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ABSTRACT

The objective of this study is to analyze the therm
mechanical behavior of a two-layer cylindrical etk
subjected to variable thermal solicitations. Theeritio-
mechanical coupling is realized by the consideratid the
spatiotemporal variations of the temperature inrtfeehanical
problem on one hand, and by means of the variatidrthe
thermal and mechanical properties on the other.hand
The study is led in two dimensions (r, z) on araytical multi-
material that consists of two layers subjected feedodic or
constant heat flux on one face, and to an exchaogéition on
the opposite face. Other faces are supposed tosbéated. We
compare two approaches of the problem, the firstisra local
approach based on a theoretical study of the tHemmd
mechanical fields (thermal transfer and constraimtisd the
second is an approach based on the notion of dqoe& of the
thermo-physical properties of the tow layers toyame. Thus,
this second approach is a homogenization of thei-malterial
in a single fictitious material possessing the saimermo-
mechanical behavior.

1. INTRODUCTION

The need of improvement of the thermal exchangdstan
resistance of the thermo-mechanical load leadeaitie of new
materials having a multi-layers form.

At present, the study of the thermo-mechanical bienaf the
multi-materials and more particularly, the analysi§ their
damage under variable thermal solicitations repmrtesan
essential decisive element for numerous desigriensaterials
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produced for diverse industrial applications susheagines,
reactors and certain boilers etc.

In the scientific field, the existing laws of dameagmore
particularly those of Lemaitre and Chaboche (1)nocanbe
applied on multi-materials; they can only be applan simple
and unique materials.

Furthermore, the studies of both layers supposebletan a
perfect contact (2) lead to perfectly theoreticasults; for
example, they lead to an ideal heat transfer aadcctimstraints
are distributed regularly and are discontinuoushet level of
the interface between layers.

It is also evident that in a tow- layer materiakre is a mutual
influence of one material on the other; we cannatehan
abrupt variation of the thermal and mechanical progs at the
level of the joining. At this level, we have a @ént region in
which the values of thermal and mechanical propertre
supposed to vary between that of the constitutete nads.

This reasoning imposes the necessity of the resefc a
method of correction based on the principle of hgemization
of multi-materials in a single equivalent materigtis latter has
to undergo the study of the damage under thermdramécal
constraints.

The homogenization approach proposed in (3) replabe
multi-material by a unique material having constantd
equivalent thermo-physical properties obtained bgans of
models that allow us to have similar temperaturesboth
materials and in equivalent materials also.

Such an approach allows us to translate only trabal
behavior of the tow-layer material but cannot takeount for
discontinuities at the level of the interface betwethe two
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layers. The models of damage, based on such horogsn
materials, cannot translate the real behavior efttdw layer-
material where the problems of damage are morditechin
the interfaces.

In this work, we propose an approach to search dor
equivalent material having variable thermo-physigaiperties
according to the space variables. These propate®btained
by means of a polynomial interpolation with conwatiorders
allowing us to alleviate the effect of the problenod
discontinuities.

NOMENCLATURE

Symbols:

calorific capacity, J/Kg k
module of elasticity, Pa
thickness of the layer i (i=1,2)
thickness of the body (e5 e &)
coefficient of convection, W/hK
order of polynomial interpolation
density of flux, W/

radial coordinate, m
temperature, K

initial temperature, K

axial coordinate, m

OS5 TSoomO

N —
o

Greek letters:

density, Kg/m

expansion coefficient, m/K
thermal conductivity, W/m K
Poisson coefficient
constraint tensor, Pa
deformation tensor,

2. MODEL DESCRIPTION

The model studied is a tow-layer material consjsthtwo
coaxial cylinders; the internal layer is made bymaterial
different from that of the external layer (steelppper,
aluminum, brass ...). The physical properties ofs¢héwo
materials are supposed to be known. The thernaal &pplied
to this system is as follows:

In the internal part, we apply a periodical or d¢ans heat flux.
In the external part, there is an exchange by adtiorewith the
environment at the temperature (Ta) and with a eotion
coefficient h.

Under these conditions the equations of the heknba are
written:

fn_, 19, M. T
(r>) 2t ‘w ,?ﬁ(r7)+? i=12 (1)

Where i represents the order of the layer.

Initial conditions:
T (r,zt)=T,
Internal surface:

at=0"r,z

A ’/.1—Q(zt) r=Ry

Interface conditions:

fm_ I
T, =T, /i 7gt=/"2 1=
1" ¢q7. ” 2 ”'r Rz
External surface:
- /2 ”2 _h(T(I’ Zt) Ta)
Lateral surfaces:
/i i =0, z=0 ancz=L, i=1,2

7z

On the mechanical plan, the two-layer materialugp®sed to
be fixed at the lateral surfacez=0 and z=L. The other
surfaces, (r = B and (r = R), are free to be deformed. By
neglecting the dynamic effects and the forces déime, the
thermo-mechanical behavior of the material is dbsedr by the
relations of Duhamel-Neuman:

Si =Dy (& -a;(T-To)) (@

For obvious reasons of symmetry, only half of thénder is
considered.

h 1o

r &
Rl D Qs
N Material 2: A, po, Co, oo, B> AL
3 7zt
3 Material 1 : A4, p1, C,, &0}, | e,
R \
rrrrourvveroot.
Y

Qfz1)

FIGURE 1: THE TOW-LAYER MATERIAL
3. EQUIVALENT MODEL

The research of the equivalent material consisissofg a
thermal and a mechanical homogeneous model witlsiqgdly
properties that are variable in space and that mektdefined
thermal criteria (figure 2). The equivalent suggdsmaterial
will be described by the following model:

7T 19 7T
(fC)(r)——;ﬁ r/(r)7 /(r)? (3)
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1- The thickness of the studied body (from 6 mm, t6 60

Initial conditions:
mm).

T(r,zt)=T, a t=0"r,z 2- The intensity of the applied heat flux (from 1000
2
Internal surface: W/m*, to 10000 W/rﬁ) o
7r 3- The nature of applied heat flux (periodic or congta
/2 =Qzt), =R 4- The thermal properties of the materials (by modiyi
b/ the materials studied: steel, copper, brass, alwmjin

External surface:

T The field of the temperatures and the constraiststhien
-/ =hT(rzt)-Ta) r=R, obtained by a direct calculation of the thermal @hdrmo-
T mechanical equations described above.
Lateral surfaces:
/ﬂ_ In our study, the fixed geometrical properties bé tstudied
7, z=0andz=L model are:
R;=0.1m L=0.6m
h, T .
A The thermal boundary conditions are:
Rs N N o Ta = 300 K h = 6 WIRK.
Eauivalent materiol
A, ol Crl, ), Eer) The numerical simulations were carried out withesal/
R T e materials whose properties are summarized in tabler the
thermal properties and in table 2 for the mecharpoaperties
ﬂ ﬂ ﬁ ﬂ ﬂ H ﬂ ﬂ ﬁ ﬁ U H e at three temperatures.
_-(:.Il _____________________________ L_ o — '.
(L) ,
FIGURE 2: EQUIVALENT MATERIAL T=20C| Brass | Coppe Steel | Aluminum
The equation of the thermo-mechanical coupling,miatrix
form, can be written: kg/m® 8600 8930 7854 2770
s Lu u 0 a,.(r)
T B, L, o jr . 0 (TC.20-T) C 450 385 434 875
zz (1+U)(1- 2L/) 120 74 zz 15 0 J/kg.K
Sty 0 0 — & O
4 128 330 60.5 177
With the mechanical boundary conditions describelds. W/m°K
Inourcase,=0and ,, O
K-1 1,18.10-5| 2,3.10-5

4. NUMERICAL RESULTS

TABLE 1: PHYSICAL PROPERTIES OF THE MATERIALS (1)

The two systems described above are solvedmipyicit
finite differences. The field of temperature is ahed at each
step of time by solving a bloc three-diagonal systeith
TDMA algorithm. In fact, the thermal effect in akdirection is
neglected.

We do a comparison between the heating effect erdtiuble-
layered model studied traditionally (by consideragerfectly
theoretical joining), and the heating effect on imenogeneous
equivalent model. f (r) _ k )

For the equivalent model, the thermal and mechhnica
physical properties were obtained by a polynomial
approximation according to r in the variation domiinited by
the properties of each layer. The degree of thijg@pmation
depends on the geometrical, thermal and mechapiogkrties.

It has a direct influence on the difference betwdsm two
models.

This comparison is made while varying different medric and
soI|C|tat|on p.ara.nﬂeter.s. The obje_ctllve is to knowew the Wheref=(r,c,/,a)
homogenization is valid and when it is not. ] o
So, we are checking the homogenization techniqub ttie And nis the order of the approximation.
variation of the following parameters:
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T (C) E (MPa) Steel : steel
20 216000 0.29
200 205000 0.30
600 170000 0.315

T (C) E (MPa) aluminum : aluminum
20 72000 0.32
200 66000 0.325
500 50000 0.35

TABLE 2: VARIATION OF THE CHARACTERISTICS WITH T

1)

For example, in the case of steel f£e4 cm) and aluminum fe
= 2 cm) multi-material, the polynomial approximatiof order

8 gives the following interpolation curves for ¢, and
represented in figures 3, 4 and 5.
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FIGURE 3: CURVES OF INTERPOLATION OF

The variation of the Young modulus according to the
temperature for steel and aluminum is given byréhations:

Eac (T)=-0,2469086 T+ 157,6837 T + 175108,029 (6)

Eal (T)=-0,0990152 ¥+ 27,582 T + 69395,0859

()

Then, we make the arithmetic interpolation of theuivg
modulus in the entire model at each temperatureis Th
interpolation is shown in figure 6.

1000 T T T
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FIGURE 4: CURVES OF INTERPOLATION OF C AND
w10’
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FIGURE 5: CURVES OF INTERPOLATION OF
w10’
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FIGURE 6: CURVES OF INTERPOLATION OF THE YOUNG

MODULUS E
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It should be noted that in all figures below, theves are given
for a study of the temperature variation in transideoretical

state (continuous curves) and homogeneous (intedup

curves). On each figure, there are 3 curves sorestiotear,
sometimes not (according to the zoom), the first ¢marked
with the circle) corresponds to the point locatedtle face of

application of the flux (r=R, the second (marked with the

triangle) corresponds to the interface between iaaterials
(r=Ry), and the third curve (marked with the star) iprapriate
for the point subjected to the convection heatsiemn(r = R).

4.1 Influence of Geometry

In this section, the body is subjected tmastant heat flux

of 5000w/nf on the internal face of the cylinder. The thiclses

ratio between the two materials (steel and alumjnusn
ele,= 2.

The other parameters of the system are alreadyetkfibove.

Here, we are varying the total thickness of theybadcording
to the following values:

e=6 mm, 12 mm, 60 mm, 120 mm, 600 mm

Some results obtained here are plotted inrdigu/ to 9.
These results are obtained with a polynomial irdkeion of
order 8 and for different mesh values. Figure hal 41
represent respectively the relative temperature @omstraint
error of the homogenization method for differenters of the
polynome and for a fixed mesh equal to 12. It canclearly
seen that the relative temperature and constraiotse for a
fixed mesh and for different polynomial orders,regse with
the thickness of the two materials. It is foundt tthee more is
the thickness; the less exact
homogenization, if the mesh remains the same.
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FIGURE 7: COMPARISON OF THE TEMPERATURES AND
CONSTRAINT UNDER A CONSTANT LOAD e = 6 MM,
MESH =12

is the approach & th
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n=23a

Constraint (Pa)
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FIGURE 8: COMPARISON OF THE TEMPERATURES AND
CONSTRAINT UNDER A CONSTANT LOAD e = 60 MM,
MESH = 12

500 T
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£ 400 - E
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—— Theoretical
ol — - Homaogeneous |

n=23

Canstraint (Fa)
R
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FIGURE 9: COMPARISON OF THE TEMPERATURES AND
CONSTRAINT UNDER A CONSTANT LOAD, e = 600MM,
MESH =120

Additionally, we can see, in figures 10 and 11f tha order 6
gives errors larger than that of order 4. It sedmas this result
is not logical, because we are waiting for smatbex when
increasing the order of the polynomial interpolatiolhis
problem can be resolved and explained in figuret115.

To understand what it is happening we run the stian while
fixing the thickness and varying the order of thaypomial
interpolation and the meshes. Figures 12 and 13vshbe
temperature and constraint errors for a thicknegsleto 60
mm, and figures 14 and 15 shows these errors thickness
equal to 600 mm. We observed that low meshes int®d
disordered errors, sometimes low sometimes high.ileVh
increasing the mesh, the errors decrease gradudily an
increasing order of the polynome.
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FIGURE 10: TEMPERATURE RELATIVE ERROR VARIATION
WITH THICKNESS FOR DIFFERENT ORDERS OF
POLYNOMIAL INTERPOLATION, MESH = 12
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FIGURE 11: CONSTRAINT RELATIVE ERROR VARIATION
WITH THICKNESS FOR DIFFERENT ORDERS OF
POLYNOMIAL INTERPOLATION, MESH = 12
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FIGURE 12: TEMPERATURE RELATVE ERROR VARIATION
WITH RESPECT TO THE ORDER OF POLYNOMIAL
INTERPOLATION FOR DIFFERENT NUMBER OF MESHES,
e =60 MM
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FIGURE 13: CONSTRAINT RELATIVE ERROR VARIATION
WITH RESPECT TO THE ORDER OF POLYNOMIAL
INTERPOLATION FOR DIFFERENT NUMBER OF MESHES,

e =60 MM
—&— Mesh of 12 —— Mesh of 30
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FIGURE 14: TEMPERATURE RELATIVE ERROR VARIATION
WITH RESPECT TO THE ORDER OF POLYNOMIAL
INTERPOLATION FOR DIFFERENT NUMBER OF MESHES,
e = 600MM
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FIGURE 15: CONSTRAINT RELATVE ERROR VARIATION
WITH RESPECT TO THE ORDER OF POLYNOMIAL
INTERPOLATION FOR DIFFERENT NUMBER OF MESHES,
e =600 MM
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Also, we can conclude that high thicknesses (figu# and 15)
necessitate high meshes in order to obtain equivgl€low
errors). For a thickness of 60 mm, a mesh of 6ufficient to
obtain low errors and normally decreased errorsnwhe
increase the order of the polynomial interpolatiBat for 600
mm, a mesh of 60 is not sufficient, and we needeamof 120
to obtain expected result.

As a conclusion, according to the thicknesses efttto-layer
materials, an adequate choice of the mesh andrtter of the
polynomial interpolation are very important to rkac
equivalency. For high thicknesses, high mesh agt brder of
polynomial interpolation are necessary.

4.2 Influence of the flux density

4.2.1. Constant heat flux:  In this section, we are applying,
first of all, a constant heat flux Q of 1000 vé/rB000 w/ni and
10000 w/n. The second case (Q = 5000 Wiis studied in the
section 4.1.

420

400 + — theorigue ' R
— - homogene

380+

Tenperature en K

320+

sm0

280 1 1 1 1 1 1 1
a a0 100 150 200 250 300 350 400
temps en S

FIGURE 17: COMPARISON OF THE TEMPERATURES
UNDER A CONSTANT LOAD, HEAT FLUX = 10000 W/M 2,

4.2.2. Sinusoidal heat flux: Now, we are varying the nature

The boundary conditions imposed and the geometrical Of the applied load, by the application of a sindabperiodic

properties are indicated in the description of thedel. The
thickness of the body is fixed to e =12 mm.

Figures 16 and 17 show that the method of homog#aiz
used is not influenced by the variation of the risigy of the
load applied.

312

— theorique
— - homogene

a1
[}

[ax} (4N [o5)
[} = o
= o [=x)

Tenperature en K

[ax}
=
[}

[ax}
=
[}

298 1 1 1 1 1 1 1
0 a0 100 150 200 250 300 350 400

temps en S
FIGURE 16: COMPARISON OF THE TEMPERATURES
UNDER A CONSTANT LOAD: HEAT FLUX = 1000 W/M 2

flux, defined by the following equation:
Qzt)=| 422/ 12 +aqyz/ Lf1+sin@t)),
Q =5000 W/nf, w=p/20 rd/s (8)

Figure 18 shows that the nature of the load appiieds not
have also any influence on the homogenization ntethe are
using.

360

— theorigue

380 | — - homogene
o r=F
N r=E;
#* r=FE;j

340

330

320 |

Tenperature en K

310 |

300

290 1 L 1 1 1 L 1
0 50 100 150 200 250 300 350 400
temps en S

FIGURE 18: COMPARISON OF THE TEMPERATURE, UNDER
AVARIABLE LOAD, e = 12 MM
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4.3Influence of material Properties

In this test, we are applying the homogeiramethod to
various couples of material (steel and aluminuneglstand
copper, steel and brass) with a constant heat flux.

FIGURE19: COMPARISON OF THE VARIATIONS IN THE
TEMPERATURES, IN THEORETICAL CASE AND IN
HOMOGENEOUS CASE: STEEL AND COPPER (N = 8)

FIGURE 20: COMPARISON OF THE VARIATIONS IN THE
TEMPERATURES, IN THEORETICAL CASE AND IN
HOMOGENEOUS CASE: STEEL AND BRASS (N = 8)

While applying the homogenization method, we ackttevary
the degree of the polynomial interpolation n focleaouple of
materials in order to obtain equivalence. Using palynomial
interpolation with a fixed degree for all couplesnmaterials is
not adequate. The results are very sensitive ofdifierences
between physical properties of the multi-matergddi

Figure 21 shows the relative temperature error whsimg
different materials in association with the stéldlis figure is
plotted to show the relation of the physical projesrof these

materials (, ¢ and ) with the error variation. It can be shown
that when increases, the relative temperature error inceease

FIGURE 21: RELATIVE TEMPERATURE ERROR FOR
DIFFERENT MATERIALS (EXTERNAL LAYER), USED WITH
THE STEEL (INTERNAL LAYER) (N = 8)

4.4Influence of the variation of Young modulus

Now, let us try to compare the constraint&amied in the
theoretical and in the homogeneous cases understacn load.
Firstly, with a constant E (figure 22) and thenhaft function of
T (figure 23).

In our simulations, we find that the presence af ¥oung
modulus variation with the temperature increase® th
approximation error but in a low proportion. Forample, in
the figures 22 and 23, the relative constraint rebetween the
two models is 2.5825 %, and 4.013 % respectively.

FIGURE 22: COMPARISON OF THE CONSTRAINTS UNDER
A CONSTANT LOAD 5000 W/M ?, e = 60 MM, E CONSTANT
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FIGURE 23: COMPARISON OF THE CONSTRAINTS UNDER
A CONSTANT LOAD 5000 W/M 2, e = 60 MM, WITH E (T)

This results from the accumulation of intdgtion errors
of E with the space and with the temperature. ®ovHriation
of E with the temperature does not have a grehtdnte on the
homogeneous model suggested.

Figure 23 shows also the effect of the variatiorEofvith the

temperature on the constraints. It is quite cleat the increase
of the temperature in the body increases the diffe between
the theoretical (constant E) and the corrected tcainss (E

function of T). Indeed when the temperature inaeeashe

modulus of elasticity decreases in the two matgriand

consequently the resistance of the body decreésamaturn.

FIGURE 24: COMPARISON OF THE CONSTRAINTS
OBTAINED WITH CONSTANT E AND VARIABLE FLOW

FIGURE 25: COMPARISON OF THE CONSTRAINTS
OBTAINED WITH E (T) AND VARIABLE FLOW

For a sinusoidal applied load, we obtain also tmes result,
(for constantE figure 24: average relative constraint error =
2.5826, for E (T), figure 25: average relative ¢oaist error =
4.1275). Consequently, we can conclude that thepqsed
homogenization model remains valid whatever isrtatire of
the load and even with the variation of the meatini
properties with temperature E (T).

6. CONCLUSION

The concept of multi-material homogenization isfuls@
the analysis of the systems and their damage wificchthe
majority of the models of damage, is based on theept of
equivalent medium.

In this work, we studied a homogenization technigne we
showed its validity by being based on fixed thernaad
mechanical criteria. We found that the thicknesghef body
studied and the nature of materials studied havaflrence on
the interpolation technique used, and it is necgdsaadjust the
degree of polynomial interpolation well according the
thicknesses and to the nature of the multi-material

In the same way, we showed the variation of thestieity

modulus according to the temperature and its eftectthe
weakening of materials.

The essential goal of the study being always tecutate the
local damage in the multi-material, this work iglenanalysis.
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