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ABSTRACT 

"Density and Compressibility 
of Superheated Carbon Tetrachloride" 

by 

Ronald Lee Smith 

The effect of both pressure and temperature on the specific 

volume of carbon tetrachloride was determined using a new experimental 

technique. An apparatus, called a capillary pycnometer, was constructed 

which enabled extension of existing data on liquid densities into the 

superheated region. In brief, the apparatus consisted of a spherical 

quartz bulb attached to a long uniform section of capillary tubing in 

ouch manner as to enable superheating of the liquid contained in the 

bulb. Specific volume data were obtained by noting changes in level of 

the liquid meniscus in the (vertical) capillary caused by changes in 

either pressure or temperature in the bulb. 

Data were taken along four isotherms (69.03°C, 76.53°C# 82.23°C, 

and 88.03°C) under conditions of Increasing pressure (falling meniscus) 

as well as decreasing pressure (rising meniscus). No hysteresis in the 

results was obtained for pressures ranging from kl8 mm Hg to 110k mm Hg« 

The rnnyimum superheat reported in this study is 13.1°C (obtained at 

88.03°C and 718 mm Hg), although values as high as k2°C were obtained 

during normal operation of the apparatus. 

Since the pycnometer system devised yielded only relative density 

values, it was necessary to obtain one absolute value to convert the 

other changes observed into absolute values. Ihe data of Gibson and 

Loeffler [2] were used for this purposej in particular, a value of 



1.49558 grams per cubic centimeter at 69.83°C was chosen. Thus, the 

data reported here can be no more accurate, on an absolute basis, than 

that reported by Gibson and Losfflerj however, an error analysis 

reveals that the data obtained here, treated on a relative basis, is 

superior to any yet reported. 
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IHTRGDUCTiatf 

The purpose of this study was to determine the density and com¬ 

pressibility of carbon tetrachloride under superheated conditions 

using a new experimental technique. Much experimental work has been 

done in determining the density and compressibility of many liquids at 

and below their normal boiling points, along with some pressurized work 

above the normal boiling point. However, nothing was found to indicate 

that any experimental work had been done in the superheated region. 

Since various free volume theories [1] for the effect of pressure on 

transport phenomena require liquid compressibility information, an 

adequate test of these theories under superheated conditions would re¬ 

quire superheated compressibility information. Thus, it would be of 

great interest to explore the effects of superheating on the behavior 

of the liquid state. 

An apparatus, called a capillary pycnometer, was constructed which 

enabled extension of the existing data on liquid densities into the 

superheated region. It was designed to ensure attainment of adequate 

superheats for the test liquid without compromising the experimental 

precision of the measurements. The design criteria required the 

pycnometer system to be only a relative instrument. Therefore, it was 

necessary to obtain a known value of density to convert the changes 

observed into absolute values. The data of Gibson and Loeffler [2] 

were used for this purpose; in particular a value of 1.49558 grams per 

cubic centimeter at 69.83°C. 
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Before continuing, a little should be said about the phenomenon 

of superheat. Hie nucleation of a liquid can be explained on a 

statistical basis. If a critical number of molecules arrange them¬ 

selves so as to form a "hole” in the liquid, a vapor phase will form 

spontaneously. If there is less than a critical number of molecules, 

the hole will spontaneously collapse. Thus the primary ways of pre¬ 

venting nucleation are: (1) to keep the volume of liquid small so as 

to reduce the probability for the molecules to arrange themselves 

critically, (2) to keep the time that the liquid is superheated to a 

minimum, and (3) to keep the liquid extremely pure and free of any 

dissolved gases, since impurities set as nucleation sites. Virbration 

should also be kept to a minimum since it gives rise to thermameehanieal 

fluctuations in the liquid which promote nucleation of the vapor phase. 

That a superheated liquid might have some type of anomolous 

density behavior can be seen from the "cage" theory of liquids [1],[3]. 

The cage theory states that a liquid molecule is surrounded by its 

nearest neighbors so as to vibrate within a cage. As the liquid is 

heated, the cage expands. When the liquid is superheated, the theory 

predicts that the "cage" will expand sufficiently that its interior 

molecule can escape, leaving a hole". This is one explanation of the 

metastable phenomenon of a superheated liquid. Therefore, the density 

might decrease, not only due to the expansion of the cages, but also 

due to the additional cages formed by the escaped center molecules. 



EQUIPMENT 

The discussion of the apparatus will be divided into four 

sections. These sections are: (1) the high-vacuum syBtem, (2) the 

carbon tetrachloride liquid-degassing system, (3) the capillary 

pycnometer system, and (4-) some special features of construction. The 

first three sections are depicted in the schematic diagram on page 8 

by the symbols HVS, LD, and CP respectively, 

(1) The high-vacuum system - The high-vacuum system consisted of a 

mercury diffusion pump in series with a two-stage mechanical forepump. 

The diffusion pump was located between the capillary pycnometer and the 

mechanical forepump. The high-vacuum pressure was measured by an 

ionization gauge tube located between the diffusion pump and the 

pycnometer system. A thermocouple gauge was located between the 

forepump and the diffusion pump to measure the forepump pressure. Two 

nitrogen cold traps, one on each side of the diffusion pump, prevented 

mercury vapors from contaminating the pycnometer system. The system 

was designed to produce a high vacuum of the order of 10~^ mm Hg so as 

to ensure cleanliness of the system and to enable filling of the 

capillary pycnometer. An auxiliary vacuum system, consisting of a 

second two-stage mechanical forepump, was used to lower the pressure 

in the capillary pycnometer below atmospheric pressure during an 

experimental run and for initial purging of the apparatus. 

(2) The carbon tetrachloride degassing system - This system con¬ 

sisted of an 18-inch-long distillation column packed with glass beads 

arid mounted on top of a five-liter round-bottom flask. Branching out 
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from the top of the distillation column vas a 12-inch section of 10-mm 

ID glass tubing, the middle six inches being surrounded by a water 

Jacket. A diffusion trap, which consisted of a short piece of small- 

diameter capillary tubing with a converging entrance, was located at 

the end of the 12-inch section opposite the packed column. She down¬ 

stream side of this capillary tube was attached to a vacuum line 

leading to the auxiliary mechanical forepump. 

Inside the five-liter flask was located a 20-ohm heater, used for 

distilling the carbon tetrachloride. A glass line at the base of the 

reflux column supplied degassed carbon tetrachloride to the pycnometer. 

A pressure-control system, regulating the heater output, maintained 

the system pressure at a specified level. She pressure-control system 

was connected to the degassing system through the pycnometer supply 

line. Any liquid condensing in this line was repeatedly driven back to 

the five-liter flask by a hand torch until the pycnometer system vas 

ready to be filled with carbon tetrachloride. At this time the supply 

line was allowed to fill with liquid carbon tetrachloride. 

Ibe reflux column was operated essentially at total reflux, but 

gaseous impurities (as well as some carbon tetrachloride vapor) were 

drawn off through the diffusion trap. 2he system was initially filled 

with spectroquallty carbon tetrachloride, and the final product was a 

degassed carbon tetrachloride of extremely high purity. She distilla¬ 

tion was carried out under 20 Inches Hg vacuum. An indication that the 

carbon tetrachloride was degassed vas the way it boiled in the five- 

liter flask. It was similar to a series of small explosions rather 

than a steady boiling. 



(3) Che capillary pycnometer system - A sketch of the pycnometer 

system is shown on page 9- Ihe abbreviations after certain pieces of 

equipment throughout this section refer to this figure* 2he primary 

part of the capillary pycnometer system consisted of a small quartz 

bulb of I.785 centimeters in diameter surrounded by a constant- 

temperature oil bath* A 3«W*- mm ID capillary tube, running through 

the bottom of the oil bath via a specially machined piece of low* 

thermal-conductivity plastic, connected the quartz bulb with a 0.5 mm 

ID large-bore capillary tube (IBC), which was in turn connected to the 

precision small-bore capillary tube (SBC) described in Appendix A. 

55ie quartz bulb was designed to have a volume of about three cubic 

centimeters in order to obtain reasonable superheats. «£he actual 

volume of the bulb was 3*2506 cc within 0.0001 co (including the stem 

volume to the point of the temperature gradient) as outlined in 

Appendix B. Chis heated volume (E?) was located above the capillary 

tubing to prevent convection currents in the superheated liquid. 

Below the hot oil bath was a cold water bath, which made it possible 

to reduce the pressure on the carbon tetrachloride meniscus in the 

small-bore capillary tube without a measurable loss of carbon 

tetrachloride by evaporation. She bath consisted of a large helium- 

type Dewar flask filled with water. She Dewar was silvered except 

for a one-inch vertical strip through which the carbon tetrachloride 

meniscus in the small-bore capillary tube was sighted by a cathe- 

tameter. m parallel with the small-bore capillary tube was a large 

ID glass tube that acted as a liquid by-pass reservoir (BFR). Che two 

tubes were vertical and connected at both the tap and the bottom. 
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A specially made all-metal stainless-steel diaphram-type by-pass 

valve (BFV) made it possible to stop all flow between the reservoir 

and the small-bore capillary tube at the bottom. The nitrogen pressure- 

regulation system (MB in Figure 1), which controlled the pressure 

inside the pycnometer during an experimental run, was connected to the 

pycnometer system via the glass tube that connected the reservoir 

tube and the small-bore capillary tube at the top. The temperature 

of the carbon tetrachloride inside the pycnometer was controlled by 

two constant-temperature baths. The hot-oil constant-temperature bath, 

which was controlled to within 0.001°C, as outlined in Appendix C, 

regulated the temperature inside the quarts bulb. The second bath, 

a cold-water bath, was controlled primarily by equilibrium conditions 

between the roam and the Dewar flask. The hot-oil bath and the cold- 

water bath had only a small area near the bulb that had a common 

separation surface, and this surface was specially insulated to 

minimize heat transfer. Stirring of the cold-water bath through a 

hole in the steel-top table reduced the gradients to a minimum and 

the temperature was measured with both thermocouples and thermometers 

calibrated by the National Bureau of Standards. 

The nitrogen pressure-regulation system (HR) mentioned above 

consisted of a pressurized nitrogen cylinder, a vacuum pump, a large 

ballast tank, and four control valves. The pressure was measured with 

a Torricelli barometer (TB), and the dust trap (DT in Figure 1) 

collected any random particles that might have been inside the 

nitrogen cylinder. (None were noted.) 
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(4) Special construction features - All parts of the apparatus that 

came into contact with the carbon tetrachloride were made entirely of 

glass or metal so they could be baked-out at temperatures around 350°C 

under a high vacuum. This bake-out procedure ensured cleanliness of 

the system, even though special precautions had been made so that each 

piece of glassware and the all-metal valve (BFV) were as clean as 

practicable. It also made possible the filling of the capillary 

pycnometer without any air bubbles. 

A second feature of the pycnometer system was its mounting on a 

very heavy one-half-inch thick steel-top table supported by shock 

mounts. By the time the carbon tetrachloride had been sealed in the 

pycnometer, all rigid glass lines from external sources had been 

severed. All stirrers and auxiliary equipment were mounted on an 

adjacent wall and the only contacts with the pycnometer system were 

through the low-viscosity bath oil and a flexible-rubber hose 

connected to the nitrogen pressure-regulation system. 

23ae glass bulb in which the superheated temperatures were obtained 

was made of quarts to reduce thermal expansions to a minimum. All 

other glassware was made of Fyrex. 

The reservoir by-pass valve (BPV) was a critical part of the 

apparatus and was designed similarly to valve "B" (Figure 1) of 

Thorness and Neir [4]. The major difference was a slightly modified 

valve seat and passage so as to have a minimum of entrapped liquid 

on the small-bore capillary side of the valve. 
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PROCEDURE 

After the equipment was assembled, it was necessary to degas the 

entire capillary pycnometer system. This was accomplished by main- 

-7 
taining a vacuum in the lov 10 1 mm Hg range while simultaneously 

heating the system to about 350°C in a specially prepared oven. This 

high vacuum was maintained for a period of ten days. All glassware not 

contained within the oven was repeatedly flamed-out by hand with a gas- 

oxygen torch many times each day during this ten-day period. The 

reasons for degassing the system to such a high vacuum were twofold: 

(1) to ensure the wetting of the glassware by the carbon tetrachloride 

and (2) to enable the filling of the quarts bulb without a vapor 

bubble. The carbon tetrachloride liquid degasser (ED in Figure 1) 

was activated in the seventh day of the capillary pycnometer degassing. 

The liquid carbon tetrachloride had been degassed for about a total of 

thirty days all together, since various system malfunctions caused the 

loss of system vacuum after the liquid degasser had been activated in 

Q 

prior attempts. In the tenth day with the system vacuum at 8.6 x 10** 

ima Eg and with the liquid degasser functioning normally, the oven was 

turned off and the glassware slowly cooled. Then the seal-off point, 

Si (Figure 2), was sealed without the loss of high vacuum in the 

pycnometer system by slowly melting the glass line so as to collapse 

the walls to form a vacuum-tight seal. The purpose of this line was 

to ensure the degassing of the quartz bulb. This was necessary since 

the only other path to the quartz bulb by the vacuum system was through 

small capillary tribes which have small conductances under low pressure. 
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Hext the main vacuum line was sealed at point S2 (Figure 1), located 

between the high vacuum pumps and the capillary pycnometer, in a manner 

similar to the sealing of Si. After the severing of the glass line at 

S2 and upon the cooling of the seal-off points, the glass breakout seal, 

VI, separating the liquid degasser and the capillary pycnometer system 

was broken, allowing carbon tetrachloride to flow into the pycnometer. 

The quartz bulb, having been cooled with ice, filled first. Hext, the 

lower part of the pycnometer began to fill. When the liquid was about 

one-inch deep in the reservoir tube, the filling was terminated by 

gently heating the glass lines to drive back the excess carbon 

tetrachloride. Then the capillary u-tube freeze valve, CFV, between 

the pycnometer and the liquid degasser was surrounded by liquid nitro¬ 

gen to prevent any further flow of liquid into the pycnometer. A 

second breakout seal, V2, was broken which opened a line between the 

high vacuum pumps and the liquid-degasser side of the CFV. Seal-off 

point S3 was sealed by melting the glass line. A vacuum was then pulled 

between S3 and the CFV, first by the auxiliary forepump, then by the 

high vacuum pumps. When all the carbon tetrachloride vapor had been 

removed, seal-off point s4 was sealed similar to SI and S2, This pro¬ 

cedure was used because the melting point of Pyrex glass is above the 

cracking point of carbon tetrachloride; and this technique, which 

minimized the soluble products produced by the cracking of carbon 

tetrachloride, had been proved successful by Fereribaugh [5]. Once the 

proper amount of carbon tetrachloride had been sealed in the 

capillary pycnometer, a third breakout seal, V3, was broken and the 

system pressurized with gaseous nitrogen. The thermotrol was set so as 
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to heat the liquid in the quartz bulb to the proper temperature. The 

reservoir by-pass valve, BPV, remained open up to this point. 

Before each run, the nitrogen pressure was adjusted to 1137 mm Hg 

at the carbon tetrachloride meniscus in the small-bore capillary tube, 

which resulted in a pressure of 1092 mm Hg at the center of the quartz 

bulb. The BPV would be closed about an how before each run and 

meniscus readings taken periodically to check on the steady-state 

conditions. if steady-state conditions prevailed, a run was made by a 

stepwise lowering of the pressure to a predetermined level. Then the 

pressure would be raised stepwise to the initial value, stopping at 

the same intermediate values of pressure. The data recorded at each 

point were (1) the nitrogen pressure at the meniscus to the nearest 

mm Hg, (2) the change in meniscus height to the nearest 0.001 centime¬ 

ter and (3) the temperature of the hot-oil bath and the cold-water 

bath to the nearest 0.001°C and 0,Q1°C respectively. Approximately 

six minutes were allowed between each datum point taken to ensure that 

any carbon tetrachloride extruded from or driven into the quartz bulb 

would be in equilibrium with its surroundings. Observations with 

the cathetcmeter indicated when steady-state conditions had been 

obtained. 

Since the only experimental data found for carbon tetrachloride 

were for below the normal boiling point, sene isobarie runs were 

required to connect the isotherms. These runs were made by maintaining 

the pressure at the meniscus in the small-bore capillary tube at 1137 

mm Hg and changing the temperature of the hot-oil bath* An isobarie 

run would consist of a change in temperature from one isotherm to the 
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next. Since a change in temperature of 2°C resulted in a change in 

meniscus height of approximately 26 centimeters, several intermediate 

points were taken between isotherms. Upon reaching an intermediate 

control point between isotherms, the BFV would be opened by a remote 

handle and the liguid level in the small-bore capillary tube dropped 

to the lower part of the capillary tube and then the BFV would be 

closed. 2!his procedure was repeated several times as indicated by the 

number of data points between any two isotherms. The elapsed tine 

between opening and closing of the valve was about thirty seconds with 

a bit of practice. This fast action reduced to a minimum any 

fluctuations taking place while the valve was open. The same data 

were recorded as for the isothermal runs. 

CALCULATIONS 

The theory behind the calculations for density and compressibility 

is straightforward. A change in volume of a known volume of liguid 

was measured for each change in state. The mass of the system and the 

changes in mass were directly proportional to the volume of the system 

and changes in the volume respectively. The data of Gibson and 

Loeffler [2] were used to calculate the changes in mass from the changes 

in volume. (All volume changes were measured in the subcooled region.) 

Since only relative density values were measured, it was necessary to ob 

tain a known value of density to convert the changes observed into abso¬ 

lute values. The data of Gibson and Loeffler were used for this purpose 

in particular, a value of 1.4955$ grams per cubic centimeter at 69«83°C 
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iras chosen. The only difficulty in the calculations of density and 

compressibility resulted from the fact that the pycnometer system was 

very sensitive and second-order corrections, especially those due to 

the fluid in the cooler part of the pycnometer, caused the calculations 

to be quite lengthy* 

The general idea behind the calculations was simple. As Indicated 

in the experimental procedure, the liquid in the tipper part of the 

pycnometer, HV, was heated under pressure to a constant temperature. 

When the temperature in section HV stabilized to within 0.001°C, the 

pressure was lowered, and the change in height of the carbon tetra¬ 

chloride meniscus in the small-bore capillary tube was measured. Since 

part of this change in height was due to the expansion of the liquid in 

the cooler lower section of the pycnometer, the volume change due to 

this expansion was subtracted from the total change. Also, the heated 

liquid contracted upon being extruded into the cooler section, so a 

correction for the liquid changing temperatures was necessary. The 

change in pressure with height was also a factor since one centimeter 

of carbon tetrachloride was equivalent to about 1.166 mm Hg and the 

total height of the pycnometer was about k'f centimeters. As the 

amount of cooler liquid was not proportional to height in the cooler 

sections (due to the large volumes at CVl and CV2 in Figure 2, with 

respect to the rest of the cooler volume), a correction was made to 

account for the locations of the cooler volumes. Another correction 

was made due to the fact that all the carbon tetrachloride extruded 

from the HV section essentially ended-up at the meniscus. The overall 

calculations were dependent on the square of the radius of the small- 
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bore capillary tube and on the volume of liquid in the heated section, 

HV« Appendixes A and B give the details of the determinations of 

these values. The radius of the capillary tube was determined to be 

0.10106 mm within 0.00010 mm throughout the twelve-inch length of the 

small-bore capillary tube. The volume of the heated carbon tetra¬ 

chloride, HV, was determined to be 3*2506 cc within 0.0001 cc. The 

volume of the cooler section of the pycnometer between the BFV and the 

HV section was 0.444 cc within 0.001 cc. 

All calculations for the relative changes in density with changes 

in state (for the isothermal runs) were made on an IBM 1620 computer 

using the program (and input data) listed in Appendix D. Calculations 

for the isobaric runs were made on a calculating machine losing the same 

type of calculations listed in the computer program. 

The experimentally measured changes in the meniscus height with 

pressure are listed in Tables 3 through 6. The data were curve-fitted 

to various-order polynomials; a straight line having the least standard 

deviation in each instance. Since the curve-fitted data did not pass 

through zero change in height for zero pressure change, a correction 

was made to the curve-fitted data to produce this result. The last two 

columns in the above listed Tables indicate the curve-fitted results. 

Tables 7-9 list the isobaric data between the isotherms. 

The equation of state for the specific volume of carbon tetra¬ 

chloride at atmospheric pressure between 15°C and 75°C as given by 

Gibson and Loeffler is; 

v = 0.647091 + 8.282 x 10”If(t-45) + 17*776 x 10'7(t-45)2 + 

4.5 x 10”9(t-45)3 
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where ”t" is in units of °F and "v" is grains per cubic centimeter. 

The compressibility of the carbon tetrachloride in the subcooled region 

was obtained from calculations using Gibson and Loefiler's data on the 

compression of carbon tetrachloride. The compression of carbon 

tetrachloride is given by the equation: 

k = 1/V0(-AV) = 0*21290 log ((B+P)/(B+Pq)) 

where: B = 0.8670 - 6.808 x 10“3(t-25) + 1*713 * 10~5(t-25)2 

P = pressure in killobars 

F0 = atmospheric pressure to killobars 

V0 = specific volume at temperature "t" and atmospheric 
pressure 

The compressibility, l/vo(-dV/cP)fj,> is then easily obtained for the 

subcooled region. The compressibility for each state in the super¬ 

heated region can be computed from the data listed in Tables 3 through 

6, along with the above information in the subcooled region. Since the 

changes in meniscus height with pressure were linear, the calculations 

were very simple. 
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RESULTS AUD DISCUSSION 

Tabulated values of density are listed in Table 1 as a function of 

the hydrostatic pressure in the bulb for temperatures ranging from 

69.83°C to 88.03°C. Values of the superheat appear in column 5 of the 

table. Deviations from the data of Gibson and Loeffler [2] appear in 

column 4 of the table. Values of the compressibility, calculated from 

the relationship, -l/vo(oV/3P),j,> are listed in Table 2. The density 

data are plotted in Figure 3 in terms of positive residuals, y, over 

base values, X, where p = X * 10 Y. Superheated portions of the 

data are indicated by dotted lines, the numbers over the data points 

referring to the superheat in °C. Actually, each of the data points 

appearing in Table 1 (and Figure 3) represent average values of from 

3 to 10 repetitions, with a maximum mean deviation of 1.5$. The actual 

data points are listed in Tables 3-6, along with their average values. 

Errors in the results, treated in detail in Appendixes A, B and C, 

are discussed from two viewpoints. First, assuming the reference value 

(1.49558 gm/ec at 69.83°c, mm Hg) of Gibson and Loeffler to be 

correct, an absolute error analysis is presented in terms of measurement 

errors for the hei^it of the meniscus, the temperatures in the two 

constant temperature baths, the hot and cold liquid volumes, the 

capillary radius, and various second order corrections. The estimated 

maximum absolute error in the densities and compressibilities reported 

is 0.2$ and 10$ respectively. 

Second, the systematic errors in the reported results, assuming 

the reference data of Gibson and Loeffler to be correct in only the 5th 
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decimal place, is reported. Bias, although the results are only 

accurate to about 0.2$ from an absolute standpoint, from a relative 

standpoint, the data are internally consistent to within 0.02$. 

Clearly, from a study of Figure 3, there is no anomalous behavior 

in the density of carbon tetrachloride under superheated conditions 

since the best fit to the (continuous) data from the subcooled to the 

superheated state is a straight line with no apparent break in the curve 

at saturation conditions. Bius, insofar as an equation of state for 

non-polar liquids is concerned, it may be concluded that density data 

for subcooled conditions may be safely extrapolated into the metastable 

superheated region. 

Although superheated data are reported for superheats only as high 

as 13.1°C, the behavior of the liquid was studied for superheats as high 

as ^2.50°C, with little apparent change in the results reported. ®ie 

additional data are not reported here due to difficulties encountered in 

correcting ’the results for the significantly higher evaporative rates 

occurring at the carbon tetrachloride-nitrogen interface at the very 

low pressures used to attain the higher superheats. 
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SABLE 1 

DENSITIES 0? CABBON TETRACHLORIDE 

69.83°C 

Pressure G & L Experimental Deviation Superheats 
(am Hg) (gm/cc) (gtu/cc) (Exp. - G i L) 

1104 1.49569 1.49576 0.00007 
1092 1.49569 1.49575 0.00006 

897 1.49563 1.49565 0.00002 
760 1.49558 1.49558 0.00000 
718 1.49557 1.49556 -0.00001 
583 1.49553 1.49549 -0.00004 1.5 
418 1.49548 1,49541 -0.00007 11.2 

76.53°C 

1104 1.48200 1.48210 0.00010 «•«. 

1093 1.48200 1.48209 0.00009 
898 1.48193 1.48200 0.00007 mm 

760 1.48189 1.48192 0.00003 ~ 

719 1.48188 1.48190 0.00002 1.6 
526 1.48181 1.48180 -0.00001 11.3 

82.23°C 

1103 1.47026 1.47040 0.00014 — 

1092 1.47026 1.47039 0.00013 — 

1003 1.47023 1.47034 0.00011 — 

897 1.47019 1.47029 0.00010 — 

851 1.47018 1,47026 0.00008 1.8 

792 1,47016 1.47023 0.00007 4.1 
760 1.46045 1.46052 0.00007 5.5 
718 1.46013 1.46019 0.00006 7.3 

88.03°C 

1103 1.45822 1.45840 0.00018 — 

1093 1.45822 1.45839 0.00017 M» mm 

1019 1.45819 1.45835 0.00016 1.3 
760 1.45810 1.45820 0.00010 11.3 
718 1.45809 1.45818 0.00009 13.5 

■3? 

Superheats based on vapor pressure data from TiBEsenaans [6] 
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TABLE 2 

C0MPRESSI3ILITISS OF CARBON TETRACHLORIDE 

Temperature G & L Experimental 

(°c) (mm Hg-1) (mm He”*1) 

69.83°C 2.16 x 10“7 3.40 x 10“7 

76.53°C 2.19 r. 10-7 3.54 x 10“^ 

82.23°C 2.33 x 10“7 3.72 x 10“^ 

88.03°C 2.43 x 10“7 3.84 x 10"^ 
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gABLS 3 

69.83°C ISOTHERM DATA 

Press. Chg» of meniscus ht.-(cm) least Squares Corr. Least Squares 
(ma Hg) Hun 1 Hun 2 Hun 3 AH(cm) AH (cm) 

1091 0.000 0.000 0.000 0.017 0.000 
896 : »709 .697 .709 0.691 .674 
716 1.322 1.326 1.333 1.314 1.297 
582 1.779 1.785 I.785 1.777 1.760 
4l6 2.332 2.312 2.346 2.351 2.334 
582 1.773 1.773 1.776 
716 1.328 1.326 1.324 
896 .700 .700 .695 

1091 .006 .006 .013 

Miscellaneous: 

Cold water bath temperature - 28.7°C» 
Standard deviation of least squares fit - l,k$. 



2ABLB 4 

76.53°C ISOffiHEBM DATA 

Press. Chg. of meniscus ht.-(cm) Least Squares Corr. Least 
(mm Eg) Bun 1 Bun 2 Bun 3 AH (cm) AH(cm) 

1092 0.000 0.000 0.000 0.0017 0.000 
897 .713 .689 .677 .6971 -.695 
718 1.351 1.330 1*343 1.3354 1.334 
526 2.023 2.013 2.000 2.0201 2.018 
718 1.355 1.330 1.343 
897 .696 .688 .715 

1092 .002 -.005 .003 

Miscellaneous: 

Cold water bath temperature - 28.1°C. 
Standard deviation of least squares fit - 1.1$. 
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TABLE 5 

82.23°C ISOEHEBM BATA 

Kress. Chg» of meniscus ht.-(cm) Least Squares Corr* Least Squares 
(mm Hg) Bun 1 Bun 2 Bun 3 Bun 4 flH(cra) AH (cm) 

1092 0.000 0.000 0.000 0.000 0.0079 0.000 
1002 • 352 .351 *333 .3418 *334 
897 •729 .768 *699 *730 *7313 •723 
851 .926 .890 .872 .910 .9019 .894 
791 1.149 1.142 I.II.5 — 1.1245 1.117 
718 1.396 1*387 I.38O 1.378 1*3953 1.387 
791 1.116 1.136 1,119 Ml Ml 

851 .913 *925 *895 .904 
897 .734 *719 .714 •752 

1002 .350 *353 *350 #« 

1092 .012 .013 **.QQ4 .007 

Miscellaneous• 

Cold water bath temperature - 29*2°C. 
Standard deviation of least squares fit - 1.5$. 
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TATffjn 6 

88.03°C ISOTHERM DATA 

Kress. Cbg. of meniscus ht. -(cm) Least Squares Corr.Least 
(mm Eg) Bun 1 Run 2 Run 3 Run 4 Run 5 AH(cm) Squares AH(cm) 

1092 0.000 0.000 0.000 0.000 0.000 0.0047 0.000 
1019 .283 '•mm* mm .290 .280 .2804 .276 
718 1.398 1.426 1*412 1.440 1.402 1.4174 1.413 

1019 .281 .297 .282 .287 .289 
1092 .007 .000 .000 .007 -.004 

Miscellaneous: 

Cold water bath temperature - 29*7°C* 
Standard deviation of least squares fit - 0.95$* 
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SABLE 7 

ISOBARIC MSA BETWEEN 69.83°C AMD 76.53°C 

Run 
Initial Cathetcmeter 

Reading (cm) 
Final Cathetometer 

Reading (cm) 
Meniscus R: 

(cm) 

1 49.607 72.041 22.434 
2 49.369 71.272 21.903 
3 49.340 70.522 21.182 
4 49.373 71.535 22.162 

Total meniscus rise - 87*681 on* 
Temperature of water bath - 28.4°C. 
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SABLE 8 

ISQBARIC SAIGA BETWEEN 76.53°C MD 82.23°C 

Run 

Initial Cathetometer 

Reading (cm) 
Final Cathetometer Mfeniscus Rise 

Reading (cm) (cm) 

1 49.323 
2 49.270 
3 49.301 
4 49.221 

70.501 

70.341 
71.192 
60.246 

21.178 

21.071 
21.891 
11.025 

Total meniscus rise - 75*165 cm. 
Temperature of water bath - 28,6°C. 

.*• 
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TABLE 9 

ISQBARIC MIA BETOEEIT 82.23°C AI1D 88.03°C 

Initial Cathetcaneter Pinal Cathetometer Meniscus Rise 
Run Reading (cm) Reading (cm) (cm) 

1 49.346 TO.366 21.020 
2 49.258 66.275 17.017 
3 49.267 71.959 22.692 
4 49.255 65.726 16.471 

Total meniscus rise - 77*200 cm. 
Temperature of water bath - 30.0°G. 
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CONCLUSIONS 

She capillary pycnometer used in this study made it possible to 

determine the density and compressibility of carbon tetrachloride in 

both the subcooled and the superheated states. In the subcooled 

states where density data were available, a comparison between this 

data and that taken by the pycnometer showed an agreement to within 

0.02$. In regions where no data were available, the estimated 

maxjTmmni error was 10$ for compressibilities and 0.2$ of the change 

for densities. 

Hie best fit to the (continuous) data taken with the pycnometer, 

from the subcooled to the superheated states, was a straight line with 

no apparent breaks at the saturation conditions. (See Figure 3») 

therefore, it is concluded that there is no anamolous behavior in 

either the density or compressibility of carbon tetrachloride and that 

both the density and compressibility may be safely extrapolated into the 

(metastable) superheated region. 
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APPENDIX A 

CAPILLARY TUBES 

The calculation of the density and compressibility was dependent 

on the square of the radius of the small-hare capillary tube in the 

capillary pycnometer. 

Actual capillary tubes are not perfect right cylinders but show 

variations of the radius along the length. The smaller the capillary 

tube, the greater the relative effect the variations will have on the 

radius. Due to present manufacturing methods, the radius would vary 

from tube to tube for the same nominal tube size, even if all capillary 

tubes were perfect right cylinders. To cover both types of variations, 

tolerances aa^e quoted along with tube sizes. 

The capillary tube used in this experiment was a 12-inch precision 

bore capillary tube of 0.2 mm ID purchased from Fisher & Porter Company 

of Warminister, Pennsylvania. Its tolerance was 0.002 inch or 

approximately 25$ of the quoted diameter. Therefore, it was necessary 

to calibrate the capillary tube to reduce the experimental error. 

1. Profile Determination. 

The variation of the capillary tube radius with length wa3 

determined in a manner similar to Giddings [7]. The general approach 

was to put a small amount of mercury in the capillary tube to form a 

short filament of approximately one centimeter in length. This 

filament was moved up and down the length of the capillary tube. The 

change in length of this filament was recorded, along with its position 

in the tube, as it traversed the tube. As the change in length was 



proportional to the change in radius, the profile of the tube in 

arbitrary units was determined* Shis arbitrary profile, along with 

the average radius, was used to determine the actual radius with 

length* Swindells, Coe and Godfrey [8] have made a study of this 

method and list many of the details* 

Shis method of profile determination is simple in theory but 

fairly difficult in practice. She hard part was to get the one 

centimeter filament of mercury in the tribe and control its movement 

with sufficient accuracy. She procedure used in this experiment was to 

attach a smqli piece of medical grade surgical tubing, sealed at one 

end and partially filled with triply-distilled mercury, to the bottom 

of the vertically held capillary tube. A small clamp was attached to 

the surgical tubing in order to squeeze mercury into the bore of idle 

capillary tube. She amount of mercury in the surgical tubing at the 

bottom was small enough to prevent temperature fluctuations but large 

enough to ensure that the capillary tube could be filled by squeezing 

the surgical tubing. She clasp was slowly closed so that a column of 

mercury filled the entire capillary tube, then the clamp screw was 

backed-off until a one centimeter air gap appeared at the top of the 

capillary tube. Another short piece of surgical tubing was then 

attached to the top of the capillary tube and filled with mercury. She 

niarnp screw was again backed-off until a thread of mercury one centimeter 

long appeared at the top of the capillary tube. She surgical tubing and 

excess mercury were then removed. By continuing in a similar manner, 

the end result was a long column of mercury coming up from the bottom 

of the capillary tube, then about a one centimeter air gap, a one 
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centimeter filament of mercury, another one centimeter air gap and 

finally a tiro-inch length of mercury. She one centimeter filament was 

moved up and down the capillary tube in one centimeter increments with 

the clamp screw* She length and position of the filament was measured 

with a cathetcaoeter to the nearest 0.001 cm* She measurements were 

made at essentially constant temperature, the tube in thermal equil¬ 

ibrium with its surrounding and protected from thermal convection* 

Excluding the first centimeter on each end, the mercury filament 

measured 1*110 + 0.003 cm at each position in the tube* She filament 

was moved from one end of the tube to the other and back with several 

random spot checks afterwards. Since the cathetamete? reading error is 

plus or minus 0.002 centimeters at each end of the filament, the change 

of radius with length of the capillary tube was considered constant 

within the accuracy of the measurements. No trends were indicated and 

a large majority of the readings were within 0,002 cm. 

2* Determination of average radius. 

She average radius of the tube was determined by filling the 

capillary tube with mercury, measuring the length of the mercury 

filament with a cathetameter, and weighing the filament with a i&ttler 

balance. She uncertainty of the measurements in the length of the 

filament was + 0.002 cm at each end. Shis corresponded to a maximum 

error of about 0.02$ of the total length. No correction was made for 

the curvature of the mercury meniscusj but this correction is very 

small (less than 0.01$ of the measurement), All weighings were made on 

a Mettler balance to six decimal places in grams. Sbree weighings were 

made for each weight determination, a desiccator being used to store 
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the mercury and container "before and after each weighing. The maximum. 

-6 
deviation, for any series of weighings, was 3 x 10 grams for a 

sample size of about 0.13 grams. This would indicate a maximum error 

of about 0.00$, but upon comparing the weight of a single metal 

crystal on this Pettier balance and its weight on a quarts balance, an 

agreement to only five decimal places was found. In the event all the 

error was in the Mettler balance, this would reduce the accuracy of the 

weighings to 0.02$. Virgin triply-distilled mercury was used in all 

weighings and the temperature recorded to the nearest 0.1°C. The error 

in calculating the specific volume of mercury is so small in comparison 

to the other errors that it was disregarded. The average radius used 

for all calculations was the average of three separate radius determin¬ 

ations. The maximum error in the determination of the radius of the 

capillary is less than 0.1$ and the difference between the maximum and 

minimum values of the radius for the three determinations was 0.01$. 

It was thus concluded that the actual radius is 0.10106 + 0.00010 mm. 



CABLE 1-A 

SMALL-BORE CAPILLARY CUBE RADIUS DECERMEH/VTICU 

Run Temp.of Hg. 

(°c) 
Sp.Vd.of Hg. 

(cc/gm) 

Wt.Hg. 

(©a) 

Length 

(cm) 

Radius Sgd. 

(cm2) 

1 24.40 0.0738822 0.127388 29.366 1.0221217 x 10 

2 24.11 0.7338783 0.126556 29.143 1.021236 x 10 

3 24.20 O.7338795 0.114275 26.314 1.021265 X 10”^ 

Average Radius2 = 0.0001021239 cm2. 

Average Radius = 0.10106 mm* 
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■APPEHDIX B 

VOLIMS BETiffiMIMTIQCTS 

The accuracy of the densities ana compressibilities reported in 

this thesis required a precise knowledge of the volumes of the 

pycnometer. The procedure described below explains how these volumes 

were determined. 

1. Hot bulb volumes. 

The volume of the pycnometer system that was in equilibrium 

with the hot oil bath was determined by mercury displacement. The 

major portion of this volume was contained in a quartz bulb of O.8925 cm 

radius. This bulb was connected to the rest of the pycnometer by a 

capillary tube with a radius of 1.722 mm. The general procedure for 

the determination of the volume of the pycnometer in the hot oil bath 

was to fill the bulb with mercury so that it overflowed into the stem. 

The distance from the bottom of the bulb (also a scratch on the stem 

for greater accuracy) to the mercury meniscus in the stem was measured 

and the weight of the mercury recorded. More mercury was then added, 

the movement of meniscus and the change of weight recorded. In this 

manner, the volume versus the length of stem was determined prior to 

assembly. Upon disassembling of the pycnometer system, the distance 

from the bottom of the bulb to the bottom of the insulation was 

measured with a cathetometer. The volume of the pycnometer that pro¬ 

truded into the hot oil bath was then determined from the volume 

versus stem measurements. Since the temperature of the carbon 

tetrachloride in the stem changed from the hot oil bath temperature to 
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the cold bath temperature within a very short distance, a sharp 

temperature gradient was produced. This gradient was calculated using 

a numerical solution on an IBM 7040 computer. Since the density of 

the carbon tetrachloride was almost linear with temperature, the mid¬ 

point of the gradient was determined. It was assumed that all the 

liquid above the midpoint was in equilibrium with the oil bath and all 

below the midpoint was in equilibrium with the cooler water bath. The 

distance from the top of the bulb to the bottom of the insulation 

was found to be 4.750 cm and the midpoint of the gradient to be 0.100 cm 

below the insulation. Additional corrections were applied due to the 

curvature of the mercury meniscus and to the thermal expansion of the 

bulb. (The bulb volume was determined at room temperature and the 

changes in densities were measured at elevated temperatures,) Two 

separate mercury determinations indicated the volume versus stem dis¬ 

tance to be accurate within 0.0001 cc$ but the error in the determina¬ 

tion of the location of the gradient by the numerical solution could be 

as high as 0.01 cm, for a volume error of 0.0003 oc. The final volume 

was 3.2506 cc with a maximum error of 0.03$. 

2. Cold volume determination. 

The volume of the pycnometer which was in the cold temperature 

bath was determined primarily by mercury displacement. The volume of 

two glass tubes, of known radius, was determined by measuring the length 

of -the tubes. These tubes were of capillary diameter and contributed 

very little to the total volume of the cooler part* The total volume 

of the cold system was computed as 0.444 cc with a maximum error of 

0.08$. 
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TABUS 1-B 

HEATED VOLUME EETERMIHATICN 

Run Temp. Sp.Vol.of Hg. Diet. Wt.Hg. Volume 

(°c) (cc/gm) (cm) (m) (cc) 

1 22.4 0.0738122 5.328 44.4942 3.28644 

2a 23-9 0.0738755 4.102 42.9298 3.17144 

2b 23*9 0.0738755 0.709 0,9004 0.06651 

2c 23.9 0.0738755 2.430 3.0857 0.227957 

NOTE: Runs Ha, 2b and 2c are fractional parts of run 2 and must be 
added together to determine the total length versus total 
volume. 
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CABLE 2-B 

COOLER HCHOMETER VOLUME 

Location Volume 
(cc) 

CVl O.Zl9k 
CV2 0.0820 
LBC 0.0801 
SBC 0.0022 

Total Volume 0.444 

Symbols apply to Figures 1 and 2. 



AHEEHniX C 

A high degree of temperature control was necessary due to the 

fact that the thermal expansion of carhon tetrachloride is much 

larger than its compressibility. Any fluctuations in the temperature 

would cause serious errors in the compressibility measurements. The 

temperature of the hot oil bath was controlled to 0.001°C using a 

Hallikainen Thermotrol, Model 1053A* equipped with a nickel resistance 

thermometer bulb, Hallikainen Model 1106A. The controller acted as a 

combination proportional and reset type controller with variable 

reset rate and gain. The sensitivity was 0.0004°C. A 10-watt heater, 

in series with a rheostat, was used to maintain the desired temperature. 

The oil bath wa3 a cylinder 10.5 inches in diameter and 14 inches 

high. Four inches of rock wool was used around the circumference of 

the bath, with asbestos on the top and bottom to reduce heat losses. 

Two stirrers were used in the bath to reduce temperature gradients to 

a minimum. No temperature fluctuations were detected with a platinum 

resistance thermometer, copper-constantin thermocouple, or a Beckman 

thermometer sighted with a cathetameter. The temperature control of 

the heated carbon tetrachloride was within 0.001°C. This statement is 

supported by the fact that the pycnometer also acts as a sensitive 

thermometer. A change in temperature of 0.001°C in the oil bath would 

produce a meniscus height change of approximately 0.013 cm* Using a 

eathetometer, the meniscus height was measured to the nearest 0.001 cm 

* 0.002 cm. The average fluctuation of the meniscus was within 

0.005 cm, indicating that the temperature control was extremely good. 
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It might toe noted at this time that temperature fluctuations 

and changes were more important than the absolute value of the 

temperature. 2his is due to the fact that changes in density and 

compressibility were measured rather than their absolute values* 

the absolute values of the temperatures been off as much as 0.1°G 

(which was impossible), the error would be insignificant. 

Had 
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LIST OF SYMBOLS 

Symbol Quantity 

BPR By-pass reservoir 

BFV By-pass valve 

CFV Capillary freeze valve 

CP Capillary pycnometer 

cvi Cold volume No. 1 

CVS Cold volume No. 2 

DT Dust trap 

HV Heated carbon tetrachloride 

HVS High-vacuum system 

LBC Large-bore capillary tube 

LD Carbon tetrachloride liquid 

SBC Small-bore capillary tube 

Si, S2, etc. Seal off points 1, 2 etc. 

TB Torricelli barometer 

VI, V2, etc. Break-out seals 1, 2, etc. 

volume 

degasser 

P 

COMPUTER PROGRAM SYMBOLS (APPENDIX D) 

CCV Cold carbon tetrachloride volume change 

CHV Total carbon tetrachloride volume change due to HV 

CSV Difference between the specific volumes at meniscus 
and the overall average in the cooler bath 

CTV Total carbon tetrachloride volume change 

DIV Deviation between calculated and experimental mass 
change per unit volume 



List of Symbols (continued) 

DCT Calculated mass change per unit volume 

FMCHF Total experimental HV mass change 

FMDUV Experimental HV mass change per unit volume 

H Change in meniscus height 

EF Initial hydrostatic pressure in HV 

PV New hydrostatic pressure in HV 

RCF Density of carbon tetrachloride in cold water bath 
corresponding to pressure EF 

RCV Density of carbon tetrachloride in cold bath at 
pressure corresponding to PV 

RCV2 Carbon tetrachloride density at meniscus 

RTF Carbon tetrachloride density in HV at pressure given 
by EF 

RTV Carbon tetrachloride densities in HV at pressure 
given by EF 

TC Cold water bath temperature 

TH Hot oil bath temperature 
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