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Thermal diffusivity of eutectic of alkali chloride and ice in the
freezing–thawing process by temperature wave analysis
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Abstract

Thermal diffusivity of eutectic formed in aqueous alkali chloride solutions (NaCl, KCl, RbCl and CsCl) was determined by temperature
wave analysis (TWA) during the freezing–thawing process of aqueous alkali chloride solution. An obvious change of thermal diffusivity in
freezing–thawing processes of eutectic was observed with the super-cooling phenomena for each alkali chloride solute. The rate of thermal
diffusivity decrease during the eutectic melting in comparison to the total decrease from the solid to the liquid state was observed larger than
t ensitively
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hat of the heat of fusion measured by DSC, especially in the dilute concentration. It was confirmed that thermal diffusivity was s
nfluenced by the highly structure of the coexistence of eutectic crystallization and ice.

2004 Elsevier B.V. All rights reserved.
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. Introduction

Properties of electrolyte solutions, such as viscosity, dif-
usion coefficient, or electrical conductivity, have long been
he subject of considerable attention and study[1,2]. How-
ver, for heat transport property, such as thermal diffusivity
nd thermal conductivity in the freezing temperature range,
ccurate data is still needed especially in the phase transition
egion. As we know, thermal diffusivity is defined as a trans-
ort coefficient of temperature, while thermal conductivity is

hat of heat energy. Thermal conductivityλ is related to ther-
al diffusivity α by the formulaλ =αC, whereC is the spe-

ific heat per unit volume. To obtain these thermal transport
roperties, lots of methods were applied such as thermal wave

ransmission spectroscopy method[3–5], photopyroelectric
echnique[6–8], probe method[9], steady state method[10],
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transient hot-wire method[11,12], forced Rayleigh scatterin
method[13], temperature wave analysis technique[14–17]
and so on.

Temperature wave analysis (TWA) is a method for
tecting thermal diffusivity by measuring the phase shif
temperature wave. It has been largely applied to the s
of thermal property of various materials[14–16]. It has als
been shown that, under particular experimental condit
the TWA method is a very sensitive technique, to obs
the glass transition of polymer, the solid–solid transitio
molecular crystals, and the solid–liquid transition of vari
kinds of materials. With this technique, the quantitative v
of heat transport property can be obtained in the liquid
solid states, and in the phase transition. This technique
also applied to detect the thermal diffusivity of pure wa
and aqueous solutions in the frozen and unfrozen state
the continuous changing of thermal diffusivity was obse
as a function of temperature[17].

Aqueous solutions of NaCl, KCl, RbCl and CsCl w
known to form the eutectic in the frozen state, respect
[18]. For example, the aqueous solution of NaCl, whic
040-6031/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2004.11.010
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the typical electrolyte and most relative to our lives, forms
the eutectic of NaCl·2H2O with the melting temperature at
−21.7◦C. In this study, thermal diffusivity of the eutectic
formed in aqueous alkali chloride solutions (NaCl, KCl, RbCl
and CsCl) with the various concentrations was examined by
temperature wave analysis. A measurement of X-ray diffrac-
tometer (XRD) equipped with differential scanning calorime-
try (DSC) was also undertaken to study the structure of the
mentioned eutectic crystallizations.

2. Samples and measurements

2.1. Samples

Solutes of alkali chloride, NaCl, KCl, RbCl and CsCl were
obtained from Wako Pure Chemical Industries, Co. Ltd., with
the purity of at least 99.99%. Aqueous solutions were pre-
pared by dissolving the solutes in pure water with the con-
centration of 0.05, 0.10, 0.154, 0.5, 1.0, 2.0 and 4.0 molar per
liter. The electric resistivity of pure water is 15 M�cm.

2.2. TWA measurements

2.2.1. Apparatus
n in
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front surface of the specimen and the other for a sensor on
the rear surface of the sample, were used as measurement
cell for thermal diffusivity (Fig. 1a). The electrical insulation
coating, such as silicone oxide, is hydrophilic and the interfa-
cial thermal resistance between this coating and the aqueous
solution sample is assumed negligible, so the lubricant was
not used in this study. This hypothesis is also confirmed for
the measurement of phase shift at the thermal interface at
least in the lower frequency by Minakov et al.[5]. To avoid
the evaporation, the liquid specimen is inserted into the set
of measurement cell fixed and sealed at a constant thickness
with a spacer by using a capillary action. It was confirmed
experimentally that the temperature variation obtained by a
thermocouple buried in the substrate was less than 0.2◦C.

By passing a sinusoidal current on the heater by function
synthesizer (NF1920), the temperature wave is generated by
ac Joule heating at the front surface of the specimen and it
propagates through the specimen in the thickness direction
to the rear surface. The frequency of temperature wave is
selected by considering the thermal diffusion length defined
asµ = 1/k= (ω/2α)−1/2 of the specimen, as to get the ther-
mally thick condition. The ac electric power on the heater
is selected lower than 15 mW for the minimum temperature
increase in the specimen. The temperature variation at the
rear surface was detected by the variation of the electrical re-
sistance of the sensor obtained by using a two-phase lock-in
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The experimental set-up used in this study is show
ig. 1. A set of flat plate of Pyrex 7740, sputtered with
old layers across an area of 1 mm× 3 mm with an electri
al insulation coating on the surface, one for a heater o
ig. 1. Schematic diagram of the TWA measurement: (a) measurement cell;
b) experimental arrangement. m n be
mplifier (NF 5160B) as the phase delay and the ampl
ecay. Temperature was controlled by the PID temper
ontroller (Ohkura, EC 5500), and the dc voltage on the
or and the temperature of the thermocouple were obt
y the digital recorder LR4110 (Yokogawa). The schem
iagram of the experimental arrangement for TWA is sh

n Fig. 1(b).

.2.2. Analysis
Assuming the one-dimensional heat flux, tempera

ave generated on the front surface (x= 0) by ac Joule hea
ng propagates in the thickness direction and is detecte
he sensor attached on the rear surface (x=d), on which the
mplitude decay and the phase delay are observed. Th
imensional diffusion equation leads to the solution of t
erature oscillationx=d as follows[14,15],

T (d, t) = {j0 exp(iωt)/(1 + i)}exp{−(1+i)kd}
[(λk + λsks)2 − (λk − λsks)2

× exp{−2(1+ i)kd}]/2λk

k =
√

ω

2α

(1)

hereT is ac temperature,t is time,j0 is heat flux on the heate
is thermal conductivity,α is thermal diffusivity andω is

ngular frequency of the generated heating wave (f=ω/2π).
ubscript ‘s’ means the property of backing substrates

he other means the specimen. If the conditions ofkd
 1 or
k≈ λsks are satisfied, the second term in the denomina
uch smaller than the first term there, hence Eq. (1) ca
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simplified to

T (d, t) =
√

2j0λk exp(−kd)

(λk + λsks)2
exp

{
i
(
ωt − kd − π

4

)}
(2)

To note the phase term in Eq.(2), we can get more simple
equation as follows,

�θ = −
√

ω

2α
d − π

4
(3)

where�θ is the phase delay between the heater and the sen-
sor, andd the specimen thickness. In this equation, the rela-
tionship between�θ and the square root ofω is verified to be
a linear one, therefore, when the thickness of the specimen is
known, thermal diffusivityα can be obtained from the slope
of the plot inω versus�θ. The Eq.(3) can be rewritten as
follows,

α = πfd2

(�θ + (π/4))2
(4)

By using Eq.(4), α can be determined by�θ at a fixed fre-
quency. When the temperature is scanned at a constant heat-
ing or cooling rate, the thermal diffusivity can be obtained
continuously as a function of temperature.

The temperature scan was done in the range from−50
to 20◦C with the temperature scanning rate of 0.5◦C/min
i he
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40 mA, divergence slit 0.5◦, scattering slit 0.5◦, receiving
slit 0.3 mm, 5–40◦ 2θ range, 10◦/min speed, 2 K/min heating
rate. Nitrogen was used as atmospheric condition. The cali-
bration ofθ and 2θwas performed as usual by using a silicon
standard. Temperature calibration of DSC was performed as
usual using 2–3 mg of highly pure metal chips of Ga, In, Sn
and Pb.

3. Results and discussion

Fig. 2 shows the thermal diffusivity of 0.154 M aqueous
sodium chloride solution during the cooling and the heat-
ing processes between−50 and 20◦C. After a super cooling
phenomenon, a steep increase of thermal diffusivity was ob-
served as two steps at−10 and−33◦C, corresponding to
the crystallization of pure water and the eutectic formation
of sodium chloride and ice, respectively. While in the heat-
ing scan, a two-step decreasing of thermal diffusivity was
observed at−22.1 and−1.5◦C, also corresponding to the
eutectic melting (literature value ca.−21.6◦C) [21] and the
depressed melting of ice, respectively. The eutectic composi-
tion is approximately 23.6% w/w of sodium chloride, existing
as a hydrate of NaCl·2H2O below this temperature[18].

Thermal diffusivity in the heating process of pure water
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c diffu-
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n cooling and 0.2◦C/min in heating. The frequency for t
emperature scanning measurement was 16 Hz, which
elected by considering the thermally thick condition. D
ng freezing process, the volume expansion is relived
ateral expansion under the condition for maintaining a
tant thickness that can be confirmed by the polarized
al microscope. Even if the thickness expansion was f
ithin 1%, such variation in the thickness would cause
% error to the calculated thermal diffusivity value in c
f the sample thicknessdwith 130�m.

.3. DSC measurement

Rigaku Thermoflex TAS 200 series DSC 8230D with
ooling instrument was used. Sample (∼2 mg) was se
n aluminum pan. The heating scanning rate was 2 K/m
he atmosphere of nitrogen. Samples were cooled at 5 K
efore the heating scans. Here the liquid nitrogen was
s the cooling agents.

.4. XRD–DSC measurement

XRD–DSC (Rigaku XRD–DSC) measurement was
ertaken for the simultaneous measurement of X-ray dif

ometer and DSC for the study of crystalline structure
utectic of alkali chloride and ice[19,20]. The specimen o
queous solution about 10 mg was packed in an alum
quare-shaped container without mechanical grinding.
RD–DSC operating conditions were as follows: Cu K�X-

ay source, graphite monochrometer, X-ray condition 50
nd the aqueous sodium chloride solutions with various
entrations from 0.05 to 4.0 M are shown inFig. 3. It is obvi-
usly seen that for each aqueous solution, thermal diffus
hanges in two steps. The first steep descent of thermal
ivity corresponds to the eutectic melting of NaCl·2H2O, at
22.1◦C, while the second steep descent corresponds
elting of ice. Both of these changes are strongly depen
n the concentration of solute, the higher the concentr
f sodium chloride, the higher the decreasing of therma

usivity in the eutectic melting. Near to the eutectic conc

ig. 2. Thermal diffusivity of aqueous 0.154 M NaCl solution in the coo
×) and heating (�) processes.
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Fig. 3. Thermal diffusivity of aqueous NaCl solutions with various molar
concentrations during heating process: (©) pure water; (�) 0.05 M; (♦)
0.10 M; (�) 0.154 M; (�) 0.50 M; (×) 1.0 M; (+) 2.0 M; () 4.0 M.

tration (4.03 M), only the first descent of thermal diffusivity
was observed at 4.0 M aqueous solution of sodium chloride.
On the contrary, the changing of the thermal diffusivity in the
melting of ice decreases with the increasing concentration of
the aqueous sodium chloride solution. The depression of the
melting point (which is corresponding to the liquidus phase
boundary in the phase diagram[22]) was clearly observed
in the melting area of ice. Below the eutectic melting tem-
perature, the thermal diffusivity increases with the falling of
temperature, and higher the solute concentration, lower the
value. On the other hand, in the liquid state, each solution with
various concentrations shows approximately the same value
as that of pure water. The thermal diffusivity in the liquid
state slightly increases with increasing the temperature.

The change ratio of thermal diffusivity�′αe (�αe/�αtotal)
and that of heat of fusion by DSC�′He (�He/�Htotal)
due to the melting of eutectic was shown inFig. 4, plot-
ted against the concentrations of aqueous sodium chloride
solution. Here,�αe and�αtotal are the change of thermal
diffusivity during the eutectic melting and the total change
of thermal diffusivity from the solid to the liquid state, re-
spectively. The schematic determination of�αe, �αtotal and
Te were shown schematically in the inset ofFig. 4. �He
and�Htotal are the heat of fusion for the eutectic and the
total heat of fusion of the aqueous alkali chloride system,
respectively.�′α and �′H increase with the increasing
c alline
i lute.
H
w le
f line
w ion,
t
o de-

Fig. 4. Thermal diffusivity changing (�′αe) and heat of fusion ratio (�′He)
in the melting of eutectic NaCl·2H2O formed in aqueous NaCl solutions
with various molar concentrations: (�) �′αe; (©) �′He. Inset shows the
determination ofTe, �αe and�αtotal.

tect the change in highly structure of coexistence of eutectic
and ice.

Fig. 5shows the thermal diffusivity of aqueous KCl solu-
tions with various concentrations in the heating process. The
melting temperature of the eutectic (Te) of KCl and ice is
−10.4◦C, higher than that of NaCl solution. In the KCl so-
lutions, thermal diffusivity in the frozen state has the larger
variation depending on the solute concentration than that ob-
served in the NaCl solutions, the higher the concentration,
much lower the thermal diffusivity value, and the thermal
diffusivity also changes in two descent steps in the heating
scan. For the KCl solution with the concentration higher than

F lar
c )
0

e e
oncentration, because the amount of the eutectic cryst
ncreases with the increasing concentration of NaCl so
owever, the concentration dependence of�′αe and�′He
as different. The increase of�′He tends to be linear, whi

or �′αe, the increase tendency occurs to be the curved
ith the increasing concentration. At lower concentrat

he rise of�′αe is remarkably larger than that of�′He. In
ther words, thermal diffusivity is much more sensitive to
ig. 5. Thermal diffusivity of aqueous KCl solutions with various mo
oncentrations during heating process: (©) pure water; (�) 0.05 M; (♦
.1 M; (�) 0.154 M; (�) 0.50 M; (×) 1.0 M; (+) 2.0 M; ( ) 4.0 M.
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Table 1
Melting temperature for the eutectic crystallization (Te) of alkali chlorides

Te NaCl KCl RbCl CsCl

From literature[18] −21.7 −10.4 −16.0 −23.0
From TWA technique −22.1 −10.8 −16.4 −23.3

2.0 M, only one step decrease of thermal diffusivity was ob-
served, in which only the eutectic melting occurred. For other
kinds of alkali chloride solutes such as RbCl and CsCl, the
same experiments were performed, and the two-step descents
of thermal diffusivity were also found in the heating scan. The
melting temperatures (Te) of these four kinds of the eutectics
determined by TWA (as shown in the inset ofFig. 4) were
shown inTable 1together with the literature values[18]. The
temperatures obtained from TWA method agree well with the
literature value.

F
d
r
−

Fig. 6a depicted the thermal diffusivity of these four kinds
of the aqueous solutions with the concentration of 0.5 M
in the heating scan, in which the eutectic melting temper-
ature of each alkali chloride solute was clearly observed by
the steep descent of thermal diffusivity. Thermal diffusiv-
ities below−30◦C are in the order of the eutectic melt-
ing temperature, the higher the eutectic melting temperature
(KCl > RbCl > NaCl > CsCl), the lower the thermal diffusiv-
ity value (CsCl > NaCl > RbCl > KCl). Here we should pay
attention to the value of thermal diffusivity at which the eu-
tectic complete its melting, as pointed out with the arrows in
Fig. 6(a). Thermal diffusivity values occurred in such regions
different remarkably from each other. As we know, thermal
diffusivity values in such regions contribute to the ice and
the concentrated aqueous solution. As shown in the former
figures, the thermal diffusivity of ice is about 10 times as that
of aqueous solution, so the different thermal diffusivity value
at the arrow points for each solution is deduced mainly from
the different amount of ice[10,23,24]. It was well known
that the eutectic is composed of solute and ice, and the know-
able example of eutectic of NaCl·2H2O, is composed of one
molecular NaCl and two molecules of water. In the freezing
process of aqueous NaCl solution, the water in the aque-
ous solutions would turn into ice gradually and finally the
remained water would combine to the NaCl and form the
eutectic crystallization. For other solutes such as KCl, RbCl
a was
n t the
a ach
o eous
s

f n of
0 les
o om
e ircle
a to
b due
t
d ard
( nd
a ap-
p r are
ig. 6. (a) Thermal diffusivity of 0.5 M aqueous alkali chloride solutions
uring heating process, (©) KCl; (�) RbCl; (♦) NaCl; (�) CsCl. (b) X-
ay diffraction patterns for 0.5 M aqueous alkali chloride solutions taken at
40◦C.

a . 29-
1 med
t olu-
t zen
s s not
e ern,
h ngle
r ctic
c SC.
B
p tectic
m ing to
t

nd CsCl, the number of water bound to each solute
ot given in the earlier literature, but it is suggested tha
mount of water bound to each solute is different from e
ther, the largest in KCl and the smallest in CsCl aqu
olutions.

X-ray diffraction patterns recorded at−40◦C for these
our kinds of aqueous solutions with the concentratio
.5 M were shown inFig. 6(b). For each solution, the ang
f relatively high intensity peaks occurred are different fr
ach other. While the angles which were marked with c
t 22.8◦, 24.3◦, 26.2◦, 33.6◦ and 40.2◦ were demonstrated
e the ice, for the angles of relatively high intensity peaks

o ice are 22.8◦, 24.3◦, 26.2◦, 33.6◦, 40.1◦, 43.7◦ and 47.3◦ as
efined by Joint Committee on Powder Diffraction Stand
JCPDS) file no.16-687[25]. For aqueous NaCl solution a
queous KCl solution, the relatively high intensity peaks
eared at other angle regions which were marked with sta
ll corresponding well to those defined by JCPDS file no
197 and no. 04-587, respectively, which were all confir

o be the eutectic formed in the corresponding frozen s
ions, respectively. Although for the eutectic formed in fro
tate of aqueous solutions of RbCl and CsCl, there doe
xist any literature reference on the X-ray diffraction patt
ere we still confirm that the peaks appeared at other a
egion which marked with triangle are owing to the eute
rystallization from the simultaneous measurement of D
ecause in heating measurement from−50 to 25◦C, all the
eaks marked with triangles disappeared after the eu
elting, and then the residual peaks are all correspond

hat of ice.
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Fig. 7. Thermal diffusivity of 4.0 M aqueous alkali chloride solutions during
heating process: (©) KCl; (�) RbCl; (♦) NaCl; (�) CsCl.

Fig. 7shows the thermal diffusivity of four kinds of aque-
ous alkali chloride solutions with the concentration of 4.0 M.
There only exists one steep descent in the changing of thermal
diffusivity in the heating process. In other words, for these
aqueous solutions only the eutectic formed in the frozen state.
It is obviously seen that below−20◦C the thermal diffusivity
value of the eutectic of KCl is the lowest, next is that of RbCl
and NaCl, the largest one is that of CsCl, the same order as
observed inFig. 6(a).

Fig. 8 shows the values of thermal diffusivity for these
four kinds of aqueous solutions at−40 and 10◦C as a func-
tion of concentration. In the liquid state, thermal diffusivity
of each solution shows small difference with pure water at

F var-
i
a
R

about 0.142 mm2 s−1 (10◦C). In the frozen state, thermal dif-
fusivities for each solution with the concentration lower than
0.154 M are the same at about 1.4 mm2 s−1. On the other hand
in the concentrations higher than 0.154 M up to 4 M, thermal
diffusivity shows a large difference depending on the differ-
ent alkali chloride solutes. Thermal diffusivity of aqueous
CsCl solution seems to be nearly to that of ice. While for
aqueous KCl solution, thermal diffusivity shows strong de-
pendence on the concentration, and it keeps the lowest one
comparing with other kinds of aqueous solutions at the same
concentration. This is due to the low fraction of ice and the
low thermal diffusivity value of eutectic of KCl. Thermal
diffusivity in the frozen state is closely correlated with the
highly structure of coexistence system of eutectic and ice,
depending on the solute of alkali chloride.

4. Conclusion

Temperature wave analysis technique was applied to mea-
sure the thermal diffusivity of aqueous solutions of al-
kali chloride with various concentration in a continuous
temperature scan over the temperature range including the
freezing–thawing processes of ice and eutectic.

Thermal diffusivity drastically changes in the melting of
e ozen
s ther-
m lo-
r ivity
i s of
t to
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e ther,
i dif-
f g on
t dif-
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d er-
e
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s ught
t due to
t
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cta
ig. 8. Thermal diffusivities for aqueous alkali chlorides solutions with
ous molar concentrations at−40 and 10◦C: (�) NaCl at−40◦C; (©) NaCl
t 10◦C; (�) KCl at −40◦C; (�) KCl at 10◦C; (�) RbCl at−40◦C; (♦)
bCl at 10◦C; (�) CsCl at−40◦C; (�) CsCl at 10◦C.
utectic and ice during the heating process. In the unfr
tate, there does not exist any obvious difference in the
al diffusivity among the four kinds of aqueous alkali ch

ide solutions. In the frozen state, however, thermal diffus
s strongly depending on the concentration and the kind
he alkali chloride solute. Thermal diffusivity is sensitive
etect the subtle change in the eutectic melting comp
ith that captured by DSC method.
Potassium chloride, rubidium chloride, sodium chlo

nd cesium chloride are all form eutectic with ice, and
utectic melting temperatures are different from each o

t is independent of the radius of the alkali ion. Thermal
usivity in the frozen state shows a variation dependin
he kind of alkali chloride solute, the higher the thermal
usivity, the lower the eutectic temperature. It suggests
ifferent water bonding ability in the composition of diff
nt kind eutectic.

The advantage of TWA is that it not only permits una
iguous identification of the thermal diffusivity value, b
lso provides a thermal understanding of the alterations
olid-state occurred during the heating process. It is tho
hat these results are sensitive to the structural change
he phase transition.
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