
zir, y {e) the volocity of the cir, u, oud {d) the o
surface as vepresented by a langth dimeasion, A4 , wa fiad, using

dimsunsional aralysic, thot

x g
. b 5 2 2¢ =
. Fricticn force P, b o 0% v~

. s . whlw . . na - ,
The dimensionless group == ig knows 2o Reynolds nunbor, Dg. -
J

denacs thoe fricticn prescure drop e i3 given Y

in practice is given OJ

pi
o
Py —- - & Ay
S i M 8 I Hen
i v .. Pon J
D, > 2

If wo uee the same fluid, cir, and arraanze the =moéol velosity cush

9 . PR . s .
that un A = unlﬁp wo get the sinple waladtionchip,

In the type of model testing usod in mining ventiladtion it ip nov
[ ] [

gcaerally pocsible to arvangse thet ﬁm,ﬁﬂ = 2 {ia@s Heo = o2,

Hdowever, vory ervensive modcl tosiving has snown that whoen g L9
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A

above & certain valus, which varies with the roughness of tho
surface, it has no further effect on the friction prossurs drop.
In mining practico the combinmation of R, and surfoce roughnecs
is such that Ry is above this value, If we onsure that, in the
ncdel, R, 1is abova tho value corresponding to tho model surface

roughness, wo may neglect the effect of R in any comparicon between

3
the model and actual practice.
Any preooure losseos duc to shock, sudden oupansicn cte. ,

. . 2 R
vill also bde proportional tc u co that, combining the losses, wo

have,

total IOBSpractice = $otol 1oosm°d61 ) -Eh—

This assumes that the model is a scale medel, identiecal in evory
respect, even to the curfaco roughnosg,

So, in tho model shaft where Re up to 2 =2 105 is possible,
ve are able to carry out toots on cagse and predict the proscuroe
losses which will be obtained in practice,

When we come to investigate how these pressure dropc produce
velocity disturbances, and how thess velocity disturbances are
propagated, wo meet a different set of con&i%ionso One major problem
is the fact that a scale model ¢f the workings is not 2 practicél
ﬁropositiono It would mean & scaleo factor of épproximatoly 500
vhich, in turn would mecan a shaft diameier of 0.35". At this
diamoter the speede necessary for high Reoynolde aumbers would involve

conpressibility offocts. In 2ddition, tho ozporimental techrniqucs
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would no longor be thoose vhich are familiar,

Another factor which introduces difficulties cof similarity

ig the shopo of the velume rvepresenting the workings. Thie doterminso
- Fs . - - - ’ PR . JERNR I SR R T o 1 E K ey padala -
whethor the volums is evenly distributed thvoushoudt the leazith or

3 BN . - e e - P R X T - . Ao K o ey on S nm
whethor the greatsr part is cencenvrateld ot one pavt of the worzinzu.

As tho pressure pulce travele through the workings it czpondc <he

air ac it roaches it. If, at one point, it rosches a larse proporiic:

of tho total volumo, then addiiional outflgow will take placss ot 2

o]
o)
€
i
M
(\21
oy

corradponding tinsc. It wi preseurse pulss 24 seconds o

travel a distarcs of 5 miles undorgronnd, vwhercas in the nedel i

The inerﬁia.of the ailr is such that the raie of cutflow in the modol
7ill be ceantrelled conly by the recisiance throusgh vhich it has %o

flow and not by the thapo of the volumag. This appsars ad a coricun
drawback to the Bimulation of real cerdifions and until id cz2n he

eircunvented any veleociity disturbdance in the model can be relaicd to

actuzl practico only in a very loose fashion.

0

I4 wag hopod, inm this iamvestigation, to simulato thoos acpecet
of the workings which were of mostv iuportance, namsly volums and
resictance, and to make covrections for the errors which would
introduced.

It was found, as the experimenis proceedsd, thal

reconanced of various coaponents of the ventlilation circuil ploy 2
& ¥

(4]
w3
©
s
{.:
&
i3
o=
o
d
w3
o
¢
=
-
<o
(2
©
gt
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very important part in determining the e:
was generally possible to see, bv couparicon of fregquoncics and

lengthe, which componcant ov COJ?OﬁvaD were rescnaving, tul



considered that predicticns zuo to vhsther sinilar rcusnansas wirg
likoly <o occur in practice ﬁcul& To very tentative.

Tho cage produces %0 M2 jor Dressure peaké, one at olthor onid,
and the rate at which thoco pass the imest may deteraine, t;gﬁtm;ﬂ
vith the natveal Treanuensy of the cyaien, how covere any sccuslce
will bo. At tho cslliery fthesc prescurs pcako pass in approzingliely
1/1G of +the time congtant of the rcadways. £ pimilar eeletionahip

-

in tho modol weould weaza that tho cago would e traveliing at 85 £4/

C

seco

For these reascenacempszeison of modsl conditicns and thesos in

]

sreetice will hovo $o be mads with caviion end much preliminary
investigation will bPe nccescary beforo nethsds of overceming thoco

difficuliies can be Tound.
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Chapter 6 HODEL _TESTS -~ SPATIONARY CAGE  TESTS

The further insight into the problsa gained 28 a recult of
tho theorestical investigation which was proceeding simultaneoualy

.. 3

indiceted that completo similarity would be difficult to chitain.

This is due %o the fact that thoe chape of the volume repreccnting
the workings and roadways is as imporitant ae the distribuiion of

s .0

resistoncs throughout this veolumo, 1% io cufficicently dif

° o 2.

to decido what thic rolationchip is in practice buv is oqually

difficult to plon how this may ve simulaited in a2 model. Tro
mothods come to wind but bLoih are Tairvrly complicated znd do not
rondily lend themselves to control. Tae Tiret methed ie cimply to
represent the workings by a series of eaxall volumes counecied
together in various combinations by meauns of connecting picces
which are, in fact, variable resistances. The othor moathod would
appear to allow a greater variation of resistancoe, but less of shaps
In this case a volume ig constructed to represcnt the roadwayc ond
workinge, Tho factor which ic important in the design of thigu
voluma is that the cross sectional avea at any distonces from tho
entry bears the propor relationchip to the total crosc sectionsl

d

p.u.

8420

(.3
o

area of all tho roadweys and workings at the corresponding

%]

Y

from the mine chaft, Having conatructed this volume it io then
filled with a framecworl of gzuzes at right caglos to the linoe of
airflew. In ita sinplest form this would mecan gauzes acress thsa

cocticn of the volumo, variously spaced throughout *the longih.
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Thece gauzes wmight have different mosh sizes andrhenoo different
values of reaistance to air flow, Since time was not available

to try thesc complez mothods, and thereforo completo similarity was
abandoned, it was decided 1o £plit the probicn.

The first part wao conceorned with {the pregcure drop produccd
by the cage. Thig included such factors ao cage cpeed, air cpocd
and cagd dimcasions, The cccord part was concornsd with tho manncy
in vhich tho preesure disturbences produccd by the cagdo producsed a
velocity aiaturbance end how this velocitly disiu b*ﬂce wvag propogated.

To begin tho invostigaticn into the preccsuro dr sp'of thoe cago
it was decided to dotermine the rosistance to éif flow of all
cagen while stationary, This involved moasuring the preasuro drep
produced by the cagoe zzd the leagth of shaft in %hich it siood én&
then subtracting that prescure drop which was due Vo the shaft,

Thio was done a%t many veolocities over a wide rango co that tho law
of resisténce could be determined.

To neacura theo velocity a pitot-astatis ﬁubé‘st ion was
consiructed 25 shafi diameiters downsirean from the cage position,

4 3 nom, pitot-ntatic tubs was used, togother with tho Dotz mancmetsy,
%0 dotermine the velocity of the air acrocs a diamoteor of the chaft.
Rageating“%his at many velocities enablied a graph vo be piotﬁsé ot
the velocity hoad, in m.nm, W.Gu, &8 measurcd by a pitot-otatic tubo
at the centre of {the shaft, and the msan velocity in £i/scc, Some

enonalous results were obtainod uscing thisc velecity meazsuriag siation

and it wes found that the cage affecici the velébi%y dietribution,



(@
i~
o
i)

[~
Ch
Noas”
Lns
aAN

even at 25 diameters, The measuring station was moved to z point
40 shaft{ diameters downstream and recalibrated. o further trouble
was exzperienced and this was used to measure steady state velocity
in 211 tests,

The pressure drop due to 147" cf Perspex shafi was moasured
o¥er a range qf velocities up to 100 ft/sec. and the resulis are
plotted in Fig. 18. It is found that the shaft pressure drop was
propertional to the velocity to the power 1.83 vhich would indicate

that the lined shaft wacs zcting a2s & szmooth pipe at thesco Reynolde

\J

numbersz(up 10 2,0 x 107). It might ve mentioned hers that when
carrying out a similar test with the 20 H.P. fan it was found that
the pressure drop was proportional to the velocity to the powor 1,67,
when the veiociﬁy fluctuations were approxiratocly 10% of tho stcady
stﬁte velocity. %While outwith the scopc of this investigation it
is ﬁoteworthy.due to the magnitude of the discrepancy.

The grapho showing the pressure drop due to cage against

velocity ere shown in Figs., 19 and 20 for cageslﬁ to Ho From these

grapho and the dimensions of the cazoes Table II is produced.



Shaft Pressure Drop in mm. W.G,

- 20

s
1

Scales are

R logarithmic
-8
-6
: 1.83
P
T4
30 40 50 60 80 100 150

Air velocity in ft./seec.

Fig. 18. Resistance law of model shaft.
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Cage Pressure Drop in nmm, W

- 200

-100

Scales are

logarithric

- 20

25 30 40 5 60 80 100 150

H 1

hir Velocity in ft./sec.

Fig. 19. Pressure drop due to cages.



Cage D
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-12

25 30- 40 50 60 80 100 150
Air Velocity in ft./sec.
Fig, 20. Pressure drop due to cages.



- -

Chapa o 29
TADLE 11

o Pronatal | Humboo Agpoot pP.C. in
Cege ' BeDs Tal

- . L2 had - & Ll Yo

Arca af Docke flatio i i ; o
Pa'= 1,3 &

<
4
®
e
N
(&3]
(]
e
=)
[K¥)
(@]
2
<
fo
NS
Lacd
(]
D
-
et
0
-]

D 4,12 ) 1.83 0.023 1eG7 201
1‘: 4@83 3 1« 57 0001‘.8 1099 257
P 3.44 3 2,20 0.C12 1.97 100

G 414 3 1.22 0.020 1.57 170

0,05 0.020 | 1.99 | 185

W

H 4,12

LabtFlamn

fotes K and X' in Tedle 11 wofer to the egnatica p.d. = u

when p.d. 18 tho cage proscure drop in Hedme HWe@, and u io

the air velocity in f%/sec.

h

In comparing the resistancse of cagens the gressure dyop al
Re = 1.0 = 105 (v = 100 ft/sec.) has been uscd. Othor authers
(rof. 4) have ussd %erms {0 deno¥o rosisitance vwhich zosumcs that

the pressure drop is proporiicnmal %o thercocond povwer of tho air

volocity. Assuming an indox of 2.00 instocd of 1.97 a2t u = 1080
scc. loado o anm orre> of 13%. Por 4the purposes of doseripticn
the progoure drop at 100 £i/sec. due %o the cage will b2 called

..

ths resistance pressure drop {Ap). Froo Teble 11 woe avs able io

plot [p against
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(B) tho ratio Imown as the ecefficicnt of fill {v),
which i3 definecd as tho cago frontal area divided by the shafls
cross ssetional apsa (Pig. 22)

{c¢) the azpoct watio (Pig. 23)

Toe ineroass in Dp with an insrecooc in tho nuabor of

decizo io chom in Pig. 21. The increaso in {p i3 ag wvould to
expected oxeept for the 6 deck cago. The prescsure having incoozcod

e

linsarly up %o 5 decks thore appcero to Lo no roacsa why it ohould
inecrcaso more vapidly with a greaver unuwusr of dockd. bn evpop

in measurenent is immediately cuspecitedy Tut the fipure voed ic

obtained Tfzom epproximately 20 pointc the cocaittor of which ie

~

nezligivblo. To invesatigat

T deck caga. It was considered -“at little wesinul informaticn would

o

b3 galned since cageo with movre then four docks ers ypare in

o
P
|97
[
]

country.
The graph of cocfficicat of fill (b) cgaimost Bp indicates
‘ o a
. [ .
that Op = X v~ °7, On the ecamo groph are roeultc obiucincd by

3lalec ia a pape? comcorning the drag of $rains in tunnels {zof. 9.

-5 =

o - 3.1 . . .
Fis roeults indicate that DOp = T p~° vhich 1o & good meoacure
c? agrecacat. Vo znoto that 2 oinglo czge oplaciags wo cages and

having twice the frontal area of each coge hoe 2 Dp - cauvel 2o 4 timen
the cembined Hp of ¢hs twvo cagsc.

In Plg. 23 io plotied ¢ho LOp of {hreoo cases againey shoir

aspect ratiocs. o prozsice ¢ cnclusions cenr Lo drowa dus o the
ca22ll numbsr of cagoec cvailadlisc, Tut it weuwld empoar Shedt Dpn Lw
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Fige 21. Effect of number ol decks on cage resistance
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Fig. 25. Effect of aspect ratio on cage resgistance.
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independent of this watio within the limits of thoe ratic which aze
likoly to be uzed.
Froa theae tests 1t can be seen that the [Rp dus to a cage

ke FA S . ia Sy e D oo amy e i e -
cap Be kept to o low velus by having a greater number of nbcgv

o)
.h-u
s-)
&
o

rathor than a large frontal araa. This would catail simu
decking avrangem@nﬁS if a high winding tonnage were contonplated,
L

The exztcncive cxcavotions nscsocsary night malke thic cue of the leoc

relocity disturtances Gue o the

‘f‘

attractive mﬁthodé for miniwmising
movenent ci the cage.

To inveatigate how the preocsure dyop produced by the cage
wago constituted i wéﬁ proposed %o plo® the total pressure draop alon?
the length of the cage, ocn both major azece. It was coon found that
thig was not very eacy due to the cddics produced by cach decka
Pieccé of thféad attached %o the end of the coge showed eddiez 2%

o - . - d . "
the demnmstrean ond exinting for approximasely 1 cage . lengtihc,. To

in eoﬁe places, not feasible. )

I{ was therefore accepied that & static TYes/UTH SuUTrvey
would be easier while 9%til11 providing much information. it nigat
be afgued that staetic pressure measurcme Aus wonlid Be no more wvalid
thaﬁ those of %total pressurc sinco the static holez would not be et
right englec to the dircction of mazinmua velcelity at 211 timesu.
However, the eddies involved were large by comparicon with the pitet-
static tube boing used. Thorefore the diveetion of mazimum volockly

would bo the some en ono =2ido of the pitotestatic 4ule ca on tho
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other co that any positive veloclity couponents oh cne Blds would
have a corresponding nesative compenent on the ot@gr si&eo

The static proocure was neacured halfway betweecn the cagso
and the shafi wall, past the open decks and aleco past the sides of
the cago. Tha open docks were then coupletoly closecd in and the
pfessufe distribution wae measured pasat these clescd decks. This

was done twico at cach of throe volecitios for tho oight capoc.

w

The fivst concluesicn to be drewn frem thoco taste is that
{tho presszurc distribution doeos not vary vith velocity. Taat is,
tho pregsure locczo at ©ll pointc are propcftionallfo the zamo power
of_velocityo This weans that by dividiag the static pressu*o at
any point by the square of tho mean velecity we obtain one curvo
for each cags at all veleciticea. he82 CUPVCeS aro S0 almllxr thad
only thoco for cage A (the scale model of the cap@ at colliery R)
and cage D are shovi. These illustrato bo the prcssure varics
over the cags.

Fig. 25 shows the prossure digtribution past cage A,

(1) in the plane of the opea decks,

in tho plane of the cage sides,

~~
(%3
s

)
)

in the plens of the decks afiter they have

~~
[
Pte
[EX

beca ceopletely cloczd in;
Fig. 25 (i), (3i) ond (3ii) chowe the pvoﬂcure distributicn
in the ceme plenes roespectively for age D.
Tho presgufé distribution is much ac expected,. Tho air,

Ploming past czch deelry econtinues to accclorato until the 'vena
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e 22

ccatrecta! at which point $ho otatic prossure is lowest. It then
ra~expeands with consequeat loss of easry, repeating this procediurs
2% cach doclkk. The distribution past tho sidcs of the cags ©
the ﬁ?op in static pressure as the air aceslerates into the spoce

between the cage and tho chaft wall, Then follews a. cteady drop

in pressure due to the fricition of the air againet the caga and

N

O
e}
]
O
2
=
o
bt
=3
3
S}
7

tho chaft walil.  The air re-czpanda behind the cag
ipncrease in oiatic pressure but, sivee there is no stroumlining, 2
loﬂa'ofleae?gya

Tho preccure dist 1i
thus aiy flow muet tako

the gawe, being produced in different vays,

1.

plece botwocn the sides of the cage and the cpcn endas, Tnis move—~

af

men%t of aiy complicates the disiribution of pressure and naizos 1ts

dale

;icngh

C"

prediction very difficult. Uhien, thereforse, the rola D

betweeon the air velecity, the cege volocity and the precsoure dron

is determined the form of the relationship is govcraeé culy by e
ezpcrizontal data and not LYy any theoretical considerationS.

Figs, 24 (ii1) amd 25 (iii) show the digtribvution of static
proscure post the ends of the cage whsa thooo cade are conpletely
closed in, as they might be with properly Ffitting wmino cavs. it
iz socen that the siatic prezcure drep new contains componsais ol o
highe? frenu?ncy than before. Thes@‘cqmpeﬂents will o morPo coveriy

®

ettonuated vhen thiec pressure waveforw ic propagaéed uluwm the ronde

WayS. % i also noticed thet the ovorall pressure drop is lovorcd

by 16=18% , when tho cides of the cags are uCﬁjlo*”l} enslecod.

-



ws

™ . 2 & 2 = . E . o - S e JCA .
From these tecis it seemc that circamlining the cage would

the cnly methed of reducing pressure drop due io sheole lososs and

guddén expansion losses. It hae boan shown, hovover, (vef. £)
that strecnlining vhich ig elfectlve iu ono dirvection loces tho
groater port ¢f thio effectiven2os vhen dravelling iam the opposite
dircciion. feis may not be imporiant in a case such as io Loing

invoatirated ocinse the lerse preocoure drop is vroduceod whon tho oo
L) L & & o

and air avo {ravelling in opposite divocticns. . Hhon tho cago ond
air are moving in the cane dircciion, tholr relative Voilecitly wiill
hJ
x

Yo very low and {he preszuve drop preduccd by tho eage will not e

of impsvianco.

G

1271
i
op)

Chenter 7 HODEL  TE3TE8 2 — [OVIRG CAGE T8

b e mnen e - AN - .
laternind ke prescurc

O
9.1-
1
i
Q

The %eéﬁm in thiq goerien we?é de
drop produced by the cagso when it was moeving. Tne facwvors ¢cnsidc: 3
wore tho cage speed, the air opsed and $he caps dim@nsiqms. AT
ezplained in the previous chaplor o form cf the final reladticonstiy

wno geoverned colely tw the experimental resulls, since the cenplox

behavionr of the alir round the cago nedo predicticn difficult. Por
L - .

represeated bv the prosgure drep Gus o a lengt

decidod {to uso thio for Tho voloeid



Then the cago baging to wove tho precsure dyep profuced by
it alters ard henso the ftotal rssisiounce ia the fan cirecuitd is
changeod. Taic precduces a changs in the elr volocity, depoadent on

smaepe of the ﬁwessurs/quamtity curve in tho far charpetoriotico,

It was, therefore, necensary %o determianc thic cffect cz that
corrcetiond could ©be applicd. Thic was dome by iuseriing o variablo
area orifice in the shait snd wmeasuring bna chenge in velesity oo

the creoa wza altered 4o produco a differexnt siatic prescurc drons

/
3

It was Tfound that if a chango in area increased the slotic wpreoours

drop, due to the orifice and the 147" of sha

P7

by then the pressure dvop of 1479 of shaft, due te the veleciliy,

dropped b 1.7%. Thie linear relationship was fovnd %o hold owor
pp Yy P {
the range of air and cege velccitvies beiang uscd.
The method of determining ihe air vc10ﬂ1by amd cage prescuro
drop was, thorefore, a3 followa, Tho preccure d?a? sroauced by
P 9 ? E 2
147" of Perzpex shaft pius the siationary cegs, was measuroed. Tho

cage rotor was ctarted and the prossure drop produced by tho rcamo

length of chaft pluﬂ tho moving cage was. then recerded. if the

LA ]

difference in these prospuros wed p  then thiz is tho echazage in
ctatic pressurs produced im 147 of sheft containing a variszbio

resietanco. Hemee tho chango in proscurc drop of 1477 of chafl
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alone was p/1°79° From the previout geries of tests we were able
1o de%ermine.the shaft component of ihe first measured pressure,
This changed by p/1.79 when the cage was moving and hence we vere
able to determine the new velocity and also the cage pressure drop.

At each of five air velocitics the pressure drop due to the
cage was measured for each of six cage speeds, uming the pressure
recorder, Figo. 26—30 show the pressure drop dus to the cage plotted
against (u X v) where u is the air velocity in ft/sac. and v
the cage velocity. They are both positive in opposite diregtionsc
It can be soen.from the straight lines that, at any u, p.d., =

1] .
K(u % V)K . Table IV shows X and K' for the range of velocities

used,
TABLE Iv
Mean Velocity (ft/sec.) 14 21 27 33 39
K .018 - 056 . 062 07H .068
! 2,00 1,62 1,62 1.58 1,62

Table IV chows K and ¥* for the range of velocities usecd, The value
of 2,0 for K" at the lowest mean veloclity is unexplained and way be
due to inaccurate measurements at cuch lew values, _ Since no further
investigation was possible it seemed more reascnablo to shoritea the
range over which the resulis are applicabdle rather than attenpt ¢

cater for thlis anomalous recult, Ia the range weasured it ic sseen



Cage prescura dyop in mn, Wl

®, ﬁ-gﬁ 26.

Mean air

-0 velocity = 14 ft./sec,

8 " 10 15 20 30 40

(u+v) £t./sec.

Pressure drop produced by a moving cage in

an air sitream,
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Chap, 7a38) t / A 44
the pressure drop itself is low and gross inaccuracies in its

estimation are not important for the purposes of this investigation.

Chapter 8

MODEL TESTS 3 VELOCm FLUCTUATIONS PRODUCKD

BY THE MOVIHG CAGE

This series of tests was designed to investigate the effect
of communicating the pressure drop produced hy the cage to a large
volume of air representing the workings. Pig. 31 shows the model
arrangement which was used, V being the volume and Rj, Rp# R3
and being variable resistances. The fan was used to oshauet
air at all times. Since 1little was itnown about the behaviour of
the air it was decided, in the first instance, merely to assess the
qualitative effect of all the variable factors with a view to
developing a theory connecting the model and actual practice.
Having determined which factorsare ofimportance it was then
proposed to study them in moredetail.

In the colliery investigation the disturbance in the roadway,
adjacent to the shaft, was measured at a point 10 yards from tho
shaft. It was found, in the model, that at a corresponding point,
according to the laws of geometrical similarity, eddies produced by
the inset were severe. The velocity was therefore measured at a
point which was four times this distance from the shaft. It was

measured using a total head tube and static plate. This was necessary
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&
Ui

becauss the small holes of a pitot—=static tubse severely atienuated
the fluctuating velocity as rocorded by the precsurc recordor, To
record tho velocity head both the micromaznomster and the 3% Mo la
diaﬁhragm woro uged deponding on tho rong? of pressurc.

Ths variable resisitances shown a3 R

1° RZ’ R, &and R4 in
Fig. 31 were simply 8liding chutterc which olid between the flangcd

of the ducting aad which contained a series of holes, any of which
could be inseried in the sir sirean, For the purpose of tho guali-
tative tests only relative resistance was irportant and the holos
were sinply numbdored 1 to 10 without attsaptiing Yo determine the
actual recintanca. Table V giveé the diameior of the holoe corros-

ponding to each number,

TABLE ¥

Resistance :

Nunber 14 213|456 117|819 |10
Diameter Of i 3 ] = 1 1 1
hole in inches 4 8 2 4 1 13 15 2 23 3 i

The resistances were always used at positions whore the bero of the
duct was 33".

Two volumes wero conctructed in tho form of reciangulay bozoo,
The smaller was 5 feet long with a velumo of 45 cu.ft. and the larges
wvas 8 feet long with & voluma of 250 cu.ft. Tho constructicn of the
smal ler box presented no difficulties amd no leakege was doteciad.

With the larger box, however, it wae necessary o withstopd a total
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o]

thrust of nearly 11 {tons. The boex, therefcre, had to boe oraced
internally with stesl angle spaccd cne foot spari. Bven with cuch
suppor® there was considerablo movement of the Box when the pressuras -
was applied, All tke jointn wore sealed with celluloco masking tapo,

Py

but leakage occurred waich could not be troced.

(%]
ok
o
(6]

The usuai metned of ftracing looke is te pump £ooiks int
box and note where it energes. This was not poesible with this bow
ag it was ceastructed to withstard conly prescurss lowms than aﬁ&oqphorica
Every joint was exzamined to see if it drew cmoke into the box but no
lez2k of any cort was deteccted. It wae sssumed that ths rosultont

lezkage was the sun of wmany enall leaks which were didficult o cezi.

o atb

<

It was therefore necessary to considor tho effect of this leake
- all timos,

Resistance R represented the reoicltance of tho downcecst

4

shaft above the inset and was kept at ono walue for zll tho tenic.

Reszistunce I represented tho resictanco of the wozkingo 2t a lower

2
level. For the purposes of similariiy, therefors, it would nroed ic
be high, but if it is made high the eir volocity im the ghaft is
severely reduced and the cage does not produce & large prescure drop.
Tests wore mede both with R, high {=7) ead low ( = 0 Yo
Resistances Rl end R3 were placed on eithoer sié@ of tho volumo and
rerregented tho resisienco of tho werkingo which'tée volumo zitulated.

This is ono of tho major poinits which makos complsto oimilarily

difficult or imposcidle. The roesictence of tho workings is sprood
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the model only theo air flowing through these *lunpcd’ r»ooiciance

is affected.

In the firet ftesis R, was set equal to zere co that o

of S0 %o 100 fi/sec. wao obicined in the chafi, ©

caga pressuro deop of 8 W.G. R, 2 3

the velocity throuzh tho wolume would bo low and
mOre Teatily noviccd

)

. . . o £ -
through it was aboutv 20 ft/min.

. o

The velccity hoad, moacured in the reozdway w

-
o,

ats theo cago passed the inwsst, is shown in 'ig. 32.

¥ chango

and R woro madc large oo

simple papidly decaying oscilletior with no nett moverent ef

Ths effoct of dccreasing the rooiotoncs 33 is gecn from Fig

be an increses in the sieady velecitly, tno amplit

The 45 cu.?%. oz was used and tho volouity

Thie ochowe p
aiv,

¢ ug,?» [He.

ulde of occillation

and the decay ¢$imo. Decreasing ﬁl s, a8 is soon from Pig, 34, docz

not appoar to effect the smplitude or decay time of the oseilletion,

but merely increases the stendy flow veleciiy emd thoe steady volosity

fluctuationn, Thego siteady velocity fluctuations havo g

of approxzimately 15 e/& and the cage would appeoar

i

irn thio ecac

merely to increacs, tomporarily, theooe oscillations. Tho dic

measured from the invot, through the vex, to tho fan, was 35 fec

whieh could have a roscnant frequencsy of 16 c/s,

the fan acis8 as an opon ond to the oscillations.
poro lively, form of cscilletion is when tho end

from thoe imset acta as a clonod ead,

A 5 —~,yenmn
Tnlio cosunao

Arnother, o

L]
fraquency of 15 c¢/s. If 2 similar cocillaticn were produccd

!'!-,

Y

o

froquoncy

)

&‘U.-J.

ndcr theoe econditions

P e
[LARES Yo
4
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Fig. 3°. Alr velocity variation in the
roadway. due to cage passing inset at time t.

R1=9 and R3=9. Attached volume 45 cu. ft.
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Fig. 33. Air velocity variation in the

roadway. due to cage passing inset at time t.

Ry=9 and R3=6. Attached volume 45 cu. ft.
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Fig. 34. Air velocity variation in the

roadway, due to cage passing inset at time t.

R =6 and R3=9. Attached volume 45 cu.ft.
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Fig. 35.

roadway, due to cage passing inset at time t.

Alr velocity variation in the

R1=9 and 33=9' Attached volume 250 cu. ft.

Velocity in ft./sec.



Chepo 8) 49

grouvnd it might have a pericd eof 30 cr 40 ceconds which, althoush

v ]

having ro nstt offect, may reverce tho Tlow of air Tor 195 to 20 ccoonic.
The ogeillations undeorground WOLIQ tond o be mord com 91;cat d with
reflections from all obotruetions and road junciions, It will o
noticed in Fig. 33 that 4he reversed aiv flew is 2 to 3 itimes tho
magnitude of the sicady flow.

Mo sigas could be seen which might bo atiributed to tho evcoos
air, after expaneion, flowing out. Thais ozecess pir could have o
maxinum volums of 0.9 cu.fé. which, if it flowéd ocut cntvirely av ihe
inset, into the shafi, could reduce the normal volocity im the readway
by 1 ft/eoc. for 14 socends or 7 fi/eec. for 2 soconde otc. in ovder
that any oguch effeets would hHo clearly coom it was decidced do veploce
the'45 éu.fﬁ. box by one of 250 cu.ft. Fig. 35 showe the volocity
head in ths roadway rocorded under similar conditions to that sacvan
in Fig. 32. It will be seen that, although th he 45 cuaxb, of volums
has been replacod by 250 cu.ft., the waveforms aro almoat iden%icala
This is due to the fact that changing the bYoxzes only changed the
length from the insot to tho voflecting end of h@ boz by IOﬁu. Tho
frequency of the oscillations, when the 1&:@0? qu ie in circuiv io
measured as 16 c¢/s while the two modes of oscillation deseribed before
haﬁe frequoncioen of 15 e¢/s and 14 ¢/s rospectively.

Decreasing the resisiance RS , 28 veyore, increasss ¢tho
amplitude, decay timo and stozdy velecity,. Again, as for the 45 cu.

ft. box, decreacing resistarnce Rl morely increases the stoady

volocity.
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Since the rescnant freaguency of the system is higher than the
the frequency of the effect which is sought, the measuring systen

was severely damped by connecting z condencer across the galvancuoisr.

In Fig. 36 is showan a velocity head recorded (&) without demping and

 oidd
<l
L ]

(b) with tke condemser in circu It will bte scen that the high
froquency ccnponent has beecn conmpletely elimimated while the low
frequency effect io not appreciably attenusied.

Using the recorder damped in thie wey, resistnonce R wan

NS

set to smero and Rl and Hg

R is zero the cage pressure drop is the largsst component of thn

sere varied cver wide ranges. When

2
pressure loes in the main shaft branch of the veatilating noitwork,

)

Yhen, iherefore, the cage moves from one side of the inset %o tno
other the pressure difference betwsen the ends of the branch countain-

ing the volume changes counsiderzbly. Thio means that the silcady

velocity before moving the cage is much different from that after the

movement. It was found that the changoe in velocity due to thio effect

*

was superimposed on tho change due ic the ezpansion, so masking the
effect completely. For this reason these results were considered
inconclusive.

¥hen R, was made large ( = 7 ) the cage pressure drop then

2

’

represented only a fraction of the total drop amd tho volocity im the

3

inset with the cage upstream was not markedly different frowm thail

s eliminated. %$ho masking offect

Wi

when the cage was downstream, Th

o

descrided in the last paragraph ond the tests were repeaten.

Fig. 37 chows the effect of deecreasing the resistance of K
-~
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recorded with electrical damping
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Fig. 37(b). Air velocity variation
in the roadway, due to cage passing

inset at time t. R;=5 and R3=3.
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5

while maintaining R, at a value of 5. ° It can be seon that the

1
steady velocity is increased, together with the disturbance. For
these tests the cage speed was 12 ft/sec. and the air velocity'}n the
shaft was approximately 15 fit/sec. which would mean that. the moving
cage produced a pressure drop of 0,17" W.G. and the Stationafy‘eage
produced a pressure drop of 0,06" W.G, If the volume had been
subjected to these prezcure drops for a sufficient length of‘tim@‘it
would have meant expansions of 0,10 énd 0,04 cu.fit. respoctively.

By integrating the area under the graphs in Fig. 37 we can
calculate the volume of air which must have been produced by exzpansion.
The figures are == 0,01, 0O.l, 0.2 ocu.fit. for Fig, 37 (a), (b) ard
(¢) respectively. These figures would sug@@st that seme other factor
- 18 involved and leakage of air into the volume could produca this
result. If the cage were moved from one side of the inset to tho
other, the static pressure in the volume would be chawged and so, there-
fore, would the rate of leakage into the volume, Thics change of rate
would only change the steady velociiy conditions Dut the fact that the
cage lowered the static pressure by 0.17" W.G, and then settled at =
value only 0,06" W.G. lower thén the original walue would moan that
additional leskage would be dfawn into the box which wouia-he rodundant
when the preseure settled at the new value, It may de tﬁim ad&i%ionai
air vhich is upsetiing ﬁhe-calculationsa

In Pig. 38 we see the effect of increasing the rewsistance of
R, when R, = 1. This io simply te decrease tho gteady volocity

1 3

and the disturbance. Yo noticeo, here, the difforence boetweoen <tho
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offect of Rl en this disturbanse end its offect on tho coseillatien
firzt investigated. In the firsi cese Ry had no effect, whereas ;n
this sace the cffect is rcldused by increasing Ey.

In Fig. 32 (a) the instent when the cage stopped has been marked.

Tho velccity stops desreasing very scon aficr this peint end it is not
poesible, frem these results, to toll how much the shape of the curve io
due %o the combination of volume shope and resistarnce or how much it might
be due to the cagn weleeily.

It would bo pooeible, with tho samo longth of shofi, to allew the
cagae to run up to ihree 3imes the dictance beyond the inset at present
run. This would r@quire aen aviomatic cage centrolling mechaniem eince
tho cage weuld bo rumaing for cnly an additicnal 0.7 sccoads. Aﬁétcraative-
1y the sections of The sheft could be rearrenged to situate the 1na;t noar
to cno end. |

From the limited Scopo of these tests few conclusicns can bo drawn
but we may conclude ﬁba% until all leakego has been eliminated no accurate
moacurcements can b9 made and certain resulic may be quife invalid.

Frem the fow results %o which im?crtanee may be attached we see that
the resistance betweon the presaure disturbance end the volume and the
resistance between the volume and the fen both affect the velcaily
disturbance. These resictances sro luaped olements simulating tho dis-
tributed resiclance in actual prsetice. I4 seeme urnlikely that conclusicas
- dravn with the luzped resistences could be related 1n any way to the cffect

of distributed renistarnzo, Since the distributicn cf the resistonczo
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may have a marked effect on the velocity disturbance some methced of

investigating it should boe sought.

Chapter 9

THEORFRTICAL PREDICTICH OF VBLOCITY DISTUHBAECES —

EETHOD 1

The effect with which we are concerned is the behaviour of a
gas under.tha action of a varying pressure, He matte: how complex
this behaviour may be it cam be described by one or wore mathematical
eouations, This method of doscription has the é&faﬁtage:%haﬁ whoen
the c;rrect eouations have boen found tho description ie very oimply
adapted to any se% of cond [jons and.ﬁhé behaviour of the air at any
time can bé predicted with certainty. It has the disadvaniagos
ghat it ﬁay be Aifficult to determine the correct eqﬁatione and, when
thoy hgve been detormined, extracting the data from them in & useful
form mey be very tedious. In this cabe it was felt that 1little
diffioulty would bde met in determining <the necess -y equations since
pfocedures involving fluid flow and gas dynamic§ have 5@en woll
established.

We are concerned with the pressure (p), the specific volums or
the density (w) and the velocity (u).of the gas, When wall friction
is considered the hecat produccd alters the temperaéure:(ﬁ) and tho

specific entropy (5) of the gas. We have five depeandent variebles
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th two indcpendent varicbles =

o
©
ek
:;,4
(9]
L]
2]
S8

4 Ly
P Wy u, £ and s toZ

and t so that five oquaticns are requived. These arc,

The Continuity Equation,

. YO,
. J%ﬂ + b\?%ﬁ M) e 0 Boun. 2
o ohid

The Homentum Bquation,

2
gu o, w1 3m _ 4fu” oun. 3
é"l" e ‘;\:: o - BI 53 LGGUR. O
The Equation of Siata,
p = WRZ Hgqun. 4
The Entropy conditions,
A o3
3] 38 47 : -
-E.'E + W —'E = -ém-éjf’/ Equz . q)

A relation between eniropy, prossure and temperaturs given dv,

<] R 1) -
D=8y = Cp 10{{@ ;51 - a3 10@3 “‘E;“ Bgun. 6

The derivation of these souations will bo foumd in mest tozt bookso
on sound or gas dynamics such as references 5, 7 and 8. They aro
also derived in Appendiz A,

These ¢guations are similar to thosd used in the theory of

8 geaerally very emall

s

sound, However, in sound, the velocity w

Stewart and Lindeay (Rof. 13} mention velocities of tho ordor of

-2 3

- . . o :
10 %o 10 fi/sec. — and the term -5o 19 eloo small eo that

. . du 2 o du . .
in comparison with i IR and - . T may ve neglecuod. T
[J Y 7 L
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implies that frictional effectc may be neglected. It is found
experimentally that the hoat produced due to the comprossions in
gound waves does not have time 1o be conducted away, so that tho
process, other than at very high frequencies ie isenfropic. This

allows equations 4, 5 and & to be replaced by the—single equation,

p = Kvu E}qun. T
This simplification means that in the theoxy of cound we are
dealing with linear partiel differontial equations and their colution
is straightforvard., Howover, in the case bYeing censidered it was
felt that the effectis of friction could not be ignoxred, thus implying
that u was not a small quantity. Thies, in tura, prevenis our

neglecting terms like u, ;AE' s¢ that wo are now dealing with non-

linear partial differsntiaia :quationa.

A method of solving‘these oquations hes been developed in
recent years from the original mothod of Riezamn (ref. 10). The
original method has been improved along several different lines ond
the version deseribed by Rudingsr (rof. 8) has boem uscd hore. This
is givon in Appendixzx B,

Five factors were thought to affect tho bohaviour of tho air
near the source of precssure disturbancoe and cach was considered in
detail, Ths factdrs are,

1) The volumo of the air in thoe workinga.

2) The shape of the workings,

3) The friction feetor of the workings.



4) The magnitude of the applisd oressure

5) The shzpe of‘thecpplied precsurs wavoform.

1) The volume of thoe air in the workings
Ia the report concerning the disfurbance in colliery T
- 6 P 2 3 )
the estimaged voluwe was 10  cu.fi. The volumg indicated by tho

7

recults was 10 cu.ft. When determining the effect on tho airflew
of different volumes, therefore, it was volumeg of thism ovder which

wero considered,

2) The shaps of %the workings

In thié theoretical treatment the air in the workings wao
. represented by one large volume which was, for convenicnee, cirycular
at every seciion, in & mine, a8 wa proceed inbye, the number of
parallel roadways increases and so, therofore, does the total crose
sec tional area. It is the rate‘of increasge of the cross scciion,
a8 we move further from the source, which iz thought te influcnce
the behaviour of air, This is deduced from the fact that the front
of the pressure disturbance will proceed inbye at a constant speed -
the spsed of sound, It will reduce the pressure, and honco gncr@as@
the volume, of sach section of air as it reaches it. Tho rato of
increaaé in volume at any instant will bo proportional to the croos
sectional area at the wave front. Hence the rate at which excess
air must flow put of the workings will bo affected by the aresa.

™vo cased have been dealt with in this treatmont, The first
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The Tirst is where the dismoter of the theoretical model increasos
linsarly as we procecd inbtye until it reaches 2 mazivum at tho peiunt

-

furthest inbye and then decreases linesrly to the end of thoe volume
reprosenting tho upcast chafi, In tho sccond case it is tho square
root of the diameter which inecreases linearly, If the exacl lew wevo

Inown in any particular caso 1% ie easily applied.

-~

3) The frietion factor of the workings

In tho case of the fricticn factor there are veally two
variables, The Tirot is tho friction factor itself, tho effcet of
variation in which ic easily deteriined, If the value in any casod
being investigatgd is known 1%t may bs used inl%he calculation.

The second variable is the distrituiion 6? the friciicn
throughout the workings. The effect of changing the distribution
.ie determined and the standard distribution, ueed when aitudying other
variables is obtained from the assumpiion that ths vate of provsuve
drop from the downcast to the upcast shaft io constant, Fig. 39
shows the rate of pressure drop for a iypical horiszon mine as cucted
by Fritzocho and Potts (ref. 11). Fig. 40 shows the rate of preosurc
drop ag plotted from a pressure survey by Cooke and Staiham (ref. 12},
Both these exacmples indicste that a constent rate of pressure loss 1o
~a reasonablo assunpiion.

The rete of pressure loss per unit length is given by

dn 4fu2

an - T2d
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Pressure loss (ins. %.G.)

1000 2000 3000 fards

Fig. 39. Rate of pressure loss with distance
underground ( Fritzsche and Potts, ref. 11 ).

Pressure loss {(ins. W.G.)

1000 2000 3000 Yards

Fig. 40. Rate of pressure loss with distance
underground ( Cooke and Statham, ref. 12 ).
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If wo agsume that thies is constant vz have

u A = -
[ €29 ﬂ. dz
4
o o £ o a’

The power to which 4 is ralsed may be increased or decronscd
to allow for & more or less rapid loss of pressure, vrespeetiveiy,

ag we procecd inbyo.

4) Thoe mognitude of tho applied presscuro.
This is tho preccure drop dus to the cago and wao, in the
case of eolliery R, approzimately 1" W.G. The offect of varying

tho magnitude earound pressurcs of thisc order haso beon determincd.

5) The shape of the applied pressure waveform.
This may VYo oither a esudden drop, as in the case of a

. cage passing an inset at high speed, or a pressure drop which incwyoaces

@

slowly as the cage leaves the inset end then decrouces again as the
cage slows down at ithe surfacs. Both cases have boon investigated
and the rate of increase and decrease in tho second case has beooen

varied.

Several othor factors, such as tho effest of heat in deep
9

tets

nines, may affect the behaviocur of the gas %o a narked ezient. Tais,

and other factors, could beo taken into acecount but thocs deccrited

were the only ones considercd.
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llecults

The res lea illustrated in Alg o 41 to 48 naaﬁ Lo n obiained
uslnﬁ the theory dauurib¢d in this chapier and the ccmgmuatlca vag
done on an- Englich Eloctric Doucs slectronic digital compuior. Tho

output provided a ccmpleto description of the behaviour of tho eir

at any point in the woriings at any instant cf tine. Tho only

e‘.

infofmation which has boen ussd horse 19 the volecily éf the air Tlow
ing out of thoe veolume =2ubsequent to the chonge in precsuro,
The behaviour of the air ot colliery R euggested that iho

- return end of the workings was aciing as a clesed aud:to the proascura
pulses, Tha fira$ mothod of caleculaticn, drava up for the computor,
worked on this assaumplion. It was intended to dovelop the wezk Yo
éovar varioun end conditions buu this was not% poseslible, althougn tho
results include an exzample in which the return'end bas Bboen trcatcd

" as completely open. Since, in the case of the closed end, no sicady

‘«'ﬁ

voloeity could be flowing, the resulic have caly & queliiative
significance, although the exient to which they may be used quantitaiive
ly ie discucsed, |

In order to study the effect ol sach factor ssparaiely, & set
of standard conditions has been accumed, Whca ony ome fachor is teing
Varied the others have this sitandard value, The Tactors imvestigeied
have been discussed and Table VI liste these Teactors topgsther wiith

the standard conditicns.
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TABLDE

Variable Facloz

Standard-cordivions

Volums of workings

s

2 = 10° cu.ft.

Shape of workings

Circular ot every ceoticn,
10? in diemeitor increasing
linearly to 21.2' in diamaicr
at 5,0007 then dscreaning
linecarly to 10°
at 10,0007,

Friction factor

£ = 0,0025

Dindtrituticn of fricitiom

Magnitude of applied 1* T.G6.
prossure drop
Shapo of prossure waveforn 4017 Y.06,
SO 4.1 4 LUNRY- U 5
‘e - 0
Volums of Workinso

The effect of altering the volume is chown in Fig. 41. 5 will
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be ozen that incrcascing the volume imsrecases the vciocity Very
congiderably and a volume of 107 cu.ft. can preduco a very larjso
velocity flow out of the workings into tho downicast shafi. It
should, however, be pointed cut hai the stendard friction facior
of ¥ = 0,0025 is rathor low e=d a more. ycaliotic figurs may

reduce the eiffect of increasing +tho voluma,

Shapa of Velumo

In Figo. 42 the effect of chenging tho shspe of tho volume
has been chowa. In ono case it wap acoumed that the diamosior
inereased linearly to‘a maximum at the centire and in thp othoer case
it was the square root of the diemoter which increaced linesrly.
Thie difference in shape is not large bui the offect produced by it
iz obvious. - It seems probable that a greg?er chango of shape will

have a correspondingly greater effect on the velocity.

Friction Factor

The effect of this factor is shown in Fig, 43, Tho wmaxiuunm
factor, £ = 0,025, is a roazeonably largse frictien Factor and,
'in a new mine, we may expeci a lowsr fi@uréa I¢ .can be ceon that
although a high friction factor reduces the velocity produced, the

@

friction facter ic not ome of the moro important factora. Tig. &

]

L)

.

G

showe the effect of +the fricticn factor in the standard volume of

6

2 = 107 cuo.ft, In Pige. 44 ic shown the effect of o low friction

factor in tho case of z volums of 10! cu.ft. T4 cam be msca thed
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the erffect ig very much more marked and we may conciudo that the
influencs of the friction factor depcndc to a argo oxitcant on the

velocity of +ho air.

Disitribution of Fricition

It was shown earlieor in this chapter that the pregsure dren
throughout a mine is reasconably constent. This ic cizulated in
this calculation by having a frictiion fuctor which i p2oportiong1
to the Tifith powar oi the dizmeter. In Fige. 4% <hin hae beon
conpared with ths case wheroe tho fricticn fzetor is proportionzl o
the first power of tho diamstor. The caoe of the friction Tacior

-

proporiional toc the dicmator is rathor meezningless in praciics but

,«

it doos illustrate the offect of changing the distribution of frietion.
As can bs soen no changs of ony inportance is noticeﬁ,

In Fig. 46 the came conditicns have bosn applicd ‘o & volumo
of 107 cﬁafto Hore we Boo a vary marked change of veloeity. EKence
it would séem.tha%, ags for the friction factor, the offcct of tho

friction dim%riﬁutién depends to a very large extont on tho velecity

of tho air flowing.

Eagnitude of Pressure Drop

The effect of this factor is showrn im [ig. 47. It can bo
seen that the magnitude of tho veloeity bears an almost lincar
relationchip to the pressuro drop appliecd. Tll@ ig not uvnenpeeied

-

and may bs very ssrious where higa shal? air velociticso produce a
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largo pressure drop past a large cage

Shcno of Preosure Vaveforn
In 2811 the resulis co far a sudden prossure drop hao baeon

Y

acoumed but in Fig. 48 io shown ihe effect of differcat rwossurs
waveforms, Ve geo that the suddon drop producec tho greatcst volecity
of outfiowing eir with tho s8lowly applied pros: sure dyops producing

I».‘

a lower nazimum velocity and = slower rate of missz %o thic mouinum.

The more slowly the preccura drop iec applied tho slowor is the rate

of rigs to the mazinum,

In 211 ths resulie diccusced here %ho’diamo%or cf tho {nzet
has been teken, convenienily, as 10 feect. iﬁ io probable that thic
éﬁould be higher = perhaps 50% higher = sgo that the avrea might bo
twice thaﬁ used in these calculeticus, Thie means that tho velecity,

as shown, would bs halved, producing a less serious disturbancs.,

The Upcast Shaft as an Opon Fnd

It was not possible to eoxamine fuily the corditicn whers tho
upcast shafﬁ acts as an opcn end, bul ons examplo haé bosa worked out.
Ig this case the fan end is assumsd o act as a cpmple%aiy-epén end,
that ;l, the refliscted prescure pulss o onpoéi in sign %o the
incidsn% pulse, In Pig. 49 is shown %the veriation of the aiv fleowing
in the insot under the siecndard conditions in Tablo VI ozcept that

the friction faector in thisz case is zoero and a sisady veloecity of

10 £t/sec. ot a diamoter of 10 foeet flows through the voluns frem Lo
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downcast %o the upcasi end. Aleo shown is the grapn obiained bty
subtracting the outflow of air under these conditions, but with o
closed end, from a steady velocity of 10 ft/sec. .t i ssan that
the graphs coincide closely until the reflecition from the opoa end
reiturns to the inset, A% this instant the veolocity of itho aly, in
the open ond case, drops very suddenly. It seems 1lively that thig
open cnd condition is not a2 true estimate of the conditioms at tho
upcast shaf$, I is probable that, while being open to the extent
gf pernitting cirflow, the fan will act as a clocad end to & pressurc
pulse.

Hence the results obtained with = closed end may give a good
oauantitative estimate of the behaviour pf the alr, sinply by subtraci=-
ing them from the steady woelociiye. This result could have beecn
predicfad by noting that, where friction isc not the imporiant factor,
and therefore the inertia of the air is, the pressure in the syaiewn
will be a function of —%%- and not of u. Henco a steady velocity
could be added to the results without affectiing their validity. Thus
in all the results given, ezcept where friction iso of érime importancs,
the results may he used qﬁamﬁiﬁatively “o assess the effect of %the

pressure disturbances on a steady velocity.
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THEORETICAL TPREDICTION OF VEIOCITY DISTURBANCES -

NETHOD -2

In Chapter § tho importance of the wall friction in the
calculation was determined, It was found (seo Fig. 43) that, when

the volumo of the wofkinga was 2 X 106 ft3

s even a moderate friction
factor produced only & slighi chango of velocity as compared with
the voelocity whon the friction factor was zero. This wao not the
case'(se@ Pig. 44) whea the volume was 107 f%B, It can alse bo scoon
that, for all the velocity diasgrams, the rate cf chango of velocity
with respect to time -%% at eny point is much greator (102 o 10°
times) then the product of the vel ocity and the rate of change of
velocity with respect to distance u. é%% .

Although friction can, by no means, be neglecied in all ceses
there are cases in which this aocumption io jueﬁifieda In cuch
ocases the nonolinéar terms may be omitted from equations A.1 and A.2
{see Appendizx A] and equations A.3,; A.4 and A.5 may bo replaced
by equation 4 so that we are reduced to the simplied seot of ecquatices

used in tho theory of sound,

dw au

3 + w, Nz = 0 Equn. 8

Au 1 AD

—é"'r + - - = 0] E qun o 9
= constant o ' Equn. 10

e
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The basic equations of Appendiz A have been further Gimplified
by the assumption of constzat area. Yhen we later consider a2 cysten
in vhich the area varies it ie divided into secctions in which the area
is assumed to remain constant. |

Equation 8 is thoe conservation of mass equaticn which siates
that the mass of gas flowing into an element, minue the mass of gas
floﬁing out, io equcl to the increase in mass of the element.

Considering Fig. 50 thie may bo rederived in tho form

Hul.dﬁ -~ Mmzodt e 4V

1? > and VB be the volume changes at sections 1, 2

and within the element respectively then we may writo.

If we lot V v

Vy, = ¥ e ¥ -

1 2 3
or dvy _ avp  avy - o Equa, 11
dt di at

Eouation 9 may be written,

dp + w H.dx d{uﬂl = 0
2 dt
M
2
o e dp + Hz ° &t‘ 0 BEqun. 12

Difforentiating equation 10 we get

dp = kKwkal. éw
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] -}'vip.... N dW
w
dp = a2 dw  where the velocity of sound a = / l.fg,._
agw
ooo dp = v . av
02 24 dvy ‘
= v ac. ° 4t | Bqun. 13

Consider the olectrical circuit in Fig. Hl. Ve have throo

unknown currents which are doiormined from the three aguationa,

1, 0% &, + i, Bqun. 14
o - L. %2 Bqun. 15
1%
o = L i a4t Bava. 106
c 3 - 1Ll o

We see that equations 14, 15 and 16 are the dit‘faz’eatial equations
11, 14 ed 13 with different coefficients, Tho acoustical sysicn
is therefore analogous to the olectrical systenm with acoustieal

pressure p analogour to electricel voltage o, volume flow 4

<>

analogous to curreant i, ‘.ﬁeoua'ﬁical gapacitance .ca (: Eg;)’

which opposes a change in prossure, snalog ue to electrical eapacitance
C, which opposes a change in voltage and acousitical inductance

La (c -%;-) » Which opposes a change in volume flow, analogous %o

electrical inductence h, which opposes a chenge im current.
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In oquation 12 we see that %%& is the volume flow which,

together with the mass or inertia of the air, opposes a change in
pressure. Hence i2 is the current flowing through the induciance
in the electrical analogue,

It is thereforoe posasible to represeat sny cocoustical gystem
by means of an egquivalent elecirical neitworic. The methodso Sf
.solution applicable to the latter may then be used.

Considexr the acoustical syatem in Mig. 52 where the volume
shovn is circular at every section. It can be cplit into iumpaa
elements (three have been chosen) which ropresent the acoustical
capaci%anéo and inductance, Table VII chows how the elements aro
calculated and in Fig. 53 they are represcnted by an analogoua
@lestrical circuit, In order to determine what the raté of dicscharge
of air will bo when a éuddem preseuré drop of 1% 1.G. is epplicd %o
the open ond of the system in Fig. 52 it is neceesary to delermino
i4 for a corresponding sudden reduction in woltags appliéﬂ $o tho

circuit in Fig. 53.

Method of Solution

To determine the effect of a sudden pressure dyop let the steady
voltagoe applied to the circuit im Fig. 53 bo =21 and let this dron

suddenly %o 92_ at a time € = 0.
@, is the voliage on capacitance €, &and

o(0 +) ie the voliags immodiamtely after +© = O.



“‘fi '\}

Bree

[\\\\\\\\\\\\ Fige 5H2.
{107t. datam.,  21.2rt. diam. Bicongical
L,,/’”/////f/ volume.
W
Sect, 1. Sect. 2. Sect. 3.
Table VII
Hass Mean
Volume C= L=
Section . of alr area
v £rto. 5 V/alw m/M2
m 1bs. Bn ft
1. 5.1 % 10° | 3.8 x10% | 1%0 5.4 | 1.8
2. 9.9 x 109 | 7.4 x 10% 200 | 10.5 | 0.86
3, 5.1 % 102 | 3.8 %104 | 1% 5.4 | 1.8
P R T T~
Ia Lo L3
é G
. 161 _1C2 e Fig. 53
Tli 1 K] i.:_m
R 1 | 1o i3
i i /
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The four equations desceribing the four unkmnowa curreaitc ars then e

4 1 2 3
dig 1 |
—e L v [ Rt o, (0¢) = 0
di .
4 d ) 3 ‘ o
=o *+ Lz * L& (14..3.1)+ 2= (i@t + oy (04) = ©

2 2

4 S fs o R T &
=0 + LyZy v L3 (14 11){' L3 * 3 [13‘6“

If wo let E,I bYbe the Laplace transforms of a,i respectively wo
may use the mothod of laplace trensformation to revrite thees gquations
as algedbraic equations, s is here used as the Standard Laplece

variable.

1 e
-E + 8Ly I, = 3(0+) + Ss I + — = 0

. -nE + ng Ig - 14(0 '!') + 9L2(14 - II) "(i4 - ijl)(o +) | *
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—~E + eL114 - 14(0 +) = sL2(I4— 11) - (14-— il) (o +)

1 1
&a - & m—— SR =
b GLyTy= 1,(0 ) ¢ 5.s I3+ — 0
At t = 0+ gll current will be zoro.
From these four equations we may extract I 4
I « «g°C.L,E=6vC.5L. L C.E ¢ s5C. 1L L. C.o. <
4 273 2 72 7371 22 37171
02 L3 8 91
T . C - 0 e
' 2 v,:i 2 1 -
- B - # L. C, E ¢ m=w=npnl C, 0, *4 s w=—= ==
c 03 2 1 03 2 171 03 8
2 ]
- Ea Lz Cl <+ BL2 Cl e <+ —-;— - Cl 38 L_'j )5
Cy Cy o1
~=——F% ¢ Cy Ly s ey *
Co
~edCpuy Ly = 830y Ly Ly = 37 CpCy Ly Ly Ly = 5ol
c2 23 3
- [} L2 - -G Li L2 Cl - SL]_ - GL2 - g L‘i L2 C]l

C} 03
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Cy
- BL - .-...1.-.-.. - 93 C 1 L - £ - L+

Substituting the values for C,L given in Table VII we have,

) ¢4 S ; 32 , r
14 = -—(-QE + 61) z 84.6 o + Al.4 + 23 , 96
5 148 a3 + 8802 g 4 + 11.2 B + 0,19

which may be rewritton

Iaa —(-SE + 91) 0G098 - N > 07068.— + 04:406
52 + 0.425 52 + 0,151 32 + 0.0196
"

In the acoustical case the pressure is assured %o drop from 400" W.G.
to 399" W.G. Since the voltage is analogous to the pressure in
poundals/ftg, the voltage drops from 6,7 x 104 pdls./ftz to

(6.7 = 104 - 167) pdla,/fﬁz, A positive unit step function,

3

i.e. a function which jumps from O to0o +1 when itv reaches ¢ = o,

is convontionally written U(%t). Thus the voltage applied to the

circuit may be written 6 = 6,7 = 104 - 167 U(%)

6,7 = 10% 16

.". E=_°.l.2.._.._—-._l
8 3
#e also have ey = 6.7 x 104
Therefore,
1, = =167 0.098 0:066  , __0.406
82 + 0,425 52 + 0,151 52 ¢+ 0.0196

which may be rewritten,
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0,625 0.3828

I, = =167} 0.150 + 0,175 =
4 a2 + (0.625)2 : 32 + (0¢388)4
: 0,140
2.90 4

6% + (0,140)°

The inverse transformation of this equation gives

ig4 = =167 [0«150 ain 0,625% + 0,175 sin 0,388% + 2,90 cin 0.140'[}}

This describes 14 when the voltage is suddenly reduced by 167 volts.

Current 1 1is analogous to volumz flow %% = My, Therefore 1o
gt u we must divide i by the avrea I, The open end is 107 in

diameter, so the area is 78.5 fﬁg. This provides the final eolution

to the problen,

e =2,12 [0.150 sin 0,628% 4+ 0,175 sin 0.,388% + 2,90 sin 00140%jj

This has boen plotted in Fig. 54 together with the solution
for the same eonditions using the alternative method,- It is seen that
the correspondence is very closs and any omall discrepancies may be
due to the fact that in the elecirical case %the distributed parameter
were represented by only three lumped parameters,

In this oa1ou1étion it has beeniassumeﬂ_that there was no
frictioh between the walls and the air flowing in.the ayetcm. tihile
the frictipn effect mav bo neglected in some cases i% ig very imporiant
in others. The electrical element which causes dissipation of energy
is resistance. In electrical circuits, however, thg voltage drop

acroas a resistance is proportiomnal To the fivst power of the current
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flowing through it, whereas in mine ventilation the'presgur@ drop
acrose & reeiafance is proportional to the second power qf the
velocity. It would be poesible to extend this method, ueing an
iferative procedure gimilar to that used in mine ventilation
calculations (ref. 13), %o determine the affect of & resistanco which
caused a pressure drop proportional to the second power of velocity,
but the calculations woﬁlé then bocome at least as tedious as those

-in the gas dyaamics method.

on
=2
5]

It will els0o be realised that, in this case, as oppozed to
steady flow ventilation case, instead of successively replacing the
resistance in the analogue by a new constant value proportional to
the product of the former resistance and the current flowing through
i¢, it ﬁould be necescary to replace it by another, again proporiion-
al to the product of the former and the current flowing %hroﬁgh it,
but which would, in this case, be a funciion ‘61" time since %he curront
itself would be -a function of time.

This fact notwithstanding, the electrical analogue wmethod may
still have many advaniages in certain .cases, It is, for example,
ocasier to dotermine what will happen when a roadway, along which &
‘pressure pulse is being propagated, splits into %4Wo or more roadways,
or‘joins another roadway along which another pressure pulse isg being
propagated.

An aspect of the electrical analoéue method which night
profitadbly be investigated is the simulation of an acoustical sysiem

by an electrical model in which the effects of any voltage chanseo
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could be measured directly. To include the effects‘of rosistanco
would, however, be very difficul# in view of the fact that the
resistance would be a function of time.

| Tﬁe alectrical analogué mothod has not been investigated to
the zame ézﬁént aé the gas dynémics nethod, but its possibilities

have been indicated =0 that in future work it wmay be takea into account.
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Chaptor 11 CONCLUSIOHNS

The work which has been described included the oxporimental
study of the pressure drop produced by stationary and moving cages,
together with the theoretical and ezperimental atudy of the effects,
on the wvenitilation, of this changing preccure,

The study of the imporiance of cage dimonsions sbhowed that,
within the limits normally used, the ratic of cage leagth %o cago
breadth does not affect tho pressure logs due to the cags. It wae

aleo Tound that each additional deck, over threo, produces, asc might

]

Yo oxzpected, a fairly constant increass in pressure loss. Eut the
frontal area has the greatest effect and producos a prossure loss
proportional %o ites third power, co that an inercape in area of 109
will incroase the'preaeure loss by 33% It boecones vory obvious

that tho area of any cage must be given the fullest coasideration in
any discussion of pressure 1063, It is not pocoible to cuggest what
kind of balance should be siruclk %o maintain a2 high winding tomnage
with a lowv cage pressure loﬁs botween, for example, cage arca and the
number of decks, gsince every inétallation will have i%8 own econonics
and special conditions.

Investigation into the components of the pressure loss showed
that »e=cxpansion is the largest single factor, Thic ro-0xpancion
takes place between the decks and bohind the cage, It was found that
if the mine carsc filled tho cage well cnough to aveid re-ezpansicn

beiween decks, the pressure loss would e reduced by anproximately
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one sixth. The re-expansion dehind the cage contributes greatly to
the pressure loss and streamlining can reduce this loss considerably.
It has been shown (ref. 4) that a properly streamiined:shape can
reduce the pressure loss by 50%, vhile simple straight-sided fairings
oan reduce it by up to 45%. Streamlining may intzroduce mzny cone-
struotional difficulties at the pit top and bottom, as well as with
the cage. However, it is possible that a combination of econonmical
considerations may make streamnlining worthwhile. |

The study of the pressure drop produced by a moving cage
resulted in an expression being developed which indicates the rolative
importance of the air and cage velocities, From it, for example,
we may deduce that, in the case of the cage at colliery R travelling
in an air velocity of 40 ft/sec., a reductioh ih‘cage gpoed fron
40 ft/sec. to 20 ft/sec. should produce a redustion in bressura drop
of 40%. A comparieon of fig. 3 and fig, 4 schows that the mazicum
pressure drop hae been reduced by approximately 45%.'

Having studied the pressure drop produced by ths cage tﬁe»effectv
of communicating this pressure to a volume of air, such as is foﬁnﬂ
‘underground, was investigated. The first conclucion which wés drewn
from these tests is that any ¢changing pressuré fands to set in
oséiliation the air in the system. An infinite number of moéea of
oscillation are possible and thoee which are leact a%tenuéted havo
the greatest offect on the airflow, In the model it was poséiﬁl&
{0 determine the frequency of the oscillatione and, by inepection,

deducoe which mode of oscillation was prevalent. Underground thie



Chap. 11) 76

would be vefy much more difficult due %o the complex system of airways
and it would be almost imposcsible to predict which mvde of occillation
was likely %o occur. It seeme probable, however, that any oscillaticn
involving a long length of roadway will be scveroly attenuaﬁed vy
partial refleetions from obatzrusiions and oPeniﬁgg, and hence will give
no trouble. Any oscillation involving a short lengith of roadway will
be of relativsely high frequenscy and should not discturd the eizflow to
any marked extent. It was found that, in the médel, any ocscillation
could be made to dscay rapidly by inserting a réeimtamco in the
oecillating air.

The second, and perhapz more important, offect of the moving
cage is to cause large volumes of air cuddealy to change in pressure.
A reduction in pressure will cause an expansion and consaqﬁenﬁ outflow
of ailr, If this air flows out in the opposite diroction to the
ventllating air it may seriously interfere witih normal ventilation.
In the model a large volume was used ito cimulate tho air in tho under-
ground workinge and recistances on oithor side of the volume simulated
the distributed resistance of the workings. The veloecity of the eir
flowing fronm the shaft through this volume was recovrded as tho cago
moved past the inset, It was possible, dy a suitable comdbination of
the resistances on sither side of the velume, to get a sorious reductisn
of the ventilating air Velocityo However, lecakago intc theo velume
preventsd any conclusive reeults from boing obtained although it was
possible to conclude that the resistances on either side of thq va luzoe

affectod the degres of disturbance of the airflow, Hence we may
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deduce that both the Triction factor and the distribution of the
friction underground will affect the disturbance. In the model ihe
cage stopped moving too soon after passing tho incot to simulate
conditions in 2 wmine shaf¢ in thio recpoct. It wao, therefore, not
poesible to determine any close relationship boelween the cage cpood
and tho chape of tho air welocity time curvs, Thigs point may be of
inportancs,

Tho poesibility of predicting the degree of dicturbence
matheaatically wae otudied simultancously with the exzperimental testis.
'The solution of tho basic oquations for tho geo dynamics of non-steady
conpressible flow was obitained end produced information about scoveoral
factors, It was, however, not pocsible {to verify the method of
celeulation by zsny field tosts. Tho report on the disturbance at
colliery B doos not give cufficieant defails {o chock that particular
case, but the results predictied for a similar case are of a similar
typo.

These calculations éndicate that friction is inportant only
where high velocities are involved and that the volume ofnthe aiy end
the cage preesure drop are the important factors, It is also probabls
that thg shape of the volume can modify, to 2 large eﬁ{enﬁ, tho chapo
of the veloeity disturbanco waveform.

An alternative method qf oolving modified oouations was explaiancd
but its possibilities were not fully otudied. It was cuggosted %haf
an elec{rical analopgue could be conoiructed which would facilitato tho

solution of these aguations.
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It was found fror the celculatioans that the fan was acting as
a closed end to pressure pulses, while permittihg the flow of eir
through it¢. It follows that if the fan could be moved clossr to tho
source of the disturbance it would confine any velocity variations
to 8 gaorier length of roadway. It is diffiéﬁl% to 208 how this
principle may be employed, but it might be poscible {o constiruct, near
the source of the disturbance, in the main airway, & doorway through
vhich mine cars ete., could paco, The rest ef tho soction of the
roadway, at this point, could be roiating vanes driven at such a opced
as neithor to give energy to nor tako emergy from tho air, Thig would
permit the froc pasccage of the air, vwhile offoring am almost cloced
end t§ pres'u.re puleas,

I{¢ has boon éuggested (ref. 1) that a seeohﬂ, parallel, chaf?
should be provided, where possidls, to a2t as tho main downcast shafi.
Reference 14 describes the conditione ai colliery S where a sccond
shaft is in exisionce. Shafis lo.l and Yo.2 are downcest, HNo.2 cerva.
ing two levels and No,l going only to the upper level, 0.3 shafd
is the upcast for both levels. Balanced skipe wind coal in llo.3 shaft,
balanced cages are used in No.,l shaft but Ho.2 shaft has & large cage
and counterweight. Fig. 55 shows the layout of the roadways around
the shafis at the upper levsl. Air velociiy measurements were takon
at stations 1~8 and A, B, C, I whilo tho cage vas winding in Noo.2
shaft, Fig. 56 shows the variatioﬁ'of vélociﬁy with time moasurcd
at station 2 =and ic typical of sietions 1-—38.

One of the firs¢ conclusions drawn fyom these measurendais is
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that no disturbence ezists in the main intakes at stations 4, B, C
and D, hence a parallel shaft¢ does effectively prevent disturbancoes
being propagated inbye, I{ does not, nowever, lessen the disturbances
close to the downcast shaft cind tends to increase ithem.  Thewe is no
evidence of any detirimeatal effects of this fluctuating airflow round
the downcast shafis. It ghould be noticed that, in this cass,
expansion of the air plays little or no part in {hese ﬂis%urbancoao
It ie simply changes of pressure between itwo sourcoé of air, that is,
the two downcast shafts, which cause the chaﬁga of airflovw.

The investigation has not considersed whether aﬁy disturbances
present a2 hazard to health or safety, sipce thét will depend very wmuch
on locel conditions. However, tho following sugpestions apply totih

toc existing cases, where trouble has been met, and Io new installations.

1) Provide a parallel shaft.
2) Uso a high cage speed or larger number of decke,
in preference to a large cage frontel area.
3}) Streamline the cage.
4) Use balénced~cage winding,.
5) Use a single skip which will have a uuch smaller
area for the same paylocad.
The limitations of the investigation have generally becn discussed
where they were important. Future work may overcome ssverzl of these
and, in particular, the iavestigation of the effects of the cagoe

pressure drop g¢n a large volume of air will roeaunire to bo carricd cuil
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in much more deteil, paying close attcation to the similarity beiween .
the model and actual practite.

More field tesino will requirs to be dons o verify the meﬁhods
of calculation used and the resulis obtained, The consﬁmc‘&ion of
an electrical anzlogue might be of great aosistence in solving the

equations when the wmethods have bsen verified.



APPEHNDIX A

DERIVATION OF DBASIC EQUATIONS

In ordsr to make a solution of the basic equations possible
they have been derived in a2 omo dimencional form. This treatmeat
is valid when the other dimecnsions eof the gystem are small conpared
with the length. It ig 2l so assuwmed that the gas will follow the

ideal zas law,

1) The Continuity Equation.

Conesider Fig. A.1l. The macs entering thoe section dz in

N

. . . . \ 3 ( wuld . .

time 4t is (wul)dt and the mavs leaving is (wull + mi§5~—2 o AR A%

The rate of inorease of tho maps in section dz ie dz. 0T . a4
1 Yo i

which must be equal to the difference between outflow and inflow.

A \' J""H
Hence dz. ﬁiﬁ&. . at — JLLEE_l_. . d= . dt
ot oz

8ince, in our case, I is indepondent of T we have,

\
S 3 (wall)

7 + : 0 Beuna. Al
ot ax =

2) The Momentum Equation.

Consider Fig. A.2. The sum of forees acting on olomeni dax

io
N 202
pi —- l:pﬂ % «B%I”{f—- . &x] ¢ pP.Gil — 4‘;3 « wildx
g = ‘ |

which, by Hewton's Law, is ogual to Tthe product of the macs and the

accoleration, whieh is - Du , :
n“. [ E-‘I L) (1 :: Y W

v



< dX >

7
d vl

wull.dt 1 (wed + T3y )edt

B ——— /i

\

Fig. A.l. Mass flow into and out of an

elemental volume.

/..

Pl Ty 9

pM

-t > /

/ fult.dx .
o Ui a
Wall force in 't“‘--_\\\\N-h\*

i
direction of flow is p.dd = p.%i,dx

Fig. 4.2. The {forces acting on the fluid in

asn elementsl volume,



Hence we get,

S ~ 2
Du du 2u o 1 an_  4fu
Dt a,.. + Qe ?jx po ?ﬁ‘rI od Eqm’ia A.2
3) Entropy Conditiona.
The work done by friction //'”\"
[ aed? \) ,
o Sg— - u/ /1v/soc.
*, Heat added / 1b / sec. = 4 -
° e . 2d) Dt
By defini<ion Ds_ 1_. Ba
Dt 7 D%
- gfua
24zY O
= X7 ¢ U e Baun., A.3
¢ id

4) Tho equation of state.
This is p = wRY

From the definition of the local wvelocity of sound we have

e? a & —g—— @ LRy Equn. A.4

5) Relation betwoen entropy, pressure and temperéture.
This is aimplytob%ained by integrating the Ffirst law of

thermodynenics, which may be written,



ad g . .
ds = Co- -aww - R_logo _%_ » on thoe ascumwiion
/ ; b i

' ; 1 )
8—8; = p . log, ¢l % 190@ N Bqun, A.H
The equation involving the specific heat at cinstant pressure is useful

in the following fornm,

It ) R Baun. A.O

cp =

By combining eocuations A.4, A.5 and 4,6 wo can obiain

two othor useful relationchipc,

2k
k—1
2o o AL (S —g Equn. A:7
_2
, k—1
..E_. = _.é;._ (o . ..9
vy Ay o k(8 —8;) Equn. 4.8

In these caouations the varisbles have boen used in their non-

dimensional form,



APPEWNDIX 3

EETIOD OF SOLVIHNG TEE DASIC EQUATICHS

Equations A.1 and A.2 msy be written

dlog W dlor @ du olon M
——’&—éf:— + U o St 4§ eQeme = - e Boun., B.1
ot O Ox -
2 e
du du z. loz p Afu W
.é_En,. + u. az - = . EQK 54 LJqLL'.'ja —Joz
where uce has boen nmade of
eguation A.4. Bouation A.5 may bo rearranged, using cauationsc A.4
and A.6, to give
: 2k oy 2k da = A
d log p T— d log a a do T 2 — - do
2 oo Bl gs - 2,8 _ gl o
and d log w =) d log a - n ds = =T " Ta 5 ds
Substituting these exprossions for d logp end 4 leg w in
equations EBE.l and B.2 we goi
k=1 At k—1 3= T3z o=
) De . —
Qe R Eﬁ EGU.E. UOJ
TR 1 S 1 2, ,.Ra_ _ 2 @i s _ __gfuz
n % Y X =1 Sz * TR Td% 2d

Baun. B.4



—e

If equation B.4 it added to and oubtracted from equation B.3

we get,
D 2 VL9 2 .. _
3t (k~1a¢“>+ (“f-a) O X (k-ﬂ.“*“} '
cag Dlogl el (De . & de) . 28d® Bqua. B.5
gx "R OA\ADY * Xk dx J 7 24

The left{ hand side of this equation is the derivative of the parameters

( E:?I a2 “) in the =x,% plane izn & direction such that

Now D p) A

T Tt Y owe TNz

and 51 f}__.

*. a f)v % -»54-— - _2,_ = - _.%_: 4 -—-D-—
I S St D% &% D

Using this to eliminsa%e

Sf(aa
Tt |\E-1

from eguation B.5 we got,

i+

u)u - au ?ﬂlog?ﬂ + 2 -;g.)' (Q -

RE: ’ b't

Dg = 13,
-"'"}""'l-""'f’
(e~ Var=gir e 57 + 55—

£
2

2,

By multiplying both sides of ¢his equeation by 1%‘may be

written in a non~dimensional form,



2
S+ _ _ .y Bloxgu b ADES 4 (eoqya DS - 4fU Lo

DT 24 Ag

Equn. B.6

2

89 _ _yy-Olez¥ . , B85 . ;). D5 . 4f0°Lo
ST DT oa A2

(o)

Equno B, 7

+ ,
Since 8 logit _ _Jdlogl , (ys 4y dlogd

ST AT X 2
' AU § + log M
then = AU —;-1}9'%—&5 can be writton - m T

~ Also, from the non dimensional form of equation A.3 wo have

aT

' 3
ps _ 4 flov u , - |
DT 53 A2 lUi where the last term has baeen adde:_cd to
give the correct sign to %% .independently of the direction of U,
Therefore, along a line given by dr U+ A we have, for points

1 and 2 separated by AT,

AU - a - -1\
P2 o Pl ~ T +a [logMQ logﬂl] + A[Sz 31] + (k I,

3 2 '
4£ho U’ U _ a0°ho .
2d & (U] saag BT

and along a line given by % = U-A we have, for points 2 and
3 separated by AT,

3
_ _AU_ . ws | o4 (e_qy 4£h0U° U
QZ = Q3 Ty [103 Mz—log 113:-‘! + A {82 83] - (k—1) 53 A \T) »
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DS )
T is the variation of particle entropy measured along the path
taken by the particle — nanely %%- = U. Bence for two pointe

- - & | - s 4+ D8
2 and 4 on & line given by Z% U we have 8, 8, * P7 DT
‘ & | g+
The lines 3T Uuta
and %%- = U are called characteristice and a plot
of them io called a wave disgran.
Procedure
Considor the wave diagram in Fig. A.3. In this T is

poeitive in the upward direction, X ios measured to ths right and U
is positive as the air is flowing from left $o right. In our case
A will be very nearly 1.0 and U will Do small so that the P ard
Q@ characteristics will be lines at approzimately 45° to the axes
sloping upwards Yo the right and lef¢ respectivoly,

If we have two poinie 1 and 2 (see Fig. A.4) which do not lie
on the samé characteriotic and whose propertics X, T, 4, U, 8 are
knowr then we may draw a P characteristic, with slope U, + Al’

1

through point 1 to meet, at point 3, the @ characteristio with

elope U

2-A2 , drawn through point 2. Through point 3 we may mow
draw a line having a slops equal %o the mean particle path slops of
Ul 4 U2

pointe 1 and 2, 1€e.. This line will intersect the linc

2 o

Joining points 1 and 2 at point 4. Line 3-4 will therofore be a



1.@%/)/\"
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Figﬂ tl\‘.'VB’

release of

Wave diagram resulting from sudden

compressed air from a cylinder.

Fig, A.4.
Determination

of one point.




particle path along which %% is known. By liresr interpolation

between points 1 and 2 we may determine 84 and henco 83. Using,
a8 a first approximation, the U and A wvalues at one end of each
line 1~3 and 2-3 wo may determine P3 and an By edding

and subtraeting P, eand Q3 we may determine AS and 03

3
reapectivaiy. Vo now know what the slops of line 1-3 oshould be
at point 3 and we may redraw the line vith & mean 8lops. tle may
similarly redraw lines 2-3 and 3-4 with mean slcpss, P3 and
.

3
This process may be rTepeated until AB and 03 have baen determined

are again determined, this time using moan values of U and A
to a sufficient accurasy., Points 1 ard 3 eor 2 and 3 =aey then be

used to find further poinis in the X/T field. Hence the properties

- of the gas may be determined at any position ard tinme.

End Conditions

At the closed end of a duct we determine from the approaching
P or Q characteristic tho P ov @ valus a2t the clomed end. Is
is also known that at a closed end U = O, thevrefore A wmay be
determined,

At an open end we may have either of two conditions — namely
inflow or outflow. In the case of outflow it ims assumsed {that the
pressure Jjust insido the cnd of the ducté is the same as that of the
atmosphere outside the end of the duect. Tﬁue P or @ is determinecd
as for a closed end and, knowing & <this time, we determine u.

In the caso of inflow it ie 2zouned that flow across the end



section of the duct is sieady, and since there can bhe no friction
Su .
— and f as zero.
v

8%

loss acrons a section we consider

Equation A.2 becomece
' Equno, B.8

..QI?. = 0

u.du <
M v
8 ie momm

It is elso assumed that the inflow ie isentropic oo that
- Egqun. B.9

and -§“ = gconotant.
w
Combining equetions X.8 and B.9 and integrating, we got
[ u2
— B ———— = conBtant.
k- w 2
2 2 2 P - 2 2
° i \ + n3%a = e A * U
e - Ag U, = constant — = =
3@\33}@ 3.10
Ve also have, for the right hand end open,
P = o 4 + U Equn. B.1l
o) =1 e o]
Eouations B.10 and B.1ll may be combined ito yinld
, k4l @ k=1 2
Po ""/1;-1 bz — 5 Te
A, = - -
e iz 4
s
4 ™
Hence P

The positive sign is that which corresponds to ouitflow.

is determnined as before aud, knowing the extorzal conditions and thezxe-

fore A., we may determine A from the above expression and heace U,.
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