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Goals

We use Levenberg Marquardt method for parameter estimation
We use Femlab for the direct and sensitivity problem definitions
We save these problems in a matlab file (« *.m »)

We introduce the algorithm in this file

At last the resolution of the inverse problem is realised with Matlab.

-
-
=
-
- D
T
.
-
-
-
-
. =
. -
=~ =
=
=
.
-
-
.
-
. =
I
- =
:.
=




e
! >
l »
>
! >
= 2
l »
-
-
| »
S
=
L
! >
-
. >
i »
£
-
-
-
=
.
-
-
. >

CONTENTS

Resolution of the direct quenching problem with femlab
The Levenberg-Marquardt algorithm
Resolution of the sensitivity problem with femlab

Resolution of the inverse boundary problem with matlab

Conclusions



\

Ir

\

—
-

-
e

—
e
—
-

-
-
2>
=
£ 4
-
-
-
-
R
-
-
e
-
-
e
-
-
-
R
-
-
e
-

iI

\

\y

LR L L R

(P

“The «J ominy » end-quench test
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Revue de
Métallurgie,
sept. 2000, Le
Masson et al.
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r=r,_, radiatif transfer

/ Measured lines:
z=0.15mm
z=1lmm

i

z=0, heat transfer coefticient H(r,t)
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sample

| Alumina and
thermocouple




The direct quenching problem

The governing equations [1] :

pC,o—V (k.VT)=0€QxT
—kS-=00nT,xT
—kS=eo(T*—T., JonT,xT
—kS=Hev(T-T,,,,)onT,xT
T(r,z;t=0s)=1173K€eQ

AL

Water jet
[1] Essai de trempabilité jominy. Norme NF A 04-303 (juin 1979).
[2] P. Le Masson, P. Rogeon, D. Carron and J.J. Quémener. Simulation numérique thermométallurgique : influence des paramétres d’entrée sur
la modélisation d’un essai de trempabilité Jominy. La revue de métallurgie-CIT/ Science et génie des matériaux, p.1055-1064, septembre 2000.
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The direct quenching problem

- the resolution with femlab -

Ples | hdaciel Libraryl Lzer Mu:udelsl Settingsl

[ J Open FEMLAB3 . 1 Space difnension: /I.ﬂ.xial aymmetey (200 LI

_ 4 Application Modg - Heat Transfer

with matlab -8 e

| poustics

Diffuzion

In the model B o s

. . = J Heat Transfer
t d # Convection and Conduction
navigator window, i
. # Steady-state analysis Description:
ChOO Se (( thlS Transient analysis Hest transfer through conduction with hest
;l Structursl Mechanics flux, convective, and temperature boundary
° +— | Chemical Engineering Module cohditions.
configurationy» L e nomeeratceicate
Transient analyziz in 20 axial symmetry.
A d l . k OK Dependent variables: |T
n C IC Application mode narme: |Ht

Elemert: ILagrange - Ensadratic Mutiphysics |

Ok I Cancel |
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The direct quenching problem

- the resolution with femlab -

"4 FEMLAB - Geom1 /Convection and Conduction {cc) : [Untitled]
File Edt Options Draw Physics Mesh Solve Postprocessing Multiphysics Help

To draw a rectangle of NEEHE 0Bk ALA24=2@pp s dhnadm ? .
100mm x 12,511V
Click on the « _

rectangle icon »

oo

B\ - G

Draw a rectangle in
the draw window

G |38 6 | [ | |\

NENOCUVE S8 HO+28 2N
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The direct quenching problem

- the resolution with femlab -

Click two times on the

X FEMLAB - Geom1/Convection and Conduction (cc) ; [Untitied] =10f x|
File Edit Options Draw Physics Mesh Solve  Postprocessing  Multiphysics  Help
iy
1 1 = 8 :
Ol?] ect properties s El ? ? f 3
window appears ek
. . 7
Correct the dimensions—+—- =
;NI l Thize——————— Rotation angle
APPLY a’nd OK ga E/ \\"Wrdhé Im— @ |0 (degrees)
. . Alh E@' 072 Height: IU.'I
Redimension the /g S e —
: E ; o | Base: Im Style: m
rectangle with the = o SCNE L N
« Zoom extents icon » ® |
B
’; Ok I Cahcel | Apply |
D 076
)
pe
&
i 078 Bt
. . . | . . . .




The direct quenching problem

- the resolution with femlab -

In bar menu’ Choose FEB teopeMuItiphysics Help

«Physics » then OGS HE[ 4 &I iz [§ =26 2 PP/ 220607
« boundary settings »

to define the boundary

conditions.

Pairt Settings. ..

L

Sialar Variables. .

T T
Propetties...

Equation System

- lo00O0

mN -

Periodic Conditions
Identity Conditions
Fat-Fieldi,

Model Settings...

Selection Mode

S |28 =8 | [@ T (W] -

SENPUY e8| HOo+=8E 20N

1

L L L L L L L L L L L L L L
-006  -005 -004 003 -0 -0, i 0.02 0.03 0.04 0.05 0.06 0.0y 0.05
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The direct quenching problem

- the resolution with femlab -

* Boundary 1: Axial

x
Symmetry ~Equation
n*kYT) = oy * h(T"_If T1+ Cu:unst(Tamb - T4j
® Boundary 2: Select ~Boundary selection ~Boundary sources and constraints
heatflux h=HCV and 1 211 Boundary corettion: [zt flux ~]
Tlnf ‘Troom Cuantity Value/Expression Description
g ||:| Ireavard biest fiu
h ||:| Heat tranzfer coefficient
. T Ext [ =11
* Boundaries 3 and 4: 5] o s
y |31.3fan e Problem-dependent constant
select heat flux « const » | r seectoyorom—— e bt e e
=‘stefan*emi’ and /TW /' P Tempersture
« Tamb »=‘Troom’
I Cancel Apply

* APPLY and click OK

T I I I I R I N N IO N IO I II Y



The direct quenching problem

- the resolution with femlab -

fﬂ:-FEMLAB - Geom1 /Heat Transfer by Conduction (ht3) : trempe.fl
File Edit ©Options Draw | Physics Mesh  Solve  Postprocessing  Mulbiphysics  Help

SH3| ¢ Subdomain Settings... | SESRCRPY BUCCH B ST S8 I EW:

Boundary Settings. ..

In << PhySiCS >> menu ﬂ Paint Settings.
E d
bar Choose SPcaIar 'v'.arlal:ules...
roperties...
« subdomain settings »// | s

to define the material . ety Condirs
properties.

Model Settings. ..

Selection Made

The subdomain
settings window
appears.
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The direct quenching problem

- the resolution with femlab -

‘r FEMLAB - Geom1/Heat Transfer by Conduction {ht} : [Untitled] o [ 5

[ In the Coefﬁcients domain File Edit Options Draw Physics Mesh Solve Postprocessing  Mulbiphysics  Help
) NEES ' 2a|(k A AALA I RA=2 @ 24 vared® ?
selection, enter:

o
[} K| | |

KAC for the thermal . - f T II—I T f f i
RHOAC for the Dens:lh 5uhdnnn Settings - Heat Transfer by Conduction (ht) i |

N

B

052 8,.pC, ATI3t - V+(kVT) = G T=temperature
CPAC for the heat cap a01ty,\i

ubcdomain selection

Tr:sﬂlnit | Elermert |
_—Thermal properties and hest sourcesfzinks
Library material: I I Load... |

Value/Expression Description
Tlme scaling coefficient
N ol fisctropic) Thermal conductivity

* In the init part, give the dl

atropic) W Therrnal conductivity
initial temperature : Tsteel i \ ,—,—' P
058 |- IV Active in this domsin
OK

conductivity,

A

Ny
\\F\\%\
/

8 28 | [T [T |

0 for the heat source;

x
=
=

)

Heat SAUFCE

Ok I Cancel | Apply




Go to the « options »
in the menu bar,
choose « constants » to
define all the
parameters and their
values.
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The direct quenching problem

- the resolution with femlab -

- f_ﬁ-FEMLAB - Geom1 /Heat Transfer by Conduction (ht) : [Untitled]
[ File Edit |Optin:|ns Draw Physics Mesh  Solve  Postprocessing  Mulkiph

3

=19

& | o [ |\ e N -

=
=
e

=f

=]

=

BuesGarid Settings. ..

1 Update Symbols

Constants. ..

Expressions

Inkeqration Coupling Variables
Extrusion Coupling Variables
Projection Coupling Wariables
Functions, ..

Interpolation Funckions, .,
Coordinate Systems. .,
Material Library.. .

Cross-Seckion Library, ..

R4=2@

Wisualization/Selection Settings. ..

View Geometries, ..
Zoam

Suppress

Labels

Preferences. ..
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The direct quenching problem

- the resolution with femlab -

To validate the name
of the parameter click
« apply » to validate
his value.

RHOAC =17500 kg / m’
CPAC =520 J / kg | €
KAC =32W | €/ m
Troom = 209
HCV =15000 W / m* | €&
emi =0.6
stefan =5.67e—8
Tsteel = 90040

)

Marme

Expression

Yalue

FRHOAC

a0

200

CPAC

a20

=20

HAC

32

32

Tzteel

300

200

Troom

20

20

HC

13000

13000

e

1.6

0.6

=tefan

—

D G7e-5

B G e-g

Cancel |

Apply |

*To exit: click OK




The direct quenching problem

- the resolution with femlab -

’:’_ﬁ-FEMLAB - Geom1 /Heat Transfer by Conduction (ht) : [Untitled]
Mesh Step File Edit Options Draw  Physics W Solve  Postprocessing Mulbiphysics  Help
NEE&E & B@|k| Anbekevesh BRI Y.
/o, Refine Mesh
g, REfine Selection

In the menu, select

« mesh » then « mesh
parameters » to open
the mesh parameters
window

el

Mesh Parameters, .
Map Mesh...
Extrude Meshy.,
Revalve Mesh. ..

Display Element Quality
Mesh Statistics

Mesh Visualization Parameters. ..
€2 Mesh Mode

Mesh Cases. .,

[ |\ N -
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The direct quenching

problem

- the resolution with femlab -

Change the « mesh
growth rate »

Global  Subdamain I B
Refine the mesh near ‘5““"/“‘—‘3‘3“5" St ==
the quenched boundary _—

2 : « maximum
element size » = 5e-4

Mesh Parameters

Impose the size of the
element in the domain 1 :

Select by group

ry I Pairt I Advanced I

hzxitnum element sizg |IZI.IZIIIIE|

|'Subd|:|main mesh parameters

Eletment growtbrate: |

« maximum element
size » = 2e-3

Reset to Defaults |

Retmesh

Cancel

And click the button
« REMESH »




The direct quenching problem

- the resolution with femlab -

* Select « solve » in the bar menu,
* Then « solve parameters » and click

* The solver parameters window appears

ﬂfﬁ-FEMLnB - Geom1 /Heat Transfer by Conduction (ht) : trempe.fl

File Edit Options Draw FPhysics Mesh | Solve  Postprocessing  Mulkiphysics  Help

NEHS| 4 @ | A4 = soeproben PRLRES TR D ?
o

= Restart

pdate Model
ILI et Initial Walie

¢ Solver Parameters, .,

=} solver Manager. ..

View Log
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* In the « general »
menu, verify that
1s a ‘time
dependent’

The direct quenching problem

- the resolution with femlab -

Solver Parameters N

Analysiz:

| B2

[¥ tito zelect solvet

Salver:

Stationary lingar ;I
Stationary nonlinear

Titme dependent
Eigersalue
Parametric linear
Parametric nonlinear

General | Titne S‘teppingl .ﬂ.dvancedl

~Tirne stepping

Tirmes:

0:0.1:60

Relative talerance: IIII.III1

Abzolute tolerance: |IZI.IZIIZI1 0

[ Ao complex numbers

~Linear system solver

| inaar—ay—stemeehre»ll:unjugate gradierts

problem in
« solver type »

In « solution
form » select
‘general’

:.
-

=

[T &daptian

Preconditioner; Ilncnmplete L

Drop tolerance: |III.EI1

|
|
Metnory efficiency Precond. quality

Settings. .

General

[T Symmetric mattices

Cancel




The Levenberg-Marquardt method

- the inverse boundary problem formulation -

* The inverse boundary problem formulation [3]:
Find the parameter Z={H,E} which minimizes the quadratic criterion

MEDT §(2,1)=[Y,~T(2) T WY, - T(2)]

With Y1 is the measurements, Ti the calculated temperature, and W a
diagonal matrix where the diagonal elements are given by the inverse of the
standard deviation of the measurement errors, 1 1s the total number of
measurements.

The Levenberg-Marquardt Method says [4,5]:

k+1

2 =25 [ W+ QT T WY, -T.(Z)]

with J is the sensitivity matrix, A is the damping parameter and (Q is a
diagonal matrix equal to the identity matrix.
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.4 (3] AN. Tikhonov & V.Y. Arsenin. Solutions of ill-posed problems. V.H. Wistom & Sons, Washington, DC (1977).
[4] K. Levenberg. A method for the solution of certain non linear problems in least squares. Quart. Appli. Math. 2 (1944) 4164-168.
[5] D.W. Marquardt. An algorithm for least squares estimation of non linear parameters. J. soc. Ind. Appli. Math. 11 (1963) 431-441.




The direct quenching problem

- the resolution with femlab -

Solve the direct

quenching problem by
using the « solve » icon
(symbol equal )

= *  We obtain the
temperature field at the
final time

Progress - Solve Problem ] x|

Assembling matrices

Progress Convergence Parameter Value

Time-dependent solver 11 % Time 637

Agsermbly 27 %

¥ cClose automatically Cancel

hax: G41 .52

100

hdin: 63 965



The Levenberg-Marquardt method

- the inverse boundary problem formulation -

* The inverse boundary problem formulation [3]:
Find the parameter Z={H,E} which minimizes the quadratic criterion

MEDT §(2,1)=[Y,~T(2) T WY, - T(2)]

With Y1 is the measurements, Ti the calculated temperature, and W a
diagonal matrix where the diagonal elements are given by the inverse of the
standard deviation of the measurement errors, 1 1s the total number of
measurements.

The Levenberg-Marquardt Method says [4,5]:

k+1

2 =25 [ W+ QT T WY, -T.(Z)]

with J is the sensitivity matrix, A is the damping parameter and (Q is a
diagonal matrix equal to the identity matrix.
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.4 (3] AN. Tikhonov & V.Y. Arsenin. Solutions of ill-posed problems. V.H. Wistom & Sons, Washington, DC (1977).
[4] K. Levenberg. A method for the solution of certain non linear problems in least squares. Quart. Appli. Math. 2 (1944) 4164-168.
[5] D.W. Marquardt. An algorithm for least squares estimation of non linear parameters. J. soc. Ind. Appli. Math. 11 (1963) 431-441.




The Levenberg-Marquardt method

- the sensitivity matrix -

* Sensitivity coefficients calculus [6]:

7 T\ Z+eZ)-T\(Z—-¢&Z
oT(Z) Second method:J, = ( +g) ( 8)

First method: J->= —
irst metho > = o

The expression of the sensitivity matrix becomes:

oT, 0T, oT,
6H oH 5ﬁﬁ
0T, oT, oT,
0E OE =~ OE

J H,E|=|

Stopping criterion:
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[6] M.N. Osizik, H.R.B. Orlande, Inverse heat transfer: fundamentals and applications, Taylor and Francis, New York, 2000.




The Levenberg-Marquardt method

- the algorithm -

Levenberg-Marquardt Algorithm:

1-Solve the direct problem with for the unknown parameters Z* to obtain the
calculated temperatures 7 ( A )

2-Compute §(z* 7(Z*}

3-Compute the sensitivity matrix J ( A )et the matrix Q°
4-Calculate the new estimated Z*"!

5-Solve the direct problem with Z**!, Compute S ( ZN T ( VAR ))

6-if S[Z"")>S(Z" |replace A*by 10* L'and go back to step 4 else if
S| z¥") < §( z* |replace 1*by0,1* A*and continue.

7-Test ifS( Z"“) < g, Stop if it 1s true else do k = k +1and go back to step 3.

* Let define the sensitivity problems under femlab ...
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[6] M.N. Osizik, H.R.B. Orlande, Inverse heat transfer: fundamentals and applications, Taylor and Francis, New York, 2000.




The sensitivity problems
- the resolution with femlab -

First, in the bar menu, click on « Multiphysics » and select
« Model Navigator », a window appears. Now add two new
heat conduction systems : ht2 and h¢3.

Model Mavigator

Space dimension; Axial symmetry (200 - Multisgysics

J Application Modes
E23 FEMLAB
] Acoustics
|| Ditfusion
;| Electromagretics
;| Fluid Dynamics
| Heat Transfer
I‘ Convection and Conduction
= Conduction
# Steady-state anslysis |+
L B Tranzient analysiz
] Structural Mechshics
- Chemical Engineering Module Application Mode Properties...

"1 Flertrniannetics Modjle

Dependent variables: T3

A Geotnetry

Dependent varisbles; |T4 Ruling application mode:

Application mode name: [t |Hest Transter by Canduction (ht) =

Eletnert: ILagrange - Quzdratic I Multiphysics
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The sensitivity problems
- the resolution with femlab -

TYIIIY

| « Go to « multiphysics » and 0J ey
- C,=22-V(k.VJyy)=0€QxT
= select the 2nd mode (ht2) DL avj( vV HCV) X
—k—=*=00nT,xT

" In « physics » menu ... N 2
« boundary settings » to define \—k—=~=(T—T,.)J+HCV*J,  onT,xT

. = the boundary conditions of the _j\{Juer — ¢ 573 Jooyto(T*=T* JonT,, xT
- @ sensitivity problem for the ’

) , J r,z;t=0s)=0€Q
™ convective coefficient Jycy. pov )

[ = E%| b EHE|&$&| =k =g Model Mavigator ... %@| e
1 Heat Transfer by Conduction (ht)

# 2 Heat Transfer by Conduckion (ht2)

4
048 L] 3 "I 2 Heat Transfer by Conduction (ht2) b

TN I Y



The sensitivity problems
- the resolution with femlab -

* Boundary selection :

1 ’axial symmetry’ pC, 22—V (k.VJ oy )=0€QXT

p ot

2 : ‘heat flux’ —k & =0onT,xT
3)4 : ‘heat flux => h : ‘4*emi*stefan*T"3’ —kaj”“=(T—Tmom)+HCV*chv0anXT
kS =40 T ) oy +0 (T*=T4  JonT, xT

room

Juoy (r,z;t=05)=0€Q

= \ ~Equation

ns(kTT2) =g, + h(T, .- T2) + Cnnst(Tan}\E“j /

S?Dundar'f zelection ~Boundary sources sod constraints /

Boundary condition: IHeat L %/
Quantity ValueExpres=ion)* Description

I-(T-Trcu:umj Inseeard best flus

Heat tranzfer coefficient

External temperature

Problem-dependent constant

[ =elect by group Ambient temperature

[ Interior boundaries Temperature

Cancel
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The sensitivity problems
- the resolution with femlab -

In « physics » menu ... select « subdomain settings » to define the
domain properties. And verify that the initial value 1s equal to zero.

Subdomain Settings - Heat Transfer by Conduckion JaE2)

~Equation

ﬁtSpCp AT203 - VkVT21 =2, T2= temperaty

»

~Subdormain selection Physzics I In'rtl Elementl

_ ~ Thermal properties and heat sourcesfsinks
Library matetial: I "I Load...

Quantity ValueExpression Description

ﬁt - |1 Time-zcaling coefficient

=k fizctropic) ||,< e Thettmal conductivity

"k (anisotropic)  [400 000 400 Thermal conductivity

=l p [RHOAC Density

[ =elect by group C, cPac Heat capacity

[V ctive in this domain @ |o Heat source

Cancel




The sensitivity problems
- the resolution with femlab -

Go to « multiphysics » and select the 3rd mode (ht3)

In « physics» menu ... « boundary settings » to
define the boundary conditions of the sensitivity
problem for the emissivity coefficient.

0C, == -V (k.VJ,,,)=0€QxXT
—k aajril"“:OOn IxT
o7,

—k—=HCV=*J, onl',xT
—kZe=4e0T?J, +o(T*~T* JonT,,xT

room

J, (r,z;t=0s)=0€Q

=
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. Boundary concition: IHeat i j
0 Cp 6;; . V(k V Jen") 0eQxT Quantity ValueExpression Description
fy I-stefan*(TM-Tru:u:um’ Imvavard best fi
— k =0on F xT / [s*stefantemirTsa  Hest transfer coefficient
—
_ k J emi _HCV *J On r X T Tinf ||:| External temperature
LI Const ||:| Problem-dependent constant
emr 3 4 4

— k =4¢0 T Jemi +0 (T Troom ) on F3’4 X T/ [ =elect by group Torh ||:| Ambient temperature

Jemi (I" ,Z,t= Os ) =0eQ ™ Irterior boundaries Ty o Temperature

The sensitivity problems
- the resolution with femlab -

* Enter the boundary conditions for the modes ht3 :
Boundary selection : 1 => axial symmetry, 2 => heat flux with h:’HCV’,
3.4 =% heat flux

Boundary Settings - Heat Transfer by Conducktion (ht3}

- T3+ Const(T__ Y734

—M&s ahd constraitts




The sensitivity problems
- the resolution with femlab -

* In « physics » menu ... select « subdomain settings » to define the
domain properties. And verify that the initial value 1s equal to zero.

Subdomain Settings - Heat Transfer by Conduction {at3)

~Equation

ﬁtSpCp ATt - VekVT31 =0, T3= temperatur/

»
~Subdomain selection Physics I In'rtl Elementl

_ ~ Thermal propetties and heat sourcesfzinks
Library material: I i I Load... |

Quantity Value/Expression Description

'jt 2 |1 Time-zcaling coefficient

(* k(isctropic)  [Wac Thermal conductivity

" K (anisotropic)  [400 00 400 Thermal conductivity

d p |RHOAC Denszity

[ Select by grougp Cp ICF‘.&C Heat capacity

[V ctive in this domain Q |o Heat source
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The sensitivity problems
- the resolution with femlab -

In the bar menu,
choose « file » then

« reset M-file » before
solving simultaneously 0} New...

the direct problem and e e

E-q' Open, ..

the two sensitivity =

Save As...

CErlH-M

ChrlO
CEtl+5

% FEMLAB - Geom1 /Heat Transfer by Conduction (ht3) : trempe.fl
File Edit Options Draw Phwsics Mesh Solve  Postprocessing  Multiphwsics  Help

N A B =2 OO F 4

problems . & Print...

Generate Repark, «
Madel Propetties. ..

Solve these three

Erl+HP
CErl+3

. . eset Madel. .,
problems by clicking %pm
on « solve (=) » il

Maovie Flayer, ..

1 T3 ABussoisitrempe.

Exit

= | I




The sensitivity problems
- the resolution with femlab -

o ?f::-FEMLAB - Geom1 /Heat Transfer by Conducktion (ht3) : tremp
Save the data in a M-

|File Edit Options Draw  Physics Mesh  Solve  Poskprocessing

file & .flb file (keep 03 e e | A 4| B = 2
Cpen Maodel Librarw, .

these two file 1s the = open.. e
same folder).  se Cirks

Go to « file » 1n the & pint... CtrkeP
Generake Report, .. k4G

menu, choose « Save Hloelel Properties:
As ». Saveitas a e

matlab file (m tmport
. Export
exetension)

Mavie Plaver...

1 C:h. . YAussoisitrempe Fl
22 AussoisitotoZ . m
30, \Aussoisitobo,m

The program generates —
a quenching2p.m file. %

Name it ‘quenching2p’
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The sensitivity problems
- sensitivity results -

Tamperaturs Max -7 961 e-54

-0.002
01

* Isovalue for HCV
sensitivity coefficients
at time t=1s —
* Isovalue for HCV
sensitivity coefficients
at time t=60s ° e

Tempersture -0.06 <004 -0.02 o 002 004 0.08

-0.004
0.08

-0.006

-0.008

Win: -0.0150

Temperature Max -2 153e-5

x10°?

th=f(t)atr= 1 2mm&z=2m

05
0.0
-1
0.06 \
"

0.04

Temperature

- [Useful time interval for estimation I

[1] 10 0 30 40 &0 60
Time

00000000000000000000000006

006 -0.04 -0.02 L] 0.02 004 0.06




The sensitivity problems
- sensitivity results -

Mz -7.057e-3

Isovalue for emi
sensitivity coefficients
at time t=1s

Isovalue for emi
sensitivity coefficients
at time t=60s

Temperature

|| Je=f(t) at r=1.2mm & 7=

ime interval for estimation
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The mnverse boundary problem resolution
- building of the inverse problem program -

Go to Matlab

environments and open a et T o
new M-file in which we T e

Close Command Window Chrl+- IModel

are going to program the  metos. [

Save \Workspace As. .. Zhrl+3

inverse problem program. ... e
. Preferences...
Name 1t
« main_quenching2p.m » —
z C;'l,rl\’lI.IE\TLABEupl'l,wo;k'l,FESiJ.m

TO dO that : gO tO (( ﬁle )) 3. warkdFine_mesh3e.m
4 CiL L workifine_mesh3ez.m
menu then « save as »

Print...
Brint Selection.

Exit MATLAE Chr+3
Give a title at the begin Of I{l }l Launch Pad Wiorkspace I
the file (the sentence is s
Tecalll (ntd)=Tcall (ntd+valmin) ;

preceeded of % symbol e
for comments).
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The mnverse boundary problem resolution
- building of the inverse problem program -

~
E)ariﬁi:tilr:eztoo;c ‘g:[;%olve the direct problem
[ ] )
. =

(Compute the calculated )
temperature and the
\Quadratic criterion S(Z¥)/

( ~ Y

€S
Verify If S(Z¥)<0 -

| (No
—~—

Solve the sensitivity problems,
Calculate the sensitivity matrix J(Z¥)

Estimate the new
set of parameters Zk"!
[
- L
Solve the direct )
problem for the new
\____set of parameters )/

|
Divide 0 by 10 X k( Computethe < S(Z¢ Multiply 0 by 10
Y I£5(Z0> S(Z quadratic criterion S(Z¥ = Py u by

=

-

| -
)
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F Y
E
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The mnverse boundary problem resolution
- building of the inverse problem program -

8] C:,Documents and Settings'sébastien',Bureau’, Aussoistmain_qguenchingZp.m
File Edit “iew Text Debug Breakpoints Web window Help
Dl 2R« | S| #f | 813 8EIRE| stewe

(Identification of the emiszivity and the conwvective heat transfer coeffici
2in the cquenching process. Used optimization method @ Levenberg-Marogquardt

TITIIIIY

First let solve the
direct problem with
the true parameters to
obtain the theoretical
temperatures Yi.

clear

global coefH coefE
global ITEMPS

1
2
3
4
a
3]
i
g

oo

ITEMPS=[0:0.01:1,1.2:0.2:60]:%time interwval

B
ey

(Rezolution of the direct problem to obtain the exact temperatures ([Yi)

=
b2

coefH=15000;%initialization of the conwective heat transfer coefficient
coefE=0.6;:%initialization of the emiszsivity coefficient
toto;%call of the direct problem gehnerates with femlab

el e Gl
L B o e

Write the followings
lines.

i
(=7}

(Interpolation of the exact temperatures [(Yi) at point ncl and save it
ncl=[0.012;:0.002]:%r=0n and ==Zmm
[¥i]=postinterp(fenquench, 'T' ncl, 'solmum’' ,1: length(fem. 20l.tlizt) )
zawve Toquench.tdt ¥i -ASCIT

% Yi=load('Tquench. txt');

i o A P B et
T R S e |

o

% for noised temperature uncomment theze following lines @
for [(it=l:length(¥i))

Fi(ic)=¥ii{ic)+0.01*¥i(it)*cos(3.14d%rand(l)); % the theoritical temperat
end % cog(3.1d4%rand(l)) gives

i o I
L T oS I s

o
=7}




The mnverse boundary problem resolution
- building of the inverse problem program -

~
E)ar;;li;aelr:eztoo; ‘Q:;((SOIVG the direct problem
[ 1 Y,
<4 L

(Compute the calculated )
temperature and the
\Quadratic criterion S(Z¥)/

4 ~ Y

€S
Verify If S(Z¥)<0 -

| (No
—~—

Solve the sensitivity problems,
Calculate the sensitivity matrix J(Z¥)

Estimate the new
set of parameters Zk"!
[
- L
Solve the direct )
problem for the new
\____set of parameters )/

|
Divide 0 by 10 X k( Computethe < S(Z¢ Multiply 0 by 10
Y I£5(Z0> S(Z quadratic criterion S(Z¥ = Py u by
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The mnverse boundary problem resolution
- building of the inverse problem program -

Initialize the parameters of the levenberg-Marquardt method :
unknown parameters, damping parameter, weight matrix, first
criterion, ... (for estimation just the first measurements are useful!
because the values of the sensitivity coefficient ...)

27 F OWAFFARATTRFTARGTRSERNATNNY heginning of the inverse problem rezolution procedure F&#F&F&EF
28 by the lewvenberg-Marcuardt method @ PR+l = Pk + inw![Jh' *WI*JTht+lanbda (k) *0MEG(k) ] % {dh
29 where Pk is the unknowm parameter at iteration k, Jh the sensitiwity coefficients, lam
30 WI a matrix, OMEGF an other matrix, ¥i the measured data and Tcal the calculated data
k|
3z (Initializating of the unkhowm parameter coefH

33 coefH=0;

34 coefHprec=coefH;*necezszary for the levenberg-margquardt method, walue of the unkhown paral
35 coefE=0;

36 coefEprec=coefE;

3T
33 4Initialization of the lawhda coefficient used in the lewenberg-margquardt method
24 lambda=0,001;

40
41 3Creation of the matrix WJ [(ecqual to the identity matrix when measuremnents are not noise
42 Wi=eve (length (¥i{l:211)1);

43
44 2Creation of the matrix OMEG equal to a two dimension identity matrix for two parameters
445 IMEG=eve (2] :

46
a7 S0M=Ti-20;

48 gonme= (Lo (S0M) *norm (30M) ) ;3initialization of the quadratic criterion [(exact data minus

49 niter=1;%initialization of the iteration number
a0
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The mnverse boundary problem resolution
- building of the inverse problem program -

~
E)ar;;ligaelr:eztoo; ‘Q:;%olve the direct problem
[ ] Y
<4 L

(Compute the calculated )
temperature and the
\Quadratic criterion S(Z¥))

( = Y

€S
Verify If S(Z¥)<[ ‘

| (No
—~—

Solve the sensitivity problems,
Calculate the sensitivity matrix J(Z¥)

Estimate the new
set of parameters Zk"!
[
- L
Solve the direct )
problem for the new
\____set of parameters )/

|
Divide 0 by 10 X k( Computethe < S(Z¢ Multiply 0 by 10
Y I£5(Z0> S(Z quadratic criterion S(Z¥ = Py u by
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The mnverse boundary problem resolution

- building of the inverse problem program -

Open the beginning of the optimization loop

Solve the direct problem for the set of initial unknown parameters

Interpolate the calculated temperatures

Compute the quadratic criterion (called « somme » here)

51
52
53
54
54
i
57
58
59
G0
61
62
3
E4
it

theginning of the optimization loop
while [[(sommerle-3)&(niter<25))

Yresolution of the direct problem (and the sensitivity problem) at iteration k=0
toto;

(Mesure de la température calculée & la premiére itération k=0
[Tcal ]=postinterp (femcquench, 'T! ;nel, 'solnum ' ,1: length{femn.sol. tlist) ),

(Calculation of quadratic criterion 3(k)l=(Tcal({t)-¥i(t))*(Tcal(t)-¥iit))
30M=Yi-Tcal:;

sonme=norh (30M) *norm (30M) ;

gprintf('critere %18.8f & 1 iteration %3f',somme,niter)



The mnverse boundary problem resolution
- building of the inverse problem program -

~
E)ar;;ligaelr:eztoo; ‘Q:;%olve the direct problem
[ ] Y
<4 L

(Compute the calculated )
temperature and the
\Quadratic criterion S(Z¥)/

4 ~ Y

€S
Verify If S(Z¥)<0 -

| (No
—~—~——

Solve the sensitivity problems,
Calculate the sensitivity matrix J(Z¥)

Estimate the new
set of parameters Z*"!
[
Iy .
Solve the direct )
problem for the new
\____set of parameters )/

|
Divide 0 by 10 X k( Computethe < S(Z¢ Multiply 0 by 10
Y I£5(Z0> S(Z quadratic criterion S(Z¥ = Py u by

=

-

.
-
= B
- >
-
. D
== 4
-
-
-
-
>
=
- =
e
=
=
-
-
-
-
.
=
-
Ed
-




The mnverse boundary problem resolution
- building of the inverse problem program -

Fifi if (niter==1)
By trase niter=1 (for the first iteration)
it FOMPTEC=S0Mme ;

g EVOLH(nhiter)=coefH;

il EVOLE (niter)=coefE;

71 EVOL30M (niter)=somme;

T2
T3 finterpolation of the sensitivities coefficients

T4 [Th]=postinterp(fenquench, 'Ta' ,ncl, 'solman' ,lilength(femn, s0l.tlist) ) ;
i) Je]=postinterp (fenmiench, 'T3' ,ncl, 'sol
76 The=[Jh{l:21) Je(l:21)1]:

L We use the 21 first measurements
78 $Estimation of the parsmeter coefH with Pf@r—the* e:grﬁmgrgfmamhda(k]'

78 docoef = inwv | (Jhe'*WI*The+lanbhda*0MEG) ) ¥l The ! *TIT*30M (12219 :
a0
a1 coefH = coefHprec + dcoef(l);
a2 coefEZ = coefEprec + dcoef(Z):
a3
a4 if ((coefEZ=0)&(coefEZ<1l)) coefE=coefEZ:
g5 end

Bh
ar sprintf('New estimated walues for coefH %8.1f and coefE %6.3f',coefH,coefE)
a3
a4 niter=niter+l1;
a0

PN R 8 = o O

o

* Case of the first iteration k=1 : Computation of the new estimated, and read of the
sensitivity coefficients values (‘Jh’ and ‘Je’)
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The mnverse boundary problem resolution
- building of the inverse problem program -

~
E)ar;;ligaelr:eztoo; ‘Q:;%olve the direct problem
[ ] Y
<4 L

(Compute the calculated )
temperature and the
\Quadratic criterion S(Z¥)/

4 ~ Y

€S
Verify If S(Z¥)<0 -

| (No
—~—

Solve the sensitivity problems,
Calculate the sensitivity matrix J(Z¥)

Estimate the new
set of parameters Zk"!
[ ]

4 L

Solve the direct )
problem for the new
\___set of parameters

Divide 0 by 10 X k( Compute he 1 < S(Z¢ Multiply 0 by 10
Y I£5(Z0> S(Z quadratic criterion S(Z¥ = Py by
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The mnverse boundary problem resolution
- building of the inverse problem program -

else

if [(somme<s0mprec)
j(case somme<somprec (when the new calculated quadratic criterion is smaller t
lambda = 0.1%lambda;:divide by 10 the damping parameter
SOLprec=s0nune
EVOLH|(niter)=coefH;
EVOLE (niter)=coefE;
EVOL3OM(niter)=sonue;

Yinterpolation of the sensitivities coefficients
[Th]=postinterp(fenquench, 'T2' ;ncl, 'solman'  l:length(femn. s0l.tlist) ) ;
[Je]l=postinterp(fenquench, 'T3' ;ncl, 'solmun'  l:length(femn. 20l.tlizat) ) ;
Jhe=[Jhi{l:21) Je(l:21)1]:

tEstimation of the parameter coefH with Pk+1l = Pk + inw{[Jhe'*WI*JThe+lamhda(k
dooef = inv( (Jhe' *WI*Jhe+lanbda*0MEG) ) % (Jhe ' *WI*30M(1:21)) ;

coefHprec = coefH:

coefEprec = coefE:;

coefH = coefHprec + dcooef(l):

coefEZ = coefEprec + dcooef(Z):

if [ (coefE2>0)&(coefE2<1)) coefE=coefEZ;
end

sprintf('New eztimated walues for coefH %5.1f and coefE %6.3f',coefH,coefE)

niter=niter+l:
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The mnverse boundary problem resolution
- building of the inverse problem program -

~
E)ar;;li;aelr:eztoo; ‘Q:;%olve the direct problem
[ ] Y
<4 L

(Compute the calculated )
temperature and the
\Quadratic criterion S(Z¥)/

4 ~ Y

€S
Verify If S(Z¥)<0 -

| (No
—~—

Solve the sensitivity problems,
Calculate the sensitivity matrix J(Z¥)

Estimate the new
set of parameters Zk"!
[
- L
Solve the direct )
problem for the new
\____set of parameters )/

|
Divide 0 by 10 X k( Computethe < S(Z¢ Multiply 0 by 10
M I£5(Z0> S(Z quadratic criterion S(Z¥ = Py u by
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The mnverse boundary problem resolution
- building of the inverse problem program -

Ycase sommersomprec [when the new calculated fquadratic criterion is bigger tl
lanbda=10*lanbda;swultiply by 10 the danping parameter

(Estimation of the parameter coefH with P+l = Pk + inw{[Jhe'*WI*JThe+lambdail
deoef = inv( (Jhe' *WI%Jhe+lanbda*0MEG) ) % (Jhe ' *WIF30M(1:21)) ;

coefH = coefHprec + deooef(l):

coefEZ = coefEprec + dcooefi(l):

1f [(coefE2>0)&(coefE2<l)) coefE=coefEZ;
end

sprintf('New estimated walues for coefH %8.1f and coefE %6.3f',coefH,coefE)

end

endsend of the optimization loop

Case S(Z<1)>S(Z5)
And close all the loop
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The mnverse boundary problem resolution
- building of the inverse problem program -

~
E)ar;;li;aelr:eztoo; ‘Q:;%olve the direct problem
[ ] Y
<4 L

(Compute the calculated )
temperature and the
\Quadratic criterion S(Z¥)/

8 ———

Yes End
Ve RIS q processing

| (No
—~—

Solve the sensitivity problems,
Calculate the sensitivity matrix J(Z¥)

Estimate the new
set of parameters Zk"!
[
- L
Solve the direct )
problem for the new
\____set of parameters )/

|
Divide 0 by 10 X k( Computethe < S(Z¢ Multiply 0 by 10
Y I£5(Z0> S(Z quadratic criterion S(Z¥ = Py u by
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The mnverse boundary problem resolution
- building of the inverse problem program -

1349 Ypost-procesaing atep
140
141 it=l:1l:niter-1;

142 EVOLHEXA[Ll: liniter-1)=15000;
143 EVOLEEXA[l:l:niter-1)=0.6;
144
145 figure(l)

146 plot {ITEMFS, S0M)

147 grid

148 ¥lahel('time (=3)')

1449 ylahel [ 'Tenperature difference')

140 Legend | 'Ewvolution of differenhce between theoritical and calculated temperature',l)
1581
152 fiure (3]

153 plot {ITEMPS,Tcal,'s',ITEMPS,¥i, '-. ')

154 grid

185 wlabel('Temnperature [("C)')

1486 ¥lahel('time (=2)')

147 legend('Calculated temperature','Theoritical temperature',l)
158
1449 fimure (4]

160 semilogy (it EVOLSOM)

161 grid

162 wlabel('Quadratic criterion')
163 xlabel('Iteration number')

164 legend( 'Evolution of the madratic criterion in function of iteration numher',3)
165

*To visualize the results of the numerical identification (1)
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The mnverse boundary problem resolution
- building of the inverse problem program -

fiqure(s)

plot(it, EVOLHEXA, it EVOLH, '-.3")

grid

¥label('H parameter')

¥label ('Iteration number')

title('Evolution of the H parameter in function of iteration number!')
Legend('Theoritical Value','Calculated WValue' ,4)

fiqure(g)

plot(itc, EVOLEEXA, it EVOLE,'-.3")

grid

¥label ('Enissivity parameter')

¥label ('Iteration number')

title('Evolution of the emizzivity parameter in function of iteration number')
Legend('Theoritical Walue', 'Calculated Walue!',4)

*To visualize the results of the numerical identification (2)
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The mnverse boundary problem resolution
- building of the inverse problem program -

*We have to modify the « quenching2p.m » file
(the file obtained from femlab)
*Add these lines and keywords : coefH & coefE

0000000000

% FEMLAE Model M-file

% Generated by FEMLAE 3.1 (FEML .1.0.157, gDate: 2004/11/12 07:39:54
¥ Jome geometry objects are tred in a separate file.

% The name of this file 35 given by the wvariable 'flbinaryfile'.

global coefH cuef%k/
global ITEMPS

flolear fem

% Femlab werszion

clear wrsn

wrsn.name = 'FEMLAE 3.1':
wrsn.ext = '';

visn.major o:

wrsn.build 15%:

wrsn.rcs = '$Name: 5':

wrsn.date = 'gDate: 2004711712 07;
fem.version = wran;

flhinarvyfile='quenchingzZp,

% Constants
fem.const={'HCV' ,coefH, 'Troom','20', 'Tatesl ', '900"' , '"EHOAC' ' 7500, "CPAC' ,'520°'  "EAC' ,'32','atefan','5.67e-8", 'eni' ,coefEl;
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The

inverse boundary problem resolution
- building of the inverse problem program -

At the end of the file:

*In the solver, replace time vector by the vector named ‘ITEMPS’
*Comment the postplot process

\

% Solwe problem

fen.zol=fentine(fem, ...
= w1 et S G ) e
'outcomp!' ST !
'tlisc' , ITEMPS,
i1 (L i B LA
Clinselaer). Lol

% Jave current fem structure for restart purposes
fenquench=fem;

% Plot solution
% postplot(fem, ...
% R i = RO ] B o1 1] L i 1 L (O,
4 a1 S W= o [ 1 ) PR
'solmm!' 601, ...
'title!  '"Time=&0 surface: Temperature', ...
L = T I 1 ek i
'axis! , [-0.085125699538072,0. 100628699724337 -0, 0050000000745058

You can run the program ....




-
-
B2
-
2>
T
.
-
-
-
-
R
-
-
e
-
-
-
-
-
-
R
-
-
e
-

H parameater

Quadratic criterion

The mnverse boundary problem resolution
- results of the inverse problem program -

=]
i

S

S(Z)~iteration)

Evolution of the quadratic criterion in function of iteration number

2 3 4 5 E
lteration number

Evolution of the H parameter in function of iteration nurmber

— Theaoritical Walue
— Calculated Walue

5 B

[teration number

Emissivity parameter

.. N e

Tetmperature (°C)

Evolution of the emissivity parameter in function of iteration number
I I

— Theaoritical Walue
-1 Calculated Walue

lteration number

I I
O Calculated temperature
—- Theontlcal temperature
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Thanks for your attention

And a special thanks to my colleagues for their councils :
Philippe Le MASSON and Tahar LOULOU

Thanks to Comsol support for their help today

Have a nice Eurotherm Winter School
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