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Abstract: Calculation of the pressure field on and around solid bodies exposed to external flow is of 
paramount importance to a number of engineering applications. However, conventional pressure 
measurement techniques are inherently linked to problems principally caused by their point-wise 
and/or intrusive nature. In the present paper, we attempt to calculate the time-averaged two-
dimensional pressure field by integrating PIV (Particle Image Velocimetry) velocity measurements 
into a CFD code and modifying them by the respective correction step of the SIMPLE algorithm. 
Boundary conditions are applied from the PIV data as a three-layer area of constant velocities, 
adjacent to the boundaries. A novel characteristic of the approach is the straightforward inclusion of 
the Reynolds Stresses into the source terms of the momentum equations, calculated directly from 
the PIV statistics. The methodology is applied to three regions of the symmetry plane parallel to the 
main boundary layer flow past a surface mounted cube. In spite of findings of deviations from the 
planar 2D flow assumption, the derived pressure fields and the adjusted velocity fields are found to 
be reliable, while the intrinsic turbulent nature of the flow is considered without modelling of the 
Reynolds stresses.

Keywords: CFD; PIV; experimental fluid mechanics; pressure calculation; SIMPLE; Reynolds 
Stresses; measurement integration) 16

1. Introduction 17

Calculation of the pressure field on and around solid bodies exposed to turbulent 18

flow is an engineering challenge of primary importance to numerous applications e.g., 19

the calculation of power curves as well as lift and drag coefficients of wind turbines [1], 20

wind loads on structures [2] etc. Although computational fluid dynamics (CFD) does 21

provide a path, the accuracy of the results is heavily dependent on several factors such 22

as the definition of correct boundary conditions and the choice and implementation of 23

the turbulence model, to name but a few. On the other hand, measurements of pressure 24

are almost always of limited spatial discretisation, while area or volume measurements of 25

the velocity field are often available at the lab scale via Particle Image Velocimetry (PIV) 26

technology. The traditional approach in the field of Fluid Mechanics relies on a simple 27

juxtaposition of CFD and experimental solutions for the purpose of comparison and not 28

on their combination, even though they refer to a common physical problem. One of the 29

concepts of the present study is that of merging different sources of information in order to 30

produce a new, improved solution. 31

Conventional pressure measurement techniques such as pressure probes of the multiple- 32

hole pitot type or fast response pressure sensors are either incapable of providing a quan- 33

tification beyond that of the mean flow field and/or restricted to point-wise or intru- 34

sive measurements [3]. Many researchers have proposed experimental methods such as 35
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pressure-sensitive paint (PSP) for surface pressure measurements in a wind tunnel [4], [5], 36

whereas other researchers used air bubbles to measure static pressures [6]. Nevertheless, 37

these experimental techniques are of restrained applicability, since they are not usually able 38

to capture the whole pressure field in the computational domain. 39

The PIV (Particle Image Velocimetry) measurement technique constitutes a non- 40

intrusive experimental technique, being able to extract instantaneous velocity fields over 41

the whole domain of interest [7] so, many scientists orientated their attention towards 42

the implementation of PIV-based pressure calculation. By utilising instantaneous PIV 43

velocity data and by solving a Poisson pressure equation, instantaneous pressure fields 44

have been extracted for the case of a stationary circular cylinder with Re = 2000 [8], while 45

the time-averaged pressure field of an annular swirling jet flow has been calculated, using 46

stereo-PIV measurements, under the assumption of axisymmetric and inviscid flow [9]. 47

The calculation of an instantaneous pressure field for the case of the unsteady wake flow 48

around a cylinder of square cross section, by directly solving Navier-Stokes equations and 49

alternatively a Poisson pressure equation, using Stereo-PIV velocity data, has also been 50

performed [10]. Various forms of a Poisson pressure equation along with direct solution 51

of the Navier-Stokes equations were deployed [11] for time-dependent incompressible 52

flows using DPIV (Digital Particle Image Velocimetry) velocity data whilst the surface 53

pressures on a flapping rigid plate utilising data originating from Stereo-PIV have also 54

been calculated [12]. Another attempt in the framework of reconstructing pressure from 55

2D PIV data by solving a Poisson pressure equation [13], deploys Taylor’s hypothesis (TH) 56

for the extraction of an instantaneous pressure field. Volumetric approaches, where PIV 57

data include also the third component of the velocity as well as some information for its 58

gradient exist in the bibliography [14], [15], [16]. 59

Although in the aforementioned undertakings, experimental data were utilised for 60

the computation of the respective pressure fields, these were not integrated/assimilated, 61

since the velocity fields remained invariant and no iterative method took place. The idea of 62

integrating measurements into a CFD code is not new, since a methodology appertaining 63

to the family of State Observers has been proposed [17], where the SIMPLER algorithm 64

uses partial experimental information as feedback for the reconstruction of the boundary 65

conditions of turbulent flows. State observers can be defined as functions aiming to 66

reconstruct the state of a system from an incomplete set of measurements [18]. The principal 67

motive behind the integration of measurements is the necessity of reproducing the exact 68

structure of real complex flows, especially in disciplines such as meteorology and feedback 69

flow control [19]. The inherent difficulty in calculating adequately real complex flows is 70

directly linked to the uncertainty with regard to the boundary conditions [19]. The creation 71

of a State Observer for the integration of three-dimensional PIV velocity measurements 72

into CFD simulation has been recently accomplished [20]. 73

Another approach aiming at the integration of PIV data and at the same time at the 74

reconstruction of the respective pressure field consists of SIMPLE-based methods where 75

the boundary conditions of the velocity are constructed from PIV data. To the authors’ 76

knowledge, only two other attempts following the latter reasoning can be distinguished: 77

[21] extracted pressure fields from two-dimensional PIV snapshots using the SIMPLER 78

algorithm on a non-staggered grid for laminar, incompressible and steady flow, whereas 79

[22] computed pressure from two-dimensional PIV data, for incompressible, laminar steady 80

and unsteady flows. Therefore, the novelty characterising the present research is the 81

application to a turbulent flow with direct computation of Reynolds Stresses from the PIV 82

statistics and their inclusion in the source terms of the Reynolds-Averaged Navier-Stokes 83

(RANS) equations. 84

All the aforementioned methods for measurement integration into CFD codes do not 85

take into account the uncertainty of the measurements or that of the CFD solution, so the 86

way that experimental and computational resources are combined is not always mathe- 87

matically rigorous and problem-independent. For these reasons, many researchers, found 88

appealing the strict mathematical framework of Data Assimilation (DA) methods where 89
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the uncertainty of the discrete sources of information is modelled by the respective error 90

covariance matrices. DA methods have been used widely in the discipline of weather fore- 91

casting and earth sciences [23], [24], [25] for years and their utilisation is expanding rapidly 92

in different scientific fields. Data Assimilation can be defined as an approach/method for 93

combining observations with model output with the objective of improving the latter [26]. 94

Concerning these DA methods (where the uncertainty is quantified), variational data assim- 95

ilation and adjoint-based optimisation has been performed [27], using PIV data collected 96

from a wind tunnel as well as synthetic measurements to generate inflow conditions for di- 97

rect numerical simulations (DNS). The combination of PTV (Particle Tracking Velocimetry) 98

and DNS for the analysis of vortical motion in the shear layers of a jet by implementing a 99

Reduced-order Kalman Filter (KF) has been presented [28], whereas the ensemble Kalman 100

Filter has also been used [29] for the combination of pressure measurements, acquired 101

through experiments in a wind tunnel, with a CFD code, for the case of a square cylinder. 102

The DA approach is not the same as the data integration presented here as, in DA, the two 103

sources of information remain invariant as they are combined to form a new output. This 104

relies on rigorous calculations to quantify the uncertainty in both sources. Although there 105

are several robust approaches to this, which lead to an overall reduction in uncertainty, 106

none are based on the preservation of the conservation laws inherent in the fluid dynamics 107

equations. We have found that integration of data into a CFD solution procedure has not 108

received significant attention and this has been the starting point for the first steps in the 109

present research. 110

Here, two-dimensional PIV velocity data [30] for the turbulent flow past a surface 111

mounted cube, are integrated into a CFD code based on the SIMPLE algorithm. Turbulence 112

is included in the Reynolds averaged Navier Stokes equations through the Reynolds 113

Stresses, avoiding the need for a turbulence model as they are computed directly using 114

the statistics of the PIV experiment. To the authors’ knowledge, this is the first time this 115

has appeared in the literature and the combination with the SIMPLE pressure correction 116

methodology serves the ultimate goal of calculating the respective pressure field through 117

simultaneous adjustment of the velocity fields in order to satisfy the conservation of mass 118

and momentum. The structure of this paper is as follows: in section 2, an extended analysis 119

of the methodology and its necessary components is presented. In section 3, the respective 120

results of the estimates of pressure and velocities for three planes around the cube are 121

illustrated and a synopsis with conclusions is given in section 4. 122

2. Computational method and its components 123

2.1. Basic Equations and discretisation 124

The basic equations that are solved and participate in the iterative method are the 125

steady state Reynolds-Averaged Navier-Stokes (RANS) equations in two dimensions (1), 126

along with the continuity equation (2), for incompressible flow. 127

ρuj
∂ui
∂xj

=
∂p
∂xi

+ µ∆ui − ρ

(∂u′iu
′
j

∂xj

)
(1)

∇u = 0 (2)

where the overbar denotes Reynolds averaged quantities, i, j = 1 or 2 (with respect to 128

x and y directions), ∆ is the Laplace operator, ρ and µ are the density and dynamic viscosity 129

respectively and the last term on the right hand-side of (1) corresponds to the Reynolds 130

Stresses. It is noted that from now on, the time-averaged velocity components with respect 131

to x and y direction are indicated u and v, respectively (without overbar), unless denoted 132

differently. It has to be denoted that although the continuity equation is not solved directly, 133

it constitutes a basic element of the SIMPLE pressure correction algorithm [31] and will 134

also be used as a measure of quality quantification of the initial PIV data. 135

By implementing the finite volume method in (1), a pentadiagonal system is derived 136

(3), where Φ is equal to the velocity component with respect to the x or y direction (i.e., u 137
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or v respectively), αP/S/E/N/W are constant coefficients depending on the geometry and 138

the deployed discretisation schemes and SΦ
P , SΦ

U are source terms. A clarification of the 139

indices P, S, E, N and W is better illustrated in Figure 1, where a typical finite volume of 140

this problem is shown (the depth, z, is considered equal to unity as a two-dimensional 141

problem is confronted). P stands for the cell centre where the equations are solved while 142

S, E, N and W correspond to South, East, North and West. 143

(αΦ
P − SΦ

P )ΦP = αΦ
NΦN + αΦ

S ΦS + αΦ
E ΦE + αΦ

WΦW + SΦ
U (3)

For the discretisation of the convective terms, the hybrid differencing scheme was 144

implemented, while for the diffusive terms, a central differencing scheme was applied. 145

Figure 1. A typical finite volume employed in the problem.

The pressure gradient, in (1), is contained in the source term SU of (3) and discretised 146

using the central differencing scheme. All variables (i.e., P, u and v) are stored at the centre 147

of every cell/finite volume (collocated approach) and a corresponding modification [32] is 148

implemented to avoid checkerboard pressure oscillations. Further details on the SIMPLE 149

method and the discretisation procedure can be found in standard CFD textbooks [33]. For 150

the present application, the distance between the cell centres is constant (uniform grid) and 151

the computational grid is chosen to be almost identical to that of the PIV method (see [34] 152

and [35]). The slight difference between the PIV and computational grid is presented in the 153

next section. 154

A novelty of the present approach is that the Reynolds Stress terms, after the imple- 155

mentation of finite volume method and linear interpolation on the faces of each cell (i.e., 156

n, s, w and e), are included in the source terms of (3), in discretised form (for the x and y 157

direction respectively): 158

− [(ρu′2δy)e − (ρu′2δy)w]− [(ρu′v′δx)n − (ρu′v′δx)s] (4)

− [(ρu′v′δy)e − (ρu′v′δy)w]− [(ρv′2δx)n − (ρv′2δx)s] (5)

If the number of acquired PIV snapshots is N, then Reynolds Stresses can be calculated 159

using the velocity statistics and can be added to the source terms of the momentum 160

equations, while their values remain constant throughout the iterative method (see section 161

2.2): 162

u′iu
′
j =

N

∑
k=1

u′k,iu
′
k,j

N
(6)

where generally, u′i = ui − ui and i = 1 or 2 with respect to the x or y direction (ui 163

corresponds to an instantaneous velocity in this context). This approach is an alternative 164

to the implementation of a turbulence model, assuming that the turbulence model would 165

introduce greater uncertainty than the PIV data. 166

The classic formulation of the SIMPLE algorithm includes a pressure correction equa- 167

tion which is derived from the continuity equation combined with correction equations for 168

velocity as well as pressure. By implementing finite volumes and suitable discretisation 169

schemes, the following equation is derived [31]: 170

αP′
P P′P = αP′

N P′N + αP′
S P′S + αP′

E P′E + αP′
W P′W + SP′

U (7)
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In (7), P′ is the pressure correction, equal to the difference between the current pressure 171

value and that of the last iteration, αP′
P/S/W/N/E are coefficients with dependence on the 172

coefficients of (3), the discretisation schemes and the geometry and SP′
U is a source term. The 173

source term is basically equal to the residual of the continuity equation of every iteration, 174

for the finite volume with cell centre P, and for that reason, the initial PIV data continuity 175

residual is of vital importance for the convergence of the iterative method. 176

2.2. Boundary conditions and iterative method 177

Initial attempts to use Dirichlet boundary conditions (i.e., constant velocities, u and v, 178

and constant convective terms) were ineffective and a new type of boundary conditions 179

(BC) is imposed in the present research, which requires a three-layer area (e.g., the area 180

defined by the grid cells below lines NJ, NJ − 2, NJ − 1 in Figure 2a- note that "cell" NJ 181

is a zero area cell defining the boundary) where constant velocities u and v are imposed, 182

corresponding to constant first and second normal derivatives. These velocities are equal 183

to those originating from the PIV method without any change, except for those on the grid 184

lines defining the boundaries, where a linear interpolation takes place. The experimental 185

and computational grids are slightly different on the boundaries, since the finite volume of 186

the boundary for the PIV grid (Figure 2b) is not of zero area as for the CFD one (e.g., for 187

the finite volume/grid line NJ in Figure 2a). For example, on the northern grid line, NJ, 188

the velocities are given by the equation Φ(NJ)CFD = (Φ(I, NJ)PIV + Φ(I, NJ − 1)PIV)/2 189

where Φ = u or v. The index PIV denotes that the velocities emanate directly from the 190

experimental data (i.e., PIV grid), while the index CFD corresponds to the velocity utilised 191

for the computational procedure (i.e., CFD grid). The former reasoning is applied for every 192

boundary of the domain. Regarding the boundary conditions of the pressure correction 193

equation, Neumann BC are imposed on the internal boundaries of the three-layer area, 194

while for the cells within this area the pressure correction equation is not solved. 195

(a) CFD grid (b) PIV grid
Figure 2. A typical finite volume near the North boundary of the: (a) CFD grid, (b) PIV grid.

For the commencement of the iterative procedure, the initial guess of the values of the 196

velocities are those of the PIV method, while the initial pressure field is set to zero. The 197

pressure is calculated with respect to a reference value, chosen at a specific point where the 198

flow could be considered the least disturbed. This is a point to which further attention will 199

be directed in the next sections. A field of Reynolds Stresses, computed directly from the 200

PIV data, is also included in the source terms of the pentadiagonal system of equations (3, 201

4 and 5) and remains constant throughout the iterative method. The system is solved with 202

the Alternating-Direction Implicit Method (ADI). 203

The iterative algorithm is composed of the following steps: 204

1. The pressure correction equation (7) is solved once, having introduced as initial 205

velocity fields those emanating from the PIV measurements. 206

2. The velocity and pressure fields are corrected by implementing the SIMPLE pressure 207

correction steps [31], including the Rhie and Chow corrections [32]. 208
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3. The RANS momentum equations are solved with the corrected velocity and pressure 209

fields, having included the Reynolds stresses from the PIV data. Reynolds stresses are 210

not corrected in this work. 211

4. The aforementioned iterative steps are repeated until there is the best possible conver- 212

gence. 213

The above-mentioned iterative procedure is applied by modifying an in-house code 214

which has been previously used in different forms in a variety of applications [36], [37], 215

[38]. 216

2.3. Post-processing tools and validation 217

For the validation of the initial PIV data as well as for that of the final solution, a 218

number of criteria have been used. Firstly, the initial continuity residual is calculated, as 219

follows: 220

uE − uW
2∆x

+
vN − vS

2∆y
= CR (8)

where E, W, N and S stand for the eastern, western, northern and southern cell centre 221

and CR is the continuity residual. The above-mentioned equation is evaluated on the 222

cell centre P (see Figure 1) and is applied directly to the PIV data under the following 223

non-dimensional form: 224

CRN =
CR(

<ut,PIV>
2∆x

) (9)

with: 225

< ut,PIV >=
NI·NJ

∑
k=1

(√
u2

PIV + v2
PIV
)

k

NI · NJ
(10)

where < ut,PIV > is the spatially and time-averaged value of the total velocity of the 226

PIV velocity field. 227

The integral form of the continuity equation is also evaluated for the whole domain of 228

the examined PIV data, yielding a characteristic value that represents the residual of mass 229

inside the whole experimental domain: 230

ICR =

( ∫ Ymax

Ymin

ρuEdy−
∫ Ymax

Ymin

ρuWdy
)
+

( ∫ Xmax

Xmin

ρvNdx−
∫ Xmax

Xmin

ρvSdx
)

(11)

where indices max and min indicate the maximum and minimum dimensions of the 231

experimental domain and the velocities participating in the integrals, are those which are 232

normal to the boundaries of the PIV domain. In analogy to CR, the ICR (Integral Continuity 233

Residual) is non-dimensionalised. 234

ICRN =
ICR

ρ < ut,PIV > (Xtot + Ytot)/2
(12)

with Xtot = Xmax −Xmin, Ytot = Ymax −Ymin and < ut,PIV > as defined in (10). Similar 235

to the denominator in the expression for the CRN, the denominator in (12) constitutes 236

a characteristic mass flux of the PIV velocity field. The integrals in (11) are numerically 237

calculated by applying the Simpson 1/3 method [39]. 238

The residuals ICRN and CRN constitute an indication of the uncertainty in the experi- 239

mental data and, in the present case, of the extent that the assumption of two-dimensionality 240

of the flow is accurate. This emanates from the fact that the third velocity component has 241

been ignored in their calculation, based on the choice of measurement planes lying on the 242
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flow’s symmetry plane. Hence, a part of these residuals can be attributed to the possible 243

3D structures of the flow, especially near solid boundaries. 244

A deployed measure of validation of the CFD solution is the difference/error between 245

the CFD local velocity estimate and that acquired directly through the PIV measurements 246

(13), in order to quantify the level of velocity correction which takes place throughout the 247

iterative method. 248

εcorr,ut(%) = 100 · |ut,CFD − ut,PIV |
| < ut,PIV > | (13)

where subscripts PIV and CFD correspond to the PIV velocities and the CFD velocity 249

estimate, respectively, ut is the total velocity and < ut,PIV > as defined in (10). The velocities 250

ut,PIV and ut,CFD are local velocities, defined in every cell centre. The denominator is 251

chosen to be < ut,PIV > instead of local velocity e.g., ut,PIV , to avoid possible fictitious 252

overestimation in regions of small total velocities. 253

3. Results and Discussion 254

3.1. Geometry and experimental configuration 255

The geometry and the configuration of the experiment [30] on which the method is 256

applied are given in Figure 3. 257

(a) (b)
Figure 3. Configuration of the geometry of the PIV experiment and the planes on which PIV
measurements were performed [30]: (a) side view, (b) top view.

From the results illustrated in [30], the present method is applied to the case of high 258

shear flow around a solid, surface mounted, cube and for the planes that lay on the flow’s 259

symmetry plane (planes A, B and C), being parallel to the vector of the free stream velocity, 260

in order to satisfy the 2D flow assumption. 261

The coordinates X and Y in all the forthcoming figures are non-dimensionalised with 262

the height of the cube, Hc = 0.11m, whilst the thick black line represents the boundary 263

of the cube. It has to be clarified that the distance of planes A,B and C from every solid 264

boundary (i.e., walls of the cube and ground) is close to 1 cm, to ensure optical access 265

during the PIV experiment [30]. The working fluid is air with density ρ = 1.21kg/m3 and 266

dynamic viscosity µ = 17.9 · 10−6kg/(m · s). The Reynolds number at cube height exceeded 267

2 · 104 throughout the realisation of the experiment, namely it was over the suggested limit 268

for Reynolds number independence in wind tunnel tests on buildings [30]. 269

Apart from the PIV experiment, pressure taps on the walls of the cube, were utilised 270

for the extraction of profiles of the pressure coefficient, CPEXP . The pressure measurements 271

are performed along the plane of symmetry on the front, the roof and the back face, which 272

is perpendicular to the velocity vector of the free stream, as can be observed in Figure 4 273

[40]. 274

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 March 2022                   doi:10.20944/preprints202203.0386.v1

https://doi.org/10.20944/preprints202203.0386.v1


8 of 20

Figure 4. Placement of the pressure taps [40].

3.2. Results for plane A 275

The basic geometric and grid parameters for both the PIV measurements and the 276

CFD calculations are shown in tabulated form in Table 1. Owing to the fact that the south 277

boundary (Y = 0) of plane A has a non-dimensional distance of 0.09 from the ground/base 278

of the cube, the top upstream corner of the cube is located at a non-dimensional height of 279

Y = 0.91 and not Y = 1, in all the forthcoming figures. 280

Table 1. Basic geometric and grid parameters: NI and NJ are the numbers of the grid lines with
respect to the x and y direction, while Xtot and Ytot are the x and y dimensions of the computational
domain.

Plane NI NJ Xtot/Hc Ytot/Hc

A 130 126 1.68 1.63

The contours of the total velocity, ut,CFD, calculated with the above-mentioned CFD 281

methodology are shown in Figure 5a, whilst in Figure 5b those of the uncorrected PIV total 282

velocity, ut,PIV are given. 283

(a) ut,CFD (m/s) (b) ut,PIV (m/s)
Figure 5. Contours of the total velocity on plane A, extracted by: (a) CFD methodology, (b) PIV. The
solid boundary of the cube is denoted by the thick black line, while X and Y are non-dimensional
coordinates. Flow is from left to right.

As expected, the CFD estimate closely resembles the initial PIV data. The position of 284

the stagnation point, i.e., approximately (Xmax, 0.7), and the range of the velocity values is 285

invariant after the iterative method. The aforementioned arguments are further supported 286

by Figure 6b, where the error (13), is presented. More specifically, only in the area adjacent 287

to the boundary of the cube and especially near its top upstream corner where the flow 288

accelerates, does the error appear to reach its maximum value. The CFD calculation fails to 289

adequately represent the physics of the flow in this area, most probably due to the poor 290

spatial resolution. However, the error value far from the cube, tends to zero. 291
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The greater difference between CFD calculations and PIV data near the cube, may 292

also be attributed to the appearance of 3D flow structures near the upstream wall. This 293

qualitative statement is quantified in Figure 6a, where the absolute value of the ratio of the 294

third velocity component w, acquired through Stereo-PIV, over the u velocity component, is 295

given in the form of contours. As can be observed, in the area near the cube, w takes values 296

comparable to those of the u velocity component, justifying at least part of the discrepancy 297

between the CFD velocity estimate and the PIV data. 298

A direct consequence, originating from the 3D structure of the flow near the cube, is 299

the increase of the continuity residual (represented by the CRN and ICRN), since the third 300

velocity component and its gradient is not taken into account. As can be seen in Figure 6c, 301

CRN reaches the highest values (about 30− 40%) near the upstream wall of the cube. Thus, 302

the quantities |w/u| and CRN are closely related and play a significant role in the success 303

of the presented method. From the integral expression of the continuity equation, ICRN 304

is equal to −62%. This high percentage can mainly be attributed to the way that ICRN is 305

normalised in (12). The value itself cannot reveal much, but it is going to be compared with 306

the value corresponding to the experiment on plane B and C. 307

(a) |w/u|% (b) ε (%)

(c) CRN (%)

Figure 6. Contours of: (a) the absolute value of the fraction of the third velocity component w over
the u velocity component (acquired through Stereo-PIV), on plane A, (b) the difference between the
CFD estimate of the total velocity and that of the PIV method, on plane A, (c) the non-dimensional
continuity residual, CRN, for the PIV results, on plane A. The solid boundary of the cube is denoted
by the thick black line, while X and Y are non-dimensional coordinates. Flow is from left to right.

In general, because of the 2D assumption on the plane of symmetry, the lower the 308

level of |w/u|, the lower the value of CRN and ICRN, leading to better convergence, more 309

reliable results and lesser discrepancy between the CFD and PIV velocities. However, it 310

should be noted that, zero PIV continuity residual does not ensure perfect implementation 311
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of the method, since several factors can deteriorate the situation, such as the temporal 312

resolution of the PIV experiments (a critical parameter for the quality of the statistics of the 313

PIV data), the spatial CFD and PIV resolution as well as other numerical errors. 314

Figure 7a, shows the contours of the relative pressure on plane A with respect to a 315

reference pressure taken at a point near the top upstream corner of plane A, where the 316

flow approaches free stream conditions. Figure 7b constitutes a comparative diagram 317

between the extracted CFD estimate of the profile of the pressure coefficient, CP and 318

the measurements (i.e., CPexp [40]). From the calculated pressure fields, the profile of 319

the pressure coefficient CP (14) is extracted near the walls of the cube (at a distance of 320

approximately 1 cm, which was the minimum distance of PIV measurements from the 321

wall). The Y-axis in Figure 7b corresponds to the non-dimensional distance from the south 322

boundary of the domain (Y = 0.91 denotes the upper edge of the cube). 323

CP = (P− Pre f )/(Pdyn) (14)

where Pre f = 0, Pdyn = 1/2ρU2 = 5.99 Pa and U is the free stream velocity. 324

(a) P (Pa) (b) CPexp and CP

Figure 7. (a) Pressure contours on plane A where the solid boundary of the cube is denoted by the
thick black line, while X and Y are non-dimensional coordinates. (b) Comparison between CPexp [40]
and calculated CP on the centre line of the upstream wall of the cube, where the Y-axis corresponds
to the non-dimensional distance from the south boundary of the PIV domain (Y = 0.91 denotes the
upper edge of the cube). Flow is from left to right in (a).

The pressure contours, shown in Figure 7a, present a reasonable behaviour, since the 325

maximum value is observed in the area adjacent to the stagnation point, also in agreement 326

with Figure 5, (i.e., (Xmax, 0.7)). Near the corner, there is a pressure drop, due to flow 327

acceleration. In the region adjacent to the western (inlet) and the northern boundary, the 328

(relative) pressure is equal to zero, since the flow demonstrates free-stream behaviour. 329

Regarding the comparison between CPexp and CP, it is marked that, there is a slight 330

difference between them (i.e., the maximum difference is about 10% of CPexp ), which is 331

probably caused by: (a) the reference pressure is not exactly the same as the experimental 332

reference one, which was outside the experimental domain available here and (b) numerical 333

and experimental errors. 334

3.3. Results for plane B 335

As for plane A, in Table 2, the basic geometric and grid parameters for the case of 336

plane B are given. These parameters are kept constant for the CFD calculations. 337
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Table 2. Basic geometric and grid parameters: NI and NJ are the numbers of the grid lines with
respect to the x and y direction, while Xtot and Ytot are the x and y dimensions of the computational
domain.

Plane NI NJ Xtot/Hc Ytot/Hc

B 99 104 1.52 1.60

The contours of the CFD estimate of the total velocity, ut,CFD, as well as those of the 338

PIV total velocity, ut,PIV , are displayed in Figure 8a and Figure 8b, respectively. 339

(a) ut,CFD (m/s) (b) ut,PIV (m/s)
Figure 8. Contours of the total velocity on plane B, extracted by: (a) CFD methodology, (b) PIV
experimental technique. The solid boundary of the cube is denoted by the thick black line, while X
and Y are non-dimensional coordinates (non-dimensional distance of 1 corresponds to 1 cube height).
Flow is from left to right.

Similar to the behaviour observed for plane A, the discrepancy between the two 340

solutions, caused by the correction of velocities through the pressure correction algorithm, 341

is not significant. The form and the shape of the region of low velocities (blue region) is 342

preserved in the CFD total velocity field and the range of the velocities is almost the same 343

for both figures. For both solutions, the flow accelerates close to the upstream corner of the 344

cube. 345

(a) vCFD (m/s) (b) vPIV (m/s)
Figure 9. Contours of the v velocity component on plane B, extracted by: (a) CFD methodology,
(b) PIV experimental technique. The solid boundary of the cube is denoted by the thick black line,
while X and Y are non-dimensional coordinates (non-dimensional distance of 1 corresponds to 1
cube height). The pink box denotes the area for Figure 10. Flow is from left to right.
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Figure 9 shows contours of the v velocity component, extracted by the CFD calculation 346

(Figure 9a) as well as those originating from the PIV data (Figure 9b). It is interesting to note 347

the indication of a recirculation zone in the above-mentioned area of low total velocities, 348

which is marked by the positive values near the upstream boundary and the negative 349

values near the downstream one and appears similar for both the PIV data and the CFD 350

calculation. This is supported by Figure 10 where the vectorial fields and streamlines of the 351

PIV and CFD total velocity along with contours of v are given for an area near the south 352

boundary (indicated by the pink box in Figure 9), since a clear change of direction, tending 353

to 180 degrees, is observed for the velocity vector. This recirculation region probably 354

extends outside the computational domain, near the solid boundary of the cube. 355

(a) vCFD (m/s) (b) vPIV (m/s)
Figure 10. Contours of v, vectorial fields of ut and streamlines (in the same figure), on a region near
the south boundary of plane B, extracted by: (a) CFD methodology, (b) PIV experimental technique.
X and Y are non-dimensional coordinates (non-dimensional distance of 1 corresponds to 1 cube
height). Flow is from left to right.

Figure 11b illustrates that the error/difference between the two velocity fields is kept 356

under 10− 20%. The maximum value of 20% is observed in a very limited area and for 357

the rest of the computational domain, the difference is below 10%. Hence, the discrepancy 358

between the two velocity fields for plane B, is markedly lower than that derived for plane 359

A. The lower value of the difference can partially be attributed to the significantly lower 360

continuity residual, CRN. Figure 11c shows that the values of CRN are below 4%, namely 361

the maximum value of this quantity for plane B is ten times lower than than that for plane 362

A. 363

A more detailed analysis of Figure 11c indicates that near the boundary of the cube, 364

the continuity residual increases, which is in accordance with the conclusion already 365

extracted for plane A. By juxtaposing Figures 8 and 11c, it can be concluded that the 366

maximum value of CRN% is obtained at the commencement of the area of low total 367

velocities. Figure 11a, confirms that in this area, the third velocity component, w, becomes 368

significant in comparison with the u velocity component. The latter observation further 369

confirms the existence of a correlation between the continuity residual and the relative 370

magnitude of the third velocity component i.e., the assumption of two-dimensionality of 371

the flow. 372
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(a) |w/u|% (b) ε (%)

(c) CRN (%)

Figure 11. Contours of: (a) the absolute value of the fraction of the third velocity component w over
the u velocity component (acquired through Stereo-PIV), on plane B, (b) the difference between the
CFD estimate of the total velocity and that of the PIV method, on plane B (c) the non-dimensional
continuity residual, CRN, for the PIV results, on plane B. The solid boundary of the cube is denoted
by the thick black line, while X and Y are non-dimensional coordinates (non-dimensional distance of
1 corresponds to 1 cube height). Flow is from left to right.

The contours of pressure as well as a comparative diagram between the experimental 373

and the CFD-estimated profiles of the pressure coefficient on the wall of the cube, are 374

given in Figures 12a and 12b respectively. The X-axis in Figure 12b corresponds to the 375

non-dimensional distance from the upstream boundary of the domain (the roof of the 376

cube is between X = 0.3 and X = 1.3). The position of the reference pressure is located 377

on the upper left corner of the computational domain, assuming that the flow there is 378

almost free-stream and, therefore, the discrepancy between the experimental reference 379

and the CFD one is minimised (the experimental reference point was located outside the 380

boundary-layer of the wind tunnel). 381

By consulting both figures, it can be contended that the results are physically consistent. 382

Near the upstream boundary of the PIV plane, positive pressure values are observed, 383

affected by the stagnation region on the upstream face of the cube, whilst near the roof of 384

the cube, negative pressure values are acquired, which is in line with observations of other 385

researchers [41], [42]. 386
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(a) P (Pa) (b) CPexp and CP

Figure 12. (a) Contours of pressure on plane B (the solid boundary of the cube is denoted by the
thick black line, while X and Y are non-dimensional coordinates where non-dimensional distance of
1 corresponds to 1 cube height). (b) Comparison between CPexp [40] and CP on the centre line of the
roof of the cube, where the X-axis corresponds to the non-dimensional distance from the upstream
boundary of the domain. Flow is from left to right in (a).

Figure 12b, reveals that there is a slight difference between the experimental [40] and 387

CFD-estimated CP profiles, which can be attributed to the following reasons: (a) CP is 388

calculated at a distance of approximately 1 cm and not exactly on the roof wall, (b) the 389

reference pressure is not exactly the same as the experimental reference one, which was 390

outside the experimental domain and (c) numerical and experimental errors. The largest 391

discrepancy between the two profiles is observed on the first measurement point and is 392

possibly caused by the fact that the spatial discretisation is most probably insufficient to 393

capture the sharp gradients in this region. Possible alternatives that might improve results 394

are to implement CFD approaches such as local grid refinement, which are beyond the 395

scope of this stage of the work. Nevertheless, the CP calculation for plane B is, generally, in 396

even better agreement with measurements than that of plane A. 397

3.4. Results for plane C 398

The basic geometric and grid parameters are shown in Table 3. These experimental 399

geometric and grid parameters are kept the same for the CFD calculations, as in planes 400

A and B. The boundary of the cube is indicated by the thick black line. Since the south 401

boundary has a non-dimensional distance of 0.09 from the ground, the upper downstream 402

corner of the cube is located at a non-dimensional height of Y = 0.91 and not Y = 1 in all 403

the forthcoming figures. 404

Table 3. Basic geometric and grid parameters: NI and NJ are the numbers of the grid lines with
respect to the x and y direction, while Xtot and Ytot are the x and y dimensions of the computational
domain.

Plane NI NJ Xtot/Hc Ytot/Hc

C 44 50 1.32 1.50

Figure 13 illustrates that the CFD correction of the velocities results in a similar range 405

of total velocity values for both ut,CFD and ut,PIV but the shape of the contours, mainly in 406

the region of low total velocities, is subject to changes. 407
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(a) ut,CFD (m/s) (b) ut,PIV (m/s)
Figure 13. Contours of the total velocity on plane C, extracted by: (a) CFD methodology, (b) PIV. The
solid boundary of the cube is denoted by the thick black line, while X and Y are non-dimensional
coordinates. The pink box indicates the region, shown in Figure 14. Flow is from left to right.

In Figure 14, contours of the u velocity component along with the vectorial field of 408

ut for the case of the CFD estimate (Figure 14a) as well as the PIV data (Figure 14b), are 409

given. The region of negative values of u in Figure 14b combined with the information 410

from the vectorial field, indicates the existence of a recirculation region behind the cube, 411

captured by the PIV method. The field here is highly complex with a large separation 412

bubble and a saddle point apparent in the PIV measurements. However, these features 413

are not well-presented in the CFD results and in fact, the recirculation bubble completely 414

vanishes. The most probable reason for this, is the significantly lower spatial resolution 415

with an unsuitably sparse grid, which is unable to capture the complex physics of the flow. 416

In terms of the two-dimensionality of the flow, Figure 15 presents the contours of the 417

absolute value of the fraction of the third velocity component w over the u velocity compo- 418

nent (acquired through Stereo-PIV) (Figure 15a), the difference between the CFD estimate 419

of the total velocity and that of the PIV method (Figure 15b) and the non-dimensional 420

continuity residual, CRN, for the PIV results, on plane C (Figure 15c). In Figure 15c, the 421

non-dimensional continuity residual, CRN, seems to be below 9%, a maximum value which 422

is low in comparison with that of plane A but about two or three times higher of that of 423

plane B. The residual ICRN is equal to −34% whose absolute value is 4-5 times higher than 424

that of plane B and almost half the value of plane A, in accordance with the results for CRN. 425

This may indicate that the reason for the failure of the CFD correction procedure may not 426

lay exclusively in the high initial values of the continuity residual, as assumed earlier for 427

the other planes. With lower residual values here and the significant departure of the CFD 428

velocity field from that of the PIV measurements, it is reasonable to look towards the lack 429

of adequate spatial resolution for an explanation. 430

The difference between the CFD total velocity and that of the PIV data (Figure 15b) 431

reaches a maximum value of 50%, while extended areas with differences close to 30% can 432

be observed. These areas coincide with those of lower total velocities in Figure 13 and 433

that of the recirculation region of Figure 14b, indicating that, although the CRN does not 434

take high values, the correction/adjustment of the SIMPLE algorithm is significant. The 435

aforementioned conclusion, further enhances the belief that the low spatial resolution is 436

the principal cause for the above-mentioned problems. In any case, one should also keep in 437

mind that the absolute values of the velocity differences appearing here are quite small as 438

far as the overall flow is concerned since they appear at points of low velocities. 439

The w component reaches its maximum value in a series of points of the domain, which 440

are nevertheless, within the region where the u component is close to zero (Figure 14b). 441

Moreover, an increased three-dimensionality of the flow is linked to an increased value 442

of CRN which however, in the case of plane C, takes moderate values, indicating that the 443

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 March 2022                   doi:10.20944/preprints202203.0386.v1

https://doi.org/10.20944/preprints202203.0386.v1


16 of 20

three-dimensionality may not constitute the most critical parameter for the results on plane 444

C. 445

(a) uCFD (m/s) (b) uPIV (m/s)
Figure 14. Contours of u and vectorial fields of ut (in the same figure), on a region near the south
boundary of plane C, extracted by: (a) CFD methodology, (b) PIV experimental technique with X and
Y being non-dimensional coordinates. Flow is from left to right.

(a) |w/u|% (b) ε (%)

(c) CRN (%)

Figure 15. Contours of: (a) the absolute value of the fraction of the third velocity component w over
the u velocity component (acquired through Stereo-PIV), on plane C, (b) the difference between the
CFD estimate of the total velocity and that of the PIV method, on plane C, (c) the non-dimensional
continuity residual, CRN, for the PIV results, on plane C. The solid boundary of the cube is denoted
by the thick black line, while X and Y are non-dimensional coordinates. Flow is from left to right.
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In Figure 16, the contours of CFD-calculated pressure (Figure 16a) along with the 446

comparison between the experimental and computational profile of the pressure coefficient 447

on the downstream wall of the cube (Figure 16b), are given. The Y-Axis in Figure 16b 448

represents the non-dimensional distance from the ground. The reasonable choice for the 449

reference pressure for the computational method is the upper downstream corner of the 450

domain, which is expected to be the closest to the free stream conditions, among the other 451

available points of the measurement plane. 452

Figure 16a, shows that the pressure remains constant for an extended area of the 453

computational domain with the exception being the east boundary, where a difference of 454

about 1.5− 2 Pa is observed between the minimum and maximum pressure values. This 455

may be an indication that the Neumann boundary conditions fail to properly predict the 456

pressure values there. The pressure near the wall of the cube is almost constant, as expected 457

for the area in the wake of a bluff body, where flow separation is usually observed. 458

(a) P (Pa) (b) CPexp and CP

Figure 16. (a) Pressure contours on plane C, (b) comparison between CPexp [40] and CP on the centre
line of the downstream wall of the cube, where the Y-axis corresponds to the non-dimensional
distance from the south boundary of the PIV domain (Y = 0.91 denotes the upper edge of the cube).
Flow is from left to right in (a).

In Figure 16b the green line is the pressure coefficient extracted by the iterative method 459

with the reference pressure chosen at the top downstream corner of the domain, while the 460

purple points are pressure measurements [40] on the downstream wall of the cube. As 461

can be observed, the calculated CP demonstrates a significant difference with the pressure 462

measurements. This offset may be attributed to the choice of reference pressure in this plane. 463

The assumption of free stream behaviour can be examined through Figure 12a, whose 464

lower downstream corner overlaps with the top upstream corner of Figure 16a. One may 465

proceed to take this pressure difference into account and consider a new reference pressure, 466

corresponding to the upper boundary of Figure 12a, which is much closer to the free 467

stream. The pressure coefficient, CPcorr , with respect to the latter, new, reference pressure is 468

represented by the blue line in Figure 16b, showing a far better accordance with the pressure 469

measurements. An argument in favour of the plausibility of the aforementioned reasoning, 470

is that the maximum relative error ε = |CPcorr − CPexp /CPexp |(%) appears to be equal to 15% 471

while its average value is close to 6%. The fact that the corrected CP demonstrates a more 472

reasonable behaviour, does not mean though that other factors do not also contribute to the 473

differences in the resulting values of pressure. 474

4. Conclusions 475

A method has been presented where two-dimensional time-averaged pressure fields 476

were obtained by integrating planar PIV velocity fields into a CFD code based on the SIM- 477
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PLE pressure correction algorithm, including turbulence through PIV-computed Reynolds 478

Stresses, rather than modelling them. The method was implemented on three different PIV 479

data sets, pertaining to three different planes around a cube immersed in a boundary-layer 480

flow with an angle of attack of 0 degrees with respect to the cube’s upstream face. 481

Calculated pressures were compared with experimentally measured surface pressures, 482

revealing that the method has the potential to produce reliable and physically consistent 483

results. The inclusion of turbulence through Reynolds Stresses, directly computed from the 484

statistics of the PIV experiment, constitutes a novel and promising element. 485

Although the flow past a surface mounted obstacle is undoubtedly three dimensional, 486

the availability of the measurements and the assumption that the symmetry plane should, 487

in theory, satisfy two-dimensionality supported the choice of the application. The PIV 488

measurements of the velocity fields along the symmetry plane of the flow were corrected 489

through the SIMPLE pressure correction algorithm, ensuring that the continuity equa- 490

tion is satisfied. Obviously, successful adjustment of the velocities and a correct pressure 491

calculation, necessitates low values of initial PIV mass residuals inside the experimen- 492

tal/computational domain, since the convergence of the pressure correction equation is 493

strongly coupled with the continuity residual. Moreover, owing to the two-dimensional 494

assumption for the planes of application of the method, extensive three-dimensional flow 495

structures can jeopardise its credibility. This was found to be the case at specific points of 496

the flow e.g., the stagnation region on the upstream face and the recirculation bubble behind 497

the obstacle. This is not a detriment of the approach since results are encouraging for the 498

rest of the examined area but a future attempt to apply the method to a 2D experimental 499

configuration will provide further light on this issue. Alternatively, but in a more complex 500

computational and experimental setup, the problem could be addressed by the utilisation 501

of a three-dimensional set of equations in conjunction with volumetric PIV techniques. 502

It should not be overlooked that the spatial discretisation available to the CFD method 503

was restricted by the corresponding PIV method. This was shown to hamper performance, 504

especially in regions of steep gradients i.e., the upstream corner in plane A and B and 505

the recirculation zone and saddle point in plane C. In cases where the gradients of the 506

examined variables take high values and the nature of the flow is significantly complex 507

(e.g., in the wake of bluff bodies), the sparse CFD grid may prove to be inadequate to 508

capture the inherent physics of the flow. Mapping of the PIV velocity field to a higher 509

spatial resolution for the CFD calculation may be a route to alleviate this handicap. 510

Overall, this approach has shown promising results for a challenging application. 511

Throughout the paper, limitations and possible routes to overcome them have been pro- 512

posed, warranting further research in this direction. 513

Author Contributions: Conceptualization, N.P.P. and D.B.; methodology, N.P.P. and D.B.; software, 514

N.P.P. and D.B.; validation, N.P.P.; formal analysis, N.P.P. and D.B.; investigation, N.P.P. and D.B.; data 515

curation, N.P.P. and D.B.; writing—original draft preparation, N.P.P.; writing—review and editing, 516

N.P.P. and D.B.; visualization, N.P.P.; All authors have read and agreed to the published version of 517

the manuscript 518

Funding: This research received no external funding 519

Institutional Review Board Statement: Not applicable. 520

Informed Consent Statement: Not applicable. 521

Data Availability Statement: Data are contained within the article and are also available upon 522

request. 523

Conflicts of Interest: The authors declare no conflict of interest. 524

References 525

1. Arabgolarcheh, A.; Jannesarahmadi, S.; Benini, E. Modeling of near wake characteristics in 526

floating offshore wind turbines using an actuator line method. Renewable Energy 2022, 185, 871– 527

887. 528

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 March 2022                   doi:10.20944/preprints202203.0386.v1

https://doi.org/10.20944/preprints202203.0386.v1


19 of 20

2. Pomaranzi, G.; Amerio, L.; Schito, P.; Lamberti, G.; Gorlé, C.; Zasso, A. Wind tunnel pressure 529

data analysis for peak cladding load estimation on a high-rise building. Journal of Wind 530

Engineering and Industrial Aerodynamics 2022, 220, 104855. 531

3. Van Oudheusden, B. PIV-based pressure measurement. Measurement Science and Technology 532

2013, 24, 032001. 533

4. Klein, C.; Engler, R.H.; Henne, U.; Sachs, W.E. Application of pressure-sensitive paint for 534

determination of the pressure field and calculation of the forces and moments of models in a 535

wind tunnel. Experiments in Fluids 2005, 39, 475–483. 536

5. Anyoji, M.; Numata, D.; Nagai, H.; Asai, K. Pressure-sensitive paint technique for surface 537

pressure measurements in a low-density wind tunnel. Journal of Visualization 2015, 18, 297–309. 538

6. Ran, B.; Katz, J. Pressure fluctuations and their effect on cavitation inception within water jets. 539

Journal of Fluid Mechanics 1994, 262, 223–263. 540

7. Van Oudheusden, B.W.; Scarano, F.; Roosenboom, E.W.; Casimiri, E.W.; Souverein, L.J. Evalua- 541

tion of integral forces and pressure fields from planar velocimetry data for incompressible and 542

compressible flows. Experiments in fluids 2007, 43, 153–162. 543

8. Fujisawa, N.; Tanahashi, S.; Srinivas, K. Evaluation of pressure field and fluid forces on a circular 544

cylinder with and without rotational oscillation using velocity data from PIV measurement. 545

Measurement Science and Technology 2005, 16, 989. 546

9. Vanierschot, M.; Van den Bulck, E. Planar pressure field determination in the initial merging 547

zone of an annular swirling jet based on stereo-PIV measurements. Sensors 2008, 8, 7596–7608. 548

10. De Kat, R.; Van Oudheusden, B.; Scarano, F. Instantaneous planar pressure field determination 549

based on time-resolved Stereo-PIV. Proceedings of the EWA International Workshop on Ad- 550

vanced Measurement Techniques in Aerodynamics, Delft, The Netherlands, 31 March-1 April, 551

2008, p. 1-5. Citeseer, 2008. 552

11. Charonko, J.J.; King, C.V.; Smith, B.L.; Vlachos, P.P. Assessment of pressure field calculations 553

from particle image velocimetry measurements. Measurement Science and technology 2010, 554

21, 105401. 555

12. Suryadi, A.; Obi, S. The estimation of pressure on the surface of a flapping rigid plate by stereo 556

PIV. Experiments in fluids 2011, 51, 1403–1416. 557

13. Van der Kindere, J.; Laskari, A.; Ganapathisubramani, B.; De Kat, R. Pressure from 2D snapshot 558

PIV. Experiments in fluids 2019, 60, 1–18. 559

14. de Kat, R.; van Oudheusden, B.; Scarano, F. Instantaneous pressure field determination in a 3d 560

flow using time resolved thin volume tomographic-PIV. Proceedings of the 8th international 561

symposium on particle image velocimetry—PIV09, Melbourne, Australia, 2009. 562

15. Violato, D.; Moore, P.; Scarano, F. Lagrangian and Eulerian pressure field evaluation of rod- 563

airfoil flow from time-resolved tomographic PIV. Experiments in fluids 2011, 50, 1057–1070. 564

16. Koschatzky, V.; Overmars, E.; Boersma, B.; Westerweel, J. Comparison of planar PIV and 565

tomographic PIV for aeroacoustics. 16th Int. Symp. on Applications of Laser Techniques to 566

Fluids Mechanics, Lisbon, Portugal, 2012. 567

17. Hayase, T.; Hayashi, S. State estimator of flow as an integrated computational method with the 568

feedback of online experimental measurement. Journal of Fluids Engineering, Transactions of the 569

ASME 1997, 119, 814–822. 570

18. Neeteson, N.J.; Rival, D.E. State observer-based data assimilation: a PID control-inspired 571

observer in the pressure equation. Measurement Science and Technology 2019, 31, 014003. 572

19. Hayase, T. A review of measurement-integrated simulation of complex real flows. Journal of 573

Flow Control, Measurement & Visualization 2015, 3, 51. 574

20. Saredi, E.; Ramesh, N.T.; Sciacchitano, A.; Scarano, F. State observer data assimilation for RANS 575

with time-averaged 3D-PIV data. Computers & Fluids 2021, 218, 104827. 576

21. Jaw, S.Y.; Chen, J.H.; Wu, P.C. Measurement of pressure distribution from PIV experiments. 577

Journal of Visualization 2009, 12, 27–35. 578

22. Gunaydinoglu, E.; Kurtulus, D.F. Pressure–velocity coupling algorithm-based pressure recon- 579

struction from PIV for laminar flows. Experiments in Fluids 2020, 61, 1–20. 580

23. Carrassi, A.; Bocquet, M.; Bertino, L.; Evensen, G. Data assimilation in the geosciences: An 581

overview of methods, issues, and perspectives. Wiley Interdisciplinary Reviews: Climate Change 582

2018, 9, e535. 583

24. Tandeo, P.; Ailliot, P.; Bocquet, M.; Carrassi, A.; Miyoshi, T.; Pulido, M.; Zhen, Y. A review of 584

innovation-based methods to jointly estimate model and observation error covariance matrices 585

in ensemble data assimilation. Monthly Weather Review 2020, 148, 3973–3994. 586

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 March 2022                   doi:10.20944/preprints202203.0386.v1

https://doi.org/10.20944/preprints202203.0386.v1


20 of 20

25. Ott, E.; Hunt, B.R.; Szunyogh, I.; Zimin, A.V.; Kostelich, E.J.; Corazza, M.; Kalnay, E.; Patil, D.; 587

Yorke, J.A. A local ensemble Kalman filter for atmospheric data assimilation. Tellus A: Dynamic 588

Meteorology and Oceanography 2004, 56, 415–428. 589

26. Asch, M.; Bocquet, M.; Nodet, M. Data assimilation: methods, algorithms, and applications; SIAM, 590

2016. 591

27. Gronskis, A.; Heitz, D.; Mémin, E. Inflow and initial conditions for direct numerical simulation 592

based on adjoint data assimilation. Journal of Computational Physics 2013, 242, 480–497. 593

28. Suzuki, T. Reduced-order Kalman-filtered hybrid simulation combining particle tracking 594

velocimetry and direct numerical simulation. Journal of Fluid Mechanics 2012, 709, 249–288. 595

29. Kato, H.; Obayashi, S. Integration of CFD and wind tunnel by data assimilation. Journal of Fluid 596

Science and Technology 2011, 6, 717–728. 597

30. Manolesos, M.; Gao, Z.; Bouris, D. Experimental investigation of the atmospheric boundary 598

layer flow past a building model with openings. Building and Environment 2018, 141, 166–181. 599

31. Patankar, S.V. Numerical heat transfer and fluid flow(1st ed.); CRC press, 1980. 600

32. Rhie, C.M.; Chow, W.L. Numerical study of the turbulent flow past an airfoil with trailing edge 601

separation. AIAA journal 1983, 21, 1525–1532. 602

33. Chung, T.; et al. Computational fluid dynamics; Cambridge university press, 2002. 603

34. Raffel, M.; Willert, C.E.; Kompenhans, J.; et al. Particle image velocimetry: a practical guide; Vol. 2, 604

Springer, 1998. 605

35. Adrian, R.J. Twenty years of particle image velocimetry. Experiments in fluids 2005, 39, 159–169. 606

36. Bouris, D.; Bergeles, G. 2D LES of vortex shedding from a square cylinder. Journal of Wind 607

Engineering and Industrial Aerodynamics 1999, 80, 31–46. 608

37. Konstantinidis, E.; Bouris, D. Vortex synchronization in the cylinder wake due to harmonic and 609

non-harmonic perturbations. Journal of Fluid Mechanics 2016, 804, 248–277. 610

38. Kopanidis, A.; Theodorakakos, A.; Gavaises, E.; Bouris, D. 3D numerical simulation of flow 611

and conjugate heat transfer through a pore scale model of high porosity open cell metal foam. 612

International Journal of Heat and Mass Transfer 2010, 53, 2539–2550. 613

39. Davis, P.J.; Rabinowitz, P. Methods of numerical integration; Courier Corporation, 2007. 614

40. Manolesos, M.; Gao, Z.; Xing, Z.; Panos, M.; Bouris, D. Experimental study of the flow past a 615

cube with openings embedded in a turbulent boundary layer. 10th International Symposium 616

on Turbulence and Shear Flow Phenomena, Swissotel Chicago, Chicago, Illinois, U.S.A., July 617

7th - July 9th, 2017. 618

41. Hölscher, N.; Niemann, H.J. Towards quality assurance for wind tunnel tests: A comparative 619

testing program of the Windtechnologische Gesellschaft. Journal of Wind Engineering and 620

Industrial Aerodynamics 1998, 74, 599–608. 621

42. Castro, I.; Robins, A. The flow around a surface-mounted cube in uniform and turbulent streams. 622

Journal of fluid Mechanics 1977, 79, 307–335. 623

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 March 2022                   doi:10.20944/preprints202203.0386.v1

https://doi.org/10.20944/preprints202203.0386.v1

