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Abstract. This paper deals with application of CFD methodstained in professional
software package Fluent on a numerical solutionengineering practice problem which
consists in numerical simulations of a cool aivilinside the first part of 06 T-Cagliari tram
passenger space. The air-conditioner exhausts baipmto the internal passenger space via
outlet gaps of longitudinal air channels. A coot & assumed incompressible according to
the Boussinesq approximation and its flow inside dlosed passenger space is solved as an
unsteady natural convection problem. The numerisiahulations are realized for two
computational models — without and with passengdrsard. Computed values of the air
velocity and temperature are compared with recondednlimiting values published in
available relevant standards.

1 INTRODUCTION

As a result of arising traffic in larger citiescneasing number of citizens carry themselves
with public traffic vehicles. Therefore, increasirgguirements are put on thermal and general
comfort of passengers in public traffic vehiclesir-éonditioning system considerably
contributes to the comfort of the passengers. Imeemgent with this fact, SKODA
TRANSPORTATION has developed and produces a five-pdiolly air-conditioned tram
06T-Cagliari, see Figure 1.

Suggested rail vehicle air-conditioning system ¢sigs of seven independent air-
conditioners for air cooling in the passenger spand two air-conditioners for driver’s
cabins, all designed to be fixed on the tram®tophe first part of the tram has one
independent air-conditioner with the specified c@it quantity delivery, which gives
850m’/h. Since the driver’s cabin is separated from thespager space by a wall and has its

own individual air-conditioning system, the firsarp is considered without the cabin in
computations.
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The contribution follows the problem of numericanslation of a cool air flow in air
channels of the first part of 06 T-Cagliari tramrther described in paperwhere a simple
geometric arrangement is suggested for eliminatbocal non-uniformities in velocity
distribution along the outlet gaps through whiclolcair exhausts into passenger space. The
aim of this contribution is to realize numericahsiations of a cool air flow inside the tram
passenger space and to compare obtained valueselotity and temperature with
recommended limits mentioned in the available r¢standart
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Figure 1: The 06T-Cagliari tram

2 STATEMENT OF A PROBLEM

Being exhausted from outlet gaps of longitudinalchiannels of the tram air-conditioning
system, a cool air enters the internal passengaresgpubsequently, the cool air is spread in
the tram interior where heat exchange occurs. Timecase of the door and all the windows
are being closed, the warmed air is sucked in elstangular orifice of the air-conditioner at
the top of the tram passenger space. Two compo#tionodels — without and with
passengers aboard — are considered for the nuingrnuaations. According to the available
standard 4 standing persons per square meter of the #cea have been modeled.

2.1 Computational domain

The internal passenger space of the first part6d-Qagliari tram, represents a bounded
computational domai® 0 R* with a boundanyQ =0Q, 092, 002, 0 48Q,, , illustrated in
Figure 2.0Q, is the inlet to the internal passenger spaceofalet gaps of longitudinal air
channels of the air-conditioning systerdy?, is the outlet from the internal passenger space
(the rectangular inlet to the air-conditioner ag¢ tiop of the passenger spacéy) is the

vertical boundary of the computational domain, safag the tram first part from the rest,
where symmetry boundary condition is applied &2, are the solid walls (the rest part of
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the computational domain boundary). The computaticdomain was created in Gambit
preprocessor according to the company design dauati@?. The tram motion direction is
given by the positivex axis of the defined Cartesian coordinate systeya, lSgure 2. The
computational domain respects in detail the reahtinterior, including passenger seats and
hand rails. In the computational domain, 12 sit@mgl 20 random standing passengers aboard
are simply modeled, see Figure 2 (right), to satiek normative test number of passengers
aboard, which prescribes 4 standing persons per squaterme

00,

Figure 2: Computational domain — interior of tirstfpart of 06 T-Cagliari tram
without (left) and with (right) passengers aboard

2.2 Computational grid

Due to very complex geometry of the computatior@hdin, an unstructured tetrahedral
computational grid with more than 3 million cellasvused. Not to have to solve the problem
with and without the passengers aboard as twordiiteproblems with different meshes, the
passenger body volumes were designed and meshsepasate cell zones. Activating and
deactivating the passengers’ cell zones enabléa emmpute these two options.

3 MATHEMATICAL MODEL OF A COOL AIR FLOW

A cool air flow inside a closed computational doma? 00 R® with a boundarydQ is
solved as an unsteady natural convection probleich $roblem involves a coupling between
the Navier-Stokes equations describing the fluidiomand the thermal energy equation
governing the space-time evolution of the tempeeatwhich is made through the Boussinesq
approximatioA®. The forces which induce natural convection ardaitt spatially variable
gravity forces generated by density variationshi@ fluid due to the non-uniformity of the
temperature. The cool air is assumed incompresaiiierding to Boussinesq approximation.
In this approximation, the density of the fluid tsken as a constant everywhere in the
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momentum and energy equations except in the grésite term. There the density depends
on temperature according to the following equation:

p=poll=p (T-To)] ®

where £ is the volume thermal expansion coefficient of tiued, T(y,t) is the temperature
field, T, is the reference temperature ang= p (T,) is the reference density of the fluid. For

natural convection, the body force terinis equal to the gravity acceleratign

In natural convection problems the mathematicalscdption of the unsteady
incompressible viscous Newtonian fluid flow is giviey the following generalized system of
the incompressible Navier-Stokes equations, theatled Boussinesq equatidns

Olv=0 2)
d
PO(a_\t/"‘(VDD)Vj:_Dp""?AV"'Po[l_IB(T -T) 9 @)

(4)
pocp(%—-[+VDDT)=D[ﬂk OT)+ por +n®

in the space-time cylinde®, =@x]0,z[, wheret is time, v=[v, v, v,]7 is the velocity
vector, p is the static pressure, denotes the specific heat of the fluid at conspaessure,
k is the thermal conductivity and the molecular g8ty n is constant. The symbol
Alzaz/ayjayj represents the Laplacian operator. The last tarthe right hand side of (3) is

the buoyancy force that drives the motion by theperature differences in the physical
domain of the flow. In our application, the volumetheat generatiom,r and the viscous
dissipation term® in (4), defined in literatufe do not appear.

This set of non-linear equations (2) — (4) is e dwvlved subject to boundary and initial
conditions. For the temperature equation (4) typidavo types of boundary conditions are
frequently specified. In the first category, thellwemperature (or its distribution along the
wall) is provided:

T(y.t)=T,(yt) on rj,x]0oz] (5)

In the second category, an adiabatic wall is smtifequiring zero heat transfer at the
surface. Recall that the heat transfer rate isugatly expressed in terms of the heat transfer
coefficienth given by:

h:;an on FVINX]O’T[ (6)
T-T,
where n designates the direction normal to the surface Bnibs the exterior (free stream)
temperature.
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4 NUMERICAL SOLUTION AND SETTINGS

All numerical simulations have been performed udimg professional software package
Fluent, version 6.2. In our computational modelsupposed that the 06T-Cagliari tram is
operated in conditions, where the external enviemntemperature i$#2°C =315K . It

follows, according to the company documentatighat the air-conditioner is able to cool
down the air temperature on the value33™C =310K . So, the air temperature inside the

passenger space should be al#1QK . It is related to 4 standing persons per squatenme

A cool air is assumed incompressible according dod8inesq approximation mentioned
above. The Boussinesq parameters (thermal expansiefficient f of the air, the

reference/operating temperatufg and the reference/operating density of the air) in (1)

have been set in the following wag:= 0.0032K ™, T, =315K and p, =1.127kgm™.

The cool air flow inside the closed tram passerspaice has been solved as an unsteady
turbulent flow of incompressible viscous Newtonifloid with the constant molecular
viscosity # = 1.789410°kgm's™ and constant thermal conductiviky= 0.0242Wm™K ™.

For the computation of turbulent viscosity, the -@ggiation Spalart-Allmaras turbulence
model with default model constahfsas been used.

On the boundaryd® of the computational domai® 0 R®, see Figure 2, following
boundary conditions have been considered. At thet 92, , the constant mass flow rate
m=0.2892kgs™ of the cool air has been defined according todis&ibution computed in
our papet and the total temperature 810K has been also prescribed. At the oudley,,
the static pressur@ =0 Pa has been kept because the operating preggyjréas the value
of atmospheric pressur&01325Pa. On the boundarydQg, the boundary condition of
symmetry has been applied. On the solid wadls, of the computational domain the no slip
boundary conditions have been realized. The thebmahdary condition (6), with nonzero
heat transfer coefficierh and free stream temperatufe= 315K , has been satisfied on the

following solid walls of the considered internalspanger space: left and right sidewalls,
floor, top, door and windows. The values of thetheansfer coefficienth are listed in
Table 1. On the rest of solid walls of the compotal domain Q, zero heat transfer
(adiabatic walls) has been assumed.

Type of the solid wall Heat transfer coefficient h bNm_zK_l]
left and right sidewalls, top 0.93
floor 1.05
door 8.0
windows 10.0

Table 1 : Heat transfer coefficients
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For numerical computations, the segregated solv&@D based on the unsteady implicit
formulation of the second order upwind scheme le&s lused.

5 NUMERICAL RESULTSAND DISCUSSION

In this paragraph, the results of the numericalugtions of a cool air flow inside the
passenger space of the first part of 06T-Caglrarnntare presented for two computational
models — without and with passengers aboard.

In Figure 3 and Figure 4, the contours of veloaitggnitude distribution in the selected
vertical planes throughout the passenger spacasaralized.

In Figure 5 and Figure 6, the contours of veloaitggnitude distribution at time=300s

are shown in two horizontal cross-sections — inditieng passengers’ heads high and in the
standing passengers’ heads high. It is observatithlk maximum value of the velocity in the

sitting passengers’ heads highvjs, =0.751ms™ and in the standing passengers’ heads high
is v, =0.996ms™. These computed values of the velocity satisfy riguired limiting

value published in the standdravhich says that the air flow velocity up ®ms™ is
accepted inside the passenger space for the exé@ri@emperature greater th@6°C (this is
our case).

In Figure 7 and Figure 8, the contours of statimpgerature distribution in the selected
vertical planes throughout the computational donaaenpresented.

In Figure 9 and Figure 10, the contours of statesgure distribution in the same vertical
planes throughout the computational domain are show

To visualize the cool air flow in the internal pasger space, the path lines colored by
static temperature lead from the inlet gaps ofltmgitudinal air channels are presented in
Figure 11.

It is observed from all performed numerical comgotes that the convergence is worse
for the continuity equation, for which the residudid not drop bellow the valug0™. The
obtained results are satisfying because the difterdoetween the mass flow rate at the inlet

092, and at the outled,, is smaller than the valuk0™® kgs™.

As mentioned in the company documentdtjoone of the important air-conditioning
specifications is the numbe , which express how many times per hour an air ghaccurs
inside the passenger space. According to the oalati

= (7)

wherem is the mass flow rate of the cool air enteringd(axiting) the computational domain
and V,_, =20416m° is the volume of the computational domain (theerior of the

int
considered tram passenger space), it can be coththaeN = 42 for the internal passenger
space of the first part of 06 T-Cagliari tram.
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Contours of Velocity Magnitude (m/s) (Time=2.0000e+02) May 12, 2006
FLUENT 6.1 (3d, segregated, S-A, unsteady)

Figure 3: Contours of velocity magnitude/f inside the passenger space without passengeascabo
in selected cross-sections at tilme 200 s(at the top) and general view (at the bottom)
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Contours of Velocity Magnitude (m/s) (Time=3.0000e+02) May 12, 2006
FLUENT 6.1 13d, segregated, 5-A, unsteady)

Figure 4: Contours of velocity magnituda/f inside the passenger space with passengers aboard
in selected cross-sections at tile 300 s(at the top) and general view (at the bottom)



J. Vimmr, J. Novak

0.5
ATE
45
425

375
B8
Beh

A8
28
225

sl 05
i
L2b

075
i
025

(el e R e e U o I e = B e i e B i o R e = i o B e i o T e i (o )

— NN L) A~ O )~ 0 WO

— PNJ L) e )~ o WD

o S e T e N e Y e R e Y s Y e R . Y e B S S S O N T o e e R A

Figure 5: Contours of velocity magnituda/g at timet = 300 sin the horizontal cross-section
in the sitting passengers’ heads high for two défifie velocity ranges — up @5 m/s(at the top)
and up ta2.0m/s(at the bottom)
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Figure 6: Contours of velocity magnituda/g at timet = 300 sin the horizontal cross-section
in the standing passengers’ heads high for twedifft velocity ranges — up @5 m/s(at the top)
and up ta2.0m/s(at the bottom)
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Contours of Static Temperature (k) (Time=2.0000e+02) May 13, 2006
FLUENT 6.1 (3d. segregated, S-A, unsteady)

Figure 7: Contours of static temperatuké inside the passenger space without passengeascabo
in selected cross-sections at tire200 s(at the top) and general view (at the bottom)
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Contours of Static Temperature (k) (Time e+0?2) May 12, 2006
1

(3d, segregated, S-A, unsteady)

Figure 8: Contours of static temperatug ihside the passenger space with passengers aboard
in selected cross-sections at tile 300 s(at the top) and general view (at the bottom)
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Contours of Static Pressure (pascal) (Time=2.0000e+02) May 13, 2006

FLUENT 6.1 (3d, segregated, S-A, unsteady)

Figure 9: Contours of static pressukg]inside the passenger space without passengeaschbo
in selected cross-sections at tile 200 s(at the top) and general view (at the bottom)
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Contours of Static Pressure (pascal) (Time=3.0000e+02) May 12, 2006
FLUENT 6.1 (3d. segregated, S-A, unsteady)

Figure 10: Contours of static pressupg][inside the passenger space with passengers aboard
in selected cross-sections at tile300 s(at the top) and general view (at the bottom)
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Figure 11: Spread out of path lines lead from tietilongitudinal gaps colored and twisted by stati
temperature] inside the passenger space without passengeasdbo
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6 CONCLUSIONS

As a conclusion of this numerical testing it can dexluced that the computed results
(velocity magnitude and static temperature) of ¢bel air flow inside the first part of 06T-
Cagliari tram passenger space correspond to thiablarelevant standard.

It is observed, that the maximum computed valugb®felocity in the sitting passengers’
heads high and in the standing passengers’ heagissaitisfy the required limiting value
published in the standdrdor our case. It has been computed that an aingshaccurs
42 times per hour inside the passenger space oirthigért of 06 T-Cagliari tram.

The convergence of the continuity equation is wobsg we suppose that the accuracy of
the obtained numerical results is satisfactory.
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