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The article presents CFD (Computational Fluid Dynamics) analysis
of the intake system of a Ferrari 348 GTC sports car. With this
system, an adequate amount of air is supplied relative to the current
demand for fuel combustion. The air demand of a given engine was
deter-mined, then analyzes were carried out. The article contains an
analy-sis of the velocity distribution: total velocities, angular veloci-
ties and static pressure distribution. In addition, local velocity and
flow in the filtration chamber were determined along with the flow
directions and returns as well as power lines. The cycle impact on
the temperature, locations of the highest speed drop, increase in
turbulence, the largest pressure differences, and modulus of elasti-
city were determined. This information allows to assess whether
there are no unwanted phe-nomena occurring in the system, such
as flow disturbances. The Ansys Fluent software was used for
analysis.

Keywords: intake system, CFD analysis, internal combustion engine,
modeling, flow, Ansys.

Introduction

Modern spark-ignition engines must be characterized by large
volumetric power indicators, which makes it possible to obtain en-
gines with small mass. This result can be achieved by increasing
the rotational speed and the engine volumetric efficiency [5].

Regarding the volumetric efficiency improvement, the following
development tendencies are observed: optimization of intake sys-
tems (along with increasing the number of valves) and the use of
controlled dynamic and compressor charging (mainly turbo-
compressor). The increase of the cylinders volumetric efficiency with
a fresh air and fuel mixture requires a detailed knowledge and map-
ping of phenomena occurring in its intake system, including the
process of filling the cylinder with the gases taking into account the
gas behavior during its movement in the above system and laws
governing this process. This is extremely important not only from the
point of view of improving the volumetric conditions and as a conse-
quence of the combustion process in the engine, and thus also the
reduction of exhaust emissions [8].

In addition, it is important to maintain the smallest possible dif-
ferences in the volumetric efficiency between individual cylinders
and the smallest possible discrepancies in the excess air coefficient.
This requires special intake system solutions with carefully selected
shapes. The system includes an air filter. It must be very effective at
low pressure drops. The next element is the inlet manifold, often
made of aluminum or usually made of plastic. In order to achieve
low flow resistance, the filter surface area is usually increased,
which leads to the expansion of the filter external dimensions.

In principle, each contemporary intake system in a spark-ignition
engine, in addition to the previously mentioned functions, introduce
the dynamic recharging effect, resulting from the vibrations of the
column flowing to the cylinder [5]. The wave theory is related to
constantly occurring pressure disturbances that create standing
waves in the inlet pipe. Pressure disturbances result from cyclical
engine operation due to suction. In the case when the amplitude of
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the initial pulse is large and the attenuation of the wave is small, the
standing wave influences the pressure in the free passage of the
valve and thus the volumetric efficiency [7, 9].

The article presents CFD (Computational Fluid Dynamics) anal-
ysis of the Ferrari 348 GTC (fig. 1) intake system (fig. 2) [6] aimed at
familiarizing with the flowing medium velocity distribution and its
pressure value. This information allows to assess whether there are
no adverse phenomena in the system, such as flow disturbances.

Fig. 2. Ferrari 348 GTC intake system [31]

By discretization and numerical solution of partial differential
equations describing the flow, it is possible to determine the distribu-
tion of velocity, pressure, temperature and other parameters in the
flow. Modern CFD programs enable solving flows with regard to
viscosity and compressibility, multiphase flows, flows in which
chemical reactions or combustion processes occur, flows through
porous structures, and flows in which the medium is Newtonian or
non-Newtonian fluid. It is possible to simulate the interaction be-
tween liquid and solid. Most CFD programs are based on Navier-
Stokes equations (mass, momentum and energy equation for fluid)
and discretize them using finite volume methods, finite element
methods or finite difference methods [13, 14, 27].

Each CFD calculation program based on the RANS technique
has the ability to run and select one of the existing turbulence mod-
els.



1.Calculation part

In order to simulate the flow of the medium in the intake mani-
fold, calculations of the necessary parameters were made, assum-
ing that the intake system was running for the vehicle at maximum
speed, i.e. with full engine load (full power characteristic).

The flow velocity was first determined:

The following parameters and operating conditions of the engine
were adopted [1, 10, 11]:
— rotation speed n = 8000 rpm,
— displacement Vss = 3.4 dm3,
— power P =281000 W (382 KM),
— volumetric efficiency nv= 0.9,
— diameter of the flow cross-section d = 0.06 m,
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where: Q [m3/s] — engine air demand,
V [m/s] — air flow speed.

The next step in the calculation part was to determine flow pa-
rameters.

An indispensable criterion is the number Reynolds, whose criti-
cal value allows to determine the critical state flow separating the
area of static laminar flow from turbulent flow. Loss of laminar flow
stability and the transition to the form of turbulent flow occurs in the
effect of an excessive increase in inertia forces over the forces of
viscosity, acting on moving elements. In the Anglo-Saxon literature,
Reynolds equation as modified Navier - Stokes equations, adapted
to the description turbulent flows are called Reynolds Avaraged
Navier - Stokes Equations, abbreviated as RANS. Classic turbu-
lence modeling is based on the Reynolds hypothesis according to
which, temporary values of all those characterizing the flow of phys-
ical quantities at a given point of the flow area are the sum of the
values time-averaged and component of fluctuations (turbulence),
which is a random function of time and space. [28].

Calculation of the Reynolds number Re

— Kinematic viscosity for air at temperature 200°C:
v=735+10"%ms
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2. Flow simulation
The preparation of a simulation model using ANSYS
software consisted of the following steps [30]:
— geometry preparation in CAD environment,
— geometry importing into the Geometry module,
— computational grid generation in Mesh module,
— assumption of the initial and boundary conditions,
— carrying out simulations of the heat flow,
— analysis of results.
The projection of the intake system model (fig. 3) and its analy-
sis was carried out in the Ansys Fluent program.
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, Intake manifold

Filter chamber

Fig. 3. Ferrari 348 GTC intake system model

After modeling the intake system construction, the mesh was
created (fig. 4). Correct preparation of the grid requires compliance
with the rules [19, 20, 21, 22]. Establishment of boundary and initial
conditions and selection of other calculation parameters [19, 20, 23,
25). The smallest element size must be smaller than the smallest
linear dimension or features such as openings [13]. In this case, the
smallest dimension has the diameter of the intake manifold end
holes, which is 25 mm. Suggesting the recommendations of the
FEA analysis program for the automatic selection of the mesh size
[14]:
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where: 6 [mm] — the length of the element parameter,
Anin [mm?2] — minimum surface,

and considering the cross-sectional area of the intake manifold end

amounting to approximately 250 mm2, the element size of 10 mm

was selected. A wall effect has been defined using the program

function. The flow direction of the medium (air) is shown in figure 5.
Parameters of the medium flowing in the tested intake manifold

were determined - air with temperature and viscosity at atmospheric

conditions:

— air density p =1.2 kg/m3,

— kinematic viscosity v = 35 « 106 m?/s,

— dynamic viscosity p = 42 +10-kg/(m ¢ s),

— air mass flow 1kg/s,

— air flow speed V = 36.09 m/s.
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Fig. 4. Mesh model
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Fig. 5. Marking the medium flow entry and exit

Determining the boundary conditions:

The air velocity at the beginning of the system was assumed to
be Vp = 0 m/s. The additional "charging" effect of the vehicle speed
is compensated by the removal of the air filter element from the filter
housing and by the adoption of a high volumetric efficiency nu.
Considering the calculated air demand of the engine, the final air
velocity in the system was defined at V = 36.09 m/s.

The intensity of turbulence was chosen [2]: 10%.

To select the flow calculation model, a comparison was made
(table 1) of the models available in the Ansys Fluent program (fig. 6)

I

| Modelsbased on RANS

!

One-equation models
Spalart - Almaras

Two or mote equations

Standard k - €
Turbulence models available RNG k-& Increase of required computationa
Realizable k - £ . : .
from Ansvs Fluent time for one iteration
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Reynolds stress model —

—( Detached Eddy Simulation )
—( Large Eddy Simulation )

Fig. 6. Turbulence models available in the ANSYS Fluent package
28]

Tab. 1. Comparison of flow calculation models [17]

k-epsion | k-omega | k- omega SST
k- kinetic energy of turbulence
¢ - the scale of turbu- w - kle Combination of mod-
lence (dissipation) (vorticity) els k- € and k- w
The flow is fully turbu- | Laminar- turbulent | Laminar- turbulent
lent flow flow

The k-omega SST model was chosen for flow simulation, since
k-epsilon is not able to capture the appropriate turbulent behavior of
the boundary layer until it is detached [16]. The SST turbulence
model k - o is a two-equation model hybrid. It is a smooth transition
from the k-omega standard model, used in the boundary layer, for
the model k-¢ as far as moving away from the surface that limits
flow. Contains modified formulation of turbulent viscosity for the
purpose taking into account the effect of transport of main shear
stresses.
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The air temperature at the inlet to the intake system was as-
sumed as T1 =293 K.

Using the Euler number Eu = 2.72 [12], the pressure difference
was calculated Ap [Pa]:

Ap
Eu= Pvz (5)

Ap=EuspsV?=4251.32Pa

Pressure in the intake system was assumed at 0.85 « 105 Pa.

3. Simulation results

3.1.Simulation results of processes occurring in the intake manifold
Through the simulation of the flow in the Ansys Fluent program,

the total velocity distribution was determined (fig. 7), as well as the

static pressure distribution (fig. 8), and the angular velocity distribu-

tion (fig. 9).
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Fig. 7. Distribution of total speed values (Velocity Magnitude)
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Fig. 8. Static pressure distribution
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Fig. 9. Radial velocity distribution

3.2.Flow analysis in the filtration chamber

Determination of velocity vectors in the filtration chamber

The velocity distribution in the filtering chamber was determined
without filter due to the lack of data on the filtering material (inertial
resistance [1/m] and viscous resistance [1/m2]). These are values
determined experimentally.

Coefficient C: "inertial resistance" is determined by the formula
[15]:

2Apf
c= P
peAn

(6)

where: C [1/m] — coefficient of inertial resistance,
An [mm] - thickness of the porous layer,
Apf [P] - pressure drop in the filter.

To calculate this value, a pressure drop value in the filter Apf is
needed, which is unknown.
The viscous resistance factor is determined by the formula [15]:

1 4
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where: = - [1/m?] — viscous resistance coefficient,
x — coefficient of polynomial at the first velocity power for
the pressure change equation from velocity change,

M [kg/(m's)] — dynamic air viscosity.

The XZ plane with dimensions of 200x385 mm and coordinates
X=-100 mm, Y =0 mm, Z =70 mm was created.

Velocity and directions of velocity vectors over the entire cham-
ber area were determined (fig.11). Data for creating velocity vectors
is shown in the figure 10.

Details of velodity
Geometry | Color | Symbol | Render | view |
Domains |All Domains v][j
Definition
Samping | Equally Spaced -
sofPoints 100 B
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Projecton | None -
o (s

Fig. 10. Data for creating velocity vectors

Fig. 11. Presentation of speed and directions of velocity vectors

Determination of 3D flow lines (fig. 11)

Fig. 12. Flow lines between the inflow and outflow of the medium in
the filter chamber

Conclusions

In CFD methods, the problem is the interpretation of results, be-
cause the computer "counts everything ", unfortunately not always
in accordance with the physical characteristics of the phenomenon.
This requires a skilful interpretation of the results [27].

Based on the CFD (Computational Fluid Dynamics) analysis of
a Ferrari 348 sports car intake system, the following conclusions are
presented:
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— The cycle impact on temperature

Based on the Sabathe cycle, the air required for the isobaric
burning of the supplied fuel dose can be determined. From Gay-
Lusac's law, it can be read that with a constantly increasing gas
volume, the temperature increases proportionally [1].

— Highest velocity drop locations

Figure 7 indicates that this case can be found on the final sec-
tion, due to the large difference in speed between the inflow and the
outflow. The difference of paths to be covered by the air on the
opposite sides of the pipe leads to an increase in turbulence, and
hence to an increase in flow resistance. These turbulences cause
large differences in gas velocity, which results in increased friction
between air molecules and increased air temperature.

— Increase in turbulence - sudden change in the flow cross-

section

This case occurs between the first tube and the filtration cham-
ber. From fig. 9 it was found that there is a change in the angular
velocity vector of the air mass, which means a change in the direc-
tion of the air turbulence. Due to the bent end of the first section of
the pipe, turbulence is introduced, which then has to change the
direction of rotation. In fig. 7, there is a large change in velocity for
the space between these zones, resulting in reduced flow and pres-
sure changes. These losses can be reduced by inserting a straight
pipe section. Based on this analysis, the need to use a filter insert to
reduce the Reynolds number can be seen, in order to change the
flow type and reduce turbulence.

— Largest pressure differences location, modulus of elasticity

On the first section of the pipe connecting to the filtration cham-
ber, the largest part has the greatest resistance, because the over-
pressure changes by an order of magnitude. This is due to the
pressure drop with the local resistance, which is described by the
presented formula, this means that the transitions should be as
small as possible with the cross-section. In addition, the pressure
drop can be seen in the air compressibility. The compressibility [3]
depends on the pressure difference during compression, initial
volume and modulus of longitudinal elasticity of the air. This re-
striction should be reduced by shortening the length of this section
of pipe. The influence of the elasticity during intake can be found in
fig. 8, because for the greater distance between the end of the
system and the collector pipe and with the same pressure differ-
ences other flows occur. The longer path leads to a greater force
needed to move a larger number of air molecules, the additional
effect of inertia forces and increase the distance between them -
the elastic modulus [4].

— There are locations in the filtering chamber where velocity
vectors change their direction (fig. 11). Such places occur near the
front and rear walls in the middle of the filter chamber, as well as the
top and bottom walls, which can be seen by the flow lines (fig. 12).
The flow line changes its course through a sudden pressure
change. This leads to a change in accelerations and the emergence
of mass forces. The increase in mass forces causes a drop in over-
pressure.

— Expanding the knowledge of complex flow mechanisms can
be achieved through appropriate experimental verification of nu-
merical models. The confrontation of simulation results with data
obtained in industrial conditions is extremely difficult and often only
possible for global parameters. Therefore, it is necessary to create
experimental models with well-defined flow parameters.

List of markings

Arin [mm?] — minimum surface

C [1/m] - coefficient of inertial resistance
d [m] - diameter of the flow cross-section
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Eu [-] - Euler number

k — kinetic energy

n [rpm] - rotation speed

P [W] - engine power

Q [m3/s] - engine air demand

Re [-] - Reynolds number

T1 [K] - air temperature at the inlet to the intake system
V [m/s] - air flow speed

V- air speed at the beginning of the intake system
V'ss [dm3] — engine stroke

X [-] - polynomial coefficient

& [mm] - the length of the element parameter
An [mm] - thickness of the porous layer

Ap [Pa] - differential pressure

Apf [Pa] - pressure drop in the filter

¢ — the scale of turbulence (dissipation)

1v— volumetric efficiency

M [kg/(mes)] — dynamic viscosity

v [m?/s] - kinematic viscosity

p [kg/m3] - air density

w - Kie vorticity

= [1/m?] - viscous resistance coefficient
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B cksploatacja i testy B

Analiza CFD uktadu dolotowego Ferrari 348 GTC

Analiza CFD uktadu dolotowego Ferrari 348 GTCW artykule przed-
stawiono analize CFD (Computational Fluid Dynamics) uktadu
dolotowego samochodu sportowego Ferrari 348 GTC. W tym sys-
temie dostarczana jest odpowiednia ilo$¢ powietrza w stosunku do
biezacego zapotrzebowania na spalanie paliwa. Okreslono zapo-
trzebowanie na powietrze dla danego silnika, a nastepnie przepro-
wadzono analizy. Artykut zawiera analize rozktadu predko$ci: pred-
kosci catkowite, predkosci katowe i rozktad ciSnienia statycznego.
Dodatkowo wyznaczono lokalng predko$¢ i przeptyw w komorze
filtracyjnej wraz z kierunkami przeptywu i powrotami oraz liniami
energetycznymi. Oceniono wptyw cyklu na temperature, lokalizacje
najwiekszego spadku predkosci, wzrost turbulencji, najwieksze
réznice cisnien i modut sprezystosci. Informacje te pozwalajg oce-
ni¢, czy w systemie nie wystepujg niepozadane zjawiska, takie jak
zaktécenia przeptywu. Do analizy wykorzystano oprogramowanie
Ansys Fluent.

Stowa kluczowe: uklad dolotowy, analiza CFD, silnik spalinowy, modelo-
wanie, przeptyw, Ansys
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