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Abstract

This paper focuses on the problem of temperature field and evaluation of the heat transfer coefficient in FGM cylindrical plates sub-
jected to thermal shock. The cylindrical plates are made of five ceramic layers: purely Al,O3 layer and composite layers made of Al,O3
matrix and 5, 10, 15, 20 wt% content of ZrO,. The problem is solved in two stages. First, the heat transfer coefficient on the thermal
shock surface is estimated by fitting the experimental data with calculated temperatures for a monolithic plate made of alumina. Then,
the obtained heat transfer coefficient is used for prediction of the temperature field in the FGM plate subjected to the same boundary
conditions. After comparison with the experimental data, the heat conduction characteristics of the alumina/zirconium composite can be

estimated.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The modern FGM composite materials have a complex
internal structure due to the fact that they consist of several
different phases. Mechanical and thermal properties of
composites depend on the constituent features as well as
their spatial distribution. There are two typical kinds of
FGM materials: (1) with continuous changes of the mate-
rial properties, (2) with discrete variation of the composite
features. An example of the first type FGM is a so called
gradient zone created by technological process between
coating and substrate of many structural parts subjected
to temperature loadings, e.g. [1,2]. The discrete variation
of properties is exhibited by multilayered composites — very
popular for many engineering applications. An example of
this composite type can be ceramic matrix composites
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(CMC) structure made of purely Al,O3 layer and addi-
tional composite layers with additives of different materi-
als: metal or ceramic.

Many structural elements applied in mechanical or air-
craft engineering e.g. are subjected to temperature gradient.
A typical example is structural ceramics, which is used as a
thin layer in high-temperature engines because of its excel-
lent heat resistance. Other applications are thermal barrier
coatings for turbines, shuttle buses, etc. However, ceramics
are brittle or semi-brittle not only at room temperature but
also at elevated temperatures, and they are sensitive to the
thermal stress caused by step temperature gradients, i.e.
thermal shock. Thus, a precise evaluation of the ceramics
properties at thermal shock is essential for its reliable appli-
cation in high-temperature structures.

One of the methods, which help to better understand the
properties of FGM, relays on subjecting a specimen to ther-
mal shock, which is realised frequently in a jet impingement
system. This can be realised in laboratory experiments or by
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means of numerical simulations. The latter method is more
efficient, but has to be based on some model that predicts
the heat transfer coefficient distribution on the specimen
surface. The early studies in this field have been concen-
trated mainly on experimental predictions of heat transfer
from impinging jets, which is reviewed by Jambunathan
et al. [3]. Further inclusions into the field are made, for
example, by Peper et al. [4], Yan and Saniei [5], Siba et al.
[6] and Baydar et al. [7]. However, we can also find the
numerically based results, where the heat transfer is pre-
dicted with the use of sophisticated flow-field modelling
techniques, as in Behnia et al. [8] or Merci and Dick [9].
All the above studies aim to find the heat transfer character-
istics in the jet impingement systems, but this task has been
approached only approximately till now.

The two approaches, experiment and numerical simula-
tion, are coupled by Tomba and Cavalieri [10] in their ther-
mal shock behaviour considerations on alumina disks,
where they use a simplified model for the heat transfer
radial distribution. However, among the first to study the
functionally graded materials in this context seem to be
Elperin and Rudin [11], Kim and Noda [12], and Sadowski
and Neubrand [13,14], where the specimen made of Al,O3/
Al is tested.

The current work focuses mainly on finding a simple
and efficient method of modelling the heat transfer coeffi-
cient and conduction phenomena that occur during the
shock test of the FGM specimens made of Al,O3/ZrO,.
The problem is treated in two stages. First the inverse heat
transfer problem is solved for the monolithic specimen and
the heat transfer coefficient is thus obtained. The tempera-
ture field in FGM plates is found in the second step based
on previous surface heat transfer data and by using the
finite difference numerical methodology for the solution
of the unsteady heat conduction equation.

2. Experimental procedure
2.1. Specimen preparation

Two types of materials were prepared: Al,03 and FGM
Al,O3/ZrO, made of pure alumina powder from Skawina
(Poland) and 3 mol% yttria stabilised tetragonal ZrO, pow-
der from Zhongshun Sci & Tech. (China). Cylindrical
plates (diameter d =30 mm and thickness w = 2.5 mm)
were finally obtained. FGM samples were made by sequen-
tially stacking 5 layers (each 0.5 mm thick) containing 0, 5,
10, 15 and 20 wt%ZrO, (Fig. 1). Subsequently the obtained
plates were uniaxially pressed under pressure of 10 MPa,
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Fig. 1. FGM samples.
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Fig. 2. Scheme of the thermal shock stand.

isostatically pressed at 120 MPa, sintered at 1973 K for
1.5 h in air and were polished at one (Al,Os) side.

2.2. Thermal shock test

The plates were subjected to non-symmetric thermal
shock in the following way (Fig. 2). The samples were
heated in a furnace to predetermined temperatures (1023,
1073, 1123 K) and next subjected to sudden temperature
change using a high-velocity nitrogen jet (about 17 I/min)
at room temperature. The gas was channelled onto the disk
centre for about 20 s, using a metal tube (inner diameter
D =4.5 mm) placed perpendicularly and 3 mm above the
test surface (polished). During the gas impinging the varia-
tion of temperature was recorded on the lower sample sur-
face at the central point and a peripheral one (located
145mm from the centre) with aid of Pt-Rh/Pt
thermocouples.

3. Theoretical modelling of the heat transfer
during cooling process of specimens

3.1. Solution of the non-stationary heat conduction
equation for layered FGM materials

The theoretical model of the heat conduction problem
for the cylindrical specimens considered in this paper is pre-
sented in Fig. 3. The governing equation, initial and
boundary conditions for the geometry that is being dis-
cussed, according to [15], are given by

or k 16_T_~_62_T _|_k62_T+% a_T ’
" 02 dT \ oz

P =\ T

for {r,z} € Q (1)
T(r,z,t =0) =T, (2)
or
520 for {r,z} € I', (3)
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Fig. 3. Computational model.

or
a:0 for {r,z} € I (4)
or
_kza__h3(T_T3):0 for {r,z} € I'; (5)
z
oT
5:0 for {r,z} € I'y (6)

where the computational domain Q with its boundary
I'yUTI'>,UTI'3U I yis defined in Fig. 3. k(r,z,¢) and k.(r,z, )
are heat conductions in r and z directions respectively. /3
and T; are the heat transfer coefficient and the fluid tem-
perature over the surface I';5. Moreover it is assumed that
at the border of different layers the additional conditions
of continuity of the: temperature and heat conduction
fields are satisfied.

The temperature T = 7(r,z,1) is assumed to be indepen-
dent of the angular coordinate in the above equations
(axial symmetry of the problem). The circular cooling jet
is directed axially onto the disk, which has uniform mate-
rial properties in radial/angular direction.

The differential equation is solved by the explicit FTCS
finite difference method (e.g. [16,17]), which is stable for
Fourier numbers less or equal to the value Fo,., = 1/4.
In this work we actually use time steps reduced by approx-
imately 1/3, ie. Ar=0.3 FopmaAx*/k, where Ax*>=
1/(1/Ar* + 1/AZ%), and Ar and Az are computational grid
spacings in r- and z-directions, respectively. This enables
us to increase the accuracy of the computations and to
assure the solution to be smooth enough.

3.2. Thermal properties of monolithic and FGM material

For the purpose of heat transfer modelling, the thermal
properties of the specimens were evaluated as follows. The
data for the monolithic Al,03 material are based on [10,18]
with the heat conduction coefficient being approximated by
using the linear function defined in Table 1. In case of zir-
conia, due to very weak temperature dependency of its
thermal conductivity, a mean value K“© =*9 =
2.93 W/mK has been assumed, according to the data pub-

Table 1

Heat conduction for alumina k(7) = aT + b, based on [10]

Temperature range in K a b
373-573 —0.06530 53.35700
573-773 —0.02825 32.12700
773-973 —0.01410 21.18900
973-1173 —0.00600 13.30800
1173-1273 —0.00270 9.43700
>1273 0.00000 6.00000

lished in [19]. The heat capacity for ZrO, has been derived
from the formula:

20 = 18.78 +3.67- 107°T — 1310.2(T +273.15)" (7)

The densities have been estimated at 1023/1073/1123 K
temperatures as pA2% = 3923/3918/3912 kg/m? in case of
Al,O3 and pZ©> = 6060/6057/6054 kg/m? in case of ZrO,,
respectively.

The properties of the FGM material have been evalu-
ated as the weighted averages of the above data, using
the zirconia volumetric fractions § as weights, i.e. we use
the following formula:

JARO:/ 2102 _ 21028 | AR (] _ ) (8)

for the heat conductance £*2%/%2 in r-direction. In the
same way we define the other material properties. Simplify-
ing the present analysis we neglect the difference between
JeM203/2102 and AROY%02 which is motivated by small vari-
ations of zirconia content between the consecutive material
layers (by 5% of weight fraction).

3.3. Proposed model for heat transfer coefficient in
monolithic and layered FGM material

The literature reports a number of results that discuss
the circular jet impingement heat transfer in case of mono-
lithic disks. The literature data, which have been obtained
for the systems similar to the considered here ([3,8]), are
presented in Fig. 4. It can be seen that the stagnation-point
heat transfer, in case of H/D = 1, where H denotes the jet-
specimen distance and D is the diameter of the jet, depends
approximately in a linear manner on the Reynolds number.
The radial distribution of the Nusselt number shows that
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Fig. 4. Radial variations of Nusselt number compared with previous data.
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the stagnation-point value is the highest one and that Nu
takes local minima with the most significant one in the
region 1 <r/D < 1.5. The numerical predictions and exper-
imental data suggest that the stagnation-point Nusselt num-
ber can be estimated in proportion to Re”, where n takes
values from 0.5 to 0.68 (the authors of [8] suggest the expo-
nent 0.62). The radial distribution of heat transfer in the
efficient model [10] is defined by means of the piecewise lin-
ear and hyperbolic functions. However, the main drawback
of their approach is that the resultant function is discontin-
uous. This drawback is eliminated in the currently sug-
gested model, where an additional curve shape parameter
is introduced, resulting in the following function:

ho r<
ho? ro <r<rc
h(r) = 9)
ry !/ rc _ r—rc T J
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where 1y <rc< 4ry, re =rc + (rc — ro)ac. Here ac plays
role of the additional curve shape parameter. An example
of the above defined curve in terms of the Nusselt number,
for hy=280 W/m?’K, A, =400 W/m>*K, ry=2.25mm,
rc=5.7mm, and ac =0.3, is drawn in Fig. 4 with the
dashed line.

4. Results and discussion
4.1. Experimental temperature profiles

The experimental temperature profiles are compared
with the computation results for two points: 1 and 2
located at the bottom surface, Fig. 3. Point 1 is placed at
the symmetry axis, whereas point 2 is peripheral — very
close to boundary I',. The curves (Fig. 5) obtained for pure
alumina are depicted in part (a) while the simulation results
for the composite are shown in part (b). From these figures
we can infer that the results for the FGM plates are more
accurate if the temperature rises. The error measured in
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Fig. 5. Comparison of experimental and computed temperature profiles at the bottom central (1) and edge (2) points for the alumina (a) and FGM (b)

specimens for various initial conditions.
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terms of the experimental and computed temperature dif-
ference, related to the maximum temperature drop is
bounded between 7 and about 15%, the lowest in case of
the initial temperature 1123 K.

4.2. Spatial distributions of temperature

The spatial distributions of calculated temperature are
shown in Fig. 6a and b. Part (a) depicts the pure alumina
results while part (b) shows the FGM composite tempera-
tures. A small difference between (a) and (b) graphs can be
seen in the upper left corner of each one, which represents
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the adiabatic surface central point. From the observation it
is clear that the heat is conducted more slowly in case of the
FGM plate. This can be also seen when the final tempera-
ture levels are compared.

More exact insight into the heat conduction behaviour
of the composite material can be obtained from Fig. 7,
where the temperatures at the two points: 1 and 3 situated
at the symmetry axis (Fig. 3) are depicted. We can see in
this graph that the temperature differences across the spec-
imen thickness in case of monolithic samples are about 6°
greater than in the case of the composite material and do
not vary substantially with the initial temperatures.
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Fig. 7. Comparison of lower- (point 2) and upper-surface (point 3)
temperatures for the alumina and FGM specimens for various initial
conditions.

5. Final remarks

The paper reports on investigations on the influence of
the FGM thermal properties on the temperature distribu-
tion inside of the composite material. The study is realised

by using a thermal shock test. The heat transfer coefficient
is estimated by a simple algebraic model, which is verified
in a shock test of a monolithic alumina plate. The predic-
tions of the temperature field in the alumina/zirconium
FGM plate can be assessed as qualitatively good in
comparison with the experimental data. The quantitative
discrepancy that still exists between the measurements
and computation results, although not substantial, reveals
a need for further enrichment of the computational
model.
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