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Abstract

The high performance and motorsport vehicle sectors are pushing the performance frontiers of aerodynamically efficient vehicles.
Well-balanced use of accurate and consistent numerical simulation tools in combination with wind tunnel experiments is crucial
for cost-effective aerodynamic research and development processes. Therefore, this study assesses the simulation performance of
four Reynolds-Averaged Navier-Stokes (RANS) turbulence models in relation to experimental and high fidelity Delayed Detached
Eddy Simulation (DDES) data for the aerodynamic assessment of a high performance variant of the DrivAer model (DrivAer hp-
F). The influences of predominant wind tunnel conditions on the vehicle’s aerodynamic force coefficients and flow field are also
investigated. Additionally, a novel CFD-based blockage correction method is introduced and applied to evaluate the accuracy of
conventional blockage correction methods. Among the RANS models, the k-ω SST model exhibited notable relative accuracy
in the prediction of force coefficients and demonstrated generally the best correlation with detailed DDES flow field data. The
wind tunnel blockage effect caused a 9% increase in downforce and 16% increase in drag, whereas the interference effects from
the overhead measurement system reduced downforce by 4% and drag by 8%. The novel CFD-based blockage correction method
confirmed that conventional blockage correction methods adequately estimate the dynamic pressure in proximity of a wind tunnel
model (< 3%), but do not consider local effects on downforce and drag individually. Overall, the research extends beyond prior
work on automotive applications, contributing to the advancement of aerodynamic research methodologies suitable for the complex
flow fields of high performance vehicles.
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1. Introduction1

The competitive nature of motorsport creates an environment2

which encourages fast development of new technologies. It acts3

as a platform of leading innovations from which many other4

sectors like the automotive sector adopt technology from. One5
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of the central themes in the motorsport and automotive sectors6

is the deployment of more efficient aerodynamic designs to op-7

timise vehicle performance and energy efficiency. The increas-8

ing complexity of these designs requires the combined usage9

of Computational Fluid Dynamics (CFD) simulations and wind10

tunnel experiments. However, the highly competitive nature of11

this sector restricts the public sharing of (industrial) knowledge12

on high performance vehicle aerodynamics and the associated13

combined numerical and experimental development workflows.14
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A desirable numerical tool for an aerodynamic development15

process should deliver consistent and robust results with mini-16

mal computational time, while achieving adequate absolute ac-17

curacy [1]. The selection of a turbulence model has a large im-18

pact on this trade-off between accuracy and computational time.19

Reynolds-Averaged Navier-Stokes (RANS) turbulence models20

are widely used in motorsport and automotive industries be-21

cause of their good computational efficiency. RANS models22

have shown adequate accuracy in drag predictions for automo-23

tive vehicles, but typically struggle to capture unsteady flow24

behaviour [2, 3, 4]. Scale-Resolving Simulations (SRS) have25

demonstrated to capture the flow field on automotive vehicles26

with more detail, especially in areas of large flow separation27

such as the wake [5, 6, 7]. However, SRS methods require sig-28

nificant computational resources, which can therefore often not29

meet the cost and turnover time requirements in fast developing30

sectors.31

Besides the numerical setup, correlation between CFD sim-32

ulations and wind tunnel experiments is a crucial process in33

aerodynamic research and development. Exact replication of34

wind tunnel geometries in CFD simulations is often not feasi-35

ble, due to either the unavailability of full specification sets or36

time constraints. Hence, most CFD simulations are conducted37

on large domains, which represent open road conditions. How-38

ever, wind tunnel measurements are subject to effects caused by39

the experimental setup and could therefore variate substantially40

from CFD simulations in simplified open road conditions. The41

main wind tunnel conditions to consider are the blockage effect42

and interference effects. The blockage effect is imposed by test43

section walls, which restrict airflow displacement around the44

model and consequently create higher flow velocities in prox-45

imity of the model [8]. Blockage effects associated to solid46

elements like the vehicle model and measurement systems are47

called solid blockage, whereas effects caused by the vehicle’s48

wake displacement are called wake blockage [9, 10]. Various49

blockage correction methods are available which use geomet-50

rical relationships to account for the blockage effect on exper-51

imental force coefficient data [9, 11]. In addition to blockage,52

airflow obstruction from measurement systems creates interfer-53

ence effects which influence the aerodynamic performance of a54

vehicle [12, 13, 14].55

Published work on the assessment of turbulence models has56

been primarily conducted on passenger vehicles for automo-57

tive applications [2, 3, 4, 5, 6, 7]. Since lift is not a domi-58

nant performance parameter for most automotive applications,59

these studies often only consider accuracy in drag predictions.60

However, high performance vehicles are equipped with aggres-61

sive aerodynamic devices that generate large amounts of down-62

force (negative lift), which is the primary performance indi-63

cator for such vehicles. Their flow fields exhibit far more in-64

tricate flow phenomena like steep adverse pressure gradients,65

large flow separations and strong vortex flows, which need to be66

accurately captured to assess the vehicle’s aerodynamic perfor-67

mance. Therefore, findings on the applicability of turbulence68

models on automotive applications cannot be directly applied69

to high performance vehicles. Previous work on wind tunnel70

conditions and blockage correction methods often only con-71

sider the effect on drag predictions for passenger vehicles and72

trucks [11, 15, 16, 17, 18]. Findings from these studies gen-73

erally do not report on the impact of the blockage effect and74

accuracy of blockage correction methods on downforce, which75

can therefore also not be directly applied to high performance76

vehicles. Studies on interference effects from measurement sys-77

tems generally considered the impact on both force coefficients78

and have reported varying magnitudes of interference, depen-79

dent on the function and flow sensitivity of downstream com-80

ponents [12, 13, 14]. High performance vehicles are equipped81

with downforce generating aerodynamic devices which are typ-82

ically highly sensitive to oncoming flow conditions. The ve-83

hicle’s overall aerodynamic performance is reliant on individ-84

ual performances of these devices, and therefore expected to be85

more affected by interference effects than passenger vehicles.86

In this paper, the applicability of four RANS turbulence mod-87

els for aerodynamic simulations on high performance vehicle is88

evaluated. A comprehensive comparative analysis is provided89

using experimental force coefficients and high fidelity SRS re-90

sults of the flow field as reference data. In addition, numer-91

ical representations of the wind tunnel blockage and interfer-92

ence effects are created to study their influence on the flow field93

and aerodynamic performance of a high performance vehicles.94

Moreover, the numerical representation of the blockage effect95

is used to investigate the accuracy of various blockage correc-96

tion methods, including a newly introduced CFD method. By97

these means, the paper aims to provide detailed insights of the98

flow field and aerodynamic performance of high performance99

vehicles. Furthermore, the paper aims to provide a better un-100

derstanding of the key differences between wind tunnel exper-101

iments and CFD simulations, to support the combined numeri-102

cal and experimental workflow for industrial and academic re-103

search on high performance vehicle aerodynamics.104

2. Methodology105

2.1. Vehicle Model106

Aerodynamic research on passenger vehicles in the automo-107

tive industry is commonly conducted on reference vehicle mod-108

els like the DrivAer [19]. This study uses the DrivAer hp-F109

reference model [20, 21], which is a high performance variant110

of the DrivAer Fastback model (Figure 1). The DrivAer hp-F111

model is a 35% scale model which consists of a smooth under-112

body, side mirrors and enclosed wheel cavities. It is equipped113

with additional aerodynamic devices including a front bumper114

splitter, forebody strakes, rear spoiler and an underbody dif-115

fuser. The vehicle model’s main parametric dimensions are116

listed in Table 1 and more geometrical details are available in117

[20].118
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Table 1: Parametric dimensions of the DrivAer hp-F model

Parameter Value
Car scale (CS ) 35 %

Length (L) 1.6144 m
Ride height (ho) 0.0455 m

Width (W) 0.7012 m
Area (Are f ) 0.2556 m2

2.2. Experimental Data119

Wind tunnel experiments conducted by Renan et al. [20] [22]120

on the DrivAer hp-F model in the 8x6 Wind Tunnel at Cranfield121

University are used as experimental reference data in this paper.122

The experiments were performed in a transformed test section123

including a moving ground and two-stage boundary layer suc-124

tion system. Aerodynamic forces were measured at eight differ-125

ent ride heights at velocity of 40 m/s, using an overhead balance126

with a maximum full-scale measurement uncertainty of ±0.90127

N for lift and ±0.18 N for drag.128

2.3. Computational Domains129

Numerical simulations on three different computational do-130

mains are performed throughout this study. A computational131

wind tunnel domain is created for improved correlation with132

experimental data (Section 2.3.1), and two open road computa-133

tional domains are modelled to investigate the effects of wind134

tunnel conditions on the vehicle’s flow field (Section 2.3.2).135

Straight-line conditions from the experiments are considered136

in this study, where flow patterns on a symmetric car can be137

assumed to be symmetric. This study therefore uses half-car138

cases, which can reduce mesh sizes by over 40% while provid-139

ing less than 1% variance in aerodynamic coefficients compared140

Figure 1: DrivAer hp-F model

Table 2: Wind tunnel air properties

Parameter Value
Air Density 1.1678 kg/m3

Air Dynamic Viscosity 18.377e-6 kg/m s
Atmospheric Pressure 99982 Pa

Dynamic Pressure 934.18 Pa
Tunnel Temperature 25.1 ◦C
Turbulent Intensity 0.052 %

to a full car model [23, 24]. The usage of the symmetry con-141

dition is supported by experiments on multichannel diffusers,142

like the one on this DrivAer hp-F model, which have shown143

to eliminate asymmetric flow conditions otherwise observed at144

very low ride heights in plane diffusers [25, 26]. The resolved145

unsteady turbulence in the DDES simulations on the other hand146

does not obey symmetry instantaneously [27], and the time-147

dependent behaviour could consequently be influenced by the148

symmetry simplification. However, this study only uses time-149

averaged flow quantities from the DDES simulations, which150

are minimally affected by small turbulent fluctuations along the151

symmetry plane. This is also apparent from the high accuracy152

of the DDES results to the experimental data in Section 3.1.1.153

Hence, the symmetry simplification is a cost-effective approach154

for this study and allows for qualitative learning from the anal-155

yses.156

2.3.1. Wind Tunnel Installation157

The computational wind tunnel domain (WT installation) is158

designed to resemble the experimental setup in the 8x6 Wind159

Tunnel at Cranfield University (Section 2.2). The wind tunnel160

domain is modelled as a straight tunnel without a contraction161

and diffuser section, due to the unavailability of more detailed162

specifications. The half domain has a cross-section height of163

1787 mm and a width of 1219 mm, including 431.05 mm long164

corner fillets. Following best practices for automotive external165

aerodynamics [28], the velocity inlet is placed 3L in front and166

the pressure outlet 5L behind the vehicle model. This domain167

size allows adequate space for the development of the flow’s168

turbulent characteristics in front of the vehicle model and avoids169

outflow conditions affecting the vehicle’s near-wake. The top170

and side walls of the numerical wind tunnel domain are mod-171

elled as no-slip stationary walls to allow boundary layer growth172

on them. The moving ground system used in the experiments173

is modelled as a no-slip translational moving wall. Further-174

more, the WT installation matches the model configuration in175

the experiments, consisting of the vehicle with overhead mea-176

surement system. The simulations are performed with a moving177

wall and inlet velocity of U∞ = 40 m/s, and air properties listed178

in Table 2.179

2.3.2. Open Road Installations180

Two open road installations are created which both use the181

same computational domain but different model configurations.182

Again, following best practices for automotive external aerody-183

namics [28], the velocity inlet is placed 3L in front and the pres-184

sure outlet 5L behind the vehicle model. The top and side walls185

are positioned 1.5L distant from the vehicle model, leading to186

a much smaller blockage ratio compared to the wind tunnel of187

approximately 1.3%. To resemble open road conditions, the top188

and side walls are modelled as symmetry walls, which prevent189

boundary layer growth on them. The moving ground and in-190

let velocities match the experimental wind speed of U∞ = 40191

m/s, and the air properties are kept constant between the wind192

tunnel and open road domains to allow for consistent relative193

comparisons (Table 2). The first open road installation is called194
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Figure 2: WT installation: vehicle model with top strut in wind tunnel compu-
tational domain

the wTS installation (with Top Strut) and consists of the ve-195

hicle including the overhead measurement system (Figure 3a).196

The second open road installation is called the woTS installa-197

tion (without Top Strut) and consists of the vehicle without the198

overhead measurement system (Figure 3b).199

2.4. Meshing200

2.4.1. Description201

Unstructured poly-hexcore meshes are created in ANSYS202

Fluent Meshing for each installation. The poly-hexcore mesh-203

ing technique has shown to reduce the total mesh size by about204

40% compared to a conventional hexcore technique, and de-205

crease the solve time by approximately 14% for simulations206

on a standard DrivAer model [29]. A medium-sized mesh is207

created using optimised element sizes for scaled vehicle mod-208

els [23]. Element sizes of about 7.25% and 0.45% of the car’s209

length are used as base mesh size and vehicle mesh size re-210

spectively. Furthermore, the element sizes on the vehicle are211

locally reduced to adequately capture the complex geometries212

of aerodynamic add-on devices and small features. The first213

layer thickness is also locally controlled, aimed to capture the214

turbulent boundary layer with a practical near-wall resolution of215

y+ ≈ 30-300 [30]. Lastly, refinement zones based on the 1st Au-216

tomotive CFD Prediction workshop [31] are created to provide217

additional detail in the vehicle’s flow field (Figure 4).218

2.4.2. Grid Convergence219

A grid convergence study using the Grid Convergence Index220

(GCI) [32] is conducted. The systematic refinement approach221

for unstructured meshes from Celik et al. [33] is adopted to cre-222

ate two additional meshes with varying levels of grid refinement223

(Table 3). This method suggests the use of refinement factors r224

(-) greater than 1.3 based on the average cell size h (mm). The225

simulations for the grid convergence study are performed with226

the k-ω SST turbulence model using the standard settings in227

ANSYS Fluent and ran on two AMD EPYC 7543 CPUs using228

a total of 64 cores.229

The sensitivity of the numerical solution to further grid re-230

finement is also demonstrated by following Celik et al.’s [33]231

Table 3: Mesh properties

Case Coarse (3) Medium (2) Fine (1)
No. of Cells [N (−)] 2,489,238 5,928,362 13,624,327

Average wall yplus [y+ (−)] 208.11 167.96 49.11
Average cell size [h (mm)] 36.95 27.67 20.97

Refinement Factor [r32, r21 (−)] - 1.34 1.32
Computation Time [t (h)] 0.36 1.22 3.08

approach for unstructured grids. This method uses the devia-232

tion of a numerical solution to an asymptotic solution, which is233

estimated through Richardson Extrapolation. Even though the234

GCI has less of a firm basis for unstructured grids compared to235

structured grids, it provides more comprehensive insights over236

simply reporting errors [32] and has proven to be successful in237

similar cases for automotive vehicle aerodynamics [34, 35, 36].238

The convergence study results in Table 4 show GCI val-239

ues between the fine and medium meshes (GCI21) which are240

much smaller than GCI values between the medium and coarse241

meshes (GCI32) for both force coefficients. This indicates that242

the increased refinement levels have reduced the grid depen-243

dency. Similar to results from [34, 37], different grid conver-244

gence rates are observed between both force coefficients, de-245

picted by the higher order of accuracy and smaller GCI val-246

ues for the lift coefficient. Roache [32] has reported that un-247

structured grids with non-integer refinement ratios can result248

in above average orders of accuracy, dependent on refinement249

levels in critical areas. On the DrivAer hp-F model, lift is250

dominated by the surface pressure distribution, whereas drag is251

dominated by pressure drag in the vehicle’s wake [38, 39, 40].252

Hence, unstructured meshing approaches with unequal refine-253

ment in these critical areas cause variation in the grid conver-254

gence rates between both force coefficients. Nonetheless, the255

asymptotic range condition [41]; GCI32 = rpGCI21, provides256

values of approximately one for both force coefficients. This257

indicates that both solutions are within their respective asymp-258

totic range. Considering grid dependence levels, computational259

time and that lift will be used as the primary performance in-260

dicator in this study, the medium mesh strategy is used for all261

RANS simulations. This mesh demonstrates a relative error to262

the Richardson extrapolated asymptotic value for lift of 0.38%263

and for drag of 8.40%.264

2.4.3. DDES - High Near-Wall Resolution Mesh265

The mesh strategy described above is adopted to create high266

near-wall resolution meshes for the DDES simulations on the267

computational wind tunnel domain (WT installation). The high268

near-wall resolution meshes use a lower y+ treatment of y+ ≈269

0.7 with 15 inflation layers. Moreover, a smoother transition270

with the small elements in the near-wall region is created by271

reducing the element size of the refinement zone around the car272

from 6.25% to 2% (Figure 4). Accordingly, the high near-wall273

resolution meshes for DDES simulations on the WT installation274

contain about 22 million cells, whereas the meshes for RANS275

simulations on the WT installation contain only about 6 million276

cells.277
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(a) (b)

Figure 3: (a) wTS installation: vehicle model with top strut in open road computational domain and (b) woTS installation: vehicle model without top strut in open
road computational domain

2.5. Turbulence Models278

2.5.1. RANS279

Steady-state simulations are performed with the Spalart All-280

maras [42], k-ϵ Realizable [43], k-ω SST [44] and Reynolds281

Stress [45] turbulence models using the standard settings in282

ANSYS Fluent. Each RANS simulations is carried out for283

1000 iterations and force coefficients were averaged over the284

last 500 iterations. The RANS simulations ran on two AMD285

EPYC 7543 CPUs using a total of 64 cores which resulted in an286

average computation time of about 1h for the Spalart Allmaras287

model, 1.2 hours for the k-ϵ Realizable and k-ω SST models,288

and 1.58 hours for the Reynolds Stress model.289

2.5.2. DDES290

Scale resolving simulations using the DDES model [46] with291

the standard settings in ANSYS Fluent and the k-ω SST RANS292

background model are performed on the WT installation to293

serve as numerical reference data. The DDES simulations are294

initialised with RANS simulations on the same high near-wall295

resolution mesh using the k-ω SST model. The time-step for296

the DDES simulations is based on an approach suggested by297

Aultman et al. [47]. This method defines the smallest non-298

dimensional time-step of 1χ which resembles a specific case299

with an average Courant number of around one. Aultman et al.300

indicated a progressive blending of small scale turbulent struc-301

tures into larger scale structures with increasing time-step sizes.302

To achieve adequate fidelity in the turbulent structures, a con-303

servative time-step size of t = 3.125 · 10−4s (5χ) with 10 inner304

iterations is used in this study. Each DDES simulations is per-305

formed for a total of 2s or 49.6 convective time units (CTUs)306

of flow time. The first 1s (24.8 CTUs) is used to wash out the307

initial RANS condition and reach statistical convergence, fol-308

lowed by the remaining 1s (24.8 CTUs) used to average the309

flow field and collect unsteady statistics. The DDES simula-310

Figure 4: Side view of the medium mesh on the wTS installation at the symmetry plane with highlighted refinement zones

Table 4: Grid convergence study results

Case coarse ( f3 [-]) medium ( f2 [-]) fine ( f1 [-]) Richarson extra-
polation ( fRE [-])

p (-) GCI32 (%) GCI21 (%) GCI32
rpGCI21
[-]

CL -0.8597 -0.8214 -0.8185 -0.8183 8.92 0.47 0.04 0.9966
CD 0.2756 0.2575 0.2482 0.2374 2.23 9.68 5.39 0.9642
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tions were performed on four AMD EPYC 7543 CPUs using a311

total of 128 cores, which led to an average computational time312

of around 90 hours per DDES simulation.313

2.6. Wind Tunnel Correlation Process314

This paper presents a step-wise approach to numerically in-315

vestigate the influence and significance of the blockage and316

measurement interference effects. Wind tunnel experiments and317

CFD simulations are complementary techniques which can be318

used to gain a comprehensive understanding of high perfor-319

mance vehicle aerodynamics. While physical tests in a wind320

tunnel are crucial for validation, they are also subject to condi-321

tions like the blockage effect and obstruction of measurements322

systems. A thorough understanding of the influence and sig-323

nificance of these effects on a vehicle’s flow field is therefore324

crucial to improve correlation processes between wind tunnel325

experiments and numerical simulations.326

2.7. Blockage Effect327

A numerical representation of the blockage effect is created328

by simulations on the computational wind tunnel domain (WT329

installation) and open road domain (wTS installation). Both330

domains use the vehicle including the overhead measurement331

system and thereby only differentiate in the amount of block-332

age. The isolation of the blockage effect is used to investigate333

local changes on the vehicle’s flow field and quantify the overall334

impact on aerodynamic forces.335

2.8. Blockage Correction Methods336

The numerical representation of the blockage effect is337

also used to evaluate the applicability of the Maskell, DNW338

Maskell, Extended Maskell III, Thom & Herriot, and Mercker339

blockage correction methods [9, 11] for corrections on high per-340

formance vehicle models. Each correction method is applied341

to the results of simulations on the computational wind tunnel342

domain (WT installation) and compared to results of simula-343

tions on the open road domain (wTS installation). The cor-344

rection methods vary in complexity, where the DNW Maskell345

and Extended Maskell III methods offer incremental extensions346

to the correction methodology of the basic Maskell method.347

The Thom & Herriot and Mercker methods additionally con-348

sider solid and wake blockage separately. Yet, each correction349

method provides an estimation of the corrected dynamic pres-350

sure qc (Pa) in proximity of the vehicle, based on measured351

force coefficients and geometrical relationships. Additionally,352

a reference dynamic pressure q (Pa), which is often measured353

at the wind tunnel inlet, is used in Eq.1 to compute corrected354

force coefficients CDc (-) and CLc (-). These corrected force355

coefficients are estimations of the vehicle’s aerodynamic per-356

formance in open road conditions without a blockage effect im-357

posed by wind tunnel walls.358

CD

CDc
=

qc

q
and

CL

CLc
=

qc

q
(1)

In addition to the conventional correction methods, a CFD359

based correction method is introduced in this paper. Similarly360

to the Maskell methods, the CFD method considers the dynamic361

pressure increase in proximity of the vehicle model. However,362

the dynamic pressure is not estimated based on geometric re-363

lationships, but extracted from representative simulation data.364

The CFD based correction method uses results from the numer-365

ical representation of the blockage effect. Here, the average366

dynamic pressure on a frontal plane in the wind tunnel domain367

and in the open road domain are computed (Figure 5). The368

frontal plane should be located at a longitudinal position which369

is subject to the largest blockage ratio to avoid under correc-370

tion. Furthermore, the dynamic pressure within the projected371

wind tunnel area, indicated by the black borders, should be con-372

sidered in the open road domain to prevent influence of low373

dynamic pressure in the far-field. The corrected dynamic pres-374

sure qc is represented by results from the wind tunnel domain,375

and the reference dynamic pressure q by results from the open376

road domain. By these means, the CFD method extracts both qc377

and q in proximity of the vehicle model and thereby only con-378

siders the dynamic pressure increase imposed by the blockage379

effect. The essence of the CFD based correction method is the380

use of representative simulation data in proximity of the vehi-381

cle model, as opposed to the use of conventional geometrical382

relationships. Since a numerical representation of the blockage383

effect is provided, the CFD method can also be used to evaluate384

dynamic pressure estimations from the conventional methods.385

Figure 5: Comparison of the dynamic pressure on a frontal cross-section (at x
= 0.45m) in the WT and wTS installations with black borders highlighting the
area for integration

2.8.1. Overhead Measurement System Interference Effect386

The presence of measurements systems in wind tunnel ex-387

periments cause interference effects which influence the aero-388

dynamic performance of a vehicle. The interference effects389

created by an overhead measurement system are numerically390

investigated through simulations in the open road domain on391
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the vehicle with overhead measurement system (wTS instal-392

lation) and without overhead measurement system (woTS in-393

stallation). These installations are not subject to a wind tunnel394

blockage effect and only differentiate in the vehicle model con-395

figuration. By these means, the effects imposed by the overhead396

measurement system are isolated.397

3. Results and Discussion398

The aerodynamic performance of high performance vehicles399

is typically highly sensitive to operating conditions like ride400

height. The first subsection discusses this ride height sensi-401

tivity using experimental force coefficients data. Additionally,402

the predictive capabilities of four practical RANS turbulence403

models are assessed by relative comparison to the experimen-404

tal data and absolute comparison to high fidelity DDES flow405

field data. The following subsection outlines the main sources406

of variation between wind tunnel experiments and open road407

simulations on high performance vehicles. Here, the process to408

numerically quantify the blockage effect, asses the applicabil-409

ity of correction methods and investigate interference effects of410

measurement systems is discussed and applied to the DrivAer411

hp-F experimental setup in the 8x6 Wind Tunnel at Cranfield412

University.413

3.1. Turbulence Models Assessment414

It is important to note that discrepancies between CFD and415

wind tunnel results have to be anticipated due to factors like416

numerical approximations, geometric variability and measure-417

ments uncertainties. However, through careful consideration of418

such factors, both techniques can be used as complementary419

methods for aerodynamic research. For this reason, this paper420

uses experimental data to investigate aerodynamic performance421

trends, whereas high fidelity DDES results serve as the best fea-422

sible approximation of absolute quantities in the computational423

wind tunnel domain (WT installation). Moreover, wind tunnel424

data for high performance vehicles is extremely scarce and the425

available dataset for the DrivAer hp-F model is limited to force426

coefficients data. For that reason, high fidelity DDES results are427

also presented as a complementary method for a more detailed428

analysis of the DrivAer hp-F model’s flow field. Accordingly,429

the predictive capabilities of various RANS models for high430

performance vehicle aerodynamics are assessed by their rela-431

tive accuracy to experimental force coefficients data and their432

absolute accuracy to DDES flow field data in the same compu-433

tational wind tunnel domain.434

(a) (b)

Figure 6: (a) Lift coefficients of the wind tunnel experiments and numerical simulations on the WT installation, and (b) error in lift coefficients between the wind
tunnel experiments and numerical simulations on the WT installation
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(a) (b)

Figure 7: (a) Drag coefficients of the wind tunnel experiments and numerical simulations on the WT installation, and (b) error in drag coefficients between the wind
tunnel experiments and numerical simulations on the WT installation

3.1.1. Force Coefficients Correlation435

Figures 6a and 6b depict the vehicle’s lift and drag coeffi-436

cients as a function of ride height, where h0 represents the nor-437

malised ride height of 45.5 mm. The experimental data shows438

a force enhancement region over the 2h0 - 0.33h0 range, where439

downforce increases with decreasing ride height due to stronger440

airflow acceleration underneath the vehicle. As a consequence441

of increased downforce production, more induced drag is also442

created along the 2h0 - 0.33h0 range. Significant downforce443

losses and a steep drop in drag are observed below the criti-444

cal ride height of 0.33h0. At such low ride heights, the airflow445

underneath the vehicle becomes increasingly unsteady, which446

negatively affects the aerodynamic performance [48, 49].447

The DDES model demonstrates good correlation with the ex-448

perimental data. It provides an averaged overestimation of 7%449

in downforce and underestimation of 2% in drag. Moreover,450

the DDES results are highly consistent, seen by the relatively451

invariant error which has a standard deviation of approximately452

2% across the ride height range. However, following the inter-453

relation between downforce and induced drag, a modest over-454

estimation in drag was expected. This interrelation is likely455

affected by the varying impact of discrepancy sources and tur-456

bulence model accuracy on each individual force coefficient.457

For example, downforce is dominated by the vehicle’s near-458

wall flow, whereas drag is dominated by unsteady flow in the459

vehicle’s turbulent wake [24, 40]. Overall, the DDES model460

has demonstrated its ability to consistently reproduce both ex-461

perimental force coefficient trends across the entire ride height462

range. This provides confidence in its capabilities to adequately463

capture detailed flow field data. The DDES results of the vehi-464

cle’s flow field will therefore be used as numerical reference465

data to further assess the accuracy of the RANS models in the466

WT installation.467

A common limitation of time-averaged methods applied by468

RANS turbulence models is their inherent inability to accu-469

rately predict highly unsteady flow conditions [50]. This lim-470

itation is also apparent in Figures 6 and 7, where each RANS471

model is unable to adequately predict the vehicle’s aerodynamic472

performance at low ride heights of 0.33h0 - 0.2h0. This as-473

sessment therefore focusses on the high to medium ride height474

range of 2h0 - 0.5h0, where the aerodynamic performance is475

less critically determined by highly unsteady flow behaviour.476

The downforce enhancement region over the 2h0 - 0.5h0 range477

is captured by each RANS model. The Spalart Allmaras, k-478

ϵ Realizable and Reynolds Stress models underpredict down-479

force by about 4%, 8% and 2% respectively, whereas the k-ω480

SST model overestimates downforce by around 2% compared481

to the DDES results (Figure 6a). The k-ω SST model provides482

the most consistent downforce predictions throughout the ride483

height range in relation to the experimental data, with less than484

2% relative deviation in its downforce error (Figure 6b). The485

other RANS models provide less consistent downforce predic-486

tions, with about 4-5% relative deviation in their downforce er-487

ror.488

Considering drag, the k-ϵ Realizable and Reynolds Stress489

models provide an average underestimation of about 2%490

whereas the k-ω SST model overestimates drag by around 2%491

compared to the DDES results (Figure 7a). All three of these492

RANS models provide consistent drag predictions across the493

considered ride height range, shown by the less than 1% rel-494

ative deviation in their drag error (Figure 7b). Contrary, the495

Spalart Allmaras model fails to adequately capture drag as it496

depicts a nearly ride height insensitive drag trend over the 2h0497

- 0.5h0 ride height range, likely caused by the model’s inability498

to accurately predict decay of free-stream turbulence [51].499

3.1.2. Pressure Distribution500

The pressure distribution along the upper surface is depicted501

in Figures 8 and 9. Here, a high pressure region at the splitter502

and nose is followed by a low pressure region as the airflow ac-503

celerates around the curvature of the nose. Along the bonnet,504

a pressure recovery occurs towards the front of the windscreen,505

which displays a high pressure region. Airflow is again acceler-506

ated over the roof, creating a low pressure region that gradually507

8



recovers towards the trailing edge of the roof. Moderate pres-508

sures are seen on the slant due to flow separation behind the509

roof. Finally, a high pressure region is again created as the air-510

flow interacts with the spoiler.511

The RANS models generally show good agreement with the512

DDES results on the upper surface. The k-ω SST and Reynolds513

Stress models provide pressures within 1% of the DDES predic-514

tions on the bonnet. The k-ϵ Realizable and Spalart Allmaras515

models show discrepancies of about 2% and 4% with the DDES516

results in this region. Downstream of the bonnet, the RANS517

models generally predict a larger re-circulation zone in front518

of the windscreen. As a result, the airflow is redirected higher519

onto the windscreen compared to the DDES results. Therefore,520

an 18% smaller pressure peak is locally observed at the wind-521

screen for the RANS models. Along the roof, the RANS mod-522

els depict a less gradual initial pressure recovery. This leads to523

larger discrepancies of around 10% towards the trailing edge of524

the roof. Further downstream at the slant, the RANS models525

underpredict separation, which consequently impacts the pres-526

sure distribution on the spoiler. Here, the DDES model depicts527

more distinct high pressure concentrations on the spoiler, which528

can locally reach about a 50% higher peak pressure compared529

to the RANS models. Discrepancies along the slant and spoiler530

due to flow separation predictions will be investigated in more531

detail in Section 3.1.3.532

Downforce is predominately created by the airflow under-533

neath the vehicle and should therefore be accurately captured.534

Figures 10 and 11 depict the pressure distribution along the un-535

derbody. Here, an initial low pressure plateau followed by a536

steep pressure recovery is observed underneath the splitter. This537

indicates the presence of a separation bubble and subsequent538

flow reattachment point. A small depression in pressure is cre-539

ated at the floor’s leading edge as airflow is accelerated between540

the floor and ground. The pressure recovers towards the middle541

section of the floor before airflow is extracted through the dif-542

fuser inlet, creating a large depression in pressure. Following543

this depression, a pressure recovery occurs throughout the dif-544

fuser as the airflow is gradually slowed down. In addition, low545

pressure concentrations are present at the sides of each diffuser546

channel due to strong vortex formation at the side plates. These547

Figure 8: Pressure coefficient distributions on a line close to symmetry (y = -50
mm) at the upper body surface in the WT installation at 1h0

vortices induce relatively high energy airflow onto the diffuser548

ramp, which supports downforce generation.549

While the general pressure distribution along the underbody550

is adequately captured by the RANS models, local discrepan-551

cies are seen around the splitter, diffuser inlet and diffuser ramp.552

The RANS models predict a smaller separation bubble and ear-553

lier flow reattachment underneath the splitter compared to the554

DDES model. The k-ω SST model predicts the smallest separa-555

tion bubble, resulting in a 15% shorter reattachment length. The556

Reynolds Stress model estimates the largest separation bubble557

of the RANS models, but still underestimates the reattachment558

length by about 5%. Despite variation along the splitter, each559

RANS model provides accurate pressure predictions within 4%560

of the DDES data around the suction peak and initial pressure561

recovery behind the floor’s leading edge. Towards the latter562

half of the floor, the k-ω SST and Reynolds Stress models per-563

form particularly well, with pressure estimations within 1% of564

the DDES results. The k-ϵ Realizable model still provides ade-565

quate estimations within 4% in this region, whereas the Spalart566

Allmaras model significantly underpredicts the suction by ap-567

proximately 20%. The pressure along this section of the floor568

and the diffuser inlet is primarily affected by the flow extraction569

created through the expansion in the diffuser. The Spalart All-570

maras is the only model which displays a large pressure fluc-571

tuation on the diffuser ramp. This is indicative of a separa-572

tion bubble, which causes the above-mentioned decreased suc-573

tion on the floor. The other RANS models show better general574

agreement to the DDES results on the diffuser ramp. Here, the575

pressure recovery mainly occurs along the centre of the ramp576

and low pressure concentrations are present at the sides of each577

diffuser channel. Still, the k-ϵ Realizable and Reynolds Stress578

models depict a steeper pressure recovery throughout the dif-579

fuser, with surface pressures about 20% higher compared to the580

DDES results. The k-ω SST model demonstrates most agree-581

ment with the DDES data in this region. The model depicts582

nearly identical pressure estimations downstream of the inlet,583

and discrepancies towards the diffuser outlet stay within 10%.584

3.1.3. Slant & Spoiler585

airflow along the slant and spoiler is primarily affected by586

the prediction of vortex flow and flow separation along the roof587

pillars, roof trailing edge and slant. Here, the DDES results588

show a gradual airflow retardation along the slant with faster589

moving airflow along the centre and sides of the slant (Figure590

13). These high velocity airflow traces are a result of high en-591

ergy vortices from the overhead measurement system and roof592

pillars. The vortices propagate along the slant and create high593

pressure concentrations on the spoiler, as previously identified594

in Section 3.1.2. Smaller circular high velocity airflow traces at595

the most upstream plane indicate that the RANS models predict596

considerably smaller vortices from the overhead measurement597

system. Furthermore, the vortex structures are captured with598

less fidelity, illustrated by the blending of two distinct circu-599

lar traces into one trace as the vortices traverse downstream.600

Despite this reduced fidelity, the k-ϵ Realizable model predicts601

a comparable trajectory of the vortices along the centre of the602
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Figure 9: Pressure coefficient contour plots at the upper body surface in the WT installation at 1h0

slant. This is demonstrated by the height of the high veloc-603

ity airflow traces and consequent pressure concentrations at the604

centre of the spoiler (Figure 9). Contrary, the Spalart Allmaras,605

k-ω SST and Reynolds Stress models predict a more upwards606

trajectory, seen by the increased distance of the high velocity607

airflow traces to the slant surface. Moreover, these models dis-608

play reduced or even lack high pressure concentrations around609

the centre of the spoiler (Figure 9). In addition to the discrepan-610

cies in vortex predictions from the overhead measurement sys-611

tem, a more inwards trajectory of the vortices generated along612

the vehicle’s roof-line is observed for the DDES results. This is613

indicated by the wider span of the high velocity airflow traces614

at the sides of the slant and the resultant larger high pressure615

concentrations at the sides of the spoiler (Figure 9).616

To investigate separation predictions along the slant, veloc-617

ity profiles at approximately one quarter of the slant’s width618

are extracted from each simulation (Figure 12). Typical be-619

haviour of the boundary layer in an adverse pressure gradient620

is observed for each model, where the near-wall flow is decel-621

Figure 10: Pressure coefficient distributions on a line close to symmetry (y =
-50 mm) at the underbody surface in the WT installation at 1h0

erated and starts to separate. Yet, discrepancies in the velocity622

profiles are observed due to variation of each model’s adverse623

pressure gradient sensitivity and flow predictions at the roof.624

The DDES results depict near-wall flow reversal at the most up-625

stream velocity profile, which indicates the airflow immediately626

separates from the roof’s trailing edge. The airflow is further627

decelerated along the slant and reaches a flow reversal velocity628

of around 25% of the free-stream velocity at the most down-629

stream velocity profile. The RANS models initially demon-630

strate a more energised boundary layer that reattaches behind631

the roof, demonstrated by the positive velocity in the most up-632

stream velocity profile. Even though the RANS models depict a633

noticeable boundary layer deceleration in the subsequent veloc-634

ity profile, the Reynolds Stress model is the only model which635

shows near-wall flow reversal. Better agreement is observed at636

the most downstream velocity profile, where each RANS model637

depicts flow separation. The k-ϵ Realizable and k-ω SST mod-638

els predict a flow reversal velocity of about 20% of the free-639

stream velocity and a nearly identical back flow height com-640

pared to the DDES results. The Spalart Allmaras and Reynolds641

Stress models predict a flow reversal velocity of about 15% of642

the free-stream velocity and underpredict the back flow height643

by approximately 2%. In addition, higher streamwise veloci-644

ties are observed towards the top of the boundary layer. This is645

a result of the initial increased boundary layer momentum pre-646

diction further upstream on the slant. Despite the discrepancies647

in flow prediction along the slant, no significant performance648

variations are present on the DrivAer hp-F model. This is due649

to the spoiler’s small contribution to total downforce of approx-650

imately 2% and the insensitivity of its efficiency to oncoming651

flow conditions.652

3.1.4. Diffuser653

The diffuser is a crucial device on a high performance vehi-654

cle, as it typically generates over one third of the vehicle’s total655
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Figure 11: Pressure coefficient contour plots at the underbody surface in the WT installation at 1h0

downforce. Accurate diffuser flow predictions are therefore im-656

portant, especially when assessing a vehicle’s ride height sen-657

sitivity. As discussed in Section 3.1.2, a large depression in658

pressure is created at the diffuser inlet, which is followed by659

a gradual pressure recovery along the diverging diffuser ramp.660

The DDES results depict a narrow region of zero shear stress661

enclosed by a region of low shear stress towards the middle of662

the diffuser (Figure 14). Low shear stress regions are indicative663

of regions which experience considerable near-wall flow decel-664

eration and even separation, as observed in Figure 15. Traces665

of moderate streamwise velocity are also seen underneath the666

symmetry separator of the diffuser, resulting from flow sepa-667

ration in this region. In addition, vortices are generated at the668

diffuser side plates and separators due to the pressure differ-669

ence with the free-stream air. These vortices induce relatively670

high energy airflow from outside the vehicle towards the dif-671

fuser ramp. This phenomenon supports flow attachment in the672

diffuser channels, indicated by the high shear stress concentra-673

tions and high near-wall flow velocities in these areas.674

Figure 12: Streamwise velocity profiles at three positions (x = 1.02 m, x = 1.11
m & x = 1.2 m) on a longitudinal line (y = -85 mm) on the slant in the WT
installation at 1h0

As previously identified, the Spalart Allmaras model signif-675

icantly overpredicts the separation around the centre of the of676

diffuser, as shown by the large low shear stress and streamwise677

velocity regions. The k-ϵ Realizable model provides less over-678

estimation of flow separation in this region, but more agree-679

ment is observed for the k-ω SST and Reynolds Stress models.680

These models depict a narrower region of low shear stress and681

decelerated airflow along the centre of the diffuser, similar to682

the DDES results. However, none of the RANS models cap-683

ture the traces of moderate streamwise velocity further distant684

from the diffuser ramp. Nonetheless, comparable flow enter-685

tainment from the side plate vortices in the outside channels is686

observed for each RANS model. The k-ω SST model shows687

most agreement in flow entertainment from the vortices at the688

separators, followed by the k-ϵ Realizable and Reynolds Stress689

models. The Spalart Allmaras model noticeably underpredicts690

the flow entertainment from the separator vortices, likely af-691

fected by its significant flow separation overprediction. Over-692

all, the k-ω SST model demonstrates most agreement to the693

diffuser flow predictions from the DDES simulations and con-694

sequently provides diffuser downforce predictions within about695

3% of the DDES results. The other RANS models underpredict696

the diffuser’s downforce by up to approximately 8%.697

3.1.5. Wake698

airflow separation from the vehicle’s body and spoiler cre-699

ates a wake of relatively low energy airflow behind the vehi-700

cle, indicated by regions of low total pressure (Figure 16). The701

DDES results show a squared near-wake region with severe702

pressure losses just behind the vehicle. Moderate total pressure703

traces are seen around the top of this primary wake region, cre-704

ated by flow separation at the slant, spoiler, and overhead mea-705

surement system. Furthermore, moderate total pressure wake706

traces from the mirrors and strakes are observed along the pe-707

riphery of the primary wake region. Larger pressure losses708
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Figure 13: Normalised streamwise velocity contour plots on frontal planes along the slant (x = 1.02 m, x = 1.065 m, x = 1.11 m, x = 1.155 m & x = 1.2 m) on the
slant in the WT installation at 1h0

are seen in the lower region of the near-wake, resulting from709

the above-mentioned flow separation and vortices in the dif-710

fuser. Further downstream, the wake is dominated by a pair of711

counter-rotating vortices, indicated by the two oval-shaped low712

total pressure concentrations. To investigate the dissipation and713

vertical trajectory of the wake, the area-weighted average total714

pressure coefficient and pressure loss weighted average verti-715

cal position are determined for each wake-plane (Figure 17).716

These results show that the pressure losses in the wake decay717

exponentially with distance behind the vehicle and demonstrate718

a predominately upwards trajectory due to interaction between719

the counter-rotating vortex pair (Figure 17).720

The RANS models demonstrate a squared near-wake region721

with high pressure losses, similar to the DDES results. How-722

ever, the intensity of the pressure losses are underpredicted,723

especially around the top of the primary wake region. The724

Spalart Allmaras and k-ϵ Realizable models depict more pres-725

sure losses in the lower region of the near-wake as a result of726

their overprediction of flow separation in the diffuser. The loca-727

tion and intensity of the wake traces from the spoiler and strakes728

are adequately captured by each RANS model. However, wake729

traces from the mirrors are generally located further outboard730

and captured with less intensity. Focusing on the wake devel-731

opment, all RANS models demonstrate the propagation of two732

counter-rotating vortices, but with variation in intensity and ver-733

tical trajectory (Figure 17). The dissipation of pressure losses734

in the wake is most accurately captured by the Spalart Allmaras735

and k-ϵ Realizable models, with an average deviation of about736

3% to the DDES results. The k-ω SST and Reynolds Stress737

models demonstrate about 7% less wake dissipation through-738

out the majority of the wake. Despite the adequate agreement739

in area-weighted average total pressure across the wake planes,740

the Reynolds Stress model clearly shows a distinct wake prop-741

agation with very little vortex diffusion. Consequently, a strong742

vortex interaction is present as the wake develops downstream,743

which causes an overprediction of about 10% in the wake’s ver-744

tical trajectory. The vertical trajectory of the wake is better cap-745

tured by the k-ϵ Realizable and k-ω SST models, with verti-746

cal position estimations within 2% of the DDES results at the747

most downstream plane. Contrary, the Spalart Allmaras model748

fails to adequately capture the interaction between the counter-749

rotating vortices. This leads to an underprediction of about 18%750

of the wake’s vertical position at the most downstream plane.751

3.1.6. Domain Sensitivity752

An advantage of CFD simulations is its control over condi-753

tions, which allows the aerodynamic performance of a vehicle754

to be studied in different operating conditions and domains. A755

desired turbulence model should provide robust and consistent756

results to perform such cross-domain analyses. To investigate757

the sensitivity of each RANS model to domain modifications,758

simulations are conducted on the computational wind tunnel759

(WT installation) and open road (wTS installation) domains.760

Results from these simulations provide a numerical representa-761

tion of the wind tunnel blockage effect, which is expected to be762

minimally affected by small ride height changes. Hence, a rel-763

atively invariant offset between the force coefficients from the764

domains is anticipated across the ride height range. The vari-765

ability in the offset between the results from both domains can766

therefore be used to assess the robustness of each RANS mod-767

els for cross-domain analyses. Figure 18 shows the force coef-768

ficients from the WT installation normalised by the force coef-769

ficients from the wTS installation. The k-ω SST and Reynolds770

Stress models demonstrate a nearly constant offset in down-771

force across the ride height range. Contrary, deviations of about772

4-5% are observed in the downforce offset from the Spalart All-773

maras and k-ϵ Realizable models. The Spalart Allmaras model774

also depicts deviations of about 2% on its drag offset, whereas775

the other RANS models demonstrate fluctuations smaller than776

1%.777
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Figure 14: Streamwise shear stress contour plots on the diffuser in the WT installation at 1h0

Figure 15: Normalised streamwise velocity contour plots on frontal planes along the diffuser (x = 1.1 m, x = 1.2 m & x = 1.3 m) in the WT installation at 1h0
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Figure 16: Total pressure coefficient contour plots on vertical planes in the wake (x = 1.35 m, x = 1.85 m, x = 2.35 m, x = 2.85 m, x = 3.35 m, x = 3.85 m & x =
4.35 m) in the WT installation at 1h0

(a) (b)

Figure 17: (a) Area-weighted average total pressure coefficient and (b) total pressure loss weighted average vertical position of the wake behind the vehicle in the
WT installation at 1h0

(a) (b)

Figure 18: The (a) lift coefficient and (b) drag coefficient from the wTS installation normalised by the force coefficients from the WT installation
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3.1.7. Assessment Findings778

The k-ω SST model has demonstrated the highest accuracy779

and consistency of the considered RANS models in this as-780

sessment. Aerodynamic force trends were adequately captured781

with estimations within 2% of high fidelity DDES results and782

comparable relative accuracy to experimental data. The surface783

pressure distribution on the upper surface was sufficiently esti-784

mated. However, discrepancies in the order of 10% developed785

towards the separated flow region across the slant and spoiler,786

due to noticeable differences in the adverse pressure gradient787

sensitivity of the RANS and DDES models. Yet, the k-ω SST788

model performed relatively well compared to other RANS mod-789

els. Predictions of the near-wall flow reversal velocity and back790

flow height downstream on the slant were respectively within791

5% and 1% of the DDES results.792

Furthermore, the k-ω SST model captured the pressure dis-793

tribution along the underbody generally within 4% of the794

DDES data. Notable qualitative agreement was achieved for795

the low pressure concentrations, shear stress distribution and796

streamwise velocity distribution throughout the diffuser. Con-797

sequently, the downforce generation by the diffuser was pre-798

dicted within 3% of the DDES results. The k-ω SST model799

also adequately captured the main wake characteristics, like800

the counter-rotating vortex pair and wake traces from upstream801

components. Wake dissipation was underpredicted by about802

7%, while the wake’s vertical trajectory was estimated within803

2% of the DDES results. Additionally, the k-ω SST model804

demonstrated a low sensitivity to domain modifications, with805

deviations smaller than 1% on a theoretical invariant offset be-806

tween results from two computational domains.807

Overall, the k-ω SST model provides sufficient accuracy and808

detail for generic aerodynamic analyses on the performance and809

flow field of high performance vehicles. It requires 75 times810

less computational time while using half the amount of compu-811

tational resources compared to the DDES simulations. Hence,812

the k-ω SST model is a practical and cost-effective simulation813

tool which will be used throughout the remainder of this paper.814

(a) (b)

(c) (d)

Figure 19: Pressure coefficient contour plots on the (a) upper body surface and (b) under body surface, and pressure coefficient distributions on a line close to
symmetry (y = -50 mm) at the (c) upper body and (d) underbody surface in the WT and wTS installations at 1h0
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(a) (b)

(c) (d)

Figure 20: (a) Total pressure coefficient contour plots and (b) turbulent kinetic energy contour plots on vertical planes in the wake (x = 1.35 m, x = 1.85 m, x = 2.35
m, x = 3.35 m, x = 3.85 m & x = 4.35 m), and (c) area-weighted average total pressure coefficient and (d) total pressure loss weighted average vertical position of
the wake in the WT and wTS installations at 1h0

3.2. Wind Tunnel Correlation Process815

3.2.1. Blockage Effect816

The presence of test section walls in wind tunnel experiments817

restricts airflow displacement in proximity of a vehicle model818

and consequently increases dynamic pressure locally. A nu-819

merical representation of this blockage effect is created by sim-820

ulations on a computational wind tunnel domain (WT installa-821

tion) and open road domain (wTS installation) domain. Figure822

21 shows that the wind tunnel blockage effect induces approxi-823

mately a 9% increase on downforce and a 16% increase on drag824

compared to open road conditions. As previously identified,825

downforce production is dominated by near-wall flow along the826

vehicle’s surface, whereas drag is dominated by pressure drag827

from the vehicle’s wake. Therefore, local flow field changes828

imposed by the blockage effect should be considered to under-829

stand the unequal impact on downforce and drag production.830

To investigate local effects on downforce production, a side-831

by-side comparison of the vehicle’s surface pressure distribu-832

tion in the wind tunnel and open road domain is provided in833

Figure 19. Low pressure regions found on areas like the roof834

and underbody in the open domain depict even lower pressures835

in the wind tunnel domain. This indicates that local fast moving836

airflow is even further accelerated due to the blockage effect,837

coinciding with findings from [52, 53]. Increased airflow veloc-838

ity along the roof creates locally nearly 8% more lift compared839

to the open road conditions. This also affects downstream flow840

conditions, resulting in an approximately 3% increase in down-841

force generation on the spoiler. Furthermore, the faster mov-842

ing airflow along the underbody in the wind tunnel domain in-843

creases downforce generation of the floor and diffuser by about844

7% and 9% respectively.845

Apart from the predominant local effects on downforce, an846

increased pressure build-up at the vehicle’s nose is present in847

the wind tunnel domain, which increases drag by around 11%848

on this component. Moreover, flow separation of the vehicle’s849

body is promoted and results in about 22% more pressure drag850

at the vehicle’s base compared to the open road conditions. The851

higher flow velocities in proximity of the vehicle model in the852

wind tunnel domain also impose a larger velocity gradient at853

the vehicle’s surface, which increases skin friction drag by over854

7%.855

A side-by-side wake comparison between the wind tunnel856

and open road domains (Figure 20) shows that the main wake857

characteristics are unaffected by the blockage effect. Nonethe-858

less, the above-mentioned increased flow separation in the wind859
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tunnel domain also translates into about 20% higher average860

pressure losses in the near-wake at x = 1.35m. Yet, more wake861

dissipation is observed in the wind tunnel domain, resulting862

in around 3% less pressure losses further downstream at x =863

4.35m. This is a result of the faster moving airflow imposed by864

the blockage effect, which creates a stronger counter-rotating865

vortex pair that contains more turbulent kinetic energy. Conse-866

quently, energy dissipation and mixing with airflow from out-867

side the wake is promoted in the wind tunnel domain. The868

blockage effect also causes higher energy airflow to be present869

in proximity of the wake compared to the open road domain.870

Mixing higher energy airflow into the low energy wake pro-871

motes the faster wake dissipation observed in the wind tunnel872

domain as well. Additionally, the wake’s trajectory is about 5%873

higher in the wind tunnel domain compared to the open road874

domain. This is a result of the intensified interaction between875

the stronger vortex pair in the wind tunnel domain.876

3.2.2. Blockage Correction Methods877

As previously described, a numerical representation of the878

blockage effect is created by simulations on a computational879

wind tunnel domain (WT installation) and open road domain880

(wTS installation). Various blockage correction methods are881

applied to the results from simulations on the computational882

wind tunnel domain, to assess their accuracy (Figure 21). The883

corrected force coefficients depict a maximum relative spread of884

about 5% between methods. For the considered case, Maskell885

based correction methods demonstrate average under correc-886

tions of about 3% in downforce and 9% in drag. The more887

complex Thom & Herriot and Mercker methods over correct888

downforce by around 2% and under correct drag by approxi-889

mately 5%. The newly introduced CFD correction method pro-890

vides corrected force coefficients close to the average of the891

conventional methods, with an under correction of about 1% in892

downforce and 8% in drag.893

The CFD and Maskell based correction methods both apply894

a simple approach to estimate the dynamic pressure increase895

in proximity of the vehicle model, which is used for the cor-896

rection of the force coefficients. However, the CFD correction897

uses representative simulation data whereas the Maskell meth-898

ods use basic geometric relationships. The agreement of the899

Maskell methods with the CFD method therefore indicates that900

these geometric relationships provide an adequate estimation of901

the dynamic pressure increase that is induced by the numerical902

representation of the blockage effect. Nonetheless, the global903

correction applied by each correction method does not consider904

the above-mentioned local effects on lift and drag separately.905

Such correction methods should therefore be used with careful906

consideration, especially for drag corrections. More compre-907

hensive approaches like the one conducted in this paper would908

be desirable, and are even essential for more detailed analyses.909

3.2.3. Overhead Measurement System Interference910

Interference effects from the overhead measurement system911

are numerically investigated through simulations in the open912

road domain on the vehicle with overhead measurement system913

(wTS installation) and without overhead measurement system914

(woTS installation). Similar to findings on a race car [14], the915

presence of the overhead measurement system reduces down-916

force by about 4% and drag by 8%.917

The pressure distribution on both vehicle configurations918

shows that the stagnation at the leading edge of the overhead919

measurement system affects the re-circulation zone in front of920

the windscreen, which increases the pressure on the windscreen921

itself (Figure 22). Local airflow acceleration around the aero-922

dynamic shape of the overhead measurement system increases923

lift generation on the roof by about 6%. Furthermore, relatively924

high energy streamwise vortices are formed downstream, which925

energise airflow along the centre of the slant. The presence of926

the overhead measurement system also affects the formation of927

vortices along the roofline. These roof-line vortices propagate928

further inboard on the vehicle without the overhead measure-929

ment system, depicted by the wider high velocity airflow traces930

at the sides of the slant.931

Consequently, a more evenly distributed high pressure zone932

is created on the spoiler of the vehicle without the overhead933

measurement system. The vehicle with the overhead measure-934

ment system only displays high pressure concentrations around935

the centre and periphery of the spoiler, resulting in approxi-936

mately 30% less downforce generation by the spoiler. The re-937

duction in pressure build-up on the spoiler of the vehicle with938

the overhead measurement system also causes about 30% less939

drag production by the spoiler. Moreover, the reduced airflow940

interaction with the spoiler decreases local flow separation, con-941

tributing to the approximate 11% reduction in pressure drag942

around the rear-end of the vehicle with the overhead measure-943

ment system.944
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(a) (b)

Figure 21: Correction methods applied to the (a) lift and (b) drag coefficients from the simulations in the WT installation

4. Conclusions945

The simulation performances of four RANS turbulence mod-946

els on the complex flow field of a high performance vehicle947

model (DrivAer hp-F) are investigated in relation to experimen-948

tal force coefficients data and high fidelity DDES results of the949

flow field in Section 3.1. Subsequently, a step-wise numerical950

analysis of the wind tunnel blockage effect and overhead mea-951

surement system interference effects is performed in Section952

3.2. The applicability of various blockage correction methods953

for corrections on high performance vehicles is also studied in954

this section.955

The presented experimental force coefficients data shows that956

downforce and drag increase as the vehicle is lowered across the957

2h0 - 0.33h0 ride height range. Below the critical ride height of958

0.33h0, the airflow along the underbody becomes increasingly959

unsteady, which negatively affects downforce and drag produc-960

tion. While the RANS models are generally able to reproduce961

force coefficient trends at high to medium ride heights, their962

inherent inability to predict highly unsteady flow conditions is963

apparent at very low ride heights. From the considered RANS964

models, the k-ω SST model was found to be the most applica-965

ble for aerodynamic simulations on high performance vehicles.966

Aerodynamic force predictions were provided within 2% of the967

DDES results with comparable relative accuracy to the experi-968

mental data. However, the k-ω SST model used 75 times less969

computational time on half the number of CPU cores compared970

to the DDES model. Moreover, the k-ω SST model demon-971

strated the best overall agreement with more detailed flow field972

data from the DDES simulations. Estimations of the general973

surface pressure distribution and dominant wake characteristics974

were closely matched. Larger discrepancies were observed in975

the separated flow region on the slant, due to variation in the976

adverse pressure gradient sensitivity of the models.977

The numerical representation of the wind tunnel blockage ef-978

fect showed that the increased dynamic pressure in proximity of979

the vehicle model had unequal effects on downforce and drag.980

Regions with fast moving airflow like the roof and underbody981

experienced an additional flow acceleration, which increased982

downforce by 9% for the considered setup. Furthermore, the983

stagnation pressure, pressure drag and skin friction drag were984

increased by the blockage effect, causing a 16% increase in to-985

tal drag.986

(a) (b)

Figure 22: (a) Pressure coefficient contour plot on the upper body surface and (b) Normalised streamwise velocity contour plots on vertical planes along the slant (x
= 1.02 m, x = 1.065 m, x = 1.11 m, x = 1.155 m & x = 1.2 m) in the wTS and woTS installations at 1h0
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The newly introduced CFD correction method confirmed that987

geometric relationships used by conventional correction meth-988

ods provide an adequate estimation of the dynamic pressure in-989

crease imposed by the blockage effect. However, the global990

corrections based on this estimated dynamic pressure were only991

applicable for downforce corrections, since local blockage ef-992

fects on drag are larger. In addition, the most dominant effects993

of the presence of the overhead measurement system showed994

to be the local flow acceleration and downstream interference995

effects, which combined reduced downforce by 4% and drag by996

8% for the considered setup.997

Overall, the k-ω SST model is recommended as a cost-998

effective numerical tool for comparative design processes or999

aerodynamic analyses of general flow fields and performance1000

trends of high performance vehicles at medium to high ride1001

heights. For conditions dominated by highly unsteady flow be-1002

haviour such as low ride heights or in-depth analyses of spe-1003

cific flow features as vortex propagation, more complex ap-1004

proaches like the DDES method are recommended when vi-1005

able, considering the substantial computational costs. Further-1006

more, wind tunnel correlation processes would benefit from1007

a numerical blockage and interference effect quantification as1008

performed in this paper over the use of conventional blockage1009

correction methods, since these provide unsatisfactory correc-1010

tions for drag.1011

Data Availability Statement1012

All data supporting this study are included within the article.1013
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