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In the petroleum industry, measurements of the density and viscosity of petroleum reservoir fluids are required
to determine the value of the produced fluid and production strategy. These thermophysical properties are also
useful for the design of separators and process equipment and to control production processes. To measure the
density and viscosity of petroleum fluids requires a transducer that can operate up to reservoir conditions and, to
guide value and exploitation calculations with sufficient rigor, provide results with an accuracy of-aldo%

in density anct= 10 % in viscosity. Necessarily, these specifications place robustness as a superior priority to
accuracy for the design. In this paper, we describe a Micro Electrical Mechanical System (MEMS) that is capable
of providing both density and viscosity of fluids in which it is immersed at the desired operating conditions. This
transducer is based on a vibrating plate, with dimensions of about 1 mm and mass of about 0.12 mg, clamped
along one edge. The measured resonance frequency of the first bending mode in a vacuum at a temperature of
298 K is about 12 kHz with a quality factor about 2600. Measurements of the resonance frequency and quality
factor of the first-order bending mode were combined with semiempirical working equations and the mechanical
properties of the plate to determine the density and viscosity when immersed in methylbenzene at temperatures
of (323 and 373) K and octane at temperatures between (323 and 423) K both at pressures below 68 MPa where
the density varies between (619 and 890)rkg? and the viscosity varies from (0.205 to 0.711) n®alhe
measurements in methylbenzene at pressures between (0.1 and 68) MPa and a temperature of 323 K were used
to determine the adjustable parameters in the semiempirical working equations. The exfand@dt(vice the

standard deviation) uncertainty, including the calibration, in density is abdu® % and in viscosity is about

2.5 %; at a temperature of 423 K, the expanded uncertainty in viscosity is about 6 %. The results obtained at
temperatures below 423 K differed by less thia0.3 % for density and less thah5 % for viscosity from either
accepted correlations of literature values or results documented by others with experimental techniques that utilize
different principles and have quite different sources of systematic error. These differences are within a reasonable
multiple of the relative combined expanded uncertainty of our measurements. For octane at a temperature of
423 K, the measured viscosity differed by less than 13 % from literature values while the density differed by less
than+ 0.5 %.

Introduction properties of both the porous medium and the fluid. In particular,

The evaluation of the economic viability of a hydrocarbon- the thermophysical properties of hydrocarbon reservoir fluids

bearing formation requires measurements of many physicalare required to determine flow in porous media and design

completion, separation, treating, and metering systems. The
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resources is determined from knowledge of the reservoir disk of diameter about 5 mm was connected via a narrow neck
permeability, size, shape, and compartmentalization and the fluidto a clamp. The disk was forced to vibrate, and measurements
thermophysical properties. The uncertainty in viscosity, density, of resonance were used to determine the product of the density
and phase behavior of the petroleum fluid impact the financial and viscosity. The archival literature contains many articles
analysis. To a first approximation, measurements of density reporting transducers for the measurement of density and
provide an estimate of the commercial value of the produced viscosity that are fabricated by the methods of MEMS. Of those
fluid while viscosity is an indicator of the ease with which the numerous articles we, arbitrarily, provide the following four
fluid can be extracted from the formation. Viscosity is arguably examples: Andrews and Harffsreport a transducer with two
the single most important property. parallel plates, each supported by beams, that are oscillated
normal to each other to determine the viscosity of gases; Martin
pt all® used a flexural plate wave resonator, fabricated on a
silicon nitride membrane, to determine density; the ultrasonic
plate wave resonator reported in ref 15 used a MEMS fabricated
on a silicon carbide substrate; and, vibrating U-tube densimeters
fabricated with MEMS albeit with square rather than the tra-
ditional circular cross-sectiot¥. 22 In addition to these devices,
there are numerous applications of cantilever beams (developed
from the devices used in atomic force microsctpyo the
measurement of density and viscogity?3 The width and length

A complete reservoir typically consists of a group of fluid-
bearing layers separated by impermeable shale. The physical
properties of the fluids can be determined from measurements
performed on a subsample of an aliquot extracted from each
layer (usually referred to as a zone). Often the extraction is
performed after the borehole has been drilled but before the
production system, consisting of metal tubes surrounded by
cement, is installed. From samples collected down-hole, all
physical properties of the fluid can be determined in a laboratory
at reservoir temperature as \(vell as the \{arlatlons with temper- of the cantilevers vary from about (2 to 20010-6 m with a
ature a_nd pressures that will be experienced throughout thethickness of order 1 107® m34 The instruments described in
production system. These_ _measurements are combined W!threfs 27 and 29 used a cantilever, exposed to air, to excite and
knowledge of the permeability of the reservoir and the reservoir detect the motion of a 56 106 m diameter silica sphere
size, shape, and compartmentalization to perform analysesiymersed within a fluid. The sphere was connected to the
concerning the development of that petroleum reservoir. From 5 iiiever by a 56 10-6 m diameter silica rod. Cantilever beams
this list, the thermophysical properties and their uncertainty are ;e also been used to study the Knudsen effedetermine

usually considered to be lower in priority than the other items {1,y rates3 measure the mechanical properties of electroplated
in the financial analysis. However, uncertainties in the thermo- gold films3” determine Young’'s modult®3® and form

physical properties, particularly for retrograde condensates, thatchemicad®44 and biochemicaF47 sensorg® For the chemical

arise from the operating conditions (reservoir conditions as well gnd piochemical sensors, the species to be detected is adsorbed
as temperatures and pressures experienced throughout thgp 5 chemically functionalized surface as this is detected through
production system) and sampling techniques can be significantejther variations in resonance frequency that is attributed to an

and may be reduced by direct measurement. In general, suchhdded mag§ or deflection of the beam arising from a variation
measurements of density and viscosity with uncertainties of jn surface strest®49.50

about+ 1 % and+ 10 %, respectively, are considered adequate
to guide value and exploitation calculations with sufficient rigor.

Thus_, methods_ that_can prowde in situ measwemems of ﬂu'_d mentation, and fabrication method. Shieh eétlddave described
density and viscosity with these uncertainties at reservoir

i t desirable b h d the ti . stematic methods to select the most appropriate sensor for a
femperal ure are deswa € because eyhre uce h € time refqu'reaérticular application including devices that are based on coupled
or analysis an _systematlc errors that - might anse 1rom eactromechanical phenomena. The essence of their approach
variations in chemical composition caused by transferring the

. ’ relies on matching the desired sensor operating characteristics
fluids from one container to another and subsequent transportas it the requirements of the desired application. These philo-
tion.

sophical processes are even more crucial when no off-the-shelf
There are numerous methods by which the viscosity of liquids commercial sensor is available. In this case, a sensor must be
can be measured. These have been reviewed by Johnsoh et al.developed by carefully matching the requirements to the
Kiinzel et al2 Nieuwoudt and Shanklaritand Kawata et &> potential characteristics of the sensor. Our application requires
Vibrating objects including the vibrating wire and torsional operation at reservoir conditions with accuracy in density and
viscometers were described by Diller and van der Ghlik. viscosity of about: 1 % and+ 10 %, respectively, that are
Wagner et al’, Wagner and Kleinrahriand Kuramoto et &l. adequate for calculations concerning the exploitation of petro-
all described methods of determining liquid densities while leum reserves. Typically, the reservoir and production system
Fuijiit®1described absolute density standards. Majer add#a have temperatures less than 473 K at pressures below 200 MPa.
and Stansfef# discussed vibrating body densimeters. Other Transducers that are operated in the bore-hole have historically
methods have been proposed to measure viscosity; for exampleplaced robustness as a superior priority to accuracy in the design
a vibrating tub& and techniques other than a vibrating W#re  process, and this is the case for the sensor presented here. The
have been implemented to measure both viscosity and density design, fabrication, and application of MEMS sensors has been
such as those utilizing ultrasonic plate walend bubble-rise  discussed by Jud,while Werner and Fahrn&rhave reviewed
SDGEOU‘.G Of the numerous methods that have been reported to devices, fabricated from silicon, that were specifically intended
measure density and viscosity, the most relevant to the for operation at high temperature and in harsh environments
transducer discussed in this paper are those that utilize aSimilar to those found in petroleum reservoirs.
vibrating object of defined geometry and are fabricated by the  To develop a method for the in situ and simultaneous
methods of Micro Electro Mechanical System (MEMS). To our measurement of density and viscosity, we have chosen to
knowledge, the instrument reported by Woodwari the construct a vibrating object. The transducer described in this
earliest example of a vibrating object that is conceptually similar paper (shown in Figure 1) is similar to a cantilever in that it is
to the device described here. In ref 17, a 0.25 mm thick steel a rectangular plate connected to a support along one edge.

Selecting a particular sensor system for a specific application
requires consideration and weighting of each design, imple-
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Figure 1. Photograph of the top surface of the MEMS showing the aluminum coil A, Wheatstone bridge B, boron-doped polycrystalline silicon resistor that
acted as thermometer C, and wire-bond pads D.=FB2.25- 10-% m thick plate is to the left of dashed line E, and to the right of the dashed line the MEMS
has an additionad&*350 - 10~® m thick monocrystalline silicon beneath.

However, our device has a width of about 2 mm, a length of and mass of about 0.12 mg. The plate mass is equal to the mass
about 1.5 mm, and a thickness of about 205 m. The density of octane aff = 323 K andp = 0.1 MPa contained in about
and viscosity of the fluid in which the plate is immersed has five viscous skin depths [for fluid density and viscosityn
been determined from measurements of the first, non-zerogiven by d = {5/(paf)}*2 for octane under these conditions
frequency, eigenmode, which is a symmetrical bending mode 6 = 7.3:10°6 m] around the plate when the plate resonates at
with flexural motion. The design of the edge-supported vibrating a frequency of about 3.4 kHz.
plate densimeter/viscometer described here and shown in Figure Typically, petroleum reservoir fluids have densities in the
1 is based on a magnetic field sensor originally reported by range (300 to 1300) kgn—3 and viscosities between (0.05 to 1
Donzier et ak* and fabricated by the methods of MEMS. The = 000) mPas. For recoverable and Newtonian hydrocarbon liquids
object developed for this work was fabricated from monocrys- (fluids that are at a pressure of 0.1 MPa), the density is within
talline silicon, a mechanically stable material, by addition of the range (700 to 1000) ka3 while the viscosity is between
layers to produce a means of exciting and detecting the motion (0.5 and 100) mPa&. Newtonian fluids of known viscosities
of the plate near resonance. This MEMS sensor utilizes silicon- and densities, that include at least the ranges defined for
on-insulator (SOI) wafers, photolithography (as used in inte- hydrocarbon liquids, are required for the laboratory evaluation
grated circuit fabrication), and deep reactive ion etching for the of proposed in situ measurement techniques and calibration of
micro-machining. A physical description of the motion of the other viscometers and densimeters as a function of both
plate in a fluid, which is used to obtain density and viscosity, temperature and presst®>7 In this paper we are concerned
requires a geometrically defined structure of known dimensions. solely with fluids that are Newtonian so that their viscosity is
When the sensor is formed by the methods of MEMS, this independent of the rate of shear, and we present results for
requirement necessarily precludes the use of curved surfacesmethylbenzene at densities between (805 and 89@)&gand
The MEMS densimeter/viscometer described here is one of five viscosities in the range (0.293 to 0.658) rréand for octane
devices that have been fabricated by us to measure densityat densities between (619 and 734)rkg3 and viscosities in
viscosity, relative permittivity, thermal conductivity, and heat the range (0.205 to 0.711) maln another paper, we report
capacity. measurements when a similar MEMS densimeter/viscometer
When the MEMS fabricated device (illustrated in Figure 1) was surrounded by argon at densities between (79 and 767)
is placed in a fluid, to a first approximation its resonance kg-m~2 and viscosities in the range (26 to 5710 Pas58
frequencyf, and quality factorQ (= f/2g) decrease with Non-Newtonian fluids are also encountered in the production
increasing density and viscosity, respectively. To define the of petroleum, for example, drilling lubricants with additives such

parameteq, we determine the frequencids{ g) and f; + g) as sodium bentonite that increase the density. A transducer
above and below the resonance frequenfgy at which the suitable for operation in both Newtonian and non-Newtonian
measured amplitude is equ#lma/2Y2 where Anax is the fluids is the subject of another papg@rwe anticipate for the

maximum amplitude &. The general effect of the fluid onthe  Newtonian fluid case that the device will provide the product
plate can be understood by two albeit naive approximations. of density and viscosity.

First, the resonant frequency decreases with increasing density In a future paper, we will present measurements when the
because of added mass. SecoQdjecreases as the viscosity MEMS densimeter/viscometer has been exposed to fluids with
increases owing to the shearing motion at the tip of the plate. densities in the range (1 to 1 850) kg3, where the frequency
Indeed, the methods of MEMS have provided a means of decreased from= (12 to 3) kHz with increasing density, and
constructing a densimeter that has a resonance frequencyiscosities that varied from (0.010 to 300) m&awhere the
sensitive to the added mass of fluid in which it is immersed. resonance quality factor decreased frem(100 to 1.5) with
This arises because the plate has a large surface-to-volume ratiincreasing viscosity.
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Figure 2. Isometric projection of a MEMS plate of leng#h width b, and thicknessl illustrating the relative positions of the applied magnetic fjxhe
direction of the current through the coil A, and the resulting foréecreating a motion in thg plane detected by the Wheatstone bridge B.

Theory the plate’s depth and that the bending moment at any cross
section is proportional to a local radius of curvature. We will

0 consider only the first eigenmode (1,0) (motion independent of

x) and will also ignore plate edge effects. The displacemgnt (

is governed by the EuleiBernoulli bending theory of thin plates

so that

Lindolm et al’ and Leiss& have presented theoretical
descriptions of the elastic vibration of plates, but neither ref 6
nor ref 61 provide working equations suitable for the plate and
application considered in this study. However, models have been
reported for the response of a cantilever beam immersed directly
in a fluid.24-26.28.31-3340.62-66 The majority of these models for 2

. . e | Ed®
the flexural response amount to an added mass with a damping O+ —
coefficient7:24:25:28,3233,40.62:65 and have included experimental a® 12(1- 09
verificatiorf® of the models, internal dampirtgand temperature > i o a2ram2
dependence of the sensitivity to external fdit&he added mass where V& = 9ax° + 8%/6z". In eq 2, we have O< zZ=4a

—b/2 < x < b/2, F denotes the force per unit area applied normal

model for the flexural response reported by S&tiarbased on .
an expression reported by Lindolm ef&hnd has been extended tothe plate_adenotes the_plate Iength, ahds t,he plate breaqlth.
In eq 2,d is the plate thicknes< is Young’s modulusg is

to also include torsional oscillatidi Cantilever beams, exposed . , . . . :

to air, have also used to actuate and detect the motion of a spherg o1sson shratloﬁ arf]|¢?(jls. th_e (:?en_(sjlty O(; t_he plate maé?”al' WE
immersed in a fluid and the response of the coupled cantilever%s'suf"?)t E;]t the _u' IS '.nv'ﬁc' f a_g |rllco_mpresso|| E (soht at
and sphere interpreted with adaptations of an expressiong ve o \’t\’t?re”l - (tlﬁl’ul'i tvg uhl veihcmlty)l, and t tat E[ el
presented by Landau and LifsHitfor the oscillation of a sphere ow s Irrotational so tha where the velocity potentia
immersed in a fluid’2%"* Cumberbatch and co-workéfg3 (®) satisfies

Vig=F )

presented a model for an elastic solid plate clamped on two 9D
opposite sides vibrating in an inviscid fluid to describe a &:U 3)
commercially available densimetér.

To model the response of the edge-supported plate oscillating P _ 4
while immersed in a fluid, we have adopted an approach similar ay v )

to that described in refs 72 and 73 and modeled our edge-
supported plate by decoupling the effects of viscosity and density and
so that the density is determined solely from the resonance )
frequency and, at least in this paper, introduced another inde- Ve =0 ®)
pendent equation for the product of viscosity and density.
Because of the secondary emphasis placed on accuracy durin
the design, we anticipate the results of our measurements an
conclude that these approximations are adequate for the targe
accuracy. However, if either higher accuracy in density and
viscosity or operation over a wider range of density and viscosity
are required, then the working equations presented here will
not suffice even for the modest accuracy desired for the
application described in the Introduction. For these cases,
working equations will need to be formulated that couple both
fluid flow and plate motion.

The MEMS plate is modeled as a one-dimensional beam
(shown in Figure 2) supported at one eng=yz = 0.7273The

Boundary conditions must now be proposed for eq 2. The
inned or simply supported condition has been used because
he plate is formed from a series of layers and mounted to a
rinted circuit board within a tube that is filled with adhesive.

(The specification of this boundary condition will be discussed
further below.) At the supported erm= 0, this implies that
the oscillating plate has neither deflection nor bending so that
g = 3%09/022 = 0. At the free end of the plate = a there is
neither bending nor shear force so th&g/0z2 = 3°g/92° = 0.

We assume that, in vacuo, no force acts on the phate Q)

and that it oscillates with harmonic motion of the foigqn=
Z(2)e" 2t We now note that the function

transverse displacement of the plate normal to #he)(plane B sin ;)
is denoted, as shown in Figure 12y q(zt) = Acos(2r ft)| sin (v,Z/a) + Wsinh v,Za)| (6)
n.
y=q(xzt) 1)

(where A is an arbitrary constant) satisfies all the boundary
We assume that the longitudinal strain varies linearly across conditions so long as the eigenvalues)(are chosen so that
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tan (vy) = tanh @y): for the (1,0) modev; = 3.926602312.
Equation 6 further satisfies eq 2 witk 0 provided
48pgt’f2a*(l — 0°) = EcPvy.

The fluid flow must now be determined so that the force per

unit area on the platd=j that appears in eq 2 may be calculated.
In general the fluid flow excited by the plate is extremely
complicated, but we will simplify matters by assuming that both
the plate thicknessd(® 2:10°5 m) and the amplitude of the

plate oscillations (see below) are small as compared to the plate

dimensionsa ~ 1.5103 m andb. So-called “thin aerofoil

theory™">may be invoked. Essentially this allows us to assume

(a) that flow boundary conditions may be imposedyors 0

Ev,°d®

_ _ pv,
241 A2k, )

2a

Ps (13)

wherep; is the fluid density and ¢ is the resonance frequency

of the plate immersed in fluid. In a vacuum: (= 0), eq 13
reduces to
Ev 4d2 1/2
f(p=0)=27) | ————— 14
{(p=0)= (2) Lz{l_oz}a%s (14)

for the resonance frequenci(p = 0)). We recall that in eqgs

rather than on the actual moving surface of the vibrating plate 13 and 14a is the plate length and is the plate thickness.

and (b) that the fluid normal velocity componenj (s equal to

Both egs 13 and 14 require values of Young's modulds (

the rate of change of displacement of the plate with respect to ppssjon’s ratio ), and density of the materiabd). Finally, it

time ony = 0. This considerably simplifies the potential flow
problem that must be solved.

With the thin aerofoil theory assumptions, the velocity
potential® = ®* and® = ®~ (denoting the velocity potentials
in the regionsy > 0 andy < 0, respectively) must each satisfy

should be noted that a similar analysis can be carried out if,
instead of the pinned conditididg/022 = 0 atz= 0, a “clamped”
conditionag/az= 0 is used: the only difference to the end result
is that an additional multiplicative factor of 2 is present in the
right-hand side of eq 13. The construction of the sensor makes

Laplace’s equation and in addition the boundary condition that it hard to determine which of these two conditions is the more

dq_ 0P

Ry ™

ot

ony = 0; preliminary measurements of the plate displacement
as a function of distance from the support suggest that the

maximum motion of the plate ti& a) is about 0.1um when

immersed in a liquid. The force per unit area acting on the plate

is given by

F=—[ply > 0) — ply < 0)] (8)

For an inviscid fluid, the Bernoulli’s equation (neglecting the
gravity and the velocity terms, which may be confirmed to be
negligibly small) gives the pressure as

0P

p= _Pfﬁ 9)

where p; is the fluid density. Solutions of Laplace’s equation
that satisfy eq 7 are given by

ot = —ZaAn f iin (2 ﬁ){ e " sin (v /a) +
sinh (v, /a) sin (vn)r .
sinh @) [cosfv,/a) — sin (yv,/a)]p (10)
and
_ At zi” @I} g sin ( fa) +

sinh @v/a) sin (v,)

[cosfyv,/a) + sin (yvn/a)]} (11)

sinh @,)
Using egs 10 and 11 in eq 9 and then eq 8, we find that

A2 f2
F= Bpralw 1" cos(Z ft)[sin (v /a) +

sin v,)
in

S h(Un)sinh (2vn/a)]

(12)

Un

When this expression fdf and the expression fay given by
eq 6 are substituted into eq 2, we find after simplification that

appropriate: as shown below, the best results are obtained when
a combination of the two conditions is used.

In this work, Young's modulusE) and Poisson’s ratioof
of silicon with crystallographic plane (1,0,0) (used to fabricate
the transducer used in this work) were obtained from

E=(Cist 2¢1,9(Cr1s— C129/(Cris T Cr29 (15)

and

0 =Cppd(C13st Crp9) (16)

with the temperature-dependent adiabatic stiffness elastic con-
stants ci1s and ci2s obtained from a combination of the
measurements reported by McSkifffiand Nikanorov et al?

The values ofE and ¢ so obtained are consistent with those
reported in the literaturé The density of silicon was taken as
o(Si, 293.15 K, 0.1 MPa)}= 2329.081 kgm~2 based on the
values reported by Bettin and TothFujii,’° and Waseda and
Fuiii.8%81The variation of density with temperature and pressures
o(Si, T, p) was obtained using

o(Si, T,p — 0.1 MPa)=

i
[L+ frop15 T AT1°

Si, 293.15 K, 0.1 MPa) :
p(Si ’ 4 i (pMPa—0.1)

17)

wherea is the coefficient of linear thermal expansion, and

is the isothermal compressibility. The in egs 13 and 14 is
taken aso(Si, T, p) obtained from eq 17. We used the linear
thermal expansion coefficient for cubic crystals that are
isotropic? reported by Swenséh (and recommended by
CODATA); Okaji®4 has, based on his measurements, provided
an alternative and easier to use polynomial representation of
the linear thermal expansion coefficient. The deformation of
silicon crystals under hydrostatic pressure is isotropic because
silicon is a cubic crystd? and the isothermal compressibility
(k1) of silicon can be determined from

kr= 1(3_;)) =3(sur T 2s,7) = 3

= _—— 18
P\Ip/T (Cr+ 2¢157) (18)

wheres;1 1 and s;27 are the isothermal compliance awng r
and cio7 isothermal stiffness that are determined from the
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Figure 3. Frequency of the first eigenmode calculated from ed;i@alcd) with the mechanical properties provided by eqs 15 through 25 for the edge-
supported plate immersed in methylbenzene at a temperature of 323.15 K and pressures between (0.1 and 68) MPa along with the experimentdlly determine
frequencyf, ((exp) as a function of density) determined from the correlation of Assael ef&t-, f;¢(calcd) from eq 13 with left-hand ordinate axis; and

O, fr.«(exp) with right-hand ordinate axis.

adiabatic compliances;1s and s;2s given, in terms of the k1T Y(0rcr/0p)T. When the effect of the third-order elastic constants
adiabatic stiffness, by is taken into account, the relative change in density from that
obtained with the linear approximation of eq 17 is about
_ Cus™ Cizs (19) 3.3:107° at a temperature of 298 K and a pressure of 500 MPa,
Sus (€135~ C129(Crys+ 2€159) and its temperature dependence has been estimated to be
negligible in our temperature ran§&The linear thermal ex-
and pansion coefficient and isothermal compressibility were also
used to account for the variation of the plate dimensmasd
(20) d with temperature and pressure.

(C115— C129(Cra s+ 20159 With the E, o, andps determined from eqgs 15 through 25 at

a temperature of 323 K, eq 14 predi¢{® = 0) = 57 886 Hz,
which is about 4.9 times the measured value of 11 887 Hz.

—Ci2s

Si2s

The relationship between the adiabatic and isothermal compli-

ances of Equation 13 was used to estimate the resonance frequency when
T the MEMS was immersed in methylbenzene at a temperature
Sis ™ Sur= & p_C (21) of 323 K and pressures between (0.1 and 68) MPa. The density
P of methylbenzene required in the calculation was determined
and from the correlation of Assael et #1.The frequencies obtained
from these calculations are shown as a solid line in Figure 3
Si2s— Siar = —a2 (22) with the scale defined by the left-hand ordinate along with the
' PCy measured values (listed in Table 2) shown with open circles
) ) ) _ that refer to the scale defined by the right-hand ordinate. The
with the isothermal stiffness given by measured frequencies are about a factor of 5.1 below the
Sur+s estimated values obtained from eq 13. The differences between
Cyr= Lr  mar (23) the measured frequencies and those estimated from egs 13 and
" (Sir — Sin)(Sur t 28157) 14 could arise from the approximations used to derive eq 13
and the assumption that the physical properties of the plate are
and equal to those of pure silicon.
—Sio1 The plate consists of 2@m monocrystalline silicon onto
Cio7 = S — 5 Suar & 2507) (24) which are deposited layers of aluminum, silicon nitride, silicon
1T F12TARLT 2T oxide, and aluminum nitride with fabrication processes (outlined
were also used in the analyses. In equations 21 ang B2he in the Experimental Section) that require thermal cycling and

density of silicon ana, is the massic heat capacity at constant chemical etching. It is therefore unreasonable to assume that

pressure for silicon; both were obtained from ref 85. At a the Young's modulus, Poisson’s ratio, and density of the plate

temperature of 295.65 K = 1.0210-1 Pat (for octane the ~ Will be equal to those obtained for silicon; for siliconBt=

isothermal compressibility is 1:B0-° Pa?) and a pressure 323 Kiin a vacuum egs 15 through 17 gilte~ 129 GPap ~

change of 1 MPa results in a relative decrease in volume of 0-265, ando ~ 2 328 kgm°. Indeed, Young's modulus for

AVIV ~ —1.041075. The differences between the adiabatic and 10W-stress low-pressure chemical vapor deposited (LPCVD)

isothermal compliances increase with increasing temperature Silicon nitride has been reported to be (3510) GPa? as

The pressure dependence of the isothermal compressibility ofdetermined from the resonance response of a cantilever plate,

silicon crystals is obtained from while that for LPCVD silicon dioxide has been reported as
(61 £ 2) GPa! The latter is about half that of silicon. A

11 N(Ok/0p) = 2(3Cy11 + 6C11p+ Crop)l(Cyy + 2¢1)°  (25) Poisson’s ratio of (0.26 0.01) has been reported for silicon

dioxide?! The density of deposited silicon nitride has been

where the thermodynamic definitions of Brugger were 8%ed reported as 2660 km~3 by Santucci et al? and 2865 kgm—2

with the third-order elastic constarts, €112, andc;»3 reported in ref 38 while Santucci et & gave values of 2210 kg3

by McSkimin and Andreatd8 from speed of sound for thermally deposited silicon oxide and about 2400nkg?

measurements. The third-order elastic constants reported byfor CVD silicon oxide. Young’s modulus of deposited aluminum

Philip and Breazeaf provide essentially the same values of can be up to 20 GPalower than that of the bulk material for
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510, + protective layer
Al '
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=350 um

Figure 4. Schematic cross-section through the vibrating plate and supporting 38% m thick silicon. Wire-bond pads A, Wheatstone bridge boron-
doped polycrystalline silicon resistor B, and aluminum wire C that formed the coil.

which E ~ 70 GPa while aluminum nitride hd&s~ 300 GP&4

and thus rendering the device more sensitive to local fluid

Jiangiang et al. have reported that variations in the mechanicaldensity. The dimensions of the molecules used in this work are

properties of the multiple layers that form cantilevers are an

of the order of 10° m while the surface undulations are of the

important factor in determining the resonance frequency of the order of 106 m.

cantilever when operated over a temperature rdhger the

The use of the plate’s first mode forces the structure that holds

(1,0,0) crystallographic plane of silicon a cantilever plate, the piate to recoil in response to the plate’s motion. The plate’s
presumably operated at room temperature, has been used t9esonance frequency is thus coupled to the support. Increasing

obtainE = (125.6+ 1.4) GP&° which is 3.4 GPa below our
value, ando = (0.2986+ 0.0017)3° which is 0.034 (about
13 %) above our value.

In the absence of direct measurement of Byer, andp for
each layer used to form the plate, two additional and unknown
parameters@; andC,) that must be determined by calibration
with a fluid of known density are included in eq 13 to give

_ C,Ev,’d®
241 — o*}a’(2nf, )’

Clps dvn
2a

Ps (26)

The parametersC; and C, also accommodate inadequate
knowledge of the dimensiorsandd. The calibration will be
described in the Experimental Section.

There are other aspects of the MEMS design, fabrication,

packaging, and operation that can also contribute, plausibly less

than the physical properties of the plate, to the differences

the mass of the plate’s support reduces the mode coupling, which
may result in a systematic error in density. In our case, the plate
has a mass of about 0.1 mg while the packaged sensor has a
mass of about 10 g excluding the Swagelock compression
fitting. Finite element analyses suggest using eithemthe 2
mode{f(p = 0) =~ 27.5 kHz (for which one side of the plate
bends up while the other bends down) or the= 3 mode
{{fi(p = 0) ~ 70.3 kHZ (where the center of the plate moves
upward while the sides move downward) might reduce this
potential source of error. Since these motions result in insig-
nificant movement of the center of mass, the structure supporting
the plate does not recoil so that the sensitivity of the tube’s
resonance frequency to the support is reduced. Preliminary
investigations of th@ = 2 andn = 3 modes provided promising
results for density. Chang and Moldo%&have considered this
effect for the oscillating U-tube densimeter and recommended
use of then = 3 mode.

between the theoretical and observed resonance frequency, Chen et af® and Nail et af investigated the variation in
These effects include at least the following: (1) surface rugosity; the resonance frequency of a cantilever with dimensions of order

(2) separation from stationary objects; (3) inertial response of

1 mm immersed in a fluids as a function of separation of the

the support; and (4) naive assumptions used to obtain eq 13.antilever from a stationary solid object. Both sets of measure-

Each of these will be discussed briefly below.
Equation 13 (and thus the working eq 26) was derived
assuming that the fluidsilicon interface is perfectly smooth.

ments suggest that the resonance is affected when the oscillator
is separated from the solid object by less than 1 mm. The results
reported in refs 99 and 100 are consistent with both our

In practice, this means a surface rugosity much less than thePreliminary measuremeritd and the calculations of Green and

viscous penetration depth; that is, it is optically flat. Our device

Sadet®? of the effect of separation of the plate from a stationary

(as shown in Figure 4) has surface undulations with dimensions ©Pject. Our plate is separated from the nearest object by at least

of order 1+ 10-® m. When the surface is rough, the fluid motion

1 mm.

caused by the oscillation is more complicated than for a smooth ~ Ultimately, the zeroth order or inviscid model must be
surface, and a range of additional mechanisms may occur thatmodified to include viscous effects so that the working equations

couple liquid motion and acoustic waves. Jain and Grifhes
have considered (both experimentally and theoretically) the

are coupled by describing the motion with the equation of
continuity and the NavierStokes equations. Here we merely

effect of surface roughness on liquid property measurementsallude to a result that will be published in the future, where

performed with mechanical oscillators. Their work suggests that,

this will be done by modeling the flow using StokesE&Such

when the dimensions of the molecule are much less than thosemethods have previously been used to analyze the swimming
of the surface roughness, molecules are trapped on the surfacenotions of microscopic organisms such as flag&fal®” A

and that they act as both an additional mass and a viscous loadnumerical method for computing Stokes flows using Stokeslets
Thus, it may be possible to alter the response of an oscillator has been described by Corté? In ref 108, a general case of

immersed in a fluid by engineering a specific rugo8ftyA

Stokes flows driven by external forces was discussed. In

simple but useful case might be when the rugosity traps largely principle, this method can be applied to any moving body

immobilized fluid near the silicon surface, hence greatly

interacting with fluid. However, we anticipate that the zeroth

enhancing the added mass (compared with a smooth surfaceprder model, which assumes density and viscosity can be
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represented by independent equations, is probably not aplate meets the 350106 m thick underlying wafer: two were
significant source of error and will provide estimates of density located parallel and two were perpendicular to the supporting
and viscosity for the fluids studied over the density range (619 edge. These four resistors formed a strain gauge that was
and 890) kgm~2 and viscosities between (0.205 to 0.711) mPa configured as a Wheatstone bridge that was used, as described
S becaus&€; with i = 1 and 2 are determined with a fluid of  below, to determine the motion and thus resonance frequency
viscosity and density that includes these ranges. Manrique deof the plate. We required the resistance of these four resistors
Lara and Atkinsotf® and Manrique de Lata! have proposed  to be stable relative to each other over the time required to

an alternative model. determine the resonance frequency; an accurate absolute mea-
Models have been reported in the literature to obtain viscosity surement of the strain is not required in this transducer as it is
from the resonance frequency of a cantileVeit 33406267 |n for other sensors such as those used to measure pressure. The

this work, we have assumed that the fundamental bending modeoptimal location of the strain gauge resistors was determined
of the plate (the flexural mode) is simple harmonic and that the by finite element analysis. The fifth resistor could be (but was
plate is immersed in an unbounded Newtonian fluid of viscosity, not in this work) used as temperature detector. Aluminum was
171, and densitypy, that affects the inertia (and thus to a certain deposited and photolithography performed to obtain wire that
extent the resonance frequency) and damping but not the elastigrovided an excitation coil as well as electrical connections

restoring force. The resonance quality facQy,is given by between the wire-bond pads, the bridge, the thermometer
) i resistors, and the coil used to excite motion.
Q" (2 g) sy (@7) The complete fabrication process, which is similar in many

) respects to that described by Bourouina et™8l.will be
at the resonance frequend)(We note parenthetically that a  yresented elsewhere and only an outline of the procedures is

viscoelastic fluid will alter the e_Iastic res_toring for(_:e. I_ncluding provided here as they are in ref 111. The MEMS were fabricated
Q{=1/(29)} atp = 0, the working equation for fluid viscosity  py Ecole Supeieure d'Ingaieurs en Eectrotechnique et IEc-
is given by tronique (ESIEE). Atop the 201076 m wafer was deposited
C IZg 200 = OY) 2 about 0.3 10°% m of silicon dioxide onto which was deposited
n = s |20 29(p= )} (28) about 0.4- 107 m of polycrystalline silicon that was then
pffrvfl fr  f(p=0) annealed. The polycrystalline silicon was then doped, by ion
implantation, with boron to adjust the resistance and gauge
wheref,(p = 0) is the resonance frequency in a vacuwmis factor. The polycrystalline silicon was patterned by photoli-
the resonance half-line width in the fluig(p = 0) in a vacuum; thography, and the polycrystalline silicon not covered with
ot is the fluid density obtained from eq 13; a@dis a constant photoresist was subsequently removed by dry reactive ion
determined by calibration with a procedure described in the etching (RIE). This process formed boron-doped polycrystalline
Experimental Section. The constant of proportionality in eq 28 silicon resistors each with a resistance of about D@t a
includes the effective area, which is difficult to define but should temperature of 297 K. Four of these resistors formed a

be a constant for a given plate. Wheatstone bridge strain gauge, while the fifth resistor was a
) temperature detector that had a resistance of aboutb@0a
Apparatus and Experimental Procedures temperature of 298 K. Silicon nitride, with stoichiometry similar

MEMS Fabrication and Packaging.The design of the 0 S&Na, of thickness about 0.410°° m was deposited atop
MEMS (shown in Figure 1) is similar to a device reported by the surface coated in etched polysilicon by low-pressure
Donzier et af* The MEMS was processed on a 101.6 mm chemical vapor deposition (LPCVD) to form a chemically inert
diameter silicon-on-insulator wafer (SOI) with crystallographic insulating layer. A 1- 10°° m thick aluminum layer was
plane (1,0,0). It consists of a 206 m monocrystalline silicon ~ deposited by sputtering on to the silicon nitride that, after
fusion bonded to a silicon oxide layer (about ©B) ¢ m thick photolithography, formed metal lines (shown in Figures 1, 2,
and called buried oxide or BOX) that isolates the upper layer and 4) defining both a coil and electrical contacts between the
from the monocrystalline silicon wafer below that has a coil and resistors to the wire-bond pads. The aluminum wire
thickness of about 350106 m. The use of the SOI wafer as that formed the coil has (as shown schematically in Figure 4)
the starting material simplifies the deep reactive ion etch used @ rectangular cross-section with a line width of about 18-°
in the micro-machining and precisely defines the plate’'s M and total length of about 6 cm. The wire had a resistance of
thickness prior to layer deposition. About 600 transducers, of about 3002 at a temperature of = 298 K. Each turn of the
the type shown in Figure 1, were processed on one 101.6 mmcoil was separated from the adjacent wire by a distance of about
diameter wafer. The processes required to fabricate the trans5 * 1075 m. To protect the transducers from the environment in
ducer include photolithography (as used in integrated circuit which they would be immersed, two additional layers were
fabrication) and deep reactive ion etching for the micro- deposited atop the wafer. First, a layer of silicon dioxide about
machining. Photolithography uses ultraviolet (UV) sensitive 0.5+ 10® m thick was deposited that was then followed by a
material (photoresist) and masks that define shapes, and whenayer of protective material that was about .80 ¢ m thick.
this combination is exposed to UV, the resulting patterned These additional layers underwent photolithography at the wire
surface is chemically etched to remove the unwanted materialsbond pads to expose the aluminum so that electrical contacts
deposited onto the wafer to form particular elements, for could be made. Deep reactive ion etching (DRIE) was then used
example, resistors. To actuate and sense the plate’s motion asn the top-face to remove the additional layers and the 20
well as interconnect with the external electronics five boron- 1076 m thick silicon in a groove around three sides of the
doped polycrystalline silicon resistors and aluminum wire (both plate'?2The BOX acted as an etch stop. A second DRIE micro-
shown in the cross-sectional view of Figure 4 as well as the machining step was performed from the back of the chip to
top view in Figure 1) were deposited onto the 20076 m remove the underlying 0.350 mm of silicon with the BOX acting
monocrystalline silicon. Four of these resistors (shown in Figures as a etch stop that was also removed with further micro-
1, 2, and 4) were located close to where the 2076 m thick machining. The result edge supported plate was about 1.45 mm
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D long and manufactured from aluminum, contained about 700
/\. turns of polyimide-coated copper wire of diameter 0.3 mm, and
/ \ it was mounted outside the protective tube A so that the MEMS
\ O Q 2 plate was in the center of the bobbin. A dc current was passed
J through the coil to form an electromagnet that provided the
E F magnetic flux B; shown in Figure 2) perpendicular to the tip

of the vibrating plate. When abbd A (at a voltage of about
25 V dc) was applied to the coil &t= 298 K a flux of about
‘ﬁﬁ":l% ﬂ H %“ 0.1 T, determined with a magnetic flux meter, was generated
= d within the center of the bobbin about the location of the plate;
because of the relatively high heat capacity of the rapidly stirred
bath fluid and the thermal conductivity of the metallic enclosure,
the ~ 25 W dissipated in the electromagnet did not cause a
A )L c significant chal temperature rise. The aluminum eoil on the
N g plate was driven with a frequency synthesizer (Agilent model
33120A) that was phase-locked to a global positioning satellite
N stabilized 10 MHz time-base (Symmetricon model 58503B) to
. 14 Lé/ = give a relative resolution and accuracy in frequencydfo—11
5" B . AN B and < 1071, respectively. Ap — 0 the synthesizer was set to
J provide a signal amplitude of 0.15 V ac peak-to-peak (the
Figure 5. Schematic of the assembly that holds the MEMS and pressure minimum required to attain lock with the detector) while at
gauge and is immersed in a stirred fluid bath. Bott_om left: pressure gauge p > 0 the voltage was increased to be abbw/ ac peak-to-
A, MEMS C, and valves B. Top: valve handles D, inlet tubes E, and outlet ooy ot the highest densities studied: for a given temperature
tubes F. Bottom right: side view showing the valve B and inlet tube E. ;i o ’ : . !’
this approach maintained about the same signal-to-noise ratio
over the whole density range and provided a resonance
frequency that was independent of the drive voltage. When the
ac currenti(~ 1 mA in Figure 2) flowed through the coil in
individual devices on a wafer were separated from each otherthe presence of the magnetic field the plate_ mo"efd at the
. . frequency of the current as illustrated schematically in Figure
with a process known as dicing. .
) ) 2. The Wheatstone bridge, located near the plate support, was
Each MEMS was wire-bonded (ultrasonically) to one end of g 5plied with 0.5 V dc, and when the plate is forced to vibrate,
a printed circuit board (PCB) fabricated from polyimide that he hending motion results in a variation in the resistance of
was about 50 mm long. The other end of the PCB had solder 4 of the bridge resistors so that an ac out-of-balance voltage
pads through which external electronics eould be connected to;q generated proportional to the displacement velocity. The
the active elements of the MEMS. The wire bond pads (shown ¢ompjlex ac voltage generated by the plate’s motion is detected
at right of Figure 1 and left of Figure 4) and the PCB were i, 3 |ock-in amplifier (SRS model 850), set at a time-constant
sealed, with the moving element of the MEMS exposed at one ot g 3 5 relative to the complex voltage sent to the coil; the
end and the solder pads of the PCB exposed at the other endvoltage was determined by a differential measurement between
within a 3.175 mm o.d. stainless steel, type 316, tube with an ha two lock-in input channels. When the MEMS was immersed
adhesive. Prior to inserting the PCB into the tube, a Swagelockin a fluid thef(T, p) andQ(T, p) {= f./(29)} were considered

fitting was compressed onto the tube about 25 mm from the determined after three consecutive measurements pfand
end from which the MEMS protruded. This arrangement, which ¢ at the following criteria: AT/T < 1075, Ap/lp < 104, and

acted as a pressure tight electrical feedthrough, was solely ¢ < 10-5,
intended to provide a means of evaluating the MEMS immersed  1pe resonance frequencly)(and line half-width ¢) of the
in fluids at temperatures and pressures above ambient. However, q||_resolved singlet mode (1,@the f,(2,0) ~ 27.5 kHz at

when the adhesive was used as a pressure seal the UPP&S — 0} were obtained from measurements of the in-ph&ge

operating temperature was limited to temperatures below 448 54 quadrature(f) voltages at 11 discrete frequencisffom

K and the upper operating pressure to less than 130 MPa. The (f. — g) in steps ofg/5 to ~ (f, + g) and then back to

theoreti_cal upper eperating temperature of the MEMS, without . (f. — g) close tof,. The resonance scan was reversed from

packaglng,_ls I||_"r_||ted to _about 490 K by the boron doped (f. + g) to ~ (f, — g) to ensure that temperature drifts, which

polycrystalline silicon resistors. would have lead to a serious error in the measuremery, of
Ewvaluation Apparatus.The apparatus used to thermostat and had not occurred during the course of the measuremafits

expose the packaged MEMS to fluids at pressure is shown ineach frequency step the system waited a time, which is a

Figure 5. The packaged MEMS A, shown in Figure 5, was multiple of the slowest relaxation time of the measurement, prior

inserted into the top of a block that also contained a port for to measuring the complex voltage. In our case, this time was

the pressure C, shown in Figure 5, and at each end of the block,determined by the post detection lock-in time constant. ffhe

there were tubes for fluid to be flushed through the mounting and g were obtained from the measuredf) and u(f) by

block. The volume of the system between valves B of Figure 5 assuming that the resonance took the form:

was about 2 cfh These valves were sealed during the time _

required for data acquisition. At the other end of each of these U+iv=— iDf E (29)

tubes was located another valve not shown in Figure 5. The [(f, +ig)*— ]

PCB protruding from the end furthest from the plate, to which

interconnecting wires were soldered, was protected from the In eq 29,D is a complex amplitude proportional to the source

thermostat fluid by a tube A, shown in Figure 5, that was sealed strength and phase shifts aids the leading complex term in

with an O-ring. A bobbin, not shown in Figure 5, about 40 mm a Taylor series fof nearf,. TheE accounts for the background

s

long and 1.8 mm wide with a thickness, which varied over the
surface area, from (21.6 to 23)10°® m with an estimated
average thickness over the plate &f22.25- 1076 m. The
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0.8 0.0 909B), with the center of the sensing element located in the
L 06} 00 00 0000 02, same horizontal plane_ as the plate, and an ac ratio-transformer
g e) o0 o g bridge (ASL F300 with a nominal 2%2 Wilkins standard
s 04F o0© © % Oo ~1 04 resistor) that gave a resolution #f 1 mK and an accuracy, at
S 0O o (@) N o ) - - -
0.2 360600609 4 06 each temperature, specified by ITS-90. During the time required
0.0 . . N X . . 08 to measure the resonance frequency, the temperature of the bath
' ' fluid varied, in the worst case, by abodT = 3 mK. In the
b 2 remainder of the analysis, we assume the uncertainty in the
5 'F o B AB A A Q g o < temperature of the fluid to which the MEMS is exposed is equal
2 0 T OOV OTUeTO O the variations in the bath fluid temperature. However, the
S ; [ ] . . . O ] mounting block presumably damped the bath fluid temperature

fluctuations, and it is reasonable to assume that this estimate

38753900 3925 3950 3975 4000 4025 4050 represents an upper bound for the variations of the temperature
f/Hz of the fluid in which the MEMS was immersed. Nevertheless,

Figure 6. Top: Measured in-phaseand quadrature voltageas a function the 5T = 3 mK results in an almost negligible uncertainty in

of frequency over the (1,0) fundamental mode of the flexural plate in density ofdp < 0.003 kgm~2 (about 0.0004 %) because for

methylbenzene at a temperature of 323.212 K and pressure of 5.4723 MPathe fluids investigated over our temperature and pressure range

where according to Assael et %lthe density is 843.9 kg2 and the 1(8p/T)p| < 1 kg'm~3-K~L. This 6T ~ 0.003 K also gives rise

. . . . p . .

viscosity is 0.4401 mPa. The complex voltage was obtained from the to an insignificant €0.003 %) variation in viscosity on the

Wheatstone bridge relative to the complex voltage sent to the coil as a - 6 1
ratio of the maximum detectable voltage of the lock-in at a sensitivity of 5 reasonable assumption théiy/oT),| < 7 - 107° PasK™. We

mV. Bottom: relative difference&X/X = { X(expt) — X(calcd}/XmaxwWhere ConC|Ud_e that temperature variat.ions res.ult m a negligible
X = u or v of the measureX(expt) minus the calculated voltag&é&alcd) uncertainty in our measured density and viscosity.
from eq 2913 with the following fitted parametersf; + ig = (3970.7231 Pressures greater than 0.1 MPa were measured using a

+ i55.7176) Hz,D = (60.9400+ i0.8344),E = —(0.3964+ i0.0695). e
Xmax IS the maximumu or ». The data were taken at intervals of 10 Hz resonant quartz transducer (Quartzdyne model QHBO009-16-200

from the lowest to the highest frequency and then back to the lowest. Drifts serial number 157_972 with a maXimum operating pressure_ of
in the temperature of the apparatus or the lock-in would be detected from 110 MPa and maximum operating temperature of 473 K) with
variations in the measured values. For the sake of clarity one-fifth of the an accuracy cited by the manufacturer of about 0.02 % of full
measurements are showd, u; <, v. scale. When the pressure transducer was calibrated against an
oil-lubricated dead-weight gauge it was found to have an
uncertainty ofdp/MPa= =+ {0.000k(p/MPa)+ 0.022, where

Yhe guantity 0.022 MPa is about 0.02 % of the full-scale pressure
of 110 MPa. The pressure gauge was immersed in the stirred
fluid bath and mounted at location C shown in Figure 5. In the
temperature and pressure range investigatedghe 0.029 MPa
&nd, when combined, in the worst case, witlo(CeH1s, 423

K, 7 MPa)bp)r ~ 2 kgm~3-MPa! corresponds to a potential
r'\.mcertainty in density of 0.05 kg2 (or about 0.007 %). For
viscosity, in the worst caseyf/dp)t ~ 5 mPas-MPa ! and the

aép ~ 0.029 MPa corresponds to an uncertainty in viscosity of
< 0.02 %. The density, viscosity, and derivatives with respect
to pressure and temperature were determined from literature
values described in the Results and Discussion section below.
Pressures were generated in the system with an ISCO model
100 DX positive displacement pump with an upper operating
pressure of about 68 MPa, which limited the upper operating
pressure of the MEMS. Pressures of about 0.1 MPa were
measured using a resonating quartz barometer (Paroscientific
740-16B with a maximum operating pressure of 0.11 MPa) with

signal arising from tails of resonances other than the one under
study. The parameters appearing in eq 29 were determined usin
a nonlinear regression algorithm developed by M&hlith
initial estimates of the adjustable parameters, required for the
nonlinear regression, obtained from a Lorentzian fit to the
measurements. The uncertainty in a determination of resonanc
frequency depends on tigg of the resonance. F@ ~ 10 our
measurements and eq 29 returned a standard deviation i
resonance frequenex(f,) < 0.1 Hz. Inclusion of the frequency
dependent background in eq 29 was never justified based on
significant reduction iny? of the fit.

Equation 29 was originally applied to the determination of
the complex frequency of acoustic modes within a spherical
cavity. To demonstrate that eq 29 is suitable for the analysis of
the response of the MEMS plate, we show in the top of Figure
6 the measured complex voltage € iv) at 60 frequencies
spanning the range- 2g of f.. In most cases, as shown in the
lower plot of Figure 6, the fit to the measured voltages provided
by eq 29 had a precision of better th&r0.3 % of the maximum
voltage. The deviations from the fit did not exceed the noise. It 5, accuracy cited by the supplier of 0.008 % of full-scale (about
therefore follows that; is determined with a precision of about 8.8 Pa)

+ 0.3 % ofg that is fractionally about40~7 in a vacuum and o ) )
51075 in a liquid such as methylbenzene. To this extent this Prior to measurements with each fluid, the apparatus was
resonator does indeed behave as predicted by eq 29. For th&vacuated, with a turbo-molecular pump, to a pressure (as

sake of clarity, only one-fifth of the measurements are shown indicated by an ionization gauge located near the pump) of less
in Figure 6. than 102 Pa for at least 24 h. The pressure within the apparatus

The MEMS and pressure gauge held within the evaluation Wh_ere the MEMS is Ioc_atec_l could have been c_onsiderably higher
apparatus were suspended in and thermostated by a stirred flui®Wing to the low pumping impedance of the high-pressure tube
bath (Hart Scientific model 6022) containing a poly(dimethyl- that is abotil m long and has 0.8 mm i.d. Between measure-
siloxane) polymer (Ch)sSiO[SiO(CH),]»Si(CHs)s (Dow Corn- ments with each fluid, the apparatus temperature was set to a
ing 200-20 with CAS Registry No. 63-148-62-9). This thermo- temperature of 373 K and evacuated for about 12 _h. The
stat had both a vertical and horizontal temperature stability of @PParatus was cooled = 323 K and flushed three times
< 4+ 0.003 K when operated in the temperature range (323 to With the fluid to be investigated.

448) K. The temperature of the bath fluid was determined on At T = 423 K our measurements were affected by a lower
the International Temperature Scale of 1990 (ITS-90) using a signal-to-noise ratio. Plausible explanations for this decrease
long-stem platinum resistance thermometer (Isotech model might arise from a decreased magnetic flux and a greater thermal
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Table 1. Resonance Frequencit, the Resonance Line Half-Widthg, 11900 3000
and the Quality Factor Q, {= f;/(2g9)} at Temperature T, and a o) @)
Pressure of about 510~ Pa Determined with an lonization Gauge 11880 F O 1% _
Separated from the MEMS by abou a 1 m Length of 0.8 mm i.d. 1 % %0
Tubea ii 11860 P < 2000 g%
TIK f.(p— 0)/Hz g(p— 0)/Hz ) << 1is40 b o o 1500 E)
323.1524+0.003 11886.5943 0.0080 2.6614- 0.0080 2233.147 11820 P 4 1000
348.144+ 0.003  11887.31% 0.020 2436t 0.020 2439.624 O
373.123+ 0.003 11865.2863 0.0059 2.7023t 0.0059 2195.405 11800 . . . . . 500
373.1114+0.003 11876.164- 0.011 2.75A# 0.011 2154.133 320 340 360 380 400 420 440
423.0914+ 0.003  11838.078& 0.082 7.646+ 0.082 774.186 T/K

aThe uncertainties given ify and g are one standard uncertainty as  Figure 7. Resonance frequencl and quality factorQ of the (1,0)
determined from the fit of the measured in-phase and quadrature voltage fundamental mode of the edge-supported plate at a pressure of aboti 5
to eq 29.° Used to determin€; and C,. Pa determined by an ionization gauge separated from the MEMS by about
a 1 m length of 0.8 mm i.dO, f; O, Q.

noise of the Wheatstone bridge. However, no experiments were

performed to identify and correct the observation. This reduction 1.0 F 9 ~ 9

in signal-to-noise results in resonance frequencies and half < o5l |

resonance line-widths with uncertainties greater by a factor of % : o o

between (5 and 10) over those obtained at lower temperatures. & g9

These greater errors propagate to increase the errors in density S

and particularly viscosity. — 05 F -
Materials. The octane used was supplied by Aldrich with a o . . . . .

mass fraction purity greater than 0.99 as anhydrous and
containing mass fractions less than 2:10~° of water and

< 3104 of an unspecified solid residue after evaporation. T/K

Methylbenzene was supplied with a mass fraction purity greater Figure 8. Relative fractional differencé\f./f, = {f.(expt) — f(calcd}/
than 0.998 and contained a mass fraction of water less thanfi(calcd) of the experimentally determined resonance frequifexypt) from
3-10~4. Chemical compositional analyses were performed the cak_:ulat_ed resonance frequeriggalcd) determined from eq 14 with
neither before nor after the measurements, and we have assume e calibration coefficient$C; and C, of Table 3 and the temperature-

that th iati in chemical ition f th ependent elastic properties and density of silicon described in the text as
at there were no variatons in chemical composition irom those , ncijon of temperature. The pressure was abel@5 Pa as determined

Citec_l by _the suppli_er. The samples were degass_,ed by vacuuny an ionization gauge separated from the MEMS by aladumlength of
sublimation and dried over a 0.4 nm molecular sieve for about 0.8 mm i.d. tube©, f..

24 h. Prior to use the molecular sieve was heated for at least 48 ) ) o )

h to a temperature: 500 K while maintaining the pressure at materials are probably neither stoichiometric nor monocrystal-
< 1 mPa with a turbo-molecular pumping station. Although no line. This might explain whyC, determined from the measure-
measurements were performed to identify the impurities in the Ments is about 11 % below unity. The elastic properties of the
samples it is plausible that there were hydrocarbons of similar dditional layers are less than that of silicon and presumably
normal boiling temperaturéT(lg, p = 0.1 MPa} to those of this (along with the process used to deposit the layers) drastically
the major constituent. A mole fractioR ~ 0.01 of those reduces the effective Young’s modulus)(and thus reduced

chemicals would introduce an uncertainty ©f0.1 % in both ~ Czfrom unity. The first term of eq 26 contributes between (899.5
the measured density and viscosity. to 950.6) kgm‘S to the measured density that arises mostly
Calibration. The resonance frequendy) @nd line half-width from variation in the resonance frequency while the second term
(g) were measured at a temperature of 323 K in a vacuum (listedVaries by 0.04 kgn=3 from —(62.53 to 62.49) kgn™, a
in Table 1) and when the plate was immersed in methylbenzeneVariation that arises solely from the pressure dependence of both
(listed in Table 2) at pressures below 68 MPa. The resonanceth€ density and elastic properties of silicon. .
frequencies were combined with both the elastic properties, _The measured resonance frequencigsa(id quality factors
described above, and the density was estimated from the(Q) obtained in a vacuum as a function of temperatures in the
correlation reported by Assael et%l(determined from our ~ range (323 to 423) K are shown in Figure 7. As expected, both
measurements of temperature and pressure) to obtain values fofr and Q decrease with increasing temperature. The resonance
C, andC, in eq 26 under the constraint the resonance frequency frequencies ap — 0 are shown in Figure 8 as fractional

measured in a vacuum and listed in Table 1 must be reproduceddeViations from the values obtained from eq 30 vhandC;,
by of Table 3 that never exceed 0.11 %. However, the values of

Q(p — 0) listed in Table 1 are significantly lower (at least a
factor of 10) than anticipated from the measurements reported
for cantilevers by Blom et d* and Yasumura et a5 and
from naive calculations for our plate. At a pressure of about 1
Pa theQ values reported by Bruschi et ®F are of the same
with the sameC; and C,. The parameteC; in eq 28 was order of magnitude as our observations listed in Table 1.
determined by regression on the resonance frequencies and line The densities determined using eq 26 at a temperature of 323
half-widths combined with the density of silicon and the density K with the C; andC; listed in Table 3 are shown in Figure 9
and viscosity obtained from ref 90. The values of @ievalues as relative deviations from the values obtained from the
with i = 1, 2, and 3 so determined are listed in Table 3. The correlation of Assael et & and all lie within+ 0.1 %. The
densities of stoichiometric monocrystalline materials atop the correlation of Assael et &0 has an estimated expanddd=f
silicon are greater than that of pure silicon, and thus one might 2) uncertainty in density of about 0.1 % that is shown in Figure
expectC; to be greater than unity; however, the deposited 9 with a broken line. Our results deviate from ref 90 within the

320 340 360 380 400 420 440

C,Ev, ‘P 12

f(p=0)= @) | ———m—
p=0)=(2m) 12{1 - 0% a*C,

(30)
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Table 2. Densityp, and Viscosityn, of Fluid i, Determined from the MEMS Resonance Frequency,s, and the Resonance Half Line-Widthgs
as a Function of Mean Pressurdpllat the Given Mean Temperatures(T@

i <T>/K [pIMPa fr/Hz g/Hz plkg-m—3 n/107¢ Pas
methylbenzene 323.15% 0.003 0.100t 0.022 3134.271 0.037 54.256t 0.037 837.0t 1.7 421+ 10
13.940+ 0.023 3108.98& 0.051 57.256+ 0.051 850. 4 1.7 482+ 12

27.338+ 0.025 3088.67% 0.046 59.128+ 0.046 861.4 1.7 524+ 13

41.055+ 0.026 3070.661 0.043 61.104+ 0.043 871.5-1.7 571+ 14

54.593+ 0.027 3054.94% 0.063 62.898t 0.063 880.1 1.8 615+ 15

68.135+ 0.029 3040.4094 0.0080 64.682+ 0.008 888.1 1.8 660+ 16

methylbenzene 373.1Ht 0.003 13.270t 0.023 3179.396 0.022 46.1629 0.022 807.3:t 1.6 2924+ 7.1
26.975+ 0.025 3150.19+ 0.11 49.025% 0.11 822.5+ 1.6 339.8+ 8.8

40.789+ 0.026 3127.773% 0.067 50.5215- 0.067 834.2£ 1.7 369.1+ 9.2

54.631+ 0.027 3107.36t 0.13 53.2504+ 0.13 845.0+ 1.7 419+ 11

68.196+ 0.029 3091.43@ 0.028 53.8692+ 0.028 853.4+ 1.7 436+ 11

octane 323.15% 0.003 0.10Gt 0.022 3459.19% 0.043 59.943+ 0.043 676.0t 1.4 389.2+- 9.5
10.096+ 0.023 3430.71& 0.049 62.90H 0.049 687. 4 1.4 440+ 11

20.701+ 0.024 3405.52+ 0.11 65.95+ 0.11 698.1+ 1.4 495+ 12

30.654+ 0.025 3385.235- 0.057 67.644+ 0.057 706. 4 1.4 530+ 13

41.050+ 0.026 3366.47# 0.080 69.920G+ 0.080 7146t 1.4 576+ 14

54.543+ 0.027 3344.64% 0.068 72.52H 0.068 723.9- 1.4 633+ 16

68.036+ 0.029 3325.29@ 0.077 75.224+ 0.077 732.2-15 693+ 17

octane 348.144-0.003 0.10Gt 0.022 3507.68t 0.16 53.74 0.16 654.3+ 1.3 301.1+8.1
7.551+ 0.023 3481.24 0.13 55.96+ 0.13 664. 4+ 1.3 333.8+8.7

13.680+ 0.023 3462.78t 0.09 56.946t 0.092 672.2-1.3 351.3+ 8.8

20.500+ 0.024 344494+ 0.17 58.57+ 0.17 679.4+ 1.4 378+ 10

27.466+ 0.025 3428.4°# 0.06 59.895t 0.065 686.1H 1.4 400.8+9.9

27.469+ 0.025 3428.56t 0.12 59.85+ 0.12 686.1+ 1.4 400+ 10

34.314+ 0.025 3416.76t 0.04 61.265t 0.037 690.8- 1.4 424+ 10

34.305+ 0.025 3413.78t 0.03 61.19A 0.033 692.H 1.4 424+ 10

41.227+ 0.026 3400.08t 0.04 62.595¢+ 0.041 697.8- 1.4 449+ 11

41.226+ 0.026 3399.95 0.04 62.563t 0.037 697.9- 1.4 449+ 11

48.070+ 0.027 3387.36t 0.07 63.719t 0.070 703114 471+ 12

55.004+ 0.028 3375.32 0.05 65.188t 0.055 708.H%H 1.4 499+ 12

55.000+ 0.028 3375.25: 0.06 65.159+ 0.058 708.2- 1.4 498+ 12

61.994+ 0.028 3364.36t 0.21 67.07£ 0.21 7128t 1.4 533+ 15

61.992+ 0.028 3361.14 0.24 66.26+ 0.24 7142+ 1.4 522+ 15

octane 373.126:- 0.003 6.723+ 0.023 3527.003% 0.032 51.893+ 0.032 644 4 1.3 275.7£ 6.7
6.724+ 0.023 3527.05% 0.025 51.902+ 0.025 644.6+ 1.3 275.8+£ 6.7

20.592+ 0.024 3480.471 0.070 54.826t 0.070 662.9+ 1.3 320.5+ 8.0

20.599+ 0.024 3480.34% 0.054 54.92G+ 0.054 662.9+ 1.3 321.7+7.9

27.397+ 0.025 3461.93 0.13 56.24+ 0.13 670.3+ 1.3 342.9+9.0

27.402+ 0.025 3461.72 0.13 56.24+ 0.13 670.4£ 1.3 342.9+ 8.9

34.317+ 0.025 3444.826- 0.032 57.554+ 0.032 677.H 1.4 364.6+ 8.9

34.324+ 0.025 3444.786 0.039 57.574+ 0.039 677.21.4 364.9+ 8.9

41.184+ 0.026 3429.08t 0.16 58.42+ 0.16 683.5+ 1.4 381+ 10

41.207+ 0.026 3428.95: 0.16 58.36+ 0.16 683.6+ 1.4 380+ 10

41.221+ 0.026 3428.9¢t 0.14 58.65+ 0.14 683.6+ 1.4 384+ 10

48.024+ 0.027 3415.264 0.029 60.123t 0.029 689.2- 1.4 409+ 10

48.032+ 0.027 3415.285 0.031 60.172+ 0.031 689.1 1.4 409+ 10

54.853+ 0.027 3402.088& 0.069 61.484+ 0.069 694.6- 1.4 433+ 11

54.866+ 0.027 3401.995 0.048 61.465t 0.048 694.6t 1.4 432+ 11

61.686+ 0.028 3389.411 0.035 62.115+ 0.035 699.8- 1.4 447+ 11

61.704+ 0.028 3389.362- 0.036 62.297A 0.036 699.8+ 1.4 449+ 11

octane 423.096- 0.003 14.725t 0.023 3580.49t 0.66 49.72+ 0.66 620.5+ 1.3 229+ 13
27.159+ 0.025 3531.64 0.72 51.04 0.72 638.8+ 1.3 252+ 16

40.831+ 0.026 3488.50 0.83 53.37£ 0.83 655.5+ 1.4 287+ 19

54.591+ 0.027 3454.66t 0.79 57.44+ 0.79 668.8+ 1.4 3444+ 21

68.420+ 0.029 3434.9-1.1 576+ 1.1 676.4+ 1.5 352+ 29

aPressures and temperatures reported are an average of two measurements (one obtained before the other after acquiring the complex voltages as a
function of frequency). The standard deviation of the mean temperature was less than 1 mK. The standard uncerfaamigsane reported. The values
of frs andgr were determined from an analysis of the complex voltages obtained with both increasing and decreasing frequency. The uncértainties in
or are one standard deviation as determined from the fit of the measured in-phase and quadrature voltages to eq 29. The combine#t ex2anded (
uncertainties in density and viscosity include those arising from the complex resonance, temperature, pressure, and calibration combratarén-quad
bUsed to determin€;, C,, andCs.

Table 3. Values ofC; with i = 1, 2, and 3 of Equations 13, 14, and
28 Obtained from Measurements with Methylbenzene at a
Temperature of 323.15 K (listed in Table 2) at Pressures between
(0.1 and 68) MPa along with thef (323 K, p — 0) of Table 1

TIK Ci Cy Ca/kg>m—4s75

323.15 0.8915035 3.759206) 2 9.298190195.0*

source of these differences. Nevertheless, we take the average
of the absolute differences af 0.1 % as a measure of the
anticipated precision in the measurements of density with this
instrument. The densities reported in refs £2@3 and 136

139 are also shown in Figure 9 relative to ref 90 and all deviate
between—0.25 % and+0.2 %. In Figure 9, the measurements

estimated expanded uncertainty excepp at 0.1 MPa where ~ reported by Pbler and Kirad** are systematically low by
our measurement lies0.25 % below ref 90; in this range the 0.4 %.

deviations increase with increasing pressure. Based on the The viscosities determined at= 323 K from eq 28 with
measurements performed, we have been unable to identify thethe measure@ combined withCs (listed in Table 3) and the
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Figure 9. Fractional deviationd\p = p(expt) — p(calcd) of the experi-
mental densitiep(expt) of methylbenzene at ~ 323.15 K from values
o(calcd) obtained with the correlation of Assael ef%hs a function of
density p. @, this work, obtained by adjustment of two coefficients to
minimize the difference between the densities obtained from the MEMS
and values obtained from the correlation of Assael €P alith our
experimental temperatures and pressutesref 126; gray diamond, ref
127; gray filled diamond, ref 136; gray asterisk, ref 12B;ref 137; gray
filled triangle, ref 138; gray circle, ref 129, ref 139; asterisk, ref 140;
<O, ref 141; 1, ref 142; gray filled square, ref 143; graly, ref 130; gray
filled circle, ref 131; gray square, ref 132; ref 144;a, ref 133; and- —,
expandedK = 2) uncertainty of the correlation ref 90.
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Figure 10. Fractional deviationsAy n(expt) — n(calcd) of the
experimental viscositieg(expt) of methylbenzene at = 323.15 K from
valuesy(calcd) obtained with the correlation of Assael et%as a function

of densityp. @, this work, obtained by adjustment of one coefficient to
minimize the difference between the viscosities obtained from the MEMS
and values obtained from the correlation of Assael €b alith our
experimental temperatures and pressutesef 127;a, ref 133; gray filled
circle, ref 131; gray filled square, ref 134; gray circle, ref 129; asterisk, ref
146; gray—+, ref 130; gray square, ref 132, ref 144;0, ref 148; and

— —, expandedK = 2) uncertainty of the correlation ref 90.

densities estimated from the eq 26 for the MEMS are listed in
Table 2 and shown in Figure 10 as relative deviations from the
correlation of Assael et &P.along with measurements reported
in refs 127, 129-134, 144, and 148. The correlation of Assael
et al® has an estimated expandekl € 2) uncertainty in
viscosity of about 2.7 % and is shown in Figure 10 with a broken
line. In Figure 10, our results (shown with solid circles) lie
within £ 3 % of ref 90 and the literature values. Again, we
take the average of the absolute differencestof.2 % as a

temperature of 373 K, and octane at temperatures between (323
and 423) K all at pressures below 68 MPa are listed in Table 2.
The density and viscosity (also listed in Table 2) were obtained
from eq 26 and eq 28, respectively, with thendg of Table

2 combined with theC;, Cy, andC; of Table 3 determined at a
temperature of 323 K. In the analysis, the temperature and
pressure dependence of the plate dimensions and the density
and elastic constants of silicon were included as described
previously. The density obtained from eq 26 with the MEMS
fr was used in eq 28 to determine viscosity. Small corrections
have been applied to the reported viscosity and density to reduce
all values to the stated temperature for each isotherm. The
combined expanded uncertainties (listed in Table 2) are for a
coverage factok = 2, assuming that a normal distribution is a
confidence interval of about 0.95, and were obtained by
combining in-quadrature standard uncertainties arising from the
transducer calibration withog/aT), and @x/dp)t for viscosity

and Qp/aT), with (3p/dp) for density. For the viscosity we have
also included the uncertainty in density obtained from eq 13.
Not surprisingly, for both density and viscosity the major source
of uncertainty arises from the uncertainty in the calibration.
Based on the absolute average errors obtained from the
calibration, the uncertainty for density and viscosity are 0.1 %
and 1.2 %, respectively. The next most significant and quantifi-
able contributions to the uncertainties arises from the quantities
(9m/3p)~ for viscosity and §o/dp) for density. These derivatives
were estimated from a combination of our results and the
uncertainties in the pressure measurendgritsted in Table 2.

The contribution to the uncertainty in viscosily from op was

less than 0.15 mPs (about 0.02 %), andy decreased with
increasing temperature while the density edprfrom op was

less than 0.05 kgn=3 (< 0.01 %). The contribution to the
uncertainty from eitherdg/aT), or (9p/9T), was estimated from

a combination of our results and the uncertainties in the
temperature measuremedi, listed in Table 2. The contribution

to on from 6T was less than-0.02 mPa s (about-30~* %)
anddp ~ —3-1072 kg-m~3 (about 410~ %). Clearly, for our
measurements the uncertainty with which the pressure is
measured is more significant than the uncertainty of temperature.
In the absence of a chemical analysis for these fluids, the
contribution to the uncertainty arising from the uncertainty in
composition was assumed to be negligible. The working
equations explicitly assume that density and viscosity are
represented by independent equations. In the absence of
sufficient additional measurements with fluids of different
densities and viscosities to determine the uncertainty from this
source, we have also assumed that our zeroth order model
contributes nothing to the estimated error.

The densities of methylbenzene obtained at a temperature of
373 K are listed in Table 2 and shown in Figure 11 as relative
deviations from the values predicted from the correlation of
Assael et a?? All deviations are between (0.2 and 0.4) % above
ref 90 but agree with the correlation within a multiple of 1.1

measure of the anticipated precision in the measurements oftimes the combined uncertainty. Densities obtained from refs

viscosity.

135-144 are also shown in Figure 11, and except for the

Finally, we note that in eqs 13 and 28 we have assumed themeasurements of God#t that differ systematically by about

Ci, with i = 1, 2, and 3 are independent©fp, », andp. The

—0.4 %, they lie within (0.1 and 0.15) % of ref 90, which is

consequences of these assumptions for the petroleum reservoiithin the estimated expanded uncertainty. These results show

application will be discussed further below.

Results and Discussion
The resonance frequendy and resonance line half-width

that for a fluid, with viscosity of order 1 mPaat temperatures
in the range (323 to 373) K, th&é; andC, can be considered
independent of temperature. The viscosities obtained for meth-
ylbenzene are listed in Table 2 and shown in Figure 12 as

g of the first eigenmode of the edge-supported plate that were deviations from the values obtained from the correlation of
measured while it was immersed in methylbenzene at a Assael et af® along with the values from refs 14348 at this
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Figure 11. Fractional deviationsAp = p(expt) — p(calcd) of the Figure 13. Fractional deviationsAp = p(expt) — p(calcd) of the
experimental densities(expt) of methylbenzene & ~ 373.15 K from experimental densitiep(expt) of octane afl = 323.15 K from values
valuesp(calcd) obtained with the correlation of Assael et%as a function p(calcd) estimated from the correlation of Span and Wéghas a function

of density p. @, this work, with error bars representing the expanded of density p. ®, this work, with error bars representing the expanded
uncertainty, determined by adjustment of two coefficients to minimize the uncertainty, determined with the calibration coefficients obtaine@ at
difference between the densities obtained from the MEMS and values 323.15 K when immersed in methylbenzeneref 149; gray filled diamond,

obtained from the correlation of Assael et%&lwith our experimental ref 150;0, ref 151; asterisk, ref 152; gray circle, ref 158; ref 154; gray
temperatures and pressures; ref 135; gray filled diamond, ref 136, filled square, ref 155; gray filled triangle, ref 156, ref 157;0, ref 133;
ref 137; gray filled triangle, ref 138x, ref 139; asterisk, ref 146, ref gray filled circle, ref 158;x, ref 159; and- —, uncertainty of the correlation

141;m, ref 142; gray filled square, ref 143;, ref 144; and- —, expanded ref 117.
(k = 2) uncertainty of the correlation ref 90.
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Figure 12. Fractional deviationsAy = n(expt) — #n(calcd) of the Figure 14. Fractional deviationsAp = p(expt) — p(calcd) of the
experimentally determined viscosigyexpt) of methylbenzene at= 373.15 experimental densitiep(expt) of octane afl = 348.15 K from values
K from valuesy(calcd) obtained with the correlation of Assael ef%as p(calcd) estimated from the correlation of Span and Welghas a function

a function of densityp. ®, this work, with error bars representing the  of density p. @, this work, with error bars representing the expanded
expanded uncertainty, determined by adjustment of one coefficient to uncertainty, determined with the calibration coefficients obtaine® =t
minimize the difference between the viscosity obtained from the MEMS at 323.15 K when immersed in methylbenzeneref 149; gray filled diamond,

T = 323.15 K and values obtained from the correlation of Assael €@ al.; ref 150; asterisk, ref 152; gray circle, ref 153; gray filled square, ref 155;
A, ref 144; gray filled square, ref 143; gray square, ref 145; asterisk, ref <, ref 157;0, ref 133; gray filled circle, ref 158x, ref 159; and— —,
146; @, ref 147;0, ref 148; and— —, expandedK = 2) uncertainty of the uncertainty of the correlation ref 117.

correlation ref 90.

temperature; of these literature sources, only refs 143 and 144
extend to cover the pressure range of our measurements. Assael
et al® included in their correlation the measurements reported
in refs 143 and 144, and our results lie within the estimated
uncertainty of the measurements reported by Vieirra dos Santos
and Nieto de Castf¢* and Dymond and Robertsaff These
results demonstrate that for a fluid, with densities in the range

1

(805 to 877) kgm™2 at temperatures in the range (323 to 373) P i i !
Ej,r(tehe constanCs; can be considered independent of tempera- o o - s

The density of octane was determined at four temperatures plkgm”
of (323; 348, 373, and 423) K (usi_ng tia andC; of Table 3 Figure 15. Fractional deviationsAp = p(expt) — p(calcd) of the
determined from measurements with methylbenzefe=a823 experimental densitiep(expt) of octane aff = 373.15 K from values

K) and the results are listed in Table 2. Figures 13 through 16 p(calcd) estimated from the correlation of Span and Waghas a function
show our results at temperatures from (323 to 423) K, of density p. @, this work, with error bars representing the expanded

; ; ; ; e uncertainty, determined with the calibration coefficients obtained at
respectively, with values from the literature as relative differ 323 15 K when immersed in methylbenzeneref 1491, ref 151 asterisk,

ences from the densities obtained with Qur m(_aasurement Ofref 160;+, ref 135; gray filled square, ref 151; gray filled circle, ref 158;
temperature and pressure from the correlation of literature results¢, ref 157;0, ref 161;x, ref 159; and— —, uncertainty of the correlation
reported by Span and Wag#€ras a function of density; ref ref 117.

117 is identical to that reported by SpHAThe correlation of

Wagner and Spa#’ has an uncertainty of 0.2 % atp < 30 not have differed significantly had the correlation of Cibulka
MPa andd= 0.5 % atp > 30 MPa, which is depicted in Figures and Hnedkovsk{#® combined with a reference density given
13 through 16 with broken lines. The relative deviations would by Cibulka?° at the vapor pressure reported by Ambrose and
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pfkg-m"‘ Figure 17. Fractional deviationsAy = n(expt) — n(calcd) of the

experimental viscositieg(expt) of octane afl = 323.15 K from values
n(calcd) obtained with the correlation of Huber etl#as a function of
densityp. The density required in ref 122 was taken from ref 1@7this
work, with error bars representing the expanded uncertainty, determined
with the calibration coefficients obtained Bt= 323.15 K when immersed

in methylbenzene and the densities of Tabl®©2ref 133;0, ref 157; 4,

ref 149;00, ref 151; x, ref 162; and— —, uncertainty of the correlation ref
122.

Waltont?! been used. AT = 323 K (shown in Figure 13), our 10
results lie between<0.3 and 0.3) % of ref 117 and within our
estimated expanded uncertainty as do all the literature measure-
ments expect for that reported by Kiran and $&rOur results
show the same density dependence as the results reported by
Kiran and Sert?’ albeit with an offset, while all other literature
values differ from ref 117 by less thag 0.3 %. At a
temperature of 348 K (shown in Figure 14), our results lie
between 0.4 and 0.3) % of the values obtained from both ref -10
117 and the literature values except the measurements reported 650 675 . 700 725

by Kiran and Set” that lie aboti1 % below ref 117. The results plkgm™

obtained at a temperature of 373 K (shown in Figure 15) lie Figure 18. Fractional deviationsAy = n(expt) — n(calcd) of the
between £0.1 and 0.2) % of ref 117 while the literature values experimental viscositieg(expt) of octane af = 348.15 K from values
lie within (—0.3 and 0.5) % of ref 117. AT = 423 K, where n(calcd) obtained with the correlation of Huber e as a function of

. . 0 densityp. The density required in ref 122 was taken from ref 1@7this
the literature values differ from ref 117 by betwe 2 and work, with error bars representing the expanded uncertainty, determined

0.5) _%' our results agr_ee_ (as ShOV_Vn in Figure 16) with th_ose with the calibration coefficients obtained Bt= 323.15 K, when immersed

obtained from ref 117 within the assigned expanded uncertainty. jn methylbenzene and the densities from Tabl©2ref 133;<, ref 157;

The densities reported by Caudw¥f,which were obtained A, ref 149;0, ref 151; x, ref 162; and— — — —, uncertainty of the

using a vibrating wire with a mass suspended from one end, correlation ref 122.

are shown in Figure 13 through 16. These differ from our results 10

by about 1.5 times the estimated expanded uncertainty in our S|

measurements except at a temperature of 423 K where the two

sets of results differ by about 0.6 %. The relative deviations

(shown in Figures 13 through 16) have no significant temper-

ature dependence and, therefore, cannot be attributed to thermal

annealing of the packaged transducer that has subsequently

altered the mechanical response of the transducer and thus the -10 a s "

G. 625 6350 675 700
The viscosity of octane determined over the temperature range plkgm”

(323’ 348, 373’. anq 423.) K from eq 28 WI% of Table 3 Figure 19. Fractional deviationsAy = n(expt) — n(calcd) of the

U_S'ng the density given in Table 2 is aISO_ listed in Table 2. experimental viscositieg(expt) of octane afl = 373.15 K from values

Figures 17 through 20 show our results with values from the j(calcd) obtained with the correlation of Huber efi#as a function of

literature as relative differences from viscosities obtained with densityp. The density required in ref 122 was obtained from ref 187.

the correlation of Huber et &f2 that used the correlation for  this work, with error bars representing the expanded uncertainty, determined

density reported by Span and Wagh¥rHad we used the yvith the calibration coefficients o‘b_tained'Et= 323.15 K, when immersed

viscosity correlation reported by Assael et’&k the baseline " methylbenzene, and the densities from Table( ref 1574, ref 149,

P 0O, ref 151; x, ref 162; and— —, uncertainty of the correlation ref 122.

in Figures 17 through 20 would have changed by no more than

2 %, which is equivalent to the uncertainty in the viscosity in Figure 18), our results deviate betweerB3(and 1) % from

obtained from the correlation of Huber et'&.At temperatures ref 122 and lie withi 2 % of all literature values except those

between (323 and 373) K at all pressures, our results lie within reported by Kiran and Sei? which deviate from ref 122 by 5

the combined uncertainty of the correlation and our results. At % at the lowest pressure to about 10 % at the highest pressure

T = 323 K (shown in Figure 17), our results deviate (albeit studied. The results obtained Bt= 373 K (shown in Figure

Figure 16. Fractional deviationsAp = p(expt) — p(calcd) of the
experimental densitiep(expt) of octane aff = 423.15 K from values
p(calcd) estimated from the correlation of Span and Waghas a function

of density p. ®, this work, with error bars representing the expanded
uncertainty, determined with the calibration coefficients obtained@ at
323.15 K when immersed in methylbenzeng;ref 149; asterisk, ref 160;
<&, ref 157; and— —, uncertainty of the correlation ref 117.

100 -Anp /7
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with a systematic undulation) from ref 122 by betweer2(5 19) lie between (1 and 4) % above ref 122, agree with the most
and 3.5) % while the literature results lie withind and 1) % recent measurements obtained with a vibrating Witend lie
of ref 122 except for those reported by Kiran and $&nyhich within 1.5 times the assigned uncertainty of all other literatures

lie between (3 and 6) % above ref 122. At= 348 K (shown values except those reported by Kiran and $émhich deviate
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density varied between (619 and 890)rkg? and viscosity over
the range (0.205 to 0.711) mBaTo investigate the effect of
varying viscosity on the measured density, preliminary measure-
e X A ] ments were performed with research grade argon obtained from
0 X I Praxair with a mole fraction purity greater than 0.999999. The
""""""""""""" resonance frequency and half line-width were measured at a
-5 . . . temperature of 323.151 K at pressures between (13.8 and 68.4)
600 625 650 675 700 MPa, and eqgs 26 and 28 were used with the coefficients of Table
plkgm® 3, determined with methylbenzene, to obtain both density and
Figure 20. Fractional deviationsAy = n(expt) — n(calcd) of the viscosity. The densities so determined were &bbebo below
experimental viscositieg(expt) of octane al = 423.15 K from values the correlation of Tegeler et &4 while the viscosity was 5 %
n(calcd) obtained with the correlation of Huber ef#as a function of above the correlation of Lemmon and Jacob@&nThis
densityp. The density required in ref 122 was obtained from ref 1@7. demonstrates the naivety of egs 13 and 28. In a future paper,

this work, with error bars representing the expanded uncertainty, determinedWe will report measurements with fluids of viscosities between
with the calibration coefficients obtained Bt= 323.15 K, when immersed p 0

in methylbenzene, and the densities of Table 2ref 149;x, ref 162; and (0.01 and 300) mPa and.densities in the range (1 to 1850)
— —, uncertainty of the correlation ref 122. kg'm=3. These results will be used to examine further the

applicability of the working equations described in this paper,
up to 10 % from ref 122. Finally, af = 423 K, our results  particularly with respect to order of magnitude variations in
have an expanded uncertainty of about 6 %. This arises fromyijscosity, and also present, as we alluded to above, a complete
the larger{by a factor of between (5 and J0rror in the  splution coupling both density and viscosity. Presumably, the
resonance frequency and the resonance half-line width that wedeviations of our measured densities and viscosities from the
attributed to a lower signal-to-noise ratio at this temperature. accepted literatures values will decrease when these properties

At this temperature, our values of viscosity are shown as relative gre obtained from the complex frequency with other working
fractional deviations from ref 122 in Figure 20, and they lie equationg©3109.111

between (6 and 14) % above ref 122. The viscosity reported by
Caudwell*® and obtained with a vibrating wire viscometer Conclusion
agrees within the estimated expanded uncertainty of our results,
as do the measurements of Agaev and GolubeThe latter Our intent was to fabricate a densimeter/viscometer for the
differ from ref 122 by about-1 % at the lowest density, a  simultaneous measurement of density and viscosity that can
difference that increases with increasing density to 7 % at the operate at temperatures below 473 K and pressures up to 200
highest density. MPa and provide densities with an uncertainty4ofl % and

The measurements were performed first with octane at viscosities with an uncertainty af 10 %. The temperature and
temperatures of (348, 373, and 323) K followed by methylben- pressure range represent those experienced in petroleum reser-
zene at temperatures of (323 and 373) K, and finally octane atvoirs and the production system while the accuracy in both
a temperature of 423 K. It is entirely plausible the procedure properties are sufficient to guide value and exploitation calcula-
used to clean the apparatus between measurements with differerfions with sufficient rigor. The geometry of the device was also
fluids was inadequate and, because this reduced the chemicatonstrained by the requirements to derive working equations
purity from that cited by the supplier, introduced an additional for a well-defined shape of known dimensions and, when
uncertainty in the measurements. The effect of this source of fabricated by the methods of MEMS, necessarily precluded the
uncertainty on the measured density and viscosity can beuse of curved surfaces. The operating environment, geometric
estimated. Contamination could have occurred for the measure-constraints, fabrication process, and desired uncertainty in
ments with methylbenzene that were performed after those ondensity and viscosity meant that the robustness of the device
octane or when the fluid was changed from methylbenzene towas given a higher priority in the design than assigned to
octane. In either of these casesyjl@n/ox)T~ 0.4 and implies accuracy. Nevertheless, the complex frequency determined when
that a mole fractionx = 0.3 of the contaminant would be the MEMS was immersed in methylbenzene at a temperature
required to introduce an uncertainty in viscosity 6f10 % of 373 K and octane at temperatures between (323 and 423) K
while (1/o)(3p/0xX)1,, =~ 0.3 and suggests that= 0.03 would and pressure below 68 MPa provided density and viscosity with
be required to introduce an errérl % in density. These, albeit  an estimated relative combined expandied-(2) uncertainty,
large, mole fractions of impurity cannot be ruled out in the including the calibration, of about 0.2 % for density and
absence of chemical composition measurements but appear< + 2.5 % for viscosity and about 6 % atT = 423 K. At
implausible because of the consistency of the results presentedl’ < 423 K, the measured density differed ty0.3 %, and the
here with literature correlations of data that are independent of viscosity differed by less thas: 5 % from literature values.
ours. The literature values were obtained from either accepted

If we assume the correlations of the measurements reportedcorrelations or measurements obtained from experimental
in the literature for each fluid and thermophysical property are techniques that utilize different principles and thus have quite
for all intents and purposes exact, the relative deviations showndifferent sources of systematic error. At a temperature of 423
in Figures 11 to 20 might arise from one or more of the K, the measured viscosity differed by less than 13 % from
following plausible sources of error in our experiment: first, literature values while the density differed by less than 0.5 %.
the simplicity of eq 26 that was obtained with the assumption It is plausible at a temperature of 423 K the packaged MEMS
that density can be represented by an expression independernttad mechanical characteristics that are significantly different
of viscosity (the inviscid assumption used to obtain eq 13); than they are at lower temperatures. Presumably the differences
second, the simplicity of eq 28; and third, the arbitrary use of between density and viscosity obtained with the MEMS and
only three calibration parameters two for density (eq 26) and those from other experimental methods will decrease as the
one for viscosity (eq 28). working equations for the MEMS are imprové#:109.111

15 + T For the fluids investigated and reported in this paper, the
X
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Within the constraints of the upper operating pressure

determined by the positive displacement pump and the upper

(15) Martin, B. A.; Wenzel, S. W.; White R. M. Viscosity and density
sensing with ultrasonic plate wave®ens. Actuators A99Q 2123,
704-708

operating temperature determined by adhesive used in the(lG) Li, K. K.; Schneider, A.; Abraham, R. L. Instrument for the remote

packaging, the goal of determining density 401 % and
viscosity to+ 10 % in viscosity has been achieved.
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