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A Numerical Simulation of a Multi-phase Flow mixed
with Air and Water around an Automobile Tire

1. S. Woo*, H W. Kim**
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ABSTRACT

A three-dimensional multi-phase flow is simulated around a smooth tire. This simulation is
conducted by solving Navier-Stokes equation with a k- & turbulent model. The numerical
calculations are carried out by modeling a multi-phase free surface flow mixed with air and
water at the inlet. The numerical solutions show an intuitively resonable behavior of water
around a moving tire. The calculated pressure around the tire surface along the moving
direction is presented. The moving velocities of the tire are chosen to be 30, 40, 60, and 70
km/h. The numerically simulated pressures around the tire are compared with existing
experimental data. The comparison shows a new possible tool of analyzing a hydroplaning
phenomenon for an automobile tire by means of a computational fluid dynamics.

Keywords : Multi-phase Flow(%H+%), Hydroplaning(+%@4), k- & Turbulent Flow(k- e
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Nomenclature

C,Cy, 0x, ¢ « * Empirical turbulent model
constants

¢ : Turbulent dissipation rate[m”/s’]

g :Gravitational factor[m/s’]
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k :Turbulent kinetic energylm?s’]

¢ Density of the flow[kg/m"]

P :Shear production[N/m?%l

p :Mean pressure[N/m’]

u, Initial velocity of flow[m/s]

u Mean velocity components for i = 1,
2, 3[m/s]

u’ :Fluctuating velocity component{m/s]

pe - Effective viscosity[kg/ms]
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gt Turbulent viscosity[kg/ms]
1. Introduction

A separation between an automobile tire
and road surface due to water film occurs
when there exists a greater hydrodynaric
pressure of water than the tire’s weight and
load. This phenomenon is well known as
‘hydroplaning’ or ‘aquaplaning’. ™ The pre-
ssure of a water film can he calculated
using a lubrication theory.” However, the
computational fluid dynamics(CFD)” is ano-
ther natural choice to simulate the flow of
water and air around the moving tire. This
CFD method can be used to calculate the
flow field quantities around the tire. In this
paper, a finite volume method using a CFD
code, CFX® is employed to simulate a
three—dimensional incompressible multi-phase
turbulent flow around an arbitrary smooth
tire. A multi-phase flow mixed with water
and air is calculated by solving turbulent
Navier-Stokes equations. This free surface
flow is modeled so that the separation and
interaction between water and air can be
taken into account. The k- ¢ turbulent mo-
del is used to deal with a high speed mo-
ving tire. The schematic diagram of the
model is shown in Fig.1.

The purpose of this multi-phase flow
simulation is to calculate a realistic three-
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Fig.1 The schematic diagram of the tire and
computational domain

dimensional pressure development at the
leading surface of a smooth tire. This cal-
culation of a pressure distribution around
the tire can play an important role of un-
derstanding how a real situation on a wet

‘road can be visualized and physically com-

prehended with the aid of a CFD method.

2. Governing Equations

The governing equations for the unsteady
incompressible turbulent flow can be wri-
tten as follows :

ax,- =0 (1)
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Here, w and u( i, j=1,2,3) are the mean
fluid velocities, g the gravity, and pgex the
effective viscosity defined by

Begg=p+ pr 3)

where pr is the turbulent viscosity. The
calculation assumes a k- ¢ model with

2
M= C,,pk? (4)

The transport equations for the turbu-
lence kinetic energy k and the turbulence
dissipation rate & can be written as follows :

BoB) . 3 o 8 (., L\ ok
at + Bx,- (pu'k) ax; ut [« axj

=P+ g—pe (5)
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where P is the shear production and g a
gravitational factor,

3. Arbitrary Tire Profile

The size of a tire is arbitrarily selected
for the calculation. The diameter and the
width of an undeformed tire are 40 and
16cm, respectively. It is assumed that the
deformation of a tire induces the footprint
to be a rectangular shape with 16cm in
width and 9cm in length. The computational
domain in height is limited to be 10cm. The
wall boundaries of a tire are treated as a
rigid surface as well,

4. Grid Points

In order to simulate an external flow the
far field boundary conditions are imposed at
the outer boundaries. These far field boun-
dary conditions are placed far away from
the tire so that any reflection of the flow
field at the outer boundaries is mathema-
tically neglected.” The deformed shape of a
tire is arbitrarily modeled. The outer nodes
of the model are shown in Figs.2~3. As
shown in Figs.2~3 finer grid points are
generated near the tire surface where boun-
dary layers are mainly present. This region
of large gradients of the flow quantities
must be resolved by clustering the grid
near the surface of a tire. The governing
equations are solved using a finite volume
method.” The number of cells for a 3-D

Fig.2- The node elements at the surface of
the model geometry

Fig.3 The enlarged model geometry of Fig.2
finite volume method is 29,376.

5. Boundary and Initial Conditions

In a present simulation, a tire is assumed
to be stationary inducing that the inflows
are entered at the same rate of velocity of
an imaginary moving tire. Therefore, an in-
flow boundary condition is applied at the
normal surface of the inflow boundary as
shown in Fig4. The outer boundary condi-
tion is applied by assuming a conservation
of mass. The whole physical domain of the
problem can be generated by one half of
whole domain due to symmetry. The slip
condition is a good selection at the surface
of symmetry as shown in Fig.4. Slip boun-
dary conditions suggest the flow at the
boundary is assumed to be inviscid(ie., ve-
locities u, v, or w is not zero). The wall
boundary conditions (no-slip conditions) are
applied at the surface of a tire. The rest of
boundary conditions is summarized in Fig.4.
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Fig.4 The boundaries for the different
conditions : -

As an injtial boundary condition three
different speeds are selected : 30, 40, 60, and
70km/h. These initial conditions are corres-
ponded‘ to the moving tire velocities.

6. Results

Calculations are carried out at four di-
fferent initial velocities at the inlet. Two
distinct inflow conditions are given at the
inlet as shown in Fig.S. A {fully occupied
region by water at the inlet is located
between the ground and the height of 0.02
m. The rest of volume is occupied by air.
The volumetric ratio per unit length is 1/4
as indicated in Fig.5. The numerical expe-
rence shows the volumetric ratio 1/4 is an
optimal ratio for the problem in térms of
CPU and convergence rate. Ratios less then
1/4 result in inaccurate interactions between
two fluids whereas ratios more than 1/4
show very similar solutions. The model of a
tire is assumed to be smooth, ie, there is
no groove at the surface of a tire.

The unsteady solutions are obtained at
four different imitial conditions at the inlet
30, 40, 60, and 70km/h. The convergent so-
lutions are assumed at the tolerance of
machine zero. Fig.6 shows the volumetric
ratio of water and air on the road surface y
=0.0lm at up=30km/h. The ratio 1.0 in this

Fig.5 Two distinct inflow boundaries at the
inlet regions
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Fig.6 The volumetric ratio of water and air
on the road surface y=0.01m at
Uo=30km/h

figure indicates that there is all water whe -
reas the ratio 0.0 indicates there is no water
but all air in this region. As shown in Fig.6
the region behind the trailing surface of a
tire is filled with air. This observation from
the numerical simulation does not violate
one's experience and observation of driving
on a wet road. From this figure it can be
led that the pressure to hydroplane the tire
is mainly caused by the frontal pressure
acting on the surface of a tire.

Fig7 indicates the volume fraction of
water at the height y=0.02m. This height
posses the interface between water and air
given as an initial condition at t=0. Fig.7
shows there is an accumulation of water at
the leading surface of a tire creating the
higher pressure near the surface. At the
side of a tire for this height the bow shaped
wave of water is formed similar to the
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Fig.7 The volumetric ratio of water and air
on the road surface y=0.02m at
U=30km/h

Fig.8 The volumetric ratio of water and air
on the road surface y=0.05m at
Ue=30km/h

splash of water created by a moving auto -
mobile on a wet road. At the height y=
0.0om it is observed in Fig.8 that there
exists mostly air in this region except some
creation of water resistance in front of the
frontal tire surface. The figures at y=0.01,
v=0.02, and y=0.05m show a similar fa-
shion as the realistic behavior of water and
air behind the moving tire on a wet road
The pressure contour of water at the
leading surface of a tire is exhibited in
Fig9 showing the maximum pressure is
observed at the center of the frontal tire
surface along the symmetric line, Fig.10
shows the pressure along the symmetric
line at four different velocities; 30, 40, and
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Fig.9 The pressure contour of water at the
leading surface of a tire at y=0 and
ue=30km/h
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Fig.10 The pressure along the symmetric
line at four different velocities; 30, 40,
and 60km/h

60km/h. The calculated pressures are com -
pared with experimental data from Groger.
However, the shape of a tire used in ex-
periment is different from the one used for
the present calculations. Strictly speaking,
the comparison can only show a general
similarity of the pressure pattern between
the numerical calculations of the present
study and the experimental data of the
pressure. Another difference between two
results is the height of the initial water
region. The present study sets the height of
water to be 2cm whereas the experimental
data is obtained with a water height 0.8cm.
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The lateral pressures of water along
the tire surface at y=0.0m and
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Fig.12 Velocity vectors of the flow at
Up=30km/h and y=0.02m

The plots in Fig.10 for u,=30 and 60km/h
show that the calculated pressures with the
thicker water height start to increase the
pressure at the farther distance from the
tire leading surface than the experimental
pressure. Fig.11 represents the lateral pre-
ssures of water along the tire surface at y
=0.0m and u,=30km/h. This Fig.sugpgests
that as the speed of the tire increases the
lateral pressure increases in a non-linear
fashion. The pressure difference between 30
and 40km/h at the symmetric line is far
less than the difference between 60 and
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Fig.13 The lateral view of a volume fraction
of water and air around the tire

70km/h.

The velocity vectors representing the di-
rection and magnitude of the mixed flow of
water and air at y=0.02m and u,=30km/h
are exhibited in Fig.12. The maximum ve-
locities are located in front of a tire surface.
The back flow or a vortex of the flow is
observed behind the tire. From Fig.7, how-
ever, the vortex is generated and formed by
air only. This plot also represents the de-
velopment of higher velocities around the
tire. The velocities range from zero at the
tire surface to 64.7m/s(233km/h) in front of
a tire. Fig.13 shows the lateral view of a
volume fraction of water and air around the
tire. The fraction 1.0(labeled red in color)
implies that water is fully concentrated at
the frontal area of a tire. Water is seemed
to climb up along the frontal surface of a
tire as the steady velocity is reached; epg.
the case of Fig.12 represents the steady
velocity at 30km/h.

The present results show the reliability
of a CFD application for the prediction of
the frontal pressure of water at the leading
edge of a moving tire. In addition, the cu-
rrent results indicate a possible tool of
visualizing the mixed flow of water and air
around the tire on a wet pavement. The
calculations involve two phases; water and
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air. The convergence is reached at three
thousand iterations, The CPU time for each
simulation is taken about five hours on
CRAYC90.

7. Conclusions

A three-dimensional unsteady turbulent
flow is numerically simulated for the smooth
tire on a wet road at the velocities 30, 40,
60, and 70km/h, At the inlet water and air
are initially entered at the ratio of 1 to 4,
respectively, to observe an interaction and
flow behavior around a tire. This multi-
phase free surface simulation is conducted
to obtain the pressure distribution of water
at the center of a tire.

The main purposes of the calculation are
to visualize the flow behavior of water and
air and to predict the pressure acting on the
frontal surface of a tire. This prediction is
intended to provide a numerical tool of eva-
luating the pressure to hydroplane the tire.
The calculations are compared to experi-
mental data obtained from a literature.” The
comparison shows very good agreement de-
spite the different shape of tire models. In
further simulations, the existence of grooves
on the tire surface will provide a more
realistic situation of a water-and-air inter -
action for a moving tire. Moreover, the
present study has not considered the defor-
mation rate of the tire as the pressure is
increased at the surface. The interaction
between the pressure and the deformation
of the tire must be studied to provide a
better modeling of hydroplaning.
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Three Dimensional Unsteady Flow Characteristics inside the
Catalytic Converter of 6 Cylinder Gasoline Engine

I DR B
S J. Jeong, W. S, Kim

ABSTRACT

A ‘theoretical study of three-dimensional unsteady compressible non-reacting flow inside
double flow of monolith catalytic converter system attached to 6-cylinder engine was per-
formed for the achievement of performance improvement, reduction of light-off time, and
longer service life by improving the flow distribution of pulsating exhaust gases. The di-
fferences between unsteady and steady-state flow were evaluated through the numerical
computations.

To obtain the boundary conditions to a numerical analysis, one dimensional non-steady
gas dynamic calculation was also performed by using the method of characteristics in
intake and exhaust system. Studies indicate that unsteady representation is necessary
because pulsation of gas velocity may affect gas flow uniformity within the monolith. The
simulation results also show that the level of flow maldistribution in the monolith heavily
depends on curvature and angles of separation streamline of mixing pipe that homogenizes
the exhaust gas from individual cylinders. It is also found that on dual flow converter
systems, there is severe interactions of each pulsating exhaust gas flow and the length of
mixing pipe and junction geometry influence greatly on the degree of flow distribution.

F 827|449 : Catalytic Converter(Zu¥#71), Unsteady Flow(®¥)&4 $°8), The method of
: Characteristics (543 44)
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Table 2 Boundary conditions Input (E/G Spec.)

N7Zhl) IE F-Y5452 1-D Gas
dynamic Smulation2® §& A O A A
Inlet A WELEAIAkE 47 Calcuaton (using MOG) [+
boundary |9 5%Z AXEHAL, AR

e= 0.09"'K¥/19 BAZ HH
AL ol |2 HirlEe] AAY.

Combustion
Calcu'ation

Qutput ( P,V,T w.r.t Tima)

Y
3 A = .
d—a BA d 3-D Unsteady Compressible
Qutlet d, n=k, &, T=0, 94714 n2 Viscous Flow Caleulation

boundary )

- e
Solid wall | u'=0

boundary | K¢ e¥ ®gE olfstd AL

Fig.1 Calculation flow chart

il
et

2%
o,

l;:::
e

ey
2
%

Pogt
5,

Farrss,”

iy
£
e

7
oty
25
7

A
i
P ctidgy

Branch 14

AH Manolith
L 2 Juncilan

13t Monaliih

Branch 13

Branch ¥2

Inlet B dary From Wave Simulati

Fig.2 Computational grid of catalytic converter

Calculation Domain of
3D Unsteady Flow

-gilencer Muftler

Fig.3 Schematic representation of a whole intake & exhaust system

112 473, A%s



Fig2t Zvdgr)e] 3249 AXAxE vet
e F - ui7)Ale] Y Figdel zket ek
Wik

3. & ¥ ug
3.1 Yt BOIE0Me| AT} HSHA

B Aol Fouizld W] v gl f5E
Mg weslr] sl AR T2oage] ebg
4 AZs7] A%td 25 Zo) B @y
WA AT T F71F 3o disid Ay
Aoz 4 19 Hdde] dd¥ E7] mani-
foldelxe) <tdAubEe WOT, 2600, 2800,
3,200rpme} Aol disiA Adbgia v)asid
Fig.d(a) YeERIIT. ooz HE £ A3
A Eg T2oPe] Adkdals E2)1E U9
A2ule] Hpeak) 2 AYI] d&5Fn AL
2 < qlrk Figdb)E Fig.3d EAS 47 u)
71 1, 2049 dEHe] AFT £E¥EE
3,200rpm, WOTS] 7%l disiy vendick
JFPo)N BRo] wir|eE B2 shre] &%
2 dE HES & AYUHE BE EEFE 4
7}2-9] HAF p2Eel W fIYoE AF
gz ¢l HoRlg H2XE Jehie
7} F718 ez dAgE £ 4 ok 671% A
AF} Zo] v AYE] Z|@eM T F HA™E )
7194 Fo dAAsks ol3F dHAEL oS
RolX M2 2H8 ¥17] manifold HFE A
g=le] Jbe AF EedEr)e] Has dsy
o7 o3 me} HEZINA #rk T§ 9Tz
# 1, 29 =94 7} HHE 2 o] &R g
4T wi7]#e] "ol AR 9t 2 S W
2 FiEe &5 2 4 w4 g2 4
H(phase shift)g Heltk o|& <¢lsled 9]
) Azl 7 AT &= Wb BT &
ot 2 dyelAe Fig4dhle) B9 h3ue)
A wE SERFE YTFRUeR AL
Zr JUddA Fr]|HoR HEHE wigvtas
A% @71 U9 &= g FEWFe] A )
9 f& pd=d uXe FGEgE dFEsTh

T Caleulation
Experiment (18]

. 2600 rpm

2 2800 rpm Ty

227 5200 mpm

T T T T T T T T
.0 90 180 270 360 450 §40 630 720
Crank angle(deg)

Fig.4(a) Pressure waves in the intake pipe

Translent Inpul

149 for 3-0 Flow Calculation Pressure - 500
a
=
3 'a;
i# P Iniet 1 J ano \E'
g 7 3200 rpm etz <
T Velocity b =
034 ) Jos B
g - o T Jow @
= >
% J1s 4,
= Lodon (S
L s
00 - 1o

a iy 9‘0 1&0-- 2;0 3&0 4.")0 ‘ 5“10 650 j 720
Crank angle(deg)
Fig.4(b) Pressure wave and gas velocity in the

exhaust pipe connected to catalytic
converter

3.2 EMUED| yo| uiEy RSsiM

Figb(a-f) Fig4e £Z¥%E 47 A4
2708 AMEElA 339 ¥IRA A REE
e 793 2% FIDAEL FehA 19 A9
B EVOE 7|€2Z2 ¥ &£548 v 9]
o} 190°¢] 74 29 EXgo® fHe A%t
#&S 3 EX@e & ¥ag ga 7k
FE2EA 1H E#es fdse fE7 &%
He) o] EFE 5 29 o)A 7 Znf

671% 7Hd Aol AAA ZoAgky) We) 33 BAE KBB4 13



(e) 225deg (f) 295deg

Fig.5 Predicted velocity vector plots with time variation
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Fig.6 Predicted velocity distribution across the surface of first monolith
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