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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 dif
the measurement is due to the micrometric scale of the fiber (≈10 µm) and the important range of temperature (700–2700 K). An original per
technique is developed. Based on a 1D analytical direct models and using both magnitude and phase shift measurements, it allows acc
from simulated experiments. A device is designed in order to maintain the fiber at uniform high temperature. A small perturbation is im
a laser beam and the temperature response is analysed. A complete study of the numerical identification allows an estimation of the
due to the numerical process. Fora ± σ standard deviation on experimental measurements, the thermal diffusivity is estimated witha ± σ/80
uncertainty. Measurements on both low and high conductive materials validate the apparatus and the estimation method.
 2006 Elsevier SAS. All rights reserved.
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1. Introduction

Composite materials elaborated from carbon and/or cera
components have very efficient properties at high temp
ture [1]: wide range of Young modulus, thermal conductiv
and coefficient of thermal expansion. These properties are
pecially attractive for applications in:

(i) aeronautics: carbon/carbon composites for brakes, cer
matrix composites for engines;

(ii) aerospace: carbon/carbon composites for heat shields
(iii) nuclear reactors: carbon/carbon composites for con

systems, SiC/SiC composites for combustible holder.

Further, the design of composites with a numerical appro
needs a prior knowledge of the physical (thermal and mech
cal) properties of each constituent, fiber and matrix, from ro
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temperature to several thousands Kelvin. As a consequence
work deals with the thermal diffusivity of fibers at very hig
temperature.

This property can be measured either on single filaments
bundles (tow made with several thousands filaments embe
in a matrix), or finally on unidirectional composites [2]. In t
two last cases, the estimation of the researched property n
the use of a constitutive model in order to deduce the the
diffusivity of the fiber from the thermal diffusivity of the bund
or the composite, knowing the thermophysical properties (d
sity, diffusivity, specific heat) and the geometric characteris
(volumetric fraction, morphology. . .) of the other component
(matrix, porosity). Another difficulty is to simply realise a bu
dle or a composite which can be used for experiments u
2700 K. For these two reasons, the measurement develop
this work concerns single filaments.

2. Measurement method

Several kinds of experimental techniques have been de
oped to perform the thermal diffusivity of single filaments.
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Nomenclature

cp specific heat . . . . . . . . . . . . . . . . . . . . . . . J kg−1 K−1

cov covariance matrix
d fiber diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
f frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Hz
h linearised heat losses coefficient . . . . W m−2 K−1

k thermal conductivity . . . . . . . . . . . . . . . W m−1 K−1

L detection length of the infrared sensor . . . . . . . . m
N number of measurements
p perimeter of the wire . . . . . . . . . . . . . . . . . . . . . . . . m
q̇ heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W m−2

S cross-section of the fiber . . . . . . . . . . . . . . . . . . . m2

Sf,p sensitivity of the function f on the parameterp

t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
T̃ periodic component of the fiber temperature . . . K
z, ẑ position along the wire . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

α longitudinal thermal diffusivity . . . . . . . . . . m2 s−1

�• magnitude
φ, φ̂ phase shift of the fiber periodic temperature . . rad
ω pulsation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad s−1

σ standard deviation
σB Stefan–Boltzmann constant . . . . . . . . . W m−2 K−4

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

Subscripts

o initial
a average
i relative to the imaginary part ofγ
j number of the experiment
r relative to the real part ofγ
s imposed on the fictive surface located atz = a

rt room temperature

Superscripts

l left side of the excitation
m measured
r right side of the excitation
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very low temperature (5 K to 300 K), L. Piraux et al. [3] a
Issi et al. [4] have used a contact method. In their experim
the temperature of the sample is measured by two thermo
ples while the heat flux through the fiber is imposed by Jo
effect. Then, the thermal conductivity is simply calculated
the Fourier law taking into account the heat losses along
sample. More recently, an equivalent method is propose
Zhang et al. [5] for measurements at room temperature. I
these experiments in steady state, the measurement bec
very difficult when the heat losses at the surface of the fi
are important. It could be penalising at very high temperatu

This drawback is avoided using modulated methods. Ka
bata [6] and more recently Yamane et al. [7] have used a
riodic excitation from an halogen lamp, and a contact de
tion by thermocouple. The lamp is moved at different positi
along the fiber. This experiment is realised from 300 K
800 K, with a low frequency irradiation (f < 1 Hz), on a com-
mercial apparatus (Sinku-Riko Inc., model PIT-1) descri
by Hatta et al. [8]. The sensor (Chromel–Alumel, diame
12.5 µm) is directly stuck on the fiber (diameter≈10 µm) with
silver lacquer. The thermal diffusivity is calculated with a 1
non-adiabatic model, from the magnitude temperature resp
of the sample.

Another kind of method is based on a non-contact respo
detection. In this case, the excitation is generally realised
a laser beam. The mirage method, developed for the the
characterisation by Barkoumb et al. [9] and Sanchez-Lav
et al. [10], is very difficult to apply on a single fiber. The dete
tion is realised by the measurement of a laser beam defle
which is supposed linearly dependent of the temperature. T
the identification of the thermal diffusivity is made by a 2
non-adiabatic model. Easier to realise, the photoreflective
periment uses the reflection of a second laser beam foca
t,
u-
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near the excitation to measure a signal proportional to the
perature response of the sample. This method has been d
oped for the thermal characterisation of fibers by Jumel e
[11] and Le Houdec et al. [12]. The experiment being mad
very high frequency, the thermal diffusivity is identified wi
an adiabatic model. Finally, the detection of the thermal sam
response can be made using the emission of the fiber, dir
detected by an infrared sensor. Recently, Oksanen et al.
and Bisson et al. [14] have proposed photothermal microsc
using the phase shift between the irradiating laser beam an
detected emission in order to determine the thermal diffus
of fibers.

In comparison with the previous studies, the very high te
perature (700–2700 K) is the main constraint in this work.
a consequence (Fig. 1): (i) the filament will be warmed up
Joule effect, (ii) the steady state method, limited by the ra
tive heat losses at very high temperature, must be replaced
periodic excitation, and (iii) the contact detection of the temp
ature must be replaced by an optical (infrared) sensor. Fin
because of the very small diameter of the fiber (≈10 µm), the
periodic thermal excitation will be delivered by a laser be
focalised at the surface of the sample.

3. Experimental device

The experimental device is presented in Fig. 2. The fi
stuck by its ends on two carbon grips, and warmed up
Joule effect (electric supply 0–50 mA, 0–300 V), is maintain
at very low pressure (<10−4 Pa) in a silica glass enclosu
(≈25 mm diameter,≈150 mm length) which allows the tran
mission of 90% emitting radiative flux from the sample to
detector. The position of the sample is adjusted using micro
ter moving systems located into the enclosure and contro
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Fig. 1. Principle of the experiment.

Fig. 2. Experimental device.

from the outside. A two colours pyrometer (IRCON spec
model, 0.75–1.05 µm, 3% uncertainty) measures the abs
temperature of the fiber over a detection zone of 300 µm d
eter calculated via geometrical optics formulae. For a 10
crometers fiber, the emissive area represents 4% of the py
eter detection zone. This rate, greater than 1%, is sufficie
realise the measurement without size effect.

The thermal excitation is imposed by a modulated m
timode Argon laser beam (power up to 200 mW, freque
from 0.1 to 50 Hz) focalised by a microscope objective (m
nitude ×50, working distance 16 mm) on an irradiated zo
of ≈ 2 µm diameter. This spot is evaluated from geome
cal optics formulae, has been experimentally verified [15],
is controlled during the experiment with a CCD camera. T
later is focalised on the fiber via a system composed by a
(50 mm focus length), a splitting prism, and the objective.
infrared detector (PbSn, 1–3 µm, 1 mm2 sensitive area, liq
uid N2 cooled) associated with two plano-convex BaCF2 lens
(25 mm and 200 mm focus length) is used for the temp
ture response measurement, along the fiber (motorised disp
te
-
-

-
to

-

-
d

s

-
e-

Fig. 3. Excitation and response measured signals on a P100 carbon fi
To = 1500 K,f = 5 Hz.

ment), over a detection zone of≈125 µm diameter. This spo
equivalent to a detection lengthL along the fiber, is evaluate
from geometrical optics formulae, and systematically meas
at the beginning of each experiment using a lateral scannin
fiber by the detector.

During the experiment, a lock-in amplifier determines
magnitude and the phase shift between the electromecha
chopper and the temperature response detected by the in
sensor. These measurements are transferred to a compu
several frequencies and positions of the infrared detector. T
a data processing routine yields the slopes of the linear p
automatically detected on the records. This operation is rea
from a local derivation of the experimental curves, following
a numerical filter.

An example of the experimental signals measured on a P
carbon fiber (≈10 µm diameter,≈50 mm length,L ≈ 150 µm)
atTo = 1500 K, for several positions of the infrared detector
presented (Fig. 3). A good ratio signal/noise (better than 5
on both excitation and response records is obtain, the radi
flux emitted by the background being very small compare
the fiber one. In addition, only the modulated part (not per
bated by the background radiation) of the detected signal is
to estimate the thermal diffusivity. As a consequence, the ex
imental signals yield a low uncertainty on the measured val

4. 1D direct model for the fiber modulated temperature

The thermal problem, limited on the half of the fiber, is d
scribed in Fig. 1. The laser beam irradiates the sample atz = 0,
corresponding to the middle of the fiber. From this absc
to z = a, the temperature field is 3D. The distancea depends
on the fiber diameter and thermal properties. Forz > a, the
medium is supposed thermally thin and the temperature
depends onz: the temperature field becomes 1D. This assu
tion is validated by the calculation of an upper value for
Biot number:Bi = ho(d/2)/kT whereho ≈ 4εσBT 3

o represents
the radiative heat losses coefficient,d the fiber diameter andkT

its transverse thermal conductivity. Forε = 1, To = 2700 K,
d = 10 µm andkT = 1 W m−1 K−1, one obtainsBi = 0.02
which is very small compared to 1.
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In the case of an adiabatic anisotropic sample, the distana

satisfies the relation:a � √
(d2/4)(αL/αT ) whereαL andαT

respectively represent the longitudinal and the transverse
mal diffusivity of the fiber. Typically, for metallic or cerami
fibers:αL ≈ αT , and for carbon fibers:αL/αT < 10. Consider-
ing a 10 µm sample,a must be widely greater than 15 µm. F
high temperature experiment, the radiative losses tend to
crease this value. In practical,a < 200 µm in our experiments

The measurement will be performed in the 1D region (z > a)
where the temperature profile can be analytically calculated
in the following, the thermal problem will be limited by a fi
tive boundary atz = a where a uniform temperature or heat fl
modulated condition will be imposed. In order to facilitate
understanding, a new longitudinal abscissa is used in the
lytical study:ẑ = z − a.

Moreover, the phase referenceφ = 0 is given by the exci-
tation laser beam, atz = 0. At z = a, a phase shiftφo exists
between the temperature of the sample and the excitation
beam. This is induced by the 3D heat transfer region. In o
to facilitate the calculation, the phase reference is taken atẑ = 0
(or z = a): φ̂ = φ − φo.

With these assumptions, the analytical formulation of
thermal problem is written for̂z � 0:

k
∂2T (ẑ,t)

∂ẑ2 − hop(T (ẑ,t)−Trt )
S

= ρcp
∂T (ẑ,t)

∂t

ẑ = 0, −k
∂T (ẑ,t)

∂ẑ

∣∣
0 = q̇s + �q̇s sin(ωt)

or T (0, t) = Ts + �Ts sin(ωt)

ẑ → ∞, T (ẑ, t) → To

T (ẑ,0) = To

(1)

The amplitude of the temperature modulation (measure
the pyrometer) is ranging from several degrees atTo = 700 K
and several tens of degrees atTo = 2700 K. It provides a rela
tive temperature variation always lower than 3%, and a rela
variation of the radiative heat transfer coefficientho, propor-
tional toT 3

o , lower than 9% [16]. So, the heat losses coeffici
ho is supposed constant in time and close to its value calcu
at the temperatureTo:

ho ≈ 4εσBT 3
o (2)

In order to obtain an analytical solution of this problem
a periodic established state, the temperatureT is separated in
both averageTa(ẑ) and periodic̃T (ẑ, t) components:T (ẑ, t) =
Ta(ẑ) + T̃ (ẑ, t). As a consequence, the system (1) yields:

d2Ta(ẑ)

dẑ2 − hop(Ta(ẑ)−Trt )
kS

= 0

ẑ = 0: −k
dTa(ẑ)

dẑ

∣∣
0 = q̇s or Ta(ẑ) = Ts

ẑ → ∞: Ta(ẑ) → To

(3)

for the average component and:

k
∂2T̃ (ẑ,t)

∂ẑ2 − hopT̃ (ẑ,t)
S

= ρcp
∂T̃ (ẑ,t)

∂t

ẑ = 0: −k
∂T̃ (ẑ,t)

∂ẑ

∣∣
0 = �q̇s sin(ωt)

or T̃ (ẑ, t) = �Ts sin(ωt)

ẑ → ∞: T̃ (ẑ, t) → 0

(4)
r-

e-
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for the modulated component. The solution of (4) is obtai
analytically for the temperature condition:

T̃ (ẑ, t) = (
�Tse

−γ ẑ
)
eiωt (5)

and for the heat flux condition:

T̃ (ẑ, t) =
(

�q̇s

γ k
e−γ ẑ

)
eiωt (6)

whereγ =
√

hop
kS

+ i ω
a

= γr + iγi with:

γr(α,Q,f ) = 1√
α

√
Q +

√
(Q)2 + (πf )2

γi(α,Q,f ) = 1√
α

√
−Q +

√
(Q)2 + (πf )2

Q = hop

2ρcpS
(7)

In these relations,α = k/ρcp (m2 s−1) represents the long
tudinal thermal diffusivity of the sample andf = ω/2π (Hz)
the frequency. The magnitude�T̃ and the phase shift̂φ of the
temperature modulation:

T̃ = �T̃ sin(ωt + φ̂) (8)

are then obtained from the relation (5) for the temperature
dition:

log
[
�T̃ (α,Q,f, ẑ)

] = −γr ẑ + log[�Ts] (9)

φ̂(α,Q,f, ẑ) = −γi ẑ (10)

and from the relation (6) for the heat flux condition:

log
[
�T̃ (α,Q,f, ẑ)

] = −γr ẑ + log

[
�q̇s

k

√
γ 2
r + γ 2

i

]
(11)

φ̂(α,Q,f, ẑ) = −γi ẑ − arctan

[
γi

γr

]
(12)

In practical, the temperature detection along the fiber is rea
with an infrared sensor which measures a modulated signa
tegrated over a lengthL (≈125 µm) of the sample. Even ifL
is smaller than the modulation attenuation length (i.e. the
tance over which the signal cannot be detected, experimen
evaluated, and always greater than 1 mm), the temperatur
tected depends on it. As a consequence, the direct model
take into account this parameter. So, integrating the modu
component of the temperature (8) from̂z to ẑ + L, the phase
shift and the magnitude become:

log
[
�T̃ (α,Q,L,f, ẑ)

] = −γr ẑ + log[K1�Ts] (13)

φ̂(α,Q,L,f, ẑ) = −γi ẑ − arctg

[
1+ K2K3

K2 − K3

]
(14)

where K1 = e−2γrL − 2e−γrL cos(γiL) + 1, K2 =
e−γrL cos(γiL)−1

e−γrL sin(γiL)
, and K3 = γi

γr
for the temperature condition

and:
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Fig. 4. Magnitude versus positionz measured on the P100 carbon fiber
To = 1500 K, for several frequenciesf .

Fig. 5. Phase shift versus positionz measured on the P100 carbon fiber
To = 1500 K, for several frequenciesf .

log
[
�T̃ (α,Q,L,f, ẑ)

]
= −γr ẑ + log

[
�q̇s

k

√
K1

(γ 2
r + γ 2

i )2 + 4γ 2
r γ 2

i

]
(15)

φ̂(α,Q,L,f, ẑ) = −γi ẑ − arctg

[
1− K2

3 + 2K3K4

K4 − 2K3 − K2
3K4

]
(16)

whereK4 = cos(γiL)−1
sin(γiL)

, for the heat flux condition.
In both temperature or heat flux conditions, the logarithm

the magnitude and the phase shift are linear functions ofẑ. Mea-
surements realised on a P100 carbon fiber atTo = 1500 K for
several frequencies ranging from 5 Hz to 35 Hz are prese
in Figs. 4 and 5. The linearity of the magnitude and the ph
shift versusẑ, far from the laser excitation (z > a), is verified.
This property will be used for the identification of the therm
diffusivity.

5. Identification

For several convenient reasons, some experimental s
tions are more suitable by the processing of onlyγr or γi ,
whereas for others a combination ofγr andγi is preferable. Var-
ious estimation cases will be examined here in order to ch
the best one. For the following calculation, the numerical va
f

d
e

a-

e

Fig. 6. SensitivitiesSγ,α andSγ,Q for several temperature levelsTo.

of several parameters is fixed in order to determineQ (7): ε = 1,
d = 10 µm,ρ = 2260 kg m−3, cp = 2000 Jkg−1 K−1.

5.1. Estimation from the minimisation onγr andγi

In both local (9)–(12) or integrated (13)–(16) temperat
measurement:

(i) the logarithmic magnitude�T̃ versusẑ is proportional to
γr(α,Q,f ), and

(ii) the phase shift̂φ versusẑ is proportional toγi(α,Q,f ).

Logically, the estimation ofα andQ can be realised from th
minimisation of the criteriumJ which is defined by:

J =
N∑

j=1

[
γ m
r (fj ) − γr(α,Q,fj )

]2 (17)

using the magnitude measurements or by:

J =
N∑

j=1

[
γ m
i (fj ) − γi(α,Q,fj )

]2
(18)

using the phase shift measurements, whereγ m
r (fj ) andγ m

i (fj )

are the slopes measured at several frequenciesfj , while
γr(α,Q,fj ) andγi(α,Q,fj ) are given by the definitions (7).

The sensitivities absolute values ofγr andγi onα andQ are
identical:

Sγ,α = Sγ(r or i),α =
∣∣∣∣ α

γ(r or i)

∂γ(r or i)

∂α

∣∣∣∣ = 1

2

Sγ,Q = Sγ(r or i),Q =
∣∣∣∣ Q

γ(r or i)

∂γ(r or i)

∂Q

∣∣∣∣ = Q

2
√

Q2 + (πf )2
(19)

and are represented in Fig. 6 versusf for three values ofTo,
Q being a function ofho (6) which depends onTo (2). The sen-
sitivity on α, not dependent inTo andf , is constant and alway
greater than the sensitivity onQ. When the frequency increase
the influence of the heat losses goes down and the sensi
on Q decreases. For high temperatures, the heat losses
and the sensitivity onQ increases. Due to the definition ofγr

andγi (7), the estimation ofα andQ following this approach
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involves the resolution of a non-linear system using an it
tive method. In practical, the convergence of the minimisa
is very difficult. For the following, both (magnitude and pha
shift) approaches will be called the direct method.

5.2. Estimation from the minimisation on(πf )2

From the definitions ofγr andγi (7), (πf )2 can be expresse
as:

Fr(γr ,α
2, αQ) = (πf )2 = γ 4

r α2 − 2γ 2
r αQ (20)

and:

Fi(γi, α
2, αQ) = (πf )2 = γ 4

i α2 + 2γ 2
i αQ (21)

Considering a set ofN measurements realised forfN dif-
ferent frequencies, these relations yield to two(N × 2) linear
over-dimensioning systems:

γ 4
r,1 −2γ 2

r,1

γ 4
r,2 −2γ 2

r,2
...

...

γ 4
r,N −2γ 2

r,N


[

α2

αQ

]
=


(πf1)

2

(πf2)
2

...

(πfN)2

 and


γ 4
i,1 2γ 2

i,1

γ 4
i,2 2γ 2

i,2
...

...

γ 4
i,N 2γ 2

i,N


[

α2

αQ

]
=


(πf1)

2

(πf2)
2

...

(πfN)2

 (22)

which solution can be numerically obtained by a direct me
od [17]. Writing these systems under the matrix notati
X · β = Y , the solution of Eqs. (22) is given by:

β = (
XT · X)−1 · XT · Y (23)

which supposes that the estimation of the new parameterα2

andαQ is realised from the minimisation of the criteriumJ
defined by:

J =
N∑

j=1

[
Fm

r (fj ) − Fr

(
γr ,α

2, αQ
)]2 and

J =
N∑

j=1

[
Fm

i (fj ) − Fi

(
γi, α

2, αQ
)]2 (24)

In these relations,Fm
r (fj ) andFm

i (fj ) are deduced from th
measured frequenciesfj , while Fr(γr ,α

2, αQ) and Fi(γi,

α2, αQ) are calculated by (20) and (21). For the following, t
identification using the relation (20) will be called the mag
tude method, and the identification using the relation (21)
phase shift method.

The sensitivities absolute values ofFr andFi onα2 andαQ

are similar:

SF,α2 = SF(r or i),α
2 =

∣∣∣∣ α2

F(r or i)

∂F(r or i)

∂(α2)

∣∣∣∣ = α2γ 4
(r or i)

(πf )2

SF,αQ = SF(r or i),αQ =
∣∣∣∣ αQ

F

∂F(r or i)

∂(αQ)

∣∣∣∣ = 2αQγ 2
(r or i)

(πf )2
(25)
(r or i)
-

-
:

e

Fig. 7. Magnitude method. SensitivitiesS
Fr ,α2 andSFr ,αQ for α = 2.212×

10−8 m2 s−1 and for two temperature levelsTo.

Fig. 8. Phase shift method. SensitivitiesS
Fi ,α

2 andSFi ,αQ for α = 2.212×
10−8 m2 s−1 and for two temperature levelsTo.

and are respectively represented in Figs. 7 and 8 versusf for
two values ofTo (2), (6). For the magnitude method, the se
sitivity on both parameters decreases with the frequency.
sensitivity onα2 is always greater than the one onαQ, with
a wide difference at low temperature but a low gap at v
high temperature. As a consequence, the convergence o
method is rapid for the low temperatures but becomes diffi
over several hundreds of degrees. For the phase shift me
the sensitivity onα2 is widely greater than the one onαQ at
To = 300 K. At very high temperature, the sensitivity onα2 is
lower than the one onαQ, the difference decreasing when t
frequency goes up. As for the previous, the phase shift me
is easy to use for the lower temperatures.

5.3. Estimation from the minimisation on the productγrγi

As it was used for solid bars in the Ångström’s method [1
the productγrγi , calculated from the definitions (7):

γrγi = πf

α
(26)

can also be employed to estimate the thermal diffusivity. C
sidering a set ofN measurements realised forfN different
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frequencies, this relation yields to a (N × 1) linear over-
dimensioning system:

πf1
πf2
...

πfN

 1

α
=


γr,1γi,1
γr,2γi,2

...

γr,Nγi,N

 (27)

which solution can be numerically obtained by a direct me
od [17]. Writing this system under the matrix notatio
X · β = Y whereβ = 1/α, the solution of Eq. (27) is give
by the relation (23) which supposes that the estimation of/α

is realised from the minimisation of the criteriumJ defined by:

J =
N∑

j=1

[
γ m
r (fj )γ

m
i (fj ) − πfj

α

]2

(28)

For the following, the identification using the relation (26) w
be called the product method.

The sensitivity absolute value ofγrγi on α is calculated an
alytically:

Sγrγi ,α =
∣∣∣∣ α

γrγi

∂(γrγi)

∂α

∣∣∣∣ = 1 (29)

This value is always greater than the sensitivity computed
the direct (Fig. 6) and the phase (Fig. 8) method. It is lower t
the sensitivity computed for the magnitude method (Fig. 7)
keeps constant over the frequency range.

6. Comparison between the proposed methods

The direct method (Section 5.1) is very sensitive to the in
values of the estimated parametersα andQ. As a consequence
its convergence is generally difficult because the thermal d
sivity of the sample is badly known. So, this method is thro
back.

In order to test the three other methods, a set of 100 pse
experimental slopes, resulting from the superposition of n
(standard deviation±0.04) on theoretical valuesγi andγr (7),
have been computed-generated for 1< f < 50 Hz and for dras
tic estimation conditions:α = 2 × 10−8 m2 s−1, Q = 80 s−1

calculated from:d = 10 µm,ε = 1, k = 0.1 W m−1 K−1 (very
low thermal conductivity for a fiber),ρ = 2260 kgm−3, cp =
2000 Jkg−1 K−1, T = 2000 K.

6.1. Influence of noisy slopes measurements

Measurements are made on a P100 carbon fiber atTo =
1500 K for several frequencies ranging from 5 to 40 Hz fib
For each frequencyfj , the slopesγ m

r (fj ) andγ m
i (fj ) are deter-

mined on the sides (right and left) of the excitation. The rela
differenceε between these two values is then calculated as

ε(r or i)(fj ) = 2
γ

m,r
(r or i)(fj ) − γ

m,l
(r or i)(fj )

γ
m,r
(r or i)(fj ) + γ

m,l
(r or i)(fj )

(30)

The results obtained show thatε is included in the range
[−1.5%;1.5%]. In practical, all the experimental cases tes
-

r
n
t

l

-

o-
e

.

Fig. 9. Interest of the covariance method.

(carbon or ceramic fibers from 1000 to 2500 K) yield a re
tive difference between both slopes in the range[−4%;4%],
for magnitude and phase shift.

Moreover, the standard deviationσ is calculated from eac
right and left sides records measured on phase shift and m
tude. The least square method is used to fit the records by l
approximation. In practical,σ is a function of the frequency fo
three main reasons. When the frequency increases: (i) the
nitude decreases, (ii) the phase shift increases, whereas (ii
absolute uncertainty of the lock-in amplifier is constant. Th
the estimation must take into account the standard devia
evaluated for each frequency [17] replacing the relations
by:

β = (
XT · covcovcov−1 · X)−1 · XT · covcovcov−1 · Y (31)

where the diagonal covariance matrix is given by:

covcovcov=


σ(f1)

2 0
σ(f2)

2

. . .

0 σ(fN)2

 (32)

The relative error on the thermal diffusivity identified followin
the phase shift method and using or not the covariance fo
lation is reported in Fig. 9. Taking into account the stand
deviation of the slopes leads to reduce this relative error on
thermal diffusivity identified.

6.2. Influence of the estimation method

The relative error on the heat losses parameterQ identified
following the magnitude and the phase shift methods and u
the covariance formulation (31) is presented in Fig. 10. The
timation is biased: the parameterQ is under-estimated in bot
cases for this example. In addition, a large standard devia
(greater for the phase shift method) is obtained: for the m
nitude method,Q is identified with an uncertainty of±σ and
with ±1.5σ for the phase shift model. The relevant parame
being the thermal diffusivity, the bad estimation ofQ is an indi-
rect error source: for these two methods ifQ is badly identified,
the estimation ofα will equally be worse if the sensitivities o
both parameters are comparable.
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Fig. 10. Comparison between the three methods proposed: relative error
heat losses parameterQ identified.

Fig. 11. Comparison between the three methods proposed: relative error
thermal diffusivityα identified.

The relative error on the thermal diffusivity identified fo
lowing the three different methods and using the covaria
formulation (31) is presented in Fig. 11. The magnitude and
phase shift method always introduce a bias in the estima
as previously, the thermal diffusivity is under-estimated in b
cases. In addition, a large standard deviation always pena
the results:α is identified with an uncertainty of±σ/2 for the
magnitude model and with±3σ for the phase shift model. O
the opposite, the product method gives a distribution cen
(no bias) on a null relative error, with a very small standard
viation: α is identified with an uncertainty of±σ/80. This last
method is the best to identify the thermal diffusivity. Develop
for single fiber, this approach is also applicable for single w
with bigger diameter, making the assumption of thermally t
medium (1D thermal field along the sample).

7. Validation

The first measurements have been realised on the N
720 alumina fiber (low conductive material, diameter≈11 µm),
the estimation using the three different methods. The spe
heat of the sample is determined on the same apparatus
an original method presented elsewhere [19]. The results
ported on Fig. 12, clearly show the influence of the estima
he

he

e
e
n:

es

d
-

el

c
ing
e-

Fig. 12. Thermal conductivity of the Nextel 720 alumina fiber and thermal
fusivity of the tungsten fiber.

method: only the values obtained with the product method
in agreement with Kingery et al. [20]. The second meas
ments have been made on a tungsten fiber (high condu
material, diameter≈18 µm), the estimation using the produ
method. The results, presented on Fig. 12, are in agreemen
Touloukian [21]. These experiments on both low and high c
ductive materials allow the validation of the method and
apparatus, over a wide range of thermal properties.

8. Conclusion

An apparatus and an identification method have been d
oped for the measurement of the thermal diffusivity of sin
fiber at very high temperature. A 1D direct model, establis
in the case of temperature or heat flux imposed at the end o
wire, has shown that the logarithmic magnitude and the p
shift of the signal is a linear function of the position along
sample. This property has been verified experimentally on a
bon fiber at 1500 K. Based on this observation, three k
of estimation have been proposed. A numerical study u
noisy simulated measurements, allows to test these metho
order to determine the best one. Finally, for a standard de
tion of σ = ±4% on the magnitude and phase shift meas
ments, the identification made with the chosen method le
to a±σ/80= ±0.05% uncertainty on the identified diffusivit
Finally, measurements on low and high conductive mate
validate the apparatus and the estimation method over a
range of thermal properties.
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