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Abstract The magnetic suspension densimeter (MSD) is a sophisticated, state-
of-the-art device that provides extremely accurate results for density measurements.
The MSD uses a magnetic technique to couple a mass inside a measurement cell
with an external mass balance for mass measurement. This article presents a force
transmission error (FTE) analysis for a high-pressure, single-sinker MSD. Due to the
magnetic working principle of the apparatus, magnetic properties of the high-pressure
cell and external magnetic fields affect the measurements slightly. For the analysis,
McLinden et al. suggest making measurements using two different sinkers, a titanium
sinker and a copper sinker, having the same mass. The measurements cover densities
for methane, ethane, carbon dioxide and nitrogen over the temperature range from
265K to 450K (£5 mK stability) up to 180 MPa (uncertainty of 0.01 % full scale:
200 MPa). Comparing and manipulating the measurements permit determination of
apparatus and fluid specific effects that contribute to the FTE. For this MSD, the
apparatus effect is about 200 ppm, which effectively masks any fluid specific effect.
A comprehensive analysis of the FTE produces a uniform deviation for density values
of about 0.05 % at 20" across the full range of pressure.
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1 Introduction

Magnetic suspension densimeters (MSD) yield very accurate p—p—T data. An MSD
utilizes the Archimedes principle, and consists of a pressurized cell with an internal
sinker that experiences a buoyancy force when the cell contains a fluid. A magnetic
suspension coupling system transmits the change in its apparent weight to a high-
precision balance. Knowledge of the apparent weight of the sinker and its properties
allows determination of accurate densities for the fluid. The general features of this
apparatus appear in [1] and [2], and the specific details of the present instrument appear
in [3-6].

The force transmission error (FTE) is a significant source of uncertainty in this
technique. The FTE is the error caused by the magnetic behavior of the cell, the sus-
pension coupling, and the measured fluid that leads to inaccuracies in the transmitted
force measured at the high-precision balance. Different approaches exist to estimate
and compensate for the FTE [7,8]. Kano et al. [7] have proposed an analysis based
upon a magnetostatic study of the MSD suspension. This analysis accounts for all the
magnetic, gravitational, and buoyancy forces during the measuring process. Unfortu-
nately, this approach requires a detailed knowledge of both the magnetic and geometric
properties of the MSD and the fluid, which are not always available. McLinden et al.
[8] have developed an empirical analysis applicable to both two- and single-sinker
MSDs. In their analysis, they attribute the FTE to two different sources. One is the
error introduced by the MSD, the “apparatus effect” that accounts for error caused
by the magnetic characteristics of the densimeter cell and the suspension coupling. In
principle, the apparatus effect is available from vacuum measurements of the sinker
mass. The other source of error, the “fluid-specific effect,” depends upon the magnetic
properties of the fluid.

McLinden et al. [8] present a detailed explanation of each of the different sources
of error and a mathematical model for its determination. The mathematical model
results from force balances during the different measurements steps in the MSD. For
a single-sinker MSD, they suggest performing experiments using two different sink-
ers to determine unknowns in the mathematical model. They applied their technique
to the single-sinker densimeter developed by Brachthduser and coworkers [2]. The
results show different values for the apparatus effect for each densimeter version, and
they conclude, “the apparatus effect must be determined for each densimeter.” An
additional important result in their analysis is that “with careful measurements and the
necessary calibrations, a single-sinker densimeter can yield p—p-T data nearly as
accurate as those from a two-sinker densimeter” presuming the two-sinker densimeter
data are correct.

Rubotherm Prizisionsmesstechnik GmbH manufactured our single-sinker MSD
designed to work at pressures up to 200 MPa over a temperature range of 193K to
523 K. We have used this apparatus to measure densities of mixtures similar to natural
gas as well as for low- and high-pressure densities for pure components [3—-6]. The FTE
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Fig. 1 Apparatus constant calculations based upon experimental data measured in the high-pressure

single-sinker MSD; Nitrogen: e 265K, A 298K, * 350K; Carbon dioxide: ¥ 310K, 4 350K; Methane:
-305K, 1 340K, O 400K; Ethane: x 298K, o 350K, 0 400K, { 450K

analysis for this apparatus uses the principles of McLinden et al. [8], but not exactly
the same procedure because of peculiarities in this MSD (thicker cell wall causing a
higher apparatus contribution to the FTE). Scatter in the apparatus constant for this
MSD determined from the McLinden et al. [8] approach is apparent in Fig. 1. The
apparatus constant (i.e., a measure of the fluid-specific effect) results have an average
value of (55.5 £ 211.5) ppm. The 55.5 ppm is essentially the same as determined by
McLinden et al. [8] for their apparatus. This result leads to a slightly different approach
to quantify and compensate for this source of error.

2 Force Transmission Error Analysis

Figure 2 presents the operation of the single-sinker MSD. The (a) position is the bal-
ance tare; the (b) position weighs the permanent magnet (pm); and the (c) position
weighs the permanent magnet and the sinker. In all positions, the electromagnet (em)
is weighed. The forces on the balance are

wp =« {¢ [mpm — Pt me] + mem + mct — Pa (Vem + Ver) + wzero} (D
wy = o {¢ [ms + mpm — pr (Vs + Vom) | + mem + me2
—pa (Vem + Ve2) + Waero | 2)
wy —wy = o {$ [ms — prVs] +mea —mey — pa (Ver — Ve2)} s 3)

where « is the balance calibration factor, ¢ is the coupling factor, pr is the fluid den-
sity, p, is the density of the purge gas in the balance chamber (nitrogen), V is the
sinker volume, m is the mass, w is the balance reading, and wer, is the balance read-
ing with nothing on the balance pan or weighing hook. The subscripts are: 1 denotes
balance position 1, pm the permanent magnet and includes the lifting device, em the
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Fig.2 Operation of the single-sinker MSD: (a) suspension control (SC) ‘off”, Ti and Ta both raised, (b) SC
‘on’; zero position (ZP), Ta lowered, Ti raised, and (¢) measuring position, SC ‘on’, Ta raised, Ti lowered

electromagnet and includes linkage to the balance, cl compensation weight 1 (tanta-
lum), and c2 compensation weight 2 (titanium). The balance calibration factor « is
determined by a separate calibration using standard weights. As Vo & V.1 and p, is

small,
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wy —wy = a{¢[ms — prVs] + (me2 — mep)} 4

The coupling factor, ¢, represents the correction to the force balance in the
MSD caused by the FTE. For a measurement of vacuum in the cell, pf = 0
and

(w2 — w1)g = o {gpoms + (M2 — me1)}. (5)

Here, ¢o accounts for the apparatus effect of the FTE. Combining Eqs.4 and
55

_ _do | (w2 —wi)g — (w2 —wi)y
e (1 ¢ ) i paV, ©)

and, from Eq. 4,

_ (mea — me1) — (w2 — wi)g /a
or = ps+ SV . (7)

Equations 6 and 7 are equivalent. Now, assuming that
pf = pPg=1 + ApPFTE ®
and postulating that
Pf = Pp=1 + APApparatusEffect + AOFluidEffect )
it is possible to rewrite Eq.9 as

Pt = Pp=¢; T APFluidEstects (10)

where

Po=¢y = Pp=1 + ApPApparatusEffect (11)
which basically corrects the raw density data with the apparatus effect. One important
detail is that, although the true fluid density pf appears in two terms, the right-hand
side of Eq.7 does not change. Density measurements performed on different fluids
with two different sinkers (copper and titanium) determine the coupling factor using
Egs.7 and 10. Now, assuming

A pruidgtrect (T1, P1) = ApFideftect (12, P2) (12)
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when (77, P1) and (7>, P») are nearly the same values for the same fluid, it is possible
to combine Egs. 7 and 10 for both titanium and copper sinkers;

(M2 — me1) — (w2 — w)f! Ja

Pi—gy (T1, P1) + Appuidkstect (T1, P1) = po1 +

d Vi1
(13)
(mey — mep) — (wa — )i
Pipy (T2, P2) + Appuidkstect (T2, P2) = p2 + — : Ve £/
(14)

where s1 and s2 denote sinker 1 (titanium) and sinker 2 (copper). Finally, Eqgs. 13 and
14 using the assumption of Eq. 12 provide ¢:

( B )
(mey — mcl)(vsz_%)_é[mvzlf wzv:flf}
¢ =
[% o ¢0]

(15)
[0s2 — pst]

Equation 15 is the expression to determine the FTE from the two sinkers experi-
ments.

3 Experimental

Performing the two sinkers experiments required collecting data for four pure com-
pounds (methane, ethane, carbon dioxide, and nitrogen) up to 180 MPa at temper-
atures ranging between 265K and 400 K. Methane and nitrogen came from Scott
Specialty Gases having a grade of Ultra High Purity with mole fractions of 99.99 %
and 99.9995 %, respectively. Ethane and CO; came from Matheson Tri Gas with
mole fractions of 99.95 % and 99.999 %, respectively. The titanium sinker mass and
volume were 30.39159g and 6.741043 cm?, and the copper sinker mass and vol-
ume were 30.398939g and 3.403268 cm® (determined using the apparatus and
procedure described by McLinden and Splett [9]). Patil et al. [3,4] described the
single-sinker MSD, and additional modifications to expand the range of measured
temperature appeared in [5,6]. The Platinum resistance thermometer (PRT) (Minco
Products Model S1059PA5X6) has been calibrated at fixed temperature points defined
by ITS-90 and by a calibrated PRT traceable to NIST. The temperature stability was
+5mK, and the uncertainty of the PRT was 2mK with respect to the triple point of
water [5]. Two Digiquartz® transducers (40 MPa and 200 MPa) from Paroscientific
Inc. were used to measure pressure. The uncertainty for these transducers was 0.01 %
of full scale or 0.004 MPa and 0.02 MPa, respectively.

4 Results and Analysis

The two sinkers experiment, reported in Table 1, cover several temperatures for pres-
sures up to 180 MPa. All the data are at similar pressure and temperature conditions
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Table 1 Two sinkers

experiment temperatures Fluid Copper—titanium sinkers (K)
Np 265
298
350
CO, 310
350
CHy 305
340
400
CrHg 298
400
450
:;‘;ﬁ:terfﬁzﬁi‘:ﬁgg Calibration factor « 100015
Ti sinker mass (g) 30.39159
Cu sinker mass (g) 30.398939
Ti compensation mass (g) 11.23311
Ta compensation mass (g) 41.61804

for both sinkers to justify Eq. 12. Tables 2 and 3 contain samples of raw data for inde-
pendent verifications. Additional data for all the fluids to validate the FTE results will
appear in future publications with their respective analyses. The deviations for the
raw densities (densities without FTE compensation) compared to densities calculated
with equations of state [10—13] as implemented in NIST REFPROP 8.0 [14] appear in
Figs. 3 and 4. The data have considerable deviations in the low-pressure range. This
reflects the observation that the FTE affects the low-pressure densities to a greater
extent as suggested by McLinden et al. [8].

Equations 7 and 15 determine both py—g¢, and the coupling factor, ¢, for the copper
and titanium sinkers. The determined value for the apparatus effect is (¢g — 1) =
(189 £ 16) ppm for the set of experiments. This value corresponds to a correction
of about 5.17 mg for our vacuum measurement. The apparatus contribution, ¢g, from
the FTE for our high-pressure, single-sinker MSD is higher than any reported by
McLinden et al. [8]. This result occurs because our cell design has thick walls for
higher pressures, and it is diamagnetic (beryllium copper). It is important to note that
the high fluctuations in the apparatus contribution to the FTE are products of the two
sinkers experiment. Changing the sinkers introduces a considerable amount of uncer-
tainty into the experiment. For example, ¢y depends on exact alignment and relative
position of e-magnet, p-magnet, etc.; the disassembly and reassembly required for two
sinkers experiment will result in slightly different positions. This fact is one of the
most serious difficulties when performing the two sinkers experiment, and it is more
serious for the high-pressure, single-sinker MSD.
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Fig. 4 Copper sinker raw densities (¢ = 1) deviations; Nitrogen: e 265K, A 298K; Carbon
dioxide: ¥ 310K, 4 350K; Methane: - 305K, | 340K, O 400K; Ethane: x 298K, o 350K, 0 400K,

O 450K

Figure 5 presents (¢ — ¢) as a function of pressure. This plot reveals two impor-
tant characteristics of our FTE: (1) the coupling factor is essentially independent of
pressure and (2) the fluctuations of (¢ — ¢p) are larger than the fluid contribution
effect. These observations indicate that the fluid contribution to the FTE is negligible
and that the assumption of the FTE is independent of temperature and pressure does
not introduce significant uncertainty. This does not mean that the fluid specific effect
does not exist, but the apparatus contributions mask its effect. Thus, the experiments
on this apparatus compensate only for the apparatus effect. However, the 16 ppm fluc-
tuation in ¢ agrees with the fluctuations of the data when compared to the equations
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Fig. 6 Titanium sinker corrected density deviations; Nitrogen: e 265K, A 298 K, * 350 K; Carbon dioxide:
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of state implemented in NIST REFPROP 8.0 for the different fluids [10-14]. Figure 6
illustrates this behavior.

Figure 6 also indicates that the experimental data for pure compounds lie within a 2o
deviation band of 0.05 %. Higher deviations exist at pressures below 7 MPa caused by
the intrinsic characteristics of the high-pressure, single-sinker MSD and its ancillary
equipment. However, the low-pressure data fall within the experimental uncertainty
at low pressure.

An additional experimental observation is that the data measured with the copper
sinker have higher deviations compared to the equations of state than the densities
measured with the titanium sinker as is apparent in Fig. 7. This effect is caused by the
differences between the sinker densities and the fluid densities. The density of copper
is almost twice that of titanium (8905.54 kg-m~3 and 4508.44 kg - m—3, respectively).
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Better experimental accuracy would result if the density of the sinker were closer to
the fluid density. McLinden et al. [8] and Wagner and Kleinrahm [1] also reach this

conclusion.

5 Conclusions

This article has reported the FTE analysis for the high-pressure, single-sinker MSD in
our laboratory. The analysis consists of comparing densities measured at similar con-
ditions using two different sinkers, copper and titanium, as suggested by McLinden
et al. [8]. The apparatus effect is the overwhelming contributor to the FTE having a
value of approximately 189 ppm. Compensation of the density measurements using
this analysis leads to a 20 deviation band of 0.05 % compared to RefProp 8.0.
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