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The ventilation design of mines is based on fluid dynamics. Air is the main fluid in mining ventilation. This fluid is analyzed by two models:
incompressibility and compressibility. The air-fluid in the compressibility model is examined in two models of dry and wet air along with
thermal analysis. This paper argues that a number of presented parameters in the common thermodynamic analysis of mine ventilation should
be modified. Accordingly, issues of the Earth's true gravity acceleration, potential energy difference, the specific heat capacity of air at constant
pressure and volume, enthalpy difference of air, the average volumetric mass of dry air, and the amount of output moisture are rechecked.
Therefore, a new method is presented in this paper for correcting thermodynamic equations in mine ventilation design. The name of this
method is the Complete Model of Wet Air Analysis (CMWAA method). The results of this paper show that the CMWAA method can
accurately perform thermodynamic analysis of air-fluid in mine ventilation without requiring a specified evaporation rate in mine networks,

with minimal iteration of calculations.
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1. Introduction

Liquids and gases fall within the category of “fluids” as different states
of matter. The incompressible flows are mainly dealt with cases of
constant density. Also, when the density variation in the flow domain is
negligible, the flow can be treated as incompressible. Invariably, it is
valid for liquids because liquid density decreases slightly with
temperature and moderately with pressure over a broad range of
operating conditions. Hence, the liquids are considered incompressible.
Conversely, compressible flows are routinely defined as “variable-
density flows”. Thus, it applies only to gases, where they may be
considered incompressible or compressible, depending on the
conditions of operation. During the flow of gases under certain
conditions, the density changes are so small that the assumption of
constant density can be made with reasonable accuracy in a few other
cases, the density changes of the gases are significant. Due to the dual
nature of gases, they need special attention, and the broad area of the
study of the motion of compressible flows is dealt with separately in the
subject of “gas dynamics”. Thus, gas dynamics is the study of fluid flows
where compressibility and temperature changes become important.
Here, the entire flow field is dominated by Mach waves and shock waves
when the flow speed becomes supersonic. Most of the flow properties
change across these waves from one state to other. In addition to basic
fluid dynamics, the knowledge of thermodynamics and chemical
kinetics is also essential to the study of gas dynamics [1].

Gas is considered a collection of particles (molecules, atoms, ions,
electrons, etc) that undergo random motion under -certain
intermolecular forces. These forces vary with distances and thus
influence the microscopic behavior of the gases. However, the

thermodynamic aspect mainly deals with the global nature of gases.
Over wide ranges of pressures and temperatures in compressible flow
fields, it is seen that the average distance between the molecules is more
than the molecular diameters (about 10 times). So, all the flow
properties may be regarded as macroscopic in nature. A perfect gas
follows the relation of pressure, density, and temperature in the form of
the fundamental equation [1].

The simple definition of compressible flow is variable-density flows.
In general, the density of gases can vary either by changes in pressure or
temperature. In fact, all high-speed flows are associated with significant
pressure changes [1].

In order to be more precise, the compression process for a gas
involves an increase in temperature depending on the amount of heat
added or removed from the gas. If the temperature of the gas remains
constant, the definition is refined as isothermal compressibility [1].

According to the above topic regarding the thermodynamic analysis
of fluids, extensive research has been done by various researchers. Some
of this research has been presented in references 2 to 29 for civil and
mining projects, such as water supply, gas supply, and mine ventilation.
The oldest and most famous researchers in the field of civil and mining
projects were Hardy Cross and Wong, respectively, and subsequent
researchers improved and completed theories them. Several researchers
in mining projects have stated methods for analyzing the
incompressibility and compressibility of air-fluid for ventilation design.

A subsurface ventilation system is comprised of a closed cycle of
thermodynamic processes. Baden Hinsley (1900-1988) realized that a
mine ventilation system is a big heat engine. That engine pushes air
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inside the mine and the air becomes compressed and heated by
gravitational energy. This action happens more in down casting shafts
or slopes. Also, the strata, machines, and other sources cause increased
air heat in a ventilation system. If air expands during its ascent through
upcast shafts or slopes, work is done. A section of the produced heat is
converted temporarily into mechanical energy and it helps to increase
airflow. When the exhaust air re-enters the pressure sink of the surface
atmosphere, it cools the original entry conditions, closing the cycle.
Figure 1 illustrates the descending flow through downcast shafts 1 and
2, level working 2 to 3, and returning to the surface through upcast
shafts 3 to 4 [25].

xneat oy

Figure 1. Elements of ventilation system [25].

To better realize the thermodynamic analysis of Figure 1, it is
necessary to go through five stages. These stages are as follows:

a. Downcast shaft

The main equation for thermodynamic analysis in this stage between
stations 1 to 2 is according to equation 1 [2].

VZ-vZ?
2

b. Working level

+(Z1—2))9 = flz VAP + Fip = hiy — qaz (1)

The main equation for thermodynamic analysis in this stage between
stations 2 to 3 is according to equation 2 [2].

VE-vE 3
5+t (- Z3)g = J, VAP + Fy3 = hy3 — qu3 2

¢ Upcast Shaft
The main equation for thermodynamic analysis in this stage between
stations 3 to 4 is according to equation 3 [2].

vi-vi
2

d. Naturally Ventilation Mine

+(Zs = 2,)g = [ VAP + Fyy = hay — qas 3)

The main equation for thermodynamic analysis in this stage between
stations 4 to 1 is according to equation 4 [2].

-V
2

1
+(Zy—2)g = [, VAP + Fyy = hay — qu1 (4)
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e. Combined fan and natural ventilation

The main equation of for thermodynamic analysis in this stage
between stations 4 to 5 and 5 to 1 are according to equations 5 and 6 [2].

VE-vZ 5

5ot (Za—Zs5)g + Was = J, VAP + Fus = has — Qus (%)
VE-vE

2

+(Zs—Z)g = [, VAP + F5; = hs; — qs; 6)

In general, the air mixture is a combination of different gases and
water vapor. The presence or lack or absence of water vapor in the air
mixture causes or results in the creation of two combinations of dry air
and humid air in nature [25-29]. The specifications of each of the two
air combinations are as follows:

11 The properties of the dry air

The compositions and characteristics of dry air have been reported
according to Table 1 by some researchers. According to Table 1, the
molecular mass, gas constant, and volumetric mass are three important
characteristics of dry air that are calculated as follows:

Table 1. The combination of the dry air properties [26].

gas molecular mass volumetric percentage
N, 28.015 78.03

0, 32 2099

Co, 44.003 0.03

H, 2.016 0.01

Ar 39.943 0.94
Total - 100

a. The molecular mass of the dry air

Using Table 1, the molecular mass of dry air (Ma) is calculated as
follows:

M, =M, = Zmipi = 28.015 x 0.7803 + 32 x 0.2099 +

44,003 X 0.03 + 2.016 x 0.01 + 39.943 X 0.94
= 28.966gr
b. The gas constant of the dry air

Using the global gas constant ( ) to calculate the gas constant of the
dry air (Ra) is as follows:

R 8.31436
Ry=Ry=—=
Mg  0.28966

= 287.04

L =29272
kg°K oK

¢ The volumetric mass of the dry air

Under standard conditions, atmospheric pressure is assumed to be
equal to 1 atm or 101325 Pa and its temperature 150c. Therefore, the
volumetric mass of the dry air (pa) is calculated as follows:

R 101325
Pa = Pa = =

RqT ~ 287.04x(273.15+15)

= 1.225055%

12 The properties of the wet air

The number of parameters related to humid air is numerous. In this
section, some important parameters have been reported in equations 7
to 18 [25-29].

P=P,+P, @
P, = paR,T = 287.04 p,T (8)
P, = p,R,T = wpyR,T = 461.5wp,T (9
_ P-p, (10)
Pd = 587,047
P —0.378P, (11)
Pm =

287.04T
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L = (2502.5 — 2.386t,,) x 103 12) wy=w, +Bw (22)
* _
P, = 610.6Exp(—rl ) A3y =cpltyy —tgy) + Wohyp —Wihyy — (W, —wp)hy, (23)
2373 +¢,
By = (181t + 2501) x 1000 24)
P
ws = 0.622 —2 (14)
s P—p, hys = (181tg + 2501) X 1000 (25)
_Lwg = cp(ta = twy 15) h, = 2100 x (t, +t,,) 26
w = m w d2 " 'dl (26)
* *
po_ W 16) " Deplek TWip =JVUP Ry, (27)
Y0622+ w
17.27¢, a17) JvdpP =( P2 Pl ) K (28)
— N a A S Ay
Posa = 610.6Exp (G375 Pd2  Pgr k-1
Ry = 2 (18) Ln('%)
vad Kk = 1
(29)
) Ln(Pd2
P: Air pressure (Pa) n( pdl)
P;: Dry air pressure (Pa)
P,: Water vapor pressure (Pa) Fp = LBV 2 (30)
2 S

pq: Volumetric mass of dry air (kg/m?)

Pm: Volumetric mass of moisture air (kg/rrP)

L: Latent heat of water evaporation (J/kg)

P,s: Pressure of saturation water vapor (Pa)

ws: Humidity of saturation air (kg/kg)

w: Humidity of air (kg/kg)

P,sq: Water vapor pressure of dry air (Pa)

R): Relative Humidity (%)

Cp: Special heat capacity of air at constant pressure (1005 J/kg°k)
¢,: Special heat capacity of air at constant volume (1884 J/kg°k)

2. The common methods of the wet air analysis

The fluid of the mine ventilation is an air mixture. This fluid exists in
nature in two models of dry or wet but any fluid can behave in two
models of incompressible or compressible. If the amount of moisture in
the air is not assumed to be zero, then this air is named wet. Researchers
believe that if the average interval between molecules is more than 10
times the molecular diameter in any fluid, then this fluid is assumed a
compressible model. Also, researchers in the ventilation of underground
mining believe that if the mining depth is more than 500 meters, the air-
fluid in mine ventilation design is assumed a compressible model.
Therefore, the wet air analysis in mine ventilation is better done in the
compressible model. Accordingly, there are different methods such as
general, delta, and K methods [25-29]. The analysis for each of these
theories is done according to its own rules, which are expressed as
follows:

21 The general method of wet air analysis

In this method, wet air analysis is often done/conducted by the
thermodynamic analysis method of the compressible model, and both
heat and moisture issues are considered in mine networks.
Thermodynamic equations for this theory have been presented in
equations 19 to 30 [2-5]. In this method, the equations are divided into
two groups. The first group calculates the dry temperature of the outlet
air but this value is done based on equations 19 to 26. The second group
calculates the dry volumetric mass of the outlet air but this value is done
based on equations 27 to 30. The main conditions for solving equations
in the two groups are to use approximate mathematical methods and a
certain vaporization rate [25-29].

—Agp — Ag + Wy =hy; — 0, 19)
* W2 +W1 20
Agp =925~ 2+ ——5) (20)
* 1o 2y, WotW

Ko =53 Vs =2 1)

Z,: Height of station 1(m)

Z,: Height of station 2 (m)

Vy: Fluid velocity at station 1 (m/s)

V,: Fluid velocity at station 2 (m/s)

B,,: Difference of potential energy (J/kg)

B,: Difference of kinetic energy (J/kg)

w;: Humidity at station 1 (kg/kg)

Aw: Evaporation rate between two stations (kg/kg)
w,: Humidity at station 2 (kg/kg)

Wi,: Fan power (J/kg)

Fj,: Frictional resistance of mine work (J/kg)

q12: The amount of heat between two stations (J/kg)
R,: Constant coefficient of dry air (J/kg°k)

tq1: The temperature of dry air at station 1 (°°)

tgp: The temperature of dry air at station 2 (*)
pa1: Volumetric mass of fluid at station 1 (kg/m?)
Paz: Volumetric mass of fluid at station 2 (kg/m?)
P,: Total pressure at station 1 (Pa)

P,: Total pressure at the station 2 (Pa)

f: Friction coefficient without dimension

L: Excavation length (m)

P: Excavation perimeter (m)

S: Excavation area (cross sectional) (m?)

V: Average velocity of air between two stations (m/s)

2.2. The delta method of wet air analysis

This method was presented by Elahi Zeyni et al. in 2022 [29]. Also,
this method is similar to the general method for wet air analysis.
However, the difference is that instead of using two groups of equations
and performing approximate mathematical methods twice, the final
answer can be calculated with one group of equations and performing
approximate mathematical methods once. The thermodynamic
equations for this theory are presented inequations [2-5]. In this
method, the equations are only one group. The main condition for
solving these equations is a certain vaporization rate.

Vv, =11V, (31)

tg, =11ty (32)

Paz =11py (33)
wy + wy

Bl = 9(Z ~ Z)(1 +———)

* 1 2 2 Wo+wy.
Ber = ;(Vz -VHa +T)
w, = w; + Bw

€ = Wahy; = Wihy — (W — W1)h_w (34)
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. «
Gz — € — Bgp — Bg + Wy,

taz = tg1 + (35)
Cp
fLP 2
Fip, = i Wy +Vy) (36)
P, = (Rg + Ryw2)Tazpaz 37)
F
Ln( 2/P1)
1n(*/p,,)
:(ﬁ_i)L” + B, + By — W, (38)
Paz  Pai k—1 12 ep ek 12
Paz = Paz — B X 107° (39)
. WS
v, = S1ba (40)
S2Pa2

P,: Total pressure at station 1 (Pa)

P,: Total pressure at the station 2 (Pa)

f: Friction coefficient without dimension
L: Excavation length (m)

P: Excavation perimeter (m)

S: Excavation area (cross sectional) (m?)
V: Average velocity of air between two
stations (m/s)

2.3. The delta method of wet air analysis

This method was presented by Elahi Zeyni et al. in 2022 [29]. Also,
this method is similar to the general method for wet air analysis.
However, the difference is that instead of using two groups of equations
and performing approximate mathematical methods twice, the final
answer can be calculated with one group of equations and performing
approximate mathematical methods once. The thermodynamic
equations for this theory are presented inequations [2-5]. In this
method, the equations are only one group. The main condition for
solving these equations is a certain vaporization rate.

2.4. The K method of wet air analysis

This method was presented/introduced by Elahi Zeyni et al. in 2022
[29]. Also, this method is similar to the delta method for wet air analysis.
However, the difference is that the speed of convergence in this method
is higher than the delta method. Thermodynamic equations for this
theory are presented in equations [2-5]. In this method, the equations
are only one group. The main condition for solving these equations is a
certain vaporization rate.

V, =11V,

ty, =11ty

Paz =11py

P, =11R, @D
. w, + wy

Aep = g(ZZ - Zl)(l + T)

w, +wy
2

N 1 2
ek=E(V2 -+ )

wy = wy + 4w
€ = Wahyy = Wihyy — (W —widhy,
Qa2 — € — A5y — Ao + Wiy

taz = tg1 +
dz2 d1 c

14
_ V1S1£41 (42)
S2Pg2

f LP 2
Fio=g 5 V2tV
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* *
FlZ +Aep +Aek _W12

= = > 43
Fio +Ag +Ag —Wip + Ry (tgy —tar) + Ry (WoTgp —WiTyy) (“3)
1
K-1
Pdz = Pa1 [(Rd ha RV*WZ)TM :| (44)
(Rg +R, W) Ty,
! Phz K
P, =P, (292)
2 * Ld1 (45)
V] = Vlsl/,)dl
SPYLP
A=|P, —P, (46)

3. The complete model of wet air analysis

The general, delta, and K methods for wet air analysis depend on a
certain vaporization rate. Evaporation rate measurement requires a
special instrument. If this special instrument is not available in mine, it
is not possible to solve the equations by the above three methods.
Therefore, to solve this problem, it is necessary to present a new method.
This new method should not depend on the value of the evaporation
rate. Accordingly, this paper presents the Complete Model of Wet Air
Analysis (CMWAA method). Before presenting this new method, it is
necessary to review some parameters. A number of parameters, such as
the Earth's gravitational acceleration (g), the specific heat capacity of air
at constant pressure (cp), and the constant volume (cv) have been
considered to have constant values. However, these constant values are
related to specific environmental conditions. Therefore, the true values
of the above parameters are related to environmental conditions.
Accordingly, in this paper, the true values of the above parameters are
improved and their effects on thermodynamic equations are checked.

3.1 Correction of thermodynamic equations

3.11 The acceleration of the Earth's true gravity

The acceleration of the Earth's actual gravity is a function of the
height difference of the sea level. Therefore, according to Equation 47,
the acceleration of the Earth's true gravity has been corrected by
researchers [20].

6357000
6357000+ H

9o = 980665 > g = g,( )2 (47)

g: The acceleration of the Earth's actual gravity (m/s?)
Jo: The acceleration of the Earth's constant gravity (m/s?)
h: The height difference of the sea level (mm)

3.12. Correction of potential energy difference

The acceleration of the Earth's gravity is varied. Also, potential energy
is a function of it. Therefore, it is necessary to correct potential energy.
These corrections have been done or made in equations 48 and 49.

Aep = 9227 — 9123 (48)

. w, +w,
Aep = (gzZZ - glzl)(l + 2 ) (49)

3.13. Correction of specific heat capacity

The specific heat capacity of air at constant pressure is a function of
environmental temperature. So, this variable is not constant. The
specific heat capacity of air at constant pressure at different
temperatures is reported in Table 2. Accordingly, this variable was
modified and its result is presented in Equation 50.

cp, = 1000 + 1.87 x 107773 (50)

Moreover, the specific heat capacity of air at constant volume is a
function of environmental temperature. So, this variable is not constant.
The specific heat capacity of air at constant volume at different
temperatures is reported in Table 3. Accordingly, this variable was
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modified and its result is presented in Equation 51.

Table 2. The specific heat capacity of air at constant pressure and different
temperatures [21]

Temperature oK 250 300 350
G, L 1003 1005 1008
kg°K

Table 3. The specific heat capacity of air at constant volume and
different temperatures [21].

Temperature oK 250 300 350
C, J 716 718 721
kg°K
¢, =713 +1.87 x107T?3 (51)

3.14. Correction of enthalpy difference of air

Air enthalpy is a function of the specific heat capacity of air. Besides,
the specific heat capacity of air is not constant. Accordingly, the enthalpy
difference of air was modified and its result is presented in equations 52
and 53.

hiz = cpataz — Cpitar (52)
h*ip = Cpataz — Cpatar + wyhy, —wihyy — (W, —wy)hy, (53)

3.15. Correction of average volumetric mass of dry air

In thermodynamics science, the flow intensity of air mass is always
constant during excavation. Accordingly, the average volumetric mass
of dry air is corrected according to equation 54.

My =M, =M;
Pa1V1S1 = pa2VaSz = paVs
V=05x(V,+1)

M M M
—3—0.5><( CH 1)

PaS - PazS2  ParS1
1 1 1
—=05x(—+—)
Pa Paz  Pd1
2pd1Pdz
=— 54
P Pd1tPdz 4)

32 The CMWAA Method

According to the upper corrected equations and evaporation rate
measurement problems, it is necessary to present a new method under
the title of the most Complete Model of Wet Air Analysis (CMWAA
method) in this section. The steps for solving the CMWAA method are
as follows:

a. primary assumptions

Solve the CMWAA method requires a number of hypotheses. These
hypotheses have been presented in the equations below.

v, =11V,

tgr = 1.1t4

Cpz = L1cy; (55)
w, = 1.1w, (56)

b. main calculations

At this stage, 14 equations are used. These equations are as follows:
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Aep = G222 — 9121 (57)

1
Aoy = E(sz V)

wy +w.
Bop = (9222 = 9:Z) (L + =) (58)
1 +
By =5V — VDA +

€ = Wahy, — Wiky; — (W — wi)hy,

Gz — €+ Cpitgy — Aoy — Ay + W,
tdzz 12 pltdl ep ek 12 (59)

Cp2

fLP V,+V;
Foo=12 2 60
=L Lt (60)
K = F12+A;p+A;k_WIZ
Fip + 4, + 85 = Wiy + Ry(tap — tar) + Ro(WoT oy — wiTgr)

1
_ (Rg + Rywp)Tgp]K-1 (61)
Pz = P Ry + Rw)Tas
Paz
P, = P,(E2yx 62
2= PG ) (62)
Cpz = 1000 + 1.87 X 1077T,,° (63)

— w
Cpatay = Cprtar = Wihyy + Wihy, —q, + (4g + 4)(1 + 71) Wy

= - 64
Wz —hyg + Ty — 0.5(Agp + 4) (64)
V.S
v, =4 1Pd1
S2Paz
A=|p, =P,

¢- The number of calculations iteration

If the amount of delta in the final equation becomes equal to or
smaller than the accuracy of calculations, solving the above 14 equations
is stopped.

4. The validation of the CMWAA method

Two hypothetical examples were used to validate this new method.
these examples are as follows:

4.1 The first hypothetical example

In this model, a hypothetical vertical shaft has been dug in a square
type with the dimension of 3 meters, the height of the portal shaft is
5000 meters above sea level, and the shaft length is 4500 meters.
Therefore, the height of the shaft end is 500 meters above sea level. The
inlet air properties of the shaft portal are assumed with a velocity of 5
(m/s), a temperature of 10 (oc), relative humidity of %15, friction factor
of 0.025, barometric pressure of 50 KPa, and generated heat during the
shaft is assumed to be 50 KW. Accordingly, or Consequently, the
specifications of the outlet air at the end of the shaft are calculated as
follows:

4.11 The calculations of the first model
a. primary calculations

V, =11V, = 1.1 x5 = 55M/

typ = 11ty = 1.1 x 10 = 11°¢

T, = 273.15 + t4, = 283.15°¢

J
kg°K

cp = 1000 + 1.87 X 1077T? - ¢,; = 1004245133

J
Cpp = L.1cy; = 1104669646 %g°K
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= 10% > Pyogy = 610.6Exp(—erel {4y _ 1337560536 P
= Fosar = *p (W) 36 Pa Description | Iteration1 | Iteration2 | Iteration 3 | Iteration 4 | Iteration5
Rar = %15 = P,y = Rpy X Pysar = 184134080 Pa
0.622p A 2631337 | 6305404 | -6364058 | -6364814 | 6364824
Py = 50000 Pa — w; = -~ = 0.002299 kg/kg A%, | -44160002 | -44203.050 | -44203.050 | -44203.050 | -44203050
1= 1
Y tar 50186057 | 50194940 | 50194999 | 50194999 | 50194999
w, = 11w, = 0.002529 kg/kg F1z 20671875 | 1362.948669 | 1357.640414 | 1357572128 | 135757117
k 1380992 | 1384811 | 1384745 | 1384744 | 1384744
gy =P 612927"_ Paz 0869183 | 0873300 | 0873353 | 0873354 | 087335
287.04Tay P, 80997247 | 81637731 | 81642741 | 81642806 | 81642806
(357000 H, = 5000 1 = g, = 97512 42 m Cp 1006321 | 1006322 | 1006322 | 1006322 | 1006322
9= 90Czem000 1T Wy 0004483 | 0004483 | 0004483 | 0004483 | 0004483
H, =500 m - g, = 9805108 S_z v, 3525878 | 3509259 | 3509045 | 3509042 | 3509042

hyy = (1.81¢4, + 2501) x 1000 = 2519100 f/kg
hyz = (18164, +2501) x 1000 = 2520910 //,
Ty = 2100(tg; + tg) = 44100 ]/kg

R, = 287.04 ]/kg ok

_ ]
R, = 4615 /kg ok
Wy, =0

b. the first iteration of calculations
7 1 2 _ g2 /
Box =5 % (5.52~ 5% = 2625/ o

vH(A+

w, + wy
Rix =5 (VF - —

)= 2.631337//kg
Bep = 922, — G121 = -44053.656 //kg

w, +wy
ep = (922, —9:Z2)(1 +
N 50 x 1000

) = -44160.002157 ]/kg

- = =1812.795415 /
e = e = (612927 x 5 x 9 — 1812795415 1/
¢ = Wyhtyy — Wyhy, — (Wy — wy) ey = 573.603459 J/kg
- Q12 — €+ Cpitar — Bop — By + Wi,
d2 —

Cp2

t4p = 50.186057°

fLP Vo +Vy,

I ]
Fip =5 (G5 = 20671875 /.,

Fip + B + By — Wiy

TR+ By, + Box — Wip + Ra(taz — tar) + Ry(WpTap — wiTgq)
K = 1.380992
1
_ (Rg + Rywp)Typ]K-1 kg
Paz = Pay (Ra + Ryw1)Tax = 0869183 o3
P, = Pl(pdz)’( = 80997.247263Pa
— 1000 + 187 x 10-7Tz,* = 1006321265 —
Cp2 = +1.87 x ol = ) oK
w, =
— w
Cpataz — Cprtar — Wilpy + Wihy, — o2 + (Aep + Aek) (1 + 71) — Wy,
—hyy + by = 0.5(dep + Aer)
kg
w, = 0.004483 —
) k8
m
_ a21Par _ 3.525878 —
S2Paz s

c. the other iterations of calculations

The other iterations of the CMWAA method have been presented or
provided in Table 4. If the accuracy of the calculations is assumed to be
0.001, according to the information in Table 4, the repeat number of
calculations for the output air pressure becomes equal to 4.

Table 4. The results of the CMWAA method for example 1.

4.12. The first validation of the CMWAA method

To validate this new method, the general, delta, and K methods can
be used. Basically, the general method is based on two equations and
two unknowns, and the steps of their solution are as follows:

_A:zp — Ao+ Wi =hi; — quz
Ay = Ay + Wy = f VAP +Fyy

w; = 0002299 kg/kg

w, = 0.004483 kg/kg - Aw = 0.002184 kg/kg

Wy +w.
= 9z, - 2) (1+2252)
0.004483 + 0.002299

> ) = -44279.570 L

Agp = 9.80665 x (500 — 5000) x (1 + kg

_paVi 0612927x5 m

V2
Paz Paz S
1 w, + w.
B =57 -vD) (142222 5
2 2
. 1 0.612927 X 5 R 0.004483 + 0.002299
Ly =X (———)P-xQ+——F—)
2 Paz 2

hyy = (1.81t4; + 2501) X 1000 = 2519100 "g/kg

Ry, = (1.81t4, + 2501) X 1000
hyy = 2100(tg; + tgz) = 2100(10 + tg5)

hiy = cp(taz — tar) + Wahyy —wihyy — (wy — wy)h,, -

R;; = 1005 X (g, — 10) + 4.483 x (1.81t,, + 2501) — 5791.411 — 10.143

N 50000
paiViS1 0612927 X 5% 9

G = = 18127954151,

1.532318
V=05x(,+V)=""""425

Paz
o _fLP . 1532318 .
= p V= TS X (o 1 25)
P P
_ InC/p)  1n(/50000)
tn/p,)  Ln(P42/g c15957)

P, = (287.04 + 461.5 wy)pgs Tas
P, P\ Kk
vap = (— - —) ==
.f Paz  Par/ k—1

P, 50000
Paz  0.612927

P
Ln*/50000)

P
Ln("*/50000) — Ln(**

/0.612927)
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tq, = 50.344691 °C |Aty| = 0.15 °€
- = ks, Apg| = 0.00 ke
Paz = 0873617 — |4pq| = O e
P, = 81705153 Pa |AP,| = 62.35 Pa

The performed validation shows that the number of calculation
errors is insignificant. Because, in the general method, the value of
Earth's gravitational acceleration is assumed to be equal to 9.80665
m/s2, and the specific heat capacity of air at constant pressure equals
1005 J/kg°k. But, in the CMWAA method, these values are not
constant.

4.2, The second hypothetical example

In this model, a hypothetical horizontal tunnel has been dug or
excavated in a square shape with the dimension of 3 meters. The height
of the tunnel portal is zero meters above sea level and the length of the
tunnel is 3000 meters. The inlet air properties at the tunnel portal are
assumed to be as follows: velocity 7 (m/s), temperature 15 (oc), relative
humidity %60, friction factor 0.03, barometric pressure 101.325 KPa, and
heat generated during the tunnel is assumed to be 25 KW. Accordingly,
the specifications of the outlet air at the end of the tunnel are calculated
as follows:

4.21 The calculations of the second model
a. Primary Calculations

Vo =11V, = 1.1x 7 = 7.7MY;

typ = L1ty = 1.1 X 15 = 16.5%

Ty = 273.15 + tgy = 289.65°F

- J
¢, = 1000 + 1.87 x 107773 TR
J
kg°K
tgy = 15%€ > P, = 610.6E. 72 far 1704.787835 P
= - = =
di1 vsdl Xp(237 3+ ta1 ) a

Rpy = %60 = Pyy = Ry X Pysgy = 1022. 872701 Pa

0.622P,;

P, =101325 Pa » w;, = 7
17 v

kg /
= 0.006343
kg

wy = 1.1w; = 0.006977 kg/kg

PP 612927~ kg
Pa1 = 87 04T,
g = 9.80665 ﬁ

hys = (181¢4; +2501) x 1000 = 2528150 /
hvz = (1816, +2501) X 1000 = 2530865 //,
Ty = 2100(tg; + tg) = 66150 //kg
Ra=287.00 1) o

R, = 46157/ o

Wi, =0

b. The First Iteration of Calculations
Aox = 1 X (7.7 = 7%) = 5.145 f/kg
Ay = _(Vz —vR(1+ 22y 5179267//kg

Aep = g2Zp — 912, = 0.00 ]/kg
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ep = (gZZZ glzl)(l +
N 25 1000
paiViS; 1212688 x7 X 9

¢ = Wahyy = wihyy — (W, — wy)hy, = 1580615872 7/, ’

222My _ 0.00 /kg

i = =327227927 ),

Q12 — €+ Cprtas — Aop — A + Wi

taz =
Cp2

- tg, = 12497308

Fip = g%(% 2 40516875 l/kg
K= Fip + A4y + 45 — Wi,

Fip + 45, + 45 — Wip + Ra(taz — tar) + Ry(WoTap — wiTyy)
— K = 1246532

1
(Rq + Rywy)Typ k-1

kg
= —_—_— =11 29 ——
Paz = Pd1 [(Rd+RvW1)Td1] 75329 —
P=pP (—p‘“)" 97448.856298Pa
=1000 + 1.87 x 10~ J
Cp2 = + 1.87 X oK

W, =

Gz t+ (Aep + Aek) (1 + %) - Wi,
—hyz + Ry = 0.5(4gp + Aei)

Cpataz — Cprtar — Wihyy + wihy, —

0007505 <8

- w, = 0. -2

2 kg
V.S

v, = 221Pa _ 5050501
S2Pa2 s

¢ The Other Iterations of Calculations

The other iterations of the CMWAA method have been presented in
Table 5. If the accuracy of the calculations is assumed to be 0.001,
according to the information in Table 5, the repeat number of
calculations for the output air pressure becomes equal to 6.

4.2.2. The second validation of the CMWAA method

To validate this new method, different approaches can be used , such
as the K method. The K method has been presented in section 2.3 and
the results of this method have been shown in Table 6.

The performed validation shows that the number of calculation errors
is very insignificant. These results are as follows:

|At,| = 0.0006 °©
k¢

|4pg| = 0.00 m—i

|AP,| = 0.004 Pa

5. Conclusions

The design of mine ventilation relies on the principles of fluid
mechanics. Air plays a crucial role in ventilation science. As such, it is
examined using two models: compressible and incompressible. The
compressibility model examines the air-fluid in two different analyses,
one for dry air and the other for wet air. The analysis of the moist air
provides an accurate description of the ventilation conditions within the
mine. So far, various methods have been presented for the analysis of
wet air in mine ventilation. These methods include the general, delta,
and K methods. The general method has been described in section 2.1,
but its purpose is to analyze wet air using two equations and two
unknowns. The equations for the general method have been presented
in 19 and 27 equations. Also, the delta method is presented in section
2.2. But its purpose is to simplify the analysis of wet air compared to the
general method. The delta method has been designed based on 14
equations. Furthermore, the K method is presented in section 2.3, but its
purpose is to increase the speed of analysis of wet air compared to the
general method.
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Table 5. The results of the CMWAA method for example 2.

IJMGE [

Description Iteration 1 Iteration 2 Iteration 3 Iteration 4 Iteration 5 Iteration 6
A%y 5.179267 1.593219 1.504295 1.500973 1.500849 1.500844
a4, 0 0 0 0 0 0

ta 12.497308 12.500880 12.500968 12.500971 12.500972 12.500972
Fiz 3241.3499 3034.1931 3028.9738 3028.7787 3028.7714 3028.7711
k 1.231882 1.232371 1.232389 1.232390 1.232390 1.232390
Paz 1.175329 1.177324 1.177399 1.177402 1.177402 1.177402
P, 97448.856 97697.422 97703.651 97703.884 97703.892 97703.893
Cp2 1004.358 1004.359 1004.359 1004.359 1004.359 1004.359
w, 0.007505 0.007505 0.007505 0.007505 0.007505 0.007505
V, 7.222501 7.210264 7.209806 7.209789 7.209788 7.209788

Table 6. The results of the K method for example 2.

Description Iteration 1 Iteration 2 Iteration 3 Iteration 4 Iteration 5 Iteration 6
Vi 5180625 1628548 1505790 1501109 1500935 1500929
4%, 0 0 0 0 0 0

tas 12.453559 12501963 12.501548 2501558 12501558 12501558
Fy; 32413499 3036266 3029.062 3028.787 3028.776 3028.776

k 1.219902 1231547 1.232297 1232323 1232323 1232324
Paz 1174539 1177290 117739 1177400 1177400 1177400
P, 97450155 97694955 97703549 97703.877 97703.889 97703.889
v, 7.227358 7.210469 7.209825 7.209801 7.209800 7.209800

The K method has been designed based on 16 equations. The main
condition of the above three methods is the measurement of the
evaporation rate. Therefore, general, delta, and K methods all depend on
a certain or specific vaporization rate.

Measuring the evaporation rate in a mine requires a special
instrument. If this special instrument is not available in the mine, it is
not possible to solve the equations by the general, delta, and K methods.
Therefore, to solve this problem, it is necessary to present a new method.
This new method should not depend on the value of the evaporation
rate. Accordingly, this paper presents the Complete Model of Wet Air
Analysis (CMWAA method). Also, before presenting this new method,
it was checked some issues, such as the acceleration of Earth's true
gravity, potential energy difference, the specific heat capacity of air at
constant pressure and volume, enthalpy difference, the average
volumetric mass of dry air, and the amount of output humidity.
Subsequently, these issues were corrected. Moreover, the validation of
the CMWAA method with other methods shows or indicates that the
number of calculation errors is insignificant. This is because in the
general, delta, and K methods, the value of Earth's gravitational
acceleration is assumed to be equal to 9.80665 m/s2, and the specific heat
capacity of air at constant pressure is 1005 J/kgok. By contrast, the above
values in the CMWAA method are not constant and they depend on
environmental conditions. Therefore, it can be claimed that the most
comprehensive model for wet air analysis in mine ventilation is related
to the CMWAA method.
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