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7.1. INTRODUCTION 
 
A vital component in the design of a new underground mine or other subsurface facility is the 
quantified planning of the distribution of airflows, together with the locations and duties of fans 
and other ventilation controls required to achieve acceptable environmental conditions throughout 
the system. Similarly, throughout the life of an underground operation, it is necessary to plan 
ahead in order that new fans, shafts or other airways are available in a timely manner for the 
efficient ventilation of extensions to the workings. As any operating mine is a dynamic system 
with new workings continually being developed and older ones coming to the end of their 
productive life, ventilation planning should be a continuous and routine process. 
 
The preceding chapters have discussed the behaviour of air or other fluid within an individual 
airway, duct or pipe. Ventilation network analysis is concerned with the interactive behaviour of 
airflows within the connected branches of a complete and integrated network. The questions 
addressed by ventilation network analysis may be formulated quite simply. If we know the 
resistances of the branches of a ventilation network and the manner in which those branches are 
interconnected then how can we predict, quantitatively, the distribution of airflow for given 
locations and duties of fans? 
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Alternatively, if we know the airflows that we need in specific branches of the network then how 
can we determine an efficient combination of fans and structure of the network that will provide 
those required airflows? Ventilation network analysis is a generic term for a family of techniques 
that enable us to address such questions.  
 
In a given network there are a large number of combinations of airway resistances, fans, and 
regulators that will give any desired distribution of flow. Practical considerations limit the number 
of acceptable alternatives. However, the techniques of network analysis that are useful for 
modern industrial application must remain easy to use, and sufficiently rapid and flexible to allow 
multiple alternative solutions to be investigated.  
 
Before the mid 1950's there were no practicable means of conducting detailed and quantitative 
ventilation network analysis for complete mine systems. Ventilation planning was carried out 
either using hydraulic gradient diagrams formulated from assumed airflows or, simply, based on 
the experience and intuition of the ventilation engineer. Attempts to produce physical models of 
complete mine ventilation systems using air or water as the medium met with very limited 
success because of difficulties from scale effects. Following earlier research in Holland (Maas, 
1950), the first viable electrical analogue computers to simulate ventilation networks were 
produced in the United Kingdom (Scott et al, 1953) followed rapidly in the United States (McElroy, 
1954). These analogues employed electrical current passing through rheostats to simulate 
airflows. Successive adjustment of the resistances of the rheostats enabled the linear Ohm's law 
for electrical conductors to emulate the square law of ventilation networks. 
 
Linear resistance analogues became the main automated means of analyzing mine ventilation 
networks in the nineteen fifties and early 'sixties. Rapid advances in the electronics industries 
during that time resulted in the development of direct reading fluid network analogues that 
replaced the linear resistors with electronic components. These followed a logarithmic 
relationship between applied voltage and current, producing analogues that were easier to use 
and much faster in operation (Williams, 1964). However, by the time they became available, 
ventilation simulation programs for mainframe digital computers had begun to appear 
(McPherson 1964,  Hartman and Wang 1967). These proved to be much more versatile, rapid 
and accurate, and their employment soon dominated ventilation planning procedures in major 
mining countries. Coupled with continued improvements in ventilation survey techniques to 
provide the data, ventilation network analysis programs resulted in hitherto unprecedented levels 
of flexibility, precision and economics in the planning, design and implementation of mine 
ventilation systems.  
 
Throughout the 1970's network programs were developed for large centralized mainframe 
computers. Their initial use by industry tended to be inhibited by the often pedantic procedures of 
data preparation together with the costs and delays of batch processing. In the 1980's, the 
enhanced power and reduced cost of microcomputers led to the evolution of self-contained 
software packages that allowed very easy interaction between the user and the computer. These 
incorporated the use of graphics. Ventilation engineers could, for the first time, conduct multiple 
planning exercises on large networks entirely within the confines of their own offices. The 
complete processing of data from survey observations through to the production of plotted 
ventilation plans became automated. Personal computers, printers and plotters proliferated in 
mine planning offices. Together with the ready availability of software, these led to a revolution in 
the methodologies, speed and accuracy of subsurface ventilation planning. 
 
In this chapter, we shall introduce the basic laws that govern the distribution of airflow within a 
network of interconnected branches. The analytical and numerical methods of predicting airflows 
will be examined before proceeding to a discussion of network simulation packages. 
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7.2 FUNDAMENTALS OF VENTILATION NETWORK ANALYSIS 
 
Any integrated ventilation system can be represented as a schematic diagram in which each line 
(branch) denotes either a single airway or a group of openings that are connected such that they 
behave effectively as a single airway (Section 7.3.1.1). Only those airways that contribute to the 
flow of air through the system appear on the network schematic. Hence, sealed off areas of 
insignificant leakage, stagnant dead ends and headings that produce no induction effects 
(Section 4.4.3) on the main airflow need not be represented in the network. On the other hand, 
the tops of shafts or other openings to surface are connected to each other through the pressure 
sink of the surface atmosphere. The points at which branches connect are known simply as 
junctions or nodes. 
 
7.2.1 Kirchhoff's Laws 
 
Gustav R. Kirchhoff (1824-87) was a German physicist who first recognized the fundamental 
relationships that govern the behaviour of electrical current in a network of conductors. The same 
basic relationships, now known as Kirchhoff's Laws, are also applicable to fluid networks 
including closed ventilation systems at steady state. 
 
Kirchhoff's first law states that the mass flow entering a junction equals the mass flow leaving that 
junction or, mathematically, 
 
 0

j
=ΣM         (7.1) 

 
where M are the mass flows, positive and negative, entering junction j. 
 
However, it will be recalled that 
 

 
s

kg
ρQM =       (7.2) 

 
where  Q = volume flow (m3/s) and  

ρ = air density (kg/m3) 
 

Hence 0
j

=Σ ρQ       (7.3) 

 
In subsurface ventilation systems, the variation in air density around any single junction is 
negligible, giving 
 
 0

j
=ΣQ         (7.4) 

 
This provides a means of checking the accuracy of airflow measurements taken around a junction 
(Section 6.4.3). 
 
The simplest statement of Kirchhoff's second law applied to ventilation networks is that the 
algebraic sum of all pressure drops around a closed path, or mesh, in the network must be zero, 
having taken into account the effects of fans and ventilating pressures. This can be quantified by 
writing down the steady flow energy equation (3.25), initially for a single airway. 
  

 
kg
J

2

2

∫ +=++ FdPVWgZu ∆∆    (7.5) 

 



Chapter 7 Ventilation Network Analysis                                                                      Malcolm J. McPherson 

                                                                                                                                                                   7-  4

 
where  u = 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) and  
F = work done against friction (J/kg) 
 

If we consider a number of such branches forming a closed loop or mesh within the network then 
the algebraic sum of all ∆Z must be zero and the sum of the changes in kinetic energy, ∆u2/2, is 
negligible. Summing each of the remaining terms around the mesh, m, gives 
 

 [ ]
kg
J0ΣΣ

mm
=−+∫ WFdPV     (7.6) 

 

Now the summation of ∫− dPV  terms is the natural ventilating energy, NVE, that originates from 

thermal additions to the air (Section 8.3.1). Hence, we can write 
 

 [ ]
kg
J0Σ =−− NVEWF    (7.7) 

 
This may now be converted to pressure units by multiplying throughout by a single value of air 
density ρ. 
 
 [ ] Pa0Σ =−− NVEWF ρρρ    (7.8) 
 
However,  ρF  =  p (frictional pressure drop, equation (2.46))  

ρW = pf (rise in total pressure across a fan) and  
ρ NVE = NVP (natural ventilating pressure, equation (8.32)), 
 

each of these three terms being referred to the same (standard) density. The equation then 
becomes recognizable as Kirchhoff's second law: 
 
 Pa0)p-(pΣ f =− NVP   (7.9) 
 
This is the relationship that is employed as a quality assurance check on a pressure survey 
(Section 6.4.3), or as a means of determining a value for the natural ventilating pressure 
(equation 8.51)). 
 
 
7.2.2 Compressible or incompressible flow in ventilation network analysis 
 
Kirchhoff's laws can be applied to fluid networks that conduct either compressible or 
incompressible fluids. In the former case, the analysis is carried out on the basis of mass flow. 
Equations (7.1) or (7.3) are employed for the application of Kirchhoff's first law and equation (7.7) 
for Kirchhoff's second law. 
 
There is another set of equations that must be obeyed within ventilation networks. Those have 
already been introduced as the square law for each individual branch. When the flow is deemed 
to be compressible, then the rational form of the square law should be utilized 
 

Pa2QRp t ρ=     (see equation (2.50)) 
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where Rt   =    rational turbulent resistance (m-4) 
 
But, as p = Fρ   (equation (2.46)), 
 
 2QRFp t ρρ ==  

giving  
kg
J2QRF t=       (7.10) 

 
Kirchhoff's second law for compressible flow (equation (7.7)) becomes 
 

 [ ]
kg
J0Σ 2 =−− NVEWQRtm

   (7.11) 

 
As we progress from branch to branch around a closed mesh in a network then it is the algebraic 
values of the pressure drops, p, or losses of mechanical energy, F, that must be summed. These 
are both positive in the direction of flow and negative if the flow is moving against the direction of 
traverse around the mesh. Hence, equation (7.11) may, more appropriately, be written as 
 

 [ ]
kg
J0Σ =−− NVEWQQRtm

   (7.12) 

 
where  Q   =   airflow with due account taken of sign (± m3/s) 
and  IQI =   absolute value of airflow and is always positive (+m3/s). 
 
This device ensures that the frictional pressure drop or loss of mechanical energy always have 
the same sign as airflow. 
 
In the case of incompressible flow, the application of Kirchhoff's laws becomes more 
straightforward. Equations (7.4) and (7.9) give 
 
 0Σ

j
=Q     (Kirchhoff I) 

and  0)Σ
m

=−− NVPpQRQ f   (Kirchhoff II)    (7.13) 

 
where R = Atkinson resistance (Ns2/m8) 
 
It will be recalled that the three terms of this latter equation should each be referred to the same 
(standard) value of air density, normally 1.2 kg/m3. 
 
Computer programs have been developed for compressible flow networks. These require input 
data (pressures, temperatures, elevations and air quality parameters) from which variations in air 
density and natural ventilation effects may be calculated. On the other hand, where 
compressibility and natural ventilating effects need to be taken into account, there are means by 
which these can be simulated to an acceptable accuracy by an incompressible flow network 
program. For these reasons, the great majority of subsurface ventilation planning employ the 
simpler and faster incompressible flow programs. The more sophisticated and demanding 
compressible flow programs are required for compressed air (or gas) networks or for specialized 
applications in subsurface ventilation systems. 
 
The remainder of this chapter will concentrate on incompressible flow network analysis. 
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7.2.3 Deviations from the Square Law 
 
The square law was derived in Section 2.3.6 from the basic Chezy Darcy relationship and further 
developed in Section 5.2. Both the rational form of the square law, p = RtρQ2, and the traditional 
form, p = RQ2, apply for the condition of fully developed turbulence. Furthermore, both the 
rational resistance, Rt, and the Atkinson resistance, R, are functions of the coefficient of friction, f, 
for the duct or airway (equations (2.51), (5.4), and (5.1)). Hence, if the flow falls into the 
transitional or laminar regimes of the Moody chart (Figure 2.7) then the value of f becomes a 
function of Reynolds Number. The corresponding values of resistance, Rt, or R, for that airway 
then vary with the airflow. If the form of the square law is to be retained then the values of 
resistance must be computed for the relevant values of Reynolds Number. 
 
However, many experimental researchers have found that plotting In(p) against In(Q) may give a 
slope that deviates slightly from Chezy Darcy’s theoretical prediction of 2, even for fully 
developed turbulence. The relationship between frictional pressure drop, p, and volume flowrate, 
Q, may be better expressed as 
 
 PanQRp =       (7.14) 
 
where values of the index, n, have been reported in the range of 1.8 to 2.05 for a variety of pipes, 
ducts and fluids. Similar tests in mine airways have shown that n lies very close to 2 for routes 
along the main ventilation system but may be lower for leakage flows through stoppings or old 
workings. This effect is caused primarily by flows that enter the transitional or, even, laminar 
regimes. In the latter case, n takes the value of 1.0 and the pressure drop flow relationship 
becomes 
 
 QRp L=    (see equation (2.32)) 
 
where  RL = laminar resistance 
 
In the interests of generality, we shall employ equation (7.14) in the derivations that follow. 
 
 
7.3. METHODS OF SOLVING VENTILATION NETWORKS 
 
There are essentially two means of approach to the analysis of fluid networks. The analytical 
methods involve formulating the governing laws into sets of equations that can be solved 
analytically to give exact solutions. The numerical methods that have come to the fore with the 
availability of electronic digital computers solve the equations through iterative procedures of 
successive approximation until a solution is found to within a specified accuracy. 
 
In both cases, the primary processes of solution may be based on the distribution of pressures 
throughout the network or, alternatively, on the distribution of flows. The former may be preferred 
for networks that involve many outlet points such as a water distribution network. On the other 
hand, for networks that form closed systems such as subsurface ventilation layouts it is more 
convenient to base the analysis on flows. 
 
7.3.1 Analytical Methods 
 
7.3.1.1 Equivalent Resistances 
 
This is the most elementary of the methods of analyzing ventilation networks. If two or more 
airways are connected either in series or in parallel then each of those sets of resistances may be 
combined into a single equivalent resistance. Although of fairly limited value in the analysis of 
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complete networks, the method of equivalent resistances allows considerable simplification of the 
schematic representation of actual subsurface ventilation systems. 
 
In order to determine an expression for a series circuit, consider Figure 7.1 (a). The frictional 
pressure drops are given by equation (7.14) as 
 
 nnn QRpQRpQRp 332211 ,, ===  
 
Then for the combined series circuit, 
 
 nQRRRpppp )()( 321321 ++=++=  
 
or  n

ser QRp =  where 321 RRRRser ++=  
 
Rser is the equivalent resistance of the series circuit. 
 
In general, for a series circuit 
 

RRser Σ=          (7.15) 
 
 
 

 
 
In the case of a parallel circuit, Figure 7.1 (b) shows that each branch suffers from the same 
frictional pressure drop, p, between the common “start” and “end" junctions but passes differing 
airflows. Then 
 

Q Q R1 R2 R3

p1 p2 p3

(a)  Resistances connected in series 

Q Q 

R1

R2

R3

Q1

Q2

Q3

 p

(b)  Resistances connected in parallel.

Figure 7.1  Series and parallel circuits. 
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 nnn QRQRQRp 332211 ===  
 

giving nRpQ
1

11 )/(=  

 nRpQ
1

22 )/(=  

 nRpQ
1

33 )/(=  
 
The three airflows combine to give 
 

 












++=++=
nnn

n

RRR
pQQQQ 1

3
1

2
1

1

1
321

111  

 
We may write this as 

 
npar

n

R

pQ 1

1

=  

 
where Rpar  is the equivalent resistance of the parallel circuit. It follows that 
 

 












++=
nnnnpar RRRR

1
3

1
2

1
1

1
1111  

or in general, 
 

 ∑=
nnpar RR

11
11        (7.16) 

 
In the usual case of n = 2 for subsurface ventilation systems, 
 

 ∑=
RRpar

11        (7.17) 

 
 
Example 
Figure 7.2 illustrates nine airways that form part of a ventilation network. Find the equivalent 
resistance of the system. 
 
Solution 
Airways 1, 2, and 3 are connected in series and have an equivalent resistance of 
 

321 RRRRa ++=     (equation (7.15)) 

 8

2

m
Ns8.01.01.06.0 =++=  

This equivalent resistance is connected across the same two junctions, A and B, as airway 4 and, 
hence, is in parallel with that airway The equivalent resistance of the combination, Rb, is given by 
 

 
3.0

1
8.0

11
+=

bR
  (equation (7.16)  
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from which 

8

2

m
Ns1154.0=bR  

 
Notice that the equivalent resistance of the parallel circuit is less than that of either component 
(ref. Buddle, Section 1.2). Equivalent resistance Rb is now connected in series with airways 5 and 
6 giving a new equivalent resistance of all paths inby junctions C and D as 
 

 8

2

m
Ns4354.017.015.01154.0 =++=cR  

 
Combining this in parallel with airway 7 gives 
 

 
10
1

4354.0
11

+=
dR

 

 

which yields 8

2

m
Ns298.0=dR  

 
The equivalent resistance of all nine airways, Requ is then given by adding the resistances of 
airways 8 and 9 in series 
 

 8

2

m
Ns548.013.012.0298.0 =++=equR  

 

Figure 7.2   Example of a network segment that can be  
resolved into a single equivalent resistance 
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If it is simply the total flow into this part of a larger network that is required from a network 
analysis exercise then the nine individual airways may be replaced by the single equivalent 
resistance. This will simplify the full network schematic and reduce the amount of computation to 
be undertaken during the analysis. On the other hand, if it is necessary to determine the airflow in 
each individual branch then the nine airways should remain as separate resistances for the 
network analysis. 
 
The concept of equivalent resistances is particularly useful to combine two or more airways that 
run adjacent to each other. Similarly, although a line of stoppings between two adjacent airways 
are not truly connected in parallel, they may be grouped into sets of five to ten, and each set 
represented as an equivalent parallel resistance, provided that the resistance of the stoppings is 
large compared with that of the airways. Through such means, the several thousand actual 
branches that may exist in a mine can be reduced to a few hundred, simplifying the schematic, 
reducing the amount of data that must be handled, and minimizing the time and cost of running 
network simulation packages. 
 
7.3.1.2 Direct Application of Kirchhoff's Laws 
 
Kirchhoff's laws allow us to write down equation (7.4) for each independent junction in the 
network and equation (7.9) for each independent mesh. Solving these two sets of equations will 
give the branch airflows, Q, that satisfy both laws simultaneously.  
 
If there are b branches in the network then there are b airflows to be determined and, hence, we 
need b independent equations. Now, if the network contains j junctions, then we may write down 
Kirchhoff I (equation (7.4)) for each of them in turn. However, as each branch is assumed to be 
continuous with no intervening junctions, a branch airflow denoted as Qi entering a junction will 
automatically imply that Qi  leaves at the junction at the other end of that same branch. It follows 
that when we reach the last junction, all airflows will already have been symbolized. The number 
of independent equations arising from Kirchhoff I is (j -1). 
 
This leaves b - (j - 1) or (b - j + 1) further equations to be established from Kirchhoff II (equation 
(7.9)). We need to choose (b - j + 1) independent closed meshes around which to sum the 
frictional pressure drops. 
 
The direct application of Kirchhoff's laws to full mine circuits may result in several hundred 
equations to be solved simultaneously. This requires computer assistance. Manual solutions are 
limited to very small networks or sections of networks. Nevertheless, a manual example is useful 
both to illustrate the technique and assists in understanding the numerical procedures described 
in the following section. 
 
 
Example 
Figure 7.3 shows a simplified ventilation network served by a downcast and an upcast shaft, each 
passing 100 m3/s. The resistance of each subsurface branch is shown. A fan boosts the airflow in 
the central branch to 40 m3/s. Determine the distribution of airflow and the total pressure, pb 
developed by the booster fan. 
 
Solution 
Inspection of the network shows that it cannot be resolved into a series/parallel configuration and, 
hence, the method of equivalent resistances is not applicable. We shall, therefore, attempt to find 
a solution by direct application of Kirchhoff's laws. 
 
The given airflows are also shown on the figure with the flow from A to B denoted as Q1. By 
applying Kirchhoff I (equation (7.4)) to each junction, the airflows in other branches may be 
expressed in terms of Q1 and have been added to the figure. 
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The shafts can be eliminated from the problem as their airflows are already known. In the 
subsurface structure we have 5 branches and 4 junctions. Accordingly, we shall require 
 

b – j + 1    =    5 – 4 + 1    =    2   independent meshes 
 
In order to apply Kirchhoff II (equation (7.9)) to the first mesh, consider the pressure drops around 
that mesh, branch by branch, remembering that frictional pressure drops are positive and fan 
pressures negative in the direction of flow. Figure 7.3 shows that we may choose meshes along 
the closed paths ABCA and BDCB. 
 

  Frictional pressure drop (RQ2) Fan 

AB 0.2 Q1
2 ----------- 

BC 1.0 x 402 - pb 
CA - 0.1 (100 – Q1)2 ----------- 

 
Summing up these terms according to Kirchhoff II gives  
 
 Pa0)100(1.016002.0 2

1
2

1 =−−−+ QpQ b    (7.18) 
 
Collecting like terms gives 

       Figure 7.3.   Example network showing two meshes and Kirchhoff I applied at each junction. 
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 Pa600201.0 1
2

1 ++= QQpb    (7.19) 
 
Inspection of Figure 7.3 and commencing from junction B, shows that the summation of pressure 
drops applied to the second mesh may be written as 
 
 Pa0401)140(25.0)40(5.0 22

1
2

1 =+×−−−− bpQQ  (7.20) 
 
Notice that in this case, the direction of traverse is such that the pressure falls on passing through 
the fan, i.e. a positive pressure drop. Substituting for pb from equation (7.19), expanding the 
bracketed terms and simplifying leads to 
 
 051005035.0 1

2
1 =−+ QQ  

 
This quadratic equation may be solved to give 
 

 
s

m69.211or83.68
35.02

)510035.04(5050 32

1 −=
×

××+±−
=Q  

 
The only practical solution is Q1 = 68.83 m3/s. The flows in all branches are then given from 
inspection of Figure 7.3 as  
 

AB         68.83 m3/s 
BD 28.83 
BC 40.00 
AC 31.17 
CD 71.17 

 
The required booster fan pressure, pb, is given from equation (7.19) as 
 
 Pa2450600)83.68(20)83.68(1.0 2 =++=bp  
 
 
7.3.2 Numerical Methods 
 
Although the analytical methods of ventilation network analysis were given considerable attention 
before the development of analogue computers in the 1950's, the multiple simultaneous 
equations that they produced could not readily be solved by manual means. As shown in the 
previous example, two mesh problems involve quadratic equations. A little further thought 
indicates that three mesh problems would involve polynomial equations in Q of order 4. Four 
meshes would produce powers of 8, and so on (i.e. powers of 2m-1, where m = number of 
meshes). 
 
Atkinson recognized this problem in his paper of 1854 and suggested a method of successive 
approximation in which the airflows were initially estimated, then adjusted towards their true value 
through a series of corrections. Although no longer employed, Atkinson's approach anticipated 
current numerical methods. 
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Since the mid 1960's, considerable research has been carried out to find more efficient numerical 
methods of analyzing ventilation networks. Y.J. Wang in the United States developed a number of 
algorithms based on matrix algebra and the techniques of operational research. 
 
The method that is most widely used in computer programs for ventilation network analysis was 
originally devised for water distribution systems by Professor Hardy Cross at the University of 
Illinois in 1936. This was modified and further developed for mine ventilation systems by D.R. 
Scott and F.B. Hinsley at the University of Nottingham in 1951. However, it was not until digital 
computers became more widely available for engineering work in the 1960's that numerical 
methods became truly practicable. 
 
The Hardy Cross Technique. 
 
Figure 7.4 shows the system resistance curve for one single representative branch in a ventilation 
network. If the airflow, Q, is reversed then the frictional pressure drop, p, also becomes negative. 
 

 

p = RQn

p=RQn

pa=RaQa
n

Figure 7.4  In the system resistance curve for an airway, p and Q always have the same sign. The p,Q 
slope remains non-negative. 

Qa Q 

-10000
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p
p = RQn

p = RaQa n
∆p

∆Q 

Qa Q 

p = R Qn 
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Recalling that a primary purpose of ventilation network analysis is to establish the distribution of 
flow, the true airflow in our representative branch, Q, will initially be unknown. However, let us 
assume an airflow, Qa, that is less than the true value by an amount ∆Q. 
 

QQQ a ∆+=   
The problem now turns to one of finding the value of ∆Q. We may write the square law as 
 

2)( QQRp a ∆+=   (7.21) 
 
or, more generally, 
 

n
a QQRp )( ∆+=     (section 7.2.3)   (7.22) 

 
Confining ourselves, for the moment, to the square law, equation (7.21) expands to 
 

22 )(2 QRQRQRQp aa ∆∆ ++=      (7.23) 
 
Furthermore, the frictional pressure drop corresponding to the assumed airflow is 
 

2
aa QRp =    

         (7.24) 
where the “error” in p is 
 
 appp −=∆  
 
Substituting from equations (7.22) and (7.23) gives 
 

2)(2 QRQRQp a ∆∆∆ +=        (7.25) 
 
If we can assume that (∆Q)2 is small compared to 2 Q ∆Q then we may write the approximation 
as 
 

QRQp a∆∆ 2=         (7.26) 
 

Note that differentiating the square law, 
 
 2RQp =  
gives the limiting case when Qa  → Q. Then 
 

RQ
Q
p

Q
p 2

d
d

=→
∆
∆      (7.27) 

 
and corresponds with the difference equation (7.26) 

 
Then 

aRQ
pQ

2
∆∆ =         (7.28) 
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The technique of dividing a function by its first derivative in order to estimate an incremental 
correction factor is a standard numerical method for finding roots of functions. It is usually known 
as the Newton or Newton-Raphson method. 
 
If the general logarithmic law is employed, equation (7.22) gives 
 

 
n

a

n
a Q

QRQp 







+=

∆1  

 
Expanding by the Binomial Theorem and ignoring terms of order 2 and higher gives 
 

 







+=

a

n
a Q

QnRQp ∆1  

then 

 
a

n
aa Q

QnRQppp ∆∆ =−=  ( as  n
aa QRp =   ) 

giving 
 

1−= n
aRQn
pQ ∆∆        (7.29) 

 
 
If we refer back to Figure 7.4, we are reminded that ∆p is the error in frictional pressure drop that 
was incurred by choosing the assumed airflow, Qa. 
 

n
a

n RQRQp −=∆         (7.30) 
 
Hence, we can write equation (7.29) as 
 

1−
−

= n
a

n
a

n

RQn
RQRQQ∆        (7.31) 

 
The denominator in this expression is the slope of the p, Q curve in the vicinity of Qa. 
 
So far, this analysis has concentrated upon one single airway. However, suppose that we now 
move from branch to branch in a consistent direction around a closed mesh, summing up both 
the ∆p values and the p, Q slopes. 
 

)(ΣΣ n
a

n RQRQp −=∆  from equation (7.30) 
 

n
a

n RQRQ ΣΣ −=  
 
and sum of p, Q slopes )(Σ 1−= n

anRQ  
 
We can now write down a composite value of ∆Q for the complete mesh in the form of equation 
(7.31) 
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)(Σ
ΣΣ

1−
−

= n
a

n
a

n

m
RQn

RQRQQ∆        (7.32) 

 
Note that ∆Qm is no longer the correction to be made to the assumed airflow in any one branch 
but, rather, is the composite value given by dividing the mean ∆p by the mean of the p, Q slopes. 
 
Equation (7.32) suffers from the disadvantage that it contains the unknown true values of airflow, 
Q. However, the term nRQΣ  is the sum of the corresponding true values of frictional pressure 
drop around a closed mesh and Kirchhoff's second law insists that this must be zero. Equation 
(7.32) becomes 
 

1Σ
Σ

−
−

= n
a

n
a

m
RQn

RQQ∆         (7.33) 

 
Another glance at Figure 7.4 reminds us that the pressure term in the numerator must always 
have the same sign as the airflow, while the p, Q slope given in the denominator can never be 
negative. Hence, equation (7.33) may be expressed as 
 

1

1

Σ

Σ
−

−−
=

n
a

n
aa

m
QRn

QRQ
Q∆        (7.34) 

 
where 1−n

aQ  means the absolute value of Qa
n-1. 

 
There are a few further observations that will help in applying and understanding the Hardy Cross 
process. First, the derivation of equation (7.34) has ignored both fans and natural ventilating 
pressures. Like airways, these are elements that follow a defined p, Q relationship. Equation 
(7.34) may be expanded to include the corresponding effects 
 

 
)(Σ

nvp)Σ(
1

1

nvf
n

a

f
n

aa
m

SSQRn

pQRQ
Q

++

−−−
=

−

−

∆     (7.35) 

where  pf and nvp are the fan pressures and natural ventilating pressures, respectively, that exist 
within the mesh,  

and  Sf and Snv are the slopes of the p, Q characteristic curves for the fans and natural 
ventilating effects.  

 
In practice, Snv is usually taken to be zero, i.e. it is assumed that natural ventilating effects are 
independent of airflow. 
 
For most subsurface ventilation systems, acceptable accuracy is achieved from the simple 
square law where n = 2, giving 
 

)2(Σ
nvp)Σ(

nvfa

faa
m SSQR

pQRQ
Q

++

−−−
=∆       (7.36) 

 
The Hardy Cross procedure may now be summarized as follows: 
 
(a) Establish a network schematic and choose at least (b-j+l) closed meshes such that all 
branches are represented (section 7.3.1.2).  [b = number of branches and j = number of junctions 
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in the network.]   Convergence to a balanced solution will be improved by ensuring that each high 
resistance branch is included in only one mesh. 
 
(b) Make an initial estimate of airflow, Qa, for each branch, ensuring that Kirchhoff I is obeyed. 
 
(c) Traverse one mesh and calculate the mesh correction factor ∆Qm from equation (7.35) or 
(7.36). 
 
(d) Traverse the same mesh, in the same direction, and adjust each of the contained airflows by 
the amount ∆Qm. 
 
(e)Repeat steps (c) and (d) for every mesh in the network. 
 
(f)Repeat steps (c), (d) and (e) until Kirchhoff II is satisfied to an acceptable degree of accuracy, 
i.e. until all values of nvp)Σ( 1 −−− −

f
n

ii pQRQ are close to zero, where Qi are the current 

values of airflow. 
 
A powerful feature of the method is that it is remarkably tolerant to poorly estimated initial 
airflows, Qa. This requires some explanation as equation (7.28) and the more general equation 
(7.29) were both derived on the assumption that ∆Q was small compared to terms involving Qa. 
In practice, it is observed that the procedure converges towards a balanced solution even when 
early values of ∆Q are large. There are two reasons for this. First, the compilation of a composite 
mesh ∆Q, tends to dampen out the effect of large ∆Q values in individual branches. Secondly, 
any tendency towards an unstable divergence is inhibited by the airway p, Q curves always 
having a consistent (non-negative) slope. 
 
Another advantage of the Hardy Cross technique is its flexibility. Using equation (7.35) for the 
mesh correction factor allows a different value of the logarithmic index, n, to be used for each 
airway if required. For subsurface ventilation circuits, this is seldom necessary although special 
purpose programs have been written that allow either laminar (n = 1) or turbulent (n = 2) airflow in 
each branch. 
 
A more general observation is that Kirchhoff's first and second laws are not interdependent. 
Kirchhoff I (ΣQ = 0) may be obeyed at every junction in a network that is unbalanced with respect 
to Kirchhoff II. Indeed, this is usually the case at the stage of selecting assumed airflows, Qa. 
Furthermore, if one or more branches are to have their airflows fixed by regulators or booster 
fans, then those airways may be omitted from the Hardy Cross analysis as they are not to be 
subjected to ∆Qm adjustments. Such omissions will result in Kirchhoff I remaining apparently 
violated at the corresponding junctions throughout the analysis. This does not affect the ability of 
the system to attain a balanced pressure distribution that obeys Kirchhoff II. 
 
 
Example 
Figure 7.5 (a) is the schematic of a simple network and gives the resistance of each branch. A fan 
produces a constant total pressure of 2000 Pa and the airflow in branch 3 is to be regulated to a 
fixed airflow of 10m3/s. Determine the distributions of airflows and frictional pressure drops, and 
the resistance of the regulator required in branch 3. 
 
 
Solution 
Although the Hardy Cross procedure is widely utilized in computer programs, its tedious 
arithmetic iterations ensures that it is seldom employed for manual application. For the purposes 
of illustration, in this example we shall follow the procedures that illustrate those employed in a 
typical ventilation network analysis software package. 
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(a) Mesh selection: 
There are 10 branches labelled in the network. However, branches 1 and 5 are connected in 
series and may be considered as a single branch for the purposes of mesh selection. 
Furthermore, branch 3 has a fixed (regulated) airflow and, hence, need not enter into the Hardy 
Cross analysis. The effective number of branches is, therefore, b = 8 while there are j = 6 
junctions, giving the required minimum number of meshes to be b - j + 1 = 3. An arrow is 
indicated to give each branch a positive direction. This is usually chosen as the direction in which 
the airflow is expected to move although either direction is acceptable. The branch arrow is 
merely a convenience to assist in traversing closed meshes within the network. 
 
If we write down a list of branch resistances in order of decreasing value, then the three at the top 
of this list will correspond to branches 9, 10 and 7. We shall choose our first mesh commencing 
on branch 9 and close the mesh through a convenient route but without using branches 10, 7 or 
the fixed quantity, branch 3. Figure 7.5 (a) shows the loop starting on branch 9 and traversed by 
mesh 1. The second mesh commences on branch 10 and closes without traversing branches 9, 
7, or 3. Similarly, the third mesh commences on branch 7 and involves no other high resistance 
or fixed quantity branch. The routes of the meshes so chosen are indicated on Figure 7.5 (a). 
 
This technique of mesh selection is sometimes known as the branch tree method and leads to 
efficient convergence towards a balanced network as each high resistance branch appears in one 
mesh only. 
 
A fourth mesh is selected, commencing on the fixed quantity (branch 3) and closing through any 
convenient route that does not include other fixed quantities, and irrespective of branch 
resistance values. This extra mesh will not be employed during the Hardy Cross analysis but will 
prove useful for the final calculation of the regulator resistance. 
 
(b) Estimate initial airflows: 
This is accomplished in two stages commencing from zero flow throughout the network. First, 
mesh 4 (the fixed quantity mesh) is traversed in a direction defined by the fixed airflow, adding a 
∆Qm, of 10 m3/s (the required fixed airflow) to each branch around that mesh. As in all 
subsequent applications of mesh correction factors, ∆Qm, the actual correction to each branch 
flow is ∆Qm multiplied by +l if the branch direction arrow coincides with the path of the traverse, or 
-1 if the branch direction arrow opposes the path of the traverse. This device gives the required 
airflow in the fixed quantity branch while ensuring that Kirchhoff I remains true at each junction. A 
similar procedure is followed in each of the three “normal” meshes, but employing a value of  
∆Qm = 1. This merely ensures that the denominator of the mesh correction equation (7.35 or 
7.36) will be non-zero during the first iteration. The airflows at this stage are indicated on Figure 
7.5(a) and show the distribution at the commencement of the Hardy Cross procedure. It should 
be noted that if the method were to be applied manually then the number of iterations could be 
reduced by estimating a more realistic initial distribution of airflow. 
 
(c) Calculate mesh correction factors: 
Assuming the flow to be turbulent in each branch, we may utilize the square law and, hence, 
equation (7.36) to calculate the mesh correction factors. In this example, there are no natural 
ventilating pressures (nvp = Snv = 0) and the fan is assumed to remain at a fixed pressure  
(pf = 2000 Pa and Sf = 0). 
 
Applying equation (7.36) for mesh 1 gives 
 

)012.0103.019.0(2
)012.0103.019.0( 222

1 ×+×+×
×−×−×−

=mQ∆  

 73.3
8.7
1.29

==   m3/s 
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(d) Apply the mesh correction factor: 
Mesh 1 is traversed once again, correcting the flows algebraically by adding ∆Qm1 = 3.73. The 
relevant branch flows then become: 
 
Branch 9:  1 + (3.73  x  1)     =   4.73 m3/s 
Branch 4:  10 + (3.73  x   -1) =   6.27 m3/s 
Branch 8:  0 + (3.73  x   -1)   =  -3.73 m3/s 
 
Applying these corrections around mesh 1 gives the airflow distribution shown in Figure 7.5(b). 
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Figure 7.5(a).  Example network showing airway resistances, initial assumed airflows 
and the meshes chosen.

2000 Pa



Chapter 7 Ventilation Network Analysis                                                                      Malcolm J. McPherson 

                                                                                                                                                                   7-  20

 
(e) Completion of mesh corrections 
Equation (7.36) for mesh 2 now gives 
 

47.153
)225.01125.027.63.073.312.018.0(2

)2000225.01125.027.63.073.312.018.0( 22222

2 =
×+×+×+×+×

−×+×+×+×−×−
=mQ∆ m3/s 

 
and applying these corrections around mesh 2 gives the airflow distribution shown in Figure 
7.5(c). 
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Figure 7.5(b).  Example network showing airflows after ∆Qm1  = 3.73 m3/s has been applied to 
mesh 1. 
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Repeating the process for mesh 3 gives 
 

03.73
)47.15525.092.016.0(2

)47.15525.092.016.0( 222

3 −=
×+×+×
×+×−×−

=mQ∆  m3/s 

and applying this correction around mesh 3 yields the airflow distribution shown on Figure 7.5(d), 
completing the first iteration for the network. 
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Figure 7.5(c).  Example network showing airflows after ∆Qm2  = 153.47 m3/s has been applied to 
mesh 2. 
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(f) The processes involved in (c), (d) and (e) are repeated iteratively until Kirchhoff's second law 
(numerator of equation (7.35)) balances to within a small closing error (say ±1 Pa) for each mesh. 
The airflow correction factors and sums of pressure drops for each mesh are shown in Table 7.1. 
Notice how the initial large oscillations are followed by a controlled convergence towards zero 
despite the large opening values of ∆Qm. 
 
The final flow pattern arrived at after these nine iterations is given on Figure 7.5(e). The 
corresponding frictional pressure drops are each calculated as p = RQ2 and shown in 
parentheses against each airflow. 
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Figure 7.5(d).  Example network showing airflows after ∆Qm3  = -73.03 m3/s has been applied to 
mesh 3 and completing the first iteration. 
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Table 7.1 Mesh correction factors and mesh pressure drops converge towards zero as the 

iterations proceed. 

 Sum of Pressure Drops Around 
Mesh 
∆p (Pa) 

Mesh Correction Factor 
∆Qm(m3/s) 

Iteration mesh1 mesh2 mesh3 mesh1 mesh2 mesh3 
1       -29 -1958 6027   3.73 153.47    -73.03 
2 -10326 28473 -4379 73.60 -64.63 34.17 
3 5367 8810 -1231 -34.26 -33.36 16.66 
4    1579 2524   -358 -16.49 -14.71 7.43 
5 485  613   - 91    -7.18   -4.69 2.40 
6     128  114    -15    -2.25    -0.97 0.45 
7 23  16    -2      -0.434      -0.143    0.056 
8      3.2      2.0      0.2      -0.059      -0.017    0.007 
9      0.4      0.2        -0.03     - 0.007      -0.002    0.001 

Figure 7.5(e).  Final airflows and frictional pressure 
drops after nine iterations. 

28.30
(240) 

10
(5)

R=0.1 

R=0.2 R=0.05 R=0.3 

R=0.25 R=0.8

R=0.6

R=0.9

R=0.1

R=0.12

45.95 
(211) 

10.85 
(71)

18.30
(40) 

35.95 
(1034)

17.65 
(280) 

45.95 
(317) 

20.85 
(87) 

25.10 
(158) 

2000 Pa

(1140)



Chapter 7 Ventilation Network Analysis                                                                      Malcolm J. McPherson 

                                                                                                                                                                   7-  24

 
The pressure drop across the regulator, preg, in branch 3 can be determined from Kirchhoff's 
second law by summing the known pressure drops around mesh 4 
 

preg = 2000  -  (211 + 87 + 5 + 240 + 317)   = 1140 Pa 
 
As the airflow through the regulator is known to be 10 m3/s, the square law gives the regulator 
resistance as 
 

Rreg    =    preg/102    =   11.4  Ns2/m8 
 
The actual dimensions of regulator orifice that will give this resistance may be determined using 
section A5.5 given at the end of Chapter 5. 
 
 
7.4. VENTILATION NETWORK SIMULATION PACKAGES 
 
Between the 1960s and the 1990s, the development and increasing sophistication of ventilation 
network simulation packages revolutionized the methodologies of mine ventilation planning. 
Ventilation engineers wishing to use modern software need give little conscious thought to what 
happens within the computer when they enter data or execute a simulation. Nevertheless, a 
grasp of the structure of a network package provides an understanding of the scope and 
limitations of the software, and promotes efficiency in its use. This section of the text provides an 
outline of how a ventilation network simulation package operates. 
 
7.4.1 Concept of a mathematical model 
 
Suppose that a vehicle leaves its starting station at time t1 and travels for a distance d at an 
average velocity of u. The time at which the vehicle arrives at its destination, t2 is given by 
 

u
dtt += 12  

This equation is a trivial example of a mathematical model. It simulates the journey in 
sufficient detail to achieve the objective of determining the arrival time. Furthermore, it is general 
in that it performs the simulation for any moving object and may be used for any given values of 
t1, d and u. Different data may be employed without changing the model. 
 
More sophisticated mathematical models may require many equations to be traversed in a logical 
sequence so that the result of any one calculation may be used in a later relationship. This logical 
sequence will often involve feed-back loops for iterative processes such as the Hardy Cross 
procedure. 
 
A simulation program is a mathematical model written to conform with one of the computer 
languages. The basic ambition of a simulation program is to produce numerical results that 
approximate those given by the real system. There are three considerations that govern the 
accuracy of a simulation program; first, the adequacy to which each individual process is 
represented by its corresponding equation (e.g. p = RQ2); secondly, the precision of the data 
used to characterize the actual system (e.g. airway resistances) and thirdly, the accuracy of the 
numerical procedure (e.g. the cutoff criterion to terminate cyclic iterations). 
 
Many simulation programs represent not one but a number of interacting features comprising 
both physical systems and organizational procedures. In this case, several computer programs 
and data banks may be involved, interacting with each other. In such cases, the computer 
software may properly be referred to as a simulation package rather than a single program. This 
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is the situation for current methods of ventilation network analysis on desktop personal 
computers. 
 
7.4.2 Structure of a ventilation simulation package 
 
Figure 7.6 shows the essential structure of a ventilation network analysis package for a desktop 
or laptop computer. It includes a series of input files with which the user can communicate 
through a keyboard and screen monitor, either for new data entry or for editing information that is 
already held in a file. All files are normally maintained on a magnetic disk or other media that may 
be accessed rapidly by the computer. 
 

S c r e e n / K e y b o a r d
I n t e r a c t i o n w i t h u s e r

User Input 
files 

Fan data 
bank 

Co-ord data
files 

Network 
Input file 

VNET PROGRAM 
Network 

Output file 

Screen/printed 
graphical 

output 

Screen/printed
tabular output 

Output data 
files 

Figure 7.6  Data flow through a ventilation network analysis software package. 
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The User Input Files shown on Figure 7.6 hold data relating to the geometric structure of the 
network, the location of each branch being defined by a “from” and “to” junction number. 
This same file contains the type of each branch (e.g. fixed resistance or fixed [regulated] airflow) 
and information relating to branch resistances. The latter may be given (a) directly by the user,  
(b) defined as a measured airflow/pressure drop or (c) implied by a friction factor, airway 
geometry and an indication of shock losses. Additionally, the user may enter a value of resistance 
per unit length of entry that has been established from the mine records as typical for that type of 
entry (e.g. intake, return or conveyor). Although convenient, this facility should be used with 
caution as it is tempting to overlook the large effects of variations in the sizes of entries or shock 
losses arising from bends or obstructions. The User Input File allows entry of resistance data in 
whatever form they are available. User input files also allow the operator to enter the location and 
corresponding operating pressure of each fan in the network as well as natural ventilating 
pressures. 
 
The Fan Data Bank is a convenient alternative means of storing the pressure/volume coordinates 
for a number of fan characteristic curves. Data from fan tests and manufacturers' catalogues can 
be held in the Fan Data Bank and recalled for use in the subsequent analysis of any network. 
 
The ventilation network analysis program (denoted as VNET on Figure 7.6) in most commercial 
packages is based on the mesh selection process and Hardy Cross technique described and 
illustrated by example in Section 7.3.2. However, those procedures have been modified to 
maximize the rate of information flow, the speed of mesh selection and to accelerate 
convergence of the iterative processes. In order to achieve a high efficiency of data transfer, the 
VNET program may require that the network input data be specified in a closely defined format. 
However, this is contrary to the need for flexibility in communicating with the user. Hence, Figure 
7.6 shows a Network Input File acting as a buffer between the user-interactive files and the VNET 
program. Subsidiary ”management” programs, not shown on Figure 7.6, carry out the required 
conversions of data format and control the flow of information between files. Similarly, the output 
from the VNET program may not be in a form that is immediately acceptable for the needs of the 
user. Hence, that output is dumped temporarily in a Network Output File. Under user control it 
may then be (a) copied into an output data file for longer term storage, (b) displayed in tabular 
form on the screen or printer, (c) produced as a plotted network schematic on a screen or 
hardcopy printer or plotter and (d) transferred to other graphical software for incorporation into 
mine maps.  
 
If graphical output is required then the user-interactive Coordinate Data File shown on Figure 7.6 
must first be established. This contains the x, y, z coordinates of every junction in the network. It 
is convenient to enter such data directly from a drawn schematic by means of a digitizing pad or 
plotter, or from CAD (computer assisted design) files that have already been established for mine 
mapping. Alternatively, the schematic may be developed or modified directly via the monitor 
screen. To edit an established Coordinate Data File it is often quicker to enter numerical values 
for the amended or additional x,y,z coordinates. 
 
7.4.3 Operating system for a VNET package 
 
When running a ventilation network analysis package, the user wishes to focus his/her attention 
on ventilation planning and not to be diverted by matters relating to the transfer of data within the 
machine. Keyboard entries are necessary for control of the computer operations. However, these 
should be kept sufficiently simple that they allow a near automatic response from the experienced 
user. Messages on the screen should provide a continuous guide on operations in progress or 
alternative choices for the next operation. For these reasons, a simulation package intended for 
industrial use must include a management or executive program that controls all internal data 
transfers. 
 
The user is conscious of the executive program only through the appearance of a hierarchy of 
toolbars, menus and windows on the screen. Each menu lists a series of next steps from which 
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the user may choose. These include progression to other toolbars, menus or windows. Hence, 
with few keyboard entries, and with very little conscious effort, the trained user may progress 
flexibly and rapidly through the network exercise. 
 
Figure 7.7 illustrates the executive level (master menu) of one ventilation network package. 
Choosing the "execute ventilation simulation” option will initiate operation of the VNET program 
(Figure 7.6) using data currently held in the Network Input File. The “exit” option simply 
terminates operation of the network simulator. Each of the other four options leads to other 
menus and submenus for detailed manipulation of the operating system. 
 

 
 
7.4.4 Incorporation of air quality into a network simulation package 
 
The primary purpose of a ventilation network analysis package is to predict the airflows and 
pressure differentials throughout the network. However, the quality of the air with respect to 
gaseous or particulate pollutants, or its psychrometric condition also depend upon the distribution 
of airflow. Separate programs designed to predict individual aspects of air quality may, therefore, 
be incorporated into a more general ventilation package. Branch airflows and/or other data 
produced as output from the network analysis program may then be utilized as input to air quality 
simulators. 
 
As an example, the operating system depicted by Figure 7.7 incorporates a Gas Distribution 
Analysis. This requests the user to identify the emitting locations and rates of production of any 

 

EXECUTIVE
PROGRAM 

Manage 
Network files 

Save/exit

Gas 
Distribution 

analysis 

View/plot 
schematic 

View/print 
listed output 

Execute 
ventilation 
simulation 

Figure 7.7.  Structure of an internal management system for a ventilation network software package. 
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gas, smoke or fumes. It then retrieves the airflow distribution contained in the Network Output File 
or any named output data file (Figure 7.6) in order to compute the distribution and concentrations 
of that pollutant throughout the network.  
 
It is important that users be cognizant of the limitations of such adjunct programs. For instance, 
computer simulated gas distributions assume a steady state mixing of the pollutant into the 
airflow and, hence, that the pollutant is removed from the system at the same rate as it is emitted. 
This is acceptable for normal ventilation planning but will give misleading results if the airflow in 
any area is so low, or the rate of emission so high that local accumulations (e.g. gas layering) 
would occur in the real system. Such conditions might exist, for example, where ventilation 
controls have been disrupted by a mine explosion. 
 
 
7.4.5 Obtaining a ventilation simulation package 
 
The first step in establishing a ventilation network analysis package at any mine or other site is to 
review the availability of both hardware and software. There are several ventilation network 
packages available for personal computers. The potential user should consider the following 
factors: 
 
Hardware requirements and size of network 
The internal memory requirements of the computer will depend upon the scope of the software 
package and the largest network it is capable of handling. With modern personal computers, 
memory should seldom be a limiting factor. In addition to the microprocessor, keyboard and 
screen monitor, the type of package described in Section 7.4.2 and 7.4.3 will require a printer 
capable of handling graphical output. Again, most modern printers have this facility. For greater 
flexibility, an x,y plotter is useful and is normally available in mine surveying offices. Exporting 
network results to CAD/CAM systems allows results to be configured on mine maps. 
 
Cost of software 
This can vary very considerably depending upon the sophistication of the system and whether it 
was developed by a commercial company or in the more public domain of a university or national 
agency. 
 
Speed 
The speed of running a network depends upon the type of microprocessor, operating electrical 
frequency, and the size and configuration of the network. Typical run times should be sought from 
software developers for a specified configuration of hardware. For the majority of mine networks, 
computing speed is unlikely to be a limiting factor with current or future generations of personal 
computers. 
 
Scope and ease of use 
When reviewing simulation packages it is important that the user chooses a system that will 
provide all of the features that he/she will require in the foreseeable future. However, there is little 
point in expending money on features that are unlikely to be used. Furthermore, it is usually the 
case that the more sophisticated packages demand a greater degree of user expertise. 
Demonstration versions may be available to indicate the scope and ease of use of a program 
package. Other users may be approached for opinions on any given system. Software developers 
should be requested to give the names of several current users of their packages. 
 
User's manual and back-up assistance 
It is vital that any simulation package should be accompanied by a comprehensive user's manual 
for installation and operation of the system. A user-friendly help facility should be part of the 
software package. Additionally, the producer of the software must be willing and anxious to 
provide backup assistance to all users on request. This can vary from troubleshooting on the 
telephone or internet to updating the complete software system. 
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7.4.6 Example of a computed network 
 
The ventilation networks of actual mines or other subsurface facilities may contain several 
hundred branches, even after compounding relevant airways into equivalent resistances (Section 
7.3.1.1). However, in the interests of brevity and clarity, this example is restricted to the simple 
two-level schematic shown on Figure 7.8(a). The software employed is VNETPC, a commercially 
available ventilation network package. 
 
In response to screen prompts, the user keys in each item of data shown in Table 7.2. This table 
is, in fact, a printout of the User Input File (Section 7.4.2). The pressure/volume coordinates for 
the fan are either read manually from the appropriate fan characteristic or copied over from a 
characteristic that has been entered previously into a fan data bank. Figure 7.8(b) shows the fan 
characteristic curve and corresponding pQ points entered into the computer for this example. The 
branch data section of the User Input File illustrates that airway resistances may be entered 
directly, from survey (p,Q) observations or from airway geometry and friction factor. The software 
package employed for this example requires shock losses to be entered as equivalent lengths 
(Section 5.4.5). 
 
A request by the user to execute the simulation causes the User Input File to be translated to the 
Network Input File (Figure 7.6) and the computed results to be deposited in the Network Output 
File. These may be inspected on the screen or listed on a printer as shown on Tables 7.3, 7.4 
and 7.5. 
 
In order to produce plotted results, the x,y, z coordinates of each junction must be specified. This 
is usually accomplished by transferring the coordinates from a computer aided design (CAD) file. 
Alternatively, the coordinates can be entered manually or by placing a mine map or schematic on 
a digitizing tablet or plotter and a sight-glass positioned over each junction in turn as directed by 
screen prompts. The resulting Coordinate Data File is then combined with the computed results, 
on request by the user, to produce the graphical outputs shown on Figures 7.9, 7.10 and 7.11.* 
Similar plots may be generated for frictional pressure drops, resistance, airpower loss, and 
operating cost. Some programs allow the user to select band widths for colour coding of the plots. 
Similar plots may be generated for air quality parameters such as gas concentrations. 
 
Following the relatively time consuming process of entering the initial data for a new network, and 
having inspected the corresponding output, amendments can be made to the user-interactive files 
or directly to schematics shown on the computer monitor, and the network re-run rapidly. In this 
way, errors in data entry can be corrected and further network exercises pursued with only a few 
keystrokes. It is this efficiency, rapidity and ease of testing many alternatives that has 
revolutionized the business of ventilation system design. Indeed, it is the skill of the engineer in 
interrogating computer output and deciding upon the next exercise that governs the speed of 
ventilation planning rather than the mathematical mechanics of older methods of network 
analysis. 
 
INPUT DATA 

                                                           
* The graphical outputs given directly by the VNETPC package show fine detail and clarity. The translations  
   necessary for incorporating into this textbook have resulted in greatly reduced quality. 

VnetPC  Model Data and Summary 
TITLE: Textbook Example. 
SETTINGS (chosen by the User): 

Avg. Air Density: 1.20 kg/m3 
Avg. Fan Efficiency: 65.0 %  

Cost of Power: 8.00 c/kWh  
Reference Junction: 1 - (Using junction 1 for a point 
on the mine surface is a common convention) 
Units: SI (The User may choose between SI and 
British Imperial units) 
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Table 7.2  Branch input data for the example network (two pages). This input table illustrates 
alternative ways of entering airway resistance, R:  (a) directly, (b) by friction [k] factor and airway 
geometry, or (c) by measured airflow and corresponding frictional pressure drop. 
 

Junctions Q (fixed) Surface Mode of  Measured Measured k factor Resistance 
From To F (fan) connections setting Resistance airflow Q press. drop  per  km 

  I (inject/ resistance Ns2/m8 m3/s Pa kg/m3 Ns2/m per km
  reject)      

    
1 100  Surf. Intake k Factor 0.00844 0.004 

100 200  Neither k Factor 0.0031 0.004 
2 101  Surf. Intake k Factor 0.03797 0.0075 

101 201  Neither k Factor 0.01044 0.0075 
210 105  Neither k Factor 0.0016 0.0035 
105 3  Neither k Factor 0.00544 0.0035 
100 101  Neither R 50 
100 106  Neither p/Q 0.0608 100 608 
106 107       Q Neither R 0 
107 108  Neither p/Q 0.08333 60 300 
108 104  Neither k Factor 0.07504 0.008 
101 102       Q Neither R 0 
102 103  Neither k Factor 0.08478 0.008 
103 104  Neither k Factor 0.13688 0.008 
104 105  Neither k Factor 0.00591 0.012 
106 102  Neither k Factor 0.51852 0.016 
106 109  Neither k Factor 0.36667 0.016 
109 110  Neither R 0.9 
110 107  Neither k Factor 0.43981 0.019 
200 201  Neither R 200 
200 204  Neither k Factor 0.084 0.012 
204 205  Neither R 1.2 
205 206  Neither k Factor 0.06455 0.017 
206 203  Neither k Factor 0.16406 0.014 
203 209  Neither k Factor 0.66445 0.014 
209 210       Q Neither R 0 
201 203  Neither R 0.023  
201 207  Neither k Factor 0.0336 0.012 
207 208  Neither R/L 1.49994 0.8333 
208 209  Neither k Factor 0.14954 0.019 
200 211  Neither R/L 0.28 0.14 
211 208        Q Neither k Factor 0.1696 0.018 
207 103  Neither R 0.35 
205 201  Neither R 0.164 

3 4        F Surf. Exhaust R 0.0001 
 
Spreadsheet continued on next page
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Table 7.2 continued 
 

Junctions Length Equivalent Area Perimeter Fixed Description Colour Symbol 
From To   length     Quantity   code   

    m m sq.m m cu.m/s       
          
                    

1 100 600 0 15.9 14.14   Main Downcast Shaft Intake None 
100 200 220 0 15.9 14.14   Main downcast shaft Intake None 

2 101 600 200 12.57 12.57   Hoisting shaft Intake None 
101 201 220 0 12.57 12.57   Hoisting shaft Intake None 
210 105 220 0 19.64 15.71   Upcast shaft Return None 
105 3 600 150 19.64 15.71   Upcast shaft Return None 
100 101           doors Default DD 
100 106           Level 1 intake Intake None 
106 107         20 Level 1 regulator Intake None 
107 108           Level 1 return Return None 
108 104 670 0 10 14   Level 1 return Return None 
101 102         20 Level 1 regulator Default None 
102 103 707 50 10 14   Level 1conveyor Intake None 
103 104 710 20 8 12   Level 1 travel way Intake None 
104 105 21 0 8 12   Level 1 travel way Return None 
106 102 700 0 6 10   Level 1 conveyor Intake None 
106 109 495 0 6 10   Level 1 loader road Intake None 
109 110           Level 1 Work Area Default None 
110 107 490 10 6 10   Level 1 return Return None 
200 201           Level 2 shaft bottom Default DD 
200 204 500 0 10 14   Level 2 intake Intake None 
204 205           Level 2 work area Default None 
205 206 150 12 8 12   Level 2 return Default None 
206 203 500 0 8 12   Level 2 return Return None 
203 209 2000 25 8 12   Level 2 return Return None 

209 210         140 
Level 2 Main 
regulator Default R 

201 203       Level 2 cross-cut Default None 
201 207 200 0 10 14   Level 2 conveyor Default None 
207 208 1800 0       Level 2 travel way Default None 
208 209 150 20 6 10   Level 2 cross-cut Default None 
200 211 2000 0       Level 2 travel way Default None 
211 208 640 33 10 14 15 Level 2 travel way Default None 
207 103             Intake None 
205 201             Return None 

3 4             Return None 
 



Chapter 7 Ventilation Network Analysis                                                                      Malcolm J. McPherson 

                                                                                                                                                                   7-  33

 
 

0

1

2

3

4

5

6

7

0 100 200 300 400 500

Airflow   cu. m. per second

Fa
n 

to
ta

l p
re

ss
ur

e 
 k

Pa

Airflow Fan pressure 
m3/s kPa 

0 5.88 
100 5.52 
200 4.82 
250 4.33 
300 3.73 
350 2.89 

455 0

Figure 7.8(b)  Fan characteristic curve for the example network. The tabulated coordinate points are
entered into the computer. These should encompass the curve but need not be at 
even intervals of airflow.
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Table 7.3  Output listing of branch results. Note that the computer has inserted regulators in three 
of the four branches that were specified as fixed quantity airflows in the input data. The computer 
has found it necessary to insert a booster fan (active regulation) in order to obtain the specified 
airflow in the other fixed quantity branch. 

 
 

    (R)egulator Total   Pressure Airpower Operating   
From To (B)ooster Resistance Airflow drop loss cost   

    or (F)an Ns2/m8 m3/s Pa kW $/year   
1 100  0.00844 141.55 169.1 23.94 25807 Main Downcast Shaft 

100 200  0.0031 43.37 5.8 0.25 271 Main downcast shaft 
2 101  0.03797 151.88 875.9 133.03 143429 Hoisting shaft 

101 201  0.01044 135.64 192.1 26.06 28093 Hoisting shaft 
210 105  0.0016 140 31.4 4.4 4740 Upcast shaft 
105 3  0.00544 293.43 468.4 137.44 148184 Upcast shaft 
100 101  50 3.76 706.8 2.66 2865 doors 
100 106  0.0608 94.41 542 51.17 55169 Level 1 intake 
106 107 R 5.03444 20 2013.8 40.28 43424 Level 1 regulator 
107 108  0.08333 54.35 246.2 13.38 14427 Level 1 return 
108 104  0.07504 54.35 221.7 12.05 12991 Level 1 return 
101 102 R 1.66824 20 667.3 13.35 14389 Level 1 regulator 
102 103  0.08478 60.06 305.8 18.37 19802 Level 1conveyor 
103 104  0.13688 99.08 1343.7 133.13 143539 Level 1 travel way 
104 105  0.00591 153.43 139.1 21.34 23010 Level 1 travel way 
106 102  0.51852 40.06 832.2 33.34 35943 Level 1 conveyor 
106 109  0.36667 34.35 432.7 14.86 16025 Level 1 loader road 
109 110  0.9 34.35 1062.1 36.48 39334 Level 1 Work Area 
110 107  0.43981 34.35 519 17.83 19221 Level 1 return 
200 201  200 2.11 893.1 1.88 2032 Level 2 shaft bottom 
200 204  0.084 26.26 57.9 1.52 1639 Level 2 intake 
204 205  1.2 26.26 827.5 21.73 23428 Level 2 work area 
205 206  0.06455 19.46 24.4 0.47 512 Level 2 return 
206 203  0.16406 19.46 62.1 1.21 1303 Level 2 return 
203 209  0.66445 78.06 4048.4 316.02 340716 Level 2 return 
209 210 B 0 140 0 0 0 Level 2 Main regulator 
201 203  0.023 58.6 79 4.63 4991 Level 2 cross-cut 
201 207  0.0336 85.96 248.3 21.34 23012 Level 2 conveyor 
207 208  1.49994 46.94 3305.4 155.16 167281 Level 2 travel way 
208 209  0.14954 61.94 573.8 35.54 38319 Level 2 cross-cut 
200 211  0.28 15 63 0.95 1019 Level 2 travel way 
211 208 R 19.48297 15 4383.7 65.76 70895 Level 2 travel way 
207 103  0.35 39.02 532.8 20.79 22415 Ramp 
205 201  0.164 6.8 7.6 0.05 56 Level 2 cross-cut 

3 4 F 0.0001 293.43 8.6 2.52 2721 Surface fan drift 
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     Table 7.4  Output listing of fan operating (pQ) points, airpower generated and annual operating cost. 
 

Fan 
No. From To 

Fan 
Pressure 

Fan 
Airflow Fan Fan Airpower 

Operating 
Cost Fan 

      kPa m3/s curve configuration kW $/year name 

1 3 4 3.809 293.43 On 1 in Parallel 1117.68 1 205 027 Main Fan 
 
 
 
 
 
Table 7.5  Output listing of fixed quantity branches. 
 

From To 
Fixed 

quantity Booster fan Regulator Branch Total Orifice Branch 
    m3/s pressure resistance resistance resistance area description 
      Pa Ns2/m8 Ns2/m8 Ns2/m8 m2   

106 107 20  5.03444 0 5.03444 0.59 Level 1 regulator 
101 102 20  1.66824 0 1.66824 1.02 Level 1 regulator 
209 210 140 1895  0   Level 2 Main regulator 
211 208 15  19.31337 0.1696 19.48297 0.3 Level 2 travel way 
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Figure 7.9. Three dimensional output schematic showing airflows (m3/s).  3-D depictions can be rotated on the computer monitor –  
a particularly useful facility for metal mines. 
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Figure 7.10  Output schematic showing airflows (m3/s) in Level 1 
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    Figure 7.11  Output schematic showing airflows (m3/s) in Level 2. 
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