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Abstract

, S Beardmore?, S Bell?, K Yamanaka' and S Akao'

®

CrossMark

The measurement and control of trace moisture is an important procedure to maintain and
secure the quality and safety of pipeline systems for natural gas. The natural gas mix typically
comprises methane, ethane, propane, some higher hydrocarbons, carbon dioxide and nitrogen. It
is too impractical to perform additional calibrations of trace moisture measurement every time
the combination of gas components in the natural gas mix is changed. This paper proposes a
method to separate and compensate for the effect of the background gas composition from the
trace moisture measurement by using two different frequencies in a trace moisture analyzer
utilizing a ball surface acoustic wave (SAW) sensor. The experiment was performed by
connecting the ball SAW trace moisture sensor to supplies of trace moisture in multiple
background gases from the National Physical Laboratory (NPL) Multi-gas, Multi-pressure
Standard Humidity Generator, and changing the composition of the background gases including
Ny, air, CHy, 80% CH4/20% C,Hg, and 50% CH4/50% C,;Hg. At the nominal humidity
frost-point values of —70 °C, —50 °C, —40 °C and —30 °C, the deviations due to the change of

the background gases were within £1 °C in frost point.
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1. Introduction

The measurement of trace moisture in natural gas mixtures is
an important process for the quality management of pipeline
systems for natural gases [1]. Various types of trace mois-
ture analyzer [2] are used for monitoring the trace mois-
ture in different types of gases. Cavity ring down spectro-
scopy (CRDS) achieved the lowest detection limit [3], but
its application has been mostly to the trace moisture in high-
purity gases while the natural gas mix typically consists of
methane, ethane, propane, some heavier hydrocarbons, carbon
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dioxide and nitrogen. A chilled mirror hygrometer [4] has
good long-term stability and reproducibility, and often high
resolution, but response time is slow in the trace range, there-
fore it is suitable for calibration purposes but not for online
measurement. Recently, a progress was made toward mini-
aturization of the chilled mirror hygrometer based on integ-
rated photonics platform [5] but the low detection limit was
larger than 1 part per million by volume (ppmv) and has to
be improved. A capacitive sensor is of small size and mostly
inexpensive, but in some applications such as in the natural
gas mix, drift and long-term instability show up and response
time is slow specifically in the trace range, although effort
to improve its performance has been reported [6]. Tunable
diode laser absorption spectroscopy (TDLAS) has been used
for the trace moisture measurement in natural gas mixtures, but
each of these gas components affects the measurement of trace
moisture differently. Therefore, calibration is not so easy for
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real-world applications where the mixture changes with time
[7, 8], and the lowest detection limit has been 1ppmyv, or some-
times higher [9]. Recently, a direct tunable diode laser absorp-
tion spectroscopy sensor was reported [10] for trace moisture
measurements in methane, ethane, propane, and low CO; nat-
ural gas in the range of 0.31-25 000 ppmv. This may lead to a
convenient system to perform trace moisture measurements in
natural gas mix in this measurement range. Another interest-
ing new proposal was reported [11] by utilizing metal-organic
frameworks (MOFs) as the sensing material. The trace mois-
ture measurement in sub-ppmyv level in industrial gases such as
nitrogen, argon, helium and oxygen was successfully reported
but its applicability to natural gas mix is still an open question.
Therefore, there is still a gap between the existing technologies
of trace moisture measurement and the demand from industry:
a technology platform that has a quick response compatible
to the online measurement in natural gas mixture and in other
industrial processes, that can be applied to various background
gases with a single calibration, and that can be extended to
measurements at very low detection limits of ppb-level.
Trace moisture analysers based on the principle of non-
diffraction propagation of surface acoustic waves (SAWs) on a
spherical solid object have been developed by Ball Wave Inc.
[12, 13]. It has been shown that the trace moisture analyzer
using the ball SAW sensor has a sub-ppb level of low detec-
tion limit and a quick response time [14]. It was found that
the output of the analyser could be separated into two com-
ponents, one corresponding to the trace moisture content and
the other corresponding to the average molecular weight of the
background gases [15]. The output corresponding to the trace
moisture content was found to be approximately independent
of the background gases. Based on this finding, the present art-
icle proposes that a single calibration method in nitrogen back-
ground gas can be applied to trace moisture measurements in
a variety of natural gas mixtures using a ball SAW sensor: a
candidate to fill the gap between the current technologies of
trace moisture measurement and the demand from industry.

2. Measurement principle and experimental method

2.1. Trace moisture analyser utilizing ball SAW sensors

The ball SAW humidity sensor is a sorption type. The sensor
consists of a single-crystal a-quartz, cut and polished into
a spherical shape with a diameter of 3.3 mm as depicted
in figure 1(a). The single-crystal a-quartz is a piezoelectric
material that converts electrical signals to mechanical vibra-
tions and vice versa. Electrodes were manufactured on the sur-
face of the ball SAW sensor by depositing a metal thin film
with a figure like a comb that is called an interdigital trans-
ducer (IDT). When electrical signals are fed into the IDT, a
mechanical vibration of the surface is generated and propag-
ates along the surface. This is called a Rayleigh wave [16].
Some of the present authors found that the Rayleigh wave
could propagate along the spherical surface of a solid material
for more than 100 turns [12, 13].

A thin layer of amorphous silica was deposited on the
ball SAW sensor that has an ability to absorb and desorb
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Figure 1. (a) The ball SAW sensor consists of a single-crystal
a-quartz with IDT to generate surface acoustic wave (SAW) that
propagates around the surface many times. The sensitive film
selectively absorbs trace molecules such as H,O. (b) A schematic of
ball SAW trace moisture analyzer.

water molecules whereas the single-crystal a-quartz does not.
If the ambient gas surrounding the ball SAW sensor contains
water molecules some are absorbed in the amorphous silica
layer. The elastic property of the layer changes because of the
absorbed water molecules. This change of the elastic property
affects the propagation of the Rayleigh wave in two ways: one
is an increase of the velocity, and the other an increase of the
attenuation. Hence, the amount of water molecules contained
in the ambient gas can be estimated by measuring the changes
either in the velocity or in the attenuation of the Rayleigh wave
propagating around the surface of the ball SAW sensor [14].
Figure 1(b) shows the schematic diagram of the ball SAW
trace moisture analyzer. A synthesizer driven by a stable sig-
nal source, TCXO, generates a radio-frequency signal that is
divided into two different frequencies and fed to the IDT of the
ball SAW sensor to generate the SAW propagation. The same
IDT converts the SAW vibration to the electrical signal each
time when the SAW propagating around the spherical quartz
passes the IDT. The electrical signal contains two different
frequency components, so that each frequency component is
extracted by a bandpass filter and digitized by an analog-to-
digital converter, and its amplitude is obtained as a function
of the number of turns of the SAW propagation. In this way,
the attenuation is measured for each of two frequency com-
ponents. In section 2.2 we focus on the attenuation and detail
its characteristic. Some more technical details of the ball SAW
trace moisture analyzer can be found in [17].

2.2. A method to compensate for the difference in
background gases in the calibration of trace moisture

The amount of water molecules sorbed by the sensor does not
depend on the background gas composition. But the attenu-
ation of the Rayleigh wave depends on the background gas
composition, so that it should be compensated for as explained
in the following. There are two mechanisms for the attenuation
of the Rayleigh wave: one is a viscoelastic loss and the other a
leakage loss (figure 2). The viscoelastic loss is caused by the
energy dissipation of the vibration in materials, namely in the
surface layer of amorphous silica containing water molecules.
In the first-order approximation, the attenuation coefficient,
or viscoelastic factor, ayy is proportional to the square of the
vibration frequency, f. Another mechanism of attenuation is
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Figure 2. Two distinct mechanisms for the attenuation of surface
acoustic waves, (a) the viscoelastic loss, ay, in the solid materals is
in proportion to the square of the frequency, f, (b) the leakage loss,
ar, due to the irradiation into the ambient gas is in proportion to the
frequency, f.

due to the fact that a part of the vibration energy is trans-
mitted into the surrounding background gas as the Rayleigh
wave propagates along the surface. The attenuation coeffi-
cient, or leakage factor, oy is approximately proportional to
the frequency, 18, 19]. Therefore, the total attenuation at the
frequency, f, is

a~ay+ar, (D

~af +bf. )

An ITD was designed and fabricated that could generate
a Rayleigh wave containing two different frequency compon-
ents: namely at a fundamental frequency f; = 80 MHz, and the
other at a third harmonic frequency f3 = 240 MHz = f; x3.
Detecting with the same IDT and using bandpass filters, the
attenuations at the fundamental and the third harmonic fre-
quencies, o and a3, respectively could be obtained. Using
the equations (1) and (2), we could extract a and ay at fi
as follows:

ar = al(atfy) = afi> + bfi, 3

ap = alath) = afy® + bfs. (€]

Because f, = fi x 3, the equations (3) and (4) constitute a
simultaneous linear equation for af; > and bf; . It is easily solved
and since bf; = oy, (atf;) and afi’ = ay (atfy):

90[1 — Q)

oy (atfi) = e ()

ap — 3041

ay(atfi) = 5

(6)

This extracted vy (atfi) contains only the effect of vis-
coelastic loss, and its change reflects the amount of water
molecules absorbed in the surface layer, while the effect of
the background gas is separated into the oy (atf). Therefore,
we could estimate the trace moisture content regardless of the
difference in the background gas composition.

|

|
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Figure 3. Calibration set-up for ball SAW sensor testing using NPL
Multi-gas, Multi-pressure Standard Humidity Generator.

Figure 4. NPL multi-gas, multi-pressure standard humidity
generator saturator for single gas species and gas mixtures at
pressures up to 3 MPa.

2.3. Experimental set-up and NPL multi-gas, multi-pressure
standard humidity generator for natural gas mixtures

In order to demonstrate the method, the SAW trace mois-
ture analyser was connected to the Multi-gas, Multi-pressure
Standard Humidity Generator at NPL (National Physical
Laboratory) as shown in figure 3.

The humidity generator [20] comprises a flowing gas sup-
ply humidified by saturation with water vapour at defined tem-
perature and pressure. In addition, saturated gas can be blen-
ded, if required, with dry gas to give a selected value of humid-
ity and supplied to instruments under test.

The saturator coil, shown in figure 4, is located in an eth-
anol bath which is temperature-controlled by a circulation
thermostat to maintain the required saturation temperature.
Defined gas pressure is maintained using a pressure control-
ler. As the gas thermally equilibrates, it becomes saturated
with water vapour. The saturation temperature is measured
using a platinum resistance thermometer (PRT) with traceabil-
ity to national standards for temperature. The saturator is effi-
cient such that this temperature defines the dew-point (or frost-
point) temperature of the gas leaving the generator, to within
a small uncertainty that has been characterised [21, 22] along
with all other significant uncertainties, in a rigorous analysis.
In this work, the facility was used in single-pressure mode,
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Figure 5. Quantity of total attenuation was separated in two factors: (a) viscoelastic factor, ay, and (b) the leakage factor, oy, through
simple mathematics. The humidity generator produced a stable frost-point value of nominally —60 °C.

with no significant pressure changes, so that deviations from
ideal gas behaviour would be negligible.

Test gas was supplied at just above atmospheric pressure
(0.105 MPa or 1.05 bar). The gases used for the tests were
nitrogen (N4.5), pure methane (N4.5), a pre-made mixture
of nominally 80% methane and 20% ethane and a pre-made
mixture of nominally 50% methane and 50% ethane (all sup-
plied in cylinders) and NPL site-supplied compressed, filtered,
dry air. The gas component actual fractions deviated by no
more than 0.1% from nominal value, as reported in UKAS
certificates of calibration of the gas mixture compositions.
The uncertainty in actual value of each fraction was no more
than 0.065% (k = 2). After saturation at the temperature of
the generator, the gas was brought to room temperature of
23 °C =+ 3 °C before passing to the sensor being tested, which
was also at room temperature.

The generated humidity was set to a certain value, for
example a frost point of —60 °C, and the background gas was
switched in a sequence of air, N, CHy, 80% CH4/20% C,Hg,
50% CH4/50% C,Hg, CHy4, N>, and then air, while the attenu-
ation coefficients of the ball SAW sensor were measured at the
two frequencies. Each step in a sequence took one hour and the
attenuation measurement was made at every 12 s. The stability
during the sequence is shown in figure 5(a). The trace mois-
ture in air was measured twice, at the beginning and the end of
the sequence, to ensure the repeatability of the measurement.
Then, the generated humidity was changed to the next value,
for example a frost point of —50 °C, and the same procedure
was repeated.

3. Results

3.1 Measured trace moisture

Figure 5 shows the extracted values of the viscoelastic factor
ay (atfy) and the leakage factor oy, (atfi), when the humidity
generator produced the frost-point value of nominally —60 °C.
In 5(a), values of the viscoelastic factor stay almost constant
as expected. Small deviations are observed, too, which should
be studied carefully in the future. In 5(b), the leakage factor
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Figure 6. The values of frost point were calculated from the
viscoelastic factor by using the calibration curve shown in figure 7.
The humidity generator produced a stable frost-point value of
nominally —60 °C for the duration shown.

shows a clear dependence on the change in the background
gas contents. It can be shown that a mean molecular weight or
a mean gas parameter of the background gas can be estimated
from the leakage factor [15].

We performed a calibration as described in section 3.2, so
as to relate the viscoelastic factor to the values of trace mois-
ture content. Referring to the calibration, we obtained the trace
moisture content as shown in figure 6 while the humidity gen-
erator was set to a frost point of —60 °C and cycled through
the background gases in the order described in section 2.3. The
same experimental procedure was repeated while the humidity
generator produced the nominal humidity frost-point values of
—70°C, =50 °C, —40 °C and —30 °C.

3.2. Calibration and results

A calibration was performed at target frost point values from
the Multi-gas, Multi-pressure Standard Humidity Generator
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Table 1. Summary uncertainty budget for calibrations in air, nitrogen and pure methane.

Standard uncertainty/°C

Uncertainty component at —70 °C from —60 °C to —30 °C
Saturator PRT temperature measurement 0.015 0.015
Saturation efficiency, temperature conditioning and pressure variations 0.074 0.054
Leaks, desorption and contamination 0.034 0.018
Instrument contributions: reproducibility, resolution, short-term stability 0.262 0.265
Combined standard uncertainty 0.275 0.271
Expanded uncertainty (k = 2) 0.550 0.542

Table 2. Uncertainty budgets for calibrations in 80% methane 20% ethane mixture.

Standard uncertainty/°C

Uncertainty component at —70 °C at —60 °C from —50 °C to —30 °C
Saturator PRT temperature measurement 0.015 0.015 0.015
Saturation efficiency, temperature conditioning and pressure variations 0.415 0.334 0.054
Leaks, desorption and contamination 0.034 0.034 0.018
Instrument contributions: reproducibility, resolution, short-term stability 0.262 0.265 0.265
Combined standard uncertainty 0.492 0.431 0.271
Expanded uncertainty (k = 2) 0.984 0.862 0.542

Table 3. Uncertainty budgets for calibrations in 50% methane 50% ethane mixture.

Uncertainty component

Standard uncertainty/°C
from —70 °Cto —60 °C at —50 °C  from —40 °C to —30 °C

Saturator PRT temperature measurement 0.015 0.015 0.015
Saturation efficiency, temperature conditioning and pressure variations ~ 0.594 0.415 0.054
Leaks, desorption and contamination 0.034 0.034 0.018
Instrument contributions: reproducibility, resolution, short-term stability 0.266 0.262 0.265
Combined standard uncertainty 0.652 0.492 0.271
Expanded uncertainty (k = 2) 1.30 0.984 0.542
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Figure 7. A calibration curve was obtained for nitrogen background
gas, by feeding the nitrogen gas with predetermined values of target
humidity produced by the NPL multi-gas multi-pressure standard
humidity generator.

of — 70 °C, — 60 °C, — 50 °C, — 40 °C and — 30 °C while
obtaining the viscoelastic factors in the nitrogen background
gas. Figure 7 shows the calibration curve so obtained in the
nitrogen background gas.

Then, the same calibration curve was applied to other back-
ground gases and mixtures and the resultant values of the trace

Figure 8. Error in the trace moisture measurements in different
background gas mixtures using a single calibration in the nitrogen
background gas shown in figure 7. Comparison was made in the gas
mixtures; N, air, CHy, 80% CH4/20% C,Hg, and 50% CH4/50%
C,Hg. The deviations were within & 1 °C. Lines are shown to guide
the eye. Measurement uncertainties are given in section 4.1.

moisture were compared to the reference humidity values.
Figure 8 shows a graph of error (corrected instrument value
minus generator reference value) versus nominal frost point,
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for the different background gases and mixtures. In this humid-
ity range, the errors are within £1 °C in frost point. Hence,
this verified that no additional calibrations are needed for most
practical applications even if the combination of gas compon-
ents in the background natural gas mix is changed. This is clear
evidence that the ball SAW trace moisture analyser can obtain
the correct trace moisture with a single calibration for nitrogen
background gas even when the combination of the background
gas components, such as methane, ethane, carbon dioxide and
nitrogen, changes in the natural gas mixtures.

4. Discussion

4.1 Uncertainty

Calibration uncertainties were evaluated according to the
approach in JCGM100 [23], and full details of this evaluation
for NPL primary humidity standards have been published pre-
viously [21, 22]. The standard uncertainty of the generated
frost point is calculated by combining the estimated uncertain-
ties arising from the calibration, drift, self-heating and meas-
urement of the PRTs, the saturation efficiency, temperature
conditioning and pressure variations of the NPL Generator,
the temperature variations in the generator bath and the effects
of leaks, desorption and contamination. At —70 °C additional
uncertainty was allowed for the operation of the generator
below its formally validated lower limit (—60 °C). The stand-
ard uncertainty of measurement is calculated by combining
the standard uncertainties of the generated dew point, the test
hygrometer standard deviation, its resolution and an estimate
of its reproducibility during calibration. The reported expan-
ded uncertainty is based on a standard uncertainty multiplied
by a coverage factor k = 2, providing a coverage probability
of approximately 95%. A summary of the evaluation of uncer-
tainty is given in tables 1 to 3 for the different background
gases. In each table, the first three rows relate to the uncer-
tainty in the generated humidity condition, and the fourth row
summarises the uncertainty in the results due to the short-term
performance of the sensor system during testing.

5. Conclusion

Trace moisture values in different mixtures of background
gases representing the variation of components in natural gas
mixtures were estimated using a ball SAW sensor with a single
calibration for nitrogen background gas. It was established that
the trace moisture analyzer utilizing the ball SAW sensor was
able to obtain the correct values of trace moisture in differ-
ent background gases including N, air, CH4, 80% CH4/20%
C,Hg, and 50% CH4/50% C,Hg with a single calibration using
nitrogen background gas. This was made possible because the
impact of the change in the background gases on the ball SAW
sensor moisture measurement could be eliminated by measur-
ing two different frequency components at the same time.

The typical pressure range in the natural gas pipe-line is
1-7 MPa, but the experiment shown in this paper was per-
formed at the atmospheric pressure. A further development is
under way to cover the higher pressure.
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