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A CFD Investigation of an

Inverted Airfoil in Ground Effect

Emanuela Genua

Delft University of Technology, Delft 2629HS, The Netherlands

Actiflow BV, Breda 4823AD, The Netherlands

A computational study of the flow around an inverted 2D airfoil in ground effect is
performed. The effect of mesh parameters and turbulence model on the solution is thor-
oughly investigated. Results are compared to previous works found in literature and an
improvement in CFD predictive capabilities is noticeable. Spalart-Allmaras shows to be
the most accurate and robust turbulence model among the ones tested. An optimal range
of mesh characteristics is identified. Within this range the main features of the flow, in-
cluding separation due to adverse pressure gradient and subsequent downforce reduction,
are correctly captured.

Nomenclature

α angle of attack
A aspect ratio
c airfoil chord
Cd drag coefficient
Cl downforce coefficient
Cp pressure coefficient
h ride height
ν kinematic air viscosity
p static pressure
q∞ free stream dynamic pressure
ρ air density
Re Reynolds number
u, v velocity components
u∞ free stream velocity
y+ normalized distance from the wall

I. Introduction

An inverted airfoil in ground effect may be consid-
ered a simplified representation of the front wing

of a race car. The aerodynamics of the front wing
is crucial since it contributes for about 30%17 to the
total downforce of the car and because the air that
flows over and under the front wing enters the un-
dertray, influencing the underbody flow. Of funda-
mental importance is, in particular, the understand-
ing of the relation between downforce generated and
distance of the wing from the ground.

For an inverted airfoil the effect of decreasing the

ride height is similar to increasing the angle of at-
tack of a regular airfoil: as for a regular airfoil, the
lift increases with the angle of attack until a maxi-
mum is reached and the wing stalls; the downforce
generated by an inverted airfoil in ground effect, in-
creases as the ride height is reduced up to a critical
point after which the downforce drops. Extensive
literature can be found on the subject.5,9–12,15,17,18

Ranzenbach and Barlow10–12 investigated the ef-
fect of ride height reduction using wind tunnel test-
ing. The ground was a fixed wall. The downforce
was seen to increase as the ride height was reduced
until a maximum was reached. As the ride height
was further reduced, downforce reduction was ob-
served. Ranzenbach and Barlow claimed that the
downforce reduction phenomenon was due to the
fact that, after a critical ride height, the ground and
airfoil boundary layers merged, limiting the amount
of air that could flow between the airfoil and the
ground.

A more recent and detailed study on the aero-
dynamics of a highly cambered single element wing
in ground effect was carried out by Zerihan and
Zhang.5,15,17,18 The study was performed in a wind
tunnel equipped with a moving belt.

Zerihan and Zhang found the same qualitative
downforce behavior as Ranzenbach and Barlow, but
they gave a different explanation for the downforce
reduction phenomenon: since the critical ride height
at which downforce reduction occurred was observed
to be independent of the Reynolds number, they in-
ferred that the physical mechanism underneath the
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downforce reduction phenomenon could not be the
merging of the boundary layers. In fact, the merg-
ing of the boundary layers observed by Ranzenbach
and Barlow was most likely due to the use of a fixed
ground, which cannot appropriately simulate road
conditions.

Zerihan and Zhang report that the downforce re-
duction phenomenon is instead caused by a large
region of separated flow at the trailing edge. As
the airfoil is moved closer and closer to the ground,
the air speed underneath the airfoil increases with a
simultaneous strengthening of the adverse pressure
gradient at the trailing edge, leading to separation.
As the ride height is further reduced, the separation
point moves forward, until the separated region is
too big and the downforce drops.

Computational studies have been performed too.
Ranzenbach and Barlow10,12 performed RANS sim-
ulations using a k − ε turbulence model. In Ref. 17
Zerihan and Zhang solved the unsteady RANS equa-
tions modeling the turbulence with Spalart-Allmaras
and k − ω SST, while in Ref. 5 Mahon and Zhang
performed steady calculations using Realizable k−ε.
Overall they all found good qualitative results com-
pared with their respective experiments.

In this paper, a numerical investigation into the
aerodynamics of a 2D inverted airfoil in ground ef-
fect is reported. The goal of the research is to clarify
the effect of grid refinement, mesh parameters, tur-
bulence models and boundary layer modeling, on
the predicted downforce behavior for different ride
heights.

II. Computational Modeling

A. Airfoil Geometry

The study is performed on the airfoil Tyrrell026,
the main element of the front wing of the Tyrrell
Formula One car that competed in the 1998 season.
This airfoil stems from modifications to the NASA-
LANGLEY LS(1)-0413MOD profile. The complete
listing of the profile at α = 3.6◦ can be found in
Ref. 16 . Note that for an inverted airfoil the an-
gle of attack is defined positive for a rotation that
brings the leading edge closer to the ground.

The original airfoil has a chord length of 223.4
mm and a finite trailing edge thickness of 0.007c.
In order to avoid meshing problems the trailing
edge has been sharpened using the program XFOIL.
For the complete listing of the modified airfoil
Tyrrell026S, see Table 1.

The distance between the lower point on the suc-
tion surface and the ground will be referred to as ride
height h.

In Figure 1 the geometry and the coordinate sys-
tem is depicted.

Figure 1. Airfoil geometry and coordinate system.

B. Flow Conditions

All the simulations are performed at a Reynolds
number based on the chord length of 4.6 · 105 corre-
sponding to a free stream velocity of 30 m/s.

The free stream turbulence level has been set to
0.3%. These conditions correspond to experimental
conditions as in Ref. 5, 15, 17.

The integral length scale of the turbulence is set
to 1 cm, typical for wind tunnel experiments.1

No transition from laminar to turbulent flow is
simulated; the flow is assumed to be fully turbulent.

C. Governing Equations

The steady Reynolds-averaged Navier-Stokes equa-
tions are solved using OpenFOAM.
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The convergence criterion is based on the aero-
dynamic forces on the airfoil: when downforce and
drag were observed to reach steady state values, sim-
ulations were stopped. The number of iterations re-
quired varies from 2000 to 5000 when a turbulence
model is used, and from 7000 to 15000 when the
equations are solved up to the wall.

D. Grid Structure

The computational grids are designed using ANSA.
For different ride heights the general topology of the
grid is fixed.

Every mesh consists of three blocks: two struc-
tured grids are folded around the airfoil and along
the ground, whereas the rest of the computational
domain is unstructured. In order to avoid non-
orthogonal cells at the trailing edge, and to refine the
wake region, a fictitious surface was created, extend-
ing from the trailing edge to the outflow boundary,
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and meshed together with the airfoil. In Figure 2
and Figure 3 it is shown the augmented quality of
the prism cells wrapped around the airfoil with the
aid of the fictitious surface.

Figure 2. Prism layers folded around the airfoil using the
fictitious surface extending from the trailing edge.

Figure 3. Prism layers folded around the airfoil without
the fictitious surface extending from the trailing edge.

The upstream and downstream boundaries of the
computational domain are placed respectively at 2c
and 5c from the airfoil leading edge. The distance
of the upper boundary of the computational domain
from the ground is of 6.8c, according to Ref. 5. Tests
were performed with a significantly larger computa-
tional domain (four times as large), but no differ-
ences in solutions were observed.

Depending on the ride height and on mesh pa-

rameters, the total number of cells varies from 7900
to 141000.

E. Boundary Conditions

Airfoil and ground plane are modeled as solid walls
at which a no-slip boundary condition is imposed.
Furthermore, in order to correctly simulate the
ground effect, on the ground plane a tangential ve-
locity equal to the free stream speed is enforced.

At the upstream boundary a uniform velocity in-
let and a zero pressure gradient condition are pre-
scribed, whereas at the downstream boundary a zero
velocity gradient and a uniform pressure outlet are
imposed.

The top boundary of the computational domain
is modeled as a slip wall.

III. Grid and Turbulence Model
Sensitivity Study

A sensitivity study on the influence of grid re-
finement and turbulence model is performed. Three
significant ride heights are considered:

◦ Free stream, in which the airfoil is far enough
from the ground that it has no influence on the
aerodynamic forces.

◦ The height h = 0.224c is chosen as represen-
tative of the downforce enhancement region,
where the downforce generated by the airfoil
increases with reducing ride height. Accord-
ing to experiments5,15,17 at this ride height a
first hint of separation at the trailing edge is
present.

◦ The height h = 0.09c is chosen as repre-
sentative of the downforce reduction region,
where the downforce generated by the airfoil
decreases with reducing ride height because of
the presence of a large area of separated flow
at the trailing edge.5,15,17

Two grid parameters are objects of the sensitiv-
ity study: the spacing of the elements on the airfoil
and ground surfaces, referred to as l, and the height
of the first prism layer of the structured grids, re-
ferred to as Hfirstlayer, which influences the average
value of y+. Note that a constant spacing l is used
on both airfoil and ground.

The prism layers are extruded in such a way that
ideally the area of each cell of the last structured
layer is equal to the area of the adjacent unstruc-
tured cell. The following constraint holds:

Hlastlayer ≈
√

3
4
l. (3)
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In particular Equation (3) determines the grow-
ing factor (1.1 or 1.2) and the number of layers to
be extruded.

In Figure 4 all the relevant mesh parameters are
depicted. For the sake of clarity, the cell dimen-
sions have been amplified. Notice that the cells high-
lighted in grey have approximately the same area.

Figure 4. Mesh parameters object of the sensitivity study.

Five grids are tested with three different turbu-
lence models implemented with wall function: Real-
izable k − ε, k − ω SST and Spalart-Allmaras. The
grids are referred to as fine, medium and coarse, de-
pending on the length of the elements on the airfoil
and ground, namely 2, 4 and 8 mm. Two different
first layer heights are tested: 0.6 mm corresponding
to y+ ≈ 30, and 1.2 mm corresponding to y+ ≈ 60.

Note that for the fine grid, the largest first layer
height is not tested because the constraint given by
(3) cannot be fulfilled.

Analogously, four grids are tested with two dif-
ferent turbulence models using near wall treatment:
Launder-Sharma k − ε and Spalart-Allmaras. The
grids are referred to as fine and very fine, depend-
ing on the length of the elements on the airfoil and
ground, namely 2 and 1 mm. Two different first
layer heights are tested: 0.01 mm corresponding to
y+ ≈ 0.5, and 0.02 mm corresponding to y+ ≈ 1.

Mesh characteristics and standard notation used
to uniquely identify a grid are summarized in Ta-
ble 2 and Table 3. Notice that the aspect ratio as
reported in the tables is defined as the length of the
cell over the height.

Abbreviations are used to identify the turbulence
model in the case name: RKE, KWS, SA and LSKE,
indicate Realizable k−ε, k−ω SST, Spalart-Allmaras
and Launder-Sharma k − ε respectively.

The combinations grid-turbulence model are
judged comparing the predicted downforce coeffi-
cient with experimental results, for the three ride
heights considered. Notice that in this paper all the
results are compared with experimental and compu-
tational results found in Ref. 17.

A. Results

1. Free Stream

Wall Function. Results are overall very good:
most cases give an error below 5% with respect to
experimental results.

The best performance is that of grid Med30, for
all turbulence models the error is below 3%.

On the coarse grids bad convergence is observed:
the solution oscillates around a good mean result. It
is worth to mention that the oscillations are reduced
on the coarse grids tested with Spalart-Allmaras.

Strangely, the fine grids do not give the best re-
sults, the error is above 5% for all turbulence models.

The best turbulence model is Spalart-Allmaras
with a mean error below 2%, but the performances
of Realizable k − ε and k − ω SST are very good as
well, with a mean error below 3% .

Near Wall Treatment. On average the errors
are higher compared to those obtained using a wall
function.

Results are very good and similar to each other
for all the grids tested with Launder-Sharma k − ε,
the error is in fact always below 3%.

On the other hand, all the grids tested with
Spalart-Allmaras overpredict the downforce coeffi-
cient by more than 8%.

2. Downforce Enhancement Region

Wall Function. At this ride height good overall
results are obtained.

No significant changes are observed in the perfor-
mance of the fine grids, whereas on the coarse grids
the average error increases to approximately 10%
and oscillations in the converged results are again
observed. As for the free stream case the coarse
grids tested with Spalart-Allmaras perform better
(error below 7%) and the oscillations in the results
are reduced.

All the medium grids, with the exception of
Med60RKE, correctly predict the Cl. In particu-
lar, very small errors (below 3%) are found for the
Med30 grid with all turbulence models.

On average Spalart-Allmaras and k−ω SST per-
form well, whereas the mean error of Realizable k−ε
is about 10%.

Near Wall Treatment. The performance in
terms of mean error is similar to that of the wall
function cases.

Again, Launder-Sharma k− ε gives very good re-
sults on all grids (errors below 2%), whereas Spalart-
Allmaras overpredicts the downforce coefficient in
the order of 10-20%.
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3. Downforce Reduction Region

Wall Function. At this ride height the chal-
lenge imposed by the strong adverse pressure gradi-
ent is clearly reflected in the computational results.
The best performances are obtained with Med30SA
(error below 1%) and Med60SA (error below 4%).
Larger errors, ranging from 10% to 30%, are found
on the medium grids tested with Realizable k−ε and
k − ω SST.

The performance of Fine30RKE and Fine30KWS
are considerably less accurate: the predicted Cl val-
ues are more than 50% higher compared to experi-
ments. Fine30SA does better, with an error below
15%.

The performance of the coarse grids does not
change much compared to the downforce enhance-
ment region.

At this ride height, all the grids tested with
Spalart-Allmaras and Realizable k− ε predict a large
area of separated flow on the trailing edge, while
with none of the grids tested with k − ω SST sepa-
ration is observed.

The best turbulence model is again Spalart-
Allmaras, with a mean error below 1%. Realizable
k − ε performs well only on Med30, whereas at this
ride height k− ω SST does not give good results on
any of the tested grids.

Near Wall Treatment. The errors are slightly
higher compared to the downforce enhancement re-
gion, but again Launder-Sharma k−ε performs good
and all the grids give practically the same results.
Very bad predictions are obtained with Spalart-
Allmaras (average error above 40%).

At this ride height all the grids tested with near
wall treatment show separation at the trailing edge.

All the results of the grid and turbulence model
sensitivity study are summarized in Table 6. Notice
that in the table the rows named Spalart-Allmaras
and k − ω SST refer to computational results found
in literature.17

B. Discussion

The most striking observation is that the fine grids
with wall function do not give the best results. With
Spalart-Allmaras, Cl predictions are decent on all
the three ride heights. On the other hand, Realiz-
able k− ε and k−ω SST at the smallest ride height
even fail to predict a downforce coefficient within a
reasonable range of error.

Unsteady simulations were performed to estab-
lish whether this was due to the fact that fine grids
can capture smaller oscillations length and time
scales and therefore do not converge to good steady

results. However the unsteady results are even less
accurate, so this hypothesis is ruled out.

The most successful grid is Med30, which gives
good results for all the considered ride heights with
both Realizable k − ε and Spalart-Allmaras.

While Spalart-Allmaras gives good results for all
ride heights on Med60, Realizable k−ε performs only
well in free stream. This may be a manifestation of
Spalart-Allmaras’ robustness when used with y+ val-
ues ranging from 30 to 60, while the prediction capa-
bilities of Realizable k − ε decreases with increasing
y+.

The k−ω SST model gives very good results (er-
rors below 3%) on Med30 and Med60, both in free
stream and in the downforce enhancement region,
but at the smaller ride height fails on all the grids,
suggesting it can have problems dealing with strong
adverse pressure gradients.

On the coarse grids the trend seems to be quite
clear: the converged results contain oscillations
around a good mean value, worsening with decreas-
ing ride height.

These oscillations are most likely due to a prob-
lem at the leading edge: due to the coarseness of
the mesh the stagnation point keeps shifting between
two adjacent cells.

Overall, Spalart-Allmaras with wall function is
the best and most robust turbulence model, giving
good results on all the tested grids.

Very interesting is the performance of Launder-
Sharma k−ε with near wall treatment: it gives good
results for all three ride heights considered and the
Cl values predicted on different grids are very simi-
lar, indicating a low grid sensitivity.

On the other hand, Spalart-Allmaras with near
wall treatment presents higher error for all ride
heights.

IV. Ride Height Sensitivity Study

A. First Stage

From the grid and turbulence model sensitivity
study eight combinations grid-turbulence model are
selected for the ride height sensitivity study. Among
the near wall treatment cases, VFine1LSKE is cho-
sen. Even though all the grids tested with Launder-
Sharma k − ε give good and very similar solutions,
this is the one with the smallest average error on
the three ride heights. For the wall function cases,
four grid-turbulence model combinations are se-
lected because of their good performance: Med30SA,
Med60SA, Med30RKE and Coa30SA. Furthermore,
in order to investigate the effect of the aspect ratio
of the first cell and of y+, the ride height sensitivity
study is also performed on Fine30SA, Med60RKE
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and Coa60SA.
The ride height ranges from h = 0.671c, the

largest ride height in ground effect according to
Ref. 15 and 17, to h = 0.09c. The maximum down-
force has to be found at h = 0.134c.17

1. Results

Med30SA gives the best performance, following the
experimental Cl versus ride height curve very closely.
The maximum downforce is correctly predicted at
h = 0.134c and the mean error is below 2%. A first
hint of separation at the trailing edge is observed at
h = 0.224c with the portion of separated flow in-
creasing with decreasing ride height (Figure 5), in
accordance with experiments.

Both Med30RKE and VFine1LSKE perform sat-
isfactory until h = 0.179c. With the former the max-
imum in downforce is found at h = 0.179c, with a
consequent underprediction of the Cl at smaller ride
heights. This is also the ride height at which sepa-
ration is firstly observed. On the other hand with
VFine1LSKE, the Cl is overpredicted in h = 0.134c
and h = 0.09c. For this case, simulations are also
ran at the ride height h = 0.05c, where the decrease
in downforce is finally observed. Separated flow is
observed at h = 0.09c and at h = 0.05c.

The performance of the medium grids with
higher y+ is not as good. Med60SA underpredicts
the downforce coefficient with an average error of
about 5%, but the maximum is not captured at the
correct ride height. On the other hand, Med60RKE
fails to predict a downforce coefficient versus ride
height curve within a reasonable range of error. It
is the least accurate performance observed, with
an average error above 15%. Both Med60SA and
Med60RKE predict separation from h = 0.179c on-
wards.

Coa30SA and Coa60SA do relatively well. With
the former a first hint of separation at the trail-
ing edge is observed at h = 0.224c, whereas with
Coa60SA separation is postponed to h = 0.179c.
Oscillations in the converged solutions around good
mean values are still present. Even though the er-
ror is larger compared to that of Med30 grids (4%
for Coa30SA and 7% for Coa60SA), the maximum
is correctly predicted at h = 0.134c.

Fine30SA always overpredicts the Cl by about
7% and fails to predict the maximum at the correct
ride height. The largest ride height at which flow
separation is observed is h = 0.179c.

All the grids tested predicted a large area of sep-
arated flow at h = 0.09c, in agreement with the ex-
periments.

Figure 5. Velocity magnitude contour and streamlines
for Med30SA at ride heigths: h = 0.313c, h = 0.224c, h =
0.179c, h = 0.134c, h = 0.09c.
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In Figure 6 the downforce coefficient versus
ride height curves for all the combinations grid-
turbulence model tested are depicted. In Figure 7
the errors in the solutions for every ride height in
the considered range are given in percentage of the
experimental value. Notice that the curves referred
to as SA and kwSST are representative of computa-
tional results found in Ref. 17.

2. Discussion

Overall the general behavior inferred from the grid
and turbulence model sensitivity study is verified.
The best obtained results are more in agreement
with the experiments compared to computational re-
sults found in literature.

Figure 6. Downforce coefficient versus ride height for
the combinations tested in the first stage of the ride
height sensitivity study. The curves referred to as SA
and kwSST are representative of computational results
found in literature.

Spalart-Allmaras confirms to be the best and
most robust turbulence model, giving good results
over all ride heights for all grids.

For Realizable k−ε the hypothesis that its perfor-
mance deteriorates with increasing y+ is validated.

The only grid tested with near wall treatment,
VFine1LSKE, gives decent results, even though the
maximum downforce is delayed to h = 0.09c and no
separation is observed for larger ride heights.

From these simulations it seems that, besides the
turbulence model, a major role is played by the com-

bination of y+ andA. In particular, the similarity in
terms of trend and average error, between the perfor-
mances of Fine30SA and Med60SA, grids with same
aspect ratio of the first cell, was established. These
observations are further investigated in the second
stage of the ride height sensitivity study.

B. Second Stage

In this stage of the research grids are tested only
with Spalart-Allmaras with wall function. The goal
is to identify an optimal range or grid characteristics
in the y+,A plane.

Figure 7. Errors given in percentage of the experimen-
tal downforce coefficient for the combinations tested in
the first stage of the ride height sensitivity study. The
curves referred to as SA and kwSST are representative of
computational results found in literature

Both Fine30SA and Med60SA do not give sat-
isfying results, so A = 3.33 is not tested on other
grids and taken as the left boundary of the y+,A
plane. The right boundary is defined at the biggest
aspect ratio tested so far which is that of Coa30SA,
A = 13.33. Since a wall function is used, the
top and bottom boundary of the plane are fixed to
y+ ≈ 60 and y+ ≈ 30.

From the results obtained with the grids tested
at the first stage of the ride height sensitivity study,
new grids are selected to explore the y+,A plane.

On the coarse grids, we find good results, but ob-
serve convergence problems due to the too big spac-
ing of the elements on the airfoil (8mm). Three new
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grids are tested, with a spacing of 6mm. The first
one is referred to as NMed45, it presents the same
aspect ratio as Coa60, but y+ ≈ 45. The second
grid is referred to as NMed30, it presents the same
y+ as Coa30, butA = 10. The third grid has mesh
parameters between these first two, y+ ≈ 40 and
A = 7.5, and is referred to as NMed40.

A grid with the same spacing as Med30 is tested
with y+ ≈ 40 andA = 5 and referred to as Med40.

Two additional grids with different characteris-
tics are also tested: NFine35 having spacing 3mm,
y+ ≈ 35 andA = 4.29; and BMed30 having spacing
5mm, y+ ≈ 30 and A = 8.33. In Figure 8 the grids
location on the y+,A plane is shown. Notice that
the grids tested in the second stage are highlighted
in black. The dashed line represents the constraint
imposed by (3).

Mesh characteristics and standard notation used
for the new grids are summarized in Table 4.

Figure 8. Grid positions on the y+,A plane.

1. Results

Among the new grids tested in this stage, the best
performances are that of NFine35SA and Med40SA.
They both follow with good approximation the ex-
perimental Cl versus ride height curve, correctly pre-
dict the maximum in downforce at h = 0.134c and
present a mean error below 2% for NFine35SA and
below 4% for Med40SA. With both grids separation
at the trailing edge is firstly observed at h = 0.179c.

NMed40SA also predicts a decent Cl versus ride
height curve, but shows an higher average error,
above 5%.

BMed30SA presents a smaller average error, be-
low 5%, but at h = 0.134c the predicted downforce
coefficient shows a plateau instead of a maximum.

Less accurate are the performances of
NMed30SA and NMed45SA. In fact, they both fail
to predict the maximum in downforce at the correct
ride height and with NMed45SA oscillations in the
converged results are observed.

All NMed40SA, BMed30SA, NMed30SA and
NMed45SA predict a first hint of separation at the
trailing edge at h = 0.224c, in agreement with exper-
iments. Also in this stage, with all the grids tested
a large area of separation is observed at h = 0.09c.

In Figure 9 the downforce coefficient versus ride
height curves for all the grids tested with Spalart-
Allmaras are depicted and in Figure 10 the errors in
the solutions for every ride height in the considered
range are given in percentage of the experimental
value.

Figure 9. Downforce coefficient versus ride height for all
grids tested with Spalart-Allmaras in ride height sensitivity
study.

On the base of their performance, all the grids
tested with Spalart-Allmaras in the ride height sen-
sitivity study, are divided in 4 categories: Red, Or-
ange, Light Green and Green, with Red representing
the worst grids and Green the best ones.

The performance of the grids is judged on the
basis of 4 parameters: absolute value of average and
maximum error, correct prediction of the downforce
maximum at h = 0.134c and absence of oscillations
in the solutions.

Grids that fulfill all the requirements and have
an average error below 5% fall into the Green cate-
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gory; these are Med30, NFine35 and Med40. Grids
that show oscillations in the solutions or did not cap-
ture the maximum in downforce at the correct ride
height, and have an average error above 5% fall into
the Red category; these are Fine30, Med60, Coa60,
NMed45. The remaining ones are classified either in
the Orange or the Light Green category. A schematic
summary of the categorization can be found in Ta-
ble 5.

Following this categorization the portion of the
y+,A plane where a certain grid belongs to, is col-
ored accordingly to that grid category. An interpo-
lation rule is chosen to color the remainder of the
plane (Figure 11).

Figure 10. Errors given in percentage of the experimen-
tal downforce coefficient for the grids tested with Spalart-
Allmaras.

2. Discussion

From the outcome of the ride height sensitivity study
it can be concluded that a major role in affecting
simulation results is not only played by mesh charac-
teristics alone, but also by the combination of these.
In particular, an optimal area of mesh parameter
combinations can be identified on the y+,A plane.
The boundaries of this area are given by 4 <A < 7
and 30 ≤ y+ ≤ 40.

Moving to the left of this area means decreasing
the A of the first cell and this adversely influences
the results. Why this is so should be investigated
further. One of the reasons can be that wall func-

tions work better on a more stretched cell.
On the other hand increasing the A has a more

gradual effect: moving to the right of the optimal
area causes first an increase in the difference between
predicted Cl and experimental results, followed by
problems with delayed separation so that the maxi-
mum in downforce is postponed to lower ride heights,
and finally convergence problems are observed due
to the coarsening of the mesh.

The upper limit of y+ determines the range in
which the wall function correctly approximate the
boundary layer. This depends in the first place on
the turbulence model used. For instance, from the
previous results it can be concluded that with Real-
izable k− ε the maximum y+ for which good results
can still be found, would be lower. On the other
hand, it also depends on how the wall function is
implemented in the solver.

Figure 11. Grid positions and categorization on the y+,A
plane.

V. Conclusions and
Recommendations

The aerodynamics of a 2D single element wing
in ground effect has been numerically investigated.
The effect of grid refinement, mesh parameters, tur-
bulence models, boundary layer modeling and ride
height was examined. Overall the obtained results
are in agreement with previous experimental results
and they are more accurate compared to computa-
tional studied found in literature.5,15,17

Better results were obtained when modeling the
boundary layer with a wall function than solving the
equations up to the wall. Nonetheless decent results
were obtained with Launder-Sharma k − ε. This
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model also demonstrated a very low grid sensitiv-
ity.

A dependence of the solution on combinations
of mesh parameters has been investigated. In par-
ticular, it has been shown that an optimal range of
y+/A exists for which the physics of an inverted
airfoil in ground effect can be correctly modeled by
solving RANS equations.

The most accurate prediction of the downforce
coefficient was obtained with Spalart-Allmaras with
wall function. The model has shown robustness for
a larger range of grid parameters and ride heights
compared to the other turbulence models tested. In
particular Realizable k− ε displayed higher sensitiv-
ity on y+ values, whereas k−ω SST had problems at
the smaller ride heights where the large area of sep-
arated flow and consequent drop in downforce was
not observed.

On the basis of the results obtained in the present
research, some recommendations for future work
may be suggested:

◦ It should be verified whether the conclusions
drawn for the airfoil can be extended to a more
complex 3D model.

◦ The reason why the finest grid tested with wall
function did not give the best results has to be
investigated further.

◦ It is advised to run simulations with different
solvers in order to better interpret the solu-
tions of Realizable k − ε and k − ω SST and
validate to what extend their performance was
influenced by the way the models are imple-
mented into OpenFOAM.

◦ The effect of simulating or specifying transi-
tion from laminar to turbulent flow should be
analyzed.
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Table 1. Coordinate listing of the airfoil Tyrrell026S.

x/c suction y/c suction x/c pressure y/c pressure
0.0000 0.0000 0.0000 0.0000
0.0010 -0.0076 0.0010 0.0079
0.0020 -0.0107 0.0020 0.0109
0.0049 -0.0168 0.0051 0.0173
0.0099 -0.0228 0.0101 0.0232
0.0149 -0.0266 0.0151 0.0270
0.0199 -0.0293 0.0201 0.0299
0.0249 -0.0319 0.0251 0.0312
0.0298 -0.0344 0.0301 0.0321
0.0348 -0.0368 0.0351 0.0329
0.0398 -0.0392 0.0401 0.0336
0.0448 -0.0414 0.0451 0.0344
0.0498 -0.0436 0.0501 0.0352
0.0548 -0.0458 0.0551 0.0359
0.0598 -0.0479 0.0601 0.0367
0.0698 -0.0518 0.0701 0.0379
0.0797 -0.0554 0.0801 0.0392
0.0897 -0.0588 0.0902 0.0404
0.0997 -0.0619 0.1002 0.0413
0.1197 -0.0672 0.1202 0.0432
0.1396 -0.0713 0.1402 0.0446
0.1596 -0.0744 0.1602 0.0457
0.1796 -0.0763 0.1802 0.0465
0.1996 -0.0771 0.2002 0.0473
0.2496 -0.0753 0.2501 0.0489
0.2996 -0.0721 0.3001 0.0504
0.3496 -0.0679 0.3501 0.0514
0.3996 -0.0631 0.4001 0.0519
0.4496 -0.0574 0.4501 0.0521
0.4996 -0.0508 0.5001 0.0517
0.5497 -0.0434 0.5501 0.0509
0.5997 -0.0351 0.6001 0.0496
0.6497 -0.0261 0.6500 0.0479
0.6997 -0.0163 0.7000 0.0456
0.7498 -0.0056 0.7500 0.0429
0.7998 0.0060 0.8000 0.0409
0.8498 0.0183 0.8500 0.0412
0.8999 0.0315 0.9000 0.0446
0.9199 0.0370 0.9200 0.0468
0.9399 0.0426 0.9400 0.0496
0.9599 0.0484 0.9600 0.0527
0.9799 0.0543 0.9800 0.0563
0.9900 0.0573 0.9900 0.0583
1.0000 0.0603 1.0000 0.0603

11 of 13



Table 2. Mesh characteristics of grids tested with wall function.

Grid Name Fine30 Med30 Med60 Coa30 Coa60
y+ 30 30 60 30 60

Element Length 2 4 4 8 8
First Layer Height 0.6 0.6 1.2 0.6 1.2

Aspect Ratio First Cell 3.33 6.67 3.33 13.33 6.67

Table 3. Mesh characteristics of grids tested with near wall treatment.

Grid Name Fine05 Fine1 VFine05 Fine1
y+ 0.5 1 0.5 1

Element Length 2 2 1 1
First Layer Height 0.01 0.02 0.01 0.02

Aspect Ratio First Cell 200 100 100 50

Table 4. Mesh characteristics of additional grids used in the second stage of the ride height sensitivity study.

Grid Name NFine35 Med40 BMed30 NMed30 NMed40 NMed45
y+ 40 40 30 30 40 45

Element Length 3 4 5 6 6 6
First Layer Height 0.7 0.8 0.6 0.6 0.8 0.9

Aspect Ratio First Cell 4.29 5 8.33 10 7.5 6.67

Table 5. Categorization of the Spalart-Allmaras grids used in the second stage of the ride height
sensitivity study.

Grid Mean Error Max Error Clmax at h = 0.134c Oscillations Category
Med30 0.868 2.445 Yes No Green

NFine35 1.827 3.827 Yes No Green
Med40 3.694 5.252 Yes No Green

NMed40 5.446 7.387 Yes No Light Green
BMed30 4.396 6.921 No* No Light Green

Coa30 3.983 5.832 Yes Yes Orange
NMed30 4.761 7.465 No No Orange

Fine30 6.763 13.275 No No Red
Med60 4.342 7.783 No Yes Red
Coa60 6.649 11.743 Yes Yes Red

NMed45 7.972 9.985 No Yes Red

* The downforce coefficient shows a plateau.
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Table 6. Results of grid and turbulence model sensitivity study.

Free Stream h = 0.224c h = 0.09c

Case Name Cl Error % Cl Error % Cl Error %
Experimental 0.766 1.286 1.371

Spalart-Allmaras 0.885 15.535 1.475 14.697 1.539 12.254
k − ω SST 0.872 13.838 1.352 5.132 1.297 −5.398

Fine30RKE 0.825 7.702 1.285 −0.078 2.086 52.152
Fine30KWS 0.820 7.050 1.437 11.742 2.136 55.799

Fine30SA 0.805 5.091 1.354 5.288 1.553 13.275
Med30RKE 0.749 −2.219 1.258 −2.177 1.250 −8.826
Med30KWS 0.779 1.697 1.306 1.555 1.779 29.759

Med30SA 0.777 1.436 1.255 −2.411 1.381 0.729
Med60RKE 0.730 −4.700 1.050 −18.351 1.750 27.644
Med60KWS 0.789 3.003 1.306 1.555 1.737 26.696

Med60SA 0.767 0.131 1.189 −7.543 1.415 3.209
Coa30RKE 0.750 −2.089 1.140 −11.353 1.218 −11.160
Coa30KWS 0.766 0.000 1.145 −10.964 1.585 15.609

Coa30SA 0.762 −0.522 1.211 −5.832 1.324 −3.428
Coa60RKE 0.714 −6.789 1.008 −21.617 1.045 −23.778
Coa60KWS 0.770 −0.522 1.130 −12.131 1.425 3.939

Coa60SA 0.762 −0.522 1.200 −6.687 1.210 −11.743
Fine05LSKE 0.787 2.742 1.297 0.855 1.520 10.868

Fine05SA 0.835 9.008 1.449 12.675 1.900 38.585
Fine1LSKE 0.777 1.436 1.267 −1.477 1.525 11.233

Fine1SA 0.833 8.747 1.445 12.364 1.888 37.710
VFine05LSKE 0.784 2.350 1.303 1.322 1.525 11.233

VFine05SA 0.848 10.705 1.505 17.030 2.000 45.879
VFine1LSKE 0.775 1.175 1.264 −1.711 1.525 11.233

VFine1SA 0.845 10.313 1.495 16.252 1.975 44.055

Mean Results
Grid Cl Error % Cl Error % Cl Error %

Fine30 0.817 6.614 1.359 5.651 1.925 40.408
Med30 0.768 0.305 1.273 −1.011 1.470 7.221
Med60 0.762 −0.522 1.182 −8.113 1.634 19.183
Coa30 0.759 −0.870 1.165 −9.383 1.376 0.340
Coa60 0.749 −2.263 1.113 −13.478 1.227 −10.528
Fine05 0.811 5.875 1.373 6.765 1.710 24.726
Fine1 0.805 5.091 1.356 5.443 1.707 24.471

VFine05 0.816 6.527 1.404 9.176 1.763 28.556
VFine1 0.810 5.744 1.380 7.271 1.750 27.644

Turbulence Model Cl Error % Cl Error % Cl Error %
RKE 0.754 −1.619 1.148 −10.715 1.470 7.206
KWS 0.785 2.454 1.265 −1.649 1.732 26.360

SA - wf 0.775 1.123 1.242 −3.437 1.377 0.408
LSKE 0.781 1.926 1.283 −0.253 1.524 11.142

SA - nwt 0.840 9.693 1.474 14.580 1.941 41.557

13 of 13



Appendix

Drag Coefficient

In Figure 1 and Figure 2 the drag coefficient ver-
sus ride height curves, for all the combinations grid-
turbulence model tested in the ride height sensitiv-
ity study, is depicted. The predicted downforce and
drag coefficients are reported in Table 1.

Unlike the downforce, the drag has a monotone
behavior: it increases with decreasing ride height
and no maximum and subsequent drop is observed.
This is so because, for higher ride heights, the fric-
tion drag increases together with the downforce. On
the other hand, for smaller ride heights, separation
occurs so, even though the friction drag drops, the
additional pressure drag due to separation prevents
the total drag to decrease.

Figure 1. Drag coefficient versus ride height for the com-
binations grid-turbulence model tested in the first stage
of the ride height sensitivity study.

Figure 2. Drag coefficient versus ride height for the
combinations grid-turbulence model tested in the second
stage of the ride height sensitivity study.

No comparison with experimental results has
been possible but, for all the combinations tested,
the trend of the predicted curves is correct. The
only exception is Med60RKE that, also in this case,
gives the least accurate performance observed.

Pressure Coefficient

In Figure 3 the pressure coefficient predicted
with Med30SA for all the tested ride heights is
shown.

It is possible to see how the negative pressure
peak is always found on the lower point of the suc-
tion surface, in correspondence with the throat of
the Venturi channel that forms between the airfoil
and the ground.
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Figure 3. Pressure coefficient for Med30SA at all the ride
heights considered in the ride height sensitivity study.

It is also interesting to notice how, at the smallest
ride heights, the pressure coefficients on the suction
surface shows a plateau at the trailing edge, a clear
indication of the fact that no pressure recovery is
achieved and separation is present.

Laminar Computations

Some laminar computations have been per-
formed in order to assess the benefits of using a tur-
bulence model and quantify the differences in terms
of error with respect to experimental results. The
grids Fine30 and Med30 have been tested at three
significant ride heights: free stream, h = 0.224c
and h = 0.09c. The predicted downforce coefficient
is compared with the one obtained using Spalart-
Allmaras. Results are summarized in Table 2.

In Figure 4 the errors in percentage of the ex-
perimental downforce coefficients are given for the
three ride heights.

As it is shown in the picture, in free stream the
downforce coefficient predicted with laminar com-
putations is similar to the turbulent one, for both
grids.

At h = 0.224c the largest difference in predicted
downforce is found: for Fine30 the error rises from
5%, obtained with Spalart-Allmaras, to almost 29%
with laminar computations. Analogously for Med30
the error rises from 2.4% to 29%.

At the smaller ride height while for Fine30 the
error decreases to 1% with laminar computations,
for Med30 it goes from almost zero to 13%.

Figure 4. Comparison in terms of error with respect to
experiments of the performances of laminar and turbulent
computations.

From the results it can be inferred that the use
of a turbulence model is of fundamental importance,
especially at the medium ride heights, where the
laminar computations predict values of the down-
force coefficients much different from the experi-
ments, compared to the turbulent ones.

Furthermore in free stream, where the laminar
and turbulent computations give very similar re-
sults, separation at the trailing edge is observed in
the laminar cases, even though it is not reported in
the experiments. The turbulent computations cor-
rectly predict attached flow.

At the smaller ride height tested, the difference
between turbulent and laminar computations de-
creases, probably because of a “laminarizing” effect
of the wall.
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A CFD Investigation of a Bluff Body

Equipped with a Diffuser in Ground Effect

Emanuela Genua

Delft University of Technology, Delft 2629HS, The Netherlands

Actiflow BV, Breda 4823AD, The Netherlands

A computational study of the flow around a bluff body equipped with a diffuser in
ground effect is performed. The effect of geometric parameters, turbulence model, grid
refinement, computational domain, ground simulation and use of the complete, rather than
half model, is throughly investigated. Results are compared to previous work in literature.
The main features of the flow are captured. Nonetheless, a certain discrepancy in terms of
ride height at which physical phenomena take place is observed. The numerical solutions
are not very sensitive to the choice of turbulence model, but Spalart-Allmaras shows a
better agreement with the experiments in terms of flow separation.

Nomenclature

α diffuser ramp angle
CD drag coefficient
CL downforce coefficient
CP pressure coefficient
d half body width
h ride height
l body length
ν kinematic air viscosity
p static pressure
q∞ free stream dynamic pressure
ρ air density
Re Reynolds number
u, v velocity components
u∞ free stream velocity
y+ normalized distance from the wall

I. Introduction

The diffuser is a device of fundamental impor-
tance to the automotive industry. On the rear of

a car it constitutes a region of upsweep that drives
the air to a fixed pressure at the outlet, leading to a
depression at the inlet, which generates downforce.
In literature this phenomenon is referred to as dif-
fuser pumping.10,15,16 On a race car the diffuser can
contribute up to one third of the total downforce.18

According to Ref. 18 the most extensive work on
the subject of diffuser aerodynamics is due to Cooper
et al.4,5 Their experiments were conducted on a 3D

bluff body equipped with a diffuser in ground effect.
The ground was simulated using a moving belt sys-
tem. Reducing the ground clearance they observed
the phenomena of downforce enhancement, maxi-
mum downforce and downforce reduction. The rea-
son given for the downforce reduction phenomenon
was the merging of the body and ground boundary
layers.

A more recent work was performed by Zhang et
al.13,15,16 In Ref. 16 force and pressure behaviour
of a bluff body equipped with a 17◦ diffuser oper-
ating in ground effect were investigated by Senior
and Zhang. With respect to the ride height, four
distinct regions of downforce behavior were distin-
guished: downforce enhancement region, maximum
downforce region, downforce reduction region and
low downforce region.

In the force enhancement region, as the body is
lowered to the ground, the flow beneath the model
is accelerated and the pressure at the diffuser in-
let decreases, which increases the downforce coeffi-
cient. As the ride is reduced the adverse pressure
gradient over the diffuser ramp becomes larger and
larger until separation takes place. Reducing the
ride height even further this separation line moves
forward. This range of ride heights is what Se-
nior and Zhang referred to as maximum downforce
region and is characterized by a plateau in down-
force coefficient. The maximum is found between
h = 0.21d and h = 0.217d, where d is half body
width. When the model is brought even closer to
the ground, the downforce drops abruptly, presum-
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ably as consequence of asymmetric separation at the
diffuser inlet.

Since the critical ride height at which downforce
reduction occurred was observed to be independent
of the Reynolds number, they inferred that the phys-
ical phenomenon causing the downforce reduction
could not be the merging of the boundary layers as
described by Cooper et al.4,5

According to Senior and Zhang the boundary
layer merging phenomenon exists, but is more likely
to be found in the low downforce region. Here the
downforce remains low and it is not very sensitive
to further ride height reduction. This could be at-
tributed to reduced flow entering the diffuser due to
the size of the boundary layers.

In Ref. 13 Ruhrmann and Zhang investigated the
effect of the diffuser angle on the same bluff body
used in Ref. 16. The angles tested were 5, 10, 15,
17 and 20 degrees. They identified two different flow
regimes depending on whether the diffuser angle was
small (5, 10) or large (15, 17, 20).

For high angles the diffuser shows the same char-
acteristics as found by Senior and Zhang in Ref. 16.
For small angles no sudden downforce reduction was
found. It was observed that for small diffuser an-
gles no separation occurs and at low ride height the
boundary layers form a large portion of the flow,
causing direct transition from the maximum down-
force region to the low downforce region. They also
reported that normalizing the ride height with the
diffuser angle, the maximum downforce occurs at
similar values of h

d·α , approximately 0.7.

Extensive computational work on diffuser aero-
dynamics is due to Cooper et al.4 They performed
RANS simulations using the k−ω turbulence model.
Their results were good overall for a 9.17◦ diffuser.
On the other hand they were not very successful
when simulating a 13.5◦ diffuser. The drag was over-
predicted and for small ride height the downforce be-
haviour was not in agreement with the experimental
results; the plateau in downforce coefficient was not
observed in the computational results.

In this paper a numerical investigation into the
aerodynamics of a bluff body equipped with a dif-
fuser in ground effect is reported. The goal of this
research is to establish to what extend it is possi-
ble to correctly model the complex flow dynamics
described so far with CFD. The effect of geomet-
ric parameters, turbulence model, grid refinement,
computational domain, ground simulation and use
of the complete, rather than half model, is assessed.

II. Computational Modeling

A. Geometry

The numerical investigation will be performed on
the same diffuser equipped bluff body used for ex-
perimental studies in Ref. 13, 15, 16. The original
model is 1.315 m in length, 0.324 m in height and
0.314 m in width. The diffuser ramp has a α = 17◦

angle with respect to the horizontal and the inlet
is located at x = 0.777 m. The distance between
the body and the ground will be referred to as ride
height h. In Figure 1 the geometry and coordinate
system is depicted.

Figure 1. Bluff body geometry and coordinate system.

The model is equipped with side-plates. No in-
formation on the thickness of the side-plates is re-
ported in literature. In the present study two dif-
ferent side-plates are tested: one was chosen wide
enough to allow for good quality prism layers around
it, the other one was as narrow as possible to draw.
The former has a thickness of 10 mm and in the
remainder of the paper will be referred to as thick
side-plate, the latter has a thickness of 1 mm and
will be referred to as thin side-plate. The two differ-
ent side-plates are shown in Figure 2.

B. Flow Conditions

All the simulations are performed at a Reynolds
number based on the body length of 1.8 · 106 cor-
responding to a free stream velocity of 20 m/s.

The free stream turbulence level has been set to
0.2%. These conditions correspond to the experi-
mental conditions as given in Ref. 15, 16.

The integral length scale of the turbulence is set
to 1 cm, typical for wind tunnel experiments.1
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No transition from laminar to turbulent flow is
simulated; the flow is assumed to be fully turbulent.

C. Governing Equations

The steady Reynolds-averaged Navier-Stokes equa-
tions are solved using OpenFOAM.

∂ui
∂xi

= 0 (1)

uj
∂ui
∂xj

= −1
ρ

∂p

∂xi
+ ν

∂2ui
∂x2

j

−
∂u

′
iu

′
j

∂xj
(2)

The turbulence is modeled with both Spalart-
Allmaras and k − ω SST.

The convergence criterion is based on the aero-
dynamic forces on the body: when downforce and
drag are observed to reach steady state values, sim-
ulations are stopped. The number of iterations re-
quired varies from 3000 to 6000.

Figure 2. Comparison between thin (on the left) and thick
side-plate (on the right).

D. Grid Structure

The computational grids are designed using ANSA.
For different ride heights the general topology of the
grid is fixed. Notice that for most of the computa-
tions, only half body is used.

Every mesh consists of three blocks: two prism
layers are folded around the bluff body and along the
ground, whereas the remainder of the computational
domain is unstructured. In order to avoid severely
non-orthogonal cells around the base of the model,
no prism layers are used here.

Most of the cells on the body and ground sur-
faces are 9 mm in length. Smaller cells are used

only when needed on the side-plates. The first layer
of prismatic cells on body and ground is 1.4 mm
high, corresponding to a y+ ≈ 40 and an aspect ra-
tio of 6.43 defined as the length of the cell over the
height. In total 6 layers are extruded, with a grow
factor of 1.2. A detail of the mesh on the body sur-
face is shown in Figure 3.

Figure 3. A particular of the prism mesh folded around
the bluff body.

The upstream and downstream boundaries of the
computational domain are placed respectively at 4
and 10 body lengths from the nose. The distance of
the upper boundary from the ground and the width
of the computational domain is 4 body lengths.

Depending on the ride height and on the thick-
ness of the side-plates the total number of cells varies
from 8 to 10 million.

E. Boundary Conditions

The bluff body and ground plane are modeled as
solid walls at which a no-slip boundary condition is
imposed. Furthermore, in order to correctly sim-
ulate the ground effect, on the ground plane a tan-
gential velocity equal to the free stream speed is pre-
scribed.

At the upstream boundary a uniform velocity in-
let and a zero pressure gradient condition are pre-
scribed, whereas at the downstream boundary a zero
velocity gradient and a uniform pressure outlet are
imposed.

The top boundary of the computational domain
and the symmetry plane are modeled as slip walls.

III. Ride Height Sensitivity Study

A ride height sensitivity study is performed. The
ride height range investigated goes from h = 0.764d
to h = 0.064d.

Half body with both thick and thin side-plates is
used for all the computations.

3 of 13



Abbreviations are used to identify the turbulence
model in the case name: SA and KWS indicate
Spalart-Allmaras and k − ω SST, respectively. Fur-
thermore, if the model is equipped with the thin
side-plate the extension ‘sp’ is used in the case name.

All the results in this paper are compared to ex-
perimental results reported in Ref. 16.

Downforce and drag coefficients for all the ride
heights and for all the tested cases are given in Ta-
ble 1 and 2.

In Figure 4 and 5, the predicted downforce and
drag versus ride height curves for all the tested cases
are depicted.

A. Results

1. Thick Side-Plate

Both turbulence models predict very similar down-
force coefficients.

In the force enhancement region the CL is always
underpredicted of about 18% compared to experi-
mental results, but the trend of the CL versus ride
height curve appears to be right.

The maximum in downforce is postponed to h =
0.159d. Here the largest difference in downforce co-
efficient between computations and experiments is
found: with both turbulence models the predicted
CL is more than twice as big as the experimental
value.

No plateau between h = 0.382d and h = 0.21d is
observed in the computational results, the CL con-
tinues to increase with approximately the same gra-
dient until the maximum is reached.

With Spalart-Allmaras a region of separated flow
on the diffuser ramp is observed for the first time at
h = 0.17d. The separation increases with decreasing
ride height until asymmetric separation at the dif-
fuser inlet occurs at h = 0.064d. At this ride height a
sudden drop in downforce is observed, in agreement
with experiments.

k − ω SST predicts a very small region of sepa-
rated flow at h = 0.159d. At h = 0.1d a small por-
tion of the flow is observed to separate both on the
diffuser ramp and on the side plate. As for Spalart-
Allmaras separation at the inlet of the diffuser and
consequent sharp drop in downforce is predicted at
h = 0.064d.

The predicted drag coefficient is more in agree-
ment with the experimental results. The perfor-
mance of Spalart-Allmaras is slightly better in terms
of mean error (about 12%), but the maximum CD
is postponed to h = 0.159d. With k − ω SST the
average error is about 14% and the maximum drag
is found at h = 0.17d.

Figure 4. Downforce coefficient versus ride height for
both turbulence models and side-plates tested.

Figure 5. Drag coefficient versus ride height for both
turbulence models and side-plates tested.

2. Thin Side-Plate

Also with the thin side-plate the two turbulence
models give very similar downforce coefficients.

In the force enhancement region results are more
in agreement with the experiments compared to the
ones obtained with the thick side plate: the CL is
underpredicted of about 10%.

A region of downforce plateau is detectable, even
though it is postponed to 0.26 ≤ h/d ≤ 0.17. With
k − ω SST the maximum in CL and CD is cor-
rectly predicted at h = 0.21d while with Spalart-
Allmaras it is postponed to a slightly smaller ride
height, h = 0.204d.

As for the thick side-plate Spalart-Allmaras pre-
dicts first separation on the diffuser ramp at h =
0.17d while this is not observed with k − ω SST at
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any ride height. With both models separation at the
diffuser inlet starts at h = 0.1d. At this ride height
a sudden drop in downforce is observed.

Again the computed drag coefficient is closer to
the experiments. Spalart-Allmaras and k − ω SST
give an average error with respect to experiments of
about 7% and 10% respectively.

B. Discussion

From the results it can be inferred that the thickness
of the side-plate has a major impact on the predicted
downforce and drag coefficients. In particular this
geometric parameter determines the amount of side
flow entering the underbody. The more high pres-
sure flow enters the underbody, the more the pump-
ing effect of the diffuser is neutralized. This in turn
entails a lower predicted value for CL.

In Figure 6 a comparison in terms of pressure
coefficient underneath the diffuser ramp with thick
and thin side-plate is depicted. The figure shows
the pressure coefficient contour plot obtained with
Spalart-Allmaras at h = 0.45d on the plane x = 0.91.
From the picture it can be inferred that with the thin
side-plate less flow enters the underbody preserving
a low pressure between the side-plate and the dif-
fuser ramp.

Figure 6. Comparison between the pressure coefficient
contour plot on the plane x = 0.91 obtained with Spalart-
Allmaras at h = 0.45d for the thin side-plate model on the
left and for the thick side-plate model on the right.

Shifting from the thick side-plate to the thin one,
the CL and CD versus ride height curves move up-

wards, towards a better approximation of the exper-
imental results.

The choice of turbulence model does not seem to
have a significant effect on the computational force
coefficients. Nonetheless, Spalart-Allmaras showed
to have better predictive capabilities on flow dy-
namic phenomena such as separation patterns.

The surface pressure coefficient underneath the
diffuser ramp along the centerline for the model with
thin side-plate obtained with Spalart-Allmaras and
k − ω SST is depicted in Figure 7 and Figure 8, re-
spectively. From the figures one can see that the
negative pressure peak is always correctly predicted
at the diffuser inlet x = 0.777 m with both turbu-
lence model. Furthermore, reducing the ride height,
the negative pressure peak increases until separation
occurs and this trend is reversed, according to the
experiments. It can also be noticed how the sep-
aration, represented in the figures as a plateau in
pressure coefficient, moves forward with further re-
duction of the ride height.

From Figures 9, 10 and 11 one sees that Spalart-
Allmaras predicts a surface flow separation pattern
on the diffuser ramp very similar to the one observed
in the experiments, even though it is postponed to
smaller ride heights. Notice that the computations
were performed on half body, then mirrored for the
picture.

At smaller ride heights, in correspondence with
the sharp drop in downforce, all the tested cases pre-
dicted separation at the diffuser inlet. In Figures 12
and 13 a comparison between experiments and com-
putations is given.

In general, it appears that the main features of
the flow are captured: the force enhancement un-
til a maximum is reached and the subsequent sharp
drop due to asymmetric separation at the diffuser in-
let. However a delay in terms of ride height at which
these phenomena occur is present. This delay can be
due to different side plates geometry or to a dispar-
ity in predicted boundary layer thickness between
computations and experiments which would make
ground proximity less important, shifting all the re-
lated physical phenomena to smaller ride heights.
Unfortunately neither of these hypotheses can be
further investigated because no data were reported
in literature about the side-plate geometry and the
measured boundary layer thickness.

IV. Sensitivity Study

In an effort to investigate different reasons other
than the aforementioned ones that could explain the
gap between computational and experimental re-
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sults, a sensitivity study on several parameters is
performed:

◦ The effect of mesh refinement is assessed.

◦ In the hypothesis that the proximity of the
model to the wind tunnel walls could affect
the experimental results, a computational do-
main having the same dimensions as the test
section employed in Ref. 16 is used.

◦ Since asymmetric phenomena are reported to
take place, the effect of simulating the flow
over the entire bluff body is investigated.

◦ In order to evaluate whether a deficiency in the
wind tunnel ground simulation system could
have affected experimental results, a compar-
ison is made between computational and ex-
perimental results on fixed ground.

The sensitivity study is performed at three sig-
nificant ride heights:

◦ The height h = 0.45d is chosen as represen-
tative of the downforce enhancement region,
where the downforce generated by the bluff
body increases with reducing ride height.

◦ The height h = 0.21d is chosen as represen-
tative of the maximum downforce region. Ac-
cording to experiments at this ride height a
large area of separated flow on the diffuser
ramp is present.

◦ The height h = 0.159d is chosen as representa-
tive of the downforce reduction region, where
the downforce generated by the bluff body sud-
denly decreases because of asymmetric separa-
tion at the inlet of the diffuser.

A. Results

1. Mesh Refinement

For the generation of the finer meshes the topology
of the grid is maintained.

Most of the cells on the body and ground sur-
faces are 6 mm in length. Smaller cells are used
only when needed on the side-plates. The first layer
of prismatic cells on body and ground is 1.2 mm
high, corresponding to a y+ ≈ 35 and an aspect ra-
tio of 5. In total 9 layers are extruded, with a grow
factor of 1.1.

Figure 7. Pressure coefficient on the diffuser ramp along
the centerline obtained with Spalart-Allmaras on the thin
side-plate model for different ride heights.

Figure 8. Pressure coefficient on the diffuser ramp along
the centerline obtained with k − ω SST on the thin side-
plate model for different ride heights.

Notice that the mesh refinement cases are indi-
cated with a ‘6’ in the name, before the abbreviation
of the turbulence model.
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Figure 9. Surface flow pattern at h = 0.217d. Taken from
Ref. 16.

Figure 10. Surface flow pattern obtained with Spalart-
Allmaras on the thick side-plate model at h = 0.1d.

Figure 11. Surface flow pattern obtained with Spalart-
Allmaras on the thin side-plate model at h = 0.159d.

Depending on the ride height and on the thick-
ness of the side-plates the total number of cells varies
from 20.6 to 21.5 million.

With this mesh the number of iterations required
to reach convergence varies from 3000 to 8000.

In Table 3 all the results are summarized. A
comparison is made between the force coefficient pre-
dicted by all the cases tested in the ride height sen-
sitivity study and the ones obtained with the refined
mesh for the considered ride heights.

It appears that mesh refinement has no signifi-
cant impact on the predicted CL and CD. On aver-
age there is a 1% difference in the predicted values
of the downforce and drag coefficients compared to
the ride height sensitivity study, with a maximum of
4% for Bluff6KWS at h = 0.159d.

2. Computational Domain

The test section of the wind tunnel used in Ref. 16
is 2.1 m wide, 1.5 m high and 4.4 m long.

Since only half model is used in the numerical
simulations, the computational domain is taken 1.05
m wide and 1.5 m high. Furthermore the upstream
and downstream boundaries are placed at 1.3 m and
3.1 m from the body nose, respectively. The side
and upper boundaries of the computational domain
are still modeled as slip walls.

Notice that the simulations with the described
computational domain are indicated with the ini-
tials ‘SB’ in the case name, before the abbreviation
of the turbulence model.

The same mesh parameters as described in the
ride height sensitivity study are used. Depending
on the ride height and on the thickness of the side-
plates the total number of cells varies from 2.4 to 2.8
million. The number of iterations required to reach
convergence varies from 3000 to 6000.

In Table 4 all the results are summarized. A
comparison is made between the force coefficient
predicted by all the cases tested in the ride height
sensitivity study and the ones obtained with the
smaller computational domain for the considered
ride heights.

Figure 12. Surface flow pattern at h = 0.191d. Taken
from Ref. 16.

Figure 13. Surface flow pattern obtained with Spalart-
Allmaras on the thick side-plate model at h = 0.064d.

From the results it can be seen that the size of
the computational domain has little influence on the
predicted CL and CD. In particular, the average dif-
ference in force coefficients with respect to the ride
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height sensitivity study is about 4%, with a maxi-
mum of 6.6% for BluffSBSA at h = 0.45d.

Notice that this small difference is always pos-
itive, it does not seem to drive the computational
results towards a better agreement with the experi-
ments.

3. Complete Body

For these simulations the entire model is used. The
mesh characteristics are the same as described in
the ride height sensitivity study and the computa-
tional domain is twice as wide. Depending on the
ride height and on the thickness of the side-plates
the total number of cells varies from 16.2 to 19.7
million. The number of iterations required to reach
convergence varies from 3000 to 10000. Notice that
the simulations ran with the complete model are in-
dicated with ‘2X’ in the case name, before the ab-
breviation of the turbulence model.

At this stage, also a ride height representative of
the low downforce region is considered, h = 0.064d.
The surface flow pattern obtained at this ride height
with Bluff2XSA and Bluff2XKWS are shown in Fig-
ure 15 and Figure 16 in comparison with experimen-
tal results shown in Figure 14. Notice that, while
Spalart-Allmaras predicts asymmetric flow accord-
ing to the experiments, with k − ω SST separation
occurs at both sides of the diffuser inlet.

All the results are summarized in Table 5. A
comparison between the force coefficient predicted
by all the cases tested in the ride height sensitivity
study and the ones obtained with the complete body
for the considered ride heights is shown in Figure 17
and 18.

From the results it can be inferred that numer-
ically simulating the flow over the entire model,
rather than over half of it, does not significantly af-
fect the predicted values of downforce and drag co-
efficients. On average there is a 1% difference in CL
and CD with respect to the ride height sensitivity
study.

The only exception to this is represented by
Bluff2XKWSsp at the ride height h = 0.159d: the
downforce and drag coefficient are about 30% and
20% smaller than the ones obtained with half model.
While for the downforce coefficient this means a de-
crease in the error with respect to experimental re-
sults from 36% to 5%, for the drag coefficient is the
other way around: the error rises from 0.7% to 18%.

In order to better investigate this anomaly,
Bluff2XKWSsp is tested on two additional ride
heights: h = 0.204d and h = 0.1d. The results
are summarized in Table 6. Notice that for these
ride heights the results are in line with the trend ob-

served so far, with an average difference of 2% with
respect to the results obtained with half model.

Furthermore, after the sharp drop in downforce
at h = 0.159d, more in agreement with the experi-
ments compared to the previous computations, the
CL is observed to grow again, towards the computa-
tional results found with the half body and against
the general trend of downforce coefficient versus ride
height.

Figure 14. Surface flow pattern at h = 0.191d. Taken
from Ref. 16.

Figure 15. Surface flow pattern obtained with Spalart-
Allmaras on the thick side-plate model at h = 0.064d.

Figure 16. Surface flow pattern obtained with k − ω SST
on the thick side-plate model at h = 0.064d.
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Figure 17. Comparison between the downforce coefficient
obtained in the ride height sensitivity study and the one
obtained using the complete body.

Figure 18. Comparison between the drag coefficient ob-
tained in the ride height sensitivity study and the one
obtained using the complete body.

Considering this phenomenon and the worsening
of the drag coefficient prediction, the performance
of Bluff2XKWSsp at h = 0.159d seems to be an
isolated case which does not significantly affect the
interpretation of the results obtained so far.

4. Fixed Ground

In Ref. 16 the downforce coefficient versus ride
height obtained when using a fixed ground is given
for Re = 1.8 · 106.

In Table 7 the computational results are com-
pared to experiments for the considered ride heights.
Notice that the simulations ran with fixed ground
are indicated with the initials ‘FG’ in the case name,
before the abbreviation of the turbulence model.

The same mesh characteristics and computa-

tional domain as described in the ride height sen-
sitivity study are used. For these simulations the
number of iterations required to reach convergence
varies from 5000 to 6000.

Notice that also with fixed ground simulations
the error with respect to experimental results in the
force enhancement region is still quite large, about
20%, then it gets smaller around the downforce max-
imum, about 6%, and grows again in the downforce
reduction region, about 20%.

B. Discussion

The computational results obtained in the ride
height sensitivity study show to be very robust to
changes.

For all the considered parameters and ride
heights, the new force coefficient are very similar
to the ones obtained in the ride height sensitivity
study. The only exception to that is represented by
Bluff2XKWSsp at h = 0159d, the performance of
which has been investigated thoroughly.

Therefore, in the effort to understand the rea-
son for the discrepancies between experiments and
computations, mesh refinement, dimensions of the
computational domain, the use of the entire rather
than half model and ground simulations have to be
ruled out.

Also a time dependent calculation has been ran
on the complete model with thick side-plate using
Spalart-Allmaras, but the result did not show better
agreement with the experiment.

V. Conclusions and
Recommendations

The aerodynamics of a bluff body equipped with
a diffuser in ground effect has been numerically in-
vestigated. The effect of side-plates geometry, tur-
bulence model, grid refinement, computational do-
main, ground simulation and use of the complete
rather than half model has been examined.

The predicted downforce and drag coefficients
versus ride height curves show a similar trend com-
pared to experiments. Nonetheless, in the numerical
simulations a certain delay in terms of ride height at
which physical phenomena take place is observed.

The choice of turbulence model appeared to have
little influence on the computational force coeffi-
cient. However Spalart-Allmaras showed a better
agreement with the experiments in terms of flow sep-
aration.

Among the other parameters considered, the ge-
ometry of the side-plate seemed to have a major in-
fluence on the computational results. The numerical
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solutions did not show significant sensitivity to any
of the other parameters object of the investigation.

The most accurate performance was observed
when thin side-plates and the Spalart-Allmaras tur-
bulence model were used. Even so a disparity be-
tween experimental and computational results was
detectable; however, given the robustness shown by
the computational results a new experimental inves-
tigation is advised.

On the basis of the results obtained in the present
research, some recommendations for future work
may be suggested:

◦ The reason of the disparities between the re-
sults reported in the present work and in lit-
erature has to be investigated further with the
aid of new experimental studies.

◦ The effect of solving the equations up to the
wall rather than using a turbulence model
should be assessed.

◦ It is advised to run simulations with a differ-
ent solver in order to validate to what extent
the performance of the turbulence models was
influenced by the way they are implemented
into OpenFOAM.

◦ The effect of simulating or specifying transi-
tion from laminar to turbulent flow should be
analyzed.
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Table 1. Downforce coefficients for all the cases tested in the ride height sensitivity study and comparison with
experiments.

Experimental BluffSA BluffKWS BluffSAsp BluffKWSsp

h/d CL CL Error % CL Error % CL Error % CL Error %
0.764 0.993 0.862 −13.192 0.874 −11.984 0.919 −7.452 0.929 −6.445
0.570 1.210 1.030 −14.876 1.045 −13.636 1.109 −8.347 1.121 −7.355
0.450 1.510 1.198 −20.662 1.219 −19.272 1.316 −12.848 1.331 −11.854
0.382 1.763 1.356 −23.086 1.382 −21.611 1.511 −14.294 1.517 −13.953
0.318 1.830 1.564 −14.536 1.595 −12.842 1.733 −5.301 1.720 −6.011
0.260 1.900 1.803 −5.105 1.813 −4.579 1.917 0.895 1.900 0.000
0.210 1.943 2.000 2.934 2.017 3.809 2.016 3.757 1.954 0.566
0.204 1.480 2.019 36.419 2.030 37.162 2.023 36.689 1.947 31.554
0.170 1.360 2.115 55.515 2.113 55.368 1.999 46.985 1.865 37.132
0.159 1.297 2.136 64.688 2.114 62.992 1.958 50.964 1.771 36.546
0.100 1.220 1.979 62.213 1.825 49.590 1.394 14.262 1.340 9.836
0.064 1.050 1.355 29.048 1.363 29.810 1.106 5.333 1.131 7.714

Table 2. Drag coefficients for all the cases tested in the ride height sensitivity study and comparison with experiments.

Experimental BluffSA BluffKWS BluffSAsp BluffKWSsp

h/d CD CD Error % CD Error % CD Error % CD Error %
0.764 0.360 0.310 −13.889 0.282 −21.667 0.326 −9.444 0.298 −17.222
0.570 0.400 0.335 −16.250 0.307 −23.250 0.359 −10.250 0.330 −17.500
0.450 0.455 0.361 −20.659 0.334 −26.593 0.398 −12.527 0.369 −18.901
0.382 0.485 0.386 −20.412 0.358 −26.186 0.433 −10.722 0.403 −16.907
0.318 0.510 0.419 −17.843 0.392 −23.137 0.475 −6.863 0.442 −13.333
0.260 0.540 0.457 −15.370 0.428 −20.741 0.511 −5.370 0.478 −11.481
0.210 0.540 0.489 −9.444 0.461 −14.630 0.533 −1.296 0.489 −9.444
0.204 0.500 0.492 −1.600 0.463 −7.400 0.534 6.800 0.488 −2.400
0.170 0.470 0.510 8.511 0.477 1.489 0.527 12.128 0.476 1.277
0.159 0.460 0.514 11.739 0.475 3.261 0.517 12.391 0.463 0.652
0.100 0.440 0.479 8.864 0.434 −1.364 0.434 −1.364 0.398 −9.545
0.064 0.370 0.398 7.568 0.371 0.270 0.376 1.622 0.345 −6.757
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Table 3. Comparison between downforce and drag coefficients obtained with the mesh used for the ride height sensitivity
study and the refined mesh.

h = 0.450d h = 0.210d h = 0.159d

CL CD CL CD CL CD

BluffSA 1.198 0.361 2.000 0.489 2.136 0.514
Bluff6SA 1.216 0.366 2.003 0.495 2.115 0.515

Difference% 1.503 1.385 0.150 1.227 −0.983 0.195
BluffKWS 1.219 0.334 2.017 0.461 2.114 0.475

Bluff6KWS 1.232 0.341 1.987 0.466 2.028 0.474
Difference% 1.066 2.096 −1.487 1.085 −4.068 −0.211

BluffSAsp 1.316 0.398 2.016 0.533 1.958 0.517
Bluff6SAsp 1.310 0.392 2.018 0.529 1.984 0.518

Difference% −0.456 −1.508 0.099 −0.750 1.328 0.193
BluffKWSsp 1.331 0.369 1.954 0.489 1.771 0.463

Bluff6KWSsp 1.320 0.366 1.953 0.488 1.808 0.468
Difference% −0.826 −0.813 −0.051 −0.204 2.089 1.080

Table 4. Comparison between downforce and drag coefficients obtained with the computational domain used for the
ride height sensitivity study and the smaller one

h = 0.450d h = 0.210d h = 0.159d

CL CD CL CD CL CD

BluffSA 1.198 0.361 2.000 0.489 2.136 0.514
BluffSBSA 1.252 0.385 2.038 0.517 2.141 0.539

Difference% 4.508 6.648 1.900 5.726 0.234 4.864
BluffKWS 1.219 0.334 2.017 0.461 2.114 0.475

BluffSBKWS 1.271 0.355 2.054 0.487 2.082 0.496
Difference% 4.266 6.287 1.834 5.640 −1.514 4.421

BluffSAsp 1.316 0.398 2.016 0.533 1.958 0.517
BluffSBSAsp 1.367 0.417 2.104 0.564 2.046 0.549
Difference% 3.875 4.774 4.365 5.816 4.494 6.190
BluffKWSsp 1.331 0.369 1.954 0.489 1.771 0.463

BluffSBKWSsp 1.381 0.385 2.036 0.518 1.858 0.492
Difference% 3.757 4.336 4.197 5.930 4.912 6.263
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Table 5. Comparison between downforce and drag coefficients obtained with half and entire body.

h = 0.450d h = 0.210d h = 0.159d h = 0.064d

CL CD CL CD CL CD CL CD

BluffSA 1.198 0.361 2.000 0.489 2.136 0.514 1.355 0.398
Bluff2XSA 1.221 0.368 1.959 0.491 2.133 0.513 1.300 0.386

Difference% 1.920 1.939 −2.050 0.409 −0.140 −0.195 −4.059 −3.015
BluffKWS 1.219 0.334 2.017 0.461 2.114 0.475 1.363 0.371

Bluff2XKWS 1.231 0.342 1.974 0.464 2.114 0.477 1.380 0.375
Difference% 0.984 2.395 −2.132 0.651 0.000 0.421 1.247 1.078

BluffSAsp 1.316 0.398 2.016 0.533 1.958 0.517 1.106 0.376
Bluff2XSAsp 1.319 0.399 2.019 0.535 1.961 0.518 1.108 0.376
Difference% 0.288 0.251 0.149 0.375 0.153 0.193 0.181 0.000
BluffKWSsp 1.331 0.369 1.954 0.489 1.771 0.463 1.131 0.345

Bluff2XKWSsp 1.336 0.372 1.995 0.493 1.232 0.375 1.140 0.344
Difference% 0.376 0.813 2.098 0.818 −30.435 −19.006 0.796 −0.290

Table 6. Comparison between downforce and drag coefficients obtained with half and entire body for Bluff2XKWSsp.

h = 0.204d h = 0.159d h = 0.1d h = 0.064d

CL CD CL CD CL CD CL CD

BluffKWSsp 1.947 0.488 1.771 0.463 1.340 0.398 1.131 0.345
Bluff2XKWSsp 1.955 0.492 1.232 0.375 1.300 0.367 1.140 0.344

Difference% 0.410 0.820 −30.435 −19.006 −2.985 −5.528 0.796 −0.290

Table 7. Downforce and drag coefficients for fixed ground simulations and comparison with experiments.

h = 0.450d h = 0.210d h = 0.159d

CL Error% CL Error% CL Error%
Experimental 1.360 1.780 1.360

BluffFGSA 1.023 −24.809 1.712 −3.820 1.746 28.382
BluffFGKWS 1.036 −23.824 1.700 −4.494 1.709 25.662
BluffFGSAsp 1.118 −17.794 1.665 −6.461 1.559 14.632

BluffFGKWSsp 1.128 −17.059 1.618 −9.101 1.472 8.235
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Conclusions and Recommendations

A CFD investigation into ground effect aerodynamics has been performed. In the first stage of the research
the focus was on the aerodynamics of a 2D inverted single element wing. The effect of grid refinement,
mesh parameters, turbulence models, boundary layer modeling and ride height was examined. Overall the
obtained results are in agreement with previous experimental results and they are more accurate compared
to computational studied found in literature.

Better results were obtained when modeling the boundary layer with a wall function than solving the
equations up to the wall. Nonetheless decent results were obtained with Launder-Sharma k− ε. This model
also demonstrated a very low grid sensitivity.

A dependence of the solution on combinations of mesh parameters has been investigated. In particular, it
has been shown that an optimal range of y+/A exists for which the physics of an inverted airfoil in ground
effect can be correctly modeled by solving RANS equations.

The most accurate prediction of the downforce coefficient was obtained with Spalart-Allmaras with wall
function. The model has shown robustness for a larger range of grid parameters and ride heights compared
to the other turbulence models tested. In particular Realizable k − ε displayed higher sensitivity on y+

values, whereas k − ω SST had problems at the smaller ride heights where the large area of separated flow
and consequent drop in downforce was not observed.

With the aim of stepwise increasing the model complexity, in the second stage of the research the goal was
to establish if and to what extent the results obtained on the 2D wing, namely the choice of grid parameters
and turbulence model, could be extended to a simple 3D model. Within these objectives, the aerodynamics
of a bluff body equipped with a diffuser has been numerically investigated. The effect of side-plates geometry,
turbulence model, grid refinement, computational domain, ground simulation and use of the complete rather
than half model has been examined.

The predicted downforce and drag coefficients versus ride height curves show a similar trend compared
to experiments. Nonetheless the numerical results where not as much in agreement with the experiments as
found for the airfoil: in the numerical simulations a certain delay in terms of ride height at which physical
phenomena take place is observed.

The choice of turbulence model appeared to have little influence on the computational force coefficient.
However, as for the profile, Spalart-Allmaras showed a better agreement with the experiments in terms of
flow separation.

Among the other parameters considered, the geometry of the side-plate seemed to have a major influence
on the computational results. The numerical solutions did not show significant sensitivity to any of the other
parameters object of the investigation.

The most accurate performance was observed when thin side-plates and the Spalart-Allmaras turbulence
model were used.

Performing unsteady simulations, both for the airfoil and the bluff body, did not show an improvement
in the obtained results.



On the basis of this findings, some recommendations for a possible follow up thesis work may be suggested:

◦ The reason why the finest grid tested on the airfoil with wall function did not give the best results has
to be investigated further.

◦ The effect of simulating or specifying transition from laminar to turbulent flow should be analyzed.

◦ It is advised to perform a solver sensitivity study in order to better interpret the results obtained with
Realizable k − ε and k − ω SST and validate to what extend their performance was influenced by the
way the models are implemented into OpenFOAM.

◦ Given the robustness shown by the computational results for the bluff body a new experimental inves-
tigation is suggested. With respect to the new experimental investigation, the discrepancies between
wind tunnel and CFD results should be identified and quantified. Then the model complexity should
be increased and validate whether the conclusions drawn for the simpler model could be extended to
a real car model.
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