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(i) 

In order to establish the rules and criteria· to be satisfied in order 

to develop a scale model, which may be employed to predict the dynamic 

behaviour of a fullscale rope-guide mineshaft installation, the theory 

of the 9ynamic behaviour of rope-guides is considered. In order to 

establish to what degree a scale model rope-guide system may be 

expected to simulate the dynamic behaviour of its fullscale prototype 

a series of correlation tests on an existing rope-guide installation 

and its dynamic scale model are described. 

A further series of model investigations into the aerodynamic scale 

effects which may occur in rope-guide installations, are also described. 

These investigations demonstrate certain limitations in the use of 

dynamic scale models of rope-guides and also explain the mechanism of 

air flow in shaftscontaining bluff bodies. 

On the strength of the experience gained in this research recommendations 

are made for the execution of efficient experimental investigations into 

the dynamic behaviour of various rope-guide mineshaft installations. 

6ome information is also provided on the actual design of fullscale 

rope-guide systems. 
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1. INTRODUCTION 

1.1 The use of gyide ropes in mineshafts. 

Although rigid rails are most commonly employed for guiding 

mineshaft conveyances in general mining practice, the use of rope­

guides has proved to be very successful in many instances. In 

such a mineshaft installation the guide rails are replaced by steel 

ropes, freely suspended in the shaft and suitably tensioned by 

means of tensioning weights or some springloaded tensioning device 

situatedat the shaft bottom. Conveyances are provided with 

sliding bearings or guide ·rope shoes which allow the ccnveyances 

to slide freely along the greased guide ropes during hoisting 

operations. The guide rope inertias and guide rope tensions are 

solely responsible for steadying conveyances while travelling up 

and down the shaft and such shafts are therefore entirely devoid 

of buntons or supporting structures which are normally encountered 

in shafts with conventional rail guides. 

Rope guide mineshaft installations are by no means a modern 

development. In the United Kingdom such installations have been 

applied to shafts of moderate depths for very many years. Rope­

guides were introduced to the Witwatersrand Gold Mines in 1909 by 

the New Modderfontein Gold Mining Company. A few installations 

in shafts of moderate depths in the Witwatersrand area have been 

operating successfully for some thirty to forty years. In these 

older installations the guide ropes have not exceeded 3000 feet in 

depth and some authorities considered this to be close to the 

limit of safe operation. In recent years, however, several deep 

shafts in South Africa have been fitted with rope-guides. For 

example, the Hartebeesfontein Gold Mining Company, the Buffels­

fontein Gold Mine as well as the Saaiplaas Gold Mine are all 

utilising rope-guide installations in shafts of depths slightly in 

excess of 5000 feet. 

Rope-guide installations have some distinct advantages over the 

conventional rail guided systems. The absence of buntons and 

internal structures substantial~ increases the ventilating 

• • • • • • • 2 
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capacity of a mineshaft equipped with rope-guides and thus 

contributes towards eco .. nomy in ventilation costs. 

When rope-guides are to be used, the sinking and equipping of such 

a shaft is simplified considerably. It is no longer necessary 

to ensure that the shaft lining is accurately set as is required 

for the proper alignment of buntons in a shaft with rail guides. 

Furthermore the installation of rope-guides in deep shafts is not 

so time consuming as in the case of a rail guide system with its 

intricate supporting structure. The spacing and alignment of 

a rope-guide installation can also be effected with superior 

accuracy. 

Higher winding speeds and smoother operation are possible with 

rope-guide~ and the shock loads, so common with slightly misaligned 

rail guides, are completely avoided. Maintenance of a rope-guide 

installation is reduced considerably and in general it is found 

that the conveyances and hoist ropes on such an installation have 

extended working lives. 

In spite of its various advantages, the rope-guide system does 

not enjoy the whole-hearted approval of all mineshaft authorities. 

Many engineers are reluctant to employ rope-guides because at 

present there is a lack of knowledge regarding the exact dynamic 

behaviour of rope-guide mineshaft installations under various 

operating conditions. For example, various authorities have 

widely divergent views regarding the provision of clearances between 

conveyances running in a shaft, and between conveyances and shaft 

walls. Some guide rope installations in England operate satis· 

factorily with as little as 3 inches clearance between conveyances. 

Rubbing ropes, installed between such conveyances, are regarded as 

a sufficient saf~rd against possible collision. In South 

African rope-guide installations, clearances of 3 feet between 

conveyances are common, although clearances have been reduced to 

as little as 11 inches. Widely divergent views are also held 

regarding the number and disposition of guide ropes and rubbing 

ropes, the sizes and weights of such ropes and the rope tensions 

required. 
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1.2 Problems encountered in South African mineshafts. 

In South African gold mines the problems and uncertainties 

regarding the design of safe rope-guide installations are greatly 

enhanced by the fact that such installations are invariably 

required for shafts exceeding 3000 feet in depth. Modern 

developments in gold mining practice on the \s/itwatersrand require 

rope-guide installations in shafts which may even exceed 8000 feet 

in depth. Design codes developed in Great Britain over the years 

apply only to relatively shallow shafts (less than 3000 feet) and 

become impracticable when applied to deeper shafts. 

One of the main problems peculiar to rope-guides of great length 

is the fact that the considerable weights of such ropes reduce 

the allowable tensioning at their lower extremities. Guide rope 

tension therefore varies considerably along the length of a rope 

and the effect this might have on the lateral swaying motion of 

conveyances is by no means readily predictable. 

Due to the very ~igh initial costs involved in sinking and 

equipping a deep mineshaft, it becomes necessary, from considerations 

of economy, to utilise the shaft as a passage for ventilation air 

while at the same time accomodating as many conveyances as possible 
lX 

in the shaft. For example , such a deep shaft should accomodate, 

say, one pair of large cages, two pairs of bridles with inter­

changable skips and cages and also one service cage. 

No such layout employing rope-guides has as yet been attempted 
l and the following major problems arise: 

(a) What minimum clearances are necessary to avoid 
collisions? 

(b) What number and what disposition of guide ropes 
and rubbing ropes is necessary for optimum 
operating conditions, commensurate with lowest cost? 

(c) Will one conveyance, travelling ahead of another, 
create turbulent air conditions which will cause 
buffeting and consequent dangerous swaying of 
the following conveyance? 

(d) Should the shaft be widened at the meetings to 
avoid mutual interference? 

• • • • • • • • • • 4 
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(e) What will be the effect on a conveyance 
travelling at high hoisting speed past shaft 
insets where ventilation air enters or leaves? 

With due co&~izance of these devious problems encountered by 

engineers concerned with development of rope-guide installations 

in South African gold mines, the National Mechanical Engineering 

Research Institute of the S.A. Council for Scientific and 

Industrial Research was requested by a mining group to conduct a 

research programme on rope-guides. Subsequently the sponsorship 

of this research project was taken over by the Transvaal and 

Orange Free State Chamber of Mines. 

1.3 Invest~~ions a.t the C.S.I.R. 

Soon after corr@encing with the ~r0ject on rope-guides the in­

vestigators decided that dynamic scale model testing would provide 

by far the most expedient method for solving the great variety of 

problems encountered in rope-guide engineering practice. It was 

argued that a scale model, proved to be dynamically similar in 

all significant aspects to a particular fullscale rope-guide 

installation, could be efficiently used to predict the behaviour 

of its fullscale counterpart under any given set of operating 

conditions. 

It was also realieci that a m~thematical analysis of the rope-guide 

problem, as far as it is possible with a problem of so complex a 

nature, was essential in order to form a clear concept of the 

principles involved, and for serving as a basis for the design and 

operation of dynamic scale models of rope-guide installations. 

The theoretical pri~ciples, governing the exact simulation of 

dynamic behaviour of rope-guide systems with a scale model, have 

been studied by way of dimensional analy2is using the laws of 

similitude, and also by establishing the differential equations of 

motion of such systems. 3olutions to the equations of motion2 

were also found for certain simp~lfied conditions of operation. 

Initial dynamic scale model investigations were concerned with the 

probable behaviour of rope-guided conveyances in a proposed 

installation for the Buffelsfontein Gold ~~ning Company. Al­

though being of a rather superficial nature, these investigations 

• • • • • • • • 5 
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indicated that such dynamic model testing of rope-guide systems 

might indeed prove very effective. At the conclusion of these 

investigations it was decided to establiah the validity and also 

the possible limitations of dynamic scale model testing of rope-

guide systems, by means of correlation tests. This decision gave 

rise to the instigation of a basic research project aimed solely 

at establishing the degTee of similarity that could be obtained 

between the dynamic behaviour of a given rope-guide installation 

and its dynamic scale model. For tne purposes of this research 

a suitable mineshaft, equipped with rope-guides (Durban 

Roodepoort Deep Circular Shaft) was selected and used for 

investigating the dynamic behaviour of fullscale conveyances. 

A dynamic scale model of this installation was developed at the 

labor~tories of the National Mechanical Engineering Research 

Institute arid extensive correlation tests ultimately indicated the 

degree of similarity in behaviour existing between such a model 

and its fullscale prototype. The limitations on the use of 

such dynamic scale models of rope-guide systems were established 

and it was pos~ible to evaluate the practicability of this method 

of investigation. 

1.4 The Scope and purpose of this work. 

This work is concerned with investigations into the feasibility 

of utilising results of dynamic scale model experiments to predict 

tne behaviour of fullscale rope-guide mineshaft installations. 

The inherent limitations as well as the conditions for satisfactory 

execution of dynamic scale model testing of rope-guide systems are 

established. 

The research work dealt with in this report was therefore not aimed 

at establishing a design code for the development of rope-guide 

mineshaft installations. The ultimate aim of this work has been 

to establish a general code to be followed when conducting research 

into problems concerned with the design and operation of rope.guide 

mineshaft installations. 

\fuile conducting these investigations considerable knowledge was 

• • • • • • 6 
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gathered on the general behaviour of fullscale rope-guide in-

stallations. In the final chapter of this report some information 

on the general design of such installations are presented. 

2. THEORETICAL CO~ISIDERATIO~~S. 

2.1 General. 

In developing a scale model of some physical system (such as a 

rope-guide mineshaft installation) it is necessary to establish 

certain criteria which will ensure that the two systems are 

dynamically similar in all significant aspects. lt'urthermore 

when using a scale model of a physical system to predict the 

dynamic behaviour of its fullscale counterpart it becomes necessary 

to establish certain rules which will ensure the correct inter­

pretation of the behaviour of the model. Such criteria and 

rules are established by analysing the behaviour of the physical 

systems theoretically. 

This theoretical analysis may be conducted by two different 

methods; firstly by utilising differential equations of motion 

and secondly by way of the basic laws of dynamic similitude and 

dimensional analysis. These two methods of theoretical approach 

to the study of dynamic scale models will now be considered 

separately and each method will be applied to the rope-guide problem. 

2.2 The use of differential equations of motion. 

2.2.1 General significance of differential eguations. 

It is possible to expres3 the dynamic behaviour of any physical 

system symbolically by means of differential equations of motion. 

In the case of complicated physical systems it is very often 

extremely difficult or even impossible to obtain complete solutions 

for these governing differential equations. However, if it is 

desired to establish criteria which will ensure dynamic 

similarity between a pt:1ysical system and. a geometric scale model 

of such a system, this may readily be achieved by using the 

governing equations of motion in their differential form. After 

• • . • • • • 7 
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obtaining the differential equations of motion for, say, the full­

scale prototype of some physical system under consideration, it 

will be necessary to establish these equations in anon.dimensional 

form, If it is ensured that all the non-dimensional terms in 

tnese equations are numerically equal to corresponding terms 

applicable to a scale model of the physical system under 

consideration, the differential equations Hill ti1en be equally 

valid for both the model and the fullscale prototype. The 

dimensionless terms in these differential equations of motion will 

provide the necessary criteria to ensu.re dynamic similarity 

between model and fullscale prototype and will also provide rules 

required for the correct interpretation of model behaviour. 

2.2.2 Differential equations of motion for rope­

guide mineshaft installations. Figure 1 depicts a typical mine­

shaft conveyance suspended by means of a single hoist rope and 

guided by means of a number of guide· ropes, (usually four). 

For the purpose of determining dynamic similarity criteria the 

motion of this conveyance and ropes will be considered two­

dimensionally in the vertical pitching plane as indicated in 

Figure 1. Analysis of motion in the vertical yawing plane and 

in the horizontal rolling plane may be executed along similar 

lines and will not be considered in the present analysis since no 

new similarity criteria will be introduced. (1he nomenclature 

and the general form of the equations used in this analysis are 

similar to those used in Reference 2). 

X andY are the co-ordinates specifying the position of the centre 

of gravity of the conveyance. Any convenient fixed point in the 

shaft may be arbitrarily chosen as the origin for these co-

ordinates. The hoist rope and the portions of each guide rope 

running upwards away from the conveyance and downwards away from 

the conveyance are considered separately, each with its own system 

of co-ordinates x andy designated by suitable suffixes. x 

represents the rope co-ordinate vertically away from the conveyance 

and y the co-ordinate rotated 90° clockwise from x. The origin 

of x andy may again be chosen arbitrarily. For example, if a 

conveyance commences a noisting run from some position in the 

• • • • • • • • 9 
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shaft the origins for the co-ordinate systems of the guide ropes 

may be taken as the points of contact of the ropes with the 

conveyance in its stationary position. The origin of the hoist 

rope co-ordinate system may be regarded as moving with the 

conveyance and remaining at the point where the hoist rope is 

fixed to the conveyance. 

Suffix h refers to the hoist rope, suffixes r = 1, 2, 3, •.•.• n 

refer to n guide ropes and suffixes u and 1 refer to the upper and 

lower portions of a guide rope respectively. Suffix s refers to 

the point of contact of a rope with the conveyance. 

R a steady aerodynamic drag force acting on the 
conveyance in the vertical direction. 

S = a steady aerodynamic side force acting on the 
conveyance. 

1 = 

M = 

I = 

T = 

b :::: 
h 

b = u 

a steady aerodynamic moment acting on the conveyance. 

mass of conveyance. 

moment of inertia of conveyance in the pitching 
plane. 

tension in a rope at the point of contact with 
the conveyance. 

vertical distance between point of contact of 
r1oist rope and the centre of gravity of the 
conveyance. 

vertical distance between the upper points of 
contact of guide ropes and centre of gravity of 
conveyance. 

b vertical distance between upper and lower 
points of contact between guide ropes and 
conveyance. 

Q angle of pitch of conveyance. 

m = mass per unit length of a rope. 

v = velocity of tr~e conveyance. 

H depth of shaft. 

s = non-dimensional time. 

w = velocity of ventilation air in the shaft. 

z = linear scale factor. 

• • • • • • • . • 10 
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In this analysis it is assumed tnat the motion of the conveyance 

does not appreciably affect the tensions in the ropes and that in 

general all slopes of ropes, expressed by~' remain small. 

It is further assu111ed that all elastic forces and couples in the 

ropes as well as internal rope friction forces are negligibly small 

compared \..,i th rope tension forces and couples resulting from these 

rope tension forces (refer to section 2.4). 

The differential equation of motion governing translational motion 

of the conveyance in the-vertica.l pitching plane may be Hritte:n as 

follows: 

M (iz) 1 .. 
dx rls ( •••••o (l) 

•. 1 

:fue differential equation governing rotational motion of the 

conveyance in the vertical pitching plane becomes: 

I = 1 + b ·r ( .9;L) + ~ T l_r b ( ~) 
h n dx hs ~ r _ u ·dx rus 

r=l 

......, n 
~-

+ (b - b ) (~)rls( (b T, + T b) g ............ . -' 'h u n s,::_ .. __ r 
..1 r=l 

v!hen neglecting friction forces exerted by t11e guide ropes on the 

conveyance the equation for vertical hoisting motion becomes: 

M =T -R-Mg 
h 

0 •••••••••••••••••••••••••• Cl ••••••••••• 

(2) 

( 3) 

when the guide ropes are or the hoist rope is disturbed in any 1;,ray 

such a disturbance 1:1ill be propagated along the ropes in the form 

of a wave. In order to determine the dynamic behaviour of a rope-

bruide mineshaft installation completely, it will also be necessary 

to establish the differential equation for the motion of a 

tensioned rope hanging vertically and executing oscillations in the 

horizontal direction. 

Figure 2 depicts an element dx of a rope, the upper extremity of 

which is at a distance x from the orig·in, and experiencing a tension 

force 

• • • • • • • • • • 12 
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+ T = T - mg x 
X S 

where the plus and minus signs refer to the portions of the ropes 

above and below the conveyance. 

At the lo1wver extremity of the element the tension is 

T = T x+dx s 
+ + .. mgx mg dx. 

Considering tne balance of the lateral force components, 

( ~ "2 1 "\ ~2 
T t '?X- + .!::!___L dx ~ - T Q]L = Q....L d 

d .::.. 2 j ' m . 2 x. X + X uX j X X oX at 
By substituting forT and T d and neglecting squares of small 

X X+ X 

quantities, the differential equation of motion for the rope becomes 

T 
(2 + ) gx 

m 
tl 

g ax ......................... 

This is a form of the universal wave equation for which it is 

necessary to establish the appropriate end conditions, given in 

this case by the motion of the conveyance at one end and the rope 

fixture at the other end. If the conveyance is moving up with 

(4) 

a velocity v from an initial depth H in a shaft of depth E the end 
0 

conditions after a time lapse t become: 

For the upper portions of the guide ropes: 

at the top of the shaft 

y = o at x = H - H - b 
0 u 

at the conveyance 

y = y + b Q at x + vt u 

For the lower portions of the guide ropes: 

at the bottom of the shaft 

y = 0 at x = H - (b-b ) 
0 u 

at the conveyance 

y = - Y + (b-b ) Q at x u - vt 

\ r··· ...... . (5) 

r 
i 

• . • • • . • . • . 13 
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For the hoist rope: 

at th€ top of the snaft 

y = o at x = H - H - b - vt 
0 h 

at the conveyance 

y = Y + bh Q at x = o 

Differential equations of motion (1) to (4) 

I 

l (5) ,._ ........... 
( 

I 

I 
I 
I 
f 

. __ ) 

together with the end 

conditions (5) completely determine the motion of the system in the 

vertical pitching plane. The aerodynamic forces Sand Rand the 

couple L acting on the conveyance deserve further attention. 

It is assumed that the conveyance has a bluff shape for which 

aerodynamic viscous forces are negligibly small (refer to section 

2.4). These quantities may then be expressed by the following 

equations: 

................................. 
1 ( )2 2 R ::s CR 2 I::J w + v b ................................. 

................................. 

wand v are respectively the velocity of the ventilation air 

flowing in the shaft, and the conveyance hoisting velocity. 

c8, CR and c
1 

are non-dimensional aerodynamic force and couple 

coefficients, referred to a typical linear dimension b of the 

conveyance. 

2.2.3 Non-dimensional rendering of eguations. 

( 6) 

( 7) 

(8) 

Equations (1) to (B) are rendered non-dimensional by dividing each 

equation by a convenient quantity having the same dimensions as 

the terms in the equation. Thus equation (l) may be made non­

dimensional by dividing by Mg: 

• . • • . • . • • 14 
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Linear displacement may be made non-dimensional by dividing such 

displacements by the shaft diameter D, 1,vhile the time t may be 

rendered non-dimensional by defining a non-dimensional time 

s = t rg--JD 

d
2

Y The acceleration ---
2 

may now be written in the form 
dt 

d 
- dt 

But ds = /g 
dt \ D 

d 
:::;:-

ds 

d
2
Y Therefore = 

dt
2 

• ds) ds 
dt dt 

The complete non-dimensional form of equation (l) then becomes: 

T .n 
Mg 

Equations (2), (3), (4) and (5) may be treated in a similar 

(9) 

fashion, yielding the following non-dimensional versions: Equation ( 2) 1::ecanes 

d2Q bh Th 
;[ 

I 1 dD 

rm2 ds 2 MgD + Mg D ( ~)hs + 
d-

D 

n 
T J b d.l. b - b d~ J 2_ r u ( D) u 

( ~)rls Mg rn ~ rus 
+ D r:;::l d-

D 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • . • • • • • . ( 10) 

Equation (3) becomes 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ( 11) 

• . • • . • 15 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



- 15 -

Equation (4) becomes 

T d2~ d~ '~ s + E) + ~ (12) (mg :D - - --- :::: 0 
))2(E)2 2;s2 .................. 

D 
0~ ·-· D 

After a time lapse expressed non-dimensionally by s the end 

conditions given by equation (5) become: 

For the upper portions of the guide ropes: 

at the top of the shaft 

x H Ho E = 0 at D = D- D 

at the conveyance 

y b 
.l.=-+2 Q 
D D D 

b 
u 

D 

For the lower portions of the guide ropes: 

at the bottom of the shaft 

at the conveyance 

y 
-- + D 

b 
c12.- ..£) Q D D 

For the hoist rope: 

X at - = 
D 

at the top of the shaft 

Y.. = o at ~ = ~ - :o - b: -v_ s 
D {@ 

\) 

at the conveyance 

X. = I + bh Q at K = o 
D D D D 

v s 
- !go--

I 
I 
I 

__ ,! 

( 
• . • • • • . • • . • . • . • • • ( 13) 
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Equations (6), (7) and (8) may be ~Titten in the following non­

dimensional form~ 

s 
cs 2 2 

;:: 

!P ( w+v) b 
} 

. • • • • • • • . • • . . . • . • • • . • . • . . . • . • . • . . . • • • . • . • • ( 14) 

R 
CR 2 2 = 

! f ( w+v) b 
0 0 0 0 0 0 0 0 0 • 0 0 0 0 0 0 0 0 0 0 0 0 G 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ( 15) 

L 
CL t J' ( w+v) 

2
t 3 

= . . . . . • . . . . . • • . . . . . . . • • • . • • . . • . . . . . . . . . • . . . ( 16) 

Equations (9) to (16) now represent the complete non-dimensional 

equations for the motion of the conveyance in the vertical pitching 

plane. 

It is possible to obtain mathematical solutions to these equations 

for conveyances executing oscillatory motion while suspended in 

a mineshaft 2
• However, this mathematical treatment of the problem 

does not fall within the scope of this report These equations 

will be used in their differential form to establish criteria for 

dinamic similitude between a model of a rope-guide mineshaft 

installation and its fullscale prototype. 

2.2.4 Criteria for d-v-namic similitude. 

All the non-dimensional terms occurin:~ in equations ( 9) to ( 16) may 

be listed separately as terms involving ratios of linear dimensions, 

ratios of forces and moments, ratios of moments of inertia, mass 

ratios, ratios of time intervals and ratios of velocities. 

Ratios of linear dimensions~ 

Y y_ X bh 
D' D' D' D ' 

b H 
b u X H o 
D' D' D' D' D' Q. 

Ratio of moment of inertia: 

I 

MD2 

. . . . . . . . . . . 17 
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Ratios of forces, force coefficients and ratios of moments: 

T, ~r T 
S n r R s 1 

Ng' JYig' Mg' Mg' ing D' Mg D 

Using equations ( 6)' (7) and ( 8), s R 
Mg' -and 

Mg 

may also be written in the form 

0 b3 2 s 
cs 

1 ( w+v) 
2 -:-

Mg M gb 

d 2 
R 

CR 
l ~ w+v} 

Mg - ·rr M gb 

0 b3 2 
1 ( w+v) 

Mg D = c . .1 .. ~ 
L 2 . M gD 

These expressions incorporate velocity ratios 

w+v and ~+v as 1..rell as the mass ratio r-::-
Jgb ~ g D 

L 
Mg D 

Another velocity ratio" __ v __ occurs in equation (13) , rgn' -
I; 

T 
The force ratio r may be ~..rritten in the form Mg 

T T 
..L -- __ s + ~ 
Mg rv.rg 1'1€; 

where mx represents the mass of a guide rope of 

length x feet. This expression yields an additional mass ratio r;rx 

In order to ensure that a rope-guide system and its model are 

similar in their dynamic behaviour, the non-dimensional equations 

must be equally applicable to both the model and its fullscale 

prototype. All the above terms must therefore be identical for 

both systems. This implies that all the above linear dimensions, 
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forces, moments, moments of inertias, masses, velocities and time 

intervals occurrmg in the fullscale system must be reduced by 

constant scale factors when applied to a model which is to be 

dinamically similar to its fullscale prototype. Furthermore 

there exists an implicit relationship between these various scale 

factors which may be readily reduced from the above ratios. 

In the subsequent analysis the subscript m refers to the model while 

p refers to the fullscale prototype. 

Let the linear scale factor z be defined as 

z 

e.g. z 

a fullscale linear dimension 
a corresponding model linear dimension 

D 
_.J2. 
D 

m 

Using the time interval ratio :rr~ it follows from the condition 

Jg 
for dynamic similitude that 

t 
..J2_ = 

t 
m g being the same for the model and the fullscale 

/!1 
v g 

prototype. 

t 
Hence the time scale factor ~ 

m 
=!'~ 
~ m 

C) b3 
The mass scale factor may be found by using the mass ratio ~ 

Assuming that air of the same density is used in the model and 

fullscale shafts, it follows that 

b 3 p p 
-M 

p 
= 

Hence the mass scale factor 
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Should it be decided to use air of a different density in the model 

shaft (i.e. presurised or rarefied air) the mass scale factor will 

be given by 

~1 
_...E. = 
M 

m 

Similarly, by using, say, the velocity ratio "'!___ the velocity 
2 J_gD 

scale factor = [Z may be deduced. Regarding mass, length 
m 

and time as fundamental dimensional units, the scale factors for 

any other physical quantities sucn as impulses or momenta may be 

readily deduced as functions of the linear scale factor z. 

2.3 The use of laws of similitude and dimensional analysis. 

2.3.1 The basic concept of similitude between two 

physical systems. The significance of the term "similarity" as 

applied to physical systems is rather subjective. Various degrees 

of similarity may exist between two physical systems. If it is 

desired to use one physical system (a model) to interpret the 

behaviour of some oc other property of another physical system (the 

prototype), the exact nature of the information required will 

actually determine the necessary degree of similarity to be 

attained. 

Geometrical similarity between two physical systems exists when 

all linear dimensions occurring in one of the systems bear a 

constant ratio to corresponding linear dimensions in the other 

system. Thus a geometrical scale model of some fullscale 

physical system is obtained by multiplying all the linear dimensions 

in the fullscale prototype by a constant linear scale factor. 

If it is desired to obtain kinematic similarity3, i.e. similarity 

of motion, between two physical systems it is necessary also to 

observe constant time lapse ratios in addition to constant linear 

dimensional ratios occurring in the two systems. This implies 

that corresponding velocities and accelerations in the two systems 

will always occur in constant ratios. 
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Suppose that in addition to linear dimensions and time intervals, 

the corresponding component masses in two physical systems occur 

in a constant ratio. It then follows that all corresporJ.ding 

forces and other physical quantities which can be expressed in 

the fundamental units of Vass, Length and rime, will occur in 

constant ratios in the two physical systems. 

Should a further fundamental dimension, occurring in a physical 

system, be reproduced to scale in another similar system, a 

higher degree of physical similarity may be attained. For 

instance if the fundamental dimensions of Mass, Length, Time and 

Temperature correspond to scale in two systems, thermodynamic 

similitude may be attained. 

In many mechanical systems, a rope-guide mineshaft installation 

being a typical example, all physical quantities of significance 

may be expressed in tne three fundamental dimensions of Mass, 

Length and Time. vmen it is desired to establish the behaviour 

of such a mechanical system by studying its dynamicallly 

similar scale model, it is merely necessary to determine the 

relevant VJ.ass, Length and Time scale factors. All scale factors 

for other relevant physical parameters may then be readily deduced 

from these fundamental dimensions. However, it is not essential 

to select l"'ass, Length and Time as the three fundamental 

dimensions4. For example Force, Velocity and Density may be 

chosen as fundamental units and it will again be possible to 

deduce scale factors for all other significant physical quantities 

from knowledge of the scale factors for these three fundamental 

dimensions. 

Definite relationships will exist between the scale factors for 

the fundamental dimensions. Again this relationship will be 

subjective, i.e. it -vrill depend onr the nature of the problem 

under consideration. It is generally found that all the 

significant physical quantities pertaining to a particular 

physical system (e.g. velocities, densities, linear dimensions, 

etc.) may be grouped together to form one or more non-dimensional 

parameters. The nature of the problem to be investigated will 
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dictate which of these non-dimensional parameters are important. 

It is found that for dynamical systems (i.e. mechanical systems in 

which all physical quantities are reducible to fundamental units 

of ~mss, Length and Time) the si~nificru1t non-dimensional parameters 

can most conveniently be derived from consideration of force 

ratios. All the forces acting in such a system are expressed 

in terms of the physical quantities involved in the problem 

(e.g. velocities, densities, lengths, etc.). Consideration of 

all possible force ratios will then yield one or more non­

dimensional groups of these physical quantities. Such groups 

then represent the significant non-dimensional parameters 

pertaining to the system. Although these significant non-

dimensional parameters can usually be obtained most readily by 

considering force ratios, ratios of other physical qua11tities, as 

for example momentUR1 ratios, may also be used. It is, however, 

necessary that any such physical quantity chosen shall contain the 

three fundamental dimensions Mass, Length and Time. 

The law governing dynamic similitude3 between two physical systems 

(e.g. a model and its prototype) require that these significant 

non-dimensional parameters, containing the physical quantities 

involved in the problem, be the same for bott.t systems. This 

implies that all the physical quantities pertaining to the one 

system (model) are related to the corresponding quantities pertaining 

to the other system (prototype) by constant scale factors and that 

definite relationships exist between the scale factors for the 

various quantities. The relationships between the scale factors 

for the fundamental dimensions (and for all other physical quantities) 

may be derived readily. 

Application of laws of similitude to a rope-

guide mineshaft installation and its dynamic scale model. The 

following are regarded to be the significant physical quru1tities 

related to a rope-guide mineshaft installation: 

A typical linear dimension D (shaft-diameter in feet). 
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A typical linear velocity v (velocity of conveyance in feet 
-1, 

seconds ). 

The density of air P (in slug· feet- 3). 
J 

Viscosity of air;~ (in slug feet-l seconds~1 ). 

The density GJ of a typical rna terial from which tne solid 

components of the installationis constructed (e.g. the density 

of steel in slug feet-3) 

Young's modulus E for steel used in the \·rire ropes (in pounds 

feet -2) 

The friction coefficient of the conveyance guide blocks on guide 

ropes f . 

A typical time interval t (in seconds). 

For a given rope-guide installation subjected to given operating 

conditions, it is sufficient to specify only typical pnysical 

quantities. 

Tne significant forces acting in such an installation may be 

expressed in terms of the significant physical quantities as 

follo·w·s: 

Aerodynamic pressure forces :1(: f v
2 

D
2 

Aerodynamic inertia forces oc. .. -. D3 v ;~· t 

p n3 v ~ r. D2 2 
-::.X ]) v 

J 
(Reference 5) 

v 

Aerodynamic viscous forces ~ 1 ~v D 

Rope tension forces oc Q' ])3 g 
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Gravity forces oc G 1)3 g 

Inertia forces on conveyances and ropes 

,..J T\3 2 2 
OC \..) jJ v """'-' __,• T\ D ·-~ou v 

v 

Friction forces bet-.;Jeen conveyance guide blocks and ropes •,x: 

Rope tension forces x ~ cc 

Elastic forces due to bending of ropes <X eE D
2 

where e is the strain in such a rope. 

Internal rope friction forces are not readily expressed in terms 

of the above physical quantities. These forces lvill have a 

dampening effect on lateral oscillatory movements of a conveyance 

and the logarithmic decrement d of amplitudes of oscillations will 

serve as a measure of such dampening forces but will naturally 

also include aerodynamic dampening forces. 

On considering all possible ratios of the above forces the following 

non-dimensional parameters are obtained: 

(.) v:D 

7 
2 v 

gD 

(known as the Heynolds number) 

(the Froude number) 

<:>' ~(the elasticity number) alternatively 
2 

fid!-
E 

d 

(the friction coefficient for conveyance guide 

blocks on guide ropes) 

(the logarithmic decrement of lateral amplitudes of 

oscillation of conveyance) 

In order to develop a dynamically similar scale model of such a 

rope-guide installation all the above non-dimensional parameters 
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must be identical for both model and prototype. Practically 

speaking some of the.se parameters are incompatible. .l?or example 

the Proude number calls for a reduction in velocity v when 

decreasing the linear dimension D while the Reynolds number 

requires an increase in velocity v. Both these numbers may be 

maintained by operating the model conveyance in a liquid medi~~ f 
instead of in air, the liquid .uaving the appropriate value for fA.. 

Ho\.;ever, since all densities in the model and prototype are related 

by constant scale factors, a rediculously high density c) will 

usually be required for the solid components of the model. 

It is well established that for turbulent flow pa~such bluff 

bodies as mineshaft conveyances, the pressure forces eclipse the 

viscous forces in magrri tude. The Reynolds number may therefore 

be neglected. (Refer to section 2.4). Assuming that elastic 

forces due to bending of ropes are small (refer to section 2.4) 
when compared 1..ri th aerodynamic pressure forces and rope tension 

forces, the elasticity number may also be ignored. The friction 

coefficient will depend on the construction and material of model 

ropes and the exact simulation of friction forces is not essential 

since friction forces will be very small compared to the 1.veight 

of a conveyance. It has also been established experimentally that 

the logarithmic decrement d i,vill not effect the dynamic bei1aviour 

of a conveyance to any significant extent. (li.efer to section 4.5). 

It follows that the Froude number 1vill be the only significant 

parameter to be maintained in both the model and the prototype in 

order to obtain satisfactory dynamic similarity in behaviour and 

this result may now be used\to deduce the scale factors necessary 

for the design of a dynamic scale model. 

Let subscripts m and p refer to model an prototype respectively. 

Then ]) g 
m 

2 
v . 
.-2__ 

D g 
p 

Since g remains the same for model and prototype, it follows that 

v 
_.£. 
v 

m 
r~ ,n 

\1 m 

where z is the linear scale factor. 
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Since the typical velocity v is proportional to~ it follows that 

the time scale factor 

t 
_12. 
t 
m 

If it is asslliued that the air used in the model has the same density 

as the air in the fullscale shaft, it follows that the mass scale­

factor 

}1 
since J) is proportional to D

3 

All other scale factors necessary for the design of a dynamic . 

scale model may be readily deduced from knm~,rledge of the JYiass, 

Length and Time scale factors. 

To facilitate the construction of such a model, it is permissible 

in certain instances to deviate from the rule of constant scale 

factors. J?or example, it is not necessary to maintain the dia-

meters of hoist and guide ropes exactly to scale in a model. 

Rope diameters will only affect elastic forces due to bending of 

ropes as 1r.iell as aerodynamic forces acting on ropes and these 

forces may be assumed to be insignificant. However 9 it is 

important to observe correct scale factors for rope masses which 

affect tension and inertia forces. 

Again, provided the outer aerodynamic shape of a conveyance 

as well as its mass and moments of inertia is to scale the actual 

structure of such a conveyance may be simplified to facilitate 

manufacture. 

2.4 Justifications for assumptions. 

Elastic forces in ropes. The assumption that 

elastic forces due to bending of ropes are insignificant has been 

investigated theoretically2 for static forces in ropes. It was 
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found that even if typical model ropes were considered as solid 

steel bars, the elastic forces due to bending were approximately 

one tenth of the lateral components of tension forces. 

If ropes were considered to be perfectly elastic, their points 

of contact with the sliding blocks on a conveyance could be 

considered to be pin joints. The effect of elasticity of ropes 

is to move the effective position of the pin joints outside tl1e 

two guide blocks on the conveyance by a distance s as illustrated 

in Figure 3. This distance s is expressed approximately by 

2 EI 
bT 

s = -----2 ~--
(Reference 2) 

1 + -J EI b -T 

where E is the modulus of elasticity of the rope material, I is 

the sectional moment of inertia of the rope and T is the rope 

tension. Calculations show that for a typical fullscale instal-

lation s is always small. In a model installation where elastic 

forces are comparatively greater their effect may be cancelled by 

moving the sliding blocks inwards by this distance s. 

For purely translational movemeEt of a model conveyance in the 

lateral direction, it will be clear that, even if no correction 

is made for s, the effect of elastic bending of the ropes will 

still be insignificant. The elasticity of the ropes will, 

however, have a stabilising effect when pitching motion of the 

conveyance occur. However, in all subsequent experimental work 

(refer to section 4.5), it was found that pitching motion of 

conveyances was neglig~bly small. It is therefore felt that in 

general any elastic effects of ropes may be safely ignored. 

Aerodynamic Viscous Forces. In experimental 

work which is concerned with turbulent flow past bluff bodies it 

is customary practice to i~1ore the effect of fluid viscosity on 

the body6. In general it is true that the total aerodynamic 

force on such a body is mainly caused by aerodynamic pressure forces 

acting on its surfaces. However, if only the lateral component 
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of the total aerodynamic force acting on a mineshaft conveyance 

is considered (i.e. the component perpendicular to the direction 

of hoisting), it is found that viscous forces may not be ignored 

under all circumstances. At certain low Reynolds numbers which 

may be encountered in a model mineshaft installation, viscous forces 

often influence the lateral component of the aerodynamic force 

to a considerable degree. Since this fact has a very important 

bearing on the validity of model tests, extensive experimental 

investigations have been carried out in this connection. (Refer 

to section 5). 

3. THE VERTICAL IviiKr:EJHA:b-,T vHNDTUNNEL AND Iv*U:NESHAFT NODELS 

3.1 General. 

As practisised at the CSIR, dynamic scale model testing of rope­

guide mineshaft installations generally required mineshaft models 

to a scale of approximately 1:20 to 1:25, which implied very long 

models. It was also found most convenient to simulate the shaft 

in which a rope-guide system operates by means of metal ducting 

,,.,hich had to be erected exactly vertica]]y mrl had to be aligned 

perfectly. It became necessary to develop a semi-permanent 

facility which would accommodate such long ducts and which would 

also include the necessary equipment for hoisting model mineshaft 

conveyances inside these ducts and for simulating the flow of 

ventilation air through the ducts. Such a facility was errected 

at the CSIR in Pretoria and became known as the Vertical Mineshaft 

\.Vind tunnel since it was essentially a tunnel which caused the 

flow of air in a model. 

3.2 rr.he layout of the Vertical Mineshaft Windtunnel. 

In order to obtain a free vertical drop of 160 feet, which was 

considered sufficient for envisaged mineshaft models, a ten-foot 

diameter,80-foot deep pit was sunk and an 80-foot high tower, 

constructed from three inch steel angle girders, was erected 

directly over the pit. Figure 4 reflects the general layout 
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of this Vertical Mine shaft \~indtunnel. The tower was built up 

in ten feet cubical bays and could be readily dismantled. The 

height of the tower could therefore be decreased to reduce the 

tendency to sway when models shorter than 160 feet were to be 

accommodated. Steel cable stays, equipped with turnbuckles for 

tensioning, were also installedat the four corners of the tower to 

reduce swaying and distortion of the structure. The pit was 

lined with reinforced concrete, and seepage water, leaking 

through these walls, collected in a sump situated at the pit 

bottom and covered with a floor of concrete slabs. This seepage 

water was removed by a centrifugal pumping unit situated on the 

floor and operated automatically by a limit switch connected to 

a float. 

In addition to steel ladders up the tower and down the pit, PLatforms 

were provided by means of '~''hich any level in the tower and pit could 

be reached. Steel brackets, spaced at six foot intervals do1..rn the 

pit, were installed to support the platform in the pit. The 

platform in the tower could be supported on any of the steel 

cross girders. Hoisting of these platforms vas effected by a 

small electric driven winch. 

Two carefully aligned parallel steel angles 1.1ere installed along 

the length of the tower and pit. These served as anchoring 

rails for brackets which supported the ducting representing the 

model mineshaft. 

At ground level the base of· the tm-.rer and the mouth of the pit 

was enclosed in a concrete roofed building which also accommodated 

the centrifugal blo•.ver installation, winch, switchgear and all 

the necessary instruments. 

The winding gear for hoisting model conveyances was situated on a 

wooden platform in the top bay of the steel to~o1er. 

A battery operated field telephone system I>Jas installed to effect 

communication between research staff stationed on the upper tower 

platform, in the test room on ground level or at the bottom of the 
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pit. 

Figure 5 shmvs the interior of the pit with a mineshaft model 

installed. Figure 6 depicts the general appearance of the SO­

foot high steel tov1er and the test room. 

3. 3 The hoisting mechanism ::· Jr model conveyances. 

A rope-guide rnineshaft installation may comprise two or more 

conveyances which usually travel simultaneously in a mineshaft. 

Sometimes separate winding systems are employed for different 

conveyance pairs which will then operate completely independant 

of each other. In some cases rope-guides and rail ~~ides are 

both used in the same shaft for two separate hoisting systems. 

In a mineshaft model it was found possible to simulate all 

hoisting configurations in the shaft with one single model hoist. 

It was found more convenient to utilize balanced hoisting systems, 

i.e. either operating conveyances in pairs or using counter 

\veights, running on rail or rope-guides, to balance the weights 

of conveyances. Hoisting drums of various diameters, mounted on 

a single drive shaft~ could be used conveniently to cater for 

various relative hoisting speeds of conveyances. The direction 

of hoisting of conveyance pairs relative to each other could 

readily be altered by suitably crossing model winding ropes. 

Since a single hoisting unit proved sufficient for most model 

installations, a permanent hoist, mounted on the upper platform 

in the tower, was developed. 

This hoisting unit could be used for operating any model mineshaft 

installation. It was only necessary to provide a hoisting drum 

to suit the hoisting requirements of any particular model. 

Figure 7 depicts the layout of this permanent model hoisting unit. 

The hoist was driven by a 1.5 H.P. 1750 rpm variable speed d.c. 

motor operated from a plate re~~~fier unit. The speed of the 

hoisting drum shaft was reduced by means of a 5.25:1 worm gear. 

An emergency band brake, operated automatically in case of 

accidental overwinding, was also incorporated in the design. 
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FIGURE 5 

The 80 feet deep pit 
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FIGURE 6 

The 80 feet high steel tower 
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The automatic brake mechanism consisted of a \,reighted lever whicn 

operated the steel brake band and was released by means of a 

solenoid actuated by limit switches in the model shaft. These 

limit switches were actuated by the conveyances themselves when 

ti1ese conveyances 1vere accidentally allowed to pass the safe 

limit of their travel. In addition to the automatic braking 

system a brake lever for manual operation was also included as 

indicated in Figure 7. 

The rotational speed of the winding drum shaft was indicated on 

a calibrated volt meter connected to a small generator which was 

coupled directly to the motor shaft. 

\\~en carrying out a hoisting test it was always necessary to 

simulate a predetermined hoisting cycle and it was also necessary 

to know the exact position of a conveyance in the mod~l shaft. 

A device which fulfilled this function is illustrated in Figure 

8. A circular indicator board of approximately two feet in 

diameter 1-.ras coupled to the hoisting drum shaft through a reduction 

worm gear. This reduction ratio ensured that, for the average 

rope-guide installation model, the indicator board would make 

approximately one complete revolution when a model conveyance 

travelled along the entire depth of the model shaft. As indicated 

in Figure 8, such an indicator board was graduated radially as 

well as circumferentially, thus enabling a polar diagram of any 

particular hoisting cycle to be drawn. Circumferential graduations 

represented hoisting drum revolutions which indicated the exact 

position of a conveyance in the shaft. The indicator board \vas 

graduated radially in hoist drum revolutions per minute, Thus, 

by suitably converting the required conveyance speed of any 

particular model installation in terms of hoist drum speed, it 

was possible to plot a polar hoisting-speed diagram on the indicator 

board. A pointer which could be moved radially over the indicator 

board by hand was connected through a suitable pully arrangement 

to a needle on the hoisting speed indicator as shown diagramatically 

in Figure 8. The scale to which the hoist drum speed polar diagram 

was plotted on the indicator board, and the geometry of the pulley 
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arrangement 11as such that the second needle on the hoisting speed 

dial indicated the exact required hoist motor speed. It was 

therefore only necessary for the hoist operator to control the 

motor speed in such a way that the two indicator needles on the 

d:.al always remained in line \Ali th each other. 

Tnis apparently intricate method of simulating fullscale hoisting 

cycles nevertheless proved to be very satisfactory, as may be 

judged from the model and fullscale hoisting graphs for the 

Durban Roodepoort Deep correlation tests. (Refer to Figures 

40(a) to 40(j)). 

The switch lever for reversing the rotation of the motor, the motor 

rheostat control and the ~otor speed indicator dial were all 

mounted on the front board of a cabinet containing the rectifier 

unit and other electrical gear and circuits. 

Figure 9 shows the general arrangement of the winding gear without 

the two-foot di&~eter indicator board. Model hoist ropes were 

suitably guided by small pulleys and for each particular model 

it was necessary to design a suitable head gear which also served 

for fixing model guide ropes. This head gear, all guiding 

pulleys and the hoist drum fitted to the sr1aft of the hoist were 

regarded as forming a part of the model being tested. Such 

equipment had to be redesigned for each model installed. 

3.4 Simulation of ventilation air flow. 

The unit employed for producingror flow in the shaft is shown in 

Figure 10. Air was drawn from the pit by means of a 10 HP 

centrifugal fan unit, situated in the test room. The air was 

exhausted through a diffuser to atmosphere outside the test room. 

The opening of the pit was closed with \tJ"ooden beams and was sealed 

off airtight with a polythene sheet cover, thereby ensuring that 

all the air drawn through the fan passed down the model shaft. 

The air flow was regulated with a by-pass valve situated on the 

inlet side of the fru1. The rate ofair flow in the model shaft 
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was measured with an orifice plate flowmeter situated at the in­

let of the shaft metal duct leading to the fan intake. The 

pressure drop over the orifice plate was measured with a 

manometer situated in the test room. 

3.5 Models of rope-guided mineshaft installations. 

A model mineshaft installation comprised the actual duct Hhich 

represented the mineshaft together with all guide ropes, hoist ropes 

and conveyances and also any possible internal structures inside 

the shaft. As described in Chapter 2, suitable scale factors 

had to be derived for all significant variables occurring in the 

shaft. All significant linear dimensions, masses, hoisting 

velocities etc. had to conform to these derived scale factors. 

When designing a model it was also necessary to provide ancilliary 

equipment such as upper and lower positioning plates for locating 

guide ropes and hoist ropes and furthermore suitable head gear 

pulleys, guide pulleys and a suitable hoisting drum. 

Of all the compo11ents of a mineshaft model, the design of rope­

guides and hoist ropes were found to be the most difficult. 

Since the rope-guides are actually the most important of all 

components from the point of view of dynamic behaviour, suitable 

guide ropes were selected and the correct linear scale factor for 

the model was then deduced from knmrJledge of the weight of such 

model ropes. In this way it was ensured that the model guide 

ropes v.rere exe..ctly to scale. Standard multi-lay thin steel ropes 

were found to be satisfactory but the natural spiral coiling of 

such ropes were very difficult to remove. Specially manufactured 

copper ropes were found to be more sui table. It '..Jas usually 

possible to select a suitable hoist rope from the available range 

of steel 1.vire ropes. Model conveyances were constructed from 

brass shimstock and care was taken to obtain the overall mass, as 

well as the mass distribution to scale. Changes in mass 

distribution were readily obtained by the application of solder. 

Loading of conveyances were effected with wooden blocks representing 

man loads and pebbles and sand representing rock loads. Some 
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mineshafts utilise both rope-guides and rail guides. It was 

found that model rail guides could be conveniently readily constructed from 

curtain rails. The air ducts and water piping, often encountered 

in mineshafts, could be readily simulated with steel tubing and 

r0dB. Figure 11 depicts three model conveyances in a model 

shaft and shows the ropes as well as the internal structure. 

Tensioning of guide ropes were usually affected '•Ti th tensioning 

weights at the sh:tft bottom and Figure 12 illustrates the lower 

end of a shaft model, showing the lower positioning plate and 

tensioning weights. 

3.6 Measurement and recording of conveyance deflection and 

lateral movements. 

·When performing dynamic tests on a model rope-guide conveyance, it 

is necessary to establish the degree of lateral swaying motion of 

the conveyance for a given hoisting cycle. In early model 

investigations use was made of a system of electric sensing wires 

which indicated the maximum conveyance deflection in any particular 

direction with reasonable accuracy. However, this method gave no 

indication of the exact trace followed by the model conveyance. 

Figure 13 depicts a cross-section of a model shaft with a rope­

guide installation and indicates the position of five such sensing 

wires around tne conveyance wnich was under investigation. These 

sensing wires were suspended along the length of the model snaft 

and were suitably tensioned. Each sensing wire could be shifted 

towards or away from the model conveyance along accurately 

calibrated scales fixed to both the shaft top and shaft bottom 

positioning plates. Copper wire contact rails were soldered in 

suitable positions at the top and bottom of the conveyance as 

indicated in Figure 13. The sensing wires were electrically 

insulated from the metal structure of the model and were connected 

to one terminal of a 4.5 Volt battery, the other terminal being 

earthed to the metal structure of the model. Contact of the 

conveyance with any particular sensing wire was indicated by one 

of the five electric bulbs, each of which were in circuit with 
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FIGURE 11 
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FIGURE 12 
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one of the five sensing wires. During testing the selJ.sing wires 

were adjusted out\vards until the conveyance just failed to touch 

any of t.nem. It vras found tl.tat conveyance deflectiOll8 could be 

determined accurately to within 0.02 inches with this met.tlod. 

Difficulty was sometimes experienced with vibrations in the 

sensing wires during operation of the model. However, it ,.,as 

found that under suc11 circwnsta11ces a slight change in the tension 

of the sensing wire brought it away from its resonant condition. 

More detailed studies of the dynamic behaviour of rope-guide in­

s talla tio.ns require graphic recordings of lateral conveyal1Ce dis­

placements as well as pitching and yawing motion throughout a 

hoisting cycle. A system operating on an electro-magnetic 

induction principle was therefore developed to achieve such 

graphic recordings. 

Induction coils of the type illustrated in Figure 14 were mounted 

on the conveyance so that their protruding legs flanked a vertical 

indicator cable tensioned along the entire length of the model 

shaft, as shov.rn in Figure 15. This indica tor cable was earthed 

to the metal shaft duct at the shaft bottom and insulated from the 

metal positioning plate at the shaft top. 

A high frequency alternating magnetic field 1>1as generated between 

the legs of each coil by passin~· an electric current from a 

miniature high frequency transistor oscillator, installed inside 

the mode 1 conveyance , through the coi 1 \'-1·indin&s • In this manner 

an e.m.f. was generated in the loop formed by the indicator 

cable and the metal structure of the model shaft. T:1e e.rn.f. 

was fed, through amplifying and rectifying equipment, to a three­

channel ink-jet recordar which was installed in the test room. 

As illustrated in l!'i6rure 14 the magnetic lines of force bett~reen 

the legs of the induction coil were found to be reasonably uniform 

and parallel in the central area where the indicator cable was 

situated. Any relative displacement bet~:;een the indicator cable 

and induction coil (or conveyance) in the direction perpendicular 
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to the magnetic lines caused a c11an,r~-::e in the e .m. f. induced in the 

indicator cable, owing to the resulting change in the number of 

magnetic lines linking the indicator cable. This change in e.m.f. 

was proportional to the displacement by virtue of the uniformity 

of the magnetic field in the vioinity of the cable. By suitable 

calibration it w~ls then poss,i ble to interpret linear displacement 

of the induction coil in terms of the induced e.m.f. recorded. 

The equipment was furthermore practically insensitive to small 

displacements in a direction normal to that just conBidered because 

of the parallel pattern of the magnetic lines in the vicinity of 

the indicator cable. 

In order to measure displacements of the conveyance simultaneously 

in two mutually perpendicular directions, a system of two induction 

coils and two separate indicator cables was used. 

J?or the study of pitching motion of the conveyance tHo induction 

coils were fitted vertically in line with each other, one at the 

top and the otner at the bottom of tne conveyance as illustrated 

in Figure 15. By operating the coils at different frequencies a 

single indicator cable could thus be used for picking up both 

signals si~nul taneously. 

The arrangement of the electronic equipment used for such a dual 

recording system is illustrated schematically in F'it~e 16. The 

8lectronic oscillator un.i ts, utilising transistors and pmvered 

by small mercury cells, v1ere extremely small and it vras found that 

these units could be readily installed in small model conveyances, 

forming part of the rock-load or man-load. The e.m.f. signals 

induced in the indicator cable were fed into a radio frequency 

transformer and from there into two duplicated parallel net­

works. Eack net-work consisted of a tru1ed amplifier, adjusted 

to pick up only one of the two frequencies and a detector which 

converted the A.C. signal into a steady D.C. aignal and a.lso 

served to back-off the potential to a sui table level. The h..ro 

signals were then fed into the tvro channels of a standard ink-

jet recorder. 
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Figure 17 gives a circuit diagram for a type of miniature high 

frequency oscillator which was found suitable for installation in 

model conveyances. 

Since lateral displacements of conveyances were recorded on a 

time base in the ink-jet recorder, it was necessary to provide 

distance marks, relating the vertical position of the conveyance 

in the shaft to the time base on the displacement recordings. 

To achieve this the third channel of the ink-jet recorder vJas 

connected into an electric circuit which included a simple contact 

switch on the model hoisting drum4 In this 1.vay it was possible 

to produce displacement pips, each representing one revolution 

of the hoist drum, on the recording paper. T.t1ese distance marks 

and the time scale on the recording paper provided a convenient 

means of deducing the instantaneous velocity of the conveyance at 

any level in the shafte 

The displacement recording system was calibrated by moving the 

conveyance uitn its induction coils towards and away from any 

particular indicating cable in measured steps and recording the 

induced eom.f. on the recording paper of the jet recorder at each 

position. Tho calibration scale thus produced, enabled dis-

placement of the conveyance to be derived from the traces on the 

recording paper at any position of the conveyance in the shaft. 

Figure 18 shows a d·..,-rice which was constructed to effect this 

calibration. The model conveyance "\vas clamped to a small plat-

form \vhich could be moved by two lead screws in two mutually 

perpendicular directions~ The heads of these lead scre"\vS were 

calibrated to read off the displacement of the conveyance 

accurately to within 0.002 inches. 

4. COHRELiiTION TE.3TS. 

4 .l General. 

As pointed out in section 1.3 it was decided to conduct correlation 

tests in order to establish 1vi th 1r1ha t degree of confidence dynamic 

scale model investigations may be used to predict the dynamic 

behaviour of a fullscale rope-guide mineohaft installation. 
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FIGURE 18 

Device for cal i brating deflection of model conveyance 
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fhe rope-guide installation in the Durban Roodepoort Deep Circular 

Shaft ,,,ras selected as a sui table fullscale prototype and a dynamic 

scale model of this installation was developed for the purpose of 

the correlation tests. 

Two types of cori·elation tests were conducted, namely: 

(i) Hoisting tests in which the lateral displacements 

and the pitching motion of a conveyance were 

studied during normal hoisting cycles and in 

\vhich all force effects encountered in practice 

were prevalent. 

(ii) Impact tests, in which the oscillatory motion of 

the conveyance, initially at rest, was studied 

after measured impulses 1-rere imparted to the 

conveyance in a lateral direction. In these 

tests inertia and tension forces \!{ere prevalent 

and aerodynamic forces v-Jere relatively insignj_-

ficant. The impact tests were therefore crdefly 

aimed at comparing the 1-vave motions in the model 

and fullscale ropes and at the study of damping 

forces acting on an oscillating conveyance. 

The impact tests were regarded as supplementary to t:ne hoisting 

tests. Oscillatory motion of the conveyances and wa.ve motion in 

ropes are of course also prevalent during hoisting tests but it 

was thought advisable to investigate these oscillatory conditions 

separately without the added complication of aerodynamic force 

effects on a moving conveyance. Furthermore the stationary 

impact tests afforded the opportunity to examine and compare the 

reaction of model and fullscale conveyances to impulsive forces. 

4.2 Experimental Eguipmento 

4.2.1 Fullscale Equipment. 

4.2.1~1 Jhaft Data. The Durban Roodepoort 
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Deep Circular Shaft, which was made available for the correlation 

tests at the request of the Chamber of Hines, is a downcast shaft 

equipped with two closed-type rope-guided conveyances, operated by 

a balanced drum .\<rinding system. 

Figure 19 illustrates the vertical layout of the shaft along its 

overall depth of )036 feet, while a plan view of the cage and rope 

arrangement in the shaft is presented in Figure 20. 'rhe two 

cages in this mineshaft are identical and are arranged symmetrically 

in the shaft. All tests were performed on the cage in the south 

com._Jartment. 

Ventilation air flows at a rate of approximately 85,000 c.f.m. and 

is drawn off through station cuttings at 17 and 18 Levels and 

through an air passage at the bottom of the shaft. 

drawn off through the station cutting at 12 Level. 

No air is 

The upper extremities of the 1~- inch diameter guide ropes are fixed 

to the headgear structure 82 feet above bTOund level. At 18 

Level the guide ropes are located by guide eyes and the guide rope 

tensioning 1:1eights are situated just below this level. Figure 31, 

which is a photograph of a scale model, illustrates the cage 

design. A man-load of 6000 pounds can be transported on the 

upper deck while the lo\ver deck supports tv1o trucks each having 

a rock-load capacity of 6600 pound3. The cage Guspension consists 

of the conventional capple, hook and four chains with two slack 

safety chains in the centre of the cage. The protective roof 

attached to the suspension chains is only provided Hhen men a.re 

travelling on top of the cage. 

I'he following data relating to the fullscale installation were of 

importance for the design of a dynamic scale model. 

Guide ropes 

-1 
i··leight at date of installation: 8.50 pounds· feet 

Present weight (making a correction for ',vear): 8.33 pounds feet-l 

Free length measured from upper support to bottom guide eyes: 3082 feet. 
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Type: 71alf locked coil. 

Guide rope ... t~nsioninf." vreirthts 

Referring to Figure 20, tensioning Heights on guide- ropes A, B~ c 
andD 1€re respectively 10500 pounds 9 9450 pounds, 10500 pounds and 

11550 pounds. 

Hoist rope 

'~>'!eight: 
r -1 5.o27 pounds feet 

Type: Non-spin. 

Cage and loads 

Weight of cage and suspension: 14366 pounds. 

Weight of railing and protective roof on top of cage: 560 pounds. 

Weight of one empty truck: 2000 pounds. 

Weight of rock load in one truck: 6600 pounds. 

Air and cage velocities 

Normal ventilation air flow: approximately 85,000 feet 3 minutes-1 • 

I'1aximum hoisting speed: ap;)roximately 2, 700 feet minutes - 1 . 

4. 2 .1. 2 Displacement 1-..ecording Equipment. 

In order to study the dynamics of this fullscale rope-guide in­

stallation, it was necessary to obtain graphic recordings of the 

lateral displacements as well as pitching motions of a conveyance 

during hoisting operations. A system operating on an electro-

magnetic induction principle, identical to the system described 

in section 3.6, was therefore developed for this purpose. 

Figure 21 illustrates the type of electro-magnetic induction coil 

with its \vooden supporting structure, used on the cage. Figure 

22 depicts t\vO such inductiorl coils monnted on the south side of 

the cage for measuring north..; south deflections and pitching in 

the north-south plane. Ihe o~cillators serving these two coils 

were installed inside the cage together with the two twelve-volt 

accumulators used as a po\ver source. Figure 23 illustrates a 
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FIGURE 23 

Full-scale conveyance equipped for tests 
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cage in the shaft fully eq_uipped and manned for testing purposes. 

Since the indicator cables, rigged up along the entire length of 

the shaft, represented the reference lines from which cage 

deflections were measured it Has imperative that they remained 

rigid during hoisting operations. These cables were of steel, 

a inch in diameter, each tensioned by a 200 pound weight and 

supported at intervals of 200 feet by light wooden brackets 

illustrated in Figure 22. These brackets\.\ere attached to the 

shaft wall with porcelain insulators to ensure no current leakage 

and the cable was carefully attached to the wooden struts to 

ensure that they remained plump. Observations made with a 

theodolite at 12 Level indicated that no Si.raying or vibration of 

any consequence took place in the cables during hoisting. 

At the top of the shaft the indicator cables were lashed to one 

of the supporting girders of the head gear tut was carefully 

insulated from the steel structure. At the .;;haft bottom the 

indicator cables iilere earthed to one of the steel guide ropes, 

thus forming circuits for inducing the hi~1 frequency siznals from 

the induction coils on the cage. Three leads, two from the in­

dicator cables and one earth lead connected to the steel structure 

of the head gear, transmitted the signals to the electronic 

amplifying and filtering equipment and recorder which was hou3ed 

in a panel van standing next to the head gear tower. The 

arrangement of all the electronic equipment is illustrated 

schematically in Figure 24. 

Because of the limited power available from the accumulators whicn 

had to be used to power the oscillators, it was of course necessary 

to operate these large oscillators at relatively low frequencies 

of 1000 and 350 cycles per second. At these frequencies inter­

ference effects on the induction system, due to various po•.v-er 

sources in and around the mineshaft, is considerably more 

troublesome than for the high frequencies employed in model in­

duction systems described in section ).6. As indicated in 

Figure 24 it was necessary to include 350 cycles per second and 

1000 cycles per second filters in the circuits in order to 
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minimise interference effects. 

Figure 25 depicts a circuit diagram for a transistor oscillator 

and power amplifier \vhich \vas installed in the cage. A simple 

spring contact switch operated by a cam on the sheave wheel in the 

head gear, was used to produce electrical impulses l.vhich could be 

recorded by the int-jet recorder as displacement pips on the 

recordings of cage motion. Ine vertical position of the cage in 

the shaft 'vas therefore given in terms of sheave wheel revolutions. 

Figure 19, which represents the vertical layout of the Durban 

Roodepoort Deep Shaft to scale, indicates cage positions in the 

shaft in terms of sheave Hheel revolutions. 

4.2.1.3 The Impulse Machine. In order to 

examine the effect of impulsive forces acting on a rope-guided 

conveyance, it was necessary to develop a device which would be 

capable of imparting a measured impulse to a conveyance suspended 

at rest in the shaft. For this purpose an apparatus, operating 

on the principles of an impact hammer, was developed. 

Figure 26 depicts the 9 feet 8 inches long pendulum ~f this impulse 

machine. Ihis pendulum was pivoted at point 0 on ball bearings 

in a steel frame and consisted of a light steel angle structure 

supporting a steel box filled with lead. The total \veight of 

the pendulum was 740 pounds. A semi-circular steel impact head 

A v.rhich made contact with the cage imparting an impulse to the 

latter, was bolted to the pendulum. Its location "ras such that 

the line of the imparted impulse vector passed through the centre 

of percussion B of the pe~dulum, thus ensuring no undue reaction 

at the pivot bearing 0. A calibrated angular scale attached to 

the frame whicn supported the pendulum allm.,red the measurements of 

the initial angle of elevation of the pendulum as well as the 

angle of rebound after the impulse had been imparted to the cage. 

Figure 34 depicts the whole impulse machine showing the pendulum 

mounted inside its supporting frame. 

Figure 27 illustrates the installation of the pendulum and its 

supporting frame in the station cutting at 12 Level 1.vhere these 
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impact tests were carried out. A wooden sleeper, receiving the 
impact from the hamn1er and preventing damage to the cage structure, 

was bolted to the side of the cage in line with its centre of 

gravity. 1
1he pendulum Has suspended so that, when J.ianging at 

rest the steel impact head just touched this wooderrsleeper. Tne 

upper induction coil on the ,t~est side of the conveyance, directly 

opposite the impulse machine was used to record the oscillatory 

motion of the cage following an impact. 

Referring again to Figure 26 let 

P = impulse in pound seconds imparted by the pendulum. 

M mass of pendulum in slugs. p 

k radius of gyration of pendulum about the pivot point 

0 in feet. 

h distance in feet of the centre of gravity of the 

pendulum from its pivot point. 

c perpendicular distance in feet between tha line of action 

of the impulse P and the pivot point of the pendulum. 

Cl J.istai1Ce in feet between the centre of percussion and 

the pivot point of the pendulum. 

g -= initial angle of elevation of pendulum before release, 
1 

measured from its position of rest. 

G2 = angle of rebound of pendulum after impact, measured 

from its position of rest. 

-1 
Q = angular velocity of pendulum in radians seconds 

1 
just before impact. 

Q = angular velocity of rebow1d of pendulum just after 
2 

impact. 
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Considering angular momentum of the pendulum about o during the 

process of the impact. 

2 
M k • • 

p = -7- ( Ql + Q2) • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ( 1) 

Potential energy gain when pendulum is raised to its angle of 

elevation Ql 

Kinetic energy of pendulum just prior to impact 

Equating potential and kinetic energy and ignoring the slight 

friction~sses it follows that 

= f2gh (1 - Cos G
1

) · 
~ k2 

............................. (2) 

Potential energy gain when pendulum reaches its angle of rebound Q
2

• 

Kinetic energy immediately after impact 

2 • 2 
= -~ M k Q foot pounds. 

2 p 2 

Equating potential and kinetic energy after impact and ignoring 

small friction losses it follows that 

i2 O'h ( ) =;~ 1 - Cos G2 

" k 

............................. ( 3) 

Substituting for g
1 

and G
2 

in equation (1) it follows that 

Mk/2h I - I p = P ~ g ( 1 - Cos G1 + ~ 1 - Cos G2) - (4) 

By measuring the initial elevation angle G1 and the angle of rebound 

Q
2 

from the graduated scale on the supporting frame of the pendulum 
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equation (4) may be used to calculate the imparted impulse· P. 

Before the impulse machine could be used for impact tests it was 

necessary to determine the constants M , k, h and c for the pendulum. 
p 

The mass of the pendulum finally used for the impact tests was 

M = 23 slugs. p 

Determination of the centre of gravity of the pendulum indicated 

that 

h 7.918 feet. 

The radius of gyration k was determined by measuring the pendul~~ 

frequency n which proved to be 

n ~ 0.301 cycles per second. 

For a compound pendulum 

k 

k 

~ from which it followed that 
2 rr n 

8.45 feet. 

The distance of the centre of percussion from the pivot point of 

such a pendulum is given by 

1 k
2 

C ~from which it followed that 

c1 = 9.02 feet. 

The impact head A of the impulse pendulum was then fixed in such a 

position that the line of action of the impulse P passed through 

the point of percussion B. From the geometry of the pendulum it 

was found that 

C 8.82 feet. 
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In order to express the imparted impulse P non-dimensionally equation 

(4) may be conveniently divided by the factor M J gD where M is the 

mass of the ca5~ receiving the impact and D = 20 feet is the 

shaft diameter. 

For a cage containing a rockload 

J.VI = 998 slugs. 

Therefore 

Formula (5) was used for uetermining the non-dimensional impulses 

imparted to the fullscale cage during impact tests. 

4.2.2 Model Equipment. 

4.2.2.1 General layout. The dynamic scale 

model of the Durban Roodepoort Deep Circular Shaft and its rope­

guide installation had to be designed to fit the available accom­

modation offered by the Vertical Mineshaft VJindtunnel described in 

Chapter 3. 

Figure 28 depicts this model installed in the vertical mineshaft 

windtunnel. Following standard procedure, the model shaft was 

constructed from galvanised iron sheet ducting specially rolled 

in two halves so that one half could be removed for installation 

of model guide ropes. On installation this duct was carefully 

aligned on its supporting brackets along the steel tower and pit. 

Figure 29 shows the outside appeara,nce of the steel tov-mr with 

the Durban Roodepoort Deep model installed and also shows the 

cabin, constructed on the top of the tower, for the protection of 

personnel and equipment. 

An accurately constructed dynamic scale model of the cage in the 

south compartment of the fullscale shaft was used as test cage. 
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FIGURE 29 

The steel tower and test room 
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The model ropes in this compartment were also made to scale. 

Since no tests Here to be carried out on the installation in the 

north compartment it was not necessary for the installation in 

this compartment to be dynamically similar to its fullscale counter­

part. A wooden dwr@y cage, guided by highly-tensioned steel 

cables was therefore employed, care being taken, however, to obtain 

the correct shape, so as to ensure that any possible aerod~amic 

interference betHeen the t\v-o conveyances would be correctly 

simulated. 

To ensure the correct spacing of all guide and hoist ropes, the 

ropes passed through accurately located holes in two positioning 

plates installed at the top and the bottom of the sha.ft respectively. 

The guide rope tensioning weights were situated below the lm-rer 

positioning plate which was mounted on a small table near the 

bottom of the pit. The upper positioning plate was mounted on 

a platform on top of the tower, where the hoisting gear was installed. 

All recording instruments were accommodated in the test room of the 

Vertical I1ineshaft Windtunnel at ground level, the interior of 

which is depicted in Figure 30. The equipment used in the model 

impact tests was installed on a service platform in the pit at a 

depth corresponding to the position of 12 Level in the fullscale 

mine shaft. 

Telephones provided a means of communication between persoru1el 

stationed on the upper and lower platforms and in the test room. 

4.2.2.2 Guide Ropes, Hoist ttopes and Conveyances. 

It has been explained in sec.tion 2 that, although the laws of 

dynamic similitude in theory require the use of constant scale 

factors for determining all physical quantities in a model of a 

rope-guide installation, in practice certain concessions may be 

made which will not affect the dynamic behaviour of the model. 

The exact simulation of guide ropes in the model was not possible, 

since available steel cables of suitable size proved to be very 

unlike the locked-coil type of guide ropes used in the fullscale 

installation, particularly with regard to flexibility. 
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FIGURE 30 

Inter ior of test room 
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A more supple type of 6 x 19 ordinary lay copper chord specially 

constructed by a rope manufacturing company for this investigation 

was therefore selected, and the geometric scale factor between 

fullscale and model system was calculated on the basis of the 

weight ratio between the fullscale and model ropes. The copper 

chord has a weight of 0.0146 pounds feet-l which yielded a mass 

ratio z3 13,660 and a geometric scale factor of z 23.9. 

This fixed the overall length and diameter of the model shaft at 

128.8 feet and 10.03 inches respectively. \i!ith reference to 

Figure 20, the required tensioning weights on the model guide­

ropes A, B, C and D amounted to 0.769, 0.692, 0.769 and 0.846 
pounds respectively. 

Ordinary lay 7 x 7 steel cable weighing 0.00928 pounds feet-l 

was selected for the model hoist rope. The weight of this rope 

was about 6~(·, below the weight actually required, but this dis­

crepancy was considered to be ~cceptable in view of the fact that 

the hoist rope represented only one of five ropes vitwse weight 

would affect the cage motion, the other four ~~eing the accurately 

simulated guide ropes. 

In constructing the model test cage of the south compartment, care 

was taken to obtain the correct dimensions, mass and mass distribution. 

As it was important that the material of the model should be non­

magnetic to prevent interference with the displacement recording 

instrumentation, brass shimstock vJ"as used. The gauge thick-

nesses of the various components were carefully selected to obtain 

the correct m~ss and mass distributions. The rope-guide eyee 

on the cage ~were provided with \~hi te metal bushes to ensure that 

the soft copper guide ropes would not be damaged during the 

extensive hoisting tests that 1t1ere to follo~;v. 

'Tihe protective roof on top of the fullscale cage was accurately 

reproduced in the model, as indicated in Fi~~e 31. Figure 32 
shows the model with two lower deck trucks removed. The rock 

loads in these trucks were represented partly by pebbles and 

partly by the batteries and oscillators of the recording system. 
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FIGURE 31 

Model conveyance w i th roof 
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FIGURE 32 

Model cage with trucks, rock lood, oscillators ond 
batteries 
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The dwnmy cage in the north compartment was constructed of l-rood, 

weighted with sand and ran on highly-tensioned steel guide ropes. 

The method of anchoring and tensioning the copper and steel guide 

ropes of the test and dummy cages is illustrated in Figure 33. 

4.2.2.3 Ihe hoisting of model cages and 

ventilation air flow. The hoisting gear, installed on the upper 

platform on top of the steel tower as sho1m in Figure 33 is 

described in Chapter 3 and forms a part of tne permanent equip­

ment belonging to the Vertical J.Vlineshaft ~·iindtunnel. It 1-ras 

only necessary to design a suitable hoisting drum for winding 

the model hoisting.rope, together Hith a model head gear and 

suitable pulleys to guide the hoist ropes. 

As pointed out in Cl.1apter 3, hoisting drum revolutions may be 

conveniently reproduced as displacement pips on the ink-jet 

recording paper, and these pips provide a means of measuring 

the vertical position of the conveyance in the shaft. .3ince the 

sheave wheel revolutions Here used for this purpose in the full­

scale installation it 1.vas decided to scale doHn the 15.834 feet 

diameter sheave wheel linearly, giving a hoist drum diameter of 

15.834 - 0 66- f t 23.9 - • ) ee • Displacement pips, represented on the model 

recording paper as hoist drum revolutions were therefore directly 

comparable with the fullscale displacement pips. Thet>e sheave 

wheel revolutions provided a good non-dimensional basis for 

measuring vertical cage displacement for the model and fullscale 

installations and were used for all the correlation tests. 

The velocity scale factor with which all fullscale velocities 

were divided to obtain their equivalent values in the model, 

amounted to rz 4.89 where z denotes the linear scale factor. v 
It was found that by using the above-mentioned 0.663 feet diameter 

hoisting drlli~, the maximum hoisting speed of 2700 feet per minute 

encountered in the fullscale installation could be readily re­

produced to scale in the model. 

Furthermore it was necessqry to prepare indicator boards (refer 
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to Figure 8) which could l:e used for plotting out the hoisting 

cycles obtained in tests in the full~cale shaft. ~uch hoisting 

cycles could then be follo1ved as accurately as possible vri th this 

apparatus. 

The hoist rope for the t\vO cages was continuous, passing from one 

cage over a sheave wheel to the noisting drum and back agai11 over 

a second sheave wheel to the other cage (refer to Figure 33). 

Small ball bearing S\.vivels vJ"ere incorporated in the suspension of 

the model cages to relieve the inevitable twisting of the rope 

during hoisting. These swivels pre\"T;nted couples from acting 

on the test cage and causing undue rolling motion of the cage. 

The scale factor t..ri th which the fullscale ventilation air flow 

rate had to be divided to obtain the model flow rate, amounted to 

2 JZ. z = 2795 ',"here z denotes the linear tlcale factor. 

Dividing the fullscale average flm'l rate of 85,000 cubic feet per 

minute by this flow scale factor a flow rate of 30.4 cubic feet 

per minute was obtained for the model. This air flotv rate in 

the model was measured by means of the standard orifice plats 

equipment described in section 3.4. 

4.2.2.4 Recordin~ of lateral cage deflections. 

The induction method of recording and measuring cage deflections, 

described in section ).6, was utiliaed for this model in8tallation. 

Miniature induction coil3 were mounted on the model in a fashion 

similar to that illustrated in Figure 21 and 22. 'rhe miniature 

oscillator and mercury cells U3ed for powering the oscillator were 

installed in one of the rockload trucks and made out part of the 

rockload. Fi5LITe 32 illustrates the model cage with the two 

trucks removed and shows the miniature electronic equipment lNhich 

was in3talled in one of the trucks. 

The radio freque1.:.cy transformer, tuned amplifiers, etc. which 

transmitted the sig~als picked up by the indicator cables were 

all housed in the test room together ""i th the ink- jet recorder 

used for producing the traces of model cage movements. 
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4.2.2.5 The model impulse machine. A model 

impulse machine of simile.r design as the full scale apparatus 

described in section 4.2.1.3 was constructed for the model impact 

tests. A photograph of the model and fullscale machines is 

presented in Figure 34. 

No attempt \vas made to construct a dynamic scale n~odel of the full­

scale impulse harr..mer, as this \..rould have required the simulation 

of the elastic properties of the impact head on the pendulum and 

of the cage, together with its buffer block which received the 

impacts. The model \vas consequently desig11ed v.ri th the primary 

specification that it should have the same non-dimensional impact 

capacity as the fullscale apparatus. Using equations (4) and 

(5) given in section 4.2.1.3. and making some experiments with 

model pendulums it was readily established that a pendulum 1:Ji th 

the following constants ~~,ould be sui table (refer to Figure 26). 

M 0.002012 slugs (mass of pendul~~). 
p 

h 0.872 feet (distance of C.G. from pivot point). 

c 1.55 feet (distance of i::1pact r~ead from pivot point). 

k 1.135 feet (radius of gJration). 

From equation (4) it follows that for this model pendulum 

and non-dimensionally 

p 

This formula was used for determinging the non-dimensional impulses 

imparted to the model cage. 

·rhe frame of the model pendulu.rn wa0 constructed from talsa 'vood 

and was mounted i:n an airtight perspex box \vhich v.Jas in turn 
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FIGURE 34 

The fu ll-scale and model impulse machines 
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fitted over an aperture in the wall of the model shaft at a 

position corresponding to 12 Level in the fullscale shaft. 

This model impulse machine is illustrated in Figure 35. An 

angular scale for measuring the initial angle of elevation and 

the angle of rebound was inscribed on one of the panels of the 

perspex box. A catch with which the pendulum could be released 

from any desired angle of inclination was provided and the whole 

perspex box was sealed off so as to prevent any air leakage into 

the model shaft. 

4.3 Main test programme. 

4.3.1 0tationary tests. 

4.3.r.l Object and scope. The object of the 

stationary tests was to correlate the behaviour of the model and 

fullscale installations when the conveyances were subjected to 

impulsive forces. In such tests where the conveyance remained 

suspended at a fixed level in the shaft it was possible to correlate 

all dynamic effects apparent in such a shaft installation with the 

eJcception of steady aerodynamic side forces which only become 

prevalent during hoisting. It was argued that by conducting tests 

where severe aerodynamic effects were excluded it would be easier 

to assess the significance of dissimilar effects in the model due 

to the incorrect simulation of elastic forces and other possible 

inaccuracies. 'Tihe experiments consisted primarily of a series 

of impact tests (for examining the reaction of a conveyance to 

impulsive forces and for studying the damping effects on the 

oscillating conveyance) and also a series of measurements of wave 

velocities in the guide and hoist ropes. 

4.3.1.2 Experimental procedure. Measurements 

of the velocity of wave propagation in the model and fullscale 

guide and hoist ropes were executed by giving each rope a sharp 

blow near its upper end, and measuring the time taken for ten 

reflections of the wave to appear, using a stopwatch. In this 

manner the time required by a vrave to travel from the top to the 
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FIGURE 35 

The model impulse machine 
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bottom of the shaft and back again could be accurately derived. 

In the fullscale impact tests the induction coils were mounted on 

the west side of the cage, the impact hammer, situated in the 12 

Level ~tation Cutting, imparting impulses on the eastern face of 
the cage. Small portable radio transmitting and receiving sets 

permitted communication between personnel operating the hammer and 

personnel tending the recording instruments on ground leval. 

Tests were executed \vi th different magnitudes of impulses. After 

each impact the test 'cage was allowed to oscillate freely for 

some 30 or 40 cycles while a trace of the motion was taken on 

the recorder at ground level. ·:rhe magnitudes of the impulses 

imparted to the model were regulated so as to have the same equivaler1t 

range as the fullscale impulses. In all model tests the flow of 

ventilation air in the model shaft was correctly simulated. 

4.3.1.3 Results and discussion. The results 

of model and fullscale measurements of the rates of wave propagation 

in the guide and hoist ropes are given in Table 1. The four 

guide ropes are denoted by A, B, C and D, according to the code 

in Figure 20. if.he time intervals taken by waves to travel from 

the top of the shaft to the bottom and back again are given, the 

model time intervals being converted to their equivalent fullscale 

values. 

Table 1. 

Equivalent fullscale time intervals in seconds 
tor waves to travel down whole length of shaft 

and back again. 

I ' ' I !Rope designation A _t B i c I D Hoist rope
1 

i 
16.14 I Full scale 20.63 l 21.3 21.53 20.2 

I ! 

' tModel t 20.92 1 21.5 20.86 20.4 15.9 
f I 

I 
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These results show that the velocities of wave propagation in 

guide ropes A, B and n and in the hoist rope were simulated 

accurately to within about 1.5% in the model. The discrepancy 

exhibited by guide rope C vras investigated and it was found that 

in the fullscale installation the tensioning weight for this 

guide rope touched the bottom of the shaft floor, thus slightly 

reducing the rope tension. This fact was not realised initially 

since the lower portions of all the tensioning weights were 

immersed in drainage water. The discrepancy in the tension of 

model guide rope C was rectified by reducing its tensioning 

weight until its velocity of wave propagation agreed to within 

1% with that of the fullscale rope. 

In order to correlate the model and fullscale cage oscillations 

obtained in the impact tests, :..t was necessary to consider the 

four essential properties of the wave motions, namely the 

amplitudes, the periods, the wave shapes and the damping characteristics. 

In considering the amplitudes, the maxim~~ amplitude recorded for 

each model and fullscale impact test was measured directly from 

the trace on the recording paper from the ink-jet recorder. All 

amplitudes were divided by the diameter of the shaft thus 

presenting amplitudes of cage oscillations in a non-dimensional 

form. The magnitude of non-dimensional impulses were determined 

from knowledge of the angles of elevation and rebound of the model 

and fullscale pendulums. The results of the fullscale and model 

tests are presented in Tables 2 and 3 respectively. Figure 36 

gives the relationship between non-dimensional imparted impulses 

and non-dimensional amplitudes in a graphical form for both the 

model and the fullscale installation. 

It will be noticed that the relationship between maximum amplitude 

and imparted impulse was approximately linear in the test region, 

and that, within experimental error, the points for the model 

and fullscale tests fit a single curve. Correlation between 

model and fullscale amplitudes of oscillation was therefore 

considered to be satisfact8ry. 
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TABLE 2 

Variation of maximum amplitude of cage oscillation with 
imparted impulses for fullscale tests. 

G1 angle of e~evation of impulse pendulum in degrees. 

G2 = angle of rebound of impulse pendulum in degrees. 

M Jgn ~ 0.01946 ( Jl - Cos Ql + J~cos Q
2

) 

(Non-dimensional impulse) 

M = mass of cage and load 998 slugs. 

D = shaft diameter = 20 feet 

Non-dimensional maximwn amplitude is defined as: 

fiiaximum amplitude in inches 
Shaft diameter in inches 

I -
! Gl Q2 

p 
Han-dimensional Impact test 

I 
number 

1 

2 

3 

4 

5 

I 

30.75 

30.75 

33.75 

39.75 

46.75 

I 

I 
I 

15.75 

16.25 

17.75 

13.75 

11.75 

1'1 JgD 

I 0.01108 

0.01118 

0.01225 

0.01265 

0.01373 

maximum 
amplitude 

0.0475 

0.04395 

0.0525 

0.05532 

0.0554 

! 
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TABLE 3 

Variation of maxirnu1n amplitude of cage oscillation with 
imparted impulses for model tests. 

Ql = angle of elevation of impulse peDdulum in degrees. 

angle of rebound of impulse pendulum in degrees. 

0.02917 ( j1 --C;~-Ql + ~Cosg2 ) 
(Non-dimensional impulse) 

M mass of cage and load = 0.07305 slugs. 

D shaft diameter = 0.836 feet. 

Non-dimensional maximum amplitude is defined as: 

Maximum amplitude in inches 
Shaft diameter in inches 

T 

I 
I p Non-dimensional Impact test Ql I Q2 I 

]Vi \;rgn maximum 
number amplitude 

1 23.9 10.3 0.01227 0.0496 

2 12.5 ! 6.7 0.00692 0.0283 

3 12.5 6.5 0.00696 0.0292 

4 20.5 10.6 0.01118 0.0467 

5 25.5 12.5 0.01363 0.0579 

6 25.5 12.0 0.01344 0.0562 

7 30.5 10.5 I 0.01466 0.0600 

l 8 30.5 9.3 0.01418 0.0579 
I 

9 30.5 9.3 
I 

0.01418 0.0585 

10 35.5 7.0 0.01510 0.0621 

11 35.5 I 7.0 0.01510 0.0638 
I 

12 40.5 ! 4.5 0.01592 0.0658 

13 40.5 4.4 0.01588 0.0638 

14 45·5 1.0 0.01628 0.0661 
: I 
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Model ,and fullscale periods of oscillation were determined by 

measuring, on the recordings made of the cage motion, the total 

time taken for the cage to execute some 30 oscillations. The 

period of the fullscale oscillations proved to be 26.5 seconds 

while the period of the model oscillations -vras 5. 36 seconds. 

These periods may be con~eniently rendered non-dimensional upon 

division by the factor J~ , D being the diameter of either the 

fullscale shaft or the model shaft. For the fullscale instal­

lation j~ = 0. 788 and for the model J~ = O.l6ll. Hence the 

non-dimensional periods for the fullscale installation and the 

model become 33.35 and 33.25 respectively. The period of cage 

oscillation was therefore simulated accurately to within 0.3(o 

in the model. 

In all the fullscale impact tests the shapes of corresponding 

waves of the recorded cage oscillations were similar, irrespective 

of the magnitude of the imparted impulse. This also proved to 

be the case for the model. In order to compare the ,,,ave shapes 

of the model and fullscale cage oscillations two typical 

recordings of a fullscale and model impact tests \>Jere replotted 

so that their maximum amplitudes coincided. Figure 37 depicts 

these comparative v1ave shapes for one cycle of the cage oscillation, 

the time lapse being rendered non-dimensional by dividing the 

actual time lapse in seconds by Jr. It t;as found that the wave 

shapes remained similar for the first 5 or 6 cycles after \vhich 

the wave shape of the model oscillation gradually 

deviated from that of the fullscale oscillation. This deviation 

is most probably due to slight inaccuracies in the model which 

have a cumulative effect on the model wave shape as the 

oscillations progress. However, for a time interval equal to the 

duration of a normal hoisting cycle the wave shapes of the model 

oscillations resemble the fullscale wave shapes very closely. 

The model and fullscale damping effects are illustrated in Figure 

38 where the amplitudes of cage oscillations, expressed non­

dimensionally as a fraction of the shaft diameter are plotted 

against the number of completed cycles for a typical model 

........... 91 
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and fullscale impact test. These curves show that the equivalent 

damping forces in the model \vere larger than the fullscale damping 

forces, the logarithnic decrements of the model and fullscale 

oscillations being 0.026 and 0.017 respectively. Damping forces 

were therefore not accurately simulated in the model, but this 

could not have been expected since no attempt had been made to 

obtain the correct damping characteristics vlhen the model ·.ras 

designed. This inaccuracy in the simulation of damping forces 

will not detract from the value of model tests, however, since 

d~~ping effects will be small for the short durations of normal 

hoisting cycles. 

Eoisting tests. 

4.3.2.1 Object and scope. 'llie object of 

fullscale and model hoisting tests was to establish to what degree 

the model simulated the behaviour of the fullscale rope-guide in­

stallation under dynamic conditions where all forces,including 

aerodynamic forces, come into play. To perform these hoisting 

correlation tests the traces giving the lateral north-south and 

east-west movements of the center of gravity of both the model 

and the fullscale cages at various hoisting speeds were recorded. 

It v1as also necessary to determine the pitching motion of both the 

model and the fullscale cages at these hoisting speeds. 

4.3.2.2 2xperimental procedure. l!'ullscale 

Up\vard and downward hoisting test runs .;-:ere performed between the 

upper and lower stopping positions indicated in Figure 19. Before 

commencing a run, the lateral oscillations of the cage were 

allowed to die dm.m to an amplitude of less than .. _; inch. 

The induction coils on the cage and the instruments on the surface, 

described in section 4.2.1.2, were in continuous operation during 

any test series, thus enabling tl.~.e personnel at the surface station 

to take a recording of the cage motion at any instant. In this 

way it was possible to establish if conditions were suitable for 

a test run before instructing the hoist operator by telephone 

to proceed. Communication between persoili1el manning the cage 
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and personnel attending the recording instruments on ground level 

was effected by means of small radio transmitting and receiving 

sets. The positions occupied by observers in the cage is il­

lustrated in Figure 22. 

As described in section 4.2.1.2 a graphic recording of the cage 

motion on the jet recorder gave a trace of the motion of the cage 

on a time base while distance marks in terms of sheave ~:;heel 

revolutions indica ted the position of the cage in the shR,ft. 

Figure 39 is an example of an actual recording taken in the full­

scale shaft. For this particular recording the two induction 

coils on the cage were mounted to record north-south and ea&t-

west deflections simultaneously. :rhe recording shovTS the non-

linear scale to which deflections had to be measured, as ·vtell as 

the zero lines of deflection and the distance marks, '1.-V:nioh, in 

conjm1ction with the time scale, could be u·3ed to calculate the 

hoisting speed of the cage at any position in the shaft. 

The tests were performed at different hoisti11g speeds varying from 

2920 feet per minute down to 510 feet per minute. Due to the 

limited time available for testing in the mineshaft, not more 

than 5 or 6 test runs could be made at each hoisting speed. 

Soon after commencing I·Ji th the hoisting tests it ':!as discovered 

that the motion of the cage was only translatory, and tr1a t no 

pitching motion could be detected. This dimplified the routine 

of testing since under these circwnsta.nces only one induction 

coil was required on each of the southern and '-vestern faces of 

the cage. Both the north-south and e9.-st-west translatory motions 

could then be simultaneously obtained on a single recording. 

\·lhile performing tests it \.J-as arranged that all ventilation air 

\vas led down the ventilation air passage at the shaft bottom, 

shown in Figure 19, the passages leading from 17 and 18 levels 

being closed off. TI1e rate of the ventilation air flow down 

the shaft 1..-.ras then determined by carrying out velocity traverses 

with a vane anemometer in this ventilation air passage. 

• • • • . . • • • • 95 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



~DUCTION COh· ON Wi:S~ '5 C>f" (.f'fo 

,.., 
) 

FIGURE 39 

Example of actual recording of cage motion taken 
during full-scale hoisting tests in the mineshaft 

rr oft .. 3 

w 
CJl 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



- 96 -

In performing the model hoisting tests, the same procedure was 

followed, with the additional complication that each fullscale 

hoisting cycle had to be simulated as accurately as possible by 

the method outlined in section 3.3. The model and fullscale 

hoisting cycles are presented in Figures 40(a) to (j). In 

these diagrams the hoisting velocities are rendered non-dimensional 

by dividing the hoisting speed, expressed in feet per second, by 

the factor~ where Dis either the model or the fullscale 

shaft diameter. 

During all model hoisting tests the rate of ventilation air 

flow do1m the model shaft was simulated to scale. As there 

existed doubt as to the perpendicularity of suspension of the 

model cage, and since this subsequently proved to be extremely 

important 9 a method had to be devised by i.vhich the angle of 

inclination of the model cage could be measured. This 1•Tas done 

by fixing a small m~:_rror to the side of the cage and devising an 

optical system in which a light beam, reflected by the mirror, 

was projected onto a scale calibrated to indicate, in minutes, 

small changes in cage inclination. The angle of inclination of 

the model in the north-south direction could be adjusted by means 

of two small turnbuckles installed in the two suspension chains 

on the south side of the model cage. 

rl'he results 

of the model and fullscale hoisting tests are presented graphically 

in Figures 4l(b) to (v)o These graphs represent the lateral 

cage deflection at various hoisting speeds, expressed as a 

fraction of the shaft diameter D plotted against distance travelled 

in terms of sheave i.Jheel revolutions. Each model curve represents 

the mean of ten test recorings for a particular hoisting cycle, 

while each fullscale curve represents the mean of 5 or 6 recordings. 

The notation for these graphs is given in Figure 41 (a). 

when commencing the model hoisting tests, the correlation between 

model and fullscale cage deflections proved to be disappointing. 

Figure 4l(b) shows traces of model and fullscale cage movement 
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in the north-south direction, indicating tnat the model exhibited 

a much smaller lateral deflection than the fullscale cage. It 

lvas then discovered that very small changes in the angle of 

inclination of the model cage had a marked effect on the magnitude 

of lateral deflection in the north-south direction. dome doubt 

now arose as to whether the cage was suspended absolutely 

vertically in the shaft. 

1,\ihen the model was designed and constructed the importance of 

slight errors in the angle of suspension of the cage was not 

realised, and no provision 11/aS made for installing the cage 

absolutely vertically in the shaft. Subsequent measurements 

indicated that the cage was slightly scew, and the problem of 

how the cage should be suspended in the shaft so as to be vertical 

relative to the guide ropes had to be solved. Figure 42 shows 

a calibration curve relating the angle of inclination of the cage 

to the number of turns applied to the turnbuckles in the suspension 

chains. This calibration curve exhibits a discontinuity in its 

slope, a small portion having a greater slope than the rest. 

This portion of the curve indicates the limits at which the guide 

ropes were hanging slack in their guide eyes on the cage; its 

centre corresponded to the attitude of the cage \•Then it was 

hanging vertically in the shaft. This calibration graph there­

fore shot-red that the cage had been hanging approximately 14 minutes 

out of plumb in the north-south direction. 

Hoisting tests were resumed, after making this correction to the 

~ngle of suspension. Figure 4l(c) shows the results for the 

same test illustrated in Figure 4l(b), after the correction to 

the angle of suspension had been made, indicating that correlation 

beb.reen model and fullscale systems for this particular test was 

now much improved. 

A study of Figures 4l(c) to 4l(v), which present the model and 

full scale results for all upl,rard and downward hoisting tests, 

;,rill reveal that in general the behaviour of the model was very 

similar to its fullscale prototype. However9 the magnitudes of 

lateral deflections of the model did not, in some cases, tally 

well 1.vi th the fullscale deflections. Notably in the east-west 

.......... 118 
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direction, as indicated in Figure 4l(m), the model deflection was 

less than what it should have been for good correlation. 

The effect which the tilting of the cage had on the east-west 

motion was investigated but was found to be of little importance. 

ifuis was expected since the perforated cage doors '.vere situated 

on the eastern and western faces of the cage, thus making these 

surfaces less sensitive to aerodynamic side forces. 

It was realised that the model cage was suspended completely 

symmetrically about the n·orth-south axial plane of the shaft. 

It is therefore clear that any east-west lateral motion of the 

cage would have been completely arbitrary as far as aerodynamic 

forces 1-.rere concerned. Slight misalignment in the cage suspension 

may cause such a cage to be deflected either in the e~stward or 

in the west\'Jard direction. In actual fact it was found that the 

model cage was deflected eastwards whereas the fullscale cage 

moved to the west. In order to facilitate comparison the model 

and fullscale traces v.rere all plotted as V>Test1-1ard deflections in 

Figures 4l(m) to ( v). 

Apart from aerodynamic forces acting on a moving conveyance it is 

also necessary to consider the Coriolis force caused by the 

rotation of the earth. This force is admittedly small but full­

scale and model deflection measurements have shown that small 

sustained lateral forces of only a few pounds cause a noticeable 

deflection of a conveyance. 

LetJ6 = 0.0000727 radians second-1 be the rotational speed of 

the earth and v 47 feet second-1 be the up1r1ard hoisting speed 

of the fullscale conveyance. 

'rhe Coriolis acceleration for the fullsca1e conveyance will tnen 
n - 2 th be given by 2 o<.)v = 0.0068::S feet second and, taking e mass 

of the conveyance as 730 slugs, the Coriolis force has a ma@litude 

of 730 x 0.00683 4.98 pounds westwards for upward hoistinff. 

The order of magnitude of aerodynamic forces which will cause 

the fullscale conveyance to deviate as depicted in Figure 4l(m) 

.......... 120 
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(at a hoisting speed of 2820 feet per minute) will be approximately 

12 to 15 pounds. It is therefore doubtful whether the observed 

east-v.rest deflection in the fullscale installation may be attributed 

entirely to the Coriolis effect, Nevertheless it is clear that 

the Coriolis force is of the same order of magnitude as aerodynamic 

forces and must therefore be taken into consideration. 

It is significant that the model exhibited a tendency to deviated 

eastwards, i.e. in a direction opposite to the fullscale 

deflection, for upward hoisting. On erecting the model the 

importance of the Coriolis force was not realised. However, by 

a fortunate coincidence the north-south axis of the model shaft 

was orientated approximately along the meridian but the model 

shaft was actually rotated through 180 degrees, so that the compart­

ment designated as the south compartment in the model actually 

pointed northv.rards. The Coriolis force acting on the model cage 

was therefore in a sense directly opposite to the Coriolis force 

acting in the fullscale cage. 

Unfortunately the Coriolis force given by 2 H otj v was not simulated 

to scale in the model. \~ile both H and v were reduced to scale 

in the model J2, remained unchanged whereas it should have been 

increased by a factor z = 4.89. The magnitude of the 

Coriolis force was therefore too small by a factor of 4: 89 in the 

model, Figure 4l(m) does indicate a smaller deflection for the 

model but not to such a degree as would be expected with the great­

ly reduced Coriolis force. This apain indicates that additional 

aerodynamic force effects were present. At very lovl upward 

hoisting speeds the model cage sho•Ared very little lateral 

deflection •,~rhereas the fullscale deflection vJas still noticeable 

(refer to Figures 4l(p) auf 4l(q)). Since the Coriolis force 

is linearly proportional to the hoisting speed, whereas aerodynamic 

forces are proportional to the square of the hoisting speed, it 

is reasonable to expect that the Coriolis effect will overshadow 

aerodynamic effects at very low hoisting speeds. For a cage 

travelling do~~wards at very low speed (Figure 4l(v) the model 

again showed less lateral deviation than its fullscale counterpart. 

.......... 121 
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In general,downward runs were not executed very satisfactorily in 

the model. 

In Figure 4l(h) it appears that on the downward run the model 

cage was deflected more than the fullscale prototype in the north­

ward direction near the bottom of the shaft. On decelerating 

it was not possible to follow the fullscale hoisting cycle 

accurately, as may be seen in Figures 40(a) to (j). Furthermore, 

slight movements of the personnel 1vho were operating the hoisting 

gear on the upper platform, and vibrations of the hoisting gear 

itself, caused movements in the guide· ropes while the model cage 

was moving downwards. It is therefore reasonable to assume that 

cage deflections measured in the lower portion of the model shaft 

included errors due to the above-mentioned causes. 

From the results of the hoisting tests it is clear that the 

conveyance· executed a slow swinging motion in the shaft, superimposed 

on a lateral deflection. The swinging motion is attributed to 

the reflection of rope waves from the upper and lower extremities 

of the ropes, these reflected waves causing the conveyance to 

swing back after an initial deflection, caused by lateral forces. 

In order to further illustrate the degree of correlation between 

the model and the fullscale installation, maximum amplitudes of 

swinging motion have been plotted against hoisting speed for both 

the model and fullscale tests. (Figures 43(a), 43(b), 43(c) 

and 43(d)). 

The model and fullscale amplitudes for north-south movement 

correspond reasonably well at various hoisting speeds as illustrated 

by Figures 43(a) and 43(b). Furthermore the maximum amplitude 

is seen to vary allmost parabolically with the hoisting speed 

thus indicating that the maximum amplitude for a travelling 

conveyance varies approximately linearly with the lateral aero-

dynamic force. 

Figures 43(c) and 43(d), depicting east-west movement, show a 

difference between model and fullscale amplitudes and, as 

•••••••••• 122 
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explained above this is attributed to the arbitrary nature of 

aerodT~amic forces and to Coriolis force effects. It is perhaps 

significant that for the east-west movement the fullscale 

amplitude tends to vary linearly with the hoisting speed whereas 

the model amplitudes still shovJ" a tendency to vary approximately 

\vi th the square of the hoisting speed. This is regarded as an 

indication that the Coriolis force was prevalent in the fullscale 

installation and that aerodynamic forces were responsible for model 

deflection (The Coriolis force is directly proportional to 

hoisting speed and aerodynamic forces vary with the square of 

the hoisting speed). 

4.3.2.4 Conclusions. It may be concluded 

that the static correlation tests described in section 4.3.1 
indicate that, as far as rope tensile; inertial and damping 

forces are concerned, a model can be used to simulate correctly 

the behaviour of a fullscale rope-guide installation. 

Taking the results of the hoisting tests described in section 

4.3.2 into consideration all indications are that, as far as 

aerodynamic force effects are concerned, a model will simulate 

the fullscale prototype correctly under hoisting conditions, 

provided that great care is taken in assuring that model 

conveyances are aerodynamically similar to their fullscale counter­

parts. Coriolis force effects, however, are not represented to 

scale in a model and due allowance must be made for the Coriolis 

force deflection. 

4.4 Supplementary tests. 

Object and scope. Due to the fact that some 

uncertainty still existed as to the degree of accuracy with which 

aerodynamic forces were simulated in the model, it was decided 

to conduct a series of supplementary tests. The object of these 

tests was to investigate more closelJ the degree of correlation 

that existed between the model and its fullscale prototype as 

far as aerodynamic effects on the conveyance were concerned. 

.......... 127 
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While performing hoisting tests in the fullscale mineshaft an 

unexpected and rather puzzling fact about the dynamic behaviour 

of the cage was noted, namely that the protective roof of the cage 

had a very marked effect on the deflection of the cage in the 

north-south direction. It was realised that this effect, which 

was clearly of an aerodynamic nature, provided a good subject 

on which to base a correlation test. It was decided to record 

carefully the behaviour of the fullscale cage with and without its 

protective roof, and then to establish whether the model cage be­

haved likewise under these conditions. 

Another series of correlation tests, in which use was made of the 

aerodynamic effects caused by tilting the cage, was also envisaged. 

Comparative model and fullscale tests were to be carried out with 

the cages tilted at various angles of inclination ranging from 

approximately -20 minutes to +20 minutes. 

Thirdly, it was decided to provide the fullscale cage with a large 

deflector plate which, during hoisting, could create an aerodynamic 

side force of such a considerable magnitude as to have a masking 

effect on all other aerodynamic side forces acting on the cage. 

By installing an accurately scaled-down deflector plate on the 

model cage it would then be possible to compare the behaviour of 

the model with the fullscale cage at various angles of incidence 

of the deflector plates. 

For these supplementary tests it was decided only to consider cage 

movement in the north-south direction since all aerodynamic effects 

were more marked in this direction. Furthermore, since tests 

were to be carried out on the protective roof on top of tl1e cage, 

and also since it was more convenient to mount a deflector plate 

on top than at the bottom of a cage, it was decided to consider 

only runs in the upward direction. 

Experimental procedure. The procedure adopted 

to obtain recordings of cage motion in all the supplementary 

tests was the same as for previous hoisting tests. 

.......... 128 
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To incline the fullscale cage, a block and tackle was rigged up 

between two adjoining suspension chains as indicated in Figure 22. 

By pulling the t\vO chains inward towards each other, the cage 

could readily be tilted to angles of up to 20 minutes, which were 

measured by means of an inclinometer situated inside the cage. 

The model cage was tilted by means of turnbuckles in the suspension 

chains and the angle of inclination was in this case measured by 

the optical method described in section 4.3.2.2. 

The fullscale deflector plate, constructed of masonite sheets and 

wood, measured 8 feet by 10 feet and was mounted on the cage in 

the manner indicated in Figure 44. The angle of incidence of the 

plate was measured with an inclinometer. The model deflector 

plate was constructed accurately to scale out of 1.vood and paper and 

could be set at desired angles of incidence by means of a graduated 

angular scale. 

Results and discussion. 

4.4.3.1 Tests with protective cage roof. 

Recordings of cage motion in the north-south direction with the 

protective roof installed on tha cage had already been obtained 

in the te~ts described in section 4.3.2. On repeating these 

measurements tney were found to agree. ·rheir averar~~e traces 

representing model and fullscflle cage movements are given in 

.B'igure 45. 'rhe results of measurements on the model and full scale 

cages 'l.ri thout roofs are also shown in Figure 45. It can be seen 

that the presence of a roof on both the model and the fullscale 

cage affe0ted the flow pattern of the air around the cages in 

such a \•Jay that the aerodynamic forces pushed the cages southwards. 

On removing the roof, the aerodynamic forces on both the model 

and fullscale cages were reversed and the cages 1trere nov.J displaced 

northwards. Figure 45 shows that, as far as the aerodynamic 

effect of the protective roof was concerned, the model correlated 

ex·tremely well with the fullscale prototype. 

4.4.3.2 Tests on inclined cage. J:lligures 46(b) 

to 46(f) shmv traces of the displacement obtained with the cages 

. . • . . . . . . . 129 
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FIGURE 44 

Model conveyance with deflector plate 
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- ive Deflection + ive Deflection 
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FIGURE 46(a) 

Notation used for tests on model and full-scale cage de­
flections at various cage inc I inations 
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tilted at various angles of inclination. The notation pertaining 

to these graphs is given in Figure 46( a). ·rhese results were 

obtained with the protective roofs removed from the cages and 

sho\v that model and fullscale behaviour had been similA-r for all 

angles of cage inclination. Except for the traces in Figure 46(e), 

the model cage deflection seldom deviated more than 0.6 inches 

from the fullscale cage deflection. 

4.4.3.3 Tests with deflector plate. Preliminary 

tests on the model cage indicated that the aerodynamic force 

generated by installing a deflector plate was by no means as large 

as was expected. Due to the limited space available in the 

shaft it was only possible to mount the deflector plate on top of 

the cage. In this attitude the deflector plate did not act as 

an aerofoil as was originally intended but rather as a scoop which 

deflected the air in a southward direction towards the shaft wall. 

With reference to Figure 47(a), the deflector plate, \'rhen inclined 

at an angle of 12° incidence, had a negligible influence on the 

movement of the cage. ,,Jhen the plate was adjusted to zero angle 

of incidence, air was deflected southwards, thus causing an aero­

dynamic force acting in the northtvard direction. The magnitude 

of the cage deflection obtained when hoisting at full speed was 

not much larger than that previously obtained with the inclined 

cage. 

This rather defeated the purpose of the deflector plate which was 

intended to create large aerodynamic forces masking out all other 

aerodynamic effects. Figures 47(b) to 47(e) give the results 

of the correlation tests with the deflector plate while Figure 

47(a) sho~·rs the notation necessary to interpret the results. 

Again it will be observed that the model follo1ved the same general 

pattern of behaviour as its fullscale counterpart, although with 

the deflector plate set to an angle of zero incidence the model 

cage tended to swing back more rapidly from its peak deflection 

than did the fullscale cage. It was also noticed that the full­

scale deflector plate shOi~Ted a tendency to deform under aero­

dynamic load and during hoisting vibration and buffeting was 

evident. It is thought that the discrepancie& between the shape 

.......... 136 
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of the model and fullscale traces are due to deformation of the 

deflector plate. 

Conclusions. It is thought that the results 

of the correlation tests on the effects of the protective roof 

and the inclined cage indicate that aerodynaJlic forces were 

correctly simulated in the model. The tests on the effect of 

the protective roof (refer to Figure 45) is regarded as significant 

in illustrating the degree of similarity attained in the operation 

of the model and its fullscale prototype. These particular tests 

\fl!ere done with great care as far as the model operation was 

concerned. ~1odel hoisting rlli1S were only done when all natural 

oscillations in the model rig \vere reduced to negligible proportions 

and results from hoisting runs which were done under doubtful condi-

tions of stability were rejected. ·rhe degree of simulation 

depicted by Figure 45 is regarded as typical of 1vhat may be obtained 

with apparatus which is in good order. It is felt that the more 

limited correlation indicated by some of the other hoisting tests 

may be attributed chiefly to defects in the apparatus and to un­

favourable testing conditions, and not to some basic dynamic 

dissimilarities between the model and its fullscale prototype. 

4.5 Discussion on the accuracy of model correlation attained. 

General. The experience gained with the 

Durba11 Roodepoort Deep correlation tests has revealed many defects 

in the type of equipment and the testing techniques employed. 

Some inherent limitations associated with dynamic scale models of 

0 · d t 1 l me to l1' f.l'1'lt Th1· s section <.-.rill r pe-gu1 e sys ems nave a so co· 0 1 • 

be devoted to a discussion on the effects ~1ich these factors 

had on the accuracy of the Durban Roodepoort Deep correlation 

test results. 

Defects in equipment. During the design of 

the Vertical Nineshaft ~jindtunnel it was realised that the supporting 

structure for the model shaft had to be as rigid as possible. 

A pit of sufficient depth to accommodate the sntire model shaft 

.......... 140 
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would have been ideal but the cost of sinking and lilJing a pit of 

some 160 feet deep proved to be prohi bi ti ve and it 1.Nas tnerefore 

necessary to use a{l eighty-feet high steel toHer in conjunction 

with an eighty-feet deep pit. All efforts were made to render 

the structure as rigid as possible but this tower still proved to 

be ru1sa tisfactory. The model installation v.ras very susceptible 

to oscillations caused by wind and movements of personnel stationed 

on the tower platform. For example it was noticed that when the 

model cage w::ts hanging stationary at the lower stopping position 

in the model snaft ready to commence an up\AJard rnn, slight wind 

gusts caused cage oscillations of 2 millimeters or more. While 

engaged on a test programme it 1vas frequently necessary to suspend 

tests until better wind conditions prevailed. Juring day time 

tne heat of the sun caused distortion of the model sl1aft, thus up­

setting the various calibrations necessary for analysing the results. 

Host of the hoisting tests had therefore to be performed at night 

when conditions were most favourable. It is to be expected that 

these rather harassing working conditions adversely affected the 

accuracy of model test results. 

~orne sources of error in recordings of conveyance motion may also 

be traced to the electronic recording equipment. Figures 48 and 

49 show calibration curves for the fullscale Flnd· model induction 

coils. These curves indicate that, for lateral movement of the 

coil in a direction perpendicular to the coil legs, an -9.-pparent 

cage deflection parallel to the legs will be registered . by the 

recording system. This is because the magnetic lines of force 

between the legs are not straight and do not form a uniform 

parallel field but are curved in the proximity of the legs with 

the result that the indicator wire, although having a relative 

displacement perpehdicular to the coil legs still cut some of 

the magnetic lines of force. 

In Fie.,rure 48 and 49 areas in '\'rhich the magnetic fields are reasonably 

uniform, are indicated. An attempt was made in both the model 

and fullscale tests to ensure that the indicator cables would 

only operate in these areas. However, this condition could not 

.......... 141 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



141 

~~- v~~~~~~~~~ 
5•1 5\ ~~~~~~--~~ 
4

u -t---+~---"~+--__J______L._-+---l------L-\~APPRO X I MATE ARE A IN 
LINES SHOWING WHICH INDICATOR CABLE 
APPARENT CAGE DEFLECTION OPERATED 

J'' -+--+--FOR LATERAL MOT ION OF --+------,,----,----+---+-----+--+---+~ 
INDICATOR CABLE 

fT-~~~~~--~+-~~~-+-4~~~+-~ 

1· --r------1-"---t--1 -+-I --+-1 -t-1 -----t-1 -----+--+-l-t----1-~1-----+--+----+---1--1 
2· 1·· ~.. ~.. ~· ~.. a" ~ .. 

FIGURE 48 

Calibration curves for full-scale induction coil 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



-
16' r-- v v v/ [7/ r/ v/ v/ v/ / v/ v/ v/ 

""--
1/ // v/ v v v/ v/ '/ v. Vv v/ / ""-- -- // v/ ~/ v v/ VL r/ v v/ v/ /_ / 

14 r--...._ 
r---1--- v/ / / [7/ v/ '/ / v/ v/' / / v/ --- ioooo-. -- v / // v/ '/ v // vv 

12
11 ~ ....... / V~ // v/ - I--.. v 7/ v/ r/ v // v/ v/ v/ v/ v/ "'r--. ~ / 
nl 1-r--,. r-- loo.... v/ // '/ 1/ // vL_ / :L v/ v/ v/_ 1/ ---~ 10 -r-- -- v/ 7/ / // // '/ V. // v/ '/ / / .......... r--ioooo-. 

.............. -- 7/ / // ?/ / / v/ v/ // v. // // all .......... r---~o-....._ - "-- / // // v/ r/ // v/ / // v/ v/ .......... --- / - 1/ // ~/ '/ // v/ v/ '/ // // v/ / II I"- r--r--6 ....... 
v/ v/ '/ 7/ // v/ / / // // '/ / "'-r--...._ 
// / / // // / / // v/ v / / II ..._ .......... ~ 4 ...... ___ 

J / / // v/ '/ f/ // vL vL / // // 
~ ...._ 

/ 7/ v/ / /. // // / // // // II-- .......... ...._ I I / 2 7/ 7/ / /;_ y/ // '/ / // v/ // / I ~ 
JV/ V"' C'v '/ / // v/ // / / /~ // / / 

I 

0 2" 4"f v 6" s" 1011 12" 14'/ 1611 181 20" 22" 24'' 
Curves showing apparent equivalent Approximate area in'--which 

~---full scale cage ~cz~lection f~r lateral-~ indicator wire operated 
I'V""- movement of JndJCator ware 1 1 1 1 1 1 1 • , 

FIGURE 49 

Calibration curves for model induction coil 

~ 1---1..----- ,_..-..---- ~ ----- - ---~ t-~ 
~ 

1..--~ 

-~ ~ 
~ -- 1..--~ ~ ._ 

t-~ ~-- - ~'"" - - - ~ ... -~ - ......... ~ 
~ -- ,_..-~ 

---1---- ..-
~1-oo-......... .......... - ~ ......... --....... ---t---- ~ ..... .....-. ---1..------- ~--......... ---- ---

26" 28. 30" 32" -. 34" 36'' 
I I I v 

Induction coil frame· 1---

I I I I I I 
~ 

1--' 
,.j:::.. 
tv 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



- 143 -

always be strictly observed so that errors ap]_)eared in some recordings 

of the cage motion. Although normally small, these errors could, 

in some cases, nave amounted to t inch equivalent fullscale cage 
deflection. 

During laboratory tests on the equipmr:;;r1t for recording model cage 

movement, all indications were that the system operated perfectly 

and that, despite the small scale, greater accuracy would be 

achieved than in fullscale recordings. At that stage it was 

expected that the metal duct, representing the model mineshaft, 

vrould l1ave some effect on the calibration of cage movement, but 

it \vas thought that such effects would be constant along the 

lengtn of the model shaft. 

Only tv-hen commencing hoisting tests was it discovered that joints 

and irregularities in the metal duct had a marked effect on the 

recording system. This problem could have been solved very 

satisfactorily, by using some non-magnetic material for the model 

shaft ducting. Because of the urgency of the project, such a 

major cha:nge in the model installation was not justified. However, 

it was found that reasonably accurate recordings of the cage 

motion could be obtained by carefully calibrating the interference 

effects and then analysing the results so as to separate these 

effects from the normal traces of cage movement. This procedure 

complicated the analysis of experimental data considerably, and 

most probably some errors were introduced during this analysis. 

It is felt that discrepancies in the model and fullscale results 

may be attributed chiefly to experimental errors due to the above­

mentioned causes, and not so much to basic non-similarities between 

the model and its fullscale counterpart. It must be pointed out 

that none of the defects encountered t,rere of an unsurmountable 

nature and it may be confidently assumed that with improved 

equipment all these problems -;vill be satisfactorily solved. Such 

improved equipment which is regarded as suitable for dynamic scale 

model testing of rope-guide systems is discussed in Chapter 6. 

144 
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4. 5. 3 Corio lis __ force, Barometric and rieynolds 

Number effects. \Vhile performing the 1urban Roodepoort Deep 

correlation tests some basic causes for dissimilarity bet1·reen model 

and fullscale rope-guide systems came to lig.nt. 

The Coriolis force effect has already been discussed in section 

The Coriolis force, caused by the rotation of the 

earth, acts in the east-west direction on a moving conveyance and 

it is not possible to simulate this force to scale in a model. 

At any particular hoisting speed it is possible to compensate for 

the Coriolis force in the model by means of an artibicially 

created aerodynamic side force. Hov1ever, the accurate prediction 

of aerodynamic side forces is difficult (refer to Chapter 5) and 

this was not attempted in the Durban. Roodepoort Deep model. 

Another dis;:)imilarity of a fundamental nature, encountered in 

models of rope-guide systems 7 is associated with the variation 

of air density in deep shafts. Owing to barometric compression 

the air density increases Hith the dept.n of a fullscale shaft, 

while in a scale model this effect is practically negligible. 

For model studies on very deep shafts this barometric effect will 

be quite noticeable but in the 3000 feet Durban Roodepoort Deep 

shaft this effect was not significant. 

wnile considering theoretical aspects of,dynamic scale model rope­

guide testing, it 1.v-as shown that similarity could only be attained 

when aerodynamic viscous forces i•Iere insignificant. Preliminary 

measurements of total aerodynamic force acting on a travelling 

conveyance indicated that viscous forces were negligible compared 

with the large drag forces, rope tension forces, etc. (refer to 

Chapter 5). Furthermore if aerodynamic viscous force effects 

(Reynolds number effects) -v-rere present in the Durban Roodepoort 

Deep model, all results would have been influenced consistantly 

by such a dissimilarity. Ine very good correlation obtained in 

some of the tests indicates that any significant Reynolds number 

effects were extremely unlikely. However, the rate of ventilation 

air flo1-1 in the Durban :toodepoort Deep Circular shaft 1vas very 

.......... 145 
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low and did therefore not in this respect represent a typical 

mineshaft installation. After completion of the correlation 

tests some uncertainty still prevailed about·the significance 

of the Reynolds nQrnber effect associated with models of rope-guide 

installations. 

field. 

Chapter 5 is devoted to further studies in this 

Confidence limits. ~ince for both the model 

and fullscale tests a number of runs Here made from which an 

average was calculated, it is necessary to obtain some idea as to 

the degree of certainty that may be attached to the average results. 

This may be done by means of statistical analysis which defines a 

confidence limit on both sides of an average value, such that 

it is 95~:o certain that the true average value lies within these 

limits. The confidence limit of the arithmetic mean of a series 

of n measurements, t
1

, t
2 

•...• tn' the arithmetic mean of which is 

n t. 
m L_ : is expressed by 

i==l 

.({.. ::: 

I 

wherec( is the standard deviation and is defined as 

~-ti)2 
(;/ ' .;;;;l_-.;;;;1 _____ _ 

Jn - l 

Standard deviations and confidence limits were calculated for some 

of the tests, and Figures 50(a) and 50(b) show typical model and 

fullscale traces together with their confidence limits. In these 

{~~raphs the ari thrnetical mean traces are shown, the model and full­

scale results having been obtained respectively from 10 and 6 

individual measurements. 

The confidence belts indicate that there is a 95/v certainty that the 

true arithmetic averages 'N'ill lie somewhere in these areas. The 

maximum model and fullscale values for ~~ proved to be respectively 

0.22 inches and 0.30 inches, which indicate that the confidence 

limits for the model and fullscale tests were very much the same. 

.......... 146 
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'rhis analysis further shows that by doing some ten rep8titive tests 

on a model for a certain set of conditions~ the averar~e behaviour 

of the model can be determined within the close limits of approximately 

0.2 inches fullscale. 

It is of interest to deduce by statistical means ~~hat the probable 

absolute maximum deflection of the model and the fullscale conveyances 

would be, given tr1eir mean maximum deflections. If, for instance, 

a model is known to be truly similar to the fullscale installation 

it represents, the mean trace of any lateral movement of a model 

conveyance may be assumed to represent, within certain limits, the 

average movement of the equivalent fullscale conveyance. However, 

in the design of rope-gu~mineshaft installations, it is necessary 

to obtain an estimate of the absolute maximum cage deflection which 

might occur~ and not merely the mean maximum deflection obtained 

by doing a number of tests. Use may be made of the formula 

I 

where f no\v signifies the maximum probable deviation from the mean 

deflection value, with a certainty of 951'" that this deviation vJill 
I 

n.ot be more than f . 
I 

The value of p. for both model and fullscale tests proved to be 

0.7 inches fullscale, so that this value should be added to the 

maximum mean cage deflection to obtain, \vi th a certainty of 95~-v, 

the absolute maximum cage deflection irrhich might occur in any 

individual hoisting run. 

The above statistical analyses were basedon 10 individual model 

measurements and 6 individual fullscale measurements. By increasing 

the number of measurements, confidence limits may of course be 

reduced. However, such statistical analyses only determine the 

degree of confidence that may be attached to test results from 

a given model installation. If such a model is not truly similar 

to its fullscale prototype owing to inaccurate manufacture or for 

some other reason model tests performed to very narro,,,r confidence 

.......... 148 
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limits is not of any particular value. 

The det:,--ree of accuracy with 1,vhich the bet1aviour of a fullscale 

rope-guide installation could te predicted, using a dynamic scale 

model, will depend on the various factors discussed in this section. 

The autnor feels confident that, by making due allowance for the 

fundamental dissimilarities peculiar to rope-guide models and by 

employing improved apparatus and tecrmiques it will be possible 

to predict the behaviour of any rope-guide installation satisfactorily. 

It is thought tl1at, for normal mineshaft installations, it will 

be possible to predict lateral deflections of conveyances accurately 

to within t inch or even less. ~e improved apparatus and 

experimental techniques required for such future investigations 

is discussed in Chapter 6. 

5. AERODYNAMIC JCALE EFFECTS IN MODEL MINESHAFT IN3TALLATIONS. 

5.1 General 

In the theoretical treatment of dynamic similarity between model 

and fullscale mineshaft installations (refer to section 2) the 

Reynolds number effect (i.e. aerodynamic viscous force effects) 

was assumed to be negligible. Fithout this assumption it was 

fom1d to be impossible to design a dynamic scale model of a mine­

shaft installation. It is well established that for turbulent 

flow past bluff bodies viscous forces are indeed negligibry small. 

(Reference 6). However, in all available literature on this 

subject only the aerodynamic drag forces (i..e. forces in the 

direction of fluid flow) are regarded as important. When study­

ing aerodynar,dc effects on bluff bodies such as railway trains, 

road vehicles and rail-guided mineshaft conveyances, only the 

drag forces, (i.e. the forces in the direction of motion) are regarded 

to be of any significance. Aerodynamic forces on such bodies 

acting in a direction perpendicular to the direction of motion are 

usually very small compared vJi th gravity forces, and the high drag 

forces acting on them. To the best of the authors knowledge no 

experimental investigations have as yet been carried out on such 

lateral aerodynamic forces acting on bluff bodies in an air 

stream. In general such forces perpendicular to the direction 

. . . . . . . . . . 149 
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of motion are only considered to be significant for surfaces with 

streamline cross-ructions such as aircraft wings and for flat or 

curved plates of thin section. 

In the case of bluff mineshaft conveyance, guided by ropes, it is 

found that the lateral aerodynamic forces, although perhaps small 

compared with the weight of conveyances and the drag forces acting 

on them, are nevertheless of extreme importance. 'The experimental 

investigations indicated that a very small Bustained side force 

on a travelling conveyance causes a considerable lateral deflection. 

Some doubt now arises as to whether viscous force effects (i.e. 

the Heynolds number effect) are still insignificant ~rrhen considering 

this small lateral force only instead of the large total aerodynamic 

force acting on a bluff conveyance. The good correlation obtained 

in the previous investigations may not be regarded as sufficient 

proof that such a Reynolds number effect is not encountered for 

lateral forces under all rope-guide operating conditions. In all 

these investigations the flO"~il-rate of ventilation air in the shaft 

1.-.ras very low and the absence of any Reynolds number effects under 

these circumstances does not preclude possible scale effects in 

cases vrhere higher flow rates are encountered. 

A programme of static aerodynamic tests on a typical conveyance of 

the type used in the previous correlation tests was devised in 

order to investigate this Reynolds number problem thoroughly. 

.......... 150 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



- 150 -

5.2 Reynold~ nun1ber effects referred to total aerodynamic 

f * orce. 

5.2.1. Object of test. 

The object of this test was to establish whether the general rule, 

stating that viscous forces are insignificant compared with total 

aerodynamic forces acting on a bluff body, ·Has also applicable to 

a typical mineshaft conveyance situated in a circular shaft. 
6 

Following customary procedure it was necessary to investigate 

total aerodynamic force coefficients over a large range of Reynolds 

numbers. Any variations in the magnitude of such force coefficients 

indicate the relative importance of viscous forces. 

5.2.2 E:x:perimentaJ:.. Aquipment and procedure. 

A typical model conveyance, of lig'l1t \,reight balsa wood construction 9 

mounted on a drag balance sting inside a one foot diameter steel 

duct 9 was used for this investigation. The model conveyance, 

depicted in Figure 51 \vas of a box-type construction mounted in 

a bridle and measured 3 inches by 4 inches by ll inches long. 

Air flo1.,r \vas obtained with a centrifugal 

the downstream 

blower connected to 

151 

*Although included under the separate heading of 
Ael'odynamic scale effects, these Reynolds number tests \·Jere completed 
before comrnencing experimental work on the model of the proposed 
shaft for the Buffelsfontein G.H. Co. At this early stage of the 
investigation it was not realised that only the lateral component 
of the total aerodynamic force was important and results from 
these tests were regarded as sufficient proof that viscous force 
effects were insignificant. 

The investigator would have been seriously at fault if these Reynolds 
number tests had not been carried out at this early stage of the 
investigations. Although it is an established fact that viscous 
forces are insignificant for bluff bodies in a free air stream it 
was still necessary to investiga1ie possible viscous effects due to 
air flow along the shaft wall. 
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end of the 17 foot long duct and a flared inlet to the duct 

effected Sffi()oth air entry. In the case of a conveyance travelling 

in a mineshaft, the relative flow of air over the conveyance is 

due to both the velocity of the conveyance as 1vell as to the speed 

of the air itself flo1>Jing in the shaft. In order to investigate 

aerodynamic force effects on the conveyance, it was thought 

sufficient to carry out measurements on a stationary model con­

veyance over which air flows. (Refer to section 5.4.4.). The 

drag balance, mounted on top of the steel duct as depicted in 

Figures 51 and 52 had a zero point indicating device in the form 

of a small plate P situated in the gap between two electromagnets 

B. The coils of the electromagnets 1..rere incorporated in opposite 

arms of a Wneatstone bridge. Ine bridge could be balanced for 

a given position of plate P and any movement of P a1.vay from this 

zero position was then indicated on a sensitive galvanometer. 

rfue moment due to the aerodynamic force acting on the cage 1-vas 

indica ted accurately by the _position of the rider C i.vhich could be 

adjusted on the graduated balance arm so as to obtain the zero 

position on the galvanometer. 

The air flow in the duct was regula ted by adjusting the blm,..rer 

speed while simultaneously manipulating a damper situated in the 

diffuser of the blower. rrhe air velocity in the duct was deter­

mined from a calibration of true dynamic head against static head 

drop througn the flared inlet of the duct. 

These tests \>Jere conducted most conveniently by adjusting the rider 

C on the balance arn1 to some predetermined value and then regulating 

the air flow in the duct so as to balance the aerodynamic drag­

moment against the moment of the rider weight. 

The sensitivity of the manometer used to measure the static drop 

over the duct inlet did not allow the ·accurate measurement of air 

velocities less than approximately 3 feet per second while the 

maximum air speeda~nable in the duct was 50 feet per second. 

Results. For the purpose of these tests the 

Reynolds nlunber NR is defined as 

.......... 153 
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FIGURE 52 

An aerodynamic scale model conveyance in a duct 
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-where v 
a.v average air velocity in the unobstructed duct in feet 

-1 seconds • 

D 1 foot (diameter of shaft). 

0 = air density in slugs feet- 3. 

. . -2 -1 fL = alr vlscosity in slugs feet seconds . 

Since the ambient temperature and relative humidity of the atmosphere 

remained more or less constant v.rhile conducting these tests, it was 

assumed that 

Hence 

jJ 0.002 slugs feet-3 

~ = 3.77 x 10-? slugs feet- 2 seconds-l 

v av 
NR = 1.885 

Since a single component drag balance 1vas used it was not possible 

to measure the actual total aerodynamic force A acting on the model 

conveya11ce, but only tne aerodynamic moment Al (refer to Figure 51). 
Ho\vever, for the purpose of investigating the Reynolds number 

effect, it was thought sufficient to consider only the coefficient 

of aerodynamic moment defined as 

. . . . . . . . . . 155 

* In all subsequent work on Reynolds number effects 
use is made of the duct Reynolds number in which the typical linear 
dimension is represented by the duct diameter. In section 5.4.4 
it is concluded that any :possible Reynolds number effects on 
lateral forces acting on a bluff body in a duct are associated with 
air flow along the duct walls rather than viscous force effects 
over the body itself. It is therefore logical to define the 
Reynolds number in terms of t.r ... e duct diameter rather than in terms 
of some linear dimension associated with the bluff body. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



- 155 -

where A = total aerodynamic force in pounds. 
l moment arm of the total aerodynamic force around 

the drag balance fulcrum in feet. 
D 1 foot (diameter of shaft). 

Assuming again an aJ.· r dens1· ty of p -- 0 002 1 -3 • s ugs feet 

= A 1 

0.001 v av 

, 

2 '>vhere A 1 is the measured moment of the 

rider C around the drag balance fulcrum in pounds feet. 

Results obtained from measureme11ts are given in Table 4 and a 

graph showing the relationship between the Reynolds nu.'Tiber NR 

and the coefficient of aerodynamic drag moment CM is given in 

ll,igure 53. This graph indicates tnat CM remained consta!1t for 

Reynolds numbers ranging from 1.5 x 104 to 2.7 x 105• Apart from 

experimental scatter, especially in the lm.v Reynolds number region 

where tne sensitivity of the manometer i~Jas insufficient, no marked 

change in CM is apparent at low Reynolds numbers. tv'ith this 

apparatus it was of course impossible to attain the high Reynolds 

numbers normally occurring in fullscale shafts (values as high as 
6 9 x 10 are often encountered). Houever, with bluff bodies it is 

well knov;n that viscous force scale effects mostly become apparent 

in the lower Heynolds nwnber range 6 and that aerodynal-nic force 

coefficients tend to constant values with increasing values of the 

Reynolds nwnber. It is tnerefore reasonable to assume that with 

no viscous force scale effects exhibited in tne .Reynolds number 

region ranging from 1. 5 x 104 to 2. 7 x 105, suc!1 scale effects 

would also be absent at higher Reynolds numbers. 

It rr~y therefore be concluded that if the Reynolds number in a 

model shaft is reduced to values as low as 1.5 x 104 the coefficient 

of total aerodynamic force for the type of conveyance used in this 

investigation will remain ·Wlchangecl. F;or such a body the Reynolds 

.......... 156 
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TABLE 4 

Measurements of aerodynamic drag force coefficients at 
various Heynolds nwnbers on a model conveyance of bluff 

shape in a circular duct. 

Al aerodynamic moment about balance fulcrQ~ in pounds feet. 

v average air velocity in duct measured by means of a 
av 

calibrated inlet flare. 

v 
NR = l.~~5 x 104 (Duct Reynolds number) 

Al 

0.001 v 
2 

av 

(Aerodynamic moment coefficient) 

l 

r 
I 
I 

! 
l 
i 
I 
l 
I 

v 
av 

2.90 

4.35 

4.81 

5.62 

6.15 

3.55 

4.81 

6.15 

6.80 

7.54 

4.35 

6.15 

7.54 

8.71 

9.73 

5.23 

7.25 

8.71 

10.26 

11.40 

Al 

I i 
I 

.00084 i 
I I I 
I .00168 

I .00252 
I 
I .00334 

I .00421 
i 

l .00108 I 

i .00242 

.00362 

.00483 

.00594 

I .00194 
I 
: .00388 

.00584 

I 
.00777 

.00960 
I 

.00268 

.00535 

.00804 

.01070 

.01330 
I 

I 

15,400 I .1000 
! 

I 23,090 I .0890 I f I 
r 

.0190 J 25,500 I t 
l 

29,800 
! 

.1060 j 
i l I 
! ! 

32,600 1 .1110 I I 
I 

18,825 .0866 

25,500 .1050 

32,600 .0958 

36,100 .1043 

I 40,000 ! .1043 ! 

23,090 .1027 

32,600 .1027 

40,000 .1027 

46,220 .1022 I 
51,600 .1010 

27,685 .0980 

38,470 .1020 

46,220 .1055 

54,450 

I 
.1020 

I 60,500 .1023 

.......... 157 
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TABLE 4 (Continued) 

v A1 
I NR l CIYI av 

I 

6.65 .00451 35,300 i .1022 I 
I 

9.51 .oo904 I 50,500 
I 

.1000 

11.30 .01345 I 60,000 .1048 

13.12 .01808 69,700 .1048 
I 

14.93 i .02240 l 79,300 I .1050 I r I 
I l 

I 
12.97 .01761 i 68,600 I .1048 

i 
t 

20.56 I .04400 108,850 .1048 
I 29.00 .08800 154,000 .1048 
I 
I 34.80 .13200 184,600 .1090 

41.30 .17600 219,000 .1035 

46.50 .22000 246,600 .1130 

50.50 .36190 268,000 .1050 
I 

19.50 .03870 103,500 .1020 

28.62 .08595 152,000 .1048 

41.00 .17210 1 217,800 .1020 

50.65 • 25795 ! 268,600 .1008 

58.95 • 34500 I 312,100 .0999 
I 

14.50 .02200 76,900 .1049 

16.41 .02860 87,200 .1059 

17.89 .03515 94,800 .1092 

22.00 .05100 116,800 .1051 

23.48 .05725 124,700 .1040 

25.39 .06600 134,800 .1030 

27.60 .07705 146,300 .1014 

29.80 .09460 158,000 .1062 

31.10 .1010 165,000 .1042 

32.43 .1100 172,300 .1048 

32.95 .1152 174,800 .1067 

34.00 .1189 180,400 .1030 

34.50 .1233 183,000 .1038 

34.93 .1277 185,500 .1045 

36.14 .1365 191,400 .1050 

.......... 158 
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TABLE 4 (Continued) 

v av A1 I N R ! eM 

t--3-7-. -25---1r---.-1-41_0_. -1---1-9_7_ ,7_0_0 t-? 
37.85 .1451 201,000 l .1016 ' 

I I 
38. os .1497 205, ooo 1 .1oo2 ! 

39. 20 .1541 208 000 ; .1005 l 
39.12 .1585 21o:8oo I .1001 I 
40.30 .1630 1 214,000 .1007 l 
40.90 .1672 217,000 .1000 

41.50 .1775 220,000 .1000 

42.20 .1805 

42.78 .1848 

43.10 .1895 ! 
i 

44.10 .1939 r 

44 • 7 o . 19 a 2 I 
i 

44.95 .2020 ! 

4 5. 50 • 2070 ! 
45.80 .2117 

46.)0 .2160 

47.25 .2246 

47. 65 • 2291 1 

48.10 .2336! 
r 

48.75 • 23781j 

49.05 .2422 

4 9 • 40 • 2 4 6 5 ! 

224,000 
I 

227 ,ooo I 
229,000 I 

I 

234,000 I 
237,000 I 

238,700 ! 
I 

241,600 

1

, 
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number effect may be safely neglected as far as the total aerodynamic 

force, acting on this body, is concerned. 

5.3 Reynolds number effects_referred ~o lateral aerodynamic 
for~. 

5.3.1 ObJect and __ ~cope of __ investi(;;ations. rrt1e object 

of this test 1-vas to investigate whether any aerodynarnic scale 

effect would become apparent ~1en considering only the relatively 

small aerodynamic side force acting on a typical bluff mineshaft 

conveyance situated in a circu1ar shaft. Again it i.,ras .necessary 

to investigate any possible variation in lateral aerodynamic force 

coefficients over a larts·e ranee of Reynolds numbers. 

5.).2 A1T1Jaratus. :F'i.;sures 54 and 55 (:.:Cepict the f'o_)p2.:r:atus 

used for this test. ;)i:nce it ~:ras considored desirable to conduct 

force measurements on a model conveyance situated in a duct v-!i th 

fully developed turbulent air flo""' a 60 foot long :portion of the 

original 10 -inch diameter Durba.n Boodepoort .i:reep shaft model i:/as 

mounted horizontally in the laboratory. 1lle Cluct ·inlet was 

provided with a 1vooden inlet flare of a shape knov1n to provide 

smooth air entry, as 1'rell as a honey comb grid .s,11d static holes 

connected to a piezometric ring. Figur·~ 56 depicts this inlet 

arrangement and also gives the dimensions of the inlet flare 

profile. A wooden box measuring 7~1,_ inches lonf~, 6·~· inches ,. ide 

and 2-'} incl1es high represented the bluff mineshaft conveyallce 

and was mounted in the l014er half of the duct, 45 feet from the 

inlet, as indicated in Figure 54. A 10 H.P. ce.ntrifugal blm¥er 

was used to dra,·r air through the duct and the flow rate , .. ras 

regulated by means of a butterfly and bypc.ss valve arrangement. 

A removable 4 inch diameter standard orifice plate, situated 6 feet 

from the duct exit, v1as used to measure. lovv flow rates. 

the investigations l,vsre conducted at high flm·r rates a.'ld lateral 
1 2 

force coefficients \vere referred to the dynamic pressure 2·p v av 

where v w8.s the avera~.Te air velocity in the duct. 0ince it wns av ~~ 

not possible to measure the small lateral aerodyr1.amic forces 

acting on the model conveya11ce to a hish degree of ac .~ur~cy, it 
' 2 

was considered sufficient to calibrate the duct d.yne .... lTiic head :~pv .._) av 

.......... 161 
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FIGURE 55 

A hori zontal mineshaft model 
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against the static pressure drop measured over the duct inlet. 

F'or the purpose of calibration three diametrical pitot traverses, 

spaced 120° apart in one plane through the duct, were made for 

a number of flow rates. Since the centrifugal blower did not 

maintain an absolutely constant flow rate during the calibration 

process, it was necessary to measure the static pressure drop over 

the inlet for every single pitot measurement and to convert the 

observed pitot readings to conform to some standard static head 

drop over the inlet. Average duct air velocities were obtained 

from graphic integTation and Figure 57 shows a graph of duct 

dynamic head, based on the average duct airspeed, against the 

static head drop over the duct inlet. 

In order to measure the very small lateral aerodynamic forces 

acting on the model conveyance, it was necessary to develop the 

sensitive aerodynamic balance detailed in F'igure 58. The model 

conveyance was fixed to the main balance beam A by means of four 

metal rods 9 as sho\·m in Figure 54 the model was adjusted at an 

angle of incidence of 20 foot in order to obtain a lateral aero­

dynamic force of a magnitude which may be conveniently determined. 

The balance beam A was pivoted on a crossed steel spring fulcrum 

and was provided "~.vi th an oil damper as well as a scale pan for 

loading~ Since it was regarded essential to maintain the model 

in a fixed position relative to the duct wall, it was necessary to 

have an accurate null-point indicator on the balance. This was 

achieved with the long lightwood arm B terminating in the pointer 

C which '\.vas situated in front of a strong light source. A magnified 

shadow image of pointer C projected on to a screen, facilitated 

the accu:cate zero adjustment of the balance. ~ince fluctuating 

loads on the model cage w-ere anticipated 9 a further oil damper 

was coupled to the long pointer arm. In order to avoid the 

leakage of air into the duct, tne whole balance was mounted inside 

an airtight perspex box connected to the duct by means of polythene 

be llovrs. The latter served to isolate the balance from vibrations 

occurring in the duct during operation of the blower. 

5.3.3 Experimental procedure and results. In order 

to perform the Reynolds number tests it was only necessary to 

.......... 165 
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measure the aerodynamic side forces acting on the model conveyance 

at various values of the duct dyn-::tmic head -~ Dv 2
• Before each 

-; av 
force measurement the balance was brought to its null position by 

adjusting the zero-adjustment screw D (refer to F'igure 58) with 

no air flowing in the duct. The balance scale pan ':las then loaded 

to balance some predetermined aerodynamic side force S. The 

blower v.ras then brought into operation and the balance was broug.nt 

into equilibrium by regulating the air flow in the duct with the 

butterfly and bypass valves. Coarse adjustments were made 't-Ti tn 

the butterfly valve while accurate balancing was achieved by 

manipulating the bypass valve. Once equilibrilli~ was attained, 

the inlet static pressure drop was read off from a Betz type 

manometer. 

For these experiments it was assumed that the lateral aerodynamic 

force S acted in the centre of the conveyance which v.ras mounted 

symmetrically about the vertical longitudinal plane through the 

centre of the duct. 

If S = aerodynamic side force in pounds 

-1 
v average air velocity in duct feet second 

av 

D = diameter of duct in feet 

the aerodynamic side force coefficient is defined as 

2 2 
&ov D 
..., ,! av 

,/ 

s 10 
2 

for D = 12 feet 
0. 695 -*o v ,.::;_.' av 

In this definition n2 is used in preference to some typical area 

· d 'th th 't lf Prov;dPd that the size assoclate wl J e conveyance l se • - ~ -

and geometry of the conveyance relative to the duct is not changed 

during any pa:rtlcular test the choice of a typical area is 

immaterial. 

.......... 168 
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The aerodynamic side force is given by 

8 = a 453.6 
w 

whsre a is the balance factor and W is the weight in grams added 

to'the balance pan. 

Hence c8 = 0.003175 a __ w __ 
2 

"~ DV 
i av .. · 

The constant correction factor for this balance was found to be 

a = 1.08. 

Hence C .. 
0 

The Reynolds number was referred to the duct diameter D and the 

average air velocity in the unobstructed duct: 

N ·R 

;:J D v 
./ av 

Any small variations in the air density p and the viscosity of 

the air f were ignored and it was assw11ed that 

For 

•' 

0 
) 0.002 slugs feet- 3 

./ 

/A_ ).8 X 10-7 slugs 
f 

D 
10 
12 

feet 

NR = 0.4385 v x 104 
av 

feet 
-1 seconds -1 

1. 2 
v '"'as determined from knowledge of the dynamic head 2 P v . 
~ ) ~ 

As may be expected, flow conditions around the bluff conveyance 

were rather unstable and at high flow rates it 1-ras found necessary 

to take a number of readings of the static pressure drop over 

the duct inlet for a given balance Load. An average value for 
~ 2 2·p v av \vas then determined. The results of this test are 

.......... 169 
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given in Table 5. The relationship betvreen the duct Heynolds 

number NR and the aerodynamic side force coefficient C(. 
0 

is 
given in Fi(S-u.re 59. :rhese results have been obtained with repeated 

tests and care \1vas taken to obtain a sufficient number f d · o rea J.ngs 

to give an acceptable averaf~·e in cases \vhere instability vJas 

evident. 

Discussion and conclusion. The graph in 

Figure 59 illustrates very clearly a sharp decrease in the coef­

fi,ient of aerodynamic side force below a ReJnolds number of 
4 NR = 12 x 10 • It must therefore be concluded that an aerody.no.Inic 

viscous force scale effect becomes apparent below this threshold 

Reynolds number of approximately 12 x 104. This rather un­

expected result gave reason for concern since even the highest model 

Reynolds nwnbers normally attained in the Durban Roodepoort Deep 

correlation tests only amow1ted to approximately l x 104. 
According to the graph in Figure 59 the aerodynamic side force 

coefficient will be reduced by ap.~lroximately one half when reducing 

the Reynolds number from a value encountered in a fullscale mine­

shaft to a value required for the model. 

All possible sources of error were carefully checked. The balance 

was checked for any non-linearity by calibrating weights in the 

scale pan against v-ieights placed on the centre line of the model 

conveyance. Possible aerodynamic effects due to the flow around 

the butterfly valve were investigated by making pitot traverses 

at the location of the model conveyance. ~1e butterfly valve was 

removed and the flow rate was regulated using a valve on the out­

let side of the centritugal blower. However, the Reynolds number 

effect on the aerodynamic force coefficient was still evident. 

No errors could be detected in the apparatus and evidence of a 

threshold Reynolds nwnber value below which viscous aerodynamic 

forces become important, was regarded as conclusive. 

Results obtained during the extensive correlation tests carried 

out on a similar conveya.i.!.Ce configu.ration did not indicate a 

marked reduction in lateral aerodyrl&~ic force coefficients (refer 

to Chapter 4). It therefore beca!lle a:9parent that some 

.......... 170 
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rABLE 5 

Neasurement of aerodynamic side force coefficients at 
various Reynolds nurnr..~ers on a model conveyance of ,;luff 

shape in a circular duct. 

W balance scale pan weight in grams 

H = static pressure drop over duct inlet in mm water 

2 i- ()v -.;.) av = duct dynamic preesure based on average duct air speed 
·) 

v in pounds feet-~, obtained from calibration curve av 
in Figure 57 

w c3 = 0.003428 ~ 2 (Coefficient of aerodynamic side force) 
-()v 2

) av 

J D v 
av 

(Duct Reynolds number) 

D 
lG 
12 feet (Diameter of duct) 

p = 0.002 slugs feet-3 (Air density assumed constant) 
J 

7 -1 -1 3.8 x 10- slugs feet seconds 

v = average air velocity in duct av 
4 

l 
1 

I 
I 
t 

i 

hence Nn = 0.439 v x 10 
n av 

w 

0.3 

0.5 

1.0 

2.0 

3.0 

4.0 

5.0 

7.0 

i 

I H 
! 
I 

I 

o. 63 I 
0.1 

1.64 

2.77 

3.93 

4.93 

6.13 

8.45 

i 
I 

I 
I 

.. 1 .. r:; v 
2 ) av 

0.09 

0.15 

0.24 

0.41 

0.58 

0.73 

o. 18 9 
1.275 

2 

I 

v 
av 

9-53 

12.31 

15.57 

20.35 

24.21 

27.16 

30.45 

I 
I 
I 

I 
l 
I 
I 
I 
I 
I 

(Air viscosity assumed 

consta.nt) 

NR X 

cs 
10-4 

0.0114 i 4.18 

I 0.0114 5.40 

0.0142 
[ 

6.83 I 
I 

0.0166 I 8.92 
I 0.0176 1 10.62 I 

i 
0.0187 t 11.91 

I 
0.0186 I 13.35 I 

0.0187 
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TABLE 5 (Continued) 

I 
I N X 

l 
.\if H l 1 2 R 

I l 2fV v c av av l s 10-4 , I I 

8.0 9.51 ! 1.44 38.15 0.0189 16.?3 
I 

10.0 11.45 I 1.74 41.93 0.0196 18.39 ! 
i 

15.0 2.65 ! 
17.07 I 51.74 0.0193 22.69 I 20.0 22.65 ' 3.51 59.55 0.0194 26.11 

I 25.083 28.05 I 4.3 65.90 0.0199 28.90 

30.083 33-41 ! 5.125 71.95 0.0200 31.55 I 
I I 

35.083 38.75 l 5·97 77.65 0.0200 34.05 ! 
i 

40.083 45.0 6.9 83.49 0.0198 36.61 i 

45.083 51.2 7.65 87.90 0.0201 38.54 

50.083 56.2 8.62 93-31 i 0.0198 40.92 I 
I 

50.083 59.0 9.07 95.72 0.0188 41.97 
I 

45.083 53-3 8.16 90.78 0.0189 39.81 i 
40.083 47.1 7.21 85.34 0.0193 37.42 

35.166 41.0 6.31 79.84 0.0190 35.01 

30.083 34-55 5.29 73.10 0.0194 32.05 

2~.166 29.1 4.46 67.12 0.0192 29.43 

20.083 23.4 ).62 60.48 ().0189 26.52 

0.3 0.7 0.1 10.05 0.0102 4.407 

u.s 1.01 0.15 12.31 0.0114 5.398 

1.0 1.72 0.26 16.21 0.0131 7.108 

3.0 4.08 0.61 24.82 0.0168 10.884 

s.o 6.38 0.955 31.06 0.0179 13.62 

8.0 9.83 1.485 38.73 0.0184 16.98 

10.0 11.8 1.80 42.63 0.0189 18.69 
! 

2.755 52.76 0.0187 23.14 15.083 : 17.73 
I 

20.083 1 23.45 3.63 60.56 0.0109 26.56 

25.166 I 28.92 4.43 66.9 0.0194 29.34 
I 

30.083 1 34.3 5.26 72.89 0.0195 31.96 

35.166 1 39.32 6.05 78.18 0.0198 34.28 
I 

6. 96 83.82 0.0197 36.76 40. oa3 I 45-4 
45.166! 50.85 7-77 88.58 0.0198 38.84 

50.083 l 57.7 8.87 94.66 0.0193 41.51 
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TABLE 5 (Continued) 

!,J H ..1..ov 2 c. 
NR X 

v 
) av av j 10-4 

5.083 6.3 0.95 30.98 0.0182 13.58 

10.00 12.0 1.83 42.99 0.0186 18.85 

20.083 23.0 3.57 60.65 0.0192 26.33 

)0.083 34-3 5.26 72.89 0.0195 31.96 

40.083 45·4 6.96 83.82 0.0197 36.76 

45.083 )4.00 1 8.27 91.4 0.0186 40.08 

40.083 48.5 I 7-41 86.52 0.0184 37-94 

30.083 34.3 5.26 72.39 0.0195 31.96 

20.083 23.0 3.57 60.05 0.0192 26.33 

10.00 11.75 1.76 42.17 0.0194 18.49 

5 • 083 1 6.4 0.96 31.14 0.0178 13.65 
; : 
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dissimilarity existed between air flow conditions in the Reynolds 

number test installation ru1d those in the Durban fioodepoort Deep 

correlation test installation. Further investigations into the 

general mechanics of air flow as applied to ducts and bluff bodies 

became necessary. 

5.4 Investiggtions into the mechanics of air flow around 

a bluff body in a duct. 

General considerations. In the correlation 

tests done on the vertical dynamic mineshaft model as well as in 

tests done on a stationary model conveyance in a horizontal duct 

it became apparent that slight changes in the angle of incidence 

of the conveyance had a marked effect on the magnitude of lateral 

aerodynamic forces. Even though great care was taken with the 

construction and installation of dynamic models, the possibility 

of some slight error in the suspension of the model conveyance 

could not be ruled out completely. It was feared that the 

Reynolds number scale effect described in section 5.3 might have 

been present in the vertical mineshaft model but that some geometrical 

error in the conveyance itself compensated for such aerodynamic 

scale effects. For example, it was thought possible that, by some 

coincidence 9 the conveyance was suspended out of plumb to such an 

extent that the aerodynamic side force was increased sufficiently 

to compensate exactly for tne decrease in the lateral force coef­

ficient due to the scale effect. However, the possibility that 

such a geometric error concealed the Reynolds number effect in 

the dynamic model mineshaft was completely disproved by the 

results obtained from the correlation tests on cages at various 

angles of incidences, as the following argument will show. 

Figures 46(b), 46(c), 46(d), 46(e) and 46(f) show the results of 

these correlation tests described in section 4.4. It will be 

noticed that, allowing for reasonable experimental error, a very 

satisfactory degree of correlation was indicated between the full­

scale installation and its model for various cage inclinations 

over a total range of 40 minutes. 

.......... 175 
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Figure 60 show graphs of aerodynamic force coeffic~ents · t ..~. aga1ns 
duct Reynolds numbers at various angles of incidence of the cac-;·e 

according to the experimental results from section 5.3. r.he curves 

for cage angles of incidences of 50, 40, 30 and 20 min-

·~·~te s were determined experimentally. C"urves for zero and ver-J 

small angles of incidence could not be determined satisfactorily 

but were ir_ terpola ted. 

If such Reynolds number force coefficient curves which exhibit a 

decreasing force coefficient below a threshold Reynolds number of 

12 x 104, did in fact apply to the correlation tests described in 

section 4.4, it means that the dynamic scale model would have 

operated at a ReyDolds number of approximately 3 x 104, where a 

range of c8 values of a much reduced magnitude would have applied. 

(Indicated by the dotted line AA in Figure 60). Tne fullscale 

prototype, on the other hand, would have operated in a high 

Reynolds number range where constant aerodynamic force coefficients 

of a much higher magnitude were applicable. The good correlation 

between the behaviour of the model and fullscale conveyances, 

indicated in lt1igures 46(b), 46(c), 46(d), 46(e) and 46(f), could 

not possibly have been attained if such aerodynamic force coef­

ficients of reduced magnitude were applicable to the model. The 

reduced c
8 

values would have resulted in a reduced range of lateral 

deflections in the case of the model tests. It would still have 

been possible to ~ttain correlation, due to the maladjustment of 

one particular cage inclination but certainly not for inclinations 

ranging from -20 to + 20 minutes. must therefore be .concluded 

that aerodyn&~ic force coefficients were the same for both the 

model and the fullscale prototype and that for the particular 

correlation tests on the Durban Roodepoort Deep Installation no 

scale effect was present. 

Since a scale effect did occur in the tests on a stationary con­

veyance but not in the dynamic scale model it is clear that the 

explanation for this apparent paradox must lie in ti1e fact that 

experimental conditions were different for the two cases. Tne only 

difference between the ttvo cases ms that in the vertical dynamic 

scale model the conveyance travelled along the shaft tnrougl1 

.......... 176 
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relatively stationary air, while in the Reynolds number test rig 

the conveyance remained stationary in the duct tnrough which air 

flowed at a relatively high speed, 

It now becomes clear that the nature of the air flow over the cage 

is vastly different in these two experimental cases, as illustrated 

diag-railli'Tiatically in Figures 6l(a) and 6l(b). In the case of a 

stationary conveyance in a duct in which air flows the air 

velocity profile upstream of the conveyance assumes a typical 

parabolic shape exhibited when fully developed turbulent flow 

occurs in a long duct7• When the conveyance is travelling through 

tne duct in which the air is more or less stationary, the air 

velocity distribution relative to the conveyance is perfectly 

flat. what is even more important is the fact that in the case 

of a stationary cage there is a high relative speed between the air 

and the duct wall, while in the case of a moving conveyance the 

air remains more or less stationary, relative to the duct wall 

(assuming that a negligibly small rate of ventilation air flow 

occurs in the duct). 

It is true that during its passage through the duct the conveyance 

displaces the stationary air and a small flow of air is caused, 

relative to the duct wall in the immediate vicinity of the con­

veyance. It is clear, however 9 that this velocity will be small, 

relative to the velocity of the conveyance. 

It is well established that for air flow through ducts, velocity 

profile shapes as well as coefficients of resistence to flow are 

markedly influenced by the magnitude of the Reynolds number
7• 

Such Reynolds number effects arise from the fact that viscous 

forces influence the mechanics of air flow over the duct wall. 

It is now reasonable to expect that the coefficients of aerodynamic 

forces acting on a body situated in an air stream flowing in a 

duct, will also be affected by the Reynolds number, since viscous 

force effects prevalent at the duct wall, will also influence 

the flow pattern around the body. On the other hand, when a 

body moves through a duct with relatively stationary air, very 

• • • • • • • • • • 178 
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little air flow occurs relat_Lve to t11e duct ·Hall and it is therefore 

reasonable to expect no noticeable Heynolds number effects caused by 

the wall. It is true that, in the case of a streamlined body 

moving tnrough a duct, Reynolds number effects may still be exhibitsci 

by the relative flow of air over the body itself. T~mvever, if 

this body nas a bluff shape, it is clear that no Reynolds number 

effects may be expected from this quarter. It is felt tlJat these 

scale effects on the lateral force coefficient of the model conveyru1ce 

should be attributed solely to a duct ~all Reynolds number effect 

and not to Reynolds number effects associated vri th the bluff con­

veyance itself. 

In order to obtain a clear picture of the mechanism of flotv in a 

duct containing a bluff body, a series of experimental studies were 

made, as described in the subsequent sections. These experimental 

studies also served to substantiate tn.e above theor-y regarding the 

true nature of the Heynolds number effect. 

The horizontal mineshaft model described in section 5.3 and depicted 

in Figure 54 vvas used for all these investigations. 

5.4.2 Static pressure distribution measurements on a 

model conveyance. ..Jince the resultant aerodynamic force fl .. cting on 

a body is caused by a certain distribution of static pressure over 

the body, it was of interest to determine this static pressure 

distribution over a typical conveyance situated in a shaft througn 

which air flowed. ~)uch a model conveyance -vras mounted rigidly 

in the horizontal mineshaft model, described in sec-tion 5.3. Tnis 

model was constructed from 1.rood with brass strips, containing nine 

1 mm diameter static pressure holes, glued centrally to both upper 

and lo1..rer faces, as depicted in Figure 62. The model conveyance 

was adjusted at an angle of incidence of 50 minutes in order to 

obtain relatively larse static pressure readinGs. Four static 

pressure tappings, forming a piezometric ring, were installed about 

twelve inches upstream of the model conveyance and allovred tr1e 

measurement of the static pressure in the w1obstructed duct. 
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On passing the conveyance the air was accelerated, thus causing a 

drop in static pressure. ThJ.·~ drop l·n stat1'c .... pressure below ti1at 

existing in the unobstructed duct was measured for each of trle 

eighteen static preBsure L.oles on the model conveyance, as indicated 

in F'igure 62. The results of theGe measurements, carried out at 

two different flow rates, are given in Table 6. The flmv rate 1..ra3 

determined by measuring the static head drop E over tile duct inlet 

ddt .. 1 2 -
an e ermJ.nJ.ng -2 yv av from the calibration curve given in Figure 

57. Fbr the upper face of the conveyance 611 Tepresents the static 
u 

pressure drop relative to the static pressure prevailing in the 

unobstructed duct. ::3imilarly f-1n
1 

represents the pressure drop 

observed for the lower face of the model conveyance. All pre.::sure 

d -2 rops are given in pounds feet and are represented non-dimen$ional-
4h ly by 2 • 

-~y vav 
irhe measurements made are given in Table 6 and 

the results are represented graphically in li'igure 63. At the 

static hole station 4 static pressure measurements were 1LYJ.Steady, 

indicating vortex formation and measurements at this station 1-vas 

therefore ignored. 

Comparing the suction pressure distribution on the upper face and 

on the lower face at a:ny par·ticular Reynolds :number, it 1-1ill be 

noticed that the distributions are slightly unsymmetrical and that 

the greater suction pressure prevailing over the lower face of the 

conveyance will cause a resultant aerodynamic force to;;vards the duct 

wall in a downwards direction. It is clear t11at at angles of 

incidence smaller taan 50 minutes the pressure distributions over 

the two faces of the conveyance '-~rill be even more symmetrical anci 

aerodynamic side forces 1·lill be caused by relatively small static 

pressu::·e differences between the two Halls of t~1e conveyance • 

It therefore becomes clear that only a slignt cJ1ange in the g·eometry 

of the flow pattern around the bluff conveyance may have a marked 

influence on the maJnitude of the aerodynamic side force. It is 

a well known oce;urrence in the mechaf1ics of fluid flo,., that flow 

patterns ci1ange 1J~hen tne magnitude of the Reynolds number changes • 

Especially where flow occurs along a duct •trall the Reynolds number 

may be expected to have a marked effect on the flow pattern around 

.......... 182 
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TABLE 6 

l'~easureme.r1t of static pressure distribution over model 
conveyance 

Static pressure drop over duct inlet H = 68 :mm \·rater. 

Dynamic head of airstream in unobstructed duct based on average 
1 2 -2 air speed 2 p v = 10.42 pounds feet • 
/ av ~ 

Duct Reynolds number NR = 45 x 104• 

j nu and .4 h
1 

are static pressure drops relative to static 

pressure in m1obstructed duct respectively for the upper and 
-2 lower faces of the conveyance in pounds feet • 

Air density ? = 0.002 slugs feet- 3 (assumed constant). 
/ 

,....-----··-------r------:------:--~:------,. 

Static hole I ,ilh .i:; hu 
2

1 .6 ~ I Llh] 
;:)tation 

u .l./)v I .l.pv 2x av 2 , av 
l ! J 

I 

2 

l I 4.955 0.475 28.525 I 2.736 

2 5.270 0.505 29.371 
' 

2.819 I I 

I ! 23.243 l 2.229 3 
I 

4.955 
i 

2.250 I l 
4 - I - - , -

i I 1.236 5 I 12.25 l 1.175 I 12.889 l ! 
t 

6 9.3 0.892 11.833 1.135 

7 8.46 0.811 10.987 1.054 

8 8.46 0.811 10.776 1.033 

9 10.14 0.974 10.776 1.033 

.......... 183 
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Static pressure drop over duct inlet H ~ 31 mm water. 

Dynamic head of airstream in unobstructed duct based on average 

air speed i v 
2 

= 4.74 pounds feet- 2• ...... av 
Duct Reynolds number NR = 30 x 104. 

= 0.002 slugs feet-3 (air density assumed constant) 

TABLE 6 (Continued) 

Ll!.!J~ AhJ 
_ _.tatic hole 4hu 1 2 

h1 
1 2 

fiOV -2 f v av Station ) av 

1 10.353 2.183 12.687 2.675 

2 11.199 2.362 13.101 2.764 

3 10.565 2.229 10.565 2.229 

4 

5 5-493 1.157 5.705 1.204 

6 4.226 0.892 5.283 1.116 

7 4.226 0.892 5.283 1.116 

8 4.226 0.892 5.071 1.069 

9 4.226 0.892 5.071 1.069 

.......... 184 
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a body placed inside such a duct. It is therefore reasonable to 

attribute the decrease in the coefficient of lateral aerodynamic 

force, noticed at lo-c.v Reynolds numbers, to such a change in the flow 

pattern around the model conveyance. 

Beynolds number effects on coefficients of 

pressure differences acting on conveyance walls. In section 5.4.2 
it was indicated that the lateral aerodynamic force acting on a 

conveyance is due to the fact t11at static pressure differences occur 

between two lateral walls of the conveyance. It was decided that 

it V.Jould be of interest to investigate the effect which the mag.aitude 

of the Reynolds number would have on this pressure difference. 

For such an investigation it "~:-Jas decided to measure tne actual 

static pressure difference occurring between the two surfaces of the 

conveyance at each of the nine static hole stations depicted in 

Figure 62, and to repeat such measurements at various rates of flow 

in the duct. 

Let ~ h
1

, 4 h
2

, 4 h
3 9 etc o , represent the static pressure difference 

between the upper and lower face of the model conveyance in mm water 

as indicated in Figure 62. These static pressure differences were 
;.6.h . 1 2 

again determined in the form ., 
2 

where the dynamlc head 2 9 v av 

~pvav 
\Alas determined from the calibration curve (Figul'e 57) from knowledge 

of the static nead drop H over the duct inlet. 

These static pressure measurements were repeated at various flow 

rates and the Heynolds numbers were determined as before from 

N -R -

D D v 
J av Constant values were assumed for the density p and 

I 

viscosity fl since any slight variation in these quanti ties were not 

regarded as significant. 

Table 7 gives the results of t1·1ese measurements and the variation 

.LJ. hl /-lh2 
-~-·-- , etc.~ with the 

2 ' ~ 2 1 pv 7-'-ov 
2" av fd) av 

of the pressure coefficients 

.......... 186 
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TABLE 7 

Differential pressure distribution measurements 

Lih1 , d h2, etc. are the static pressure differences measured 
-2 

in pounds feet over two faces of the model conveyance at the 

nine static hole stations depicted in Figure 62. 

H = static head drop over the inlet of the duct in mm water. 
2 

~ y v av duct dynamic head obtained from calibration curve 

N = R 

in Figure 57. 

f Tiv 
av 

(the duct Reynolds number) 

r = 
/ 

0.002 slugs feet-3 (the density of air assumed to remain 

constant). 

7 -1 -1 ( f . 3.8 x 10- slugs feet seconds the viscosity o a1r 

assumed to remain constant). 

]) = i~ feet (the duct diameter). 

v average air velocity in the duct. av 

Eence 

N = 0.439 R v 
av 

H 
mm water 

68.1 

61.8 

53.3 

41.9 

36.5 

28.85 

4.966 

4.501 

3.824 

3.022 

2.611 

2.039 

lJV 2 
2 av 
pounds .. 2 

feet 

10.45 

9.5 

8.17 

6.45 

5.62 

4.425 

4 hl NR X 
2 ..l_ v l0-4 2 av 

0.475 45.0 

0.474 43.0 

0.468 40.0 

0.468 35.0 

0.464 33.0 

0.461 29.5 

.......... 187 
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TABLE 7 (Continued) 

~ hl 
J... .·} v 2 L\ hl H 2 ...- NH X 1 av 

2 mm l.tJater pound~2 ~Jv 
lo-4 2 

1 av feet ./ 

19.5 1.395 3.025 0.461 24.0 
10.1 0.676 1.525 0.443 17.0 
4.6 0.275 0.7 0.392 11.5 
2.05 0.116 0.32 0.363 7.5 
0.09 - 0.002 0.13 -0.163 1.5 

_l_ () v 2 j h2 
NRvx! H /\ h2 2 ,r av 

mrn -v;ater pound~ 2 
1 2 l 
20V 10-4 

feet ,t av 

66.2 3.528 10.17 0.347 44.5 
57-7 3.127 8.87 0.353 41.5 
49.3 2.662 7.525 0.354 38.5 
34.4 1.859 5.275 0.352 32.0 
22.3 1.162 3.46 0.336 26.0 

15.4 0.824 2.7 0.331 21.5 
8.3 0.423 1.25 0.338 15.5 

3.35 0.148 o. 51 0.290 9.5 
1.25 0.048 0.175 0.272 6.0 

0.5 0.021 0.075 0.282 4.0 i 

-?\-!) v 2 J h--
NR X I H LJ h3 

.___ 5 ....,_, av 
2 . l mm water pound~ 2 J-ov 10-4 ! feet 

2
) av 

I 

67.1 -1.183 10.3 -U.115 44-5 

59.0 -0.951 9.075 -0.105 42.0 

51.9 -0.866 7-925 -0.109 41.5 

40.5 -0.655 6.23 -0.105 35.0 

31.7 -0.507 4.85 -0.105 31.0 

23.4 -0.338 5.625 -0.093 26.5 
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TABLE 1 (Continued) 

1_ 2 I LJ h, 
E .D. h3 2fV ) NR X av 

rnm water pounds _2 1 
1 2 
"l<:OV lo-4 

feet ! 
G) av 

14.85 -0.190 2. 3 1 -0.083 19.5 
9.00 -0.095 1.36 

i 

I -0.070 16.0 
4.9 -0.063 0.73 

I 
-0.087 12.0 

2.05 -0.032 0.32 -0.099 7.5 l 
I 

1 2 L\ h2 ·q I 
H L\ h5 

·- p v J R X l 2 ,. av 
mm Fater pound~ 2 .");,') v 2 I 

~"l av 10-4 l 
feet ! 

68.4 -0.993 10.49 -0.095 45.0 

60.5 -0.824 9.3 -0.089 42.5 

51.8 -0.676 7.93 -0.085 39.5 

!.).0.9 -0.465 6.3 -0.084 35.0 

34.8 -0.401 5.36 -0.075 )2.0 

19.15 -0.232 2.99 -0.078 24.0 

9.9 -0.106 1.5 -0.070 17.0 

4.5 -0.053 0.67 -0.079 11.5 

2.0 0.036 0.3 -0.120 8.0 

H Ll h 
*-ov)TL\h6 NR X 
~i av 2 

mm water 
6 / 1 

10-4 pounds 12f v feet- 2 av 

69.5 1.120 10.65 0.105 45-5 

62.0 1.067 9.54 0.112 43.0 

53.4 0.951 8.175 0.116 40.0 

42.5 0.760 6.53 0.116 36.0 

36.0 0.655 5.525 0.119 33.5 

19.3 0.)28 3.0 0.109 24.0 

10.15 0.169 1.55 0.109 17.0 

4.75 0.074 0.72 0.103 11.5 

2.2 0.037 0.325 0.114 8.0 
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TABLE 7 (Continued) 

_;\ h7 
1 2 .-::~.~ h7 H ?PV I N X -) av 

2! R 
rnm water pound~ 2 

1 

12,? v av ! 10-4 
i feet j 

t-·-- l 
I 66.4 1.986 I 10.2 0.195 44.5 
I 58.6 1.754 9.375 0.187 42.0 I 
I 
t 49.7 1.500 7.58 
I 

0.198 38.5 
40.3 1.226 6.2 0.198 35.0 I 

I 34.3 1.046 5.26 0.199 31.0 
I 19.2 0.613 3.0 0.204 24.0 I 
t 9.9 0.296 1.5 0.197 17.5 I. 
I 

4-3 0.127 0.65 0.195 11.5 I 
I 2.15 0.085 0.32 0.264 8.0 
i 

1.93 0.063 0.28 0.226 7.5 ! 

I 
I 2 I £), h8 ! 

I 1. ' I NR X H L~ hs 2·/ v ) av I 2 mm waterl l pounds I .1. - v 10-4 
I 

-2 i 2 r_.J av 
feet i 

68.3 2.155 10.48 0.206 45.0 

60.9 1.944 9.37 0.207 42.5 

52.7 1.648 8.07 0.204 40.0 

41.7 1.321 6.42 0.206 35.5 

35.5 1.109 5.45 0.203 32.5 

19.4 0.613 ).2 0.191 24.0 

10.2 0.313 1.55 0.201 17.5 

4.7 0.137 0.7 

I 
0.196 11.5 

2.15 0.063 0.33 0.195 8.0 
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TABLE 7 (Continued) 

-'k (·.v 
2 L1 h9 NR X 

I 

H Dh9 "'/' av 
mm 1vater pounds_2 

l f') 
2 

10-4 7;"! v 
feet ""' av 

65.6 i 1.479 10.08 0.147 44.0 I 
57-9 i 1.321 8.9 0.148 41.5 

I 
49.8 

I 
1.141 7.6 0.150 38.5 

40.4 0.930 6.22 0.150 35.0 
I 

33.8 I 0.782 5.18 0.151 32.0 

18.5 I 0.444 2.89 0.154 23.5 

9.7 
I 

0.232 1.48 0.158 16.5 

4-3 0.101 0.64 0.157 11.5 
I 

1.89 I 0.063 0.28 0.230 5.0 
I 

•••••• 0 • • • 191 
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duct Reynolds number NR is sh01ATl1 graphically in 1-i'igure 64. In 

these meaaurernents a pos'l.tl· e · · tt 'b v Slgn ls a · rl uted to differential 

pressures which cause a do\vll11'Tard force on the conveyance in the 

direction of the duct '"all near the conveyance. 

T:ne gTaphs in Figure 64 indicate that the nett result of the 

differential pressures acting on the conveyance would be to force 

the conveyance in a down~>Jard direction towards the duct wall 

nearest to it. Furthermore these gTaphs indicate conclusively 

that at low Reynolds numbers a change occurs in the magnitude of 

the differential pressure coefficients. The coefficients 

4 h6 D h7 
2 ' 1 2 -'h-o v -~o v 

"'' av 2
) av 

;_'\ h9 
and 

1 2 increase slightly at very low 

'2f vav 

Reynolds numbers. In general, however, a decided decrease in the 

magnitude of differe11tial pres.sure coefficients is indicated at a 

He~rnolds nuJnber of aiJproximately 10 x 104 which substantiates the 

results obtained from the aerodynamic force measurements described 

in section 5.3. 

It is felt t:nat this chane:e in differential pressure coefficients 

at very low Reynolds numbers can only be attributed to the fact that 

at these low Reynold8 numbers a change in the flow pattern occurs 

around the model conveyance. It is also felt that this change in 

flow pattern ia due to viscous force effects which become apparent 

at the duct i..rall at these very low Reynolds numbers. 'ro substantiate 

these surmises it becomes neces3ary to study the nature of the 

boundary layer flow occurring along such a duct wall. 

A study of the boundary layer flow in a duct 

containing a bluff body, 

5.4.4.1 Boundary layer theory as applied to 

turbulent flow in ducts. Extensive theoretical and experimental 

work has been done by various investigators on the subject of 
. . 7 turbulent flow through plpes • Such studies were mainly concerned 

v.ri th the frictional resistance \vhich must be overcome when a fluid 

.......... 192 
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is allowed to flow in circular pipes and ducts. However, sucn 
studies have an important bearing on the behaviour of flmtJ around 

a bluff body in a duct. 00me of the results of these studies will 
now be considered. 

\A/hen a fluid is flowing through a circular duct it was found that 

near the entrance the velocity distribution is practically uniform 

over the whole cross-section of the duct. As the flow progresses 

along the duct, a boundary layer of progresoively increasing thick­

ness is generated and, for the flow conditions under consideration, 

this boundary layer will invariably be turbulent. Inside the 

boundary layer the axial fluid velocity decreases sharply towards 

the duct -v.rall but remains uniform in the central portion of the 

duct corss-section 11here the flow is still laminar. After an 

inlet length of somelvhere beb.veen 25 and 40 duct diameters the 

thickness of the boundary layer has gro~m to such an extent that 

turbulent flow prevails throughout the cross-section of the duct. 

The flow is now fully developed and stabilised and the velocity 

profile of the flo1..,r ~Jill remain unchanged further downstream. 

It was found that for smooth ducts the velocity profile, exhibited 

by fully developed turbulent flo-v1 in t11e duct, depended on the 

magnitude of the duct Reynolds number 

N = 
R 

JD v av Figure 65 depicts the shapes of such velocity 

profiles at various Heynolds nwnbers. In this diagram the velocity 

distribution is given non-dimensionally by dividing the fluid 

velocity v
9 

existing at a radius r in the duct by the maximum or 

peak velocity V attained in the duct. It • . .,rill be noticed that an 

increase in the Reynolds number has the tendency of flattening the 

velocity profile. It may be expected that the velocity profile, 

existing bet\;.Jeen a bl11ff body inside tne duct and the duct vvaJ.l, 

will be affected in a similar :·:ray. Such small changes in velocity 

profile, brought about by a change in Reynolds number~ indicate a 

change in flow pattern 1,.;hich ';vill affect the lateral aerodynamic 

force acting on the bluff body. 
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The effect v-Jhich various degrees of duct wall roughness has on the 

coefficient of frictional resistance will now be considered. 

Figure 66 indicates the relationships existing between the resistance 

coefficient ~ and the duct Reynolds number 1vi th duct having various 

degrees of sand roughening on the walls. (\ is defined by the 

relationship: 

static pressure drop per unit length (in pounds feet-3) --- ~ - D 2 

The roughness of the duct \vall is given by the factor ~ 1,-Jhere R is 

the radius of the duct and k is the average height of a protrusion. 

Pigure 66 shov.rs that for a smooth duct the value of (\ continually 

changes with a change in Reynolds number. For ducts which are 

artificially roughened with sand (\ remains constant in the higher 

Reynolds number range and only starts changing below a certain 

threshold Reynolds numbery the value of which depenrnon the degree 

of duct wall rougrmess. In these regions ·where (\ varies with the 

Reynolds number, viscous forces are of sufficient magnitude to have 

an effect on the flow along the walls. In these regions the 

velocity profile and flow pattern will change with the Reynolds 

number. H01"'ever, in those higher Reynolds number regions where A 
is independent of the Reynolds number, viscous forces along the 

duct \¥all are negligibly small compared with pressure forces 

arising from the flow of air over the rough particles projecting 

from the duct vrall. In these regions the velocity profile and 

v av 

flow pattern \¥ill remain unchanged when the Reynolds number changes. 

These Reynolds number effects observed in roughened ducts 1nay 

conveniently be used to substantiate the previous conclusion that 

the scale effect on the lateral force coefficient of a bluff con­

veyance is due solely to wall Reynolds number effects and not to 

Reynolds number effects associated with the bluff conveyance itself. 

If such bluff model conveyance is placed in a roughened duct, it 

is to be expected that the coefficient of lateral aerodynamic force 

will remain constant in the same Reynolds number range in iAThich ll 
remains constant. If this is indeed the case, it will provide 

.......... 196 
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adequate proof that on1y du..c.t WG.ll Rey.a..olds number effects are 

significant. It is important, hmvever, that the deg:eee of rouch-

ness on the duct '\vall is sufficient to ensure that .no duct ivall 

scale effects will become appax·eut at a duct Reynolds number of 
5 . 

approximately 10 ,,rh1ch a:)peared to be the threshold Reynolds 

nwnber for the model conveyance as determined in section 5.3. 
Such tests using ducts ·with roughened \valls are described in the 

following section. 

5.4.4. 2 Experiments with a rou;.:nened duct. 

For these tests the same apparatus described in section ?•3 wa.; 

used. Using plastic granules 1·.rhich could be made to adhere to tl'le 

inner surface of the duct 1..ri th laquer, the duct was roug·hened for 

some fourteen feet upstream of the model conveyance, this roughening 

extending to about o:ne foot dov;nstream of the conveyance. A rough-
R 

ness factor k of bet1<Jeeii 40 and 5C 1vas attained. w·i th this rougll-

ness very little duct wall scale effect s11ould be ap_;_1arent at the 

critical Reynolds nwnber range ju.st belo"tv 105 (refer to Figure 66). 

Following the same procedure as t~1at described in .:3ection 5. 3, values 

for the lateral aerodynamic force coefficient C, ivere determined 
i:J 

for various Reynolds nlliuber values. 

Table B. 

Jlhe results a:ce g-iven in 

In order to establish ":vhether the length of roughenins on the duct 

t1ad any sit:,nificant influerJ.ce as fa.r a~ Reynolds nun1ber effects are 

concerned, the above test -v1as repeated vJi th a duct rougEened only 

in the immediate vi ci~li ty of t.ne conveyance. 'rhia rou;:?;hening 

extended some fifteen inches upstream and downdstream of the con-

veyance. The experimental results are given in T'able 9. 

Using a duct which had roughening· sxtendi.ng some fourteen feet upstreain 

ar.d tHo feet downGtream of the conveyance, the ro-c~.gl1ellinr_;; directly 

opposite the model conveyance was removed. Ti1us a Bmooth duct • . ..rall 

surface was provided in the form of an annulus roug.t1ly of the same 

length as the conveyaj tCe and directly oppoGi te t.i.ie side ~urfac'~S of 

the conveyance. Aerod,y-namic force coefficients and hey1:1olJs nwnber 

measurements for this a.rran.~sement is given in Table 10. 
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TABLE 8 

Measurement of Aerodynamic force coefficients at 
various Reynolds n1?J1lbers on a mo9-e1 conveyance in 

a duct with 14 feet roughening 

For nomenclature see Table 5 

H 
1 2 

NR X .c::..CJv v w 2J ~v av c_, rnm poun ~ 2 
feet _1 10-4 gm water feet seconds 0 

I 
-0.2 0.81 0.12 11.01 -0 .. 0057 I 4.83 I 

I 
-0.5 1.8 0.27 16.51 -0.0063 

I 
7.24 

-0.1 3.7 0.55 23.57 -0.0062 10.34 
I 

-3.0 10.05 1.52 39.18 -0.0068 
I 

17.18 

-5.0 15.15 2.33 48.52 -0.0074 I 21.28 
! 

-8.0 22.4 3,.47 59.2 -0.0079 i 25.96 I 
-0.5 1.88 0.28 16.81 -0.0061 7~37 

-1.0 ).85 0.57 23.99 -0.0057 10.52 

-5.0 17.85 2~577 51~02 -0.0067 22.37 

-8.0 26.8 4.12 64 .. 52 -0.00671 28.29 

-0.2 0.93 Ott.13 10.54 -0.0062 4.62 

-0.5 1.98 0.29 17 .. 12 -0.0059 7.51 

-1.0 3.27 0.49 22.25 -0.007 9.76 

-3.0 12.5 1.91 43-92 -0.0054 t 19.26 

-5.0 18.2 2.82 53.36 -0.00611 23.4 

-8.0 30.5 4 .. 67 68 .. 68 -0.00591 30.12 

-5.0 16.9 2.62 51.44 -0.0065; 22.56 
I 
I 
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TABLE 9 

l·1easurement of Aerodynamic force coefficients 
at various Reynolds numbers on a model conveyance 
in a duct with ~oughening only in v~cinity of 

conveyance. 

Nomenclature same as in Table 5 

I -f:- Dv 
2 v 

H av NR X I v.r ~/ av 
feet -l cs ! mm 

pound~ 2 10-4 
I 

gm 
11/a ter seconds : 

feet j 

i 

-0.2 0.49 0.07 8.409 -0.0098 3.69 

-0.2 0.44 0.06 7.786 -0.0114 3.41 

-0.3 0.72 0.105 10.31 -0.0098 4.52 

-0.5 1.18 0.17 1).11 1 -0.0101 5·75 
I 
I 

-1.0 2.35 0.35 18.8 I -o.oo9a U.24 
! 

-2.0 4-73 0.71 26.78 -0.0097 11.74 

-4.0 9.1 1.37 37.2 -0.010 16.31 

-5.0 11.2 1.71 41.55 i -o.o1o 1 
18.22 

-7.0 15.0 2.32 48.4 i -0.0103 l 21.22 
I ! 

199 
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TABLi~ 10 

heasurement of Aerodynamic force coefficients at various 
.heynolds n-wnbers on a model conveyance in a rou;~-nened duct 
with the roughening removed in the immediate vicinity of 

the model conveyance. 

Nomenclature same as in Table 5 

w 
gm 

s.o 
6.0 

10.0 

20.0 

0.3 

s.o 
6.0 

10.0 

20.0 

0.3 

0.5 
1.0 

0.2 

0.3 

o.s 
1.0 

3.0 

s.o 
10.0 

15.0 
20.0 

25.0 

H 
mm 

water 

7.8 

8.8 

15.4 
30.4 
0.66 

7.8 

8.8 

1).4 

30.4 
0.66 

1.0 

2.1 

0.49 
0.65 l 

I 
1.1 I 

2.1 1 

4.8 l 

1. 9 I 
15 .osJ 
22.6 I 
31.5 
39.9 I 

.l. 2 v 1 
2 .J v av 1 ; av 

, d , feet _
1

! 
poun 8 -2 J seconds I 

feet ! 

1.18 

1.33 
2.38 

4.65 
0.09 
1.18 

1.33 

2.38 

4.65 
0.09 
0.15 

0.31 
0.07 

0.09 

0.16 

0.31 
0.72 

1.19 
2.32 

3.5 
4.82 

6.14 

34.53 
36.65 

48.03 

68.53 

9.54 
34.53 
36.65 

49.03 
68.)3 

9.54 
12.31 

17.69 
8.409 

9-54 
12.72 

17.69 

8.53 

34.67 
48.4 

59.45 
69.77 

78.75 

c 
s 

0.0145 

0.0155 
0.0144 

0.0147 
0.0114 
0.0145 
0.0155 
0.0144 
0.0147 
0.0114 

0.0114 

0.0111 

0.0098 

0.0114 

0.0107 

0.0111 

0.0143 
0.0144 

0.0148 

0.0147 
0.0142 

0.0140 I 
I 

.......... 

15.14 

16.07 

21.5 

30.05 

4.18 
15.14 
16.07 
21.5 

30.05 

4.18 

5.4 

7.76 
).69 

4.18 

5.58 
7.76 
3-74 

15.20 
21.22 

26.29 

30.59 

34.53 
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The results of the above three tests are presented graphically in 

J?igure 67. 

It is clear that roughening on the duct wall had a very marked effect 

on the flow around the model, since it caused a complete reversal 

of the lateral aerodynamic force Hhich became negative. F'urthermore, 

the flow in the duct became rather unsteady and force readings 

1..rere made with difficulty. However, the graphs in :B1igure 67 in­

dicate that no Reynolds number effect was apparent for a duct with 

14 feet of roughening upstream of the conveyance or when the 

roughening was confined only to the iw~ediate vicinity of the 

conveyance. On removing the roughening directly opposite the 

conveyance, the lateral force on the conveyance again became 

positive (i.e. in the direction of the duct wall nearest to the 

conveyance). Furthermore, the appropriate graph in Figure 67 

indicate that a decrease in c
8 

again occurred at low Reynolds 

r1~mbers, indicating the return of the scale effect. It must 

therefore be concluded that the Reynolds number effect encountered 

with bluff bodies in ducts ispurely a scale effect associated with 

the duct wall. Wnen the duct wall is roughened sufficiently so 

that viscous force effects along the duct wall become negligibly 

small, the Reynolds number effect on the coefficient of lateral 

forces acting on the bluff body disappears. However, when the duct 

wall is smooth directly opposite the body, the Reynolds number 

effect again become apparent, even though the duct walls are rough 

upstream and downstream of the body. This indicates that viscous 

forces along the duct wall irmnediately opposite the conveyance 

again became signiflcant. 

In order to illustrate that viscous forces acting along the walls 

of the conveyance are illSignificant and that no Reynolds number 

effect may be expected from t11is quarter 9 the parallel sides of 

the conveyance were roughened in a manner similar to the roughening 

on the duct walls. The results of force measurements are given 

in Table 11, and Figure 68 shows the relationship between c8 and NR. 

The angle of incidence of the conveyance was increased slightly in 

order to obtain larger values for c8• It is clear that even 

.......... 201 
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'.rABLE 11 

J.Vleasurements of Aerodynamic force coefficients 
at various Reynolds numbers on a model conveyance 

with roughened side walls. 

Nomenclature same as in Table 5 

H *ov 
2 ! v 

NR X av 
cs w -1 av I feet 1 rnm p;unds_2 gm \vater seconds- j 10-4 

feet I 
I 

0.3 0.29 0.04 6.36 1 o.o26 2.79 

0.5 0.4 0.06 7.89 I 0.029 3.41 

1.0 0.71 0.1 10.05 1 0.034 4.41 

5.08 2.71 0.4 20.10 0.044 8.81 

10.08 s.o 0.75 27.52 0.046 12.07 

15.16 7.2 1.08 33.04 0.048 14.49 

20.16 9.55 1.44 38.15 0.048 16.73 

25.16 11.8 1.8 42.63 0.048 18.69 

30.08 14.13 2.2 47.14 0.047 20.67 

35.16 16.4 2.54 50.66 0.048 22.21 

40.16 19.0 2.96 54.68 Oo047 23.98 

45.24 21.15 3.28 57-56 0.047 25.24 

50.08 23.75 3.67 60.89 0.047 26.70 
I 

.......... 203 
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though viscous forces actinf.!,', along. the ~ _ conveyance 1.valls should 

have been quite insignificant compared \vi th pressure forces acting 

on the conveyance, a very definite scale effect is ~t1'11 1 d '"" revea e 
by the graph in Figure 68 \vhich again points to the fact that this 

Reynolds number effect is purely associated -w"ith the flow along 

the duct \vall directly opposite the conveyance. 

The fact that roughening on the ';valls of the duct has the effect 

of preventing the Reynolds number effect on the coefficients of 

lateral aerodynamic forces acting on model conveyances, is purely 

of academic interest. Such roughening can not effectively be 

applied in practice to overcome the scale effect difficulty ,,,hen 

operating a dynamic scale model mineshaft installation at very 

low Reynolds numbers. 'Jlhe above tests even indicated a complete 

reversal of the direction in which the lateral asrodynamic force 

acts. 

5.4.5 The effect of increasing the shaft diameter. 

It is of interest to determine to ~~at extent the Reynolds number 

effect is influenced by the diameter of the duct in \.vhich a given 

model conveyance is installed. In order to carry out such an in-

vestigation, the model conveyance, complete with the balance to 

which it Has attached, v1as installed in the 24 inch octagonal 

working section of a small wind tu.."lnel as depicted in F'igure 69. 
The mode 1 conveyance vras again ins tal led at an angle of incidence 

of approximately 50 minutes so as to cause a do\.Jn\.vard aerodynamic 

force on the conveyance. 1-'Ieasuremen ts of lateral aerodynamic 

force and average free stream air velocities vrere again obtained 

and the results are given in Table 12. The average free stream 

air velocity v was obtained directly from the calibration of the 
av 

wind tunnel. The equivalent diameter D of the octagonal wind 

tU11.Ylel section was assumed to be 2 feet and the Reynolds number 

was again based on the average free stream velocity and this 

equivalent diameter TI. For this test the lateral aerodynamic 

force coefficient c
8 

was defined as 

s c = -----
s .1.o v 2 B 

2 '. av 

.......... 205 
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TABLE 12 

f<1easurements of Aerodynamic force coefficients at various 
Reynolds numbers on a model conveyance installed in a 24 

inch octagonal wind tunnel. · 

W scale pan weight in grams. 

v = av average air velocity in the unobstructed working section 

of the wind tunnel in feet seconds-1 . 

S a W = aerodynamic side force in poundso 

a = calibration and conversion factor = 0.00154. 

~- o v av 2 == 
) 

CC"< = 
0 

s 

dynamic head of free airstream in the wind tunnel 

working section. 

lateral aerodynamic force coefficient. 

B = area of lO'vver face of conveyance 

pD v . av = Reynolds number. 

D = distance measured between parallel sides of 1ATind tunnel 

= 2 feet. 

0.002 slugs feet- 3 (assumed constant). 

3.8 x 10-? slugs feet-l seconds-l (asswned constant) 

I 
I i 

2 1 
I 

I i ! ~ )V i NR X v i j cs \tl I av ! 3 ·~,; av 
i 

gm I feet _
1 pounds I pounds i 10-4 i 

-2 I I 
i 

seconds 
' feet I ' I i 

I ! 

I 0.1 4-15 0.0002 ' 0.017 0.0351 4.37 I i 

I I 0.3 6.18 I 0.0005 0.038 I 0.0391 6.50 I 
I I I I 

I i i 
0.056 0.0426 7.84 0.5 7·45 0.0008 

I l 0.8 9.33 0.0012 I 0.087 0.0411 9-78 

I I 
I 

I 1.0 10.26 0.()015 l 0.105 0.0426 10.8 

2.0 13.1 0.0031 0.173 0.0554 i 13.8 

e 0 e • o • G e o e 20 7 
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TABLE 12 (Continued) 

I 
f 

w v s ~;)V 2 I NR X av "'_; av I gm feet _
1

, pounds I pounds I cs 
10-4 

seconds 1 I 
-2 l I 

l ! feet 
1 ; 

3.0 16.8 0.0046 0.282 0.0486 17.7 

5.1 21.8 0.0079 0.475 0.0495 23.0 

8.1 26.2 0.0120 0.686 0.0521 27.57 
10.1 29.1 0.0156 0.847 0.0549 30.65 

13.2 33.0 0.0203 1.089 0.0555 34.7 

15.2 35.8 0.0234 1.282 0.0544 37.7 

18.3 39.0 0.0282 1.521 0.0552 41.1 

20.1 40.9 0.0310 1.673 0.0552 45.1 

23.2 42.6 0.0357 1.815 0.0586 44-9 

25.2 45.0 0.0)88 2.025 Oo0571 47.4 

30.1 49.6 0.0464 2.460 0.0562 52.2 

35.2 54.1 0.0542 2.927 0.0552 56.9 

40.2 57-4 0.0619 3.295 0.0560 60.4 

45.3 61.1 0.0698 3.733 0.0557 64.3 

50.2 65.4 0.0773 4.277 0.0538 68.9 

2.0 12.9 0.0031 0.166 0.0555 13.6 

5.1 21.0 0.0079 0.441 0.0534 22.1 

23.2 43.5 0.0357 1.892 0.0562 45.8 

25.2 45.6 0.0388 0.079 0.0556 48.0 

1.0 10.1 0.0015 0.102 0.0439 l 10.63 
I 

2.0 13.0 0.0031 0.169 0.0547 i 13.7 
I 

3.1 16.0 0.0046 0.256 0.0536! 
I 

16.8 

4.1 18.5 0.0063 0.322 0.0582 i 
I 

19.5 

5.1 20.7 0.0079 0.429 0.0549: 21.8 

• • . • . . . . . • 208 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



- 208 -

where 

B lower face areaof model conveyance in feet 2• 

S lateral aerodynamic force in pounds. 

The relationship between NR and c3, obtained from this investigation, 

is given in Figure 70 which shows that a threshold Reynolds number 

having an approximate value of 15 x 104 is still present. This is 

to be expected? since viscous force effects are still present 

along the tunnel walls, even if the size of the model conveyance 

is much reduced relative to the cross-section of the duct or tunnel. 

However, on reducing the ratio of conveyance cross-sectional area 

to duct cross-sectional area, the blockage effect of the conveyance 

in the duct is reduced and the acceleration of the air stream 

between the conveyance and the duct wall will therefore be less. 

Since it vJas found that scale effects are due to the action of 

viscous forces between the conveyance and the duct wall 9 it is 

clear that the local air velocity in this region is most important. 

A Reynolds number based on this local velocity rather than on the 

average velocity in the unobstructed duct would have been more 

significant. file threshold Reynolds number indicated in Figure 

70 is slightly higher than that obtained for the conveyance in a 

10 inch diameter duct. This is most probably due to the fact that 

the local acceleration of the air betvJeen the conveyance and tunnel 

walls was less in the relatively large tunnel working section. 

All previous investigations on Reynolds number effects were conducted 

with geometrically identical installations. For comparative tests 

it was therefore immaterial on which linear dimension and on which 

air velocity the Reynolds number or the aerodynamic force coef-

ficient was based. However, when different geometrical installations 

are compared, the exact linear dimension and air velocity selected 

in order to define the Reynolds number become important and it is 

felt that the duct diameter and the local air speed between the con­

veyance and the duct wall are the two significant quantities which 

will adequately define the Reynolds number. Unfortunately, from 

the experimental point of view, it becomes impractical to attempt 

.......... 209 
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meaaUJ?illg the .average air velocity between the side face of a con­

veyance and the duct wall. h~en chang~ng the geometry of the in­

stallation the flov pattern between the conveyance and duct wall 

may change in any unpredictable fashion 9.nd it therefore also 

becomes impractical to measure the air velocity at some fixed point 

betv.reen the conveyance and duct 1-rall. 

'The importance of the aerodynamic shape of a 

conveyance. In section 5.4.5 it 1:1as indicated that an increase in 

the streamwise cross-sectional area of the conveyance, relative to 

the duct cross-sectional area (i.e. increasing the duct blockage 

effect) had_ the effect of speedi.ng up the air bet"t·.reen the conveyance 

and duct walls. Such an increase in local velocity bet•..reen the 

conveya:nce and duct \tJalls may also be effected by changing the 

aerodynamic shape of the conveyance, as for exax.r1ple, adding the 

roof used in the correlation tests to the rnodel conveyance. 

(Illustrated in Figure 23). As described in section 4.4, this 

roof deflected air towards the v-rall because of the venturi effect 

which caused a reduced pressure between the conveyance and the v1all. 

This increase of air velocity in the region between the conveyance 

and the "\vall was considerable since a very marked deflection of the 

conveyance was indicated during hoisting tests. 

Such a roof was added to the model conveyance in the horj_zontal 

duct and the normal test procedure for et:.:tablishing the relation­

ship between c
8 

and NR 1-ras again follo~red. Ho\.rever, for this 

conveyance configurations the value of c3 at low Reynolds numbers 

only showed a gradual decrease in magnitude and it was rather 

difficult to establish a definite value for a threshold lieynolds 

number. Table 13 shows the results of these measurements in the 

Reynolds number range below NR = 105 and curve 1 in }'igure 71 

illustrates the 6Tadual decrease in c8• In order to attempt a 

more accurate determination of the very low air speeds, a 2.75 inch 

diameter orifice plate was installed some 15 feet do1~stream of 

the conveyance in a contraction (refer to Figure 54). 

Follo~:;i:ng the procedure set out in 2Gfere.D.ce 8, the lovr flow --a.tes 

vlere determined using the orifice plate formula 

.......... 211 
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TABLE 13 

Neasurements of .Aerodynamic force coefficients at 
various Reynolds numbers on a model conveyance 

with a roof. 

Nomenclature same as in Table 5. 

w 
gm 

11 
I 

10 

9 
8 

7 
6 

5 
4. 

3 
2 

1 

9 
8 

4 

5 
6 

7 
8 

10 

20 

H 
mm 

l 
j water 

3.2 

3.0 
2.8 

2.4 
2.15 
1.86 

1.63 

1.33 

1.06 

0.75 

0.4 

2.65 

2.45 

1.4 
1,7 

1.9 
2.2 

2.45 
).05 

5.5 

1 2 
i .2 fvav I 

I pounds 

! feet
12 

! 

1 0.475 

1 0.45 
0.42 

0.36 

0.32 

0.275 

0.24 
0.19 
0.16 

0.115 

0.06 

0.39 
0.36 

0.21 
0.25 
0.28 

0.325 

0.36 

0.46 
0.82 

0.0792 
0.0762 

0.0735 
I 0.0762 i 

o.o75 1

1

· 

0.0748 
I 

0.0714 j 
I 
j 0.0722 

0.0643 i 
i 

0.0596 I 

1 

0.0572 ! 

0.0791 
0.0762 

0.0653 
0.0686 

0.0735 
Oo0738 

0.0762 

0.0745 
0.0836 

I 

9.6 

9.3 
9.0 
8.2 

7.7 
7.1 
6.6 

5.8 

5·3 
4.2 
3.4 
8.8 

8.3 

6.1 

6.7 

7.2 

7.9 
8.3 

9.5 
12.9 

. . . . . . . . . . 212 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



·10 

·09 
(/) 

u ·08 I 
+J 
c: 
~ ·u ·07 
:;: -~ 
8 ·06 

~ 
u 5 ·05 -
u 
·E ·04 
c 
c: 
~ -()3 
0 
L. 
~ 
c ·02 

2 
.s ·0 c 
_J 

0 

~ 

' ' '· 

I I I 
11 

I 
Curve 2 (Measurements with 2·75 orifice plate) 

/ ~ 
/ 

~ ~ 
-4 A 

~ 
~ . -A .El .1.·---

~A ~ -e ~ 0 
0 ~ 0 ·) 0 

""----- -

1 2 

~ ~ 0 

-----
~~ 

3 4 5 6 
-4 

Duct R~nolds number NR x 10 

FIGURE 71 

Variation of lateral aerodynamic force co-efficient in a 
low Reynolds number range for a conveyance with a roof 

(!) "-Curve 1 

7 8 9 10 

tv ...... 
tv 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



- 213 -

2 ;h- fP.; 
"7859 C~d E \ ~ l/ T cubic feet p.er hour of standard ~ir. 

where 

d 2.75 inches (diameter of orifice) 

C 0.606 (coefficient of discharge of orifice) 

z 1.0 (general correction factor) 

E 1 = 1.136 (velocity of approach factor) 

m = 0.472 (Dt is diameter of throat of contraction) 

P 2 -2 ( 
1 1 .58 pow1ds inches absolute air pressure on high pressure 

side of orifice plate) 

h = differential pressure over orifice plate in mm \•Tater. 

T = 534 °F absolute (absolute temperature of air) 

Assuming an air density of 0 
I 

0.002 slugs feet- 3, it follows that 
) 

2 
~ = 0.1635 h 

or 

2 
)'~ = 0.000327 h 

where Q, is the actual rate of flow in cu.bic feet per second. 

In these tests c
8 

was determined directly from knowledge of the 

flow rate ~. 

s c = 
S .1_ n 2 D2 

2 •· vav 
/ 

0.8573 

/fQ2 

The Reynolds number was determined from 

1.527 0 Q 
. ) 

r 
The results of measurements at these low flow rates are given in 

Table 14 and curve 2 in Figure 71 shows the variation of c8 with 

NR. The vertical displacement of curve 2 r~lative to curve 1 is 

........... 214 
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TABLE 14 

Measurement of Aerodynamic force coefficients at various 
Reynolds numbers on a model conveyance with a roof, using 

a 2.75 inch diameter orifice plate. 

h = static head drop over orifice in mm 1.vater. 

Q = rate of air flow in duct in feet3 seconds-1 • 

3 -2 
0.000327 h in slugs feet seconds • 

w = balance scale pan weight in grams. 

S = 4~3~6 pounds (aerodynamic side force on conveyance). 

a = 1 (balance factor). 

c
8 

= 0•857 8 (coefficient of aerodynamic side force). 
p Q2 

0.002 slugs feet- 3 (air density assumed constant). 

3.8 x 10-7 slugs feet-1 seconds-1 (air viscosity assumed 

constant). 

h JQ2 Q w s cs 
NR x 

l0-4 

334.0 0.1092 7.35 5.0 0.0110 0.0864 5.9 

268.0 0.0876 6.56 4.0 0.0088 0.0863 5.27 

206.0 0.0673 5-79 3.0 0.0066 0.0842 4.66 

139.0 0.0454 4-77 2.0 0.0044 0.0832 3.83 

74.0 0.0242 3.48 1.0 0.00~21 0.0780 2.8 

39.5 0.0129 2.54 0.5 0.00110 0.0735 2.04 

23.5 0.0077 1.96 0.3 0.00066 0.0737 1.58 

15.7 0.0051 1.60 0.2 0.00044 0.0736 1.29 

7.5 0.0025 1.11 0.1 0.00022 0.0771 0.89 
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attributed to the fact that the angle of incidence of the conveyance 

was not identical for the tY.ro tests. 'Im¥ever, to study t:ri.e scale 

effect at low values for NH curve 2 may be displaced dmN"tntfards 80 

as to coincide with curve l, 

It is clear that even at a very low Reynolds number of ·~.,. 2 104 
iiJR = X 

no marked drop in C_, is indicated and below this Revnolds number 
~ J 

c8 appears to increase again. No definite threshold Reynolds 

number is indicated and c3 decreases slightly over a wide range of 

Reynolds numbers. This different behaviour of a conveyance with 

a roof is again attributed to the fact that the local Re;ynolds 

number, based on the locally accelerated air velocity between the 

conveyance and the duct wall, 1-ras considerably increased. It is 

clear that the nature of the flow around this conveyance and the 

nature of the viscous force effects 1N"hich appear at low velocities 

differ considerably from the conveyance without a roof. 

In tests of this nature vrhere studies are made of bluff obstructions 

which may cause various flo'v effects in ducts, the significant 

Reynolds number should always be that based on the local velocity 

between the obstruction and the duct Hall, since it is here where 

Reynolds number effects become apparent. However, as pointed out 

in section 5.4.5, the experimental difficulties experienced in 

establishing a repreBentative local air velocity behveen the 

conveyance and the duct wall again apply. There also appears to 

be no satisfactory way of making an estimate of the expected local 

velocity between the conveyance and the duct wall. 

It must be concluded that each individual conveyance shape or 

conveyance mineshaft configuration should be treated on its own 

merits. As long as the .geometry of such a conveyance or in-

sta.llation remains unchanged tne Reynolds number may be conveniently 

based on the average air velocity in the unobstructed duct and on 

the duct diameter. Ibe aerodynamic forces acting on such a con­

veyance may then also be expressed non-dimensionally by simply defining 

force coefficients in terms of the average duct air velocity and 

the duct diameter as was done in most of the investigations 

.......... 216 
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described in previous sections. It will then be possible to 
establish a threshold Reynolds number for ea.c11 · d. . 1n 1vidual conveyance 
shape or conveyance duct configuration, such a threshold Reynolds 

number only applying for that particular geometric configuration. 

A great variety of conveyance shapes and conveyance installations 

are encountered in general mining practice. It was thought that 

no further significant facts, concerning the general subject of 

aerodynamic scale effect in mineshafts, could be brought to light 

by investigating Reynolds number effects on any further conveyance 

shapes and confiGurations. 

General conclusions. It is felt that the work 

described in this section 5.4 adequately illustrates the nature of 

the mechanics of air flow around a bluff body in a duct. Aero-

dynamic force measurements as well as static pressure measurements 

on a model conveyance clearly indicate a Reynolds number effect 

which causes a decrease in the coefficient of the aerodynamic side 

force acting on a conveyance. Above a certain threshold Reynolds 

number the aerodynamic side force coefficient remains reasonably 

constant up to the maximum duct Reynolds number of NR = 7 x 105 

which could be reached in any of the tests made. It is assumed 

that the aerodynamic force coefficient will remain constant for 

the higher Reynolds numbers which apply for fullscale mineshaft 

installations. 

It was also established that the above threshold Reynolds number, 

when defined in terms of the duct diameter and the average velocity 

of air in the unobstructed duct, was dependant on the aerodynamic 

shape of the conveyance and on the relative size and position of 

the conveyance in the duct. 

From investigation3 into the nature of the boundary layer flow it 

became clear that the observed scale effect on the aerodynamic 

force coefficient at low Reynolds numbers must be attributed 

solely to a duct wall effect and not to flov.r effects over the con-

veyance \\ralls. Because of this fact no noticeable Re~~olds 

• • • • • • • • • • 217 
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number effects should be present when a conveyance travels tnrough 

a shaft in "'Arhich the air is stationary- or movin~~ at very low speeds 

which implies very slight movement of air relative to shaft v;alls, 

It now becomes clear that ~.,rhen a model cor~veyance travels in a shaft 

in which ventilation air also floHs (as is the case iri most mine­

shaft installations) Reynolds number effects Llay be enco~~tered, 

depending on the actual ma[-;ni tude of the flov1 rate in the duct. 

The speed of the conveyance itself Hill have no bearing on the 

Reynolds number effect. ·~vhen the flm-r rate in a model minesnaft 

is very small (as 1-ras the case in the Durban i~oodepoort Deep 

dynamic scale model) the Reynolds number effect may be negligibly 

small. On the other nand if the duct Reynolds nmnber (based on 

the speed of the air floHi:ng in the duct) eq_uals or exceeds the 

threshold .H.eynolds number for that particular conveyance instal­

lation, scale effect will again not be evident in the operation 

of the model. Jn exceeding this threshold Reynolds nrunber t11e 

coefficient of lateral force acting on the conveyance will remain 

constant and will also be approxim~tely equal to the force coefficient 

that will apply in a fullscale prototype installation. Eoweve~, 

it is clear that for a certain range of duct !:te.{nolds 11u.mbers, there 

will be the danger of appreciable scale effect 1~rhich may effect the 

results obtained from dynar_:lic scale model testing. 

Unfortu..11a tely it 1-1as not possible to determir:e, by means of 

experiments, the magnitudes of error arising from the Heynolds 

number effect. \Ji th the apparatus at the disposal of the investi:s·a tors 

it \¥as not nossible to cletermiDe lateral aerodynamic force coefficients 

wtlile a model co.nveye,nce vJas travelling in a s.naft • Ho'.-.rever, in 

order to make an estimate of tHe degree of error v.rhic:n mig.at be 

expected in any given model installation, the follmving procedure 

is suggested: 

Let the model conveyance travel at a velocity u through the shaft, 

and let v be the average velocity of tr1e air flow in the shaft. 
av 

Let CSv be the coefficient of lateral aerodynamic f'.)rc; ap)J.yinc 

to a conveyance ivhich is situated stationary ilL a duct tln·ough 

.......... 218 
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which the air flows at a velocity of v 1 av et CSu be the coef-
ficient of lateral aerodynamic force applying when the conveyance 

is moving at a speed of u through a shaft in \Ihich the air is 

stationary. Let C8 be the lateral aerodynamic force coefficient 

w.t1en both the conveyance and the al· r l. n t"1e h ft · 
1 s a lS moving, thus 

causing an air velocity of u + v relative to the conveyance. av 

'rhe relationship 

is now assumed. 

u + Jcsv v )2 av 

Since CSu is applicable to the case when a conveyance is travelling 

in a shaft in which the air is stationary, the distribution of 

the air velocity relative to the conveyance will be perfectly flat. 

~uch a flow condition over a model conveyance may be simulated by 

installing a number of gauze screens upstream of the model con­

veyance, installed inside a long duct in which air is allowed to 

flow. Such screens will have the tendency of flattening the 

velocity profile and by measuring the aerodynamic force on the con­

veyance, it will then be possible to obtain the normal c8u Reynolds 

number graph applicable to such a flat velocity distribution. 

CSu may naturally be expected to decrease in value below a certain 

threshold Reynolds number, as illustrated in Figure 72. However, 

the constant value of Cc. obtained at high Reynolds numbers, should 
uU 

correspond approximately to the required value for the model con-

veyance travelling in a shaft with stationary air. 

On reinoving the gauze screens the velocity profile just upstream 

of the model conveyance will again assume the normal parabolic 

shape associated with fully developed turbulent flow in circular 

ducts. In general it 1vill be found that for a parabolic velocity 

distribution the value of the lateral aerodynamic force coefficient 

will be consistently less than in the case of a uniform velocity 

distribution, as illustrated in Figure 72 (refer to section 5.5). 
Furthermore, if a dynamio scale model installation is operated 

at a point A (refer to Figure 72) where the duct Reynolds number 

.......... 219 
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NR is le~·H> t..i-J.an tbe threshold vali.:e, C::.>v ;;ill bt~ reduc.~::J /jy a 

decrement 6 c8v belo1v the v:~.lue of tLe 'J,erody.narnic fol'ce coef­

ficient to be expscted .for the f-u.lL:>cale ~~I·ot,)t,'(_pe. U~;i,1 .-, t::;.e 

above formula, the error D i.\., to te e.::;)ected in th2 ? ctual 
0 • 

derod;,'·nar11ic force coefficient G for t.i1e model l··1·· t -11 t · ·:; 1 ;;;:j ~_., 8.. ,lon, .:~aJ 

l f r;;-
= ( u+v ) 2 1 2 V CSu u v av 

av l 

,------ ------
~/C~:3v + 6 CSv 

The percenta e error to be ex~)e;:::ted ir.~ the actual lateral aero-

dvnrunic force coefficient actin~ l'.r·l t· d · 1 
v ,_ 11e .:rnamlc sea e .~odel may 

then be expressed by 

per·centa.g·e error = X 100 

Experience with dynamic scale models of ro~?e-guicle installations 

has shown that lateral deflections of conveyances 1vere rrpproximately 

proportional to the lateral aerodynamic forces acting on them. 

Hence the expected error in measurements of lateral con\Teyance dis­

placements 9 a ttri butecl to the duct Re;}molds nlunber eff~ct, may also 

be expressed by 

.6 cs 
cs + .L\cs 

X 100. 

Generally~ in most of the experime11tal 1,rork done on model rope­

guide installations an accuracy of 57o ill all measured reaul ts ;Jere 

rec;arded as sa tis factory. Hence, if a scale effect error of 55-Q or 

less is indicated for any particular model installation operati11g 

at a given duct Reynold.s ntu1lber, this Heynolds number may be 

regarded as oafe. 

In order to give an exat"nple, the estimated percentage error due to 

the duct Reynolds number effect will now be determined for the 

model used in the Durban Roodepoort Deep rnineshaft correlation tests. 

-1 
In this model a ventilation air velocity of v = 0.93 feet secondJ av 

e • I I I I •• • e ~'21 
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Was used at a rna · 1 • t · · d -1 . Xlmmn nols lng spee of u = 9. 54 fet::>t seconds • 

Figure 74 shows the variation of lateral aerodynamic force coef­

ficients with Reynolds nmnber for both a flat velocity profile and 

a profile for typical fully developed turbulent pipe flovr. TheBe 

curves were obtained for a conveyance adjusted at a rather large 

angle of incidence of approximately )0 minutes. The indicated 

force coefficients 

CSu; 0,024 (for the flat velocity profile) 

and CSv = 0.0205 (for the parabolic profile) 

will be larger than those encountered during most of the correlation 

tests. 

The lo1-ver curve in }'igure 74 indicates a decrease ~ Csv= 0.0105 

(approximately) when operating at the usual duct Reynolds number of 

approximately 3 x 104• Substituting these values for CQ , C
0 

, 
IJU oV 

and 6. C Q in the above formulae, it follovrs that C" = 0. 0237 and 
wV 0 

D Cc, = 0.00091, indicating a duct Reynolds nwnber effect error of 
() 

3. 7'/~. It is clear that an error of this rnagni tude v1ould not have 

been at all noticeable in the recording of lateral conveyance dis­

placements during the correlation tests on the Durban Roodepoort 

Deep guide rope installation. 

5o5 A study of the significance of velocity profile shapes 

for air flow in dynamic scale model mineshafts. 

5.5.1 Purpose of study. The purpose of this study 

was to establish to \lrhat extent the exact shape of the velocity 

profile of air flow in a duct effected the lateral aerodynamic 

forces acting on a bluff body. 

In general the internal su_~aces of mineshafts are reasonably smooth 

and for such surfaces the velocity profile of fully developed 

turbulent flow in the shaft is dependent on the Reynolds number7. 
In a dynamic scale model of such a mineshaft the flow will occur 

at a very much reduced duct Reynolds nwnber aild the velocity 

distribution will consequently have a more pronounced parabolic 

.......... 222 
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shape (refer to Figure ::.5). "'[;, d v £Or ucts with a reasonably high 

wall roughness it is possible to obtain a flatter velocity profile 

by decreasing the vrall roughness 7. However, in the case of a 

scale model mineshaft which already h3.s a smooth internal sur·face 

it will not be possible to improve the velocity profile shape 

which will then not be simulated geometrically to scale in the 

model. It therefore became neces3ary to study the possible effect 

l.vhich this dissimilarity may have on the behaviour of a dynamic 

scale model. 

Experimental procedure. Using the usual 

apparatus described in section 5.3 the coefficients of aero­

dynamic side force acting on tr1e model conveyance uere determined 

for different velocity profiles. Ine velocity profiles \vere 

changed by changing the length of the duct upstream of the model 

conveyance. At a distance less than about twenty diameters from 

the duct inlet the flow is not yet fully developed, with the result 

that the central portion of the velocity profile in the duct still 

has a flat shape. ifhus changing the length of duct upstream of 

the conveyance provided a convenient method for changing the velocity 

profile shape. 

Velocity profile shapes Here determined by removing the conveyance 

from the duct and t11en carrying out careful pi tot tube traverses 

at the location of the model conveyance. The duct static pressure, 

required in order to determine the dynamic 1:1ead during the pitot 

traverse, 1:1as obtained from four static hole tapping's iu the duct 

at the location of the model conveyance. 

5.5.3 Results and conclusion. The velocity distribution 

profiles for two different duct ler1gths, namely 6 feet and 45 feet, 

are shov.m in Pigure 7 3. The velocity distribution for each profile 

is plotted as a fraction of its peak value so that comparison of the 

two profiles may be facilitated. 

Figure 74 illustrates the variation cf the aerodynamic force coef­

ficients vri th duct Reynolds number obtained for the flat and the 

.......... 223 
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curved air velocity distributions. These curves show clearly 

that the coefficient of the lateral aerodynamic force acting on 

a conveyance is increased ·when the velocity profile becomes flatter. 

This result was expected since in the case of a flat velocity 

profile the increase in air velocity betwGen the conveyance and 

duct 1,vall will be greater than for a velocity profile in which the 

velocity progressively diminishes towards the duct wall. 

Furthermore, the graphs in Figure 74 show that a change in the 

velocity profile shape in no 'vvay alters the Reynolds number effect 

discussed in sections 5.3 and 5.4. The threshold Reynolds number 

below which the coefficient of lateral aerodynamic force rapidly 

decreases occurs at more or less the same value for both of the 

two velocity profiles. 

The two velocity profiles used in this test differed widely from 

each other. In practice the velocity distribution in a fullscale 

mine shaft and in its dynamic scale model 1..rill both be typical 

fully developed turbulent flow velocity distributions. Referring 

to Figure 65 the velocity distribution for a Reynolds number of 

2.0 x 10
6 

is representative of fullscale mineshaft ventilation air 

flow. In a ¥20 scale model the velocity distribution will change 

approximately to the profile drawn for a Reynolds number of 2.3 
x 104. duch dissimilarities in the velocity profiles of model 

mineshafts and their fullscale prototypes should not seriously 

affect the magnitude of the coefficients of lateral aerod~1amic 

forces acting on the models. However, before performing any 

tests on a particular mineshaft model, it will be necessary to 

compare the velocity distributions in the fullscale and model 

mineshafts in order to establish whether the dissimilarity is not 

excessive. 

6. THE APPLICATION OF DYNAMIC ~;cALE MODEL TESTING TO ROPE­

GUIDE HINESH.AFT INSTALLATIONS. 

6.1 General. 

The theoretical and experimental work described in the preceding 

chapters have shown that scale model investigations of rope-guide 
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mineshaft installation problems are feasible. However, as 
experience was gained with such model investigations, may defects 

in the model installations, equipment and testing procedures came 

to light. Owing to the time and expense involved, the rectification 

of many of these defects could not be considered. However, it 

is felt that most of the major difficulties encountered could be 

entirely obviated in any future work on rope-guide model instal­

lations. This chapter deals with recommendations for improved 

models, ancillary equipment and testing procedures. 

Two types of models may be employed in the investigation of rope­

guide mineshaft installation problems. Firstly, a stationary 

aerodynamic scale model of conveyance in a model shaft may be used 

for investigating aerodynamic forces and flow patterns occurring 

in an installation. Secondly, a fully dynamic scale model of a 

rope-guide installation may be used to investigate the dynamic 

behaviour of the system of conveyances, guide ropes, hoist ropes 

and ventilation air flow. 

considered separately. 

These two types of models will now be 

6.2 Stationary aerodynamic scale models. 

6.2.1 The significance of stationary aerodynamic models. 

In a stationary aerodynamic scale model the lateral movement of a 

conveyance in a mineshaft and the dynamic effect of guide and 

hoist ropes are ignored. The stationary model conveyance, 

situated in a model shaft through which air is allowed to flow, 

merely allows the measurement of lateral aerodynamic forces and the 

study of flow patterns in the shaft. 

A stationary aerodynamic mineshaft model is essential for the 

investigation of the nature of any Reynolds number effects v1hich 

may be present in such a model installation. As pointed out in 

Chapter 5, no fully dynamic model tests should be attempted until 

the value of a shaft Reynolds number above which no serious scale 

effects are prevelant, has been established. Such Reynolds 

number tests can only be carried out satisfactorily with a 

stationary aerodynamic mineshaft model. Facilities for such aero-

.......... 227 
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dynamic model testing should therefore be regarded as essential 

ancillary equipment for any fully dynamic model rope-guide test rig. 

Apart from its use in ~reliminary Reynolds number tests, a stationary 

aerodynamic model installation may also be of considerable value 

in solving certain aerodynamic problems concerned 1.vi th the design 

of rope-guide conveyances and mineshafts. For example the design 

of the outer shape of a rope-guided conveyance could be readily 

achieved with stationary aerodynamic tests. In Chapter 4 it has 

been established that the major cause for lateral conveyance 

deflections is lateral aerodynamic forces. In order to eliminate 

such lateral forces, it is merely necessary to suitably modify the 

outer aerodyDamic shape of the conveyance and such modifications 

may be studied conveniently \vi th a stationary aerodynamic model 

of the conveyance. 

As pointed out in Chapter 5, it is not possible to obtain a true 

representation of the air flov1 around a model conveyance which 

does not move relative to the model mineshaft walls. Profiles of 

air velocities relative to a moving conveyance in a shaft may be 

approximated by installing gauze screens upstream of the stationary 

model conveyance but velocity gradients on the shaft wall can never 

be correctly simulated. VJi th these limitations in mind it is 

clear that tests on stationary aerodynamic models should only be 

regarded as supplementary to true dynamic scale model testing. 

6.2.2 Suggested horizontal mineshaft wind tunnel. 

Figure 75 depicts the general lay-out of a small wind tunnel 

r.-;hich \vill be sui table for tests on stationary aerodynamic models 

of rope-guided conveyances. A 2 foot diameter duct with an inlet 

flare some 40 feet upstream of t11e test section and a centrifugal 

blower approximately 15 feet downstream of the test section should 

give satisfactory flow conditions. A honeycomb should be installed 

in the inlet and facilities for installing 4 to 5 gauze screens 

should be provided. Control of the rate of air flow could best 

be effected by means of a butterfly valve installed in a diffuser 

on the blower outlet. Flow measurement should be effected by 

• . • . . . . . . . 228 
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suitably calibrating the static pressure drop over the inlet flare 

against the rate of flow in the tunne19• The :-,rofile of a sui table 

inlet flare is given in Figure 56. 

Although satisfactory results were obtained with the mechanical 

balance for measuring lateral aerodynamic forces as described in 

Chapter 5 (refer to Figure 58), it is thought that a compact strain­

gauge balance as depicted schematically in Figure 76; will be more 

convenient. Such a strain.;..gauge balance should be rigidly mounted 

on its own foundation and should be isolated from the duct to 

prevent vibrations from influencing strain-gauge readings. An 

inherent disadvantage of this type of strain-gauge balance as 

opposed to the null-point balance described in Chapter 5, is the 

absence of any mechanical damping arrangement. During operation 

it is possible to encounter troublesome resonant oscillations in 

certain airspeed ranges. Such resonant oscillations can only be 

obviated by changing some component masses in the balance or by 

changing the stiffness of some of the elastic hinges. The deflection 

of this type of balance presents another disadvantageo 

6.3 Complete dynamic rope-guide models. 

The signtficance of dynamic scale models. In 

complicated rope-guide installation problems where both the dyrtamics 

of the ropes and aerodynamic forces on conveyances play a part, 

only a complete dynamic scale model can be used effectively to 

obtain a solution. As indicated in section 6.2 it will always be 

necessary to establish the extent .of Reynolds number effects in any 

particular mineshaft model before results from a fully dynamic test 

may be interpreted 1·ri th confidence. When such Heynolds number 

effects are present, this does not entirely preclude any dynamic 

testing. Wnen the model is operated below its threshold Reynolds 

number (refer to Chapter 5) useful qualitative results may never­

theless be obtained and, with careful circumspection, quantitative 

predictions regarding the behaviour of the system may be made. 

Suggested vertical mineshaft wind tunnel. The 

vertical mineshaft wind tunnel, described in Chapter 4, proved 

.......... 230 
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adequate for the successful conduction of the correlation tests 

on the Durban Roodepoort Deep rope-guide model. Hov.rever, during 

the course of these tests, many inherent defects of .this apparatus 

came to light and experience gained "~vi th these investigations now 

enables the author to put forward suggestions for a much improved 

apparatus. 

The main source of errors in all previous investigations may be 

attributed to the non-rigidity of the steel tower used to support 

the mineshaft model. Experience has shown that any swaying or 

vibrations in the support of the model may completely spoil test 

results. In order to obtain a rigid model support the obvious 

solution is to install the model in a pit similar to the 80 feet 

concrete lined pit described in Chapter 3. Figure 77 gives the 

general lay-out of such a vertical mineshaft wind tunnel with 

facilities for varying the air density. Ho';vever, the costs in­

volved in the sinking and lining of a suitable pit which will 

accommodate all types of mineshaft models are rather prohibitive. 

It is now suggested that use should be made of one of the disused 

mineshafts which are available in the Witwatersrand Area. In 

such a shaft the length of the model will present no problem and 

models of 10,000 feet rope-guide installations, now under con­

sideration by some of the mining authorities, could be readily 

accommodated in a 500 feet deep test shaft. 

Figure 78 depicts the general lay-out of such a 500 feet deep shaft 

which will be suitable to accommodate models of very great length. 

It will be necessary to install a platform which could be hoisted 

to any arbitrary level along the 500 feet working depth in order 

to enable the installation of model shafts. It is suggested that 

this working platform be steadied by three guide ropes, each 

tensioned by means of a 10 ton tensioning weignt. This working 

platform should be equipped with steadying beams which may be 

pressed against the shaft wall to prevent the platform from swaying 

while suspended at any particular level in the shaft. A second 

platform which can be installed on fixed brackets, spaced at some 

10 feet intervals along the 500 feet shaft length, will be useful 

.......... 232 
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at the lower extremity of any particular model shaft. 

Permanent mounting brackets should be fixed along the shaft wall 

to support mineshaft models of any length and diameter (refer to 

section 6.3.3). The model winding gear, control and recording 

equipment and all other instrumentation should be accornmodated on 

ground level at the upper extremity of the mineshaft model. 

Iviodel sh0ft ducting. 'rhe electro-magnetic 

recording of lateral conveyance deflection, described in Chapter 4, 
is regarded as the most satisfactory method. However, as pointed 

out in Chapter 4, the model shaft ducting, when constructed from 

a magnetic material 9 causes very troublesome interference effects 

in the recording system. It is suggested that ducting for model 

shafts be constructed from aluminium sheeting which will have the 

added advantage of providing light duct sections which may be easily 

handled and installed. Brass bolts and nuts should be used in 

the entire structure of the model shaft and its supports. 

The duct should be constructed in some ten or twelve feet lengths 

and each section should consist of two halves which will facilitate 

the installation of internal shaft structures and ropes in the model. 

The general mode of construction and installation of these duct 

sections is illustrated in Figure 79. Figure 80 depicts an ad-

justable mounting bracket suitable for fixing the duct sections to 

the shaft wall. Portion A of this bracket should be fixed per-

manently to the shaft wall and will be suitable for all models. 

Portion B of each bracket must be manufactured for each particular 

model diameter. These brackets should also be manufactured from 

aluminium sheeting to prevent any possible interference on electro­

magnetic recording systems in the model shaft. 

The exact alignment of the model shaft sections is extremely 

important. This can be effected conveniently by aligning section 

B of each bracket by means of a line and plumb-bob. After all 

these brackets have been installed and aligned, the duct section 

may then be installed without further alignment. 
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6.3.4 Model guide and ~oist ropes. The guide ropes 

are the most important components in a model rope-fs'Uide Ltineshaft 

installation. If model guide ropes are not dynamically re­

presentative of its fullscale prototype, the behaviour of the 

model is found to be ina.ccura te. 

~1odel guide ropes are only tensioned to a few pounds at the most 

and this tensioning will never be sufficient to remove coils in 

a rope. It will therefore al~;-.rays be necessary to straighten out 

guide ropes before use. The ropes used in the Durban Roodepoort 

Deep correlation model were straightened out by tensioning each 

rope with some 100 pounds and then t\visting the rope in a direction 

opposite to the natural coils occurring in the rope. 

Figure 81 illustrates another method vlhich, ,,~.rhen carefully applied, 

should ensure absolutely straight guide ropes. In this suggested 

method the guide rope unwinds from a drum through a high frequency 

electric induction heating coil while being tensioned to some 

.300 pounds by means of a tensioning weight. A simple pendulum 

and clockwork mechanism, indicated in E1igure 81, may be used to 

ensure that the rope unwinds and passes through the heating coil 

at a suitable rate. When suitably adjusted, the wire rope v1ill 

te lleated locally to its annealing temperature and the tensioning 

\.Jeight ·will ensure that the rope is strai;:SlJ.tened out properly. 

Ti1iG equipment for straighteni.t1g ropes should be installed in the 

vertical mineshaft tvind tunnel adjacent to the actual model shaft 

in which the guide rope is to be installed. 'I'he gu.i de rope can 

tben unvdnd from its drurn down into the shaft of the vertical 

mineshaft Hind tunnel and may be suspended in its position in the 

model installation immediately after it has been straightened. 

It is recomrnended that tne linear scale factor for any model 

should always be deduced from knowledge of the weight of the most 

suitable guide ropes available. This will ensure that the model 

is dynamically to scale as far as the guide ropes are concerned. 

A considerable range of small wire rope sizes are available and 

wire rope manufacturers can manufacture ropes approximately to 

some predetermined weight per foot. 

. . . . . . • . . . 238 
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Model guide ropes may also be constructed from copper or brass 

wire. Excellent results were obtained with the copper wire guide 

ropes used in the Durban Roodepoort Deep correlation model. Copper 

ropes are more flexible than steel ropes and may also be straightened 
out more readily. 

The exact simulation of hoist ropes are generally not so critical, 

since tne total weight of hoist ropes in a shaft is usually very 

much less than the total weight of guide ropes, It will usually 

be possible to select a suitable hoist rope to fit any set of guide 

ropes. 

Since hoist ropes always pass over pulleys and over the winding 

drum they should always be constructed from steel wire to avoid 

breakage and wear. It will also be necessary to attach hoist 

ropes to conveyances by means of anti-spin bearings. Most full-

scale hoist ropes are of the "non-spintt type in which the torque, 

tending to rotate the conveyance, is reduced to a minimum. 

When mounting model guide ropes and hoist ropes inside a model 

shaft, the exact posi tioni.ng of these ropes is very important. 

It is recommended that positioning plates, illustrated in Figure 

82 should be used at the top and tne bottom of a model rope-guide 

installation. 'rhese positioning plates may then also be con-

veniently employed for locating the indicator cables uBed for 

recording lateral movements of conveyances as described in 

Chapter 4. 

Model conveya~2~ In all previous in-

vestigations dynamic scale models of rope-guide conveyances 'dere 

constructed from brass or steel sheet. .ith this construction 

the mass distribution in the model and its moment of inertia could 

be simulated exactly. However 9 such models are costly and are 

difficult to construct accurately. It is thought that models 

could be constructed much more conveniently from some machinable 

material such as perspex. Figure 83 illustrates the suggested 

method of construction of such a perspex model. The vJalls of the 
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model should be constructed from thick perspex sl1eets and the outer 

surfaces of the model conveyance may then be accurately machined 

to its coTrect shape. Fittings on the outer surfaces, such as 

angle stiffeners, brackets etc. may then be glued in position. 

In sucn a model the guide rope sliding bearings may be spaced and 

aligned with great accuracy and should ensure tnat the model con­

veyance is suspended correctly. 

As described in Chapter 4, it was found that normal rope-guide 

conveyances show little or no tendency to pitch or yaw and only 

execute lateral translatory movements during hoisting. Under 

these circun1stances the exact position of the centre of gravity 

and the ma&1itudes of the moments of inertia of the conveyance do 

not affect its dynamic behaviour. In such models it will there-

fore not be necessary to simulate moments of inertias correctly 

to scale. It will merely be necessary to represent the overall 

mass of the conveyance correctly and in a perspex model this may 

be achieved by placing lead or sand loads inside the model. If 

it is desired to obtain the correct moments of inertias and centre 

of gravity position in a model, this may be readily achieved by 

six masses whicn are adjustable along the three axes of the model. 

rl_lhis system is illustrated in Figure 83. 

6.j.6 Control of air flow. 

In the vertical mineshaft wind tucmel described in Chapter 4, air 

flovJ \vas induced in a model mine shaft by either sucking air from 

or blowing air into the sealed pit. W'nen using an abandoned 

minesha.ft as a vertical mineshaft 11dnd tunnel, this method will 

most probably not be plausible. It is suggested that a permanent 

air duct of some 18 inches diameter should be installed in the 

shaft along the full working· depth of 500 feet. Facilities for 

tap})ing off air at regular invervals along this duct should be 

provided. TI1e lower extremity of a model mineshaft of any length 

may the:n be com1ected to this return air duct in a manner illustrated 

in Figure 84. Measurement of the rate of air flow could be 

obtained by installiHg an orifice or venturi flow meter in the 

return air duct. Upward or downward ventilation air flo\..r in the 
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model shaft could be obtained by respectively conm1ecting the out­

let or inlet of the centrifugal blo;trer to the return air duct. 

6.3.7 General instrumentation and model hoisting gear. 

The electro-magnetic induction method used for obtaining recordings 

of lateral conveyaEce movement as described in Chapter 4 is regarded 

as satisfactory, provided that the induction coils are never 

allowed to come in close proximity to any magnetic material. It 

is also recownended that the model hoisting gear and the system 

used for simulating hoisting cycles, as described in Chapter 4, 
should be applied. 

6.4 Development of a general design code for rope-guide 

installations. 

6.4.1 General. Facilities for aerodynamic scale 

model testing of conveyances and for fully dynamic model testing 

of ro?e-guide installations will probably be utilised most 

frequently for investigatL1g problems :peculiar to particular mine­

shaft installations. However, vJhile carrying out such in­

vestigations, advantag'e should be taken of the opportunity of 

comparing the dynamic behaviour of various installations for the 

purpose of ultimately developing a general design code which may 

be used in future for designing fullscale rope-guide installations. 

Eor this purpose some additional measurements on fullscale rope­

guide installations may also be useful. 

In developing such a design code it vlill be necessary to assess 

all tne important parameters vrhich influence the design of a rope­

guide installation, and to establish the relationship between such 

parameters, preferably in a non-dimensional form. ~1e following 

preliminary survey of rope-guide installation parameters and the 

possible non-dimensional grouping of these parameters, may serve 

as a guide for future investigations which may lead to the ultimate 

formulation of a satisfactory general design code for rope-guide 

installations. 

• • • • • • • • • • 24 5 
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Disturbing forces acting on rope-P-.~:Ul.de 
!:.-" _ ·"'" conveyances. 

Only two significant types of disturbing forces acting on rope-

guided conveyances are envisaged, namely steady lateral aerodynamic 

or Coriolis forces and impulsive lateral forces. The latter may 

be caused aerodynamically 11hen conveyances pass each other or when 

a conveyance pa0ses a station cutting from which air is flowing 

into the shaft. Alternatively some accidental collision between 

two conveyances or between a conveya11ce and some protrudence in 

the shaft may impart a lateral impulsive force to a moving con­

veyance. 

Experience with dynamic scale models of rope-guide installations 

have shown that the accurate assessment of the magnitude of lateral 

steady and impulsive forces acting on a moving conveyance is a 

difficult matter. It was for this very reason that it became 

necessary to st~dy lateral aerodynamic forces on conveyances in 

a horizontal rninesl1aft wind tunnel in which a stationary conveyance 

T..ras installed. It is now suggested that it should not be attempted 

to include lateral aerodynamic force effects in those investigations 

in which fully dynamic rope-guide models are used to determine the 

relationship between the various shaft parameters. Such lateral 

aerodynamic force effects should be simulated by some artificial 

means which will enable the accurate assessment of the magnitude 

of these forces. For example, a steady lateral aerodynamic 

force may be readily simulated by the reaction on the conveyance 

of a small lateral air jet, fed from a miniature high pressure 

air vessel installed in the conveyance and forming part of the 

model load. A lateral impulsive force may be imparted to a 

moving conveyance by means of a cam projecting into the shaft and 

fixed to a pendulum. ~Ihen the moving conveyance strikes the 

cam the maximum swing of the pendulum will provide an accurate 

measure of the magnitude of the impulse imparted to the conveyance. 

By thus simulating lateral steady and impulsive forces and 

accurately establishing their magnitudes, it will be possible 

to make a thorough study of the relationships existing between 

such forces and the various other rope-guide installation para­

meters such as lateral conveyance deflections, guide rope weights, 

.......... 246 
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guide rope tensioning weights etc. 

Various mine.shaft parameters and their non-

dimensional gTouping. The following are regarded as the most 

important mineshaft parameters to be considered 1..rhen designing the 

installation of a rope-guide system: 

M mass of conveyance in slugs 

mr mass of guide ropes in slugs feet-l 

mh mass of hoist rope 

F lateral impulsive force in slugs feet seconds-l 

YFmax maximum lateral deflection of conveyance in feet, due 

to impulsive force F 

A lateral steady force in pounds 

Y maximum lateral deflection of conveyance in feet, due 
Am ax 

to a steady force A 

Tb tension force in pounds on the lower extremity of one 

guide rope 

n number of guide ropes per conveyance 

H length of guide ropes between the upper and lower 

points of a ttacl":t.1J1ent 

D shaft diameter in feet 

u hoisting speed in feet seconds 
-1 

t time interval in seconds for a guide rope w-ave to 

travel a distance H 

d 

0 
) 

g 

logarithmic decrement of lateral conveyance oscillations 

due to internal rope friction and aerodynamic damping 

density of the air in the mineshaft in slugs feet-
3 

-2 
acceleration due to gravity in feet seconds • 

In reference 2 mathematical analyses of lateral conveyance motion 

are presented for a conveyance ;,{i th four guide ropes suspended in 
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a shaft and subjected to steady a.s \ve 11 as impulsive lateral forces. 

This analysis gives the following approximate expressions which 

illustrate the effect of shaft parameters on the lateral displace­

ments of a conveyance due to steady and impulsive lateral forces. 

For an impulsive force: 

!M;;:-ii: YF 
\1~ r max 

0.391 F 

For a steady force: 

I ·-r-~--, ·T;~ 2 

=II + 1 -/ : ~ mrg H mrg lJ 
2 m g YAm r 1ax 

A 

Although these expressions are applicable to a conveyance vv-hich is 

not travelling up or down a shaft but is suspended at a particular 

level in the shaft these equations nevertheless suggest the most 

significant grouping of the shaft parameters. Thus 1..rhen carrying 

out tests on the effect of impulsive forces on a conveyance the 

significant groups of parameters may be regarded as 

{£1gm YF nT b \ r max and 
F Mg 

Wben steady forces are considered, the significant parameter groups 

should be 

m g y 
r Amax 

A 
nT b and m g H 

r. 

These theoretically derived non-dimensional groups of variables 

indicate that the effect of impulsive forces is independent of the 

shaft depth, while steady forces cause a greater deflection in 

deep shafts than in shallow ones. These theoretical predictions 

may be readily substantiated by model tests and further non-dimensional 

groups of parameters may be added to the above. For example, the 

effect of hoisting speed may be represented by introducing the 
u t 

ratio H• 

This ratio of hoisting speed u to the average speed of wave 
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t
. H 

propaga lon t in the ropes will most probably have a significant 

effect on the lateral displacement of a conveyance. Test results 

may be conveniently presented by plotting a family of curves of 

nTb /M g~-
say Mg against F r YFmax for various values of u~ • 

The theoretical analysis indicates that the effect of the hoist 

rope weight ~ should not be significant. However, a factor ~ 
m 

r 
should be introduced in the experimental analysis and the effect 

of varying this ratio should be studied. 

The shaft diameter D and the air density JP will have a significant 

effect on any aerodynamic force effects on conveyances. However, 

if all lateral force effects are simulated artificially as recom­

mended in section 6.4.2, D and f should have no further effect 

on the dynamic behaviour of the rope-guide system. 

The effect of the logarithmic decrement d may also be investigated 

conveniently by model tests. The lateral swaying of conveyances 

may possibly be reduced by absorbing the wave energy in guide 

ropes near their upper and lower extremities, using hydraulic or 

friction damperse Model tests will indicate to what extent the 

magnitude of the logarithmic decrement will influence the lateral 

deflection of conveyances. 

6.4.4 The aerodynamic design of conveyances. In 

section 6.42 it was suggested that in order to develop a design 

code incorporating all mineshaft parameters the lateral forces 

acting on a conveyance should be simulated and that in such model 

tests all aerodynamic lateral force effects should be zero. This 

procedure is desirable in order to obtain reliable experimental 

data where the dynamic behaviour of the guide ropes and hoist ropes 

are concerned. However, aerodynamic lateral forces are usually 

the most important disturbing forces acting on rope-guided con­

veyances. In developing a general design code for rope-guide 

installations it will be necessary to give special attention to 

the aerodynamic design of conveyances. 
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Fortunately experimental work concerning aerod~1amic shapes of 

conveyances will be much less involved than the experimental in­

vestigations concerned with rope-guide systems as a whole. iJuch 

aerodynamic investigations may be readily carried out in a horizontal 

mineshaft wind tunnel as described in section 6.2. 

In general the aerodynamic design of a conveyance will be aimed at 

obtaining zero lateral aerodynamic forces on such a conveyance. 

Relatively simple tests >vvill be required to obtain a design code 

giving the required basic shapes of various standard types of con-

veyances. In certain cases it may be required to obtain certain 

predetermined lateral aerodynamic forces on conveyance instal­

lations. For example, in the case when it is required to counter­

act the Coriolis force by means of a lateral aerodynamic force. 

Again the experimental development of standard devicecl, such as 

deflector platest which may be attached to conveyances to produce 

desired lateral aerodynamic force effects, will be relatively simple. 

7. TIIE DESIGN OF FULLSCALE ROPE-GUIDE SYSTEl\:3. 

7.1 General. 

The establishment of a design code for the development of rope­

guide mir1eshaft installations does not fall within the scope of 

this report • Nevertheless, while carrying out the various in-

vestigations, some important aspects of rope-guide design nave 

come to light. These aspects may be of assistence to engineers 

engaged upon the design of rope-guide installations and this in­

formation is therefore presented. 

7.2 Aerodyn~ic design of conveyances. 

The chief concern of the designer of a rope-guide system will 

probably be to reduce the lateral swaying of conveyances to a 

minimum. The results of various model investigations have 

clearly indicated that lateral deflection of conveyances are 

cause mainly by the action of lateral aerodynamic forces on these 

The aerodynamic shape of a conveyance should there­conveyances. 

fore be designed in such a manner that no lateral aerodynamic 

forces are present for both upward and downward hoisting. The 
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aerodynamic effect of the flat roof or plate, placed some distance 

above the conveyance, as described in Chapter 4, suggests a con­

venient method for controlling lateral aerody~amic forces (refer 

to Figure 23). During the correlation tests described in Chapter 

4 it was noticed that such a plate nas the tendency of forcing 

the conveyance towards the shaft wall nearest to the conveyance. 

If a conveyance has the tendency to swing away from a shaft wall, 

such a flat plate may be used to cancel out this tendency. The 

height of the plate above the conveyance and the area of the plate 

may be varied until the resulting aerodynamic force is zero. 

A variety of deflector plates or vane~ attached to a conveyance, 

may be used for cancelling out lateral aerodynamic forces. 

Figure 85 depicts a few achemes which may be used to adjust lateral 

aerodynamic forces. For upward hoisting deflector vanes or plates 

should be ins tal led on top of the conveyance and for dowrn.rard 

travel lateral movement may be controlled by plates or vanes 

situated below the conveyance. ~hen such a conveyance is travelling 

in any particular direction any vanes or plates situated in the 

turbulent region on the downstream side of the conveyance will 

cause little or no lateral forces on the conveyance. 

In addition to such external devices which must be fitted to con­

veyances, a conveyance may simply be tilted slightly, relative to 

the guide rope?. until no lateral aerodynamic effects are apparent. 

In Chapter 4 it was shown that a conveyance could be readily made 

to deviate either towards a shaft wall or away from it by adjusting 

the angle of suspension of the conveyance by only a few minutes. 

It must, however, be pointed out that conveyances should nGver be 

tilted within their guide ropes which will result in severe wear 

on the guide rope sliding bearings. Guide rope sliding bearings 

should be adjusted to allow for the tilt of the conveyance. 

Unfortunately it is not possib}a ~o predict the aerodynamic 

effects of deflector plates, vanes, etc. by theoretical calculations. 

However, these devices may be readily tested with the use of simple 

stationary aerodynamic models, as described in Chapter 6. 
Alternatively aerodynamic teats may be carried out in the full-

scale mineshaft after the conveyances have been installed. For 
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example, a set of deflector vanes may be fitted to a conveyance 

and adjustments may then be made to these vanes during hoisting. 

Using a reference cable suspended down the shaft in a manner described 

in Chapter 4, it will be possible to determine the exact setting 

of the vanes so as to ensure zero lateral deflection of the con­

veyance. l?or such tests it should not be necessary to use an 

electro-magnetic induction system to obtain graphical traces of 

the lateral movement of the conveyance. If it is practical for 

an observer to travel on the conveyance during hoisting tests, it 

is possible to obtain a fairly accurate impression of lateral con­

veyance movement by using a ruler to measure displacements relative 

to the reference cable. 

7.3 Aerodynamic interference between 90nveyances. 

When two or more conveyances pass each ot11er at speed in a shaft 

in which ventilation air flows, it is clear that these conveyances 

will cause a momentary blockage of the shaft. It is possible 

that rather large impulsive aerodynamic side forces may be caused 

to act on conveyances under such circumstances, and this has 

caused some concern to the designers of rope-guide installations. 

This effect has been investigated for the case of three conveyances 
. 10 and 11 passing each other s1multaneously • No unusual lateral 

deflections could be observed tt~hen these conveyances passed each 

other. The traces of lateral conveyance movement obtained in the 

Durban Roodepoort Deep correlation tests, also shm·red no additional 

deflection at the level where the conveyances passed each other. 

It is clear that in these installations the deflections due to the 

impulsive aerodynamic forces have been so small that they were 

completely masked by other aerodynamic effects. It appears that 

the rope-guide system resists impulsive forces of considerable 

magnitude, but gives way readily to any sustained lateral force. 

It is possible that dangerous conditions may arise in a multi­

conveyance shaft where clearances of only a few inches are provided 

between conveyances. Such conditions can only be studied satis-

factorily with a dynamic scale model. However, in conventional 

rope-guide systems where a clearance of between one and two feet 

is allowed, the interference effect between conveyances passing each 
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other \-Till be negligible. 

A far more serious aerodynamic interference effect is observed 

~-~.rnen two conveyances travel 1· n t' d ne same irection, the one some 
distance ahead of the other. Under such circumstances the one 

conveyance is continuously moving in the turbulent wake of the 

conveyance travelling ahead of it and is subjected to buffeting and 

lateral disturbing forces 10 • ~uch conditions should always be 
avoided. In the case of a multi-conveyance shaft v..rhere it is un-

avoidable for two conveyances to travel in the same direction, 

such conveyances should be hoisted in compartments as far removed 

from each other as possible. "Wen then it will be advisable to 

carry out dynarJic model tests to ascertain the magnitude of 

aerodynamic disturbing effects. 

7.4 Effects of station cuttings. 

At various levels in a mine shaft station cuttings often occur. 

Any air drawn from or blo\m into the shaft at these points may 

have a slight effect on the lateral movement of rope-guided con­

veyances, but such effects will also be of an impulsive nature and 

may usually be neglected. In Reference 11 a model test is described 

in which a rope-guide installation shaft, having a ventilation air 

flow rate of 600,000 cubic feet per minute, was simulated. On 

increasing the air draw-off through a station cutting from zero 

to 401~ of the flow rate in the shaft, an increase in fullscale con-

veyance deflection of only half an inch could be noticed. In this 

case the conveyance passed the station cutting at a hoisting speed 

of 3,000 feet per minute. 

7.5 The tensioning of guide ropes. 

It is common practice in rope-guide mineshaft engineering to 

stagger the tensioning weights on guide ropes. It is argued that 

such unequal tensioning \-Till prevent any resonant swaying of con­

veyances during hoisting. Theoretical analysis of rope-guided 

conveyance behaviour2 clearly show that on imparting an impulsive 

force a conveyance \>~Till undergo a certain lateral displacement 

and will then remain in that position, while the energy required 

to produce this deflection will travel along the guide ropes in 
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the form of a wave. T'he conveyance "'-'Till only start swiDging 

back when the ~'!Uide rope waves, after being reflected from their 

extremeties, aga,in return to the conveyance. ·when the guide 
ropes are not tensioned equally, the waves in the guide ropes will 

not trfivel at equal speeds. Reflected waves \Arill therefore not 

return to the conveyance simul talleously e.nd the conveyance "'-'Till 

tend to t~~·is t about its vertical axis. It is thought that no 

advantag·e is gained by staggering guide rope tensioning weights. 

The resulting yawing motion of the conveyance might even prove to 

be troublesome in certain cases. In Reference 9 comparative 

tests on uniform and staggered guide rope tensioning weights 

indica ted no marked difference bet\veen maximum conve~rance deflections. 

()n increasing the tensioning weightt3 on guide ropes, it appears 

that the maximum conveyance deflection reduces asymptotically to-

v1ards some minimum value. In Reference 10 a test is described in 

1.\rhich the effect of various guide rope tensioning weights on con­

veyance deflection isstudied for a particular mineshaft installation. 

me results are presented graphically in Fisure 86. Guide rope 

tensioning weights are rendered 110n-dimensional by dividing by the 

•,.reight of the conveyance. A conveyance deflection is given as 

a fraction of the shaft diameter. J?rom this diagram it appears 

that for this particular installation not much advantage is gained 

in increasing the magnitude of the sum of the rope-guide tensioning 

weights to beyond four times the conveyance weight. 

7.6 Theoretical prediction of conveyance deflection and the 

influence of __ y§rious para;jeters. 

Even ,,,hen rope-<:!,Uided conveyances have been aerodynamically designed 

in such a way that no lateral aerodynamic forces ,,v-ill be present 

during hoisting9 the designer of a rope-Guide installation will 

nevertheless want to set certain criteria for the safe operation of 

the system. It ~rtill be necessary for the desig11er to estimate 

maximum lateral steady and impulsive forces -..,;hich may be exerted 

on conveyances due to unforseen circumstances. Estimates of such 

forces may be based on past experience or may be established from 

t9sts on model or fullscale installations. 

. . . . . . . . . . 255 
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Once having established the maximw:n values of lateral impulsive 

and steady forces which must be tolerated in a rope-guide in­

stallation, it \{ill be necessary to knov.r 1.vhat maximum lateral 

displacement of conveyances may be expected. It will also be 

desirable to know to 1Aihat extent such lateral deflections due to 

lateral impulsive and steady forces will be influenced by the 

various shaft parameters. 

In Reference 2 approximate relationships bet~:1een the various 

mineshaft parameters have beer1 established theoretically for a 

conveyance 1.vhich is suspended at some fixed level in the shaft. 

Figure 87(a) and 87(b) present these theoretical relationships 

graphically for t:ne case of a conveyance itli th four guide ropes. 

The nomenclature applicable to these graphs is as follovrs ~ 

M 

m 
r 

y 
Fmax 

F 

y 
Am ax 

A 

H 

g 

= 

= 

= 

mass of conveyance in slugs 

-1 mass of a guide rope in slugs feet 

maximum lateral deflection of conveyance in feet, 

due to an impulsive force F 

-1 
lateral impulsive force in slugs feet seconds 

sum of tensioning forces on the lm.ver extremities of 

guide ropes in pounds 

maximum lateral deflection of conveyance in feet~ 

due to a steady lateral force A 

steady lateral force on conveyance in pounds 

length of guide ropes measured between upper and 

lower fastening points in feet 

-2 
acceleration due to gravity in feet seconds . 

According to these theoretically derived relationships, it appears 

that the effects of impulsive forces will be e~.;.ually severe in deep 

and shallow shafts with the same rope tensions and rope masses. 

:::itaady forces !I ho1.vever, 'd·ill h[;;..ve a more pronounced effect in deep 

shafts than in shallow shafts. rhe effects of the vreights of 

hoist ropes have been as3wned to be insignificant and have been 

ignored in this theoretical analysis. 
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Although the theoretical curves in Figure 87 apply to a stationary 

conveyance in a shaft, they represent conditions at that particular 

level in the shaft where lateral deflect1.'ons ·11 b · w1. _ e a maxlmum. 
During hoisting operations 

and YAm as determined by ax 

it may be assumed that values of YF 
max 

these curves will not be exceeded. 
These curves may therefore be used as a guide when establishing the 

various shaft parameters for design purposes. 

7.7 'rhe Coriolis force effect. 

In Cahpter 4 it was shown that owing to the rotation of the earth 

a travelling conveyance is subjected to a Coriolis force of 

magnitude 2M SJ.... v pounds 1..rhere 11, Sband v are respectively the 

conveyance mass in slugs, the rotationa.l speed of the earth in 

radians seconds-land the hoisting speed of the conveyance in feet 
-1 seconds • 

il'a.king J1, 0. 0000727 radians seconds-l 

Coriolis force = 0.0001454 Mv pounds. 

For a conveyance travelling up\vard.s, the Corio lis force causes a 

westward deflection and for a conveyance travelling downwards, the 

Coriolis force causes an eastivard deflection. 

In rope-guide installations 1·-1here very high hoisting speeds are 

employed, the Coriolis force may notre neglected. For example, 

a conveyru1ce of 800 slugs mass travelling at 4,000 feet per minute 

will be subjected to a lateral force of 7.75 pounds. In very 

deep shafts 1"here such high hoisting velocities will be very 

desirable, a lateral force of 7.75 pounds may cause a considerable 

deflection. 

Coriolis force deflection may be conveniently counteracted by using 

some device such as deflector vanes, which lvill create an aero­

dynamic side force of equal magnitude acting in a direction 

opposite to the Coriolis force. Figure 85(a) depicts a system 

of deflector vanes which will be suitable for counteracting 

Coriolis forces for both upward and dmvnward hoisting. Un-
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fortunately the Coriolis force can not be couteracted by means 

of fixed deflector vanes at all hoisting speeds since the Coriolis 

force is lis.1early proportional to hoisting speed, vJhereas aero­

djnamic forces are proportional to the square of the hoisting 

speed. Purthermore it will be necessary to consider possible 

variations in the rate of ventilation air flo1-r when deflector 

v,:~.nes 3-re used to generate lateral aerodynamic forces. However, 

in most cases it will be possible to compensate aerodynamically 

for Coriolis effects at the normal hoisting speed at which any 

particular installation is operated. 

8. CONCLUSION. 

It is considered that the investigaticns simed at establishing the degree 

of dynamic similarity existing bet\veen a dynamic scG.le model rope­

guide installation and its fullscale prototype have adequately 

illustrated the feasibility of dynamic scale model testing of rope-

guide systems. These investigations as well as the various model 

studies on Rey~olds nurnber effects in mineshafts equipped with rope­

guides have also indicated the necessary conditions for the satis­

factory execution of dynamic scale model tests. 

The stationary and hoisting correlation tests dealt 1-ri th in Chapter 

4 have shOitvTI that although elastic bending forces in ropes, damping 

forces due to internal rope friction and aerodynamic viscous forces 

have not been simulated to scale 9 the dynamic behaviour of the 

model and its fullscale prototype was nevertheless similar. 

During the investigations on fullscale and dy1.1amic scale models of 

rope-guide installations it became apparent that only two significant 

types of lateral disturbing forces act on rope-guided conveyances9 

namely aerodynamic forces and the Coriolis force. This latter 

force can never be simulated to scale in a dynamic model rope-guide 

system but fortunately the magnitude of this disturbing force can 

be determined accurately and it will always be possible to simulate 

this force '~Ari th an artificially generated aerodynamic lateral force 

or by some other means. Aerodynamic lateral forces on rope-guided 

conveyances are of a more complex nature but it IA,Tas found that by 
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studying these force effects ~~ith careful circurnspection it should 

be possible to simulate aerodynamic force effects satisfactorily for 

most types of rope-guide mineshaft installations. 

Extensive tests on the mechanics of air flow around a bluff body 

situated stationary in a duct have indicated that aerodynamic viscous 

force scale 2ffects will become apparent below a certain threshold 

Reynolds number. It 1\ras found that these scale effects were associated 

1tJi th viscous aerodynamic force effects due to the flow of air 

relative to the duct walls. It becrune apparent that in mineshafts 

where the velocity of ventilation air is very low compared with the 

hoisting velocity of conveyances the Reynolds number scale effect 

on lateral forces may be insignificant. On the other hand high 

flow rates of ventilation air in a model shaft may bring about a 

noticeable Reynolds number effect '\.lrhen the magnitude of the shaft 

Reynolds number (i.e. the Reynolds number based on the ventilation 

air velocity) is less than a certain critical or threshold value 

'Hhich can be determined experimentally. In order to ensure the 

correct simulation of all aerodynamic lateral forces in such a scale 

model shaft it will be necessary to maintain a shaft Heynolds number 

eq_ual to or higher than the threshold Reynolds number applicable to 

such a model shaft. In certain instances it may be found that, in 

order to maintain such a relatively large Reynolds number in a model, 

the scale model may become too large to be practical. Ho~-Jever, 

particular attention should be given to the probable percentage error 

which 'vill be introduced when a Reynolds number lower than the 

threshold .Reynolds number is employed in a dynamic scale model. 

Erl·ors due to Reynolds number effects may be small enough not to 

detract from the value of model experiments and usually allo-v1ances 

may readily be made for such errors. 

·Jlhe experience gained during the various correlation tests and in­

vestigations into aerodynamic phenomena in rope-guide installations 

made it possible to present data necessary for future dynamic scale 

model investigations required for the development of efficient and 

safe rope-guide mineshaft installations. 
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9. GF~J"SRAL NOHi~NCLA'rDHE. 

The follmving list indicates the significance of all symbols used 

throughout this thesis: 

A total aerodynamic force acting on a model conveyance 

(in pounds). Alternatively a steady late:r:al force acting 

on a conveyance (in pounds). 

B lower face area of a model conveyance (in feet 2
). 

b vertical distance bet1-v-een upper and lower points of 

contact bet\veen guide ropes and conveyance (in feet). 

bh vertical distance between the point of contact of the 

hoist rope and the centre of t,.rravi ty of the conveyance 

(in feet). 

b vertical distance bet1-1een the upper points of contract 
u 

of the guide ropes and the centre of gravity of the con-

veyance (in feet). 

C coefficient of discharge for an orifice plate flow meter. 

c
1 

aerodynamic couple coefficient acting in the pitching 

plane, defined as 

1 

% coefficient of the total aerody-namic force moment defined as 

CR aerodynamic drag force coefficient defined as 

C -- R 
R - -) ( )2 2 2-_p W+V b 
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C8 lateral aerodynamic force coefficient defined as 

/\c 
·~s 

c s = 
;::) ~0 ( W+V )

2 b2 
or alternatively as 

I 
/ 

c s 
u J. ( )2 ]2 -s·y w+v 

--

or alternatively as 

s 

error induced in c8 due to Reynolds number effect. 

coefficient of late~al aerodynamic force applicable to 

a conveyance 1vhich is moving at a speed u through a 

scaft in which the air is stationary. 

Cc., coefficient of lateral aerodynarnic force applicable to 
uV 

/'\c /----- Sv 

c 

a conveyance 1-rhich is situated stationary in a duct 

t11rough which air flm.-rs at a velocity of v • av 

decrement in c8 v due to Reynolds number effect. 

perpendicular distance bet\veen the line of action of the 

impulse P and the pivot point of the impulse pendulum 

used during tests. 

c1 distance between the point of percu0sion and the pivot 

point of the impulse pendulum used during tests. 

D diameter of shaft (in feet). 

d lot~ari th .. rnic decrement of damping of lateral conveyance 

oscillations. 1ll ternatively the orifice diameter of 

an orifice plate flow ~eter (in inches) • 

• • 0. • • • • • • 263 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



- 263 -

E Yormgs modulus for steel used in the Hire ropes (in pounds 
-2) feet • Alternatively the velocity of approach factor 

for an orifice plate flow meter, defined as 2 - --1--
2 

d2 1-m 
where m = n- and Dt is the throat diameter of the 

t 
flow meter contraction in inches. 

e Strain in a rope due to bending. 

F lateral impulsive force on a conveyance (in slugs 
-1) feet seconds • 

g acceleration due to gravity (feet seconds- 2) 

H lent;th of guide ropes betw·een upper and lower attach­

ment points, i.e. the effective depth of the shaft 

(in feet). Alternatively the static pressure drop 

over the flared inlet of the horizontal mineshaft 

Hind tunne 1 ( in mm water) . 

h distance of the centre of gravity from the pivot point 

of the impulse pendulum used during tests (in feet). 

Alternatively the differential pressure over the 

orifice plate in an orifice plate flow meter (in mm 

v1a ter). 

h 
u 

static pressure drop bet-r.veen the lo-r.v-er face of a model 

conveyance and the unobstructed duct upstream of the 
-2 conveyance (in pounds feet ). 

static pressure drop between the upper face of a model 

conveyance and the m1obstructed duct upstream of the 
-2) conveyance (in pounds feet • 
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L\_n1 ,L\n2 etc. static pressure differences betvJ"een the upper 

I 

k 

1 

l 

M 

lYI 
p 

rn 

m 

rn r 

afld lower faces of a model conveyance (in pounds feet - 2). 

moment of inertia of conveyance in the pitching plane 

(in slu:5'S feet
2

). Alternatively the sectional moment 

of area of a rope (in feet4 )~ 

radius of gyration about the pivot point of the impulse 

pendulum used during tests (in feet). 

steady aerodynamic couple acting on a conveyance in the 

pitching plane (in pounds feet). 

mome11t arm of total aerodynamic force A around the drag 

balance fulcrum (in feet). 

mass of conveyance (in slugs). 

mass of pendulum used to impart impulses to a conveyance 

during tests (in slugs). 

-1) mass of a rope (in slugs feet • Alternatively the 
d2 

ratio -- where d is the orifice diameter and Dt is the 
Dt 

diameter of the throat of contr,::~-ction of an orifice plate 

flo1._r meter, 

or 

arithmetic mean of n mea::>urements t
1

9 t 2 
. . . . . . . t 

n 

( -1) mass of a hoist rope in slugs feet • 

( -1) muss of a guide rope in slugs feet • 

duct Reynolds nwnber defined as 
v ]) (.) 

av .J N = . .....;;.;...;,...__ 
R t·L. 
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frequency of pendulum (in cycles per second)~ 

ly the number of guide ropes per conveyance. 
Alternative-

P impulse imparted to the conveyance during tests (in pounds 

seconds or slugs feet seconds-1 ). 

P1 absolute air pressure on the high pressure side of the 

orifice plate of an orifice plate flovr meter. 

Q actual flow rate in a duct (in cubic feet per second). 

~1 ( ~q, equivalent flow rate of standard air in a duct in cubic 

feet per hour). 

R steady aerodynamic drag force acting on a conveyance in 

the vertical direction (in pounds). 

R/k roughness factor of a duct wall i·vhere R and k are respectively 

the duct radius a,nd the average height of a protrusion on 

the duct wall. 

S steady aerodynamic side force acting on a conveyance in 

the lateral direction (in pounds). 

s 

T 

T 
b 

t 

u 

u 

non-dimensional time lapse defined as s = t/~ Alternatively 
"D 

the displacement of the imaginary pin joint in a guide rope 

above or below the guide blocks on a conveyance~ caused by 

the elasticity of the rope. 

tension in a rope (in pounds). Alternatively the 

absolute air temperature (in °P). 

tension force on the lower extremity of one guide rope (in pounds). 

some time lapse (in seconds). Alternatively the time interval 

for a guide rope wave to travel a distance of H feet (in seconds). 

peak air velocity existing in a circular duct (in feet seconds-
1

). 

velocity of conveyarlCe in a shaft in whic.t1 the air is 

stationary. 
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v hoisting velocity of conveyance (in feet seconds-1 ) 

v average air velocity in an unob;structed portion of a av 
circular duct (in feet seconds-1). 

v{ weigt~.t in the pan of the aerodynamic balance, required 

to balance the aerodynamic side force S (in grams). 

w velocity of ventilation air in the shaft (in feet seconds-1 ). 

X horizontal co-ordinate of the centre of gravity of a 

conveyance (in feet). 

x horizontal co-ordinate of some point in a guide or hoist 

rope (in feet). 

Y vertical co-ordinate of the centre of gravity of a 

conveyance (in feet). 

Y maximum lateral deflection of conveyance in feet, due to 
Am ax 

a steady force A. 

Y maximum lateral deflection of a conveyance in feet, due 
Fmax 

to an impulsive force F. 

y vertical co-ordinate of some point in a guide or hoist 

rope (in feet). 

z linear scale factor defined as some linear rullscale 

dimension divided by the corresponding linear model 

dimension. Alternatively the correction factor for 

an orifice plate flow meter 

friction coefficient of conveyance guide blocks on guide 

ropes. Alternatively a confidence limit. 
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Q angle of pitch of conveyance (in radians). 

Ql initial angle of elevation of impulse pendulum before 

releaoe, measured from its position of rest (in degrees). 

Q2 angle of rebound of impulse pendulQ~ after impact, measured 

from its position of rest. 

G1 angular velocity of impulse pendulum just before impact 

(in radi~~s per second). 

Q2 angular velocity of rebound of impulse pendulum just 

after impact (in radians per second). 

1 
II., A._ 

p 
I 

()J 

flow resistence coefficient in duct defined as 

f'= (static pressure drop per unit duct length) x D 

1,_ 0 v 2 
2

) av 

( 
-1 -1\ viscosity of air in slugs feet seconds ;. 

maximum probable deviation from a mean experimental 

measurement. 

density of air (in slUF'S feet- 3) • 

density of some typical material from vrhich a rope­

guide installation is constructed (e.g. the density of 

steel in slugs feet- 3). Alternatively a statistical 

standard deviation. 

c5?, rotational speed of the earth ( -1) 0.0000727 radians seconds • 

:3uffixes: 

h refers to hoist rope. 

1 refers to the portion of a guide rope below a conveyance. 
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m refers to the model. 

p refers to the fullscale prototype. 

r l, 2, 3, ••••• n refers to n guide ropes. 

s refers to the point of contact of a rope Iii th the 

conveyance. 

u refers to the portion of a guide rope above a conveyance. 
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