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This paper documents the construction details and experimental procedures for the continuously weighed
pycnometer used in our laboratory to measure fluid properties such as densities, saturation pressures,
phase boundaries, and isothermal compressibilities. This apparatus consists of a cell suspended from
an electronic balance at all times and a variable volume bellows cell which is used to adjust the confined
sample density within an isothermal enclosure. The principal advantages of this apparatus are rapid
measurement and relatively high accuracy. Some experimental results are presented to illustrate
capability. The accessible experimental ranges are 100—450 K up to 200 MPa; measurement accuracy

is 0.1% or better.

Introduction

Accurate information about the properties of fluid mix-
tures are important to industry for efficient operation of
existing plants, design of new plants, production of fluid
products, and efficient and profitable exploitation of natural
resources. Industry faces a paucity of data on the proper-
ties of pure fluids and fluid mixtures. From the standpoint
of processing and separation operations, the most impor-
tant properties are vapor—liquid equilibrium (VLE) and
volumetric (PVT) data.

This paper presents the design details for a continuously-
weighed pycnometer capable of measuring a variety of fluid
properties. Density measurements for either pure fluids
or mixtures are possible which cover wide ranges of
temperature and pressure. Saturation pressures of fluids
can be determined. At phase boundaries, the changes in
slope of the pressure versus change in sample volume are
observable at the interface between a single-phase region
and a two-phase region. Also, the isothermal compress-
ibility is available from isothermal density measurements
as a function of pressure.

Existing methods for measuring accurate densities often
have limited temperature and/or pressure ranges. Some
of the methods are also complicated and laborious. The
apparatus described here provides rapid and accurate
measurements. An average time for a density measure-
ment is 20 min. The precision of the apparatus is better
than 0.03 kg-m~2 which leads to relative precisions of
0.003% for liquids and 0.03% for gases with densities of
100 kg-m~3 or greater.

Density Measurement Methods

Several established experimental techniques exist for
measuring fluid densities. Some methods measure the
mass and volume of a sample, while others measure the
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mass of a fixed volume of sample. Some methods do not
require measurement of mass or volume but determine
densities through measurements of other physical proper-
ties. Existing methods for density measurement fall into
siXx major categories.

Mechanical Oscillator. This method measures the
resonant frequency of a constant volume, mechanical-
bending type oscillator that is filled with the sample as
reported by Kratky et al. (1973), Leopold et al. (1977), and
Albert and Wood (1984). The mass of the sample influences
the frequency of oscillation which can be used to calculate
the sample density. Such devices are commercially avail-
able, and they are especially convenient for fluids with
suspensions such as those in the human body. However,
density values must be interpolated between measure-
ments of two standard fluids.

Burnett Method. Burnett (1936) proposed a method
which does not require measurement of sample mass or
volume. Instead, sample pressure is measured following
each of a series of successive expansions at constant
temperature. If the volume ratio for each expansion is
constant, the sample densities are available using a special
data-reduction technique. A major disadvantage is the
wide spacing of data at high pressures.

Gasometer. Goodwin (1961) has described this method
in detail. The apparatus consists of a constant volume cell
from which the sample expands into a much larger
predetermined volume. Sample mass is calculated from
known density data or a correlation at the lower pressure.
The major disadvantage is that the density of the expanded
volume must be known or determined by other means.
Also, the difficulty of maintaining a large volume at
constant temperature usually results in larger uncertain-
ties in the measured values.

Buoyancy Force Technique. This technique makes
use of the Archimedes buoyancy principle in which the
upward force on a sinker of known volume is directly
proportional to the fluid density. The sinker which is a
part of a sealed system containing the sample can be
suspended from a balance as suggested by Reding (1965),
Grigor and Steele (1966), Bowman and Schoonover (1967),
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and Goldman and Scrase (1969). This arrangement be-
comes impractical for high-pressure or corrosive samples.
An alternative is to suspend a magnetic sinker by magnetic
force generated by an inductive coil as suggested by Hales
(1970), Haynes (1976), and Masui et al. (1981). Because
no physical attachment exists between the sinker and the
weighing device, the sinker and the sample can be sealed
from the rest of the apparatus. This technique can be used
for very accurate measurements but is effective only for
dense fluids. Kleinrahm and Wagner (1986) have proposed
a technique in which the sinker floats in the sample and
is weighed by a balance which is coupled magnetically to
the sinker. The magnetic coupling device is an ingenious
advance and makes their apparatus among the most
precise and accurate ever.

Pycnometer and Dilatometer. Beattie (1934), Douslin
et al. (1969), Shraiber and Kukolenko (1965), and Shana’a
and Canfield (1966) have described various pycnometers
and dilatometers. Each apparatus generally consists of a
sample container (pycnometer) with a relatively long and
narrow opening. Usually, the mass of the sample is
determined by weighing, while the sample volume is
determined by calibration or by measuring the mass of
mercury which overflows from the pycnometer. The sim-
pler pycnometers and dilatometers usually are restricted
to limited temperature and pressure. Although the Beattie
apparatus adopted by Douslin et al. (1969) can be used at
higher pressures and temperatures, its complexity requires
considerable experimental skill and experience.

Continuously Weighed Pycnometer. The major com-
ponent of this apparatus is a constant volume pycnometer
suspended continuously from a balance as described by Van
Witzenburg and Stryland (1967) and Machado and Streett
(1981). The pycnometer is filled and evacuated through a
long and flexible capillary tube that remains attached to
the pycnometer during weighing. This arrangement en-
ables faster measurements and reduces handling errors.
However, the accuracy of the mechanical beam balance
used by Van Witzenburg and Stryland (1967) is reduced
because of the restoring force induced on the feed tube by
the vertical displacement of the balance pan. Machado and
Streett (1981) use an electronic balance that has little
vertical displacement and has an accuracy of 0.02 g which
results in an 0.0006 g-cm~2 overall accuracy in their density
measurements. However, their long feed tube exposes part
of the sample to ambient temperature, and the air-filled
isothermal bath inhibits low-temperature measurements
because of possible condensation.

This paper describes an apparatus that employs the
continuous weighing technique for fluid density measure-
ments which are accurate to 0.0001 g-cm~3. The rate of
data collection is one measurement every 20 min along an
isotherm. Density measurements can be performed on
gases, liquids, pure components, or mixtures at tempera-
tures from 100 to 450 K and pressures up to 200 MPa
although pressures transducers selected for convenience
only permit measurements up to 70 MPa.

Experimental Theory

The current apparatus determines fluid density by using
an electronic balance to measure the weight of a sample
cell. From this weight measurement, the mass of the cell
and its contents is:

m = (w + f)/g (1)

where m is the mass of the cell, w is the apparent weight
of the cell, f is the buoyant force exerted on the cell, and g
is the local gravitational acceleration. The buoyant force

can be evaluated from the external volume of the cell and
the density of the bath fluid surrounding the cell using the
relationship

f=vdg (2)

where d is the bath fluid density and v is the external
volume of the cell. Substitution of eq 2 into eq 1 yields

m = w/g + vd 3)

Assuming the local gravitational acceleration is constant
over the duration of the experiment, eq 3 for the evacuated
sample cell (denoted by the subscript e€) becomes

me = We/g + Vede (4)

Similarly, eq 3 for the filled sample cell (denoted by the
subscript f) is

m¢ = Wy/g + vd; (%)

Because the sample mass, mg, is the difference between
the masses of the filled and evacuated sample cell, it is

ms = ms — My = (Wf - We)/g + (Vfdf - Vede) (6)

If the bath fluid density remains constant during the
measurement, the pertinent relationships are

d=d.,=d @)
and
Mg = (W; — We)/g + (Vi — Ve)d (8)

The sample cell expands by less than 0.02 cm?3 when filled
to a pressure of 70 MPa; therefore, the buoyant force
variation in eq 8 is negligible compared to the sample
weight (approximately 10 g). Thus, eq 8 simplifies to

mg = (Wy — We)/g 9)
and the sample density is
Ps = ms/V = (Wf - We)/(gv) (10)

where p and V are the sample density and volume
respectively. For calibration of the sample cell volume, eq
10 is

V= Wi = we)/gpy (11)
where pca is the density of a calibration fluid. Substitution
of eq 11 into eq 10 produces

=gy~ W 12
P = Pcal W(f:al _ W:a| ( )

As a result, the experiment does not depend upon accurate
knowledge of g, the local acceleration of gravity, but only
upon knowledge of the density of the fluid used for the
volume calibration.

Apparatus

The continuously weighed pycnometer described here,
which consists of a weight measurement system, an
isothermal bath with a temperature control and measure-
ment system, a sample pressurizing system, and a high-
vacuum system, has been discussed in detail by Lau (1986).
While the apparatus is similar to that of Machado and
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Figure 1. Overall schematic of the apparatus.

Streett (1983), it differs in the configuration of the balance,
the pycnometer and flexible capillary feed line, the variable
volume bellows cell and feed valve, and the design of the
isothermal bath. The mass is determined with an elec-
tronic force balance; hence, the weighing pan has virtually
no vertical displacement during the weighing operation,
and the capillary feed line can remain attached to the
pycnometer without affecting the weight measurement.
The feed valve, placed inside the isothermal bath, confines
the entire sample to the uniform temperature. The vari-
able volume bellows cell, also within the thermostat, allows
adjustment of the volume without transferring mass into
or out of the isothermal region.

Figure 1 is a schematic of the apparatus, while Figure 2
shows the cross-sectional diagram of the isothermal bath
and the balance chamber. The pycnometer (sample cell)
hangs from the electronic balance by a wire which passes
through a connecting tube into the isothermal bath. This
connecting tube has a small diameter and a thin wall to
minimize heat transfer from the isothermal bath to the
balance chamber. The pycnometer material is beryllium
copper (Be-Cu 175) which has high thermal conductivity
and good mechanical strength. High thermal conductivity
reduces temperature gradients across the sample cell, while
good mechanical strength is needed for high sample pres-
sures. The outside and inside diameters of this sample cell
are 27 and 16 mm, respectively. This sample cell has been

tested successfully to a pressure of 340 MPa at room
temperature. Figure 3 is a cross section of the sample cell.
A calibration fluid, for which accurate density data exist,
is used to establish the cell volume as well as its pressure
and temperature dependence. The pycnometer is filled and
evacuated through a straight, stainless-steel capillary that
remains attached to the pycnometer without affecting the
precision of the balance. The balance and the pycnometer
are immersed in helium at a pressure controlled to
minimize changes in buoyancy (helium has a high thermal
conductivity and a low density). Densities are determined
from the measured masses and the known volume of the
pycnometer.

The isothermal bath consists of two temperature-
controlled copper compartments connected by a short
copper tube. The pycnometer is inside one compartment,
while the feed valve, variable volume bellows cell, and a
pressure transducer are in the other compartment. A feed
valve allows the entire confined sample to be within the
same uniform temperature which is important when the
fluid exists as one phase at room temperature and as a
different phase at the measurement temperature. A vari-
able volume bellows cell shown in Figure 4 allows adjust-
ment of the overall density even when the feed valve is
closed. The isothermal bath is inside a temperature-
controlled, aluminum radiation shield as well as a vacuum
chamber to minimize heat transfer. This shield further
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Figure 3. Cross section of the sample cell.

decreases the heat loss from the isothermal chamber and
improves the uniformity of the sample temperature. A
manual switch selects either high or low voltage levels for
the heaters for the isothermal bath and the radiation
shield. The high voltage level (fixed at 220 VAC) provides
a sweep rate of 3 K-min~! and is used to change from one
temperature setting to another. The low voltage level
(variable from 0 to 30 VAC by manual control) is used to
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SAMPLE
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Figure 4. Cross section of the variable-volume bellows cell.

control the bath and shield temperatures at selected fixed
values.

The balance (Arbor Laboratories model 507) has a
completely electronic mechanism, a capacity of 500 g, and
a precision of 0.1 mg and incurs vertical displacements less
than 1 um during the weighing operation. This 1 um
vertical displacement of the pycnometer cell creates a very
small restoring force which is the reason the capillary feed
line may remain attached during the mass measurement.
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The balance is contained within a chamber with 13 mm
thick aluminum walls to withstand atmospheric pressure
when the chamber is evacuated before filling with helium.
Elimination of the buoyant force effects requires that the
bath fluid density remain constant throughout the experi-
ment. To achieve +£0.0001 gm-cm~3 requires that the
helium pressure be constant within £1%. The chamber
operates at a pressure near atmospheric, so the pressure
tolerance is approximately £2 kPa. For gases heavier than
helium, the pressure control requirement would be much
more stringent.

A flexible, 316 stainless steel capillary tube connects the
cell to a tee, which in turn is connected to the pressure
indicator, sample pressurizing system, and through a valve
to the external feed and vacuum manifold. This capillary
has a length of 200 mm and an outside diameter of 0.8 mm.
Simulating the cell acting on the capillary as a point load
at the end of a cantilever beam, a 1 um vertical displace-
ment of the cell creates a restoring force of 0.045 mg, which
is less than the precision of the balance.

Pressure measurements above 1.4 MPa utilize either a
Rosemount (model 1333G10) strain gauge pressure trans-
ducer operated at room temperature or a Paroscientific
(model 700) Digiquartz pressure transducer located in the
isothermal bath. Pressures below 1.4 MPa are measured
with a Ruska (type XR-38) pressure counter employing a
fused quartz bourdon tube (room temperature) or a T-
Hydronics (model TH-1) pressure transducer (bath tem-
perature). All the pressure devices are calibrated against
a DH Instruments (type 26000) automatic pressure stan-
dard (dead-weight gauge, DWG).

Temperatures are measured with a MINCO four-lead
platinum resistance thermometer (PRT, model
S1059PA5x10), which is adjacent to the pycnometer on the
inside surface of the compartment housing the pycnometer.
Initial measurements with differential thermocouples
showed that the temperature gradients between the ends
of the sample cell are less than 3 mK and that the
difference between the temperature of the sample cell and
that measured by the thermometer is less than 5 mK. The
thermocouples then were removed to avoid introducing
spurious forces to the cell.

Experimental Procedures

Density. The general procedure for density measure-
ments along an isotherm follows. After the predetermined
temperature of the isothermal bath containing the evacu-
ated cell is established, the balance is tared and a fixed
known mass is added to calibrate the balance. Next, the
valve connected to the fluid supply is opened to fill a
movable piston cylinder (MPC), and the fluid is compressed
to 13.5 MPa (limit of the MPC) by introducing compressed
nitrogen to the opposite side of the MPC. The fluid then
is further pressurized with either a sample fluid pressure
generator or a hydraulic fluid pressure generator. When
the fluid temperature stabilizes at the controlled temper-
ature, the pressure and balance readings are recorded.
Density measurements are made at a series of decreasing
pressures. The pressure can be adjusted by the pressure
generator, by the variable volume bellows cell, or by
venting part of the fluid.

If a two-phase region is encountered during an isother-
mal filling process, the pressure must be increased above
the cricondenbar at a temperature above the criconden-
therm to ensure that the sample remains homogeneous.
The temperature is then lowered to the desired tempera-
ture while fluid is added continuously to maintain the
pressure above the cricondenbar. In these cases, density

measurements before and after pressurizing the fluid must
be made to verify homogeneity and to test the repeatability
of the pressure transducers. In addition, the mass of the
evacuated pycnometer cell and the zero readings of the
pressure transducers are recorded after the isothermal run.

Saturation Pressure. Saturation pressures are deter-
mined after completing density measurements for each
isotherm. The variable volume bellows cell is expanded
to permit a vapor bubble of about 1 cm3 to form in the
presence of about 12 cm? of liquid within the pycnometer
and bellows cell. The vapor bubble volume could vary while
determining the saturation pressures. To promote nucle-
ation for every isotherm, the liquid is expanded metastably
to pressures below the vapor pressure of the fluid and the
vapor bubble is formed by cycling the pressure in this
metastable region or the feed valve is opened and closed.
During the pressure cycling, metastable states are observed
(including negative pressures in some cases).

Phase Boundary. Measurements on mixtures have
shown that it is possible to detect phase boundaries with
this apparatus. The strokes of the hydraulic fluid pressure
generator used to adjust the volume of the bellows cell are
carefully recorded. These volume changes of the bellows
cell, which are proportional to the movement of the stroke
of the pressure generator, result in change of the overall
sample volume. An abrupt change in the slope of pressure
versus change in sample volume occurs in the vicinity of
the phase boundary. In most cases a metastable state is
observed before a vapor bubble forms. The changes are
confirmed by observations of changes in slope of the
measured densities.

Isothermal Compressibility. Because measurements
occur along isotherms, the density—pressure relationship
can provide the isothermal compressibility, St

Br=—l3): (13)

For liquids, the density can be expressed as a function of
pressure:

n

p= Z a;P' (14)

Usually two terms are sufficient to fit the data satisfacto-
rily, and the isothermal compressibility can be calculated
analytically. The isothermal compressibility also can be
determined graphically. From eq 1

|n(V10) = (P - Py) (15)

where V and Vy are molar volume at P and Py, respectively.
Because the variation of the molar volume with pressure
for liquids is small

VAR A2 V=V,
In(v—o)—ln( A +1)~ A (16)

Substituting eq 16 into eq 15 yields

Vo —V
Vo = hP =P (17)

Equation 17 indicates that, for any liquid, the slope of a
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Figure 5. Deviation of sample cell volume from eq 12.

plot of (Vo — V)/V, as a function of P — Py, is the isothermal
compressibility.

Results

The sample density, ps, at P, T results from dividing the
measured mass of the sample, mg, in the cell by the known
cell volume:

S

V(P,T)

ps(P.T) = (18)

Water was used as the calibration fluid to determine the
effective sample volume, which is the volume of the sample
that contributes to the weight change measured by the
balance. Because the sample inside the capillary acts as
a uniform load on a beam supported at two ends, the
effective sample volume equals the sample cell volume plus
approximately one-half of the capillary volume. The
volume calibration was performed at temperatures between
300 K and 450 K, with increments of 50 K, up to 68 MPa.
The cell volume was determined from eq 11 and water
density values reported by Kell (1975). The extrapolation
of eq 19 below 300 K was confirmed to be accurate by
measuring densities for carbon dioxide and comparing the
results with the equation of Setzmann and Wagner (1991),
which is based upon the accurate experimental results
reported by Duschek et al. (1990).

The temperature and pressure dependence of the sample
cell volume is represented well by

V =V, exp[a, (T — 300) + o,(T — 300)* + o;P]  (19)

where V and V, have units of cm3, T is in K, P is in MPa,
and the q; are fit parameters. Figure 5 shows the devia-
tions of the measured volumes from eq 18 (the average
deviation is 0.01%). The measured volumes compared to
values predicted by thermal expansion coefficient and
elasticity modulus of Be-Cu 175 present an average devia-
tion of 0.017% (the main contribution being the tempera-
ture effect). This effect may be caused by the precipitation
of the alloy at higher temperatures.

The uncertainties in the pycnometer density measure-
ments arise from cell volume calibration and mass deter-
minations. The error in the cell volume calibration (which
includes random errors introduced by temperature and
pressure measurements, calibration fluid properties un-
certainties) is about 0.04% and the mass determinations
are valid within 1 mg, indicating stability of the tare
weight. The estimated accuracy of the density measure-
ments (95% confidence limits) is

30 N —tr 1 rrrrrorrrr.r
I 0.90 CO2 + 0.10 CHa 4
- o -

° [
F eo o © ° i
25 [~ o
L o © 3
° 4
[ 0 ® A A ]
L A A o 9
- A ° -
il Y o ° ]
— - o 4
e u
:’ : o L

s s . 3
= [ ° . ]
Q N ° . ]
10 = o » -
- ° u m T=225K ]
L °© = o T=250K i
S ° u AT=275K =
[ oa 0 T=300K ]
I o ® T=350K 4
0 -Ql [ TE R R IR AR B
0 5 10 15 20 25 30 35

P /MPa

Figure 6. Density—pressure diagram for CO; (90 mol %) + CH4
(10 mol %) mixture. The data appear in Hwang et al. (1995).
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épB _ {(0%)2 416 x 10*7}0'5 (20)

where p has units of kg-m~3.

The results presented here illustrate the capabilities of
the instrument. Figure 6 presents the experimental densi-
ties of a nominal mixture containing 90 mol % CO, and 10
mol % CH,. At low temperatures, the mixture exhibits
liquidlike behavior (low compressibility). The transition
from liquidlike behavior to gaslike behavior is extremely
sharp and is readily apparent in the vicinity of the critical
temperature (approximately 300 K). It is in this region
that most equations of state have difficulty representing
experimental results. The liquid and gaseous regions
become less distinctive at about 350 K.

Figure 7 demonstrates determination of a saturation
boundary point for a nominal 70 mol % CO, + 30 mol %
N, mixture (or a vapor pressure for a pure component). The
higher pressure points are single phase, and the lower
pressure points are two phase (note, however, that one
metastable state was observed). The phase boundary
determination is accurate to about 0.05 K and 0.01% in
pressure, but these limits depend upon the region of the
phase boundary to some degree.

Figure 8 is a plot of relative volume against pressure
and the slope gives the isothermal compressibility for a
2-methyl-2-propanol (95 wt %) + water (5 wt %) mixture.
The linearity of the slope indicates that 3t is independent
of pressure over the range measured. The uncertainties
in AV and AP are 0.05 kg-m~3 and 0.003 MPa respectively.
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Figure 9. Relative deviations of measured propane densities at
300 K from the equation of Kratzke and Muller (1984).

Figure 9 demonstrates measurements on propane at 300
K. The reproducibility of the pycnometer data is 0.03%.
The relative deviations of our measurements and other
reported values are relative to an equation of state reported
by Kratzke and Muller (1984). Our results at 300 K agree
well with values reported by Ely and Kobayashi (1978),
Thomas and Harrison (1982), and Tomlinson (1971). A
discrepancy of up to 0.2% exists between our results and
values reported by Haynes (1983) at lower pressures, but
the agreement improves with increasing pressure, and the
discrepancy is less than 0.01% at the maximum pressure
of 40 MPa.
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