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Abstract A sensor, based on a small cylindrical acoustic resonator that may be suit-
able for measuring the speed of sound in natural and other process gases under pipeline
conditions is described. The resonator is physically robust and requires minimal cal-
ibration. The speed of sound is obtained from the resonance frequency of a single
longitudinal mode of oscillation that is isolated in the frequency spectrum of the cav-
ity and can therefore be located and measured automatically. The design and acoustic
model of the sensor are discussed. The performance of a prototype device was vali-
dated by means of measurements on three pure gases: argon, nitrogen and methane.
The results of these measurements agree with the predictions of the most accurate
equations of state with an absolute average deviation of about 0.02 % and a maxi-
mum absolute deviation of 0.06 % at temperatures between 293.15 K and 333.15 K
and at pressures between 0.1 MPa and 10 MPa. Additional design features have
been tested that may facilitate the deployment of the sensor in a pipeline system by:
(a) preventing problems with condensate when operating near or below the dew tem-
perature and (b) ensuring that the sensor is filled with a representative sample of the
pipeline gas. Finally, we discuss how the design methodology may be applied to opti-
mize the sensor dimensions for different operating conditions, such as high or low gas
pressure.
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1 Introduction

Physicochemical properties of pipeline natural gases, both pre- and post-processing,
are of significant technical and economic importance. These properties of course
depend upon the composition of the gas and, with globalization of supply and comin-
gling of streams, the composition and quality of natural gases in pipeline transmission
systems are increasingly variable. On-line composition measurements, e.g., by gas
chromatography, may be used to determine many of the properties of interest but
this approach is costly to implement and maintain. Consequently, there is interest in
developing robust sensors to provide information on key thermophysical properties,
possibly by indirect means such as inference.

As aresult of research carried out over the past 20 years, systems have been devel-
oped to evaluate the calorific value [1], hydrate formation conditions [2], and dew
point [3] of natural gases from measurements of a few physicochemical properties.
Among such properties, the speed of sound is particularly interesting from both the
economical and technical points of view. For example, the speed of sound is sensi-
tive to gas composition and may be measured with high accuracy, low cost, and fast
response time.

In this paper, we describe the design and validation of a robust speed-of-sound sen-
sor that is suitable for gas-pipeline applications. The objective of the design process
was to develop a low-cost and robust sensor, suitable for permanent deployment in a
pipeline system, and to be able to provide reliable measurements over wide ranges of
temperature and pressure. The application of the sensor to the pipeline environment
involves taking into consideration several technical issues linked with the sampling
conditions. In this present study, we consider some of the issues and test possible
solutions.

Low-frequency acoustic resonators have been widely recognized as reliable labora-
tory instruments for highly accurate measurements of the speed of sound. Spherical [4]
and cylindrical cavities [5—7] in particular have received much attention. In the present
case, the simplicity and flexibility of the cylindrical geometry are advantageous.

2 Design of the Sensor

As illustrated in Fig. 1, the sensor was a thick-walled cylindrical acoustic cavity res-
onator provided with a number of vent holes in the wall which permitted the interior
to fill with the surrounding gas. The entire sensor was designed to be immersed in the
gas, either in the main pipeline or on a by-pass branch, and to be operated over the
full range of temperatures and pressures encountered in pipeline operations.

The end plates of the cavity resonator served as electro-acoustic transducers and
were used to excite and detect resonance of the gas contained within. The basis of the
measurement was determination of the resonance frequency of the second longitudinal
mode of oscillation which is related to the speed of sound in the gas in a very simple
way. When driven by an associated electronics package, it was possible to measure
the resonance frequency of this and other modes of oscillation with an uncertainty
smaller then 0.01 %.
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Fig. 1 Partial cross section of the acoustic resonator. B, bolt; C, coaxial connector; D, diaphragm; P,
piezoelectric-ceramic disc; S, spring contact; W, wall of cylinder

The prototype sensor was fabricated from Type-316 stainless-steel barstock. The
cylinder was of length 20 mm, internal diameter 15 mm, and wall thickness 3 mm. It
was provided with four axial tapped holes in each end, which permitted attachment
of the end-plate transducer units, and with eight 1 mm diameter radial holes for the
purpose of filling.

Each end-plate transducer unit took the form of a Type-316 stainless-steel cylinder,
of diameter 21 mm and length 20 mm, which was counter-bored axially from the
rear face to produce a stiff diaphragm of diameter 15 mm and thickness approx-
imately 1.1 mm. A shallow (approximately 0.1 mm deep) concentric recess was
machined in the rear face of the diaphragm to permit location of a piezoelectric
disc. The piezoelectric disc (PZT, 10 mm diameter x 0.4 mm thick, poled axially
and nickel-plated on the major faces) was bonded to the diaphragm with a thin
layer of epoxy resin. By placing the joint under compression while the resin cured,
electrical contact was maintained between the metallic diaphragm and the adjoining
electrode on the disc. A cover plate, fitted with a bulkhead SMA co-axial connec-
tor, closed the rear, and a small spring was used to make electrical contact with the
rear electrode of the PZT. A similar transducer design was reported by Ewing et al.
[8].

The length-to-diameter ratio of the cavity resonator was chosen such that the sec-
ond longitudinal mode of oscillation was isolated in the frequency spectrum, avoiding
interference with both the fundamental radial mode and compound modes of oscil-
lation. The second longitudinal mode was preferred over the fundamental because,
on symmetry grounds, it does not couple with translational oscillations of the cav-
ity itself. Modes of oscillation involving angular (azimuthal) excitation should not
be excited with our axisymmetric transducer arrangement but the chosen aspect ratio
clearly separates these modes too from the longitudinal resonance of interest. These
criteria were met by the 4/3 length-to-diameter ratio adopted.

The stainless-steel diaphragm and attached PZT disc formed a reversible flex-
ure-mode electro-acoustic transducer with sufficient sensitivity to drive and detect
sound waves in gases at pressures as low as 0.1 MPa. In designing the transducer,
we modeled the diaphragm as an un-tensioned edge-clamped homogeneous circular
plate of uniform thickness and took account of the theoretical fundamental resonance
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frequency f] and the mean compliance in the limit of zero frequency C. These quan-
tities are given by [9]

fi =i (a/am6?) [B/{30, (1~ 02)}]1/2 8))
C= (1 - 02) b4/(16Ed3), @)

where v1 = 1.0157 is an eigenvalue, b is the radius (equal to the cavity radius in the
present case), d is the thickness, E is Young’s modulus, o is Poisson’s ratio, and p;
is the density of the diaphragm material. Here, C is defined as the mean surface dis-
placement divided by the mean excess pressure imposed on one face. In order to avoid
over coupling and to ensure an approximately flat frequency response in the range of
interest, the fundamental resonance frequency of the flexure transducer was designed
to be well above the operating frequency of the cavity. The transducers were further
required to offer adequate sensitivity but at the same time, to be sufficiently stiff to
avoid perturbing the cavity resonances excessively. To assess this second criterion, we
used acoustic perturbation theory to calculate the shift A fenq in the frequency of a
longitudinal cavity resonance resulting from the non-zero compliance. At frequencies
below fi, this is given in a lumped-circuit approximation by

Afena/f = —pu (/L) [1 = (£/£1)] 3

where p is the gas density, u is the speed of sound in the gas, and L is the length
of the cylindrical cavity [9]. With d = 1.1 mm and b = 7.5 mm, the theoretical res-
onance frequency and mean static compliance of the stainless-steel diaphragm were
fi = 49kHz and C = 6.9 x 1073 m - Pa~!. This gives Afeng/f < 1073 at the
maximum operating pressure in typical gases, which is adequately small. We do not
expect f1 and C to conform exactly to Egs. 1 and 2, especially in the presence of the
PZT, but Eq. 3 should be a good approximation provided that C and f; are determined
experimentally. Clearly these equations, together with appropriate criteria for f; and
the maximum value of (A fena/f), would permit the selection of alternative diaphragm
dimensions suitable for operation in other pressure regimes.

3 Test Facility

For purposes of testing, the resonator was mounted inside a ‘spool-piece’ pressure
vessel comprising a section of 50 mm nominal diameter stainless-steel pipe fitted with
industry-standard weld-neck flanges (DN50/PN100 rating), each closed by a blank-
ing plate, sealed with a Novus Type 34 gasket, and retained by four 24 mm diameter
high-tensile steel bolts. This vessel was suitable for a maximum working pressure of
10 MPa. The upper end plate of the vessel was fitted with a pair of welded and hermeti-
cally-sealed BNC coaxial electrical feedthroughs (Ceramaseal Model 7007-02-W) and
four 3.2 mm NPT-threaded ports. Of these four threaded ports, two were fitted with
compression-sealed four-wire electrical feedthroughs (Conax MHC series), one was
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used for evacuation and filling with gas, and the fourth was connected to the pressure
transducer. The BNC feedthroughs were each fitted with a female SMA adapter on
the inside of the vessel and connected to the opposite ends of the resonator by means
of semi-rigid coaxial cables with SMA plugs. The pressure vessel was immersed in a
temperature-controlled water bath regulated to +0.05 K.

The pressure was measured by means of a quartz transducer (Paroscientific Digi-
quartz Model 43K-101) with a full-scale range of 21 MPa and an uncertainty of less
than 2 kPa. The temperature of the cavity was measured with a four-wire thin-film
platinum resistance thermometer (Minco Model S651) that was bonded to the outer
cylindrical surface of the resonator and connected to an external AC resistance bridge
(ASL Model F17A) by means of wires passing through one of the Connax fittings.
The thermometer was calibrated in situ by comparison with a conventional platinum
resistance thermometer probe inserted through one of the open fluid ports, and the esti-
mated uncertainty of the temperature was 0.05 K. During some of the experiments,
a pair of polyimide-insulated flexible heaters were also bonded to the exterior of the
resonator and connected to an external DC power supply (Thurlby-Tander Model TSX
3510P) by means of wires passing through the other Conax fitting.

For measurement of the resonance frequencies of the gas-filled cavity, one electro-
acoustic transducer was connected to a sine-wave function generator (Hewlett-Packard
HP3325B) and driven at an amplitude of approximately 1 V peak-to-peak. The second
electro-acoustic transducer then served as a detector and it was connected to the input
of a two-phase lock-in amplifier (Stanford SRS530) operating at the driving frequency.
Resonance frequencies and half-widths were determined by analysis of measurements
of the in-phase and quadrature components of the detected voltage at a set of discrete
values of driving frequency spanning the resonance of interest [4]. This method of
measurement permitted the resonance frequency to be determined with an uncertainty
much smaller than 0.01 % with a measurement time of approximately 30s. Since the
two transducers were interchangeable, it made no difference which was selected as
the drive unit.

4 Acoustic Model

The speed of sound u in the gas was obtained from the resonance frequency faqo of
the second longitudinal mode of oscillation. In an idealized resonator with rigid walls
and in the absence of viscous- and thermal-boundary-layer effects, the wavelength of
the sound in this mode of oscillation is exactly equal to the length L of the cavity, so

that u = f>00 L. In a real cavity, corrections have to be made such that the speed of
sound u is given by

u = (f00— Af)L, “)
where Af is the sum of two correction terms as follows:
Af =2Afenda + Afy—t. )
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The first of these terms have already been discussed (the prefactor 2 arises from the
presence of two identical end plates). The second term in Eq. 5, A f,_, represents the
effects of the viscous and thermal boundary layers in the gas at the walls of the cavity
and is given by [9,10]

1 1/2
Afvr = =50 [175(r =) D2+ DY ]/ (wfanb?) )

where y, Dy, and D, are properties of the gas as follows:

Yy = Cp,m/CV,ma @)
Dy =M/ (pCpm) . (®)
D, = 77/:0' )

Here, C) 1 is the isobaric molar heat capacity, Cy  is the isochoric molar heat
capacity, Dy is the thermal diffusivity, A is the thermal conductivity, M is the molar
mass, p is the density, Dy is the viscous diffusivity, and 7 is the shear viscosity.

The presence of the filling holes in the wall of the cavity also gives rise to a per-
turbation which, in principle, should be accounted for by a third contribution to Af".
However, we chose to place the holes at a distance of L/4 from an end of the cavity
where, the unperturbed wavefunction is zero. Accordingly, the effect of a small hole
centered on such a location is identically zero on symmetry grounds. We do not expect
this to apply for large holes because of the non-linear variation of the wavefunction
with the axial coordinate. However, in leading order, the effect of holes in the cavity
wall is independent of the properties of the gas leading to a correction that is a constant
fraction of the resonance frequency. In that case, the effect (if any) of the filling holes
would be absorbed in an effective value of the pathlength L obtained by calibration.

The combined corrections are not large under any condition in the working range of
the sensor, with typically |Af|/f200 < 2 x 1073, The relative visco-therm correction,
Afy_t/fr00, varies like p~1/? and is therefore important at low pressures, while the
relative end correction varies like p and is therefore important at high pressures. Since
the corrections are small, one could simply neglect them and accept errors of the order
of 0.2 %. A better and only slightly more demanding approach is to use approximate
values of the various thermophysical properties of the gas that appear in the acoustic
model. Specifically, we advocate approximating all of the thermodynamic properties
which appear by their perfect-gas values and replacing the two transport properties by
the corresponding values for the dilute gas:

¥ = Cpim/ (Cpim — R) . (10)
Dy = MRT/ (pChe), (11)
Dy = noRT/(Mp). (12)

Here, Cffm is the perfect-gas isobaric molar heat capacity of the gas, and sub-
script ‘0’ denotes dilute-gas values of the thermal conductivity and viscosity. These
quantities depend only upon temperature and composition; they are known accurately
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Fig. 2 Frequency response of the acoustic cavity at 7 = 313 K: — — —, nitrogen filled at p = 5MPa;

, vacuum

for most pure gases and may be estimated reliably for gas mixtures. Under the same
assumptions, the end correction is

Afena/fr00 = =yp (C/L)/ [1 = (fao/1)*]. (13)

The values of the thermophysical properties used in this study for the calculation
of the corrections terms were obtained as follows: for argon, Cf,‘?m = 2.5R, A was
from Perkins et al. [11], and n was from Younglove and Hanley [12]; for nitrogen,
Cf,‘?’m = 3.5 R and the transport properties were from Younglove [13]; finally, for
methane, ngm was from Setzmann and Wagner [14], A was from Friend et al. [15],
and n was from Younglove and Ely [16]. The smallness of the corrections is such
that properties accurate to +20 % are sufficient to permit sound-speed measurements
with an uncertainty of 0.05 %. Accordingly, many natural gases with high methane
content could be treated as pure methane for the purposes of estimating A f [5]. Alter-
natively, a rough compositional analysis may be combined with available techniques
for estimating the desired thermophysical properties of gas mixtures for the purpose
of calculating the corrections.

5 Experimental Results

The gases used in this study (argon, nitrogen, and methane) were supplied by BOC.
The argon and nitrogen were high-purity gases with a claimed purity of 99.9999
mol%. The methane supplied was technical-grade gas with a specified minimum
purity of 99.5 mol%. According to the manufacturers, the main impurities were other
light hydrocarbons (<0.3 mol%), nitrogen (<0.1 mol%), oxygen (<0.001 mol%), and
water (<0.001 mol%). A few additional measurements were also made in a sam-
ple of higher-purity methane sourced from Linde for which the claimed purity was
99.95 mol%. All gases were used without further purification.
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Figure 2 shows spectra of the acoustic cavity, recorded both under vacuum and
when filled with nitrogen at p = 5MPa and T = 313 K Even under vacuum, a signal
was obtained at the detector transducer, presumably as a result of sound transmission
through the cavity wall. We attribute the major peak in the vacuum spectrum to the
fundamental resonances of the transducers at f; = 39 kHz, considerably lower than
the theoretical value of 49 kHz for the edge-clamped plate in the absence of the PZT.
The signal in the presence of gas showed clear peaks at the first and second longitudinal
resonance modes superimposed on a very small background signal at f < 25kHz. The
maximum occurred at a frequency close to the expected resonance of the fourth longi-
tudinal mode which, being close to the fundamental frequency of the transducers, was
excited with great efficiency. The amplitude of the signal resulting from resonances in
the gas varied rapidly with pressure while the background signal transmitted through
the cavity wall did not. At the lowest pressure considered here, p = 0.1 MPa, the
resonance signal of interest was approximately equal to the background. However, the
method used to analyze the resonance data accounted explicitly for the background
and the resonance frequencies f>op and half-widths g2pp could be measured with a
precision of at least 0.01 gogp under all conditions studied. Since the quality factor,
0 = f200/(2g200), was >200, the resonance frequencies were always obtained with
a precision of at least 0.01 %.

The pathlength of the cavity L and the mean static compliance of the transducer C
were obtained from an isothermal calibration in a reference gas of known sound-speed:
one point at low pressure and one at high pressure, the latter sensitive to C and the
former not. This calibration was carried out in argon at 7 = 333 K and at pressures of
0.5 MPa and 10 MPa; the speeds of sound at these state points were obtained from the
equation of state of Tegeler et al. [17] with an uncertainty of <0.02 %. The pathlength
was obtained at other temperatures assuming a linear relationship,

L(T)=Lo{l14+a(T —Tp)}, (14)

witha = 18 x 1076 K~! [18].

The ‘baseline’ sensor was tested extensively in measurements on the three test gases
at three temperatures between 293 K and 333 K and at pressures up to approximately
10MPa. In these tests, the resonance frequency froo varied between about 16kHz
and 23 kHz, while the quality factor O was between 200 and 1,000. Figures 3, 4,
and 5 show the results of these test measurements and of comparisons between the
measured speeds of sound and the predictions of the most accurate equations of state
available for argon [17], nitrogen [19], and methane [14]. For argon and nitrogen, the
agreement is mostly within £0.02 %. There is a tendency for the deviations to increase
at low pressures reaching, in the worst case, +0.04 % for nitrogen at 7 = 293K and
p = 0.15MPa. Of course, the good agreement for argon is due in part to the fact
that two points were used for sensor calibration. In the case of nitrogen, the results
have a positive mean deviation (bias) of about 0.02 %. The results for technical grade
methane are slightly less good with a bias of —0.04 % but the worst deviation is still
only —0.06 %. The relatively less good results for methane may have been partly the
result of impurities. Nevertheless, the results clearly indicate that the sensor can be
used to measure the speed of sound with an error of less than 0.1 %. We did not test
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Fig. 3 Speed of sound u in argon as a function of the pressure in comparison with values calculated from
the equation of state of Tegeler et al. [17]: L, T = 332.45K; e, T = 312.82K; A, T = 292.19K;
Tegeler et al. [17]

5

the device with gas mixtures, first, because it is difficult to determine the composition
accurately and, second, because of lower confidence in the accuracy of the available
equations of state for mixtures.

A few additional measurements were also made with a second sensor of identical
design. In this case, the pathlength was calibrated in a single-point measurement on
nitrogen at 7 = 306K and p = 0.2MPa, while the compliance parameter C was
assumed to be identical to that obtained for the first sensor. Measurements were then
made on methane of claimed minimum purity 99.95 % at T = 306K and at pressures
of 2MPa, SMPa, and 10 MPa. In this case, the measured speeds of sound agreed with
the equation of state of Setzmann and Wagner [14] to be within 0.02 %. These data
suggest that the slightly poorer results obtained for the technical grade methane may
be attributed to its lower purity. They also demonstrate that the compliance parameter
C is transferrable between sensors of identical construction.

6 Issues Related to Pipeline Deployment
Although we have tested the sensor only in static gas, we have considered some of the

issues that would arise in pipeline deployment. The sensor must be filled with a rep-
resentative sample of the pipeline gas, operated at a known and preferably controlled
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Fig. 4 Speed of sound u in nitrogen as a function of the pressure in comparison with values calculated
from the equation of state of Span et al. [19]: [, T = 332.45K; e, T = 312.82K; A, T = 292.19K;
, Span et al. [19]

temperature, and protected from erosion, corrosion, particle ingress, and condensation.
There is also the question of interference from ambient noise to consider.

The sensor might be installed directly in the pipeline, but this may not be desirable
on a large-diameter gas transmission line. A more promising situation would be to
install the sensor in a parallel branch supplied with a bleed flow from the main pipe-
line. Such a branch could be protected from particle ingress with filters and provide
an environment in which the sensor might be easily temperature regulated.

The provision of a temperature regulation system would permit the device to be
operated at an elevated temperature thereby both reducing the probability of conden-
sation within the cavity and accelerating the evaporation of any condensate that might
be washed into the cavity. However, one concern (especially in sub-sea installations) is
the power requirements of such a system. In order to quantify both the impact of local
heating on the sensor accuracy and the power requirements, we have implemented a
simple direct electric heating scheme, with a pair of low-voltage polyimide-insulted
etched-foil heater elements bonded to the outer wall of the cavity. Tests in nitrogen
at p = 10MPa showed that the ratio of power dissipation to temperature rise was
approximately 0.5 W - K~!, so that power requirements are very modest. Operating
with a temperature rise of about 5K, the impact on the accuracy of the measured
sound-speed was found to be <0.05 % under all conditions investigated provided that
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the data were associated with the measured temperature of the cavity wall. In these
tests, the heaters were operated at various fixed currents, without feedback control of
the temperature, and the time required to attain thermal equilibrium after a change in
current was approximately 20 min. We expect that a much faster response time could
be achieved with active control of the sensor’s temperature.

In the present design, the cavity was not sealed and gas entered through openings
in the cylindrical wall. Simply immersing the sensor in a flow may be sufficient to
ensure that the cavity contains a representative sample provided that holes are suffi-
ciently large. In the baseline sensor, these holes were of 1 mm diameter. However, we
have also tested the effects of increasing the size of the filling holes. The holes were
increased to 3mm diameter for the first ] mm, and then expanded to 8 mm diameter
for the remaining 2 mm of the wall thickness. The effect of these enlarged holes was
to increase the resonance frequency of the cavity by a constant fraction of 0.5 %. This
is entirely absorbed into the effective pathlength when L is determined by calibra-
tion. For example, after recalibration, speeds of sound measured in nitrogen along the
isotherm at T = 333 K remained in the same close agreement with the equation of
state of Span et al. [19] as found with the baseline sensor. Increasing the size of the
smaller diameter to 5 mm, resulted in a larger shift of approximately 2.8 % relative to
the baseline sensor.
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7 Conclusion

The approach advocated in this work, incorporated several key ideas in an
advantageous way. First, we optimize the cavity geometry to isolate one easy-to-
measure acoustic resonance and focus on that mode. Second, we employ robust and
reliable wide-band piezoelectric transducers that provide adequate signals over a 100
to 1 range of gas pressure. Third, we employ an acoustic model of the sensor that
treats these transducers explicitly and that allows the thickness of the diaphragm to
be matched to the desired pressure range. Fourth, we advocate simple approximations
for the physical properties required in the application of the acoustic model. Finally,
our approach permits a single-point calibration of production sensors.

The practical implementation of the sensor described in this article is suitable for
sound-speed measurements in pipeline gases at pressures up to 10 MPa. The sensor
was robust, of simple construction, and easy to use. A comparison of the measured
speeds of sound with values calculated from reference-quality equations of state dem-
onstrate an uncertainty of about 0.05 %. This is comparable to the accuracy claimed by
Younglove and Frederick [5] at similar temperature and pressure conditions, but not as
good as the £0.01 % claimed by Hurly [7]. Finally, laboratory tests have demonstrated
that the instrument can fulfil several of the requirements for pipeline application.
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