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1. Introduction 

Underground ventilation serves many functions, in 

addition to the modest requirements for sustenance of human 

life. Because of the extent of the demand and the distance that 

air must travel from the surface to the working face, 

ventilation may become complicated and costly. As air 

travels from the surface to the workings and back, energy 

transitions and losses are involved in such a process of prime 

importance, hence, is the accurate determination of these 

energy losses. Airflow resistance in ventilation system is 

mainly determined by air speed in this system. Resistance 

grows with speed enhancing. This phenomenon is called 

pressure loss. Static pressure, produce by a fan, causes air 

motion in the ventilation system, which has certain resistance. 

The higher is the resistance of such a system, the less is the 

air consumption, moved by the fan. The computational fluid 

dynamics (CFD) technique, which has been well established 

and applied in the design of tunnel ventilation system, enables 

the prediction of fundamental field variables of pressures, 

velocities, temperature and smoke concentration at any 

location within computational domain of system being 

simulated. Application of computational fluid dynamics 

(CFD) was originally introduced for industrial applications, 

but today it has also become a common tool for assessing 

building ventilation, underground space ventilation and 

environmental performance. CFD is a very powerful 

technique used for predicting air movement and 

characteristics. CFD model is based on the concept of 

dividing the solution domain into sub-zones. Then, for each 

zone, the mass, momentum, and energy conservation 

equations are solved, utilizing the processing power of 

computers. This helps to perform calculations more easily 

and, in comparison with natural ventilation mathematical 

models, gives more detailed results. For example, CFD codes 

are used to predict airflow rate, air velocity and temperature, 

and airflow patterns inside and around buildings. Much 

software based on CFD codes have been developed like, 

Fluent, Phonics, and Fluent. In the last few years, an intensive 

work has been done using CFD. Comparisons of CFD results 

with wind tunnel tests have shown good agreement. However, 

some studies are limited to the use of CFD modelling, and 

have no access to experimental testing facilities. In this case, 

it is crucial to validate the implemented CFD code prior to the 

proposed modelling study in order to avoid producing any 

misleading results. This is because CFD is considered to be a 

sophisticated modelling technique.  

 

Tele:   

E-mail address: ravimanjul3315@gmail.com 

         © 2022 Elixir All rights reserved 

ARTICLE INFO   

Article  history:  

Received: 6 December 2021; 

Received in revised form: 

26 January 2022; 

Accepted: 3 February 2022;

 
Keywords  

Metro Tunnel;  

Scale Model; 

Flow Resistance;  

Head Loss; 

Experiments&CFD Simulation. 

 

 

 

Prediction of Pressure Losses in Various Tunnel Configurations 
Satyendra kr. Rajak and Ravi Ranjan Manjul

 

Department of Mechanical Engineering Ramchandra Chandravansi Institute of Technology, Palamu, Jharkhand. 

 

 ABSTRACT 

Tunnels represent a key part of the world transportation system playing a fundamental 

role both in people and freight transportation, especially in developed countries. Around 

the world, most major cities and metropolitan areas have metro systems accounting for 

hundreds of kilometers of underground tunnels and network systems. This study presents 

the pressure losses in ventilation systems of a long circular tunnel using for a metro 

purpose length of 700m, and diameter 6.6m, K.M.R.C., Kolkata has been vividly studied 

and presented in this dissertation. The tunnel which is being driven in the soft soil by 

using a tunnel boring machine has already developed up to a length of 700m and till the 

excavation is going on to continue. Auxiliary ventilation is adopted to ventilate the tunnel 

with the help of an axial-flow fan connected to a duct of approximately 680m in length. 

The various ventilation related parameters, viz. air quantity, pressure and temperature of 

the air in various locations inside the tunnel have been studied. In addition, we emphasize 

the pressure losses in tunnels in various locations i.e., to consider as bend taking place 

has been calculated. In the Kolkata metro, there is an earth pressure balance TBM is 

used. EPB excavation provides continuous support to the tunnel face by balancing the 

earth pressure against the forward pressure of the machine, and the advancement rate is 

15 meters every day. In addition, the pressure losses in various tunnel configurations 

have been computed from the empirical relations as well as computational fluid dynamics 

(CFD) simulations. The aim of this project work is to correlate the values of pressure 

losses of analytical results and the computational simulation results with the help of using 

CFD software and conclude the difference of graph plotted to assess the adequacy of the 

tunnel and suggest a few measures to improve the ventilation inside the tunnel for 

building a cordial environment and enhancing the tunnelling operation. This study 

suggests that pressure losses in field study and CFD simulation are approximately the 

same. 
                                                                                                     © 2022 Elixir All rights reserved. 
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1.1 Statement of the Problem  

The main problems occurred in the tunnel due to poor 

ventilation are given below:  

a. The increase in roughness of the wall of the tunnel 

increases the pressure loss and therefore causes more power 

consumption in fan motor.  

b. Poor ventilation affects the physical and psychological 

health of humans. Poor ventilation allows for the 

accumulation of hazardous contaminants. The resulting 

physical effects on workers are harmful. Psychological effects 

like stress arise when members know they are constantly 

exposed to ventilation hazards.  

1.2 Objectives  

The objectives of the present study are outlined as 

follows:  

a. To predict the pressure losses in various tunnel 

configurations.  

b. To study the ventilation system of a metro project under 

development and compare the field study data with the 

simulation results.  

1.3 Significance of the Study  

The main significance of the study is to make the better 

environment in the tunnel and overcome the losses occurs in 

the tunnel. It‘s expected that the outcome of this investigation 

will contribute towards the design of ventilation system 

developing guidelines for control measures, which ultimately 

will lead to control the tunnel environment and increase 

safety. 

2. Literature Review  

The literature review on the ventilation system of tunnel 

has been carried out under the following three broad 

headings:  

1. Ventilation system of underground tunnel.  

2. Design of ventilation system of underground tunnel.  

3. Modeling of ventilation system of underground tunnel 

using CFD software.  

4. Pressure losses in underground tunnel ventilation.  

2.1 Ventilation System of Underground Tunnel  

Kumar and Cox (1989) carried out a series of simulation 

of forced- ventilated tunnel fire experiment with the 

Zwenberg tunnel. The effect of changing the wall roughness 

from smooth to rough-wall values and effect of radiation 

model were examined. They concluded that the inclusion of 

the radiation model gives a lower temperature gradient and 

smeared temperature distribution due to the increase in heat 

transfer hot gas, ambient air and tunnel wall. Mangs and 

Keski-Rahkonen (1994) performed a full -scale fire 

experiment on passengers cars. Rate of heat release, rate of 

mass change, CO and CO2 production rate, smoke production 

rate, time varying gas temperature above car were recorded. It 

provided experimental information for fire and smoke 

modeling. Oka and Atkinson (1995) performed experiments 

with a scaled model of HSL Buxton tunnel using ‗FROUDE‘ 

scaling technique and investigate the limitations of existing 

empirical equations approach for the critical velocity. New 

formulation and correlation based on scaled model 

experimental results for the critical velocity were presented. 

However, full scale test has not been carried out. They also 

suggested the existence of an upper limit of critical velocity 

which will be independent of fire load. Carvel et al. (2001) 

studied the influence of forced longitudinal ventilation on car 

fires, pool fires and heavy goods vehicle fires in tunnels. 

Bayesian probabilistic approach is used to refine estimates, 

made by a panel of experts, with data from experimental fire 

tests in tunnels. Results are presented and the implications are 

discussed. The influence of longitudinal ventilation on heavy 

goods vehicle fires is predicted to be much larger than the 

expert‘s estimates, causing a fire to grow ten times larger than 

if natural ventilation was used. They have observed that the 

effect of ventilation on a pool fire in a tunnel depends on the 

size of the pool. The heat release rate of small pool fires may 

be reduced by forced ventilation, whereas it may be enlarged 

for large pool fires. The size of a car fire is not expected to be 

greatly affected by forced ventilation at low ventilation 

velocities. 

2.2 Design of Ventilation System of Underground Tunnel  

Chow and Chung (1998) studied the longitudinal 

ventilation for smoke control in a tilted tunnel by scale 

modeling technique. A 1/25 tunnel model of length 2 m with 

adjustable angle to the horizontal was constructed by 

transparent acrylic plastics. A small pool fire was put in with 

smoke generated by burning smoke pellets. Longitudinal 

ventilation was set up by a fan at one end. Different 

ventilation rates were adjusted by a transformer on 

controlling input to the fan motor. Experiments were 

performed with the tunnel angle varying up to 30o to the 

horizontal. Observed smoke movement patterns indicated that 

the shape of the buoyant plume inside the tunnel depends on 

the tilted angle. Smoke would flow along the tunnel floor due 

to gravity. The bending angle of the plume depends on Oddny 

and Aralt (2005) studied the air quality and ventilation fan 

control based on aerosol measurement in the bi-directional 

undersea Bomlajord tunnel. Aerosol, NO and CO 

concentration, temperature, air humidity, air flow and number 

of running ventilation fans were measured by continuous 

analyzers every minute for a whole week for six different 

one-week periods over ten months in 2001 and 2002 at 

measuring stations in 7860m long tunnel. The ventilation 

control system was mainly based on aerosol measurement 

taken by optical scatter sensors. The ventilation turned out to 

be satisfactory according to Norwegian air quality standards 

for road tunnels. Betta et al. (2010) carried out numerical 

investigation on an alternative jet fan, known in literature as 

Banana Jet and it compared its fluid dynamic performances 

with traditional axial ventilation systems. The alternative jet 

fan is equipped with inlet/outlet sections inclined at a fixed 

pitch angle (α) toward the tunnel floor. This approach 

establishes an alternative solution that is able to provide a 

safety level equivalent to the traditional solution, in different 

scenarios. Both systems are installed in a one-way tunnel and 

two different scenarios (without vehicles and with traffic jam) 

are considered, in event of fire. The fire was simulated setting 

heat flux on Heavy Good Vehicle (HGV) surface and 

comprehensive of radioactive heat flux. Kashef (2010) 

conducted a research study at the National Research Council 

of Canada to evaluate the effect of different parameters on the 

performance of emergency ventilation systems in the event of 

a fire in a section of a road tunnel. The parameters included: 

tunnel cross-section width and height, tunnel slope, fire size 

and location, meteorological conditions, and modes of fan 

operation. The study aimed at assessing the ability of in-place 

emergency ventilation strategies to control smoke spread and 

minimize its impact on tunnel users using both numerical and 

experimental approaches. Four field fire experiments and 

eight numerical simulations were conducted. Based on the 

study results, recommendations were made to optimize the 

ventilation strategies in the tunnel section.  the tunnel angles. 

Tunnel inclined with higher angles to the horizontal would 

give larger amount of smoke flow. Ingason et al. (2012) 

Describe the reduction in the longitudinal airflow velocity 
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due to the fire and hot gases resistances in a large tunnel fire, 

a theoretical model, taking into consideration the pressure 

losses over the fire source and obstructions, the thermal stack 

effects, and the hydraulic resistance induced by the tunnel 

walls, fire protection boards and a HGV trailer mock-up, is 

developed and validated using the large-scale tests data from 

the fire tests performed in the Runehamar tunnel with 

longitudinal ventilation in Norway2003. Two large mobile 

fan units were used to create a longitudinal flow within the 

tunnel and prevent smoke back layering upstream of the fire. 

One fan was located outside the entrance of the tunnel and the 

other inside the tunnel. The fire load consisted of a mock-up 

simulating a heavy goods vehicle (HGV) trailer creating a 

maximum heat release rates in the range of 66–202 MW. Two 

methods of calculating the mean temperature related to the 

thermal expansion and stack effect are proposed and 

compared.  

2.3 Modelling of Ventilation System of Underground 

Tunnel Using CFD Software  

CFD modelling has been attempted for tunnel ventilation 

simulation recently due to the advances in computer hardware 

and software reliability and efficiency. Much of current 

tunnel ventilation techniques and assumption are based on 

simulations and experiences established from other areas. 

Most of them use standard k-έ turbulences model, with 

convective heat transfer and wall model. Some researchers 

studied the design of tunnel ventilation system using CFD 

software. Chow and Leung (1988) used CFD to determine the 

effect of ventilation velocity on smoke production from a fire 

in the Zwenberg tunnel. Rectangular tunnel geometry was 

assumed regardless of the original oval shape of the tunnel. 

The results were qualitatively agreed with the experiment yet 

the temperature difference compared with the experiment 

exceeded by200 K.Simcox et al. (1992) carried out a 

simulation of the king‘s Cross fire. The CFD results have 

showed agreement qualitatively with the experiment and the 

real scenario. The effects of spreading of heat source over 

different- size areas, varying the heat source power and the 

effects of different boundary condition were investigated. The 

results established the importance of trench effect to the rapid 

spread fire. Kerrison et al. (1994) also compared the room 

fire simulation result from FLOW3D CFD with experimental 

data. The simulation employed standard k-έ turbulences 

model with buoyancy modification; combustion and radiation 

were ignored. Results showed the model agreed reasonably 

well (within +/- 20% for most variables) and the difficulty lay 

in predicting near wall mass fluxes while the differences 

associated with the mass flux for the corner fires were within 

+/-40%. Woodburn (1995) carried out a series of CFD 

simulations with the data from Buxton tunnel fire experiment. 

A combination of standard k-έ turbulences model and 

modified k-έ turbulences model described by Rodi (1985) 

were used. It was derived from the second order equations for 

the individual turbulent shear stress under the specific 

conditions of near horizontal flow with stable stratification. 

Better agreement between simulation results and 

experimental results were obtained with the modified k-έ 

turbulences model. Meeks et al. (1997) carried out a CFD 

simulation with the Jubilee Line Extension Project for the 

London Underground using computer code STAR-CD. The 

dynamic flow behavior of hot smoke from tunnel fire was 

simulated and the results were used to justify the use of a 

simpler empirical method for quantifying the capacity of 

emergency tunnel ventilation. Simulation results showed 

conformity with the critical velocity calculated from 

empirical equation. Levy et al. (1997) customized a general 

Computational Fluid Dynamics (CFD) code and validated 

specifically for tunnel application during Phase IV of the 

Memorial Tunnel Fire Ventilation Test Program. For 

transverse ventilation, a novel approach was developed for 

modelling the interaction between ventilation ducts and the 

tunnel. A network model, comprised of nodes and links, is 

used to represent the ducts while a field model is used to 

represent the tunnel. These models interact with each other 

through boundary conditions. Chow et al.(2003) studied the 

design and construction of operating rooms in Hong Kong, 

including the upgrading of the older ones, based on the UK 

Health Building Notes and Health Technical Memoranda. 

Observations and three field measurements in a case study 

have shown that the air flow and some design features were 

not fully complied with the specified requirements. A CFD 

analysis supported by field measurements was made to 

simulate the temperature distribution, airflow pattern and the 

contaminant dispersion. The study placed an emphasis on the 

health risk of the airborne bacteria released from the surgical 

team on the patient, and vice versa. Li and Chow (2003) 

studied the performance of tunnel safety systems for fire 

protection and evaluated the ventilation provision using 

Computational Fluid Dynamics (CFD). Ventilation safety 

systems commonly used in tunnels are reviewed first. The 

safety aspects related to tunnel fire and ventilation are then 

discussed. Airflow induced by an accidental vehicular fire in 

a tunnel is simulated using CFD. Based on the results, 

performances of different safety systems are evaluated and 

compared. The ventilation systems considered are 

longitudinal, semi transverse, transverse, partial transverse, 

and combined longitudinal and semi-transverse ventilation 

systems. Furthermore, sensitivity analyses on the effects of 

the grid size, and number of iterations on the required 

computing time and accuracy of the results are carried out. 

Yuan and You (2007) evaluated the velocity and temperature 

field of subway station and the optimized ventilation mode of 

subway side-platform station using computational fluid 

dynamics (CFD) simulation with the boundary conditions 

collected for simulation computation through field 

measurement. It is found that the two-equation turbulence 

model can be used to predict velocity field and temperature 

field at the station under some reasonable presumptions in the 

investigation and study. Hargreaves and Lowndes (2007) 

conducted the analysis of a series of validated computational 

studies to assess the effectiveness of alternative auxiliary 

ventilation system son the mitigation of any adverse 

environmental conditions experienced within these drivage. A 

series of steady-state computational fluid dynamics (CFD) 

models were constructed to replicate the ventilation flow 

patterns seen at the head end of a drivage during the various 

stages of a cutting and bolting cycle. The results obtained 

from these simulations were compared against the data 

obtained from a series of full-scale ventilation experiments 

conducted within a rapid development drivage of a 

representative UK deep coal mine. It is concluded that CFD 

models may be successfully used to identify the ventilation 

characteristics associated with the various auxiliary 

ventilation systems during a typical cutting bolting cycle. Su 

et al. (2008) have reported that Mono draught TM wind 

catchers are commercial natural ventilation devices, which 

are primarily driven by wind to produce both extract and 

supply air flow. The measurement of the net flow rate (extract 

minus supply) of a Mono draught TM wind catcher ABS 550 

for various wind speeds and directions is introduced. The 
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ventilation measurement system uses a cone flow meter and a 

blower fan. CFD standard k - έ turbulence model is employed 

to calculate the flow rate. The situation using a blower fan is 

considered in modelling and the effect of the manometer 

sensitivity is also discussed. The comparison has indicated a 

good agreement between measurement and simulation. CFD 

modelling of the wind catcher is then carried out for the 

situation of outdoor far field wind. At the same nominal wind 

speed, the calculated extract flow rate of the wind catcher in a 

far field wind is roughly twice that for the situation using a 

blower fan, the wind direction has a small effect on the 

extract flow rate. The extract and supply flow rates are also 

calculated for various room pressure due to various wall 

openings and installation on a flat roof or a pitched roof. The 

contribution of the buoyancy effect on the flow rates is also 

discussed in simulation. Migoya et al. (2010) reported that 

during a fire inside a tunnel, the average heat release rate 

(HRR) is estimated according to the type of vehicle. 

Frequently, the overall HRR is considered, however it is also 

necessary to know its time evolution to design real time 

systems, particularly ventilation, which respond to fire events 

or signals as fast as possible. Nowadays, there is no well-

established and generally accepted procedure to know the 

power liberated at each instant of time inside an operational 

tunnel. That procedure could help in taking the correct actions 

to adapt the tunnel ventilation in order to diminish the effects 

of the fire and the smoke. They have proposed a method to 

calculate the heat release rate using sensors that can be 

installed inside an operational road tunnel. Besides, the 

location of the fire could also be calculated accurately and 

quickly. To achieve the previous purposes, a stationary 

database that depends on HRR, its location, and the 

ventilation speed is calculated with CFD programs; the data 

are compared with temperatures measured by the sensors 

located inside the tunnel. The program used to generate the 

database is the simplified model UPMTUNNEL. The 

predictions of the model are compared with the results of 

calculations carried out using the general-purpose code 

FLUENT, and with measurements done in a tunnel with a 

real fire, produced with a fuel tray.  

2.4 Pressure losses in underground tunnel ventilation.  
Montecinos and Wallace (2010) the calculation of the 

pressure drop along tunnels is by using Atkinson‘s equation. 

The friction factor in Atkinson‘s equation is determined from 

measured or computed values of airway dimensions and 

tunnel interior finishing according to mining method and 

ground support type. This paper re-visits the friction factor 

according to Colebrook´s relationship and the Darcy-

Weisbach equation, which are widely used in mechanical 

engineering. This method of calculating the friction has the 

advantage of a more reliable determination since the size of 

the airway is implicit in the method and only a representative 

absolute roughness has to be selected to determine the friction 

factor. Measurements of pressure drop performed at 

Codelco‘s El Teniente mine, Chile, permitted the 

determination of the absolute roughness for different tunnel 

sizes and wall finishing. Diego et al. (2010) calculated the 

losses in 138 situations of circular tunnels (varying tunnel 

diameter, air velocity and surface characteristics), by both 

traditional and CFD (computational fluid dynamics) means. 

The results of both methods are compared and adequate 

correlation has been observed, with CFD values constantly 

17% below the values calculated by traditional means. The 

paper deals with the main problems commonly encountered 

in the CFD use, meshing and turbulence, and shows guidance 

on the practical use of this numerical method. It also shows 

the capabilities of the method in simulation domains 

including machinery of underground works: road headers, 

dumpers and excavators. Jade and Sastry (2008) Studies in 

combining and bifurcating flows in two-way junctions and 

splits are reported, deviations persist in the estimated shock 

loss coefficients (SLCs). Due to their complex nature, more 

work has to be done to be able to correctly predict flow losses 

at these locations. In two-way splits, the flow at bifurcation is 

known to be characterized mainly by two recirculating zones 

in the downstream branches, whereas, in a junction one 

recirculating zone is observed immediately downstream of 

the main branch. The relative flow rate in the branches 

(quantity ratios) is treated as the only parameter defining the 

losses at these locations. However, the effect of wall 

roughness, if any, on SLCs becomes important for my 

ventilation. This paper presents the critical determinants of 

shock losses at splits and junctions at varying quantity ratios. 

The flow at 90º split and junction was examined both 

experimentally and numerically for Reynolds number in the 

range of 1.0×104 to 1.6×105. With a well-designed laboratory 

setup, using precision instruments, velocity and pressure 

measurements were carried out, by using two scales of wall 

roughness. 3D numerical simulations for these experiments 

were conducted by using ANSYS CFX modelling tool. CFD 

simulations yielded results that are reasonably close to 

experiments, providing high degree of satisfaction in 

numerically predicting losses across the splits and junctions. 

However, comparisons of these numerical simulation results 

with existing literature standards showed significant under-

estimation of shock losses by the standard literature by as 

much as 50%. A clear rise in the magnitude of shock losses 

was noted in both the approaches, with increased wall 

roughness. Based on the current studies, predictor equations 

incorporating quantity ratios are developed for accurate 

estimation of shock losses. Further investigations on 

roughness are needed, before one is able to incorporate wall 

roughness into the prediction of SLC. Tien, (1978) presented 

his research on shock losses at air crossing, which is a major 

source of shock-pressure loss in underground ventilation 

systems, shock losses caused by overcasts come from a 

combination of losses due to area changes as well as airflow 

direction change. Based on the results of his analysis, several 

recommendations were made to reduce shock losses at 

overcasts. Hartman, (1960) proposed the empirical 

relationships for calculate the loss coefficients in bends, area 

changes entries and exits. The equations are applicable for 

turbulent flows in two-way split or junctions with rectangular 

opening and in complex geometries, they are not very 

accurate.   

3. Methodology 

The methodology of the project work is divided into the 

following categories: 

1. Ventilation survey of the underground tunnel. 

2. Simulation of pressure losses in various configurations 

inside underground tunnel using CFD software. 

3. Comparison of the field study data with the simulation 

results. 

3.1 Ventilation Survey of the Underground Tunnel 

The quantity and pressure surveys have been carried out 

in an underground tunnel at Kolkata. During the ventilation 

survey, the barometric pressure, dry-bulb and wet-bulb 

temperatures, average air velocities and the quantity of air 

flowing at different locations inside the tunnel are measured. 

The details of the underground tunnel are as follows: 
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3.1.1 Brief background of the underground Tunnel 

In Kolkata, roads account for only 4.2 per cent of the 

total surface area, as against 25per cent in Delhi and 30 per 

cent in Mumbai. Hence a transport system that did not add to 

the existing traffic problems of the city has to be developed. 

The Metropolitan Transport Project (Railways) was therefore 

set up in 1969. Studies concluded that a Mass Rapid Transit 

System alone was the solution to the ever-increasing traffic 

problem. In 1971, a master plan was prepared for 

constructing five rapid transit lines. Priority was given to the 

busy north-south corridor between Dum Dum and 

Tollygunge, covering a length of 16.45 kilometers. The 

project was sanctioned in June 1972, and the foundation stone 

was laid by Prime Minister Indira Gandhi on December 29 

the same year. After numerous impediments - including court 

injunctions, irregular supply of raw materials and even non-

availability of funds until 1977-78, the dream project was 

completed on October 24, 1984. The Calcutta Metro, India's 

first and Asia's fifth such rail system, started partial 

commercial operations, servicing five stations - spanning a 

distance of 3.4km - from Esplanade in Central Kolkata to 

Bhowanipur in the south. A month later, a2.15-km stretch 

was added to the Metro service - this time in north Kolkata, 

between Dum Dum and Belgachia. By April 1986, the Metro 

service was extended up to Tollygunge; it covered 11 stations 

and an overall distance of 9.79 km. By 1995, the service 

covered 16.45 km, touching 17 stations, each separated from 

the other by around one kilometer. Under the pipeline of a 

new metro project along Eastern part of Kolkata and Howrah 

to meet the future transport demands of Kolkata, using an 

optimal mix of over ground rail and underground metro 

system. 

 

Figure 1. Auxiliary ventilation system via duct during 

construction of Kolkata metro 

3.1.2 Ventilation Surveys 

During the ventilation surveys, the average quantity of 

air and the pressure of air flowing at different locations inside 

the tunnel are measured. The following ventilation surveys 

have been carried out at the Kolkata metro tunnel: 

1) Pressure survey 

2) Quantity survey 

3.1.2.1 Pressure Survey 

The pressure survey in tunnels is carried out to measure 

the pressure difference between two points so that the 

pressure loss over a certain section of an airway or its 

resistances can be obtained. This is the major requirement for 

ventilation planning. Tunnel airway can be considered as a 

smooth conduit with incompressible flow. So, pressure drop 

due to frictional pressure drop is  

 

Where; 

= friction factor  

 = Length of rubbing surface of mine (m) 

Perimeter of cross-section (m) 

 Average velocity of air (m s
-1

) 

Density of air (1.2 kg/ m
3
) 

Area of cross-section (m
2
) 

Equation (8) can be re-written in the form 

 
 

Where;                

Coefficient of friction (kg m
-3

) 

Area of rubbing surface (m
2
) 

Flow through the airway (m
3
 s

-1
) 

 Friction Pressure loss (Pa) 

3.1.2.2 Quantity Survey 

The quantity survey carried out for measuring of the 

airflow inside the tunnel, which comprises of the following 

two steps: 

1) Measurement of average air velocity at different locations. 

2) Measurement of cross-sectional area of the locations. 

The average air velocity at different locations inside the 

tunnel is measured by a vane anemometer. The quantity of air 

flowing is calculated using the following formula: 

 

Where;  

Area of cross-section (m
2
) 

Average velocity of air (m s
-1

) 

3.2 Simulation of pressure losses in underground tunnel 

using CFD software 

The CFD modeling of underground tunnel has been 

carried out by using the CFD software, Fluent 6.1 and Ansys 

Fluent v12. The modeling work consists of the following two 

important steps: 

1) Creating basic geometry 

2) Solving and analyzing the results. 
 

Figure 2 . Schematic line diagram shows the Kolkata 

metro during construction. 

3.2.1 Creating basic geometry 

The basic 2-D and 3-D geometry of the panel of 

underground tunnel was created by GAMBIT 2.1.6, the pre-

process of the CFD software. The dimensions of the tunnel 

are given below: 

Diameter of the tunnel = 6.6 m 

Length of the tunnel = 700 m  
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To create the geometry using GAMBIT, Fluent 5/6 

solver is used and the following procedure is adopted: 

 Create vertex 

 Create edge 

 Create face 

 Meshing the geometry 

 Apply Boundary condition 

 Saving the case file 

3.2.3 Solving and analyzing the results 

The Fluent 6.1 CFD code is used for solving and 

analyzing the results following the steps mentioned below: 

 FILE > READ > CASE 

 GRID  

                     > CHECK 

                     > SCALE 

 DISPLAY > GRID 

 DEFINE  

                         > MODEL  

                         > SOLVER 

                         > ENERGY 

                        > VISCOUS        

                        > MATERIAL 

                        > BOUNDARY CONDITION 

 SOLVE > INITIALIZE 

                          > INITIALIZE 

                          > MONITORS 

                          > RESIDUAL 

                          > SURFACE 

 FILE > WRITE > CASE & DATA 

 SOLVE > ITERATE 

 DISPLAY > CONTOURS 

 REPORT > FLUXES 

 DISPLAY > VECTOR 

CFD modeling of the underground tunnel is done using a 

commercial CFD package FLUENT 6.1 and v12. The 

standard turbulent model is adopted and incompressible 

airflow is considered. The overall accuracy of prediction by 

the standard turbulent model has been proved acceptable in 

simulation of underground ventilation. The structured grid 

pattern is adopted for the underground tunnel. The intake is 

represented by a velocity inlet boundary of 6.6 m diameter. 

The return is represented by a pressure outlet of 6.6 m 

diameter. The mesh analysis is carried out for all zones in 

terms of air velocity profiles. The quad grid shape is adopted 

for meshing the geometry of the tunnel. 

3.2.4 Flow specification and boundary condition 

For the CFD analysis discussed below, the models were 

specified as steady state turbulent, single phase, and single 

species flow. Body force and heat transfer effects are small 

and hence neglected. The fluid was air with a density of 1.22 

kg/m
3
 and a viscosity of 1.7894 kg/m-s. At the inlet, the 

velocity components are specified. At the outlet, pressure was 

specified as zero. The boundary conditions and other details 

of the CFD simulations are presented below: 

For the Kolkata metro  

Velocity of air in the duct =15 m/s 

Diameter of the duct =1.2 m 

Diameter of the tunnel = 6.6 m 

Length of the tunnel = 700 m 

No. of nodes =38965 

No. of elements= 195651 

For various tunnel configurations   

Velocity at inlet = 0.60 m/s 

Diameter of the tunnel = 6.6 m 

Length of the tunnel = 700 m 

Pressure at out let = 0 pa 

No. of Meshes in elbow = 4774 

Meshing type = Quad Map 

No. of meshes in sudden contraction = 5098 

Meshing type = Quad Sub map 

No. of Meshes in split = 4032 

Meshing type = Tri Pave 

The operating conditions are as follows: 

Input temperature = 300K 

Outlet temperature = 304K.  

 

Figure 3. The meshing of the tunnel geometry of Kolkata 

metro 

 4.1 Results of ventilation study of underground tunnel of 

Kolkata metro 

The ventilation survey data of the underground tunnel of 

Kolkata metro are given in Table 1 and the summarized 

results of CFD simulation of the metro are presented in             

Table 2. 

Table  1. Field study data 

Sl.No. Length of Tunnel (m) Average velocity (m/s) Discharge (m3/s) Pressure Loss,  (Pa) 

1 105 0.44 15.04 0.012 

2 170 0.45 15.38 0.020 

3 277.5 0.48 16.41 0.038 

4 289.5 0.49 16.75 0.042 

5 295.5 0.50 17.097 0.044 

6 307 0.52 17.78 0.050 

7 318 0.52 17.78 0.052 

8 324 0.55 18.80 0.059 

9 337 0.59 20.17 0.071 

10 628 0.67 22.91 0.170 

11 699 0.70 23.93 0.238 
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4.1.1 Results of Simulation 

 The simulation of ventilation survey data with CFD are 

divided into the following categories: 

 Pressure 

 Velocity  

Pressure 

 Fig.12 shows the static pressure contours in slice of tunnel. 

This simulation results show that the CFD provides a better 

accuracy. 

 The pressure loss in the tunnel is matching with the 

ventilation study data. 

 Since, the coefficient of friction for the rubbing surface of 

tunnel is less (k = 0.001), the pressure loss determined is also 

less. Therefore, low pressure loss will help in minimizing the 

energy consumption in ventilation.  

 

Figure 4. Contour of static pressure for Kolkata metro. 

Velocity 

 It is useful to investigate the airflow pattern within the 

tunnel. The computational model indicates the simulated 

airflow pattern at different positions of the tunnel. It is a slice 

of the circular tunnel. 

 Fig. 5 shows the contours of velocity magnitude indicating 

the variation in the air velocity in the tunnel. The air velocity 

distribution of the tunnel shows that the distribution of the air 

velocity is good enough and balanced. 

 

Figure 5. Contour of velocity magnitude of a Kolkata 

metro straight tunnel 

4.1.2 Comparison of simulation results and experimental 

data of Kolkata metro. 

A comparative study between the simulation results and 

experimental data has been made and the result is shown in 

graph. 
 

Figure 6. CFD vs. experimental pressure losses 

The regression factor is 0.998 so it almost to 1. Means 

the Experimental values and simulation values is 

approximately match.   

Table 2. Summarized results of CFD simulation for Kolkata metro 
Sl. No. Length of tunnel (m) Average velocity (m/s) Discharge (m3/s) Pressure loss,  (Pa) 

1 105 0.43 14.70 0.0118 

2 170 0.44 15.04 0.019 

3 277.5 0.46 15.72 0.035 

4 289.5 0.48 16.41 0.040 

5 295.5 0.49 16.75 0.042 

6 307 0.50 17.09 0.046 

7 318 0.51 17.43 0.050 

8 324 0.53 18.12 0.055 

9 337 0.58 19.83 0.068 

10 628 0.65 22.22 0.160 

11 699 0.75 25.64 0.238 

 



Satyendra kr. Rajak and Ravi Ranjan Manjul/ Elixir Mech. Engg. 163 (2022) 56011-56027 56018 

4.2 Results of ventilation study of underground tunnel for 

elbow bend 

Grids of the elbow bend are shown in the Figure 7. 

Computational simulation results: 

Summarized results of CFD simulation of the metro are 

presented in Table 3. 

4.2.1 Results of Simulation 

The simulation of ventilation survey data with CFD are 

divided into the following categories: 

 Pressure 

 Velocity  

Pressure 

 Fig.8 shows the pressure contours. This simulation results 

show that the CFD provides a better accuracy. 

 The regression factor in the case of elbow is 0.715 since the 

pressure loss in the tunnel is roughly matching with the 

ventilation study data.  

 Since, the coefficient of friction for the rubbing surface of 

tunnel is less (k = 0.001), the pressure loss determined is also 

less. Therefore, low pressure loss will help in minimizing the 

energy consumption in ventilation. 

Velocity 

 It is useful to investigate the airflow pattern within the 

elbow bend tunnel. The computational model indicates the 

simulated airflow pattern at different positions of the tunnel. 

Fig. 10 shows the velocity contours indicating the 

variation in the air velocity in the tunnel. The velocity vectors 

are shown in Fig. 11. The air velocity distribution of the 

tunnel shows that the distribution of the air velocity is good 

enough and balanced. 

4.2.2 Comparison of simulation results and experimental 

data of elbow bend. 

A comparative study between the simulation results and 

experimental data has been made and the result is shown in 

figure 12. 

4.3 Results of ventilation system of sudden contraction in 

a tunnel 

The grids of the sudden contraction in tunnel are shown 

in the figure 13. 

Computational simulation values: 

Summarized results of CFD simulation of the sudden 

contraction are presented in Table 5. 

4.3.1 Results of simulation 

The simulation of ventilation survey data with CFD are 

divided into the following categories: 

 Pressure 

 Velocity  

Pressure 

 Fig.14 shows the static pressure contours. This simulation 

results show that the CFD provides a better accuracy. 

 The regression factor is 0.954 so pressure losses in the 

tunnel are roughly matching with the ventilation study data. 

Since, the coefficient of friction for the rubbing surface 

of tunnel is less (k = 0.001), the pressure loss determined is 

also less. Therefore, low pressure loss will help in minimizing 

the energy consumption in ventilation. 

Velocity 

 It is useful to investigate the airflow pattern within the 

tunnel with sudden contraction. The computational model 

indicates the simulated airflow pattern at different positions 

of the tunnel. 

Fig.16 shows the velocity contours indicating the 

variation in the air velocity in the tunnel. The velocity vectors 

are shown in Fig. 17. The air velocity distribution of the 

tunnel shows that the distribution of the air velocity is good 

enough and balanced. 

4.3.2Comparison of simulation results and experimental 

data of sudden contraction 

A comparative study between the simulation results and 

experimental data has been made and the result is shown in 

figure 19. 

4.3.3 Results of ventilation system of split in a tunnel 

The grids of a split tunnel are shown in the figure 20. 

Computational simulation values 

Summarized results of CFD simulation of the split 

junction are presented in Table 6. 

5.1 Results of simulation 

The simulation of ventilation survey data with CFD are 

divided into the following categories: 

 Pressure 

 Velocity  

Pressure 

 Fig.21 shows the pressure contours. This simulation results 

show that the CFD provides a better accuracy. 

 The regression factor is 0.172 so pressure losses in the 

access tunnel are not matching with the ventilation study data. 

 Since, the coefficient of friction for the rubbing surface of 

tunnel is less (k = 0.001), the pressure loss determined is also 

less. Therefore, low pressure loss will help in minimizing the 

energy consumption in ventilation. 

Velocity 

 It is useful to investigate the airflow pattern within the split 

tunnel. The computational model indicates the simulated 

airflow pattern at different positions of the tunnel. 

Fig. 21 shows the contours of velocity magnitude 

indicating the variation in the air velocity in the tunnel. The 

velocity vectors are shown in Fig. 23. The air velocity 

distribution of the tunnel shows that the distribution of the air 

velocity is not balanced. 

5.1.1 Comparison of simulation results and experimental 

data 

A comparative study between the simulation results and 

experimental data has been made and the result is shown in 

figure 26. 

Table 3. Summarized results of CFD simulation for Elbow bend. 

Sl.No. Length of Tunnel (m) Average velocity (m/s) Discharge (m3/s) Pressure Loss, (Pa) 

1 105 0.553 18.90 0.01946 

2 170 0.554 18.94 0.031 

3 277.5 0.559 19.11 0.05 

4 289.5 0.558 19.08 0.053 

5 295.5 0.554 18.94 0.054 

6 307 0.205 6.83 0.0074 

7 318 0.555 18.97 0.058 

8 324 0.555 18.97 0.059 

9 337 0.526 17.98 0.055 

10 628 0.513 17.54 0.11 

11 699 0.494 16.89 0.103 
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5.2.1 Shock Loss 

We are calculating the shock losses by using this formula 

                                                                                                 

      Where, 

       X= Shock loss factor 

        Density of air (kg/m
3
) 

       V= Avg. velocity of air (m/s) 

       Value of X= 0.60 (elbow) 

        = 0.50 (sudden contraction) 

        = 1 (split junction) 

        = 0.90 (circular straight tunnel) 

       (All the value of shock loss factor I have taken from 

G.B.Mishra book). 

Table 4. Shock losses for various tunnel configurations 

Types of bend Shock loss (Pa) 

Field(straight tunnel )  0.269  

CFD (straight tunnel) 0.308 

Sudden contraction (CFD) 1.028  

Elbow (CFD) 0.305 

Split junction (CFD)  0.227 

5.2.2 Suggested measures for improving the ventilation 

system and  environmental condition of the tunnel 

Some imperative measures proposed for consideration to 

improve the ventilation system and environmental conditions 

of the tunnel are given as follow: 

 Minimizing the leakage in the ventilation duct at the joints 

and holes. 

 Supplying higher quantity of air by installing higher 

capacity auxiliary fan taking due to considerations of the air 

leakage and pressure loss in the duct. 

 Using duct of suitable size to accommodate higher quantity 

of air supplied by the auxiliary fan and minimizes pressure 

loss. 

 Enhancing the ventilation efficiency of the system either by 

increasing number of stages of the auxiliary fan or using two 

auxiliary fans and duct systems in parallel instead of using a 

single auxiliary fan with such a lengthier duct. 

 Avoiding sharp bends in the ducting to minimize pressure 

losses. 

 Improving the smoothness of tunnel wall and contour. 

5.3.2 Conclusions 
A computational study has been carried out to investigate 

flow behavior in an underground tunnel. Turbulence model, 

namely, k-Epsilon is compared with the experimental data 

from Kolkata metro.  It is concluded that validated 

computational flow modelling can improve the fundamental 

understanding of the airflow patterns. The distribution 

characteristics of fluid movement and physical field such as 

velocity field and pressure field were simulated with CFD 

approach and computer techniques. The interpretation of the 

results produced by these CFD models will improve the 

planning and operation of ventilation systems, in order to 

improve the dilution and removal of any gas or dust liberated 

during the cutting operations. It has also been demonstrated 

that proper flow in different tunnel configuration design can 

enhance gas control throughout the tunnel whilst maintaining 

low pressure drop.  

The following conclusions may be drawn from this 

thorough study of losses in tunnel ventilation system of a 

Kolkata metro and analysis of the field study data and CFD 

simulation results:  

 The average velocity of air flowing in the Kolkata metro 

tunnel is varying in the range of 0.44 -0.70 m/s.  

 The air velocity in tunnel should not fall below 0.15 m/s 

during construction (Anon, 1979). 

 The pressure losses is varies from  0.012 to 0.23 (field 

study)  0.011 to 0.23(CFD simulation) 

 But in other than Kolkata metro CFD losses is roughly 

match with field data except split junction. It is roughly 

matching because we are comparing with the straight tunnel 

field data for all cases. 

 

 

Figure 7. Grid of elbow bend 
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Figure 8. Contour of static pressure for elbow 

 

 

Figure 9. Contours of static pressure for elbow (enlarged view) 

 

Figure 10. Contour of velocity magnitude for elbow 
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Figure 11. Velocity vectors for elbow (enlarged view) 

 

 

Figure 12. CFD vs. experimental pressure losses in elbow bend 

 

 

Figure 13.Grid of sudden contraction 

 



Satyendra kr. Rajak and Ravi Ranjan Manjul/ Elixir Mech. Engg. 163 (2022) 56011-56027 56022 

 

Figure 14.Contour of static pressure for sudden contraction 

 

 

Figure15. Contours of static pressure for sudden contraction (enlarged view) 

 

 

Figure 16.Contours of velocity magnitude for sudden contraction 
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Figure 17.Contours of velocity magnitude for sudden contraction (enlarged view) 

 

 

Figure 18.velocity vectors for sudden contraction (enlarged view) 
 

Figure 19. CFD vs. experimental pressure losses in sudden contraction 
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Figure 20. Grid of split tunnel 

 

 

Figure 21. Contours of static pressure for 30
0
split 

 

Figure 22. Contours of static pressure for 30
0 
split

 
(enlarged view) 
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Figure 23.Contours of velocity magnitude for 30
0 
split  

 

 

Figure 24.Contours of velocity magnitude for 30
0 
split (enlarged view) 

 

 

 

 

Figure 25.Velocity vectors for 30
0 
split (enlarged view) 
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Figure 26. CFD vs. experimental pressure loss in split junction.
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