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By J. R. Roeruck, T. A. MurreLL aND E. E. MILLER

The Joule-Thomson effect has already been
measured in air,!? helium,>* argon,® nitrogen,® in
four mixtures of helium and nitrogen,” and in four
mixtures of helium and argon.® The present
article describes its measurement in carbon di-
oxide. For descriptions of general methods and
apparatus reference is made to the above articles,
particularly the air work. The changes in either
methods or apparatus necessary for this special
material are described below.

The general literature on the properties of car-
bon dioxide has been excellently summarized by
Quinn and Jones.? This particular property of
carbon dioxide has been discussed in much
greater detail with many references by Burnett,
both in a summary article!® and in a very much
detailed one '

Liquefaction

The compressor used in all the previous work served
again here. It was provided with two interstage coolers
fed with lake water. During the winter months this cool-
ing water temperature was close to 1° and in summer it
never exceeded the critical temperature, 31°. The de-
livery pressure for almost all the work exceeded the critical
pressure. Hence the fluid sent to the apparatus was regu-
larly liquid. If, to avoid this, the compressor operating
temperature was raised above 31°, then much more of the
lubricating water was carried forward as vapor leading to
greatly increased trouble with the driers.

Thus operation at these temperatures gave a fairly in-
compressible liquid with considerable inertia through part
of the cooling coils and on through the system. “Toavoida
dangerous rise of pressiuire on the delivery stroke a compres-
sion chamber was formed of a small steel cylinder, open
end down, attached at a T in the line just following the de-
livery valve. This cylinder was immersed in water lieated
by a steam jet, so keeping the carbon dioxide in this cylin-
der well above its critical temperature. The rise of pres-
sure on each delivery became quite tolerable.

In Burnett’s work!! no trouble had been experienced with
any failure to separate in the water trap a denser liquid
phase, mostly water, froni a less deuse phase, niostly carbon
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dioxide. The 1uecessary presence in our compressor of
liquid water as a lubricant and as an agent for keeping the
fiber packing swollen and soft, made the possibility of a
phase denser than that of the (miostly) water one an im-
portant question. Since no such trouble had come to our
attention, it was decided to go ahead till difficulty of
soine kind arose.

The piston rod of the compressor was bathed by the
cooling water between two packed joints. The suction
pressure in the first stage regularly fell below one atmios-
phere so that small amounts of water made their way into
the system. No difficulty was experienced in purging this
from the high pressure water trap. The purged froth
changed abruptly to gas which was assumed, correctly,
to indicate that the water was purged. It now appears
that we might have encountered difficulty; see the work
by Wiebe and Gaddy!? and by Katz.!¥ OQur experience
suggests a very small water concentration in the carbon
dioxide liguid phase at 200 atm. pressure and temperatures
between 10 and 25°, and a low concentration of carbon di-
oxide in the liquid water phase, with the water phase thc
denser and with no serious commingling of the phases.

For bhath temperatures above 31° it was necessary to
supply to the entering liquid carbon dioxide the large heat
of vaporization. When 3 kw. of a. ¢. power proved inade-
quate, steain at 16 Ib, gage pressure was used to heat the
inflow liquid carhon dioxide after it had passed part of the
inlet coil of the counter-current exchanger. The data for
the temperatures from 50 to 800° were taken with this ar-
rangemment.

With the bath at 23° and tlie steam heating above
omitted, violent trouble arose from the blocking by solid
of the flow passages following the valve -at which the pres-
sure was reduced to atmospheric. This was avoided by
stearn leating the liquid before it passed this expansion
valve. Since the return flow of the exchanger would carry
only low pressure, it became necessary to build an ex-
changer where both flows could be at high pressure.

TFortunately the isenthalpic curves in the field below
25° all end at the vapor pressure curve so that for these
nmieasuremettts with liquid, return flows at pressures below
the vapor pressure were 1ot needed. Hence the return
liquid carbon dioxide coming from the high pressure outlet
coil of this exchanger was passed through a coil of copper
pipe immersed in steam and then through a valve reducing
its pressure to the inlet pressure of the compressor. This
arrangement was used to take the data from 25° down in
the liquid region.

For the region around the critical state and in the un-
saturated vapor field, it was decided to discard the ex-
changer cutirely since the bath would be close to room
teniperature. Part of the high pressure liquid carbon di-
oxide approaching the plug apparatus was passed through
a coil immersed in a chamber filled with steam at 16 1bs
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per sq. in. gage, to supply the heat of vaporization of the
carbon dioxide. The other part by-passed this heater.
Valves in the two lines controlled the division so that the
carbon dioxide could be sent into the apparatus at close
to the bath temperature. A thermocouple with one junc-
tion in the bath and the other on the filow pipe close toits
entry to the bath served to guide these valve settings.

It became immediately apparent that the reading of the
inlet thermometer was quite sensitive to this adjustment.
Iu the previous work we have adjusted the bath tempera-
ture, often at every point, to keep the inlet thermometer at
the same reading. With this control of the temperature
of inlet, adjustment of the bath became almost unneces-
sary and in the later plotting the initial point dropped
sharply on its isenthalpic curve.

This very desirable result is to be attributed to two
factors: (a) the smaller difference between entering fluid
and bath allowing their better equalization, and (b) this in
turn lessening the energy demand on the bath and so with
the same stirring allowing greater uniformity of bath tem-
perature. Similar improvement was noted in the past
when some of the bath heating was shifted to the outside
cylindrical wall and to the plug support. This supplied
heat near the place of its loss, thus lessening the necessary
heating of the bath fluid and so improving the uniformity
of bath temperature. The adjustment of the entering
fluid temperature to the bath temperature in the present
case was so successful in avoiding the old difficulty—the
first point falling off the curve—that a similar arrangement
will be used whenever feasible, The erratic variation of
the points was also much reduced and the isenthalpic
curves in this group are as steady as any we have ever
taken.

To prevent any possibility of the blocking again of
the low pressure discharge by solid, the carbon dioxide
coming from the plug was passed through the steam heater
before expanding to one atmosphere. Since for part of
the readings p; would be followed down to a few atmos-
pheres, a heater was built having large flow passages.
For a number of points it became necessary to desert the
automatic regulation of . and to depend on keeping the
free piston of the p» regulator floating by hand manipula-
tion of this final expansion valve. At still more points it
was sufficient to open the valve wide immediately follow-
ing the automatic valve and to use this final expansion
valve also to control the hunting of the regulator by limit-
ing the pressure drop across the automatic valve.

This general situation of carbon dioxide liquefying or
freezing has led to more experimental difficulty, more
labor, and more variety of apparatus than any other ma-
terial we have measured.

Carbon Dioxide Supply

The carbon dioxide used in this work was purchased from
the Liquid Carbonic Corporation, usually in 50-1b. cylin-
ders. For the earlier work, with the bath above room tem-
perature, they selected for us cylinders filled at a time of
minimum air impurity.

For the work well above the critical temperature ex-
cessive purity was not very important. As received, the
air impurity, measured in the vapor phase, was around
0.1% by volume. During the work air entered the low
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pressure system slowly and carbon dioxide was lost from
the high pressure system also slowly. The higher purity
of the carbon dioxide replaced from the liquid phase was
more than offset by the entering air, and the purity fell
gradually to 0.5 or 0.69,. For this part of the field the
error from this impurity probably did not exceed the other
errors of the measurements.

But in the neighborhood of the vapor pressure curve and
indeed generally in the liquid phase, air impurity has a
marked effect on the data. Small scale experiments
showed immediately that freezing the liquid carbon di-
oxide slowly by means of liquid air forced almost all the
air impurity into the vapor phase. A second freezing of a
100-g. sample normally yielded so little non-condensable
impurity as to be difficult to determine.

The contents of a 50-1b. cylinder were transferred to our
own cylinder., This cylinder was stood in a tall narrow
metal vessel, and solid carbon dioxide, *‘dry-ice,” packed
around it first at the lower end. Gradually the dry-ice was
filled in until it covered the cylinder. The outside was
protected by cotton wadding and paper. Next morning
the pressure in the cylinder was down to only a little above
one atmosphere. The vapor was then allowed to blow
off until the air in the escaping vapor was 0.1 to 0.01 vol. %.
With slow freezing and not too cramped vapor space, the
remaining air impurity in the vapor phase with the cylinder
back at room temperature was below 0.01%,.

To make effective use of such purity this complicated
system had to be exceedingly free from leaks, Some six
weeks was spent eliminating leaks, with such effect that
during the taking of the data about the saturation curve
the impurity increased from 0.01%, to only 0.19,. These
analyses were made on the vapor phase, which always
carries relatively more air impurity, while the liquid con-
tains the major part of the mass of the carbon dioxide.
A few analyses were made of samples collected from the
flow during a run without showing anything unexpected.

Since the carbon dioxide was made by combustion of
coal or coke, it might contain some sulfur dioxide. None
could be found in the spent potassium hydroxide used in
some of the analyses.

E. S. Burnett! and the senior author had concluded
about 1910 that the course of the curvesin the liquid region
approaching the vapor pressure curve was markedly in-
fluenced by the presence of volatile impurity. At that
time the curves carrying sometimes as much as 1.5% air,
were benut down to run below and nearly parallel to the
vapor pressure curve, In the present work, it is shown
experimentally that sufficiently pure carbon dioxide gives
curves in this regicn which enter the vapor pressure curve
without observable change of curvature (see Figs, 2 and 3).
To investigate further the effect of air impurity, curves
were now run with fluids containing different proportions
of air impurity. Each separate point in one run requires
its own p; which has to be obtained by changing the
amount of carbon dioxide in the flow system. Since the
air impurity does not divide proportionately to the masses
of the liquid and vapor phases, changes of the mass in the
flow system always alter the proportion of volatile im-
purity. The curves of Fig. 1 thus show only qualitatively
the effect of air impurity, since the impurities indicated
there do not hold precisely for all the points. The propor-
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tion of air impurity generally decreases somewhat toward
the lower pressures.
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Fig. 1.—Isenthalpic cutves showing the effect of volatile
impurity.

One can, nevertheless, observe that as the curve ap-
proaches the saturation curve it bends discontinuously to
run down beside the saturaticn curve and approach it
slowly. The larger the impurity, the farther from the
saturation curve the break occurs, and the more rapidly
the new branch approaches the saturation curve. The
general behavior of liquid and vapor suggests that the vola-
tile impurity should break the continuity of the liquid,
that is, form bubbles of vapor, at a somewhat higher pres-
sure than the vapor pressure of the pure liquid and the rise
above this vapor pressure should increase with increase of
volatile impurity. Also as the volume of the vapor phase
grows, the proportion of volatile impurity therein de-
creases, and the shift from the vapor pressure correspond-
ingly decreases.

Iu Fig. 1 the dashed line with each run is a corresponding
run made with fluid having negligible volatile impurity.
It will also be observed, but not readily predicted, that the
curve for the liquid carrying volatile impurity has a steeper
slope than for that of the pure liquid (u is increased) and
that this increase grows with impurity and also somewhat
with approach to the saturation curve. Little or nothing
is known about the Joule-Thomson effect in mixtures near
the saturation conditions of one component. Such meas-
urements offer great difficulty in the control of the compo-
sition.

Piston Gage.—During the gathering of the Joule-
Thomson data there was observed a uniform difference of
3 to 49, between our new vapor pressure data and those of
Meyers and Van Dusen, very suggestive of an error in the
pressure scale. The open-tube mercury manometer!s
was used in 1937 to measure the vapor pressure of carbon
dioxide at the ice point and the observed value is very
close to the data in the literature. To check up on the
scale of the piston manometer, it was used to measure the
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same vapor pressure. This same discrepancy of 3-49;
appeared.

The scale of the piston manometer had been set origin-
ally in 1912 by micrometer measurement of the piston
diameter, and by the simultaneous measutement of a pres-
sure with the piston manometer and with an open-tube
mercury manometer. The two methods agreed to
slightly under 0.19;. These data were now re-examined
and an arithmetical error found in the factor used for trans-
ferring load readings into atmospheres. This factor as
used in later work is 1.457, while from the 1912 data it
should have been 1.404. The factor as measured now from
the ice-point work is 1.410, a difference of 0.4%.

This change is small enough to be of little importance
in its effects on the data already taken with this gage.
For, first, we have not found it possible to get consistently
with the gage pressure readings during flow better than
about 0.1 1b, load or 0.15 atm., and we consistently record
only to 0.1 1b. load. To read the pressure in a stationary
system is a quite different problem. Second, u is a slow
function of the pressure except in the critical state and low-
pressure unsaturated-vapor regions, so the absolute value
of the pressure is generally not very critical. Third, a
uniform drift totaling 0.49, in twenty-six years could
hardly affect the values of p calculated from successive
readings and a sudden change would affect very few values.
The effects of heat leaks and regulatory uncertainties in
both pressure and temperature are much more serious.
Hence in correcting earlier work for pressure scale errors
we are correcting only the numerical mistake.

With the exception of the two last published articles,? 115
all the work from this Laboratory on the Joule-Thomson
effect must be corrected for this error in the pressure scale.
The numbers representing pressure have to be multiplied
by 0.9677 to express them correctly in atmospheres. Suit-
able corrections must also be made in the derived quanti-
ties like ». These corrections have been made to the data
in this article.

The open-tube manometerl® is being revised and is not
available for calibrating the piston manometer except as
above through the ice-point readings of the vapor pressure.
The only available confirmation appeared to be to read the
vapor pressure at a series of temperatures and compare the
results with Meyers and Van Dusen’s data. Table 1,
Column 1 gives the chosen temperatures, Col. 2 the piston
manometer readings of the vapor pressure, and Col. 3 the
interpolated data from Meyers and Van Dusen.!” The
maximum difference between the pairs of readings is 0.05%.

Hence both from our mercury manometer readings and
from the Meyers and Van Dusen comparison, our piston-
manometer scale is now correct to a small fraction of 1.

Isenthalpic Curves.—The data from the first
group of measurements are given in Table II.
The individual runs are referred to by their ap-
proximate bath temperature. The last tem-
perature and pressure in a run are, respectively,

(18) “‘Temperature. Its Measurement and Control in Science
and Industry,” Reinhold Pub. Corp., New Vork, N. Y., 1941, pp.
60-73.

(16) Roebuck and Miller, Rev. Sci. Insir., 10, 179 (1939).

(17) Meyers and Van Dusen, Bur. Standards J. of Res., 10, 381
1933).
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the bath temperature and the inlet high pres-

TABLE I
Varor PrRESSURES (COLUMN 2) oS READ AT WISCONSIN
AND (CoLuMN 3) AS INTERPOLATED FROM MEYERS AND
Van Dusen!?

5 °C. #, atm. #, atm. rate of flow or the particular plug. The reliability
28.51 68.79 68.799 of apparatus and methods have been sufficiently
23.64 61.50 61.529 roved in the previous work. It 1d
20.19 56.78 56.779 prove 1€ previous work. 1t would appear
14.76 49 .93 49.905 that the uniformity with which the points fall
0.0 34.41 34.397 on a curve, and the consistency of the family of
TaBLE II
EXPERIMENTAL DATA FOR ISENTHALPIC CURVES OF FIG. 2
No. P No. P t No. P f No. P H No. P ¢
300° curve, Plug 11 150° curve, Plug 14 6 87.7 44 .39 50° curve, Plug 43 0° curve, Plug 11
1 3.1 258.37 1 4.6 47.04 7 111.5  58.40 1 111.6  39.54 1 32.1 -2.73
2 19.3 263.16 2 19.5 60.77 8 131.8 67.40 9 1321 4277 2 37.7 -2.42
3 41.0 268.68 3 43.2  79.25 9 155.2  75.42 3 155.0  45.56 3 49.4 -2.05
4 64.0 274.25 4 66.6 9495 10 193.5  85.36 4 193.5  49.26 4 69.1 —1.47
5 87.7 279.55 5 90.5 108.35  76° curve, Plug 43 50° curve, Plug 43 5 89.6 —1.05
6 109.4 284,44 6 112.5 119.45 | .4 6.65 1 sio 178 O 1120 —0.63
7 131.5 288.60 7 134.8 129.09 , 4. o:'ig > 651 9570 7 133.7 —0.39
8 193.5 299.53 8 1555 136.50 5 g~ 0.37 : : 8 155.8 —0.20
9 1047 149.49 : 40.3 8 7.6 3121 o y904 _0.04
250° curve, Plug 14 ’ : 4 110.8 53.18 4 87.5 34.36 : :
1 89.7 226.01 125° curve, Plug 1 5 131.9 61.18 5 111.6 39.51 —25° curve, Plug 11
2 113.3 232.25 1 64.3 61.62 6 155.0  67.87 6 193.5  49.26 1 23.8 —24.38
7 193.5  76.47 : -
3 133.8 237.48 2 88.0 78.44 " 37 curve, Plug 11 2 817 -24.23
4 156.2 242,72 3 109.3  91.43  75° curve, Plug 43 L 56 1.8 3 4.7 —24.30
5 19047 250.60 4 1315 102.338 | 4, 7 04 56.5 85 4 G766 —24.32
5 155.0 112.20 : : 2 5.3 2195 5 g5 _o437
250° curve, Plug 11 5 193'5 125'09 2 52.2 16.62 3 60.8 29.87 6 112'9 24'47
1 2.5 197.49 ' ' 3 651 2612 4 @26 23.71 7 133.5 —24.60
2 19,7 203.71  125° curve, Plug 43 4 76.5 33.90 5 65.4 24.20 8 1553 —24.72
3 44.3 211.84 1 2.5 —0.94 5 87.4 40.73 6 68.6 24.81 9 1044 —9537
4 682 219.21 2 247 +25.78 6 111.8 5298 7 740 25.66 ‘ '
5 91.2 226.20 3 46.2  47.26 7 132.4  60.30 8 85.2 27.40 —38°curve, Plug 61
6 112.6 231.82 4 70.4 67.24 8 155.6 66.75 9 106.3 30.05 1 11.6 —36.94
7 184.9 237.45 5 93.2 8260 9 193.5 74.63 10 128.3 32.07 2 13.2 —36.96
8 193.5 250.56 6 193.5 125.09  74° curve, Plug 43 11 155.5 34.16 3 156 —36.97
200° curve, Plug 14 100° curve, Plug43 1 410 654 12 1944 3651 4 3.3 9700
1 38 12800 1 19 -6L60 2 58.9 21.05 25°curvePlugss o o2 3L
2 19.5 137.19 2 22.5 —15.30 3 65.1  25.52 1 88.7 19.77 7 977 —37.79
3 43.5 148.78 3 41.1 +8.22 4 72.2 30.04 2 111.8  21.39 ' '
4 64.8 158.08 4 644 3405 5 8.3 4059 3 1344 22,59 —50°curve, Plug 11
5 88.4 167.62 5 86.2 52.66 6 111.8  52.32 4 193.7  25.02 1 33.7 —47.67
6 113.1 176.65 6 110.8 68.22 7 132.4  59.86 o 2 44.2 —47.91
25 , Plug 11
7 183.5 18346 7 1322 7801 8 155.0 6610 °f‘fv4e “gG , 8 06.6 —48.26
8 156.2 190.33 8 155.0  88.15 9 193.5  74.28 5 233 17'40 4 89.9 —48.49
9 194.7 200.48 9 193.5 100.03  74° curve, Plug 61 5 eo1 1g1g O 114 —4890
150° curve, Plug 55 85° curve, Plug 43 1 59.7 21.57 4 90:4 19:99 673 135’?5’3 —igig
1 89.9 108.52 1 205 -—17.43 2 63.0 23.93 5 113.5  21.50 g jou'u _=07s
2 113.0 120.07 2 31.8 —277 3 661 258 6 1354 22.70 o '
3 134.2 120.45 3 42.4 + 829 4 689 27.76 7 194.4 25.02 —50°curve, Plug 61
4 155.8 137.49 4 54.4 18.36 5 84.3 3841 1 10.8 —47.32
5 104.7 149.74 5 65.5 26.65 6 100.7  47.62 2 13.0 —47.35
7 134.9 60.48 3 20.3 -—47.43
4 31.9 —47.57
5 56.1 —47.83
6 97,7 =48,57
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sure. The temperatures are in the hydrogen
centigrade scale and the pressures in atmospheres
absolute.

A few of the runs were repeated to be assured
occasionally that the data did not depend on the
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curves and of the family of their derivatives, give
sufficient assurance of the reliability of the data.
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Fig. 2.-—f as a function of p at constant enthalpy, over the
whole field.

The data of Table I1 are plotted in Fig. 2, with
temperature as ordinate and pressure as abscissa.
The pressure scale is unbroken, but the tempera-
ture scale is broken and the upper temperature
curves are crowded together. This is not feasible
in the liquid-vapor region.

It will be observed that the points fall on the
curves in Fig, 2 a little less consistently than, for
example, in the nitrogen® or argon® articles. The
constant presence of liquid and vapor coming
from the compressor, and the large quantity of
heat to be added, definitely increased the diffi-
culty of both fine pressure and fine temperature
regulation. Slight drifts and irregularities in these
controls are very serious in their effect on the
regularity of the data. It may be that such ir-
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regularities are largely smoothed out in the final
treatment of the data, but one is much better
satisfied where such smoothing is at a minimum.
It was not large here, though somewhat larger
than in much of the earlier work.

‘The general form of the family of these isen-
thalpic curves is the same as with all the pure
substances and mixtures we have measured. With
falling bath temperature the curves increase in
slope and curvature, (a) below the critical pres-
sure to the lowest temperature measured, and (b)
above the critical pressure this trend reverses some
distance above the critical temperature. The
rate of decrease of slope with falling temperature
rises to a maximum along the 200 atm. ordinate
at perhaps 60° and falls again to a quite low rate
in the liquid region where the slope finally be-
coties negative and the curves nearly straight.
The maximuin rate occurs it those curves entering
the vapor pressure curve in the neighborhood of
the critical point, and right at the critical point
this rate becomes infinite.

At the highest pressure and a little below the
critical temperature maxima appear on the isen-
thalps and these maxima shift to the left with fall-
ing temperature until they disappear into the
vapor pressure curve. The locus of these maxima.
called the “inversion curve,” is plotted in Figs. 2
and 3.

In the unsaturated vapor region the slope con-
tintes to grow with falling temperature till the
curves disappear either into the vapor pressure
curve or into the zero pressure ordinate. The
100° curve has its lowest point off the vapor
pressure curve, in the unsaturated vapor region
below the triple point at about —62°. An actual
difference of temperature across the plug of 160°
wus observed, which exceeds the largest previ-
ously observed,® nainely, that for argom, of 120°.
The corresponding maximum slope for carbon
dioxide i u = 2.8°/atm. while for argon® it is
3.0°/atm.

The curves above rooni temperature were nieas-
ured first. As the curves running into the critical
region were measured, great difficulty was ex-
perienced in obtaining consistency in their ap-
proach to the neighborhood of 7.p.. The diffi-
culty was immediately traced to the presence of
small air impurity. As described above this was
solved by freezing the liquid and blowing off suffi-
cient of the overlying vapor.  The curves about
T.p. were not repeated exactly and the best are
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plotted in Fig. 2, where they show more than
desirable inconsistency near I.p.. They are sup-
plemented by a whole new group of curves, Fig. 3,
described below, covering the T.p. region. But
first the set of curves, Fig. 2, in the liquid region
was measured, using the purer carbon dioxide.
The field was covered down to the solid-liquid
line, the slope there becoming quite markedly
negative. This last curve involved some thrill
for the experimenters, since a small failure of the
controls could have blocked the flow passages
with solid. The curves were followed close to
the saturation curve to be sure that the steady
slope and curvature persisted right to the satura-
tion curve. In Figs. 2 and 3 are given carefully
measured curves well down in the liquid region.
having points close to the entry into the vapor
pressure curve, These curves thus give positive
evidence that the inversion curve does not bend
down in the liquid region but disappears directly
into the saturation curve. This form of the in-
version curve with the turn down, coming origi-
nally from an equation of state, is thus definitely
excluded for carbon dioxide by this experimental
evidence.

Vapor Pressure Curve.—The saturation curve
is plotted in Fig. 2 as a dashed line through the
points measured when a mixture of liquid and
vapor is escaping from the plug wall. These
points scatter along the curve very similarly to
the regular points along the isenthalpic curves.
Very few of the total number of points can be
shown in Fig. 2. A set of values read from this
dashed curve is given in Column 2 of Table IIT.
A corresponding set from the original drawing of
Fig. 3 is given in Column 3. These two sets from
entirely independent data are in reasonable agree-

TasLe 111

VAPOR PrESSURE OF CARBON DIOXIDE

Column 2 is from the data of Fig. 2. Column 3 from
that of Fig. 3. Column 4 is the weighted average of 2 and
3. Column 5 is the corresponding data from Meyers and
Van Dusen.V?

¢, °C. $, atm. p, atm, b, atm, b, atm.
31 72.6 72.7 72.7 72.8
30 70.9 71.2 71.1 71.2
20 56.3 56.8 56.6 56.5
10 44.3 44 .4 44 .4 44 .4
0 34.5 34.2 34.3 34.4
—10 25.9 26.0 26.0 26.2
—20 19.1 19.5 19.4 19.5
—-30 13.6 14.1 13.9 14.1
—40 9.6 10.0 9.9 9.9
-850 6.8 6.7 6.7 7.0
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Fig. 3.—f as a function of p at constant enthalpy, in the
neighborhood of the saturation curve.

ment. The averages are given in Column 4, giv-
ing twice the weight to Column 3 on account of its
better experimental conditions. The last read-
ings in Columns 2 and 3 depend on too few data
taken under the most difficult of the experimental
conditions. For comparison the vapor pressures
measured by Meyers and Van Deusen!” are given
in Column 5. The agreement within 19, is as
much as one can expect under the difficult condi-
tions of the flow measurements.

That the presence of air impurity in the carbon
dioxide is not exerting a measurable influence on
these vapor pressure readings is shown first by
the close check between the values determined
statically (Col. 5) and those determined dy-
namically (Col. 4); and second by the precision
with which points on the vapor pressure curve
coming from the extension of curves from the
liquid region and from the unsaturated vapor
region fall together on omne common -curve.
These two series of points will have quite different
proportions of liquid and vapor, and the effects
of a volatile impurity will necessarily depend on
this proportion.

In a new plotting of his experimental data,
kindly made for us by E. S. Burnett,!! all his satu-
ration points fall below Meyers and Van Dusen’s
vapor pressure curve. Burnett's fluid carried
around one volume per cent. of air, so that the
curves entering from opposite sides of the vapor
pressure curve give saturation points spread over
a band of definite width. The air impurity dis-
turbs the saturation points of curves entering from
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the unsaturated vapor side, less than those from
the liquid side. Whatever effect there is on the
latter may be expected to move these saturation
points toward the liquid region from their location
when undisturbed by impurity. We consider this
disturbance as probably unimportant for the
saturation points on curves from the vapor side.

One now may well ask whether the two ways of
reading the vapor pressure—-that is, (a) a static
method using a liquid at rest in a vessel except
for possible gentle stirring, and (b) a dynamic
method where the mixed liquid and vapor are
rushing through passages—actually lead to differ-
ent values. Burnett!! (p. 87) points out that if
the vapor condenses during its passage through
the plug, the droplets formed will be very small
and will be kept small by the turbulence. So
that while passing the thermometer the droplets
might still be very small and have the higher
vapor pressure associated with the steep convex-
ity of the liquid-vapor surface. This would
account for a vapor pressure of the vapor-rich
mixture being higher than in the measurements of
bulk liquid. Since the surface tension goes to zero
at the critical temperature, this effect must also
vanish there, even though it might be favored in
this neighborhood by 1nore ready divisibility of
the liquid droplets. This situation can occur only
in the saturation points following along a curve
from the unsaturated vapor region—that is, from
above—since only in these will the proportion of
liquid present be small.

For the curves coming into the vapor pressure
curve from the liquid side, the liquid disrupts to
form a bubble of vapor only after the pressure has
fallen somewhat below the actual vapor pressure
of the liquid at its prevailing temperature. If
the pressure is under outside control, the tem-
perature adjusts itself through evaporation, to fit
on the bulk vapor pressure curve. The retarding
effect of the surface tension on the formation of
a bubble will be reduced by the violent turbulence
and rough surfaces in the plug.

Since the groups of points associated with the
two regions fall well on a common curve, we may
conclude that the effects of surface tension are not
of moment in this situation.

One can also say that this practical identity of
the two sets of points excludes hypotheses as to
the failure to reach equilibrium among molecular
species in the short time allowed in the flow ex-
periments. This is also excluded by the inde-
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pendence of the values on the size of the flow
through the plug.

Conditions Near the Vapor Pressure Curve

To search out the experimental situation about
T.p. and the vapor pressure curve generally, a
second series of experiments was carried out.
The data are given in Table IV and are plotted in
Fig. 3 with the same temperature scale but twice
the pressure scale of Fig. 2. The bath was held
at 40° while the initial pressure was set succes-
sively at a series of values between 59 and 106
atn., and the curves followed to the saturation
curve and often along it. To avoid confusion
only a part of the points taken along the satura-
tion curve are plotted in Fig. 3, though they were
plotted and used in the original drawing from
which Fig. 3 was traced. The series was completed
by holding the inlet pressure at 106 atm. while
using a lower bath temperature in each successive
run. These curves supplied still more saturation
curve points.

This series of curves examines the manner of
entry of the isenthalpic curves into the vapor
pressure curve of the liquid, from both sides, all
the way from the critical state to the triple point.
The curves of Fig. 2 in the liquid region some-
what below the critical state were also taken with
air-free material and serve to fill in this region in
Fig. 3.

The series of Fig. 3 was begun with an air im-
purity in the carbon dioxide, measured in the
vapor phase, of less than 0.01 volume per cent.
At the end of the series this had risen to 0.129;
again as measured in the vapor phase. Both
measurements had to be made at times flow read-
ings were not in progress, as during flow the situ-
ation is already sufficiently complex. It con-
sequently seems safe to say that the actual air
impurity carried by the flowing material was
distinctly below the above values. There was no
evidence observed, either in the data or in the
curves restulting, of the presence of volatile im-
purity.

The curves of Fig. 3 were measured in the fol-
lowing order: first, those about 7.p.; and second,
those in the unsaturated vapor region on the low
pressure side of the vapor pressure curve. Since
the effect of air impurity- is much more marked
around T.p., this region was measured first with
the high initial purity.

The conditions during the measurements in-
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TasLE IV
EXPERIMENTAL DATA FoR IsENTHALPIC CURVES OF FI1G. 3
No. b4 1 No. ? i No. ? No. ? t
40°, 59 atm. curve, Plug 65 40°, 67 atm. curve, Plug 65 40°, 82 atm. curve, Plug 61  35°, 106 atm. curve, Plug 61
1 1.9  —41.17 1 7.0  —48.97 1 59.0 21.74 1 64.0 25.06
2 8.4  —28.18 2 10.2  —39.03 2  61.0 23.14 2 65.8 26.61
3 14.5 —17.30 3  13.9  —30.46 3 62.9 24.50 3 68.7 28.40
4 202 - 7.73 4 19.3 —20.23 4 64.7 26.30 4 706 28.69
5 30.0 + 6.49 5 24.3 —12.27 5 66.8 28.04 5 72.6 29.15
6 39.7 "18.94 6 29.4 — 4.52 6 72.5 32.94 6 77.4 30.27
7 49.4 30.03 7  39.3 4 9.48 7 82.3 40.00 7  87.1 31.87
8 59.0 40.00 8 48.7 21.14 40°, 87 atm. curve, Plug 61 8 106.4 35.02
40°, 64 atm. curve, Plug 65 1?) gég 28?)3 1 29.0 — 6.42 30°, 106 atm. curve, Plug 65
1 1.9  —52.63 ' ) 2  38.7 + 4.47 1 63.9 23.94
2 3.8  —47.48 40°, 69 atm. curve, Plug 65 3  48.5 13.28 2 66.7 24.60
3 5.9 —42.94 1 2.0 —62.63 4 58.1 21.07 3 68.7 24.93
4 9.2  —36.19 2 15,9 —26.61 5 65.8 26.27 4 72.6 25.65
5 13.1  —28.23 3  20.0 —19.32 6 70.6 29.34 5 77.4 26.67
6 17.6 —19.69 4 289 —6.50 7 75.6 33.04 6 87.1 28.17
7 22.0 -12.09 5 36.1 4 2.32 8 87.1 40.00 7 96.7 29.39
g gg‘g s 2'22 3 ‘é‘;-? i‘é'gg 40°,97 atm. curve, Plug 61 os 106.4 80.55
10 46: 1 21: 1 . ‘ : 1 61.0 23.17 25°, 106 atm. curve, Plug 65
1 55.4 31.38 40°, 69 atm. curve, Plug 65 2 65.7 26.40 1 53.2 17.29
2 639 40.00 1 1.5 —64.51 3 69.7 29.03 2 55.2 18.68
2 5.8 —53.53 4 72.5 30.55 3 571 19.61
40°, 66 atm. curve, Plug 65 3 8.9 —43.16 5 77.4 32.77 4 59.0 19.91
1 1.6  —57.30 4 12,2 -33.77 6 87.0 36.61 5 62.9 20.48
2 4.0 —50.71 5 40.6 4+ 8.95 7 96.8 39.79 6 77.4 22.28
3 5.6  —47.16 6 50.3 20.79 o 7 92.2 23.81
4 9.6 —39.26 7 58.2 295 0 ; 106;;“;' °“r"e’2zl‘gi 61 g 1064 25.00
g ig'? -?gig 8 68.7 40.00 2 653 25.87 19 °, 97 atm. curve, Plug 65
7 249  —10.97 40°, 77 atm. curve, Plug 61 3 67.6 27.54 1 46.4 11.59
g o987 3,89 1 19.6 —19.87 4 70.3 29.15 2 48.4 13.29
9 380 +9.36 2 28,7 - 6.76 5 72.6 30.45 3 50.4 14.97
10 47.8 21 .11 3 383 + 4.26 6 77.4 32.32 4  52.3 15.43
1 56.7 3199 4  48.4 13.55 7 87.1 35.27 5 58.1 16.04
12 655 40.00 5 58.1 22.21 8 96.7 37.88 6 70.6 17.21
) ) 6 67.8 31.80 9 106.4 40.00 7 84.2 18.41
40°, 67 atm. curve, Plug 65 7 77.4 40.19 8 96.8 19.25
1 389 9.10
2 49.7 22.03
3  57.9 31.07
4 66.8 40.00

volved in Fig. 3 were decidedly better than in
those of Fig. 2. This may be attributed to (a)
the lower maximum pressure, (b) the proximity of
the bath temperature to room temperature, and
(c) the more effective use of the steam heating,
particularly the arrangement by which the fluid
entered the plug apparatus close to this apparatus
temperature. It will be noted how well the points
fall on the curves.

The uncertainty noted above about 7T.p. in
Fig. 2 is no longer present. The curves enter the
vapor pressure curve from either side without any
change in their steady curvature, and enter it so
as to make a consistent family. The vapor pres-

sure curve drawn through the sets of points
coming from above and from below shows no
larger spread than each group within itself. In the
earlier work, for example, with air? and with ni-
trogen® this was also the case, but the great dis-
tance of the bath from room temperature made
its temperature control much less certain, and the
gathering of adequate data very expensive in time
and in labor. In the case of argon® this condition
was not as well satisfied and the present work con-
firms the inference made then that it was to be at-
tributed to the presence as impurity of the more
volatile nitrogen.

In the first group of curves plotted in Fig. 2
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the 100° curve runs into the saturation curve, and
after a number of points along it, comes off from
it into the unsaturated vapor region again. This
requires that during the measurement of one of
these lower points the carbon dioxide in its pass-
age through the wall of the porcelain plug began
to condense to liquid, the proportion of liquid
increased to a maximum, decreased, and disap-
peared before the fluid emerged again from the
wall. This phenomenon appears again in a num-
ber of the curves of Fig. 3. Burnett!! (p. 34) refers
to the high probability of such a situation in car-
bon dioxide but lacked the means to realize it
experimentally.

‘The group of curves in Figs. 2 and 3 actually
cutting the vapor pressure curve or passing close
above it, allow of fixing the tangent point at which
a particular one of these isenthalpic curves touches
the vapor pressure curve. The point of tangency
determined from the data in Fig. 3 lies close to
13.8 atm. and —30.6°. The data of Fig. 2 would
place it nearer to —20° but here the entry and
exit points are much more widely separated, the
alr impurity is probably larger, and the confirma-
tion from ueighboring curves practically absent.
The point from Fig. 3 is definitely preferable.
This point of tangency is about 6° above the
point where the inversion curve enters the vapor
pressure curve from the liquid side.

It will also be observed that these curves near
both their entrance and their emergence become
more widely separated from their nearly parallel
neighboring curves. Since these are constant
ertthalpy curves, this means that the rate of change
of enthalpy with distance, measured normal to
these curves, decreases. One might expect that
approaching the vapor pressure curve the unsatu-
rated vapor would carry an increasing quantity
of molecular complexes—possibly of the nature
of small liquid droplets. Both increased presstre
and decreased temperature might be expected
to facilitate their formation. These would nor-
mally evolve heat in their formation, so increasing
C and making the constant enthalpy curves move
closer together. Actually the curves move apart
so that only complexes which absorb heat in their
formation can answer the requirements. These
could not be liquid-like since all liquids give out
heat in formation from their vapors. This would
thus seem to be evidence against the increase of
association in carbon dioxide vapor approaching
its saturated condition.
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The steady course of the isenthalpic curves in
the liguid region right up to the vapor pressure
curve affords evidence against any changes in the
liquid depending on the nearness to the vapor
equilibrium. Thus, speaking figuratively, there
is no anticipation in the liquid of the approach of
the vapor-liquid equilibrium. There seems to
be a slight amount of anticipation in the vapor.

In Fig. 3 if one starts at T p, and moves down
parallel to, above, and very close to the curve--
that is, in dry saturated vapor—one crosses con-
stant enthalpy curves of progressively higher en-
thalpy-—that is, on this path the enthalpy is
increasing-—until one reaches this point of tan-
gency. Fromn here on the opposite situation holds,
the enthalpy on this path is now decreasing.
Hence along this path the enthalpy is a maximum
at this point of tangency. This maximum of the
enthalpy is discussed by Plank and Kuprianoff!®
who locate it at about —20° on the basis of earlier
work. Burnett’s! Chart IX places it about
—26°, while above we place it at —30.6°.

Joule-Thomson Coefficient, u = (d:/dp),—
As in previous papers'® the numerical values of
u are obtained by taking the ratio of the succes-
sive and corresponding differences of temperature
and pressure for each experimental run. These
values of u are plotted against the corresponding
average pressure to give a set of isenthalpic
curves. From each of these curves successive
differences between p’'s for a constant arbitrary
interval in p are plotted against the average p for
its interval. Adjustment between these curves
served to smooth ¢ as a function of p, and aid the
choice of a satisfactory representative curve for
po= f(pn

From these smoothed curves the values of u for
a series of selected pressures were read off. The
temperature corresponding to each value was then
read from the curves of Fig. 2 or 3. These data
are plotted to give the curves of Fig. 4. This cross
plotting was used to make further small adjust-
ments between experimental points and curves
drawn through them in the p = f(p), group. This
places all the smoothing at one place in the reduc-
tion process where its size and character can be
appreciated and controlled.

The general character of Fig. 4 bears the usual
close similarity to that of every other substance
except helium we have measured. It is again
necessary to break the u scale to avoid having

(18) Plank and Kuprianoff, Z, ges. Kdlie-Indusirie, 36, 41 (1929).
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Fig. 4.—u as a function of ¢ at constant pressure.

the curves become indistinguishable at each end.
This confuses the use of Fig. 4 for the considera-
tion of relations among the curves. As with the
other substances, the curves fqr low pressure, e. g.
1, 20, and 60 atm. in the case of carbon dioxide,
cross each other and rise to the limit curve. The
crossing here is more obvious than usual and the
rise has been followed farther. It will be noted
that a section of the 1 atm. curve has been
moved out of its regular place.

The pressure range covered by the readings
(1-200 atm.) is the same as in most of our preceding
work. The temperature range has been somewhat
restricted at the low end of the scale by the freez-

ing of the liquid. In terms, however, of the
corresponding state variables, the range of the
measurements is the smallest we have yet pre-
sented, due to the large values of T.°K. and p,
atm. in carbon dioxide. It is the first material
in which we have been able to extend our meas-
urements over the whole temperature range of the
liquid state, and to examine experimentally the
situation in the vapor region and particularly
about the critical point with considerable care.

The locus of the cutting points of the isenthalps
of Figs, 2 and 3 with the vapor pressure curve,
when plotted in terms of p and ¢ appear in Fig. 4
as the “‘vapor and liquid limit” curves plotted as
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dash-dot lines. The vertical dashed lines of Fig.
4 give the discontinuity in u in crossing the vapor
pressure curve. For a more extended discussion
see our article on nitrogen® and Burnett's'! on car-
bon dioxide. Since the data on these limit curves
are useful, and we can determine them best now
from the original records, the cross plots made
from Figs. 2 and 3 and used to read the data for
Fig. 4 were used again to interpolate curves at
pressures of 5, 13, 25, 35, 45, 53, 65 atin. among
those in Fig. 4 at 1, 20, 60 and 73 atm. A large
scale plot like Fig. 4 was made but with unbroken
w and ¢ scales. The temperatures at which these
pressures occur on the vapor pressure curve are the
temperatures locating the vertical lines (isother-
mals) along which the discontinuity in p occurs.
The upper and lower section points of each iso-
thermal, with its corresponding pressure iso-
piestic, give points through which the upper and

TaprLe V
Dare FOrR Liguip anp Vapror Limvit Curve IN T1G. 4

K Ky
lower branch upper branch
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lower branches of the limit curve pass. The data
for these two series are in Table V. The new
large scale drawing is too finely detailed in its ac-
tive parts to be usefully reproduced, but a few ob-
servations about it are pertinent.

The isopiestics (1-65 atm.) all cross each other
at close to one point, ¢ = 44° and u = 0.93°/atm.
In Burnett’s diagram!! (p. 84) the crossing points
are not so compacted and they lie approximately
at¢{ = 15° and u = 1.2°/atm.

Our limit curve differs markedly from his, first
in the long, nearly vertical part on both sides of
the critical point; second, in the presence of the
sharp bend near ¢t = 25° and u = 1.15/atm.;
third, in the nearness of the inversion in curvature
to this bend; and fourth, in the more concen-
trated curvature in the lower branch. He follows
the lower branch farther and we follow the upper.
He made a surprisingly good formulation from his
rather meager data. Our curve is founded more
directly on more numerous and more reliable data.

The values of u for a series of integer values of
t and p were read off from the large scale plot of

e #, atm. (tiquid) (vapory Fig. 4 and are given in Table VI. Because of the
31 3.0 0.605 0.605 complexity in the behavior of u about the critical
30 71.2 .315 1.010 . . .
25 63 5 501 1161 state, it is necessary, for usefulness, to put in
20 56 5 158 1,925 many different temperatures in this region.

10 44 .4 099 1.341 Inversion Curve (u = 0).—The isopiestics in
0 84.4 .058 1.490 Fig. 4 cross the line for 4 = 0 at the low tempera-

—10 26.1 -028 1.659 ture side of the diagram. The pressures and tem-

—20 10.4 .008 1.842 X

_a0 141 ~ 008 5 070 peratures of these points have been read off the

40 9.9 — 011 744 precise plots and are given in Table VII. They

— 50 #.7 ~ 014 are plotted in both Figs. 2 and 3, thus giving the

TaBLE VI
u AS A FUNCTION OF ¢ AND p

H°C.  pyatm.. ... 1 20 60 73 100 140 180 200

300 0.2650 0.2425 0.2080 0.2002 0.1872 0.1700 0.1540 0.1505

250 3075 .2885 .2625 L2565 .2420 .2235 .2045 L1975

200 L3770 .3575 .3400 .3326 .3150 .2890 .2600 .2455

150 . 4890 .4695 .4430 .4380 .4155 .3760 .3102 .2910

125 5600 . 5450 .5160 . 5068 .4750 .4130 .3230 .2915

100 6490 .6375 .6080 .5920 . 5405 .4320 .3000 .2555
90 .6900 .86785 .6500 .6300 . 5680 - .4290 .2738 .2300
80 7350 .7240 .6955 .6725 .5973 .4050 .2343 .1960
70 .7855 7750 . 7465 L7175 .6192 .3505 .1875 . 1600
60 .8375 .8325 .8060 7675 .6250 .2625 . 1405 .1245
50 8950 . 8950 .8800 .8225 .5570 .1720 .1025 .0930
40 .9575 .9655 .9705 .8760 .2620 .1075 .0723 .0660
30 1.0265 1.0430 1.0835 .2870 L1215 .0678. .0495 .0445
20 1.1050 1.1355 0.1435 L1075 .0700 .0420 .0320 L0272
10 1.1910 1.2520 .0720 .0578 .0407 .0235 .0182 .0142
0 1.2900 1.4020 .0370 .0310 .0215 .0115 .0085 .0045

—25 1.6500 0.0C00 —.0028 —.0030 —.0050 —.0062 —.0080 —.0115

—50 2.4130 —.0140 —.0150 —.0165 —.0160 —.0183 —.0228 —.0248

-75 —.0200 —. 0200 —.0232 —.0228 ~0.240 —.0250 —.0290
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TasLE VII
Data ForR THE LOoWER BRANCH OF THE INVERSION CURVE
(v =0
p, atm. —~1 °C.
20 24.5
60 22.3
73 21.8
100 18.2
140 13.5
180 11.3
200 7.1

lower branch of the inversion curve. This curve
seems unusually far below the critical temperature,
but calculation shows that in terms of reduced
temperatures it is closely the same as that of ni-
trogen and of argon. Also, estimates from the ni-
trogen data on the basis of the theorem of cor-
responding states indicate that the upper branch
of the inversion curve for carbon dioxide crosses
the p = 1 atm. line at 1226°, so that the whole
upper branch is well beyond our facilities.

Burnett as well as Jenkin and Pye observed this
inversion of the Joule-Thomson effect in liquid
carbon dioxide. Burnett!! places it at ‘‘about
—24°”

General Thermodynamic Properties.—It was
intended to combine these experimental data
with data on pv and C, from the literature to ob-
tain the series of thermodynamic coefficients for
carbon dioxide as was done for air and helium.
The literature yielded sufficient coherent pv data
for this purpose, but only insufficient, fragmen-
tary and incoherent data on C,. Since Ak =
C, At is constant between any pair of isenthalps,
it is possible to spread C, over the whole field if
it is known at any constant pressure, preferably
above p, over the temperature range. Jenkin and
Shorthose!® give some total heat (enthalpy) data
from which one can calculate C, = (Ak/ Af),, for
part of our field. However, the data consist of
rather widely spaced points with their inevitable
experimental umncertainty. Moreover, in the
neighborhood of the vapor pressure curve—the
region with which the work here is chiefly con-
cerned—these enthalpy-temperature isopiestics
all have inflection points. Hence the slopes of
these curves in our region could not be determined

(19) Jenkin and Shorthose, Proc. Roy. Soc. (London), A99, 352
(1921).

JouLE-THOMSON ErrEcT IN CARBON DIOXIDE

411

with an accuracy sufficient for our purpose, and
the attempt to use them was abandoned.

The C, data listed by Quinn and Jones® either
fall outside the field in which we need them, or
their original derivation appears so uncertain as
to make them of dubious value. Plank and
Kuprianoff!® in the discussion of the source data
for their engineering temperature-entropy dia-
gram admit the considerable uncertainty in-
volved. The simplest experimental solution seems
to be to measure the relative specific heats along

' an isopiestic above p. over the temperature range.
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Summary

1. A large group of isenthalpic curves lying
between — 55 and 300° and between 1 and 200 atm.
have been measured with carbon dioxide. Special
care has been given to the region in the neighbor-
hood of the vapor pressure curve and the critical
state.

2. The Joule-Thomson coefficient has been
calculated from these measurements for the whole
field and tabulated as a function of the tempera-
ture at a series of constant presstires.

3. Carbon dioxide was almost completely
freed of volatile impurity (air) by freezing the
liquid (—80°) and purging the vapor phase.

4. The inversion curve in the liquid region has
been located, as well as the contact point (tan-
gency) of a particular isenthalp with the vapor
pressure curve.
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