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A b s t r a c t  

In the case of tunnelling by mining methods, mining regulations apply to the design of 

ventilation. The most important criteria to be taken into account when calculating the 

minimum air flow rate in a tunnel are the air velocity, the multiple exchange of air during 

one hour, not exceeding the permissible concentrations of gases and dust, and ensuring 

appropriate climatic conditions. In this paper, an analysis of ventilation methods is carried 

out, taking into account the parameters of fans and ventilation ducts. Changing the 

diameter of the duct line from 1,000 to 1,400 mm results in a 3-4-fold reduction in fan 

power. Adding a second twin installation reduces the ventilation power requirement 

fourfold. Making the duct lines parallel increases the ventilation power requirement by 

about 30-50% compared to two duct installations.  
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1. INTRODUCTION 

Pressurised duct ventilation is most commonly used to ventilate tunnels during 

their excavation. Large electric fans and duct lines with a diameter of more than 

800 mm are used for such ventilation. When calculating the air requirements at 

the face, the mining regulations [1] and the regulations for ensuring the right 

atmosphere (air composition) [2] must be used. On the other hand, when designing 
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the installation itself, it is necessary to calculate the minimum fan operating 

parameters - damming and air flow rate [3-8]. As the length and cross-section of 

the tunnelling increases, it is necessary to use high-power fans and large-diameter 

duct lines. These parameters can be ensured by using different duct ventilation 

systems. 

2. MATERIALS AND METHODS 

When designing the ventilation of tunnels excavated by mining methods, the 

relevant provisions of the Regulation of the Minister of Energy of 23 November 

2016 on the detailed requirements for the operation of underground mining plants 

[1] must be applied. The necessary information is contained in Division III of the 

Regulation. They concern ventilation and related general requirements and 

ventilation by duct lines, auxiliary ventilation equipment or by diffusion. 

In the works [9-12] a methodology has been developed for the design of 

auxiliary ventilation in roadways (excavations), where the necessary formulae for 

calculating the volume flow of air supplied to the face of an advancing tunnel are 

given. According to the Regulation [1], a minimum air velocity, one air exchange 

per hour, appropriate atmospheric composition (not exceeding the permissible 

concentrations of noxious gases and dust originating mainly from blasting, 

machinery, equipment used in the construction of the tunnel and mined rock), 

appropriate climatic conditions, etc. should be ensured in the tunnel. 

The following parameters of the tunnelling and ventilation system were 

assumed for the calculation of the minimum air flow rate: 

 L - length of the tunnel, duct line - 1000 m, 

 St - cross-sectional area of the tunnel - 100 m2, 

 D - diameter of the duct line - 1.0 m and 1.4 m, 

 Forcing ventilation system. 

For the tunnelling, it was assumed that excavation machines - excavators and 

loaders (due to the fact that the tunnel will be tunneled in easily workable material, 

e.g. clay) and dump trucks, whose engines meet the minimum requirements of the 

EURO 4 emission standard, will be used. 

Calculations were made for six variants: 

• variant 1 - one duct fan with a 1000 mm diameter of the duct, 

• variant 2 - one fan with a 1400 mm diameter of the duct, 

• variant 3 - one fan with two 1000 mm ducts connected in parallel, 

• variant 4 - one fan with two 1400 mm ducts connected in parallel, 

• variant 5 - two fans with two separate ducts of 1000 mm diameter, 

• variant 6 - two fans with two separate ducts of 1400 mm diameter. 

A conceptual diagram of the design variants is shown in Fig. 1. 
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Fig. 1. Schematic diagram of the design variants [source: own elaboration] 

3. RESULTS 

For the assumptions given in section 2, the necessary calculations [1, 9-12] were 

made for the determination of the minimum air expenditures (volume flows) 

depending on the fulfilment of the legally required parameters. 

The minimum airflow rate 𝑉𝑣̇  in the tunnel due to ensuring the minimum air 

velocity: 

𝑉̇𝑣 = 𝑆𝑡 ∙ 𝑣𝑚𝑖𝑛  ,
𝑚3

𝑠
,     (3.1) 

where: 

St – cross-sectional area of the tunnel = 100 m2, 

vmin – minimum air velocity determined for hazard control or required by 

legislation = 0,15 m/s. 

𝑉̇𝑣 = 100 ∙ 0,15 = 15,00
𝑚3

𝑠
 

Minimum airflow rate 𝑉𝑜𝑠
̇   due to the working crew in the face zone of the tunnel: 

𝑉̇𝑜𝑠 = 𝑛 ∙ 𝑞𝑛  ,
𝑚3

𝑠
,     (3.2) 

where: 

n – highest number of workers in the tunnel at the same time = 20 workers, 

qn – required airflow per worker = 0,067 m3/s. 
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𝑉̇𝑜𝑠 = 20 ∙ 0,067 = 1,34
𝑚3

𝑠
 

Minimum airflow rate 𝑉̇𝑤𝑝  in the tunnel due to one air change per hour: 

𝑉̇𝑤𝑝 =
𝑆𝑡∙𝐿

3600
  ,

𝑚3

𝑠
,      (3.3) 

where: 

L – tunnel length = 1000 m. 

𝑉̇𝑤𝑝 =
100 ∙ 1000

3600
= 27,78

𝑚3

𝑠
 

Minimum airflow rate 𝑉̇𝑚 in the tunnel due to machinery in operation [13]: 

𝑉̇𝑚 = 𝑉̇𝑚𝑎𝑥(𝐶𝑂; 𝑁𝑂𝑥; 𝐷𝑃𝑀)  ,
𝑚3

𝑠
,    (3.4) 

𝑉̇𝐶𝑂 =
𝑚̇𝐶𝑂

𝑁𝐷𝑆𝐶𝑂
  ,

𝑚3

𝑠
,      (3.5) 

𝑉̇𝑁𝑂𝑥
=

𝑚̇𝑁𝑂𝑥

𝑁𝐷𝑆𝑁𝑂𝑥

  ,
𝑚3

𝑠
,     (3.6) 

𝑉̇𝐷𝑃𝑀 =
𝑚̇𝐷𝑃𝑀

𝑁𝐷𝑆𝐷𝑃𝑀
  ,

𝑚3

𝑠
,     (3.7) 

where: 

Nm – machine power and combustion standards: 

excavator, loader – 100-200 KM – STAGE IV 

telescopic handler – 100 KM – STAGE IIIB 

pump – 350 KM – EURO 4 

concrete mixer – 400-500 KM – EURO 4 

tippers – 1500 KM – EURO 5 

𝑚̇𝐶𝑂 – mass emission of CO due to the operation of machinery = 132,7 mg/s 

𝑚̇𝐷𝑃𝑀 – mass emission of DPM due to the operation of machinery = 2,76 mg/s 

𝑚̇𝑁𝑂𝑥
 – mass emission of NOx due to the operation of machinery = 57,86 mg/s 

NDSCO – the maximum permissible concentration of CO in the air = 23 mg/m3 

NDSDPM – the maximum permissible concentration of DPM in the air = 10 mg/m3 

NDSNOx – the maximum permissible concentration of NOx in the air = 3,5 mg/m3 

𝑉̇𝐶𝑂 =
132,7

23
= 5,77

𝑚3

𝑠
, 

𝑉̇𝑁𝑂𝑥
=

57,86

3,5
= 16,53

𝑚3

𝑠
, 

𝑉̇𝐷𝑃𝑀 =
2,76

10
= 0,28

𝑚3

𝑠
 

𝑉̇𝑚 = 16,53
𝑚3

𝑠
 

• Calculation for a 1000 mm diameter duct [14] 

Actual unit resistance of the duct (per 1 m length of the duct): 
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𝑟 = 𝑟𝑜 ∙ (1 + 0,01 ∙ λ) , 𝑘𝑔/𝑚8,   (3.8) 

where: 

ro – specific aerodynamic resistance of new duct = 0,040 kg/m8, 

λ – damage intensity function of the duct based on the assumed smoothness 

quality = 15,38%. 

𝑟 = 0,040 ∙ (1 + 0,01 ∙ 15,38) 

𝑟 = 0,0462 𝑘𝑔/𝑚8 

Auxiliary size: 

𝑄 = √(0,25 ∙ 𝑟 ∙ 𝜃2 ∙ 10−12)2 + (
16∙𝜀∙𝜌∙𝜃2∙10−12

3∙𝜋2∙𝐷4 )
3

, m-3  (3.9) 

where: 

D – diameter of the duct = 1,0 m, 

r – unit aerodynamic drag of used duct = 0,0462 kg/m8, 

ρ – air density = 1,2 kg/m3, 

ε – symbol indicating the type of duct ventilation system – for forcing ventilation 

= -1, 

Ɵ – air mass exchange coefficient, for the assumed duct tightness quality = 2. 

𝑄 = √(0,25 ∙ 0,0462 ∙ 22 ∙ 10−12)2 + (
16 ∙ (−1) ∙ 1,2 ∙ 22 ∙ 10−12

3 ∙ 𝜋2 ∙ 1,24 )

3

 

𝑄 = 4,615 ∙ 10−14 𝑚−3 
Organic growth parameter: 

𝑎 = √0,25 ∙ 𝑟 ∙ 𝜃2 ∙ 10−12 + 𝑄
3

+ √0,25 ∙ 𝑟 ∙ 𝜃2 ∙ 10−12 − 𝑄
3

  , m-1, (3.10) 

where: 

Q – auxiliary size = 4,615 ∙ 10−14 𝑚−3. 

𝑎 = √0,25 ∙ 0,0462 ∙ 22 ∙ 10−12 + 4,615 ∙ 10−143
+ 

+√0,25 ∙ 0,0462 ∙ 22 ∙ 10−12 − 4,615 ∙ 10−143
 

𝑎 = 4,51 ∙ 10−5 m−1 
Fan capacity for one fan with duct installation: 

𝑉𝑤̇ = 𝑉𝑜̇ ∙ 𝑒𝑎∙𝐿  , 𝑚3/𝑠 ,       (3.11) 

where: 

𝑉̇𝑜 – volumetric flow rate at the end of the duct line = 20,8 m3/s, 

a – organic growth parameter =4,51•10-5 m-1. 

𝑉𝑤̇ = 20,8 ∙ 𝑒4,51∙10−5∙1000 

𝑉𝑤̇ = 21,76𝑚3/𝑠 
Fan capacity for two fans with duct installation: 

𝑉̇𝑜 – volumetric flow rate at the end of the duct line = 10,4 m3/s, 

𝑉𝑤̇ = 10,4 ∙ 𝑒4,51∙10−5∙1000 

𝑉𝑤̇ = 10,88𝑚3/𝑠 
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Fan capacity for one fan with duct installation connected in parallel: 

𝑉̇𝑜 – volume flow at the end of the duct line = 21,0 m3/s, 

𝑉𝑤̇ = 21,0 ∙ 𝑒3,46∙10−5∙1000 

𝑉𝑤̇ = 21,97 𝑚3/𝑠 
Aerodynamic resistance of a single duct line: 

𝑅 =
𝑟

2∙𝑎
+

8∙𝜌

𝜋2∙𝐷4 ∙ (ζ𝑤 + 𝜀) + [
8∙𝜌

𝜋2∙𝐷4 ∙ (ζ𝑜 − 𝜀) −
𝑟

2∙𝑎
] ∙ 𝑒−2𝑎𝐿 , kg/m7, (3.12) 

where: 

ζw – dimensionless resistance factor of the beginning of the duct line  

     - forcing ventilation = 0,6, 

ζo – dimensionless resistance factor of the end of the duct line - forcing 

ventilation = 1. 

𝑅 =
0,0462

2 ∙ 4,51 ∙ 10−5
+

8 ∙ 1,2

𝜋2 ∙ 1,04
∙ (0,6 − 1) + 

+ [
8 ∙ 1,2

𝜋2 ∙ 1,04
∙ (1 + 1) −

0,0462

2 ∙ 4,51 ∙ 10−5] ∙ 𝑒−2∙4,51∙10−5∙1000 

𝑅 = 47,464 𝑘𝑔/𝑚7 

Aerodynamic resistance of two duct lines connected in parallel: 

𝑅𝑝 =
𝑅1∙𝑅2

𝑅1+2∙√𝑅1∙𝑅2+𝑅2
+ 𝑅𝑟  ,𝑘𝑔/𝑚7,   (3.13) 

where: 

R, R1, R2 – aerodynamic resistance of individual duct lines = 47,464 kg/m7, 

𝑅𝑟 – duct line branching resistance = 2,305 kg/m7. 

𝑅𝑝 =
47,464 ∙ 47,464

47,464 + 2 ∙ √47,464 ∙ 47,464 + 47,464
+ 2,305 , 𝑘𝑔/𝑚7 

𝑅𝑝 = 14,171 𝑘𝑔/𝑚7 

Total fan pressure: 

∆𝑝 = 𝑅 ∙ 𝑉𝑤
2  or ∆𝑝 = 𝑅𝑝 ∙ 𝑉𝑤

2, Pa ,   (3.14) 

where: 

Rp – aerodynamic resistance of duct lines connected in parallel = 14,171 kg/m7. 

Fan pressure for one fan with duct installation: 

∆𝑝 = 47,464 ∙ 21,762 = 22474 Pa 

Fan pressure for two fans with duct installation: 

∆𝑝 = 47,464 ∙ 10,882 = 5619 Pa 

Fan pressure for one fan with duct installation connected in parallel: 

∆𝑝 = 14,171 ∙ 21,972 = 6840 Pa 

Ventilation power of the fan: 

𝑁𝑤 = 𝑅 ∙ 𝑉𝑤
3  or 𝑁𝑤 = 𝑅𝑝 ∙ 𝑉𝑤

3, W ,     (3.15) 

Ventilation power of the fan for one fan with duct installation: 

𝑁𝑤 = 47,464 ∙ 21,763 = 489036 𝑊 
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Ventilation power of the fan for two fans with duct installation: 

𝑁𝑤 = 47,464 ∙ 10,883 = 61130 𝑊 
Ventilation power of the fan for one fan with duct installation connected in 

parallel: 

𝑁𝑤 = 14,171 ∙ 21,973 = 150277 𝑊 
 

• Calculation for 1400 mm diameter duct [14] 

Actual unit resistance of the duct: 

ro – specific aerodynamic resistance of new duct = 0,010 kg/m8, 

𝑟 = 0,010 ∙ (1 + 0,01 ∙ 15,38) 

𝑟 = 0,01154 𝑘𝑔/𝑚8 
Auxiliary size: 

𝑄 = √(0,25 ∙ 0,01154 ∙ 22 ∙ 10−12)2 + (
16 ∙ (−1) ∙ 1,2 ∙ 22 ∙ 10−12

3 ∙ 𝜋2 ∙ 1,44 )

3

 

𝑄 = 1,1538 ∙ 10−14 𝑚−3 
Organic growth parameter: 

𝑎 = √0,25 ∙ 0,01154 ∙ 22 ∙ 10−12 + 1,1538 ∙ 10−143
+ 

+√0,25 ∙ 0,01154 ∙ 22 ∙ 10−12 − 1,1538 ∙ 10−143
 

𝑎 = 2,84 ∙ 10−5 m−1 
Fan capacity for one fan with duct installation: 

𝑉̇𝑜 – volumetric flow at the end of the duct line = 20,8 m3/s, 

a – organic growth parameter =2,84•10-5 m-1. 

𝑉𝑤̇ = 20,8 ∙ 𝑒2,84∙10−5∙1000 

𝑉𝑤̇ = 21,40𝑚3/𝑠 
Fan capacity for two fans with duct installation: 

𝑉̇𝑜 – volumetric flow at the end of the duct line = 10,4 m3/s, 

𝑉𝑤̇ = 10,4 ∙ 𝑒2,84∙10−5∙1000 

𝑉𝑤̇ = 10,70𝑚3/𝑠 
Fan capacity for one fan with duct installation connected in parallel: 

𝑉̇𝑜 – volume flow at the end of the duct line = 21,0 m3/s, 

𝑉𝑤̇ = 21,0 ∙ 𝑒2,84∙10−5∙1000 

𝑉𝑤̇ = 21,62 𝑚3/𝑠 
Aerodynamic resistance of a single duct line: 

𝑅 =
0,01154

2 ∙ 2,84 ∙ 10−5
+

8 ∙ 1,2

𝜋2 ∙ 1,44
∙ (0,6 − 1) + 

+ [
8 ∙ 1,2

𝜋2 ∙ 1,44
∙ (1 + 1) −

0,01154

2 ∙ 2,84 ∙ 10−5] ∙ 𝑒−2∙2,84∙10−5∙1000 

𝑅 = 12,100 𝑘𝑔/𝑚7 
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Aerodynamic resistance of two duct lines connected in parallel: 

R, R1, R2 – aerodynamic resistance of individual duct lines = 12,100 kg/m7, 

𝑅𝑟 – duct line branching resistance = 1,920 kg/m7. 

𝑅𝑝 =
12,100 ∙ 12,100

12,100 + 2 ∙ √12,100 ∙ 12,100 + 12,100
+ 1,920 , 𝑘𝑔/𝑚7 

𝑅𝑝 = 4,945 𝑘𝑔/𝑚7 

Fan pressure for one fan with duct installation: 

∆𝑝 = 12,100 ∙ 21,402 = 5541 Pa 

Fan pressure for two fans with duct installation: 

∆𝑝 = 12,100 ∙ 10,702 = 1386 Pa 

Fan pressure for one fan with duct installation connected in parallel: 

∆𝑝 = 4,945 ∙ 21,622 = 2312 Pa 

Ventilation power of the fan for one fan with duct installation: 

𝑁𝑤 = 12,100 ∙ 21,403 = 118584 𝑊 
Ventilation power of the fan for two fans with duct installation: 

𝑁𝑤 = 12,100 ∙ 10,703 = 14823 𝑊 
Ventilation power of the fan for one fan with duct installation connected in 

parallel: 

𝑁𝑤 = 4,945 ∙ 21,623 = 49973 𝑊 

4. SUMMARY AND CONCLUSIONS 

For tunnelling with a cross-section of 100 m2 and a length of 1,000 m, the 

minimum airflow rate at the face of the tunnel will be 20.8 m3/s. Calculations of 

the duct line parameters and fan operation parameters were carried out for this 

size. The results are summarised in Table 1. 

Table 1. Summary of calculation results 

Calculation 

variant 

Duct 

diameter 

Fan volume 

flow rate 

Fan 

pressure 

Fan ventilation 

power 

ø 𝑉𝑤̇ p 𝑁𝑤 

mm m3/s Pa W 

1 1x1000 21,76 22474 489036 

2 1x1400 21,40 5541 118584 

3 2x1000 21,97 6840 150227 

4 2x1400 21,62 2312 49973 

5 2x1000 2x10,88 2x5619 2x61130 

6 2x1400 2x10,70 2x1386 2x14823 
Source: own elaboration 
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A single 1000-duct diameter lute installation with one fan (variant 1) requires a 

fan with a ventilation power of almost 490 kW. Changing the diameter of the duct 

line to 1400 mm (variant 2) will reduce the ventilation power requirement of the 

fan to about 120 kW - about 25% of the power compared to the first solution.  

Enlarging the installation with a second duct line and connecting them in parallel 

(variant 3 and 4) will reduce the ventilation power demand from 490 kW to a level 

of 150 kW for the 1000 mm diameter duct line (Variant 3) and from 118 kW to 

50 kW for the 1400 mm diameter (variant 4). 

If the original installation (variant 1) is enlarged by a second identical 

installation (variant 5), then two fans with a ventilation power of 61 kW each will 

be required. In the case of an installation with a duct line diameter of 1400 mm 

(variant 2), two fans with (variant 6) a ventilation power of 15 kW each will be 

required. 

Tables 2 and 3 show the approximate costs of the maintenance of the 

installation for 2021 and 2022. The calculations assume a tunnelling time of 2,000 

hours and average energy costs of 0.10 euro/kWh for 2021 and 0.40 euro/kWh. 

For fan and duct line costs, 2021 prices were assumed and for 2022 they were 

increased by an inflation factor of 15% 

Table 2. Summary of costs for 2021 

Calculation 

variant 

Duct purchase 

cost 

Fan purchase 

cost 

Energy 

cost 

Total costs 

Euro Euro Euro Euro 

1 30,000 300,000 163,000 493,000 

2 40,000 76,000 39,500 155,500 

3 2x30,000 98,000 50,100 218,100 

4 2x40,000 36,000 16,700 132,700 

5 2x30,000 2x43,000 40,800 186,800 

6 2x40,000 2x12,000 9,900 113,900 
Source: own elaboration 

Table 3. Summary of costs for 2022 

Calculation 

variant 

Duct purchase 

cost 

Fan purchase 

cost 

Energy 

cost 

Total costs 

Euro Euro Euro Euro 

1 34,500 345,000 652,000 1,031,500 

2 46,000 87,400 158,000 291,400 

3 2x34,500 112,700 200,400 382,100 

4 2x46,000 41,400 66,800 200,200 

5 2x34,500 2x49,500 163,200 331,200 

6 2x46,000 2x13,800 39,600 159,200 
Source: own elaboration 
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In the first variant (one fan with a 1000 mm diameter duct installation), the cost 

of the installation, including electricity costs for 2021, was €493,000. Electricity 

costs accounted for approximately 30% of the total cost. After the price change 

with electricity in 2022, the total cost increased to €1,031,500. The share of 

electricity costs increased to more than 60% of total costs. Changing the diameter 

of the duct line from 1,000 to 1,400 mm reduces costs by 30 to 60 per cent.  

The most favourable variant is the one that will use two installations with two fans 

and with duct lines with a diameter of 1400 mm. 
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