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A new thermal radiation calorimeter for measuring the specific heat capacity of
liquid samples continuously in the temperature range from 280 to 360 K is
described. The heat input to the sample cell from the heater by thermal radia-
tion is estimated using the effective emissivity, which is the apparatus constant.
The heat capacity of a sample can be calculated from the temperatures of the
sample and the heater, and the temperature change rate of the sample. The
present sample cell was made of Pyrex glass; therefore most liquid samples do
not react with the sample cell, and blackening of the surface of the sample cell is
not necessary in the present temperature range. The specific heat capacities for
ethanol, ethylene glycol, n-heptane, n-valeric acid, and water+ethanol mixtures
were measured to confirm the reliability of the present calorimeter.

KEY WORDS: liquid sample; Pyrex glass cell; specific heat capacity; thermal
radiation calorimeter.

1. INTRODUCTION

A radiation calorimeter, in which a sample is heated and/or cooled by
thermal radiation, has been developed by several authors [1–4]. In these
methods, the exact estimation of the heat transfer between the sample and
the heater is necessary. In previous papers [5–7], the authors described a
new thermal radiation calorimeter for measurement of the specific heat
capacity of a solid sample. The principle of this method is based on the
net-radiation theory [8, 9]. In this method, a disk-shaped solid sample
is heated and cooled only by thermal radiation from a heater in a vacuum



chamber. The surfaces of the sample, the heater, and the wall of the inde-
pendent chamber are blackened with a high emissivity material to keep
their emissivities high and constant independent of sample and tempera-
ture. The radiant power exchanged between the heater, the sample, and the
wall of the chamber is evaluated using the effective emissivity, which is
the apparatus constant, and is estimated experimentally with a standard
sample having a known heat capacity. The specific heat capacity is
obtained only from the temperatures of the sample and the heater, and the
time rate change of the sample temperature. This method enables the
values of the specific heat to be obtained continuously with temperature in
a straightforward manner, and over a wide temperature range. The con-
struction and operation of this apparatus are very simple.
The present paper describes the improvement of this calorimeter to

measure the specific heat capacity of a liquid sample and reports the initial
measurements. The temperature range was from 280 to 360 K. The sample
cell was made of Pyrex glass. Blackening of the surface of the sample cell,
which is necessary for the usual thermal radiation calorimeter, is not nec-
essary because the emissivity of Pyrex glass is high and fairly constant in
the present temperature range. Pyrex glass is resistant to corrosion from a
liquid sample, so most liquids do not become contaminated by the cell. The
specific heat capacities of ethanol, ethylene glycol, n-heptane, n-valeric
acid, and binary mixtures of ethanol and water were measured, and these
values have been compared with those published in the literature to
confirm the reliability of the present calorimeter.

2. EXPERIMENTAL

The theory of the thermal radiation calorimeter has already been pre-
sented in previous papers [5–7]. When a sample (mass M, surface area A,
and heat capacity Cp) is heated only by thermal radiation from a heater in
a vacuum chamber, the time rate change of the sample temperature,
dTs/dt, is described by

MCp
dTs
dt
=EhA(Ih−Is)−EsA(Is−Iw)−

dQs
dt
, (1)

where I is the emissive power per unit area of blackbody radiation, which
is equal to sT4 (s is the Stefan–Boltzmann constant and T is temperature).
Subscripts s, h, and w refer to the sample, the heater, and the wall of the
vacuum chamber, respectively. dQs/dt is the conductive heat loss per unit
time through thermocouple leads. Eh and Es are the effective emissivities
arising from the radiant heat transfer between the sample, the heater, and
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the chamber wall. The validity of Eq. (1) is presented in an Appendix. In
a typical experimental run, the sample is heated gradually over a certain
temperature range and then cooled over the same range. Tw is maintained
constant during the experiment. The heat capacity Cp is derived from
Eq. (1) at the same sample temperature Ts for the heating process (i) and
the cooling process (d):

Cp
Eh
=

A(Ihi−Ihd)

M 31dTs
dt
2
i
−1dTs
dt
2
d

4
, (2)

where (dQs/dt)i=(dQs/dt)d at the same Ts was assumed. The left-hand
side of Eq. (2) can be estimated because all parameters on the right-hand
side of Eq. (2) can be measured experimentally. The value measured
directly in this method is not Cp but Cp/Eh. However, if Eh is evaluated
experimentally with the standard sample having a known heat capacity, the
heat capacity Cp(Ts) can be estimated.
A schematic diagram of the present experimental setup and the sample

cell is shown in Fig. 1. A sample cell and two plate heaters were set in the
vacuum chamber which was evacuated to 10−4 Pa during the measurement.
The dimensions of the vacuum chamber were 100 mm inside diameter and
200 mm high, and the temperature of the chamber wall was kept at
253.15 K by a refrigerated circulator. The inside wall of the chamber was
coated with a mixture of Electrodag188 (Acheson) and glass powders for
blackening. Heaters were made with alumina ceramics, and the size of them

Silicon Rubber
Seal

Cu Wire

50 m
m

Thermocouple

Sample Cell

Vacuum Chamber

Sheathed Thermocouple

Refrigerated
Circulator

to Pump

Heater

Glass Tube 8 mm
Power Supply

(a) (b)

Fig. 1. (a) Cross-sectional schematic diagram of the experimental apparatus.
(b) Schematic view of a sample cell.
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is 60×50 mm, 0.8 mm thick. Their surfaces were coated with a small
amount of Electrodag188. The temperature of the heater, Th, was measured
by a chromel-alumel thermocouple (0.1 mm in diameter) which was directly
attached to the heater. The sample cell was made of a Pyrex glass tube,
8 mm in inside diameter, 10 mm in outside diameter, and 50 mm in length,
which is filled with 2 ml of a liquid sample. The upper end of the tube was
sealed with silicon rubber. A copper-constantan thermocouple sheathed in
a tube of Inconel 600, 0.5 mm in tube diameter, was inserted into the liquid
sample through the hole bored in the silicon rubber seal to measure the
sample temperature. The sample cell was suspended only by the sheath of
the thermocouple. The time rate change of the sample temperature was
from 0.9 to 1.6 K ·min−1 in the present measurements. Prior or subsequent
to the measurement, in order to calculate the heat capacity of the liquid
sample, the heat capacity of the empty cell was measured with a thermal
radiation calorimeter that had already been developed.
The heat capacity measured with the present calorimeter seems to be

close to that at constant total volume of a liquid with a small amount of its
vapor or that under the saturated vapor pressure rather than that at a
constant pressure, Cp. Because the vapor pressure is low for the present
conditions, the measured value is assumed to be approximately equal to Cp.
The temperature gradient in the radial direction of the present cell is not
negligible because the thermal diffusivity of the liquid is rather small and
there is the resistance to heat transfer from the cell wall to the liquid in the
cell. Taking into account these points, the uncertainty of the measured Cp
with the present calorimeter will be discussed in Section 3.

3. RESULTS AND DISCUSSION

In the present method, it is necessary that Eh does not change sharply
and does not fluctuate in the present temperature range. It is desirable that
Eh is high and remains constant in that range. For that purpose, it is
required that the surfaces of the sample cell, the heater, and the wall of
chamber are gray-like and their emissivities are high, and their variations
are small over the measurement temperature range (see Appendix). To
check the emissivity of the surface of the sample cell without blackening,
the following experiment was performed. The normal reflection spectra,
R(l), of the Pyrex glass used for the sample cell was measured in the wave-
length range from 3 to 200 mm at room temperature using a Brucker 113v
FT-IR spectrometer. The spectral emissivity, El(l), assumed to be 1−R(l),
is shown in Fig. 2a. Assuming that Lambert’s law holds, the hemispherical
total emissivity, E(T), was estimated from
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E=
>200 mm3 mm El(l) W(l, T) dl

>200 mm3 mm W(l, T) dl
(3)

%
>200 mm3 mm El(l) W(l, T) dl

sT4
, (4)

where W(l, T) is Planck’s emissive power. Figure 2b shows the calculated
results of E(T). The values of E(T) calculated from Eqs. (3) and (4) are
almost the same, 0.88±0.01. E(T) of the Pyrex glass is high and fairly con-
stant in the temperature range from 260 to 400 K. The above result
suggests that the value of Eh for the present calorimeter is almost constant
in the present temperature range without blackening of the sample cell. The
effective emissivity Eh was determined experimentally by measuring the
specific heat of water for which the values of JSTP [10] were used.
Figure 3 shows the temperature dependence of Eh. Eh is more or less con-
stant with temperature, and its value was 0.440±0.007 in the range from
280 to 360 K.
Figure 4 shows Th and dTs/dt versus Ts for heating and cooling pro-

cesses in the present calorimeter when the sample was water. Ihi−Ihd and
(dTs/dt)i−(dTs/dt)d calculated from Fig. 4 are shown in Fig. 5. Cp/Eh
can be estimated from the ratio of Ihi−Ihd to (dTs/dt)i−(dTs/dt)d at
the same Ts by Eq. (2). The heat capacity of a sample is derived from Cp/Eh
and Eh.
The heat capacities of ethanol, ethylene glycol, n-heptane, and

n-valeric acid (Wako Chemical Co., Japan) were measured to establish the
accuracy of the present calorimeter. The purities of these samples as stated
by the manufacture were 99.5, 99, 99.9, and more than 95%, respectively,

Fig. 2. (a) Spectral emissivity of Pyrex glass at room temperature.
(b) Hemispherical total emissivity of Pyrex glass.
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Fig. 3. Temperature dependence (280 to
360 K) of the effective emissivity Eh obtained
from the experiment with water.

Fig. 4. dTs/dt and Th versus Ts for heating and cooling
processes in the present calorimeter when the sample is water.

Fig. 5. Ihi−Ihd and (dTs/dt)i−(dTs/dt)d calculated from Fig. 4.
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Fig. 6. Temperature dependence (280 to
360 K) of the heat capacities of several liquid
samples with the thermal radiation calorime-
ter. The closed symbols refer to the present
results. (N) ethanol, (I) ethylene glycol, (J)
n-heptane, (G) n-valeric acid. The open
symbols refer to reference data. (n) JSTP
Handbook [10], (i) Stephens and Tamplin
[11] (j) Van Miltenburg et al. [12], (g)
McDougall and Kilpatrick [13].

and these samples were used without further purification. These results are
shown in Fig. 6. The closed symbols denote the present results, and the
open symbols denote reference values from the literature (the data of JSTP
[10] for ethanol, Stephens and Tamplin [11] for ethylene glycol, Van Mil-
tenburg et al. [12] for n-heptane, and McDougall and Kilpatrick [13] for
n-valeric acid). The deviations from the reference data were between −0.34
and+1.33% for ethanol, −1.68 and+1.54% for ethylene glycol,+0.22 and
+0.63% for n-heptane, and −1.21 and −1.63% for n-valeric acid. The
present samples of n-valeric acid and ethylene glycol were not pure enough
to consider these deviations in detail, however, the results for ethanol and
n-heptane indicate that the deviation of the measured heat capacities from
reference data is within ±2.0% taking into account the purities.
Figure 7 shows the results of the heat capacity of water + ethanol

mixtures when the mole fraction of water is 0.699 in the temperature range
from 290 to 350 K. The closed circles, the open circle, and the open triangle
refer to the present values, that at 298.15 K of Ogawa and Murakami [14],
and that at 308.15 K of Besson and Patrick [15], respectively. The
measured values were in good agreement with these reference values within
±0.6%. The excess heat capacity, CEp is defined by

CEp=Cp, m−xCp, w+(1−x) Cp, et, (5)
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Fig. 7. Temperature dependence (290 to
350 K) of the heat capacities of water +
ethanol mixtures when the mole fraction of
water is 0.699. (N) Present results, (n)
Ogawa and Murakami [14], (g) Besson
and Patrick [15]. The dashed line represents
xCp, w+(1−x) Cp, et.

where Cp, m is the heat capacity of the mixture, x is the mole fraction of
water in the mixture, and Cp, w and Cp, et are the heat capacities of pure
water and ethanol, respectively. The dashed line in Fig. 7 indicates
xCp, w+(1−x) Cp, et for the purpose of comparison. For the present case,
CEp is relatively large compared with the general mixture. In the present
experiment, the values of CEp are 13.3±0.5 and 13.5±0.5 J ·mol

−1 ·K−1 at
298.15 and 308.15 K, respectively. These values agree to some extent with
the previous data, 13.12 J ·mol−1 ·K−1 (298.15 K, Ogawa and Murakami
[14]), and 13.78 J ·mol−1 ·K−1 (308.15 K, Besson and Patrick [15]).
From Eq. (2), the relative error of Cp in the present measurement can

be estimated by

DCp=
“Cp
“A
DA+

“Cp
“M
DM+

“Cp
“Eh
DEh+

“Cp
“Thi
DThi

+
“Cp
“Thd
DThd+

“Cp
“Ṫsi
DṪsi+

“Cp
“Ṫsd
DṪsd, (6)

˙ :DCp
Cp
: [ :DA

A
:+:DM
M
:+:DEh
Eh
:+: 4T

3
hiDThi

T4hi−T
4
hd

:

+:4T
3
hdDThd

T4hi−T
4
hd

:+: DṪsi
Ṫsi−Ṫsd
:+: DṪsd
Ṫsi−Ṫsd
: . (7)

The typical values of these parameters in the present study when the
sample is water are as follows: Eh=0.440, DEh=0.007,M=5.000 g, DM=
0.005 g, T4hi−T

4
hd=14×10

9 K4, 4T3hi=2.5×10
8 K3, 4T3hd=1.3×10

8 K3,
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DṪs=0.01 K ·min−1, Ṫsi−Ṫsd=3 K ·min−1. The diameter of the sample cell
is large so that temperature gradients in the radial direction are not
negligible because the thermal diffusivity of a liquid is fairly small in com-
parison with that of a solid. DTh is mainly caused by the non-uniform
temperature profile in the cell. The following is the reason. Strictly speak-
ing, Ts, which appears on the right-hand side of Eq. (1), is the temperature
at the sample cell surface, while that on the left-hand side is the average
value of the cell temperature. Equation (2) can be derived from Eq. (1) at
the same temperature of the cell surface for the heating and cooling pro-
cesses. However, in the present measurement, the value of Th was taken at
the same temperature of the center of the cell, at where the tip of the
thermocouple was placed, for both processes. The difference between the
temperature at the center of the cell and that at the cell surface when the
sample is water, and dT/dt=1 K ·min−1 without convection was cal-
culated to be 0.6 K in the present temperature range by numerical analysis.
Therefore, DTh is 0.6 K assuming that Th is proportional to Ts for the case
with a small variation of the absolute value of Th and Ts. DA is not con-
sidered because the same sample cell was used for all measurements and the
determination of Eh, so the uncertainty of A causes only a relative shift of
the value of Eh. Based on the above assumption, the relative error of Cp is
estimated to be less than 3.7%. In this estimation, DTh strongly influences
DCp, therefore, the improvement of the sample cell to achieve the tempera-
ture uniformity and measurement of the temperature at the cell surface are
needed.
However, the maximum deviation of the present results from the ref-

erence data seems to be somewhat smaller than the calculated relative
error. This suggests the following probability. In the present method, the
apparatus calibration constant Eh is estimated with the reference sample
having a known heat capacity. All measurements of the heat capacities
were carried out with the same apparatus and at the same conditions when
the measurement of Eh was performed. This probably reduced the uncer-
tainty of the measured values to some extent.

4. CONCLUSION

Measurement of the specific heat capacity of a liquid sample in the
temperature range from 280 to 360 K was performed by an apparatus
based on thermal radiation calorimetry. The present calorimeter enables
the value of the heat capacity of a liquid sample to be obtained continu-
ously with temperature. The sample cell was made of Pyrex glass. It is not
necessary that the surface of the sample cell is blackened with high emis-
sivity materials because the emissivity of Pyrex glass is very high and
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constant in the present temperature range. Most liquids do not react with
Pyrex glass. It is an advantage for the study of the heat capacity of a liquid.
Moreover, in the present method, the construction and operation of the
apparatus are very simple and the specific heat can be measured in a
straightforward manner and in a rather short time. In the present study,
the specific heat capacities of ethanol, ethylene glycol, n-heptane, n-valeric
acid, and water+ethanol mixtures were measured. The relative error of the
heat capacity measured by the present calorimeter when the sample is water
and dTs/dt=1K ·min−1 was estimated to be smaller than ±3.7%. The
maximum deviation of the measured values from the reference data was
within this value. To measure the specific heat capacity of liquid samples
with higher precision and sensitivity, the temperature uniformity of the
sample cell, the use of pure liquids, and better stability of the radiation
flux supplied to a sample are required. The continued development is
proceeding.

APPENDIX

In a previous paper [8], the radiant power exchange between the
sample, the heater, and the wall of the chamber when a sample is heated
only on one face by a flat heater was calculated using the net-radiation
method [9]. In that paper, the frustum of the right circular cone composed
of only three surfaces was considered, and the interior top and base were
assumed to be the sample surface facing the heater and the heater surface,
respectively.
In the following, the more general expression of the total radiation

energy arriving at the surface in an enclosure composed of n discrete
surface areas is derived (see Fig. A1). These surfaces are assumed to be

4Ti σε
iG

( ii )G1
1

2

n

i

− ε

Fig. A1. Enclosure composed of n discrete
surface areas.
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diffuse and gray. The outgoing radiant energy flux leaving from the ith
inside surface, Ji, is

Ji=EisT
4
i+(1− Ei) Gi=EiIi+(1− Ei) Gi, (A1)

where I is the emissive power per unit area of blackbody radiation, which
is equal to sT4i (s is the Stefan-Boltzmann constant and Ti is the tempera-
ture of the ith surface), Ei is the emissivity, and Gi is the incoming radiant
energy flux. The net radiation energy received by the ith inside surface, Qi,
is

Qi=Ai(Gi−Ji) (Ai is the area of the ith inside surface),

therefore,

Ji=Gi−qi (qi=Qi/Ai)

˙ Ji=Ii+Riqi ( • (A1), Ri=(1− Ei)/Ei). (A2)

Moreover, Qi can be written in terms of the configuration factor,

Qi=C
n

k=1
JkAkFk−i−JiAi

=Ai C
n

k=1
Fi−k(Jk−Ji)

1 • AiFi−k=AkFk−i, C
n

k=1
Fi−k=12 , (A3)

where Fi−k is the configuration factor which is the fraction of energy
leaving from the ith surface that arrives at the kth surface. From Eqs. (A2)
and (A3),

qi=C
n

k=1
Fi−k(Ik−Ii+Rkqk−Riqi)

˙ C
n

k=1
{(1+Ri) dik−Fi−kRk} qk=C

n

k=1
Fi−k(Ik−Ii). (A4)

The following equation is derived using Cramer’s formula,

ql=
1
|A|
|(a1, a2,..., al−1, c, al+1,..., an)|

=
1
|A|

C
n

i=1
Ãil C

n

k=1
Fi−k(Ik−Ii)
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=
1
|A|

C
n

i=1
Ãil 3 C

n

k=1
Fi−k(Ik−Il)−(Ii−Il)4

1 • C
n

k=1
Fi−k=12

=
1
|A|

C
n

k=1

3 C
n

i=1
Ãil(Fi−k−dik)4 (Ik−Il), (A5)

where the matrix Aik=(a1, a2,..., an)ik=(1+Ri) dik−Fi−kRk, row vector
ci=;n

k=1 Fi−k(Ik−Ii), and Ãil is a cofactor. Therefore, qi can be expressed
as

qi=C
n

k=1
Eik(Ik−Ii), (A6)

where Eik is the effective emissivity given by

Eik=
1
|A|
3 C

n

j=1
Ãji(Fj−k−djk)4 . (A7)

Eik depends on the geometric configuration and the emissivities of these
surfaces.
In the present work, the sample cell was made of Pyrex glass. The

Pyrex glass surface is assumed to reflect not diffusely but in a mirror-like
manner. However, the above expression holds if the configuration factor F
is replaced with the exchange factor F s. F s is the fraction of the radiant
energy leaving a surface that arrives at the other surface both directly and
by all possible intermediate specular reflection [9], given by

F s1−2=F1−2+r3F1−3−2+r4F1−4−2+·· ·+r3r4F1−3−4−2+·· · , (A8)

where r is the reflectivity.
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