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Abstract 

 

A ventilation planning framework with a focus on life-of-mine plans has been developed and was 

validated with a case study. The framework reconciles the mine production plan with the ventilation plan 

by creating design acceptability criteria, and from these, minimum airflow requirements for the 

production plan are set. The framework continues with the development of a ventilation model that is 

extrapolated forward, and the predicted future flows are tested against the ventilation acceptability criteria 

and the model is also checked for other bottlenecks and inefficiencies. Where gaps exist between the 

available and required ventilation, ideas are generated and ranked rapidly according to the value-ease 

principle and preliminary modelling. Those potential solutions which appear most likely to succeed are 

then modelled in detail before a fuller economic analysis is undertaken, a recommendation arrived at, and 

final optimizations made.  

The framework was validated with a case study of the Diavik Diamond Mine. Diavik has been an 

underground operation since 2012 and has a mine life of only 13 years. With less than eight years 

remaining the mine will go through some fundamental milestones, including the opening of two new 

mining blocks in one orebody, and closing of two other orebodies currently in production. A single 

orebody will be left in operation for the final three years of mine life. A significant change to the 

ventilation system will be required to support these transitions to the final configuration. The proposed 

framework was successfully utilized to select the optimal project scope to meet the ventilation 

requirements of the life-of-mine plan. 
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  Chapter 1

Introduction 

 

1.1. Objective and Scope of this Thesis 

The objective of this thesis is to propose a framework for ventilation planning, with a particular focus on 

integrating the production plan at an active mine, and planning to the end of mine life. A case study has 

been presented, and was used to validate the proposed ventilation planning framework. The case study 

was an actual ventilation planning project for the Diavik Diamond Mine, and was utilized to select the 

project scope for investment in the ventilation infrastructure to support the life-of-mine production plan. 

 

1.2.  Background and Perspective 

The mine planning process attempts to schedule the best sequence of events, carried out using limited 

resources, to maximize a mine’s value. Ventilation planning is a subset of this, and good ventilation 

planning makes it easier to comply with the various health and safety regulations that the need to be met 

in the field. These planning activities are inherently difficult as operational realities may not allow the 

schedule to be completed at the same rate as planned, economics may change the resources available to 

complete work, and the design of what is being scheduled is in constant flux as new information is 

brought into the plan and the rough outlines of a long-range plan are refined into detailed short-range 

designs for execution. 

The proposed ventilation planning framework charts a path whereby a production plan is turned into a 

ventilation model, the future airflows are scrutinized against design acceptability criteria, and solutions 

are evaluated and ranked to determine the best path forward. The ventilation planning framework that has 

been proposed by this author was tested, refined, and validated based on a study performed for an 

operating diamond mine. The proposed framework differs from those found in literature as it was 
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designed for an existing mine, was smartly correlated with the mine production plan, and utilized the 

value-ease method to quickly focus efforts rather than working in an iterative loop.  

The Diavik Diamond Mine has been an underground-only operation since 2012 and currently has a mine 

life to 2025. In the first year of underground-only operations the production rate ramped up from 60 kt of 

ore per month to over 160 kt per month, and in the subsequent years this rate was continually increased as 

the operation went through various improvement initiatives (Table 1). By the end of 2016 Diavik was 1.2 

Mt (+14.8%) ahead of the 2012 Mine Plan. 

Table 1. Plan vs actual ore production at the Diavik Underground Mine 2012-16 (Yip & Pollock, 2017) 
(Harry Winston Diamond Corp., 2012) 

Diavik UG 2012 2013 2014 2015 2016 

Actual Underground Production 0.94 Mt 1.96 Mt 2.28 Mt 1.98 Mt 2.21 Mt 

2012 Budget Plan 0.96 Mt 1.8 Mt 1.8 Mt 1.8 Mt 1.8 Mt 

 

During its remaining operational life the Diavik Diamond Mine will pass through several fundamental 

milestones. For ventilation, these milestones are the opening the C-block for sublevel stoping in 2018, the 

depletion of the A154S orebody in 2019, and the depletion of the A418 orebody while opening the D-

block in 2021, leaving a single orebody in operation for the final three years of mine life, shown in Figure 

1. A significant change to the ventilation system will be required to support these transitions to the final 

configuration. The proposed framework for ventilation planning that has been developed by this author in 

this thesis was utilized to select the correct ventilation plan and project scope to meet the ventilation 

requirements of the life-of-mine plan. 
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Figure 1. Isometric view of the Diavik Underground Mine (Diavik Diamond Mines Inc., 2016) 

 

1.3.  Methodology 

This thesis has achieved its objective by: 

a) Completing bibliographical research on the subjects of underground mine ventilation, mine 

planning, ventilation design, fan selection, production scheduling, long range planning, and 

construction scheduling. 

b) Building a framework for analyzing the life-of-mine ventilation models. 

c) Validating and analyzing models during site work at the Diavik Diamond Mine in the Northwest 

Territories, which included: 

a. Construction of a current calibrated ventilation model from survey data, measurements of 

differential pressure, airflow velocity, and drift dimensions, 

b. Construction of forward looking ventilation models from the long-range planning 

material, 

A418 Ore Body 

A154S Ore Body 

A154N Ore Body 

FAR Fans 

Haulage Drift 

A 

B 

C 

D 
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c. Analyses were completed to make recommendations for future capital infrastructure 

investment to support the life of mine plan. 

 

1.4.  Thesis Organization 

This thesis has been organized into eight chapters. The first chapter outlines the objective and scope of the 

thesis. Chapters 2-4 prepare the reader for the structure of the framework with a literature review, review 

of current ventilation planning practices, and a review of ventilation modelling software. Chapter 5 

introduces the proposed framework for ventilation planning that has been developed by this author. 

Chapter 6 describes the case study undertaken at the Diavik Diamond Mine to create the life-of-mine 

ventilation plan and validate the proposed framework. Chapter 7 presents a discussion of the research and 

Chapter 8 finishes with the conclusions and recommendations from this thesis. 
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  Chapter 2

Literature Review 

 

Mine ventilation provides airflow to underground workings of sufficient volume to dilute and expel dust, 

noxious gases, and regulate temperature to create a safe atmosphere for work to be carried out. 

 

2.1. The Fundamentals of Airflow 

The principal laws of fluid flow govern underground mine ventilation. Kirchhoff’s First Law states that at 

any node (junction) in a circuit, the mass sum of flow into that node is equal to the mass sum flowing out 

of that node. 

 �𝑀 = 0
𝑗

 (1) 

where M is the sum of mass flows (kg/s), positive and negative, entering junction j. And as it is that: 

 𝑀 = 𝑄𝑄 (2) 

where Q = volume flow (m3/s) and ρ = air density (kg/m3), therefore: 

 �𝑄𝑄 = 0
𝑗

 (3) 

And as it is that the variation in air density around any single junction in an underground mining 

ventilation circuit is negligible, this can be simplified to: 

 �𝑄 = 0
𝑗

 (4) 

In the field, this is used to check measurements at major nodes (airway intersections) to ensure quality 

airflow measurements are observed, as it is simple to measure airflow quantity and difficult to measure 

mass flow. 
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Kirchhoff’s Second Law (or mesh rule) states that the sum of pressure changes in a closed loop must be 

zero, after considering the effects of fans and ventilating pressures. This loop need not be the total mine 

loop but could also be a small part of the larger system. This law can be written by starting with the 

steady flow energy equation for a single airway: 

 ∆𝑣2

2
+ ∆𝑍𝑍 + 𝑊 = �𝑉 𝑑𝑑 + 𝐹 

(5) 

where: v = air velocity (m/s) 

 Z = height above datum (m) 

 W = work input from fan (J/kg) 

 V = specific volume (m3/kg) 

 P = barometric pressure (Pa) 

 F = work done against friction (J/kg) 

In a closed loop the algebraic sum of all ΔZ = 0, and the sum in changes in kinetic energy, Δv2/2, is 

negligible, so the steady flow energy equation can be simplified to: 

 ��𝑉𝑑𝑑 + �[𝐹 −𝑊]
𝑚𝑚

= 0 (6) 

The term −∫𝑉 𝑑𝑑 is also known as the natural ventilating energy (NVE) that originates from thermal 

additions to the air, and the equation can be rewritten as: 

 �[𝐹 −𝑊]
𝑚

− 𝑁𝑉𝑁 = 0 (7) 

This is converted to pressure units by multiplying energy flow values by the air density, ρ: 

 �[𝑄𝐹 − 𝑄𝑊]
𝑚

− 𝑄𝑁𝑉𝑁 = 0 (8) 

where: ρF = p (frictional pressure drop) 

 ρW = pf (rise in total pressure across a fan) 

 ρNVE = NVP (natural ventilating pressure) 
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 This can be reorganized into a more recognizable form of Kirchhoff’s Second Law, where the sum of all 

frictional pressure drops, and rise in pressure due to fans, less the natural ventilation pressure of the 

environment, sums to zero: 

 ��𝑝 − 𝑝𝑓� − 𝑁𝑉𝑑 = 0 (9) 

Kirchhoff’s Laws can be used in network analysis for either compressible or incompressible fluids. 

Typically, the modelling of complex compressible networks is left to the computer models. In practice, 

this equation is used to check differential pressure measurements of major loops that ensure quality 

observations are made. This manual check ensures that good data is used within the model. 

 

2.2. Resistance and Shock Losses 

Unlike Kirchhoff’s Laws, the Squared Law is not foundational for ventilation network modelling. It is 

used to simplify many factors, some of which will be described later, to a single parameter to determine 

the airflow volume given a pressure differential that is applied to an airway. This Law is written as: 

 𝑝 = 𝑅𝑄2 (10) 

where: R = Atkinsons Resistance (N.s2/m8)  

This equation is not precise and is valid for fully turbulent airflows in mine ventilation only. For more 

general fluid dynamics, the equation 𝑝 = 𝑅𝑄𝑛 is used, where values of n have been reported to range 

from 1.8-2.05 in a variety of pipes, ducts, and fluids (McPherson, 1993). 

In fluid dynamics, head is a concept that relates the energy of an incompressible fluid to the height of a 

column of that fluid. To move a given volume of liquid through a pipe a certain amount of energy is 

required, ergo an energy of pressure difference must exist to cause the liquid to move. A portion of that 

energy is as the resistance to flow, which is called the head loss. In mine ventilation, it is the same. 
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The head loss (Hl) in air flow is made up of two components, friction loss (Hf) and shock loss (Hx), shown 

in the following equation: 

 𝐻𝑙 = 𝐻𝑓 + 𝐻𝑥 (11) 

where the friction loss occurs in airways of constant area, and shock losses result from changes in area or 

direction of flow. It has been reported that friction losses constitute 70-90% of the sum of head losses in 

typical mine ventilation systems (De Souza, 2005). The mine static head (Hs) represents the sum of all 

head losses in the ventilation system: 

 𝐻𝑠 = �𝐻𝑙 = �(𝐻𝑓 + 𝐻𝑥) (12) 

The mine velocity head (Hv) is the velocity pressure at the discharge of the system, which is the kinetic 

energy due to the airflow movement. As the airflow is discharged to atmosphere, its kinetic energy is lost. 

The velocity pressure (Pvel) is calculated as: 

 
𝑑𝑣𝑣𝑙 =

𝑤𝑣2

2𝑍
 

(13) 

where: v = air velocity (m/s) 

 w/g = ρ = air density (kg/m3) 

This equation is normally simplified for incompressible models to ρ = 1.2014 kg/m3 and stated as: 

 𝑑𝑣𝑣𝑙 = 0.6007 𝑣2 (14) 

The mine total head (Ht) is the sum of all energy losses in the ventilation system: 

 𝐻𝑡 = 𝐻𝑠 + 𝐻𝑣 (15) 

For a fan, the fan total pressure (FTP) is similarly calculated: 

 𝐹𝐹𝑑 = 𝐹𝐹𝑑 + 𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿 (16) 

where: FSP = fan static pressure, the static pressure imparted on the system by the fan, usually measured 

as the differential pressure across the bulkhead that the booster fan is installed in 
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 Fan Losses = sum of losses within the fan, including all shock losses at the inlet, through the 

damper, evasee, and velocity pressure loss at the exit 

The Atkinson equation for friction loss in mine ventilation is circuits is given by the following: 

 
𝐻𝑓 =

𝐾𝑑𝐿𝑣2

𝐴
=
𝐾𝑑𝐿𝑄2

𝐴3
 

(17) 

where: HF = friction head loss (Pa) 

 K = empirical friction factor (N.s2/m4) 

 P = perimeter (m) 

 L = length (m) 

 Q = airflow (m3/s) 

 A = area (m2) 

The empirical friction factor K is known to range from 0.0021 N.s2/m4 for steel ducting to 0.14 N.s2/m4 

for cribbed entries. It is here we return to the Squared Law, 𝑝 = 𝑅𝑄2, and simplify the Atkinson equation 

factors to: 

 𝑅 =
𝐾𝑑𝐿
𝐴3

 (18) 

The Squared Law therefore becomes: 

 𝐻𝑓 = 𝑅𝑄2 (19) 

Shock losses (Hx) are calculated as a product of the velocity pressure (usually expressed as velocity head, 

but the number is the same): 

 𝐻𝑥 = 𝑋 ∗ 𝐻𝑣 (20) 

where X is a unitless factor which can range from 0.05 for a 5° tapered contraction, to 3.6 for a right-

angled split (De Souza, 2005). 

For the specific case of changes in drift cross-sectional area, the following equation determines X for 

abrupt expansion where the shock loss is due to turbulence: 
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𝑋𝑎𝑎𝑎𝑎𝑎𝑡 𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 = �1 − �

𝑑2

𝐷2��
2

 
(21) 

where: d = diameter of smaller airway (m) 

 D = diameter of larger airway (m) 

Therefore, as the difference in airway diameters approaches infinity, the shock factor approaches 1. 

Accordingly, a discharge to atmosphere can be considered to have a shock loss of 1, and the total velocity 

pressure is lost. For the calculation of shock loss, the velocity pressure of the smaller airway is always 

used: 

 𝐻𝑎𝑎𝑎𝑎𝑎𝑡 𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 𝑙𝑒𝑠𝑠 = 𝑋𝑎𝑎𝑎𝑎𝑎𝑡 𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 ∗ 𝐻𝑣 𝑠𝑚𝑎𝑙𝑙𝑣𝑎 𝑎𝑒𝑎𝑎𝑎𝑎 (22) 

For instances of gradual expansion, the rate of change of area determines the efficiency of the expansion. 

The loss from the gradual expansion is calculated as: 

 𝐻𝑔𝑎𝑎𝑔𝑎𝑎𝑙 𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 𝑙𝑒𝑠𝑠 = (1 − 𝜂) ∗ Δ𝐻𝑣 (23) 

where: η = effectiveness factor for the diffuser 

 ΔHv = change in velocity pressure from inlet to outlet 

This is often written as a pressure regain associated with a diffuser, to be taken away from the sum of 

total pressure losses in a system: 

 𝐻𝑎𝑣𝑔𝑎𝑒𝑛 𝑔𝑎𝑎𝑔𝑎𝑎𝑙 𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 = 𝜂 ∗ Δ𝐻𝑣 (24) 

Note that in the special case where the diffuser is connected directly to the fan and is exhausting to 

surface, the annulus area of the fan (that is the area between the hub and shell only) is considered the 

velocity pressure at the diffuser inlet. Values for effectiveness factors are given in Figure 2 and Figure 3 

for plane and conical diffusers. 



11 
 

 
Figure 2. Effectiveness values for plane diffusers (Jorgensen, 1999) 
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Figure 3. Effectiveness values for conical diffusers (Jorgensen, 1999) 
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2.3. Ventilation Network Analysis 

Ventilation network analysis is the determination of how the connected branches of a complete ventilation 

network will interact. There are several methods from which solutions can be derived. 

 

2.3.1. Equivalent Resistance Technique 

For simple networks containing airflows only in series and parallel, a method known as equivalent 

resistances is employed. Using the Squared Law (H=RQ2) it is known that the total resistance of the series 

(RS) is the sum of all the branch resistances (R1,2,3…). It is also known that the total pressure drop (H) is the 

sum of all branch pressure drops (H1,2,3…). These features are shown in Figure 4. 

 
Figure 4 . Example of pressure drop calculations in a series circuit. 

 𝑄 = 𝑄1 = 𝑄2 = 𝑄3 = ⋯ = 𝑄𝑎 

𝐻1 = 𝑅1𝑄2 𝐻2 = 𝑅2𝑄2 𝐻3 = 𝑅3𝑄2 … 𝐻𝑎 = 𝑅𝑎𝑄2 

𝑅𝑠 = 𝑅1 + 𝑅2 + 𝑅3 +⋯+ 𝑅𝑎 

𝐻 = 𝐻1 + 𝐻2 + 𝐻3 + ⋯+ 𝐻𝑎 (25) 

In these series ventilation circuits, the airflow volume (Q) is unchanging from start to finish and each 

branch experiences the same airflow, but different head losses. Within parallel circuits (Figure 5) the head 

loss (pressure drop) between nodes, no matter the path taken, must be equal, yet each path may have a 

different airflow volume (Q1,2,3…), dependent on resistance. 
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Figure 5. Example of pressure drop calculations in a parallel circuit. 

If branch resistances are known but airflow volumes are not, total resistance of all these parallel paths 

(RP) can be represented as: 

 𝑄 = 𝑄1 + 𝑄2 + 𝑄3 + ⋯+ 𝑄𝑎 

𝐻1 = 𝑅1𝑄12 𝐻2 = 𝑅2𝑄22 𝐻3 = 𝑅3𝑄32 … 𝐻𝑎 = 𝑅𝑎𝑄𝑎2 

𝐻 = 𝐻1 = 𝐻2 = 𝐻3 = ⋯ = 𝐻𝑎 

1

�𝑅𝑃
=

1

�𝑅1
+

1

�𝑅2
+

1

�𝑅3
+⋯ 

(26) 

2.3.2. Analytical Solution 

This technique applies Kirchhoff’s Laws directly to obtain a solution. For a network containing “b” 

branches there are “b” equations for which Kirchhoff’s First Law must be solved. For “j” junctions there 

are as many equations for Kirchhoff’s Second Law. This very quickly creates a multitude of equations 

that must be solved. The Analytical Solution Technique, like the Equivalent Resistance Technique, is 

intended for only the simplest models. When computers become involved to handle the heavy 

computation of complex networks they do not use the analytical solution. 
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2.3.3. Hardy-Cross Method of Network Analysis 

This iterative method for determining flows in network solutions makes an initial estimate of airflow 

distribution, calculates a correction for each branch, and repeats the process until the desired accuracy is 

achieved. The airflow volume is determined using the following equation: 

 𝑄 = 𝑄𝑎 + ∆𝑄 (27) 

where: Q = true airflow quantity (m3/s), the sought-after value 

 Qa = assumed airflow (m3/s) 

 ∆Q = assumption error (m3/s) 

Similarly:  

 𝐻 = 𝐻𝑎 + ∆𝐻 (28) 

where: H = true head loss or pressure drop (Pa) 

 Ha = assumed head loss or pressure drop (Pa) 

 ∆H = assumption error (Pa) 

A graphical depiction of the Hardy-Cross pressure versus airflow volume selection technique is shown in 

Figure 6. 

 
Figure 6. Graphical depiction of the Hardy-Cross method (De Souza, 2005) 
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The problem becomes finding the correction to be applied to the assumed quantity. The slope of the 

system curve in the region of Q and Qa is given approximately by ∆𝐻
∆𝑄

. By differentiating the Squared Law 

for a single airway, these equations can be reduced to: 

 ∆𝐻 = 𝑅𝑄2 − 𝑅𝑄𝑎2 (29) 

 
∆𝑄 =  

𝑅𝑄2 − 𝑅𝑄𝑎2

2𝑅𝑄𝑎
 

(30) 

 

The denominator in this expression is the slope of the H-Q curve in the vicinity of Qa. Further formulae 

that can be used to extend the method to solving mesh loops have been omitted. The Hardy-Cross method 

is remarkably tolerant to uninformed estimated initial airflows, which is one reason it is preferred in 

computer modelling (McPherson, 1993). 

 

2.4. Mine Fans 

With total pressure for a fan, the air power and input power can be determined using the following 

equations: 

 𝑘𝑊𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 =
𝐻𝑄

1000
 

(31) 

where: kWair power = output power delivered by the fan to the air (kW) 

 H = fan head (Pa), usually total head but sometimes expressed in static head 

 Q = fan airflow volume (m3/s) 

 
𝑘𝑊𝑎𝑎𝑎𝑏𝑣 𝑎𝑒𝑎𝑣𝑎 =

𝑘𝑊𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎

𝜂
 

(32) 

where: kWbrake power = mechanical power delivered by the motor to the fan blades (kW) 

 kWair power = output power delivered by the fan to the air (kW) 

 η = mechanical efficiency of the fan 
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𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =

𝑘𝑊𝑎𝑎𝑎𝑏𝑣 𝑎𝑒𝑎𝑣𝑎

𝜂𝑚𝜂𝑔
 

(33) 

where: kWinput power = electrical power delivered to the motor (kW) 

 ηd = efficiency of the fan drive (normally shaft between motor and hub) 

ηm = mechanical efficiency of the fan motor 

 

The input power can also be obtained from direct readings of motor power consumption using the 

following equation: 

 
𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =

√3 ∗ 𝑉 ∗ 𝐴 ∗ 𝑑𝐹
1000

 
(34) 

where: kWinput power = input power delivered by the electrical system to the fan motor (kW) 

 V = voltage 

 A = amperage 

 PF = power factor 

 With a known input power annual power consumption costs can be arrived at with the simple equation: 

 𝐴𝐹𝐹𝐴𝐹𝐴 𝐶𝐿𝐿𝐶 = 𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 ∗ $/𝑘𝑊ℎ ∗ 24 ∗ 365 (35) 

 

2.5. Fan Laws 

Fan performance is measured using fan head (H), airflow quantity (Q), input power (kW) and overall 

efficiency (ηo), which are characteristics that can normally be presented as a fan curve, as shown in Figure 

7.  These performance characteristics will vary with the rotational speed (rpm) and air density (w), as well 

with the blade pitch and the fan diameter. The following fan laws can be used in the fan selection 

exercise, where the overall fan efficiency is considered to be constant. 

For varying rotational speed (n) with constant air density (ρ) and fan size (d) the following Fan Laws 

exist: 
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 𝐹2
𝐹1

=
𝑄2
𝑄1

 
(36) 

 𝐹2
𝐹1

= �
𝐻2
𝐻1
�
2
 

(37) 

 𝐹2
𝐹1

= �
𝑘𝑊2

𝑘𝑊1
�
3

 
(38) 

Therefore, if fan speed can be slowed down with a variable frequency drive (VFD), the airflow quantity 

will vary directly with speed while the input power will vary by the third power. So, operating a fan at 

90% of the speed will generate 90% of the airflow, but consume only 73% of the power to do so. As well, 

airflow requirements vary over the life of an installation, and using VFDs to slow down the installed fans 

is more efficient than changing the fan blade pitch, or in the case where multiple fans are installed in 

parallel, turning a fan off. 

For varying fan size (d) with constant airflow density (ρ) and speed (n) the Fan Laws become: 

 𝑑2
2

𝑑1
2 =

𝑄2
𝑄1

 
(39) 

 𝑑2
2

𝑑1
2 =

𝑘𝑊2

𝑘𝑊1
 

(40) 

The benefit to increasing the fan diameter is that the head remains unchanged, so, for lower pressure 

systems where high static pressures are not needed, a large diameter fan is recommended. These fan laws 

identify that doubling the diameter will quadruple airflow. Conversely, to increase airflow by 400% by 

only varying the fan speed would require a 640% increase of the input power, compared to a 400% 

increase by only increasing the fan diameter.  

For varying airflow density (w) with constant speed and fan size, head and power vary directly with 

density, and efficiency and quantity remain constant. There is no law that can be used to predict the effect 

of changing the fan blade pitch. Each manufacturer must develop characteristic fan curves for their fan 

offerings for the user to accurately predict the operating point with (De Souza, 2005). 
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Figure 7. Example of fan characteristic curve from Alphair. Note volume along the X-axis, pressure and 
power along the two Y-axis, and overall efficiency identified in contour lines. Fan operating curve will 

follow the blade angle of installed fan. (Alphair Ventilating Systems Inc., 2015) 
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2.6. Natural Ventilation Pressure 

Natural ventilation pressure, as opposed to mechanical pressure, is the airflow pressure created by 

differing densities of air at the intake and exhaust points of the mine. The densities are affected by 

elevation, outdoor temperature, heating/refrigeration plants, and the exchange of heat between the 

airstream and the rock walls. Colder, denser air, sinks and displaces warmer, lighter air, causing air 

movement known as natural ventilation airflow. The magnitude of the natural ventilation pressure varies 

with seasonal temperature swings, which can be upwards of 60°C in Canadian mines, and is generally 

stronger in winter and weaker in summer. Therefore, the ventilation system ought to be designed to work 

with the natural ventilation pressure experienced in winter months (or at least be able to work against it at 

its greatest). 

The density difference method approximates the density of two columns of air to find the natural 

ventilation pressure in a system where the elevation of the inlet and exhaust are the same and utilizes the 

following formula: 

 𝐻𝑛 = 𝑍𝐿(𝑤𝑔 − 𝑤𝑎) (41) 

where: Hn = natural ventilation pressure (Pa) 

 g = gravitation constant (m/s2) 

 L = length of shaft (m) 

 wd = average air density in downcast shaft (kg/m3) 

 wd = average air density in up cast shaft (kg/m3) 

The quantity of natural ventilation airflow can be derived by setting the equation for mine total head equal 

to the natural ventilation pressure and solving for airflow. As the natural ventilation pressure is a constant 

force (at constant outdoor temperature and air density) the force it applies with or against the ventilating 

fans is constant (but the effect on flow is not). 
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2.7. Mine Regulations 

In the Northwest Territories where the case study will be developed, the Mine Health and Safety Act 

(2010) and Mine Health and Safety Regulations (2014) specify the requirements to be met by 

underground mining operations for ventilation purposes. Regarding legal criteria under consideration 

when completing ventilation plans, Mines Regulation 1.47 states: 

“In an underground mine, a mechanical ventilation system shall be provided by the owner and the system 

shall be maintained and used to: 

 (a) provide oxygen in the general body of air of not less than 19.5% by volume; and 

(b) dilute or remove contaminants from all worksites therein to prevent exposure of any person to 

contaminants in excess of the values specified in these regulations.” 

 

In section 1.48 it is instructed that: “The return air from all working places shall, where practicable, be 

routed directly to the return airway.” 

The regulations further state in Section 1.57 in regard to auxiliary ventilation: 

“(a) that sufficient fresh air reaches the fan at all times to prevent recirculation;  

(b) that air circulated by the fan is not contaminated with dust or noxious gases at any time in excess of 

the threshold limit value (TLV) set out in the handbook Threshold Limit Values for Chemical Substances 

and Physical Agents issued by the American Conference of Governmental Industrial Hygienists;” 

 

In section 10.62 “(2) The ventilation quantity shall be at least 0.06 cubic m per second for each kilowatt 

of the diesel-powered equipment operating at the work site.” 

Therefore, the primary ventilation system being designed must, at the very least, provide 0.06 m3/s of 

airflow for each kW of diesel power, prevent recirculation of auxiliary fans, and the exhaust airflow ought 

to be captured in an exhaust raise without reuse. At all times the personnel may not be exposed to 

contaminants in excess of the TLV values set out by the American Conference of Governmental 

Industrial Hygienists (“ACGIH”), which may require a greater ventilation volume to achieve. 
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  Chapter 3

Review of Current Ventilation Planning Practices 

 

3.1. Ventilation Planning Process 

This section provides a brief introduction to ventilation planning processes and how it interacts with the 

mine planning process. The design process of a mine ventilation plan requires a number of assumptions to 

determine the airflow volume required, and the factors causing and resisting this flow underground, 

allowing a ventilation design to be completed. These assumptions will likely change with time as the 

underground expands, equipment is added and replaced, and production blocks open and close over the 

life of mine. Yet the data available to make these assumptions will be limited and imperfect, and the mine 

plan will inevitably change. However, the design must always comply with appropriate health and safety 

legislation, while being efficient, economic, and practical. This is the ventilation engineer’s dilemma: 

how to efficiently deliver the required airflow for a mine plan that is always being revised. This is where 

the question of robustness arises, providing excess capacity without negatively affecting efficiency to 

create flexibility. 

The level of detail in a mine ventilation plan will therefore need to match the level of detail in the mine 

production plan. Short range plans are “locked-in” and have a very high level of detail, while preliminary 

feasibility (“pre-feasibility”) studies are very general and are not made for executing. As a mine or mining 

blocks move from exploration, through feasibility and into short range plans for execution (Figure 8), 

assumptions become estimates, estimates become known parameters, and detail is added. In the cyclical 

nature of mine planning where the long, medium, and short-range plans are constantly revisited, revised, 

and refined the ventilation plan is built up in tandem. 
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Figure 8. Example layout of mine planning activities from the business’ perspective (De Souza, 2005) 

For example, a feasibility study may calculate the total fresh airflow volume with rule-of-thumb values 

based on airflow volume requirements per tonne of production, select surface fans, rough-in some vertical 

development, and assume a $/t cost for auxiliary ventilation. Some simple modelling with average 

ventilation factors and a few stages representing the major changes over the mine life may even occur. A 

long range (5 year) plan would utilize the fresh airflow available for the budgeted fleet in the mine plan, 

and estimate annual costs for fans, power, and ducting, and also include preliminary annual project 

budgets for vertical development and ventilation infrastructure. In the long-range plan ventilation 

modelling should be looking for outlier periods or conditions where demand could be greater than 

availability, both locally and mine wide. This is the focus of this thesis. The long-range plan is the first 

opportunity for detail to be added that may conflict with other parts of the mine plan. A medium range (or 

budget) plan will estimate the month when raises are blasted or fans are installed, and this is where capital 

projects are scoped, quoted, and argued for. Ventilation modelling in the medium range plan is repeating 

the work of the long-range plan, but with greater granularity and certainty of the production plan. This is 

the last opportunity to catch large primary ventilation problems before they are experienced underground. 
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Within short range (3 month to 2 week) plans the medium range and budget plans are converted into 

detailed plans for execution. Ventilation planning in the short-range plan exists only to consider how 

small disruptions will affect the greater airflows (taking a fan offline for a short period, a breakthrough 

before a bulkhead is built, etc.), how regulators should be adjusted, and what changes to the auxiliary 

ventilation may be required. These long-medium-short range ventilation plans are both a part of, and 

(ideally) created in tandem with, the production plan. Ventilation allows production, and production 

requires ventilation. Therefore, sometimes the ventilation plan adjusts for what the production plan 

requires, and sometimes the production plan adjusts for what the ventilation plan allows. 

It is common that the first pass of the mine plan creates a skeleton schedule of development meters and 

production tonnes. Detail is then added by building the construction project schedule on top (including 

raisebores, ventilation raises, ore passes, pump stations, etc.). The long-range ventilation plan is then 

created given the existing infrastructure and existing ventilation project plan. Any additional alterations to 

the ventilation network required to meet the design acceptability criteria are then considered. As good 

solutions are found they are rolled into the working version of the long-range mine plan. If no good 

solutions are found, a discussion to adjust the mine plan is necessary. Regardless, the findings of the 

ventilation plan are communicated out to the engineering group and operations leaders, and the outcome 

feeds into the next iteration of the long-range plan. 

 

3.2. Review of Existing Planning Models 

There are multiple case studies on mine ventilation studies and improvements that have been carried out 

that have been presented at the North American Mine Ventilation Symposia (Ponce Aguirre, 2006) 

(Wallace, Jr., et al., 2012) and other industry conferences. These present the challenges faced and 

solutions found to overcome problems, but these do not present methodologies for use by other 

professionals, or if they do they are overly simplistic as shown in Figure 9.  
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Figure 9. Alternative methodology for mine ventilation planning (Rawlins, 2006) 

As well there are ventilation planning methodologies available in textbooks that mining engineering 

students would be exposed to, as illustrated in Figure 10 and Figure 11. These are fuller and have some 

iteration loops included. However, they may be said to have poor correlation with the production plan, are 

designed for feasibility stage projects, and do not specifically consider how to narrow a multitude of 

possible solutions down to the most economic recommendation. 
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Figure 10. Alternative methodology for mine ventilation planning (De Souza, 2005) 

 

Figure 11. Alternative method for mine ventilation planning (McPherson, 1993)  
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  Chapter 4

Review of Ventilation Modelling Processes 

 

In this chapter mine ventilation modelling software is introduced as it is a required tool for the modern 

mine’s ventilation planning process. The software which is available for ventilation modelling allows the 

accurate prediction of airflow conditions given a validated and correctly calibrated model. These 

programmes utilize the same scientific principles developed before their widespread adoption, and are 

able to rapidly carry out all the calculations required to update the airflows and pressure losses. More 

advanced models include the thermodynamic considerations of mine air heaters (or air conditioning and 

refrigeration plants as required), rock temperature, ambient temperature, and equipment to calculate the 

natural ventilating pressure, as well as the density changes of air at depth. When modelling for a new 

mine, standard assumptions may be used for friction factor, overbreak, etc., as indicated in Table 2. When 

modelling a working mine, an amount of data collection is necessary to correctly calibrate the model to 

current conditions before doing predictive works. 

Table 2. Average friction factors for airways used in ventilation designs (De Souza, 2005) 

 
The reason for building a calibrated model is so that the model reflects the actual conditions in the field, 

so that changes in the field can be accurately predicted in the model. The calibration is carried out by 

carefully measuring the primary airflow paths for dimension, quantity, and pressure characteristics along 

single branches (no addition/subtraction of airflow), known as a pressure-quantity survey (PQ), so that a 

resistance (R) can be ascertained, and average friction factors deduced for drifts known length, area, and 
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perimeter. In some programs, such as Ventsim (see Figure 12), if the correct width and height are 

assigned to a series of branches, the data from the PQ survey can be directly input and average resistance 

values determined with the length from the three-dimension model. In cases where a PQ survey was 

completed the program will overlook the friction factor and instead use the resistance factor. This can also 

be done for regulators, doors, and stoppings. A differential pressure and airflow given, and R value 

calculated automatically. 

 
Figure 12. Dialogue box for assigning airway properties in Ventsim (Ventsim, 2016) 

Calibrated models must also have correct fan characteristics (see Figure 13), and estimated shock losses 

around the fan so as not to overestimate the effectiveness of the fan on system pressures. A dialogue box 
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from Ventsim 4 is shown in Figure 14, where either a shock factor or example pressure loss and quantity 

can be given to prescribe the losses at the inlet bell, silencers, dampers, evasee and exit. Other fixed fan 

parameters (diameter, speed, power) and the fan curve information (total/static pressure and efficiency) 

are always also input into such models. 

 
Figure 13. Dialogue box for assigning fan properties in Ventsim (Ventsim, 2016) 
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Figure 14. New in Ventsim 4 was the inclusion of a calculator for fan losses due to the shock factor at the 

inlet and outlet (Ventsim, 2016) 

A correctly calibrated model, where the branch resistance and fan characteristics are true representations 

of the mine conditions, will accurately reflect the conditions of the mine and allow an infinite number of 

what-if scenario analysis to quickly occur. 
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  Chapter 5

Proposed Methodology for Ventilation Planning 

 

This methodology was built by this author for use by operating mines to guide long range ventilation 

planning activities at a producing mine site, though it may provide value for feasibility stage planning. 

The framework was designed to overcome a common problem whereby the mine plan is created without 

consideration of ventilation, and thus the ventilation plan must be the most economic while also having 

zero input to the mine production plan. This proposed process is summarized as follows, and is illustrated 

in Figure 15. 

Prepare Inputs 

1. Simplify the mine development and production plan 

2. Determine design acceptability criteria and estimate flow requirements 

3. Prepare calibrated ventilation model of current mine 

Model Current Plan & System 

4. Create forward looking ventilation models 

5. Search for airflows below acceptability criteria 

6. Use tools of ventilation model to highlight bottlenecks and inefficiencies 

Model & Evaluate Options 

7. Generate ideas for solving shortcomings 

8. Preliminary evaluation of options, value-ease ranking 

9. Re-simulate with likely options 

10. Thorough evaluation and economic analysis of option(s) 

11. Selection and design optimization of mine ventilation plan
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Figure 15. Proposed methodology of long range ventilation planning 

1. Simplify Production Plan 2. Design Acceptability Criteria & 
Flow Requirements 

3. Prepare Calibrated Ventilation 
Model 

4. Create Forward Looking 
Ventilation Models 

5. Search Airflows Below 
Acceptability Criteria 

6. Use tools of Ventilation Model 
to Highlight Bottlenecks & 

Inefficiencies 

7. Generate Ideas for solving 
shortcomings 

8. Preliminary Evaluation & 
Value-Ease Ranking 9. Resimulate with Likely Options 

10. Thorough Evaluation and 
Economic Analysis of Option(s) 

11. Selection and Design 
Optimization of Mine Ventilation 

Plan 
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A detailed description of each process step of the proposed methodology is provided in the following 

sections. 

Prepare Inputs 

1. Simplify the Mine Development and Production Plan 

In this proposed methodology the first step is to bring the various components of a mine plan together 

into a single chart of activity by period for each ventilation zone. To create this “Simplified Activity Plan” 

(see Figure 16) the ventilation engineer must select the size of ventilation zones (ex. drift, level, block, 

area), determine the appropriate time scale (ex. month, quarter, year), and then assign the major activity 

that defines the ventilation requirements. It may be as straightforward as defining each level as either 

inactive, waste development, ore development, ore production, or backfill. Alternatively a mining block 

may be assigned a fixed airflow volume given a known or estimated work cycle. 

 
Figure 16. Simplified activity plan for life-of-mine 

In the feasibility stage work would have been completed to determine the ideal combination of daily ore 

and waste tonnes, tunnel size, method of material movement, and fleet to maximize the project’s Net 

Present Value (NPV). In an operation planning for closure in 10 years or less, the inputs which were 

variable early on are instead fixed: the main ramps are developed, the fleet size has peaked and will 

eventually shrink as equipment reaches the end of serviceable life, and the payback period for a 

shaft/conveyor/rail/electric-truck system is longer than the life of the mine (or is too disruptive). In these 

late stage operations, the annual production rate will eventually fall as the resource is eliminated. Growth 
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is not the goal, but sustaining mining rates through to the end is. These late stage projects have different 

challenges than the “blank slate” of a pre-feasibility study. In these old mines, ventilation can become an 

afterthought. The production plan in this situation may be created assuming ventilation can be provided as 

long as the raises and tunnels carrying airflows are extended with the mining front, which would seem to 

be a fair assumption as no expansion of the fleet is expected, so all else being equal sufficient air should 

be delivered underground to create a safe working environment for the production plan. The reason the 

assumption that ventilation is not a constraint to the future production plans in mines nearing the end of 

mine life is incorrect is that, as the resource shrinks, so do the areas that work occurs in. This may in some 

cases cause a concentration of people and equipment into a smaller area which may not be set up for such 

an airflow quantity. Alternatively, the production area may become spread out as pillars and remnants are 

targeted, and again the ventilation system may not be set up for such an irregular airflow regime. 

Regardless, a detailed mine development and production plan is the first requirement for a mine 

ventilation plan.  

2. Determine Design Acceptability Criteria and Estimate Airflow Requirements 

The second stage in this proposed methodology must determine the criteria which the final ventilation 

plan must meet. These criteria are the mine parameters, environmental parameters, and legal requirements 

that one would consider to create the minimum design acceptability criteria, such as those given in Table 

3. Suggested ranges for these parameters for early stage projects are available in the standard mining 

textbooks, and older mines would have a fixed fleet and knowledge of the environmental parameters. 

These design acceptability criteria are then applied to the simplified activity plan to estimate the airflow 

requirements for the mine. These criteria need to be defensible, comply with at a minimum with internal 

company policies as well as provincial and federal laws, and ought to also be consistent with industry best 

practice. 
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Table 3. Suggested parameters to consider for design acceptability criteria 

Mine Parameters Environmental Parameters Legal Requirements 
Mining Method  
(ex. bulk or selective, shaft or 
portal) 

Gas Emissions  
(from rock, blasting, diesel 
motors, heating/cooling plants) 

Contaminants Captured at 
Source 

Rate of Production Dust  
(from drilling, boring, blasting, 
material loading and dumping, 
trackless equipment liberating dust 
from ramp surface) 

Recirculation Avoided 

Projected Life of Mine Heat  
(from rock strata, electric and 
diesel motors, people, explosives) 

Mobile Equipment Airflow 
(m3/s per kW or CANMET) 

Equipment Fleet Size & 
Utilization 

 Workplace Temperature 
TLV 
(heating or air conditioning) 

Where/How Equipment Will 
Operate  
(ex. distribution of fleet through 
time) 

 Gas & Dust TLV 
(environmental parameters 
and trend for lowering 
exposure limits) 

Potential Changes to Mine Plan  
(ex. increased production targets) 

  

Mine Design and Layout  
(ex. depth, length, leakage) 

  

Airflow Velocities 
(maximum and minimum) 

  

Mine Fire Scenarios 
(where smoke will go and how 
people will seek refuge) 

  

Auxiliary Ventilation 
(how it will be achieved) 

  

 

For example, some design acceptability criteria may be: 

• Airflow quantities will meet minimum reasonable requirements for maximum diesel power 

operating in a ventilation zone for each activity 

• Auxiliary fans will not recirculate 

• Airflow from production areas must be directed to exhaust airways without reuse 

• Leakage will occur from fresh air to exhaust air 

• Minimum and maximum airflow velocities where personnel are present  
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3. Prepare Calibrated Ventilation Model 

The third step of the proposed framework is to build a calibrated ventilation model using data from field 

investigations. The goal of this step is to build an accurate model of the current system such that the 

airflow modelled matches the airflow and pressures measured underground (without forcing the solution 

by fixing airflows or pressures), and so that any extrapolation forward or alternative configuration would 

be an accurate prediction of the future outcome. There are several programs for building such a model, 

the most popular being Ventsim (Ventsim, 2016) and VnetPC (VNetPC, 2016). The method of building 

such a model is not the focus of this thesis and will vary according to program and latest features 

available, however a brief synopsis of the steps involved follows:  

i. Perform a ventilation survey of airflows and balance these within 10%  

a. Balancing is normally done using Kirchhoff’s First Law: the sum of the airflow entering 

a junction equals the sum of the airflow exiting that junction 

ii. Determine branch Atkinson Resistance and friction factors with a volume-pressure survey, or use 

published average friction factors if at a feasibility stage 

a. A check of the pressure survey can be done using Kirchhoff’s Second Law: the algebraic 

sum of the pressure drops around any closed circuit must equate to zero, having 

accounted for fans and natural ventilation pressure 

iii. Import design centerlines into the modelling software (use life-of-mine design), simplify and 

clean up 

a. The multitude of dead-end drifts requiring auxiliary ventilation are normally left out of 

primary airflow models 

iv. Populate branches with basic information regarding: size and shape, friction/resistance 

information if available, PQ survey data if available and the software allows it, and specify 

branches that open to surface or are dead ends, etc. 
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v. Insert ventilation controls such as: bulkheads, brattices, regulators, doors, and obstructions. These 

may be modelled as open areas, as an Atkinsons Resistance number derived from pressure-

quantity data, or as standard values often available in the software 

vi. Insert shock losses where the drifts abruptly change direction or size with a significant air speed 

(usually above 5 m/s) 

vii. Insert fans (Figure 17) including: main intake, exhaust and booster fans and include fan shock 

losses 

 
Figure 17. Example of booster fans in ventilation model (Ventsim, 2016) 

viii. Check model against field measurements and confirm validity 

Model Current Plan & System 

4. Create Ventilation Model of Production Plan at each Stage/Period 

With a calibrated model the fourth step is to complete the extrapolation of the model from Step #3 into 

future time periods. For each period being planned a copy of the calibrated model is set up and adjusted to 

match the approved mine plan future layout. Ambient temperature and approved ventilation projects 

should be included. The goal is to create an accurate ventilation model of each future period of the current 

mine plan. 
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5. Search for Constraints, insufficient airflow, and recirculation in primary ventilation circuits. 

With a calibrated ventilation model which was extrapolated forward according to the mine plan, the 

framework then requires the engineer to search for working areas where the airflow modelled is less than 

the requirement as per the design acceptability criteria from Step #2. It is recommended that a spreadsheet 

be created to track all the significant airflows from each stage of the base case model, and the spreadsheet 

be analyzed for shortfalls 

6. Use Tools of Ventilation Model to Highlight Bottlenecks and Inefficiencies 

The framework continues with an efficiency focussed investigation. Ventilation is a significant cost for 

the modern underground mine, therefore the responsible engineer must not only ensure that the requisite 

occupational health and safety legislature is being met, but that it is done so in as efficient a manner as 

possible. There are several situations to look out for, and ventilation modelling software has tools 

available to assist, such as high airflow velocity and thus high shock and friction losses.  

It is assumed in this framework that the responsible person at site is capable of finding inefficiencies that 

exist in the existing system through field investigations. These include, for example, air leakage and 

recirculation in a circuit, as well as head losses that are excessive for the type of drift. Fan operating 

points that are far outside the optimal efficiency range, and installations missing inlet bells and evasees 

(outlet cones) are obvious candidates for improvement. In such cases where standard fan accessories are 

missing, calculations would show that fan losses are responsible for a significant portion of the fan total 

pressure, meaning that a lot of the work the fan is performing is being done to overcome the inefficiency 

of its own installation. A comparison of airflow volume per power unit (m3/s per kW) is useful to create a 

local ranking of fans. Those fans expending the most power creating pressure have the lowest airflow 

volume per power unit; thus, large diameter-low pressure fans are always more efficient at airflow 

movement per input power. These are generalizations, the cost-benefit comparison and design 
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requirements will be different at each operation, and there are applications where high-pressure booster 

fans are ideal. 

With a completed model the first sign of inefficient airflows is excessive air speed. There are published 

tables with recommended ranges for permissible airflow speeds, as shown in Table 4. Alternatively, 

primary airways where the air velocity is too low may present an opportunity for improvement. 

Table 4. Suggested design air velocities in primary airways (De Souza, 2005) 

 

Other tools available include: 

• recirculation finders – airflow recirculation is not only against Mines Regulations, but is also very 

inefficient in hot mines where air conditioners are required and can lead to added exposure to dust 

and diesel particulate matter 

• restricted fans – fans that are not adding pressure to the system and may be restricting flow 

• friction cost/L – Ventsim can change the colour of drifts to identify the friction cost per length, a 

very good indicator for inefficient airflow. An example is given in Figure 18. One must adjust the 

colour scale and put the power cost into the model settings, but the results are fascinating 

• shock loss – like friction cost/L, Ventsim can highlight where shock losses are occurring 
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Figure 18. Ventsim functionality highlighting branches with high friction cost per meter (Ventsim, 2016) 

Model & Evaluate Options 

7. Generate Ideas for Solving Shortcomings 

In this step of the framework ideas are generated to bring all airway branches up to the design 

acceptability criteria. The most common problem is insufficient airflow for the planned work, this being 

either to exhaust the contaminants or expel the heat. General solutions may be grouped as:  

• sealing unwanted air leakage and eliminating recirculation 

• regulating airflows from an over-supplied to under-supplied area 
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• increase booster/primary fan power (ex. change blade angle, fan motor, or fan), results in 

increasing operating cost 

• decrease system resistance to increase operating point airflow volume (ex. decrease air speed to 

reduce friction head and increase fan flow, usually by using parallel drifts or raises), normally 

associated with a significant capital cost 

Alternatively, if the problem is heat stress other solutions may be required. This step is best accomplished 

with a group of representatives from: short and long range mine planning, projects/construction, electrical 

engineering, geotechnical engineering, and operations. 

8. Preliminary Evaluation of Options 

Given the ideas brought forward, Step #8 ranks the various options in terms of value and ease. It is 

recommended this occur immediately after Step #7, and with the same group of people. The Value-Ease 

analysis allows engineers to quickly rank all the ideas independently in terms of how easy (a self-directed 

definition of time/effort/money) they are to implement, and how valuable (in this case effective in 

reaching the design acceptability criteria) they appear to be. Where the value is hard to estimate, quick 

modelling to look at the effect on one or two parameters (and not on the whole mine) at larger intervals is 

recommended. The ranking will indicate which ideas deserve the effort to develop, as shown in Figure 19. 

The ideas that are both easy to implement and have a high value are obviously the first to receive 

attention. Next those that are high-ease but low-value and low-ease but high value are pitted against one 

another for attention. Ideas that appear to be low value and difficult to implement are put aside right 

away. It may be that several less valuable projects are easier to implement than one large project to reach 

an equal result.  

The application of a Value-Ease analysis is novel for a ventilation planning methodology and it accepts 

that some factors are fixed in the mine plan. The Value-Ease analysis moves all the idea generating to the 

front-end of the process and reduces the pool of ideas down to a single plan through detailed design, 
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modelling, and economic analysis. In a more typical ventilation planning methodology the full design-

model-economic analysis is completed and then compared against the design criteria, and the idea 

generating happens at the end of the process as an iterative loop attempting to find the optimal outcome, 

which can create much more work.  

 
Figure 19. Value-Ease chart 

When considering how to implement an idea, it often happens that even more ideas are generated as one 

is being thought through; for example, if there are two methods to achieve one outcome one would need 

to consider the ease of each method. A return to Step #6 after the first pass of this step is recommended to 

consider bottlenecks and inefficiencies of the ideas under consideration.  

9. Re-simulate with Potential Options 

With all the ideas collected and the best options identified the framework moves forward to simulate these 

in great detail for each period of the mine plan. A spreadsheet to track the airflows of concern through all 

the model’s time periods is highly recommended. If there are 18 periods being analyzed, and three ideas 

being tested, 54 new models are required. It is important at this junction to have an error-free model, as 
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inaccurate or incomplete information in the base model will contaminate all the results, requiring a return 

to Step #4 and significant rework. 

10. Thorough Evaluation and Economic Analysis of Options 

At this stage, there should be one or more projects, or combinations of projects, that meet the design 

acceptability criteria. The results of the first-pass study in Step #9 did bring an increased understanding of 

the model to this author, necessitating a return to Step #4 to adjust the model, and to Step #7 with 

additional ideas, which has been included in the framework. This tenth step of the methodology develops 

the acceptable options to create preliminary capital budgets with operating costs, implements schedules, 

makes assumptions on technical details, and identifies critical path work. In the most extreme cases it may 

be necessary to change the production plan if an economic ventilation plan cannot be identified. Such 

plans may be generally said to require more ventilation than the primary circuit has available, 

necessitating an expansion to increase primary airflows. 

Formalize Plan 

11. Selection and Design Optimization of Mine Ventilation Plan 

At this stage, the user should have at least one good option and be able to make the business case for any 

recommendation to their superiors and co-workers who participated in the idea generating session in Step 

#7. This recommendation ought to be a decision based on economics. The present value of all capital and 

operating costs are tabulated for the project selection, and other details (schedule, intermediate setups, 

outcome, flexibility…) noted. The business case will highlight the limits of the current system without 

investment, and how the design acceptability criteria mandate the required airflows for the mine plan. The 

project recommendations are finalized, and the budgets, operating costs, implementation schedules, and 

critical path that were roughed in for the preliminary comparison are made concrete for the final project 

approval. 
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This methodology is a guide for engineers familiar with the principles of mine ventilation and the mine 

being assessed. To use the methodology to create a robust and optimal ventilation plan it is critical that 

the mine plan be reasonably accurate and ventilation model be correct. The optimal solution is the most 

efficient, the robust solution is one that can handle the future changes to the plan that will inevitably 

occur, usually by creating excess capacity by oversizing fan motors to allow for flexibility. The engineer 

also ought to recognize the value in teamwork and include stakeholders early in the process, particularly 

for the idea generating and value-ease ranking steps. The value of consulting related teams is so that all 

possible options are identified early in the process, and so that all construction obstacles are recognized in 

the preliminary analysis. These topics are further discussed in Chapter 7. 
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  Chapter 6

Case Study for Framework Validation: The Diavik Diamond Mine 

 

6.1. Review of Diavik’s Current Ventilation System 

This chapter presents a case study which was completed to validate the proposed ventilation planning 

methodology. A case study of the Diavik Diamond Mine with its 2016 Mine Plan was carried out and a 

recommendation arrived at to support the life of mine production plan. This section follows with an 

introduction to the mine ventilation system. 

The Diavik Diamond Mine, located in the Northwest Territories, has primary surface “FAR Fans” that 

move approximately 710 m3/s (1.5 Mcfm) of airflow, identified in Figure 20, with five Alphair 10150-

AMF-5500 Full Blade 2.6 m (101.5”) diameter fans operating in parallel, each powered by 336 kW (450 

HP) motors turning at 880 rpm. These fans push air into the underground through three fresh air raises. 

Diesel heaters in front of the fans maintain a temperature underground that is above freezing. These 

heaters have dampers in front of them which close to slow down the air speed passing over the heaters in 

extreme conditions. Fresh air is delivered to a mid-point in the mine known as the “Haulage Drift” which 

connects the southern A418 orebody with the northern A154 South and North orebodies, shown in Figure 

20. Booster fan installations direct air to the bottom of the A and D Ramps at either end of the mine, 

shown in Figure 21, and push or pull fresh air across the production levels. In total there are five main 

booster fan installations, as well as a smaller installation which exhausts from the underground mobile 

maintenance shop to the pit. Air is exhausted through three portals and two raises to surface. There are no 

doors or other ventilation controls in the main ramps. Airflow is directed around the mine with the 

aforementioned booster fans. The nature of trucking 3 Mt of total material movement through the mine 

means that doors would be cycling open/closed every few minutes and would likely be an ineffective 

ventilation control (and an effective disruption to production). 
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The mining method carried out in the A418 and A154S orebodies is sub-level retreat (SLR), a variation of 

the sub-level caving method with the exception of not caving the hanging wall. In the A154N orebody 

blast hole stoping (BHS) is used, also known as sub-level or longhole stoping, with a primary-secondary 

sequence and backfilling of voids using cemented rockfill (CRF) and uncemented rockfill (RF).  

 
Figure 20. Isometric view of the Diavik Underground Mine (Diavik Diamond Mines Inc., 2016) 

Of the approximately 710 m3/s (1.5 Mcfm) of airflow supplied to the underground workings, which 

changes seasonally with the ambient temperature, approximately 236 m3/s (0.5 Mcfm) moves towards the 

A-Ramp and A418 orebody. Another 236 m3/s (0.5 Mcfm) moves down the C-Ramp to the D-Ramp, the 

A154 South and the lower A154N orebody. The final 236 m3/s (0.5 Mcfm) moves up the C-Ramp 

towards the N-Ramp, the upper A154N orebody, and some portion of this continues up the C-Ramp to the 

C-Portal. As stated, exhaust air leaves the mine through all three portals (A, C, & N), as well as the RAR 

#11 and a minor volume out the RAR #13 from the C9060 Mobile Maintenance Shop, identified in Figure 

21. 

A418 Ore Body 

A154S Ore Body 

A154N Ore Body 

FAR Fans 

Haulage Drift 
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Figure 21. Simplified ventilation schematic of the Diavik Underground Mine (Diavik Diamond Mines 

Inc., 2016) 

6.2. Review of Diavik’s Development and Production Plan (Step #1) 

The goal of the case study was to build a ventilation plan for Diavik’s 2016 Q1 Mine Plan and test the 
proposed framework. Summary ore and waste tonnage targets are shown in   
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Table 5, which are typical of information published in NI 43-101 technical reports. 
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Table 5. Long range mine plan tonnes, Q1 2016 Diavik Life of Mine Plan (superseded by NI-43 101 
Technical Report dated 27 March 2017) 

 
 

The first step of the framework was to take the detailed plan that Error! Reference source not found. 

summarises, which is the large collection of individual development meters and stope tonnes occurring 

over the mine life, and simplify it down to the major activity that would define airflow requirements in 

each primary airflow block. For the case study, the outlook is almost 10 years, therefore it was decided 

that quarterly periods are appropriate for the first 5 years, and annual periods thereafter (Figure 22). As 

the case study focuses on a mine in the Arctic that experiences temperature swings of nearly 60°C 

annually, another benefit of quarterly periods is that they allow both extremes of natural ventilation 

pressure to be seen in the model. 

For the case study, the primary airflow blocks were considered to be levels in SLR production, as they all 

individually receive fresh air and this volume is controlled by the level regulator, used for production 

activities, which is exhausted without the air being reused. In the A154N orebody it was assumed that an 

“Active BHS Block” would be a primary airflow zone for planning purposes. This block comprises 5 

levels and can roughly be said to have one level in ore production (mucking), one in backfilling, one 

drilling, one developing ore and one idle level as a sort of “mini mining cycle”, independent of the other 

mining blocks. This simplified the block to a ventilation requirement that will be defined by the design 

acceptability criteria. The results of this simplification are shown in Figure 22, airflows are not yet 

assigned to these activities. 

2016 Q1 Forecast Mine Plan
TONNE PRODUCTION STATISTICS
UNDERGROUND 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL
PIPE MATERIAL UNIT 352 352 352 352 352 352 352 352 352 352

A154N ORE TONNES (tonnes) 683,000 743,000 873,000 863,000 948,000 778,000 821,000 820,000 836,000 325,000
A154S ORE TONNES (tonnes) 546,000 488,000 355,000 286,000 0 0 0 0 0 0
A418 ORE TONNES (tonnes) 895,000 873,000 873,000 871,000 851,000 693,000 0 0 0 0
UG TOTAL ORE MINED (tonnes) 2,123,000 2,105,000 2,101,000 2,020,000 1,799,000 1,472,000 821,000 820,000 836,000 325,000
UG TOTAL CARATS (count) 6,866,000 6,799,000 6,480,000 5,879,000 4,635,000 3,383,000 1,964,000 1,946,000 1,812,000 767,000
UG MINED GRADE (cpt) 3.23 3.23 3.08 2.91 2.58 2.30 2.39 2.37 2.17 2.36
UG TOTAL WASTE (tonnes) 313,000 299,000 188,000 174,000 73,000 97,000 24,000 22,000 8,000 7,000
UG TOTAL BACKFILL (tonnes) 533,000 601,000 621,000 635,000 664,000 724,000 867,000 743,000 577,000 218,000
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The case study considered the ventilation of waste development at Diavik to be a straightforward process 

not requiring investigation. The ventilation of main ramps is achieved with drop raises that bring the 

primary airflow within 100 m of the ramp face, and are never further than 300 m from the ramp face 

when the next leg of the raise is extended. Auxiliary ventilation standards ensure correct airflow delivery 

to dead end headings, and are discussed in the next section. 
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Figure 22. Simplified mine plan of quarterly activity by level 

For the Diavik case study waste development was not included at this stage as it occurs in auxiliary 

ventilation off the main decline ramps and there is no variation in airflow requirements. A known airflow 
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is supplied by specific infrastructure for these activities. This will be looked at in more detail in the next 

section.  

Gantt charts showing the alignment of all preparatory development and construction required to allow 

production mining were also created as part of the mine planning cycle at Diavik, see Figure 23. For 

ventilation planning Gantt charts are used to schedule the raisebore drilling and regulator construction. 

These were reviewed for errors, and used later to build the base case ventilation plan. 

 
Figure 23. Example Gantt chart of mine plan projects 

The life-of-mine plan was used to derive medium and short-range plans, which at Diavik take the shape of 

rolling 12 and 3 month plans. These are useful to confirm integration of the short, medium, and long-

range plans. As different people are responsible for short and long-range planning there can be a discord 

in the plans. Any exercise to prepare a ventilation plan for a long-range plan that is not representative of 

the actual mining cycle is not advised. Checking the short-range plans (Appendix A), as well as being 

familiar with the actual operation, is a recommended way to confirm the validity of long range plans. 
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6.3. Setting Design Acceptability Criteria and Airflow Requirements (Step #2) 

The next step in the framework was to set the design acceptability criteria for the ventilation plan. This 

was the foundation of all work to follow as these criteria are the minimum ones that the ventilation plan 

must meet. If the criteria are not properly determined, then some additional and unknown risk is added to 

the mine plan. At the Diavik Diamond Mine these criteria were set by the stronger of the Northwest 

Territories Mines Act and its Regulations or the internal Diavik and Rio Tinto policies. As discussed in 

Section 2.6, the requirement was for 0.06 m3/s of airflow for each kW of diesel power to be supplied, that 

auxiliary fans not recirculate airflow, that personnel not be exposed to levels in excess of TLV for various 

contaminants, and that exhaust airflow should be captured in an exhaust raise without reuse if possible. 

The inspector of mines for the Northwest Territories will reduce the airflow requirements for diesel 

equipment if they have been approved by the CANMET-MMSL, which most of the Diavik equipment 

had been. This reduced the permitted airflow requirement by up to 50% for Tier 3 diesel motors. The 

design acceptability criteria used for the Diavik case study are listed: 

• Primary airflows onto a level must meet the diesel permit requirements for the single largest piece 

of equipment, or combination of equipment, that could reasonably be expected to be working on 

that level simultaneously 

• Primary airflows to be sufficient to prevent recirculation of auxiliary fans on active levels where 

heavy diesel equipment is being utilized (scoops and trucks) 

• Primary airflows required for a BHS block are averaged for the block to a single value based on 

site experience that such averaging is valid 

• Portal connections to surface receive a minimum 30 m3/s (65 kcfm) airflow 

• Primary airflows in each ramp section must move at a rate of at least 0.5 m/s, or have an airflow 

of roughly 15 m3/s (30 kcfm) 
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• Fixed infrastructure such as the C9060 Mobile Maintenance Shop, C9105 Pump Station, and 

N9035 Welding Bay, must receive a minimum of 33 m3/s (70 kcfm), 14 m3/s (30 kcfm), 10 m3/s 

(20 kcfm) respectively, with these values representing the historic flow through the areas 

• Idle levels must receive an airflow of at least 0.25 m/s, approximately 7.5 m3/s (15 kcfm) 

Contaminant exposure monitoring experience from Diavik, namely from occupational exposure 

monitoring and use of fixed carbon monoxide sensors, has demonstrated that these criteria are sufficient 

to meet the requirements of the Mines Act & Regulations as well as company policy.  

 

6.3.1. Short Term Requirements 

The short-term requirements are the very specific, detailed requirements for airflow delivered by auxiliary 

fans to working faces, and the regulation of primary airflows with drop-board regulators and automatic 

louvers, to meet the design acceptability criteria. These are reviewed first as the short term requirements 

must be met before the long term requirements can be considered. If these are not met then there are 

larger problems than the life-of-mine ventilation plan and the ventilation engineer ought to pivot his/her 

attention to the most immediate and pressing concern of being out of compliance with the health and 

safety regulations. In the Diavik case study the short term requirements looked at the equipment fleet 

specifically, confirming that where the fleet was located was sufficiently ventilated. The condition of the 

auxiliary ventilation is constantly surveyed at the case study mine site. Weekly auxiliary ventilation 

surveys are taken to measure airflows at all active headings, and directives are issued should an aberration 

from the standard be found. 

Diavik’s fleet contains eight Atlas Copco ST1530 (10yd) Scooptrams, and seven ST14 (8yd) Scooptrams, 

as well as two older ST1020 (6yd) Scooptrams used for mucking sumps and construction. The ST1530 

units, normally used in waste development and BHS mining, require 9.1 m3/s (19.2 kcfm) airflow as per 

their Diesel Permits, and the ST14 units, utilized in SLR mining, require 11.2 m3/s (23.7 kcfm) airflow. 
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Diavik has a total of 15 trucks: a single MT5010 requiring 31.8 m3/s (67.4 kcfm) airflow used for 

mucking sumps, four MT6010 trucks requiring 29.8 m3/s (63 kcfm) airflow used for hauling waste, and 

ten MT6020 trucks with Tier II motors requiring only 19.3 m3/s (40.9 kcfm) airflow used for CRF and ore 

hauling. These are the largest units that set the “maximum reasonable ventilation demand”. There are also 

ten development and six production drills requiring 3-4 m3/s (6-9 kcfm) airflow each when tramming 

under diesel power, nine wheel loaders with integrated tool carriers (IT) each requiring 7 m3/s (14.8 kcfm) 

airflow, five flat deck Marcottes rated at 6.4 m3/s (13.6 kcfm) airflow, and over forty Toyota MUTs 

requiring 3.4 m3/s each (7.2 kcfm) airflow, to name but a few of the auxiliary units. The underground fleet 

at Diavik is significant, and the largest units in the fleet have been listed in Table 6. 

Table 6. Main equipment fleet at the Diavik Diamond Mine (Yip & Pollock, 2017) (Natural Resources 
Canada, 2017) 

Jumbo Drill Atlas Copco Boomer 282 4 units 2.9 m3/s 6.2 kcfm 
Jumbo Drill Atlas Copco Boomer M2C 2 units 3.8 m3/s 8.1 kcfm 

Production Drill Atlas Copco Simba M6C 5 units 3.6 m3/s 7.7 kcfm 
Bolter Atlas Copco Boltec MC 7 units 3.8 m3/s 8.1 kcfm 

Scooptram Atlas Copco ST14 7 units 11.2 m3/s 23.8 kcfm 
Scooptram Atlas Copco ST1530 7 units 9.1 m3/s 19.3 kcfm 
Haul Truck Atlas Copco MT 5010 5 units 31.8 m3/s 67.3 kcfm 
Haul Truck Atlas Copco MT 6020 9 units 19.3 m3/s 40.8 kcfm 

Shotcrete Sprayer Normet Spraymec 6050 2 units 3.9 m3/s 8.2 kcfm 
Shotcrete Transmixer Normet MF 500 2 units 4.3 m3/s 9.2 kcfm 

Grader Komatsu GD 655-5 2 units 10.4 m3/s 22.1 kcfm 
Integrated Toolcarrier Komatsu WA 270 10 units 7.0 m3/s 14.9 kcfm 

  Total 655 m3/s 1,370 kcfm 
 

Ventilation for areas without flow-through ventilation is achieved with 112 kW (150 HP) 1.2 m (48”) 

diameter fans and 42.5 m3/s (90 kcfm) airflow is typically delivered by each. In areas with flow through 

ventilation a 75 kW (100 HP) 1.06 m (42”) diameter fan is hung with ducting split between 2-3 level 

entries. This fan will typically deliver 28.3 m3/s (60 kcfm) airflow but varies with the condition and 

length of duct attached. 

The numerous ventilation regulators at Diavik limit the flow-through ventilation across a level and are 

adjusted to match the need across all the connected levels. The A154S and A418 orebodies each have at 
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least 4 drop board regulators to manage, which are adjusted as new levels are opened and old levels 

transition from ore development to production and to closure. The A154N orebody has 12 regulators, 7 of 

which are of the automatic louver type. These automatic louvers are installed on the active production 

levels where demand from shift-to-shift can swing incredibly. A project to move towards a limited 

ventilation-on-demand style of automatic control was underway, but at the time that this case study was 

performed as part of the thesis these louvers could only be adjusted remotely. The exhaust across the 

A154N orebody is managed carefully as the 5 production levels in the A-block and 5 production levels in 

the B-block have constantly changing requirements. The greatest demand occurs when there are a truck 

and scoop on a level, which occurs during backfilling activities. The rest of the time the greatest possible 

diesel permit requirement is a scoop.  

For waste development, 56.6 m3/s (120 kcfm) of fresh airflow is delivered to the bottom of the A-Ramp, 

and 75.5 m3/s (160 kcfm) to the bottom of the D-Ramp. The equipment fleet operating in the A-Ramp 

waste development airstream is listed in Table 7 with the diesel permit airflow requirement. In the ramp 

75 kW (150 HP) fans carry air to the decline and level waste development faces, and the exhaust from 

these sites returns to travel up ramp. In the A418 orebody the A-Ramp is an exhaust air path all the way to 

surface. In the A154S and A154N orebodies the exhaust from the bottom of the D-Ramp travels up to the 

A154S orebody and is reused before being exhausted out via RAR #14/S9025.  

Table 7. Airflow requirement for the A418 capital development 

Productive Unit in A-Ramp 
Waste Development 

Diesel Permit 
Requirement (m3/s) 

Scooptram (ST1530) 9.1 
Truck (MT6010) 29.8 

Jumbo (Boomer M2 C) 3.8 
Bolter (Boltec MC) 3.8 

Scissor Deck (Marcotte) 6.1 
TOTAL 52.6 
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Other concerns such as hazardous (explosive) gases are not associated with the case study mine, though 

they are checked for daily. Radon gas is associated with “de-gassing” of the water that is drained from the 

host rock and is found at pump station sumps. Small 15 kW fans expel the radon gas from the pump 

stations into the exhaust airway, and sampling is carried out monthly at the site to monitor levels. Dust is 

also a concern for this case study. Current operational practices have been able to suppress the dust by 

washing the walls, washing the muck piles, and wetting down the ramps and mucking paths with 

atomizers. 

These auxiliary ventilation volumes will sufficiently dilute and expel the tailpipe emissions such that a 

worker in the same drift would not be overexposed. Given sufficient primary airflows in the long-range 

plan it is considered certain that the auxiliary ventilation of the short-range plan can be appropriately 

designed in the future.  

 

6.3.2. Long Term Requirements 

The requirements that are built up to create the life-of-mine ventilation design acceptability criteria are as 

follow. To begin with, the requirements for SLR mining based only on the diesel permit ventilation 

volume are given in Table 8. 

Table 8. Minimum airflow for the A418/A154S activities by diesel equipment for the Diavik Case Study 

A418/A154S 
Activity Diesel Equipment Diesel Permit Minimum Airflow 

SLR Mucking ST14 Scooptram & Marcotte 
Emulsion Loader 

11.2 + 6.4 = 17.6 m3/s 
(23.8 + 13.5 = 37.3 kcfm) 

Ore Development ST14 Scooptram & MT6020 Truck 
11.2 + 19.3 = 30.5 m3/s 

(23.8 + 40.8 = 64.6 kcfm) 

Idle Integrated Toolcarrier 
7 m3/s 

(14.9 kcfm) 

Truck Loading ST14 Scooptram & MT6020 Truck 11.2 + 19.3 = 30.5 m3/s 
(23.8 + 40.8 = 64.6 kcfm) 
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Note: for determining the equipment diesel permit minimum airflow for each activity in this case study, 

the electro-hydraulic drills were not included as they drill with their diesel motors off. 

The minimum airflows regulated by diesel permit, and shown in Table 8 were turned into airflow 

requirements by level activity for the A154S and A418 orebodies where the SLR mining method is used, 

as indicated in Table 9. The increase in volumes is due to the application of the full design acceptability 

criteria, by which auxiliary fans are not normally allowed to recirculate airflows. 

Table 9. Airflow requirements for the A418 and A154S orebodies for the Diavik Case Study 

A418/A154S Activity A418 A154S 

SLR Mucking 30.7 m3/s (65 kcfm) per level 30.7 m3/s (65 kcfm) only 
split between 1-2 levels 

Ore Development 30.7 m3/s (65 kcfm) per level 30.7 m3/s (65 kcfm) for one level 

Idle 14.2 m3/s (30 kcfm) per level 
up to two levels only 

14.2 m3/s (30 kcfm) per level 
up to two levels only 

Truck Loading N/A (auxiliary ventilation in ramp) 30.7 m3/s (65 kcfm) 
only ever one level 

 

Notes: 

• Idle airflows were set to 14.2 m3/s (30 kcfm) even though the design acceptability criteria was 7.1 

m3/s (15 kcfm). This was done to provide some insurance should activity start on the next level 

earlier than the long-range plan calls for. 

• The majority of auxiliary fans in the Diavik Underground are 75 kW (100hp) and move 

approximately 28.3 m3/s (60 kcfm), depending on the resistance of the auxiliary ducting attached. 

Therefore, to ensure that these fans do not recirculate airflow, a design flow of 30.7 m3/s (65 

kcfm) was selected for active levels to meet the requirement of the design acceptability criteria 



59 
 

that auxiliary fans not recirculate. This is also sufficient airflow for when a scoop and truck are 

operating on the level simultaneously. 

• For this case study exhaust airflow for the A154S orebody is limited to 30.7 m3/s (65 kcfm) 

whether there are one or two levels in production. Two levels in production only occur in the 

special case where production is being completing one level and moving to the next. In this case 

the new level is often in a state of drilling with very little blasting or mucking, while the old level 

is in a state of mucking and blasting with no drilling. No extra airflow is scheduled for the 

transition from one level to the next in the A154S orebody. It is expected this will be managed in 

the weekly ventilation plan. 

Similarly, for the production cycle from the A154N orebody, the diesel permit air requirements for 

equipment working on each level in the A154N orebody are forecasted as shown in Table 10. 

Table 10. Diesel permit airflow requirements for a typical A154N block for the Diavik Case Study 

A154N Activity Diesel Equipment Diesel Permit Minimum Airflow 

CRF Backfill ST1530 Scooptram & MT6020 Truck 9.1 + 19.3 = 28.4 m3/s 
(19.3 + 40.8 = 60.1 kcfm) 

BHS Mucking ST1530 Scooptram  9.1 m3/s 
(19.3 kcfm) 

Ore Development ST1530 Scooptram 
9.1 m3/s 

(19.3 kcfm) 

Drilling & Blasting 
Simba Long Hole Drill & Marcotte 

Emulsion Loader 
6.4 m3/s 

(13.5 kcfm) 

Idle Integrated Toolcarrier 7 m3/s 
(14.9 kcfm) 

Block Total  60.0 m3/s 
(127.1 kcfm) 
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Note:  

• To determine the diesel permit minimum airflow for each activity in this case study the electro-

hydraulic drills (Jumbo, Bolter, Long hole) were not included as they drill with their diesel 

motors off. 

• Scoops muck to an ore pass. 

The above minimum airflows by diesel permit were turned into airflow requirements by level activity 

requirements as shown in Table 11. These minimum airflow levels exceed the diesel permit conditions 

needed to meet the greater restrictions of the design acceptability criteria. 

Table 11. Airflow requirement for the A154N blocks for the Diavik Case Study 

 A154N 

CRF 30.7 m3/s (65 kcfm) per level 

BHS Mucking 30.7 m3/s (65 kcfm) per level 

Ore Development 14.2 m3/s (30 kcfm) per level 

Drilling & Blasting 14.2 m3/s (30 kcfm) per level 

Idle 14.2 m3/s (30 kcfm) per level 

Block Total 104 m3/s (220 kcfm) per block 

 

Note: Idle airflows were set to 14.2 m3/s (30 kcfm) even though the design acceptance criteria was 7.1 

m3/s (15 kcfm). This was done to provide some insurance should activity start on the next level early as 

these are long range assumptions.  

Airflow requirements indicated in Table 9 through Table 11 are applied to the simplified mine plan by 

activity (Figure 22) and were used to derive Figure 24 and Figure 25. To these production airflow 
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requirements, the fixed airflow requirements around the mine as previously discussed in Section 6.3.1 

were added. Fixed airflow requirements at Diavik includes ventilation needs of the maintenance shop, 

main pump station, welding bay, a small volume of controlled leakage from one of the FAR raises, and 

airflow volumes through the C-Ramp and the N-Portal (but not the A portal as that is an exhaust path). 

This is the total mine wide airflow requirement that has been used by the case study, as shown in Table 

12, and this number must be less than the total fresh airflow available.  
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Figure 24 Calculation of airflow requirements for the A418 and A154S orebody production in kcfm

A418 Fresh Air Required

At any given time we have:
In A418 Vent Situation Equipment: Airflow Requirement
1 SLR level Flow Through, has OP Scoop, Simba, IT 65 kcfm for fans
1 ore development level Flow Through, has OP Scoop, Jumbo/Bolter, IT 65 kcfm for fans
Ramp Development Auxiliary from drop raise Scoop & Trucks 120 kcfm supply
1 waste development level Auxiliary from Ramp Scoop & Truck reuse ramp air
Orepass Auxiliary from Ramp Scoop & Truck reuse ramp air
Idle levels connected to vent raise Flow Through & Aux from RaParkup 30 kcfm up to 2 levels only

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
A9085
A9065
A9045 SLR SLR SLR
A9020 Ore Dev Idle SLR SLR SLR SLR
A8995 Ore Dev Ore Dev Ore Dev Ore Dev Idle SLR SLR SLR SLR
A8970 Ore Dev Ore Dev Ore Dev Idle Idle Idle SLR SLR SLR
A8945 Idle Ore Dev Ore Dev Ore Dev Idle Idle Idle Idle SLR SLR SLR
A8920 Ore Dev Ore Dev Ore Dev Ore Dev Idle Idle Idle SLR SLR SLR
A8895 Idle Ore Dev Ore Dev Ore Dev Idle Idle Idle Idle SLR SLR
A8870 Ore Dev Ore Dev Ore Dev Idle Idle Idle SLR SLR
A8845 Ore Dev Ore Dev Ore Dev - - - SLR SLR
A8820 Ore Dev Ore Dev Idle Idle Idle SLR SLR
A8795 Ore Dev Ore Dev Idle - Idle SLR SLR
A8770 Ore Dev Ore Dev Idle Idle Idle SLR SLR

SLR 65 65 130 65 65 130 65 65 130 65 65 65 65 130 65 130 130 130 130 130 130 65
Ore Dev 130 65 130 130 130 65 130 65 130 130 130 130 130 130 130 130 65 0 0 0 0 0
Waste 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120
Idle 0 30 0 30 30 30 30 90 30 30 60 60 60 60 60 60 60 60 60 30 0 0
Total (kcfm) 315 280 380 345 345 345 345 340 410 345 375 375 375 440 375 440 375 310 310 280 250 185

A154S Exhaust Air Required

At any given time we have:
In A154S Vent Situation Equipment: Airflow Requirement
1 SLR level Flow Through Scoop, Simba, IT 65 kcfm for fans
2 SLR levels Flow Through, has OP Scoop, Simba, IT 30 kcfm each level
1 Truck Loadout Level Flow Through Scoop & Truck 65 kcfm for equipment
1 ore development level Flow Through & Aux from RaScoop & Truck 65 kcfm for equipment/fans
1 waste development level Auxiliary from Ramp Scoop & Truck SEE D-RAMP
Idle levels connected to vent raise Flow Through & Aux from RaParkup 30 kcfm

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
S9000
S8975 SLR SLR
S8950 TLD SLR SLR SLR
S8925 Ore Dev TLD TLD SLR SLR SLR
S8900 Ore Dev Ore Dev TLD TLD SLR SLR SLR
S8875 Idle Ore Dev Ore Dev TLD TLD SLR SLR SLR
S8850 Idle Ore Dev Ore Dev TLD TLD SLR SLR
S8825 Idle Ore Dev Ore Dev TLD TLD SLR SLR
S8800 Idle Ore Dev Idle TLD SLR

SLR 0 0 65 60 65 60 65 60 65 60 65 60 65 65 60
TLD 0 0 65 65 65 65 65 65 65 65 65 65 65 65 0
Ore Dev 0 0 65 65 65 65 65 65 65 65 65 65 0 0 0
Waste
Idle 0 0 0 0 30 0 30 0 30 0 30 0 30 0 0
Total 0 0 195 190 225 190 225 190 225 190 225 190 160 130 60

2020 2021

2016 2017 2018 2019 2020 2021

20192016 2017 2018
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Figure 25 Calculation of airflow requirements for the A154N orebody production in kcfm 

A154N Exhaust Air Required

At any given time we have:
In A154N Vent Situation Equipment: Airflow Requirement
2 active mining blocks Flow Through, has OP 220 kcfm per block
1 drilling level / block Flow Through Scoop, Simba, IT 30 kcfm for personnel (no diesel) or IT travelling Level Access
1 CRF level / block Flow Through Scoop & Truck 65 kcfm for equipment
1 BHS level / block Flow Through Scoop, Simba, IT 30 kcfm for fans
1 ore dev level / block Flow Through Scoop, Jumbo/Bolter, IT 65 kcfm for fans
1 idle level / block Flow Through Parkup 30 kcfm
Leakage Levels Flow Through none 15 kcfm
1 waste development level Auxiliary from Ramp Scoop & Truck SEE D-RAMP
Orepass Auxiliary from Ramp Scoop & Truck reuse ramp air
N9275 Auxiliary from Ramp over-supplied w/ 2x150HP fans

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
N9275 - - - - - - - - - - - -
N9250 Drilling Drilling Drilling Drilling CRF BHS Idle Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak
N9225 CRF CRF CRF BHS BHS Idle - - - - - - - - - - - - - - - - - - - - - -
N9200 BHS BHS BHS Idle - - - - - - - - - - - - - - - - - - - - - - - -
N9175 0 0 0 0 - - - - - - - - - - - - - - - - - - - - - - - -
N9150
N9125
N9100
N9075
N9050
D9020 RAD Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak Leak
N9025 - - - - - - - - Leak Leak
N9000 - - - - - - - - Leak OreDev
N8975 Leak Leak Leak Leak Leak Leak Leak Leak OreDev Drilling
N8950 - - - - - - Idle OreDev CRF CRF
N8925 - - - - - - OreDev OreDev BHS BHS
N8900 - - - - - - - - - - - - - - - - Leak Idle
N8875 - - - - - - - - - - - - - - - Leak Idle OreDev
N8850 - - - - - - - - - - - - - - Leak Idle OreDev Idle
N8825 - - - - - - - - - - - - - - Idle OreDev Idle Idle
N8800 - - - - - - - - - - - - - - OreDev Idle Idle Idle
N8775 - - - - - - - - - - - - - - - - - - - - - - - - - -
N8750 - - - - - - - - - - - - - - - - - - - - - - - - - -
N8725 - - - - - - - - - - - - - - - - - - - - - - - - - -
N8700 - - - - - - - - - - - - - - - - - - - - - - - - - -
N8675 - - - - - - - - - - - - - - - - - - - - - - - - - -

Ore Dev 0 0 0 0 0 0 65 130 65 65 0 0 0 0 65 65 65 65 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Drilling 0 0 0 0 0 0 30 30 30 60 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BHS 0 0 0 0 0 0 30 30 60 60 30 30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CRF 0 0 0 0 0 0 65 65 130 65 65 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Idle 0 0 0 0 0 0 30 0 0 30 0 30 30 0 30 60 90 120 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Leakage 30 30 30 30 30 30 30 30 45 30 15 15 15 30 45 45 45 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
Block 440 440 440 440 440 440 220 220 220 220 440 440 440 440 440 440 440 440 660 660 660 660 660 660 660 660 660 660 660 660 660 660 660 660
Total 470 470 470 470 470 470 470 505 550 530 550 515 485 470 580 610 640 655 690 690 690 690 690 690 690 690 690 690 690 690 690 690 690 690

Ore Tonnes per Year
Backfill per year
Total Movement per Year
CFM per Tonne Total Movement 0.49

1,563,400 1,412,600
0.35 0.37 0.37 0.41 0.46 0.41 0.44

1,343,900 1,494,200 1,497,500 1,611,600 1,502,500 1,688,400
600,700 620,800 634,800 663,800 724,300 867,400 743,000 577,000

0

743,200 873,400 862,700 947,800 778,200 821,000 820,400 835,600

220 220

220 220

220

220

2022 2023 2024

auxiliary ventilation from ramp

2016 2017 2018 2019 2020 2021
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Table 12 . Summation of airflow requirements for the Diavik Underground Mine in kcfm 

  

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

A154N Levels 470 470 470 470 470 470 470 505 550 530 550 515 485 470 580 610 640 655
A154S Levels 195 190 225 190 225 190 225 190 225 190 160 130 60 0 0 0 0 0

A418 Levels 195 160 260 225 225 225 225 220 290 225 255 255 255 320 255 320 255 190
A-Ramp Development 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120 120

C9060 Shop 70 70 70 70 70 70 70 70 70 70 70 70 70 70 70 70 70 70
C9105 Pump Station 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
N9035 Welding Bay 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20
FA Leakage (C9280) 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40
FA Leakage (D9115) 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35

Exhaust N Portal 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Exhaust C Ramp 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150

Grand Total 1425 1385 1520 1450 1485 1450 1485 1480 1630 1510 1530 1465 1365 1355 1400 1495 1460 1410

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

A154N Levels 690 690 690 690 690 690 690 690 690 690 690 690 690 690 690 690 690 690 690 690
A154S Levels 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

A418 Levels 190 160 130 65
A-Ramp Development 120 120 120 120 120 120 120 120

C9060 Shop 70 70 70 70 70 70 70 70 70 70 70 70 70 70 70 70 70 70 70 70
C9105 Pump Station 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
N9035 Welding Bay 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20
FA Leakage (C9280) 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40
FA Leakage (D9115) 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35

Exhaust N Portal 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Exhaust C Ramp 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150

Grand Total 1445 1415 1385 1320 1255 1255 1255 1255 1135 1135 1135 1135 1135 1135 1135 1135 1135 1135 1135 1135

2022 2023 2024 2025

2016 2017 2018 2019 2020

2021
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The case study considered the Diavik Diamond Mine to have 710 m3/s (1,500 kcfm) of airflow available. 

A pressure-quantity survey conducted of the Diavik Underground in February 2016 was lead by Mine 

Ventilation Services (MVS), which measured 710 m3/s (1,504 kcfm) inflow and 756 m3/s (1,603 kcfm) 

outflow (Mine Ventilation Services Inc., 2016). Therefore the case study total airflow limit is realistic. In 

the summer doors are opened in the plenum building to lower the system resistance and increase total 

fresh airflow even further.  The MVS survey was an incompressible survey, which measured airflow 

volume and assumed constant density, and ignored the density changes caused by the addition of heat, 

moisture, and elevation difference. Therefore, their survey error of 6.2% between inflo and outflow was 

considered acceptable. 

The mine wide total airflow requirement did surpass 710 m3/s (1,500 kcfm) on 4 quarters through the life-

of-mine as shown in Table 12. In Q1 2017 the grand total was 717 m3/s (1,520 kcfm) airflow, due to a 

fourth active level coming online in the A418 orebody. This is a variance of 1% over the total airflow 

available and can be mitigated operationally in the short-range plan by delaying the start of the new ore 

development level until the completion of the old SLR level. In Q3 2018 the mine wide airflow 

requirement is projected to jump from 698 m3/s (1,480 kcfm) to 769 m3/s (1,630 kcfm), a surge of 10%. 

Again, transition from one level to another in the the A418 orebody increased demand in that zone, but 

more importantly, the start of the C-block in the A154N orebody while still maintaining production from 

the A-block created a long-lasting increase in airflow requirement to the A154N orebody production. The 

next 2 quarters also exceeded the total available airflow requirement by 1-2%. Adding 10% to Diavik’s 

fresh air supply for a three-month surge is not realistic. This shortfall has been reported to the long-range 

planner to focus work on managing that overlap, from the A-block to the C-block in the A154N orebody. 

The fleet size will remain constant, and it is only the number of levels being worked that will change, thus 

the distribution can and must be better managed. The airflow on these levels is regulated with louvers 

which can be controlled from surface, so there exists an ability to have a very high level of control of 

where the airflow will be distributed, and it could be argued that these long-range assumptions are 
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generous in these transition periods. As this airflow shortfall was predicted more than 18 months ahead of 

the occurrence it is accepted that later revisions of the long and medium range mine plans will reduce the 

impact of this overlap by slowing the opening of new levels in the C-block to match the closing of 

complete levels in the A-block. It is also believed that the quarterly time period may be over-estimating 

the requirement and that a monthly or even weekly look at the transition period would remove the 

problem. To this author it did not seem prudent to change the targets of the long-range mine plan due to a 

single outlier quarter in a 9-year plan.  

Had this ventilation study been over-subscribed for a longer period, the design acceptability criteria and 

mine plan would both be revisited. If the over-subscription was a constant in this comparison of supply 

versus demand, the mine plan would have been rejected and sent back with suggestions for improvement. 

 

6.4. Prepare Ventilation Model of Current Mine (Step #3) 

Next in the proposed framework was the preparation of a ventilation model and calibration of it to the 

existing mine. The most popular ventilation modelling software is the Ventsim package, created and sold 

by Chasm Consulting of Australia (Ventsim, 2016). To prepare a Ventsim model from scratch, as was 

done for this case study, a DXF file of the mine layout with both current and future excavation centerlines 

is imported (Figure 26). This gives Ventsim the lines which make up the ramps, drifts, raises, etc. that are 

the branches and nodes of the mine ventilation network. Rough attributes were then assigned, such as 

dimensions (design, actual, or average), shape, connections to surface (portal and raise collars), and other 

properties such as dead-end headings, and so on. Ventilation controls were then added to the model: the 

fan curves and fans, heaters or air conditioners, doors, regulators, restrictions and so on. General settings 

such as elevation, rock temperature, and surface wet and dry bulb temperatures were also applied. At this 

stage, it was possible to run the model to calculate airflows through the mine, but these may not yet 

accurately reflect what was measured through the mine. 
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Figure 26. Ventsim screen shot with centerline design import only (Ventsim, 2016) 

The next step in model development was to apply pressure-quantity (PQ) survey data to the case study 

model by adding branch specific characteristics. The PQ survey for the case study was collected by 

directly measuring drift height and width, airflow speed, and total pressure drop around the mine using 

the “gauge and tube” method where a manometer and long length of tube were carried underground to 

measure the frictional pressure drop of airflow around the ventilation circuit. Airflows that were too slow 

were not measureable as the frictional pressure loss is thus slight, so only the flows from high volume 

airways were be collected. At Diavik the study was able to collect airflow data for all the main ramps and 

many of the internal ventilation raises. The level flows were too low to collect good data. A PQ survey of 

the FAR raises was attempted but the collected data was inconsistent and discarded. As measurements 

were collected in mid-February, the extreme cold may have affected the equipment. Application of 

Kirchhoff’s First and Second Laws acted as checks to the collected data. All measurements were 

duplicated and those that were more than 10% apart were resampled. 

The collected PQ data can be input into Ventsim directly and the program will calculate the Atkinson’s 

Resistance value. For completeness, the calculations were also carried out manually. The Squared Law 

and equation for friction loss have been rewritten so that the unknown factors, R and K, are isolated from 

the known values gathered during the PQ survey. 
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𝐻𝑓 = 𝑅𝑄2  can be rewritten as  𝑅 = 𝐻𝑓
𝑄2

 

𝐻𝑓 = 𝐾𝑑𝐿𝑄2/𝐴3  can be rewritten as 𝐾 = 𝐻𝑓𝐴3

𝑃𝑃𝑄2
 

Table 13 shows an example of the data collected and factors calculated. 

Table 13. Pressure-Quantity survey data from the haulage drift (Mine Ventilation Services Inc., 2016) 

 

The complete set of PQ survey data and calculations are attached as Appendix B. Average data from 

those areas where collection was possible was applied to areas where collection was not, as well as to the 

future excavations. Similar measurements were made for the ventilation control devices to measure the 

specific airflow and pressure drops through all regulators, bulkheads, doors, and curtains. Average 

resistance (R) and friction (k) factors that were calculated for ramps and bored raises are given in Table 

14. 

Table 14. Average resistance and friction factors from pressure-quantity survey (Mine Ventilation 
Services Inc., 2016) 

Description Dimension 
(Height x Width) 

Atkinsons 
Resistance Factor 

R (Ns2/m8) 

Atkinson Friction 
Factor K (Ns2/m4) 

Haulage 6.0 m x 5.7 m 0.0043 0.0152 
C-Ramp 5.8 m x 5.7 m 0.0024 0.0076 
A-Ramp 5.7 m x 5.5 m 0.0029 0.0162 
D-Ramp 5.8 m x 5.6 m 0.0036 0.0379 
N-Ramp 5.8 m x 5.8 m 0.0075 0.0376 

Bored Raise 3 m diameter 0.0077 0.0053 
 

It is interesting to note the range of data that was observed. What stands out is how low the resistance of 

the C-Ramp was, likely because it was a long straight ramp, whereas the D and N Ramps were spiral 

loops. With this branch specific data, the average data applied to the levels, using the same pressure-

Location Pressure 
Loss (Pa) 

Airflow 
Quantity 

(m3/s) 

Drift 
Length 

(m) 

Drift 
Width 

(m) 

Drift 
Height 

(m) 

Area 
(m2) 

Perimeter 
(m) 

Atkinsons 
Resistance 

Factor 
(Ns2/m8) 

Empirical 
Friction 

Factor  
(Ns2/m4) 

Haulage 113.1 162.8 396.6 6.04 5.67 32.1 23.4 0.0043 0.0152 
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quantity data from the ventilation regulators and other controls in conjunction with the correct fan curves, 

the Base Model was created. A comparison of this model against the measured data set is shown in Table 

15.  

Table 15. Variance of the case study model airflows against measured airflows 

 

 

6.5. Ventilation Model for each Stage/Period (Step #4) 

Next in the framework was the preparation of the forward-looking ventilation models to create the Base 

Case Scenario. The average drift dimension and resistances from the calibration work were applied to the 

future excavations to allow the forward-looking modelling required for the case study. The Ventsim 

software allows for up to 24 “stages” to be identified. In this work, the first stage was the present 

condition, the following stage was the following quarter, and so on until the final 4 years (2021-2024) 

where a single stage represents each year. The final two years of production were not modelled as the 

Location
MVS Measured

(kcfm)
Vent LOM Plan 

Base Model (kcfm)
%Var LOM Plan to 

MVS Measured
FAR 1+2+3 1562.1 1557.8 0%
N-Portal 158.3                   143.4                            -9%
RAR 11 484.1                   475.7                            -2%
N9160 338.0                   333.3                            -1%
S9125 (RAR 12 off) 164.2                   164.4                            0%
Bottom RAR 6 293.0                   285.8                            -2%
RAR 8 46.0                      44.5                              -3%
N9035 Fans 168.2                   166.7                            -1%
S9025 Fans 99.6                      94.2                              -5%
C above N-Ramp 250.7                   226.3                            -10%
C below Haulage 510.1                   541.6                            6%
C above Haulage 512.3                   542.2                            6%
Haulage to A-Ramp 344.9                   348.3                            1%
A9080 Fans 156.1                   167.7                            7%
A9055 Fans 118.5                   117.8                            -1%
A-Portal 201.9                   212.0                            5%
A-Ramp to C-Ramp 193.8                   167.5                            -14%
C-Portal 526.0                   481.4                            -8%
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mine plan is still very rough, and the ventilation requirement will be steady or shrinking. Settings such as 

outdoor temperature were given to each stage to allow the model to make estimations for natural 

ventilation pressure, which will apply a positive pressure against exhaust points lower than the Fresh Air 

Raise fans, at a pressure dependent on the outdoor temperature. The summer and winter temperatures 

were the max/min of monthly average temperatures from the past 15 years, while fall and spring 

temperatures were the average quarterly temperatures, as shown in Table 16. 

Table 16. Quarterly temperatures utilized for modelling of natural ventilating pressure. 

 Winter / Q1 Spring / Q2 Summer / Q3 Fall / Q4 

Wet Bulb -32.9 °C -4.2 °C 15.4 °C -15.9 °C 

Dry Bulb -32.7 °C -3.2 °C 16.5 °C -15.6 °C 
 

The product from this work was a model calibrated to the present surface and underground environmental 

conditions, where future branches are assumed to have equal average resistances to the current 

excavations, and where flow is induced by primary surface and underground booster fans, and controlled 

by the actual controls in the mine (not artificial restrictions or non-existent fixed flows or pressures). For 

future periods this model will indicated the best estimate of what primary airflows will exist given the 

planned horizontal and lateral development timeline and currently scheduled capital projects. The author 

is not modelling the auxiliary flows into the working faces. Auxiliary ventilation is possible for this case 

study if the primary ventilation is available in correct quantities. The concern was the capability to supply 

primary ventilation in sufficient quantities as required by the design acceptability criteria and mine plan 

which have been previously combined into the minimum airflow requirements as shown in Figure 24, 

Figure 25, and Table 12.
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6.6. Search for Airflows Below Acceptability Criteria (Step #5) 

At this stage of the framework, a comparison was made of what airflows were identified as required for 

the 2016 Q1 Forecast against the airflows in the base case model. In Figure 27 the modelled airflows are 

given. Those values which are below the design acceptability criteria are highlighted.  

The A418 and A154S orebody ventilation model shows that all levels in all time periods were sufficiently 

ventilated at or very near to the set limits. Therefore, one must accept that the current infrastructure was 

sufficient for life-of-mine requirements according to the study. As the SLR mining method is really an 

underhand method that is opening new levels as other are closed, one would expect the ventilation 

requirement to remain more-or-less unchanged, though there are more levels in operation in later years as 

the level footprint shrinks, and the number of levels cycled through per year increases. More practically, 

operational knowledge has been gained from the case study that the production fans for the A418 orebody 

are on VFD and operating at 43 Hz, and the production fans for the A154S orebody have their blades set 

to use 45 kW (60 HP) of their 75 kW (100 HP) motors. In both cases excess capacity exists, where more 

air could be moved or more pressure could be applied to overcome system resistance, if required. 

At the bottom of Figure 27 it can be seen that intermittent problems exist in the D-Ramp and top of the A-

Ramp. The top of A-Ramp is the section of ramp between where the breakaway to the A-Portal is and the 

connection of the A-Ramp to the C-Ramp/C-Portal. In the summer the natural ventilation pressure can 

cause stagnant airflows in this section (lack of NVP allows all exhaust air from the A418 orebody to 

exhaust through the A-Portal and none is forced to join the C-Portal). As there are no workers present and 

it is merely a haulage route the recommendation is made for real time CO monitoring and airflow 

measurements to indicate if/when the area should be avoided and haulage traffic rerouted. An auxiliary 

fan could also be installed to move the air if the problem is a great nuisance. This is considered 

manageable in the life-of-mine ventilation plan. 
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Figure 27. Results from base case Ventsim analysis, with insufficient airflows highlighted 

all values are kcfm
Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

dry bulb surface temperature 16.5 -15.6 -32.7 -3.2 16.5 -15.6 -32.7 -3.2 16.5 -15.6 -32.7 -3.2 16.5 -15.6 -32.7 -3.2 16.5 -15.6 -15.6 -15.6
wet bulb surface temperature 14.5 -15.9 -32.9 -4.2 14.5 -15.9 -32.9 -4.2 14.5 -15.9 -32.9 -4.2 14.5 -15.9 -32.9 -4.2 14.5 -15.9 -15.9 -15.9

FAR Total Fresh Air 1619 1496 1695 1590 1505 1631 1704 1613 1589 1642 1690 1590 1514 1608 1668 1570 1495 1474 1616 1612

C-Portal 333 424 538 458 341 441 540 451 331 426 538 444 383 431 541 444 334 436 471 475
A-Portal 302 236 185 292 306 204 187 236 300 236 183 281 236 193 187 236 301 197 236 236
N-Portal 137 95 139 156 150 102 101 136 123 76 139 184 187 127 146 171 164 131 154 158

RAR 11 to pit 470 473 482 474 468 474 537 537 530 534 520 498 492 494 500 481 475 478 481 482
RAR 13 to pit 185 171 122 127 130 126 121 129 129 124 120 127 130 127 124 129 130 124 127 127
RAR 14 to pit 198 183 175 193 198 182 172 190 178 178 161 185 166 0 0 0 0 0

A9080 Fans 194 192 218 218 217 213 212 212 209 228 233 231 230 270 263 238 256 250 247 0
A9045 65 65 30
A9020 65 30 30 65 65 30
A8995 64 65 65 30 30 30 65 65 30
A8970 30 65 65 65 30 30 30 30 65 65
A8945 8 30 65 65 65 65 30 30 30 30 65 65 30
A8920 2 -6 23 65 65 65 65 65 30 30 30 30 65 30
A8895 -30 7 -13 21 65 65 65 30 30 30 30 30 30
A8870 18 30 30 30 30 30 30 30 30 30
A8845 5 61 60 65 30 30 30 30
A8820 61 65 30 65 30
A8795 27 65 30 30
A8770 35 73 156 243 0

A-Ramp (A9055 fans) 115 116 115 114 114 114 114 114 112 100 100 94 94 90 91 88 87 83 80 96

S8975 58 55
S8950 128 30 30 30
S8925 65 65 65 30 65 30
S8900 65 65 63 65 29 30 30
S8875 16 13 65 65 65 61 30 30 30
S8850 65 65 61 68 30 65
S8825 9 65 65 83 65 91 79
S8800 46 30 27 91 79 0

"A-Block" N9250 27 26 25 30 31 26 47 49 45 47 30 30 15 15 15 15 15 15 15 15
N9225 30 30 30 65 65 65 65 65 65 65 30
N9200 65 65 65 65 65 65 30 30 30 30
N9175 65 65 65 30 30 30

"B-Block" N9150 30 65 65 30 30 30 30 30 30 65 65 30 30 30 30 30 30 30 30 30
N9125 65 65 65 30 30 30 30 30 65 65 65 30 30 30 30 30 30 30 30 30
N9100 65 30 30 30 30 65 65 65 65 30 30 30 30 65 65 30 30 30 30 30
N9075 30 30 30 65 65 65 65 65 30 30 30 65 65 65 65 30 30 30 30 30
N9050 30 30 30 65 65 30 30 30 30 30 30 65 65 30 30 30 30 30 30 30

"C-Block" N9025 6 9 10 8 12 8 29 35 41 35 30 30 30 30 30 30 30 30 30 30
N9000 5 9 10 7 11 8 16 21 26 21 30 30 30 30 30 30 30 30 30 30
N8975 22 24 29 21 32 23 16 17 19 17 43 45 46 47 50 66 64 65 65 27
N8950 22 21 23 21 5 32 28 28 32 43 40 43 43 16
N8925 43 40 35 36 18 11 12 17 16 25 25 24 26 14

"D-Block" N8900 3 3 2 2 16 18 14 14 14 14 14 14 14 14
N8875 3 4 3 2 25 29 24 22 22 8 9 9 8 7
N8850 6 5 5 9 11 10 3 4
N8825 9 7 7 6 6 16 20 19 7 6
N8800 8 7 7 28 19 20 15 15

D-Ramp (N9035 Fans) 163 163 163 163 163 163 163 163 163 163 163 163 163 163 163 163 163 163 162 162
D-Ramp below 8975 165 166 164 34 39 23 83 98 88 77 79 99 69 69 89 137 130 130 129 130
D-Ramp below 8950 33 18 15 6 24 22 56 70 62 54 52 56 40 55 46 71 71 66 88 88
D-Ramp below 8925 89 14 15 24 87 7 38 51 46 40 36 55 43 95 43 73 73 66 64 65
D-Ramp below 8900 152 75 78 88 156 40 5 11 30 28 23 46 34 97 37 58 58 53 45 48
D-Ramp below 8875 158 137 140 157 156 87 79 31 11 10 15 33 23 96 24 43 46 44 45 56

Top of A-Ramp 66 155 194 116 69 147 192 201 60 148 204 107 54 127 169 94 50 124 124 118
C-Ramp above N 141 219 273 212 175 244 272 234 159 232 225 230 196 297 298 251 297 305 305 309

Diavik Vent LOM Plan - Base Model - Rev1
2020201920172016

2022
2018

2021
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In the D-Ramp a trend can be observed of near-zero airflows at 8950 level, moving downwards as time 

passes. It was recognized that the airflow delivered to the D-Ramp (75 m3/s or 160 kcfm) is less than the 

airflow pulled into the A154S orebody by the S9025 Fan Chamber (94 m3/s or 200 kcfm). Thus, the 

section of the D-Ramp below the lowest addition of fresh airflow sees a reversal of flows, leaving one 

ramp loop almost without air movement where the airflow direction transitions (at a site where air from 

below coming up the ramp meets air from above coming down the ramp). This was not an acceptable 

situation as this site exists is in the midst of a production zone. Furthermore, it is known from operational 

experience that radon levels can become slightly elevated in that area of the mine under conditions of low 

air velocity in the ramp, as ramp airflow is required to dilute and expel the radon from the pump stations 

which are located in the D-Ramp. 

Finally, large swaths of unsatisfactory airflows can be observed in the A154N orebody production areas. 

In 2018 the C-block (N8925-9025) will enter production without sufficient ventilation, and in 2020 the D-

block (N8800-8900) will begin production without closing any areas down, thus it is predicted that the 

number of inadequately ventilated levels will grow.  

It is worth noting that at this stage the mine plan did work very neatly in some ways; as A-block ends C-

block begins, and as A154S ends D-block begins. With a fixed airflow supply, one can imagine moving 

the fresh air supply from one mining block to another, which works very nicely in a plan constrained by 

total fresh airflow, such as for this case study. 

 

6.7. Modelling to Find Bottlenecks and Inefficiencies (Step #6) 

Any good ventilation methodology must not only look at where airflows are above/below a certain 

volumetric standard (or temperature, or pollutant), but must also check the system for efficiency, as the 

proposed model framework did at this point. Ventsim has several tools that can indicate where airspeed is 

too high or shock losses too great, and an experienced ventilation engineer can identify further 

improvements beyond what a software tool will recognize. These tools should be applied both to the Base 
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Case Scenario Model, and to any alternative ventilation plan (especially with new or different booster 

fans). Inefficiencies that exist in the current system should be found in the field: velocities that are outside 

the industry norms for the type of drift will suggest where airways are poorly sized, fan operating points 

that are far outside the optimal efficiency range will identify poorly selected fans, and a comparison of 

airflow volume per power unit (m3/s per kW) can be quickly created to rank the site fans. Table 17 

identifies fans that were efficient at moving air. 

Table 17. Comparing select booster fan input power to airflow movement 

Fan Location Airflow Movement Input Power m3/s per kW 
A9055 Ramp Fans 57 m3/s 53 kW 1.08 

A9080 Production Fans 109 m3/s 151 kW 0.72 
S9025 / RAR #14 
Production Fans 

94 m3/s 98 kW 0.96 

N9035 Ramp Fans 76 m3/s 112 kW 0.68 
N9250 A-side Production 

Fans 
102 m3/s 194 kW 0.53 

N9250 B- side Production 
Fans 

121 m3/s 270 kW 0.45 

 

Fan mechanical efficiency is derived from input power, airflow movement, and fan head (also known as 

fan total pressure). The data in Table 17 ignores the fan head component. This was because the booster 

fans in the Case Study were not required to produce significant static pressure to overcome system 

resistance. The above table suggests where to look first for inefficiencies: the N9250 Fan Chamber. 

 

6.7.1. N9250 Fan Chamber 

The N9250 Fan Chamber is an unfortunate example of inefficient infrastructure that was difficult to 

improve as it cannot be shut down. This installation was responsible for providing the exhaust from 

production levels making up approximately 35% of Diavik’s production tonnage and revenue (Dominion 

Diamond Corporation, 2016) (Yip & Thompson, 2015). Looking at just the “B-Side” (Figure 28) where a 

pair of 150 kW (200 HP) fans were installed in parallel to move approximately 121 m3/s airflow, the 



75 
 

static pressure across the fan bulkhead (the net pressure caused by these fans) was measured at 191 Pa 

(0.77 in.w.g.) while it is estimated that the fans operate at a total pressure of 1,194 Pa (4.79 in.w.g.). Ther 

fans’ performance does not fit the fan curve well. If the estimation was accurate, fan losses are great and 

represent 84% of the fan total pressure. These fans discharge directly from the fan chamber to the drift, 

therefore the velocity head lost on exit is calculated as the velocity pressure through the annulus. On the 

“A-Side” fans (Figure 29) there is no inlet bell which is the first obvious improvement required. 

Regardless, the bulkhead was built to accommodate the fans selected at the time. These fans cannot be 

shut off for reconstruction or replacement without strong business and technical justification, which this 

case study will complete. 

 
Figure 28. One half of the N9250 Fan Chamber, two parallel 150 kW (200 HP) 1.37 m (54”) fans 
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Figure 29. One half of the N9250 Fan Chamber, two parallel 113 kW (150 HP) 1.37 m (54”) fans, note 

the lack of inlet bells 

 

6.7.2. RAR #10 Twinning 

The most obvious bottleneck was the RAR #10 raise, leading downwards from the RAD. The RAR #10 

raise is a 3 m diameter raisebore hole from the 9025 to 8975 elevation while the return-air-raises above it 

are 4 m diameter raisebores. By 2021 the airflow required to pass through this raise will approach 283 

m3/s (600 kcfm) as all but the 9125 level and above must exhaust through the RAR #10 raise. See Figure 

25 for details on airflow velocity. 

𝑣 =
𝑄
𝐴

 

𝐴 =
𝜋𝐷2

4
 

𝐴 = 7.06 𝑚2 
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𝑣 =
283
7.06

 

𝑣 = 40 𝑚/𝐿 

Table 4 would suggest that an airflow velocity in the range of 15-20 m/s would be a satisfactory design 

air velocity for concreted (smooth) exhaust shafts. Without some relief the RAR #10 raise was shown to 

be incapable of moving the airflow required for the mine plan, and nearly every model considered had a 

raise running parallel along the RAR #10 raise. Those that did not include such a raise did not come close 

to meeting airflow requirements. 

 

6.8. Generating Ideas for Solving Shortcomings (Step #7) 

The new framework model now directs the user to undertake an idea generating session to find possible 

solutions for whatever shortcomings may have been identified. Two major obstacles needed investigation 

in this case study to meet the design acceptability criteria outlined by Section 6.6. Fresh airflow delivered 

to the lower D-Ramp was insufficient, and exhaust airflow from the A154N orebody could not maintain 

production growth planned for the A154N orebody. It was shown in Section 6.7 that there were two 

inefficient installations. The RAR #10 raise would see very high airspeeds up to 40 m/s as the mine life 

progresses, and N9250 Fan Chamber appeared to operate with very low efficiency. These two 

inefficiencies were addressed by generating potential solutions.  

The following ideas were considered to increase airflow to the D-Ramp: 

• Change fans at the N9035 bulkhead for higher power fans without modifying the bulkhead 

(constrain fans to the diameter of inserts already installed in the bulkhead), as appear at existing 

installation shown in Figure 30; 

• Modify the N9035 bulkhead to add parallel fans (constrain number of fans to existing free area in 

bulkhead); 



78 
 

• Replace the N9035 bulkhead to maximize fan diameter (constrain fan diameter to excavation 

area); 

• Connect a drop raise into the D-Ramp ventilation raise and construct a new bulkhead with 

parallel fans (remove constraints of current location); 

• Reverse the RAR#14 raise to provide fresh air to the bottom of the D-Ramp once the A154S 

orebody production is complete. 

The following ideas were considered to increase exhaust airflow from the A154N orebody, with 

variations of each idea creating a total of 15 model scenarios: 

• Twinning raisebore holes to decrease airflow speed and resistance in order to get more 

performance out of the current installation. These scenarios considered the RAR #6, #6+10, 

#6+10+15 raises (models 2a, 2b, 2c); 

• Replacing the N9250 Fan Chamber with four parallel 2.13 m (84”) diameter fans, and considered 

fans operating at 900rpm and 1200rpm, with and without twinning of the RAR #6 and 10 raises 

(models 3a-3e); 

• Repurposing the RAR#14 raise to also exhaust from the A154N orebody (model 4); 

• Exhausting through the RAD into the Pit to create a parallel exhaust path, with and without 

twinning the RAR#10 raise, with and without connecting the RAR #14 raise to the A154N 

orebody exhaust, with and without reversing the RAR#14 raise to provide fresh air after the 

A154S orebody mining is complete (models 5a-5d); 

• Reversing FAR #3 to re-establish the RAR #1 raise on surface (models 6a & 6b). 
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Figure 30. The N9035 Booster Fans 

 

6.9. Preliminary Evaluation of Options (Step #8) 

One of the strengths of the proposed framework model is the staged approach it takes, that an idea must 

first pass a preliminary evaluation such as a value-ease analysis or quick-and-dirty modelling before 

moving through a more thorough evaluation and economic analysis in Step #11. This one facet of the 

framework is superior to an iterative loop. It moves the bulk of the work to the front-end of the analysis, 

and only the best ideas are fully evaluated. In comparison to this framework, in a simple iterative loop 

each idea must be fully examined, wasting time, and without a formalized idea generating session, some 

options are never found.  
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For the obstacle of increasing fresh airflow delivery to the D-Ramp, a quick value-ease ranking (Figure 

31) of the available projects was completed with the operational knowledge of the site. The rankings are 

as follows: 

A. Changing fans for higher power units without modifying the bulkhead – low value & high ease – 

this option had already been completed once and the maximum airflow with the existing bulkhead 

was being achieved; 

B. Add parallel fans – high value & moderate ease – this option would result in installation of 2 

more identical diameter fans in parallel using a concrete saw to cut through bulkhead with 

moderate downtime to ramp development; 

C. Replace bulkhead to maximize fan diameter – high value & moderate ease – this option would 

install 3 parallel 1.37 m (54”) diameter fans with moderate downtime (estimated more downtime 

than for option #2) to ramp development, and less perceived risk than attempting to modify an 

existing bulkhead; 

D. Connect a drop raise into the current D-Ramp ventilation raise two legs down from the start and 

construct a bulkhead with parallel fans – high value & low ease – this is a higher cost project that 

did not seem to have any benefit compared to replacing the current bulkhead, and moderate 

downtime to the ramp operations would be expected; 

E. Reverse the airflow direction of the RAR#14 raise – high value & low ease – this would cause 

exhaust from the A154S production operations to be reused in A154N production, contrary to our 

design acceptability criteria. 
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Figure 31. Value-Ease analysis of ideas to increase fresh air delivery to the lower D-Ramp 

As there was a limited amount of fresh air available for the increased N9035/D-Ramp ventilation in the 

near term (2018-2020), the impacts of options B-D were considered equal. Therefore, Option B, 

considered the easiest to implement in the ranking list, was used as a place holder during the analysis of 

the A154N orebody exhaust options.  

The work of creating the model variations fed back into list of variations, which is to say that the results 

from the first attempt guided the second attempt and so on. Exhaust from the A154N orebody was 

assessed and compared against the total airflow requirements, shown in Figure 32. This analysis did not 

look at the overall mine effects of each option within the model, only the A154N orebody exhaust. The 

value-ease analysis was not used here as the magnitude of the change was too large to accurately estimate 

value (total exhaust airflow from the A154N orebody). 
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Figure 32. Summary results from modelling 16 options to increase the A154N exhaust airflow volumes, airflow units are kcfm

Preliminary Modelling of 16 Alternatives
TOTAL KCFM EXHAUSTED FROM A154N Model
all values are kcfm # Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Base Case RAR 11 to pit 1 470  473  482  474  468  474  537  537  530  534  520  498  492  494  500  481  475  478  481        482     
Required Exhaust from A154N 470  470  470  470  470  470  470  505  550  530  550  515  485  470  580  610  640  655  690        690     

delta from base case 0% 1% 3% 1% 0% 1% 13% 6% -4% 1% -6% -4% 1% 5% -16% -27% -35% -37% -44% -43%

w/ Twin RAR 6 2A 471  475  484  481  474 477 550 548 534 543 540 530 521 523 525 521 513 516 519       519    
w/ Twin RAR 6+10 2B 562 561 558 557 548 540 537 540 544 540 532 535 538       538    

w/ Twin RAR 6+10+11 2C 565 553 545 556 554 545 538 545 554       554    

4 x 84" 100hp 880rpm @15° 3A 517 519 484 508 476 427 401 409 429 398 380 382 393       393    
w/ Twin RAR 6+10 3B 605 589 573 584 585 556 533 537 560 533 510 519 527       527    

4 x 84" 225hp 1200rpm @ 15° HB w/ Twin RAR6+10 3C 739 726 696 719 699 668 647 653 670 639 620 631 622       634    
4 x 84" 180hp 880rpm @ 20° FB 3D 695 689 660 680 666 636 615 620 639 609 589 600 603       604    

4 x 84" 225hp 1200rpm @ 10° FB 3E 709 705 685 699 687 665 651 655 667 645 632 640 641       641    

RAR14 for ND block 4 659 646 653 637 644       644    

Exhaust thru  RAD / RAR13 5A 613 625 596 623 564 531 527 521 536 518 517 503 510       510    

w/ Twin RAR 10 5B 692 698 684 691 663 651 645 638 658 648 645 636 640       640    

Exhaust thru RAD/RAR13 + RAR14 + Twin RAR10 5C 682 684 667 674 646 634 551 657 643 601 587 599 614       645    
2018 RAD Exhaust, 2020 RAR14 Fresh Air, Twin RAR10 5D 682 684 667 674 646 634 620 644 648 613 613 605 634       634    

Reverse RAR14 6A 487  476  479 489 540 536 531 546 520 491 490 501 497 474 479 481 476       476    
Reverse FAR #3 (re-establish RAR #1) & Twin RAR10 6B 598       598    

2021 2022
20202016 2017 2018 2019
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6.10. Re-simulate with Likely Options (Step #9) 

The modelling work is done in the middle of, and critical to, two iterative loops. Modelling often brings 

other ideas forward, or finds deficiencies in the original modelling done. Deficiencies obviously require 

the return to Step #4 to re-create the ventilation model. This is the first iterative loop and hopefully not 

repeated too often. The other iterative loop is the return from model evaluation (Step #10) to idea 

generation (Step #7), which happens almost automatically for the experienced ventilation professional 

who is judging each change to the model for effectiveness.  

In the example from the Diavik Diamond Mine, on more than one occasion the 2nd pass of modelling 

brought to light something which was incorrect; either something that had been overlooked, or an 

erroneous connection in a future model. In Ventsim one can either isolate one time period and edit it 

alone, or one can edit a branch in all time periods. The default is to edit all time periods, so clumsiness 

can create messiness. This is another way in which the methodology is robust. Returning to the models 

after the preliminary evaluation to review the best options gives the opportunity to review the work and 

the ideas to ensure that both are complete and correct. 

The two best options which were able to achieve life of mine exhaust airflows for the A154N orebody 

production were selected from the following modelling exercise: 

Option #1. Replace the N9250 Fan Chamber with four very large diameter high-volume fans and 

twin the RAR #6 & #10 raises (two raisebores in series leading to N9250 Fan Chamber) 

Option #2. Immediately replace two 112.5 kW (150 HP) fans in the N9250 Fan Chamber with 150 

kW (200 HP) models of equal diameter, then create a parallel exhaust route through the 

RAD with a new fan chamber while also twinning the RAR #10 raise, and in 2020 when 

the A154S orebody is complete reverse the RAR #14 raise airflow direction to maximize 

fresh air delivery to bottom of the mine. 
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The first viable scenario replaced the A154N exhaust fan chamber at N9250 and paralleled two return-air-

raises (RAR #6 & 10) to reduce the system resistance, while the second created a parallel exhaust route 

through an under-utilized drift (“RAD”) which connected to surface and paralleled one return-air-raise 

(RAR #10). These areas are highlighted in Figure 33. 

None of the preliminary models met the airflow requirements for the period after 2020 Q3, but were 

within 24 m3/s (50 kcfm) of doing so. Trying to force the model to deliver 336 m3/s (700 kcfm) airflow to 

the A154N orebody in this period was fruitless; it was not possible to supply enough fresh air to the 

orebody for this. The ideas generated to overcome this were to close the N9035 weld bay, responsible for 

a demand of 10 m3/s (20 kcfm), or to install doors in the haulage area to direct the entire fresh air delivery 

underground to the A154 orebody areas. As the demand was created using average block airflows, and the 

discrepancy was relatively small (14 m3/s or 30 kcfm if the weld bay is shut down) and equal to about one 

level of the 15 in operation, this discrepancy is manageable. It may be that by assuming each block would 

have a mini-mining-cycle was an over-estimation, it would be illogical to deliver CRF to three stopes 

simultaneously, though two is likely (one CRF and one RF). 
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Figure 33. Simplified ventilation schematic of the Diavik Underground Mine with areas of interest for the 

case study identified 

Detailed airflows from the two options considered are summarized in the next pages in Figure 34 and 

Figure 35. All airflow values shown in these figures are given in imperial units “kcfm”. Periods of low 

airflow in the D-Ramp continues to persist, though were less significant in Option #2.  

N9250 Fan Chamber 

RAR #10 to RAD 

RAD 

RAR #6 to N9250 
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Figure 34. Results of Ventsim analysis of option to replace the N9250 Fan Chamber with four larger fans 

and twin RAR #6 and #10 airflow units are kcfm (Option #1) 

all values are kcfm
Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

dry bulb surface temperature 16.5 -15.6 -32.7 -3.2 16.5 -15.6 -32.7 -3.2 16.5 -15.6 -32.7 -3.2 16.5 -15.6 -32.7 -3.2 16.5 -15.6 -15.6 -15.6
wet bulb surface temperature 14.5 -15.9 -32.9 -4.2 14.5 -15.9 -32.9 -4.2 14.5 -15.9 -32.9 -4.2 14.5 -15.9 -32.9 -4.2 14.5 -15.9 -15.9 -15.9

FAR Total Fresh Air 1527 1497 1619 1593 1609 1486 1649 1772 1640 1700 1741 1775 1641 1650 1590 1603 1614 1644 1646 1644

C-Portal 276 409 536 414 350 426 496 407 274 302 515 405 283 470 518 419 359 480 477 478
A-Portal 272 172 183 258 311 189 125 255 271 284 158 252 275 233 156 260 314 243 239 240
N-Portal 120 86 124 127 143 89 48 102 107 118 111 152 138 153 128 158 175 161 158 161

RAR 11 to pit 475 479 488 478 475 480 712 704 684 694 695 671 657 684 686 645 643 649 662 653
RAR 13 to pit 182 171 119 127 130 122 114 126 128 129 116 125 128 123 116 129 130 124 124 124
RAR 14 to pit 196 178 176 191 198 181 163 184 175 176 157 179 161 0 0 0 0 0 0 0

A9080 Fans 195 192 218 216 216 212 211 211 207 208 233 228 228 265 263 238 257 250 246 0
A418 A9045 65 65 30

SRL Levels A9020 65 30 30 65 65 30
A8995 64 65 65 30 30 30 65 65 30
A8970 30 65 65 65 30 30 30 30 65 65
A8945 8 30 61 65 65 65 30 30 30 30 65 65 30
A8920 1 6 27 65 65 65 65 65 30 30 30 30 65 30
A8895 34 7 13 21 65 65 65 30 30 30 30 30 30
A8870 19 23 30 30 30 30 30 30 30 30
A8845 5 61 60 65 30 30 30 30
A8820 61 65 30 65 30
A8795 24 65 65 65
A8770 21 10 90 243 0

A-Ramp (A9055 fans) 115 115 112 114 114 114 114 113 113 100 99 95 95 91 91 89 87 83 92 96

A154S S8975 58 56
SLR Levels S8950 128 30 31 30

S8925 65 65 60 30 65 30
S8900 65 65 67 64 30 30 30
S8875 15 14 65 65 46 54 30 30 30
S8850 65 65 56 30 30 65
S8825 12 64 65 80 65 85 71 0
S8800 43 30 23 88 82 0 0 0 0 0 0 0

A154N N9250 29 31 28 30 31 31 46 45 15 15 30 30 15 15 15 15 15 15 15 15
"A-Block" N9225 30 30 30 65 65 65 65 65 65 65 30

N9200 65 65 656 65 65 65 30 30 30 30
N9175 65 65 65 30 30 30

RAD 9115 15 15 15 15 15 15 15 15 34 36 40 42 42 42 42 49 49 49 48 48

A154N N9150 30 65 65 30 30 30 30 30 30 65 65 30 30 30 30 30 30 30 30 30
"B-Block" N9125 65 65 65 30 30 30 30 65 65 65 65 30 30 30 30 30 30 30 30 30

N9100 65 30 30 30 30 65 65 65 65 30 30 30 30 65 65 65 65 65 65 65
N9075 30 30 30 65 65 65 65 30 30 30 30 65 65 65 65 65 65 65 65 65
N9050 30 30 30 65 65 30 30 30 30 30 30 65 65 30 30 30 30 30 30 30

A154N N9025 5 7 7 5 9 5 28 27 30 30 30 30 30 30 30 30 30 30 30 30
"C-Block" N9000 5 6 6 5 9 5 22 21 30 30 30 30 30 30 30 30 30 30 30 30

N8975 30 30 41 32 16 33 30 30 30 30 30 30 30 30 30 30 30 30 30 30
N8950 65 65 65 65 65 65 65 65 65 65 65 65 65 65
N8925 65 65 65 65 65 65 65 65 65 65 65 65 65 65

A154N N8900 53 50 48 53 56 58 52 52 15 15 15 15 15 15
"D-Block" N8875 53 49 46 51 52 53 44 50 30 30 30 30 30 30

N8850 12 14 30 30 30 30 30 30
N8825 9 8 12 19 45 45 45 45 45 45
N8800 17 16 14 26 65 65 65 65 65 30

D-Ramp (N9035 Fans) 165 165 262 258 254 256 257 258 258 259 260 262 261 256 258 259 259 259 253 253
D-Ramp below OP3 103 82 42 31 33 36 187 197 189 181 200 219 202 92 94 69 68 61 130 38
D-Ramp below 9000 90 69 39 28 33 33 173 184 159 161 170 188 173 51 71 87 85 44 104 19
D-Ramp below 8975 29 19 77 58 48 64 144 155 127 131 140 158 87 45 45 60 38 60 77 7
D-Ramp below 8950 89 14 101 83 48 64 82 92 70 74 84 57 47 13 0 7 2 8 19 33
D-Ramp below 8925 152 76 167 111 106 89 20 31 16 21 31 49 33 73 71 56 57 56 38 63

D-Ramp below 8900 (TLD) 151 137 229 174 170 117 57 44 31 25 24 2 14 116 78 66 69 64 47 88
D-Ramp below 8875 151 159 251 248 243 173 162 123 99 97 65 49 54 155 82 75 78 76 56 109

Top of A-Ramp 69 166 205 119 63 157 224 138 78 180 227 137 75 149 196 111 59 152 146
C-Ramp above N 124 158 233 203 157 182 196 171 67 147 192 170 121 226 261 217 209 190 236

C9060 Shop / RAR3 79 74 78 82 82 78 77 82 81 79 78 83 83 81 79 82 84 78 81
C9105 Pump Station 43 42 50 43 42 40 50 51 46 50 52 53 50 48 49 47 47 45 48
N9035 Welding Bay 27 27 35 32 31 32 17 19 19 24 25 19 16 33 35 32 33 30 31

Total A154N Exhaust 475 479 488 478 475 480 712 704 684 694 695 671 657 684 686 645 643 649 662 653

Diavik Vent LOM Plan - Upgrade N9250 FC - DETAILED
2016 2017 2018 2019 2020

2021 2022
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Figure 35. Results of Ventsim analysis of option to create a parallel exhaust route through the RAD and 

twin RAR #10, airflow units are kcfm (Option #2) 

all values are kcfm
Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

dry bulb surface temperature 16.5 -15.6 -32.7 -3.2 16.5 -15.6 -32.7 -3.2 16.5 -15.6 -32.7 -3.2 16.5 -15.6 -32.7 -3.2 16.5 -15.6 -15.6 -15.6
wet bulb surface temperature 14.5 -15.9 -32.9 -4.2 14.5 -15.9 -32.9 -4.2 14.5 -15.9 -32.9 -4.2 14.5 -15.9 -32.9 -4.2 14.5 -15.9 -15.9 -15.9

FAR Total Fresh Air 1527 1496 1701 1733 1514 1486 1744 1779 1550 1677 1658 1783 1650 1658 1719 1708 1618 1498 1651 1651

C-Portal 276 408 561 470 307 426 508 390 196 411 487 389 252 457 552 454 346 418 467 466
A-Portal 272 172 217 303 288 190 147 242 235 177 108 240 260 220 203 288 308 179 230 228
N-Portal 122 88 148 167 123 91 59 87 77 41 69 141 126 143 154 177 170 119 151 152

RAR 11 to pit 471 475 483 476 466 473 534 526 510 527 515 500 484 507 502 476 468 475 489 489
RAR 13 to pit 184 173 123 130 130 123 339 352 352 345 329 339 341 339 321 321 319 310 323 323
RAR 14 to pit 196 178 178 195 197 182 165 184 173 174 155 178 183 0 0 0 0 0 0 0

A9080 Fans 194 192 218 218 217 212 212 211 207 207 233 228 228 265 263 238 257 250 247 0
A418 A9045 65 65 30 30

SRL Levels A9020 65 30 30 30 65 30
A8995 64 65 65 65 30 30 65 65 30
A8970 30 65 65 65 30 30 30 30 65 65
A8945 8 30 30 65 65 65 30 30 30 30 65 65 30
A8920 2 2 23 65 65 65 65 65 30 30 30 30 65 30
A8895 30 6 13 21 65 65 65 30 30 30 30 30 30
A8870 17 23 30 30 30 30 30 30 30 30
A8845 5 61 60 65 30 15 30 30
A8820 61 65 30 65 30
A8795 24 65 92 135
A8770 35 16 21 243 0

A-Ramp (A9055 fans) 115 115 115 114 114 114 114 113 112 100 99 94 94 91 91 91 87 84 98 96

A154S S8975 58 56
SLR Levels S8950 128 30 30 30

S8925 65 65 65 30 65 30
S8900 65 65 66 63 30 30 30
S8875 15 16 65 65 53 54 30 30 30
S8850 65 65 55 30 30 65
S8825 12 65 65 80 65 85 41
S8800 42 30 21 88 42 -98 -101 -101 -101 -101 -101 -101

A154N N9250 24 26 25 27 30 29 50 49 15 15 30 30 15 15 15 15 15 15 15 15
"A-Block" N9225 30 30 30 65 65 65 65 65 65 65 30

N9200 65 65 65 65 65 65 30 30 30 30
N9175 65 65 65 30 30 30 0

RAD 9115 16 16 16 20 21 18 -148 -158 -157 -147 -131 -134 -136 -137 -146 -137 -145 -130 -145 -145

A154N N9150 30 65 65 30 30 30 30 30 30 65 65 30 30 30 30 30 30 30 30 30
"B-Block" N9125 65 65 65 30 30 30 30 65 65 65 65 30 30 30 30 30 30 30 30 30

N9100 65 30 30 30 30 65 65 65 65 30 30 30 30 65 65 65 65 65 65 65
N9075 30 30 30 65 65 65 65 30 30 30 30 65 65 65 65 65 65 65 65 65
N9050 30 30 30 63 63 30 30 30 30 30 30 65 65 30 30 30 30 30 30 30

A154N N9025 7 8 6 4 4 4 26 27 28 28 30 30 30 30 30 30 30 30 30 30
"C-Block" N9000 5 6 6 4 3 4 20 21 22 22 30 30 30 30 30 30 30 30 30 30

N8975 20 33 39 26 23 27 30 30 30 30 30 30 30 65 65 65 65 65 65 65
N8950 65 65 65 65 65 65 65 65 65 65 65 65 65 65
N8925 65 65 65 65 65 65 30 30 30 30 30 30 30 30

A154N N8900 45 47 55 56 54 62 64 49 15 15 15 15 15 15
"D-Block" N8875 46 48 53 53 49 57 59 48 30 30 30 30 30 30

N8850 13 12 30 30 30 30 30 30
N8825 9 9 22 30 45 45 45 45 45 45
N8800 16 16 23 30 65 65 65 65 65 30

D-Ramp (N9035 Fans) 165 166 262 258 254 255 255 257 258 258 259 261 260 254 257 258 258 258 253 253
D-Ramp below OP3 108 102 38 38 34 43 172 193 194 187 194 226 211 15 21 27 27 17 64 66
D-Ramp below 9000 106 100 36 33 27 38 160 180 171 165 165 195 181 20 5 25 25 1 45 48
D-Ramp below 8975 29 18 73 57 48 63 132 151 139 135 135 164 110 58 53 32 32 37 11 9
D-Ramp below 8950 89 12 97 82 47 63 70 89 82 79 79 86 97 117 112 90 91 96 69 68
D-Ramp below 8925 152 76 164 111 106 89 7 25 26 23 23 55 74 151 145 120 124 129 100 99

D-Ramp below 8900 (TLD) 159 137 225 174 170 116 62 45 25 22 20 6 16 186 157 135 136 141 112 111
D-Ramp below 8875 151 159 251 247 242 173 161 122 99 97 66 49 35 218 161 140 142 146 118 118

Top of A-Ramp 70 167 199 119 63 157 232 143 82 185 243 142 76 154 198 112 59 154 149 171
C-Ramp above N 123 157 260 204 158 183 179 150 35 129 153 151 47 209 252 208 198 181 225 163

C9060 Shop / RAR3 73 60 71 74 74 69 80 80 80 80 80 80 80 80 80 80 80 80 80 80
C9105 Pump Station 17 14 17 17 17 16 40 41 42 42 41 48 50 46 25 29 29 28 27 56
N9035 Welding Bay 50 50 50 50 50 50 50 50 50 50 50 50 50 40 40 40 40 40 40 40

Total A154N Exhaust 471 475 483 476 466 473 682 684 667 674 646 634 620 644 648 613 613 605 634 634

Diavik Vent LOM Plan - RAD Exhaust - DETAILED
2016 2017 2018 2019 2020

2021 2022
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6.11. Thorough Evaluation and Economic Analysis (Step #10) 

6.11.1. Increase Airflow to D-Ramp 

For this part of the case study, the maximum airflow volume that could be delivered to the bottom of the 

D-Ramp was limited to the amount passing in front of the N9035 Booster Fans. These fans were located 

at the bottom of the C-Ramp, where it connected to the D-Ramp (about half-way down the D-Ramp). As 

the split of airflow from the surface fans between the A-Ramp, upper D-Ramp and lower D-Ramp was 

unregulated, the airflow delivered was essentially fixed, as demonstrated in Table 18.  

Table 18. Predicted base case airflows to bottom of the C-Ramp 

2016 Q3 2017 Q2 2018 Q1 2018 Q4 2019 Q3 2020 Q2 

169 m3/s 
(359 kcfm) 

162 m3/s 
(343 kcfm) 

177 m3/s 
(368 kcfm) 

190 m3/s 
(403 kcfm) 

189 m3/s 
(400 kcfm) 

176 m3/s 
(372 kcfm) 

 

From this modelled airflow volume (162 m3/s) the desired flows to the N9035 Welding Bay (9.4 m3/s) 

and OP#4 Storage Area (15.2 m3/s) were subtracted. These sites are identified in Figure 36. Some 

remaining airflow was also required after the fans to ensure that air from the D-Ramp is not pulled back 

into the N9035 fans and recirculated (15 m3/s). Therefore, the goal airflow for 2016 operation of the D-

Ramp was found to be 122 m3/s (260 kcfm). 

With the booster fans already in operation, measurements of airflow (Q) and static pressure (p measured 

as the differential pressure across the bulkhead the fans were installed in), were taken and the Squared 

Law (𝑝 = 𝑅𝑄2) was used to determine R as an estimate for the raise resistance (not including fan losses). 

An estimate for a future R value at the end of mine life was also made utilizing the equivalent resistances 

equation (𝑅𝑠 = 𝑅1 + 𝑅2 + 𝑅3 + ⋯+ 𝑅𝑎). 
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Figure 36. Screenshot of Ventsim model focussing on the D-Ramp/N9035 Booster Fans 

With the constraint of the existing excavation, a fan selection exercise was carried out to consider the best 

fan selection, see Table 19. Option B considered modifying the existing bulkhead to install four parallel 

1.14 m (45”) fans (matching the diameter of the existing fans), while Option C would eliminate the 

bulkhead and rebuild it with the largest fans that could operate in parallel, which were sized at 1.37 m 

(54”) diameter. These options were subdivided to consider different sized hubs which would affect fan 

losses and maximum motor size. The data for this is included in Appendix C. 

Table 19. Results from fan selection exercise for the D-Ramp/N9035 Booster Fans 

Option Fan Configuration 2016 Airflow 
(m3/s) 

2022 Airflow 
(m3/s) 

2022 
(m3/s per kW) 

B-1 4 x 56kW Alphair 4500-VAX-1800 128 113 0.53 

B-2 4 X 75kW Alphair 4500-VAX-2100 142 127 0.44 

C-1 3 x 75kW Alphair 5400-VAX-2100 127 120 0.52 

C-2 3 x 150kW Alphair 5400-VAX-2700 159 142 0.32 

C-2 @ 75% fan speed 120  0.63 (2016) 

D-Ramp/N9035 
Booster Fan 

C-Ramp 

D-Ramp 

A418 
Mine 

OP#4 
Storage 

To N9035 Weld Bay 
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Fan performance from the current and end states were compared (see Table 18) and it was recommended 

that option C-2 be adopted to install three parallel 1.37 m (54”) diameter 150 kW (200HP) fans, as this 

solution provided the greatest life-of-mine airflow and the greatest medium term efficiency. Operational 

considerations indicated that tearing down and replacing the bulkhead was seen as more straightforward 

and as having less risk than trying to modify the existing bulkhead in place. Installing variable frequency 

drives (VFDs) to operate the fans at 75% of the fan speed would allow the installation to operate at a 

greater efficiency than would only running two of the three fans in the early years, as described in 

Chapter 2.5. This was modelled, and the results are shown in Figure 37. It was found that at 70% of the 

normal fan speed given in the fan curve (1800 rpm) each fan would operate at 40.5 m3/s, 963 Pa, 70.9% 

efficiency, and 58 kW for a rating of 0.70 m3/s per kW. In this mini-case-study the proposed framework 

was successfully utilized to find the best solution to the problem of how to maximize near term efficiency 

and long term supply to D-Ramp ventilation in support of the life-of-mine ventilation plan. 
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Figure 37. Ventsim model of the recommended D-Ramp/N9035 Fan Selection at lower rpm setting 

 

6.11.2. Increase Exhaust from A154N Orebody 

Returning to the two models which passed the preliminary evaluation for the A154N orebody production 

ventilation volume requirements, Option #1 was to upgrade the N9250 Fan Chamber and twin the RAR 

#6 and #10 raises. For this, 2.13 m (84”) diameter fans were selected as the largest fans that could 

reasonably be installed underground. Given the high airflow volume requirements (330 m3/s or 700 kcfm, 

this being almost half the total fresh air delivered to the underground), the largest fan diameter possible 

was the obvious choice. A preliminary estimation of 3-4 months for construction was made based on 

operational experience building similar infrastructure. The program was also accelerated in recognition of 
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the criticality of the N9250 Fan Chamber and assumption that it would have to be shut down completely 

to permit construction. At the annual extraction rate given in Table 5, and average orebody grade from the 

2015 NI 43-101 report of 2.08 cpt for the A154N orebody in 2017 (Yip & Thompson, 2015), the orebody 

was capable of producing 125,000 carats per month. Though all the Diavik product is sold together, and 

estimating the value per carat for each orebody individually requires some guesswork, the latest quarterly 

report from Dominion Diamond Corp had estimated the value at 175 US$/carat from the A154N orebody 

(Dominion Diamond Corporation, 2016). Assuming that there was no ability to significantly shift 

production to another orebody, lost revenue would equal approximately $22 million per month if the fan 

chamber were to be shutdown. This was unacceptable, even for one month. There was no way to change 

the fan diameters in the existing fan chamber without some period of shutdown. Therefore, it was 

proposed to excavate a new fan chamber on the 9275 level (25 m above the chamber in question) that 

would allow construction to occur without hindering production. When the new fan chamber was ready to 

use, a drop raise to the collar of the RAR #6 raise would be made and the old fan chamber walled off. The 

case study considered a fan chamber excavation roughly identical to what existed, which required 200 m 

of horizontal development. The capital cost for this first option was estimated to be $4.0 million. Of this 

the fan chamber excavation was responsible for approximately 25%, raiseboring activities 25%, and the 

fan chamber construction and materials 50% of the total cost. 

Option #2, the “RAD Fan Chamber” option, was modelled with three 1.37 m 150 kW (54” 200hp) fans as 

a place holder for a future fan selection exercise. As these fans were in use elsewhere at the Diavik 

Diamond Mine, they represented a viable selection for the preliminary evaluation stage. The capital cost 

for Option #2 was estimated to be $1.5 million and included replacing two 112.5 kW (150 HP) fans with 

two 150 kW (200 HP) fans of the same diameter in the N9250 fan chamber, twinning the RAR #10 raise, 

and constructing a new fan chamber in the RAD. 

The advantage of Option #2 over Option #1 was of course the upfront cost, $1.5 M vs $4.0 M. However, 

the electrical costs at Diavik were significant as power is generated on site by diesel generators and the 
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diesel was shipped up on the ice road. Life of mine operating costs must be considered in the project 

comparison. The case study estimated the power cost to be equal to the average rate in Yellowknife at 

$0.31/kWh (Government of the Northwest Territories, 2016). Option #1 would install 670 kW (900 HP) 

of fans while taking 520 kW (700 HP) offline. Option #2 would remove 60 kW (80 HP) and install 450 

kW (600 HP) at the new RAD Fan Chamber, while increasing the N9250 Fan Chamber to 600 kW (800 

HP). Table 20 shows that Option #2 features would cost $2.7 M/yr. in operating cost while Option #1 

features would cost only $1.8 M/yr (for simplicity it was assumed that construction would occur in 2017 

and that the equipment would begin operation Jan 1st, 2018). 

Table 20. Life of mine capital and operating costs to facilitate options assessment 

 

The option to replace the N9250 Fan Chamber with a new excavation and four parallel 2.13 m 167 kW 

(84” 225 HP) fans appeared superior in the financial model, shown in Table 21. This solution takes care 

of the inefficient installation that currently exists at Diavik in the N9250 Fan Chamber, as discussed in 

Section 6.7.1. However, while Option #1 had a lower annual operating cost, a comparative economic 

analysis was undertaken (Table 21) to determine if the significantly greater capital requirements of Option 

#1 were justified by the slightly lower life-of-mine operating cost. As Diavik has an adjusted EBITDA 

margin of 48% (Dominion Diamond, 2016), which is a measure of operating profitability as a percentage 

of total revenue, any project ought to improve this rate of return. It was found that the rate of return of the 

incremental capital cost increase from $1.5 M to $4.0 M was below the cut-off for investment, at only 

Option 1: Replace the N9250 Fan Chamber
2017 2018 2019 2020 2021 2022 2023 2024 2025

Capital Cost 4,000,000$  
Operating Cost 1,819,452$  1,819,452$  1,819,452$  1,819,452$  1,819,452$  1,819,452$  1,819,452$  1,819,452$  
TOTAL 4,000,000$  1,819,452$  1,819,452$  1,819,452$  1,819,452$  1,819,452$  1,819,452$  1,819,452$  1,819,452$  

Option 2: Construct RAD Fan Chamber
2017 2018 2019 2020 2021 2022 2023 2024 2025

Capital Cost 1,500,000$  
Operating Cost 2,688,444$  2,688,444$  2,688,444$  2,688,444$  2,688,444$  2,688,444$  2,688,444$  2,688,444$  
TOTAL 1,500,000$  2,688,444$  2,688,444$  2,688,444$  2,688,444$  2,688,444$  2,688,444$  2,688,444$  2,688,444$  
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31% with nearly a 3 year payback; therefore Option #2 was selected as the best result by the proposed 

framework. A layout of the proposed exhaust path for Option #2 is given in Figure 38. 

Table 21. Comparative economic analysis between options 1 and 2 

 

One of the strengths of this proposed ventilation planning framework is the staged approach taken to 

arrive at this recommendation. The formalized idea generating session brought forward fifteen options to 

arrive at this final recommendation. Another strength is that these fifteen options were reduced to two 

without needing to fully develop each model for the 20 stages of the mine life (300 models), by 

completing the preliminary options evaluation. In the time-constrained world of engineering this frees 

time for design optimization. 

 

6.12. Selection and Design Optimization of Mine Ventilation Plan (Step #11) 

As stated, the comparative economic analysis found that the added investment of $2.5 M for Option #1 

over Option #2 had a payback period of 2.9 years and a rate of return of only 31%. These numbers are 

poorer than the management team was willing to accept for projects, and Option #2 was selected as the 

most economic solution to the life-of-mine ventilation requirements. Figure 38 details the location of the 

recommended fan chamber (D9120) and parallel exhaust path required to meet life of mine ventilation 

design acceptability criteria. This case study has successfully proven that the framework does provide a 

superior platform for performing ventilation planning work on life of mine plans. The next step of the 

study was to optimize the fan selection, which would hopefully improve site economics by determining 

the most efficient fan, rather than selecting only the one available at site which was used for the 

preliminary options analysis. 

Added Cost of Option #1 over #2
2017 2018 2019 2020 2021 2022 2023 2024 2025

Delta Cash Flows (Op2-Op1) (2,500,000)$  868,992$       868,992$   868,992$  868,992$  868,992$     868,992$     868,992$     868,992$     
Cumulative Delta (2,500,000)$  (1,631,008)$  (762,016)$  106,976$  975,968$  1,844,960$  2,713,952$  3,582,944$  4,451,936$  
Comparative NPV @ 8% $2,309,059
Comparative IRR 31%
Comparative Payback 2.88              
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Figure 38. Isometric view of the Diavik Underground Mine with proposed exhaust path highlighted 

through the RAD and RAR #10 Twin raise 

The fan selection analysis considered 1.4 m (54”) and 1.8 m (72”) fans. These diameters were common to 

Diavik and were some of the largest auxiliary fan size available. Three or four 1.4 m (54”) fans with 0.53 

m (21”) and 0.69 m (27”) hubs were considered, and two 1.8 m (72”) fans with 0.69 m (27”) and 0.76 m 

(30”) hubs were also considered for parallel operation. The benefit of the smaller hub was the reduced 

velocity pressure head loss as the air exits the fan; the downside of the smaller hub was that it limits the 

motor size. A single fan configuration was not desirable and a potential fan selection for this option was 

not sought. The case study performed the fan selection work in Microsoft Excel, so that maximum control 

could be applied to the input factors. Fan selection data is given in Appendix D: Fan Sizing and Selection 

Exercise for RAD Fan Chamber.  

The required Fan Static Pressure (or Mine Total Head) to cause a given airflow to pass through the RAD 

Fan Chamber was determined from simulations conducted in Ventsim. The fan losses were calculated in 

Microsoft Excel for the same series of airflows. The sum of mine total head and fan losses was the fan 

total pressure (FTP), and, when calculated for various airflow rates, created the system curve. The 
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intersection of the system curve and fan curve was the operating point for that specific scenario. 

Operating points projected 2018 operations, after construction was complete, and as far in time as 2022, 

when the A154N orebody reached its final configuration with three mining blocks open, were calculated 

for these four fan combinations, as shown in Table 22. The calculations for this work were carried out in 

Imperial units, as this is how fan performance curves are typically supplied in North America. 

The analysis found that four 5400-VAX-2100 fans were capable of meeting the required airflow 

minimum volume flow rate of 165 m3/s (350 kcfm), as listed in Table 22, however the input power 

requirement surpassed the maximum motor power available. No larger motor could be supplied with this 

fan due to the small hub size. 5400-VAX-2700 fans with 150 kW motors met all the criteria (and were the 

fans used for preliminary modelling), but required the greatest input power, so the selection was deemed 

to be inefficient. For the previous two cases, it is also abnormal to put three or four fans in parallel when 

there are no constraints preventing the selection of two fans. The reason for this is that the more fans there 

are in parallel, the lower you want the fans operating on the curve. Multiple fans in parallel are known to 

push one of the fans into the stall zone, which is not desirable, thus the need to run them low on the curve 

where the fans are less efficient at converting input power to air power.  

The 7200-VAX-2700 fans operated at 1,592 Pa (6.4 in.w.g.) and 360 kW, were the most efficient fans 

tested and were therefore selected. The variant with the 0.76 m (30”) hub required 400 kW input power. 

All the fans tested had rated efficiencies in the range of 73-76%, however it must be noted that this was 

the efficiency of the motor’s input power being transferred to air power, and was only one-half of a good 

fan selection. A fan operating in an efficiency “sweet spot” on the fan curve may still be an inefficient 

selection. In this case study, the fans with the lowest input power requirement yield the lowest Fan Total 

Pressures, and, given an equal Fan Static Pressure for all selections, these fans with the lowest input 

power requirement would have had the lowest losses at the fan itself.  
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Table 22. Comparison of potential fan operating points for the RAD Fan Chamber 

General Size 54” Shell  
21” Hub 

54” Shell  
27” Hub 

72” Shell 
27” Hub 

72” Shell 
30” Hub 

Fan Tested Alphair 5400-
VAX-2100 

Alphair 5400-
VAX-2700 

Alphair 7200-
VAX-2700 

Hurley 72-30-
1200 

Blade Pitch Full Blade 15° Half Blade 
22.5° 

Full Blade 26° Full Blade 25° 

Motor Power 75 kW  
(100 HP) 

150 kW  
(200 HP) 

186 kW  
(250 HP) 

205 kW  
(275 HP) 

Number Fans 4 3 2 2 
2022 Airflow 165 m3/s 

(350,000 cfm) 
162 m3/s 

(343,000 cfm) 
168 m3/s 

(355,000 cfm) 
170 m3/s 

(360,000 cfm) 
2022 FTP 1394 Pa 

(5.6 in.w.g.) 
1891 Pa 

(7.6 in.w.g.) 
1593 Pa 

(6.4 in.w.g.) 
1792 Pa 

(7.2 in.w.g.) 
𝑘𝑊𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 230 kW 

(309 HP) 
306 kW 

(410 HP) 
267 kW 

(358 HP) 
304 kW 
408 HP 

𝜂2022 𝑒𝑣𝑣𝑎𝑎𝑙𝑙 𝑣𝑓𝑓𝑒𝑒𝑒𝑣𝑛𝑒𝑎 73% 73% 74% 76% 
𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 315 kW 

(423 HP) 
420 kW 

(563 HP) 
360 kW 

(483 HP) 
400 kW 

(537 HP) 
Input Power as % of 

Motor Power 
106% 93% 97% 98% 

Comment: input power > 
motor power, 

not possible 

greatest input 
power, not 

desirable 

least input 
power, best 
choice of 4 

slightly higher 
fan efficiency 
does not help 

poor selection 
 

Another manufacturer’s fan performance curve was considered against the Alphair 7200-VAX-2700 fans, 

this being the 72-AFS-S3 from Advanced Fan Systems (AFS), having the same shell and hub dimensions. 

AFS claims to have brought a novel improvement to the design of their fans which creates significant 

improvements in peak efficiency and enlarges the so-called “sweet-spot” where efficiency is peak. AFS 

was able to increase the fan efficiency from 74% to 89%, thereby reducing expected power consumption 

from 360 kW to 300 kW. Details of fan assessment are presented in the following calculations. 

Alphair 7200-VAX-2700 fan: 

𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 =
𝐻 ∗ 𝑄
6346
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𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 =
6.4 𝑖𝐹.𝑤.𝑍 ∗ 355,000 𝑐𝑐𝑚

6346
 

𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 = 358 𝐻𝑑 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
358

𝜂𝑒𝑣𝑣𝑎𝑎𝑙𝑙 𝑣𝑓𝑓𝑒𝑒𝑒𝑣𝑛𝑒𝑎
 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
358
74%

 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 483 𝐻𝑑 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 ∗ 0.7457 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 483 ∗ 0.7457 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 360 𝑘𝑊 

Advanced Fan Systems Alternative with increased efficiency: 

𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 =
𝐻 ∗ 𝑄
6346

 

𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 =
6.4 𝑖𝐹.𝑤.𝑍 ∗ 355,000 𝑐𝑐𝑚

6346
 

𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 = 358 𝐻𝑑 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
358

𝜂𝑒𝑣𝑣𝑎𝑎𝑙𝑙 𝑣𝑓𝑓𝑒𝑒𝑒𝑣𝑛𝑒𝑎
 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
358
89%

 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 402 𝐻𝑑 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 ∗ 0.7457 
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𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 402 ∗ 0.7457 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 300 𝑘𝑊 

The Advanced Fan Systems 72-AFS-S3 fan was selected as it met all the required criteria and did so for 

the lowest input power. The new operating point is plotted on the fan curve shown in Figure 39. 

With a fan selection being made, the case study considered optimization to the installation itself by 

lengthening the outlet cone to have the best regain efficiency. For sizing the cone, features included a 

known inlet diameter of 1.828 m (72”) and known outlet diameter of 2.438 m (96”) (limited for total 

excavation span). Available cone lengths were 1.829 m, 2.753 m, 3.658 m and 5.029 m (72”, 108”, 144” 

and 198”). The chart for effectiveness values for conical diffusers is given in Figure 3. The outlet to inlet 

area ratio is on the Y-axis of the chart, which for this study was a value of 1.78. The effectiveness values 

for the available conical diffusers is given in Table 23 

Table 23. Effectiveness values for conical diffusers under consideration 

Length L/Rinlet η 

1.829 m (72”) 2 0.60 

2.753 m (108”) 3 0.70 

3.658 m (144”) 4 0.76 

5.029 m (198”) 5.5 0.82 
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Figure 39. Fan Curve for a 72-AFS-S3 Fan (72” diameter, 27” hub) with operating points for two 

parallel fans in RAD Fan Chamber in 2022 highlighted 
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The calculation for pressure loss under gradual expansion is demonstrated by the following calculations: 

𝐻𝑔𝑎𝑎𝑔𝑎𝑎𝑙 𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 𝑙𝑒𝑠𝑠 = (1 − 𝜂)Δ𝐻𝑣 

Δ𝐻𝑣 = 𝐻𝑣 𝑒𝑒𝑛𝑣 𝑣𝑥𝑒𝑡 − 𝐻𝑣 𝑎𝑛𝑛𝑎𝑙𝑎𝑠 

𝐶𝐿𝐹𝐿 𝐿𝑒𝑖𝐶 𝑑𝑖𝐹𝑚𝐿𝐶𝐿𝑑 = 2.438 𝑚 

𝐶𝐿𝐹𝐿 𝐿𝑒𝑖𝐶 𝐹𝑑𝐿𝐹 =  𝜋 ∗
2.4392

4
= 4.672 𝑚2 

𝑉𝐿𝐴𝐿𝑐𝑖𝐶𝑉𝑒𝑒𝑛𝑣 𝑣𝑥𝑒𝑡 =
88.49 𝑚3/𝐿

4.672 𝑚2 = 18.94 𝑚/𝐿 

𝐻𝑣_𝑒𝑒𝑛𝑣 𝑣𝑥𝑒𝑡 = 0.6007(18.94)2 = 215 𝑑𝐹 

𝐴𝑎𝑛𝑛𝑎𝑙𝑎𝑠 = 𝐴𝑓𝑎𝑛 − 𝐴ℎ𝑎𝑎 

𝐴𝑎𝑛𝑛𝑎𝑙𝑎𝑠 = 𝜋(1.829)2/4− 𝜋(0.686)2/4 

𝐴𝑎𝑛𝑛𝑎𝑙𝑎𝑠 = 2.627− 0.370 = 2.257 𝑚2 

𝑉𝑎𝑛𝑛𝑎𝑙𝑎𝑠 =
88.49 𝑚3/𝐿

2.257
= 39.2 𝑚/𝐿 

𝐻𝑣_𝑎𝑛𝑛𝑎𝑙𝑎𝑠 = 0.6007(39.2)2 = 923 𝑑𝐹 

Δ𝐻𝑣 = 923 − 215 = 708 𝑑𝐹 

 

𝐻𝑔𝑎𝑎𝑔𝑎𝑎𝑙 𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 𝑙𝑒𝑠𝑠 = (1 − 𝜂)Δ𝐻𝑣 

Δ𝐻𝑣 = 𝐻𝑣 𝑒𝑒𝑛𝑣 𝑣𝑥𝑒𝑡 − 𝐻𝑣 𝑎𝑛𝑛𝑎𝑙𝑎𝑠 

𝐶𝐿𝐹𝐿 𝐿𝑒𝑖𝐶 𝑑𝑖𝐹𝑚𝐿𝐶𝐿𝑑 = 96 𝑖𝐹𝑐ℎ𝐿𝐿 = 8.0 𝑐𝐶 

𝐶𝐿𝐹𝐿 𝐿𝑒𝑖𝐶 𝐹𝑑𝐿𝐹 =  𝜋 ∗
8.02

4
= 50.3 𝐿𝑠.𝑐𝐶 

𝑉𝐿𝐴𝐿𝑐𝑖𝐶𝑉𝑒𝑒𝑛𝑣 𝑣𝑥𝑒𝑡 =
187,500

50.3
= 3,730 𝑐𝐶/𝑚𝑖𝐹 

𝐻𝑣_𝑒𝑒𝑛𝑣 𝑣𝑥𝑒𝑡 = �
3,730
4009

�
2

= 0.87 𝑖𝐹.𝑤.𝑍 

𝐴𝑎𝑛𝑛𝑎𝑙𝑎𝑠 = 𝐴𝑓𝑎𝑛 − 𝐴ℎ𝑎𝑎 

𝐴𝑎𝑛𝑛𝑎𝑙𝑎𝑠 = 𝜋 �
72
12
�
2

/4 − 𝜋 �
27
12
�
2

/4 

𝐴𝑎𝑛𝑛𝑎𝑙𝑎𝑠 = 28.27− 3.98 = 24.30 𝐿𝑠.𝑐𝐶 

𝑉𝑎𝑛𝑛𝑎𝑙𝑎𝑠 =
187,500

24.30
= 7,717 𝑐𝐶/𝑚𝑖𝐹 

𝐻𝑣_𝑎𝑛𝑛𝑎𝑙𝑎𝑠 = �
7,717
4009

�
2

= 3.70 𝑖𝐹.𝑤.𝑍. 

Δ𝐻𝑣 = 3.70− 0.87 = 2.83 𝑖𝐹.𝑤.𝑍. 

 

 

Therefore, the potential regain was 708 Pa (2.83 in.w.g.) for a perfectly efficient cone, however this was 

never practical in the mining environment. The starting efficiency is 60%, and increases to 82% for a 

cone 2.75x longer, as shown in Table 24. 
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Table 24. Gradual expansion head loss for conical diffusers of various lengths for case study 

Length η 𝐻𝑔𝑎𝑎𝑔𝑎𝑎𝑙 𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 𝑙𝑒𝑠𝑠 = (1 − 𝜂)Δ𝐻𝑣 

1.829 m (72”) 0.60 (1 − 0.60) ∗ 708 = 283 𝑑𝐹 (1.13 𝑖𝐹.𝑤.𝑍. ) 
2.753 m (108”) 0.70 (1 − 0.70) ∗ 708 = 212 𝑑𝐹 (0.85 𝑖𝐹.𝑤.𝑍. ) 
3.658 m (144”) 0.76 (1 − 0.76) ∗ 708 = 170 𝑑𝐹 (0.68 𝑖𝐹.𝑤.𝑍.) 
5.029 m (198”) 0.82 (1 − 0.82) ∗ 708 = 127 𝑑𝐹 (0.51 𝑖𝐹.𝑤.𝑍. ) 

 

These head losses were converted into a power loss using the formula to convert air power to input 

power, as shown in Table 25. 

Table 25. Input power loss due to head loss of conical diffusers for case study 

Length 
𝐻𝑑𝑙𝑒𝑠𝑠 =

𝐻 ∗ 𝑄
6346 ∗ 𝐿𝑐𝑐

=
𝐻𝑙𝑒𝑠𝑠 ∗ 187,500

6346 ∗ 89%
 

𝑘𝑊𝑙𝑒𝑠𝑠 = 𝐻𝑑𝑙𝑒𝑠𝑠 ∗ 0.7457 
 

1.829 m (72”) 37.5 HP 28 kW 
2.753 m (108”) 28.2 HP 21 kW 
3.658 m (144”) 22.6 HP 17 kW 
5.029 m (198”) 16.9 HP 13 kW 

 

At $0.33/kWh, the annual operating cost of the evasee is shown in Table 26. This represents the cost of 

the input power required to overcome the head losses due to imperfect gradual expansion. 

Table 26. Annual input power cost comparison for conical diffusers for case study 

Length Annual Operating 
Cost 

Reduced operating 
cost vs standard 72” 

exhaust cone 
1.829 m (72”) $80,888 $0 
2.753 m (108”) $60,827 $20,061 
3.658 m (144”) $48,748 $32,140 
5.029 m (198”) $36,453 $44,435 

 

Applying known capital costs for the improved evasee and against the reduced operating costs, a simple 

payback period for the four evasees considered is shown in Table 27. 
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Table 27. Cost comparison for various length conical diffusers 

Length 
Reduced operating 

cost vs standard 72” 
exhaust cone 

Added Capital 
Cost of Cone 

Added Capital 
Cost of 

Development 

Payback Period 
for Improvement 

1.829 m 
(72”) $0 $0 $0 $0 

2.753 m 
(108”) $20,061 $6,155 $5,900 0.6 yrs. 

3.658 m 
(144”) $32,140 $12,311 $11,800 0.75 yrs. 

5.029 m 
(198”) $44,435 $21,545 $20,800 0.95 yrs. 

 

For practical reasons of constructability, and recognizing that an ideal fan is still operating in a less than 

ideal system in this case study, the 3.658 m (144”) length exhaust cone was selected. Had the installation 

been discharging on surface the most efficient evasee possible would be selected.  

Finally, the fan pressure losses around the installation are as follows: 

𝐹𝐹𝑑 = 𝐻𝑡 + 𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿 

where FTP was the total pressure the fan sees, Ht (mine total head, sometimes FSP or fan static pressure) 

is the sum of all energy losses in the ventilation system (Section 2.2) and Fan losses are the losses due to 

the high velocity of airflow through the fan installation: 

𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿 = 𝐻𝑥_𝑣𝑛𝑡𝑎𝑎𝑛𝑒𝑣 + 𝐻𝑥_𝑠𝑒𝑎𝑣𝑣𝑛 +𝐻𝑓_𝑠𝑒𝑙𝑣𝑛𝑒𝑣𝑎 + 𝐻𝑥_𝑔𝑎𝑚𝑎𝑣𝑎 + 𝐻𝑣_𝑣𝑥𝑒𝑡 + 𝐻𝑔𝑎𝑎𝑔𝑎𝑎𝑙 𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 𝑙𝑒𝑠𝑠 

The completed calculations are given in Appendix E: Fan Losses at 2022 Operating Point for 

Recommended Fan Selection and were completed in Imperial units as that is how the fan curves were 

supplied. The outcome is summarized below. 

𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿 = 0.05 + 0.12 + 0.06 + 0.58 + 0.87 + 0.68 

𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿 = 2.36 𝑖𝐹.𝑤.𝑍.  

𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿 = 587 𝑑𝐹 
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The mine total head (Ht or FSP) was taken from Ventsim by creating a fixed airflow and reading the 

required FSP from the model. Data was available for 350 kcfm (165 m3/s) and 375 kcfm (177 m3/s) and 

can use a straight-line interpolation to find the FSP for 355 kcfm (167.5 m3/s), the expected operating 

point of this installation. 

𝐹𝐹𝑑 =
(4.20− 3.57)
(375− 350)

∗ (355 − 350) + 3.57 = 3.70 𝑖𝐹.𝑤.𝑍. 

𝐹𝐹𝑑 = 921 𝑑𝐹 

𝐹𝐹𝑑 = 𝐹𝐹𝑑 + 𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿 

𝐹𝐹𝑑 = 3.70 + 2.36 

𝐹𝐹𝑑 =  6.06 𝑖𝐹.𝑤.𝑍.  

𝐹𝐹𝑑 =  1,508 𝑑𝐹 

Revisiting the power consumption calculation with the new values yields the following input power 

determination: 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
𝐻 ∗ 𝑄

1000 ∗ 𝜂
 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
1508 ∗ 167.5
1000 ∗ 0.89

 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 284 𝑘𝑊 

This will result in a selection of a fan for the fan chamber that in 2022 is expected to move 167.5 m3/s 

(355 kcfm) of airflow at 1,508 Pa (6.06 in.w.g.) fan total pressure given 284 kW (380 HP) of input power. 
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6.13. Auxiliary Ventilation Standards 

Diavik’s current standard to provide auxiliary ventilation in production levels is to connect a 1.07 m (42”) 

fan fitted with a 75 kW (100 HP) motor to 1.22 m (48”) canvas ducting. This 1.22 m (48”) ducting 

transitions to 1.07 m (42”) ducting to carry airflow into 3 faces, as shown in Figure 40 and Figure 41.  
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Figure 40. Simplified auxiliary ventilation standard layout 
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Figure 41. Example auxiliary ventilation survey from the Diavik Mine showing the standard layout for 
production levels. 

 

The fans in use were Hurley model 42.25-26-1800 Full Bladed fan set to #1, for which the curve is shown 

by Figure 42. Modelling such a configuration with Ventsim suggests a poorly selected fan operating low 

in its curve, at 30.96 m3/s and 1,163 Pa (65.6 kcfm and 4.67 in.w.g.), with an efficiency of 48% and input 

power of 76 kW (102 HP), as shown in Figure 43. However this is modelling an ideal setup without 

kinked, pinched or ripped ducting as is found in the field, and installed fans may operate at higher 

pressure. 
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Figure 42. Fan curve for auxiliary fan used to ventilate ore headings at Diavik 
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Figure 43. Ventsim model of current auxiliary fan and duct standard 

The first option considered to improve efficiency was to half blade the current fans. At 30.96 m3/s and 

1162 Pa (65.6 kcfm and 4.67 in.w.g.) the fans would be operating at 60% efficiency and 61 kW (82 HP). 

Further improvements would be to shrink the hub size, as the fan is apparently not operating in a high-

pressure range. Moving to a HVT 42.25-21-1800 Half Blade fan the efficiency at this operating flow and 

total pressure increases to 74.2% (Figure 44), lowering the input power requirement to 56 kW (74 HP). In 

this fan shell and hub combination the most powerful motor that could fit is 56 kW (75 HP), so this 

combination is possible but it unrealistic to select a motor at full load amps in an ideal installation. 

Shrinking the hub further to 0.46 m (18”) (fan model HVT 42.24-18-1800 Full Blade) puts the desired 

operating point outside of the fan curve. Further variations do exist though, they require changing the fan 

shell diameter to up to 1.14 m (45”) or 1.22 m (48”), but they are not significantly better or worse. 
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Figure 44. Ventsim model with potential fan improvement 

It must be noted that in these configurations the fan operating point was near the tip of the fan curve and 

could too easily be pushed into to stall if the duct were, for example, pinched partially shut by a non-ideal 

installation or environment. In these auxiliary fans the selection must match efficiency with flexibility. 

These findings are summarized in Table 28, and indicate that half blading the installed fans would reduce 

power consumption by 11kW per fan.  

Table 28. Summary of fan selection test results for standard auxiliary ventilation needs at the Diavik 
Mine 

 Current  
42.25-26-1800 
Full Blade #1 

Modify Current Fans 
42.25-26-1800 
Half Blade #0.5 

Best Selection 
42.25-21-1800 
Half Blade #0 

Fan Flow 31.0 m3/s 
(65.6 kcfm) 

31.8 m3/s 
(67.3 kcfm) 

32.4 m3/s 
(68.6 kcfm) 

For Total Pressure 1162 Pa 
(4.67 in.w.g.) 

1127 Pa 
(4.93 in.w.g.) 

1274 Pa 
(5.12 in.w.g.) 

Fan Efficiency 48% 60% 74.6% 
Brake Power 76 kW 

(102 HP) 
65 kW 
(87 HP) 

55 kW 
(74 HP) 
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Furthermore, the standard that one auxiliary fan must supply three faces is arbitrary, and knowing that the 

auxiliary fans determine the primary airflow requirements on the level, it was obvious that changing to 

one fan for two level entries would provide some benefit to the long-range ventilation plans. With a 

similar duct arrangement an airflow rate of 21 m3/s (45 kcfm) was targeted. The results of modelling are 

summarized in Table 29. Similar to Table 28, the fan efficiency improved by half-blading the fan and 

reducing the hub diameter. However these changes also push the operating curve up to the peak of the fan 

curve where there is the threat of the fan stalling and failing catastrophically. 

Table 29. Results from modelling auxiliary fans for delivering air to two faces only 

 42.25-26-1800 
Full Blade #4 

42.25-26-1800 
Half Blade #2 

42.25-21-1800 
Half Blade #4 

Fan Flow 20.5 m3/s 
(43.4 kcfm) 

24.4 m3/s 
(51.7 kcfm) 

21.1 m3/s 
(44.7 kcfm) 

For Total Pressure 831 Pa 
(3.34 in.w.g.) 

1184 Pa 
(4.76 in.w.g.) 

883 Pa 
(3.55 in.w.g.) 

Fan Efficiency 45% 67% 70% 
Brake Power 40 kW 

(53 HP) 
45kW 

(61 HP) 
28 kW 
(37 HP) 

 

Therefore it is recommended that the operating point of current fans in several locations be exactly 

determined to repeat the analysis with actual fan operating points and non-ideal duct installations, that a 

move be made to a lower horsepower fan feeding two kimberlite drifts instead of three be adopted. 
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  Chapter 7

Discussion 

 

The proposed methodology which was demonstrated to work in Chapter 6 was applied in a medium-

tonnage hard-rock mine with a vertically oriented orebody, therefore there were many levels, each with 

discrete ventilation controls. In other applications, such as low tonnage (<2,000 tonnes/day) operations 

where the diesel fleet, and presumably mine footprint, are smaller the number of ventilation zones would 

likely be limited. The same methodology could be applied to smaller tonnage operations, and the mining 

method would likely be similar to the BHS method that has been assessed in the case study, but more 

detail should be included as there would likely be less availability for variability. Should the low tonnage 

mine be a long-term producer with lots of historical production, the footprint is likely spread out and the 

mining method may not be wholly mechanized, so the design acceptability criteria would have to be 

adjusted for those different requirements, but the methodology would still be a useful tool in guiding the 

ventilation planning activities. For example dust, and not diesel equipment, may be the primary driver of 

ventilating volumes, and with many kilometers of historical development simply moving air to the 

working faces may be difficult, requiring hard-ducted auxiliary ventilation with fans in series. 

Alternatively the airway friction losses may be significant and booster fans may have to operate at a 

higher pressure than for the case study, where booster fans were installed to direct air volume (versus add 

static pressure). 

For very high tonnage operations (>20,000 tonnes/day), the mining method is likely to be of the caving 

variety, and as seen in the case study with the SLR variation of caving, the ventilation method for this 

mining technique is simple as the production source is concentrated. The demonstrated greater challenge 

for such a mine is the horizontal and vertical development to prepare for the next caving block. The case 

study focussed on a production-centric view of ventilation because the development ventilation plan 

utilized the repeated application of a straightforward standard in which the ramp face was never more 
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than 300 m from the fresh air source so auxiliary ventilation was simple. Should the situation be reversed, 

and the focus become development-focussed ventilation planning, the framework remains valuable where 

design acceptability criteria can set the airflow requirements, a calibrated model can be prepared, and 

forward-looking models can be created and searched through for airflows outside of the acceptability 

criteria. Whereas the case study looked at quarterly cycles, which allowed the variance of surface 

temperatures on natural ventilating pressure to be included in the modelling, if the development cycle is 

the focus then the model periods should focus on the extremes of this time constraint. If the constraint is 

ventilation to the major declines, then testing should look at the farthest distances an auxiliary fan would 

have to deliver airflow before the auxiliary fan could be moved ahead. 

In the case of soft rock mines, which are normally very expansive room and pillar (or similar) operations, 

the design acceptability criteria must be modified to set the appropriate constraints. If the constraint is not 

re-circulation by use of auxiliary fans or diesel permitted volumes, as it was for the demonstrated case 

study, then the most critical factor(s) (dust, heat, minimum air velocity, and reduction of recirculation) 

must be found and ventilation requirements to overcome this factor calculated and set in the design 

acceptability criteria. 

This methodology is best suited for the long-term master plan and block plans. While it is certainly 

possible to perform this level of work in a feasibility study, there are generally more important areas to 

focus energy upon (such as orebody knowledge). If using this methodology for quarterly schedules or 

shorter, then the proactive methodology is unsuitable and the ventilation engineer is working in a reactive 

manner; the outcome is not worth the effort. 

The greatest limit of this methodology is that it is only a guide and does not provide ideas for every 

scenario possible. The methodology can, however, be used as a guide for an experienced engineer who is 

familiar with the principles of mine ventilation and the mine being assessed, and relies on the user to find 

the most efficient solutions through testing various ideas. Should the best solution not come up in the idea 

generating session, or be discovered during subsequent modelling work, or if it is eliminated erroneously 
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during Value-Ease ranking, then this fatal flaw cripples the plan. The user ought to recognize the value in 

teamwork and include stakeholders early on in the process, preferably for the idea generating and 

preliminary options analysis. The value of consulting other teams is to ensure that all options are 

identified in the idea generating session (rather than only for the presentation of one’s recommendations), 

and so that all construction obstacles are recognized in the preliminary analysis. 

Finally, to create a robust ventilation plan a good mine plan is required, but robust also means the ability 

to adjust for changes to the mine plan, usually by providing excess capacity to create flexibility. This can 

be done by over-sizing motors for the optimal fan selection, or using VFDs to operate fans at lower 

speeds. A good mine plan is one that is both easy enough that it will be achieved, but difficult enough that 

it will stretch the mine operations team, however one should still expect the plan to change. The long-

range mine plan is not supposed to be executed as presented, and that is why intermediate and short-range 

planners are brought on to refine, revise, and revisit the mine plan on many occasions before it is issued. 

On top of this there are the market fundamentals which apply external pressure and inevitably change the 

long-range mine plan. Accordingly the mine plan must reflect the activity carried out across the mine if it 

is to be a useful document for ventilation planning. Should this not be the case then the ventilation plan 

may not be valid for the work executed underground. 
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  Chapter 8

Conclusion                                                                                 

 

8.1. Conclusions 

The objective of this thesis was to propose a framework for ventilation planning with a particular focus on 

planning to the end of mine life. The proposed ventilation planning framework was validated using a case 

study from the Diavik Diamond Mine. The framework reconciled the mine production plan with the 

ventilation plan by creating design acceptability criteria, and from these criteria minimum airflow 

requirements for the production plan were assessed. A ventilation model was then developed and 

extrapolated forward, future flows were tested against these ventilation acceptability criteria, and the 

model was tested for other bottlenecks and inefficiencies. Where gaps existed between the available and 

required ventilation conditions, ideas were generated for closing these gaps, which were ranked according 

to the Value-Ease principle and preliminary modelling. Those potential solutions which appeared most 

likely to succeed were modelled in detail and a fuller economic analysis was undertaken, a 

recommendation was arrived at, and final optimizations were completed. 

 

8.2. Novelties of Thesis 

The primary novelty of this thesis was the development of a pragmatic framework for ventilation 

planning which integrates production planning in the ventilation planning and design process and which 

selects, from a multitude of possible design solutions, the most practical and economic recommendation.  

For assessing its validity, a large volume of information from an existing mine was utilized to reconcile 

the ventilation plan with the production plan and to create a robust methodology well-tuned to production 

requirements of an active mine. As well, the methodology took a staged approach, formalizing the idea 

generation stage to gather a large pool of ideas early on, and required options to pass a Value-Ease 
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analysis and preliminary modelling exercise before a complete financial comparison was made, and only 

then was a full fan selection exercise undertaken. 

The ventilation plan for the Diavik case study was arrived at by considering the lawful requirements of 

the ventilation system to determine minimum airflows on a level-by-level basis to arrive at the mine-wide 

airflow requirement. The study then ensured that the system was capable of supplying this total amount 

required, and tested the ventilation model for its ability to meet the specific level-by-level targets. The 

model was built with data from a pressure-quantity survey of the existing underground workings to 

determine actual drift resistances. Where this model was unable to meet the required ventilation criteria, 

specifically in the lower D-Ramp and the A154N Exhaust in the case study, several ideas were generated, 

ranked, and tested. In the case of the A154N Exhaust, a financial comparison was made of the two best 

options from a pool of 15 original ideas, and a full fan selection exercise was carried out for the selected 

option. 

 

8.3. Recommendations for Future Work 

While the case study has proven the validity of the proposed methodology, further studies are 

recommended on a variety of mines to test the limits of the methodology. Both young and old producers, 

with different mining methods and climactic conditions should be selected for further case evaluations. 

While economics were considered and a comparative NPV calculated for the case study, the inclusion of 

an economic iteration circuit into the methodology could be useful for those unfamiliar with project 

economic evaluations. 
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8.4. A Final Statement 

This thesis has successfully demonstrated the practical application of scientific principles through field 

measurements, modelling, design, and analysis of various methods for meeting the design acceptability 

criteria modelled mine ventilation systems, with particular reference to the case study presented for the 

Diavik Diamond Mine. 
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Appendix A  

Short Range Plans                                                                                 

 

At Diavik the short-range plans are communicated as plan-view plots of the areas with colour shading to 

identify each month’s development and production. The example shown in A-1 is from a recent 3-month 

plan. In the top-left is shown the SLR level completing production, at the top-right another SLR level 

commencing production, next is bottom-left where ore development is just completing, and at the bottom-

right the primary ventilation connection being made as ore development begins on the last level. This 

matches well the sequence expecting in the long-range plan for this orebody, suggesting fine integration 

of the short, medium, and long-range plans. 
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Figure A-1. Example short range plans for A418 orebody 
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Appendix B  

Pressure-Quantity Survey Data 

 

In the below Tables B-1 to B-6 the PQ survey data that was collected at Diavik for creation of the 

calibrated ventilation model is presented. 

Table B-1. Pressure-Quantity survey data from the haulage drift (Mine Ventilation Services Inc., 2016) 

 

Table B-2. Pressure-Quantity survey data from the C-Ramp (Mine Ventilation Services Inc., 2016) 

 

Table B-3. Pressure-Quantity survey data from the N-Ramp (Mine Ventilation Services Inc., 2016) 

 

  

Haulage Pressure 
Loss (Pa) 

Airflow 
Quantity 

(m3/s) 

Drift 
Length 

(m) 

Drift 
Width 

(m) 

Drift 
Height 

(m) 

Area 
(m2) 

Perimeter 
(m) 

Atkinsons 
Resistance 

Factor 
(N.s2/m8) 

Empirical 
Friction 

Factor  
(N.s2/m4) 

 113.1 162.8 396.6 6.04 5.67 32.1 23.4 0.0043 0.0152 

C-Ramp Pressure 
Loss (Pa) 

Airflow 
Quantity 

(m3/s) 

Drift 
Length 

(m) 

Drift 
Widt
h (m) 

Drift 
Height 

(m) 

Area 
(m2) 

Perimeter 
(m) 

Atkinsons 
Resistanc

e Factor 
(N.s2/m8) 

Empirical 
Friction 

Factor  
(N.s2/m4) 

Portal to 9280 312.6 248.5 854.9 5.67 5.79 30.8 22.92 0.0051 0.0075 
9280 to N-Ramp 92.4 116.3 849.8 5.67 5.79 30.8 22.92 0.0068 0.0102 
N-Ramp to 9150 54.0 252.2 87.9 5.67 5.79 30.8 22.92 0.0008 0.0123 
9150 to D-Ramp 15.9 199 128.5 5.67 5.79 30.8 22.92 0.0004 0.0040 
D-Ramp to 9105 59.5 219.5 256.6 5.67 5.79 30.8 22.92 0.0012 0.0061 

9090 to 9060 61.0 240.7 271.5 5.67 5.79 30.8 22.92 0.0011 0.0049 
9060 to 9035 28.9 146.0 218.3 5.67 5.79 30.8 22.92 0.0014 0.0079 

       Average 0.0024 0.0076 

N-Ramp Pressure 
Loss (Pa) 

Airflow 
Quantity 

(m3/s) 

Drift 
Length 

(m) 

Drift 
Width 

(m) 

Drift 
Height 

(m) 

Area 
(m2) 

Perimeter 
(m) 

Atkinsons 
Resistance 

Factor 
(N.s2/m8) 

Empirical 
Friction 

Factor  
(N.s2/m4) 

Portal to 9250 118.4 74.7 415.4 5.76 5.79 31.3 23.1 0.0212 0.0678 
9250 to 9225 45.3 89.4 183.4 5.76 5.79 31.3 23.1 0.0057 0.0410 
9225 to 9200 42.3 110.1 185.7 5.76 5.79 31.3 23.1 0.0035 0.0249 
9200 to 9175 44.6 90.7 185.1 5.76 5.79 31.3 23.1 0.0054 0.0389 

9175 to C-Ramp 45.6 159.5 155.4 5.76 5.79 31.3 23.1 0.0018 0.0153 
       Average 0.0075 0.0376 
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Table B-4. Pressure-Quantity survey data from the D-Ramp (Mine Ventilation Services Inc., 2016) 

 

Table B-5. Pressure-Quantity survey data from A-Ramp (Mine Ventilation Services Inc., 2016) 

 

  

D-Ramp Pressure 
Loss (Pa) 

Airflow 
Quantity 

(m3/s) 

Drift 
Length 

(m) 

Drift 
Width 

(m) 

Drift 
Height 

(m) 

Area 
(m2) 

Perimeter 
(m) 

Atkinsons 
Resistance 

Factor 
(N.s2/m8) 

Empirical 
Friction 

Factor  
(N.s2/m4) 

C-Ramp to 9125 2.5 21.8 138.9 5.58 5.79 32.3 22.7 0.0053 0.0562 
9125 to 9110 9.5 61.4 101.9 5.58 5.79 32.3 22.7 0.0025 0.0367 
9110 to 9100 1.2 41.1 107.0 5.58 5.79 32.3 22.7 0.0007 0.0099 
9100 to 9075 3.2 71.7 189.7 5.58 5.79 32.3 22.7 0.0006 0.0049 
9075 to 9060 5.5 82.8 96.8 5.58 5.79 32.3 22.7 0.0008 0.0123 
9060 to 9050 14.7 44.0 102.4 5.58 5.79 32.3 22.7 0.0076 0.1101 
9050 to 9035 4.2 68.2 98.2 5.58 5.79 32.3 22.7 0.0009 0.0137 
9035 to 9025 14.7 39.2 111.7 5.58 5.79 32.3 22.7 0.0096 0.1271 
9025 to OP3 1.7 58.4 100.2 5.58 5.79 32.3 22.7 0.0005 0.0074 
OP3 to 9000 0.4 7.9 206.3 5.58 5.79 32.3 22.7 0.0064 0.0461 
9000 to 8975 0.5 7.9 196.5 5.58 5.79 32.3 22.7 0.0080 0.0605 
8975 to 8950 6.7 35.9 197.7 5.58 5.79 32.3 22.7 0.0052 0.0390 
8950 to 8925 7.7 47.1 195.4 5.58 5.79 32.3 22.7 0.0035 0.0264 
8925 to 8910 5.5 79.4 95.7 5.58 5.79 32.3 22.7 0.0009 0.0135 
8910 to 8890 5.5 79.4 248.4 5.58 5.79 32.3 22.7 0.0009 0.0052 

       Average 0.0036 0.0379 

A-Ramp Pressure 
Loss (Pa) 

Airflow 
Quantity 

(m3/s) 

Drift 
Length 

(m) 

Drift 
Width 

(m) 

Drift 
Height 

(m) 

Area 
(m2) 

Perimeter 
(m) 

Atkinsons 
Resistance 

Factor 
(N.s2/m8) 

Empirical 
Friction 

Factor  
(N.s2/m4) 

9280 to 9249 17.7 91.5 304.3 5.67 5.52 31.3 22.4 0.0021 0.0095 
Portal to 9249 92.2 95.3 262.6 5.67 5.52 31.3 22.4 0.0102 0.0529 
9249 to 9170 103.9 180.1 613.6 5.67 5.52 31.3 22.4 0.0032 0.0071 
9170 to 9145 15.4 127.5 184.3 5.67 5.52 31.3 22.4 0.0009 0.0070 
9145 to 9125 32.4 125.4 174.5 5.67 5.52 31.3 22.4 0.0021 0.0162 
9125 to 9105 33.6 125.4 222.4 5.67 5.52 31.3 22.4 0.0021 0.0132 
9105 to 9085 60.3 144.1 199.3 5.67 5.52 31.3 22.4 0.0029 0.0199 
9085 to 9065 29.4 122.7 155.7 5.67 5.52 31.3 22.4 0.0020 0.0172 
9065 to 9045 15.7 70.6 191.2 5.67 5.52 31.3 22.4 0.0031 0.0226 
9045 to 9020 10.7 65.5 218.3 5.67 5.52 31.3 22.4 0.0025 0.0156 
9020 to 8995 7.7 54.2 213.1 5.67 5.52 31.3 22.4 0.0026 0.0168 
8995 to 8970 4.0 57.6 240.5 5.67 5.52 31.3 22.4 0.0012 0.0069 
8970 to 8920 6.7 55.9 480.6 5.67 5.52 31.3 22.4 0.0021 0.0061 

       Average 0.0029 0.0162 
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Table B-6. Pressure-Quantity survey data from Bored Raises (Mine Ventilation Services Inc., 2016) 

 

 
Figure B-1. Relationship of Diaviks regulator opening to resistance in imperial units (Mine Ventilation 

Services Inc., 2016) 

  

Bored Raises Pressure 
Loss (Pa) 

Airflow 
Quantity 

(m3/s) 

Drift 
Length 

(m) 

Diameter 
(m) 

Area 
(m2) 

Perimeter 
(m) 

Atkinsons 
Resistance 

Factor 
(N.s2/m8) 

Empirical 
Friction 

Factor  
(N.s2/m4) 

RAR #3 39.9 35.4 52.1 2.4 4.5 7.5 0.0318 0.0115 
RAR #6  

9225 to 9250 93.9 225.7 25.4 4 12.6 12.6 0.0018 0.0065 

RAR #6  
9200 to 9225 72.7 204.5 26.8 4 12.6 12.6 0.0017 0.0058 

RAR #6  
9175 to 9200 50.3 177.5 24.6 4 12.6 12.6 0.0016 0.0058 

RAR #6  
9115 to 9175 63.8 138.3 51.5 4 12.6 12.6 0.0033 0.0058 

RAR #8 5.5 22.2 79.3 3 7.1 9.4 0.0112 0.0052 
RAR #10 

9125-9100 10.7 78.8 28.2 3 7.1 9.4 0.0017 0.0023 

RAR #10 
9100-9075 4.5 52.2 27.3 3 7.1 9.4 0.0017 0.0022 

RAR #10 
9075-9050 1.2 32.8 19.8 3 7.1 9.4 0.0011 0.0021 

RAR #10 
9050-9025 0.5 19.2 26.8 3 7.1 9.4 0.0014 0.0019 

RAR #12 8.2 16.9 86.5 3 7.1 9.4 0.0287 0.0123 
RAR #14 14.4 47 101.6 3 7.1 9.4 0.0065 0.0024 

      Average 0.0077 0.0053 
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Appendix C  

Fan Selection D-Ramp/N9035 Booster Fans 

 

The method used to estimate the fan performance of the original N9035 Booster Fans is presented below. 

Once their operation was determined an equation for the raise (or system) resistance was derived using 

the squared law. The first task was to measure the fan installation: 

• Fans: 2 x Alphair 4500-VAX-1800 w/ 56 kW (75 HP) motors 
• Configuration: Inlet Bell, Fan, Outlet Cone (welded into wall), Backdraft Damper 
• Fan Diameter: 1.143 m (45”) 
• Hub Diameter: 0.457 m (18”) 
• Bell Diameter: 1.549 m (61”) 
• Outlet Cone Diameter: 1.676 m (66”) 
• Outlet Cone Length: 1.118 m (44”) 

Then measure the fan operating data: 

• Airflow leading to fans: 95.2 m3/s (201,731 cfm) 
• Airflow after fans: 30.0 m3/s (63,602 cfm) 
• Total fan airflow: 65.2 m3/s (138,130 cfm) 
• Individual fan airflow: 32.6 m3/s (69,065 cfm) 
• Fan static pressure: 387 Pa (1.55 in.w.g.) 

Decide the shock factors to be used: 

• Entrance loss: X = 0.06 
• Screen loss: X = 0.142 
• Cone loss: A2/A1 = 2.56, L/R1 = 1.96 therefore n = 0.50 
• Damper loss: X = 0.67 (about 10° open) 

Calculate the fan losses (Hx), where 𝐻𝑥 = 𝑋 ∗ 𝐻𝑣 and 𝐻𝑣 = 0.6007 𝑣2 for standard air density: 

• Entrance loss: 10 Pa (0.04 in.w.g.) 
• Screen loss: 25 Pa (0.10 in.w.g.) 
• Cone loss: 363 Pa (1.46 in.w.g.) 
• Damper loss: 87 Pa (0.35 in.w.g.) 
• Cone velocity pressure loss: 132 Pa (0.53 in.w.g.) 
• Total Fan Losses: 617 Pa (2.48 in.w.g.) 
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Calculate fan total pressure (FTP) 

𝐹𝐹𝑑 = 𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐹𝐹𝐹 𝐹𝐶𝐹𝐶𝑖𝑐 𝑑𝑑𝐿𝐿𝐿𝐴𝑑𝐿 

𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑁𝐹𝐶𝑑𝐹𝐹𝑐𝐿 𝐿𝐿𝐿𝐿 + 𝐹𝑐𝑑𝐿𝐿𝐹 𝐿𝐿𝐿𝐿 + 𝐶𝐿𝐹𝐿 𝐿𝐿𝐿𝐿 + 𝐷𝐹𝑚𝑝𝐿𝑑 𝐿𝐿𝐿𝐿 + 𝑉𝑑 𝐿𝐿𝐿𝐿 

𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿 = 617 𝑑𝐹 

𝐹𝑉𝐿𝐶𝐿𝑚 𝐿𝐿𝐿𝐿 = 387  

𝐹𝐹𝑑 = 1004 𝑑𝐹 (4.03 𝑖𝐹.𝑤.𝑍. ) 

Measure the fan efficiency from the fan curve at 1004 Pa and 32.6 m3/s to calculate input power: 

𝐹 = 0.66 

𝑘𝑊𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 =
𝐻𝑄

1000
=

1004 ∗ 32.6
1000

= 32.7 𝑘𝑊 

𝑘𝑊𝑎𝑎𝑎𝑏𝑣 𝑎𝑒𝑎𝑣𝑎 =
𝑘𝑊𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎

𝜂𝑒
=

32.7
0.66

= 49.5 𝑘𝑊 

Compare this to the actual electrical consumption to confirm an accurate calculation: 

A = 54.5 amps, V = 620 volts, PF = 0.90 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
√3 ∗ 𝑉 ∗ 𝐴 ∗ 𝑑𝐹

1000
=
√3 ∗ 54.5 ∗ 620 ∗ 0.90

1000
= 52.7 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 𝜂𝑚𝑒𝑡𝑒𝑎 𝑣𝑓𝑓𝑒𝑒𝑒𝑣𝑛𝑒𝑎𝑘𝑊𝑎𝑎𝑎𝑏𝑣 𝑎𝑒𝑎𝑣𝑎 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 0.95 ∗ 52.6 = 50.1 𝑘𝑊 

Calculated error is 0.6 kW (1.2%) between calculated and measured Input Power, so calculated fan 

operating point is valid. Moving on to use the squared law to find the resistance value R for the system, 

the total airflow and fan static pressure (FSP) are input. Fan total pressure (FTP) is not used as the losses 

at the fan installation of not desired (following calculations carried out in imperial units as the 

manufacturer’s fan curves are supplied in imperial): 

𝐻 = 𝑅𝑄2 
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𝑅 =
𝐻
𝑄2

=
1.55

138,1302
= 8.15𝑒10−11 lb. min2/ft8 

𝑅𝑚𝑣𝑡𝑎𝑒𝑒 = 1.1176 ∗ 109 𝑅𝑒𝑚𝑎𝑣𝑎𝑒𝑎𝑙 

𝑅 = 0.0911 𝑁. 𝐿2/𝑚8 

A disused timber escape way occupied some part of the ventilation raise when these measurements were 

taken. The timber was removed and a new R-value calculated: 

𝑅′ = 4.61 𝑒10−11 lb. min2/ft8 

𝑅′ = 0.0515 𝑁. 𝐿2/𝑚8 

A future estimate of R in 2022 was made as a linear extrapolation of distance, being 70% longer than the 

current ventilation raises. 

𝑅𝑓𝑎𝑡𝑎𝑎𝑣′ = 7.93𝑒10−11 lb. min2/ft8 

𝑅𝑓𝑎𝑡𝑎𝑎𝑣′ = 0.0886 𝑁. 𝐿2/𝑚8 

With these approximations of system resistance, the squared law was then used to estimate head losses for 

given airflows in the present at in the final configuration for the ventilation. To these losses the expected 

fan losses were added for each option to create Tables 35 - 38 which were plotted on the characteristic fan 

curves to create Figures 48 – 51, identifying the potential operating points. 
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Figure C-1. FTP pressure calculation from airflow volume for one configuration of D-Ramp/N9035 
Booster Fans with four 4500-VAX-1800 fans 

 
 

FOUR 45" Fans - 18" Hubs - 75HP
Fan Flow cfm 40,000      44,000      48,000      52,000      56,000      60,000      64,000    68,000      72,000      
System Flow cfm 160,000    176,000    192,000    208,000    224,000    240,000    256,000  272,000    288,000    

Fan Diameter ft 3.75          3.75          3.75          3.75          3.75          3.75          3.75        3.75          3.75          
Fan Area sq.ft 11.04        11.04        11.04        11.04        11.04        11.04        11.04      11.04        11.04        
Fan Velocity ft/min 3,622        3,984        4,346        4,708        5,070        5,432        5,795      6,157        6,519        
Fan VP in.w .g. 0.82          0.99          1.18          1.38          1.60          1.84          2.09        2.36          2.64          

Hub Diameter ft 1.50          1.50          1.50          1.50          1.50          1.50          1.50        1.50          1.50          
Hub Area sq.ft 1.77          1.77          1.77          1.77          1.77          1.77          1.77        1.77          1.77          

Bell Diameter ft 5.08          5.08          5.08          5.08          5.08          5.08          5.08        5.08          5.08          
Bell Area sq.ft 20.29        20.29        20.29        20.29        20.29        20.29        20.29      20.29        20.29        
Bell Velocity ft/min 1,971        2,168        2,365        2,562        2,759        2,956        3,154      3,351        3,548        
Bell VP in.w .g. 0.24          0.29          0.35          0.41          0.47          0.54          0.62        0.70          0.78          
Entrance Loss (X=0.06) in.w .g. 0.01          0.02          0.02          0.02          0.03          0.03          0.04        0.04          0.05          
Screen Loss (X=0.142) in.w .g. 0.03          0.04          0.05          0.06          0.07          0.08          0.09        0.10          0.11          

Discharge Diameter ft 5.50          5.50          5.50          5.50          5.50          5.50          5.50        5.50          5.50          
Discharge Area sq.ft 23.76        23.76        23.76        23.76        23.76        23.76        23.76      23.76        23.76        
Discharge Velocity ft/min 1,684        1,852        2,020        2,189        2,357        2,525        2,694      2,862        3,031        
Discharge Velocity Pressure in.w .g. 0.18          0.21          0.25          0.30          0.35          0.40          0.45        0.51          0.57          
Damper Loss (X=0.19) in.w .g. 0.12          0.14          0.17          0.20          0.23          0.27          0.30        0.34          0.38          

Annulus Area sq.ft 9.28          9.28          9.28          9.28          9.28          9.28          9.28        9.28          9.28          
Annulus Velocity ft/min 4,311        4,743        5,174        5,605        6,036        6,467        6,898      7,330        7,761        
Annulus VP in.w .g. 1.16          1.40          1.67          1.95          2.27          2.60          2.96        3.34          3.75          

A2/A1 2.15          2.15          2.15          2.15          2.15          2.15          2.15        2.15          2.15          
L/R 1.96          1.96          1.96          1.96          1.96          1.96          1.96        1.96          1.96          
n 0.75          0.75          0.75          0.75          0.75          0.75          0.75        0.75          0.75          
Cone Loss in.w .g. 0.17          0.21          0.25          0.29          0.34          0.39          0.45        0.50          0.57          

Fan Losses = in.w .g. 0.52          0.63          0.75          0.88          1.01          1.17          1.33        1.50          1.68          

FSP_now  = in.w .g. 1.18          1.43          1.70          1.99          2.31          2.66          3.02        3.41          3.82          
FTP_now  = in.w .g. 1.70          2.05          2.45          2.87          3.33          3.82          4.35        4.91          5.50          

FSP_future = in.w .g. 2.03          2.46          2.92          3.43          3.98          4.57          5.20        5.87          6.58          
FTP_future = in.w .g. 2.55          3.08          3.67          4.31          4.99          5.73          6.52        7.36          8.26          
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Figure C-2. System curve for D-Ramp/N9035 draw on top of fan curve to determine maximum blade 

angle for motor size, and thus determine operating point 



129 
 

Table C-1. FTP pressure calculation from airflow volume for one configuration of D-Ramp/N9035 
Booster Fans with four 4500-VAX-2100 fans 

 
 

FOUR 45" Fans - 21" Hubs - 100HP
Fan Flow cfm 40,000      45,000      50,000      55,000      60,000      65,000      70,000    75,000      80,000      
System Flow cfm 160,000    180,000    200,000    220,000    240,000    260,000    280,000  300,000    320,000    

Fan Diameter ft 3.75          3.75          3.75          3.75          3.75          3.75          3.75        3.75          3.75          
Fan Area sq.ft 11.04        11.04        11.04        11.04        11.04        11.04        11.04      11.04        11.04        
Fan Velocity ft/min 3,621.66   4,074.37   4,527.07   4,979.78   5,432.49   5,885.20   6,337.90 6,790.61   7,243.32   
Fan VP in.w .g. 0.82          1.03          1.28          1.54          1.84          2.16          2.50        2.87          3.26          

Hub Diameter ft 1.75          1.75          1.75          1.75          1.75          1.75          1.75        1.75          1.75          
Hub Area sq.ft 2.41          2.41          2.41          2.41          2.41          2.41          2.41        2.41          2.41          

Bell Diameter ft 5.08          5.08          5.08          5.08          5.08          5.08          5.08        5.08          5.08          
Bell Area sq.ft 20.29        20.29        20.29        20.29        20.29        20.29        20.29      20.29        20.29        
Bell Velocity ft/min 1,971        2,217        2,464        2,710        2,956        3,203        3,449      3,696        3,942        
Bell VP in.w .g. 0.24          0.31          0.38          0.46          0.54          0.64          0.74        0.85          0.97          
Entrance Loss (X=0.06) in.w .g. 0.01          0.02          0.02          0.03          0.03          0.04          0.04        0.05          0.06          
Screen Loss (X=0.142) in.w .g. 0.03          0.04          0.05          0.06          0.08          0.09          0.11        0.12          0.14          

Discharge Diameter ft 5.50          5.50          5.50          5.50          5.50          5.50          5.50        5.50          5.50          
Discharge Area sq.ft 23.76        23.76        23.76        23.76        23.76        23.76        23.76      23.76        23.76        
Discharge Velocity ft/min 1,684        1,894        2,105        2,315        2,525        2,736        2,946      3,157        3,367        
Discharge Velocity Pressure in.w .g. 0.18          0.22          0.28          0.33          0.40          0.47          0.54        0.62          0.71          
Damper Loss (X=0.19) in.w .g. 0.12          0.15          0.18          0.22          0.27          0.31          0.36        0.42          0.47          

Annulus Area sq.ft 8.64          8.64          8.64          8.64          8.64          8.64          8.64        8.64          8.64          
Annulus Velocity ft/min 4,630        5,209        5,787        6,366        6,945        7,524        8,102      8,681        9,260        
Annulus VP in.w .g. 1.33          1.69          2.08          2.52          3.00          3.52          4.08        4.69          5.34          

A2/A1 2.15          2.15          2.15          2.15          2.15          2.15          2.15        2.15          2.15          
L/R 1.96          1.96          1.96          1.96          1.96          1.96          1.96        1.96          1.96          
n 0.75          0.75          0.75          0.75          0.75          0.75          0.75        0.75          0.75          
Cone Loss in.w .g. 0.17          0.22          0.27          0.33          0.39          0.46          0.53        0.61          0.70          

Fan Losses = in.w .g. 0.52          0.66          0.81          0.98          1.17          1.37          1.59        1.82          2.07          

FSP_now  = in.w .g. 1.18          1.49          1.84          2.23          2.66          3.12          3.61        4.15          4.72          
FTP_now  = in.w .g. 1.70          2.15          2.65          3.21          3.82          4.48          5.20        5.97          6.79          

FSP_future = in.w .g. 2.03          2.57          3.17          3.84          4.57          5.36          6.22        7.14          8.12          
FTP_future = in.w .g. 2.55          3.22          3.98          4.82          5.73          6.73          7.80        8.96          10.19        
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Figure C-3. System curve for D-Ramp/N9035 draw on top of fan curve to determine maximum blade 

angle for motor size, and thus determine operating point 
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Table C-2. FTP pressure calculation from airflow volume for one configuration of D-Ramp/N9035 
Booster Fans with three 5400-VAX-2100 fans 

 

 

THREE 54" Fans - 21" Hubs - 100HP
Fan Flow cfm 50,000      60,000      70,000      80,000      90,000      95,000      100,000  105,000    110,000    
System Flow cfm 150,000    180,000    210,000    240,000    270,000    285,000    300,000  315,000    330,000    

Fan Diameter ft 4.50          4.50          4.50          4.50          4.50          4.50          4.50        4.50          4.50          
Fan Area sq.ft 15.90        15.90        15.90        15.90        15.90        15.90        15.90      15.90        15.90        
Fan Velocity ft/min 3,143.80   3,772.56   4,401.32   5,030.08   5,658.84   5,973.22   6,287.60 6,601.98   6,916.36   
Fan VP in.w .g. 0.61          0.89          1.21          1.57          1.99          2.22          2.46        2.71          2.98          

Hub Diameter ft 1.75          1.75          1.75          1.75          1.75          1.75          1.75        1.75          1.75          
Hub Area sq.ft 2.41          2.41          2.41          2.41          2.41          2.41          2.41        2.41          2.41          

Bell Diameter ft 5.83          5.83          5.83          5.83          5.83          5.83          5.83        5.83          5.83          
Bell Area sq.ft 26.73        26.73        26.73        26.73        26.73        26.73        26.73      26.73        26.73        
Bell Velocity ft/min 1,871        2,245        2,619        2,993        3,368        3,555        3,742      3,929        4,116        
Bell VP in.w .g. 0.22          0.31          0.43          0.56          0.71          0.79          0.87        0.96          1.05          
Entrance Loss (X=0.06) in.w .g. 0.01          0.02          0.03          0.03          0.04          0.05          0.05        0.06          0.06          
Screen Loss (X=0.142) in.w .g. 0.03          0.04          0.06          0.08          0.10          0.11          0.12        0.14          0.15          

Discharge Diameter ft 6.00          6.00          6.00          6.00          6.00          6.00          6.00        6.00          6.00          
Discharge Area sq.ft 28.27        28.27        28.27        28.27        28.27        28.27        28.27      28.27        28.27        
Discharge Velocity ft/min 1,768        2,122        2,476        2,829        3,183        3,360        3,537      3,714        3,890        
Discharge Velocity Pressure in.w .g. 0.19          0.28          0.38          0.50          0.63          0.70          0.78        0.86          0.94          
Damper Loss (X=0.19) in.w .g. 0.13          0.19          0.26          0.33          0.42          0.47          0.52        0.57          0.63          

Annulus Area sq.ft 13.50        13.50        13.50        13.50        13.50        13.50        13.50      13.50        13.50        
Annulus Velocity ft/min 3,704        4,445        5,186        5,926        6,667        7,038        7,408      7,778        8,149        
Annulus VP in.w .g. 0.85          1.23          1.67          2.19          2.77          3.08          3.41        3.76          4.13          

A2/A1 1.78          1.78          1.78          1.78          1.78          1.78          1.78        1.78          1.78          
L/R 1.26          1.26          1.26          1.26          1.26          1.26          1.26        1.26          1.26          
n 0.75          0.75          0.75          0.75          0.75          0.75          0.75        0.75          0.75          
Cone Loss in.w .g. 0.11          0.15          0.21          0.27          0.34          0.38          0.42        0.46          0.51          

Fan Losses = in.w .g. 0.47          0.68          0.93          1.21          1.54          1.71          1.90        2.09          2.29          

FSP_now  = in.w .g. 1.04          1.49          2.03          2.66          3.36          3.74          4.15        4.57          5.02          
FTP_now  = in.w .g. 1.51          2.18          2.96          3.87          4.90          5.46          6.05        6.67          7.31          

FSP_future = in.w .g. 1.78          2.57          3.50          4.57          5.78          6.44          7.14        7.87          8.64          
FTP_future = in.w .g. 2.26          3.25          4.43          5.78          7.32          8.15          9.03        9.96          10.93        
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Figure C-4. System curve for D-Ramp/N9035 draw on top of fan curve to determine maximum blade 

angle for motor size, and thus determine operating point 
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Table C-3. FTP pressure calculation from airflow volume for one configuration of D-Ramp/N9035 
Booster Fans with three 5400-VAX-2700 fans 

 

 

THREE 54" Fans - 27" Hubs - 200HP
Fan Flow cfm 60,000      70,000      80,000      90,000      100,000    110,000    120,000  130,000    140,000    
System Flow cfm 180,000    210,000    240,000    270,000    300,000    330,000    360,000  390,000    420,000    

Fan Diameter ft 4.50          4.50          4.50          4.50          4.50          4.50          4.50        4.50          4.50          
Fan Area sq.ft 15.90        15.90        15.90        15.90        15.90        15.90        15.90      15.90        15.90        
Fan Velocity ft/min 3,773        4,401        5,030        5,659        6,288        6,916        7,545      8,174        8,803        
Fan VP in.w .g. 0.89          1.21          1.57          1.99          2.46          2.98          3.54        4.16          4.82          

Hub Diameter ft 2.25          2.25          2.25          2.25          2.25          2.25          2.25        2.25          2.25          
Hub Area sq.ft 3.98          3.98          3.98          3.98          3.98          3.98          3.98        3.98          3.98          

Bell Diameter ft 5.83          5.83          5.83          5.83          5.83          5.83          5.83        5.83          5.83          
Bell Area sq.ft 26.73        26.73        26.73        26.73        26.73        26.73        26.73      26.73        26.73        
Bell Velocity ft/min 2,245        2,619        2,993        3,368        3,742        4,116        4,490      4,864        5,238        
Bell VP in.w .g. 0.31          0.43          0.56          0.71          0.87          1.05          1.25        1.47          1.71          
Entrance Loss (X=0.06) in.w .g. 0.02          0.03          0.03          0.04          0.05          0.06          0.08        0.09          0.10          
Screen Loss (X=0.142) in.w .g. 0.04          0.06          0.08          0.10          0.12          0.15          0.18        0.21          0.24          

Discharge Diameter ft 6.00          6.00          6.00          6.00          6.00          6.00          6.00        6.00          6.00          
Discharge Area sq.ft 28.27        28.27        28.27        28.27        28.27        28.27        28.27      28.27        28.27        
Discharge Velocity ft/min 2,122        2,476        2,829        3,183        3,537        3,890        4,244      4,598        4,951        
Discharge Velocity Pressure in.w .g. 0.28          0.38          0.50          0.63          0.78          0.94          1.12        1.32          1.53          
Damper Loss (X=0.19) in.w .g. 0.05          0.07          0.09          0.12          0.15          0.18          0.21        0.25          0.29          

Annulus Area sq.ft 11.93        11.93        11.93        11.93        11.93        11.93        11.93      11.93        11.93        
Annulus Velocity ft/min 5,030        5,868        6,707        7,545        8,383        9,222        10,060    10,899      11,737      
Annulus VP in.w .g. 1.57          2.14          2.80          3.54          4.37          5.29          6.30        7.39          8.57          

A2/A1 1.78          1.78          1.78          1.78          1.78          1.78          1.78        1.78          1.78          
L/R 1.26          1.26          1.26          1.26          1.26          1.26          1.26        1.26          1.26          
n 0.75          0.75          0.75          0.75          0.75          0.75          0.75        0.75          0.75          
Cone Loss in.w .g. 0.15          0.21          0.27          0.34          0.42          0.51          0.61        0.71          0.82          

Fan Losses = in.w .g. 0.55          0.75          0.97          1.23          1.52          1.84          2.19        2.57          2.98          

FSP_now  = in.w .g. 1.49          2.03          2.66          3.36          4.15          5.02          5.97        7.01          8.13          
FTP_now  = in.w .g. 2.04          2.78          3.63          4.59          5.67          6.86          8.17        9.59          11.12        

FSP_future = in.w .g. 2.57          3.50          4.57          5.78          7.14          8.64          10.28      12.06        13.99        
FTP_future = in.w .g. 3.12          4.24          5.54          7.01          8.66          10.48        12.47      14.63        16.97        
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Figure C-5. System curve for D-Ramp/N9035 draw on top of fan curve to determine maximum blade 

angle for motor size, and thus determine operating point 
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Appendix D  

Fan Sizing and Selection Exercise for RAD Fan Chamber 

 

The fan selection exercise for the RAD Fan Chamber modelled the fan static pressure (FSP) in the 

Ventsim model at various airflow volumes and calculated the fan losses in a spreadsheet. Several fan 

combinations were tested, Tables 39 – 42, to see which had the lowest input power requirement. 

Table D-1. Tabulation of fan losses to build Fan Total Pressure (FTP) at various airflows which together 
are system curve for four 5400-VAX-2100 75kW fans 

 

RAD FAN CHAMBER FOUR 54" Fans 21" Hub 100 HP
fan cfm 62,500      68,750      75,000      81,250      87,500      93,750      100,000  106,250    112,500    
system cfm 250000 275000 300000 325000 350000 375000 400000 425000 450000

fan dia ft 4.50          4.50          4.50          4.50          4.50          4.50          4.50        4.50          4.50          
fan area sq.ft 15.90        15.90        15.90        15.90        15.90        15.90        15.90      15.90        15.90        
fan v ft/min 3,930        4,323        4,716        5,109        5,502        5,895        6,288      6,681        7,074        

hub dia ft 1.75          1.75          1.75          1.75          1.75          1.75          1.75        1.75          1.75          
hub area sq.ft 2.41          2.41          2.41          2.41          2.41          2.41          2.41        2.41          2.41          

bell diam ft 6.08          6.08          6.08          6.08          6.08          6.08          6.08        6.08          6.08          
bell area sq.ft 29.07        29.07        29.07        29.07        29.07        29.07        29.07      29.07        29.07        
v bell f t/min 2,150        2,365        2,580        2,795        3,010        3,226        3,441      3,656        3,871        
VP bell in.w .g. 0.29          0.35          0.41          0.49          0.56          0.65          0.74        0.83          0.93          
entr loss in.w .g. 0.02          0.02          0.02          0.03          0.03          0.04          0.04        0.05          0.06          
screen loss in.w .g. 0.04          0.05          0.06          0.07          0.08          0.09          0.10        0.12          0.13          

cone dia ft 6.01          6.01          6.01          6.01          6.01          6.01          6.01        6.01          6.01          
cone area sq.ft 28.37        28.37        28.37        28.37        28.37        28.37        28.37      28.37        28.37        
cone v ft/min 2,203        2,423        2,643        2,864        3,084        3,304        3,525      3,745        3,965        
cone VP in.w .g. 0.30          0.37          0.43          0.51          0.59          0.68          0.77        0.87          0.98          
damper loss in.w .g. 0.20          0.24          0.29          0.34          0.40          0.46          0.52        0.58          0.66          

annulus area sq.ft 13.50        13.50        13.50        13.50        13.50        13.50        13.50      13.50        13.50        
v ann ft/min 4,630        5,093        5,556        6,019        6,482        6,945        7,408      7,871        8,334        
VP ann in.w .g. 1.33          1.61          1.92          2.25          2.61          3.00          3.41        3.85          4.32          

A2/A1 1.78          1.78          1.78          1.78          1.78          1.78          1.78        1.78          1.78          
L/R 1.26          1.26          1.26          1.26          1.26          1.26          1.26        1.26          1.26          
n 0.50          0.50          0.50          0.50          0.50          0.50          0.50        0.50          0.50          

fan VP + losses 1.08          1.30          1.55          1.82          2.11          2.43          2.76        3.12          3.49          

FSP_2018 = 1.08          1.44          1.82          2.23          2.67          3.13          3.62        4.13          4.67          

FTP_2018 = 2.16          2.74          3.37          4.05          4.78          5.55          6.38        7.24          8.16          

FSP_2022 = 1.21          1.77          2.36          2.96          3.57          4.20          4.86        5.54          6.24          

FTP_2022 = 2.29          3.08          3.91          4.78          5.68          6.63          7.62        8.66          9.73          
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Figure D-1. Intersection of Fan and System curves for four parallel 5400-VAX-2100 Fans (54” fans with 

21” hubs) 
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Figure D-2. Fan Curve for 5400-VAX-2100 Fan (54” diameter, 21” hub) with operating points for four 

parallel fans in RAD Fan Chamber highlighted 
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𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 =
𝐻 ∗ 𝑄
6346

 

𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 =
5.6 𝑖𝐹.𝑤.𝑍 ∗ 350,000 𝑐𝑐𝑚

6346
 

𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 = 309 𝐻𝑑 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
309

𝜂𝑒𝑣𝑣𝑎𝑎𝑙𝑙 𝑣𝑓𝑓𝑒𝑒𝑒𝑣𝑛𝑒𝑎
 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
309
73%

 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 423 𝐻𝑑 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 ∗ 0.7457 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 423 ∗ 0.7457 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 315 𝑘𝑊 

This calculation suggests that the fan curve is not accurate, and that the four 75 kW (100 HP) motors 

would fail if the fans were set to the 15° blade angle with the given system resistance and fan losses, as 

the input power required is 79 kW and 6% more than the motor is rated for. 
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Table D-2. Tabulation of fan losses to build Fan Total Pressure (FTP) at various airflows which together 
are system curve for three 5400-VAX-2700 150kW fans 

 

RAD FAN CHAMBER THREE 54" Fans 27" Hub 200 HP
fan cfm 83,333      91,667      100,000    108,333    116,667    125,000    133,333  141,667    150,000    
system cfm 250000 275000 300000 325000 350000 375000 400000 425000 450000

fan dia ft 4.50          4.50          4.50          4.50          4.50          4.50          4.50        4.50          4.50          
fan area sq.ft 15.90        15.90        15.90        15.90        15.90        15.90        15.90      15.90        15.90        
fan v ft/min 5,240        5,764        6,288        6,812        7,336        7,860        8,383      8,907        9,431        

hub dia ft 2.25          2.25          2.25          2.25          2.25          2.25          2.25        2.25          2.25          
hub area sq.ft 3.98          3.98          3.98          3.98          3.98          3.98          3.98        3.98          3.98          

bell diam ft 6.08          6.08          6.08          6.08          6.08          6.08          6.08        6.08          6.08          
bell area sq.ft 29.07        29.07        29.07        29.07        29.07        29.07        29.07      29.07        29.07        
v bell f t/min 2,867        3,154        3,441        3,727        4,014        4,301        4,587      4,874        5,161        
VP bell in.w .g. 0.51          0.62          0.74          0.86          1.00          1.15          1.31        1.48          1.66          
entr loss in.w .g. 0.03          0.04          0.04          0.05          0.06          0.07          0.08        0.09          0.10          
screen loss in.w .g. 0.07          0.09          0.10          0.12          0.14          0.16          0.19        0.21          0.24          

cone dia ft 6.01          6.01          6.01          6.01          6.01          6.01          6.01        6.01          6.01          
cone area sq.ft 28.37        28.37        28.37        28.37        28.37        28.37        28.37      28.37        28.37        
cone v ft/min 2,937        3,231        3,525        3,818        4,112        4,406        4,699      4,993        5,287        
cone VP in.w .g. 0.54          0.65          0.77          0.91          1.05          1.21          1.37        1.55          1.74          
damper loss in.w .g. 0.36          0.44          0.52          0.61          0.70          0.81          0.92        1.04          1.17          

annulus area sq.ft 11.93        11.93        11.93        11.93        11.93        11.93        11.93      11.93        11.93        
v ann ft/min 6,986        7,685        8,383        9,082        9,781        10,479      11,178    11,877      12,575      
VP ann in.w .g. 3.04          3.67          4.37          5.13          5.95          6.83          7.77        8.78          9.84          

A2/A1 1.78          1.78          1.78          1.78          1.78          1.78          1.78        1.78          1.78          
L/R 1.26          1.26          1.26          1.26          1.26          1.26          1.26        1.26          1.26          
n 0.50          0.50          0.50          0.50          0.50          0.50          0.50        0.50          0.50          

fan VP + losses 2.25          2.72          3.24          3.80          4.41          5.06          5.76        6.50          7.29          

FSP_2018 = 1.08          1.44          1.82          2.23          2.67          3.13          3.62        4.13          4.67          

FTP_2018 = 3.33          4.16          5.06          6.03          7.08          8.19          9.37        10.63        11.95        

FSP_2022 = 1.21          1.77          2.36          2.96          3.57          4.20          4.86        5.54          6.24          

FTP_2022 = 3.46          4.50          5.60          6.76          7.98          9.26          10.62      12.04        13.53        
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Figure D-3. Intersection of Fan and System curves for three parallel 5400-VAX-2700 Fans (54” fans with 
27” hubs) 
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Figure D-4. Fan Curve for 5400-VAX-2700 Fan (54” diameter, 27” hub) with operating points for three 

parallel fans in RAD Fan Chamber highlighted 
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𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 =
𝐻 ∗ 𝑄
6346

 

𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 =
7.6 𝑖𝐹.𝑤.𝑍 ∗ 343,000 𝑐𝑐𝑚

6346
 

𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 = 410 𝐻𝑑 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
410

𝜂𝑒𝑣𝑣𝑎𝑎𝑙𝑙 𝑣𝑓𝑓𝑒𝑒𝑒𝑣𝑛𝑒𝑎
 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
410
73%

 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 563 𝐻𝑑 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 ∗ 0.7457 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 563 ∗ 0.7457 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 420 𝑘𝑊 

 

This fan option and system operating point calculation has each fan operating at 140 kW (188 HP), and 

matches well with the fan curve given in Error! Reference source not found.. Each fan is operating at 

94% of its rated power. Neither of these first two solutions with 1.37 m (54”) fans is considered 

acceptable; the formers power requirements surpass the motor capacity, and the later consumes 420 kW. 
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Table D-3. Tabulation of fan losses to build Fan Total Pressure (FTP) at various airflows which together 
are system curve for two HVT-72-30-1200 205kW fans 

 

RAD FAN CHAMBER TWO 72" FANS 30" Hub 275 HP
fan cfm 125,000    137,500    150,000    162,500    175,000    187,500    200,000  212,500    225,000    
system cfm 250000 275000 300000 325000 350000 375000 400000 425000 450000

fan dia ft 6.00          6.00          6.00          6.00          6.00          6.00          6.00        6.00          6.00          
fan area sq.ft 28.27        28.27        28.27        28.27        28.27        28.27        28.27      28.27        28.27        
fan v ft/min 4,421        4,863        5,305        5,747        6,189        6,631        7,074      7,516        7,958        

hub dia ft 2.50          2.50          2.50          2.50          2.50          2.50          2.50        2.50          2.50          
hub area sq.ft 4.91          4.91          4.91          4.91          4.91          4.91          4.91        4.91          4.91          

bell diam ft 7.67          7.67          7.67          7.67          7.67          7.67          7.67        7.67          7.67          
bell area sq.ft 46.16        46.16        46.16        46.16        46.16        46.16        46.16      46.16        46.16        
v bell f t/min 2,708        2,979        3,249        3,520        3,791        4,062        4,332      4,603        4,874        
VP bell in.w .g. 0.46          0.55          0.66          0.77          0.89          1.03          1.17        1.32          1.48          
entr loss in.w .g. 0.03          0.03          0.04          0.05          0.05          0.06          0.07        0.08          0.09          
screen loss in.w .g. 0.06          0.08          0.09          0.11          0.13          0.15          0.17        0.19          0.21          

cone dia ft 7.33          7.33          7.33          7.33          7.33          7.33          7.33        7.33          7.33          
cone area sq.ft 42.24        42.24        42.24        42.24        42.24        42.24        42.24      42.24        42.24        
cone v ft/min 2,959        3,255        3,551        3,847        4,143        4,439        4,735      5,031        5,327        
cone VP in.w .g. 0.54          0.66          0.78          0.92          1.07          1.23          1.40        1.57          1.77          
damper loss in.w .g. 0.37          0.44          0.53          0.62          0.72          0.82          0.93        1.06          1.18          

annulus area sq.ft 23.37        23.37        23.37        23.37        23.37        23.37        23.37      23.37        23.37        
v ann ft/min 5,350        5,885        6,420        6,955        7,490        8,025        8,560      9,095        9,630        
VP ann in.w .g. 1.78          2.15          2.56          3.01          3.49          4.01          4.56        5.15          5.77          

A2/A1 1.49          1.49          1.49          1.49          1.49          1.49          1.49        1.49          1.49          
L/R 0.94          0.94          0.94          0.94          0.94          0.94          0.94        0.94          0.94          
n 0.50          0.50          0.50          0.50          0.50          0.50          0.50        0.50          0.50          

fan VP + losses 1.62          1.96          2.33          2.74          3.18          3.65          4.15        4.68          5.25          

FSP_2018 = 1.08          1.44          1.82          2.23          2.67          3.13          3.62        4.13          4.67          

FTP_2018 = 2.70          3.40          4.15          4.97          5.84          6.77          7.76        8.81          9.91          

FSP_2022 = 1.21          1.77          2.36          2.96          3.57          4.20          4.86        5.54          6.24          

FTP_2022 = 2.83          3.73          4.69          5.69          6.74          7.84          9.01        10.22        11.49        
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Figure D-5. Intersection of Fan and System curves for two parallel HVT-72-30-1200 Fans (72” fans with 
30” hubs) 
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Figure D-6. Fan Curve for HVT-72-30-1200 Fan (72” diameter, 30” hub) with operating points for two 

parallel fans in RAD Fan Chamber highlighted 
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𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 =
𝐻 ∗ 𝑄
6346

 

𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 =
7.2 𝑖𝐹.𝑤.𝑍 ∗ 360,000 𝑐𝑐𝑚

6346
 

𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 = 408 𝐻𝑑 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
408

𝜂𝑒𝑣𝑣𝑎𝑎𝑙𝑙 𝑣𝑓𝑓𝑒𝑒𝑒𝑣𝑛𝑒𝑎
 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
408
76%

 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 537 𝐻𝑑 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 ∗ 0.7457 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 537 ∗ 0.7457 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 400 𝑘𝑊 
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Table D-4. Tabulation of fan losses to build Fan Total Pressure (FTP) at various airflows which together 
are system curve for two 7200-VAX-2700 186kW fans 

 

 

 

 

 

 

 

RAD FAN CHAMBER TWO 72" FANS 27" Hub
fan cfm 125,000    137,500    150,000    162,500    175,000    187,500    200,000  212,500    225,000    
system cfm 250000 275000 300000 325000 350000 375000 400000 425000 450000

fan dia ft 6.00          6.00          6.00          6.00          6.00          6.00          6.00        6.00          6.00          
fan area sq.ft 28.27        28.27        28.27        28.27        28.27        28.27        28.27      28.27        28.27        
fan v ft/min 4,421        4,863        5,305        5,747        6,189        6,631        7,074      7,516        7,958        

hub dia ft 2.25          2.25          2.25          2.25          2.25          2.25          2.25        2.25          2.25          
hub area sq.ft 3.98          3.98          3.98          3.98          3.98          3.98          3.98        3.98          3.98          

bell diam ft 8.08          8.08          8.08          8.08          8.08          8.08          8.08        8.08          8.08          
bell area sq.ft 51.32        51.32        51.32        51.32        51.32        51.32        51.32      51.32        51.32        
v bell f t/min 2,436        2,679        2,923        3,167        3,410        3,654        3,897      4,141        4,384        
VP bell in.w .g. 0.37          0.45          0.53          0.62          0.72          0.83          0.95        1.07          1.20          
entr loss in.w .g. 0.02          0.03          0.03          0.04          0.04          0.05          0.06        0.06          0.07          
screen loss in.w .g. 0.05          0.06          0.08          0.09          0.10          0.12          0.13        0.15          0.17          

cone dia ft 8.00          8.00          8.00          8.00          8.00          8.00          8.00        8.00          8.00          
cone area sq.ft 50.27        50.27        50.27        50.27        50.27        50.27        50.27      50.27        50.27        
cone v ft/min 2,487        2,735        2,984        3,233        3,482        3,730        3,979      4,228        4,476        
cone VP in.w .g. 0.38          0.47          0.55          0.65          0.75          0.87          0.99        1.11          1.25          
damper loss in.w .g. 0.26          0.31          0.37          0.44          0.51          0.58          0.66        0.75          0.84          

annulus area sq.ft 24.30        24.30        24.30        24.30        24.30        24.30        24.30      24.30        24.30        
v ann ft/min 5,144        5,659        6,173        6,688        7,202        7,717        8,231      8,745        9,260        
VP ann in.w .g. 1.65          1.99          2.37          2.78          3.23          3.70          4.22        4.76          5.34          

A2/A1 1.78          1.78          1.78          1.78          1.78          1.78          1.78        1.78          1.78          
L/R 0.94          0.94          0.94          0.94          0.94          0.94          0.94        0.94          0.94          
n 0.50          0.50          0.50          0.50          0.50          0.50          0.50        0.50          0.50          

fan VP + losses 1.35          1.63          1.94          2.28          2.64          3.03          3.45        3.90          4.37          

FSP_2018 = 1.08          1.44          1.82          2.23          2.67          3.13          3.62        4.13          4.67          

FTP_2018 = 2.43          3.07          3.76          4.51          5.31          6.16          7.07        8.02          9.03          

FSP_2022 = 1.21          1.77          2.36          2.96          3.57          4.20          4.86        5.54          6.24          

FTP_2022 = 2.56          3.41          4.30          5.24          6.21          7.23          8.31        9.43          10.61        
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Figure D-7. Intersection of Fan and System curves for two parallel 7200-VAX-2700 Fans (72” fans with 

27” hubs) 
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Figure D-8. Fan Curve for 7200-VAX-2700 Fan (72” diameter, 27” hub) with operating points for two 

parallel fans in RAD Fan Chamber highlighted 
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𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 =
𝐻 ∗ 𝑄
6346

 

𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 =
6.4 𝑖𝐹.𝑤.𝑍 ∗ 355,000 𝑐𝑐𝑚

6346
 

𝐻𝑑𝑡𝑒𝑡𝑎𝑙 𝑎𝑒𝑎 𝑎𝑒𝑎𝑣𝑎 = 358 𝐻𝑑 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
358

𝜂𝑒𝑣𝑣𝑎𝑎𝑙𝑙 𝑣𝑓𝑓𝑒𝑒𝑒𝑣𝑛𝑒𝑎
 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 =
358
74%

 

𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 483 𝐻𝑑 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 𝐻𝑑𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 ∗ 0.7457 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 483 ∗ 0.7457 

𝑘𝑊𝑒𝑛𝑎𝑎𝑡 𝑎𝑒𝑎𝑣𝑎 = 360 𝑘𝑊 
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Appendix E  

Fan Losses at 2022 Operating Point for Recommended Fan Selection 

 

This section calculates the future fan operating point for the RAD Fan Chamber in 2022, and specifically 

the fan losses. These are calculated as a precursor to improving the efficiency of the fan chamber design. 

The predicted flows from the model are 355 kcfm: 

355,000 𝑐𝑐𝑚 ÷ 2 𝑐𝐹𝐹𝐿 = 187,500 𝑐𝑐𝑚 (88.5
𝑚3

𝐿
) 𝑝𝐿𝑑 𝑐𝐹𝐹 

𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑁𝐹𝐶𝑑𝐹𝐹𝑐𝐿 𝐹ℎ𝐿𝑐𝑘 𝐿𝐿𝐿𝐿 + 𝐹𝑐𝑑𝐿𝐿𝐹 𝐹ℎ𝐿𝑐𝑘 𝐿𝐿𝐿𝐿 + 𝐹𝑖𝐴𝐿𝐹𝑐𝐿𝑑 𝐹𝑑𝑖𝑐𝐶𝑖𝐿𝐹 𝐿𝐿𝐿𝐿

+ 𝐺𝑑𝐹𝑑𝐴𝐹𝐴 𝑁𝑒𝑝𝐹𝐹𝐿𝑖𝐿𝐹 𝐹ℎ𝐿𝑐𝑘 𝐿𝐿𝐿𝐿 + 𝐷𝐹𝑚𝑝𝐿𝑑 𝐹ℎ𝐿𝑐𝑘 𝐿𝐿𝐿𝐿 + 𝐷𝑖𝐿𝑐𝐹ℎ𝑑𝑍𝐿 𝐹ℎ𝐿𝑐𝑘 𝐿𝐿𝐿𝐿 

To calculate shock loss of the entrance and screen: 

Calculate the air speed at the inlet bell 

𝐼𝐹𝐴𝐿𝐶 𝑏𝐿𝐴𝐴 𝑑𝑖𝐹𝑚𝐿𝐶𝐿𝑑 = 97 𝑖𝐹𝑐ℎ𝐿𝐿 = 8.08 𝑐𝐶 (2.46𝑚) 

𝐼𝐹𝐴𝐿𝐶 𝑏𝐿𝐴𝐴 𝐹𝑑𝐿𝐹 =  𝜋 ∗
8.082

4
= 51.3 𝐿𝑠.𝑐𝐶 (4.77𝑚2) 

𝑉𝐿𝐴𝐿𝑐𝑖𝐶𝑉𝑒𝑛𝑙𝑣𝑡 𝑎𝑣𝑙𝑙 =
187,500

51.3
= 3,655 𝑐𝐶/ min  (15.57

𝑚
𝐿

) 

Calculate the velocity pressure at the inlet bell  

(at standard density) 

𝐻𝑣_𝑒𝑛𝑙𝑣𝑡 𝑎𝑣𝑙𝑙 = �
3,655
4009

�
2

= 0.83 𝑖𝐹.𝑤.𝑍. (207 𝑑𝐹) 

Calculate shock loss of the entrance and screen 

𝐻𝑥 = 𝑋𝐻𝑣 
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𝐻𝑥𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 0.06 ∗ 0.83 

𝐻𝑥_𝑣𝑛𝑡𝑎𝑎𝑛𝑒𝑣 = 0.05 𝑖𝐹.𝑤.𝑍. (12 𝑑𝐹) 

𝐻𝑥𝑠𝑒𝑒𝑒𝑒𝑒 = 0.142 ∗ 0.83 

𝐻𝑥_𝑠𝑒𝑎𝑣𝑣𝑛 = 0.12 𝑖𝐹.𝑤.𝑍. (30 𝑑𝐹) 

To calculate the friction loss of the silencer: 

Calculate the air speed at the silencer 

𝐹𝑖𝐴𝐿𝐹𝑐𝐿𝑑 𝑑𝑖𝐹𝑚𝐿𝐶𝐿𝑑 = 72 𝑖𝐹𝑐ℎ𝐿𝐿 = 6.0 𝑐𝐶 (1.83 𝑚) 

𝐹𝑖𝐴𝐿𝐹𝑐𝐿𝑑 𝐹𝑑𝐿𝐹 =  𝜋 ∗
6.02

4
= 28.27 𝐿𝑠.𝑐𝐶 (2.63 𝑚2) 

𝐹𝑖𝐴𝐿𝐹𝑐𝐿𝑑 𝑑𝐿𝑑𝑖𝑚𝐿𝐶𝐿𝑑 =  𝜋 ∗ 6.0 = 18.85 𝑐𝐶 (5.75 𝑚) 

𝐴𝐿𝐿𝐴𝑚𝐿𝑑 𝑐𝑑𝑖𝑐𝐶𝑖𝐿𝐹 𝑐𝐹𝑐𝐶𝐿𝑑 𝐾 = 20 ∗ 10−10 lb. min2/ft4  

(𝐿𝐹𝑚𝐿 𝐹𝐿 𝐹𝐿𝑤 𝑐𝐹𝐹𝑣𝐹𝐿 𝑐𝐴𝐿𝑒𝑖𝑏𝐴𝐿 𝑑𝐴𝑐𝐶) 

𝐻𝑓 =
𝐾𝑑𝐿𝑄2

5.2𝐴3
 

𝐻𝑓 𝑠𝑒𝑙𝑣𝑛𝑒𝑣𝑎 =
(20 ∗ 10−10)(18.85)(6)(187,500)2

5.2(28.87)3
 

𝐻𝑓 𝑠𝑒𝑙𝑣𝑛𝑒𝑣𝑎 = 0.06 𝑖𝐹.𝑤.𝑍. (15 𝑑𝐹) 

To calculate the gradual expansion loss of the evasee: 

𝐻𝑔𝑎𝑎𝑔𝑎𝑎𝑙 𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 𝑙𝑒𝑠𝑠 = (1 − 𝜂)Δ𝐻𝑣 

Calculate the delta of velocity head between the entrance, where the area is the fan annulus, and the exit: 

Δ𝐻𝑣 = 𝐻𝑣 𝑒𝑒𝑛𝑣 𝑣𝑥𝑒𝑡 − 𝐻𝑣 𝑎𝑛𝑛𝑎𝑙𝑎𝑠 



153 
 

𝐶𝐿𝐹𝐿 𝐿𝑒𝑖𝐶 𝑑𝑖𝐹𝑚𝐿𝐶𝐿𝑑 = 96 𝑖𝐹𝑐ℎ𝐿𝐿 = 8.0 𝑐𝐶 (2.44 𝑚) 

𝐶𝐿𝐹𝐿 𝐿𝑒𝑖𝐶 𝐹𝑑𝐿𝐹 =  𝜋 ∗
8.02

4
= 50.3 𝐿𝑠.𝑐𝐶 (4.67 𝑚2) 

𝑉𝐿𝐴𝐿𝑐𝑖𝐶𝑉𝑒𝑒𝑛𝑣 𝑣𝑥𝑒𝑡 =
187,500

50.3
= 3,730 𝑐𝐶/ min(18.95

𝑚
𝐿

) 

𝐻𝑣_𝑒𝑒𝑛𝑣 𝑣𝑥𝑒𝑡 = �
3,730
4009

�
2

= 0.87 𝑖𝐹.𝑤.𝑍. (216 𝑑𝐹) 

𝐴𝑎𝑛𝑛𝑎𝑙𝑎𝑠 = 𝐴𝑓𝑎𝑛 − 𝐴ℎ𝑎𝑎 

𝐴𝑎𝑛𝑛𝑎𝑙𝑎𝑠 = 𝜋 �
72
12
�
2

/4 − 𝜋 �
27
12
�
2

/4 

𝐴𝑎𝑛𝑛𝑎𝑙𝑎𝑠 = 28.27− 3.98 = 24.30 𝐿𝑠.𝑐𝐶 (2.26 𝑚2) 

𝑉𝑎𝑛𝑛𝑎𝑙𝑎𝑠 =
187,500

24.30
= 7,717 𝑐𝐶/ min(39.20

𝑚
𝐿

) 

𝐻𝑣_𝑎𝑛𝑛𝑎𝑙𝑎𝑠 = �
7,717
4009

�
2

= 3.70 𝑖𝐹.𝑤.𝑍. (921 𝑑𝐹) 

Δ𝐻𝑣 = 3.70 − 0.87 = 2.83 𝑖𝐹.𝑤.𝑍. (704 𝑑𝐹) 

For the 144” long evasee selected: 

𝜂 = 0.76 

𝐻𝑔𝑎𝑎𝑔𝑎𝑎𝑙 𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 𝑙𝑒𝑠𝑠 = (1 − 𝜂)Δ𝐻𝑣 

𝐻𝑔𝑎𝑎𝑔𝑎𝑎𝑙 𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 𝑙𝑒𝑠𝑠 = (0.24) ∗ 2.83 

𝐻𝑔𝑎𝑎𝑔𝑎𝑎𝑙 𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 𝑙𝑒𝑠𝑠 = 0.68 𝑖𝐹.𝑤.𝑍. (169 𝑑𝐹) 

To calculate shock loss of the damper being by calculating the air speed at the damper: 

𝐷𝐹𝑚𝑝𝐿𝑑 𝑑𝑖𝐹𝑚𝐿𝐶𝐿𝑑 = 96 𝑖𝐹𝑐ℎ𝐿𝐿 = 8.0 𝑐𝐶 (2.44 𝑚) 
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𝐷𝐹𝑚𝑝𝐿𝑑 𝐹𝑑𝐿𝐹 =  𝜋 ∗
8.02

4
= 50.3 𝐿𝑠.𝑐𝐶 (4.67 𝑚2) 

𝑉𝐿𝐴𝐿𝑐𝑖𝐶𝑉𝑔𝑎𝑚𝑎𝑣𝑎 =
187,500

50.3
= 3,730 𝑐𝐶/ min(18.95

𝑚
𝐿

) 

Calculate the velocity pressure at the damper (at standard density): 

𝐻𝑣_𝑔𝑎𝑚𝑎𝑣𝑎 = �
3,730
4009

�
2

= 0.87 𝑖𝐹.𝑤.𝑍. (216 𝑑𝐹) 

Calculate shock loss of the damper: 

𝐻𝑥_𝑔𝑎𝑚𝑎𝑣𝑎 = 0.67 ∗ 0.83 = 0.58 𝑖𝐹.𝑤.𝑍 (144 𝑑𝐹) 

To calculate the velocity pressure loss at the fan discharge: 

Calculate the air speed at the exit: 

𝑁𝑒𝑖𝐶 𝑑𝑖𝐹𝑚𝐿𝐶𝐿𝑑 = 96 𝑖𝐹𝑐ℎ𝐿𝐿 = 8.0 𝑐𝐶 (2.44 𝑚) 

𝑁𝑒𝑖𝐶 𝐹𝑑𝐿𝐹 =  𝜋 ∗
8.02

4
= 50.3 𝐿𝑠.𝑐𝐶 (4.67 𝑚2) 

𝑉𝐿𝐴𝐿𝑐𝑖𝐶𝑉𝑣𝑥𝑒𝑡 =
187,500

50.3
= 3,730 𝑐𝐶/𝑚𝑖𝐹 (18.95

𝑚
𝐿

) 

Calculate the velocity pressure at the exit (at standard density): 

𝐻𝑣_𝑣𝑥𝑒𝑡 = �
3,730
4009

�
2

= 0.87 𝑖𝐹.𝑤.𝑍. (216 𝑑𝐹) 

Summing these losses together we return to: 

𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿 = 0.05 + 0.12 + 0.06 + 0.58 + 0.87 + 0.68 

𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿 = 2.36 𝑖𝐹.𝑤.𝑍. (587 𝑑𝐹)  
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Appendix F  

RAD Fan Chamber Design 

 

This section addresses the design completed for the RAD Fan Chamber where two 1.83 m (72”) diameter 

fans were to be located. The goal of the design was to arrive at a very efficient installation that could be 

easily constructed and maintained. The drift was, as per development design, 5.25 m wide and 5.60 m tall. 

These 1.83 m diameter fans cannot sit side-by-side while maintaining the rule-of-thumb separation of 2-

diameters between fan centerlines and 1-diameter between each fan centerline and the drift walls. The 

largest fans that could sit side-by-side while maintaining this rule is 1.31 m (1.31 m = 51”, so a 48” fan 

would be selected). It has been graphically determined that the largest fans which may be placed 

diagonally in this drift whilst maintaining minimum offset distances is 1.83 m (72”), as shown below in 

Error! Reference source not found.. 

Figure F-1. Diagonal installation of fans in a drift 

Such an installation is undoubtedly costly, both in time, materials, and added design, and makes access to 

the fans difficult, thus a monorail to access the upper fan would seem obligatory. At $50,000 for the 

monorail, plus an estimated $50,000 extra for the elevated installation, blasting a slash for a horizontal 

alignment seemed more reasonable. 

In this case, the study applied the rule-of-thumb distances between the fans must measured from the inlet 

bell. The inlet bells have a diameter of 2.46 m (97”) and we desire 0.91 m (36”) between the bells and the 
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drift walls, and 1.83 m (72”) between the inlet bells. Thus, the minimum drift width is 8.57 m (rounded 

up to 8.6 m or 28.2 ft).  

The length of the installation, including inlet bell, silencer, fan, outlet cone, backdraft damper, and thru-

wall adapter was 8.4 m (330.5”), and a general arrangement drawing of this setup is shown in Error! 

Reference source not found.. This was extended by ½ diameter, 0.91 m, in front of the inlet bell for a 

total “full-width” length of 9.5 m. Before and after the fan the drift will taper from 5.25 m to 8.6 m, the 

angle of which will be minimized to reduce shock losses from gradual expansion as the airflow enters the 

fans and contraction as the airflow leaves the fans. The chart for effectiveness values for plane diffusers, 

Figure 2, was consulted. As the height will remain unchanged the ratio A2/A1 is simplified to W2/W1 and 

is known. 

𝐴2
𝐴1

=
𝑊2

𝑊1
=

8.6
5.25

= 1.64 

 
Figure F-2. General arrangement of selected fans with accessories. 
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The velocity pressure considered in the case study, to demonstrate the relative merit of selecting the most 

ideal parameters, is given below: 

Calculate the air speed of the drift approaching the new fan chamber 

𝐷𝑑𝑖𝑐𝐶 𝐴𝑑𝐿𝐹 = 5.25𝑚 𝑒 5.60𝑚 = 29.4𝑚2 

𝑉𝐿𝐴𝐿𝑐𝑖𝐶𝑉𝑔𝑎𝑒𝑓𝑡 =
167.5
29.4

= 5.70 𝑚/𝐿 

Calculate the velocity pressure at the drift inlet: 

(at standard density) 

𝐻𝑣_𝑔𝑎𝑒𝑓𝑡 = 0.6007 𝑉_𝑑𝑑𝑖𝑐𝐶2 = 19.5 𝑑𝐹 

The equation for abrupt expansion is as follows: 

𝑋𝑎𝑎𝑎𝑎𝑎𝑡_𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 = �1 − �
𝑑2

𝐷2��
2

 

And again, recognizing the height is equal for both the inlet and outlet areas, so substituting width for the 

diameter: 

𝑋𝑎𝑎𝑎𝑎𝑎𝑡_𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 = �1 − �
5.252

8.62 �
�
2

 

𝑋𝑎𝑎𝑎𝑎𝑎𝑡_𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 = �1 − �
27.56
73.96

��
2

= [1 − 0.37]2 = 0.40 

Therefore, without blasting a nice gradual expansion, the case study would create a shock loss of  

𝐻𝑎𝑎𝑎𝑎𝑎𝑡_𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 = 𝑋𝑎𝑎𝑎𝑎𝑎𝑡_𝑣𝑥𝑎𝑎𝑛𝑠𝑒𝑒𝑛 ∗ 𝐻𝑣𝑑𝑒𝑑𝑓𝑒 = 0.40 ∗ 19.5 = 8 𝑑𝐹 

So, the case study was trying to reduce a loss that represents 0.5% of fan total pressure. But for 

aerodynamic effect a 15° angle on the walls was applied. From the graph of effectiveness values for plane 
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diffusers, Figure 2, the diagonal lines for 2θ = 30° were followed and at the intersection with the 

A2/A1=1.64 an effectiveness value of 70%. The chart applies best where there is even expansion on both 

sides; however the cost of one wall slash is half the cost of two, regardless of depth, so for practical 

reasons all the expansion will occur on one side of the drift. For an expansion from 5.25 m to 8.6 m we 

need an extra 3.35 m width. At 15° taper the length of the gradual expansion triangle becomes 12.5 m 

For the discharge side, the contraction of airflow will occur using the same 15° taper, but measured from 

the fan discharge (not the drift wall). A contraction from 7.7 m (8.6 m less 0.9 m wall offset) to 5.25 m is 

a reduction of 2.45 m width. At 15° taper the length of the gradual contraction triangle to be slashed is 9.1 

m. However, as the real width of the drift is 8.6 m the angle for the tunnel contraction will be 20°, shown 

in Error! Reference source not found.. 

The cost of the slashing is estimated as follows: 

𝐹𝐴𝐹𝐿ℎ 𝐴𝑑𝐿𝐹 =  𝐴𝑑𝐿𝐹 𝑁𝑒𝑝𝐹𝐹𝐿𝑖𝐿𝐹 + 𝐴𝑑𝐿𝐹 𝐹𝐴𝐴𝐴 𝑊𝑖𝑑𝐶ℎ + 𝐴𝑑𝐿𝐹 𝐶𝐿𝐹𝐶𝑑𝐹𝑐𝐶𝑖𝐿𝐹 

𝐹𝐴𝐹𝐿ℎ 𝐴𝑑𝐿𝐹 =
3.35 ∗ 12.5

2
+ (3.35 ∗ 9.5) +

3.35 ∗ 9.1
2

 

𝐹𝐴𝐹𝐿ℎ 𝐴𝑑𝐿𝐹 =
3.35 ∗ 12.5

2
+ (3.35 ∗ 9.5) +

3.35 ∗ 9.1
2

 

𝐹𝐴𝐹𝐿ℎ 𝐴𝑑𝐿𝐹 = 21 + 32 + 15 

𝐹𝐴𝐹𝐿ℎ 𝐴𝑑𝐿𝐹 = 68 𝑚2 

𝑁𝑠𝐴𝑖𝑣𝐹𝐴𝐿𝐹𝐶 𝑀𝐿𝐶𝐿𝑑𝐿 =
𝐹𝐴𝐹𝐿ℎ 𝐴𝑑𝐿𝐹

𝐹𝑉𝑝𝑖𝑐𝐹𝐴 𝑊𝑖𝑑𝐶ℎ
 

𝑁𝑠𝐴𝑖𝑣𝐹𝐴𝐿𝐹𝐶 𝑀𝐿𝐶𝐿𝑑𝐿 =
68

5.25
 

𝑁𝑠𝐴𝑖𝑣𝐹𝐴𝐿𝐹𝐶 𝑀𝐿𝐶𝐿𝑑𝐿 = 13 𝑚 

𝐹𝐴𝐹𝐿ℎ 𝐶𝐿𝐿𝐶 = 𝑁𝑠𝐴𝑖𝑣𝐹𝐴𝐿𝐹𝐶 𝑀𝐿𝐶𝐿𝑑𝐿 ∗ $/𝑚 
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𝐹𝐴𝐹𝐿ℎ 𝐶𝐿𝐿𝐶 = 13 ∗ 6000 

𝐹𝐴𝐹𝐿ℎ 𝐶𝐿𝐿𝐶 = $78,000 

 
Figure F-3. Layout for fan chamber 

Compared to the added cost of an overhead monorail and the design, materials, and labour to install one 

fan high against the back, estimated at $100,000, the cost of slashing out a fan chamber is almost half. By 

optimizing the placement to overlap where some over-break had occurred, Error! Reference source not 

found., the slash area was reduced to 54 m2. Not only does this reduce the cost of installation, it makes 

accessing these units for future monitoring and maintenance far simpler. 
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Figure F-4. Optimized slash placement to take advantage of exiting over break 
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