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Abstract

In this work, a laser-based thermal pulse technique is presented that simultaneously measures thermal
conductivity and thermal diffusivity for liquids, from which the volumetric specific heat can be determined as well.
The measurement is based on photothermal deflection of a HeNe laser beam that passes through the test liquid next
to a thin heating wire. Liquid thermophysical properties are determined by fitting a numerical simulation of the heat
conduction and probe beam deflection to the measured time-dependent probe beam deflection. Results are presented
for five liquids: glycerol, 1-propanol, 2-propanol, methanol, and ethanol, and are found to be in very good
agreement with values reported in the literature. The experimental setup is small, inexpensive and reliable. The
temperature dependence of the liquid refractive index is also determined during the measurement process, and the
same experimental technique is capable of measuring the thermal conductivity and thermal diffusivity of thin
conducting wires. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The accurate measurement of thermal conductivity k
and thermal diffusivity « for liquids is vital not only
for practical engineering, but also for theoretical
studies and analyses. Being transport properties, the
thermal conductivity and thermal diffusivity are more
difficult to measure than thermodynamic properties
such as density and specific heat. In many conventional
measurements, the transport equations were used
directly by measuring heat flux and/or temperature
gradients [1], both of which are difficult to measure.
Heat losses at the boundaries, convection, and radi-
ation in the test liquids were significant error sources.

* Corresponding author. Tel.: +1-631-6329436; fax: +1-
631-6328544.
E-mail address: jlongtin@ms.cc.sunysb.edu (J.P. Longtin).

In addition, only one property was measured, e.g. k or
o, as these techniques were not able to simultaneously
determine both liquid thermal conductivity and ther-
mal diffusivity.

The transient hot-wire technique, which is typical
among the conventional methods, has been widely
used to measure liquid thermal conductivity or thermal
diffusivity [2-5]. A wire immersed in the test liquid is
electrically heated. The liquid thermal conductivity and
thermal diffusivity are determined by measuring the
temperature variation history of the wire, which
depends on the liquid thermophysical properties. One
major difficulty with the hot-wire technique is natural
convection, which occurs due to buoyancy effect from
prolonged heating of the wire.

The unique properties and non-invasive nature of
laser light have made it an attractive measurement
tool. Examples include laser flash methods [6,7],
laser-induced thermal grating [8—10], thermal lensing
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Nomenclature

N

heating wire radius (m)

C, specific heat (J/kg K)
distance between probe laser beam and heating
wire centerline (m)
current (A)
thermal conductivity (W/m K)
probe laser beam path length in air (m)
heating wire length (m)
refractive index

" volumetric heat generation rate in heating wire
(W/m?)
radial direction (m)
transmissivity; temperature (°C, K)
time (s)
heating voltage (V); position-to-voltage conver-
ter output voltage (V)

W  probe laser beam path length in liquid (m)

w  half width of glass cell (m)

x  spatial direction perpendicular to probe laser beam

(m)
x  spatial unit vector in direction perpendicular to
probe laser beam
z  spatial direction parallel to probe laser beam

(m)

QU

QI ~~ =~

<=~

Subscripts

0  initial condition
air air

e  experiment

f  liquid

bi dummy index
m  model

p pulse

W wire

0  probe laser beam deflection
oo far field

Greek symbols

o thermal diffusivity (m?/s)

0  probe laser beam displacement on position
detector (m)

¢  total error between normalized model and ex-
perimental data (V*/J?)

0  probe laser beam deflection angle (rad)

p  density (kg/m?)

¢  azimuthal angle (rad)

techniques [11], and holographic interferometry [12],
among others. In some cases, good results have
been reported by these techniques, however, they
suffer from one or more of the following shortcom-
ings: unavoidable measurement deviation due to
heat losses into the test liquid, a complicated exper-
imental setup, difficult optical alignment, and/or a
strong dependence on the accuracy of interferometry
fringes. In addition, only one liquid property can be
determined, which is a common disadvantage of all
these methods.

A technique related to the present work was
reported by Kim and Irvine [13], in which the ther-
mophysical properties of non-Newtonian liquids
were determined using a thermal pulse technique.
The time for thermal energy from a multilayer heat-
ing element to travel a known distance between two
points in the liquid was measured by monitoring
temperature peaks at the two points using thermo-
couples. However, this technique is limited by the
finite size of the thermocouple, which causes uncer-
tainties in the temperature measured at the two
points. In the present work, photothermal deflection
[14] is combined with the thermal pulse technique
to simultaneously measure liquid thermal conduc-
tivity and thermal diffusivity, where a non-invasive

laser beam is used as the probe. Although photo-
thermal deflection has been employed to measure
the thermal diffusivity of solids [15,16] and gases
[17], very limited investigations have been reported
for liquids [18].

A CW HeNe laser probe beam is sent through the
test liquid next to a thin, circular nickel-chromium
(NiCr)-alloy wire immersed in the liquid serving as a
heating source. During a square heating pulse, a tem-
perature gradient is formed in the liquid, which, in
turn, causes a gradient in the liquid refractive index,
due to which the probe laser beam is deflected from its
nominal position on a position detector. The test liquid
needs only to have a moderate transmission 7> 0.01
for enough laser light to pass through it to strike the
detector. The time-varying beam deflection is recorded
and compared with a numerical model, in which the
liquid thermal conductivity and thermal diffusivity are
adjusted and determined to yield the best agreement.
Results are presented for five liquids: glycerol, 1-propa-
nol, 2-propanol, methanol, and ethanol, and are found
to be in good agreement with the values found in the
literature. Since a=k/pC,, the volumetric specific heat
pC, can also be determined. The experimental setup is
small, inexpensive and reliable. Additionally, the tem-
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perature dependence of the liquid refractive index, dn/
dT, is determined during the measurement process.

2. Experimental setup and theory

2.1. Experimental setup

The experimental configuration is shown in Fig. 1.
A Melles-Griot 1 mW HeNe CW laser with a wave-
length of 632.8 nm serves as the probe beam source.
The test liquid resides in a square glass cell with in-
terior dimensions of 50 x 50 x 50 mm. After being
focused by a singlet lens with a focal length of 50 mm,
the beam passes through the test liquid, exits, and
strikes a UDT LSC-5D semiconductor position detec-
tor, by which the beam displacement can be measured.
A calibrated small thermistor immersed in the test

liquid

-
A=632.8 nm

lens

heating wire
(d=0.254 mm,
[ =22mm)

HeNe Laser

liquid measures the liquid temperature with an uncer-
tainty of less than 0.05°C.

A NiCr alloy resistance wire with length / = 22 mm
is completely immersed in the test liquid as the heating
source. Since the wire is completely immersed several
millimeters below the liquid surface, there is no surface
effect. The NiCr wire is homogeneous, resulting in uni-
form heat generation in the wire. However, the wire is
not isothermal since the heat generated is conducted
radially to the wire surface. The wire diameter was
measured using a diffraction technique [19], and was
found to be 258 + 2 pm; the wire resistance was
measured using a precision multimeter and found to
be 2.38 + 0.05 Q/cm. The wire is oriented vertically
and perpendicular to the probe beam. As discussed
later, this setup minimizes natural convection effects
when configuring the system. The wire is mounted on
a translation stage so that it can be positioned with
respect to the probe beam. A dial indicator with 1-um

position

heating wire
detector

— heating wire holder
original beam

deflected beam

switch

cell

heating wire holder

A=632.8 nm
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Fig. 1. Experimental setup and optical path (a) top view; (b) side view.
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resolution is used to monitor the wire position. In this
work the wire is used only as a heating source and not
as a sensing element as is the case with the hot-wire
technique [2-5]. It is thus not necessary to measure the
wire temperature during the experiment.

A timing circuit controls the heating current through
the wire during the heating pulse, which is supplied by
a dc power supply. A single heating pulse is used, with
a typical duration of 0.3 s, and with a heating voltage
ranging from 0.2 to 0.5 V. The heating wire voltage
and current are measured using two Keithley Model
2000 multimeters.

Heat generated in the wire is conducted into the
liquid, causing a time- and position-dependent tem-
perature gradient, which causes the probe beam to
deflect from its nominal position on the position detec-
tor. The detector output current is sent to a position-
to-voltage converter, which produces an output voltage
linearly proportional to the beam position. The
measured detector/amplifier sensitivity is 2.72 + 0.03
mV for a 1-um displacement on the detector. Both the
heating pulse voltage and the position sensor output
are recorded with a Tektronix TDS 380 two-channel
digitizing oscilloscope.

The position-to-voltage converter also provides a
voltage that is linearly proportional to the absolute
intensity of the probe laser beam incident on the pos-
ition detector, regardless of its position. This feature
allows the position detector to be used as a light
meter, and is employed in the determination of the dis-
tance between the probe laser beam and the wire dis-
cussed below.

2.2. Photothermal deflection model
An analytical expression for the beam deflection

angle in the liquid, 0; (Fig. la), can be expressed as
[20]:

W . X W -
0 = J X el J (Vn - X)dz (1)
0 n no Jo

where n is the refractive index of the liquid, W is the
probe beam path length in the liquid, and X is the
spatial unit vector in the direction perpendicular to the
probe beam, respectively. Since the normalized change
in the liquid refractive index, An/n, is of the order of
1073 or less, the refractive index can be approximated
as a nominal value ng, and taken out of the integral in
Eq. (1). The refractive index gradient is related to the
temperature gradient by

dn
Vn=-— VT, 2
n=gr 2
where dn/dT is the change in refractive index with tem-
perature. In this experiment, the maximum liquid tem-

perature increase is <4°C (see below), hence dn/dT
can be taken as a constant, and also removed from the
integral in Eq. (1). Therefore, Eq. (1) can be rewritten
as

p=— — | (VT - X)dz. 3)

1 dnJW
7n0dT

0

Referring to the wire and probe beam geometry in
Fig. 2,

- dT dTr d dr

VT - x=-— = S 4
X=qo=cose 212007 dr ()]

Eq. (3) then becomes
1 dn (" d dT

=L J g )
no AT )_,, (d?+z?) dr

where d is the distance between the probe beam and
the wire centerline, and w is the half width of the glass
cell, respectively. Eq. (5) represents the beam deflection
angle in the liquid, and its dependence on the tempera-
ture gradient d7/dr, which varies with both position
and time. Snell’s law is used to relate the beam deflec-
tion angle in the air with that in the liquid:

n

Ouie = Op —- 2= no, 6)
air

where the air refractive index, ny, ~ 1.0, and sin 0 ~ 0

since the beam deflection angle is small. The angle

shown in Fig. 1a is greatly exaggerated.

2.3. Thermal model

Liquid thermal conductivity k; and thermal diffusiv-
ity o are determined by observing their influence on a
measurable quantity, namely the probe beam deflec-
tion; as such, this measurement is an inverse problem.
A thermal model for the heat conduction with guess
values of k¢ and o is solved for the temperature gradi-
ent d7/dr within the test liquid, from which the time-
dependent probe beam deflection can be calculated
using Eqgs. (5) and (6).

Since the aspect ratio of wire diameter to length, 2a//
~0.01, end effects in the wire can be neglected, and the
heat conduction can be considered to be in the radial
direction only. Also, the experiment is completed in
less than 0.5 s, during which time the thermal energy
diffuses only ~1 mm, hence the liquid, which resides in
a 50-mm container, can be approximated as an infinite
medium. Furthermore, due to liquid inertia, it will
take some time for natural convection to come into
effect after the start of the heating pulse. Since the
time scale of the measurement is <1 s, and the tem-
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perature rise in the wire is small (see below), natural Tflrgvoo_)Too (3d)
convection is ignored.

Using cylindrical coordinates, the governing and initial conditions

e.qua.ltions for he?.t conduction in the wire and the Ty, =Ti_, = Tw (9a)

liquid are, respectively, =0 =0

19T, 92T, 19T o [ VI/matl 0<i<i

b W ( w L W) + Qf (78) Q = 0 / P (9b)

Oy Of ar? roar kyw t>1,

and where a is the radius of the.}i\/lire, t, is the time dur-
ation of the heating pulse, QO is the volumetric heat

1 8Ty 02Ty 1 9T¢ generation rate in the wire, V' and I are the heating

% 91 = %2 Tr o (7b) wire voltage and current, and the subscripts w and f

refer to wire and liquid, respectively.
with boundary conditions

2.4. Numerical simulation

91w =0 (8a)
ar 1= Although Carslaw and Jaeger [21] have discussed the
analytical solution to a heat conduction problem simi-
lar to Egs. (7a), (7b), (8a), (8b), (8c), (8d), (9a) and
—ky, T = —k¢ 9Ty (8b) (9b) using Laplace transforms, the solution, unfortu-
a1 i " lr=a nately, is in the form of an indefinite integral contain-
ing Bessel functions in a nontrivial form, and cannot
be readily introduced into Eq. (5) to solve for the
Tw,—,= Ti f|r:a (8c) probe beam deflection. Therefore, Eqgs. (5), (6), (7a),

probe laser beam

dT/dx
dTldr
— 2,
probe laser r d
beam waist
v
heating wire
—w > w

Fig. 2. Geometry of heating wire and probe laser beam. Variation in probe laser beam diameter greatly exaggerated.
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(7b), (8a), (8b), (8c), (8d), (9a) and (9b) are solved nu-
merically with an explicit finite difference scheme to
determine the temperature gradient and the beam
deflection. Using a node-centered grid, the spatial de-
rivatives in Eqs. (7a) and (7b) are discretized by a sec-
ond-order-accurate central differencing scheme, and
the temporal derivative is approximated as a first order
forward difference in time.

The liquid thermal conductivity k¢, and thermal dif-
fusivity og, appear in Egs. (7b) and (8b) as unknown
parameters. Temperature gradients solved with differ-
ent values of ky and oy through the numerical simu-
lation will differ from each other, and thus results in
different time-dependent beam deflection in Eq. (5).
Therefore, k¢ and o can be determined by searching
for those values that yield the best agreement between
the probe beam deflection from the numerical model
and that recorded during the experiment.

2.5. System calibration

There are two additional unknown parameters in
Egs. (7a) and (8b): the wire thermal conductivity k
and thermal diffusivity o,,. The values of k,, and a,, are
difficult to measure directly, however, they can be
determined by using a liquid with known values of k¢
and o in the existing experimental setup. The exper-
imental procedure is identical, except that the
unknowns become k,, and «,. Due to its well-studied
properties, water is used as the calibration liquid, and
results in measured values of k,=10.31 W/m K and
ow=1.86 x 107° mz/s. In fact, the same experimental
technique can be used as a general-purpose measure-
ment for thermal conductivity and thermal diffusivity
of thin conducting wires.

3. Results and discussion
3.1. Effects of finite probe beam diameter

Since the nominal beam exiting the laser has a diam-
eter of ~0.7 mm, a singlet lens with a focal length of
50 mm is used to focus the probe laser beam down to
a waist to minimize the spatial variation of the beam
with respect to the wire (Fig. 2). The actual beam
waist size and the focal point position for each test
liquid are first calculated using a matrix transform-
ation method of geometrical optics, and then verified
by measuring the beam diameter at several points in
the beam path using a knife-edge technique [22]. Very
good agreement between measured and predicted
values are found, resulting in a beam waist of 71 + 2
um. After determining the beam waist, the heating
wire is centered at the beam waist, as shown in Fig. 2.

In the numerical model, the probe beam is con-

sidered to be infinitely thin, which simplifies the nu-
merical modeling, and results in significantly improved
calculation times. To assess the effects of a finite-size
probe beam, the numerical model for the beam deflec-
tion is modified by considering the beam cross-section
to be evenly broken up into 10-20 vertical thin rib-
bons, parallel to the heating wire, with each ribbon at
a different distance from the wire as determined by the
waist diameter. The final beam deflection is then taken
as the sum of the deflections of all ribbons, with the
contribution from each ribbon weighted by its power
determined by a Gaussian intensity distribution. The
difference between the beam deflection resulting from
the multi-ribbon calculation and the infinitely thin
beam assumption is negligibly small, and indicates that
the latter is a very good approximation to the finite
beam, provided the beam diameter is smaller than the
distance between the beam and the wire centerline.

3.2. Heating wire—probe beam distance

The distance between the probe laser beam and the
heating wire centerline, d, in Fig. 2 is critical in Eq.
(5), and it is imperative to measure this value accu-
rately. In the experimental setup, a mechanical dial in-
dicator graduated with 1-pm increments provides
accurate relative displacements of the heating wire in
the x direction. If, then, the wire—probe distance can
be accurately determined at one point, the position of
the wire at other points can be accurately determined
as well. One position well suited for a reference point
is the point where the heating wire is located directly
in front of the laser beam, i.e. d = 0 in Fig. 2. As the
wire is moved through the beam, the intensity captured
by the position detector behind the wire will decrease,
reach a minimum, and increase again. The light meter
feature of the position detector can be used to monitor
such an intensity variation as the wire is moved
through the beam. The positions of the wire when the
intensity is 50% of the unblocked intensity are
recorded, both when the wire approaches and moves
away from the beam. The midpoint of these two pos-
itions represents the candidate zero offset position, d =
0. The final zero offset position is determined by com-
paring experimental deflection curves when the probe
beam is on opposite sides of the heating wire with the
same offset distance, typically 300 um. The true zero
offset point is the one that makes these two experimen-
tal curves identical. In practice, the final zero point
was within 3—5 pm of the candidate zero point.

3.3. Data collection and processing
Experimental probe beam deflections are recorded at

two offset positions of the probe laser beam, d = 300
and 330 pm. The oscilloscope collects the heating wire
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voltage in channel 1 and the time-dependent position
sensor output voltage in channel 2. A single heating
pulse is used for each scope trace. Once the scope has
completed data acquisition, the data from both chan-
nels are saved in ASCII format for post-processing.

For each value of d, the experiment is repeated six
to eight times, resulting in six to eight sets of data.
Due to the fluctuations in the voltage and current out-
put of the power supply, the heat generated in the wire
fluctuates 2-4% from run to run. To remove this vari-
ation, the beam deflection data are normalized by
dividing the original data by the heat generated in the
corresponding heating pulse before they are averaged
to produce the final experimental data. Comparison
between the experimental data and the numerical
model is then performed based on this averaged, nor-
malized position sensor output.

To determine k¢ and og, the probe beam deflection
from the model is compared with the experimental
data at every time step. The total error is then com-
puted as

&= Z(Va*/_ Vm’/')2 (]0)
J

where V. ; and V7, ; are the experimental and model
values of the normalized position sensor output vol-
tage at time j, respectively. Smaller values of ¢ indicate
better agreement between the model and the exper-

imental data. A search program written in Visual Basic
and C then performs the comparison of various values
of k¢ and af to find those that produce the smallest e.
These values are then taken as the measured results of
this experiment. The typical searching range for both
ke and op are +15% of a guess value with a step
change of 0.1%, though any range and step size can be
used.

The temperature dependence of liquid refractive
index, dn/dT, appears in Eq. (5) as a scale factor. The
shape of the time-dependent probe beam deflection
curve is determined by the values of k¢ and ag, while
the magnitude is determined by dn/dT. When searching
for k¢ and o, a nominal, constant value of dn/dT is
used. Since dn/dT is only a scale factor, it will not
affect the best-fit values of kr and of. Once these values
are determined, the program searches for the value of
dn/dT that provides the smallest ¢ in Eq. (10).

3.4. Determining ks, ay, and dn/dT for several liquids

Values of k¢ and o, and dn/dT for five liquids —
glycerol, 1-propanol, 2-propanol, methanol, and etha-
nol — have been measured. Both the normalized ex-
perimental (open circles) and numerical (solid line)
probe beam deflections are shown in Figs. 3—7, where
the time-dependent beam position is plotted versus
time in case of d = 300 um. For clarity, every sixth ex-
perimental data point is shown in the figures. The
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Fig. 3. Time-dependent probe beam deflection for glycerol.



652

Normalized position sensor/amplifier output (V/J)

Normalized position sensor/amplifier output (V/J)

J. Sun et al. | Int. J. Heat Mass Transfer 44 (2001) 645657

12 1
Numerical model

10 - o  Experimental data

8 4

6 4

4 4

£=1.06 V*/*

2 4

0 ¢ . . .

0.0 0.1 0.2 0.3 0.4

Time (sec)
Fig. 4. Time-dependent probe beam deflection for 1-propanol.
12 4
Numerical model

10 | o Experimental data

8 4

6 4

4 4

£=0.87 VP

2 4

0 e . . .

0.0 0.1 0.2 0.3

Time (sec)

Fig. 5. Time-dependent probe beam deflection for 2-propanol.
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Fig. 7. Time-dependent probe beam deflection for ethanol.
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heating wire voltage is also shown in the first figure
(Fig. 3) to illustrate the relationship between the heat-
ing pulse duration and the probe beam deflection.
Note that the agreement between the experimental and
numerical results is surprisingly good, once the appro-
priate values of k; and o, and dn/dT are selected.
Though not shown here, the agreement between the
model and the experimental results for d = 330 um are
equally good.

In all cases, features of the probe beam deflection
are similar. At time ¢ = 0 s, heat generation begins in
the wire. Since there is a finite distance between the
wire and the probe beam, however, some time is
required for the thermal energy to diffuse into the path
of the beam and cause deflection. The deflection

increases until energy generation in the wire ceases at ¢
~0.3 s, and the beam deflection then reverses direction,
albeit with a short time delay after the heating pulse
stops. Note that the time delay between heating and
probe beam deflection is comparable for both the start
and the end of the heating pulse.

In deciding how much of the probe beam deflection
to use in the fitting procedure, the shortest reasonable
beam deflection, which starts from ¢ = 0 s and includes
the entire heating pulse and any time delays for the
thermal energy to reach the probe beam, is chosen in
this work for several reasons. First, experiments have
shown that the quality and repeatability of the deflec-
tion signal degrade significantly for times after the
peak signal, i.e. £ = 0.4-0.5 s. Also, and perhaps re-

Table 1
Liquid thermal conductivity and thermal diffusivity
Test liquid Thermal conductivity (W/m K) Thermal diffusivity (10~ m?/s) e (V3%
Reference value Measured value Reference value Measured value
Glycerol 0.292% (25°C) 0.29 (23.3°C) 9.763% (25°C) 9.40 (23.3°C) 1.03
0.2916° (25°C) 9.5944 (20°C)
0.2880° (26.85°C) 9.316° (20°C)
0.286% (20°C)
0.285° (20°C)
0.279F (25°C)
1-Propanol 0.172° (20°C) 0.16 (24.0°C) 8.811° (20°C) 8.05 (24.0°C) 1.06
0.157¢ (20°C) 8.3279 (20°C)
0.1560" (26.85°C) 8.034% (25°C)
0.1553° (25°C)
0.154* (25°C)
2-Propanol 0.156° (20°C) 0.14 (23.2°C) 7.1969 (20°C) 6.76 (23.2°C) 0.87
0.141¢ (20°C) 6.624* (25°C)
0.1400" (26.85°C)
0.1378° (25°C)
0.135% (25°C)
Methanol 0.212° (20°C) 0.21 (22.4°C) 10.837° (20°C) 10.24 (22.4°C) 2.10
0.2022° (26.85°C) 10.222¢ (20°C)
0.202¢ (20°C) 10.042* (25°C)
0.2011° (25°C)
0.2* (25°C)
0.2 (26.85°C)
Ethanol 0.182° (20°C) 0.17 (23.5°C) 9.339° (20°C) 8.35 (23.5°C) 1.55

0.173% (20°C)
0.1695° (25°C)
0.169* (25°C)
0.1675" (26.85°C)
0.1660° (26.85°C)

9.1559 (20°C)
8.797* (25°C)

a Ref. [23].
b Ref. [24].
© Ref. [25].
4 Ref. [26].
° Ref. [27].
' Ref. [28].
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lated to the previous statement, shorter deflection
times minimize natural convection effects, which will
alter the temperature profile that the probe beam
encounters.

In their measurement, which has a similar heating
arrangement, Kim and Irvine [13] determined a critical
Grashof number of 2 x 107 for natural convection to
become important. Calculations of Grashof numbers
for the five test liquids result in a maximum value of
4.1 x 10° for methanol and a minimum value of 0.15
for glycerol. As the Grashof numbers obtained for the
five liquids are all much less than the critical value,
natural convection effects in the present work are neg-
ligible. Note, however, that longer data collection
times and/or larger temperature increases in the wire
may exceed the critical Grashof number.

Both liquid thermal conductivity and thermal diffu-
sivity are functions of temperature. During the heating
pulse, the test liquid is heated by the wire, resulting in
a temperature increase. To minimize temperature
effects, the maximum wire temperature increase during
the heating pulse is kept below 2—4°C.

Results for glycerol, 1-propanol and 2-propanol are
shown in Figs. 3-5, respectively. As can be seen, the fit
between numerical and experimental results is extre-
mely good for these liquids, with low values of ¢ in
Eq. (10) obtained (see Table 1). The results for metha-
nol and ethanol shown in Figs. 6 and 7 are also
reasonable good, however, the agreement between the
numerical model and experimental data is not as good
as that for the previous three liquids. Also significantly
higher values of ¢ are obtained for methanol and etha-
nol, even when the best-fit values of kr and of were

Table 2
Thermo-optical properties of liquids

Test liquid ~ » dn/dT (1074 K71

Reference value Measured value

Glycerol 147358 —2.3° —2.40
1-Propanol 1.3852* —3.9¢ —4.33
1.384°
2-Propanol  1.3742%  —3.4° —4.63
Methanol 1.329% —4.684+0.11° —432
1.325¢ —4.28¢
—3.9¢
Ethanol 1.3614*  —4.46° —4.53
1.358° —4.38+0.04°
—3.9°
2 Ref. [23]
° Ref. [29]
© Ref. [30]
9 Ref. [20]
° Ref. [31]

used (Table 1). The exact nature of such a discrepancy
is not clearly understood. One possible explanation is
that the lower boiling point of methanol (65°C) and
ethanol (78°C) [23] result in more vaporization at the
liquid surface, which generates more temperature fluc-
tuations in the liquid as a whole. In fact, an interesting
observation was made when the liquid was in thermal
equilibrium before the heating pulse was applied.
Small beam deflections at the detector were observed
due to temperature fluctuations in the liquid. The rms
fluctuations for methanol and ethanol were nearly an
order of magnitude greater than the other liquids. This
suggests that there is more inherent fluctuation in the
temperature of methanol and ethanol, which may
explain the difficulty in obtaining very close fits for the
results.

The final values of k¢ and oy for all the five liquids
are listed in Table 1, together with several values from
the literature. Note that the variation in the literature
values are as high as 15%, and all measured values
from this experimental technique fall within the range
of values reported in the literature, with the exception
of o¢ for ethanol only. Measured values of dn/dT for
the five test liquids are listed in Table 2, along with
existing literature values. As can be seen, the agree-
ment between the measured and literature values is
also good. Since a=k/pC,, only two of these three
properties are independent, hence pC, can be deter-
mined once k¢ and o are known.

3.5. Uncertainty analysis

Although liquid thermophysical properties are
measured in this work, the time-dependent position-to-
voltage converter output voltage, Vi, is the actual data
collected during the experiment, which is based on the
measurement of a series of parameters, d, a, V, I, [ and
L. Due to the unavailability of an explicit relationship
between Vs and these parameters, the uncertainty in
the present work is determined as follows. First, the
uncertainty in Vj is estimated by analyzing each corre-
sponding error source; second, the uncertainties of the
measured thermophysical properties are determined by
running the model program to determine the effects of
the uncertainty in Vy. The final results indicate that
this technique is capable of resolving both liquid ther-
mal conductivity and thermal diffusivity of 2-3%.

4. Conclusions

Liquid thermal conductivity and thermal diffusivity
are simultaneously measured using a laser-based ther-
mal pulse technique in this work, from which the volu-
metric specific heat of liquid can also be determined.
The experiment is based on photothermal deflection of
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a laser probe beam that occurs due to a temperature
gradient formed during a square heating pulse. The ex-
perimental setup is small, inexpensive and reliable.
Five liquids — glycerol, 1-propanol, 2-propanol,
methanol, and ethanol — were tested with good agree-
ment found between measured and literature values,
and a typical uncertainty of +2% for both liquid ther-
mal conductivity and thermal diffusivity. As an added
feature, the temperature dependence of the liquid
refractive index is determined during the measurement
process. The technique works for transparent liquids
as well as those with moderate absorption, and can be
used by a new instrument to measure thermal conduc-
tivity, thermal diffusivity, volumetric specific heat, and
the temperature-dependent refractive index of liquids.
Alternatively, the same technique can be used to
measure the thermal conductivity and thermal diffusiv-
ity of thin, conducting wires.
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