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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 about( 1 %
in density and( 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) kg‚m-3 and the viscosity varies from (0.205 to 0.711) mPa‚s. The
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 expanded (k ) 2) (twice the
standard deviation) uncertainty, including the calibration, in density is about( 0.2 % 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 than( 0.3 % for density and less than( 5 % 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
The evaluation of the economic viability of a hydrocarbon-

bearing formation requires measurements of many physical

properties of both the porous medium and the fluid. In particular,
the thermophysical properties of hydrocarbon reservoir fluids
are required to determine flow in porous media and design
completion, separation, treating, and metering systems. The
financial analysis that determines the potential for commercial
benefit from exploitation of naturally occurring hydrocarbon
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resources is determined from knowledge of the reservoir
permeability, size, shape, and compartmentalization and the fluid
thermophysical properties. The uncertainty in viscosity, density,
and phase behavior of the petroleum fluid impact the financial
analysis. To a first approximation, measurements of density
provide an estimate of the commercial value of the produced
fluid while viscosity is an indicator of the ease with which the
fluid can be extracted from the formation. Viscosity is arguably
the single most important property.

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 well as the variations with temper-
ature and pressures that will be experienced throughout the
production system. These measurements are combined with
knowledge of the permeability of the reservoir and the reservoir
size, shape, and compartmentalization to perform analyses
concerning the development of that petroleum reservoir. From
this list, the thermophysical properties and their uncertainty are
usually considered to be lower in priority than the other items
in the financial analysis. However, uncertainties in the thermo-
physical properties, particularly for retrograde condensates, that
arise from the operating conditions (reservoir conditions as well
as temperatures and pressures experienced throughout the
production system) and sampling techniques can be significant
and may be reduced by direct measurement. In general, such
measurements of density and viscosity with uncertainties of
about( 1 % and( 10 %, respectively, are considered adequate
to guide value and exploitation calculations with sufficient rigor.
Thus, methods that can provide in situ measurements of fluid
density and viscosity with these uncertainties at reservoir
temperature are desirable because they reduce the time required
for analysis and systematic errors that might arise from
variations in chemical composition caused by transferring the
fluids from one container to another and subsequent transporta-
tion.

There are numerous methods by which the viscosity of liquids
can be measured. These have been reviewed by Johnson et al.,1

Künzel et al.,2 Nieuwoudt and Shankland,3 and Kawata et al.4,5

Vibrating objects including the vibrating wire and torsional
viscometers were described by Diller and van der Gulik.6

Wagner et al.,7 Wagner and Kleinrahm,8 and Kuramoto et al.9

all described methods of determining liquid densities while
Fujii10,11described absolute density standards. Majer and Pa´dua12

and Stansfeld13 discussed vibrating body densimeters. Other
methods have been proposed to measure viscosity; for example,
a vibrating tube14 and techniques other than a vibrating wire12

have been implemented to measure both viscosity and density,
such as those utilizing ultrasonic plate waves15 and bubble-rise
speed.16 Of the numerous methods that have been reported to
measure density and viscosity, the most relevant to the
transducer discussed in this paper are those that utilize a
vibrating object of defined geometry and are fabricated by the
methods of Micro Electro Mechanical System (MEMS). To our
knowledge, the instrument reported by Woodward17 is the
earliest example of a vibrating object that is conceptually similar
to the device described here. In ref 17, a 0.25 mm thick steel

disk of diameter about 5 mm was connected via a narrow neck
to a clamp. The disk was forced to vibrate, and measurements
of resonance were used to determine the product of the density
and viscosity. The archival literature contains many articles
reporting transducers for the measurement of density and
viscosity that are fabricated by the methods of MEMS. Of those
numerous articles we, arbitrarily, provide the following four
examples: Andrews and Harris18 report a transducer with two
parallel plates, each supported by beams, that are oscillated
normal to each other to determine the viscosity of gases; Martin
et al.19 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-section.20-22 In addition to these devices,
there are numerous applications of cantilever beams (developed
from the devices used in atomic force microscopy23) to the
measurement of density and viscosity.24-33 The width and length
of the cantilevers vary from about (2 to 200)‚ 10-6 m with a
thickness of order 1‚ 10-6 m.34 The instruments described in
refs 27 and 29 used a cantilever, exposed to air, to excite and
detect the motion of a 50‚ 10-6 m diameter silica sphere
immersed within a fluid. The sphere was connected to the
cantilever by a 50‚ 10-6 m diameter silica rod. Cantilever beams
have also been used to study the Knudsen effect,35 determine
flow rates,36 measure the mechanical properties of electroplated
gold films,37 determine Young’s modulus,38,39 and form
chemical40-44 and biochemical45-47 sensors.48 For the chemical
and biochemical sensors, the species to be detected is adsorbed
on a chemically functionalized surface as this is detected through
either variations in resonance frequency that is attributed to an
added mass40 or deflection of the beam arising from a variation
in surface stress.45,49,50

Selecting a particular sensor system for a specific application
requires consideration and weighting of each design, imple-
mentation, and fabrication method. Shieh et al.51 have described
systematic methods to select the most appropriate sensor for a
particular application including devices that are based on coupled
electromechanical phenomena. The essence of their approach
relies on matching the desired sensor operating characteristics
with the requirements of the desired application. These philo-
sophical processes are even more crucial when no off-the-shelf
commercial sensor is available. In this case, a sensor must be
developed by carefully matching the requirements to the
potential characteristics of the sensor. Our application requires
operation at reservoir conditions with accuracy in density and
viscosity of about( 1 % and( 10 %, respectively, that are
adequate for calculations concerning the exploitation of petro-
leum reserves. Typically, the reservoir and production system
have temperatures less than 473 K at pressures below 200 MPa.
Transducers that are operated in the bore-hole have historically
placed robustness as a superior priority to accuracy in the design
process, and this is the case for the sensor presented here. The
design, fabrication, and application of MEMS sensors has been
discussed by Judy,52 while Werner and Fahrner53 have reviewed
devices, fabricated from silicon, that were specifically intended
for operation at high temperature and in harsh environments
similar to those found in petroleum reservoirs.

To develop a method for the in situ and simultaneous
measurement of density and viscosity, we have chosen to
construct a vibrating object. The transducer described in this
paper (shown in Figure 1) is similar to a cantilever in that it is
a rectangular plate connected to a support along one edge.
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However, our device has a width of about 2 mm, a length of
about 1.5 mm, and a thickness of about 20‚ 10-6 m. The density
and viscosity of the fluid in which the plate is immersed has
been determined from measurements of the first, non-zero
frequency, eigenmode, which is a symmetrical bending mode
with flexural motion. The design of the edge-supported vibrating
plate densimeter/viscometer described here and shown in Figure
1 is based on a magnetic field sensor originally reported by
Donzier et al.54 and fabricated by the methods of MEMS. The
object developed for this work was fabricated from monocrys-
talline silicon, a mechanically stable material, by addition of
layers to produce a means of exciting and detecting the motion
of the plate near resonance. This MEMS sensor utilizes silicon-
on-insulator (SOI) wafers, photolithography (as used in inte-
grated circuit fabrication), and deep reactive ion etching for the
micro-machining. A physical description of the motion of the
plate in a fluid, which is used to obtain density and viscosity,
requires a geometrically defined structure of known dimensions.
When the sensor is formed by the methods of MEMS, this
requirement necessarily precludes the use of curved surfaces.
The MEMS densimeter/viscometer described here is one of five
devices that have been fabricated by us to measure density,
viscosity, relative permittivity, thermal conductivity, and heat
capacity.

When the MEMS fabricated device (illustrated in Figure 1)
is placed in a fluid, to a first approximation its resonance
frequency fr and quality factorQ () fr/2g) decrease with
increasing density and viscosity, respectively. To define the
parameterg, we determine the frequencies (fr - g) and (fr + g)
above and below the resonance frequency (fr) at which the
measured amplitude is equalAmax/21/2 where Amax is the
maximum amplitude atfr. The general effect of the fluid on the
plate can be understood by two albeit naive approximations.
First, the resonant frequency decreases with increasing density
because of added mass. Second,Q decreases as the viscosity
increases owing to the shearing motion at the tip of the plate.
Indeed, the methods of MEMS have provided a means of
constructing a densimeter that has a resonance frequency
sensitive to the added mass of fluid in which it is immersed.
This arises because the plate has a large surface-to-volume ratio

and mass of about 0.12 mg. The plate mass is equal to the mass
of octane atT ) 323 K andp ) 0.1 MPa contained in about
five viscous skin depths [for fluid densityF and viscosityη
given by δ ) {η/(Fπf)}1/2, for octane under these conditions
δ ) 7.3‚10-6 m] around the plate when the plate resonates at
a frequency of about 3.4 kHz.

Typically, petroleum reservoir fluids have densities in the
range (300 to 1300) kg‚m-3 and viscosities between (0.05 to 1
000) mPa‚s. For recoverable and Newtonian hydrocarbon liquids
(fluids that are at a pressure of 0.1 MPa), the density is within
the range (700 to 1000) kg‚m-3 while the viscosity is between
(0.5 and 100) mPa‚s. Newtonian fluids of known viscosities
and densities, that include at least the ranges defined for
hydrocarbon liquids, are required for the laboratory evaluation
of proposed in situ measurement techniques and calibration of
other viscometers and densimeters as a function of both
temperature and pressure.55-57 In this paper we are concerned
solely with fluids that are Newtonian so that their viscosity is
independent of the rate of shear, and we present results for
methylbenzene at densities between (805 and 890) kg‚m-3 and
viscosities in the range (0.293 to 0.658) mPa‚s and for octane
at densities between (619 and 734) kg‚m-3 and viscosities in
the range (0.205 to 0.711) mPa‚s. In another paper, we report
measurements when a similar MEMS densimeter/viscometer
was surrounded by argon at densities between (79 and 767)
kg‚m-3 and viscosities in the range (26 to 57)‚ 10-6 Pa‚s.58

Non-Newtonian fluids are also encountered in the production
of petroleum, for example, drilling lubricants with additives such
as sodium bentonite that increase the density. A transducer
suitable for operation in both Newtonian and non-Newtonian
fluids is the subject of another paper;59 we anticipate for the
Newtonian fluid case that the device will provide the product
of density and viscosity.

In a future paper, we will present measurements when the
MEMS densimeter/viscometer has been exposed to fluids with
densities in the range (1 to 1 850) kg‚m-3, where the frequency
decreased from≈ (12 to 3) kHz with increasing density, and
viscosities that varied from (0.010 to 300) mPa‚s, where the
resonance quality factor decreased from≈ (100 to 1.5) with
increasing viscosity.

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. The≈22.25‚ 10-6 m thick plate is to the left of dashed line E, and to the right of the dashed line the MEMS
has an additional≈350 ‚ 10-6 m thick monocrystalline silicon beneath.
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Theory

Lindolm et al.60 and Leissa61 have presented theoretical
descriptions of the elastic vibration of plates, but neither ref 60
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.24-26,28,31-33,40,62-66 The majority of these models for
the flexural response amount to an added mass with a damping
coefficient17,24,25,28,31-33,40,62-65 and have included experimental
verification66 of the models, internal damping,67 and temperature
dependence of the sensitivity to external force.68 The added mass
model for the flexural response reported by Sadar63 is based on
an expression reported by Lindolm et al.60 and has been extended
to also include torsional oscillation.69 Cantilever beams, exposed
to air, have also used to actuate and detect the motion of a sphere
immersed in a fluid and the response of the coupled cantilever
and sphere interpreted with adaptations of an expression
presented by Landau and Lifshitz70 for the oscillation of a sphere
immersed in a fluid.27,29,71 Cumberbatch and co-workers72,73

presented a model for an elastic solid plate clamped on two
opposite sides vibrating in an inviscid fluid to describe a
commercially available densimeter.13

To model the response of the edge-supported plate oscillating
while immersed in a fluid, we have adopted an approach similar
to that described in refs 72 and 73 and modeled our edge-
supported plate by decoupling the effects of viscosity and density
so that the density is determined solely from the resonance
frequency and, at least in this paper, introduced another inde-
pendent equation for the product of viscosity and density.
Because of the secondary emphasis placed on accuracy during
the design, we anticipate the results of our measurements and
conclude that these approximations are adequate for the target
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 end y) z ) 0.72,73 The
transverse displacement of the plate normal to the (x, z) plane
is denoted, as shown in Figure 2, by

We assume that the longitudinal strain varies linearly across

the plate’s depth and that the bending moment at any cross
section is proportional to a local radius of curvature. We will
consider only the first eigenmode (1,0) (motion independent of
x) and will also ignore plate edge effects. The displacement (q)
is governed by the Euler-Bernoulli bending theory of thin plates
so that

where ∇2 ) ∂2/∂x2 + ∂2/∂z2. In eq 2, we have 0e z e a,
-b/2 e x e b/2, F denotes the force per unit area applied normal
to the plate,a denotes the plate length, andb is the plate breadth.
In eq 2,d is the plate thickness,E is Young’s modulus,σ is
Poisson’s ratio, andFs is the density of the plate material. We
assume that the fluid is inviscid and incompressible (so that
∇‚V ) 0, whereW ) (u,V) is the fluid velocity), and that the
flow is irrotational so thatV ) ∇Φ where the velocity potential
(Φ) satisfies

and

Boundary conditions must now be proposed for eq 2. The
pinned or simply supported condition has been used because
the plate is formed from a series of layers and mounted to a
printed circuit board within a tube that is filled with adhesive.
(The specification of this boundary condition will be discussed
further below.) At the supported endz ) 0, this implies that
the oscillating plate has neither deflection nor bending so that
q ) ∂2q/∂z2 ) 0. At the free end of the platez ) a there is
neither bending nor shear force so that∂2q/∂z2 ) ∂3q/∂z3 ) 0.
We assume that, in vacuo, no force acts on the plate (F ) 0)
and that it oscillates with harmonic motion of the formq )
Z(z)e-i2πft. We now note that the function

(where Ah is an arbitrary constant) satisfies all the boundary
conditions so long as the eigenvalues (υn) are chosen so that

Figure 2. Isometric projection of a MEMS plate of lengtha, width b, and thicknessd illustrating the relative positions of the applied magnetic fluxB, the
direction of the currenti through the coil A, and the resulting forceF creating a motion in they plane detected by the Wheatstone bridge B.

y ) q(x,z,t) (1)

Fsd
∂

2q

∂t2
+ Ed3

12(1- σ2)
∇4q ) F (2)

∂Φ
∂x

) u (3)

∂Φ
∂y

) V (4)

∇2Φ ) 0 (5)

q(z,t) ) Ah cos(2π ft)[sin (υnz/a) +
sin (υn)

sinh (υn)
sinh (υnz/a)] (6)
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tan (υn) ) tanh (υn): for the (1,0) modeυ1 ) 3.926602312.
Equation 6 further satisfies eq 2 withF ) 0 provided
48Fsπ2f2a4(1 - σ2) ) Ed2υn

4.
The fluid flow must now be determined so that the force per

unit area on the plate (F) 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 thickness (d ≈ 2‚10-5 m) and the amplitude of the
plate oscillations (see below) are small as compared to the plate
dimensionsa ≈ 1.5‚10-3 m and b. So-called “thin aerofoil
theory”74,75may be invoked. Essentially this allows us to assume
(a) that flow boundary conditions may be imposed ony ) 0
rather than on the actual moving surface of the vibrating plate
and (b) that the fluid normal velocity component (V) is equal to
the rate of change of displacement of the plate with respect to
time ony ) 0. This considerably simplifies the potential flow
problem that must be solved.

With the thin aerofoil theory assumptions, the velocity
potentialΦ ) Φ+ andΦ ) Φ- (denoting the velocity potentials
in the regionsy > 0 andy < 0, respectively) must each satisfy
Laplace’s equation and in addition the boundary condition that

on y ) 0; preliminary measurements of the plate displacement
as a function of distance from the support suggest that the
maximum motion of the plate tip (z ) a) is about 0.1µm when
immersed in a liquid. The force per unit area acting on the plate
is given by

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

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

and

Using eqs 10 and 11 in eq 9 and then eq 8, we find that

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

whereFf is the fluid density andfr,f is the resonance frequency
of the plate immersed in fluid. In a vacuum (Ff ) 0), eq 13
reduces to

for the resonance frequency (fr(p ) 0)). We recall that in eqs
13 and 14a is the plate length andd is the plate thickness.
Both eqs 13 and 14 require values of Young’s modulus (E),
Possion’s ratio (σ), and density of the material (Fs). Finally, it
should be noted that a similar analysis can be carried out if,
instead of the pinned condition∂2q/∂z2 ) 0 atz) 0, a “clamped”
condition∂q/∂z) 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
it hard to determine which of these two conditions is the more
appropriate: as shown below, the best results are obtained when
a combination of the two conditions is used.

In this work, Young’s modulus (E) and Poisson’s ratio (σ)
of silicon with crystallographic plane (1,0,0) (used to fabricate
the transducer used in this work) were obtained from

and

with the temperature-dependent adiabatic stiffness elastic con-
stants c11,S and c12,S obtained from a combination of the
measurements reported by McSkimin76 and Nikanorov et al.77

The values ofE and σ so obtained are consistent with those
reported in the literature.78 The density of silicon was taken as
F(Si, 293.15 K, 0.1 MPa)) 2329.081 kg‚m-3 based on the
values reported by Bettin and Toth,79 Fujii,10 and Waseda and
Fujii.80,81The variation of density with temperature and pressures
F(Si, T, p) was obtained using

whereR is the coefficient of linear thermal expansion, andκT

is the isothermal compressibility. TheFs in eqs 13 and 14 is
taken asF(Si, T, p) obtained from eq 17. We used the linear
thermal expansion coefficient for cubic crystals that are
isotropic82 reported by Swenson83 (and recommended by
CODATA); Okaji84 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 crystal,82 and the isothermal compressibility
(κT) of silicon can be determined from

wheres11,T and s12,T are the isothermal compliance andc11,T

and c12,T isothermal stiffness that are determined from the

∂q
∂t

) ∂Φ
∂y

(7)

F ) -[p(y > 0) - p(y < 0)] (8)

p ) -Ff
∂Φ
∂t

(9)

Φ+ )
2aAhπ f sin (2π ft)

υn
{e-υny/a sin (zυn/a) +

sinh (zυn/a) sin (υn)

sinh (υn)
[cos(yυn/a) - sin (yυn/a)]} (10)

Φ- ) -
2aAhπ f sin (2π ft)

υn
{eυny/a sin (zυn/a) +

sinh (zυn/a) sin (υn)

sinh (υn)
[cos(yυn/a) + sin (yυn/a)]} (11)

F )
8FfaAhπ2 f 2 cos(2π ft)

υn [sin (zυn/a) +
sin (υn)

sinh (υn)
sinh (zυn/a)]

(12)

Ff )
Eυn

5d3

24{1 - σ2}a5(2π fr,f)
2

-
Fsdυn

2a
(13)

fr(p ) 0) ) (2π)-1[ Eυn
4d2

12{1 - σ2}a4Fs
]1/2

(14)

E ) (c11,S + 2c12,S)(c11,S - c12,S)/(c11,S + c12,S) (15)

σ ) c12,S/(c11,S + c12,S) (16)

F(Si, T, p - 0.1 MPa))

F(Si, 293.15 K, 0.1 MPa)
[1 + ∫298.15 K

T
R(T) dT]3

1 - κT(p/MPa- 0.1)
(17)

κT ) 1
F(∂F

∂p)T
) 3(s11,T + 2s12,T) ) 3

(c11,T + 2c12,T)
(18)
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adiabatic compliances11,S and s12,S given, in terms of the
adiabatic stiffness, by

and

The relationship between the adiabatic and isothermal compli-
ances of

and

with the isothermal stiffness given by

and

were also used in the analyses. In equations 21 and 22,F is the
density of silicon andcp is the massic heat capacity at constant
pressure for silicon; both were obtained from ref 85. At a
temperature of 295.65 K,κT ) 1.02‚10-11 Pa-1 (for octane the
isothermal compressibility is 1.3‚10-9 Pa-1) and a pressure
change of 1 MPa results in a relative decrease in volume of
∆V/V ≈ -1.04‚10-5. The differences between the adiabatic and
isothermal compliances increase with increasing temperature.
The pressure dependence of the isothermal compressibility of
silicon crystals is obtained from

where the thermodynamic definitions of Brugger were used86

with the third-order elastic constantsc111, c112, andc123 reported
by McSkimin and Andreatch87,88 from speed of sound
measurements. The third-order elastic constants reported by
Philip and Breazeale89 provide essentially the same values of

κT
-1(∂κT/∂p)T. When the effect of the third-order elastic constants

is taken into account, the relative change in density from that
obtained with the linear approximation of eq 17 is about
3.3‚10-5 at a temperature of 298 K and a pressure of 500 MPa,
and its temperature dependence has been estimated to be
negligible in our temperature range.89 The linear thermal ex-
pansion coefficient and isothermal compressibility were also
used to account for the variation of the plate dimensionsa and
d with temperature and pressure.

With theE, σ, andFs determined from eqs 15 through 25 at
a temperature of 323 K, eq 14 predictsfr(p ) 0) ) 57 886 Hz,
which is about 4.9 times the measured value of 11 887 Hz.
Equation 13 was used to estimate the resonance frequency when
the MEMS was immersed in methylbenzene at a temperature
of 323 K and pressures between (0.1 and 68) MPa. The density
of methylbenzene required in the calculation was determined
from the correlation of Assael et al.90 The frequencies obtained
from these calculations are shown as a solid line in Figure 3
with the scale defined by the left-hand ordinate along with the
measured values (listed in Table 2) shown with open circles
that refer to the scale defined by the right-hand ordinate. The
measured frequencies are about a factor of 5.1 below the
estimated values obtained from eq 13. The differences between
the measured frequencies and those estimated from eqs 13 and
14 could arise from the approximations used to derive eq 13
and the assumption that the physical properties of the plate are
equal to those of pure silicon.

The plate consists of 20µm monocrystalline silicon onto
which are deposited layers of aluminum, silicon nitride, silicon
oxide, and aluminum nitride with fabrication processes (outlined
in the Experimental Section) that require thermal cycling and
chemical etching. It is therefore unreasonable to assume that
the Young’s modulus, Poisson’s ratio, and density of the plate
will be equal to those obtained for silicon; for silicon atT )
323 K in a vacuum eqs 15 through 17 giveE ≈ 129 GPa,σ ≈
0.265, andF ≈ 2 328 kg‚m-3. Indeed, Young’s modulus for
low-stress low-pressure chemical vapor deposited (LPCVD)
silicon nitride has been reported to be (95( 10) GPa,38 as
determined from the resonance response of a cantilever plate,
while that for LPCVD silicon dioxide has been reported as
(61 ( 2) GPa.91 The latter is about half that of silicon. A
Poisson’s ratio of (0.26( 0.01) has been reported for silicon
dioxide.91 The density of deposited silicon nitride has been
reported as 2660 kg‚m-3 by Santucci et al.92 and 2865 kg‚m-3

in ref 38 while Santucci et al.92 gave values of 2210 kg‚m-3

for thermally deposited silicon oxide and about 2400 kg‚m-3

for CVD silicon oxide. Young’s modulus of deposited aluminum
can be up to 20 GPa93 lower than that of the bulk material for

Figure 3. Frequency of the first eigenmode calculated from eq 13fr,f(calcd) 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 experimentally determined
frequencyfr,f(exp) as a function of density (F) determined from the correlation of Assael et al.90 s, fr,f(calcd) from eq 13 with left-hand ordinate axis; and
O, fr,f(exp) with right-hand ordinate axis.
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whichE ≈ 70 GPa while aluminum nitride hasE ≈ 300 GPa.94

Jianqiang et al. have reported that variations in the mechanical
properties of the multiple layers that form cantilevers are an
important factor in determining the resonance frequency of the
cantilever when operated over a temperature range.95 For the
(1,0,0) crystallographic plane of silicon a cantilever plate,
presumably operated at room temperature, has been used to
obtainE ) (125.6( 1.4) GPa,39 which is 3.4 GPa below our
value, andσ ) (0.2986( 0.0017),39 which is 0.034 (about
13 %) above our value.

In the absence of direct measurement of theE, σ, andF for
each layer used to form the plate, two additional and unknown
parameters (C1 andC2) that must be determined by calibration
with a fluid of known density are included in eq 13 to give

The parametersC1 and C2 also accommodate inadequate
knowledge of the dimensionsa andd. 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
between the theoretical and observed resonance frequency.
These effects include at least the following: (1) surface rugosity;
(2) separation from stationary objects; (3) inertial response of
the support; and (4) naive assumptions used to obtain eq 13.
Each of these will be discussed briefly below.

Equation 13 (and thus the working eq 26) was derived
assuming that the fluid-silicon interface is perfectly smooth.
In practice, this means a surface rugosity much less than the
viscous penetration depth; that is, it is optically flat. Our device
(as shown in Figure 4) has surface undulations with dimensions
of order 1‚ 10-6 m. When the surface is rough, the fluid motion
caused by the oscillation is more complicated than for a smooth
surface, and a range of additional mechanisms may occur that
couple liquid motion and acoustic waves. Jain and Grimes96

have considered (both experimentally and theoretically) the
effect of surface roughness on liquid property measurements
performed with mechanical oscillators. Their work suggests that,
when the dimensions of the molecule are much less than those
of the surface roughness, molecules are trapped on the surface
and that they act as both an additional mass and a viscous load.
Thus, it may be possible to alter the response of an oscillator
immersed in a fluid by engineering a specific rugosity.97 A
simple but useful case might be when the rugosity traps largely
immobilized fluid near the silicon surface, hence greatly
enhancing the added mass (compared with a smooth surface)

and thus rendering the device more sensitive to local fluid
density. The dimensions of the molecules used in this work are
of the order of 10-9 m while the surface undulations are of the
order of 10-6 m.

The use of the plate’s first mode forces the structure that holds
the plate to recoil in response to the plate’s motion. The plate’s
resonance frequency is thus coupled to the support. Increasing
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 either then ) 2
mode{fr(p ) 0) ≈ 27.5 kHz} (for which one side of the plate
bends up while the other bends down) or then ) 3 mode
{{fr(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 then ) 2 andn ) 3 modes provided promising
results for density. Chang and Moldover98 have considered this
effect for the oscillating U-tube densimeter and recommended
use of then ) 3 mode.

Chen et al.99 and Nail et al.100 investigated the variation in
the resonance frequency of a cantilever with dimensions of order
1 mm immersed in a fluids as a function of separation of the
cantilever from a stationary solid object. Both sets of measure-
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
preliminary measurements101 and the calculations of Green and
Sader102 of the effect of separation of the plate from a stationary
object. Our plate is separated from the nearest object by at least
1 mm.

Ultimately, the zeroth order or inviscid model must be
modified to include viscous effects so that the working equations
are coupled by describing the motion with the equation of
continuity and the Navier-Stokes equations. Here we merely
allude to a result that will be published in the future, where
this will be done by modeling the flow using Stokeslets.103 Such
methods have previously been used to analyze the swimming
motions of microscopic organisms such as flagella.104-107 A
numerical method for computing Stokes flows using Stokeslets
has been described by Cortez.108 In ref 108, a general case of
Stokes flows driven by external forces was discussed. In
principle, this method can be applied to any moving body
interacting with fluid. However, we anticipate that the zeroth
order model, which assumes density and viscosity can be

Figure 4. Schematic cross-section through the vibrating plate and supporting 350‚ 10-6 m thick silicon. Wire-bond pads A, Wheatstone bridge boron-
doped polycrystalline silicon resistor B, and aluminum wire C that formed the coil.
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represented by independent equations, is probably not a
significant source of error and will provide estimates of density
and viscosity for the fluids studied over the density range (619
and 890) kg‚m-3 and viscosities between (0.205 to 0.711) mPa‚
s becauseCi with i ) 1 and 2 are determined with a fluid of
viscosity and density that includes these ranges. Manrique de
Lara and Atkinson109 and Manrique de Lara111 have proposed
an alternative model.

Models have been reported in the literature to obtain viscosity
from the resonance frequency of a cantilever.17,24-33,40,62-67 In
this work, we have assumed that the fundamental bending mode
of the plate (the flexural mode) is simple harmonic and that the
plate is immersed in an unbounded Newtonian fluid of viscosity,
ηf, and density,Ff, that affects the inertia (and thus to a certain
extent the resonance frequency) and damping but not the elastic
restoring force. The resonance quality factor,Q, is given by

at the resonance frequency (fr). We note parenthetically that a
viscoelastic fluid will alter the elastic restoring force. Including
Q {) fr/(2g)} atp ) 0, the working equation for fluid viscosity
is given by

wherefr(p ) 0) is the resonance frequency in a vacuum;gf is
the resonance half-line width in the fluid,g(p ) 0) in a vacuum;
Ff is the fluid density obtained from eq 13; andC3 is a constant
determined by calibration with a procedure described in the
Experimental Section. The constant of proportionality in eq 28
includes the effective area, which is difficult to define but should
be a constant for a given plate.

Apparatus and Experimental Procedures

MEMS Fabrication and Packaging.The design of the
MEMS (shown in Figure 1) is similar to a device reported by
Donzier et al.54 The MEMS was processed on a 101.6 mm
diameter silicon-on-insulator wafer (SOI) with crystallographic
plane (1,0,0). It consists of a 20‚ 10-6 m monocrystalline silicon
fusion bonded to a silicon oxide layer (about 0.5‚ 10-6 m thick
and called buried oxide or BOX) that isolates the upper layer
from the monocrystalline silicon wafer below that has a
thickness of about 350‚ 10-6 m. The use of the SOI wafer as
the starting material simplifies the deep reactive ion etch used
in the micro-machining and precisely defines the plate’s
thickness prior to layer deposition. About 600 transducers, of
the type shown in Figure 1, were processed on one 101.6 mm
diameter wafer. The processes required to fabricate the trans-
ducer include photolithography (as used in integrated circuit
fabrication) and deep reactive ion etching for the micro-
machining. Photolithography uses ultraviolet (UV) sensitive
material (photoresist) and masks that define shapes, and when
this combination is exposed to UV, the resulting patterned
surface is chemically etched to remove the unwanted materials
deposited onto the wafer to form particular elements, for
example, resistors. To actuate and sense the plate’s motion as
well as interconnect with the external electronics five boron-
doped polycrystalline silicon resistors and aluminum wire (both
shown in the cross-sectional view of Figure 4 as well as the
top view in Figure 1) were deposited onto the 20‚ 10-6 m
monocrystalline silicon. Four of these resistors (shown in Figures
1, 2, and 4) were located close to where the 20‚ 10-6 m thick

plate meets the 350‚ 10-6 m thick underlying wafer: two were
located parallel and two were perpendicular to the supporting
edge. These four resistors formed a strain gauge that was
configured as a Wheatstone bridge that was used, as described
below, to determine the motion and thus resonance frequency
of the plate. We required the resistance of these four resistors
to be stable relative to each other over the time required to
determine the resonance frequency; an accurate absolute mea-
surement of the strain is not required in this transducer as it is
for other sensors such as those used to measure pressure. The
optimal location of the strain gauge resistors was determined
by finite element analysis. The fifth resistor could be (but was
not in this work) used as temperature detector. Aluminum was
deposited and photolithography performed to obtain wire that
provided an excitation coil as well as electrical connections
between the wire-bond pads, the bridge, the thermometer
resistors, and the coil used to excite motion.

The complete fabrication process, which is similar in many
respects to that described by Bourouina et al.,110 will be
presented elsewhere and only an outline of the procedures is
provided here as they are in ref 111. The MEMS were fabricated
by EÄ cole Supe´rieure d’Ingénieurs en EÄ lectrotechnique et EÄ lec-
tronique (ESIEE). Atop the 20‚ 10-6 m wafer was deposited
about 0.3‚ 10-6 m of silicon dioxide onto which was deposited
about 0.4‚ 10-6 m of polycrystalline silicon that was then
annealed. The polycrystalline silicon was then doped, by ion
implantation, with boron to adjust the resistance and gauge
factor. The polycrystalline silicon was patterned by photoli-
thography, and the polycrystalline silicon not covered with
photoresist was subsequently removed by dry reactive ion
etching (RIE). This process formed boron-doped polycrystalline
silicon resistors each with a resistance of about 800Ω at a
temperature of 297 K. Four of these resistors formed a
Wheatstone bridge strain gauge, while the fifth resistor was a
temperature detector that had a resistance of about 600Ω at a
temperature of 298 K. Silicon nitride, with stoichiometry similar
to Si3N4, of thickness about 0.1‚ 10-6 m was deposited atop
the surface coated in etched polysilicon by low-pressure
chemical vapor deposition (LPCVD) to form a chemically inert
insulating layer. A 1‚ 10-6 m thick aluminum layer was
deposited by sputtering on to the silicon nitride that, after
photolithography, formed metal lines (shown in Figures 1, 2,
and 4) defining both a coil and electrical contacts between the
coil and resistors to the wire-bond pads. The aluminum wire
that formed the coil has (as shown schematically in Figure 4)
a rectangular cross-section with a line width of about 15‚ 10-6

m and total length of about 6 cm. The wire had a resistance of
about 300Ω at a temperature ofT ) 298 K. Each turn of the
coil was separated from the adjacent wire by a distance of about
5 ‚ 10-6 m. To protect the transducers from the environment in
which they would be immersed, two additional layers were
deposited atop the wafer. First, a layer of silicon dioxide about
0.5 ‚ 10-6 m thick was deposited that was then followed by a
layer of protective material that was about 0.6‚ 10-6 m thick.
These additional layers underwent photolithography at the wire
bond pads to expose the aluminum so that electrical contacts
could be made. Deep reactive ion etching (DRIE) was then used
on the top-face to remove the additional layers and the 20‚
10-6 m thick silicon in a groove around three sides of the
plate.112 The BOX acted as an etch stop. A second DRIE micro-
machining step was performed from the back of the chip to
remove the underlying 0.350 mm of silicon with the BOX acting
as a etch stop that was also removed with further micro-
machining. The result edge supported plate was about 1.45 mm

Q2 ∝ (2πfr,f)
-3ηfFf (27)

ηf )
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long and 1.8 mm wide with a thickness, which varied over the
surface area, from (21.6 to 23)‚ 10-6 m with an estimated
average thickness over the plate of≈ 22.25 ‚ 10-6 m. The
individual devices on a wafer were separated from each other
with a process known as dicing.

Each MEMS was wire-bonded (ultrasonically) to one end of
a printed circuit board (PCB) fabricated from polyimide that
was about 50 mm long. The other end of the PCB had solder
pads through which external electronics could be connected to
the active elements of the MEMS. The wire bond pads (shown
at right of Figure 1 and left of Figure 4) and the PCB were
sealed, with the moving element of the MEMS exposed at one
end and the solder pads of the PCB exposed at the other end,
within a 3.175 mm o.d. stainless steel, type 316, tube with an
adhesive. Prior to inserting the PCB into the tube, a Swagelock
fitting was compressed onto the tube about 25 mm from the
end from which the MEMS protruded. This arrangement, which
acted as a pressure tight electrical feedthrough, was solely
intended to provide a means of evaluating the MEMS immersed
in fluids at temperatures and pressures above ambient. However,
when the adhesive was used as a pressure seal the upper
operating temperature was limited to temperatures below 448
K and the upper operating pressure to less than 130 MPa. The
theoretical upper operating temperature of the MEMS, without
packaging, is limited to about 490 K by the boron doped
polycrystalline silicon resistors.

EWaluation Apparatus.The apparatus used to thermostat and
expose the packaged MEMS to fluids at pressure is shown in
Figure 5. The packaged MEMS A, shown in Figure 5, was
inserted into the top of a block that also contained a port for
the pressure C, shown in Figure 5, and at each end of the block,
there were tubes for fluid to be flushed through the mounting
block. The volume of the system between valves B of Figure 5
was about 2 cm3. These valves were sealed during the time
required for data acquisition. At the other end of each of these
tubes was located another valve not shown in Figure 5. The
PCB protruding from the end furthest from the plate, to which
interconnecting wires were soldered, was protected from the
thermostat fluid by a tube A, shown in Figure 5, that was sealed
with an O-ring. A bobbin, not shown in Figure 5, about 40 mm

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
plate was in the center of the bobbin. A dc current was passed
through the coil to form an electromagnet that provided the
magnetic flux (B; shown in Figure 2) perpendicular to the tip
of the vibrating plate. When about 1 A (at a voltage of about
25 V dc) was applied to the coil atT ) 298 K a flux of about
0.1 T, determined with a magnetic flux meter, was generated
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
significant local temperature rise. The aluminum coil on the
plate was driven with a frequency synthesizer (Agilent model
33120A) that was phase-locked to a global positioning satellite
stabilized 10 MHz time-base (Symmetricon model 58503B) to
give a relative resolution and accuracy in frequency of≈ 10-11

and< 10-11, respectively. Asp f 0 the synthesizer was set to
provide a signal amplitude of 0.15 V ac peak-to-peak (the
minimum required to attain lock with the detector) while at
p > 0 the voltage was increased to be about 1 V ac peak-to-
peak at the highest densities studied; for a given temperature,
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 current (i ≈ 1 mA in Figure 2) flowed through the coil in
the presence of the magnetic field the plate moved at the
frequency of the current as illustrated schematically in Figure
2. The Wheatstone bridge, located near the plate support, was
supplied with 0.5 V dc, and when the plate is forced to vibrate,
the bending motion results in a variation in the resistance of
two of the bridge resistors so that an ac out-of-balance voltage
is generated proportional to the displacement velocity. The
complex ac voltage generated by the plate’s motion is detected
with a lock-in amplifier (SRS model 850), set at a time-constant
of 0.3 s, relative to the complex voltage sent to the coil; the
voltage was determined by a differential measurement between
the two lock-in input channels. When the MEMS was immersed
in a fluid the fr(T, p) andQ(T, p) {) fr/(2g)} were considered
determined after three consecutive measurements ofT, p, and
f met the following criteria:∆T/T < 10-5, ∆p/p < 10-4, and
∆f/f < 10-5.

The resonance frequency (fr) and line half-width (g) of the
well-resolved singlet mode (1,0){the fr(2,0) ≈ 27.5 kHz at
p ) 0} were obtained from measurements of the in-phaseu(f)
and quadratureV(f) voltages at 11 discrete frequencies (f) from
≈ (fr - g) in steps ofg/5 to ≈ (fr + g) and then back to
≈ (fr - g) close tofr. The resonance scan was reversed from
≈ (fr + g) to ≈ (fr - g) to ensure that temperature drifts, which
would have lead to a serious error in the measurement ofg,
had not occurred during the course of the measurements. After
each frequency step the system waited a time, which is a
multiple of the slowest relaxation time of the measurement, prior
to measuring the complex voltage. In our case, this time was
determined by the post detection lock-in time constant. Thefr
and g were obtained from the measuredu(f) and V(f) by
assuming that the resonance took the form:

In eq 29,D is a complex amplitude proportional to the source
strength and phase shifts andE is the leading complex term in
a Taylor series forf nearfr. TheE accounts for the background

Figure 5. Schematic of the assembly that holds the MEMS and pressure
gauge and is immersed in a stirred fluid bath. Bottom left: pressure gauge
A, MEMS C, and valves B. Top: valve handles D, inlet tubes E, and outlet
tubes F. Bottom right: side view showing the valve B and inlet tube E.

u + iV ) - iDf

[(fr + ig)2 - f 2]
+ E (29)
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signal arising from tails of resonances other than the one under
study. The parameters appearing in eq 29 were determined using
a nonlinear regression algorithm developed by Mehl113 with
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 resonance
frequency depends on theQ of the resonance. ForQ ≈ 10 our
measurements and eq 29 returned a standard deviation in
resonance frequencyσ(fr) < 0.1 Hz. Inclusion of the frequency
dependent background in eq 29 was never justified based on a
significant reduction inø2 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 (u + iV) at 60 frequencies
spanning the range( 2g of fr. 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 than( 0.3 % of the maximum
voltage. The deviations from the fit did not exceed the noise. It
therefore follows thatfr is determined with a precision of about
( 0.3 % ofg that is fractionally about 6‚10-7 in a vacuum and
5‚10-5 in a liquid such as methylbenzene. To this extent this
resonator does indeed behave as predicted by eq 29. For the
sake of clarity, only one-fifth of the measurements are shown
in Figure 6.

The MEMS and pressure gauge held within the evaluation
apparatus were suspended in and thermostated by a stirred fluid
bath (Hart Scientific model 6022) containing a poly(dimethyl-
siloxane) polymer (CH3)3SiO[SiO(CH3)2]nSi(CH3)3 (Dow Corn-
ing 200-20 with CAS Registry No. 63-148-62-9). This thermo-
stat had both a vertical and horizontal temperature stability of
< ( 0.003 K when operated in the temperature range (323 to
448) K. The temperature of the bath fluid was determined on
the International Temperature Scale of 1990 (ITS-90) using a
long-stem platinum resistance thermometer (Isotech model

909B), with the center of the sensing element located in the
same horizontal plane as the plate, and an ac ratio-transformer
bridge (ASL F300 with a nominal 25Ω Wilkins standard
resistor) that gave a resolution of( 1 mK and an accuracy, at
each temperature, specified by ITS-90. During the time required
to measure the resonance frequency, the temperature of the bath
fluid varied, in the worst case, by aboutδT ) 3 mK. In the
remainder of the analysis, we assume the uncertainty in the
temperature of the fluid to which the MEMS is exposed is equal
the variations in the bath fluid temperature. However, the
mounting block presumably damped the bath fluid temperature
fluctuations, and it is reasonable to assume that this estimate
represents an upper bound for the variations of the temperature
of the fluid in which the MEMS was immersed. Nevertheless,
the δT ) 3 mK results in an almost negligible uncertainty in
density ofδF < 0.003 kg‚m-3 (about 0.0004 %) because for
the fluids investigated over our temperature and pressure range
|(∂F/∂T)p| < 1 kg‚m-3‚K-1. This δT ≈ 0.003 K also gives rise
to an insignificant (<0.003 %) variation in viscosity on the
reasonable assumption that|(∂η/∂T)p| < 7 ‚ 10-6 Pa‚s‚K-1. We
conclude that temperature variations result in a negligible
uncertainty in our measured density and viscosity.

Pressures greater than 0.1 MPa were measured using a
resonant quartz transducer (Quartzdyne model QHB009-16-200
serial number 157 972 with a maximum operating pressure of
110 MPa and maximum operating temperature of 473 K) with
an accuracy cited by the manufacturer of about 0.02 % of full
scale. When the pressure transducer was calibrated against an
oil-lubricated dead-weight gauge it was found to have an
uncertainty ofδp/MPa) ( {0.0001‚(p/MPa)+ 0.022}, where
the quantity 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 investigated theδp < 0.029 MPa
and, when combined, in the worst case, with (∂F(C8H18, 423
K, 7 MPa)/∂p)T ≈ 2 kg‚m-3‚MPa-1 corresponds to a potential
uncertainty in density of 0.05 kg‚m-3 (or about 0.007 %). For
viscosity, in the worst case, (∂η/∂p)T ≈ 5 mPa‚s‚MPa-1 and the
δp ≈ 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
an accuracy cited by the supplier of 0.008 % of full-scale (about
8.8 Pa).

Prior to measurements with each fluid, the apparatus was
evacuated, with a turbo-molecular pump, to a pressure (as
indicated by an ionization gauge located near the pump) of less
than 10-2 Pa for at least 24 h. The pressure within the apparatus
where the MEMS is located could have been considerably higher
owing to the low pumping impedance of the high-pressure tube
that is about 1 m long and has 0.8 mm i.d. Between measure-
ments with each fluid, the apparatus temperature was set to a
temperature of 373 K and evacuated for about 12 h. The
apparatus was cooled toT ) 323 K and flushed three times
with the fluid to be investigated.

At T ) 423 K our measurements were affected by a lower
signal-to-noise ratio. Plausible explanations for this decrease
might arise from a decreased magnetic flux and a greater thermal

Figure 6. Top: Measured in-phaseu and quadrature voltageV as a function
of frequency over the (1,0) fundamental mode of the flexural plate in
methylbenzene at a temperature of 323.212 K and pressure of 5.4723 MPa
where according to Assael et al.90 the density is 843.9 kg‚m-3 and the
viscosity is 0.4401 mPa‚s. The complex voltage was obtained from the
Wheatstone bridge relative to the complex voltage sent to the coil as a
ratio of the maximum detectable voltage of the lock-in at a sensitivity of 5
mV. Bottom: relative differences∆X/X ) {X(expt)- X(calcd)}/Xmax where
X ) u or V of the measuredX(expt) minus the calculated voltagesX(calcd)
from eq 29113 with the following fitted parameters:fr + ig ) (3970.7231
+ i55.7176) Hz,D ) (60.9400+ i0.8344),E ) -(0.3964+ i0.0695).
Xmax is the maximumu or V. The data were taken at intervals of 10 Hz
from the lowest to the highest frequency and then back to the lowest. Drifts
in the temperature of the apparatus or the lock-in would be detected from
variations in the measured values. For the sake of clarity one-fifth of the
measurements are shown.O, u; ], V.
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noise of the Wheatstone bridge. However, no experiments were
performed to identify and correct the observation. This reduction
in signal-to-noise results in resonance frequencies and half
resonance line-widths with uncertainties greater by a factor of
between (5 and 10) over those obtained at lower temperatures.
These greater errors propagate to increase the errors in density
and particularly viscosity.

Materials. The octane used was supplied by Aldrich with a
mass fraction purity greater than 0.99 as anhydrous and
containing mass fractions less than< 2‚10-5 of water and
< 3‚10-4 of an unspecified solid residue after evaporation.
Methylbenzene was supplied with a mass fraction purity greater
than 0.998 and contained a mass fraction of water less than
3‚10-4. Chemical compositional analyses were performed
neither before nor after the measurements, and we have assumed
that there were no variations in chemical composition from those
cited by the supplier. The samples were degassed by vacuum
sublimation and dried over a 0.4 nm molecular sieve for about
24 h. Prior to use the molecular sieve was heated for at least 48
h to a temperature> 500 K while maintaining the pressure at
< 1 mPa with a turbo-molecular pumping station. Although no
measurements were performed to identify the impurities in the
samples it is plausible that there were hydrocarbons of similar
normal boiling temperature{T(lg, p ) 0.1 MPa)} to those of
the major constituent. A mole fractionx ≈ 0.01 of those
chemicals would introduce an uncertainty of< 0.1 % in both
the measured density and viscosity.

Calibration. The resonance frequency (fr) and line half-width
(g) were measured at a temperature of 323 K in a vacuum (listed
in Table 1) and when the plate was immersed in methylbenzene
(listed in Table 2) at pressures below 68 MPa. The resonance
frequencies were combined with both the elastic properties,
described above, and the density was estimated from the
correlation reported by Assael et al.90 (determined from our
measurements of temperature and pressure) to obtain values for
C1 andC2 in eq 26 under the constraint the resonance frequency
measured in a vacuum and listed in Table 1 must be reproduced
by

with the sameC1 and C2. The parameterC3 in eq 28 was
determined by regression on the resonance frequencies and line
half-widths combined with the density of silicon and the density
and viscosity obtained from ref 90. The values of theCi values
with i ) 1, 2, and 3 so determined are listed in Table 3. The
densities of stoichiometric monocrystalline materials atop the
silicon are greater than that of pure silicon, and thus one might
expect C1 to be greater than unity; however, the deposited

materials are probably neither stoichiometric nor monocrystal-
line. This might explain whyC1 determined from the measure-
ments is about 11 % below unity. The elastic properties of the
additional layers are less than that of silicon and presumably
this (along with the process used to deposit the layers) drastically
reduces the effective Young’s modulus (E) and thus reduced
C2 from unity. The first term of eq 26 contributes between (899.5
to 950.6) kg‚m-3 to the measured density that arises mostly
from variation in the resonance frequency while the second term
varies by 0.04 kg‚m-3 from -(62.53 to 62.49) kg‚m-3, a
variation that arises solely from the pressure dependence of both
the density and elastic properties of silicon.

The measured resonance frequencies (fr) and quality factors
(Q) obtained in a vacuum as a function of temperatures in the
range (323 to 423) K are shown in Figure 7. As expected, both
fr andQ decrease with increasing temperature. The resonance
frequencies asp f 0 are shown in Figure 8 as fractional
deviations from the values obtained from eq 30 withC1 andC2

of Table 3 that never exceed 0.11 %. However, the values of
Q(p f 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 al.114 and Yasumura et al.115 and
from naive calculations for our plate. At a pressure of about 1
Pa theQ values reported by Bruschi et al.116 are of the same
order of magnitude as our observations listed in Table 1.

The densities determined using eq 26 at a temperature of 323
K with the C1 andC2 listed in Table 3 are shown in Figure 9
as relative deviations from the values obtained from the
correlation of Assael et al.90 and all lie within ( 0.1 %. The
correlation of Assael et al.90 has an estimated expanded (k )
2) uncertainty in density of about 0.1 % that is shown in Figure
9 with a broken line. Our results deviate from ref 90 within the

Table 1. Resonance Frequencyfr , the Resonance Line Half-Widthg,
and the Quality Factor Q, {) fr /(2g)} at Temperature T, and a
Pressure of about 5·10-3 Pa Determined with an Ionization Gauge
Separated from the MEMS by about a 1 m Length of 0.8 mm i.d.
Tubea

T/K fr(p f 0)/Hz g(p f 0)/Hz Q

323.151b ( 0.003 11886.5943( 0.0080 2.6614( 0.0080 2233.147
348.144( 0.003 11887.313( 0.020 2.436( 0.020 2439.624
373.123( 0.003 11865.2865( 0.0059 2.7023( 0.0059 2195.405
373.111( 0.003 11876.164( 0.011 2.757( 0.011 2154.133
423.091( 0.003 11838.078( 0.082 7.646( 0.082 774.186

a The uncertainties given infr and g are one standard uncertainty as
determined from the fit of the measured in-phase and quadrature voltage
to eq 29.b Used to determineC1 andC2.

fr(p ) 0) ) (2π)-1[ C2Eυn
4d2

12{1 - σ2}a4FsC1
]1/2

(30)

Figure 7. Resonance frequencyfr and quality factorQ of the (1,0)
fundamental mode of the edge-supported plate at a pressure of about 5‚10-3

Pa determined by an ionization gauge separated from the MEMS by about
a 1 m length of 0.8 mm i.d.O, fr; 0, Q.

Figure 8. Relative fractional difference∆fr/fr ) {fr(expt) - fr(calcd)}/
fr(calcd) of the experimentally determined resonance frequencyfr(expt) from
the calculated resonance frequencyfr(calcd) determined from eq 14 with
the calibration coefficientsC1 and C2 of Table 3 and the temperature-
dependent elastic properties and density of silicon described in the text as
a function of temperature. The pressure was about 5‚10-3 Pa as determined
by an ionization gauge separated from the MEMS by about a 1 mlength of
0.8 mm i.d. tube.O, fr.
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estimated expanded uncertainty except atp ) 0.1 MPa where
our measurement lies-0.25 % below ref 90; in this range the
deviations increase with increasing pressure. Based on the
measurements performed, we have been unable to identify the

source of these differences. Nevertheless, we take the average
of the absolute differences of( 0.1 % as a measure of the
anticipated precision in the measurements of density with this
instrument. The densities reported in refs 126-133 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
reported by Po¨hler and Kiran141 are systematically low by
0.4 %.

The viscosities determined atT ) 323 K from eq 28 with
the measuredQ combined withC3 (listed in Table 3) and the

Table 2. DensityG, and Viscosity η, of Fluid i, Determined from the MEMS Resonance Frequencyfr,f , and the Resonance Half Line-Widthgf

as a Function of Mean Pressure〈p〉 at the Given Mean Temperatures〈T〉a

i <T>/K 〈p〉/MPa fr,f/Hz gf/Hz F/kg‚m-3 η/10-6 Pa‚s

methylbenzene 323.151b ( 0.003 0.100( 0.022 3134.271( 0.037 54.256( 0.037 837.0( 1.7 421( 10
13.940( 0.023 3108.988( 0.051 57.256( 0.051 850.7( 1.7 482( 12
27.338( 0.025 3088.675( 0.046 59.128( 0.046 861.7( 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 3054.941( 0.063 62.898( 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 373.111( 0.003 13.270( 0.023 3179.396( 0.022 46.1629( 0.022 807.3( 1.6 292.4( 7.1
26.975( 0.025 3150.19( 0.11 49.0257( 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 3107.36( 0.13 53.2504( 0.13 845.0( 1.7 419( 11
68.196( 0.029 3091.430( 0.028 53.8692( 0.028 853.4( 1.7 436( 11

octane 323.151( 0.003 0.100( 0.022 3459.191( 0.043 59.943( 0.043 676.0( 1.4 389.2( 9.5
10.096( 0.023 3430.717( 0.049 62.901( 0.049 687.7( 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( 0.057 706.7( 1.4 530( 13
41.050( 0.026 3366.477( 0.080 69.920( 0.080 714.6( 1.4 576( 14
54.543( 0.027 3344.647( 0.068 72.521( 0.068 723.9( 1.4 633( 16
68.036( 0.029 3325.290( 0.077 75.224( 0.077 732.2( 1.5 693( 17

octane 348.144( 0.003 0.100( 0.022 3507.68( 0.16 53.77( 0.16 654.3( 1.3 301.1( 8.1
7.551( 0.023 3481.27( 0.13 55.96( 0.13 664.7( 1.3 333.8( 8.7

13.680( 0.023 3462.78( 0.09 56.946( 0.092 672.2( 1.3 351.3( 8.8
20.500( 0.024 3444.94( 0.17 58.57( 0.17 679.4( 1.4 378( 10
27.466( 0.025 3428.47( 0.06 59.895( 0.065 686.1( 1.4 400.8( 9.9
27.469( 0.025 3428.56( 0.12 59.85( 0.12 686.1( 1.4 400( 10
34.314( 0.025 3416.76( 0.04 61.265( 0.037 690.8( 1.4 424( 10
34.305( 0.025 3413.78( 0.03 61.197( 0.033 692.1( 1.4 424( 10
41.227( 0.026 3400.08( 0.04 62.595( 0.041 697.8( 1.4 449( 11
41.226( 0.026 3399.95( 0.04 62.563( 0.037 697.9( 1.4 449( 11
48.070( 0.027 3387.30( 0.07 63.719( 0.070 703.1( 1.4 471( 12
55.004( 0.028 3375.32( 0.05 65.188( 0.055 708.1( 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 3364.30( 0.21 67.07( 0.21 712.8( 1.4 533( 15
61.992( 0.028 3361.17( 0.24 66.26( 0.24 714.2( 1.4 522( 15

octane 373.120( 0.003 6.723( 0.023 3527.003( 0.032 51.893( 0.032 644.7( 1.3 275.7( 6.7
6.724( 0.023 3527.059( 0.025 51.902( 0.025 644.6( 1.3 275.8( 6.7

20.592( 0.024 3480.471( 0.070 54.826( 0.070 662.9( 1.3 320.5( 8.0
20.599( 0.024 3480.347( 0.054 54.920( 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( 0.032 677.1( 1.4 364.6( 8.9
34.324( 0.025 3444.786( 0.039 57.574( 0.039 677.2( 1.4 364.9( 8.9
41.184( 0.026 3429.08( 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 3428.90( 0.14 58.65( 0.14 683.6( 1.4 384( 10
48.024( 0.027 3415.264( 0.029 60.123( 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 61.465( 0.048 694.6( 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 62.297( 0.036 699.8( 1.4 449( 11

octane 423.090( 0.003 14.725( 0.023 3580.49( 0.66 49.72( 0.66 620.5( 1.3 229( 13
27.159( 0.025 3531.67( 0.72 51.07( 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 3454.60( 0.79 57.44( 0.79 668.8( 1.4 344( 21
68.420( 0.029 3434.9( 1.1 57.6( 1.1 676.4( 1.5 352( 29

a Pressures 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 uncertainties inT andp are reported. The values
of fr,f andgf were determined from an analysis of the complex voltages obtained with both increasing and decreasing frequency. The uncertainties infr,f and
gf are one standard deviation as determined from the fit of the measured in-phase and quadrature voltages to eq 29. The combined expanded (k ) 2)
uncertainties in density and viscosity include those arising from the complex resonance, temperature, pressure, and calibration combined in-quadrature.
b Used to determineC1, C2, andC3.

Table 3. Values ofCi 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 f 0) of Table 1

T/K C1 C2 C3/kg2‚m-4‚s-5

323.15 0.8915035 3.759206‚10-2 9.298190195‚1012
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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 al.90 along with measurements reported
in refs 127, 129-134, 144, and 148. The correlation of Assael
et al.90 has an estimated expanded (k ) 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 differences of( 1.2 % as a
measure of the anticipated precision in the measurements of
viscosity.

Finally, we note that in eqs 13 and 28 we have assumed the
Ci, with i ) 1, 2, and 3 are independent ofT, p, η, andF. The
consequences of these assumptions for the petroleum reservoir
application will be discussed further below.

Results and Discussion

The resonance frequencyfr,f and resonance line half-width
gf of the first eigenmode of the edge-supported plate that were
measured while it was immersed in methylbenzene at 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 thefr andg of Table
2 combined with theC1, C2, andC3 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,f 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 factork ) 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 with (∂η/∂T)p and (∂η/∂p)T for viscosity
and (∂F/∂T)p with (∂F/∂p)T 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
(∂η/∂p)T for viscosity and (∂F/∂p)T for density. These derivatives
were estimated from a combination of our results and the
uncertainties in the pressure measurementδp listed in Table 2.
The contribution to the uncertainty in viscosityδη from δp was
less than 0.15 mPa‚s (about 0.02 %), andδη decreased with
increasing temperature while the density errorδF from δp was
less than 0.05 kg‚m-3 (< 0.01 %). The contribution to the
uncertainty from either (∂η/∂T)p or (∂F/∂T)p was estimated from
a combination of our results and the uncertainties in the
temperature measurement,δT, listed in Table 2. The contribution
to δη from δT was less than-0.02 mPa s (about 3‚10-4 %)
andδF ≈ -3‚10-3 kg‚m-3 (about 4‚10-4 %). 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 al.90 All deviations are between (0.2 and 0.4) % above
ref 90 but agree with the correlation within a multiple of 1.1
times the combined uncertainty. Densities obtained from refs
135-144 are also shown in Figure 11, and except for the
measurements of Gouel135 that differ systematically by about
-0.4 %, they lie within (-0.1 and 0.15) % of ref 90, which is
within the estimated expanded uncertainty. These results show
that for a fluid, with viscosity of order 1 mPa‚s at temperatures
in the range (323 to 373) K, theC1 andC2 can be considered
independent of temperature. The viscosities obtained for meth-
ylbenzene are listed in Table 2 and shown in Figure 12 as
deviations from the values obtained from the correlation of
Assael et al.90 along with the values from refs 143-148 at this

Figure 9. Fractional deviations∆F ) F(expt) - F(calcd) of the experi-
mental densitiesF(expt) of methylbenzene atT ≈ 323.15 K from values
F(calcd) obtained with the correlation of Assael et al.90 as a function of
density F. b, 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 et al.90 with our
experimental temperatures and pressures;s, ref 126; gray diamond, ref
127; gray filled diamond, ref 136; gray asterisk, ref 128;0, ref 137; gray
filled triangle, ref 138; gray circle, ref 129;×, ref 139; asterisk, ref 140;
], ref 141;9, ref 142; gray filled square, ref 143; gray+, ref 130; gray
filled circle, ref 131; gray square, ref 132;4, ref 144;2, ref 133; and- -,
expanded (k ) 2) uncertainty of the correlation ref 90.

Figure 10. Fractional deviations∆η ) η(expt) - η(calcd) of the
experimental viscositiesη(expt) of methylbenzene atT ) 323.15 K from
valuesη(calcd) obtained with the correlation of Assael et al.90 as a function
of densityF. b, 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 et al.90 with our
experimental temperatures and pressures;+, ref 127;2, 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;4, ref 144; 0, ref 148; and
- -, expanded (k ) 2) uncertainty of the correlation ref 90.
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temperature; of these literature sources, only refs 143 and 144
extend to cover the pressure range of our measurements. Assael
et al.90 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 Castro144 and Dymond and Robertson.145 These
results demonstrate that for a fluid, with densities in the range
(805 to 877) kg‚m-3 at temperatures in the range (323 to 373)
K, the constantC3 can be considered independent of tempera-
ture.

The density of octane was determined at four temperatures
of (323, 348, 373, and 423) K (using theC1 andC2 of Table 3
determined from measurements with methylbenzene atT ) 323
K) and the results are listed in Table 2. Figures 13 through 16
show our results at temperatures from (323 to 423) K,
respectively, with values from the literature as relative differ-
ences from the densities obtained with our measurement of
temperature and pressure from the correlation of literature results
reported by Span and Wagner117 as a function of densityF; ref
117 is identical to that reported by Span.118 The correlation of
Wagner and Span117 has an uncertainty of( 0.2 % atp e 30
MPa and( 0.5 % atp > 30 MPa, which is depicted in Figures
13 through 16 with broken lines. The relative deviations would

not have differed significantly had the correlation of Cibulka
and Hnedkovsky´119 combined with a reference density given
by Cibulka120 at the vapor pressure reported by Ambrose and

Figure 11. Fractional deviations∆F ) F(expt) - F(calcd) of the
experimental densitiesF(expt) of methylbenzene atT ≈ 373.15 K from
valuesF(calcd) obtained with the correlation of Assael et al.90 as a function
of density F. b, this work, with error bars representing the expanded
uncertainty, determined by adjustment of two coefficients to minimize the
difference between the densities obtained from the MEMS and values
obtained from the correlation of Assael et al.90 with our experimental
temperatures and pressures;+, ref 135; gray filled diamond, ref 136;0,
ref 137; gray filled triangle, ref 138;×, ref 139; asterisk, ref 140;], ref
141;9, ref 142; gray filled square, ref 143;4, ref 144; and- -, expanded
(k ) 2) uncertainty of the correlation ref 90.

Figure 12. Fractional deviations∆η ) η(expt) - η(calcd) of the
experimentally determined viscosityη(expt) of methylbenzene atT ) 373.15
K from valuesη(calcd) obtained with the correlation of Assael et al.90 as
a function of densityF. b, this work, with error bars representing the
expanded uncertainty, determined by adjustment of one coefficient to
minimize the difference between the viscosity obtained from the MEMS at
T ) 323.15 K and values obtained from the correlation of Assael et al.;90

4, ref 144; gray filled square, ref 143; gray square, ref 145; asterisk, ref
146;[, ref 147;0, ref 148; and- -, expanded (k ) 2) uncertainty of the
correlation ref 90.

Figure 13. Fractional deviations∆F ) F(expt) - F(calcd) of the
experimental densitiesF(expt) of octane atT ) 323.15 K from values
F(calcd) estimated from the correlation of Span and Wagner117 as a function
of density F. b, this work, with error bars representing the expanded
uncertainty, determined with the calibration coefficients obtained atT )
323.15 K when immersed in methylbenzene;4, ref 149; gray filled diamond,
ref 150;0, ref 151; asterisk, ref 152; gray circle, ref 153;+, ref 154; gray
filled square, ref 155; gray filled triangle, ref 156;], ref 157;O, ref 133;
gray filled circle, ref 158;×, ref 159; and- -, uncertainty of the correlation
ref 117.

Figure 14. Fractional deviations∆F ) F(expt) - F(calcd) of the
experimental densitiesF(expt) of octane atT ) 348.15 K from values
F(calcd) estimated from the correlation of Span and Wagner117 as a function
of density F. b, this work, with error bars representing the expanded
uncertainty, determined with the calibration coefficients obtained atT )
323.15 K when immersed in methylbenzene;4, ref 149; gray filled diamond,
ref 150; asterisk, ref 152; gray circle, ref 153; gray filled square, ref 155;
], ref 157;O, ref 133; gray filled circle, ref 158;×, ref 159; and- -,
uncertainty of the correlation ref 117.

Figure 15. Fractional deviations∆F ) F(expt) - F(calcd) of the
experimental densitiesF(expt) of octane atT ) 373.15 K from values
F(calcd) estimated from the correlation of Span and Wagner117 as a function
of density F. b, this work, with error bars representing the expanded
uncertainty, determined with the calibration coefficients obtained atT )
323.15 K when immersed in methylbenzene;4, ref 149;0, ref 151; asterisk,
ref 160;+, ref 135; gray filled square, ref 151; gray filled circle, ref 158;
], ref 157;O, ref 161;×, ref 159; and- -, uncertainty of the correlation
ref 117.
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Walton121 been used. AtT ) 323 K (shown in Figure 13), our
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 Sen.157 Our results
show the same density dependence as the results reported by
Kiran and Sen,157 albeit with an offset, while all other literature
values differ from ref 117 by less than( 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
117 and the literature values except the measurements reported
by Kiran and Sen157 that lie about 1 % below ref 117. The results
obtained at a temperature of 373 K (shown in Figure 15) lie
between (-0.1 and 0.2) % of ref 117 while the literature values
lie within (-0.3 and 0.5) % of ref 117. AtT ) 423 K, where
the literature values differ from ref 117 by between (-0.2 and
0.5) %, our results agree (as shown in Figure 16) with those
obtained from ref 117 within the assigned expanded uncertainty.
The densities reported by Caudwell,149 which were obtained
using a vibrating wire with a mass suspended from one end,
are shown in Figure 13 through 16. These differ from our results
by about 1.5 times the estimated expanded uncertainty in our
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
Ci.

The viscosity of octane determined over the temperature range
(323, 348, 373, and 423) K from eq 28 withC3 of Table 3
using the density given in Table 2 is also listed in Table 2.
Figures 17 through 20 show our results with values from the
literature as relative differences from viscosities obtained with
the correlation of Huber et al.122 that used the correlation for
density reported by Span and Wagner.117 Had we used the
viscosity correlation reported by Assael et al.,123 the baseline
in Figures 17 through 20 would have changed by no more than
2 %, which is equivalent to the uncertainty in the viscosity
obtained from the correlation of Huber et al.122 At temperatures
between (323 and 373) K at all pressures, our results lie within
the combined uncertainty of the correlation and our results. At
T ) 323 K (shown in Figure 17), our results deviate (albeit
with a systematic undulation) from ref 122 by between (-2.5
and 3.5) % while the literature results lie within (-3 and 1) %
of ref 122 except for those reported by Kiran and Sen,157 which
lie between (3 and 6) % above ref 122. AtT ) 348 K (shown

in Figure 18), our results deviate between (-3 and 1) % from
ref 122 and lie within 2 % of all literature values except those
reported by Kiran and Sen,157 which deviate from ref 122 by 5
% at the lowest pressure to about 10 % at the highest pressure
studied. The results obtained atT ) 373 K (shown in Figure
19) lie between (1 and 4) % above ref 122, agree with the most
recent measurements obtained with a vibrating wire,149 and lie
within 1.5 times the assigned uncertainty of all other literatures
values except those reported by Kiran and Sen,157 which deviate

Figure 16. Fractional deviations∆F ) F(expt) - F(calcd) of the
experimental densitiesF(expt) of octane atT ) 423.15 K from values
F(calcd) estimated from the correlation of Span and Wagner117 as a function
of density F. b, this work, with error bars representing the expanded
uncertainty, determined with the calibration coefficients obtained atT )
323.15 K when immersed in methylbenzene;4, ref 149; asterisk, ref 160;
], ref 157; and- -, uncertainty of the correlation ref 117.

Figure 17. Fractional deviations∆η ) η(expt) - η(calcd) of the
experimental viscositiesη(expt) of octane atT ) 323.15 K from values
η(calcd) obtained with the correlation of Huber et al.122 as a function of
densityF. The density required in ref 122 was taken from ref 117.b, this
work, with error bars representing the expanded uncertainty, determined
with the calibration coefficients obtained atT ) 323.15 K when immersed
in methylbenzene and the densities of Table 2;O, ref 133;], ref 157;4,
ref 149;0, ref 151;×, ref 162; and- -, uncertainty of the correlation ref
122.

Figure 18. Fractional deviations∆η ) η(expt) - η(calcd) of the
experimental viscositiesη(expt) of octane atT ) 348.15 K from values
η(calcd) obtained with the correlation of Huber et al.122 as a function of
densityF. The density required in ref 122 was taken from ref 117.b, this
work, with error bars representing the expanded uncertainty, determined
with the calibration coefficients obtained atT ) 323.15 K, when immersed
in methylbenzene and the densities from Table 2;O, ref 133;], ref 157;
4, ref 149; 0, ref 151; ×, ref 162; and- - - -, uncertainty of the
correlation ref 122.

Figure 19. Fractional deviations∆η ) η(expt) - η(calcd) of the
experimental viscositiesη(expt) of octane atT ) 373.15 K from values
η(calcd) obtained with the correlation of Huber et al.122 as a function of
densityF. The density required in ref 122 was obtained from ref 117.b,
this work, with error bars representing the expanded uncertainty, determined
with the calibration coefficients obtained atT ) 323.15 K, when immersed
in methylbenzene, and the densities from Table 2.;], ref 157;4, ref 149;
0, ref 151;×, ref 162; and- -, uncertainty of the correlation ref 122.
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up to 10 % from ref 122. Finally, atT ) 423 K, our results
have an expanded uncertainty of about 6 %. This arises from
the larger{by a factor of between (5 and 10)} error in the
resonance frequency and the resonance half-line width that we
attributed to a lower signal-to-noise ratio at this temperature.
At this temperature, our values of viscosity are shown as relative
fractional deviations from ref 122 in Figure 20, and they lie
between (6 and 14) % above ref 122. The viscosity reported by
Caudwell149 and obtained with a vibrating wire viscometer
agrees within the estimated expanded uncertainty of our results,
as do the measurements of Agaev and Golubev.162 The latter
differ from ref 122 by about-1 % at the lowest density, a
difference that increases with increasing density to 7 % at the
highest density.

The measurements were performed first with octane at
temperatures of (348, 373, and 323) K followed by methylben-
zene at temperatures of (323 and 373) K, and finally octane at
a temperature of 423 K. It is entirely plausible the procedure
used to clean the apparatus between measurements with different
fluids was inadequate and, because this reduced the chemical
purity from that cited by the supplier, introduced an additional
uncertainty in the measurements. The effect of this source of
uncertainty on the measured density and viscosity can be
estimated. Contamination could have occurred for the measure-
ments with methylbenzene that were performed after those on
octane or when the fluid was changed from methylbenzene to
octane. In either of these cases, (1/η)(∂η/∂x)T,p≈ 0.4 and implies
that a mole fractionx ) 0.3 of the contaminant would be
required to introduce an uncertainty in viscosity of( 10 %
while (1/F)(∂F/∂x)T,p ≈ 0.3 and suggests thatx ) 0.03 would
be required to introduce an error( 1 % in density. These, albeit
large, mole fractions of impurity cannot be ruled out in the
absence of chemical composition measurements but appear
implausible because of the consistency of the results presented
here with literature correlations of data that are independent of
ours.

If we assume the correlations of the measurements reported
in the literature for each fluid and thermophysical property are
for all intents and purposes exact, the relative deviations shown
in Figures 11 to 20 might arise from one or more of the
following plausible sources of error in our experiment: first,
the simplicity of eq 26 that was obtained with the assumption
that density can be represented by an expression independent
of viscosity (the inviscid assumption used to obtain eq 13);
second, the simplicity of eq 28; and third, the arbitrary use of
only three calibration parameters two for density (eq 26) and
one for viscosity (eq 28).

For the fluids investigated and reported in this paper, the
density varied between (619 and 890) kg‚m-3 and viscosity over
the range (0.205 to 0.711) mPa‚s. To investigate the effect of
varying viscosity on the measured density, preliminary measure-
ments were performed with research grade argon obtained from
Praxair with a mole fraction purity greater than 0.999999. The
resonance frequency and half line-width were measured at a
temperature of 323.151 K at pressures between (13.8 and 68.4)
MPa, and eqs 26 and 28 were used with the coefficients of Table
3, determined with methylbenzene, to obtain both density and
viscosity. The densities so determined were about 4 % below
the correlation of Tegeler et al.,124 while the viscosity was 5 %
above the correlation of Lemmon and Jacobsen.125 This
demonstrates the naivety of eqs 13 and 28. In a future paper,
we will report measurements with fluids of viscosities between
(0.01 and 300) mPa‚s and densities in the range (1 to 1850)
kg‚m-3. These results will be used to examine further the
applicability of the working equations described in this paper,
particularly with respect to order of magnitude variations in
viscosity, and also present, as we alluded to above, a complete
solution coupling both density and viscosity. Presumably, the
deviations of our measured densities and viscosities from the
accepted literatures values will decrease when these properties
are obtained from the complex frequency with other working
equations.103,109,111

Conclusion

Our intent was to fabricate a densimeter/viscometer for the
simultaneous measurement of density and viscosity that can
operate at temperatures below 473 K and pressures up to 200
MPa and provide densities with an uncertainty of( 1 % and
viscosities with an uncertainty of( 10 %. The temperature and
pressure range represent those experienced in petroleum reser-
voirs and the production system while the accuracy in both
properties are sufficient to guide value and exploitation calcula-
tions with sufficient rigor. The geometry of the device was also
constrained by the requirements to derive working equations
for a well-defined shape of known dimensions and, when
fabricated by the methods of MEMS, necessarily precluded the
use of curved surfaces. The operating environment, geometric
constraints, fabrication process, and desired uncertainty in
density and viscosity meant that the robustness of the device
was given a higher priority in the design than assigned to
accuracy. Nevertheless, the complex frequency determined when
the MEMS was immersed in methylbenzene at a temperature
of 373 K and octane at temperatures between (323 and 423) K
and pressure below 68 MPa provided density and viscosity with
an estimated relative combined expanded (k ) 2) uncertainty,
including the calibration, of about( 0.2 % for density and
< ( 2.5 % for viscosity and about( 6 % atT ) 423 K. At
T < 423 K, the measured density differed by( 0.3 %, and the
viscosity differed by less than( 5 % from literature values.
The literature values were obtained from either accepted
correlations or measurements obtained from experimental
techniques that utilize different principles and thus have quite
different sources of systematic error. 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 %.
It is plausible at a temperature of 423 K the packaged MEMS
had mechanical characteristics that are significantly different
than they are at lower temperatures. Presumably the differences
between density and viscosity obtained with the MEMS and
those from other experimental methods will decrease as the
working equations for the MEMS are improved.103,109,111

Figure 20. Fractional deviations∆η ) η(expt) - η(calcd) of the
experimental viscositiesη(expt) of octane atT ) 423.15 K from values
η(calcd) obtained with the correlation of Huber et al.122 as a function of
densityF. The density required in ref 122 was obtained from ref 117.b,
this work, with error bars representing the expanded uncertainty, determined
with the calibration coefficients obtained atT ) 323.15 K, when immersed
in methylbenzene, and the densities of Table 2;4, ref 149;×, ref 162; and
- -, uncertainty of the correlation ref 122.
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Within the constraints of the upper operating pressure
determined by the positive displacement pump and the upper
operating temperature determined by adhesive used in the
packaging, the goal of determining density to( 1 % and
viscosity to( 10 % in viscosity has been achieved.
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