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Abstract

In this study, the effects of surface roughness differences of vehicle coating materials
(paint, paste, special applications, etc.) on the aecrodynamic drag coefficient were investigated
using the finite element method. For this, aecrodynamic drag forces and acrodynamic drag
coefficients for speeds between 40-150 km/hours were calculated for a 1/20 scale vehicle
designed by a package program by defining the body parts and front-rear window parts sep-
arately and assigning pre-calculated roughness values suitable in the industry, and the results
were presented through graphs and visuals. Using three different paint roughness values (low,
medium, and high), and one commonly used Teflon (fluoropolymer) coating, it was observed
that the aerodynamic resistance coefficient increased with increasing roughness levels. Rela-
tive to the acrodynamic resistance coefficient for the lowest paint roughness value, the aero-
dynamic resistance coefficient for the medium roughness value showed an increase of
0.000612529%, the acrodynamic resistance coefficient for the high roughness value showed
an increase of 0.00104783%, and the acrodynamic resistance coefficient for the fluoropoly-
mer coating showed an increase of 0.091195826%. In addition, the distribution of the pres-
sure forces on the vehicle hood and windscreen were also observed in the study. It was ob-
served that the pressure forces, which were approaching maximum on the front bumper,
windscreen and side mirrors, were reduced over the rear windscreen area due to separated
flow. It was also observed that the aecrodynamic resistance force can be reduced by processes
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such as angular improvements to be made in the front bumper and vehicle windscreens.
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1. Introduction

The aerodynamic drag coefficient (Cd), which is one of the most
prominent topics regarding resistances affecting vehicle move-
ments, has been the subject of a significant amount of past and cur-
rent research. Studies on reducing the aerodynamic drag coeffi-
cient have an important place among the studies carried out in the
automotive sector today. Today two main approaches used to de-
termine the aerodynamic drag coefficient of a vehicle are wind tun-
nel testing and computational fluid dynamics analysis. Although
wind tunnel tests give reliable results, they are time-consuming and
expensive. A number of methods have been used to determine the
aerodynamic drag coefficient. The most common method used to
determine the aerodynamic drag coefficients of vehicles is by
means of wind tunnels. However, recently, with the development
of technology, CFD (Computational Fluid Dynamics) methods

have been used to determine this coefficient through the use of
package programs. These new methods lead to gains both in terms
of cost and time. The work in recent years can be summarized as
follows. Asim et al. (2019) carried out a study on the effect of the
surface roughness of truck trailers on the aerodynamic drag coef-
ficient using the finite element method. They found that the aero-
dynamic drag coefficient increased at high speeds [1]. Mallick
(2014) carried out studies on the effects of surface roughness of
cylindrical objects on the aerodynamic drag coefficient [2]. Qi and
Lui (2011) examined the effect that making changes to the trailer
structure had on the aerodynamic drag coefficient [3]. Rohatgi
(2012) showed that changing the form of the rear body of an off-
road vehicle can lead to an improved aerodynamic drag coefficient.
His results showed an improvement of 26% [4]. Solmaz and Ic-
ingur (2011) analyzed a bus model with the CFD method using a
package program and found an aerodynamic drag coefficient of
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0.65 according to the experimental results and 0.66 according to
the CFD analysis results [5]. Rakibul Hassan et al. (2014) studied
numerical analysis on aerodynamic drag reduction of racing cars
using the Favre-averaged Navier-Stokes equations backed by k—
epsilon turbulence model [6]. Aerodynamic optimization must be
balanced against such considerations as styling, ergonomics, and
soiling [7].

The work in the earliest years can be summarized as follows.
Kieffer et al. (2006) carried out experiments on a Mazda brand
sports vehicle by means of CFD analysis using the k-epsilon model
[8]. They revealed that the front wing design has significant con-
sequences on the ground effect. Aka (2003) carried out experi-
ments on a 1/16 scale passenger vehicle design and prepared a
force measurement system. In addition, the dimensionless coeffi-
cients and the pressure distribution are calculated on the vehicle.
The aerodynamic drag coefficient value was 0.31 that value con-
stitutes a 5% difference compared to the actual value [9]. Beccaria
et al. (1999) developed a program called the Hiperroad, which is
used in multiprocessor computers. When they tested the Ferrari
F5050 vehicle using this program, which is used for aerodynamic
control, they found that the measurements were appropriate [10].
Hucho et al. (1993) carried out studies showing that the Navier —
Stokes methods based on the Reynolds number would be more ef-
fective in determining the aerodynamic drag coefficient [11]. Hi-
royuki Ozawa et al. (1998) 96 Honda studied the aerodynamic
characteristics of a solar-powered vehicle. The numerical fluid dy-
namics method MAC (Markerand - Cell) was used based on the
pressure conditions on the vehicle surface. As a result, they en-
countered a dispersed pressure gauge and therefore suggested, in
the aerodynamic analysis of the vehicles, that it would be benefi-
cial to apply multi-directional air currents instead of unidirectional
currents [12]. Schenkel (1977) mounted a spoiler on a 3/8 scale
vehicle model, and calculated its effects on the drag and lift forces
using the wind tunnel method. He examined the effects of placing
additional elements in front and behind vehicles on the aerody-
namic drag coefficient [13]. Specifics of surface/volume mesh
generated, boundary conditions imposed and numerical scheme
employed are discussed by Ramakrishnan et al. [14]. Gilhaus
(1981) calculated that the added wind reflector reduces the aero-
dynamic drag coefficient by 14% using a 1/5 scale truck model
[15].

Although there are many studies regarding the topic of the aer-
odynamic drag coefficient in the literature, as shown above, there
are not enough studies on the effects of surface roughness on the
aerodynamic drag coefficient.

2. Theoretical Foundations

The friction coefficient can be calculated theoretically in laminar
flow, but experimental methods are used for the solution in a tur-
bulent flow. Since the coefficient of friction varies over a given
surface, the concept of the average coefficient of friction is gener-
ally used. In the Eq. (1) expressing the average friction coefficient
can be given [16].

1 L
Cf ZZ f() Cf,x dx (1)

where Cs is the average coefficient of friction, L is the length, Crx
is the local friction coefficient.

In laminar flow, the surface roughness does not affect the fric-
tion coefficient, and the friction coefficient depends on the Reyn-
olds number. However, in turbulent flow, surface roughness can
cause the friction coefficient to increase two to three-fold. In order
to investigate the effect of surface roughness on the friction coef-
ficient, an Eq.(2) was developed that gives results under certain
boundary conditions[16].

-2.5
C, =(1.89—1.62Iog%j @)

where € is relative roughness, L is plate length in the flow direction.

The €/L value is of great importance when it comes to calculat-
ing the results in this formula, which gives results under Re >10°
and €/L >10** conditions [16]. This value was studied in the com-
putational fluid dynamics (CFD) analysis.

The graph showing the effect of surface roughness on the friction
coefficient in laminar flow with varying Reynolds numbers is given be-
low. As can be seen in Figure 1, the friction coefficient increases with
increasing roughness value [16]. With the increase in the friction coef-
ficient, which is one of the two components of the aerodynamic drag
coefficient, it is expected that the aerodynamic drag coefficient will
naturally increase for turbulent flows.
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Fig. 1. Effect of surface roughness on friction coefficient in flat
plates [17].

3. Materials and Methods

The bodywork of the sample vehicle model used in this study; a
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total of five different roughness levels, consisting of three paints
with different roughness values, a fluoropolymer coating, and a
completely smooth surface, were tested. For the front and rear win-
dows of the vehicle, a constant glass average roughness value of
9.40x10® m was used [18].

Apart from the values shown in Table.1, the roughness value of
the steel material, which is generally preferred in automotive bod-
ywork with the exception of coating materials used in vehicles,
varies between 6x107 m and 8x10” m [19]. Considering this value,
it can be said that a paint material with low roughness has a smaller
roughness value than an unpainted vehicle body and will be bene-
ficial in reducing the aerodynamic drag coefficient. The values of
the related roughnesses are given in Tablel.

Table 1. Used roughness values for measurements.

Scenario Roughness Height (Ra),m
Paint-1 3.51x 107
Paint-2 1.03 x 10°®
Paint-3 1.48 x 10°®
Fluoropolymer 5.24 x 10
Glass 9.40 x 108

In order to investigate the effects of the vehicular coating mate-
rials (paint, putty, etc.) on the aerodynamic drag coefficient, a ve-
hicle model was prepared using the Design Modular program. A
virtual wind tunnel was created using the CFD analyses (Ansys
Fluent 19.2 program) were made for the five different roughness
levels at each speed, with a 10 km/h speed increase in the range of
40 km/h — 150 km/h. The calculated Reynolds Numbers for the
velocities and model geometry to be examined are shown in Table
2.

Table 2. Calculated Reynolds Numbers for the velocities and model
geometry to be tested.

Flow Length Speed Speed Reynolds
(m) (m/s) (km/hour) Number
0.23 11.11 40 1.44x10°
0.23 13.89 50 1.79x10°
0.23 16.67 60 2.15x10°
0.23 19.44 70 2.51x10°
0.23 22.22 80 2.87x10°
0.23 25 90 3.23x10°
0.23 27.78 100 3.59x10°
0.23 30.56 110 3.95x10°
0.23 33.33 120 4.31x10°
0.23 36.11 130 4.67x10°
0.23 38.89 140 5.02x10°
0.23 41.67 150 5.38x10°

Considering the Reynolds number values given in Table 2, the
flow around the vehicle can theoretically be considered as turbu-
lent flow at speeds of 140 km/h and 150 km/h, and as transitional

flow at other speeds [16].

3.1 Flow Model

The k—epsilon model, which is a two-equation turbulent flow
model, stands out with its low cost and practical structure. The dis-
advantages of the model are that it does not give as accurate results
as the k-omega under boundary layer conditions with high rough-
ness and it has low sensitivity in backflows [20]. It was stated that
in the Launder and Spalding, k — epsilon model there are two equa-
tions; one being k and the other being epsilon, with k representing
the kinetic energy of the model [21].

In the k-omega model, k indicates the Kinetic energy of the tur-
bulent flow, while omega indicates the energy loss. Since it is a
more sensitive model than the k-epsilon model under boundary
layer conditions where the flow is more intense, the k-omega tur-
bulent flow model was also used in our analyses. Analyses using
the SST k-omega and the reliable k-epsilon solution models yield
results with an error of less than 0.5%. In the aerodynamic analysis
guide published by SAE (Society of Automotive Engineering), it
was shown that the k-omega model gives high accuracy results
[22].

3.2 The Finite Element Model and Boundary Conditions

The number of elements and nodes of the model prepared and
its specifications are given for this study in Table 3.

Table 3. The model specifications and network data.

Model type Viscous (k-omega turbulence model)
Front surface area (m?) 0.00498449 (1/20 scale)
Density of air (kg/m®) 1.225
Temperature (K) 288.16
Speed(km/hour) 40-150
Viscosity (kg/m*s) 1.7894 x 10°°
Number of Elements Node Number
Network Data 107365 93935

4. CFD Analysis Results

The aerodynamic drag coefficient (Cd), friction force, conver-
gence graph, and pressure distribution values for the Paint-1 anal-
ysis at 11.11 m/s as seen in Figure 2.

The Paint-2 and the Paint-3 analysis are similar to the above fig-
ures' processes. Their data have very close results to Paint-1data.
The aerodynamic drag coefficient (Cd), friction force, conver-
gence graph, and pressure distribution values for the Fluoropoly-
mer analysis at 11.11 m/s as seen in Figure 3.

The aerodynamic drag coefficient (Cd) plots show that after 100
iterations, the Cd values remain uniformly constant in both. The
friction force graphs show that after about 100 iterations, the fric-
tion force values remain the same for both. These give the infor-
mation that the analyzes were done correctly.
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Fig. 2. a) The aerodynamic drag coefficient (Cd), b) friction Fig. 3. a) The aerodynamic drag coefficient (Cd), b) friction
force, ¢) convergence graph, d) pressure distribution values for force, ¢) convergence graph, d) pressure distribution values for
the Paint-1 analysis the Fluoropolymer analysis
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Pressure distribution values are given in Figure 2-d and Figure
3-d for Paint-1 coating and fluoropolymer coating, respectively. It
is seen that the pressure distribution values of the Paint-1 coating
are lower than the Fluoropolymer coating.

As seen in Figure 4, aerodynamic drag forces change in direct
proportion to the square of the velocity. While calculating these
values, the scale value of 1/20 was taken into account and the front
surface area was multiplied by 400 to yield the results seen in the
graph. However, due to the very small difference between the val-
ues, the change in force relative to the roughness level cannot be
fully understood. For this reason, the graph in Figure 6 was used.
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Fig.4. Variation of aerodynamic drag forces at various speeds

The graph in Figure 5 clearly shows the aerodynamic resistance
forces at 100 km/h and the change in these forces relative to the
hood cover material. As can be seen in Figure 6, both the aerody-
namic drag force value and the roughness value were higher for
the fluoropolymer coated vehicles.
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Fig.5. Variation of aerodynamic drag forces at 100 km/h

The aerodynamic drag coefficient value is important for vehicles and
forms the basis of the relevant study. Accordingly, the graph showing the
changes in the aerodynamic drag coefficient as a result of the forces acting
on the vehicle in the range of 40 km/h - 150 km/h, is shown in Figure 6.

As can be seen, the effect of roughness on the aerodynamic drag coeffici-
ent becomes more apparent as the speed increases.
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Fig.6. Variation of aerodynamic drag coefficients of coating materials at
various speeds

Table 4. Aerodynamic drag force values for different coating and
smooth surfaces (no coating)

AERODYNAMIC DRAG FORCE (N)
3 <
c%)‘ §, Low Mid- High Fluoro- Smooth
Roughness | Roughess | Roughness polymer Hood
40 65.480912 | 65.481280 | 65.481520 | 65.483676 | 65.480664
50 | 101.492056 |101.492648(101.493072 | 101.500180 |101.491680
60 145.271872 |145.272584| 145.273072 | 145.297312 | 145.271388
70 | 196.596104 |196.596900( 196.597360 | 196.661432 | 196.595468
80 | 255.825716 |255.826776|255.827512 | 255.960668 | 255.825244
90 | 322.778776 |322.779592(322.780148 | 323.015088 |322.778528
100 | 397.436048 |397.437612| 397.438684 | 397.819632 | 397.434996
110 | 479.794320 |479.797640| 479.799880 | 480.378360 | 479.792320
120 | 569.525760 |569.531000|569.534400 | 570.340040 | 569.522880
130 | 667.271960 |667.277440|667.282040 | 668.364280 | 667.269200
140 | 772.725280 |772.732480| 772.737840 | 774.151520 | 772.721080
150 | 885.875600 |885.883520|885.889840 | 887.690560 | 885.869800

Aerodynamic drag coefficient (Cd) values calculated by the pack-
age program in three different paint roughness values converted to real
size according to the vehicle scale as shown in Table 4. As can be seen
in Table 4, aerodynamic resistance forces in three different roughness
dye values make changes that affect the 2nd or 3rd steps after the
comma on average. However, variations in aerodynamic resistance
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forces between the smooth body structure and the fluoropolymer coat-
ing with high roughness are seen. Accordingly, for a vehicle traveling
at a speed of 100 km/ h, it is seen that an aerodynamic resistance force
difference of 0.97% occurs.

4.1 Mesh independency and structure

As can be seen from Figure 2 a-c and Figure 3a-c graphics, the
mesh structure has been converged and as a result, it has been made
independent of the mesh. Mesh element quality is controlled at the
network structure as shown in Figure 7.

There are 107365 elements and 93935 nodes in the mesh struc-
ture. This structure is the hexahedral dominant. In this structure,
hexahedral and tetrahedral are used as the main elements. Pyramid
and prismatic wedges are used as transition elements.
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Fig.7. Mesh element quality controls

As seen in Figure 7, 76% of the total elements in the mesh struc-
ture are hexahedral, 16% pyramid, 7% tetrahedral, and 1% pris-
matic wedges.

5. Conclusions and Discussion

A 1/20 scale sample vehicle model was designed using the Design
Modular program and by creating the appropriate network structure in
the CFD analysis (Ansys 19.2 package) program. Five different body
roughness levels and the roughness values of these levels were exami-
ned in terms of aerodynamics using the k-omega turbulent flow model
within a speed range of 40 km/h — 150 km/h. These roughness values,
which are different by 1/1000000 of the meter (m), affected the aero-
dynamic drag force and aerodynamic drag coefficient values as can be
predicted. In these analyzes performed on the aerodynamic drag force
and the aerodynamic drag coefficient occurring in the second or third
step after the comma as a result of calculations made over the; It cre-
ates an average of 0.205% difference between the maximum rough-
ness fluoropolymer coating and the smooth coating with zero rough-
ness.

Although there are differences between the high roughness paint
and low roughness paint coating in the fourth or fifth stages after the
comma in terms of aerodynamic resistance coefficients, the difference

in the zero roughness value with the fluoropolymer coating starts to
occur in the third step comma. Accordingly, according to the low paint
roughness value, 0.000612529% increase in aerodynamic resistance
coefficient compared to medium roughness value, 0.00104783% in-
crease in aerodynamic resistance coefficient compared to high rough-
ness value and 0.091195826% increase in aerodynamic resistance co-
efficient according to fluoropolymer roughness value.

According to the data, the coating materials used in vehicles do not
cause serious material damage in conditions where the values of
1/1000000 small (micron) of a meter generally used in today's condi-
tions are not exceeded much. However, these differences will increase
when considering buses or trucks. They have a large surface area
other than automobiles and make more average roads per year.

It was observed that the pressure forces, which were approaching
maximum on the front bumper, windscreen, and side mirrors, were
reduced over the rear windscreen area due to separated flow. It was
also observed that the aerodynamic resistance force can be reduced by
processes such as angular improvements to be made in the front
bumper and vehicle windscreens. The aerodynamic resistance forces
and aerodynamic resistance coefficients that increase with the effect
of this pressure can be reduced by the angular inclinations to be given
to the front bumper is which leads to a reduction of the forcing acting
onit.

Nomenclature

€ . Relative roughness, (m)
CFD : Computational Fluid Dynamics
Cq : Aerodynamic drag coefficient (-)
oF : Average coefficient of friction (-)
nyx L : Local friction coefficient (-)

. Length, (m)
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