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Talking once with friends, one of them asked me “What is CFD?”. 1
aswered him “CFD is the only powerful mathematical tool that turns a fully-
qualified engineer into a five-year-old child drawing colours on his laptop screen”.

Victor Javier Llorente Lazaro
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Abstract

School of Engineering and Architecture (EINA)
Deparment of Science & Technology of Materials and Fluids
Computational Fluid Mechanics Group

PhD

An accurate and robust numerical scheme for transport equations

by Victor Javier Llorente Lazaro

In this thesis, we present a novel discretization technique for transport
equations in convection-diffusion problems across the whole range of Pé-
clet numbers. The discretization employs the exact flux of a steady-state
one-dimensional transport equation to derive a discrete equation with a
three-point stencil in one-dimensional problems and a five-point stencil in
two-dimensional ones. With "exact flux" it is meant that the exact solution
can be obtained as a function of integrals of some fluid and flow parame-
ters, even if these parameters are variable across a control volume. High-
order quadratures are used to achieve numerical results close to machine-
accuracy even with coarse grids.

As the discretization is essentially one-dimensional, getting the machine-
accurate solution of multidimensional problems is not guaranteed even in
cases where the integrals along each Cartesian coordinate have a primitive.
In this regard, the main contribution of this thesis consists in a simple and
elegant way of getting solutions in multidimensional problems while still
using the one-dimensional formulation. Moreover, if the problem is such
that the solution is machine-accurate in the one-dimensional problem along
coordinate lines, it will also be for the multidimensional domain.






vii

UNIVERSIDAD DE ZARAGOZA

Resumen

Escuela de Ingenieria y Arquitectura (EINA)
Departamento de Ciencia y Tecnologia de Materiales y Fluidos
Grupo de Fluidodinamica Computacional

Doctor

An accurate and robust numerical scheme for transport equations

por Victor Javier Llorente Lazaro

En esta tesis se presenta una nueva técnica de discretizacién para ecua-
ciones de transporte en problemas de conveccion-difusion para el rango
completo de ntimeros de Péclet. La discretizacion emplea el flujo exacto de
una ecuacién de transporte unidimensional en estado estacionario para de-
ducir una ecuacioén discreta de tres puntos en problemas unidimensionales
y cinco puntos en problemas bidimensionales. Con "flujo exacto" se en-
tiende que se puede obtener la solucién exacta en funcién de integrales de
algunos parametros del fluido y flujo, incluso si estos parametros son vari-
ables en un volumen de control. Las cuadraturas de alto orden se utilizan
para lograr resultados numéricos cercanos a la precision de la maquina, in-
cluso con mallas bastas.

Como la discretizacion es esencialmente unidimensional, no estd garan-
tizada una solucién con precisiéon de maquina para problemas multidimen-
sionales, incluso en los casos en que las integrales a lo largo de cada co-
ordenada cartesiana tienen una primitiva. En este sentido, la contribucién
principal de esta tesis consiste en una forma simple y elegante de obtener
soluciones en problemas multidimensionales sin dejar de utilizar la formu-
lacién unidimensional. Ademds, si el problema es tal que la solucién tiene
precision de maquina en el problema unidimensional a lo largo de las lineas
coordenadas, también la tendrd para el dominio multidimensional.
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Chapter 1

Introduction

In many branches of engineering that involve fluid problems, Figure 1.1,
one is interested in the values of some global variables for which it is fun-
damental to know the detailed fluid flow. For instance, in wind engineering
aerodynamic drag is calculated in order to know the fuel consumption in
aircraft or lorries [179]. Meanwhile, aerospace engineers may be engaged in
determining the position and shape of shock waves during the atmospheric
reentry of spacecraft [131]. Civil engineers focus their calculations on ero-
sion and sedimentation in floods [129], or the design of hydraulic works
for irrigation and navigation like the Aragon’s Imperial Channel, one of the
most important works in this field in 18th century Europe [40]. These are
some examples where the detailed fluid flow is of interest in itself or as a
prior step to calculate global parameters (functionals) of the flowfield.

FIGURE 1.1: Examples in Fluid Mechanics. Left, Vortex

street near Canary Islands [144]. Middle top, Fluid chains

produced by obliquely intersecting viscous jets [184]. Mid-

dle bottom, Airbus Jet Engine [4]. Right top, shock wave from

a USAF Test Pilot School T-38C aircraft [145]. Right middle,

waterway canal-bridge [54]. Right bottom, Aerodynamic of
a cyclist bunch in a wind tunnel [124].

From the 17th to 20th centuries, renowned physicists such as Bernoulli,
Reynolds, Navier or Stokes, among others, could translate into mathemat-
ical language, what we nowadays know as Partial Differential Equations
(PDEs), the motion of fluids. The Navier-Stokes equations describe a bal-
ance between the variations of the velocity under study and the forces that
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elicit those variations. We define two types of variations. Phenomena that
can change in time are expressed by the operator 0/0t, with the spatial co-
ordinate fixed. The operator V represent changes in space, with the time co-
ordinate fixed, and depends strictly on the coordinate base, see Simmonds
[199]. Forces are diverse and can also be expressed in terms of variations
of the velocities or other variables under study. Thus, if we want to un-
derstand the fluid behaviour and get some results to design devices or to
predict atmospheric motion as in meteorology, the whole flow field has to
be determined solving these PDEs.

It can be found in a basic course of Fluid Mechanics [202] that the me-
chanical problem is described by the conservation of mass and momentum
transport,

dp B
a—l—V-(pu)—O,

)
aL:-i-V'(pu@u—u(Vu—i-(Vu)T)) — o — YV (p— £V 1),

and the thermal problem by the transport of internal energy;,

OV - (pue — KVT) = pi — p(V - u) + by
The system is closed with two equations of state (EoS): p = p(p,T) and
e = e(p,T'). The meaning of all terms will not be commented on, the pur-
pose is to show that they have a similar structure. The previous PDEs
are not unique and one could add more as their range of applicability is
widespread. Let us see some examples. In combustion [105] each NV species
has a mass fraction Y}, that obeys

8/)Yk
ot

W,
+ V . <p (Ll + uc) Yk — pDkV[/IfVYk> = wk,

and react through M chemical reactions, w;, = Z]Ai | Wkj- In turbulence
[236], (U)RANS equations along with the & — ¢ model are widely used in
the industry to compute the mean velocity in turbulent flows. The turbulent
kinetic energy k,

%—FV- <puk:—<,u+'ut)Vk) = G — pe,
ot o

and dissipation ¢,

2

ope It _ Cie 2 €
8t+V-(pu5—<,u+gE>V5>— k <G—|—6331<:V u)—Cka,

links with the (U)RANS equations through the Reynolds stress tensor. In
the physical sense, these turbulent variables intensify the molecular diffu-
sion by adding some eddy viscosity, 11 = pC,,k?/e. On the other hand, mag-
netohydrodynamics [38] couples the mechanical problem via the Lorentz
force with the Maxwell equations to study the motion of an electrically-
charged fluid in a magnetic field. The Maxwell equations can be combined
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resulting in the induction magnetic equation,

0B
Finally, in ventilation [50] not only is important to know the temperature of
a room, but also the local mean age-of-air, 7,, which is defined as the time
that a particle has been in this room. Its equation writes

0pTq
ot

+ V- (puT, — pD,,VT,) = 1.

If we look at all previous PDEs, we can realise that all of them are written
with the same conservation law. This kind of PDE describes the transport
of quantities carried by the fluid velocity and spread over the domain due
to the existing gradients over the domain. In Fluid Mechanics, those prob-
lems are named as convection-diffusion problems and they are ruled by
transport equations. The prototypical equation reads

%'O;b +V-(pup —I'Vg) =S (1.1)

where ¢ is the transport variable, p the density, u the velocity vector field,
I" the diffusion coefficient and S the source term. Depending on the choice
of ¢, I' and S, (1.1) can represent any of the former PDEs. The term inside
brackets is named as flux, F, and is the sum of the convective flux, F¢ =
pug, and the diffusive flux, F9 .= —I'V¢. In this thesis I is treated like a
scalar but it could also be a tensor, see e.g. Gémez [68]. The mathematical
problem defined by the transport equation (1.1) is closed with boundary
conditions (BC) and initial values (IV).

FIGURE 1.2: CFD outline. Left, continuum domain. Right,

discrete domain split into cells (blue) with boundary (red)

and a 10-point stencil or computational molecule (green
lines with black nodes).

Only a very limited number of convection-diffusion problems can be
solved exactly [139, 149, 157, 160, 246, 260], so in order to evaluate (1.1)
numerical approximations are used to convert it to an algebraic system of
equations. The branch of Fluid Mechanics that uses numerical analysis to
compute the solution of transport phenomena is named “Computational
Fluid Dynamics”, CFD. Almost all methods in CFD usually have three-
stages: first, the domain is broken down into small cells with an associated
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node or point, then, the conservation law is discretized over the cells giv-
ing a p-point stencil, and finally, a system A¢ = b is solved with ¢ a vector
of ¢s at nodes. A stencil or computational molecule is a discrete region
where several nodes link to each other, Fig. 1.2. The larger the computa-
tional molecule, the more accurate the method is. In addition, the size of the
molecule affects the numerical performance of the system solver. A small
stencil requires less special discretizations near boundaries.

Devising robust and accurate numerical methods is not at all a straight-
forward endeavour. Some guidelines should be followed:

¢ The computational molecule must be as small as possible while main-
taining accuracy.

¢ Due to its good numerical properties the coefficient matrix A should
be an M-matrix [237].

* The numerical scheme should preserve monotonicity and well-balancing
[72, 81].

¢ It should provide smooth transition from the diffusion limit to strong
convection.

In the following the most used techniques are summarized and the fam-
ily to which the numerical approach described in this thesis belongs is de-
scribed. If a reader is interested in a complete historical review about nu-
merical techniques it is referred to Thomee [215].

1.1 Spatial Numerical Techniques

Spatial discretization methods could be classified as finite differences (FD),
finite volumes (FV), finite elements (FE), spectral and meshless.

1.1.1 FD and FV method

In FD methods derivatives in the PDE at discrete points are approximated
by algebraic relations obtained via Taylor series expansion, see the books
[192, 214]. Those methods are conservative if the equations are discretized
in conservative form. Indeed, this is a sufficient condition as interpolations
for the fluxes can turn such methods into non-conservative. A drawback of
FD is the requirement of cartesian meshes. In complex geometries FD may
be combined with immersed boundary methods, see Pinelli ef al. [161]. To
illustrate FD we consider a semi-discrete form of a one-dimensional trans-
port equation at a generic node i, i.e.
dpip; =~ OF

d T ar|, "

The first standard idea for the discretized flux would be central differencing
for the diffusive term and forward /backward differencing for convection.
Assuming u; > 0 and uniform spacing, this produces the discretized flux

OF| i — i1 Pim1 — 20 + dip
oz |, (pu); Ax L Ax? .
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The reason to avoid central differencing to compute convective phenomena
is the fact that the interpolation can generate spurious wiggles for strong
convection, although it can still be used if corrections are applied. Later
this idea will be further elaborated. If we want to increase the accuracy
of the scheme, more nodes should be allowed in the expansion. Fornberg
[57] provides an algorithm to calculate the weights for an FD formula with
arbitrary spacing and several orders of accuracy. For instance, an eighth-
order central difference will have a nine-point stencil that will increase the
computational molecule and the storage requirements of the matrix.

Other option to achieve high-order accuracy but using fewer compu-
tational nodes is the family of compact schemes [108]. Now, the Taylor
expansion serves to relate a linear combination of derivative values with
values of variables at nodes, e.g
¢ 99 ~ 3¢it1 — di1
oz T2 2Az

i1 Oz

9¢
ox

1 1
4 i 4 i+1
Finally, the idea is to obtain a tridiagonal system, in vectorial form, as fol-
lows

do

C— + A¢ = Bs,

dt ¢
in which ¢ and s are the vectors of ¢ and S at nodes, respectively, and A,
B and C matrices from the discretization. The drawback is that compact
schemes generate oscillations near shock or regions with strong gradients.
In such cases numerical diffusion [32] or filters [37] are introduced. Any-
way, a common discretization in the CFD community nowadays is the cen-
tral difference based on values at half-way nodes. A second-order writes

oOF

oS Jri—i-l/z - E—l/z
oz |~ ’

Ax

but any other order can be achieved expanding the stencil assigning differ-

ent weights. Weight tables can be found in [57].
The FV method uses the integral form of the conservation law,

d/ ppdV + F -ndA= Sdv,
di Vi Ag Vi

to aproximate the integrals by some quadratures from the balance over
the control volumes V}, [3, 143]. Employing the same example as before a
quadrature easy to handle is the midpoint rule for a one-dimensional prob-
lem. The volume integrals are evaluated around some node i with volume
Az and the surface integral is evaluated at the cell face center i + 1/2 over
an unit area, i.e.

dpidi | Fivrp — Ficrip
dt + Az =5

which is the same half-way FD scheme. This approximation results in a cell
centered FV discretization but it could also be discretized by a cell vertex
FV. Some comparisons of both can be found in [45, 46, 171, 205]. A con-
sequence of the weak formulation is that FV is conservative by nature as



6 Chapter 1. Introduction

the flux balances are satisfied at two adjacent control volumes. Another ad-
vantage in comparison with FD is that FV can be applied in unstructured
meshes employed for complex geometry.

The fluxes must be interpolated at mesh nodes for either FD or FV. For
the diffusive flux, a central difference is widely used,

0 . — -
‘7:%_1/2 = _Fi+1/2 Fﬁ s ~ _Fi+1/2¢z%x¢za
but for convection this discretization brings a dilemma. Although the scheme
is second order, the numerical solution will be unstable in strong convection
problems since the matrix is no longer an M-matrix. Physically speaking,
the convection propagates ¢ in the direction of v and the information from
downwind becomes negligible, so weighting the two contributions equally
is not appropriate. Upwinding differences could apply

GiAf uap >0,
‘Fic+1/2 - (pu)i+1/2 Pit1)2 A (pu)i+1/2 Giv1 if ugap <0,
guaranteeing stability although increasing the errors. This is a first-order
scheme and adds artificial diffusion that in some cases is larger than the
physical one. One way to reduce numerical diffusion is the use of some
high-order linear scheme, e.g. QUICK [109]. van Leer [223] describes them
as a family of x-schemes:

1+k 11—k
) o + 1 (Pip1 — ¢i) + 1
itz = 1+x 1—k .
Pir1 + = (6 = biv1) + —— (dir1 — Pir2) I wipapp <0,

(i — di-1) if w1 >0,

for some constant x € [—1,1]. The drawback is that they are not bounded
and tend to be dispersive near regions with strong gradients leading to
over- or under-shoots. This result is due to Godunov’s Theorem. Back in
the 1950s, Godunov [67] proved that:

Theorem 1 (Godunov’s order barrier). Linear monotone schemes are at most
first-order accurate.

Therefore, high-order schemes that preserve monotonicity need to be
nonlinear. One way to generate nonlinear schemes is by using flux limiters,
see book by LeVeque [112], which belong to the family of Total Variation
Diminishing (TVD) schemes [77] and shock-capturing methods [163]. The
tirst outline of flux limiters was introduced by Boris and Book [16] in their
Flux Corrected Transport (FCT) algorithm. A generalization of a flux limiter
[74] can be expressed as

‘Fic+1/2 = iCJrLl/2 + @ (Ti+1/2) [‘Fic+b1[/2 - ‘FiC+Ll/2] )

where fffl n and .ﬁ?f{ ), are the low- and high-order fluxes, respectively,
® = ®(r) is the limiter function and r; 1/, the smoothness indicator defined
as T = (¢iv1 — ¢i)/(¢i — ¢i—1). For instance, a low-order flux can be the

upwind flux and a high-order flux can be the second-order upwind flux.
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Then the interpolator at cell face for u; 1/, > 0is given by

1
Giv1y = ¢i + 5‘1) (Ti+1/2) (i — Bi-1] -

The idea behind limiters is that in smooth regions, r; 11, ~ 1, the interpo-
lator becomes high-order, but near shocks or large gradient regions where
Tiy1, is away from 1, low interpolation works adding some numerical dif-
fusion [30]. The most relevant contribution of flux limiters is their mono-
tone behaviour. Spekreijse [201] proves the next theorem:

Theorem 2. If the limiter ®(r) has the properties that there exist constants Cy €
(0,00), Ca € [—2,0] such that Cy < ®(r) < Cy, —C1 < ®(r)/r < 2+ Cy for all
r € R, then the scheme is monotone.

For all second-order schemes, the monotone region is given by Sweby
[206] and plotted in Figure 1.3a. An analysis of standard limiters can be
found in [244, 251] on irregular grids [12] and some others more sophisti-
cated in [23, 183, 247], mostly third order.

Another criterion for monotonicity is Gaskell and Lau’s [62]. The inter-
polator formula is more straightforward to check under this criterion than
under that from Spekreijse’s theorem. They used the normalized variable
diagram (NVD) that represents the mid-point value with respect to the up-
wind node in terms of normalized variables, $k = (k. — i—1)/(Pix1— Pi—1)-
They claimed that any characteristic line of a monotone scheme must lie in
a specific region and contain the points (0,0) and (1, 1), see Fig.1.3b. In
addition Leonard [110] put forward a sufficient condition for a monotone
scheme to be at most second-order: its characteristic must contain the point
(0.5,0.75). If the slope at this point is 0.75, the scheme is at most third-order.

¢i+1/2
A

(A) Flux diagram (B) NVD

FIGURE 1.3: Monotone regions for flux limiter theory.

Another nonlinear interpolation is the family of (W)ENO schemes. The
essentially non-oscillatory (ENO) reconstruction scheme was introduced by
Harten and Osher [78] and extended by Harten et al. [79]. Some related
schemes are the TVD Runge-Kutta + ENO by Shu and Osher [196, 197] or
the enhanced ENO by Shu [198]. Hydrodynamic applications can be found
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in Fatemi et al. [53]. As Zhang and Shu [255] pointed out, the ENO re-
construction adapts its computational molecule to avoid including, if pos-
sible, a stencil in a strong-gradient cell by comparing the local smoothness
of the reconstruction polynomials, see Figure 1.4. Later, Liu, Osher and
Chan [117] introduced the weighted ENO (WENO) reconstruction scheme
that was standardized by Jiang and Shu [93]. In this sense, WENO approx-
imates better in smooth regions, near regions with strong gradient reduces
to ENO. The k-order WENO scheme reconstructs the value at the face cell
in the form

k—1
¢i+1/2 = Z‘Dr(bg?l/y
r=0
where
k—1 B
¢§21/2 = Zcrjﬁbprr,j, r=0,...,k—1,
j=0

might represent a low-order interpolator for ¢; 1/, in each r-stencil. Note
that the interpolation takes the value of the average ¢ at nodes. To link
with nodal values is necessary to find, for each cell, a polynomial p,(x) of
kth order accurate. Then,

— 1 Tm+1/2
G, = / pr(r)de, m=i—r,...;i—r+k—1.
Az, Tz

The weights @, in WENO are calculated as

- Wy d,
Wy = , W= ——.
" k=1 " (6 + /87')2
> ws
s=0

The parameter e is introduced to avoid dividing by zero. The values of
constants C,; and d,., and their calculations, can be found in [195]. Finally,
the standard smoothness indicator (3, is defined as

k-1

_ 2
‘ Tit1/2 21 dlpr
Br :Z/x / Az i | 9

=1

but other indicators have been designed with different features [8, 83, 84,
240, 254]. Over the years several WENOs have been developed, a wide
comparison was done by Zhao, Lardjane and Fedioun [256]. (W)ENO offers
between third- and fifth-order monotone results, but for strong convection
the computational molecule is large. For instance, a normal (W)ENO uses
a five-point stencil resulting in a large sparse matrix.

Lastly, another option to increase the stability of numerical schemes are
the deferred-correction methods. The best definition of such methods was
given by Wesseling [235]: to improve a low-order discretization without
having to solve for a high-order discretization. Thus, those methods are ex-
tremely flexible in order to make a correction up. As previously said, central
differencing for the convective term is not such a good idea. However, as
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Ti—2 Tj—1 T; Li+l Ti42
o ——o—o0—H—e—=0
I
|
O-stencil e—eo—o
1
I
1-stencil ——o o

2-stencil o———o —o

FIGURE 1.4: Computational molecule for the WENO recon-
struction technique.

Khosla and Rubin pointed out [99], a central derivative can be understood
as an upwind derivative plus an anti-diffusive term, i.e.
Pit1 — i-1 _ ¢ —im1 | Ardi1 — 2 + ¢ina

2Azx Az + 2 Ax?

Upwinding is employed in the coefficient matrix and the anti-diffusion is
evaluated with "old values" of ¢ in the source term. The converged solu-
tion will be second order and the method unconditionally stable. Deferred
correction is, therefore, an iterative method in which values of a previous
iteration level are used as "old values" in the source term.

The way to compute fluxes at cell faces, either convective or diffusive,
is

old
Fivrpp = Flirpy +0 ['7:@'1—{—1/2 ~Fhap|

for some constant § € [0, 1]. When ¢ = 0 we have a purely low-order flux,
if # = 1 a high-order deferred flux. Otherwise, a mixture of both fluxes
is employed. Since the low-order is in the coefficients we ensure that the
matrix is an M-matrix, but stable oscillations can be developed during the
iteration procedure if large gradients are at face cells. Another shortcoming
of these corrections is the increase in computational time [55].

1.1.2 FE and spectral method

The FE method has its origin in the work of Turner et al. [219] as a gen-
eralization of the direct stiffness method to compute stress and strain in
structural problems. The method belongs to the family of Galerkin’s for-
mulation to obtain a discrete counterpart from the continuous operator in
PDEs. Insomuch as FE became more and more popular, it did not take long
for it to be applied in fluid flows and heat transfer, see books [175, 259].
The FE approximation starts by multiplying the conservation law by a test
function W), = W} (x) and then integrating in each element, €2y, i.e.

/ Wi [M+V~.7-'—S do = 0.
S T

The solution is a linear combination of shape functions N, = Nj(x) and ¢
values at nodes. These functions are defined to be 1 at node k£ and 0 at any
node in the element. With the use of integration by parts the law is reduced
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to the system

de B
Cy tAd=D,

where
Cr = / pWi N dS2,
Q
Ay = / [Wkpu -VN; +TVW; - VN; | d€Q,
Qp

b= [ WpSdQ— W, FL-nd(09Q).
Qg 0y

The matrix A is named the stiffness matrix. Legendre polynomials are usu-
ally chosen as shape functions although they can be taken arbitrarily. In 1D,
linear (two-nodal element), quadratic (three-nodal element) or cubic (four-
nodal element) can be employed, see Figure 1.5. In higher dimensions some
extensions of these are appropriate. On the other hand, the test functions
depend on the Galerkin formulation. In standard FE, W), = Nj. The stiff-
ness matrix will be symmetric iff pu = 0. As the convection gets stronger,
the matrix becomes more asymmetric and eventually the discrete equation
will become unstable. For a 1D problem with linear shape function, con-
stant convection and diffusion and equal size mesh, oscillations pop up for
Péclet greater than 1. Petrov-Galerkin (PG) methods [73] provide stability
taking Wy, = Nj + oW}, where « is a parameter depending on the element
Péclet number and W} a perturbation function dependent on the convec-
tion direction [18, 43]. The integrals are approximated by Gauss-Legendre
(GL) quadrature because of its higher accuracy.

Ni—1(z) Ni(=z) Ni—1(z) Ni(z) Ni-1(z) N;(z)
1 : i 1 1 1 1
| | | | |
| | | | |

LTi—1 X4 Ti—1 L5 L+l

FIGURE 1.5: Linear (left), Quadratic (middle) and Cubic
(right) shape functions on a 1D mesh.

A FE drawback has to do with the performance of the matrix solver
that drops down when the matrix becomes more sparse, as happens with
every numerical method dealing with unstructured meshes. Also, FE might
face problems if the numerical solution is not sufficiently smooth [7]. In
addition, FE is more sensitive to skinny faces or elements with small edges
than the Virtual Element (VE) methods [35, 90, 91, 132] that can overcome
these deficiencies. Other unsolved problems in FE methods are listed in
Zienkiewicz [257].

In these methods the formulation is continuous, but there are others
where the continuity requirement across element boundaries is relaxed: the
so-called Discontinuous Galerkin (DG) methods, see books [44, 48]. From a
geometrical point of view, the physical domain is divided into subdomains
where the solution is approximated. This permits a compact computational
molecule and flexibility to apply the method in a wide variety of fluid flows
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with high-order results.

Spectral or Spectral Element (SE) methods are another type of discretiza-
tion technique introduced by Canuto [24]. Zienkiewicz and Cheung [258]
pointed out that SE methods may be viewed as a special case of PG meth-
ods. The main difference is that the shape functions are nonzero over the
whole domain. Now, the solution is built up from Fourier series and, there-
fore, N, = exp(ikx). The test functions satisfy the biorthonormality con-
dition giving W}, = (1/27) exp(—ikx). The main features of SE and DG
method are combined in the “Discontinuous Galerkin Spectral Element
Method”, DGSEM [10, 63, 114, 191].

Regarding conservativeness, it is known that FE is at least globally con-
servative. However, Hughes et al. [86] proved that any continuous Galerkin
formulation is locally conservative. Perot [158] suggested that this local
conservation often follows from global conservation. SE methods can also
be made conservative [15], although Giraldo and Restelli [66] indicated that
they were at least globally. DG methods were both locally and globally.

1.1.3 Meshless

All previous methods are based on discretizations in a set of points con-
nected with each other, what allows to obtain an approximation of spatial
derivatives. However, there are other techniques to compute those deriva-
tives based on the interactions of each node or particle with its neighbours
rather than being connected with a mesh. These are the so-called mesh-
less or meshfree methods. An application that makes those methods attrac-
tive is free-surface flows. Since FD, FV or FE use meshes, in each running
time the procedure must know where the interface is inside a volume or an
element. There are other techniques to deal with these flows such as the
Volume of Fluid (VoF) method [170] or Shallow Water models [26].

One of the most famous and used meshless methods is the smoothed
particle hydrodynamics (SPH) method, see books [113, 228]. SPH was in-
vented in the '70s by Gingold and Monaghan [65] and Lucy [121] for as-
trophysical problems and later applied in Fluid Mechanics [140]. The basic
idea in SPH is to take an integral representation of the transport variable or
any variable as follows

d(x) ~ / d(x")K(x —x',h)dV’,
1%
which is O(h?). The kernel function K should be the Dirac delta as h goes

to zero where h is the interaction radius with other particles. Then, the first
derivative, after some mathematical manipulation, is given by

Vxp(x) >~ —/ H(x )V K(x —x',h)dV’,
1%
or its discrete form
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which is O(h™1). Error estimation in SPH derivatives is assessed by Fatehi
and Manzari [52]. For the kernel, there are several functions used in litera-
ture [11, 156, 169, 243]. The main problems in SPH are the accuracy and the
particle clustering. The accuracy relates to the approximation of the inte-
grals by sums of particles in the neighbourhood. The greater the number of
particles is and the more uniformly are distributed, the more accurate the
SPH method is. This requirement is not met near boundaries and empty
areas can arise due to particle clustering. Those methods cluster particles
by nature and, therefore, collisions models [102] must be programmed to
avoid regions with high density of particles in the domain. A review in
detail of meshless methods can be found in [59, 69]. Positiveness and the
conditions under which the coefficient matrix of meshless methods is an
M-matrix are studied by Seibold [189].

1.2 Time Numerical Techniques

Once equation (1.1) is spatially discretized with any of the above approxi-
mations, the result is a set of ODEs in the form of
C% =D (¢7 t)7

where D;(¢, t) is the spatial discretization of the convection-diffusion prob-
lem. The matrix C may appear due to techniques used in the spatial dis-
cretization. Finally, the time derivative is computed by time integration
methods that can be classified as one-step, multi-step and others. In turn,
the methods can be explicit, in which the solution depends on ¢ at early
times, or implicit, in which the current time is also considered. To illustrate
time integration, we consider a single ODE, with C being the identity ma-
trix. Further and complete information on time methods can be found in
books [21, 71, 87, 130].

1.2.1 One-step methods

These methods consider ¢ at two timesteps. The midpoint method gives,

¢n+1 - oF n+l/2 pilje n+1/2 ¢n+1 + o7
[ 1 — D i n j = 2 1
At S <¢Z Y t )7 ¢2 2 )
Euler method,
n+1 _ AN
S A7 o Dy (o7, t"), (Explicit)
n+l _ n
% = Ds(gb;”l, ", (Implicit)

and f-method which is a linear combination of the previous two, i.e.

1
o — o1

. non - n—l—l n+1
A = OPs(@ ) + (1= 0)Ds(y™ 1),
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for some constant ¢ € [0,1]. If # = 0 we have the first-order implicit Euler,
if @ = 1, the first-order explicit and if § = 1/2, the Crank-Nicolson or trape-
zoidal rule which is expected to be second-order. Stability analysis shows
that the explicit Euler may turn unstable for some time steps whereas the
implicit Euler and the #-method for # < 1/2 are unconditionally stable. An
algorithm for reducing the computational cost to solve implicit schemes is
a predictor-corrector (PC) method: in the prediction stage a value of ¢ is
estimated for later improving the result by correcting the predicted value.
For instance,

$?+1 — (b? _ n o 4n

At - D5(¢z ) t )7 (P Stage)
¢?+1 — qb? _ 1 n o 4n “n+1 yn+l
A T3 [DS( P t") + D(p] ") (C stage)

is Heun’s method. Other improvements that require fewer time steps to
achieve the same accuracy are the high-order Runge-Kutta (RK) methods.
A classical one is the 4th-order RK. The method evaluates D; at ¢", "'/
and t"1. With ¢ at the beginning it performs a ¢-prediction with an ex-
plicit Euler and a ¢-correction with an implicit Euler at midpoints, and fi-
nally a ¢-correction with a midpoint method is done. RK averages these
predictions/corrections with weights 1/6 at the beginning and at the end,
and 1/3 at midpoints. The shortcoming of RKs lies in the great number of
evaluations per time of D, to achieve an accuracy comparable to multi-steps
methods.

1.2.2 Multi-step methods

When more than two timesteps are considered, we have linear multistep
methods. The general recurrence formula writes:

1 m m
T D MR = 3 Do ),
k=0 k=0

The method contains m steps and if 1, # 0 it is implicit. The coefficients
depend on the chosen family of multistep methods and they are usually
calculated by expanding ¢ and D, via Taylor series in order to achieve a
m-order method. For instance, a 4th-order Adams-Bashforth method gives:

{Melk=0,...,4} = {0,0,0,—24, 24},
{urlk =0,...,4} = {—9,37, —59,55,0},

and therefore it is explicit. One drawback of multistep methods is that they
require several initial values to start running the scheme, e.g., in the pre-
vious Adams-Bashforth ¢, ¢!, ¢? and ¢ are needed which are computed
either with a low-order Adams-Bashforth or with 4th-order RK. The latter
is more usual.

A surprising outcome related to multistep methods was found in the
research related to this thesis. Some integrals of various functions are re-
quired in the numerical scheme on which this thesis is based, so a quadra-
ture to compute integrals was devised. This quadrature can be cast as a
linear multistep method. If the quadrature is written in terms of the usual
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recurrence formula it is unstable, but if it is solved as a tridiagonal system,
the results are more accurate than with traditional multistep methods. This
is explained in Appendix D.

1.2.3 Others

In one-step methods one may notice that the time derivative was approxi-
mated by a forward difference. In doing so the number of time steps can be
very large if the accuracy needs to be increased. For instance, the derivative

do; =360 + 16977 — 36971 4 48¢7 1! — 2547

dt 12At

is O(At"). But again, this procedure suffers from the same problem as mul-
tistep methods as ¢?, ¢!, ¢? and ¢? should be provided to start off, not to
mention stability.

ADER methods compute the time derivative by Taylor expansions in
time, whose derivatives are later related to space derivatives. They are not
time integration methods per se. First, we expand in time via Taylor series
at a generic node:

n

AR 9F¢
n+l _ n
h = +kzk!6tk
=1

i
If the transport equation is linear, e.g.

0¢ o9 e L Ok
If is nonlinear, the Cauchy—Kowalewski [207] theorem is then applied. Spa-
tial derivatives are discretized as before. ADER methods are user-friendly
when the equation is hyperbolic but when the transport equation contains

high-order derivatives and nonlinearities the task becomes tough.

1.3 Exponential schemes

As we have seen, all previous numerical techniques, either spatial or tem-
poral, have strengths and weaknesses. The CFD community does not have
a unique numerical method able to compute a wide range of transport
phenomena keeping the size of the computational molecule small. Usu-
ally, if the convection is strong the required molecule size grows to main-
tain high accuracy. In addition, in singular perturbation problem [178],
ie. 0 < I' < 1, where the fluid flow exhibit boundary layers, numeri-
cal methods become unstable if numerical diffusion is not added. At this
point, we should be able to construct a smooth interpolator covering from
parabolic/elliptic flow to hyperbolic flow in order to have a robust numer-
ical method. To overcome this "smooth transition" keeping high accuracy,
the family of methods named exponentially fitted, exponential fitting, exponen-
tial difference, or just exponential, could be applied.
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Exponential schemes form a group of discretization methods that have
been around for a long time, used to discretize convection-diffusion prob-
lems. These schemes employ the analytical solution of a steady-state one-
dimensional transport equation in a local boundary value problem in order
to link the values of the variable at grid points. From this last point of view,
exponential schemes may be considered as a subgroup of the so-called non-
standard FD (NFD) methods introduced by Mickens [133]. There is no clear
definition of an NFD method but some rules should be followed [134]. To
illustrate, let us consider the transport equation

do 1d%
de  Adz2 7

in which A = pu/I is a constant. The NFD derivatives would be:
do| _  di—dimn &P _ dis — 20 + dina

dx Z,_ AmexpP—l’ dax? Z._ sz(expP—l)Q’
Pexp P P2exp P

as they give the exact solution of the ODE, i.e. ¢; = exp(Px;/Ax) with
P = MAz. Further research on these methods are explored in [152, 186, 241,
252]

One of the first publications on exponential schemes comes from Allen
and Southwell [39]. The motion of a viscous flow around a cylinder was
calculated by the vorticity transport equation using the exact solution of
the flow in order to discretize it by a central difference scheme. Later Il'in
[89] developed a general exponential scheme for transport problems, and
in the same line, Gartland [60] put forward a g-order compact exponential
scheme in the '80s where the discrete equation is exact on the next set of
functions:

{1,x,...,xq,exp(/ Ad:ﬂ),:cexp(/ Adx’),...,quexp(/ )\d:p/)}

This scheme was used by Costa do Amaral and Gongalves dos Santos [47].
Back to the Il'in scheme, a similar approach was taken by Scharfetter and
Gummel [188] for ionic flux models in semiconductors, see books [136, 162],
and later extended to two-dimensional problems by Bank et al. [9]. On
the other hand, Sacco [182] presented three families of exponential shape
functions based on Scharfetter and Gummel in triangular elements with
Galerkin formulation. The Scharfetter-Gummel scheme is very popular to
calculate ionic transport in semiconductors at present [94, 100, 101, 153] and
was the starting point for the development of exponential schemes in mul-
tidimensional flows for convection-diffusion problems in Fluid Mechanics,
for instance the exponentially fitted technique of El-Mistikawy and Werle
[49] employed to compute Falkner-Skan boundary-layer flows.

The first exponential scheme applied to fluid transport phenomena was
designed by Spalding [200] and later included in the pioneer book of Patankar
[150]. They assumed piecewise constant convection-diffusion parameters
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in the one-dimensional sourceless transport equation. The discrete equa-
tion yielded a three-point stencil,

puexp P puexp P

®it1 =10,
i+1/2

o pu
expP —1 i—1/s i expP—lH_l/j o expP —1
where the influence coefficients were exponential functions of the Péclet
number. The Péclet number contains the ratio between the convection and
diffusion terms in a generic transport equation. An improvement over
Patankar and Spalding is given by Thiart [212, 213]. Thiart’s two-dimensional

approach considers now a constant source over each control volume,

(P—1)expP —2P +1 +AxSeXpP7P+1

P(expP —1) 1) PexpP —1) i )

Spalding-Patankar’s stencil = Az S

and it is used to formulate an algorithm for the pressure-velocity coupling.
Thiart’s scheme is similar to the locally analytic differencing (LOAD) scheme
of Wong and Raithby [238]. LOAD assumes local one-dimensionality in
treating fluxes what yields false diffusion at high Péclet numbers and in
the presence of variable source term. Virag and Trincas [229] proposed
some improvement of LOAD modifying both the discrete source terms and
the interpolator at cell faces. Additionally, MacKinnon and Johnson [123]
derived a fourth-order nine-point centred difference scheme with variable
convective parameters for a 2D transport equation in nonconservative form.
As Ramos [174] pointed out, those exponentially fitted methods work bet-
ter than any numerical techniques in problems of exponential nature, such
as boundary layers [85] or with steep gradients, and can be used with adap-
tive mesh refinements [173].

In the last few years, other authors have proposed more sophisticated
exponential schemes. For instance, Tian and Yu [218] developed a high-
order approach for unsteady one-dimensional transport equations but with
constant convection and diffusion coefficients and no source. Neumann
boundary conditions were considered by Fu, Tian and Liu [58]. Previously,
Tian and Ge [217] developed a fourth-order exponential scheme for solving
2D unsteady convection-diffusion problems, and used in unsteady magne-
tohydrodynamics flows by Wu, Peng and Tian [239]. Extension to a three-
dimensional case of the Tian-Dai’s scheme [216] was done by Mohamed,
Mohamed and Seddek [138]. Wang [232] gave a second-order exponen-
tial scheme for two-dimensional convection-diffusion problems with just
a five-point stencil, changing to fourth-order if Richardson extrapolation
was applied. Similar use of the Richardson extrapolation technique in a ex-
ponential scheme was done by Mishra and Yedida [137]. The effects of em-
ploying Richardson extrapolation in a CFD simulation are explored in [125].
Another second-order exponential scheme is proposed by Angermann and
Wang [5] in a dual mesh. A modern exponential scheme is given by Cui
[33, 34] where a Caputo time fractional model is presented for the unsteady
transport equation. On the other hand, a complete integral representation
of the flux is achieved as an extension of Thiart’s by van’t Hof, ten Thije
Boonkkamp and Mattheij [225], and modified by ten Thije Boonkkamp and
Anthonissen [209]. For reaction problems Luo, Dlugogorski, Moghtaderi
and Kennedy [122] devised a family of one-dimensional exponential schemes
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that give satisfactory results comparing with Spalding-Patankar’s and con-
ventional schemes. Finally, Polyakov [164, 165] designed a second-order ex-
ponential scheme with double integral transformation for one-dimensional
modelling. This was extended and applied to a 2D electromagnetic wa-
ter purification model by Polyakov, Karamzin, Kudryashova and Tsybulin
[166].

Previous methods commonly use an alternating direction implicit method
when they are extended to two- and three-dimensional problems. If these
splitting techniques are not carried out correctly, the great accuracy in one
dimension is lost. A completely and different way to circumvent this split-
ting issue was performed by Bianchini and Gosse [14] and Gosse [70]. They
designed a genuinely 2D well-balanced exponential scheme based on an
exact flux of a 2D steady-state transport equation with variable convection
and no source in a disk of radius R. The scheme has a nine-point stencil
overall and the coefficients are integral representations of Bessel functions.

In this thesis the exponential scheme established by Pascau will be stud-
ied and assessed. The first sketch of this scheme can be found in [146]. The
exact solution in normalized variables is achieved by assuming piecewise-
constant convection/diffusion and polynomial source, being later extended
to arbitrary sources. An improvement of this scheme was given by Pascau
and Aria1 [147] taking into account arbitrary convection and diffusion pa-
rameters. However, the scheme is one dimensional and its extension to
multidimensional problems is the backbone of this doctoral work.

1.4 Outline of this thesis

The thesis is structured as follows:
Chapters

¢ Chapter 2: An introduction of the exponential scheme in 1D is pro-
vided, able to deal with nonlinear equations and arbitrarily varying
coefficients and source.

¢ Chapter 3: The scheme is extended to cover steady two-dimensional
problems. Three different approaches were developed.

¢ Chapter 4: The ideas of chapter 3 are applied to deal with unsteady
one-dimensional problems.

¢ Chapter 5: Conclusions and future research. This chapter is later
translated to spanish due to regulations of Zaragoza University.

Appendices

¢ Appendix A: An integral formulation of the exponential flux is pre-
sented.

* Appendix B: The coefficients of Hermite splines of different orders
used to compute the basic integral of the scheme are provided.

* Appendix C: Some theoretical simplifications of the integrals are pro-
posed and their features assessed.
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* Appendix D: A review of the CIR quadrature is provided as well as
its applications to time integration methods.

¢ Appendix E: How to obtain the coefficients of Central Compact Schemes
for nonuniform meshes is explained.
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Chapter 2

The first contact:
one-dimensional ENATE

This chapter is based on two papers published by Pascau [146] and [147]
with some extensions and new work.
Goals:

¢ To get the exact solution of a one-dimensional non-homogeneous trans-
port equation

* To assemble it into a three-node algebraic equation

* To analyze their features, integration methods and boundary treat-
ment

* To develop cases of nonlinear-convection and solutions with discon-
tinuous derivatives

2.1 The dimensionless transport equation

Let us begin the chapter with the steady-state one-dimensional transport
equation as a local boundary value problem (BVP) referred to an interval of
length Az =z, — Tpp,

% <puqﬁ - Fjﬁ) =S, Ty < T < Ty, (2.1a)
d(rw) = dw,  (Trp) = Pro, (2.1b)

with known variable coefficients: pu = p(x)u(z), I' = I'(z) and S = S(x).
The transported variable is named as ¢ = ¢(z). When working with equa-
tions such as the previous one it is sometimes convenient to make it nondi-
mensional. When doing so, several dimensionless numbers come out, in
particular the Péclet number which is defined as the ratio between trans-
port by convection and by diffusion, i.e. P := puAz/I'. In the equations
where momentum is transported the Péclet number becomes the Reynolds
number. The ratio between the convective coefficient and the diffusive co-
efficient is the inverse of a characteristic length and will be called A, i.e.
A = pu/T". All variables will be normalized, see Figure 2.1, by using their
values at the left boundary of the interval, marked as [b. The right boundary
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will be marked as rb.

d—w _ O— b ou

b = = ,  pu = , 2.2a

¢ brb — i Ag P (pu)ip (2.22)

= r ~ P pu (pu)pAx

F=—, A=_ =P p .= LUBET 2.2b
'y P T 0 'y (2.20)

In addition, the space variable is rescaled to z = (x — xp,)/(zy, — x1), thus
x = xp, + rAz. Replacing the set (2.2) into equation (2.1a) and boundary
conditions (2.1b), the normalized convection-diffusion problem becomes

d({ _~ T d$ o dpu %
dz (puqb x) s A¢ dz’ Oswst,

5(0)=0, (1) =1.

The II,-term is a dimensionless source, I, = SAz/(pu);pA¢. Notice that in
the previous equation normalization brings in a new source term as a result
of the gradient of the convective term. The combination of both implies a
net source, S*, which exists even if there is no source in the original problem
(2.1a), provided that the product ¢;,dpu/dz is not equal to zero.

dz

P,dz

d —~7 f da * * S*Ax * (pu)lb ¢lb df/)a
- —ITF, TTF = — 5 PP AP
(”“¢ ) T S I

Z
4 £
3 4
2T v
L~
o -
- \\\*\;@\
0 | | 0 | |
Ty, z Trb 0 x 1
(A) Dimensional map (B) Normalized map

FIGURE 2.1: Sketching the main variables of equation (2.1a)
in the normalized map.

211 The homogeneous exact solution

In the homogeneous case, that is S = 0, the normalized transport equation
is

d (__~ Tdo¢ dpu
o (,ou¢ - ?) = —@LAU- (24)
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Thus, integrating between 0 and z,

@A_idig idi? _
P Rydz R dz|

R -1,

the second-order ODE is reduced to first-order. The differential equation

do Gip ~

7—P(;5 POAqb d¢

dz

1

)\-l- OFQZ)

dz

includes one unknown term, (dgb?/ dZ)o. The solution of this linear ODE
with variable coefficients and source reads

6 |do ¢>lb
P =

"Ap

RN
R Ed + G,

dz
0

where the integrating factor E = E(Z) is defined as exp [ * pd#’, being 7’
a dummy variable. The constant of integration C, and (d¢/dz), are deter-
mined making use of ¢ (0) = 0 and ¢ (1) = 1. The final solution is
Aqﬁ E
1

~ d%’
/L5
0
N 1y
idf’ / / A g
0 E o E
/15
0
Equation (2.5) could be handled in a more convenient way with the inte-

Pu
) : (2.5)
where E = E(7) is defined as
grals renamed as follows:

+ Py-— 7d’\/
. E(f)i g ~ _/l ~
E = E(l)—exp</ de)exp( Pdz

~  _ (IGEy buw ILEy; IGEg
=E P ILE, - 2.

¢ <IGE01 TR O TTEy T TG E (2.62)
TN AN

ILEy; ::/ —=dz’, IGEy; ::/ ~—d7’, (2.6b)
o B o 'K
LA L

ILE(H Z:/ :df’, IGEOl I:/ td?f/, (26C)
o E o I'E

where I LE; stands for Integral of Lambda and E from 0 to z and /G Ej;,
Integral of Gamma and E from 0 to z. The only difference between I LE;
and ILEy or IGEy; and IGEp; lies in the integration limits. The inte-
gral formula (2.6a) is the exact solution of equation (2.4). The dimensional
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variable value is recovered straightforwardly as ¢ = ¢y, + (EAgZ). In many in-
stances it is unlikely that the integrals of the above expression be evaluated
exactly. Only I LEy; could be evaluated by using the exponential derivative
rule: d (expu) /dz = du/dx exp u, since X and E are functions of Péclet, P,

TN T pq
ILEy; = / Zd7' = [ —=d7
o E o PoFE

1 [ d /1) ,,
) & (z)@
(o)
- P \E(0) E®&)
1
:1<expP—exp/ Pdﬁf’). 2.7)
P, -

T

Even so, this evaluation of I LE is only of some use if the integral of Péclet,
f; P dag’, is known. The average Péclet, P, is defined as fol Pdz. Conse-
quently, in a general problem involving integrands with no primitives some
kind of interpolator will be needed for the integrands. In Sections 2.2 and
2.3 this idea will be recovered and extended.

There are some particular solutions of eqn.(2.6a). On the one hand,
when pu is constant, pu = 1 and A=1 /f Therefore ILEy; = IGEy;,
as well as ILEy; = IGEjy;, then the term in square brackets vanishes and
the final solution is

1
exp P — exp/ Pdz’
z

N *IGEOEE /1 A/>
=F =exp | — Pdx —
¢ IGEn P < 3 expP —1
z
exp/ Pdz’' —1
_ 0
expP —1 '

Besides, if I is also constant, the Péclet number is easy to integrate and the
solution is the standard one,

~ expPzr—-1
= 2.
¢ xpP 1 (2.8)
covered in a great number of books, for instance Ferziger et al. [55]. A last
particular solution is that with equal boundary values, that is ¢, = ¢y.
Multiplying both sides of eqn.(2.6a) by A¢ and using A¢ = 0, the first term
in brackets vanishes. Then dividing by ¢, the dimensionless solution is
achieved,
¢ ILEy: IGEg

X -1+ EPJLE — .
o VR R T TGE,

With no source and fulfilling mass conservation, i.e. dpu/dx = 0, neces-
sarily ILE = IGE and, therefore, the term in brackets is identically zero.
The final solution, ¢ = ¢y, = ¢, Ve, satisfies the maximum principle [104,
p- 91].



2.1. The dimensionless transport equation 23

2.1.2 The complete exact solution

In this section the normalized equation is considered for the case S # 0,

d (> Tdo\_. _dndpu
dz (”w Pod@\) == Ko dr 29)

The method of Undetermined Coefficients (UC) and Constants Variation
(CV) are two well known techniques to obtain the particular solution of
an ODE. However, UC only works for differential equations with constant
coefficients if the right-hand side of eqn.(2.9) is a constant, polynomial, ex-
ponential or trigonometric function, or a linear combination of them. On
the other hand, and although CV is a generalization of UC, replacing the
arbitrary constants of the homogeneous solution by unknown functions to
be determined in a system of differential equations may turn tough. Hence,
the aim of this subsection is to figure out the way of removing the source
II; from ODE (2.9) in order to transform it to the homogeneous case (2.4)
whose solution is already known.

Let us assume for now that pu, I' and S are constants!. Under these
assumptions, equation (2.9) reads

d [~ 1d¢

where 11, is a constant. Making up a new variable as $(°) = $ — T4z, the
new transport equation is

50
d [0 1d¢ B
dz <¢ P dz ) =0 .

which is sourceless but with a new set of boundary values: 5(0) (0) = 5(0) =
0 and $(0)(1) = $(1) — IIyp = 1 — Ig. We can construct a normalized
"(@ =" (@/6"” (1) tohave " (1) = 1as

fN_(g—Hsoi'\
B 1_H50 ’

because in this way, although the normalization does not change the equa-
tion (2.11), EN has the same boundary values as the homogeneous solution
¢ and hence, the same exact solution (2.8), i.e.

N _expPr—1 expPr —1

— ¢ = I,7 + (1 — ) (2.12)

expP —1 expP—1"

This expression has been obtained previously, Thiart [212] and Wang et al.
[233], following different paths. Here, by integrating the constant source
and inserting it in the transformed ¢ has been easy to get an homogeneous

"Recall that in that case gt = 1 and I’ = 1 what implies A=1land Py =P
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differential equation with known solution. What if Il is now a linear poly-
nomial? The transport equation becomes

d ([~ 1dé .
% ( — Pd;i) =IIgqx + HsO, (213)
being Il and II;; constants. Therefore, working out the integral of the

polynomial source and again inserting it in 5(0), the equation

with 5(0) = qAS — I (22%/2) — Uy, is a transport equation with a constant
source term similar to (2.10). In order to get rid of this constant source, the
process is as before by using s =359 (ILs1/P)z. Then, the normalized
EN with the same boundary values as ¢ is
~ z? 1
Ty — (M + =10, ) @
7N_¢ 512 <50+P 51)1’ exp P% — 1

3" = = ,
1 1 expP —1
1—Hsl<2+P>—Hso P

and the exact solution of eqn.(2.13) is

¢ =II E—ZJF My + ~TI,, | &
—312 s0 2 s1 | T

1 1 exp PT — 1

+ (1 — 1L <2 + P) - HSO) epP_1
It can be realized that for arbitrary source polynomials this procedure re-
duces them one degree whenever the transport equation is transformed.
It can be repeated over and over again until achieving a sourceless equa-
tion. In a general case where pu, I' and S are arbitrary function of z this
approach can be generalized. Unless otherwise indicated, these coefficients

are smooth, of class C*°.
Let us define the function Ago) = A&O) (Z) as

_ 1 [t
%‘ (puAg0>) =1, = A" = = I1,d7, (2.14)

assuming ALY (0) = 0. This A function is used to formulate the new variable

¢(0) =6 - ALY So, the transport equation associated to this variable is

= ,=(0) — = (0)
d (0 T0de™\ ospdpa d [T dal
& (’W B da ) ~aeds T@m\ma | @D
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Although there is a second source term that turns up in eqn.(2.15), it can be
taken out in the same way by looking for a function ALY that satisfies:

d d [T dA© 1 (T dAY
d /o). d (1 dAs w_ 1 (1 dAs”
d§<UAS ) df(Po B il ar T

The constant of integration C, is written so as not to loose generality and
it can be estimated by taking Agl)(O) = AP (0) = 0 what leads to C, =
—(dAY) /dZ)o/ Py, as T(0) = 1. Then, A{" together with ¥ makes " =

~

5(0) — Agl) =¢— (A§°> + Agl)) whose transport equation is similar to (2.15)

where Ago) is replaced by Agl). If one goes on adding up A functions,

. 1 R Agi—l) Agi—1)
AD = ) (Fd o d - Vi=1,2,3,..., (2.16)
the final variable reads
#=4-3"A0, (2.17)

and the process ends up with a transport equation where II; has disap-

peared. An important remark is the relationship between the A function

and the Péclet number. As each Agi) is built with Agi_l) and Agl) is inversely

proportional to Péclet then A P;". So in cases where Péclet number
is very high, A is the dominant factor and it will only be necessary to
perform one integration.

Further, the variable (2.17) is normalized in order to achieve the same

boundary values as ¢,

6@ - > AV @)

N i=0 (@) - F@
¢ (3) = - iAm(l) =) (2.18)
=0 ’

To fulfil 6" (0) = $(0) = 0, then F(0) = 0. Therefore, " is governed by the
transport equation

dz

Py dz

dz’ 1—F(1) A¢’

= =N ~
d (pAwN rd¢> T

whose solution is already highlighted in eqn.(2.6a), given by

N =F ( IGEo (2.19)

ILEy; IGEg
—E Py®ILE .
TGEy 10 o1 [ D

ILEy IGEon

So, the complete solution of the non-homogeneous transport equation (2.9)
is taken from (2.18) as

b=F+(1-F1)3", (2.20)
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and is made up of the particular solution F' and the normalized function
o corresponding to the homogeneous part of the dimensional equation.
The factor 1 — F(1) appears in (2.20) to satisfy the boundary values of ¢
mentioned before. Finally, if the Agi) functions (2.16) and (2.14) are summed

up,
0)

taking F := >, AD, a nonhomogeneous first order differential equation
with variable coefficient is procured,

o

ZA = Hsda;" puP()( ZA f;Agi)

dF Py [T 1 dF
— —PF=-=-"2[ T,d7 221
dz r /0 “ dx @21)

It is remarked that a family of ODE arises as solution, owing to the arbitrary
value of (dF/dx)o. This derivative is not fixed and the particular solution
of (2.21) is a one-parameter family of solutions. For algebraic reasons it is
better to characterize the family with the parameter F'(1) which, based on
the differential equation, is directly linked to (dF/dz)o. Therefore, the set
of F solutions is given by the F'(1)-parameter family as follows:

F:E<m> /f iy [
_PO/ foA l/ foA A,// JE e i
0 df’ / / ) (2.22)

Rewriting equation (2.22) with integral terms already defined and some
new ones,

_ IGEy: — [ISGEy IGEy:
F=E|F(1) CEwi _ p [5Gy, | 12GEw _ IGE: . (2.23a)
IGEp [SGEy IGEn
ISGEy = / L / ,d7" | d7', ISy = / M,d7',  (2.23b)
o I'E |Jo 0
ISGEOl Z:/ p— / Hsdf’ d/:f, ISQl Z:/ Hsdf, (223C)
o I'E |Jo 0

where IS/\C;’/EO;; stands for Integral of Source, Gamma and E between 0 and
z. IAS'%\ is the Integral of Source between 0 and z. Therefore, I/ SGE(; and
IS are evaluated in the whole interval. Note that integrals (2.23b) and
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(2.23c) are written in a dimensionless form but they can be made dimen-
sional on multiplying by (pu);A¢,

ISGEw = (pu)iAdISGE g = / Az / Sdz"| da, (2.24a)
o I'E |Jo
I1Sy; = (pu)le¢f§0§ = Aac/ Sdz’ = / Sda, (2.24b)
0
ISGEq, = (pu)ASISGEq = / i / Sda?’] dz, (2.24¢)
o TE |Jo
_ 1 T
0

When assembling the final equation F'(1) will disappear of the 0 expression
as shown below.

N

¢=F+(1-F(1)¢

IGEqy

_ —— [ISGEw IGEy
iy <F(1)IGE01—POISGE01 SGhu _ 1GEw

ISGE, I1GEn

— IGE()% 1 Pup ILFEy; IGEOQ
1-FO)E Py~ ILE -
+ (1) <IGE01 tTTE F()A¢ """ |ILEy IGEn
— (IGEy: o ILEy: IGEs;
~F Py ILE, -
<IGE01 ORGP TLEy T TGEN

ISGEy:  1GEy
IS/\@O L1 GEo;

- PR LS/\G_/E‘Ol

) . (2.25)

An estimation of F'(1) is not required anymore. It is easy to check that
the complete solution (2.25) satisfies the ODE (2.9). $ is assembled with
equation (2.20) together with (2.19) and (2.23a). Table 2.1 summarizes all
integral formulae and solutions derived so far.

As an example, take the first case in this subsection: pu, I' and S’ con-
stants, what leads to T = pu = X = 1and P, 11, constants. The integral
formulae can be calculated in a straightforward manner as

E=exp(P(x—-1)),

P—exp(P(1-%
ILEys = IGEy; — SPL = (PUZ8)

P
IS()@:HSEU\,
5 P—(1+Px P(1-%
5 — 1, O = (L PR exp (P(1 = 8))

P2 ’

then, they can be plugged into equations (2.19) and (2.23a). After some
mathematical manipulation, the homogeneous and particular solutions read

N expPr—1
 expP—-1"
expPr —1

F =T34 (F(1) = 11,)
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The complete solution is made up of the combination of both solutions and
yields the same result as (2.12). In this case if one goes back to equation
(2.10) when II; = const., only one-step integration of the source term is
required to get F' = II,Z and achieve a homogeneous solution.

The assembled exact solution (2.25) is a general formula in which Péclet
number plays a fundamental role. If P = 0, pu = 0 and F = 1Vz € [0, 1],
the complete solution becomes

IGE();:\ B AJ)
IGEy TpAg

b=

1SGE, [ISGEOE JGE%\] |

ISGEy IGEn

When |P| — oo because of I' — 0 the homogeneous component, $N, will

come from a first-order ODE and F' = Ago). Thus, the complete solution
could be written down as follows:

~ ISez [ 1
= P (1),
i @+A¢(@ )
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2.2 The nodal equation

An exact solution of a transport equation with variable coefficients and
source term in a given interval has been put forward. Such a solution re-
quires integrals whose estimation is accurate as long as the integrand is in-
terpolated appropriately. The larger any domain is, the more difficult it will
be to find good interpolators, so the traditional alternative is to split up the
whole domain in intervals wherein the solution is known. To connect two
adjacent intervals the continuity of diffusion flux is enforced at a generic
point z¢ belonging to both. The whole discretization is named “Enhanced
Numerical Approximation of a Transport Equation”, ENATE.

rde| _pdo
dz|. =~ dz|.
TCo Teo
#(T) #(T)
— T~
o ————e o————+—eo
0 z 1 0 Z 1
HFFFH\M/H—Q—Q—QH
o Tn
Tw TC g

FIGURE 2.2: ENATE discretization: (x) Boundary points;
(o) Internal points. Two generic intervals: one from West
node to Central node and the other from Central to Fast

The diffusion flux on the normalized map reads

1dF 1de"

Apdp  pulddd
& par TP g

d¢ Apdd §
Azrdz P dz "

I

T r A ,(2.26)

where the derivatives of the homogeneous and particular solutions are

7N ~
dgb —N k 1 ILEOl
— = —+®(1-—= , 2.27
dz Ple+ pu * < pu IGE01> (2.272)
dF FO)k 1 (~  ISGEqn
— =P |F - = - — 2.27b

being k=1 /(PoIGEp;). Equation (2.26) is associated to a reference interval
that goes from 0 to 1, either blue or red in Figure 2.2. The value of a variable
at a node depends on the interval where it is located. For instance, if the
reference Péclet over an interval, P, is required, it is calculated as

(pwwAzwc
Py=P(0) = Tw

(pu)cAzck
I'c

, if ¥ is within WC'

, if 7is within CE
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Equation (2.26) is thus applied to both intervals, [zy, z¢] and [z¢, zg],
in the discretized domain. The interval lengths Az c = x¢ — zw and
Axcp = zg — z¢ could be the same, as in Figure 2.2, or different, if a
non-uniform mesh is employed. The Péclet number will be affected by the
different lengths. On the other hand, integrals suchas ILE, IGE, IS, ISGE
must be found in all intervals using the available information at nodes. In
Subsection 2.3 this will be further detailed.

The Central node, the end point of the interval [z ,z¢], = 1 in the
reference interval, is the same as the start point of the next one [z¢, zf],
7 = 0in the reference interval. Linking the diffusion fluxes yields:

—N
1 dF 1 d¢
A —— 1-Fo) ————
(pu)C dwe P, dz 1+( C) P, dz 1]
-N
1 dF 1 d¢
= (pu)c Agce P dz ; +(1—-Fg) B o i , (2.28)

where Adwe = ¢c — ¢w, Adce = ¢p — ¢c and Fo = F(1)|yc, Fr =
F(1)|p- Finally, the factors that have to be calculated at the edges of the
intervals are

=N
1 do ~ ILEy,
=20 | —Fep+Pop |1
Py d | TR Rer [ [GEo | o’
7N ~
1d k 1 ILE
149 :1+/I/\m+(1)WC|:1_A - }
P dz . PUC puc IGEo |y o
1 dF ~ ISGEy
- = =Fekce+ ——|
Po dl’ 0 IGEOl CE
1 dF i 1 [~ ISGE
— =< :FC 1+ALC - = ISOl‘ —701 5
Py dz |, puc puc wc  IGEy we
together with the following parameters:
Fop = — [ep—
BT RIGEw |y YT PIGE |y
Pop = ! bo Pwe = ! bw
1 — Fg A¢cr’ 1 — Fo Apwe’
1SGE —~— 1SGE
ISGEOI‘ :w, ISGEm’ :w7
ce  (pu)cAdck wo - (pu)wAdwe
=~ 1501 DU (pu)c
15 ‘ = WC uo = pu(l = .
"we = Guwaewe Pre = PDlwe =100
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Introducing previous factors and parameters into equation (2.28), the inner
nodal equation takes the following expression:

~ ILEy; ) [ ~
—(pu k + + u)wk
(p )W( Wt TG E e ow + | (pu)wkwe
~ ILEy; ~
k — k
+ (pu)c ( cE + TG Eo: CE)] ¢c — (pu)ckcE OE
ISGEy ISGEy; )
=15 + | ——— — . 2.29
otlwe ( IGEo |op  IGEo |ye (229)

Although the integrals, now applied at each interval, have been defined in
(2.6¢0), (2.24d) and (2.24c¢), and set forth in Table 2.1, will be rewritten here
as a reminder.

175 5} 1
A P-1 —
ILEOlz/ Qg =72 P:/ Pdz,
o F Py 0

L | ~ 1
IGEy = —dz = —
o /o Fde, g PIGEy’
1 1 Ax z
IS()l :AJZ/ Sdﬁ:\, ISGE()l :/ = / Sd./fl di’\
0 o I'E |Jo

Identifying the coefficients that multiply each ¢;, equation (2.29) can be
written in the form

—Awow + Acoc — Apdr = b, (2.30)

with the influence coefficients,

~ ~ ILE
Ac = (pu)wkwe + (pu)c <k‘CE + 1A Eo1 ) , (2.31a)
0l |[cE
~ ILEy
Ay = k 2.31b
W (PU)W( we + TGy Wc>, (2.31b)
Ag = (pu)cker, (2.31¢)
and discrete source,
ISGE(H ISGEOl
bo =1 _ — . 2.32
¢ 501W0+< IGEy |0y IGEg Wc) (232)

Some algebraic relations can be extracted form the result derived. The
equation (2.29) can be arranged as follows:

~ ~ ILEOl ISGEOl
_ k k I T o
(pu)wkwe ¢c + (pu)w < wc + IGEy, WC> ow + 801|WC IGEp;
ILEy

> ~ ISGEy

- k k .
(pu)ckcr ¢E + (pu)c ( cE + TG Eo .

wc
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The total flux F = F(z) = pu¢—I'd¢/dz, defined by the transport equation
(2.1a), can be written within a reference interval?,

ILEy
IGEpn

ISGEy
IGEy -

F(&) = —(pu)ok é1 + (o) (E ; ) b0+ 505 —

The discrete equation (2.29) becomes

FDlwe=FO)lcg-

The former expression just says that F leaving the interval [z, z¢] is equal
to that entering the interval [z, 2] or roughly speaking, the discrete solu-
tion guarantees the continuity of 7. This comes as no surprise as the term
pu¢ is supposed to be continuous at node z¢ and F is also continuous on
matching the diffusive flux. F can only be discontinuous if the source is a
Dirac-delta. In Section 2.5 a case with discontinuous coefficients but with
continuous flux will be assessed with ENATE scheme.

The algebraic relation (2.30) is akin to other Finite Volume (FV) methods,
although some differences arise. In traditional FV methods, numerical tools
are employed to approximate the integral balances of an ODE or PDE with
values interpolated at cell faces. This gives a connection between nodes in
the discrete domain, with coefficients related to all these approximations.
By contrast, ENATE is a numerical scheme whose coefficients (2.31) are re-
lated to integrals of the convective, diffusive and source terms and whose
accuracy can be as high as desired by using better interpolations without
modifying the computational molecule.

In Table 2.4, on page 46, all formulae that are used to compute the nu-
merical solution of a convection-diffusion problem are summarized.

2.2.1 A low-order approximation

As mentioned before ILEy, IGEy, ISGEy and 1.5y, should be approx-
imated to get a numerical solution. A simplification could be carried out
with the assumption that pu, I' and S are constant between nodes, with
their values taken at the interval midpoint, e.g., pu = (pu),, if ew < 2 < 2¢;
pu = (pu), if vc < x < xp. Here w denotes the midpoint of [z, z¢] and e
that of [z¢, xg]. So, the integrals in a generic interval are

1 7 B(Pl/z)
[LEy = IGEy = ———, k= ,
01 01 B(Pyy,) P,
ISGE
IS()l = S1/2AI', 01 — IS()lW(P1/2),

IGEy
where the B(z) and W (z) functions are defined as

Ble)= — W()=PE2]

Cexpz—1’ z(expz—1)°

*For further information on the deduction of the flux (2.33) see Appendix A.
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Finally the influence coefficients and discrete source now read

Ac = Aw + Ag + [(pu)e — (pt)uw] ,

L' Le
AW—AxWCB(_Pw)’ AE—AxCEB(Pe)’

bo = SyAxzwe [1 - W(Pw)] + SeAxCEW(Pe),

with the western and eastern Péclet calculated as

(pu)y Azwe o, _ (pu)e AacE

P, =
v Ty ’ T,

This discretization leads to the second order accurate scheme of Thiart [212].
All'in all, ENATE is a global exponential scheme that can be particularized
to known schemes by taking different approximations to the integrals that
are involved in the influence coefficients and discrete source. In Numeri-
cal Tests section, ENATE will be compared to a scheme closer than Thiart’s:
the exponential scheme of ten Thije Boonkkamp [209]. The coefficients in
this subsection are identical to those in ten Thije Boonkkamp et al. but the
quadrature employed is different, normally a trapezoidal rule. In [6] a GL
quadrature was occasionally implemented. The coefficients equality was
demonstrated in a paper where the FV-CF scheme and ENATE were al-
ready compared for linear source terms [224].

2.2.2 Fundamental discretization-properties

The ENATE scheme ends up solving a system of algebraic equations that in
matrix form is

A¢ =b, (2.33)

where A is a tridiagonal matrix, ¢ is the vector of the discrete transported
variable, and b the discrete source vector.

o o o o
o o o o o

A= o o , ¢ = o , b= o
o o o o

o o o

Blue circles symbolize the inner region of the domain. Red circles are the
special treatment of eqn.(2.30) at boundaries which is provided in Subsec-
tion 2.2.3. As solving (2.33) with a direct method requires a notable amount
of work and computer storage, iterative methods are normally used. Their
features are studied by numerical analysis. However, not only does it mat-
ter the numerical behaviour in terms of stability, also the solution must be in
accordance with physical reality and violation of physical laws such as ca-
sual loss/gain of mass, non-physical oscillations or shock moving at wrong
speed should not be allowed. Therefore, to give realistic results a numerical
scheme in CFD should satisfy some properties summarized in Table 2.2, see
Versteeg et al. [227], and Schafer [187].

Transportiveness is the ability of a numerical scheme to reproduce by
itself in what direction the information of ¢ is being transported. In a
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Numerical analysis CFD
Convergence Transportiveness
Consistency Conservativeness
Stability Boundedness

TABLE 2.2: Properties of a CFD scheme related to those
studied in numerical analysis

diffusion-dominated problem (P — 0), ¢ is spread over the whole do-
main with a non-preferred direction. In the opposite case, in a convection-
dominated problem (|P| — o0), ¢ only depends on upstream values or
rather, the information is totally transported in the sense marked by the
sign of u velocity.

When Péclet is zero in ENATE, E(Z) = 1 VZ and ILEy = 0. Since
the exponential factor is no longer considered in /GEy; and I.SGEy;, the
integrals are renamed as

1 1~
IGEOl—)IG()l 1:/ de,
o I
1 A z
ISGE01—>ISG01 Z:/ ?{E / Sda?’] dz.
0 0

The product of the convective term and the parameter kis rearranged as

1

(pu)o ke = (pu) o BolGor

CE

1
= (pw)c
w 1Go1| g
c

_ Te 1
A:ECE IGOl‘CE‘

Thus, the pure-diffusion nodal equation writes

— Awow + Acoc — Agpor = b, (2.34a)
T'w 1 T'c 1

Aw = , Ap= , 2.34b

w ACL‘WC IGOl‘WC E ALL’CE IG01|CE ( )

Ac = Aw + Ag, (2.34¢)
ISGmn 1SGy, >

bo = IS + | —— — . 2.34d

¢ o |Wc < IGn CE IGo wc ( )

The discrete equation (2.34a) corresponds to the 1D Poisson equation and
shows up a transportive behaviour: ¢ at z¢ is influenced by zw and zg.
Note that Ay and Ag contain the harmonic average of I" if 1/I' is linear in
their respective intervals. Moreover, if a uniform mesh is set up and I' is
constant, /Gp; = 1, the influence coefficients are the same and ¢ tends to be
influenced equally by upwind and downwind directions.

As Péclet increases and goes to plus infinity, ¢y contribution becomes
more and more important as compared to that of ¢c. When Péclet goes
to minus infinity, ¢ is dominant. The case where pu is positive will be
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discussed, with convective information travelling from left to right within
the domain. Integrals such as /GE and ISGE must be approximated for
this Péclet regime. Similarly to I LE (2.7) we can obtain a simplified version
for the Integral of Gamma and E,

b
IGE()l:/ tdf
o I'E
1
1A
:/ ——=dz
0o PuFE
1 (f1d /1
= 75 AA<>d§3\
Py Jo pudx \ E

@ 1 /1 d < 1 > N
=—-—— [ — dz
PO 0 pukl

and for the Integral of Source, Gamma and E,

1 T
/ fx/ 5dz
o |TE Jo

1SGEy

Both simplifications can be employed if the inequality (a),

1d (1) _|Ld(L
Edz \pu udi \E

d 1 1

= <A) < AP‘

dz \ pu pu

d

— (Inpu P

T ()| <P,

and inequality (b
1 z
dA( Sd§’>‘< Amd<1>/5d§5’,
Edx pu dz 0
A

d <f) Tod 4 ATS| |ATP [T gl
dz \ pu / J pu pu Jo
%(lnpu) + < |Pl,

1 [* 20
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are satisfied. These inequalities will now be used to estimate the values of k
and the ratios ILEy; /IGEy and ISGEy/IGEy; when Péclet is very high.
These are

k= L , (2.35a)

1 1
€ex Pd/l'\— b~
p/o pu(l)

1
[LEy exp/0 Pdxr—1

— 2.35b
IGEy /1 . 1 (2:35b)

exp Pdz — ——

0 pu(1)

1
Am/ Sdz
ISGEy; _ 0 (2.350)
IGEy ' ’

I
pu(1) exp/ Pdz -1
0

It is clear that when taking the limit as Péclet goes to infinity, the exponen-
tial dominates to make the ratio (2.35b) go to 1, whereas the ratio (2.35¢c)
and parameter (2.35a) become negligible. In Figure 2.3 the tendency of all
these functions is displayed. Finally, the pure-convection nodal equation
reads

— Awoéw + Acéc = bo, (2.36a)
bc = ISot|yc (2.36¢)

assuming pu > 0. Notice ¢ at z¢ is only bound to xzy as the convective
information only comes from the upwind side. In case that P — —oo the
resulting equation gives

Acpc — AgoE = be, (2.37a)
Ac=—(pu)e, Ap=—(pu)g, (2.37b)
bC = IS(]]_ ’CE . (237C)

Therefore, ENATE fulfills transportiveness for any Péclet number regime.
Conservativeness is the ability of a numerical scheme to represent the con-
servation principle at the discrete level whatever the grid size, or in other
words, preserves F at the edge between two adjacent intervals. This is easy
to check with a generic interval, for instance, [z, zc]. Working out the
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ILE ~
IGE(; k
00 A
1 ,,,,,,,,,,,,,,,,,
> P
0 P
(A) ILE/IGE vs Peclet. (B) k vs Peclet.
- ISGE,
(pu)y k TGEor h — 1SGw
A

IGo1

A

- P

(C) puk vs Peclet. (D) ISGE/IGE vs Peclet.

FIGURE 2.3: Trends for the ratios and parameters of the

equation (2.29) with increasing Péclet. Gray areas mean the

ranges over which those functions can vary. k is an un-
bounded function at P = 0.

total flux F at both nodes,

Fo=FQ)lwe = — (pw)whwe dc

Fw = FO)lye = — (pw)whwe dc

+ (pu)w (Ewo +

 ISGEn
IGEq

)
wcC

and,
kiZe}
Fo —Fw = ISot|ye = / Sdz.
Tw

The left-hand side can be defined as the integral from zy to z¢ of the F
variation. The final result,

zc
/ <d]: — S> dx =0,
oy \dT
gives the integral form of the conservation law (2.1a) valid in a single inter-
val as in the whole domain. ENATE is thus a conservative approach.
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Finally, Boundedness relates to the fact that in the absence of sources the
value of ¢ within an interval should lie between the values at the edges.
From a physical point of view some transport quantities must be bounded
to certain limits, the thermodynamic temperature cannot be negative for
instance. Since the continuous transport equation must fulfil a maximum
principle, as we proved for the homogeneous solution on page 22, the dis-
crete equation does satisfy monotonicity. This CFD property is basically
related to the matrix of (2.33) being an M-matrix. The matrix A is an M-
matrix if:

1. The off-diagonal elements of A are negative,
2. A isregular (nonsingular),
3. A7t >0.

These items ensure positivity but criteria 2 and 3 are tricky to check. Au-
thors such as Fiedler [56] or Horn and Johnson [82] gave a list of equivalent
conditions that are sufficient but sometimes not necessary. In this group it is
included the condition that the matrix is diagonally dominant [226, p. 92],
what can be expressed as

[Acl = > A, (2.38)
1EN,

with N, = {W, E'}. When the case of pure diffusion, ¢ is absolutely bounded.
In a general case, Ac is not equal to ) |, A; considering that

ILEy;
¢ IGEy

()., LLE
— U
A Tl

Ac = Aw + A + [(PU)

ol

In 1D mass conservation implies dpu/dx = 0, that is pu constant. The term
in square brackets is identically zero and ¢ is bounded. In other cases, such
as multidimensions or an injection/extraction of mass dpu/dz = rh where
m is the arbitrary mass flux, the term in brackets could be equal, less or
greater than zero, and therefore, the condition (2.38) can be met or not. It
should be mentioned that the solution could converge even if the diagonal
is not dominant.

Another essential criterion, see Patankar [150], is that the influence coef-
ficients (2.31) must always have the same sign, either positive or negative.
Take the steady-state 1D heat conduction equation,

d dT
ar <_kdm> =0,

with variable thermal conductivity k¥ = k(z). Since the problem is free of
heat sources, the temperature must be within the range of the boundary
values. Applying k = exp(100z), T'(0) = 0 and 7'(1) = 1 the exact solution
isT(z) = (1 —exp(—100z))/(1 —exp(—100)). Let the problem be discretized
uniformly by a central difference scheme in conservative form,

—kw Tw + (kw + ke) To —keTe = 0, (239)
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and in non-conservative form,

[y oA Tw + 2T — | 4 Folw Tp = 0. (2.40)
2 ke 2 ke

Thermal conductivities k. and k,, are evaluated at interfaces of the control
volume and  is the spatial derivative of k. In the scheme (2.39) the tempera-
ture at z¢ is calculated with the weighted average of their neighbour nodes
at zw and zg and hence limited, while in the scheme (2.40) an increase of
TE leads to a decrease of T, giving a non-realistic physics displayed in
Figure 2.4. Therefore, this criterion could be a better tool to catch whether a
numerical scheme is bounded or not.

2
1.5+ n
A
3 1+, = = = = = = g = a 2
E( A
A
0.5 ° .
0 \ \ \ \
0 0.2 0.4 0.6 0.8 1

X

FIGURE 2.4: Numerical solutions for the schemes (2.39) (o)
and (2.40) (») compared with the exact solution (-).

The ENATE coefficients can be summarized by the next expression:

>] . (2.41)
il

A = (1-464) [(pu)]%ﬂ] + (1= da) [(pu)z <El + ;ég(())ll

being d;; and 6;; Kronecker deltas,

1, ifa=2a,
5ab = .
0, ifa#0b.

The indices i, j, and [ are given in Table below.

i W C E
;i W W C
I C E E

TABLE 2.3: Index specification

As an example, if Ag is sought, theni = Fand j = C'and [ = E. That

makes dgc = 0 and dgr = 1 which results is (pu)cEc . Same for the other
coefficients.
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In expression (2.41) there are two fundamental terms: ( pu)pk and (pu)y(k+
ILEy1/IGEp;). The main idea is that if it is shown that both terms have the
same sign, the sign of A; will be the same for the three coefficients of (2.30).
To do so, it is essential to seek the sign of the integrals and variables that
make up the coefficients. By definition, the diffusion variable I" is always
positive what makes r positive as well. The factor E is positive since it
is an exponential function, and as /G Ey; is an integral by combination of
both parameters, is also positive. Therefore, the A; sign depends on the
convective sign. k contains (pu)p in Py, and I LEy; in P.

If (pu)i, > 0 all coefficients have the same sign. If (pu); < 0 we will
work with the modulus, (pu); = — |(pu)p|- In the first term,

~ 1
—(pwnl k= A |(pw)p| ———— >0,
[(pw)w| k= A~ 1(p )lb‘/’P[ﬂIGEOl

the sign cancels out so it remains positive, whereas the second one could be
rearranged by using the simple form of I LEy,; as follows:

~ ILEy 1 ILEy
_ % = —
|(pw)p] < + IGEm) |(pw)p] <—|P0|IGE01 + IGE01>

— |(pu)1p] 1
— — ILE,
Bo] + 01

IGEy

1
exp —|Pldz -1
el |1 f-

IGEy | [P — Py

|(pu)w] /1 .
= — 7/ ¢x —|P|dz > 0,
|Po| IGEy 7 ), P

which is also positive. ENATE thus meets the physical requirement that all
coefficients must be of the same sign.
2.2.3 Boundary value problem

The mathematical modelling of the physical world by PDEs requires a set
of conditions at the boundaries of the domain of interest that determine a
unique solution of the mathematical problem. Then, it is said that one has
a boundary value problem.

Uoo u(y)

FIGURE 2.5: Boundary layer around a flat plate

See for instance Figure 2.5. At large distances from the plate a friction-
less fluid could be assumed to model the flow, giving reasonable predic-
tions. But around the plate viscous stresses become essential since the fluid
velocity changes quickly within a thin layer, gray area, as the fluid does not
slip on the surface. The boundary condition for this problem is u(z,0) = 0.
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Sorting out such boundaries there are three classic conditions used: Dirich-
let, Neumann, and Robin. All of them have some importance in fluid me-
chanics. For instance, in the illustration above the value of the fluid velocity
imposed on the body wall is a Dirichlet Condition for the velocity equation.
The Neumann Condition deals with the gradient of a variable and could be
used as condition of fluid outlet, in a symmetry axis of the domain or as a
given heat flux. A Robin Condition imposes the value of the flux 7 on the
boundary and models, for instance, the heat transmission between a wall
and a fluid by Newton’s law of cooling, see Powers [167]. Other sophis-
ticated conditions such as periodic boundary condition and mixed boundary
condition are a special case of the former three.

We will describe how to apply them with the ENATE scheme.

Dirichlet condition or fixed boundary problem

TB1 Tc1 TE1 Tw2 o2 B2

(A) Left boundary (B) Right boundary

FIGURE 2.6: Boundary zones in a one-dimensional do-
main. The circles at edges correspond to known values with
Dirichlet BC.

The boundary condition of the first type sets the value of the dependent
variable, ¢. Thus, the nodal equation (2.30) can be handled in the following
way. For the left boundary, Figure 2.6a, West node matches up with xp;
what leads to the same influence coefficients Ag; = Aw, Ac1 = Ao, Ap1 =
Ap and discrete source term boy = be. As in that case ¢p(xp1) = ¢p1 is
the known value, it is included along with b¢; in a new source. Finally, the
system of equations (2.33) is partially closed by the left-boundary equation
as follows:

Ac1éct — Aprdm = beys (2.42a)
bey = bo1 + Ap19B1. (2.42b)

Similar procedure is employed for the right boundary, Figure 2.6b. The
right-boundary equation reads as follows:

— Awadwa + Acagca = beo, (2.43a)
b = boa + Apadpe, (2.43b)

where Ayo = Aw, Aca = Ac, Apz = Ag and bea = be. The problem
contains n — 1 equations with n — 1 unknowns.

Neumann condition

The second type of boundary condition (Neumann BC) fixes the value of
the gradient at the edge of the domain. It is not as straightforward to im-
plement as the previous condition. If a relation between the gradient and
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D—“ Q.
2N
f Q.“ Q.

8)NO-)

*——=o
0% 1 05 1
TB1 Zc1 TE1 o o TE2 Trc2 B2
(A) Left boundary (B) Right boundary

FIGURE 2.7: Boundary zones in a one-dimensional domain.
Values of ¢ at edge points are unknown.

the edge value is formulated by first-order finite differences:

do| __ dc1—¢B1

dr|, — zc1—op1’
and

dé| s —dea

dz|,. ., B2 — T2

the accuracy of the method could be impaired. However, as ENATE works
with the exact solution the gradient can also be evaluated exactly. ENATE
uses a reference interval, z, for each interval of the dimensional z domain.
For the left boundary, Figure 2.7a, z g matches up with z = 0 and z¢; with
z = 1. In case of the right boundary, Figure 2.7b, z¢2 matches up withz = 0
and =2 with z = 1. Then the gradients d¢/dx read

I'p do ¢ 1 dj +(1=Fe)— 1 d¢N
(pu) gy dz| g, Biet Py dz |, o1 Py, dz
'y do 1 dF 1 dqu

b = S 4 (1= Fp)s | |,
(pu) go dz| gy dC252 P dz |, + B2)P1 dz )

with $N and F' derivatives at edges

1 d@N ~ 1 ¢B1 ILEy
= kpic1 + 1 - ;
P dz 1 —Fo1 AdBic IGEw |1y
1 dF ~ 1 ISGEy
- /= = FC’ k C + )
Py, dz |, PRI ) piAgpier 1GEn B1C1
and
_N ~
1do | T kcap2 1 Jep) [1 1 ILEy ]
P, dz pupy 1 — Fpa Adcape pupy IGEn |cops]’
1 dF 750232
— —==| =Fme -
Podz |y PUBy

1 1 [ 1501 ISGEy,
Plps (pu)c2Adcape 0tlo2B2 ™~ TG E,

)

C’QB2:|
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being Fo1 = F(1)|gi1c1, FB2 = F(1)|capa, Pips = (pu) gy / (P4) 0o APB1CT =
¢c1 — ¢p1, and Apcaps = ¢p2 — dc2. After some mathematical manipula-
tion, the left-boundary equation becomes

Ap1¢p1 — Ac1éc1 = bpi, (2.45a)
. ILEy, >
Ap1 = (pu k + — (pu) gy » 2.45b
B1 (p )31 < B1C1 IGEo | pyey (p )Bl ( )
Act = (pu) gy kpic1, (2.45¢)
1SGEy, do
= R 2.4
bp1 1GEo | gie Bl g, . (2.45d)

whereas the right-boundary equation becomes

— Ac2gca + ABZ¢BQ = bpa, (2.46a)
Apy = (pu) gy + (pu) o k22, (2.46b)
- ILEy,
Aco = 2.4
c2 = (pu) o <k‘csz + IGEo, C2B2> ) (2.46¢)

ISGEy

do
b2 = 1501|cops — IGEoy

I'po — 2.46d
B2 ds ) ( 6 )

B2

C2B2

The system (2.33) is made up of n + 1 equations with n + 1 unknowns if
both boundaries are of Neumann type.

Robin condition or convective boundary problem
A Robin condition works with the flux as known value:

d
Fp1 = (pu)g, o1 — I';1 £

i

B1

and

d
Fp2 = (pu) gy o2 — I'p2 £

B2

As I'd¢/dx and F are related to each other, those diffusion terms could
be replaced in the source term (2.45d) and (2.46d) by the total fluxes. This
results in the left-boundary equation

Api1¢p1 — Aci1¢c1 = b, (2.47a)
~ ILEy;
Ap = k 2.47b
B1 (pu) gy ( B1C1 t+ TG For Blm) ] ( )
Act = (pu) g, kBic1, (2.47¢)
ISGEy
b = F 2.47d
Bl 1GFor BlCl+ B1, ( )
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and the right-boundary equation

— Acadca + Apadp2 = bpa, (2.48a)
Apa = (pu) oy kc2B2, (2.48b)
~ ILFEy;

Ao = k 2.48

c2 (PU)02< c2B2 + TG Eor 0232>’ (2.48¢)
ISGEy;

b i IS LA 2.48d

B2 o1lcopo TGEo1 | oo FB2 ( )

As before, the system is made up of n + 1 equations with n + 1 unknowns
if both boundaries are of Robin type.

Discussion on the Neumann condition

A Dirichlet condition does not affect the global scheme (2.29) because the
influence coefficients are the same as those of the inner part. Hence, it is
expected to have the same boundedness behaviour. However, a Neumann
condition modifies some coefficients by incorporating an extra convective
term that could endanger satisfying the constraint of equal signs. Recall
that (pu);pk and (pu)(k + ILEy /IGEq,) are always positive whatever the
convection sign. A Robin condition removes this problem and the scheme
is bounded. In consequence, Robin BC is suitable as, unlike Neumann BC, it
is guarantee of boundedness.

So, if Neumann BC is used and the coefficients (2.45b) and (2.46b) could
change the sign, it is recommended to take this extra convective term to
the source as a value from the old iteration. The left- and right-boundary
equations are

Ap19B1 — Ac1dc1 = bpy,
—Acagcr + Apadpa = by,
with
Vg1 = bp1 + (pu) g, 635,
Vo = bp2 — (pu) gy ¢%k2i,

where Ap; and Aps do not contain (pu)p; and (pu) go.
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Nodal Equation

Tridiagonal System —Awow + Acdc — Apodr = be
Influence coefficients and Discrete source
Contribution General Formula P=0 P— +4+oo | P— —0
~ ILEy, v 'y 1
West node, A U k 4+ — U 0
w (pw)w A e 1GEy lywe Azwe 1Gowe (pu)w
~ ~ ILEy
Central node, A¢ (pw)wkwe + (pu)e | kg + ——— Aw + Ag (pu)c —(pu)c
IGE | o5

Eastnode, A (pu)ck Le ! 0 —(pu)

, AR PU)CRCE Arcp NQo:Qm PU)E
ISGEy ISGEy, ISGyy ISGoy
S b IS —_— - — IS - IS IS

ource, bc otlwe + A IGEo |y ICEor |ype o1lwe + TGo1 |ow  ICo1 e olwe otler

Integrals over a generic interval

D _ N I
ILEy = 2P2 — 2 M ! - [ pas,
0
IGE |\H L o1
" TE T RIGE )
1 N N z I R
N»@S = Ax MQR“ N%Q@S = m Sdzr Q.Rv
0 0 0
1 3o HD z
Esn\ dz RQSH\ = \ Sd7 | dz.
o T o T 0

TABLE 2.4: Overview of the inner algebraic equation of ENATE. Boundary equations (2.42), (2.45) and (2.47) for left BC and (2.43), (2.46)
and (2.48) for right BC are obtained by taking Ac¢c — Y A;¢; = be together with the As formulae, and applying the corresponding

known data either to ¢, d¢/dzx or F.
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2.3 Integration methods I

The ENATE scheme provides an algebraic relation of a three-point stencil.
Its accuracy relies on the way the numerical integrals are worked out in
each interval. If the domain is cut off into n intervals with n + 1 points
(xo, 1, -+ ,x,), n integrals must be solved. If the integrand does not have
a primitive an interpolating function has to be chosen in order to evaluate
the integrals. As integrands with no primitive are most common, in this sec-
tion two numerical approaches to calculate integrals such as I LEy, IGEp1,
ISGEp and IS, are developed: Hermite splines and GL quadrature. In
Section 2.6, both interpolators will be compared.

2.3.1 Hermite splines

A fundamental background of Hermite interpolation can be found in the
book [20], among others. This interpolation for quadratures is employed in
this thesis.

On the whole a Hermite spline is an interpolation tool that matches the
target function f(z) given a dataset of its values and derivatives up to ¢-
order at p + 1 points, as read below.

) 1 o ce Tp
f(xo)  f(z1)  flz2) - flap)
df(zo) df(xz1) df(w) - df(zp)
d*f(zo) d*f(z1) d*f(za) - d*f(zp)

d?f(zo) d¥f(x1) dif(x2) -+ d¥f(xp)
Note: d?f =d?f/da?

Consequently, the total number of data that Hermite requires is (p+1)(g+1).
By the theory of the interpolation, the integral within [z, z,], and interval
length A = (z, — z¢)/p, could be written as
) , (2.49)
P

H(ac — a:l-)Hq dz, =z <" < p,

* .
T7 =0

q

. p L d’f
[ r@dem A waf@)+ 3 (A iy G
o i=0 J i=0

—

with the error given by

w1 d'f

rl dar

EH(x;f):/

o

and r = (p + 1)(¢ + 1). Thus, the quadrature would be exact if the polyno-
mial is of degree  — 1. The error formula has been obtained by integrating
the error term of Hermite interpolation. Regarding the integral (2.49), the
dimensionless weights, w;;, are calculated as follows. Take f(z) = x¥ for
all k values that meet Ey (z;2") = 0. To reduce complexity throughout the
calculation rename the variables as

Domain : [0, zp) — [0,p]
Continuum : x — t=(x—x0)/A
Discrete : T — =1
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A linear equation system is obtained whose solution gives unique weights,

9 P X
2. G

=0

'ik—jwij — k=0,1,...,r— 1. (2.50)

Some rules and tips should be followed in the above equation: 1) Start off
with the k-index, go on with the j-index and end up with the i-index; 2)
When the term i*~7 becomes the indeterminate form 0°, change it to 1.

The value of the influence coefficients (2.31) and discrete source (2.32)
depends on integrals in each interval within the split-up domain, see Figure
2.2. Those integrals can be calculated straightaway in the domain [0, 1], due
to the mapping. So, it all comes down to applying (2.50) with two points,
p = 1, at the edges of the normalized interval. The degree of accuracy re-
lates to the order of employed derivatives of the function to be interpolated.
For instance, the simplest Hermite spline, also named as Cubic Hermite, has
the first derivatives, g = 1,

[ s g+ (5] -

whereas a Quintic Hermite uses up to the second derivative, ¢ = 2,

df
dz

) (2.51)

_/f M~m+h)l<i£ jﬁ)
1 /d*f|  dif
120 (d o dz2 1) ' (2.52)

Finally, if the third derivative is included, ¢ = 3, a Septic Hermite is ob-
_df

tained,
i)

1 <d2f d?f >
1

T\,
d’f

1 <d5f B
0 dff3 1

p@EE 5 (o o) (5|

*1680 \ 4z3

) . (2.53)

The splines above could work fine with slowly varying functions, but, with
ILEy, IGEy;, and ISGEy; depending on the exponential of Péclet, E, they
could give rise to large errors and even blow up the method when Péclet is
high. Let us evaluate the integral

/1‘155 with E(Z) =exp(—P(1-17)), (2.54)
o E

in three numerical regimes: a low-Péclet, P = 0.1, a medium-Péclet, P = 1,
and a high-Péclet, P = 10. It is observed in Table 2.5 that errors increase
significantly for high values of Péclet what caused by the splines being un-
able to fit the integrand, 1/E. These discrepancies have their origin in the
sharp slope of the exponential within [0, 1], the integrand is exp P atz = 0
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and 1 at 7 = 1. When Péclet is high exp P > 1.

P 0.1 1 10
Exact  1.051709180  1.718281828  2202.546579480
Cubic  1.051709(034) 1.71(5950761) -7340.821931602

Quintic  1.051709180  1.7182(98413) 7344.488598269
Septic ~ 1.051709180  1.718281(762)  527.796804638

TABLE 2.5: Comparison between exact and numerical val-
ues of the integral (2.54) using the splines (2.51) to (2.53)

It is observed that all splines provide results far from the correct ones for
P = 10. The cubic spline even gives a negative value which is mathemati-
cally wrong as the integral (2.54) is a monotonically increasing function of
Péclet. Taking as an example the Cubic spline,

2o ) o )

The derivative with respect to Péclet is

vl 5]~ (50 )

For P > 5.0070 it is found that the approximation of the integral starts
decreasing. A similar procedure reveals that Quintic provides a monoton-
ically increasing integral for the whole range of Péclet, P € [0,00), and
Septic displays a Cubic-like behaviour when P > 9.5780. This monotonic
behaviour is crucial in the splines approximation. A negative value could
change the signs of the influence coefficients and the numerical scheme will
not work. With Cubic the integral is negative when P > 6.0290 and Septic
when P > 10.4730. In Figure 2.8 the spline approximation is shown and a
white circle displays where the curve stops being monotonically increasing.
The color circle represents the point where the integral becomes negative.

In a general case, when P = P(Z), it is difficult to determine the mean
Péclet number for which the integral evaluation goes wrong. From the
point of view of obtaining a robust scheme it is fundamental to seek another
formulation of Hermite that keeps good results in low-, medium-Péclet
while diminishing the errors for high Péclet. Consider an integrand with
an exponential factor, fy = f:(Z) = g(Z)/E(Z) for some specific function
g = g(7) that depends on the integral to evaluate,

N, for ILEy,
! 'y L for IGE
/ fedz = / Edi, g=37 or o (2.55)
0 0 15055

=, fOI'ISGEQl
Tr
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FIGURE 2.8: Behaviours of the cubic (a), quintic (b), and
septic (c) fitting in relation to the exact integral (d)

The factor 1/F is modified by using a reference Péclet, PT, as an arbitrary
constant, and a change of integral limits as follows:

; o ([ e

</1 ptdz’ ) exp (/;(P - PT)dg?'>
exp (PT (1-2 ) exp (/Ol(P _ pT)dgg) exp ( /:(p _ PT)df’)
exp (P11~ 3)) exp (P~ ) exp ( [- Pw) |

If P' is chosen as the average Péclet, P, then the above factor becomes

; =exp (P (1—1)) exp (— /w (P-P) df’) . (2.56)

0

The reason for this transformation (2.56) lies in the second exponential which

is smoother than exp fﬁl Pdz’. It starts and ends with the same value, 1, and
hence, it is more suitable for an accurate interpolation, contrary to the orig-
inal one that varies from exp P to 1.

The interpolator H,, = H,,(7) is defined as the m-th Hermite spline

m
H,, = Zaifv\i, m =1+ 2gq,
=0
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that interpolates the set of functions which multiplies exp (P (1 — Z)) in the
factor (2.56) once it is replaced into the integral (2.55), i.e.,

/Oledfz/Olng
:/Olgexp (—/j(P—P)df’) exp (P (1 - 7)) dz

x/le exp (P(1—3))dz
:/ Zaz exp (P (1-7))dz

In this way the integrals in the previous expression can be calculated ex-
actly, see Jeffrey [92, p. 176], giving as final result

xp P 7! i : 7!
/fdewe]I; Z _Z Pz;( ) (2.57)

i=0 OF(Z_])

The determination of the coefficients {ag, a1, as,...,an,} is carried out
by matching the values and derivatives of both the Hermite polynomial
H,, and the function to be interpolated, up to order ¢ at the edges of the

reference interval. The function is g exp h, with h := — [ (P — P) d7'.
H,, (0) = g(0), (2.58a)
Hy, (1) = g(1), (2.58b)
d*H,, e di g dlexph
dzk - Z <l> dzpk-1 ~l , k=1,2,--+,q. (2.58¢)

For instance, a Cubic Hermite spline, ¢ = 1, uses a third degree polynomial,
m = 1+42-1= 3, givenby H3 = ap + a17 + a22* + a32>. By applying
conditions (2.58), the system written in matrix form is

1 0 0 0\ [ao 9(0)

1111 ar | g(1)

010 0] {a] ™| (dg/dd)s —g(0) (P(0) P 25)
01 2 3/ \ag (dg/dz), — g(1) (P(1) — P)

In the case of Quintic Hermite spline, ¢ = 2, the polynomial is of fifth de-
gree, m = 5, whereas in Septic Hermite spline, ¢ = 3, is of seventh degree,
m = 7. The set of a; coefficients are listed in Appendix B.

On calculating the integral of 1/F when P = const., the coefficients be-
come ap = 1 and ay, ..., ay, = 0. Therefore, the integral (2.57) is calculated
as (exp P —1)/P, getting the exact solution of the example. If a linear Péclet
is tested the Table 2.6 shows that the errors of the high-Péclet case are much
reduced.
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a 0.1 1 10
Exact 1.087927463 2517182609  3.010062626-10°
cubic 25D 1.0879(01860) 2.5(34037112)  -1.089670290-10°
(2.57)/m =3 1.087(882373) 2.5(07667597)  2.808933031-10°
Quintic (2.52) 1.0879274(03) 2.517(675628)  8.172600931-10°
(2.57)/m =5 1.087927(303) 2.51(6848424) 2.967137221-10°
Septic (2.53) 1.087927463  2.51718(9383)  2.724298048.10°
(2.57)/m =7 1.087927463 2.5171(73425) 3.0(01935044)-10°

TABLE 2.6: Comparison between exact and numerical val-
ues of the integral (2.55) with ¢(Z) = 1 and P(Z) = a(1 + )
using different Hermite splines.

In a nutshell: Using the splines (2.51) to (2.53) to calculate smooth
functions such as 1.Sy;, or P will work well while ILEy;, IGEy;, and
1SGEp; should be tackled with the spline (2.57).

2.3.2 Gauss-Legendre Quadrature

Other option to compute integrals, instead of Hermite, is a GL quadrature.
This kind of p-point quadrature manages to integrate exactly a polynomial
of (2p — 1)th degree by picking optimal points which are the roots of the
Legendre polynomial, and evaluating the integrand in those points multi-
plied by a weight. The modifed GL quadrature for the ENATE integrals can
be written as

1 1 p
| @z > wid(@)

Number of points, p Points, z; Weights, w;
1/2 8/9
3
1/2 (1 + ,/3/5) 5/9

1/2 (1 +/3/7- 2/7@) (18 + /30) /36
1/2 (1 +/3/7+ 2/7\/675> (18 — v/30) /36

TABLE 2.7: Localization of points and weights for different
number of points in GL quadrature
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In Table 2.7, the key information is summarized. For the integrals I L Ey,,
IGEy1, and ISGEy; the quadrature gives the next approximations:

[LEgy ~ zp: w; A@) (2.60a)
1
IGEy ~ = Wi —— > 2.60b
" Z [(@)E() (2:000)
150@

ISGEqg ~ Z Wix—r— (2.60c)

(wz)

However, E(7;) and ISz, contain integrals whose integration does not go
from 0 to 1 as it depends on ;. In such case the GL quadrature becomes

/abf@)df ~

Notice that if the limits are ¢ = 0 and b = 1 we recover the GL quadrature
at the beginning of this subsection. Since either a or b depends on 7;, k = i.
For the exponential factor a = z; and b = 1,

(1—2)).

_ 1-7 SO
E(Z;) = exp (— 5 - Zka (Tr + 75 — x,x;ﬁ) ,

k=1

and for the integral of the source a = 0 and b = 7;,

~ P
T; ~
ISz, ~ A:EEZ Z wiS (T;%g) -
k=1
Contrary to Hermite, the GL quadrature provides a monotonically increas-

ing integration since it consists of a sum of positive terms. Some numerical
tests similar to those in the previous subsection are displayed in Table 2.8.

Constant Peclet, P = «
Q 0.1 1 10
Exact 1.051709180 1.718281828 2202.546579480

3-point  1.051709180  1.718281(00)  2409.190973573
4-point  1.051709180  1.71828182(7)  2187.328913256

Linear Peclet, P = a(1 + 7)
o 0.1 1 10
Exact 1.087927463  2.517182609  3.010062626-10°

3-point 1.08792746(7) 2.5171(57428)  2.789135221-10°
4-point 1.08792746(4) 2.517182(706) 3.0(01353937)-10°

TABLE 2.8: Comparison between exact and numerical val-
ues of the integral (2.55) with ¢(Z) = 1 for two Péclet cases
using the GL quadrature
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However, the Gauss points are within [0, 1] and, therefore, the quadra-
ture is not suitable for functions not given analytically as it will require
interpolation. In addition, the calculation of ILEy; by (2.60a) and IGEy;
by (2.60b) involves a total of (p2 —2p+ 6)—points, see Figure 2.9. Similarly,
ISGEy; by (2.60¢) is evaluated with a total of (p* + 2p)-points. So, the GL
quadrature needs more information than the Hermite splines.

T
0 1 0 1

(A) Takingp =3 (B) Taking p = 4

FIGURE 2.9: Localization of Gauss’ points in a reference in-

terval for X or I (W), P (A), and S (#) using different GL
quadratures.

2.4 Nonlinear ENATE

So far, in sections 2.1 and 2.2 an algebraic equation has been derived for
linear convection-diffusion problems and the exact solution has been ob-
tained. What if the transported variable is the velocity, ¢ = u? In such a
case, one deals with the equation

d du
P (puu — Fdx) =S.

If I" = 0, a recurrence nodal equation can be written as follows:

We only consider solutions with u? > 0.

In a general case with diffusion one could use the derivation for linear
problems to compute the solution of a nonlinear one. To do so, ENATE
becomes a numerical iterative procedure:

1. Start off with guessed values of v, yold

2. First evaluation of ILFEy;, IGEy and ISGEy;
3. Substitute u in the convective term, pu°'d

4. Calculate the integrals I LEy1, IGEy and 1.SGEy; by Hermite (2.57)
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5. Update u by using the algebraic equation (2.29), u"*"

6. If \u"ld — u"%|s < e stop, if not, uld  yneW and go to point 3

The parameter e is the tolerance. As with the linear problems, at some
point of Hermite calculations the values of d*P/dz* (k = 1,2,3) are re-
quired. However, this evaluation is not straightforward since u within the
Péclet number is unknown a priori. To calculate these values the normal-
ized velocity is defined as

U — Uy U — Upp

a pu— pu—
Uprp — Ulp A’U,

In nonlinear problems we could distinguish three types of Péclet num-
bers. puAx /T is the local Péclet, P, whereas

pAuAzx
r ’ Iy

AP =

are the Péclet number based on « variation and the reference Péclet number
based on u variation, respectively. So, the first derivative of Péclet is

dp d (pqu)

dz dz\ T
_ pArdu d (L
=T @ Tt <r>
du Pdl
= AP— — ——, 2.61
dz Tdz (2.61)

assuming p constant. From equation (2.20) it is deduced that

du dF duv
Er A SO
Substituting derivatives (2.27a) and (2.27b) above, the derivative of the ve-
locity is

Ulp
~ 1— Py—ILE,
du pU OAu AN <ISOEE ISGE01>‘

& Au TIGE,  TAu N

Finally, if this is inserted into (2.61), the Péclet derivative is

P
i% = P2 + w1 (Cf — 051505;) —UJQP,

where the constants are defined as

2
Cf — APQ—P(?ILE(H C*ISGE(H *::p<A.%'>

IGEn 2 IGEy ’ Tw

and the factors related to diffusion by

1 d =~ d
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Thus, its second derivative reads

2
P P P
&'r :2Pd — 2wy (d — P24 w2P)

dz2 dz dz
d «
o (we P) — C5w1 S Ax,
and the third is
d*p dpr\? d’p
= —o( =) +or=—
4 < d55> T

-2 (211}% + ?) <i§ P? + w2P>

d*p . ds
— 4wy <d —P?+ w2P> — CﬂulEAa:.

In the limit case when I' is constant, the previous calculations convert
into

ii; =P? 4 Cf — C51S;,
d’p 5 . .
3
P
(3133 6P 4 8P (CF — C3ISus)

ds
2(CF — C31Sy3)* — Ch Az (2135 — d)
X

Sometimes an initial estimation of ILFEy;, IGEy and ISGEy; is re-
quired to start the iterative procedure. The derivatives of P depend on
those integrals. The starting Péclet can be assumed to be the average Péclet
over the interval, and the source taken as the source value at the left node

of the interval, then
expP — 1

[LEy = —5—, IGEn =
0

expP — 1
P )
expP—P—1

ISGEOl S()A.Z‘ —5
P

2.5 ENATE with discontinuous coefficients and source

Extensions of ENATE to more complex problems will now be commented
on. In multiphase flows with geometrically complex physical interfaces
either density or viscosity have jumps where they could vary several orders
of magnitude, see e.g. Brennen [17]. In electromagnetic applications both
permittivity and permeability show discontinuous behaviour when either
a charged or magnetic material is within an electromagnetic field.

In order to simplify the problem in ENATE, the domain will have a dis-
continuity at «p, see Figure 2.10, where

lim ¢f = lim ¢; = ¢p.

T—TpD T—T D
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FIGURE 2.10: Representation of a two-zone problem

The coefficients pu and I' are assumed to be piecewise continuous,

ZE) for x € [mlb, QZD]

u = pu (z),
P pu” (z), forxz € [zp,zp]’
)
)

r— F+(SU , forxz e [ﬁlb’xD]
| (2), forze€|zp,zm]’

as well as the source term,

o St(z), forx € [z, zp]
S (x), forzezp,xm)

Note that when the discretization is applied, one grid-point must lie at zp
to link upstream and downstream solutions. In each zone, ¢; and ¢; , the
algebraic equation is (2.29) with the corresponding coefficients and source.
So, the compatibility condition at the discontinuity is of Robin type,

F(U‘%D = '7:(0)|15E'

Then, replacing the total flux F of appendix A, the expression

+ [ 7+ ILEy | + + 7.4

_(PU)W kWD + ¢W + (Pu)kaD
IGEo |ywp
_ ([~ ILEog | o~
- k
+(pu)p ( pE t IGEo DE) ]¢D (pu) pkpE P5
ISGE()l h ISGEOl *

= ISo |t _ _—_— 2.63

is the discretized equation at xp. If there is more than one discontinuity;,
equation (2.63) will be implemented at each one. In the special case of pu, I
and S being piecewise constant, the equation reads

—put(1+ %Jr)d)a/ + [mﬁ?r +pu” (1+ E_)} ¢p —pu” k™ og

~ 1 ~ 1
Gt At L et ARt [T oA [
=STAzT + ST Az (k P+> ST Ax <k 2 )
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2.6 Numerical Examples

All numerical tests but one that are evaluated in this section have an exact
solution. In order to know how well or poorly ENATE resolves any of them
the ls-norm of the error vector will be used as monitor and calculated as

Nnodes
1
Hd’num. - (ZsexactHQ = Nnod S Z (¢i|num. - ¢i‘exact)27
€ =0
being Npodes the number of computed nodes, ¢;|,,,,,, the numerical result

at the 7 point of the mesh and ¢, the exact solution at the same point.
Numerical examples from Pascau et al. [147] are included first, since the ini-
tial work of this thesis was the coding of both a central-differencing scheme
(CDS) and a compact scheme (CS) proposed by Sen [190] that later were
compared with ENATE. Next, a study where ENATE is compared with a
high-order scheme is discussed. This study was published in Llorente et
al. [119]. Finally, some work performed during a short stay in the Depart-
ment of Mathematics and Computer Science of the Eindhoven University
of Technology, The Netherlands, is shown, in which ENATE was compared
with the FV-CF scheme.

TDMA (TriDiagonal Matrix Algorithm) was used as solver of the system
of equations. The TDMA solver is based on LU-descomposition, a direct
method to evaluate the matrix. In all cases a uniform mesh was employed.

2.6.1 Case with variable diffusion

Tian and Dai case [216] case is a traditional test employed to assess the
accuracy of CFD schemes. The transport equation with BC is

d d¢ -

4 <pu¢—rd$) —et(l—e(l+2), ze[0,1

G0 =1+ 5, B =2+c

where pu = p(1 +¢€) and I' = ¢(1 + x). So, the factor e controls both con-
vection and diffusion terms and therefore, the Péclet number. p is set to 1.
The solution, that develops a boundary layer near x = 1 for small ¢ see Fig.
2.11, is given by

() = ¢ + (1+ ) (1”)1/6.

The lx-norm is plotted in Fig. 2.12a for interval sizes within [107%,107!]
and € = 1072, The results obtained indicate that a Septic Hermite spline
behaves as a seventh-order scheme for Az around 107! and a eighth-order
for Az < 5-1072. Machine accuracy is obtained with 101 nodes. Quintic
has the same convergence in those intervals: fifth- and sixth-order, whereas
Cubic is fourth-order over a wide range of Az. Convergence of three- and
four-point Gauss is similar to those of Quintic and Septic. Also, the l;-norm
of CDS is plotted given second-order accuracy and CS fourth-order.
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Changing ¢ to 107, the rates of convergence are displayed in Fig. 2.12b.
Hermite splines show similar behaviour to the previous case. Septic reaches
machine accuracy for 201 nodes. Regarding GL quadrature, the three- and
four-point quadratures produce two regions that are likely related to the ap-
proximation of the exponential. Errors could be magnified by GL quadra-
ture if large values of the interval size are used due to its inability to inte-
grate exponentials of large Péclet. The central and compact schemes, CDS
and CS, have converged in a small stable region. The stability limit for CDS
is P < 2 and for CS, P < 8/3.

5 T T
— =102

4l|—e=10""

0 0.2 0.4 0.6 0.8 1

FIGURE 2.11: Example Case with variable diffusion, exact so-
lution for two values of e.

2.6.2 Case with variable convection

The test below solves the ODE with BC [142, p. 147],

d d¢ N Smax

dz <pu¢ a Fdl’) - 1+ SmaX(2x - 1)2, ve [07 1}
_o 99| _

o(0)=0, =

The flow velocity is u = (1+z)3 whereas the kinematic diffusionT'/p = €
remains constant. p is set to 1. The BC at = 1 is of Neumann type. The pa-
rameter Spmax controls the source that takes a value of Spax/(Smax + 1) at the
edges of the domain and raises to Smax at z = 0.5. As a result, the solution
displays a steep layer at z = 0.5 where Syax regulates its top value. Since
the previous ODE does not have an analytic solution, a reference solution
is used with Septic Hermite and 10001 nodes taking ¢ € {1072,107%} and
Smaz € {10%,103}. As an example the reference solution for ¢ = 1072 is
plotted in Figure 2.13.

In the case of € = 1072, the results for the convergence rates are plotted
in Figure 2.14. When Smax = 102, Cubic Spline gets a third order scheme,
Quintic, fifth order and Septic, seventh order. In the regime of high-Péclet
Hermite mimics the theoretical tendency as shown in Figure 2.3. On the
whole, Hermite works better than a GL quadrature as the large exponen-
tials are poorly resolved with the latter for high Péclet. For instance, the
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]_0_1 T 111117 T 111177 \. \_,\1.‘!‘!‘!’!’

1077
1071
10—13 T

10715 | il |l Ll
10~* 1073 102 101

Ax

{o-norm

(A) Test with e = 1072

10_1 \\\\\H‘ \\\\\H‘ T 1T T 11711
. | £
103, -3 -* nd
*
10-%¢4" =
1077
1079
10—11
10—13

10—15 [ AN Ll [ A
104 10-* 10-2 10!

Azx

l5-norm

(B) Test with e = 1074

FIGURE 2.12: Example Case with variable diffusion, the lo-

norm of the error for the ENATE scheme. Solid lines repre-

sent Hermite spline: Cubic (W), Quintic (#) and Septic ().

Dashed lines are Gauss quadrature: 3-point (M) and 4-point

(#). Dash-dotted lines: central scheme (M) and central com-
pact scheme (4).
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ratio I LEy; /IGEp; did not get a value of one as it should be. Similar resid-
uals and behaviours were achieved with Spmax = 105.

For ¢ = 1074, results are plotted in Figure 2.15. In that case the resid-
uals are two orders of magnitude better than for ¢ = 10~2. However, Cu-
bic Spline performs like a second-order scheme, Quintic is third-order and
Septic, fourth-order. Regarding the GL quadrature, two regions showed up
before and after Az = 1073, Initially it is a first-order scheme and then it
moves closer to the order of Quintic and Septic.

In the four cases, neither CDS nor CS show a stable numerical solution
and, therefore, they were substituted by an upwind scheme.

12 \ I
— Smax = 100
10 [-| == Smax = 1000

0 02 04 06 08 1

FIGURE 2.13: Example Case with variable convection, exact
solution for I' = 1072.

2.6.3 Nonlinear case: the 1D Burgers’ equation

To assess a nonlinear convection-diffusion problem, the nonhomogeneous
Burgers’ equation with constant diffusion,

d /1, du

u(0) =1, wu(l)=0,

is employed. This ODE has an exact solution, drawn in Fig. 2.16,

u(z) = C tanh <2CF (1-— x)) with 1 =Ctanh <2(;) .
This solution shows two zones: a boundary layer near = 1, thinner as
diffusion decreases, and a region where « remains constant and very close
to one.

The tests proposed were with I' = 0.04 and I' = 0.01. In Figure 2.17a a
similar behaviour to previous numerical cases is depicted. Septic Hermite
has an lp-norm of 1.19 - 10~ with 100 nodes, its convergence is somewhat
worse than eighth-order, in contrast to Quintic, which is a bit better than
sixth-order. Cubic spline is fourth-order. As we pointed out on page 54,
the GL quadrature requires the value of the integrands within the inter-
val. Due to the nonlinearity of the problem, the solution u participates in
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]_0_1 T 111117 T 111177 1 11
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(A) Test with S, = 100
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104 10-* 10-2 10!

Azx

(B) Test with S, = 1000

FIGURE 2.14: Example Case with variable convection and € =

1072, the l,-norm of the error for the ENATE scheme. Solid

lines represent ENATE: Cubic (M), Quintic (#) and Septic

(A). Dashed lines are Gauss quadrature: 3-point (M) and 4-

point (¢). Dash-dotted lines: central scheme (M) and central
compact scheme (4).
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101 T T 11111 T 111117

lo-norm

10—13 o—T | [l I A L
104 1073 102 1071
Ax
(A) Test with S,,,4, = 100
101 T TTTTT] T TTTTT]T \\Hul
g
3
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10—11
10—13 Ll Ll L il
1074 103 102 101
Ax

(B) Test with S, = 1000

FIGURE 2.15: Example Case with variable convection and

e = 107%, the ls-norm of the error for the ENATE scheme.

Same symbols as Fig. 2.14 except dash-dotted lines: upwind
scheme (H).
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the integrand and must be interpolated, adding complexity and numerical
errors. Moreover, according to the numerical results presented before Her-
mite achieved better [o-norms than GL. For all these reasons GL is no longer
used.

The smaller the contribution of the diffusion is, the thinner the bound-
ary layer is. This is the case with I' = 0.01 where the convergence rates are
plotted in Fig. 2.17b. It is seen that for large interval size, some Hermite
did not converge. Also Septic needed fine grids to reach machine accuracy,
2.84 - 10713 with 500 nodes. Orders of Hermite, CDS and CS were as ex-
pected.

15 ‘
— T =0.04
—T =001
1 -
=
<
0.5
0 l l l l

0 0.2 0.4 0.6 0.8 1
T

FIGURE 2.16: Example Nonlinear case, exact solution for two
values of diffusion.

2.6.4 Case with discontinuities in the coefficients and source

A fourth numerical test deals with a solution with discontinuous derivative
at z = 0.5 induced by a piecewise Gamma. The transport equation with BC
is defined as,

d do)
m(pu¢_rm>_5’ x € [0,1]

$(0) =2, ¢(1) =0,

where pu = 103, T'(z) = 0.1(1+2)%if 0 < 2 < 0.5and I'(x) = 0.0231(2 — z)?
if 0.5 < x < 1. The S(x) term was such that the manufactured solution
depicted in Figure 2.18 gave

3 — 2% If z € [0,0.5]
¢(z) = 9 :
20x° — 32z + 12, Ifz € [0.5,1]

The values were chosen to set up a moderate jump in the derivative at 0.5
where the diffusion coefficient and the source vary in almost one order of
magnitude. In Figure 2.19 the convergence rates are plotted. It can be seen
that Hermite splines get fourth-order accuracy with Cubic, sixth-order for
Quintic, eighth-order for Septic. With this last spline, [>-norm was around
1071% with ten intervals.
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(B) Test with I' = 0.01

FIGURE 2.17: Example Nonlinear case, the lo-norm of the er-
ror for the ENATE scheme with two values of I". Solid lines
correspond to Cubic Hermite (M), Quintic Hermite (¢) and
Septic Hermite (A). Dash-dotted lines: CD (M) and CS (4).
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FIGURE 2.18: Example Case with discontinuities in the coeffi-
cients and source, exact solution.

lo-norm

10—12 L il L il [ R
1073 102 101 10°

Az

FIGURE 2.19: Example Case with discontinuities in the coef-

ficients and source, the l;-norm of the error for the ENATE

scheme. Cubic Hermite (M), Quintic Hermite (4) and Septic
Hermite (A).
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2.6.5 ENATE vs DGSEM

A comparison between ENATE and a well established numerical scheme,
the Discontinuous Galerkin Spectral Element Method (DGSEM) was car-
ried out within a collaboration with the Applied Mathematics and Statistics
Department, Polytechnical University of Madrid. The DGSEM data were
obtained with an in-house code of Madrid group.

The DG approach was introduced more than 40 years ago for the neu-
tron distibution in a nuclear reactor [176]. This approach binds the flux
balance in FV with the weak formulation in FE. The extra feature in DG
lies in the fact that there is no continuity at the interfaces of adjacent ele-
ments. SE uses high-order discontinuous Lagrangian interpolants as bases
and GL quadrature to approximate the integrals. Further information on
one-dimension DGSEM formulation can be found in Llorente et.al. [119].

Since the 1D Burgers’ equation was checked and reported good results
for ENATE, it was decided to use this nonlinear equation for the purpose of
comparison. DGSEM was run with fourth-degree and ninth-degree poly-
nomials for each element.

As a first test, an inviscid Burgers’ equation with source was tested.

1 h(2 1
d <uu> P 2( Oz +15) o [~1,1]
dx \ 2 cosh”(20x + 15)

u(—1) = tanh(—5), wu(1) = tanh(35).

The solution of the ODE, u(z) = tanh(20x + 15), contains a steep layer
near the left boundary, Fig. 2.20. The approximation by DGSEM is given in
Figure 2.21. The test is of paramount importance to show that DGSEM does
not work well if sharp variations occur within an element, whatever order
the polynomials may have. With ENATE the result was the exact one as the
source has a primitive. However, one could use Hermite to approximate the
source integral. If this is done, the l-norm with Az = 107! gets 8.32 - 103
for Cubic, it is 4.05 - 1073 for Quintic and 6.69 - 103 for Septic. None of the
Hermite splines was able to reproduce the steep slope of the solution due to
the poor resolution of the source and the l>-norm is pretty much the same
for all splines. It is expected that a nonuniform mesh would alleviate this
problem.

In a second test, the diffusion is activated with I' = 0.1 and 5 - 1073
whereas the source is removed. The former provides a smooth solution
whilst the latter presents an abrupt drop at the end of the domain, Fig.2.22.
The exact solution is

C . C
u(z) = C tanh <2F (1-— x)) with 1= Ctanh (21“) .

The constant C, calculated to fix u(0) = 1, and BCs are those in the Table
below.

The ly-norm for ENATE and DGSEM with I' = 0.1 is plotted in Figure
2.23a. As can be seen, both methods converge with their theoretical rates.
However, a Cubic spline gets a lower order and less accuracy than DGSEM
with a 4th-degree polynomial. A norm of 107% is achieved with six ele-
ments in Galerkin and a slightly lower one with ten intervals in ENATE.
Figure 2.23b shows norms for I = 5 - 1073. For large Az, ENATE could not
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r C u(—1) u(1)
0.1 1.000090688 1.000090683 0
51073 1 1 0

TABLE 2.9: Key parameters for the second test ENATE vs
DGSEM.

achieve a solution and DGSEM has low accuracy. In medium and fine Az
the convergence and orders are correct, but Galerkin does not reproduce
the steep layer near the right boundary whereas ENATE gives good results
with higher accuracy.

Finally, a nonhomogeneous convection-diffusion case is presented. The
source was chosen in such a way that the manufactured solution was u(x) =
2 — Asin(ozm), =1 < z < 1, picture in Figure 2.24. Similarly, BCs are
obtained from the exact solution. Two cases were run with o = 1 and 5.
The parameter o represents the wavelength of the sine wave and A the
amplitude, that is set to 1. For large wavelength problems, both ENATE
and DGSEM reach the asymptotic slope with few nodes, see Figure 2.25a.
A fourth-degree polynomial DGSEM has the same order as a Quintic spline,
showing DGSEM a better performance. When the wavelength is one fifth of
the whole domain, both show similar behaviour in convergence rates, see
Figure 2.25b. DGSEM is showing better accuracy, e.g., with fifteen elements
the ly-norm is 1078 and ENATE provides the same norm with forty.

1,

0.5 a

FIGURE 2.20: Example ENATE vs DGSEM, exact solution
for the first test case.
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FIGURE 2.21: Solid line correspond to the exact solution
and white dots to the DGSEM approximation [181].
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FIGURE 2.22: Example ENATE vs DGSEM, exact solution
for the second test case.
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FIGURE 2.23: Example ENATE vs DGSEM, the l;-norm of

the error for two values of I'. Solid lines represent ENATE:

Cubic (W), Quintic (¢#) and Septic (A). Dashed lines are

DGSEM: 4th degree polynomial (M) and 9th degree poly-
nomial ().
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FIGURE 2.24: Example ENATE vs DGSEM, exact solution
for the third test case.

2.6.6 Analysis with another modern exp-scheme

In recent years, the exponential scheme named “Finite Volume-Complete
Flux”, FV-CF [209], has been developed in the Department of Mathematics
and Computer Science of Eindhoven University of Technology, The Nether-
lands. This numerical procedure solves transport equations in a similar
way to ENATE with some differences that are detailed in [120]. The first
difference is that the control volume of ENATE goes between nodes and
that of FV-CF between interfaces, as drawn in Figure 2.26. Secondly, in the
FV-CF scheme some integrals that appear in the coefficients have the lower
limit of integration at the interfaces and others at nodes, e.g.,

T T TE
A= / Adz!, S —/ Sdz’, {a,b) = / abdz,
T Te xc

e

whereas ENATE the integration limits are always from nodes. The ENATE
integrals can be linked with the FV-CF ones as follows:

_ E
P=(\1), EI/Q =e A ISz — 1Sp, =S,

_ RFE
PEy, ILEy = (A e ), ——LI1GEy =T e ™)

(pw)iw

PoEy, 1 A -1 -A
— = ISGEy = (ST IS T .
(P 01 = ( e )+ 01/2< N

where E,/, = E(1/2). If the total flux in FV-CF is broken down in the homo-
geneous and inhomogeneous fluxes

Fe=F0+F2,

S e - 1)
T =TT e n a7 (1) 17
75 _ (ST-4 e_A>

© e )
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FIGURE 2.25: Example ENATE vs DGSEM, the l;-norm of
the error for two values of 0. Same legend as in Figure 2.23.



2.6. Numerical Examples 73
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FIGURE 2.26: Control volume for FV-CF (red box) and
ENATE (blue box). Grid-points (e), Interfaces (4).

and compared with the ENATE flux, as done in Appendix A, it is concluded
that both homogeneous (F?) and inhomogeneous (F°) fluxes at the inter-
faces are the same. The difference comes from the method chosen to numer-
ically calculate the integrals. The FV-CF scheme uses second-order approxi-
mations in the calculations of the integrals whereas ENATE uses high-order
splines to do the same.

In order to compare them let us assume a transport equation with con-
stant convection and diffusion,

d do

- =2 = <z<
e <pu¢ Fdx) S, 0<z<a,

where the source and BCs are those that give as solution

2

puzx puzx
=2— — .
o) =21 exp (1)

The exact solution is pictured in Fig. 2.27. The smaller the diffusion is, the
bigger is the contribution of the source in the left boundary. In Table 2.10
the l3-norm is displayed in three meshes. Clearly, ENATE reduces the norm
very quickly on increasing the number of intervals, much more than FV-CF
with a second-order approximation. In fact, from 10 to 100 nodes, FV-CF is
a second-order scheme and ENATE is fourth-, sixth- and eighth-order. With
I' = 1072, Septic achieves machine accuracy with 100 nodes and requires
ten times more nodes with ' = 10~3. In contrast, the FV-CF gets the same
accuracy with 1000 nodes as Septic with 10 nodes in both diffusion regimes.

—TI =102
—TI =103

20

15

5 / .
0 . L L L

o 02 04 06 08 1
T

FIGURE 2.27: Example Analysis with another modern exp-
scheme, exact solution for two values of diffusion taken
a=1land pu=0.5
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=102
ENATE
Nhnodes Ax FV-CF . . 5
Cubic Quintic Septic
10 0.1 6.4737-107' 3.4219-1072 1.6612-1073 5.8206-107°
50 0.02 7.1589-1073 3.5051-10"5 6.0070-10~8 7.6507-10~1!
100 0.01 2.5418-1073 2.2344-10"% 9.5419-1019 3.0428-10~13
500 0.002 1.2916-10~%* 3.5970-10~°% 6.2685-10"1* 3.9511.1015
1000 0.001 3.3134-1075 2.2478-10"10 1.4890-10~13 1.5556-1013
=103
ENATE
N, nodes Az FV-CF X . 3
Cubic Quintic Septic
10 0.1 4.1300-10tY  1.4243-1071! 2.4309-10~3 6.9036-10~*
50 0.02 3.2521-107' 6.6915-1973  1.0452-10~% 1.2338-1076
100 0.01 6.2289-1072 4.1856-10"* 1.9207-107% 6.4660- 107
500 0.002 1.2628-10"2% 6.2217-10~7 1.0604-10710 1.3431-10"14
1000  0.001 4.5417-10~* 3.9670-10~% 1.7128-10712 1.9204.-10713

TABLE 2.10: Example Analysis with another modern exp-
scheme, the l3-norm of the error for ENATE and FV-CF.

2.7 In Closing

In this chapter, a complete formulation of the numerical solution of a one-
dimensional steady-state transport equation with ENATE was carried out.
The procedure allows an algebraic equation between three nodes to be for-
mulated by ensuring the continuity of the diffusion fluxes at the central
one. BCs of different type are easily implemented. A complete analysis of
classical properties of schemes used in CFD shows ENATE to be a robust
1D scheme. In addition, ENATE can be used to solve linear and non-linear
cases with continuous and discontinuous variable coefficients.

Numerical results for several tests were provided, showing that the best
option was Hermite spline interpolation. On the other hand, a comparison
study was done with another high-order scheme, DGSEM, with good out-
comes for both. Also, the comparison with another exponential scheme,
FV-CE, in which the assembly of the algebraic equation is the same, high-
lights the fact that the source treatment is of paramount importance for the
global accuracy.

Some issues arise when extensions and generalizations to multidimen-
sions are required in the problem, as one-dimensional cases are very sim-
plistic. In chapters to follow, a multidimensional ENATE will be drawn up
to achieve similar accuracy to the one-dimensional scheme.
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Chapter 3

Climbing the challenge:
two-dimensional ENATE

Goals:

* To carry over to two dimensions the procedure devised for one-dimensional
non-homogeneous transport equation.

¢ To compare different treatments of the sources.

* To develop a case on nonuniform mesh.

3.1 Overview of the difficulties related to exponential
schemes

Exponential schemes work properly with steady-state one-dimensional flows.
The treatment of the source is also fundamental. Yet, many important flows
are multidimensional and unsteady so the practical applications of expo-
nential schemes as originally devised are reduced to a very large extent.
In the "90s, Leonard published an article [111] where he gave some reasons
why exponential schemes should not be used for practical calculations, con-
sidering that they were devised under the following restrictions:

1. Steady one-dimensional problems,
2. Convection/diffusion coefficients constant over control volumes,
3. Sources negligible or weak enough,

and flows of interest never satisfy these constraints. The main problem of
these schemes is associated to the existence of a large numerical diffusion
superimposed to the physical one. This makes the results overly diffusive.
Along the same line, Roos [177] claimed that although one can extend these
schemes to high dimensions, the convergence and the accuracy level will
be affected. Contrary to this claim, different approaches of ENATE for mul-
tidimensional problems will be derived in this chapter, specifically in two
dimensions, keeping similar convergence rates to one dimension. As will
be explained, two paths can be taken, either to reduce the dimensionality
of the PDE, or to set a system of pseudo-1D convection-diffusion problems
that considers somehow the influence of the other dimension via the source
term. A correct numerical treatment of either approach will be required.
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3.2 Streamline approach
Let us start with a convection-only equation,
V- (pug) =5, G.1)

where u = (u,v)” # 0. If the fluid flows along the z-direction, ¢ values at
north and south of a generic point in the grid are unconnected and the so-
lution may have layers with strong gradients between them. When flow is
skewed with respect to the coordinate lines, flow along unconnected layers
will also appear. In order to solve the 2D equation there is a transforma-
tion that turns it into an ordinary differential equation along each layer.
The transformation will be based on the streamline geometry of the given
velocity field.

The history of stream-function coordinates (SFC) goes back to 1927 with
the boundary layer theory [168] and von Mises” work [231]. SFC formula-
tion was used for potential and viscous flows in curved geometries, mul-
tiphase flows, airfoils, tubomachinery, porous media and many others [22,
28,76, 97]. On the whole, there are two types of formulations:

¢ von Mises transformation considers a mapping between Cartesian co-
ordinates (z,y) and curvilinear coordinates (z, ) where the variable
1) is the stream-function,

* Martin’s approach [127, 128] turns (z,y) into (¢, 1) where the iso-¢
are taken arbitrarily.

The preference for any new system of coordinates varies. In this work it
was decided to use (¢, 1) as an orthogonal curvilinear space. ¢ = ¢(z, y) is
the stream-function defined such that

Vi - pu =0,
and the potential function ¢ = ¢(z, y) is defined by
Vi - Ve =0.
A possible solution to the previous PDE system could be

o _ oY

% = _pfv, aiy = pu’ (32a)
oo _ oo _
a = =pPu, ay = Zpv, (32b)

where = = Z(z, y), similar to Keller [97], is a stretching coefficient for rota-
tional flows. This coefficient will be defined later. On the other hand, we
write the curvilinear basis vectors as e, and e,;,. The base is an orthonormal
set, |e,| = |ey| = 1 and e, - e, = 0. e, is the unitary vector aligned with
the direction of the flow. The transformation between the map (x,y) and
(p,1), Figure 3.1, is given by

cosf@ sind
e; =R(0)e,, e, =R(0)ey, R(O):= (— sin 6 cos@) ’
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where R () is the rotation matrix being 6 the angle between e, and e,
which may depend on the position:

cosf =L sing=L" Ipul? = (pu)? + (pv)2.

lpul’ lpul’

As a result, the convection vector is pu = |pule,. The next step is to de-
scribe the divergence in the curvilinear space (¢, ). A formulation for the
differential operators in generalized coordinates is found in [242]. Taking
the changes (3.2a) and (3.2b), the contravariant basis is

g” = Ve =Elpule,, g¥ =V =|pule,.
On the other hand, the Jacobian of the transformation reads

A, 1) ’
Az, y)

Note that the mapping (x,y) — (¢, ¢) is valid provided that = # 0. Given
the new basis, a general vector v could be written with their covariant com-
ponents as follows:

J = ‘ = Z|pul?. (3.3)

v =veg’ +vyg’

= |pu| (Evge, + vyey) .

Finally, the divergence of v is defined by

. B i gﬁo.v i gd’v)
VV—j&p< 7 >+j31/1< 7

0 0 (/v
. 2 = Y
= Z|pu| [&0 (HVSD)jL@w (E)]

In the problem at hand, v = pu¢ then v, = ¢/= and v, = 0. So, the
purely convective transport equation on streamlines writes

9o S

A A~ 34
d¢  Elpul? G4

The great achievement of this transformation is that it allows a reduction in
the dimensionality of the convective terms. The new coordinate is pointed
out in the direction of the flow and that is why ¢ changes only with ¢. The
direction of the ¢ coordinate is the flow direction whereas 1) coordinate is
orthogonal to it, owing to the definition of a streamline. In consequence,
remains constant along it.

The procedure with ENATE keeps the discretization of (3.4) very simple.
What is needed is to cut the streamline into intervals as in Figure 3.1 and
then to calculate ¢ at a Central node with the help of ¢ at an Upstream node

by

vc g
pc = gu + ———dyp, on ¢ =const. . (3.5)
o Zlpul?

v -
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.Y = const.

FIGURE 3.1: Discretization on a streamline. Boundary Con-
dition: cross node. Black points: inner nodes. Cartesian
basis: blue arrows. Curvilinear basis: red arrows.

The previous equation is recurrently applied for every streamline drawn
over the domain. The integral of S/=|pu|? could be split up as

PYc S gl S o yc S 0
| oot = | o [0 0
o Elpyl oy Zlpul? 0z v =lpul? 0y

zrc Yyc
= / L da + / S dy.
xy |pu’ yu |pu|

Since the integrals are performed over a streamline, i.e. pvdz = pudy, then
ec g e g ve g
/ wdgpz/ —dz :/ —dy.
YU :'|pu| Ty pu yu P

3.2.1 Change of variables

As seen above, this approach requires the curvilinear geometry of stream-
lines and, therefore, a mesh oriented to the flow in the whole domain, see
Figure 3.2. This entails knowing the change of variables (¢(x,y), ¥ (z,y)) in

S P

P
S
TN

T

FIGURE 3.2: Cartesian mesh (blue) vs Curvilinear mesh
(red)
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the domain. An option would be to solve the next set of Poisson equations,

V2p = pu- VE,
V) = —e, - V X (pu),

what gives the ¢, 1 fields to calculate the isolines. The expression for V2
is valid provided that V - (pu) = 0. On the other hand, the unit vector e,
is perpendicular to the plane. For simplicity, V21 is defined in terms of the
variable
opv  Opu

wp::ez'vx (pu):%—aiy
If p is constant, then w, = pw where w is the z-component of the vorticity.
Another way to calculate the i) = const. lines is by taking the total deriva-
tive of 1),

dy = —pvdx + pudy.

The isoline satisfies di¢» = 0. So, the former equation is an exact differential
equation if and only if Opu/dz = —0pv /Oy or V- (pu) = 0 which is the mass
conservation. The solution can be obtained integrating the first equation of
(3.2a) with respect to z, i.e.

W) = - /0 puda’ + aly),

where a(y) is an arbitrary function of integration. Substituting in the second
equation of (3.2a),

3 8pvdx da_u
0 oy Ty T

the function a is found by integrating with respect to y. The arbitrary con-
stant of integration can be set to zero if ¢/(0,0) = 0. The result is

¢:_/ pvda’ —|—/ pudy’ —|—/ / 8pv da'dy/, (3.6)
0 0

Similarly, the total derivative of ¢,
dy = Epudx + Epvdy,

allows to formulate the ¢-field as

g0:/ =puda’ +/ Zpv dy/ —/ / “”“ da'dy/, (3.7)
0

if (Epv)/0x = O(Epu)/0y or V x (Epu) = 0 is valid. If the flow was
irrotational with constant density , then =(z,y) = Z¢ being Z an arbitrary
constant. In a general case, a solution can be obtained by the method of
characteristics [261, p. 432]. Write V x (Epu) = 0 in the form of a PDE,

—_ —_
— —
fum} fum}

7_pu87y:

pU =
ox p
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The total differentiation of = with respect to the characteristic s is

dE_ o=dx 0=dy

ds  ozds  oyds

Comparing both equations, one takes

d= _

E = *\:wp, (38a)
dx dy

E = pv, E = —pUu. (3.8b)

Assuming =(s = 0) = Ep = 1, the ODE (3.8a) leads to a stretching coeffi-

cient
=(s) = exp (—/ Wp ds/) (3.9
0

along the path described by the system (3.8b), which are in this case curves
orthogonal to the streamlines. Since = > 0, then J # 0 and the transforma-
tion is valid.

3.2.2 Skewed flow at 45°

A special case could be considered when pu = pv. In such a case, some
simplifications can be done. Firstly, the stretching coefficient (3.9) becomes
E = 1/pu and the Jacobian of the transformation (3.3) now writes 7 = 2pu.
Secondly, the convective terms could be taken out in the iso-1) and iso-¢
equations and the mapping (3.6) and (3.7) yields

(e, 0)" = (y+a,y—a).

Streamlines are just straight lines with unity slope. The grid has rotated
a = 7/4 and the derivatives of pu in the curvilinear coordinates are

opu 1

Opt  Opt OzI Opu —lw
oy 2"

These calculations say that pu is going to be a function of + and if w, = 0,
then pu in the (¢, 1)-space is constant. This allows to simplify the recur-
rence equation (3.5) to

1 pc
<Z>c=<bU+/ Sdy on 1 = const. .
2pu Joy,
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3.3 Cross-flux approach
A convection-diffusion problem is written as
V-F=28, (3.10)

where the total flux F writes

F =pup —I'Vo
o o\ "
— (pu¢ - Fai’ pud — Pajj) = (Fu, F)T. (3.11)

The previous section referred to convection-only problems. With diffusion
the streamline approach does not make much sense. Diffusion processes
tend to spread information, so it is expected that a ¢ value on a stream-
line depends on adjacent streamlines. Moreover, although this is not a
major problem, the transformation (¢, 1) turns the problem into one with
anisotropic diffusion,

(v =g ) (889 0 ;ﬁ(%
v (rv¢)_Ja¢< = Fa¢>+58¢< 2 Faw)
+ja¢(/7 Fa¢>+ja¢< 7 ou

=l oul? 0 = % i E 37425
=Eleul !390 (F“ 39@) oy ( 5 aw)] ’
for orthogonal curvilinear coordinates.

Another alternatives should be considered. An option to deal with a 2D
convection-diffusion problem is the Alternating Direction Implicit (ADI)
method. The ADI method is a splitting operator method where the vari-
ables are separately solved along each coordinate of the domain. Those

kinds of schemes are used widespread in CFD techniques such as projec-
tion methods [75]. In a nutshell, given a 1D transport equation,

d d?
L,¢ = agc(al:)d—i5 — bx(w)d—ajs = c(x),

the symbolic discrete equation can be written as follows:
Apdi=Byei = B'Asbi =,

being A, and B, the finite differential operators of the discrete technique
and B, 'A, the operator that mimics L,. So, the approximation of a 2D
transport equation,

Lo+ Ly¢ = c(l‘) y)a
would be given by

B, 'Aydij + B, 1A oy = cij,
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or cancelling out the inverses,
(ByAs + B2Ay) ¢ij = B.Bycij,

if B, and B, commute, i.e. [B,,B,] = BB, — B,B, = 0. The previous
approach can achieve high-order accuracy and stability via some witty fac-
torization of the operators, as many authors have shown [19, 36, 64, 95, 96,
234, 250], for both unsteady and steady problems. However, this procedure
might not fulfil some basic properties in CFD, e.g., conservativeness.

As ENATE is basically a one-dimensional scheme, the operator splitting
idea is very appealing. After the splitting ENATE can be applied to the
particular equation along each coordinate. The difference with ADI is that
the splitting is made over the original 2D differential equation and not over
the algebraic relation.

The first strategy followed in this thesis is to move the derivatives along
the other coordinate to the right-hand side as a new additional source [238].
Thus, the convection-diffusion problem in z-direction writes

g (po-t32) =5 S =5 wp<os<an (1

O, y) = by H(TrbyY) = dro, y = const., (3.12b)
whereas in y-direction is

0 0 0Fz

ay (PWZ5 - F@j) =5- 9 Sy, Yoo <Y < Y, (3.13a)

(2, yvb) = Pvbs H(T, Y1) = Pibs & = const. (3.13b)

The subscripts bb and tb stand for bottom boundary and top boundary, re-
spectively. Next, ENATE scheme is employed in both 1D equations. The
horizontal and vertical intervals are shown in Figure 3.3. The two dis-
cretized equations are now summed up to provide the algebraic equation

Acde — Y Agi = be, (3.14)
ieN

being N the neighbour points: West, Fast, South and North. N' = N;UN,,
Ny = {W, E} and Ny = {S, N}. The influence coefficients are

Ac=Azc+ Ayc, (3.15a)
=~ ~ ILE,
Ao = (p)wkswe + (pu)c (kx CET Iag (; ) : (3.15b)
z01|CcE
=~ ~ ILE.
Ayc = (pv)sky sc + (pv)c (kyCN + IGEy[())ll ) , (3.15¢)
y0llcon
7 ILE; 0
Ay = . : 3.15d
w (PU)W< we + TGE.or WC) ( )
Ap = (pu)ckszcp, (3.15¢)
~ ILE,n
Ag = k Y 3.15f
s (Pv)5< vSCF 1GE, o sc>’ (3.15f)

Ax = (pv)ckyon, (3.15g)
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and the discrete source is

bc =byc + byCy (316a)
IS, GE, o 1S5,.GE;01
ba: — ISx s —— - T =~ 9 3'16b
C 01|WC + ( IGEzOl CE IGEx()l wC ( )
1S,GE 01 I15,GE 01
o T LoyGhyor)  _ IoyGhyor] ) 3.16
ye = ISyo1|gc + < IGEyn |ony  IGEym SO) (3169
b -
N .
d(ac, D) y /
Ay O / 0 o~ 7 1
Xw Xc XE R r
—e * *— —e S ——
0.z 1., |
«— + ¢ 1
—T TXS T_ / Ty d(zc,¥)
(@ yc) (;
Ax

FIGURE 3.3: A five-point stencil in a structured mesh
for two-dimensional ENATE. Nodes are located at xo =

(xCayC)T/ Xw = (xW7yC)T/ XE = (»TE,yc)T, XN =
(zc,yn)T and xg = (z¢, ys)

All these expressions are just extensions of the 1D formulation. If we
define { = z or £ = y, pu, = pu and pu, = pv, then the Péclet number and
related integrals are

A AE L

po=PUAE p (pug)y A P, = / P dé, (3.17a)
r Lo 0

_ U e

B¢ = exp (~Pe(1-§)) exp /0 (Pe — Pe)dé |, (3.17b)

exp Pe — 1 /1 dg ~ 1
ILEer = 22870 [GEp = [ ) k= - (3.17c
sot Preg SR B ¢ PeoIGE¢ o ( )

dé&.  (3.17d)

g LN N
Ing:A&/ Se dE, IsgaEw:/ a8 /sgdg
0 o I'Ee |Jo

In section Numerical Examples this approach will be named as “Fluxes as
Pseudo-sources”, FaP. Regarding the CFD properties, the extension to 2D
contains the same features as the 1D counterpart. The discrete equation
(3.14) keeps transportiveness, that is, in a diffusive problem ¢¢ links with
{¢w, dE, s, ¢n}, whereas in convective processes ¢¢ links with ¢y and
¢s if pu,pv > 0. On the other hand, all influence coefficients are posi-
tive providing a diagonally dominant matrix in most cases, which makes
ENATE a bounded scheme. If the flux balance is done over horizontal lines,
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y = const.,

TC
]:xC_JracW: Swdxa

Tw

o xo
[ [ (52
oy 0T o Oy

¢ (OF,  OF, B
/m <6$ +ayS)d$—0,

w

and vertical lines, x = const.,

yc
fyc—fyS:/ Sy dy,
Ys

/yc @dy B /yc (S B 8.7'}) dy
vs U Ys O ’
ve (0F,  OF, )
+—>—-5]dy=0,
/ys < oz y

ENATE recovers the conservation law in each direction of the problem, so
conservativeness is ensured. That was the point in setting 07y, ,,/0{x, y}
in the source, to ensure this basic property. The numerical treatment of this
derivative and its integral is crucial for determining the order of the scheme.

Finally, a mention of the solver of the matrix is needed. Now the matrix
of the scheme A contains elements far off the diagonal, so the tridiagonal
algorithm cannot be used.

o o
o
o o
o o o
A= o o o o
o o o
o
o

o

The algorithm employed in this thesis for two-dimensional problems solves
a tridiagonal system sweeping from south to north of the domain taking the
old (previous level) values of neighbour lines as a source-like term. Since
it is not known which boundary is important and how they spread the in-
formation in a convection-diffusion problem, another sweep from north to
south is done, see Patankar [150, p. 64]. For lines of y constant,

—Awow + Acde — Apdp = Aso§ + AnoR + be,
and in the other direction,
—Asts + Ache — Anox = Awdly! + Apdy’ +be,

it sweeps from left to right and then from right to left. In a convection-
dominant problem, only one sweep is required in the direction of convec-
tion. A TDMA will be applied in each case, see Figure 3.4.
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FIGURE 3.4: Iterative process to solve the discrete equa-
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3.3.1 Additional sources and start-off of the method

Hermite polynomials are used again as the method for the interpolation of
the integrals, further information is in Section 2.3 and Appendix B. These
integrals contain non-analytical sources as in

1
15,01 :Aa:/ S, dz,
0

1 1 old
= Aa:/ Sdr — Am/ <8]—"y) dz,
0 0 0y

and
1 T
1S,GE,o = / ar / s, d7' | dz,
o I'E, |Jo
1 T 1 T old
:/AA:E/SdﬁE’ df—/AA:E / <a]:y> dz'| dz,
o T'E, |Jo o T'E, |Jo oy

which should be calculated accurately. With Hermite, the knowledge of the
integrand and its derivatives at mesh points are required. Neither d¢/0{z, y}
nor 0.F, .y /0{z,y}, nor their derivatives, are directly available at the start
of the numerical procedure. To estimate those derivatives at each point and
in each direction, ENATE applies the “Central Compact Scheme”, CCS,
originally proposed by Lele [108], although other authors had proposed
similar schemes earlier [31, 159, 180].

Let us consider a generic coordinate { and a function f = f(&,n =
const.) that could be either ¢ or F, . A compact differentiation scheme
consists of a linear combination of first derivatives and values at nodes, i.e.

m2 af 1 q2
Yooakar| =g D arfurt T
k:—ml 85 i+k Aé k:—(h

The relations between the coefficients {a;} and {«a;} are derived by match-
ing the Taylor series coefficients of 0f/J¢|; ., and f;;, to the desired or-
der. The first unmatched coefficient determines the local truncation error,
7;. Notice that the previous scheme is valid at inner and boundary points.
If we want a left-boundary scheme, for instance, we set m; = ¢; = 0 and
i = 0. The stencil sizes of left- and right-hand side are 1+m+ms, m1 2 € Ny,
and 1+ ¢1 + ¢2, q1,2 € Ny, respectively. Hence, a compact scheme ends up
by solving the system

of 1
My, = EQf +, (3.18)

where M, Q € R(®+D*("+1) are banded matrices and

f = (f07 e 7f’i—(11) ceey fi-‘rqz? sty fn)T ) (319a)
T

of of of of of

— ==, .., = ey ceey Ro 3.19b

a§ <8€ 07 ’ ag i_ml ) Y ag l+m1 Y Y 85 n) ) ( )

are the discrete vectors of the scheme in R**!, with 7 the error vector. Lele’s
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CCS assume that m; = my and ¢; = ¢2. In this thesis a 4th order CCS has
been employed, where

1 3
1/4 1 1/4
M:: t. t. 9
1/4 1 1/4
3 1
~17/6 3/2 3/2 —1/6
—3/4 0 3/4
Q= ;
~3/4 0  3/4
1/6 —3/2 —-3/2 17/6
and a 6th order CCS
1 5
1/8 1 3/4
1/3 1 1/3
M:: ’ . 9
1/3 1 1/3
3/4 1 1/8
5 1
~197/60 —5/12 5  —5/3 5/12 —1/20
—43/96 —5/6 9/8  1/6 —1/96
~1/36 -7/9 0 7/9 1/36
Q — . . . .

—1/36 —7}9 0 7/5 1/36
1/96 —1/6 —9/8 5/6  43/96
1/20 —5/12 5/3 -5  5/12 197/60

A complete analysis of those schemes can be found in [220], and dif-
ferent configurations of the stencils in [51, 115, 116], among others. Just
to show the numerical behaviour of system (3.18) CCS is compared with
an upwind and an explicit central scheme for a case where f = £ + 0.5 +
0.021n (2 cosh (50 (£ — 0.5))) and 9f/0¢ = 1+ tanh (50 (£ — 0.5)), Figure 3.5.
Although the elapsed CPU time in CCS is twice the time of upwind or cen-
tral, CCS fits better the derivative around £ = 0.5.

In order to calculate 9¢/0{z,y}, the process just sweeps in both direc-
tions, see Figure 3.6, solving tridiagonal systems with TDMA. What about
O0F {241/ 0{7,y}? Is it better to calculate them in a non-conservative form re-
quiring a second-derivative CCS for 9*¢/0{x, y}?, or in a conservative form
applying twice the system (3.18)? As Visbal and Gaitonde [230] showed,
there are hardly any numerical differences in both treatments, and the con-
servative form is very efficient. Furthermore, a CCS for 9%¢/0{x, y}* needs
a spatial filtering that damps the smallest wave length of the solution be-
cause it does not provide good numerical stability by itself [230]. So, in this
thesis the system (3.18) will be applied in each direction as many times as
required by the derivative order.
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9 XPERREROIBDBBOBP

af/0¢

FIGURE 3.5: Numerical example for the calculation of
0f/0¢. Solid line, exact derivative. Red circle, Upwind.
Blue star, Central. Green cross, fourth-order CCS.

Compt. steps =

A

Level 2

Level 1

FIGURE 3.6: Iterative process for calculating derivatives.

Symbol: e, points where TDMA calculates. In level 1

derivative with respect to x is solved; level 2, derivative
with respect to y.

The iterative sequence to calculate the pseudo-sources in both directions
is summarized below:

1. Calculate ¢ with the algebraic equation (3.14) setting S, ,» = S,

2. Calculate 9¢/9{z,y} with CCS and then Fy, ;. In convection-only
problems this step is not needed,

3. Calculate 9F(, ,3/0{x,y} with CCSand then S, .,y = S—0Fy, .1 /O{y, },
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4. Apply CCSto S, ) to obtain as many derivatives as required by the
polynomial order of the interpolant,

5. Calculate bc (3.16) by computing the integrals with Hermite polyno-
mials,

6. Update ¢ solving the equation (3.14),

7. Back to second step until convergence.

3.3.2 Numerical diffusion

A key point in the use of high-order methods lies in the fact that they can
reduce the numerical dissipation caused by discretization errors. Within
this category the second-order upwind, SUDS [172], QUICK [109], MUSCL
[222], SHARP [110], SMART [62] are widely used, among others. An an-
alytical way to calculate these errors is via the modified equation. Let us
start with the basic transport equation

9 (pug) N 9 (pvo)

o 5~ (3.20)

being pu and pv functions of x and y that meet mass conservation, i.e.
dpu/0z + Opv/dy = 0. The ENATE scheme will discretize this PDE as

(pu+ pv) e do = (pu)y dw + (pv)g bs
- /;: <3(8p;@)>old . /ygs/c (8 (gz(b))old .

Omitting the superscript old, the previous equation can be rearranged with
the definition of the flux, i.e 7, = pu¢ and F, = pv¢, as follows:

fxC+fyC:~FxW+fyS_/ de_ O

TC §F, /yc OF,
dy. (3.22)
o Oy y

S

Taking into account the location of nodes in Figure 3.3, the Taylor series for
the fluxes at west and south about the central node are

OF. Az? 9%F,
= —_ A z i A 3 .
Faw =Fzc T O o o On2 C+O< x ), (3.23)
OF, Ay? 0*F,
= —A y Y Ar?). 24

Also, the integrals of the fluxes are evaluated in Taylor expansions over the
intervals as

3 Ay? 0°F,

ve 9F, OF
Tdy = Ay 22 Ay?
/ys oz Y =AY | LT 2 aayl, OBV
TCo A 2 2
/ Wy 4 — ng Fu| BT OT L agd),
] oy o 2! Ox0y |~
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In the following subscript C' is removed. Plugging those Taylor expan-
sions in the discrete equation and using the mass conservation, the mod-
ified equation is given by

8(puq§)+8(pv¢) 0 < pulz 09 PUAT 8gb>

ox oy ~ oz 21 4+174) 0z 2(1+1ry) Oy
9 (Pvﬁym% pulyrq f%) | HOT,

Oy \2(1+714) 0y  2(1+r,) Oz

being 7, = Ay/Ax the aspect ratio of the mesh. The right-hand side of
the equation contains the leading error terms and show that the ENATE
scheme is essentially dissipative in nature. Higher-order terms (HOT) are
collected in the next compact formula:

2 (—1)k w1 ok F, o*F,
HOT = Z A ok + dzk=19y

+AyF1 e ( 0" Fs +8kfy)>.

1+ 7, \Oxoyk—1 = Oyk

Neglecting those terms, the equation that the scheme is actually solving in
vectorial form reads

V: (pup —T'\Vo¢) ~ 0, (3.25)

where

pulz pvAx
_ (Tves Taay) _ [ 205 7a) 2015 70)
= (FNyw FNyy) | pulAyr, pvAyr, |7 (3.26)
2(1 + Ta) 2(1 + ra)

is the 2 x 2 numerical diffusion tensor. This tensor and the local flux vector,
—I'vV¢, have an analogy in heat conduction in anisotropic media. Carslaw
and Jaeger [25] considered two measurable thermal conductivities to con-
struct the conductivity tensor what causes the normal of an isothermal not
to be necessarily parallel to the local heat flux. From this analogy, de Vahl
Davies and Mallinson [41] calculated an approximate expression for the
numerical diffusion of the upwind scheme. Later, Hwang [88] applied it
for higher-order exponential schemes or any generic thirteen-point stencil
scheme.

Let us analyze the previous tensor considering that I'yzy # I'nyz. The
diagonalization of Iy gives the set of eigenvalues, called principal numerical
diffusivities,

N % [t & V/ir(TL)% — ddet(Ty)|

where tr(I'y) and det(I'y) are the trace and the determinant of (3.26) respec-
tively. I'y1 is chosen with the positive sign. The eigenvectors,

T
. I‘N 1,2 — I_‘Nyy
VN1,2 = T 71 ’
Nyx
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allows to make up the basis for the principal axis of numerical diffusion
and xy 2. Since the tensor is non-symmetric, the eigenvectors are nonorthog-
onal. The angle between each other is

VN1 * VN2 FNym(FNym - Fny)
cosy = =

[val[via| \/[(pm Tag)? +T2,2] [Tz — Tayy)? + T2y]

The angle between the principal axis z; and the z-axis is

VN1 - € I‘Nl_FNyy

cos© =

[vaalled| \/(FNI*FNyy)2+FI%Jyx

FIGURE 3.7: Representation of the principal axis at Central

point. One red line is a direction free of numerical diffusion

when the local velocity vector is pointing in the other red
line.

For the cross-flux approach, Iy zy = Inyy /72 and Ty ye = Dnaa?2. So, the
principal numerical diffusivities are

cos 0Ax + sin 0Ayr,
2(1+74) ’

I'v1 = |pu] I'vo =0,

where 6 is the angle between the convection vector and the z-axis. The
principal basis become

1 2
L N2 (—sin6, cos )T,

T
" V1] \/l—i-?”g’\/l—i—?“g 7 N Vol

and the angles are

2 .
r%cosf — sin 0 1
B e — COS@:

From those results, the principal numerical diffusivity I'y 2 in the direction

cosy =
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of ey is zero. Another consequence, ey is perpendicular to the local ve-
locity vector and, therefore, © + v = 6 + 7/2, see Figure 3.7. As for the
principal numerical diffusivity Ty is zero when tanf = —r;2 (cosy = 1)
and maxima when tan 6 = r2 (cosy = 0) with a value of

_|pulv/AzAy 1

I‘Nlrnax - .

2 ro(1+73)

Hence, when the velocity vector is either perpendicular or parallel to ey,
the numerical diffusion normal to the convection direction would disap-
pear. On the other hand, the diffusivity in z direction, I'y1(6# = 0), and
in y direction, I'y1(# = 7/2), are less than that of the upwind scheme,
I'Nzupwina = pulAz/2 and Tnywpwina = pvAy/2, see Figure 3.8. In fact, in a
uniform mesh (r, = 1) the numerical diffusion is half of that of upwind
scheme.

0.8 2

0.6 2

FN ENATE/FN upwind

0.2 2

|
0 0.5 1 1.5 2 2.5 3

Ta

FIGURE 3.8: Normalized numerical diffusion for ENATE
with the cross-flux approach in x direction (red line) and
y direction (blue line).

3.4 Redistribution coefficient approach

In the approach just shown the discretization is applied independently to
each coordinate and the computation is carried out sequentially one coor-
dinate after another with an extra-source. However, one drawback that the
cross-flux approach might have is the significant increase in the computa-
tional time due to the number of side calculations in the discrete source
and consequent slowness of convergence. Bear in mind that the TDMA al-
gorithm requires O(Npodes) Operations, and looking at Table 3.1 each sweep
consists of Njines solved by TDMA. Do not forget that the number of sweeps
in the matrix solver is optional and one could take more sweeps than one
if numerical instabilities occur around boundaries. To reduce the computa-
tional burden and speed up the convergence, another approach to reduce
the extra calculations will be put forward in this section.
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Hermite Compute Matrix solver(minimum) Total
OF (2y/0{z y} 0108,y /02°0y"
Cubic 4 > 1 m
Quintic 4 4 n B
Septic 4 6 1 7

TABLE 3.1: Total number of sweeps for each interpolation
spline of Hermite.

Let us consider the next coordinate splitting,

0 0 1

ke <pu¢ - r8x> — 1548 (3.27a)
0 00\ 1y

9 (pvqb — F8y> = 25 B. (3.27b)

This idea was put forward by Lee and Kim [107] where it was named as
axial splitting. Instead of the pseudo-sources, this alternative introduces
a scalar field, named 5 = f((z,y), that represents the extra source to be
redistributed between coordinates with respect to an equally distributed
source. The solution of the set (3.27) will also be solution of the original
convection-diffusion problem (3.10). The nature of 5 is unknown. On di-
viding eqn.(3.27a) by eqn.(3.27b) we can get with a bit of algebra the ratio
between 5 and S,

ﬁ . 1 T’f L 8]:y/8y

S T2 147 e OF,/0x’

(3.28)

the field 3 is bounded by the source when r; > 0.
Remark. If sgn(0F,/0x) = sgn(0F,/0y), then —1/2 < /S < 1/2.

However, no more information about this ratio can be extracted. 3 does not
have a PDE of its own. It will also form part of the iterative process to find
¢.

Consider that in an iteration the scalar field is 5*. If 3* is not the correct
B the solution of both equations will be different. Defining ¢} and ¢35 as the
solution of ¢ in both directions, these solutions are ruled by the following
ODEs:

9 o poery _ 1 . _.
9 o op095\ 1o o

along y-constant and z-constant lines, respectively, as many as those em-
ployed to mesh the 2D domain. The purpose is to reach the solution given
in equations (3.27) via successive iterations. Defining the differences be-
tween the current values and the correct ones as

AB* =B, A¢l:=0¢—¢1, AP =0¢— ¢,
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the equations for the increments, eqns.(3.27) — eqns.(3.29), are

0 . 0A¢T\ "
- (puAd)l -1~ ) — AB*, (3.30a)
B N A

provided that S and I" are independent of ¢. On page 96, the case when S
depends on ¢ will be developed. Since the final solutions should be com-
mon to both equations upon convergence, i.e., ¢ = ¢7 + Ad} = ¢5 + A¢3,
both increments are linked, that is, A¢} = A¢} — (¢] — ¢3). The two equa-
tions for A¢} are given by

9 . p0A\ L 9oy
9 N A
95 <va¢2 =5, > — —AB*. (3.31b)

where 3% — 62)

3(172) = pu(¢7 — ¢3) = T 1(93: 2’7
can be interpreted as a numerical flux in z-direction due to the differences
in the solution for both coordinates. Note that if we knew the correct AS*
both equations would give the same answer at a generic node z¢.

How do we numerically solve the previous equations without affecting
the order of convergence? The discretization of equations (3.29) controls
the accuracy of the method and the good or bad resolution of Ag* and A¢3
is not crucial as long as the final solution is ¢} = ¢3. These are computed
with the discrete equations in one-dimensional modelling, from eqn.(2.30)
to eqn.(2.32) on page 32, substituting pu or pv in the influence coefficients
and S/2 + B* or S/2 — B* in the source integrals as appropriate. On the
other hand, the set (3.31) looks similar to (3.12a) — (3.13a) and, therefore, its
two-dimensional discrete equation is

AcAds o — Y AiAGS; = bo+Asc(¢fc — P3c)
ieN ~Aw(Piw — P3w)
~Ap(91E — 3 p); (3.32)

where the As are the same as the coefficients (3.15) and the b¢ term is (3.16)
setting S, = Af*and S, = —Ap*, ie.

! IGE, ! IGE,
b:Az/A* 207 47 +Aaz/A*[1— 207 | 4
“ 7 1GEo we o P IGE,o1]  |op
IGE, o ! IGE, o5
—A/A* Y0 gy —A/A*[l— ”]dA
y b IGE, 01 v, b IGEym ] Y|y

This reformulation of the source integrals is explained in Appendix C. The
remaining terms are the discretization of 077, ,)/0z. Two issues must be
taken into account. First, the problem has two unknowns, namely, A¢3
and Aj*, and one discrete equation. Thus, some assumptions to calculate
both are clearly needed. Under the assumption of Az = Ay, an obvious
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simplification is to consider AS* contribution negligible in comparison to
the other source term in equation (3.32). It must be noticed that the source
terms related to AS* have positive and negative coefficients so the error
made in neglecting them is likely to be small, i.e. bc ~ 0. This hypothesis is
consistent with the solution sought because, if ¢7 - — ¢35 then A¢5 . — 0
and the iterative process would be near the solution of (3.27). Second, when
Ax # Ay, the algebraic equation in the z-direction can be multiplied by
Ay/Ax to have AS* contribution of the same order in both coordinates that
will produce smaller errors on being neglected. Summarizing, the discrete
equation for A¢j is given by

A5 — > AAGs, = AL o(dTo — d50) — D AT, — ¢5,),  (3.33)

ieN iENL
where ) ) ,
C:AxC+Ay7 AwC:TanCa
A?/V = raAW’ A/E = TaAEv
A’S = Ag, A'N = Apn,
and

max{Aysc, Aycn }
maX{Ach, AxCE} '

The discrete equation to update AS* is going to be eqn.(3.31b) with ENATE,
ie.

rq =

1 IGE, oo 1 IGE, oo
Ay/ AR MYl + Ay/ —AB* [1 - ”} dg
0 IGEyol sC 0 IGEyOl

= —AsAds 5+ AycAds o — ANAY -

CN

The coefficients of the right-hand side are those on page 82. How to ex-
tract AB* at grid points? It must be realized that the integral evaluation
of sources is being accomplished with ENATE knowing the nodal values
of the source field but obtaining the field from the integrals is not easy. If
the field in the RHS was exact, one would strive for seeking a manner of
obtaining the AS* field with the complete left-hand side, but as this field is
approximate, one can get away with a much simpler calculation. The sim-
plest estimation employed is the usual one in the finite-volume approach:
constant source around a node. Thus, the AS* field is calculated as

AsAgs ¢ — AycAds o + ANAPs &

A (3.34)

ABE =

where A = (Aysc + Aycn)/2. This formula will be applied to every z-
constant line in the discrete domain. Other alternatives such as assuming
Ap* linear and constant Péclet number in each interval were considered but
did not provide good results. Although the starting point was the same as
in [107], Lee and Kim employed some very drastic simplifications for the 3
calculation that reduced the order of accuracy.

The iterative sequence to calculate both ¢ and 3 is summarized below:

1. Initialize the scalar field 8, named 3°4,

2. Calculate qb‘l’ld and gbgld in the ODEs (3.29) via the one-dimensional
ENATE in Chapter 2.
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3. Calculate Aqﬁgld with the equation (3.33). A line-by-line TDMA proce-
dure is used,

4. Calculate the target ¢, i.e. ¢ = ¢34 + A¢9!d. This step is only needed
if the source depends on the solution. It is used to update the source,

5. Calculate AS° with the equation (3.34) on vertical lines,
6. Update §3,i.e. gneW = pold 1 Apgeld)

7. Do B « B"eW and go to second step till max;{|#9d — #9!d|} < €
where € is the tolerance.

This approach has been named “Rapid Evaluation of Multidimensional
Equations with Distinct Integrals as Extra Sources”, REMEDIES. “Distinct
Integrals” refer to the fact that 4+ integral is in the = coordinate and —f
in the y coordinate. It is appropriate to stress that this procedure is not
exclusive of ENATE, coefficients and other parameters of equations (3.33)
and (3.34) can be obtained by any other alternative discretization.

3.4.1 Reaction problem

When the source depends on the solution, i.e. S = S(¢(x,y)), a special
treatment of the schemes must be adopted to update the source in every
iteration. Such problems are called reaction problems [61, 141, 204]. In
the cross-flux approach nothing is modified in the discrete equation but for
REMEDIES the equations (3.30) contain in this case an extra source that can
be split in two. Defining AS} := S — S(¢7) and AS =S — S(¢3), then

9 N AR .
9 T AN A W
o (p”UA(;SQ Tr 3y > = 2A52 AS*. (3.35b)

Doing the same simplifications for AS*, the discrete equation (3.32) be-
comes

CAGs o — Y ANy =AS5" + A5

iEN % %
© + Ay o(d e — $50) — Y ALDT, — ¢5,), (3.36)
i€EN
where
—= AIL’ 1 IGE 0z AJZ‘ 1 |: IGE 0":|
ASE ::/ ASE 04z + == | ASE|1-— S s 5
2 2 Jo " PIGE:01 |we o 2 Jo P IGE, 0 B
— Ay (! IGE, o7 . . Ay ! IGE, 7] ...
AS*y::/ ASE ERL | + =2 [ AS:|1-— vl q ,
2 2 Jo TP IGE,n ySC 2 Jo 777 IGE, 0 CN

are again average quantities. The new term in (3.36) has been obtained as-
suming ¢7 = ¢3 so AST = AS3. This last assumption was taken in order to
have the same solution-dependent source in both equations (3.35). Finally,
the calculation of AfZ is modified as

ASSsc +AS5en | AsAdhs — AyoAdo + AvAGEy

ABE =
Be A A
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3.4.2 Application of boundary conditions

In order to calculate the numerical solution of a convection-diffusion prob-
lem, REMEDIES needs a correct implementation of the boundary condi-
tions. Regular domains will be employed. Since REMEDIES should end up
with ¢ = ¢] = ¢5 in the whole domain, the BC for the discrete equation
(3.33) is,

APy =0, 1e{1,2,3,4} (3.37)

at the boundaries. For equations (3.27), ¢ values at the boundaries should
be employed. 5 must be calculated at the boundaries and its calculation de-
pends on the boundary type. When ¢ is fixed on the boundary, i.e. Dirich-
let BC, equation (3.27a) is used to compute 3 along horizontal boundary
lines and (3.27b) in vertical boundary lines. In Neumann BC, 0¢/0{x,y} is
known. Thus, in each iteration ¢ at boundary needs to be updated to calcu-
late 5 again with equations (3.27). In Robin BC, what is known is pu¢p—I'V¢
at boundaries and therefore (3 is fixed. As always, CCS is used in all calcu-
lations involving derivatives.
Finally, 3 should be initialized within the domain, Figure 3.9. A weighted

average that takes into account the distance from the boundaries to the cen-
tral point is employed, i.e.

BB1 BB2

BB3

FIGURE 3.9: Schematic representation for the initialization
of 8 where d; = |x¢ — xp| is the euclidean distance from
the Central point to the Boundary [.

3.5 Integration methods II

In Chapter 2, page 47, two quadratures were proposed to compute the in-
tegrals from the matrix of the scheme and the discrete-source vector, being
the Hermite splines the optimal one in all numerical tests coded. The draw-
back was that the variable derivatives at grid points had to be computed as
required by the Hermite interpolant.
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In two-dimensional modelling, all numerical Hermite calculations ei-
ther along vertical lines, { = y and « = const., or along horizontal lines,
¢ = v and y = const., will require two basic integrals: the average Péclet
number, Pg, or the integral of the source, 15¢¢;. For instance, taking the
formula (2.57), the a; from Cubic Hermite that interpolate IS¢G E¢ ; are

CLQIO,
a1 = A{ S{Oa
3+P§1—?§ 1 or < Sgl >
ag = [ 228 T8 = T ) ISe0r — AE (280 — ,
’ ( To/Tr ' To ael,) 170 T2\ M0 T oy
—2— Py +P§ 1 or < Sgl )
ag= [T = T ) IS0 + AL Seo + .
’ ( To/T T R SR Vi

Instead of computing P¢ and IS¢ via, e.g., spline (2.51), one may wonder
if there are any other alternative quadrature for such smooth functions that
is free of derivatives, only using the values of the integrand at mesh nodes,
whatever order of accuracy is sought. A first idea could reside in taking
nodes outside the interval where the integral is calculated. For example,

3 A
fdé ~ 75 [3]%_3 —25f o+ 137f;_1 + 77fi] ,
§i—1 192

its error is proportional to A&, so it is of fifth order. The higher the order
of the rule is, the larger the stencil is. A way to avoid a large set of points
while still having the same order is to calculate the integral over an interval
with its neighbor integrals, that is

1 i1

&i 1[G N 3AE
TO &2 fd£+ gi_lfdf—’_l()/gi fdgNT[fi—l"‘fi].

This quadrature generalization is named “Compact Integration Rules”, CIR
[118], and results in an implicit numerical integration method. The previous
rule is just one out of many where a general CIR centered at (§;—1,¢&;) is
given by

m2 itk g2
> Oék/ FAE=A8 Y apfirn+

k=—m, Sith—1 k=—q

or in matrix form,
M/fd§ =AEQf + 1, (3.39)

where M € R"*", Q € R"*("*+1) are banded matrices and

[ rac = (/;fdg,/ffds,...,/jlfdé)T,

the discrete solution vector in R™. The vector f is defined on page 86. It is
easy to see that CIR is an analogy of CCS. The set {a;,} links with the {oy,}
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set when matching the Taylor series coefficients until the desired order of
accuracy. The first unmatched coefficient determines the local truncation
error, 7; and 7. In Appendix D is explained in detail how to determine the
coefficients oy, and ay.

If M is diagonal, m; = mg = 0, the rule is explicit. If not, a system of
equations must be solved. We assume m; = my and ¢; = g2. The order of
any rule is named as local if it is referred to the integral within an interval
whereas it will be named as global if it is referred to the whole domain. The
global order is one order of accuracy less than the local one due to the pile-
up of local truncation errors, see details in [118]. In this thesis a global 4th
order CIR was applied where

1 1
1/10 1 1/10
M = : . ,
1/10 1 1/10
1 1
1/3 4/3 1/3
3/5 3/5
QI: ' .. )
3/5 3/5
1/3 4/3 1/3

and a global 6th order CIR

1 27/11
11/38 1 11/38
M = ) c. )
11/38 1 11/38
27/11 1
281/990 1028/495 196/165 —52/495 1/90
3/38 27/38  27/38 3/38
Q — . . .

3/38  27/38  27/38  3/38
1/90  —52/495 196/165 1028/495 281/990

Similarly to CCS, TDMA was used for solving the system (3.39).

3.6 Numerical Examples

In this section some numerical tests will be presented in order to compare
both approaches. Most of them have an exact solution so the />-norm de-
fined on page 58 is calculated. In the last one also the /;-norm is computed,
defined as

1 N, nodes

||¢num. - ¢exact”1 = Noog Z ‘ ¢i|num. - ¢i|exact |’
nodes

=1
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and the [,,-norm,

||¢num. - QsexactHoo = lgg]%ides (| Qbi‘num, - ¢i|exact ‘) .
where N, u4es i the number of nodes in the mesh. If the exact solution is
unknown, as in the fifth test, the order of the scheme can be estimated by
Richardson extrapolation [27]. According to this theory and once the sim-
ulations are in the convergence region, the approximation of ¢; at a given
point in a Az-size mesh, termed ¢a,, could be expressed as

¢i‘exact = ¢nz + CAz".

Using three mesh configurations: a coarse (Az), a medium (Az/2) and a
fine (Az/4), the Richardson factor is defined by

PAz/2 — PAx

RFp, =29 = ,
(Z)Ax/4 - ¢Aa:/2

with p the order of convergence, different for each point.

3.6.1 2D machine-accurate solution

The equation solved in this case corresponds to a manufactured problem
that represents the transport of temperature in a fluid with variable velocity.
The BVP is

d or 0 or
p (pcpuT— k&v) + ay <pcva — kay) =5, (x,y) €(0,1)x(0,1),

T(x,0) =0, T(xz,1)=1-z, 0<x<1,
T0,y) =y, T(l,y)=0, 0<y<1,

where p is the density and ¢, is the specific heat at constant pressure, both
are constant. The actual equation solved is

0 or 0 orT
Z(uT —a" )+ — (v —aZ) =5
o <u a8x>+8y (v aay) S,

with o = k/pc, and S* = S/pc,. The velocity is variable and given by
u = yand v = —x. Two cases were run for o € {1072,107*}. The source
is S*(z,y) = 2% + y? — =, such that the solution is T = y(1 — z), see Figure
3.10.

With cubic Hermite and just one node in the center of the square domain
the difference between the computed solution and the exact one is of the
order of 10716, In fact, this manufactured test case was especially chosen to
show the capability of ENATE to obtain a machine-accurate solution for any
number of grid points in a test case with analytic integrals. In the following
it will be explained why the machine-accurate solution is obtained.

For this particular case the integrating factors included in the integrals
of the coefficients are

1 1
exp/A P,dz’ = exp (P.(1 - 172)), exp/A P,dy =exp(Py(1-17)),

T Y
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(A) Temperature field, T'(z,y). (B) Source field, S*(x, y).

FIGURE 3.10: Example 2D machine-accurate solution, Manu-
factured problem for the energy equation in fluid mechan-
ics.

as P, = (uAzx)/a depends only on y through u and P, = (vAy)/a de-
pends only on x through v. The IG E’s ratios can be calculated exactly. For
instance,

z g g~ 1 —exp(—P,7)
IGE. o — P(1—3)d7 = — P )
GE, oz /0 exp(P,(1 —7"))dx P oxp(—Py)

1-— eXp(_Pac)
IGE = -
PN Prexp(—Py)
and, therefore,

IGE,oz 1—exp(—F.7)
IGE,01 1—exp(—P)’

similarly in the other direction. Thus, IGEy, 01 makes all coefficients, Ay,
Ag, Ag, Ay and A¢, exact in 2D.

The source and pseudo-sources are quadratic in = and y, so any poly-
nomial of second degree or higher may approximate it exactly along one
coordinate, in particular a third-degree Hermite polynomial (cubic Her-
mite), S*(7,yc) = Yi_, axT*. After interpolating the integrand, all source
contribution reduces to calculating integrals of the type [ 2" exp(—P,x) dz.
These integrals have primitives that have been included in the code. In con-
clusion, whatever number of intervals is used the result of the integrals of
both sources and pseudo-sources is exact. As both coefficients and source
integrals are exact, the code with ENATE scheme provides for this example
a machine-accurate solution for any number of grid points. The computer
program turned over machine-accurate results in all cases with cubic, quin-
tic or septic Hermite polynomials and just one node at any position in the
domain. It must be stressed that this case was run with the general-purpose
code, no previous calculation was done by hand to be later coded.
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3.6.2 Nonlinear convection-only problem

Let us briefly consider the 2D pure convection case [181],

“% +“§Z =5 (z,y) € (0,1) x (0,1),
u(z,0) = a+sin (x — 0.5), 0<z<1,

u(0,y) =b+tanh (o (y —0.5)), 0<y <1,

where @ = 2 + tanh (—0.50) and b = 2 + sin (—0.5) to enforce continuity of
u in the origin. This is a 2D steady Burgers’ equation in which the velocity
components are the same, so there is only one PDE to solve. A manufac-
tured source is employed,

S(z,y) =(2+sin(z — 0.5) + tanh (o (y — 0.5))) cos (z — 0.5)
4 0 (2 + sin (z — 0.5) 4 tanh (o (y — 0.5))) sech? (o (y — 0.5)),

being o an input parameter that controls the steepness of the solution in a
certain desired region, close to y = 0.5. The exact solution is

u(z,y) =2+ sin (x — 0.5) 4 tanh (o (y — 0.5)),

which is very anisotropic, the gradient of u does not change alike in both
directions. The sine function in one direction is very smooth but the hyper-
bolic tangent function around y = 0.5 is very sharp for large o. In fact, the
greater the value of o is, the greater the gradient of u in y-direction around
0.5 becomes, see Figure 3.11.

The ENATE scheme works with the conservative form of the transport
equation,

9 (pug) n 9 (pug)
ox oy

in which the conserved variable is the variable under study, ¢(z,y) = u(z,y),
p = 1/2 and the convective coefficients use the values of u in the previous
iteration, i.e. pu = u°4/2.

The code was run until the normalized difference between two consec-
utive iterations was less than 10~%. In order to compare with the FV-CF
scheme [209] the transport equation has been further discretized with the
latter. With | P| — oo the source integrals do not have the exponential factor.
Different comparisons were undertaken:

=S,

1. FaP using CIR+CCS is compared with FV-CF,

2. CIR+CCS is compared with Hermite+CCS in FaP,

3. FaP and REMEDIES are compared,

4. The special case u = v in 3.2.2 of the streamline approach is computed.

First, the [>-norm of the error is plotted in Figure 3.12 where eight nu-
merical experiments were implemented: two levels in the gradient and four
CIR/CCS combinations. Both smooth and sharp gradient simulations us-
ing a fourth-order CIR + fourth-order CCS, sixth-order CIR + fourth-order
CCS show an identical behaviour. In both cases, ENATE works as a fourth-
order scheme, Table 3.2, being slightly better with a smooth gradient.
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(C) u(z,y) field with o = 50. (D) S(z,y) field with o = 50.

FIGURE 3.11: Example Nonlinear convection-only problem,
manufactured problem for the Burgers’ equation.

The fourth-order CIR + sixth-order CCS and sixth-order CIR + sixth-
order CCS follow the same behaviour in sharp gradient, except for the 500
x 500 mesh whose results differ from each other less than one order of
magnitude. ENATE works as a sixth-order scheme. With a smooth gradi-
ent and same orders of CIR and CCS the differences become relevant be-
yond the 200 x 200 mesh. Rejecting results of the last Az, fourth-order
ENATE is achieved with a fourth-order CIR + sixth-order CCS and sixth-
order ENATE is obtained by sixth-order CIR + sixth-order CCS. On the
other hand, eighth-order CIR or CCS did not provide good results and they
are not reported.

It is worth highlighting the good results obtained by ENATE with its
accessories (CCS and CIR) in this nonlinear equation. In the more stringent
case of 0 = 50 the ls-norm is 3 - 10719 with a mesh of 500 x 500.

ENATE provides much better results than the FV-CF scheme, even for
o = 50, case that contains a region where the solution changes very quickly.
As is remarked by its authors, FV-CF becomes a second-order cell-vertex FV
method when Péclet goes to infinity, as in this test. ENATE cannot provide
a solution for /AzAy > 2 - 10~2 whereas FV-CF works fine for \/AzAy
greater than this value. For large /AxAy, the integrals of ENATE are more
sensitive to the exponentials than the FV-CF scheme.

On the other hand, the accuracy with FaP is studied using Hermite
(2.51), (2.52) and (2.53) or CIR, once 9.F,/0z and 0F,/0y are computed
with CCS. First, the l>-norm of the error using Hermite+CCS is plotted in
Figure 3.13. Again, the order of ENATE is ruled by CCS. Only with ¢ = 50
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FIGURE 3.12: Example Nonlinear convection-only problem,

the ls-norm of the error for two numerical methods. e Dash

dotted line, FV-CF scheme. B Solid line, ENATE with FaP

using 4th-order CIR + 4th-order CCS. B Dashed line, 6th-

order CIR + 4th-order CCS. ¢ Dashed line, 4th-order CIR

+ 6th-order CCS. ¢ Dashed line, 6th-order CIR + 6th-order
Ccs.
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Case o CIR CCS ENATE with FaP
1.1 4th  4th 4th
1.2 5 4th  6th 4th
1.3  (Smooth) 6th 4th 4th
1.4 6th  6th 6th
2.1 4th  4th 4th
2.2 50 4th  6th 6th
2.3 (Sharp) 6th  4th 4th
24 6th  6th 6th

TABLE 3.2: Example Nonlinear convection-only problem, or-

ders obtained by several combinations of CCS and CIR.

Case 1.2 is better than 1.1. Cases 1.3 and 2.3 is identical to
1.1 and 2.1 respectively.

some differences pop up with Cubic and Quintic in /AzAy = 1072 and
VAzAy = 21073, but they are not significant. Now, if Figure 3.12 is
compared with 3.13, CIR and Hermite give the same accuracy but the CPU
time in the case of ENATE with FaP using CIR+CCS is a bit less than Her-
mite+CCS. As an example, in the case of /AzAy = 1072 CIR runs in 11
min. and Hermite in ~15 min. The cause is that more derivatives need to
be computed, e.g., Quintic requires d.F,/0z, 9*F,/0x0y, O3F,/0xdy? (in
y-direction).

Another analysis is the comparison of FaP vs. REMEDIES. The integrals
were computed in both approaches using Hermite + CCS. In Figure 3.14
the lo-norm of the error has been plotted. In the case with ¢ = 5, norms
with FaP and REMEDIES were similar for Cubic Hermite + 4th-order CCS
and one order of magnitude better in REMEDIES than in FaP for Quintic
Hermite + 6th-order CCS. For ¢ = 50, slight differences are seen in the
norm. Septic Hermite in both approaches and with different o was not able
to get a norm below Quintic.

Regarding CPU time, REMEDIES is faster than FaP, see Table 3.3. For
instance, in the case of ¢ = 5, REMEDIES takes around 2 min, FaP 20 min,
in /AzAy = 51072 using Cubic Hermite + 4th-order CCS. For ¢ = 50 and
same Hermite + CCS and spacing, REMEDIES takes 30.5 s, unlike FaP that
takes 14 min.

Finally, this test allowed to compute the transport equation under the
transformation of the stream-function coordinates on page 76. The integral
in (3.5) was calculated by CIR. In Figure 3.15 the numerical results are com-
pared with FaP. In both tests, if the convection-only transport equation is
reduced to an ODE over a streamline and the one-dimensional fluxes of
ENATE are applied, the numerical solution improves two orders of mag-
nitude for a fourth-order ENATE, or four orders of magnitude for a sixth-
order ENATE. Additionally, in the case ¢ = 50, the transformation is better
at approximating the integrals than FaP or REMEDIES for large v/AzAy, as
well as REMEDIES.
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FIGURE 3.13: Example Nonlinear convection-only problem,

the [;-norm of the errors for ENATE with FaP using Her-

mite. W Solid line, Cubic Hermite + 4th-order CCS. B

Dashed line, Quintic Hermite + 4th-order CCS. ¢ Solid line,

Cubic Hermite + 6th-order CCS. ¢ Dashed line, Quintic
Hermite + 6th-order CCS.
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FIGURE 3.14: Example Nonlinear convection-only problem,

the l,-norm of the errors for two approaches. B Solid

line, ENATE with REMEDIES using Cubic Hermite + 4th-

order CCS. ¢ Solid line, Quintic Hermite + 6th-order CCS.

B Dashed line, ENATE with FaP using Cubic Hermite +

4th-order CCS. ¢ Dashed line, Quintic Hermite + 6th-order
CCS.
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FIGURE 3.15: Example Nonlinear convection-only problem,

the ls-norm of the errors for FaP and stream-function coor-

dinate. B Solid line, ENATE with FaP using 4th-order CIR +

4th-order CCS. ¢ Solid line, 6th-order CIR + 6th-order CCS.

B Dashed line, ENATE with stream-function coordinate us-
ing 4th-order CIR. 4 Dashed line, 6th-order CIR.
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Cubic + 4th-CCS Quintic + 6th-CCS
o VATAY REMEDIES  FaP  REMEDIES  FaP
0.1 0.16 0.05 0.11 4.79
0.05 0.46 0.18 0.72 10.51
5 _ 002 2.61 9.44 467 51.61
0.01 15.0 140.45 27.0 176.30
0.005 118.9 1226.70 200.8 1010.55
0.002 512.6 13110.67
0.02 05 6.18 0.6 474
5 001 25 102.49 44 145.94
0.005 30.5 833.76 143.0 1355.53
0.002 315.3 Oscillating

TABLE 3.3: Example Nonlinear convection-only problem, com-
paring the FaP and REMEDIES approaches in terms of
elapsed CPU time (in seconds).

3.6.3 Poisson’s equation

The accuracy of ENATE either with FaP or with REMEDIES depends on
many factors, particularly on the value of the Péclet number based on the
interval size. As part of the assessment of REMEDIES two cases with zero
Péclet, i.e., a Poisson’s equation, were run. Poisson’s equation is widely
used in physics, and particularly in computational fluid dynamics to solve
the pressure field [1, 2].

Two cases were computed that solve

0? 0?
7(? + 7¢ — S’

ox?  Oy?

in a squared domain of unit size. The two sources and boundary conditions
are such that the solution for the first case is

d(z,y) = exp (—0.5(4m)*((x — 0.5)% + (y — 0.5)?)),
and for the second
o(x,y) = (2° — y* + 2%y?) sin 27z sin 27y,

plotted in Figure 3.16. A uniform mesh in both coordinates was used with
Axz = Ay. In these cases the accuracy of results will be measured by the I»-
norm of the vector difference between the computed results and the exact
ones. The two cases presented were also studied by Zapata and Balam
[248], where they used high-order compact schemes.

In Figure 3.17 the comparison between the two approaches, REMEDIES
and FaP, is depicted. The norm is presented against the mesh size. The
order of accuracy of both is the same but the actual values are slightly dif-
ferent with a gap of half an order of magnitude between them. The relative
behaviour is a bit surprising because with cubic Hermite FaP is better than
REMEDIES but it is the other way round with quintic Hermite. The differ-
ences may only be caused by the buildup of errors due to the number of
arithmetic operations required to get to a converged solution, different for
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FIGURE 3.16: Example Poisson’s equation, manufactured
problems for the Poisson’s equation.

each approach.

It is convenient to state the differences between the two approaches in
terms of arithmetic operations. The most important one is the number of
sweeps over the 2D domain required to solve the algebraic equation per-
tinent to either approach. FaP solves the algebraic equation resulting from
the sum of equations (3.12a) and (3.13a) once discretized. REMEDIES solves
the algebraic equation for A¢3. In the case of FaP the number of required
sweeps is just four, whereas REMEDIES requires many sweeps to obtain a
good estimation of A¢3. The CPU time not only depends on the number of
sweeps per iteration but also on the number of iterations needed for conver-
gence. CPU times have already been presented for a former test case and
we anticipate that REMEDIES is faster than FaP at reaching the converged
solution for many cases computed.

Figure 3.18 compares ENATE with REMEDIES with results from Zap-
ata and Balam of similar order of accuracy. These authors present tables of
la-norms for explicit, implicit and high-order implicit schemes, the names
refer to the way the second derivatives are evaluated. In each category dif-
ferent approximations to the source function are considered. Those whose
formal orders of accuracy are sixth, eighth and tenth respectively, named
as EF3, IF3 and HIF3 in the paper, are chosen for comparison. The theo-
retical orders of accuracy of cubic, quintic and septic Hermite are fourth,
sixth and eighth but in this case, apart from cubic, the orders were closer to
the others just mentioned. Cubic Hermite is the only Hermite polynomial
that conforms to the formal order of accuracy. For a short range of mesh
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FIGURE 3.17: Example Poisson’s equation, the lo-norm of the

error for the first Poisson problem. Solid lines are for REME-

DIES and dashed lines correspond to FaP approach. B Cu-
bic Hermite. ¢ Quintic Hermite.

sizes quintic Hermite is eighth-order but in the last mesh becomes sixth-
order. Septic Hermite is tenth-order over an ample range of mesh sizes and
follows closely the convergence results of HIF3.

The second Poisson case is depicted in Figure 3.19. Similar conclusions
to those of the first Poisson case can be drawn from the comparison of
REMEDIES and FaP. For cubic Hermite both approaches give very close
I3 results. For quintic Hermite the differences are more noticeable, always
in favour of the j treatment. It seems that the new terms in the interpolant
introduced by quintic Hermite are more important in this case and the re-
quirements of a larger number of arithmetic operations for FaP contribute
to greater discretization errors. Yet, in the final range of interval sizes both
behave as sixth-order.

Figure 3.20 shows the comparison with Zapata and Balam schemes. All
schemes present the formal order of accuracy except septic that is tenth or-
der. For all interval sizes cubic Hermite is almost two orders of magnitude
better than Zapata and Balam comparable scheme. Quintic Hermite is two
orders of magnitude better only for small interval sizes.

The explicit schemes of Zapata and Balam require the use of TDMA or
PDMA to solve the final system of equations but due to the stencil of the
implicit schemes, namely 21 points for both IF3 and HIF3 in 2D, a SOR pro-
cedure is followed. ENATE only employs TDMA, for a three-point stencil
in each coordinate is employed, which also makes the coding much less
burdensome.

The Iy data from Zapata and Balam are extracted directly from their
paper where no information about the CPU time taken by each scheme is
provided for these two cases.

In the course of this research with REMEDIES two interesting aspects
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FIGURE 3.18: Example Poisson’s equation, the [>-norm of the
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Balam data of similar order of accuracy. B Cubic Hermite
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came up. First, the CPU time was strongly dependent on the Péclet number
of the problem. The smaller this number is, the longer CPU time is needed
to get the final solution. Poisson’s problems are consequently the worst due
to the number of sweeps required to obtain a reasonably good estimation of
A¢gy. Remind that this equation is the only one that is 2D, the equations for
¢1 and ¢9 are 1D. A second aspect that emerged is the existence of a mini-
mum number of sweeps below which the solution diverges. This happens
for relatively fine meshes.

In Tables 3.4 and 3.5 the CPU time taken in the two Poisson cases with
REMEDIES by the different Hermite polynomials is shown. The cases were
run under the 3 approach for two different mesh sizes, a fine one 200 %200,
and a medium one 50x50. In the second Poisson case with septic Hermite
the finest grid is 100x100 as with this grid the solution is already near ma-
chine accuracy.

In both tests the CPU time for a mesh of 50x50 is of the order of one
second. With this mesh and in the first Poisson problem the order of mag-
nitude of the l; norm ranges from 1075 for cubic to 107 for septic, whereas
for the second problem it goes from 10~7 to 10~!2. As seen in the tables the
optimum number of sweeps is mildly dependent on both the polynomial
degree and the source but it is strongly dependent on the grid size. CPU
time for FaP is much longer for all meshes and Hermite polynomials, and
it is not detailed. For example, FaP cubic Hermite for a mesh of 200x200
takes about 900 s, compared to 357 s with REMEDIES. This improvement
in CPU time of the 3 approach is consistently found in all cases tested.
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Hermite 200x200 50x50
Sweeps x4 CPU time [s] Sweeps CPU Time [s]
100 diverges 10 4.14
200 461 20 0.65
300 259 30 0.52
Cubic 400 199 40 0.51
500 178 50 0.55
600 170
700 251
100 diverges 10 5.96
200 543 20 1.05
Quintic 300 239 30 0.73
400 258 40 0.73
50 0.76
100 diverges 10 7.95
200 872 20 1.28
Septic 300 487 30 1.07
400 430 40 1.00
500 393 50 1.17
600 400

TABLE 3.4: Example Poisson’s equation, First Poisson prob-
lem. Number of sweeps and CPU time in seconds for two

mesh sizes.
Hermite 200%200 50x50
Sweeps x4 CPU time [s] Sweeps CPU Time [s]
100 diverges 10 4.8
200 508 20 1.3
300 445 30 1.2
Cubic 400 407 40 1.26
500 366
600 357
700 360
100 diverges 10 8.0
200 777 20 1.95
300 626 30 1.71
Quintic 400 566 40 1.78
500 548
600 543
700 580
70 43 10 9.6
80 39 20 2.42
Septic 90 39 30 2.18
100 40 40 1.98
200 44 50 2.25

TABLE 3.5: Example Poisson’s equation, second Poisson

problem. Number of sweeps and CPU time in seconds for

two mesh sizes. The first two columns of septic Hermite are

presented for a mesh of 100100 as it is already very close
to machine accuracy.
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FIGURE 3.19: Example Poisson’s equation, the [>-norm of the
error for the second Poisson problem. Solid lines are for
REMEDIES and dashed lines correspond to FaP approach.

3.6.4 Convection equation with piecewise-constant BC

Let us consider the following BVP [88, 151],

9 (pug) + aay (pvd) =0, (z,9) € (0,1] x (0,1],

ox
¢(x,0) =1, 0<z<l,
¢(0,y) = 0, 0<y<l,

with pu and pv positive constants. Since convection is the only transportive
process, a discontinuity develops along a straight line with slope pv/pu. A
value of 1 fills the domain below this line, and a value of 0 above it, see Fig.
3.21. Since numerical schemes have errors attached to the discretization
process, the numerical ¢ will not preserve the discontinuity and there will
be some spread perpendicular to this straight line.

In case of ENATE with FaP, integrals (3.17d) are zero as S = 0 and the
fluxes (3.11) are constant in the two areas of the domain. Although ¢ shows
a discontinuity across the straight line passing through the origin, over this
line the sum of [“(0F,/dy)dz and fyysc (0F,/0x)dy is zero if the Dirac
delta function contribution at z¢ is neglected. In all examples shown this is
assumed. Thus, ENATE with FaP yields

(pu+ pv)dc = pudw + pvs. (3.40)

Due to the fact that the extra terms are discarded, a way to improve the
accuracy of this approach results from adding an additional point to the
stencil in the following manner. Shift the indices ¢c — ¢5, dpw — ¢¢c and
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FIGURE 3.20: Example Poisson’s equation, the l[o-norm of the

error for the second Poisson problem. Solid lines are those

of REMEDIES and dashed lines correspond to Zapata and

Balam data of similar order of accuracy. B Cubic Hermite

and EF3. ¢ Quintic Hermite and IF3. A Septic Hermite and
HIF3.

s — ¢sw, obtaining

(pu + pv)ds = pvdc + pugsw .

Then, changing the sense of pv and multiply pu by the aspect ratio of the
mesh, defined as r, := Ay/Axz,

(rapu — pv)ps = —pvdc + Tapudsw . (3.41)

The ratio r, should be included because if Ax # Ay the streamline that
passes through z¢ will pass through zgw iff pvAz = pulAy. It is easy to
check that in that case the previous algebraic equation provides ¢sw =
oc. If rq is not included there will also be contribution from ¢g which is
not correct. Scheme (3.41) that uses the streamline direction to derive the
algebraic relation between nodes is the SUDS of Raithby [172], back in 1976.
Finally, eqn.(3.40) + eqn.(3.41), ¢¢ links with ¢w, ¢5 and pgw:

(pu+2pv)pc = pupw + (2pv — ropu)ds + rapudsw, (3.42)

which preserves positiveness iff pv/pu > r,/2. On the other hand, REME-
DIES used the integrals of 5 computed by CIR, no assumption was made.
The numerical diffusion of REMEDIES will be shown in the computations
as to provide a theoretical derivation was not feasible.

In Table 3.6 the ls-norm of the error when pu = pv = 1 on a uniform
mesh, Az = Ay, is displayed. Both FV-CF and ENATE show a behaviour of
a scheme less than 1st-order. The reason of this drop in quality of ENATE
lies in two facts. Since the integrals of Sy, .y do not take part in FaP, the
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FIGURE 3.21: Example Piecewise constant boundary condition,

exact solution over the box with pu = pv (left) and pu = 2pv

(right). Red domain, ¢(x,y > (pv/pu)z) = 1. Blue domain,
o(z,y < (pv/pu)r) = 0.

scheme converts into an upwind method. For REMEDIES, where the inte-
grals of § are computed, there were no differences in using either fourth- or
sixth-order CIR, because the accuracy is determined by the /5 derivatives.
They are very inaccurate as 3 is a Dirac delta along the straight line of slope
pv/pu. Notwithstanding this, the best l>-norm is obtained with REMEDIES.

ENATE
VAxAy FV-CF . FaP ' REMEDIES
3-point 4-point
0.1 1.8257-10~1 2.6140-10~1 2.1520-10"' 1.6777-10"1
0.01 1.0777-1071 1.4616-10"1 1.2321-10"' 5.0664 - 102
0.001 6.1178-10"2 8.2971-10"2 6.9879-10"2 1.7137-1072

TABLE 3.6: Example Piecewise constant boundary condition,
the lo-norm of the error when pu = pv for the FV-CF and
ENATE scheme.

If the convection is changed, e.g. pu = 1 and pv = 0.5, the ly-norm of
the error does not change too much, Table 3.7. However, with the FV-CF
scheme the computed convection direction has changed, see Fig. 3.22. If a
uniform mesh is adopted with Az = Ay, bottom left figure, not only is FV-
CF adding numerical diffusion but it is also solving a different convection
problem. If its modified equation is looked at, both interpolation and mesh
produce an artificial convection direction that changes back to the real one
if 1, = pv/pu [120]. Regarding ENATE with FaP, an improvement of the
number of points in a stencil is shown in the two top subfigures in Figure
3.22. The modified equation for the stencil (3.40) is

g B pUALE% E B vay% N
oz (puqS 2 83:) +ra8y (pv¢ 2 8y> =0,

and for (3.42),

0 pulAz O 2rq 0
o <pusi>— 5 ax> + 1+raafy(pv¢) ~ 0.
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ENATE with
VATAY FV-CF REMEDIES
0.0707 ... 1.6213- 1071 1.6213- 1071
0.00707 ... 9.0570 - 101 3.5737-1072
0.000707 ... 5.0897 - 10~2
ENATE
VAzly __ faP : REMEDIES
3-point 4-point
0.1 2.1610-10~1 1.9541-10"' 1.5973-107!
0.01 1.1652-10~' 8.9610-10~'  5.7161-10~*

0.001 6.5336- 1072 4.9686- 102  2.5555- 1072

TABLE 3.7: Example Piecewise constant boundary condition,
the l3-norm of the error with pu # pv for the FV-CF and
ENATE schemes.

With the information of ¢gy, numerical diffusion is made to disappear.
However, FaP with r, # 1 suffers from the same problems as FV-CF with
Ax = Ay due to the factors multiplying the former modified equations. It
was verified that this was in fact the case, but if pv is multiplied by 1/7, in
scheme (3.40) or (1+4r,)/(2r,) in scheme (3.42), we are able to get rid of this
problem.

Finally, REMEDIES gives engaging results. In a mesh with Az = Ay,
the numerical diffusion along the discontinuity is reduced, but oscillations
show up, middle left in Fig. 3.22. So ENATE with REMEDIES may be
dispersive in nature. However, if the mesh is modified with Az = 2Ay, we
are able to get rid of those oscillations and move closer to the exact solution
with small numerical diffusion. This behaviour is because specific points
of the mesh lie in the discontinuity line which apparently is more adequate
for obtaining more accurate S-derivatives, see Fig. 3.23. In Fig. 3.24 we
plot ¢(x,y) along a line perpendicular to the discontinuity from (1,0) to
(0.5,1). It can be seen that a nonuniform REMEDIES reduces the numerical
diffusion with small oscillations near the discontinuity. As an additional
comparison the schemes above were also checked against the second-order
NOTABLE scheme [148].

3.6.5 Rotating flow

We consider now a fluid flow rotating around the origin of coordinates in
the absence of source. The BVP is

g (10 =152 ) 4 5 (<eo-TE) =0, e .1 x 0.1,

Ox oy oy
qS(O,y) = gl(y)a ax¢(17y) =0, 0< y <1,
¢(z,1) = ga(z), 0Oyo(z,0) =0, 0<x<1,

where two inlet profiles are set up. First, one linear ¢ (y) =y, g2(z) =1 —=z
and second, one with a hyperbolic tangent ¢;(y) = 0.5 (1 + tanh (10y — 5)),
g2(x) = 0.5(1 — tanh (10z — 5)). The first profile gives a smooth solution
all over the domain contrary to the second one that shows a steep inner
layer. As diffusion increases the layer becomes less and less steep, see Fig.
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FIGURE 3.22: Example Piecewise constant boundary condition,

numerical solutions in /AzAy = 0.01. Top left, 3-point

ENATE with FaP. Top right, 4-point ENATE with FaP. Mid-

dle left, Az = Ay ENATE with REMEDIES. Middle right,

Az # Ay ENATE with REMEDIES. Bottom left, Az = Ay
FV-CF. Bottom right, Az # Ay FV-CE.
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FIGURE 3.23: Example Piecewise constant boundary condition,
numerical § field in /AzxAy = 0.01 when Az = Ay (left)
and Az = 2Ay (right).
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FIGURE 3.24: Example Piecewise constant boundary condition,
profiles of the transport variable on a line y = 2 — 2z in
VvVAzAy = 0.02. Black, Exact. Gray, Az # Ay ENATE
with REMEDIES. Violet, Az = Ay ENATE with REME-
DIES. Red, NOTABLE. Green, 4-point ENATE with FaP.
Blue, nonuniform FV-CF. Orange, 3-point ENATE with FaP.

3.25. The smaller the I" values are, the closer the outlet profiles are to those
at the inlet. Two diffusion coefficients were used: T' € {1072,107*}. As
no exact solution is known for this example, Richardson extrapolation is
employed to obtain the reference value. Again, the FV-CF scheme in lo-
cal flow adapted coordinates [210] is compared with ENATE. The results
shown were carried out with Quintic Hermite spline in FaP and a Cubic
Hermite spline with REMEDIES. The approaches used sixth-order CCS in
case of FaP, fourth-order in case of REMEDIES and fourth-order CIR in both
FaP and REMEDIES. Richardson extrapolation did not produce any conclu-
sive result regarding the order of the scheme, although the simulations did
converge. Only fourth-order CCS in FaP did not converge.

For the linear profile and for the hyperbolic profile the points used to
compare schemes are (0.5,0.5) and (0.4,0.4), respectively. These points
were chosen because they are where the solution starts to change rapidly
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FIGURE 3.25: Example Rotating flow, ENATE numerical so-

lution for I' = 1072. Left, Hyperbolic profile; Right, Lin-

ear profile. Richardson interpolation at black square point
(0.4,0.4), left; (0.5,0.5), right.

along the second diagonal. Table 3.8 shows the value of ¢(0.5,0.5) for the
linear profile. In ENATE with FaP, the Start-off column refers to an initial
solution removing the derivatives of the flux in (3.17d) whereas the Iteration
column calculates those values of the right hand side and it keeps updating
the integrals until the residuals are below a certain tolerance. Clearly, FaP
achieves a mesh independent solution with only 40 nodes with I' = 102
or 80 nodes for I' = 10~%. REMEDIES took twice this number of nodes
to attain it. In comparison, a 160 nodes FV-CF gives a similar ¢(0.5,0.5)
as 20 nodes FaP with ' = 1072, and 160 nodes FV-CF and 80 nodes FaP
display the same behaviour with I' = 10~%. When the flow is convection-
dominated (I' = 10~*) the numerical solution with ENATE in a 10x10 mesh
blows up due to a bad resolution of the integrals. Table 3.9 presents re-
sults of the Richardson factor and order of convergence. The FV-CF scheme
shows a second-order accuracy in both cases. ENATE with FaP is seventh-
order with I' = 1072 and almost sixth-order with I' = 10~*. ENATE with
REMEDIES is third-order with I' = 102,

ENATE

r VAzAy  FV-CF FaP
Start-off Iteration REMEDIES
1071 0.712002 0.698780 0.714575  0.714653
5-107%2  0.713686 0.713777 0.714962  0.714973
1072 2.5-1072  0.714608 0.715197 0.715007  0.715005
1.25-1072 0.714901 0.715097 0.715007  0.715007
6.25-1073 0.714980 0.715033 0.715007  0.715007

1071 0.705217

5-107%2  0.707027 0.717594 0.706143  0.713433
107% 2.5-1072  0.707168 0.715144 0.717198  0.708733
1.25-1072 0.707205 0.711263 0.707218  0.707199
6.25-1073 0.707215 0.709188 0.707218  0.707218

TABLE 3.8: Example Rotating flow, $(0.5,0.5) with six fig-
ures in the linear profile.

In the hyperbolic tangent case, Table 3.10 shows similar behaviour as
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ENATE
I vardy  FV-CE FaP REMEDIES
1071 1.83(0.87)  8.55(3.10)  10.20(3.35)
1072 5-1072  3.14(1.65) 151.60(7.24) 13.84(3.79)
2.5-1072  3.73(1.90) 151.93(7.25) 7.60(2.93)
1071 12.88 (3.69)

107%  5-1072  3.79(1.92) 56.78(5.83)  3.06(1.62)

2.5-1072  4.00(2.00)  56.97 (5.83) —79.43

TABLE 3.9: Example Rotating flow, Richardson factor and
the order of the scheme in brackets as a function of the mesh
size for linear profile.

the linear one. ENATE either with Fal® or with REMEDIES achieves a mesh-
independent solution with 80 nodes for I' = 1072, and with 160 nodes for
I' = 10~%. Looking at Table 3.11, the FV-CF scheme shows an accuracy close
to second-order although with I' = 10~ an oscillation in the solution oc-
curs that gives some unusual values of RFa,. ENATE with FaP is between
sixth- and seventh-order with I' = 1072 and fourth-order with I' = 10~%.
Whenever the solution gets steeper in some region the order of accuracy
decreases. ENATE with REMEDIES is fourth-order in both diffusion cases.

ENATE
P VAW FVCE =
Start-off Iteration REMEDIES
107" 0.703646 0.690092 0.700945  0.701610

5-1072 0.702980 0.699863 0.701475  0.701492
2.5-1072  0.701933 0.701279 0.701480  0.701480

—2
10 1.25-1072  0.701598 0.701446 0.701479  0.701479
6.25-1072 0.701509 0.701472 0.701479  0.701479
3.125-1072% 0.701487 0.701478 0.701479  0.701479
1071 0.751865
51072 0.781566 0.723873 0.784815  0.785121
101 2.5-1072  0.785862 0.763420 0.785618  0.785605

1.25-1072  0.785862 0.763420 0.785618  0.785620
6.25-1073 0.785696 0.774244 0.785621  0.785621
3.125-1073 0.785642 0.780394 0.785621  0.785621

TABLE 3.10: Example Rotating flow, ¢(0.4,0.4) with six fig-
ures for a hyperbolic profile.

Finally, for this numerical example is not possible to compare the CPU
time between FV-CF and ENATE. The reason is that both schemes were
coded in different languages: FV-CF in MATLAB and ENATE in Fortran.
Also, it is not appropriate to compare FaP and REMEDIES as they use dif-
ferent Hermite splines, but for instance, in the hyperbolic-inlet case and
I' = 1074, FaP run in 18.58 min and REMEDIES in 61.5 sec.
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ENATE
r VATAY A AS Fal REMEDIES

1077 0.64(—0.64) 121.96(6.93) 10.05 (3.33)
5-1072  3.12(1.64) 115.04(6.85) 18.01(4.17)

-2
10 2.5-1072  3.77(1.91)  94.68(6.56)  11.03(3.46)
1.25-1072  3.64(1.86)  90.72(6.50)  —660.38
1071 6.70 (2.74)
-4 o 1072 —32.16 18.83(4.23)  31.06 (4.96)

25-1072  0.83(—0.27) 16.19(4.02) 18.62(4.22)
1.25-1072  3.06(1.61)  16.02(4.00)  13.90 (3.80)

TABLE 3.11: Example Rotating flow, Richardson factor and
the order of the scheme in brackets as a function of the mesh
size for hyperbolic profile.

3.6.6 Stommel’s ocean model

Finally, this chapter is closed with an application in Geophysical Fluid Dy-
namics [249]: calculations of wind-driven ocean currents. We used Stom-
mel theory [203] who proposed a transport equation for the stream-function
in a convective ocean cell. Some simple models can be found in [106] and
others more sophisticated in [154]. We start off with the steady Navier-
Stokes (NS) equation in the Earth frame, i.e.

V- (pu) =0,
V- (pu®u—pu(Vu+ (Vu)h)) = pf,, — Vp' — 2Q x pu.

The last term in the RHS of the momentum equation is the Coriolis force
where Q is the Earth’s angular velocity vector. The pressure, p/, is the sum
of the fluid pressure, p, the gravity contribution, pgr, and the centrifugal
pressure, —pQ%r2 /2 where r; = |r | is the perpendicular distance from the
axis of rotation and Q = |Q|. £, is the external force per unit of mass and
u = (u,v,w)’ is the velocity field. The NS equations should be solved in
spherical coordinates but in the phenomena studied here the curvature of
the Earth can be neglected. This allows to use a local Cartesian coordinate
system. This is called the tangent-plane approximation, see Fig. 3.26. No
vertical velocity is assumed, w = 0, all variables are independent of z-axis,
p = po = const., no dissipative effects are considered and a small Rossby
number, what allows to drop the advection term. So, the NS equations
become

V-u=0,
1 1 /
f@u = fm - *Vp )
Po
where ut = (—v,u,0)7, fo = 2Qsinf and 6 the latitude. In the vertical line,

the centrifugal force can be neglected [221] and, therefore, we have hydro-
static pressure over z. Regarding Coriolis force, for small latitude variations
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in the ocean cell, fy could be developed in Taylor series at a particular lati-
tude 6y, i.e.

22 cos Oy dfe
——— —RpAO= — .
Ry (PAV=Tnt g Y

fo ~2Qsin 6y +
This is called the beta-plane approximation. On the other hand, the ocean
model includes the wind force f,,;,q on the surface and a friction stress at
the bottom proportional to the fluid velocity, i.e.

R
£, = fwind — 5117 fvind = (fw:]cafwy>0)Ta

where R is some constant and D is the depth of the ocean at rest, constant in
this model. The next step is to integrate the momentum equation from the
bottom of the ocean, z = 0, to the surface, = = D. As no variable depends
on z, the equation remains unchanged. Finally, we take the curl of both
sides in the momentum equation,

ngXuJ‘-i-VfgXuJ‘:VXfwind—gVXu.

It can be seen that V x ut = (0,0,V-u)” = 0 and Vfy = (0, (df/d6)g,,0)"
is a constant vector. If the stream-function is defined as utl := V¥ and the
vector V4 f := (—(dfy/d0)g,,0,0)”, then

Vo xut=(0,0,V- (V" f¥)",
V xu=(0,0,-V>¥)T,

and, therefore, the equation resulting in z direction is

V- <VJ_f9 v — qu’) = (V X fwind)z;

which is clearly a transport equation for the stream function ¥. The vari-
ation of Coriolis force is the convection-like parameter, the bottom friction
acts as the diffusive term and the wind stress on the surface of the ocean
cell as the source.

FIGURE 3.26: Example Stommel’s ocean model, the tangent-
plane approximation and Ocean cell (blue rectangle) on the
Earth.
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For the case to be solved, Stommel proposed a rectangular ocean area

with wind force as
F T T
fwind = <D CcOs (Ey) 707 0) .

The BVP for ¢ = ¥(x,y) writes as follows:

) 96\ 0 o6\
o (PU¢ - F@x) + 87/ <_F0y> =S5, (z,9) € (0,a) x (0,b),
$(0,y) =0, ¢(a,y) =0, 0<y<hb,
(b(i(),b) :07 ¢(l‘,0) :07 OS.’L'SG,
where
D dfe _ Fb . /m
PSR A0, - 5= gpein(5)

The source function is zero at y = 0 and y = b and follows the same sine
function at x = 0 and = = a. Note that in the y direction there is no convec-
tion and the source only depends on y, the latitude. The model [203] uses
the next set of constants:

D=2-10°m, F=0.3-10""m??2,

dfe

R=0.6-10"2ms™!, =2
ms dﬁ

=10 m s,
64°

and the domain is ¢ = 10" m and b = 27 - 105 m. The exact solution is given

by

T exp (¢~ z) —exp (¢t exp (g~ 1) —
¢ = psin <Ey) <eXII; E(Z]_a; - GXE EZ*ag B exIIi)) EZ‘@i - 1) ’

with

p= gl -y (L) = ge(5) (5

and plotted in Fig. 3.27a. It can be seen a boundary layer at x = 0 that
mimics some western highly-concentrated streamlines in subtropical gyres
[126, 155] such as the Gulf stream or the Kuroshio current, among others.

In this numerical test, only REMEDIES was computed. The reason was
the long CPU time for the cross-flux approach. In addition, a nonuniform
mesh is going to be used clustering nodes at the left boundary, what would
increase substantially the execution time of ENATE with FaP. A drawback
of CCS as originally devised is that it only works for a mesh of equal spac-
ing. A modification of this numerical method dealing with a nonuniform
mesh is described in Appendix E.
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FIGURE 3.27: Example Stommel’s ocean model, ocean prob-
lem for the Stommel box.

Regarding the boundary conditions, they are of Dirichlet type for the
stream function. The values of 5 at boundaries can be shown to be

1

(a,9) = 55(y),

B(x,0) = B(z,b) = 0.

The ENATE scheme with REMEDIES was run with Cubic, Quintic and
Septic Hermite polynomials for different number of grid points in a uni-
form mesh. Convergence results are displayed in Fig. 3.28. It can be appre-
ciated the good accuracy attained by ENATE as compared with the results
with the high-order compact scheme presented in [29]. The CCS and cubic
Hermite are fourth-order with cubic ENATE lying below CCS in the lim-
ited range of grid sizes where both can be compared. In terms of accuracy,
quintic and septic behave close to what is theoretically predicted. Quintic
is slightly better than sixth-order and septic is eighth-order, although when
it approaches the machine accuracy region the order is somehow reduced.

To check the adequate behaviour of ENATE in nonuniform meshes with
very large size ratio between contiguous intervals a test was carried out
with the mesh divided in two zones, see Fig. 3.29. The first zone is always
kept the same: 100 nodes covering 5 - 10> m. The second zone changes
from nonuniform with smooth transition to uniform with extremely abrupt
size transition. The results obtained are presented in Table 3.12. It can be
observed that as the number of nodes is reduced the accuracy worsens. In
the worst case, for which the size ratio where the two zones meet is around
one hundred, the norms are of order 10~%. That means that the ENATE

=
L
Y
I
i)
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FIGURE 3.28: Example Stommel’s ocean model, the lo-norm
of the error for the Stommel’s ocean model in a Az = Ay
mesh. W and dashed line, Chu & Fun combined compact
difference. @ and solid line, ENATE with REMEDIES using
Cubic Hermite. ¢, Quintic Hermite. A, Septic Hermite.

Mesh ll lg loo
200x100 nice  6.31-10"% 7.49-10"% 1.44-107"
(100+100)x100 5.95-10"7 9.50-10"7 3.36-10°©
(100+50)x100 1.15-107° 1.64-10~> 5.27-107°
(100+25)x100 2.05-10~* 2.72-10~* 6.68-10~*

TABLE 3.12: Example the Stommel’s ocean model, norms of
some run cases in non-uniform meshes.

treatment for abrupt size transition works quite well.

Finally, other uniform meshes were studied keeping Az = 1.6Ay. The
lo-norm of the error is found in Fig. 3.30. Similar orders of convergence for
Hermite are obtained compared to the Az = Ay mesh test: cubic is fourth-
order whereas quintic is sixth-order and septic is almost eighth-order. Even
so, the accuracy compared with the uniform mesh, Fig. 3.28, increased.
Regarding CPU time, Table 3.13, it was observed that an increase in the
number of sweeps in the matrix solver sometimes reduces the execution
time. In coarse meshes, the CPU time was almost the same for all splines.
The maximum time was around 5 min. with quintic.
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CPU time [s]

Mesh  Sweepsx4 <= Hi—Guintic Septic

450 252
500 244 308 307
550 217 300 300
320200 600 217 329 327
650 192
700 210
75 26
100 149 187 205
150 136 179 23
1605100 200 131 208 30
250 126 292
300 132
20 0.9 12
25 1
30 0.7 0.9 1
8050 35 0.8 0.85
40 0.6 0.8 0.95
45 0.7
50 076 08
5 0.1 013 0.15
10 006 006 009
4025 15 006 012
20 0.15

TABLE 3.13: Example Stommel’s ocean model, number of
sweeps and CPU time in seconds for some nonuniform
mesh sizes.



128 Chapter 3. Climbing the challenge: two-dimensional ENATE

X g K . X

(A) Mesh in the whole domain. (B) Zone 1: Az = 5-10% m.
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(C) Zone 2: Az, = 5-103m, Azy =
4-10° m.

FIGURE 3.29: Example Stommel’s ocean model, non-uniform
mesh.

3.7 In Closing

In this chapter, three approaches were devised for modelling steady-state
two-dimensional problems based on the one-dimensional exponential flux.
The first formulation consists of a dimensionality reduction transform-
ing a PDE to a first-order ODE via the stream-function coordinates. The
result yielded a two-point upwind stencil where the information is propa-
gated on streamlines. The counterpart is that it can only work for convection-
only problems and that the computation of iso-¢> and iso-¢ lines may be-
come tough. An in-depth analysis may be of interest in order to know how
the accuracy is reduced when a tiny diffusion exists in the problem or the
streamline is too twisted. How vortex lines should be dealt with? How the
boundary condition is imposed in such a situation? Although its limita-
tions, the approach gave the best lo-norm for the 2D Burgers’ equation.
The other two formulations consist of a coordinate splitting (FaP) and an
axial splitting (REMEDIES). Both approaches solve two pseudo-1D trans-
port equations, but the first one sets the derivative of F in the other coor-
dinate as pseudo-source, whereas in the latter the source S is redistributed
in each axis by a /3 field. The new coefficients in the 2D approaches are
formed by the one-dimensional ones. So, they keep a compact computa-
tional molecule, a five-point stencil, and the same numerical features. In



3.7. In Closing 129

]_0_2 T TTT7 T T 17

{o-norm

10—]_2 Ll [
1073 1072 1071

VAzAy

FIGURE 3.30: Example Stommel’s ocean model, the lo-norm of

the error for the Stommel’s ocean model in a Az = 1.6Ay

mesh. W and solid line, ENATE with REMEDIES using Cu-
bic Hermite. ¢, Quintic Hermite. A, Septic Hermite.

the numerical cases computed both FaP and REMEDIES give similar accu-
racy in some cases. In others REMEDIES performs better, for instance, a
sixth-order REMEDIES is more accurate than a sixth-order FaP. The major
improvement of REMEDIES is in the CPU time. REMEDIES is faster than
FaP due to the amount of operations per iteration and the number of iter-
ations to get convergence. The required CPU time of REMEDIES is of the
order of seconds or minutes, FaP requires minutes or hours. Also, we note
that REMEDIES takes more time as Péclet number gets smaller whereas
with FaP is the opposite.

An example was carried out with a non-uniform mesh. Although the
accuracy was slightly reduced in comparison to a uniform mesh, it gave
reasonable results for expansion ratios as large as ten.
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Chapter 4

Paradigm shift:
time-dependent ENATE

Goals:

* To carry over the ideas of steady two-dimensional modelling to solve
unsteady 1D problems

4.1 Unsteady flow problems

In the previous chapter, three approaches were developed for accurately
solving the steady 2D transport equation. However, flow variables may
vary temporarily due to the nature of the flow processes. Flows through
pipe bends [253], separated flow [193] or vortex shedding [98, 185, 208],
just to name a few, are intrinsically unsteady. In such a case, a temporal
term is added to the conservation law (3.10),

0

ngv-(pu(p—rw) — 3,
which takes into account time-dependent phenomena in convection-diffusion
problems. This chapter deals with unsteady 1D transport equations, i.e.,

agt(ﬁ—i—(ic (pu¢—ng:> =5, rp1 <x<xpe, t>0, (4.1a)
o(z,0) = ¢°(x), xp1 < x < xp2, (4.1b)
¢($Blyt) = ¢Bl(t)7 ¢(.’L’Bg,t) = ¢BQ(t)7 t Z 0. (41C)

The initial value is ¢"(z) and ¢p1(t) and ¢p2(t) are the boundary values. A
Dirichlet BC is assumed but it can be of any other type. A possible way to
discretize this PDE may start by carrying out an integration over the control
volume [z, z¢],

o H
/ aiqjdx+fmc—fxvv=[501\wc,
TWwW t

After substituting the exact 1D flux, see Appendix A, one finally arrives at
a first order ODE

diw
Awwc% — Awow + Acoc — Apdr = be,
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being p¢" the spatial average of p¢ in [zyy, 2], whereas A; and b are sum-
marized in Chapter 2. The average of a generic variable z in a coordinate £
is defined as

1 [&+AE
5 .

= At . zd¢&.

The next step is to compute p¢ via any quadrature and discretize dpd/dt. In
order to avoid some simplifications in the integral evaluation and the use of
time integration methods, one could solve the problem (4.1a) by using the
ideas put forward in previous chapter. Consider a new spatial dimension
1 = ct where c is an arbitrary velocity, constant and positive. The unsteady
1D transport equation is rewritten as follows:

0 0 09\
o (pco) + 2 (pu¢ — Fax) =GS.

Looking at this equation, one may consider the temporal term akin to a
diffusionless transport phenomenon with pc a convection-like parameter.
Then, its numerical solution can be computed using the same ideas ex-
plained in steady two-dimensional modelling: the cross-flux approach and
the source redistribution approach. The streamline approach will no longer
be considered.

4.1.1 A note and clarification

In this section parabolic problems in time as well as elliptical in the spatial
coordinate will be treated. Although the discrete equations move forward
in physical time, it is necessary to update the discrete sources containing
either the flux derivatives or the redistribution coefficient 5(z, t) along the
whole time coordinate. Therefore, ¢(z,t) at all discrete times and spatial
points must be computed and available.

4.2 Unsteady cross-flux

Let us start by defining the fluxes in (z,n)-domain as

o T
F = (Fo, Fp)' = (puqﬁ - Faimcqﬁ) :

Mimicking the numerical background on page 81, the decomposition gives
two differential equations:

) 9\ o OF,

ox (’m‘b Fm«) =5 on Se, (1.22)
d 0F,

o (pcp) = S — o Sy (4.2b)

The interval size An is cAt, i, = ncAt, and the notation used for any
variable z is z(1),, x;) = 2}' or 2(n,, xc) = z¢. The discretization of the first
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equation is the usual one,
— Ay oy + AT g% — Al = We,
with

15,GE;01

" 1S, GE,
Wie = ISz0ly - ==
zC IOl’WC’+< IGE, o

e IGE.q

n
)
wcC

at a time level n. On the other hand, the second equation is discretized by
integrating in time from 7,,_; to 7,, at a constant z-coordinate, z¢, i.e.

(pe)&dts — (po)& o = bl

with

Mn
Zc—/ Sy e dn,

Tn—1

where S, c = 5,(n,zc). Finally, the two discrete equations can be added
forming a four-point stencil, see Figure 4.1. Defining the vectors,

pc” = ((p) 1> (PO s+ (pC) )T

O = (Bhs e Bl DR s, Do)

T
b" = (5777131 + 015 byt bios byt bng) ’
and the matrices,

A" = tridiag(— Ay, AL o, —Ag),
C" := diag(pc"),
P":=C" + A",

the system,
Pn¢n — Cn71¢n71 + bn7 n > 17

is made up to get the numerical solution of the problem (4.1a). For n = 1,
#° = ¢°(x) where x = (zp1,...,2c,...,2p2)". On the other hand, P" is
still tridiagonal so TDMA may be used. The velocity in the transformed
temporal term will always be taken as 1 m/s but it will be kept in the for-
mulae out of dimensional consistency.

The procedure to compute b}, was explained on page 86 and b, is
computed via CCS+CIR, page 86 and 97. Regarding stability, the previous
discrete equation is implicit so a diagonally dominant P™ matrix should be
guaranteed to have a bounded solution.
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FIGURE 4.1: Space-time discrete domain, stencil in red
lines. @ Boundary and initial values, ® Inner values

4.3 Unsteady redistribution coefficient

For the second approach developed in the previous chapter, the calculations
follow the same path but now with different expressions. At a given com-
putational iteration denoted by the superscript x, the pseudo-ODEs that
rule ¢7 and ¢; are

o ( . 08t 1o
m(pwl Fax)—25+ﬁ — S,
0

* 1 *
877 (peg3) = 55 — BT =5y

Their numerical solutions may be achieved by taking the same discrete
equations from the previous section. In order to get ¢, ¢5 must be updated
by its increment A¢3s. With a bit of algebra and repeating the same steps
as in page 92, assuming I' is independent of ¢, the discrete equation for the
increment writes in matrix form

PrAGE" = C' A A" (@1 —¢57) + V5", n> 1,
where the principal matrix is defined as P = C"» + r, A", the vectors as

T
¢*1m = (¢%17"'7¢T7I}[/7 )1”61” T%?v(b%Q) )
. T
¢~§n = (¢%17"‘7¢§TVLV7 587 5%77¢%2) ’
T
Ay = (0,...,Ad5%, Ads ¢, Adsy, ..., 0)"

the aspect ratio as r, = Any,—1,/ max{Azwc, Azcp} and v;;" is related to

the possible source dependence on the solution. The initial value is A¢3° =

0. Finally, 35" is updated with its increment given by

Cn—1A¢§n—1 _ CnA¢§n 4 vzn

xN
Aﬁ - A )
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being A = An,_1, the step size, the vector AB*" = (0,...,AB:", ... ,O)T
and vzn silimar to v%"™. Either in the discrete equations for A¢gs or AB, if

the source S is independent of the solution, v ¢ = vzn = 0. Otherwise,

[d1ag Az)ASE™ + diag(An)ASE™ ],

l\:)\r—t[\:)\»—l

VE = - diag(An)ASE™".

where Az and An are vectors containing the interval lengths in each in-
terval of the domain to take into account a nonuniform mesh. W’z‘”x and
Wn, are average integrals over each interval in z- and 7-direction com-
puting with CIR. Again, being P" diagonally dominant is sufficient condi-
tion for stability in A¢s.

4.4 Numerical Examples

Three numerical tests to assess high resolution in transient problems are
provided. All of them have an exact solution so the l>-norm is calculated
in the space-time domain as well as the /;-norm at a given time for the last
one. The definitions of these norms are given on page 58 and 99.

44.1 Unsteady homogeneous one-dimensional convection-diffusion
problem

The equation solved is an unsteady transport equation in a domain of unit
length for a time ¢ € (0,7, i.e.

0 0
Bt (mo-T52) =0, @ne©nx 01
#(0,t) =0, t € (0,71,

¢(z,0) = exp(bz) sin(mx), z € (0,1).

withp=1,4u=0.1,7 = 1and I" = 0.01. The solution is ¢(z,t) = exp(bz —
t(0,0172 + 0, 25)) sin(wx) and plotted in Figure 4.2.
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(A) Profile solution. (B) Space-time domain.

FIGURE 4.2: Example Unsteady homogeneous one-dimensional
convection-diffusion problem, exact solution.
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As explained earlier, the case has been run with both approaches, FaP
and REMEDIES, as a two-dimensional convection diffusion equation with
a pseudo-spatial coordinate n = ¢t, ¢ = 1. A uniform mesh is employed in
both coordinates with An = Axz.
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FIGURE 4.3: Example Unsteady homogeneous one-dimensional

convection-diffusion problem, the l;-norm of the error for

ENATE comparing with a traditional numerical scheme.

Solid lines are for REMEDIES and dashed lines are for FaP.

e Crank-Nicolson B Cubic Hermite. ¢ Quintic Hermite. A
Septic Hermite.

In Figure 4.3 norms of FaP and REMEDIES are compared against each
other as well as with a traditional scheme like Crank-Nicolson. All schemes
conform to their theoretical order of accuracy: Crank-Nicolson is second
order, and all mth-order Hermite polynomials are of (m + 1)th order of
accuracy. The CPU time is always of the order of one second except for the
finest meshes. Cubic-REMEDIES with a mesh of 500x500 takes 40 seconds,
and Quintic-REMEDIES for a mesh of 200x200, 26.4 seconds. Only a sweep
is required to estimate A¢s which makes the difference in CPU time for both
approaches more noticeable, always in favour of REMEDIES.

Cubic Hermite provides the same norms for both approaches. Quintic-
REMEDIES is roughly two orders of magnitude better than Quintic-FaP,
both being sixth-order in most part of the graph. Roundoff errors build up
for the finest mesh with Quintic-REMEDIES, and as a consequence there
is barely any difference in the [>-norm with the next coarser grid. Septic-
REMEDIES is between eighth- and ninth-order.

As mentioned above it is not necessary to perform more than one sweep
in the estimation of A¢,. It seems that having one time coordinate makes
the domain strongly connected through all points along this coordinate and
allows a quick estimate of A¢,. In the case of Poisson equation the connec-
tion is weaker and it takes more sweeps to get a good value. This is only
due to our strategy of sweeping the 2D domain line-by-line, had we used
another procedure to invert the coefficient matrix the conclusions about the
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computer time associated to various Péclet numbers would have been dif-
ferent.

CPU time for FaP is much longer for all runs. To give an idea, for cubic
Hermite and the 500x500 mesh, FaP takes about 1 hour of CPU time, two
orders of magnitude more than REMEDIES.

4.4.2 Unsteady inhomogeneous one-dimensional convection prob-
lem

The equation solved is an unsteady inhomogeneous transport equation in
a domain of unit length for a time ¢ € (0,77, i.e.

oy o) =-2,  (@eO)x0T)
#(0,t) = exp(—t/7) sin(—mut), te (0,T],
¢(x,0) = sin(mx), z € (0,1).

with p = 1 and T' = 1. The exact solution is ¢(x,t) = exp(—t/7) sin(mw(x —
ut)) and plotted in Figure 4.11. Parameter 7 is a characteristic time of decay.
Four cases were studied, two values of 7 € {0.05,0.5}, corresponding to a
quick decay and a relatively mild one, combined with two values of veloc-
ity, u € {1,10}. This hyperbolic equation with a relaxation source term that
is relatively stiff [245] mimics the Boltzmann equation in the absence of the
local equilibrium distribution [13]. Boltzmann equation is currently one of
the cutting edge technique to solve Navier-Stokes equations [42, 80, 135,
194].

The source depends linearly on the solution and has to be updated in
every iteration. Remind that if Péclet goes to infinity the upwind source in-
tegral is the only contribution of the right-hand side. In FaP this integral is
calculated with CIR [118]. With REMEDIES, Hermite polynomial integra-
tion is used.

In our implementation the equation for A¢3 is employed to update the
solution. Ag¢7 in the source is considered to be equal to A¢; during the
whole updating process. The reason is that explained on page 96.

In Figure 4.4 the convergence pattern of two cases of cubic Hermite, one
with no source in the RHS of A¢; equation and the other with it, is shown.
Both runs start from scratch with a mesh of 500x500. The main difference
between both approaches lies in the initial increase of the norm during the
first iterations. When including the extra source this increase is much less
pronounced what makes the convergence quicker in the initial stages. In
both runs there is a noticeable change of slope when the norm reaches the
region of low values. This is related to the relative importance of the ne-
glected AB* terms compared to the considered ones. When the neglected
integrals are much less than the terms kept in the RHS associated to ¢} — ¢3
the convergence is very quick, whereas it slows down considerably if they
are of the same order. For a large interval of the convergence curve the two
curves lie on top of each other. A criterion to decide whether including or
not the A¢3 source can be the time taken for both approaches to reach a
certain l5-norm, for instance 10~5. Well, the run with no source takes 23 s
and that with source 30 s. At least in this case it is not worth to include it.
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It may well be that in other computational tests the inclusion of this source
makes a favourable difference.
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FIGURE 4.4: Example Unsteady inhomogeneous one-

dimensional convection problem, the l;-norm of the error

versus number of iterations in REMEDIES for a 500x500

mesh. Red line with A¢} source. Blue line without Ag,
source
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FIGURE 4.5: Example Unsteady inhomogeneous one-

dimensional convection problem, the ly-norm of the error

versus number of iterations in REMEDIES. Red line,
100 x 100. Blue line, 200 x 200.
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In this test problem the convergence pattern has some ups and downs
for some combinations of meshes and Hermite polynomials. In Figure
4.5 the ly-norm is plotted against the number of iterations for two meshes
100x100 and 200x200 with quintic Hermite. This hilly behaviour always
appears for quintic and septic Hermite polynomials and relatively fine grids.
Moreover, in the downward part of the convergence hill the curve is mildly
oscillatory that may suggest that the process of convergence is more unsta-
ble in these cases. For very coarse grids, 10x10 and 20x20, there is a slight
rise in the norm during several iterations that can barely be noticed.

In Figures 4.6 and 4.7 the l>-norm is depicted for 7 = 0.05 and the two
velocity cases, u = 1 and u = 10, with FaP and REMEDIES. Cubic Hermite
behaves as a fourth order scheme. Quintic Hermite with FaP is sixth order
but with REMEDIES is seventh-order for some intervals. Septic Hermite
behaviour is pretty close to that of Quintic Hermite.
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FIGURE 4.6: Example Unsteady inhomogeneous one-
dimensional convection problem, the lo-norm of the error for
7 = 0.05 and © = 1. B Cubic Hermite. ¢ Quintic Hermite.
A Septic Hermite. Solid line, REMEDIES. Dashed line, FaP.

The two cases for 7 = 0.5 are shown in figures 4.8 and 4.9. No significant
differences with the previous case are seen.

In the four cases computed Cubic Hermite with FaP is better than REME-
DIES, especially for the case u = 10, 7 = 0.5, where a difference of three
orders of magnitude in the lo-norm is observed. The reason for such a huge
gap is still unknown. The difference is also present in the rest of cases, yet
in milder form.
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FIGURE 4.7: Example Unsteady inhomogeneous one-
dimensional convection problem, the ly-norm of the error for
7 =0.05 and v = 10. B Cubic Hermite. ¢ Quintic Hermite.
A Septic Hermite. Solid line, REMEDIES. Dashed line, FaP.
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FIGURE 4.8: Example Unsteady inhomogeneous one-

dimensional convection problem, the lo-norm of the error for

7 =0.5and v = 1. B Cubic Hermite. ¢ Quintic Hermite. A
Septic Hermite. Solid line, REMEDIES. Dashed line, FaP.
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FIGURE 4.9: Example Unsteady inhomogeneous one-
dimensional convection problem, the lo-norm of the error for
7 = 0.5 and v = 10. B Cubic Hermite. ¢ Quintic Hermite.
A Septic Hermite. Solid line, REMEDIES. Dashed line, FaP.

4.4.3 Wave travelling problem

The last test case is one with a bit more complicated source term.

v T o) =—To1-0), (@001 (0,08,
#(0,t) = ¢o(t) = 0.8 +0.2sin(27t), t € (0,0.5],
¢(z,0) = ¢°(z) = 0.8, z € (0,1),

As in the previous example, 7 is a characteristic time of decay. The solution
is

-1

[1 + (M — 1) exp (;)] for = <ut

e (D) e e

This example was also chosen by ten Thije Boonkkamp and Anthonissen to
assess the FV-CF scheme [209]. The solution of this case is only C" across the
characteristic line x = ut. Both the fluxes and 3 are discontinuous at this
line what makes this a challenging test case for our approach. Additionally,
it was shown in Llorente et al. [120] that FV-CF and ENATE were almost
identical in 1D but differed considerably in 2D, and this case is a good test
to assess the accuracy of our approach in comparison to FV-CFE.

The exact solution decays in time except along the characteristic line
that starts at = 0,¢ = 1/4 along which ¢ is one and the source zero. This
lack of decay initially transforms the sine function into a spiky function that
eventually converts into a function of value one at points of the straight line
x = u(t — 1/4) and measure zero in the z-domain.

¢($>t) =
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FIGURE 4.10: Example Unsteady inhomogeneous one-
dimensional convection problem, exact solution with u = 1.
(A) and (B) with 7 = 0.5. (C) and (D) with 7 = 0.05.

The assessment of both approaches will be performed in the z-domain
for t = 0.5. No extra source due to the solution-dependent term has been
included in the A¢, equation. In Figure 4.12 comparative results with a
very coarse grid are depicted. Contrary to the Euler method, both ENATE
approaches follow the spiky part of the solution but with significant over-
and under-shoots, especially REMEDIES. With such a coarse grid the re-
sults are not very good although they are qualitatively much better than
those with Euler explicit.

In Figure 4.13 the comparison between FV-CF and ENATE is presented.
The values of the parameters employed are 7 = 0.04 and v = 0.95. The
l1-norm of the error at t = 0.5 s was computed. As shown, FV-CF is second-
order and the two ENATE versions, FaP and REMEDIES, are fourth-order.
The main difference between both approaches is the source treatment. Split-
ting the equation (4.1a) into two quasi-one-dimensional equations seems to
work fine either with FaP or REMEDIES because both approaches use high-
order quadratures. In the case of FV-CF, 0¢/0t is only included as pseudo-
source. Then the scheme produces a first-order ODE system solved by a
second-order Crank—Nicolson method, see [209] for details.

The results presented with ENATE-REMEDIES have been carried out
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FIGURE 4.11: Example Unsteady inhomogeneous one-
dimensional convection problem, exact solution with v = 10.
(A) and (B) with 7 = 0.5. (C) and (D) with 7 = 0.05.
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FIGURE 4.12: Example Wave travelling problem, exact solu-

tion at ¢t = 0.5 s (black line). Numerical solutions in a mesh

with Az = 0.0625 m and time step At = 0.0625 s: Explicit

Euler method (blue dots), ENATE with FaP (red diamonds)
and ENATE with REMEDIES (green diamonds).

1

with Cubic Hermite for the integrals, but FaP used CIR. Compact deriva-
tives of fourth-order are used to evaluate the first derivative of the appro-
priate variables. Despite the discontinuities of the latter, fourth-order com-
pact derivative is still able to provide a reasonably good estimation of the
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FIGURE 4.13: Example Wave travelling problem, the [;-norm
of the error comparing two exponential schemes. o FV-CF
scheme. M ENATE. Solid line, REMEDIES. Dashed line, FaP.

tirst derivative. In fact, fourth-order CCS even provides usable values of
second and third derivatives for Quintic and Septic Hermite. However, the
use of compact derivatives of order higher than four caused a blowup of
the calculations. When a combination of Hermite polynomials and compact
derivatives of different orders is used, the order of accuracy of the results is
the lower of the two, for example, Quintic Hermite (sixth-order) and fourth-
order compact derivatives gives a fourth-order accuracy overall. There are
huge differences in the CPU time. FaP took 50 min to reach the solution at
t = 0.5 s with 500 nodes in the = coordinate whereas REMEDIES employed
around 4 min.

4.5 In Closing

Finally, in this chapter the developed numerical techniques are focussed on
solving unsteady problems. The temporal term is resolved as a convection-
only problem and, therefore, the numerical approaches in the previous chap-
ter are also applicable.

The numerical examples showed an improvement over basic discretiza-
tion techniques such as Crank-Nicolson or Euler explicit. In fact, in the last
one Euler was unable to catch the wave. A surprising outcome came up
for the reaction problems. The accuracy of REMEDIES dropped two orders
of magnitude compared to FaP in the worst case. Even so, the fast con-
vergence of REMEDIES makes this approach a good choice for temporal
phenomena since only requires just one sweep in the A¢y equation to get
the solution in the convergence process.

Regarding stability, both FaP and REMEDIES are implicit methods which
are unconditionally stable ensuring diagonally-dominant matrix for P" in
FaP and P" in REMEDIES.
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Chapter 5

Conclusions and future
research

ENATE is capable of getting the exact solution of a steady one-dimensional
transport equation. In order to derive a discrete equation associated to a
node in a split-up domain the continuity of the diffusive flux is enforced
in the two adjacent control volumes that share the node. The result is a
three-point stencil where the accuracy of the scheme depends on how well
or poorly the integrals in the coefficients and discrete source are computed.
Therefore, high-order results can be achieved without modifying the com-
putational molecule. The quadrature used to calculate the integrals was
Hermite polynomials. Also, it is proved that the 1D exponential flux of
ENATE preserves positiveness and can interpolate smoothly from strong
convection to dominant diffusion with the same formulation.

In the main part of this work, the exponential formulation of ENATE
is extended to multidimensional problems, in particular, steady-state two-
dimensional and unsteady-state one-dimensional. The formulation uses a
short computational molecule while keeping a similar accuracy to the one-
dimensional approach. One initial approach consisted in a splitting of the
2D transport equation into two pseudo-1D transport equations. In each
direction the influence of the other direction comes in the source by the term
S + 0F(y,2)/0{y, z}. This contribution implies that ENATE is conservative
over each one-dimensional control volume along both coordinates of the
problem. The computation of these integrals requires an evaluation of the
Fs derivatives via central compact schemes. Other integrals such as the
average of Péclet and the integral of the source are computed via compact
integration rules.

This accurate evaluation of the new pseudo-sources brings high-order
resolution, as shown in the Numerical Examples section, but increases a great
deal the CPU time due to the required number of operations per iteration.
This issue gave a chance for seeking a remedy for the excessive CPU time.
The second approach splits the source by an unknown field that is solved
during the iterative process. Along the iterative process the numerical so-
lution in each axis is different, so a correction equation has to be derived
that forces the two solutions to be equal. Converged results were obtained
with this approach in a much shorter CPU time. Moreover, as the number
of operations is reduced the accuracy is often increased with respect to the
first one.

Finally, we carry on extending the scope of our numerical scheme by
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solving time-dependent problems. Instead of a classic methodology to re-
duce the PDE to a first-order ODE in time and solve it by a time integra-
tion method, it was decided to use what was previously learnt in two-
dimensional problems to derive a practical implementation that gave satis-
factory results.

It can be concluded that ENATE forms a robust and high-order multi-
dimensional exponential scheme for convection-diffusion problems. How-
ever, additional work should go on to tackle realistic situations. Different
items of ongoing work are sorted next.

5.1 High-order novel quadratures

One main aspect that makes ENATE a high-order exponential scheme is the
quadratures employed. The disadvantage is that most of them, principally
Hermite splines, need the computation of derivatives. Future research that
ENATE should follow for it to be an efficient scheme is the derivation of
novel high-order quadratures that only use the information at grid points,
e.g. ¢ values. Section 3.5 on page 97 gives details of one of them: CIR. It
can get the same accuracy as Hermite splines but it is derivative-free. This
is achieved by the derivation of linear combinations of the integrals in each
interval. Thus, to calculate

xc Yyc
/ %dm and / 0Fs dy,
o OV ys 0T

instead of computing two, or more, compact derivatives and then CIR, we
might use a 2D Taylor series and link those integrals in a two-dimensional
stencil with ¢. Some research in this line has started.

Tww

FIGURE 5.1: Integrand of ISGEy, fx(T) = ]Sog/ff for
each interval, in the discrete domain.

Also, we might seek new quadratures for integrals such as ISGE. The
integrals that contain the exponential factor £ are piecewise continuous
functions and, therefore, discontinuous at grid points, see Fig. 5.1. Hermite
can deal with this type of integrals because only uses the information of the
nodes of an interval, but CIR grabs adjacent information. One demand for
this quadrature is that the integrand be continuous. A discontinuous CIR
was derived that takes into account the jump in each grid points that the
integrand produces, e.g

1 Ok R ARSI A N z

10 S der/xW feder 15 /zc oo [Fow + e
where foi = (fégv_vl +2f%,,)/3 and foc = 2k, + ffgl)/?). The quadrature
is built by expanding in Taylor series the different functions in a k-interval
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[zw, x|, linking the functions at nodes by the jumps and expanding these
jumps in Taylor series as well. However, the resolution was poor. A reason
for that result is that it was assumed that the derivatives can be obtained by
the Taylor expansion of fé”m and this is not the case, that is, every deriva-
tive of f¥*™ must also be expanded in Taylor series. More research is still

needed in this matter.

5.2 Reaction problems

It was found in the last examples of Chapter 4 that REMEDIES lost accuracy
for reaction problems where the source depends on the solution. There
could be different causes, either the treatment of A¢5 and AB* via AS;" and
AS3”, or the resolution of the transport equations in each axis. In both cases
they are based on an exponential scheme that does not take into account
that the source depends linearly on the transported variable. One way to
improve it would be to look for the exact solution of the PDE

d d
— <pu¢) - Fdi) =5+ 540,

dx
which represents better the nature of the problem and where neither S nor
Sy depend on ¢. This type of equations can be found in combustion theory,
for instance. Even if Sy constant, its resolution is not straightforward. Un-

der the same methodology of Chapter 2, the dimensionless equation would
be

d Aua_jdj _ (S+Ssbu) Az SyAz ¢y dpu
dz Pydz (pu), Ag (pu)y A¢ dz

The complete solution could be written as gg(:/f) = F(Z) + R(Z) + $N(§),
assuming F'(1) = 0. The solution $N(EE) and F(z) are the homogeneous
and the particular solution with S + Sy¢y;, respectively, and their formulae
are written on page 21 and 26. R(z) with R(0) = R(1) = 0 is the solution
of a transport equation with the reactive source, S¢quA5 / (pu)y,- Integrating
this equation from 0 to Z yields

d
d—;—l—Mr:s, r(0) =0,

where

T T 0 —S¢
P / S;RAF,R)| , M= [ Ag? ,
0 T

Az? [* —=NT !
s = (0’_F ; S¢[F+<;5 ]d:c) .

The resulting is a first-order ODE system whose solution method is well-
known. After considerable algebraic manipulation, it is likely that we may
achieve an exponential scheme with a three-point stencil where the coef-
ficients are modified by some integrals of S, that vanish in the limit case
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of Sy — 0, recovering the original exponential scheme. The same strategy
was carried out in [211] but for constant coefficients. Additionally, it will be
needed to check if the quadratures described in this thesis can still be used
for these new integrals and yet give high-accuracy results.

5.3 Complex geometry

Cartesian mesh always offers the best results but is inefficient for complex
geometry or flow features where some node clustering is required. ENATE
can be used with nonuniform meshes where the clustering is done across
the domain, although there might be some interest in performing only a lo-
cal refinement in a certain area. A mesh similar to that in Figure 5.2 may be
present. In such a case, we need to transform the cartesian transport equa-
tion to a (&, n) transport equation. Under this transformation, the Jacobian,

7— Oxdy Oz dy
- 060n  Onog’
is clearly discontinuous making the resulting equation difficult to handle
numerically. In fact, we have four values of 7 at the same point depending
on the interval. A way to remove this problem is the use of the transport
equation locally rather than globally. To decompose and force the continu-
ity of the flux around a central point, and apply REMEDIES since it does
not take into account the normal flux derivative in the source as FaP. Even
so, it is not clear how to evaluate integrals and derivatives, as they are dis-
continuous along the iso-{ and -7 lines.

X

FIGURE 5.2: Random mesh. Black circle, inner points;
Black square, boundary points. Red lines, computational
molecule. Blue lines, coordinate basis.

For complex geometries with obstacles two methodologies can be fol-
lowed. One way is the use of unstructured mesh as it offers the best adapt-
ability but suffers from the same problems as the random mesh. On the
other hand, an immersed boundary method can be used. This method re-
quires to localize a Lagrangian point of an internal body or complex bound-
ary what is a bit challenging for programming. There are two issues: 1) it
is not clear how to proceed with REMEDIES to calculate 5 at nodes on the
internal boundaries, 2) how to link an internal boundary node with a mesh
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node when the internal body or complex boundary does not contain a mesh
node. Some progress is being made right now in this issue.

5.4 Navier-Stokes simulations

One application that we may not be overlooked is the discretization of the
Navier-Stokes (NS) equations. According to the previous numerical exam-
ples, REMEDIES might work properly with this set of nonlinear equations
with a reasonable computational time. The convective terms in the momen-
tum equation would be frozen similar to that on page 54.

One important aspect of NS is the Velocity-Pressure coupling. A SIM-
PLE technique for ENATE was derived in order to calculate a pressure-
correction equation, as well as the velocity corrections. However, this idea
of coupling was rejected because some source integrals had to be dropped
out to get adequate discrete equations what would impair the accuracy.
Another well-known coupling technique is the pressure Poisson equation
obtained form the NS equations,

Pp 0% ou\? Ou Ov ov\?
_— _— = — _— 27 _— _— = —
Oz +6y2 P <8x> * oz Ay * <8y) S

derived by taking the divergence of the momentum equation. On page 109
a Poisson’s equation was computed, so similar results would be expected.
As it is pointed out in this chapter, the ENATE scheme must progress to
new quadratures, free of the derivative of the integrand. For the Poisson’s
equation, ENATE needs to compute the integral

To T
/ / fda'dz,
zw Jrw

in which f can be either S, or the distribution field 3, for REMEDIES. One
quadrature that could meet our demands, and similar to CIR, could be

1 TW T xo x 1 TE x A.%'2
— / / fda'dz + / / fda'de + — / / fda'dr ~ — [2fw + fc]
10 Tww Y Tww Tw JITw 10 TCc JxC 5

which is order 5. It was checked that this quadrature works fine for a
smooth function, e.g f(z) = sinz. So, its implementation in Poisson’s
equation is in progress. Finally, the ENATE scheme applied to the NS equa-
tions is associated to a collocated arrangement of the variables on the grid,
but also a staggered arrangement, see [103], is being considered due to its
strong velocity-pressure coupling.
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Capitulo 5

Conclusiones y trabajo futuro

ENATE es capaz de obtener la solucion exacta de una ecuacién de trans-
porte unidimensional en estado estacionario. Para deducir una ecuacién
discreta asociada a un nodo en un dominio dividido se impone la con-
tinuidad del flujo difusivo en dos volimenes de control adyacentes que
comparten un mismo nodo. El resultado es una plantilla de tres puntos
donde la precisién del esquema depende de como de bien o mal se cal-
culan las integrales en los coeficientes y la fuente discreta. Por lo tanto,
se pueden lograr resultados de alto orden sin modificar dicha molécula
computacional. La cuadratura utilizada para calcular las integrales son
polinomios de Hermite. Ademads, se ha comprobado que el flujo exponen-
cial 1D de ENATE conserva la positividad y puede interpolar suavemente
desde una conveccién fuerte hasta una difusién dominante con la misma
formulacion.

En lo referente a la parte principal de este trabajo, se extendi6 la formu-
lacién exponencial de ENATE a problemas multidimensionales, en particu-
lar, bidimensionales estacionarios y unidimensionales transitorios. Esta for-
mulacién utiliza una molécula computacional corta manteniendo una pre-
cisién similar al esquema unidimensional. Un enfoque inicial consistié en
la division de la ecuacién de transporte 2D en dos ecuaciones de transporte
pseudo-1D. En cada direccion coordenada la influencia de la otra direccién
viene dada por el término S + 0F, ,3/0{y, z}. Esta contribucién implica
que ENATE es conservativa sobre cada volumen de control unidimensional
en ambas coordenadas del problema. El cdlculo de estas integrales requiere
una evaluacién de las derivadas de F a través de un esquema compacto
central. Otras integrales como el Péclet promedio y la integral de la fuente
se calculan mediante las reglas de la integracion compacta.

Esta evaluacion precisa de las nuevas pseudo-fuentes proporciona una
resolucion de alto orden, como se muestra en la seccion Numerical Exam-
ples, pero aumenta mucho el tiempo de CPU debido al alto ntimero de op-
eraciones por iteracién. Este problema brindé la oportunidad de buscar
una solucién para el excesivo tiempo de CPU. El segundo enfoque divide
la fuente en un campo desconocido que se resuelve durante el proceso iter-
ativo. A lo largo del proceso iterativo, la solucién numérica en cada eje es
diferente, por lo que se debe deducir una ecuacién correctora que obligue a
las dos soluciones a ser iguales. Los resultados convergidos se obtuvieron
con este enfoque en un tiempo de CPU mucho mads corto. Ademads, a me-
dida que se reduce el nimero de operaciones, la precision aumenta con
respecto a la primera.

Finalmente, seguimos ampliando el alcance de nuestro esquema numérico
resolviendo problemas dependientes del tiempo. En lugar de una metodologia
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clasica para reducir una PDE a un ODE de primer orden en tiempo y re-
solverlo mediante un método de integraciéon temporal, se decidié usar lo
que se aprendi6 previamente en problemas bidimensionales para deducir
una implementacién practica que dio resultados satisfactorios.

Se puede concluir que ENATE es un esquema exponencial multidimen-
sional robusto y de alto orden para problemas de conveccién-difusion. Sin
embargo, se debe continuar trabajando para abordar situaciones realistas.
A continuacién se ordenan diferentes elementos de trabajo en curso.

5.1 Novedosas cuadraturas de alto orden

Un aspecto principal que convierte a ENATE en un esquema exponencial de
alto orden son las cuadraturas empleadas. La desventaja es que la mayoria
de ellas, principalmente los polinomios de Hermite, necesitan el calculo de
derivadas. Una investigacion futura que ENATE deberia seguir para que
sea un esquema eficiente es la deduccién de nuevas cuadraturas de alto
orden que solo usen la informacién en puntos de la malla, es decir, solo
valores de ¢. La Seccién 3.5 en la pagina 97 da detalles de uno de ellos: CIR.
Esta cuadratura puede obtener la misma precision que Hermite, pero sin
utilizar las derivadas. Esto se logra mediante un empleo de combinaciones
lineales de las integrales en cada intervalo. Por lo tanto, para calcular

v 9F, v 9F,

w S

en lugar de calcular dos o més derivadas compactas y luego CIR, podriamos
usar una serie de Taylor 2D y vincular estas integrales sobre una plantilla
bidimensional de ¢s. Se han iniciado algunas investigaciones en esta linea.

Tww

FIGURA 5.1: Integrando de ISGEy,, fe(Z) = ISog/fE para
un intervalo de referencia, en el dominio discreto.

Ademas, se podrian buscar nuevas cuadraturas para integrales como
ISGE. Las integrales que contienen el factor exponencial £ son funciones
continuas a trozos y, por lo tanto, discontinuas en los puntos de la malla,
ver Fig. 5.1. Hermite puede manejar este tipo de integrales porque solo usa
la informacién de los nodos de un intervalo, pero CIR toma informacién
adyacente. Un requisito para la cuadratura CIR es que el integrando sea
continuo. Se obtuvo un CIR discontinuo que tiene en cuenta el salto que
produce el integrando en cada punto de la malla, p.ej.

1 [ re 1 [oF 3Ax [~ ~

o N I A e LR Tk
10 Jaw o 10 /4 5

donde fEW = (fé“;vl+2fé“w)/3 y .]?EC = (2f§c—|—f§g1)/3. La cuadratura ante-
rior se construye expandiendo en serie de Taylor las diferentes funciones en
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un intervalo k [z, z¢], vinculando las funciones en los nodos por los saltos
y expandiendo también estos saltos en la serie Taylor. Sin embargo, el re-
sultado fue malo. Una razén para este resultado es que se asumi6 que las
derivadas podian ser obtenidas mediante la expansién de Taylor de fF™™ y
no es el caso, es decir, cada derivada de f§+m también debe expandirse en

serie de Taylor. Todavia se necesita mas investigacion en este asunto.

5.2 Problemas de reaccion

En los tdltimos ejemplos del Capitulo 4 se encontré que REMEDIES perdi6
precisién para problemas de reaccién donde la fuente depende de la solu-
cién. Podria haber diferentes causas, ya sea el tratamiento de A¢s y AG* a
través de AS3" y AS3?, o la resolucion de las ecuaciones de transporte en
cada eje. En ambos casos las ecuaciones se basan en un esquema exponen-
cial que no tiene en cuenta que la fuente depende linealmente de la variable
de transporte. Una forma de mejorarlo serfa buscar la solucién exacta a la
PDE

d d
e <pu¢ — Fdi) =5+ 540,

que representa mejor la naturaleza del problema y donde ni S ni Sy de-
penden de ¢. Este tipo de ecuaciones se pueden encontrar en la teoria de
la combustién, por ejemplo. Incluso con S, constante, su resolucién no es
sencilla. Bajo la misma metodologia que en el Capitulo 2, la ecuacién adi-
mensional seria

d Aug_idj _ (S+Sstn) Az SyAz ¢y dpu
i \"" " mdz (Do (pu), . Ap di

La solucién completa podria escribirse como 6(%) = F(Z) + R(@) + &N(E),
suponiendo que F'(1) = 0. La solucién EN(?IE) y F(Z) son la solucién ho-
mogénea y particular con S + Sy ¢y, respectivamente, y sus féormulas estdn
escritas en la pagina 21 y 26. R(Z) con R(0) = R(1) = 0 es la solucién de
una ecuacién de transporte con la fuente reactiva, S¢Ax</z>\/ (pu),- La inte-
gracion de esta ecuacion de 0 a z produce

%—l—l\/lr:s, r(0) =0,
donde
T T 0 —S¢
ri= </ SeR diE’,R) , M:=| Az? )
0 = _p
T
ACIJ2 T T
. . TN 1
g 1= (0, | S¢[F+¢]dx> .

El resultado es un sistema ODE de primer orden cuya solucién es bien
conocida. Después de una considerable manipulacién algebraica, es prob-
able que podamos lograr un esquema exponencial con una plantilla de tres
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puntos donde los coeficientes son modificados por algunas integrales de
S que desaparecen en el caso limite de S4 — 0, recuperando el esquema
exponencial original. La misma estrategia se desarrollo en [211] pero para
coeficientes constantes. Adema4s, serd necesario verificar si las cuadraturas
descritas en esta tesis todavia pueden ser utilizadas para estas nuevas inte-
grales y atn asi dar resultados de alta precision.

5.3 Geometria compleja

La malla cartesiana siempre ofrece los mejores resultados, pero es inefi-
ciente para geometrias complejas o caracteristicas de flujo donde se requiere
algtin agrupamiento de nodos. ENATE puede ser usado con mallas no uni-
formes donde el agrupamiento se realiza en todo el dominio, aunque puede
haber algtin interés en realizar solo un refinamiento local en un drea deter-
minada. Se puede encontrar una malla similar a la de la Figura 5.2. En tal
caso, necesitamos transformar la ecuacion de transporte cartesiana en una
ecuacion de transporte (£, 7). Bajo esta transformacion, el Jacobiano,

oxdy Oxdy

0o  On o’

es claramente discontinuo, lo que hace que la ecuacién resultante sea dificil
de manejar numéricamente. De hecho, tenemos cuatro valores de J en
el mismo punto, dependiendo del intervalo. Una forma de eliminar este
problema es el uso de la ecuacién de transporte localmente en lugar de
globalmente. La idea seria descomponer y forzar la continuidad del flujo
alrededor de un punto central, y aplicar REMEDIES ya que no tiene en
cuenta la derivada de flujo normal en la fuente como FaP. Aun asi, no esté
claro cémo evaluar integrales y derivadas, ya que son discontinuas a lo
largo de las lineas iso-§ y -n.

X

FIGURA 5.2: Malla aleatoria Circulo negro, puntos inter-

nos; Cuadrado negro, puntos del contorno. Lineas rojas,

molécula computacional. Lineas azules, bases de coorde-
nadas.

Para geometrias complejas con obstaculos pueden seguirse dos metodologias.
Una forma es el uso de mallas no estructuradas, ya que ofrece la mejor
adaptabilidad pero sufre los mismos problemas que las mallas aleatorias.
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Por otro lado, se puede utilizar un método de inmersién de malla. Este
método requiere localizar un punto lagrangiano de un cuerpo interno, lo
que supone un desafio para la programacion. Hay dos problemas: 1) no
estd claro cémo proceder con REMEDIES para calcular 8 en los nodos del
cuerpo interno, 2) cémo vincular un nodo de contorno interno con un nodo
de malla cuando el cuerpo interno o el contorno complejo no contiene un
nodo de malla. Se estan haciendo algunos progresos en este momento.

5.4 Simulaciones con Navier-Stokes

Una aplicacién que no podemos pasar por alto es la discretizacién de las
ecuaciones de Navier-Stokes (NS). Segtn los ejemplos numéricos anteri-
ores, REMEDIES podria funcionar correctamente con este conjunto de ecua-
ciones no lineales con un tiempo de cédlculo razonable. Los términos con-
vectivos en la ecuaciéon de momento se calcularfan explicitamente de forma
similar a la de la pagina 54.

Un aspecto importante de NS es el acoplamiento Velocidad-Presion. Se
dedujo una técnica SIMPLE para ENATE para calcular una ecuacién de cor-
reccioén de presion, asi como las correcciones de velocidad. Sin embargo,
esta idea de acoplamiento fue rechazada porque algunas integrales de la
fuente tuvieron que ser eliminadas para obtener ecuaciones discretas ade-
cuadas lo que perjudicaria a la precision. Otra técnica de acoplamiento bien
conocida es la ecuacién de Poisson de presion obtenida directamente de las
ecuaciones NS,

Pp % ou\? Ou Ov ov\?
oo =0 () 2yt () | =5

tomando la divergencia de la ecuacién de cantidad de movimiento. En la
pagina 109 se calcul6 una ecuacién de Poisson, por lo que se esperarian
resultados similares. Como se sefiala en este capitulo, el esquema ENATE
debe progresar a nuevas cuadraturas que no necesiten la derivada del inte-
grando. Para la ecuacién de Poisson, ENATE necesita calcular la integral

o [T
/ / fda'dx,
TWwW TW

en el que f puede ser S}, o el campo de distribucién 3, para REMEDIES.
Una cuadratura que podria satisfacer nuestras demandas, y similar a CIR,
podria ser

1 T T , xTC T , 1 TE x , A.T2
M fda'de + fdxdx+ﬁ fdxdx%T[waJrfc]
TWW rw TW el Trc

TWwW

la cual es de orden 5. Se verific6 que esta cuadratura funciona bien para una
funcién suave, por ejemplo, f(x) = sinz. Suimplementacién en la ecuacién
de Poisson esta en progreso. Finalmente, el esquema ENATE aplicado a las
ecuaciones NS estd asociado a una disposicién colocalizada de las variables
en la malla, pero también se estd considerando una disposicion escalonada,
ver [103], debido al fuerte acoplamiento velocidad-presion.
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Appendix A

Deduction of the total flux
formula within a reference
interval

A.1 Introduction

This appendix shows how to derive the expression for 7 when the values
of ¢ at points are known. Let us start with equation (2.26) that says

d 1dF 1d¢
T = puds (Pd+< - F) 5 )

where d&N /dz is described by equation (2.27a) and dF'/dz by (2.27b). If
they are substituted into the diffusive flux, considering equation (2.20),

do 1 1 1 o
Fd— —puA¢<¢( )+p ,ou( ) IGEy +A¢[1

1 ILEn] 1 [~  ISGEw
pu(Z) IGEy | pu() | "%  IGEy |-

Taking the first equation in (2.2a), some terms cancel out,

(Z) p’U,A:B IGEOl B M p/\u(f) IGEQI

If puA¢ multiplies the whole bracket, the hats of fgog and IS/ZJ/EM disap-
pear by (2.24a) — (2.24b), then

d¢ Iy A¢

-~ — i)
dx pud + Ax IGEy

qub—pu ¢<¢ 'y 1 ¢w 1 ILEp
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Since F = pu¢ — I'd¢/dz, the total flux reads

Ly ¢rb — o ¢>lb
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or grouping ¢ terms,

~ - ILEy - ISGEy
_ - N N
F(Z) = (pu)w <k + IGE01> & — (pw)iwk drp + IS0z TG Eor (A1)

In a reference interval, the left boundary (/b) is z = 0 and the right boundary
(rb)isT = 1.
A.2 Decomposition of F(7)
The flux (A.1) can be interpreted as a sum of two fluxes,
F(@) =F°+ F5@).
A constant homogeneous flux,

ILEn
IGEq

F? = (pu)w (75 + ) b1 — (pu)wk dro

ILEy, [[~IGEo ~IGEy,
- A 1) by — Fm0t
(p u)lbIGEm < TLE, T1) o= F g, o
ILEy [ 1 1
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(p u)lbIGEm _(POILEm + >¢“’ PoILEo ¢’“”}
. ILE()l [ exp(?) 1 :|

(pu)ip I LEg [ -pP oy — P s }
P IGEp |exp(—P)—1 lb exp(P) — 1 |

related to the ¢ values at the edges of the interval, and a nonhomogeneous
flux

which depends on the source.
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Appendix B

Hermite’s interpolation for
exponential integrals

B.1 Coefficients a; for the interpolator

The approximation of the integral

exp P 1
/ LG 3 (B.1)

with f¢(Z) = g(Z)/F(Z) is determined by the a; values in

UL
= — Yo = i B.2
ZZ;@PZ ’ Zz(;(aZP]z] ) 2

These a; are the coefficients of the Hermite polynomial that interpolates
g(Z). The function ¢(Z) is arbitrary, page 49. For a quick implementation in
a subroutine, the set of variables defined as

o0 =9(0),
001 =g(1),
d _
elo_d—i — 00 (P(0) - P),
dg _
=2 — 9y (P(1)-P
011 &, 01 (P(1) ),

d?g dg — dp
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021 dﬁl—<ﬁl+911>(P(1)—P)—901cﬁl,

d3g d?g dpP 1 —
=9 o =] g —| += PO)—P
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dfﬁ()(sdx 0) )> 900015520’
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are grouped in the vector 0 of the linear system Ha = 6, being H the dense
matrix of the interpolation. An example is written on page 51. Inverting the
matrix gives the vector a = (ag, a1, ..., a,)’ which is gathered in the next
subsections.

B.1.1 Cubic Hermite Spline

ag 1 0 0 0 900
ay | 0 0 1 0 901
a9 o -3 3 -2 -1 910 (B3)
as 2 —2 1 1 911
B.1.2 Quintic Hermite Spline
ao 1 0 0 0 0 0\ /o
ax 0 0 1 0 0 0 Bo1
az | 0 0 0 0 1/2 0 010
as | ~ | =10 10 —6 —4 =32 2| |6 | (B-4)
as 15 —15 8 7 32 —1] |6
as —6 6 -3 -3 —1/2 1/2 021
B.1.3 Septic Hermite Spline
ao 1 0 0 0 0 0 0 0 )
al 0 0 1 0 0 0 0 0 001
as 0 0 0 0 1/2 0 0 610
ag | 0 0 0 0 0 0 /6 0 011 (B.5)
ag | | -35 35 —20 —-15 -5 5/2 —2/3 —1/6| | Oy |
as 84 -84 45 39 10 -7 1 1/3 021
ag —70 70 —36 —34 —15/2 13/2 —2/3 —1/3 030
ar 20 —-20 10 10 2 -2 s 1) \bOy

B.2 Alternative final formulation

Formula (B.1) with (B.2) could be tough to handle, but it can be simplified
further. Let us substitute the sums Y1 and o,

/fE exppzaii—;—,z @ 717' ,
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Taking out the coefficient ap and inverts the term that multiplies the a;,

1 agp Ui a;
x)dx =~ —+ —
| 5@ 5 Zl 5

expP — 1 il B i ﬁi—j
— | exp P — 1
P = =)

Similarly, taking out the first term of the second sum,

T R R
r)dr ~ — — ,
o " P — P
expP — 1 il B i pd
— | exp P — — ]~ 1
' = =)
and inverting the rest in the same way,

[T

z)dT ~ — —

0o P i=1 r

expP — 1 1 1
P
(i —1)! P
exp P — -
il ]Z; (i —5)!

If one takes again the steps up to get rid of the second sum, a recurrence

relation is obtained as follows:

! ao i a;
| @ Y P
expP — 1 1 1
P
1—1
— -1
P
3
— -1
P
2
— -1
P
1
— -1
P
expP — 1
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So, the final expression can be shorted to

m

1 .
;o3

=0

where the first function, By(z), is the Bernoulli function and the B;(z) are
built from it:

z

—C Ifi=0,
expz — 1
Bi(z) =
i(2) - , Otherwise,
1
-1
Bi_l(z)
Several limit cases are
1414, If 2=0,
Bi(z) ~ <0, If z— +oo,
|z, If 2 — —o0.
The ratio of two different B-functions is
14
It VI
1+
B;(2) 0, If 2z— 400 and j < i,
el R
Bi(2) Z,—'z]_l, If 2— 400 and j > 1,
J]:
1, If z— —cc.

B.2.1 Special case in ISGEy /IGEy

Assume a case where P and I' are piecewise constant. In that case IGEy; =
(exp P — 1)/P = 1/By(P) and, therefore, the next ratio of integrals can be
approximated as

The coefficients a; depend on both the order of the Hermite spline em-
ployed and the g-function, that in that case is g(Z) = 1.5pz.

Cubic Hermite

System (B.3) yields the set:

ag = 0,

a1 = Az S(0),

a9 = 3[5()1 — QAJZS(O) — A%S(l),
az = —21Sp1 + Az S(0) + Az S(1).



B.2. Alternative final formulation 163

Then, the complete source (2.32) is

Substituting the particular values of the a; coefficients and collecting terms
containing Sc = S(0)|p = S(1)|y ¢ provides

Bo(P) ,Bo(P) | Bo(P)
Bi(P) By(P)  Bs(P)

Bo(P)  Bo(P)
:|CE anwese [32(13) - B3(P):|WC.

AxcpSc [

Likewise with Sy,

and Sg,

By(P) BO(P)]
By(P) Bs(P) CE'

The terms related to the integrals of the source over the intervals associated
to x¢ are

[I—BBO(P) ISot|ywe s

Bsy(P) B3(P)}WC

and

By(P) By(P)
[BBz(P) - 233<P>]CE ISorlen

Thus, the complete contribution with cubic Hermite splines is

be = — nlwe Sw + (Mlee + 2lwe) Sc — ler SE
+ Glwe LSolwe + Glog ISolog

where the new coefficients in the pop-up stencil of S and 1.5y; are defined

as
_ Bo(P)  Bo(P) | Bo(P) — Ay |BoP) _ Bo(P)
NEAT B PByp) 33<p>]  !=4 L%(P) B«P)] ’
_ UBoP)  _BoP) .
(1 '_1_SBZ(P)+QBZ(P)’ (2 =1—(1,

and the source integrals over [z, z¢c] and [z¢, 2] can again be approxi-
mated with cubic Hermite splines or compact integration rules CIR. In the
limit cases these coefficients give

ATy p_y
m=2 =g 12
0, If |P| — o0,
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and
1 1
-, If P= -, If P=
27 b 27 )
G = 1, If P— +oo, G2 = 0, If P— +oo,
0, If P— —o0, 1, If P— -

Quintic Hermite

Following the procedure indicated in the previous subsection but now for
quintic splines, the general source term is obtained as

By(P) By(P) By(P) By(P) By(P) ]
be = ISotlye + + + + +
o= Bolwe ™ |5 p) T By T B(P)™ T BuP) ™t Be(P) ) 0
By(P) By(P) By(P) By(P) By(P) ]
+ + + + :
{BI<P> BT B(P) T B T B(P) e
with the a;:
1 ds
ap=0, a =AzxS(0), az= §Ax “ J
a3:101501—6AxS(0)—4Aa;S()—§Aa:d—s +1Axd—§ ,
dz |, dz |,
3 dS ds
ay = —151Sp; + 8 Ax S(0) + 7 Az S(1) + A:n a — Az &,
1 ds 1 ds

a5—61501—3Aa:S(0)—3AxS( )—*A CL’E *Al'ﬁl.

Collecting terms containing S¢,
Bo(P) _Bo(P)  Bo(P) BO(P)]
AzcpS(x — +8 -3
crS(ec) [&(P) By(P) " UBa(P) P Bs(P)] o
olP) . Bo(P)  ,Bo(P)

B
+Al'wcs(xc) |:4B

and those of Sy,

B
—AxcESE |:4 0

and Sg,

By(P)
—AzrweSw [Bl (P) Bs(P) By(P) Bs(P)

As quintic splines are employed there are additional terms related to the
source derivative at the nodes. Those having d.S/dz at C' are

A2 45| [1Bo(P) 3Bo(P)  3Bo(P) 1By(P)

be 52|, (157 2 BP) + 2P~ P e
ds 1 Bo(P) . Bo(P) o(P)

+A$ch [ 532( )Jr z(P) 235(P)]
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Recall that d"/dz" = Az"d"/dz". Those that multiply the source deriva-
tive at the adjacent nodes are

d75’
dz

2
—A.TCE

)

CE

[_1BU(P) n By(P) 1By(P)
rl 2Bs(P)  Ba(P) 2Bs5(P)

and

A2 dS‘ [1BO(P)_SBO(P) 3Bo(P) 1By(P)
Twc W

da |y, |2 Ba(P) 2 Bs(P) + 2By(P) 235(P)]WC’
The terms containing the integrals are

By(P) Bo(P) _Bo(P)
B3(P) * 1534(P) N 635(P)]WC

[1 - 10 ISotlye s

and

By(P) Bo(P) | . Bo(P)
[1OBS<P> “PEm " GB5<P>LE HSotlos-

The complete source term with quintic Hermite is

be == nlwe Sw + (nlep + 2lwe) Sc — 12ler Se
ds ds ds
- d1lwe dz . + (61lop + d2lwe) dx'c — 02lop dz .
+ Glwe LSnlwe + Glog LSolog
where the coefficients are
Bo(P) .Bo(P) ,  Bo(P) BO(P)]
= Az - + 8 -3 )
o {Bm Bs(P) " " By(P)  "Bs(P)
Bo(P) . Bo(P)  ,Bo(P)
= Az |4 -7 +3 ,
” [ By(P)  'Bu(P) " "Bs(P)
2 [1Bo(P) 3Bo(P)  3Bo(P) 1By(P)
01 = Ax” | = - = = - = ,
2By(P) 2B3(P) 2B4(P) 2Bs5(P)
a2 | 1Bo(P)  Bo(P) 1Bo(P)
(52 = A.’L‘ — = - = 5
2B3(P) B4(P) 2Bs(P)
_ By(P) Bo(P) . Bo(P) .
(i=1- 1033(13) +15B4(P) _635(P)’ Co=1-(,
and their limits
AT p_y
Vi=7=1¢1
0, If |P|— oo,
and
Ax? Ax?
01 = 120’ If P=0, 0o = _1207 If P=0,
0, If |P| — oo, 0, If |P| — o0

The limits of ¢; and (s are the same as in cubic Hermite.
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Septic Hermite

If septic splines are used, the source contribution is

_ Bo(P) By(P) By(P)
bo = ISOl|wc+ |:B1(P)a1 + BZ(P)G2+ Bg(P)aS
Bo(P) By(P) By(P) Bo(P) ]
a4 + as + ag + a
By(P)" " Bs(P) " " Bs(P) " " Br(P) |
Bo(P) By(P) By(P)
) [Bﬂp)al TB(P)? T By(P)”
By(P) By(P) By(P) Bo(P) ]
+ + + :
By(P)" " Bs(P)" T Bs(P)" T Bi(P) | e
being the a;:
1. ds 1 dzs
= =A = _Ar — = A 22~
ap =0, a1 xS(0), as 5 mdﬁ:\o’ as G x d@\?o’
ds 5 ds
=351 —20A —15A 1) — 5Azr — —Axr —
ay =3515p1 — 20 Ax S(0) — 15 Az S(1) 5$d3?0 2$d§1
2 4’| 1, d’S
3N | M @
d d
(15:—841301+45Aa:5(0)+39A37S(1)—|—10A$—f —7Ax—S
dz |, dx
d2s 1. d%s
Az A
AT, T A
15 ds 13 ds
Qg —70[5’01—36A1‘S(0)—34A5L‘S( )_7A dZL' A d.CI}
2 d%S 1, d%s
3N | M aE |
d d
a7 =—201S0p; + 10 Az S(0) + 10 Az S(1 )—|—2Aa:—5 — 2Ax 5
dx dz 1
6" da?|, 67" da?|,’
Collecting terms containing Sc,
By(P) By(P) By(P) By(P) BO(P)}
AzxcgS — 20 + 45 — 36 + 10
oo {Bm Bi(P) " UBs(P)  TBe(P)  Bi(P)cp
(P) o(P) (P) Bo(P)

B
+AzweSeo {15 0
By

Those pertaining to Sg are

Bo(P) 4
By(P) Bs(P) Bgs(P) Bq(P)

—A$CESE [15

and those to Sy,

By(P)
Atwesy {Bluaf Bi(P) " Bs(P) " Bs(P) 37(13)}%'
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Likewise for dS/dx at z¢,

, dS| [1Bo(P) _Bo(P) . Bo(P) 15By(P) . Bo(P)
ATOB gy [zBQ(P) "BuP) T By(P) 2 Bo(P) +2B7<P>]CE
dS 5Bo(P) _Bo(P) 13Bo(P) . Bo(P)

FATIve g, { 354(P) " "Bs(P) 2 Bo(P) +2B7<P>]Wo’

atxpg,
ds 5Bo(P) _Bo(P) 13Bo(P) . Bo(P)

~Ator g, { 2B.P) " B(P) 2 Bu(P) “B(;(P)]CE’

and at xy,
dS| [1Bo(P) _Bo(P) Bo(P) 15By(P)  ,Bo(P)

~Aive dx‘w LBQ(P) "B T B(P) T 2 Bo(P) +QB7<P>}WC

Septic requires another order up of the derivative, so picking up terms with
d*S/dz? at z¢,

A d®S| [1By(P) 2By(P) By(P) 2By(P) 1By(P)
08 g2 [633(13)334(13) Bs(P) 3 Bg(P) GB(P)LE
dZS 1 Byo(P) 1Bo(P) By(P) 1By(P)

HATive g [634<P)_2B5<P)+ Bs(P) 6By (P J
atxg,
A d?S| [1Bo(P) 1By(P) 1By(P) 1By(P)
08 g2 [634(P) T 2By(P)  2By(P) 6B7(P)LE’
and at zy,
nps &S| [LBu(P) _2By(P)  Bo(P) 2Bo(P)  1By(P)
~Arive g [GBg(P) T3By(P) | Bs(P)  3Be(P)  6B:(P))ye

The terms containing the integrals are

By(P) }
By(P) Bs(P) Bg(P) B7(P) |y e

[1—35

and

By(P) By(P)
[3534(P) - 8435(P) Bg(P) B7(P)]CE ISoilep -

Finally, the complete source contribution is

be = — 71‘Wc Sw + (’Yl|CE + ’Y2|Wc) - 72|CE SE
ds ds ds
= 0lwe o dr ' + (61lop + d2lwe) dx‘ — 02lop di
d2s dzs d2S
61|Wc dz2? W (61|CE+ €2|Wc) ) o 2|CE dz? .

+ Clwe ISoilwe + CGlog ISolog
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together with
_ Bo(P)  Bo(P) Bo(P) . Bo(P) O(P)}
= 80 | 55 DB e S ae) OB |
_ Bo(P)  ,,Bo(P) Bo(P) BO(P)]
= 80 (1320 -9 F R 05
a2 [1Bo(P) Bo(P) By(P) 15 By(P) BO(P)]
TR B B T B T 2 BelP) T B(P))
_a2| B3Bo(P) | ,Bo(P) 13Bo(P)  Bo(P)
= | R To e 2 o) o)
e A [1Bo(P) 2Bo(P) | Bo(P) 2DBy(P) +1BO(P)]
b 6 Bs(P) 3By(P) Bs(P) 3Bs(P) 6B:(P)]’
0 — Ay [1By(P) 1Byo(P)  1By(P) 1BO(P)}
2 6 B4(P) 2Bs(P) ' 2Bg(P) 6B:(P)]’
o Bo(P) By(P) . Bo(P) By(P) .
= 1 =35 o + Sl s TP e+ 00, G 1=,
In the limit cases,
3Ax o Ax?’ .
nm=y=4 28’ It P=0 €1 =€ =< 1680’ If =0,
0, If |P| — oo, 0, If |P|— oo,
and
R - T R A )
1 — 2 —
0, If |P| — oo, 0, If |P| — oc.

Likewise, limits for ¢; and (5 are as in Cubic.
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Appendix C

Simplifying integrals

C.1 Introduction

In ENATE, only I L Ey; has a simpler version

1 — 5
P—1
ILEy = / PU g5 = &P |
o I'E F

while others keep their original formulation such as

/ Sdz’
0

1 dA
IGEy, = / o
o I'E

1
ISGEy = / Az

dz,
o I'E

or

However, some simplifications of the above integrals could be made via
integration by parts.

C.2 Integration-by-parts generalization

Let us consider two functions, f = f(z) and g = g(z). Integration by parts

states that
/fdg=fg—/gdf,

or replacing df = (df/dx)dz and dg = (dg/dz)dz,

/fiq:dx = fg— /gjida:.

With the help of another function 2 = h(x) such that h = dg/dx, and con-
sequently g = [ hdz, then the integral of the product of two functions is

given by
/fhdx:f/hdx—/j‘i[/hdx} dz.

The previous formula could be seen as a generalization of integration by
parts. We are interested in calculating the definite integral in the interval
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[a, b], at the lower limit a,

/afhdx:f(a)/ahdx—/aji [/zhdx’} dz,

where 2z’ is a dummy variable, the integral in the interval [a, b] reads

/abfhdx:f(b)/bhdx— /hdx—/ de hd:n]

Bear in mind that

[ [ haw]ao= ["] [ naw)a-150) - sia [“na

so the inner product of f(x)h(x) within [a, b] can be calculated as

[t g0 [ e [ ][ na

If f(x) is an nth degree polynomial, then by repeating integration by parts

to the second term,
/ / d .Z' k-‘rl

b B k dk
/a fhdx = k aak
C.3 Simple version of /G Ey;

The simplification for the integral G Ey; is accomplished with f = 1/F and

hzl/f,i.e.,
1GEy — / / / ]dx

—IG01+/ =1Gy;dz
0

Pz
:1+/ Lz (T' = const.) .
o F

If ILEy, is integrated by parts with f = puand h =1/ T'E then

Ldpu

ILEOl = @(1)IGE01 — IGEOICIZU

0 dl’

is an integral equation for /G Ey;. In terms of the ratio ILEy; /IGEy;,

ILEy _ - /1 dpu - IGEy; N
IGE()l 0 dz IGEOI .
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Due to the conservation of mass in 1D, dpu/dxz = 0, IGEy = ILEp;. As-
sume without loss of generality that dpu/dz # 0 and

exp P — exp / Pdz’

IGEy; = a + 5,

Py

where o and 3 are constant to be determined. By substituting it in the inte-
gral equation and cancelling out the terms,

1 pu(l) —lexp P 1 Ldpu 1

17
o= — and = — - == —=dx
s ST R Rpa) o 47 B

By integrating by parts again,
= B 12
1GEy, = Lol 71 1 / P 4.
pu(l) By pu(l) Jo TE

The previous integral could be approximated by Hermite. Recall that G Ey;
must be positive, so the integral should meet

1/\2 -
pU - expP —1
—dz < (1+pu(l)) —/——.

/0 TE (1+pu(L)) Py

C.4 Simple version of /SGEy,

Taking f = Az / S§dz’ and h = 1/(T'E), then
0

ISGEy = AJ:/ de/—Aaz/S / di
o I'E

= IS(HIGE(H — Al’/ SIGEQE d?L'\,
0

dz

or in terms of the ratio ISGEy; /IGEy;,

I1SGEy IGEw] ..
= Az 1- dz.
IGEo; / [ IGEOJ

If S and P are constants, then

ISGEy expP—-P—1
= xT B ——
IGEn PlexpP —1)’

which is the expected value. If the term into the brackets is defined as
w(Z) :==1— IGEy;/IGEp;, then w(Z) has the next properties:

1. w(0) =1and w(1l) =0,

. w(#) < 1since 1/(TE) > 0,

2. w(x) <
3. w(x) ~0as P — 4+ooand w(z) ~ 1las P — —ox,
4. w(x)

~1/(IGEy TE) < 0.
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A dot over w(7) stands for dw/dz. w(Z) has no local maximum since
w(T) # 0,00 < w(Z) < 1. Since the discrete source b¢ is the balance
of ISGEy1/IGEy; within [z¢, zg] and [zw, zc] plus ISp; within [z, z¢],

then
! IGEy:
+ Am/ S [1 — z} dz
we 0 IGEy

)

Ax/ sIGEOwd
CE

IGEqy

or in a compact way: b¢ is defined by the integral from zy to xg of the
source times the Green'’s function G(Z) of the convection-diffusion problem,
ie.,

G(&) = 1 —w(x) within [z, z¢]
YT Vw@)  within [zo, z5]

whose properties are:

1. G)|ywe = GO)|op,

2. 0 < G(x) < 1 within [zw, zg],
3. G(z) ~ 1 within [zw, z¢| and G(Z) ~ 0 within [z¢,2g] as P — +o0,
4. G(7) ~ 0 within [zw, z¢] and G(Z) ~ 1 within [z¢, zg] as P — —o0,
. I‘O/F1 expﬁ
5. G|~ GO)| = 0.
( )WC ( )‘C’E IGEn wc IGEyn CE >

In the special case that Péclet number is constant, the jump in the derivative
writes

. . 2 If P=0,
G(l)] - G(O)] - .
wc CE |P| If P— $o0.

|
%W To TR

FIGURE C.1: The Green’s function over two adjacent inter-
vals for a constant Péclet regime. Black line, P = 0. Blue
lines, P € {3,10,100}. Red lines, P € {—3,—10, —100}.
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Appendix D

Compact Integration Rules

D.1 Derivation of the rule

f€)

& =00—e—e—o —o—o ‘g_égn:L

&1 &2 &3 §i—1&i&iv1 En—1

FIGURE D.1: Domain of f(§) splits in n intervals of equal
length (A& = L/n).

In this appendix, we show the derivation of a derivative-free quadra-
ture, unlike Hermite splines, to calculate the integral in an interval of a real
function f(&), smooth and continuous over the domain [0, L]. The func-
tion can be given analytically or as a data set at evenly distributed nodes.
This quadrature fits well for 1.5p; and P in the ENATE scheme. For a clear
derivation, we shall use a standard notation instead of the FV notation: &;
for £- and so on.

Looking the Figure D.1, the integral in each interval, gray area, is put
in terms of a linear combination of adjacent integrals in the left-hand side
(LHS), and f(&4+x), k € Z, in the right-hand side (RHS). The number of
k’s will depend on the order of accuracy sought. The quadrature is named
“Compact Integration Rules”, CIR, and is analogous to the compact differ-
entiation [108].

The generic linear combination of definite integrals centered at (&;—1,&;)
for internal points is given by

m2 itk 92
S [ rdE=a6 Y af(n) (D)
k=—m, Eitk—1 k=—q1

where m; 2 € Ny and ¢1 2 € Ny are the lower/upper bounds of the stencil
for the definite integrals and the function values, respectively. If we define
the vector of integrals at every interval as

a2 & n g
f:Ag</£0 7 de. / fds,'--,/&”m) ,
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and the integrand at nodes,

f:(f07 f17 '”7fn)T7

the CIR method ends up by solving the linear system
Mf = Qf + T, (D.2)

where M is an n-by-n band-matrix that stores the parameters oy, and Q is
an n-by-(n + 1) band-matrix of a;’s. Note that if m; = mo = 0, M is a di-
agonal matrix and the quadrature is explicit. The development of CIR will
be described in detail for some special cases of equation (D.1). In particular,
symmetry in the LHS will be assumed with oy = 1. The detailed analysis
will be restricted to a matrix of five diagonals in the LHS, m; = my = 2,
and six diagonals in the RHS, ¢; = 3 and ¢» = 2, thatis

Ei—2 i1 & §it1 Eit2
o[ racva [ racr [7oracea [ Traces [ ra
&i—3 Ei—2 &i—1 & Eit1
= Alaf(&i-3) +bf (§im2) + cf(&i-1) + df (&) + ef (&iv1) + gf (Sit2)] + 7
(D.3)

The last term is the error made in the linear combination, it is not the error
in the evaluation of the integral | ¢, /d&. Throughout the appendix we
will characterize each scheme by its local truncation error, 7;, defined as the
leading order of the error in the linear combination. The integrals of every
interval have the same order of truncation error as the linear combination.
As shown later, the global truncation error of the integral over the whole
domain is one order of accuracy less. In the wavenumber analysis and the
results section as we are mainly interested in the errors in the integral of the
whole domain, the rules will be named according to the global truncation
error.

The system of equations has a coefficient matrix that could be tri- or
penta- diagonal depending on whether § is zero or not. On the other hand
{a,b,c,d, e, g} are linked with {«, 3} when matching the Taylor series coef-
ficients until the desired order of accuracy. The truncation error is related
to the first term of the Taylor series that cannot be made zero by the chosen
coefficients.

The notation used for the integral and the integrand is

itk
/5 FAE=Fi f(Eir) = firns kEL.

In a uniform mesh the Taylor expansion centered at &; of the above variables
is given by

E2AE?
Jivk = fi+ kAxfi(l) + 2!g fi(2) +-, (D.4a)
k2AE? k3AE3
Fiip =Fi+kAxf; + 216 1+ 3!5 S+ (D.4b)

where fi(l) is a l-order (> 1) derivative. Equation (D.4b) is related to a defi-
nite integral within [§;, &4x] if £ > 0 or [§;14,&] if k¥ < 0. In equation (D.3),
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the integration limits go from §i+k_1 to &;4+«. So, in that case, the integrals of
the vector f are computed as f,,;, = (Fj+x — Fiyx—1)/AE in order to cancel
out Fj.

D.1.1 Local third-order family

Let us begin with a simple low order rule where we match the f; and the
fi(l) terms as shown below.

2 _ 92 2 92 2
b (Agfl - (2 2! ) = fi(1)> +a (Affz + 4(1 : )A§ fi(1)>

2 2 2 9
+ (Agfz - % Z-(l)> + « <AffZ + A2!fi(1)> + 8 (Aéfl + (221!)A§fi(1)>

~ A fa(fi=3aef M)+ o (fi 2088 ) + e (fi - ags?)
+dfi+e (fi+ AefV) + g (fi+2065)]

Taking the first two terms of each expansion, a set of two equations is ob-
tained by equating the factors that multiply f; and fl-(l) to zero:

a+b+tc+d+e+g=1+2a+25,

1+2(2' -1 1—93 2
3la+24c—e—21g=1! + ( )a;—( +3)5'

As there are eight coefficients and only two equations to be satisfied there
are six arbitrary values. As an example, one cantakea = b =¢e¢ =g =0
then ¢ = d = (1 + 2a + 23)/2 where « and § are still arbitrary. The local
truncation error is

(2)
3! i

o (1—10a—465> AE3
o 2

The local order of accuracy is the power of the interval size contained in the
local truncation error. In this rule the local truncation error is proportional
to A& so the order of accuracy is 3.

There is a number of values of {«, 5} that make this term zero, those
that satisfy 10a + 463 = 1. In those cases the order of accuracy increases
two orders of magnitude,

(38a — 5028 — 11) AEP
T = —

(4)
6 5! L

The same increase happens for rules of any odd order of the local truncation
error for a certain combination of « and . Incidentally, if « = 8 = 0 the
integral is explicit and the Trapezoidal rule over each interval [¢;_1,&;] is
recovered, i.e.,
& A
fdg~ 7‘5 (fie1+ fi)-
§i-1
Following this procedure we can obtain the integral in all intervals into
which the whole domain has been split. The integral from 0 to L can be
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calculated by the integration additive property. For instance, by taking the
trapezoidal rule for each interval and summing up for the whole domain
the composite Trapezoidal rule is obtained,

2
/ fd€—<fo+2Zfz+fn> SRk

where £* is some point within [0, L]. The last term of the expression has
been rearranged as an average of values of the second derivative, fi@)

each interval [¢;_1,&;),

, at

i
Zn: _Aiggf@) AEAEn i ' A&QL

12 T 12 n ff*'

=1

The order of accuracy for the integral over the whole domain is 2.

D.1.2 Local fifth-, seventh- and ninth-order family

Similarly, the set of equations to be satisfied for several orders of accuracy
of the local truncation error is presented in this subsection. The coefficients
have to satisfy up to equation (D.6) for 5™-order, up to equation (D.7) for

7h-order, and up to equation (D.8) for 9"-order.

a+b+ct+d+e+g=1+2a+ 285, (D.5)
31a+21b+c—e—2lg:1!1+2(21_1)0‘2'1!'(1_23""32)57
32a+22b+c+6+22922!1+23a+3,(33_1)67
33a+23b+c—6—23g:3!1+2(23_‘1)a;—(1_25+34)5, (D.6)
34a+24b+c+6+24g24!1+25a+5'(35_1)6,
35a—|—25b+c—e—25925!1+2(25_‘1)06(;_(1_27+36)6, (D.7)
36a+26b+c—|—e+26g=6!l+27a+7,(37_1)5,
37a+27b+c—e—27g:7!1+2(27_'1)a;_(1_29+38)5. (D.8)

A family rule which has a fifth-order local 7; can be given by the following
set of coefficients:

10a + 468 — 1
24

ldo — 228 + 13
24 '

a=g=0, b=e= , c=d=
It should be mentioned that the same values of « and 3 that made the third-
order local truncation error vanish, also cause the pair {b, e} to become zero
in the fifth-order family. As seen before, this particular pair of values of
{a, B} leads the rule to fifth-order accuracy. In the same way, when taking
B = 0and a = 1/10, a fifth-order rule with a two-point stencil in the RHS is
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obtained,
1 &1 &i 1 §it1 3A
o [ rder [7opace g [ raen 2 fnfl 09)
&2 &1 &

When a = 11/38 the fifth-order local truncation error goes to zero and a
seventh-order accuracy is attained with a four-point stencil in the RHS by

11 [&i+t

11 [Si-1 d & d d
% §i—2 fde fi—lf 5+38/§1 fde

~ ?85 Bfi—2 + 27fi1 + 27f; + 3 fit1] . (D.10)

Leaving o and f3 as free parameters, the seventh-order family becomes

38a — 5025 — 11 b 238« + 4185 — 31
a = = — = e =
g 1440 : 480 ’
382 — 1585 + 401
c=d= .
720

Finally, solving the whole system of equations, a ninth-order family with
only one free parameter 3 is obtained as follows:

 3(4783 —3) b o 3 (44263 + 199)
a 5420 ' - 5420 ’
24 (835 + 42) 17263 + 191
CcC = d = EEEETe— 0 e ——
1355 542

Taking 8 = 0 a ninth-order scheme with a six-point stencil in the RHS can
be obtained,

191 (& & 191 f&n
52 ), §+/g“f SR /£ fdg

Ag
~ =0 [—9fi—3 + 597 fi—o + 4032 ;1 + 4032 f; + 597 fix1 — 9fit2] -

(D.11)

For the (I + 1)th-order families the local truncation error can be written as

= [1 49l 4 (3l+1 _ 1) 3

[
AL ) (D.12)

- (1+1) (3la+2lb+0+6+219)}(l+1)! i

and listed in Table D.1 for different values of weights and parameters.
Ninth order can be achieved with a RHS stencil of six points. If greater
accuracy is sought one can increase the stencil, the number of neighbour
integrals considered or both, to let more Taylor coefficients match in the
left- and right-hand sides of equation (D.1). Furthermore, the study of fam-
ily rules need not be limited to odd orders. For instance, to derive a local
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fourth-order family the system of equations is

at+btctdtetg=1+2a+2B,
1+2(2'—1)a+ (1-2°+3%)p
2! ’
1+ 2%+ (32 -1)8
3! '

la+24c—e—2lg=1!

320+ 2%+ c+e+2%g =2

Taking f = 0 and a = e = g = 0, the family rule with free & becomes

100 — 1 2(1 — ) 220+ 5
b=—" = =T =217
12 3 12
with the truncation error being
AE )
If « = 1/10 the rule (D.9) is recovered.
a, g b,e c,d « I3 T
1 AgE £(2)
2 T3 /i
— —468\ A3 £(2)
1+2<;+2/3 o 8 _(1 10 od) ag ff
10a+468—1 14a—225+13 38a—5028—11 A£5 (4)
o 5 @ B - ( - ) S fi
3 1 _AL (9
5 0 Too fi
_ 38a—5028—11  238a+4188-31  382a—1583+401 B - 191-542a+17268 ) A7 f(6)
1440 180 720 @ 12 i
3 27 1 _3A¢7 <6>
38 38 38 5320
3(4788—3) 3(44263+199) 24(834+42) 17266+191 g _ 216(37625—137) Af" (8)
5420 5420 1355 542 £ 1355 fi
__9 597 1008 191 29592 AEY f(S
5420 5420 1355 542 1355 ol Ji

TABLE D.1: Summary of parameters, weights and local
truncation errors for eqn.(D.3). No entry value means that
the parameter is equal to zero.

D.1.3 CIR at Boundaries

The whole background for internal points has been provided, but it is nec-
essary, in closing the algebraic system, to treat the integrals of f(£) at both
boundaries using the same strategy of matching Taylor series terms. A gen-
eral boundary rule centered at ({,_1,¢,) close to & could be

me2 qe
S / Fde = 2> arf(6) + 7
k=—mc1 Spth—1 k=0

where mc2, ¢ € Ng and {m.; € No|0 < mq < p — 1}. The equivalent rule
close to &, reads

me2

dc
> o / RSO NECRELS

k=—mc1
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where {m. € Ng|0 < m¢; < n — p}. Note that a’s and a’s are the same for
both rules and might be identical or not to the internal ones. The set {a;}
links with {as} via similar expansion (D.4) centered at &,. With similar
particularizations as before, boundary CIRs at £y, p = 1, and &,,, p = n, have
the form

31 &2
fdé+a fd¢
o &

= A&lafo+bf1 +cfe+dfs+efs+gfs + kfs] + 11,

Enfl En
o[ race [T rag
57172 Snfl

= Alfafn +0fn1+cfootdfn-3+efoa+gfas+kfn 6]+ Tn,
where the local truncation error is
= [14+ (24 = 1) a— @+ 1) (b+2%

A£l+1 W
(1+ 1)t

+3w+4%+§g+d@}

For the 9""-order rule and any other with a large stencil in the RHS, an
additional boundary expression should be added at &; and §,,—1 since some
points of the stencil in (D.11) are outside the domain. For instance, close to
the left boundary the integral |, 512 f d€ would require f(£_1). For this case
we have

&1 &2 ]
a_q fdé+ fdé+am fd¢
o &1 &2

= Alfafo+bf1 +cfo+dfs +efs+ gfs] + 12,

571—2 fn—l fn
al/ fd§+/ fdc+an [ fde

gn—3 {n—2 fn—l

= Al [afn +bfn—1+ cfn2+dfn—3+efna+ gfn_s] + -1,

with the truncation error being

Ton—1 = |:1 + (29 — 1) a_1+ o

9
—9 (2% +b+d+ 2%+ 3%) } Ag—fféii_l.

All parameters and weights are provided in Table D.2 and D.3 for bound-
ary points. As a remark, a 5"-order boundary rule yields Simpson’s rule
for the integral between &) and &. Some of the rules are also provided in
Table D.2 with a free o but adding this new degree of freedom enlarges the
stencil of the RHS by one node. Notice that the ninth-order rule for nodes
adjacent to boundary has broken the symmetry to get a shorter stencil in
the RHS.
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Local order e a b e d e g k
l—a 14+3a
[0 - -
3 2 2
1 1
2 2
a 9—a 13a+19 13a—5 l—a
5 24 24 24 24
1 4 1
1 3 3 3
a 475-27a  637a+1427  7(73a—57)  241-129a T7Ta—173 271l
7 1440 1440 720 720 1440 1440
27 281 1028 196 _ 52 1
11 990 195 165 195 90
9 _ 1375 71036879 5684564 _ 13273643 19246592  _ 3823643 253964  _ 1085521
56097 212046660 5890185 23560740 53011665 23560740 5890185 212046660

TABLE D.2: Parameter and weights for boundary rule at &,
and &,. No entry value means that the parameter is equal

to zero.
a1 o1 a b c d e g
5 4357 2337 33687 3897 258 693 9
32 6112 61120 61120 3820 955 61120 12224

TABLE D.3: Parameter and weights for 9'"-order boundary
ruleat & and &, 4.

D.1.4 Global truncation error

The global truncation error can be estimated as the sum of all the elements
of the vector that results from M~!7, that is,

r=1"M"17,

being 1 = (1,1,---,1)T. The vector of local truncation errors at each point
of the mesh {¢;} is written as

7 = A¢Hdiag(\)f W,

where A = (A1, A9, -+, \,)T is the vector of constants, that are equal for
inner points, and f( = ( 1(1), fz(l), BRI él))T is the vector of I/th-derivative
values. So

7= AT D with A* = 1TM'diag(\).

It can be rearranged as a weighted average of values for the I/th derivative

at gi/
2.1 0% -fD

A*-1
the truncation error for the integral of the whole domain is O (Af l) whereas
for the integrals of the intervals is O (A¢1).

7= A& AEN = AL fD,

D.2 CIR as linear multistep method

In this section an analogy between CIR and linear multistep methods for
ODE is established. It will be theoretically shown that if CIR is cast as a
linear multistep method it is not stable but when used as originally pro-
posed, that is, a system of equations, it can provide very accurate solutions
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without stability problems in the iterative matrix solver, at least for the nu-
merical tests proposed. CIR can compute the 1D integral

¢
F(§) = . f(€)de,

being ¢’ the integration variable. In a general case, the integrand f may
depend on F, thus dealing with an integral equation

¢
(&) = . f€ F(€))de.

As will be shown CIR can also be interpreted as a linear multistep method
applied to the first-order ODE

dr
i f(& F(€)),  F(&)=0.

In a linear multistep method dF'/d¢ is approximated as a linear combina-

tion of the discrete integrals { F; } at equally spaced mesh points {¢;} and the
RHS is computed by a linear combination of f values at the same points.

Z AsFips = A Z s fiys.
s=0 s=0

Coefficients A\ and 115 are determined by Taylor expansion matching, nu-
merical integration, or interpolation. If the integrals in equation (D.3) are
separated as

itk
/ fdé=Fix — Figp1, ke{0,£1,£2},
Eitk—1

and the F-terms are grouped with a previous shift of indices, e.g. F;_3 — F;
and so on, then the recurrence relation reads

BFits + (= B) Fiya + (1 — a)Fiys — (1 — a) Fiyo
—(a = B)Fiq1 — BF; = AE [9fi+5 +efiva +dfits

t+cfive +0fiv1 + lei:| . (D.13)
Then, the A\; and p; coefficients are

{/\5‘3:0,---,5} - {_57_<O‘_5)7_(1_a>71_a7a_6a/8}7
{ps|s =0,...,5} ={a,b,c,d, e, g}.

Equation (D.13) is a 5-step method which will be implicit in a general non-
linear case where f depends on F), as long as g # 0. In the limit case of
B = 0, the method is 3-step, i.e.,

aFi s+ (1 — OA)FH_Q — (1 — CV)FZ'+1 — aF;

= Ag [efz‘+3 +dfiv2 + cfiy1 +bfi, (D.14)
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where

{As]s =0,...,3} ={—a,—(1 —a),1l —a,a},
{usls =0,...,3} ={b,c,d, e}.

To keep the same number of points in the left- and right-hand side, a = g =
0 has been taken. Additionally, if e # 0 then (D.14) is an implicit method.
The coefficients {«, 8} and parameters {a, b, ¢, d, e, g} are those in Table D.1.
As any CIR scheme can be cast as a linear multistep method one may won-
der at this point if there is any reason to implement CIR as a multistep
method instead of a tri/penta-diagonal system. Of course, this will depend
on the characteristics of multistep CIR, so in the following subsections the

consistency and stability of a multistep CIR of three or five steps will be
checked.

D.2.1 Consistency

A linear multistep method is consistent if the truncation error defined as

Z;U:() ()\SE+S - Aéﬂst‘/_Fs)
Aé- Z;UZO s ’

tends to zero when the space length A¢ tends to zero as well. 7; is divided
by A& DL, ps in order to normalize the error. In terms of the first, p(r) =
Yoo Ast®, and second, o(r) = Y . usr®, characteristic polynomials the
condition reads

T =

dp

p(1)=0 and arl, =

(1) # 0. (D.15)

For the 5-step CIR these two polynomials are

ps(r) = Br® + (a = B)r' + (1 —a)r® = (1 = a)yr? — (a = B)r — B,
o5(r) = gr° + er +dr’ + cr® + br +a,

whereas for the 3-step CIR

p3(r) = ar® + (1-— a)r2 —(1—-a)r—aq,
o3(r) = er® +dr* +cr +b.

The first condition in (D.15) is met because terms containing o and 3 cancel
out, whereas the second condition yields the equation (D.5). Therefore a
3-step CIR is consistent if a« # —1/2 and so is 5-step CIR is if a + 5 # —1/2.
As none of the CIR schemes put forward in the previous section, e.g. (D.9),
(D.10) and (D.11), have negative values of {«, §}, the condition is satisfied.

D.2.2 Stability

Aside from consistency, stability plays an important role in the numerical
analysis. The theory of linear multistep method distinguishes two types
of stabilities: Zero- and A-stability. A method is called zero-stable if the
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numerical solution

w
Z >\5Fi+s =0,
s=0

remains bounded as i — oo, or roughly speaking, round-off errors do not
grow up. That is checked by the roots of the first characteristic polynomial
which must lie within a unit circle with at most a simple root on the edge
of the disk. For instance, the polynomial p3(r) can be factorized as

p3(r) = (r—1) (ar2 +r+a).
The first root has |rg| = 1. If r1, r are the roots of ar? + r + «, then
ri+re=—1/a,
rire = 1.

The second equation of the system tells that if one solution, e.g., || < 1
then |rp| > 1 Vo Similarly with the 5-step CIR,

ps(r) =(r—1) (Br4+ozr3+r2+ar+5),

one root is on the unit disk and the others obey

r+re+rs+re=—a/f,
172 + 1213 + 1374 + 1471 + 1173 + Ty = 1/,3,
T1TeT3 4 Torsry + r1rers + 117318 = —t/ 3,

rirorary =1,

where at least one root will be outside the disk. Therefore, the CIR method
as a linear multistep method is not stable, it is mandatory that the integrals
related to CIR be solved by a tri/pentadiagonal matrix system.

D.2.3 Build an ODE solver with CIR

As seen in previous section, CIR, written as a multistep method does not
have good stability properties but written as a system of equations is able
to numerically approximate ODEs. Let us consider for instance the nonho-
mogeneous linear BVP

dF
& +pF=gq, & <E&<En, (D.16)
F(&O) = FBC,

being Fic a given value at the boundary, p = p(§) and ¢ = ¢(§) two given
functions. The CIR method can be applied to d¥'/d¢ with, e.g., rule (D.9) in
the following manner

L dF
1—1 d§

1 [S-1dF S dF 1 /fm dr 3A¢ (dF
d¢

- i | e — e =228
0),, %) @&V ) a 5
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and then

F,_1—F;_ F;oq1 — F; 3A 3A
11170:2 +F—-F_1+ z+110 L= 55 (i1 + @) — TE (pi—1Fi—1 + piFy) .

Grouping the terms F;_; and F;, a four-point stencil for the discrete solution
{F;} at inner points reads

1 3A¢ 9 3AE 9 1 3A¢
___F_ g — — . Bt R L R =" (g Al
1OFZ 2+( = Pin1 m)E 1+< = pz+10)Fz+10 i1 7 (gi—1+ @)

As for the boundary schemes, the boundary expressions are employed with
order 5 and o = 1 in table D.2,

A 4A A A
(;Po - 1) Fo+ Tngl + <3§p2 + 1) Fy = ?5 (90 +4q1 + q2) ,

A 4A A A
(;pn—Q - 1> Fop_o+ Tgpn—an—l + <3£pn + 1> F, = ?5 (Qn—Q +4qp-1 + Qn) ,

Thus, the numerical solution is achieved by solving
Mv = AéMaq + vige, M = M; + A{Ms diag(p),

where the vectors are defined as v = (Fy, Fi, ..., Fy,)T, vee = (Fye,0,...,0)7,
P = (p(]apla cee 7pn)T/ q= (QO7 q1, - - - 7qn)T and the matrices

1 0 0 N 0]
—1 0 1
1 9 9 1
10 10 10 10
M, = 0 1 9 9 1 ,
10 10 10 10
0
1 _9 9 1
10 10 10 10
0 0 -1 0 1
0 0 O 0
1 4 1
3 3 3
o 2 2 o0
M, = : 3 3
2 0 ¢ £ 0
0
o ¢ ¢ o0
1 4 1
0 v - 0 3 3 3

Should greater accuracy be required, e.g., the rule with a = 27/11 could be
used. The M, M banded matrices would change to
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1 0 0 0
16 27
-1 -0 1

-11 =27 27 11

27 16
0 0 -3 1 1
0 e 0
281 1028 196 52 1

990 495 165 ~ 495 90

My = [0 3 27 27 3
0

0 0 3 2r 271 3
o ... 4 52 196 1028 281

90 495 165 495 990

Two numerical cases are proposed. The first one is a homogeneous, ¢(¢) =
0, linear BVP with variable coefficient, p(§) = 2¢, and boundary condition

F(0) = 1 whose exact solution is the Gaussian function, F(¢) = ¢ €. The
other case is a stiff problem with p(&) = 1000, ¢(¢) = 3000 — 2000e~¢ and
F(0) = 0. Its exact solution takes the form

~997e 10908 4 2000e ¢
999 ’

F() =3

and describes a process with two characteristic length scales as shown be-
low in Figure D.3a.

In both cases the l;-norm of the vector difference between the numerical
solution and the exact one was computed. The system of equations for both
cases was calculated in Matlab with one of Lapack solvers for banded ma-
trices. The numerical solution of CIR was compared with two versions of a
Predict-Evaluate-Correct-Evaluate (PECE) multistep method. This method
was also coded in Matlab.

¢ Predictor with an Adams-Bashforth four-, five-step (AB4, AB5)
¢ Corrector with an Adams-Moulton three-, four-step (AM3, AM4)

Clearly, 4th-order CIR is slightly better than AB4-AM3 and both reach 4th-
order accuracy. In contrast, the AB5-AM4 method is 5th-order, whereas
6th-order CIR attains the theoretical order of accuracy.
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The initial strong variation of the stiff problem makes the CIR schemes
not so practical in this case if A¢ is constant. Due to the two distinct char-
acteristic lengths a function A& = A{(€) is needed, but CIR is derived with
A¢ constant. The solution is to define a break point, &, thereby a constant
A¢; is used within the interval [{p, {,] whereas a constant A¢; is adopted in
the interval [§, {,], being A& < A&. The link between the two zones is &,
where the equations for the boundaries are employed.

As in the Gaussian problem, system CIR achieves 4th-, 6th-order ac-
curacy, see Figure D.3b. A¢ stands for average interval length. For the
variable step-size PECE method with tolerance 1074, A¢yin = 107° and
Aémax = 1072, the lo-norm was 4.41-107° with A€ = 1.4-1073. For the same
A£ the 4th-order CIR gives a lo-norm of 1078 and the sixth-order, 10712

As already commented CIR cast as multistep method is unstable. It was
verified for both ODE problems that this was in fact the case.

100 T T T
1072
1074
1076 [
1078 [
10—10 [

lo-norm

10—12 [

1 —14 L llg I SRR Lol Ll
10-* 10% 1072 107! 10°
Ag

FIGURE D.2: Linear ODE dF/d¢ + 26F = 0; F(0) = 1.
Black Square, 4th-order rules; Black Triangle, 6th-order
rules; Black Diamond, AB4-AM3; Black Circle, AB5-AM4.
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1.2

2 1 -
0.8 | R
< 0.6 |- 1
hud 0.4 8
LL‘ 0.2 R
0 L L L L
1 0 0.2 04 06 08 1 -
1072
0 | | | |
0 0.5 1 1.5 2 2.5 3
(A) Exact solution.
100 T TTTT T T T T T T T T T T 171777
1072 1
1074 1
E 1070 |
2
& 1078 i
10710 - i
10712 - 4
1 —14 Lol Lol Lol Ll

107* 1073 1072 107! 109
Ag

(B) Black Square, 4th-order rules; Black Triangle,
6th-order rules.

FIGURE D.3: Linear ODE d F/d¢ + 1000F = 3000 — 2000e;
F(0) = 0.
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Appendix E

Compact derivation for
nonuniform meshes

E.1 Introduction

Let us consider a mesh with nonuniform interval sizes. We are interested in
obtaining the point values of the first derivative if the values of the function
are known at the same locations. For that purpose implicit formulations
will be employed where a linear combination of derivatives is related to a
linear combination of the values of the function via Taylor series matching.
This technique is also known as compact derivation.

S &1 &2 &3 §1 &5

FIGURE E.1: Nonuniform mesh (left) vs Uniform mesh
(right).

When deriving the coefficients of a compact derivative a constant in-
terval size is usually assumed. In order to employ a uniform mesh where
the coefficients of the linear combination are easier to derive, a mapping
is constructed between the original nonuniform mesh and a uniform one,
related to one another with the Jacobian, 7, of the mapping. A traditional
way of defining the interval sizes in a nonuniform mesh is via an expan-
sion/contraction ratio, defined as the ratio between the sizes of two consec-
utive intervals. If such is the case, the Jacobian is constant in each interval
and discontinuous at the interval edges which causes the derivatives of the
function in the uniform mesh to be discontinuous at the same place, even
though the original derivatives were continuous. That is,

0 10

o TJo¢
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E.2 Inner Coefficients

In the uniform mesh we seek to link a linear combination of the derivatives
of the function around the location ¢; to a linear combination of the function
values around &;,

afMF 4 O L g p R — a0+ bfirs + cfi + dfio1 + efi—a) (E1)

1
CA¢
The notation adopted is that f represents the /th-derivative at &; of the
function f*t1 defined in the interval [;, £;,1]. We use piecewise C'*° func-
tions, one for each interval, that come from the mapping of a function that
is C* over the whole domain. The jump in the derivatives at the interval
boundaries is associated to the ratio between Jacobians of the two consec-
utive mappings. The jump in the mth-derivative is this ratio to the mth
power.

Note that f; is the same at both sides of the edge but f M) is not, that is
why it must be specified to which function (interval) the derivative belongs.
In the following, we will construct compact formulations for the derivatives
at the right of the discontinuity. We will match coefficients at point &; for
(k + 1)-functions. The Taylor series expansion of f; 2 is

)k A& (o AE (3
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Ajﬁ Trv2 (B)k+
* 3! <Jk+1 Jin

In the second expression all terms belong to the (k + 1)-function which is
C*°, so we can develop each term in its Taylor series:

Fiot = fi+ AEFORHL L A§ fz(2k:+1+A§ FORL

3!
k Yk k A& (s
e s agge A8 o
~ A
fi(i)lk-&-l :fi(Q)k+1+A§fi(3)k+l € fz(4 kAL
A
fi(i)lk—&—l f(3 k+1+A£f(4)k+1+ 26; ( kL L

Collecting like terms we obtain
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On the other hand,
fiv1 =fi + Aéf,-“)’““ + A—Efz L AiffZ el
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Finally
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Each term of the final expression has to be written in terms of f k1 at &,
fi—1 has already been obtained so for the rest,

- AE2 .
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Likewise for f

Collectmg all terms,
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Summing up. The expansions for the RHS are
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The different compact derivatives will be obtained by matching terms in

both sides for f; and fi(m)kJrl up to the desired order. The equations for the
factors in the linear combination given in scheme (E.1) are

a+b+c+d+e=0,
a(1+‘7k+2>+b dj 6Jk+jk—1_ajk +1+Bjk+2

Je+1 Tk+1 Ter1 Tkt Ti+1’
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The coefficients until fi(?’)l€+1 have been written. If the coefficients are such
that they satisfy up to fi(l)kJrl the truncation error is of the order of A¢'. In

general the equation that equalizes the terms containing fz-(l)kJrl derivative
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in both linear combinations is
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E.3 Boundary coefficients

For the node at the left boundary of the complete domain we have
1
£ +afiV = Seaho+ bfi - cfa+ o) (E2)

The equations that link all factors to fy and fél)l are
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According to the linear combination (E.2), the equations to be satisfied from
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and the [th-derivative for fél)l is
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For the right boundary
n 1
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The equations for the coefficients in (E.3) from f,, to f7(14)"+1 are
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