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Abstract

The objective of this work is to measure the thermal diffusivity of single carbon and ceramic fibers at very high temperature. The difficulty
the measurement is due to the micrometric scale of the fib&0 1m) and the important range of temperature (700-2700 K). An original periodic
technique is developed. Based on a 1D analytical direct models and using both magnitude and phase shift measurements, it allows accurate r
from simulated experiments. A device is designed in order to maintain the fiber at uniform high temperature. A small perturbation is imposed
a laser beam and the temperature response is analysed. A complete study of the numerical identification allows an estimation of the uncert:
due to the numerical process. kot- o standard deviation on experimental measurements, the thermal diffusivity is estimated-witj\80
uncertainty. Measurements on both low and high conductive materials validate the apparatus and the estimation method.

0 2006 Elsevier SAS. All rights reserved.
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1. Introduction temperature to several thousands Kelvin. As a consequence, this
work deals with the thermal diffusivity of fibers at very high

Composite materials elaborated from carbon and/or ceramf€mperature.

components have very efficient properties at high tempera- This property can be measured either on single filaments, on
ture [1]: wide range of Young modulus, thermal conductivity bundles (tow made with several thousands filaments embedded

and coefficient of thermal expansion. These properties are el @ matrix), or finally on unidirectional composites [2]. In the
pecially attractive for applications in: two last cases, the estimation of the researched property needs

the use of a constitutive model in order to deduce the thermal
(i) aeronautics: carbon/carbon composites for brakes, Ceramgjffusivity of the fiber from the thermal diffusivity of the bundle
or the composite, knowing the thermophysical properties (den-

matrix compaosites for engines; ) e - . A
(i) aerospace: carbon/carbon composites for heat shields; alf('fy' diffusivity, specific heat) and the geometric characteristics

(i) nuclear reactors: carbon/carbon composites for contro volumetric fraction, morphology..) of the other components

systems, SiC/SIiC composites for combustible holder. (matrix, porosity). Another difficulty is to simply realise a bun-
' dle or a composite which can be used for experiments up to

700 K. For these two reasons, the measurement developed in

Further, the design of composites with a numerical approachj . . .
is work concerns single filaments.

needs a prior knowledge of the physical (thermal and mechan}-
cal) properties of each constituent, fiber and matrix, from roorrb_ M easurement method

* Corresponding author. Several kinds of experimental techniques have been devel-
E-mail addressjean-marc.goyheneche@cea.fr (J.M. Goyhénéche). oped to perform the thermal diffusivity of single filaments. At
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Nomenclature
cp specificheat .................ooo... JHK™L  Ae magnitude
cov covariance matrix b, ¢ phase shift of the fiber periodic temperature .. rad
d fiber diameter ..........oouoiriiii m o pulsation ..., rad's
f frequency ..........o i Hz o standard deviation
h linearised heat losses coefficient .... WHhK~1 os Stefan—Boltzmann constant ......... WK =4
k thermal conductivity ............... wmk-1 »p density ... kgrh
L detection length of the infrared sensor ........ MSubscripts
N number of measurements i
. : 0 initial
p perimeter of thewire ........................ m average
g heatflux ........... EECITTITRIPPEPROPY W'I"Iz] ; relative to the imaginary part of
S cross.,—.sgctlon of the f|per ................... m j number of the experiment
Stp s_ensmwty of the function f on the parameter - relative to the real part of
t mMe . e S s imposed on the fictive surface locatedat a
Z temperature ............ Kt room temperature
T periodic component of the fiber temperature ... K .
z,2  position alongthe wire ...................... m Superscripts
l left side of the excitation
Greek symbols
m measured
o longitudinal thermal diffusivity .......... sl right side of the excitation

very low temperature (5 K to 300 K), L. Piraux et al. [3] and near the excitation to measure a signal proportional to the tem-
Issi et al. [4] have used a contact method. In their experimenperature response of the sample. This method has been devel-
the temperature of the sample is measured by two thermocowped for the thermal characterisation of fibers by Jumel et al.
ples while the heat flux through the fiber is imposed by Jould11] and Le Houdec et al. [12]. The experiment being made at
effect. Then, the thermal conductivity is simply calculated byvery high frequency, the thermal diffusivity is identified with
the Fourier law taking into account the heat losses along than adiabatic model. Finally, the detection of the thermal sample
sample. More recently, an equivalent method is proposed bsesponse can be made using the emission of the fiber, directly
Zhang et al. [5] for measurements at room temperature. In aletected by an infrared sensor. Recently, Oksanen et al. [13]
these experiments in steady state, the measurement beconaesl Bisson et al. [14] have proposed photothermal microscopes
very difficult when the heat losses at the surface of the fibeusing the phase shift between the irradiating laser beam and the
are important. It could be penalising at very high temperature.detected emission in order to determine the thermal diffusivity

This drawback is avoided using modulated methods. Kawaef fibers.
bata [6] and more recently Yamane et al. [7] have used a pe- In comparison with the previous studies, the very high tem-
riodic excitation from an halogen lamp, and a contact detecperature (700-2700 K) is the main constraint in this work. As
tion by thermocouple. The lamp is moved at different positionsa consequence (Fig. 1): (i) the filament will be warmed up by
along the fiber. This experiment is realised from 300 K toJoule effect, (ii) the steady state method, limited by the radia-
800 K, with a low frequency irradiationf(< 1 Hz), on a com- tive heat losses at very high temperature, must be replaced by a
mercial apparatus (Sinku-Riko Inc., model PIT-1) describederiodic excitation, and (iii) the contact detection of the temper-
by Hatta et al. [8]. The sensor (Chromel-Alumel, diameterature must be replaced by an optical (infrared) sensor. Finally,
12.5 um) is directly stuck on the fiber (diametetO pum) with  because of the very small diameter of the fibelQ um), the
silver lacquer. The thermal diffusivity is calculated with a 1D periodic thermal excitation will be delivered by a laser beam
non-adiabatic model, from the magnitude temperature responsecalised at the surface of the sample.
of the sample.

Another kind of method is based on a non-contact responsg Experimental device
detection. In this case, the excitation is generally realised by
a laser beam. The mirage method, developed for the thermal The experimental device is presented in Fig. 2. The fiber,
characterisation by Barkoumb et al. [9] and Sanchez-Lavegstuck by its ends on two carbon grips, and warmed up by
et al. [10], is very difficult to apply on a single fiber. The detec- Joule effect (electric supply 0-50 mA, 0-300 V), is maintained
tion is realised by the measurement of a laser beam deflecticat very low pressure<10~* Pa) in a silica glass enclosure
which is supposed linearly dependent of the temperature. The(r25 mm diameterrz150 mm length) which allows the trans-
the identification of the thermal diffusivity is made by a 2D mission of 90% emitting radiative flux from the sample to the
non-adiabatic model. Easier to realise, the photoreflective exdetector. The position of the sample is adjusted using microme-
periment uses the reflection of a second laser beam focalisedr moving systems located into the enclosure and controlled
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Fig. 3. Excitation and response measured signals on a P100 carbon fiber at

T, =1500K, f =5 Hz.

a 1T
1 3D heat transfer region
modulated :> n — ment), over a detection zone &f125 um diameter. This spot,
heat flux 0 r equivalent to a detection length along the fiber, is evaluated
from geometrical optics formulae, and systematically measured
at the beginning of each experiment using a lateral scanning of
fiber by the detector.

During the experiment, a lock-in amplifier determines the
magnitude and the phase shift between the electromechanical
chopper and the temperature response detected by the infrared
sensor. These measurements are transferred to a computer for
several frequencies and positions of the infrared detector. Then,
a data processing routine yields the slopes of the linear parts
automatically detected on the records. This operation is realised

Fig. 1. Principle of the experiment.

Lock-in amplifier

Micro-5 .
scope | Fiber

e —————

Prism . . . .
- Lens from a local derivation of the experimental curves, following by
- a numerical filter.
Laser Chopper <® . .
Lens © IR detector An example of the experimental signals measured on a P100

L] carbon fiber £10 pum diameterz50 mm length L ~ 150 pm)
atT, = 1500 K, for several positions of the infrared detector, is
presented (Fig. 3). A good ratio signal/noise (better than 500)
Fig. 2. Experimental device. on both excitation and response records is obtain, the radiative
flux emitted by the background being very small compared to
from the outside. A two colours pyrometer (IRCON specialthe fiber one. In addition, only the modulated part (not pertur-
model, 0.75-1.05 um, 3% uncertainty) measures the absoluteated by the background radiation) of the detected signal is used
temperature of the fiber over a detection zone of 300 um dianto estimate the thermal diffusivity. As a consequence, the exper-
eter calculated via geometrical optics formulae. For a 10 miimental signals yield a low uncertainty on the measured values.
crometers fiber, the emissive area represents 4% of the pyrom-
eter detection zone. This rate, greater than 1%, is sufficient td. 1D direct model for the fiber modulated temperature
realise the measurement without size effect.

The thermal excitation is imposed by a modulated mul- The thermal problem, limited on the half of the fiber, is de-
timode Argon laser beam (power up to 200 mW, frequencyscribed in Fig. 1. The laser beam irradiates the sample=g,
from 0.1 to 50 Hz) focalised by a microscope objective (mag-corresponding to the middle of the fiber. From this abscissa
nitude x50, working distance 16 mm) on an irradiated zoneto ;7 = 4, the temperature field is 3D. The distancelepends
of ~ 2 um diameter. This spot is evaluated from geometri-on the fiber diameter and thermal properties. Fof a, the
cal optics formulae, has been experimentally verified [15], angnedium is supposed thermally thin and the temperature only
is controlled during the experiment with a CCD camera. Thisdepends on: the temperature field becomes 1D. This assump-
later is focalised on the fiber via a system composed by a lengon is validated by the calculation of an upper value for the
(50 mm focus length), a splitting prism, and the objective. AnBiot numberBi = h,(d/2)/kr whereh, ~ 4¢op T03 represents
infrared detector (PbSn, 1-3 pm, 1 rhrsensitive area, lig- the radiative heat losses coefficiesthe fiber diameter ankh
uid N2 cooled) associated with two plano-convex Ba@éns its transverse thermal conductivity. Fer= 1, T, = 2700 K,

(25 mm and 200 mm focus length) is used for the temperad = 10 pm andky =1 Wm K1, one obtainsBi = 0.02
ture response measurement, along the fiber (motorised displaaghich is very small compared to 1.

Camera
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In the case of an adiabatic anisotropic sample, the distancefor the modulated component. The solution of (4) is obtained

satisfies the relationz > /(d2/4)(ay /ar) Wherea; andar

respectively represent the longitudinal and the transverse the;[v
mal diffusivity of the fiber. Typically, for metallic or ceramic

fibers:a; ~ ar, and for carbon fibersy; /a7 < 10. Consider-

ing a 10 um sample; must be widely greater than 15 um. For

analytically for the temperature condition:
G, 1) = (ATye 79)el (5)

and for the heat flux condition:

high temperature experiment, the radiative losses tend to d@—(g, 1) = (A_‘lljg—ﬁ)eiwt (6)
14

crease this value. In practical,< 200 um in our experiments.
The measurement will be performed in the 1D regios ()

hop L o _ o
where the temperature profile can be analytically calculated. S&/herey =/ & +i% =y, + iy; with:

in the following, the thermal problem will be limited by a fic-

tive boundary at = a where a uniform temperature or heat flux
modulated condition will be imposed. In order to facilitate the
understanding, a new longitudinal abscissa is used in the ana-

lytical study:z =z —a.
Moreover, the phase referenge= 0 is given by the exci-
tation laser beam, at = 0. At z = a, a phase shifty, exists

1
yrle, O, f) = ﬁ\/Q +/ (@)% + (f)?

1
i Q. /) = ﬁ\/—Q + (@2 + (f)?

hop

between the temperature of the sample and the excitation lasér = 2pc,S ()

beam. This is induced by the 3D heat transfer region. In order !

to facilitate the calculation, the phase reference is takénr=a In these relationsy = k/pc, (m?s~1) represents the longi-

(orz=a) ¢ =¢ — . tudinal thermal diffusivity of the sample anfi= /27 (Hz)
With these assumptions, the analytical formulation of thethe frequency. The magnitudeT and the phase shift of the

thermal problem is written fof > O: temperature modulation:

2 A ~ _ - ~ ~ ~ . ~
Xl gz(g,t) _ hop(T(zS,t) Tr1) :PCpaTégf’t) T = AT sin(wr + ¢) (8)
£=0, —kMED| =G + Agysin(wr) are then obtained from the relation (5) for the temperature con-
. dition:
or T(0,1) =T, + AT, sin(w?) (1) dmon
oo, TG DT, log[AT (a, Q, f.2)] = —y+2 + log[AT;] 9
TGO=T, $(@. Q. f.2) =~y (10)
The amplitude of the temperature modulation (measured bynd from the relation (6) for the heat flux condition:
the pyrometer) is ranging from several degreeg,at 700 K
_ i . ~ R R Ads
e}nd several tens of QegreeSIat_ 2700 K. It provides a rela ' Iog[AT(a, 0./, z)] — —y5+log qs (11)
tive temperature variation always lower than 3%, and a relative k /yz 42
variation of the radiative heat transfer coefficiént propor- r !
tional to T03, lower than 9% [16]. So, the heat losses coefficient A A Vi
h, is supposed constant in time and close to its value calculated(@ @ /9 = —viz —arca v (12)

at the temperaturg,: . . _— .
p3 ° In practical, the temperature detection along the fiber is realised
ho ~ 4eopT, (2)  with an infrared sensor which measures a modulated signal in-

In order to obtain an analytical solution of this problem in tégrated over a length (~125 um) of the sample. EvenIf
a periodic established state, the temperafiuiie separated in IS smaller than the modulation attenuation length (i.e. the dis-
both averagdy, (3) and periodicf(%, 1) components?'(, 1) = tance over which the signal cannot be detected, experimentally
T,(3) + T (%, 1). As a consequence, the system (1) yields: evaluated, and always greater than 1 mm), the temperature de-
PTG _ hop(TuG=T) _ g tected depends on it. As a consequence, the direct model must
- kS =

RE take into account this parameter. So, integrating the modulated
c_ AL - Ay 3) component of the temperature (8) frano z + L, the phase
7=0: —k=% =gy or T,(2)=T, ( . .

& lo=4ds Q=T shift and the magnitude become:

z—o00. T,2)—> T,

for the average component and: log[AT (¢, Q. L, f.2)] = —y:2 +100[K1AT;] (13)
PTEn _ hepTG0) _ . 3TG0 - o s 1+ K»K3
k 352 _N Ky =PCp—p ¢(a, O, L, f,Z)——y,z—arCt m (14)
a_e TGO A
2=00 =k o= Ady sin(er) (4) where K1 = e 2L — 2¢7vlcogyL) + 1, Kp =
Ta H —yrL S TY— . .
or T(z,1)=AT;sin(wr) % and K3 = L for the temperature condition,
2> 00 T(3,1)—0 and:
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Fig. 4. Magnitude versus position measured on the P100 carbon fiber at Fig. 6. SensitivitiesS, o andS,, ¢ for several temperature levels.
T, = 1500 K, for several frequencies
Position z (mm) of several parameters is fixed in order to deterngin@): ¢ = 1,
3 2 - 0 1 2 3 d =10 um,p = 2260 kgnT3, ¢, = 2000 Jkg 1K1,
0 1 1 1 1 1
0.5 1 5.1. Estimation from the minimisation gn andy;
-1 1
S .15 - In both local (9)—(12) or integrated (13)—(16) temperature
£ _’2 i measurement:
= 2,5
§ i ’3 | (i) the logarithmic magnitudeAT versusz is proportional to
g 5] yr(e, @, f), and
~ ’4 | (i) the phase shiftp versus; is proportional toy; («, Q, f).
457 Logically, the estimation o and Q can be realised from the
-5 minimisation of the criteriuny which is defined by:
Fig. 5. Phase shift versus positiqnmeasured on the P100 carbon fiber at N
- - 2
T, = 1500 K, for several frequencigs J= Z[yrm(fj) —yr(a, O, fj)] (7)
~ j=1
log|AT (o, O, L, 1,2 . .
g[ (@Q.L.f Z)] using the magnitude measurements or by:
~ AC}s K,
=—y7+ Iog[—\/ WA > 2} (15) N 2
kY 02 +yH%+4r2y, J="[v" () —vie 0, f)] (18)
. 1— K2+ 2K3K4 j=1
,O.L, f,2)=—y;2 —arct 3 . .
ol Q. L. f.2) viz {K‘l —2K3— KgKJ (16) using the phase shift measurements, whetef;) andy,” (f;)

are the slopes measured at several frequengigswhile
fyr (o, Q, fj) andy; («, Q, f;) are given by the definitions (7).

The sensitivities absolute valuespfandy; ona andQ are
identical:

whereKy = %ﬁ’l, for the heat flux condition.

In both temperature or heat flux conditions, the logarithm o
the magnitude and the phase shift are linear functiogsidea-
surements realised on a P100 carbon fibef,at 1500 K for

several frequencies ranging from 5 Hz to 35 Hz are presenteg =S, .= ‘ o ¥ori) _ 1

in Figs. 4 and 5. The linearity of the magnitude and the phase’” Yrord: Yrori)y 0o 2

shift versus, far from the laser excitatior; > a), is verified. g P ‘ Q Weori 0 (19)
This property will be used for the identification of the thermal ®v.Q = ®v¢ori), @ = Yoo 00 =5 02+ (/)2

diffusivity.
and are represented in Fig. 6 verstigor three values off,,,

5. Identification 0 being a function of:,, (6) which depends offi, (2). The sen-
sitivity on «, not dependent iff, and f, is constant and always

For several convenient reasons, some experimental situgfeater than the sensitivity @d. When the frequency increases,

tions are more suitable by the processing of oplyor y;,  the influence of the heat losses goes down and the sensitivity

whereas for others a combinatiomgfandy; is preferable. Var- on Q decreases. For high temperatures, the heat losses go up

ious estimation cases will be examined here in order to choosand the sensitivity orQ increases. Due to the definition of

the best one. For the following calculation, the numerical valueandy; (7), the estimation of and Q following this approach
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10000000

involves the resolution of a non-linear system using an itera-

tive method. In practical, the convergence of the minimisation
is very difficult. For the following, both (magnitude and phase

100000

Sy T.=2000 K
St .o T,=2000 K

shift) approaches will be called the direct method.

5.2. Estimation from the minimisation @ f)>2

From the definitions of, andy; (7), (x )2 can be expressed

as.

Fr(yr0?,aQ) = (nf)? = ye® — 2y%aQ (20)
and:

Fi(yi,a%, Q) = (nf)? = yla® + 2y Q (21)

Considering a set oN measurements realised fgk dif-
ferent frequencies, these relations yield to o x 2) linear
over-dimensioning systems:

i V:}l _27/31 (7 f1)?
Vi —2r% [az} (mf2)?
= . and
: : aQ :
LvAy —2v2y (T fn)?
-4 2
i1 27,51 (ﬂfl)z
Vi2 2)’,',2 NG _ ( f2) (22)
: : aQ | :
’ 2
L yi‘}N 2)/51\, (T fn)

which solution can be numerically obtained by a direct meth-
od [17]. Writing these systems under the matrix notation:

X - B =Y, the solution of Egs. (22) is given by:

B=(x"-x)" . x".y (23)

Sp s T,=300 K
St.a0» To=300 K

1000

4

Sensitivity (-)

P S—

0.1 s

0.001 ; : ; ;

0 10 20 30 40 50
Frequency (Hz)

Fig. 7. Magnitude method. Sensitivitie%r o2 andSE, o0 for @ =2.212x
108 m?s~1 and for two temperature levef,.

1.2

s;;,az, T(,=300 K

1

&

Sensitivity (-)
S 9o
oo
4

N

0 10 20 30 40 50
Frequency (Hz)

Fig. 8. Phase shift method. Sensitiviti€g > andSg, o0 for @ =2.212x
1 ?
10~8 m?s~1 and for two temperature levef.

which supposes that the estimation of the new paramefers and are respectively represented in Figs. 7 and 8 vefsias

anda Q is realised from the minimisation of the criteriurh
defined by:

N
7= [F"(f}) - F:(vr. 0?2 Q)]* and
j=1

N
ZF’"(f,)— (vi, a2 @ Q)] (24)

In these relationsf" (f;) and F"(f;) are deduced from the
measured frequencieg;, while Fr(yr,a?,aQ) and Fi(yi,

two values ofT, (2), (6). For the magnitude method, the sen-
sitivity on both parameters decreases with the frequency. The
sensitivity one? is always greater than the one am@, with

a wide difference at low temperature but a low gap at very
high temperature. As a consequence, the convergence of this
method is rapid for the low temperatures but becomes difficult
over several hundreds of degrees. For the phase shift method,
the sensitivity orw? is widely greater than the one anQ at

T, = 300 K. At very high temperature, the sensitivity @f is

lower than the one oa Q, the difference decreasing when the
frequency goes up. As for the previous, the phase shift method

o2, Q) are calculated by (20) and (21). For the following, theis easy to use for the lower temperatures.

identification using the relation (20) will be called the magni-

tude method, and the identification using the relation (21) th&.3. Estimation from the minimisation on the produgg;

phase shift method.
The sensitivities absolute values Bf and F; on«? anda Q
are similar:

2,,4
o g L a® OFporiy| % Viori
F,o Firoriy.a F(r ori) 8((12) (ﬂf)z
2
OtQ 3F( ori) 20(Q]/( ori)
SF,aQ ZSF(rori),OlQ = G ~ rori) | _ r2 i (25)
(rori) («@Q) (JTf)

As it was used for solid bars in the Angstrém’s method [18],
the producty, y;, calculated from the definitions (7):

nf

YrVi=—" (26)
o

can also be employed to estimate the thermal diffusivity. Con-
sidering a set ofN measurements realised fgiy, different



C. Pradere et al. / International Journal of Thermal Sciences 45 (2006) 443—-451 449

frequencies, this relation yields to av(x 1) linear over- ) >0 :
dimensioning system: ~§ 40 i - Estimation using (23)
T fl YriYia ﬁg - Estimati(.)n using (31)
wfo |1 Vr,2Vi2 5] T N ESSUSRO SS R N
o=l (27) E
: : =
fn YrNVi,N g 20 g
which solution can be numerically obtained by a direct meth- g 10 A R B
od [17]. Writing this system under the matrix notation: ié
X - B =Y wherep = 1/«a, the solution of Eq. (27) is given ‘é 0

by the relation (23) which supposes that the estimation/af 1

is realised from the minimisation of the criteriumndefined by: -20 -10 .0 10 20
Relative error (%)
T[fj

N 2
J = ;[Vrm (fj)Vim (fj _ 7i| (28) Fig. 9. Interest of the covariance method.
j=
(carbon or ceramic fibers from 1000 to 2500 K) yield a rela-
tive difference between both slopes in the rangd%; 4%,
for magnitude and phase shift.
Moreover, the standard deviatienis calculated from each

For the following, the identification using the relation (26) will
be called the product method.
The sensitivity absolute value ¢fy; on« is calculated an-

alytically:
4 y right and left sides records measured on phase shift and magni-
s x| _ 1 (29) tude. The least square method is used to fit the records by linear
G IV T approximation. In practicady is a function of the frequency for

This value is always greater than the sensitivity computed fol;hree main reasons. When the frequency increases: (i) the mag-

the direct (Fig. 6) and the phase (Fig. 8) method. It is lower thaﬁ‘itUde decreases, (ii) the phase shift increases, whereas (iii) the

the sensitivity computed for the magnitude method (Fig. 7) buﬁ]b%lu:_e ur;_certamt): ?flzhe_ I?Ck"n am[illtf;]er 'St co(;lstgné. T.h ?_n,
keeps constant over the frequency range. e estimation must take into account the standard deviation

evaluated for each frequency [17] replacing the relations (23)
6. Comparison between the proposed methods by:

L.xT.covl.y (31)

B=(X"-cov!l X)
The direct method (Section 5.1) is very sensitive to the initial _ i L
values of the estimated parameterand Q. As a consequence, Where the diagonal covariance matrix is given by:
its convergence is generally difficult because the thermal diffu- o (f1)? 0
sivity of the sample is badly known. So, this method is thrown o (f2)?
back. cov= . (32)
In order to test the three other methods, a set of 100 pseudo- 0 ' 2
o (fn)

experimental slopes, resulting from the superposition of noise . ST » .
(standard deviatioe0.04) on theoretical values andy, (7),  The relative error on the thermal diffusivity identified following

have been computed-generated for ¥ < 50 Hz and for dras-  the phase shift method and using or not the covariance formu-
tic estimation conditionsx = 2 x 108 m2s~1, 0 =80 s1  lation is reported in Fig. 9. Taking into account the standard

calculated fromd = 10 pm,e = 1, k = 0.1 Wm~2K~1 (very ~ deviation of the slopes leads to reduce this relative error on the

low thermal conductivity for a fiber)p = 2260 kgni3, ¢, =  thermal diffusivity identified.
2000 Jkg1K—1, T = 2000 K. o

6.2. Influence of the estimation method
6.1. Influence of noisy slopes measurements The relative error on the heat losses paramétédentified
following the magnitude and the phase shift methods and using
the covariance formulation (31) is presented in Fig. 10. The es-

1500 K for several frequencies ranging from 5 to 40 Hz flber'timation is biased: the paramet@ris under-estimated in both

For each frequency;, the slopes,” (f;) andy/" ( f;) are deter- . = .
mined on the sides (right and left) of the excitation. The relative. ¢S for this example. Ir_1 addition, a large _stanleard deviation
differences between these two values is then calculated as: (greater for the phase shift method) is obtained: for the mag-

nitude method g is identified with an uncertainty afc and
Vroriy (F1) = y("f’ém(f,-) 20 with +1.50 for the phase shift model. The relevant parameter
N NS (30) being the thermal diffusivity, the bad estimation@is an indi-
(rori)>J (rori)>J rect error source: for these two methodgifs badly identified,
The results obtained show thatis included in the range the estimation of will equally be worse if the sensitivities on
[—1.5%; 1.5%)]. In practical, all the experimental cases testedboth parameters are comparable.

Measurements are made on a P100 carbon fibf, at

eeoriy(fj) =2
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Fig. 10. Comparison between the three methods proposed: relative error on t

heat losses parameteridentified. I&?g. 12. Thermal conductivity of the Nextel 720 alumina fiber and thermal dif-

fusivity of the tungsten fiber.

[}
[}

method: only the values obtained with the product method are

in agreement with Kingery et al. [20]. The second measure-

~6~Magnitude method ments have been made on a tungsten fiber (high conductive

& Product method material, diameter:18 pm), the estimation using the product
o method. The results, presented on Fig. 12, are in agreement with

I RN | Touloukian [21]. These experiments on both low and high con-

20 it el ductive materials allow the validation of the method and the

N S P apparatus, over a wide range of thermal properties.

L. o Phase shift method .
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Relative error (%) An apparatus and an identification method have been devel-
oped for the measurement of the thermal diffusivity of single

Fig. 11. Qompgrisor_] bet\(\(een the three methods proposed: relative error on ”I‘Fber at very high temperature. A 1D direct model, established
thermal diffusivitya identified. in the case of temperature or heat flux imposed at the end of the

. S -~ wire, has shown that the logarithmic magnitude and the phase

The relative error on the thermal diffusivity identified fol- ghif of the signal is a linear function of the position along the

lowing the three different methods and using the covariancgample. This property has been verified experimentally on a car-
formulation (31) is presented in Fig. 11. The magnitude and thg,, finer at 1500 K. Based on this observation, three kinds
phase shift method always introduce a bias in the estimationys octimation have been proposed. A numerical study using
as previously, the thermal diffusivity is under-estimated in both, ;<\ simulated measurements, allows to test these methods in

cases. In addition, a large standard deviation always penalisgger to determine the best one. Finally, for a standard devia-
the resultsix is identified with an uncertainty ato /2 for the tion of o = +4% on the magnitude and phase shift measure-

magnitudq model and witk-3o for th? phase .Shif.t mpdel. On ents, the identification made with the chosen method leads
the o_pposne, the prOdl.JCt method_ gives a distribution Ce””ea; a+o0/80= £0.05% uncertainty on the identified diffusivity.
(no bias) on a null relative error, with a very small standard de'FinaIIy measurements on low and high conductive materials
viation: « is identified with an uncertainty afo/80. This last '

method is the best to identify the thermal diffusivity. Developedvallldate the apparatus a_nd the estimation method over a wide
. : ) . : : _ “range of thermal properties.

for single fiber, this approach is also applicable for single wire

with bigger diameter, making the assumption of thermally thin

medium (1D thermal field along the sample). Acknowledgements
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