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Large Eddy Simulation and Wavelet Analysis of the Flow Field
around a Surface Mounted Prism

Mohamed Aly Khamis Elsayed

(ABSTRACT)

Unsteady large-scale vortices, formed by the roll-up of free shear layers separating along sharp
edges, are the dominant flow characteristics of the turbulent flow over buildings. These vor-
tical structures interact with each other and with the building surface resulting in secondary
separation and severe pressure fluctuations. Moreover, the interaction of the large-scale vor-
tices with the multiplicity of turbulence scales in the incoming wind exacerbates their un-
steady motion and hence significantly affects the pressure fluctuations spectra experienced

by the building.

Large-eddy simulations are conducted to study the interaction of homogeneous turbulence
in the incident flow with a surface-mounted prism. A compact fifth-order upwind difference
scheme is used to effectively and accurately perform the simulations. Three cases of incident
flow are considered. In one case, the prism is placed in a smooth uniform flow. In the second
case, homogeneous isotropic turbulence with von Karman spectrum is superimposed on the
uniform flow at the inflow boundary. The integral length scale is one-half the prism height.

In the third case, the integral length scale is equal to the prism height.

The numerical results are compared with experimental measurements reported by Tieleman
et al. [11]. The results show that the highest negative mean value of the pressure coefficient
on the roof and the sides is about 30% larger in case two of turbulent inflow and takes place
closer to the windward edge of the prism. Moreover, the pressure coefficients on the roof
and sides of the prism in the case of turbulent inflow show a higher level of variations in
comparison with the case of smooth inflow conditions. The predicted mean characteristics of
the pressure coefficients in the turbulent case match the experimental values in terms of both

magnitude and location on the roof of the prism reported in Tieleman et al. [38] and Tieleman



et al. [11]. As for the peak value, the peak value of —2 obtained in the turbulent inflow case
two is about 20% smaller than the values measured experimentally by Tieleman et al. [11].
On the other hand, it is stressed that the peak value in the simulations would increase as
the duration of the simulation is increased to match that of the experimental measurement.
The results also show that the turbulent case yields a non-exceedence probability for the
peak pressure coefficient that is closer to the one obtained from the measured data than the

smooth case data.

Also, spectral and cross-spectral analysis are carried out using complex Morlet wavelet trans-
form to investigate pressure-velocity relation. The study shows that the nonlinearity in the

relationship of velocity-pressure is detected using wavelet bicoherence.
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Chapter 1

Introduction

1.1 Motivation

The complex characteristics of the flow field over structures makes the prediction of peak
values for wind loads extremely difficult. Consequently, design codes such as ASCE 7-02
are based on several simplifications. For instance, design values for the pressure coefficients
are obtained from wind tunnel measurements that are assumed to simulate open terrain
conditions. Gust effects are accounted for by a 3-second gust ratio of probable maximum
speed to hourly mean speed. Peak values in a suburban terrain are obtained from open
terrain values through a multiplication by the ratio of the square of their respective mean
wind speeds. There are several issues that need to be addressed when making these and
other simplifications. In setting the wind tunnel simulation procedures of wind loads, the
ASCE code refers to the necessity of modeling the relevant macro and micro length scales of
the longitudinal component of the atmospheric turbulence and of minimizing the Reynolds
number effects. Yet, recent experimental evidence shows that the turbulence level in the
lateral component significantly affects the peak value of pressure coefficients. Moreover,
there is no physical background for the 3-second duration, the value of the ratio used for

this duration or for the ratio used to relate peak values in different terrains.



The simplifications presented above and issues raised vis-a-vis these simplifications are all
related to the effects of turbulence in the incident flow on extreme wind loads on structures.
Consequently, there is a need to establish procedures that allow for the simulation of turbu-
lence in different exposure categories or terrains and that would not truncate the effects of
turbulence to simple ratios or factors. To this end, recent advances made in computational
power, technologies and methodolgies allow for the development of numerical codes capable
of predicting the dynamic characteristics of wind loads on structures under different incident
flow conditions. Numerical simulation of a complex turbulent flow such wind flow over a
structure is indeed a challenge. The high Reynolds numbers typical of wind engineering
applications makes it difficult to resolve all of the dynamic scales, from the largest scales

imposed by the size of the building or incident flow to the smallest dissipative scales.

Resolving all of the dynamic scales in a turbulent flow is known as direct numerical simu-
lation (DNS), which is presently not feasible for wind engineering applications because of
the disparity between the large and small scales. This disparity increases with increasing
the Reynolds number. Techniques such as Reynolds-average Navier-Stokes (RANS) solvers
that model all the turbulent scales and only compute the slowly varying components of the
motion, are inadequate for wind engineering applications. This is because there is no clear
separation in the frequency domain between what is turbulent and what might constitute an
unsteady phase-averaged motion. Furthermore, turbulence models for RANS are notoriously

difficult to derive and their performance is always questionable for unsteady turbulent flows.

Since the basic dynamics of the turbulent flow around buildings is contained in large-scale
vortices and shear layers instabilities, it is essential that all large-scale motions are accurately
resolved and one may use a turbulence model to account for the effects of the small scales.
This is the basic idea of Large eddy simulation (LES). LES can be used very effectively
to simulate turbulent flows over buildings and address issues related to the effects of the
turbulence scales of the incoming flow on the surface pressure fluctuations. In LES, turbu-
lence modeling is required only for eddies (scales) not resolvable by the computational grid.

Small-scale eddies are less dependent on the flow geometry. Hence, sub-grid scale (SGS)



turbulence models are expected to be less complicated than the models for (RANS) solvers
where the SGS model accounts for all the scales other than the mean flow. Because of its

simplicity, a dynamic-eddy-viscosity model is used in the present work.

1.2 Large Eddy Simulation

Analyzing the complex flow around surface-mounted prisms with different shapes using large
eddy simulation has been carried out by many researchers. Dahai and Kareem [1, 2, 3]
conducted several LES computations to study the characteristics of the flow field around
rectangular prisms. In these studies, finite volume method was used to solve Navier-Stokes
equations in the LES framework and subgrid scale viscosity was computed using Smagorinsky
closure model. Their results showed that the flow field patterns are sensitive to the stream
wise length of the body [1]. Power spectra of the pressure and velocity fluctuations and their
probability distributions were also calculated. In another study [2], they compared their
results with experimental data. Their results showed good agreement with the experimental
results. Based on a parametric investigation to study the flow field around rectangular
prisms of different aspect ratios for a Reynolds number of 10°. They noted that the flow
reattachment occurred for prisms with aspect ratios of 1 : 3 and 1 : 4. In all of these

simulations, the incident flow was uniform and did not contain any turbulence.

Kawamoto [4] developed a turbulence model for predicting wind loads on building. In this
study, two types of the K-c-¢ model are used. The results showed that the computed
mean pressure coefficients using these two models are more accurate in comparison with
coefficients computed by K-¢ turbulence model. Thomas and Williams [5] carried out LES
to analyze the vortex shedding from a cubic obstacle placed in a turbulent wind environment.
The results showed that the vortex shedding has an approximate periodicity and the flow
in the wake region is highly assymmetric. Furthermore, the results showed, that accurate

prediction of the extreme pressure peaks requires additional resolution to capture the small



scale of the vortices near the upstream corner of the roof. Nozawa and Tamura [6] conducted
LES to simulate the flow around low-rise buildings. Their results showed that the size of
the separation bubble over the roof depends on the strength of turbulence intensities of
the incoming flow. Tamura and Ono [7] studied the aeroelastic instability of square and
rectangular cylinders using the results from LES. Their study shows that LES was an effective
tool in predicting the turbulent effect on the unstable oscillation of two-dimensional prisms
and in understanding the physical mechanism of the flow separation around prisms in both

cases of including homogeneous turbulence and smooth inflow boundary conditions.

In comparison to the above studies, the large eddy simulations conducted in this work aim at
studying the characteristics of the flow field around a low rise building under three different
conditions of the incident flow. In the first simulation, the incident flow is uniform and
smooth. In the other two simulations, homogeneous turbulence with different integral length
scales is introduced in the incident flow. The flow patterns under these different conditions
as well as mean, rms and peak pressure coefficients are compared with each other and with

experimental results.

1.3 Spectral and Wavelet Analysis

In the analysis of the flow field and associated extreme wind loads on structures, the question
remains as to what parameters should be analyzed. This question arises because the dynamic
similarity of the full scale Reynolds number is not achievable in wind tunnel or numerical
simulations. Moreover, matching all turbulence parameters such as turbulence intensities,
integral length scales, small scale parameters and aerodynamic roughness lengths has been
shown to be extremely difficult. These difficulties have lead to different approaches regarding
the ability to predict pressure fluctuations from the flow field. One of these approaches is the
quasi-steady approach whereby the pressure fluctuations are directly related to the incident

flow. This approach basically sums the effects of the near flow field into a time varying



coefficient. Several studies have shown that the quasi-steady approach fails to predict the
pressure fluctuations. As such, there is a need to establish analysis procedures for wind loads
on structures whereby the relation between the velocity fluctuations in the far field and the
near field and their contributions to the surface pressure fluctuations can be quantified. Hajj
et al.[13] investigated the linear and nonlinear correlations between velocity and pressure
fluctuations on a surface mounted prisms. The results revealed that the frequency-domain
analysis is not accurate in determining the relation between incident velocity and fluctuating
pressures. Tieleman et al.[14] analyzed the velocity-pressure correlation around a surface-
mounted prism by computing the nonlinear cross-bicoherence and linear cross-coherence
between far-field and near-field velocity fluctuations and surface pressure fluctuations. It
was found that the significance of the far-field velocity contributions is limited to the low-
frequency range. Hajj et al.[15] applied orthonormal wavelets to velocity records to quantify
the percentage of energy contribution of each scale to the total energy. The study shows
that the energy of the smaller turbulence scales relative to that of the larger scales have

significant effects on mean and peak pressures observed on the top surface of a prism.

In this study, a hierarchy of wavelet-based spectral and cross-spectral moments is used to
determine the linear and nonlinear relations between the different components of velocity
fluctuations in the flow field and surface pressure fluctuations. The interest in using wavelet
analysis arises from the need to analyze transient or intermittent phenomena such as pressure

peaks and associated velocity events.

1.4 Objectives

The objectives of the present study can be summarized as follows:

(1) Study the effects of turbulence length scales of an incoming flow on the pressure fluctu-

ations above a surface-mounted prism.

(2) Investigate the pressure-velocity relations using wavelet-based higher order spectral mo-



ments in the flow over prisms.



Chapter 2

Mathematical Model for Large Eddy

Simulation

In this chapter, we present the governing equations of the flow field in dimensional and
nondimensional forms, the equations for large eddy simulation, and finally, we discuss the

subgrid scale model for the momentum and the energy equations.

2.1 Navier-Stokes Equations

Using standard notation, we write the Navier-Stokes equations as:

Continuity Equation:
op  0p"u)
ot ox*

J

~0 (2.1)

Momentum Equation:

a(p*uf) 0 80';';'

T Wt 4 p*os) =
oF o T ) =

(2.2)

Energy Equation:



O(p*E™) 0 0
e ; [(0*E* + p")uj) o (07 ui — q;)
Equation of State:
where
p* 1
E* = + —ulul
(v=1p* 2

(2.5)

(2.6)

(2.7)

2.2 Navier-Stokes Equations in Nondimensional Form

Using the prism height (H*) and the free stream flow variables as reference values, we define

the following dimensionless variables:

UL 7 u; a P
= T Ty = 7=, U; = ) = = )
H H* U " P U

T* E* M* /‘i* C*

T = — E = — = — K = C, = p

Ty v T G

Using the above dimensionless variables, we rewrite the Navier-Stokes equations in nondi-

mensional form as follows:

Continuity Equation:

Op
ot

Momentum Equations:

Opu;) _
aiﬂj

(2.8)



= 2.9
ot Oz, Re Ox; (2:9)
Energy Equation:
ApE)  Ol(pE+p)u] 1 0 1
= —— oy u; — 2.10
ot o Reow; |77 Pr(y—1n 2 ¥ (2.10)
Equation of State:
p=pRT (2.11)
where
E=—P L1, (2.12)
(y=Dp 2" '
Ou;  Ou;  20u
- _z g 21
i = K (axj * 0x; 38:15;{5”) (2.13)
oT
= —k— 2.14
q] K@(L‘j ( )

The Reynolds number Re, the Mach number M and the Prandtl number Pr are given by

Poo Uso H”
Moo

Re = (2.15)

Mo Yo (2.16)

VRS,

* C*
pr = = (2.17)
I{/OO

The nondimensional gas constant is given by



R*T7, 1
R = =

Uz oM

(2.18)

Here, we assume that p and s are functions of temperature, but we assume that ¢ to be

constant, hence ¢, = 1.

2.3 Equations For Large Eddy Simulation

The Favre-filtered governing equations for the resolved scales are (see Erlebacher et al. [16]

and Ragab and Sheen [17]):

Continuity Equation:
op | 0(p;)

=0
825 ('3xj

Momentum FEquation:

ot Oz, ~ Redx; Oz,
Energy Equation:
O(pE)  Ol(pE+p)uy] 1 0 [. 1 -
ot * Jz; ~ ReOx; it T py (v—1) M2 @
0
_8_9:]- [cp Q]

Equation of State:

where

10

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)



- (0u;  Ou; 20u
i = K (83:]- * dx; §axk5’3) (224)

_ T
Tiy = p (uiuy — utiy) (2.26)
Q=7 (Jﬁ - aﬁ) (2.27)

Here 7;;, and Q; represent the SGS (subgrid scale) stress tensor and heat flux, respectively.

These terms need to be modeled in order to close the system of equations.

2.4 Subgrid-scale Model

There is only one unclosed term in the momentum equation, i.e., the SGS stress 7;;. The
dynamic version of the Smagorinsky’s eddy-viscosity model [18] introduced by Germano et

al. [19] is used to model the SGS stress. The model is

1 x5 (o _1g
Tij — ngk(sij = —QOﬁAQ S| (Sij - gSkk‘Sij) (2.28)
where
~ 1 [0u; Ou;

R 2.2
S, 2(8%+0$i>, (2.29)
|§| = <2§z‘j§ij> ° (2.30)
A= (A Ay Ay)S, (2:31)

11



A= (A Ay Ay)5, (2.32)

Here C' is the Smagorinsky coefficient that is assumed to be independent of filter width. In
the present study;, A; = 22, is used, where (7) implies test filtering.

We let

Ly = puu; — 2L (2.33)
p
My = —2A%p|S|SE + 2A%p|S|SE. (2.34)
= = 1=
ng =S — gskkéij ) (2.35)
~ ~ 1~
Sit = Sij — 5kl (2.36)

Then Smagorinsky coefficient is given by

(Lij — LL16i5) My
C = 3 2.37
Mij./\/lij ( )

To avoid the large fluctuations in the values of C' that may cause instability of numerical

solutions, we follow Zhang and Chen [22] and determine C' as follows:

LM 1
C=——", rLl=ry;- 3 Lnn0ij (2.38)
Mij Mz'j

where the symbol ~ represents double filtering, i.e., a grid filter (7) is applied first followed
by a test filter (7).

The unclosed term in the total energy equation is the SGS heat flux Q.
Using the Smagorinsky’s eddy-diffusivity model, Q; is modeled as

12



ovp OT A25|S| oT
Qj — ﬂ —— —=_C p‘ ’ Y
Prp Oz, Prp Ox;

(2.39)

where C' is the eddy-viscosity coefficient given by Equation (2.38) and Pry is the turbulent

Prandtl number. Here, we assume Prp = 0.7.

13



Chapter 3

Numerical Method and Boundary

Conditions

Our approach is based on solving the grid-filtered compressible Navier-Stokes equations at
low Mach numbers. The sub-grid scale turbulence is modelled by a dynamic Smagorin-
sky eddy viscosity model. Our LES code uses a low dissipation fifth-order compact finite-
difference scheme in space [28] and a fourth order Runge-Kutta integration for time stepping
[29]. It also uses non-reflecting boundary conditions at inflow and characteristic bound-
ary conditions at outflow. We developed a method for generating divergence-free isotropic

turbulence with control over its integral length scale and its 3D energy spectrum.

3.1 Temporal Discretization

Consider the model equation
dq
— =1L 3.1
= L) (31)
where q is a flow variable, t is time and L is a spatial operator. The five-stage fourth-order

14



explicit Runge-Kutta scheme [29] is used to advance the solution in time. To advance the

solution from step n to n + 1, we use the algorithm

Then for m =1, ...,4, we use

qm — qm—l + bmAth_l

Hm — qm _i_amHmfl

and for the final step, we use

Table 3.1 gives the values of a™ while Table 3.2 gives the values of ™.

3.2 Space Discretization

3.2.1 Compact Upwind Difference (CUD) Scheme

We consider the x-operator of the Euler equations

15

(3.2)

(3.3)



m a™
1 || -0.41789047
2 | -1.19215169
3 | -1.69778469
4 | -1.51418344

Table 3.1: The a™ coefficients of fourth-order Runge-Kutta scheme [29]

m b

1 | 0.14965902

2 | 0.37921031
3 || 0.82295502
4 | 0.69945045
5 | 0.15305724

Table 3.2: The b™ coefficients of fourth-order Runge-Kutta scheme [29]

16



9q  9F(q)
ot ox

=0 (3.8)
where ¢ = (p, pu, pv, pw, pE)T is the vector of conservative variables, and
( \
pu

2
pu”+p
F(q) =14 puv (3.9)
puw

(PE +p)u |

\

is the flux vector. To apply an upwind scheme we split the flux,

F=F"+F" (3.10)

We used Lax-Friedrichs (LF) flux vector splitting in the form

F* =~ [F(q) £ Cs)\q] (3.11)

DO | —

where A = |u| + a, and Cj is an arbitrary constant that controls the level of artificial
dissipation and its value is greater than zero. Similar expressions are used for the y- and z-

fluxes. The first derivative is approximated by Tolstykh’s [28] CUD-II-5 scheme

<g_];)j ~ (6+(5i+ )i+ (55]; )j (3.12)

where

(=) = 7= |Als) + gRilQ(I + %Az)lAz (3.13)
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Aol = Fy — Fj

Aok = Fypy = 2F; + I

The operators R and Q are

R g (A58 sy 1 (),

2 4 6 2
Q=1+ (T oy (LR

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

where s = 2v/5 and s; /s is a positive constant, here we use s;/s = 0.75. Tolstykh [28] proved

that, for a scalar equation,

OYFt 0" F~  OF |s| 5 0%
St + S - <—>3 - —C5B/\<AZL’) P~

ox 2 0
where )\ is assumed to be constant and

5) 1
_ V51
288 720

(3.19)

(3.20)

Hence, the leading term in the truncation error is of fifth-order and it is proportional to Cj.

We control the level of artificial damping by adjusting the value of C'5. Results presented in

this dissertation are obtained with C5 = 0.5, which is the minimum value that resulted in

stable solution.

18



3.3 Algorithm and Numerical Boundary Conditions

The first derivative of the flux at grid point 7 is approximated by

oF 1 4 .
V.= _—(F . —F 21
(893' )l AZE( l+% Z—%) (3 )
where
- Fl —l—ﬁ’i s _ AV . .
Fy === U= R'QU+)™)| (Fia — F) (3:22)

The algorithm for computing Equation (3.22) is as follows:

(i) Solve tri-diagonal system for v;

A ~ -

(ii) Solve tri-diagonal system for w;

(iii) Finally compute

For programming purpose, we write Equation (3.21) as

oOF 1 .. . |

Flow variables ¢; are defined at grid points i=1,....N. The points i=0 and i=N+1 are ghost

points introduced for computational purposes.
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Algorithm for ]:}, i=0,1,...,N. The algorithm is applicable to both F'* and F'~, hence we let
F=F*

(1) Compute F; = F*(q;), i=1,...,N. We extrapolate the flux to the points i=0 and i=N+1

by fifth-order polynomials at points i=1 and i=N.

F = ag+ a17 + asx® + asx® + aqx* + as2® (3.27)

The coefficients ay,...,a5 can be determined in terms of F},...,Fs, and the extrapolated Fj is.
Fy=6F, — 15F; + 20F3 — 15F, + 6F5 — F§ (3.28)
We also compute the first and second derivatives at point ¢ = 1 using the same fifth-order

polynomial. This gives a fifth-order one-sided difference for F| and fourth-order one-sided

. 1"
difference for F} .

/ 137 10 5 1
AzF, = ———F, +5F, = 5F3+ —F, — —F5 + - I 3.29
xFy 601+2 3+3445+56 (3.29)
(Az)*F, = 45F, — 154F, + 214F3 — 156 Fy 4+ 61F5 — 10F (3.30)
Similarly, at point i=N

F = ag + a17 + asx® + asz® + agx* + asa® (3.31)
Fyiy1 =6Fy —15FN_1+20FN_92 — 15FN_3+6FN_4 — Fn_5 (3.32)

, 137 10 5 1
A.CCFN = _FN - 5FN71 + 5FN72 - _FN73 + _FN74 - _FN75 (333)

60 3 4 5
(Az)?Fry = 45Fy — 154Fy_1 + 214Fy_y — 156 Fy_3 + 61Fy_4 — 10Fy_5 (3.34)

20



(2) Solve tridiagonal system for v;, i=1,...,N-1

For i=1, the algorithm takes the form

1
v; + E(UiJrl - 21)7; + Uz?l) = Fi+1 - E (335)
hence,
1
U1 + E(Ug — 2U1 + ’Uo) = F2 — Fl (336)

We eliminate v, by interpreting the difference v; — v, as the second derivative at i=1.

vy — v, = (Az)*F, (3.37)

F} is the second derivative at i=1, it must be of fourth order in Az.

11 1 1 y
Ut =R R+ E(Agc)QF1 (3.38)

Equation (3.38) is the first equation in the tri-diagonal system for v; where (Az)*F}" is given

by Equation (3.30)
At i=N-1, the algorithm gives

1
UN_1 + E(UN —2un_1+vN_2) = Fy — Fno (3.39)

We eliminate vy by interpreting the difference vy — vy_1 as the second derivative at i=N.

UN — UN=-1 = (A[L’)ZFJI\,[ (340)
11 1 1 "
— N1+ —Uy_o=Fy — Fy_1 — —h*F A1
vy 1+ T5VN-2 N N-1 = 5 N (3.41)
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1"

Equation (3.41) is the N equation in the tri-diagonal system for v; where (Az)*Fly is given
by Equation (3.34)

After solving the tridiagonal system for v; i=1,...,N-1, we determine v, and vy by

1!

v = vy — (Az)*F, (3.42)

and

1

UN = UN_1 T+ (Al‘)QFN (343)

Hence, we have v; for i=0,1,...,N

(3) Next We compute Qu; using Equation (3.18)

ar S 1 a

Qu; = |1+ (5 — Z)AO + (6 - ?181)A2 Ui (3.44)
for i=1,...,N-1
where
Nofi = fir1 — fina (3.45)
Nofi = fix1 —2fi + fiza (3.46)
2
a ~ (3.47)
1
b, = = (3.48)



Thus, we write Equation (3.44) as

Qu; = c1v_1 + CU; + C3Vi4q

where

(4) Next we solve tri-diagonal system for w;:
Rwi = QUI'
for i=1,...,N-1
bw;_1 + dw; + uw; 41 = Qu;

i=2,....N-2

for i=1, we have
bwy + dwy + uwy = Quq
To eliminate wy, we use

Fl — F[) = AQ?FII

23

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)



using Equation (3.25) at i=1 and i=0, we rewrite Equation (3.56) as

1 1 1 1 /
§<F2 + F1> - §S(F2 - Fl - wl) - §(F1 + F(]) -+ §S<F1 - FO - 'U][)) = (Al')Fl (357)

hence, we obtain

swy — swy 4+ Fy — Fy — s(Fy — 2F) + Fy) = 2AzF, (3.58)

1 /
m—mz—Pawywﬂ—%wayﬂﬂ+%ﬂ (3.59)
s
Multiply by b and add to Equation (3.55)

b /
(d -+ b)w1 + uwy = Q’Ul —+ g |:2A33'F1 — <F2 — FU) -+ S(FQ — 2F1 -+ Fo):| (360)

This is the first equation in the tri-diagonal system for w;.

At i=N-1, we have

bwy_s + dwy_1 +uwy = Quy_1 (3.61)
To eliminate wy, we use
FN - FN,1 = AJ}FN (362)

using Equation (3.25) at i=N and i=N-1, we rewrite Equation (3.62) as
1 1 1 1 /
5(FN+1—|—FN)—§S(FN+1—FN—’£UN)—5(FN+FN_1)+§S(FN—FN_1—’ZUN_l) = AZL’FN (363)

SWy — SWy—1 + FN+1 — FN_1 — S(FN+1 — 2FN + FN—I) = QAZL‘F]/V (364)
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1 /
WN —WN-1 = g 2ACL’FN - (FN+1 — FN—l) + S(FN+1 - 2FN + FN—l)] (365)

Multiplying Equation (3.65) by u and subtracting from Equation (3.61), we obtain

u ’
wa_Q + (d + U)U)N_l = QUN_1 - g 2AIFN — (FN+1 - FN—I) + S(FN+1 — 2FN + FN—I)]

(3.66)
This is the last equation in the tri-diagonal system for w;
After we solve for w;, i=1,...,N-1, we find
1 ,
Wy = W1 — — |:2AZEF1 - (F2 - Fo) + 8(F2 - 2F1 + F()):| (367)
S
and
1 /
Wy = WN—_1 + g |:2AZEFN - (FN+1 - FN—l) + S(FN+1 — 2FN + FN—l) (368)
(5) Finally, we compute the numerical flux,
| 1
F; = §(E+1 + F) — ES(FiH — Iy — wy) (3.69)
for i=0,1,...,N and hence the flux derivative
OF  _ F—Fpy
—), = 3.70
(5,) N (3.70)
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3.3.1 Inflow Boundary

At the inflow boundary we specify the three velocity components and temperature. The
pressure is extrapolated from inside the domain and density is computed from the equation
of state. The computational domain extends from the inflow boundary at x = —10 to the

outflow boundary at x = 15. We recall that the reference length is the prism height. The

velocity components at x = —10 are prescribed by Fourier series in time
N
u(y,z,t) =1+ Z Al (y, z)coswnt + B (y, z)sinwpt (3.71)
n=1
N
v(y, z,t) = Z A% (y, z)coswnt + By (y, 2) sinwy,t (3.72)
n=1
N
w(y, z,t) = Z Al (y, z)coswnt + B (y, 2)sinw,t (3.73)
n=1

where the coefficients of the series are functions of y and z. To generate the Fourier coef-
ficients, we first generate a box of isotropic homogeneous turbulence in the wave number
space (kg, ky, k.) using a method given by Durbin and Rief [26] (page 241). The 3D energy

spectrum function is given by von Karman spectrum [26]

(kL)*
where p = % and
L'(p)
Cop = = 0.484254 (3.75)
LT -3)

where ¢? is twice the turbulence kinetic energy. Here we use ¢> = 0.0675U2. In the two

cases considered with turbulence at the inflow, we use L = 0.5H and H. For p = %, the
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integral length scale L1, ~ (§)L ([26] page 244), however, we refer to L as an integral length

scale.

Next, we take the inverse Fourier transform in the y and z plane and interpret the wave

number in the z-direction as a frequency in time by using Taylor hypothesis, w, = Uskzn.

3.3.2 Outflow Boundary

At the outflow boundary, we apply characteristic boundary conditions in the direction normal
to the boundary, which is the x-direction. At a point B on the outflow boundary, the

characteristic equations of the one-dimensional Euler equations are

A d
AM+L=0 on ct:Z—uta (3.76)
pc dt
A d
A—-=Lo0 o ¢ E=u—a (3.77)
pc dt
d
As=0 on C°: d—f =u (3.78)

where s is the entropy. Figure 3.1 shows the three characteristic curves in the x-t plane at
point B. Points A and C are inside the computational domain, whereas point D is outside.
Thus all flow variables are available at points A and C from previous time steps. The

characteristic equations give

(up —ua) + p—la(pB —pa) = (3.79)
( ) = —(pp — pp) = 0 (3.80)
UB_UD_ﬁ_C_LpB_pD* .
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solving for ug and pg,we get

1 1

up = §(UA +up) + 24 (pa —pp) (3.81)
1 1

P = §(PA +pp) + §PG(UA —up) (3.82)

We use the approximations up = U, Pp = Peo, and pa = }l(PA + Poo)(ua + us), and
determine up and pp from the above equations. The density is computed from the entropy

equation sp = s¢ hence

e = po(22)7 (3.83)
pbc

The temperature is computed from the equation of state

P
Ty = —2

=—= 3.84
nE (3.84)

The remaining velocity components v and w are extrapolated along the C° characteristic,

hence

v = Vo (3.85)

wp = W¢c (386)
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Outflow Boundary

Figure 3.1: Characteristic curves at the outflow boundary condition
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Chapter 4

Flow Pattern

In this chapter, we discuss the overall characteristics of the flow pattern. First, we present
the instantaneous stream lines and the mean stream lines, then we present the instantaneous

vorticity, the mean vorticity, and the 3D-vortex structure.

4.1 Interaction of Homogeneous Turbulence with a Sur-

face Mounted Prism

Our LES code has been validated for standard test cases including:(a) isolated vortices and
comparison with exact analytic solutions, (b) comparison with results from hydrodynamic
stability (temporal and spatial) theory, (c) Blasius boundary layer, and (d) temporal decaying

homogeneous turbulence (see El-okda [30] for more details).

In this section, results of LES of the flow over a surface-mounted prism with the geometric
ratios (length/height=3.425 and span/height=2.275) are presented. The prism is placed in
a uniform stream in one case, and in a convected homogeneous turbulence that is introduced
at the inflow boundary in two cases. The homogeneous turbulence is divergence free and its

integral length scale is approximately half of the prism height in one case, while it equals
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the prism height in the second case. The 3D energy spectrum is specified by Von Karman
spectrum, and turbulence kinetic energy is 0.034 (based on free stream velocity as reference
velocity). Taylor hypothesis is used to generate the velocity time series at the inflow by
transforming the wave number in one space direction into frequency. The Reynolds number
is 30,000 based on prism height, and the Mach number is 0.2. A stretched Cartesian grid of

(181x81x101) points is used. The minimum step size next to the solid surface is 0.007.

The velocity field and streamlines in the middle plane are shown for the case of smooth inflow
in Figure 4.1a and for the two cases of homogeneous turbulence in Figures 4.1b, and 4.2.
The separation region on top of the structure extends beyond the middle of the prism for
smooth flow but it is smaller for the case with turbulence. The interaction of the free stream
turbulence with the shear layer emanating from the sharp edge accelerates its breakdown,
and hence results in sooner reattachement. Also, mean flow velocity for the three cases of
smooth inflow and homogeneous turbulence with different integral length scale are given in

Figures 4.3a, 4.3b and 4.4, respectively.

A snap shot of the instantaneous vorticity magnitude in the middle plane are shown for the
case of smooth inflow in Figure 4.5a, and for homogeneous turbulence (case 1) in Figure 4.5b,
while homogeneous turbulence (case 2) is given in Figure 4.6. The free stream turbulence is
stretched by the strain field of the prism before it interacts with the free shear layer emanating
from the sharp edge. The large scale structures formed by the separation shear layer on top
of the prism are more coherent for smooth inflow than for turbulent incoming flow. Mean
flow vorticity magnitude for the three cases of smooth inflow and homogeneous turbulence

with different integral length scale are given in Figures 4.7a,4.7b, and 4.8 respectively.

Coherent vortical structures are identified by a procedure introduced by Jeong and Hussain
[27]. They proposed a definition of a vortex in an incompressible flows in terms of the
eigenvalues of the symmetric tensor s +Q?; here s and Q are respectively the symmetric and
antisymmetric parts of the velocity gradient tensor V. If A, A9, and A3 are the eigenvalues,

and A\ > Ay > A3, vortex core is identified by the region where )\, is less than zero. Figure
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4.9 gives the 3D-vortex plot for the first case of isotropic homogeneous turbulent inflow
boundary condition. According to this definition, the coherent structures are the horse-shoe
vortex in front of the prism; this vortex interacts with rolled-up shear layers on the prism

sides. The rolled-up shear layer on roof of prism breaks up into hair-pin vortices.
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Figure 4.1: Instantaneous velocity, (a) smooth inflow and (b) homogeneous turbulence inflow

(case one)

33



1

|

[

Y AN

Ay

>
== Z
N N
3 3
N )
N \
! \
N, Y
[

g

Figure 4.2: Instantaneous velocity for homogeneous turbulence inflow (case two)
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Figure 4.3: Mean velocity, (a) smooth inflow and (b) homogeneous turbulence inflow (case

one)
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Figure 4.4: Mean velocity for homogeneous turbulence inflow (case two)
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Figure 4.5: Instantaneous vorticity magnitude, (a) smooth inflow and (b) homogeneous

turbulence inflow (case one)
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Figure 4.6: Instantaneous vorticity magnitude, homogeneous turbulence inflow (case two)
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Figure 4.7: Mean flow vorticity magnitude, (a) smooth inflow and (b) homogeneous turbu-

lence inflow (case one)
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Figure 4.8: Mean flow vorticity magnitude for homogeneous turbulence inflow (case two)
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Chapter 5

Surface Pressure Coefficients Under

Smooth and Turbulence Inflows

In this chapter, the pressure coefficients on the surface of the prism under two cases of smooth
and turbulent inflow conditions are presented. Moreover, the numerical results are compared
with experimental measurements reported by Tieleman et al. [11]. The comparison is made
on the basis of mean flow characteristics, extreme or peak levels, as well the probability of
non-exceedence of these levels. The relation between observed pressure peak and coherent

structures in the flow is also discussed.

5.1 Numerical model

The CUD-II-5 scheme, discussed in chapter 3, is used to study the effects of free stream
homogeneous turbulence on the flow structure and pressure distribution over a surface-
mounted prism. In one case, the prism is placed in a smooth uniform flow, and in another
case homogeneous isotropic turbulence with von Karman spectrum is superimposed on the

uniform flow at the inflow boundary. The integral length scale of the incoming turbulence
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is set at half the prism height, and turbulence intensity at the inflow boundary is set equal

to 15% of the mean free stream velocity.

The prism height H, the mean free stream velocity U,, and temperature T, are used as
reference length, velocity and temperature values. The prism has a length/height ratio
of 3.425 and span/height ratio of 2.275. The prism is placed on a flat plate (z = 0) with
its longer side parallel to the free stream velocity. The Reynolds number Re is 30,000 and
the Mach number M, is 0.2. In a Cartesian coordinate system, the bounding surfaces of
the prism are x = +1.7125, y = +1.1375, z = 0 and z = 1. The computational domain
extends from the inflow boundary at * = —10 to the outflow boundary at x = 15. The
spanwise boundaries are at y = 5. The no-slip wall condition is assumed at z = 0. The
free stream boundary condition is assumed at z = 10. At the inflow boundary, the velocity
and temperature are specified, while the pressure is extrapolated from inside the domain. At
the outflow boundary, the transverse velocity components (v and w) and temperature are
extrapolated. The pressure and streamwise velocity component u are determined using one-
dimensional characteristic boundary conditions. The density is obtained from the equation
of state. Symmetry conditions are applied at the spanwise planes y = £5. On solid walls,

no-slip and adiabatic wall conditions are used.

The computational domain, including the prism, is shown in figure 5.1 with all dimensions
scaled with the prism height H. The flow field is divided into non-overlapping rectangular
domains. A Cartesian grid is generated in each domain in such a way as to ensure the
continuity of the grid Jacobian and its derivatives at the interfaces. This continuity is
important to achieve high order accuracy. A nonuniform Cartesian grid of (161 x 81 x 101)
points is used for smooth oncoming flow and a grid of (181 x 81 x 101) is used for turbulent
incident flow. The minimum step size next to the solid surface is 0.007 in the x—direction

and 0.01 in the y— and z—directions.
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Figure 5.1: Computational domain for surface-mounted prism

5.2 Mean characteristics of surface pressure

Contour plots of the mean pressure coefficients on the roof, side and the upwind and backward
faces of the prism in the case of smooth inflow and corresponding plots of vorticity field
and coherent vortical structures as defined in section 4.1 over the prism in midplane are

presented in figures 5.2, 5.3, and 5.4 respectively. The counterpart plots in the case of
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isotropic homogeneous inflow are presented in figures 5.5, 5.6, and 5.7.

A comparison of the pressure coefficients in figures 5.2 and 5.5 shows that, in both cases,
the pressure coefficient has a value of one on the upwind face in the stagnation region.
On the other hand, the maximum values of the mean pressure coefficient on the roof and
sides in the case of isotropic homogeneous turbulent inflow are larger by about 30% than
their counterpart values in the case of smooth inflow. The values of mean surface pressure
coefficients on the backward side are larger by about 50% in the case of turbulent inflow.
In the case of smooth flow, the highest negative mean pressure coefficient on the roof takes
place near x = —1 which places it at a distance of about 0.7H from the windward edge. By
comparison, the highest negative peak in the case of turbulent inflow is near 0.4H from the

windward edge.

The contour plot of the mean vorticity in the case of smooth flow, presented in figure 5.3
shows the separating shear layer and a large area of high level of vorticity in the region
—1 <z <0and 1 <y < 1.6. The plot also shows the secondary separation region that
forms between the leading edge of the prism and = —1. A comparison of figures 5.2 and
5.3 shows that the maximum value of the mean pressure coefficient is observed near z = —1,
which is at the edge between the two separating regions. The contour plot of the mean
coherent vortical structures in figure 5.4 shows the basic coherent structures of the mean
flow which include, the primary vortex, in front of the prism, a smaller (in size) counter
rotating vortex that forms in the corner as a result of the interaction between the primary
vortex and the solid walls, the two separating shear layers at the leading corner and the

coherent structures in the reattachment and on the backward regions of the prism.
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Figure 5.2: Contour plots of mean pressure coeflicients on the surface of the prism under

smooth inflow conditions
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Figure 5.3: Contour plots of mean vorticity under smooth inflow conditions
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Figure 5.4: Contour plots of mean coherent vortical structures under smooth inflow condi-

tions
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Figure 5.5: Contour plots of mean pressure coeflicients on the surface of the prism under

turbulent inflow conditions

The contour plot of the mean vorticity in the case of isotropic homogeneous inflow conditions,
presented in figure 5.6 shows the separating shear layer over the prism. In comparison with
figure 5.3, it is noted that the separating layer covers a smaller region. The secondary
separation is also smaller. Again, one could associate the maximum observed mean pressure

coefficient with the region between primary and secondary separations.

49



Figure 5.6: Contour plots of mean vorticity under turbulent inflow conditions

The plot of the mean coherent vortical structures in figure 5.7 shows the horseshoe vortex in
front of the prism, the two separating shear layers at the leading edge of the prism and the
coherent structures in the separation over the backside of the prism. A comparison of figures
5.4 and 5.7 shows that the mean coherent vortical structures in the case of homogeneous

turbulence are concentrated over smaller regions.
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Figure 5.7: Contour plots of mean coherent vortical structures under turbulent inflow con-

ditions

Contour plots of the root-mean-square (rms) pressure coefficients under smooth and turbu-
lent inflow conditions are presented in figures 5.8 and 5.9 respectively. The results clearly
show a higher level of variations on the roof and sides of the prism in the case of turbu-
lent inflow in comparison with the case of smooth inflow. Figures 5.10 and 5.11 respectively
present a comparison of the profiles of the simulated mean and rms pressure coefficients along

the symmetry line on the roof with values measured in configuration la of the wind tunnel

o1



experiments reported in Tieleman et al. [14]. The choice of this configuration is based on the
fact that the turbulence intensities at the prism’s location in the experimental setup of the
longitudinal, lateral and vertical velocity components were 6.67%, 4.9% and 4.3% which are
close to the near 5% value of the numerical simulations in the case of isotropic homogeneous
turbulent inflow. The results clearly show that the predicted mean characteristics of the
pressure coefficients in the turbulent case match the experimental values in terms of both

magnitude and location on the roof of the prism.
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Figure 5.8: Contour plots of rms pressure coefficients on the

smooth inflow conditions

23



o
o
o1

Figure 5.9: Contour plots of rms pressure coefficients on the surface of the prism under

turbulent inflow conditions
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Figure 5.10: Comparison of the mean pressure coefficient as predicted in the smooth and tur-
bulent inflow conditions with experimental values measured in configuration 1 by Tieleman

et al. (1998)
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Figure 5.11: Comparison of the rms pressure coefficient as predicted in the smooth and tur-

bulent inflow conditions with experimental values measured in configuration 1 by Tieleman

et al. (1998)

5.3 Peak surface pressure

Figures 5.12 and 5.13 show time series of the surface pressure coefficients as determined in
the numerical simulations of the smooth and turbulent inflow conditions. The time series are
determined at the points on the roof where peak values were observed in both cases. These

points are both near tap # 8 in the experiments reported by Tieleman et al. [14]. The
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results clearly show that the measured peak value in the turbulent inflow case is about 30%
larger than the one observed in the case of smooth inflow. The peak value of —2 obtained in
the turbulent inflow case is about 20% smaller than the values measured experimentally by
Tieleman et al. [14] at tap # 8 in configuration 1. Yet, it is important to note that the peak
value reported by Tieleman et al. [14] were obtained from a record with a nondimensional
duration UT/H = 1091. By comparison, the peak value reported for the case of turbulent
inflow is obtained from a record with a duration UT/H = 25. Consequently, one would

expect that the peak value would increase as this duration is increased.

A contour plot of the instantaneous pressure coefficient near the time when peak values
were observed on the roof is presented in figure 5.14 for the case of smooth inflow boundary
condition. The corresponding vorticity and coherent vortical structures over the midplane
are presented in figures 5.15 and 5.16, respectively. The contour plot in figure 5.14 shows a
peak with a value of —1.4 near x = —0.6 and at the midplane (y = 0) section of the prism.
By examining figures 5.15 and 5.16 one could associate this peak with a vortex that forms

in the flow and that gets closer to the roof of the prism.

Figures 5.17-5.21 show contour plots of the instantaneous pressure coefficients at five instants
of time in the case of turbulent inflow conditions. These instants correspond to an instant
when a peak was observed (¢ = 147.146), two times before and two others after. For these
same instants, contour plots of the instantaneous vorticity and coherent vortical structures
are presented in figures 5.22-5.31. The vorticity plots clearly show a relation between the
separating shear layer, its roll-up and rotation towards the roof and the observed pressure
peak in figure 5.19. The instantaneous coherent vortical structures plots in figures 5.27-5.31
show that the pressure peak is associated with a coherent structure that forms and moves

closer to the roof.
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Figure 5.12: Time series of the surface pressure coefficients on the roof at the point where

peak value was observed in the case of smooth inflow
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Figure 5.13: Time series of the surface pressure coefficients on the roof at the point where

peak value was observed in the case of turbulent inflow

29



Figure 5.14: Contour plots of the instantaneous pressure coefficients near the time when
peak values were observed on the surface of the prism under smooth inflow conditions at the

relative time t=41
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Figure 5.15: Contour plots of instantaneous vorticity near the time when peak values of
pressure coefficients were observed on the surface of the prism under smooth inflow conditions

at the relative time t=41
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Figure 5.16: Contour plots of instantaneous coherent vortical structures near the time when
peak values of pressure coefficients were observed on the surface of the prism under smooth

inflow conditions at the relative time t=41
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Figure 5.17: Contour plots of the instantaneous pressure coefficients on the surface of the

prism under turbulent inflow conditions at the relative time t=146.674
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Figure 5.18: Contour plots of the instantaneous pressure coefficients on the surface of the

prism under turbulent inflow conditions at the relative time t=146.91
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Figure 5.19: Contour plots of the instantaneous pressure coefficients near the time when
peak values were observed on the surface of the prism under turbulent inflow conditions at

the relative time t=147.146
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Figure 5.20: Contour plots of the instantaneous pressure coefficients on the surface of the

prism under turbulent inflow conditions at the relative time t=147.382
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Figure 5.21: Contour plots of the instantaneous pressure coefficients on the surface of the

prism under turbulent inflow conditions at the relative time t=147.618
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Figure 5.22: Contour plots of instantaneous vorticity under turbulent inflow conditions at

the relative time t=146.674
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Figure 5.23: Contour plots of instantaneous vorticity under turbulent inflow conditions at

the relative time t=146.91
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Figure 5.24: Contour plots of instantaneous vorticity near the time when peak values of pres-
sure coefficients were observed on the surface of the prism under turbulent inflow conditions

at the relative time t=147.146
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Figure 5.25: Contour plots of instantaneous vorticity under turbulent inflow conditions at

the relative time t=147.382
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Figure 5.26: Contour plots of instantaneous vorticity under turbulent inflow conditions at

the relative time t=147.618
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Figure 5.27: Contour plots of instantaneous coherent vortical structures near the time when
peak values of pressure coefficients were observed on the surface of the prism under turbulent

inflow conditions at the relative time t=146.674
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Figure 5.28: Contour plots of instantaneous coherent vortical structures near the time when
peak values of pressure coefficients were observed on the surface of the prism under turbulent

inflow conditions at the relative time t=146.91
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Figure 5.29: Contour plots of instantaneous coherent vortical structures near the time when
peak values of pressure coefficients were observed on the surface of the prism under turbulent

inflow conditions at the relative time t=147.146
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Figure 5.30: Contour plots of instantaneous coherent vortical structures near the time when
peak values of pressure coefficients were observed on the surface of the prism under turbulent

inflow conditions at the relative time t=147.382
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Figure 5.31: Contour plots of instantaneous coherent vortical structures near the time when
peak values of pressure coefficients were observed on the surface of the prism under turbulent

inflow conditions at the relative time t=147.618

5.4 Probability of non exceedence

The dependence of the peak surface pressure coefficient on the record duration as explained

above, makes a direct comparison of peak values ineffective. To overcome this problem,
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Tieleman et al. [11] and Tieleman et al. [38] proposed using a procedure developed by Sadek
and Simiu [40] to obtain the distribution of peak pressure pressure coefficient from a single
sample record. When only a single pressure or load record is available, a theoretical procedure
is used for the evaluation of the peak distribution of the non-Gaussian time histories. This
procedure, based on the work by Grigoriu [41], and presented in a paper by Gioffre et al.
[42], was adapted by Sadek and Simiu [40] for a data-base-assisted design to estimate peaks

of internal forces induced by wind in low-rise building frames.

The initial step for this procedure is to identify the appropriate marginal probability den-
sity function (PDF) of the parent time histories. The previous results by Tieleman et al.
[11] have revealed that the gamma and the normal distributions are the most likely candi-
dates for the representation of time histories of the pressure and loads in regions where the
flow is separated. Application of these distributions requires acceptable estimates of their
defining parameters including the shape, location and scale parameters. For the normal
(two-parameter) distribution the location parameter is simply the mean of the time series
and the scale parameter is equivalent to its standard deviation, while the shape parameter
is zero. On the other hand, histograms of the pressure and load coefficients obtained in
the separation regions over the prism demonstrate their skewness towards the negative side,
making them suitable to be represented by the 3-parameter gamma function for x > u:

[ ep(—232)

BT(y)

fz) = (5.1)

where 3, v, and u are the scale, shape and location parameters respectively and I'(.) is the
gamma function. The condition that x > u requires that, for negative suction pressures,
the time records be multiplied by -1. Estimates of the parameters describing the gamma
distribution can be obtained with several methods such as the probability plot with the
associated probability plot correlation coefficient (PPCC) and the method of moments. The
routine estimation of the three parameters with the latter method involves the evaluation

of the skewness, S, the standard deviation, z', and the mean, X, of the parent time history.
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For the gamma distribution the estimates are given by the following equations:

Shape parameter:

2 2
1= (5) 52
Scale parameter : '
x
8= 5 (5.3)
Location parameter: ,
p=X- () (5.4)

It should be noted that, for near-normal distributions, the skewness is low and therefore the
value of v becomes relatively large and T'(y) approaches infinity. Tieleman et al. [39] showed
that, invariably for other records, the differences between the distributions obtained with
either the PPCC or the method of moments are negligibly small. Consequently, and because
the PPCC method is inefficient in computational terms, the method of moments must be
preferred because of its simplicity. Once the optimum marginal probability distribution
and its parameters of the parent time history are established, the peak distribution can be
obtained with the standard translation processes approach as described in detail by Sadek
and Simiu [40]. From the obtained CDF of the peaks, the corresponding PDF can be obtained
by differentiation. Moreover, the parameters for the CDF of the peaks can be used to obtain
peak values for any level of non-exceedence with the expression for the Gumbel distribution

written as

r—a T —a

—Deap(—exp(* )b (5.

f(x) = exp(

Figure 5.32 shows the probability of non-exceedence for the time series presented in figures
5.12 and 5.13 and for one of the records obtained from pressure measurements at tap #8 in
configuration 1 of the experiments by Tieleman et al. [11]. The results clearly show that the

turbulent case yields a non-exceedence probability for the peak pressure coefficient that is
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close to the one obtained from the measured data. It should be noted that a longer record
for the turbulent inflow case should yield a larger intercept with the x-axis and adjust the

slope to better match the slope of the probability calculated from the measured data.
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Figure 5.32: Comparison of probability of non-exceedence of peak pressure coefficient un-
der smooth (SM) and turbulent inflow conditions (HT1) with probability estimated from

experimental data (Exp.)

The results presented above show that the highest negative mean value of the pressure
coefficient on the roof and the sides is about 30 % larger in the case of turbulent inflow and
takes place closer to the windward edge of the prism. Moreover, the pressure coefficients on
the roof and sides of the prism in the case of turbulent inflow show a higher level of variations
in comparison with the case of smooth inflow conditions. The predicted mean characteristics
of the pressure coefficients in the turbulent case match the experimental values in terms of

both magnitude and location on the roof of the prism reported in Tieleman et al. [38§].
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Chapter 6

Linear /Nonlinear Velocity Pressure

Relations

In this chapter, the wavelet, wavelet-based linear coherence and cross-bicoherence are intro-
duced as effective tools to characterize short-time events such as the pressure peaks observed
in chapter 5 in terms of their scales and their relation to different scales in associated ve-
locity events. Definitions of a hierarchy of wavelet-based spectral moments are presented.
Their applications to analytic signals show how these moments should be applied to obtain
relevant physical insight. Finally, wavelet-based spectral moments are applied to time series
of velocity components in the flow field and the surface pressure coefficients on the surface

of the prism to investigate their linear and nonlinear relations.

6.1 Velocity-pressure Relation

The relation between the flow field and pressure fluctuations is of interest in the design and
possibly control aspects of wind loads on structures. It is well known that this relation is

governed by a Poisson’s equation whereby the pressue fluctuations at a point are affected by
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velocity fluctuations and flow structures in the whole flow field. Consequently, most studies
have been concerned with relating turbulence structures in the flow field with specific pressure
events. Our objective in this work is to statistically relate the wall pressure fluctuations to
velocity fluctuations at different points in the flow field. In particular, the interest is in the
linear and nonlinear relations between the different scales in the flow field and the scale that

characterizes the pressure peaks as observed.

6.2 Analysis Procedure

Fourier-domain analysis is the most popular tool used for signal analysis. It is a technique
used for transforming the signal from the time domain to a frequency domain. However,
Fourier analysis is not suitable for the analysis of time varying characteristics of a signal. To
overcome this shortcoming, one could use Gabor transform or short-time Fourier transform
(STEFT). The result is an analysis that yields information about both when and at what
frequencies a signal event occurs. However, in the implementation of Short-Time Fourier
transform, the size of the window is fixed for all frequencies and the time resolution is
controlled by the size of the selected window. On the other hand, wavelet analysis is based
on the use of windows whereby the time resolution increases with the central frequency of
the window. As such, wavelet analysis presents a more efficient approach for the analysis of

time varying phenomenon.

While frequency analysis is performed by projecting a signal onto a number of sinusoids
which are infinite in extent, wavelet analysis is performed by projecting the signal onto a set
of highly localized basis functions. These basis functions are called wavelets and are obtained
from a single 'mother’ wavelet by dilations and translations. Thus, in wavelet analysis, the
notion of a scale replaces that of a frequency which leads to a time-scale representation
(scalogram) with a high resolution. Since it is localized in time, a scale representation is

more suitable than a frequency representation for examining the temporal characteristics of

82



the signal.

The continuous wavelet transform W (a, ) of a function h(t), is defined as:

Wi(a,7) = /_ N ()W (t)dt (6.1)

o0

where a and 7 are scale and time variables, respectively, and ¥, ; represents the wavelet
family generated by continuous translations and dilations of the mother wavelet. These
translations and dilations are obtained by

1 t—rT1
‘PaT:_\Ij
) \/a ( a

Following [31] and [32], the Morlet wavelet [33] to be implemented in this study is defined

) (6.2)

as:
2

U(t) = meolel2) (6.3)

In this definition, w, is chosen to be 6.0 to approximately satisfy the wavelet admissibility

condition [34].

6.3 Definitions

The wavelet power spectrum is used to determine the energy of scale over a period of inte-

gration time T. It is defined by

Puu(a):/TWJ(a,T)Wu(a,T)dT (6.4)

where W, (a, ) is the wavelet transform of the time series, W (a, 7) is its complex conjugate,

and T is a finite time interval.

To study the relation between the same scale in two time series, one can define the wavelet

cross-spectrum as [35, 36]
Py (a) = / Wi(a, 7)Wy(a, 7)dr (6.5)
T
8
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where W/ (a,7) is the complex conjugate of wavelet transform of the first time series and

Wy (a, T) is wavelet transform of the second time series.

It should be noted here that the results of the cross-spectrum depends on the fluctuations
level of the individual signals in both amplitude and frequency. If one of the signals is less
intense in terms of fluctuations than the other one, the signal with higher intensity dominates

the resultant cross-spectrum [15].

The normalized wavelet-based cross-spectrum, namely the linear coherence (to have values

between 0 and 1) is defined [35, 36] as:

‘Puv(a)|2

Cohyy(a) = Pou(a)Pyy(a)

(6.6)

and is used as a measure of coherence between the same scale in two signals. A value near one
for the linear coherence indicates that the two scales in the two signals are highly correlated
over the time of integration. A near zero value indicates no coupling. Any value in between

indicates partial coupling.

The wavelet cross-bispectrum is defined in [35, 36] as:

Byuu(a,a) :/TW;(a,T)Wu(al,T)Wu(aQ,T)dT (6.7)

where

= 4= (6.8)

Where equation 6.8 represents the frequency sum rule. The wavelet cross-bispectrum mea-
sures the level of phase coupling in the interval T that occurs between wavelet components

of scale lengths a; and asy in one signal and wavelet component a in a second signal [35].
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The normalized squared wavelet cross-bicoherence with values between 0 and 1, defined as:

2 _ ‘Bvuu(aha2>’2
[ IWlar, T)Wa(az, 7)[dr][ [ W (a, 7)| dr]

[bouu(ar, az)] (6.9)

is used as a measure of the quadratic coupling between scales a; and a, in one signal and scale
a in the second one. A value of one indicates perfect coupling, a near zero value indicates

no coupling. Any value in between indicates partial coupling.

Relation between Scale and Frequency
To determine the coupling between frequency components in the pressure and velocity sig-

nals, the scale is converted to frequency as suggested in [31] for Morlet wavelet, i.e.

d
i 6.10
F=° (6.10)
where
Wy + /2 + w?
d= 2 6.11
ym (6.11)

Hence, w, is chosen to be 6.0 to approximately satisfy the wavelet admissibility condition
[34]. Consequently, equations 6.10 and 6.11 yield a relation between f and a that is given

6.4 Test of Quadratic Relation between Two Signals

To test the use of the cross-bicoherence for the detection of the non-linearity between two
signals, three sets of test signals are analyzed. The first set consists of two signals that
have frequencies equal to 1.0 Hz, and 2.0 Hz as shown in figure 6.1. The computed wavelet
scalogram presented in figure 6.2 of the two signals shows that applying the wavelet transform
yields high energy levels over the frequency ranges, near 1 and 2 Hz. The linear coherence

and wavelet bicoherence for different ranges of time integration are presented in Figures 6.3,
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6.4, 6.5, and 6.6, respectively. The linear coherence plot in figure 6.3 shows the low level
of coherence over both frequency ranges near 1 and 2 Hz, which is expected. One should
also note the high level of coherence in the low frequency ranges when the integration time
period is high. This is due to statistical noise as explained in [35]. It is obvious in figure 6.1
that the phase relation between the two frequency components of the two signals is constant.
Consequently, one should expect a high level of coupling over any integration period. This is
shown in figures 6.4, 6.5, and 6.6, which show high levels of cross-bicoherence between 1 Hz
in the first signal and 2 Hz in the second one. It should be noted here also that the smaller

the time of integration is, the higher the noise is at the lower frequencies.
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Figure 6.1: Two test signals with different frequency,(At = 0.02)
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Figure 6.2: Wavelet transform of the test signals given in Figure 6.1

Figure 6.3: Linear coherence between the two signals given in Figure 6.1
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Figure 6.4: Bicoherence between the two signals given in Figure 6.1
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Figure 6.5: Bicoherence between the two signals given in Figure 6.1
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Figure 6.6: Bicoherence between the two signals given in Figure 6.1

A second set of two signals with frequencies equal to 10.0 Hz, 20.0 Hz (Figure 6.7) was
used to demonstrate the capability of the wavelet-based cross-bicoherence in the detection
of phase coherence between scales that satisfy the summation rule in different signals. The
computed wavelet transform of the two time series is shown in Figure 6.8. The results
clearly show the high level of energy in the first signal over the frequency range near 10 Hz
and in the second signal over the frequency range near 20 Hz. The linear coherence and
wavelet cross-bicoherence for different ranges of time integration are presented in Figures
6.9, 6.10, 6.11, and 6.12 respectively. Figure 6.9 shows low values of linear coherence over
the frequency range above 10 Hz for all integration times. Figures 6.10, 6.11, and 6.12 show
respectively the cross-bicoherence between the signals presented in Figure 6.7 estimated over
three different integration times. The results show the high level of coupling > 0.9 between
10 Hz and 10 Hz in the sum region. To be noted also, is significant increase in the level of

noise at the low frequencies as the time of integration is decreased.
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Figure 6.7: Two test signals with different frequency,(At = 0.002)
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Figure 6.8: Wavelet transform of the test signals given in Figure 6.7
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Figure 6.9: Linear coherence between the two signals given in Figure 6.7
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Figure 6.10: Bicoherence between the two signals given in Figure 6.7
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Figure 6.12: Bicoherence between the two signals given in Figure 6.7

The third set involves two signals with frequencies equal to 10.0 Hz, and 20.0 Hz. Yet, their
phase coupling is established over separated time periods as shown in figure 6.13. Obviously,
the two signals are coupled over the nondimensional time ranges between 0 and 1.2 and
between 4 and 10. Additionally, one of the two signals or the other disappears between 1.2

and 4. The computed wavelet transform presented in figure 6.14, shows the high levels of
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energy in the two signals over the frequency ranges near 10 Hz, in the first one, and near 20
Hz in the second one with intermittent disappearance of this energy over the times during

which the signal disappeared.

The linear coherence and wavelet bicoherence for different ranges of time integration are
presented in figures 6.15, 6.16, 6.17, and 6.18, respectively. For all integration times, the
wavelet linear coherence shows low levels, which is expected since the two signals have
different frequency components. Of interest is the comparison of the contour plots of the
cross-bicoherence in figures 6.16, 6.17, and 6.18. These three plots represent, respectively,
cross-bicoherence estimates by integration over the full record, over a time when either
of the frequency components in the two signals disappears and over a time when both
components were present. The results clearly show the high level of coupling (> 0.9) when
the integration interval consisted of the time when frequency components existed in both
signals. In comparison, Figure 6.17 shows no coupling and that should be the case since
the time of integration covers a period when either of the two signals does not contain any
frequency components. When the integration time is carried over the full record a partial

coupling (= 0.7) is detected.
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Figure 6.13: Two test signals with different frequency,(At = 0.002)
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Figure 6.15: Linear coherence between the two signals given in Figure 6.13
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Figure 6.16: Bicoherence between the two signals given in Figure 6.13
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Figure 6.17: Bicoherence between the two signals given in Figure 6.13

95



time= 2001:3000

30

[V PN BRI NENEE SNRE RRE S
05"% 10 15 20 25 30

Figure 6.18: Bicoherence between the two signals given in Figure 6.13

6.5 Linear and Quadratic Coupling between Surface

Pressure and Velocity Fluctuations

In this section, wavelet analysis is applied to time series of pressure coefficients on the surface
and the three time series of velocity components at different points in the flow field. The
objective is to investigate the relation between the pressure fluctuations and the velocity
fluctuations. The time series of the pressure coefficients and the three velocity components
(u,v,w) at Z/H = 1.01 are presented in figure 6.19. Of interest in the pressure time series is
the peak observed near the arbitrary time ¢ = 10. The scalogram of the wavelet transform
shows a peak near that time over the frequency range around 0.25. Additionally, the plot
shows a high level of energy in the frequency range around 0.12, over the time period ¢
between 6 and 23. The scalogram of the u-component shows high energy levels over the
frequency range around 0.3, approximately over the same time period over which the pressure
peak takes place. While the v-component shows a high level of energy over the frequency

range near 0.1, the w-component seems to have the best correlated, in time, event in that

96



it shows high energy levels in the frequency range near 0.45 around the time of occurance
of the peak, t = 10. These results give an insight that the scale of the pressure peak is

associated with certain scales in the velocity components.

The linear coherence and cross-bicoherence between the pressure coefficients and velocity
components are calculated over two time periods. The first time period covers the whole
time series, while, we choose a smaller time of integration in the second case to analyze the
peak suction pressure as observed in the time series. The results are presented in figures 6.20,
6.21, 6.22, 6.23, respectively. The linear coherence between all velocity components and Cp,
show a high value in the frequency range near 0.12. When the time of integration is reduced
to cover only the peak duration, the linear coherence levels increase significantly, especially
at the frequency ranges that showed high energy levels in the wavelet spectra. Figure 6.22
shows the cross-bicoherence for the three combinations u,u,p, v,v.p and w,w,p. For the
combination u,u,p, there is a high value observed between 0.3 and -0.15, while in the case of
v,V,p, there are regions of high values observed near the frequency ranges given by (0.1,0.1)
and (0.3, —0.1).For the combination w,w,p high values are observed in the frequency ranges
given by (0.2,—0.1) and (0.1,0.1). Lower levels are obtained in the range (0.35, —0.1). On
the other hand, the computed cross-bicoherence considering a shorter time of integration
shows that the levels increase signficantly (Figure 6.23). The computed linear coherence
and cross-bicoherence show that there are both linear and nonlinear relationships between
the pressure coefficients and the three velocity components at surface (Z/H = 1.01) of the
low-rise building. In particular, the scale of the pressure peak can be related linearly to the

u-component and nonlinearly to the w-component.
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Figure 6.21: Wavelet linear coherence between velocity vectors (Z/H=1.01) and pressure

(Z/H=1.01), time of integration=7.08:14.16
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In this section the linear and nonlinear relations between the surface pressure fluctuations
and the different velocity components at Z/H = 1.04 are determined. A plot of the time
series considered and their respective scalograms are presented in figure 6.24. Only the u-
component shows a clear relation in terms of scale and time period between the pressure peak
and a velocity event. The relation with the v- and w- components is less clear. The linear

coherence and cross-bicoherence between the pressure coefficients and velocity components
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considering two ranges of time integration are then obtained. The first time of integration
covers the whole time series, while, we chose a smaller time of integration in the second case
that covers the peak suction pressure as observed in the pressure coefficient time series. The
results are presented in figures 6.25, 6.26,6.27, 6.28 respectively. Linear coherence between
the pressure coefficient and the three velocity components is presented in figure 6.25. The
results show a relatively high peak near the frequency range of 0.25 which corresponds to the
scale of the pressure peak. Figure 6.26 shows a higher level of coherence among all frequency
components in comparison with levels obtained in figure 6.25.Yet, of interest to note is the
fact that the level of linear coherence remains relatively small at the scale of the pressure
peak, 0.25. This implies a certain level of nonlinear coupling. Figure 6.27 gives the computed
cross-bicoherence for u,u,p; v,v,p and w,w,p. For u,u,p, there is a high value observed over
the frequency range (0.3, —0.1). In the case of v,v,p, regions of high values are observed
near (0.1,0.1) and (0.2, —0.05). For w,w,p the high value is observednear (0.1,0.15) and
(0.2, —0.1). Yet of particular interest is the relatively high level of coupling between 0.38 and
-0.15 which sums to the frequency associated with the pressure peak.The computed cross-
bicoherence over a shorter time of integration shows that the levels increase signficantly
(Figure 6.28). The computed linear coherence and cross-bicoherence show that there are
both linear and nonlinear relationships between the pressure coefficients at Z/H = 1.01 and

the three velocity components at Z/H = 1.04002.
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Analysis of the linear and quadratic relation between surface pressure fluctuations and the
three components of the velocity fluctuations in the near field (up to Z/H = 1.65) revealed

the same mechanisms discussed above. The results are presented in figures 6.29-6.43.
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Figure 6.30: Wavelet linear coherence between velocity vectors (Z/H=1.08095) and pressure
(Z/H=1.01), time of integration=2.36:30.68
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Figure 6.31: Wavelet linear coherence between velocity vectors (Z/H=1.08095) and pressure
(Z/H=1.01), time of integration=7.08:14.16
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Figure 6.33: Wavelet cross-bicoherence between velocity vectors (Z/H=1.08095) and pressure
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Figure 6.35: Wavelet linear coherence between velocity vectors (Z/H=1.18090) and pressure

(Z/H=1.01), time of integration=2.36:30.68
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Figure 6.36: Wavelet linear coherence between velocity vectors (Z/H=1.18090) and pressure
(Z/H=1.01), time of integration=7.08:14.16

116



02k uup 0.2:— vvp
0.1:— 0.1f
R - d.
0_
0_ | R
[ty Y : =
S b ©
JF © o
0.2~ 0.2
-0.3F -03F
0.4 0.4F
08 b A R T R R
f1 f1l
0.2 wwp
0.1f
r (=)
L . [2an]
0_
:Q el
0.1 &,
8 Ao
02F =
0.3
0.4F
0.57 1 1 1 1

TN IR NI I
0.1 0.2 0.3 0.4
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(Z/H=1.01), time of integration=2.36:30.68. Contour levels are set at 0.7, 0.7625, 0.825,
0.8875, 0.95
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Figure 6.38: Wavelet cross-bicoherence between velocity vectors (Z/H=1.18090) and pressure

(Z/H=1.01), time of integration=7.08:14.16. Contour level is set at 0.90
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Figure 6.41: Wavelet linear coherence between velocity vectors (Z/H=1.65613) and pressure

(Z/H=1.01), time of integration=7.08:14.16
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Figure 6.42: Wavelet cross-bicoherence between velocity vectors (Z/H=1.65613) and pressure
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Figure 6.43: Wavelet cross-bicoherence between velocity vectors (Z/H=1.65613) and pressure

(Z/H=1.01), time of integration=7.08:14.16. Contour level is set at 0.90

Next, the linear and quadratic relation between the surface pressure and the outer field is
examined. As such time series along with wavelet scalograms of the pressure fluctuations
are presented in figure 6.44. The time series of v- and w- velocity fluctuations show periodic
variations with two distinctive frequencies. The wavelet scalogram show a low frequency
component around 0.1 in all time series and higher ones near 0.2 and 0.25 in the u- and v-

components and near 0.4 in the w- component. The linear coherence plots estimated from
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the full record and plotted in figure 6.45 show high levels of coherence in the frequency ranges
near 0.1, 0.2 and 0.3 between the surface pressure and velocity fluctuations. As the time of
integration is decreased to only cover the part of the time series that includes the peak, the
linear coherence analysis shows higher levels of coupling among previously noted components
along with a high level near 0.4; particularly for the linear coherence between the pressure
and w-component (see figure 6.46). The cross-bicoherence plots presented in figure 6.47 and
obtained over the full record show high level of quadratic coupling between the frequency
components in the ranges near 0.3,0.2 and 0.1, especially in the difference region. This implies
a coupling whereby low frequency components in the pressure fluctuations are enhanced
by interaction of higher frequency components in the velocity fluctuations. Of particular
interest, however, is the interaction over the range of frequencies in the w- component of
velocity fluctuations between 0.42 and -0.18 which yields coupling with the frequency range
near 0.25 in the surface pressure fluctuations. This mechanism is very important because it
was not clearly observed when considering the coupling between the near flow field and the

surface pressure fluctuations.
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Figure 6.45: Wavelet linear coherence between velocity vectors (Z/H=7.00613) and pressure
(Z/H=1.01), time of integration=2.36:30.68
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Figure 6.46: Wavelet linear coherence between velocity vectors (Z/H=7.00613) and pressure

(Z/H=1.01), time of integration=7.08:14.16
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Figure 6.47: Wavelet cross-bicoherence between velocity vectors (Z/H=7.00613) and pressure
(Z/H=1.01), time of integration=2.36:30.68. Contour levels are set at 0.7, 0.7625, 0.825,
0.8875, 0.95

128



o2k uup Q 0-2;‘ wp

e 117

o
T

fZS

o 4

o f2s
e A

(=]

0.2F {;3 0.2

- G r

03 -03F

-0.4F 0.4F

| | | | ~ i | 1 1
0501 02 03 o4 086102 03 04 05
f1 f1
0.2 wwp

TN IR NI I
0.1 0.2 0.3 0.4

Figure 6.48: Wavelet cross-bicoherence between velocity vectors (Z/H=7.00613) and pressure

(Z/H=1.01), time of integration=7.08:14.16. Contour level is set at 0.90
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Chapter 7

Conclusions

In this dissertation, large-eddy simulations are conducted to study the effects of introduc-
ing homogeneous turbulence in the incident flow over a surface-mounted prism on pressure
characteristics. A compact fifth-order upwind difference scheme is used to effectively and
accurately perform the simulations. Three cases of incident flow are considered. In one case,
the prism is placed in a smooth uniform flow. In the other two cases, homogeneous isotropic
turbulence with von Karman spectrum is superimposed on the uniform flow at the inflow
boundary. In one of these cases, the integral length scale of the incoming turbulence is set
at one-half the prism height. While, in the second case, the integral length scale is set equal
to the prism height. Velocity and pressure fluctuations data from the numerical simulations
are used to determine the linear and nonlinear relations between the different scales in the

flow field and the scale that characterizes the pressure peaks as observed.

The numerical results are compared with experimental measurements reported by Tieleman
et al.[11]. The results show that the highest negative mean value of the pressure coefficient
on the roof and the sides is about 30 % larger in case two of turbulent inflow and takes place
closer to the windward edge of the prism. Moreover, the pressure coefficients on the roof
and sides of the prism in the case of turbulent inflow show a higher level of variations in

comparison with the case of smooth inflow conditions. The predicted mean characteristics
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of the pressure coefficients in the turbulent case match the experimental values in terms of
both magnitude and location on the roof of the prism reported in Tieleman et al.[38] and

Tieleman et al.[11].

As for the peak value, the peak value of —2 obtained in the turbulent inflow case two is about
20% smaller than the values measured experimentally. On the other hand, it is stressed that
the peak value in the simulations would increase as the duration of the simulation is increased
to match that of the experimental measurement. The results also show that the turbulent
case yields a non-exceedence probability for the peak pressure coefficient that is closer to the

one obtained from the measured data than the smooth case data.

The wavelet-based analysis of the linear and nonlinear relations between the three compo-
nents of the velocity fluctuations at different points in the near flow field and surface pressure
fluctuations reveals a linear relation with the u- component and a nonlinear relation with

the w- component.
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