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FLOW CHARACTERSTICS OF JET FANS IN MINES - EXPERIMENTAL AND 
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by 
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Malcolm, J. McPherson, Chairman 

Mining and Minerals Engineering 

(ABSTRACT) 

The use of induction fans for face ventilation in room and pillar mines has proved to be an 

efficient, flexible, and viable technique. In addition to their merits over conventional 

systems, induction fans enable remote controlled mine operations with low maintenance 

requirements. Theoretical investigations were conducted initially to verify the potential of 

free air jets in mine ventilation. 

A laboratory model using water as the fluid medium was designed to study the flow 

characteristics of a jet fan in a blind entry. The model was tested in a variety of brattice 

curtain and nozzle combinations to investigate the ventilating efficiency of jet fans. A jet 

fan was selected and tested in a full scale model and in a coal mine. Experiments were 

conducted to evaluate the laboratory flow models. Flow quantities and velocities in the 

entry were measured using state-of-the-art instrumentation to quantify various parameters. 

Air velocities near the face were found to be satisfactory to dilute contaminants from the 

face. A model for the axial velocity profile of the jet was suggested. Beyond 25m distance 

from the jet fan exit the jet tended to move away from the wall to the opposite wall. 

Carbon dioxide was used as a tracer gas to measure the effective ventilating air quantity 

near the face and re-circulation in various tests. The re-circulation involved in the system 

was found to be less than 40% in all the experiments. It was also found that the use of line 

curtains in combination with a jet a fan can eliminate any type of re-circulation.



Numerical modeling of a jet fan in a typical coal mine heading was conducted to obtain 

details of the flow. The results of the simulation using computational fluid dynamics were 

similar to the flow patterns observed in the experiments. It was found that a jet fan can 

effectively ventilate an entry as deep as 40m. Fan positioning, airway geometry, airway 

surface properties, and mine layout severely affect its performance. It is therefore 

necessary to understand the flow mechanics of a jet fan in a mine heading before applying 

the technique for a particular situation.
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1 INFRODUCTION 

1.1 Introduction to Jet Fan Ventilation 

Mine ventilation plays a vital role in ensuring the health and safety of underground miners. 

Two major objectives of ventilation are to provide a clean environment to miners by 

diluting hazardous gas mixtures and to reduce dust concentrations in the mine atmosphere 

to safe levels. Emissions of gas and dust are greatest where the material is extracted. It 

follows that proper ventilation of the working face, especially during mining, is essential 

for the health and safety of miners. Many variables affect face ventilation, such as face 

layout, ventilation system configuration, air volume available to the section and leakage. 

Quantitative adjustments can be made when the effects of these variables are understood. 

Presently, a variety of face ventilation systems used and based on their suitability to the 

mining conditions and methods. Principally, mine ventilation systems can be classified into 

district, conventional room and pillar, and ore body deposit ventilation systems 

(McPherson, 1993, Hartman, et al, 1982). Since longwall faces are typically one 

operation per district or section, their ventilation differs considerably from room and pillar 

face ventilation. Among the conventional face ventilation systems for room and pillar 

workings, line brattices, duct systems, exhausting, forcing and overlap ducting systems are 

the most common and popular ones. Other ventilation techniques used to control or 

enhance the air movement within local areas of a mine or tunnel include induction fans. 

Principal categories in induction fans are jet fans and vortex fans. Jet fans are high velocity 

blower fans; and vortex fans are blower fans, similar to those used in vertical take-off 

airplanes, which induce rotation to the ejected air. Conventional systems suffer 

disadvantages due to leakage, uncontrolled re-circulation as a result of leakage, physical 

and visual obstruction, and low air velocities near the face. Inefficient face ventilation can 

cause many hazards, such as methane layering, accumulations of gases near the face, 

including exhaust fumes from machinery, and discomfort due to heating from machinery



and men. Forcing, exhausting and overlap systems are costly to install and may require 

large capacity fans to overcome pressure losses and leakage. 

Induction or ductless fans, which work on the principle of moving air by their induction 

effect, are free standing units that produce a relatively high velocity outlet stream (Topuz 

& McPherson, 1992, Goodman, et al., 1992). Considerable work has been carried out in 

the last two decades to apply jet fans for face ventilation. Jet fans are best suited and are 

considered to be a prerequisite for remote controlled mining. They are less expensive, 

produce large air flow near the face, and do not pose visual or physical obstruction. Jet 

fans also boost air flow in the airways when they are positioned in the center of the airway 

(Wolski, 1995). The subject of air jets for ventilation was first addressed in the US by 

McElroy (1945). They are extensively used in long vehicular tunnels for boosting 

ventilation in Europe and Japan (Baba & Ishida, 1985, Reale, 1973). However, they 

produce relatively small quantities of static pressure and high air velocities, hence they 

operate at very low efficiencies (Frycz and Biernaki, 1975). In South Africa some coal 

mines are presently using jet fans. Commercial production of low noise jet fans is in 

progress due to their growing demand. Development of guidelines for the application of 

jet fans for their common use 1s also underway in many parts of the world. 

Jet fans are free standing units that are positioned near the outby of the entry or heading, 

upstream of the last open cross-cut. An air jet produced towards the face of the heading 

expands on one side of the airway, clinging to the wall on the other side. A schematic 

showing the ideal fan location and air flow profiles is shown in Figure 1.1. An inlet duct, 

as shown in the figure, is connected to the fan in order to avoid any type of re-circulation 

into the fan, and it draws fresh air from the upstream of the last open cross-cut.



\ duct 

Lo jet fan Vand jet boundary c
r
o
s
s
-
c
u
t
 

  

sy velocity 
v profile   

Figure 1.1 Schematic Showing Jet Fan Arrangement and Ideal Velocity Profile 

Other applications of jets in mining operations include ventilation of workshops, battery 

charging bays, and pump and machine chambers. Industrial applications include cooling of 

furnaces, kilns, and degassing of tanks and ship hulls. 

1.2 Problem Identification and Research Objective 

Jet fan operation is simple in principle, but the mechanisms by which the jet interacts with 

induced flow in confined conditions is still not well understood. There are no established 

guidelines for the use of jet fan ventilation systems in mines. Understanding the application 

of jet fans in mines requires rigorous knowledge of principles of fluid jet flow and flow 

field around jets in typical mining conditions. Well developed knowledge supported by 

experimental investigations 1s necessary for designing ductless systems. Past research 

addressed case studies and concentrated in solving specific problems. The experimental 

work performed at the laboratory level in the past lacked dimensional and flow similarity 

to mining conditions. Simulation of typical mining conditions is necessary at the laboratory 

level for thorough understanding of the flow and interaction of air jets. Current studies 

concentrate on identifying and quantifying the nature of the flow field in and around free



jets in mining conditions, using a series of laboratory and field experiments. A series of 

laboratory and field tests have been conducted during this investigation in order to 

evaluate the potential of jet fan ventilation better. The objectives of this research have 

been to: 

(i) conduct a theoretical study of the use of fluid jets for face ventilation in mines to 

investigate the mechanics of flow 

(ii) construct and equip a laboratory scale dynamically similar model of a mine heading 

with a jet fan arrangement 

(iii) identify and establish flow patterns in the model mine heading using a jet fan, in a 

variety of configurations, and to determine the optimum position for the jet fan 

(iv) test a variety of jet nozzles in order to suggest the best practical jet fan design 

(v) test a jet fan ventilation system in combination with conventionally used line brattices to 

find the best combination that maximizes the ventilating effect in an entry 

(vi) evaluate the performance of the jet fans in mines and quantify the flow field 

(vii) perform numerical simulation of a typical mine heading using a jet fan ventilation 

system under different conditions using computational fluid dynamics (CFD) to 

compute the flow field, and verify the flow field with model obtained from the actual 

mine, full scale, and laboratory mine model experiments. 

(viii) provide recommendations for the jet fan ventilation system design



1.3 Organization of Dissertation 

This volume is divided into six chapters, references, and appendices. Chapter 2 includes 

theoretical investigations into fluid jets and a review of literature addressing their 

application in underground mines. Chapter 3 describes dynamic similarity modeling, design 

of the laboratory model, various experiments and their results. Chapter 4 is a short chapter 

describing the jet fan design process and fan selection procedure. Chapter 5 describes jet 

fan testing in mines and results obtained. Numerical modeling of the mine heading using 

computational fluid dynamics is also presented in this chapter to supplement the field tests. 

The last chapter summarizes the results of the testing conducted in this project and lists 

the major conclusions and suggestions for the future work. Each chapter includes a brief 

introduction of the topic with the respective contents discussed in sub-sections. All the 

dimensions used are either in SI or metric (imperial units in parentheses) and are 

mentioned wherever needed. Default dimensions are in SI.



2, TURBULENT FLUID JETS AND THEIR APPLICATION IN VENTILATION 

2.1 Introduction 

Jets are fluid flows produced by pressure drops through an orifice. A jet is a source of 

momentum and energy in a fluid reservoir. In their simplest form they are interactions 

within the fluid. Their development and final form are governed by viscous fluid dynamics 

and also turbulent action. Submerged jets, high velocity fluid issued into a reservoir 

containing the same fluid, are the most common in nature. The behavior of a jet is 

principally dependent upon the surroundings and the ambient medium’s motion. Jets are 

called compound jets in the presence of co-flow. Co-flow occurs in the case of movement 

of surrounding medium. Jets can be classified into three different categories based on their 

orifice geometry, (i) circular, (ii) plane and (ii) radial. Axi-symmetric, or circular, jets are 

very relevant to mining situations due to their extensive use in ventilation operations. 

The air flows in underground airways and near the face regions are turbulent by nature (Re 

>> 2300), and have negligible compressibility effects. The following discussion is centered 

around incompressible circular turbulent jets as an introduction to the topic. This chapter 

also includes a detailed review of literature on the application of jets for ventilation. 

2.2 Circular Turbulent Jets 

Observations on the mean turbulent velocity field for a jet and similar ambient fluid (e.g. 

air-into-air, not water-into-air) indicate that in the axial direction of the jet, one may divide 

the jet flow into three regions (Hughes & Brighton, 1991). Figure 2.1 illustrates a circular 

turbulent jet in a still ambient fluid. In the region close to the nozzle, where the turbulence 

penetrates towards the centerline of the jet, there is a wedge-like region of undiminished 

mean velocity, equal to u, (m/s). This wedge, known as the potential core, has a length of



4~8 times the nozzle diameter, d (m), and is surrounded by a mixing layer. The region next 

to the potential core, the transition region, is characterized by the absence of a potential 

flow. A third region which starts at about 8 to 12 nozzle diameters from the jet exit is 

characterized by self-similar velocity distributions. If the velocity at a point in the fluid 

medium is a function of its spatial coordinates, the flow is called self-similar. This region is 

called the developed flow region. In this region of fully developed flow, at any section, the 

velocity u (m/s) decreases continuously from a maximum value uw, (m/s) on the axis to 

zero for large values of radius r (m). 

2.2.1 Velocity Profiles 

Figure 2.1 also shows the velocity profiles across the flow. In the transition region, the 

turbulence generated on the boundaries penetrates to the axis and the mean velocity on the 

axis begins to decay. Mixing layers form at the lip of the exit, growing between the still 

ambient and the nearly inviscid potential core flowing at velocity u,. Downstream of 

region II, the flow begins to develop into the distinctive gaussian-type shape (Bradbury, 

1967), 

The equations of motion for turbulent jets can be developed from Reynolds equations, and 

boundary-layer approximations can be applied since jets occupy only small widths in the 

transverse direction. The continuity and Reynolds equation (x-momentum) of motion are 

given by (Rajaratnam, 1976): 

© pus rv=0 m/ 21 By tt ap Ye S (2.1) 

Ou Ou l110rt 4 _ u— +v— =— — m/s” (2.2) 
Ox Or pr or 

 



respectively, where uw and v are the time mean velocities in the x and r directions, and 7 1s 
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Figure 2.1. Different Regions and Velocity Profiles for a Turbulent Jet 

Multiplying equation 2.2 by pr and integrating with respect to r from 0 to %, we obtain: 

Orc 
{ ar (2.3) ( pur ar + { ovr ar = 

5 A or Or Or 
0 

Using the principles of integration, the first term on left hand side of the equation can be 

written as: 

four gp = Ld 
0 

2nrdr pu’ 2.4 
or sadx4 “TAY pu (2.4)



Similarly, the second term on the left hand side of the equation (2.3) can be written as: 

« oO 

f pwr Sar =|pnvr| Jean (2.5) 

The first term in the equation (2.5) reduces zero in the intervals 0 and o. Using the 

continuity equation (2.1), the second term can be written as the following: 

f yo | yo ap 2.6 JP or pP ax (2.6) 

Hence the second term on the left side of the equation (2.3) also numerically equals to the 

value of the first term (see equation (2.4)). The right side of the equation (2.3) is zero as 

the shear stress values at the intervals 0 and o are zeroes. This can expressed as: 

(24 =|rr|° =0 2.7 Ar r=|rt|, = (2.7) 
0 

The equation 2.2 finally reduces to the form: 

d px 
= | 2ardrpu’ =0 (2.8) 

The above equation states that the rate of change of axial momentum flux in the axial 

direction is zero or that the momentum in the axial direction is conserved. From 

experimental observations it has been established that there exists a self-similarity (also



called self-preserving) in radial velocity profile of the jet (Rajaratnam, 1976). Hence, using 

the relationship: 

US Um OC (r/ b) (2.9) 

the equations of motion can be solved by assuming u,, oc x” and b o x? and using similarity 

analysis of differential equations. The term } takes the value in radial direction as shown in 

Figure 2.1. The solution yields the values of -1 and 1 for p and q, respectively. Similar 

results are obtained using the integral energy equation and entrainment hypothesis 

(Rajaratnam, 1976). One of the acceptable solutions for the axial velocity profile in the jet 

is given by: 

Um = 6.3 Ug /(x/d) m/s (2.10) 

where x is measured from the downstream end of the potential core of the jet. The mean 

velocity profile of a jet in its radial plane is approximated by (List, 1982): 

u=u,exp[-r/b] m/s (2.11) 

Compound jets occur when the surrounding fluid is also in motion in the direction of the 

jet. Compound jets also exhibit similarity in velocity profiles in the plane normal to the 

axis. However, the presence of co-flow influences the velocity and turbulence 

characteristics (Smith & Hughes, 1977). The velocity distribution in the vertical plane is 

given by (Rajaratnam, 1976): 

=H (y a1) m/ 2.12 “=, + cos > Fs S (2.12) 

u_ =63,/u, (uy —u,)/(x/d) m/s (2.13) 
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Where u; is velocity of the co-flowing stream and wp is jet exit velocity. These expressions 

can be useful when jet fans are used in airways to boost the airflow. The velocity profile of 

a free and a compound jet in the fully developed flow region is plotted in Figure 2.2. The 

mean value of 5 from experiments was found to be close to 0.1x. Using this value, the 

angle of expansion of the jet is calculated to be around 5.71°. 
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Figure 2.2. Typical Velocity Profiles in the Radial Plane for an Axi-Symmetric Jet 

2.2.2 Entrainment 

The velocity gradient between two fluid streams causes a shear layer which results in a 

large vortex structure with entrainment into the layer from both the streams. In jets 

beyond the flow development region, the region of zero pressure gradient (Cp/Ox = 0), 

energy is dissipated in the form of eddies into the surrounding medium. This phenomenon 

takes place through large entrainment in the form of eddies. As the jet expands along axial 

distance, it entrains fluid from the surroundings. The ratio of total mass in the jet m to the 

mass of fluid in the jet at it’s exit mo is known as entrainment coefficient. 

11



As can be seen from equation (2.3), the total momentum flux across a transverse plane is 

conserved. Many studies have been conducted to study the momentum exchange across a 

section normal to the jet axis. The mass flux (flow rate) m (kg/s) in turbulent jets has been 

studied using the time-mean quantities of velocity and density. The momentum flux /, 

defined as the rate of change of momentum or the net force exerted, in a jet is denoted by: 

mds Py up N (2.9) 

B
|
 

where, the subscript 0 denotes the property of the fluid in the jet issuing into surrounding 

fluid of density p;. The mass flow entrained mm, 1s related by: 

m=m),>+ mo kg/s (2.10) 

where mop = pods Uo/4, and the total mass at position, x is obtained by: 

m=|2npurdr kg/s (2.11) 

The total mass flow in a jet using the mass flow near the nozzle exit mo 1s given by (Ricou 

& Spalding ,1961): 

1/2 

_ x) Pi m= 032m, 57 kp/s (2.12) 
0 

The mass in a fluid jet increases with it’s distance from the nozzle, but there is no general 

agreement between various available experimental results for this value. Entrainment rate 

12



depends to a large extent on nozzle details, the highest and lowest rates being associated 

with relatively short and long nozzles, respectively (Trabold et. al., 1985). 

A two-dimensional shear-entrainment hypothesis was given by Dimotakis (1986) for 

solving the entrainment relationships from laboratory data and theory of turbulent shear 

layers (see Figure 2.3). 

  

Figure 2.3. Induction Velocities in Vortex Convection Frame (Dimotakis, 1986) 

From a simplistic point of view, a jet can be considered as a stream moving 

relatively faster at v, (m/s), than the ambient fluid moving at v2 (m/s). The shear layer 

grows into the higher speed fluid. This is identical to the case of a spatially growing two- 

dimensional shear flow at the turbulent jet boundaries. The entrainment into a spatially 

growing layer is illustrated in Figure 2.3. In the shear layer between two free-streams, 

there exists an effective or resultant convection velocity v, (m/s) at which the vorticity 

spreads. The normalized convection velocity r, 1s expressed by: 

l+rs'? 
= — (2.13) r= 

Cc le+s'? 
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where s is ratio of densities and r is the ratio of velocities of the two media. The mass 

entrainment ratio for two equal density fluids (s=1) derived from this hypothesis is given 

by the formula (Dimotakis, 1986): 

i oss" 2) 214 v=(1+ 068 JO (2.14) 

The entrainment coefficient, y tends to zero as the velocity ratio tends to unity. This 

formula has been verified with a range of velocity ratios and is estimated to give high 

values for high-speed fluids. The above theory is reviewed to understand the shear layer 

development and interactions in fluids of different velocities. 

2.2.3 Coanda Effect 

Jets are frequently observed to adhere to and flow around nearby solid boundaries. This 

general phenomena named after Henri Coanda, the inventor who applied it in his 

numerous inventions, may be observed in both liquid and gaseous jets (Voedisch, 1948). 

The deflection of the flow is associated with a reduced wall pressure. The quantity of fluid 

entrained by the jet from the surroundings is apparently increased when the jet is deflected. 

Application of this phenomenon ranged from improving the scavenging of internal 

combustion engines to increasing the lift of a wing and to achieve possible improvements 

in the performance of other devices. The phenomena of flow deflection in a jet is 

illustrated in Figure 2.4. 

When a jet is flowing freely, after leaving the orifice, the highly unstable shear layers on 

both sides of the jet become turbulent and the surrounding fluid is rapidly entrained. The 

fluid entrained near the wall is slightly accelerated and thus the static pressure on the wall 

ps; (Pa) becomes less than the surroundings p. (Pa). In consequence, the jet bends slightly 
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towards the wall, which further reduces the pressure. Thus the jet clings to the wall nearby 

and causes a pressure imbalance due to lack of entrainment on the wall side. Experimental 

investigations were carried out to determine the pressure coefficient on the wall side. 

Figure 2.4 shows the mean flow streamlines in two-dimensional plane and the 

nomenclature used in the theoretical analysis of the Coanda effect. 

  
Po = stagnation pressure of fluid supplying jet (Pa) v= kinematic viscosity of fluid (m7/s) 

Ps = Static pressure on the surface of the wall (Pa) /= length of the wall (m) 

P» = Static pressure in the separation bubble (Pa) d = jet discharge height (m) 

a = inclination of the wall to the axis of the jet D = distance from the jet to wall (m) 

Pw = free stream static pressure (Pa) 

Figure 2.4. Simplified Streamlines for a Jet Reattaching to an Offset Parallel Plate in 2-D 

(Bourque & Newman, 1960) 

From theoretical investigations, it is found that the ratio, x/d is a function of the 

inclination of the plate a, and ratio, x,/D is a constant. These parameters can be verified 
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from dimensional analysis of functions for the wall surface pressure p,, coefficient C,, and 

the point of reattachment distance from the jet x,. The pressure decrease near the wall is 

Ps-Pw and the non-dimensional! pressure coefficient is given by (Bourque & Newman, 

1960): 

  

(2.15) 

_ _ gq? |? 

C oP Po actin] P| 

oc x/D 

There was no general relationship found between the distance x/d and wall pressure 

coefficient. The wall static pressure distribution is asymptotic and starts at negative 

maximum at the starting position of the wall. The back pressure developed in the 

separation bubble between the wall and jet is given by the pressure difference across the 

jet responsible for its deflection (Blevins, 1984): 

afP Fo _ _4 7 (2.16) 

2.3 Fluid Jets in Confinement 

Considerable experimental and theoretical work has been carried out to study the behavior 

of jets in confinement superposed in a free moving stream. The flow of a jet in 

confinement can be as simple as it is in a free jet, or complex having regions of re- 

circulation and flow separation. Flow in a duct with an axially mounted circular jet with 

basic flow regions and approximate velocity profiles is shown in Figure 2.5. The initial 

velocity profiles shown in the region I are the potential or ideal flow regions, which means 

there no vortcity or shear flow in the fluid streams. 

16



   

   
possible 

re-circulation 

  

(potential flow) (partial shearing) (complete shearing) flow region 

Figure 2.5. Flow Regimes and Velocity Profiles in Ducted Streams with a Jet 

Ignoring the effects of the wall boundary layers, four idealized regions of flow may be 

identified: (1) a transition region in which the jet velocity distribution develops a nearly 

constant shape (ii) a region in which external flow is potential, and jet velocity and shear 

stress distributions are self-preserving (iii) a possible region of re-circulation, if the jet 

entrains all the fluid in the external stream before reaching the duct wall. The flow outside 

the jet can no longer be considered potential (1v) a region downstream of the point at 

which the jet attaches to the wall where the flow can no longer be considered self- 

preserving. As the jet spreads in a constant area duct, it reduces the cross-sectional area of 

the free stream and continuously entrains free-stream fluid. Since the loss of free stream is 

relatively greater than the loss of flow area, the free stream decelerates. If the velocity of 

the free stream becomes negative, separation or re-circulation occurs. Re-circulation in 

jets in ducted streams should not be confused with re-circulation in mine ventilation. A 

simplified sketch of the flow separation in Region III is shown in Figure 2.6. 

A sample velocity plot showing the velocity in the case of flow separation is shown in 

Figure 2.2. The self-similarity analysis of the continuity and Reynolds equation is similar 

with that of free jets, but differ in formulation, as it 1s assumes that: 

(u-u,)/u,= f(r/b) (2.17) 
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Effective width 

Figure 2.6 Axi-symmetric Jet Streamlines with Re-circulation Eddy 

The analytical solutions are not straight-forward for their application in practical situations 

of mine ventilation and involve numerical computations to visualize the mean flow field. 

Separation of flow outside the jet in Region III, is dependent upon the ratios, flow in the 

jet and to the surrounding stream and the radii of jet and duct/airway. The behavior of jets 

1/2 in ducts can be expressed as functions of m/Mp)’” and x/D, where D is duct diameter 

(m). The function m/(Mp)"” is defined as (Hill, 1965): 

mo A+((d/D)’ 
(M py? [ 4,7 +20 +24) (a/D)’| 
  (2.18) 

1/2 

Where, A = u;/uo. The numerical value of this parameter lies between one and zero. A 

value of zero signifies no net mass flow in the pipe, i.e., a jet issuing into a pipe whose 

downstream end is closed. A value of unity signifies that the ratio d@/D is negligible so that 

the influence of walls is insignificant. The critical value for re-circulation to occur is 0.45. 

Similar parameters were proposed (Barchilon & Curtet, 1964, Curtet, 1958, Curtet & 

Ricou, 1964, Exley & Brighton, 1971, Thring & Newby, 1953) to characterize the flow 

and quantify the re-circulation and other parameters. However, the axial velocity decay is 
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expected to be similar to that of a free jet. Similar analyses were carried out for non- 

separating flow conditions to predict the flow field (Razinsky & Brighton, 1971). 

2.4 Summary of Theoretical Investigations 

From a simplistic point of view, flow in a mine airway equipped with a jet fan can be 

compared with an axially mounted jet in a constant area duct. However, in room and pillar 

face ventilation practice, jet fans are seldom in the middle of the airway, and moreover, the 

airways are dead-ends with no through flow. Hence, the conditions involve a combination 

of effects due to the coanda phenomenon, asymmetric flow in the heading with a jet on 

one side of the airway drawing air from the upstream of the cross-cut and through-flow in 

the last open cross-cut. In such conditions, the physical meaning and implications of some 

parameters such as defined in equations (2.15, 2.16 and 2.18) may become less valid or 

ineffective in predicting the nature of flow field. Nevertheless, the literature reviewed is 

basic and useful for understanding the general flow in and around the jets to apply them in 

mining situations. 

2.5 Introduction to the Application of Air Jets in Ventilation 

Jet fans are stand alone auxiliary fans used for ventilation of either open or closed spaces. 

The use of high velocity air jets for ventilation in mines to enhance working conditions 

near the production area has gained popularity in the last two decades and is in a process 

of establishing itself as an effective face ventilation device. Literature reviewed in the 

following sections contributed significantly to the growing use of jet ventilation techniques 

in mines. Jet fans have many merits over conventional ventilation systems. The later 

include using fans with ducts with exhausting, blowing or both configurations, and brattice 

curtains. The following section includes a brief discussion on conventional auxiliary 

ventilation systems before the subject of induction fans is described. 
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2.6 Conventional Auxiliary Ventilation in Mines 

The basic objective of a ventilation system is to provide airflows in sufficient quantity and 

quality to dilute contaminants to safe concentrations in all parts of the facility where 

personnel are required to work or travel. Auxiliary ventilation refers to the systems that 

are used to supply air to the working faces of blind headings. Auxiliary ventilation may be 

classified into three basic types, line brattices, fan and duct systems, and ductless air 

movers (McPherson, 1993, Hartman, et al., 1982). 

The erection of a line curtain longitudinally in an entry effectively divides that opening into 

two for ventilation purposes. If the brattice is erected from the last open cross-cut to 

within few meters of the working face, ventilating air can be directed to the face along 

once side of the brattice and returned along the other side. The curtain is usually 

constructed of fire-resistant material. The major disadvantages of line curtains is the 

resistance they add to the mine ventilation network, resulting air leakage, and 

consequently low air velocities near the face. A schematic of the blowing and exhausting 

brattice ventilation arrangements are shown in Figure 2.7. The need for line curtains to be 

extended across the last open cross-cut inhibits visibility and causes physical obstruction to 

the machinery near the face. The set-back distance from the face can be altered depending 

upon the requirements. 

The other popular face ventilation system uses auxiliary fans and ducts. Such a system 

provides more controlled and positive ventilating effect near the face. While using fan and 

duct systems to ventilate long headings, care should be taken to ensure that the pressure- 

volume characteristics of the fans are commensurate with the resistance offered by the 

duct and airflow to be passed. Similar arrangements of blowing and exhausting shown in 

Figure 2.7 exist in duct and fan auxiliary ventilation systems. The head losses due to the 

length of the ducts and bends often result in high energy costs. The presence of the duct 
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near the face and all along the entry causes physical obstruction. They may also cause 

uncontrolled re-circulation in poorly designed systems. Use of scrubbers and water sprays 

mounted on continuos mining machines near the face in some configurations have 

facilitated more efficient ventilation systems (Divers & Volkwein, 1987). 
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Figure 2.7 Line Brattices used for Auxiliary Ventilation (a) Blowing (b) Exhausting 

2.7 Tracer Gas Testing in Mine Ventilation 

In order to monitor the conditions in a heading or a section of a mine when testing a 

ventilation system or equipment, it 1s necessary to quantify the air velocities and quantities 

in the test area. In most cases the air velocities are low therefore tracer testing has been 

used for this purpose. This section introduces the tracer gas technique before the literature 

is discussed, because most of the work carried out in the past includes this technique. 
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Tracer gas testing is a popular technique used in mine ventilation for quantifying the flow, 

leakage, or velocity of air (Vinson, et al., 1980, Thimons & Kissell, 1974). The use of 

sulfur hexafluoride gas (SF¢) is the most popular and reliable way of measuring the flow in 

mines. It is easily detectable at low levels, chemically inert, does not occur naturally in the 

atmosphere and is not adsorbed by sandstone or coal. When the gas is released in an 

airway of volume V (m’) and air flow of Q (m’/s) uniformly with an initial concentration 

Co (m’), and after a time f(s), the concentration of the gas C (m’), is given by (Thimons 

and Kissel, 1974): 

C=C, exp(-Qt/V) (2.19) 

If the measured concentrations of the gas at the beginning and at the end of a time interval 

t (s) are C; and C2 respectively, the mean air velocity or the quantity Q/V (m/s) can be 

derived from equation (2.19), by taking the natural logarithm on both sides of the equation 

and re-writing: 

oy MCLE) 20 

Using the above formula, the airflow parameters can be calculated depending upon the test 

conditions and requirements. Carbon-dioxide (CO2) (Schnakenburg, et al., 1984) and 

certain types of radio-active gases (Ni, et al., 1996) are also frequently used as tracer 

gases for monitoring air flows. Use of CQ, is less reliable compared to SF, and other 

gases in underground mines because of fluctuations in the background concentration levels 

due to production activities and machinery. However, measurement of CO? is quicker and 

less expensive. 
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2.8 Laboratory Experimentation with Air Jets 

Fundamental studies were carried out by Krause (1972) at the laboratory level using water 

jets issuing into air. Entrainment of air into water was observed and was called the injector 

effect. The penetration distance x (m) of a jet is defined as a function of the turbulence 

coefficient k, jet exit diameter d (m) and jet exit velocity wo (m/s): 

kdu, 

u 
x 

  (2.21) — 

where uw, is the minimum acceptable velocity and the limiting value was approximately 

0.3m/s. The turbulence factor has a value ranging from 2.5 to 10, which corresponds to 

the inverse of the degree of turbulence. In practice, the values of k were found to be 

around 6.0 and an aerodynamically well designed nozzles can give a value as high as 70.0. 

Research suggested that using higher duct or airway diameter result in higher values of 

penetration, for a given diameter of the jet. The advantage of placing a jet close to the wall 

was recognized and it was pointed out that the penetration could be nearly doubled. Jets 

that are placed next to the wall were called half jets because of their expansion limitations 

and the corresponding values of angle of expansion of a half jet was found to be around 

12°. When a free jet was placed in a blind heading, it was observed that if the length of the 

heading is longer than the penetration limit of the jet, flow reversal occurs between the 

face and the penetration limit due to the formation of an air cushion. Penetration depth of 

the jet was found to be doubled (5 times the hydraulic diameter of the airway) when 

placed near the wall compared to a concentric configuration. 

Lewtas (1980) conducted extensive research on jet fans and experimented with different 

types of nozzles and fan positions to study the flow in a blind heading. Tests in a model 

mine included measuring velocities at different locations in the heading, and conducting 

tracer gas surveys. Using the velocity contours in the heading, it was demonstrated that 
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the coanda effect increases the penetration of jet fans. The velocity contours in the heading 

for two different positions of the fan are shown in Figure 2.8, where the fan position 1s 

changed from 3.7m to 0.6m from the rib, with an airflow of 6.7m’/s through the jet fan. 

Studies were conducted to evaluate the ventilating effectiveness and penetration of the jet 

fan in terms of air velocity near the face. Tests included various types of nozzles such as, 

an aerodynamic convergent nozzle, rigid tubing of lengths 0.91m, 1.52m, 3m and 4.57m, 

and only the fan with no nozzle attachment. All the nozzles were tested with and without a 

honeycomb air-flow straightener. Two different air quantities (6.7 and 2.83 m’/s) were 

used in the tests. The research highlights that: 

(i) the longer the rigid tubing attached to the fan the more penetration 

(11) positioning the fan closer to the wall is more critical for penetration than the fan 

attachments (nozzles, etc.) 

(111) using an aerodynamic nozzle is effective and more useful than attaching tubing to the 

fan 

A maximum of 52m penetration distance was achieved with a flow-rate of 6.7m’/s through 

the jet fan and an aerodynamic nozzle located at 0.6m from the wall. 

In forced auxiliary ventilation systems using ducts, the penetration was found to be 

roughly three times the airway diameter and also a factor of cross-sectional area ratio, 

(d/DY and mixing number, d/o, (xo is the potential core length of a jet) (Wesly, 1984). 

Different types of nozzles were mounted on the forcing ducts near the continuous miner 

for studying the flow near the face. 
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Figure 2.8 Velocity Contours (m/s) Demonstrating Coanda Effect in a Heading for 

Different Positions of Fan from the Wall (Lewtas, 1980) 

The evolution of new mining equipment for remotely controlled automated mining systems 

has made higher production rates possible and called for dramatic improvements in face 

ventilation, especially in coal mines. Past research did not address the use of jet fans for 

ordinary size headings. A modified testing facility at the U.S. Bureau of Mines was used 

for conducting fundamental research on jet fans for ventilating blind headings (Taylor, et 

al., 1992). The model simulated a deep cut entry and the laboratory facility was 6m x 2m x 

36.6m in size. The layout showing the test set-up is in Figure 2.9. Methane sampling 

results were used to demonstrate the effect of each ventilation configuration. Significant 

conclusions of this research were: 

(i) the performance of the fan is directly related to the air quantity delivered by the jet fan 
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(ii) modification of the jet fan by using upstream tubing improves the ventilation 
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Figure 2.9 Test Facility of the Pittsburgh Research Center (NIOSH) (Taylor, et al., 1992) 

Further testing was conducted as a part of the project simulating deeper cuts (up to 27.4m 

in length) (Goodman, et al., 1992). The work emphasized finding the best nozzle for 

increasing penetration of the jet and air velocities at different points in the heading. Three 

different types of nozzles were used in the testing: 

(i) an injector tube having a higher diameter than the fan leaving a gap for entraining air 

into the jet, 

(ii) a converging nozzle with a flow extender, 

(iii) a flow extender with helical fins inside. 

The study concluded that the average jet expansion angle is around 13°, measurable 

penetration was 21.3m, and a flow constrictive device on the fan exhibited more confined 

flows, lower jet expansion angles, higher velocities and greater penetrations. The flow 
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extender with helical fins inside was found to be the best nozzle. Using SF tracer gas 

testing, a flow of 0.95m’/s (2000 ft’/min) was found near the face region. 

Using a state-of-the-art wind tunnel of cross-section 0.9m x0.9m equipped with a circular 

jet, experiments were conducted over a wide range of air flow quantities and jet positions 

along the wind tunnel axis (Mutama & Hall, 1995). A detailed study using two different 

diameters of jets was conducted. The measured flow parameters included static pressure 

along the axis of the jet, axial velocity component and flow entrainment into the jet. The 

static pressure profile resembles the one shown in Figure 2.1. The initial negative pressure 

corresponded to the potential core and flow development region, where the jet starts to 

expand into the surroundings. Axial velocity profiles indicated penetration distances of 

22~32 diameters from the jet exit, depending upon the initial velocity (uo) of the jet. It was 

shown quantitatively that penetration is directly proportional to jet exit velocity. Measured 

entrainment was found to be a maximum when the jet is located closest to the wall. The 

results obtained in this study are comparable to the relevant work carried out in mine 

models by others (Mutama, 1995). 

2.9 Experiments in Mine Headings 

Matta, et al. (1978) evaluated jet fan effectiveness using SF. tracer gas analysis in the 

ventilation of dead headings. The results of their study demonstrated the ability of jet fans 

to ventilate dead headings beyond their penetration limits (see equation (2.21)) and re- 

distribute available fresh air through larger working areas by their induction effect. It was 

pointed out that there must be sufficient supply of fresh air for the jet fan to operate and to 

avoid the re-circulation of contaminated air in the heading. In operating production 

entries, larger quantities of air are needed to dilute and remove pollutants from the 

heading. 
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Preliminary mine model tests were performed by Lewtas (1980) to test a jet fan for its 

suitability to an underground lead mine using random room and pillar mining method. The 

drifts were 7.92m x4.9m in cross-section. A tracer gas technique was used to quantify the 

flow. All the tests were performed with the induction fan placed 1.2m from the wall, 

upstream from the main ventilation cross-cut. Two lengths of drifts (38.1m and 53.3m) 

were used in the testing program. The long-drift test results were marginal and the air 

quantities reached near the face in short drift tests were above 3.77 m’°/s (8000 ft*/min). 

Best results were obtained when the fan operated at 6.7m’/s flow-rate with an 

aerodynamic nozzle. 

Dunn, et al. (1983) carried out some extensive studies on testing jet fans in metal and non- 

metal mines with large cross-sectional airways. Different sizes of fans were tested in open 

airways, dead-end headings, and face areas, in order to develop some guidelines on 

positioning and sizing of the fans. Tests were conducted in three mines with cross- 

sectional areas ranging from 88 to 186 m’ in room and pillar mines. It was concluded that 

in open airways with smaller cross-sections, large jet fans are less effective. In order to 

reduce re-circulation, it was recommended that jet fans need to be placed against the ribs 

of headings and closest to the incoming air stream from the cross-cut. 

Amongst the practical ventilation systems discussed by Thimons et al. (1986), use of a jet 

fan for face ventilation was evaluated for mine operation compatibility, projected 

ventilation effectiveness and cost, for a non-gassy oil shale mine. Free jet equations 

derived for centerline velocity (McElroy, 1945) were used to design the jet fan. The 

equations used were similar to the ones described by Krause (1972). The limiting air 

velocity of the jet fan, the velocity below which the jet is considered in-effective, was 

considered to be 0.5 m/s. The system was used in a mine of cross-section 16.8x9.1 m. SF¢ 

was used as the tracer gas for evaluating the system. A jet fan delivering 44 m’/s (88400 

ft/min) was used for this purpose. The location of jet fan was near the out-bye of the 
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heading close to the wall on the upstream side of the last open cross-cut. The air velocity 

near the face, 97.6m (320 ft) from the fan, was found to be around 1.5 m/s (300 ft/min). 

An air jet fan was designed and applied for ventilating headings in wide seam underground 

mines of manganese, nickel and coal in South Africa (Dumka, et al., 1989). The jet fan 

delivered quantity of 5m°/s in a entry of cross-sectional area 40m’. The work placed 

emphasis on the flow patterns in a variety of layouts near the production area. It was 

observed that 40% of the width of the airway was used as air inlet passage, 40% for return 

air, and the remaining was area of turbulent eddies. The layout of the heading is as shown 

in Figure 2.10. The dotted lines show the layout for different tests conducted. It was 

recommended that the minimum fresh air flow available in the last open cut should be 

greater than the total air flow entrained by the fan plus the air quantity delivered by the jet 

for safe operation and elimination of re-circulation. Since jet fans are relatively smaller in 

size, it was suggested that they can be used only to ventilate dead ends or stope faces, and 

never for the replacement of a booster ventilation. 

While most of the experimental investigations included and suggested the use of jet fans 

for relatively large cross-sections of headings, a vortex jet fan, used in vertical take-off air- 

crafts, was suggested and used in thin seam coal mines (Barnard, 1989). The vortex action 

of the fan tends to contain air in a spiral for distances up to 40m, depending on the size 

and speed of the fan. The use of the fan in combination with a line curtain increased the 

effect of the fan from 25m to 50m. They were particularly recommended in mines with 

methane layering problems. 
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Figure 2.10 General Layout of the Mine Heading with Jet Fan and Mean Air Flow 

(Dumka, et al., 1989) 

Use of induction fans in a typical South African coal mine was successfully carried out by 

Meets & Meyer in 1993. Vortex fans were principally used to demonstrate the effect of 

fan positioning on re-circulation in headings. Their preceding work investigated the effect 

of through-flow velocity in the last open cross-cut on the penetration distance of the jet 

fan. It was found that 1.2~1.4 m/s velocity in the last open cross-cut gave highest 

penetration in the heading. It was shown that the best location for the jet fan is right at the 

outby end of the heading, upstream of the last open cross-cut. Four different positions 

were considered for testing. The layout and results are shown in Figure 2.11. 
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Figure 2.11 Mine Layout Showing Vortex Fan Locations and Measured Re-circulation at 

Each Location (Meets & Meyer, 1993) 

Use of jet fans in combination with a road-header or a roof-bolter was also investigated as 

part of the research. The continuous miner mounted with a dust scrubber enhanced the 

ventilation when a jet fan was used. It was concluded that vortex fans can ventilate longer 

headings but results in higher entrainment of air. 

A detailed and broader evaluation of the suitability of using jet fans to ventilate continuous 

miner headings in collieries was conducted in South Africa, in order to develop some 

guidelines (Meyer, et al., 1994). Three mines of different seam heights and airway widths 

were considered for underground tests. The layout of the continuous miner heading is 

shown in Figure 2.12. Experiments were conducted by measuring air velocities near the 

face and over the miner, with or without the scrubber on the continuous miner running 

and, with and without partial heading. 

31



<—_—_—_——— partial heading length ——» partial heading 

  
  

  

  
  

F 

a 

c 
Fan e 

—> 

Scrubber¢ “ 

4 Fan 7.8m3/s (not to scale) 

Figure 2.12 Plan View Showing the Continuous Miner and Partially Developed Heading 

(Meyer, et al., 1994) 

The scrubber fan mounted on the miner was an exhaust fan with a capacity of 7.8m’/s. 

Ventilation near the face was found to be adequate when the scrubber was running. The 

results of the study when the scrubber was not running is summarized in Table 2.1, 

showing the airway size, through-flow quantity, and velocity near the face without the 

partial heading. 

This research highlights the following: 

(i) regardless of the position of the jet fan and air volume delivered, penetration of the fan 

is influenced by seam or entry height 

(ii) fan with lower air quantities can achieve better results 

(iii) observed shift of the air jet from one mb to another mb as it approaches the face when 

the scrubber on the miner was not operating. 
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Table 2.1 Summary of Results of Jet Fan Tests in Three Mines in South Africa without 

Operating Scrubber Fan and Fan Hung to the Roof (Meyer, et al., 1994) 

  

  

  

Airway Size Jet Flow Nozzle Dia. Through-flow *PH Width Air Velocity 

wxhx! (m*) Q; (m’/s) d (m) Q (m’/s) (m) at Face (m/s) 

5.8x2.63x 34 4.65 0.5 22.7 0 0.2~0.3 

6.6x2.7x35.9 4.95 0.5 26.55 3.45 0.2~0.3 

4.5x6.75x39 5.9 0.52 36.45 0 ~1.0 

7.05x3.9x34 5.5 0.52 41.45 3.6 0.2~0.5 

6.4x4.9x33.6 8.78 0.585 30.1 0 0.4~1.0 

6.7x4.9x31.4 8.78 0.585 31.52 3.6 0.3~0.8 

*PH = Partial Heading Length of PH = 25m 

2.10 Jet Fans in Booster Ventilation 

Ideally, a jet fan operates at low flow rate, high air velocity, and delivers air at zero static 

pressure with its total pressure equal to its velocity pressure (Frycz & Biernacki, 1975). In 

this section, a method of predicting the static pressure developed by a jet fan located in an 

airway is discussed. At low resistance a jet fan provides good results and hence can be 

used as a booster fan (Wolski, 1995). Dumka, et al. (1989) (Section 2.9) experimented jet 

fans in a variety conditions in room and pillar sections to validate evaluate their potential. 

It was suggested that, because of their small capacities, they never be replaced as a 

booster fan. However, with some modifications in their positioning and location, in small 

sections of mines or airways with through-flow, they can used for booster ventilation. 
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Using the conservation of momentum principle the static pressure developed by a jet fan 

can be derived as following. 

Consider a jet fan in a mine airway of uniform cross-sectional area of A m? with a through- 

flow of Q, m’/s, as shown in Figure 2.12. Applying conservation of momentum gives an 

expression for the static pressure p,, developed by the jet fan in an airway. The momentum 

of air at point a equals the momentum of air at point b (neglecting the frictional loss 

between a and b). This is given by equation (2.22), assuming incompressibility and 

uniform density, p (see Figure 2.13): 
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Figure 2.13 Jet Fan and Velocity Profiles in an Airway 

Pa At pQ; uj t+ P(Qa - Q;) Ug 
N (2.22) 

= Ph A+ PQ, Ub 

where, p, and p, are the total pressure readings (Pa) and, u, and u, are the air velocities at 

points A and B (m/s), respectively. The total air quantities at points A and B are equal to 

Q, m°/s. The pressure difference between points b and a, (p, - P,) is the static pressure 

developed by the jet fan, and it can be noticed from Figure 2.13 that: 
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Qa 
A 

m/s 

Substituting the velocity and pressure terms gives equation (2.23) for the static pressure 

developed by the jet fan: 

s 

P Qa, (Q,- Q,)’ Qa 

A 
Pa 2.23 

a A-a A ( ) 

This expression can be used for the design of a jet fan as a booster fan. In the case of jets 

for face ventilation Q; is less than Q,/3 (30 CFR 75.301). The velocity pressure developed 

by the jet fan is given by: 

us Q,) p, =p, = £2 (S Pa (2.24) 

Using the above relationship and, assuming Q; << Q, and a << A, so that (Q,-Q;)?/(A-a) 

approximately equals to Q,?/A, equation (2.23) reduces to equation (2.25): 

p.* 2p, a Pa (2.25) 

The nozzle design guides the velocity pressure developed by a given fan. A similar 

expression can be derived using the principle of conservation of energy (instead of 

conservation of momentum priciple) (McPherson, 1996, Personal Communication). The 

expression of static pressure developed by a jet fan using energy equation over estimates 
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by a large number. In the theory of fluid jets, only the conservation of momentum 1s 

addressed for predicting the flow field. 

2.11 Summary and Need for Experimental Work 

A review of the use of jet fans in a variety of mining and simulated conditions has been 

carried out to investigate its potential in face ventilation. It was found in each case that, at 

least, jet fans can ventilate blind headings of 25m in length. Depending on the design of the 

fan and nozzle, and location of the jet fan, the effective ventilation distance can be 

maximized to greater than 50m. Most of the research in the past has concentrated on the 

use of jet fans for relatively large size openings, whereas more recently the emphasis has 

been on their application in medium size and narrow openings, such as in a typical 

underground coal mine. The results of some researchers have indicated that higher air 

quantities in jet fans gave better ventilation. General design considerations for choosing a 

jet fan and nozzle were not addressed. The flow mechanics and air flow patterns need to 

be understood in more detail to develop guidelines for their more general use. It is 

necessary to identify the flow patterns in a typical mine heading where jet fans are used. 

The general use of a jet fan in blind heading will be beneficial in the future of remotely 

controlled mining operations. They are cheaper to install and flexible to use in 

development headings. Optimizing the position of jet fans near blind headings to maximize 

their ventilating effect, and identification of the flow field at various positions of the fan 

will provide a major tool to establish preliminary guidelines for their use. Qualitative and 

quantitative analysis of the jet fan ventilation system needs to be undertaken in a variety of 

conditions for a thorough understanding of the flow phenomena of induction fan 

ventilation in mines. 
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3. LABORATORY MODELING OF JET FAN VENTILATION 

3.1 Introduction 

The last two chapters reviewed the theory of fluid jets and their application in ventilation 

of drifts in mines. As a part of this research a model of a typical room and pillar entry at 

laboratory scale was designed and constructed to study the flow in and around a mine 

heading. This was used to understand the behavior of fluid jets in mine environment, and 

for their potential application in room and pillar face ventilation. The majority of the past 

research addressed the feasibility of jet fans, and designed systems to use them in order to 

solve some specific problems. The laboratory modeling described in this chapter was 

intended to assist in understanding mean flow patterns, suggest general jet fan design 

guidelines and use it as a tool to design a fan and auxiliaries for field tests. A plexi-glass 

model was built for this purpose using water as the fluid medium (Topuz & McPherson, 

1992). The purpose of choosing water as the medium was for better flow visualization and 

to record the flow patterns using still and video photography. 

3.2 Design Considerations 

According to the regulations (30 CFR 75.301), a minimum of 4.25 m’/s (9000 ft*/min) air 

is required at the intake end of the last open cross-cut of a pillar mine. Considering a 

typical coal mine of cross-section, 6x2 m’ size, the corresponding mean air velocity 

required in the cross-cut is 0.35m/s. 

In order to simulate any flow condition, certain criteria need to be followed. Dynamic 

similarity criteria have been the most frequently and successfully used in experimental fluid 

mechanics to simulate flows. Dynamic similarity includes simulation of the conditions by 

scaling the model dimensions and keeping the dimension-less flow quantities constant. 
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Satisfying all the dimension-less quantities simultaneously is impossible in flow modeling, 

Hence one criterion is chosen which is characteristic of the flow, such as considering 

Grashof number, Gr, in modeling free or natural convection conditions. Typically in 

modeling conditions of incompressible viscous flow, the Reynolds number Re criteria is a 

popular, precise and an acceptable method (White, 1991, Panton, 1984). 

Using the mean velocity u, 0.35m/s, in the airway at 25°C, viscosity of air uz, 18.35x10° 

Pa.s, and density of air p, 1.2 kg/m’, the minimum Reynolds number to be achieved in the 

model is calculated by: 

pud, 
Re= , e Li (3.1)   

where d, (m) is the equivalent hydraulic diameter of the airway, equal to four times the 

ratio of the cross-sectional area to the perimeter of the airway. The minimum Re is 

calculated to be 68,665. 

The model dimensions were finalized by back calculating the water flow-rate and velocity 

requirements, holding Re constant. Assuming model dimensions, 15x4 cm’, for a Reynolds 

number of around 100,000, the water velocity required in the model was approximately 

1.42m/s. The properties of water at 25°C are: u = 0.89x10° Pa.s and p = 996.5 kg/m’*. A 

secondary circuit which was supplied with water from the model cross-cut and a separate 

pump were used for simulating the jet in the heading. 

3.3 Model Details 

A simple plexi-glass model of a heading and a cross-cut at right angles to it was 

considered for simulation. The finalized dimensions of the model cross-section were 
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15.2x4 cm. The model was constructed in the mine ventilation laboratory of Virginia 

Polytechnic Institute and State University. The hydraulic diameter of the model was 

approximately 0.063m. A heading length of 56.35 cm was considered, simulating a 30m 

long heading of 6x2m’ cross-section. A 3-phase, 1.5 kW (2HP), 10.7 L/s (170 gal/min) 

pump was used as the main supply of water to the model. The pump’s rated head was 

19.2m (63 ft). The simulated main/cross-cut needed to be long enough to avoid any 

entrance and exit effects in the flow. A length of cross-cut eight times the width of the 

model was constructed on the upstream and four times on the downstream side. Using a 

pitot tube arrangement and pressure gage in the model, the velocity of flow was measured. 

The velocity head measured was approximately 13.97 cm water gage (P, = 1368.62 Pa). 

Using the conversion from velocity pressure to velocity u: 

2 Py 
u= m/s (3.2) 

p 
  

the velocity of water in the model was calculated to be 1.65m/s or a Reynolds number of 

116,908. A jet was mounted on a stand that moved on a dove-tail joint to the floor of the 

model. An illustration of the proposed jet arrangement is shown in Figure 3.1. The 

arrangement enabled the maneuvering of the nozzle position both along the width and 
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Figure 3.1 Schematic of Initial Jet Arrangement 
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The thickness of the plexi-glass used was 1.27 cm (0.5 inch). The jet was connected to a 

high pressure 3-phase pump of capacity 0.52 L/s (8 gal/min), 7.2m (23.62 ft) total head 

and 0.75 kW power. The inlet for this pump was on the upstream side of the heading in 

the cross-cut (see Figure 3.2). A water reservoir of size 208 L (55 gal) was used to re- 

circulate water through the system. The axis of the jet was located slightly above the 

centerline (0.25cm from floor) of the model and 1cm from the wall. A simple convergent 

nozzle (8.8mm to 2.2mm reduction) was mounted on the jet. Details of the arrangements 

are shown in Figure 3.2. Photographs showing the set-up are displayed in Appendix A. 
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Figure 3.2 Simulated Mine Model Equipped with Jet and Other Details 

3.3.1 Flow Visualization 

In order to visualize the flow around the jet in the model, various techniques were 

considered that suit the flow conditions and set-up (Yang, 1989, Gad-el-Hak, 1987, Van 

Dyke, 1982). Popular techniques used in liquid flow models are: suspension of color rayon 
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flocs (Hoyt & Taylor, 1987) in an illuminated environment such as low power LASER 

light (Dimotakis, et al., 1981), aluminum powder particles (2-7x10°m size) suspended as 

tracers in a powerful sheet of ordinary light (Imaichi & Ohmi, 1983), color dye injection, 

and planting tufts (long fibers) on the surface of the model. The former two methods are 

very precise and it is possible to compute all the flow parameters ranging from velocity to 

vorticity field to pressure distribution in the model. 

The easiest and most cost effective method for the mine model constructed in this project 

was to use a dark red dye in the secondary circuit. Complete details of the test set-up are 

shown in Figure 3.3. Rayon threads cut to small sizes were glued to the floor of the model 

in a rectangular grid fashion. The threads tended to align themselves along the streamlines 

of the flow. Pictures of rayon threads showing the streamlines of flow can be seen in the 

subsequent sections of the chapter when referred. The time elapsed to clear the dye from 

the model for each configuration/set-up was recorded to evaluate the performance. 

3.4 Flow in the Heading 

Flow was observed in the heading without any jet arrangements in the model to see the 

effect of through-flow in the heading. The mean flow pattern is shown in Figure 3.4. 

The presence of a jet in the heading produced a large and powerful vortex all the way to 

the face. The vortex originated near the jet along the length of the entry, its direction and 

location depended upon the position of the jet. When the jet was located near the nght 

wall of the entry a vortex was formed on the left side of the model rotating in a clockwise 

direction, as shown in Figure 3.5. As the jet moved towards the center of the entry, two 

vortices were formed on both sides of the jet partly feeding in to the jet and rest of the 

fluid leaving into the cross-cut. Moving the jet closest to the wall gave the highest 

ventilating effect due to two factors: (i) coanda effect (see Section 2.2.3) and (ii) more 
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clearance area along the width of the model for fluid returning from the face. Similarly, 

having the jet nozzle at the out-bye end of the heading gave the best results, because most 

of the fluid returning from the face in the form of vortex mixed with the flow in the cross- 

cut and left the system without re-entraining into the jet. Pictures showing the flow and 

the initial set-up can be seen in Appendix A. 
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Figure 3.3 Schematic Showing the Laboratory Test Set-Up 

Similar results were found in many studies performed by others both at laboratory level 

and in mine tests (Hwang et al., 1995, Meets & Meyer, 1993, Taylor, et al., 1992). 
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Figure 3.4. Flow in a Heading without Jet and Auxiliary Arrangements 

  

  

<< +— 
_— ~ <_< 

" DY — 

ning, | Y ( ( 

30
m 

  
oval 

vortex 

  
VT ‘re-entrainment 

  (not to scale) 
  

Figure 3.5 Mean Flow in the Model when the Jet was Operating 
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3.5 Modifications to the Set-up 

During the first phase of the modeling and testing, it was found that the jet arrangements 

in the model heading had significant effects on the flow patterns. These initial 

arrangements did not represent real mining conditions very accurately due to a relatively 

large sized tubing and jet mounting in the heading. The reason for using this arrangement 

(see Figure 3.1) in the heading was to experiment with different positions of the jet in 

order to find the best position for maximizing the ventilating effect. All the flow patterns 

were recorded using still photography. 

After the initial testing the model design was modified to a more simplified and the jet was 

placed at the best location. Identifying and understanding the flow in the heading in the 

presence of the jet helped the process. The jet nozzle location (along the length and width 

of the entry) was fixed at the out-bye of the heading and close to the wall. All these 

features were successfully incorporated by using a long aluminum tube extending from the 

rear wall of the cross-cut towards the heading, as shown in Figure 3.2. The tube was 

28.4cm long (including the nozzle) and of inner and outer diameters of 0.67 cm and 1.62 

cm, respectively. It was also noted that the position of the inlet to the jet needed to be 

located further upstream of the cross-cut in order to avoid any re-circulation. The jet inlet 

was moved from 7.7cm to 30cm upstream along the cross-cut. 

3.6 Testing Methodology 

As seen from Figure 3.4, the natural effect of the through flow in the cross-cut created a 

primary eddy in the anti-clockwise direction. The jet, when located near the right wall of 

the entry, tended to create a vortex in a clockwise direction acting opposite to the primary 

eddy. In order to take advantage of this, the jet was positioned at the downstream side of 

the cross-cut and right at the out-bye end of the heading. No considerable difference in the 
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flow was observed, except the formation of a more powerful anti-clockwise vortex. The 

result was more re-entrainment due to the presence of the jet on the downstream side of 

the cross-cut. The same observation was made in the research conducted by Meets & 

Meyer, (1993) (see Section 2.9). 

A series of experiments was conducted to evaluate the performance of different nozzles, 

different line curtain orientations in the cross-cut (see Figure 3.6), and different curtain 

lengths in the entry. From the initial phase of experimentation it was demonstrated that the 

best position for the jet is right at or beyond the out-bye of the heading and closest to the 

wall. Five different types of nozzles were prepared for testing in the model. They were: 

(i) convergent (8.4mm-2.2mm dia., 20.7mm long) 

(11) convergent-divergent (8.4mm-2.2mm-3.7mm dia., 25mm long) 

(iii) Convergent with 12.5" swirl 

(iv) convergent with 25° swirl 

(v) rectangular nozzle (equivalent to the hydraulic diameter and cross-sectional outlet area 

of (i) 

Tests were performed for three different flow-rates, in the range 1.5 ~ 7L/min (Re 14x103 

~ 61x103 ). The combination of jet fans with line brattices in the cross-cut and curtains in 

the entry were tested in order to reduce re-entrainment while using jets. Placing a plate in 

the cross-cut was intended to serve two purposes. One is deflecting the flow in the cross- 

cut contributing to the formation of the primary eddy in the heading and the second is 

creating an active separation between the flow returning into the cross-cut and the 

entraining fluid from the cross-cut into the jet. The downstream side of the plate in the 

cross-cut creates a wake region and enhances the flow mixing. A square plate with sides 

of one model height was kept in the cross-cut right at the out-bye of the heading. The 
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plate was 4cm in length. Three different orientations of the plate to the through flow 

direction have been tested. The orientation and details are shown in Figure 3.6. 

LCI LC I LC Ill 

   
Figure 3.6 Simplified Drawing Showing the Simulated Line Curtains in the Cross-cut at 

Different Orientations 

Similarly, 4cm offset from the right wall, line curtains were simulated with different 

lengths in the heading. Dye was injected into the heading through the jet (see Figure 3.3) 

for a duration of approximately Is to test the efficiency of the system. The time taken to 

clear the dye from one release period was counted in each case to evaluate and compare 

different configurations. 

Finally, two rows of 0.31cm diameter holes, each row of six holes, in a rectangular grid 

pattern were drilled in the face and connected to a dye injection system through a 

manifold. This arrangement was used to simulate gas influx from the face area and to 

evaluate the time needed to clear the dye from the face. Photographs were taken with and 

without the jet operating to record flow patterns. The photographs are shown in Figures 

A.16 and A.17 in Appendix A. 
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3.7 Results and Discussion 

Flow patterns were observed when the jet was not operating. The flow in the cross-cut 

created an eddy in the entry, in the anti-clockwise direction to about half the length of the 

heading. Secondary eddies of low velocity were formed further in-bye of the heading, 

creating an effective stagnation zone. When the jet operated from the out-bye of the 

heading, upstream to the flow in the cross-cut as shown in Figure 3.5, the vortex 

generated by it acted in the opposite (clockwise) direction to the primary eddy. Due to the 

presence of the jet the primary eddy was reduced it to a smaller length but was not 

completely eliminated. Due to the primary eddy at the outby of the heading which formed 

due to the natural effect of the through-flow in the cross-cut, the returning flow from the 

face was partially trapped. A fraction of flow returning from the face region towards the 

cross-cut re-entrained into the jet. This created a re-circulation zone near the jet. 

Initial tests included positioning the jet along the length and width of the entry, at various 

flow-rates. The best position for the jet was found to 3~4cm into the heading and close to 

the side wall. Placing the nozzle close to the wall gave more clearance area for the fluid 

returning from the face to be swept into the through flow. The phenomenon of the jet 

clinging to the side wall due to lack of entrainment is called the coanda effect. The coanda 

effect of the wall on the jet was also found to be significant and resulted in higher 

penetration of the jet. A rectangular nozzle was designed to take advantage of the coanda 

phenomenon, as it was placed very close to the wall, sending the fluid all the way to the 

face area. Using the dye injection system, color was added to the jet for less than a second 

and the time to clear the face area free of color was measured to test the efficiency of each 

type of nozzle and configuration. 

Based on initial testing, the factors that guide jet longevity (or penetration) and effective 

ventilation of the face area were found to be (i) jet exit velocity (ii) the coanda effect and 
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(ii) re-circulation. The results are in full agreement with tests performed earlier by Meets 

& Meyer (1993), Goodman, et al. (1992) and Taylor, et al. (1992). 

The principle and application of vortex fans has been found to be successful in thin seam 

coal mines (Barnard, 1989, Meets & Meyer, 1993). Due to the angular momentum 

imparted by the swirl in the nozzle, the axial velocity component in the jet is reduced. 

Reduction in the axial velocity component gives lower penetration of the jet. Although jets 

with swirl are good for flow mixing in headings, their angular velocity component 

contributes to higher jet expansion angles and lower penetration distances. Their 

application is well suited for areas of severe methane layering problems. Similar effects 

were observed in these experiments. 

Simulation of line curtains was performed in an effort to improve ventilation by reducing 

re-circulation. A square plate with sides of one model height was placed in the cross-cut 

right at the out-bye end of the heading. The idea of placement of a plate was to minimize 

or eliminate the presence of a primary eddy in the heading resulting from the through flow. 

This created a direct outflow region for the fluid returning from the face, in turn reducing 

the re-entrainment. In the case of LC I (see Figure 3.6), the primary eddy was pushed 

further in-bye of the entry, creating a wake region right at the out-bye of the entry. The 

LC III arrangement successfully moved the primary eddy away from the entry, but the 

supply of fresh fluid from the cross-cut into the jet was reduced as it was deflected 

upwards. Orienting the plate at nght angles (LC II) gave sufficient fluid input to the jet 

and eliminated the primary eddy in the heading. 

Based on the results of simulating a line curtain in the cross-cut, a partition in the entry 

next to the jet was created simulating a brattice in the entry. This arrangement gave a 

direct separation for the jet and the rest of the fluid in the entry. Different partition lengths 

(PE I, PE II & PE III) were tested for their effectiveness. Their lengths were 2, 3 and 4 
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model heights, respectively. The typical flow field is shown in Figure 3.7, when a partition 

was used. In this case the vortex zone created by the jet moved closer to the face area and 

re-entrainment into the jet from fluid returning from face was eliminated. The timing tests 

performed with each nozzle and configuration are given in Table 3.1. 
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Figure 3.7 Mean Flow in the Model when a Partition is Placed next to Jet 
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Table 3.1 Summary of Results of the Time Taken to Clear Dye from Heading and Other 

  

  

Observations 

Arrangement Time (s) Remark 

Convergent nozzle 19.5 high velocity 

Convergent-Divergent nozzle >25 high expansion 

0 

Convergent nozzle- 12 swirl 19.5 rapid dispersion 

0 
Convergent nozzle- 25 swirl 22.5 rapid dispersion 

Rectangular nozzle * wider vortex, higher penetration 

LC - I (acute angle) 13.5 

LC - II (right angle) 09.0 wide vortex 

LC - IT] (obtuse angle) 16.0 

PE -I (2h) 10.0 

PE - II (3h) 08.5 shorter vortex, less re-entrainment 

PE - III (4h) 07.5 

  

” Flow handled by all nozzle is approximately 7 L/min or Reyer ¥ 61 x 10° 

* The flow handled by the nozzle was not equal to that of the other nozzles, hence the 

time was not measured 

3.8 Summary and Remarks 

The general behavior of a jet in a mine heading was studied using a dynamic similarity 

mine model. Various positions of the jet, a variety of nozzles and different line curtains 
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were used to maximize the ventilating effect in the simulated entry. Mean flow patterns 

and flow effects were identified in each case using color dye in the jet and rayon strings in 

the model. The laboratory experiments gave significant insights on the flow and the 

mechanics of applying jet fans for face ventilation. 

From the experiments performed in the laboratory and using the recorded flow patterns 

from photographs, video recordings and observations made from time measurements, the 

following conclusions were reached: 

(i) The coanda phenomenon increases jet longevity for a given flow rate of a jet. It is 

advantageous to keep the jet close to the wall. 

(11) Placement of the jet close to the out-bye end of the heading dilutes the face area 

considerably faster as a major part of fluid entrained is from the through flow. 

(111) Low flow rates in the jet may cause stagnation of flow near the face area. This might 

result in accumulation of gas pollutants (methane) at the face area. 

(iv) Placement of the jet intake as far as possible on the upstream side of the cross-cut 

from the heading is helpful for better ventilation of the heading. 

(v) A convergent nozzle with a swirl enhances mixing compared to other types, as the 

angular momentum imparted to the jet 1s utilized. However, the rapid rotation decayed 

the velocity considerably, reducing the axial penetration of the jet. 

(vi) Placing a line curtain in the cross-cut or a brattice curtain in the entry enhances the 

ventilating effect of the jet. 
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Using the theory and laboratory model results, some guidelines were developed to design 

a jet fan for mine tests and will be discussed in the next chapter. Quantification of the flow 

field using data obtained from the full scale model tests will be attempted in the next two 

chapters. 
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4 JET FAN VENTILATION AND NOZZLE DESIGN 

4.1 Introduction 

In this chapter a general design approach to jet fans for utilization in mines is considered. 

Based on experimental! work, literature and theory of jets, some general guidelines and 

procedures are developed for the design of an induction fan ventilation system. A design 

approach to jet fans and guidelines were not addressed by any research conducted 

previously, although work was carried out using full scale models and in mines using 

suitable jet fans. In the process of discussing the procedure, a jet fan design for mine tests 

is included as a working example. The aim of this chapter is to suggest a practical 

approach in selecting a fan from those available commercially. A fan selection algorithm is 

given summarizing the design procedure. 

4 2 General Considerations 

The estimation of airflows required within the work areas of mine ventilation network is 

the most empirical aspect of modern ventilation planning (McPherson, 1993). Face 

ventilation requirements are calculated based on one or more of the following parameters: 

gas influx, heat load, working machinery, dust emissions, and number of personnel 

working at the face etc.. Once the required flow rate is established, it is necessary to 

consider some flow losses due to leakage or re-circulation. Some contingency factor has 

to be added in the final design. After the required flow rates are worked out, pressure loss 

calculations need to be performed to determine the required pressure and power of the 

system. Pressure losses are contributed by a range of variables, shock, entrance and exit 

effects, friction and rapid contraction and expansion. All these factors need to be 

considered in jet fan design. A similar approach is used in designing a ventilation system 

for a mine, but in modern ventilation practice this procedure involves the usage of 
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integrated ventilation network analysis packages. Since a jet fan is relatively small and 

handles smaller quantities of air at high velocities, the magnitudes of losses will be 

significantly different from conventional ventilation systems. 

Nozzle design is treated as an integral part of the jet fan design. A nozzle is permanently 

fitted to a fan, and hence all of the losses encountered due the nozzle will be handled by 

the fan. Another guiding factor for nozzle design is not only the velocity and quantity of 

air requirement but also the exit geometry. 

43 Fan Selection 

Fresh airflow quantity QO (m’/s) required from the gas influx (Q, m’/s) can be determined 

directly by using the threshold value /maximum permissible concentration (Cr,y %) by 

using the formula: 

Os 
Cry 

  O = 100 (4.1) 

The supply of sufficient fresh air does not always ensure proper ventilation in all the face 

ventilation conditions due to the factors related to the incoming gas from strata, efficiency 

of the face ventilation configuration, airway geometry, wall roughness, and inclination. 

Low air velocities in the airway causes layering of lighter gases along the roof near the 

face. Layering number is a dimensionless quantity which characterizes the formation of a 

gas layer, combining air flow quantities with the relative density difference of the incoming 

gas Ap/p, ventilating air velocity uw (m/s) and airway width W (m). The formula for the 

layering number ZL is given by (Bakke & Leach, 1962): 
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L=——_ (4.2) 

Minimum values of layering numbers were recommended based on the parameters 

mentioned above (McPherson, 1993, Bakke & Leach, 1962). Subsequently, the air 

velocity can be calculated considering only half of the airway cross-sectional area, as the 

other half is used by the returning air. This assumption provides a conservative estimate 

for the air velocity. Using free jet relationships for the axial velocity profile (Rajaratnam, 

1976), the jet nozzle exit velocity can be calculated by adding some contingency factor. A 

plot of non-dimensional axial velocity (Um/Uo) against the non-dimensional axial distance 

from the jet (x/d) from experiments conducted in the recent past is shown in Figure 4.1. 

After satisfying the airflow requirement calculations, the nozzle diameter for the jet fan 

must be determined by estimating the airflow required by the fan. This quantity was found 

to be approximately twice the quantity required near the face (Goodman, et al., 1992, 

Lewtas, 1980). Over-design of the fan can present some unwanted problems, such as high 

velocities in the heading and noise. Recent jet fan practices in some underground mines 

showed that headings with scrubber-mounted continuous miners can be ventilated with 

relatively smaller air quantities (Meyer, et al., 1994). Previous work indicated that placing 

the jet intake away from the heading eliminates the possibility of re-circulation and 

provides better ventilation (Meets & Meyer, 1993, Taylor, et al., 1992). The jet inlet duct 

length chosen was approximately three times the airway width, as was suggested by the 

results of laboratory experimentation (Konduri, et al., 1995). 
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Figure 4.1 Plot of Axial Velocity Profiles and Comparison with Free Jet Equation 

Once the required air velocity and air quantity are calculated, the jet nozzle diameter can 

be determined. Based on the nozzle design, diameter of the fan can be chosen using the 

incompressibility and continuity principles: 

A, u, = A, Uy m’/s (4.3) 

where the subscripts 1 and 2 denote two different cross-sections of area A m’ and velocity 

u m/s in the nozzle. The total pressure requirement for the fan can be calculated by 

determining the pressure losses as shown in Figure 4.2. 
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Nozzles with a 4:1 length to diameter ratio were used for the laboratory experiments. For 

mine tests, two types of nozzles were designed using a 70% area reduction from a 0.6m 

outlet diameter fan. They were prepared as two separate sections, each 1m in length: an 

area reduction segment, and a straight segment with no area reduction, called the 

extender. Details of the circular section nozzle are given in Figure 4.3. The rectangular 

nozzle takes advantage of the coanda effect to enhance the penetration of the jet. An 

illustration of the rectangular nozzle is given in Figure 4.4. 
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Figure 4.3 Details of the Circular Nozzle with Flow Extender (dimensions in m) 
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4.4 Example Calculations of Jet Fan Selection Procedure 

4.4.1 Air Quantity Calculation 

Consider a typical 2m x 6m airway: 

Minimum air quantity required near the face = 1.42 m’/s (3 000 ft*/min) 

Velocity near the face = 0.12 m/s 

Considering minimum layering number L = 6 

Using W = 6m and Q, ~ 0.1 m’/s in equation 4.2: 

1/3 

_ 4 |W) os 
164 | Q, 
  

Givesu > 25m/s5s 

Using Free Jet relationship, equation 2.5: 

] x 
Jet exit velocity = Uy = 63 ua ~ 20m/s 

(x = 25 for 25m long heading and d= 0.5 for 0.5m diameter jet fan) 

Using 1.5 as the contingency factor (for unaccounted losses such as turbulence and airway 

surface roughness) u, = 30 m/s or Airflow = 5.89 m’/s (12400 ft*/min) 

For this flow an available fan of 0.597m (23.25") outlet diameter and airflow of 5.66 m°/s 

(12000 ft*/min) was chosen. After considering the nozzle design and calculating pressure 

losses, the fan settings can be arranged to suit the operating conditions. 
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4 42 Pressure Loss Calculations 

A fan operating at 5.66 m’°/s (12 000 ft’/min) flow-rate was available from Bureau of 

Mines, Pittsburgh. This fan was acquired specifically for this purpose. 

Using jet nozzle diameter 0.5m and fan outlet diameter 0.597m and the equation 5.3, we 

obtain: 

Fan exit air velocity = ufan = 20.22 m/s 

Air density (standard air density at the mean sea level) = 1.23 kg/m’ 

(these two values are used as the operating velocity and air density, respectively in all the 

following steps for pressure loss calculations). 

(i) Jet Inlet Duct: Length = /= 3 x airway width = 18 m (60') 

Duct diameter d = 0.597m 

Friction coefficient for flexible ducting f~ 0.018 

ue? 

Pressure loss in the ducting = ADduca = 4 f - > = 575 Pa 

(1i) Shock factor due to entrance into the duct XY =1.0 

2 
u 

Pressure loss due to entrance effects = ADentrance = X O > =~ 265 Pa 

(iii) Shock factor due to right angle smooth bend X = 1.0 

Pressure loss due to sharp right angle bend = Apgeng = X P > = 265 Pa 

(iv) Shock factor due to exit effect X = 1.0 

2 

Pressure loss due to exit of air = Apexir = X p> = 265 Pa 
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Total pressure loss (without nozzle) across the fan = Ap = 1370 Pa (5.5" water gage) 

4 4.3 Nozzle Design and Pressure Loss in the Nozzle 

Air velocity required at the nozzle exit = up = 30 m/s 

Air velocity at the fan exit = uran = 20.22 m/s 

Diameter of fan outlet = 0.597 m (23.5") 

Using Incompressibility relationship: uv; A7 = uz A? 

  

Effective nozzle out let diameter = 0.49 m ~ 0.5m (19.5") 

(i) Circular nozzle diameter = 0.5m 

(1i) Rectangular nozzle 

Let a and b be the sides, respectively 

Assume the aspect ratio of the rectangle = 1 : 4 and has the same area as the circular 

nozzle 

  4h? = or b 0.222 m 
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. The sides are: a = 0.886m (35") b = 0.222m (8.72") 

Proposed Nozzle length = 2.0m (78") or /d= 4 

(From lab experiments, Nozzle length to Diameter ratio = /d = 12.7/2.2 = 5.5) 

Nozzle Area reduction ratio = A2/Aq ~ 0.7 

Shock loss factor due to area contraction X = 0.5 (1-A7/A1)* = 0.05 

2 
; u 

Pressure loss due to cone area reduction Appozzie = X P> ~ 27 Pa 

Total pressure loss = Aprora: ¥ 1400 Pa (5.6" water gage) 

At this pressure the fan operates at 5.66 m*/s (12, 000 ft’/min) at 6° pitch fan setting, as 

desired. 

4.5 Fan Details 

The fan acquired was a Joy manufactured, 37kW, 3-phase, axial flow fan of 0.597m 

(23.25") diameter. The fan characteristic curve is shown in Figure 4.5, at the 6° blade 

pitch. In order to carry out experiments and maneuver the fan easily, it was mounted on a 

trolley. Details of the fan, including fan characteristic curves at all blade pitch angles, and 

the trolley used for mounting the fan are given in Appendix B. 
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5 JET FAN TESTING 

5.1 Introduction 

An induction fan ventilation system was designed, and implemented for testing in a full 

scale mine model and coal mine. This series of tests using jet fans was based on the theory 

of fluid jets, results of laboratory tests and past experimental work conducted in mines. 

The objective was to study and identify the flow in a mine heading and evaluate the 

performance of a jet fan by measuring certain flow parameters critical for face ventilation. 

In addition to conventional testing of jet fans using velocity and flow measurements, tracer 

gas testing using carbon dioxide (CO2) was proposed and used successfully to verify and 

demonstrate the potential of jet fans. 

The testing was carried out at two sites under different conditions using a similar type of 

set-up. A full scale model simulating a room and pillar mine and an underground coal mine 

were chosen for this purpose. The full scale model was constructed from plywood pillars 

and airways, simulating a coal mine. The ventilation system in the model emulated a 

typical coal mine ventilation system with the use of a main exhaust fan. This model, called 

the mine simulation laboratory, sited at the National Mine Health and Safety Academy, 

Beckley, West Virginia, and operated by the Department of Labor’s Mine Safety and 

Health Administration (MSHA). 

The underground coal mine is located in Sylvester, 56 km north-west of Beckley, West 

Virginia. The room and pillar coal mine is operated by Elkrun Coal Company, owned by 

A.T. Massey Coal Company. Experiments were conducted in a mined-out level section 

close to the main intake and has no considerable elevation difference to the outside. 
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Two types of measurements were carried out during each test. One was the measurement 

of air velocity in the heading at different points and the other was tracer gas (COz) 

monitoring using a continuous data acquisition system with a computer. Prior to 

quantitative measurements, different positions of the fan near the wall and with different 

nozzle assemblies were tested to understand and maximize the ventilating effect of the fan 

in the heading. After a thorough understanding of the flow and conditions sensitive to the 

system was gained, airflow measurements were carried out. 

5.2 Instruments and Procedure 

For the measurements of air velocity in and around the heading and near the nozzle exit of 

the fan, a variety of instrumentation were used. A time-averaging doppler anemometer 

was used in mine experiments. The hand-held anemometer, intrinsically safe for use in 

underground, measures the frequency shift in the sonic signal traveling across two points 

in the unit due to the vortex produced by the air stream. The measurement is displayed as 

a digital readout of the average velocity in ft/min over the time period of measurement. 

The instrument is accurate and calibrated over a range of 0.3 ~ 15.24 m/s. A state-of-the- 

art hot wire anemometer was used in the mine model experiments to measure the 

velocities. The TSI anemometer has a velocity measurement range of 0~20m/s, equipped 

with a 0.735m telescopic arm. 

The air velocity at the nozzle exit was measured with the help of a pitot tube and a high 

precision digital micro-manometer (range 0~6000 Pa). A conventional rotating vane 

anemometer (range 0.25 ~ 25 m/s) was also used in the measurements. Necessary 

corrections were applied to measured quantities in the tests. Photographs of all the 

instruments are given in Appendix C. 
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5.2.1 Spot Velocity Measurement 

Spot velocity measurements were performed using a suitable anemometer at regular 

intervals of width (x), height (y), and length of the heading (z) as shown in Figure 5.1. 
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Figure 5.1 Spot Velocity Measurement Procedure 

Transverse air velocity profiles were also measured at different intervals along the width of 

the heading at different positions from the fan. At each position a time-average reading of 

the velocity was taken along the height of the entry. 

5.2.2 Air Flow Direction Identification 

Air flow direction in the heading at each location was identified by using color ribbons 

hung to the roof at regular, and close intervals along the length and width of the airway. 

Pictures of the ribbons hung from the roof are shown in Appendix C. 
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5.3 Carbon Dioxide(CO,) Tracer Gas Testing 

CO, was used as the tracer in the mine model and mine tests as a tool to measure the true 

air flow near the face. Three CO2 cylinders were used, simultaneously releasing a certain 

amount of gas, before the jet fan was turned on. After the buildup of gas levels in the 

heading, the jet was turned on to monitor the concentration near the face continuously. 

The hardware and software of the continuous analog-digital data acquisition system 

Quicklog™ used for this purpose, manufactured by Omega Instruments Inc., are shown in 

with details in Figure 5.2. The gas levels could be recorded on the computer at the desired 

sampling time interval, eg. 1s, or 0.1s. The gas cylinders were positioned near the face and 

flow-meters were used to measure the gas flow into the heading. The gas flow level was 

kept around 3.54x10° m’/s (7.5 ft?/min) for each cylinder. Photographs showing the test 

set-up and gas monitoring are given in Appendix C. 
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Figure 5.2 CO2 Measurement and Data Acquisition Method 

The gas testing method is illustrated in Figure 5.3. A flexible plastic tubing (0.63cm 

diameter) was used to connect the face region and gas sensor. The downstream area of the 

cross-cut from the heading was also connected to the sensor using a valve arrangement, so 
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that gas levels could be monitored at both locations. Sensor calibration was performed at 

the beginning of each test to ensure the accuracy of measurements. 
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Figure 5.3 Schematic of the Gas Testing Set-up 

5.4 Mine Simulation Laboratory and Test Set-up 

The mine simulation laboratory is located on the fringes of the MSHA laboratory facilities. 

The laboratory consists of three different sections: one simulates a room and pillar mine, 

one has a burn room that is used for fire safety training, and the other section consists of a 

long tunnel simulating man-ways found in underground metal and non-metal mines (Anon, 

1993). The first two sections are located in the ground floor and share ventilation needs. 

Experiments were conducted in the simulated room and pillar mine. The cross-section of 

each airway was 4.57x2.44m’ (15x8ft’), and each pillar size was 4.57x4.57m? (15x15 ft’). 

The plan view of the mine laboratory is shown in Figure 5.4, including details of the air 

flow. 
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The heading prepared for jet fan testing was 32m (105 ft) long. Most of the heading 

surface was smooth except for two projections, each 0.15m (6inch), from the roof. The 

plan and section view of the heading are shown in Figures 5.5 and 5.6, respectively. Line 

curtains were used to prepare the heading by blocking the cross-cuts. Air entered through 

the left side door of the building and exited through the main exhaust fan. The measured 

flow in the cross-cut was found to be 14.5m°/s (30,700ft?/min). A flexible duct of 15.24m 

(50ft) length was connected to the inlet side of the fan and placed upstream of the cross- 

cut to eliminate any type of re-circulation into the jet fan (see Figure 5.5). The fan position 

was slightly below the middle of the airway, which minimized the effect of projections in 

the roof (see Figure 5.6). Two lengths, 18.3m and 32m, of the heading were used in the 

testing. While using the full length of the heading, CO, tracer gas testing was carried out 

to evaluate the performance of the ventilation system. 
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Figure 5.4 Plan View of the Mine Simulation Lab 
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Spot velocities were taken at each point in the grid, as mentioned in Section 5.2.1. At each 

cross-section twelve velocity measurements were made, three along the height and four 

along the width, at equal intervals in each direction. The exact intervals in the vertical and 

transverse directions were 0.61m (2ft) and 0.914m (3ft), respectively. For the 18.3m 

length heading, velocities were measured at every 2.28m (7.5ft) along the length. Intervals 

of 4.57m (15ft) near the fan and 3m (10ft) near the face along the length were used for the 

test with a 32m length of heading. Data obtained in different tests were used to interpret 

and understand the behavior of the jet and flow in the heading. The results of the 

measurements are discussed 1n the following sections. 
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5.5 Air Flow in the Model Mine Heading 

All the velocity contours and profiles presented in this section were obtained when the 

conical nozzle with flow extender was used on the fan. Flow details with different nozzle 

and extender combinations will be discussed in a separate section. 

5.5.1 Average Velocity Contours 

From the velocity measurements, axial, transverse velocity profiles, and contours at 

different levels (heights) in the heading were obtained to describe flow in the entry. Figure 

5.7 shows the velocity contours in the 18.3m heading. The air velocities shown are the 

average quantities obtained 0.61m from the floor of the airway. The actual spot velocities 

with its position in three dimensions are listed in Appendix D. 
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Air velocities near the face, within 1m distance, were found to be more than 2.5m/s. In this 

test, considering half airway cross-sectional area it was estimated that a minimum air 

quantity of 8m°/s reached the face. A large velocity gradient, from positive to negative 

from the fan side to the opposite side along the entry width was seen, which indicated the 

formation of an entrainment/shear region. 
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Similar tests were conducted in a 32m long heading. Velocities were measured at three 

equal intervals of height and four equal intervals of width. The velocity contours (m/s) at 

the middle and near the floor of the airway are shown in Figure 5.8. 
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The observed mean air velocity within 2m from the face was found to be above 0.35m/s. 

Assuming that half of the volume/space near the face is occupied by incoming air and the 

other half by returning air, it was estimated that net air flow near the face was around 

1.95m?/s. 

5.5.2 Axial Velocity Profile 

From the air velocity data, maximum velocities u,, were taken and divided by jet exit 

velocity uo, and plotted against the non-dimensional axial distance x/d (ratio of axial 

distance from the fan x to the jet fan exit diameter d@). The graph of the axial velocity is 

shown in Figure 5.9. 
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5.5.3 Transverse Velocity Profiles 

From the velocity measurements made at three positions from the fan along the length, 

and at 0.61m intervals along the width of the airway, velocity profiles were drawn (see 

Figure 5.10). The approximate angle of expansion of the jet can be determined from this 

plot by noting the lateral shift in the zero velocity point with respect to its location from 

the fan. The jet expansion angle can be calculated from the shift along the width to length 

ratio. It was found that the jet expanded at an angle of 4.5° in the model mine. This angle 

is considerably lower than the value found in the literature (Krause, 1972, Goodman, et 

al, 1992). 
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Figure 5.10 Transverse Velocity Profiles at Different Points from the Fan 

5.6 Tracer Gas Test Results in the Model Mine 

Three COQ; gas cylinders each releasing 3.15x10° m*/s (6.67 ft*/min) were placed near the 

face. Gas concentrations were logged before the gas was released in order to observe the 

background values, fluctuations, and sensor repeatability. A 1.5% (by volume) CO) gas 
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was used for calibrating the sensor output. The background value of CO 2 in the 

atmosphere is 0.03%. Gas plot against time from the beginning of the experiment is shown 

in Figure 5.11. 

The gas test was performed in two stages. As soon as the CO2 concentration near the face 

was considerably above the background level and reasonably steady, the jet fan was 

switched on. As seen from the gas plot, the concentration showed a steep downward 

gradient, indicating effective ventilation near the face. After a steady low concentration 

was attained (below 0.5%) near the face, the gas release rate was increased from each 

cylinder to 4.2x10° m’*/s (8.89 ft*/min), releasing a total of 1.26x107 m’*/s CO, from the 

face. It can be suspected that due to low air velocities near the face, the heavier gas, CO, 

could tend to settle near the floor. Hence, the sensor tube was moved from the middle of 

the section to near the floor, about one-third the height of the airway. After reaching a 

constant concentration, around 2.4%, the jet fan was again turned on. The concentration 

again decreased very rapidly and remained around 0.8% for the rest of the period. As it 

can be seen from the graph in Figure 5.11, the data collected was over long periods. Using 

the time-averaged gas release rate of CO2 (Qzas m’/s) from the cylinders and observed 

concentration near the face (C,.; m°*), the average fresh airflow Q can be calculated by 

using the expression: 

O vas 1.26 x10 

C=c ~ 08/100 
gas 

m’/s (5.1)   

indicated an effective ventilation of 1.6m’/s (3400 ft?/min) (gas influx divided by mean 

concentration). Concentration downstream of the cross-cut from the heading was also 

recorded, which was above the background value, showing the removal of gas from the 

heading/face area. 
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Figure 5.11 Gas Concentration at the Face Plotted Against Time 

5.7 Coal Mine Layout and Test Set-up 

Tests were performed in a coal mine heading of length 39.93m (131 ft) in a mined-out 

section with no production activities. The layout of the section is given in Figure 5.12. A 

closer view of the test airway and details of the set-up are shown in Figure 5.13. In order 

to have an air-tight test heading, two brattice cloth ventilation curtains about1.1m apart 

from each other were hung in the break-through and the face. 
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Figure 5.12 Mine Section Layout 
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Figure 5.13 Details Showing the Test Airway and Jet Fan Set-up 

The jet inlet was connected to a flexible duct of length 15.24m (SOft) extending upstream 

of the cross-cut. The cross-cut had a net through-flow of 10.4m°/s (22,000ft?/min) fresh 

air. Velocity measurements were carried out in the airway in a similar fashion to those in 

the Mine Simulation Lab experiments. Three points along the height and three along the 

width at equal intervals were chosen in each section along the length of the heading. 

Velocities were measured at 3m (10ft) intervals near the face area to the middle of heading 

along its length and 6m (20ft) near the fan area. Tracer gas testing using CO, was also 

carried out. The background value of CO» did not exhibit much fluctuation (around 0.5%) 

due to the absence of production activities in the section. Two tracer gas tests were 

conducted in the mine. 
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5.8 Air Flow in the Coal Mine Heading 

Velocity profiles obtained were with the fan operating with the conical nozzle, but without 

the flow extender. However, further transverse velocity profiles measurement and a CO, 

gas test were carried out when both the conical nozzle and flow extender were used. 

Using average flow velocities and directions observed, a vector diagram was drawn to 

show flow directions in the mine heading (see Figure 5.14). From the air velocity 

measurements it was found that there was a minimum of 3m°/s (6300 ft’/min) air 

movement near the face. 
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5.8.1 Average Velocity Contours 

Velocity contours were obtained by interpolating air velocities at the same level (height 

from the floor). The floor of the heading was very rough due to broken rock and debris. 

The roof was found to be relatively smooth and reduced the turbulence level in the flow. 

Since the heading was 1.85m high, the fan delivered air close to roof of the airway. Hence, 

the flow in the upper part of the heading was found to be more uniform. The same can be 

interpreted from velocity contour plots shown in Figure 5.15. Spot velocities measured at 

each point are listed in Appendix D. 

5.8.2 Axial Velocity Profile 

The axial velocity profile has been obtained by plotting the ratio of maximum velocity u,, 

in the entry, anywhere in the given x-section, to the nozzle exit velocity uw, along the length 

of the heading, versus the axial distance to nozzle diameter ratio x/d. The plot is shown in 

Figure 5.9, and is compared with the results of data from the mine simulation model. 

Using the average values of the ratio un/u, for the MSHA and mine tests, the equation 

axial velocity was determined using a logarithmic plot. The approximated equation for the 

points in the first 50 jet exit diameters excluding the potential flow region was found to be: 

Un 13 Em (5.2) 
uy x/d 
  

The constant 7.3 is slightly higher than the suggested value 6.3 in the theory (see equation 

(2.10)). However, the velocity decayed faster beyond the SO diameters region in the test 

conditions compared to the theoretical values. 
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5.8.3 Transverse Velocity Profiles 

Transverse velocity profiles were obtained by measuring the time averaged velocity along 

the height of the heading using the doppler anemometer. Velocities were measured at 

regular intervals of 0.61m (2ft) along the width of the heading. Velocities were measured 

at three different cross-sections from the fan, as shown in Figure 5.16. From the transverse 

velocity profiles, it was found that the jet expanded at angle of approximately 9.5°, in the 

airway. This value is significantly different from the results from the mine model 

experiments, which was 4.5°. The significant disagreement in the expansion angles could 

be attributed to the difference in their respective airway geometry or width to height 

ratios. 

5.9 Tracer Gas Test Results of the Coal Mine 

Two gas tests were performed in controlled conditions to verify the positive ventilating 

effect in the face area of the heading. The first test was conducted with the conical nozzle 

and without the flow extender. The gas flow rate from each cylinder was kept constant at 

around 2.63x10° m’/s (5.6 ft*/min). Gas level monitoring was carried out, and the plot of 

concentration against time is shown in Figure 5.17. This plot shows the gas buildup and 

rapid fall in concentration after the start of operation of the fan. 
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Figure 5.17 Carbon Dioxide Concentration Plotted Against Time near the Mine Face 
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Another tracer gas test was carried out using the nozzle and the extender to the fan. The 

flow rate from each cylinder was kept at the same rate as before. This test was extended to 

two cycles, 1.e., after the fan was stopped once, the CO, concentration was allowed to 

increase before the fan was started. This two-cycle testing demonstrated the repeatability 

of results in the same set-up. Results of the test are shown in Figure 5.18. From this plot it 

can be seen that the concentration kept steady at around 0.45% with the fan operating. 

Considering the total gas influx of 8x10°m’/s, the effective ventilation near the face was 

calculated to be 1.8m*/s. 
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Figure 5.18 Gas Concentration Plot in the Mine Heading in the Second Test 

5.10 Introduction to Computational Fluid Dynamics 

The studies reported in the dissertation to this point here have been limited to theoretical, 

laboratory and mine investigations. The purpose of this part of the project was to 

85



supplement the experimental results by investigating the potential area of computer 

simulation for future work. This chapter is concerned primarily with the simulation of jet 

fan ventilation of a blind heading using numerical analysis on computers. Computational 

fluid dynamics (CFD) is a development in the area of fluid mechanics. The flow field of 

interest is numerically simulated with the aid of computers to solve and visualize various 

flow parameters such as velocity, pressure, stream function etc. CFD embraces a variety 

of technologies including mathematics, computer science, engineering and physics, and 

these disciplines need to be brought together to provide the means of modeling flows. As 

a computer can only perform numerical operations, it is necessary to describe the laws of 

fluid motion in mathematical terms. A CFD package formulates and provides solutions to 

the numerical analogues of the equations that govern the flow of fluids in a specified 

domain. The equations that represent the fluid flow are typically in the form of partial 

differential equations based on the laws of conservation of mass, momentum, energy and 

species. Subject to certain restrictions on Reynolds number, mesh spacing (depending 

upon the numerical method followed), and time increment, the results can be remarkably 

accurate, detailed, and useful. 

CFD has found wide applications in aerospace, defense, medical, power, process, 

automotive, electrical, civil and mining engineering. The literature on computational fluid 

dynamics (e.g. Bose, 1988, Anderson, et al., 1984, Baker, 1983, Patankar, 1980, Gosman, 

et al., 1969, Ninomiya & Onishi, 1991) and its applications in different fields of 

engineering, including mine ventilation (Malooney, et al., 1996, Brunner, et al., 1995, 

Hwang, et al.,1995, Lee, 1994, Rao et al., 1993), has exploded over the last two decades. 

The emergence of high speed digital computers coupled with efficient numerical solvers 

has provided an irresistible tool for numerical investigators. In addition to the basic 

equations, a knowledge of boundary conditions as well as physical properties of the 

working fluid is necessary to simulate the flow field. An overview and summary of the 

numerical techniques used to solve the governing fluid flow equations, background on the 
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code (FLUENT) used to perform the proposed calculations, and results of the simulation 

are discussed in the following sections. The next two sections introduce the subject and 

technique of computer simulation of flow in steps. These sections can be skipped by the 

reader, as they outline the subject and method used in the computations. The method 

covers various mathematical, physical and computational aspects to aid the numerical 

analysis. 

5.11 Numerical Modeling of Fluid Flow 

Whenever fluid moves, the motion occurs in all three dimensions, but in an attempt to 

reduce the complexity of the problem and introduce the topic, the flow is often assumed to 

be two-dimensional. This assumption is useful in reducing the number of variables that 

need to be considered. However, depending on the type of problem, symmetry, and flow, 

different simplifications are made with appropriate boundary conditions. The problem 

solving process in each case starts by considering the basic laws of conservation (mass and 

momentum) similar to those given in Section 2.2 (equations 2.1 and 2.2). Depending upon 

the variables (or the parameters that need to be found in the domain of consideration), 

other equations involving conservation of energy, diffusion, etc., are used to solve for the 

unknown parameters in the flow field. 

5.11.1 Turbulence Modeling 

In most flow problems, the presence of a fluctuating velocity component complicates the 

problem solving procedure. Considering that the random fluctuating component does not 

show any preferential direction, their terms vanish in the time-averaged continuity 

equation. However, the Navier-Stokes equations for turbulent flow does not produce such 

a result. Most engineering models of turbulent flow assume that the velocity at a given 

point in space and time can be made up of the superposition of some mean velocity, which 
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may vary slowly with time, and a random component which varies rapidly. For example 

the instantaneous velocity component, wu can be described as: 

u=u+u’ (5.3) 

where 7 is the mean velocity and y' is the random fluctuating component. If #7 and 

are the respective time-averaged velocity components in the x and y directions in a 2-D 

flow, the x-momentum equation takes the form: 

  

Gu Ou Ou 

ary p Ox p Cy 
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where p is the pressure (Pa) and the additional terms uw’ and v’ are the fluctuating 

components of velocity in x and y directions, respectively. The last two terms on the right 

hand side of the equation (5.4) are known as time averaged Reynolds stresses. These 

terms cannot be neglected in the high speed (high Reynolds number) flows. When 

modeling these terms simple relationships are assumed from experiments conducted, such 

that the final form of the equations that need to be solved using numerical methods 1s a 

simplification of the full equations. Several approximations can be made depending upon 

the type of flow (Abbott & Basco, 1989, Bradshaw, et al., 1981, Cebeci & Bradshaw, 

1977). One way of simplifying the equations is to treat the new terms added as additional 

viscous stresses produced by the turbulence in the flow. The Reynolds stress terms in the 

x-direction can be described as: 
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where Zr is an additional viscosity (Pa.s) due to turbulence. By substituting the above term 

in equation (5.4), the resulting equation appears effectively identical to the original 

momentum equation, except that the mean velocity components replace the instantaneous 

components and viscosity is now enhanced by an additional viscosity term due to the 

turbulence of the flow. If this approach is followed, the modeling process can be 

completed by approximating yr from other flow variables. Various ways of doing this 

include using mixing length arguments and simple partial differential equation models 

(Abbott & Basco, 1989). 

5.11.2 Overview of Numerical Methods Used in CFD 

After the formulation of the flow governing equations using known flow parameters such 

as density, laminar and turbulent viscosity, and other fluid properties, it is necessary to 

discretize the area of interest in order to apply any suitable numerical method. A numerical 

method is a technique of finding a solution to a set of equations in a given domain. Such 

techniques are numerous in the area of recent applied sciences (Hoffman, 1989, Hirsch, 

1988). 

The most popular techniques that are adapted in the area of CFD are the finite difference 

method, finite element method, and finite volume method (Shaw, 1992). The finite 

difference method (FDM) is based upon the use of a so-called Taylor series to build a 

library or tool kit of equations that describe the derivatives of a variable as the differences 

between its values of the variable at various points in space or time. A comprehensive 

reference to this method is Smith (1985). This method has undergone many improvisations 

recently which can be applied to higher order equations (Shu & Richards, 1992). In the 
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finite element method (FEM), the domain over which the partial differential equation 

applies is split into a finite number of sub-domains known as elements. Over each element, 

a simple variation of the dependent variables is assumed, and this piecewise description 1s 

used to build up a picture of how the variables vary over the whole domain. For every 

sub-domain or element in the problem, several equations are generated, and these 

equations can be collected together and then solved (Zienkiewicz & Taylor, 1989, Reddy, 

1984). This method originated and was popularized basically for problems related to 

structural engineering and solid mechanics in the early fifties (Paulsen, 1992). The third, 

probably the most popular, numerical discretization method used in CFD is the finite 

volume method (FVM). This method was developed specifically to solve the equations of 

heat transfer and fluid flow and is described in detail by Patankar (1980). Numerous 

examples are considered in different areas of application of CFD and demonstrated in the 

literature (Anderson, 1995, Shaw, 1992). Each method: 

(1) produces equations for the values of the variable at a finite number of points in the 

domain under consideration 

(1) requires that a set of initial conditions are known to start the calculation for a time- 

dependent problem 

(111) requires that the boundary conditions of the problem are applied so that the values of 

the variables are known at the boundaries 

(iv) can produce explicit or implicit forms and, if an implicit form is produced, then a set 

of equations must be solved. 

There are several differences between the three methods, and these include: 

(i) The FDM and the FVM both produce the numerical equations at a given point based 

on the values at neighboring points, whereas the FEM produces equations for each 

element independently of all the other elements. It is only when the FEM equations are 
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collected together and assembled into the global matrices that the interaction between 

the elements is taken into account. 

(ii) the FEM takes care of derivative boundary conditions when the element equations are 

formed, and then the fixed values of variables must be applied to the global matrices. 

This contrasts with the other two methods which can easily apply the fixed-value 

boundary conditions by inserting the values into the solution. However, the FDM and 

FVM must modify the equations to take account of any derivative boundary 

conditions. 

It can be interpreted that in some CFD problems, FVM is a class of the finite element 

method with uniform weighting functions. For cell centered finite volume schemes, the 

basic difference between FVM and FEM lies in the treatment of convective terms. The 

FVM was found to be advantageous for non-diagonalizable systems (Onate and Idelsohn, 

1992). A non-diagonalizable system is a matrix representing a set of equations where the 

coefficients of the unknowns are not along one diagonal of the matrix and hence cannot be 

solved by ordinary numerical methods (e.g. tri-diagonal matrix solver) to obtain a solution. 

5.11.3 Convergence and Stability 

In a strict mathematical sense, convergence is the ability of a set of numerical equations to 

represent the analytical solution to a problem, if such a solution exists. The equations are 

said to converge if the numerical solution tends to the analytical solution as the grid 

spacing or the element size reduces to zero. Equally, a process is stable if the equations 

move toward a converged solution such that any errors in the discrete solution do not 

swamp the results by growing as the numerical process proceeds. 

Numerical equations are solved using implicit schemes because explicit schemes are less 

stable numerically. Since implicit schemes involve solving simultaneous equations, matrix 
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theory and iterative techniques are used in computations. They are Jacobi, Gauss-Seidel, 

point relaxation, successive over-relaxation, Stone, and preconditioning methods. It 

should be noted that as the solution methods are iterative the exact solution may never be 

found, but after a few iterations the error should be very small. The fluid flow equations 

are mostly non-linear and possibly time-dependent, and also involve a pressure solution 

and a convection operator. For some frequently occurring problems, some highly 

specialized numerical schemes are available (Abbott & Basco, 1989, Rhie & Chow, 1983). 

5.12 Summary of the FLUENT Computer Code used for Simulation 

Fluent provides a complete set of CFD software unified under a single user interface. 

FLUENT/UNS is a CFD solver amongst the many solvers for specific problems designed 

by Fluent Inc. This software employs a client-server architecture with completely 

integrated co-processing of the CFD code and user interface and graphics (Anon, 1996). 

FLUENT/UNS solver is for complex incompressible and mildly compressible flows. This 

code utilizes a pressure-based segregated method solver and contains physical models for 

a wide range of applications including turbulent flows, heat transfer, reacting flows, 

combustion, and multi-phase flows. FLUENT provides many physical models on 

unstructured meshes, bringing the benefits of easier problem setup and greater accuracy 

using solution-adaption of the mesh. The following section briefly reviews the method 

used in the CFD code to solve the flow field. The terminology used is highly specialized 

and can be easily understood by readers whose interests are closely related to this field. 

Many relationships are given in continuum notation (Chung, 1988) to reduce the length of 

the equations. 
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5.12.1 Outline of the Computational Method (Mathur & Murthy, 1996) 

This section gives a brief description of the method adopted in the FLUENT/UNS code 

for solving incompressible flows. The primary method employed in the code is by FVM 

for multi-dimensional incompressible flows. Unstructured grid methods have been adopted 

for solving problems associated with complex geometries (Ventkatakrishnan & Mavriplis, 

1991). These methods have advantages of ease of grid generation for complex, realistic 

geometries, and the ability to dynamically adapt the grid to local features of interest. The 

combined use of finite volume descretization with a suggested solution strategy and 

pressure-velocity coupling via a pressure correction equation make algorithms such as 

Semi-Implicit Pressure Linked Equations (SIMPLE) (Patankar, 1980), and its extensions, 

among the most efficient approaches for incompressible flows. A Steady state, and 

incompressible flow of a constant property fluid is considered for showing the 

computational procedure in the following text. The turbulence model used is the k-¢ 

model. 

The equations of conservation of mass, momentum in continuum notation are (Mathur & 

Murthy, 1996): 

a (ou) 0 (5.6) 

J 4 (5.7)   

For a Newtonian fluid: 
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where C, is specific heat at constant pressure (J/kg.K), 7 is temperature (K), x; is spacial 

coordinate direction (m), u, is the velocity component in direction / (m/s), & is the thermal 

conductivity (W/m.K), F; is body force in direction 7, and S), is energy source per unit 

volume (J/m’.s). 

The domain is descretized into arbitrary unstructured polyhedra called cells. The 

boundaries surrounding the cells are called faces and the vertices of the polyhedra are 

referred to as nodes. The neighbors of a cell are defined to be those cells with which it 

shares a common face. Line segments joining the nodes are termed edges. All transport 

variables are stored at cell centers. This arrangement is preferred over node based storage 

for several reasons. With cell based storage, conservation can be ensured for arbitrary 

control volumes with non-conformal interfaces without special interpolation techniques. 

Consider the differential equation for the transport of a scalar quantity ¢. All the governing 

equations can be cast into the following form with an appropriate choice of @, diffusion 

coefficient I’, and the source of ¢ per unit volume Sy: 

6 6 6) 
——(pu, d)=—|T—=]+8 | 
Ox, (pu; 9) Ox, : ox)? ©) 

i 

Integration and descretization about control volume AV as shown in Figure 5.19 yields: 
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Figure 5.19 Sketch of the Control Volume 

where J; is the mass flow rate, D; is the transport due to diffusion through the face f, and 

the summations are over the faces of the control volume. The momentum equation 

contains the pressure gradient and components of the stress tensor are not included in the 

standard diffusion term: 

  
O{ Ou, 2 Ou 

Ae Bx, 3 Gy, 9 mn 

Descretizing by integrating the above equation over the control volume yields: 

Ou. 92 Ou 2 “§ y,—!-6. JA 5.12 EH Ox. 3 tj Hr Ox, i Pr t ( ) 
1 

where A; is the component of the area vector A and f is the face of the polyhedra. The 

derivatives of the above equation are evaluated at the face by averaging the cell 
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derivatives. The pressure p; is calculated by averaging the reconstructed face pressure 

from the two cells neighboring the face. Discretization procedure yields the following 

linear system of equations for ¢@ at all cell centers: 

nb 

Here the summation is over all the neighbors nd of cell p. The source term S, contains any 

volumetric sources of ¢, the second order contributions for convex flux, as well as the 

secondary diffusion fluxes. 

Similarly the discrete continuity equation is written as: 

> J, =0 (5.14) 
f 

For the face f the mass flow rate can be written as: 
AN

I 
P|
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where Vis the velocity field that satisfies momentum conservation, @ is the average of 

the momentum equation, Vp is the averaged pressure gradient, @, is the unit vector 

joining the centroids of two cells 0 and 1, and the distance between the cells is ds. 

The SIMPLE algorithm for pressure velocity coupling is implemented as follows. It is 

required that: 
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> (4; + J) =0 (5.16) 
/ 

where Jy is the flow rate computed from the momentum equation and defines the 

correction Jy as: 

  

, pp (AV +X) (Pi= Ps) A.A 
A. 

= ——-+___ - (5.17) 
f (a, + a,) ds é. 

Substituting equation (5.18) in equation (5.17) yields: 

Ap Po = Dany Ind Pay +8 (5.18) 

here ap = 2,5 Qns. The term Bb is net mass flow rate, and the summation is over all the 

neighbors of cell p. Once the corrections p’ are available, the face mass flow rate, cell 

pressure and cell velocity are corrected using: 

Jp=J,+J} (5.19) 

Ppo= P, +Q,P, (5.20) 

* A; DP; 
u,=Uu, — &, (4%) (5.21) 

a> 

* aqe . . 

where p* and u, are the values prevailing after the solution of the momentum equations. 

@, is under-relaxation factor for pressure and a, is the center coefficient for the i 
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momentum equation. The face pressure correction Py is computed by averaging the p’ 

values of the cell neighbors of the face f Other details of the numerical method, grid 

adaption, and solver can be referred to Mathur and Murthy (1996). 

5.13 Model Geometry and Simulated Conditions 

A simplified 2-D geometry of the mine heading was created for simulation. The geometry 

created was identical to the conditions in the coal mine where the experiments were 

conducted (see section 5.7). The conditions in the mine can be represented as shown in 

Figure 5.20. The idea of simulating the same conditions was to verify the flow patterns 

and velocities around the jet. The simulation was run for only one particular case. This 

study did not give any additional insight into the flow mechanics in the underground 

headings in the presence of air jets, but threw additional light on the potential of the 

application of computational mine ventilation in this area. 

The critical parameters that needed to be simulated were the wall or relative roughness, air 

velocity or Re in the cross-cut and the jet location. The simulated jet was identical to the 

one used in the experiments, with 0.5m diameter and delivered 30m/s air from 1m inby of 

the heading. In the first trial, only the heading was simulated with no roughness and an air 

jet on one side, close to the wall. Though the coanda effect was demonstrated clearly, the 

absence of flow in the cross-cut resulted in no entrainment being in the heading. The air 

ejected from the jet reached the face at the inby end of the airway and returned. It was 

easy to infer from this experiment that although the simulation considered viscosity of air, 

the absence of the wall roughness and flow in the crosscut altered the flow field 

remarkably. It was necessary to incorporate features such as the wall roughness, flow in 

the cross-cut, and exact positioning of the jet in the simulated model. The geometry of the 

model is as shown in Figure 5.20. 
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Figure 5.20. Geometry of the Simulated Conditions with Jet Fan 

The jet fan in the model was located 0.3m from the side wall, and the nozzle is 1m inside 

from the cross-cut. As it can be seen from the figure, the jet exit velocity was 30 m/s. The 

cross-section of the simulated airway was 6m wide, and the heading was 40m long. 

Because the modeling was two-dimensional the height of the cross-section was not 

required to simulate the exact geometry. The simulated wall roughness (Moody friction 

factor) was around 0.027. This is equivalent to a rough and irregular wall in an 

underground mine airway (McPherson, 1993). 

The grid spacing required near the wall was calculated using the relationship: 

l 
y’ ~100= pu, 7 —y fw (5.22) 

HoeVvY VP 
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where kinematic viscosity v= p/p = 18.5x10°/1.2 m’/s, y” is the non-dimensional distance 

in y direction (suggested value 100) (Malan, 1996), 7, is the wall shear stress (Pa) can be 

estimated using the relationship: 

Tv 

S moody = Dut /2 275 (5.23) 
0 

2 
u 

t, = Jno PU ° (5.24) 

Substituting the value 14.58Pa for 7, (using uo = Ujer = 30m/s) calculated from Equation 

(5.24), Equation (5.22) gives a value of 4.5x10“m for y. Similarly the grid spacing near 

the other wall (away from the jet) can be calculated using uo ~ ujer over a width span of 6m 

= 30x0.5/6 = 2.5m/s. The corresponding values of t, and y are 0.102Pa and 5.3x10°, 

respectively. Figure 5.21 shows the overall structure of the grid, x and y axis directions, 

and the magnified portion near the jet nozzle is shown in Figure 5.22. The grid shown has 

roughly 50,000 quad cells. 

5.13.1 Results of Numerical Modeling 

The flow patterns, stream lines, and jet penetration obtained from the simulation are very 

similar to those in the mine experiments. This can be seen from the plots: Figure 5.23 

shows the velocity vectors in color in the model, Figure 5.24 shows the general flow 

direction at each point at a finer resolution. and Figure 5.25 is the plot of stream lines in 

the model. Stream lines are defined as the lines of equal mass flow in the flow field. The 

mass flux across stream lines is zero, and also the velocity of a fluid particle in a steady 

flow remains constant in a stream line. The plot of stream lines, shown in Figure 5.25, 

indicates the mass flow direction and the path of fluid from the cross-cut into the jet due 
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to the entrainment in the jet. The fluid ejected from the jet reaches as far as 30m. This can 

be considered as the penetration limit of the jet. After this point the induction effect of the 

jet can be seen as a vortex, spinning in an anti-clockwise direction, opposite to the 

direction of spin of the mail vortex nearer the jet. From Figure 5.24 the air velocities in 

this area near the face are around 0 to 3m/s. From the field tests performed the actual 

velocities near the face were found to be around the 0.5 m/s. The 3-D effects in the mine 

heading can be reason for the difference in the velocity magnitudes near the face. 

The contours of the y-velocity component, which is perpendicular to the jet flow direction 

in Figure 5.26 show the entrainment near the jet. Here negative velocity means the flow 

direction is away from the jet. Separate velocity contours of positive and negative y- 

velocities in Figures 5.27 and 5.28 show the entrainment into the jet and jet expansion 

respectively. Similar flow patterns can be found in the pictures showing the laboratory 

experiments and velocity contours in the field tests. Finally Figure 5.29 shows the color- 

filled velocity contours in the x-direction. From this figure the coanda phenomenon, the 

induction effect of the jet near the face, and the flow in the cross-cut in the vicinity of the 

jet can be visualized very clearly. This figure resembles the photographs of the flow in the 

laboratory model when color dye was used in the jet (see Appendix D). 

5.14 Summary and Discussion 

Results of theoretical and laboratory investigations were used to design jet fan ventilation 

systems for use at a full scale mine model, and a coal mine to study the feasibility of the 

system. The jet fan ventilation system adequately ventilated the coal mine heading of 40 m 

length. Airflow patterns in the heading seem to be similar in all the experiments. The jet 

propagated along the wall up to a distance of around 25m. After 25m distance from the 

fan the jet started to move away or shift to the opposite wall in the airway. Air from the jet 

then returned to the outby of the airway and joined the flow in the cross-cut. Significant 
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Figure 5.21 Structure of the Simulated Model Grid 
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Figure 5.22 Closer View of the Grid near the Jet 
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Figure 5.23 Velocity Vectors (m/s) in the Model 
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Figure 5.24 Velocity Direction Vectors in the Model 
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Figure 5.25 Stream Lines (kg/s) in the Model 
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Figure 5.27 Positive y-Velocity (m/s) Contours Showing Entrainment 
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air movement was found near the face as a result of the induction effect caused by the 

main vortex. It appeared that due to the interaction between the main vortex formed due 

to the jet fan and the secondary vortex of low velocities near the face region interact very 

well to create effective ventilation. The flow patterns found in the airway were similar to 

those shown in Figure 5.30. 

- secondary 
vortex 

ypeman vortex = t—~ 

/ oS 
= > ———> —” ® ) 

  

    

  
[ <——— _ free jet penetration limit —————————> 

Figure 5.30. Flow Around a Jet Fan in a Mine Heading 

As it can be seen from the figure above, the interaction between the main vortex generated 

by the jet fan and secondary vortex created due to the induction effect of the fan is very 

important from the face ventilation point of view. The resulting contaminants or pollutants 

as a result of the production activities near the face will be moved away by the secondary 

eddies near the face and eventually mix with the air from the jet fan. It can be easily 

demonstrated from the experimental results that the combination of a scrubber mounted 

on a mining machine will further enhance the ventilation of the heading. The presence of 

an exhaust fan or scrubber near the face will extend the main vortex as well as create high 

air velocities near the face. The jet fan - scrubber mounted machine combination was 

successfully applied by Meyer, et al. (1994). However, improper positioning of the jet fan 

can result in unacceptable re-circulation quantities. 
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Results of experiments in the mine model and the coal mine differed to some extent in 

terms of the amount of air reaching the face and the effective ventilation. The average air 

velocities near the face area were 0.36m/s and 0.5m/s, respectively. From the gas 

concentration monitoring tests, the respective effective ventilation air quantities were 

found to be 1.6m°/s and 1.7m*/s. The coal mine tests yielded better results compared to 

the full scale model of mine, using the same jet fan and similar configurations. The amount 

of air passing the face area in the coal mine was 3m°/s, whereas 1.8m’°/s air reached the 

face area in the mine model. The respective ratios of air reaching the face to the amount of 

air passed by the jet fan were 48% (3m*/s+6.3m’/s) and 34% (1.8m°/s+5.3m’/s). One 

obvious difference seemed to be the geometry of the airways. The coal mine airway was 

wider compared to the model mine. The width to height ratios of the two airways were 

3.23 and 1.88, respectively. Since the jet was positioned next to the wall in both cases, the 

width of the heading appears to have played an important role in the performance of the 

induction fan. The comparison of velocity contours for tests performed in entries of similar 

length scales (heading length to width ratio: for model mine 7, for coal mine 6.6) shows 

that the returning air from the face in the coal mine entry had more room along the width 

to return into the cross-cut. This enhanced the ventilating effect of the jet in the coal mine. 

The big difference in the jet expansion angles in two tests imply the same. 

Tracer gas tests show the effectiveness of a jet fan ventilation system and demonstrate its 

potential in a unique way. The test methodology was successful and showed a new and 

improved way of evaluating a face ventilation system in mines. The re-circulation factor R 

in the tests can be calculated using the definition: 

_ Orace ~ Orpoctive 

Orace 

R (5.26)   
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where Qzggectve is the amount of air determined from gas calculations and Qrace is the 

amount of air passing the face. With the help of effective ventilation quantities (using the 

gas influx divided by the observed mean concentration of gas near face) and total positive 

air movement obtained from velocity readings, it can be inferred that the re-circulation 

(the ratio of re-circulated air quantity to total air flow near the face) involved in induction 

fan ventilation system does not exceed 40% (for mine model (1.95-1.6)/1.95, for coal 

mine (3-1.8)/3). It was demonstrated from the laboratory experimentation that this re- 

circulation can be considerably minimized or eliminated using certain configurations by 

using line curtains in the heading. 

In general the flow patterns through numerical simulations represent the patterns of flow 

and flow field near the jet. The results of CFD modeling and mine experiments agree to a 

some extent in the magnitudes of the flow field. This shows the potential of CFD and its 

application for the future work that needs to be done in the area of jet fan ventilation. CFD 

is a faster, more efficient and low operating cost tool, and requires more attention in mine 

ventilation research. 
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

6.1 Conclusions and Suggestions 

The potential of jet fans to ventilate blind headings was investigated both at theoretical 

and experimental levels. The flow patterns in and around a jet fan in a mine heading were 

studied in depth at the laboratory level. Various jet fan positions, line curtain 

configurations, in combination with a jet fan, were tested to improve the ventilating 

efficiency. Different nozzle types including convergent, convergent-divergent, and 

convergent-nozzle-with-swirl were investigated in the laboratory in order to study their 

effectiveness and corresponding jet penetrations. 

The conclusions of this research are: 

(i) In a scaled laboratory model representing a 30m long blind airway, jet fan ventilation 

was satisfactory and the penetration of the jet was found to be directly proportional to 

the jet exit velocity. 

(11) From the experiments conducted using different types of nozzles, it was found that 

simple convergent nozzles were the most effective. 

(iii) Laboratory test results with nozzles of different swirl angles, showed that their 

penetration is lower compared to convergent nozzles. The angular momentum 

imparted by the jet with a swirl compensated for some of the axial velocity component, 

and hence the velocity decayed faster in axial direction. 

(iv) A rectangular jet delivering all along the height of the model cross-section took 

advantage of the coanda phenomenon and increased the penetration of the jet. Due to 
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the enhanced coanda effect, the width of shear layer or the vortex increased. The 

vortex formed in the heading is a result of the fluid flowing towards the face, returning 

fluid from the face and re-entrainment near the jet exit. 

(v) In tests simulating line curtains in the cross-cut, it was found that a curtain normal to 

the through-flow enhanced the performance of the jet. 

(vi) A separation or a line curtain between the jet and the returning flow in the heading 

gave the best ventilation amongst all sets of experiments. 

(vii) In the two types of field conditions of varying airway goemetry and lengths, the 

designed jet fan ventilation system adequately ventilated face area. 

(viii) The axial velocity profile follows the relationship up to a distance of 50 nozzle 

diameters: 

a= (6.1) 

where u,, (m/s)is the maximum air velocity along the axis if the jet fan, wo (m/s) is the 

jet exit air velocity, x (m) is axial distance from the fan, and d (m) is jet fan exit 

diameter. 

(ix) It was found that an air cushion forms near the face area beyond the penetration limit 

of the jet. This cushion near the face region was a result of the induction effect of the 

fluid jet. However, in the tested conditions this induction zone the velocities were high 

enough to give satisfactory ventilation, dilution and removal of gas from the face. 
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(x) Tracer gas tests in indicated that the jet fan ventilation system adequately ventilated 

the face region and diluted the pollutant concentration to safe limits. 

(xi) The re-circulation estimated in the configurations tested never exceeded 40% near the 

face. 

(xii) The performance of the jet fan was influenced by the surface roughness of the airway, 

airway geometry (width to height ratio), air cross-section (airway cross-sectional area 

to jet fan exit area ratio), and through-flow in the cross-cut. 

Numerical modeling of the jet fan ventilation was performed using a computational fluid 

dynamics software, Fluent/UNS. The results of this simulation indicated that the simulated 

flow patterns are identical to those found in field tests, though the magnitudes of air 

velocity differed slightly from each other. From detailed investigations carried out using a 

physical model of a mine, field experiments, theoretical studies and literature review, it can 

be concluded that jet fan ventilation performance is a function of nozzle design, jet exit 

velocity, airway geometry, airway cross-section, length of the airway, surface roughness, 

the fluid properties’ density and viscosity. 

From the various experimental results it is found that jets actively react with the 

surroundings and are sensitive various parameters. A dimensionless analysis approach can 

be followed in examining results in the Chapter 2 (Table 2.1) and Chapter 5. It is apparent 

from the results, as the jet exit area to airway ratio decreases the ventilation near the face 

increased for a given jet air quantity. Similarly from the higher width to height ratios of the 

airway resulted superior ventilation near the face. Such conditions need to be considered 

when designing a system in practice. 
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6.2 Recommendations for Future Work 

As mentioned in the previous section, the jet fan ventilation system is sensitive to different 

flow parameters such as airway geometry, jet fan exit geometry, fluid properties, incoming 

pollutant properties, etc. The performance of the system can be expressed mathematically 

using a simplified function f which characterizes the performance of the jet fan or the 

system: 

tf (a, Duy, €, 2. bs, Ap) = 0 (6.2) 

where d is the jet exit diameter (represents the nozzle design parameter) (m), D is 

hydraulic diameter of the airway (represents the airway cross-section) (m), wo is the jet exit 

fluid velocity (m/s), € is the airway roughness (m), p is density of the fluid medium 

(kg/m*), yz is the viscosity of the fluid (N.s/m2), and Ap is the difference in the incoming 

gas density and working fluid (kg/m*). Using the Buckingham Pi theorem and dimensional 

analysis, four parameters can be obtained upon which the function f depends, and they are 

  

as follows: 

_D _ - 4p d _£& 

1d > du, p’ 13? ONE Ha Gy 

D A 
or (2 4) a0 

ddusp pad 

A pt), D 
> y (Fre, 92,4) (6.3) 

where @ and y are forms of the function f The above equation shows that jet fan 

ventilation is a function of the above shown parameters. It is important to note that the 
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function f can be dependent on many more parameters and can be expressed in different 

forms with an entirely different set of variables. 

It is suggested that a series of experiments need to be performed varying the identified 

parameters as shown in equation (6.3). The tests need to be performed either in a 

simulated environment changing these parameters or in mines at different conditions to 

find optimal conditions for maximum performance and to study the dynamics of flow. As 

can be seen from the numerical simulation using CFD, the results obtained are similar to 

those measured. CFD can also be employed to simulate different ventilating conditions to 

validate their effectiveness and suggest new methods to improve ventilation near the face. 

CFD is a cost effective, quicker and precise tool that can be extended to mine ventilation 

easily. Research at academic institutions and industry are already in progress in different 

parts of the world to extend the use of CFD in mine ventilation planning and design. 
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Appendix A 

LABORATORY MODEL 

  

  
Figure A.1 Laboratory Model and Set-up 
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Figure A.2 Close-up View of the Model Entry 
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Figure A.3 Close-up View Showing Original Jet Arrangement 
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Figure A.4 Jet Delivering into Surrounding Water Medium 
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Figure A.S Improvised Jet Arrangement in the Model with Strings Showing Mean Flow 

Field in the Model Heading 
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Figure A.6 Flow Pattern Near the Cross-cut Shown by Strings in the model, the Potential 

Core, and Growing Shear-Layer of the Jet



  
Figure A.7 Flow when the Jet was Located in the Downstream of the Cross-cut



  
Figure A.8 Jet Exhibiting Coanda Phenomenon 
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Figure A.9 Rectangular Nozzle Issuing to the Face 
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Figure A.10 Convergent Nozzle with a Swirl (visible outer rings close to the exit)



  
Figure A.11 Flow with Line Curtain in the Cross-cut Inclined Against the Flow 
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Figure A.12 Flow with Line Curtain in the Cross-cut Normal to the Flow 
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Figure A.13 Flow with Line Curtain in the Cross-cut Inclined Away from the Flow 
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Figure A.14 Flow with Simulated Brattice (twice the model height) in the Model 
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Figure A.15 Flow with Simulated Brattice (4 times model height) in the Model 
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Figure A.16 Simulated Gas Influx from the Face and Stagnation Flow in the Entry 
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Figure A.17 Simulated Gas Influx from the Face when Jet was Operating 
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Appendix B - DETAILS OF THE JET FAN 

B.1 Fan Mounting & Details 

Cart (trolley) height = 0.65m (25.5") 

Trolley length = 1.96m (77") 

Airway height = 1.52m (60") 

Fan height from ground to the axis = 0.91m (36") 

Vv 

  

  
  

  

  1.96 ——————> (not to scale) A 

Figure B.1 Fan and Trolley Assembly 

B.2 Detailed Drawing of the Details of the Jet Fan 
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Figure B.2. Drawing of the Details of the Fan 
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B.3 Fan Characteristic Curves at Different Blade Pitch Settings 

  AUGUST 11, 1950 

100 xvi 

Aisist 

JOY SERIES 1000 AXIVANE 
MODEL 23%-17-350n 

Figure B.3 Fan Characteristic Curve (Joy Fan # C1261, 1950) 
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Figure B. 4 Fan Fit with Rectangular Nozzle Mounted on Trolley near Elk Run Coal Mine 
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Appendix C 

DETAILS OF FIELD TESTING 

  
Figure C.] Fan mounted on the Trolley 
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Figure C.2 Fan Mounted with Circular Nozzle in the Coal Mine 
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Figure C.3 Circular Nozzle 
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Figure C.4 Rectangular Nozzle 
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Figure C.5 Flow Extender for Circular Nozzle



  
Figure C.6 Flow Extender for the Rectangular Nozzle 
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Figure C.7 MSHA Laboratory’s Full Scaled Model Mine Heading 
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Figure C.8 Gas Testing in the Model Mine Heading 

wa
) 
w
o



    
Figure C.11 Instruments used in the Field Tests 
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Figure C.12 TSI Hot-wire Anemometer 
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Figure C.13 CO Sensor and Computer Data Acquisition Assembly in Underground 
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Figure C.14 CO, Sensor 
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Appendix D - SPOT AIR VELOCITES 

Actual Spot Air Velocities Measured in the Test Heading at each Cross-section. All the 

dimensions are in SI units (m and m/s). Air velocity directions are: positive towards the 

face, negative away from the face and others shown with arrow marks indicating their 

approximate flow directions. 

D.1 MSHA Mine Simulation Laboratory Heading 

D.1.1 18.3m Length Test Section 

Length of heading = 18.3m 

Cross-section = 4.57m x 2.44m 

    

    

    

    

Velocities at 4.57m from Fan Velocities at 6.86m from Fan 
ry > 

| 0.91m [o«t | 0.91m 0.61m 

| <-> ——> | 
| e e e e e e e e 
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| 
e e e ° e e e e | 
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{ 
| 

| e e e e | e e e e | 
+14.12 ?(-ve) -2.24 -2.44 | +13.6 -3.9] -3.86 -5.03 

| 
| | _ 

Velocities at 9.14m from Fan Velocities at 11.43m from Fan 

0.91m | 0.61m | 0.91m 0.61m 
—— +> | 

e e e e | e e e ° 
+782 ? (-ve) -3.81 457 | +6.6 +3.45 4.26 -5.89 

| 

@ e e e | e e e @ 
+6.71 2(-ve) -5.48 -5.79 +538 +1.88 -3.76 4.98 

e 6 e e | e e e e 
| +8.79 ‘(-ve) -5.33 -5.385 ; +726 +3.65 -2.41 -3.76     
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Velocities at 13.72m from Fan Velocities at 16m from Fan 
    

  

| 0.91m 0.61m 0.91m 0.61m 
| 
| e e e e e e e e 

+2.29 2(+ve) 2.64 3.81 2(+ve) +1.58 2(+ve) —--2.79 
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| e e e e e e e e 

+4.12 +2.286 2.54 35 | +221 +193 2(+ve) —--2.08 

@ e e 6 ® e e @ 
+7.063 +3.56 2.03 284 +3.81 433 2 (+ve) «1.65 

  

D.1.2 32m Length Test Section 

Length of heading = 32m 

Cross-section = 4.57m x 2.44m 

    

    

    

  

Velocities at 4.57m In-bye Velocities at 9.14m In-bye 
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e e e ® e e e e 
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159



Velocities at 19.82m In-bye 
  

Velocities at 22.86m In-bye 
  

  
    

    

  

  
  

  

0.91m | 0.61m | 0.91m | 0.61m | 
| +———> 

e e e e e e ® 
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| e e e e | e e e e | 
+ 1.63 +1524 -1.041 -1.47 | 2(-ve) +0.61 0.406 +0.71 | 
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| 
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D.2 Underground Coal Mine Heading 

Length of the heading = 39.93m 

Cross-section = 6.4x1.98m’ 

velocities at 36.88m from Fan 
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velocities at 18.593m from Fan 
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