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ABSTRACT

A dual-sinker densimeter to very accurately measure the pressure-volume-temperature
(P-V-T) properties of fluids over a temperature range of 80 K to 520 K and at pressures up to
35 MPa is in the final stages of development at NIST. The density of a fluid is determined by
measuring the difference in the buoyancy forces experienced by two sinkers of identical mass,
surface area, and surface material, but very different volumes. The buoyancy forces on the sinkers
are transmitted to a semi-microbalance by means of a magnetic suspension coupling. This paper
reviews the principle of the measurement and describes the overall design of the system.

INTRODUCTION

The pressure-volume-temperature (P-V-T) properties of fluids are the key thermophysical property data
needed for the development of accurate equations of state required to predict the efficiency of working fluids,
to assure equity in the domestic and international trade of chemicals, fuels, and related fluids, and to enable
accurate design and efficient control of chemical process equipment. The Thermophysics Division of NIST
has extensive experience and capabilities in P-V-T measurements. The existing capabilities need to be
upgraded to respond to the increased accuracy demands of custody transfer and model development
applications. The need for accurate, but rapidly determined, properties of alternatives to the CFC refrigerants
and of other ne* working fluids dictates a highly automated apparatus.

In view of these needs, we are developing a new apparatus which will complement the existing PVT
apparatus, cover wide ranges of temperature, pressure, and density, and, most importantly, exiend our
accuracy capabilities by nearly an order of magnitude. The wide temperature and pressure capabilities of the
new apparatus will be of particular value for the alternative refrigerants, fluids for which low temperature, and
also high pressure, data are scarce.

MEASUREMENT PRINCIPLE

The apparatus we are developing is a relatively new type of device for measuring fluid P-V-T properties,
termed a dual-sinker densimeter, which has been pioneered by Kleinrahm and Wagner [ 1 ]. In this device, two
sinkers of identical mass, surface area, and surface material, but very different volumes, are weighed
separately with an analytical balance while immersed in a fluid of unknown density. The difference in
buoyancy forces on the two sinkers yields the fluid density p:

m

'Contribution of the National Institute of Standards and Technology, not subject to copyright.
2Rocky Mouniain Electron Video, Inc., Boulder, Colorado.
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where AF is the difference in the net force on the sinkers, g is the local acceleration of gravity, AV is the
difference in sinker volumes, and Am is the difference in the masses of the two sinkers (this quantity will be
small, but it would be very difficult to fabricate two sinkers of absolutely identical mass). By means of
internal electronics and calibration weights, the balance converts the quantity (F/g) to a reading directly in
grams, so the local acceleration of gravity need not be known. The sinkers are suspended from the balance via
a magnetic suspension coupling which isolates the balance from the high pressure measuring cell. The main
advantage of the dual-sinker method is that surface tension effects on the suspension wire, adsorption onto the
surface of the sinkers, and other effects which reduce the accuracy of most buoyancy techniques cancel.
Because of this cancelling effect, this method is particularly well suited for measurements at saturation. A
further advantage of the method is that the measurement yields the fluid nsity directly, without the need for
calibration fluids. The uncertainties in the measured density are expects, to vary from 0.01% for liquids (p =
1 g/cm3) to approximately 0.1% for low density vapors (p = 0.01 g/cm3). These accuracies should be
routinely achievable over wide ranges of temperature and pressure. The apparatus is most suited for single-
phase and saturation measurements on pure components, but will also be suitable for single-phase
measurements on mixtures.

The new apparatus is modeled after the Kleinrahm and Wagner device in a very general way, but
incorporates a number of changes to yield what we expect will become the new state of the art for wide-range
P-V-T measurements. This apparatus will operate at temperatures from 520 K down to 80 K (and as low as
30 K with liquid neon cooling) with pressures up to 35 MPa. The control of the apparatus and the
measurement process will be entirely automatic; only the fluid handling operations, such as charging the ceil,
will be done manually.

EXPERIMENTAL APPARATUS

Overall Layout

The apparatus consists of the following key components:

• the two sinkers which together with a semi-microbalance and a mechanism to pick up each sinker
constitute the density measuring system,

• a pressure vessel which contains the fluid of interest,

• a magnetic suspension coupling which transmits the net force on the sinkers from the pressure vessel
to the balance,

• pressure and temperature measuring instruments,

• a thermostat system incorporating liquid nitrogen cooling and electrical heating,

• a personal computer which controls the entire system and record , the measurement data, and

• auxiliary systems such as fluid charging and vent manifolds and a vacuum system.

The overall layout of the First five of these components is shown in Figure 1. The assembly depicted in
this figure is supported on a sturdy aluminum frame which incorporates vibration isolation. An instrument
rack, the vacuum system, and a Dewar of liquid nitrogen for the cooling system are adjacent to the main
instrument.

Sinkers and Sinker Changing Mechanism

Two well-characterized sinkers constitute the heart of the density measuring system. The prime
requirement is that the sinkers be of very different densities. The low density sinker must, of course, be more
dense than the densest fluid that will be measured (otherwise it would become a float). These densities must,
furthermore, be well known over the full temperature range of interest. The volumes of the sinkers at room
temperature can be determined to a few tens of parts per million (0.001 %) by weighing in water [2]. The
sinker volumes (or densities) at other temperatures are computed from the thermal expansivity of the material.

Our design employs a low density sinker of single-crystal silicon. The density of silicon (p =
2.33 g/cm3 at 20 °C) is nearly optimal; it is higher than almost all of the fluids of interest (e.g. many of the
refrigerants have liquid densities from 1.0 to 1.8 g/cm3), and only a few fluids (e.g. xenon, bromine) have
higher densities. The density and thermal expansion coefficient of single-crystal silicon are known extremely
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well [3,4], and since single crystals of ultra-high purity are readily available, the literature values for density
and thermal expansion coefficient can be applied to our specimen with negligible loss of accuracy. The silicon
sinker is essentially a right circular cylinder; this shape gives close to the minimum surface area-to-voiume
ratio. The sinker has a diameter of 31.70 mm and an overall height of 33.56 mm. Its nominal mass is 60 g.
A small (1.9 mm high by 22.9 mm diameter) protrusion on the bottom of the cylinder serves to center the
sinker when it is lowered onto its support pedestal.

The high density sinker is tantalum. Tantalum is a dense metal (p = 16.6 g/crn3 at 20 °C) and is very
corrosion resistant. Some of the precious metals, such as platinum and gold, have higher densities but are
very soft and present fabrication difficulties, and while they are very corrosion resistant they can catalyze the
decomposition of some fluids. In any event, the density of tantalum is high enough to give a large volume
difference between the sinkers; there would be little added benefit in using a higher density material. To
satisfy the requirement of equal surface areas, the tantalum sinker is in the shape of a ring with an inner
diameter of 40.94 mm, outer diameter of 44.20 mm and height of 16.63 mm; its nominal mass is also 60 g.
Placing the ring concentric with the silicon sinker achieves at least two benefits: (1) both sinkers are at the
same height in the cell, minimizing the effects of any vertical Jensity gradients that might be present in the
fluid, and (2) a novel mechanism for picking up and weighing the cylinder and ring is possible, as described
below. The volume of the tantalum sinker at room temperature will be determined by hydrostatic weighing.
For metals, the coefficient of thermal expansion depends on the heat treatment, exact alloy composition, etc.
Fortunately, since the tantalum sinker has a much smaller volume than the silicon sinker, the thermal
expansion coefficient of tantalum does not need to be known as accurately as for silicon.

Both sinkers will be coated with the same material to minimize surface adsorption effects. By having the
same surface area and surface material for both sinkers, fluid should adsorb equally on the two sinkers,
cancelling the effect. We are currently investigating both tantalum and silicon coatings.

To pick up and weigh each sinker, a novel sinker changing mechanism has been developed. The sinkers
are picked up by a "cage" consisting of two stainless steel rings connected by three stainless steel posts; the
bottom ring contains three small "feet" which can pivot to pick up one sinker or the other. The mechanism and
weighing sequence is depicted in a cross-sectional view in Figure 2. In the "reset" position, both sinkers rest
on a pedestal. The cage is at its lowest position with the feei pivoted inward by a ledge machined into the
bottom of the pressure vessel. The cage is raised (by the magnetic suspension coupling, described below) to
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Figure 2. Detail of the sinker changing mechanism showing the four steps in a weighing sequence.
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pick up the silicon sinker. As the cage is raised, the feet "pass through" a set of spring "fingers" arranged
radially in a rosette pattern. (This finger rosette was produced by photo-etching stainless steel shim stock.)
The spring fingers are quite flexible in the upward direction, and the cage feet pass through easily. After the
cylinder is weighed, it is lowered back down onto its pedestal; tapered ledges on the pedestal serve to center it.
As the cage is lowered further, the feet contact the spring fingers, and the feet pivot outward. This motion is
guaranteed by three factors: (1) the feet pivot easily on highly polished axles, (2) the fingers are somewhat
more resistant to downward bending than to upward bending, and (3) the center of gravity of a foot lies above
the axle with the result that the feet have two stable positions. The process of pivoting the feet, with the feet
shown in several intermediate positions, is depicted in the third panel of Figure 2. The cage is again raised,
but this time the feet are facing outward and the tantalum ring is picked up for weighing. The cycle is
completed when the cage is lowered to the reset position.

Magnetic Suspension Coupling

The magnetic suspension coupling transmits the gravity and buoyancy forces on the sinkers to the
balance. The central elements of the coupling are two samarium-cobalt magnets, one on each side of a
nonmagnetic pressure separating wall. The top magnet and a small control electromagnet (termed the
"weighing coil") are hung from the balance, see Figure 1. The bottom magnet (from which the sinkers hang)
is held in stable suspension with respect to the top magnet by means of a feedback control circuit making fine
adjustments in the control electromagnet current. All the lifting force during sinker weighings comes from the
mutual attraction of the two permanent magnets. Currents in the control electromagnet are very small (< 1 pA)
and are entirely for control, permitting the use of extremely fine wires as electrical leads to the weighing coil.

A larger electromagnet, not hung from the balance, is used to lift the lower magnet into the range of the
weighing coil. This large "lifting coil" is able to lift the cage and sinkers over a fairly large range of vertical
positions and makes possible the sinker changing mechanism described above. During Sinker weighings,
control is switched to the weighing coil, and the current in the lifting electromagnet is zero. A further
advantage of a separate lifting coil is that the large (up to 8 A) currents necessary to lift the sinkers from the
reset position do not heat the weighing coil. This avoids the destabilizing effect of convection currents rising
off a warm weighing coil.

The coupling is located approximately 375 mm above the sinkers. The connection between the bottom
magnet of the coupling and the cage consists of several elements. A stainless steel rod 0.76 mm in diameter
and 200 mm long rigidly connects the magnet and a ferrite core which moves within the coil of a linear
variable differential transformer (LVDT) which provides position information to the feedback circuit. (The
ferrite is encased in a short length of thin-walled stainless steel tubing to avoid any possible incompatibilities
with the test fluids.) Another length of 0.76 mm diameter stainless steel rod connects the ferrite to a length of
fine stainless steel wire at the top of the cage. This fine wire penetrates the liquid-vapor interface when
making measurements on saturated-liquid samples; it is very fine (0.10 mm diameter) to minimize surface
tension effects. (Wetting of the suspension wire is not necessarily a repeatable phenomenon, and, thus, it is
desirable to minimize the absolute effect in addition to the cancelling effect of the two-sinker measuring
principle.)

This considerable separation between the coupling and the sinkers is necessary for both the accuracy of
the measurement and practical reasons. The ferrite core in the position-sensing coil and the (slightly magnetic)
stainless steel pressure vessel must be located away from the magnetic coupling so as not to affect the
weighings. It is also desirable to locate the coupling above the main vacuum enclosure to permit easier access.
These benefits come at a cost: achieving the precise vertical alignment of the balance, coupling, sinkers, etc.,
which is critical for the accuracy of the weighings and the operation of the sinker changing mechanism, is a
painstaking process. To maintain alignment, all critical elements of the apparatus are attached directly or
indirectly to a massive stainless steel plate (381 mm diameter by 18.3 mm :hick) attached to a sturdy aluminum
frame.

The final element of the magnetic suspension coupling is the pressure-isolating wall. This isolates the
balance from the test fluid (which may be vi high pressure and/or extremes of temperature). This pressure-
isolating wall is a small pressure vessel connected to the main pressure vessel by a length of 9.5 mm O.D.
stainless steel tubing. The pressure-isolating wall is located between the two magnets of the magnetic
suspension coupling and must, therefore, be made of an absolutely nonmagnetic material. After testing
numerous "nonmagnetic" materials, including aluminum, stainless steel, copper, and titanium, we have
fabricated this vessel of a beryllium-copper alloy.
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Pressure Vessel and Thermostat

The pressure vessel comprising the measuring ceil is of u fairly conventional design and is constructed of
type 316L stainless steel. The pedestal for the sinkers is in the bottom "lid" of the pressure vessel. The lid is
sealed by a copper gasket. A copper sleeve, shrink-fitted to the outside of the stainless steel vessel, serves to
reduce temperature gradients to a few millikelvins (thousandths of a kelvin). Four separate openings in the top
of the pressure vessel, machined to mate with commercial coned-and-threaded-type high pressure tube fittings,
provide access for the suspension wire and fluid filling capillary as well as two spare openings. An opening
in the bottom of the vessel will connect with a future "reference cell" described below; it also allows a cleaning
solvent to be easily circulated through the vessel.

The primary element of the thermostat system consists of an isothermal shield which surrounds the
pressure vessel. The entire assembly will be in vacuum for thermal insulation. The isothermal shield is
constructed of copper and is maintained 1 K cooler than the measuring cell by a combination of electrical
heating and liquid nitrogen flowing through cooling channels machined into the top plate of the shield. Heat
conduction from ambient to the measuring cell is minimized by thermally anchoring all electrical leads, filling
capillaries, etc. to the isothermal shield. The small (approximately 20 mW) heat leak from the cell to the
shield is offset by electric heat to control the cell temperature to a few millikelvins. A separate liquid nitrogen
cooling channel is machined into the top of the pressure vessel; this cooling circuit will be used only for quick
cooling between runs and will not be used during actual measurements.

The small pressure vessel which is part of the magnetic suspension coupling will not be cooled because
of practical difficulties. It will be maintained at room temperature or about 1 K above the main cell
temperature, whichever is higher. A positive temperature gradient between the main cell and coupling is
desirable to prevent convection and/or condensation. This temperature gradient is confined to a short length of
the tube connecting the main cell and coupling. An upper heating collar is maintained at the temperature of the
coupling. A lower collar is maintained at the temperature of the main cell by a combination of electrical heating
and copper conduction straps connected to the isothermal shield. It is important to note that in the region of
this temperature gradient, the connection between the magnetic coupling and the cage consists of a thin
stainless steel rod of uniform diameter. The movement of an object of varying cross section in a temperature
(and, thus, density) gradient would affect the buoyancy forces detected by the balance and cause errors in the
measured fluid density. For this reason, the position sensing coil, with its ferrite core, is located in an
isothermal region maintained at the cell temperature.

A future feature of the apparatus will be a "reference cell" connected to the main measuring cell. For
vapor-phase measurements near saturation, the pressure in the measuring ceil will be set by the vapor pressure
of a small volume of liquid in the reference cell. By independently controlling the temperature of the reference
cell, saturated vapor conditions can be closely approached in the measuring cell without gross condensation of
fluid onto the sinkers. The effects of the significant surface adsorption which is often unavoidable at
conditions very close to saturated vapor are minimized by the equal surface area and surface material of the
sinkers.

Instrumentation

The first two elements of the density-measuring system, the sinkers and magnetic suspension coupling,
are described above. The other major element consists of a semi-microbalance with a resolution of 10 jig and
a stated accuracy of 30 (ig over a weighing range of 205 g. An additional feature of this balance which makes
it well suited to this apparatus is an automatic calibration mode which can be triggered by a signal from the
control computer.

The primary temperature measuring element is a reference-quality, 25 Q capsule-type platinum resistance
thermometer inserted into the copper sleeve of the measuring cell. The resistance of the thermometer is
measured in a 4-wire resistance circuit by a dedicated precision voltmeter. Two calibrated standard resistors
(10 Q. and 100 Q.) are also measured by the voltmeter. Other temperatures that must be known accurately
(such as the temperature of the isothermal shield) are measured relative to the standard PRT by five-junction
copper-constantan thermopiles. Two additional thermopiles measure the temperature differences between the
top and bottom of the measuring cell and the top and bottom of the isothermal shield; these temperature
differences are used to check for approach to equilibrium conditions upon a change in the temperature set
point. Several inexpensive 100 Q PRTs are used to monitor additional temperatures in the system. The
thermopiles and 100 H PRTs are measured with a nanovolt-level scanner connected to a nanovoltmeter.
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Pressures are measured by three vibrating-quartz-crystal pressure transducers having ranges of
0-0.20 MPa, 0-2.8 MPa, and 0^41 MPa. The fuli range of pressures can be measured within the optimum
range of at least one of the transducers. The pressure transducers are located approximateiy 375 mrn above the
measuring cell resulting in a fluid head that can be significant under some conditions. To permit accurate
correction for this effect, most of the capillary connecting the measuring cell with the transducers is maintained
at either ambient temperature or the cell temperature. The temperature gradient between the cell and ambient
temperatures is restricted to a horizontal section of the capillary inside the vacuum enclosure; this section does
not contribute to the fluid head effect and thus the density gradients resulting from the temperature gradient in
this section do not affect the accuracy of the fluid head correction.

The entire system is controlled and all data is collected by a microcomputer. The balance and pressure
transducers are read over RS-232 (serial) ports. The interface for the magnetic suspension coupling control
circuit is a combination analog/digital I/O board installed in the computer. The remainder of the
instrumentation is controlled over an IEEE-488 bus.

Auxiliary Systems

The densimeter also requires several auxiliary systems. A vacuum system consisting of a mechanical
roughing pump and high vacuum diffusion pump maintains the insulating vacuum within the thermostat as
well as allowing evacuation of the measuring cell. A valve manifold allows charging of test fluids into the
measuring cell, connection of one or more of the pressure transducers to the cell, and discharge of samples to
the building vent system. A hydraulically actuated, diaphragm-type compressor is connected to the manifold
to compress liquid samples up to the maximum working pressure of 35 MPa. The heaters on the isothermal
shield, measuring cell, etc. are supplied by 2, 4-channel DC power supplies controlled over the IEEE-488
bus. Finally, a 160 L Dewar of liquid nitrogen supplies the cooling system.

CONCLUDING REMARKS

The apparatus is nearly complete. The various critical elements have been tested individually and are
now being integrated and tested as a complete system. The final apparatus may differ slightly from the
description given here.
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