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IX.3.1 FINITE FOURIER TRANSFORM IN CARTESIAN COORDINATES

1. Differential operator

Differential operator

boundary conditions

2. Sturm-Liouville Problem

eigenvalue problem

The unknown function u (x, y,z,t) is generally a function of spatial

variables and the time variable 7. Let the variable x belong to a finite
interval
0<x<L

Our objective is to construct an integral transform that eliminates the
second-order derivative with respect to the variable x
_ Ju

Lu= 24 (1)

To do so, we need to establish the operational property of transforming
the considered differential operator Lu in the case of non-homogeneous
boundary conditions imposed on the function u

x=0 {—kja—u+h1u} _ @)
ox

x=0

=
I

L [+k2 §_u+h2u:l =f (3)
ax x=L

where functions f,(y.z¢) and f,(y.z¢) can depend on the other

variables involved in the problem.

We will follow the outline of construction of the generalized finite
integral transform (Section IX.5.5, p.862).

Consider the supplemental eigenvalue problem for operator L
X"=1X 4)

for function X (x) subject to homogeneous boundary conditions of the

same kind as those for the function u (Equations 2 and 3)

x=0 —k,X(0)+h,X(0)=0 (5)
x=L +k, X (L)+h,X(L)=0 (6)
The Sturm-Liouville form of the equation (4) is

(1-X') +(0-2-1)X =0 (7
where the coefficients can be identified as r(x)=1, ¢(x)=0, p(x)=1.

According to the Sturm-Liouville Theorem, for the existence of non-
trivial solutions to equation (7), the parameter A should be non-negative

A=—p’

Therefore, eigenvalue problem is reduced to solution of the equation
X'+’ X =0

subject to homogeneous boundary conditions (5 and 6).
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Eigenvalues and eigenfunctions

Inner product

Vector Space

Orthogonality

Fourier series

3. Finite Fourier Transform

This eigenvalue problem (4-6) generates infinitely many eigenvalues
0= p, <y, <u,<..and corresponding eigenfunctions X, =1, X, X,,...

Solution of eigenvalue problem for different combination of boundary
conditions are summarized in the Table Sturm-Liouville Problem (p.448).

Inner product with the weight function p(x)=1 is defined as
L

(u,v)=_[u(x)v(x)dx ()
0

Then the square of the norm of the functions is defined by
2 4 2

"u(x)" =(u,u)=ju (x)dx 9)

0

L, (0,L) with the defined inner product and norm is a Hilbert space.

Orthogonality of eigenfunctions X, X,, X,,...in terms of inner product:

(X, X,)=|X,(x)X, (x)dx=0if n=m

D e

Generalized Fourier series representation of the functions f €L, (O,L)

based on the eigenfunctions X, is as follows:

= (f"kn) (f"kn)
= X s = = 10
f(x) ;an L (x) a, KLY X (10)

n’

The integral transform pair of the direct and inverse transforms of the
functions u(x)e L,(0,L) is based on the Fourier series representation

(10) and can be defined in the following form

Finite Fourier Transform

Inverse Transform

F{u(x)} =;|‘u(x)Xn (x)dx =u, (11)
F{a,) =§j: 7 X)”((xg) = u(x) (12)

Particular form of the Finite Fourier transform and its operational
properties for different types of boundary conditions are summarized in
the following table.
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Finite Fourier Transform

(x)Xn (x)dx
) :
| %, ()]

direct transform

inverse transform

Boundary Conditions for u(x)

Eigenfunctions X, (x) are solutions ofthe eigenvalue problem

[ku vl =f,  H, :Z_f X'+ X=0,  —kX'(0)+hX(0)=0
i
[hu'hu)_ =f,  H,= Z_ kX' (L)+h X (L)=0
2
Boundary conditions Eigenvalues Eigenfunctions Norm Operational property
L 2
2 ou
M, X, (x) HXn (x) H JA[(VJX" (x)dx
2\ 0x
D u(0)=f, % n=12,. sin(u,x) % —py 1w, + f,X(0) - f,.X, (L)
D u(L)=/, X, (0)=4,
X, (L) = p, cos(u,L)
, 1\7 L 5 . o
N u'(0)=f, (n +E]Z , n=0,1,.. cos(44,x) 5 —ulu, — f,X,(0)— f, X, (L)
D u(L)=/f; X, (0)=1
X;lr(l‘):_lun Sin(”nl’)
I\7 . L 2— '
D u(0)=f, (n +EJZ , n=0,1,. sin( ,x) 3 —uyu, + f,X,(0)+ f,X,(L)
N u'(L)=1/, X, (0)=n,
X, (L) =sin(u,L)
fi—=1 n=0
N u'(0)=1, Hy=0 Xy =1 L n=0 —w, i, = fuX,(0)+ £,X,(L)
, nrw
N u (L)sz A n=12,.. cos(ynx) , n=12,. X,(0)=1
X, (L)=cos(ynL)
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M, are positive root of

u(0)=f, pcosul + H,sinul =0 sin( p,x) %_szrfi,unL —,ufﬁn-t-foX,’l(O)+%Xn(L)
Hy 2
k' (L) +hau(L) = f, X,.(0)=w,
X, (L) =sin(s,L)
M, are positive root of
’ . . L sin2u,L S ,
—ku'(0)+hu(0)=f,| pcosuL+H,sinul =0 sm(,un(x—L)) ST i, %*;Xn(o)_fLX, (L)
/un 1
u(L)=f, X,,(0)==sin(u,L)
X, (L) = u,
M, are positive root of
u'(0)= f, usinpul —H,cos uL =0 cos [, x §+M —yft7”+£)( (0)+/£,x,(L)
/un 1
kou'(L)+hu(L)= f, L(0)=1
X, (L)=cos(y"L)
M, are positive root of
—ku'(0)+hu(0)=f, | psinuL—H,cosuL =0 cos pt,(x—L) £+M i+ f,X, (L)+£X"(O)

2 44,

—k,u’(O) + hu (0) =,

kou'(L)+hu(L)= f,

Eigenfunctions:

Eigenvalues p, are positive roots of

(HIHZ—,uz)sin,uL-k(H,+H2)/wos,uL=0

X, = pm, cos p,x+H,sinp,x

X,

L
2 u

X,(0)=u,

X, (L) = u, cos p, L+ H sinpu, [
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4. Derivation of the Operational Properties of the Finite Fourier Transform

e [ T e

- X, (x) 6”@5(”_() -1 0 i ()
SRS PET
=:xn<x>a”a§x)::—[x;<x)u(x>]:+j () X2 ()
=:Xn(x>a”afj“)j—[Xn'(x)u(xﬂ:—ﬂnju(x)xn (1)ds
-2 oo -

R U (OO US L

Derivation of operational properties based on equation (14) with non-homogeneous boundary conditions for the
function u(x) from the table:
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=1,X,(L)- £,X,(0) — 1, n=12,.,
X, (0)=0
’ hz ’ hz
X, (L)+2Xx,(L)=0 = X,(L)=--—2X,(L)
2 2

ox  k, Ox
0] 6 P ) e 00) -

Ox Ox
_x, (L) a”a(xL) _x,(0) a”aio) ~XL)()+ X, (0)u(0) 5
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X, (0)=0
L o
Xn(L)_Fan(L):O = Xn(L)__;Xn(L)
2 2

O C—y

{—82;;9)}@ e =2, (02 x 024y (1)u(e)s x; 0)u(0) 4

ox’ ox ox "
_x, (L)a”;f) _x, (O)auagco)—X,’,(L)u(L)+—iXﬂ (0)u(0) - 47,
(02 L 0 2 0)|- xateTot) i

X (0)+ 2 x,(0)=0 = x,(0)="2x,(0)
k, k,

XKD+ EX(1)=0 = X (1)=—2K, (1)

j{azgx(zx)})@ (x)dx =X, (L)au(L) - X, (O)a”(o)—X’ (L)u(L)+ X! (0)u(0) — 1,
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IX.3.2 Example Heat Equation Heat conduction in the /-dimensional slab with heat generation
left end is exposed to a /
convective enviroment u (x,t)
with time dependent /\
temperature , insulated
=0 |
ou oundary
[—kl —+h,u:i = hu,, (t)
ox =0 T u, (x)
- i X
0 L
. 1ou 0u
Equation: ——:—2+S(x,t), O<x<L t>0
a ot Ox
Initial condition: u(x,O) =u, (x) 0<x<L

Boundary conditions: {—k,g—u + h,u} =hu,,(t) =f,(t) Robin
x

x=0
[iu} = 1,(1) =0 Neumann
ax x=L
1) Integral transform According to the table FFT, the kernel of the integral transform

(eigenfunctions) corresponding to Robin and Neumann boundary
conditions is:

X, =cos u, (x—L) ,
where eigenvalues u, are the positive roots of characteristic equation

usinul—H, cos uL =0

2) Transformed equation According to operational property from the table FFT (R-N), the second
derivative of u(x,z) w.r.t. x is transformed to

L aZu ,_ ﬁ)

I — | X, (x)dx =—pu, + f, X, (L)+=2X,(0)

0l Ox k,

Apply the Finite Fourier integral transform to the Heat Equation:
lﬁﬁﬂ (t)z%Xn (L)+MX,,(O) — i, (1)+S, (¢) (T)
o ot k,

and

_ L

S, (1)= JS(x,t)Xn (x)dx

0

is the transformed source function.
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Transformation of the initial condition:
L
7, (0) = [u, (x) X, (x)dx = @,,

0

Apply Laplace transform to the equation (T):

U, ()2, =7y ()X, (0) ~ U, ()45, (s). where x,(0)=cos(u2)

a a k,

A

where the Laplace transformation is denoted by U, (s)=L{i, (¢)}, f,(s)=L{f,(¢)} 5,(s)=L {En (t)} .

n

L)»

3) Solve for transformed function

1 a ;
U =u —+—X (0
. (5) uo’"s+a/1,f+k1 "()ﬁ)(s)s+aﬂf " stau,

Note that

1 —ault
s+ou :L{e ' }
Apply inverse Laplace transform
7, (1)=L{U, (s)} =7 & ™" +1%X" (O)[ /o (1)xe | +al§, (1)re |

which using convolution integral can be written as

—_—

i, (1)="L" {Uﬂ (s)} = ﬁo,ne'“"'?’ +%Xﬂ (0){ j £ (r)e“”g(”)dz':| + 0{
=0

1

S (z’)ea"g(”)dr}

7=0

Then the solution of the given initial-boundary value problem is found by the inverse Finite Fourier Transform:

Example The particular case of periodic surrounding temperature and zero source function and initial condition
f(t)=hfysinot, S(x,t)=0, u,(x)=0,and f, =0

Then transformed solution can be written as

5. (05,00

t
I ﬁ)hl Sin(a)z-)e—a,uﬁ(t_r)dr
0

T

After evaluation of convolution integral the transformed function becomes

au; sin(ot)— wcos(wt )+ we !

— (04
u, (t) :k_fothn (0) o+t
1 n

which reaches the periodic quasi-steady state

ay, sin(ot)— wcos(wr)

u, (t)=%f0 hlcos(/unL) o +aiu
1 n




Chapter IX The Integral Transform Methods IX.3 Finite Fourier Transform November 21, 2023 765

Solution of this problem is shown on the next figures.

FIT-01 RN .mws Heat Equation in the finite layer, Robin - Neumann boundary conditions

Maple solution with  L=3, k,=2,h =4, a=1, f,(t)= f,sinot, f,=1, 0 =2

08 u(xt) ==
06 TR T L N O
A/ St
; VA
R Al
/)

(RN

L] L]
Temperature at the boundaries
14 u (0, t)
0.5
u(L.t)
i V\/
1o 2 4 6 8 10 12 14

External temperature £ (2)= £, sin(ax)
1
0.8

.6
0.4
0.2

0.2
5.4
.67
0.8

1o 2 4 [ 8 10 12 1"
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IX.3.3 Flash Method — Estimation directe de propriétés thermophysiques de matériaux orthotropes

\ P
| S a e Institut Supérieur de I’Aeronautique et de ’Espace

Institut Supérieur de I'Aéronautique et de I'Espace Université de Poitiers

.?J E N S M A Ecole Nationale Supérieure de Mécanique et d’Aérotechnique

|

Estimation directe de propriétés thermophysiques de matériaux orthotropes
Elissa EL. RASSY*, Yann BILLAUD:, Didier SAURY!

! Institut Pprime, UPR CNRS 3346, CNRS — Université de Poitiers, ENSMA, Département Fluides, Thermiques,
Combustion, ISAE-ENSMA, Téléport 2, 1 avenue Clément Ader, BP40109, F-86961 Futuroscope Cedex, France

e

Lazer OO

-, ‘Genérateur
“radiofréquence

Meésureurde
puissance

Figure 3: Dispositif expérimental de la méthode flash face avant
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This example is based on publication:

Elissa El Rassy, Yann Billaud, Didier Saury, “Simultaneous and direct identification of thermophysical properties
for orthotropic materials,” Measurement, 135 (2019) 199-212. J. Homepage: www.elsevier.com/locate/measurement

Abstract: A direct and simultaneous estimation method of the main three-dimensional thermal diffusivity tensor (ax;
ay; az) of orthotropic opaque materials, is presented in this paper. This method consists in coupling a non-intrusive and
unique 3D flash experiment with a transient nonlinear inverse heat transfer technique. A short and non-uniform
excitation is applied on the surface of an orthotropic material using a CO2 laser, while the front face temperature
cartography is measured over time by an IR camera. The inverse problem developed in the present study is based on
the minimization of the least-squares criterion between the outputs of a 3D thermal quadrupoles model, and the
experimental measurements. In order to properly estimate the thermal diffusivities, parameters related to the thermal
excitation, in terms of shape and intensity, should be also estimated. In addition to that increase in the number of
unknown parameters, the discontinuity nature of the excitation justifies the choice of an analytical model. Considering
the large number of parameters to estimate, as well as the non-linear nature of the problem, a hybrid optimization
algorithm combining a stochastic method and deterministic one, is applied. The identification method proposed in this
work, named as DSEH (Direct and Simultaneous Estimation using Harmonics), is validated using an isotropic opaque
material of known properties. Finally, the method is used on an orthotropic carbon fiber composite, commonly used in
industries, thanks to its thermal and mechanical characteristics. The results are compared to other methods and shown
to be in a good agreement with the literature values. The parameters identification is then completed by a sensitivity
analysis, and evaluated in terms of robustness, accuracy, and time consumption.

Objective is to find the analytical solution of the front surface temperature for comparison with the experimental
measurements. Then fit the experimental results to find the components of the coefficient of conduction (k,,k,,k; ) .

Denote u(x,y,z,t)=T(x,y,2,¢)-T,

Thermal diffusivity: o = L Heat Equation
pe,
k ﬂ-ﬁ-k ﬂ_i_ & = pc a_u
"ax? oyt e ar
incident impulse point source o’u o’u o’u  ou
W @ vl rwalCs 2 o
6(1)=(xr.1), {ﬂ W oy 2 o
[—kj Z—” + h,u:| =¢(x,3.t) =4, §[x - %) : 5(y —%) -6(1) Boundary conditions:
z =0
- o o [
laser source Lox |, x iy
s _
L @y y=0 &y y=M
* insulated
0 lateral i ou L M
: surface _kJE"'th:l =¢0'5(x_3j'5(y_7j‘5(t)
5 al i - a z=0
on ke, 2t hzu} =0
L aZ z=L

Initial condition:

0

ul, .y =
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Determine what type of integral transform to use:

ze [0, N ] = Finite Fourier transform II-IIT (R-R)
xe[0,L] = Finite Fourier transform II-II (N-N)
ye[0.M] = Finite Fourier transform II-IT (N-N)
t>0 = Laplace transform

The Finite Fourier Transforms (Section IX.3 Finite Fourier Transform NEW VERSION, p.758)

L
Finite Fourier Transform u, = ju (x) X, (x)dx integral transform
0
2 X
u(x) =D u,—" (x) 2 inverse transform
n X, (x)”

Boundary Eigenvalues Eigenfunctions Norm Operational property
L (A2
conditions Vor Bor Mt I (aL;]Xn (x)dx
o\ Ox
N u'(0)=f, 7, =0 X,=1 L n=0 —pii, — [, X,(0)+ £,X,(L)
, niw
N u (L)sz A n=12,.. cos(]/nx) , n=12,.. X,(0)=1
X, (L):cos(ynL)
N u(0)=g, By=0 Y =1 M, m=0 =B, — &Y, (0)+g.Y,(L)
' M
N u'(M)=g, ,n=12,.. cos(B,») ER m=12,.. Y, (0)=1

R —ku'(0)+hu(0)= f, A, are positive roots of

R k' (K)+hu(K) = fy

Z, =N coshz+H,sinAz

(HH,=2)sinAK +(H, + H,)Acos AK =0

- )[u

2

Z(K) = A cos 4K + H, sin K

The Laplace transform L{u(t)} =sui(s)-u(0)
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Transformation of the Heat Equation.

1) Apply the Fourier transform in z (additional term appears because of operational property):

o o’u, (x,.t) i 0w, (x,y.1)

2_
f P 2 6y2 +oa,| —Au, (x,y,t)+

¢(x,y,t) Z (0)} _ ou, (x,y,t)

k, ot

2) Apply the Laplace transform in ¢

i X, 9,8 o’u X, 9,8 ~ ¢Z X, ¥, 2
a, k6(x2 )+a2 k(gyz )—a3/1,fuk (x,y,s)+(’Tp)Zk (0)=si, (x,p.5)
3) Apply transform in x: B
= ou,, (s = ,(y.s =
_a17j”n,k (y,s) ta, %_ a3ﬂ’k2un,k (y,S) + ( ) Z, (0) =5, , (y,S)
y PC,
4) Apply transform in y:
2E 2E 2E ¢Zn,m (S) _ E
_a17/n un,m,k (S) - aZﬁmun,m,k (S) - a.?lk un,m,k (S) + pC Zk (0) - Summ,k (S)
P
5) Solution of the transformed equation:
= G (5) !
== -Z,(0)-
) A e - a)

For the case of the impulse point source, ¢(x,y,t)=¢, -5 (x —£j ) [ % —Mj -8(1), the transformation of ¢ is

2 2
Zn,m (S) = ¢0 cos [%j *COS (mTﬂ.J = ¢0 - COS (%J - COS (mTﬂ-)

Then solution of the transformed equation becomes: n=0,1,2,...; m=0,1,2,...; k=1,2,...

Il

] nw miw !
=—-¢,-Z (0)- - | >
i (S) pc, % k( ) COS( 2 j COS( 2 j s—(—a,}’j—azﬂri_asﬂ’kz)

<

=

6) Apply the inverse Laplace transform:

'/E‘n,m,k (t) - ,0%% Zy (0) rcos (%j o (%j ' e_(a'yfmzﬂi vk )

p

7) Apply the inverse Finite Fourier transforms to obtain the complete solution:

A
= &i . . Zk (Z) . . (ﬂj . [m_ﬂ-j . ’(aly,{*azﬂiﬂljl{)"
u(x,y,z,t) = o, il ;;;Xﬂ (x) Y, (y) ||Zk "2 Z, (0) cos 5 cos 5 e

Note, that in this summation for n=0, y, =0, X,(x)=1 ;andfor m=0, ,=0, Y,(y)=1.
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Surface temperature at z=0: u(x,,0,t) at some fixed moment of time

Front surface temperature contour plots at different moments of time:

N

x x x
x X x

R L] 02 [N 1 1 (] R s

7

Contour plots of the cross-section in the vertical z-direction.

The shape of contours is affected by anisotropy of coefficient of conduction. Maple code  00ELISSA-04.mws
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Example 4 [Adam]

Conduction and advection (plug flow)

old version of transform

Details of solution can be found in IX.3 The Finite Fourier Transform (2018 version).

plug flow
—_— v,
u(x,y)—>0 ou
X == [51:0 -
? c,V
Equation: 8—?— PV, O
ox k oOx
. 0
Boundary conditions: P (x,0)=-q,
y
iu (x,M ) =0
ay

£

{aﬂ =0  y=M is a line of symmetry (insulated)
y=m

0u
+ =
oy

[H (x)-H(x-L)]

0 (x,y) e(=0,0)x(0,M)

u(x, y) <o
X —> 0
5.
s
heating
rib
L, L L, L

(Attention: —¢q, <0 for heating)

Finite Fourier Transform in y :

integral transform

inverse transform

N [u']y:(] = f,=—q, heating
N [u]_, =/,=0 insulation
’ _ _ﬂ _
N [u]_, =1 A = n=0,12,.. e (e
N [u’]y:M = fu Y,=1, Y, = cos(%yj
KO:L K = icos(ﬂy) n=1,2,
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Transformed equation Single Heating Rib

o’u, pcy,ou, .,
Gy PEY Oy aom (VK (0)=0
Tk a e L()K(0)

Consider conjugate problems:

& cV ou
I x<0 A\ L ) @l =l
Ox k Ox x=0 ¥=0
ou,| _ oul
ox ox | _,
o’u, pec,v, ou
1 0<x<lL a—’?—%%—zjﬁﬁqslg(()):o
X X
N cV ou
m x>L by Pl Oy g2z @l =m"
ox k oOx x=L x=L
al/—lll 5L_11H
ox|_, Ox|_,

Plot of u[xﬂj
10

03




Chapter IX The Integral Transform Methods IX.3 Finite Fourier Transform November 21, 2023 773

General Case Arbitrary number N of heating ribs
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IX.3.6. Heat Equation in the Spherical Coordinates with angular symmetry — Reduction to Cartesian coords.

convecive boundary condition Consider heat conduction in the solid sphere with angular symmetry.
du _h h . .
[fu+*u = Z The non-stationary temperature field u (r,t) which depends both the

temporal variable ¢ and the radial variable 7, is governed by

enviroment

hu,

L

the Heat Equation:

——(r u)+ =—— 0<r<r t>0,

With the initial condition
u(r0)=u,(r)

and with the convective boundary condition:
[ka—quhu} =hu, (1)
or -

where u,, (t) is a temperature of the surroundings (generally, a function

of time). We can rewrite the boundary condition in the standard form

ou h hu,,
or k . k

1

1) Introduce the new dependent variable as

reduction to 1-d Cartesian U(r’t) =ru (l", t)
formulation by the change
of variable Differentiate twice
U(r,t) = ru(r,t)
iU =u+r ou
or or
U(r.t) OU ou u  (du 20w
—2 = 2— +r —2 = —2 +——
f or or or or- ror
f
: Then the Heat Equation becomes
t
167 7(7,t 1
two boundary : r ar k a 81‘
conditions
oU
N A0
" o°’U 1 oU 7(7,t
> +S(r,t)=—2—, 0<r<r, t>0, S(r,t)=rq( )
or a” ot k

which formally is the 1-D Heat Equation in Cartesian coordinates.

Initial condition becomes:

U(r,()) = ru(r,O) =ru, (r)
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The first boundary condition at »=0 is obtained directly from the
equation used for a change of variable:

U|r:() = m|,.:0 =0 Dirichlet

Consider the second boundary condition at 7 =7, :

©

—+—u
| or &k k

_i g +ﬁ£ = huw
Lor\r) krj_ k

10U U hU} _hu
r=ry

ror 7 kr k

L7 Or rokor

(ou h } :hu

0

oU h 1 hu,r,
Conu| =76, H=2-L 7 ()="2" popi
o + l,.] £ (t) P 1, (¢) p obin
2) Finite Fourier Transform U,(t) = JI'U (r.0) X, (r)dr integral transform
0
= _ X
U(r,t) = Z U, 1 (r > inverse transform
n=1 Xn (r)"
Boundary Eigenvalues Eigenfunctions Norm Operational property
(A2
conditions u, X, (r) H X,(r) HZ I (8 lngXn(”)d”
o \or

M, are positive root of

D u(0)=f, cos v, + H, sinur; =0 sin(p,r) g—m’i:"r’) 22U, +f0X;(O)+%X”(;1)
R [%—IFJJFHULI = £,(0). H:%—%, f, (t)=% X,(0)= .5 X, (ry) = sin(p,r;)
3) Apply the Finite Fourier transform 12U, (t)+}},/X; (0)+ humlgt)r, X, (r)+8S,(1)= éaﬁanz(t)
Uﬂ (0) F{ru()(r)}
Apply the Laplace Transform 12U, (s)+%Xn ()i, (s) +L{§n(t)} :% :n(s)—aizﬁn (0)
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Transformed solution:

4) Solution:

Inverse Laplace by Convolution

Inverse Finite Fourier transform

Solution

5) Particular Case u, =const, S=10

Solution

t t

2
U, ()= aThr,X” (r,)je’”z"i’uoo (t—7)dr+ azLIe’””‘”g” (t—7)dz+T,(0)e™ "

S 7 (1) a7
U(rt) =0, (1) i

= x50
LA

=[x 0)]
U"(t):%/\/n(”;)(l—e ,,*;:,fr)+U1(0)e—a1y,{:
0.0)= 2, o | 0,0)- 2, ()
u(r,t) :U(:’t)
. X (r

wrt) =13 7,00

TR TAE

=

—
~

=

In the absence of heat sources, the obvious limitas ¢t —> o is u, .
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6) Maple solution

Roasting a turkey (05 TURKEY.mws)
A turkey is considered done when its minimum temperature reaches 7,  =165°F .

Thermophysical properties of turkey meat can be taken from the table (p.580), or

they can be approximate by the properties of water.

Tpen = 350°F
E LY
250
t=4hr
20H) t=3hr
Ty =165°F
150 t=2hr
t=1hr
104
T:iune = 65(,F
m-

0 "8 006 004 002 0 002 004 006 008
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Examples with application of the Finite Fourier Transform
Firefly in the fog

Star wars

Raindrops

The Fokker-Planck Equation

Hanging Cable

Jumping board

Friction welding

The Running on the waves

Jet Ski November 17, 2023

/’do you Hhenk Fhat

dar'\‘csian CDOVO“M&"LC! I
— / - ave Pr"ac—f‘\‘cqi 7

|
S

g

Ry
)}
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Chapter IX The Integral Transform Methods

Consider heat conduction in the 2-dimensional cross-section of the long column

Example 2
/ [u(x,y,t)]v:M =-1
M
/ y
// the temperature of
X the left wall is periodic u(x,y,t) [‘;—u} =0 right side is insulated
[u(O,y,t)]:s[n(t) o
L
0
[u(x,y,t)]y:M =1
Equation: Ou Ou_lou (xy)e(0.L)x(0,.M) >0
Anation: o oy aor V) EBEPAT

Initial condition: u(x,0)=u,(x)=0

Point heat source — moving or stationary. Impulse point source. 06-03 not moving source - Copy.mws

Example 3
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