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SUMMARY

walee WH&M

A eritieel roview of the literature 1o made in
which a’b:baaleoﬁ is :E‘Qeua'el@d on tho efforts of pmzfﬂ.ém workers o
prodrae theorelbical snelyses of come velabted problems. Thoir results
are briefly discussed.

The modal shafh and some stotionayy cage bosts ave then
deseribods  The agourady of tho airflow messuranente wes ascertalned
and the validity of uging tho Provsoure Drop Coeffiecient (P.B,C.) wes
checked,

Interferonce effeuls balweon bthe ¢age and bunbons hed
a profound influence on bthe value of the eape PaDals, this offfcect
varying for diffovent types of hunben srvangemeat. It was shown
aloo, that the cage PFuDJl. may be assumed constbonty whobever Lis
position in the (unlined) duct.

In Seobion 4y the Pressuve Drop Theory of Dre Rynears
{in conjunction with when some of this worl was cavvied oub) ls
presentbad,

Pormilae are proposed whieh dofine the P.b.0. of both

a single cage ond two enges in tho sidowbywelde positlcon et Thelr
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pasaing place in the shafd, Bobh statlonery and moving cages ere
congidored,

Those equabiong defining the PJWG.% for glabionary
cages were verified using the results of three previous workers and
a corrolation coeffdelent of 0.94 vas obbained for the 28 typos of
modal, tage considarad, |

Sestion 5;da£%er a deseripblon of the prassure recording
aquipment, deols wibh somo model, beats on moving ecagos.

| Regordings vero nade which ghowed the offweb of the

bunbon spacing on o hesd Longth preseura deop with a aage’méving
i iﬁag Those indicabed that the offfeet on the wecurasy of the
recording diminiohed oo the cage opeed Lo air wveloeity valblo) increase

The reduetlon in alyflow as the degoes ﬁaémad was shown
$0 bo move asonrabely detectable by moans of a centrally positioned
plbotmstatle tube than:hy the flomebor 1bsolfs wvhose readings
Llucbuabed greatlys h

fn atbenpt was also made to evaluabo the %héoxaﬁically
predloted increage in PJ,0. 0f bthe bwo eages passing, whon they were
in the sideebywalde position, coapared with tho statlonary value,
but no detectable differense could be found far‘tﬁa’rana@ of cage

spoeds avallable.
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Finolly, the influeonce of the divcotlon of the enge
movenent, relative to the alrflow, on the value of the cago P.D,0.
wos I1lugtrated. Some a'smasvj?é of suecens was achloved ia correlating
sono noving cage begbd resulis with the theodobieal eage PO values
predictod from the Pressuce Drap .'J.'h@a:ey.
Tn the lash pavrt of this worl, en abtbempt has bheen
made Lo prodiet cortain conditlons vhieh might erise in the upper
hoglzon of o two hordzon mine using single csge winding in one of its
Bhefts,
An eguation 1o pnt forvverd which deflaes, for tine
shoady conditiong, the clrewnstantes nedeagary for stopping the
alrflow in tho uppor levcl in terms of the eireuld resistonces ond the

copge and fan vroessure characberlotios.
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CHAPTER 1

NTRCOUCT IO

In rocent yoars, mine shafts have become inoreasingly
deop and tho mine workings more éoncentroted. Climatic sonditions
under these cireumstonces would have deberiorpted rapidly if it
had not been for the general ralsing of ventilation atandords to
thei» present levol., That this has been accomplished ic due in
no small measure to tho efforts of meny workers, both in the field
and in the laboratory.

Wharass the ventilation eepacity used to be vonsiderad
rolatively unimpoprtent, the tendency now is 4o design the shaft
primerily for this purpose., Since all the mine alr hse to pass
through tiié shaft and the quantitios fowing are on the ineresse,
the eost of the power sbmorbed is becoming higher. It is therefore
of prime importance to reduce the shafl cnergy losses. To this end,
mich work hes alrendy been done, particularly os regards the smoothness
of the shaft walls and the stresmlining of the buntona,

Howaver, it is well knowm that appreciable disturbances

to the ventilation of a nine can be caused by the movement of coges
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in the shaft. Henco the offcets on the vontilation must be taken
into accout when cafe sizes and winding speeds are being planned,
This parbicwlar aspeet of the problem has also been
the aubject of extensive investigation. Moot of the woark has been
corried out ab thal{!@ing Dépa?bm{ant. of thé Royal Gollege Qfﬁcim«:e
ané,, Technology, ‘Glagcgdp{‘, bub there is 8till a great deal to be done.
Threo u§rka have al:ﬁaadsr been presented on various fasels of the
problem snd ti;i.a Investigation ?epi’éamﬁsi a.‘ :ﬁ‘t;rthexéﬁag:_ towards the
fuller unﬁa‘_wé'bm’;aing' of the agrofynamical resistonee éf.-'_ a mine eage
and the fasbors 'ini‘luencing it. | |
The z;c:npé af‘ the cheplbers 1a as followa -

In this chapber, o oritiesl review of tho literature
elosely eonnected with the problem under investigation is presented.
Some of the results of theso previous inve-:amgatiaﬁa have baen used
later and tho relevent dabo 1o given here. Singe th;a problen is
related to that of troins and tubs in rastri.dt.ed airatreams, attention
hag also been focussed on the works of Bryan, Blaho andﬂ Butler. In
particular, great "emphaéia» has been placed on their various theoretical
considerations, for comparison with that presented in Chaopter 4 of this
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worke In addition, mention is made of several othor paperswhich

have a more goneral hearihg on the :izwaaﬁiga‘ﬁion.

Chaptar 3

Seetion (A) doseribes the aquiprient used for a series of
nodel. tests uping sbotionery eages in a wind tumel built up bo
ropresent o mine shafb.

The purpoza of the tests of Seotion (B) was to determine
the factors which infiunence the cage Presoure Drop Coefficlent. As
well o8 chocking some of the previous rosulbs, tests were conducted
to show the influence of the cage position in the shafb, the presence
of buntong, tho hunbon spacing and the presence of a fadder sompartment,
on the cage PuDJCs

In addition, emphosis was leld on bhe acauracy of the

dobarmination of quantity of nir flowing in the ducte

Ohember 4

In this chapber, which is entirely the work of
Dr. Rynears and without whieh thig work would be incomplete, on
attempt has Leen made to ostablish a theory of mechanleal onergy
chonges due to moving eages In tho air flowing in the shafit which
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would generaline all the rosults go far obtained,

~ On the bagis of somo simplifying assumptions, o
genaral formule hes baon derived which exprassos the P.D.C. due
t0 a moving coge in termo of wll tho factors baken into account,
This formula enabled tho theoreticeld prediction of the P.uD.C. due

to two eoges moving in opposibte direcbions for two extreme capes, viz,

(a) w0 cages side-bywside

{b) two cages ocubside the interactlon uone.

Tn order 4o vorify the derived formulne; tho P.D.C.'s
waro cglenlated for thoso coges whoro PeD.Cets had been experimontally
dotermined by Stevenson and Wilkie. The discrapancy betirgen the
corresponding cgi{?ulabed and moesured values wost lese than 10 per cent

in all bub a fow cased.

Chapton 3.,

Hore, gsome furthor model tests are deseribed, this time
naing moving caged,

Section (A) glves detalls of the equipment it was necessary
to use to obtain s continous recording of the pressure fluectuatlons

in the duet plug somo practlenl notes on its operation.
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Soction (B) conteins o desdéripblon of the bests waich
xmré carried oub. For purposes of corvelation with the statlonary
cage tests, rocordings were made, with the coge moving, to illustrate
the effest of Yhe bunton spacing end to show the increase in pressure
drop, ar:a. the ooges popgad, of the central test leagths A well o
these a tept redording wes made to show the offect of the coges
pasging on the aly quantity flowing in the duct,

Another teat wes done bo indicate the effeel of tha
direction of mobion of the cage (lees with or ogalunet the alwstrosnm)
on the pressure drop of the test length contalning it, In connectlon
w:lv:tsh' this phenomenon en abbempt wae also mede to vorrelate some
teat results of moving osgo P.D.C.'s with those predicted by the
‘3351;953;3&2#&5 Drop Theory advenced in Chopter 4.

Horo, en abbompb was made bto prediet, from a theorebleal
point of view the condibions necessory Por tho gtopping and the
rovorsel of alrfiloy in the upper hordzon of o two horizoun mine using
eingle cagoe winding. On the bagls of the simple network theory,
for time sboady conditions, a tenbabive offort ves made to debermine

o goneral oguablon.



It vag found that a ecomplolaly goneral solution would
have involved the fourth order of the aly quantitics flowing. However,
for corbeln conditions, 1% was possible to produse e more specific
aquation though difficulty wss Pound heve algo sineeo tho formule

necessarily involved such quantities ee thoe fan characteristic,

Tho resulbs of the teshs and theopellesl schomes are
fully discussed }fximre they odeur iu their sppropriste sections. In
this chopber, the varicus conclusions are cwmerised in chronological

ordar ond their Iimltations defined.
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CHEAPTER 2

A CRITICAL REVIEW OF THE LITHERATURE

Introduction

My ettompt to discuss all the literature, both
directly comnected with and related %o the subject of this work
would be a task of tremendous scope. Although it may be said that
mich of the existing work in connection with conveyances moving in
mine shafts has been carried out at this Deparbment, there are many
related publications, some with a direct, others with a marginal
bearing on these investigations.

In this chapter it is intended to present the conclusions
of some of these investigations and to at least mention the more
important works which are of particular interest and use here,.
These various works will, of course, be listed in the reference
but in the meantime it is felt that attention should be drawn to
their findings without the necessity of reading the works themselves.

Much experimental data has been collected and some of

it will be used in subseoquent chapters of this worlk. That used

will be given in this section.
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Research at the Mining Department of the Reyal College of Secience

and Technelogy, Glasgow.

The first paper published from this Deparitment, related
to the general Tield of the current investigation, was
"Phe Tffeet of Standing Tubs on the Hesistance of Mine Airways
by Tests on Models" by We Miller and Professor AeMs Bryan (1),
This work conteins much experimental data as well as a theoretical
gection in which an stltempt is made to deduce o general equation
for the pressure losses due to a tubse All the tests were carried
out on model roadways, using two different tubdksigns,

Various conclusions were reached in the eight sections
of the paper and the following are of inteirest here.

It was seen that the offect of a tub was fairly local
and that there was a critical interval beyond which the loss due
t0 & nunber of tubs was that of a single one times the number.
It wos noted also that the pressure loss incurred in a given length
of rosdway hy a train of btubs was less then for the same number of
tubs spaced out along that longthe These two statements illustrate
the presence and effects of the physical phenomenon of interference
betwoen the tubs.

In oddition, it was opined that the pressure losses due
to a tub could be divided roughly into two parts, visz.,

(a) Woke losses - oeccurring at the downstream end of the
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tub arising from shock and eddying due to the higher
volocity stream behind the tub.

(b) Surface Losses — which oceur in the restricted area around
the tub and avise from the Increased wvelocity along the
walls of the airway and from the friction and turbulent
effects due to the surfaces of the tub,

For the two tub sizes and the two different types of
voadway used it was found that for o train of up to 6 tubs, the

loss

P = a 4+ ND

where P = pressare loss 8 = wake loss

T = number of tubs b = purfoece loss

a and b depending on the size and consbtruction of the tub and
its lining.

It was found that smooth linings reduce the surface loss,
while the wake lose remains falrly constant for the same tub.

In the next section of the paper, a general equation
for tub loss was deduced in terms of the dimensions of tub and
P0adway « This equation consisted of two parts, one representing
the wake loss and the other the surface loss,

The theorebical wake loss is gilven by

1 2
e w (V - v) = 1_.. 2
P 5% ¢ (Vv —V)
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where vl = mean veloclty of air passing tud

vV = " " " "  downstrean of tub
¢ = oexperimental coefficlent for a specified tub and

sirway at stated air density w.

Thie may be written

Pmc( 5“*3? <

A -2 A?

where A = cross section of alrwey

a = ond area of tudb

F
i

qmaﬁtity of éir flowing.,

The surface lossy due to increased velocity on voadway walls
and turbulent effects of the tub, can be covered by an Atkinson

type equation

ol . ohn (i) ¢
' 3
(o - @)
whoere Gl = experimenial coefficient M = poerimeter of airway
I. = length of tub Ml = ond perimetér of
' tub
Tke total loss Tor a single tub then bhecomes
\2 2 1 1, .2
P = C(ﬁ) @ _’.CL(M+MS)@L_
A" (A -=2)

Coefficients € and Gl depending on design of tub, nature of walls



of eirwoy and possibly on shape of cross section of roadway.
It was also stated that an expression for the weke loass
could be deduced from comnsideration of the force on a flat plate

normal to an air streams In the above notation

kw V2 o1
2 A

where k is an experimental coefficient.

Teats ware also carried out on the pressure drop dus
to tubs standing side by side, the results showing o marked increase
in both wake and surface losgess

This investigation was aboul the Tiret in this particular
field and was the forevunner of meny othors written in a similar veins
Wot only did it provide much experimental data and emphasise tﬁe
advantages of systematic model testing for this type of mine
ventilation problem, it also attempbted to base Lts findinge on a
sound theorotical dbusiss As such, it vepresents a fivst step to
the fuller undoerstanding of the phenomens.

It is intevesting to see that the difficulty of carvying
out tests on moving ceges wes appreciated oven at that stage
" The problem of tests on moving tubs ig difficult with wmodels, as
the speed requires to be muldtiplied in acoowvdence with the scale of
the models Y. The effect of the divection of tub wovement, relative

to the air strean was also noted.
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Professor Bryan, in summarising the worl, said that the
model tests showed the importance of the tubs as a factor in airway
rosigtance and that the subject was one which merited more
consideration and further investigation. In fact, after the warn,
a great deal of work was done on the Continent inte methods of
reducing shof't resistance by experiments on models but this was
confined to the shaft furnishingss +the influence of the cages was

ignored,

The next important work on this aspect was s
"iine Ventilation Investigations. Bection C: Shaft Pressure losses
due to Cages" by A. Stevenson (2).

Here, stotionary cages were used in a model shaft and
the investigations covered single cage rope guide, double cage rope
or rigid guide, and quadruple cage rigid guide installations as well
a8 an examination of the effectiveness of reducing the resistances
of cages by attaching falrings. Some of the preliminary worlk
included the installation of the wind tunnel end fan unit which were
used in the present worke In this section also, the Pressure Drop
Goefficient {PeDeCe) of a cage was defined as the ratio of the
pressure loss produced by the cage to the mean velocity head in the
shaft.

The conclusions roached wers, briefly, as follows :

(L) Relationship between PuDeCs and number of decks N.



(11)

(v)

267

This was found to be of the form

PeDeCe = a + DN
in complelte agreement with ¥iller and Bryan for trains of
tubse For each series, bthe loss due to shock (frontal and
wake losses) was consisnt, again in agroement with Miller
snd Bryan, and the loss due to friction and eddying was

directly proportional to the number of decks.

ffeet of loading coge with tubs -~ reduces the enorgy loss
due to eddying in the space hotween decks and affects the shock
loeses. This offect was also noted by Miller and Bryan in

the acase of tubs full to the top.

wffect of Coefficient of ¥ill Cf — the graph of P.DeCs to

a base of Gf was a type of parabolaoe

Wifect of cage shape —  scope of this section limited but
a slight reduction in P,DeCa was evident as the cage frontal
ghape alters from square bto rectengular, probably due to

velocity profile in the duct,
Lffect of Streamling.

Joukouski aerofoll nose and tail pleces were fitted and

it was found that the shock losses were considerably reduced.

‘Pests wore carried out on all the installations using

otroight sided fairings on both nose and btail and their benfite noted.
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In addition, when the change was made from the rope guide to the
rigid guide inatnllation it was found that the buntons produced a
noticézghle influeﬁea on the PeDsCs

The cage PsDeCe's were measured with the cages apart
and in the side-by-side position for a large number of types of
COES. This data, btogether with the table giving details of the
model dfmensions proved ideal for the purpose of verifying the theory
proposed in Chapter $ and the relevent informatian'ia given in
Table 241,

Also stated is the fact that for all the many typee of
cage tested, the region of duct over which the models exerted matual
influence was, at worst, twice the wind tunnel diameter. Hence
the resistance due to the cages can be assumed to be the sum of the
individual roesistoncoes.

In hig general conclusion, Stevenson draws attention,
inter alia, to the need for investigation into the effect of the
huntons when cages are moving rolative to them in s vigid guide
installation and in his “suggestions for future work" points out
the neceasity for tests with moving cages and the development of

a pressure recording device,

This next stage was carried out by A. Wilkie and the
resulte and conclusions ave reported in his "Study of the Bffects

of Moving Cages in Shafbs® (3).
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iuch of Wilkie's work involved the construction of a
suitable recording manometer and an investigation into its response
$0 oscillating pressures. A. great amount of investigation and
modification was necessary before the equipment, full detolls of
which are given in Chapter 6, was Tinally ready Tor usc. Thise
included the testing of various types of transducers — o variable
capacitance type being finally chosen — and; also worthy of note,
the installation of a three-quarder radius pitot tube Llowmeter.
Only then could Stewvenson's work he extended.

Aftor some preliminary investigations into conditions
In the wind tunnel, tests were then carried out on hoth stationary
and moving cagos. Some of the more relevant (to the present

investigation) conclusions are given in the following @

(2) Stotionary Cage Tests

Thesse were conducted mainly for purposes of comparison
with the subsequent moving cage tests and the conclusions
reached were substantially the seme as those of Stevensone
Some of the dats collected will be used lator in Chapter 5

and that used ie given in Table 2éle

(b) HMoving Coge Toste

(i) TInfluence of paseing cagee on shaft resistance.
Here, the variations in test length pressure drop

were plotited as'a percentage of mormal. In spite of the
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advantagers onumervated for this method it is felt that it
might have been better to wvecord the test length pressure
drop with the cages shationery se well as that produced by
the moving cogess The recorded valueswould thus allow o
more direct comparison hetween the pressure drops. The
limitation of Wilkie's method, as he -as al pains to point
onts was that when comparing the stationary curves, plotted as
a percentage of normal, with those for moving cages, no
quantitetive account could be taken of the reduction in alwr
flow caused by the incressed resistence when the cages were
passinge An attempt was made to record the variation in
flowmoeter head while the cages were passing but its natural

fluctuations precluded any relliability being placed on
the results, Furthor roference will be made to these
aspects of the problem in Chapter &,

It wap found that the addition offairings lowered the
nazimum pressure drop with very little change in the lenghh
of the zone of interactions From an examination of the
many records it can be seen that, in the range of cage
speeds available, the effect of incresse of cage speed on

the maxinmum value of the pressure drop is completely random.

(ii) Influence of passing cages on conditions upsitream and

dommsbtreom from the passing placo. These records
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illustrated the fall and rise in static pressure respectively,

more particularly with the larger cages.

(iii) TInfluence of a cage passing on conditions at that point.

These bteste showed the increase in pressure (below
atmosphere) corvesponding to the higher veloeity due to the
reduced area availadle for Tlowa Also indicstbed wag the
rapldity of the return to steady conditiong after the cage
had passeds

In his conclusion, Wilkie opines that the temporary
docrease in quantlty flowing is probably the most serious
effect produced by the passing of Wwo cages, but depends on
(a) the shape of the fan charscterisiic, (b) the proportional
inorease in total cirvcuit resistonce and {c¢) the inertis of
the air in the cireuits Tactors (b) and (¢) probably cousing
the reduction in quantity to be less 1n o full scale shall

than in the models

Pollowing this work, the next investigation to be
published by this Department was "Fluctuating Pressure, in the Mine
Ventllating Circuit, Caused by Single Cage Winding" by R. Stewart (4)
which, as can be seen, 18 concerned with certain other phenomena in
the mine ventilating circuite Howover, one section of thie work,
that concerning the pressure drop produced by & moving cage, is of

particular interost horo,
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The work is concerned with investigating bthe beohaviour
of the venitilating air under the unsteady conditions produced by
the movement of a single large cage in one of the shalis, n tests
using one of the cages, the pressure drop due o the cagoe was plotted
againet (v X v), where u 49 tho air velocity snd v the cage
speed, Tor five alr velocitioes at csch of eix cage speedss 'Theee
graphs are given in Pige 2,1 and the resulis will be used later in
Chapter 6, Knowing the mean air velocities, the cage P.Dele's

could be caleunlated and aleo the coofficient of wvweloclty Gv . A

u
end the results used te check the theory proposed in Chapter 5,
The range of air and cage velocitles and the cage dimensions are
glven on Fige 2els

It was bthought that +the individuval lines of Mig. 2.1
would form one line when plotted om a single graphg bhut such was not
the case, :Th@ reason for this is possibly tied up with the
correction factor: T%?@ which was used to compensate the effect

of the moving cage on the total resistance of the fan circuit so

that the true air velocity could be caloulated.

Research at 0$her Institubions

In additlon to the exitensive research which has been
condncted ot this Department, much work has also been done and many

problems are in the process of being investigated at other institutions,
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both in the United Kingdom and abroad, in this and in other closely
related fields.

An extensmive programme of shaft research is heing
conducted at the National Mechanical Tnglneering Research Institute
of South Africa (5)s The current work includes o study of the air
flow resistance in wshafts but so far has been confined to the
sorodynanmic design of the shaftt's internal structure, No tests
have been carried out using moving cages, only "A Theoretical
Analysls of the Dynamio Behaviour of Rope Guided Mine Shaft
Conveyences', It is intonded that the work of the Institute and
of some other independent workers in this field will shortly be
published as a Symposium on Shaft Resistance snd the Design of
Sheft Equipment.

A stated earlier, much work in tho some vein, i.e.
shaft furnishings, has been done by investigators in the U.S.5.R.
and in Germeny. In fact, two Russisn mine ventilating engineers,
Khokhlow and Ouchakov,~diﬁ some work on moving cagee at this
Department during 1960-61. It is on the shaft lining and cages
installed by them that the present work has been hased.

Mnother useful paber ie "The Estimotion and Reduotion
of Aerodynamic Resistance in Mine Shafis" by Je«G. Bromilow (6)
which summarises much of the work in this field and quotes some

of Stevenson's resulis, In addition, it indicates the practical
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means by which these results can be aepplied both in the design of
a2 mine shaft and the calculation of its resistance.

It will have been gathéred that most of the work so far
has been conducted on scale models and the relisbility of the
results, when applied to full scale installations, has also been
the subject of detailed investigotion by several groups.

It will be appreciated that one of the principal
difficulties arising from the use of air models is that they cannot
generally be used at the same Reyﬁoldﬁ numbers as the prototype.
While Reynolds number is gonerally accepted as a good correlation
factor for turbulent flow, it isiusually necessary to extrapolate
the curves to the higher ranges.

It has been suggested by Jones and Hinsley (7), on
tho basis of tests with two different sizes of models, that a
better correlation is obtained on the basis of mesn veloeclty, 1In
other words, the mean velocity can de uaed‘as an approximate
similarity paramater for turbulent flow in this type of model.
Thus, the model can bs operated at the same mean velocity as the
prototype, ond in this way the necessity for exirapolation is
avoided,

This possibility was also noted by Chasteau (8)
who obtained much bettor correlation on a basis of mean speed than

on Réynolds nunber, His tests were conducted on 12 in., end T8 in.
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dismeter models of s 24 £t dlameter shaft and on the full seale

shalft 1tsell,

\ An interesting seriecs of btests has been carried out
conjointly at University College, Cardiff and in the field, into
the problem of "Induced Road Tunnel Ventilation®, and this work
has been reported by the National Engineering Laboratory, Bast
Kilbride (9) (10)e The inveebigation concerned the prediction
of likely traffic induced velocities In tunnels of various dimensions
with verious traffic conditions. The experimental work consisted
of tests on a laboratory water btunnel anslogues full scale experiments
in the london Alrport Tunnel, and teosts on o laboratory model road
tunnele

While these investigations were primarily concerned.
with tunnel ventilation for the control of toxic gas contamination,
an atlempt was made to supplement the experimental vresulits by a
simple theoretical conslderatione. On the basis that, in still
extornal atmospheric conditions with steady treffic flow in the
tunnel, the forward dvag of {the vehicles upon the air in the tunnol
ie balanced by the wall friction drag plus the rebarding forces due

to entry and exit losses, the following equation if spplicable,

2. 2 2.0 L0
¢, 4, n ge(n-—v) = Cy Awgﬁv koA 5Cv
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where Gv = Vehicle drag coefficient
Av = Vehicle frontal ares
n = Bumber of vehicles in tunnel
u = Vohicle speed
v = Induced air speed
Ot = Tunnel wsll drag coefficient
A, = Wetted area of tunnel
k= Tunnel end loss factor

A% = (ross sectional area of tunnel

Alr density

s
i

This equation, since it was the induced draught v

with which the author was concerned, reduced to

.
c.
| TR Z

whereo dﬂ = ‘Pummel length

Pt = Tunnel perimoter

% = Vehicle apacing ( = ‘%”9

and fenoted a straight line passing through the origin. This did
not agree preeisely with the experimental lines and it was found
necespary to subitract a factor Cl’ dependent on the type of

traffic, to provide a better fit. After manipulation to entablish



2,17

guitable values off Ik, Gt and 'Gv - the formula was proposed as
a working basis Tor prediction of induced air velocities. It was
conceded that the analysis was an over simplification but it was
considered adequate for the practical purposes of btunnel desigm,

Although it has not been stated by the anthor, it is
Telt that one of the main discrepancies is due Lo his assumption
of a constant induced draught, is.e. flow everywhere in the direction
of motion of the vehicles, Tun fact, this is not so; it is kmown
that a high pressurve is set up at the front of a moving vehicle
and o low pressure in its wako. Hence the flow in the vicinity
of the vehiele will be in the opposite direction to the main
induced draughts

Another fact, allegedly shown by the test results was
the offect of the interference drag of the wvehicles on each other
at various spacings. These valuesy obbtained by manipulation of

the equation, are shown in Table 2,2,

Models Model Bpacing Drag Coefficient Gv
Riley Saloon Cord 1 £t 0500
(2% in. long) 2 £ 045605
3t 0798
Badford Truck Models 2 £ 118
(3% in. long) 4 £% 1.48

wab1@”2.2
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However, 1t i fellt that this effect must be due to
some other influence gince, according to many results given by
Hoerner (11), the intewference should be negligible even at the
lowest 1t spacing, for this sizse of model,. This ie aleso supported
by the vesulits of the present investlgation and in fact, dy all the
workers in this fleld at the Depariment. The general order of
the ratio of spacing distence to vehicle size at which interference
effects coase bheing not more thon four or ive.

Possibly, in the case considered, it might have heen
more advantbageous to have caleunlated the drag coefficient for one
vehicle 2nd introduced a separate interfersnce factor based on the

vehicle spacinge

Yet another series of feats have been carried out
this time at the Technical University, Budapest, the subject of
the experiments being the "Drag of Traine in Tube Tunnels" (12).
The author, M. Blaho, undertook model tests on traine in a duct,
the bulk of the experimentsl work consisting of measurements of
the pressure distribubtion along the duct snd the dreg forco acting
on the train for differvent lengths of trains end £ill coefficients,
This work differed from that of Butler and his co-workers,
in that the £ill coefficient was of much greater importance, being,

in this case in the range 0436 to 0463 compared with values of
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04035 and 0,065 in the road tunnel tests.  Also, Blaho was
principally interested in evaluating the drag of the train rather
than the air Tlow caused by its pasusage, It is wonthy of note
that while Butler's test methed is the more correct in principle
in that the wehicles are moved relative Yo the tunnel and tho air
speed measured, Blaho's procedure, that of exheusting the air and,
with the train held stotionary, measuring its resistance, is the
commonly accepbed routine test method. For coges in o mine shafd,
of course, it is necessary to move the cages and exhaust the air
simaltancously.
From the expervimental work, the concliusions ave
briefly s
{(a) There is a sudden pressure drop at the fore part of the
train,
{b) The pressure drops linearly alongside the train, but much
more vopidly than in the empty tunnel.
(¢) The pressure increases in the wake of the train due bo
the widenlng cross sections  Also, from the previous
worlks 1t is cloear that thore is an energy loss in the

wake which is independent of the length of the train.

in atbtempt was made to derive an equation for the

train's drag coefficients It is felt that although the formuls
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proposed may-be;of use in certain specific cases, ite general
application 1s limited by the fact that it does not include
cortain variables, The more iﬁpertant of these are the shape
of %h@ front and réar of the‘train and the roughness of the side
walls. |

It is stated that Whén the train is running in the
open, is.e. when thevfill coefficient 1o zero, the equation gives
o drag ccefficient of gnitr. This is corrvect as the formula
stands, buty contrary Lo the étatemqnt that fthis is in faiﬁ
agreemenﬁ with éxperiepca it mmat be pointed out thet Hoerner
quotes values vary@ng from 9.38‘quaﬁds, showing quite clearly
the dependence of the’&rag ccefficient on the shep o of the train,
ite length and ﬁhs gature of its surfacos,

AAl%hqugh there are mamy %9x% bookg worthy of mention
in_eomnecﬁ;on with %hig wortk and indeed, seversl ave given in the
References, it is felt, with all due respect to the others, Tthat
one in parﬁieular dgservas gpecid recognition. This is "Pluld
Dynamic Drag? Dy Sele Héerna? and it is true bo say 1t is an
outsﬁan&ing‘ﬁreatmenﬁ of the suhiject, of great use o engineers
who have any concern whatsoever with aerodynamic ér bhydrodynamic
drage

Referonce hos already been made to it in this Chep ter



in connection with veohicle and interference drage Suffice
Lt to smay that great use was made of Dre loerner's treatine

throughout thils projects.

221



el

CHAPTER 3

STATIONARY CAGE TESTS

(A) BGUIPMENT

Introduction

Having thoroughly studied the background of the
problem, it was now proposed to donduct statlonary cage tests
uging the equipment at our disposaly with only minor modifications,.
This was necessary not only to check qualitatively the results of
the preovious workers but also to investigete some of the phonomens
which wore brought out by an asnalysis of their results, and still
remainod unexplained, All the experimental work was carried out
using the one type of cage and shaft lining which is described in
thia Chapter. Although this might appear a limiting fector it
was felt that it would he sufficient for the scope of this work
and that the selective use of the known dsta would provide ample

material for correlation of the theory advanced in Chapter H.



The Model Shaft

The experimentsal wind tumnel wes constructed using
circular steel ducting, and equipped with model buntons, #uides,
cages and ladder compartment so that it was an exact replioca of 2
full sealo shaft with, as near as possible, complete geometrical
oimilarity.

The * tunnel itself was built up from sections of
cirvoular steel ducting, ebech 6 feet long and 113 inches nominal
internal diﬁﬁeter,.the sections being bolted together with rubbaé
gackets at the jointss Tive 4 foot long sections, each made up
of two half cylinders bolted together along longditudinel flanges
were also useds The upper half of each of th@ae sections was
made of thick perapex with strong steel flanges, the sections
being placed ot convenient points along the length of the assembled
wind tunnels These provided very useful observation and accens
points, being disposed strategically along the ducts  Removal
of the perspex section was very simple so that dismantling was
unnecessary when it was required to examine‘the coaEes or lining;

Tapped holes, designed to allow the insertion of o
pitot-static tube, were provided at various points along the duct
and when not in use, air tight metal plugs were screwed into these
holes, As a final preceution against alr leakege into the

ducting, plasticine was used to seal all joints and tapping holes.






The wind tunnel was: 103 feet long and the layout,
indicating the position of the perspex sections, tapped holes ote. -

is showvm in Pige 3els

Shaoft Lining

The pattern of guides and buntons used here is shown,
half size, in Fige 3.2, with one of the cages in position.

The centre buntons, made of +" x 4" I section, were
situated at 85" centres along the duct and the side buntons
similarly, while the guides wore constructed of 3" x 4 qhann617 

section brasss In addition, strips of 4" x 3¢ brass wore fitted

along the ends of the buntons to give the necessary rigidity.

These strips were fixed to the duet walle by self tapping sorews. -~

As well as these Teatures, the shaft wee also equipped with o
ladder compartment made of lengths of cardboard and suppcrted1by
strute of the same size and section as the buntons.

The lining was made up in lengths, all the components
being soldered together making up a totel lined length of TO feet, -
Thue the various test lengths, o5 described in part B of this
Chopter could be so situated that a reasonable settling length
was provided to help impﬁove similarity botween the model and full
scalos At the same time, sufficiont empty ducting remained at

the inlet end to allow iasertion of the flowmeter whore the airflow
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wonld be subjected to the minimum of disturbance.

The Gage ¢ Tts Drive and Control

The cages were mode of wood and were of a very simple

two deck design oo shown in Pige 343 which gives the leading

dimensions. The cage shoes were mounted on spring loaded mtri#é 155:f
attached to bthe sides of the cages and ren inoide the channel |
sechtion of the guides. PThanks 4o the care daken in their
consbtruction and in the soldering together of the guide lengths
very little trouble was egperienced with this srrangement,

The nominal breaking strength of the wvope was 538 1b
g0y a8 an additional salety precavition, it was fixed to the oages;_Wf!v
ae 1llugtrated, by easily broken links of soft wirve. Thus the |
breaking of these links would prevent any servious damage to the
coges and lining. in addition, 1t waes found in practice that thé;gﬁ
rope tension conld be adjusted such that the rope would slip on -

the driving pulley if the cages stuck for any rooson.

fitted with o continuously variable hydvaulic reduction gear, thé“';i
power bheoing transmitied to the cages by frietion drive oun the

A0 givcumference galvanised steel rope passing Li times round o

107 diameter driving pulleye With a motor output torque of

510 inu1b. ot 21l speeds from 5 to 124 Tepeme in either direction,
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this meant that o rope pull of 102 1b. was availadble to drive
the cage at sny speed from 12% to 325 fi/min, Tension was
maintained on the driving wrope by the tail rope which passed fromf‘qw.
the cages round a tensioning pulley on which cheese welghts were’w
hung.

The motor was fitted with a reversing starter, and,
for convenient operation, & set of remote dontrol buttons for thiéiﬂgk
startor was connected . to the end of a long wandor lead. This
enabled ﬁhe-matcr‘to be sbarted Trom any desired position along
the ducte. Tn addition, the starter could be operated &utom&ticail&
by tho cages thempelven by mesns of mioro-switches with Speaiall&ffl;i
designed actuators Fithed inside the duct at the ond of tho lining,
These switches sbopped the motbtor before restarting it in the‘oppogifé
direction, thus preventing accidental over-run of the lining by‘théif;

cages, and allowing completely autometic operation if required.

The I'an
The eir wos drawa through the wind tunnel by a.14%-inchrF?1\
Howden centrifugal fan driven divectly by a 20 heps aece motor |
ronming at 2,850 Tapems. o mpeed control was available so thet a
throttling éeviee was necessary to coutrol the air quantity flowiﬁé?i
in the duct. A butterfly type shutber, situated at the fan inlét,;i

was used for this purpose.



The fan inlet was coniecied o a 450 I4jun0tian;§i§§éi
ot the duct outlet by a length of 12 in. diameter Spiratube, thiég?
arrangement being suitable for many vessons. B

One important consequence was that it left a blank
flenge on the main line of the duot Bhrough which the driving rdpé}

could passe to the cages without interfering with the fan. It O

helped damp pulsations from the fan ot their source and ollowed . .

easy alignment of the fan motor do the duating. Al the same fiﬁé;“'ﬁ
it prevented vibrations being btrenemitted from the fan mctaramniﬁgf -
These vibrations would have sn adverse effect not only on air f;éﬁ%ﬁfﬂ
conditions but also, quite concelvadly, on the relatively weak &

perspex secltions,

The Mowmeter

A threé-gnarter rodius pitot tube flovmeter was used . - o

for measuring air flow in the duct.
This instrument was made up using four pitet tuhes
and four equally spaced static holes in the wall of the duct,

The pitot tubes were positioned ab 90° intervals on the threo-

quarvter radiuvei The static holes, at least 10 pitot tube aiamefefgif
upstrean of the radial part of the pitot tube, were in line with,;i;!?
the pitot tube mouths, but lay on diemeters offset 45° from thcée?f?gf

on which the pitot tubes leoy in order to avold interference. Théﬁf;;






arrangement 1s shown in Pige. 345 which clearly illusitrates its
compact and simple design.

Although several devices had been used by pest
investigotors, it had been found that this instrument had many
advantages, - It had negligible lose and a falrly consbont
calibrotion coefficient of abouwl unity for verying veloocity
distributions arieing from chenge of Reynolds ﬁumb@r or other
ceuses,  Tents had been successfully corried oub to show this, and
a theoretical basis advanced (13)s TIn addition, it could takeiﬂtql;
account asymmetry of flow and, since the three-quarter radius
position of the pitot tubes was close to the point where the
contribution to the flux was greatest, betler accuracy could be
obtained then with a centrally placed pitot tube if irregular
veloeity distributions were encountereds On the other hand, thgifiil
velocity fluctnations were grester in thic position, making the a
manometor more difficult to read.

The sebtling length upsitream of +the measuring section

varied, in different standards, from 3 to 20 duct diameters, In . =

genepal, in the absence of any upsitreen disturbsnce causing flawf
asymmetry, a sebbling lengbh of sbout 10 diameters ensures a

veloeity distribution which resembles the final one fairly alasely;1}
Some authorities in Tact, give 3 or 4 diameters as sulficient |

provided a shaped inlet is fitbed to reduce inlet disturbances.



s

The sheped inlet largely vejuces the offect of the end of the plpe -
acting 28 a sharp edged orifice.
in this case, the flowmeter was situated some 12 diameters -

from the inlet and a bell mouthed entry was provided,

Tnstruments

In addition to the flowmeter described above, for the
measurement of static alr pressure use was made of pitot-static .
tubes in conjunction with two water manometers.

The Fformer wore stendard NePsle type round nosed pitot-
static tubes while the latter were hoth Betz Projection Manometors.
The spplication of & differential pressure caused a change in water :
level inside the stem of the instruments  This change was observed,
through an optical system, on @ 1ong, finely divided scale which was
suspended in the water from o Tloat. The total range of the
monometer was 0 to 400 mm, WelGe and the smallest scale division was
Dsl mm, Wele |

- The fact that two manometers were in use made
similbaneous messurements easy and T-piecce manifolds were available
which allowed connections 4o be rapidly switched without interfering
with the instrumend. |

A typical test set up is illustrated in Fige 3.7 which

shows the whole layout of the duct and its associated equipment.



U SuTuoteuey |
edoys

eamyeanduey

pus

atag e83g

5qU] sansge

.. eequy-

5T3235-3091d

o’

i




(B) 1ESDS

Introduction

Having aéquireﬁ complete familiarity with the
equipmnent, al} was now ready to conduct p series of stationary
cage exporimenis into the soveral phenomens which it was feld
necessary to investigate. The rlnolpal factors influencing the

scope of these tests were (a) The limitations of the equipment..
(b) The necessity for corvelotion with
' the moving cage tests (Chepter 5). 5
(o) The nocessity for correlation with .
the theory (Chepter 4). _ 
(4) The svoidance of needless repe%itiéﬁfﬁ*”
of the btests of previous workars;‘\fff

In addition, cmphasis wos laid on the determination of
the accuracy of the tests and any unforesecen effects were immeaiateijf
investigateds

The tests wore subdivided as followe @

(a) Colibration of the Flowmeter, including an investigation .=
into the flow conditions immediately upsiream and
dowvmstreanm of 1ds

(b) Yote on the use of the Pressure Drop Goefficient (P;D.C.)v
together with bests relevant to its use. ‘

(¢) The determinotion of the PeDeCe of the stanbtionary coges



at the point where they pass and thelir zone of
interaction.

(d) The investigation of the influence of the bunton
spacing on thoe cage P«DuC. This was done for two
diff'erent types of bunton arrangement: in addition,
the influence of the ladder compartment was shown.

(e) wWests to find the P.DeCe of the cage in an umlined
length of ducting and the influence of its position.

Calibration of the Flowmeter

The section of ducting relevant to this part of the
work ie shown in Fig. 3.08.

The initial attempts to calibrate the flowmeter werse
corried out by means of velocity head traverses at tap 02,

“immediately behind it. The traversing method was judged to beﬁ?ﬂ{§?755

the most accurate possible in the circumstences.  Another means, .

the log linear method, was considered and rejected on the basis

of the experience of previous workers who found the traversing
method just as good, for the same number of measuring points,

without the attondant difficulties of poeitioning the pitot—%taticlgf f

tube at a predetermined position.
Only vertical troverses were possible but it was

hoped that these would be sufficient. The method of traversing

and caleulating the mean speed is set out in The British Standerd . .






Code (14) and it might be appropriate to give a brief summary
hera,

The pitot—-static jube wag moved from one side of the

duct to the other by equal increm@nts, measurements of vslocity
- pressure being taeken at each station. A plot was theon made of
«/Eﬁ"ﬁfé. to duct diameters Ten points on the traverse, each
specified as a cerdtain fraction of the duct diameter were then
marked on the graph and the corresponding values of ./ b noted.
These were arranged, giving h,, from which the mean velocity
head h can be found.

The mean velocity is got from the relation

2 18.2
mezm \/ 'Jhﬂ\’- = .r———w VN B

where W = density in 1b/ft°

and h = velocity head in inches W.G.

Traverses were done at various alr speeds, under similar -
condltions of temperature and pressurse, At esch alr speed, the
flowmeter reading was noted together with the limits of its
fluctuationa and the true mean velocity and mean velocity head weré
caleulated from the traverses. B

Some typical traversés are given In Figse. 3.9 and 3.10

plotted on o hase of duct diemeter. In addition to the mesn ve}ocity;/
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pressure readings it was decided, in view of their magnitude! tdLSlﬁiff
plo% the uppér and lower limits of the fluctuations, as seen on th§§j9,
manometers It soon became apperent that the traverse measmrementéif;7;
were subjeet to féirly large fluctuations and the amplitude of theséﬂt'
hag also b@en plotted, In generél, it con be said that the ampliﬁ@@e ;
at the duct centre is usually less than at the sides while the B
fluctuationf at tho lower air speeds io much less than at the highar~f
This does not, of course, mean that the caloulated velocities are -
more accurate &f the lower speeds since the percentage variation
from normal remeine about the same. |

An attempt was alse made to Find the offect of damping
the pitot-static tube readings by using short lengths of cagi]lary
tubing inserted near the instrument. Figss. 3.9(c) and 3.10(3)
ahow traverses at the same meen air velocity — the former utilising
capillary tubes, the latter without. It cen be seen that no
improvement was obtained.

Algo, more particularly at the lower mean air speeds,
it was found that a.pronaﬁneed asymmetry existed in the vertical
velocity profiles, these being more smoothly rounded at the upper
part of the ducte It was thought that this effect was probably
due to the proximity of the perspex helf sections which allow, due
to the smooth nature of thoir surface, the more vapid aohievemanf

of a fully developed velocity profile,
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It was becoming apparont that the lorge fluctuations
at tap ig‘wera nost likely due to the air flow disturbance caused
by the presence of the flowmeter only 1ls12 feet upstream of 1t,
Although it hod beon thought tﬁat the disturbance could be ignored
it wae evident that it was, in fact, sufficient to spoil the
sccuracy of the traverse,

Therefore, in an attempt to impravé the aceuracy it
was then decided to conduct traverses at tap 2y approximately
5 dismeters upntream of the fl@wmgter and T diameters downstream
from the duot inlet,

A opecimen traverse is shown in Plge 3.10(b)e It is
immsdiat@ly‘ﬂe?n‘that,_espaciaaly at the duct centre, the pressuré
fluctuations have hecome very sméll aven at this, the maximum sir
speed, Noaring the side walls, the amplitude of the fluctuations
again increases,

This pointed to the intoresting possibility, deseribed
in Chepter %, of using a central pitot-atatiq tube at this position
in the duct. Since the flowvmeter reading was subject to Lairly
large fluctuations, measurement of the variations in air quantity
flowing with the movement of tho cages in the shaft was well nigh
impossible, 4 central pitot etatic tubo wonld show this,
qualitatively at least. A preliminory test of this stage showed

a 10 per cent reduction in the weading at tap @2 when the cagesn
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were together &t%the centre of the duct compored with when they
w&r@-f&r aperte

It was noted, also, thot some asymmetry in the velocity
head profile still oxisted. One Teirly likely reason for thigx:
could be ﬁhérpr@senee of the pltot static tube shaft but unfortunately
it was not possible Yo check this by traversing from the oppusite-
direction since no tepping was available. Bad fitbing of the
goskets could conceivably have an a&varme g?feet but it is improbable
that bot@ joints — one at tap 128 , the other ot tap 14 — were
the samo.

As ﬁtatgd,_tﬁaversaa_ﬁerahconduqt@d a% both teppings

and the results of these are given in Table 3sle

vj2| 3| 4 |5 |6 |1 |8 |9 |1

Tap | Nos N Flowmeter ‘ Conditions Calc.| hay hav
hm Range |Ampltd | Temp, P:ess. h,.. hm hm

' " °F Hg |

( T | 68T | Ge3~Tal| 0s8  [T1e0 | 30e15 | 645 | 0970 04986

2 | 942 | 8.6-9.7] 1.2 [65.5 | 29.84 | 8,7 |0.892] 0,941

3 | 11.0 . 6640 | 3044 (126 | 04976 | 0.987

12904 [1503 |2406-159] 1.3 | 7100 30015 (150 | 0.955| 0,977

5 | 2143 [19:5-230| 3¢5 | 65.5 | 29.84 |21.7 | 1.018] 1,010

6 | 2143 [19.8-228| 3.0 [69.5 | 30.29 |21.3 | 1.000| 1.000

07 | 213 | | © |71.0 | 29471 [21.6 | 2.011] 1,005

14 |8 | 207 |2L3-22.2 0.9 [67.0 | 3047 1%7 | 0.920| 0.955

| 9 | 22403 | 2047~ 22,0] 1e3  [69.0 | 30436 | 20,0 | 0.940| 0.975

Table 3.1 Flowvmeter Constonts
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Columns 1 and 2 give the tapping and the traverse
numbers 3, 4 and 5, the mean velocity pressure veading of the
flowmeter, its renge and its amplitude respectively; 6 and T, the
temperature and pressure obtainings 8, the average velocity
pressure caloulated from the traverse. Colunn 9 liste the
correction coefficients for the mean velocity head; Column 10,
those Tor the mean velocity.

T4 can be seen that these coefficients fell mainly
in the vange 049 t0 1.0 , though only in one cage was a value
of exact unity obtained. At the maximunm air flow, 4t can be seen
that for tap @D, the coefficients are all very close o 1. At
tap @) they are anghing up to 9 per cent less,  However, it must
be remembored that the flowmeter veading itself is subjeet to wide
fluctuations (Colurms 4 and 5) and does not easily lend itselfl to
precise messurenent in spite of the care exercised in reading the
manometor,

With these facts in mind it was decided to use g

correction Tactor of unity in all subsequent computations,

The. Pressure Drop Coefficiont

In common with Stevenson snd Wilkie, zll resistances
were determined as a Pressure Drop Coefficient (PeDeCs)a This

was decided, not only to give ease of comparison with the data of
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these workers but alse becouse it was simple to evaluate ond was
g dimensionless ratio and could thus be compared with the results
of ofher inveastigators, whatever system of units they used,

The P.DsCe was defined by Steveneson as the loss in
pressure due to any particuler part of the arrengement divided by
the mean velocity pressure of the alr. It wae used since cnergy
losses in the alr were heing investigoted. In addition, it could
be applied directly to a full scale arrangement if geometricol
similarity was maintained and change in Reynolds number is ignored.

When caleunlating the PaDeCe of o pariticular component
in the test length, o cage say, it woe necessary o assume that the
ovorall PeDeCe was the algebraic sum of the P‘Daﬁ.&_ caused by the

duet resistance and the Pan‘c.c due to the cage

il.ca PQDQCQG = PJDeCGe — P.D.C‘d

It has been shown that the resistance Yo flow in a duct
is measured by the difference in the atatic‘preﬁsure at the ends of
the duct (15).

Briefly, for a straight perallel pipe, with flow parallel
to the'sidea, the static pressure is constont ot any cross-section

and, at o sufficient distance from the inlet, the veloclty

distribution is the same at all cross-sections. Now the moan Botal
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head 1g equal to the stetic pressure p plus the veloocity heed

| corresponding to the mean kinetic energy of unit volume of air

possing the seetiog. Let this velocity be ¥ , hence the velocity

head is ~%-f3 ;:Vu.
Consider a length of pipe AB. The mean total head

at A will be greater then that at B by a pressure P, which is

equel to the work done on unit volume of the fluid in moving from

A to By iece to the vesistance of the leongth AB of the pipe,

Hencey
1 _2 1 - 2
R Y YR T TPy oy R

A

‘Tt wae assumed that the velocity distribdution et A
end B ore identical, mo that ¥, = v, « Further, if the
static pressure difference Py — Pp is emall compared with Py

. , c o _ |
or Py it oen be assumed that /?a = /DB « The equation then

becomes
P o= py— P
The physical significence of this equation is that
(in the special came of flow in a straight length of parallel pipe

in whi¢h the velocity distributions at the two ends are the same)

the resistance is measured by the difference in statlc pressure
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at the two onds,
This gives the PyDele = ipA 1_3;3
s PV

As a check, it was deoided %o conduct velocity traverses
at tappinge @ and (9 where they could bo done on almost identical
duet diameters. The graphs of veloclity to duct diameter are shown
in Figs 3.11 (2) and (b), and it cen be seen that they are practically
identicals Any differeonces were probably due to slight variations
in the trajectory of the traverse.

The approximate traverse diameter is shown in Fig. 3.11 (c).

Interaction of Two Stationary Cages

The next stage was to inﬁestigate the effect of the
interaction of the cages, as they passed, on the P.D.C. at the
centre of the dust.length, Test length ®— @ was ehoaen-fer
this purpose sinoce it provided a fairly short test length in which 1
any abnormal off'eate would quickly be noticeds At the same time |
it was long enough to allow the cages to be moved over a censideradble
distance without interfering with the pitot-static tubes at each
en@ of the tést length. The relevant section of ducting is shown
in Figg‘B.IE.

The method used was to position the cages side by side
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and then to gradually move them apart, first in one direction, then. 
in the other, till no further sigmificent pressure changes took
plrce,. At the same time, measurements were taken of the differences
in static pressure between taps ® end @ , @ and O ond
(D and atmospheric, In addition, readings were taken of the mean
veloocity pressure on the flowmeter and the distance apart of the

cage centre lines at each cage position,.

This was done ot each of two moan air speeds,.one the
moximum 617 fepese, the other much lower 32 f.p.s. and the overall
Pu.DeCe Ve wore caloulated. It might be mentioned also, thet tho
static pressure differences weore very steady, thus affording accurate
moesurement of their values on the manometer.

At the end of cach test, the various readings were
taken with the teost length empty of cages. Thus, the P.D.Cs of
the empty duct could be calculated and by subtracting this from the
total PeDaCay the cago PeDeCo's could be determined for the various
positions, from outside the zone of interaction te the side by side
position,

Figse 3e13 (a) ond (1) show the graphs of the cagesn'
PaDsCyy as mossured in test length ® to (@ , plotted to o base
of distence apart of the cage contre lines, for the two alr spaeds.:

It is at onece apparent that these graphe are almost identicel chowing
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that the PsDeCs is constent for this range of Reynolds numhe?a.
Also, the zone of interaction of the two cages, each 9" long,
extended 111 the coge centre lines were 18" approximately apart:
or, till the end faces cf the cages were 9" apari.

The mazimum PsDeCs of 3416 did not ocour when the coges
were oxactly oide by eide but when their centre lines were about
4 inches aparts Also, 1t can be seen that the cage P.D.Cs does
rot settle down to o constent velue outside the zone of direct |
interaction of the two cages. It was soon recognised +that both
thoae effects ﬁere due to the influence of the buntons.  Slevenson
had noted this whon changing from rope guide to rigid guide models
and earmarked it for futurwse investigation.

Thic effect was also shown by Hoernor who demonstrated
the extent to which the drag of a streamline body was increaaeﬁ'
through the addition or presence of a comparatively emall obstacles
Even without touching the main body, the esmall one hed an appreciable
effect upon the flow pattern (separation from the rear)mnd drag .
coefficient of that shape. 0f course, the effect would be less for
a main body with some separation to begin with and a correspondingly
higher dvag coefficient.

At this stage it wes evident that the buntons hed quite

en appreciable effect on the cage PuDeCy aud a fuller investigation



3421

would be appropriste. This was especially desirable in view of
the assumption, made ecarlier, that the total P.D.Cs equalled the
pum of the duet (including lining) ond cage PyDeCsts. Bven at +this
stage it could be seen that these intorference effecte were exerting
a relatively great inflvence on the accuracy of the toste,

However, apart from the anomalies associated with the
buitbons, the graphs were much ae expected from the resulits of
previous workersy showlng, as they did, the conslderable increage

in PeDoCe as the cages pasged.

The Influence of Bunton Spseing on the foge Pelele

Having recognised %hét the presence and spacing of
the buntons had on appreciable influence on the value of the coge
PaDeCe 1t was now necessary to investigate this effect in greater
detail, The results previously obteined for test lemgths & 4o
@ and @ to (@ were used for this purpose, In addition,
tests were carried out in test lengthh () to @  for reasons
to be expleined laters

Ao depicted in Tige 3el4, the buntons were srranged in
an even fashion, with all three of cech set in the same cross section.
From +the previous results, the P.DeC, of both cages (length & to

®@ ) and of a single cage (test lemgth @D — (@ ) were known and
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by subtraction of these twoy the P.DeCs of the cage in test length
® to @ ocould be obtained. These values are plotted to a
base of cage distance from the centre line (starting just outside
the zone of direct interaction of the two cages) in Fig. 3.15.

It is immediately apparent that the relative positions
of buntons and tage had a great effect on the PuDeCe  The péaka
corresponded to a cage position where therec was a bunton at each
corner — the bunton spacing being equal to the cage lengths the
troughs to the position where there were two buntons, one on each
side of the cage and holfway along ite Intermediate arrongements
gave PuD.C. values between these two extremes and with movement of
the cage along the duct, the P.D.Cs took the form of & wave whose
wave length was equal to the bunton spacing.

Mnother interesting feature which emerged from a study
of the graphs of Pig. 3+15 was that, outside the zone of direct'
interaction of the two cages, the mean P,D.C. value and the mean
wave amplitude of cage 1 were grester than the corrosponding figures'

Tor cage 2. Those values are given in Table 3.2, colums 1 and 2Q'
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1 2 3 4 5 -
- Test
Tost Length ®-0O | Length D@
Cage 1 Coge 2 ) 1%2 |Both Cages | Cage 1
Moan PsDeCo 0187 0.79 1.66 1'65 0;77
Mean .
Amplitude 0¢29 0e21 013 016
Table 342

It can be seen that the values obtained differ by more
than a negligible amount. The reason for this difference must bgv
the result of the presence of the ladder compartments Not only |
does this‘cause an unsymmetrical flow pattern (see Fig. 3.11), huf‘ N
also the juatapo$itinn of cage wail and ladﬁer comparitment hinders. -
the airflow and inoreases the resistonce.

Fige 3.16 illustrate the stoggered bunton arrongement
in test length D—- @ . Cage 1 only was tested and the resulting‘tf
plot of PuDeCe to diatanoe_mcved is presented in Fig. 3.1?. The
mean P«DdsCe and wave amplitude are given in Table 3«2, column 5

and it cen be seen that there is o significant decrease from the
corresponding figures for Cage 1 (column 1) at the centre compartment.

The wove length also has decreased to half the bunton specing

distance, the maximum and minimum values corresponding to the cage



“TPosition £
: ma::. P 0.0

i @ Cage No.1 Noving Downstwoan fron

m;fas_mz,&zww& .G m@,f Bmm.,ﬁ.zwe 'rem Lenm @WQ_,




3024

vpesitiens shown.

Fige 3.18 illustrates the plots of the PuDeCe of both
cages, outside the zone of interaction but within test lemgth (B
-®@ R@farenceltm Fig.“3u14 shows +that when CGage 1 is in the
position corresponding to maximum PeDeCey Coge 2 is in the pgsitlon
corresponding to mihirmam P.D.C, and vice veisa. This position, in‘
facty is the one‘eorrasponding o maximum PeDeCe for the two cages
togethor. Thus, interference of the two waves occurs, resulting
in the graphs ahawn? ‘ The average value of PeDeCo for the two coges
ia given_in Table 5.2, column 4 together with the mean amplitude of
the wave. ‘ |

Graphs”éolﬁ (g) and (b), represénting_readings taken
on eaqh side of_tha centre line are olmost ldentical , as expected,
It oy be_gaid that glt@oggp all the.pcinta on the graphs are taoken
from the high speed tests, the resulis from the low speed tests were
identiocal. ) o |

It was also notic@d\ﬁhaﬁ'thera woas & slight, bub
p@mc@pﬁabl%}in@&@aae i@ P.n,ﬁ. &ﬁnﬁh@ @igtamsm betﬁ@@n.ﬁhe cage
senbros increasode It is ﬁhoughﬁ thot this is probably due o the
fgot #haﬁ hﬁth cages were wh?ﬂly in thé“mcughar metal ducting of the

wind tunnel when they were further apart.



The P.Dele 0Ff the Cage in on Unlined Duet

Trom o comarison with previous works it was seen that
the PeDeCe value obtained for the cage (approximately 0.8) in the
furnished shaft waes very much higher thon the figures quoted by
Stevenson for cages Qf a similar size and fill coefficient. 1%
was therefere thought that it would be of use to measure the cage
PeDele in an unlined section of the ducting.

As the model stood, the only possible section was o
that at the inlet end of the wind tunnel, Fig. 3.8. However; to ‘"fﬂ
avoid teking measurements too near the inlet it was necessary to‘
modify the ducting by removing a perspex scction, shifting the inlqta?ig

sections and inserting a 6 foot section between the bell mouthed

entry ond the tost length. A %°inch rod was fitted to the cage, '

~and holes bored in the top and bottom of the ducting so that the

cage position could be veiied, in the vertical plane, right acrosa»;f:_

the duct s@otipn. The arrangement is shown in Fig. 3.191 B
Initially, the PuD.0s of the empty test length was

found . Also, an extimate wos made of the P.D.C. of the length

of rod necessary to support the cage by inserting the appropriate g

length into the ducting ond measuring the additionsel pressure dropfx'

The pressure drop of test length @2 — @9 was then measured,“ g .

a8 the cage traversed the wind tunnel.
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It was fﬁ%nd that even very slight yawing of the cage
produoed a considerable increase in the test length pressure droDe
Actuaily, thié prdf@ﬁéd a éimpla maaﬁa of éﬁo@r%aining that the
cage wasy in fact;«faaing'éireotly upstream since in this posifion,
the pressure dyop was at ites lowest value, -

| The mean’valocity pregsuretw&s also messured, and grom‘
these resulis, the cage ?«ﬁ.ﬁ.‘was caloulated for cach cage position,
. In the first instence, the cage was in the position
shown in Fig; 5;19; Thg noxt stage was to repeat the procedure,
%his.ﬁim@ with the cage tumed 90 degraas, thue simulating the
offeot of the cage moving across the duct at right angles to the
firet diamoter.

Tbe resulie of these traverses are- shovn in Fig. 3.20
together wifﬁ gketches showing the cage positions.

Tige. 3.20'(@) and (b) show the cage position and PsD.Ce
values at each station in the firvet traverses 1t was found that
the arithmetic mean of the PeDeCs values was 04395, all the traverse
values being within 4 per cent of +thiss  The second braverse,

FLECe 3.?0 {¢) and (), gave o mean of 9.348, the individual

traverse velues agein being within 4 per cent of this value.
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The immediate conclusion which can be reached Trom
these results is that, in general, the PeDuCs of o stationary cage
is practically the mame Tfor oll positions in o duct. Howevaﬁ,
this does require some qualification since the graphs of Flg. 3;20
(b)) and (4) are by no means straight and constant. |

It can be seen that there is a tendency for the P.DQO;
to be slightly lower in value towards the upper half of the duct—
this effect may he due to the slight asymmedry of the vertical
veloocity profile which waes noted in a previous section. Also, as
the cage approaches the duct walls, there appears to be a slight
increase in the P.D.C. value, Howevery these effects are small
and for practical purposes it would appear that there is only a
slight error in aesuming that the PsDules is consiant,

Of much greater interest here is the fact fhmﬁ the
caBe PeDelo,s 2t o meon value of approximately 0435 is less thon half
that obtained with the cage situatgd in the shaft lining., This
cleaily shows the censiaerable-inflnance of interference between
the cage and the sheft furnishings, notebly the buntons and the
ladder compartment.

As stated previously, the effect Qas noted by Stevenson
when changing from rope guides to r;gid guides, Unfortunately,

different types of cages were used in these installetions so that
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the interference effects for the types of shaft furnishing used

cannot be estimeted,
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CHAPPBR 4

© APPROXIMATE THEORY: OF PRESSURE DROP DUR

70 CAGTS MOVING IN A smapr [16]

[

The Formalption of the Preliminary Rquation |

The problem of th%:determination of the pressure drop
due %o.cageaimoving iﬁ‘min@ shafts involves so many variadbleas, even
when :ssome aimplifying apcumptions have been made, thot it is quite
impoasible to solve it by moans of model investigations alone.

It has boen chowm (16) thet the gemeral relationship

detormining the dimensionless pressure drop coofficlient takes the

form
. _ VQ
~P-»? = €|, Bpy Ry — 9 8
EPV
whoere M = JHNach lNo. Re = Reynolds No.
F& = roude No.. ' 8 = Scale FPector
ve

¥ = Ratio of cage speed to mean alr volocity

Constancy of the Scale Pactor is required for geometrical similaritys
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the ratio v& on acecount of kinematic similaritys WMech, Froude

v .

and Reynolds numbers on sccount of dynamiocal similority.

In this chepter an attempt will be made to determine

the form of the funotion f [ ] on the bapis of come simple

theoretical considerabtionss

(a)

(b)

(¢)

()

The following introductory assumpbtions arve made.
The comprossibility of alr is.neglected since the meon
air velooities in mine shafip are far below the velocity

of propegation of sound waves in airv.,

The influence of the gravitational forces of aiy is neglected.
This is o normel sssumption mede in most aerodynomical

conaiderations on air resistance.

The friction factors do not depend on the velue of Reynolds
numbar. Thig“as&umption has been found to De true in almost
all measurements which have heen carried out in mine shafte
ond shalt modelss This was also proved in the model tests

deseribed in Chapler 3.

The pressure drops a3 a result of interaction between the
cages and the buntons e not considered seporately and the
presence of buntone in the shaft is token into nccount in

the overall friction coefficiont of the shaft. Consldering

the great influence of the buntons and thelr spacing on the
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cage ?;QQGQQ'W§iﬁh“W&$‘ﬁhOwn vory clearly in the model
tests, this assumption is recognised as the wealtest point. . .
of the constructed %heorya Although the extension of the
Tollowing theamy b0, 1ne1ude the bunton spocing seanms to be
" possible, it woul& require a groat smount of additional
investigotion, Of course, in ghafts with rope guidea
instead of rigid guldes and buntons, this restricting

assumption loses its importonce.

In order to ealculate the pressure drop caused hy‘
the prosence of a cage in the shoft, the sum of the energy losses
and eveniual energy goins due to the moving cages has to be
established.

Usuelly, the energy off the streams flowing in duets -
and. pipes is oxprepeed in terme of tobtal head which is the energy
of one unit of wei%hﬁ of £iuid flowing., The difference in total
heads in two croasiﬂaationa of the same ares ie equal to the
difference in pr@s%ure heodss

The P,D.Ew of a cage Ga is defined as the rotio of
prossure head losses A fi, osused by tho cage, to the volocity
head caloulated for the mean sheft air velocity.

o o TEAW L -EAEy 0 -E Ap . 4

. ' =
¢ By By kpve
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The following sources of energy change due to the

cage will be considered.

(2) Facing wall of cage 3

(b)

()

& Amy

"
- Anl

Inergy gained or lost due to facing wall of moving
QoZC.

Energy lost in a¢ntraction or expamnsion of the
adr stream in tho eross-section of the faeing wall.

Space slong the length of the cage 3

L]
¥ A,

on
- ﬂl%g

Rear well

N |
+ AI£3

on
- llHB

Tnergy lost or gained along the side walls of the
0egos

Additional energy loss along the shaft wall due
to the inereased air velocity in the spoce between
the shaft wall and the cage sides,

of the cage @ |
Tnergy gained or lost in the wake behind the coagoe.
Tnergy lost in contraction or expansion of the air

shream in the cross-pection of the rear wall of
tho cage.

It will be assumed that all the above energy changes

ere independent of each other and are therefore additive. The

larger the cage, the better this assumption holds. Howevery some

results obtained by Stevenson in model tests on the influence of

nose and tail pleces on the cage state that this assumption is
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valid; to a certain axﬁent,‘far ?elaﬁivaly short cagos, with one
or two decks.

. : .
The energy chengo quentities will now be caloulated,

L] .
2 AWy g drag Tovoo noting on the focing wall of the

i

cage Lo defined by

Py = Vo)
2

FD o (}.D' ° ‘.ﬁ.@ ﬁi@n (V" Vﬁ) IR EEEE 4'2

whore OCp = Drag coefficlent of facing wall dependent on its
shopes

= Areo Qf ?gaipg wall Qf CAEO«
= Meon shatt air velocity.
Vﬁ = Qage speed

(0 = Alr densily.

If the cage moves in the oypoﬁitg &ir@otion to the
air f}pw,_#ha cage spae@ has to bg ﬁaken with a negative sign.
When the cage moves in the gamel@@raetion as ﬂbe airy, but ot a
greatgr gpagd ?pannthe air vggﬁcity, the drag‘fo?ce does not resisct
?h@.?i? ?;QW'pytA??QQ hglpg its Thig means ﬁhaﬁ the drag force
c@ang§g iﬁs dirgaticnﬂgn@ #he.oage typa qont?ihutes energy to ‘the
aip gtge§m,” To denote this ahapgm“qf éirastiqu Of'th? drag force,
the fupcti?pvsigg (?;—V&)Ihaﬂ'been introduced in eéuatien 2 and

tokes the following values
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%

afign (V -VQ) #1 X Wigiém V=,
otgn (Vv ) = -1 vhen V £V,

The work done by the drag forae F‘:ﬁ, over o distomce L, 1m

. . o s N o s '
C":D‘ Ag /C’(v"vg) sien (V VQ) I;g -
"3;3)“ = vl@b . T,pﬂ L 3 snen A3

The total weight of air in the length I'a ig

G& - /o(f,' [(LLB”JE)A + ,e(ﬁ" ﬁ‘c};)] 'ﬂiron»-neo:bcfvi‘g 494

vhere g =  gravitebional acteleration

T3

A m  orose sectional avea of the shaft

)1 = longth of the cage

. " 2 .
‘ LY PV -¥,)" sign (V-V,) T,
f 4 ¢ "‘A N - Wt # e - o
Thivs H‘.-J,- = | % P P e [I’g I, Aa]

edeaeveoDNDEN 4’5

By introducing the following dimensionless ratios

G.ﬁ. o meee—— = fill Ga@f:ﬁicieﬂ'ﬁ Qntonaoogaopptog)pl 21596

‘apge gpecd
mean oir speed

YRR N PR EEBANGRII AN 407

‘y v = rphio
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£ ; o cage longth
Qe = né = ratio shaft length along which pressure drop

is measured,

([ EEENE RN NN ENERENYNEN 4.8

equetion 5 can be writben

| PR - _
1- G«? @:t-‘ 28
[ EEEENNENSNENNENNEENDE ] 499
0, |
:’A 1 The energy losses due fo contwaction ow oxpansion

of the sir stream can be calaulatad&using the CGarnot Borde

hypothesis, as follows

" k(v - V) ,
- A ]{1 = 2{;{ WP BERNER 0T UOOROINBEN 4.13

whore ké = dimensionless factor

Vi =  volooity of alyr possing tho cage.

On the basis of the equatlon of continuvity, the reolationship

hetwoen tho weon shaft eir velocity V and the alw velocity

in the rosiricted space between the shoaft well and the caoge sides

Vy cen he expresced in the form




A =V, (A-—Aﬁ)

EAXEEEE N RN R N N T YR R 4&11

Hence v o= v S -

A - E‘ﬁ - ?‘Tﬁ'wﬁ?&: weosoosemesnonus lhe L@

.

Insording relation 12 into equation 10 one obiaine

. 2
kR € e o
" ¢ £ v
-AH = : ' ~ L it wasssvenns Hol3
: (1 - 0,)° % |

t—

1
mjﬂé}fgg — In order to detormine the energy losses or geins

in the space between the shaft walls and the sides of the coage,

the well kunown Darcy Formule will be applieds Thus, the energy

lost or goined along the cage sides is given by

2o £ (i = Vp)® sten (V- V)

-A }’{9‘ -
' 4 (- %)
A S 2@; oAb BEsEamiInN b 4614
2 {a + b)

oy . 1
£, 0 (W - 0,) “ten (T":"a‘; Cy) 2
2 (o + b)

‘
Hence -\ H, =

EEER NS RNENEN NN R 4:15
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and finally

~ | ]2 [ - (1~
A v 99 fof[1~ (1- cf) cv] . sign 1- (1 cf) c;_}. v2

T eSSV ENBD 4016

whore fﬁ o dimensionless friction coefficient of the cage walls,

2 ga & b) nerimeter of coge
Go - D = ratio clroumference of shait

"
- A ﬂ2 The additional energy loss along the shaft wall

caused by the presence of the cage is equal to the difference
between the energy loss occurring due to the incressed alr velocity

V1 and the energy loss in normal flow with mean air velocity. V.

2 2
"'AH " - faﬁvl - - fﬁ_’ev strssanchaPes 4017
2 4(A—A,) Th o . .
lience ’e " o .
f, v
" a 1 \J

_A H | ee—— ’("":'""‘""" T g Assennesacne 4:18

end finally

. a_ , 2 2
-An" | g3 40, (3-306, + C.°) ' v

D (1""‘01-)3 28 soresnsae 4¢19
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where f& e  dimensionless friction coefficiont of the empty shaft.

? A ﬁé' The energy lost or gained in the wake behind the rear

wall of the cagoe is coloulated in the same way as [lI!: due to
the focing walle However, a different drag coefficient qbs ’

depending on the shapeo of the resr wall of the cage, will be

B;ppliedo
_A HB ™ 3 s e ” " sSenew 4020
A 1]

LQQ'HB A The energy loss due to expansion of the air stream

behind theo cage is caleulated in the some way an ,A H," giving

A" . sl Ve

3 (1 05)2 2€

benedsrssses 4.21

where ke = dimensionless energy loss coefficient due to

expension of the airstream.

Inserting 21l six energy constituents into equation 1,

the following general expression for the P.D.C« of the cage 00
is obtained.




4¢3l

(%1 + %2)% Cp (1-«-0‘,)2 sign (1—6,)

2
_(kc + lé:) Gf

.{.
-

fd ef (3 _3 'Of + af )+" fc Q‘o Ll“ (1“Gf~)c'.,;_] .Si{gﬂ[l“(l“cf)cv
(1-c,)° (1 c.?)

=] (oS

sdedeovnes s 4022

In spite of the meny assumptions that have been mode,
equation 22, determining the P«D.C, of a cage in a shaft, is by
no means simples Not all the quantitles oceurring in the formula
are independent of aaéh othor, vizs, the cage length £ is involved
in the lengthg cgeffioient er and a relationship Qxists between
the £111 coefficient .0% and the ratio of the perimeters of cage
and shaft co. - However, despite these complications, equation 22
does provide a means of gnalysing the influence of the individual.
guantities involved in i% on the overall pressure coefficient GO.
Of course, there is no diffioulty in evaluating the PuDeC. if the
quentities ocourring in equation 22 are known.

When the case of o siationary cage is considered,

equation 22 tekes 2 simpler form since in this instance v& i

zero end hence €

v is also zero giving

‘ y 2 (3= 30 2
0, o= 2%, me?;i‘...“é, + £ %2 05(3-3C, +Cp ), T %
— -0 PR : "3
1-C, 6o  (1-0y) D | (1-¢,) (1-05)°

Sseesrsnenuen 4!23
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where G.D = c._,_)’ 4 83)'3 end k = k:e s ka

If the influence pf ({e is neglected, ond this may
be done in mosﬁ coses, the relation between Ge ond the length
- of ‘the cageclakes a vory simple form

GQ @ Bo& 'ﬁﬁ% ‘ sononvennsacse 424
:
where § apd t are quanﬁﬁties which are independent of £ .

This form of the &el&tianship betwoeen the P.DeCe 2nd
the length of a train of tubs in o roadwey or the length of a cage
in a shaft has already been found experimentally in the model tests

of Mllor and Bryan end of Stevenson as stated in Chapter 2.

Tho F411 Coeffiolent . of Reotangulor Coges in Ciroular Shofts
L Q§§t‘o£m#he_ppesantnmipg shafta, and all new ones
whgqh.§yg'bging sunk have a airqular eross section. If the
assunption ie made that in & given ciroular shaft there is a
win§§gg“sygtem wi@h "n“ Qqnal rectanguler cages, then the fill
eqofficient_%cé“ of one cage may be expressed as a function of the

number "n" and the croas sactiohal shape factor "x" of the cage.

The following relationships exist
X = ~%§- = ovoss sectional shape factor of a cage

[ AR R E N EEE RN NN Y 4‘25
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Op = -2 b},E = Ti11 coofficlont of o 0age  seesees 4426
4 d .
and according to Bythagoros' theorem (seo Fige 4+2)
:Da w b & ;’112 ta + @)2 snaseneevsrons 4027

vhere € = distence botween welle of §w0 pagsing cages.
The distance "eg " will be expressed a% a dimensionless ratio

to the cage width "am ,

= Moy hence e = a saeseses s e 4028

By means of equatbions 25, 27 and 28, the fill aoaffieiént of

a cage, defined by equation 26, can be weitten in the form

4z ’
ot : * pbavsrosasnne 4-29
Tl1 + o% (Lem)? =]

Ce

=

On the bosis of caquation 29, the meximum value of the

£411 coefficient ean ho determined by differentiation.
a ¢, 2 |1-n® @ +m)? =

—————— = "~ srssvavennnsane 4030

dx T h.* n? (1‘+ m)2 xa] “

2
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4o P e Coe
'*“"g*" = O when 1l- Yiz (3. L4 M)Z ¥ a O CPCsNBHEERES 4.31
dx .
hﬁﬂﬁ@g x@ o XWW . shvsisoarnen 4‘}2

¥
i
%

z, is th% value of the oross sechional shape factor

of a cage at which the fiil‘eoaffiqient reaches Hts maximam volues
To caleulate this maximum, the value of x, has to be inserted in

oquation 29.

o 2 1

1eGa £ max. = T i n (1 T m) bssnceennnee 4«.33

The total maximam £ill coefficiont of "a" cages side by side is

n G E-] e et A wb——— “Swawe ‘ . N
fﬁlﬂ}i T 1 + m SROINBEDRIRNT S 4.34

It can bo seen that the moaximum valuo of total £111
coefficient of wectonsulor cages in o olroular shaft does not

depend on tho numbor of cagos "a" in the winding oystom, and 4f "mt

is megligibla it takes the value of w%r* or 0sGde  The maximum

value of the Gf of one cage is, of course, "n" times smaller.
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The Rel&tionahi@ between GG and Gf in a &ircn}am Shaft

As ham already been mentioned, a velaiionship existe
between the £411 ea%ﬁf&@&ent of o shoft and the dimensionless ratio
of-the'pe@imetera_aﬁ cage and shafts In this section, an attempt
will bo made %o det%ﬁmin@ this »elation for recbangular eages“and
ciroular shafts and to find the range of possible chenges of the
value of Go’

The ratio of the circumferences of cage snd shaft is
defined as follows 3

G;) . 25}?’3}“’ 'b) I E R ENE R NN NN 4034

By means of egquations 26, 27 end 28, the retio 00
can be expressed in terms of the number of cages 'm" in the

winding system ond the £111 coefficient Cp.

2 2

o 'n@‘f + 2 ¢ ~'\/4-— e n? (1+m)2 Co
¢ - . } . ]
WJ'E "'\/4-—1:2 n? (1 + m)2 %2

+]
I E RN RN NN ] 4135

Jubﬁtitutan§ the mnwimvm.po%sihla valu@ of fill
coefficient cf " detbtermined by equation 33 into equation 35
mmu



4416

we obtain

o Nz s 2 a(1am

* g [ EE RN ER RS NEN 4036
max, Tn (1 +m)

The poseible range of value of the ratio of perimetors

cen be determined using equations 35 ond 36« From equation 35,

the lower\ltmit of this range,for Gf = 0, is co - w%m - 0;64,

Assuming m = 0, equation 36 provides the values of the upper limits

of Go which are 1

For a 2 oage winding system n = 2, 0, = 0,60
4 max. :

For a 4 cage winding systen n=4, Co = 0,58
max.

From these caloulations, one can conclude that, for the
most common winding systems in pircular shafts, the range of
variatian in CQ is very smalle  This leadg tg the assumption
that, for the case considered, the £ill coefficient mmd the ratio

of perimoters are independent.

Prossure Drop Coefficient of o Cage ss a Function of Fill_coeffgeiént

£
Now that it has been estoblished that Go ean be S
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aosumed independent of Gf ’ éqnation 22, detormining the ?;ﬁ;d; ‘

Gﬁ of a cape mey be writt