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Introduction

In their daily practice, professional engineers are often confronted with problems
involving complex physical phenomena. Whether they have to analyze the behavior
of a product or optimize an implementation process, modeling these phenomena often
makes it possible to solve these problems:

— by gaining access to the physical magnitudes characterizing the product and the
consequences of their modification,

— by highlighting the main parameters of the process and thus its optimal
conditions of use.

Physical modeling seems to be the key point when an engineer is thinking of how
to solve a scientific problem. Generally speaking, modeling follows these three steps:

1) identifying the essential physical phenomena related to the behavior of a
product or process within a given context,

2) defining the mathematical equations (domain of study, partial differential
equation(s), boundary conditions and stresses, initial conditions, etc.) governing these
phenomena,

3) validating the equations with respect to the necessary data which must be
available or accessible by means of measurements as well as the results provided,
which must be reliable and reproducible.

The first two points need commenting upon. Firstly, physical modeling has
to meet a set objective. It is then obvious that several modeling methods are
possible to meet a similar objective. The most relevant model is the simplest one
making it possible to meet the set objective. Modeling is first and foremost making
(simplifying) assumptions. Some are obvious. For instance, it is unnecessary to take
into account heat radiation phenomena in low temperature applications; a mean
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exchange coefficient, independent of the temperature, will be sufficient. In other
cases, it is far more difficult. For example, how can we define the analyzed field
and include the behavior of the parts not addressed by means of carefully selected
boundary conditions? This is exactly where the professional engineer’s contribution
comes in. We will come back to this later on.

The last point of this definition is about the model input data and results. The
selection of input data (availability, validity, etc.) often guides the users in the choice
of their modeling methods. It is unnecessary, for instance, to use very sophisticated
metallurgical transformation models if sufficiently accurate data on the processed
material are not available. Result reliability and reproducibility guide the users in the
choice and use of the model solution method. The aim of this method (numerical or
analytical) is to determine a solution of the problem with minimum approximation. It
is obvious that an accurate analytical solution will always be given priority; however,
the growing complexity of the model often leads today’s users towards approximate
numerical solutions. Moreover, commercial numerical simulation software often
includes the functions and models required for industrial applications, thus making
it possible to take full advantage of the progress of information technology (rapid
calculation, memory resources, graphic visual aids, etc.). Consider for instance the
boundary value problem related to steady state heat exchanges in a solid occupying a
limited field (equation [1.8]), which reveals:

— a volumetric heat source () most often resulting from other physical phenomena
such as the Joule effect in conduction heating or induction heating applications. Is it
necessary to model these phenomena by adding the corresponding partial differential
equations to the heat equation? This is not certain but then we require simple analytical
models to evaluate ()

— a surface density of the heat flux ¢ applied to a portion of the solid boundary,
reflecting the heat exchange between this solid and the outside medium. This can
be for instance heat radiation towards an infinite medium or a liquid flow into
a quenching bath. Here again, is it necessary to include those phenomena in the
modeling process with the addition of complementary equations? It depends on the
application considered and the feasibility of such an approach. However, if, whatever
the reason, fine modeling of these phenomena was not envisaged, other approaches
would then be necessary to determine the boundary conditions. These could be, for
instance, simplified analytical models;

— a temperature prescribed on the other portion of the solid boundary. This
condition is a limit case of the previous condition. As a matter of fact, either the solid
is steeped at this spot in a fluid with a very high exchange coefficient so as to prescribe
the fluid temperature on the corresponding boundary, or the user has a measurement.
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Experimental measurements will frequently be used to determine the missing
input data, but these will be obtained by alternative routes as the data required for
modeling are often inaccessible to direct measurements. The methods called inverse
methods have developed significantly over the last few years. They are able to
couple physical modeling with accessible magnitude experimental measurements by
adjusting iteratively an input data until the whole set of calculated results are as close
as possible to the measurements.

It is tempting to say after these comments that the easiest model to elaborate is one
in which all influential physical phenomena are finely modeled. This is partly true;
however:

— Are we really in a position to define the mathematical equations governing these
phenomena with a sufficient degree of accuracy to make it worthwhile?

— Are we certain that we are able to have the data required to feed these models
all the more so that these models will frequently require unusual data on a different
scale, which is thus hardly accessible? Using inverse methods may solve this type of
difficulty.

— Will it not be often more difficult to interpret the results than with a simpler
model given the amount of information to process? Indeed, will it not be necessary
to conduct a posteriori the analysis which will not have been carried out a priori to
eliminate insignificant results?

In fact, everything depends on the problem to solve. Moreover at which point of
the domain of study considered should we stop? First, we will take into consideration
all the symmetries presented by the problem for which the corresponding boundary
conditions are written clearly from a mathematical point of view:

— revolution symmetry: the most productive one as it allows us to carry out 3D
analysis on a plane model representing a meridian section of the studied structure,

— symmetry to a plane: very commonly used,
— anti-symmetry to a plane: less natural and often forgotten,

— periodicity conditions on a repetitive structure.

The relevance of a 3D model will then be questioned. If it is true that calculation
software and computers make it easy to carry out this type of analysis, a 2D (and
even 1D) model is often sufficient (in the case of a repetitive structure in one direction
for example) and therefore preferable as the analysis and interpretation of results will
always be easier with a 2D than with a 3D model. In all other cases, restricting the
domain of study will lead to the definition of appropriate boundary conditions.
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It is therefore in the interest of the engineers in charge of physical modeling to
think in detail about the relevance of their choices and assumptions. It is the price
to pay to take maximum advantage of their models. In any case, before reaching the
intensive exploitation stage, it is imperative to ensure the model prediction quality by
comparing it with the results of one experiment (at least!).

Most often, analytical methods cannot be applied to the solution of the
mathematical equations governing a set of physical phenomena, except if major
assumptions reducing the modeling validity are made. The analog method takes
advantage of the fact that conduction heat exchanges and electrical conduction
phenomena are governed by the same equations. It is thus possible to study
conduction heat exchanges by means of more easily accessible measurements carried
out on a similar electrical device. However, the field of application of this method is
far too restrictive. Therefore, numerical techniques whose use is made possible by the
performance of today’s computers are used to determine an approximate solution of
the set of mathematical equations governing the problem.

The finite difference method which replaces partial derivatives with finite
differences at different points of a grid is highly regarded by mechanical engineers.
The discrete equation system obtained can also be interpreted as resulting from a
complex electrical diagram combining resistances and capacities. This technique is
hardly possible with complex geometries.

The finite volume method is also highly regarded by mechanical and thermal
engineers. It is based upon a previous division of the geometric domain of study into
element volumes. On each element volume, the thermal balance equations are solved.
This method is particularly efficient in the case of structured geometries. It is widely
used in thermal science and fluid mechanics, but more rarely in other disciplines.

Among the various numerical techniques available today, the finite element
method [TOU 81, ZIE 91] is the most widespread owing to:

—its general fields of application (thermal, electromagnetic sciences, solid
mechanics, fluid mechanics, etc.),

— its capacity to treat problems with complex geometries,

— its easy implementation.

This can be done as follows:

1) mesh-geometry: the geometric domain to be analyzed, most often resulting
from CAD geometric modeling, is divided into a set of element sub-domains (finite
elements) interconnected by nodes;



Introduction 15

2) solution: the continuous functions sought (the temperature in a heat conduction
problem) are replaced with a set of values estimated at the mesh nodes. This
approximation, applied to an integral formulation of the problem, leads to a system
of equations (linear or non-linear) whose number is equal to the number of values to
be estimated,;

3) analysis-interpretation of results: at this point, other results can be calculated
(for instance, the heat flux density) from those obtained by the direct solution of the
equation system. They are then analyzed and interpreted by the user, by means of very
efficient graphic visualization resources.

The success of the finite element method is largely due to the significant progress
of information technologies, both from a numerical point of view (rapid calculation,
memory size available) and from a graphic point of view (3D visual resources). Today
a large amount of software makes use of this method. They offer a growing number
of functions and are increasingly user-friendly. It should be noted that calculation
software displays clear and user-friendly interfaces nowadays and can be used by
non-specialist engineers.

However, this apparent facility should not conceal the fact that, whatever the
numerical method adopted, the discretization phase impairs the properties of the
initial continuous model. Some phenomena present in the continuous model could be
erased by the numerical model if we do not pay attention. The meshing phase in the
finite element method is therefore very important and it is the user’s know-how that
will produce a quality approximate solution.

Therefore, the aim of this book is to present the basis and application of the finite
element method to the solution of industrial thermal problems. It consists of three
parts which the reader may possibly complete by reading a number of books related
to this field [COM 94, RED 94, LEW 96, MIN 06].

Part 1, dedicated to the solution of steady state heat conduction problems,
introduces the finite element method. Starting with the partial derivative problem
and the related boundary conditions, various formulations upon which various
discretization methods are based, are presented.

Part 2 extends the field of application of the method to transient state conduction
problems, the most common non-linearities and transport phenomena (diffusion
convection problems).

The last part, Part 3, deals with coupled problems:

— coupled by boundary conditions: radiation problems, fluid and structure coupling
in a piping system,
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— including additional state variables: thermometallurgical coupling,

—coupled by partial differential equations: electrothermal coupling,
magnetothermal coupling and thermochemical coupling.

This book is a survey of the various thermal problems which professional engineers
may have to simulate. The methods presented will allow readers to use in the best way
possible a calculation software and design new calculation modules so as to complete
their work.



PART 1

Steady State Conduction
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Introduction

In this part we introduce the finite element method in the simplest field of thermal
science: steady state conduction. We therefore consider a solid {2 undergoing thermal
loads and try to determine the temperature field 7(7') in this solid, when it is in
equilibrium with the external environment. In this part, it is assumed that no quantity
involved depends on time. Thermal loads are therefore constant and the solid is
motionless. The equilibrium state sought corresponds to a steady state. Besides, we
will restrict our study to the linear case in which the mathematical field is clearly
identified. The finite element method is introduced according to the following three
steps.

Firstly, the physical problem to solve is analyzed from a mathematical point of
view. This leads to a series of three problems (equations [1.8], [1.10] and [1.13]).
Problem [1.8] is a partial differential equation resulting directly from physical
modeling with its boundary conditions. Problem [1.10] turns this partial differential
equation into a variational equation by means of the weighted residual method.
Finally, problem [1.13], often called weak form, is the basis of the finite element
method.

It is possible to find an approximate solution to each of the three problems [1.8],
[1.10] and [1.13]. For this purpose, several methods are used. Each of them will be
illustrated by a work example: an induction-heated plate. We will use a physical model
to describe this example, then seek approximate solutions (the temperature field) of
problems [1.8], [1.10] and [1.13] related to this physical model.

Chapter 2 deals with the finite element method. This method is based upon the
weak form described in Chapter 1. The approximation used is called finite element
approximation. It consists of discretizing the geometry (the mesh) and approximating
the temperatures sought (nodal approximation). This step makes it possible to write
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the problem to solve in a discretized form, which is very appropriate for a computer
numerical solution. In this chapter, the various steps of the finite element method will
be illustrated by a new work example: thermal conduction in a plate with holes.

In Chapter 3, we introduce isoparametric finite elements starting from the notion of
the reference element. This makes it possible to develop simple and rapid methods for
the calculation of the element quantities involved in the discrete problem formulation.
The major types of isoparametric elements are also described in detail in this chapter.



Chapter 1

Problem Formulation

1.1. Physical modeling

In this chapter we describe the different steps of physical modeling leading in the
next section to a boundary value problem. These steps are:

1) writing the equation expressing the solid thermal equilibrium,
2) introducing the Fourier law connecting the heat flux to the temperature gradient,

3) formulating boundary conditions.

1.1.1. Thermal equilibrium equation

Figure 1.1 illustrates a homogenous solid €2. In order to write that this solid is in
thermal equilibrium, consider any portion {24 related to this solid and write that the
heat produced on that portion is equal to the heat flux coming out of it, i.e.:

-
Va4, Qdv = ¢ - nds [1.1]
QA BQA

In this equation, E) is a vector characterizing the heat flux surface density (in
W/m?) coming out of €24 through its boundary 94, 70 is the outward unit normal
to this surface, and () is a scalar representing an internal heat volumetric source (in
W/m?) in Q4. Among the physical phenomena represented by this volumetric term,
we can include Joule effect heating (conduction or induction), heat dissipation by
plastic deformation, etc.
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Figure 1.1. Solid thermal equilibrium

If the divergence theorem is now applied (integration by parts) to the surface
integral of equation [1.1], i.e.:

/OQA$~st/QAdiv($)dv

it is possible to write the thermal equilibrium of any portion €2 4 of the solid, €2, in
Figure 1.1 as follows:

Ve, /Q (@ —div ())dv =0

If this equation is verified in any domain €24 of the solid €2 we obtain the partial
differential equation governing the thermal equilibrium:

N
Q—div(d)) =0 atany point of [1.2]

1.1.2. Fourier law

The law connecting the heat flux density to the temperature field must satisfy the
second principle of thermodynamics. In this book, we will not deal with the details
of continuum thermodynamics. For that purpose, the reader should consult books
related to this discipline. Here we will deal with the simplest law, the Fourier law,
connecting linearly the heat flux density to the local temperature gradient. This is
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. - — . . . ..
written ¢ = —Agrad(T), where X is a positive scalar called thermal conductivity.

R
A temperature variation according to a space direction (i.e. a component of grad (7))
will generate a heat flux in the same direction but inverted (i.e. from hot to cold).

The thermal conductivity of a material may be a function of the local temperature
and the space direction in which thermal transfer occurs. In this book we will therefore
use a law which is more general than the one described above:

b = —A.grad(T) [1.3]

In this equation, )\ is a symmetric second-order tensor in which each component
Aij, possibly as a function of temperature, produces the influence of a thermal gradient
in the direction j on the heat flux density in the direction ¢. These components make
up the thermal conductivity matrix. In the case of isotropic materials (similar thermal
conductivity in all space directions), this matrix comes down to A = A\I, where [ is
the identity matrix, and we go back to our initial expression. If we now insert Fourier
law [1.3] into equilibrium equation [1.2], this becomes:

—
div (A-grad(T)) + @ =0 atany point of € [1.4]

The equation obtained is a partial differential equation in 7. Indeed, the
temperature field sought is a function ('), where @ characterizes the position of a
point in the solid Q. For example, in Cartesian coordinates (z, vy, z), and in the case
of an isotropic material whose thermal conductivity A is independent of temperature,
this equation can be written as follows:

(82T o*r  0°T

— t =5+t 55 =0 at int of
92 + a9 + 822> +Q at any point o

1.1.3. Boundary conditions

In order to solve partial differential equation [1.4] expressing the thermal
equilibrium of the solid 2, it is necessary to add boundary conditions. Those
conditions express the connection of ) with the external environment. This
c_o)nnection is generally represented on {2 boundary either by a known flux density
¢ - 1, or by a known temperature 7.

A known flux density condition ¢ on the portion d€2, of {2 boundary is generally
written as follows:

—

o -m=(-A gr?i(T)) - = —q(T) atany point of 98, [1.5]
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where 77 is the outward unit normal at the point considered and ¢ is the flux density
entering 2 at this point, this density possibly being a function of the temperature 7" at
the same point. This type of condition is used to represent, for instance:

— convection exchanges of the form ¢(T') = h(Texs — T'), where h is a local heat
exchange coefficient (in W/m?/K) and T, is the external environment temperature
(Fourier condition),

— radiation exchanges in an infinite environment ¢(7") = oe(T% — T*) where o is
Stefan constant (o = 5, 67-1078 W/m?/K%), € is the emissivity of the surface assumed
to be “gray”, T' is the Kelvin temperature at the point considered, and Ty, is the Kelvin
temperature of the infinite environment.

When the surface flux density ¢ is not a function of the temperature, this boundary
condition is called the Neuman condition. It is used for instance to represent:

— an adiabadicity condition (¢ = 0),

— a symmetry condition (¢ = 0 in the symmetry plane).

A temperature condition 7; known on a portion 021 of €2 boundary is written as
follows:
T =T, atany point of 9Qp [1.6]

This type of condition, known as the Dirichlet condition, is in fact a convection
exchange limit case, with a very high heat exchange coefficient & and T, equal
to the temperature of the external environment. It is generally used when local
experimental temperature measurements are available. It can also be used to represent
an anti-symmetry condition, but this is not very frequent in practice.

1.2. Mathematical analysis

For a thermal problem to accept a unique solution in a steady state (problem
correctly posed), it is necessary:

— to prescribe at any point of the boundary OS2 of € either a known flux density
condition (equation [1.5]), or a known temperature condition (equation [1.6]),

— to prescribe at one point at least of 0S2 either a known temperature condition or
a Fourier condition.

The boundary 02 can then be broken down into a portion 9€2, on which a flux
condition is applied, and a portion 92 on which the temperature is known. These
two portions must satisfy the following conditions:

007 N0, =0 and 9Qr UOQ, = 00 [1.7]
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The boundary value problem expressing the equilibrium of the solid €2 can then be
written as:

Find T(7) at any point 2 € €2 such that:

R(T) = div () - grad(T)) + Q =0 inQ
. [1.8]
(A-grad(T)) - =q ondQ

T=T, ondQr

The term R(T') involved in this problem is said to be residual. It is a quantity
to cancel in the solid € while satisfying the boundary conditions representing the
connections of the solid with the external environment.

It is possible to work directly on problem [1.8] to determine the temperature
field for T'(') satisfying the thermal equilibrium of the solid. This can be done in
a few simple cases in an analytical way, but in most cases, only an approximate
solution can be determined. The finite difference method is the first possibility to
obtain an approximation of problem [1.8]. In this case, the first- and second-order
partial derivatives appearing are evaluated from the first terms of a Taylor sequence
development of the temperature field.

1.2.1. Weighted residual method

In problem [1.8] we have to cancel a scalar residual R(7T') at any point = of the
solid €. First, note that if a temperature field 7'(Z") cancels this residual, then for any
function v(7):

$R(T)dv =0 [1.9]
Q

The functions (') introduced by this method are called weighting functions.
The only condition required for these functions is to give a sense to equation [1.9].
These functions will then have to be integrable on 2. The set of weighting functions
(') will be written Ey,.

With regard to the temperature field 7('7’) sought, it also has to give a sense to
equation [1.9]. Due to the expression of the residual R(T') these functions, called
admissible, are to have second-order partial derivatives integrable over €). The set of
admissible functions T'(7") will be written E7-.
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The weighted residual method therefore produces the following problem
formulation:

Find T' € E7 such that for any ¢ € Ey:

/ b (div (A - grad(T)) + Q) dv = 0
Q [1.10]

(A-grad(7)) - 7 =q om0,

T = Td on 8QT

It is obvious that, if a temperature field is the solution of [1.8], then it is also the
solution of [1.10], whatever E;, is. On the contrary, a temperature field which is the
solution of problem [1.10] depends on the choice of the sets of functions Er and E,.

Problem [1.10] is ideal for seeking an approximation of the temperature field
T(Z'). For this purpose, it is sufficient to choose particular spaces E, and Er. Partial
differential equation [1.4] is then no longer satisfied at any point of 2; it is only
satisfied in the sense of equation [1.10]. Point collocation and sub-domain collocation
methods are based upon formulation [1.10].

Point collocation consists of defining a finite number 7 of points in the solid €2 with
coordinates ?1, R T, and choosing for E, the set of Dirac distributions related
to them:

Ey={6z,i=1,...,n}

The resolution of problem [1.10] then comes down to seeking a function T'( %)
which can be differentiated twice, satisfying the boundary conditions, and canceling
the residual at each point Z; of

/§?iR(T)dv:R(T)|?:? =0 fori=1,...,n
Q k2

For example, if 7(7’) is chosen in a polynomial form, the resolution of these
equations allows us to determine the polynomial coefficients. The quality of the
solution obtained with this method depends directly on the form selected for
the temperature field (set Ep) and the choice of collocation points (number and
positions).
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Sub-domain collocation is the basis of the finite volume method. It consists of
dividing the solid € into element volumes £2; with no intersection, and in such a way
that their union forms €. Then, the following weighting functions are selected:

1ﬁ769}

0 otherwise

Ey = {7/%‘/%(7) = ‘

The resolution of problem [1.10] then comes down to seeking a solution T'( ")
satisfying the thermal equilibrium on each element volume or control volume €2;. As
a matter of fact, using this type of weighting function makes it possible to write on
each control volume:

A%Mﬂm:ARGWEO

i

With the divergence theorem and Fourier law [1.3], this equation can be expressed
as follows:

Vi, Qdv= | ¢ -7ds
Q; oQ;

Then we go back to equation [1.1], which must be satisfied for a particular set of
sub-domains €;. This equilibrium equation is the basis of the finite volume method.
The temperature is then often assumed to be homogenous in an element volume. The
heat fluxes coming out of the volume are then calculated, in each direction, from local
laws using the temperatures of adjacent volumes.

1.2.2. Weak integral formulation

The weak integral formulation of problem [1.10] is introduced when the volume
integral equation involved has a specific form. If the divergence theorem (integration
by parts) is applied to this integral equation, we can write:

Awwwggﬁm»m
— [ div (w2 grad(1)))dv ~ [ grad”(w) - A- ()
Q Q

— [ w(a-grad()) - Tds~ [ grad” (v) A+ grad (7)o
o) Q
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The temperature field sought must now be such that, for any weighting function 1)
of Iy, the following equations must be satisfied:

[v@dvs [ w(a-gad) Ts - [ grad?(v)- A gadT)v =0
Q Q

09
(A-grad(T)) - W =g ondfy
T = Td on 8QT

We see that no more second derivatives of the temperature field appear in the
problem formulation. The regularity required on 7" to give a sense to the problem has
therefore been lowered,; that is the reason why it is called a weak integral formulation.
On the contrary, the regularity required for functions ¢ has increased since first
derivatives of these functions have appeared. The same regularity is required for
functions of Er and Ey,. A detailed mathematical analysis, which will not be
performed here, makes it possible to demonstrate that these regularity conditions
correspond to Sobolev’s first space H'(€2), which gathers the functions square
integrable on €2 and whose first derivatives are also square integrable on €.

An important step toward the weak integral formulation of the problem consists of
inserting the boundary conditions on 027 into the space of admissible functions Er.
This is done by defining:

Er={T € H(Q)/T =T 0on 007} [1.11]

Dirichlet boundary conditions (prescribed temperature) are therefore directly
inserted into the solution space. These conditions are said to be essential for the
problem formulation.

Besides, we select weighting functions canceling one another on 9§27 Thus, these
functions 1) can be considered to be admissible variations of functions of Ep. Indeed,
if '€ B, then for any v of Ey,, T+ € Er. The following space E\, is then defined:

Ey = {4y € H'(Q)/¢ =00ndQr} [1.12]

Taking into consideration the flux boundary conditions (on 052,) and the previous
definition of Ey, the surface integral term appearing when integration by parts is
applied becomes:

| v gmd(@) Tas= [ w(a-gadr) wds
o0

OQr

+/ Y(A- grad(T)) - Wds = vqds
09, 09,
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Now problem [1.10] to be solved can be written as follows:

Find T' € Er (defined by equation [1.11]) such that

for any ¢ € Iy, (defined by equation [1.12]): [1.13]

[v@dvs [ vqas— [ gmad’ ()2 grad@yiv =0
Q 99, Q

The flux boundary conditions are included in the function to cancel in problem
[1.13]. They are said to be natural boundary conditions for the formulation.

Problem [1.13] defined in this way now offers a continuous mathematical
framework for seeking a solution. It can be demonstrated that it is equivalent to
boundary value problem [1.8] but is far more appropriate to seek approximate
solutions. Indeed the only obligation required for the solution 7'(Z’) is to belong
to the space Er, i.e. to belong to H'(Q) (square integrable function whose first
derivatives are square integrable), and to satisfy the essential boundary conditions
T = Td on 6QT

As weighting functions 1) of E, can be assimilated to admissible variations of
functions Ep, it is easy to demonstrate that, in linear cases (A independent of T, Q)
and ¢ linear according to T"), problem [1.13] is equivalent to the minimization problem
of a functional TI(7"). In particular, when @ and ¢ are independent of 7, this functional
equation is written as follows:

Find T' € E'r minimizing the functional equation:

T _—
/ grad” (T') - A - grad(T")dv — / TQdv — / Tqds
Q 29,

Minimizing II then comes down to finding 7" of Ep such that, for any admissible
variation 07" in Ey, the corresponding variation 011 of II vanishes. This is expressed
as follows:

[1.14]

For any 0T € Ey:

ST = / grad? (6T) - A - grad(T)dv — / STQdv— | 6Tqds =0
Q Q 09,

We then go back to problem [1.13].

Approximation methods consist of constructing an approximate solution of
problem [1.13] by working in the sub-spaces E7: and Ej; of Ep and Ey of finite
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dimension n. By constructing E, a particular element 7 of FEr makes it possible to
express all the elements of this space in the form 7" = T + 1), where 1) is an element
of E,. The Galerkin method [GAL 15] makes use of this property when it considers
a space E7. defined from the space £ as follows:

B} ={T/T =T"+¢ with¢) € EI}

The Galerkin method then consists of replacing continuous problem [1.13] with
the following discrete problem (of dimension n):

Find T € E7 such that for any ¢ € EJ:

. . 1.15
/ VQ dv + / Yq(T)ds — / grad” (1) - A - grad(T)dv = 0 151
Q 09, Q

It is obvious that if we increase the dimension n of spaces £ and Ey, it is
possible to construct a series of approximate solutions. It is demonstrated that this
series converges to the solution of continuous problem [1.13] when n tends to infinity.

1.3. Working example

In this section, we will deal with the example of a metal plate heated by induction.
The aim is to illustrate the application of physical modeling and mathematical analysis
processes used in the previous sections to a real case. Physical modeling will allow us
to specify the assumptions made and the equations used. Then we will examine the
various solution methods:

— direct methods based upon partial differential equations and boundary conditions
resulting from physical modeling (problem [1.8]). Here we will restrict our study to
the analytical integration model and its approximation by the finite element method;

— collocation methods based upon problem [1.10] obtained by the weighted
residual method. We will restrict our study to point and sub-domain collocation
methods;

— the Galerkin method resulting from the weak integral form of problem [1.13].
We will study a polynomial approximation of the temperature field then a piecewise
linear approximation of this field (finite element method).

1.3.1. Physical modeling

The work example considered in this chapter is that of an induction heated
plate. It is illustrated in Figure 1.2. Its physical modeling can be performed at
different levels. In this chapter, we will restrict our study to a 1D thermal analysis
of the plate thickness. A line of length E (the plate thickness) represents the solid.
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Heat conduction is only considered in the direction z. The corresponding thermal
conductivity is written A\ and assumed to be constant.

inductor

modeling

plate E | convection

Figure 1.2. Work example: induction heated plate

On the bottom part of the plate (x 0), the temperature is assumed to be
known and equal to a constant value 7};. On the top part of the plate, a constant heat
exchange coefficient H is used to represent the plate convection exchanges with the
external environment, whose temperature is equal to 7.t = T4. Induction heating is
represented by the following heat volumetric density:

Q=Q(z) = Qo™

where @)y corresponds to the heating volumetric power (in W/m?) at z = FE, and
in which P is a characteristic heating depth (depending in particular on the inductor
frequency). Low frequency heating for instance will be represented by a high value
of P, and will therefore tend to heat the solid “in its volume”. On the contrary, high
frequency heating will concentrate the power on the plate surface (skin effect). This
effect is used by the induction hardening process. A graphic representation of the
temperature field obtained by various methods is given in this section. To do so, we
have used the following values for the parameters:

— plate thickness: £ = 0.1 m;

— material thermal conductivity: A = 30 W/m/K;

— heat exchange coefficient at z = E: H = 2,000 W/m?/K;

— temperature at x = 0 and of the external environment: T;; = 20°C;
— heating parameters: Qg = 5.10" W/m? and P = 0.02m.
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1.3.2. Direct methods

The thermal equilibrium in the plate is governed by problem [1.8] which, in this
case, is written as follows:

d*>T
/\@—J—Q(x):() for0<z<E
dT
)\ng(TdfT(x)) atx =F
T(z) =Ty atz =0

1.3.2.1. Analytical integration

It is possible to integrate this differential equation analytically. We then obtain
the exact solution of the problem, i.e. the temperature field 7'(z) which satisfies the
thermal equilibrium and the boundary conditions:

QoP PH B QoP? _ & -
T(w):Td‘i’m 1+T(1*€ P) T+ h\ e P(lfeP)

The temperature field obtained is illustrated in Figure 1.3. It is obvious that, since
an analytical solution exists in this working example, it is preferable to any other.
However, in order to illustrate approximation methods, we are going to apply them to
this example, then compare the solutions obtained with this analytical solution.

anahfical scition

Figure 1.3. Working example: analytical solution



Problem Formulation 33

1.3.2.2. The finite difference method

To obtain an approximate solution of the initial differential equation, we discretize
axis Ox between x = 0 and x = E by defining n + 1 equidistant points with x-axis
x; = th (with h = F/nand i = 0,1,...,n). Then, with T; being the temperature
at the x-axis point x;, an approximation of 7" second derivatives at the solid internal

points ¢ = 1,...,n — 1 can be obtained as follows:
d*T Ty 2T+ T
dz? |,_,, N h?

Finally, the temperatures at the boundary points with x-axes * = z¢p = 0 and
r = x, = I are obtained by applying the boundary conditions. At x = 0, the
temperature 7{ is known, its value is Ty. At = F, the incoming flux can be expressed
as \(T,, — T,,—1)/e, which makes it possible to write:

hH hH
(1 + A)T" ~ T =T

The problem to solve is thus expressed in the form of a linear system whose
unknowns are the temperatures 7;:

Ty
_ i 12
1 0 0 . " Qo)
-1 2 -1 T ¢
1
0 -1 2 0 T, TQ(IQ)
=1
0 0 0 1 0 T, " Q)
o0 0 2 -1 Tr— h?
' ' M,
L

The solution of this linear system produces an approximate solution of problem
[1.8] in our working example. This approximate solution is given by a discrete set of
values T;. Each T corresponds to an approximate value of the temperature at the point
with x-axis x;. It should be noted that the finite difference method gives a solution only
for points with x-axis z;. It gives no a priori indication of the form of the solution
beyond these points. In practice, it is advised to construct an approximate solution on
the whole domain with a linear interpolation of the solution on each interval.



34  Finite Element Simulation of Heat Transfer
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Figure 1.4. Working example: the finite difference method

Figure 1.4 gives the approximate solutions obtained by finite differences with a
number n of discretization segments equal to 10, 20 and 50. It is established that,
when n increases, the approximate solution tends slowly to the analytical solution.

The finite difference method is relatively easy to implement in cases with simple
geometries (1D, 2D or 3D). For instance, in the 3D case, the calculation points
are distributed on a Cartesian grid whose main directions are axes Oz, Oy and
O~z. However, the problem is far more complicated when the grid does not make
it possible to give a good representation of the geometry or write the boundary
conditions correctly. In that case, curvilinear finite difference methods can be used.

1.3.3. Collocation methods

Collocation methods are based upon problem [1.10] resulting from problem [1.8]
by applying the weighted residual method. In this working example, problem [1.10]
is expressed as follows:

Find T' € Er such that for any ¢ € Fy:
E 2
a=T
/O w()\dx? + Q(m))dm _0

A—=H(T;~T) atz=E

T=Ty atx=0
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1.3.3.1. Point collocation

In order to obtain an approximate solution of the initial differential problem, we
discretize axis Ox between x = 0 and x = FE by defining n + 1 equidistant points
with x-axis #; = ¢h (withh = E/nand i = 0, ...,n), and for E, we select the set
of Dirac distributions corresponding to those points. The solution to the problem then
comes down to seeking a function 7'(x) which can be differentiated twice, satisfying
the boundary conditions and canceling the residual at each point ;. This produces the
n + 3 equations:

d*T

)\E—FQ(J:):O atr = xg,...,Ty
dT

)\%:H(TdfT) atz = x,

T=1T; atx =z

For instance, choose for E'r the space of n + 2 degree polynomials. The function
T will then be expressed as T'(z) = ag + a1@ + ax? + - - - + @, 100" 2, withn + 3
coefficients to determine. We obtain a linear system in a;, of n 4+ 3 equations with
n + 3 unknowns:

~ Q(x0)
[0 0 e (n+2)(n+ )P 1 A
0 (n+2)(n+ 1)z} @ _ Q1)
. . ay A
0 0 (n+2)(n+ 1)a" = '
a'n Q(xn)
H H H -
— 1+=z, - [(n+2+—z, |2 On+1 A
A A A I
Ap4-2 =Ty
1 0 0 0] A
Ty

The solution of this linear system yields coefficients a; of the polynomial used as
the approximation of the function 7'(x) sought. Figure 1.5 gives the approximations
obtained with a number of collocation points equal to 3 (n = 2),4 (n = 3) and 6
(n = 5). We can see that with only 6 points, the solution obtained practically coincides
with the analytical solution in this case. However, in this case a 7-degree polynomial
is necessary. In 2D or 3D, the number of coefficients to determine would soon become
very high, making this situation ill-suited to the linear system solution.
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Figure 1.5. Working example: point collocation

1.3.3.2. Sub-domain collocation

Axis Oz is divided into n control volumes. These are segments of length h = E/n.

They are limited by points 2;_1 = (i — 1)h and x; = ih (with i = 1,...,n). If
we make T; the temperature (assumed to be constant) in the segment [x;_1, x;] it is
possible to calculate the first and second derivatives with a finite difference scheme
between the segment centers. We then obtain a linear system on the temperatures 7;
of each of the n element segments:

Ty
ho[®
10 0o 0 7/ */ Qw)dx
1 Ty
-1 2 0 0 T L s
0 -1 0 0 | X/ Q(z)dx
“ e = To
0 0 .- 2 7}le T . e
0 0 - -1 1+ \ Ty ,\/zz Qw)dz
hH
B

Figure 1.6 illustrates the sub-domain collocation method applied to our working

example, with respectively 20, 50 and 100 segments. It should be noted that the
approximate solution tends to the analytical solution when the number of segments
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Figure 1.6. Working example: sub-domain collocation

increases. This method is the basis of the finite volume method, which is widely used
in thermal science. It combines a simple formulation, like finite differences, with the
very physical notion of thermal equilibrium per element volume.

1.3.4. Galerkin method

The Galerkin method is based upon the weak integral form [1.13] of the problem
to solve. In this work example, problem [1.13] is expressed as follows:

Find T' € E7 such that for any ¢ € Fy:

2 E
/0w(x)Q(x)d$+Hw(E)(Td—T(E))_/\/O apdl ,

do dr 0T
Spaces Er and Fy, are defined as follows:
By = {4 € H'([0, E)) /$:(0) = 0}
Er={T € H'([0,E])/T(0) = T4}

The Galerkin method consists of selecting finite spaces £, and E7, of size n,
instead of spaces Iy, and Er.
1.3.4.1. Polynomial functions

Here we will consider space £ generated by the n monomials 2 G =1,...,n).
In order to satisfy the condition ¥ = 0 on the boundary 027 (here x = 0), the
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elements ¢ of £} will be expressed with n parameters as follows:
w(x) =) bia'
i=1
The quantity to cancel in the discrete problem then becomes:

i=n E - E. . o
;bz(/o le(x)dx+HE%(Td7T(E)) 7)\/0 i 1ddx) —0

T

As this quantity must be equal to zero for any function 1) of E7}, i.e. for any set of
components b;, the n quantities between brackets, functions of 7', must be equal to
zero. This produces n equations in 7.

To generate the space EJ. of admissible functions, the temperature field 7'(z)
is expressed as the sum of a particular admissible function Tj(z) = T, and an
element E7. Therefore, the temperature field is sought in the following form, where
a; represents the n parameters to determine:

T(.’b) = Td + Z ajxj
j=1

The n equations finally become the linear functions of the n unknowns a; in the
form:

n

E E
Z (HEHj + )\/ ijx”j_de) a; :/ ' Q(z)dx
0 0

j=1

Figure 1.7 illustrates the temperature field obtained with this method for 2-, 3- and
4-degree polynomials. We can see that the approximate solution converges toward the
analytical solution when the polynomial degree increases.

The major advantage of this method is that the matrix and the load vector of the
system to solve have general expressions, added to which, the matrix is symmetric.
Conversely, these quantities include integral equations whose analytical estimation
may be complex. Their numerical estimation is certainly possible, but generates new
approximations. In our example, the integral equations have been estimated from their
analytical forms. Moreover, the matrix is full. Applying this method to 2D or 3D cases
presupposes that one is capable of constructing a polynomial approximation satisfying
the essential boundary conditions, which does not happen very frequently in practice.
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Figure 1.7. Working example: polynomial approximation

1.3.4.2. Piecewise linear functions

Starting with the discretization of segment [0, E] performed from n + 1 points,
with x-axis ¢; = ¢h with h = E/n and i = 0,...,n, we can consider for EZ the
space of continuous functions varying linearly on each interval [z;, x;1]. It is easy to
demonstrate that this space is generated by the n + 1 following functions N;(z) (this

isexpressed as x_y = —h and x,+1 = E + h):
T —Ti_1 .
Tzl ifo, 1 <z <
() = Tig1—x .
Ni() % ife; <z <wip
0 if not

In order to satisfy the condition ¢y = 0, at z = 0, the functions of space E{; will
then be expressed as follows:

Space Ej; is therefore of the dimension n. A function ¢ of this space will be
characterized by its n parameters 1, ¥s, . . ., ¥,, corresponding to the values taken
by the function respectively at the points x1, o, ..., z,. Between these points, the
function v is obtained by linear interpolation. The quantity to cancel in the discrete
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Niw)
1

Figure 1.8. Generating piecewise linear functions

problem now becomes:

%wi</ENi( )Q(x)dx + HN;(E)(T; — T A/ dg ch > =0

As this quantity must be equal to zero for any function v, and hence for any set of
components 1;, the term between brackets in this equation must be equal to zero for
any index 1.

We now introduce a particular admissible solution 7*(x) = Ny(x)Ty to express
any function of space E7. as follows:

The approximate solution selected is then a piecewise linear function. Its value
isTgatx = x9g = 0,T; at x = x; (for7 = 1,...,n), and is obtained by linear
interpolation between two consecutive points. When such a function is inserted into
the quantity to cancel, we finally obtain a linear system of the following type:

Jj=n
> KTy =F;
j=1

whose unknowns are temperatures 77, . .., T;,. The terms K;; of the matrix and F; of
the load vector of this linear system are expressed analytically as follows:

dN; dN;
= dx+ HN;(E)N,;(E
K= [ A g N ()N,

E dN; dN,
Fi= [ (Mi@Qte) - A 0T o+ HN ) Mol T
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Figure 1.9. Working example: piecewise linear approximation

Figure 1.9 illustrates the approximate solution in the case of 5, 10 and 20 segments
distributed on axis Ox (between = 0 and x = E). We can see that this solution tends
rapidly toward the analytical solution when the number of discretization segments
increases.

The approximation used here is a finite element approximation. It has the same
advantages as a polynomial approximation (symmetric matrix, general and specific
expression of the matrix and load vector), but has none of the drawbacks mentioned
before. Indeed the calculation of integral equations included in the linear system is
much easier. Specifically, the integrations involved in the expression of the terms K
and F; can be restricted to the only fields in which the function to integrate is not equal
to zero. For instance, for the diagonal terms of the matrix [K;;] we obtain:

Tit1 le 2
Kii =\ / T G+ HNZ(E)
"y X

i—1
Moreover, it should be noted here that matrix [;;] is sparse.
In this example, the integral equations have been calculated in an analytical way.

We will see later on in this book that effective numerical methods make it possible to
estimate these integral equations accurately and rapidly.
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Chapter 2

The Finite Element Method

2.1. Finite element approximation

Finite element approximation consists of dividing (or meshing) the geometric
domain of study into element domains or finite elements. The approximation is built
upon each element domain from the function values at certain specific points, called
nodes, while ensuring certain regularity conditions of the global approximation on
the whole domain. This type of approximation is also called sub-domain nodal
approximation. If the division, or meshing, performed includes a total of n; nodes,
then the problem includes n; unknowns representing the values taken by the function
T (@) at each node.

2.1.1. Mesh

Divide (discretize) a solid €2 into m element domains, termed ¢, called finite
elements and satisfying the following two conditions:

— the union of the m element domains 2¢ makes up the solid £2;

— the intersection of two different element domains is void.

The major advantage of this type of discretization is that each element domain
Q¢ can be expressed in a simple geometric form (2D triangle or quadrangle, 3D
tetrahedron, hexahedron, etc.). These domains are interconnected by nodes. The set
of these element domains is called a mesh of the domain €. In this book, the total
number of mesh nodes will be written 7.
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node

elemernt

boundary

Figure 2.1. Mesh example of a domain )

Figure 2.1 illustrates the example of a mesh constructed on a 2D domain 2. In that
figure we can see that the triangular elements used give a polyhedric approximation of
the domain boundary. To improve that approximation, we can, for example, increase
the number of elements. In the next chapter, we will see that there are also elements
with curved boundaries, making it possible to obtain a very good approximation of the
boundary of the domain studied.

In a mesh, the nodes and elements are numbered. The n; nodes included in the
mesh are numbered sequentially from 1 to n;, following their order of creation, during
discretization for instance. This numbering process is called global numbering. Then
we will designate:

— {T} the vector including the n; temperatures at the mesh nodes in a column;

— (1) the vector including the n; weighting function values at the mesh nodes on
a line.

For each element e we now write n® the number of nodes corresponding to it.
These nodes are numbered locally from 1 to n®. Thus:

— {T*¢} will be the vector including in a column the n¢ node temperatures of the
element e,

— (1¢) will be the vector including on a line the n® weighting function values at
the nodes of the element e.

The global and local numbering methods of the mesh nodes are illustrated in
Figure 2.2. They must now be interconnected. This is done by means of a matrix,
[A°], which makes it possible to move from the vectors {T'} or (1) (of dimension n;)
to the vectors {7¢} or (¢¢) (of dimension n¢):

{T°} = [A°]-{T} and () = () [A°]" [2.1]
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Figure 2.2. Numbering example in a mesh

The matrix [A°] has n® lines and n; columns. Each term Af; equals 1 if the
node numbered (globally) j on the whole structure coincides with the node numbered
(locally) ¢ on element e and 0 otherwise. In Figure 2.2, the previous equation is written
as follows for the node temperatures of element 1:

T
T
T
T} 0100000007 | .
1 Ty
Ty | _ [000010000( ],
T} (000100000 jf
71 100000000 6
~— 4_/ SN————— T7
{11} [Al] Ts
Ty

——
{1}

Likewise, the element node weighting functions are expressed as follows:

(00017
1000
0000
0010

(W1 ¢y e i)y = v2 - s the)- [0100

- 0000
(p1) () 0000
0000

0000
——
(17
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2.1.2. Nodal approximation

The quantities involved in the problem to be solved are now estimated in each
element e from the values they take at the nodes corresponding to that element. If we
define Q¢ = Q¢ U 90° (inside of the element plus its boundary), we now write for
each element e, T'(7') and ¢/(Z’) in the form:

n® Tf
VT Qs T(T) =) Ni(T)TF = (N{(T),..., Nie(T)) -
et e | 122]
= (N°()) {1}
o n® Nle(?)
VEZ e, (T) =) ¢iNS(T) = (W5, 5 -]
i—1 NE(T) [2.3]

= () - {N“(7)}

In equations [2.2] and [2.3], T} and 9§ respectively represent the temperature and
the value of the weighting function at node number ¢ (local numbering) of element e.

The functions N¢(7') introduced are known functions, making it possible to
interpolate the temperature in element e from the node values. N¢ is the interpolation
function, or basis function, or shape function corresponding to the node ¢ (local
numbering) of element e, { N} is the vector of dimension n¢ including in a column
all the functions corresponding to element e, and (IN€) is the vector including them
on a line.

Note that it is equally possible to write (%) = (N¢(7)) - {4} or ¥(7') =
(y¢) - {N¢(Z')}. The choice of the second form is prompted by the fact that the
parameters corresponding to the weighting functions will then be written as a line
vector ().

For instance, in the case of element 1 in Figure 2.2, it will be possible to use
the following expressions to approximate the temperature and weighting functions in
element 1:

T}

1 1 1 1 T21
T(z,y) = (N{(z,y) Ni(z,y) Ni(z,y) Ni(z,y))- -
3

(N1) T

——

{1}
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L

(z,y) = (v} vs vl vl
(1)

22322

~
=
_
-

It is obvious that the nodal approximations defined by equations [2.2] and [2.3]
are continuously differentiable inside each element e (as long as the interpolation
functions are). In order to generate continuous approximations in the whole domain €2
we make use of shape functions satisfying the following two continuity conditions:

1) if @, is the position of the node j of element e, then Nf(7';) = 1if i = j and
0 otherwise;

2) for any point indexed 7" located on a face or an edge of element e which does
not include node 4, then N¢(7') = 0.

An approximation with shape functions satisfying these conditions is said to be a
conform approximation. It makes it possible to generate continuous functions in the
whole domain (2. We demonstrate that, if the functions N/ are differentiable in 2¢,
these conditions are sufficient to allow the approximation to belong to space H!(12).
More regular approximations can be constructed, for example with conditions on the
derivative connections between the elements. These will not be dealt with in this book.

It is important to note at this point that nodal approximation makes it possible not
only to estimate a function in an element from its node values, but also to calculate its
gradient, thus:

ne

YT €Q°, grad(T(T)) = Y grad(Nf (T))T¥
i=1
Tf
= {gad(VD), ...gmad(Ng)) -4 1 b B
Te.

= (grad(N“(%))) - {T*}

VT e, grad(W(T)) = 3 vegrad” (NE(T))

i=1
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grad” (NY)

= (Y1, Une) - :
_

grad? (N&.)

—
= () - {grad”(V4(7))} [25]
R
In equation [2.4], <grad(N e)> is a vector including n® terms on a line. These
terms are gradients grad(Nf), with a number of terms equal to the dimension of the
—

problem dealt with. In equation [2.5], {gradT(N e)} is a vector including n° terms in

a column. These terms are transposed gradients grad” (N¢), with a number of terms

equal to the dimension of the problem dealt with. For example, with a 2D element in

Figure 2.2, if we consider a Cartesian coordinate system (x, y), it will be possible to

estimate the temperature gradient and the weighting function gradient in element 1 as
follows:

oT ON} ON} ONL ON} 7!
dx B Ox ox Ox ox T}
ar |\ | ant ON} ON} ONL |/ )1}
dy Jy y dy Jy T}
¢ ——
grad(T) (grad(n1)) (T}
AN} 9N}
(% %)
(aNQI 8N21>
o 0
({,fﬁ af)=<¢% vhou) wl)- 88]5?} 8?3?}
grad” (v) v < 0z Oy )
AN} 9N}
<8m 8y>
{gradT(v1)}

Finally, note that if the temperature field approximation is performed by
continuous construction on the whole domain (2, that of its gradient, and hence the
heat flux density, is not so a priori.

2.2. Discrete problem formulation

In the previous chapter, we saw that it was possible to approximate continuous
problem [1.13] with a discrete problem (Galerkin method, equation [1.15]). To this
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end, we define two spaces Ej) and E7. of dimension n, to replace respectively spaces
E, (weighting functions) and Er (admissible functions).

The finite element method is based upon the sub-domain nodal approximation of
the functions v and 7. First, we will decompose the integral equations for the entire
solid € appearing in [1.15] as a sum of integral functions on the element domains 2¢,
then introduce the nodal approximation of the functions ¢’ and 7" inside each element.
This will lead us to define element quantities corresponding to each element of the
mesh. Then we will perform the assembly operation, the goal of which is to form
a global system to solve. This global system will be the same dimension n; as the
number of nodes used for the mesh. The insertion of the essential boundary conditions
(on T') into this global system will then be studied in detail.

2.2.1. Element quantities

If we apply nodal approximation [2.3] to the weighting functions (7’) in discrete
problem [1.15], the quantities involved can be written as follows:

/Qdev—éwew/m N} Qar

m

Pqds = )° / N¢}qds

29, ;< ) 20eNdQ, N

/ gradT A grad = Z / {@T(Ne)} -A-gr?i(T)dv
e=1

If these expressions are transferred into equation [1.15], the quantity to cancel then
becomes:

Jpaars [ vads— [ mad ) 2-gradenan = 3 ) - )

e=1

where the vector { R°(T")}, specific to each element e, is called element residual. If
we apply nodal approximation [2.2] to the temperature field, this element residual is
expressed according to the nodal temperatures {7}, as follows:

(R(T)) = /Q N} Qv+ /8 o, Vs .

_/(i {grjiT(Ne)} A <@(Ne)>{Te}dv
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The element residual is a fundamental quantity resulting from the finite element
method. In this section, we have restricted our study to the so-called linear cases. A
linear case is characterized by the fact that the element residual can be expressed
linearly according to the node temperatures of the corresponding element, i.e.
according to the vector {T°}. Equation [2.6] shows that the element residual is a
linear function of the node temperatures of the corresponding element if:

— the thermal conductivity of the material (matrix \) is not temperature-dependent;

— the term @, the volumetric heat source, is a temperature-independent function
(as a matter of fact, it could vary linearly with the temperature, but as far as we know,
this type of variation does not correspond to any physical example);

— the heat flux ¢ applied to the boundary 02, of the solid is a linear function
of the temperature (for instance ¢ = h(Texy — T) + qo, wWhere h and ¢o are
temperature-independent).

Then it is possible to write:
{RA(T)} = {7} = [K°]-{T"}

In this equation, [K¢] is a square matrix of dimension n° x n°. This is called
an element matrix. It is also called an element conductance matrix, because we will
see that the main contribution comes from thermal conductivity. It is also called an
element stiffness matrix, an irritating term for thermal scientists but revealing the
origins of the finite element method in mechanical engineering. The vector { F°} in
this equation includes n® terms in a column. It is called an element load vector.

The element matrix [K°] and the element load vector {F'} are written as follows:

INE / {rad”(ve) - 2+ (grad(v) ) v}
[K°] = [A°]+[H®] with: [2.7]
= [ ANy ds

{F°} = {N°}Qdv + / {N°} (hText + qo)ds [2.8]
Qe 2Q°N0Q,

In these general expressions, note that:

—the matrix and element load vector are obtained by integration on the
corresponding domain €2¢. In Chapter 3, we will introduce an efficient numerical
method (Gauss method) which makes it possible to evaluate these integral equations
accurately;
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— the element matrix [K ] is symmetric. As a matter of fact, the general term K;
of this matrix is expressed as follows:

K = / (gEiT(N;) \-grad(N ))dv+ / N{RNE ds
€ 002eNoN

2.2.2. Assembly

One of the major advantages of the finite element method is that it highlights
element quantities, which are therefore calculated in the corresponding element only.
However, the temperature field sought is related to the whole environment studied.
Thus, the assembly operation consists of turning these element quantities into global
quantities so as to construct the equation system to solve.

We saw that the quantity to cancel in the discrete problem resulting from [1.13]
was determined according to an element residual, { R°}, whose general expression
is given by equation [2.6]. If we now use equation [2.1], applied to the weighting
functions, this quantity to cancel can be expressed as follows:

ST ARUT)Y = () - S (AT ARYT)} = (W) {R(T)} =0 [2.9]

e=1 e=1

In this equation, (1) is a vector of dimension 7, including on a line the weighting
function values v at the mesh nodes. With regard to the vector {R(7")} it is also
of dimension n; and includes in a column n; functions of 7T resulting from the
element residual assembly at each node. This vector is said to be residual. Since the
above expression must be equal to zero whatever the weighting functions , the n;
components of the residual vector must be equal to zero. This is written as follows:

= [ {R(D)} = {0}

e=1

In fact, we will see later that the insertion of the essential boundary conditions may
lead to either not canceling certain components of that residual vector or modifying
its expression.

In the linear case, the element residual is written linearly according to the
temperatures. Indeed if we use equation [2.1] once more, but this time applied to the
nodal temperatures, we obtain:

{R(T)} T ARD)} = {F} - [K]- (T} [2.10]

I
¢
=
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In this equation, [K] is a square matrix of dimension n; X n;, which is obtained
by assembling the element matrices [K¢]. It is called a global matrix or a conductance
matrix or a stiffness matrix (after mechanical engineering once again):

K] = ij (A" (K<) - [A9] [2.11]

e=1

Likewise, {F'} is a vector of dimension 7, which is obtained by assembling the
element quantities { £ }. It is called a load vector or stress global vector:

m

{F}=>_[A" - {F} [2.12]

e=1

Canceling the global residual components leads us to solve the following linear
system (of dimension n;):

[K]-AT} = {F}

In Chapter 3, we will see that inserting essential boundary conditions modifies
either the linear system dimension or the matrix and load vector of that system.

Figure 2.3 illustrates the construction of [K] and {F'} by assembling the matrices
and element load vectors as in the case of the mesh in Figure 2.2:

— the component K;; of [K] corresponds to nodes ¢ and j. It alone incorporates
the contribution of elements including nodes ¢ and j. For instance, the component K55
receives contributions from the element matrices of elements 1, 2, 3 and 4 because all
these elements include node 5. On the contrary, only element 3 which includes nodes 5
and 7 brings a contribution to the component K75. Finally many components K;; are
equal to zero because no element incorporates the corresponding nodes (for example
Ks7 = 0);

— the component F; of { F'} corresponds to node 4. It includes the contributions of
all the elements including node 7. For instance, Fg receives the contributions of the
element load vectors of elements 2 and 4 which contain node 6.

It can be noted that the solution of the previous linear system minimizes the
following quadratic form:

" = o (T) - [K] AT} = (T) - {F}

N =

This quadratic form corresponds to the discretization of the functional II
introduced in formulation [1.14].
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Figure 2.3. Example of an assembly on a simple mesh (contributions of the elements
to the global matrix and load vector)

2.3. Solution

In the previous section, we obtained a discrete formulation of the quantity to cancel
in continuous problem [1.13]. In the linear case, this formulation leads to the solution
of a linear system related to the temperatures at the mesh nodes. In this section, we
list the main methods used to insert the essential (temperature) boundary conditions
into the system to solve, then detail a few techniques for storing and solving the linear
system obtained and end with an analysis of results.

2.3.1. Application of temperature boundary conditions

Reconsider equation [2.9], with, in the linear case, expression [2.10] for the
residual {R(T")}. We obtain:

() - ({F} = [K]-{T}) =0 [2.13]

In this equation, the nodal temperature vector {T'} is of dimension n;. Likewise,
(1) is a vector of dimension 7, including all the nodal parameters of the weighting
functions.
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It is important to note at this point that, among the n; nodes of the mesh used, some
are located on the boundary 027 of the solid, in which the temperature 7" is known
and in which the weighting functions 1 are therefore equal to zero. If we designate n*
the number of mesh nodes located on that boundary, it is convenient to partition the
nodal vectors () and {T'} as follows:

{T:}
W) ={we) W), AT} {{Tl}}
We have gathered from the first components of the vectors (i) and {T'} the
n* nodal quantities known a priori (vectors (t¢.) and {T.}). In order to cancel the
weighting functions 1 on the domain boundary 027, it is sufficient to cancel their
values at the nodes of the boundary 97, values gathered in vector (1).). Likewise,
for a function T to be admissible, it is sufficient to give it the temperature values
known at the nodes of the boundary 9Q which can be expressed as {T.} = {T,}.
In fact this natural course of action is not the one generally used in finite element
software, while linear vectors and systems are never partitioned in this way (with
the n* components numbered first). This expression is introduced to simplify the
presentation of the different methods used to apply the temperature boundary
conditions.

If the same partitioning method is used for the matrix K] and the load vector { F'}
of the problem to solve, equation [2.13] can eventually be rewritten as follows:

) {Fc} _ [ch] [Kcl] ) {Tc} B
((¥e) (W) ({{Fz}} l[Kcl]T [K”]] {{Tz} }) =0 [2.14]
As this equation must be satisfied whatever the vector (¢;) and with (¢.) = (0),

this leads to the following linear system, of n; — n* equations, for n, — n* unknowns
(nodal vector {7} }):

[Ku] - {Ti} = {F} — [Ka)" - {T4} [2.15]

The resolution of this system yields the unknown nodal vector {77} and hence the
temperature at any point of €2 by making use of the shape functions. This specific
method, called the elimination method, is rarely used in computer codes.

We might think that, as we know n* nodal temperatures (at the nodes of 0Q27),
the physical problem contains only n; — n* unknowns (vector {7;}). As a matter of
fact, this is not the case. We introduce concurrently to n* known nodal temperatures
n* additional unknowns corresponding to the heat flux prescribed by the external
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environment in order to satisfy the condition {7.} = {Ty}. Those n* additional
unknowns correspond to the reactions of the external environment at the nodes where
the temperature is prescribed; they are gathered in the vector {r.}.

The introduction of the vector {r.} now allows us to constitute the linear system
to solve, in which the number of unknowns is n, (the components of the vectors {7} }

and {r.}) as follows:
{Te}
: =0 2.16
{{Tl }} 210l

{F.} 4+ {re} [Kee]  [Kal
{F1} (K" [Kul
Whatever the method used to take into consideration the (temperature) essential
boundary conditions, the resolution of the problem yields the unknown nodal vector
{T;} by satisfying the condition {7.} = {7,;}. This makes it possible to obtain the
temperature field 7(2) by nodal approximation.

The penalty method is the most widely used in computer codes to determine the
essential conditions {7.} = {Ty}. Applying those conditions to certain nodes of a
boundary comes down to assuming that at this point the solid is plunged in a fluid
at the corresponding temperature, with a very high heat transfer coefficient which
will be written P here. This comes down to replacing the (temperature) essential
boundary conditions with (node) flux conditions, by using the following expression
for the external environment reactions at these points:

{Tc} = P({Td} - {Tc})

With this expression, use equation [2.16], with the vectors {7} and {7} (i.e. all
the components of the unknown nodal vector {7'}) as unknowns:

[[KCCHP[I] [Kcz]l _{{Tc}} _ {{Fc}+P{Td}} 017
[Kal" [Ku] {1} {F} '

The penalty method therefore consists of adding P on the diagonal of the matrix
[K..] and P {T.} to the vector {F.}. In equation [2.17], [I] represents the identity
matrix and, in practice, a value P > Max(K;;) is selected. This leads to a linear
system with predominant terms on the diagonal. In addition to its good numerical
stability, this linear system has the advantage of solving a system of similar dimension,
whatever the temperature boundary conditions used. The dimension of this system is
always equal to the number of mesh nodes.

Another method is commonly used in computer codes. It is called Lagrange
multipliers and consists of introducing an unknown vector {A.}, of dimension
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n*, into the function to cancel. This unknown vector will be compensated by n*

additional equations {7.} = {T,}. The system to solve therefore includes n; + n*
equations, for n; + n* unknowns (vectors {7.}, {7;} and {\.}):

Kol —k[1) [Ka] | {Teh {F.}
k0 0 |- % O S = kT 2.18]
(Ka" 0 [Ky] (1)} {£1}

A factor k is introduced into equation [2.18]. This factor is homogenous with a
thermal conductivity and allows us to condition the system properly (for its numerical
solution). Each node value included in the vector {\.} plays the role of a Lagrange
multiplier corresponding to a prescribed temperature condition. System [2.18] can
then be obtained directly (with £ = 1) by solving the following saddle point problem:

e (M (5470 1K1 (7 = {70 (P + (1) = (T)) - 0} ) )

It can be noted that the system to solve in equation [2.18] is always symmetric
(as it is with other methods). One difficulty of this type of method, combined with
pivot methods used to solve the linear system, is that it reveals diagonal terms equal
to zero in the first member matrix. This difficulty can be overcome by numbering the
equations to solve. This method also has the drawback of increasing the size of the
linear system to solve.

In the case of Lagrange multipliers, the external environment reactions required
to satisfy the condition {7.} = {1y} i.e. the vector {r.} components, coincide with
Lagrange multipliers {A.}.

2.3.2. Linear system solution

The matrices involved in linear systems [2.15], [2.17] and [2.18] are generally
large. Indeed, it is common today to process models including several tens and even
hundreds of thousands of nodes.

In order to solve the linear system, it is necessary to use the method best adapted
to the problem being dealt with. Most of the time, the size of the problem and the
accuracy desired in its resolution will be the key factors in the choice of the solution
method to use. The problem size is now a major factor, all the more so as a matrix
storage method is related to each solution method (see next section) and the problem
size a computer is capable of processing is directly limited by its memory space.
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A comprehensive description of all existing methods would go beyond the scope
of this book. We will therefore restrict our study to the most common methods used
in academic and industrial computer codes. Interested readers are invited to consult
specialized books such as [CIA 82].

Consider therefore a linear equation system similar to that obtained by the finite
element technique. This system is as follows:

[A] - {z} = {0} [2.19]

where {z} represents the unknowns vector, [A] the matrix and {b} the load vector.
The system size (number of unknowns and number of equations) will be written n.
This size, as well as the expression of {z}, [4] and {b} according to the quantities
defined in this book, depends on the method used to apply the temperature boundary
conditions:

— with an elimination method, we have a system of dimension n = n; —n*, that is,
total number of nodes minus the number of nodes at which the temperature is known,
where the components are expressed according to equation [2.15]:

[A] = [Ky]
{z} = {11}
(b} = {F} - [Ka)" - {Ta}

— with a penalty method, the system is of dimension n = n,, the total number of
nodes, and equation [2.17] allows us to express the system components as follows:

4] =

[ch] + P [I] [Kcl]]
[Ka]" [Ku]

)
= {{ﬂ}}

{F.} + P{T,}
by =
w={" "

— with a Lagrange multiplier method, the linear system dimension becomes n =
ng + n*, total number of nodes plus the number of nodes at which the temperature is
known, and the components are written according to equation [2.18]:
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i [ch] —k [ﬂ [Kcl]
[A]=|—k[] 0 0
[Kal" 0 [Ky]
{72}
T} = 1 At
{z} k{ e
{T}
{Fe.}

{o} = § —k{Tu}
{£}

The solution of system [2.19] is simply written {z} = [A]”" - {b}. However,
contrary to what this expression might suggest, computing {z} never requires us to
calculate the inverted matrix [A]. As a matter of fact, computing an inverted matrix of
dimension n X n requires the solution of n linear systems.

Globally, linear system solution methods are arranged into 2 classes:
— direct methods (Gauss, Cholesky, etc.),

— iterative methods (Jacobi, Gauss-Seidel, conjugate gradients, etc.).

2.3.2.1. Direct methods

The general principle of direct methods is to transform the initial equation system
into a system with the same solution but whose resolution is simpler. Among the
whole set of direct methods, the Gauss method is probably the most popular one. It is
a general method which is applied to symmetric or non-symmetric matrices, providing
that these matrices can be inverted, of course. It consists of two steps:

— an elimination step which triangulates system [2.19],

— a second step to solve the triangular system obtained.

The triangulation of system [2.19], of dimension n, is performed in n — 1 steps. At
each step, an equivalent linear system is constructed by eliminating the terms under
the diagonal of an additional column of the matrix. Let [A](l) = [A], {b}(l) = {b},
and let [A] @) and {b}(i), respectively be the matrix and load vector of the equivalent
linear system obtained after 7 — 1 steps; [A](i) is written as follows:
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‘Agll) . Ag? . ASQ'

@) ( (i
A9 = o A Al
AD AW

Matrix [A](”l) and load vector {b}(”l) in the following step are then obtained
by:

1
0
1
[A](iJrl) _ [E](i) . [A](i) ' 0 AEQM
. R X W1 = — "
th [E] 1
(i+1) _ (D) (i) AW
{b} = [E]" - {b} ii
0 : 0
A%
4@ !

It is clear that this operation is possible only if the terms Al(-? (called pivots) are
not equal to zero. If matrix [K] is singular, we will necessarily have a pivot equal to
zero even if [K] can be inverted. As a demonstration, examine the following system
of 2 equations with 2 unknowns:

0 1 T | J 100
ERIRE e
It is obvious that the first pivot encountered with the Gauss method is equal to
zero, whereas the system admits the unique solution 77 = 50, 75 = 100. To perform
the triangulation, it is then necessary to replace the equation considered with one of
the following. (Generally speaking, to obtain the highest possible solution accuracy,

it will be sensible to process at each step the equation with the pivot whose absolute
value is highest.)

As a matter of fact, the Gauss method comes down to factorizing the matrix of
system [2.19] as follows:
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where [L] is a lower triangular matrix and [U] an upper triangular matrix. The matrix
[U] coincides with the triangular matrix obtained by the elimination process described
previously and [L] = [E(l)rl : [E(Q)]fl . [E(”)]il. The solution of a linear
system with the Gauss method requires about % arithmetic operations. When the
matrix of system [2.19] is symmetric positive definite as is the case in heat conduction
linear problems, it will be wise to choose the Cholesky method which requires only
about %3 arithmetic operations. This method consists of factorizing [A] as follows:

Matrix [L] is a lower triangular matrix whose elements are computed gradually.
We first calculate L7 = /A1y then, fori =2,...,n,L;; = fli . The L;;, being then
assumed to be calculated forp = 1,...,7 — landi = p + 1,...,n, we calculate

consecutively:

—1
\/ Ay =301 LipLjp
Lj;

2.3.2.2. Iterative methods

Iterative methods give the solution of system [2.19] as the limit of a series of
vectors {a:}(z). They are very efficient at processing problems of a large size insofar
as they require less data than direct methods, as will be seen in the next section.

The general principle of these methods is to factorize the matrix [A] of system
[2.19] as follows:

then to approximate the solution iteratively by solving, at each iteration, the system:
(M) e} = [N - {2} + {b)
Matrix [M] will be chosen so that the solution is simple. The Jacobi method, the

Gauss-Seidel method and the over-relaxation method operate on this principle and
correspond to specific choices of matrices [M] and [N].
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Now assume [A] to be symmetric positive definite and spend some time on the
conjugate gradient method. In this method, we consider the function f which relates
the following scalar to any vector {z}:

() - [A] - {z} = () - {0}

N[ =

f{z}) =

It is easy to note that the solution sought for linear system [2.19] coincides with
the minimizing vector f. The conjugate gradient method consists of approximating
step by step the solution by minimizing the function f at each iteration in a particular
direction, called descent direction. Consider {u}(i), an arbitrary vector for the
moment, as the direction of the iteration :. The iterated {x}(Hl) is chosen as
{230 = {239 4 0@ {u}D and a(® is determined in such a way that {2} "V
minimizes f in the direction {u}(i). We find:

o — <@>(i) ) {T}(i) '
(W)™ (4] - {u}®?

where {r}(i) = {b} — [A] - {z(V} is the residual vector of iteration i.

Starting with a test vector {m}(o) and a descent direction {u}(‘[)) = {r}(o), the
vector {u}") is constructed at each iteration so that ()P [A]- {u} "~ = 0. For this
purpose, we write {u}'") = {r}¥ 4 3) {4,}")) We then demonstrate by recursion
that we have:

i k
) {up® =0
Ve=1,...,i—1, {¢MD.{m® =9
() [4]{u}® =0

According to the latter relationship, we say that the consecutive descent directions
are [A]-combined. We eventually obtain:

f)® = g _ 0O AL Y

<u>(l D [A] ] {u}(z_l) {U}(lfl)

R R G A
Bt ()0 gy D) fu}"

The conjugate gradient method converges to the solution in, at most, n iterations.
In this sense it can be considered to be a direct method. Various pre-conditioning
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methods make it possible to obtain an accurate solution with a relatively small number
of iterations. This method is extended to the case of matrices which are not positive
definite symmetric.

2.3.3. Storing the linear system matrix

In practice, the matrix of the linear system to solve is stored by means of a method
using its properties. For example, if it is symmetric, it will be sufficient to store only
the upper triangular part. If, in addition, it is “sparse” (i.e. it includes a great number
of terms equal to zero), which is the case with the finite element method, the following
methods are generally used:

— the skyline storage of a matrix is the most widely used method in computer
codes. The matrix is stored in columns (or lines) variable in length. It is particularly
well-adapted to linear system direct solution methods (Gauss, Choleski, etc.), which
consist of triangulating the matrix. Figure 2.4 illustrates the storage of the matrix [K]
resulting from the assembly of Figure 2.3. It should be noted that only the terms of the
upper part of the matrix have been stored. The maximum number of terms stored per
line on a symmetric matrix is half the bandwidth. In Figure 2.4, the half bandwidth
equals 5, whereas the number of nodes is 9. We can show that generally speaking the
half bandwidth is equal to the maximum difference between the node numbers of a
same element, increased by 1. In Figure 2.4, we obtain for instance (5 — 1) +1 =5
considering element 1. If we renumber the mesh nodes in a sensible way, it is possible
to replace certain lines and columns in the matrix so as to reduce the bandwidth of
the matrix stored. This renumbering operation is very important from a practical point
of view. Indeed it allows us to substantially reduce the number of terms to store and
to accelerate the solution process. If b is the system half bandwidth, then this method
involves the storage of a number of values equal to about b times the matrix dimension
to which it is necessary to add a pointer per line (or column) giving its length. As
b is globally proportional to the matrix dimension, the number of terms to store is
proportional to the square of the problem dimension;

— the sparse or compact storage of a matrix is used mainly when an iterative
solution method (Jacobi, Gauss-Seidel, conjugate gradients, etc.) of the linear system
is employed. This method stores only the matrix terms different from zero. To illustrate
this storage method, consider the mesh in Figure 2.4. We see that the maximum
number of non-vanishing terms on a line of the matrix is equal to 9. This number
corresponds to the maximum number of nodes connected to one node, which is
reached here at node 5. If we refine the discretization, by dividing our rectangle
into 10 x 10 elements, we see that the maximum number of nodes connected to a
same node, and hence of terms different from zero on a matrix line, remains equal
to 9. Therefore, the number of terms different from zero to store is proportional to
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3 6 9

half bandwidth Skyline

N 1 1
2 2 2 2
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Figure 2.4. Example of skyline storage

the number of nodes (equal to kn;). The proportionality factor k is given by the
mean number of nodes connected to a given node (in the order of 9 in our example).
According to the type of elements, the value of this factor ranges from 8 to 20 on a
2D mesh and 20 to 80 in 3D cases. However, for each term different from zero, it
is necessary to store its value and position in the matrix (line and column numbers).
Finally the number of terms to store is proportional to n; and equal to 3kn;, which
makes this storage method particularly efficient for large equation systems.

2.3.4. Analysis of results

Solving a steady state heat conduction problem by means of the finite element
method leads to a vector {7'} including the temperatures calculated at the mesh nodes.
This vector makes it possible to calculate a temperature field at any point of the domain
of study by using the nodal approximation and therefore the shape functions. It also
enables us to calculate the temperature gradient field with the shape function gradients.

In order to obtain that result, the method involves the calculation of element
quantities obtained by numerical integration with the Gauss method (see Chapter 3).
As a consequence, the variables involved in element quantities are calculated in each
element of the mesh, at the integration points (Gauss points). The results obtained
during analysis can then be arranged into two categories and they are not used in the
same way:
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— the values calculated at the nodes (nodal quantities), which in our case are the
temperatures. If the temperature field nodal approximation (equation [2.2]) is used,
the temperature at each point of the solid in thermal equilibrium can be calculated.
This can be visualized by drawing the temperature variation along a curve crossing
the solid or temperature contour lines or surfaces. Figure 2.12 illustrates the drawing
of temperature contour lines;

— the values calculated at the element integration points (see section 3.2) are those
involved in element quantities. In our case, it is essentially the temperature gradient
and heat flux density ¢ which can be derived from Fourier’s law [1.3]:

grad(T) = (grad(N®)) - {T*}
¢ = —Agrad(T)

As seen in section 2.1, the heat flux density approximation, which is proportional
to the thermal gradient according to Fourier’s law [1.3], is not continuous on all
the domain 2. From a physical point of view, the heat flux density is continuous
in a homogenous environment. Therefore, it may be interesting to construct an
approximation of the heat flux density on the whole domain from the values calculated
at the element integration points. To do so, it is traditional to use the finite element
approximation from nodal values of that density. These nodal values can be obtained
in several different ways, for instance:

— by extrapolating at the nodes of each element the values calculated at the
integration points, then computing the mean node values obtained;

— by smoothing according to the method described hereafter.

In addition to obtaining a more accurate approximation, this method allows us to
use the same isovalue drawing tools as those used for the temperature field.

2.3.4.1. Smoothing the heat flux density
Among the quanti_ties estimated at the mesh integration points, we have selected

the heat flux density ¢ to illustrate a smoothing method.

As mentioned above, a fairly natural way of smoothing these quantities consists of
using the finite element approximation used for the analysis. We then have to seek a
—
field ® (2) in the form of a nodal approximation:

3 (T) = niNf(?ﬁf = (v - {®°}

V7T € Qf, Py

(5 -101-(3)
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In this equation, 2¢ is an element domain (a mesh element), n¢ is the number of
nodes of this element, (N¢) is a vector including its n¢ shape functions on a line, and
{86} is a vector including in a column the n° node values of 2¢ of the heat flux
density vector (the number of components of that vector depends on the geometric
size of the problem dealt with). Besides, [A°] is the matrix connecting the vector of
local unknowns, {86}, to the vector {3} including in a column the nodal values of
all the heat flux density components.

_)Therefore, the objic)tive is to determine the nodal values included in the vector
{®} from the field ¢ calculated from the nodal temperatures. These values are
calculated in order to minimize the following error function:

F:/Q(X_S).(z_a)dv

It should be noted at this point that the error functional F' does not necessarily
result from an integration on the whole domain studied. It is possible to restrict the
integration to a portion of the domain here. This is necessary when, for instance, the
environment is composed of the discrete assembly of several materials (for example,
coated metal sheet). In this case, the thermal gradient is no longer continuous at the
interface between the two materials.

If we simply state that the variation 6 F' of F' implied by any variation § T of 5,
at ¢ fixed, is equal to zero, we obtain:

— — —
5F=—2/5<D-(¢—¢>)dv=o
Q

If we use the nodal approximation to express 3 and 58, we finally obtain the
following linear system to solve:

] {6’} - {E’} 2.20]

N

In that system only the load vector { S } involves the heat flux density estimated
at the integration poi_)nts. That load vector is expressed in the form of the assembly of
element quantities { S °}:

m

{E’}:Z[AE]T.{ﬁ’e} with {?}: Qg{N@}Zdv

e=1
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N

It will then be possible to calculate the element quantities { S e} by means of the
Gauss integration scheme, which directly uses the heat flux densities known at the
integration points.

Matrix [L] of the system to solve for smoothing is in fact independent of the
quantities to smooth. It is also expressed as the assembly of element quantities [L¢]:

[L] = Z [Ae]T ! [Le] : [Ae] Wlth [Le] = o {NC} . <Ne> dU

e=1

Note in equation [2.20] that smoothing heat flux densities requires, in a 3D
analysis the solution of a linear system including 3n; equations for 3n; unknowns
(n¢ is the number of mesh nodes). This is a priori more costly than the original
analysis. However, it can be noted that matrix [L] has a very special form, similar to
the thermal capacitance matrix encountered in transient analyses (see Part 2). In the
case of transient analyses, it is common to use approximate capacitance matrices
in a lumped diagonal form because it dramatically simplifies the calculations while
producing acceptable results.

By operating here in the same way, matrix [L] is replaced with a lumped diagonal
matrix [L?] obtained in this instance by transferring on the diagonal the sum of the
terms on each line (;; is the Kronecker symbol):

d
L =01 ) Li
k=1

It is obvious that the solution of system [2.20] is then immediate.

This method is applicable to any value calculated at the integration points (thermal
gradient, flux, phase proportions, etc.). It may lead to node values greater than those
actually calculated at the integration points. This may be a problem when the physical
values involved are limited (phase proportions for instance are to range from 0 to 1).
It is then necessary to introduce physical boundaries into the minimization problem.

2.3.4.2. Result accuracy

It is very important to underline at this point that the finite element method is a
technique for the approximate solution of the problem encountered. Among the many
sources of error appearing during the numerical simulation of a physical problem, we
will focus in this book on those always present during finite element analysis:

—errors in physical data input (material properties, boundary conditions and
stresses);
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— geometric errors due to mesh representation;
— numerical errors (element quantity integration and linear system solution);

— discretization errors (nodal approximation).

The most important errors are probably related to input data. Indeed, the material’s
physical properties or boundary conditions are very often known to an approximation
of 10%. It is then futile to try and refine a mesh to gain 5% on the numerical result
accuracy.

Geometric errors result from the inability of the mesh to accurately represent the
geometry of the object considered. It is therefore necessary for the user of finite
element calculation software to create the mesh best adapted to the physical problem
and geometry studied. Only geometric details superfluous to the physical model
considered can be eliminated.

Numerical errors related to the finite element method are mainly due to the
integration diagram used to calculate the element quantities and to the method used
to solve the linear system obtained. Numerical integration errors occurring when
calculating element quantities are generally negligible when one does not depart from
the traditional integration scheme (see Chapter 3). Numerical errors in the solution
can easily be evaluated by calculating, after resolution, the residual:

{Ri} = {F} — [Ku) - {Ty} — [Kal"  {Ta}

Strictly speaking, the norm of { R;} must be equal to zero. In practice it must be
very small compared with the values of the loads applied or the norm of the vector {r.}
giving the heat fluxes calculated at the nodes where the temperature was prescribed.

Before beginning a discretization error calculation, it is possible to check a few
element items, in particular by ensuring that the flux density calculated at the domain
boundary satisfies accurately enough the flux boundary conditions (i.e. ¢ - 7 = —q
on 0€,).

It is difficult to evaluate with accuracy the discretization error made. There are
methods to do so, however. The finite elements presented in this book guarantee
the temperature field continuity on the whole domain of study (2 but not that of its
derivatives (in particular the temperature gradient and heat flux density). The methods
to evaluate the approximation error are generally based upon the quantification of
these discontinuities (for example, the heat flux density) on the element boundaries.

Applied to thermal science, the a posteriori most widespread error evaluation
method in computer codes [ZIE 87] consists of:
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1) constructing a continuous heat flux density field on the whole domain from the
densities calculated directly at the integration points;

2) quantifying the deviation between these continuous fields and the fields actually
calculated.

For example, it is possible to use the above method to construct a continuous heat
flux density field. Then it is possible to define an error £° on each element as follows
(V¢ is the volume occupied by Q¢ and V' that occupied by 2):

e __ V16 Qe 2—5)”261’0

- —
%f@ H(DHQdU

[2.21]

Generally speaking, in order to reduce the discretization error, it will be necessary
to finely mesh an area with high temperature gradient or heat flux density variations.
There are two main methods to increase accuracy in the solution obtained:

— method h (the most common), which consists of increasing the number of nodes
by reducing the mesh size in high gradient variation areas;

— method p, which consists of increasing gradually the approximation degree while
adding degrees of freedom to the problem.

2.4. Working example

In this section, the objective is to illustrate the notions reviewed in this chapter on
a 2D example. To do so, we consider the solid in Figure 2.5, inside which runs a heat

convection
exchanges

Z.
z convection
L h
Z‘)Q J/ X exchanges
ke

Figure 2.5. Working example
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Figure 2.6. Working example: 2D diagram

carrying fluid at temperature 7;,¢. The exchange coefficient between the heat carrying
fluid and the solid is assumed to be high enough to consider the temperature to be
constant and equal to 75, inside the solid. On its external wall, an exchange with the
environment at temperature 7oy is represented by a convection flux. The exchange
coefficient is written i and assumed to be constant. Now it is necessary to determine
the temperature field in the solid according to T}, Texs, h, and the heat conductivity
A of the material assumed to be isotropic and constant.

The problem is represented by a 2D section (with unit thickness) of the solid along
axis Oz. The problem symmetries make it possible to restrict the study to one-eighth
of that section. Figure 2.6 illustrates this representation. The physical process to model
is therefore the thermal equilibrium section. By taking the symmetric conditions into
consideration, we obtain:

T =T onI';
)\% = h(TeXt fT) onl's
grm(Tfﬁ)g:—g—z:O onTy
gr?l(T).ﬁ4_\f<gg§> =0 only
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(global numbering) 3
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of element 19
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X

Figure 2.7. Working example: mesh

This problem will be addressed with the finite element method. After constructing
the mesh, we will calculate the element quantities, make the assembly, apply the
temperature boundary conditions (on I'y) and solve the problem.

2.4.1. Finite element approximation

2.4.1.1. Mesh

The mesh is constructed by means of first order triangular elements (with three
nodes). To do so, we use in this instance:

— an angle division in p angle sector 7 /4p;

— a division of the radiuses obtained into p segments of equal length.

Thus, we obtain n = (p + 1)? nodes and m = 2p? triangular finite elements. This
is described in Figure 2.7 in the case p = 4, i.e. 25 nodes and 32 elements. The local
numbering of the elements is also described in this figure. If we now number globally
the nodes “radius after radius”, then “from left to right”, a node will be characterized
by an index [ referring to the angular sector, varying from 1 to p + 1, and an index
J referring to its position compared with the origin, varying from 1 to p 4 1. It will
always be possible to determine the global number ¢ of a node (varying from 1 to
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n = (p + 1)?) by means of an angular index I and a distance index .J in the form
i= (I —1)(p+1)+ J. The coordinates of node i will then be:

-1

x; = Rcosag + (a—Rcosoq)

, T
o1 with aI—@(I—l)

y; = Rsinay + (a—Rsinog)

If we number the elements in the same way, an element will be characterized by an
index K referring to the angular sector, varying from 1 to p, and an index L referring
to its position compared with the origin, varying from 1 to p. If we differentiate the
“lower” triangles (with the odd index e) from the “upper” triangles (with the even
index e), the connectivities are written as follows:

— for the elements ¢ = 2p(K — 1) + 2L — 1 (“lower” triangles), the connected
nodes have numbers (K — 1)(p+ 1)+ L, K(p+ 1)+ L+1and K(p+ 1)+ L;

— for the elements e = 2p(K — 1) + 2L (“upper” triangles), the connected nodes
have numbers (K — 1)(p+ 1) + L, (K —1)(p+1)+ L+ 1and K(p+1) + L + 1.

This numbering method makes it possible to index the nodes in the mesh and
construct for each element e the matrix [A°] locating it. For example, for element 19,
in Figure 2.7, that matrix has 3 lines and 25 columns. Its only terms different from
zeroare A, =1, Ay’ 3 = land A3Y; = 1.

2.4.1.2. Nodal approximation

The nodal approximation will now be performed with the shape functions
N¢(z,y) satisfying the conditions mentioned in section 2.1. If 4, j and k are the
local numbers of the nodes making element e, then the triplet (¢, j, k) is an even
permutation of (1,2, 3), and, for instance, N (x, y) must equal 1 at nodes 7 and 0 on
the segment connecting nodes j and k. This is illustrated by Figure 2.8. From three
points with coordinates (x;,y;), (;,y;) and (zx,yz), it is possible to define a linear
function equal to 1 at the first node and 0 on the segment connecting the other two.
That linear function is the shape function N{ of node ¢ (local numbering) of element
e. Itis expressed as Nf(x,y) = afx + bfy + c§, where the coefficients af, b and c§,
depend on the coordinates of the nodes forming element e in the following form:

a — Yi — Yk

C (i) (e ) - (?i*%‘)(yk ~ ;)
) ) )
o 2 (ye = y3) =i (@x — ;)

S (i) (e - w) = (- ) (e — )
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Nixy)

Figure 2.8. Working example: shape function N (z,y)

2.4.2. Discrete problem formulation
2.4.2.1. Element quantities

In order to estimate the element quantities, we select an element e. Its surface is
termed S°. It is obtained from the coordinates of nodes 7, j and k, belonging to the
element by the following expression:

S = %|(:rj — i) (e — i) — (5 — vi) (20 — 23) |

The components of the element matrix [K ¢] and of the load vector { F'°} of element
e are given by the general formulae previously obtained. In this working example, the
zero flux conditions (on I'3 and I'4) only yield zero terms in the load vector. Besides,
as we considered a unit thickness for the representation in Figure 2.6, the volume and
surface integrals become respectively surface and contour integrals. We finally obtain:

ON¢E ON¢ ONE ON¢
Kf =\ Lt 4t ])ds+h,/ NENS dl
7 ge < dxr Ox dy Oy 95Ty J

FS = hTo / Nedl
a5eNly

In this equation, note that the first term of [K ¢], related to the thermal conductivity,
can be expressed directly for any element e in the form AS°(a;a; + b;b;). On
the contrary, the second term and the vector {F¢}, which are the contributions of
convection exchanges (coefficient /), are more difficult to determine.
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Figure 2.9. Working example: skin elements on I's

An intelligent means of estimating the terms due to convection exchanges (terms of
K, and F involving an integration on S NI's) is to introduce an additional mesh on
the boundary I's on which these conditions are applied. That additional mesh is often
referred to as a skin mesh. In this 2D example, it would be made of two-noded linear
elements, with coordinates (x1,y1) and (z2,y2). Then by changing the variables, as
described in Figure 2.9, it is possible to characterize the position of a point on this
element with a parameter £ varying from —1 to 1 as follows:

—_
|
Ay

with

{I(é) = Ni(&)1 + No(€)ws Ni(e) = 1=8
y(§) = N1(§)yr + N2(§)y2 Na(€) =

—
N |+ o
ass

Now if we term L° the length of the skin element corresponding to the surface
e2 . e .. .
element e, we note that dl? = dx? + dy® = LTdEQ, ie.dl = %df, and it is possible
to write the contribution of each skin element as follows:

hLe (!
5 | NN

Le LToy [*
AT st / Nfdl = % / N;(€)de
0 —1

This makes it possible to fully define the element matrices and load vectors for
each element e as follows:

L
h / NENS dl =
0

— if element e has no common edge with I's, then:

a% -+ b% aias + b1b2 ajasg + blbg
[Ke} = \S5° ayag + blbg a% + b% aza3 + b2b3
arasz + b1bs  asasz + bobs CL% + b%

(7} =

o O O
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— if element e has a common edge with I'5, then this edge is carried by the locally
numbered nodes 2 and 3, and we obtain:

a% + b% aras + biby aias + by1bs
hL® hL®
2 2
[Ke] :)\Se a1a2+b1b2 a2+b2+ 3/\55 a2a3+b2b3+w
hL N
a1a3—|—b1b3 a2a3+b2b3+m a3+b3+ 3)\56

{Fe} = hLeTeXt

N = N= O

2.4.2.2. Assembly

Figure 2.10 illustrates the assembly operation for the calculation of the
components K3 13 and K3 g of the global matrix. The local node numbering method
described in Figure 2.7 was used.

e 2 H 419 20 21
< K355 K55+ K53+ Koy + Kot K+ K

node6 _ [

node 3 /

s
K;s=K3+K);

Figure 2.10. Working example: assembling the terms, K13,13
and K3 g, of the global matrix
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Figure 2.11. Working example: assembling the global matrix and load vector

By performing the assembly with p = 4 (as in Figure 2.7), we finally obtain a
global matrix and load vector whose terms different from zero are given in Figure
2.11. In this figure, we can note that the half bandwidth is equal to 6.

2.4.3. Solution

2.4.3.1. Application of boundary conditions

In order to apply the boundary conditions, we will only use the penalty method
here. According to this method, a high constant P is added to the diagonal components
of the matrix K] corresponding to the nodes located on the boundary I'y. Likewise, a
constant PTiy is added to the components of the load vector { F'} referring to the same
nodes. In the case p = 4 these nodes have numbers 1, 6, 11, 16 and 21. The application
of the essential boundary conditions then involves the following modifications:

K. — K 1+P Iy — Fy + PTiy
Ko — Koo+ P s — Fs + PTiy
K11 — K +P Iy — I+ Pl
Kig16 — Kis6 + P Fig — Fig + Plint
Ko1 91 — Koy o1 + P Iy — Iy + PTiy

It may be noted that the global matrix [K] described in Figure 2.11 cannot be
inverted. In fact, without any temperature boundary conditions, there is an infinite
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Figure 2.12. Drawing isotemperatures
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Figure 2.13. Drawing isoflux values in the direction ©

number of solutions, all of them being separate from each other with a uniform
temperature field (7" constant in 2). In this example, the temperature boundary
conditions are therefore necessary to obtain a single solution.
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2.4.3.2. Solution

This section requires the creation of a short computer program incorporating the
methods described in this chapter. This program is easy to write. Therefore, we invite
the reader to do this, as an exercise, in order to check the temperature field obtained.
We have used existing software to perform this thermal analysis. Figures 2.12 and 2.13
have been made with the following data:

— geometry: R = 2mm, a = 6 mm;
— thermal conductivity: A = 0.03 W/mm/K;
— boundary conditions: T,y = 100°C, Twy; = 20°C, H = 0.01 W/m?/K.

Figure 2.12 gives the temperature field, while Figure 2.13 gives the thermal flux in
direction .
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Chapter 3

Isoparametric Finite Elements

3.1. DePnitions

In Chapter 2, we introduced the major principles of finite element approximation
leading to an approximate solution of continuous problem [1.13] by solving an
equation system. This approximate solution is defined by a set of nodal values
gathered in the vector {T'}. The temperature at any point of the mesh is then obtained
by interpolation inside each element (equation [2.2]).

This section concerns the description of isoparametric elements which are by far
the most widely used elements in most computer codes. In order to introduce them,
the concept of a reference element is presented. This notion makes it possible to
define any element by means of a simple geometric transformation. The isoparametric
elements use a geometric transformation defined by the element node location and
the reference element’s shape functions. Finally there will be a presentation of the
properties required by the interpolation functions so that the approximate solution
obtained by the finite element method leads to the continuous solution when the mesh
is refined.

3.1.1. Reference element

The construction of the shape functions of complex geometric elements is not
always straightforward. For convenience, the notion of a reference element is used.
A reference element is a very simple element, indexed in a reference space, which can
be transformed into an actual element by means of a simple geometric transformation
(Figure 3.1).
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-1 X

reference element actual element

Figure 3.1. Reference element and actual element

The geometric transformation of a reference element is defined by means of
the actual element’s geometric nodes. It is a priori appropriate to differentiate the
geometric nodes from the interpolation nodes of the element. Indeed, the geometric
nodes of an element characterize its shape and location in the mesh while the
interpolation nodes carry the problem unknowns (the temperatures in the present
instance).

In practice, it is common to use a linear geometric transformation in relation to
the coordinates of the geometric nodes. Thus, if element e includes p° geometric
nodes with coordinates ?f (with i = 1,...,p°), then the position = of any point

2,
of the element will be obtained from the position ¢ of the corresponding point in the
reference element as follows:

p
T(E) =) Gi(&)Ts [3.1]
=1

The functions G¢ are called geometric transformation functions. They take a scalar
—
value and act on the coordinates ¢ of a point on the reference element.
The geometric transformation serves the following purposes:

— to be bijective; which means that the Jacobian of the transformation must keep a
constant sign and never be equal to zero inside an element;

— match the geometr_i)c nodes of the reference and actual elemgnts. This is true
with the condition G§( & ;) = 1if i = j and 0if i # j, where & ; represents the
coordinates of the geometric node j in the reference element;

— match the boundaries of the reference and actual elements.
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reference element actual element

Figure 3.2. “Linear triangle” element

The similarity of relationship [3.1] with relationship [2.2] is obvious. Relationship
[3.1] can thus be considered to be a nodal approximation of the geometry.

Now examine in detail three examples of elements constructed from a reference
element. For simplification purposes, we will examine the 2D case only. The reader
will find the characteristics of other elements at the end of this chapter.

3.1.1.1. Triangular element with linear transformation functions

Figure 3.2 represents the case of a triangle element._"l:hree geometric nodes are
used. In this case, the coordinates of a point are written £ = (£, ) in the reference
space and 7 = (x,y) in the actual space. Consider the geometric transformation
functions defined by the three top nodes:

iEn=1-§-n
5(577] -
G5(&mn) =n

Then the coordinates (z, y) of any point in the actual element can be obtained from
the nodes 1 (x1,¥1), 2 (x2,¥y2) and 3 (x3, y3) in the form:

(&) = (1 =& —n)x1 + s + a3

y(&m) =1 —=&—=nyr +&y2 +nys

In these expressions, £ and 7 represent the coordinates of the corresponding
point in the reference element (Figure 3.1). It is easy to see that this transformation
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matches the nodes and boundaries of the reference and actual elements. Furthermore,
the Jacobian J is written:

or o

J o On C|m—w oz m
@ @ Y2—Y1 Y3z~
o5 on

= (362 - Sﬂl) (ys - yl) - (963 - Cﬂl) (y2 - yl)

Note that the Jacobian transformation is constant. It is the component according to
Oz of the cross product between To— 71 and T3 — @ 1. Therefore, this Jacobian
will not be equal to zero as long as the three geometric nodes of the triangle are not
aligned.

3.1.1.2. Quadrangle element with linear transformation functions

Figure 3.3 represents the case of a quadrangle using four geometric nodes. The
geometric transformation functions selected are:

G5(6.m) = 3(1- 1~ )
G5(em) = (1 +6)(1 — 1)
G5(em) = (0 +)(1 +)

Gilem) = 70— (1 +)

Then the coordinates (z,y) of any point in the actual element are obtained from
the nodes 1 (x1, 1), 2 (x2,¥2), 3 (x3,y3) and 4 (x4, y4) in the form:

#(6.m) = 11— 0 — M1 + 20+ )1 — s

(L4 61+ s+ (1 — €)1+ )

* 4

e

y(Em) =70 - O — )y + {1+~ )y

L0+ + 21— 1+ )

- 4

= =
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reference element actual element

Figure 3.3. “Linear quadrangle” element

In these expressions, & and 7 represent the coordinates of the corresponding point
in the reference element (Figure 3.1). Here again, note that this transformation matches
the geometric nodes and sides of the reference and actual elements.

Following on from the results obtained for the linear triangle, it is easy to
demonstrate that, if V; is the component according to Oz of the cross product
between ?j — 7; and T — T ;, where nodes j and k are next to node ¢ obtained
by anticlockwise and clockwise rotation respectively in the reference element, then
the Jacobian transformation is written as follows:

4
J(&m) =Y Gi(&mVi
=1

Thus, given the definition of the geometric transformation functions, the Jacobian
will keep a constant sign in the whole actual element if the V; all have the same sign. In
Figure 3.3, the geometric nodes of the reference and actual elements are numbered in
the trigonometric sense. All the V; are therefore positive since all the actual quadrangle
angles are strictly between 0° and 180°. The corresponding Jacobian is therefore
positive in all of the actual element. It is never equal to zero and the transformation is
therefore bijective.

Conversely, if one of the quadrangle angle values had been greater than 180°, then
the corresponding term V; would have been negative, and the Jacobian sign would
have changed inside the actual element. This is illustrated by Figure 3.4. In this case
the transformation is no longer bijective and the element cannot be used. The angles
of a linear quadrangle must therefore range strictly from 0° to 180°.
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correct case incorrect case

Figure 3.4. Condition of non-singularity of the quadrangle element

3.1.1.3. Quadrangle element with quadratic transformation functions

Figure 3.5 represents the case of a quadrangle using eight geometric nodes. The
geometric transformation functions selected are:

C5em) = (-0 —m+E+n)

G56m) = 50— €)1~ n)

as(6m) =~ 31+~ )1 —€-+n)

Gi(em) = 51+ 61— 7)

G3(Em) =31+ O +n)(1 €~ n)

Gilen) = 5(1- €)1 +1)

CE(E ) =~ 31~ + )1 +E-n)

a5 = 50— 91 )

This geometric transformation does match the nodes and sides of the reference and
actual elements. Indeed, consider for instance in Figure 3.5 the straight segment of the
reference element formed by nodes 1, 2 and 3. Any point on this segment is defined
by —1 < ¢ < 1andn = —1. The only functions different from zero are G, G5 and
G5. Restricted to this segment the geometric transformation becomes:

#() = —5€(1 ~ € + (1 - €)s + SE(1 + E)ay

§(E) = —5€01 — i + (1 - )y + 2601+ E)ys



Isoparametric Finite Elements 85

reference element actual element

Figure 3.5. Quadrangle element with quadratic transformation functions

In the equations, (x1,y1), (z2,y2) and (x3,y3) are the coordinates of node
numbers 1, 2 and 3 of the actual element. The straight segment of the reference
element is transformed into a curve parameterized by & giving the coordinates (z, y)
of the points of this curve in the actual element.

3.1.2. Isoparametric elements

We have just examined the geometric construction of a finite element from a
reference element. This construction is based upon the definition of a bijective
transformation between the reference element and the actual element from the
location of geometric nodes. This transformation is defined by means of geometric
transformation functions. Through this geometric transformation, it is now possible
to substitute the approximation on _t}he actual element for the approximation on the
reference element. By calling N ( £ ) the shape functions of the reference element (i
varying from 1 to the number of interpolation nodes), the approximation inside the
actual element is completely defined by:

— the bijective geomegic transformation connecting any point = of the actual
element to a single point £ of the reference element as follows:

T(E)=> G)Ts
1=1

— the nodal approximation of the temperature in the reference element, which is
written as follows:

T(€) = Ne (€)1t
1=1
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This approach is obviously interesting. As the reference elements are
geometrically very sigple (triangle, square, cube unit, etc.), it is easy to determige the
shape functions N ( £ ) as well as the geometric transformation functions G§( £ ).

The elements most commonly used in computer codes use geometric nodes and
geometric transformation functions respectively similar to the reference element
interpolation nodes and shape functions. They are termed isoparametric elements.
Other types of elements are sometimes used. Subparametric elements have fewer
geometric nodes than interpolation nodes. On the contrary, superparametric elements
have more geometric nodes than interpolation nodes.

Later on in this chapter as well as in the whole book, we will deal with
isoparametric elements only. In this case, the number of geometric and interpolation
nodes in an element e are equal, p® = n°® and_)the geometmc transformation functions
of the reference element are such that GS( &) = Nf( f ). The nodal temperature
approximation (equation [2.2]) can then be written for any mesh element 2¢ as
follows:

VT € Q°, T(?)—iNf(?_)
= (Ne(7(€))) 4T}

Actually, the Nf(?(?)) can be formulated Nf(?). However, it is appropriate to
bear in mind the fact that the interpolation functions on the reference element and on
the actual element are different. They can be deduced from one another by changing
the variables between the coordinates = and §

For instance, in the case of an eight-noded quadrangle, the interpolation functions
N¢ will be written for the reference element as follows:

109U -n)(+E+)

N(em) = 5 (1- €)1 —n)

Ni(&n) =

N§(&,m) = — 3 (1+)(1 —n)(1 — &+ )

1+ (-7

—_

Ni(&n) =

N |

N§(&m) = —3 (141 +n)(1—€—)
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N,En)

1

corner node midside node

Figure 3.6. Interpolation functions of a reference eight-noded quadrangle

N§(&m) =5(1-€)1+n)

N[ =

N(Em) = 3 (11 +n)(1+E )
Ng(&m) = 5(1-6)(1 — )

These functions are represented in Figure 3.6 for both types of node present in the
element. Thus, a corner node (node 1 for instance) is distinguished from an midside
node located in the middle of a segment (node 2 for instance). Note that interpolation
functions vanish for nodes different from the one they are attached to, and more
generally, on all the sides of the element which does not include this node.

It is important to note at this point that the location of midside nodes in a second
order (or upper) isoparametric element may substantially modify the temperature
approximation on the actual element.

For instance, in the case of a 1D second-order element, the three nodes are defined
in the reference element by £ equal to —1, 0 and 1. Given the shape functions of this
element (see Table 3.3), the temperature approximation in the reference element is
written in the form of a second degree polynomial in &:

T +£2T1 — T+ T

vEe L1, TE=Tp+e .

By choosing an index centered on the actual element and writing ;1 = —a and
T3 = a, the geometric transformation from the reference element to the actual element
is written (Figure 3.7):

vEe [-L1), (f) = 22(1 - &%) +al
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O 06 0 O
_J—.—.—-

a 0 a  x -a -a/2 0 a  x
(a) (b)
midside node in midside node on
the middle of the the quarter of the
segment [-a, a ] segment [-a, a |

Figure 3.7. Locating the midside node of a 1D three-noded element
in the middle (a) or on the quarter (b) of the segment

Now examine the following situations:

— the midside node (number 2) is located in the middle of the segment (Figure
3.7a),i.e. zo = 0,

— the midside node (number 2) is located on the quarter of the segment (Figure
3.7b), i.e. xo = —a/2.

In the first instance (zo = 0), the geometric transformation from the reference
element to the actual element is defined by x = £a. Proportionality between = and
¢ then leads to approximating the temperature on the actual element in the form of a
second degree polynomial in z:

Ts-T | T2+ T

V. — T(x)="T:
x € [—a,al, (x) b+ 5 52

In the second instance, the geometric transformation becomes = = (£2+2¢£—1) 5
The inversion of this relationship gives two possible solutions for £ according to x. We
retain the formula with values of £ going from —1 to 1, i.e. £ = —1 + /2 + 2z/a.
This expression leads to an approximation of the temperature on the actual element as
follows:

r+a
2a

Vo € [—a,a], T(z)=T+ (- 3T+ 41> — T})

xr+a

+ (2T — AT, + 2T3)

This expression now involves such terms as /(2 + a)/2a. This temperature
approximation is now very different from that obtained when the midside node is
located in the middle of the segment. In this case, the temperature gradient obtained
by derivation with respect to x, and hence the heat flux density, tends to infinity as
one gets near node 1 (z tending to —a).
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Therefore, it is necessary to be very careful when locating midside nodes on the
sides of elements. Especially with second-order elements, we will try to locate the
middle node on the perpendicular bisector of the segment connecting the corner nodes.
Another location for the midside node must be restricted to very specific cases. For
example, in linear elastic fracture mechanics, it is possible to reproduce the crack tip
singular stress field by using a mesh radiating from this tip and moving the midside
nodes to the quarter of the segments connecting the corner nodes.

3.1.3. Interpolation function properties

The finite element method makes it possible to obtain an approximate solution of
problem [1.13] in the form of a vector {T'} including the temperatures on the mesh
nodes. Then the temperature at any point is obtained by nodal approximation. A few
convergence conditions of the approximate solution to the continuous solution will be
given hereafter.

For the approximate solution to converge toward the solution of continuous
problem [1.13] when the number of nodes increases, it is necessary for the nodal
temperature approximation defined by equation [2.2] to belong to the set Ep of
admissible solutions of the continuous problem, which means that:

—inside each element, the temperature field nodal approximation, hence the
interpolation functions, have to be sufficiently regular. In our case, this approximation
must be class at least C'1, that is to say such that its first derivatives are continuous;

—on the boundary between two elements, the nodal temperature field
approximation must be continuous. The finite elements satisfying this condition are
said to conform or compatible. Some elements, said to be incompatible, contravene
this condition. The integral form of the problem then includes additional terms
showing the function jumps on the element boundaries. The convergences of the
approximate solution toward the continuous solution can only be ensured if these
additional terms are bound and tend to zero when the element size itself tends to
zero. This type of element is fairly often found in mechanics (some shell elements
in particular), but very rarely in thermal science. Finally note that the continuous
condition for compatible elements is valid for the temperature field only, not for its
gradient. As a general rule, the temperature gradient is discontinuous on the boundary
between two elements;

—as the mesh is refined, the approximate temperature solution and its first
derivatives must tend toward constants (the values taken by the continuous solution).
As in practice polynomial interpolation functions are used, this condition means that
the approximate polynomial basis inside each element has to be complete at order 1,
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that is to say it includes terms in x in a 1D problem, in « and y in 2D, and in z, y
and z in 3D. In fact, using a complete polynomial basis of the order p 4 1 ensures the
convergence of the temperature field derivatives up to the order p.

The first condition is easily satisfied by choosing polynomial interpolation
functions while the second condition will be satisfied by choosing interpolation
functions N equal to zero on any side or face of the reference element not including
node i.

The third condition forces the approximate polynomial basis to be complete
at the order 1, which means that inside each element ()¢ the nodal approximation
can be written at the first order next to a point in the form 7'(7) = Ty + @ - .
If this development is applied to the node with coordinates 7'¢, we obtain
T¢ = Ty + @ - 7€ If in the nodal approximation the node temperatures 7¢ are
substituted for the expression above, it is possible to write simultaneously:

—

T(F(€) =T+ -7(€)

Therefore, the third condition will be satisfied as soon as:
n¢ g
Y ON(E) =1
i=1

It is possible to mix several types of finite elements in the same analysis. However,
these elements must be compatible to satisfy the temperature continuity condition.

For instance, it is not advised to combine isoparametric elements whose faces or
segments have different node numbers, as illustrated in Figure 3.8.
3.2. Calculation of element quantities

The matrices and element vectors obtained by equations [2.6], [2.7] and [2.8]
are written in the form of integrals over the volume §2¢ or surface 9€2° of an actual
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incorrect association of
linear and quadratic
elements

correct association of
linear elements

Figure 3.8. Mixing isoparametric elements

element e. In order to calculate these integrals, it is convenient to work on the reference
element with the geometric transformation maklng it possible to move from the actual
coordinates 7 to the reference coordinates § For this purpose the Jacobian matrix
of this transformation J is used; it is defined from its tangent linear application to a
given point:

!
I
I~
SH
)
z
g
I~
I
aQ
3
&
[oR

(@)

—7(€) = dz

In this equation, the operator grad () designates the gradient in the coordinate

system ? For example, in a Cartesian 3D case, written as follows: T = (2,y,2) and
27
¢ =(&,n,(), we obtain:

fox Ox Ox
o I I
J_|% 9y 9
T |98 On O¢
0z 0z 0z
Los an ¢

Firstly, we will express the element quantities in the reference frame related to
the element e under consideration. Then we will note that these quantities can be
numerically evaluated in a very accurate way by means of the Gauss method. Finally
we will illustrate this method on 1D, 2D and 3D reference elements.

3.2.1. Expression in the reference frame

The fundamental quantity to calculate during a finite element analysis is the
element residual { R} (equation [2.6]). This quantity is the result of the integration
on element §2¢ or on its boundary 9Q2¢ of functions involving:

— the thermal conductivity matrix A;

— the heat production volumetric term Q;
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— the flux ¢ entering through the boundary 0€;

— the geometric characterlstlcs of the element through its interpolation functions
Nf and their gradients grad(N ).

In order to turn an integral on ¢ into an integral on the reference element, it
is appropriate to transport these quantltles by means of the (bijective) geometrlc
transformation connecting the coordinates = of a point on € to the coordinates 5
of the corresponding point in the reference element.

The transport of those quantities which are explicit functions of the location @ of
the point on (l‘j is easy to perform. It is sufficient to replace = with its expression
according to ¢ (equation [3.1] applied to an isoparametric element). It is, however,
more difficult to transport the interpolation function gradients. It is necessary to use
the Jacobian transformation matrix. In fact the derivation rule of composed functions
allows us to write, in the case of Cartesian coordinates, by designating 7 = (z, v, 2)

dr Oxr O
o on
ONg ONf ONZ\  (ONS ONf ONE\ |oy Oy oy
(ag an ac)‘(eh dy az)'afanac
— — 0z 0z 0z
grad? (N¢) grad” (N¢) % o0 o

J

In general, the terms involved in the expression of element quantities and including
the gradient operator can be written as follows:

T T -1
grad” (Nf) = gradg (N?)-J
SN r — [3.2]
grad(Ne) = 7 - grade (N?)

In this equation, J ~! is the inverse Jacobian matrix, and J T is the transposed

inverse Jacobian matrix.

The last step for transporting element quantities toward the reference element is
the transformation of the volume element dv. If dvy designates the volume element in
the reference element coordinate system, then we obtain:

dv = Jd’UO

where J is the Jacobian matrix determinant, also called the Jacobian.
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With these results, the element residual {R°} can be expressed for each element
e, in the form of integrals on the volume or surfaces of the reference element
Q0 corresponding to it. For instance, the linear case in the previous chapter, in
which the element residual was expressed linearly according to the element node
temperatures (equation [2.10]), corresponded to a heat conductance matrix A and a
volumetric term () independent of the temperature, and a flux ¢ appears as follows:
q = qo + h(Text — T). This residual becomes:

(/ {Ne} Q'] dUO + {Ne} (QO + hText)Js d50>
Qo 009

{Fe}

= ([ femdfoe} g (arde(v)) g

_ . {Te}
+ [ {N}R(N®) J,dso
990

[Ke]=[Ae]+[He]

In this expression, Q° represents the reference element corresponding to the actual
element e, 892 is the face of the reference element corresponding to that of the actual
element on which the flux ¢ is applied, dsq is the surface element corresponding to
that face, and J; is the determinant of that face transport Jacobian matrix.

Note therefore that the calculation _c))f element quantities comes down to the
calculation of integrals of type fQO f( & )dvg. Generally speaking, these integrals
cannot be calculated analytically. Numerical integration techniques are then used.

3.2.2. Gaussian quadrature

Numerical integration consists of replacing an _i)ntegral with a sum of contributions
on a finite number n, of points with coordinates & ;, (with £ =1,...,n4):

g

FCE)dvo =3 wif(€)
0o k

=1

—
In this equation, ¢  locates the position of the integration point number £, and wy,
is the weight of this point contribution to the integral value.

The Gauss method (Gaussian quadrature) is different from other methods
essentially because both the integration point coordinates and weights are determined
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to obtain maximum accuracy. They are calculated in order to, minimize the
approximation error in the integration of a polynomial function p( £ ) interpolating

the function f (?) at those points.

3.2.2.1. 1D numerical integration

In the 1D case, the reference element is always characterized by ¢ varying from
—1 to 1. The integration of a function f( £ ) on the reference volume Q° can then be
written as:

_ 1
= [ 1@dw= [ re)de

The evaluation of the integral I depends on the calculation of an approximating
integral I:

1
1= [ sle)ae
-1

where p(€) is a polynomial interpolating function f(§) on n4 points. It is obvious
that the approximation I depends directly on the number and location of interpolation

points of f(§).

Assume first that the positions of the integration points are known, and write them
€1, .+, &n,. The polynomial p(¢) interpolating the function f(£) on these points can
then be expressed in the form of a linear combination of Lagrange polynomials L (),
satisfying the condition Ly (&;) = dg;:

(€)= L&) f (&)
k=1

(E—=&) (§=&1)(§—Eppr) - (€= &ny)

Li(§) = (& — &) (§k — Ep—1) (& — Ekt1) - (Ek — &ny)

If we now insert this polynomial expression into the approximating integral I, we
obtain a formula in which the weights wy, of the contribution of each integration point
& to the integral I can be calculated analytically according to the locations of these
points:

T- Z ( / 11 Lk@)df) 7()

—_————

Wk
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The a priori choice of the integration point locations & can be made in various
ways. For instance, in the Newton-Cotes integration method, the points & are evenly
distributed in the form &, = —1 + 2 fgill on the segment [—1, 1]. It is demonstrated
that this method, like all those a priori setting values &, allows us to integrate

accurately any polynomial function f () of a degree less than or equal to n, — 1.

In the Gauss method, the position & of the integration points is also optimized to
ensure a more accurate estimation. In this case, we therefore obtain 2n, parameters
to optimize (n4 positions ;. and n, weights wy,), which makes it possible to integrate
accurately with the same number of points any polynomial function f(&) of a degree
less than or equal to 2n, — 1. For instance, a 3-degree polynomial will be accurately
integrated with 2 points by the Gauss method, whereas 4 will be necessary with the
Newton-Cotes method. This method makes it possible to obtain the same accuracy by
substantially reducing the number of points where the function to integrate has to be
estimated, which reduces the calculation time.

In order to calculate the optimal positions of the integration points &, the
expression of the interpolation polynomial p(§) is enhanced with n, additional terms
in the form:

=3 LuOfE) + 3wt g()
k=1 k=1

q(§) = H €-&)

=1

Note in this equation that p(§) is now a polynomial of degree 2n, — 1 with 2n,
parameters (the &, and the ay). Moreover, this polynomial always coincides with
function f (&) at the points &, since ¢(£x) = 0.

Now the integral I approximating I is written as follows:

1:Z</_11L< ) (&) +Z(/ & 1q( >df)ak

k=1
Since the integration is to be exact for any polynomial of a degree less than or

equal to 2n, — 1, the integral I must be independent of the coefficients cv, which
leads us to choose the & so that:

1
Vi=1,...,n, [lfl’lq(f)dg =0
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For instance, if we decide to choose two integration points &; and &5, then the
location of these points will be determined with ¢(§) = (§ — &1)(€ — &2):

1
| (e-e)e-a)=0 2 4206 - 0 b=
,11 . ; .
| sle-a)(e-e)ic=o 2@ +e) =0 A

The calculation of weights w; and ws corresponding to the integration points then
generates:

§—§&

wl_[ Ln(©)de = /151

§—&

wQ_[L2 Jde = /152:§1d§:1

More generally speaking, Table 3.1 gives the integration point locations and
corresponding weights for the Gaussian quadratures mostly used in computer codes.

dg =1

ng| positions &k W
1] 7 0.0 2.0
2 — "¢ | £0.57735 02691 89626 1.0

+0.33998 10435 84856

-0.77459 66692 41483 | 0.55555 55555 55556
3 R 0.0 0.88888 88888 88889
+0.77459 66692 41483 | 0.55555 55555 55556
4 w—sns | T0.86113 6311594053 | 0.34785 48451 37454

0.65214 51548 62546

Table 3.1. 1D Gauss integration points and weights

The number of integration points in an element depends on the complexity of the
functions to integrate on that element for the calculation of element quantities. For
instance, for a 1D two-noded element, the interpolation functions are linear (see Table
3.3) and a single integration point will be sufficient to accurately integrate the element
quantities (as well as their gradients, of course). However, the element quantities
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Figure 3.9. Gauss method induced error

require other functions such as the volumetric heat source (). If these functions do
not vary linearly according to the space coordinates, then this method will introduce
an error in the estimation of these element quantities. Figure 3.9 illustrates this error
in the working example of Chapter 1, with a discretization on five finite elements.

3.2.2.2. 2D and 3D numerical integration

Extending the Gauss integration method to 2D or 3D elements is relatively
easy with square or cubic geometries. In such a case, the integration directions are
independent and it is possible to write:

1.1 g g
[ femdean= S S ufulf(sem)
-1/-1 k=11=1

1ol pl n§ n? ng
/_1 / / FEm.Q)dedndC ~ Y7 Y wiwws, f (S, m Gn)

k=11=1 m=1

The point numbers (ng, ng, ng), their coordinates (£x, 1, () and their weights
(wi,wl",w,gn) are obtained from the results of section 3.2.2.1 applied in the
corresponding direction.
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ng positions &k N W
1 ul
1 : £1=0.33333 33333 33333 | n; =& w1=0.5
0 1
Ul
1 £1=0.16666 66666 667 | n1 = &1 | w1=0.16666 66666 667
3 £2=0.66666 66666 667 | N2 = &1 wa = w1
o =& 13 = &2 w3 = w1

£1=0.10128 65073 235 | n1 = &1 | w1=0.06296 95902 724

. €2=0.79742 69853 531 | 15 = £ wo = wn
! £&3=¢&1 N3 = &2 w3 = w1

7 £4=0.47014 20641 051 | n4 = &6 | w4=0.066197 07639 425
o1 & =& N5 = &4 ws = wq
€6=0.05971 58717898 | g = &4 we = wa
£7=0.33333 33333333 | ny = &7 wr=0.1125

Table 3.2. Gauss integration schemes for triangles

Type Geometry Interpolation functions
1—
Linear Ni(¢) = 1-¢
2
element (D e )
with two nodes ! I Nao(€) = 1+¢
2

() = 5€(E— 1)

Quadratic element 12
with three nodes Na(§) = 11 ¢
N3(§) = 55(6 +1)
LN
MO = e~ 1(5-€)
_ 2T o !
Cubic element T N2(8) = 16 -1 <£ 3)
with four nodes .,I ,.” .m .\ : Na(€) = %75(1 _e2) <5 N é)
_9 21
Ni(©) = sge+ (€ - 5)

Table 3.3. Most common 1D finite elements

For other types of elements (triangle, tetrahedron, wedge, etc.), it is impossible to
act in the same way. A great deal of research work has enabled us to determine several
numerical schemes, the most common of which appear in Table 3.2 for a triangle.
These schemes can then be combined to construct new schemes adapted to tetrahedra
and wedges (Table 3.5).
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Type Geometry Interpolation functions
Linear element Ni(§m)=1-&-n
with three nodes Na2(&,m) =&

(triangle) Ns(¢,m) =1
Ni(§,n) = —a(l —2a)
N2(&,n) = 4€a
Quadratic element N3(&,m) = —€(1 - 2¢)
with six nodes Na(§,m) = 4€n
(triangle) Ns(&n) = —n(1 - 2n)
Ne(€,m) = dna

(withaa=1—-& —n)

M) = ;-1 -n)
Linear element Na(&,n) = i(l +&1—n)
with four nodes 1
(quadrangle) Na(&,m) = (1 +&)(1+1)
Ni(em) = (1= (1 +7)
Mi(em) =31 -1 -1 +E+7)
Na(6m) = (1= €91 — )
Na(&,m) = =31+ —n)(1 — € +7)
Quadratic element Na(§,n) = %(1 +6(1—n?)
with eight nodes 1
(quadrangle) Ns(&m) =71+ OA+nA-&-n)
No(&m) = (1= €9)(1 +)
Ne(em) = =1 (1= +n)(1 +€— )
Ne(&n) = 51— (1 - )

3.3. Some Pnite elements

Table 3.4. Most common 2D finite elements

99

In this section, we will deal only with the most commonly used reference elements,
for which the geometry, local node numbering and interpolation functions are
specified. The 1D elements are in Table 3.3. The four-noded cubic element is hardly
used. The 2D elements are in Table 3.4. Some of them are widely used in this chapter
(the three-noded triangle for instance). Finally, Table 3.5 includes a few 3D elements.
There are others, such as the 15-noded wedge or the 20-noded cube (quadratic
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interpolation). There are also elements mixing a quadratic interpolation in one or two
directions with a linear interpolation in the remaining directions. The interpolation
functions are then obtained by applying the relationships presented in this chapter.

Type Geometry Interpolation functions
Linear element ?‘n x; Eg: Z: 8 i 2 Semnee
Pt RN N3(€,¢) =n

e N3 (5» m, ) - g

N1(§ 7,¢) = —a(l - 2a)
Na(&,m,¢) = 4

N3(&,m,¢) = —§(1 —2¢)

‘ M) = )

uadratic element i2, Ns(&,n,¢) = —n(1 -2
Sith ten nodes :}}:?.: N6 (&,7m,¢) = dna
(tetrahedron) 0 9 : N7(&,1m,¢) = 4
Ng(&,n,¢) = 46¢

No(&,1m,¢) = 4n¢
Nio(€,m,¢) = —¢(1 = 20)
(witha=1—€6—-n—2¢)

Ni(6n,0) = 51— €= n)(1 - 0)
Na(€,m,0) = 5€(1 =)

2
Lot 0 =310
(wedgo) Naem, Q) = 50— €= n)(1+0)
Ns(,m,¢) = S€(1+0)
No(&,7,0) = 301 +0)
Mi(En.0 = 1 -1 -n)(1 - )
Na(€m, Q) = S +O(1 - )1 =)
Na(€1,0) = S+ +0)(1 — )
Lincrclomen o\;%, L Nieno = %(1 —9U+n(1-0)
(hexahedron) 30 Ns (gm0 = =90 -m+0)
No(€m,0) = <A +O(1 - )1 +0)
Ne(€m,0) = <+ +n)(1 +0)
Na(&m,0) = (1= (1 +n)(1 +0)

Table 3.5. Most common 3D finite elements
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Introduction

Part 1 of this book dealt with the detailed description of the finite element method
using, to this end, the simple case of steady state conduction. This allowed us to
introduce the basic physical models used in thermal science (thermal balance, Fourier
law, etc.), then show how the finite element method can be used to solve a particular
problem.

In Part 2, complementary notions will be introduced and their consequences for
the finite element method will be shown. These concepts are:

— the transient state;
— non-linearities;

— transport phenomena.

The study of transient heat conduction requires consideration of the thermal
capacitance of materials. Indeed, a solid undergoing a thermal load does not instantly
reach a steady state. The temperature in the solid varies over time. In order to obtain
this variation, the finite element method must be coupled with a time integration
scheme.

The behavior of a material in the steady or transient state is rarely linear. As a
matter of fact, its thermal conductivity is often temperature-dependent. Moreover, the
boundary conditions and the loads applied to a solid are often non-linear. For example,
the heat exchange coefficient between a solid and an external medium often depends
on the local temperature of the solid surface. The traditional methods of solving
non-linear thermal problems in the steady or transient state will be described.

Transport phenomena are present when the solid is no longer assumed to be
motionless as a result of the thermal loads it is subjected to. Such is the case when
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a welding operation is simulated, the heat source moving along the weld seal. A
solution in a reference frame related to that source will have to take into consideration
the relative movement of the solid. Transport phenomena also introduce numerical
instabilities and the remedial methods for this will be described.



Chapter 4

Transient Heat Conduction

4.1. Problem formulation

Transient heat conduction involves time. In order to apply the finite element
method to the numerical simulation of this phenomenon, we use a course of action
similar to that introduced in Chapters 1 and 2. This method leads us to a time
differential system for the temperatures at the mesh nodes.

4.1.1. The continuous problem

If we perform the energy balance as in [RAP 98] fomtance, the left-hand term of
the steady state equilibrium equation [1.4], i.e. div(\-grad(T)) + @, appears to be the
heat brought to a volume element of the solid 2. The first principle of thermodynamics
specifies that this heat produces an internal energy change on the domain over time.
That internal energy change, equal to zero in the steady state, can be expressed here
as pH , where p is the material volumetric mass and H the variation over time of its
specific (i.e. per mass unit) enthalpy H. Equilibrium equation [1.4] thus becomes:

e .
div (A - grad(T)) + Q = pH at any point of {2 [4.1]

In this case, the boundary conditions applied to the solid are similar to those
mentioned in the steady state, i.e:

— an input flux ¢ known on a portion 9€, of 2 boundary;

— a known temperature Ty on the other portion 921 of that boundary.
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However, in transient states, these boundary conditions may change over time, as
well as the source term (). It follows from this that the boundary value problem of
transient heat conduction is expressed as:

Find T(Z', ) at any point @ € ) verifying:

att =0:

T(7,0) =Ty ()

atany instant t € ]0,¢4[: [4.2]
—_— . .

R(T,t) = div (A - grad(T)) + Q(T,t) — pH(T,t) = 0in

(A~ grad(T)) - W = q on 99,

T = Td on 8QT

} with 90, U 0Q7 = 00

The term R(T,t) present in this problem is called residual, as in the steady state.
It is a quantity to cancel at any point of the solid €2, and at any instant of the study,
i.e. between instants ¢t = 0 and ¢ = ¢, while satisfying at these instants the boundary
conditions illustrating the exchanges of the solid with the external environment. These
boundary conditions are applied on the boundary 952 of the solid €2, and we must check
that 0Q, U 0Q2p = 0N

Conversely, in this boundary value problem an initial condition appears, the initial
temperature field Tp( ) in the solid, as well as the enthalpy derivative with respect
to time. We could therefore think of applying a time finite element approximation
by using the initial conditions as boundary conditions. However, time variations are
treated differently from space variations in most computer codes. The finite element
approximation is only used for space variations, time integration requiring a finite
difference technique like the one described in section 4.2.

If a method similar to that of Chapter 1 is applied to space variations, the following
weak integral formulation is obtained, where the spaces Er and E,, are those defined
by equations [1.11] and [1.12]:

Find T:t € [0,t¢ — T(7,t) € Er such that:
att = 0:

[4.3]
fort € ]0,t[ and for any ¢ € Ey:

[v@-piao+ [ wqds— [ gad? )2 gadir)do =0
Q 9, Q
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The Galerkin method constructs at any instant a temperature approximation by
reasoning on n-dimensional spaces L. and E. Continuous problem [4.3] is then
approximated by the following discrete problem (of dimension n):

Find T:t € [0,t¢] — T(7,t) € E} such that:
att = 0:

T(%,0) =To(7

for ¢ € ]0,ts[ and for any ¢ € Ej:

[ w@=piyao+ [ wqds— [ gad? )2 gadir)do =0
Q 09, Q

4.1.2. Finite element approximation

In discrete problem [4.4], the temperature field (2, ) is estimated inside each
element e of a mesh, and at any instant ¢, from the values it takes at the nodes
corresponding to that element, at that same instant, while the weighting functions
(@) are estimated as in the steady state:

VT €, e [0t T(T,t) =Y NE(T)IE(H)
1=1

Tf(t) [45]
= (N{(T),...,Nee(T)) - ¢ -+
Tre(t)
= (N°(2)) {T°(t)}
VT € Q¢ Vt e [O,tf[, q/)(?) — ZweNZe(?)
i=1
Nf(7)
4.6
= (Y1, e - [4.6]
Ny ()

= (¥°) - {N“(T)}

In equations [4.5] and [4.6], T (t) and 1§ respectively represent the temperature at
instant ¢, and the weighting function value at the node number 7 (local numbering) of
element e. The shape functions introduced, N ('), are estimated similarly to those
described in the previous chapters.
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If nodal approximation [4.6] is applied to the weighting functions (7') in the
discrete problem [4.4], the quantities involved in that problem can be written as
follows:

[ v@=pinao =3 @)+ | (NvHQ- pi)as
e=1 ¢
ds = €y . N¢}qd
[, vads =320 /mmq{ bads

/ arad?(v) - A gEad(T) dv = 3 () - / {erad™ (v} -2 grad(1) dv

e=1

If these expressions are transferred into equation [4.4], the quantity to cancel
becomes:

[v@-piyios [ wgas
Q 09,

= (@) - {RY(T 1)}
/gradT )\-gr?)i(T) dv e=t

where the vector { R®(T', t)}, specific to each element e, is called the element residual,
and is written according to the temperature field 7'(2’, t) and time ¢ as:

| oy @-piaos [ (Nyqds

Qe BQEOGQQ

{R(T.0)} = ]
_ /Se {gradT(Ne)} <A~ grad(T) dv

In order to estimate the element residual, it is necessary to express the variation rate
of the material enthalpy, H, according to temperature and time. In many instances, the
material enthalpy depends on temperature only. The material specific heat C' = %
can then be introduced to write pH = pCT. Term T can then be approximated by a

nodal approximation (equation [4.5]) as:

VI Qe 0.t[, T(T.t)=)Y Ni(Z)I;
i [4.8]

= (V@) - {7}
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In this equation, the vector {Te} includes in a column the temperature change rates
at the nodes of element e. If these expressions are inserted into the element residual
(equation [4.7]), we obtain:

/Qe {Ne}deJr/ {N°}qds

90°NaQ,

(reoy=| - ([ o a) {1}

[ (o} g a

Note that this expression differs from the steady state (equation [2.6] in Chapter
2) only by adding a term representing the quantity pH into the thermal balance
(equation [4.1]). That term produces the definition of a new element matrix, called the
capacitance matrix, heat capacity matrix or element mass matrix. It is a symmetric
matrix which is written as:

7] = / PO N} (V) do

Further on in this chapter, as in Part 1, we will restrict our study to the linear case to
fully express the element residual and its assembly. Non-linearities will be addressed
in the next chapter.

4.1.3. Linear case

If the results of Part 1 are used, we see that the element residual will be expressed
linearly according to the problem unknowns if:

— the material heat conductivity A does not depend on the temperature;

— the term (@, the heat volumetric source, is independent of the temperature (in
fact, as in the steady state, it could depend on it linearly, but as far as we know, this
corresponds to no physical instance);

— the heat flux ¢ applied to the solid boundary 0€, is a linear function of the
temperature (i.e. ¢ = h(Text — T) + qo, where h and ¢o are independent of the
temperature);

— the material volumetric mass p and specific heat C' are independent of the
temperature.

This element residual will then be expressed as:

[RE(T)} = (F<} = [C°]- {7} — [K] - {T*}
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The element terms: load vector { F'°}, capacitance matrix [C°] and conductance
matrix [K¢] are written as follows:

{F°} = /Q {N°} Qdv + /ammaﬂq {N®} (qo + hToxt)ds [4.9]

(] = /Q pCNY (N do [4.10]
)= [ {rad (v} -2 (rad (V) o

[K¢] = [A°]+[H€] with: ’ [4.11]

L :/aszemaszq N} RN ds

Finally it is possible to assemble the element quantities as in the steady case, which
allows the global problem of the following nodal residual to cancel:

(R ={F}—[C]- {7} - [K]-{T} [4.12]

In this equation, the capacitance and conductance global matrices [C] and [K], as
well as the load vector { '}, are obtained by traditional assembly operations:

{(F} =) (A" - {F°}
[C] = A" - [C°] - [A] [4.13]

K] =Y (A" K9 - [A]

Solving a transient heat conduction problem leads us to solve a first order
differential system with respect to time:

€] {T} K] {T) = {F} [4.14]

It is appropriate to note at this point that this differential equation does not take
account of the essential boundary conditions (known temperature), which are to be
inserted as the solution is in progress. Inserting these boundary conditions can be
done in the same way as in the steady case. We will not go into the details here.
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4.2. Time integration

The integration of differential system [4.14] gives the time evolution of the
temperatures at the mesh nodes and, by means of a nodal approximation, the
temperature and its gradient at any point of the solid. To do so, it is simple to use a
time-stepping solution method for [4.14] by means, for example, of an implicit finite
difference scheme. The temperature change rate at the mesh nodes is written as:

(e + an) = {70+ 80) (70}

The column vector {F'} and the matrices [C] and [K] being known at instant
t + At, as well as the nodal temperatures at instant ¢ (i.e. vector {T'(¢)}), the nodal
temperatures at instant ¢t + At are obtained by solving differential system [4.14] at
t + At. This yields:

([C1+ AtK]) -{T(t+ At} = At{F}+[C] - {T(t)}

Finally, when using such a method, we start with an initial condition at ¢ = 0 (i.e.
temperature {7°(0)}), then estimate the solution at each instant by consecutive time
steps At. This is a space approximate solution (by the finite element method) and a
time approximate solution (by the finite difference method). It should be noted that
the time step At may change during the analysis process.

We will now describe other numerical methods to integrate this system over time.

4.2.1. Modal method

The modal method seeks a solution to the transient heat conduction problem as
follows:

T(7,t) = Bu(t)7(T) [4.15]
k=1

where the n functions 75, (2) form a basis of the space of admissible solutions (E7).

Applying the finite element method then leads us to look for a solution to the
differential system of the form:

n ﬂl(t)
(T} =Y @ {n} = {n}. o Amh) - [4.16]
k=1 ﬁn(t)
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where the n vectors {7} are a basis of R", called the modal basis. The modal method
determines a modal basis then expresses the system to solve on that basis to obtain the
solution in that basis.

4.2.1.1. Determining the modal basis

To determine the modal basis, differential system [4.14] with no load vector is
considered:

] {T} LK) {T} =0 [4.17]

We are then tempted to seek solutions of the form {T'(t)} = {7} e~ %, so that this
system becomes:

([K]-alC])-{r} =0 [4.18]

Matrix [C], being symmetric positive definite, can be decomposed as [C] = [L] -
[L)", where [L] is a lower triangular matrix. It would have been possible to choose
to decompose matrix [K| as well. Choosing [C] here is preferable since [K] is not
necessarily defined. This decomposition produces the system ([K] — o [L] - [L]") -
{7} = 0 which, multiplied on the left by [L] ", yields:

(L7 K] L7 —aln]) (2] - {r} =0

In this equation, [L] ™" represents the transpose of the inverse of matrix [L]. We
therefore go back to the solution of an eigenvalue problem whose general form is
written as:

[A] = (L] K] - ()77
([A] = a[I]) - {¥} = 0 with { [I] : identity matrix [4.19]
(¥} =(Z]" {7}

Matrix [A] being symmetric, this problem admits n real eigenvalues ayq, ...,
Qf, . .., . To each eigenvalue oy, corresponds an eigenvector {W,} which can be
written as {0} = [L]" - {7}. If we reverse the process which led us from system
[4.18] to system [4.19], it is easy to demonstrate that the vectors {7} } satisfy the
following condition:

(K] {7} = o [C] - {7} [4.20]
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Matrix [C] being symmetric positive definite and matrix [K| symmetric but only
positive semi-definite, we can write:

() - [K] - {7} = ap (1) - [C] - {7}

>0 >0

We deduce that the n real eigenvalues «y, are positive or equal to zero:

< <ar<---<a,

To define the eigenvectors in a single way, it is necessary to norm them. Several
norms are able to do so; the most traditional are:

— The infinite norm: Max;—1...,,(7x;)-

— The [C]-norm: (13,) - [C] - {75}

Now consider 2 vectors {7;} and {7}, corresponding to 2 different eigenvalues
aj # ay. It is then possible to determine equation [4.20] for each value and derive:

() - [K] {73} = oy (75e) - [C] - {75}
() - [K] {7} = ax (15) - [C] - {7}

Given the symmetry of the matrices [K] and [C], we can write:

(1) - [K] - {7} = (m5) - [K] - {7}
(k) - [C] - {75} = (75) - [C] - {7x}

From the above equations, we can derive:

(Oéj —ak) <Tk> . [C] . {Tj} = 0

then:
(o) - [K]- {7} = (&) - [C] - {73} =0 [4.21]

In the multiple mode case, i.e. if the eigenspace corresponding to an eigenvalue o,
is of a dimension strictly greater than 1, we can construct an orthogonal basis of that
space in the sense of the scalar product L({7;} , {7 }) = (7;) - [C]- {7 }. It is obvious
that equation [4.21] remains valid.
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Equation [4.21] thus shows that the {73} for &k = 1...n form an orthonormal
basis of R™ called a modal basis.

We write:
¢j = (1) - [C] - {7}
kj = (r5) - [K]- {7}

[4.22]

As in mechanics, we can call ¢; and k; respectively generalized capacitance and
conductivity. Note that k; and c; verify a; = ZZ.

The description of the calculation methods of eigenvalues and vectors is not dealt
with in this book. It is possible for interested readers to consult [ZIE 91] or [BAT 96].

4.2.1.2. Projection on the modal basis

We therefore seek a solution of the differential system in the form given by [4.16],
where ({7 })k=1... is the modal basis. By projecting the differential system onto each
vector {7}, we obtain:

n

(i) - [C]- > Bu(t) {mi} + {m) - [K]
k=1

n

D Be(®) {mi} = () - {F (1)}

k=1

Given [4.21] and [4.22], we then obtain n first order differential equations, each
now including only one unknown f3;:

ciBi(t) + kiBi(t) = f5(t) with  f;(t) = (rj) - {F(t)} [4.23]

To integrate equation [4.23] over time, we can use one of the direct integration
algorithms presented hereafter. It is equally possible to use the analytical solution of
equation [4.23] which is written:

7 Jto

1 t
B;(t) = e~ @ilt=to) (ﬁj (to) + — / e (5=t0) fj(s)ds> [4.24]
c
where (3;(to) is the initial solution obtained from the initial temperature by:

Bi(to) = (7j) {T(to)}
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Most of the time, the right-hand side of [4.24] cannot be calculated analytically.
However, it is possible to calculate a time-stepping solution by assuming that, on each
time step, f;(t) of [4.23] varies linearly. For each time step, we obtain:

o (t+ At At
Bi(t+ A1) = f;(t)e JAt+f](kj )(1+€ a; At )

. —Oszt _
. fj(t) (e—ajAt 4 € 1)
/Cj OéjAt

In practice, it is unnecessary to consider a modal basis including all the problem
eigenmodes. Only the n’ first modes corresponding to the lowest eigenvalues and
allowing us to give an accurate representation of the temperature are necessary. The
number of differential equations [4.23] is consequently reduced.

The use of this method, also designated modal superposition method, requires on
the one hand the calculation of the n’ first eigenmodes and eigenvalues and on the
other hand the integration of n’ uncoupled differential equations [4.23].

This method is widely used in mechanics, but fairly rarely in thermal science.

4.2.2. Direct time integration

We consider the following first order differential equation which we will try to
integrate over time:

u(t) = g(u,t) [4.25]

In equation [4.25], if we refer to equation [4.23], we see that u represents the
projection of the nodal temperature vector onto a vector {7;} of the modal basis,
and g(u,t) = %(f]‘(t) — kju(t)). In the general case of differential system [4.12], u

represents the nodal temperature vector {7} and g the vector [C] " ({F}—[K]-{T}).

Direct integration algorithms make it possible to integrate an equation like [4.25]
step by step over time. Thus, to calculate the quantities at instant ¢ + A¢, we assume
all the quantities at the previous instants (¢, ¢ — At, etc.) to be known and apply
a numerical scheme to replace the differential equation with an algebraic equation
whose unknowns are the velocities at ¢ + At.

There is a large number of integration schemes of differential equation [4.25].
Among the most widely used are the generalized central difference algorithm and the
generalized trapezoidal rule.
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velocity velocity

w(t+41) u(t+4r) -
i) /

(1)

() u(t)

t T t+At  time t T t+At  time

(a) generalized central differences (b) generalized trapezoidal rule

Figure 4.1. Time integration schemes: (a) generalized central difference method
and (b) generalized trapezoidal rule

The generalized central difference algorithm (Figure 4.1a) assumes that the
velocity 4 is constant over each time interval [¢,¢ + At] and equal to the value at an
intermediate instant ¢ + vAt (with 0 < v < 1):

t+ At) —u(t
“(JFTW — (t+ vAt) = g(u(t + vAL), t + vAL) 4.26]
In the generalized trapezoidal algorithm (Figure 4.1b), the velocity u is also
assumed to be constant, but is obtained as a weighted mean velocity of the velocities
at times ¢ and ¢t + At. With 0 < v < 1 we obtain:

u(t +At) —u(t) v -
Q- (1 —v)u(t) + va(t + At) 127)

= (1—v)g(u(t),t) + vg(u(t + At), t + At)

Actually, these two families of numerical schemes are very close. They even
coincide when the function g is a linear function of u, as is the case in linear
conduction. In non-linear cases, the slight differences can be seen in Figure 4.1.

In the above numerical schemes, u(t -+ At) is the unknown. It is obvious that if the
right-hand side of [4.26] or [4.27] is independent of this unknown, then we directly
(or explicitly) obtain u(t + At) = u(t) + g(u(t), t)At. Then the numerical scheme is
called explicit.

For the numerical scheme families considered here, only the case v = 0
corresponds to an explicit scheme, designated as an Euler explicit scheme. In the
case ¥ = 1, we obtain an Euler implicit scheme. The intermediate algorithms
corresponding to 0 < v < 1 are said to be semi-implicit. The central difference
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method (also called the Crank-Nicolson algorithm) corresponds to equation [4.26]
with v = 1/2 and the trapezoidal rule to equation [4.27] with v = 1/2.

To apply the generalized central difference scheme to the transient heat conduction
problem, we start again with equation [4.14] which is considered at instant ¢ + v At:

C)-{D )+ 1K) -1} = (7))

In the above equation, index v is used to locate the quantities evaluated at instant
t-+vAt. Unless otherwise indicated, this index will be used later on. In addition, index
0 will be used for quantities evaluated at ¢ and index 1, for those evaluated at ¢ + At.

The variable change rate {7'} being assumed to be constant over the time interval
considered, we can write:

{1} ={T(t +vAt)} = (1 = v){To} + v{T1}

In that expression, vector {7y} is known (it is the one at instant ¢), whereas
vector {7} is the one we are trying to determine. Inserting this expression into the
differential equation to solve then gives the following equation linear system:

(mplcd4vird)-mih= (5 G- -] ) - () + (B} 428)

Gy

The solution of this linear system allows us to obtain {7} }, i.e. the temperatures
at the mesh nodes at instant ¢ + At, from vector {Tp}, i.e. the temperatures at the
mesh nodes at instant ¢. In the linear case being dealt with here, the other vectors and
matrices involved are not time-dependent.

Now apply the generalized trapezoidal scheme to equation [4.14] considered at
instant ¢t + At:

(- {71} + (K] AT} = {71}

We obtain:
1
1 < G {7}
(At [01]4'”[](1}) R UAY o G [01]'{To} [4.29]

+v{F}
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The generalized trapezoidal scheme requires at each instant vector {7p } and vector
{To} which is calculated gradually by means of formula [4.27]. At the initial instant,
{Ty} is calculated by solving equation [4.14] at that instant, the initial temperature
vector {7} being assumed to be known.

Equations [4.28] and [4.29] do highlight the differences between both algorithm
families, resulting mainly, in non-linear cases, from the fact that the quantities
involved are not evaluated at the same instant (¢ + vAt for the generalized central
difference algorithm and ¢ + At for the generalized trapezoidal algorithm).

Consider again equation [4.28] in the case of the Euler explicit scheme
corresponding to v = 0. We then obtain the following system:

1

L L
At

(Col {13} = {Ga} with (G} = ( 3,

Col - [Ko}) T+ {Fo} [430]

The matrix to inverse is simply [Cy], the capacitance matrix, resulting from
the assembly of the element capacitance matrices [C°] calculated at instant ¢. The
conductance matrix [K)] is not involved in this matrix to inverse, but only in the load
vector.

The strict application of the finite element method produces a capacitance matrix
[Co], symmetric and sparse, with non-diagonal terms different from zero. [C)] is called
a consistent capacitance matrix (with the finite element formulation). However, in
order to facilitate the inversion of the linear system obtained, matrix [C] is made
diagonal. This operation keeps the model’s total capacitance while eliminating the
coupling terms between two nodes. All the thermal capacitance is then transferred to
the diagonal terms of the matrix. In fact, with this technique, the specific heat is no
longer distributed evenly in the material volume but is lumped at the mesh nodes.

The most common lumping technique transfers on the diagonal the sum of the
terms of each line:

Ci1 Cho
[Co] = |Ca1 Co

[C11 4+ Cra+ - 0 0
= [Cy] =~ 0 Coi+Cop+--- 0
0 0
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This approximation considerably simplifies the solution of linear system [4.30]
as it is reduced to n scalar equations yielding the components of {7} } directly. The
problem unknowns at instant ¢ + At are thus obtained explicitly without solving a
linear system. Furthermore, storing the matrix only requires storing the n diagonal
terms.

However, the explicit scheme has a major drawback. The algorithm is
conditionally stable, i.e. the time step must never exceed a limit value. How to obtain
this limit value is described in the next section. That is the reason why it is restricted
to strongly non-linear problems, involving rapid phenomena already requiring, for
physical reasons, very small time steps.

When an implicit or semi-implicit scheme (0 < v < 1) is used, the temperatures
at the mesh nodes at instant ¢ + At (i.e. vector {77 }) are obtained by solving equation
system [4.28]. When the problem is linear, matrices [C,,] and [K, | involved in the
system are independent of the temperature. Therefore, they are constant over time,
and the matrix to invert in equation system [4.28] is determined by the time step At.
The assembly and triangulation of this matrix will only be necessary when the time
step At is modified during the calculation process.

Implicit schemes are more complicated to process than explicit schemes. However,
their stability conditions are less severe. This explains why they are frequently used in
thermal science.

4.2.3. Accuracy and stability of a direct integration algorithm

In order to analyze the stability and accuracy of the integration schemes presented
in section 4.2.2, we will cover the linear case only, and assume that the time step
used, At, is constant. Thus, we can designate with index p the quantities estimated at
instant pAt. {Ty} thus gives the temperatures at the mesh nodes at t = 0, {7},} the
temperatures estimated at ¢ = pAt, and {T},1, } those estimated at t = (p + v)At,
i.e. during the time interval, [pAt, (p + 1)At], with 0 < v < 1. Besides, restricting
the study to the linear case allows us to write matrices [C}] and [K,] as [C] and [K],
since they are constant.

Now it is important to differentiate the accuracy and stability conditions of an
algorithm:

— the algorithm accuracy is given by the truncation error made in formula [4.26]
or [4.27];

— the stability is the capacity of an algorithm to reduce or amplify the errors made
during the consecutive time steps.
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4.2.3.1. Accuracy

The variation of a quantity u during a time step is approximated as:

Up+1 — Up _ Upty in the central difference method
At

(1 = v)i, + vipy1  in the trapezoidal rule

In order to evaluate the truncation error made with the generalized central
difference method, the following Taylor series expansions are written:

At?
Up+1 = Uptv + (1 - V)Atﬂpﬂ”’ + (1 B V)27up+u + O(Ats)

At?
Up = Uptr — Z/At'l..l/p+y + I/2T'L.Lp+y + O(Atg)

By subtracting these two expressions then dividing the result by At, we obtain:

Upy1 — U . At
thp —lpgr = (1 — 2V)7up+v +0O(A#)

Likewise, the truncation error made with the generalized trapezoidal rule can be
obtained from the following Taylor series expansions:

AN 5
Upt1 = Up + Atily, + 5 lip + O(At?)

Up1 = Uy + Atily, + O(AL?)
From these expressions we immediately find that:

up%t_u” — (A= v)iy + Vi) = <; - u) Atii, + O(At?)

We can see that both families produce first order algorithms when v # % The
numerical schemes are said to be coherent at order 1 for differential equation [4.25].
This means that the errors in the velocity  are in the order of At. When v = % the
algorithm is coherent at order 2 and the errors made are in the order of At2.

The conclusion of this might be that the Crank-Nicolson algorithm (v = %) is, in
any case, the best possible choice. In fact, it is not so obvious, for, as will be seen later
on, this scheme produces oscillating solutions when the time step is too great. With
strong non-linearities, like those resulting from state changes for example, the Euler
implicit algorithm is generally preferred.
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4.2.3.2. Stability

We have just seen that at each time step, the solution obtained is erroneous.
Imagine these errors aggregated in the case of Euler implicit algorithm (v = 1).
We saw previously that this algorithm is coherent at order 1. Therefore, there is a

constant such that:
Up+1 — Up

Sl — | < kA

The error would then be less than the product NkAt where N represents the
number of time steps performed.

Unfortunately, these are not the only errors that add up because numerical scheme
[4.26] or [4.27], uses numerical values u, which are also erroneous. The numerical
scheme may therefore amplify the errors to the point of producing an unacceptable
solution. We say that a numerical scheme is stable if the error amplification is bounded,
i.e. if the very solution of the discretized problem is bounded. We can demonstrate that
if a numerical scheme is coherent and stable, then the numerical solution converges
toward the continuous solution when the time step tends to 0.

In order to analyze the algorithm stability condition, it is useful to consider the
eigenvector basis. We therefore consider the linear conduction case and go back to
equation [4.23], which is re-written as:

B5(8) + 0 8,(8) = — £, (t) [4.31]

Applying the generalized central difference algorithm to the equation above over
the interval [pAt, (p + 1)At]; we obtain:

55 ) ()01 = (35— =00, ) (3), + - (5),.,
(354 )0~ Jo

which, once rearranged, becomes:

1-(1—-v)a;At At 1
) =TTy = (f 432
G 1+ vo,At (%), + 1+ va,;At ¢; (5 [4.32]
By recurrence this relationship yields (3;),+1 as a function of (5;)o. The
algorithm will be stable if all the (3;),+1 remain bounded, regardless of j and p. The
algorithm stability condition is therefore written as:

_ 1—(1-v)a;At ) _
v -~ P e Vv 1-2 AL <2
7, Tvvaar |Sb be VI (1—2v)aj;At <
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From this relationship it can be deduced that if 1/2 < v < 1, then the scheme
used is unconditionally stable. On the contrary, if 0 < v < 1/2, then the scheme
is conditionally stable, and the time step used, At, must be less than or equal to the
critical stability step, Atgga:

2

— 2V )0max

where oax represents the greatest eigenvalue.

When going back to relationship [4.32], it is clear that the solution oscillates when
1=U-voy At A non-oscillation condition of the solution over time can be derived

I4+va; At
from this. This condition is written as:
1—(1-— PYAN .
V7, 1= (- pvaidt >0, ie At < Atgse
1+ vojAt
1 [4.34]
with  Atgge =

(1 = v)amax

We can see that relationship [4.34] is always satisfied for the Euler implicit
algorithm. Therefore, this algorithm never produces an oscillating solution, whatever
the time step value.

4.2.3.3. Simplified analysis of the stability condition

Relationship [4.33] gives the stability condition in a stringent manner. However, to
be applied practically, this relationship requires a previous calculation of the problem
eigenvalues and modes, which increases the global cost of the analysis. Thus, it is
useful to have a stability condition generated by a simplified analysis.

To do so, we consider a 1D case with no source term and a regular mesh composed
of n 2-noded elements of length e. The complete mesh thus consists of n + 1 nodes.
Besides, we consider a capacitance thermal matrix lumped by means of the technique
described in section 4.2.3.2. It is then easy to obtain:

1 -1 0
-1 2 -1 0
b AT1 -1 Ao -1 o2 -1 o0
x1=22 1] =
o -1 2 -1
i 0 -1 1|
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/2 0 0
0O 1 0 0
O ) I LR
0 0 1 0
I 0 1/2]

The generic equation corresponding to node 1 < 7 < n + 1 is written as:
A
pCely+ = (= Tjor +2T; = Tj1a) =0

Applying the generalized central difference algorithm then yields, after a few
mathematical manipulations:

(=)= (T-1), +2(T3), - (T3+1),)
(1)), 41— (T3), + Fo =0
(= (o) +2(0) 00— (T,
[4.35]

where F'o is the Fourier number:

AAE
F =
¢ pCe?

[4.36]

To study the stability, the Fourier method is used here. This method analyzes the
amplitude variation of each term of the Fourier series development of a disturbance
of the initial solution. We therefore consider a disturbance in the form >_, V!(¢)e''®,
i being the complex number such that i> = —1, and we study the variation of the [*"
harmonic V! when equation [4.35] is applied to it.

If we term x; the x-coordinate of node j and given that z;_; = x; — e and
Zj41 = x; + e, we obtain:

1—v Vl o efile 42— eile
(V)1 = (V1), )€ + Fo L= | | N e o
p p + I/(Vl)p+1( o e—zle 492 ezle)

from which we derive:

(Vl)p+1 _ 1+4Fo(v —1)sin® (le/2)
(Vl)p 1+ 4Fovsin® (le/2)
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It is obvious that the stability condition, also called the von Neumann condition, is
written as:
14 4Fo(v — 1)sin? (le/2)
1 +4Fovsin®(le/2) |~

For this condition to be satisfied whatever the harmonic [ considered, it is sufficient
that:

(1—-2v)Fo< [4.37]

N~

Of course, for 1/2 < v < 1, condition [4.37] is always satisfied. In the other cases,
the stability time step derived from [4.37] is given by:

pCe?

Aty = ———
bat 2A(1 — 2v)

[4.38]

This stability condition is only approximated. It is valid only in the conditions
considered to establish it. In 2D and 3D cases, and for elements of the same size in
the 2 or 3 directions, it is possible to demonstrate that the stability condition related
to the Euler explicit scheme is written respectively as F'o < % and Fo < %. When
all the elements are not the same size (which is the most common case), the stability

criterion must be calculated with the smallest element.

4.2.4. Practical complementary rules

We have just seen that, for reasons of stability or non-oscillation of the solution
over time, the time step At used when simulating heat exchanges with finite elements,
was always to remain less than two limit values (Atg, defined by equation [4.33]
and At,s. defined by equation [4.34]). In this section, a few complementary rules
to choose this time step At are given. These complementary rules illustrate the fact
that the choice of the time step depends not only on the time integration algorithm
selected (value of v in particular) and the material properties (eigenvalues of the
matrix [C]~" [K]) but also on the mesh chosen to represent the structure on which
the simulation is performed.

4.2.4.1. Space oscillations during thermal shock simulation

In the case of a thermal shock, if the terms of the capacitance matrix [C] are not
lumped on the diagonal, the simulation time step must remain greater than a value
Ats, so as to avoid the appearance of space oscillations of the solution during the
initial moments of the calculation process. This phenomenon will be illustrated on a
1D problem.
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Figure 4.2. Mesh of the segment [0, 1] with n elements
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Consider the case of a body initially at homogenous temperature, put in sudden
contact with another body at a different temperature (thermal shock problem). To
represent this thermal shock without losing the general characteristic of the results
obtained, the following 1D problem is used:

Find T'(z, t) satisfying at each instant ¢:

N
oT
Z200.t) =
T(,6) =1

with the initial condition:
Vo e 0,1, T(x,0)=0

To solve this finite element problem, the segment [0, 1] is divided into n first
order elements (with linear interpolation) of length ¢ = 1/n (Figure 4.2). The mesh
obtained includes n + 1 nodes. The resolution of the problem leads us to seek the
vector {T'} including the nodal values of the temperature field at each instant (7 is
the temperature value at node ¢ at that instant), and satisfying:

. . Thi1=1 f t>0
0] {7} + (K] (T} = {0} witn { """ oranyt> 0
T;=0att=0 foranyl <i<mn
Conductance matrix [K] and capacitance matrix [C] can easily be calculated from
the element matrices:
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2 0
4 1 0
e pCe[2 1 _pCe (0 1 4 1 0
[C]GL 2]:[0]6
0 1 4 1
L 2]

The generic equation at one node 2 < ¢ < n is then written as:

. . . 6Fo
Ti 1 +4T; +Tipr + E( —T;1 42T —Ti1q) =0

Now we will apply the generalized trapezoidal algorithm to estimate the
temperatures T; at the beginning of the thermal shock at ¢ = At. By writing the
previous equation at time At, and considering that the terms 7; and T; are equal to
zero att = 0, we get TZ = T, /vAt for each index 7 and obtain:

6Fov —1
T, = A(T;_ T; ith A= ———
(Tir + Tia) Wi A+ 12Fov
If we write D; = T; — T;_1, we see that the above equation is satisfied in the same
manner by these quantities, i.e:

D; = A(Difl + Di+1)

In order to avoid space oscillations of the solution, Figure 4.3 suggests that all the
D, must have the same sign. We derive from this a non-oscillation condition of the
solution which is written A > 0, i.e.:
_ pCe?

6vFo>1=— At > At, with At, = X [4.39]
v

If condition [4.39] is not satisfied, then the solution obtained will produce space
oscillations contrary to physical laws. In fact, this condition must be generally
considered as a constraint on the size e of the first element affected by the thermal
shock. This constraint gives the element maximum size according to the time step
used:

6AVAL
€< emny With epex = v [4.40]
pC
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Figure 4.3. General aspect of the problem solution

Consider a capacitance matrix obtained by lumping the thermal capacitance on
the nodes (see section above). In our simple example, this comes down to using the
following matrix [C]:

0
pCe |0 0O 6 0 O
X
0 0 6 0
L 3

If the same method as before is used, the following relationship is then obtained:

6Fov

T = A(Ty + T, ith A/=_>"%
(Tims + Tin)  wi 6+ 12Fov

The constant A’ thus defined remains always positive or equal to zero, so that
the solution obtained does not oscillate, whatever the time step At used. In fact, this
lumped approximation of the capacitance matrix consists of introducing an additional
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conduction term. Indeed, the constant A’ can easily be expressed in the same form as
the constant A previously defined, but by means of a modified thermal conductivity:
, 6Fdv—1 N At pCe?

= POV T Gith Fol = d N =)\
At 12F0y PO T 0 M N,

4.2.4.2. Discrete maximum principle

We saw that in thermal shock problems, space oscillations of the solution could
appear if the time step chosen was less than a value Atg. In fact for time steps
At<Aty, the discrete maximum principle is no longer satisfied.

Generally speaking, it is reported that a function defined in a domain 2, as the
solution of a boundary value problem, satisfies the maximum principle if it reaches its
maximum on the boundary 952 of €.

In practice, the temperature satisfies the maximum principle in many thermal
problems. For instance, we can list the three following situations:

— in steady state conduction problems, if temperature boundary conditions alone
are applied, the temperature is maximum on {2 boundary;

—in the case of transient heat conduction, with no internal heat source, the
maximum temperature is reached at the initial instant or on the boundary;

— for a solid heated in a bath by means of an exchange coefficient, the temperature
of the solid is bounded by that of the bath.

The first two examples are still valid for diffusion-convection problems.

When the continuous problem is discretized it is termed the discrete maximum
principle. The satisfaction of this principle ensures that the discretized solution has
the same bounds as the exact solution of the continuous problem. Indeed, the discrete
maximum principle is a simple principle which any discrete system must satisfy for
its solution to make sense from a physical point of view.

The finite element discretization of the continuous problem does not necessarily
produce systems satisfying the discrete maximum principle. We saw an example
earlier with the thermal shock problem and we will see another with the
diffusion-convection problem.
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As was seen in the previous chapters, after the possible application of a time
integration algorithm in transient problems, the finite element method leads to the
solution, at each time step, of a linear system of the type:

[A]-{T} ={Q}

where vector {7} includes the unknown temperatures and [A] and {Q} depend on the
problem being dealt with.

It must be emphasized that the above linear system includes the boundary
conditions with prescribed temperature.

Sufficient conditions for matrix [A] to satisfy the discrete maximum principle were
proposed by Ciarlet [CIA 70]. They are the following:

— C1: the matrix [A] is invertible and has a dominant diagonal;

— C2: all the diagonal terms of [A] are positive and the non-diagonal terms are
negative or equal to zero.

Consider once again the thermal shock problem dealt with in the previous section.
Matrix [A] in this case is the following:

1
[A] = [K] + AL [C]
(¢« 5 0 -+ - 0]
b 2a b
pCe |0
A:
4] 6rvAL | -
b 2a b
_O 0 b a

with

a=6vFo+2 b= -6vFo+1

Matrix [A] above is invertible and has a dominant diagonal. All the diagonal terms
are positive, but the non-diagonal terms are not necessarily negative or equal to zero.
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For condition C2 to be satisfied, we must have:

pCe?

b<0<+<= At>At, with At, =
6Av

With such a condition, the discrete maximum principle is satisfied.

We can also check that conditions C1 and C2 are always satisfied when a diagonal
specific heat matrix is used.

Here the analysis was carried out in a 1D theoretical case by means of first order
finite elements. In 2D and 3D cases, and for isoparametric finite elements of a higher
order, it is necessary to study matrix [A]. This is all the more difficult as the Fourier
number changes from one element to the other.

The discrete maximum principle combined with the finite element method has
been extensively studied, especially by Lobo and Emery [LOB 93, LOB 95], for
thermal shock problems with convective or radiative boundary conditions. The
authors suggest the use of certain types of preferable elements.

The main elements they recommend are the following:

— first order elements with a lumped capacitance matrix. In a transient problem,
with first order elements, the capacitance matrix brings a positive contribution to
the non-diagonal terms of the matrix [A] = [K] + —x; [C]. Using a lumped
capacitance matrix eliminates this problem and gives great efficiency to this type
of element. Introducing thermal exchange conditions by means of an exchange
coefficient produces the same type of problem;

— high order (quadratic or cubic) isoparametric elements make it possible to satisfy
the discrete maximum principle over a wider range of the Fourier number. This is due
to the fact that the positive contribution of the mass matrix to the non-diagonal terms
of [A] is distributed over a larger number of terms.

The authors also recommend first order elements modified by the addition of
second order terms to satisfy the discrete maximum principle and of C' elements
as well. However, the scope of application and efficiency of these elements are rather
limited. Moreover, these elements are generally not present in major computer codes.

4.2.4.3. Initial temperatures during thermal contact simulation

The thermal contact problem occurs when casting processes are simulated. To
illustrate this, a simple 1D example will be used as in the previous section.
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Figure 4.4. Mesh of the media for the thermal contact study

Consider two media initially at homogenous temperatures 7 and 75, being put in
sudden contact at instant ¢ = 0. In order to calculate the transient thermal states with
the finite element method, a mesh consisting of first order elements and uniform in
each of the two media (Figure 4.4) is constructed. e; and es will denote the sizes of
the elements in media 1 and 2.

The contact is assumed to be perfect, so that the mesh is continuous when passing
between the two media 1 and 2. The main problem in this type of simulation is to
choose the initial temperature at the interface node between the two media.

If the media are large enough to behave as if they were infinite, then the problem
has an analytical solution [CAR 59]. In this case, the temperature at the contact node
is known to remain constant and takes the following value:

b1 T1 + b1
T. = w with b = \//\1,0101 and by = \/)\2p202

b1 + by

In this equation, b; and by represent the thermal effusivity of media 1 and 2
respectively.

Choosing T, as the initial value of the contact temperature is not always the best
choice. In order to calculate the temperature to use, which will be written T, we start
with the initial distribution (at ¢ = 0) of the temperatures in both media, resulting from
the finite element discretization. This distribution is illustrated in Figure 4.5.

The only exchanges possible, when both media are in contact, are related to the two
media only. If the temperature 7. at the contact node is to be physically acceptable,
it must reproduce the fact that the quantity of heat gained by one medium is equal to
that lost by the other medium. By writing (); the quantity of heat gained by medium ¢
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Figure 4.5. Initial temperature distribution

between instants —e and 0 (e > 0, so that instant —e represents the instant immediately
before contact), we obtain:

0
Qi = / / p:CiT dz dt = / p:C; (T(a:,O) —T(x, —e))da:
—eJa, Q

7

Given that the temperatures at instant —e are 77 in medium 1 and 7% in medium 2,
that the function 7'(z, 0) is linear in x due to the elements used, and assuming that the
characteristics of the media are homogenous and are not temperature-dependent, the
quantity of heat (); can be written as follows:

Qi — ipzczez (Tc Tz)

The thermal balance between the two media prescribes Q1 + Q2 = 0, which
produces the following expression for the contact temperature:

_ p1Cre1 Ty + paCoesdTh
p1Crer + p2Caes

T/

This physically coherent value of the contact node temperature is significantly
different from the theoretical value 7. obtained for infinite media. In fact, it is possible
to choose the sizes of the elements close to the contact, e; and es, such that T, and T/
coincide. To do so, it is sufficient that the ratios of the coefficients b; (producing T)
to p;C;e; (producing T7) of each medium are equal. The following mesh criterion is
obtained:
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This criterion is also written F'o; = Foy, where Fo; is a Fourier number, defined
by equation [4.36,] corresponding to the medium .

According to this criterion, the square ratio of the sizes of the first elements in
media 1 and 2 must be equal to the ratio of the thermal diffusivity of these media. This
criterion can also be obtained directly, and in a more general framework, by writing
T = 0 att = 0 at the interface level, from the discretized equations. By choosing
T, as the temperature at the contact node, and satisfying that criterion when meshing
these two media in contact, a physically coherent value is used, because it satisfies the
thermal balance between both media.

In the case of the solidification of a cast iron piece in a sand mold, hence a sand-cast
iron interface (a traditional casting problem) the criterion established produces very
different element sizes on each side of the interface [BER 86]. Indeed, consider the
following mean characteristics of the two media:

-A1 = 04Wm/K, p; = 1,50()kg/m3 and C; = 1,150J/kg/K for sand
(medium 1);

- X = 40W//K, ps = 7,500kg/m3 and Co = 820J/kg/K for cast iron
(medium 2).

Applying the criterion produces e3/e; = 5.3. If it is not satisfied, we can show
that:

—if eg/e1<5.3, then the metal cooling process slows down, and the contact
temperature becomes greater than the analytical value 7;

—if eg/e; > 5.3, then the cast iron cooling process accelerates, and the contact
temperature becomes less than the analytical value 7.

We have established this mesh criterion in a simple 1D case. It is easily extended
to 2D and 3D cases. On each side of the interface, the mesh must necessarily be in
the form of regular layers whose thicknesses are in a ratio satisfying the criterion.
For instance, in the case of the cast iron-sand interface, the first layer regularity on
each side of the interface is a strict obligation, otherwise it will significantly affect
the positions of the hot points. Indeed, the local cooling kinetics will depend on the
satisfaction or the non-satisfaction of this criterion.

Some computer codes include meshing procedures, enabling them to make
successive layers of elements with controlled thicknesses on each side of the
interface. It is then possible to satisfy the criterion previously established. Figure
4.6 illustrates a 2D mesh example performed from the layer mesher of the software
SYSTUSTM,
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Figure 4.6. Mesh of a casting and its mold

One way of obtaining, with certainty, and independently of the mesh used,
physically coherent initial conditions at the interface of a perfect thermal contact
consists of:

— assuming first of all that both media are at the same initial temperature, that of
medium 77, for instance;

— calculating the energy required to bring medium 2 to temperature 75;

— prescribing that energy as an internal heat source distributed in the volume of the
elements representing medium 2 for a very short time.
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Very short time means the time allowing no significant gradient to settle down
beyond the first layer of elements on each side of the interface. The interface
temperature then adjusts itself to the local value 7! which will coincide with the
value T if the element thicknesses satisfy the criterion.

Another way of dealing with thermal interfaces is to perform two separate meshes,
and introduce on the interface a thermal contact resistance. The interface heat flux will
then be given locally according to the temperatures of each medium obtained by nodal
approximation. If 77 is the local temperature of medium 1, and 75 that of medium 2,
then the heat flux )1 gained by medium 1 is equal to Q1 = (T2 —7T7)/R., whereas that
gained by medium 2 is equal to Q)2 = —@Q1 = (11 —T>)/R.. In these expressions, R,
is a characteristic introduced for the interface, often called thermal contact resistance.
If a very low value is used for R, the situation is close to that of a perfect contact.

4.3. Working example

The aim of this section is to illustrate with a simple example the notions
introduced in this chapter to simulate transient heat conduction in a solid. To do so,
the induction heating example used to illustrate the formulation of the steady state
conduction problem is considered again. Firstly, the physical modeling process used
in this example and its finite element approximation are studied in depth, then a few
numerical applications are performed to illustrate the notions seen in this chapter.

4.3.1. Physical modeling and approximation

The induction heating of a plate is illustrated in Figure 4.7. In Part 1 of this book,
this example was dealt with using a heating volumetric term () and an exchange
coefficient h independent of time and the steady state corresponding to those
conditions was sought. Here, a thermal capacitance of the material is introduced and

inductor

[ —— |

modeling x
_

plate E | convection

Figure 4.7. Working example: plate induction quenching
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the study of transient states allows us to use the heating term () and cooling term h as
functions of time. The volumetric heat source is expressed as Q(z,t) = Qo(t)e%,
where only the term @Qo(¢) is a function of time. The exchange coefficient h will
simply be written as h(t) for the moment.

In this example, for convenience, we choose physical properties A, p and C
independent of temperature. The solution of the thermal conduction problem in the
plate consists, in the transient state, of seeking a temperature field T'(x,t) which
verifies at any point 2 € [0, E] and at any instant ¢:

0T .
)\w + Q(x,t) = pCT(x,1t)
)\a—T = h(t)(Ty — T(z,1)) inx=FE
ox
T(z,t) =Ty atx =0
T(x,t):T‘() att =0

We added to this equation the term 7 which represents the initial plate temperature
(at t = 0). This temperature is assumed to be constant over time at point z = 0. On
the contrary, the external temperature at point x = £ was set at T};.

To solve the problem, the finite element method is used. To do so, we discretize
axis Oz in Figure 4.7 between 0 and E' by means of n+ 1 nodes at uniform distances of
e = E/n. The node coordinates are x; = ie, withi = 0,1, ..., n. It is now possible to
choose the type of element. We select n two-noded isoparametric elements with linear
interpolation. We term Q¢ = [z;_1,x;], withi = 1,2,. .., n, the domain occupied by
element . With this discretization, the following nodal approximation is used for the
temperatures:

Vo e QO vt >0, T(x,t)= Ni(z)Ti(t)

Ty — X

- Nife) = 2
+ N3 (2)T5(t) with

i T —Ti—1
Ny(z) = ———

e

In that case, the assembly of thermal conductance and capacitance matrices, and
that of the element load vector, produces the following expressions for matrices [K]
and [C] and for vector {F'}:



K] =2
pCe
€)= 22
{F} = Qo(t)
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The integrals involved here were calculated analytically. We have deliberately
emphasized in these expressions the presence of the two time functions Qo (t) and
h(t), which are used to model induction heating. Only the capacitance matrix is not

time-dependent in this example.

Now it is necessary to seek the temperature change at the n nodes over time. Indeed
the temperature of node 0 is known: it is constant and equal to 7. The problem to

solve is written:
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Find at each instant ¢ the nodal temperature vector {7'(¢)} such that:

[K®]- (T} +[C]- {7} = {F1)}
{T(0)} = {To}

To obtain the variation of the temperature vector at the nodes {7'(¢)} it is now
necessary to choose a time integration scheme. The generalized trapezoidal rule will
, .

be used. Thus, over time, if we know the temperature vector at time ¢, {7'(¢) }, {T(T) }
at any instant 7 € [t, ¢ + At] is expressed as (see equation [4.27]):
{T(t+ At} —{Tt)}

V€ [t,t+ At], {T‘(T)} - <
=(1-v) {T'(t)} +V{T(t+At)} with0 <v <1

In practice, the previous expression is used to express the quantity {T(t + At)} as

follows:
Lov {Tw}+ %N({T(t + AN} {T0)})

{T(t + At)} S
The problem to solve at instant ¢ + At is therefore written:

Knowing {7'(¢)} and {T(t) }, find the vector {T'(¢t + At)} such that:
[C] AT (t)} + vAt{F(t + At)}

Ol +vAt[K(t+ AD)). {T(t + At)} = i
(] + [K(t+ At)]). AT(t + At)} +(17V)At[0].{T(t>}

To(t+ At) =Ty
Note here that the matrix involved in this linear system can be written with the
addition of At defined by equation [4.39]:
r At At T
A A, ! :
At At At
1-— 442 1-— 0 e
oo | A TR T A
[C] + VAL ]:T 0 0
0 1 At 4+2 At 1 At
Atg Atq Ats
At At
1-— 2
0 0 A C T AL
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The non-diagonal terms of this matrix will change signs according to the ratio
of the time step used At to the minimum time step to use At,. In practice, the
capacitance matrix [C] is approximated by a lumped matrix, obtained by transferring
on the diagonal the sum of the terms on each line. This produces the following
expression for the matrix involved in the linear system to solve:

i At At T

ST AL AL 0 o 0
At At At
_ 2 _
e | B 0+28. AL 0
[C] + vAt[K] ~ =5 0 0
0 Y- VR V.V
At, At, A,
At At
|0 o O AL 3T Al

In that expression, whatever the time step At chosen, no term of the matrix changes
signs. It follows that there will be no significant change in the result (no numerical
instability) when the time step At is modified.

4.3.2. Numerical applications

The numerical applications shown in this book are used to illustrate the notions
introduced in this chapter. To do so, we have chosen some fixed values, and others
which will change. The fixed values are the following:

— plate thickness: £ = 0.1 m;

— number of finite elements: n = 10;

— material thermal conductivity: A = 30 W/m/K;

— external medium temperature: 7y = 20°C;

— induction heating depth: P = 0.02 m;

— volumetric mass: p = 7,800 Kg/m?;

— specific heat: C' = 500 J/Kg/K.

The aim of the first simulation is to show that the simple introduction of the
capacitance term without modifying the other data with respect to the steady state

calculation, only delays the implementation of the steady state. Indeed, Figure 4.8
shows a calculation performed with:
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temperature (“C)

Figure 4.8. Variation of the temperature profile over time

— a constant exchange coefficient: H = 2,000 W/m?/K;
— a constant heating power: Qo = 5.107 W/m?;

— a plate initial temperature: Ty = 20°C;

— a time integration scheme (trapezoidal rule): v = 0.5;

— a constant time step: At = 1.

In this figure, we note that the temperature profile changes gradually from a
constant value Ty at t = 0 toward the steady state profile (calculated in the first part
of this book) for an “infinite” time. Indeed, after a fairly long time, the temperature
does not change over time, so that {7'} = {0} in the differential equation to solve.
The solution is then obtained in the steady state.

The second simulation illustrates the limit time step At, highlighted in the
previous equations. To do so, we have restricted our study to the cooling phase, starting
with a high initial temperature:

— a constant exchange coefficient: H = 10,000 W/m?/K;
— a heating power equal to zero: QQy = 0;
— a plate initial temperature: Ty = 700°C;

— a time integration scheme: v = 1.
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Figure 4.9. Plate quenching — temperature profile at t = At
for At =1.3sand At =135

We can see in Figure 4.9 that the solution obtained after the first time increment
depends on the time step chosen. With At = 13, the solution is relatively conform to
physics, whereas with At = 1.3 s there are oscillations contrary to physics. In fact the
threshold time step in this example being At, = pg)‘fz ~ 2.166 s, using a time step
lower than this value produces space oscillations.

The last simulation shows that our simple model makes it possible to represent an
induction quenching sequence. Indeed, induction quenching consists of two phases.
First, the plate is heated rapidly by induction, so that the convection exchanges are
negligible. Then the heating system is turned off and the plate is cooled abruptly, for
instance with an atomized jet of water projected onto the face x = FE. This can be
illustrated as follows:

— between instants ¢ = 0 and ¢t = tg, the heating period is given by Qo(t) = Qo
and h(t) = 0. An exchange coefficient equal to zero comes down to assume that
there is no exchange in x = F, between the piece and the external medium. This is
a simplification of the problem of course, in which the exchange is considered to be
small enough to be neglected;

— from instant ¢ = t¢, the quenching period is given by Qo(t) = 0 and h(t) = H.
The value of H will depend on the quenching medium considered (air, water, atomized
water, etc.).
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Figure 4.10. Induction quenching — temperature profile over time

The numerical values used are the following:

— constant exchange coefficient (when it is different from zero): H =
6,000 W/m?/K;

— heating power (when it is different from zero): Qo = 2.10% W/m3;
— plate initial temperature: Ty = 20°C;
— time integration scheme: v = 1;

— heating time: ¢y = 15s.

Figure 4.10 is a good illustration of the temperature profiles obtained during
induction quenching. The heating phase produces a gradual increase of the
temperature at the plate surface (in + = F) and a positive thermal gradient. This
thermal gradient strongly depends on the depth P introduced to model induction
heating. This depth depends on the induction current frequency. A high frequency
will produce surface heating and a high thermal gradient (low value of P), whereas
a lower frequency will heat the plate in its thickness (high value of P) with a lower
thermal gradient as well. Then the quenching phase produces rapid cooling of the
surface, and a local sign change in the thermal gradient. The cooling rapidity depends
directly on the thermal exchange coefficient H.



Chapter 5

Non-linearities

5.1. Formulation and solution techniques

In the previous chapters, we introduced the finite element method applied to the
solution of permanent or transient heat conduction problems. Generally speaking
we assumed that the thermal and physical properties of the materials concerned did
not depend on the temperature and restricted our analysis to boundary conditions
expressed linearly according to the temperature by means of a constant exchange
coefficient. Applying the finite element method then leads to the solution, possibly at
different moments, of a linear equation system. We then speak of a linear problem
solution.

Practically speaking, the various parameters (thermal and physical properties,
boundary conditions, etc.) involved in mathematical modeling are rarely expressed
so simply. Such is the case when the application to simulate covers an extensive
temperature range or involves phase changes. The problem formulation no longer
produces a linear equation system and the solution techniques have to be appropriate.

5.1.1. Formulation

The finite element method applied to a thermal conduction problem leads to the
cancelation of a residual vector {R(T)} obtained by assembling element residuals
{R(T)} (equation [2.6] in Part 1 of this book for the steady state, equation [4.7] in
Part 2 for the transient state):

N =S AT (R = (0) 511

e=1
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In a linear problem, we saw that this residual can be expressed as follows:

{R(T} ={F} - [K]-{T} (steady state)
(R(T)} = {F} — [K] - {T} - [C] - {T} (transient state)

In these expressions, the thermal conductance matrix [K], the capacitance matrix
[C] and the load vector { F'} are independent of the temperature. It follows that in this
case the finite element method leads to the solution of linear equation systems. In the
transient state case, this system is obtained after applying a time integration scheme
such as that of generalized central differences.

When, for instance, the thermal conductivity A or the specific heat C' depend on
temperature, matrices K] and [C] also depend on temperature and the residual vector
becomes a non-linear function of the nodal temperature vector {7} which can be
written as follows:

{R(T)} ={F} - [K(T)]-{T} (steady state)
{R(MD)}={F}—-[K@T)]-{T}—-[C(D])]- {T} (transient state)

We then obtain a non-linear equation system whose unknowns are the temperatures
at the mesh nodes.

In fact, strictly speaking, the size of the non-linear system to solve [5.1] is not
always exactly equal to the number of mesh nodes. Indeed, as in the linear case,
the temperatures of certain nodes can be prescribed. This is even necessary in the
case of a steady state problem to obtain a single solution. In the non-linear case,
the application techniques for this type of condition are the same as those already
introduced in Part 1 of this book. Therefore, we will not mention this aspect hereafter
and assume that the non-linear system [5.1] is expressed in the form of n equations
with n unknowns, where n is the number of mesh nodes, possibly reduced with the
elimination method by the number of nodes at which the temperature is known, or
increased by this number of nodes with the Lagrange multipliers method.

5.1.2. Non-linear equation system solution methods

In order to solve equation [5.1], most computer codes follow two steps. In the first,
they try to predict the solution and in the second, they solve the non-linear equation
system iteratively as indicated in Figure 5.1 using the prediction of step one as an
initial estimation.
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estimation (prediction): {7 }(©

calculation of residual vector: {R} 0 | (iteration if)

convergence
test
[{R}]| <€

solution

correction of the temperature vector
{T}(itﬂ) = {T}(it) + {AT}(it)

|

Figure 5.1. Non-linear equation system solution principle

The estimation {T}(O) plays an important part in the iterative process
convergence. In a steady state problem, it is difficult to obtain a reliable estimation
in all possible cases. Conversely, an estimation can be obtained at any moment in
a transient problem from the solutions at the previous moments. For instance, it is
possible to choose a linear extrapolation of the values calculated at the two previous
time steps {7'(t — At)} and {T'(¢)}:

(T} = {1t + A} =2{T(t)} — {T(t - At)}

or a quadratic extrapolation of the values calculated at the three previous steps
{T(t —2A8)}{T(t — At)} and {T'(¢)}:

(T} = {7+ a6} =3({T (1)} — {T(t — AD)}) + {T(t — 2A8)}

Ateach iteration it of the process described in Figure 5.1, we have an estimation of
the solution {T}(’t). Then the residual vector {R}(”) corresponding to it is calculated.

A convergence test is then carried out by comparing the norm of the residual
{R}(m with a threshold value er given by the user. The norm considered can be
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the Euclidian norm (root-sum square of each component of the vector), but some
computer codes give other measurements like the vector’s largest component in
absolute value (called the “infinite norm”). If the residual vector norm is less than the
limit value prescribed by the user, the algorithm is then considered to have converged.

If not, a correction { AT}(it) of the nodal temperature vector is calculated in order
to approximate the optimal solution. This correction is obtained by solving a linear
system of the following type:

(M) {ATY = (R} [5.2]

In this equation, [M] () is a matrix of dimension n x n depending on the solution
method used, as will be seen in the next section. The nodal temperature vector is then
updated as follows before being used during the iteration it + 1:

(T = (1} 4 (AT} (53]

If, during these iterations, the norm of the vector {AT}(”) is less than a threshold
er defined by the user, most computer codes consider that the iterative process has
converged. However, we must bear in mind that the only reliable convergence indicator
is the residual norm value. As a matter of fact, from a mathematical point of view,
the condition || {AT}(it) || < er shows that the sequence made up with {T}(it) isa
Cauchy sequence. Moreover, we know that in R, any Cauchy sequence converges.
However, the criterion || {AT}(“) || < er does not indicate that the sequence of
{T}(it) is very close to its limit. In all cases, it would be wise to check that the value
of the residual vector norm is small enough to be acceptable.

It is important to note that the choice of the matrix [M ](it) in equation [5.2] does
not interfere with the solution quality but only with the speed at which it can be
obtained. In fact there is no method guaranteeing the convergence of the iterative
process in all cases. Therefore, choosing the best method to solve [5.1] as effectively
as possible is not simple. This is all the more difficult as the number of iterations is
not the only criterion. The time required for assembling [M }(it) and solving linear
system [5.2] has a part to play as well. The user will always choose a strategy for
solving a given problem, according to his/her experience and the nature of this
problem (non-linearities of thermal and physical properties, phase change problem,
thermal radiation, etc.).

The main methods are illustrated in Figure 5.2 for a problem with one degree of
freedom. The reader may go into the detail of this point with the help of specialized
books [DEN 76].
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Newton-Raphson modified
R method Rt Newton-Raphson

method:
tangent matrix kept constant
during two iterations

\T ; \T

Substitution BFGS
R 1 method R 4 method

\T ; \T

Figure 5.2. Most common methods for the solution of a non-linear equation

5.1.2.1. Newton-Raphson method

This method consists of determining the temperature correction from a first order
Taylor expansion of the residual in the vicinity of the current solution, which means
that the residual can be differentiated close to the solution sought:

i — IR, i
=1

In that expansion, the components of the matrix involved are the partial derivatives
of the components of the residual vector, with respect to the components of the vector’s
nodal temperatures calculated for {T'} = {T}(it). A linear approximation of the
residual close to the current solution is therefore obtained. The correction {AT}(“) is
calculated in order to cancel this approximation of the residual:

, (it) ,
@@+ |50 an® - o)
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The method therefore consists of selecting as matrix [M] ) the tangent matrix of
the non-linear system to solve. This tangent matrix is obtained at each iteration by
assembling element tangent matrices:

- m eT e e A e 8Rle
[M]—;[A] [M€]-[A°] with Mij__aTje

The Newton-Raphson method converges in a quadratic way. To demonstrate this,
consider the non-linear scalar equation r(u) = 0, where r is a derivable function
near the solution. Now apply Newton-Raphson’s iterative process. In this case, the
recurrence relationship between two consecutive estimations gives:

) . (it) ) ) ) d .
(it+1) _ Gty _ T . (it) _ (it) ity _ O o (it)
u ) =4l ) with () = r(u ) and /(1) = Tu (u( )

Denoting by e() = (i) — 4 the error obtained during the iteration (it), u being
the exact solution, we obtain:

(it)

r/(z't)

lit+1) — (it) _

Now assume the function r to be derivable twice near the solution. A development
of 7 near u(¥) then gives:

. . . 1 . .
,r,(u) _ T(’Lt) + ,r/(zt) (U _ u(zt)) + 5,r//(uf)(u _ u(zt))2 4o

_ (i) (i) (i) %r//(it)e(it)z 4.

hence

(it) 1 .. 1(it)
T - 76(”)27"

(it) _
€ S 9 e

i.e., if we restrict our operation to the second-order terms:

- 1 2700 , &?r,
(it+1) i ()" : 1(at) _ 2 (it)
e 5€" with r e (u'")
Therefore, there is a constant & > 0 such that e+ = ke(”)z, hence the

quadratic convergence.
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The Newton-Raphson method therefore converges with, in general, relatively few
iterations. However, the assembly of it requires matrix [M ]” as well as the solution
of a new linear system of type [5.2] at each iteration. It is therefore very costly from
a practical point of view and must be reserved for strongly non-linear problems for
which it has been impossible to reach convergence with another method.

Variants of this method, called modified Newton methods, keep the matrix [M] (it)
constant during a certain number of iterations, before recalculating it. The assembly
of [M ](it) is then performed only for certain iterations. Moreover, using a direct
method based upon the matrix triangulation to solve linear system [5.2] can appear
to be particularly efficient insofar as triangulation is performed only when the matrix
is modified. The adverse effect is that the convergence domain of these methods is
restricted compared with the Newton-Raphson method. In addition, these methods
require more iterations to converge than the Newton-Raphson method does.

5.1.2.2. Substitution method

In a large number of situations, the residual vector can be written as follows:

{R(T)} ={F(T)} = [M(T)]-{T?} [5.4]

Such is the case of steady state or transient heat conduction problems, for which
we have:

[M(T)] = [K(T)] (steady state)

[M(T)] = [K(T)] — ﬁ [C(T)] (transient state)

The substitution method consists of taking matrix [M (7*))] for matrix [M ](it).

By combining equations [5.2], [5.3] and [5.4], we demonstrate that this method

it+1)

comes down to choosing {T}( as follows:

) -1 ,
(T {M(T(”))} , {F(T(”))} [5.5]
The substitution method can also be considered as a fixed point method.
Sometimes it is also called the Picard iterative method.

Like the Newton-Raphson method, it requires the assembly and solution of a
linear system at each iteration and is therefore very costly. Its interest lies in the
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fact that the matrix [M ](it) calculated in this way is generally symmetric whereas
the tangent matrix calculated in the Newton-Raphson method is not necessarily so,
which generates additional storage and solution costs.

5.1.2.3. Quasi-Newton methods

Quasi-Newton methods generalize to non-linear equation systems the secant
iterative method well-known for solving a non-linear equation of the type f(x) = 0.

The principle of these methods is to replace the tangent matrix with an
approximation which can be obtained more simply. The aim is to obtain convergence
properties close to those of the Newton-Raphson method while avoiding the assembly
and possibly the triangulation of a linear system at each iteration. Generally speaking,
rather than construct an approximate tangent matrix, it is preferable to directly seek
an approximation of its inverse.

Therefore, we will seek a matrix [S] @ ([M] (“’))’1 satisfying the following
(secant) condition:

(T AT = (8 ((RYY — (R [56]

On the other hand, we prescribe that two consecutive matrices [M ](it_l) and
[M]“") differ only in the direction {AT} ™ = {7} — {7}~ Therefore,
we have:

V{U} suchthat (AT)"~V . {U} =0,

. ) [5.7]
M) Uy = ] ()
Allow {AR}(“_H = {R}(it_l) - {R}(it) and seek [S](it) as follows:
(81 = ([ + (A1) - (5" [5.8]

where [I] is the identity matrix.

It is easy to demonstrate that condition [5.7] then becomes:

V{U} such that (ATY*"V (Ut =0, [4" . {U} = {0} [5.9]
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which leads us to write:
[A](lt) — {W}(it—l) . <AT>(2t—l)
where {W} ™V is a vector which s still to be determined.
Considering equation [5.6] again, we obtain:
{AT}(itfl) _ ([I] + {W}(itfl) . <AT>(it71) ) i [S](itfl) . {AR}(thl)
from which we immediately derive:

{AT}(’Ltfl) o [S](’L—tfl) . {AR}(thl)

(it—1)
{W} <AT>(’Lt—1) . [S](it—l) . {AR}(Zt—l)

[5.10]

The correction { AT}(it) to make to the nodal temperature vector {T}(it) is then
written as follows, considering [5.2] and [5.8]:

(AT} = ([ + (WD AT D) s @Y Ry s

Among the various existing quasi-Newton methods, the BFGS method is known
to be one of the most efficient. Matrices [S] (") are calculated so that:

—if [S}(itfl) is symmetric, then so is [S](it);

—if [S}(it_l) is positive definite, then so is [S] @),

By assuming [S](l) to be positive definite, matrices [S](it)

follows:

can be sought as

[S](it) _ ([I] + {W}(it—l) <V>(it—1)) ) [5](#—1)
‘ ‘ [5.12]
([ + VD )y

If the same course of action as above is taken, it is then demonstrated that:

‘{AT} (it—1)

(it—1) _
{W} - <AR>(’Lt71) . {AT}(’Ltfl)

AR>(’it—1) . {AT}(ﬂf—l)
<AT>(it—1) . {R}(it—l)

(V3D gy _ ( (R}
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The temperature correction {AT}(“) is written as follows:

{AT}“‘”=< IT (m+ony® <v><’“>)> 15

k=it—1

[5.13]

' (H (11+ 7@ n® )) By

k=1

In the equation above, it is obvious that the calculation of the temperature
correction does not require a linear system solution or even the explicit calculation of
matrices [S ](”). This makes the method particularly efficient in practical cases. If the
computer code includes the BFGS method, it is most certainly the method to use first
and foremost to solve any non-linear problem.

5.1.3. Line search method

Once {AT}(”) has been obtained by means of equation [5.2], the line search
method consists of trying to cancel the residual in that direction. By considering the
1D vectorial space generated by direction {AT}(it), this comes down to canceling the
projection of the residual { R} in that space, i.e. canceling the scalar function f of the
scalar variable o as follows:

fla) = 3 AT RS (11 1 a (aT))

i=1

Function f being a non-linear function with real values, we seek « such that
f(a) = 0 by means of a secant iterative method. At each iteration (k), a new value of
« is obtained by:

f(a(k)) — f(a(k—l))

QB+ — (k) _

f(a(k))

The process stops when |f(a®))| < 5| £(0)|, or when [a*+1) — o(k)| < §, the
coefficients 7 and § being thresholds defined by the user.

Note that this method is substantially more costly as it requires a new estimation
of the residual vector at each iteration (k) of the line search problem solution. This
method is often combined with quasi-Newton or modified Newton methods.
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A similar method, called the under-relaxation method, is sometimes used to solve
non-linear systems. It consists of reducing the modification of the unknown to a
fraction of the quantity {AT}(”) calculated by equation [5.2], so as to satisfy an
additional condition (for instance, all the components of the unknown must remain
positive) or to better control strong variations in the solution.

5.2. Traditional non-linearities

As mentioned earlier on in this chapter, traditional non-linearities in a thermal
conduction problem are:

— physical properties depending on the temperature;

— flux boundary conditions or a volumetric heat source depending on the
temperature.

With regard to physical properties, we saw in previous chapters that the problem
becomes non-linear as soon as the thermal conductivity A, the volumetric mass p, or
the mass heat C, of the material is a function of the temperature. In the case of flux ¢
boundary conditions or the volumetric heat source (), the problem remains linear as
long as these very functions remain linear according to the temperature.

There are other causes for the non-linearity of the problem. For example, the

case of the thermal contact processed with a contact resistance most often leads to a
non-linear problem. In this section, we will restrict our study to classic non-linearities.

5.2.1. Physical properties

The case of temperature-dependent physical properties is relatively simple.

In the case of a temperature-dependent thermal conductivity, A(T), the term
involved in the element residual expression for steady state or transient cases is:

o) T are orad
R =— [ grad” (Nf)-NT) - grad(T) dv

_Z (/Q grad” (N¢) - A(T) ~gr?1(Nf)dv)Tf

which is no longer a linear function of the vector {7¢} including the node
temperatures of element Q€.



154  Finite Element Simulation of Heat Transfer

If, for example, a Newton-Raphson method is used for the solution, we obtain a
tangent matrix including the following term:

S
o on [0 2 emdoa

K oT¢ - A —
! +/ grad” (Nf) - ﬁ - grad(T) N5 dv

In addition to a part similar to that already encountered in the linear case, we can
note in this expression the appearance of a second term due to the fact that the thermal
conductivity changes with the temperature. This term is not symmetric to indices ¢ and
7 and so as to avoid the necessity of processing non-symmetric matrices that require
appropriate storage and solution methods, the term is neglected. This comes down to
considering the part related to thermal conductivity as a “substitution type” matrix.
This approximation is all the more reasonable as the non-linearity introduced by the
temperature-dependent conductivity is generally weak.

In the case of a transient calculation, the volumetric mass p and the specific heat
capacity C' of the material can also depend on the temperature. In that case, the product
pC involved in the element residual expression is a function of the temperature and
the term involved is:

R = — [ Nep(T)C(T)T du
Qe

If a generalized trapezoidal rule is used to integrate the differential equation system
obtained between instants ¢ and ¢ + At¢, we obtain:
— .

T(t) + ﬁ(T(t + At) = T(t)) with v €]0,1]

: 1
T(t+ At) = —

It follows from this that the residual parts in which the product pC' is involved are
written as follows (if we write T' = T'(t + At)):

1—v

Nfp(T)C(T)T(t) dv

1% Qe

1

RY(t + At) =
o /Q NEP(T)C(T)(T = T(8))dv
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If, for instance, a Newton-Raphson method is used to solve the non-linear equation
system obtained, a tangent matrix is calculated in which the contribution of the product
pC will be involved as follows:

aR(PC)

M) —
iJ aije

1

— CNfN$d
uAt/er i

o 8(;TC) ( - “T”T(t) + ﬁ(:ﬁ - T(t)))N; dv

Note that this expression is composed of two symmetric terms at ¢ and j. In
fact, these terms can be calculated in the computer codes. Indeed, they produce no
dissymmetry in the tangent matrix. Moreover, specific temperature-dependent heat
changes may be relatively significant. Such is the case when phase change latent heat
is represented via an equivalent specific heat capacity (see section 5.2.3).

5.2.2. Flux or volumetric heat source boundary conditions

The surface flux densities ¢ on the boundary 0f2, of the solid, as well as the
volumetric heat source term (), may be temperature-dependent in a non-linear way.
In that case, the problem to solve is non-linear as well. Among the problems to be
considered are:

— the interactions between a coolant and a material. In the case of steel water
quenching, such interactions are often modeled by an exchange coefficient varying
strongly in a non-linear way according to the temperature of the piece surface. To
illustrate this variation, we can say that this coefficient is low when the surface
temperature is high (calefaction state), then increases abruptly when the burnout film
is pierced by liquid droplets coming to the surface (nucleate boiling state), and finally
decreases again when the surface temperature goes under the boiling temperature of
the water (convection state);

— the material radiation effects toward an external environment, often expressed
by an equivalent exchange coefficient varying strongly according to the temperature.
These effects are important when the solid temperature is typically above 300°C. They
are covered in detail in Chapter 7;

— the Curie transition point during steel induction heating. Above that temperature,
the induction effect on the material volume changes substantially, so that the
volumetric heat source used becomes a strongly non-linear function of the
temperature.
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When the flux density on the boundary 9€, of the solid and/or the volumetric
heat source become non-linear functions of the temperature, i.e. ¢(7") and Q(T'), the
corresponding terms in the element residual also become non-linear:

Rl = / NEQ(T)dv

R = / Ngg(T)ds
002eNoN

Using a tangent matrix for the solution then leads to considering the variation of ¢
and () with the temperature. This is expressed as follows:

@ _ R(Q) _
I 8T‘3 e i 8T

M@ _8R§q) _ _/ Ned4 Jq N€ ds
Y ory oaenaa, 0T 7

These expressions create no particular problem for the solution. They keep the
tangent matrix symmetric.

For instance, in the case of radiation exchange in an infinite environment, we have
q(T) = oe(T% — T*), where ¢ is the wall emissivity and o the Stefan constant. The
tangent matrix is written as follows:

MY = / 40eT? NN ds
99°n0Q,
A substitution matrix can also be defined by writing ¢(T) = c€(T2 + T?) (T +

T)(Too — T). This comes down to defining an equivalent exchange coefficient
H(T) = 0¢(T2 + T?)(Tx + T). The substitution matrix is written as follows:

MO = / oe(T2 + %) (Ta + T)NEN ds
o0QeNoN

Using such a matrix is of no significant interest in this case, insofar as the tangent
matrix, which is more efficient, is already symmetric.
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5.2.3. Modeling state changes

State change problems are traditional in thermal science. To make things clear, a
solidification problem will be examined hereafter.

When dealing with a pure substance, starting with the liquid state, solidification

occurs at a given temperature expressed as 1's. Then a Stefan problem has to be treated;
the equations to solve are written as follows:

— in the domain occupied by the liquid phase 2,

Plclaa% —div (Al@(T)) =0

— in the domain occupied by the solid phase {2

psCs% — div (A\grad(T)) = 0

— at the liquid-solid interface

T =T, =Ty [5.14]
oT oT
As <8ns/l)g Y (8”s/z>l = (PL)s/le/l [5.15]

In the above equations, indices [ and s correspond respectively to the liquid phase
and to the solid phase, n,; represents the norm at the liquid/solid interface from the
solid to the liquid, (pL),; is the fusion/solidification latent heat per volume unit and
V1 the normal component of the liquid/solid interface moving speed.

The numerical solution of such a problem requires front tracking methods. These
can be combined with various numerical methods like the boundary integral equation
method, which is particularly interesting since only the mobile interface is meshed, or
the finite element method. The finite element formulation of such a problem requires
remeshing techniques. At each moment, the mesh is composed of 2 sub-domains, one
for the liquid and the other for the solid, interconnected by a set of nodes located on
the mobile interface. For each sub-domain, in addition to the classic capacitance and
conduction terms, the problem formulation reveals a transport term (see Chapter 6)
related to the movements of the nodes located on the mobile interface. The interface
position is updated by solving equations [5.14] and [5.15].
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However, for most metal alloys used in industry, solidification does not occur at
a given temperature but on a range [T, T;], Ts and T} representing respectively the
solidus and liquidus temperatures. The interface between the two phases is no longer
clear. The transformation takes place in an intermediate zone called a mushy zone.
The phase change latent heat can then be introduced as a source term as follows:

B df s
Q= (pL)s/ZE [5.16]

where f; represents the volumetric fraction of the solid. In the solidification case, f
is generally assumed to depend on the temperature only, as follows:

1 ifT < T,
T-T

fs= LT, < T <T
T.-T 1 < < 1y
0 itT > T,

If we assume that we operate in a constant stress environment, we can introduce
the volumetric enthalpy H of the medium with:

T
H(T) = (pL) o (1 - £.) + / pCdT [5.17)

Tref

It is obvious that equation [5.17] immediately gives:

. dH - . .
H=—T=—(pL s CT
dT (P )s/l.f‘ +p

so that the heat equation with the source term [5.16] can now be written:

H — div (A - grad(T)) = 0 [5.18]

5.2.3.1. Egquivalent specific heat method
Starting with equation [5.17], we can formally define an equivalent specific heat
with:

1dH L)s s
ldd (pL)s/1 dfs

C, [5.19]

T ,dT p dT
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Figure 5.3. Enthalpy and equivalent specific heat

In fact the equivalent specific heat is the usual specific heat modified for
T, < T < 1T so as to include the state change latent heat. Equation [5.18] can now
be written in the usual way:

pCeqT — div (X - grad(T)) =0 5.20]

The advantage of this method is its simplicity. The phase change is treated
as a non-linearity of physical properties. However, it may create some numerical
difficulties related to the abrupt changes of C., at temperatures T and 7}, as
illustrated in Figure 5.3. Besides the real consideration of the latent heat requires an
accurate integration of C.,(T") and, consequently, imposes very small time steps.
One way of reducing these inaccuracies is to smooth the specific heat on a wider
temperature interval [T7, 7}]. In that case however, we have to ensure that:

T/
[ oCuaar =) - m(r)
T

The time step chosen for the analysis will have to be small enough to integrate the
above equation accurately.

To avoid the problems mentioned above, some authors ([COM 74, LEW 87])
operate in a different way. Starting with the fact that enthalpy is a more regular
function of the temperature than the specific heat, they suggest we estimate an
equivalent specific heat from the enthalpy and temperature space variations.
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A nodal approximation of enthalpy, similar in nature to that of temperature, is first
made from the enthalpy values at the nodes directly deduced from the temperature
values:

H=> N{(7)H;
i=1

The relationship:

dH

PCea =1

is then approximated with one of the following formulae:

1 < 0H /0
Zl X

PCa™ 3 2. 3T Jom:

or otherwise, according to [LEM 81]:

(st omjon)?)
(5L, (orjon)?)

pCeq ~

However, it has been demonstrated [MOR 78] that such an approximation was
unnecessary and an estimation of pC', at instant nA¢ with:

Hn - anl

Ceqg ~
Preq Tn - Tn—l

yields excellent results. Enthalpy solution methods are addressed here. In [DAL 86] a
comparative study of the various methods for the solution of solidification problems
will be found.

5.2.3.2. Enthalpy solution method

Actually, it is not necessary to use a specific heat. Rather than apply a time
integration algorithm such as [4.26] or [4.27] to the term T of equation [5.20], it is
possible to treat the term H of equation [5.18] directly. Equation [5.18] thus becomes,
after applying an implicit Euler algorithm:

H(T) — H,

Nl —div (A(T) - grad(T)) =0 [5.21]



Non-linearities 161

an equation where H = H(T) is the enthalpy at t+ At and Hy = H (T}), the enthalpy
at instant ¢.

The finite element method applied to the solution of equation [5.21] then produces
the following expression of the element residual:

—_ — s
RS = 7/ grad? (Nf) - X(T) - grad(T) dv

7

H(T)— H
_ nydv

0 At

The enthalpy H is now directly involved in the expression of the element residual
via the term:

r __ [ neH(T) = Ho

Z dv [5.22]
0 At

Then the problem can be solved with one of the methods introduced in section
5.1.2. When a Newton-Raphson method is used, the contribution to the tangent matrix
introduced by the enthalpy term is the following:

(H)
a  ORM 1 CAH(T)
M = T A o N =N dv [5.23]

It is obvious that the difference between the enthalpy method and the equivalent
specific heat method results from the discretization of the term H. The enthalpy
change taken into consideration by the enthalpy method is accurate:

t+AL
/ Hdt' = H — H,
t
whereas it is only approximated with the equivalent specific heat method:

t+At .
/' Hdt' = Coy(T)(T — To)
t

Therefore, the enthalpy method is more accurate.

However, using an enthalpy approximation requires storing the enthalpy H, as
well as H when using an algorithm with 0 < v < 1, at each integration point of



162  Finite Element Simulation of Heat Transfer

the elements. Besides, with traditional Gauss integration schemes, we may obtain
oscillating solutions as the discrete maximum principle might not be satisfied. As
seen in Chapter 4 concerning transient heat conduction, one way of eliminating these
oscillations with first order elements, is to use a lumped capacitance matrix. In the
case of the enthalpy approximation, this comes down to use a scheme in which the
integration points would be located at the element nodes to integrate terms [5.22] and
[5.23].

We recommend the use of first order finite elements and Euler implicit algorithm
for state change problems.

5.3. A temperature-enthalpy formulation

In fact, the methods presented previously do not allow us to deal with the
isothermal phase change (Figure 5.4). Indeed, in this case, T; being the temperature
of transformation, H(Ts) and % (T);) are not defined. On the other hand, each
enthalpy value has a corresponding unique temperature value. Let us denote by
T = O(H) the function giving temperature from enthalpy. Therefore, the problem
needs to be reformulated using enthalpy instead of temperature.

With that aim, Droux ([DES 87, DRO 90]) proposes an explicit finite element
procedure considering enthalpy as a nodal unknown:

H — Hy

A div (X(To) - grad(Ty)) = 0 [5.24]

where H and H represent enthalpy at time ¢ and ¢+ At respectively and Ty = O(Hp).

HA

Figure 5.4. Isothermal phase change
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The application of this explicit approach for modeling casting or welding processes
leads to the use of a very large number of time steps for calculation, which can be
reduced using an implicit algorithm:

. — dO6 — B
—Ar " div <)\ E(H) . grad(H)) = [5.25]

The temperature does not appear in this formulation. Therefore, the boundary
conditions need to be defined from the enthalpy H.

5.3.1. Mathematical formulation

To avoid the difficulties mentioned above, we suggest the use of formulation where
both temperature and enthalpy are unknown ([FEU 07]). The problem is to find the
temperature field and the enthalpy field solution of:

H —div (A grad(T)) =0 inQ [5.26]
T—O(H)=0 inQ [5.27]

with classical boundary conditions:

T=T,; ondQr [5.28]
T — )\a—T =¢q ondfy [5.29]
on

Temperature and enthalpy are expressed from a nodal approximation:
T = (N°) -{T°} [5.30]

H = (N¢) - {H®} which also gives [I = (N©) - {H} 5.31]

Insofar as the same approximation scheme is used for both temperature and
enthalpy and due to the strong non-linearity of the enthalpy-temperature relationship,
equation [5.27] cannot be solved in a strong sense. Therefore, to obtain the finite
element formulation of the problem, both equations [5.26] and [5.27] must be
solved in a weak sense. Thus, both equations are classically first multiplied by the
shape functions and then integrated over the whole domain (2. After integrating the
first equation by parts, including boundary conditions, and substituting the nodal
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approximations into the Galerkin weighted residual form of [5.26] and [5.27], we
obtain a non-linear semi-discrete system of equations giving the residual vector at
each instant:

{Rr} = [K]- {T} + [M] - {iT} - {F} = {0}
{Ru} = [M]-{T} - {G} = {0}

[5.31a]

{T'} and {H} are the vectors containing the nodal values of temperature and
enthalpy. Matrices [K|, [M] and vectors {F'}, {G} are obtained from an assembly
process of element quantities defined as follows:

K = [ {mrad"(v)} 2 (grad(v)) do

vy = [ Ve ao
[5.32]
(Fe} = /d L {Vads

(@)= [ (vyeun

Matrix [M] is usually arbitrarily lumped at the nodes, resulting in a diagonal matrix
[M*]. This can be achieved by applying a row-sum technique:

M5 = b4 Z My, [5.33]
k

The non-linear semi-discrete equation system [5.31a] therefore becomes:

{Rr} = [K] AT} + (M7 { 1T} = {F} = {0}
{Ru} = [M*]-{T} - {G} = {0}

[5.33a]

System [5.33a] is solved step by step in time. Let us apply for example an implicit
Euler backward algorithm on the enthalpy:

H = Hy + HAt [5.34]
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where Hy and H are the enthalpy at time ¢ and ¢ + At and H, the enthalpy rate at
time t 4+ At. At each time step ¢ + At, the nodal unknown values {T'} and { H} can
be obtained using an iterative procedure like the Newton-Raphson method. Therefore,
at each iteration ¢, we have to solve the following linear system of equations:

(it)
__ {;}Ti} [5.35]
H

(it) {AT} (it)

{1}

where [Q] results from the assembly of element matrices [Q¢] defined by:

l (K] [M7]
[M*] —At[Q)]

@1= [ GV 536

The second equation of [5.35] gives:

@ =pry - (sv@® - {am}" - ™) 57

Because matrix [M*] is lumped, equation [5.37] gives {AT}(”) explicitly as a
function of {AH }(“). Taking account of equation [5.37], the first equation of [5.35]
now gives {AH 1) as the solution of the following symmetric linear system of
equations:

(At [K](it) . [M*]_l . [Q](it) + [M*]) ] {AH}(it)
[5.38]
= (K] )7 (R} — (R}

Once {AH}( has been determined, equation [5.37] gives {AT}(”) and the
solution is updated by setting:

(I e e

The iterative process is continued until convergence.

One drawback of the methods using enthalpy as the unknown comes from the fact
that enthalpy is not continuous at the boundary between two materials. Therefore, to
perform calculations on multi-material models, which is necessary for example for
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Time

Analytical solution
-1 2 -
e At=0.1
141 X At=0.2
16 J O At=0.3

Te mperature

Figure 5.5. Temperature variation at x = 1 for different
time steps (40 elements, from [FEU 07])

casting applications, it is essential to include thermal contact elements ensuring the
continuity of temperature and an enthalpy jump at the interface between two different
materials.

5.3.2. Example

Figures 5.5 and 5.6 give the results of a non-dimensional example similar to that
proposed by Morgan et al. ((MOR 78]) and consisting of a unidirectional isothermal
phase change in a semi infinite body. The specific heat (C'), the mass density (p) and
the thermal conductivity (\) are set to 1. An isothermal phase change takes place at
0°C and the latent heat of transformation is assumed to be equal to 20. The length
of the mesh, assumed to be equal to 4, has been chosen big enough to represent
a semi-infinite body for the first seconds of simulation. Three meshes have been
considered, consisting of a subdivision into 40, 20 and 8 8-noded hexahedral elements.
The initial temperature and enthalpy at all the nodes are assumed to be equal to the
temperature of transformation 7' = 0 and H = 20 respectively. For ¢ > 0, the
temperature at = 0 is set equal to —20. To ensure a correct convergence, g—g should
not be less than or equal to zero. It is therefore assumed to be equal to ¢ = 10~ for
0<H <20.
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0 0.5 1 1.5 2 2.5

Analytical profile
X Numerical results at nodes (40 elements)
*  Numerical results at nodes (20 elements)

O Numerical results at nodes (8 elements)

Temperature

Figure 5.6. Temperature profile at t = 1 s for different meshes
(At = 0.1s, from [FEU 07])

The results obtained with the method presented above are compared with analytical
results given in [CAR 59]. Figure 5.5 shows the influence of the time step on the
computed temperature at x = 1 and Figure 5.6 demonstrates the influence of the
mesh on the temperature profile at time ¢ = 1. The very good agreement between the
analytical solution and the numerical results obtained with different time steps and
mesh sizes shows the efficiency of the method.
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Chapter 6

Transport Phenomena

6.1. Highlighting instabilities

In this chapter, either a liquid medium or a mobile solid medium will be
considered. The velocity field in the material is assumed to be known. The case of
a mobile solid, which is a new extension of Part 1 of this book, is frequent enough
in practice. For instance, welding, cutting or surface thermal treatment processes
may involve a heat source moving at a given velocity (laser beam, electron beam,
etc.), or otherwise the whole solid is moving across heating and cooling areas (line
thermal treatment, continuous casting, etc.). In all cases, the thermal problem will
be addressed in a framework of reference related to the stresses (heat source, etc.).
Therefore, the solid is moving.

First, we will highlight the term to add to the thermal balance in order to take
account for this movement. Then we will demonstrate by means of a simple 1D case
that the traditional solution techniques produce spatial instabilities in the solution. In
the last sections, a method commonly used in computer codes to solve these so-called
convection-diffusion problems will be described.

6.1.1. Thermal balance

When the medium is moving, the temperature field sought, T(?, t), is written
T (% (t),t). Indeed, the position = of each material point is here a function of time.
It follows that the temperature change over time is written as:

. 0T —
T = N + grad(T) -

dr 0T

W - E +7-grad(T)
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In this equation, ¥ represents the velocity of the points of the solid. Of course,
this velocity is a priori a function of the position of point Z and time ¢. From this
result, it is possible to gather the thermal balance which must be satisfied at any point
of the solid €2

oT

—_— . —
div (A - grad(T)) + Q — pCv - grad(T) = pCa in Q

In this chapter, our study will be restricted to the calculation of the steady state.
In the stress-related frame of reference (heat or cooling source), the steady state
corresponds to the condition %—f = 0. This finally produces the following equation:

div (A - grad(T)) + Q — pCT - grad(T) =0 in O (6.1]

In this type of problem, the boundary conditions are similar to those of a steady
state, where flux ¢ is prescribed on a boundary 0§, of the solid, and temperature 7}
is known on the other portion 9.

The finite element method applied to this equation and these boundary conditions
obviously leads to the calculation of an element residual {R°}. As in the transient
state case, this residual will be linear according to temperature if:

—the thermal conductivity A and material product pC are independent of
temperature;

— the volumetric heat source () varies linearly according to the temperature: () =
aQT + bQ;

— the surface flux density ¢ varies linearly according to the temperature: ¢ =
agT + by.

In this case, the element residual is written {R°} = [K°].{T°} — {F*°}, where
the load vector { F°} and conductance matrix [K ©] are written as:

dT(NE) - A d(NS) d NaoN¢d
egra (N{) - A-grad( j) v = 0 i AQiVy; av
K¢ = [6.2]

ij -
_/ NfagNf ds — / NfpCv - grad(Nje) dv
90,nQ° Qe

Ff= | Nibgdv+ /a . N¢bg ds [6.3]
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In these expressions, we can see that the element matrix [/K €] is not symmetric.
The non-symmetric term is the transport term:

:/ prC?-grE)i(Nje) dv
Qe

In a non-linear case, the tangent matrix involved would be non-symmetric too,
because of the presence of the transport term. Moreover, this term cannot be neglected,
as it is the only term taking into account the movement of the solid or fluid.

6.1.2. Treating a simple case

Applying the classic finite element method to the diffusion-convection problem
produces instabilities. In order to highlight them, consider a fluid with physical
properties, A, p and C, running at constant speed, v, in a pipe. The problem is
assumed to be 1D, the flowing direction is written x, and the temperature field 7'(z)
corresponding to the steady state is calculated. A temperature 7' = 0 is prescribed at
the pipe entry (z = 0), and 7' = 1 at the exit (z = 1). The temperature field 7'(z) is
therefore the solution of the following boundary value problem:

T d’T
pCvd—x—)\——O for0<z <1

This problem has a simple analytical solution:

1 — e
€ with a:@
1—ex

T(z) = [6.4]

In order to obtain a finite element solution, the weighted residual method is
applied, at first by introducing weighting functions , then a partial integration
involving a temperature second derivative so as to end up with the weak formulation
of the continuous problem:

Find T'(x) such that T'(0) = 0, T'(1) = 1, and for any :
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Consider a mesh obtained by the regular division of the segment [0, 1] into n linear
interpolation elements, of length h = 1/n. On each element Q°¢ = [x,, 2.11] (With
e =1,...,n) two linear interpolation functions, NY = (2.1 — «)/h (corresponding
to the node with x-axis x.) and N§ = (z — x.)/h (corresponding to the node with
x-axis x.+1) are defined. The element quantity calculation is then relatively simple.
We obtain:

dN¢ dN¥ dN¢
Ke=x[ 500 g0 4 p00 [ NE(z)—Ld
I qe dx dx TPty Qe (@) dz
Ff=0

7

By analytically calculating the integrals involved, the following element quantities

are obtained:
A1 -1 pCv | =1 1
K¢ = — —
'S h[ 5 1]

2

-1 1

(Fe} = {8}

Likewise, the assembly is relatively simple in this case and produces the following

matrices:
1 -1 0 -1 1 0
\ -1 2 -1 o -1 0 1
pCv
Kl =— r—-
(K] =+ 5
-1 2 -1 -1 0
0o -1 1 0o -1 1
and:
0
0
{Frr=9:
0
0

The generic equation at a node 7 such that 2 <4 < n is written as:

A
Vi=2,...,mn, E(*Tz‘—l +2T¢*T¢+1)+%(*Ti—1 +Tiy1) =0 [6.5]
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This equation clearly reveals a Peclet number P related to an element:

_ pCoh

P 6.6
5\ [6.6]
Indeed, the solution of this generic equation can be written as:
- . 1+Z
TZ-H—Ti:A(Ti—Ti,l) =-..=A" (TQ—Tl) with A = 1 P
T2

Coefficient A defined by this equation tends to infinity for a Peclet number
P = 2, and changes signs on either side of this value. Therefore, physically realistic
solutions will be obtained only for values of A positive or equal to zero, i.e. for Peclet
numbers P < 2. For Peclet numbers greater than 2, the solution will produce spatial
oscillations.

By consecutively applying the conditions 77 = 0 and 7,41 = 1 to the generic
solution, we obtain:

_ . 1— At
E:(A’*2+A“3+~~+A+1)T2:ﬁTz
1-A" 1-A
=g gh=t=0=1%

The finite element solution can finally be written in a general way according to
Peclet number P:
1— At 1+

Vi=1,... 1, T,=——— ith A=
7 s ,n—+1, 1= An w1 1

Nl

[6.7]

Nl

Figure 6.1 illustrates the influence of Peclet number P on the solution of this
example. To do so, a value a@ = p—f” = 30 was used and the variation of P was
obtained by modifying the discretization parameter h by the consecutive use of 30,

15, then 10 elements.

We can see that for values P < 2, the finite element approximate solution is
relatively close to the analytical solution. On the contrary, when Peclet number P
becomes greater than 2, the approximate solution produces spatial oscillations, due to
the sign change of the coefficient A. If P = 2, coefficient A tends to infinity. In this
case, a complete solution produces temperatures equal to zero at all the mesh nodes,
except for node number n + 1, where the condition 7}, 1 = 1 is satisfied.
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Figure 6.1. Temperature profiles obtained with P =1, P =2 and P = 3

6.2. Resolution techniques

With the classic finite element resolution, the solution obtained is only valid for
low Peclet numbers P. Now, this number depends on the material physical properties
(A, p and C), the solid or fluid velocity v, and the length of the element A in its
movement direction (equation [6.6]). For a given material and mesh, the classic finite
element method is applicable only if the solid or fluid velocity v is low enough. If not,
finer elements have to be used to reduce h, hence Peclet number P.

Specific resolution techniques for this type of problem have been implemented.
In the case of finite differences, it is the upwind technique, which is described in
section 6.2.1. This technique numerically solves a diffusion-convection problem
with a high Peclet number. To adapt it to the finite element method, it is possible
to use a Petrov-Galerkin variational formulation. This method is termed the
Streamline-Upwind-Petrov-Galerkin (SUPG) method. This formulation is described
in section 6.2.2.
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6.2.1. Upwind technique

Numerical mathematicians using the finite difference method are very familiar
with the spatial oscillation phenomenon in diffusion-convection. In fact, in the
example above, the equations obtained by means of this method with centered
difference schemes and a similar discretization are:

T, =0

pCv

Vi=2,...,n, —%(E.l,_l —2Ti+Ti—1) +W

W (Ty41 —Ti—1) =0

Tn+1 =1

These equations are strictly identical to those obtained by the finite element method
and therefore produce the same spatial oscillation problems for high Peclet numbers
P. In order to rectify this, it is possible to write an off-centered difference scheme that
estimates the first and second derivatives involved in the physical model:

dT T TG
dr|,_ . h
d*T 1 (dT dr T 2T + T
dx? o—e, P\ dx ey dr|,_, h?
Using this off-centered scheme on nodes 7 = 1,...,n — 1 produces the following
equations:
T =0

A C
Vi=li.n—1 =55 (Tiue = 2T + 1) + 55 (T — ) = 0

Tn+1 =1
The solution is written as:

1— Ai-! Cvh
p; (6.8]

Figure 6.2 shows the solutions obtained with this method for Peclet numbers P
equal to 1, 2 or 3 obtained as before (Figure 6.1). It is possible to verify that the
solution no longer oscillates for the high values of P.
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Figure 6.2. Temperature profiles obtained with an off-centered scheme

In order to compare the centered scheme (equation [6.7]) with the off-centered
scheme (equation [6.8]), we analyze the generic equations E¢ and E¢ derived in both

cases. We obtain:
1
(= Tici +2T; — Ti) + 5,0011( ~Ti1+Ti41) =0

o
(=Tici +2T; = Tipr) + pCo(—Tic1 +T3) =0

S>> I >

Bf =
The first terms of E¢ and E¢ correspond to the discretizations of the conduction
term, and the second terms to those of the convection term. If these expressions are

analyzed in-depth, we can note that:
d c 1
E :EZ +§pCU(—TZ,1+2TZ —E+1)

The off-centered scheme therefore corresponds to a centered scheme in which
more weight would have been given to conduction. Indeed, we obtain E{ again by
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replacing inside EY the thermal conduction A with an equivalent conduction A’ such

that:
Cvh P
r_a14? Y
A A(+2)\) /\<+2>

This result is used to establish the finite element formulations corresponding to the
off-centered scheme.

6.2.2. SUPG method

In order to apply the upwind technique to finite elements, it is possible to use
a Petrov-Galerkin method, which uses discontinuous weighting functions on the
element boundaries. In this section, the Petrov-Galerkin method will be illustrated
on the simple 1D example of the previous sections. To do so, the weighted residual
method is applied to the problem to solve to obtain:

pC’va 2) 4L dy — X /z/J Jc—O
T(0) = 0
T(1) =1

Make each weighting function ¢ as the sum of a continuous function § on the
segment [0, 1] and a discontinuous function -y on the element boundaries:

Va e [0» 1]7 ¢($) = 6(‘r) + 7(55)

‘We obtain:

! dr ! a*T 1 2T
PCU/ (B(z) + v(x))@dx - /\/0 ﬁ(ﬂf)ﬁdx - A ; ’y(x)@da: =0

0

Apply an integration by parts on the second term of this equation. We obtain:
dr ag dr
—d = —dx
/ fla e [ﬁ( )dx} /0 dz dz

Finally, by choosing functions 3 equal to zero in x = 0 and z = 1 (i.e. at the places
where essential boundary conditions are applied), the global problem to solve, derived
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from the weighted residual method and an integration by parts of the continuous terms
of the weighting functions, becomes:

Find T'(x) such that T'(0) = 0, T'(1) = 1, and for any 5(z) and y(x):
' (dBdT d*T ! T
)\/O (didx_ y(w )d 2>d:v+p0v/0 (ﬂ(m)+7(m))%dx:0

The finite element discretization is based upon the regular division of the segment
[0,1] into n linear interpolation elements, of length h = 1/n. On each element
0° = [z, Tey1), Withe = 1,. .., n, two interpolation functions N{ = (2,41 — z)/h
(corresponding to the node with x-axis z.) and N§ = (z—x.)/h (corresponding to the
node with x-axis x.41) are defined in a traditional way. However, these interpolation
functions will only be used for the continuous fields, i.e. functions 7" and 3. The
functions ~ inside each element 2¢ will be defined from two functions H¢(x) and
H$ () which will be specified later on. Therefore, we obtain:

[6.9]

T(x) = N{(2)Tf + N§(2)T5
P(x) = (Nf(z) + Hf ()95 + (NS (x) + HS (x)) s

VY € Q°,

Discretized equation [6.9] then leads us to solve the system [K| - {T} = {F},
where the matrix [K] and load vector { F'} are obtained as usual by assembling element
quantities [/ ¢] and { F¢}. By noting that, in this example, the interpolation functions
N¢ (x) are linear and therefore their second derivative to x is equal to zero, we obtain:

K¢ =)\ dN; dN;d C NP (x dNy + Hi (z Ny d
A /e dr dz ijLpﬁu/e Z()dyc ()dx o
Fe=0

K2

In the expression of the terms K, the second integral involves the functions H;.
Hughes and Brooks [HUG 82] suggest we take as interpolation functions:

dNf

Hi(z) = *§h

where ¢ is an adjustable parameter and h the element length. This option uses the
result obtained at the end of the previous section and gives more weight to thermal
conduction. In fact, the components of the matrix [K¢] are now written as:

. P dAN¢ dN¢ . dN¢
Kij—)\<1+§2)/ . djd:chpC'v A N{(x) dxjd:r
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In this equation, Peclet number P defined by equation [6.6] appears. In addition,
note that this expression is similar to that derived from the classic approach, providing
that the thermal conductivity A is replaced with the following equivalent conductivity

N
N = )\(1+£§>

If this equivalent thermal conductivity A’ is used, it is again possible to write
generic equation [6.5] of the problem to solve using the finite element method. This
generic equation becomes:

. N Cv
Vi=2,...,m, ﬁ(—Tiq +2T; — Tiq1) + pT(—Tiq +Ti41) =0

If the same method is used to solve the global system (with the boundary
conditions Ty = 0 and 7}, = 1), the general solution of equation [6.7] is expressed
as follows, according to Peclet number P and the coefficient &:

17Ai71 1 P 1
Vi=1,...,n+1, Tj=——— with A= +5E+1)

o ey 160

Next, it is necessary to adjust this parameter £ so as to avoid oscillations
(coefficient A negative), and obtain the most accurate possible solution.

In the simple case addressed here, equation [6.4] yields the analytical solution of
the problem. In particular, at the mesh nodes with x-axes 2:; = (¢ — 1)h, this analytical
solution can be expressed as follows (P is the problem Peclet number):

1 — e—-1P

The comparison of equations [6.11] and [6.10] leads us to choose a coefficient
A = eP. Indeed, in this case, the finite element solution will be accurate at the mesh
nodes and the coefficient A will always be positive. Then the following optimal value
will be obtained for &:

el +1 2

e S
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Figure 6.3. Temperature profile obtained with a Petrov-Galerkin formulation
and an optimal coefficient &

Figure 6.3 gives the solution obtained analytically with the finite element method,
for P =1, P = 2 and P = 3. The solution does not oscillate anymore and coincides
with the analytical solution at the mesh nodes. The discrepancies between both
approaches are only due to the linear nodal approximation used.

The optimal value of the coefficient £ obtained here is only valid in the simple case
under consideration. Now it is necessary to address the general case, to check whether
a similar approach can be appropriate.

6.2.3. 2D and 3D Petrov-Galerkin formulation

The Petrov-Galerkin method illustrated in the example above can be used in
the general case of a 2D or 3D diffusion-convection problem, as well as with any
interpolation functions N;. Here again, the functions used to define the discontinuous
part ~y of the weighting functions 1 will be termed H and N/ those used for their
continuous part 3 and for the temperature field 7. In the linear case, the system to
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solve is of the type [K] - {T'} = {F'} where the matrix [K] and vector {F'} result
from the assembly of the element quantities [K¢] and { F'°} whose general terms are:

K = / grad” (Ny) - A.grad(Ny)dv + / pC(Nf + H{) W - grad(Ny)dv

e

— [ Hdiv (- grad(N?))do
Qe

Fy z/ (Nf—|—Hf)de+/ Nfqds
Qe 99,MaQe

Obtaining these element quantities results from the application of the weighted
residual method and the divergence theorem to get a weak formulation of the
continuous problem. However, the divergence theorem can only be applied here on
the terms involving the continuous part 5 of the weighting functions. In matrix [K°]
there are terms including second derivatives of the shape functions N7. However,
these terms are often neglected. They are equal to zero for linear interpolation
elements and a constant thermal conductivity.

Thus, the Petrov-Galerkin method defines a working context for the finite element
solution of a diffusion-convection problem. The quality of approximate solutions will
be directly related to the choice of functions H;. As in the 1D case above, Hughes and
Brooks [HUG 82, BRO 82] suggest the following functions:

Hf = 7div (N{7)

In this equation, 7 is an adjustable parameter. Now in the 1D case, we had
Hf(x) = %Ehdgj ,le. T = %5%, where v is the velocity in the direction . It is

possible to extend this result to the 2D and 3D cases as follows:

T - T
7':5 ¢ I;%jr?%"v Un (2D case)

_ fhg? . 75 + 77}17,7> . 77] + Chg? . H)C

T (3D case)

In these equations, &, n and ¢ are adjustable parameters, and he¢, h, and h¢ are
lengths characteristic of the element in the three reference directions 75, ﬂ)n and 7<
(Figure 6.4). Considering the results obtained in the previous example, it is possible
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Figure 6.4. Diagram of the 2D upwind technique principle

for example to choose as adjustable parameters, in the case of an isotropic thermal

conductivity A:

efs 1 2
6P5—1 PE
efn 41 2
efn—1 P,
efc +1 2
efe — 1 PC

with

P

P

_pCh§—> —
==V U

_pChC—> —
==V U

In these expressions, the Peclet number related to each reference direction of
the element under consideration appears. The method presented therefore makes
it possible to extend to 2D and 3D the off-centered scheme introduced in the 1D
example. The off-centering operation is carried out in the flow direction. The values
of &, n and ( thus defined correspond to optimal 1D values, for which the numerical
and analytical solutions coincide at the mesh nodes. However, this is rarely the case

when the flow is more complex, as in 2D or 3D.
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Introduction

Consider again the boundary value problem governing heat diffusion in a solid
occupying a bounded domain (2, with the boundary 952, with initial conditions on 7"

p%fdiv(ggﬂi(T»f@:O in ©

(A - grad(T)) - W B

- gra -n = on

a8 ! U With 09 = 00, UaQs
T= Td on 8QT

The finite element method applied to this problem produces an element residual
{R®(T)} (equation [2.6] in Part 1 of this book for the steady state, equation [4.7] in
Part 2 for the transient state), then performs the assembly to obtain a global residual
{R(T)} to cancel:

m

{R(T)} = (A" {RY(1)} =0

e=1

As already seen in Chapter 5, this equation is solved by an iterative method. For
instance, the Newton-Raphson method solves at each iteration ¢ the following linear

system, so as to obtain the nodal vector {T}(itﬂ) of the next iteration temperatures:
ity , |OR (0 (it+1) (it)
BY + 55| ({7} —{T}") =0

For instance, iterations are performed in order to obtain a norm of the residual
vector {R}(”) less than a precision threshold set by the user. In this equation, the
tangent matrix is obtained by assembling element tangent matrices.
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The boundary value problem contains a large amount of coupling relationships
with other physical phenomena. The material physical properties p, H and A may thus
depend on the temperature, but also the chemical composition or other state variables
such as those describing the microstructure (phase proportions, grain size, etc.) or
the pressure. The internal heat source () involves other physical phenomena. They
can be the Joule effect in conduction heating or induction heating applications, or
plastic dissipation in forming applications. Here again, the problem involves new state
variables, but this term can also express radiation exchanges in a participative medium
like glass at certain temperatures. It then depends only on the temperature field in the
solid, but will produce coupling phenomena on distances longer than those involved
in the diffusion phenomena alone. The boundary conditions such as the prescribed
thermal flux density q or the exchange coefficient h and the external temperature are
also due to complementary physical phenomena. These phenomena may also involve
other state variables (for example, those governing a fluid bath flow in the vicinity of
the wall) or not, as in the case of thermal radiation in a chamber, but this will produce
additional coupling phenomena on the temperature field at the surface of the chamber.
Generally speaking, coupled problems can be arranged into three categories:

1) The first category includes problems involving similar state variables. Such
is the case of coupled diffusion and radiation heat exchanges. The diffusion-related
tangent matrix then couples all the nodes involved in these phenomena (for example,
all the nodes at the surface of the chamber in the case of thermal radiation in a
chamber). The result is a very significant increase of the non-zero terms on each line
of the tangent matrix, the destruction of its band structure, and therefore a very high
increase of the solution time. However, as already seen in the solution of non-linear
problems, it is not necessary to use a real tangent matrix to solve this equation. It
would be sufficient to introduce a partial radiation contribution into the tangent matrix,
which does not destroy the good structure of the matrix related to diffusion exchanges.
However, this method will inevitably require a larger number of iterations and, in some
cases, will not allow any convergence.

2) The second category includes problems involving different state variables.
However, additional state variables are governed by time ordinary differential
equations so that they can be calculated locally. For instance, structural
transformations are governed by equations depending on the (local) temperature,
each phase (local) proportion and time. These equations are then solved at each
finite element integration point and the dependent magnitudes are updated for the
calculation of element quantities.

3) The third category includes problems involving different state variables whose
changes are governed by boundary value problems. Boundary value problems may
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be related to the same domain of study (2 as is generally the case for electrothermal
coupling applied to conduction heating, or not, as in induction heating where modeling
magnetic dynamic phenomena requires us to consider air as the domain of study.

For the problems belonging to the third category, two (or several) non-linear
systems must be solved at each time step. If for instance the vector of nodal unknowns
related to the coupling is termed {«}, and {S} is the residual obtained by applying
the finite element method to the physical model governing these unknown changes, at
each time step, the following equation has to be solved:

{R({T} {a})} = {0}
{(SUT} {ap)} = {0}

Note that in this equation, vectors {7} and {«} do not necessarily have the same
number of components, as the physical phenomena involved are not necessarily related
to the same domains of study and therefore their solution may be based upon different
meshes. If these physical phenomena are weakly coupled, it is possible to find an
approximate solution of the problem by replacing the first equation {«} with its value
obtained at the previous time step, then solving this equation alone to determine {7'},
and the second equation alone to determine {«}. If the two problems are strongly
coupled, then both equations have to be solved at the same time. To do so, an iterative
procedure can be used.

1f {7} and {a}"") are the solutions obtained after it iterations, a better solution
can be obtained by solving consecutively:

{RUATY™ {0} } = {0}
to obtain {T}(itﬂ), then:
{S({T}(it-H) ’ {a}(it+1))} — {0}

to obtain {a}(itﬂ), and so on and so forth until the norms of vectors { R} and {S}
reach the accuracy thresholds required.

The major advantage of this method is that both physical problems can use
different meshes. It is then necessary to have an algorithm for the transport of physical
quantities from one mesh to the other. Moreover, this method does not require a
specific formulation of the coupling as the problems are solved consecutively. It
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makes it possible to use different numerical methods to solve each system. It is finally
well-adapted to boundary condition coupling.

Of course it is possible to solve the problem globally and directly by means of a
Newton-Raphson method. Starting with {7} and {a}"", {7}*1) and {a} ¢V
are obtained by the resolution of:

{ry™
{{S}“”} "

This iterative process a priori converges faster than the previous one. However, this
method is more complicated because it requires the development of specific elements
and generally produces non-symmetric matrices. It will be restricted to particular cases
for which the previous convergence method is not possible.

" B gy
oT | Do e {{T}(l.tJrl) _ {T}('zt)} _ {{0}}
PS} h [85] 0 {a} ) — fa} @ [ {0}

ar da



Chapter 7

Radiation Exchanges in a Chamber

7.1. Modeling radiative heat exchanges in a cavity

Heat radiation becomes an important mode of heat transfer as soon as high
temperatures (higher than 300°C) are involved, as is the case for heat exchanges in a
heat treatment furnace. Generally speaking, such exchanges are strongly non-linear
and difficult to take into consideration in finite element modeling, because they
couple the radiative surfaces. This results in an increase of the memory space
necessary for calculation, and long calculation times.

The most commonly used methods to solve heat radiation problems assume
isothermal zones, for the equations governing radiation exchanged heat fluxes
are well-known and this assumption is particularly well-adapted to finite
element modeling [SIE 81]. These methods can be considered to be specific
cases of variational approximations in which special shape functions are used
[KEA 88, LOB 95, BRE 90].

However, the coupled resolution of diffusion and radiation equations creates some
difficulties [KEA 88, ENG 91, SOR 90]. One method is to solve consecutively, at each
iteration, the systems describing radiation and diffusion exchanges. Radiation fluxes
are calculated from the previous iteration temperatures and transferred into the finite
element system to calculate new temperatures. The explicit character of this coupling
requires the use of very tiny time increments for the simulation of transient phenomena
and bans this method for steady solutions. However, the advantage of this method lies
in the fact that it satisfies the discrete maximum principle [LOB 95], and therefore
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avoids spatial oscillations of the solution which may occur in problems where the
radiation phenomenon is paramount.

For more general cases, the problems related to diffusion and radiation exchanges
are treated simultaneously [KEA 88, ENG 91, SOR 90, BOR 90, BER 01]. At
each iteration, the solution of the non-linear problem involves a matrix including a
contribution of the radiative phenomena. This contribution destroys the band structure
of the matrix resulting from the diffusion phenomena and makes it non-symmetric.

In this section, the equations governing radiation exchanges are described first,
then a coupling method often used in finite element computer codes is introduced.

7.1.1. Posing the problem

Consider a cavity whose surface consists of f plane surfaces (Figure 7.1) and seek
an expression of the heat flux locally received by each surface under the action of the
radiation inside the cavity. It can be noted that the approximation of the cavity surface
by a set of plane surfaces results from the finite element mesh. Besides, the assumption
of gray bodies is made. It is therefore assumed that the radiance of each plane surface
is independent of the direction and the monochromatic emission factor is independent
of the wavelength.

Figure 7.1. Discretized cavity
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For each plane surface a, its surface is termed S, its emission coefficient (or
absorption coefficient) ¢,, and its reflection coefficient p,, (p, = 1 — €,). The
assumption of so-called isothermal zones is made. It is therefore assumed that each
plane surface has a uniform temperature written 7',, expressed in Kelvin, and it is
recalled that:

— the proper emittance of a gray plane surface a is given by:

M, =oe, T,

where o is a Stefan constant which is equal to 5.67.10~% W/m?/K*;

— the view factor F,;, from a plane surface a to another plane surface b is the energy
fraction leaving the plane surface a reaching the plane surface b. The view factors Fy,
satisfy the conditions:

f
SaFap = SyFay andforanya, » Fap=1 [7.1]
b=1

For each plane surface «a it is now necessary to define an apparent emittance or
radiosity R, such as the energy density escaping the plane surface:

—4
R.= 06T, + (1—¢€)H, [7.2]
SN—— ~————
proper emission  reflected portion
of incident energy

The incident flux density on a, H,, is obtained by figuring the following
relationship:

f f
SaHa = Fab SbRb = Sa § FabRb [73]
b=1 b=1
energy - fraction energy =
incident on a arriving on a leaving b

The net flux density received by the plane surface a, g, is then expressed as:

—4
Ga = 6a-H'a - UGaTa
SN~ N——

absorbed part of  proper emission
incident energy

This expression, combined with equation [7.2], gives:

€q

(Ro — oT,) [7.4]

Qazl_ea
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The combination of equations [7.2] and [7.3] produces a linear system of f
equations with f unknowns, making it possible to determine the plane surface
radiosities. We obtain:

ab - (L)Fab)Rb = Ueafi

M&h

S
Il
—

In this equation, d,;, represents the Kronecker symbol (6, = 1 if a = b and 0
otherwise). The linear system reveals a non-symmetric matrix with d,, — (1 — €,) Fup
as general term. In order to facilitate the numerical resolution of this system, it is
made symmetric. To do so, it is assumed that the cavity surface consists of very gray
plane surfaces (¢, # 1) numbered from 1 to g, and very black surfaces (¢, = 1)
numbered from g + 1 to f. The radiosity of a black plane surface being equal to its
proper emittance, while for any gray plane surface a the previous system is written:

/

g
Z ( ab — 1 — ea) ab)Rb = O'€aT + (1 — ea Z FabaTb

b= b=g+1

=

If the two members of the equation are multiplied by S, /(1 — ¢,), the following
symmetric linear system of g equations for g unknowns is finally obtained:

9
Sa €aSa
> (1%5“1’ - SaFab) Ry = al T, + Z SuFuwoTy,  [15]

b=1 @ b=g+1

Gap

The gray surface radiosities are determined by the solution of this symmetric linear
system (Gpy = Ggp). If Ly, is the general term of the inverse matrix of the G, the
radiosity of a gray surface a can be expressed as:

)
6(,5}, =
:bz:: ob <al Tb+ Z SbecaT> [7.6]

c=g+1

It is now possible to note that the sum of the terms on the same line of the matrix
formed by the G is equal to:

ZGab 1_%*25 Fop = 1_6a+ Z SuFup

b=1 b=g+1
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By considering this sum as the product of a matrix whose general term is G5 by
a vector including only 1, the equation above can be written as an equation system
which, after inversion, gives the following relationship between the terms L ;:

g /
S
E Lap b + E SpFpe | =1 for any gray plane surface a.
b=1 1- € c=g+1

Finally, by transferring this relationship and equation [7.6] into the expression of
the net flux received ¢, (equation [7.4]), we obtain for any gray plane surface a:

1 f —4
— Z -T,) [7.7]

b=

In this equation, the terms D, are expressed as (a is a gray plane surface):

aSa S o
‘ Lab i if b is gray
1- €a 1-— €}
D, =
1 — €q ; LacScFe,  if bis black

In the case of a black plane surface a, the expression obtained for the net flux
received is the same. The terms D, are then expressed as:

g g
SaFab+ > > SaFacLeaSaFay if bis black

D c=1d=1
ab —
g
€,y e
o ngl LepSaF,. if b is gray

It can be noted that the matrix whose general term is D is symmetric. The method
above therefore allows for an analytical expression of the net flux received by each
gray or black plane surface making up the cavity surface. There are several advantages
to this method. First, it is applied regardless of the surface emissivities. Then, when
the surface emissivities are independent of temperature, it only requires the inversion
of a symmetric matrix whose order is equal to the number of gray plane surfaces. The
calculation of this matrix and of the view factors is made in a pre-treatment phase.
Finally, the expression of the net flux received by each plane surface makes it possible
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Figure 7.2. View factor between two plane surfaces

to include a contribution due to the heat radiation into the first member matrix of the
problem coupling diffusion and radiation.
7.1.2. Calculation of view factors

The view factor between two plane surfaces is given by the following expression
(Figure 7.2):

1 a
F,, = / / EO8a PR s dse [7.8]
7Sa Js, Js, Tab

Several calculation techniques may be used. In a 2D case, Hottel’s crossed string
method [SIE 81] uses equation [7.1] in a quadrangle (Figure 7.3). It is easy to obtain:

— for two adjacent plane surfaces (for example, 1 and 2 in Figure 7.3):

S1Fip = - (S1+ 52 — S5)

NN

— for two non-adjacent plane surfaces (for example, 1 and 3 in Figure 7.3):

S1Fi3 = (S5 + S — S2 — S4)

DN | =
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Figure 7.3. The crossed string method

In a 3D case!, one possibility is to use Gauss numerical integration, which consists
of replacing the integrals involved in expression [7.8] with a discrete sum on all the
integration points of plane surfaces a and b. This method is described in detail in Part
1 of this book. We obtain:

nd g nb ] j
GLGY —n
b
SaFup = — ZZ )w wjz/;jb

i=1 j=1 HGlGju

—> -
Z
a

—

In this equation, G%, w¢,n’, (G B wb, nj) represent respectively an integration
point, the related weight and the unit normal to the plane surface a (plane surface b).
The coefficient v takes the value 1 if the integration points are visible, and 0 should
this be otherwise.

This technique does not enable us to accurately calculate (except if a large number
of integration points are used) the view factors; however, it is naturally included in
a finite element computer code and makes it possible to address any type of convex
or non-convex cavity. Figures 7.4 and 7.5 give the accuracy expected in classic
configurations.

These element cases are extremely interesting for the user as they give very useful
information for determining the cavity surface discretization. It can be noted that for a
reasonable discretization, the resulting accuracy is satisfactory. For 2 parallel planes,

1. Axisymmetric cases are particularly interesting and complicated to address. The reader may
refer to [CHU 82].
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Figure 7.4. Calculation error of the view factor between two opposite plane surfaces
with 4 and 9 Gauss points per plane surface
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Figure 7.5. Calculation error of the view factor between two orthogonal plane surfaces
with 4 and 9 Gauss points per plane surface

the error is less than 5% as soon as § > 0.387 for elements with 9 integration points
and 7 > 0.583 with elements with 4 integration points. However, this method does
not enable us to accurately calculate of the view factor between two plane surfaces
with a common edge (c = 0 in 7.5).
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The calculation of the view factor between two spheres makes it possible to
validate this technique in the case of a non-convex cavity. Consider an inner sphere
of radius 1 and an outer sphere of radius 2, each sphere being meshed with 96
quadrangles with 4 integration points and 32 triangles with 1 integration point. The
sum of the view factors being calculated, related to each element, remains in the
range of 0.9978 < Z£=1 Fo.p < 1.014, which produces an error of less than 1.4%.
Moreover, the view factor sought, from the inner sphere to the outer sphere, is
equal to 0.25024, compared with a theoretical factor equal to 0.25, which is very
satisfactory. In practice, above all in the case of a non-convex cavity, it is generally
preferable to rectify the view factors after calculation, so as to satisfy equation [7.1]
for each of the plane surfaces. It is therefore advisable to take the following iterative
option. If Féf) are the view factors obtained after k iterations, the following sequence
is defined:

f

k1) 101 1 *k) k) _ (k)

Fo =73 <¢(k,) + ¢(k))Fab with ¢{" =" F}
a b b=1

It is demonstrated that this sequence converges, and at the convergence, for any
plane surface a, we find that ¢, = 1.

Other view factor calculation techniques may be used (contour integrals, Monte
Carlo method, etc.). These calculations are often parts of specialized programs
[CHU 82, SHA 85]. The reader will find in [EME 91] a comparative study of the
various calculation methods available.

7.1.3. Diffusion-radiation coupling

Assume a cavity surface meshed with f skin finite elements, each element a
representing a plane surface S,. In order to take the action of heat radiation inside
the cavity into consideration, it is sufficient to add to the residual expression the
contribution of the corresponding heat flux density ¢,. This contribution is written
as:

f
(R} =) (A" (R} with {Ry} = /S {N} qq ds [7.9]

where [A“] represents the location matrix and N the shape functions corresponding
to element a.

We could stop at this point. However, heat radiation problems produce significant
non-linearities and it is wise to insert a contribution due to these effects into the
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iterative matrix [M | @) corresponding to the non-linear system to solve. The additional
term { R, } influences only the nodes attached to the cavity surface and only depends
on these node temperatures. The contribution [M,.] to the matrix [M] (") is therefore
a square matrix of dimension n, X n,, where n,. represents the cavity’s number of
nodes.

Consider {T;.} the temperature vector of the nodes attached to the cavity surface. In
the case of radiative exchanges, the term {R,.} depends on all the temperatures of the
cavity surface nodes, and hence on all the components of {7.}. It follows that matrix
[M,] is full and its assembly will significantly increase the bandwidth of global matrix
[M] (") " Another method often used is to assemble only the terms of [M,] included in
the band structure of matrix [M ](it) corresponding to diffusion phenomena.

Two types of radiation matrix [M,] to assemble in [M]") at each resolution
iteration can be considered:

— areal tangent matrix:

"OR, ]
M, = —
[M,] T, |
— a substitution matrix:
SR,
M, = —
[ T'] I 6Tr ]

7.1.3.1. Tangent matrix

Reconsidering the expression of the heat flux density g, given by equation [7.7],
we obtain:

f f
M,] = a{?r} (2 [Aa]T . /Sa (N} Si Z DabJ(Ti —T;l)d8>

% b=1, b#a

Then the mean temperature of a plane surface is defined with the finite element
method nodal approximation:

2l 1 1 a a
Ta—Sa/SaTds—Sa</SaNds>-{T} [7.10]
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It is then easily demonstrated that the matrix2 [M,.] consists of the element blocks
[M 2] influencing only the nodes of the plane surfaces a and b:

f
= > (A" (M) - [AY] with
a,b=1
gy = 4T ( > Dab> [ wveasd ([ weas)y o
S b=1, b#a Sa S,

=3
40T, D
[Mab] = 2T b b {/ N“ds} </ Nbds> forb # a
SeSy s, s,

The tangent radiation matrix obtained by matrix assembly has the drawback of
being non-symmetric.
7.1.3.2. Substitution matrix

Expression [7.9] of { R, } can be written taking into consideration expression [7.7]:

(R} =— f /{N“} > Daba(T +Tb)(T +Ty) (Ta —Ty)ds

b=1, b#a

hab

The quantity h,; in the previous equation is similar to an exchange coefficient
between two plane surfaces a and b. Given equation [7.10] defining a plane surface
mean temperature, { R, } can be written as {R,.} = — [M,] - {7}, where the matrix
[M,] is a substitution matrix which is written as:

M= S AT ] (4] i
ab=1
M) = g7 @h> TRESIVRRD

hap
Mo = 2 N%d Nbd for b
M =g {/s }</g > orb#a

2. The possible temperature-dependence of heat emissivities is neglected for the calculation of
the tangent operator.
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As above, the matrices [M;}b] are element blocks influencing only the nodes
attached to the plane surfaces a and b. It is easy to demonstrate that the symmetry of
the D, leads to that of the hp, and consequently the symmetry of [M,] thus defined.
This is a major advantage of this method.

7.2. Examples
Two application examples are addressed in this section:

— radiation between two walls, which will validate the method presented in the
section above;

— cylinder quenching, which uses symmetry relationships to simplify the global
problem [BER 01].

7.2.1. Radiation between two walls

Consider the abstract 1D example in Figure 7.6. The walls are assumed to have a
thermal conductivity A = 1.5 W/m/K. The analytical solution is obtained, in the steady
state, by equalizing the set of flux densities involved, i.e. the conduction between the
surfaces A and B, the conduction between the surfaces C and D, and the radiation
between the surfaces B and C. If ¢,. is the radiated flux density, we obtain:

_/\TB —TA _ ¢7' _ _/\TD _TC

Ip —TA Ip — ZC

It is easily demonstrated that if F’ represents the view factor between the surfaces
B and C, then the radiation flux density between these two surfaces is written:

FEBEC

=Ko(T: —T% ith K =
Or U( B A) wit 1—F2(1—€B)(1—€C)

The mesh used for the calculations is regularly divided, every 0.05m, in the
direction z. Five solution strategies are examined:

— NC (no radiation contribution) method: the conduction matrix alone is used to
make the iterations;

— PS (partial substitution) method: the radiation contribution is introduced as a
substitution matrix, with consideration of only those terms belonging to the band
structure corresponding to the diffusion finite elements;

— TS (total substitution) method: the radiation contribution is taken into
consideration by means of the symmetric substitution matrix;
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Figure 7.6. Radiation exchange between two walls

—TM (tangent matrix) method: the radiation contribution is taken into
consideration by means of the tangent matrix (non-symmetric);

— BFGS method: the BFGS method is used.

In all cases, the iterative calculation is interrupted as soon as the largest residual
component (in absolute value) becomes less than 0.01 W, or as soon as that of the
temperature difference is less than 0.01°C. Different couples (e 4, €p) are tested; all
the results are in Table 7.1.

As could be expected, it is with the real tangent matrix that convergence is fastest
(in number of iterations). The substitution matrix produces convergence too, without
using a non-symmetric solver. In practice, these methods very significantly increase
the bandwidth of the first member matrix used to make the iterations and, as a
consequence, the analysis cost.

The conduction matrix alone does not produce convergence generally. Introducing
a radiation partial contribution, without destroying the matrix band structure, has
produced convergence in all cases (often with a large number of iterations, if truth
be told). The BFGS method seems to be the most efficient.
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€B €c Tg (°C)|Te (°C)|method |iterations
0.1 0.3 204.4 | 897.8 PC 14
SP
ST 4
MT 3
0.4 1 581.2 | 709.4 PC 0
SP 41
ST 6
MT 4
0.01 0.2 19.06 | 990.5 PC 4
SP 4
ST 3
MT 3
1 1 630.9 | 684.6 PC 00
SP 93
ST
MT 4
BFGS 12
0.2 0.2 599.5 | 700.3 PC o0
+0.00087"| +0.0008T SP 45
ST 7
MT
BFGS 13

Table 7.1. Work example — number of iterations at the convergence

The example considered here is much more difficult than it first appears. On the
one hand, the calculation of a steady state is much more difficult to make than that
of a transient state where the phenomena are regularized over time. On the other
hand, the example deals with two conductive regions which are only coupled by
the radiative exchanges. This coupling is only inserted into the first member matrix
when a radiation contribution by means of a substitution matrix or a tangent matrix
is considered. That is the reason why the methods using them converge in fewer
iterations.
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Generally speaking, it is recommended to treat diffusion-radiation problems with
the BFGS method. Using a substitution matrix will be restricted to cases in which
the latter does not converge. Using the tangent matrix, in addition to the hopeless
cases in which none of the methods above would have produced a solution, will be
recommended in cases where the first member matrix is already non-symmetric in
nature, for example, as is the case of diffusion-convection problems.

7.2.2. Cylinder quenching

Consider here the case of five cylinders at the initial temperature of 900°C, which
are cooled in a chamber whose walls and top surface are assumed to be at the constant
temperature of 200°C, with an emissivity of 1 (black body), and whose bottom surface
is at 60°C, with an emissivity of 0.6. The cylinder emissivity is assumed to be equal
to 0.9.

We added to the radiative exchanges convection exchanges on the cylinder
surfaces, with a convection coefficient h = 10 Wm~2K~!, and a temperature equal
to that of the chamber walls, 200°C. The thermal properties of the cylinders are
A=40Wm K1 and pC = 4.7.10° Jm 3K 1.

The numerical simulation of this problem takes the symmetries into consideration
by means of the formulation described in detail in [BER O1]. In order to illustrate
the influence of symmetries on calculation times, we have made two calculations
with two meshes presented in Figure 7.7. The first image represents the complete
structure, without the chamber walls. It altogether consists of 2, 761 nodes, 2,400 3D
isoparametric elements. Furthermore, 1, 720 2D elements were added to illustrate the
radiative exchanges in the chamber. In the second image, the problem symmetries lead
us to model only one-eighth of the whole structure. The mesh used for the calculation
then includes only 437 nodes, 300 3D elements and 215 2D elements.

The view factors F,; between each surface and the chamber walls are calculated
only once at the beginning of the analysis. The transient calculation is made with a
time step of 20s between the initial moment and 60s, then a step of 60s between
moments 60 s and 600 s. The solution was calculated with a tangent matrix restricted
to the assembly of the terms [M*“] in equation [7.11]. The convergence was set at
10~° W on the residual maximum component (in absolute value), or at 10~2°C on the
maximum temperature variation (in absolute value) between two iterations.

Figure 7.8 gives the temperature distribution on the cylinder surfaces at t = 240s.
We see that the reduced model gives the same distribution as the full model, whereas
the calculation times were as follows:
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Figure 7.7. Mesh used for the calculation, from [BER 01]
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Figure 7.8. Temperature distribution at t = 240 s, excerpt from [BER 01]



Radiation Exchanges in a Chamber 205

—on the full model, 669s for the view factors, 25s for the calculation of
the radiation contribution to the tangent matrix, and 54 s for the transient thermal
calculation,

— on the reduced model (one eighth on account of symmetries), 79 s for the view
factors, 0.07 s for the calculation of the radiation contribution to the tangent matrix,
and 5 s for the transient thermal calculation.

These results show how important it is to use the symmetries of a problem when
it is modeled, with a view to its numerical simulation. Additionally, using a partial
tangent matrix (radiation contribution restricted to the terms [A/*“] in equation [7.11])
was not very prejudicial, for the convergence of the solution process (at each time step)
was obtained with a maximum of five iterations. Finally, the following points can be
noted:

— as expected, the calculation of the view factors takes nine times as long as when
the problem symmetries are not considered. Indeed, it is demonstrated that the method
used here to take the symmetries into consideration reduces the time for the calculation
of the view factors by a ratio Ny, + 1 where Ny, is the number of times when the
simulation model has to be duplicated to obtain the real model (here, N, = 8);

— in both cases, the calculation time of the radiation contribution to the tangent
matrix is negligible compared with that of the view factor calculation;

— of course, the transient thermal calculation time is significantly reduced when
the problem symmetries are used.
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Chapter 8

Fluid-Structure Coupling in a Pipe

8.1. Modeling the Buid

Many industrial applications are related to heat exchanges. Modeling such devices
requires the correct consideration of the heat exchanges between the heat-carrying
fluid and the wall. This problem is all the more difficult since the temperature of the
fluid, because of its exchanges with the wall, changes as it moves along. Modeling
must therefore make it possible to calculate these temperature changes and take into
consideration the fluid local temperature in the complex heat exchanges occurring with
the wall. This is a presentation of the physical interaction model and its mathematical
formulation, leading axiomatically to a use of the finite element method. Finally, we
will deal with the elements creating the fluid-structure coupling [BER 98].

8.1.1. Physical model and mathematical formulation

Modeling consists of representing the heat-carrying fluid with a set of 1D
elements and solving a diffusion-convection problem in these elements by means of
the technique introduced in Chapter 6. The heat exchanges between the fluid and
the wall are supported by 2D elements and involve the fluid temperature and wall
temperature.

The pipe is therefore subdivided into macro-elements. Each macro-element
combines:

—a 2-noded 1D fluid element;

—a set of 2D elements representing the structure wall and supporting the heat
exchange conditions between the fluid and the wall (exchange elements).
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2D element supporting heat exchange

fluid element
macro-element

Figure 8.1. Description of the pipe

The macro-element mathematical formulation is based upon the following
assumptions:

— Al: the fluid flow is assumed to be steady and 1D. The flow direction is given
by the direction of the elements representing the fluid;

— A2: the fluid mass flow 7 is assumed to be constant along the pipe, but may
possibly vary over time;

— A3: inside each macro-element, heat exchanges can only occur between the fluid
element and the set of exchange elements corresponding to the macro-element. The
heat flux density received locally by the wall can thus be written as:

o(T,,Ty) =h(Ty; —T,) [8.1]

where T, Ty and h represent respectively the wall temperature, the fluid mean
temperature (in the fluid element) and the exchange coefficient between fluid and wall.

In practice, the heat flux density received locally by the wall will be calculated
at each integration point of the exchange elements. The wall temperature under
consideration will therefore be the one calculated at each integration point. Moreover,
the expression of h depends on the heat exchange conditions (natural convection,
forced convection or mixed convection) and may depend on 7}, and Tf. The
expression of h results from a Nusselt number by means of various empirical
relationships between numbers without dimension, which are functions of the
convection type (natural, forced, mixed, etc.), and possible phase changes in the
heat-carrying fluid (vaporization, etc.), among others.
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The heat equation, considering assumptions Al and A2, is written as:

m 9Ty 8 (. Ty B
5o (Af az> ¢=0 [8.21

In this equation, [ represents the curvilinear x-axis, Sy the pipe section, C the
specific heat, Ay the fluid thermal conductivity, and ¢ the heat flux received per fluid
volume unit. The quantity ¢ is assumed to be constant in each fluid element. As seen
in Chapter 6, using a classic Galerkin method to formulate the finite elements from
equation [8.2] produces spatial oscillations of the solution when the Peclet number
is greater than a critical value (2 for first order elements). It is obvious that such a
limitation is not acceptable for modeling heat exchangers. To avoid these oscillations,
a SUPG method can be used. This approach produces the following equation system
for the fluid:

(IKf]+ [Uf) + [Dyf]) - {T¢} = {Fy} 8.3]

In this equation, [K;] represents the classic conductance matrix (obtained as
assembly of the element conductance matrices in the fluid), {7} represents the fluid
nodal temperature vector, whereas [Uy], [Dy| and {F}} are obtained by assembling
on the fluid elements €25 the following element quantities:

ve — [ (e 4 meyine, 2 8.4

fij_/g;(”L i [8.4]

pe = s, [ el (52 8.5

fij_f/ﬂ; UGTANGANT 18]

F;izsf/ (Nf + Hf)qdl [8.6]
195

f

The functions N and H; appearing in these equations represent respectively the
shape function and the disturbance function corresponding to node ¢ of element e.
It can be noted that, for first order elements and a constant thermal conductivity,
[D¢] = 0.

Considering assumption A3 and equation [8.1], the thermal balance inside a
macro-element is written as follows:

qVi + Z /dememh(Tf ~T,)ds =0

exchange elements
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The first term of this equation represents the heat flux received by the fluid (V is
the fluid element volume). The second term represents the heat flux received by the
structure. From this equation the expression of the quantity ¢ is directly derived:

1 _
g=—-= Y / h(Ty—T,)ds [8.7]
element

|4
f exchange elements

8.1.2. Modeling the coupling

The equation system to solve for the solid structure can, in the steady state, be
written:

(K] - {Ts} = {Fs} [8.8]

In this equation, [K] is the traditional thermal conductance matrix of the solid,
{Ts} is the unknown (temperature) vector corresponding to the solid structure and
{F,} is the load vector. If, for convenience, it is assumed that the solid structure
exchanges heat only with the fluid flowing in the pipe, it is possible to write:

(F,} = > (A=t {Fmee) [8.9]

macro-elements m — e

In this equation, matrix [A™ ] is the assembly matrix described in the first chapter
of this book, applied to the macro-element m — e. Load vector { F } therefore results
from the contributions of all the macro-elements m — e, contributions which can be
written as follows:

{Fr—<y= > [A7T7{Q} [8.10]

exchange elements e

Again, in this equation, assembly matrix [A€] is that described in Chapter 1. The
components Q¢ of element term {Q¢} are finally written:

gi:/ NeR(Ty — T,)ds [8.11]
Qe

Inside each exchange element, 7, is given by the classic finite element
approximation, where 77 is the temperature of node number j of element e (local
numbering):

T,(7) =Y N§(T)T§
j=1
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T4 is the fluid’s mean temperature. It is obtained, like the average of temperatures
T't1 and T't5, at the two nodes of the fluid element:

7 _ Ty +Tp
Ty=~5—

The non-linear problem composed of equations [8.3] and [8.8] coupled by
equations [8.6], [8.7] and [8.11] can be solved by means of a Newton-Raphson
iterative method. Equations [8.3] and [8.8] are written as:

Ts (8.12]
Ty '

R, F K 0
U=\ r [ T\
f i 0 Ky+Us+ Dy
At each resolution iteration (k), a better solution is obtained by solving a linear

system (see Chapter 5). The process is repeated until the norm (Euclidian, for instance)
of the residual { R} becomes less than the desired accuracy. Equation [8.12] can also

be written:
T,
Ty

In this equation, { R~ “} represents the contribution of the macro-element m — e

to the residual:
Fm—e 0 0 Tm—e
{Rmie} = Srnfe - m—e m—e m—e| Sm,e [813]
Fy 0 K{ “+Uf“+Dj Ty

In this expression, {F,""¢} is defined by equation [8.10], whereas {F}"“},
[K}”_e], [U}”_e} and [D}”_e} are the load vector and element matrices of the only

R}= X [AMJT{R’”}V;SE

macro-elements

fluid element corresponding to the macro-element m — e. The terms [U}"“], [D" ]
and {F}"‘e} are given by equations [8.4], [8.5] and [8.6]. Finally, the terms {77 ¢}
and {T7""°} are the restrictions of the vectors {7} and {T} at the only nodes
connected to the macro-element m — e.

The contribution [K"~¢] of each macro-element to the tangent matrix [/ 7] of the
global system is directly derived from equation [8.13]:

_8Fsm—e _8Fsm—e
o o1 o1y
[KT ] = aF}n*e aF}nfe

m—e m—e m—e
Kf + Uf + Df —

o1y oTy =
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In this equation, it can be noted that the matrix [K ?76] is not symmetric.

8.2. Example

The example given here is that of the auxiliary sprinkling line of a vapor generator
ina 1,300 MW PWR nuclear plant. It is a security system designed to remedy a failure
in the primary pumps, by injecting water to keep the pressure constant and equal to
17.13 bars in the circuit. We first describe the physical and geometric modeling used,
then analyze a few results.

8.2.1. Physical and geometric modeling

The geometry is very simple here. It is a 51.1 m long pipe modeled with 1,200
volumetric elements. The exchange with the fluid is represented by 100 fluid-structure
coupling macro-elements (Figure 8.2). The geometric and physical specifications
used for the simulation are the following, considering that the pipe is assumed to be
adiabatic on the outer wall:

— pipe dimensions: 51.1 m long, 60.3 mm in internal diameter, 8.7 mm thick,

— initial temperature: 20°C,

51.1m

Figure 8.2. Sprinkling pipe mesh
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— pipe specifications: conductivity 15 W/m/°C, volumetric mass 7,800 Kg/m?,

specific heat capacity 500 J/Kg/°C,

— water specifications: conductivity 0.603 W/m/°C, volumetric mass 1,000 Kg/m?,
specific heat capacity 4,180 J/Kg/°C,

— mass flow rate: 12 tonnes/hour,

— exchange coefficient: 10,400 W/m?/°C.

8.2.2. Results

Figure 8.3 gives the water temperature variation in the pipe, over time, at the entry
and exit. It can be noted that the water injected under pressure at the entry reaches at
the exit a temperature of 280°C after about 150 s.

Temperatue (°C)

g
|

£ 3

g

time (s.)_m

T L

109 150 200

Figure 8.3. Temperature variation over time, at the sprinkler entry and exit
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Chapter 9

Thermometallurgical Coupling

9.1. Modeling phase changes

This chapter deals with the interactions between heat exchanges and phase changes
in a solid material. The first section is a description of the most common models used
to describe the variations of phase proportions in a material undergoing thermal cycles
[LEB 84, FER 85, INO 85]. To do so, differential equations governing each phase
change are figured first, followed by the method to integrate them numerically along
any thermal path. Eventually, the case of multiple transformations which may occur
simultaneously will be dealt with.

9.1.1. Rate of phase changes

Solid state phase change models usually distinguish two types of transformation:

— those governed by diffusion, described by Avrami kinetics [AVR 40a, AVR 40b,
AVR 41],

— those of the martensitic type, represented by the Koistinen-Marburger law
[KOI 59].

9.1.1.1. Avrami kinetics

Avrami kinetics used to represent diffusion phase changes result from the extended
volume concept [AVR 40a, AVR 40b, AVR 41]. In Figure 9.1, the extended volume V,
is obtained by considering that the new phase germination may occur anywhere in the
material. Its variation velocity is therefore proportional to the new phase germ creation
rate, N, and the mean volume of these germs, v,. The variation velocity of the phase
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phase to be ransformed
(proportion P-p)

® nucleus

. transformed phase
(proportion p)

Figure 9.1. Extended volume concept

proportion formed is in turn proportional to the extended volume variation velocity
Ve, as well as to the phase proportion left for transformation. Thus, we obtain:

p=(P-pVe

In this equation, P designates the maximum phase proportion that can be formed,
i.e. that which will be produced at the end of the transformation process.

The classic form of Avrami kinetics is obtained with the previous equation. For
this purpose, it has to be integrated at a constant temperature (temperature contour
path), and use a power law for the extended volume variation velocity:

. n—1 n
Ve=nfVer™ :>p:P(l—e_(ft) )

Here, f and n are parameters of the phase change kinetics, at the temperature
under consideration. If the same expression is kept for V., it is also possible to define
with the previous equations the variation velocity p of the phase proportion p. This
variation speed is written as follows, considering that the parameters P, f and n may
be temperature-dependent:

p=nfe )| (5 )| .11
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9.1.1.2. Martensitic kinetics

The martensitic transformation occurs instantly. Martensitic kinetics therefore
involve only the temperature, and are represented by the Koistinen-Marburger law
[KOI 59]. According to this law, the (martensitic) phase proportion p formed at
temperature 7" is given by:

0 for T > M
p(T) = T A
1—e!T=Mo) for T < M,

Here, b is a homogenous kinetic factor, unlike temperature, and M (martensite
start) is the temperature at the beginning of the transformation. These coefficients
may depend on the material. For instance, in the case of steel, M is a function of the
transformed austenite carbon content.

As with Avrami kinetics, martensitic transformation kinetics can be figured in the
differential form. This is done by deriving the previous equation with respect to time.
We obtain:

0 forT > M,orT >0
5 — [9.2]

—b(1 —p)T  otherwise

It can be noted that this equation can be written like equation [9.1]. To do so, it is
sufficient to choose in this equation n = 1, P = 1, and a frequency f depending on
the thermal path:

=

0 when T > M, orT >0
—bT  otherwise

9.1.2. Numerical integration

Different methods can be used to integrate equations [9.1] and [9.2]. For instance,
in the case of Avrami kinetics, the thermal path can be divided into a series of
temperature contour plateaus, of length At, along which it is possible to apply an
integrated form of the kinetics (Figure 9.2 [PUM 48, FER 85]). However, it is also
possible to perform a classic numerical integration, with time steps At, with a second
order Runge-Kutta method (Figure 9.3 [LEB 84]).

In the case of Figure 9.2, a dummy time ¢* is introduced to take into consideration
the phase transformation already formed at the beginning of the time increment. The
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isothermal evolution p(t)

phase proportion (p)
time (t)

thermal path

T(t+At)

temperature (T)

Figure 9.2. Numerical integration of a phase proportion along a thermal path
with the dummy time concept

value of ¢* is the time that would have been required to form a phase proportion p(t)
from zero, at temperature T'(t + At) of the temperature contour plateau (point 2 of
Figure 9.2). This dummy time is obtained in the following form, all the parameters
being estimated at temperature 7'(t + At):

The dummy time t* thus obtained is then used as the starting point of a
temperature contour transformation occurring at a temperature 7'(¢t + At). The final
phase proportion is therefore obtained analytically:

p(t+At)=P(1 - e A0

In the case of Figure 9.3, intermediate points are introduced by the classic second
order Runge-Kutta scheme to integrate equations [9.1] or [9.2] along the thermal
path T'(t). Point 2 is obtained by choosing a constant variation velocity of the phase
proportion, on a temperature contour variation curve at temperature 7'(¢). This point is
used to construct point 2/, which represents a phase proportion similar to that of point
2, but on the temperature contour variation curve of p corresponding to temperature
T(t + At). Point 3 is then obtained like point 2, but with the variation velocity of p
obtained at point 2’. Finally, the last point, 4, is obtained by calculating the mean value
of the phase proportions obtained at points 2 and 3. Note that in Figure 9.3 this point
is not located on the phase proportion or temperature contour variation curves. For
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isothermal evolution p(t)

phase proportion (p)
time (t)

thermal path

T(t+At)

temperature (T)

Figure 9.3. Numerical integration of a phase proportion along a thermal path
with a second order Runge-Kutta scheme

instance, let p(p,t) be the phase proportion variation velocity obtained by equation
[9.1], for a common proportion p, and with parameters P, f and n estimated at instant
t of the thermal path (at temperature 7'(¢)). The second order Runge-Kutta method
then gives the phase proportion at instant ¢ + At by estimating consecutively the
following quantities:

p1 =p(p(t), 1)

=p(t) + ;1 At
P2 =pt) + 51 then p(t + At) = 1
]j2/ :ﬁ(pg,t-l—At) 2
ps = p(t) + pr At

(Pz + PS)

This can be written globally as:

p(t+At) = p(t) + %(p(p(t), t) +p(p(t) + p(p(t), ) AL, t + At))

The Runge-Kutta method makes it possible to integrate, with the same method,
the Avrami and martensitic kinetics, providing that the latter are formulated like
Avrami kinetics with n = 1, P = 1 and a frequency f depending on the thermal
path. Hereafter, therefore, general formulation [9.1] will be used for all possible
phase changes. If it is of the Avrami kinetics type, the parameters n, P and f of this
formulation will be temperature-dependent. If it is the martensitic type kinetics, we
will choose n = 1, P = 1, and a frequency f depending on the temperature variation
velocity (heating or cooling) and the value of M (see section 9.1.1).
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9.1.3. The case of several phase changes

Actually, several different phases may be present in the material. For instance,
in low-carbon steel, we can find austenite, ferrite, perlite, bainite and martensite,
i.e. five phases, and transformations between these phases may occur in a similar
volume element. In that case, if p; designates the phase’s common proportion 7, then
it is possible to define a driving force F;; of the transformation ¢ — j of the form
B = P (pi + pj) — p;, where P;; is the maximal proportion of phase j which can
be obtained from phase i. It should be noted at this point that, if the driving force F;;
is positive, then the driving force E;; (corresponding to the transformation j — 1) is
negative. These driving forces therefore indicate the transformation direction between
phases ¢ and j.

The problem of transformations between several phases can now be solved
[LEB 84, FOR 00b]:

— for each transformation ¢ — 7, by substituting p into
equation [9.1],

Dj

' in differential
pitp;

— by considering that the variation of the phase proportion j, p;, results from all
the possible transformations ¢+ — j and j — ¢, which are assumed to be independent
of one another.

With this method, it is possible to write:
pi=_ Ay [9.3]
i#]
where A;; can be considered to be the reaction activity between phases ¢ and j. This
activity is obtained from equation [9.1] as:
nj—1

nij fij Eij [ln <1 + gﬂ)} v if £;; > 0 (reaction i — j7)

Ay = it [9.4]
—njifjiEji [ln (1 + 5;)} . if Eﬂ >0 (reactionj — 1)

0 otherwise

The parameters P;;, n;; and f;; of this equation depend on the transformation
under consideration. Note finally that the activities A;; given by equation [9.4] make
up an antisymmetric matrix. Indeed, as A;; represents the phase proportion ¢ which
is transformed into phase j per time unit, we obtain A;; + Aj; = 0. One of the
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consequences is that the sum of all the matrix terms is zero, which expresses the
conservation of the phase proportions since the sum of their variation velocities is
equal to zero.

Another model was suggested for steel and inserted into various calculation
software [WAE 94]. By making p;, p2 and ps3 the common proportions of ferrite,
perlite and bainite, and M the temperature of initial martensite transformation, for
these phases the model equations are written as:

p1 = fi(T.T,p1,pa, p3, M, d)
P2 = fo(T, T, p1,pa, p3, My, d)
ps = f3(T, T, p1,p2, p3. My, d)
Mg = M,(p1,p2,ps3,d)

Martensitic transformation is described by equation [9.2]. Functions fi, fo,
f3 and M, are not made explicit, but calculated point after point from the states
(T, T, p1,P2,P3, Ms,d) corresponding to the continuous cooling transformation
diagram (or CC'T" diagram) of the shade treated. As a consequence, the model is
very close to this diagram and is no longer very accurate when the cooling conditions
depart from those of the diagram. Its major advantage, however, is that it is easy to
identify.

9.1.4. Modeling the coupling

Strong coupling between thermal and metallurgical phenomena is relatively
well-known. Phase changes are time- and temperature-dependent, and produce in turn
temperature changes (exothermic and endothermic reactions). Generally speaking,
the heat equation must be solved to obtain the temperature field in a domain €2
subjected to temperature or flux density thermal boundary conditions. This problem
can be formulated as follows:

. :
div (A - grad(T)) + Q@ —pH =0 inQ

T = Td on 8QT . [95]
— - with 09 = 0Qr U 08,
(A-grad(T)) - W =q ondfy

In this equation, () is an internal heat source, ¢ a flux surface density entering
Q, and A, p and H represent respectively the thermal conductivity, the volumetric
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mass and the specific enthalpy of the material. The material properties A\, p and H are
temperature- and phase proportion-dependent. They are generally obtained from linear
mixture laws on the corresponding properties of each phase i, \;, p; and H; which are
temperature-dependent only. If IV is the total number of phases, we therefore write:

N
1=1

N
p(p1s-- - pn,T) = Zpim(T) [9.6]
i=1

N
i=1

It follows that the enthalpy variation velocity involved in heat equation [9.5] is
written:

dH,

N N
H=TY pC;i+» piH; with C;= e

i=1 i=1

[9.7]

In this equation, C}; represents the heat capacity of phase ¢, and the terms p; can
be obtained from equations [9.3] and [9.4]. The first term of equation [9.7] involves
the phase mixture heat capacity, Zfil p;C;. The second term represents the latent
heat effects. Indeed, the curves H,;(T) giving the enthalpy of the phases ¢ according to
the temperature, are different, not only in their slopes, representing the phase heat
capacities, but also in their y-axes at the origin, which includes these latent heat
effects. This is illustrated by Figure 9.4.

Inserting equation [9.7] into [9.5] makes it possible to treat heat exchange
problems, including phase changes, on complex geometries. For this purpose, the
finite element method can be used. Before showing a few examples, we will deal
with the case of phase transformation diagrams, which can be simulated to validate
the parameters included in the expression of the activities of equation [9.4].

9.2. Examples

In this section, we give a few examples of numerical process simulations in which
thermal and metallurgical aspects are strongly coupled. The initial focus will be on
phase transformation diagrams, which are used to obtain the parameters of the phase
change laws used. Later, we give the example of the simulation of steel quenching.
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Figure 9.4. Typical variation of the thermal conductivity \ and the enthalpy H of phases o
(ferrite) and phase ~y (austenite) in low carbon-steel, according to temperature

9.2.1. Phase transformation diagrams

Metal and alloy transformation diagrams give the boundaries of the stability and
phase change domains. Time is on the x-axis and temperature on the y-axis. There
are two major types of metal and alloy phase transformation diagrams. IT diagrams
(isothermal transformation diagram) are obtained by keeping a test tube at high
temperature, called austenitizing temperature, for a certain time, called austenitizing
time, before cooling it suddenly and keeping it at a constant temperature. The
variation of austenite transformation is measured from the constant temperature.
CCT diagrams are obtained with controlled thermal cycles. The test tube is kept at
a high temperature, also called austenitizing temperature, for a certain time, also
called austenitizing time, then continuously cooled down to ambient temperature.
The variation of austenite transformation is measured during the cooling process.

Figures 9.5 and 9.6 give examples of IT and CCT diagrams obtained on steel with
0.35% carbon, 1% chromium, and 0.2% molybdenum. The austenitizing temperature
is 850°C. The austenitizing time is 30 mn. In the IT diagram, there is a dotted line. It
represents the temperature under which a martensitic transformation independent of
time occurs. In the CCT diagram, note that, on each cooling curve, the percentage of
transformed austenite is mentioned after each passage into a phase change domain. At
the end of the cooling process, the test tube hardness is given.

The IT and CCT diagrams must be used to obtain the coefficients of phase
change laws used during numerical simulation. For this purpose, setting methods were
developed [PON 94], and some simple transformations can be set manually:
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Figure 9.5. Example of IT diagram obtained on steel with 0.35% carbon,
1% chromium and 0.2% molybdenum, from [BEN 84]

— martensitic transformation only requires the initial transformation temperature
M and the kinetic parameter b (see equation [9.2]). The temperature M is directly
read in the IT or CTT diagrams. For instance we obtain 335°C in Figure 9.5. The
kinetic parameter b does not depend greatly on the steel chemical composition. A
value of 0.011°C~1 is often used;

— with an IT diagram, the transformation kinetics given by equation [9.1] can
be integrated at a constant temperature to obtain the classic Avrami relationship
[AVR 40a, AVR 40b, AVR 41]:

p= P(l = e*(ft)n)
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Figure 9.6. Example of CCT diagram obtained on steel with 0.35% carbon,
1% chromium and 0.2% molybdenum, from [BEN 84]

In this equation, P, n and f are three parameters which can be determined at any
temperature with the IT diagram. P is the phase proportion obtained after an infinite
time, and this relationship gives:

ln(ln P > =nlnf+nint
P—p

It follows that by plotting at each temperature the quantity In(In(P/(P — p)))
according to [n(t), we obtain a straight line whose slope corresponds to the parameter
n and the y-axis at the origin gives the parameter f.
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Figure 9.5 illustrates how to obtain the perlite transformation parameters at
different temperatures with an IT diagram. From equation [9.1] we find P = 1 and
n = 3 at any temperature and a frequency f varying significantly according to the
temperature, from 0 to 0.45s~!. The variation of this frequency is given by the
right-hand diagram in Figure 9.5. The left-hand diagram in this figure gives the IT
diagram used for the setting, and particularly the initial and final transformation times
at temperatures 400°C, 500°C, 600°C and 700°C.

Itis also possible to obtain the parameters of the transformation described in Figure
9.6 from the CCT diagram of steel. For this purpose, it is possible for instance to
assume a particular form of the frequency f of the transformation according to the
temperature. Figure 9.6 suggests the choice of a Gaussian function:

foe~(T=To)/AT)* jr < T,
I= foe—((T—Tu)/ATs)2 itT > Ty

In this function, the parameters fy, Ty, AT; and AT, must be determined.
Then, assuming P and n to be constant, a setting algorithm based on the
Levenberg-Marquardt method [LEV 44] is applied.

Figures 9.7 and 9.8 give the results obtained by perlitic transformation in steel with
0.8% carbon. The left-hand CCT diagram is the experimental diagram, with initial and
final transformation times, and the perlite quantity formed, for four cooling velocities,
80°C/s, 50°C/s, 8°C/s and 0.8°C/s. The transformation parameters obtained are P=1,
fo = 0347571, Ty = 593°C, AT; = 122°C, AT, = 67°C and n = 2.78. The
right-hand CTT diagram was recalculated with these parameters. Note that it is fairly
close to the experimental diagram, represented by the dotted lines.

rec fs!
800 g 0.45 I
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700 U.Ja/jf’} 7‘5 0.35 / \
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0.3
500 + R 0.25
400 6?9\“\ 02 \
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Figure 9.7. Obtaining perlite transformation parameters in steel with 0.8% carbon
from an IT diagram, from [PON 94]
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Figure 9.8. Obtaining perlite transformation parameters in steel with 0.8% carbon
from a CTT diagram, from [PON 94]

9.2.2. Steel quenching

This section examines an example of steel distortion tracking during cooling
[CLA 02]. Figure 9.9 gives the geometry of the piece used. The cylindrical symmetry
makes it possible to perform calculations on a meridian section of the piece in the

80

$10

Figure 9.9. Geometry and mesh used for tracking distortions in steel quenching (sizes in mm)
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Figure 9.10. Thermocouple position and theoretical and experimental variation
of the local temperatures in the cylinder during the cooling process

axisymmetric calculation configuration. Three bores with increasing diameters were
regularly distributed on the cylinder height. They enable us to create different local
thermal kinetics, and hence generate local distortion variations.

The cylinder of Figure 9.9 undergoes gas quenching with nitrogen injected
vertically at a pressure of 5 bars. Figure 9.10 illustrates the quenching and the
different thermal kinetics in agreement with the bores in the cylinder. Four
temperatures are measured by thermocouple (71 to 7'4). They were used to set the
thermal exchange coefficient representing the heat extracted by the gas moving along
the sample. The results of numerical simulations are also given in this figure. They
were carried out on austenitic stainless steel, with no phase change during cooling.
Note the good calculation-experiment agreement with an error always less than 10°C.

When the piece is cooling down, a camera is used to film its shape variation. It
is thus possible to plot the shape variation of the austenitic stainless steel cylinder
during the gas quenching operation (Figure 9.11). Note once again that experiment
and calculations are in good agreement. This is mainly due to the good representation
of the local thermal paths and the absence of phase changes.

In order to test the influence of phase changes, experiments and simulations
were performed on steel 30CrNiMo8 with phase changes. The same heat exchange
coefficient as for stainless steel was used. The thermal paths followed at the top
and bottom of the piece were plotted on the CCT diagram of that steel. Figure 9.12
gives these thermal paths and the microstructure obtained. Note that the only phase
transformation taking place is the austenite-martensite transformation.

Figure 9.13 represents the shape variation of a 30CrNiMoS8 steel cylinder during
cooling. It is easy to note the influence of the phase change on the diameter. Indeed,



Thermometallurgical Coupling 229

— simulation
experiment

D, 0 0102 03 04 0506 07
D-D,, (mm)

Figure 9.11. Shape variation of an austenitic stainless steel
cylinder during cooling
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the structure of martensite being less compact than that of austenite, a local expansion
occurs during the phase change, together with plastification called transformation
plasticity [LEB 89b].
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Figure 9.13. Shape variation of a 30CrNiMo8 steel cylinder during cooling

In Figure 9.13, experiment and simulation are in fairly good agreement. In
particular, it is possible to make a good prediction of the final shape of the cylinder
after quenching. If, without a phase change, it comes back to its initial shape when
the thermal gradients are not sufficient to plasticize the material, when phase changes
occur, the cylinder’s initial shape is no longer rectilinear on the outside, even
without any traditional plastification. This illustrates the presence of transformation
plasticity. The plastic deformation of materials (traditional during phase changes)
is not addressed in this book. The reader may refer to specialized books or articles
[HIL 78, LEB 86, LEB 89b, LEB 89a, DEN 97, BES 01].



Chapter 10

Thermochemical Coupling

10.1. Finite element simulation of simultaneous diffusion and precipitation

Thermochemical treatments are widely used to improve the mechanical properties
of metallic components. For example, in the case of steel, high temperature diffusion
of carbon and/or nitrogen leads to an increased hardness near the surface, as well
as to local compressive residual stresses. Both contribute to an increased component
lifetime. Modeling diffusion can be considered relatively straightforward, since the
governing equations are well-established, and are very similar to those described in
the previous chapters of this book. However, we must account for the fact that during
diffusion, precipitation may occur and modify the kinetics of diffusion. For example,
in the case of steel, carbides and/or nitrides can form during the diffusion of carbon
and/or nitrogen. This precipitation contributes to the improvement in the mechanical
properties of the treated component.

The aim of this chapter is to describe a model aimed at predicting the local amount
of chemical elements in a metallic component, during a thermochemical treatment.
This model takes into account the diffusion and precipitation of these elements during
the treatment, and has been incorporated into a commercial finite element computer
code [FOR 95, FOR 00a, BER 03]. The application of the finite element method to
simulate simultaneous diffusion and precipitation in metals is first recalled. Then
we focus on the method used to incorporate precipitation into diffusion equations,
and on the numerical scheme used to solve the global problem. Finally, numerical
applications which illustrate the approach proposed are expounded.
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10.1.1. Governing equations

We consider N chemical elements that can diffuse in a single matrix phase.
For steels, the matrix consists of one major chemical element, iron, while alloying
elements that can diffuse are mainly carbon, nitrogen, titanium or aluminum. These
elements can combine together or with the matrix so as to form M precipitates.
The chemical composition of the precipitates is characterized by stoichiometric
coefficients s;,, each giving the number of atoms of element ¢ contained in precipitate
a. Throughout this chapter, Latin indices refer to chemical elements (: = 1,..., N),
whereas Greek subscripts denote precipitates (o« = 1,..., M). The total fraction of
element 4, in all its forms (dissolved in the matrix or enclosed in a precipitate), is
denoted by f, while the part dissolved in the matrix is f. If p, denotes the fraction
of precipitate «, the conservation of any element’s atoms ¢ can be expressed as:

M
=12+ siapa [10.1]

a=1

It should be noted that we could choose to deal with mass fractions instead of
molar fractions. In this case, we must introduce the atomic mass m; of element 7 and
the molecular mass m,, of precipitate . Then the f, 2 and p,, in equation [10.1]
and the sequel must be replaced by fI'/m;, fP/m; and p,/m, respectively. The
activity a,; of element ¢ in the matrix is now introduced as a function of its dissolved
fraction £ as follows:

a; = 7 fP [10.2]

In this equation, ~; denotes the thermodynamic coefficient of element 7. In the
case of a dilute solution, i.e. for small fractions f{, a first order approximation of
these coefficients can be used:

N
In (%) =In(v)) + D e fy [10.3]

j=1

In this equation, 7 is Henry’s coefficient and the e;; the Wagner interaction
parameters. Henry’s coefficient can be made temperature-dependent using an
Arrhenius law. According to equations [10.2] and [10.3], thermodynamic coefficients
can be calculated from given activities, by a Newton-like method, together with their
partial derivatives with respect to these activities. Diffusion is assumed to take place
only in the matrix (diffusion inside precipitates is neglected). According to Fick’s first
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N
law, the flux density ¢ ; of element ¢ is assumed to be proportional to the gradient of
its activity:

N

D. _ N
¢; = ——grad(a;) [10.4]
Vi

In this equation, D; is the diffusion coefficient of element ¢ inside the matrix.
It depends on the temperature through an Arrhenius function. It should be noted
that equation [10.4] does not imply that cross-diffusion is neglected. Since the
thermodlpamic coefficients ; depend on the activities (equation [10.3]), the flux
density ¢ ; can be expressed as a function of the dissolved fractions by:

N
E)i = Z —Dijgrad(fjp) Wlth Dij = D,L (5” + fiDeij) [105]
j=1

Thus, cross-diffusion is governed by the Wagner interaction coefficients e;;
introduced in equation [10.3]. According to the above equations, Fick’s second law
relates the change rate of the total fraction of each element ¢ to its activity as follows:

7 = v (Zgmadan) [10.6]

In order to integrate equation [10.6] in a given domain 2, it is necessary to
define boundary conditions (on 0f2) for the activities. A general expression for these
boundary conditions is for each element ¢:

D;— _
—_‘grad(ai) - =J;+h; (af — ai) [10.7]

K2

In this equation, 72’ is the outward normal unit vector of the boundary, .J; is a
prescribed flux density, af is an external activity and h; is a film transfer coefficient.
Using this equation, we can obtain the following boundary conditions:

— a prescribed flux density J;, with h; = 0;

— a prescribed activity af, with J; = 0 and a very high value of h;;

— a film transfer with J; = 0.

When N chemical elements are considered in €2, equations [10.6] and [10.7] form

a set of differential equations, with boundary conditions, which can be solved by using
different methods. Among these methods, the finite element technique appears to be
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the most suitable for complex shapes of the domain €2, whereas a finite difference
approximation is sufficient for 1D calculations (i.e. when diffusion is assumed to occur
in only one direction). In this book, we focus on the finite element approach used
to approximate the solution of equations [10.6] and [10.7], which appear to be very
similar to those obtained in thermal analyses.

10.1.2. Finite element formulation

The finite element method applies to a weak formulation of the boundary value
problem [10.6]-[10.7], which can be written for each chemical element. According to
this formulation, it is necessary to find a; : t € |0,T[ — a;(x,y, z,t) € V such that
a;(,t =0) = af and:

Yip; €V, / 1/&(:]1 + Ry (af — a,;))ds
o0 5 [10.8]
- [ wradw) Zgrd@ do ~ [ wifT dv=0
Q Vi Q

In this formulation, |0, 77 is a given time interval, a! is an initial condition and V'
is a suitable functional space containing the test functions ;. In order to build a finite
element approximation for a;, the domain 2 is divided into elements 2¢ connected by
nodes. In each element 2, a spatial approximation of a; and its gradient is used:

ai(T) =) Ny (T )ay

VT € Qe [10.9]

—_—

grad(a,(7)) = Y grad(NS(T))asy

In this equation, a;, is the activity of element 4 at node p of element 2°, and
sz(?) is the shape function associated with node p of element 2¢. Equation [10.9]
can also be applied to the test functions ;. This leads to an approximation of the
functional space. Then, by applying equation [10.8], we must find {a} : t € ]0,T[ —
{a(t)} such that:

m

{R(a(t), )} = S [A] - {R*(a(t), 1)} = {0} [10.10]

e=1

At any instant ¢, the residual vector {R(a(t),t)} is a function of the unknown
vector {a(t)}. Both have N x n components, where n is the number of nodes of the
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whole structure. {R(a(t),t)} is obtained by assembling all element residual vectors
{R°(a(t),t)}, the component of which reads, for chemical element ¢ and node p:

pr = / N;(JZ + h; (af — ai))ds
002eNoN
[10.11]

- D, — .
_ / e grad(N;)’y—_lgrad(ai)dv— /Q Nefldv

It can be seen in equation [10.11] that the element residual vector { R} involves
the time derivative of the total fraction of each chemical element. We approximate this
time derivative using the generalized trapezoidal rule. Therefore, it is assumed that for
each interval of integration [¢, ¢ + At]:

T _fT .

+uff(t+At) with 0<v<1

[10.12]

A value v = 1/2 in equation [10.12] corresponds to the trapezoidal rule, which
is the most accurate algorithm. Nevertheless, in the case of discontinuous time
derivatives, the implicit Euler scheme (v = 1) is generally preferred. According to
this equation, the component of an element residual vector at node p, for chemical
element ¢, and at time ¢ + At, reads:

Rf, = / Ny (Ji + hi(a — a;))ds — / gr?i(]\f;)gigr?i(ai) dv
QNN e Yi

[10.13]
1—

v

_/EN§<V1At(fiT(t+At>—fiT<f)) - Vf?(t)>dv

Starting from known quantities at time ¢, the activities of all elements at all the
nodes of the structure, at time ¢ + At, result simultaneously from the solution of
equation [10.10]. This solution is found by means of an iterative Newton procedure,
which involves a global tangent matrix [K| obtained by assembling tangent element
matrices [K¢]. The components of these tangent element matrices are:
3pr _ & i

e
ipjq — T 2 )
Oajq qe Vi Oa;

e inreNo 3
Nggrad(Ny)grad(a;) dv

D, — —
—|—/ —dijgrad (N, )grad(N, ) dv
Qe Vi
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1 off
= )i pnepne
+ /Qe vAt da; P71 dv

+/ hZ(SZJN;N; ds [1014]
002N oe

In this equation, the partial derivatives of the thermodynamic coefficient ~; and
the total fraction f] of element i (at time ¢ + At), with respect to the activity a; of
element j, have to be estimated. The former is derived from equation [10.3], whereas
the latter is approximated by neglecting the variation of the precipitate fraction with
respect to the activities. According to equations [10.1] and [10.2], this gives:

T »
off 1 (&y b W) [10.15]
3aj Yi aj

The main problem when solving the above equations is to estimate the total
fraction of a chemical element as a function of its dissolved fraction (or its activity).
This is done using equation [10.1], which involves the fractions of precipitates
Po- The aim of the next section is to describe the procedure used to incorporate
precipitation into this equation.

10.2. Calculation of precipitation
10.2.1. Mathematical formulation

Starting from instant ¢, and thus assuming the fractions of precipitates at this time
to be known, we want to estimate these fractions at time ¢ + At. For this purpose,
we first calculate an “equilibrium fraction” of precipitate, P,, that would form if no
diffusion were present for a large period of time. Then we use a kinetic law, which
represents the time-dependent evolution of the precipitate fraction from its value at
time ¢, to its value at time ¢ + At, towards the equilibrium value P,

The equilibrium fractions P, are calculated by applying the law of mass action,
which can be formulated as follows:

N
Po=0 if [JAf <K,

i=1

N [10.16]
P >0 if [JAf = K,
i=1
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According to this equation, precipitation occurs only when the solubility product
K, is reached by the “equilibrium activities” of the elements A;. These activities are
obtained from the total fraction f{ of element i by the following relationship:

M

D T

Fi :fi _E SiaPo
a=1

A; =T,FP  with [10.17]

N . D
Dy = 40e= 0t

The solubility products K, and the stoichiometric coefficients s;, in equation
[10.16] are given as characteristics of the precipitates. The solubility products can
be made temperature-dependent using the Arrhenius law. The T'; and FP terms
appearing in equation [10.17] are respectively the thermodynamic coefficient and the
dissolved fraction of element 7, both expressed in equilibrium, i.e. without diffusion
during a large period of time. For convenience, the law of mass action [10.16] can be
formulated for all the precipitates that may be produced in the material as:

P,>0
N M
N In (’7?) +Z€ij (fJT - ZSjﬁPﬁ)
j=1 B=1
Qo =1In (Ko) — Zl y =0 1018
T 4 <sz -> SiBPB>
=1
M
Z QaPa =0
a=1

Equation [10.18] must be solved for a given set of total fractions f, and for given
material characteristics 7? , €ij, Sio and K. It turns out that in these equations @), is
a non-linear function of the P, . Equation [10.18] can thus be considered as defining a
non-linear complementarity problem [KAR 72, LEM 80]. Starting with the P, values
calculated at time ¢, and from P, = 0 (o = 1,..., M) at¢t = 0, the following steps
are used to solve this problem at time ¢ + At:

= Qa(Py,. .., Py) = 0issolved for each precipitate for which P, # 0. This leads
to a new set of P, values. A Newton method is used, which verifies the condition that
the FP terms must remain positive.

—The Q. (P, ..., Py) are calculated for each precipitate for which P, = 0. This
leads to a new set of (), values.
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—If all the P, and @), values obtained from the previous steps are non-negative,
then the solution is reached, otherwise (i) the negative P, are set to zero, (ii) the P,
corresponding to a negative (), are set to a non-vanishing value, and we go back to
the first step.

The kinetic law introduced to account for the time-dependence of precipitation is
based on a Johnson-Mehl-Avrami-Kolmogorov law, so that the precipitate fraction is
given by:

Do = Pa(1—e” D7) [10.19]

In this equation, n and f are two parameters which characterize this kinetics. Thus,
knowing p,,(t), the precipitate fraction at time ¢ + At is:

Po(1 — e~ Uttotom™y

P 1/n
o (t)ﬂ if pa(t) < Pa [10.20]

1
o(t+ At) = witht :{ln(
p( ) 0 f Py — pa

pa(t) - ( a(t) - Pa) (1 - ei(ft)n) ifpa(t) > P,

It should be noted that when the calculated equilibrium value P, (t) is less than the
current value p,, (t), the precipitate is currently being dissolved in the matrix and the
exponent n of the kinetics is set to 1 (no nucleation period).

10.2.2. Numerical scheme

At any instant ¢t + At, iterations are performed using a Newton-like method to
determine the local activity a; of each chemical element i in the domain. If z(*)
denotes the value of any variable 2 obtained at the end of the k*" iteration, then the
following scheme is used at each iteration (k) to incorporate precipitation into the
diffusion model:

— The total fraction of chemical element 7, fiT (k), is calculated by means of
(k)

equations [10.1] and [10.2] with the current values of the activities a, ' and

thermodynamic coefficients %(k)

end of the previous iteration p(k_l) (for the first iteration, the precipitate fractions are
taken from the previous time step).

, and with the precipitate fractions obtained at the

— The equilibrium fractions of precipitates, Pék) , are calculated by means of

equation [10.18] with the total fractions fiT (k). Kinetics laws [10.20] then give the

precipitate fractions p&k).
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— The total fraction of chemical element 7, fiT (k), is modified according to equation
[10.1], with the new precipitate fractions p((xk) , before estimating the residual vector of

equation [10.10] and eventually going back to a new iteration.

According to the scheme presented above, convergence of the global Newton
method cannot be achieved if the precipitate fractions calculated present a large
variation between two successive iterations. Thus precipitation is treated numerically
by a so-called fixed-point method.

10.3. Examples

10.3.1. Calculation of a phase diagram

In order to validate the method used to estimate the equilibrium fractions of
precipitates P, (equation [10.18]), the phase diagram of a micro-alloyed steel
containing T4, Mn, S and C' as alloying elements can be estimated. Within this steel,
the precipitates that may appear and form phases at 1, 200°C are 7.5, TiC, Ti4C5S5
and MnS. Table 10.1 gives the data used for the chemical elements, whereas Table
10.2 gives those associated with the precipitates.

Element Ti Mn S C
Atomic mass 47.900 54.938 32.064 12.011

Henry’s coefficient 1. 1. 1. 1.

Wagner parameters 0. 0. 0. 0.
Total mass fraction (%) 0to 0.1 0.2 0to0.01 0.003

Table 10.1. Data used for the chemical elements involved in the phase diagram

Precipitate TiS TiC Ti,C9S59 MnS
Molecular mass 79.964 59.911 279.75 87.002
Solubility product 4.8353107° 5.355110~2 3.9510~!7 6.403910~*

Table 10.2. Characteristics of the precipitates involved in the phase diagram

Figure 10.1 gives the phase diagram calculated from the data in Tables 10.1 and
10.2. This diagram was obtained by solving equations [10.18] at various points, and
by detecting the domains where precipitates appear. It can be seen in this figure that
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Figure 10.1. Recalculated phase diagram of a micro-alloyed steel

the T"C' precipitate does not appear within the variation range used for the chemical
elements. Moreover, the number of precipitates meets the Gibbs law. Finally, this
diagram is in good agreement with the experiment. This validates equations [10.18],
together with the numerical scheme used to solve them.

10.3.2. Carbon diffusion in a titanium steel

In order to validate the method used to model simultaneous diffusion and
precipitation, we can calculate carbon diffusion in a steel containing titanium. The
data used for the calculation are given in Table 10.3. They apply to a cylinder with a
10 mm radius. Diffusion of carbon and titanium is assumed to take place only in the
radial direction, and the possibility of the appearance of a TiC' precipitate is taken
into account. It can be seen in this table that the calculations were performed with the
following assumptions:

— Henry’s coefficients of the elements are set to 1, and Wagner’s coefficients
vanish. This means that we assume that the activities of the elements and their
dissolved fractions are equal. Moreover, it is assumed that the elements do not interact
during diffusion.

— The initial mass fractions of carbon and titanium are set to 0.2% and 0.01%
respectively. Then the steel specimen is placed into a furnace. The carbon activity in
the atmosphere of the furnace is set to 1, and a film transfer coefficient of 0.0001
is used to represent the carbon flux density entering into the specimen during the
treatment.
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Element C Ti Precipitate TiC
Atomic mass 12.011 47.900 Molecular mass 59,911
Wagner parameters 0. 0. Frequency factor (s71) 0.1
Initial activity (%) 0.2 0.01 Exponent 1.
Film transfer coefficient 0.0001 0.
Activity in the furnace (%) 1. 0.

Diffusion coefficient (mm?/s) 4.8710~7 510~7

Table 10.3. Data used for the simulation of carbon diffusion in a titanium steel

— A kinetic law with a frequency factor of 0.1 s~! and an exponent of 1 is used for

the T'iC' precipitate.

Figure 10.2 gives the distribution of the total, dissolved and precipitated, fractions
of T’z along the radius, near the surface of the cylinder. It can be seen in this figure
that carbon diffusion has led to the precipitation of 72C' near the surface. Since the
precipitate is made of 7' and C, the dissolved fraction of 7% is lowered, leading to a
gradient of its activity, and thus to diffusion of this element. This diffusion then leads
to an increase in the fraction of the TiC' precipitate, so that in this case precipitation
is governed by the mobility of titanium in the steel matrix, as well as by the kinetics

of precipitation.
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Figure 10.2. Variation of the fraction of Tt along the cylinder radius,

after 4 hours’ treatment
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Chapter 11

Electrothermal Coupling

11.1. Electrokinetic modeling

Here we deal with the case of a high-intensity current applied to a material, causing
the heating of that material by means of the Joule effect, thus coupling it with thermal
aspects. In resistance welding applications, given the current frequency (50H z), the
dynamic effects (induced currents) are negligible and the electric currents can be
calculated by means of an electrokinetic model.

Here we give the equations governing the electrokinetic phenomena involved in
the material, their resolution by the finite element method and their coupling with
thermal phenomena.

11.1.1. Weak formulation

In a domain S_)>, applying an electric field E produces an electric current whose
density termed .J is given by the Ohm law, J = ¢ - E, where the symmetric
tensor ¢ represents the electric conductivity of the material. When this conductivity
is identical in all directions, then ¢ = oI, where [ is the identity tenS(E> and the
scalar o Tepresents this conductivity. In electrokinetics, the electric field F is such

that 7?75)( E)= 0 It is therefore derived from a scalar potential V', for instance of the

—
form E = —grad(V). The current density in the material is thus proportional to the
electric potential gradient:

—

T = —o.grad(V)
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This equation is the material’s electrokinetic behavior law. It is similar to Fourier’s
law of thermal transfer. If the current conservation inside any domain 2 is then
written, without any possible volume current production, it is simple to determine the
electrokinetic conservation equation:

-
div (J) =0 atany point of

Using these two equations, and applying current density or potential boundary
conditions produces the following system to solve, which is very similar to the one
encountered in steady state heating in Chapter 1:

div (o - gr?i(V)) =0 for any 7’ €
Find V(@) such that: { V=V, on 9y [11.1]

~T T =(g-grad(V)) - W=j ondQ,

We define 7 as the outward norm to the domain ©, 90y as the boundary of 2 on
which the potential V" is known, and 0f2; as the boundary of €2 where the entry current
density is known. Note that, as in thermal science, it is necessary to know at any point
of the boundary 02 of the domain €2 either the exiting current potential or density, so
that 0Qy, U 0Q; = 9€2 and 0y N 982 = (). If the same procedure as that described
in Chapter 1 of this book for steady state heating is followed, it is possible to give a
weak formulation of problem [11.1]:

Find V' € Ey such that for any V* € Ey«:

S . [11.2]
V*jds — / grad® (V*)-g-grad(V)dv =0
9, Q

We insert into this system the set Ey, of solutions satisfying the essential boundary
conditions V' = V,; on 0Q2y, and the set Ey -+ of test functions V* equal to zero on
that same boundary.

11.1.2. Modeling the coupling

The boundary value problem governing electrothermal coupling in a domain €2
consists of juxtaposing the boundary value problem related to heat diffusion with the
problem related to electrokinetic phenomena. Both problems are coupled by:

— the power dissipated by the Joule effect, incorporated as an internal source term
in the heat equation;

— the temperature dependence of electrical properties.
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TIE> power dissipated by the Joule effect per material volume unit is of the form
P = E - J.ltfollows that the volumetric source term () involved in the heat problem
can be written directly according to the potential field V ('), the solution of the
electrokinetic problem:

Q=grad”(V) ¢ grad(V) [11.3]

The temperature field 7'(Z") and the electric potential field V(') are therefore
obtained by coupling the two related weak formulations. The thermal calculation
being performed in the transient state, and hence with a time-dependent temperature
field, the electrokinetic potential will also be time-dependent. The temperature field
T(7,t) and the potential field V' (2, t) will be obtained at any instant ¢ between 0
and ¢ by solving the following problem:

FindT:t € [0,t¢ — T(7,t) € Er,
Find V:t € [0,t;[ — V(7',t) € Ey such that:
att =0: T(7,0) = To(Z) and V (7', 0) = Vo(7)

fort € ]0,t¢[, for any ¢ € E and for any V* € Ey«: [11.4]

[ 0@ piav [ wqds [ grad” () 2 gad(T)ao =0
Q 89, Q

— —_—
/ V*jds — / grad” (V*) - o - grad(V) dv = 0
a9 Q

Over time, the natural boundary conditions provide the heat flux density ¢ entering
via 02, and the current density j entering via J€2;. Similarly, the essential boundary
conditions are those making it possible to define the sets Ep and Ey according to the
temperatures Ty and the potentials Vy prescribed, as well as the sets I, and Ey -« of
the weighting functions:

Er={T € H(Q)/T =T 0on 007}
Ey ={¢y € H(Q)/¢ =00ndQr}
Ey ={V e H'(Q)/V = V;0n 00y}

Ey. ={V* € H'(Q)/V* =00ndQy}
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In problem [11.4], it must be noted that:

— the volumetric mass p, the thermal conductivity (symmetric) tensor A and the
electrical conductivity (symmetric) tensor o depend on temperature 7°;

— the enthalpy H is a function of temperature and time. This term also makes it
possible to insert latent heat effects related to phase changes (see Chapter 9);

— the volumetric source term () is given by relationship [11.3]. It represents the
power dissipated by the Joule effect and depends at each instant on the electric
potential field;

—as was seen in the previous parts of this book, the heat flux density ¢ can
take different forms to express a convection or radiation exchange with the external
environment;

—the current density j can be expressed from the electric resistance R of an
interface, possibly a function of the temperature, with a medium of potential V, in
the form J = (1/R) (Ve — V).

11.1.3. Solving the coupled problem

In order to solve coupled problem [11.4], we could use a staggered approach where
the electrokinetic and thermal problems would be treated independently. However, the
importance of the coupling between such phenomena implies us to prefer an approach
where the problems are treated together. To obtain the finite element formulation
of this problem, a Galerkin approach is used, with the temperatures 7'(7',t) and
potentials V (7', ) as unknown fields.

Consider a single mesh for the electrokinetic and thermal problems, including
n nodes and m elements 2°. Inside each element, the temperature and the electric
potential use the same approximation scheme:

T~
~—
I
—
3
—~

(%
VT € Q°, Ve 0,tg], ( [11.5]
V(T

The problem now has 2n unknowns: the temperature and the electric potential at
all the mesh nodes. In this instance an implicit Euler algorithm to discretize the time
derivative of the enthalpy H of [11.4]. The finite element method then leads us to solve
at each time step a system of 2n equations with 2n unknowns, which can be written

as:
(e} [0}
{{Rv}} - {{0}} o]
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In the above equation, { Rr} represents the residual vector at instant ¢ related to
the thermal problem and { Ry } the vector related to the electrokinetic problem. They
are both obtained by assembling element residuals:

m

{Rr}=> (A" - {R}
{Rv}=> 147" {R{}

The element residuals are easily obtained from the results of previous chapters,
they are written:

(R} = [ VY amdt (V) gmd(Vydo+ [ (N s
Qe 90eNoQ,
[11.7]
/{N“" dvf/ {@T(Ne)}.g.gr?imdv
(Ry)} = eyjs= [ {emd' (v} oopmadviae
00°NOQ e

The resolution of system [11.6] can be performed with a Newton-Raphston
method. This method involves a tangent matrix, where the different sub-matrices are
obtained by assembling element matrices, as follows:

[KTT} = Z [Ae]T . [K%T} . [Ae}
K — - A° T Ke 1A
[Krr]  [Krv] Krv] .«3:21[ " - [Kpy] - [A7]
) = [Kvr| [Kvv with m
[vr] = 314" (K] - [4°]
Kvv] =Y (A" [Kpy] - [A°]

Note that the global matrix [Kr] is non-symmetric. This is practically always
the case when several coupled problems are treated together. The components of the
element matrices from the previous equations are written:
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(K$p),.=— | Nfgrad"(V)- do -grad(V) N5 dv — / Nf d—Ne ds
Y Qe dr oaeno, AT

1 d(pH)
e
N A ar

— dN ——
N dv+ /e grad? (Nf) - T ~grad(T) Ny dv

R —_
+ / grad” (Nf) - A - grad(N5) dv

e T —
(KTV)ij =2 0 Nfgrad™ (V) -a- grad(Nj ) dv
do

(K¢r) :—/ Ne DI N@ds+/ grad? (N?) - °Z . grad(V)N® dv
Vi ocroq, 0T c YT ’

e aj e — 7 e — e
(K{y), =— Ni—=N7ds+ grad® (NY) - o - grad(NY) dv
* 80°NIQ ov e ’

11.2. Resistance welding

The passage of electric currents through a conductive material generates power
dissipation via the Joule effect. This principle is particularly used in resistance welding
processes. They are very commonly used in the car industry because of their capacity
to assemble thin metal sheets.

Figure 11.1 introduces the general principle of spot resistance welding. Two copper
electrodes are placed on both sides of the sheets to be assembled and are strongly
pressed on them to facilitate contact. A high intensity current melts the metal at the
sheet interface. The current used is generally a 50 Hz alternative current. As a result,

1
—

Figure 11.1. Spot resistance welding — principle diagram
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the dynamic effects (induced currents) are negligible and the electric currents can be
calculated by means of an electrokinetic model.

The simulation of spot resistance welding is of particular interest to study the size
of the molten core according to the operational procedure or analyze the electrode
lifetime [FEU 06]. Resistance welding involves strongly coupled mechanical,
thermometallurgical and electrokinetic phenomena. The electrodes for instance help
hold together the sheets being assembled during the solidification phase of the liquid
core. The thermometallurgical aspects are covered in Chapter 9. Our study is here
restricted to the thermal and electrokinetic aspects; treating the mechanical problems
would require developments outside the scope of this book.

First, the model implementation for simulating this process is described. A
thermal and electric contact management method is given. Then the results obtained
are analyzed to demonstrate the capability of the finite element method to simulate
this type of process and thus offer an insight into the local temperatures reached, the
material structure after welding, etc.

11.2.1. Implementing the model

Figure 11.2 illustrates the mesh used to simulate the welding of three metal sheets
1.2 mm, 0.8 mm and 0.8 mm thick. Note the presence of a large number of contacts
between each electrode and a metal sheet on the one hand, and the three metal sheets
welded together on the other hand.

I ! / 7 o > s
T 77 7 A
- III ffi _(:—/J/—,-__ ) o .—/f;’
1.2 mm thick sheet
electrodes
\ 0.8 mm thick sheet
: | |
\ 0.8 mm thick sheet
\ L N Y L
\I \ Y \\ ‘_\ . .
P A T VN R S
\ \ S \ .
§ \ | A N R R N

Figure 11.2. Mesh used
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integration point (i) qD, jO

subsurface w®

X 76 o)

Figure 11.3. Contact management

Figure 11.3 illustrates the method used to manage the electric and thermal contacts.
It is based upon a Gauss numerical integration scheme [BAT 96] applied to contact
elements [JAO 98, BEL 99].

Consider two meshed surfaces in contact and evaluate the current density and
the heat flux density entering locally (i.e. at each integration point of the elements)
into each of the surfaces. Consider therefore an integration point (7) of an element
belonging to one of the opposite surfaces, and term w(®), T() and V(*), respectively
the weight of the integration point () in the Gauss scheme, the temperature and
the electric potential at that point (Figure 11.3). Moreover, 7% and v represent
respectively the temperature and the electric potential on the element opposite the

integration point (belonging to the other surface).

The current density j(*) entering through the subsurface w(?) related to the
integration point (¢) can be written according to the contact’s electric resistance R as:

(i 1 =) ;
@ — (v —y@
7= )
The thermal flux density ¢(?) received by the subsurface w related to the
integration point (7) can be decomposed into two parts:
¢ = K(T(” — 7@ 4 p®
The first term uses a thermal exchange coefficient K (inverse of a contact thermal
resistance) to illustrate the thermal exchanges at the interface. Of course, coefficient
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K depends on the properties of that interface, and in that expression it is assumed that
the interface has no thermal capacitance.

The second term of the previous equation represents the thermal power dissipated
by the Joule effect at the interface. Given the expression of j(*), the total power
dissipated at the interface will be P(*) = (V) — v )2/ R, and each opposite surface
will receive only part of that power. If f(*) is the fraction received by the subsurface
w®, then the thermal flux density received by that surface is written:

, i , @) 4 A
q(z):K(To_T<z))+f?(v<>_v(z))z

The expressions of ¢(*) and () above are then inserted into the expressions of the
global residuals to cancel to solve the coupled problem.

The Gaussian method makes it possible to take into good consideration the thermal
flux ¢ and current j local densities. However, corrective terms are inserted to satisfy
the global flux conservation [FEU 04].

11.2.2. Results

Figure 11.4 gives the temperature fields calculated at the end of the heating process
in the case of three soft steel sheets welded together. Note the presence of a liquid

ISOVALUES
Temperature
Time 0.34s

Deformed x 1
% 1

.

—

—

o
“ T

Figure 11.4. Plotted temperature contour curves
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melted zone heat affected zone

Figure 11.5. Comparing experiment with calculation

core in the center, which is in good agreement with the experiment, as illustrated by
Figure 11.5, in which the temperature contour corresponding to the steel liquidus was
superimposed on top of a micrographic section.

During the calculation process, thermometallurgical coupling was performed
with the method described in Chapter 9. In Figure 11.5, the temperature contour
corresponding to the steel transformation point Acl (initial austenitizing temperature)
was superimposed on top of the micrographic section. Once again there is a fairly
good agreement with the experiment.

This finite element numerical simulation of a complex process, involving
thermometallurgical phenomena and contact problems, demonstrates that the method
is highly appropriate for this type of approach. Numerical simulations make it
possible on the one hand to make progress in the command of the process, i.e. the
knowledge of relevant parameters, and on the other hand, to perform tests that enable
us to optimize the heating sequence according to the liquid core desired.



Chapter 12

Magnetothermal Coupling

12.1. Introduction

Any electric conductor placed in a time-varying magnetic field is the base
of eddy-currents that dissipate power through the Joule effect. This power is
concentrated at the surface of the component, in a very small thickness which
depends on the electric conductivity and magnetic permeability of the material, but
also on the frequency of the currents. Induction hardening processes take advantage
of this effect because it is therefore possible to control the thickness of the treated
layer.

Induction hardening of steel components is performed in two steps. First, an
induction heating stage puts the surface of the piece in an austenitic state. Then a
cooling stage involving heat conduction through the piece and an external shower
enables metallurgical transformations in the heat affected zone in order to form hard
structures.

The numerical simulation of this process is of major interest to control and
quantify the thickness of the treated layer, the superficial hardness and the residual
distortions in order to avoid a final machining which could annihilate the benefits of
the treatment. Moreover, such processes often lead to compressive residual stresses at
the surface which improve the fatigue behavior of the mechanical component. The
complete modeling of the induction hardening process rests upon the solution of
coupled electromagnetic, thermal, metallurgical and mechanical problems, as shown
in Figure 12.1. In what follows, we will focus on the modeling of induction heating.
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Figure 12.1. Couplings between physical phenomena involved by the induction
hardening process

The modeling of induction heating rests upon the resolution of a magnetodynamic
problem and a problem of heat transfer coupled by:

— the power dissipated by the Joule effect on the one hand;

— the dependence of the electromagnetic properties with temperature on the other
hand.

12.2. Magnetic vector potential formulation for magnetodynamics

Magnetodynamic phenomena are governed by the following Maxwell’s equations:

—_— = — .

curl(H) = J (Maxwell-Ampere’s equation) [12.1]
—

— — 0B .

curl(F) = s (Maxwell-Faraday’s equation) [12.2]

div (E)) =0 (Maxwell-Gauss’s equation) [12.3]

with the following constitutive equations:
— — —
H=v(|B|,T)B (Magnetization law) [12.4]
— —
J=0(l)E (Ohm’s law) [12.5]
- = = —
In the equations above, H, J, Y and B represent the magnetic field, the electric

current density, the electric field and the magnetic flux density vector respectively.
In equation [12.4], v is the magnetic reluctivity (the inverse of the magnetic



Magnetothermal Coupling 255

B (Tesla)
1.8

oc_ L 4 ———

1.6 _ ——

14 / ---------------------------

1.2 I =

—— -
— -

0.8 E'I’

1
0.6 [f

0.4

0.2 768°C
(‘ v )

0 20000 40000 60000 80000 100000

Figure 12.2. Typical magnetization curves B(H,T) for steel

permeability). Taking account of the magnetic field magnitude involved by induction
heating applications, hysteresis loops are neglected. In equation [12.5], o is the
electric conductivity. We can note in Figures 12.2 and 12.3 that the electromagnetic

properties strongly depend on temperature 7.

N
From equation [12.3], let us now introduce the magnetic vector potential A such
that:

B = curl(4) [12.6]

To ensure the uniqueness of the magnetic vector potential, an additional equation
—
on div (A) must be introduced, for example:

div(4) =0 (Coulomb gauge) [12.7]

Equation [12.2] then gives:

E = 7% — grad(Vp) [12.8]

where V} is the electric scalar potential.
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Figure 12.3. Typical temperature-dependent electric conductivity o(T') for steel

Here again, in order to define Vj uniquely, we must introduce the following
additional equation derived from equation [12.1]:

-
div (7) =0 [12.9]
—
which, with equations [12.5], [12.8] and [12.7], gives: div ((ograd(V}))) = 0.

The vector potential formulation supposes that equation [12.9] is satisfied a priori.
It can be shown that this equation is automatically verified for 2D and axisymmetric
cases as defined below. Therefore, using equations [12.4], [12.5], [12.6] and [12.8],
equation [12.1] finally becomes:

-
A —_— — —_—
Uaa—t + curl(veurl(A)) 4+ ograd(Vy) =0 [12.10]

So, the magnetic vector potential must be the solution of equations [12.7] and
[12.10]. We must note that equations [12.7] and [12.10] hold in the whole space. Due
to air, the spatial domain on which the solution of both equations must be found is not
bounded except for symmetry reasons. Let us now consider the case of a geometry
obtained by the translation of a cross-section along the z-axis direction and suppose



Magnetothermal Coupling 257

that the source current (jg = —ograd(V})) is also directed along the z-axis and only
depends on x and y coordinates:

—

Jo = jo(z,y,t)ez [12.11]

In this case, it can be shown that the problem is reduced to a 2D problem because
the vector potential now has only one non-zero component:

- —
A =a(z,y,t)e; [12.12]

Similarly, in the case of axisymmetric geometries and a circumferential source
current:

To = jolr, z, t)e [12.13]

the problem is reduced to an axisymmetric problem and the vector potential can be
written:

A=a(rzt)e [12.14]

We can note that the gauge condition (equation [12.7]) is automatically satisfied
in both cases. Therefore, the magnetic vector potential now has to be the solution of
equation [12.10] only [MEU 08].

12.3. Coupled Pnite element-boundary element method

The idea of coupling the finite element method (FEM) and the boundary element
method (BEM) to benefit from the advantages of both methods is rather old [ZIE 77,
ATL 78]. It finds here a rather natural application [FET 97, PAS 03b]. Let us subdivide
the physical space into a domain 2; made up of conductors (possibly traversed by
sources of current) and a domain 25 constituted by air (Figure 12.4).

Let us call I' the common border between €2, and {25. The problem to be solved in
the air (£25) is reduced to:

_ s —

curl(Vocurl(Z)) = [12.15]

0
div (4) =0 [12.16]
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Figure 12.4. Coupling between FEM and BEM domains

with the following boundary conditions:

—
A = 0 to infinity on I" 5, [12.17]

— —
continuity of A and div (A) onI’ [12.18]
HWi=HxT"1=—ho=—HxT7sonl [12.19]

where 71 and 75 are the units normal to I" outside €2; and €2, respectively and

- 1
vy = o
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Consider a mesh of €; including n nodes and a compatible mesh of the border I"
including b nodes. Moreover, suppose that A ; in equation [12.19] is defined from
nodal values {H;} (b components) by using the shape functions of the elements
located on the border I'.

12.3.1. Finite element formulation

The weak formulation associated wiﬁ) equations [12.10] and [12.7] is obtained by

using the following relation, where the A* vectors are weighting functions associated
—
with A:

—_— — — — —_ —_—
A* - curl(veurl(A)) dv = curl(A”) - veurl(A) dv
Q Q
' ' [12.20]
+ / A (W1 A VCT)TI(Z)) ds
r
The following weak formulation can thus be easily derived:
Find A : t € 10, T[ — X(?,t) € V such that
Z(?, 0) = IO(?) and for any A ev:
— ﬁz — — — — [12.21]
/ A" o——dv Jr/ curl(A®) - veurl( A) dv
o ot N

— — -2
Ql r

In the above equation, |0, 7] is a given time interval (one or more periods of the
—

source current), Ay(Z’) an initial condition and V' the functional space of admissible

functions i.e. satisfying equation [12.7] and the conditions of regularity necessary to

give a sense to equation [12.21].

Let us now consider axisymmetric geometries and the circumferential source
current. In this case, the source current and the magnetic vector potential are given
t&)f equations [12.£§>] and [12.14] respectively. We can note that we also have
h1 = hieg and ho = hoeg. The gauge condition is automatically satisfied and
we obtain curl 4 = %gr?i(ra) x eg. This formula encourages us to seek a nodal
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approximation of ra rather than a. The finite element discretization of variational
equation [12.21] then leads to the following system of equations:

C]-{A} + {R} - [T]- {H1} = {J} [12.22]

{ A} contains the nodal values of ra, [C] is a n x n matrix, { R} is a n-component
vector, [T] is a n x b rectangle matrix and {.Jo} is a n-component vector containing
the nodal values equivalent to the source current. [C], {R}, [T] and {.Jp} are obtained
from an assembly process from the following element vectors and matrices:

] = / T (N} (N%)dv

2e7"2

(R°} = card”(N) V- v (eurl(V9) ) - {4°} do
-

[12.23]
(<3 1 € €
1= [ TN vyds
oQenr T
Ji
Uiy = [ Ry
e T
where (curl(N¢)) = (1grad(Nf) x €g, ..., Lgrad(NE.) x €g) is the matrix giving

curl(Z) from nodal values of ra. Note that { R} can be a non-linear function of { A}
— —
since v is || B ||-dependent, and hence depends on A via equation [12.4].

12.3.2. Boundary element formulation

Equation [12.15] multiplied by a scalar weight function ¢ (r, z), then integrated
over {29 leads, after some mathematical handling and taking account of equations
[12.16] and [12.17], to the following integral equation:

|

/ V()A’L/JZ) dv = / (VU (gﬂ}i(w) . 772))71) — I/JI/()CU.I“I(Z) X @)ds
e : [12.24]

_ /F (vo(grad(v) - A) 3 — vo(Z - 73)grad () ds

Considering the axisymmetric case, we obtain grad (). A = 0 and A.ns = 0.
Moreover, taking equation [12.19] into account, equation [12.24] thus becomes:

/ voAva do = / (vo(grad () - m3)a — ¥hs)ds [12.25]
Qs

T
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Considering weighting functions v, as the solution of Poisson’s equation for a unit
load located at point Z,,: Avp, + §(Z° — Z,) = 0 (6 Dirac’s distribution) with 1, = 0
at infinity ([BRE 92]), equation [12.25] becomes at each node ¢ of the border I':

i i
l/oia,i :/wihg ds—/uo i ads [12.26]
21 T T 3n
In this equation, ¢; is the inside angle at node ¢ (¢; = 7 for a very smooth

boundary). Using the mesh of I' previously introduced for the discretization of
equation [12.26], we finally obtain:

[H]-{A2} — [G] - {H2} =0 [12.27]

where [H] and [G] are b x b component matrices with H;; = vg55-0; +
Jrvo %ﬁi %N £ds and Gy; = Jr i £ds, and where {Az} is a b-component vector
containing the nodal values of ra at the nodes of I'.

12.3.3. FEM-BEM coupling
Equation [12.19] gives:

{H\} = — {H)} [12.28]

Equation [12.22] combined with equations [12.27] and [12.28] becomes:

(] {A} + (R} +[1]-[G) - [H] - {A2} = {Jo} [12.29]

The non-symmetric matrix [T] - [G]~' - [H] appears as the contribution of air
to the system of equations [12.29]. The system of differential equations [12.29] can
thus be solved by a method of direct integration (implicit Euler or central differences
for example) together with a Newton-Raphson method to find the solution at each
time-step.

12.4. A harmonic balance method for the magnetodynamic problem

In practice, the source current is always sinusoidal. However, due to the
non-linearity of the magnetization law, induced electromagnetic fields contain higher
order harmonics. Rather than solve equation [12.29] by a direct method step by step
over time, a harmonic balance method can be used [YAM 88a, YAM 88b, LU 95,
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TER 84]. This method consists of calculating the first terms of the development in a
Fourier series of the magnetic vector potential:

A(Tt) = Z (Akc( )cos(k‘wt)—i—Ak&( Z) sin(kwt)) [12.30]
k=1,3,...

where w = 27” represents the pulsation of the source current and 7, the period.

Equation [12.10] is then projected on to the basis of chosen functions of time. The
equations to solve are now written:

ot
forl=1,3,... [12.31]

- —
/ ((78{;1 + curl(veurl(A)) — j&) sin(lwt)dt=0
0

-
T A — N
/ (aa + curl(veurl(A)) — j(;) cos(lwt)dt=0
0

We obtain a new problem, where the unknowns are now the fields A—)kc(?) and
fm (7') for k = 1,3,...,m, m being the order of the last harmonic considered.
The FEM applied to equations [12.31] in the axisymmetric cases leads us to solve the
following system of non-linear equations:

{Rlc({Alc} ) {Als} 9. )}

=0 [12.32]
{Ris({Awe} { A}, )}

In these equations, the element terms are calculated as follows for each element e
of Ql .

(R / vy 22 vy g, }dv—i—/ef{Ne}JSlcdv
Z / CurlT Ne Vieke * <curl( )> -{A%.}dv
k=13,
k; / curl Ve ks - <curl( )> {Af,}dv

[12.33]
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(R} = / V22 ) (AR ot / Livey g e

Z / curlT Ne “Vis ke <CT>Y1(NE)> { AR} dv

k=1,3,.
Z / curlT Ne Vs ks <(;1?1(N6)> {A5 ) do
k=1,3,.
[12.34]
- —
For example, we have v s = [ v(|[curl(A)|)cos(lwt)sin(kwt)dt. As

mentioned previously, {A.} and {Ays} contain the nodal values of rag. and rays
respectively.

The generalization of the coupling between the finite element method and
the boundary element method does not create any particular problem. Equations
[12.15]-[12.19] must now be solved for each harmonic considered. We thus obtain
m+1 systems of equations of the [12.27] type:

[H] - {Akey} = [G] - {Hpey } =0

[12.35]
[H] - {Aks,} = [G] - {Hys, } = 0
The coupling is obtained by considering each element of I':
€ 1 € €
{Ri.} = T {N°}- (N)ds - {Hic, }
[12.36]

Rid= [ AN (N)ds- (i)

with {Hye, } = — {Hge, } and {Hyps, } = —{Hys, } fork=1,3,...,m

12.5. Coupling magnetodynamics with heat transfer
12.5.1. Iterative coupling

The main difficulty arising from the numerical simulation of couplings between
magnetodynamics and heat transfer is related to time constants of both phenomena,
which differ considerably. Indeed, the frequency of currents usually utilized with
induction heating applications are in the order of magnitude of a few tens of kHz.
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Figure 12.5. Iterative procedure for coupling magnetodynamics
with heat transfer

Compared to these frequencies, thermal phenomena vary very slowly. It is therefore
impossible to solve the problem using a direct method where the magnetic vector
potential field and the temperature field are computed together simultaneously at
each time step. Such an approach would need time steps in the order of 10765
(time step needed for the calculation of electromagnetic fields). This would lead to
unreasonable computational times and, moreover, to serious numerical problems, the
very small temperature variations during a time step being potentially drowned in
calculation errors. On the other hand, it is completely justified to solve the problem
using an iterative procedure where magnetodynamics and thermal problems are
solved successively, as shown in Figure 12.5 [CHA 97, BER 00].

The power dissipated through the Joule effect resulting from magnetodynamics
analysis is then considered on average over a period of the source current in the
thermal analysis:

1 T
QT)=— [ T(T,t)dt [12.37]

oT Jo
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where J = Jo o4 S and 7 represent the total electric current density and the period
of the source current respectively.

It is clear that such a method leads to costly calculations that are not always
compatible with industrial objectives. In addition to non-linearities associated with
magnetodynamics and thermal problems, the modeling of the induction heating
process introduces two other non-linearities that must be accounted for:

— The non-linearity and the temperature dependence of the magnetization law that
can be represented for example by the Frohlich-Kenelly model [BOS 78, CHA 97]:

— By —
B=p+—=—"—|H [12.38]
|H| + Hea

where i is the void permeability, and By and H,, are two parameters depending on
temperature.

— The transition of the behavior of steel at the Curie point. The Curie point
is the temperature above which ferromagnetic materials such as steel lose their
ferromagnetic ability. Below the Curie point, the material is ferromagnetic and the
magnetization curve is very non-linear, as shown in Flgure 12.2. Above the Curie
point, the material is paramagnetic and we simply obtain B uoH In addition
to the magnetic effects, the passage of the Curie point is accompanied by an intense
variation of the specific heat.

12.5.2. A direct method for magnetothermal coupling

The use of a harmonic balance method enables us to treat the magnetothermal
coupling by a direct method [FET 91, PAS 03a]. Indeed, we only have to define a
finite element including m + 2 degrees of freedom: the cosine and sine parts of the
mTH harmonics of the magnetic vector potential and the temperature. The element
residual vector of such a finite element is given by equations [12.33] and [12.34] for
the magnetodynamics part. For the thermal part, we obtain:

1 - 2 2 H — HO
{R%} = ‘/Qc {Ne} % Z (ch + Jks>dv + /QC {Ne} pTdU
k=1,3,... [12-39]

[ (e}

Note that in equation [12.39], Hy and H represent the enthalpy (and not the
magnetic field) at time ¢ and ¢+ At respectively. Combined with the coupling between
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finite elements and boundary elements, we obtain a method specially suited to the
modeling of surface induction hardening processes involving moving parts.

12.6. Application: induction hardening of a steel cylinder

Now consider the superficial heat treatment of a cylindrical steel bar. The heating
is ensured by a toric copper inductor fed with tension (frequency = 50Hz) and the
cooling by a shower, the device moving axially along the cylinder in order to treat the
whole surface (Figure 12.6).

Inductor
trajectory

A A

A : Inductor
i
|
|
56 mm | XA XBi
Shower
Steel
part
Y
'—>
10 mm
18 mm

Figure 12.6. Induction hardening device
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The device has a symmetry of revolution so that the phenomena can be studied on
a meridian cut in an axisymmetric option of calculation.

The mesh of the cylinder includes 1,200 elements and 1,271 nodes and the air
is taken into account by the boundary element method as described above. The
inductor is fed during 3.2 s during which it moves over a 64 mm length (length of the
cylinder). The thermometallurgical analysis uses a time step of 0.05s corresponding
to a 1 mm displacement of the inductor. Each displacement of the inductor requires a
new calculation of the BEM quantities associated with the air. The shower follows
the inductor at a distance of 20 mm from it. Its action continues after cutting off the
inductor current during 5.8 s, then the cylinder is entirely cooled in a bath. Steel at
20°C consists of ferrite. During the heating phase, this ferrite can be transformed
into austenite which will be able to be transformed into ferrite, pearlite, bainite or
martensite during cooling. The conditions of simulation as well as the physical
properties of materials and the coefficients of the laws used are detailed in [PAS 03a]
and will not be recalled here.

Five different simulations were carried out. These simulations differ only
in the heating phase. In all cases, the simulation of cooling is based on a
traditional thermometallurgical analysis. The first simulation uses an indirect
method of resolution of the coupling between the magnetodynamic and
thermometallurgical phenomena as described in section 12.5.1. The time integration
of the magnetodynamic phenomena is based on the trapezoidal rule and is carried out
over 3 periods of the inductor current (approximately 100 time steps per period) in
order to reach the periodic state. The second and the third simulations are carried out
with the direct method described in section 12.5.2. The harmonic balance method
is used here with 1 harmonic for simulation 2 and 2 harmonics for simulation 3.
Simulations 4 and 5 use an indirect approach with a harmonic balance method with 1
(simulation 4) or 2 harmonics (simulation 5).

Figure 12.7 gives the distributions of temperature and austenite proportion
obtained during the displacement of the inductor. The difference in temperature
calculated by simulations 1 and 3 on a line joining points A and B (Figure 12.6)
remains lower than 27.5°C for maximum temperatures reached about 1,300°C. If we
consider simulation 2, the difference passes to 50.5°C which remains acceptable on
account of the resolution time saved with this method. Indeed, simulation 2 seems to
be the most efficient insofar as it is the one that provides by far the best compromise
between accuracy of results and computation time (see Table 12.1). Table 12.1 shows
in addition that, with the harmonic balance method, the choice of a direct resolution
method for the magnetothermal coupling is preferable to that of an indirect method.
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Figure 12.7. Temperature (left) and austenite proportion
(right) distributions at time 2.15 s

Simulation 1 2 3 4 5
Magnetothermal indirect direct direct indirect indirect
coupling method method method method method

Magnetodynamics| Transient |1 harmonic |2 harmonics | 1 harmonic | 2 harmonics

model calculation
Over 3 periods
CPU 17h 1h35m 8h1lm 4h31m | 20h 58 m

Table 12.1. Times of resolution for the different simulations
(PC Pentium 1V 1.7 GHz RAM = 512 MO)
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A
accuracy

discretization error, 67
activity, 232
admissible

functions, 25
assembly, 52, 110, 209
Avrami kinetics, 215

B
bandwidth, 62
basis function, 46
boundary conditions
Dirichlet, 24
essential, 28
Fourier, 24
Neuman, 24
boundary element method
boundary elements, 260
FEM-BEM coupling, 261

C
CCT diagram, 223
central difference method, 116
compact
storing, 62
conform approximation, 47, 89
compatible elements, 89
consistent capacitance matrix, 118
contact electric resistance, 246

Index

contact thermal resistance, 250
convection, 24, 208

D

diffusion-convection, 169
instabilities, 171
SUPG method, 174, 209
upwind, 174

direct time integration
Crank-Nicolson algorithm, 117
explicit algorithm, 116
implicit algorithm, 116
Runge-Kutta method, 217
semi-implicit algorithm, 116
trapezoidal rule, 116, 138

discrete maximum principle, 128, 189

divergence theorem, 22
integration by parts, 22

E
electric contact, 249
electromagnetic fields
electric current density, 254
electric field, 254
electric scalar potential, 255
magnetic field, 254
magnetic flux density vector, 254
magnetic vector potential, 255
element conductance matrix, 50
element load vector, 50
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element matrix, 50 linear sytem

capacitance matrix, 109 Choleski method, 60

stiffness matrix, 50 load vector, 52

tangent matrix, 148, 154, 161 local numbering, 44
element residual, 49, 108 lumped matrix, 164
enthalpy method, 160, 162

M
F magnetodynamics, 254
Fourier law, 22 vector potential formulation, 256
Fourier number, 123 martensitic kinetics, 217
Maxwell’s equations, 254

G meshing, 43
Galerkin method, 30, 48, 107 clements, 43
gas quenching, 228 nodes, 43
global modal method, 111

numbering, 44 eigenvalue problem, 112
H modal basis, 112
harmonic balance method, 261 modal superposition, 115
heat flux, 21, 155 N
I natural

boundary conditions, 29
nodal approximation, 43, 46, 71, 81, 85,
108, 198
non-linear system
BFGS method, 151
convergence test, 145
fixed point method, 149
line search method, 152
modified Newton method, 149
Newton-Raphson method, 147

induction heat treatment, 253, 266
interpolation function, 46
inverse method, 226
isoparametric formulation
actual element, 80
geometric transformation, 80
isoparametric element, 86
reference element, 79
IT diagram, 223

J Picard iterative method, 149
Jacobian, 80, 92 quadratic convergence, 148
Jacobian matrix, 91 quasi-Newton method, 150
Joule effect, 254 secant method, 150, 152

substitution method, 149, 198
under-relaxation method, 153
- numerical integration
linear system Gauss method, 93, 250
conjugate gradient method, 61 Gauss point, 63
Gauss method, 58 Newton-Cotes method, 95
Gauss-Seidel method, 60
Jacobi method, 60 P
over-relaxation method, 60 Peclet number, 173

L
Lagrange polynomials, 94



Petrov-Galerkin method, 177
phase change
equivalent specific heat, 158
front tracking method, 157
latent heat, 158, 222
mushy zone, 158
solid state, 215
solidification, 157
state change, 157
physical properties
absorption coefficient, 191
diffusion coefficient, 233
electric conductivity, 243, 255, 256
emission coefficient, 191
emittance, 191
enthalpy, 105, 246
Henry’s coefficient, 232
magnetic permeability, 255
magnetic reluctivity, 254
magnetization law, 254, 255
Ohm’s law, 255
reflection coefficient, 191
specific heat, 108

thermal conductivity, 23, 109, 153, 221,

246
thermal diffusivity, 133
thermal effusivity, 131
volumetric enthalpy, 158
volumetric mass, 105
Wagner interaction, 232
precipitation, 232
prescribed temperature
elimination method, 54
Lagrange multipliers, 55
penalty method, 55

R

radiation, 24, 156
radiation matrix, 198
radiosity, 191
residual, 25, 51, 106

Index

resolution methods
finite differences, 25
finite volumes, 27
point collocation, 26
sub-domain collocation, 26
result
accuracy, 66

S
setting algorithm, 226
shape functions, 46
skin mesh, 73
skyline storage, 62
smoothing, 64
solution error
accuracy, 67
sparse
storage, 62
stability, 121
Fourier method, 123
von Neumann condition, 124
Stefan constant, 24, 191
Stefan problem, 157

T
tangent matrix, 148, 211, 247
temperature contour, 64
thermal contact, 249
thermal contact resistance, 135
true approximation

continuity conditions, 47

\%
view factor, 191, 194
Hottel’s crossed strings, 194
numerical integration, 195
volumetric heat source, 155
volumetric source, 21, 109, 245

W
weighting functions, 25
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