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Abstract

Specific heat capacities at constant volume (C,) of water, methanol and their mixtures were
measured with a new adiabatic calorimeter. Temperatures ranged from 300 K to 400 K, and
pressures ranged to 20 MPa. Densities were determined at the initial and final end points
during each calorimetric experiment. The calorimeter is a twin-cell type whose sample and
reference cells (33 cm’) and their shields are heated by electric power. The cells are
surrounded by a high vacuum. During the experiment, the heating power was carefully
controlled so that the cell temperature increased uniformly. The reference cell was always
evacuated and was heated with a constant current. The temperature of the sample cell
tracked that of the reference cell temperature by means an automatic control system.
Automated sample pressure measurements were made with a crystal quartz transducer. The
expanded relative uncertainty for ¢, is estimated to be 1% for liquid phase measurements,

and for density it is about 0.2%.



Introduction

In order to develop a reliable equation of state for a fluid, various thermodynamic property
measurements of the fluid are required. = Among them, isochoric heat capacity
measurements provide a very useful check for calculations of the second derivative of the
pressure with respect to temperature, which is essential information to develop an accurate
equation but is quite a challenge to measure accurately. Applying molecular theory,
vibrational and orientational modes of molecules can account for the thermodynamic
properties of a substance. When heating a substance, the increasing vibrational energy
stored in molecules makes a strong contribution to the heat capacity. On the other hand,
changes of molecular structure with temperature can also affect the magnitude of the heat
capacity contribution which is dominated by orientational energy.

Hydrogen bonding of water (H,0) is certain to introduce the effect of the molecular
energy to the heat capacity. In fact, interactions between water and methanol (CH;OH)
molecules show anomalous thermodynamic properties due to the presence of strong
hydrogen bonding.' There is considerable recent interest in studies of H,O and H,O +
CH30H mixtures in the supercritical and high density regions; for example, PVTX
properties,” densities,’ excess molar heat capacity and excess molar enthalpies.””’
However, published information on the isochoric heat capacity of the mixtures is very
limited. Abdulagatov et al. ® measured the isochoric heat capacity of a 50 mass % H,O+50
mass % CH3;OH mixture and their pure components in the temperature range from 435 to
645 Kusing a high-temperature adiabatic calorimeter. 8

To measure heat capacity of fluids, various methods have been proposed.” The
most accurate methods are the adiabatic methods. In principle, heat exchange between the
calorimeter and the surroundings does not occur in an adiabatic system; thus, the energy
applied to the sample cell would be precisely the desired quantity to calculate the heat flow
and heat capacity. In any actual instrument, however, the ideal adiabatic situation is very
difficult to realize due to heat leakage by thermal conduction, convection, and thermal

radiation. If heat leakage is considerable, it may be important to evaluate the amount of the



heat leakage accurately to correct the measured values. A small heat leakage is self-
correcting if we use the twin calorimeter method in which there are two identical vessels
(cells). One cell contains the sample to be measured and in the other is either a reference

d'%'" in the

fluid or it may be empty. A novel twin-cell adiabatic calorimeter was develope
NIST labs and was successfully used for measurements on H,O and H,O + NH;
mixtures.'"'? In a recent development, a new twin-cell adiabatic calorimeter'” was built in
Japan which traces its roots to the design of the NIST calorimeter, but features numerous
improvements such as a smaller footprint and greater simplicity.

In this paper, heat capacities of H,O, CH30H, and their mixtures are presented
which were measured for liquid regions from 280 to 400 K with the new twin-cell adiabatic
calorimeter. From the volume of the calorimeter cell and sample mass measurements,
densities are calculated.

Experimental Section

Materials. High-purity samples of H,O and CH;OH were obtained to prepare the mixtures.
The H,O sample was twice-distilled and has a minimum purity of 0.9999 mass fraction.
For the CH3;OH sample, the commercial supplier claimed a minimum liquid purity of 0.998
mass fraction with 0.001 mass fraction H,O and 0.0005 mass fraction C;H,OH. The two
mixtures of this study, shown in Table 1, were prepared in the calorimeter cell. A quantity
of each pure component was filled into its own lightweight cylinder (75 cm’) and was
accurately weighted with a 0.1 mg uncertainty. Each component of the mixture was
introduced into the cell from its cylinder and then the cell was cooled below 278 K with a
mini-cooler. The remaining mass in each cylinder was weighed and the composition of the
sample in the cell was calculated from the masses charged to the cell. To ensure complete
homogenization, the sample cell temperature was cyclically increased until the sample
pressure reached the limit of 20 MPa. This process was repeated twice before the first
measurement was started.

Measurements. A twin-cell adiabatic calorimeter,”” shown in Figure 1, was used for these

measurements. A type-304 stainless steel spherical cell of 33 cm® capacity was designed



for this apparatus. It has a maximum permissible pressure of 60 MPa at 800 K. A pair of
these cells was made from stainless steel stock by spinning in a lathe to machine
hemispheres within =5 pum tolerances, which were then welded together. On the bottom of
each cell was brazed a type-304 stainless steel block with a hole drilled to accept a platinum
resistance thermometer (PRT). Absolute temperatures are measured with the PRT’s and
are reported on the ITS-90. Sheath heaters, specially insulated and are capable of reaching
900 K in vacuum, were prepared for this apparatus. A 2 ohm heater was wound around
each sphere with a pitch of about 5 mm. Small strips were attached to the cell surface to
hold the heater wires in place.

A 6.4 mm outer diameter (OD) type-316 stainless steel tube was welded into a hole
in the top of each sphere. A 1.735 mm inner diameter capillary, through which sample may
be introduced to the cell, was welded into the 6.4 mm OD tube. A pair of type-K
thermocouples sealed in a stainless steel sheath were brazed on each cell surface to read the
temperature difference between each cell and its associated adiabatic shield, also made
from type-304 stainless steel. Each cell was jacketed in a cylindrical adiabatic shield
whose temperature is maintained by a 3 ohm sheath heater for the sides and a 0.8 ohm one
for the top to keep it in equilibrium with the cell temperature. To control the temperature,
two type-K thermocouples were brazed on each adiabatic shield side and one was brazed to
each shield top. A pressure transducer using a precision quartz crystal resonator, attached
to the charging manifold, provides pressure measurements to 68 MPa. Adiabatic
conditions are ensured by each thermal radiation shield and by maintaining a high vacuum
(approximately 1 x 10 Pa) in the vacuum vessel which surrounds both cell/adiabatic shield
assemblies.

Each of the six heaters (cell, shield side, and shield top for each set) in the
calorimeter is driven by a direct current power supply system. Two 4-channel 16-bit A/D
converters control it. The entire instrument is connected to a personal computer (486DX)
via an IEEE-488 standard interface bus. The computer has several functions of temperature

control and data acquisition with an aid of a graphical programming language and a



specially developed program. The measurement and temperature-control tasks are
executed every 30 seconds. During this time interval, the cell temperature would increase
about 35 mK. The temperature difference between the cells is maintained within +£3 mK
during a measurement. Also, the system controls temperature differences between the cells
and shield sides, and between the cells and shield tops within £10 mK.

For the heat capacity measurement, a precisely determined electrical energy (Q) is
applied and the resulting temperature rise (AT=T,-T;) is measured. The isochoric specific
heat capacity is obtained from

AQ — AQ, — Wy,
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where U is the internal energy, AQo is the energy difference between the sample cell, Qo sam
and reference cell, Qorr When the cells are empty, AQ refers to the energy added during an
experiment with a sample in the sample cell and a blank (vacuum) in the reference cell,
Wpy is the change-of-volume work due to the slight dilation of the cell, and m is the mass
of sample in the sample cell.

In the first measurement of each substance, the sample cell was charged with the
sample and was cooled to a starting temperature below room temperature. Then,
measurements were performed with increasing temperature until the upper pressure limit of
20 MPa was attained. At the completion of a run, a portion of the sample in the cell was
cryopumped into a lightweight cylinder. The next run was started with a lower density.
When the runs were completed, the remaining sample in the cell was discharged and
weighed. The sample mass of each run was determined from the sum of the mass
increments for that run.

Uncertainties. The claimed uncertainty of the absolute temperature measurement is +10
mK, by considering the calibration report of the PRTs (+2 mK), temperature distribution in
the cell, and systematic accuracy of the instruments. Uncertainty of the temperature rise is
+1.4 mK. Uncertainty of the pressure measurement is +7 kPa, based on the pressure

transducer’s specifications. The uncertainty of the change-of-volume work, which was



calculated'* with eq 2 below, may be determined from the experimental PVT data because
the derivative of the pressure with respect to temperature can be estimated from the

measured temperature rise and pressure difference.

U oo 1
W, =05 — ——APB&V 2
PV DZD?TQ/Z 2 |:| ()

From the fluctuation of the experimental data, the estimated uncertainty of the change-of-
volume work is £2%, which contributes +0.08% to the uncertainty of specific heat capacity.
The energy applied to the cells is the product of the power (voltage % current) and
the time interval to heat from T; to T,. The measurements of the electrical quantities are
exceptionally accurate and have an estimated uncertainty of +0.02 %. A function of
temperature was fitted to the energy difference AQ, applied to the empty cells; the observed
fluctuation is less than +2.5 JIK' which leads to an uncertainty of £0.5 % in the specific
heat capacity. The expanded uncertainty of specific heat capacity is estimated to be =1 %
by combining the various sources of experimental uncertainty.
Blank tests. The empty calorimeter function was determined from heating the evacuated
cells. Heating experiments covering a temperature range from 280 to 400 K were repeated
before each series. The energy data in unit of Joules are shown in Figure 2. An equation in
the temperature was fit to the data; most data agreed with eq 3 within +0.25 J.

AQ, = 8.6260x107*T =0.070299 (3)

Heat Capacity and Density Results

The isochoric specific heat capacity data, C, of each run (start and end points, and every 5
K) are shown in Table 2. The densities p were calculated from the measured sample mass
and the calibrated cell volume at the measured temperatures and the pressures. As shown in
eq 4, the calibrated cell volume, Ve in cm’ is obtained from the coefficient of thermal
expansion of stainless steel and an empirical coefficient related to pressure-dependence of

the volume.



V., = {0.0015287(T -273.15)+ 33.132}(1+ 4.3322x10”P) (4)

A portion of the sample mass resides in the noxious volume which consists of the combined
volumes of the connecting tubing, the charging valve orifice, and the pressure transducer.
In total, the noxious volume is approximately 3% of the cell volume. The amount of the
sample mass in the noxious volume is calculated from an assumed temperature profile of
this volume and from densities calculated with an equation of state'® or, when appropriate,
with correlations based on measured PVTX properties from this apparatus.

Figure 3 shows the deviations of experimental densities of H,O from those
calculated with JAPWS-97."> Deviations from this international reference equation of state
were not greater than 0.1%. Figure 4 shows a comparison of measured ¢, for H,O with the
equation of state. The deviations of c, are within 3 %. While 3 % is a reasonable
deviation, we would expect deviations to improve if this series were repeated, since the
series depicted in Figure 4 had some problems with temperature excursions of the adiabatic
shields.

Figure 5 shows the ¢, data of H,O, CH3OH, and their mixtures. It shows an
interesting behavior of the thermodynamic surfaces of the fluids. The liquid heat capacities
are not strong functions of temperature in this region. A shallow minimum is not observed
in the temperature range for these fluids.
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Table 1. Mass Fraction w, and Mole Fraction X of {xH,O+(1-X)CH3OH} Mixtures Used in

this Study
w X
0.19010 0.29452
0.64858 0.76649

Table 2. Experimental Densities and Heat Capacities for H,O, CH3;OH,
0.3H,0+0.7CH3;0H, and 0.8 H,O+0.2 CH;0H

T,/K P/ MPa p/kgm? ¢ /kIkg" K"
H,O
293.161 0.094* 992.58 4.193
298.171 0.119* 992.35 4.007
303.168 0.163* 992.13 4.128
308.160 0.274* 991.91 4.229
314.160 1.168* 991.60 4.114
318.161 3.524 991.30 4.114
323.186 7.498 990.88 4.039
328.162 11.911 990.43 4.031
333.170 16.711 989.97 3.923
336.181 19.741 989.68 3.822
343.176 0.162* 973.75 3.879
347.171 0.348* 973.58 3.838
353.173 4.082 973.13 3.942
358.173 9.925 972.63 3.829
363.156 16.068 972.11 3.706
366.158 19.865 971.79 3.531
368.164 0.107* 932.55 3.736

373.169 0.124* 932.35 3.777



378.168
382.155
389.151
CH;0H
286.172
288.163
293.161
298.182
303.188
307.151
308.169
313.162
318.152
323.166
328.167
330.180
308.395
313.150
318.183
323.157
328.165
331.154
333.171
338.181
343.182
348.176
353.161
358.170

0.141*
0.156*
0.186*

1.924*
3.711
8.032
12.170
16.310
19.571
1.870
5.585
9.583
13.629
17.689
19.332
1.298*
4.643
8.908
13.066
17.206
19.669
0.347*
4.088
7.849
11.609
15.373
19.160

932.15
932.00
931.72

797.83
797.67
797.31
796.96
796.61
796.34
778.51
778.15
777.80
777.46
777.11
776.98
778.53
778.21
777.84
777.49
777.14
776.94
761.80
761.44
761.10
760.76
760.43
760.11

3.785
3.756
3.630

2.630
2.552
2.607
2.710
2.725
2.727

2.798
2.808
2.849
2.882
2.853

2.823
2.865
2.861
2912
2.861
2.959
3.026
3.038
3.076
3.086



359.154
373.168
378.155
383.153
388.153
0.3H,0+0.7CH;0H
283.170
288.160
293.152
298.187
301.156
303.167
308.163
313.179
315.187
330.161
333.162
338.176
343.179
348.165
353.155
359.171
363.155
368.175
369.165
369.530
373.179
378.176

19.910
1.625*
4.765
8.031

11.342

4351
9.812
15.385
20.969
7.062
9.207
14.491
19.802
21.932
2.334
5.223
10.067
14.907
19.778
4.760
10.336
14.061
18.760
19.697
4.434
7.623
12.125

760.04
715.00
714.83
714.53
714.24

879.33
878.80
878.19
877.56
863.98
863.73
863.10
862.44
862.16
834.23
833.98
833.50
832.99
832.44
819.70
819.16
818.78
818.26
818.16
804.52
804.23
803.79

3.069
3.390
3.268
3.293

2.965
2.900
3.095
3.180
3.161
3.114
3.135
3.109

3.200
3.264
3.233
3.317
3.322
3.432
3.261
3.312
3.299

3.444
3.453



383.176 16.647 803.32 3.408

386.153 19.313 803.02 3.437
0.8H,0+0.2CH;0H

382.168 12.992 888.05 3.556

388.159 20.921 884.59 3.537

*Pressure has a larger uncertainty than 7 kPa.



Figure Captions

Figure 1. Twin-cell adiabatic calorimeter.

Figure 2. Measured AQ), of the apparatus.

Figure 3. Deviations of measured densities for H,O from calculations with IAPWS-IF97."°
Figure 4. Deviations of measured ¢, for HO from calculations with IAPWS-IF97."°
Figure 5. Measurements of ¢, for H,O, CH3;0H, 0.3H,0+0.7CH;0H, and
0.8H,0+0.2CH;0H.
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