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Abstract

In this thesis, we first develop a second-order corrected-explicit-implicit domain
decomposition scheme (SCEIDD) for the parallel approximation of convection-
diffusion equations over multi-block sub-domains. The stability and convergence
properties of the SCEIDD scheme is analyzed, and it is proved that this scheme is
unconditionally stable. Moreover, it is proved that the SCEIDD scheme is second-
order accurate in time and space. Furthermore, three different numerical experi-
ments are performed to verify the theoretical results. In all the experiments the
SCEIDD scheme is compared with the EIPCMU2D scheme which is first-order in
time.

Then, we focus on the application of numerical PDEs in wind farm power op-
timization. We develop a model for wind farm power optimization while consid-
ering the wake interaction among wind turbines. The proposed model is a PDE-
constrained optimization model with the objective of maximizing the total power of

the wind turbines where the three-dimensional Navier-Stokes equations are among
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the constraints. Moreover, we develop an efficient numerical algorithm to solve the
model. This numerical algorithm is based on the pattern search method, the actu-
ator line method and a numerical scheme which is used to solve the Navier-Stokes
equations. Furthermore, the proposed numerical algorithm is used to investigate
the wake structures. Numerical results are consistent with the field-tested results.
Moreover, we find that by optimizing the turbines' operation while considering the
wake effect, we can gain an additional 8% in the total power.

Finally, we relax the deterministic assumption for the incoming wind speed. The
developed model is ultimately a PDE-constrained stochastic optimization model.
Moreover, we develop an efficient numerical algorithm to solve this model. This
numerical algorithm is based on the Monte Carlo simulation method, the pattern
search method, the actuator line method and the corrected-explicit-implicit do-
main decomposition scheme which we develop for the parallel approximation of
three-dimensional Navier-Stokes equations. The developed numerical algorithm,
the parallel scheme, and the model are validated by a benchmark used in the litera-
ture and the experimental data. We find that by optimizing the turbines' operation
and considering the randomness of incoming wind speed, we can gain an additional

9% in total power.
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1 Introduction

1.1 Background

Unsteady convection-diffusion equations are important time-dependent partial dif-
ferential equations that their numerical solutions arise in many important applica-
tions in science and engineering, such as simulation of underground water pollution,
oil reservoir simulation, wind flow simulation, etc. (see [5,8,61,64,69]). In such
problems, the convection term essentially dominates the diffusion term, leading
to a nearly hyperbolic set of governing partial differential equations. Standard
numerical methods are not capable of computing the solutions of such equations.
They often introduce nonphysical oscillations into the approximated solutions, or
they only have a first-order accuracy in space. To improve the accuracy of these
schemes and avoid their oscillations, modified upwind schemes [48] that numeri-
cally simulate the direction of propagation of information in a flow field have been
studied. Although modified upwind schemes suppress oscillations in numerical

solutions, they could have a less promising performance for solving convection-
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diffusion equations in large-scale applications. In these applications, an extremely
refined global mesh is needed which will increase the computational cost dramat-
ically. Domain decomposition methods (DDMs) provide a feasible approach for
handling these problems. DDMs reduce the computational cost by decomposing
the global domain into smaller subdomains and solve sub-problems in different sub-
domains in parallel. For the parallel approximation of time-dependent parabolic
equations, some explicit-implicit DDMs on non-overlapping subdomains were de-
veloped in [9,17,20,45,46]. The explicit-implicit domain decomposition (EIDD)
method proposed by Kuznetsov [45] used a fully explicit scheme on the bound-
ary of subdomains which causes numerical instability. To reduce the numerical
instability, Dawson and Dupont [17] factorized the fully explicit scheme used on
the boundary of subdomains into a partially explicit and partially implicit scheme.
Their EIDD method achieved a better numerical stability; however, it was still
not unconditionally stable. A penalized EIDD proposed by Black [9] achieved a
numerically verified unconditional stability; nevertheless, it had a time step size
restriction to attain a first-order temporal accuracy. To improve time step size
restrictions of the EIDD methods, Du, Mu and Wu [20] proposed an alternative
approach by using a multi-step explicit scheme on the interfaces of subdomains. To
eliminate time step size restrictions of the EIDD methods, Zhuang and Sun [114]

proposed a class of stabilized explicit-implicit domain decomposition algorithms by



adding a stabilization step to the EIDD methods. Recently, a new technique called
implicit correction in [47,84,111,112] | is adopted to improve the parallel efficiency
of EIDD methods by easing the time step-size restriction. The idea is to replace
the predicted values on the interfaces with the new solutions computed by some
implicit correction scheme, once the subdomain solutions are available at each time
level. By adding the correction step to EIDD methods, the CEIDD algorithms ex-
hibit much better numerical stability. Recently, the EIDD and CEIDD methods for
the parabolic equations have been extended for the convection-diffusion equations
in [19,113]. Du and Liang [19] proposed an efficient EIDD methods by combining a
splitting technique with the non-overlapping decomposition method. They used a
multi-level explicit upstream scheme to compute the interface values on the bound-
aries of subdomains while the interior values of subdomains were computed by the
splitting upstream one-dimensional implicit schemes. The CEIDD scheme proposed
by Zhu [113] predicts the values on the interfaces by the linear combinations of the
values at the current and previous time steps, computes the interior values in sub-
domains by an implicit modified upwind scheme and recomputes the values on the
interfaces by an implicit scheme. However, the EIDD and CEIDD schemes devel-
oped in [19,113] for convection-diffusion equations are only first-order in time step.
It is an important and difficult task to develop time high-order non-overlapping

domain decomposition schemes for convection-diffusion equations.



Numerical solutions of convection-diffusion equations arise in many important
applications such as wind flow simulation which is essential for analyzing wind
energy production of a wind farm. Wind energy, as an alternative to fossil fu-
els, is clean, plentiful, widely distributed, and it produces no greenhouse gas. It
is an established source of energy, and its share in generating electricity has ex-
perienced a tremendous increase in the past decade. For example, Canada has
experienced an average growth rate of 23% per year in generating electricity from
wind energy in the past five years. Currently, wind energy is the fastest-growing
source of electricity in the world and it is estimated that it will generate up to
18% of the world's electricity by 2050. One of the keys of realizing this goal is to
improve wind turbine's performance in terms of power production. In this frame-
work, the first step is how to analyze the performance of a single wind turbine.
Analyzing and modeling a single wind turbine can be conveniently and elegantly
conducted, using Blade Element Momentum (BEM) theory [12, 38, 54, 55, 66, 93].
The BEM is based on dividing the flow into annular control volumes, applying
momentum balance and energy conservation in each control volume. The annuli
are bounded by stream surfaces that enclose the rotor and extend from far up-
stream to far downstream. This method is simple to apply and has been popular
for many years in analyzing the performance of a horizontal axis wind turbine.

However, the BEM has limitations such as no aerodynamic interactions between



different blade elements, and it usually underpredicts the power generated by a
wind turbine (see [38,60]). It is, therefore, necessary to use different methods to
analyze the performance of a wind turbine. One such method is the vortex wake
method [10,59,62,83,88,102] which is computationally expensive and another is the
asymptotic acceleration potential method [36,100] which uses linearized flow equa-
tion for modeling of the airflow around wind turbines. Recently, the generalized
actuator disk method [14,15,24,31,53,72,73,80,89,90,92,106] has been developed
for analyzing a wind turbine. This method is a straightforward extension of the
BEM method, and it uses tabulated airfoil data along with the conservation laws.
The main difference is that, whereas the BEM is based on the assumption that
there are no aerodynamic interactions between the flow in radial stream tubes,
the generalized actuator disc method has no restriction on the kinematics of the
flow since it is governed by the unsteady Navier-Stokes equations. The main lim-
itation of the generalized actuator disc method is that it is valid for rotationally
symmetric flow conditions since the forces at each spanwise section are distributed
evenly. This also implies that the presence of the blades is taken as an integrated
part in the circumferential direction, and hence the method cannot capture the
influence of the tip vortices. To overcome the limitations of the generalized actu-
ator disk model, actuator line model was developed by Sorensen [91]. This model

combines three-dimensional Navier-Stokes equations with a technique in which the



loading is distributed along lines representing the blades of the turbine in a fully
three-dimensional domain. The kinematics of the wake is determined by solving
Navier-Stokes equations numerically in one of three different formulations namely
velocity-pressure [25,30,95,101,103, 104, 108], vorticity-vector-potential [23,29,51],
or velocity-vorticity formulation [13,28,33,99,105,107,109,110], whereas the influ-
ence of the rotating blades on the flow field is included using tabulated airfoil data.
The airfoil data and subsequent loading are determined iteratively by computing
local angles of attack from the movement of the blades and the local flow field.
This model has been used by other researchers [78,82,86,97,98] for studying the
wake properties and analyzing the performance of a single turbine. However, it is
quite challenging to analyze the performance of multiple turbines due to the wake
interactions amongst the turbines.

Currently, wind turbines are operating at their own local optimum points to
maximize their own performance. Many studies have shown that operating all
turbines in a wind farm at their local optimum points leads to the suboptimal
performance of the overall wind farm [43,58]. This is due to the wake generated by
upstream wind turbines which alter the flow field and lead to a wind velocity deficit
in downstream wind turbines [16,77,81,91]. As a consequence, if all wind turbines
operate at their own local optimum points then downstream wind turbines cannot

generate power as much as upstream wind turbines. For instance, Neustadter and



Spera [65] investigated the performance of three turbines separated by seven rotor
diameters. They found that if all turbines operate at their own local optimum
points then the power loss of downstream turbines can be as high as 10%. Another
investigation by Rebecca [6] shows that the power loss of downstream wind turbines
in full wake conditions can be as high as 30%, but when averaged over different
wind directions, it is around 5-8%. These studies confirm that operating turbines
at their local optimum points will lead to suboptimal performance of the overall
wind farm. Therefore, in order to improve the performance of the overall wind
farm, it is necessary to find the global optimum points of wind turbines by taking
into account the impact of the wake on power production. Though Patricio [96]
studied the total power optimization in a wind farm while considering the wake
effect, he used an improvised BEM-alike method to model wind turbines' wake.
Furthermore, he applied a rather inefficient grid search method to find optimum
operating points of the upstream wind turbine while assuming that the downstream
turbine is operating at its own local optimum points. Most of the work related to
the power optimization in a wind farm study the power loss when the downstream
turbines are operating at their local optimum points [6,37,39,42,65,96] or wake of
wind turbines is modeled via an improvised BEM-alike method. Little work has
been done on explicitly optimizing the total power production of wind turbines

while considering the wake impact.



One of the main characteristics of wind power generated by turbines in a wind
farm is the inherent variability and unpredictability of the generation source which
is incoming wind. Therefore, to further improve the performance of the overall wind
farm, the random behavior of incoming wind speed must be taken into account
when optimizing the total power and finding the global optimum points of wind
turbines. To find a good probability distribution function to describe this random
behavior of wind speed, a large number of studies have been done. Generally, the
two-parameter Weibull distribution is widely used and accepted in the specialized
literature on wind energy and other renewable energy sources [57,79]. However,
very little work has been done on explicitly optimizing the total power production
of wind turbines while considering the randomness of wind speed as well as the
wake impact.

Unsteady Navier-Stokes equations are not only important in modeling the air-
flow in a wind farm, but also play a vital role in providing solutions for a wide
range of engineering problems [1,26,71]. In such problems, obtaining an accurate
simulation of wind flow governed by the Navier-Stokes equations requires a great
number of mesh points which can lead to the problem of solving large linear sys-
tems. It is, therefore, greatly beneficial to obtain solutions in reasonable time.
However, even without real-time applications in mind, reducing the computational

cost is always beneficial, as this enables us to study increasingly large and complex



problems. There seems to be an agreement that direct methods are too expensive
to handle them efficiently. Hence, an alternative approach is desired. Among the
possible alternative paths that can be followed, domain decomposition comes to
mind quite naturally. The task of approximating the wind flow in a wind farm
could be split into small tasks that are be dealt with in parallel. The Schwartz-
type (overlapping domains) decomposition algorithm for the numerical solution of
the Navier-Stokes equations and other methods have been studied in [4,27]. In
the framework of explicit-implicit domain decomposition scheme for the Navier-
Stokes equations, very little work has been done. It is, therefore, very desirable to
develop an efficient explicit-implicit domain decomposition scheme to solve three-

dimensional Navier-Stokes equations in reasonable time.

1.2 Work of the Thesis

In this thesis, we first develop an unconditional second-order corrected-explicit-
implicit domain decomposition scheme (SCEIDD) over non-overlapping subdo-
mains for the parallel approximation of convection-diffusion equations. This is
achieved by combining a second-order extrapolation scheme, implicit correction
technique, and modified upwind schemes. In the proposed SCEIDD scheme, the
computational domain at first is decomposed into non-overlapping subdomains and

then each subdomain is discretized by a nonuniformly partitioned mesh. Moreover,
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at each time step, we predict the values at the interface mesh points by a time
second-order extrapolation scheme. Then, we approximate the interior values in
each subdomain by a second-order implicit scheme where the time derivative is
discretized by the linear combination of the backward Euler differences at the cur-
rent and previous time steps and the convection-diffusion term is discretized by the
modified upwind scheme. Finally, once the subdomain solutions are available, we
correct the predicted values at the interface mesh points. The proposed SCEIDD
scheme has three main features. First, it is unconditionally stable; hence, there is no
restriction on time step size. Second, it has second-order accuracy in both time and
space whereas previously developed domain decomposition schemes have the first-
order accuracy in time. Third, in the proposed SCEIDD scheme, non-overlapping
subdomains have simple geometry, while in comparison to the scheme proposed
in [85], non-overlapping subdomains have complicated geometry. Consequently,
less effort is needed for numerical simulation. We also analyze the stability and
convergence properties of the SCEIDD scheme for convection-diffusion equations
with variable coefficients. We prove that the proposed scheme is unconditionally
stable, and it is second-order accurate in both time and space. Finally, we pro-
vide three different numerical experiments to verify the theoretical results. The
goal of the first experiment is to show that the SCEIDD scheme is second-order in

time and space. The goal of the second experiment is to show that the SCEIDD
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scheme maintains its accuracy as the number of subdomains increases. The goal
of the third experiment is to show that the SCEIDD scheme estimates accurately
the solution of convection-diffusion equations with a discontinuous initial solution.
Furthermore, in all the experiments the SCEIDD scheme is compared with the
EIPCMU2D scheme [113] which is first-order in time and developed recently for
the parallel approximation of the convection-diffusion equations.

In this thesis, we then focus on the application of numerical PDEs in wind
farm power optimization. We develop a model for wind farm power optimiza-
tion while considering the wake interaction among wind turbines. The proposed
model is a PDE-constrained optimization model with the objective of maximizing
the total power of the wind turbines where the three-dimensional Navier-Stokes
equations are the constraints. In this model, the three-dimensional Navier-Stokes
equations are used to model the airflow as well as interacting wakes in the wind
farm where the external forces in these equations represent the loading of wind
turbines. Moreover, we develop an efficient numerical algorithm to solve the model
accurately. This numerical algorithm is based on the pattern search method, the
actuator line method and an efficient numerical scheme which is used to solve
the three-dimensional Navier-Stokes equations in velocity-vorticity formulation. In
the proposed numerical algorithm, we employ patten search method to find the

global optimum operating points of wind turbines. Moreover, in the pattern search
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method, we evaluate the objective value, the total power of wind turbines, us-
ing the actuator line method and the three-dimensional Navier-Stokes equations
solver. In this regard, the three-dimensional Navier-Stokes equations solver and
the actuator line are connected in the following sense: 1) an input parameter of the
three-dimensional Navier-Stokes equations solver, the external forces, is an output
of the actuator line, and an input parameter of the actuator line, the wind speed
at the plane of wind turbines, is an output of the three-dimensional Navier-Stokes
equations solver. We iterate through the three-dimensional Navier-Stokes equations
solver and the actuator line method until convergence. Moreover, in the actuator
line method, the external forces which represent the loading of wind turbines are
computed using tabulated airfoil data. Furthermore, we employ an efficient nu-
merical scheme which uses the false-transient technique, backward Euler method
and explicit scheme to solve the three-dimensional Navier-Stokes equations in a
velocity-vorticity formulation. In this numerical scheme, the velocity Poisson equa-
tions are made parabolic using the false-transient technique and are solved along
with the vorticity transport equations. The parabolic velocity Poisson equations
are advanced in time using backward Euler method and are solved along with the
continuity equation for velocities, thus ensuring a divergence-free velocity field. The
vorticity transport equations in conservative form are solved using explicit scheme

for the non-linear term and implicit scheme for viscosity term. Finally, we present
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two numerical case studies to test the efficiency and accuracy of the proposed nu-
merical algorithm. We first apply the proposed numerical algorithm to find the
optimal operating points of a single turbine as well as to investigate the near-wake
and far-wake structures. These optimal operating points and the wake charac-
teristic are consistent with the field-tested results. Then, we apply the proposed
numerical algorithm to find the global optimal operating points of multiple turbines
operating in a wind farm. We find that by operating wind turbines at their global
optimal operating points, we can safely gain an additional 8% in the total power.
Finally, in this thesis, to push the proposed model to further realism, we re-
lax the deterministic assumption for the incoming wind speed on the boundaries
of wind farm and treat it as a stochastic variable. The developed model is ulti-
mately a PDE-constrained stochastic optimization model; the decision variables,
the objective function, and the constraints are the same as in the previously devel-
oped model. Moreover, we develop an efficient numerical algorithm to solve this
model accurately and efficiently. This numerical algorithm is based on the Monte
Carlo simulation method, the pattern search method, the actuator line method and
the corrected-explicit-implicit domain decomposition scheme which we develop for
the parallel approximation of three-dimensional Navier-Stokes equations. In the
proposed numerical algorithm, we apply the pattern search method to find the op-

erating points of wind turbines which optimize the total power. Furthermore, in the

13



pattern search method, we compute the objective value, the total power, for a given
decision variables, operating points of wind turbines, using Monte Carlo simulation
method, the actuator line method and the corrected-explicit-implicit domain de-
composition scheme. First, Monte Carlo simulation method is used for generating
scenarios where the random samples are drawn from the doubly truncated Weibull
distribution with the given probability distribution function. Then, for a given sam-
ple which is the speed of the incoming wind, we apply the actuator line method and
the three-dimensional Navier-Stokes equations solver to compute the total power.
Moreover, we develop a corrected-explicit-implicit domain decomposition scheme
for the parallel approximation of the three-dimensional Navier-Stokes equations
in a velocity-vorticity formulation. This is achieved by combining a second-order
extrapolation scheme, an implicit correction technique, and the false-transient tech-
nique. In the proposed scheme, at each time step, we predict the values of velocity
at interface mesh points by a time second-order extrapolation scheme. Then, we ap-
proximate the interior values of velocity in each subdomain using the backward Eu-
ler method, an explicit scheme, an implicit scheme and the false-transient method.
Subsequently, once the subdomain solutions are available, we correct the predicted
values of velocity at the interface mesh points. Moreover, we use similar steps to
those of solving the velocity equations to solve the vorticity transport equations.

Finally, the developed numerical algorithm, the parallel scheme and the model are

14



validated by a benchmark used in the literature and the experimental data. It is
shown that by taking into account the randomness of wind speed and optimizing
the total power, we can improve the performance of wind turbines in a wind farm.
We find that by optimizing the turbines' operation and taking into account the

randomness of wind speed, we can gain an additional 9%, in total power.
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2 Second-Order Domain Decomposition Scheme

2.1 Convection Diffusion Equations

In this chapter, we develop a second-order corrected-explicit-implicit domain de-
composition scheme (SCEIDD) for the parallel approximation of convection-diffusion
equations over multi-block sub-domains. The stability and error analysis of the
SCEIDD scheme for convection-diffusion equations with variable coefficients are
analyzed. We prove that the SCEIDD scheme has second-order accuracy in both
time and space, and it has no stability condition. Moreover, numerical experiments

are provided to verify the theoretical results.
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2.2 Second-Order Corrected-Explicit-Implicit DD Scheme

Consider the following two-dimensional convection-diffusion equations:
W= L)+ f(X,1),  (X,1) €Qx (0,T],

w(X,t) =0, (X,t) € 9 x (0,77, (2.1)

u(X,0) = up(X), X e,
where the operator L(u), is defined as:

LW = 3fas(eg)gu(e ) + 5 (oale ) 5 ule )

~ 2 n(o )l ) = 5l (e 0)
—c(z,y)ulz,y,t). (2.2)

Here the variables t > 0, X = (x,y), T > 0, Q = (0,1) x (0,1) and 992 denote
the time, spatial coordinates, final time, the computational domain and the bound-
ary of the computational domain, respectively; f(X,t) is the given source term,
and ay(z,y),az(x,y) are the diffusion coefficients where a;(z,v),as(x,y) > ay >
0,(z,y) € Q; ?(m,y) = (bi(z,y),ba(x,y)) is the velocity field, and wuo(X) is the
given initial condition. Let t" = n7 be the time step where 7 = T'/N, for some
integer N, and let discretize the computational domain €2 by a uniformly parti-
tioned mesh €),. Th points in the mesh Q, are (x;,y;), z; = ihy, 1 < i < J, — 1,

y; = jhy,, 1 < j < J, —1, where h, = 1/J, and h, = 1/J,, for some integers

Je > 0 and J, > 0, are the spatial step sizes. Now, we introduce a mesh function
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U

Z7j

it is used in the following notation:

= U(z;,y;,t,) which approximates the exact solution at the mesh points, and

up, - Ut ur—ur Un — yn.
n o __ 2,7 n o 2,7 i—1,7 n o ] i,j—1
8tUz'7j - - ) 536Ui—%,j - h, ) 5in,j—% - hy > (2-3)
5 (blUmuz) - i(bli—ké,jUZﬁg’j - blz—f,jUangj)v (24)
Oy (bU™™); 5 = }le(b%,j—l—% aniy% - b2i,j—% :ﬁy%)a (2.5)
where
U::,_l:f] = H(bler j)U + ( H(b1i+%,j>>Ui7l+l,j7 (26>
Z}iy% = H{(by ;1)U + (1 = H(by; ;1)U 11, (2.7)
and
2 n _ 1 * n
51‘ ale = ( 12_’_; J(S U'H'Qv] ali_%7j5in_%7j), (28)
2 n _ 1 n * n
5y(l UZ,] — }'L ( 22’]_"_;5 U’]+2 - a2 "]_layU’]_i) (2.9)
where
. Qafii%’j
alz—%ﬂ — 2ali—%,j+hz|b1i—%,j ? (2-10)
. 2a§i,j—%
Ao -1 = By, g Tl 11" (2.11)
Here the piecewise function H(z) is defined by:
1, x>0,
H(z) =
0, x<0
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Figure 2.1: Multiple subdomains.

To develop a second-order finite difference scheme in time, we use the linear com-
bination of the backward Euler differences at the current and previous time steps

to discretize the time derivative %1;:

1
LU = 0U+ — (U =207 + UM?). (2.12)

,J 27— [2¥) -
To approximate the convection-diffusion term by a second-order finite difference
scheme, we define the operator Lj,(U) which is based on the modified upwind scheme

49,50, 61]:
LthZLj = 5§’a>{UZ7Lj + 5§,a§UiT,Lj — (')‘w(blUn,uz)iJ — 5y<szn,uy)i’j — Cz’JUZ?J(z].?))

Now, we decompose the computational domain ©Q = (0,1) x (0,1) into (P +
19



1)(Q + 1) non-overlapping subdomains as shown in Figure 1. In general, P and Q
are related to the size of the problem and the number of processors in the computer
platform. The subdomains may have different widths and heights. For the theoret-
ical analysis, we assume that each subdomain has at least one mesh point, implying
2<P+1< V?lJ —1,2<Q+1< {%J — 1. Associated to the subdomains, there
are (P +1)(Q + 1) interfaces. Let I';, = '}, UT% be the set of all mesh points on
the interfaces, and let I'} = I'; N T} be the set of intersection points of interface

boundaries where '} and I's are given by:

Dy = {liahe jhy) [4<da +2<dan, 1<a <P 1<5<(J, -1},

U5 = {(ihe,jshy) 1 4<Js+2<jsp1, 1<B<Q, 1<0< (S, —1))2.14)

Here, 1o = 0, ipy1 = Jg, jo = 0 and jo41 = J,. Therefore, €2, is decomposed into

(P 4+ 1)(Q + 1) non-overlapping subdomains:
Qs = {(ih, jhy) | ta—1 <@ <o, Jp-1 <J <Jjs}

Now, we propose a second-order corrected-explicit-implicit domain decom-
position scheme (SCEIDD) over multi-block subdomains which consists of the
following steps (for n > 2):

Step 1. Apply the following explicit scheme to predict the value of U, at the
interface mesh points by:

UZ?; =20 - U on T'. (2.15)
20



Step 2. Compute the value of Uj"; at the interior points of subdomains by:

n n—1 n n—1 n—2

iy

= L,U". " Q,\{T", U N
T 2T nUij + Jig on  ,\{T'y 0t (72.16)

n _ 7

Step 3. Correct the predicted value of U}"; at the interface mesh points by:

Ur. —pynt Ur. —ourt L pyn?
2,) 1,] + ( 1,7 2,] 2,7 ) — LhUsz _|_ fznj on Fh\r% ,
T 2T k ’
(2.17)

n o __ 11m 3

Step 4. Correct the predicted value of U"; at the intersection points of interface

boundaries by:

n n—1 n n—1 n—2
Upy = Ui | (U= 20357 + U35 )

i —T i i o = LU+ f; on Ty, (2.18)
The boundary conditions are:
Uy =0,(2s,y;) €0,i=1... Jp,j=1...Jy, (2.19)
and the initial values are given by:
UY; = ug(ih, jh), on €. (2.20)

In the proposed scheme, for the first time step, we can compute the value o f U;j
by any scheme which has second-order accuracy both in time and space such as the

Crank-Nicolson scheme:

Ul + U2 1
2 (2.21)
Ul. =0 on 0€y,.

,L’]
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The SCEIDD scheme (2.15)-(2.21) is simple, and it can be used for a parallel imple-
mentation to tackle the high computational complexity when solving convection-
diffusion equations in large-scale applications. The steps for parallel implementa-

tion of the scheme is given in Algorithm 1.

2.3 Stability Analysis of the SCEIDD Scheme

In this section, we analyze the stability of the SCEIDD scheme. Throughout this
section, any subscript C' will denote a generic positive constant that depends on
the exact solution u(x,y,t), the convection and diffusion coefficients. However, it
is independent of the time step 7, the spatial steps hy, h,, and the number of sub-
domains (P+1)(Q+1). First, we give the definition of the inner product of two
mesh functions and L? norm of a mesh function which will be used in the stability
analysis of the SCEIDD scheme. The inner product of two mesh functions U™ and
V™ is defined by (U™, V") = Y=, Z;-]il U5V hzhy , and the L? norm of U™ is

defined by ||U"||*> = (U™, U"). Now, we define H' seminorms which are based on

the L? norm:

1%

2,1 = IWaid U + ||\ aso,Um 2,

U [51 = IO hadaU™ | + 11/ 03 y 0, U™ 1%,
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Algorithm 1 Parallel SCEIDD algorithm for 2-D convection-diffusion problems

1: Set UY; = u(ihy, jhy,n) for i =0,...,Jy, j=0,...,J,,.

2

w

. Solve the linear system of equations (2.21) to obtain U}, i = 1,...,J, — 1,

2,97

: Assign the subdomain Q. to the processor P, g (v = 1,..., (P +1), f =

.., (Q+1)) and the interface I'j, to the processor I.

4: while n < N do

At the processor I, predict the value of U}"; at the interface mesh points using
(2.15), then pass the interface values associated with the subdomain Qy, s to
the processor P, g (a=1,...,(P+1),=1,...,(Q+1)).

At the processors P i,..., Ppi1gy1, solve the linear system of equations
(2.16) to obtain the value of U'; at the interior points of subdomains in
parallel. Then, at each processor P, g, pass the values of U";, at the mesh
points adjacent to the interface mesh points, to the processor I for correction
computation.

At the processor I, correct the predicted values of U; at the interface mesh

points and at the intersection points of interface boundaries by (2.17) and

(2.18), respectively.

8: end while
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where

Jxz Jy

ly/aio,U"|? = o> a s (GU s ) hehy,

i=1j5=1

Jx Jy

”\/a>§5yU'n”2 = ZCLZL] 5 Un 1)2hxhy>

i=1j5=1

Jz Jy

[1/b hed,U™||? = Yodb 5 U” )thhy,

i=1j5=1
Jx Jy
1Vo3 b8, U7 = 303 b (U7 1) hah.

1=1j5=1

In the above equations, b™(x,y) = b(z,y)H (b(z,y)) and b~ (z,y) = —b(x,y)(1 —

H(b(z,y))), which is equivalent to the definition of positive and negative parts of
a function. Before performing the stability analysis, we introduce the following

notations which are used to obtain the compact form of the SCEIDD scheme:
0&177 Jh’x (Uzn 1,9 Uzn 1]) if (xi*b y]) < P}w

- L hy (Uﬁrl,j —Ulyy) i (i, ;) €T,

lai,j 11—4— 1t

0 Otherwise,

ay. . 1h; (U” Uy if (z5,y;-1) € 7,

26,j—3%
An _ .
Q2aij = 2”+1h <U1]+1 Ulie) i (i, y541) € I,

0 Otherwise,
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iy hNUR, = UML) i (wimn,y;) €T,

1 .
Z_§7] x

An

L= — ~1(7mn n : 1
1bi,j ber_%,jhx (Ul = Uhry) i (i, ;) € Ty,

0 Otherwise,

Qaig =4 by, s hy (O = Upyey) i (wi,y50) €T3,

2,5+

0 Otherwise.

Therefore, using the above equations, the SCEIDD scheme (2.15)-(2.20) can be

written in a compact form:
LU = LUl + [ + QFaij + Qi j + Qi j + Qi - (2.22)

Lemma 2.3.1. Let U™ be a mesh function satisfying the boundary condition U], =

0, (xi,y;) € 0Q,. Then it holds that:

1
(070U + 05U, 0U™) = —Zo(|U" 2, (2.23)

ouU™ — o,unt
2

2 7 U
* 8 "
a ,1) 2| t

{

T 1
,0U") = Zét(||8tU”H2)+Z||8tU”—8tU”‘1||2, (2.24)

lwm* < ClUmfz .. (2.25)
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Proof: From the boundary condition and Abel's formulation we have:

(022 U" + 8, U, 0U") =
J£_1Jy—1

n * n—1
- > > au+1 09U 1 e 1i+1,%Uik ali—%déxUF%J)hwy’

i=1 j=1
Jp—1Jy—1 1

- > ¥ 03 5110207 1(a% 5 10 UT 4 — a5 10, U’f]i)h hy.

i=1 j=1

(2.26)

Then, one can derive the equation (2.23) from the above equation by applying the

following equality:
1 o 1 2, Ly 1o
a(b—c) = §|a—c| - §|a—b| +§|b| — §|c| for any a,b,c € R. (2.27)

Using (2.27), one can also derive the equation (2.24) which is straightforward.
Now, we complete the proof by deriving the inequality (2.25). From the boundary

condition, U, = 0 on 02y, we have:
P 5] 1=35,]
Using the Schwartz inequality, we obtain:
i Ja
n |2 +72 n 2 n 2
|Ui,j| gzhx;MxUk_;A < hx;|5in_%7j| .

Multiplying both sides of the above inequality by h,h, and summing over i and j,

we get:
Je Jy Jz y Jz ?!
SIS 9 wI(00 SLXERNETNIES oI 9D WLACINTEN
=1 7=1 1=1j5=1 =1 =1 75=1

< O,
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Lemma 2.3.2. Let U™ be a mesh function satisfying the boundary condition Ul; =

0, (xi,y;) € Q. Then we have that:

1 T
GolbiU™) 4 8,50 ),0U") = SOU" ) + ZIOU"
J

+ {(0b)U™, QU™) + 3 bys j8.UT s OUT hohy
2%

18, U QUL Ry (2.28)

2 ’L?j+§

+ {(0yb) U™, 0U™) + 3 boy
0,
Proof: Using the equations (2.4) and (2.6), we get:

<5x(b1Un’ux)a atUn> = Z(bliJr%,jH<bli+%,j)5xU;:_%7j(atUinH,j - atUZ,Lj)hzhy
27.]
1 n n n
o > (brig g Uiy — byi—1 ;Uiy)0U s hahy

PR
z i’j

1 n n n—
= Db UL (Gl — UL R,

' Lit5.j i z+%,j i+35.7
27‘7

+ {(6:01) U™, 0,U™) + ZblH%vjéin"%’j@tU[fjhxhy. (2.29)
2,7
In a similar way, using the equations (2.5) and (2.7), we have that:
n,u n 1 n n n—
(0, (bU™™), 0,U™) = - Zb;,fr%dy z‘,j+%<5in,j+% a 5in,j+1%)h90h§ T
17.]

<(5be)Una atU”) + Z b2i,j+1

— 2
Z7]

8,U7 10U hyhy. (2.30)

L,j+35
Now, one can obtain the equation (2.28) by applying (2.27) in the equations (2.29)

and (2.30), and adding the two resulting equations.
Theorem 2.3.1. Let U™ = {U[fj |n>0,0<i<J,0<j<J,} bethe solution
of the scheme (2.15)-(2.21). Then it holds that:

n 1 =
o < o(woz*,ﬁ|U0|2,1+r||f2||2+rZ||f’f||2). (2.31)

k=2

27



Proof: Let |||[U™|||%., = |U"[2.

51+ $(|6:U"]]?). Then multiplying both

sides of the equation (2.22) by 0,U";h,h,, summing over i, j, and using Lemmas

(2.3.1) and (2.3.2) in the resulting equation lead to:

1

ny 2 72 27702 T n|2 T n|2 n2
SO ap) + L IOFU 7 = =510U" o1 = 10U |1 — 10U

- thp](s UL s 00 hahy = ((8,62)U", ,U™) — (U™, O,U™)
- szwla U 20U hohy + (7, 0U™) + (QF, ;U™

'Lj+

+ < 1b» at > + <an7 8tUn> + <ng’ atUn - <(5Z’b1)Un7 atUn>

(2.32)
where Q7, and Q3, are:
QL. 0U™ = Y (71 020U + af s a0 U PO = U hahy,
(J}i,yj)er
(2.33)
@y 0U™ = Y (a3 51Dy 20,U Upjor + 55 1hy 20U _ )0 — Ul hahy,.
(zi,y;)€T7
(2.34)
Using the following well-known inequality:
ab < na® + (4n)~"? a,b € R, n >0, (2.35)
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and equation (2.25), we can derive that:

—<(5xb1>Un, 8tU”> — <(5yb2)Un, atU"> — <CUn, atU”>

< clurl+nlo.u|®

IN

Cllio™|

arp T 0ll0U" . (2.36)
Using (2.35), one can also derive that:

n n
Z?]

B Z b2ivj+%5in?j+%atUi7jhwhy +(f",0,U™)
Z’-]

IN

CU™ e » + nlOU™ " + ClLEIIP. (2.37)

Inserting the equation (2.36) and the above inequality into (2.32), we obtain:

1

S0l

i
o) < —5lo.U”

a1 = 10U + (@1, 0U™) + (@1, 0:U™)

(@50, U™ + (@3, OU™) + C||U"]

ap TlOU P+ CIP (2:38)

Now, we analyze the term a*l‘H%’jhfatUﬁH’j(Uﬁj = UY)hzhy in (Qr.,0,U™) at the

mesh point (x;,y;) € I'}. Using (2.27), we get:

QuUr, (U = UY) = 18Ur, (U — 0,Ur)

-1
7]

(2

T — n n n—
- 5(1@[}% PP =1 = 10U — 00T

+ |00 — @UZZF) (xi,y;) € T}, (2.39)
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In similar way, we have:

U, (U = U) = TOU!

i—1,7

QU = oU})

= (]@U” P = aU P = |0U, ; - ol

+ 10U 8,5Ul7fj\2) (wi,y;) € ;. (2.40)
Inserting equations (2.39) and (2.40) into (2.33) yields:

T n
QL. oUu™ < Y O S (o7 Y2 = 0U ) hahy,

(zi,y;)€l},
.
+ Z a1z+1 ]h:p2 |atUer1] atUn | h h
1 2
(wi,y5)€Ty,
.
+ Z CLL ]h‘x22(|a Uffjj—1’2 - ‘atU:]P)hIhy
1
(zi,y;)€Ty,
- > “L‘—é e 2T|8t Uy — 0U Phehy,. (2.41)
(l'i,yj)EF}L

Now, we define:

2
n T _ "
1y, - Z 2 (a’lz + alz+ ) x2|atUi,j|2hmhy‘

(zi,y;)€l},

Then the equation (2.41) becomes:

n 1F1 WIFI — n n |2
QL 0U™) < ——h———h N ah+1 h? (|atUZHJ QU P hahy

J x
T 2
(xz y])GFl

+ Z CZTZ ] oc 2(’(% i—1,5 atUZ?]‘Z)hIhy

(zi,y;)€l}

Using (2.27) in the above inequality, we obtain:

n 1nF1 W1r1 _ n 12
< 1a7atU > + Z alerl h’a: (’at i+1,7 a?5Uvi7j| )hl‘hy
T L J 2
(1'1 y])EF
T n
+ > al s ]hm22(|8t "y — O U hahy + 2n)| 0,072, (2.42)
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In similar way, we can show that:

0k " 2F2 W2F2 - n n |2
(@5, 0,U™) < — - Y ag k) (@mﬁd_@qA)M%
(4, y])€F2
-
3 a3 h 50U = AU hahy + 20]|0:U™, (2.43)
(Zhyj)er
where
n 7'2 % " _9 "o
;= > E(G’Qi,j—%—i_a’%,j—f—%)hx 10:U" " hyhy. (2.44)

(zi,y;)€l]

Inserting (2.42) and (2.43) into (2.38) yields:

1 n T n n
FOU™Gp) < =510U" 50 = lOU™

+ (@, 0U") + (@5, 0.U") + Cl|U"|

2o Enlleur)?+Cll P

" wna
1F1 1F1 T " "
- —r k4 M ah+1jhm2 (1007, ; — BU 1) hahy,
T (:J:Zy])eFl 2
+ ) dh” 2(|8tU” — QUL hahy + 20)|0,U™?
(wiy;) €T},
— W
2F2 2F2 "
- - =4+ Z a2z]+1h (’at ij+1 atUi,j|2)thhy
(x%yJ)EF2

’
+ 2 e, h (10U — AU )by + 2000 1.

(xi,y5) EFZ
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In the above inequality the following term is negative:

T n * T n "
_§|atU 3*>1 + ( Z) Fl ]_’L-‘rl ]h$22(|atUz+1J 8tUZ7j|2)h.Z’hy
Ti,Yj)€
* T n n
+ Z alz jh:l?22(’atU atUi,j|2)hxhy
(w4,y5)€Ts,
T n n
+ Z a21]+ h ? (|atUl]+1 8tUi,j|2)hxhy
(zi,y5)€l?
P
+ X a1 h S (10U — G hehy < 0.
(w4,y;)€T?

Therefore, we obtain:

1 Wik erl 2F2 W2F2
SOIUE) < —laun|? — — - L)
T
+ (QF + Q3 U + Cl|[U”
+ 00U 1P+ CIL P+ dnllo.um . (2.45)
Using (2.27), we can derive that:
(@ + Q3 0U™) < C(Wity + Waga) + nlloU" 1. (2.46)

Let E™ = L(|||U"]]|2- ;) + Wit + Wipe. Then, using (2.46), (2.45) becomes:
O(E™) < =[0U"|* + CE™ + 6nllo.U"[1* + ClL f"[1*. (2.47)
Assuming 7 is small, then we get:
O(E™) < CE™+C|1f°. (2.48)
Summing n from 2 to n leads to:

E"<E'+CrY EF+Cr > |If** (2.49)
2 2
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By the discrete Gronwall inequality, we have:

E™ <exp(CT) (El + C’Tzn: ||fk||2> (2.50)

Now, we complete the proof by approximating E'! in the following. Because the
value of UZ-IJ in the SCEIDD scheme is computed by the Crank-Nicolson scheme,

we have:

1 1 1
SIOU P + 2 = DOUP = (La(U! + T, 00" + (f2,00%.  (251)

Because:
1 *
<5§,a’1‘U1 + 5926,@ an atU1> = - Z ;a1i+%,j(5rUz‘1+§,j + 5ZU?+%,j)<5$Uil+%,j o Uz‘0+%,j)’
i,j
it follows that:
1
<53,a’{(U1 + UO) + 623413((]1 + Uo)v 8tU1> = _;(|U1 2*,1 - |U0 3*,1)' (2-52)

In similar way, using (2.35), it can be derived that:

U, - 1U°R,

T

—6, (L UM 4 0, U ) — §,(bUM™Y + bpU%™), 9,U") <
y

+ C(U'G 1 + U5 1) +nlloUt>.
Using the above inequality, (2.52), part 3 of Lemma 2.3.1, and (2.35) lead to:

(L,(U'+U%), 0,U") < —ot(|U*

LU+ (Ut
33

2+ |U°

o) +ll0U %,



Inserting the above inequality in (2.51), applying (2.35) to the last term (f2,9,U"))

and eliminating the negative term yield:

ot(|U*

1 1
21 U, + §||5tU1||2 S CUUM%, + U2+ 1521,
and it follows that:

s+ 107 + S0 < 0 (10°

2 U, + THf2||2)- (2.53)

Using the above equation, we can get:

E' < (J<|U° 2 H|U,+ r||f%||2>. (2.54)

Inserting the equation (2.54) into (2.50) yields:

B < exp(CT)(C(\UO§*71+\UO 271+7Hf5H2>+CTZka|!2>-
k=2

Using part 3 of Lemma 3.1 yields:

o < c((woz*,ﬁ|UO|£,1+rr|f2||2)+rz\|f’f||2).

k=2
2.4 FError Analysis

In this section, we perform the error analysis for the SCEIDD scheme, and we prove
that it has second-order accuracy in both time and space. Let @?J and W}, be the

local truncation error of explicit scheme (2.15) and the local truncation error of
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implicit schemes (2.16)-(2.18), respectively. These truncation errors, \ifyj and U?

satisfy the following equations:

n __ n—1 n—2 Tn

Uy = 2wy =y — Wi, on Ty,
n __ n n

uy s =y on I'y,

n n n 3
Luf; = Lyui; — U, on Tp\Ty,

ul s =u; on Fi,

1 0
u; -+ u;
atul _Lh 2] 2]

1
—yz.
i = 5 w7, on Q.

In the following Lemma, we estimate the local truncation errors.

Lemma 2.4.1. Let U?

1’7‘7 ’

scheme. Then we have that:

1

02| < C(r* + 2+ h2), (@i ;) € Qn,
07| < O(r2 + h2 + k), (%3, ;) € Qn,
V5] < Cr? (wiy;) €Th
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(2.55)

(2.56)

(2.57)

(2.58)

(2.59)

- 1
Wi and W2, be the local truncation errors of the SCEIDD

(2.60)



Proof: By the Taylor expansion, we get:

Lyui; = 0wy + 0y ity — 8 (biu™"®)i 5 — 8, (bou™™); 5 — i ju;
= L(u)l}; + O(h3 + hy), (2.61)
n n 1 n n— n— n
Lout;, = Owi;+ g(u” — 2u;; Ly ug; %) = ut]m. +O(7?). (2.62)

From (2.1) and the above equation, we have:

U= Loul, — Lpul; — f15 = wll;, — Lw)?; — ff5+ O(7%) + O(hZ + h2)

7j

= O(r* 4+ hi+hy). (2.63)
Therefore, |U7;| < C(7* 4 hZ + k7). From the equation (2.15):

Tn _ .n n—1 n—2\ __ 2
W =i, — (2uy; —ui; ") = 0(77), (2.64)

J 1,J 1,J
Thus, |\If?]| < C(7?)(n > 2). Since the Crank-Nicolson scheme has second-order
accuracy in time and space, therefore the proof of the lemma is complete. Now, we
analyze the error of the SCEIDD scheme which is defined as the difference between

: : n o _77m n “n __ J/n n
the approximated and the exact solution. Let e}, = U}, —u;’; and &', = U; — u}';.

Then from the equations (2.15)-(2.18) and (2.55)-(2.59), we have:

~n __ o.n—1__ _n-2 n
€y =2ei; —eiy — Vi

on I'y, (2.65)

n n n

i,J

on Qh\{Fh U th},
(2.66)

n __ =n
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n n n 3

(2.67)
n __ =n 3
e’i,j = ei,j on Fh’
LTezj = Lher — \Il?] on Fi, (2.68)
er.+ e 1
el = Lh% — W2 on (2.69)

where e}, = 0, (z;,y;) € 0, and ) ; = 0. Similar to the stability analysis, one can

show that:
e < CosCT) (€0 + €5, + 70
bR R) (20)
k=2 k=2
where
NP = 3 R Phohy + XS Ol Phoh,

(zi,y5)€l}, (zi,y;)€l7

Let 75 = A, and ;5 = A,. Then, using (2.64), we obtain that:
le”| < C(r* + h + hy).

We proved that the SCEIDD scheme has second-order accuracy in time and space

which is stated in the following theorem.
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Theorem 2.4.1. (Convergence ) If the solution of problem (2.1) is sufficiently
smooth, then numerical solution U], generated by the SCEIDD scheme (2.15)-(2.21)

s

converges to the exact solution with error of O (72 + hZ + hf/) in L? norm.

2.5 Numerical Experiment

In this section, we present numerical experiments for two-dimensional convection-
diffusion equations to verify the theoretical results obtained in two previous sections.
Three different numerical experiments have been performed to study the stability

and accuracy of the SCEIDD scheme in the sense of L? error norm:

||6n||2 = \/Z Z(U(xz7yj7tn) - Un(xlay]))2hxhy7
i

where u(z;,y;,t,) and U™(z;,y;) are the exact solution and the approximated so-
lution, respectively.

Example 1. In this example, we consider the transport of a rotating Gaussian
pulse in a two-dimensional square domain which has been widely used to test nu-
merical schemes developed for convection-diffusion equations. For this example,
the variable velocity field is given by by = —4y, by = 4x, the diffusion coefficients
are taken as ai(x,y) = as(x,y) = D where D is a positive constant, the reaction

coefficient is given by ¢(z,y) = 0, and the initial configuration of the Gaussian pulse
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is given by:

(LL’ _ xc)Q + (y B yc)2> ) (271)

uo(,y) = exp (— 557

Here, (x.,y.) and o are the location of the center and standard deviation, respec-

tively. For this example, the exact solution is given by:

20" (¢" —xe)® + (" = we)?
) = ——— — 2.72
ulr v ) = 5oy O < 20 + 4Dt ’ (2.72)
where
" = (cosdt)x + (sindt)y, y* = —(sindt)x + (cos4t)y. (2.73)

The boundary condition and source term f are decided by the above exact solution,
and additional data are given as follows: = [—0.5,0.5] x [—0.5,0.5], (2., y.) =
(0,0), o = 0.0447.

To show that the SCEIDD scheme is unconditionally stable, we apply it to solve the
convection-diffusion equation (2.1) with the exact solution and other parameters
provided in Example 1, where the computational domain is decomposed into 2 x 2,
6 x 1, and 10 x 1 subdomains, as shown in Figure 2.2. Moreover, the numerical
experiments are carried out for different time steps, different diffusion coefficients,

D=5 x 1073, D=1 x 1072, while keeping the spatial step, h = and the final

1
200°
time, T" = 0.5, fixed. From the numerical results, displayed in Tables 2.2 and 2.1,

it is evident that, as we increase the time step while keeping the spatial step size
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Figure 2.2: 6x1 subdomains (left) and 2x2 subdomains (right).

fixed, the error of the SCEIDD scheme remain relatively small. For instance, from
Table 2.2, for very large time step size 7 = %()’ the error of the SCEIDD scheme is
7.3575 x 1074, 9.2359 x 10~* and 5.5947 x 1073 when the computational domain is
decomposed into 2 x 2, 6 x 1 and 10 x 1 subdomains, respectively. These results
verify that the SCEIDD scheme is unconditionally stable.

To find the convergence rate of the SCEIDD scheme in space, welet T'= 0.5, 7 =

L L L and =Lt to

h . . .
35 and apply the SCEIDD scheme with various spatial steps, =5, 5555 3551 =5

approximate the solution of the problem (2.1) with parameters provided in Example
1. Moreover, the simulation is performed for different diffusion coefficients, D =

5x 1072 and D =1 x 1072, and for different number of subdomains. From Tables
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Table 2.1: Error by SCEIDD at T' = 0.5, with D=1e-2 and h = ;-

200"

SD

T

1/800 1/200 1/50 1/10

2X2

Error

7.6909¢-05 7.5314e-05 8.3839e-04 1.1021e-03

6x1

Error

7.6901e-05 7.5267e-05 8.2473e-04 3.5690e-03

10x1 Error

7.6890e-05 7.5108e-05 8.5775e-04 6.6340e-03

Table 2.2: Error by SCEIDD at T = 0.5, with D=>5e-3 and h = 5}

200"

SD

T

1/800 1/200 1/50 1/10

2%2

Error

2.0570e-04 2.0436e-04 2.0102e-04 7.3575e-04

6x1

Error

2.0567e-04 2.0398e-04 1.9691e-04 9.2359e-04

10x1 Error

2.0505e-04 1.9453e-04 2.6569e-04 5.5947e-03
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Table 2.3: Ratio in h by SCEIDD at T"= 0.5, with D=1e-2 and 7 = 3%.

SD h 1/150 1/250 1/350 1/550

6x1 Error 1.7395e-04  6.5501e-05 3.4209e-05 1.4050e-05
Ratio in space 1.912 1.9306 1.9688

10x1 Error 1.7866e-04  6.8657e-05 3.6105e-05 1.4933e-05
Ratio in space 1.8722 1.9101 1.9533

2x2 Error 1.7482e-04  6.6332e-05 3.4692e-05 1.4275e-05
Ratio in space 1.8971 1.9263 1.9647

Table 2.4: Ratio in h by SCEIDD at T' = 0.5, with D=5¢-3 and 7 = .

SD h 1/150 1/250 1/350 1/550

6x1 Error 3.3896e-04  1.2997e-04 6.8343e-05 2.8199e-05
Ratio in space 1.8766 1.9102 1.9586

10x1 Error 3.4833e-04  1.3599e-04 7.1938e-05 2.9799e-05
Ratio in space 1.8413 1.8925 1.9499

2x2 Error 3.4713e-04  1.3372e-04 7.0556e-05 2.9209e-05
Ratio in space 1.8675 1.9001 1.9512
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Table 2.5: Ratio in 7 by SCEIDD at 7' = 0.5, with D=1e-2 and 7 = &

20°

SD T 1/3000 1/5000 1/7000 1/11000
6x1 Error 9.8361e-05 3.7583e-05 1.9761e-05 8.1976e-06
Ratio in time 1.8834 1.9105 1.9467
é 10x1 Error 9.9266e-05 3.8147e-05 2.0166e-05 8.4056e-06
8 Ratio in time 1.8722 1.8945 1.9361
2x2 Error 9.8734e-05 3.7809e-05 1.9920e-05 8.2857e-06
Ratio in time 1.8791 1.9045 1.9408
§ Error 7.6103e-04 4.5872e-04 3.2753e-04 2.0057e-04
g (2x2) Ratio in time 0.9910 1.0012 1.0850
=
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Table 2.6: Ratio in 7 by SCEIDD at 7' = 0.5, with D=5e-3, 7 =

20°

SD T 1/3000 1/5000 1/7000 1/11000
6x1 Error 3.4855e-04 1.3603e-04 7.1971e-05 2.9918e-05
Ratio in time 1.8419 1.8920 1.9421
é 10x1 Error 3.5688e-04 1.4015e-04 7.4535e-05 3.1152e-05
8 Ratio in time 1.8298 1.8766 1.9301
2x2 Error 3.5210e-04  1.3771e-04 7.2935e-05 3.0394e-05
Ratio in time 1.8377 1.8890 1.9366
§ Error 8.2265e-04 4.9784e-04 3.5572e-04 2.2416e-04
g (2x2) Ratio in time 0.9832 0.9990 1.0217
=

44




2.4 and 2.3, we observe that the SCEIDD scheme has second-order convergence
rate in space. These numerical results are in agreement with the theoretical results
obtained in the Theorem 2.4.1. Now, we test the accuracy of the SCEIDD scheme
in time and compare its accuracy with the accuracy of EIPCMU2D scheme [113]
which is recently developed for the parallel approximation of convection-diffusion
equations. We let T" = 0.5, h = 207 and apply the SCEIDD and EIPCMU2D
scheme with various time steps to solve the problem (2.1) with parameters provided
in Example 1. Again, the simulation is performed for different diffusion coefficients,
D =5x10"%and D =1 x 1072, and for the different number of subdomains. The
numerical results are presented in Tables 2.6 and 2.5. From these Tables, we observe
that SCEIDD scheme is second-order in time while EIPCMU2D scheme is only first
order in time.

Example 2. For this example, the variable velocity field is given by b; = v,
by = 0, the diffusion coefficients are taken as ai(x,y) = as(z,y) = D where D is
a positive constant, the reaction coefficient is given by c¢(z,y) = 0, and the exact

solution is given by:
wx,y,t) = exp(—t)sin(x) cos(y). (2.74)

In this example, the computational domain is taken as 2 = [0, 1] x [0, 1], and the
initial value ug(x,y), the boundary condition and the source term f are decided by

the above exact solution.
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Numerical results for this example, presented in Table 2.7, are obtained at final
time T = 0.5, for D = 5 x 1073, using different time steps and for different number
of subdomains while keeping the spatial step fixed, h = ﬁ. From Table 2.7, it is
evident that, for a large time step, the SCEIDD scheme maintain its accuracy when
the computational domain is decomposed into many subdomains. For instance, for
very large time step 7 = %, the error of the SCEIDD scheme is 2.5539 x 1072 when
the computational domain is decomposed into 200 subdomains. These results show
that the SCEIDD scheme not only is unconditionally stable but also maintain its
accuracy as the number of subdomains increases.

Now, we test the accuracy of the SCEIDD scheme in space for Example 2. In
this regard, we present the numerical results in Table 2.8. These numerical results
are obtained at final time 7' = 0.5, for D = 5x 1073, using different spatial steps and
for the different number of subdomains while keeping the time step fixed, 7 = %.
From these numerical results, we observe the SCEIDD scheme has second-order
convergence rate in space. We also note that the SCEIDD scheme maintain its
second-order convergence rate in space as the number of subdomains increases.

Finally, we investigate the accuracy of the SCEIDD scheme in time for Example
2. In this regard, the numerical results are displayed in Table 2.9. These numerical

results are obtained at final time 7' = 0.5, for D = 5 x 1073, using different time

steps and for the different number of subdomains while keeping the spatial step
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Table 2.7: Error by SCEIDD at T' = 0.5, with h = 5= and variable 7.

200

SD T 1/800 1/200 1/50 1/10

2x2  Error 3.7970e-05 5.6152e-05 4.3802e-04 5.6764e-03
Ax4  Error 3.9488¢-05 8.4541e-05 8.7937e-04 1.0495¢-02
6x6 FError 4.1168e-05 1.0127e-04 9.8923e-04 1.4327e-02
10x10 Error 4.3693¢-05 1.6476¢-04 2.1118¢-03 1.8745¢-02
20x20 Error 5.1037e-05 2.9811e-04 4.1097e-03  2.5539e-02

fixed, h = 207. From these results, we note that the SCEIDD scheme is second-

order in time. Furthermore, it is noted that the SCEIDD scheme maintains its

second-order accuracy in time as the number of subdomain increases.

Example 3. We consider the moving sharp front problem in a two-dimensional

square domain. In this example, the velocity field is given by b; = 1, by = 1, the

diffusion coefficients are taken as a; = as = le — 3, the reaction coefficient is given

by ¢(x,y) = 0, the initial value is given by:

1, 0<2,y<0.2

(2.75)

0, Otherwise,

and the boundary conditions are given by:

u(0,y,t) =1, y € [0,1],
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Table 2.8: Ratio in h by SCEIDD at T = 0.5, with D=5e-3 and 7 = L.

SD h 1/150 1/250 1/350 1/550

2x2 Error 5.9566e-05 2.3982e-05 1.2701e-05 5.2897e-06
Ratio in space 1.7810 1.8890 1.9380

4x4 Error 5.9823e-05 2.4184e-05 1.2834e-05 5.3523e-06
Ratio in space 1.7730 1.8830 1.9350

6x6 Error 6.0057e-05 2.4328e-05 1.2928e-05 5.4067e-06
Ratio in space 1.7690 1.8791 1.9287

10x10 Error 6.0387e-05 2.4562e-05 1.3091e-05 5.4877e-06
Ratio in space 1.7610 1.8702 1.9236

20x20 Error 6.1055e-05 2.4853e-05 1.3291e-05 5.5753e-06
Ratio in space 1.7595 1.8602 1.9220
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Table 2.9: Ratio in 7 by SCEIDD at 7' = 0.5, with D=>5e-3 and 7 = 2.

20

SD r 1/3000  1/5000  1/7000  1/11000

22 Error  6.0368¢-05 2.44500-05 1.2093¢-05 5.4358¢-06

Ratio in time 0 1.7693 1.8789 1.9280

4xcd Error  6.0599¢-05 2.4648¢-05 1.3128¢-05 5.5019¢-06

Ratio in time 0 1.7610 1.8722 1.9241

6x6 Error  6.0825¢-05 2.4802¢-05 1.3250e-05 5.5708¢-06

é Ratio in time 0 1.7561 1.8633 1.9170

% | 10x10 Error  6.1077-05 2.4994¢-05 1.3384¢-05 5.6365¢-06

Ratio in time 0 1.7491 1.8562 1.9134

20x20 Error  6.1267c-05 2.5108¢-05 1.3469¢-05 5.6795¢-06

Ratio in time 0 1.7463 1.8510 1.9105

§ Error  2.68550-04 1.7476e-04 1.2790e-04 8.2670¢-05

£ | 20x20  Ratio in time 0.8410 0.9278 0.9655
S|
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ou(l,y,t)
ox

ou(z,1,t)

:O) y€[071]’ 8y

—0, z€[0,1], te(0,T).

This example involves the propagation of a sharp front through the computational
domain. Therefore, the numerical simulation of this example is difficult and chal-
lenging. To test the accuracy of the SCEIDD scheme for this example, we apply
it to simulate the propagation of sharp front using 7 = h, = h, = ﬁ while the
computational domain is decomposed into 4 blocks. The surface plot of approxi-
mated solutions at ¢ = 0.1 and ¢ = 0.2 are displayed in Figures 2.3 and 2.4. From
these figures, it is evident that the SCEIDD scheme simulates the propagation of a
sharp front with good accuracy. Moreover, we compare the solution curves of three
different numerical schemes. Figure 2.5 shows the solution curves of SCEIDD, UP-
WIND, EIPCMU2D and the reference solution at ¢ = 0.2 on a sectional plane at

y = 0.5. It is clear that the SCEIDD scheme has good accuracy compared to the

UPWIND and EIPCMU2D schemes.

2.6 Conclusion

We developed a second-order corrected-explicit-implicit domain decomposition scheme
(SCEIDD) for the parallel approximation of convection-diffusion equations over
multi-block subdomains in two dimensions. This scheme is unconditionally stable,

and it is second-order accurate in time as well as space. The proposed SCEIDD
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Figure 2.5: Computed moving sharp front with different schemes.

scheme maintains the advantages of CEIDD schemes, including good parallelism,
the localization of communication, the flexibility of domain partitioning. Moreover,
this scheme is designed over non-overlapping subdomains with simpler structures.
Therefore, less effort is needed for numerical simulation. We also performed the
stability and convergence analysis for the SCEIDD scheme, and we proved that it
is second-order in time and space. Further, we carried out numerical experiments
for three different examples to show that the developed SCEIDD scheme approxi-
mates the solutions of convection-diffusion equations with good accuracy and high
efficiency. Moreover, in all the experiments the SCEIDD scheme is compared with

the EIPCMU2D scheme [113] which is first-order in time and developed recently
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for the parallel approximation of the convection-diffusion equations.
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3 Power Optimization of Wind Turbines

3.1 Introduction

In this chapter, we focus on analyzing, designing and power calculation of a sin-
gle wind turbine as well as modeling of the airflow in a wind farm for the total
power optimization. In the case of a single wind turbine, we address the following

questions:

1. how much power can be generated?

2. what is the optimal design?

3. how to calculate the power of a given rotor?
In the case of multiple wind turbines, we focus on:

1. modeling the airflow to optimize the total power while considering wake in-

teractions among wind turbines.
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2. finding the global optimal operating points of multiple wind turbines by con-

sidering the wake effect on the power generated by wind turbines.

In the following section, we derive a set of equations that incorporate the physical

parameters influencing the power generation of a single wind turbine.

3.2 Power Production

How much energy is in the wind and how much of the wind's energy can be converted
into useful electrical energy? In 1919, Albert Betz theoretically determined the
maximum amount of kinetic energy that can be extracted by a wind turbine. He
considered a wind turbine as a circular disc through which the wind flows with an
incoming wind speed of Uy and leaves the rotor plane with a speed of U;, see Figure
3.1. If Uy is almost as large as Uy, the turbine will not extract much kinetic energy.
On the other hand, if U; is very low, then not much air will pass through the
turbine, resulting in less energy extraction. This suggests that there is an optimum
value for the reduction of the wind speed. Below, we derive the relation among the
optimum wind speed at the plane of the rotor, U;, upstream wind speed, U,, and
downstream wind speed, Us.

After the wind passes the rotor, the air speed would be reduced to U, and there
would be a pressure drop. The initial pressure is p; and as air moves towards the

rotor, the pressure rises to a pressure p,. After passing the rotor, the pressure
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Speed

Pressure

Figure 3.1: Interaction between the wind and a wind turbine.

suddenly falls by an amount of Ap. Therefore, immediately behind the turbine
the pressure is p_ = p, — Ap, and further downstream the pressure again rises to
p2 = po. Curves for the wind speed and the pressure are shown in Figure 3.1.
Since the flow is frictionless and no work is done, the Bernoulli equation can be
applied on both sides of the rotor to find the relation between the pressure p and

the speed U:

1
ipUQ—l—p:ptot. (31)

If we apply (3.1) for the flow upstream of the rotor, we get:
Lo Lo
po+ 5pUs = P+ + 5pUL- (3.2)
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If we apply (3.1) downstream of the rotor plane, we get:
Lo Lo
p+ —Ap+ §PU1 =Dpo+ §PU2- (3.3)
Subtracting (3.3) from (3.2) yields:
1
Ap = Lp(UF ~ U3). (3.4

If we look at one square meter of the rotor plane, the mass flow equals pU, the
momentum equals the mass times the velocity and the pressure equals the force per

surface area. Thus, the differential pressure can be calculated as:
Ap = pUys(Up — Us). (3.5)
From (3.4) and (3.5), we get:
1
U, = §(U0 + Us). (3.6)

Therefore, the wind speed in the plane of the rotor is the average of the upstream
and downstream velocities. Now that we have the expression for the optimum wind
speed at the plane of the rotor as a function of ultimate wake velocities, we can
now derive the expression for the power extracted by the turbine as a function of
upstream velocity. The power of the turbine equals the change in the kinetic energy
in the air:

1
P= §pU1(U§ —UDA. (3.7)
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Here, A is the surface area swept by the rotor. The axial force (thrust) on the rotor

can be calculated as:

T = ApA. (3.8)

If one defines the axial induction factor, a, as the fractional decrease in wind velocity

between the free stream and the rotor plane:
a=1——, (3.9)

then, Uy = (1—a)Uy. The quantity, aly, is often referred to as the induced velocity
at the rotor, in which case velocity of the wind at the rotor is a combination of the

free stream velocity and the induced wind velocity. Using (3.9) and (3.6), we get:

From (3.10), the wind speed behind the rotor slows down as the axial induction

factor increases. If a = =, then the wind has slowed to zero velocity behind the

1
2
rotor. In this case, this simple theory proposed by Betz is no longer applicable.

Using the above equation, (3.7) and (3.8), we derive equations for the generated

power and force as a function of upstream velocity:

P = 2pa(l —a)*USA,
(3.11)

T = 2pa(l—a)UjA.
Wind turbine rotor performance is usually characterized by its power coefficient,

58



o9t |——cT 60
cp
08r ——=16/27

— 0.6F A 40

d C

c 05r

p ai

03t 20
0.2t

0.1}

Figure 3.2: C), and Cr for an idealized wind turbine.

Rotor Power P

C, = = .
" Power in the wind ~ 1pUsA

(3.12)

This non-dimensional power coefficient represents the fraction of the power in the

wind that is extracted by the rotor. Combining (3.11) and (3.12), we get:

C, = 4da(l—a)?

(3.13)
Cr=4a(l—a).
Consequently, the equation (3.11) can be written in terms of C), and Cr:
1 3
P — 7pCpUO A,
2 (3.14)

1
In Figure 3.2, curves for C), and Cp are shown. The maximum C), is determined by

taking the derivative of the power coefficient, the equation (3.13), with respect to
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a and setting it equal to zero, yielding a = % Therefore, the power coefficient, C),

16

has an optimum at about 0.593 (exactly 3

) at an axial interference factor of 0.333

(exactly %) According to Betz, we have:

1 16
P = ipc ,BetZU(?A7 with Cp,Betz = 277 (315)

Therefore, the maximum possible extractable energy is 59.3% of the total available
wind energy from a given volume of wind. Wind turbine designers around the world
try to design their wind energy extractor (blades) to catch up with this limit. In
the next section, we show how to design the blades in order to extract maximum

possible energy from the wind.

3.3 Rotor Design
3.3.1 Airfoil Theory

Figure 3.3 shows a typical wing section of the blade. The air hits the blade at an
angle of a which is called the angle of attack. The reference line for this angle on the
blade is the chord line. As the air hits the blade at the angle of a;, an aerodynamic
force is produced. This force can be broken down into two components, lift and
drag. The lift force F7, per definition, is perpendicular to the wind direction, and
it can be calculated as:

1
Fp = CLipr(bc), (3.16)
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Figure 3.3: Velocities and angles on the wing section of the blade.

where C, is the coefficient of lift, p is the density of air, W; is the relative wind
speed, b is the width of the blade section, and c is the length of the chord line.

Similarly, for the drag force, we have:
1 W2
FD = CDip 1 (bC) (317)

The lift and drag coefficient both depend on the angle of attack and it will be
discussed in section 3.6. With the help of airfoil theory, the optimized values of
blade pitch and chord length that create the most efficient blade geometry is derived

in the following subsection.
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3.3.2 Pitch Angle and Chord Length after Betz

Figure 3.3 shows the velocities and the angles in a given distance, r, from the
rotor axis. To design the rotor, we have to define the pitch angle 5 and the chord
length ¢. Both of them depend on the given radius that we are looking at; hence,
we sometimes write (r) and ¢(r). The blade, as shown in Figure 3.3, is moving
upwards, thus the wind speed, seen from the blade, is moving downwards with a

relative speed of (1 + a')Vi, where:

Vi =wr. (3.18)
Here, w is the angular speed of the rotor given by:

w = 27n, (3.19)

where n is the rotational speed of the rotor in round per second. Betz does not

include rotation of the wind, i.e. @' = 0, which yields:
Wi =V?+U;. (3.20)

If we define the tip speed ratio as:

Vi wR
X =t 22 3.21
e _ ot (321
then we have:
3rX
= tan —— 3.22
v(r) = arctan SR ( )
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and

2R

®(r) = arct .
(r) = arctan X

(3.23)

1

In the above equations, a = 3

is used, as derived in the previous section, the power
coefficient achieves its maximum at this vale. Therefore, the pitch angle is obtained

by:

2R
) (3.24)

etz — t
B(7r)Betz = arctan %

where ap is the design angle of attack which is used for the blade design. Most
often, this angle is chosen to be close to the angle that gives maximum glide ratio,
see Figure 3.15; hence, this implies that ap is in the range from 5° to 10°. However,
this angle is sometimes reduced near the tip of the blade.

If we look at one blade element in the distance r from the rotor axis with the

thickness dr, then the lift force is, see formula (3.16) and (3.17):
L o
dFy, = CLipI/Vl cdr, (3.25)
and the drag force is:
Lo
dFp = C,;)ﬁpVV1 cdr. (3.26)

By decomposing the lift and the drag forces into the axial and the tangential com-

ponents, we derive the following equation for the torque at the plane of the rotor:

1
dv = iprcdrCz, (3.27)
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where
C, = Crsin(¢) — Cpcos().
Similarly, for the thrust at the rotor plane, we have:
|
dT' = §pW1 cdrCy,
where

Cy = Crcos(¢) + Cpsin(o).

Now, in the design situation, we have C, >> Cp, then (3.27) becomes:

1
av = iprcdrCLcos('y).
From the definition of the power, we have:

dP = dVrw.

If we have B blades, then (3.31) including (3.32) give:
L oo
dP = Bﬁpwl cdrCreos(y)rw.

According to Betz, the blade element would also give:

161
P=——pU’2m .
d 575" o (2mrdr)

Using Uy = 3W, cos(v) and Vi = Wi sin(y), then (3.34) and (3.33) give:

167 R 1

C(T)Betz - gBCLl)X /XQ(%)Q + )
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(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)
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Figure 3.4: Chord length as a function of r, for different numbers of blades.

where Cf, p is the lift coefficient at the chosen design angle of attack, as p. Tip
speed ratio of about X = 7 is optimal and three blades seem to be state of the art.
Figure 3.4 and 3.5 show the results of formula (3.35) concerning the chord length

according to Betz.

3.3.3 Pitch Angle and Chord Length Considering Wake Rotation

In the previous analysis, using linear momentum theory, it was assumed that no
rotation was imparted to the airflow. The previous analysis can be extended to the
case where the rotating rotor generates angular momentum, which can be related
to rotor torque. According to the conservation of angular momentum, the torque in

the wind turbine shaft can only be created if there is a rotation in the downstream
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Figure 3.5: Chord length as function of r, for different tip speed ratios.

wake in the opposite direction of the rotor's rotation. Figure 3.6 shows downstream
rotation of the wake that the wake rotates in the opposite direction to the rotor.
By taking into account the torque producing the wake in the opposite direction of
the rotor's rotation, the relative tangential speed of the rotating blade is Vi +a' V4,

as shown in Figure 3.7. From Figure 3.8, we have the following equations:

Wy = Wycos(pr — ¢), (3.36)

U1 == Wlsin(gb). (337)

By combining above two equations, we get:

Uy = Wy cos(¢pr — ¢) sin(9). (3.38)
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Figure 3.6: Downstream rotation of the wake.

Uy

Figure 3.7: Relative velocities considering wake rotation.
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Figure 3.8: Speeds in the plane of rotor.

From Figure 3.8, we also have:

AW = 2Wysin(¢y — ¢). (3.39)

From the conservation of momentum, we have:

dF;, = AWdg, (3.40)

where dq is the math flow through the ring element in the radius r with the width
dr:

dq = 2pmrdrU;. (3.41)

68



By using (3.38), (3.39) and the definition of power which equals the torque multi-

plied by angular velocity:
dp = dMw
= dFysin(¢)rw

= Awdgsin(¢)rw

= rwp2rdrWi sin(2(¢1 — ¢)) sin’(é1).

(3.42)

We have now a relation for the power of the ring element as a function of the flow

angle. If we take the derivative of the above equation and solve it for flow angle,

then we have:

R
Prmax = §¢1 = garctan(XT),
and for the pitch anlge:
Bscnmi(r) = © axctan( )
chmitz(7) = = arctan(—) — ap.
Schmit 3 X7 D

Using equations (3.40), (3.39), (3.38) and (3.43), we can derive:

dFy, = 2Wg2pnrdr sinz(Q;l) COSQ(Q;I).

From the air foil theory, we have:

1
dF;, = §pWO2Bcd7’C’L cosz(q;l).

By combining above two equations:

B l 167r
- B (|
69

sing(ﬁ).

3

CSchmitz (T)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)
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Figure 3.9: Optimal chord length.

Using equation (3.43), the above equation becomes:

1 R
-2 - v
sin (3 arctan( r>) (3.48)

B 1 167r
B (O}

CSchmitz (T)

Figures 3.9 and 3.10 show the comparison between Betz and Schmitz's formula for
the design of the optimal pitch angle and the chord length. From these figures, it
appears that Betz and Schmitz's theory differs on designing the optimal pitch angle
and the chord length near the hub, but near the tip there are no differences between
them. So far, we have focused on the maximum power that can be generated by a
wind turbine and the design of an optimal rotor. In the following section, we focus

on the power calculation of a given rotor.
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Figure 3.10: Optimal pitch angle.

3.4 Blade Element Theory

The BEM method solves for the torque and thrust using the law of momentum,
angular momentum, and the Bernoulli's equation. Let Uy be the given upstream
velocity, Uy (r) be the unknown downstream velocity, Us(r) be the unknown velocity
at the rotor plane, see Figure 3.1. Then, by the law of momentum and angular

momentum, one can get:

dT(r) = 2nrpUy(r)(Uy — Us(r))Bdr, (3.49)

and
dV(r) = 2mr?pU, (1) Va(r) Bdr. (3.50)
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On the other hand, from the airfoil theory, see the equations (3.27) and (3.29), we

have:
|
dT'(r) = §pW10BCydr, (3.51)
1
dv(r) = EprcBC'wrdr. (3.52)

Hence, using the above equations, (3.49) and (3.50), we have:

a cBC,
= = Srrsn(g) (3:53)
a cBC,
a+1  Srr sin(¢) cos(¢) (3.54)
In the above equations, we have used:
tan6(r)) = e o) = 0(r) = 50 (3.55)
. Uo(1 — a(r)) _ Q1 +a' (1))
MO = ")~ eostol) 290
By solving equations (3.53) and (3.54) for ¢’ and a, we get:
a(r) = o (3.57)
S 1
/ 1
@ (r) = nEe)cs@m) 1 (3.58)
o(r)Cy(r)
where
o(r) = C;;)f, (3.59)
Ci(r) = Cr(a(r)) cos(¢(r)) + Cp(a(r)) sin(¢(r)), (3.60)
Cy(r) = Cr(a(r)) sin(¢(r)) — Cp(a(r)) cos(é(r)). (3.61)



For rotors with few blades, it can be shown that a better approximation of ¢ and

1
a’(/r) = AF a2 9 (362)
corr (1) sin® (®(r))
snC,m Tl
, 1
a(r) = Feors (1) sin(®(1) cos(@(r)) _ 1’ (3.63)
U(T)Cr(r)

where Fi., is given in the equation (3.80). This simple momentum theory breaks

down when a(r) is greater than a, = 0.2. In this case, one shall apply:

afr) = ;<2 T K,(r)(1 - 20,)—
V@4 Ko(r)(1 - 2a,))? + 4(K, (r)a? — 1)), (3.64)
where
Ko (r) 4FC°T;((Z))2SE£;D(M) (3.65)

We solve the nonlinear system with two unknowns a(r) and a'(r) by an iterative
method in Algorithm 2. With the solution of a(r) and a'(r), one can compute the
thrust force, the torque and the generated power by the wind turbine on one ring
element at radius 7.

The BEM method is simple to apply and has been popular for many years in
analyzing the performance of a wind turbine. Nevertheless, the BEM has limitations
such as no aerodynamic interactions between different blade elements, and it usually

underpredicts the power generated by a wind turbine (see [38,60]). Therefore, It is
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Algorithm 2 Solve for a(r),a’(r) at radius r

1: Given Q, 3, Uy; k + 0;a® (1) < 0;a'®) (1) < 0;
2: repeat

3 k< k+1,;

4:  evaluate tan(¢(r)), a(r) in (3.55);

5. evaluate Cp, in (3.78) and Cp in (3.79);

6:  evaluate C, in (3.61) and C} in (3.60);

7. evaluate a®(r) in (3.57) and a'®(r) in (3.58);
8. if a®(r) > 0.2 then

9: evaluate a® (1) in (3.64);

10:  end if

11: until [a®(r) — a* V()] < e |d®(r) —a FD(r)] < e
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necessary to use different methods to analyze the performance of a wind turbine.
One such method is the actuator line method which is developed by Sorensen et al.
[91] for modeling and analyzing a single turbine. However, it is quite challenging to
analyze the performance of multiple turbines due to the wake interactions amongst
the turbines. In the following section, we focus on modeling the airflow to optimize

the total power while considering the wake interactions among the wind turbines.

3.5 Modeling of the Flow for Power Optimization in Wind

Farm

For a wind farm with N turbines, the model for power optimization in its condensed

form is the following:

N

Max Z P
JCARRE ) —
Q1,..,98

subject to (3.67) and

Bmin < Bi < Brmaxs (3.66)

Qmin < Qi < Oax,

Vie{l,2,...,N}.
Here, the decision variables are the rotational speed §2; and the pitch angle 3; of
the ith turbine, for ¢ = 1,--- , N. The parameters Bumin, Omax, 2min and ., are

the physical limits of the adjustable pitch angle and the rotational speed. The
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Figure 3.11: Computational domain.

objective function is to maximize the total power where P; is the power generated
by the ith turbine which is a complicated nonlinear function of the direct decision
variables as well as other derived quantities from the PDE system (3.67). Due
to its complexity, we derive it in detail in section 3.6. The constraints are the
three-dimensional Navier-Stokes equations which govern the relationship between
the wind flow field and the external forces placed in the computational domain, see

the schematic diagram in Figure 3.11. These equations on a rectangular domain,
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Figure 3.13: Cross-sectional airfoil element showing force vectors.
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D =10,1,] x [0,1,] x [0,1.], are given by:

U 1
5 HUU: + VU, + Wu. = et V(Usz + Uyy + Us2) + fult, 2,9, 2),

ov 1
- + va +VV;,/ + W‘/z - _;py + V(‘/mc _'_‘/;/y + ‘/zz) _'_fv(tax)ya 2)7

ot
ow 1
W + UWx + VWy + WWZ - _;pz + V(Wx:v + Wyy + sz) + fw(ta x,y, Z)a
(3.67)
with the following boundary conditions:
U(t,0,-,-) =0y, V(t0,-,-)=0, W(t0,--)=0,
Ux(talma'a ) :Oa V;t(talm'a ) —07 Wm<t7l17'a ) :07
Uy(t,-,0,-) =0, V,(t,-,0,-) =0, W,(t-,0,)=0,
(3.68)
Uy(t7'7ly7 ) _Oa V;/(tv'>ly7 ) _Oa Wy(ta'algﬁ ) :07
Uz(t7'a'70):Oa ‘/Z(ta'fvo) :07 Wz(ta'7'70) :07
Uz(t7'7'7lz) :Oa ‘/z(ta'7'7lz) :07 Wz(t7'7')lz) :07
the initial conditions:
U<Oa'7'7') - U07 V(ty'a'v') :07 W(t7'7'7') :Ov (369)
and the continuity equation:
Uy +V, + W, = 0. (3.70)

Here, v is the viscosity, p is the density of the air, Uy is the atmosphere wind speed.

The unknown variables U, V and W are the wind speed in x, y and z-direction,
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respectively. The unknown variable p is the pressure, and the external forces are
given by f,, f, and f,. One can view (3.67) as a blackbox of the optimization
model (3.66) where the set of operating control variables (f5;,€2;),i = 1,--- , N is
the input, and the output is the total generated power. We remind the reader that
inside this blackbox f,, f, and f, are non-stationary blade forces which depend on
the flow velocities U, V and W. From (3.67), it is evident the solution of U, V" and
W depends on f,, f, and f,. The next two sections are devoted to disentangle this
complicated relationship. Section 3.6 describes this facet of the relation: assume
U, V and W are given for a turbine, then how to compute the blade forces f,, f,
and f,. Section 3.7 describes this facet of the relation: assume f,, f, and f, are

given, then how to compute U, V and V.

3.6 Blade Aerodynamics and Power Production

Figure 3.12 shows a cross-sectional airfoil element on the blade at radius r in the
plane of the rotor. A blade is viewed as a continuous stack of airfoils from the hub
to the tip. In a modern blade, the airfoils deform from the hub to the tip smoothly,
but gradually. The aerodynamic forces acting on an airfoil is related to the local
relative velocity. From Figure 3.13, the relative velocity at radius r from the hub
is:

Uper(r) = (U(r))* + (Stan(r))?, (3.71)
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Figure 3.14: Coefficient of lift and drag.

where

Stan(r) = Qr + Sgir(1). (3.72)

In the above equations, U(r) and Sp.,(r) are the axial speed and the relative
tangential speed at radius r from the hub, respectively. In the equation (3.72),
Sqir 18 the wind speed in tangential direction which is computed by the orthogonal
projection of V' and W onto the tangential direction. One has to solve the Navier-
Stokes equations (3.67) to find U, V and W. We remind that €2 is a decision variable
in the joint optimization model (3.66). The angle between U,.; and the rotor plane

is:

). (3.73)
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The angle of attack between the relative wind velocity and the airfoil chord line is:

a(r) = ¢(r) — B(r), (3.74)
where (r) is the local pitch angle between the airfoil and the rotor plane at the

radius 7. From the airfoil theory, the lift force L(r), perpendicular to the relative

wind direction, and the drag force D(r) are:

L(r) = 5pUsalr)e(r)b(r)Crla(r)), (3.75)
D(r) = ;prez(T)C(T)b(T)CD(OK(T)), (3.76)

where ¢(.) is the chord length of the airfoil and b(.) is the width of the blade section.
In the above equations, C(.) and Cp(.) are the lift and drag coefficients at radius
r which depend on the local angle of attack a(-), see Figure 3.14. The ratio of these
two coefficients GR = C,/C}p is called the glide ratio. Normally, we are interested
in at high glide ratio for wind turbines as well as for air planes. Figures 3.15 and
3.14 show the curves for the glide ratio, the lift and the drag coefficients. These
curves are usually obtained by testing wing profiles in wind tunnels. However, for
numerical studies, it is convenient to have the curves as functions. For NACA
23012 profile [18] and for 0° < a(.) < 16°, CL(.) and Cp(.) are characterized by the

following polynomials:
Crp(a(r)) = ko + kia(r) + kaa(r)? (3.77)
+ ksa(r)® + kga(r)?,
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where the polynomial coefficients are shown in Table 3.1. For an angle larger than

the critical angle of attack, 16°, we will apply the following correction:

= sin(2a(r 70082(05(1“))
CL(Q(T)) - Al (2 ( )) + AQ SiH(OZ(T')) ) (378)
Cp(a(r)) = By sin*(a(r)) + Bycos(a(r)) + Cps, (3.79)
where
4 =2
2
B B ] sin(ag)
Ay = (CrLs — Cp maxsin(ag) cos(ast))icOSQ(%O,
Bl - C(D,max;
1 1200
B2 - M(CDS _CD,max S111 ( st))-
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Table 3.1: NACA 23012 coefficients, « € [0°, 16°].

CrL() Ch(.)

ko 1.0318e — 1 6.0387¢ — 3
ky  1.0516e —1 —3.6282e —4
ky  1.0483e — 3 5.4269¢ — 5
ks 7.3487e — 6 6.5341e — 6

ky —6.5827e —6 —2.8045¢ —7

Here Cps and Cp, are the lift and drag coefficients at stall angle of attack oy,
and Cp max is the maximal value of the drag coefficient which is approximately 1,
see Figure 3.14. We also need another correction due to the cross-flow effect at

the blade tip. To take into account this effect, we employ the correction formula

Cr(.) = Cf—o(rr) and Cp(.) = Fiir(()) where:

2 R—r

Foon(r) = - arccos(exp(—Bm)). (3.80)

In the above equation, B and R are the number of blades and the rotor radius, re-

spectively. Now, we project the lift and drag force onto the axial and the tangential
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direction to get their components in these directions:
F.(r) = L(r) cos(¢(r)) + D(r) sin(¢(r)), (3.81)
F,(r) = L(r)sin(¢(r)) — D(r) cos(¢(r)). (3.82)

Consequently, for the ith turbine with B blades, the thrust force dT;(r), the torque

d¥;(r) and the power dP;(r) are:

dT;(r) = F,(r)Bdr, (3.83)
dV,(r) = F,(r)Bdr, (3.84)
dP;(r) = d¥;(r)(Qr). (3.85)

Here, dT;(r) is along axial direction, and it is used to compute the source term
fu in the Navier-Stokes equations (3.67). The torque W,(r) is along the tangential
direction, and one must project it onto y and z-direction to compute the source
terms f, and f, in the Navier-Stokes equations (3.67). From the equation (3.85),
the generated power for the ith turbine with blade length R is:
R R
P = /0 dP(r) = /0 F,(r)BQrdr. (3.86)

Using equations (3.75) and (3.76), the power generated by the ith turbine is:

P= L [T U20)erbir)

rel

_ pBQ R(

(C’L(a(r)) sin(o(r)) — Cp(a(r)) COS(¢(T))> > rdr. (3.87)
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Summing P; from ¢ = 1 to N will give the objective function of the optimization

model (3.66) which is the total power generated by all N turbines.

3.7 Numerical Solution of the Navier-Stokes Equations

By using the curl operator to equations (3.67), one gets the following dimensionless

form of the vorticity transport equation:

a—w +UVw=w.VU + i

2
5 5o VoW + VXL, (3.88)

where U = (U, V, W) and w = (£, 7, (). The vorticity vector w is defined as:
w=VxU. (3.89)

By taking the curl of equation (3.89) and using the continuity equation (3.70), the

following velocity Poisson equation can be obtained:
VU = -V x w. (3.90)

We seek the solutions for equations (3.88) and (3.90) with the boundary and initial
conditions given in (3.68) and (4.4). In order to ensure accuracy in the prediction
of velocities and vorticities, a staggered grid system as displayed in Figure 3.16 is
used in the present numerical scheme. Let U™, V™ W™ &  n™ and (" be the
numerical approximation of U, V., W, ¢ ;n and ( at time step n, then we calculate

the solution in new time step by the following steps:
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1. The velocity Poisson equations, obtained as a result of taking curl of the

vorticity, are made parabolic using the false-transient technique [7,32,56,63]:

oun

el VU" -V x o™t =0, (3.91)

«v

where « is a relaxation parameter. Central finite differencing scheme is used to
approximate the second order derivatives that leads to a large linear system to be
solved. There are many approaches to solve the linear system in each time step,
for instance, Multigrid method, incomplete LU factorization approach, Generalized
Minimum Residual technique with an appropriate preconditioning. Here, we use
Generalized Minimum Residual technique, but in a sparse format [75].

After we calculate velocities U and V' using (3.91), then velocity W is calculated

from the continuity equation as given below:

0w o oum oV
2 = 2. 0r T an )
0z 0z Ox dy

(3.92)

Since the velocities U and V are already known, the resulting set of equations
from (3.92) can be solved using the TDMA (Tridiagonal matrix algorithm). The
main advantage of the present numerical solution procedure is that it assures a
divergence-free solution for the velocity field, in addition to achieving a higher
numerical accuracy and a significant reduction in the computational time.

2. The vorticity transport equations are discretized in time using the explicit

scheme for the nonlinear term and implicit scheme for the linear term. The non-
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linear terms are discretized explicitly to avoid the solution of a nonlinear system.
This introduces limitations on the length of the time step which is proportional to

the spacial resolution (CFL Condition):

n 1
O™ | gn et — Wl yUn 4

2 n
Y Rev w4+ V x f. (3.93)

The central finite differencing scheme is used to approximate the first and sec-
ond derivatives which leads to a large linear system, and it is solved by the Gen-
eralized Minimum Residual technique. In the equation (3.93), the source term,
fo = (feus fev, Jew) acts as a singular vorticity source along the rotor blades. To
avoid singular behavior, f. is formed by taking the convolution of the computed

normal load, f = (fu, fu, fw), and a regularization kernel, 7., as shown below [91]:
f.=f@n, (3.94)

where

~eap(~(H)?) (3.95)

2

Ne =
We remind the reader that f, is computed directly using the equation (3.83). How-
ever, one needs to project the torque in the equation (3.84) which is along the
tangential direction onto y and z-direction to compute f, and f,. Finally, for a
given pitch angle and rotational velocity, to compute U, V', W and f simultaneously,
we propose a time-stepping procedure which at every instant assures a time-true

solution. This procedure is summarized in Algorithm 3.
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Algorithm 3 Iterations between Navier-Stokes equation and blade Forces
1: for a given f3;, Qi =1,--- N, let n =0, U"(0,z,y, z) = Up,V"(0,2,y,2) = 0,

W™0,z,y,2) =0, Y(z,y,2) € D.
2: repeat

3:  Using U™, V"™ W™ at the rotor plane and the equations (3.71)-(3.87), compute

n
u?

o, fr and the generated power.
4:  Solve the Navier-Stokes equations to get U*!, V! and Wnt

until U™ — U"| < ¢, [v" — V" < e and [W"H — W"| < ¢

o
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3.7.1 Generalized Minimal Residual Algorithm

One of the most effective iterative methods for solving large sparse symmetric posi-
tive definite linear systems of equations is the conjugate gradient method [11], [34].
Several different generalizations of this method have been presented in the re-
cent years to deal with nonsymmetric problems and symmetric indefinite prob-
lems [3,21,22,40,68,70]. Recently, Youcef Saad developed an efficient numerical
algorithm called Generalized Minimum Residual algorithm for solving nonsymmet-
ric linear systems which is based on the Arnoldi process [2,74,76]. This generalized

method, summarized in Algorithm 4, is to intend to solve the following system:
Ax = 0. (3.96)

In Algorithm 4, Hy is a (k + 1) x k matrix which is the same as H, = V' AV,
except for an additional row whose only nonzero element is hjqy in the (k+ 1, k)

position.

3.8 Joint Optimization Algorithm

The joint optimization model (3.66) is a PDE-constrained optimization model with
the objective of maximizing the total power output of the wind farm. This objective
function is the sum of the power produced by the individual turbines, P;, which is

given in the equation (3.87). From this equation, we note that P; is a complicated
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Algorithm 4 Generalized Minimal Residual Algorithm

T0

1: Choose xg and compute rg = b — Axg and v, = Tl

2: for j=1,2,3,...,mdo
3: hi7j:(AUj,Ui), i:1,2,...,j,
4: f)j+1 = A’Uj — 23:1 hiJ"Ui,

0j+1
hjt1,;

5. hjpay = 054l and vy =

6: end for

7. Form the approximate solution: x,, = x¢ + V;,,y, where y,, minimizes ||fe; —
Hyyl. y € R™.

8: Restart: compute r,, = b — Ax,,; if satisfied then stop else compute z¢y = z,,,

v = ”’;—m” and go to 2.
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nonlinear function of the direct decision variables as well as the wind speed at the
plane of the rotor which is the solution of Navier-Stokes equations (3.67). Therefore,
it is almost impossible to find the derivative of the objective function. Hence, we
adopt the pattern search algorithm [67] which is a derivative free method to solve the
joint optimization model (3.66). The pattern search method starts with an arbitrary
feasible initial point, i.e., a set of operating configuration, 5;,€2;,7 =1,--- , N, and
seek a better set of operating configuration to gain more power. For the model

(3.66), let o be the vector of all decision variables, Dieasinle be the feasible region:

v = [P, By Qe O] (3.97)

Dfeasible - {x | ﬁlmin S T S 51maxa ER) QNmin S ToN S QNmaX}> (398)

and f be the objective function:

f=Yp, (3.99)

then the joint optimization algorithm based on the pattern search method in its
matrix notation is presented in Algorithm 5. The parameters used in this algorithm
are the convergence tolerance v = 1 x 1079, the contraction parameter § = 0.5,
the aggressive parameter = 2, the sufficient increase function u(s) = s*/2 and the
direction set d = {p;,i = 1,--- ,n + 1}. In this direction set, the search directions
are given by p; = %E — F;, fort =1,--- ,n, and p,y = iE where E is the

n dimensional vector of all ones and FE; is the i¢th column of the unit matrix of
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Algorithm 5 Joint Optimization

1: initialize the parameters o1, 0, 7, 1i(+), guess xo and set vy > V1.
2: evaluate f(xg) by Algorithm 3 and (3.87).

3: for k=1,2,3,... do

4:  if . < 01 then

5: return.

6: end if

7.  for p, € d do

8: if (2 + YePk) & Diecasible then

9: Tk + VkPk = Tp-

10: end if

11: evaluate f(xzy + Ypr) by Algorithm 3 and (3.87).
12: if f(zx + k) > f(ak) + p(yx) then

13: Thg1 < Tp + VP and Vg1 < V.

14: break.

15: else

16: Tt < T and Yei1 < V0.

17: end if

18: end for

19: end for
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size n. Note that the search direction does not come from the gradient, but rather
from a predetermined direction set d. Moreover, one member of d is a improving

direction [67].

3.9 Numerical Simulation

In this section, we present two numerical case studies to test the efficiency and
accuracy of the proposed numerical algorithm. In these numerical case studies,
we use a three-bladed wind turbine with a rotor diameter of 10 meters where the
blade sections consist of NACA 23012 series airfoils. The chord length and the
manufactured twist angle of this turbine are obtained using the formulas given in
(3.48) and (3.44).

To capture the gradients of the flow field, grid points are concentrated near the
blade tips and stretched in the axial direction as well as in the y and z-direction.
In the case of one turbine, the resulting grid consists of 76 grid points in the
axial direction, 80 points in the y-direction and 92 points in the z-direction. In
the case of two turbines, the resulting grid consists of 96 grid points in the axial
direction, 80 points in the y-direction and 92 points in the z-direction. In the
axial direction, the grid spacing ranges from dx = 0.02 at the rotor plane to about
dr = 1.9476 in the far wake and in the y-direction, the spacing takes values from

dy = 0.02 near the tip to about dy = 1.2150 at the lateral boundary. Moreover,
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Table 3.2: Sections of NACA 23012 blade

relative radius  0.188 0.313 0.438 0.563 0.688 0.813 0.938
pitch 242 147 94 6.0 3.8 2.2 1.0

relative chord  0.259 0.212 0.169 0.138 0.116 0.100 0.087

in the z-direction, the spacing takes values from dz = 0.0346 near the tip to about
dz = 1.4863 at the lateral boundary. The computations are carried out on a
100m x 60m x 60m computational domain and at an effective Reynolds number
of Re = Uy x R/v = 5000. The grid spacing and the value of the used Reynolds
number are of course a compromise between the accuracy and computing costs.
To ensure that the flow is fully developed in most of the wake, we carry out the
computations until t=10 with a time step of dt = 1 x 1072 which corresponds to

10000 time steps.

3.9.1 One Turbine

We apply the developed numerical Algorithm 5 to find the optimal operating points
of NACA 23012 when the incoming wind speed is 97, 10" and 117*. The results are
tabulated in Table 3.3. From this table, the optimal pitch angle and the rotational
speed are § = 1.1215° and Q = 1.684 rad/s when the incoming wind speed is

97*. At this optimal operating point, the generated power is P = 20.5110kw, the
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thrust is 5.6873 kilonewton, and the torque is 0.80744 kilonewton. These results are
consistent with the field-tested results in [89]. Moreover, at this optimal operating
point, the averaged angle of attack is a = 13.046° which yields high glide ratio, see
Figure 3.15.

We now examine the performance of the developed numerical algorithm with
different initial guesses. In this regard, we apply Algorithm 5 to find the optimal
operating points of NACA 23012 using different initial guesses. The results are
tabulated in Table 3.4. From this table, we observe that Algorithm 5 starting from
the initial guesses fy = 0° and 2y = 1 rad/s finds the optimal solutions of § =
1.1213° and Q = 1.6837 rad /s when the incoming wind speed is 9. The magnitude
of difference between these optimal points and those optimal points associated with
the incoming wind speed of 97 in Table 3.3 is very small. Therefore, Algorithm 5
produces consistent optimal solutions, and it is not sensitive to the selected initial
guesses used. Moreover, these results imply that the optimal operating points of a
single turbine are unique.

We also investigate the efficiency of the developed numerical algorithm in terms
of the number of objective function evaluations required for our algorithm to reach
convergence. In this regard, the best objective function value, the number of ob-
jective function evaluations and the mesh size at each iteration of Algorithm 5 are

plotted for Uy = 9, Uy = 10 and Uy = 11 in Figures 3.17, 3.18 and 3.19. For
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Table 3.3: Optimal operating point of NACA 23012.

Wind speed init. B Q « T v P

Up=9 = (-3,2) 1.1215 1.684 13.046 5.6873 0.80744 20.5110

Uo=10 = (1,1.9) 1.375 1.800 13.1870 6.5458 1.0100 30.0060

Up=11 (2,1) 1.4146 2.0500 13.4190 8.0906 1.2410 40.5448

example, from Figure 3.17, it is evident that Algorithm 5 converges to the sta-
tionary point 20.5110 as the sequence of the mesh size parameter tends to zero.
From this figure, we also note that the number of objective function evaluations is
30. With this number of objective function evaluations, Algorithm 5 seems to find
the optimal operating points of a single turbine in a reasonable time. However, as
the number of turbine increases the objective function evaluation becomes substan-
tially expensive. Therefore, for future work we are planning to develop a robust
optimization algorithm to speed up the optimization process.

Finally, we examine the efficiency of Algorithm 3 in simulating the flow in
ultimate wakes of a wind turbine. In this regard, we apply Algorithm 3 to simulate
the flow around NACA 23012 operating at its optimal operating points = 1.375°

and ©Q = 1.800 rad/s when the incoming wind speed is 10%. The results are
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Table 3.4: Optimal operating point of NACA 23012 (different initial point).

Wind speed init. B Q «@ T v P

Up=9 =+ (0,1) 1.1213 1.6837 13.0468 5.6874 0.80747 20.5113

Uop=10 = (-2,1) 1.3754 1.802 13.1881 6.5459 1.0102 30.0061

Up=11 = (-2, 1.7) 1.4160 2.0550 13.4120 8.0902 1.2403 40.5435

Total Function Evaluations: 30

Best Function Value: 20.5110 ©
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Figure 3.17: Pattern search result for laminar flow Uy = 9.
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Wind flow in the plane of Wind Turbine near hub
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Figure 3.20: Wind flow in the plane of the rotor near the hub.

displayed in Figures 3.20, 3.21, 3.23 and 3.22. The flow patterns shown in these
figures are consistent with the field-tested results in [89]. Moreover, from Figure
3.23, we notice that the wake of wind turbine continues to expand in the axial
direction as well as in the z-direction as it develops further downstream. It is also
important to note that, 6 rotor diameters away from the plane of the wind turbine,
the wake has not yet fully recovered. Therefore, a wind turbine placed downstream
of other wind turbines will experience diminished power production compared to
free-standing wind turbines. In conclusion, in order to improve the performance of

overall wind farm, it is essential to optimize the total power while considering the

wake effect.
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Wind flow in the plane of wind turbine near and far from the hub
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Figure 3.21: Wind flow in the plane of the rotor near and far from the hub.

Upcoming wind flow in x and z plane passing through the center of wind turbine
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Figure 3.22: Wind flow in xz-plane passing through the hub.
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Figure 3.23: Wind flow in xz-plane passing through the hub.

Figure 3.24: Schematic diagram of two turbines.
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3.9.2 Two Turbines

The schematic diagram in Figure 3.24 shows two three-bladed turbines where the
downstream turbine is positioned in the wake of the upstream turbine. These two
turbines are four rotor diameters apart, and their blade sections consist of NACA
23012 series airfoils. We now apply the developed numerical Algorithm 5 to find the
global optimum operating point of these two turbines where the wake of upstream
turbine interfere with the downstream turbine. The results are tabulated in Table
3.5. From this table, the global optimum point of upstream and downstream turbine
are (,Q) = (1.1646, 1.5915) and (3, Q) = (0.7470, 1.3086), respectively. Moreover,
from this table, we also note that the upstream turbine generates 18.575kw power
and the downstream turbine generates 17.107kw power when they operate at their
global optimum point. In this case, the total power output of wind turbines is
35.682kw. In contrast, when both turbines operate at their own optimum point,
ie., (,Q) = (1.1215,1.6840), as shown in Table 3.3, then the upstream turbine
generates 16.495kw power and the downstream turbine generates 16.226kw power.
In this case, the total power output of wind turbines is 32.721kw. Therefore, by
optimizing the turbines' operation while considering the wake effect, we can gain
an additional 9.05% in the total power since 35.682/32.721 = 1.0905. Moreover, we

also note that this extra gain in the total power does not lead to increased loading
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on wind turbines. For example, from Table 3.5, the thrust of the downstream
turbine operating at its global optimum point and in the wake of upstream turbine
is T' = 5.2265 kN which is less than the thrust of a free-standing turbine 7' = 5.6873
kN, see Table 3.3, operating at its own optimal point with no exposure to the wake
of another turbine.

From Table 3.3, we note that a free-standing wind turbine operating at its opti-
mum point (3, Q) = (1.1215, 1.6840) generates 20.5110kw power when the incoming
wind speed is 9. In contrast, if two turbines are grouped in a wind farm, and
they operate at the optimum point of a free-standing turbine, then the upstream
and downstream turbine generate 16.495kw and 16.226kw power, respectively. This
power reduction of the downstream turbine is due to the wake generated by up-
stream wind turbine which alters the flow field and leads to a wind velocity deficit
in the downstream wind turbine. The power reduction of the upstream wind tur-
bine can be justified due to the thrust generated by the downstream turbine which
reacts to the common flow field, and leads to a wind velocity deficit in the upstream
wind turbine. In this perspective, the wake zone concept could be extended. It is
not only the turbine at front affects the performance of the turbines at rear; rather,
all turbines affect each other via the common flow field in which they are immersed.

Finally, from Table 3.3, we note that a free-standing wind turbine achieves

its highest aerodynamic performance at the angle of attack 13.046 degrees. This
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angle of attack leads to a high glide ratio as shown in Figure 3.15. However,
from Table 3.5, when two turbines are grouped in a wind farm they achieve their
highest aerodynamic performance at the angle of attack higher than 13.046 degrees.
For example, from Table 3.5, the angle of attack of the upstream and downstream
turbine are 17.489 and 16.4512 degrees, respectively, when the incoming wind speed
is 117, and they operate at the global optimum point. Moreover, from Table 3.5, it
is evident that the angles of attack for all tested cases are consistently bigger, around
16 degrees. This angle of attack, 16 degrees, is the critical angle of attack for the
lift coefficient, and it leads to higher lift coefficient, see Figure 3.14. In conclusion,
the developed Algorithm 5 moves towards maximizing the lift coefficients when

optimizing the total power.

3.10 Conclusion

In this chapter, we studied how to optimize power production of multiple wind tur-
bines by considering the wake interactions among them. We modeled the intricate
interference of multiple turbines through the actuator line method and the Navier-
Stokes equations. We find that by optimizing the turbines' operation, we can safely
gain an additional 8% in the total power. We find that not only the turbine at the
front affects the production of a turbine at the rear, but all turbines affect each

other by exerting forces into the flow field in which all turbines are immersed. In
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Table 3.5: Joint optimal operating points of two NACA 23012.

Wind speed  turbine B Q «@ T 14 P

1st, joint 1.1646 1.5915 13.1200 5.1708 0.75555 18.575

2nd, joint 0.7470 1.3086 22.3690 5.2265 0.75073 17.107

Uo=9 = 1st 1.1215 1.6840 11.3001 5.1469 0.64332 16.495
2nd 1.1215 1.6840 11.1630 5.1180 0.62954 16.226

Gain:  9.04%

1st, joint 0.5979 1.5252 15.1863 6.3486 0.98574 26.8790

2nd, joint 0.082 1.3939 18.1510 6.3911 0.96538 25.8350

Up=10 = 1st 1.3750 1.8000 11.4591 5.9452 0.81589 24.5200
2nd 1.3750 1.8000 11.3320 5.9133 0.80071 24.2460

Gain: 8.11%

Ist, joint 0.331 1.7222 17.4891 8.2425 1.1991 35.7501

2nd, joint 0.8275 1.6114 16.4512 7.2552 1.1972 34.6912

Up=11 = 1st 1.4160 2.0500 11.6740 7.3602 1.0041 33.3061
2nd 1.4160 2.0500 11.5511 7.3233 0.9861 32.8601

Gain: 7.3680%
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contrast to the case of a single turbine, the numerical results show that, at the
optimal operating point for multiple wind turbines, the angle of attack does not
yield the highest glide ratio. We also find that the optimal angle of attack deviates
the most from the point where the glide ratio is maximum for the turbine at the
rear. This work paves a way for a larger scale power production optimization and

more accurate wind farm layout optimization.
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4 Stochastic Power Optimization Using DD

4.1 Introduction

In the previous chapter, we optimize the total power in a wind farm assuming a
deterministic value for the incoming wind. In this chapter, we relax this assump-
tion and treat the incoming wind as a stochastic variable. We essentially focus on
analyzing and modeling stochastic optimization of wind turbines' output in a wind
farm subject to Navier-Stokes equations. Obtaining accurate simulation of wind
flows governed by Navier-Stokes equations requires a great number of mesh points
which can lead to the problem of solving large linear systems. Therefore, to ob-
tain the solutions in a reasonable time, we develop a corrected-explicit-implicit do-
main decomposition scheme for the parallel approximation of the three-dimensional
Navier-Stokes equations in a velocity-vorticity formulation. To validate the pro-
posed parallel scheme, we apply it to estimate the solution of the lid-driven cavity
problem which has been used as a benchmark problem for many numerical meth-

ods due to its simple geometry and complicated flow behaviors. To further validate
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the developed parallel scheme in the context of wind turbines' power production,
we test our model against an experimental data that is available for a commercial
wind turbine called WindSpot. We estimate the power generation of wind spot for
different wind speeds using the parallel simulation of the Navier-Stokes equations
and the actuator line method. It will be shown that our power estimates match
the experimental data for the WindSpot very well. Since the results of our vali-
dation are acceptable, we proceed to apply the developed parallel scheme for the
Navier-Stokes equations and the actuator line method in the context of stochastic

optimization of wind turbines' output in a wind farm.

4.2 Modeling of the Flow for Stochastic Power Optimiza-
tion

For a wind farm with NV turbines, the production stochastic optimization model in

its condensed form is the following:

N
Max > E"[P)]
Biy-BN i
Q1,..,0N

subject to (4.2), and
Bmin S 6@ S BmaX)
Qmin S Qz S Qmaxv

Vie{l,2,...,N},
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where the incoming wind speed on the inlet boundary, Uy, is a random variable
and the objective function is the expected total generated power from the wind
farm. This optimization problem (4.1) is to select 2n decision variables, (81,81, ...,
Bns$2n) in a 2n-dimensional rectangular box, where €; is the speed at which the ith
turbine rotates and f; is the angle at which the blades of the i¢th turbine are being
pitched. Moreover, these decision variables are bounded Qi < €©; < Q. and
Bmin < i < Bmax where Quin, Qmax, Omin and SBrax are the lower and upper bounds
on the rotational speed and the pitch angle. These lower bounds are imposed due
to the fact that if the wind turbine rotates slowly, or the blades are pitched at a
low angle then most of the wind will pass unperturbed through the gaps between
the blades which will result in power reduction. The upper bounds are imposed
due to the fact that if the turbine turns too fast, or the blades are pitched at a
high angle then it will act as a solid wall to the wind which will result in power
reduction. Moreover, in the model (4.1), P; is the power generated by the ith
turbine that has a complicated nonlinear relationship with the decision variables
and the wind speed which is the solution of the Navier-Stokes equations (4.2); it
is derived in the previous chapter in section 3.6. Finally, in the model (4.1), the
constraints are the Navier-Stokes equations which govern the relationship between

the wind flow field and the external forces. These equations on a rectangular
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domain, D = [0,1,] x [0,1,] x [0,l,], are given by:

U 1
5 HUU:+ VU, + Wu. = et V(Usz + Uyy + Us2) + fult, 2,9, 2),

oV 1
E + va +V‘/;J + W‘/Z = _;py —+ V(‘/mc "—‘/;/y + ‘/zz) "—fv(tax)ya 2)7

oW 1
e UW, + VW, + WW, = —pe V(Wae + Wy + W) + fult, 2.y, 2),

ot
(4.2)
with the following boundary conditions:
U(t,o0,--)=U0,, V(t0,-)=0, W(tO0,--)=0,
Up(t,lzs ) =0, Valt,lo,,) =0, Wa(t, s, ) =0,
Uy(t,-,0,-) =0, V,(t,-,0,-) =0, W,(t-0,)=0,
(4.3)
Uy(t, by, ) =0, Vy(t, Ly, -) = 0, Wy(t, -1y, -) =0,
U.(t,-,-,0) =0, V.(¢t--0) =0, W.t--0)=0,
U.(t,-, 1) =0, Vi(t,,, 1) =0, W.(,-, 1) =0,
the initial conditions:
uo,---)=0U, V(t---)=0 W(t,---) =0, (4.4)
and the continuity equation:
Uy +V, +W, =0, (4.5)

where v is the viscosity, p is the air density and Uj is the incoming wind speed

which is a random variable.
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4.3 Value of Stochastic Programming for Power Production

There are two approaches to find optimal operating points of wind turbines while
considering the random wind speed on the boundary of the wind farm. The first
approach is to solve a deterministic model, and the second approach is to solve a
stochastic model. The first approach replaces the random incoming wind speed by
its expectation, while the second approach explicitly includes the randomness of
the incoming wind speed. Both approaches are aimed to find the optimal operat-
ing points of wind turbines. However, the second approach has advantages over
the first one. Here, we illustrate the advantage of the stochastic model over the
deterministic model through an example, and we show that ignoring the random
characteristics of the incoming wind speed may limit the usefulness of the optimal
solutions. For simplicity, we consider one turbine operating within the wind farm
where the incoming wind speed has a discrete distribution with finite number of
values 77, 87, 97 107> and 1177 that are equally likely to be observed. For these
wind speeds, the power generated by the turbine for a fixed pitch angle and various
rotational velocities are given in Figure 4.1. Here, we use the deterministic ap-
proach to find the optimal rotational speed. In this case, we assume the incoming
wind speed is 9 which is the expectation of 7, 87 97 10" and 11". Since

the incoming wind speed is 97, the optimal rotational velocity of the wind turbine
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is 1.684, see Table 3.3. Now, if we operate the wind turbine at this optimal point,

then the expected power output is:

9.6531 + 15.2134 + 22.3351 + 29.4452 + 37.6782
o

— 22.865, (4.6)

where 9.911, 15.435, 22.409, 29.170 and 37.156 are the power generated by the
turbine for the incoming wind speed of 77, 82, 9% 107 and 117, respectively.
Therefore, if the wind turbine operates at the optimal rotational velocity obtained
by the deterministic approach, then the expected power output will be 22.865kw.
Now, we investigate the expected power output of the turbine at different rota-
tional velocity using the power output curves, see Figure 4.1. From this figure, at
rotational velocity 1.684, the power output curves for the incoming wind speed 107
and 117 are steep while other three curves are almost flat. Therefore, at rotational
velocity slightly away from 1.684, the expected power output may increases. To
find out, we compute the expected power output of the turbine operating at the

rotational velocity 2.00:

9.0259 + 14.8221 + 22.996 + 30.0612 + 39.0965

= 23.2003.
)

Therefore, if we operate the wind turbine at rotational velocity 2, then we gain
1.47% more power (since 23.2003=1.47*22.8650). Due to the simplifying assump-
tion, this gain is small but it is large for the optimization model 4.1 as numerical

results confirm this.
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Figure 4.1: Generated power for various rotational velocity.
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4.4 Scenario-Based Approximation Model

To solve the stochastic optimization model (4.1), we first need to model the random
behavior of the incoming wind speed. In this regard, a large number of studies have
been conducted to find a good probability distribution to model the randomness
of the wind speed. Generally, the two-parameter Weibull distribution is widely
used and accepted in the specialized literature on wind energy and other renewable
energy sources [57,79]. Here, we use the doubly truncated Weibull distribution
with the following probability distribution function to model the random behavior
of the incoming wind speed:

g9(z)

GO - Gy "=

fx) = (4.7)

0  Otherwise,
where g is the non-truncated Weibull distribution with shape parameter k. and
scale parameter s., and G is the cumulative distribution function. It can be shown

that the expected value of the doubly truncated Weibull distribution is equal to:

Ey(X) =
a \k (48)
Scexp«;c) c) 1 b ke 1 AN

where 7 is the incomplete gamma function.
To simulate the uncertainty of the incoming wind speed in the stochastic opti-

mization model (4.1), we use the Monte Carlo simulation method. The advantage
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of applying this method is that the required number of samples for a given level
of accuracy is independent of the size of the model (4.1). We apply the Monte
Carlo simulation method to generate finite number of scenarios, (U, UZ, ..., UM),
according to the doubly truncated Weibull distribution (4.8), where each scenario
Ug ,j = 1,..., M represents the incoming wind speed. The scenario generation
process is summarized in Algorithm 4.9. Consequently, we obtain the following

scenario-based approximation model to the stochastic optimization model (4.1):

N oM 2
BrBN T M
Q.08

P/, i=1... N, subject to (4.2) under scenario Ul for j=1... M,

Prin < Bi < Prax; (4.9)
Qmin < i < Qiax,
Vie{1,2,...,N}.
Algorithm 6 Scenario generation
1: for j=1,2,3,..., M do
2:  repeat
3 Uj = s.(—In(1 — zj))é where z; is a random number generated from the

uniform distribution.
4 untila < UJ <b

5. end for
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4.5 Parallel Scheme for Navier-Stokes Equations

By using the curl operator to the equations (4.2), one gets the following dimension-

less form of the vorticity transport equations:

9 oWE owg  oUnm) oW 1 0% 0 0%
ot Ay 0z + dy + 0z + Re((‘?x2 + oy + @)
Ofw  Ofy
+ 87y 9 (4.10)
oy _ _9Wn) _oWm)  oVE)  oWVE i<3277 > 8277)
o ox 0z ox 0z Re 0x*  0y?> 022
Ofw | Ofu
~ or + 9 (4.11)
o _aUQ oW | awe oW | L ¢ ¢ ok
ot ox dy ox oy Re 0x?  0y?> 022
Ofy  Ofu
+ o 87y’ (4.12)
with the following boundary conditions:
oW (t,0,-,-) OV(t0,-,)
S(tvOa i )_ ay 82’ I
_ aW(tv lﬁ,‘,') 8V(t,laz,,)
§(t7 lf)’),',') - ay Oz
ow (t,-,0,- oV (t,-,0,-
f(t,~,0,'> - (a ) B (62 )’
oW ( ’ ly,)) V(- ly,-) (4.13)
_ t,, Y, N l,, Y,
S(ta >ly> >_ ay 82
_owW(t,-,-,0) OVI(t,-,-0)
g(tv ) aO) - ay aZ I
oW (t, -, lz) OVt 12)
§(t7')'7lz> - ay Oz
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OW(t.0.-.)  OU(LO,- -
n(t707 " ) - <8gj ) + <6z )7
ow (t,lx,-,- oU(t,lx, -, -
n(th?"'):_ (&/p ) ( 0z )7
_ O0W(t,-,0,-) OU(t,-,0,)
ta'a Y, t7'7 Y,
n(ta ) l3/7 ) = - o + Oz ;
ow(t,-,-,0 ou(t,-,-,0
77(157','70):— <8ZL' ) + <8z )7
ow(t,-, - 1z ou(t,-,-, 1z
77(7573'752):_ <ax ) <8z )’
~ 9V(t,0,-,-) OU(t,0,-,-)
C(t707 ) )_ al’ ay I
ov(t,lx,-,- oU(t,lx, -, -
C(t,ll‘,',‘): (81' ) B (3y >’
ov(t,-,0,- oU(t,-,0,
C(t7'707'): <8:r; )_ (a >>
OV (t, - ly,) OU( ' ly, ) (415)
o - ly, . Ly by,
C(ta 7@7 )_ 833' ay I
_ oV(t,-,-,0) OU(t,-,-,0)
C(t7 ’ 70) - @x ay I
OVt lz)  OU(L,-, - 1z)
C(tv ) ,ZZ) - 8x ay '

By taking the curl of vorticity (£,n,() = V x (U, V, W) and using the continuity

equation (4.5), we obtain the following velocity Poisson equations:

*U  9*U  9*U

0x? i dy?> 022
PV 0V 9V
0x? * oy? * 0z
o*W
0z?
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a(¢) | d(n)
St g (4.16)
a(¢)  a(¢)
B 9 (4.17)
*U)  9*V)
C 9z0r  0z0y’ (4.18)



with the following boundary conditions:
U(t,0,-,-)=U0y,, V(t0,--)=0, W(t0,--)=0,
Ux(t>lx7'>') =0, V;c(ta l:(:?'a') =0, Wz<t7lx>'7') =0,

Uy(t,-,0,-) =0, V,(t,-,0,-) =0, Wy(¢t-,0,-)=0,

(4.19)
Uy(t, by, ) =0, Vy(t, 0y, -) = 0, Wy(t,- 1y, ) =0,
U.(t,,-,0)=0, V,(t--0) =0, W.(t--0)=0,
Udt, 1) =0, Vit 1) =0, W.(t- L)=0,
and initial conditions:
u(0,-, -, ) = Ug,v(t,,-,-) = 0,w(t,---)=0. (4.20)

We seek for the numerical solution of {(t, z, y, 2), n(t, z,y, 2), ((t,x,y, z), U(t, z,y, 2),
V(t,z,y, z) and W (t, z,y, z) in the computational domain D = [0, l,| x [0, ,] x [0, /]
for t € [0 T'] using parallel simulation. To find these numerical solutions, we first
need to define the grid points in the computational domain. In this regard, we
partition the computational domain using the following set of non-uniform grid

points:

Dy = {(zs,yj, ) |2 = @i +hi, 1<i<J,
yi = Y1 t+h, 1<5 <,

o =z AN 1<k< ) (4.21)
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Figure 4.2: Staggered grid

where 1o = 0, yo =0, 20 = 0, x5, = l, yj, =, and z;, = .. We divide the time
interval into N subinterval of equal length using the points, t" = n7, n=0...N,
where 7 = L. To discretize the velocity Poisson equations (4.16)-(4.18) and the
vorticity transport equations (4.10)-(4.12), we use a MAC staggered grid system,
as displayed in Figure 4.2, to ensure the accuracy in the prediction of velocities and
vorticities. From this figure, we note that the numerical solution of U, V and W are
evaluated at the grid points (z;, Yjrls Zerd)s (xH%, Y5, zk+%) and (xH%, Yjids Zh), TC-
spectively. Moreover, from this figure, we also note that the numerical solution of &,
n and ( are computed at the grid points (l‘i+%, Yj, %), (T, Yjrds z) and (4, y;, zk+%)

, respectively. Before we proceed to a detailed description of the developed parallel

scheme to solve the equations (4.16)-(4.18) and (4.10)-(4.12), we introduce some
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ar, ; ii,jﬂ,k
o Ly
Gl_l;j‘ﬁ Xm ,,,,,, G1 jik 2 ,,,,,,,,,, dX2 ,,,,,
dy,
G dz

Q4 T g T

I jk-1

Figure 4.3: Arbitrary mesh function at an arbitrary grid point.

notations. For an arbitrary mesh function G7;

= G(tn,;,y;,2,) defined at an

arbitrary grid point (x;,y;, 2), we introduce the following notations:

0Gyy, = Zj’k;sz_"i , (4.22)

5.G0y L = ik ;xl ?—l,j,k7 (4.23)

0yGij 1k = Cia ;;Zjl’k (4.24)
5ﬁm%=:qmz%“, (4.25)

and
1 1 1
6325G2j,k:dx2(d§1+d§2) zn+1,j,k - de(%_i_leﬂ)""dIl(d%_i_dm)) :ij

+dm£}§)&w (4.26)



1 1
5k =~ Gk — " ar,
PR dyp (g 4 Ay T (dyz(%w%) dyl(d%ﬂ%)) i
1
+ — g Gk 4.27
dya (B Tz vk (4.27)
1 1 1
z 74,5,k dZZ(%_i_glzﬁ) i,7,k+1 (dzg(d%—l—d—;?) dzl(d%—i—d%)) 1,7,k
1
+ — G (4.28)

dor (G )

In the following subsections, we present the developed corrected-explicit-implicit
domain decomposition scheme for the parallel approximation of the three-dimensional
Navier-Stokes equations in a velocity-vorticity formulation. This is achieved by
combining a second-order extrapolation scheme and an implicit correction tech-
nique. In the proposed scheme, at each time step, we predict the values of velocity
at interface mesh points by a time second-order extrapolation scheme. Then, we
approximate the interior values of velocity in each subdomain using the backward
Euler method, an explicit scheme and an implicit scheme. Finally, once the sub-
domain solutions are available, we correct the predicted values of velocity at the
interface mesh points. Using similar steps, we approximate the solutions of vorticity

transport equations.

121



4.5.1 Parallel Approximation of U

Let Ufj Flksl be the numerical approximation of U at the grid point (z;, Yisls %k +%)

at time t", and D} be the set of mesh points associated with UZ.”jJ b1
’ 27 2
Dﬁ:{(xi,yj_%,zk_%) |i=0,...,Jy, j=0,...,J,+1, k=0,...,J,+1}.

Decompose Dy into (P*+1)(Q" +1)(S" + 1) non-overlapping subdomains D}, 5,

a=1...P"+1,=1...Q"+1,v=1...5"+1:
Diyosr = {(xi,yj_%,zk_%ﬂ b1 <1 <1y, Js1<J<Js ki, <k<K}

In general, P and Q are related to the size of the problem and the number of
processors in the computer platform. Associated to the subdomains, there are
(P*+1)(Q"+1)(S“+1) interfaces. Let 't = ¥ UT#2 UTH be the set of all mesh

points on the interfaces where I'!, T4 and T'¥® are given by:

re = {(Tig,yj 1, 5-1) [4<ig+2<dqy, 1<a< P 0<j<(J,+1),
0<k<(J.+1)},

e — {@iyy 12 1) [4<j5+2 <y, 1SB<Q", 1<i<(L—1),
0<k<(J.+1)},

Ui = {(may 1, z1) [4 <K +2< kY, 1<y <8 1<i< (- 1),

0<j<(J,+1)},

(4.29)
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where i =0, ipy = Ji, Jo =0, jo1 = Jy + 1, kg =0 and k5, = J. + 1. Now,
we propose a corrected-explicit-implicit domain decomposition scheme over multi-
block subdomains for the parallel approximation of the velocity Poisson equation

(4.16) which consists of the following steps:

Step 1. Apply the following explicit scheme to predict the value of Uz."j_ 1,1 at
’ 27 2
the interface mesh points by:
rn o n—1 n—2 u
Uz‘,j—;k—é - 2Ui,jf%,k—% - Ui,j,%,k,% on I'. (4.30)

Step 2. Compute the value of U " 1 at the interior points of subdomains by:

k,l

un. I e

WEE TN pun R BUT 0T
T Tz J— é7k 1 Y k Z l)]_§7k %
n—1 n—1 u u u 4.31
Oy T Oy o DT UODY, 43
n _Tn u

Step 3. Correct the predicted value of U”"

1, 1 at the interface mesh points
17]_§7k_7

T AT, TEE TS, T2 N T3 by:

U1 = Ui 11 i 2 2 2
’ 3 2 ). 27 n n n
- (SxU” 1k_%+5wa 1k—%+6zUz]—l,k; %
+5 Cn _1, _1 _5z77 _ 14 1
" Wigk=s (4.32)
on T\{I' NI TN, T2 N e,
& 1 2 1 3 2 3
Uy s =U0 1 n on (TR NT2 TR NTE, T2 N 1)
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Step 4. Correct the predicted value of U™

1, 1 at the interface mesh points
Zvj_iak_

2

{T¥E T2, T AT, TH A T3 by:

—1
Uinj_l k—1 _Uinj_l k-1 9 9 9
T T Ty n n n
. = %V pat T O Uiy H UG 1ay
n—1 n—1
+ ‘Sy@ Ll 1 5277i 11
7] 27 2 7] 27 2 (4 33)
ul u2 ul u3 u2 u3
n T ul u2 u3
Ui,j*%,k*% = Ui,jfé,kfé on {Fh N Fh N Fh } .

Step 5. Correct the predicted value of U

i 11 at the interface mesh points
9 27

1
2

{T¥ N T2 NI} by:

U1 — U;l;_l; =1 ) )
’ 27 2 ’ 2’ 2 n n n
1 -1 1 2 3
The boundary conditions are given in (4.19) and the first level values Uilj_ 1,1 are
. 27 2
obtained without domain decomposition scheme.
4.5.2 Parallel Approximation of V
Assume that ii%,j,k 1 approximates the exact solution, V, at (x;, 1y Yjs 2y L ) at

time ¢", and assume Dj is the set of mesh points associated with V" , iEL
200 2

DZ:{(:UF%,yj,zkfé)\i:O,...,Jx—I—l, j=0,...,Jy, k=0,...,J.+1}.
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Divide Dj, into (P? +1)(Q" + 1)(S” + 1) non-overlapping subdomains D}, 5., o =

1. P41, 8=1...Q"+1,v=1...5"+1:
Za,,@,’y = {(:Ei—%vyﬁzk—%) | Z.g—l <1< igm j§—1 <] < jg’a k)}\,)/—l <k < k‘};}>
Let IV = TP U2 UTY be the set of interface mesh points where:

= {(q;igfé’yj,zkié)]4§z’2+2§i2+1, I1<a< P’ 0<j<Jy,
0<k<(J.+1)},

B = ey ygaep) [4S3+2 <05, 1<A2Q 0<i<(Lt1),
0<k<(J.+1)},

e = {(%—%7%’7%3—%)|4§k:}/+2sk:+17 1<~y <8 0<i<(Jp+1),
0<j<dJy}

(4.35)

Here, ig =0, ip,; = Jo.+ 1, jg =0, 3401 = Jy, kg =0 and k5, = J, + 1.

It is worth to mention that, in the parallel approximation of velocity Poisson
equations, we use false transient method which is an alternative technique to solve
the steady-state problems. In this approach, instead of solving the steady-state
problem directly, the relevant transient problem is solved until the solution no longer
varies with the time [7,32,56,63]. Moreover, central finite differencing scheme is

used to approximate the second-order derivatives that leads to a large linear system
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to be solved. Here, we use Generalized Minimum Residual technique, see Algorithm
4, but in a sparse format [75]. Now, we propose the domain decomposition scheme
which is used for the parallel approximation of (4.17). It is summarized in the
following;:

Step 1. Predict the value of V" , g1 at the interface mesh points I'} by:
27 2

Vi =2V =V (4.36)

57]7 Z_i’]k

t the interior points of subdomains by:

i777j7 ) 1777j7k77
2 2 p) _62Vn Jk 1—{—(52‘/” Jk 1+52vn

Z 7/757.7 ki*

— 0GP 8 o on DY\{T, UOD;), (4.37)
3 i=9.0k—3
Vii%,j,k_% = ‘72-?%7j7k_% on I} .

Step 3. Correct the predicted value of V", ., . at the interface mesh points

27J7k_§
TR T2, T A TE, T2 AT by:
| Ay
7'_7’.7’]{:_7 7’777]7k7 2 2 2
e AP A AT PP A A

n— 1 n— 1
C k 1+6§ 7]’]{3_7

(4.38)
on DO\{TY NIy, T N3, T2 Ny,

VrLo =V on {IVW'NTY TV NI, T2 NTYY.

1
7'_57]7k_§

Step 4. Correct the predicted value of V" , 1 g1 at the interface mesh points {T'%' N

200 2
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Iy, T3 N T, TR 0T by,

an ‘ Vn 1 .
i—5.0k—3 = Q’J’k 3 52vn +52Vn +52Vn
T T ’L*%’]»kié Y lf%).]yk*% z 2757.]]677
5 n— 1 5 n—1
- g ]k 1+ zgi_ljk_l
2 (4.39)
vl v2 vl v3 v2 v3
on {I}" NIy, Iy Ny, TNy},
v =V on {IY'NT¥2Nree)
7'_%7]7k_% - l_%vjvk_% h h h ’

Step 5. Correct the predicted value of V" , jhmd at the interface mesh points {T'%' N

277

2 NI} by:

% — 52vn he 1 _|_62vn he 1 +52vn . i
T e
(4.40)

— 0.C" {jk . +6§" ! ol D ' NIy nT).
In the parallel approximation of equations (4.16), (4.17) and (4.18), we use the

boundary conditions given in (4.19). Moreover, we find the solutions of U, V' and

W at time t = 1 without domain decomposition scheme.

4.5.3 Parallel Approximation of W

Let V[/l”+2 Lk be the numerical solution of W at the grid point (xH%, Yirls i) at

time ¢", and let D}’ be the set of mesh points associated with W , FIETE
2

1
5

Dﬁ:{(xifé,yjfé,zk)]i:O,...,Jz—i—l, j=0,....J,+1, k=0,...,J.}.
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Decompose D}’ into (P* +1)(Q" +1)(S™ + 1) non-overlapping sub-domains where

the grid points in the subdomains are given by:

Dhosy = {(xi—%’yj—%vzk) | oy <i<iy, Jii<Jj<Jjs ki, <k<kJ}h

Let T'¥ be the set of all mesh points on the interfaces, that is, T = T'¥1 | Tw2 (T3,

where:

ret = {1 ymr,z) [4<ig +2<ig,, 1<a< P 0<j<(J,+1),
0<k<J.},

re? = {(@ionyjwpo2) | 4<J5 +2 <75, 1<6<QY 0<i<(L+1),
0<k<J.},

Iy = {(ri g1 o) [4<EY+2< kY, 1<y<SY, 0<i<(J+1),

0<j<(Jy,+1)}

(4.41)

Here, it = 0, i%,, = J, + 1, j¥ = 0, j5,, = J, + 1, k¥ = 0 and k%, = J..
We approximate the solution of equation (4.18) in parallel by the following domain
decomposition scheme:

Step 1. Predict the value of W, .,

at the interface mesh points I'} by:
PR 29

k

n —9 n—1 - n—2 4.49
Wit gman = 2Wils o = Wiksyoaw (4.42)
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at the interior points of subdomains by:

Step 2. Flnd Wn_l _1p
? 27] 20
wn, —wnrt
i—5,— 5.k i—3id=3k _ sappm !
- L R L Ly 27k+65U 1Lk
(4.43)

on DP\{T} UOD}Y,

w
on I'}.

at the interface mesh points

n _1n
WEy =Wy,

Step 3. Correct the predicted value of W , FEE
27 27

DP\{TEE ATE2, TP ATES, T2 ATE) by
Wzil' L _I/I/iillj_
R TR XN NP I

.
on TYP\{T¥' NP2 Ty NTye, Ip2 Tty (444)

wn =W, o on {TPE AT TP N Tws, T2 N Ty,

i1 1
i—5.0— 5.k 19 )79

at the interface mesh points

Step 4. Correct the predicted value of VVi",;j,l .
2’ 27

{Tin T2, Tt Ny, T2 N Tys) by:

Hln_l 1 _[[Zillj_ 9
2 2’ |177’L (77’1, ‘777,

.
on {TPt ALY T¥ NIy, Iy nryy, (445)

W =Wy, 1, on {TR'NIRZNIpey.

1_57‘7 27

at the interface mesh points

Step 5. Correct the predicted value of VVin,lj,l .
2’ 27

{Fﬁl N Ff2 N F”,“l”?’} by:

Wiy =W
2J7 3 :52W’n k—i—(SZ(SmUzn_lj_lk
207 (4.46)

1_57]_§7k
2 7j 27

on {TW'NTP*NTEe).



4.5.4 Parallel Approximation of ¢

Let f;jr Lk be the numerical approximation of £ at (z; +10Yis 21) at time ¢", and let

DfL be the set of mesh points associated with 5;":%%,{:
DS = {(w s,y |i=0,0, Lo +1, =0, 0y, k=0,..., L}
Decompose D, into (P + 1)(Q¢ + 1)(S¢ + 1) non-overlapping sub-domains:
Diapry = (o i) | oy < i<, jhoy <i<ih Koy <k<k}

(e

Let T = T5' U5 UTS be the set of all mesh points on the interfaces where:

Ly = {(%2—%’%,%)|4§i§+2§i§+17 I<a< P 0<j<dy,
0<k<J.},

e = {(xi_%,yjé,zk)|4§j§+2§j§+1, 1<B<QY, 0<i<(J+1),
0<k<J.},

s = {1y, 28) [ 4 <K +2 < K, 1<y<S5 0<i<(J,+1),
0<j<Jy}
(4.47)
Here, ig =0, z'%ﬂ =J,+1, jg =0, jéﬂ = Jy, kg =0 and k’gﬂ = J,. The vorticity
equation (4.11) is solved in parallel by the following steps:

Step 1. Predict the value of fﬁ%,j,k at the interface mesh points Fi by:

Siign =260, 5?:5,]-,;@- (4.48)

2>
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Step 2. Find 5” , at the interior points of subdomains by:

n n—1
S § Stk - (525;1%,6 HORE s T O )
+0,(Un)i 71— 0(VOTL = 0:(WE)TL
+ (U 4 0y i = 0oy (4.49)
on Dj\{I';, UOD;},
g?_%’j_%Jg = é,-"_%ﬁj_%,k on Fi .

Step 3. Correct the predicted value of £ | i At the interface mesh points Fi\{f‘%l N
052, T5 N T3, T52 N T3 by:
gin—%vjvk B ?—_%1717’“ 2 2 2
T :R (5 éz—f,jk—i_égz—f]k_’_(séz—f]k)
+0,(U n)?:;j,k =0, (VOTL ) — 0V

0(UC) 1 s+ Oufwil sy = O=foi 1 s (4.50)
on TR(TS N T, T AT, T AT,
€ pype=Eyuge on OENIE T ADP TP TR,

Step 4. Correct the predicted value of §” ., at the interface mesh points {F£
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2 TS N T T2 NS by:
n—1
Stk ~ S

T Re (
+ @(Un)?:;j,k =0, (V&)1 — 0-(WE T

5252—7,3 k + 62&1—7 g5k + 6251—7 Js k)

0(UQ) 1 4+ Oufuis ik = O Foit (4.51)

on {T8'NTE T8 NI, 192N 1%}

cn 1 2 3
a1, =601 1y on {T§' NI NI}
Step 5. Correct the predicted value of 5” . at the interface mesh points {1“£
2 3
5 N5 by:

n n—1
gi—%,j,k B 5@'—%@1« _

T R(
+5y<Un>?:;j O (V! = 0.(WE)

62571

7'_57]7

k+62§—7]k+52 Z—*jk‘)

S (4.52)
(UC) ,]k+5fwz 7]k 5zfv?_%]k

on {I5' NI NIrs’}.

The boundary conditions used in the parallel approximation of equations (4.10),
(4.11) and (4.12) are given in the equations (4.13), (4.14) and (4.13), respectively.
Moreover, the first level values are obtained by the definition, by taking curl of the

velocity vectors obtained at time level 1.
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4.5.5 Parallel Approximation of 7

Let n;fj ik be the numerical approximation of the exact solution at (x;, Yjrls 2k)

at time t" and let D} be the set of mesh points associated with 77?3-,; L
i 27

DZ:{(xi,yjfé,zk) |i=0,....Js, 7=0,....J,+1, k=0,...,J.}

Decompose D} into (P74 1)(Q" + 1)(S" + 1) non-overlapping sub-domains:

Dhapy =iy, 1, 2) | day <i<id, Jjiy <Jj<jg Kl <k<K]}

Let I'} be the set of all mesh points on the interfaces, that is, I} = [7' UT7* UL}?,

where:
= {(wgyn,m) [4<il+2<ily, 1<a<P’ 0<j<(J,+1)
0<k<J.},
I = {(wnyppa) |4<ji+2< i, 1S8<Q" 0<i<,
0<k<J.},
Fzg = {(xi,yj_%,zkg)|4§k2+2§k2+1, 1<y <8, 0<i< J,,

0<j<(J,+1)},

(4.53)

Here, ig = 0, 1%, = Jo, jo = 0, jbo1 = Jy +1, kf = 0 and kg, = J.. Below is the

summary of parallel scheme for solving equation (4.10):
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Step 1. Predict the value 7] , at the interface mesh points I} by:

~n _ n—1 n—2
i1 = Qni’ﬁ%’k 1k (4.54)
Step 2. Find 77 ., at the interior points of subdomains by:
Wi, 77”‘11
1,j— 5.k 1,j—5.k 2. n 2. n
: - — = Re (5177 -1k +6yni’j_%7k +6zni’j_%7k>
n—1 n—1 n—1
— (sgﬁ(Un)m_%Jc — 5Z(W77)z‘,j—%7k + <SQC(V$)M_%Jc
(VO = Oty a H 0 Fly 1 (4.55)
on DI\{T"} UoD}},
Mj-tk = Tij-1n on Iy

Step 3. Correct the predicted value of 77 . at the interface mesh points I} \{F771 N

D2 D NP TP NP by:

an—%vk _nZJ'_*l%:k _ i(éQ n 2, n 2. n
- ~ Re allij—1k +6yni,jf%,k + 021 M j— Q,k)
—%(Un)?,j‘_l% — 0 (Wn)"'ll T O0(VE) ;k
(VOn’j,l; - 5acfw2j,%7k + 5zfuzj,%,k (4.56)
on T\{T7' NP, T NP, TP NPy,
Mot =1, on {I7' NP T NTPE T2 NP
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Step 4. Correct the predicted value of n_ 1, at the interface mesh points {F"

T TN T, TN TR by:

n n—1

771',3'—%71@ ; ni,j—%,k _ ée(ainzg—;,k i 557]2] t 52 72 Q,k)
= 0u(Un)7; 0y — 0:(W)P s+ 0a(VOT |
+ 6Z(Vg)2]_1%7 — Opfuiya g+ O fuly 1y (4.57)
on {7 NI I NP, TP NI,
Mgtk = TijLn on {T7' NI NTI}
Step 5. Correct the predicted value of 77 1, at the interface mesh points {F"
I NI by:
g~ Mmge (&0 1+ & 1 45
- —R Mij—2k T Oyl - zj—sz>

— 0, (U77)”A11 —6Z(W77)i. —i—(5 (V&)"@1
INETR: i,j

5.k

(4.58)
+ 5Z<V<)Z]_—1%,k - 5Ifw2j_%’k + 6zfu2j_%’k

on {T7'NTPNTPY.
4.5.6 Parallel Approximation of (

Let ¢ I be the numerical approximation of ¢ at (z;,y;, 2, 1 ) at time ¢, and let

D,Cl be the set of mesh points associated with ij oL

D,ﬁ:{(x,-,yj,zk,é)\z:o,...,JI, j=0,...,Jy, k=0,...,J.+1}.
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Decompose D into (P¢ + 1)(Q¢ + 1)(S¢ + 1) non-overlapping subdomains:
Dlia,ﬁ,w = {(xi,yj; Zk—%) | ig—l <1< Z'ga 15_1 < j < Jfa kfcy—l <k < kg}

Let IS be the set of all mesh points on the interfaces, that is, I = 5" UT5* U5,

where:
ry = {<x¢gaijzkf§)’4§ig+2§ig+1a 1<a<P, 0<j<,
0<k<(J.+1)},
I = Ay me ) [4<5+2< 50, 1SA<Q 0<i< U,
0<k<(J.+1)}
I = {(@iysze ) [4Sk+2<k,,, 1<y<S5 0<i< ),

0<j<dJy},

(4.59)

Here, ig =0, ifDH = J,, jg =0, jggﬂ = Jy, k‘g =0 and kg,ﬂ = J, 4+ 1. We present
the developed parallel scheme for solving the equation (4.12) in the following:

Step 1. Predict the value of (Z.”j .1 at the interface mesh points Fi by:
A

Gl =205 — 2 (4.60)

- 1 . 1
7]7k7§ 7]7k7§
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Step 2. Find glj .1 at the interior points of subdomains by:
A

n _ n—1
idﬁ%7-gdk By + TG )
= 0u(UQ)] s = 0 (VO s + 0 (WO
+6 (Wn)”’]; s 0a ol = Oyl (4.61)
on D{\{T UaDS},
CGiny = Cypes on T,

Step 3. Correct the predicted value of CZ,”j ,_1 at the interface mesh points Fi\{f‘il N
W5

2 05 N TS? 062 N S°Y by:

n -1
Ciik—1 : Cz’,j,k—% _ };(53;% _% + 82 1 +52ngk——)
= 0u(UQ) s = 0V 1 + 0O
+ 0, (W) a1+ 0afol s — Oy ful s (4.62)
on TS\{T¢' NI%% T8 N8 T2 N TS},
Gt =Gy on (I NTE T AT, 1P ATE).
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Step 4. Correct the predicted value of (Z.”j .1 at the interface mesh points {Fgl N
2J 2

U2 T8 NS 152 N TS%) by:

n n—1
igk—L Ci,j,k—f
27- (52§jk 1+(52C]k 1462 ,]k—f)
— 6, (U™ Jk 1= %(V()Z; L+ 0 (WE ,],kff
+ 0y (W s+ 0efol iy — Oufu sy (4.63)
on {D§' NG 05 NS, 052 N 157y,
ikl = thj’k,% on {T5'NT NS

Step 5. Correct the predicted value of QZ.”j .1 at the interface mesh points {Fgl N
2J 2

I3 NT3%} by

n _ n—1
i7j7k7% Clv]ka

T (62<,jk 1+62 ’ij*l+52 zgkf—)

_5(UC)gk1_ (VC) k1+5(W§)3k1
& (4.64)

+8,(Wn)} ;71 + 0afoijut = Oyful et

on {I5' NTNTSY.
4.6 Determination of Body Forces

To determine the body forces acting on the rotor blades, a blade-element approach
combined with two-dimensional airfoil characteristics is used. The full description

is given in Chapter 3 in Section 3.6.
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4.7 Joint Optimization Using Stochastic Programming

To solve the scenario-based approximation model (4.9) which is an approximation
to the stochastic optimization model (4.1), we use the pattern search algorithm [67].
This method starts with an arbitrary initial point, i.e., a set of operating configura-
tion, f3;, 2,0 =1,--- , N, where (; and ); satisfy the constraints in (4.1). Then, it
chooses a certain set of search directions at each iterate, and evaluates the expected
total power which is the objective function at a given step length along each of these
directions. If an operating point with a significantly higher expected total power
is found, it is adopted as the new operating point and the step length is increased,
otherwise the step length is decreased; this process is repeated until convergence.
For the model (4.9), let « be the vector of all decision variables, and Dieasiple be the

feasible region:
IE[BD'” aﬁN,Ql,"‘ ,QN]T, (465)

Dfeasible = {ZL’ | Blmin S 1 S Blmaxa cee 7QNmin S ToN S QNmax}a

and f be the objective function:

f= Z = IP(UJ)], (4.66)

then the stochastic joint optimization algorithm based on the pattern search method
in its matrix notation is presented in Algorithm 7. All the parameters in this algo-

rithm such as the convergence tolerance, the contraction parameter, the aggressive
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parameter, the sufficient increase function and the direction set are the same as the

ones used in Algorithm 5.

4.8 Numerical Simulation

In this section, we present numerical results. First, we perform two numerical
experiments to validate the developed corrected-explicit-implicit domain decompo-
sition scheme for the parallel approximation of the three-dimensional Navier-Stokes
equations in a velocity-vorticity formulation (4.30)-(4.64). Then, we estimate the
power generation of a commercial wind turbine called WindSpot, and investigate
its wake characteristic using the developed parallel scheme and the actuator line
method. Finally, we present numerical results to test the efficiency and accuracy
of the proposed numerical Algorithm 7 which is used to optimize the total power
while considering the wake effect as well as the randomness of the incoming wind
speed. Withing this algorithm, we use the developed parallel algorithm and the

actuator line method to evaluate the objective function at a given operating points.

4.8.1 Validation of Parallel Simulation of Navier-Stokes Equations

We carry out two numerical experiments to validate the developed parallel scheme
(4.30)-(4.64). In the first numerical experiment, we choose a problem that has an

exact analytical solution and use the exact solution as a benchmark. In the sec-

140



Algorithm 7 Stochastic Joint Optimization

1: initialize the parameters i1, 0, 0, p(-), guess xy and set vy > Yior-

2: Generate M scenarios, Ug,j =1,2,3,..., M by Algorithm 6.

3: evaluate f(x¢) by Algorithm (4.5) and (3.87).

4: for k=1,2,3,... do

5. if v < o1 then

6: return.

7. end if

8 for p, € ddo

9: if (v +Pk) & Dicasinle then

10: Tk + VeDPk = Tb-

11: end if

12: evaluate f(zy + ykpx) by Algorithm 4.5, Algorithm 6 and (3.87);
13: if f(ze + k) > f(@x) + p(yx) then

14: Tyt < Tk + VeDk, Vi1 < Y7 and break.
15: else

16: Tt < T and Yeo1 < Yib.

17: end if

18:  end for

19: end for
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ond numerical experiment, we choose a lid-driven cavity problem as a benchmark
problem. This problem is always used in the literature [35,41,44,87,94] to test the
accuracy and efficiency of a new scheme developed for the numerical approximation
of Navier-Stokes equations.

Example 1: Consider the following three-dimensional incompressible Navier-Stokes

equations:
ouU 1
E +UUx+VUy+WUz - _;px+V(Uxx+Uyy+Uzz) +fu7
oU 1
a+Uv3,,,+vvy+WVZ= ——py +V(Vaw + Viyy + Vo) + fo,
- [1) (4.67)
o TUWe VI, + WW, = - +v(Wee + Wy +Wei) + fu,
Up+V, + W, =0,

where the source terms are zero. It has an exact solution given by:
Ul(t,z,y, z) = —alexp(az) sin(ay + dz) + exp(az) sin(az + dy)] exp(—d®vt),

V(t,x,y,z) = —alexp(ay) sin(az + dx) + exp(ax) sin(ay + dz)] exp(—d*vt),

W (t,x,y,z) = —alexp(az) sin(az + dy) + exp(ay) sin(az + dr)] exp(—d*vt),
(4.68)

where a = 1, d = 1 and v = 1. Now, we apply the developed parallel scheme (4.30)-
(4.64) to approximate the solutions of three-dimensional incompressible Navier-
Stokes equations (4.67) in the computational domain D = [0, 1] x [0,1] x [0, 1]. In
our simulation, the boundary conditions and the initial solutions are obtained using

the exact solutions (4.68). Moreover, in our simulation, we use non-uniform grid
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points in x, y and z-direction where 17 gird points are used in each direction with
the smallest spatial step size 0.05 and the maximum spatial step size 0.075. The
numerical results as well as the exact solutions at the final time T=0.1 are given
in Figures 4.4 and 4.5. In Figure 4.4 the approximated solutions obtained with no
domain decomposition, whereas in Figure 4.5 the approximated solutions obtained
with domain decomposition (the computational domain is decomposed into 2 x
2 x 2 multi-blocks). From these figures, it is evident that the proposed parallel
scheme approximates the solutions of three-dimensional Navier-Stokes equations
(4.67) with a good accuracy.

Example 2 (Lid-driven cavity problem): Consider the three-dimensional
incompressible Navier-Stokes equations given in (4.67) with the following boundary

conditions:

(4.69)

U(t7 B 70) - Oa V(ta ) 70> - 07 W(t7 ) 70) = 07

U(tv ERS) ]-) - 07 v(t7 ERS) ]-) - 07 W(tv 5 ]-) = 0.

We apply the developed parallel scheme (4.30)-(4.64) to simulate the solutions of

143
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Figure 4.4: Comparison of estimated solutions and exact solutions.
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Figure 4.5: Comparison of estimated solutions and exact solutions.
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Figure 4.6: Velocity profile for the lid driven cavity flow at z=0.5 plane.

these Navier-Stokes equations (4.67) with the boundary conditions given in (4.69).
We set the initial values for all the variables at the interior points to be zero, and
run the simulation until the steady-state solutions are reached. In our simulation,
the viscosity coefficient, the time step and the computational domain are taken
asv =1,dt = 1x107° and D = [0,1] x [0, 1] x [0,1], respectively. Moreover,
in our simulation, we decompose the domain into 2 x 2 x 1 subdomains and use
non-uniform grid points in x, y and z-direction where 15 gird points are used in
each direction. The grid point distribution in three spatial directions is taken the

same and chosen as:




Figure 4.7: Velocity profile for the lid driven cavity flow at y=0.5 plane.

The numerical results are displayed in Figures 4.6, 4.7 and 4.8. These figures show
the velocity profile at three typical planes. These flow patterns agree well with the

results obtained in the references [41,44].

4.8.2 Model Validation by Experimental Data

WindSpot is a 3.5 kW three-bladed wind turbine with a rotor diameter of 4.05
meters. It can be fitted with different set of blades, essentially at zero twist angle
with a active pitch control system. The chord length of this turbine is 0.254 meters
at the hub, and it decreases linearly to 0.156 meters at the blade tip. Moreover,

it is operating at a fixed rotational speed of 12 % and a fixed pitch angle of 10.5
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Figure 4.8: Velocity profile for the lid driven cavity flow at x=0.5 plane.

degrees [52].

In our simulation, the computational domain is taken as 30m x 14m x 14m, and
the grid points, see Figure 4.10, are concentrated near the blade tips and stretched
in the x, y and z-direction. The resulting grid consists of 46 grid points in the
axial direction, 50 points in the y-direction and 57 points in the z-direction. In the
axial direction the grid spacing ranges from dr = 0.02 at the rotor plane to about
dr = 1.9476 in the far wake and in the y-direction the spacing takes values from
dy = 0.02 near the tip to about dy = 1.2150 at the lateral boundary. Moreover,
in the z-direction the spacing takes values from dz = 0.0346 near the tip to about

dz = 1.4863 at the lateral boundary. To ensure that the flow is fully developed in
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most of the wake, we carry out the computations until t=10 with a time step of

dt =1 x 1072 which corresponds to 10000 time steps.

4.8.2.1 Power generation of WindSpot

We apply the developed corrected-explicit-implicit domain decomposition scheme
(4.30)-(4.64) combined with the actuator line technique to estimate the power gen-
eration of WindSpot for different incoming wind speed. The numerical results are
displayed in Figure 4.9. This figure shows the computed and the experimental
power coefficient of WindSpot for different incoming wind speed. From this figure,
it is evident that the computed and measured values are in excellent agreement for

wind speeds up to about 10 .

4.8.2.2 'Wake Structures

In this subsection, we test the efficiency and accuracy of the developed parallel
algorithm (4.30)-(4.64) in simulating a wind turbine wake. We apply the developed
parallel scheme (4.30)-(4.64) combined with the actuator line technique to simulate
the wake of WindSpot which is operating at a fixed rotational speed of 12 % and
a fixed pitch angle of 10.5 degrees. The numerical results are displayed in Figures
4.11, 4.12,4.13 and 4.14. These figures show contours of magnitude of vorticity at

y-z planes in ultimate wakes when the incoming wind speed is 10 7. From these
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Figure 4.9: Comparison of measured and computed power.

figures, it is evident the developed parallel scheme combined with the actuator line
method simulates the development of the wake vortices with high accuracy. Figure
4.14 shows the diffusion of the vortex about 3 to 4 rotor diameters behind the wind
turbine. However, from experiments, it is known that the diffusion of the vortex
happens at distance far behind the wind turbine [91]. This early diffusion of the
vortex in our simulation is due to small Reynolds number and coarse grid used
at far wake. The contours of magnitude of vorticity for different wind speeds are
also investigated. Figure 4.15 depicts the contours of magnitude of vorticity at
the plane of rotor for different incoming wind speeds. These results confirm that

the developed parallel scheme combined with the actuator line method simulates
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the development of the wake vortices for different incoming wind speed with high
accuracy.

Figure 4.16 shows the distribution of the axial interference factor (3.9), in the
rotor plane when the incoming wind speed is 10 “*. The three blades are seen as
lines with a high density of contour lines. This is due to the large changes in induced
velocity that takes place across the blades. The values of axial factor on the blades
range from -0.0158 to 0.3933, with peak values appearing near the mid-section of
the blades with a positive value on one side of the blade and a negative value on
the other side of the blade. The tip vortices appear as localized regions where the
value of axial interference factor is negative. In this region the minimum value
of axial interference factor is about -.0119. This value of axial interference factor,
-.0119, corresponded to an axial velocity that is 1.19% higher than the incoming
wind speed.

The distribution of axial factor in z-direction at a constant radius is also in-
vestigated. Figure 4.17 shows the distribution of axial factor from one side of the
blade to the other side in z-direction. From this figure, it is evident that the distri-
bution is dominated by minimum and maximum values. The development of the
axial factor distribution in the wake is depicted in Figure 4.18. These distributions
are plotted along the blade from the hub to the tip at different distances behind

the wind turbine in the wake region. It appears that the distribution dies out at
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Figure 4.10: Mesh grid in the plane of the wind turbine.
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Figure 4.11: Computed magnitude of vorticity at y-z planes for Uy = 10"}.
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Figure 4.15: Computed magnitude of vorticity for different wind speed.
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Figure 4.16: Distribution of axial factor in the rotor plane for Uy = 10.

the far wake which is due to the fact that at the far wake the wind speed will
recover to the free stream value. Figures 4.19, 4.20 and 4.21 show the distribution
of averaged axial velocity in y-z plane in x-direction. From these figures, as the
wind approaches the rotor the axial velocity keeps dropping and then immediately
behind the wind turbine, it keeps increasing until it recovers in the far wake. It
is noticed that even in the far wake the wind speed has not fully recovered and
this is one proof that joint optimization of multiple wind turbines is necessary for

improving the performance of wind turbines in the wind farm.
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Figure 4.17: Distribution of axial factor in z-direction.
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Figure 4.20: Velocity profile in x-direction for wind speeds Uy =7, ..., 10.

162



Wind Speed=11 Wind Speed=12
1l wl | 1 \ T |
105 - 115¢
) )
l]; - il
5 : : 105 : :
§ 0 5 10 5 0 5 10
(IR (ic)R
Wind Speed=13 Wind Speed=14
13 \\ l 14 \\ l
125¢ 135
) )
1 3t
115 : : 125 : :
§ 0 5 10 5 0 5 10
(iR (ic)R
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4.8.3 Numerical Results for NACA 23012

In this section, we present two numerical case studies to test the efficiency and
accuracy of the proposed numerical algorithm 7 as well as the developed parallel
algorithm (4.30)-(4.64). In these numerical case studies, we use a three-bladed
wind turbine with a rotor diameter of 10 meters where the blade sections consist
of NACA 23012 series airfoils. The chord length and the manufactured twist angle
of this turbine are obtained using the formulas given in (3.48) and (3.44).

To capture the gradients of the flow field, grid points are concentrated near the
blade tips and stretched in the x, y and z-direction. In the case of one turbine, the
resulting grid consists of 86 grid points in the axial direction, 90 points in the y-
direction and 102 points in the z-direction. In the case of two turbines, the resulting
grid consists of 106 grid points in the axial direction, 90 points in the y-direction
and 102 points in the z-direction. In the axial direction the grid spacing ranges
from dxr = 0.02 at the rotor plane to about dxr = 1.9476 in the far wake, and in
the y-direction the grid spacing takes values from dy = 0.02 near the tip to about
dy = 1.2150 at the lateral boundary. Moreover, in the z-direction, the grid spacing
takes values from dz = 0.0346 near the tip to about dz = 1.4863 at the lateral
boundary. The computations are carried out on a 100m x 60m x 60m computational

domain and at an effective Reynolds number of Re = Uy * R/v = 5000. Moreover,
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in all the experiments, the computational domain is decomposed into 2 x 2 x 2
subdomains, and the doubly truncated Weibull distribution is used to model the
random behavior of the incoming wind speed. Here, we use the doubly truncated
Weibull distribution with the shape parameter k. = 3, the scale parameter s. = 9,
the lower limit @ = 6 and the upper limit b = 15. To ensure that the flow is fully
developed in most of the wake, we run the simulation to about t=20 with a time

step of dt=2 x 1072 which corresponds to 10000 time steps.

4.8.3.1 One Turbine

We consider the case that there is only one turbine in the wind farm and use two
approaches to find the optimal operating points of this free-standing wind turbine.
The first approach is to solve a deterministic model, and the second approach is to
solve a stochastic model. The former approach replaces the random incoming wind
speed by the expected value of the doubly truncated Weibull distribution which
is 9.020 (4.8). Since the incoming wind speed is 9.020™, the optimal rotational
velocity and the optimal pitch angle of the wind turbine are 3 = 1.1215° and

% = 1.6840 rad/s, respectively, see Table 3.3. At this optimal operating points,
we calculate the expected power output of the turbine as follows. First, we use Al-
gorithm 6 to generate 5000 scenarios. Each scenario represents the incoming wind

speed, and it is generated using doubly truncated Weibull distribution. Moreover,
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each scenario is rounded to the nearest integer less than or equal that scenario.
Then, for each scenario, we use the developed parallel algorithm (4.30)-(4.64) com-
bined with the actuator line technique to compute the power generated by the
turbine. Having calculated the power generated by the turbine for each scenario,
we evaluate the expected power output of the turbine. The results are tabulated
in Table 4.1. From this table, we observe that if we operate the turbine at deter-
ministic optimal points, then the expected power output, the angle of attack, the
thrust and the torque are 21.0339kw power, 15.0587 degrees, 4.8115 kilonewton and
0.7536 kilonewton, respectively.

Now, we apply the latter approach which explicitly includes the randomness of
the incoming wind speed to find the optimal operating points of the free-standing
wind turbine. In the latter approach, we solve the scenario-based approximation
model (4.9) by the developed Algorithm 7 to find the optimal operating points of
the wind turbine. Algorithm 7 starts with a feasible initial operating point and, in
step 3, it generates 5000 scenarios by Algorithm 6. Likewise for the deterministic
approach, the scenarios are generated using doubly truncated Weibull distribution,
and each scenario is rounded to the nearest integer less than or equal that scenario.
For each scenario, Algorithm 7 uses the developed parallel algorithm (4.30)-(4.64)
combined with the actuator line technique to compute the power generated by the

turbine. Having calculated the power generated by the turbine for each scenario,
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Table 4.1: Deterministic optimal operating point of NACA 23012.

8 Q o T N P

Uo = 9.0202

1.1213 1.6837 15.0587 4.8115 0.7536 21.0339

we compute the expected power output of the turbine which is the objective func-
tion of the scenario-based approximation model (4.9). Algorithm 7 repeats these
process until convergence. The optimal pitch angle and the rotational speed ob-
tained by Algorithm 7 are g = 1.5201° and Qf = 2.2048 rad/s, respectively. Now,
we compare these optimal operating points with the optimal operating points ob-
tained using the deterministic approach in a sense that which one leads to a higher
expected power output. In this regard, we compute the expected power output of
the turbine operating at the deterministic optimal points as well as the expected
power output of the turbine operating at the stochastic optimal points. The re-
sults are tabulated in the Table 4.2. From this table, the expected power output
of the turbine operating at the stochastic optimal points is 22.3990, and the ex-
pected power output of the turbine operating at the deterministic optimal points
is 21.0339. Therefore, by optimizing the turbines' operation while considering the
randomness of the incoming wind speed, we can gain an additional 6.46% in the

expected power since 22.3990 = (1 4 6.46%)21.0339.
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Table 4.2: Stochastic optimal operating point of NACA 23012.

3 Q o T v P

stochastic  1.5201 2.2048 10.3990 6.5451 0.7056 22.3990

deterministic 1.1215 1.6840 15.0587 4.8115 0.7536 21.0339

Gain: 6.46%

Table 4.3: Joint optimal operating points of two NACA 23012.

Turbine 8 Q « T v P Protal Gain

Q
‘g 1st, 0.331 1.722 16.636 5.657 0.734 20.183
£E
E{% 2nd, 0.827 1.611 15.648 4.979 0.733 19.623 39.806
9
‘EE 1st, 1.121 1.684 13.042 4.357 0.600 17.771
==
]
zg 2nd, 1.121 1.684 12.884 4.333 0.587 17.494 35.265 12.88%
OG
zZa
2
E 1st, 1.164 1.591 15.143 4.377 0.705 19.014
=]
‘5; 2nd, 0.747 1.308 25.818 4.424 0.700 17.511 36.525 8.98%
&
EE
_5)‘:@ 1st, 1.520 2.204 8.760 5.958 0.561 19.086
P =
g0
2?,9) 2nd, 1.520 2.204 8.654 5.924 0.549 18.654 37.740 5.47%
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4.8.3.2 Two Turbines

We consider the case that there are two turbines, four rotor diameters apart, in the
wind farm and use four approaches to find the optimal operating points of the wind
turbines. The first approach is to solve a deterministic model without considering
the wake effect, the second approach is to solve a deterministic model while con-
sidering the wake effect, the third approach is to solve a stochastic model without
considering the wake effect, and the last approach is to solve a stochastic model
while considering the wake effect. The first two approaches replace the random
incoming wind speed by the expected value of the doubly truncated Weibull distri-
bution which is 9.020™ (4.8). Since the incoming wind speed is 9.020, the first

approach finds 37, ,, = 55,;4 = 1.1215° and Q7,,;, = Q3

4 = 1.6840 rad/s for the
optimal operating points of wind turbines, see Table 3.3. Moreover, since the incom-
ing wind speed is 9.020", applying the second approach, we find that the optimal
operating points of the upstream turbine are 5i,; = 1.1646° and €2],;, = 1.5915,
and the optimal operating points of the downstream turbine are 33;;, = 0.747° and
Q23,4 = 1.3086, see Table 3.5. The third approach takes into account the random
behavior of the wind speed on the boundary of the wind farm. However, it ignores
the wake interaction between the upstream and downstream turbine. Using the

:Q*

2njs

third approach, we find 57, ;, = 55,;, = 1.5201° and ]

Ings

= 2.2048 rad/s
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for the optimal operating points of the wind turbines, see Table 4.2. Finally, we
use the last approach which considers the randomness of the incoming wind speed
as well as the wake interaction between the upstream and downstream turbine to
find the optimal operating points of wind turbines. In this approach, we solve the
scenario-based approximation model (4.9) by the developed Algorithm 7 to find
the optimal operating points of the wind turbines. Algorithm 7 starts with a fea-
sible initial operating point and, at each iterate, it computes the expected total
power output in the same way as when we compute the expected power out of
the free-standing turbine in the stochastic approach. Using the last approach, we
find that the optimal operating points of the upstream turbine are i, = 0.3310°
and Qf;, = 1.7222 rad/s, and the optimal operating points of the downstream

turbine are f;;, = 0.8275° and (2

5js = 1.6114 rad/s. Now, we compare the opti-
mal operating points obtained by these four approaches in a sense that which one
leads to a higher expected total power output. In this regard, we compute the
expected total power output at the optimal operating points associated with each
approach. The results are tabulated in Table 4.3. From this table, the expected
total power output at optimal operating points associated with the first, second,
third and fourth approach are 35.2656kw , 36.5255kw , 37.7408kw and 39.8067kw,

respectively. Therefore, using the last approach, the gain of 12.88%, 8.98% and

5.47% in the expected total power output are obtained with respect to the other
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three approaches. In conclusion, we can improve the performance of the wind farm
by considering the randomness of the incoming wind speed as well as the wake

interaction among the turbines.

4.9 Conclusion

We studied how to optimize wind turbines' power production in a wind farm where
the wind speed on the boundary of the wind farm is random. We modeled the three-
dimensional flow field in the wind farm by combining the actuator line model and
the solutions of Navier-Stokes equations while taking into account the randomness
of incoming wind speed. Furthermore, we developed a parallel scheme to solve
three-dimensional Navier-Stokes equations in velocity-vorticity formulation which
was ultimately used in the simulation of the stochastic optimization model. The
parallel scheme and the model were further validated by a benchmark used in
the literature and experimental data. It was shown that by taking into account the
randomness of incoming wind speed and optimizing the total power, we can improve
the performance of wind turbines in a wind farm. We found that by optimizing the
turbines' operation and taking into account the randomness of wind speed, we can

gain an additional 9%, in total power.
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