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ABSTRACT

Optimising Shaft Pressure Losses Through Computational Fluid Dynamic

Modelling

WIJ Kempson

Supervisor: Professor R.C.W. Webber-Youngman

Co-Supervisor:  Professor Josua P Meyer

Department: Mining Engineering
University: University of Pretoria
Degree: PhD (Mining Engineering)

As a result of the rising electrical energy costs in South Africa, a method was sought to reduce the overall
electrical consumption of typical shaft systems. A typical shaft configuration was analysed and the primary
energy consumers were identified. The ventilation fans for this system were found to consume a total of 15%
of the total energy of the shaft system. It was calculated that more than 50% of this energy is consumed by the
shaft itself, more specifically by the pressure losses that occur in the shaft as the ventilation air passes through

it.

It was recognised that there was therefore an opportunity to achieve an energy savings and therefore a costs
savings in the total cost of operating a shaft system by reducing the overall resistance of the equipped
downcast shaft. However, before any work could continue in this regard, the results noted above required
validation. This was achieved though the comprehensive evaluation of the Impala #14 Shaft system. This

system was tested and the pressure losses noted in the calculations were verified.

In order to ensure that the theory being used was accurate, the next step was to evaluate a number of shafts
both from a theoretical perspective by measuring the real shaft pressure losses against time. This was done and
a total of five shafts were instrumented and the actual pressure losses over the shaft plotted against time.
These shafts were then subjected to a theoretical evaluation using the theory as described by McPherson in

1987.

Finally, in order to ensure a thorough understanding of the behaviour of the ventilation air in shaft systems, the

systems were simulated using computational fluid dynamic (CFD) techniques.

On the whole there was not a good correlation between the tests and either the theoretical calculations or the
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CFD simulations. This was attributed to the general imperfections in the shaft and the difficulty in obtaining
exact values for the drag coefficients of the buntons. These differences highlight the difficulty in modelling the
non-homogenous physical environment and providing a factor that can be used to ensure that the theoretical

designs are aligned with the physical reality. This factor is approximately 30%.

There were also significant discrepancies between the theoretical analysis and the CFD simulation during the
initial comparisons. This discrepancy reduced as the complexity of the CFD models increased, until, when the
complete shaft was modelled using the full buntons sets, the pipes and the flanges, the difference between the

theoretical evaluation and the CFD simulation was small.

This result demonstrates that the theory is insufficient and that the inter-related effect of the buntons and
fittings has not been fully appreciated. The current theory however has been developed using drag coefficients
and interference factors for the buntons sets which have been taken from measurements of similar
configurations. This does account for the relative accuracy of the current theory in that there is little difference
between the CFD result and that of the theory. However, as the shaft parameters are changed to reflect new

layouts and scenarios, it is unlikely that theory will continue to prove accurate.

The final phase of the work presented here was to evaluate the cost-effectiveness of using different bunton

shapes and shaft configurations. It is shown that:

° The increase in the pressure losses and therefore the direct operating costs of the shaft can vary by

as much as 80%, depending on the bunton configuration chosen.

° The placement of the piping in the shaft can increase the pressure losses and therefore the direct
operating costs of the shaft by as much as 12%, depending on the placement of the piping in the

shaft; this effect includes the use of flanges.

° The use of fairings on a large cage can reduce the resistance that the cage offers to the ventilation
flow by as much as 30%. This, however, does not translate into a direct saving because as the cage

moves through the shaft, the overall effect is transitory.

The savings discussed above can be significant when the items highlighted in this work are applied correctly.
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CHAPTER 1 INTRODUCTION

1.1

1.2

OVERVIEW

This chapter highlights the importance of the mining industry to South Africa and introduces the
challenges facing the industry with respect to the energy it consumes. Once these parameters have
been defined, the problem statement and purpose of the study are given, after which the
methodology used is presented. Lastly, an outline of the study in terms of the chapter content is

given.

RELEVANCE OF THE MINING INDUSTRY

The mining industry is one of the mainstays of the South African economy. This is borne out by the
figures quoted by the Chamber of Mines of South Africa’s Annual Report (2009-2010) (Chamber of
Mines, 2010), which contains the latest data available. The information quoted below illustrates the

loss to the South African economy if the mining sector were to be ‘removed’ from the economy.

If mining were temporarily removed from the South African economy, the economy would lose:

. 19% of GDP (8.8% directly)

. In excess of 50% of merchandise exports (primary and beneficiated exports)

. 1 million jobs

. 18% of gross investment (10% of direct investment)

. Approximately 30% of capital inflows into the economy (via the financial account of the

balance of payments)

° 33% of the market capitalisation of the Johannesburg Stock Exchange
. 93% of the country’s electrical generating capacity

. 30% of the country’s liquid fuel supply

. 20% of direct corporate tax receipts

South Africa has a wide assortment of minerals available for exploitation. These resources have been
effectively exploited and this has given rise to the dominant position in which mining finds itself in
the South African economy. This exploitation has been facilitated by the relative accessibility of

these minerals.
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Historically, one of the most important commodities mined in South Africa has been gold. This has
recently been matched and exceeded by the resurgence of platinum and the majority of more recent
capital investments have been in this, the platinum sector. The importance of these two sectors is
shown by the figures published by Statistics South Africa in their report of 2011 (2011a). These

figures have been summarised in Figure 1-1.

It can be seen from these figures that the Platinum Group Metals (PGMs) earn the most revenue.
The next highest revenue-generating mineral is coal, closely followed by gold. Coal, however, is not
evaluated here as these mines tend to be very shallow by comparison and employ mining methods
that are substantially different from the hard rock mining methods use in the platinum and gold

mines.

The data represented in Figure 1-1 summarise the total value of mineral sales according to mining
divisions, mineral groups and minerals. These data are collated by the Minerals Bureau and cover all

mining establishments operating in the South African economy (Statistics South Africa, 2011a).
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Figure 1-1: Summary of overall mineral sales contribution in South Africa (Statistics South Africa,

2011a)

As a result of the figures shown in Figure 1-1, the emphasis in this thesis is placed on relatively deep
mines as are found in the platinum and gold industries. Both of these minerals are generally mined
from depth, with both the platinum and gold mining industries having to go deeper in order to

access additional reserves. It should, however, be noted that, generally speaking, the mines
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1.3

developed for gold mining are deeper (maximum depth is in excess of 4 000 m) than those for
platinum mining (maximum depth in excess of 2 000 m). Both of these industries face similar
challenges primarily as a result of the differences in the geothermal gradients found in the regions in

which these minerals are mined.

Relatively deep-level platinum mines in South Africa are found in the Bushveld Igneous Complex
(BIC). This region has some unique geophysical properties, one of which is that the temperature
gradient increase with depth is approximately twice as severe as in the West Wits Basin (WWB),
where the deep-level gold mines are generally situated. The geothermal gradient of platinum mines
in the BIC is typically 2.2°C per 100 m (Hustrulid and Bullock, 2001), which is more than double the
typical gradient of 1.1 °C per 100 m (Hartman et al., 1997) found in gold mines in the WWB.

This poses some challenges with respect to heat dissipation within mines: the virgin rock
temperature (VRT) of 40 °C is realised at a depth of 650 m in the BIC, as opposed to a depth of
1800 m in the WWB (Biffi et al., 2006). This difference must be borne in mind when discussing or

comparing deep-level platinum mines with their gold counterparts.

ELECTRICAL ENERGY SUPPLY

The mining industry in South Africa faces particular challenges at present, primarily in the area of
electrical energy consumption. During 2007, South Africans faced increasingly stringent load
shedding of the electrical supply. In January 2008 Eskom took the unprecedented step of informing
its key industry consumers (KICs) that it could no longer guarantee its supply to them. This
announcement resulted in the temporary closure of all the deep-level mines associated with the
large mining houses (i.e. Anglo American, Gold Fields, etc.) as a result of safety concerns if the power

did indeed fail.

Page 3



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

OPTIMISING SHAFT PRESSURE LOSSES THROUGH COMPUTATIONAL FLUID DYNAMIC MODELLING

250,000
225,000
200,000
g 175,000
Qe
<@
§ 150,000
g
<
2 125,000
©
i 100,000
5
o
e
75,000
50,000
25,000 §-=-
0
N fa2) < Yo} © ~ o) [o2] o
8 8 8 8 8 8 8 8 3
N N N N N N N N N
Years
Figure 1-2: Total quantity of electricity available for distribution in South Africa (Statistics South
Africa, 2011b)

Figure 1-2 shows the electricity that has been generated by Eskom over the past number of years.
This graph shows that the overall generation capacity for the last five years has been reasonably
consistent. This has resulted in a number of years of cheap and consistent electrical power supply.
There has been a small increase in the total indicated capacity supplied by Eskom since 2002 of an
average of 1.6% per annum (Statistics South Africa, 2011b). During the same period, however, the
South African economy grew on average 3.7% per annum (Statistics South Africa, 2011c). It is
obvious from these statistics that the economic growth of the country has not been matched by a

commensurate increase in Eskom’s capacity.
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Figure 1-3: Comparison of annual percentage change in available electricity and GDP (Statistics
South Africa, 2011c)

Eskom noted in its 2010 Annual Report that the current maximum generating capacity was
approximately 40 870 MW, as opposed to 40 503 MW in 2009 and up from an estimated 38 747 MW
in 2008. It was, however, noted in the 2010 Annual Report that demand had returned to the 2007
level by March 2010. However, it was also noted that if energy efficiency measures were not put in
place by the winter of 2010, the power system would be under pressure beyond the winter of 2010

and in 2011 the risk of interruption would increase.

Eskom has improved its reserve margin since 2008 when it was 5.6 to 10.6% in 2009 and 16.4% in
2010. The reserve margin is the difference between the net system capability and the maximum load
requirement. The 2009 margin is in line with internationally required margins which are generally in

the region of 10 to 15% and the 2010 margin is in excess of this requirement.

This margin was in part achieved as a result of the small growth in sales that Eskom achieved in 2008,
namely 2.9% (4.9% was forecast), and the negative growth in sales it experienced in 2009, namely -
4.3%, and again a small growth in 2010 of 1.3% (Eskom, 2008, 2009, 2010). Nevertheless, Eskom has
embarked on a substantial programme to ensure that the load shedding experienced in 2007 and

2008 does not happen again. In addition, the future needs of the country need to be taken into
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account.

To provide an example of the state of South Africa’s electrical generating capacity, a comparison is
made between the growth in South Africa’s Gross Domestic Product (GDP) and the increase in
available electricity over the same period. These figures are shown in Figure 1-3. It should be noted
that the period used for this comparison is from 2003 to 2010. During this period the cumulative
growth of the GDP was above 32%, while the increase in the country’s electrical generating capacity
was 15.6%. This means that South Africa is not increasing its electrical supply capacity concomitantly

with the rate at which it is growing.

Increases in Energy Costs

In December 2007, the National Energy Regulator of South Africa (NERSA) awarded Eskom a revised
price increase of 14,2% for the 2008/2009 evaluation period ending in March 2009. Although this
increase was well in excess of the country’s CPI, it was well below the 60% that Eskom requested.
This request by Eskom resulted in the urgent call for Nedlac to convene a ‘national energy summit’.
The meeting was in response to a call by the African National Congress (ANC) and other stakeholders
for further consultation and explanation of the request by Eskom for the tariff increase. The summit
raised the point that electricity tariffs should ensure the sustainable development of industry, but

that it must avoid imposing unacceptable costs to the poor and an excessive shock to the economy.

In response to this request, NERSA announced on 18 June 2008 an additional increase in the
electricity tariff of 13,3% for the year ending March 2009 which resulted in a 27.5% average increase
year-on-year. NERSA also ruled that the price increase to ‘poor’ residential customers should be

limited to 14,2%.

In the following year, Eskom also requested an increase of 34% for the 2009/2010 period. NERSA
granted a tariff increase of 31.3% for the last nine-month portion of this period (ending on 31 March
2010). This increase did, however, include a new levy from the government on generating electricity
from non-renewable resources. Thus, the 31.3% increase resulted in a real increase of 24.1%, which

was again substantially below the requested increase.

Once again in 2010, Eskom requested an increase in tariffs of 35%. This was again refused by NERSA,

which allowed an annual increase of only 24.8%.

The future increases determined by NERSA were defined in its 2010 Annual Report (NERSA, 2010), as

follows:
1 Year 2010-2011: 24.8%
2 Year 2011-2012: 25.8%
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3 Year 2012-2013: 25.9%

General Discussion

As the requirement for additional energy in South Africa drives the development of additional
sources of electrical energy, the cost of this energy will increase. Eskom has already requested
increases in the amount it charges for electricity well above inflation, primarily to allow it to source
the capital required for the building of additional power stations. To demonstrate the effect that
these increases could have on the operating costs of a mine, a number of alternatives were
evaluated. The results of this analysis are shown in Figure 1-4. The baseline cost of 10% of the
monthly production costs was increased by the indicated amount as indicative of the energy costs.
The production costs themselves were increased by an estimated 6% to account for inflation. The
overall increase in the percentage of the monthly costs was calculated, and this is the percentage

increase shown in the graph.

The best-case scenario shows that the energy costs will increase to become a total of 20% of the

monthly cost by 2015; the worst case shows this to be 40% of the monthly cost by 2015.
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Figure 1-4: Consequence of increases with respect to operating costs

In order to ensure that they are able to operate effectively in this environment of increasing energy
costs and reduced energy availability, the mining industry must optimise the manner in which it uses

the available energy. This evaluation and optimisation provide the primary thrust of the work
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1.4.2

presented in this thesis and therefore the data presented in the graph are quantified more fully as

the work progresses.

EVALUATION OF ENERGY CONSUMPTION IN DEEP-LEVEL MINES

The purpose of the work presented in this section is to quantify the actual electrical energy used in a
typical mine and to highlight the largest consumers. This analysis will allow us to determine the area

of the mine that will benefit most from additional analysis.

General Parameters

To ensure a meaningful analysis of the electrical energy consumed by a typical deep-level mine, the
basic parameters of the study must be quantified. In this instance only underground deep-level
mining operations are considered, i.e. mines that are serviced using vertical shafts and declines as

part of an access strategy.

Initial Evaluation

To evaluate the electrical energy consumption of deep-level mines, the various primary electrical
energy consumers in the mine must be understood. Calculations were done for the design of an
underground platinum mining operation. The results of these calculations show the installed
electrical energy consumption capacity for the various areas in a standard underground mining
operation. These results are shown in Figure 1-5. The ‘model’ mine was designed with a shaft depth
of approximately 1 000 m and a decline system originating at the bottom of the shaft was used to
access the ore body. Figure 1-5 shows the total use energy calculation for each of the appropriate
sections, Figure 1-6 shows these figures as a percentage of the total expected energy use. The

general parameters for the mine analysed are:

i Total design tonnage : + 185 kilotonnes per month (ktpm)
ii Main shaft diameter : 85m

iii Main shaft depth : 1048 m

iv Ventilation shaft diameter : 6.5m

v Anticipated airflow : + 650 kg/s

Vi Mining method : Scattered breast

vii Panel length : 30m
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Figure 1-5:

Summary of mine installed electrical energy consumption requirements
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installed consumption capacity)
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14.2.1

The results of this analysis are useful in that they allow us to see explicitly which of the electrical
energy users in the mine potentially consume the most energy. These primary users and their total

contribution to the energy consumed are listed below:

1 Winding maximum power requirement (24%)
2 Compressed air (23%)

3 Surface ventilation fans (15%)

4 In-stope rock handling (13%)

5 Refrigeration plant (10%)

6 Pumping requirements (7%)

These are the users that consume up to 92% of the total energy required for effective operation of
the mine. It must be borne in mind during this analysis, that the total installed capacity does not
necessarily mean that a particular item consumes the most electrical energy. Comment is added in
the various sections discussed below as to whether this is the peak or the average installed electrical

consumption capacity

An overview of the winding requirement, compressed air requirement, in-stope rock handling and
pumping requirements is presented here. The remaining ventilation and refrigeration requirements

provide the primary thrust for this research and are discussed in more detail in Section 1.4.3.

Winding maximum power requirement

The winding requirement of the shaft is the highest peak consumer of electrical energy for the shaft
system analysed. It consumes 24% of the total energy requirement, a total of 9.1 MW. The motor
size and therefore peak electrical power required for winding is based on the power needed to
accelerate the mass to the travelling velocity and cooling requirement of the motor. The motor is
therefore sized to accommodate the peak power requirement and does not represent a steady-state
consumption. The actual electrical power requirement is considerably less, especially when it is
considered that winding systems are generally balanced, either with a counterweight or an empty

skip counterbalancing the transporting cage or skip respectively.

Page 10



.

g‘ UNIVERSITEIT VAN PRETORIA
’ UNIVERSITY OF PRETORIA
4

YUNIBESITHI YA PRETORIA

OPTIMISING SHAFT PRESSURE LOSSES THROUGH COMPUTATIONAL FLUID DYNAMIC MODELLING

20,000
17,500
15,000
12,500
10,000

7,500

5,000

2,500

-2,500
-5,000
-7,500

-10,000

Motor Electrical Consumption (kW)

-12,500
-15,000
-17,500

-20,000

\\
'/
\
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350

Cycle Time (s)

14.2.2

Figure 1-7: Typical winder cycle

Figure 1-7 represents a typical winder cycle. The total electrical power required peaks as the load is
accelerated and quickly drops as the conveyance reaches its constant transport velocity. This

requirement is then reversed for the deceleration portion of the wind and the cycle is then repeated.

The working of winders and the associated men and material transport is well understood and are
therefore not considered in detail here. It should, however, be noted that there could be a small
decrease in the total electrical energy consumed here as a result of changes to the shaft and cage

configuration; these are included in the final analysis.

Compressed air

One of the primary consumers of electrical energy on the mine is the compressed air required for
powering the rockdrills. In a conventional compressed air system as was used for the analysis
depicted above, the compressed air generation equipment accounts for a total of 23% of the total
energy requirement. This amounts to a total of 8.7 MW (Figure 1-6). The use of these rockdrills is
generally cyclical and therefore the electrical energy is not consumed 24 hours a day. However
these rockdrills are generally required to be used during the “peak” electrical supply period and as
such are expensive to operate. In addition, a certain “base load” of compressed air is required to

maintain the compressed air pressure in the system when the rockdrills are not being use.
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1.4.23

1.4.2.4

There are a number of alternatives to the pneumatic rockdrills considered above, specifically
hydraulic drills using high-pressure water (hydropower), as well as electric rockdrills. All of these
systems have varying efficiencies and operational flexibilities. They have been examined in detail in

other studies and are not considered further in this work.

Additional information on hydropower and electric rockdrill systems can be obtained in the papers

by Wills (2008) and Petit (2006).

The various drilling systems and their advantages, disadvantages and efficiencies are well

understood and therefore do not form part of the scope of the work reported in this thesis.

In-stope rock handling

This refers to the transport of the broken rock at the panels in the stopes to the box holes such that
it is ready to be taken to the central ore passes before it is removed from the mine. The technique
used in the analysis above is based on using face scrapers in the face and scrapers in the raise line to
transfer the broken rock to the box holes. The calculation from the example shows a use of 13% of
the total electrical energy or 5.0 MW (Figure 1-6). None of these scrapers requires a significant
quantity of electrical energy. However, the mine-wide face-cleaning requirement results in a number
of these systems being used in parallel for the cleaning shift of the mine, leading to a significant

cumulative use of electrical energy.

There are a number of alternatives to traditional face scraping as used in the example above,
primarily using water jet-assisted techniques (i.e. another application for hydropower). Additional
information on hydropower equipment alternatives for the stopes can be obtained in the paper by

Du Plessis et al. (1989).

The various stoping equipment suites and the techniques used for cleaning the panels and stopes are
well understood and have been researched and reported on in numerous other papers. They

therefore do not form part of the scope of the work reported in this thesis.

Pumping requirement

The pumping requirement for various mines can differ significantly, depending on the fissure water
within the mine and on the mining method. The analysis completed in the example used for the
initial evaluation came from a mine with very little fissure water. There are some mines that have a
significant quantity of fissure water to contend with and the overall electrical energy required to
dewater these mines will be larger than the total electrical energy calculated here. This analysis
showed that the pumping will consume approximately 6% of the mine’s total electrical energy

requirement, or 2.6 MW during the pumping shift.
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There are a number of alternatives to the traditional pumping systems used in the example,
primarily using energy-regeneration techniques such as the chamber pump system. Additional
information on more energy-efficient pump systems can be obtained from the paper by Fraser and

Le Roux (2007).

The evaluation, control and removal of water from mines has been well researched and reported on.
This topic is therefore well understood and the associated systems have been examined in detail in

other studies. It is not considered further in this work.

Evaluation of Ventilation and Refrigeration

The ventilation and refrigeration requirements for a mine must always be considered together. The
primary requirement of the ventilation in a stoping arrangement is the provision of adequate air
velocities at the face. This quantity of air can, however, be affected by the cooling requirement. It is
common practice to cool the air before it is taken into the mine and to use it as the cooling medium
underground. This can, however, have an effect on the total air quantity required if the heat
requiring dissipation in an area results in higher airflow rates through that area than are required by
ventilation concerns alone. There are a number of areas in a typical ventilation analysis that could

benefit from a more detailed evaluation. These are discussed in more detail here.

The ventilation component of the analysis used for this comparison is some 15% of the total
electrical energy requirement in the mine or 5.7 MW (Figure 1-6). This is required for the main
ventilation fans. While it is possible to “turn the fans down” during periods where the mine has
fewer personnel underground, it is never recommended that the ventilation flow to the mine be
stopped altogether. The refrigeration component of the analysis used for the comparison of the
electrical energy consumption in mines is some 10% of the total electrical energy requirement in the
mine or 3.8 MW (Figure 1-6). Together these two considerations total 25% of the total electrical
energy consumed. The objective of this discussion is to examine these areas and determine whether
any of these areas could benefit from additional investigation. It must be noted again here that the
refrigeration requirement is not considered directly in this report but, as discussed above, must be
considered in conjunction with the ventilation of the mine. The refrigeration requirement will
therefore be affected by changes in the efficiency with which the ventilation air can be delivered to

the mine’s workings.

A number of areas have been investigated with respect to the demand side management (DSM) of
ventilation and cooling systems. These are discussed in more detail in the next section. It must be
noted though that DSM differs from energy efficiency in that it deals with the use of the currently
installed systems to specifically reduce the cost of operating them through the optimisation of the

different times of use. The emphasis of the work reported here is on the reduction of the total
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14.3.1

1.4.3.2

electrical energy requirement of the mine at the design stage, thus increasing the overall energy

efficiency of the system while it is being constructed.

Demand side management

Marx et al. (2008) deal with the DSM of ventilation and cooling systems on mines. In this paper they
evaluate two areas, namely fan control and thermal storage and present a summary of the DSM

projects currently under way in South Africa.

The fan power required to move air through a mine is proportional to the cube of the volume of flow
for that fan. Thus reducing the airflow by, for example, 15% will, in theory, reduce the fan power by
approximately 38%. This theoretical power reduction is possible, but in reality there are a number of
factors that change and reduce this benefit, e.g. the potentially lower power factor, the motor
efficiency and the aerodynamic changes of the fan (Du Plessis and Marx, 2007). This paper reviews
the three basic methods for the control of mine ventilation fans, i.e. the outlet dampers, fan speed
and inlet guide vanes. In addition they emphasise the need for an efficient and robust
communication, monitoring and control infrastructure. These systems are useful for retrofitting on

existing mines and indeed have been successfully implemented in some cases.

Thermal storage systems are not new techniques. This system is based on generating ice or cold
water at times during the day when the cost of electrical energy is at its cheapest and preserving this
cooling capacity until it is required during the mine’s busiest period of the day. Deep-level gold mines
have used large chilled water dams located on surface to provide thermal storage for mine cooling
systems in the past. This technique is also commonly used in air-conditioning systems in North

America and Europe (Wilson et al., 2003).

The technologies discussed above, as well as others not discussed here, which can provide significant
electrical energy savings in South African mines, are available and their application is well
understood. These technologies are based on the efficient use of the systems in place and control of
the ventilation and cooling systems such that the times when the electrical energy is used is
optimised with respect to the overall load on South Africa’s power grid, and that the load is timed to

limit the overall consumption during periods of peak electrical demand.

General remarks

In addition to the generation and optimisation systems described in the preceding sections, there is
also the question of the distribution of the required cooling capacity. The usual technique is to cool
the air used for the ventilation of the mine and to distribute it throughout the mine. This method has
the advantage that the air that is required to provide a safe working mine can also be used for

cooling. However, in deep-level mines, the driving factor is not the distribution of sufficient air, but
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rather the distribution of the cooling medium. This can result in an increase in the air quantities
being distributed to the workings as a result of the need to distribute cooling, rather than meeting
the actual ventilation requirement, with a commensurate increase in the power required for the

distribution of this ventilation and cooling.

It should also be noted at this point that although there is a drive to use the concept of ‘cooling
power’ as a more adequate indication of the working environment’s ability to provide the necessary
cooling capacity, this has not been fully accepted as yet (Biffi et al., 2006). The adoption of this

standard could result in the reduction of the overall quantity of air being required.

In some instances where significant cooling is required, it becomes inefficient and, in specific cases,
impossible to transport the required cooling using the ventilation air. The “process of gravitational
compression, or autocompression in downcast shafts produces an increase in the temperature of the
air. This is independent of any frictional effects and will be superimposed upon the influence of any
heat transfer with the surrounding strata that may occur across the shaft walls.” (McPherson, 1993).
If the shaft is sufficiently deep, this can result in the air becoming a heat source instead of a cooling

medium.

These factors must be considered in association with the general ventilation and cooling
requirement of the mine. It was noted by Biffi et al. (2006) that one of the most important methods
available to reduce the energy consumption of a mine is the integration of the ventilation system

design as a fully fledged component of the overall mine design.

The importance of integrating the ventilation design with the mine design and the design of the
various mine components cannot be over emphasised. The technique of designing mines in modular
form, with extensions being managed as additions to these modules, is also important. This
integration must also be seen in the context of the drive to make mines more operationally flexible.
If this flexibility is met with increasingly costly ventilation and cooling costs, the benefit of having a

flexible system will be offset by these costs.

This mine flexibility requirement can come in two forms. In the first instance it is the operating
flexibility to deal with changes in the economy and the price being offered on the market for the
commodity. Macfarlane (2005) emphasises the importance of flexibility in the mine plan by arguing
that “where flexibility to deal with changing economic cycles has not been created, reactive planning

has to be undertaken, which is value destroying”.

In the second instance, if operating flexibility is regarded as the ability to move the mining operation
swiftly to different production faces when issues of grade control or unpredicted geological
structures require it, then the mine’s resource can be managed effectively to allow it to control the

production of its resource while ensuring that the maximum portion of ore reserve is exploited
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(Musingwini et al., 2006).

Calculation and Verification Data

To highlight the areas of the ventilation system that require the most electrical energy, the example
mine discussed in Section 1.4.2 needs to be shown in more detail. A schematic of the arrangement is
shown in Figure 1-8. The refrigeration requirement was not analysed separately as in this example
the cooling capacity required by the mine is distributed using the bulk air cooler on surface to chill

the air. No additional cooling was required. The quantities of air noted in Section 1.4.2 (page 9) of

this thesis provide the cooling requirement needed by the mine.

Downcast Shaft (28.5m) /i ’ A Upcast Shaft (06.5m)

Development End

Development Stope

Production Stope

N

Figure 1-8: Schematic of ventilation layout

The electrical energy required to move air around the mine is based on the quantity of air in a
section as well as the pressure required to move this air to that section. In this regard the main

ventilation airways and the resistance to the airflow quantities needed must be carefully considered.

For the ‘model’ mine under examination here, the sections shown in Table 1-1 have been identified

and shown in more detail to highlight the areas which require the most energy to move the required

air through them. The details of this calculation can be found in Appendix A.
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Table 1-1: Summary of ventilation power requirements for mine analysed

Item Description AP (Pa) Q (kg/s) Power (kW)
1 Primary intake

1,793 35% 703 1,261 54%

configuration (downcast)

2 Main intake systems 645 13% 150 97 4%
3 Haulage intakes 634 12% 70 44 2%
4 Stope configuration 90 2% 70 6 0%
5 Stope return configuration | 379 7% 70 26 1%
6 Main return airway 656 13% 340 223 10%
7 Return shaft (exhaust) 951 18% 703 669 29%
Note:

The flows and changes in pressure shown here are of the of mine ventilation system and are a selection of the

worst-case scenarios in certain areas to allow evaluation of the efficiency of the overall system and to provide a

guide as to the areas that will benefit most from an optimisation exercise.

14.4.1

It follows from this analysis that the two areas resulting in the high pressure changes and therefore
requiring the most power and from the main ventilation fans during operation are the downcast and
upcast shafts. These two areas consume 83% of the total power supplied by the fans in this
configuration. This power requirement translates directly to an increased requirement for electrical

energy.

This high percentage indicates that this could be an area of worthy of additional analysis. To achieve
this, the ventilation manager at Impala Platinum Mines was approached. The specific request to this
department was to allow access to a shaft to do measurements that would confirm the high pressure
drops in the shaft and potentially to optimise the shaft design to optimise these pressure drops,

resulting in an overall reduction in the energy required to operate mines.

Verification of the shaft pressure losses identified

Impala Platinum Mines Management was approached with the request to allow testing on their

various shafts in their mining group, primarily as there are a number of shafts available for testing

Page 17




.

&
Fuiy
W UNIVERSITEIT VAN PRETORIA
A 4

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

OPTIMISING SHAFT PRESSURE LOSSES THROUGH COMPUTATIONAL FLUID DYNAMIC MODELLING

with easy reach of each other.

Impala Platinum Mines agreed to allow the initial shaft pressure loss tests to be conducted on one of
their shafts. Impala No. 14 shaft was chosen as this shaft consists of two downcast and two upcast

shafts, all of which were accessible. A schematic of the shaft configuration is shown in Figure 1-9.

14V (Upcast Shaft) 14 Main 14A (Upcast Shaft) 14B (Downcast)
. (Downcast Shaft) . A
(4.9m Dia) (7.4m Dia) (5.6m Dia) (5.8m Dia)

323m~3/s | 384m~3/s 498m~ 3/s 411m”"3/s

21Lvl:950m BC

Length : 2000m
- -l 23Lvl:1060m BC |

Average Density . '
(1.12 kg/m~"3) 41 Length : 1400m | | Length : 1000m |‘

I Depth: 620m BC | IDepth :1152m BC | IDepth: 1060m BC | IDepth :1152m BC |
Confluence
between Shaft Bottom Cor;fslulia;vc; on CongIuL(zr:/ce(T on
15 and 16 Level
Figure 1-9: Schematic of mine shafts tested

It should be noted from the schematic depicted in Figure 1-9 that there is a discrepancy between the
total downcast quantity of air and the total upcast quantity of air measured (795 m3/s as opposed to
843 m?/s, i.e. some 6% difference). This difference is attributed to the experimental error primarily
as a result of the complex shapes shown at the bottom of the upcast shafts. In addition, the mine
does experience some additional ventilation inflow from neighbouring shafts, the exact quantity of
which is not known. The details of these data and the subsequent calculation can be found in

Appendix B of this thesis.

The initial tests were designed to ascertain, on a broad perspective, the pressure losses in the shaft
systems as a whole. In the equipped downcast shaft, it was possible to take measurements at
various points in the shaft. This was not possible for the unequipped ventilation shafts, so on these

shafts measurements were taken as close to the shaft as possible try to limit the interference from
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shock entrance and exit losses. The indirect pressure survey method used for these calculations is
the barometric survey method laid out in the Mine Ventilation Society of South Africa’s Handbook
(1989). Sufficient data were required to allow the pressure drop of the shaft to be calculated in

accordance with this method. In this regard the following measurements were taken:

1 Wet bulb temperature

2 Dry bulb temperature

3 Static pressure

4 Velocity pressure (or dynamic pressure)

The specifics of the test methodology can be found in Appendix B. The results of this analysis are

listed in Table 1-2.

Table 1-2: Summary of ventilation pressure losses

Impala No. 14 shaft (downcast) (384 m*/s)

918 Pa Measured
19% Difference

748 Pa Calculated

Impala No. 14V shaft (upcast) (323 m®/s)

1302 Pa Measured
31% Difference

902 Pa Calculated

Impala No. 14A shaft (upcast) (520 m*/s)

694 Pa Measured
7% Difference

642 Pa Calculated

Impala 14B No. shaft (downcast) (411 m®/s)

1021 Pa Measured
15% Difference

1175 Pa Calculated
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Total pressure for fan 1 (14A Upcast Shaft)

4088 | Pa

Total pressure for fan 2 (14V Upcast Shaft)

3202 | Pa

54% of the total fan pressure available from the main fans is used to overcome the

pressure drop experienced as a result of air moving through the shafts.

Notes:

i The percentage difference noted in the measurements of the No. 14 Downcast
and the No. 14A upcast shaft are consistent with the percentage difference
noted in the overall quantity of air measured in the shaft and presented in

Figure 1-9.

ii The percentage difference noted in the measurements of the No. 14V upcast
and the No. 14C downcast shafts is significantly higher. This increase in the
experimental error is a result of the increasingly complex ventilation
distribution shape at the bottom of these shafts. In addition, the mine has an

unknown quantity of air being entrained from neighbouring shafts.

iii The detailed calculation and schematics used to calculated the above figures

can be found in Appendix A.

The calculations from the initial shaft configuration are borne out by the measurements. These
indicate that the pressure losses in both of the vertical shaft complexes absorb most of the pressure

supplied by the ventilation fans.

A comparison was also made between the measurements taken and the current theory available.
These showed some correlation in some areas. It should be noted, though, that when the shaft
configuration became more complicated (i.e. when station take-off occurred or multiple entry ways
were noted in the ventilation configuration), the correlation between the measured and calculated
data was not in close agreement. This is particularly apparent in the No. 14B downcast shaft
configuration shown in Figure 1-10. To obtain the final flow through this shaft, the velocity in each of
the four openings was measured and the total quantity of air that would be entrained in this shaft

was summed. The normal experimental error in this configuration would thus also be summed. This
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was mitigated by ensuring that the testing was done in strict accordance with good experimental

procedure.

The real-life complexity of the systems being measured and the associated differences between the
calculated data and the measured data can give rise to discrepancies. However, another reason for
these discrepancies could be the inadequate nature of the basic calculations used to verify the
measured data. Although this is undoubtedly not true for the classically derived formulae (i.e. the
pipe friction flow model), there is perhaps room for improvement in the empirically derived data,
particularly for the calculation of ‘shock’ losses and losses associated with partially obstructed

airways.

W=10.4m
H=2.5m

W=3.4m
H=2.5m

Figure 1-10: Configuration of No. 14B downcast shaft bottom

Despite the above errors, the quality of the data collected and the subsequent analysis allows us to

draw some conclusions. These are:

1 Ventilation fans must supply a significant amount of energy to the ventilation air to

overcome the frictional resistance in shaft systems.
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1.5

15.1

2 The theory associated with the prediction of these pressure losses potentially requires

additional investigation.

The primary reason for this recommendation is that the relationship between the power required by
a fan (and therefore the electrical energy) to move air against a resistance which would result in
pressure loss is directly proportional. This is governed by the relationship of the power required by a
fan equals the product of the pressure required and the flow rate (if compressibility effects are

ignored).

It should also be noted that the measurements discussed here were taken in an equipped shaft from
a stationary conveyance. The shaft resistance and therefore the pressure drop will increase if the

main cage or any of the cages and/or skips in the shaft are moving against the airflow of the shaft.

PROJECT BACKGROUND

This section describes the process undertaken to complete a shaft design, the process of costing
these shafts and the difficulties encountered in this costing. Finally, the status of the current theory

used for the analysis of shaft systems is evaluated and potential areas of investigation highlighted.

Evaluation of Costs Associated with the Sinking, Equipping and Operation of

Shafts

To evaluate the potential costs and savings from modifications to the shaft systems, it was necessary
to identify the parameters of the resistance within the shaft systems that could influence the
pressure losses associated with it. It must be noted that while this analysis is normally done in

conjunction with the overall mine, in this instance our interest is specifically in the shaft itself.

As the size of an airway increases, its resistance, and therefore operating costs, will decrease for a
given airflow. However, the capital costs of excavating the airway increase with its size. The total
combination of capital and operating costs is the total cost of owning and ventilating the airway. The
most economical or optimum size of the airway and its associated fitting occurs when this total cost

is @ minimum (McPherson, 1993).

Determining accurate costs for the sinking of shafts is difficult when they are used as a basis for
comparison. However, for this exercise, to provide a consistent basis for comparison, it has been
assumed that the shaft-sinking company will supply all the temporary works and will sink the shaft.
An example of the increasing costs associated with sinking shafts of various diameters is shown in

Figure 1-11.

Generally, it is noted that a significant long-term reduction in costs will be required in order to justify
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the immediate increase in the capital costs. The increases in energy costs noted in Section 1.3.1
make the potential savings more significant and, potentially, where the economic saving would not
have been significant in the recent past, these savings could now provide the basis for re-evaluation

of the shaft-sinking costs.

A financial model was introduced by Barenbrug (1961) to evaluate the effectiveness of changes in
shaft design. This model is still used today in various guises and was used by McPherson (1993) to
demonstrate the evaluation required to calculate the total cost for a shaft. An example of this model

is shown in Figure 1-12.

R1,000,000

R900,000

R800,000 /

R700,000 =

R600,000 /
R500,000 =

R400,000

R300,000

R200,000

Estimated Cost per Linear Metre (Rands/moepn)

R100,000

RO

5 6 7 8 9 10 11 12
Diameter of Shaft (m)

Figure 1-11: Estimated cost of shaft sinking per linear metre
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Shaft Decision Cost Criteria
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Figure 1-12: Shaft decision cost criteria

Figure 1-11 and Figure 1-12 provide the basis for the evaluation of the shaft diameter with respect to
operating costs. These parameters are well understood and used extensively. The emphasis of the
work reported on this in this thesis will therefore be on comparing the overall lifecycle cost of
different equipping options and the associated capital costs in order to elicit a total cost for the life
of mine (LOM). This decision was made when discussions with sinking professionals highlighted that
fact that the costs for equipping and maintaining the various shaft steelwork options are sufficiently

similar to make delineation very difficult.

The comparison will be based on a period of 20 years at a lower-than-anticipated electrical tariff
increase of 12% per annum. In order to derive an accurate cost, the cash flows should also be
discounted such that the time value of money is also taken in to account. This allows a net present
value to be determined which provides a realistic cost to compare the various savings. All future

savings were discounted by 7% per annum.

When evaluating the cost effectiveness of the different options, the entire capital cost of the shaft
was not considered. Only the areas affected by the changes were evaluated, these included the
operating costs for the fans (but no capital costs which could accrue as a result of the reduced

pressure requirement). The costs for the buntons and guides were included, where appropriate, as
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1.5.2

15.2.1

well as other equipment associated directly with the shaft, as appropriate.

Components Contributing to the Present Shaft Resistance and Subsequent

Pressure Losses

This section gives the background to the specific area of interest and provides some insight into the
status of work being conducted in this area of research.
Parameters used for designing a shaft

To understand the parameters contributing to the shaft resistance and the subsequent pressure
losses, we will first broadly define the steps (McPherson, 1993) that are generally taken to design a

typical equipped downcast shaft from the perspective of the ventilation requirement of the mine:
1 Determine the duties required for

i rock hoisting

i personnel transport

iii mass, dimensions and frequency of materials and equipment
2 Analyse the above with respect to the conveyance sizes and required hoisting speeds.
3 Conduct the ventilation analysis:

i The primary requirement for ventilation will be based on the mine design, the

layout and the distribution of the workings over the LOM.

ii Standard factors will be used for estimating the shaft resistance and other

significant contributors to the overall pressure drop in the mine.
4 Assess the dimensions of proposed shaft fittings. This will include:
i Shaft fittings (i.e. buntons and guides)
ii Services (i.e. pipes, cables, etc.)

5 Conduct an optimisation exercise to find the size of shaft that will pass the required

airflow at the minimum combination of operating costs and capital expense.

6 Review the free air velocity of the ventilation requirement to ensure that it is within
accepted limits. (Generally, the velocity in an equipped downcast shaft should be
approximately 10 m/s and that in the unequipped upcast shaft should not exceed 20 m/s.)
(The free air velocity is calculated by taking the volumetric flow rate of the air and dividing

it by the area of the shaft available to allow the air to flow (ie the total shaft area minus
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1.5.2.2

the area of the pipes, bunton and other shaft fitting (excluding the conveyances)).

7 Review the coefficient of fill of the conveyances to ensure that they are within accepted
limits. (If this exceeds approximately 30% for two or more conveyances or 50% for a single

conveyance, then the dimension of the conveyance should be reviewed.)

8 Calculate the maximum relative velocity between the airflow and the largest conveyance.
(If this exceeds approximately 30 m/s, then additional precautions should be taken to

improve the stability of the conveyance.) This relative velocity should not exceed 50 m/s.

9 Assess the air velocities at all the loading/unloading stations.
10 Determine the total resistance of the shaft using ventilation network analysis techniques.
11 Complete the overall ventilation network analysis with the established shaft resistance in

order to determine the final fan pressures required.
The specific area of interest is the design of the shaft system itself and the effect that the equipment
within the shaft has on the overall resistance offered to the ventilation air flowing through it.
Shaft configuration and analysis techniques

Mine shafts, specifically downcast shafts, that are used as primary ventilation routes are different in
their airflow characteristics from other subsurface openings because of the aerodynamic affects of

the various shaft fittings, i.e.

i guide rails

i buntons

iii pipes, cables and ropes

iv conveyances (shape, size and velocity)

McPherson (1987) noted that shafts contribute heavily to the overall resistance of a mine ventilation

circuit. This was borne out by the measurements discussed in the preceding sections.

The most recent theoretical work analysing these particular areas of shaft systems was carried out
initially by McPherson (1987). It was based on the work carried out by Bromilov in 1960. In turn,
both of these papers relied heavily on work carried out by Stevenson (1956). These papers will be
discussed in more detail in CHAPTER 2. Suffice it to note here that a large portion of the analyses

presented in this thesis is based on work published in 1956, 1960 and 1987.

The accuracy of these equations was verified by Deen (1991). In this analysis, using the modified
technique described by McPherson (1987), he achieved accuracies of 5 to 12% when comparing the

overall measured shafts resistances with the resistances calculated theoretically.
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In this regard, a survey was undertaken by Wallace and Rogers (1987) to collate the actual
installations of a number of shafts. The data from a total of 37 shafts were evaluated and the various
factors for each shaft were collated. The details of these results will be discussed more fully in

CHAPTER 2. A summary of these findings is as follows:

i The coefficient of fill should not exceed 30% for shafts with two or more conveyances, and

an upper limit of 50% is suggested for a single conveyance.

ii A free air velocity of 10 m/s is considered to be acceptable, with a maximum relative

velocity of 30 m/s.
iii As shafts increase with depth, the coefficient of fill should decrease.

iv It is recommended that air bypasses or enlarged shaft stations be installed to minimise

high airflow resistances.

Evaluation of the overall calculation technique highlights the significant contribution that the
buntons make to the overall resistance of the shaft. The data obtained from the Impala shaft
indicate that 80.9% of the total resistance factor is a result of the buntons. The remaining 19.1%
comes from the roughness of the shaft walls and the contribution of the shaft fittings to reducing the

overall free area of the shaft.

The buntons at Impala No. 14 shaft are oval in shape and therefore have a low coefficient of drag,
which is used in calculating the resistance offered by the buntons. In spite of this, they still offer a

significant resistance when compared with the remainder of the shaft.

Regarding the question of the bunton shape, scale shafts have been tested by a number of
researchers and these experimental data have been used in the design of specific shaft systems.
Most of this work is also circa 1960, and it was used by Bromilov (1960) to verify the results he
obtained from the theoretical analysis. These papers and their results will be discussed in more
detail in Chapter 2. Suffice it to note here that the primary purpose of these papers was to analyse
the effect on the shaft resistances of circular shafts vs. rectangular shafts, as well as to evaluate the
shape of the buntons being installed in shafts. The overall conclusion of all the tests was that the
more streamlined the bunton section, the less its contribution to the overall shaft resistance. This
work also reviewed shafts that were being built at that time and does not examine what the best

shaft configuration would be for a particular shaft system.

Justification of Additional Work

The general analysis of shaft systems and the techniques currently being used have been discussed.

The validity of these analysis techniques has been verified both by testing in the field and by
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1.6

research work describing the specific verification of the technique (Bromilov, 1960).

The primary aim of the work discussed here was to determine what can be done to reduce the
operating costs in shafts significantly as these systems still consume the largest portion of pressure

supplied by the main ventilation fans.

As was noted in Section 1.4.4, the most significant portion of the pressure drop occurs as a result of
the buntons themselves. However, the one parameter that was not included in the initial analysis
was the movement of the cages themselves. The analysis technique does provide guidance as to how
these should be treated and a detailed evaluation of this is provided in CHAPTER 2. It should be
noted here that the theory shows that this movement can increase the overall resistance of the shaft

by more than 30%, depending on its configuration and the hoisting speed.
The following specific areas were investigated:

1 Buntons and guides: This analysis includes evaluation of the buntons’ resistance based on
the obstruction they place in the path of the airflow. No work has previously been done on
optimising the actual configuration of the buntons in their situation when compared with

the obstruction offered by the sidewall or the support of shaft services.

2 Cages: This analysis includes evaluation of the cages, once again based on the obstruction
they place in the path of the airflow. No work has previously been done on the potential
for streamlining these conveyances specifically in conjunction with the bunton
configuration. In addition, the potential for reducing the resistance by having various

conveyances moving at different intervals has not been quantified.

3 Services (pipes, cables, etc.): This analysis includes evaluation of the obstruction offered by
these services based on the amount they reduce the overall shaft cross-section.
McPherson (1987) also noted that these services may indeed reduce the overall resistance
of the shaft based on the obstruction they offer and the resultant potential reduction in
the swirl of the ventilation flow. No work has previously been done on the preferred

placement of these services and the specific configuration that would optimise this effect.

PROBLEM STATEMENT AND PURPOSE OF STUDY

The current theory for the definition of shaft resistances allows us to evaluate shafts and to predict
the overall resistance they offer to the ventilation air flowing through them. This theory, however,
does not allow us to optimise the shaft cross section layout specifically to reduce this resistance by
the moving of conveyance travel zones and varying the placement of buntons, guiders and services

within the shaft. The deficiencies in the theory are highlighted in the thesis. The purpose of this
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1.7

1.7.1

1.7.2

study is to minimise the shaft resistance by varying the actual layout of the shaft and the placement

of the shaft buntons, guides and services.

OBJECTIVES

Several objectives were set for this study, and these are detailed in the following sections.

Literature Study
A detailed literature review was undertaken with the following specific objectives:

. Identify all the aspects pertaining to the resistance that shaft systems offer to the
ventilation air passing through them. This includes the fittings in the shaft, the stations
and associated steelwork, as well as the entrance and exit effects experienced by the

ventilation air.

. Identify modelling work completed on shaft airway analysis with the specific purpose of
understanding and collating the appropriate parameters to ensure that any modelling

work undertaken for the current analysis will be accurate.

Evaluation of Current Shaft Configurations

During this phase of the work, the resistances of different shafts were measured. The specific
objective of this phase was to ensure that the current shaft design trends are understood, as well as

the resistance these configurations offer to the ventilation air flowing past them.

The data obtained from these measurements are subjected to a theoretical analysis based on the
current techniques available in order to ensure that the strengths and limitations offered by these

techniques are understood and incorporated into the next phase of the work.
The following specific parameters are noted:
1 Shaft
i Diameter
ii Lining
2 Shaft fittings
i Buntons
ii Guides

iii Pipes
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1.7.3

1.7.4

1.7.5

3 Conveyances
i Type and Number of conveyances

i Speed of conveyance

Detailed Analysis

During this phase of the work, the results of the evaluation described in Section 1.7.2 were subjected

to a theoretical analysis. This analysis consists of two parts:

1 Analysis of the shaft systems evaluated with respect to the current available theory.
2 Analysis of the shaft systems evaluated with the use of a computational fluid dynamics
(CFD) model.

Installation, Maintenance and Costing

The output of the detailed analysis provides parameters for the design of shaft systems in a manner
that will limit the resistance of the shaft. These design parameters must, however, be evaluated

against the following specific requirements:

1 Installation: The system must be able to be installed with ease. In this instance preference
was given to the completion of upfront work to limit the actual time taken for the

installation as far as is practically possible.

2 Maintenance: The proposed system must be maintenance friendly. The specific parameter
against which this was evaluated is that it must be possible to complete all maintenance

work effectively during the weekly shaft inspection shift.

3 Cost: The overall cost of any proposed design must be such that the any capital cost
requirement is mitigated by the reduction in operating costs. These costs will be evaluated

in Section 3.7.

Conclusions

The specific objective of all the preceding work is to define the design requirements and systems of
deep-level shaft systems such that these shafts offer as little resistance as possible to the ventilation

flow around them.
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1.8

1.8.1

1.8.2

1.8.3

METHODOLOGY

Literature Study

A review of all the work undertaken with respect to the analysis of shaft resistances was undertaken.

Each of the particular areas discussed in Section 1.7 was subjected to the following procedure:

1 Assemble information: Various search tools and library facilities were used to find as much

information as possible on each of the subjects in question.

2 Review information: All the assembled information was reviewed, analysed and collated

with respect to pertinence to the current research and its applicability.

3 Presentation: CHAPTER 2 presents the results of the literature study.

Evaluation of Current Shaft Configurations

During this phase of the work as many shafts as possible were examined and the pressure drops over
the shaft were measured. This was done in conjunction with Impala Platinum Mines. The one
requirement Impala placed on this work was that it must in no way affect the production of any
shaft. Therefore all the measurements were taken in periods when the shafts were being maintained

or not being used at all.

The shaft measurements were taken at a time when the conveyances in the shaft were limited in
their movement in order to obtain results that are not overtly affected by these conveyances. Once
the initial measurements had been completed, the winders and the various levels within the shaft
were measured over a number of shifts to ascertain whether there were any pressure spikes in the

system when the shaft is operating at a steady state.

The above data were evaluated against the current theory such that any strengths and weaknesses
of the theory could be confirmed and used in the subsequent analysis. This evaluation also provided
an initial check to ensure the quality of the measured data. The analysis was completed immediately

after each test so that if additional measurements were required, they could be taken immediately.

Detailed Analysis

During this phase of the work, the results of the evaluation in Section 1.7.2 were subjected to a

theoretical analysis. This analysis consisted of two parts:

1 Analysis of the shaft systems evaluated with respect to the current available theory
2 Analysis of the shaft systems evaluated by means of a computational fluid dynamics (CFD)
model
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1.8.4

1.8.5

1.9

1.9.1

Conclusions

The conclusions on the specific design considerations are drawn in a manner that will allow any

future design work to include the recommendations from this work.

In addition, potential areas of difficulty are highlighted and the area that will make the most

significant difference to the shaft resistance is defined.

Finally, recommendations are made as to what direction future work in this regard should take.

Outline of the Study

This chapter has described the background to the work and its specific objectives. Chapter 2 provides
an overview of the literature available on this subject, without commenting on work not directly

associated with the stated objectives.

CHAPTER 3 presents the experimental procedure and the specific analysis techniques used in the
evaluation. The results of this evaluation and analysis are in CHAPTER 4 and CHAPTER 5. The final
chapters give the conclusions drawn from the analysis and comment on the economic evaluation of

the shafts.

SUMMARY AND CONCLUSIONS - CHAPTER 1

Summary

As a result of the rising electrical energy costs in South Africa, a method was being sought to reduce
the overall electrical consumption of typical mine shaft systems. To achieve this, the first step was to

analyse a typical shaft system and to determine what areas required the most energy to operate.

A typical shaft configuration was analysed and the primary energy consumers were identified. The
ventilation fans for this system were found to consume 15% of the total energy of the shaft system.
More than 50% of the energy supplied to an equipped downcast shaft to move the ventilation air
through the shaft was calculated to be consumed by the shaft itself, more specifically by the
pressure losses that occur in the shaft as the ventilation air passes through it. This area was deemed

worthy of additional evaluation.

This evaluation took the form of completing a series of static tests on the shaft to determine the
actual pressure losses of the systems and comparing these losses with those predicted by the

current available theory. No. 14 shaft at Impala Platinum was used for these tests.

No. 14 shaft consists of two downcast and two upcast shafts. The pressure losses in each of these

were measured and compared against the theory. It was found that there was a difference of
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1.9.2

approximately 20% between the theory and the measured results. More importantly, it was noted
that 54% of the electrical energy consumed by the ventilation fans was used to overcome the
pressure losses within the equipped downcast shaft. The remainder of the work presented here was

conducted in order to reduce this percentage by as much as possible.

To complete the analysis, the objectives of the work were defined and the manner in which these

were achieved was laid out. The following steps were identified as being required:

1 Literature study

2 Definition of the objectives

3 Evaluation of current shaft configurations
4 Detailed analysis

5 CFD simulation of the shaft system

6 Economic evaluation

Conclusions

The following conclusions can be drawn from this chapter:

1 The increase in electrical energy costs in South Africa requires that the electrical energy

consumed by shaft systems be reduced by as much as is practically possible.

2 One of the primary electrical consumers is the ventilation fans, most of whose electrical
energy is required to overcome the pressure drops experienced in transporting air down

the equipped shaft.
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CHAPTER 2 LITERATURE STUDY

2.1

2.2

INTRODUCTION

Chapter 1 of this thesis described the need for the investigation. The specific objectives of this work
were defined and the general areas of investigation were detailed with regard to the requirement
for finding ways to increase the energy efficiency of shafts in the design phase of projects. With
respect to improving this efficiency, the energy losses resulting from the flow of air through shafts

were highlighted as being worthy of further investigation.

To ensure that these areas were effectively evaluated, a literature review was undertaken. This

review concentrated on the following general topics:

1 Measurement: The various measurements that have been undertaken are discussed and

the results are evaluated against current theory.

2 Theory: The theory currently available for the evaluation of the pressure drops in shaft

systems is evaluated and its efficacy is commented on.

3 Computational fluid dynamics: The efficacy of using this analysis technique for further

evaluation is commented on.

MEASUREMENT

A comprehensive search of the available literature on the actual resistance of shafts was completed
and the pertinent papers are discussed here. Most of these tests were completed circa 1960. At this
time the shape of shafts was in the process of changing from rectangular to circular. One of the
primary drivers for this change was the increased difficulty being experienced by engineers in
ensuring that sufficient ventilation was supplied to the mine workings. It is intriguing to note that
the primary driver for the tests was to confirm that the pressure losses would still allow ventilation

to be distributed and not specifically to ensure that the overall shaft complex operated efficiently.

It will also be noted that while some shafts were themselves measured, a number of the tests were
carried out using scale models of shafts. It is therefore prudent first to evaluate the efficacy of using

scale models to draw conclusions on the resistance of shaft systems.

Page 34



e
=
ﬂ UNIVERSITEIT VAN PRETORIA
’ UNIVERSITY OF PRETORIA
4

YUNIBESITHI YA PRETORIA

OPTIMISING SHAFT PRESSURE LOSSES THROUGH COMPUTATIONAL FLUID DYNAMIC MODELLING

2.2.1

Efficacy of the Use of Scale Models

The use of scale models depends primarily on the use of dimensional analysis in order to understand
the importance of certain parameters in the system being considered. A definition was supplied by
Pankhurst (1964): “The dimensions of physical quantities can be manipulated algebraically and the
results can be interpreted to provide a great deal of information about the physical processes

involved in the situation considered.”

Unless the geometry of the systems has no effect on the physical situation to be evaluated, the first
requirement of a scale model is that it should be geometrically similar to the actual system being
evaluated, i.e. the distance between any two points in the modelled system must bear a constant
ratio to the distance between the corresponding two points in the original system. This constant

ratio is called the ‘geometrical factor’.

Similarly, we define the kinematic similarity (i.e. when velocities are involved) by the condition that
the velocity at any point in the one system bears a constant ratio to the velocity at the

corresponding point in the other system. This is called the ‘velocity scale factor’.

Various other factors, such as elastic similarity, thermal similarity, etc., are all defined in a similar

fashion but are not pertinent to this discussion.

The limitations of this technique must also be highlighted. Although this technique is powerful and
allows a meaningful comparison of scale models with full-scale systems, it must be emphasised that
this is only valid as long as the system does not require extrapolation beyond the ranges of the
dimensionless parameters defined in the tests. Within these ranges, the dimensional analysis
provides the required scale factors, but it provides no information whatsoever about the way in
which a given non-dimensional coefficient varies with the dimensionless parameter on which it
depends. As a result the specific parameters are allowed to vary and those to which the scale factors

will apply must be chosen with care.

As will be discussed below, a number of the measurements carried out and used in the evaluation of
shaft resistances were done on scale models (Chasteau, 1962). The two models generally referred to
are the 1.981 m (78 inch) model and the 0305 m (12 inch) scale models which were operated by the
CSIR. These models were constructed in the horizontal plane and were both configured to allow the
flow in them to achieve a fully developed profile before the typical shaft obstructions interrupted
this flow. Care was taken to ensure that the mechanical scaling factors for the models and shafts
were carefully correlated before tests began. However, as a result of practical limitations, the
maximum airflow achieved in these models was half of that generally found in a typical shaft
configuration. This had a direct effect on the Reynolds number used in the tests and raises some

concern as to the extrapolation of the results.
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2.2.2

In order to try and define the extent to which the data from this scale model could be used, various
shaft configurations were tested by Chasteau (1962) and the results compared. These tests showed
little correlation. In the 0.305 m (12 inch) model, the test showed little agreement even to standard
pipe values. The tested values were lower than expected and the results showed that the test flow

was potentially not fully developed.

The results also showed that it is perhaps generally better to use direct drag measurements to
determine the effect of the resistance of buntons than to use the pressure drop. This has the
advantage of removing the pipe wall roughness considerations from the overall measurements.
When compared with full-scale shafts, the scaling up of the Reynolds number may be an inaccurate
procedure even if the effect of wall roughness can be taken into account. The differences between
the two scale models seems to be primarily a result of the difference in wall friction effects. The

direct drag measurements do correlate satisfactorily.

In spite of these shortcomings, which show that direct correlation of the results may yield inaccurate
results upon calculation, the tests completed are sufficient to demonstrate the empirical direction

that should be taken to reduce shaft resistances.

Measured Data Discussions, Results and Conclusions

In 1957, scale model tests were carried out on the configurations being included in the design of
Harmony Gold Mining Company’s No.2 and No. 3 shafts (Martinson, 1957). These tests were
undertaken at the time specifically because the shafts in question were installing equipment that
was novel. It was therefore decided that to obtain an accurate result for the resistance each of the
shafts offered to the air flowing through them, it would be necessary to subject the arrangement to
scale model tests. These tests went further than the standard measurement of the shaft
configuration. To gain an understanding of the overall effect of each of the pieces of equipment that

were to be installed in the shaft, tests were conducted as equipment was added to the scale model.
The basic requirements for scale models were adhered to:

1 The scale model must be geometrically similar to the original shaft for which it is being

used to predict losses.

2 Dynamically similar conditions between the flow conditions in the model and the shaft
must exist, i.e. the air velocity in the model duct must be equal to the air velocity in the

full-size shaft, multiplied by the chosen scale ratio.

The scale factors that were used are 1:12.9 for the No. 2 shaft and 1:12 for the No. 3 shaft. The
details of these calculations can be found in Appendix C. A summary of the various tests completed

for the Harmony No. 2 shaft is given in Table 2-1. This table shows the various shaft configurations
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that were tested in the scale model. The Chezy-Darcy friction factor that was calculated from the

measurement of these models is shown for both shafts in Figure 2-1.

Table 2-1: No. 2 shaft (7.92 m (26 ft) diameter)

Test Number 1

No.2 Shaft (26 ft
Diameter)

No buntons

No buntons

Test Number 2

No.2 Shaft (26 ft
Diameter)

Bunton at 9.144m (30 foot)
centres
Test Number 3
No.2 Shaft (26 ft
Diameter,
Buntons at 4.572m (15 foot)
centres
Test Number 4
|
Diameter,
Buntons at 4.572m (15 foot)

centres
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No.2 Shaft (26 ft
Diameter

Test Number 5

Buntons at

(15 foot) centres

4572 m

No.2 Shaft (26 ft
Diameter

Test Number 6

Bunton at

(30 foot) centres

9.144 m

No.2 Shaft (26 ft
Diameter)

Test Number 7

Buntons at

(15 foot) centres

4572 m

No.2 Shaft (26 ft

Diameter)

Test Number 8

Plus all the guides on the dividers

Buntons at

(15 foot) centres

4572 m

No.2 Shaft (26 ft
Diameter)

Test Number 9

Plus all the guides on the dividers

Buntons at

(15 foot) centres

4572 m
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No.2 Shaft (26 ft
Diameter

Test Number 10

No buntons

Plus all the guides on the dividers and pipes

0.3000

0.2800

0.2600

0.2400

0.2200

0.2000

0.1800

/ —t=f Shaft (No. 2

/ Shaft- Friction
Factor)

S
£ 0.1600
& / fShaft (No. 3
=4=fShaft 0.

S 0.1400 0
=] / Shaft- Friction
= Factor)
-2 0.1200 //\ /
[
Z / \/ _e
o 0.1000 — ¢
g /0' __—
3. 0.0800 /$/ o "
E 0.0600 =
o hatadl I N N —— ) 4

0.0400 / /

0.0200

0.0000

Test1 Test2 Test3 Test4 Test5 Test6 Test7 Test8 Test9 Test10 Test11
Test Number
Figure 2-1: Chezy-Darcy friction factors for Harmony No. 2 and No. 3 shaft scale model tests

The tests with this scale model were carried out with Reynolds numbers between 500 000 and

900 000. There are some anomalies in the data. The following general comments are applicable to

the data evaluated here:

The inconsistencies remarked on are particularly apparent for the resistance values
obtained for the individual members in No. 2 shaft. The differences in the profiles do not
appear to account for the variations in the measured resistances. It was postulated by the
author that the changes are due to changes in the velocity profile in the shaft as

additional members were added to the shaft cross-section. These differences were also
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noted in the test results from No. 3 shaft. It would therefore be advisable to treat the

individual resistance values with caution if they are to be applied to other shafts.

2 The few longitudinal spacing tests carried out do not provide sufficient data with which to
establish any relationship between the shaft resistance and the spacing of the shaft
supports. Although these data do demonstrate that increasing the distance between
bunton centres has an effect on the shaft resistance, this also asymptotes at

approximately 4.572 m (15 foot) centres for the one bunton configuration tested.

3 These tests did confirm that the Chezy-Darcy friction factor is largely independent of the

Reynolds number, which is as expected.

4 The data measured from this experiment were analysed in accordance with current
theory. The results of this analysis can be found in Appendix C. The calculations show that
there is some correlation with the current theory for the prediction of pressure losses in
shafts, but this agreement is not consistent. The difference between the calculated
resistance and the measured resistance is consistently approximately 30%. This may be

attributed to a number of factors:

° A number of the parameters need to be assumed from standard tables (e.g. the

drag coefficients, the velocity profile of the test section, etc.).

° There is limited knowledge on the actual scaled system used for the tests other
than the broad description. Thus ensuring that the correct values were used for

the required parameters was challenging.

This was the first recorded instance of the use of a scale model to test the resistance of a shaft and it
is thus expected that there will be some anomalies that will require clarification. The test did,
however, achieve its goal in that the shafts in question were shown to be able to support the

required ventilation and this proved to be correct.

In 1959, Chasteau conducted some basic tests on the Pioneer Shafts of the Buffelsfontein Gold
Mine. In this instance some measurements were taken on the shaft itself and these were compared
with the results obtained using a scale model test rig. It was a horizontal test rig 1.9812 m
(78 inches) in diameter, which resulted in scale ratio of 1:4. The steelwork was manufactured from
plywood, including the radii of the buntons. The tests were conducted at relatively low Reynolds
numbers. The results from the scale test did not compare favourably with those from the shaft
itself. This difference was attributed to the particularly difficult conditions encountered in the shaft

during the tests. These comparisons were made with the final test configurations.

However, the scale test did evaluate the different bunton shapes. These were changed sequentially
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for the different tests and allowed meaningful comparisons to be made. The initial bunton shapes
were standard RSJ sections and modified T sections. These were modified until the overall shape
being evaluated was similar to a streamlined bunton connection. These bunton shape changes are

depicted in Table 2-2.

The measured results were compared with current theory; the details of these calculations can be
found in Appendix C. These calculations showed varying correlation with the measured results.
These differences are in some part attributed to the assumptions that were made of the drag
coefficients for the various bunton shapes. The tests showed clearly that the streamlined bunton

sections offered approximately half the resistance offered by the un-streamlined sections.

Table 2-2: Pioneer shaft bunton shape changes

Primary bunton shapes

Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7
Secondary bunton shapes
Measured friction resistances of the shaft configuration for the various tests

0.381 0.255 0.210 0.198 0.168 0.159 0.152

Note

Each test considers the primary and the secondary buntons together.

The following general comments should be noted on the tests conducted for Pioneer shaft.

The actual free air velocity measured was very low in comparison with the velocities

usually found in shafts.

The general analysis of the system is only to depict how best to reduce the friction of the
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shaft; in this it was successful. However, the data are insufficient to draw more than

general conclusions about the behaviour of the airflow around the buntons.

iii The correlation between the measured and calculated figures is strongly dependent on

the complexity of the bunton shape being considered.

These two initial tests showed the way forward with respect to both potential shaft layouts and the
shape of the bunton to be used for the shaft steelwork. Neither of the papers (Martinson, 1957;
Chasteau, 1962) dealt with the placement and efficacy of the services within the shaft or the overall
effect of the cage movement within the shaft. In addition, while these results provide general
guidance as to the layout and the bunton shapes, neither of these parameters can be used in more

than general terms for the analysis of additional shafts.

Graves (1961) noted that before the 1960s, all shafts were rectangular and were designed for the
transport of men and materials alone. However, when the energy costs became important and it
became increasingly difficult to move ventilation air underground, the shaft resistance to the
ventilation air was considered. Graves felt this was worth highlighting in order to emphasise the
importance of changing only one parameter at a time in order to obtain the best results. In this
instance significant savings were accrued from modifications to the buntons, as well as the use of
round shafts. The extent to which each of these changes contributed to these reductions was never

ascertained.

In this regard (i.e. the evaluation of rectangular shafts) the effect of changing the equipment in a
rectangular shaft was monitored Botha and Taussig (1961). The equipment in this shaft was changed

in the following ways:
1 Old worn timber sets were replaced with steel sets.

2 Existing steel ventilation piping was used to facilitate the carrying of additional downcast

air in a timbered rectangular shaft.
3 The effect of placing half-round caps on the buntons was evaluated.

4 The effect of removing some of the buntons in a shaft was evaluated. This was possible as

the hoisting speed was reduced.

5 The Chezy-Darcy friction factors for wood, smooth steel and galvanised iron piping in

vertical shafts was evaluated.

The shafts were tested but not in detail due to the limited shaft time available. The emphasis was

put on getting enough data of sufficiently good quality which could be used on a relative basis.
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The following particulars were noted from the tests:

i It was noted that replacing old timber in shafts with un-streamlined buntons had no

beneficial effect.

ii The large-diameter smooth pipe did help to increase the air-carrying capacity of the shaft

without increasing the power consumption.

iii The half-round caps that were placed on the buntons in the concrete-lined shafts did

reduce the shaft resistance by approximately 30%.

iv It was possible to remove every second or third bunton and this reduced the shaft

resistance by between 25 and 40%. The original bunton spacing was 3.048 m (10 ft).

All the changes discussed here are strongly dependent on the velocity of the ventilation air and
therefore the required outcome for a specific shaft may require different methodologies and
analyses. The nature of the tests was such that the data presented could not be relied on for
detailed analysis, but it was hoped they would provide a useful summary. The overall reduction

effect is consistent with those found in other shafts.

The next test took the understanding of the resistances shafts offer to ventilation air to another
level. In this instance, the resistance that the Vaal Reefs No. 1 shaft offers to the air flowing through
it was measured by Quilliam et al. (1961). This is a dry shaft divided into five compartments. Various
tests were conducted in the shaft and on the levels to obtain measurements that would allow the
calculation of the shaft resistance. However, the details of the tests and the observations made
were not included in the paper. It was stated that during the tests the ventilation fans were baffled
in order to vary the velocity of the air in the shaft. These variations in velocity showed that there
was a significant difference in the resistance in the lower Reynolds number range, but that this

difference was reduced once the higher Reynolds numbers were used.

Once the above tests had been completed, Chasteau (1961) set up the scale model to be similar to
the Vaal Reefs shaft in order to verify the measured data. The same scale arrangement was used as
for the Pioneer shaft discussed above. In addition to this, a 1.981 m (78 inch) wind tunnel and the
0.305 m (12 inch) wind tunnel were used. These tunnels had scale ratios of 1:1,393 and 1:24
respectively. Once again, as the scale models were equipped, the buntons were increasingly
streamlined and the differences measured. In both of these models the data showed significant
scatter when lower Reynolds numbers were used for the testing. Although the resistance at these
lower velocities was also noted to be lower, this scatter was attributed to the inadequacies of the
instrumentation used. At high Reynolds numbers, i.e. 1.2x10° for the 1.981 m (78 inch) model and
2.5x10° for the 0.305 m (12 inch) model, the Chezy-Darcy friction factor calculated from the data

became constant. In addition, in the sections of the wind tunnel that had no ‘equipment’ installed, it
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was noted that the results were very similar to those of the full-scale shaft measured.

The data were also plotted against the mean air velocity in the scale models. This showed a much

better correlation to the shaft measurement than the Reynolds number, prompting speculation

from the author that this was perhaps a better way to depict the results. It was also recommended

that, in order to understand the air flow in the mine shaft more fully, the turbulence characteristics

of the models and the mine shaft needed to be better correlated. In spite of this there was good

agreement between the shaft test results and those of the scale model.

These tests and comparisons provided additional insight into the working of the shaft system.

However, there are a number of questions that the tests still did not consider:

An increase in the turbulence of the scaled systems from 1% to 3% resulted in an increase
in the drag coefficient from 1.27 to 1.33. This highlighted the individual nature of shafts as
the majority of the turbulence experienced by the shaft ventilation air is induced by the
structure within the shaft. It also emphasised the importance of ensuring the accuracy of
the various coefficients used for the theoretical evaluation. (in this instance, the intensity

of turbulence encountered is measured by the non dimensional number N, where

Re:pDU:pDU:N
H plv

Where:
Re - Reynolds Number
p - density
D - diameter
vl - dynamic viscocity
| - mixing lenght
v - component of turbulent velocity at right angles to the mean speed U
N - non dimensional number for turbulent flow equivalent to the Re

number in laminar flow

The results from the two wind tunnels agreed reasonably well for Reynolds numbers of

400 000, but this agreement was closer for buntons that were further apart.

The resistance of the shaft only was evaluated, and of the shaft and the equipment in it.
No attempt was made to evaluate the effect that the age of the shaft and the age of the

skips might have on the resistance of the shaft.
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iv The aim of the general analysis of the systems was only to depict how best to reduce the
friction of the shaft; in this it was successful. However, the data are insufficient to draw

more than general conclusions about the behaviour of the airflow around the buntons.

v There seems to be a linear relationship between the increase in the bunton spacing and

the resistance of the shaft.

The measured results were compared with current theory and the details of these calculations can
be found in Appendix C. These calculations showed varying degrees of correlation with the
measured results, with one measurement showing a significant difference. The average percentage
difference is approximately 50%. It is thought that these differences are a result of the assumptions
made for the drag coefficients for the various bunton shapes that had to be estimated. This is
thought to be one of the primary reasons for the discrepancies between the calculations and the
measured results. However, as was noted by Chasteau (1961), perhaps some portion of these
differences could be accounted for by the lack of adequate instrumentation, especially where the

lower Reynolds numbers were used.

At this stage of the progress in determining the actual resistances of shaft systems, we have a
number of scale model tests, none of which were verified with field tests. Graves (1962) helped to
fill this gap by testing three shafts to determine their actual resistance to airflow. The basic

characteristics of each of these shafts are listed in Table 2-3.

Table 2-3: Tests on downcast shafts
Description Shaft No. 1 Shaft No. 2 Shaft No. 3

Name President Brand No. 3 Vaal Reefs No. 2 Western Deep Levels No. 3
Bunton type AirSave Squashed pipe Squashed pipe
Coefficient of drag Cp=1.55 Cp=1.25 Cp=1.25
Shaft depth 12192 m 14932 m 15929 m
Bunton spacing 4,572 m 6.10 m 6.10 m
Velocity of air in shaft

12.93 m/s 10.19 m/s 10.10 m/s
(free air velocity)
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All the shafts had pipes and cables in them, but not in significant quantities. All the cages being used
in the shaft were parked on the bank during the tests and the air was entrained in the shaft below

this level, resulting in the measurement of an unobstructed shaft.

The results of these tests were tabulated and conclusions were presented by the author (Chasteau,

1961). These are:

1 The resistance of the slim (0.102 m (4 inch) wide) hexagonal buntons is appreciably less

than that of the rather thicker (0.152 m (6 inch) wide) rounded buntons.
2 The wider vertical spacing of the bunton sets results in a reduction of the shaft resistance.

3 The 0.152 m (6 inch) squashed pipe buntons used show a lower resistance than the semi-

streamlined buntons.

4 It is concluded that the streamlined buntons do in fact reduce the airflow resistance by

some 50% over the standard | sections.

The measured results were compared with current theory. The details of these calculations can be
found in Appendix C. These calculations again showed varying amounts of correlation with the
measured results, with one measurement showing a significant difference. The average percentage
difference is approximately 50%. It is thought that these differences are a result of the assumptions
that were made in determining the drag coefficients for the various bunton shapes. In addition, no
information was made available about additional inclusions in the shaft, such as levels and
intermediate pump station levels, all of which would have an effect on the measured shaft

resistances.

Although this paper does not deal with the dynamic aspects of the resistance losses and does not
evaluate actual shaft configurations, up to this time this was the most complete set of results that
had been compiled for the evaluation of shaft resistance. However, the measurements were only
taken at the top and bottom of the shaft and no attempt was made to identify the progressive
resistance of the shaft. This could also be one of the factors that resulted in the difference between
the theoretical calculations and the results from the research work, as none of the effects of the

station steelwork or the stations themselves was taken into account.

Nevertheless, the data presented here once again provide empirical evidence as to the validity of
the design of shaft systems using more streamlined bunton sets. Martinson (1962) notes that as a
result of the work completed on the resistance of shafts, the use of RSJ as buntons and dividers in
shafts had been scrapped. This scrapping was matched by an increase in the bunton spacing for the
same reason, namely to reduce the resistance of the shaft. He also noted that both the ‘airsave’

bunton and the ‘squashed pipe’ bunton significantly reduced the resistance of the shaft, but
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cautioned against the statement that the actual resistance of the ‘airflow’ bunton was higher than
that of the ‘squashed pipe’ version, as this statement was based on observations made on two
different shafts without an effective evaluation of other variables. He recommended that these

buntons should first be tested in similar conditions before such statements were made.

In an attempt to quantify the actual effect of the various systems in the shaft, Chasteau and Kemp
(1962) conducted a series of tests on a scale model. The initial tests showed that the increased
streamlining of buntons reduced the shaft resistance. Although this was not new, additional
variations in the shaft configuration also showed that streamlining the central portion of the shaft
cross-section had the most significant effect on the overall shaft resistance. It was noted as well that
the most significant reduction occurred when | sections were converted to streamlined sections.

There was, however, little difference when tails were added to this configuration.

These tests were also the first to consider the contribution made by the cables and pipes to the
resistance of the overall shaft. Removing the cables resulted in a reduction of 10% and removing the
pipes and the associated brackets an additional 11%. Lambrechts and Deacon (1962) built further on
this work by testing the changes in shaft resistance in a shaft while it was being rehabilitated, i.e.
with the rough wall smoothed and the bunton and guides in the shaft removed. In this instance, the
shaft resistance was reduced by 87% when the buntons, guides and associated connections were
removed. An additional 50% reduction in the shaft resistance was noted once the rough wall had

been smoothed.

Casati and Martinson (1962) also added to this growing database by using a model to measure the
effect that bunton spacing had on the overall resistance of the shaft. This test showed that the
resistance of the shaft equipment was significantly higher than that of the shaft wall. The test also

showed a reduction in the shaft resistance as the bunton spacing was increased.

Casati and Martinson (1962) also did tests on a different model. In this instance the No. 4 shaft at
City Deep Mine was modelled. This is a circular shaft. One result of interest from this test was that
the lined portion of the shaft showed a resistance of approximately 40% less than that of the
unlined portion. Another interesting result was that the addition of various pipes and cables
decreased the resistance of the shaft. No reason was proposed for this anomaly and no additional
investigations were made at this time. Once again no effort was made to evaluate the effect of the

shaft cages on the shaft resistance.

In this regard some anomalies were noted in ventilation pressure and energy surveys at Freddies
Consolidated Mine Limited (Unsted and Benecke, 1978). There were large variations in absolute
pressure, sometimes accompanied by airflow reversals. These reversals were traced back to the

passage of the large cage in the downcast shaft at No. 3 shaft.
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2.2.3

To establish how this occurred, barometers were placed at the bank of No. 3 and No. 1 shafts and
on 53 level of the same shaft. It was noted that the barometric pressure was considerably lower
when the cage was below the observation point than when above it. In addition, the barometric
pressure fluctuations at No. 1 and No. 3 shafts were ‘in phase’ and these phases were linked to the
position of the cage in No. 3 shaft. No. 1 and No. 3 shafts are approximately 4 500 m apart and these
pressure variations were instantaneously transmitted throughout the ventilation system. This was
due partly to the high velocities present in these shafts. An air flow velocity of 18.9 m/s was present

in No. 3 shaft and this increased to approximately 25.4 m/s when the cage was in the shaft.

In order to effectively evaluated the response of the ventilation flow in a shaft to cages moving
through the shaft a study was undertaken by Ruglen and Wilson (Ruglen and Wilson, 1978). In this
paper various shaft and haulage configurations were evaluated, including the effect of conveyances
on ventilation flow in a shaft. One of the most significant findings was the large effect that the
inclusion of ribs had on the overall resistance that the conveyance offered to ventilation flow
through the shaft. The importance of keeping the cages doors closed while moving the conveyance
through the shaft was also noted. While little data was included in this report, it was noted that
reduction in the losses around the cage could be reduced by as much as 50% for a cage with a shaft
blockage of 30%, but that this reduced to 40% for the blockage of 50%. The optimum size of fitting

size of fairing was found to be between 0.3 and 0.35 times the width of the cage.

Significance of Available Data

All these tests provide valuable empirical data, as well as valuable direction as to the way in which
the design of shaft systems should proceed. There is a definite trend towards the following criteria

for shaft design at this point:

i Buntons and guides should be streamlined.

i Shaft walls should be lined.

iii Buntons should be spaced as far apart as possible.

iv In addition, it is important to ensure that the velocity profile in any test section is as close

to that of the shaft as possible.

Up to this point, however, no definitive data are available on the actual manner in which the above
systems should be designed. This is primarily a result of the difficulty in measuring the actual
resistances of installed shafts and, once measured, of the high requirements in terms of time and
cost to adapt their configuration for additional tests. This led to the use of scale models. The

accuracy of such models and concerns surrounding their use and results have been described.
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In addition, there is no reference to the quantification of the results in accordance with the
procedure presented by Bromilov (1960). The calculations performed during this research project
are based on the work presented by Bromilov (1960) and latterly McPherson (1987), and there is

little correlation between these and the tests carried out.

Finally, although the manner in which the various measurements were taken is recorded, little
information is available from the actual data measured and, other than the reference by Chateau

(1961) to the accuracy of the instrumentation and its placement, no comment is made on this.

One of the objectives in reviewing these papers was to try and find additional data to calibrate a
computational model. In this instance the difficulties associated with the measurement of shaft
resistances were highlighted, particularly with regard to ensuring that sufficient time is allowed in

the shaft to complete such measurements.

It was also noted that the horizontal test chamber (Chasteau, 1962) showed little reduction in the
shaft resistances when pipes and cables were introduced. Other papers to note this was that
presented by Casati and Martinson (1962). This reduction was also noted by Bromilov (1960) and

this highlights the danger of using scale models without fully understanding their ramifications.

The effects of the uniqueness of each shaft layout, the resultant effect on the turbulence of the
shaft and its effect on the measured coefficient of drag were also highlighted by Chasteau (1961). As
a result of the general lack of information available on the shafts and models being tested, the

various methods available for testing shaft resistances accurately are discussed below.

The investigation of fairings on the shaft conveyance is worthy of investigation as these can also

result in reductions in the overall losses experiences by the shaft.

Methods of Testing Shaft Pressures

The actual manner in which the measurements were taken for the various tests should be
considered when evaluating the current results. The shaft measurements discussed above used
different techniques for measuring the pressure and free air velocity at various points in the shaft.

Three recognised techniques are used to evaluate the resistance of a shaft:

1 Density method
2 Full volume—Reduced volume method
3 Trailing hose method

Bareza and Martinson (1961) commented on the efficacy of using these methods for the
measurement of shaft systems and these comments are discussed here to highlight the fact that

when systems with large vertical differences (i.e. shaft systems) are tested, there are often
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parameters that normally would not cause concern but that suddenly become very important to

control if accurate measurements are to be achieved.

1 Density method: The pressures at the top and bottom of the shaft are measured. The
pressure at the bottom of the shaft is then compared with the calculated pressure that
should occur at the shaft bottom, assuming the shaft was frictionless. This method

requires some calculation and it is therefore an indirect method of measurement.

2 Full volume—Reduced volume method: This is based on the fact that the pressure loss in
any given section of an airway is a function of the flow rate and of the mean density only.
This method is useful because of its simplicity, but to obtain good results it is better used
in areas where the difference in the flow rate is large. This is also an indirect method of

measurement.

3 Trailing hose method: When this method is used, density correction must be applied to
obtain the correct value (Barenbrug, 1962). If this is not done, the error can become
significant when pressure is evaluated over the length of a shaft. This is, however, a direct
measurement system, albeit one given to inaccuracy due to the long vertical differences

between each of the measurement points.
Density method

In order for this method to apply, it is assumed that the density of the fluid varies linearly with the
elevation. This assumption is of particular importance when evaluating the theoretical term over

large elevation differences where the assumption of linearity may not apply.

An examination that was conducted by Hemp (1975) showed that the assumptions noted above did
provide reasonably accurate results but that there were also a number of cases where this was not

true. To try and achieve better accuracies, Hemp suggested a two-pronged: approach:
i Recognise the assumption that conditions along an airway are perhaps not valid.

i Use a method for correcting the pressure survey results to allow for departure from the

assumption.

A method is supplied to test the accuracy of the calculations, but this has not gained general
acceptance. In order to ensure, as far as is practically possible, the accuracy of the planned tests,
this calculation must be completed for steady-state tests to verify the testing procedure. However,
the act of correcting data could also corrupt the reason for the measurement, which is to ascertain
the extent of the pressure losses that occur during the dynamic conditions of the cage movement,

and it will thus not be used once the procedure has been confirmed.

Suffice it to say that when the experimental procedure is designed it must take cognisance of these
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potential inaccuracies and ensure that the requirements to avoid them are met. Although it should
be noted that there are problems associated with this indirect measurement method, these

problems can be overcome by proper design of the survey.
Full volume—-Reduced volume method

This survey method involves measuring the barometric pressure, as well as the wet bulb and dry
bulb temperatures at the two ends of the survey. These measurements are taken during the full

flow condition and during the reduced flow condition.

This method has advantages. However, to be able to calculate the pressure drop over an operating
shaft, it is not possible to reduce the volume of air flowing through it without affecting the

production of the shaft. This method will therefore not be considered further here.
Trailing hose method

The principle of this method is straightforward. A hose is laid along the length of the airway and a
suitable pressure differential measuring device is attached to either end. If the airway is horizontal,
then the differential pressure is equal to the friction pressure loss. In a vertical airway this is not

identical, but calculations can be used to find the friction pressure loss.

This method has its advantages and disadvantages, all of which can be corrected. For example, care
must be taken to ensure that the psychrometric properties in the hose are the same at difference
elevations. This is most easily taken care of by ensuring that there is no moisture in the hose and
that the conditions are such that condensation does not occur. This method has one primary
disadvantage, namely the physical length of the hose and the logistics of laying a trailing hose in a

shaft more than 1 000 m long. This method will therefore not be considered further here.

Kemp (1962) investigated these methods of measurement and commented specifically on the use of
the trailing hose method of resistance measurement. He noted that the use of the trailing hose
resulted in error owing to the differences between the density of the air in the shaft and the air in
the manometer tubes. This effect increases as the length of the trailing hose increases. This concern
can be overcome by ensuring that the air in the manometer is at the same temperature as the shaft
air. In addition, the hose should be well ventilated with the shaft air to ensure consistent moisture

content before the tests are started.
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2.3

DESIGN CONSIDERATIONS

Any discussion on the design of shaft systems and their evaluation with respect to the resistance
they offer would not be complete without discussing the work contributed by Bromilov (1960).
Bromilov separated the resistances for the various items in a shaft system in order to evaluate each
of these items separately. The sum of the resistances offered by each of these items listed below

results in the calculation of the total shaft resistance:

1 Shaft walls
2 Shaft fittings (buntons, guides, pipes, etc.)
3 Cages and/ or skips

The base assumption of this work is that the resistance offered by each of these items is
independent of the resistance offered by the others. In the context of the work produced by

Bromilov, each of these will be discussed separately because the analysis techniques for each differ.
Shaft walls

The resistance of the shaft wall is calculated using factors available for standard pipe theory for skin
Chezy-Darcy friction factor of the wall or the duct wall. These Chezy-Darcy friction factors allow the
calculation of the resistance of this item based on its size, the roughness expected of the wall and
the flow of air through it. The limitation of this theory is that it can give conservative results when

very rough walls are included in the calculation.
Guides, pipes and cables

It was noted that fittings such as these may actually reduce the resistance in a shaft. Nevertheless,
the resistance they offer is estimated by subtracting the area of these fittings from the area of the
shaft to obtain an increased air velocity. To calculate the resistance offered by fittings such as
flanges, the free area used for the calculation of the increased velocity is reduced by the amount

that the flanges reduce the overall area available.

It should be noted that no attempt is made to quantify the potential decrease in the shaft resistance
as a result of the inclusion of these items or to quantify the additional turbulence that would occur
as a result of the inclusion of discontinuities such as the flanges. It was, however, postulated that

the reduction in resistance is based on the reduction of the swirl in the shaft.
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2.3.2

Buntons

The calculation of the resistance that the buntons offer the airstream is based on the drag that the
bunton would experience. This drag is defined as follows (McPherson, 1987): “A body placed in an
airstream is acted on by forces due to the movement of the air past it. The force on the body that is
parallel to the airstream is known as the drag and is proportional to the approach velocity to that

body and of the air and frontal area of the body presented to the airflow”.

One of the limiting assumptions for this theory to apply is that the airflow past a set of buntons is
not affected by the presence of the buntons upstream. To estimate this effect, the calculation
includes for the use of an interference factor, which is calculated based on the distance between

subsequent sets of buntons.
Cages and skips

The calculation of this is based on work by Stevenson (1956). Stevenson used a horizontal duct of
circular cross-section in which he placed cages of various configurations and sizes, and measured the
response of the airstream to these. The resistance that these offer to the airstream has been
included in Bromilov’s calculation via the use of various factors applied to the cage based on its

shape, size and length.

It was interesting to note that Stevenson also investigate the use of fairings. The judicious use of
these resulted in the measured resistance of the cage reducing, in some instances by more than
half. The application of this work does, however, assume that the cages are sufficiently far apart

such that any disturbances they apply to the airflow will not affect the other conveyances.

General Discussion

At the time, Bromilov’s work was the first attempt to calculate the actual resistance offered by shaft
systems. Following this work, Van Wyk (1961) presented a paper which discussed the design
requirements of shaft systems with the respective resistances a shaft would be expected to offer.
Van Wyk did not refer to Bromilov’s work, but the conclusions reached were similar. He produced a
table comparing the unit cost of each of the bunton shapes with the resistance they offered to the
flow of air in the shaft. However, before one can have a meaningful discussion on the most cost-
effective system to be installed in a shaft, it is necessary to have a better understanding of the

current shaft steelwork design theory of shaft systems.

The current design theory and understanding of the ideal bunton and guide connection holds that
shaft system should be designed so that the buntons are as flexible as possible and the guides as
rigid as possible. This arrangement offers the best configuration for the support of the conveyances

as they move in the shaft and the constraint of the conveyances within their travel paths. This
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requirement is fortunate as the more slender buntons have a significant advantage for the flow of

ventilation, and the cross-section of the guides that is generally presented to the flow is minimal.

Rope guides should also be considered in the design of shaft systems as they present the smallest
cross-section to the airflow. However, the large space requirements between the conveyances in
such a shaft and between the conveyances and the sidewall are such that a large shaft is required to
accommodate a number of conveyances. There is also the complication in multi-level mines that
each of the conveyances to be used must be constrained at each of the levels that the cage serves.
This generally requires construction of a system that will protrude into the shaft, thus creating a
potential safety risk to the operators of the shaft. Any constraint in this regard will also have an

effect on the cycle times of the conveyances.

In shallow mines, the portion of total capital cost apportioned to shaft sinking is relatively small. This
cost increases substantially as the shafts are sunk to deeper levels. It is therefore important to utilise
this capital expenditure as efficiently as possible. This means that a shaft must be designed to
permit maximum hoisting while still allowing the maximum ventilation through the shaft. There are

basically three ways to reduce the resistance of the shaft during the design phase. These are:

1 Improve the aerodynamic shape of the obstructions.
2 Reduce the frontal area of the obstruction.
3 Increase the space between the obstructions.

A fourth way will be examined in this thesis, and that is optimising the layout of the cages, skips,

guides and services in such a way as to minimise the overall resistance offered by the shaft.

Knowing the interaction between these options is important, and Van Wyk’s paper highlights some

of the more significant concerns in this regard.

Once the aerodynamics have been considered, the only other methods left for reducing the shaft
resistance are to reduce the frontal area of the shaft fitting and to increase the spacing between the
buntons. These methods must be considered in conjunction with the alignment of the shaft. If the
shaft can be correctly aligned, then it is possible to reduce the strength the buntons needed and the

number of buntons can be reduced.

With regard to increasing the bunton spacing, it must be noted that with the improvement of the
aerodynamics of the buntons, the effect of increasing the bunton spacing becomes less pronounced
(Martinson, 1962). The use of these buntons must, however, be considered in conjunction with the
complications they introduce, with respect to both the installation and maintenance of the shaft.

Once these criteria have been optimised, the auxiliary services become important.

In conclusion, Van Wyk felt that the contribution of the shape of the bunton to the shaft resistances
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had reached a point where it could now be considered fully developed. He proposed that the

emphasis now be placed on the design considerations.

In this paper, Van Wyk highlighted the specific design concerns that the shaft engineer had to
consider. However, no theory other than the broad terms described above was included. In
addition, all the comments he made were with respect to static installed systems. He did not
comment on the resistance offered by the cages or the specific placement of the services and how

these placements could affect the shaft resistance.

Bromilov’s (1960) work was further built on by McPherson (1987). In this work McPherson simplified
and metricated the calculation of shaft resistances. He also introduced the concept of ‘rational
resistance’. In this representation the resistance depends only upon the airway geometry and

roughness, and is independent of air density.

In addition, he proposed the use of the Colebrook-White equation for the derivation of the shaft
Chezy-Darcy friction factor. This equation is based on the Moody chart for the Chezy-Darcy friction
factor and is consistent with the work Bromilov presented. The use of this equation does allow the

mathematical evaluation of the shaft lining in the more conventional manner.

The theory used in McPherson’s paper was consistent with that proposed by Bromilov. He also
evaluated the results from Stevenson’s tests and included these in the evaluation of the resistances
offered by conveyances in the shaft. In this paper McPherson did not add significantly to the store of

knowledge available for the calculation of shaft resistances, but he did simplify its application.

In conjunction with the work by McPherson, Wallace and Rogers (1987) conducted a survey of the
shafts currently being used around the world and how they were configured. In this survey,
guestionnaires were sent to various mining companies. A total of sixteen mining operations

participated in the survey with a total of 37 shafts. In this survey the following information was

supplied:

1 Coefficient of fill (Cy): This is the percentage of area that a conveyance occupies in a shaft.
. 23 shafts had a C; of less than 20%.
° 8 shafts had a C; greater than 50%, all of which were men and materials

downcast shafts with a single conveyance.

The trend is therefore that men and materials shafts have a greater C; while hoisting shafts have a

lower C;. In addition, it was generally noted that as the shafts became deeper, the C; was lower.
2 Free air velocity: This is the velocity of the ventilation flow in the free area of the shafts.

. The most common free air velocity was 5 to 7.5 m/s. (Approximately half of the

Page 55



-
&
UNIVERSITEIT VAN PRETORIA

E’i UNIVERSITY OF PRETORIA
4

YUNIBESITHI YA PRETORIA
OPTIMISING SHAFT PRESSURE LOSSES THROUGH COMPUTATIONAL FLUID DYNAMIC MODELLING

men and material shafts were in this range.)
. The highest free air velocity was 17.85 m/s.

The modified theory put forward by McPherson (1987) was evaluated by Deen (1991). Deen’s
specific aim was to define the resistances of shafts and to validate these calculations based on the
theory. The shafts chosen for this study varied in size, shape, depth and general fitting
arrangements. This work included the review of a rectangular shaft. Deen achieved very good
accuracy when comparing his calculated resistances with those calculated using the current theory.
The accuracy on three of the shafts was to less than a 5% difference and the difference was 11.8%

for the final shaft.

In this exercise, the comparison showed good congruity between the theory and the results.
Unfortunately, no information was supplied on how the tests were done, or the assumptions used

for the basis of the calculation or the detailed comparison of the results.

In the evaluation of the theory discussed above, all the calculations require that a good database be
available for evaluation of the various resistances. In this regard, Fytas and Gagnon (2008) compiled
a database of ventilation factors obtained from various mines in the Quebec province of Canada.
The reason for undertaking this exercise was increasing concern that the current Atkinson friction
factors were based on historical factors obtained from old workings. It was argued that these factors
were no longer applicable as a result of advances in mining layouts and techniques. In the
compilation of these figures, 137 Atkinson friction factors were measured in 10 underground mines.
Unfortunately, no shaft resistances were measured. However, good data were supplied from
current mining operations and it was possible to compare the resultant Atkinson friction factors
with the historical data. These data showed that small reductions in the measured Atkinson friction

factors were possible when compared with the older data.

Fytas and Gagnon’s (2008) paper did highlight the importance of ensuring that the Atkinson friction

factors used in any evaluation are appropriate to that application.

The design of any system must, however, be undertaken with full cognisance of the capital and
operating cost ramifications of any decision. In this regard, there are several costs that influence the

size and equipping of shaft systems, namely:

. The total ventilation air that the shaft is required to accommodate

° The cost of the shaft and its equipment

. The limitation of the velocity of the air passing through the shaft

. The size of the equipment to be carried through the shaft (i.e. skips, services, cages, etc).
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The general operating costs for ventilation systems have not changed. Barenbrug (1961) noted that:

“As is often the case in engineering plants, a high capital outlay could result in low operating
costs, or low capital outlay in high operating costs and in the ventilation of mine, the same
principles hold good. Large diameter shafts with large capital outlay usually result in smaller fan
power requirements whilst for the same volume small diameter shafts require large fan power
because of the high resistance to airflow. There is thus for a certain volume of air a size of shaft

which will give the lowest total cost”.

In this regard he noted that the operating costs with respect to a shaft are dependent on

1 the volume and mass of the air transported

2 the density of that volume

3 the length of the shaft

4 the perimeter of the shaft

5 the area of the shaft

6 the overall Chezy-Darcy friction factor of the shaft

7 the mean density of air in shaft

8 the power cost per unit

9 the fan efficiency and the maintenance cost of the fans.

Prince (1961) noted particularly that the shaft is a wasting asset and that for the increase in capital
to be used in the sinking of a shaft to be useful, it should be evaluated against the borrowed capital
rate to evaluate the actual return on capital. Uhlmann (1961) noted that a more correct criterion for
the most economical size (of shaft) is that point at which the percentage return on increased capital
expenditure is equal to the rate of interest that the client can obtain on alternative investments or
which he would have to pay for borrowing the extra capital. This point must be noted as the overall
requirement for the sinking of a shaft is to make a gain on the overall capital investment. This is

entirely consistent with the approach suggested by McPherson (1993).

Wells (1973) also emphasised the importance of incorporating the operating costs of the shaft with
the overall capital required to build the shaft. The specific emphasis of the design to reduce the
resistance of the shaft is correctly based on the fact that the cost of power to overcome the internal
resistance to the flow of air through a shaft will live with the mine for its full lifespan. In this regard
Wells recommended that the design of shaft parameters that affect the resistance of the shaft
should be very carefully considered when designing the internal configuration of a shaft. The

additional expense incurred in the construction stage is generally negligible when compared with
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the benefits that will accrue for the rest of the life of the mine. Some of the more important

parameters are listed below:

. Arrangement of shaft steelwork

. Spacing of buntons

. Streamlining of bunton cross-section

. Alternative methods of guiding conveyances (i.e. stub buntons, rope guides, etc.)
. Smooth concrete lining

. Widening of shaft at station elevations

. Bank bypass (independent ventilation inlet)

. Long narrow conveyances

. Scientifically designed ventilation inlets or outlets from the shaft (i.e. splitter blades)
° Fairings to streamline conveyances

° Evase design

This requirement to design efficient shafts goes hand in hand with the requirement to contain the
operating costs of the mine. To contain these costs it is necessary that the ventilation engineer on
the mine should understand fully the resistance factor within that mine. Once this is achieved,
specific steps can be taken to control and improve the overall resistance. Krishna (1992) noted that
it is of vital importance that the mine ventilation planning be integrated with the overall mine
production and layout planning. This is especially true of the shaft system as decisions affecting this
system can have a significant effect on the overall power consumption of the mine. Although
deficiencies in the design of these systems can be easily overcome by increasing the pressure that
the main ventilation fan can accommodate, this pressure is dissipated in the shaft system and
cannot be used to ventilate the mine. It should also be borne in mind that the relationship between
power and airflow is cubic, and the cost of these increases is substantially more than the linear value

of the increase.

Seeber (2002) also emphasised this point. He noted that through the generation of the Atkinson
friction (K) factor, mine operators have a viable means of assessing the impact that ventilation costs
have on their operations. The relationship between the pressure drop in the system and the energy
required to overcome that pressure drop is a simple mathematical process, providing the mine

operator has a good understanding of a ventilation system’s resistance characteristics.
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2.3.3

24

Significance of Available Data

The theory described in this section allows for the complete mathematical design of a shaft system
with respect to the resistance that the shaft will offer to air flowing through it, but some critical

guestions regarding this analysis remain unanswered. These concerns are:

1 As the duty required of shafts increases and they are used to transport more services
underground, the actual effect of the shaft fittings needs to be quantified. This is
especially applicable when it is considered that both Bromilov (1960) and McPherson
(1987) commented on the potential decrease of the shaft resistance through the judicious
placement of these. In addition, the effect of the connections of the fittings (i.e. pipe

flanges, cable brackets) needs to be evaluated so that an explicit solution can be derived.

2 The effect that conveyances have on the resistance of the shaft needs to be more
explicitly quantified. This is especially important when the behaviour of large conveyances
is considered, with respect to both the forces they apply on the shaft steelwork and the

resistance they offer to the ventilation air.

3 The effect that the shaft steelwork has on the ventilation air has been quantified based
on the drag resistance it offers to the airflow. In addition, it is noted that the further away
the buntons are from each other, the better. Although this had been proven, the actual

effect of these on each other required quantification.

The maintenance of shaft systems must be optimised such that it takes as little time in the shaft as
possible. In the evaluation of these systems cognisance should also be taken of more recent trends
in shaft system design, specifically the general increases in design air velocities. Biffi et al. (2006)
noted that although equipped shafts inherently present a higher frictional resistance to airflow, they

are also designed for higher air velocities.

The free air velocities in equipped shafts may be as high as 12 m/s and air velocities of up to 22 m/s
may be tolerated in unequipped shafts, although some of the free air velocities in South African
shaft are higher. These velocities are higher than those recommended by McPherson and are
indicative of the requirement to make capital assets such as the shaft work as hard as possible to

service the mine’s general requirements.

COMPUTATIONAL FLUID DYNAMICS

Computational fluid dynamics (CFD) was proposed as a method to help further the understanding of
shaft resistances. The first instance of the use of this technique in mining was by Wala et al. (1993).

One of the objectives of this paper was to show how CFD simulations can be used to study the
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24.1

airflow across the main airways of a mine ventilation system. In particular, the flow through the

transition zone between the upcast shaft and the main fan ductwork was investigated.

General Discussion

Although CFD has many advantages, it does not completely eliminate the need for experimental
results, which are still needed to validate numerical solutions. The transition piece was developed
and the results collated with tests conducted on site. In this regard favorable comparisons between
simulations and measurements supported the use of the software package CFD2000 as a tool for
the design and planning of fan ductwork configurations. This is one of the few applications of CFD to
design and verify practical ventilation problems. Wala et al.’s (1997) study showed good correlation
between the modeled data and that which was measured. The CFD technique used in this instance

was therefore validated.

In a similar vein, Meyer and Marx (1993) used CFD to evaluate the design of a fan drift—-mine shaft
intersection. In this work, Star-CD was used to create a CFD model of this intersection. A number of
options were evaluated with respect to the geometry of this intersection. The results of the analysis
demonstrated that savings could be achieved by adhering to certain ratios when defining the fan
drift geometry. The finite volume mesh for this model was created using the SIMPLE algorithm and
the turbulent model used was k—epsilon. The economics of the potential reduction in pressure

losses were also evaluated.

This work and that described above was found to be some of the earliest work using CFD to resolve

engineering issues on mines.

In 1995, Brunner et al. described a number of problems they had solved using advanced CFD
techniques. The most useful was their finding that the mesh generation at this point had developed
to the extent of allowing relative movement of the meshes, enabling the simulation of multiple
moving bodies. In these examples, trains moving through openings were evaluated and the specific
geometry of the opening through which they were moving was evaluated. These models were
created using the Fluent software. The models assumed incompressible fluid, and radiation and heat
conduction were neglected in their evaluation. The result of this analysis showed the importance of

‘flaring’ the opening in order to reduce the pressure losses through these openings.

To explore the potential for using CFD modelling in mines, Wala et al. (1997) used CFD techniques to
model the flow of air between a shaft and the main ventilation fans of a mine. These modelled
results were compared with those from work completed in 1995 on measuring the flow
characteristics between these points. The model assumed incompressible airflow and specified

steady-state, turbulent, single-phase flow. The effects of body forces and heat transfer were
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considered to be small and were not taken into consideration. This exercise showed favourable

comparisons between the data and the measured results.

Additional work was done by Graig (2001) on the CFD evaluation of the drag coefficient on buntons
of various shapes. A number of difference geometries were evaluated using a 2D model generated
using Fluent v5.5 software and a velocity of 5 m/s. This analysis produced coefficients of drag that
differ significantly from those used by McPherson (1987). However, as was noted by the author,
there are several concerns with the data presented, the first being that the Reynolds number used
would be significantly lower than that experienced in a shaft (Re = 5e4, whereas a typical shaft
configuration has an Re = 3e6). In addition, the technique used assumed fully turbulent flow and the
transition from laminar to turbulent flow was not noted. This problem is not unique to this analysis
and has produced results that are less than 50% of the overall published figures for the coefficient of
drag. This work did highlight the complexities of calculating the specific drag coefficient for various

bunton configurations.

In 2007 a validation study was carried out by Wala et al. (2007). In this work a comparison was made
between a scale model test and a CFD model of this test. The area modelled was the flow of

ventilation air in a heading created by a continuous miner. The work consisted of the following:

1 Design and build a scale ventilation model of the area under consideration.
2 Measure the response of the model to the flow of air through it.

3 Develop a CFD model of the same area.

4 Compare the experimental results with those of the CFD model.

In this regard a 3D steady-state incompressible solution for the Navier-Stokes equation with species
transport without chemical reaction was performed. The results showed significant correlation
between the measured and the modelled airflow, with sufficient accuracy to allow the prediction of
the airflow. This analysis, however, only considered an empty heading and did not include the
equipment and other obstructions that would typically be found in such a heading. This is thought to

be one of the first attempts to validate actual measurements with those of a CFD model.

In 2008 Jade and Sastry also carried out a comparison between the use of CFD modelling and
measured results. In this instance, two-way junction splits were considered. Once again
incompressible steady-state viscous flow was considered. This comparison again showed a good
correlation between the predicted characteristics and the measured results. These results were also
compared with results in the available literature for loss coefficient between these points. The
literature results agreed with the modelled data for smooth-walled duct flow. However, although

the correlation between the model and the measurements for rough walls was consistent, the
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24.2

2.5

2.5.1

literature prediction of losses for rough walls was not accurate. This finding was expected.

In spite of the lack of shaft applications for CFD, the technique has been used extensively in the
evaluation of problems similar to the shaft resistance concern. Berkoe and Lane (2000) noted that
CFD is typically used for modelling continuous processes and systems. The software utilises a ‘CAD-
like” model-building interface, advanced numerical methods and state-of-the-art graphics
visualisation. CFD eliminates the need for typical assumptions, such as equilibrium, plug flow,
averaged quantities, heat transfer coefficients, etc., because the physical domain is replicated in the

form of a computerised ‘prototype’.

A typical CFD simulation begins with a CAD rendering of the geometry, adds physical and fluid
properties, and then specifies natural system boundary conditions. By changing these parameters
appropriately, countless ‘what-if’ questions can be answered quickly. One of the most important
uses of CFD is to compare alternatives and to view the effects of upset conditions. It is therefore
best used as a design tool and is particularly useful when it is important to know how the variables —
temperature, pressure, concentration/composition, and velocity — change throughout the

computational domain, in space and time.

Significance of Available Data

Although little information is available on the use of CFD in the evaluation of shaft systems, the
evaluations that have been completed indicate that this tool is worth investigating for the

evaluation of shaft resistances.

It is not proposed to evaluate the specific drag characteristics noted by Craig (2001). Rather it is
proposed to use the technique to model significant portions of the shaft system which will produce

a better understanding of the inter-related nature of the various effects.

SUMMARY AND CONCLUSIONS - CHAPTER 2

This section summarises the most important conclusions from this chapter.

Measurement

. The main findings were:

0 All shafts should be lined to reduce the roughness of the shaft walls as much as is

practically possible.

O Buntons and guides should be streamlined and should be placed as far apart as

possible.
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2.5.2

Design

0 It is important to ensure that the velocity profile and Reynolds number in any test

section are as close to those of the shaft as possible.

The above general guidelines were recommended in the majority of the papers reviewed.
However, no definitive data are available on the actual manner in which the above

systems should be designed.

None of the papers noted above included any quantification of the results in accordance

with the procedure presented by Bromilov (1960).

Care must be taken when reviewing the results from this chapter because, although the
manner in which the various measurements were taken is recorded, little information is

available on the actual data measured and the details of the instrumentation used.

One of the objectives of reviewing these papers was to try and find additional data to
calibrate a computational model. In this instance the difficulties associated with the
measurement of shaft resistances was highlighted, particularly with respect to ensuring

that sufficient time is allowed in the shaft to complete these measurements.

It was also noted that the horizontal test chamber showed little reduction in the shaft

resistances when pipes and cables were introduced.

The uniqueness of each shaft layout and the resultant effect on the turbulence of the

shaft and, in turn, its effect on the measured coefficient of drag were highlighted.

The theory described in this section allows the complete mathematical design of a shaft
system with respect to the resistance that the shaft will offer to air flowing through it, but

some critical questions with respect to this analysis remain unanswered:

0 As the duty required of shafts increases and they are used to transport more services

underground, the actual effect of the shaft fittings needs to be quantified.

0 The effect that conveyances have on the resistance of the shaft needs to be more

explicitly quantified.

The effect that the shaft steelwork has on the ventilation air has been quantified based
on the drag resistance it offers to the airflow. In addition, it is noted that the further the

buntons are away from each other the better.

The maintenance of shaft systems must be optimised such that it takes as little time in

the shaft as possible.
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2.5.3

. Air velocities in equipped shafts may be as high as 12 m/s and air velocities of up to

22 m/s may be tolerated in unequipped shafts.

CFD

Although there is little data available on the use of CFD in the evaluation of shaft systems, the
evaluations that have been completed indicate that this tool is worth investigating for the

evaluation of shaft resistances.

It is not proposed to evaluate the specific drag characteristics that were noted by Craig (2001).
Rather it is proposed to use the technique to model significant portions of the shaft system, which

will produce a better understanding of the inter-related nature of the various effects.
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CHAPTER 3 METHOD OF EXPERIMENTATION AND
ANALYSIS

3.1

3.2

3.2.1

INTRODUCTION

This chapter presents the evaluation of the current theory with specific emphasis on the data that
needed to be collected from working shafts to validate the theory for calculating pressure drops over

shafts.

Thereafter, the manner in which the initial tests were conducted and the conclusions drawn from
these tests are discussed. The specific outcome of this chapter is to validate the theory (as noted
above), as well as to define a testing methodology for use on the remainder of the shafts to be

tested.
The tests completed on various shafts are discussed and the relevance of the results is noted.

The final section consists of the CFD modelling of the selected shaft sections and the calibration of
the model such that these sections can be accurately reflected. These models are then used to
determine the various pressure loss components and the potential for modifying the current use of
these components to reduce the overall pressure resistance that shafts offer to the ventilation air

flowing through them.

THEORY FOR ANALYSIS OF SHAFT RESISTANCES

Static Resistance of Shafts

To calculate the expected pressure drop in a shaft, standard analysis techniques are used. The
background and development of this theory was discussed in more detail in CHAPTER 2. Three
different methods are used for the calculation of shaft friction resistances. All these methods are
similar and are based on the same data produced by Stevenson (1956), whose work was later

extrapolated and defined by Bromilov (1960) and McPherson (1987).
The methods referred to are:

1 Classic fluid dynamics theory using the Chezy-Darcy friction factors and the Darcy-

Weisbach approach (White, 1986)

2 General mine ventilation approach using the Atkinson equation and friction calculations

(Hemp, 1979, 1989)
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3.2.1.1

3 The rational resistance theory as laid down by McPherson (1987)

Each of these methods is discussed in turn in the following sections.

Chezy-Darcy friction factor

The resistance that ducts offer to the flow of fluid through them is calculated using the Chezy-Darcy
friction factor (f). This factor is used to calculate the pressure drop over a length of duct. It is valid for
duct flows of any cross-section, as well as for laminar and turbulent flow. The manner in which this

pressure loss is calculated is:

2

P oareyy = % Equation 3-1
Where f = Chezy-Darcy friction factor (dimensionless)

L = Length of duct (pipe) (m)

ID = Internal diameter (m)

\Y = Velocity of fluid in duct (pipe) (m/s)

o = Density of fluid (kg/m”)

PLpareyy = Pressure drop experienced over length of duct

(calculated using the Darcy-Weisbach formula) (Pa)

This formula, however, requires the value for f in order to be used. The resistance that fluids
encounter when flowing through pipes is dependent on whether the fluid flows through a smooth-
walled pipe or a rough-walled pipe. The formula for a smooth-walled pipe was derived by Prandtl in
1953. This formula is dependent on whether the flow in the pipe is laminar or turbulent and it was
thus required that the Reynolds number be calculated before the overall Chezy-Darcy friction factor
number could be calculated. The formula was complemented by the equation for rough-walled
pipes. These data were collated by Colebrook (in White, 1986), who developed an interpolation

formula which incorporated both smooth-walled and rough-walled pipes. This formula is as follows:

A) 2,51

——=2.0xlog
y Re, fy _
Equation 3-2
and
Re, = Vvd _ VDp
v H Equation 3-3
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3.2.1.2

Where f

Red

\"

P

This equation was plotted by

Chezy-Darcy friction factor (dimensionless)
Reynolds number

Diameter (m)

Surface asperities (m)

Coefficient of viscosity (kg/ms)

Kinematic viscosity (m?/s)

Density (kg/m®)

Moody into what is now referred to as the Moody Chart for pipe

friction. This chart is accurate to £15% for design calculations. The equation above is cumbersome to

use, requiring as it does the interpolation of f until the equation balances. An alternative explicit

equation was completed by Haaland. This is accurate to 2% across the range shown in the Moody

chart and is (White, 1986):

1

—h
Q

6.9

%D 111

—-1.8log

Where f

+
oV ID

3.7

Equation 3-4
Chezy-Darcy friction factor (dimensionless)

Coefficient of viscosity (kg/ms)

Density (kg/m®)

Velocity (m/s) (Free Air Velocity in Shafts)

Internal diameter (of shaft) (m)

Surface asperities (m)

It should be noted here that some texts use a value of f that is four times that defined by others.

Care must therefore be taken to ensure that the correct values are used.

Atkinson calculations

The Atkinson calculation (Chasteau, 1989) was formulated for fully developed turbulent flow in an

airway and is therefore applicable to flows whose Reynolds numbers exceed 4 000 (Re>4 000). This is

Page 67



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

OPTIMISING SHAFT PRESSURE LOSSES THROUGH COMPUTATIONAL FLUID DYNAMIC MODELLING

.
=
ﬂ UNIVERSITEIT VAN PRETORIA
A 4

usually the case for airflow in ventilation ducts. The Atkinson equation is:

kPerLV? »p
P (Atkins) — AP =
A p
Std Equation 3-5

Where k = Atkinson friction factor (NSz/m4)

L = Length of airway (m)

Per = Perimeter of airway (m)

A = Cross-sectional area of airway (mz)

\Y = Velocity of fluid in airway (m/s)

p = Density of fluid (kg/m°)

Psta = Standard density of fluid (kg/m’) (usually 1.2 kg/m®)

PL (Atkinson) = Pressure drop experienced over length of duct

(calculated using Atkinson equation)(Pa)

An additional parameter that can be defined from this equation is that of airway resistance (R). The

equation for this is:

R k Pez L p
A Pst Equation 3-6
Where k = Atkinson friction factor (NS°/m®)
L = Length of airway (m)
Per = Perimeter of airway (m)
A = Cross-sectional area of airway (m?)
o = Density of fluid (kg/m”)
Pstd = Standard density of fluid (kg/m®) (usually 1.2 kg/m®)
R = Airway resistance due to wall roughness (st/ms)

The values of k (the Atkinson friction factor) are taken from tables of measurements which have

been compiled in the past. These values are readily available from any mine ventilation text.

This form of the calculation has the advantage of being widely used in mine ventilation circles.

However, it has two shortcomings:

1 The values of k are measured at different fluid densities and therefore the data must

Page 68



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

.
=
ﬂ UNIVERSITEIT VAN PRETORIA
A 4

OPTIMISING SHAFT PRESSURE LOSSES THROUGH COMPUTATIONAL FLUID DYNAMIC MODELLING

3.2.13

always be correct for the current circumstances before they can be used. This also implies
that the data are not geometrical measures of airway resistance as they depend on this air

density.

and

2 The exact circumstances surrounding the measurement of the data points is not known
and inaccuracies can therefore develop if there are significant differences.

Rational resistance

The definition of the rational resistance as defined by McPherson (1971) is shown in the equation

below:
f=2 K
Psta Equation 3-7
and
r=—
p Equation 3-8
Where k = Atkinson friction factor (Ns*/m*)
f = Chezy-Darcy friction factor
p = Density of fluid (kg/m°)
Pstd = Standard density of fluid (kg/m?) (usually 1.2 kg/m>)
R = Airway resistance due to wall roughness (Ns*/m®)
r = Rational resistance (m™)

I" is termed the ‘rational resistance’ and depends only on the airway geometry and roughness; it is
independent of air density. The relationship between I" and the Chezy-Darcy friction factor f is

defined in the following equation:

r_f, PerxbL
2 A’ Equation 3-9
Where f = Chezy-Darcy friction factor (dimensionless)
L = Length of airway (m)
Per = Perimeter of airway (m)
A = Cross-sectional area of airway (mz)
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3.2.2

r = Rational resistance (m™)

The pressure loss is calculated from the following equation:

2 2
I:)L(Rational) =I'p (V A) =Tp Q Equation 3-10

Where r = Rational resistance (m™)
L = Length of airway (m)
\Y = Velocity of fluid in airway (m/s)
A = Cross-sectional area of airway (m?)
o = Density of fluid (kg/m”)

Shaft Friction Resistance

The current theory for the calculation of this resistance assumes that the resistance values each of
the resistance sources listed below is independent of the others. This assumption is not strictly true

but is required for the calculation to be completed.

The shaft friction resistance is calculated with respect to three criteria:

i Friction resistance (standard fluid theory based on the Moody chart)
ii Resistance offered by the shaft fittings (buntons, guides, pipes, etc.)

iii Resistance offered by the movement of the conveyances in the shaft

Thus the overall Chezy-Darcy friction factor for the shafts is calculated by summing the individual

Chezy-Darcy friction factors for each of the resistant components in the shaft

+f

fTotaI = 1:Shaft + fBuntons + quides +f Cages Equation 3-11

Fittings
Where f total = Combined Chezy-Darcy friction factor of complete shaft
(dimensionless)

f shatt = Chezy-Darcy friction factor for shaft wall (dimensionless)

f Buntons = Chezy-Darcy friction factor for shaft buntons

(dimensionless)
f Guides = Chezy-Darcy friction factor for shaft guides (dimensionless)

f Fittings = Chezy-Darcy friction factor for shaft fittings

(dimensionless)

f cages = Chezy-Darcy friction factor for cages (dimensionless)
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3.2.2.1

3.2.2.2

Friction resistance of shaft

The resistance that the shaft offers to ventilation airflow is calculated in accordance with the theory

laid out in Section 3.2.1.1.

Resistance offered by shaft fittings
Longitudinal fittings

These fitting include pipes, guides, cables and other fittings which run parallel to the airflow through
the shaft. According to both Bromilov and McPherson, model shaft tests have shown that these
fittings can actually reduce the overall Chezy-Darcy friction factor of the shaft. Nevertheless,
allowance is made for the longitudinal fittings by decreasing the effective shaft cross-sectional area

by the cross-sectional area of these fittings.
The reduced ‘effective’ shaft diameter is then used for further calculation of the overall shaft losses.
Buntons

Buntons differ significantly from longitudinal fittings in that longitudinal fittings offer resistance to
the airflow via boundary layer friction, whereas buntons form obstructions to the airflow

perpendicular to that flow.

To calculate the overall pressure drop in the shaft it is also necessary to derive a Chezy-Darcy friction
factor for the shaft fittings. To calculate the friction offered by the buntons, the aerodynamic drag of
the buntons is considered. This is used to calculate the friction resistance of each of the buntons.
This resistance is then multiplied by the number of buntons in the shaft and an overall bunton Chezy-

Darcy friction factor for the shaft is calculated as follows:

_Ci A,

Buntons
S per Equation 3-12

Where Cq = Drag coefficient (dimensionless)
Ay = Frontal area of buntons (facing airflow) (m?)
S = Spacing between buntons (m)
Per = Perimeter of shaft (m)

and
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Dauntons = % Cd 22b 3
Fs Equation 3-13

Where Teuntons = Rational resistance of buntons (m’4)

L = Length of shaft (m)

Cyq = Drag coefficient (dimensionless)

A, = Frontal area of buntons (facing airflow) (mz)

S = Spacing between buntons (m)

Ars = Free cross-sectional area of shaft for flow (m?)

However, the above assumes that the frictional resistance of each of the buntons is independent of
that of the following bunton. This means that it is assumed that the turbulent eddies for each bunton
set die out before the flow reaches the next bunton set. In reality, this is unlikely to happen. To
mitigate against this Bromilov evaluated a total of 24 shafts of varying roughnesses and fitting
regimes. This evaluation results in an interference factor (F) being introduced, which has the effect of

reducing the overall resistance of the shaft and bringing it more in line with the modelled tests.

F=0.0035 S +0.44
W

Equation 3-14

Where F = Interference factor (dimensionless)
S = Bunton spacing (m)
w = Width of buntons (m)

To obtain the appropriate frictional resistance of the buntons for inclusion in the Darcy-Weisbach

calculation, the following formula is used:

f, =Cy x % (0.0035 ‘ % ; o.44j
Equation 3-15
Where Co = Coefficient of drag for buntons
A, = Frontal area of buntons (mz)
S = Spacing between buntons (m)
Per = Perimeter of shaft (m)
w = Width of buntons (m)

Page 72



YUNIBESITHI YA PRETORIA
OPTIMISING SHAFT PRESSURE LOSSES THROUGH COMPUTATIONAL FLUID DYNAMIC MODELLING

e
&
“ UNIVERSITEIT VAN PRETORIA
’ UNIVERSITY OF PRETORIA
4

and
Iy, = % x Cp x ZA—b3 (0.0035 X S + 0.44)
X AFS W Equation 3-16
Where Co = Coefficient of drag for buntons
T, = Rational resistance of buntons (m™)
Ay = Frontal area of buntons (m?)
Ars = Free cross-sectional area of shaft (m?)
S = Spacing between buntons (m)
w = Width of buntons (m)

The results of these calculations then used to calculate the overall frictional resistance of the shaft in

accordance with the three calculations discussed above.

In the interests of clarity, Table 3-1 contains the coefficients of drag for the various bunton shapes.

Table 3-1: Summary of drag coefficients of elongated bodies of infinite span (McPherson, 1987)
- | - Girder 2.75 Skonchinsky (1952)
1
| | | — Girder 2.05 Hoerner (1951)
2
Rectangle 2.05 Hoerner (1951)
3 .
Tee 2.00 Hoerner (1951)
4 |
v Triangle 2.00 Hoerner (1951)
5
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Plate 1.98 Hoerner (1951)
6 —

Angle 1.98 Hoerner (1951)
7 |

Angle 1.82 Hoerner (1951)
o]

Triangle 1.55 Hoerner (1951)
s || A

Square 1.55 Hoerner (1951)

Angle 1.45 Hoerner (1951)
THIVZAN

Capped 1.40 Estimated from results by
12 . Rectangle Skonchinsky (1951) and Bareza

and Hounerchts (1955)

Rounded 1.35 Approximate value — value

13 . Square depends on the ratio: radius of
L | corner side of square

Dumbbell 1.30 Calculated from Martinson’s
14 ' results (1957)

Cylinder 1.20 Hoerner (1951)
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3.2.23

16

Streamlined

girder

1.03

Skonchinsky (1952)"

Resistance offered by shaft cages

The resistance that the cage, skip or counterweight offers to the flow of air through the shaft is

considered in two steps, namely:

1 The resistance as a result of the obstruction that the cage, skip or counterweight offers to

the flow of air in the shaft

2 The transient effects which cause resistance to the airflow as a result of the motion of the

conveyance in the shaft

Resistance due to obstruction

The standard equation for the ‘shock’ or pressure loss incurred by the flow of air when it is caused to

change direction by an obstruction is as follows:

2

Pie =Xp V7

Where Psc
X
P
\

and

Poc =P Doy V2 Al

conv

Where Psc
Leony
P
\Y
Ags
and

Pressure loss from stationary cage (Pa)

Shock loss factor

Density of airstream (kg/m°)

Velocity of approaching airstream (m/s)

Pressure loss from stationary cage (Pa)

. . -4
Rational resistance of conveyance (m™)

Density of airstream (kg/m3)

Velocity of approaching airstream (m/s)

Area of free shaft section (m?)

Equation 3-17

Equation 3-18
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X
1—‘Conv = 2
2A
Fs Equation 3-19
Where Tconv = Rational resistance of conveyance (m™)
X = Shock loss factor
Ars = Free cross-sectional area of shaft (m?)

The evaluation of X must now be completed. A comprehensive study of cage resistances was carried
out by Stevenson (1956). McPherson (1987) performed the most recent analysis of these data. The
results of this analysis are presented in Figure 3-1. These data show the variation of X with respect to

the coefficient of fill (C;) of the conveyance in the shaft.

A
_ Conv
Fs Equation 3-20
Where Cs = Coefficient of fill
Ars = Free cross-sectional area of shaft (m?)
Aconv = Frontal cross-sectional area of the conveyance (mz)

The data in Figure 3-1 refer specifically to the length over width ratio of 1.5 and apply to a range of
conveyances with height over width ratios of 1.5-6.0. These data can be extrapolated to suit all
cages by multiplying the result by the correction factor which corresponds to the length over width

ratio considered in any specific analysis.

In addition, the tests were completed on conveyances with open ends. In the case of cages or skips

with closed ends, the X factor should be reduced by approximately 15% (Bromilov, 1960).
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Shock Loss (dimensionless)

32

3.0

L/w=1.5
---1 Correction Factor -
=1.36-0.24 * (L/W)
forL/W from1- 1.5

Conveyance

=——H/W =15

e H/W = 3.0

—H/W=45

.............. e—H/W = 6.0

Pooobooome:

coodoood

0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%

Coefficient of Fill (%)

Figure 3-1: Conveyance shock loss estimation for conveyances
Resistance due to cage movement

The standard equation for pressure loss over an obstruction was defined in Equations 3—1 to 3-7. In
order to calculated the maximum pressure loss for a cage that is moving, a slight modification is
required to this equation. The equation is defined by the expression for an obstruction blocking
airflow in a shaft and it is also assumed that the cage is standing still and that the velocity of the flow

of air around the cage is equal to the velocity of the cage itself (Vcony)-

Puc =X p % _
Equation 3-21
Where Puvc = Pressure loss from moving cage (Pa)
X = Shock loss factor
p = Density of airstream (kg/m°)
Veony = Velocity of conveyance (m/s)

There are two possible exist when calculating the pressure loss over a moving conveyance, namely:
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i The conveyance is moving in the same direction as the airflow. (The two expressions are

added.)

ii The conveyance is moving in the opposite direction to the airflow. (The two expressions

are subtracted.)

V2
— c
Pucvaxy = Psc | 1+ 3
Fs Equation 3-22
and
2
P — P 1 _ VConv
MC(Min) — ' SC V2
FS Equation 3-23
Where Pmcivax)y = Maximum pressure loss from moving cage (Pa)
Pmcving = Minimum pressure loss from moving cage (Pa)
Vs = Free shaft velocity of approaching airstream (m/s)
Veony = Velocity of conveyance (m/s)
Psc = Pressure loss from stationary cage (Pa)

The effective resistance of a moving conveyance can also be determined from the following:

2 2
PMC(Max) = rMC(Max) p VFS AFS Equation 3-24

and

2 2
PMC(Min) = rMC(Min) P VFS AFS Equation 3-25

Where Pymcivax)y = Maximum pressure loss from moving cage (Pa)
Pmcving = Minimum pressure loss from moving cage (Pa)
Vs = Free shaft velocity of approaching airstream (m/s)
Imcvay = Maximum rational resistance of moving conveyance
(m*)
Tmcming = Minimum rational resistance of moving conveyance
(m™)
p = Density of airstream (kg/m>)
Ars = Free cross-sectional area of shaft (m?)
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3.23.1

3.2.3.2

The rational resistance is defined as:

V2
— Conv
1—‘MC(Max) - 1—‘Conv 1 + 2
Fs Equation 3-26
and
V2
— Conv
1—‘MC(Min) - 1ﬂConv 1- 2
Fs Equation 3-27
Where Vs = Free shaft velocity of approaching airstream (m/s)
Veony = Velocity of conveyance (m/s)
Ivmcvay = Maximum rational resistance of moving conveyance
(m*)
Tmcming = Minimum rational resistance of moving conveyance
(m™)
Icony = Rational resistance of conveyance (m™)

Accuracy Limits of the Theory

All the calculations described above are based on empirical values to which formulas are fitted in
order to calculate the overall resistance of a shaft. Each of the particular areas discussed will now be

evaluated in turn.
Accuracy of calculation for friction resistance of shaft

As was noted above, this calculation is based on the theory for flow of fluids through ducts. The
Moody chart used for determination of the frictional resistance has an overall accuracy of +15% for
design calculations. In addition, the simplifying formula developed has an accuracy of +2% across the
range. This means an overall accuracy of 17.6%. This is directly proportional to the calculation and

must be considered when the overall accuracy of the results is calculated.

However, the resistance offered by the shaft walls generally accounts for between 10% and 15% of
the overall resistance of the shaft. This results in a potential inaccuracy of 0.2% for the shaft

resistance calculation.

Accuracy of calculation for resistance offered by shaft fittings

The resistance offered by the shaft fittings is generally more than 80% of the overall shaft resistance.

The accuracy of these calculations therefore makes the most significant contribution to the overall
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3.233

3.2.3.4

3.3

accuracy. Paradoxically, the accuracy of these calculations is also the most difficult to quantify.

This evaluation consists initially of the values used for the drag coefficients of the buntons and the
associated simplifying assumptions (discussed above). These values cannot be evaluated in isolation.
Bromilov (1960) introduced an interference factor (F) to account for the effect the buntons will have

on each other in relation to the flow of air through the shaft.

These results showed that for smooth-walled shafts, the drag coefficient and interference factor
resulted in accuracies of £15% against the measured values. This accuracy deteriorated abruptly
when used for rough-walled shafts. This shows that the calculation must be used with care to ensure
its validity for various shafts. No attempt was made to quantify the accuracy of the calculation with

additional inclusions such as ladderways.

Accuracy of calculation for resistance offered by shaft cages

All the theory available for evaluation of the conveyances in a shaft is based on the work done by
Stevenson (1956). In this work he used a horizontal duct of circular cross-section, 0.286 m
(11% inches) in diameter and 27.432 m (90 ft) long. The tests were carried out over a range of
Reynolds numbers. These data were analysed and re-used by McPherson (1987). They have not been

verified and the accuracy of the calculations based on these measurements is therefore not known.

General comments on the accuracy of the theory

In CHAPTER 2 numerous papers were evaluated in order to try and obtain a clearer understanding of
the actual accuracy of the current theory. The only paper that was found specifically to test the
accuracy of these calculations was that by Deen (1991). In this paper he noted the accuracy of the
theoretical calculation to be less that 5% on three of the shafts and 11.8% on the final shaft.
Unfortunately, no information was supplied on how the tests were done or on the assumptions used

for the basis of the calculation. Neither was a detailed comparison of the results given.

VALIDATION OF EXISTING THEORY AND INITIAL SHAFT TESTS

The necessary equations for calculating the theoretical pressure drop for the shaft have been
provided in Section 3.2. As was noted in CHAPTER 2 of this document, few data are available to
confirm the efficacy of these equations. In this regard Impala Platinum Mines was approached and
the management kindly agreed to allow tests to be conducted on No. 14 shaft. The only proviso they

attached to this was that the tests should not interrupt production in any manner or form.
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3.3.1

Test Methodology

The details of the test methods available are discussed in Section 2.2.4 and will not be repeated
here. In the tests conducted for this work, the density method of measurement was used. The

reason for this is twofold:
1 The accuracy of the barometer has improved significantly and it can be used with ease.
2 As the tests were run on a continuous basis, no inclusions in the shaft were allowed.

This method consists of the simultaneous measurement of the following parameters (Hemp, 1989):

1 Barometric pressures (at point 1 and point 2)
2 Airflow

3 Wet-bulb temperature

4 Dry-bulb temperature

In addition, the two elevations should be known.

Once these parameters are known, the pressure loss can be calculated using the following

equations:
PL(meas)oss == (Pz - Pl) —gx IW dz Equation 3-28
Where Plimeasy = Measured pressure loss (Pa)
P, = Barometric pressure at point 1 (Pa)
P, = Barometric pressure at point 2 (Pa)
g = Gravitational constant (m/s’)
Iwdz = Theoretical pressure increase (Pa)
and

jw dZ=05x(p, +p,) x(Z, - Z,) Equation 3-29

Where P1 = Calculated density at point 1 (kg/m°)
P2 = Calculated density at point 2 (kg/m3)
Z, = Elevation at point 1 (m)
Z, = Elevation at point 2 (m)

Page 81



e
=
ﬂ UNIVERSITEIT VAN PRETORIA
’ UNIVERSITY OF PRETORIA
4

YUNIBESITHI YA PRETORIA

OPTIMISING SHAFT PRESSURE LOSSES THROUGH COMPUTATIONAL FLUID DYNAMIC MODELLING

34

3.4.1

34.1.1

TESTS USED TO VALIDATE THEORY

Test Methodology

For calculation of the pressure loss in a shaft as a result of its fittings, the ideal testing parameters

would be as follows:
1 The shaft ventilation will remain constant.

2 The instruments used to measure the pressure, temperature and velocity must be placed

in the shaft such that their placement will not interrupt the normal ventilation flow.

3 These instruments must be allowed to remain in place for a sufficient length of time to

allow any movement in the measurements to subside.

During this test period the shaft must not be used for anything else. These requirement are,

however, not possible to achieve as they would interrupt the production of the shaft.

It was therefore decided to complete the initial testing during the weekly shaft examinations. This
had the advantage that the movement of the cages would be predictable and would also be at a

slow speed; thus they would not affect the pressure readings significantly.

Main downcast shaft test procedure
Velocity

The main cage was chosen as the platform from which to take the necessary readings. One of the
chief concerns was the measurement of the shaft ventilation velocity in an area where the
measurement platform would not affect the readings. This concern was dealt with by using a Pitot
tube arrangement. The Pitot itself was attached to a bracket which was in turn attached to the rope
of the conveyance. This kept the tube at right angles to the ventilation air and also well above the
cage. Thus the bulk of the cage did not affect the readings taken from it. The trailing tubes were

lowered into the cage where the readings could be taken without hindrance.

Shaft inspections are normally done with all the conveyances moving down the shaft within shouting
distance of each other. This would also have created a blockage and have affected the ventilation
airflow. As a result, when the cage was stopped to take the measurement, the other conveyances

were asked to move slightly further down the shaft.
Pressure

The pressure measurements were taken using a standard barometer. One of the concerns here was

the spacing at which the measurements would be taken. In order to ensure these spacings were the
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same, readings were taken every 20 bunton sets.
Temperatures

Wet and dry-bulb temperatures were taken using a standard whirling hygrometer. These were taken

outside the cage to ensure that no insulating effect was apparent from within the cage.
Testing

In order to do the tests, it was requested that the cage be stopped at regular intervals while moving
down the shaft. These intervals were counted and the cage was stopped to allow measurements to

be taken every 20 bunton sets. At each point the following measurements were taken:

1 Wet-bulb temperature (Tws) (°C)
2 Dry-bulb temperature (Tpg) (°C)
3 Velocity pressure (Py) (Pa)

4 Static pressure (Psatic)

5 Total pressure (Prot)

6 Barometric pressure (Pga;)

Once the uninterrupted portion of the shaft had been tested, additional tests were done from just

above each of the stations.

Test procedure in the rest of the mine shafts

The No. 14 shaft complex has a total of four shafts — two downcast and two upcast shafts. These are

shown in Figure 1-9.

Each of these was tested in turn. The detailed results are presented in Appendix D. It was not
possible to take measurements over the length of the upcast shaft or the length of the unequipped
downcast shaft. In addition, although it was possible to measure the velocity and pressure in the
upcast shaft from the fans, it was not possible to do this in the downcast shaft. However, the bulk air
cooler and refrigeration systems were not in operation as it was winter, so it was possible to obtain
general barometric and temperature readings from the shaft head. Figure 3-2 and Figure 3-3 show
the brackets that were used to attach the Pitot tube to the conveyance rope, as well as the

instrumentation used for this test. Figure 3-4 shows the remainder of the instrumentation used.
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Figure 3-2: Pitot tube attachment bracket on rope above cage

Figure 3-3: Pitot tube attachment bracket (above cage)
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Figure 3-4: Testing instrumentation — Pitot tube, barometer and whirling hygrometer

3.4.1.3  Accuracy and repeatability of test data

The following instruments were used for this evaluation:

1 ALNOR AXD - Pitot measurement

2 GPB 2300 - Barometric measurement

3 Whirling hygrometer

ALNOR AXD

Pressure - Range : -3700-3 700 Pa
Accuracy : +1% of reading
Resolution : 1Pa

Velocity - Range : 1.27-78.70 m/s
Accuracy : +1.5% of reading
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3.4.2

Resolution : 0.1 m/s
Operating temperature : 5—-45°C
GPB 2300
Range : 0-130 kPa
Accuracy : +0.25% of reading
Resolution : 100 Pa
Operating temperature : -25-50°C
Whirling hygrometer
Range : 0-50 °C
Accuracy : 1+2% of reading
Resolution : 0.5°C
Operating temperature : 0-50°C

These accuracies are considered to be acceptable and should result in a cumulative accuracy of less

than 5%.

Ideal test methodology

As was noted in the previous section, the indirect testing method is not ideal given the constraints of
the accuracy requirements noted. In this regard, once the overall testing had been completed, the
accuracy of these measurements was evaluated in line with the recommended procedures described
above. The tests showed accuracies of 0.3%, thus indicating that the concerns raised were dealt with

successfully in the methodology.

This is due primarily to the static nature of the tests (i.e. the conveyance was brought to a halt), as
well as to the removal of dynamics in the shafts during the tests. The tests were therefore deemed

to be acceptable.

Results of Tests

The detailed calculation of the test results can be found in Appendix D. However, a summary of the

results is given in Table 3-2.
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Table 3-2: Impala No. 14 shaft — details of tested shafts
No. 14 No. 14V No.14 A No.14B
Units Symbol Description
shaft shaft shaft shaft

7.4 4.9 5.6 5.8 m diam. Diameter of shaft

23.2 15.4 17.6 18.2 m per Perimeter of shaft

38.0 18.8 24.6 26.4 m’ Acs Free cross-sectional area of
shaft

868 620 1060 1152.6 m Ls (as) Length of shaft (stops above
the airway split)

10.1 17.2 211 15.6 m/s Vshatt Average Average velocity of air in
shaft (Free Air Velocity)

384 323 520 411 m’/s Q Volumetric flow rate in shaft

1.14 1.03 1.097 1.18 kg/m> | Paverageinshare | Average density in shaft

437 334 570 484 kg/s G Volumetric flow rate in shaft

0.017 0.009 0.002 0.005 Ns’/m* | k Measured Atkinson friction
factor

0.014 0.006 0.003 0.006 Ns?/m* | k Calculated Atkinson friction
factor (Darcy-Weisbach)

0.021 0.003 0.004 0.003 Ns’/m* | k Calculated Atkinson friction
factor (rational resistance)

Measured Atkinson friction factor

This Atkinson friction factor was calculated based on the

measured pressure losses.

Calculated Atkinson friction factor (Darcy-Weisbach)

This Atkinson friction was calculated using McPherson’s

methodology using the Darcy-Weisbach option.

Calculated Atkinson friction factor (rational resistance)

This Atkinson friction was calculated using McPherson’s

methodology using the Rational Resistance option.

The shaft has standard concrete lining.

Data from Environmental Engineering in SA Mines (Lloyd, 1989):

Page 87




A

&
&
UNIVERSITEIT VAN PRETORIA

E’i UNIVERSITY OF PRETORIA
4

YUNIBESITHI YA PRETORIA

OPTIMISING SHAFT PRESSURE LOSSES THROUGH COMPUTATIONAL FLUID DYNAMIC MODELLING

Atkinson friction factor (Ns’>/m?) Description

0.0040

- - Concrete lined -
steelwork

No

0.0045

buntons

- 0.0250 Concrete lined — streamlined

0.0075

- 0.0600

Concrete lined — RSJ buntons

0.0450

- 0.0900

Timbered rectangular shafts

34.3

3.4.4

As can be concluded from the data in Table 3-2, there is reasonable correlation between the data
calculated and the data measured. This is in spite of the differences between the shafts. Three of
these shafts were unequipped ventilation shafts (both upcast and downcast). The shaft of particular
interest is No. 14 shaft as this is a fully equipped downcast shaft with a full suite of conveyances. The
difference between the fan pressure and the flow rate can be found in tabular form in Table 1-2 and

the mine configuration in Figure 1-8.

Conclusion and Recommendations

This shaft is equipped with streamlined buntons and is generously spaced with respect to the free
area available for airflow. The Chezy-Darcy friction factors, both measured and calculated, were
within the expected range. The rational resistance value calculated was, however, significantly
higher than those of the measured value and the Chezy-Darcy friction factor value. This is attributed
to the inaccuracies from the estimations in the calculation. These inaccuracies are detailed in Section

2.2.

These data show good correlation between the theory and the practice. It is thus appropriate to
move on to the next phase of testing and that is to measure the pressure losses resulting from the

dynamic nature of the moving conveyances.

Innovative Testing Methodology

To measure the pressure losses in a shaft, an innovative testing methodology is required which will
allow remote testing of the shaft. This is primarily born out of the need to be able to measure

various parameters in the shaft during normal operation. The following parameters are required:

1 Dry-bulb temperature (Tpg) (°C)
2 Wet-bulb temperature (Tws) (°C) (or relative humidity, %)
3 Velocity of air in shaft (m/s)
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3.5

3.5.1

3.5.1.1

4 Barometric pressure (Pga,)
5 Position and speed of all the conveyances in the shaft

All these measurements will be needed as functions in time so that meaningful calculations can be
made with respect to actual pressure losses and the overall effect of the movement of the

conveyances.

Ideally, the instrumentation should be placed in position and the various conveyances should then
be allowed to move individually in the shaft so that the specific parameters for each of these can be
measured and the pressure losses calculated. The data from the individual instruments would then

be collated on a single computer to enable real-time comparisons to be made.

Unfortunately, this is not achievable as a result of the shaft time that would be required. Moreover,
the necessary instrumentation and data-transfer mechanisms are expensive and difficult to install.
Although most shafts already have data-transfer systems, these are used for production and, as
stated earlier, the one proviso that Impala Platinum stipulated for these tests was that no

interruption of production was to take place.

For this reason logging instrumentation was sought which would measure the required parameters

at a set interval and log the results for later retrieval.

TESTS CONDUCTED ON SHAFTS

After discussion with the mine management, it was decided that the ideal time to put the
instrumentation in place in the shaft would be during the weekly shaft inspections, for which
purpose the testers would have to accompany the mine personnel on the inspection. This would
have the benefit of allowing the testers to review the shaft arrangement and to take ventilation

velocity measurements during the inspection.

It would not be possible to place the instrumentation in the shaft itself given the sensitivity of
anything being placed in the shaft barrel and its potential effect on production. Thus the instruments
would have to placed immediately adjacent to the barrel on the stations. These instruments would
then remain in place for at least a week before they could be recovered during subsequent shaft

visits.

Equipment Used

Environmental instrumentation

The instrumentation required for the environmental tests had to have the following characteristics:
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1 Must be able to measure the parameters at set intervals and log the data measured (a

maximum interval of 10 seconds was chosen).

2 Must be insulated against the environment so that dust and moisture could not affect the
readings.

3 Must have sufficient accuracy to allow the various measurements to be reliable.

4 Must be small and easy to transport and install.

These criteria were met by the EASYlog 80CL supplied by Greisinger. The instrument cannot measure
the wet-bulb temperature, but it does measure the moisture content of the air. The EASYlog 80CL is
battery operated and can withstand a harsh environment. The specifications of this instrument are

listed in Table 3-3 and a photo picture of such a logger is shown in Figure 3-5.

Table 3-3: EASYlog 80CL specifications
Description Measuring range
Temperature -25.0°C - +60 °C
Humidity 0.0% - 100.0%
Air pressure 30 kPa - 110 kPa
Resolution
Resolution 0.1°C 0.1% RH 0.01 kPa

Accuracy (+ 1 digit)

Temperature +0.3°C

Humidity + 2% RH (at range 0-90% RH)

Air pressure + 0.1 kPa (typical) — £0.25 kPa (maximum)

Nominal temperature 25°C

Operating temperature -25.0°C - +60 °C
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Battery life
Measuring cycle 4 seconds 3 minutes 15 minutes
Record period 11.5 days 521 days 7.1 years

BAT AL 35SL Logg

Figure 3-5: EASYLog 80CL

3.5.1.2 Winder measurements

To ensure that the position of the various conveyances in the shaft is known, it is necessary that
rotary encoders be connected to the winder. This did pose something of a problem as the only
encoders available are digital encoders, which require logging from the PLC. The following

combination was chosen.

Ruggedised rotary encoders from Leine and Linde, connected to a standard Honeywell PLC, operated
using a standard touch screen interface, were chosen for this application. These encoders are
attached to the shaft on the winder in question and therefore measure the overall revolutions of the

winder. This arrangement requires a 220 V connection. This is considered a weakness as the early
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tests showed that this connection was broken either by power trips on the shaft or personnel
removing plug connections. To ensure that the status of these connections was known at all times, a

GSM module was also attached to the PLC. Figure 3-6, Figure 3-7and Figure 3-8 show the set-up.

These encoders have an operating range of -40 to 70 °C and are sufficiently accurate to measure up
to 5 000 increments on a revolution. The PLC was programmed to store data every second and to
record 50 points on each rotation. This is sufficient to allow the calculation of the position of each

conveyance, as well as to calculate acceleration and deceleration.

_ NP &

Figure 3-6: PLC, interface and GSM module for rotary encoder
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Figure 3-7: Rotary encoder

Figure 3-8: Rotary encoder connection on winder side shaft
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3.5.13

3.5.2

3.5.2.1

Velocity measurements

The velocity measurements were taken during the shaft tests using a hand-held anemometer. These
results were then compared with the information available from the ventilation department to

ensure accuracy and consistency.

The instrument used was a Kestrel 4000 (see Figure 3-9), with the following specifications:

Range : 0.4-60 m/s
Accuracy : +3% of reading
Resolution : 0.1 m/s
Operating temperature : -29-70°C

vaA>D
; *Kestre!

# HUMIDITY %
Min 5.7
Avg 35.8

Max 42.6

4000NV
Weather Tracker

Figure 3-9: Kestrel 4000 environmental logger

Data Collection and Collation

Data collection

The general procedure for the collection of data involved firstly the preparation of the
instrumentation. This required confirmation of the battery life of the instrumentation, clearing of the

logged data and synchronisation of all the instrumentation to a single computer. This was a specific
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3.5.2.2

requirement because the various loggers were not connected and the single reference time point

was therefore the only point that would allow the various measurements to be compared.

The environmental loggers were placed in positions that were determined in consultation with the
mine ventilation officer. They were placed during the shaft inspection. During this inspection the
shaft ventilation free air velocity was confirmed and the general condition and layout of the shaft

was evaluated.

Once this had been completed, the loggers for the winders were put in place and the logging started.
All the instruments logged data for one week, at the end of which they were removed during the
next scheduled shaft inspection.

Data collation

Once the data from the various loggers had been collected, they were all downloaded into a
personal computer. To allow the data to be collected over a full week, the environmental loggers

were set to record every 10 seconds and the winder loggers to record every second.
Environmental loggers

The data from these loggers required some manipulation before they could be used for a meaningful

comparison. The following steps had to be taken:

1 Calculate the wet-bulb temperature.

2 Ensure timing compatibility.

3 Calculate the measured pressure drop.
4 Calculate the theoretical pressure drop.

The calculation of the wet-bulb temperature does pose a challenge. The usual calculation method
requires an iterative evaluation. However, the large amount of data requiring collation meant that
this could not be effectively achieved. An Excel Add-In package available from kW Engineering was
therefore used. This calculates the wet-bulb temperature based on data published in the 1997

ASHRAE Handbook of Fundamentals.
The remainder of the parameters were calculated in the usual manner, as described above.
Winders

The data for the winders are collated against time. This allows the position of the conveyance in the
shaft to be calculated and these data to be synchronised with those of the data logger. To do this the
specific diameter of each of the winder drums under consideration must be known. This information

is then used to calculate the speed and position of the conveyances against time. Once this is
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completed, 10-second snapshots of the winder movements are taken to allow comparison against

the environmental data.

A typical graph showing the results of the analysis is shown in Figure 3-10.

14 Shaft Test - 20-07-2010
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Figure 3-10: Typical graph of collated results (including environmental data and winder data)

3.5.3 Results and Conclusion

The results of the tests and the conclusions drawn from the analysis are discussed in CHAPTER 4.

3.5.4  Accuracy of Data Collation Instrumentation

The various instrumentation and loggers used for the evaluation of the various shaft systems have
been discussed in the previous sections. In this section the accuracy of the measurements will be
evaluated. In this evaluation, the input data to the various calculations is varied in accordance with
the quoted instrument accuracy and the difference in the output is noted. The values from two
points need to be considered. Thus in order to evaluation the accuracy of a measurement at two

points, a total of 9 variations must be completed. These are:
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i Measured Value at Pt 1 Measured Value at Pt 2

ii Measured Value at Pt 1 (+Variance) Measured Value at Pt 2

iii Measured Value at Pt 1 (-Variance) Measured Value at Pt 2

iv Measured Value at Pt 1 Measured Value at Pt 2 (+ Variance)
% Measured Value at Pt 1 Measured Value at Pt 2 (- Variance)
vi Measured Value at Pt 1 (+Variance) Measured Value at Pt 2 (+ Variance)
vii Measured Value at Pt 1 (+Variance) Measured Value at Pt 2 (- Variance)
viii Measured Value at Pt 1 (-Variance) Measured Value at Pt 2 (+ Variance)
ix Measured Value at Pt 1 (-Variance) Measured Value at Pt 2 (- Variance)

The details of the instrument used for the measurement of the temperatures and pressures in the

shaft are noted in Table 3-3.

Table 3-4: Evaluation of Accuracy of Temperature Measurements on the Overall Results
Item Temperature (Pt 1) | Temperature (Pt 2) P .oss (Difference

(°c) (°c) from 1)

1 144 19.8 -890 Pa

2 14.7 19.8 0.6%

3 141 19.8 -0.6%

4 14.4 20.1 -0.6%

5 144 19.5 -0.6%

6 14.7 20.1 1.2%

7 14.7 19.5 -0.1%

8 141 20.1 0.1%

9 141 19.5 -1.2%

As can be seen from the above results, the accuracy of the measurement of temperature will have

little effect on the overall results.
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Table 3-5: Evaluation of Accuracy of Pressure Measurements on the Overall Results Typical)
Item Pressure (Pt 1) Pressure (Pt 2) P ss (Difference

(kPa) (kPa) from 1)

1 90.41 99.51 -890.55 Pa

2 90.51 99.51 -10.6%

3 90.31 99.51 13.4%

4 90.41 99.61 12.0%

5 90.41 99.41 -9.6%

6 90.51 99.61 -1.2%

7 90.51 99.41 -18.4%

8 90.31 99.61 -29.0%

9 90.31 99.41 -1.2%

As can be seen from the above results, the accuracy of these measurements can have the effect o
increasing the calculated pressure losses by 12% or decreasing them by 29%. This relative accuracy

must be borne in mind when evaluation the final results.

The details of the instrument used for the measurement of the velocity in the shaft are noted in

section 3.5.1.3.

Table 3-6: Evaluation of Accuracy of the Velocity Measurements on the Overall Results Typical)
Item Velocity P Loss
(m/s) (Difference from 1)
1 9.4 -890.55 Pa
2 9.1 0.0%
3 9.7 0.0%
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3.6.1

The free air velocity of the ventilation in the shaft was measured at various points in the shaft. This
was found to be consistent along the length of the shaft. This consistency was valid as long as the no

levels were passed which extracted ventilation air from the shaft.

As can be seen from the above results, the accuracy of these measurements can have the no effect

on the calculated pressure losses.

COMPUTATIONAL FLUID DYNAMICS

The package used for the CFD analysis is the STAR-CCM+ from CD ADAPCO, supplied by Aerotherm in
South Africa. This package allows the 3D modelling of the shaft section under consideration by
solving the continuity and momentum equations inside discrete cells. The various shaft geometries
were modelled in the software using the 3D-CAD module supplied. This module allows the complete

model to be developed in readiness for the mesh generation.

Mesh Generation

The various shaft sections used in this analysis were modelled in the package using the 3D-CAD
modelling features and the model was created on a 1-to-1 basis with no scaling required. This model
was then meshed using a combination of the built-in polyhedral mesher for volumes and the surface
remesher. The nature of the problem being examined also required that the effects of the solid
interfaces and the air be modelled as accurately as possible. In this regard the Prism Layer option
available as part of the meshing model was selected. This model applies additional elements at the

solid interface to facilitate the accurate modelling of the turbulence around these points.

The length of the primary model section was chosen to be 20 m. However, to ensure that the flow
regime within the shaft was fully developed before the pressure losses over the section were
measured, the initial length of shaft to be simulated such that this flow regime could develop was 10
x the diameter of the shaft, in this instance 80 m. This required that the model be iterated four times

(i.e. the output of the simulation becomes the input of the next simulation).

To ensure accurate results, a mesh refinement analysis was performed until a mesh size was found

with small changes in the pressure losses. The results of this exercise are shown in Table 3-7.
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Table 3-7: Mesh refinement evaluation
Base size No. of cells in Reference Porop (OVer % difference % of reference
model pressure section) (against next pressure
value)
0.15m 1110000 88 000 Pa 11.42 -5% 0.01%
0.20m 470 000 88 000 Pa 11.74 3% 0.01%
0.25m 350 000 88 000 Pa 11.19 15% 0.01%
0.30m 210 000 88 000 Pa 12.87 NA 0.01%

As can be seen from Table 3-7, there is very little difference between the pressure drops measured

for the mesh sizes of 0.15, 0.20 and 0.25 m.

As a result of this analysis, it was decided to use a base size of 0.25 m. This base size is sufficiently
small to allow the shaft configurations to be accurately sized, but was also sufficiently large to allow

the simulations to be run efficiently.

The next requirement was to determine the effect that using the prism layers would have. These
layers provide additional cell data close to the skin of the cell and were thought to have an effect on
the overall pressure losses over the shaft length. This setting causes the software to generate
additional layers at each boundary surface, thus improving the accuracy of calculation for the surface
interactions. There was, however, a negligible difference between the results from the simulations
run with and without these prism layers. It was decided nonetheless to include a prism layer with a
setting of 5 (i.e. five additional layers adjacent to the boundary surface) for the simulations. A

schematic of the mesh arrangement is shown in Figure 3-11.
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3.6.2

Figure 3-11: Schematic of meshed shaft arrangement

The above schematic shows a view of the mesh shaft section. Additional elements were also added

to the model in accordance with the simulation requirements discussed in Section 3.6.5.

Fluid Model Selection

Once the geometry had been modelled and meshed, the appropriate fluid models were selected. In
this instance, the thermodynamic and body forces were assumed to be small and the fluid used for
the analysis was an ideal gas. The system was modelled in three dimensions and the K-Omega
turbulence model was also used. These were resolved using the SIMPLE algorithm to solve the

continuity and momentum equations in every cell.

The convergence requirement was set to 1 x 10" for continuity and momentum. This was achieved in
most cases, although in some cases a convergence of 1 x 10" was accepted. In all instances the
simulation was run until the data showed repeatability. This required that the respective curves were

constant before the analysis was stopped and the results recorded.
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3.6.3

3.6.4

3.6.5

3.6.5.1

3.6.5.2

Boundary Conditions

The following boundary conditions were used:

1 Inlet: The inlet was defined as a constant-velocity inlet for the first section simulated.
Subsequent to this, the velocity profile used for the input was taken from the output of

the previous simulation.

2 Outlet: The outlet was defined as being a constant pressure. This was consistent

throughout all the simulations.

3 Wall conditions: The wall were defined as a rough wall with an asperity of 10 mm. This

resulted in a Y+ along the wall of approximately 90, which is acceptable.

It is worth noting that using the mass flow of the fluid as the input would have been ideal. However
this was not possible, suffice to say the variation of the mass flow over the test section never

exceeded 2.5% of the total mass flow. This is sufficiently small to not be a concern.

Simulation Runs

Each of the simulations was run on a personal computer running Windows XP. The computer had a
hard drive with a 500 GB capacity and 4 GB of RAM. All the simulations were run using STAR-CCM+
version 6.02.007. Each simulation took between six and eight hours to complete, including all the

required iterations.

Simulations Completed for this Analysis

To ensure a thorough understanding of the interaction between the various items contained in a
shaft, it was decided to build the CFD model systematically and to include the various pieces of
equipment progressively. This would allow the effect of the individual items to be evaluated. In this

regard the following series of tests were completed.

TO1 - Shaft barrel pressure losses

This consisted of measuring the pressure loss over a segment of the shaft barrel. Care was taken to
ensure that the flow was fully developed before the results were collated.

T02 - Shaft barrel and one bunton across the shaft

This consisted of placing one bunton across the middle of the shaft in the middle of the test section.
This test was used to determine the resistance that this bunton would offer to airflow through the
shaft. A fully developed flow was therefore introduced at the entrance and the effect of the shaft

segment evaluated.
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3.6.5.3

3.6.54

3.6.5.5

3.6.5.6

3.6.5.7

3.6.5.8

T03 - Shaft barrel and two buntons across the shaft

This consisted of placing two buntons across the middle of the shaft at the same spacing that the
buntons would normally have. This test was used to determine the resistance that the buntons
would offer airflow through the shaft, including an evaluation of the interference factor that is used
in the general analysis. A fully developed flow was therefore introduced at the entrance and the

effect of the shaft segment evaluated.

T04 - Shaft barrel and full buntons set

This consisted of placing a full buntons set across the middle of the shaft at the same spacing that
the buntons would normally have. This test was used to determine the resistance that the buntons
set would offer airflow through the shaft, including an evaluation of the interference factor that is
used in the general analysis. A fully developed flow was therefore introduced at the entrance and

the effect of the shaft segment evaluated.

TO05 - Shaft barrel and pipes at pipe diameter

This consisted of using the full shaft barrel and placing the pipes in the barrel, consistent with the
normal placement and size of the pipes in the shaft under consideration. This test was used to

determine the actual resistance and flow characteristics of the ventilation air around the pipes.

TO6 — Shaft barrel and pipes at flange diameter

This consisted of using the full shaft barrel and placing the pipes in the barrel, consistent with the
normal placement of the pipes in the shaft under consideration. The pipes were, however, modelled
to have a diameter equal to that of the flanges for that pipe. This test was used to determine the
actual resistance and airflow characteristics of the ventilation air around the pipes when they are

modelled, as is recommended by the current theory.

TO7 — Shaft barrel and pipe including flanges

This consisted of using the full shaft barrel and placing the pipes in the barrel, consistent with the
normal placement of the pipes in the shaft under consideration. The pipes were modelled at the
standard pipe diameter and the flanges were included at a spacing consistent with the spacing of the
buntons. This test was used to determine the actual resistance and flow characteristics of the

ventilation air around the pipe including the discontinuity that the flanges introduce.

TO8 — Shaft barrel and buntons and pipes at pipe diameter

This consisted of using the full shaft barrel, including the buntons particular to each shaft, and

placing the pipes in the shaft. These pipes were positioned consistent with the normal placement of
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3.6.5.9

3.6.5.10

3.6.5.11

3.6.5.12

3.6.5.13

3.6.5.14

3.6.5.15

the pipes in the shaft under consideration.

T09 — Shaft barrel and buntons and pipes at flange diameter

This consisted of using the full shaft barrel, including the buntons particular to each shaft, and
placing the pipes in the shaft, but with the pipes modelled at the same diameter as the flanges.
These pipes were positioned consistent with the normal placement of pipes in the shaft under
consideration.

T10 - Shaft barrel and buntons and pipe including flanges

This consisted of using the full shaft barrel, including the buntons particular to each shaft, and
placing the pipes in the shaft. The pipes were modelled at the standard pipe diameter and the
flanges were included at a spacing consistent with the spacing of the buntons. These pipes were
positioned consistent with the normal placement of pipes in the shaft under consideration.

T11 - Shaft barrel and buntons and pipe including flanges and skip 1

The full shaft barrel was modelled, including all the buntons and pipes. The skip in this instance was
modelled in position in the shaft.

T12 - Shaft barrel and buntons and pipe including flanges and skip 2

The full shaft barrel was modelled, including all the buntons and pipes. The skip in this instance was
modelled in position in the shaft.

T13 — Shaft barrel and buntons and pipe including flanges and man cage 1

The full shaft barrel was modelled, including all buntons and pipes. The man cage in this instance
was modelled in position in the shaft.

T14 - Shaft barrel and buntons and pipe including flanges and man cage 2

The full shaft barrel was modelled, including all the buntons and pipes. The man cage in this instance
was modelled in position in the shaft.

T15 - Shaft barrel and buntons and pipe including flanges and service cage

The full shaft barrel was modelled, including all the buntons and pipes. The service cage in this

instance was modelled in position in the shaft.
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3.7

3.7.1

3.7.2

3.7.3

ECONOMICS

The emphasis of the work reported on in this thesis was on comparing the overall lifecycle cost of
different equipping options and the associated capital costs to elicit a total cost for the life of mine

(LOM).

The basis for this comparison was 20 years at a lower-than-anticipated electrical tariff increase of

10% per annum.

Shaft Modifications

This was not evaluated in detail for the reasons discussed in Section 1.5.1. The costs associated with

the different diameters are shown in Figure 1-11.

Shaft Equipping

This refers to the potential modifications to the steelwork and fittings in the shaft. Such

modifications can be classified into three sections:

1 Shaft steelwork: These are the buntons and the guides that are used to guide the shaft
cages and skips while they are traversing the shaft. The cost of the shaft steelwork will be
based on a R/m basis. The potential increase or decrease in this value was evaluated

against recent data obtained for the equipping of shafts.

2 Installation time: Discussions with shaft-sinking professionals showed that the installation
times for the various bunton configurations are sufficiently similar to ensure that these

costs will be the same whatever the shape.

3 Shaft service: The requirement of the shaft services (i.e. piping, cables, etc.) is defined by
the mining operations and is beyond the purview of this work. However, the placement of
these items in the shaft in order to optimise the pressure losses in the shaft is within the
scope of this work. The installation time for these should be the same no matter where
they are installed around the shaft circumference. This will, however, be reviewed and any
potential differences between the capital costs will be evaluated in a similar manner to

that described in points 1 and 2 above.

Shaft Conveyances

This evaluation will pertain primarily to the slight modifications that can be made to the conveyances

which will potentially give the largest savings.
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3.7.4

3.8

Operating Costs

These costs are generally the most difficult to evaluate. However, most shaft maintenance activities
are completed during the legally required shaft inspections. These inspections are carried out
weekly, and it is during this time that the general cleaning and basic maintenance work is carried

out.

Generally, any additional work required on the shaft results from external factors or activities, e.g.
corrosion, pipe misalignment due to impact from a falling object, steelwork alignment due to long
use, etc. It is therefore appropriate to derive the operating costs of the shafts from the electrical
requirement to transfer the ventilation air through the shaft. Thus a pressure and flow requirement
for the shaft will be calculated and the electrical costs required to deliver this pressure and flow will

be calculated.

It is not possible to compare the specific costs associated with each shaft as this is dependent on
variables specific to that shaft, e.g. the transmission zone. The transmission zones are the zones into
which Eskom has divided the country to allow for a cost associated with the supplying of a specific
geographical location. The calculation will therefore be made from the MEGAFLEX (non-local
authority rate) as supplied in the Eskom 2011 Tariff book (Eskom, 2011). These costs and the

assumptions used for the calculation are listed below:

1 Transmission zone — Assumed to be > = 600 km and <= 900 km

2 Voltage —>= 500V <= 66 kV

3 Charges will be calculated excluding VAT

4 Assumed to be a key customer

5 Equipment will be assumed to be running 24 hours a day, 7 days a week, for comparative
reasons.

SUMMARY OF METHOD OF EXPERIMENTATION AND ANALYSIS

The objectives of the work presented in this chapter were the following:

1 Present the current theory used for the evaluation of pressure drops in shafts.

2 Define a methodology for the testing of working shafts to validate this theory.

3 Define the CFD analysis techniques to be used for the evaluation of the shafts.

4 Define the method by which the economic evaluation of the shaft systems will be carried
out.
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The current theory for the evaluation of shaft resistances is based on a mix between the standard
fluid dynamics Chezy-Darcy friction factor theory for duct flow, an extrapolation of drag coefficients
for various bunton shapes and an extrapolation of data for the resistance that shaft conveyances
offer when moving in a shaft. The resistances offered to the ventilation flow by the buntons, guides,
shaft fittings and rough surface of the shaft wall are all calculated separately. These resistances are
reduced to a value of the standard Chezy-Darcy friction factor (f). This factor is then applied to the

standard fluid dynamics equation for the calculation of friction losses in ducts.

The pressure loss resulting from the movement of a conveyance in the shaft is calculated separately
from the empirical data. This pressure loss is then added to or subtracted from the shaft pressure
losses calculated from fluid dynamic theory depending on the direction in which the conveyance is

travelling.

To validate the current theory, it was necessary to complete tests on working shafts. These were
conducted on Impala Platinum shafts. A methodology for the additional dynamic tests on the shafts
was presented in this chapter. This included the use of loggers to ensure that the ventilation
response to the use of conveyances is understood. Measurement devices were installed in the shaft
at appropriate intervals. These results were collated with those from the rotary encoders that were
placed on the winder in order to determine the position of the conveyances in the shaft. The
combination of these results gave the standard resistance of the shaft when the conveyances were

stationary as well as when they were moving. The results of this analysis are discussed in CHAPTER 4.

Once the analysis had been completed and the general verification of these shafts against the
current theory had been done, the next phase of the work was to model the shaft. This was done to
try and gain an understanding of the various items in the shaft and the resistance they offer to the
ventilation flow. For this purpose computational fluid dynamic (CFD) analysis was used. This analysis
was completed using the STAR-CCM+ package. Various CFD models were evaluated, with specific
emphasis on building the models by introducing the various items in the shaft into subsequent
models. The purpose was to determine the effect that each of these items had on the overall

resistance that the buntons and fittings offered to the ventilation flow.

The goal of the analysis presented in this thesis is to find ways in which to reduce the resistance the
shaft offers to ventilation flow through it. In this regard, is it important to evaluate the potential
solutions in order to determine the savings that could be achieved. To do this, the effect of various
modifications was evaluated against the reduced operating and capital costs for those modifications.

These costs were calculated from the Eskom 2011 Tariff book.
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CHAPTER 4 RESULTS AND EVALUATION OF SHAFT TESTS

4.1

4.1.1

4.1.1.1

RESULTS OF SHAFT TESTS

Tests on No. 14 shaft

Shaft details and installation of equipment

The tests for No. 14 shaft of Impala Platinum were conducted from 15 to 22 July 2010. The required

instrumentation was installed in the following positions in the shaft:

1 Surface (environmental logger was installed in the winder house immediately adjacent to
the shaft)

2 20 level — Environmental logger (895 m BC)

3 21 level — Environmental logger (950 m BC)

4 22 level — Environmental logger (1 005 m BC)

5 23 level — Environmental logger (1 060 m BC)

6 Rock winder (6.3 m diam.) — Rotary encoder — PLC1 (log channels 3 and 4) (double drum

winder) (measured conveyance speed — 15.2 m/s)

7 Man winder (6.9 m diam.) — Rotary encoder — PLC2 (log channels 1 and 2) (double drum

winder) (measured conveyance speed — 14.1 m/s)

8 Service winder (4.3 m diam.) — Rotary encoder — PLC2 (log channels 3 and 4) (single drum

winder) (measured conveyance speed — 13.2 m/s)
9 Free Air Velocity of ventilation air in shaft — measured as 9.4 m/s

It is not necessary to have the data collected over such an extended period but, as discussed above,

shaft access was only available during the weekly shaft inspections.

This is a 7.4 m diameter shaft which has been equipped with the airflow buntons. The conditions of
the shaft were found to be generally good with little or no interference in the shaft as a result of

additional fittings and extraneous installations. This shaft was also concrete-lined.

The ventilation air is introduced into the shaft via a sub-bank air duct. It was not possible to place the
environmental data loggers directly in the shaft. These were therefore placed immediately adjacent

to the shaft on the levels indicated above.
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The dimensions of the various cages, skips and fittings in the shaft can be found on a detailed shaft

cross-section in Appendix D.

It should be noted at this point that it was not possible to place a rotary encoder on each drum of
the double drum winders. This was because no external shaft was available on the motor side of the
winder. However, the standard policy at Impala limits clutching of a winder (i.e. the moving of one
drum and its associated conveyance) to the shift-change period only. These times are easily
discernible from the data and have not been used in this analysis. A schematic of the shaft cross-

section is provided in Figure 4-1.
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Figure 4-1: Cross-section of No. 14 shaft
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4.1.1.2

4.1.13

4.1.14

Environmental loggers

All the environmental loggers were time-stamped from a common computer before they were
installed. These data were then sorted to display the results from each of the days on which testing

took place.

The test results from the first day were discarded as a result of inconsistencies in the readings from
the surface data logger. This logger had been moved by the mine personnel. It was repositioned
appropriately and the remainder of the results were found to be consistent and could be used for

the rest of the test.

It should be noted that there were times in the shaft when the pressure readings varied significantly.
These times are consistent with the times that the ventilation fans were not operating at full flow.

These periods were also avoided in the evaluations given below.

Rotary encoders

The PLCs associated with these encoders were time-corrected to the same computer used for the
environmental loggers. The results of these encoders were corrected to show the conveyances in
appropriate positions in the shaft. This was done primarily by using the drum diameter and matching

the conveyance position on each of the levels to the movement of the drum.

The PLCs measured the position of the conveyance every second, whereas the environmental
loggers measured every 10 seconds. The winder data were therefore also corrected to start and stop

at equivalent times to the environment loggers.

The PLCs attached to these encoders were placed in the drivers’ cabins where appropriate. These

were not tampered with for the duration of the experiment.

Summary of data from tests on No. 14 shaft

The friction losses in the shaft were measured and calculated in accordance with the theory
discussed in previous chapter of this thesis. The analysis was completed using the data between
surface and 20 level as these data showed the least amount of scatter. A summary of these results is

given in Table 4-1 to Table 4-4.
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Table 4-1: No. 14 shaft test results — Data
Item Value Symbol Units Description
1 0.076 forotal - Total bunton Chezy-Darcy friction factor(
2 0.022 fshatt - Shaft asperities Chezy-Darcy friction factor
3 0.098 frotal shaft - Total shaft Chezy-Darcy friction factor
4 1.099 Xskip 1 corr - Skip shock loss correction factor
5 0.434 Xcage 1 corr Man cage shock loss correction factor
6 0.466 Xservice Cage Corr Service cage shock loss correction factor
Table 4-2: No. 14 shaft test results — Service cage

Ploss (measured) Ploss (calculated) Units Description

(surface to 20 level) (surface to 20 level)
1 891.1 645.0 Pa Below 20 level in shaft
2 1.77 1.28 Pa/m Below 20 level in shaft
3 899.5 644.7 Pa Above 20 level in shaft
4 1.78 1.28 Pa/m Above 20 level in shaft
Note: The measured pressure measurements were taken at a time when the conveyances were not
moving. The calculated pressure loss has, therefore, been completed assuming no conveyances are
moving in the shaft.
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Table 4-3: No. 14 shaft test results — Rock skip
P1oss (measured) Ploss (calculated) Units Description
(surface to 20 level) (surface to 20 level)
897.5 630.1 Pa No conveyance moving
1.78 1.25 Pa/m No conveyance moving
893.5 630.1 Pa Rock skip moving
1.77 1.25 Pa/m Rock skip moving
Note: The measured pressure measurements were taken at a time when the conveyances were not
moving. The calculated pressure loss has, therefore, been completed assuming no conveyances are
moving in the shaft.

Table 4-4: No. 14 shaft test results — Man cage
PIoss (measured) I:’Ioss (calculated) Units Descri Ption
(surface to 20 level) (surface to 20 level)
930.0 636.8 Pa No conveyance moving
1.85 1.26 Pa/m No conveyance moving
947.9 635.4 Pa Man cage moving
1.88 1.26 Pa/m Man cage moving
Note: The measured pressure measurements were taken at a time when the conveyances were not
moving. The calculated pressure loss has, therefore, been completed assuming no conveyances are
moving in the shaft.
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4.1.2

4.1.2.1

Tests on No. 11 shaft

Shaft details and installation of equipment

The tests for No. 11 shaft of Impala Platinum were conducted from 13 January 2011 to 21 July 2011.

The required instrumentation was installed in the following positions in the shaft:

1 Surface (environmental logger was installed in the winder house immediately adjacent to
the shaft)
2 14 level — Environmental logger (619m BC)
3 15 level — Environmental logger (674m BC)
4 18 level — Environmental logger (839m BC)
5 19 level — Environmental logger (894m BC)
6 20 level — Environmental logger (949m BC)
7 Rock winder (5.5 m diam.) — Rotary encoder — PLC1 (log channels 1 and 2) (double drum

winder) (measured conveyance speed — 14.3 m/s)

8 Man winder (4.5 m diam.) — Rotary encoder — PLC2 (log channels 1 and 2) (Blair winder)

(measured conveyance speed — 15.9 m/s)
9 Service winder — This shaft has no service winder
10 Free Air Velocity of ventilation air in shaft — measured as 10.0 m/s

It is not necessary to have the data collected over such an extended period but, as discussed above,

shaft access was only available during the weekly shaft inspections.

This is a 6.2 m diameter shaft which has been equipped with the airflow buntons. The condition of
the shaft was found to be generally good with little or no interference in the shaft as a result of

additional fittings. This shaft was also concrete-lined.

The ventilation air is introduced into the shaft via a sub-bank air duct. It was not possible to place the
environmental data loggers directly in the shaft. These were therefore placed immediately adjacent
to the shaft on the levels indicated above. The dimensions of the various cages, skips and fittings in

the shaft can be found on a detailed shaft cross-section in Appendix E.

It should be noted at this point that it was not possible to place a rotary encoder on each drum of
the double drum winders. This was because no external shaft was available on the motor side of the
winder. However, the standard policy on Impala limits clutching of a winder (i.e. the moving of one

drum and its associated conveyance) to the shift-change period only. These times are easily
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discernible from the data and have not been used in this analysis. A schematic of the shaft cross-

section is provided in Figure 4-2.
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Figure 4-2: Cross-section of No. 11 shaft

4.1.2.2 Environmental loggers

All the environmental loggers were time-stamped from a common computer before they were
installed. These data were then sorted to display the results from each of the days on which testing

took place.

It should be noted that there were times in the shaft when the pressure readings varied significantly.
These times are consistent with the times that the ventilation fans were not operating at full flow.

These periods were also avoided in the evaluations given below.
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4.1.2.3 Rotary encoder
The PLCs associated with these encoders were time-corrected to the same computer used for the
environmental loggers. The results of these encoders were corrected to show the conveyances in
appropriate positions in the shaft. This was done primarily by using the drum diameter and matching
the conveyance position on each of the levels to the movement of the drum.
The initial two days of test results associated with the man winder encoder were discarded. This was
a result of the attachment to the winder coming adrift. The attachment was reconnected and the
rest of the tests showed good results which were used.
The PLCs measured the position of the conveyance every second, whereas the environmental
loggers measured every 10 seconds. The winder data were therefore also corrected to start and stop
at equivalent times to the environment loggers.
The PLCs attached to these encoders were placed in the drivers’ cabins where appropriate. These
were not tampered with for the duration of the experiment.
4.1.2.4 Summary of data from tests on No. 11 shaft
The friction losses in the shaft were measured and calculated in accordance with the theory
discussed in the previous chapter of this thesis. The analysis was completed using the data between
surface and 14 level as these data showed the least amount of scatter. A summary of these results is
given in Table 4-5 and Table 4-6.
Table 4-5: No. 11 shaft test results — Data

Item Value Symbol Units Description

1 0.079 forotal - Total bunton Chezy-Darcy friction factor

2 0.023 fshaft - Shaft asperities Chezy-Darcy friction factor

3 0.105 frotal shaft - Total shaft Chezy-Darcy friction factor

4 1.023 Xskip 1 corr - Skip shock loss correction factor

5 0.881 Xcage 1 corr - Man cage shock loss correction factor
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Table 4-6: No. 11 shaft test results

Poss (measured) Ploss (calculated) Units Description

(surface to 14 level) (surface to 14 level)
1 7213 585.7 Pa No conveyances moving
2 1.16 0.95 Pa/m No conveyances moving
3 756.3 584.3 Pa Rock winder in operation
4 1.22 0.94 Pa/m Rock winder in operation
5 796.3 587.7 Pa Man winder in operation
6 1.29 0.95 Pa/m Man winder in operation
Note: The measured pressure measurements were taken at a time when the conveyances were not
moving. The calculated pressure loss has, therefore, been completed assuming no conveyances are
moving in the shaft.

4.1.3 Tests on No. 1 shaft

4.1.3.1 Shaft details and installation of equipment

The tests for No. 1 shaft of Impala Platinum were conducted from 12 to 16 March 2011. The required

instrumentation was installed in the following positions in the shaft:

1 Surface (environmental logger was installed in the winder house immediately adjacent to
the shaft)

2 7 level — Environmental logger (503m BC)

3 8 level — Environmental logger (549m BC)

4 9 level — Environmental logger (595m BC)

5 10 level — Environmental logger (641m BC)

6 Rock winder (4.9 m diam.) — Rotary encoder — PLC2 (log channels 1 and 2) (double drum

winder) (measured conveyance speed — 14.5 m/s)

7 Man winder (4.35 m diam.) — Rotary encoder — PLC2 (log channels 3 and 4) (double drum

winder) (measured conveyance speed — 12.2 m/s)
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8 Service winder (3.5 m diam.) — Rotary encoder — PLC2 (log channels 3 and 4) (single drum

winder) (measured conveyance speed —10.0 m/s)
9 Free Air Velocity of ventilation air in shaft — measured as 7.7 m/s

It is not necessary to have the data collected over such an extended period but, as discussed above,

shaft access was only available during the weekly shaft inspections.

This is a 7.7 m diameter shaft which has been equipped with the angled buntons. The condition of
the shaft was found to be generally good with little or no interference in the shaft as a result of

additional fittings. This shaft was also concrete-lined.

The ventilation air is introduced into the shaft via a sub-bank air duct. It was not possible to place the
environmental data loggers directly in the shaft. These were therefore placed immediately adjacent

to the shaft on the levels indicated above.

The dimensions of the various cages, skips and fittings in the shaft can be found on a detailed shaft

cross-section in Appendix F.

It should be noted that it was not possible to place a rotary encoder on each drum of the double
drum winders. This was because no external shaft was available on the motor side of the winder.
However, the standard policy on Impala limits clutching of a winder (i.e. the moving of one drum and
its associated conveyance) to the shift-change period only. These times are easily discernible from
the data and have not been used in this analysis. A schematic of the shaft cross-section is provided in

Figure 4-3.
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Figure 4-3: Cross-section of No. 1 shaft

Environmental loggers

All the environmental loggers were time-stamped from a common computer before they were
installed. These data was then sorted to display the results from each of the days on which testing

took place.

It should be noted that there were times in the shaft when the pressure readings varied significantly.
These times are consistent with the times that the ventilation fans were not operating at full flow.

These periods were also avoided in the evaluations given below.

Rotary encoder

The PLCs associated with these encoders were time-corrected to the same computer used for the
environmental loggers. The results of these encoders were corrected to show the conveyances in
appropriate positions in the shaft. This was done primarily by using the drum diameter and matching

the conveyance position on each of the levels to the movement of the drum.
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4134

When the instrumentation was put in place, the service winder had been tripped. The winder only
showed movement on 13 March 2011. All the data collation therefore started at this point. In
addition, there was a power interruption to the PLC attached to the man and rock winder on
14 March 2011 at approximately 11:00. This left a small but sufficient window in which to evaluate
the necessary data from 00:00 on 13 March to 11:00 on 14 March 2011.

The PLCs measured that position of the conveyance every second, whereas the environmental
loggers measured every 10 seconds. The winder data were therefore also corrected to start and stop

at equivalent times to the environment loggers.

The PLCs attached to these encoders were placed in the drivers’ cabins where appropriate. These

were not tampered with for the duration of the experiment.

Summary of data from tests on No. 1 shaft

The friction losses in the shaft were measured and calculated in accordance with the theory
discussed in the previous chapter of this thesis. The analysis was completed using the data between
surface and 14 level as these data showed the least amount of scatter. A summary of these results is

given in Table 4-7 and Table 4-8.
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Table 4-7: No. 1 shaft test results — Data
Item Value Symbol Units Description
1 0.102 forotal - Total bunton Chezy-Darcy friction factor
2 0.021 fshatt - Shaft asperities Chezy-Darcy friction factor
3 0.123 frotal shaft - Total shaft Chezy-Darcy friction factor
4 1.059 Xskip 1 corr - Skip shock loss correction factor
5 0.281 Xcage 1 corr - Man cage shock loss correction factor
6 0.278 Xservice Cage Corr - Service cage shock loss correction factor
Table 4-8: No. 1 shaft test results

Poss (measured) Ploss (calculated) Units Description

(surface to 14 level) (surface to 14 level)
1 248.2 275.1 Pa No conveyances moving
2 0.49 0.55 Pa/m No conveyances moving
3 216.8 279.2 Pa Service winder in operation
4 0.43 0.55 Pa/m Service winder in operation
5 2314 274.1 Pa Rock winder in operation
6 0.46 0.54 Pa/m Rock winder in operation
7 242.0 274.7 Pa Man winder in operation
8 0.48 0.54 Pa/m Man winder in operation
Note: The measured pressure measurements were taken at a time when the conveyances were not
moving. The calculated pressure loss has, therefore, been completed assuming no conveyances are
moving in the shaft.
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4.1.4

4.14.1

Tests on No. 11C shaft

Shaft details and installation of equipment

The tests for No. 11C shaft of Impala Platinum were conducted from 9 April 2011 to the

12 April 2011. The requisite instrumentation was installed in the following positions in the shaft:

1 Surface (environmental logger was installed in the winder house immediately adjacent to
the shaft).
2 24 level — Environmental logger (1 160 m BC)
3 25 level — Environmental logger (1 215 m BC)
4 26 level — Environmental logger (1 257 m BC)
5 27 level — Environmental logger (1 308 m BC)
6 28 level — Environmental logger (1 382 m BC)
7 Man winder (4.9 m diam.) — Rotary encoder — PLC1 (log channels 1 and 2) (double drum

winder) (measured conveyance speed —12.2 m/s)
8 Free Air Velocity of ventilation air in shaft — measured at 9.0 m/s

It is not necessary to have the data collected over such an extended period but, as discussed above,

shaft access was only available during the weekly shaft inspections.

This is a 5.6 m diameter shaft which has been equipped with the airflow buntons. The condition of
the shaft was found to be generally good with little or no interference in the shaft as a result of
additional fittings. It should be noted that below 24 level the ventilation is split. This is reflected by
the inconsistency of the readings below this level. Therefore the readings used in this evaluation will

be those above this level. This shaft was also concrete-lined.

The ventilation air is introduced into the shaft via a sub-bank air duct. It was not possible to place the
environmental data loggers directly in the shaft. They were therefore placed immediately adjacent

to the shaft on the levels indicated above.

The dimensions of the various cages, skips and fittings in the shaft can be found on a detailed shaft

cross-section in Appendix G.

It should be noted that it was not possible to place a rotary encoder on each drum of the double
drum winders. This was because no external shaft was available on the motor side of the winder.
This shaft, however, uses only a cage and counterweight and therefore the clutching concerns were
not a problem. This shaft does not have a loading station as yet as it is still in the development
phase. All the rock is hoisted from the shaft in rail hoppers. A schematic of the shaft cross-section is

provided in Figure 4-4.
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Figure 4-4: Cross-section of No. 11C shaft

Environmental loggers

All the environmental loggers were time-stamped from a common computer before they were
installed. These data were then sorted to display the results from each of the days on which testing

was done.

It should be noted that there were times in the shaft when the pressure readings varied significantly.
These times are consistent with the times that the ventilation fans were not operating at full flow.
These periods were also avoided in the evaluations given below.

Rotary encoder

The PLCs associated with these encoders were time-corrected to the same computer used for the
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environmental loggers. The results from these encoders were corrected to show the conveyances in
appropriate positions in the shaft. This was done primarily by using the drum diameter and matching

the conveyance position on each of the levels to the movement of the drum.

The PLCs measured that position of the conveyance every second, whereas the environmental
loggers measured every 10 seconds. The winder data were therefore also corrected to start and stop

at equivalent times to the environment loggers.

The PLCs attached to these encoders were placed in the drivers’ cabins where appropriate. These

were not tampered with for the duration of the experiment.

4.1.4.4 Summary of data from tests on No. 11c shaft
The friction losses in the shaft were measured and calculated in accordance with the theory
discussed in the previous chapter of this thesis. The analysis was completed using the data between
surface and 14 level as these data showed the least amount of scatter. A summary of these results is
given in Table 4-9 and Table 4-10.
Table 4-9: No. 11C shaft test results — Data

Item Value Symbol Units Description

1 0.047 faTotal - Total bunton Chezy-Darcy friction factor

2 0.023 fshaft - Shaft asperities Chezy-Darcy friction factor

3 0.070 Frotal shaft - Total shaft Chezy-Darcy friction factor

5 0.941 Xcage 1 corr - Cage shock loss correction factor
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Table 4-10: No. 11C shaft test results

Poss (measured) Ploss (calculated) Units Description

(surface to 14 level) (surface to 14 level)
1 752.4 678.4 Pa No conveyances moving
2 0.65 0.58 Pa/m No conveyances moving
3 856.1 682.9 Pa Man winder in operation
4 0.74 0.59 Pa/m Man winder in operation
Note: The measured pressure measurements were taken at a time when the conveyances were not
moving. The calculated pressure loss has, therefore, been completed assuming no conveyances are
moving in the shaft.

4.1.5 Tests on No. 12N shaft

4.1.5.1 Shaft details and installation of equipment

The tests for No. 12N shaft of Impala Platinum were conducted from 17 to 21 June 2011. The

required instrumentation was installed in the following positions in the shaft:

1 Surface (environmental logger was installed in the winder house immediately adjacent to
the shaft)
2 Loading station — Environmental logger (880 m BC) (In this test two data loggers were

placed on this level. This redundancy proved fortunate as one of these failed during the

test period.)

3 Rock winder (4.9 m diam.) — Rotary encoder — PLC2 (log channels 3 and 4) (double drum

winder) (measured conveyance speed — 16.2 m/s)
4 Free Air Velocity of ventilation air in shaft — measured at 11.0 m/s

It is not necessary to have the data collected over such an extended period but, as discussed above,

shaft access was only available during the weekly shaft inspections.

This is a 8.5m diameter shaft which has been equipped with rope guides sufficient for two skips. This

shaft also has a brattice wall installed, which results in an irregularly shaped shaft necessitating the
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use of the hydraulic diameter in the resolution of the theoretical calculation.

The condition of the shaft was found to be generally good with little or no interference in the shaft

as a result of additional fittings. This shaft was also concrete-lined.

The ventilation air is introduced into the shaft via a sub-bank air duct. It was not possible to place the
environmental data loggers directly in the shaft. These were therefore placed immediately adjacent

to the shaft on the levels indicated above.

The dimensions of the various cages, skips and fittings in the shaft can be found on a detailed shaft

cross-section in Appendix H.

It should be noted that it was not possible to place a rotary encoder on each drum of the double
drum winders. This is because no external shaft was available on the motor side of the winder. This
shaft, however, only sent skips to one level and therefore the clutching concern for determining the
placement of the conveyances in the shaft is not valid. A schematic of the shaft cross-section is

provided in Figure 4-5.
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22.87 m"2

Brattice Area -

Wall Area - 2.53 m”2

Skip Skip
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Cr=8% Cr=8%

V=16.23 m/s V=16.23 m/s

Skip Area - 3[L.34 m"2

2 8.50

Hydraulic Diam - 5.551m
Hydraulic Per - 17.438m

4.1.5.2

Figure 4-5: Cross-section of No. 12N shaft

Environmental loggers

All the environmental loggers were time-stamped from a common computer before they were
installed. These data were then sorted to display the results from each of the days on which testing
took place.

It should be noted that there were times in the shaft when the pressure readings varied significantly.
These times are consistent with the times that the ventilation fans were not operating at full flow.

These periods were also avoided in the evaluations given below.
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Rotary encoder

The PLCs associated with these encoders were time-corrected to the same computer used for the
environmental loggers. The results from these encoders were corrected to show the conveyances in
appropriate positions in the shaft. This was done primarily by using the drum diameter and matching

the conveyance position on each of the levels to the movement of the drum.

The PLCs measured the position of the conveyance every second, whereas the environmental
loggers measured every 10 seconds. The winder data were therefore also corrected to start and stop

at equivalent times to the environment loggers.

The PLCs attached to these encoders were placed in the drivers’ cabins where appropriate. These
were not tampered with for the duration of the experiment.

Summary of data from tests on No. 12N shaft

The friction losses in the shaft were measured and calculated in accordance with the theory
discussed in the previous chapter of this thesis. The analysis was completed using the data between
surface and 14 level as these data showed the least amount of scatter. A summary of these results is

given in Table 4-11 and Table 4-12.

Table 4-11: No. 12N shaft test results — Data

Item

Value Symbol Units Description

0.000 fatotal - Total bunton Chezy-Darcy friction factor

0.028 fshatt - Shaft asperities Chezy-Darcy friction

factor

0.028 frotal shaft - Total shaft Chezy-Darcy friction factor

1.082 Xcage 1 corr - Cage shock loss correction factor
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Table 4-12: No. 12N shaft test results

I:,Ioss (measured) PIoss (calculated) Units Descri ption

(surface to 14 level) (surface to 14 level)
1 917.6 311.2 Pa No conveyances moving
2 1.04 0.35 Pa/m No conveyances moving
3 866.0 297.8 Pa No conveyances moving
4 0.98 0.34 Pa/m No conveyances moving
Note: The measured pressure measurements were taken at a time when the conveyances were not
moving. The calculated pressure loss has, therefore, been completed assuming no conveyances are
moving in the shaft.

4.2

4.2.1

SUMMARY OF AND CONCLUSIONS FROM THE SHAFT TEST RESULTS

Accuracy of the Results

The shaft tests discussed here were all conducted on shafts at Impala Platinum. In total five different
shafts were tested for time periods varying from 4 to 8 days. The objective of the tests was to obtain
sufficient measurements to allow the calculation of the pressure drops in an operating shaft. For this
purpose environmental data loggers were placed immediately adjacent to a shaft at various points
along the shaft length. In some instances it was not possible to place instrumentation on all the shaft
levels. When this occurred discussions were held with the shaft ventilation officer to determine the
ideal positions for this instrumentation. These positions were generally at the highest level in the
shaft and at the stations where most of the ventilation air left the shaft. The data obtained from
these instruments allowed the calculation of the pressure drop over the shaft using the barometric

calculation.

In addition, rotary encoders were placed on each of the winders used for the conveyances in the
shaft. This allowed the evaluation of the shaft pressure drops in conjunction with the movement of

the conveyances within the shaft.

The placement of the various pieces of instrumentation for these tests does give rise to some

experimental errors which must be considered when evaluating the test results. These are primarily
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4.2.2

4.2.2.1

the entrance losses for the ventilation air, as well as losses resulting from the indirect manner in

which the pressures in the shaft were measured.

The pressure on surface was measured and used to evaluate the total pressure loss in the shaft. This
did not take into consideration the pressure losses that would occur as a result of the transfer flow
of air down the ventilation duct and into the shaft as well as on to the station. Generally, these

losses are around 100 Pa, depending on the drift configuration.

In addition, there are other factors that cannot be effectively quantified as a result of the placement
of the underground pressure sensors. These sensors were placed immediately adjacent to the shaft
at various stations, as appropriate for the shaft under consideration. Therefore both vena contracta

effects and the effects of the station steelwork should be considered.

Finally, the accuracies intrinsic to the instrumentation used as well as the calculation methodology
must be considered. These were noted in section 3.5.4 above. These accuracies are repeated here

for convenience:
1 Potential differences across the rage as a result of the instrumentation (+12% to -29%)

2 Potential differences inherent in the calculation of the pressure losses resulting from the

shaft wall (+15% to -15%)

3 At this stage the potential inaccuracies for the calculation of the flow of the ventilation

across and buntons and pipes is not known.

Summary of the Various Shaft Tests

Summary of results from the No. 14 shaft tests

There is a significant difference between the measured data and the calculated data (between 38
and 49%) for the data points considered. This difference is between 246 and 312 Pa. The reasons for

these differences are discussed in Section 4.2.

There was very little change in the measured pressure as a result of the service cage moving by itself
in the shaft. This is attributed directly to the small coefficient of fill that the service cage has on the
shaft C; = 13%. This is in spite of the fact that the theory showed that an increase in pressure loss of

58 Pa should be apparent when the cage was moving upwards in the shaft.

One of the more surprising findings is the increase in pressure loss of approximately 50 Pa as a result
of the skip when it is moving consistently between surface and the shaft bottom. The available
theory does offer a prediction of the shaft losses as a result of the movement of conveyances

through the shaft, but states that, in the case of paired conveyances (i.e. conveyances of similar
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4.2.2.2

4.2.23

dimensions moving in opposite directions), the overall effect of the pressure from the conveyance
moving will be cancelled out. This finding is therefore not consistent with the theory. However, if
one evaluates this pressure rise as an obstruction in the shaft, the predicted increase for one skip

blocking the airflow is 54 Pa, which is similar to the pressure increase noted above.

There is little difference between the pressure loss calculated for the shaft between the time when
the man cage is moving and the pressure loss when it is not moving. This is consistent with the

theory as the cages move in pairs.

This shaft is well laid out and the overall coefficients of fill of each of the individual conveyances is

well within the recommended maximum of 30% (Figure 4-1).

Summary of results from the No. 11 shaft tests

There is a significant difference between the measured data and the calculated data (between 23
and 35% for the data points considered). This difference is between 135 and 208 Pa. The reasons for

these differences are discussed in Section 4.2.

There is no evidence of pressure spikes when the skip and cages are moving and when they are not.

This is consistent with the theory as the conveyances move in pairs.

A perusal of the measured data against time did, however, show some pressure spikes of
approximately 150 Pa indirectly associated with the movement of the man cage. In some instances
this spike lagged the movement of the cage by 2 to 3 minutes. This was especially noticeable when
this cage was moving alone in the shaft. This pressure surge could be construed to result from the
cage movement but was always short in duration when it did occur (total pressure swing of less than
30 seconds). Given the large C; of the cage of 29%, this is to be expected and it is close to the value

of 164 Pa predicted by the theory.

There was no general increase in the overall pressure loss measured in the shaft when the skip was
in constant operation as was noted in the 14 shaft tests. This was in spite of the fact that the C; of

the skips in both shafts was identical (7%).

Summary of results from the No. 1 shaft tests

There is not a significant difference between the measured data and the calculated data (between 9
and 22% for the data points considered). This difference is between 26 and 62 Pa. The reasons for

these differences are discussed in Section 4.2.

There is no evidence of pressure spikes when the skip and cages are moving and when they are not.

This is consistent with the theory as the conveyances move in pairs.

In addition, there is no evidence of the anticipated pressure spikes when the service cage is moving
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4.2.2.4

4.2.25

4.2.3

4.23.1

and when it is not. The theory predicted a pressure rise of 24 Pa in this instance.

This small difference can be attributed to the small C; that the cages and skips have in comparison
with the shaft. These skips had C; = 7% as in the other shafts, while the man cage and service cage
had C; = 14%. Both of these coefficients are significantly smaller than the recommended maximum of

30%.

Summary of results from No. 11C shaft

There is not a significant difference between the measured data and the calculated data (between
10 and 25% for the data points considered). This difference is between 74 and 173 Pa. The reasons

for these differences are discussed in Section 4.2.

There is evidence of the anticipated pressure spikes from when the cage is moving and when it is
not. This pressure spike of 100 Pa did, however, lag the movement of the cage by 1 to 2 minutes and
was always short in duration (total pressure swing of less than 30 seconds). The cage has a C; = 30%.

The measured pressure rise of 100 Pa and the theory predicted a pressure rise of 167 Pa.

Summary of results from No. 12N shaft

There is a significant difference between the measured data and the calculated data (between 190
and 194% for the data points considered). This difference is between 568 and 606 Pa. The reasons

for these differences are discussed in Section 4.2.

There is evidence of the anticipated pressure spike when the skips are moving. This pressure spike of
100 Pa did lag the movement of the skips by 1-1.5 minutes and was always short in duration (total
pressure swing of less than 30 seconds). The skips move in pairs and this pressure spike is therefore

not consistent with the theory.

However, if one evaluates this pressure rise as an obstruction in the shaft, the predicted increase for

one skip blocking the airflow is 74 Pa, which is close to the pressure increase noted above.

Summary and Conclusions from the Shaft Test Results

Accuracy of the data

The results of the tests completed on all the shafts are listed in Table 4-13. As can be seen from this
table, the results show varying agreement with the values calculated from the current theory. The

specific circumstanced surrounding the measurements were discussed in section 4.2.1.

The most significant difference is noted for the results of the tests for No. 12N shaft. These showed

very little agreement with the theory. This difference is attributed primarily to the fact that it was
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necessary to place the pressure-measuring instrument in the steelwork associated with the shaft
bottom. It is assumed that the additional losses resulting from this steelwork resulted in the
significant pressure difference in these readings. Unfortunately, this also means that the results of

this test are of little use in the context of this work.

Table 4-13: Summary of shaft test results
Item Ploss Ploss % Diff. Difference Chezy-Darcy friction | fgz1otal/
(measured) (calculated) factors fTotaI Shaft
No. 14 shaft
1 909.9 637.0 43% 272.9 Pa f& Total 0.076
78%
2 1.81 1.26 43% 0.54 Pa/m frotarshare | 0.098
No. 11 shaft
3 757.9 585.9 29% 172.0 Pa f& Total 0.079
78%
4 1.22 0.95 29% 0.28 Pa/m frotarshare | 0.102
No. 1 shaft
5 234.6 275.8 15% -41.2 Pa f& Total 0.102
83%
6 0.47 0.55 15% -0.08 Pa/m frotarshare | 0.123
No. 11C shaft
7 804.3 680.6 18% 123.6 Pa f& Total 0.047
67%
8 0.69 0.59 18% 0.11 Pa/m frotalshait | 0.070
No. 12N shaft
9 891.8 304.5 193% 587.3 Pa f& Total 0.000
0%
10 1.01 0.35 193% 0.67 Pa/m frotarshare | 0.028

The four remaining shafts show accuracies varying from an average of 42% in the case of No. 14
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shaft to 15% in the case of No. 1 shaft. To try and understand the reasons for these differences, the

shaft configurations need to be considered.

The two shafts that show the least agreement are No. 14 shaft and No. 11 shaft. These two shafts
both use the airflow buntons, each of which contributed 78% of the calculated Chezy-Darcy friction
factors for these shafts. These shafts are of similar configuration to No. 1 shaft, which showed
agreement between the measured results and the calculated results of 15%. The shaft asperities in
the calculation were all equal at 10 mm and the ventilation flow rates for the shafts did not vary
significantly (7.7 m/s for No. 1 shaft, 10 m/s for No. 11 shaft and 9.4 m/s for No. 14 shaft). In
addition the ventilation air was introduce to these shaft sub bank via well designed evase’s. This
leaves two variables that could account for the differences, namely the drag coefficient used for the
evaluation of the buntons resistance to the ventilation flow and the number and placement of pipes

in the shafts.

The values used for the drag coefficient for the evaluation were taken from the tables supplied by
McPherson (1987). In this instance, the shape closest to the airflow bunton was that of a dumbbell.
This drag coefficient was calculated from the data presented by Martinson (1957), whose paper was
reviewed in Section 2.2.2. The same table was used to obtain the drag coefficient used for the

triangular bunton used in No. 1 shaft. This coefficient was obtained from measured data.

This drag coefficient does highlight the potential pitfalls in calculations of this nature. The bunton
Chezy-Darcy friction factors supply a large portion of the resistance within the shaft and thus the

effect of assumptions in the quantification of these data can be significant.

The additional resistance that a shaft offers to ventilation air flowing through it as a result of the
pipes in the shaft is difficult to quantify. The theory indicates that this should be accommodated by
reducing the free area of the shaft by the area of the pipe and adjusting the rubbing surface of the
shaft in the calculation accordingly. This approach results in a Chezy-Darcy friction factor for the
pipes of less than 1% of the overall Chezy-Darcy friction factor. This is not sufficient to account for
the differences noted above. However, the contribution of the piping to the overall Chezy-Darcy

friction factor was more fully investigated during the CFD evaluation.

Conveyances Moving in the Shaft

The results of these data do not allow a meaningful conclusion to be drawn. The data from No. 14
shaft did not show significant differences in the measured pressure losses as a result of the cage
movement. However, a small increase in the overall pressure was noted, consistent with the
blockage that one of the skips would apply to the shaft if it remained stationary. This only occurred

once the skip was being used to its full capacity and was moving up and down the shaft consistently.
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4.2.5

This small increase was attributed to the length of time that the skip spent in the shaft. It was not

noted in any of the other tests.

In the tests associated with No. 11 and No. 11C shaft, delayed pressure spikes were apparent when
the cages moved up and down the shaft. These spikes were consistent with the predicted theory. In
both of these instances, the cages occupied respectively 29% and 30% of the total shaft area

available.

Interestingly, the measurement at No. 12N shaft exhibited similar results in spite of the skips in this
shaft occupying no more than 8% of the total shaft area. However, the skips occupy the central
portion of the shaft in which the ventilation air would be flowing the most freely, i.e. without the

effects of the irregular shaft shape.

In all instances, the pressure spikes lagged the passing of the cage by 1-3 minutes. This pressure
spike did, however, dissipate before the cages passed the same point again. This was also in spite of
the fact that the pressure changes caused by cages moving up and down the shaft in pairs should

cancel each other out. This was attributed to the damping effect of a shaft filled with air.

The results of this analysis show that the effects of a cage moving in the shaft can be largely ignored.

This conclusion is, however, valid only for shafts of similar cross-section to those considered here.

Conclusions from the Results and Evaluation of Shaft Tests

The following specific conclusions can be drawn from the results of the tests and the comparison of

these results with the current theory:

1 The differences between the results from the various tests and the theory for shafts of
similar configuration demonstrate the importance of ensuring that the appropriate factors
for the drag of the buntons are considered. The test results that showed the least
agreement with the theory all used drag coefficients derived from tests on previous
shafts. The shaft that showed the most agreement between the measurement and the
theoretical evaluation used a drag coefficient taken from measurements on a scale model.
The buntons are calculated to contribute approximately 78% of the total friction
resistance in the shaft, and any discrepancy in the coefficient of drag can, therefore, make

a significant contribution to the overall calculated friction resistance.

2 The contribution that pipes and fittings make to the overall friction resistance is calculated
by considering the overall decrease in the shaft area that the inclusion of these pipes and
fittings result in. This does not take into account the placement of these pipes and fittings
with respect to the airflow, or the inclusion of flanges which would contribute further to

the interruption of the airflow.

Page 134



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

OPTIMISING SHAFT PRESSURE LOSSES THROUGH COMPUTATIONAL FLUID DYNAMIC MODELLING

.
=
ﬂ UNIVERSITEIT VAN PRETORIA
A 4

3 The movement of the conveyances within the shaft does not seem to have a large effect
on the pressure drops over the shaft. This is attributed to the shaft being well laid out and
the cages and skips all being below the recommended C; of 30%. When it was apparent
that the passing of the conveyances had created a pressure spike, this was small, of short
duration and lagged the passing of the conveyance by between 1 and 3 minutes. This was
attributed to the large compressibility of the air in a typical shaft and the damping effect

this would have on any pressure spike in the shaft.

4 When evaluating these results, the potential inaccuracies of the instrumentation must be

borne in mind as these could also account for the noted discrepancies.
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CHAPTER 5

RESULTS AND EVALUATION OF CFD ANALYSIS

5.1 RESULTS OF CFD ANALYSIS

It should be noted in the presentation of these results that the overall pressure differences are given

for the shafts being considered. These pressure differences are calculated for the particular shaft

length and are, therefore, difficult to compare with each other. Thus a value of pressure loss per m

of shaft is also included to allow for this comparison.

5.1.1 CFD Simulation No. 1 (Shaft Barrel)

The shaft asperity for this simulation was modelled as being 10 mm. This value was based on

observations in the shaft and was used for the evaluation of all the CFD models except the 12N shaft.

A value of 20 mm was used for the 12N shaft. The results of the simulations for all the shafts under

consideration are shown in Table 5-1.

Table 5-1: CFD simulation No. TO1 — Shaft barrel pressure losses

14 Shaft 11 Shaft 1 Shaft 11c Shaft 12N Shaft
Total calculated pressure loss 123.4 117.9 441 212.9 266.0
over shaft length (Pa)
Calculated pressure loss (per m) 0.14 0.19 0.09 0.18 0.30
(Pa/m)
Calculated shaft Chezy-Darcy 0.021 0.022 0.021 0.023 0.028
friction factor (f)
Total calculated pressure loss 65.8 56.8 23.0 103.6 895
over shaft length (CFD) (Pa)
Measured pressure loss (per m) 0.08 0.09 0.05 0.09 0.10
(CFD) (Pa/m)
Resultant Chezy-Darcy friction 0.011 0.011 0.011 0.011 0.010
factor from CFD data (f)
Reynolds number (Re) 3923672 3290971 3245 682 2977 968 3770693
% Difference 47% 52% 48% 51% 55%
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This comparison shows that there are significant differences between the CFD results and the
calculated results. This is in part attributed to the large relative roughness of the shaft as well as the
high Reynolds number. In addition, the formula used for the calculation of the Chezy-Darcy friction
factor does take into account that there is an accuracy of plus or minus 15% on the values for the

Moody chart (White, 1986). This cumulative inaccuracy should be taken into consideration.
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Figure 5-1: Velocity profiles for simulation TO1 — Shaft barrel pressure losses

The shaft cross-sections showing the velocity profiles for the various shafts are shown in Figure 5-1.
There is nothing untoward in these profiles, but they should be borne in mind as a basis of

comparison when viewing subsequent cross-sections.
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5.1.2 CFD Simulations Nos T02, T03 and T04

(T02 — Shaft barrel and 1 bunton across the shaft; T03 — Shaft barrel and 2 buntons

across the shaft; T04 — Shaft barrel and full bunton set)

It is appropriate that these simulations be discussed together as they all seek to provide a better

understanding of the behaviour of ventilation flow around the buntons in the shaft. The results of

these simulations are given in Table 5-2.

Table 5-2:

CFD simulations Nos T02, T03 and T04

(TO2 — Shaft barrel and 1 bunton across the shaft; T03 — Shaft barrel and 2 buntons across the shaft; T04 — Shaft
barrel and full bunton set)

14 Shaft

11 Shaft

1 Shaft

11C Shaft

12N Shaft

Simulation No. T02 — Shaft barrel and 1 bunton across the shaft

Total calculated pressure loss

174.6 165.1 65.6 296.6 -
over shaft length (Pa)
Calculated pressure loss (per m)

0.20 0.27 0.13 0.26 -
(Pa/m)
Drag coefficient (assumed) (Cp) 1.30 1.30 1.55 1.30 -
Total calculated pressure loss

93.4 97.9 37.4 177.6 -
over shaft length (CFD) (Pa)
Measured pressure loss (per m)

0.11 0.16 0.07 0.15 -
(CFD) (Pa/m)
Drag coefficient (CFD) (Cp) 0.90 1.47 1.33 1.49 -
% Difference 47% 41% 43% 40% -
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14 Shaft 11 Shaft 1 Shaft 11C Shaft 12N Shaft

Simulation No. T03 - Shaft barrel and 2 buntons across the shaft
Total calculated pressure loss 246.8 386.8 175.9 479.6 _
over shaft length (Pa)
Calculated pressure loss (per m) 0.28 0.62 0.35 0.42 )
(Pa/m)
Drag coefficient (assumed) (Cp) 1.30 1.30 1.55 1.30 )
Total calculated pressure loss 135.4 136.0 51.0 245.1 _
over shaft length (CFD) (Pa)
Measured pressure loss (per m) 0.16 0.22 0.10 0.21 _
(CFD) (Pa/m)
Drag coefficient (CFD) (Cp) 0.74 0.49 0.33 0.70 -
% Difference 45% 65% 71% 49% -

Simulation No. T04 — Shaft barrel and full bunton set

Total calculated pressure loss

564.9 540.8 259.6 671.5
over shaft length (Pa)
Calculated pressure loss (per m) 0.65 0.87 0.52 0.58 )
(Pa/m)
Drag coefficient (assumed) (Cp) 1.39 1.37 155 1.30 )
Total calculated pressure loss 382.3 337.0 1393 4253 _
over shaft length (CFD) (Pa)
Measured pressure loss (per m) 0.44 0.54 0.28 0.37 _
(CFD) (Pa/m)
Drag coefficient (CFD) (Cp) 1.01 0.92 0.84 0.93 -
% Difference 32% 38% 46% 37% -
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The following should be noted when reviewing the data in Table 5-2.

i The drag coefficients from the CFD results were calculated after the pressure losses from
the shaft barrel calculated in simulation TO1 had been subtracted. The remaining pressure

loss was assumed to be directly attributable to the buntons.

ii All the data were corrected for the density differences that were obtained from the test

results in the shaft.
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Figure 5-2: Velocity profiles for simulations T02, T03 and T04

(TO2 — Shaft barrel and 1 bunton across the shaft; T03 — Shaft barrel and 2 buntons across the shaft; T04 — Shaft
barrel and full bunton set)

The shaft cross-sections showing the velocity profiles for the various shafts are shown in Figure 5-2.
What is interesting to note from these profiles is the comparative increase in the velocities as the
additional buntons are added. This is most apparent when the increase in the velocity for the central
portion of the shaft for simulation T04 is noted. It should be noted the areas of maximum velocity

are also the areas where conveyances will travel.

Page 141



.

L]
«<=7

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

OPTIMISING SHAFT PRESSURE LOSSES THROUGH COMPUTATIONAL FLUID DYNAMIC MODELLING

5.1.3 CFD Simulation Nos T05, T06 and T07

(TO5 — Shaft barrel and pipes at pipe diameter; TO6 - Shaft barrel and pipes at

flange diameter; TO7 — Shaft barrel and pipes including flanges)

It is appropriate that these simulations be discussed together as they all seek to provide a better

understanding of the behaviour of ventilation flow around the pipes in the shaft. The results of these

simulations are given in Table 5-3.

Table 5-3:

CFD simulations Nos 5, 6 and 7

(TO5 — Shaft barrel and pipes at pipe diameter; TO6 — Shaft barrel and pipes at flange diameter; TO7 —

Shaft barrel and pipes including flanges)

14 Shaft 11 Shaft 1 Shaft 11C Shaft 12N Shaft
Simulation No. T05 — Shaft barrel and pipes at pipe diameter

Total calculated pressure loss

125.4 173.5 44.7 - 265.7
over shaft length (Pa)
Calculated pressure loss (per m)

0.14 0.28 0.09 - 0.30
(Pa/m)
Calculated pressure loss over

0.4 54.0 0.1 - 0.0
shaft length due to piping (Pa)
Total calculated pressure loss

62.0 61.5 23.2 - 89.0
over shaft length (CFD) (Pa)
Measured pressure loss (per m)

0.07 0.10 0.05 - 0.10
(CFD) (Pa/m)
Pressure loss over shaft length

-3.8 4.8 0.3 - -0.5
due to piping (CFD) (Pa)
% Difference 51% 65% 48% - 67%
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14 Shaft 11 Shaft 1 Shaft 11C Shaft 12N Shaft
Simulation No. T06 — Shaft barrel and pipes at flange diameter
Total calculated pressure loss
130.0 181.0 45.9 - 266.0
over shaft length (Pa)
Calculated pressure loss (per m)
0.15 0.29 0.09 - 0.30
(Pa/m)
Calculated pressure loss over
1.4 58.1 0.4 - 0.0
shaft length due to piping (Pa)
Total calculated pressure loss
63.9 64.8 23.2 - 93.9
over shaft length (CFD) (Pa)
Measured pressure loss (per m)
0.07 0.10 0.05 - 0.11
(CFD) (Pa/m)
Pressure loss over shaft length
-1.9 8.1 0.3 - 4.4
due to piping (CFD) (Pa)
% Difference 51% 64% 49% - 67%
Simulation No. T07 — Shaft barrel and pipes including flanges
Total calculated pressure loss
123.0 181.0 459 - 266.0
over shaft length (Pa)
Calculated pressure loss (per m)
0.15 0.29 0.09 - 0.30
(Pa/m)
Calculated pressure loss over
1.4 58.1 0.4 - 0.0
shaft length due to piping (Pa)
Total calculated pressure loss
95.8 79.9 28.3 - 107.7
over shaft length (CFD) (Pa)
Measured pressure loss (per m) 0.11 0.13 0.06 - 0.12
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14 Shaft 11 Shaft 1 Shaft 11C Shaft 12N Shaft
(CFD) (Pa/m)
Pressure loss over shaft length
30.0 23.2 5.3 - 18.2
due to piping (CFD) (Pa)
% Difference 26% 56% 38% - 67%

A number of interesting differences from the current theory for the calculation of the pressure drops
resulting from the pipes in a shaft are apparent in the above data. There are, once again, significant

differences between the pressure drops calculated from the theory and those from the CFD

calculations.
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Figure 5-3: Velocity profiles for simulations 5, 6 and 7

(TO5 — Shaft barrel and pipes at pipe diameter; TO6 — Shaft barrel and pipes at flange diameter; TO7 — Shaft
barrel and pipes including flanges)

The shaft cross-sections showing the velocity profiles for the various shafts are shown in Figure 5-3.
It can be seen that the inclusion of the pipes (T05), even at flange diameter (T06), has significantly
less effect on the flow of the ventilation air through the shaft than the inclusion of the pipes with the

flanges (TO7). This effect is not accounted for in the current theory.

Page 145



.

&
&b
W UNIVERSITEIT VAN PRETORIA
A 4

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

OPTIMISING SHAFT PRESSURE LOSSES THROUGH COMPUTATIONAL FLUID DYNAMIC MODELLING

5.1.4 CFD Simulations Nos T08, T09 and T10

(T08 — Shaft barrel and buntons and pipes at pipe diameter; T09 — Shaft barrel and
buntons and pipes at flange diameter; T10 — Shaft barrel and buntons and pipes
including flanges)

It is appropriate that these simulations be discussed together as they all seek to provide a better

understanding of the behaviour of ventilation flow around the pipes in the shaft in conjunction with

the buntons. The results of these simulations are given in Table 5-4.

Table 5-4: CFD simulations Nos 8, 9 and 10

(TO8 — Shaft barrel and buntons and pipes at pipe diameter; TO9 — Shaft barrel and buntons and pipes at flange
diameter; T10 - Shaft barrel and buntons and pipes including flanges)

14 Shaft 11 Shaft 1 Shaft 11C Shaft 12N Shaft

Simulation No. TO8 — Shaft barrel, and buntons and pipes at pipe diameter

Total calculated pressure loss

579.5 552.0 265.0 - -
over shaft length (Pa)
Calculated pressure loss (per m)

0.67 0.89 0.53 - -
(Pa/m)
Total calculated pressure loss

538.1 479.1 210.0 - -
over shaft length (CFD) (Pa)
Measured pressure loss (per m)

0.62 0.77 0.42 - -
(CFD) (Pa/m)
Unaccounted pressure losses (Pa) 159.7 137.2 70.4 - _
% Difference 7% 13% 21% - -
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14 Shaft 11 Shaft 1 Shaft 11C Shaft 12N Shaft
Simulation No. T09 - Shaft barrel and buntons and pipes at flange diameter

Total calculated pressure loss

612.5 583.9 276.1 - -
over shaft length (Pa)
Calculated pressure loss (per m)

0.71 0.94 0.55 - -
(Pa/m)
Total calculated pressure loss

552.0 499.3 209.7 - -
over shaft length (CFD) (Pa)
Measured pressure loss (per m)

0.64 0.81 0.42 - -
(CFD) (Pa/m)
Unaccounted pressure losses (Pa) 171.6 154.3 70.2 - -
% Difference 10% 14% 24% - -

Simulation No.

10 - Shaft barrel and buntons and pipes including flanges

Total calculated pressure loss

612.5 584.0 276.1 - -
over shaft length (Pa)
Calculated pressure loss (per m)

0.71 0.94 0.55 - -
(Pa/m)
Total calculated pressure loss

615.3 537.0 209.2 - -
over shaft length (CFD) (Pa)
Measured pressure loss (per m)

0.71 0.87 0.42 - -
(CFD) (Pa/m)
Unaccounted pressure losses (Pa) 203.0 176.9 64.6 - -
% Difference 0% 8% 24% - -
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The overall correlation between the calculated data and those taken from the CFD simulations in
these tests was much closer than in any of the previous tests. The differences between the theory
and the simulation results were between 3 and 23%. This decrease in the differences was not

anticipated.

It is interesting to note that the increase in pressure from the CFD simulations was a direct result of

the piping in the shaft being modelled in conjunction with the buntons. This combination resulted in

additional pressure losses which were not predicted by the theory.
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Figure 5-4: Velocity profiles for simulations 8, 9 and 10
(TO8 — Shaft barrel and buntons and pipes at pipe diameter; T09 — Shaft barrel and buntons and pipes at flange

diameter; T10 — Shaft barrel and buntons and pipes including flanges)

In the velocity plots of the cross-sections of the various shafts shown in Figure 5-4, a number of

interesting facts are apparent.

In the 14 shaft test, the small connection between the two main buntons is a square section. The
area of reduced velocity around this section is significantly larger than that for the more
aerodynamic sections. The free-velocity section of the shafts also decreases more for the piping with
flanges than for the piping without them. This is consistent with the observations from simulations

TO5, T06 and TO7.
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5.1.5 CFD Simulations Nos T11, T12, T13, T14 and T15
(T11 - Shaft barrel and buntons and pipes including flanges and skip 1; T12 — Shaft
barrel and buntons and pipes including flanges and skip 2; T13 — Shaft barrel and
buntons and pipes including flanges and man cage 1; T14 - Shaft barrel and
buntons and pipes including flanges and man cage 2; T15 - Shaft barrel and
buntons and pipes including flanges and service cage)
It is appropriate that these simulations be discussed together as they all seek to provide a better
understanding of the behaviour of ventilation flow around the conveyances when they are assumed
to have been stopped in the shaft. The results of these simulations are given in Table 5-5.
Table 5-5: CFD simulations Nos 11, 12,13, 14 and 15 T15
(T11 - Shaft barrel and buntons and pipes including flanges and skip 1; T12 —Shaft barrel and
buntons and pipes including flanges and skip 2; T13 — Shaft barrel and buntons and pipes including
flanges and man cage 1; T14 — Shaft barrel and buntons and pipes including flanges and man cage 2;
T15 - Shaft barrel and buntons and pipes including flanges and service cage)
14 Shaft 11 Shaft 1 Shaft 11C Shaft 12N Shaft
Simulation No. T11 - Shaft barrel and buntons and pipes including flanges and skip 1
Pressure loss calculated from
706.1 638.2 310.0 - 332.0
theory
Calculated pressure loss (per m)
0.81 1.03 0.61 - 0.38
(Pa/m)
Pressure loss calculated from CFD
618.7 541.0 211.1 - 112.8
(Pa)
Measured pressure loss (per m)
1.02 1.50 0.81 - 0.68
(CFD) (Pa/m)
Unaccounted pressure losses (Pa) 206.5 180.8 66.5 - -84.5
% Difference 12% 15% 32% - 72%
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14 Shaft 11 Shaft 1 Shaft 11C Shaft 12N Shaft
Simulation No. T12 - Shaft barrel and buntons and pipes including flanges and skip 2

Total calculated pressure loss

706.1 638.2 310.0 - 377.0
over shaft length (Pa)
Calculated pressure loss (per m)

0.81 1.03 0.61 - 0.43
(Pa/m)
Total calculated pressure loss

618.6 541.1 211.6 - 112.8
over shaft length (CFD) (Pa)
Measured pressure loss (per m)

1.00 1.53 0.80 - 0.57
(CFD) (Pa/m)
Unaccounted pressure losses (Pa) 206.3 180.9 66.9 - -84.4
% Difference 12% 15% 32% - 75%

Simulation No. T13 - Shaft barrel and buntons and pipes including flan

ges and man cage 1

Total calculated pressure loss

649.5 630.6 285.1 713.8 -
over shaft length (Pa)
Calculated pressure loss (per m)

0.75 1.02 0.57 0.62 -
(Pa/m)
Total calculated pressure loss

631.2 568.0 215.0 444.8 -
over Shaft Length (CFD) (Pa)
Measured pressure loss (per m)

2.06 4.79 1.30 3.62 -
(CFD) (Pa/m)
Unaccounted pressure losses (Pa) 218.9 207.8 70.4 19.5 -
% Difference 3% 10% 25% 38% -
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14 Shaft 11 Shaft 1 Shaft 11C Shaft 12N Shaft
Simulation No. T14 - Shaft barrel and buntons and pipes including flanges and man cage 2

Total calculated pressure loss

649.5 - 285.1 - -
over shaft length (Pa)
Calculated pressure loss (per m)

0.75 - 0.57 - -
(Pa/m)
Total calculated pressure loss

634.6 - 215.9 - -
over shaft length (CFD) (Pa)
Measured pressure loss (per m)

2.35 - 1.43 - -
(CFD) (Pa/m)
Unaccounted pressure losses (Pa) 2223 - 71.2 - -
% Difference 2% - 24% - -

Simulation No. T15 - Shaft barrel and buntons and pipes including flanges and service cage

Total calculated pressure loss

652.2 - 285.0 719.8 -
over shaft length (Pa)
Calculated pressure loss (per m)

0.75 - 0.57 0.63 -
(Pa/m)
Total calculated pressure loss

627.8 - 214.7 426.8 -
over shaft length (CFD) (Pa)
Measured pressure loss (per m)

1.44 - 1.26 0.68 -
(CFD) (Pa/m)
Unaccounted pressure losses (Pa) 247.5 - 70.1 1.6 -
% Difference 4% - 25% 41% -
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The pressure losses noted in these tests once again show a significant decrease in the difference
between the pressures calculated from the theory and those calculated from the CFD results. This
reduction in the overall difference is again attributed to the ‘unaccounted’ pressure losses which the
CFD results show. The actual increase in the pressure losses in the overall shaft is not significant

when the conveyance is in the shaft.
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Figure 5-5: Velocity profiles for simulations 11, 12, 13, 14 and 15

(T11 — Shaft barrel and buntons and pipes including flanges and skip 1; T12 — Shaft barrel and buntons and
pipes including flanges and skip 2; T13 — Shaft barrel and buntons and pipes including flanges and man cage 1;
T14 - Shaft barrel and buntons and pipes including flanges and man cage 2; T15 — Shaft barrel and buntons and

5.2

pipes including flanges and service cage)

In the velocity plots of the cross-sections of the various shafts shown in Figure 5-5, a number of

interesting facts are apparent.

The velocity profile for each of the plots changes significantly when the different conveyances are
placed in the shaft. This is expected. It also highlights the fact that, as the conveyance moves through
the shaft, the velocity profile in the shaft changes significantly. The additional pressure losses as the
ventilation air is forced in different directions as the conveyance moves through the shaft have not
been calculated here. This constant change in direction could account for the additional losses that
are apparent from the measured tests and those losses calculated for the CFD analysis and the

theoretical analysis.
Summary and Conclusions from the CFD Simulation Results

Overall, the results of the individual sections of the CFD simulations showed little agreement with
those of the theoretical calculations for the initial simulations. There are potentially a number of
reasons for this which will be discussed in more detail here. The most importance factor which must
be borne in mind are the inaccuracies inherent in the calculations. These are quoted to have an
accuracy * 15% for the calculation of the pressure losses resulting from the shaft wall. (See

section 3.2.1.1).

The initial simulations (TO1 to T10) were completed in such a way as to allow the evaluation of the
individual contributors to the overall shaft pressure drops, as well as to evaluate the effect of these

being combined.

It is interesting to note that the initial simulations (TO1 to TO7) showed very little correlation

between the theoretical calculations and those derived from the CFD analysis. The same variables
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were used in the overall evaluation of both of the techniques.

The evaluation of the contribution that the buntons make to the overall friction losses also showed
little correlation with the calculated data. It can be seen, however, that the correlation between the
theory and the CFD results improves as the complexity of the bunton arrangement increases. It is
also significant that the C, calculated from the CFD data is closest to the assumed value with the
single bunton in the shaft. This accuracy decreases in simulation TO3 and again increases with
simulation TO4. This is attributed primarily to the interference factor which is included for the
calculation of the theoretical pressure loss. The Cy’s for the CFD results calculated without this factor
are significantly lower than those assumed for the theoretical evaluation. This does show the
importance of including the effect from adjacent buntons when calculating the overall drag
coefficient. However, as the differences in the drag coefficient between the assumed values and
those calculated from the CFD do not match the percentage differences noted from the pressure
drops over the section considered, it does raise a concern as to the accuracy of the factors used for

the theoretical evaluation.

In addition, once the pressure losses from the shaft barrel have been removed, there is only a
marginally better correlation between the theoretical and the CFD calculations (approximately 2%

better) in these initial tests.

The correlation between the theoretical results and the CFD results also showed differences. In
simulation TO05, the anticipated pressure drops from the theory were very low, with the exception of
the 11 shaft. This difference was attributed primarily attributed to the two large pipes in the 11 shaft
cross-section. The CFD results, however, showed an even smaller pressure loss. In the case of the
results for the 1 and 12N shafts, this result was negative, thus showing that there was a reduction in
the pressure drop over these shafts. This negative value was obtained once the pressure losses from
the shaft barrel simulation had been subtracted from the simulation TO5 pressures. This negative
value persisted in the simulation TO6 results. Both of these shafts have fewer pipes than the 14 shaft
or the 11 shaft. This result is consistent with the observations made by Bromilov (1960). In this paper
he noted that there seems to be a small decrease in the pressure losses when pipes are included in
the shaft cross-section. However, the above results seem to indicate that this effect is disappears

after a certain additional number of pipes have been added in the shaft.

Simulation TO7 (i.e. when the pipes are assumed to be flanged) showed significant increases in the
pressure losses for all the shafts for the CFD analysis. However, even with the flanges included in the
simulation, there is still a significant difference between the calculated pressures losses and those

from the CFD simulations.

Simulations T08, TO9 and T10 showed significantly better correlations between the theoretical
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pressure losses and those of the CFD analysis. The theoretical analysis relies on the arithmetic
addition of the Chezy-Darcy friction factors being contributed by the various items discussed above.
However, the CFD analysis showed different results. To try and discern the reason for this, the
pressure losses calculated for the previous tests for the piping and buntons were subtracted from
the overall pressure value. This showed an additional unaccounted for pressure loss of
approximately 30% of the overall pressure loss. The only reason that could be found for this pressure
loss is the interaction between the various components in the shaft. This is not consistent with the
theory and indicates that the friction losses for the various components cannot be added to obtain
the final Chezy-Darcy friction factor. Figure 5-6 shows the velocity profiles over the shaft cross-
sections for the various configurations. These cross-sections provide indicative information as to the

reason for the additional pressure losses. The nominal ventilation velocity for this shaft is 10 m/s.

< / < °
;* he !
/ ‘% /_,

|
: QQCB\ 4

Velocily: Mognituge (m/s) Toomn  aowe  VOEHMITNEL s Thomn asm VOREEMATRSSLVS o,
Buntons Only in Cross-section Piping Only in Cross-section Piping and Buntons in Cross-section
(Simulation T04) (Simulation T07) (Simulation T10)
Figure 5-6: Velocity profiles for simulations T04, T07 and T10

(TO4 — Shaft barrel and full bunton set; TO7 — Shaft barrel and pipes including flanges; T10 — Shaft barrel and

buntons and pipes including flanges)

The final evaluation relates to the placement of the skips and cages. In this instance there is good
correlation between the conveyances and the theoretical data. It must, however, be noted that this
correlation includes the unaccounted pressure losses. These still make up approximately 30% of the
total pressure loss. The overall pressure loss as a result of the cages from the conveyance is not
large, assuming each of the conveyances is alone in the shaft. This is attributed to the fact that none
of the conveyances in the shaft is considered to be especially large in comparison with the shaft size.

The maximum coefficient of fill was 30%.

Page 156



e
=
ﬂ UNIVERSITEIT VAN PRETORIA
’ UNIVERSITY OF PRETORIA
4

YUNIBESITHI YA PRETORIA

OPTIMISING SHAFT PRESSURE LOSSES THROUGH COMPUTATIONAL FLUID DYNAMIC MODELLING

5.2.1

Conclusions from the CFD Simulation Results

The following specific conclusions can be drawn from the CFD simulations:

1 The CFD simulation results for the various shafts containing only the buntons or the pipes
show little correlation with the theory. These results are however on the extremity of the

accuracies shown for the calculations.

2 The inclusion of pipes in the shaft resulted in a small decrease in the overall pressure drop
in the shaft. This decrease was only apparent in the shafts that had comparatively fewer
pipes. The expected decrease in the pressure drop seems to apply only when the total

number of pipes is below a certain limit.

3 The small pressure drops as a result of pipes being included in the shaft are not apparent
when the pipes are assumed to be flanged. In this instance there is an increase in the

overall pressure drop.

4 The calculation of the pressure drop for the buntons is highly dependent on the
interference of each bunton set with the others, as well as on the selected coefficient of

drag. This interference factor has been included in the calculation.

5 The overall correlation between the pressure drops predicted by the theory and those
taken from the simulations showed significantly better correlation once the complexity of
the buntons and the fittings within the shaft increased. This emphasised the interrelated
nature of the buntons and fittings in the shaft cross-section. It also highlighted the

deficiencies in the current theoretical analysis techniques.

6 The theoretical calculations of the pressure losses resulting from the conveyances in the
shaft showed good correlation when compared with those predicted by the simulation

results.
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CHAPTER 6 COLLATION OF ALL RESULTS

6.1 GENERAL
This section considers all the results from the work presented in the previous chapters. It is only
possible to compare the results from simulations T10, T11, T12, T13, T14 and T15. The other
simulations all considered only portions of the shaft which it was not possible to test independently.
The results from simulation T10 will be considered first.
Table 6-1: CFD simulation No. T10 — Shaft barrel and buntons and pipes including flanges
14 Shaft 11 Shaft 1 Shaft 11C Shaft 12N Shaft
Simulation No. T10
Pressure loss calculated from
612.5 584.0 276.1 671.5 266.0
theory (Pa)
Pressure loss calculated from CFD
615.3 537.0 209.2 425.3 88.5
(Pa)
Pressure loss from measurements
891.1 721.3 248.1 752.4 917.6
(Pa)

The results in Table 6-1 are considered separately as simulation No. T10 is the only test that assumed
that there is nothing in the shaft except the fittings. As can be seen from this analysis, there is a
substantial difference between the measured data and those of both the theoretical calculations and
the CFD analysis, the specifics of this have been discussed in section 4.2.1. The concern regarding the
estimation of the coefficient of drag has already been discussed. Suffice it to say that there is

consistency between the CFD data and the theory, albeit for different reasons.
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Table 6-2:

CFD simulations Nos T11, T12, T13, T14 and T15

14 Shaft

11 Shaft

1 Shaft

11C Shaft

12N Shaft

Simulation No. T11 - Shaft barrel and buntons and p

ipes including flanges and skip

Pressure loss calculated from

706.1 638.2 310.0 - 331.7
theory (Pa)
Pressure loss calculated from CFD

618.7 541.0 211.1 - 94.0
(Pa)
Pressure loss from measurements

897.5 756.3 231.4 - 866.0
(Pa)

Simulation No. T12 - Shaft barrel and buntons and pipes including flanges and skip 2

Pressure loss calculated from

706.1 638.2 309.9 - 377.0
theory (Pa)
Pressure loss calculated from CFD

618.6 541.1 211.1 - 93.9
(Pa)
Pressure loss from measurements

897.5 756.3 231.4 - 866.0
(Pa)

Simulation No. T13 - Shaft barrel and buntons and pipes including flan

ges and man cage 1

Pressure loss calculated from

649.5 630.6 285.1 713.8 -
theory (Pa)
Pressure loss calculated from CFD

647.7 568.0 215.0 444.8 -
(Pa)
Pressure loss from measurements

930.0 796.3 242.0 856.1 -

(Pa)
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14 Shaft

11 Shaft

1 Shaft

11C Shaft

12N Shaft

Simulation No. T14 - Shaft barrel and buntons and pipes including flan

ges and man cage 2

Pressure loss calculated from

649.5 - 285.1 - -
theory (Pa)
Pressure loss calculated from CFD

634.6 - 2149 - -

(Pa)

Simulation No. 15 — Shaft barrel and buntons and pipes including flanges and service cage

Pressure loss calculated from

652.2 - 285.0 719.7 -
theory (Pa)
Pressure loss calculated from CFD

627.8 - 214.7 426.8 -
(Pa)
Pressure loss from measurements

891.1 - 216.8 752.4 -
(Pa)

As can be seen from Table 6-2 and as has been noted before, there is good correlation between the
theoretical calculation and the CFD analysis. However, there is consistently poor correlation between

the measured results and both the theoretical and CFD results.

It is interesting to note that this does not apply to the 1 shaft tests. This is the only shaft that did not
use the airflow buntons. This would seem to add strength to the concern raised above about the

accuracy of the drag coefficient data used for the theoretical calculations.

The discrepancies noted in 12N shaft have been discussed previously in this thesis and will not be

re-evaluated here.

The differences noted between the other shafts and the data above do, however, highlight the
potential differences that arise when evaluating complex systems from the theoretical perspective.
Itis not possible to include the effects of various items such as imperfections between the lining
rings, the inclusion of slinging points in the shaft, large cable pocket installations, intermediate pump
stations and other shaft openings. The differences noted above are attributed to these as well as the

other inaccuracies noted above.
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6.2

This also highlights the importance of ensuring that there is sufficient capacity in any designed

system to accommodate future requirements, which it is not possible to anticipate in the design

phase. In this instance the data indicates that the allowance should be of the order of a 30% increase

should be made.

One of the variables that was not measured against time for the duration of the test was the velocity

of the ventilation air within the shaft. This can make a significant contribution to the overall pressure

losses calculated and should be measured in future tests.

SUMMARY AND CONCLUSIONS

The following specific points can be made from the collation of all the results:

1

There is not a reasonable correlation between the results from the theoretical calculations
and the results of the CFD simulations in the initial tests. There is however good
correlation between the theoretical calculations and the results of the CFD simulations in
the tests evaluating the complete shaft. The specific conclusions which can be drawn

form this are discussed in Section 8.2.

There is not a good correlation between the measured data and the theoretical or CFD
results. These differences are in part attributed to imperfect installations such as the kerb
ring during installation, as well as to the mid-shaft cable pockets, cable installation
attachments and other miscellaneous items that can be found in the shafts. These
differences do highlight the importance of understanding the limitation of any theoretical

analysis when comparing it with a physical installation.

It is important to note that, once the theoretical analysis has been completed, an
additional factor should be added to ensure that the non-homogenous imperfections of
any installation can be effectively accommodated. This factor is shown to be of the order

of 30%.
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CHAPTER 7 ECONOMIC EVALUATION OF SHAFT OPTIONS

7.1 SUMMARY OF OPTIONS

To ensure that the recommendations made in this work are valid, a number of additional options
were evaluated using the CFD technique described above. The following specific scenarios were

evaluated on a typical shaft system:

1 Bunton arrangements
. Shaft bunton arrangement with airflow buntons
. Shaft bunton arrangement with streamlined buntons
. Shaft bunton arrangement with square buntons
. Shaft bunton arrangement with I-beam buntons
2 Piping placement (This option will be completed with airflow buntons.)
° Piping placed in same place along edge of shaft
. Piping placed near centre of shaft
. Piping distributed around shaft
. Option with the least resistance, including flanges
3 Cage fill factors (This option will be completed with airflow buntons.)
. Cage C;=10%
. Cage C;=20%
. Cage C;=30%
. Cage C;=40%
. Cage C;=50%
. Cage C; = 30% (cage with fairings at top of cage)
. Cage C; = 30% (cage with fairings at bottom of cage)
. Cage C; = 30% (cage with fairings at top and bottom of cage)

The above options were evaluated and the pressure losses over the shaft length were calculated.

The dimensions used for the shaft are as follows:
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. Shaft diameter: 9m
. Shaft depth: 2000 m
. Ventilation velocity: 10 m/s

The basic fan power required to deliver the flow rate and the calculated pressure, as well as the
overall costs for the power to deliver this were calculated. This cost for the power requirement was

used to evaluate the current and potential costs of the options under consideration.

The cross-section of the shaft is shown in Figure 7-1.

2.100 2.100
1.500 1.500
o ™\
©@9.000
2.000 |i[d g il 2.000
0.100
A \
4 == \
7.000
1.730
3.460 1
2.860
1.730
|
AY
0.175 ?
] il 1.000
.. 2.430
3.030 ‘
1
8.308
Figure 7-1: Typical cross-section

A summary of the results is given in Table 7-1, Table 7-2 and Table 7-3. An estimate is also made of

the operating costs for 20 years based on an inflation rate of 12% per annum for the electrical costs.
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It should be noted that this is well below the anticipated increased noted in section 1. These values

are then discounted at 7% per annum to achieve and effective present cost.

7.2 SUMMARY OF RESULTS

7.2.1 Bunton Shapes

Table 7-1: CFD simulation for piping placement
Item | Description Shaft Estimated % Estimated Estimated Savings over
Pross total Differences capital cost current 20 years
annualised annual
cost savings
1.01 | Airflow 1.00
822 R3,908,773 R8 965 440 - -
buntons (Baseline)
1.02 | Streamlined
774 R3,716,566 0.95 R8 965 440 R192 206 -R 5738 460
buntons
1.03 | Square
1,608 R7,058,823 1.81 R8 229 640 R3 150 051 R94 046 991
buntons
1.04 | I-beam
1324 R5,932,280 1.52 R7 471 200 R2 023 507 R60 413 237
buntons

Note : % Differences, this is a difference when compared to the option chosen as the baseline (this option is

shown as (Baseline)

As can be seen from Table 7-1, a significant saving can be made through the judicious choice of the
bunton shape. This varies from 52% to 81% of the fan power costs as a direct result of the resistance
the shaft offers to the flow of air through it. A small decrease in these costs was also not for the

Streamlined buntons of 5%.
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7.2.2  Piping Arrangements
Table 7-2: CFD simulation for piping arrangements
Item Description Shaft P Estimated % Estimated Savings over 20
total Differences current years
annualised annual
cost savings
2.01 Piping along shaft edge
856.7 R4 047 589 1.11 R405 769 R12 114 528
2.02 Piping away from shaft
819.3 R3 898 095 1.07 R 256 275 R7 651 281
edge
2.03 Piping distributed 1.00
755.3 R3 641 819 - R -
around shaft (Baseline)
2.04 Distributed piping with
866.7 R4 087 632 1.12 R445 812 R13 310040
flange

Note : % Differences, this is a difference when compared to the option chosen as the baseline (this option is shown

as (Baseline)

This result shows that the judicious placement of the piping in the shaft can have a significant effect on the

resistance in the shaft. This saving can be between 7% and 12% of the total resistance experienced in the shaft.

The results also show that, once the most efficient position has been chosen for the piping, the use of flanges

to join the pipes can increase the cost of supplying air to the mine by approximately 12%.
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7.2.3 Coefficient of Fill and Cage Configurations
Table 7-3: CFD simulation for varying cage fill factors
Item Description Shaft P Estimated total % Estimated Savings over 20
annualised cost | Differences current annual years
savings
3.01 Ci=10% 1780.3 R7 746 095 0.31 R-17 197 073 R-513 430 817
3.02 Ci=20% 3293.3 R13 804 763 0.55 R-11 138 405 R-332 544 979
3.03 C:=30% 1.00
6 075.0 R24 943 168 - R -
(Baseline)
3.04 Ci =40% 11 966.0 R48 532 709 1.95 R23 589 540 R704 282 448
3.05 C: =50% 17 306.0 R69 915 639 2.80 R44 972 470 R1 342 684 978
3.06 C; = 30% (fairings on 1.00
3706.2 R15 458 139 - R -
top) (Baseline)
3.07 C; = 30% (fairings on
6051.4 R24 848 827 1.63 R9 390 688 R280 365 636
bottom)
3.08 C; = 30% (fairings on
4172.7 R17 325 986 1.13 R1 867 846 R55 765 881
top and bottom)

Note : % Differences, this is a difference when

(Baseline)

compared to the option chosen as the baseline (this option is shown as

Although the overall savings here seem to be significant when the coefficient of fill of the cage

decreases, it must be remembered from the previous conclusions that these losses can be avoided

by the judicious design of level take-off configurations since the pressure losses shown here are most

apparent when the cage is blocking the shaft. However, these data will give guidance as to the

overall effect that could occur should this not be the case.

The most significant results of this analysis are the savings that can be achieved by the addition of

fairings on the cage (of the order to 30%). This potential saving is not sufficient in itself to justify
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7.3

wholesale changes in the design of conveyances. However, if such a change is required for safety
reasons, it provides a way in which this can be achieved while also achieving savings. This safety
concern arises from the possibility that falling objects in the shaft may penetrate the roof of the

cage; a fairing of this nature will help to deflect such objects.

It can also be seen that these results are broadly consistent which those noted by Ruglen and Wilson
(Ruglen and Wilson, 1978). The negligible reduction of the calculated pressure losses of the
conveyance as a result of the bottom fairing was also discussed in this paper. This is as a result of
the fact that these would have to excessively long to affect the streamlines apparent with fully
developed flow. The effect of the small fairing could however have the effect of increasing the
effective length of the conveyance, thus increasing the total resistance offered by the conveyance.
However it is important to note that conveyance will move up and down, so the fact that this fairing

does not indeed add to the overall resistance is important to note.

SUMMARY AND CONCLUSIONS

The following specific points can be made from the collation of all the economic data.

1 The shape of the buntons is important in meeting the requirement to reduce the pressure

drop in the shaft as much as is possible.

2 The placement of the piping in the shaft and the use of flanged piping can have a

significant deleterious effect on the pressure drops in the shaft.

3 The addition of fairings to a cage can have a positive effect on the pressure drops that are
apparent in a shaft. However, although this effect may be significant, it must be borne in
mind that the overall effect of the cage on shaft pressure drops arises from the blockage it
applies to the shaft. This can be mitigated more effectively by designing conveyance stop

points to ensure that the ventilation air can flow around the cage with ease.
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CHAPTER 8 SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

8.1

SUMMARY

As a result of the rising electrical energy costs in South Africa, a method was sought to reduce the
overall electrical consumption of typical shaft systems. To achieve this, the first step was to analyse a

typical shaft system and to determine what areas required the most energy to operate.

A typical shaft configuration was analysed and the primary energy consumers were identified. The
ventilation fans for this system were found to consume a total of 15% of the total energy of the shaft
system. It was calculated that more than 50% of this energy is consumed by the shaft itself, more
specifically by the pressure losses that occur in the shaft as the ventilation air passes through it. This
area was deemed worthy of additional evaluation. To complete this evaluation, the following steps

were undertaken:

1 Literature study

2 Definition of the objectives

3 Evaluation of current shaft configurations
4 Detailed analysis

5 CFD simulation of the shaft system

6 Economic evaluation

A comprehensive search was done to find literature on the evaluation of shaft resistances. The
literature review in Chapter 2 discussed the manner in which the shafts have been designed and
provided invaluable information with respect to the way the current shaft configurations have been

achieved.

In this regard, it is interesting to note that the driver for understanding and then reducing the
resistance that the shaft offers to ventilation air was the need to get ventilation air underground.
Most of this work was completed circa 1960 and it is during this period that the most useful work
was done. Very little has been done in this area since then. McPherson (1987) formalised the
approach for designing shafts to reduce resistances but did not undertake further research.
A number of papers discussing tests that had been conducted on shaft systems were evaluated.

These provided the basis for the methodology used here in measuring the shaft systems under
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consideration in this work.

Some CFD work was completed by Anglo American (Craig, 2001), but the driver for this was to find
ways to optimise the design of the shaft steelwork. Interest in this work has more recently picked up
again as the cost of electrical energy has increased and this is apparent in the papers published more

recently.

Once the literature study had been completed and the work that has been done was understood,
the next phase was to conduct some measurements on existing shafts. A number of shafts were
evaluated at Impala Platinum. All these shafts were more than 10 years old. Although this was not
ideal, it could not be avoided as none of the new-generation shafts had been commissioned at the

time of writing.

These shafts did, however, provide a good spectrum against which to complete the initial tests. The

following shafts were tested:

1 Impala 14 shaft
2 Impala 11 shaft
3 Impala 1 shaft

4 Impala 11C shaft
5 Impala 12N shaft

These shafts were all subjected to the testing described in Chapter 3. These tests consisted of placing
data loggers in the shafts to take the environmental measurements. The results were collated
against the measurements obtained from equipment placed on the winders of the shaft. The
combination of these measurements showed the pressure drops in the shaft in relation to the

movement of the conveyances within the shaft.

The testing of the shafts was completed over approximately 2 years. This long period was a result of
various problems with the equipment being used and the availability of the shafts. The Impala
Platinum ventilation personnel and the engineers on the various shafts were very helpful in this

regard.

Once the data had been gathered and collated, they were all graphed against the same time scale
such that the movement of the conveyance could be compared against the various pressure drops.
These results were collated and the results tabulated in graphs which can be found in Appendices D,

E,F, GandH.

Once this testing had been completed, the results were compared with those from a detailed

theoretical analysis using the currently available techniques.
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8.2

8.2.1

The detailed analysis and the measurements were then compared with the results obtained from
CFD simulations. These simulations were completed using the STAR CCM+ computational fluid

dynamics software.

One of the advantages of this sort of simulation was that the simulation models could be built and
run incrementally. This allowed the evaluation of the various components within the shaft with

respect to their contribution to the overall pressure losses experienced by the shaft.

The initial evaluation of the cost of sinking a shaft with respect to its diameter is shown in
Figure 1-11. Discussions with mine personnel and shaft-sinking professionals resulted in the
installation and maintenance costs not being included in this analysis. This is because these costs are

considered to be the same no matter what bunton shape is used.

Shaft maintenance generally occurs during the weekly shaft inspections and is the same no matter
which buntons are chosen. The only potential difference is the face that is presented to the
ventilation airflow, as this is the face on which muck and other deleterious material collect. The use
of a flat bunton could, if the shaft is not maintained correctly, give rise to more corrosion as the
material does not naturally flow off this as would happen with the rounded face. This difference is
not considered sufficient to result in any cost differential, assuming that the maintenance is done

consistently.

The installation time for buntons depends primarily on the work that is done to provide accurately
jigged and connected buntons at the installation stage. These operations take as long to do for any

bunton shape and will therefore also not result in a cost differential between the options.

The operating costs are evaluated as the electricity required to operate the ventilation fans. These
costs are also evaluated over a 20-year cycle. The capital cost is added to this amount to provide an

overall cost of ownership.

The installation and maintenance cost for the piping is not considered a cost differential here and is
therefore not included in the analysis. This includes the flanges and/or other pipe connectors that

could be used.

CONCLUSIONS

Conclusions from Perusal of the Test Data

The following conclusions can be drawn from a perusal of the measured data:

1 There is little or no pressure loss associated with the movement of the cages. There was a
small pressure increase in the tests for 1, 11 and 11C shafts. These pressure spikes were of

short duration and lagged the passing of cages. The tests for 14 Shaft showed a general
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8.2.2

increase in the resistance seen in the shaft during the periods when the skips were moving
consistently between the shaft top and bottom. Neither of these findings was consistent

with the theory.

There was also a significant difference between the measured pressures and the
calculated pressures for the shafts, this was discussed in Section 6.2. The 12N shaft data
were, however, so different as not to be useful. This difference is attributed to the
placement of the pressure measurement devices in the shaft and will not be considered

further here.

There was little congruence between the current theory and the and the measured data.
The calculation of the pressure drop associated with the buntons using this theory is
dependent on the availability of accurate data to define the coefficient of drag (Cy) of the
buntons. As has been shown above, the buntons contribute the most significant portion of
the overall pressure losses in a shaft system. The drag coefficient’s (C4) of the buntons as
listed by McPherson have been calculated from various date associated with
measurement of pressure losses in shafts (as listed in the right hand column of Table 3-1).
The specific conclusion deriving from this analysis in conjunction with the CFD analysis is

discussed in section 8.2.2.
The effects of a cage moving in the shaft can be ignored unless

i the constant movement of conveyances in the shaft is sufficiently regular such
that the blockage in the shaft needs be considered. (This is mostly apparent in

long shafts where the ventilation is introduced only in the lower level.)

ii the coefficient of fill (C;) in a shaft of the cage is close to 30% of the free-flow
area in the shaft. (The exact C;at which this occurs is not known. This cross-over

point should be evaluated using CFD analysis.)

One of the issues that should be considered in evaluating these data is that, should any of
the conveyances remain stationary at a particular level for a length of time, the overall
resistance seen in the shaft will increase. This emphasises the need to ensure that the
stations are designed in such a way as to allow the ventilation air to bypass the

conveyance without a significant pressure loss occurring.

General Conclusions from the Analysis
All the shaft configurations discussed were analysed with respect to the current theory available for

the evaluation of the shaft system, as well as the being subjected to a detailed CFD analysis.

In order to break down the various contributors to the overall shaft resistance, both the theory and
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the CFD model were used to analyse the shaft as it was built up. This analysis started with the bare

shaft cross-section and sequentially included the complete bunton and piping sets and, finally, each

of the conveyances. At each step of this process, it is possible to subtract the values obtained for the

resistance offered by the wall or the buntons and thus to calculate specific figures for the resistance

of individual sets. This approach to the overall evaluation yielded some interesting results.

1 The current theory does not provide sufficiently accuracy to design new shafts which

differ from the current shaft configuration. It has been shown that this theory is does not

provide the necessary definition to allow the shaft parameters to be varied and to provide

accurate results based on these variations. In addition, the calculation of the pressure

drop associated with the buntons using this theory is dependent on the availability of

accurate data to define the coefficient of drag (C4) of the buntons. If this is not the case,

differences between the measured values and the calculated values are to be expected.

This conclusion is valid only if it is assumed that the interference factor used for the

calculation of the shaft resistance is accurate.

As the shaft was built up and the buntons and pipes were added, there was
little correlation between the theoretical pressure losses and those predicted by
the CFD analysis. This continued until a point was reached, as the piping was
being added in its various configurations, when the resistance predicted by the
CFD analysis equalled that of the theoretical analysis. The conclusion that was
reached was that the inter-related nature of the equipment in the shaft
increased the total resistance of the shaft by some 30%. This finding has two

specific outcomes:

The theoretical approach to the evaluation of shaft resistances, which consists
of arithmetic adding the Chezy-Darcy friction factors for the various items in the
shaft and then using the total Chezy-Darcy friction factor to calculate the shaft
resistance, is incorrect. Although the final values for the theory and the CFD
analysis agree to within 5-15%, the actual make up of the shaft resistance is not
as the theory predicts. This conclusion was alluded to by Martinson (1957),
however the data gathered was not sufficient to allow for a meaningful

comparison.

The inter-related effect of the fittings in the shaft is stronger than was initially
anticipated. In order that shaft be designed in a manner which will limit the
shaft resistance, the dynamic consideration of the shaft with respect to the
turbulent ventilation flow needs to be considered in detail. Should the current

theory be used without this consideration being taken in to account, changes
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could be made to reduce the shaft resistance that are either incorrect or could
not have as significant an effect as was originally thought. The emphasis should
rather be placed on creating free-flowing channels and using bunton spaces and
pipe configurations that facilitate flow and limit turbulence as far as is

practically possible.

2 One of the areas that was considered worthy of further investigation was the manner in
which the resistance of piping in the shaft was calculated. The piping was therefore
modelled, initially at its pipe diameter, then at the flange diameter, as is required by the
theory, and finally at the pipe diameter with flanges, which has not been done before.
There was not a significant increase between resistances calculated by the CFD
simulations using the piping at each of the diameters (less than 1%). However, when the
piping was introduced with flanges there was a significant increase in the resistance (the
piping in a bare shaft showed an increase of 20%, while the piping in a shaft with the
buntons showed an increase of 10%.). This is a significant increase and more than
sufficient to warrant avoiding the use of flanges in a shaft and avoiding any discontinuities

in the piping as far as practically possible.

3 The drag coefficient (Cp) calculated from the CFD analysis for comparison with the theory
showed little agreement. The CFD-derived drag coefficient was significantly lower than
that used in the available literature. This discrepancy reduced considerably when the
interference factor was included in the calculation. Chasteau (1961) noted that the
measured drag coefficient was different depending on the surrounding turbulence in the
shaft. This was found to be correct. This does also give rise to some concern about the
approach of the current theory as it seems that the appropriate drag coefficient for each

shaft could differ depending on its configuration and velocity.

4 In addition, for the initial simulations in 11 shaft and 12N shaft (i.e. the simulations that
considered only the pipe in the shaft at the pipe diameter), a small decrease in the shaft
resistance was noted. This decrease was commented on by Bromilov (1960), but it did
disappear when the pipe was made larger and the flanges introduced. This shows that

perhaps the piping does having a smoothing effect on the ventilation flow.

5 In the even that more detail work is required for the evaluation of the resistance of shaft,
both for the more detailed analysis of current shaft configurations as well as the analysis
of future shaft. In this instance it is recommended that the configurations be evaluated

using CFD techniques.
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8.2.3

8.23.1

8.2.3.2

8.2.3.3

Conclusions from the Economic Evaluation

Buntons
Various bunton shapes were evaluated, with the following conclusions:

i Aerofoil bunton shape (most cost-effective bunton shape to use based on the electrical

consumption of the ventilation fans)
ii Airflow bunton shape (+5% (from aerofoil shape))
iii I-section buntons (+57% (from aerofoil shape))
iv Rectangular buntons (+86% (from aerofoil shape))

It should be noted that the capital costs for the aerofoil and airflow buntons are approximately
equal, while the I-beam bunton is 17% more costs effective than the aerofoil and the rectangular
bunton is 8% more cost effective.

Pipes

Three pipe positions were evaluated: first pipes placed along the side of the shaft, then placed near
the shaft centre and finally dispersed around the shaft. The final costs were evaluated with the best
option chosen from these three positions (i.e. the option that results in the least resistance to flow),

and flanges were added.

The overall finding from cheapest to the most expensive is:

i Piping distributed around the shaft

ii Piping aligned in the middle of the shaft (+7% from distributed option)

jii Piping aligned at the shaft edge (+11% from distributed option)

Finally, should the piping be distributed around the shaft, but with flanges used as the pipe
connection, the cost is +12% from the distributed option.

Cages

As can be seen from Table 7-2, the relationship between shaft resistance as a result of the size of the

cage and the coefficient of fill for the cage is exponential.

Although the overall savings here seem to be significant, it must be remembered from the previous
conclusions that these losses can be avoided by the judicious design of level take-off configuration.
However, these data will provide a guide as to the overall effect that could occur should this not be

the case (C; = 30% (0), C; = 50% (280% higher than C; = 30%). It is also interesting to note that
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8.3

inclusion of fairings does have an effect on the resistance offered by the cage (39%).

The most significant results of this analysis are the savings that can be achieved by the addition of
fairings on the cage. This potential saving is not sufficient in itself to justify wholesale changes in the
design of conveyances. However, if such a change is required for safety reasons, it provides a way in
which this can be achieved while also achieving savings. This safety concern arises from the
possibility that falling objects in the shaft may penetrate the roof of conveyance; a fairing of this

nature will help to deflect such objects.

SUGGESTIONS FOR FURTHER WORK

No work of this nature would be complete without considering the deficiencies of the results

presented and the suggested direction for future work.

One of the more concerning and recurring themes of this work is the consistent reference to
empirical data obtained more than 50 years ago. Of most concern are the values defined for the drag
coefficient. It is suggested that the pertinent bunton shapes be subjected to a detailed experimental

and CFD analysis to confirm this data..

The significant difference between the measurement results from the physical tests and those
calculated from both the theory and the CFD analysis is a cause for concern. The best way to resolve
this would be to find a shaft with a shorter section that could be properly surveyed and then subject
it to tests similar to those described above. The technology for such a survey is available but there
should be strong emphasis on the need to install instrumentation in the shaft itself to minimise
potential losses. A way should also be found to consistently measure the ventilation velocity of the

shaft over the same period in which the tests are completed.
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