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Abstract
The wheels of a passenger vehicle contribute to a significant part of the vehicle’s aerodynamic drag. The previous research 
has shown that the flow is sensitive to small geometrical variations of the tyre, such as its shoulder profile and tread pattern. 
This work investigates the effect of altering the tyre profile in the transition region between the tyre and the rim by adding 
a so-called rim protector. Full-scale wind tunnel tests capturing forces, flow fields and surface pressures were conducted 
for three tyre variants in combination with two rim configurations on a crossover SUV. With a low rim protector, the forces 
and flow fields were similar to the reference tyre without a rim protector for both rims. With a wide, protruding, rim protec-
tor on the open rim, a larger and more outwashed front wheel wake was obtained with differences in the vortex structures, 
resulting in a drag penalty of 0.017 C

D
 . The altered front wheel wake reduced the shielding of the rear wheel, resulting in 

differences in the rear wheel wake and base pressure. With a closed rim, the differences with the wide rim protector were 
much smaller with only a slight drag increase compared to the reference, demonstrating that there can be a strong interac-
tion between the tyre and rim design.

1  Introduction

The aerodynamic drag is one of the largest resistive forces 
acting on a passenger vehicle (Schuetz 2015), affecting its 
energy efficiency and resulting driving range. Thus, in the 
automotive industry, there is a need for a better understand-
ing of how the drag is formed and how it can be reduced. 
A considerable part of the vehicle drag originates from the 
wheels, making it a subject of increased research in the past 
years. The rotation of the wheels, the deformation of the 

tyres and the interaction between the tyre and rim create a 
complex flow that is challenging to understand.

Wickern et al. (1997) demonstrated that by removing the 
wheels and covering the wheelhouses, the drag was reduced 
by 25% , thus quantifying the large impact of the wheels. 
Although this cannot be done for an actual vehicle, later 
studies have shown that significant drag reductions can be 
found depending on the wheel design. Much of the previous 
research, such as Koitrand et al. (2015), Schnepf et al. (2015) 
and Brandt et al. (2019), focused on the design of the rim, 
finding that the coverage area is one of the most important 
factors for reducing the drag. Landström et al. (2012) proved 
that also the tyre can substantially alter the drag, with varia-
tions of 0.005-0.010 CD between similar tyres with the same 
specified dimension. The sensitivity of different tyre param-
eters, such as the profile (Wittmeier et al. 2014), deformation 
(Mlinaric 2007; Gray et al. 2019) and tread pattern (Mercker 
et al. 1991; Wickern et al. 1997; Hobeika and Sebben 2018), 
has been further investigated, all resulting in modifications 
of the flow around the wheel.

Some tyre features have received less attention in the pre-
vious research. One of them is the transition region between 
the tyre and the rim. Commercial tyres are commonly 
equipped with a so-called rim protector (or rim shield), typi-
cally added to the tyre’s outer edge and designed to protect 
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the rim from damage by, for example, a curb or during wheel 
handling. Wittmeier et al. (2013) compared several tyres fit-
ted to a range of vehicles and found that the tyre with a rim 
protector resulted in increased drag for all vehicle types. In 
a study of isolated wheels, Reiß et al. (2020) found that the 
tyre with a rim protector performed worse than the other 
configurations analysed. However, in both Wittmeier et al. 
(2013) and Reiß et al. (2020), the tyres with the rim pro-
tectors also featured additional differences from the other 
configurations. Hence, the effect of the rim protector itself 
could not be isolated.

This work investigates the impact of rim protectors using 
full-scale wind tunnel measurements, capturing forces, 
flow fields and surface pressures. The tyres were specifi-
cally designed by Pirelli and only varied in the rim protector 
region. The tests were conducted with two rim configura-
tions on a crossover SUV.

2 � Methodology

2.1 � Vehicle geometry

The Volvo C40 Recharge was tested with closed front cool-
ing inlets. Two rim configurations were studied, open and 
closed, Fig. 1. The closed rim was obtained by attaching a 
2mm thick carbon fibre sheet to the outside of the open rim. 
The cover was convex, extending 28mm out from the rim 
edge ( 21mm outside the wide rim protector) at the wheel 
centre. Where applicable, the cover is also illustrated along 
with the measurements. Due to brake cooling requirements, 
a completely closed rim is not feasible for an actual vehicle. 
It does, however, reflect current trends in the vehicle indus-
try (Koitrand et al. 2015; Schnepf et al. 2015; Brandt et al. 
2019; Barth et al. 2020).

Three sets of 245/45 R19 tyres were tested, a reference 
tyre with no rim protector along with a low and a wide rim 
protector variant (Fig. 2). Apart from the rim protectors, 
the tyres were identical and featured the same detailed 
tread pattern and shoulder profile. The same tyre and rim 

configuration was used for all four wheels. The vehicle’s 
frontal area was kept constant at 2.54m2 for all calculations 
as any differences caused by the rim protector or rim cover 
were small.

2.2 � Wind tunnel

The experiments were performed in the Volvo Cars Aero-
dynamic Wind Tunnel (PVT), which is described in detail 
by Sternéus et al. (2007). The tunnel has a slotted wall test 
section with a cross-sectional area or 27.1m2 , resulting in a 
blockage of 9.4% with the current vehicle. PVT is equipped 
with a ground effect simulation system consisting of a scoop, 
two distributed suction zones and a five-belt system with 
a centre belt and four wheel drive units (WDUs), Fig. 3. 
Their exposed area is tangential to the ground and measures 
400 × 360mm . The flat surface of the WDUs results in real-
istic contact patches for the tyres. The WDUs were placed 
such that the contact patch was centred on the belt. The 

Fig. 1   Investigated rim configurations

Fig. 2   Cross-sections of the tyres. The thickness of the rim cover is 
illustrated in grey in the bottom right corner

Fig. 3   Layout of the boundary layer control system in PVT drawn to 
scale. Adapted from Ljungskog et al. (2019)
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test object was held in place by four rocker panel restraint 
posts with a diameter of 36mm . All measurements were 
performed at 100 km∕h.

2.3 � Force measurements

The forces were captured by the underfloor balance and 
averaged for 40 s . All measurements were conducted dur-
ing the same test campaign, mitigating the uncertainty due 
to mounting of the vehicle in the wind tunnel. The uncer-
tainties of the force coefficients were determined from ten 
individual measurements of the same configuration and 
are presented in Table 1. Since the results of this work will 
be presented in terms of force deltas, the uncertainties in 
Table 1 are combined using the root sum squared method, 
resulting in scaling by 

√
2.

2.4 � Pressure measurements

The vehicle was equipped with pressure spades at the right-
hand side of the base. The pressures were sampled by First 
Sensor HCLA0025DB units connected to Dewesoft Sirius 
modules at 5000Hz for 60 s . The sensors had a range of 
±2500 Pa and were statically calibrated to within ±5 Pa 
( 0.01 Cp at 100 km∕h ). The averaging time was sufficient 
to achieve a 95% uncertainty of less than ±0.003 Cp for all 
sensors. Due to the length of the pressure tubing, only the 
averaged values are considered here.

The base pressure was integrated over the measurement 
area to determine the base drag coefficient, CDB . Since 
measurements were only taken at half the base, the value 
was multiplied by two to correspond to the full vehicle. 
This should be valid since the car is mostly symmetrical, 
as confirmed by symmetrical yaw sweeps with negligible 
side force at zero yaw. Performing repeated measurements 
of the same configuration, the uncertainty for the base drag 
was found to be ±0.0013 CDB , as presented in Table 1.

2.5 � Flow field measurements

Flow field measurements were taken using the traversing gear 
and two 12-hole Omniprobes mounted with a vertical spacing 
of 56mm . The probes measure the flow within ±150 ◦ , and, 
to better capture the recirculating flows in wakes, they were 
placed at 45 ◦ to the freestream. Using the manufacturer’s cali-
bration, the 12 pressures were used to calculate the velocity 
vector along with the static and total pressures. The probes 
had a specified accuracy of 3% and 1.5 ◦ in terms of velocity 
magnitude and flow angle, respectively (Aeroprobe corpora-
tion 2015).

The captured planes are shown in Fig. 4, where FW and 
RW denote front and rear wheel. Both FW x and RW x were 
located 500mm downstream of the corresponding wheel axle. 
FW y was placed 25mm outside of the tyre bulge. FW z was 
taken 25mm from the ground, whereas RW z was placed 
80mm above the ground to avoid measuring mostly the bound-
ary layer built up along the wind tunnel floor. The base plane 
was 100mm behind the rearmost part of the car, corresponding 
to approximately 500mm downstream of RW x.

The Γ2 criteria, proposed by Graftieaux et al. (2001), were 
used to illustrate vortices. Although Γ2 does not convey infor-
mation about the strength of the vortices, only about their size 
and positioning, it was found preferable to quantities such as 
vorticity or the Q-criteria since it is less sensitive to noise (De 
Gregorio and Visingardi 2020). The rotation of the flow is 
described by first constructing the average velocity in a region 
S around a point P as

Next, Γ2 is calculated as

(1)v⃗P =
1

N

∑

M∈S

v⃗M .

Table 1   Force coefficient 95% uncertainty estimations. The base 
drag is calculated from the pressure measurements, as described in 
Sect. 2.4

Force Coefficient Uncertainty

Drag C
D

±0.0011

Front lift C
LF

±0.0006

Rear lift C
LR

±0.0013

Base drag C
DB

±0.0013

Fig. 4   Planes used for flow field measurements
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with n̂ being the plane normal and M the other points in S. 
Graphically, this can be interpreted as the average of sin �PM , 
as illustrated in Fig. 5. In this work, S was taken as a disc 
centred around P. The radius was chosen as a compromise 
between resolution and spatial averaging. For the planes FW 
x and RW x, the radius was 50mm , whereas 200mm was 
used for the base plane.

The measurements were conducted by sweeping the 
probes at 40mm∕s and sampling the pressures at 20Hz . The 
measurement lines were spaced 28mm apart for all planes 
except the base plane, which used a spacing of 56mm . The 
sweeping method is much faster than the traditional method 
of stopping the traverse and sampling at discreet points. Ten 
measurements of the bottom part of the FW x plane were 
taken to investigate the repeatability of the method. Figure 6 
shows the average total pressure coefficient and Γ2 from the 
ten measurements along with isolines from the individual 
measurements at Cptot = 0 and |Γ2| = 0.4 . The value for 
Γ2 was chosen arbitrarily to illustrate the repeatability. All 
measurements result in similar isolines, indicating that the 
repeatability is sufficient for comparing the flow fields of 
different tyres.

The traverse is known to introduce a disturbance in the 
flow. Previous investigations, using the same wind tunnel 
and equipment, showed that although the flow can be some-
what altered (Sterken et al. 2014; Josefsson 2022), the flow 
structures are still qualitatively similar.

(2)
Γ2 =

1

N

�

M∈S

�
�����⃗PM ×

�
v⃗M − v⃗P

��
⋅ n̂

‖ �����⃗PM‖ ⋅ ‖v⃗M − v⃗P‖

=
1

N

�

M∈S

sin 𝜃PM ,

3 � Results

3.1 � Force measurements

Figure 7 shows the force coefficient deltas compared to the 
reference tyre (R) with the open rim and R with the closed 
rim, respectively. With the open rim, no significant drag 
difference is measured for the low rim protector (L) but 
a 0.017 CD increase is obtained for the wide rim protec-
tor (W), corresponding to approximately 5% of the total 
drag. The base drag coefficient, CDB , indicates that only a 
small part of this difference occurs at the base, suggesting 
that the main changes happen locally around the wheels. 
With the closed rim, the large drag difference between R 
and W vanishes, showing that there is a strong interaction 

Fig. 5   Calculation of Γ
2
 around a point P in region S. Inspired by Par-

fett et al. (2022)

Fig. 6   Average field and individual isolines from ten repeated meas-
urements in the lower part of the FW x plane. The isolines are drawn 
at Cptot = 0 and |Γ

2
| = 0.4 . The dashed line marks the contour of the 

wheel

Fig. 7   Force coefficient deltas compared to the reference tyre (R) on 
the open and closed rims, respectively
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between tyre and rim design. A slight drag reduction of 
approximately the same size as the base drag delta is meas-
ured for L. More consistent results are seen for the lift 
forces, where the two rim protector variants reduce front 
and rear lift compared to the reference.

3.2 � Rim protectors on the open rim

3.2.1 � Front wheel flow

Figure 8 illustrates Γ2 and total pressure coefficient in the 
FW x plane for the three tyres with the open rim. The inves-
tigated vortices and their corresponding low-energy regions 
are labelled according to the nomenclature used in Josefsson 
et al. (2022, 2023). Starting with the reference tyre (R), a 

region of positive Γ2 , corresponding to the counterclock-
wise rotating outer contact patch vortex (B), is measured 
along with a matching low-energy region in Cptot . Right 
downstream of the tyre there is a pair of counter-rotating 
vortices, Cin and Cout, resulting from the separation at the 
aft tyre shoulders. They cause a slight upwash in the oth-
erwise outwash-dominated region. The upwash results in 
flow entering the rear part of the front wheelhouse. The 
leakage from the top of the wheelhouse produces vortex F 
and a corresponding low-energy region. Above B there is 
another counterclockwise rotating vortex, D, created from 
the separation at the rim flange, as described by Wäschle 
(2007).

Comparing the reference (R) and the low rim protector 
(L), no significant differences are seen, Fig. 8b. Since the 
results with L are very similar to those of R, the figures for 
L will be omitted from here on, unless they are necessary 
for the explanation. With the wide rim protector (W), the 
outer contact patch vortex (B) is larger, Γ2 in Fig. 8c. This 
results in the larger low-energy region seen in Cptot , likely 
explaining part of the drag increase presented in Fig. 7. A 
larger Cin is obtained, showing that the wide rim protector 
also alters the separation at the inner tyre shoulder. Due to 
the larger B and Cin, Cout is not visible in this plane. Without 
Cout, the upwash in the wake of the reference tyre dimin-
ishes, and an outwash is created instead. This means that 
less flow enters the rear part of the wheelhouse, leading to 
less leakage from the wheelhouse top and, thus, a smaller 
upper separation (F), as visible in the total pressure plots. As 
illustrated by Γ2 , vortex D is larger than for the other tyres. 
Wäschle (2007) attributed this vortex to the separation at the 

Fig. 8   Flow field measurements in the FW x plane for the three tyres 
with the open rim

Fig. 9   Flow field measurements in the FW z plane with the open rim. 
For reference, the outline of the mounting strut is indicated
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rim flange. Although the separation here occurs at the rim 
protector, the effect is the same.

Figure 9 presents the total pressure coefficient in the FW 
z plane. There are distinct low-energy regions corresponding 
to vortices B, Cin and Cout visible for R. With W, both the 
size and intensity of the low-energy regions increase. As was 
observed in the FW x plane, there is more outwash than for 
R, altering the direction of the wake.

The spanwise velocity in the planes FW x and FW y is 
plotted in Fig. 10. In FW x, the outflow behind the tyre is 
visible. Due to Cout (Fig. 8a and 8b), the region of vy = 0 
behind the tyre (labelled 1 in Fig. 10a) is slanted for R. With 
W, the altered vortex structure gives more outwash close to 
the ground. Comparing R to W in the FW y plane, the largest 
differences are observed in the region close to the ground 
that is not shielded by the wheelhouse. With W, there is 
more outflow along the upstream tyre shoulder (2). There is 
a region of vy ≈ 0 in the downstream transition between the 
rim and tyre (3), showing that the flow is forced outwards by 
the wide rim protector. In the upper part of the FW y plane, 
the difference in leakage from the wheelhouse, discussed in 
connection to Fig. 8, is visible (4).

3.2.2 � Rear wheel flow

Figure 11 shows the flow at the rear right wheel in the RW 
z plane. R and L are again similar but a slightly narrower 
low-energy region and more inwash at the outer tyre shoul-
der (5) are measured with L. This could indicate that the 
low rim protector improves the transition between the tyre 
and the rim. An even stronger inflow is observed down-
stream of W, 6 in Fig. 11c. The resulting wake is shorter 
than for R. However, the losses are larger for W, especially 
close to the tyre. Far outside of the tyre (7 in Fig. 11c), 
the extent of the larger and more outwashed front wheel 
wake of W can be seen. The previous research has shown 
that the flow structures from the front wheel alter the flow 
around the rear wheel (Josefsson et al. 2023; Radovic et al. 
2023). With the more outwashed front wheel wake of W, 
the rear wheel is likely less shielded from the freestream 
flow, potentially explaining the larger losses in the rear 
wheel wake.

To explain the difference in inflow behind the rear wheels, 
the vortex structures in the RW x plane are visualised, 
Fig. 12. The strong inwash with W observed in Fig. 11c can Fig. 10   Normalised spanwise velocity in the planes FW x and FW 

y for the open rim. Positive values correspond to flow out from the 
vehicle. The dashed lines in FW y mark the outline of the wheel and 
wheelhouse as well as the location of the FW x plane

Fig. 11   Flow field measurements in the RW z plane with the open 
rim. Isolines are drawn for Cptot = 0 , and the dashed line marks the 
location of the RW x plane
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be connected to a counterclockwise rotating structure (8) 
present only for W. It is likely the outer contact patch vor-
tex of the rear wheel and is not visible for R. This could be 
explained by the difference in the tyre geometry, but also by 
that the shielding from the front wheel wake results in lower 
energy flow upstream of the rear wheels for R. The clock-
wise rotating structure (9) is larger for W, further enhancing 
the inflow.

Figure 13 presents the base pressure of R and the cor-
responding base pressure deltas of L and W. With L, the 
base pressure is generally higher, resulting in the marginally 
lower CDB presented in Fig. 7. This difference might be an 
effect of the slightly different rear wheel wake observed in 
Fig. 11. For W, a larger base drag is measured with a par-
ticularly lower pressure at the bottom right corner, close to 
the wheel. Figure 14 shows the vortex structures in the base 
plane. The vortices labelled 8 and 9 in Fig. 12b have propa-
gated downstream. Comparing R and W, 9 is larger for W 
also in this plane. Its location approximately corresponds to 
the low-pressure region in Fig. 13c, presumably explaining 
the increased base drag.

3.3 � Rim protectors on the closed rim

3.3.1 � Front wheel flow

Compared to the open rim, a lower drag is measured for all 
tyres with the closed rim. For the reference and the low rim 
protector, the decrease is approximately 0.008 CD , whereas 
it is 0.021 CD for the wide rim protector, demonstrating a 
strong interaction between the tyre and rim.

Figure 15 shows Γ2 and total pressure in the FW x plane. 
Compared to the open rim (Fig. 8), the general trend for all 
three tyres is that the closed rim produces a smaller outer 
contact patch vortex (B) and a less pronounced Cout. Vortex 
D is also smaller which is in accordance with it being driven 
by the rim flow, as suggested by Wäschle (2007). Due to the 
convex rim cover, the wake is pushed outwards, resulting in 
a larger low-energy region in between B and F.

Comparing R and L, there is a small difference in Cout 
which reduces the upwash into the wheelhouse, giving a 

Fig. 12   Vortex structures in the RW x plane with the open rim. The 
dashed lines mark the outline of the tyre and the RW z plane

Fig. 13   Base pressure for R and base pressure deltas for L and W 
with the open rim. The base drag corresponds to a full vehicle
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slightly smaller upper separation (F) for L. With W, the 
B and D vortices are enlarged. However, the increase is 
less than for the open rim, explaining why the drag delta 
is much smaller (Fig. 7). Furthermore, Cin is shifted down 
and outwards, and Cout is not visible, resulting in more out-
wash. Comparing the outwash in the FW z plane (Fig. 16), 
W gives a larger wake with more losses. These changes are 
similar to those observed for the open rim. The difference 
in wake direction between R and W is, however, smaller 
with the closed rim.

Comparing the y-component of velocity between open 
and closed rims for the reference tyre, the main differ-
ences in FW x are found around the altered contact patch 
separation, Figs. 10a and 17a. In FW y, the convex rim 
cover results in more outflow over the upstream half of 
the closed rim (10). With the flow staying attached along 
the closed rim, the region of vy ≈ 0 , created by the wide 
rim protector at the downstream transition between the 
tyre and rim, more clearly follows the circular shape (3).

3.3.2 � Rear wheel flow

With the closed rim, the flow at the rear wheel is similar for 
all tyres, Fig. 18. As observed in Fig. 16, the front wheel 

outwash did not increase as much with W on the closed rim 
as on the open rim. Hence, the low-energy region labelled 
7 in Fig. 11c is not present in Fig. 18c, indicating that front 
wheel wake shields the rear wheel similarly for all tyres on 
the closed rim.

Comparing the base pressures (Fig. 19), the base drag is 
0.003 CDB less with the closed than with the open rim for 
R. Similar to the open rim, a small, homogeneous, pres-
sure increase is obtained for L. With W, the base pressure is 
almost identical to R, strengthening the theory that the base 
pressure with the open rim was altered by the strong inflow 
downstream of the rear wheel.

Fig. 14   Vortex structures with the open rim in the base plane. The 
dashed lines mark the outline of the vehicle base and rear wheels

Fig. 15   Flow field measurements in the FW x plane for the three tyres 
with the closed rim
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4 � Conclusions

This work investigated the effects of geometrical modifica-
tions to the transition region between the rim and tyre on 
the flow field around a passenger vehicle. The comparison 
was performed using the same tyre profile, adding either a 

low or a wide rim protector, and two rim configurations. The 
measured force deltas were analysed using flow field and 
surface pressure measurements.

The addition of a low rim protector resulted in no drag 
difference with the open rim and a slight decrease with the 
closed rim. Apart from a small increase in the base pressure, 
the flow fields of the low rim protector were similar to the 
reference tyre.

With the wide rim protector, a drag increase of 0.017 CD 
was measured on the open rim. For the closed rim, the pen-
alty was only 0.003 CD . This reaffirms that there are strong 
interactions between the rim and the tyre. The drag increase 
with the wide rim protector was explained by larger outer 
contact patch (B) and rim (D) vortices at the front wheel. 
The front wheel wake was also larger and more outwash 
dominated, reducing the shielding of the rear wheel. This 
resulted in a decreased base pressure, further contributing 
to the higher drag.

Fig. 16   Flow field measurements in the FW z plane with the closed 
rim. For reference, the outline of the mounting strut is indicated

Fig. 17   Normalised spanwise velocity in the planes FW x and FW y 
for the closed rim. Positive values correspond to flow out from the 
vehicle. The dashed lines in FW y mark the outline of the wheel and 
wheelhouse as well as the location of the FW x plane

Fig. 18   Flow field measurements in the RW z plane with the closed 
rim. Isolines are drawn for Cptot = 0
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