
































































































































































































































































































































































































The intercompari son s procedure and re sults. Of all known 
comparison the most accurate and efficient seems to be 
a pressure-sensing method using a high-pressure valve and two 
manganin cells [1]. This method is routinely used in VNIIFTRI in 
calibrations and metrological certifications involving standard 
piston gauges. With resolution better than 0.1 kPa readily 
attained at any two piston gauges can be balanced in 
about one minute . there was no high-pressure 
valve available at ASMW and so that a flow-sensing (cross­
float) method had to be applied. Its relative resolution is 
about 0.01 and a single balancing takes up to a half-hour. 
The effective areas of the local low-pressure standard piston 
gauges used to select the MULTIBAR input pressure values were 
preliminarily measured against the National Standards of GDR and 
Hungary. The MULTIBAR output pressures were measured by the 
National High-Pressure Standards at the levels multiple of 100 
MPa in the range from 100 to 600 MPa. The comparison data were 
expressed in terms of pressure dependence of the MULTIBAR multi ­
plication factor. Some of the intercomparisons characteristics 
are summarized in Table 3. 

Transfer 
device 

t1ULT1BAR 

t1angan in 

Table 3 
Maximum Divergence of High Pressure Scales 

Nat-'l scales 
compared 

USSR - GDR (I) 
USSR - Hungary 
GDR (1)- Hungary 

USSR 
USSR 

- GDR (I) 
- GDR (11) 

t1aximum 

X 

0.036 
0.052 
0.038 

0.07 
0. 09 

Standard 
deviation 
of 

0. 007 
0.004 

0. 02 
0. 04 

"/ 
I. 

The high pressure scales of the GDR and Hungary are 
found to ,,, ,"I .j (' .j rill l" 1- . .j th Il 0 I .j ., Il d "t\ ," Il +-:l .j t" ,.j n\.j +.:, Th Il 

I.- 1.'.111 - .1 U '.- \' 1.11.11 1 I.- 11 1 11 J. '- I.- I.- '.- I 1.1.\ J. 11 ;;t .1 .1111.1 I. .. '. " I.-

higher apparent effective area values of piston gauges of GDR 
and Hungary may result from the errors in measurements of elas­
tic constants of materials used in manufacturing the piston-cy­
linder assembly and/or because of the clearance increase at the 

-171-



ends of the engagement length due to technological defects or 
I.l.Iear. 

During the intercomparisons we found what additional measu­
res would be helpful in ensuring the higher accuracy of pressure 
reproduction and comparison. In fact~ the experimental methods 
of investigating liquid flow in the clearance have been recently 
refined. Another version of multiplier~ the MULTIBAR-C~ has been 
developed. ~ith a mass of only 3.8 kg~ it permits pressure mea­
Sllrements to be performed in the range from 25 kPa to 1.2 GPa. 

As it was mentioned before~ the pressure-sensing technique 
should be preferred in the next international comparisons. The 
local laboratories have to be equipped with a high-pressure 
valve and a sensitive d.c. reSistance bridge with resolution 1 -' part in 108• A set of transfer standards should include a pres-
sure multiplier and two manganin cells. R mercury freezing cell 
may be also included as an optional device. 

In terms ~f economy and 10gistics~ it is advisable to com­
pare pressure scales both in the medium and high ranges at the 
same time since the same complex of measuring instruments is 
employed. 

R e fer e nee 
1. High Pressure Research. Ed.by E.V.ZolotYkh~ Izdatel'stvo 

standartov~ Moscow~ 1987 
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Fig. 1. Fractional increment 6 K of MULTIBAR multiplication 
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Fig. 2. Standard deviation of cross-float measurements. 

1 - USSR; 2 - Hungary; 3 - GDR 
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ABSTRACT 

The vapor pressure of carbon dioxide in equilibrium with the liquid at 
273.16 IC has been measured and found to be 3.48608 ± .00017 MPa. 
Results were found to depend upon the purity of the carbon dioxide. 
Samples prepared by heating analytical reagent quality sodium 
bicarbonate were of sufficient purity to be suitable for use as a 
pressure fixed point. 

The pressure of the HzO(I)-HzO(III)-HzO(L) triple-point has also been 
measured and found to be 208.829 ± 0.025 MPa. 

INTRODUCTION 

Fixed points are valuable since they provide: 

1. A method of comparison among laboratories. 
2. A method for calibration of secondary standards. 
3. An invariant for periodic comparisons of primary standards. 

Herein we report our recent measurements on two pressure fixed points 
that are in the range of piston gages, the vapor pressure of carbon 
dioxide in equilibrium with the liquid at a temperature fixed at the 
triple-point of water (defined to be 273.16 K or 0.01 QC), which is in 
the neighborhood of 3.5 MPa, and the pressure of the triple-point of 
HzO(I) (the ordinary ice), HzO(III) (a high pressure polymorph of 
ice), and liquid HzO, which is in the neighborhood of -22 QC and 209 
MPa. 

CARBON DIOXIDE VAPOR PRESSURE 

(a) Apparatus 

The general arrangement of the apparatus is shown in Fig. 1. The 
surfaces exposed to the carbon dioxide are stainless steel and the 
volume the vapor must fill has been kept low to reduce the equilibrium 
time. This was done by using small diameter capillary tubing and by 
making special small-volume fittings for connections. 
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The capillary tube leading from the bomb to the differential pressure 
transducer (OPT) passed through an aluminum block in good thermal 
contact with the stem of the triple point cell where it passes through 
the surrounding ice bath. This tempering technique greatly reduced the 
heat conducted down the tubing into the bomb. 

The pressure was measured with a piston gage, operated in the absolute 
mode using nitrogen gas. The OPT serves as a separator between the 
nitrogen and the carbon dioxide. All the tubing in the measurement 
circuit from the piston gage to the sample bomb was covered with 
insulation to reduce the effect of room temperature changes. 

(b) Carbon Dioxide Samples 

Four carbon dioxide samples were used. 

Sample (i) was prepared by distillation of industrial grade carbon 
dioxide. 

Sample (ii) was prepared by heating sodium bicarbonate of analytical 
reagent quality. The following reaction occurs: 

The apparatus used to conduct this chemical reaction is shown in Fig. 2 
and was mostly devoted to the removal of the one molecule of water that 
is generated for each molecule of carbon dioxide. The gas was first 
passed through a cold trap maintained at -55 QC by an alcohol and dry 
ice mixture and then through two drying tubes, one filled with 
anhydrous calcium su~fate and the final one filled with glass fibers 
coated with phosphorus pentoxide, an extremely efficient dessicant [1]. 
The carbon dioxide was collected by condensing it in a cylinder cooled 
in liquid nitrogen. 

Sample (iii) was commercially-prepared "research grade" carbon 
dioxide specified as having a total content of carbon monoxide, 
nitrogen, oxygen and argon of less than 20 ppm; water, 4.5 ppm; and 
hydrocarbons, 0.2 ppm. 

Sample (iv) was commercially prepared as 99.999% pure by a different 
supplier. 

(c) Results 

The results for the four samples are shown in Fig. 3 where the 
pressure is plotted vertically and equal intervals along the horizontal 
axis represent the progression from one measurement to another, that is 
the evacuation and refilling of the OPT. The measurements on samples 
(i) and (ii) settle to constant values which are estimated from the 
mean of the measurements made after settling as: 

(i) 3.486072 MPa standard deviation 15 x 10- 6 MPa 
(ii) 3.486084 MPa standard deviation 12 x 10- 6 MPa 

Combining the data from both samples. the average value is 3.48608 ± 
0.00017 MPa. 
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As discussed in the next section, the other samples gave pressure 
values which did not stop reducing with successive measurements and so 
were not used in the final result. 

There are three main sources of error: the piston gage pressure, the 
head correction, and the triple point cell temperature. The piston 
gage has been calibrated using primary standards and the total 
uncertainty (one standard deviation) in the pressure at the reference 
level is 48 Pa. The head correction is -298 Pa with an uncertainty of 
12 Pa. The uncertainty in pressure produced by the temperature 
uncertainties is due to the difference in temperature an individual 
triple point cell may have from 0.01 ·C. According to IPTS 68 [2] this 
should be less than 0.2 mK which corresponds to a pressure of 18 Pa. 
The manufacturer of the cell claims the error lies between zero and-
0.1 mK but the larger error will be used here. Combining these 
uncertainties by taking the square root of the sum of the squares [3], 
and multiplying that result by three, the overall uncertainty at the 
99.7 percent confidence level is 165 Pa. 

(d) Discussion 

When the differential pressure transducer was pumped out and refilled 
from the sample bomb, the vapor pressure would be expected to re­
establish itself to its previous value. For samples (i) and (ii) this 
is true after the first few measurements. The large initial drop in 
vapor pressure shown by samples (i) and (iii) is considered to be due 
to the presence of permanent gases dissolved in the liquid which are 
boiled off and removed with the vapor thus purifying the remaining 
liquid. This is the basis of a method of purification of cylinders of 
industrial grade carbon dioxide given by Keulemans [4]. 

After the large decreases in vapor pressure sample (iii) continues to 
exhibit small decreases with each removal of vapor and its replacement 
by evaporation of the liquid. This behavior is thought to be due to 
the concentration of water in solution in the carbon dioxide liquid. 
Morrison [5], in experiments on the effect of water on the critical 
temperature of carbon dioxide, has shown that the liquid phase is 
richer in water than the vapor phase in equilibrium with it. There is 
a chemical interaction between the two types of molecules causing the 
vapor pressure to be lower than for pure carbon dioxide and lower than 
the simple application of Raoult's Law would suggest. As the OPT is 
evacuated and refilled with each new sample, the relative concentration 
of water in the sample increases. Thus the vapor pressure continues to 
fall below the value found for the samples of carbon dioxide which were 
free of water, samples (i) and (ii), for which special care was taken 
to remove the water. Sample (i), which was prepared from industrial 
gas was dry but presumably contained permanent gases, so that it showed 
the initial large drops in vapor pressure whereas sample (ii), prepared 
from sodium bicarbonate and comparatively free of both permanent gases 
and water, did not. These two samples after several initial 
measurements re-established their vapor pressures at virtually the same 
value after each measurement. Sample (iv) was used twice to fill the 
bomb; the first filling is shown as (iv)a and the second as (iv)b in 
Fig. 3. In both cases it shows no initial large drop but does exhibit 
the small drops in pressure with each measurement. This behavior is 
interpreted as being due to very few permanent gas impurities but some 
water content. The more rapid decrease in vapor pressure shown for 
the last couple of measurements by samples (iii) arid (iv)b seems due to 
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the more rapid concentration of water which would occur when the sample 
is nearly depleted. 

H2 0'I) - H2 0(III) - H2 0(L) TRIPLE-POINT 

The phase diagram of Fig. 4 shows the Hz 0(1) - Hz O(III) - Hz O(L) 
triple-point and the region of stability of the various phases of water 
around it. 

(a) Apparatus 

The triple-point cell designed for this measurement is shown in Fig. 5. 
The cell is made of mar aging steel, chosen to keep the mass, and hence 
the thermal bulk of the vessel, as small as possible. The water sample 
was designed to fill as much of the pressure volume as possible so that 
its volume changes had the maximum possible effect on the pressure of 
the system. The connections were made with capillary tubing to 
minimize the volume of the pressurizing fluid and the heat input to the 
vessel. The cell is contained in a vacuum flask for thermal stability . 

A sample of distilled water of about 50 ml was placed in a deformable 
sack made from a laminate of polyethylene and polyester. The water was 
boiled to remove dissolved gases. For the final measurements the 
metal parts in contact with the sample were gold plated to avoid rust 
contamination. 

A platinum 
interior of 
temperature. 
vacuum flask 
on the cell. 

resistance thermometer whose well extended into the 
the sack containing the sample was used to measure sample 

The cell was cooled by blowing cold nitrogen gas into the 
around the cell and warmed with an electrical heater wound 

The schematic diagram of the apparatus used to measure the triple­
point pressure is shown in Fig. 6. The oil-operated piston gage was 
calibrated using the pressure standards maintained by the National 
Institute of Standards and Technology. It was separated from the cell 
by a differential pressure transducer with constant volume valves in 
series and parallel for checking the zero. This is necessary both to 
isolate the different liquids used in the cell and in the piston gage, 
heptane and oil, and to prevent a slight pressure difference between 
the cell and the piston gage from driving the cell beyond the limits of 
its stability. 

(b) Attainment of the triple-point condition 

It is necessary to establish the three phases, HzO(I), HzO(III) and the 
liquid, simultaneously in the cell. This cannot be done simply by 
establishing the pressure and temperature of the triple-point, as the 
liquid is quasi-stable in the stability regions of the solids and the 
system would simply persist in the liquid state. Before a new solid 
phase will form it is generally necessary to penetrate some distance 
into its region of stability. 

The triple-point was approached along the path shown in the phase 
diagram of Fig. 4. The pressure in the cell was increased, at room 
temperature, to 280 MPa then the cell was cooled down gradually until, 
at about -31 GC, a transition was observed by the sudden increase in 
temperature and a slow drop in pressure. This was the transition to 
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H2 0(III) which is more dense than the liquid. Though this transition 
occurred in the region of stability of H2 0(II), any of this phase which 
formed would change to H2 0(III) when the system rapidly increased its 
temperature and moved into the H2 0(IlI) region of stability. After 
this sudden rise in temperature there was a slow fall which is due to 
the loss of heat to the cell and pressurizing fluid. 

The pressure was then reduced, as shown in Fig. 4, until at some point 
in the region of stability of H2 0(I), a transition was again observed 
by an abrupt increase in pressure, though this time the temperature 
change was quite small. H2 0(I) and H20(III) were now present and the 
system had established an equilibrium between these two phases. At 
this stage the pressure of the system became more stable and was 
controlled by this equilibrium. Because the boundary between the two 
phases is almost parallel to the temperature axis, temperature changes 
have a small effect on the equilibrium pressure. 

The cell was then warmed until the two phases began to melt and the 
third phase was formed at the triple-point. A plot of temperature 
against time showed when this melting occurred by a decrease in the 
rate of warming. As the apparatus warmed up the pressure was measured 
by balancing the pressure in the cell against the piston gage . When 
the system had not yet reached the triple-point condition, the balance 
pressure drifted downward but became quite stable when the triple-point 
condition had been reached. The temperature range corresponding to the 
stable pressure condition extends over about 80 mK. In this range the 
pressure is independent of temperature but at higher temperatures the 
pressure increases with temperature. Attempts to alter the pressure of 
the system by adjustment of the screw press result in the re­
establishment of the same stable pressure after only about a minute. 
By cooling periodically and using the screw press to keep both phases I 
and ,Ill present, the system can be kept in the triple-point condition 
indefinitely. 

(c) Results 

The piston gage pressures, with the usual corrections, were used to 
calculate the absolute pressures in the triple-point cell by the 
addition of measured atmospheric pressure ' and a small correction for 
the head of pressurizing fluid between the piston gage reference level 
and the cell level. Five runs were made and the results of the last 
three are shown in Fig. 7. The pressures of each of the runs were 
averaged and the values of these averages and the standard deviations 
are given in Table I. After the first three runs, the cell was 
disassembled and inspected. Some traces of rust were found on the 
metal parts in contact with the water. These parts were then gold­
plated before the last two runs were done. Even though the 
contamination by rust seems to have little effect on the results, only 
the two runs after the gold-plating have been averaged for the final 
result of 208 . 829 ± 0 . 025 MPa. 

The standard deviation of the 24 readings of the last two runs is 
0.0036 MPa which constitutes a measure of the reproducibility of the 
triple-point pressure. The other uncertainty of the measurement is the 
calibration uncertainty of the piston gage. The piston gage was 
calibrated against standards and the estimated uncertainty at 210 MPa 
is 0.025 MPa. The combined uncertainty from both sources expressed as 
the root-mean-square at the 99.7 percent confidence level is 0.025 MPa. 
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The uncertainty in the estimation of the triple-point temperature is 
dominated by the range over which the condition of pressure stability 
was observed to extend, from -22.18 GC to -22.25 GC, and so the triple­
point is taken as -22.22 ± 0.04 GC. 
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Table I. The means and standard deviations of five runs together 
the combined mean and standard deviation of the last 
runs. 

with 
two 

Run Readings Mean Standard Deviation 
(MPa) (MPa) 

1 9 208.823 0.0041 

2 3 208.823 0.011 

3 6 208.829 0.0057 

4 10 208.827 0.0034 

5 14 208.832 0.0051 

46&5 24 208.829 0.0036 
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7 

CO2 Supply 1 

N2 Supply 

...... - __________ -1. __ • Vacuum 
System 

Fig. 1. The apparatus used to measure the vapor pressures. 1, sample 
bomb; 2, triple point cell; 3, pressure transducer; 4, differential 
pressure transducer; 5, volume adjuster; 6, piston gage with evacuated 
cover for absolute mode; 7, vacuum gage; 8, aluminum block. 

Ethanol 
and dry ice 
-55 ·C 

CaS04 
granules 

P20S 

to vacuum 
system 

on glass 
wool fibres 

Fig. 2. Diagram of the apparatus used to make the carbon dioxide for 
sample (ii). 
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VAPOR PRESSURE 
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Fig. 3 , The measured vapor pressures for samples (i) to (iv) plotted 
against the measurement number, a number representing the sequence in 
which the measurements were performed. 
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Fig . 4. Part of the phase diagram of water showing t he triple-po i nt 
between the liquid and two solid forms, I and Ill. The path taken by 
the cell to establish the three phases i n equilibrium is also shown . 
At A the cell is at room temperature and pressure . The pressure is 
increased at room temperature tq B and then the cell is cooled until at 
C a transition to a solid occurs when both pressure and temperature 
move spontaneously to D. At this stage the wat er is in form 111. The 
pressure is then reduced until at E another transition occurs to form 
I. By warming the cell the system can be moved to the triple-point 
condition when melting produces the liquid form and the three phases 
are present. 

-182-



+-+-++--G 
F 

E 
D 

C 

B 

Fig. 5. The pressure vessel and sample container. A, sample of water; 
B, pressure fluid, heptane; C, "0" ring for sealing sample in plastic 
sack ; D. "0" ring for sealing pressure vessel; E, anti-extrusion ring; 
F, jam nut; G, gland nut and conical seal for high pressure capillary 
t uning; H, thermometer well. 

A 

G 

Fig. 6. The schematic of the apparatus used to measure the pressure 
produced by the triple-point cell. A, screw press for heptane; B, 
pressure vessel; C, vacuum flask; 0, differential pressure gage; E, 
constant volume valves; F, screw press for piston gage pressure fluid; 
G, piston gage; H, Bourdon gage. 

-183-



TRIPLE POINT 
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TEMPERATURE (CO) 

Fig. 7. A plot of the temperature recorded by the platinum resistance 
thermometer against the pressure as measured by the piston gage in the 
immediate vicinity of the triple-point for runs 3, 4, and 5. 
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