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Abstract: The efficiency of tunnel ventilation systems is

commonly evaluated through numerical modelling. In this

survey, two CFD models were developed by means of Fire

Dynamic Simulator and Ansys Fluent software. The simu-

lation results were used to assess the model performance

in studying the backflow distribution in a real tunnel. A full-

scale experiment to evaluate the ventilation conditions in

the western railway tunnel was carried out in Zentrum am

Berg. The velocity values were obtained for 90 examined

points locatedat 10 cross-sections alonga100-meter tunnel

part. The results showed good agreement in velocity vari-

ation trends from field measurements and those predicted

by numerical models. At cross-sections more distant from

the fan outlets, the FDS and Fluent models overestimated

the flowvelocities to a different extent. The simulated back-

flow development corresponds well to the observed three

specified regions (initial, transitional, and developed) with

distinctive flow structures. The FDS calculations confirmed

the registered spontaneous changes in flow direction at

points with a prevailed flow direction in the vicinity of the

jet fans. Despite some discrepancies in results, the com-

parative analysis of two numerical models showed their

applicability in the backflow investigation.

Keywords: Tunnel ventilation, Numerical simulation, Full-

scale experiment, Backflow investigation

Vergleichende Analyse numerischer Methoden zur

Rückstauuntersuchung in Tunneln des Zentrums am Berg

Zusammenfassung: Die Effizienz von Tunnellüftungssys-

temen wird in der Regel durch numerische Modellierung

bewertet. In dieser Studie wurden zwei CFD-Modelle mit

Hilfe des Fire Dynamic Simulators und der Software Ansys
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Fluent entwickelt. Die Simulationsergebnisse wurden ver-

wendet, umdie Leistung desModells bei derUntersuchung

der Rückströmungsverteilung in einem realenTunnel zu be-

werten. ImZentrumamBergwurdeeingroßmaßstäbliches

Experiment zur Bewertung der Lüftungsbedingungen im

westlichen Eisenbahntunnel durchgeführt. Die Geschwin-

digkeitswertewurden für 90untersuchtePunktean10Quer-

schnitten entlang eines 100m langen Tunnelabschnitts er-

mittelt. Die Ergebnisse zeigten eine guteÜbereinstimmung

zwischen den Trends der Geschwindigkeitsvariationen aus

den Feldmessungen und denen, die von den numerischen

Modellen vorhergesagt wurden. An weiter entfernten

Querschnitten von den Ventilatorauslässen überschätzten

die Modelle FDS und Fluent die Strömungsgeschwindig-

keiten in unterschiedlichem Maße. Die simulierte Rück-

flussentwicklung entspricht gut den beobachteten drei

festgelegtenRegionen (Anfangs-, Übergangs- undEntwick-

lungsbereich) mit ausgeprägten Strömungsstrukturen. Die

FDS-Berechnungen bestätigten die beobachteten sponta-

nen Änderungen der Strömungsrichtung an Stellen mit

einer vorherrschenden Strömungsrichtung in der Nähe der

Strahlfächer. Trotz einiger Diskrepanzen in den Ergebnis-

sen

zeigte die vergleichende Analyse der beiden numerischen

Modelle ihre Anwendbarkeit bei der Untersuchung der

Rückströmung.

Schlüsselwörter: Tunnelbelüftung, Numerische

Simulation, Experiment im Originalmaßstab,

Rückflussuntersuchung

1. Introduction

Safe tunnel construction and operation is a key challenge

in a wide range of engineering disciplines as the safety and

comfort of the people remain the priority in various con-

ditions. During tunnel construction, the detonation of ex-

plosives and the use of diesel engines generate toxic emis-

sions that can seriously endanger the health and safety of

construction workers. Road tunnel ventilation systems aim

to limit the concentration of air pollutants under normal
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tunnel operation providing fresh air and then removing the

exhaust fumes from the tunnel. And, of course, ventilation

is the most common measure to mitigate fire effects and

remove smoke, heat, and contaminants from tunnels [1].

The dynamically changing environment, techniques,

and machinery constantly produce new challenges for re-

searchers in the area of tunnel ventilation. Computational

fluid dynamics (CFD) provides effective solutions to a wide

range of problems in many fields of study and industries,

including aerodynamics, fluid dynamics, heat transfer, en-

vironmental engineering, and industrial system design and

analysis. As of today, computer numerical simulations are

integral for studying the efficiency of multiple engineering

methods due to a cost-effective approach and available

amount of data [2].

Recent research shows great value in the use of CFD

models in assessing tunnel ventilation objectives under di-

verse scenarios [3–7]. A variety of CFD software packages

is available to resolve the whole range of emerging issues,

whereasAnsysFluent is themost usedfluidflowsimulation

module [8]. Fire Dynamics Simulator (FDS) is an alternative

open-source CFD program designed to deal with problems

in the field of fluid dynamics and heat transfer.

Ansys Fluent is a general-purpose CFD software that

contains comprehensive modelling capabilities needed to

model fluid flow, turbulence, heat and mass transfer, and

reactions for industrial applications. This program is based

on afinite volumemethod and solves the partial differential

equations that define the energy, mass, and momentum

conservation. Thus, Fluent converts the general transport

equations to a system of linear equations that are solved

numerically by a point implicit (Gauss-Seidel) algorithm

in conjunction with an algebraic multigrid (AMG) method

[9]. The availability of the different turbulence models,

e.g. Reynolds Time-Averaged Navier-Stokes Equations

(RANS), Large Eddy Simulation (LES) and others allows

studying general questions of aerodynamics phenomena

and occasionally occurring tasks such as optimization of

tunnel ventilation systems.

Ansys Fluent is commonly applied for numerical simu-

lations and further analysis of tunnel ventilation operations

because of the enhanced possibility of geometrymodelling

and available physical models [10]. Theoretical and exper-

imental results were obtained for various tunnel operation

scenarios where the airflowof jet fans and ventilation ducts

was simulated and validated by field measurements pro-

viding the background for optimization recommendations

[11–15].

The second program used in the area under discussion

is Fire Dynamics Simulator. It is a computational fluid

dynamics model that solves numerically a form of the

Navier-Stokes equations appropriate for low-speed, ther-

mally-driven flow with an emphasis on smoke and heat

transport from fires [16]. FDS is a large eddy simulation

(LES) model that uses an explicit second-order predictor/

corrector scheme within the Cartesian coordinate system

where the turbulent viscosity is obtained from the Dear-

dorff eddy viscosity model. All the details of the FDS

mathematical model are comprehensively described in the

FDS Technical Reference Guide (Volume 1) [17].

Despite the initially indicated purpose, this forensic tool

was gradually improved, and now it can be successfully

applied to analyse different fluid dynamics problems of

various complexity. Several FDS models with a focus on

ventilation issues in tunnels are evaluated within the veri-

fication and validation procedures and given in the FDS

Technical Reference Guide (Volumes 2 and 3) [18, 19], ac-

knowledging the possibility of obtaining reliable and ac-

curate results. Furthermore, many examples of the FDS

model implementation in the design and performance as-

sessment of ventilation and air conditioning systems, op-

timization of tunnel ventilation and other areas have been

published in academic journals or presented at scientific

conferences [20–22]. The relatively limited adoption of FDS

in tunnel applications is largely due to the requirement of

a rectilinear mesh whereas other CFD modules may sup-

port unstructured grids to better reflect the actual tunnel

structure. However, studies show that even in the case

of replacing the original arch-shaped tunnel cross-section

with a rectangular one, it is possible to obtain results with

sufficient accuracy by taking into consideration the corre-

sponding hydraulic (equivalent) diameter [23, 24].

Reverse or backflow is a feature of jet fan ventilation

that requires special attention in underground infrastruc-

ture systems due to the presence of harmful gases and

particulate matter on-site during construction or the gen-

eration of combustion products by vehicles under normal

tunnel operation, as well as the emergence of heat and

smoke in a case of fire [25]. In all cases, harmful contami-

nants pose a real danger to people and can cause serious

health issues and even death, since air backflow is able to

prevent the removal of pollutants from the underground

space. Recent research is mainly focused on the investi-

gation of backflow features during the tunnel construction

phase or in the event of an emergency in an operating tun-

nel [26, 27]. But there are also a number of studies that

review the potential impact of backflow in forced ventilated

tunnels [28–31].

Therefore, this study aims to evaluate the performance

of the two most popular software packages (Ansys Flu-

ent and FDS) regarding the backflow investigation in the

western railway tunnel of the research facility “Zentrum

am Berg” by comparing it with experimental observations.

2. Research Approach and Methodology

2.1 Full-scale Experiment

2.1.1 Experimental Setup

The experimental part of the study was conducted at the

Zentrum am Berg (ZaB) in Eisenerz, Austria. This facil-

ity represents an independent research infrastructure for

a wide variety of purposes. It consists of a two-tube road

tunnel and two parallel railway tunnel tubes as well as

a test tunnel enabling research, development, education,

and training under real underground conditions (Fig. 1a).

A series of measurements were carried out in the west-

ern railway tunnel (despite the name, there are no railways
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Fig. 1: Tunnel schemeat theZentrumamBerg (a) and theportal of the
western railway tunnel (b)

in the tunnel, and the ground surface represents an asphalt

road). The tunnel is slightly curved and has a length of

403m, a width of 8.27m, and a height of 7.55m. Shotcrete

is used as a lining for the tunnel walls and ceiling. The

considered tunnel section (170m long) has an elevation of

1084m a. s. l. Two jet fans are installed on the tunnel ceil-

ing at a distance of 50m from the tunnel portal. According

to the manufacturer’s documentation, the fans are fully re-

versible and have a nominal diameter of 1.12mand a length

of 3.0m. The main fan characteristics are given in Table 1.

Air velocity measurements were performed in two

stages. The detailed measuring scheme is given in Fig. 2.

For clarity and convenience, it is assumed that the fan

outlets are positioned at the 0-meter mark. The first phase

included the evaluation of the naturally developed flow

inside the tunnel. For this reason, the velocity values were

measured at different points on several cross-sections

within the considered tunnel part, including two outermost

cross-sections (NV-Us and NV-Ds). During the second

TABLE 1

Jet fan parameters

Parameter Value Unit

Thrust 1100 N

Velocity 31.8 m/s

Volume flow 31.4 m
3
/s

Rotational speed 1470 1/min

Fig. 2: Overlayof the tunnel (a) and thearrangementofmeasuringpointsat each cross-section (b)

phase, 10 cross-sections at 10m to 100m from the fan out-

lets (10mbetween the adjacent planes) were studied under

the operating jet fans. To cover an entire tunnel cross-

section, measurements were held for 9 points—3 rows (1,

2, 3) and 3 columns (A, B, C). As a result, air velocity was

recorded for 90 points along the 100-meter tunnel section.

The air velocity was recorded by Voltcraft PL-130 AN

anemometer. This device is designed to measure the tem-

perature, velocity, and volume flow of gases. Effective

velocity (average speed), maximum or minimum speed

can also be displayed during the measuring process. The

main technical parameters of the anemometer are as fol-

lows: air velocity measuring range 0.4 . . . 30m/s, resolu-

tion 0.01m/s, basic accuracy ±3%; temperature measuring

range –10 . . . +60°C, resolution 0.1°C, accuracy 2°C; work-

ing humidity less than 80% RH.

The anemometer was additionally fitted out with a tuft

of short flexible paper strips to be used as a flow direction

indicator [32]. Thishelped toobserve thebackflowdevelop-

ment since in turbulent conditions the directional changes

occur so quickly that the measuring device (for example,

a vane anemometer) is not always capable of recording

them.

The pressuremeasurements were also performed to de-

termine its effect on the development of natural conditions

inside the tunnel. For this reason, one point in front of the

tunnel entrance (“Ambient” area in Fig. 2) and four points

within the first 150m of the tunnel were assessed. The DP-

Calc Micromanometer 5825 was used to estimate the pres-

sure difference between the ambient and tunnel locations.

This device has a–3735 to +3735Pa measuring range with

a reading accuracy of ±1% and a resolution of 0.1Pa.

2.1.2 Experimental Results

The natural ventilation in the ZaB tunnels is defined by the

pressure differential between the tunnel portals created by

differences in elevation, ambient temperatures and wind.

During the tests, the naturally developing airflowwasmea-

sured at and in between the upstream (NV-Us) and down-

stream (NV-Ds) cross-sections (Fig. 2). The majority of re-

sults were in the range between 0 and 0.5m/s. This low

(under 0.4m/s on average) natural flowwas directed inside

the tunnel (similar to thedirection of theflow from theoper-

ating fans) and can be mostly explained by the favourable

ambient conditions (partly cloudy, southeast wind under

6km/h).
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The main measuring session started after the fans were

switched on and the air flow inside the tunnel became

quasi-stable. During the measurements, three areas with

distinctive flow structures were observed.

The first “initial” region (0 . . . ~40m) is characterised by

the non-uniformity of the airflow, vortexes, and constant

directional changes of the local airstreams. An extremely

turbulent vortex area is formed in the immediate vicinity

(0 . . . ~20m) of the fans. The backflow presence in the first

zone was repeatedly confirmed by the observations.

The second “transitional” region (~40 . . . ~60m) repre-

sents a transition area where the air flow is more balanced

though high magnitude fluctuations appear recurrently.

Negative velocity values indicating the backflow existence

were monitored occasionally.

In the third “developed” region (~60 . . . ~100m), theflow

velocity gradually decreases, and the flowfield distribution

tends to be stable and uniform.

Preliminary tests showed a big difference in measured

velocity values during a 3-minute spell at the first and the

second regions due to the flow complexity. For this rea-

son and considering the sequenced measurements, it was

TABLE 2

Measured ventilation velocities in the tunnel

Point Velocity, m/s Position of a cross-section, m

10 20 30 40 50 60 70 80 90 100

A1 Maximum –0.11 2.10 5.42 6.58 2.66 2.68 1.77 1.51 1.58 1.60

Average –2.02 –2.01 1.77 2.56 2.07 1.77 1.27 1.18 1.25 1.43

Minimum –5.42 –5.19 –1.50 1.43 1.27 1.13 0.88 0.91 1.04 1.20

A2 Maximum –0.11 2.20 8.70 5.98 3.88 2.02 1.68 1.81 1.64 1.60

Average –1.83 –2.08 4.12 3.71 1.64 1.53 1.41 1.43 1.51 1.43

Minimum –4.38 –4.42 0.85 1.62 1.05 1.04 1.04 1.08 1.18 1.25

A3 Maximum 12.48 10.76 10.46 5.47 1.56 2.33 1.96 1.73 1.79 1.79

Average 7.48 7.48 6.45 3.43 1.10 1.39 1.66 1.39 1.48 1.58

Minimum 1.81 4.31 2.37 0.66 0.60 0.63 1.25 0.99 1.00 1.25

B1 Maximum –1.29 –0.38 3.76 4.41 2.52 1.79 1.68 1.29 1.47 1.60

Average –2.15 –3.59 1.66 1.89 2.00 1.51 1.34 1.10 1.20 1.41

Minimum –4.68 –6.40 –3.50 0.13 1.13 1.27 0.82 1.02 1.03 1.18

B2 Maximum –1.29 –0.30 4.93 3.81 2.62 2.01 1.58 1.43 1.60 1.47

Average –2.52 –2.09 1.58 1.89 1.60 1.58 1.32 1.18 1.36 1.43

Minimum –4.54 –4.96 –2.20 0.08 0.93 1.15 0.99 1.07 1.03 1.18

B3 Maximum 10.12 9.70 6.94 6.19 1.98 2.23 1.98 1.58 1.46 1.49

Average 5.10 6.59 3.59 1.77 1.48 1.62 1.53 1.32 1.29 1.36

Minimum 1.68 1.13 1.53 0.08 0.41 1.03 0.96 1.10 1.15 1.05

C1 Maximum –0.22 –2.11 3.50 3.90 2.23 1.94 1.54 1.51 1.60 1.43

Average –2.43 –4.26 1.94 1.85 1.73 1.27 1.34 1.39 1.25 1.20

Minimum –5.70 –5.66 –2.50 0.69 1.20 0.71 1.13 1.18 1.03 1.07

C2 Maximum –1.62 –1.20 6.48 2.41 2.11 2.54 1.73 1.56 1.51 1.54

Average –2.68 –2.46 2.08 1.15 1.58 1.66 1.60 1.43 1.34 1.34

Minimum –5.24 –4.68 –2.60 –0.80 1.29 1.43 1.22 1.20 1.15 1.13

C3 Maximum 7.32 5.98 7.41 2.08 1.92 2.19 2.06 1.92 1.66 1.68

Average 2.35 2.58 2.56 0.96 1.27 1.60 1.60 1.49 1.58 1.51

Minimum 0.30 0.19 –2.50 0.22 0.66 1.41 1.46 1.10 1.32 1.22

italics—positive flow direction was observed
bold—negative flow direction was observed

decided to record maximal and minimal values of air ve-

locity at every point during the 30s period. It allowed us

to establish the velocity ranges for every measuring point

and analyse the backflow development. The experimental

results of full-scale ventilation tests are given in Table 2.

The points from the same row (1, 2, or 3) have a suf-

ficiently identical pattern, especially when considering ar-

eas limited by themaximum-minimum lines. Negative and

positive velocities denote the flow direction. The flow gen-

erated by the fans aswell as thenaturally developed airflow

is assumed to be positive, while the backflow gusts are de-

fined as negative. The cells with values in italics and bold

in Table 2 indicate the flow directions observed with the

marker technique during the tests.

Air velocities were also measured at four points (loca-

tions similar to A1, B1, B2, and C1) at the “NV-Us” cross-

section (–25m) to provide data on the flow behaviour in the

upstream part of the tunnel. The obtained results are given

in Table 3.

Air temperature (with an average value of 11.5°C) inside

the tunnel was also recorded during the tests.
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TABLE 3

Measured air velocities at the upstream cross-section

Point A1 B1 B2 C1

Velocity,
m/s

Max Avg Min Max Avg Min Max Avg Min Max Avg Min

4.82 2.06 0.93 4.33 1.99 1.60 4.14 1.75 0.02 5.26 3.71 1.25

The average difference of 1.1Pa between air pressure

outside and inside the tunnel based on the total of 2min

measuring period has been detected. It indirectly supports

the assumption of the low positive natural flow existence

that was observed during the velocity measurements.

Atmospheric pressure, considering the altitude of the

tunnel, is defined as [33]:

P = P0 ⋅ exp(−
gMh
RT
) (1)

WhereP0 is thestandardatmosphericpressure (101,325Pa),

g is the gravitational acceleration (9.81m/s2),M is themolar

mass of air (0.029kg/mol), h is the altitude of the tunnel

(1084m),R is theuniversal gasconstant (8.314N·m/(mol · K)),

and T is the temperature at the altitude (284.65K). Thus,

the atmospheric pressure during the tests assumed as

88,946Pa.

2.2 FDS Simulation Setup

2.2.1 Model Settings and Boundary Conditions

Fire Dynamic Simulator (version 6.7.9) is adopted to carry

out numerical simulations. The Large Eddy Simulation

(LES) mode and the Deardorff turbulence model with the

default parameters are used in this study to compute the

vortices and fluctuations of relatively large scale in the flow

field.

Environmental conditions (ambient temperature and

pressure) are set according to the observations (see

Sect. 2.1.2).

The ambient in front of the tunnel portal is modelled as

a zone where its side and top surfaces are set as “OPEN” to

indicate a passive opening to the outside, the bottom sur-

face denotes the ground (road area), and the surface adja-

cent to the tunnel contains an opening (tunnel gate) con-

necting the ambient and tunnel spaces. The dynamic pres-

Fig. 3: Theparametersof the
cross-section (a) andgeneral
viewof the tunnel (b)

sure of 1.1Pa is specified here at the “OPEN” boundary to

determine the pressure difference between the outside and

inside of the tunnel. The “OPEN” property is also applied

to the cross-section (parallel to the portal) on the opposite

side of the tunnel as it represents the exterior boundary of

the computational domain.

The total simulation time is set to 270s. The jet fans are

switched on after 150s when the stable ventilation mode

inside the tunnel is reached in accordance with the ap-

plied boundary conditions. During the period between 150

and 210s, a quasi-stable state of the longitudinal airflow is

achieved and the data from 210 to 270s are considered for

the subsequent analysis.

A number of measuring planes, devices and tracing

massless particles allow to control the airflow develop-

ment and record values for velocity, volume flow and

pressure. Point gas-phase devices determine air velocity

at the locations corresponding to the experimental setup

(Fig. 2). At the exact cross-sections, the mean velocity

values are defined. Additionally, longitudinal and cross-

sectional 2D slices are used to monitor the pattern of flow

distribution in terms of pressure and velocity.

2.2.2 The Tunnel

A full-scale numerical model is established according to

the project documentation and physical dimensions of the

tunnel. A Cartesian coordinate system is assigned along

X (length), Y (width), and Z (height) directions. The total

length of the tunnel model is 163.2m, including a 10-meter

space in front of the tunnel entrance recreating the ambient

(Fig. 2a). The length of the tunnel section is 153.2m and the

distance between the tunnel entry gate and the fan outlets

is 50m. The most distant from the portal a 3-meter long

area is used as an extension (additional computational re-

gion) tominimize the influenceof themodel openingswhile

recording the data at the last cross-section (100m from fan

outlets). The importance of the tunnel portal in the model
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TABLE 4

Details of the meshes adopted in the grid sensitivity analysis

Mesh
type

Cell size, m Total cell number CPU time,
h

Relative difference
Volume flow Velocity

A 0.2× 0.1× 0.1 5,457,408 91.8 0.006 –

B 0.2× 0.2× 0.2 1,364,352 13.73 0.032 0.074

C 0.4× 0.2× 0.2 682,176 5.61 0.044 0.045

D 0.4× 0.4× 0.4 170,544 1.31 0.105 0.150

E 0.8× 0.4× 0.4 85,272 0.41 0.360 0.140

is worth noting as it significantly affects the process of air

supply from the outside, ensuring a given local resistance.

In addition, a straight tunnel model is adopted based on

the assumption that the bending radius of a real tunnel is

sufficiently large.

The cross-section of the modelled tunnel has a width of

8.8mand aheight of 7.6m (Fig. 3). The curved ceiling is sim-

plified and constructed using rectangular obstructions. The

difference in the cross-sectional areas and wetted perime-

ters between the real and modelled tunnels is less than 1%

(for a mesh with a cell side of 0.2m) which allows to as-

sume their hydraulic similarity. The material of the tunnel

surfaces including walls, ceilings, and floor is set as con-

crete with a thickness of 0.5m (other properties specified

according to [34]). The tunnel walls are assumed to have

a uniform sand roughness height of 0.02m.

The phenomenon of a “zigzag tunnel wall” in FDS is

inevitable when modelling horseshoe-shaped tunnel sec-

tions. However, previous studies showed that it is possible

toobtain satisfactory resultswhen thenumerical grid is fine

and the serrated obstruction is small enough [35].

2.2.3 Jet Fans

Two similar tunnel jet fans are modelled in this study.

Their geometry is close to the real size (length, width, and

height are 3.0, 1.2, and 1.2m, respectively) andmatches the

adopted computational mesh. The fans are located under

the tunnel ceiling at a height of 5.6m above the ground

(Fig. 3).

The HVAC sub-model is used to simulate the jet fans. It

allows air to pass through the fan in a particular direction

Fig. 4: Influenceofgrid resolutiononvolumeflow fromthe jet fan (a) andnatural air flow (b)

with a specified volumetric flow rate across two connected

nodes thereby simulating a jet fan’s intake and outlet. The

fan flow is directed inside the tunnel (positive value) and

has the following attributes added via the HVAC proper-

ties: the circular diameter of 1.12m and the volume flow of

31.4m3/s (according to Table 1). The fan start up is based

on the FDS default ramp up time.

2.2.4 Meshes

The most sensitive numerical parameter in FDS modelling

is themesh (grid cell) size, which affects the accuracy, com-

putational costsandefficiency [36]. Ameshsensitivityanal-

ysis is conducted to verify whether the obtained results

were influenced by the selection of mesh size during the

modelling.

In this study, the computational domain is divided into

6 rectilinear meshes of the same size (27.2× 8.8× 7.6m) en-

abling multiple processor calculations for time efficiency.

Five mesh sizes are reviewed in the process. To reduce

computing time, an unevenly distributed grid is obtained

by stretching the mesh along the X-direction maintaining

the recommendation thatmesh cells should not possess an

aspect ratio larger than 2 to 1. A summary of grid systems

and their characteristics for the mesh sensitivity study is

given in Table 4.

Volume flow generated by a jet fan and developing lon-

gitudinal velocity (mean value for a tunnel cross-section)

caused by the pressure difference between the outer and

inner spaces of the tunnel are used to assess the sensitivity

of the simulation results to the mesh resolution. The de-

pendency of the selected parameters on time using variant
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mesh types is shown in Fig. 4while the relative difference in

average values for a steady period is given in Table 4. The

initial input value of fan volume flow and the calculated ve-

locity for the smallest mesh (Type A) are used as reference

quantities.

It can be observed that the difference between themesh

types A, B, and C is not sufficient as a deviation under

7.5% could be regarded as acceptable in a CFD simulation.

Furthermore, during the mesh sensitivity analysis, it be-

came evident that grid resolution (within the considered

range) barely affects the velocities at points located at a dis-

tance of 50m and further from the jet fans. This observa-

tion keeps up with the outcomes obtained in the research

of multiscale modelling of tunnel ventilation flows [37–39].

On this basis, it can be assumed that mesh type C with

a cell size of 0.4× 0.2× 0.2m would be the most suitable

option. In this case, the relative difference is less than 5%

while theCPU time is about 6%of that required for thefinest

mesh.

However, mesh resolution heavily impacts the accuracy

of results for the areas in the vicinity of jet fans. Thereby,

the mesh type Bwith a cell size of 0.2× 0.2× 0.2m is applied

in themodel as a balanced solution between efficiency and

simulation accuracy. Additionally, the opted mesh resolu-

tion corresponds well with the findings in recent publica-

tions on tunnel ventilation [40, 41].

2.3 ANSYS Simulation Setup

2.3.1 Model Settings and Boundary Conditions

The Ansys Fluent software (release 2022 R1) is used for nu-

merical modelling. It is assumed that air is an incompress-

ible, isothermal, homogeneous fluid and obeys the law of

conservation of mass and momentum.

The simulated boundary conditions followed the actual

experimental environment in terms of atmospheric pres-

sure and temperature (see Sect. 2.1.2). Air density and

dynamic viscosity are taken as 1.225kg/m3 and 1.802× 10–5

kg/(m· s), respectively.

In the computational domain, the planes normal to the

fan flow are defined as pressure boundary conditions. The

tunnel portal has a square gate (Fig. 1b) representing a sur-

face that is defined as a pressure inlet with a gauge total

pressure of 1.1Pa. The tunnel cross-section from the op-

posite side of the domain is considered as a pressure out-

let with a gauge pressure of 0Pa. The rest of the planes

(tunnel walls, ceiling and floor as well as fan housing) are

specified by a non-slip stationary wall boundary condition.

The equivalent roughness height of 0.03m is applied for

the tunnel surfaces.

The pair of jet fans are assumed to be represented by

fan outlet surfaces for which a pressure jump is defined

according to the fan properties (Table 1). The swirl velocity

is negligible in the model.

The adopted turbulence model is the standard k-ε two

equation model, and the coupling of pressure and velocity

is solved via the SIMPLE algorithm. A transient timemodel

is applied and the total simulation time is 100s.

Fig. 5: Overviewof themodel established inFluent

2.3.2 The Tunnel

The full-scale Fluent model is established based on the tun-

nel dimensions. The adopted shape of the cross-section is

given in Fig. 2b. The computational domain length corre-

sponds to the experimental schemewhere themost distant

investigated cross-section is situated at 100m from the fan

outlets (Fig. 5). Thus, the total length of themodel is 150m,

and the distance between the tunnel portal and the fans is

50m.

2.3.3 Meshes

The mesh study is performed to ensure the accuracy of the

numerical simulation. Several built-in mesh statistic tools

are available in Ansys to quantify the overall grid quality

during and after the mesh generation phase. In this re-

search, one of the most commonly used mesh metrics (Or-

thogonal Quality) is used for the grid evaluation.

The general recommendation on mesh quality states

that the minimum orthogonal quality should be more than

0.1 [42]. The “Orthogonal Quality” value for the adopted

mesh with the element size of 0.5m is 0.216, which corre-

sponds to “Good” quality in the mesh metrics spectrum.

An additional mesh size survey is conducted in regard to

the jet fan’s performance. The predicted values of center-

line velocity generated by a fan are compared to themathe-

matical model. Namely, for a round jet in the decay phase,

the centreline velocityUx with the increasing distance from

the fan outlet follows the formula [43]:

Ux =
kUoD
x

(2)

Where k is a constant (between 3 and 10), Uo is the out-

let discharge velocity (31.8m/s), D is the outlet diameter

(1.12m) and x is the distance from the outlet. Equation 2 is

valid for the case when x = (5 . . . 75) D.
The comparison of the predicted in Fluent with theo-

retically calculated values of the centreline velocity for the

distance from 15 to 80m is given in Fig. 6.

Good convergence is observed between the modelled

curve and the considered theoretical range while the best

agreement is feasible when k= 4.
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Fig. 6: Dependencyof centerlinevelocitieson thedistance fromthe fan
outlet

The conducted analysis shows that the adopted grid

allows to obtain adequate data in terms of the addressed

tasks and thereby is selected for the further numerical

study.

2.4 Model Validation

2.4.1 Validation of the FDS Model

The FDSmodel is validated using data obtained in full-scale

tests. A comparison of average velocities along the tun-

nel length from the experiment and numerical simulation

for the randomly chosen measuring point (B2) is given in

Fig. 7a. For greater clarity, maximal and minimal mea-

sured values and standard deviations (error bars) deter-

mined from modelling results are added to the graph. The

standarddeviationheredemonstrates themagnitudeof the

calculated velocity fluctuations.

The calculated velocity values are significantly close to

the measured ones, especially when a dataset’s variability

(dispersion) is considered.

Good agreement between the test and modelled data is

also observed for the upstream locations. The time-depen-

dent velocity profile for two (B1 and C1) of the assessed

points at a “–25m” position is given in Fig. 7b. The simu-

Fig. 7: Comparisonof themeasuredandcalculatedvelocities in the frameofdistance (a) and time (b)

lated velocity curves lie inside themeasured range through

much of the considered period.

Additionally, the mesh sensitivity analysis de-

scribed earlier suggests the adequacy of the proposed

FDSmodel providing sufficient reliability in both cases: for

naturally developed airflowandmechanical fan ventilation.

2.4.2 Validation of the Fluent Model

The results from the conducted tests are used in the valida-

tion process of the Fluent model. The measured velocities

are compared with the simulated values along the tunnel

length and height. For example, the calculated average ve-

locities for the examined point A1 are presented within the

experimentally obtained maximal and minimal bounds in

Fig. 8a. Despite some discrepancies, the similarity in the

trend and values are clearly visible.

A similar situation is observed when considering the ve-

locity profile along the height of the tunnel (Fig. 8b). The

modelled curve for the points in the row (B) at a distance of

30m fromthe fanoutlets falls in themiddleof themeasured

range and follows its outline.

The discussed findings, coupled with the results of the

grid study, lead to the conclusion that the developed Fluent

model possesses the required qualities in relation to the

current study.

3. Results and Discussion

3.1 Comparison of Experimental and Numerical

Data

The development of the flow field regarding its velocity

along the tunnel is presented in Fig. 9. These data also

contain information about the velocity changes within the

assessed tunnel cross-sections. Experimental findings and

calculated results are shown together for each measure-

ment point to simplify the comparison process and fur-

ther analysis. The area bounded by thin lines indicates the

longitudinal velocity range between maximal and minimal

measured values, while average velocities are shown with

a black dashed line. The calculated FDS (round markers)
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Fig. 8: Comparisonof themeasuredandcalculatedvelocitiesalong the tunnel length (a) andby the tunnelheight (a)

Fig. 9: Comparisonof theexperimentaldataandsimulation results

and Ansys (square markers) curves are coloured in dark

red and green, respectively.

The calculated results indicate good congruence with

the field measurements for the majority of the examined

spots. Although for some survey points experimental data

differ from numerical results, velocity variation trends are

consistent between measurements and simulations. The

Fluent and FDS models show acceptable conformity with

measured maximum-minimum range, especially at cross-

sections from 30 to 100m.

In distant areas (60–100m), the numerical models

slightly overestimate the velocity values, wherein the
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FDS results are closer to the observations. The adopted

straight shape of the tunnel part under study may cause

this behaviour as the flow velocities are not additionally

affected by occurring local resistance from flow interaction

with tunnel walls.

3.2 Backflow Development

The simulation results (FDS andANSYS) are in good agree-

mentwith the field observations regarding the length of the

backflow area and its behaviour within the three defined

regions (see Sect. 2.1.2). The obtained negative velocities

suggest the reverse flowexistence within a certain distance

from the fan outlets (Fig. 9). It is worth noting that, even

when the average value presented in graphs is positive

(or negative) for some locations in the fan vicinity, there

is a high probability of time-dependent transformation in

flow direction due to chaotic changes in pressure and flow

velocity.

The same situation concerns the highlighted by font

styles quantities in Table 2, where, despite the positive

maximum, average, and minimum values for several lo-

cations the negative flow was observed (e.g. points A1 at

40m, A2at 30m, etc.). For example, at point B1at adistance

Fig. 10: Velocitydevelopment in timeatpointsB1 (a) andA1 (b)

Fig. 11: Velocityprofile for the
tunnel longitudinal section
modelledbyFDS (a) andFlu-
ent (b)

of 40m from the fan outlets, we see a minimal velocity of

0.13m/s and the bold font marking of the reverse flow

presence. It can be assumed that the “wavy” flow devel-

opment affected by turbulence causes this behaviour. The

FDS simulation results support this assumption as velocity

fluctuations of a changing magnitude and direction are

predicted during a quasi-stable flow state (Fig. 10a). The

same applies to points (e.g., A1 at 10m, B1 at 20m, etc.)

with negative measured values where the positive air flow

was observed (Fig. 10b).

The obtained results also show the dependency of the

backflow existence and its intensity on the height and dis-

tance from the fanoutlets. Two layerswithopposite flowdi-

rections can be distinguished at the velocity profile (Fig. 11).

The presented flow fields are obtained for the middle tun-

nel longitudinal section after the air flow reached its quasi-

stable state.

It can be assumed that a stable backflow zone occurs

within a 30-meter distance from the fan outlets. However,

local airstreams of a negative direction may occasionally

appear in the region up to 50m.

Similar flow patterns show a velocity distribution in the

vicinity of the fans. The moderate difference in terms of

velocity magnitude may be caused by the difference in the

applied turbulencemodels (LES and k-ε for FDS and Fluent,
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respectively) as well as grid resolution (the FDS model has

a finer mesh).

4. Conclusions

In this study, two CFD models were developed using Fire

Dynamic Simulator and Ansys Fluent for the investigation

of the ventilation issues regarding the backflow develop-

ment in the tunnel of the “Zentrum amBerg” facility. A full-

scale experiment for the evaluation of the ventilation con-

ditions in the western railway tunnel was carried out. The

results obtained were used for the assessment of the nu-

merical models by comparing the predicted velocities with

their measured values. The main results are as follows:

The simulatedwithbothCFDpackages velocity variation

trends are in good agreement with field measurements.

Predictably, thegreatest discrepancies in thedataareob-

served in areas close to the fans due to high turbulence

and the backflow presence.

Good convergence of results is observed for the quasi-

stable state of the airflow at distances from 30 to 100m

though the simulated velocities are slightly overesti-

mated at the more distant cross-sections. In this area,

the FDS results were closer to the experimental data.

The simulated backflow development corresponds to

that observed concerning the three specified regions

(initial, transitional and developed) with distinctive flow

structures.

The observed spontaneous changes in flow direction

for points with a prevailed flow direction (positive or

negative) were confirmed by the FDS-simulated velocity

curves.

The comparative analysis of two numerical models shows

their applicability in the backflow study. Depending on the

tasks tobe solved further adjustment of the numericalmod-

els could improve the congruence between the predicted

andexperimental results providing reliable andefficient so-

lutions.
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