Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 March 2022 d0i:10.20944/preprints202203.0386.v1

Article

Calculation of the Pressure Field for Turbulent Flow Around a
Surface Mounted Cube Using the SIMPLE Algorithm and PIV
Data

Nikolaos-Petros Pallas 1* and Demetri Bouris !

Laboratory for Innovative Environmental Technologies, School of Mechanical Engineering, National Technical
University of Athens, 9 Heroon Polytechniou Street, 157 80 Zografou, Greece; npallas@mail.ntua.gr;
dbouris@fluid.mech.ntua.gr

*  Correspondence: npallas@mail.ntua.gr; Tel.: (+30) 210 772 1068

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)

1. Introduction

Calculation of the pressure field on and around solid bodies exposed to turbulent
flow is an engineering challenge of primary importance to numerous applications e.g.,
the calculation of power curves as well as lift and drag coefficients of wind turbines [1],
wind loads on structures [2] etc. Although computational fluid dynamics (CFD) does
provide a path, the accuracy of the results is heavily dependent on several factors such
as the definition of correct boundary conditions and the choice and implementation of
the turbulence model, to name but a few. On the other hand, measurements of pressure
are almost always of limited spatial discretisation, while area or volume measurements of
the velocity field are often available at the lab scale via Particle Image Velocimetry (PIV)
technology. The traditional approach in the field of Fluid Mechanics relies on a simple
juxtaposition of CFD and experimental solutions for the purpose of comparison and not
on their combination, even though they refer to a common physical problem. One of the
concepts of the present study is that of merging different sources of information in order to
produce a new, improved solution.

Conventional pressure measurement techniques such as pressure probes of the multiple-
hole pitot type or fast response pressure sensors are either incapable of providing a quan-
tification beyond that of the mean flow field and/or restricted to point-wise or intru-
sive measurements [3]. Many researchers have proposed experimental methods such as

© 2022 by the author(s). Distributed under a Creative Commons CC BY license.

10

11

12

13

14

15

16

28

29

30

31

32


https://www.mdpi.com
https://orcid.org/0000-0003-3464-6945
https://doi.org/10.20944/preprints202203.0386.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 March 2022 d0i:10.20944/preprints202203.0386.v1

2 of 20

pressure-sensitive paint (PSP) for surface pressure measurements in a wind tunnel [4], [5],  se
whereas other researchers used air bubbles to measure static pressures [6]. Nevertheless, s
these experimental techniques are of restrained applicability, since they are not usually able s
to capture the whole pressure field in the computational domain. 39

The PIV (Particle Image Velocimetry) measurement technique constitutes a non- o
intrusive experimental technique, being able to extract instantaneous velocity fields over
the whole domain of interest [7] so, many scientists orientated their attention towards
the implementation of PIV-based pressure calculation. By utilising instantaneous PIV 43
velocity data and by solving a Poisson pressure equation, instantaneous pressure fields s
have been extracted for the case of a stationary circular cylinder with Re = 2000 [8], while s
the time-averaged pressure field of an annular swirling jet flow has been calculated, using 4o
stereo-PIV measurements, under the assumption of axisymmetric and inviscid flow [9]. &7
The calculation of an instantaneous pressure field for the case of the unsteady wake flow 4
around a cylinder of square cross section, by directly solving Navier-Stokes equations and 4o
alternatively a Poisson pressure equation, using Stereo-PIV velocity data, has also been  so
performed [10]. Various forms of a Poisson pressure equation along with direct solution s
of the Navier-Stokes equations were deployed [11] for time-dependent incompressible s
flows using DPIV (Digital Particle Image Velocimetry) velocity data whilst the surface s
pressures on a flapping rigid plate utilising data originating from Stereo-PIV have also  s.
been calculated [12]. Another attempt in the framework of reconstructing pressure from s
2D PIV data by solving a Poisson pressure equation [13], deploys Taylor’s hypothesis (TH)  se
for the extraction of an instantaneous pressure field. Volumetric approaches, where PIV s
data include also the third component of the velocity as well as some information for its s
gradient exist in the bibliography [14], [15], [16]. 50

Although in the aforementioned undertakings, experimental data were utilised for o
the computation of the respective pressure fields, these were not integrated /assimilated, e
since the velocity fields remained invariant and no iterative method took place. The idea of e
integrating measurements into a CFD code is not new, since a methodology appertaining s
to the family of State Observers has been proposed [17], where the SIMPLER algorithm s
uses partial experimental information as feedback for the reconstruction of the boundary s
conditions of turbulent flows. State observers can be defined as functions aiming to s
reconstruct the state of a system from an incomplete set of measurements [18]. The principal e
motive behind the integration of measurements is the necessity of reproducing the exact s
structure of real complex flows, especially in disciplines such as meteorology and feedback  es
flow control [19]. The inherent difficulty in calculating adequately real complex flowsis 7o
directly linked to the uncertainty with regard to the boundary conditions [19]. The creation 7
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 7
reconstruction of the respective pressure field consists of SIMPLE-based methods where 7
the boundary conditions of the velocity are constructed from PIV data. To the authors” 7
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 7
algorithm on a non-staggered grid for laminar, incompressible and steady flow, whereas 7
[22] computed pressure from two-dimensional PIV data, for incompressible, laminar steady  «o
and unsteady flows. Therefore, the novelty characterising the present research is the e
application to a turbulent flow with direct computation of Reynolds Stresses from the PIV e
statistics and their inclusion in the source terms of the Reynolds-Averaged Navier-Stokes e
(RANS) equations. 8a

All the aforementioned methods for measurement integration into CFD codes donot s
take into account the uncertainty of the measurements or that of the CFD solution, so the s
way that experimental and computational resources are combined is not always mathe- &
matically rigorous and problem-independent. For these reasons, many researchers, found s
appealing the strict mathematical framework of Data Assimilation (DA) methods where e
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the uncertainty of the discrete sources of information is modelled by the respective error oo
covariance matrices. DA methods have been used widely in the discipline of weather fore- o
casting and earth sciences [23], [24], [25] for years and their utilisation is expanding rapidly e
in different scientific fields. Data Assimilation can be defined as an approach/method for e
combining observations with model output with the objective of improving the latter [26]. o4
Concerning these DA methods (where the uncertainty is quantified), variational data assim- s
ilation and adjoint-based optimisation has been performed [27], using PIV data collected o6
from a wind tunnel as well as synthetic measurements to generate inflow conditions for di- o7
rect numerical simulations (DNS). The combination of PTV (Particle Tracking Velocimetry) s
and DNS for the analysis of vortical motion in the shear layers of a jet by implementinga e
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 1o
through experiments in a wind tunnel, with a CFD code, for the case of a square cylinder. o2
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 10s
relies on rigorous calculations to quantify the uncertainty in both sources. Although there 10s
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 1ce
received significant attention and this has been the starting point for the first steps in the 100
present research. 110

Here, two-dimensional PIV velocity data [30] for the turbulent flow past a surface 11
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 11
Stresses, avoiding the need for a turbulence model as they are computed directly using 11
the statistics of the PIV experiment. To the authors’ knowledge, this is the first time this 11
has appeared in the literature and the combination with the SIMPLE pressure correction 11s
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 s
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
_om;  ap dujt}
P“]aTCj = o piu; — P( ax; @
Vu=0 &)

where the overbar denotes Reynolds averaged quantities, i, j = 1 or 2 (with respect to  12e
x and y directions), A is the Laplace operator, p and u are the density and dynamic viscosity 2o
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 @ 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), ap,s/r/n/w are constant coefficients depending on the geometry and  13s
the deployed discretisation schemes and S%, S? are source terms. A clarification of the 13
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 1
problem is confronted). P stands for the cell centre where the equations are solved while 122
S,E, N and W correspond to South, East, North and West. 143

(a8 — SH)Pp = aF PN + aPDg + aPPr + ahy Oy + ST (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 14
method and the discretisation procedure can be found in standard CFD textbooks [33]. For 1so
the present application, the distance between the cell centres is constant (uniform grid) and s
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 1ss
next section. 154

A novelty of the present approach is that the Reynolds Stress terms, after the imple- 1ss
mentation of finite volume method and linear interpolation on the faces of each cell (i.e., 1se
n,s,w and e), are included in the source terms of (3), in discretised form (for the x and y sz

direction respectively): 158
= [pu8y)e — (pu8y)u] — [(pu'0/6x)n — (pu'v'6%)s] @
~ pu'v'8y)e — (pu'v'3y)o] = [(p020x)n — (p0/20x)s] 5)

If the number of acquired PIV snapshots is N, then Reynolds Stresses can be calculated  1so
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 16
22) 162

/ /

T =y it 6)
1
! k=1 N

where generally, u; = u; —1; and i = 1 or 2 with respect to the x or y direction (11; 13
corresponds to an instantaneous velocity in this context). This approach is an alternative 1es
to the implementation of a turbulence model, assuming that the turbulence model would 1es
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 1es
velocity as well as pressure. By implementing finite volumes and suitable discretisation 1
schemes, the following equation is derived [31]: 170

ob Ph = ok Py + ol PL+ b PL + aly Py + SH @)
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In (7), P’ is the pressure correction, equal to the difference between the current pressure 17
value and that of the last iteration, ocg//s /w /Ny are coefficients with dependence on the 17

coefficients of (3), the discretisation schemes and the geometry and Sfll is a source term. The 173
source term is basically equal to the residual of the continuity equation of every iteration, 17
for the finite volume with cell centre P, and for that reason, the initial PIV data continuity 17
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, 17s
and constant convective terms) were ineffective and a new type of boundary conditions 7
(BC) is imposed in the present research, which requires a three-layer area (e.g., the area 1s0
defined by the grid cells below lines NJ, NJ — 2, NJ — 1 in Figure 2a- note that "cell' NJ e
is a zero area cell defining the boundary) where constant velocities # and v are imposed,  1s2
corresponding to constant first and second normal derivatives. These velocities are equal  1es
to those originating from the PIV method without any change, except for those on the grid = 1ss
lines defining the boundaries, where a linear interpolation takes place. The experimental 1ss
and computational grids are slightly different on the boundaries, since the finite volume of 1e6
the boundary for the PIV grid (Figure 2b) is not of zero area as for the CFD one (e.g., for e
the finite volume/grid line N in Figure 2a). For example, on the northern grid line, NJ, s
the velocities are given by the equation ®(NJ)crp = (P(I, N])prv + P(I, N] —1)p1y) /2 1se
where ® = u or v. The index PIV denotes that the velocities emanate directly from the 100
experimental data (i.e., PIV grid), while the index CFD corresponds to the velocity utilised 101
for the computational procedure (i.e., CFD grid). The former reasoning is applied for every e
boundary of the domain. Regarding the boundary conditions of the pressure correction 12
equation, Neumann BC are imposed on the internal boundaries of the three-layer area, 104

while for the cells within this area the pressure correction equation is not solved. 105
NJ
[ ] ®
NJ n 4 WEVEND) n
N-1 { N-1

o . [ ]

NJ-2 Mo 0 N2 ! °
s s
. D . [ [

5 I H I
(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 106
velocities are those of the PIV method, while the initial pressure field is set to zero. The 17
pressure is calculated with respect to a reference value, chosen at a specific point where the 10
flow could be considered the least disturbed. This is a point to which further attention will 100
be directed in the next sections. A field of Reynolds Stresses, computed directly from the zo0
PIV data, is also included in the source terms of the pentadiagonal system of equations (3, 2o
4 and 5) and remains constant throughout the iterative method. The system is solved with  zo2
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 =zos
velocity fields those emanating from the PIV measurements. 206
2. The velocity and pressure fields are corrected by implementing the SIMPLE pressure  =zo7
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 2o
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], =
[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 21
number of criteria have been used. Firstly, the initial continuity residual is calculated, as 210
follows: 220

U — uUw ON —0Us
2ax 20y CR @®

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 22
cell centre P (see Figure 1) and is applied directly to the PIV data under the following 22s

non-dimensional form: 224
CR
CRN= —"" — )
( <ut,pry > )
2Ax
With: 225
NINT (\/ ”%Iv + U%’IV)k
<uppry >= ) (10)
= NI-NJ

where < u; pry > 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 = 22e
the examined PIV data, yielding a characteristic value that represents the residual of mass 220
inside the whole experimental domain: 230

Yimax d Yonax d Xinax d Ximax d
ICR = - — 11
</Y puE y /;/min puw y) * </X va * /)< pvs x) ( )

min min min

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 =2ss
Residual) is non-dimensionalised. 234

ICR
ICRN p < uppry > (Xeot + Yior) /2 (12)
with Xior = Xinax — Xinins Yiot = Ymax — Ymin and < ug pry > as defined in (10). Similar 235
to the denominator in the expression for the CRN, the denominator in (12) constitutes =23
a characteristic mass flux of the PIV velocity field. The integrals in (11) are numerically a7
calculated by applying the Simpson 1/3 method [39]. 238
The residuals ICRN and CRN constitute an indication of the uncertainty in the experi- 230
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 24
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. 248

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 24
(13), in order to quantify the level of velocity correction which takes place throughout the 24
iterative method. 248

|ut,cep — s p1v
€ %) =100 ————— (13)
corr,ut( ) | < ut,PIV > |
where subscripts PIV and CFD correspond to the PIV velocities and the CFD velocity 240
estimate, respectively, u; is the total velocity and < u; pjy > as defined in (10). The velocities  2s0
u; pry and u; crp are local velocities, defined in every cell centre. The denominator is 2s:
chosen to be < u;pry > instead of local velocity e.g., u; pry, to avoid possible fictitious  2s2

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  2s6
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  2ss
shear flow around a solid, surface mounted, cube and for the planes that lay on the flow’s 250
symmetry plane (planes A, B and C), being parallel to the vector of the free stream velocity, zeo
in order to satisfy the 2D flow assumption. 261

The coordinates X and Y in all the forthcoming figures are non-dimensionalised with 22
the height of the cube, H, = 0.11m, whilst the thick black line represents the boundary zes
of the cube. It has to be clarified that the distance of planes A,B and C from every solid  zes
boundary (i.e., walls of the cube and ground) is close to 1 cm, to ensure optical access zes
during the PIV experiment [30]. The working fluid is air with density p = 1.21kg/m3 and 266
dynamic viscosity y = 17.9 - 10~°kg/ (m - s). The Reynolds number at cube height exceeded ez
2 - 10* throughout the realisation of the experiment, namely it was over the suggested limit ~ zes
for Reynolds number independence in wind tunnel tests on buildings [30]. 260

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, Cp,,,. The pressure measurements 27
are performed along the plane of symmetry on the front, the roof and the back face, which 27
is perpendicular to the velocity vector of the free stream, as can be observed in Figure 4 27
[40] 274
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WIND

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

3.2. Results for plane A

The basic geometric and grid parameters for both the PIV measurements and the
CFD calculations are shown in tabulated form in Table 1. Owing to the fact that the south
boundary (Y = 0) of plane A has a non-dimensional distance of 0.09 from the ground/base
of the cube, the top upstream corner of the cube is located at a non-dimensional height of
Y = 0.91 and not Y = 1, in all the forthcoming figures.

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 X;ot and Y, are the x and y dimensions of the computational
domain.

Plane NI N] Xtot /Hc Ytot /Hc
A 130 126 1.68 1.63

The contours of the total velocity, u; crp, calculated with the above-mentioned CFD
methodology are shown in Figure 5a, whilst in Figure 5b those of the uncorrected PIV total
velocity, u; pry are given.

15F 15F

0.5

(@) uscrp (m/s) (b) us pry (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
the stagnation point, i.e., approximately (Xax,0.7), and the range of the velocity values is
invariant after the iterative method. The aforementioned arguments are further supported
by Figure 6b, where the error (13), is presented. More specifically, only in the area adjacent
to the boundary of the cube and especially near its top upstream corner where the flow
accelerates, does the error appear to reach its maximum value. The CFD calculation fails to
adequately represent the physics of the flow in this area, most probably due to the poor
spatial resolution. However, the error value far from the cube, tends to zero.

281

282

285

286

287

288
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The greater difference between CFD calculations and PIV data near the cube, may 2.2
also be attributed to the appearance of 3D flow structures near the upstream wall. This 203
qualitative statement is quantified in Figure 6a, where the absolute value of the ratio of the 2es
third velocity component w, acquired through Stereo-PIV, over the u velocity component, is 205
given in the form of contours. As can be observed, in the area near the cube, w takes values 206
comparable to those of the u velocity component, justifying at least part of the discrepancy 2o
between the CFD velocity estimate and the PIV data. 208

A direct consequence, originating from the 3D structure of the flow near the cube, is 200
the increase of the continuity residual (represented by the CRN and ICRN)), since the third 00
velocity component and its gradient is not taken into account. As can be seen in Figure 6¢, 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 sos
of the presented method. From the integral expression of the continuity equation, ICRN  0s
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  s06

the value corresponding to the experiment on plane B and C. 307
1.5
[wiul(%)
1 60
54
> ~ 48
42
36
05 I
18
12
6
0
% 0.5 1 15 . 1
X X
@) |w/u|% (b) € (%)

1.5

CRN(%)

~=
i
|
5

0.5 1 1.

X
(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 3o
level of |w/u|, the lower the value of CRN and ICRN, leading to better convergence, more o
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 1.


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

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 March 2022 d0i:10.20944/preprints202203.0386.v1

10 of 20

of the method, since several factors can deteriorate the situation, such as the temporal s
resolution of the PIV experiments (a critical parameter for the quality of the statistics of the 13
PIV data), the spatial CFD and PIV resolution as well as other numerical errors. a14

Figure 7a, shows the contours of the relative pressure on plane A with respecttoa s
reference pressure taken at a point near the top upstream corner of plane A, where the 16
flow approaches free stream conditions. Figure 7b constitutes a comparative diagram sz
between the extracted CFD estimate of the profile of the pressure coefficient, Cp and s
the measurements (i.e., Cp,,, [40]). From the calculated pressure fields, the profile of a1
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 32
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_Pref)/(den) (14)
where Por =0, Py = 1/2p U? = 5.99 Pa and U is the free stream velocity. 324
2
1
1.5F Y CPexp
L 0.9 CcP
0.8
1 B 0.7
>- L 0.6
0.5
0.4
0.5F
0.3
0.2 4
B 0.1 A
00 ‘ 0.3 04 05 06 0.7 08 09 1 1.1 1.2
Ccp
(@) P (Pa) (b) Cp,,, 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 C Pary [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 sz
with Figure 5, (i.e., (Xiuax,0.7)). Near the corner, there is a pressure drop, due to flow s
acceleration. In the region adjacent to the western (inlet) and the northern boundary, the s2s
(relative) pressure is equal to zero, since the flow demonstrates free-stream behaviour. 320

Regarding the comparison between Cp,,, and Cp, it is marked that, there is a slight  s30
difference between them (i.e., the maximum difference is about 10% of Cp,_ p), which is 33
probably caused by: (a) the reference pressure is not exactly the same as the experimental s
reference one, which was outside the experimental domain available here and (b) numerical  sss
and experimental errors. 338

3.3. Results for plane B 335

As for plane A, in Table 2, the basic geometric and grid parameters for the case of 36
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 N] are the numbers of the grid lines with
respect to the x and y direction, while X;ot and Y, are the x and y dimensions of the computational
domain.

Plane NI N] Xtot /Hc Ytot /Hc
B 99 104 1.52 1.60

The contours of the CFD estimate of the total velocity, u; crp, as well as those of the  s3s

PIV total velocity, u; pry, are displayed in Figure 8a and Figure 8b, respectively. 330
1.5 151
Y-1]| Y-1
vtot
1F 5 1
46
42
38 I
0.5} 2‘4 05k
26 I
I 22
i 18 - o =
0 | :]]4 0 | _ -
X
@) ut,crp (m/s) () uy,pry (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 s
solutions, caused by the correction of velocities through the pressure correction algorithm, s
is not significant. The form and the shape of the region of low velocities (blue region) is s
preserved in the CFD total velocity field and the range of the velocities is almost the same s
for both figures. For both solutions, the flow accelerates close to the upstream corner of the 4

cube. 345
1.5F 1'5T
Y-1 ¢ Y-1[
1+ 1+

T

0.5 0.5

o 05, 1 15 T~ 0 05 y 1 15

X X
(@) vcrp (m/s) (b) vpry (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 s
(Figure 9a) as well as those originating from the PIV data (Figure 9b). It is interesting to note  sa7
the indication of a recirculation zone in the above-mentioned area of low total velocities, s
which is marked by the positive values near the upstream boundary and the negative s
values near the downstream one and appears similar for both the PIV data and the CFD 150
calculation. This is supported by Figure 10 where the vectorial fields and streamlines of the s
PIV and CFD total velocity along with contours of v are given for an area near the south s
boundary (indicated by the pink box in Figure 9), since a clear change of direction, tending sss
to 180 degrees, is observed for the velocity vector. This recirculation region probably s
extends outside the computational domain, near the solid boundary of the cube. 355

Y-1

=

05”&6”&7”&8”%9”?'”11”12 oé”b%”bﬁ”b%”%é”ﬁ'”ki”iz

@ vcrp (m/s) (b) vpry (m/s)
Figure 10. Contours of v, vectorial fields of 1; 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  sse
under 10 — 20%. The maximum value of 20% is observed in a very limited area and for s
the rest of the computational domain, the difference is below 10%. Hence, the discrepancy sss
between the two velocity fields for plane B, is markedly lower than that derived for plane sso
A. The lower value of the difference can partially be attributed to the significantly lower seo
continuity residual, CRN. Figure 11c shows that the values of CRN are below 4%, namely e
the maximum value of this quantity for plane B is ten times lower than than that for plane e
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 ses
extracted for plane A. By juxtaposing Figures 8 and 11c, it can be concluded that the ses
maximum value of CRN% is obtained at the commencement of the area of low total ser
velocities. Figure 11a, confirms that in this area, the third velocity component, w, becomes  ses
significant in comparison with the u velocity component. The latter observation further seo
confirms the existence of a correlation between the continuity residual and the relative s
magnitude of the third velocity component i.e., the assumption of two-dimensionality of sz
the flow. 372
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@) |w/ul%
15
Y-1

1

0.5

(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 73
and the CFD-estimated profiles of the pressure coefficient on the wall of the cube, are 37
given in Figures 12a and 12b respectively. The X-axis in Figure 12b corresponds to the a7
non-dimensional distance from the upstream boundary of the domain (the roof of the 7
cube is between X = 0.3 and X = 1.3). The position of the reference pressure is located 77
on the upper left corner of the computational domain, assuming that the flow there is 7
almost free-stream and, therefore, the discrepancy between the experimental reference 37
and the CFD one is minimised (the experimental reference point was located outside the sso
boundary-layer of the wind tunnel). 381

By consulting both figures, it can be contended that the results are physically consistent. ss2
Near the upstream boundary of the PIV plane, positive pressure values are observed, sss
affected by the stagnation region on the upstream face of the cube, whilst near the roof of ~ sss
the cube, negative pressure values are acquired, which is in line with observations of other s
researchers [41], [42]. 386
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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 C Paxy [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  se
CFD-estimated Cp profiles, which can be attributed to the following reasons: (a) Cp is  sss
calculated at a distance of approximately 1 cm and not exactly on the roof wall, (b) the s
reference pressure is not exactly the same as the experimental reference one, which was 300
outside the experimental domain and (c) numerical and experimental errors. The largest o
discrepancy between the two profiles is observed on the first measurement point and is ez
possibly caused by the fact that the spatial discretisation is most probably insufficient to  ses
capture the sharp gradients in this region. Possible alternatives that might improve results o4
are to implement CFD approaches such as local grid refinement, which are beyond the e
scope of this stage of the work. Nevertheless, the Cp calculation for plane B is, generally, in 306
even better agreement with measurements than that of plane A. 307

3.4. Results for plane C 308

The basic geometric and grid parameters are shown in Table 3. These experimental se0
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 4o
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 = 091 andnotY = 1inall a0s
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 X;y; and Y}, are the x and y dimensions of the computational
domain.

Plane NI NJ Xiot/ He Yot/ He
C 44 50 1.32 1.50

Figure 13 illustrates that the CFD correction of the velocities results in a similar range  4os
of total velocity values for both u; crp and u; pry but the shape of the contours, mainly in 406
the region of low total velocities, is subject to changes. a07
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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
u; for the case of the CFD estimate (Figure 14a) as well as the PIV data (Figure 14b), are
given. The region of negative values of u in Figure 14b combined with the information
from the vectorial field, indicates the existence of a recirculation region behind the cube,
captured by the PIV method. The field here is highly complex with a large separation
bubble and a saddle point apparent in the PIV measurements. However, these features
are not well-presented in the CFD results and in fact, the recirculation bubble completely
vanishes. The most probable reason for this, is the significantly lower spatial resolution
with an unsuitably sparse grid, which is unable to capture the complex physics of the flow.

In terms of the two-dimensionality of the flow, Figure 15 presents the contours of the
absolute value of the fraction of the third velocity component w over the u velocity compo-
nent (acquired through Stereo-PIV) (Figure 15a), the difference between the CFD estimate
of the total velocity and that of the PIV method (Figure 15b) and the non-dimensional
continuity residual, CRN, for the PIV results, on plane C (Figure 15c). In Figure 15¢, the
non-dimensional continuity residual, CRN, seems to be below 9%, a maximum value which
is low in comparison with that of plane A but about two or three times higher of that of
plane B. The residual ICRN is equal to —34% whose absolute value is 4-5 times higher than
that of plane B and almost half the value of plane A, in accordance with the results for CRN.
This may indicate that the reason for the failure of the CFD correction procedure may not
lay exclusively in the high initial values of the continuity residual, as assumed earlier for
the other planes. With lower residual values here and the significant departure of the CFD
velocity field from that of the PIV measurements, it is reasonable to look towards the lack
of adequate spatial resolution for an explanation.

The difference between the CFD total velocity and that of the PIV data (Figure 15b)
reaches a maximum value of 50%, while extended areas with differences close to 30% can
be observed. These areas coincide with those of lower total velocities in Figure 13 and
that of the recirculation region of Figure 14b, indicating that, although the CRN does not
take high values, the correction/adjustment of the SIMPLE algorithm is significant. The
aforementioned conclusion, further enhances the belief that the low spatial resolution is
the principal cause for the above-mentioned problems. In any case, one should also keep in
mind that the absolute values of the velocity differences appearing here are quite small as
far as the overall flow is concerned since they appear at points of low velocities.

The w component reaches its maximum value in a series of points of the domain, which
are nevertheless, within the region where the u component is close to zero (Figure 14b).
Moreover, an increased three-dimensionality of the flow is linked to an increased value
of CRN which however, in the case of plane C, takes moderate values, indicating that the
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three-dimensionality may not constitute the most critical parameter for the results on plane 44
C- 445

X D
(@) ucpp (m/s) (b) upry (m/s)
Figure 14. Contours of u and vectorial fields of u; (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.
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(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 a6
comparison between the experimental and computational profile of the pressure coefficient aa7
on the downstream wall of the cube (Figure 16b), are given. The Y-Axis in Figure 16b a4
represents the non-dimensional distance from the ground. The reasonable choice for the 44
reference pressure for the computational method is the upper downstream corner of the  4s0
domain, which is expected to be the closest to the free stream conditions, among the other s
available points of the measurement plane. as2

Figure 16a, shows that the pressure remains constant for an extended area of the s
computational domain with the exception being the east boundary, where a difference of 54
about 1.5 — 2 Pa is observed between the minimum and maximum pressure values. This ass
may be an indication that the Neumann boundary conditions fail to properly predict the ase
pressure values there. The pressure near the wall of the cube is almost constant, as expected sz

for the area in the wake of a bluff body, where flow separation is usually observed. as8
1.5
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Figure 16. (a) Pressure contours on plane C, (b) comparison between C Pory [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 se
with the reference pressure chosen at the top downstream corner of the domain, while the  4s0
purple points are pressure measurements [40] on the downstream wall of the cube. As e
can be observed, the calculated Cp demonstrates a significant difference with the pressure a2
measurements. This offset may be attributed to the choice of reference pressure in this plane. 4s:
The assumption of free stream behaviour can be examined through Figure 12a, whose  4ss
lower downstream corner overlaps with the top upstream corner of Figure 16a. One may  ases
proceed to take this pressure difference into account and consider a new reference pressure, s
corresponding to the upper boundary of Figure 12a, which is much closer to the free 467
stream. The pressure coefficient, Cp,,,,, with respect to the latter, new, reference pressure is ses
represented by the blue line in Figure 16b, showing a far better accordance with the pressure 4so
measurements. An argument in favour of the plausibility of the aforementioned reasoning, 470
is that the maximum relative error € = |Cp,,, — Cp,,, /Cp,,,|(%) appears to be equal to 15% 2
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 47s
differences in the resulting values of pressure. ara

4. Conclusions 475

A method has been presented where two-dimensional time-averaged pressure fields 76
were obtained by integrating planar PIV velocity fields into a CFD code based on the SIM- 47
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PLE pressure correction algorithm, including turbulence through PIV-computed Reynolds a7s
Stresses, rather than modelling them. The method was implemented on three different PIV 475
data sets, pertaining to three different planes around a cube immersed in a boundary-layer aso
flow with an angle of attack of 0 degrees with respect to the cube’s upstream face. a81

Calculated pressures were compared with experimentally measured surface pressures, sz
revealing that the method has the potential to produce reliable and physically consistent 4ss
results. The inclusion of turbulence through Reynolds Stresses, directly computed from the asa
statistics of the PIV experiment, constitutes a novel and promising element. ass

Although the flow past a surface mounted obstacle is undoubtedly three dimensional, ass
the availability of the measurements and the assumption that the symmetry plane should, s
in theory, satisfy two-dimensionality supported the choice of the application. The PIV  4ss
measurements of the velocity fields along the symmetry plane of the flow were corrected 4so
through the SIMPLE pressure correction algorithm, ensuring that the continuity equa- 4e0
tion is satisfied. Obviously, successful adjustment of the velocities and a correct pressure 40
calculation, necessitates low values of initial PIV mass residuals inside the experimen- 42
tal/computational domain, since the convergence of the pressure correction equation is 4es
strongly coupled with the continuity residual. Moreover, owing to the two-dimensional es
assumption for the planes of application of the method, extensive three-dimensional flow  ass
structures can jeopardise its credibility. This was found to be the case at specific points of s
the flow e.g., the stagnation region on the upstream face and the recirculation bubble behind  4e7
the obstacle. This is not a detriment of the approach since results are encouraging for the aes
rest of the examined area but a future attempt to apply the method to a 2D experimental 4e0
configuration will provide further light on this issue. Alternatively, but in a more complex  soo
computational and experimental setup, the problem could be addressed by the utilisation s
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  sos
was restricted by the corresponding PIV method. This was shown to hamper performance, sos
especially in regions of steep gradients i.e., the upstream corner in plane A and B and  sos
the recirculation zone and saddle point in plane C. In cases where the gradients of the sos
examined variables take high values and the nature of the flow is significantly complex sor
(e.g., in the wake of bluff bodies), the sparse CFD grid may prove to be inadequate to  ses
capture the inherent physics of the flow. Mapping of the PIV velocity field to a higher sos
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. s
Throughout the paper, limitations and possible routes to overcome them have been pro- s
posed, warranting further research in this direction. 513
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