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Introduction

We are developing a new instrument for studying aging effects in materials, especially those that
contain interfaces with organic compounds. The intent is to combine the high spatial resolution
provided by focused beam probes with the high mass resolution inherent in ion cyclotron
resonance (ICR) mass spectrometry. This will make it possible to closely examine interracial
zones in complex materials for signs of aging and to unambiguously identifj any degradation
products as well as the location where they are formed. The instrument consists of a sample
analysis chamber coupled to an ICR mass spectrometer (MS) and is depicted in Fig. 1. The
analysis chamber contains focused laser and ion beam probes, a high precision sample
manipulator, a time-of-flight ion detector, and transfer optics to the MS. The ICR–MS is a
commercial unit that can be also be used independently for analysis of bulk solids, liquids, and
solutions. This paper will give an overview of the instrument, describing it design, capabilities,
and current status.

Sample analysis chamber

The core of the system is the sample analysis chamber, which is a turbo-pumped UHV chamber.
Samples, which can be up to 2.5 cm in diameter and 0.5 cm in thickness, are introduced via a
vacuum load lock and transfer system. They are inserted onto a manipulator, which is driven by
piezo-motors that allow the sample surface to be positioned anywhere within a 2x2x2 cm volume
to within 1 pm. There is a provision for an onboard sample heater and thermocouple for sample
heating and temperature control up to 1000 “C. In addition, a thermal contact to a liquid nitrogen
reservoir permits sample cooling to below –100 ‘C.

Laser and ion focused beam probes enter the chamber to interrogate the sample. Two types of
laser probes are available: infrared (IR) and ultraviolet (UV). For IR, transversely excited
atmospheric-pressure (TEA) and continuous wave (CW) carbon dioxide (C02) lasers are used.
The TEA COZlaser is used for laser ablation and direct ionization of sample material while the
lower-power CW C02 laser is used for transient sample heating. For UV, nitrogen (N2) and
neodymium:yttrium-aluminium-garnet (Nd:YAG) lasers are used. The pulsed N2 laser is used for
surface resorption and ionization (e.g., matrix-assisted laser resorption ionization, MALDI)
while the Nd:YAG laser is used to photoionize desorbed neutral species. The ion beam probe is a
liquid gallium ion (Ga+ ) source attached to an ion optics column for focusing, pulse formation,
and rastering. The Ga+beam can be operated in either a continuous or pulsed mode and is used to
sputter material from the surface of the sample. The beam can be focused to less than 100 nm
diameter, which enables analysis of selected points on the sample to be conducted or high-
resolution secondary electron or secondary ion images of the sample to be generated.

The particular probe used for analysis depends on the sample and the type of information
required. In general, the laser probes are used for near-surface and bulk analysis while the ion
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In this paper, we summarize the status of BAGI instrumentation as an alternative tool for leak
detection in refineries. BAGI is an active imaging method that allows real-time video visualization
of gas plumesl. A BAGI imager creates an infrared (R) image of a scene while illuminating it
with IR laser light at a wavelength that is absorbed by the gas to be detected. Gas plumes that
otherwise cannot be seen by the human eye appear in BAGI images as dark clouds. The imaging
nature of BAGI data offers several potential advantages over that provided by point
measurements. These include the ability to simultaneously view many potential emission points
in an extended area and the ability to easily recognize and pinpoint a leak source by direct visual
observation. In addition, because the entire extent of the leak can be visualized, imaging offers the
possibility to estimate the leak flux more accurately than can be inferred from a point
concentration measurement. Finally, BAGI is consistent with the goals of the so-called “Smart
Leak Detection and Repaif’ (Smart LDAR) approach2 that supports detecting and repairing only
the large leakers at a refinery. Smart LDAR is based on the belief that a large fraction of the flux
from a refinery can be attributed to only the small subset of large leak points. BAGI offers the
possibility of rapidly locating the large leak sources, while being relatively insensitive to minor
leaks.

A vehicle-mounted BAGI imager has been applied to refinery leak detection in a field test that
took place in April, 1999. There, the system was demonstrated to effectively image leaks in
process streams and the results were compared to parallel surveys made with Method 21.
Ultimately, the use of a vehicle-mounted system in a refinery is impractical because of the need
to probe regions of limited accessibility. Thus, work since the field test has focused on the
development of an imager suitable for operator-portable use. In the remainder of this paper, we
will describe the instrumentation used in the April trial, summarize the developmental status of
the operator-portable system, and discuss the performance attributes of the system as
determined in the field test and in some subsequent laboratory measurements. ~~~ ~ ~~ ~ ~

INSTRUMENTATION

The van-mounted BAGI system

A BAGI instrument is an active imager that simultaneously laser-illuminates and images a scene
in the infraredl. Instruments have been developed that accomplish this-using both pulsed and
continuous-wave (CW)laser sources that include C02 lasers, infrared helium-neon lasers, and
lasers based on nonlinear frequency mixing. In the former case, the laser flood illuminates the
scene as it is viewed by a snapshot-mode focal-plane array camera.3 In the latter, a raster scanner
is used to synchronously sweep the laser beam and the instantaneous field-of-view (IFOV) of a
single-element detector across the target. 1>4The scan occurs in a near-video-rate raster pattern,

allowing the detector output to be formatted to produce a real-time video image of the scene. The
scanned approach has been chosen for the refinery leak imager. Figure 1 contains a diagram of the
system that was deployed in a van during the April field test. It consists of two basic elements:
the laser source and the raster-scanner unit. The system was powered by an electric generator
that was mounted on the back of the van.
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Figure 1. Schematic of the van-mounted BAGI setup. From [4].

Gas visualization requires the transmission of a laser frequency that is both absorbed by the gas
and efficiently transmitted through the atmosphere. Determination of the appropriate laser
frequency for refinery applications is complicated by the need to consider the large range of
species that can be emitted at different points along the processing stream. It is impractical to
develop a strategy that requires the laser to be tuned to different frequencies in order to target
specific effluents at each processing point. Rather, “generic” wavelengths are used that are
commonly absorbed by many process stream components. The wavelengths selected correspond
to the aliphatic C-H stretch absorption at 2935 and 2968 cm-l, and the aromatic C-H stretch
absorption near 3033 cm-l. All are efficiently transmitted within the 3–5 pm atmospheric

transmission window. In the April field test, the aliphatic wavelength at 2968 cm-l was chosen
for most of the process streams, with the exception of an aromatic process unit where the
3033 cm-l frequency was used.

The tunable radiation used in the van-mounted system is produced by a cw optical parametric
oscillator (OPO). This is a laser-like device that employs a nonlinear crystal (periodically-poled
lithium niobate, PPLN) as its active medium. The OPO efllciently converts radiation from a
fixed-wavelength pump laser into two new beams (signal and idler) whose frequencies add to that
of the pump laser. The signal beam is resonated in an optical cavity containing the PPLN crystal
while the idler beam is generated on a single pass through the crystal. PPLN is a quasi-
phasematched material that is engineered to contain a periodic spatial inversion (periods of 10’s
of pm) of its crystallographic axis5. The periodicity serves to phasematch frequency mixing

processes that take place inside the crystal, with the value of the spatial period (along with the
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crystal temperature) determining the phasematching frequencies of the signal and idler waves.
Thus, coarse tuning of the OPO output can be achieved by varying the periodicity of the PPLN
crystal. For the van-mounted imager OPO, continuous tuning is accomplished by using a “fan-
out” crystalG,in which the period changes continuously from one edge of the crystal to the other.
Here, tuning occurs when different regions of the crystal are translated into the pump beam.

A detailed diagram of the BAGI light source is provided in Figure 2. The OPO is con@ured as a
bowtie ring cavity. The fan-out PPLN crystal (Crystal Technology) has a length of 50 mm and a
20 mm X 0.5 mm aperture. It is housed in an oven (Aculight Corp.) that maintains a constant

temperature of 140”C to avoid photo-refractive damage. The two flat mirrors and two curved

mirrors of the bowtie-shaped resonator are coated to be highly reflective at the signal and highly
transmissive at the pump and idler wavelengths. The OPO is pumped by a diode-pumped multi-
Longitudinal-mode Nd:YAG laser (IJghtsvave Electronics) that is capable of generating about
12 W of output power at 1064 nm. By translating the fan crystal, the OPO offers quasi-
continuous tuning over 320 cm-l in signal and idler frequency and generates at least 1.5 W of idler
output throughout the entire range from 3.18 to 3.53 ~m.

Figure 2. Experimental setup of the cw PPLN-OPO-based R-laser source used in the van-
mounted BAGI system: Ll, L2, L3: lenses; M2: wave plate; 1S0: kolatoq ET: etalon; ND: neutral
density filter; D1, Dz: detectors. From [4].
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When operated with a YAG-etalon inside the cavity, the OPO signal wave oscillates on a single
longitudinal mode. The idler spectral Iineshape is a convolution of the signal and pump
Iineshapes, and has a linewidth of 10-15 GHz (determined prim~ly by the linewidth Of the
pump laser). As such, the etalon does not spectrally narrow the idler output, but it does make
the oscillator run more stably. The signalhdler output frequencies are monitored by measuring
the signal wavelength using a wavemeter (lhrleigh) linked to the laser via an optical fiber. Co-
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propagating signal and pump output beams are sequentially separated from the idler output beam
and monitored with two individual detectors (DI and D2).

The entire PPLN-OPO-based laser setup is arranged on a solid anodized aluminum breadboard
(35.6 cm x 61.0 cm) and housed under a sheet metal cover. In addition, the OPO cavity

components are contained in an inner aluminum enclosure with a plexi-glass lid to avoid
temperature fluctuations. The system was designed to maintain stability when operated in a
vertical cofilguration and under the vibrations and ambient air-temperature changes expected in
the field test environment. Except for the pump laser, the system does not require any active
cooling. For detailed information about this PPLN-OPO-based IR laser source (including
performance and stability measurements) and the van-mounted BAGI system, refer to Ref. [4].

The idler output of the OPO is directed upward into the raster scanning imager. That device uses
a pair of galvanometrically-driven SC* mirrors and a liquid-nitrogen-cooled HgCdTe detector.
With a sinusoidal horizontal sweep frequency of 3393 Hz and a saw-tooth vertical sweep
frequency of 60 Hz, these mirrors allow generation of a real-time video image of the target. The
overall mirror sweep angles can be manually changed to vary the total field of view of the system
from 4.5° to 18° in the horizontal dimension, and from 3.5° to 14° in the vertical dimension,

allowing the operator to zoom in and out on objects.

The raster scanner is positioned on top of the vertically-mounted laser baseplate. Its field-of-
view (FOV) is projected upward through the roof of the van onto a large steering mirror inside
the turret. The IR video image of the target can be viewed by the operator in real time on an
ordinaxy TV monitor. The FOV can be panned and tilted to survey different areas of the scene.
A black-and-white video camera is installed to be boresighted with the scanner, allowing direct
comparison of the BAGI images with a visible-wavelength scene image.

Steps toward an operator-portable system

Ultimately, it is impractical to consider the use of the van-mounted form of the BAGI imager for
routine leak-surveillance operations at a refinery. Many refinery locations prohibit vehicle access
for safety reasons. The visibility from locations that do allow access is sufllciently limited so
that only a subset of the leak points required for monitoring can be seen. Finally, monitoring
from a distance often permits only one vantage point, which may not allow viewing of a leak
against an appropriate backscatter surface. Many of these problems would be eliminated if a
system were available that could be transported by a walking operator. Thus, work is currently
underway toward the generation of an operator-portable system.

An effective operator-portable system must meet the requirements of easy portability, electrical
efficiency (battery-powered operation), and intrinsic safety (to allow access to all necessary
process areas). The need for portability obviously mandates size reduction in both the scanner
and laser components of the system. To achieve batte~-powered operation, it is necessary to
increase the efficiency of the laser source, which is by far the most power-consuming element of
the system. Redesign of the scanner system is underway at Laser Imaging Systems.

,
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Development of a compact and efficient mid-IR OPO is being pursued at Sandia. The status of
development of these components is described in the following sections. Upon completion,
Sandia will integrate these components to form an operator-portable system.

Operator-portable synchro-scan nwhde development

The operator-portable system will employ a newly-developed synchro-scan module (to be
referred to as the SSM) that was developed by LIS as part of an SBIR Phase II project for the
USAF Arnold Engineering Development Center (AEDC). As before, raster-scanned imaging is
accomplished through the concerted motion of two (horizontal and vertical) galvanometrically-
driven scan mirrors. In the SSM, the mirrors operate in an evacuated chamber, which allows
wider scan angles and protects the mirror surfaces. All of the electronic components required for
operation of the SSM are attached to the housing. The detector is cooled by a closed-cycle
Stirling refrigerator. Although the scan head itself is slightly larger and heavier than that of the
van-mounted design, the scanner and controller have been integrated into a single unit (whereas
the former system had a control module that was separate from the scanner head). Thus, the
overall system dimensions are smaller.

In addition to size reduction, the SSM also provides improvements in image quality. These are
accomplished through the use of larger-area scan mirrors and high-speed frame converter
electronics. Table 1 contains a listing of parameters associated with the van-mounted scanner
(referred to as previous design), the AEDC SSM, and a fiture high-resolution design. In the
SSM, the diameter of the horizontal mirror region devoted to the footprint of the IFOV is
increased by a factor of 1.6, thus increasing the collection solid angle and, hence, the imaging
range. Full utilization of this mirror area also reduces the divergence of the IFOV. Thus, at short
ranges, where the horizontal resolution is limited by the IFOV divergence, the number of
resolvable spots per horizontal line is increased from 157 to 262. The diameter of the mirror
devoted to the footprint of the laser beam is increased by a factor of 2.4, thus allowing for the
reduction of the divergence of that beam as well. By appropriate expansion of the laser beam, the
resolution at long ranges (where laser beam divergence is the limiting factor) can be increased
beyond that of the IFOV. Ultimately, horizontal resolution is limited to 360 resolvable elements
by the electronic bandwidth of the analog-to-digital conversion circuitry.

The increased mass of the horizontal scan mirror mandates a reduction in scan frequency from
3933 Hz to 3000 Hz. To compensate for the slow horizontal line acquisition rate, the overall
frame rate is reduced from 30 to 23 Hz. In the earlier system, two vertical scans were produced
per frame, resulting in the collection of two video fields that were interlaced to produce a single
video frame. In the SSM, the vertical mirror frequency is reduced from 60 to 23 Hz and only one
vertical sweep is made per scan. Formatting of the collected video data to meet the NTSC
standard format is accomplished using scan converter electronics designed and built by
Therrnetrix (Bolton, MA).

,
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Table 1. Previous, AEDC SS~ and High-Resolution Scanner parameters.

Previous AEDC SSM Hi-Resolution
Parameter Design Design Design

IMAGE QUALITY:
Field-of-view (degrees)
Optical resolution (mrad)
Resolvable spots/horz line
Horz lines/vertical scan
2:1 Interlace
New horz lines/frame
Frame rate (Hz)

DETECTION OPTICS:
f7#
Focal length (mm)

DETECTOR:
Type
Size (microns)
Peak response (microns)
IFOV (mr)

HORIZONTAL SCAN MIRROR:
Resonant frequency (Hz)
IFOV diameter (mm)
Laser beam diameter (mm)

VERTICAL SCAN MIRROR
Scan frequency (Hz)
Dimensions (mm)

14x18
3.0
157
00

Yes
200

30

1.0
12.7

HgCdTe
50x 50

10.6
4.0

3933
12.6
5.7

60
19.3 X 28.0

16X 20
2.0

262
220
No
220

23

1.0
20.32

HgCdTe
50x 50

10.6
2.5

3000
20.3
15.2

23
27X 35.6

16X 20
1.25
360
240
Yes
480

21

1.0
20.32

HgCdTe
25X 25

10.6
1.25

3000
20.3
15.2

21
27x35.6

Further improvement in image quality are being developed at this time. Specifications of a
higher-resolution version of the SSM are listed in the third column of Table 1. A reduction of the
detector diameter is used to reduce the detector IFOV to 1.25 mrad. While this should result in a
doubling of the resolvable elements per horizontal line, it would actually increase it only to the
limit (360/line) imposed by the analog-to-digital converter bandwidth. Reduction in the size of
the detector results in lower collection efilciency of the backscattered light so use of this
approach would be accompanied by a range/resolution tradeoff. The new approach also increases
the number of new horizontal lines per video frame from 220 to 480. This is accomplished by
lowering the frame rate from 23 to 21 Hz and by collecting data on both the upward and
downward sweep of the vertical scan mirror. The number of projected horizontal lines is equal to
that which can maximally be displayed by commercial television, while the number of resolvable
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spots per horizontal line falls somewhat short of
monochrome video monitor (420 resolvable spots).

Operator-portable OPO development

the bandwidth of a commercially-available

Work is underway at Sandia to develop a more compact and rugged OPO for the operator-
portable system. This involves two basic steps: (1) the design and fabrication of a compact OPO
module employing all fixed-mounted optical components; and (2) the development of a pump
laser source that is significantly smaller and more electrically-efficient than the Nd:YAG laser
used in the van-mounted system.

Figure 3. Schematic of the packaged OPO for the operator-portable imager.

. .-,-, -.,- —. ..

The OPO module (see Figure 3) differs from that of the van-mounted system in its use of a
totally fixed optical design. The module employs a Macor ceramic baseplate onto which are
epoxied all four cavity mirrors of the bowtie ring OPO. The pump- and signal-rejection filters are
epoxied onto the baseplate as well. The rejected residual pump beam is deflected to a heatsin~
while the remaining signal is measured by a power sensor. A portion of the signal wave
(emerging from one of the cavity flats) is available for fiber coupling to a wavemeter via a fiber-
port connection. The PPLN crystal and the translatable oven are identical to those used in the
former system, thus allowing broad tuning over the CH-stretching range. Ultimately, the size of
both could be significantly reduced if only crystal periods relevant to the refinery application
were used. The size of the ring caviiy has been decreased to a roundtrip length of 220 mm
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(versus 520 mm previously) by using 50-mm radius-of-curvature spherical mirrors and by more
tightly folding the bowtie portion.

It is obvious that the element of the system that requires the most attention in reducing size and
power draw is the pump laser. In the operator-portable system, it is intended that the water-
cooled Nd:YAG will be replaced by a miniature laser source that will be capable of air-cooled
operation and will produce about 5–7 W of useable radiation at 1.06 pm. The new laser source

being developed is a Yb-doped fiber amplifier that will be seeded by a miniature Nd:YAG laser
emitting -10-20 mW. The fiber amplifier will be contained in a shoulder-mounted camera unit,
where it will be integrated with the OPO and the scanner module. Coupling of the pump
radiation to the OPO will be carried out through a single-mode optical fiber. Diode pump
radiation to power the OPO pump will be produced in a separate power unit (mounted on a
small cart) and coupled to the camera unit via a fiber housed in an umbilical cable. The seed laser
will also be contained in the power unit and its fiber will be contained in the umbilical as well.
Until the new pump becomes available, evaluation of the OPO module has been carried out by
fiber coupling pump radiation from the 12-W Nd:YAG pump into the OPO. As seen in Figure 3,
pump radiation enters the OPO unit through a fiber port in the upper left of the image,
whereupon it is focused through an optical isolator and into the PPLN cqmtal. With a pump
power of 5 W exiting the fiber, the OPO is capable of producing 500 mW of useable idler
radiation. The pump threshold of the OPO has been measured as -2.2 W at the fiber output.
Stable operation of the OPO module has been demonstrated at ambient temperatures between 40
and 100 F.

RESULTS AND DISCUSSION

Refinery field test

In April 1999, the van-mounted imager was tested at a Gulf Coast refinery in Texas. This field
trial was conducted in order to demonstrate the ability of a BAGI imager to detect leaks in a
refine~ environment and to compare performance to that of a sniffer operating according to
Method 21. During the field trial, both instruments were used independently to survey seven
different process areas within the refinery. Six of the areas were viewed under illumination at the
aliphatic frequency of 2968 cm-l; the seventh (aromatic) site was viewed at the aromatic
frequency at 3033 cm-l. The results were recorded on videotape. The magnitude of every leak
that was found by the gas imager was confirmed and quantified by the sniffer team.

A detailed summary of the test results can be found in Ref. [7]. As indicated there, the results of
the test generally support the Smart LDAR concept that espouses detection and repair of only
the major leakers8. Figure 4 contains a histogram showing the frequency-of-occurrence of leaks of
different sizes measured by Method 21 during the April test. The data clearly confkm past

observations that large leaks (2 10,000 ppmv), even though they occur rarely, contribute most to
the total emission of all leaks. Conversely, only a small fraction of the total emission is
represented by the sum of the majority of all leaks, which fall in the category of very small leaks.

.— -..
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These results are consistent with the leak-rate distribution of a
published in 1997 by the American Petroleum Institute (API).9

“typical refinery’’ that had been

Figure 4. Leak-rate distribution data determined from Method 21 measurements during the
April 1999 refinery field trial [7]. The black columns indicate the contribution of leaks in those
bins to the total flux from the refinery; the gray columns indicate the number of leaks having a
reading corresponding to that bin.
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The imaging nature of BAGI allows simultaneous probing of an area rather than a single point.
Thus, it can reveal leaks in areas not routinely checked by the portable-detector operator, or in
inaccessible areas. This was demonstrated in operations at two processing areas, the
hydrocracker and the crude distillation unit. In both cases, the BAGI system was able to reveal
large leaks (above 100,000 ppm) from units not ordinarily checked during LDAR surveys.
Samples of single BAGI images of one of these leaks are shown in Figure 5. Here, a visible
picture of the scene (a) is depicted together with three IR images (b, c, and d), which were
extracted from an IR video sequence. It should be noted that the ability to detect a gas leak
strongly depends on the motion of the imaged plume relative to the steady scene background,
making it difficult to represent a leak image in still video frames.

The ability of BAGI to view the entire scene (including elevated components) in a single instant
potentially allows the operator to observe more components in less time than it could be
achieved by one person operating a portable detector. Depending on the thoroughness and
experience of the operator as well as the spacing and accessibility of the imaged components, the
van-mounted BAGI system was found to be capable of imaging an average of 600 components
per hour (range 250 to 4000). Large leaks, like that shown in Figure 5, were detected even during
a rapid drive-by, which corresponds to an estimate of 200 components per minute.

----- . ... ..-
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Figure 5. Imaging of a refinery’s hydrocracker unit with a regular video camera (a), and with the
BAGI system at a frequency of 2968 cm-l (b, c, and d). In the three IR pictures, which were
extracted from a moving sequence of images, the leaking aliphatic species can be recognized as a
dark cloud (marked by the white 5ircle). From [4].
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Despite thesuccesses, the refinery test also raised some questions about the sensitivity of the
gasimager. Although thelowest leak detected by the BAGI system was determined to havea
local propane concentration of~8,000ppm (according to a point measurement with a sniffer
using Method 21), the system also missed some leaks at and above 30,000 ppm.

This may be attributable to several causes. Firsg because the imager is measuring path-integrated
concentrations, the ability to “see” a plume depends on the flux of the emitted species. It is well-
known that the correlation between leak flux and point concentration measurements can have
large errors due to inconsistency in the position of the sampling point relative to the plume
location. Other effects specific to imaging may play a role in determining the visibility of specific
leaks. These include the nature of the background reflective surface, the distance and angle of the
imager relative to the le~ and the plumes spatial distribution (which depends on the wind
conditions). Finally, the imager also needs visual access to an emission in order to detect it (i.e. it
cannot see regions blocked by solid objects). The last point leads to the conclusion that an
operator-portable imager is ultimately required.

Controlled leak studies

The sensitivity issues raised during the field trial motivated an investigation of BAGI detection
limits with regard to controlled leaks. Initially, these were done at LIS using the van-mounted
BAGI imager. The results of those tests are described in Ref. [10]. More recently, tests were
initiated at Sandia using a combination of the scanner intended to be used in the operator-portable
system and the van-mounted OPO. In those tests, the laser was operated at an output power of
500 mW in order to simulate the expected performance of the portable imager. The tests were
accomplished while viewing a controlled leak apparatus that was provided by the EPA. This
was essentially an assemblage of valves and piping that contained fabricated leak points (valve,
threaded plug, bonnet, flange) at which gas could be emitted at a prescribed rate, controlled by a
series of rotameters. The valve assembly was placed inside a wind tunnel with a specified
backdrop behind the valve and an open aperture (2.5x 2.5 ft square) through which images of the
leaking assembly could be made (see Figure 6). Wind speed could be controlled via the wind
tunnel fans and measured using a hot-wire anemometer placed in the tunnel. Viewing range was
varied from 10 to 30 ft from the valve assembly. The results that have been obtained to date are
summarized in Table 2. All measurements were made using propane as the target gas. Additional
tests are planned that will employ other target gases and solid background materials. The test
grid was assembled in order to initiate testing that would prove equivalency to Method 21. This
laborato~-testing phase will be followed by a field-testing phase in which the operator-portable
system will be extensively evaluated at candidate refineries.

The results in Table 2 indicate the visual detection limits as interpreted by the authors of this
paper. In the future, evaluations will be made using others outside this group (e.g., trained leak
survey operators). The detection limits are indicated in two ways: (1) lower detectable level (loll)
mass-flow rates in units of g/hq and (2) approximate screening values (SV) in ppmv. Note that
the IdI’s are also provided in two ways— as viewed in the plume area and as viewed at the leak
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point. The former were derived by attempting to view theplume generated by theleak asit
drifted away from the leak area. The latter were determined by viewing that area on the hardware
from which the leak was emanating. For example on a flange 1+ the leak point values were
determined by viewing gas silhoiietted against the metal face of the flange. Gas detection limits
are lower when the leak point is viewed, since the gas density is higher there. Detection at the
leak point is more difilcult to implement in rapid area surveys, however, because it requires close
visual scrutiny of each leak point rather than broad inspection of an area for larger plumes. In the
fiture, leak point inspection could be simplified by implementing differential detectionll, where
images are rapidly collected at two wavelengths (on and off the absorption line) and the log-ratio
of the two are displayed. This method eliminates the background scene image and highlights
areas where there is a significant difference in the return signal at the two wavelengths.

Figure 6. Test apparatus used to control conditions for the quantitative laborato~ test.

View port

EPA test fixture —, \

I

\ --C.- T-- - .- —-

1 9! il [u.
Flow in from gas source -+)J ‘Hut-wireanem”meter

Mass flow meter

Although leak survey operators are most familiar with the SV values, the ldl results are probably
the most relevant to these tests. The SV values shown in Table 2 were derived from the Idl
measurements using the EPA leak-correlation equations (page 29 in Ref. [7]). It is well known
that there is a great deal of variance in actual SV’S determined using Method 21 against a leak of
known mass flux. This is due to the fact that it is difficult to characterize a highly variable plume
by a single point measurement. Ultimately, it is the ldl that best characterizes the magnitude of a
leak and its impact on total emissions from a refinery.

For conditions of low wind, the results in Table 2 show that the propane loll’s are typically
-2–3 g/hr at the leak point and in the plume area. It was also discovered that a variation of
standoff range from 10 to 30 ft has only a minor impact on the detection limit. This is due to
two facts: (1) the imager is operating with sufilcient laser power to produce a strong return signal
at all ranges and (2) the camera is capable of zooming to reduce the effect of lower spatial
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resolution at the long ranges. Return signal variations may become a greater issue for more
weakly reflecting targets; however, it should be stated that sandpaper should not be considered a
strong reflector (its reflectivity is -0.016 sr-l at the illumination wavelengths). As might be
expected, the variable that had the greatest impact on the measured Idl is the wind speed. At the
highest wind (10 m/s) the Idl is increased -20 times over the value measured at 1 m/s. It should
be stated that the impact of wind on Method 21 measurements using point sensors is not well
documented, and that wind should be expected to impact those readings as well. Future tests will
address variable wind conditions, which might be considered more realistic. At the April field
test, the winds were quite significan~ however, it was observed that they varied substantially in
time (due to gusting) and in location (due to the degree of sheltering by the surroundings). In
some cases, wind gusting can actually improve plume visibility, since it increases the plume’s
motion, which makes a leak better noticeable.

Table 2. Recently petiorrned man-portable gas-imager laboratory tests (loll: lower detection
limit SV screening value). Target gas: propane; background: silicon-carbide sandpapeq laser
power: 500 mW; with the exception of test 10 where the background was Styrofoam and the
laser power was reduced to 20-60 mW.

Range
Wind

Idl [g/hr]
Idl [g/hr]

Test
Approx. SV

Leak Point
[ft]

Speed in Plume
at Leak Point [ppmvl

[m/s] Area
Baseline Bonnet 10 1 2.8&0.5 same 9,100

1 Threaded Plug 10 1 2.2+0.5 same —

2 Flan~e 10 1 2.5+0.5 same 7,750

,

!

“.,, , ,., ,,,,. , ,., ,. :2. -——— - ---- ---- . .

3 Bonnet 20 1 3.O=to.5 same 10,050

4 Bonnet 25 1 3.0+0.5 same 10,050

5 Bonnet 30 1 3.O=l=o.5 same 10,050

6 Bonnet 10 2.5 3.0+1.0 4.0*1.O 10,050

7 Bonnet 10 5 7.5*1.5 10.0+ 1.5 37,000

8 I Bonnet I 10 I 7.5 I 13.0+3.0 I 18.0+3.0 I 80,900 I
9 I Bonnet I 10 I 10 I 27.0+5.0 I 35.0+5.o I 228,750 I

1
-------

! I 1
. . . .

1
. . . .

I

10 I Bonnet 10 I 1 I 6.1+.06 I same I 27,550

SUMMARY AND CONCLUSION

The results presented in this paper summarize the current status of gas imaging for leak detection
in petroleum refineries. A van-mounted imager has been demonstrated to successfully operate in
a refinery environment over a period of several days. Although not fully engineered, the system
was able to produce images throughout the duration of the test under conditions in which the van
was both stationary and in motion. Each day of operation required only a modest 30-min warm-
up period prior to system use. As a result of this field test, the imager was found capable of
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visualizing leaks that correspond to Method 21 measurements as low as 30,000 ppm; however,
some leaks at that level were not visualized.

As described in greater detail in Ref. [7], the test raised some questions regarding the limitations
imposed by operation from a van (versus a portable system) and the role played by gas
composition, the nature of the background material, standoff range, and vantage point. These
questions motivated the development of an operator-portable system, which is scheduled to be
completed in mid 2000. This more compact system should support operation at a range of up to
30 ft and will be capable of close-up viewing of leak points inaccessible by a vehicle (including
views at more than one vantage point). The image quality and resolution of the scanner used in
the portable device will also exceed that of the van-mounted system.

As an additional result of the refinery field trial, extensive laborato~ tests were initiated to
identify the variables that influence gas-imaging sensitivity. These controlled-leak experiments
using an EPA valve assembly that was placed inside a wind tunnel have so far indicated detection
of propane at higher sensitivities than those observed in the refine~ trial. However, the
detection limit is shown to be very sensitive to (steady) wind speed. Since the laboratory trials
are currently a work in progress, there will be more measurements made using different target
gases, other backgrounds, and non-steady wind conditions. These laboratory tests will have to
be repeated upon availability of the operator-portable unit. Field trials using the portable device
are expected to take place before the fall of 2000.
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