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Summary

A new technique using a Tunable Diode Laser (TDL) system to monitor water vapour, carbon dioxide and
hydrogen sulphide is providing higher on-line accuracy, lower maintenance, and is resistant to
contamination.

It is the first technique to monitor the gas itself, rather than monitoring a reaction or a change on the surface
of a sensor. It combines a high degree of accuracy with an extremely good speed of response.

TDLs work very well across the entire spectrum of gas concentration, and an area where they particularly
excel is accurate moisture measurements in dry gases. Currently many hours are spent waiting for existing
technology sensors to dry down: for example, when installing a new or re-calibrated water vapour sensor in a
process where moisture levels are around 1 part per million (PPMv), users normally wait 6 to 8 hours before
the system settles; a TDL takes a few seconds and remains very responsive at that level.

The SpectraSensors SS2000 TDL analyser was launched 7 years ago and is currently being used on critical
measurement in the natural gas and nuclear power industry. This paper will illustrate the progress made with
this non-contact method in applications with natural gas, and gives details of why moisture measurement is
important. The results of field trials are also presented showing how the technology compares with other
techniques.
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1. Why measure water vapour, carbon dioxide and hydrog en sulphide?

From the well head to the end user, natural gas has the potential to cause great harm. If not controlled and
monitored, components within the gas can cause internal corrosion to plant and pipelines. It is critical to

measure water vapour, carbon dioxide and hydrogen sulphide in the gas stream for a variety of reasons.

1.1 Pipeline rupture due to internal corrosion

On 19" August 2000, a 30 inch diameter gas pipeline ruptured. The gas line was close to the Pecos River
crossing near Carlsbad, New Mexico, USA. Like many gas lines it was buried 15 feet underground, and the
subsequent explosion created a 51 feet diameter crater. It ejected a 49 feet section of pipeline and caused a
large fire.

Figure 1. The fire at Carlsbad Figure 2. An aerial shot of Carlsbad

Figure 1. shows the fire after the initial
explosion. Note the bridge supports for
scale as they can be seen in Figure 2.
Luckily, this occurred in a rural area,
however 12 people camping near the
bridge died in the fire. Figure 3. shows the
crater left by the explosion and a section
of pipeline that was ejected can be seen
top left. In the subsequent investigation by
the National Transportation Safety Board,
the fractured section of pipeline was
examined, and severe internal corrosion
was found to be the cause of the rupture.
The report mentioned “one method of
reducing the potential for internal
corrosion to occur is to control the quality

of gas entering the pipeline”. Figure 3. The 51 feet diameter crater with the miss  ing

section of pipeline

As far as water vapour is concerned, up until recently there have been few techniques that we could call
upon for measurements of trace moisture in natural gas, i.e. aluminium oxide (Al,O3), phosphorus pentoxide
(P20s) and quartz crystal. However, most of them are affected by the aggressive gases present in natural
gas such as hydrogen sulphide and carbon dioxide. In fact, the presence of water vapour will make these
gases more aggressive, therefore accelerating loss of sensitivity, and making it difficult to maintain accuracy
over a period of time. A catastrophic plant failure may be preceded by a small increase in moisture as the
critical component in the plant begins to fail. That small increase can be sufficient, in some cases, to write-off
or severely change the response of the moisture sensor, so that when the catastrophic fault occurs, the
sensor does not respond. Until recently, the best we could do was a traditional surface type sensor, but it
makes no sense to have a moisture measurement system to warn against high moisture that itself may be
poisoned by high moisture.
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1.2 Hydrate formation

Hydrate formation is another problem for the
natural gas industry. Gas hydrate is an ice-
like crystalline solid (Figure 4.) which forms
when natural gas comes into contact with
water at high pressure and at the right
temperature. As wells get deeper, pressures
get higher and the risk of hydration
increases. Hydrate formation can severely
reduce production: it will reduce the
maximum possible flow and, on occasions,
hydrate can completely block the pipeline,
requiring it to be de-pressurised or pigged.
There have been several instances in recent
years where production has been lost
because of hydrate blockages, in one case
for a few months. Natural gas may be
considered as a perishable item. What is not
shipped today cannot be made up tomorrow and the financial implicates of lost production can sometimes
run to £Ms.

To combat hydrate formation methanol may be injected into the gas pipeline. This can be quite effective but
aluminium oxide and phosphorus pentoxide moisture sensors have a cross sensitivity to methanol, and will,
therefore, increase their moisture reading in the presence of methanol.

Figure 4. Hydrate in a gas pipeline

1.3 Tariffs

In addition to the long term effects of corrosion, and the mid term effects of hydration, there are short term
penalties for allowing H,O, CO, and H,S levels to rise too high in natural gas. Most tariffs define the
acceptable levels for each of these components and, in custody transfer cases, the customer can slam the
valve to stop the gas flow, and shut-in producers or gatherers until they resolve the problem, or, on some
occasions, the customer will accept the gas but only with a re-negotiated price.

2. Molecules and light

Evidently, it is essential to have confidence in the gas
measurement systems being used, and a new technology,
developed by SpectraSensors in the USA, bypasses many of the
issues of contamination and loss of sensitivity seen by sensors
that present an active surface to the gas. It is a non-contact
method, using TDL technology operating in the near infra-red
region. It determines the concentration of gases like water
vapour, carbon dioxide and hydrogen sulphide by illuminating a
gas sample at a specific wavelength.

The basis of all spectroscopy is a fundamental molecular
property. When a molecule is hit with an energy source at a

certain wavelength, it will vibrate and thereby absorb energy.
The wavelengths at which these absorptions occur are fixed,
unique, and are a function of that particular molecule and the
type of molecular bonds it possesses.

Apart from the fundamental wavelengths, there are many overtones and combination bands that also absorb
energy at shorter wavelengths where ambient temperature lasers operate. For water vapour, and many
other gases, this is in the near infra-red (NIR) region and Figure 5. shows the absorption lines for 100 PPM,,

Figure 5. Absorption of light by 100
PPMv of water vapour
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of water vapour in the 1850 nanometre region. Existing NIR systems use a light source with a very broad
wavelength output, and use optical filters, so that only the wavelengths of interest are used. These methods
can filter down to a spectral width of 30 to 40 nanometres, meaning the power received by the detector
represents light with a relatively broad spectrum, and it is likely to mix absorption spectra of several different
gases. The light emitted from a TDL is only 3 picometers wide, offering a tremendous improvement in
resolution and making the measurement specific to just one absorption line.

In recent years the telecoms industry have forced rapid progress on TDL technology. Just a few years ago,
large laser systems operating at cryogenic temperatures, meant that measurements of this nature were
restricted to a laboratory environment. Today, small diodes operating at ambient temperatures, enable a
more robust measurement to be made than traditional techniques.

Figure 6. The diode Figure 7. Mounted Figure 8. The  diode laser

The SpectraSensors model SS2000 uses an advanced version of a low power semiconductor laser. The
actual laser structure is fabricated on a piece of semiconductor material, typically only 0.5 mm square and
0.1 mm thick. When mounted (Figures 6., 7. and 8.), these diode laser devices produce laser light at a very
specific wavelength that can be smoothly and continuously tuned over small wavelength intervals. Different
lasers are produced depending upon the parameter to be monitored.

Adjustment of the material composition of the laser, and application of several complex laser growth
processes, has resulted in a laser suitable for gas sensing. The exact wavelength the laser emits depends
on the specific material of composition. Further tuning of the wavelength output is accomplished by
adjustment of the device temperature, and even finer tuning can be obtained by adjustment of the laser
operating current.

With temperature fixed, it is
the adjustment of current to
this single light source that
“tunes” the wavelength of the 1500
emitted light to sweep it
through an absorption peak at
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Figure 9. Light absorbed by water vapour in a natural gas
background at different moisture levels at atmosphe ric pressure
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in pressure, so all measurements are performed at atmospheric pressure. Figure 9. illustrates the light
absorbed by natural gas containing various amounts of water vapour. The wetter the gas, the higher the
absorption peak. The peaks to the right and left of the main water peak are due to methane that also absorbs
in the same region, illustrating the requirement for the fine resolution necessary to determine the different
absorption peaks in the region. The precise wavelength emitted by the laser is swept across the absorption
peak of interest by ramping the current. A small amplitude sine wave is superimposed on top of the main
saw-tooth ramp signal. The sine wave is modulated at a certain frequency, and the detected signal is de-
modulated at double that frequency giving a response that is proportional to the rate of change of the signal,
and therefore improving signal to noise ratios. Figure 9. shows one sweep of the laser, which is divided into
511 points offering a significant improvement over analysers using other infrared sources. This process is
repeated 4 times a second, and averages the results.

By monitoring the absorption peak at specific wavelengths, the concentration of the target gas within the
sampling volume can be accurately determined. The electronics and software control the laser wavelength,
process the detected signal, analyse the acquired spectra and calculate a quantifiable gas concentration in
real time.

A number of spectral parameters are monitored to apply
optical laws. The absorption coefficient is affected by
temperature and pressure, which are monitored and
inserted into the data processing algorithms.

The SpectraSensors SS2000 has a 0.8m pathlength
system. Figure 10. shows the laser is mounted within the
optical head, pointing towards a flat mirror. The light
reflects off the mirror towards a detector mounted next to
the laser within the optical head. With nearly 1000
systems sold, this simple set-up has proved to be robust
and low maintenance, with remarkable linearity over it's
operating range of 0 to 20 Lbs/MMSCF (10 to 422
PPM,).

Figure 10. The SpectraSensors SS2000
with a 0.8m pathlength

Entry & exit point
Development work has continued for LNG and other
applications where the moisture level is significantly
lower than normal pipeline specification gas. For more
sensitivity the pathlength can be extended by using a
Herriott cell. Two hemispherical mirrors are mounted
opposing each other. The laser is aligned so that light
enters the cell through a small window and bounces
off each mirror making a stable light trace around the
circumference of the mirror. With this arrangement 70 Figure 11. A Herriott cell
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passes are made before the light exits the cell through the same window. A much greater pathlength (28m)
can be achieved in a small volume.

In addition, when measuring natural gas, methane absorption lines are common. At a wavelength of 1.877
micron, water vapour has a strong absorption line, but methane is still absorbing light at a low level. With
standard gas lines using a 0.8m cell this can be accounted for by an offset, and any small variance caused
by changes in the methane level are below the noise level. However, as the gas gets drier, the affect of
methane becomes more dominant, and it is therefore important to account for any changes in the methane
content. The SS2100 uses both a 28m Herriott cell and dual peak measurement to determine and subtract
the methane content from the water vapour measurement.

Figure 12. The effect of changing methane (CH ,) concentration on a dry natural gas

Figure 12. shows the effect of changing the methane concentration between 100% and 80% on the moisture
measurement, with and without the dual peak compensation.

3. Speed of response

Testing performed by IMA illustrates the difference in speed of response that the laser system can provide.
With “surface sensors”, water vapour absorbs or desorbs on the surface and the change is monitored
(capacitance change in the case of aluminium oxide (Al,O3) sensors). For years, the industry has been
saying that “nothing happens quickly with moisture”, and while it is true that the H,O molecule is “sticky” and
hangs around making systems difficult to dry, the techniques used to monitor low levels of water vapour, up
to now, have not shown a true picture of what is happening in the gas. As the laser system uses light being
absorbed by the gas, and updates 4 times a second, a virtually instant measurement of the gas state is
made, showing plant activity (and instabilities) that up to now could not be seen. In order to simulate a plant
failure, a test rig was set up where the moisture content of the gas stream could be rapidly changed between
dry and wet streams. The response of two analysers were tested: an Al,O3 probe from Xentaur (model
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LPDT), and the TDL system from SpectraSensors (model SS2000). Tests were designed to simulate initial
failure of a valve when switching between a wet gas and a dry gas. On occasions it has been seen that brief
“slugs” of moisture can indicate that the valve seat is beginning to leak. The test was set up to simulate the
valve opening every 10 minutes and to challenge the two analysers with a 0.5 second flow of wet gas. As
can be seen in Figure 13., the SpectraSensors laser attains a full scale reading and rapidly returns to the
original moisture level, while the Xentaur Al,O3 sensor does not exhibit anything that would alert the operator
to the problem.
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Figure 12. Test to reproduce transient wet gas flow s

4. Accuracy

With a variety of systems on the market, it is sometimes difficult to compare different techniques, as
manufacturers quote accuracy statements using different parameters and methods.

The table below shows a summary of accuracy statements from different manufacturers.

Technique Quoted Accuracy

Aluminium Oxide +/- 1 to 3T dewpoint
Phosphorus Pentoxide | +/- 5% of reading or 0.4 PPM
Quartz Crystal +/- 5% of reading or 1 PPM
Chilled Mirror +/- 0.1C dewpoint

SS2000 TDL system +/- 2% of reading or 4 PPM

Figure 14. converts these into the same units. It can be seen that the laser shows a good level of accuracy,
the only technique with a better accuracy being the chilled mirror, which is not normally used directly on a
process gas due to the high level of maintenance required to keep the mirror clean. Also, it is not normally
possible to install an automatic type chilled mirror device for moisture measurement in dry natural gas
streams, as the hydrocarbon dewpoint is higher than the water dewpoint.
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Figure 14. A comparison of accuracies at 150 PPMv

In addition, over the years IMA have found that, once installed, it can be difficult to maintain on-line accuracy
for Al,O3 sensors in natural gas and other aggressive environments, with some systems requiring calibration
as often as every 6 weeks.

4.1 Linearity
Being an optical system, the SS2000 follows linear optical laws.
The system follows Beer-Lamberts law:

A= bc
Where:
A = absorbance
= the molar absorbtivity of the target species

b = pathlength
C = concentration of the species

This means that the results are remarkably linear with respect to PPMv as shown by the following
independent test results (Figure 15.). These tests were perform on a non-standard SS2000 used to monitor
water vapour in a carbon dioxide background gas for critical measurements in AGR nuclear power stations.
For this application, the higher limit is 1,500 PPMv (standard high point is 422 PPMv (20lbs/MMSCF). As can
be seen, despite the increased range, the linearity is maintained to a good level.
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Figure 15. Linearity of the SS2000

5. Resistance to contamination

The active parts of the system, the laser and
detector, are mounted behind a window
(Figure 16.), making the system a non-
contact measurement. The measurement is
based on the absorption peak height for
water vapour, and referenced to the
background light level either side of the
peak. Any contamination that lands on the
optics will reduce the general power level
over a wide wavelength range, and, in fact,
up to 80% of the signal may be lost before
the instrument loses precision. At that point,
an alarm alerts the operator that the
analyser requires cleaning. However, with
filtration systems in place this is a rare
occurrence and some analysers have been
running for 4 to 5 years without requiring
maintenance. In common with all natural
gas systems, the sample line, pressure let-
down system, and analyser are heated to
avoid hydrocarbon condensate forming.

The window and mirror in the system may
be kept at an elevated temperature to further
lower the risk of condensate forming within
the measurement cell.

750 1000 1250
Applied PPM

Figure 16. Laser and detector behind a window
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6. Field trials
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Figure 13. Natural gas field trial

Following the explosion at Carlsbad, the pipeline company requested a long-term trial, comparing different
techniques and manufacturers of analysers on pipeline gas. All analysers used the same sample point. Each
manufacturer was given the opportunity to set-up their analyser on site. Over time some of the
manufacturers’ dropped out of the trail or their equipment failed. During the trial was a “moisture incident” as
can be seen in Figure 17. A power failure caused the regeneration of glycol in the dehydrator to be
interrupted. At night, temperature within the analyser house was controlled by a heater which gave a short
term temperature cycle. When the heater is cycling some temperature dependence can be seen on both the

Al;O, and the P,0Os5 systems. The SS2000 does not exhibit the same temperature dependence despite being
mounted in the same location.
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Figure 14. A closer look at the moisture incident

Figure 18. is a closer view of the same data, illustrating the speed of response of the laser system. The
alarm level on the pipeline is set at 7 Ibs/MMSCF. When the initial alarm occurred, the P,Os system lagged
the laser by 30 minutes before tripping the alarm and the Al,O3; system lagged by 3 hours. When the fault
was repaired the P,Os system lagged the laser by 1.7 hours before clearing the alarm point and the Al;O,
system 3.5 Hours. It should be noted that there was sufficient payback in the reduction of time to get back
on-line to pay for the analyser from this one incident. One possible reason for the apparent difference in
response time achieved in the field compared to the response time achieved in the lab., is that a layer of
hydrocarbon on the P,Os and Al,O3 system will cause the sensor to slow its response. The pipeline company
have now purchased over 50 laser systems to improve their moisture measurement.

Other trials have taken place to demonstrate the SS2000 response to methanol and check that there is no
cross sensitivity. An initial look at spectra, and laboratory testing, indicated that the laser system would not
be influenced by the presence of methanol. Figure 19. shows the results of another long term trial, where a
P,Os analyser and a quartz crystal system were installed on a large pipeline, with 500 to 600 MMCFD
connected to about 475 wells in the USA. All three analysers were calibrated on the same gas at the start of
the trial. While all three systems responded to the diurnal rise and fall of the moisture level within the
pipeline, the P,Os system shows an overall increase in value, believed to be due to the presence of
background methanol in the system. When an individual well connected to the system injects methanol, a
corresponding moisture spike can be seen in the P,Os trace. The data logger on the quartz crystal system
did not have a good resolution, but the diurnal change can still be seen. It can be seen on the trace that
there is only one point, on 21 May, where all three systems responded to a moisture increase.
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7. CO, systems

Carbon dioxide is another gas that absorbs light strongly in
the NIR spectrum. Being an acidic gas the combination of
CO, and H,0 can form carbonic acid. Most pipeline alarm
levels of CO, are 2% or lower. Again there are several
aspects to maintaining low CO,, not only from the corrosive
gas viewpoint, but higher CO, levels will affect the calorific
value of the gas. A 0.8m pathlength cell offers a very good,
stable and continuous measurement of CO; in the range of 0
- 10% with a very similar set up to water vapour. Figure 20.
shows a dual channel system with both water vapour and
carbon dioxide cells fitted. The sample gas flows from one
cell to the other using a common pressure let-down system.

27-May 0:00
28-May 0:00
29-May 0:00

Figure 20. A SS3000 with water vapour
and carbon dioxide measurements
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8. Hydrogen sulphide systems

After 4 years of research, SpectraSensors have launched Model SS2100 for measuring hydrogen sulphide
levels in natural gas. The problem has been that H,S does not absorb light strongly in the NIR so the signal
is weaker and requires a longer pathlength to achieve the same sensitivity. While H,S absorbs light at certain
wavelengths in UV spectrum, that light can be masked by mercaptans that may also be present in the gas.
The SS2100 has a lower limit of detection of 1 PPMv, and uses a reference gas system. By comparing
spectra between the sample gas stream, and a reference gas that has had the H,S removed, stable
measurements may be made. Figure 21. shows the spectral response of the H,S analyser using this
differential method and Figure 22. illustrates the stability and repeatability of the system. The stream
switching system includes a small H,S scrubber and double block and bleed valves to switch between the
two streams.

+
Figure 21. Spectral response to H ,S using a differential system
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Figure 22. The stability and repeatability of 300  to 400 PPB H ,S
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Figure 23. shows a H,S A
system including the sample
switching and H,S scrubber.

With the scrubber designed to

last 12 months the analyser
offers a much lower
maintenance cost than 24
traditional paper tape systems

for H,S measurements.

A
» 37 >

Figure 23. An SS2100 H ,S analyser with sample switching
system

9. Conclusion

Tunable diode laser technology has now matured to a point where it can offer real benefits to the natural gas
and process industries. The combination of sensitivity and specificity, offered by TDL based systems is now
performing well in many critical gas measurements. Confidence in the measurements made, particularly in
natural gas, has been significantly improved to a point where unmanned or remote installations are now
possible, and lower maintenance requirements for these systems has proved universally popular with users.
The speed of response of the SpectraSensors system has given a greater visibility of process activities, and
process operators a better insight into diagnosing plant faults. On occasions, pipeline companies with a laser
have been able to alert a gatherer of a problem before they knew there was an issue.

While it has taken some time to address moisture levels below 10 PPMv, the combination of longer
pathlengths, and methane subtraction by dual peak measurement, now offers LNG, and other dry gas
applications, the same level of confidence.

The introduction of H,S measurement systems allows the possibility of all three measurements being
performed by the same basic technique allowing some commonality between analysers used for gas
analysis.

Tunable Diode Laser systems break new ground 14



