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Operation of a Vibrating Wire Viscometer at Viscosities Greater than 0.2 Pas:
Results for a Certified Reference Fluid with Nominal Viscosity atT = 273 K and
p = 0.1 MPa of 0.652 Pas while Stagnant and a Fluid of Nominal Viscosity of
0.037 Pas while Flowing
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A vibrating wire viscometer formed from a tungsten wire with radius of about 0.125 mm has been used to measure
the viscosity of certified reference fluid S60 at temperatures between (273 and 373) K at a pressure of 0.1 MPa
where the viscosity varies from (0.0062 to 0.652) Pa s and the resonance qualityJdietdretween (20.8 and

1.02). Our results differ from the values cited by the supplier by lessh&r% over the whole range @, T,

andp. We have also measured the viscosity of certified reference fluid S20/¢@88 K, 0.1 MPaj 37 mPas,

while stagnant at pressures below 69 MPa and temperature between (298 and 423) K and also while flowing S20
at volumetric rates up to 66 éas 1. The values obtained in stagnant S20 differed insignificantly from those
while flowing and suggest there is no additional systematic error arising from flow in the viscosity obtained from
an axially symmetric vibrating wire viscometer. The working equations for a vibrating wire have been used to
estimateQ as a function of viscosity up to 1 Pafor wires with radii between (0.05 and 0.3) mm. The calculated

Q compares favorably with the observed values and suggests a wire of radius about 0.2 mm can be used to
measure the viscosity of fluids up to 1-Ba

Introduction Kandil et al® have constructed a vibrating wire viscometer
) ] ] ] with a nominal wire radius of 0.075 mm and validated the
_This paper is concerned with a viscometer formed from a gperation of the instrument with certified reference materials
wire vibrating normal to its axis and held taut between two N10 and N100 at viscosities in the range (2 to 100) raPa
clamps:-# The majority of the measurements reported with & ith a standard uncertainty of less than 0.6 %, at temperature
Vibrating wire and summarized up to eal’|y 2005 in ref 3 have in the range (298 to 373) K. The upper Operating Viscosity of
been obtained with fluids of viscosity in the range (0.008 to 6) thjs instrument was determined with measurement on certified
mPas. However, there are a few measurements at higher reference material N100 at a temperaturd ef 301 K where
viscosities including those reported by Charles €t fal: the n &~ 200 mPas, for which theQ = 1.9, and the measured
viscosity of glycol at about 53 mPs obtained with wires of  viscosity had an uncertainty of atio8 % and the observed
nominal radius between (0.1 and 0.18) mm, Gourgouillon et value differed from an interpolation of the cited values by about
al®> measured the viscosity of supercritical fluid-saturated 2 %,
polymer (PEG 400) with values of about 20 m®with a wire Lundstrom et ab used a wire withR ~ 0.0479 mm to
of nominal radius of 0.1 mm, and Caudwetheasured the  measure the viscosity of certified references fluids N10 and S20
viscosity of hydrocarbon mixtures with values up to 16 n&Pa  at temperatures between (298 and 393) K at pressure below 55
with a nominal wire radius of 0.05 mm. More recently, Caetano MPa. The measurements with N10 were conducted at viscosities
et al’ developed a vibrating wire viscometer with a wire radius between (4.8 and 60) mPathat gaveQ between 11 and 2,
of 0.1997 mm that was determined by calibration with water at while for S20 the viscosity varied from (2.7 to 73) mPand
T =293.15 K andh = 101.325 kPa. They used the instrument theQ decreased with increasing viscosity from 17 to 2. Sopkow
to determine the viscosity of several fluids, including certified et al® measured the viscosity of N10 and S20 obtained from
reference material S60, with viscosities in the range (0.5 to 135) batches different to those used by Lundstrom &tAtlp = 0.1
mPas and stated the expandekl £ 2) uncertainty in their MPa the viscosities of both N10 and S20 at temperatures of
measurements was less than 0.6 % over this range. (293 and 313) K and 313 K, respectively, reported in ref 9 differ
from those reported by Lundstrom et &bn different batches,
* Corresponding author. Tel.: (203)431-5316. Fax: (203)438-3819. E- DY less than 1.2 % for N10 and 0.5 % for S20 that is within the
mail: ckh.prince@gmail.com. combined uncertainty arising from the difference between the
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cited values for the lots and the uncertainty of the supplier's in the tube of internal diameter 5.5 mm this upper flow rate
cited measurements for the reference fluidstoD.25 %. At corresponds to a velocity of 0.28-a1%. Over these flow rates
pressures greater than 0.1 MPa, the results for N10 agreed withat a viscosity of about 0.04 Pathere was no observable system-
those of ref 8 withint 4 % while for S20 the viscosities differed  atic error in the viscosity obtained from the vibrating wire.

by + 4.5 %. For both N10 and S20 these differences are aboutTheory
a factor of 2 greater than the expanded uncertainty of either

series of measurements but are within the combined uncertainty . Avibrating W|-re can be used to measure wscosr[y_anq density
of both measurements excluding the known but less than 1 %S|multaneously. the resonance frequency of the wire is related
differences between the viscosities of the lotg at 0.1 MPa to both the fluid density and wire tension while the resonance
The differences in the densities of the different lots either cited line width is related to the ratio of the viscosity to density.
by the supplier or obtained from the modified Tait equatfon Several methods have peen .developed to optimize thg response
representation of the results of ref 8 (eqs 7 and 8 of ref 8 with of a device to sqlely viscosity or both density and V'.SCOS'ty
coefficients of Table 5 of ref 8) are less than 0.6 % that is about (W'th_a cOmpromise in the precision of both). To obtain both
3 times the expanded uncertainty of 0.2 % for the measurementsOIenSIty and viscosity the wire needs to be clan_nped at the top
gand a mass suspended at the lower end. This configuration
Eignificantly increases the sensitivity of the resonance frequency
to the fluid density since the wire tension is related to the

%. The to 0.6 % additional uncertainty in the densit .
0 up 0 . . ny Y buoyancy of the suspended mass. To obtain measurements of

propagates to an uncertainty of less than 0.3 % in the viscosity : . ; .
determined from the vibrating wire. The assigned expanded density and viscosity, both the frequency and the half-width of

uncertainty of the viscosity measurements with a wire clamped the resonance must be stab_le and reproducible and_thg orient_ation
at both ends ist 2 %7 of the suspended mass with respect to the gravitational field
d known. If only the viscosity is required the wire can be clamped
at both ends. In this case, provided the resonance frequency is
the value of the produced fluid and production strategy. These stable to t_)etter than the requir_ed resolution of the measurement
over the time needed to acquire the resonance data knowledge

thermophysical properties are also useful for the design of . ) ) . . ;
separators and process equipment and to control productionOf the band width suffice to determine the viscosity for a fluid

processes. To measure the density and viscosity of petroleum€n the density is known. o
The wire is forced to vibrate by passing sinusoidal curtent

fluids requires a transducer that can operate up to reservoir o .
temperatures and pressures, typically below 473 K and 200 MPa,(hrough the wire in the presence of a steady-steady magnetic
field B perpendicular to the wire that results in a transverse

respectively, and to guide value and exploitation calculations e . R
with sufficient rigor, provide results with an accuracy of about ©Scillation. The force= experienced by the wire is given by

+ 1 % in density andt 10 % in viscosity. Necessarily, these F=ILB 1)
specifications place robustness as a superior priority to accuracy

for the design. There are numerous methods to measure thavhere L is the length of the wire. (Strictly we measure the
viscosity of fluids and these have been reviewed recently by potential difference and provided the current tends to zero this
Wakeham et at! Some of the methods that are used to measure is equal the emf.) Movement of the wire creates a change in
viscosity in the petroleum industry require calibration over the the magnetic flux through the voltage loop, generating an
viscosity, temperature, and pressure range for which they areelectromagnetic emf:

to be used. Therefore a calibrant is required.

In the petroleum industry, measurements of the density an
viscosity of petroleum reservoir fluids are required to determine

Here we report measurements of the viscosity of a reference d([B-d

Here we rep F the viscosity of g dUBdY g
fluid for viscosity, known as S60, with a vibrating wire Bf~ == =B 2)
0.125 mm at temperatures between (273 and 373) K over which dt dt dt

the certified values of viscosity cover the range (0.0062 to 0.652) where ® is the magnetic fluxS is the area of the wire loop

P_as. _Thes_e measurements extend the operating range of th'?/vhich experiences the magnetic field, antg the time. The
vibrating wire by more than a factor of 3 over those reported derivative of the are&with respect to time can be approximated

i 3 i i ~
by Kandil .et a.l., fOI: a wire with R ~ O.'O'75 mm. We haye by dividing the maximum area created by the sinusoidal-like
used the vibrating wire viscometer working equations to estimate deflection of the wire by a quarter period (period denoted as
the quality factor of the resonance of the wire as a function of To), resulting in

wire radius and viscosity of the fluid in which the wire is

immersed. These results are in good agreement with our S 8AL

measured resonance quality factors as well as those reported ot ~ ﬂ_To @)

by Lundstrom et alf, Sopkow et al® and Kandil et af and

suggest that a vibrating wire can be used to measure the viscositywhere A is the maximum amplitude of the wire’s deflection

upto1lPas. normal to its axis. The motional, will then be this quantity
If a vibrating wire were inserted within a tubular that, for multiplied by the magnetic field strength:

example, connected two vessels, and the fluid flowed between

them then the viscometer could also be exposed to flowing fluid. v, ~ gSAL 4)
In that case, one might speculate the shear experienced by an 2 7Ty

axially oriented vibrating wire subjected to a flowing viscous

fluid to introduce at least noise in the obserwédand also a ~ The amplitude of the wire motion is proportional to the force
systematic error in the determined viscosity. To experimentally and thus the field strengt, will be proportional to the square
determine the effect of flow, we have performed measurements©of the magnetic field:

of the viscosity of another certified material for viscosity S20, -

with nominal viscosity of 0.037 PaatT = 293 K andp = 0.1 V, ~ 8IL'B )
MPa, while flowing at volumetric flow-rates up to 66 éms; 7Ty
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Equation 5 suggests small increases in the magnetic field canthe flow around the cylindrical wire of radiug in a fluid of
greatly increase the signal-to-noise ratio. Furthermore, the actualviscosityn whereNge equalsvRp/y, v being the average fluid
motional emfV, produced by a resonating wire would require velocity. In equation eq 14 is a dimensionless displacement
multiplication of eq 5 above by the quality factQ:. (A/R) for a periodic oscillation.

The fluid mechanics describing the motion of a thin metallic Equations 8 through 14 were obtained with the following
wire clamped under tension between two fixed points and assumptions: (i) the radius of the wiRR must be small in
immersed in a fluid have been presented elsewhere; we mel’e'yComparison with the length of the wire (typically on the order
summarize some of the relevant conclusions A&téThe net of 0.001) in our case this ratidj{L) = 0.0006 for a 0.050 mm
voltageV measured across the vibrating wire that is immersed diameter wire and 0.0018 for a 0.150 mm diameter wire; (ii)
in a fluid is given by the sum of the voltagé, arising from the isentropic compressibilitys of the fluid is negligible; (iii)
the electrical impedance of the effectively stationary wire and the ratio of the inner radius of the body containing the flRjd
V, that represents the motional emf by to that of the wireR is greater than 45 for Reynolds numbers

V=V +V ©) < 100 (in our cas&/R = 1SQ for the 0:05 mm diameter_wire_
1072 and 50 for the 0.15 mm diameter wire) then uncertainty in
viscosity arising from the location of the boundary relative to

whereVy is represented empirically by the wire is less than 0.5 %; and (iv) the amplitude of oscillation

V,=a+ ib + icf (7) € < R, in our casee/R is estimated< 0.03. All of these
conditions must be satisfied in any implementation of the
andf is the frequency at which the wire is driven. In e@q, b, method, and in the remainder of this paper we will show that is

andc are adjustable parameters determined by regression withso for this viscometer.

the measured complex voltage and account for the electrical

impedance of the wire and absorb the offset used in the lock-in Experimental Procedures
amplifier to ensure the voltage signal is detected in the most

sensitive rangevs, given by 17 Vibrating Wire Viscometer.The wire holder and pressure
2!

vessel used for the measurements reported here have been
Afi described by Lundstrom et &lin ref 8 a wire of R ~ 0.048
Vo= 2 > 8 mm was used. For this work, the wire was replaced with
fo —@A+AF"+ (B + 241 tungsten of nominal radius 0.125 mm. To tension the wire, the
wire holder was positioned vertically, the wire slid through the
clamps and secured at the upper while a 0.6 kg mass was
attached to the wire protruding beneath the lower clamp. This
mass applied a constant force of ab6WN to thewire, which
was secured in the bottom clamp after an elapsed time of about
24 h. Prior to commencing measurements, the vibrating wire
was aligned within the magnetic flux so as to preferentially
excite the highest frequency orthogonal mode of the fundamental
oscillation that arises from the non circular cross section of the
wire. This was achieved by rotating the entire pressures vessel

and relates the measured quantity to the fluid properties. In eq
8, A is an amplitudefy is the resonance frequency of the wire
in vacuum Ay is the internal damping of the wirg,is the added
mass arising from the fluid displaced by the wire, #@hds the
damping due to the fluid viscosity.

Retsina et ak? analyzed the fluid mechanics of a wire of
densityps vibrating in a fluid of densityp and determined that
B andf' are given by

B= kpﬁ ©) housing within the magnetic fluid as described by Lundstrom
s et al® The tensioned wire was cycled between temperatures of
and (298 and 473) K until the resonance frequencyl at 298 K
varied by less than a few Hz between each thermal cycle.
=K P (10) A sinusoidal voltage was generated by a lock-in amplifier
Ps (Stanford Research Systems model 850), with a maximum
output d 5 V ac, and was passed through a resistance of about
wherek andk'are given by 1 kQ connected in series to the tungsten wire so as to provide

a constant current source. The voltage was varied between (5

k=-1+27A) (11) and 5000) mV to maintain the amplitude of the wire motion,
and estimated from the applied force, magnetic flux, and viscosity
to be less than 10 % of its radius. Thus, in vacuum a driving
K = 297(A) (12) current of 5uA was used and as much as 50 mA (aided by
power amplifier) was used when the wire was submerged in
In egs 11 and 12Ais a complex quantity given by methylbenzene, S20, or S60. The W w{rg,(W, 298 K) ~
i 133 Jkg Kt andp(W, 298 K)~ 19300 kgm~3} of diameter
aeil1s 2K, (v/Qi) 13) 0.25 mm and mass 43075 kg has a resistance of orderc,
VOIK (Vi) and when immersed in S6,(298 K) ~ 2 k¥kg K1, p-
(298 K) ~ 840 kgm~3, andx ~ 120 mWm~1-K~1}, with the
where highest current of 5 mA, over the 200 s acquisition time the
fluid temperature was estimated to rise by 1 gé&suming all
_27fpR% _ Nge electrical energy dissipated into the fluid volume enclosed by

Q (14) the wire holder (about 1:10°% md)}. The resulting error in

viscosity atT = 313 K, whereny = 46.3689 mPs and d/dT
In eq 13,K, and K; are modified Bessel functions of zeroth ~ —2.3 mPas-K~1, would bex 0.005 %. The temperature rise
and first order, and? (the ratio of linear inertial to viscous resulting from the wire motion within the fluid was always
forces) is related to the Reynolds numbig that characterizes  negligible.

n €
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Thermostat, Thermometer, and Pressure Gaudde fluid 30
was displaced into an evacuated pressure vessel, and the pressure sl 'Fg'
of it was controlled with a positive displacement pump (Isco o
model 65D) with a maximum operating pressure of 138 MPa. 10+ jﬁ
For the viscosity measurements obtained while flowing S20 the i ol _H‘ '
pressure between (0.07 and 138) MPa was determined with the N ﬂ
strain gauge transducer fitted to the positive displacement pump -10} f ?
with an uncertainty oft 0.69 MPa. The viscometer was placed ol !
in an air thermostat (Sigma Systems model M33M) capable of . .
operating over the desired temperature range of (273 to 373) 680 720 760 800
K. The temperature of the outer surface of the pressure vessel JHz

was determined with a K-type thermocouple with an uncertainty Figure 1. Motional complex voltag#/(f) the frequency of the fundamental
of + 0.1 K. The values obtained from this thermometer differed Mode of the vibrating wire immersed in methylbenzene at a viscosity of

FH 0.590 mPes obtained from the correlation reported by Assael é@ @he
by less than 0.3 K from th.oset indicated by the thermostat measured/(f) for R = 0.1253 mm with a specified density of 874-ky 3
temperature controller and this difference places an upper bound,,,.. represented by eqs 6 to 14 vtk —1.4017710°5, b = 3.0999810-7

on the uncertainty in our temperature measurements. Thermal; = —1.3363410-1% d = —1.2916910-%, A = 0.000401517f = 752.845
equilibrium was assumed to occur when the viscosity observedHz, andy = 0.587 mPss, which is 0.5 % below the value obtained from
from three or more sequential measurements differed by lessref 20.m, in-phase voltage®, quadrature voltage;-, in-phase{Re(V)}

than the estimated standard uncertaintytol %. voltage obtained from egs 6 to 14 with the parameters listed above:rand

Material and MeasurementsThree fluids were used for the quadrature{lm(V)} voltage obtained from egs 6 to 14 with the parameters
X " i listed above.

measurements. Methylbenzene from Riedel dérHaéh a

stated mole fraction purity greater than 0.997 containing a mole 0.9 3

fraction of less than 0.00001 of water was used to determine .

the wire radius. No further chemical analysis or purification of 08 L " ® 42

this material was attempted. The two certified reference materi- 0 8 <

als for viscosity S20 and S€@vith nominal viscosities of (0.037 Q‘j 11 g

and 0.140) P, respectively, af = 293 K andp = 0.1 MP3 g 07 r a <

were obtained from Cannon Instruments with assigned lot = : 3 . 10

numbers of 04201 and 5301, respectively. The supplier mea- 06 ™ 4 1 —

sured the kinematic viscosity for both S20 and S60 at temper- L] " .

atures between (273 and 373) K using long-capillary Master 05 l \ 5

viscometers according to ASTM D2164. The supplier also 0 -~ 20 60

provided densities over the same temperature range measured p/MPa

in accordance with ASTM D1480. For S60, Cannon also

provided interpolation equations for the kinematic viscosity. For Figure 2. Calibration of the VW with methylbenzene under pressures
both S20 and S60 the expanded uncertainty in the Kinematic "a"ging from ambient to 55.2 MPa. The measured viscosities and expected

. . . . viscosities are represented with and O, respectively, with magnitudes
0,
viscosity was+ 0.25 % relative to water, for which the ;i oied on the left axis. The fractional deviatioy = {n(exptl) —

uncertainty f'iﬂ- = 298 K andp = 0.1 MPa is+ 0.25 %, and n(calcd}/n(calcd)) is plotted with solid squares and the magnitudes are
the uncertainty in the density wags 0.02 %. When these indicated on the right axis.

uncertainties are combined in quadrature the expanded uncer- .

tainty in the dynamic viscosity ist 0.35 % assuming no voltage V(f) obtalned. over the.fre.quency range of the funda-
additional uncertainty arises from the step-up procedtre. mental mode.: of the V|brat|ng W|r§|mmersed in methylbenzene
However, measurements of the viscosity of reference materials(Shown in Figure 1) at a viscosity of 0.590 mBahat was

between different laboratories have been reported with discrep-°Ptained from the correlation reported by Assael ePdhe
ancies of less thag: 0.1 %19 measured/(f), with a specified density of 874 kg3, were

]:epresented by egs 6 to 14 with= —1.4017710°5 b =
3.099981077, c = —1.3363410 %0, d = —1.2916910°°, A =
0.000401517f = 752.845 Hz, andy = 0.587 mPss, which is

0.5 % below the value obtained from ref 20. Figure 2 shows
the measurements performed with methylbenzene at pressures
up to 55.2 MPa to determine the wire radius. A radius of (0.1253
mm) was chosen so as to minimize the difference between the
measured and calculat&lover the whole pressure range.

The uncertainty inR is a major source of error in our
measurements of viscosity, which have an estimated expanded
uncertainty of+ 2 %37 Fortunately, for measurements with
liquids the working equations are insensitive to the valuagf
and there is no need to determine this parameter with high
precision. No corrections were applied to both the wire radius
and density to account for variations in temperature and pressure
from that of the calibration. Neglecting these variations has been

Calibration of Internal Damping under Vacuum and Radius ~ estimated to introduce and additional uncertainty in viscosity
with MethylbenzeneWhen the wire was exposed to a pressure of less than 0.1 %! Our measurements of temperature have
of less than 1 Pa, we assumeer 0 and determined the internal  an uncertainty of no more than 0.3 K that when combined with,
damping of the vibrating wire\og = 1.97 104 The complex in the worst case,0¢/0T)p ~ —2.3 mPas-K™1 for S60 atT =

The methods used to determine the resonance frequency o
the wire were similar to those described by Lundstrom €t al.,
and only significant differences are described here. The
frequency source of the lock-in was amplified and split into
the following two paths each of equal resistance: (i) through a
100 Q resistor in series with the vibrating wire (that has a
resistance of about 2 when combined with the resistance of
the 4 m long leads) so as to provide an approximately constant
current source at each frequency and (ii) through a variable
resistor with resistance about that of the wire. The lock-in
amplified the difference between these two signal source, and
this arrangement essentially nulls the signal arising from the
resistance of the wire.

Results
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Table 1. Viscositynexpn Obtained from the Vibrating Wire Viscometers along with the Viscosity 7.t and Density pret Provided by the Supplier
of Certified Reference Fluid S60 and the Relative Deviations ofjexpu from #rer at Temperatures T and Pressuresp = 0.1 MPa with Expanded
Uncertainties for gexpu (Confidence Interval of 0.995)

TIK fo/Hz Q predkg-m=3 NelPas Nexp/Pas 100Ay/y
373.15+ 0.1 651.4 20.85 825.5 0.006219 0.00680.00013 1.51
363.15+ 0.1 648.7 18.06 831.8 0.007944 0.0080®.00016 1.14
353.15+ 0.1 646.6 15.36 838.1 0.010434 0.016632.00021 0.84
343.15+ 0.1 645.4 12.78 844.4 0.014166 0.01480.00029 0.93
333.15£ 0.1 643.8 10.31 850.7 0.02000 0.0208%.00041 1.63
323.15+ 0.1 640.6 8.12 856.9 0.02961 0.030t8.00060 1.95
313.15+ 0.1 633.6 6.08 863.2 0.04637 0.04744.00095 2.30
303.15+ 0.1 618.1 4.34 869.5 0.07776 0.0882.0016 3.17
293.15+ 0.1 588.6 2.93 875.8 0.14167 0.1434).0029 1.19
288.15+ 0.1 571.9 2.35 878.9 0.19838 0.1989.0040 0.08
283.15+ 0.1 546.0 1.81 882.1 0.2857 0.2832.0057 —0.88
278.15£ 0.1 514.9 1.41 885.0 0.4243 0.41950.0084 —-1.13
273.15+ 0.1 448.7 1.02 888.3 0.6524 0.6660.013 2.10

373 K, gives rise to an additional uncertainty in the measured The viscosities from Table 1 are shown relative to the cited
viscosity of 2.55 %. values in Figure 4 for certified reference material S60 where
Measurements with S60Lhe viscosity of S60 obtained with  the error bars are our estimated expanded uncertainty. The
the vibrating wire is listed in Table 1 along with the measured dashed lines are the expanded (confidence interval of 0.95)
resonance frequency and quality factor as well as the certified uncertainty in the viscosity of the certified material of 0.35 %.
values of both viscosity and density cited by the supplier at At p= 0.1 MPa the viscosities of Table 1 for S60 are, as shown
temperatures between (273 and 373) K at a pressure of 0.1 MPain Figures 3, in reasonable agreement deviating by less than
Figure 3 shows the complex voltaye(f) obtained when the 3.2 % and typically within our expanded uncertainty (about 2
vibrating wire was immersed in S60 at viscosities of 0.652 Pa %) from the cited values albeit with a systematic undulation,
s (lower two curves are the in-phase and quadrature voltages)and surprisingly even the resyi(273.15 K, 0.1 MPa}= (0.666
and 0.0062 Pa (upper two curves are the in-phase and 4 0.013) Pas lies only 2.09 % above the cited value. However,
quadrature voltages for this viscosity). For both viscosities, all but two of the measurements, at temperatures of (278.15
(f) is measurable and distinguishable from the noise floor. The and 283.15) K, show positive differences from the cited values
uncertainties, listed in Table 1, are at a confidence interval of and the specific source of this systematic difference has not
0.995 k = 2) and were obtained by combining in quadrature been identified, although it is plausible that they arose from
uncertainties arising from the uncertainty of the instrument with either an unidentified erroR or a chemical impurity, such as
dy/dT for viscosity; the estimated expanded uncertainty does the presence of S20 or methylbenzene in the apparatus. No
not include the error from the fit t&/> that increased with  measurements were conducted to confirm either of these
increasing viscosity and decreasi@gto be in the worst case  postulates. Caetano et@have measured, with a vibrating wire
3.17 %. For the viscosity obtained from the vibrating wire viscometer, the viscosity of S60 supplied by Paragon Scientific,
viscometer the standard uncertainty is, based on the work UK, with a batch number of U0465, that is different to that
reported in refs 3 and 7, assumed to hel %. The most  used here. The measurements reported in ref 7 have a cited
significant and quantifiable contribution to the uncertainties expanded uncertainty of 0.8 % and differed from their suppliers
arises from g/dT. The derivative was estimated from the cited cited values by between—0.3 and 0.1) %. The viscosities
values and théT listed in Table 1. For S60 the contribution to  reported by Caetano et &lie, as shown in Figure 3, between
on from 4T lies between (0.017 to 4.6) Bq about (0.3t00.7)  —(3.7 and 1.3) below the certified values for our batch of S60
%} that decreased with increasing temperature. Clearly, for our
measurements the uncertainty with which the temperature is 4 —
measured is significant only at the lowest temperature studied
of 273.15 K. In the absence of a chemical analysis for S60, the
contribution to the uncertainty arising from the uncertainty in ) b ® i
composition was assumed to be O.

-100} -4 1
250 500 750 1000 270 290 310 330 350 370
flHz T/K
Figure 3. Motional complex voltageVx(f) over the frequency of the Figure 4. Fractional deviatiom\n/n = {n(exptl) — n(calcd}/n(calcd) as
fundamental mode of the vibrating wire immersed in S60. Top(f) a function of temperatur@ of the viscosity obtained with the vibrating
obtained with a cited viscosity of 0.0062 -Bavith aQ of about 21. Thick wire n(exptl) from the valugy(calcd) obtained from an interpolating equation
solid line, in-phas¢Re(V2)} voltage; thin line, quadratugdm(V)} voltage. provided by the supplier and based on their measuremantsertified
Bottom: V(f) obtained with a viscosity of about 0.652-Bavith aQ of reference fluid S60 with error bars for our expanded uncertaidfyef 7
1.02. dashed line, in-phag&ke(V)} voltage; and dotted line, quadrature  with claimed uncertainty of 0.8 %; and - - -, the expanded uncertainty in

{Im(V2)} voltage. the values cited by the supplier of certified reference fluid S60.
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and have a similar trend to our deviations albeit with a ordinate
offset.

Upper Operating ViscosityThe quality factor of the reso-
nanceQ is given by

Q= fy/(290) (15)

wherefy is the resonance frequency agds half the resonance
line width at 222 times the maximum amplitude obtained at
the resonance frequency;Ris also referred to as the 3 dB
resonance line-width. The physical factors that determine the

Q of the wire consist of the following: (1) viscosity of the fluid;
(2) the density of the wire material; (3) the wire radius; and (4)

the wire tension and therefore the resonance frequency. From a

practical perspective items for the VW (1), (2), and (3) dominate
the Q. In practice the precision of th®@ measurement can be
increased through regression such as with the acoustic functio
provided by Mehl and defined B¥

Apf

f - -
= e

(16)

In eq 16,Aq is a complex constant determined by nonlinear
regression. We will henceforth usgandgo, determined from
the best fit of the data to eq 16 to calculate the quality faGtor
for eq 15.

The upper operating viscosity of a vibrating wire viscometer
is essentially determined by two factors: (i) the practical
limitation that the resonance quality factQris large enough
to provide a signal sufficiently distinguishable from the noise
floor and (ii) the requirement to comply with the assumptions
used to derive the working egs 6 to 14. The second constraint
can be summarized by

e« (17)

€

whereQ is given by eq 14 and its value depends on the arbitrary

selection of the bounds and ensures that the design conforms

to the theoretical development of the working equation. In eq
17 ¢ is defined as the dimensionless amplitude of oscillation,
that is, the transverse displacement divided by the wire radius.
The second constraint normally provides a larger upper limit
to the viscosity, and provided it is satisfied, the first constraint
on Q becomes the critical one.

The Q of a tungsten wire with densitys = 19300 kgm—3
tensioned between two rigid clamps so that 1.2 kHz has
been calculated from egs 6 to 17 as a function of viscosity up
to 1 Pas for R of (0.05, 0.75, 0.1, 0.125, 0.15, 0.2, and 0.3)
mm. Because®) is essentially inversely proportional to the fluid
viscosity, the values of)~! obtained from the analysis are
shown in Figure 5 as a function of viscosity Figure 5 also
includes an arbitrarily selected lowest measur&pke 2 along
with values obtained from this work for S20 and those from
Kandil et al.? Lundstrom et al®,and Sopkow et dlthat include
measurements & < 2. The values of) were estimated from
a subsequent analysis with the function reported by eq 16. The
measured) are in reasonable agreement with those calculated

n
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Figure 5. Resonance quality fact@) of a tensioned tungsten wire vibrating

0.6 0.8

at a frequencyo = 1.2 kHz immersed in a fluid withh = 850 kgm~2 as

a function of viscosityy and wire radiu®R. —, R=0.05 mm; --- R =
0.075 mm;—-—, R=0.1 mm;—--—, R=0.125 mm;— —, R=0.15

mm; —x—, R= 0.2 mm;—*—, R= 0.3 mm; atQ = 2; O, ref 3 withR

~ 0.0747 mm for certified reference fluid N100 at temperatures between
(301 and 313) K angp = 0.1 MPa; A, ref 8 with R &~ 0.0479 mm for
certified references fluids N10 at temperatures between (298 and 333) K
and pressures in the range (0.1 to 55) MBaref 8 withR ~ 0.0479 mm

for certified references fluids S20 at temperatures between (298 to 393) K.
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Figure 6. Resonance quality fact) of a tensioned tungsten wire vibrating

at a frequency, = 650 kHz immersed in a fluid witlh = 850 kgm~3 as

a function of viscosityy and wire radiuR. —- —, R=0.1 mm;—-- —,
R=0.125 mm;— —, R=0.15 mm; - - -, alQ = 2; <, this work withR

~ 0.125 mm for certified reference fluid S60 at temperatures between (273
and 373) K anc = 0.1 MPa.

a fluid of viscosity 1 Pes. Finally we note that if a stainless
steel wire of densitys = 8000 kgm~2 were used instead of
tungsten, this would decrease the upper operating viscosity as
determined byQ = 2 by almost a factor of 2.

The measurements of viscosity reported in this article for
certified reference fluid S60 were obtained with a tungsten wire
R ~ 0.125 mm tensioned so th&t = 650 Hz. The analyses
above were repeated with tHisfor R of (0.1, 0.125, and 0.15)
mm and theQ~! as a function of;. The results (shown in Figure
6) demonstrate that decreasiipdpy about factor of 2 decreases
Q! by a relative factor of about 0.5 at a viscosity. Thus,
decreasindp decreases the available operating viscosity range
of a vibrating wire viscometer. Again, the experimental and

from the theory because, as Table 1 shows, the measuredtalculatedQ are in reasonable agreement.

resonance frequency is not a constant, it decreases with
increasing viscosity. The method used to estin@t®rm the
measured/(f) is not intended for lowQ resonances. Figure 5
also suggest that a wire of radius of 0.2 mm is required in order
to obtain aQ of 2 for a vibrating wire viscometer immersed in

The sensitivity of a vibrating wire to viscosity is given by
Q-dQ~Ydy, and as shown in Figures 5 and 6, this quantity
decreases with increasirig The resonance frequency is an
insignificant factor in the sensitivity of a vibrating wire to the
viscosity of the fluid in which it is immersed.
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while the vibrating wire was immersed in stagnant S20 and S20 flowing
Figure 7. Resonance quality fact@ from Figure 6 for wires of several with n = 66 cni-s™L. A, in-phase{Re(V(f))} voltage forn = 0; #, in-
radii immersed in a fluid of viscosity 200 mRa Note that the linearity of phase{Re(V(f))} voltage forn = 66 cnf-s; +, quadrature Im(V(f)}
Q(R) is consistent with the scaling law described in the text (eq 18). voltage formn = 0; andx, quadraturd Im(V(f))} voltage forn = 66 cn#-s L.

. . . . Note that the quadature data for the stagnant and flowing fluid lie on top
In Figure 7, we show the linear relationship between the o gne another.

calculated values dD as a function of wire radiuR from the

data presented in Figure 5 for a fluid of viscosity 200 rsPa 0.08 40
This, perhaps surprising, linearity can be understood from some
simple scaling law arguments presented here. For a driven 0.06 & o o 1 a5
harmonic oscillator experiencing dampening, @is given by e e o
w2

Q — _.'[\J/IK (18) % 0.04 | Static  22cc/s 44ce/s 66¢ce/s  Static 30 %
whereM is the effective mas is the spring constant, arix 0.02 1 1%
is the frictional constant. The effective mass per unit length of
the vibrating wire is proportional to the wire radius squared 0 — 20
and is only weakly affected by the fluid in which it is immersed 0 1000 2000 3000 4000
because the resonance frequency varies little as a function of t/s

fluid density or viscosity. After rewriting the right hand side of  Figure 9. Viscosity 5, shown on the left-hand ordinate, and temperature
eq 18 as /(K/M) x M/b, we note that the resonance frequency T, shown on the right-hand ordinate, determined while S20 was either

is approximatelyy/(K/M) and is held constant regardless of Ziaggfggl:rloge;bgﬁfrﬁzg ﬁrpa:wg wire-at & flow rateluring a timet
radius by varying wire tension. The dradghas been calculated
by Stokes to be roughly proportional to the wire radius so that of 66 cn®-s™! has a velocity of 0.28 ms™! producing a
Q ~ M/b ~ R¥R ~ R. This relationship can then be used to Reynold’s number of about 200, suggesting that we are in the
select the appropriate wire radius for a given viscosity range. transitional regime between laminar and turbulent. Clearly, there
Measurements in Stagnant and Flowing S28We have is no significant additional noise arising from flowing fluid thus
measured the viscosity of stagnant S20 at a temperature of 29ispelling the first myth. However, as Figure 8 shows, the in-
K and pressure of 20.68 MPa and obtained a viscosity of 0.055 phase component is shifted to higher voltages in flowing fluid
Pas. This value can be compared with viscosity reported by than experienced in stagnant. Fortunately, this background shift
Kandil et al?* for the same batch of S20 used for these is accommodated by parameteof eq 7 and is insignificant to
measurements. To do so, the smoothing equation reported inthe determination of; from V(f). The measurements were
ref 28 was used at a temperature ab®& K below the repeated with methylbenzene for which volumetric flow rate is
temperature of their lowest measurement. This extrapolatedturbulent and similar variations were observed. Because this
value of viscosity $ 5 % below our result and within the shift in V(f) is observed solely in R¥(] (the in-phase compo-
combined expanded uncertainty of the measurements. We cament), one plausible explanation for its origin arises from a
also compare our measurement with the viscosity measurementsemperature change that affects the resistance of the tungsten
reported by Lundstrom et dl.albeit values determined for a  wire. Such a temperature change was observed.
different batch of S20 than that used here. Extrapolation of their  The viscosity obtained from these measurements are shown

best fit equation to a temperature also ab8uK below the in Figure 9 along with the observed temperature variations; the
lowest at which measurements were made gave a viscosity thawariations in viscosity at a flow rate vary with the changes in
is 9 %. the measured temperature as anticipated from 1tfie p)

However, for our application, we are interested in the effect reported by Kandil et &4 The most striking feature of Figure
of fluid flow rate on the precision with which viscosity can be 9 is the consistency of the measured viscosity over the whole
obtained from the vibrating wire. In the absence of measure- range of flow rates investigated. The fluctuations in the
ments one might naively speculate the shear experienced by armeasured viscosity are more likely a result of the variation in
axially oriented vibrating wire subjected to a flowing viscous temperature, also shown in Figure 9, which was cyclic with a
fluid would introduce noise to the measured signal and also a peak-to-peak variation of about 2 K. The temperature was
systematic error to the measured viscosity. To addresses thismeasured on the outside of the tube and the viscometer was
speculation, we measured tkiéf) of the fundamental mode of inside. The tube has a finite thermal conductivity and a small
the wire immersed in S20 at flow rates of (22, 44, and 66) temperature gradient was imparted and it is not at all unreason-
cmi-s~L TheV(f) obtained for stagnant and while flowing at a able for the measured viscosity to be out-of-phase with the
volumetric rate of 66 cfs™! are shown in Figure 8; the tube temperature variations. The observed temperature fluctuations
has an inner diameter 0.0055 m, and at a volumetric flow rate might have arisen from the energy imparted to the system by
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the mechanical pump used to flow the fluid through the vibrating back-of-the-envelope calculations imply the mechanical ar-
wire and interconnecting tube. Based solely on these observa-rangement that holds the wire within the tube must do so with
tions, we conclude that the flowing at rate less than 6&srh high axial symmetry. Our measurements were, in hind sight,
fluid with » ~ 0.05 Pas neither introduces significant noise to  obtained, perhaps fortuitously, with a wire aligned with the
the measurement nor a systematic error in the measured cylindrical axis of the tube.

These results can be understood when the magnitude of the Finally, the introduction of turbulence at much higher
forces involved are estimated. If we assume the perturbation toReynolds numbers could add noise to the measurement as the

flow from the thin wire is insignificant, then at a flow ra€g forces experienced by the wire would not be symmetrically
the pressure drop per unit lengtp/L can be calculated for  balanced and one could expect the nonuniformity to introduce
laminar flow in a circular pipe from perturbations to the motion of the wire, resulting in a spectrum
with a higher noise level, lowering the precision of the measured
81Q i i
%): 7/R4f (19) viscosity.
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