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PROCESSES AND SYSTEMS FOR
ANALYZING IMAGES OF A FLARE BURNER

RELATED APPLICATIONS
[0001] This application claims the benefit of United States Provisional Patent
Application Ser. No. 62/858,707 filed on June 7, 2019, the entirety of which is incorporated

herein by reference.

FIELD OF THE INVENTION
[0002] This invention relates generally to processes and systems that analyze images

of a flare burner to determine the apparent presence of absence of smoke.

BACKGROUND OF THE INVENTION
[0003] In process industries such as petroleum (oil) refineries and petrochemical
plants, it is a common practice to burn the exhaust gases of a stage of the refinery or plant
before releasing the gases to the atmosphere in order to reduce the environment pollution
using a device known as a flare or flare burner in a process known as flaring or flare
burning. The flare burner may be a steam-assisted, combustible gas assisted, or air assisted

flare burner.

[0004] Flaring is commonly used in the petrochemical and oil industry as a
combustion process to safely dispose of flammable waste gases produced from normal
operations, as well as during, emergency process upsets process start-up, process

shutdown, and turnaround operations. Flaring helps prevent the undesired release of the
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hydrocarbons in the waste gases into the atmosphere. However, combustion of
hydrocarbons is seldom 100% complete leading to black smoke (hereafter “smoke”)
production due to inefficient combustion of the hydrocarbons which can result in
significant financial costs including fines from regulatory bodies and costs due to steam

and pressurized air usage.

[0005] Regulatory authorities (e.g., the U.S. Environmental Protection Agency
(EPA)) generally impose environmental regulations in terms of monitoring and controlling
smoke. In general smoke reduction has the highest priority, but in locations where the
refineries are located relatively close to residential communities, noise reduction can be
important too. Failure to adhere to EPA or other regulations can result in the imposition of
serious financial penalties and sometimes revoking of operating licenses for the owner of

the process.

[0006] More specifically, operators must know and record many aspects of flare
flame performance or face regulatory sanction and/or fines. Accordingly, the operators
may track and record: 1) the presence and absence of smoke, 2) the presence and absence
of the flare flame, 3) the flow rate and composition of flare gas, 4) the flow rate and
composition of assist fuel gas, purge gas, steam and/or air, 5) calculated values for net
heating value at regular intervals in time based on the above listed input parameters, and
6) the time duration of flaring and smoking events. While failure to comply with the
recording or performance aspects of flare operation can result in significant fines, operating
too conservatively with too much assist fuel gas, purge gas, steam, or air results in
excessive operation utility costs. Accordingly, it is desirable to utilize a flare monitoring

system.

[0007] The main role of a flare monitoring and control device or system is to monitor
and measure certain parameters of the flare such as amount/volume of the smoke, size of

the flare, and noise level (typically in dB), and take certain countermeasures to control the
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flare so as to ensure compliance with EPA smoke and noise level regulations. Few flare
monitoring and control solutions exist for in-situ and remote sensor-based flare monitoring.
For example, systems based on thermocouples, infrared (IR) sensors, or cameras can be
used for indicating the presence or absence of smoke and to some extent the quantity of

smoke.

[0008] However, even with existing products, there is continuing and ongoing need

for systems and methods for monitoring a flare burner with a camera.

SUMMARY OF THE INVENTION
[0009] One or more methods for monitoring a flare burner with a video camera have
been invented which can be used in a system for observing and controlling a flare. In
various embodiments, the present invention provides methods and systems which may
indicate to operators the presence or absence of one or more of smoke, flare flame, and
steam plume and record those indications or measurements. Additionally, the methods and
systems may confirm whether compliance with local regulations on visual emissions,
smoke plume is achieved. In various aspects and embodiments, the methods and systems
automatically adjust the delivery rate of key inputs including assist fuel gas, purge gas,
steam, and/or air simultaneously to maintain or attain compliance with said local regulatory

requirements.

[00010] Therefore, the present invention may be characterized, in at least one aspect,
as providing a process for determining an apparent presence or absence of smoke from a
flare burner associated with a processing plant by: a) obtaining a visual image of the flare
burner and an area surrounding the flare burner; b) analyzing the visual image by
segmenting the visual image into a plurality of regions of interest, and, calculating a smoke
index for each of the regions of interest based on a historical intensity of a plurality of
pixels within each of the regions of interest; ¢) determining the apparent presence of smoke

based on the smoke index for the regions of interest by comparing the smoke index to a
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threshold smoke index level; and, d) indicating the apparent presence of smoke for the

regions of interest when the smoke index is at or above the threshold smoke index level.

[00011] The smoke index of the pixels may be calculated by determining an intensity
value for one or more pixels in a particular region of interest by subtracting a background
intensity value, wherein the background intensity value of each pixel is a maximum

intensity value for that pixel from a series of visual images.

[00012] The smoke index may be based on an opacity determination. For example,
the smoke index of each region of interest is calculated with an equation comprising, 100%
* (1-INTnow/INTbackground), wherein INTnow represents an average intensity value of
one or more pixels in a particular region of interest, and wherein INTbackground represents
a maximum intensity value for the one or more pixels in the particular region of interest
determined from a series of visual images. The series of visual images may be, for
example, between 20 to 70 frames preceding the visual image. One of ordinary skill in the
art will appreciate and understand that other numbers of previous images may be used, and

that the previous images need immediately precede the current image.

[00013] It i1s contemplated that the intensity value may be a color intensity value.

[00014] In some embodiments, the regions of interest move in relation to the flare

burner. Alternatively, the regions of interest may be static in relation to the flare burner.

[00015] The process may also include adjusting at least one process condition of the
processing plant based on a difference between the smoke index is at or above the threshold
smoke index level and, repeating steps a) — c¢). The at least one process condition may be
adjusted to maintain the smoke index at the predetermined set point. The steps a) — ¢) may

be repeated until the smoke index reaches a predetermined level.
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[00016] The process may further include calculating a reliability value for each
smoke index calculated. Additionally, the process may include increasing a weighting to
non-camera based values used for determining the smoke index based on the reliability
values. It is contemplated that the process includes obtaining a current process condition
information of the processing plant and when a number of the calculated smoke indexes
with a reliability value above a predetermined level is below a minimum amount, the
process includes determining the apparent presence by comparing the current process
condition information with a database having process condition data and apparent smoke
probability associated with the process condition data. It is further contemplated that the
process includes obtaining a current atmospheric condition information at the flare burner;
and, when a number of the calculated smoke indexes with a reliability value above a
predetermined level is below a minimum amount, the process includes determining the
apparent presence by comparing the atmospheric condition information with the database,
wherein the database further comprises having atmospheric condition data and apparent

smoke probability associated with the atmospheric condition data.

[00017] The process may include obtaining an audio signature of the flare burner
corresponding to the visual image, and the smoke index for each regions of interest may

be calculated based on the audio signature.

[00018] The process may include obtaining an UV image of the flare burner
corresponding to the visual image, and the smoke index for each regions of interest may

be calculated based on the UV image.

[00019] The process may include: obtaining a temperature at a predetermined
position spaced from the flare burner corresponding to the visual image, comparing the
temperature to a threshold temperature, and performing an action when the temperature

meets or passes the threshold temperature.
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[00020] In a second aspect, the present invention may be generally characterized as
providing a process for determining an apparent presence or absence of smoke from a flare
burner associated with a processing plant by: obtaining a plurality of visual images of the
flare burner and an area surrounding the flare burner, wherein the plurality includes an
image with no smoke and an image with smoke, and wherein the presence or absence of
smoke has been predetermined; analyzing the visual image by segmenting the visual image
into a plurality of regions of interest, and, calculating a smoke index for each of the regions
of interest based on a historical intensity of a plurality of pixels within each of the regions
of interest; determining the apparent presence of smoke based on the smoke index for the
regions of interest by comparing the smoke index to a threshold smoke index level; and,
comparing the determination with the predetermined presence or absence of smoke with

the image.

[00021] The present invention may also be broadly characterized, in a third aspect as
providing a system for monitoring a flare burner associated with a processing plant and
configured to receive a gas to be combusted, the system configured to determine an
apparent presence or absence of smoke from the flare burner, the system including: at least
one camera configured to obtain images of the flare burner and an area surrounding the
flare burner; and, a controller in communication with the camera and configured to: receive
the visual image of the flare burner; and, analyze the visual image by: segmenting the visual
image into a plurality of regions of interest; and, calculating a smoke index for each of the
regions of interest based on a historical intensity of a plurality of pixels within each of the
regions of interest; and, determine the apparent presence of smoke based on the smoke
index for the regions of interest by comparing the smoke index to a threshold smoke index
level; and, indicate the apparent presence of smoke for the regions of interest when the

smoke index 1s at or above the threshold smoke index level.
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[00022] Additional aspects, embodiments, and details of the invention, all of which
may be combinable in any manner, are set forth in the following detailed description of the

invention.

DETAILED DESCRIPTION OF THE DRAWINGS
[00023] One or more exemplary embodiments of the present invention will be

described below in conjunction with the following drawing figures, in which:

[00024] Figure 1 shows a schematic view of a system according to one or more

aspects of the present disclosure;

[00025] Figure 2 shows a process flow diagram according to one or more aspects of

the present disclosure;

[00026] Figure 3 shows an analyzed image according to one or more aspects of the

present disclosure;

[00027] Figure 4 shows another analyzed image according to one or more aspects of

the present disclosure;

[00028] Figure 5 shows a graphical comparison according to one or more aspects of

the present disclosure; and

[00029] Figure 6 shows a graphical comparison according to one or more aspects of

the present disclosure.

DETAILED DESCRIPTION OF THE INVENTION
[00030] As mentioned above, methods for monitoring a flare burner with a camera

have been invented which can be used in a system for observing and controlling a flare.
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According to the various aspects, visual cameras are used to identify the presence or
absence of smoke, flame, and/or steam plume. Additionally, a confidence level associated
with the indicated presence or absence of smoke, flame, and/or steam is provided. Various
embodiments contemplate the use of night vision features of many common camera
monitoring systems to assist in indicating the presences or absence of smoke during periods
of time when the visual indicators are not accurate or indicated as reliable. The methods
and systems measure, minimize, tune, adjust, modulate, or otherwise change the rate of
consumption assist fuel gas, purge gas, steam and/or air simultaneously to operate at the
edge of (or reasonably near) incipient smoke formation. Finally, the processes and systems
may calculate and record various determinations and data calculations, such as the resulting

net heating value at the flare tip and maintains operation within regulated limits.

[00031] With these general principles in mind, one or more embodiments of the
present invention will be described with the understanding that the following description

1s not intended to be limiting.

[00032] As shown in FIG. 1, a system 10 according to one or more aspects of the
present invention, includes one or more cameras 12 obtaining visual images of a flare
burner 14. As is known, the flare burner 14 receives a stream of waste gas 16 to be
combusted in a flame 18 at the outlet of the flare burner 14. Additionally, the flare burner

may receive a stream of assist gas 20, as well as a stream of steam 22.

[00033] The field of view 23 of the cameras 12 preferably include areas around the
flare burner 14 and the flame 18. Accordingly, the cameras 12 preferably provide a
generally wider field of view. By using a wider field of view and including the area around
the flare burner 14 and the flame 18, it is believed to be easier to determine the presence or
absence of smoke. While a single camera 12 1s the primary approach used by many current
flare burner monitoring systems, the use of using multiple cameras 12 allows simultaneous

capture of both local images and wider views for signal processing and usable views in
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cases where wind direction may prevent a certain camera from being able to see the exhaust
and smoke plume. The camera 12 may include single lens camera, zooming functions,
wide angle high definition (HD) camera and any camera technology available for both
optical zoom and digital zooming functions. The human machine interface will allow the
operator to adjust their views to better understand the differences between the video images
and the analytics images. This will build confidence for the operators that the analytics are

providing the correct information.

[00034] The cameras 12 are in communication with one or more controllers 24 that
each include at least one processor and memory storing computer-readable instructions
that, when executed by the at least one processor, cause the one or more controllers 24 to
perform a process that may include one or more steps. The controller 24 may be an
Application Specific Integrated Circuit (ASIC), an electronic circuit, memory (shared,
dedicated, or group) and/or a computer processor (shared, dedicated, or group) that
executes one or more executable instructions (e.g., software or firmware programs) stored
on the memory, a combinational logic circuit, and/or other suitable components that
provide the described functionality. While this disclosure includes particular examples and
arrangements of the units, the scope of the present system is not so limited, since other
modifications will become apparent to the skilled practitioner. Some or all relevant
information may be stored in databases for retrieval by the controller 24 (e.g., as a data
storage device and/or one or more non-transitory machine-readable data-storage media
storing executable instructions). The controller 24 is further configured to obtain, receive,
and/or send information over a communication network (e.g., local communication
network, the internet, an intranet). Specifically, the controller 24 may receive signals and/or
parameters via the communication network. The controller 24 may display (e.g., in real
time, with a short delay, with a long delay) performance information related to the received
signals and/or parameters on an interactive display device 26 (i.e., display screen), which

may be accessible to an operator or user, either locally or over a communication network
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like the internet. Additionally, the controller 24 is configured to receive input, via, a

keyboard, touch screen, mouse, other device.

[00035] For example, the controller 24 may be configured to receive, from one or
more cameras 12, data related to images obtained of the flare burner 14 and the area
surrounding the flare burner 14. The controller 24 1s configured to analyze the obtained
images and determine, for example, the likelihood that the flame 18 is producing smoke
28. Based on the determination, the controller 24 may be configured to determine one or
more recommended adjustments to one or more process conditions described herein.
Additionally, the determination can be outputted to the display device 26. However, the
determination by the controller 26 preferably incorporates more information than just the

obtained images.

[00036] Accordingly, in addition to the camera 12, the controller(s) 24 is in
communication with other sensors that provide information or data to the controller to be
used when analyzing the images and determining the likelihood that the flare is producing
smoke. Such sensors may include, but are not limited to, pressure sensors, differential
pressure sensors, other flow sensors, temperature sensors including thermal cameras and
skin thermocouples, capacitance sensors, weight sensors, gas chromatographs, moisture
sensors, ultrasonic sensors, position sensors, timing sensors, vibration sensors, level
sensors, liquid level (hydraulic fluid) sensors, and other sensors commonly found in the
refining and petrochemical industry. Further, process laboratory measurements may be
taken using gas chromatographs, liquid chromatographs, distillation measurements, octane
measurements, and other laboratory measurements. System operational measurements also
can be taken to correlate the system operation to the equipment measurements. In addition,
sensors may include transmitters and deviation alarms. These sensors may be programmed

to set off an alarm, which may be audible and/or visual.
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[00037] For example, the controller 24 may be in communication with one or more
sensors 30a, 30b, 30c for obtaining process condition information associated with the
processing plant, such as flow rate, gas composition, temperature, to name a few.
Similarly, the controller 24 may be in communication with sensors 32a, 32b, 32¢ in the
lines, for example, providing the streams 16, 20, 22 discussed above. Additionally, the
controller 24 may be in communication with valves 34a, 34b, 34c in the lines providing
the streams 16, 20, 22 so that the flow of the streams 16, 20, 22 can be adjusted (discussed
below). The controller 24 may also be in communication with sensors 36a, 36b, 36¢ that
obtain atmosphere condition information at the flare burner, such as, air temperature,

humidity, pressure, wind speed, direction, sun position, rain, etc.

[00038] The controller 24 may also be in communication with an ultraviolet (UV)
camera 38 that is configured to provide UV images of the flare burner 14. Specifically, the
UV camera 38 can be used to provide a number of additional parameters. For instance, a
UV camera 38 can easily discriminate against sunlight which might otherwise interfere
with measurements. The utility of the UV camera 38 can be enhanced with spectral filters
- for instance to determine individual chemical species. For example, sulphur dioxide is an
important pollutant. The 1dentification and quantification of this species can be made with

well-known UV techniques. Other species can be identified with similar techniques.

[00039] The controller 24 may also be in communication with a microphone 40 for
providing audio data associated with the flare burner 14. Audio signatures of wind may be
included in the raw data and may need to be removed as part of the image processing
procedure. After removing wind signatures, the resulting audio may provide an indication
that the flare burner 14 is releasing a vapor stream, burning the waste gases, having a steam

release, or harmonically oscillating over these various conditions.

[00040] The controller 24 may also be in communication with a thermocouple 42 that

1s configured to measure a temperature a fixed distance from the flare burner 14 or the

11



10

15

20

25

WO 2020/247664 PCT/US2020/036169

flame 18.  As conditions change at the flare burner 14 tip, the temperature at the
thermocouple 42 will change and can alert the operator to focus on the audio and visual
signals to determine if changes to the flare operation are required. A temperature signature
around the flare burner 14 may also be utilized, for example by measuring temperature on
the piping, at the tip of the flare burner 14, and at the specific distance away from the tip
that has a definitive temperature change as the vent streams changes to different modes of
operation--full event, small flame, or steam purge. This could be some distance away from

the flare burner 14 and still have a measurable change.

[00041] The network connections depicted include a local area network (LAN) and a
wide area network (WAN), and a wireless telecommunications network, but may also
include other networks and communication methods. When used in a LAN networking
environment, the components of the system 10 may be connected to the LAN through a
network interfaces or adapters. When used in a WAN networking environment, the
components of the system 10 may be connected through modems or other means for
establishing communications over the WAN, such as to an external network (e.g., the
Internet). When used in a wireless telecommunications network, the components of the
system 10 may include one or more transceivers, digital signal processors, and additional
circuitry and software for communicating with each other in the wireless network. It will
be appreciated that the network connections shown are illustrative and other means of
establishing a communications link between the computers may be used. The existence of
any of various network protocols such as TCP/IP, Ethernet, FTP, HTTP and the like, and
of various wireless communication technologies such as GSM, CDMA, Wi-Fi, and
WiMAX, is presumed, and the various components described herein may be configured to

communicate using any of these network protocols or technologies.

[00042] Accordingly, the controller 24 receives information and data from the various
sensors and data collecting devices of the system 10 and is configured to determine one or

more of the following: the presence or absence of a flame 18; the presence or absence of
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smoke plume 28 associated with the flame 18; and the presence or absence of steam plume
associated with the flame 18. Additionally, the controller 24 should be configured to

indicate and differentiate between smoke and steam.

[00043] In addition to the foregoing indications, the controller 24 may also be
configured to provide a reliability value indicating a level of confidence in the above listed
indications. For example, with a blue sky, a bright red flame, and a dark black soot plume,
both the color and brightness contrast starkly with the background and there may be a high
level of confidence in indications provided by the controller 24, and thus a high reliability
value. However, with a dark night sky, while there may be a high confidence and high
reliability value in identifying the presence of flame, there may be a low level of
confidence, and thus low reliability value, differentiating between soot and sky
background. As a further example, white steam from a flare tip looks dark or like soot,
especially when presented on a background of dark, overcast clouds. Accordingly, in such
a situation, the controller 24 may provide a low confidence indication in determining
whether the steam plume 1s indeed steam or 1s soot, smoke. The confidence level may be
indicated with a high/low or good/bad indication, with a high, medium, low, or with a

numerical scale, for example from 1-10.

[00044] In addition, the controller 24 may be in communication with a database 44
so that the controller 24 can store and retrieve information, including, for example,
historical data from the various sensors and measuring devices including flare gas, assist
fuel gas, assist steam or air flow pressures, rates and compositions; indications of presence
or absence of flare pilot or main flame from other devices such as flame scanners,

thermocouples or flame ionization rods and/or environmental and weather conditions.

[00045] The controller 24 may also record the time (timestamp) of the onset and the
stopping of the presence and absence of flame and thereby the duration time/dissipation

rate of either or both smoke and/or flame. With the time of start, end and duration of smoke
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or flame events, the controller 24 will generate a record of events for reporting to local
regulators and for calculating whether the operation is in or out of compliance with locally
applied regulations. For example, some jurisdictions may limit smoking to no more than
five minutes duration in a two-hour time frame. The controller 24 may be programmed to
determine whether the operation is within or outside local regulatory limits. In addition,
the controller 24 may cause an alarm to be triggered or a report to be automatically

generated.

[00046] Additionally, as indicated above, the controller 24 is configured to record the
determined events in the database 44, along with all of the different variables used and data
points collected. These results can be reviewed by an expert to confirm accuracy of the
results as discussed below to be used in a machine learning process to train the controller

24 or another controller.

[00047] Moreover, based on inputs available in low visibility, low contrast lighting
such as at night or in fog or clouds, the controller 24 can access the database 44 to determine
the presence or absence of smoke and/or flame based on similar conditions to the current
conditions, preferably when confidence or reliability values are low. From the example
above where low confidence is given in differentiating between smoke and steam when
there 1s a cloudy or overcast background, when the operating conditions are analyzed by
the controller 24 as well and compared with the database 44, the controller 24 may indicate
a high confidence in smoke/no smoke based on a comparison of the current variables and

historical variables.

[00048] The controller 24 may be further configured to adjust process conditions so
that the system is operating at a certain set point. For example, the incipient smoke point,
the operating condition just before the onset of smoke, is understood in the industry to
correspond to the highest destruction efficiency, combustion of the highest percentage of

hydrocarbons in and by the flare flame at the point where assist fuel assist gas, steam and/or
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air are minimized to just lower than the levels which who produce smoke from the flare
flame. Accordingly, the controller 24 may be configured to analyze the images and
determine what conditions are at or just below the incipient smoke level and adjust various
aspects of the processing plant so that the system is at the incipient smoke level. For

example, the controller 24 may adjust flow rate with the valves 34a, 34b, 34c.

[00049] Accordingly, turning to FIG. 2, a process flow diagram depicts various steps
of one process 100 that may be implemented by the system 10. Generally, the process 100
includes obtaining images 102, analyze images 104, determining smoke index 106,
comparing smoke index to threshold smoke index level 108, indicating the presence of

smoke 110, and, taking an action 112.

[00050] The step 102 of obtaining a visual image preferably includes obtaining a
stream of images/video coming from the camera 12, which is at least one visual/NIR
camera, pointed at the flare burner 14. The camera 12 is positioned sufficiently far away
from the flare burner 14 to record an image of the flame 18 at the flare burner 14, as well
as several flame-lengths of background (BG) around the flame 18. The camera 12 may
employ a zoom lens (or multiple cameras with different lenses) to capture large differences
in flame 18 size (turn-down ratios 10°). Alternatively, a high-resolution camera(s) 12 might
be employed with automatically controlled regions of interest (discussed below) and/or
resolution(s) (by combining pixels). One reason is believed to be beneficial to use variable
length scales 1s that smoke dissipation can be expected to occur on similar length scales to

the flame 18 length.

[00051] In some situations, it is advantageous to use more than one camera 12. For
example, depending on wind conditions, a camera 12 may be poorly situated. If the smoke
plume 28 is blowing away from the camera 12, the plume 28 may be partially obscured by
the flame 18 or the flare burner 14, or the opacity of the plume 28 may be artificially

magnified because the camera 12 sees an artificially increased optical path length. In a
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preferred embodiment, two or more cameras 12 are employed and placed at regular
intervals, with the two cameras 12 separated by 90 degrees. The processor 24 can
determine which camera 12 has the best cross section view of the plume 28 and this camera
12 1s selected for analyzing the images from same. Alternatively, cameras 12 may be used
together to put calculated variables into absolute distance scales. For instance, an absolute
distance to where the smoke becomes non-visible could be determined and possibly

controlled.

[00052] In the step 104 of analyzing the images, the controller 24 performs an image

analysis in order to determine the presence or absence of smoke 28 at the flare burner 14.

[00053] First, the image analysis may optionally include performing an image
segmentation (for example color segmentation) and determine where the flame 18 is and
where the tip of the flare burner 14 is. Then, the image analysis defines regions of interest
(ROIs) or boxes to divide the image into regions of smoke / BG / flame / flare / clouds.
This definition can happen in multiple ways: static segmentation of the image into
reasonably-sized ROIs; dynamic segmentation of the image into ROIs centered around and
moving with the current flame-tip (this is advantageous to minimize computing power
required as the smoke plume is expected to extend in the same direction roughly as the
flame); or dynamic segmentation according to image segments like smoke, flame, sky,

clouds, steam, etc.

[00054] Subsequently, for every region of interest (ROI), the image analysis step 104
includes determining a background image. This background has the effects of smoke
minimized. In an exemplary simplest embodiment, the following procedure is performed.
First, the color image 1s reduced to an intensity scale and the color image is intended to
include black/white/grey images and intensities. This can be done by creating a linear or
non-linear combination of the color channels, or simply by taking a single channel. Based

on experimental results, using the blue channel of an RGB (red, green, and blue)
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representation removes smoke from the image in an acceptable manner. Then, a maximum
intensity value of each pixel (or group of pixels, depending on level of analysis performed)
in said intensity representation is made using the last X number frames. The value for X
can be adjusted and depends, in part, on the speed of changes in the flame and background.
Based on experimental results, it was determined that at X= 30 to 50 frames-per-second
(fps) sufficiently removes smoke but not clouds. One of ordinary skill in the art will
appreciate and understand that other numbers of previous images may be used, and that the
previous images need immediately precede the current image. Additionally, instead of the
maximum, another value could be chosen (e.g. the median, the most populated, the value
Isigma above the mean, and others). Moreover, if the background (i.e. the clouds) changes
too quickly, this background determination can happen in a moving ROI that moves with
the background. Affine transformations of the clouds might be included to account for
shape changes. The motion of the clouds can be calculated independently of the smoke
motion by looking at the part of the image in which smoke is not present. Finally, for well-
behaved background, the background determination may also be accomplished through the
use of databases (e.g. Clear sky library) or with the International Commission on
[lumination (CIE) standard calculation for sky intensity based on Earth’s position, time,

and sighting direction.

[00055] After the image analysis, the process includes the step 106 of calculating a

smoke-index for each ROI. In in exemplary calculation, this is determined by Equation

(1):
[00056] (1) ST = 100%*(1-INTnow/INTbackground).
[00057] In other words, the smoke-index is a percentage-level number that is equal

to one hundred times one minus the summed intensity of the current image divided by the

summed intensity of the background ROI. A low level means no smoke. It is also
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contemplated that smoke-index is calculated differently (e.g. the difference of intensity

values (background - current) normalized to the background intensity).

[00058] In order to reduce the contribution of noise, the background and current
intensity can be adequately filtered: e.g. by fitting a smooth polynomial. However, note
that the size of the ROI has to be chosen well. It is believed that this calculation does not
work well on a single pixel basis — a single pixel or regions which are too small are too
sensitive to such things as small cloud motions. Thus, it has been determined that ROI

sizes from Y4 to 1 flame-area size seem to work well to filter out small scale variations.

[00059] Due to non-ideal-camera artefacts, it may be useful to make corrections to
the above-mentioned smoke-index calculation. That is, over X frames it has been found
frame-to-frame intensity variations leads to calculations of a non-zero raw smoke index
even in regions with no smoke. To correct for this — the average or maximum raw smoke
index can be subtracted from all regions to give a corrected smoke index. In this way,

numbers near zero correspond to regions with no smoke.

[00060] Based on the foregoing steps, every ROI can be assigned a value for the
smoking- index. These specific smoke index levels can be displayed on the display screen
with the image of the flare burner, such as shown in FIG. 3, in which a first set of ROIs

200 have no smoke, and a second set have been determined to have smoke 202.

[00061] One of the ROIs or a defined subset of the ROIs will then be chosen to
perform the step 108 of comparing those index numbers with a threshold value smoke
index. The threshold value smoke index is threshold smoke index is the minimum index a
trained observer would indicate that smoke was present and can be a fluid value. For
example, the database can be consulted for determining the threshold value smoke index.

Based on the comparison, the process includes the step 110 of providing an indication of
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the presence or absence of smoke based on the comparison of the index numbers with the

threshold values.

[00062] Choosing the correct ROI(s) can be based on geometrical information (flame
direction) and/or on further segmentation / cross correlation with other parameters such as
absolute intensity / entropy / frequency content / etc. It is known that smoke levels will
become smaller as the plume 28 moves further from the flame 18. It is believed to be
advantageous to not control on a maximum smoke level, but on a smoke level a fixed
distance, or a fixed number of flame lengths away from the tip of the flare burner 14.
Alternatively, as discussed above, it may be desirable to determine at what smoke index
the smoke is no longer deemed to be visible and then to control the flare burner 14 to
produce that smoke index at a predetermined distance from the flare. Of course, the smoke-
index number can change rapidly and randomly therefore it is envisioned that considerable

time smoothing will have to be employed.

[00063] A confidence number, also determined by the controller 24, for the overall
smoke-index provides an indication of how reliable the obtained smoke index values are.
As noted above, when the confidence levels are below a certain level, the step of
determining the smoke index 106 can apply a greater weight to non-visual based variables
to provide a more accurate determination. Additionally, the analysis may include
comparing current conditions with similar conditions in the database and relying the

determination in the database to indicate whether or not smoke is present.

[00064] In addition, the present invention also contemplates using a machine
learning/neural network system to determine smoke visibility. Thus, the images used in
the first step 102 of the process may not be real time images but representative images and
video samples of flares. Some of the images exhibit a low level of visible smoking, as well
as images have no visible smoke, and those that include high levels of smoke. It is believed

to be advantageous to have a frame rate fast enough that smoke cannot transition between
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non-adjacent regions of interest between frames, but slow enough that there is not a large
overhead of non-relevant information to process. In experiments, rates between 5 and 30

frames per second are preferred and about 10 fps is most preferred i1deal.

[00065] Once again, the region of interest (ROI) with respect to the flare burner are
defined in the various images. Again, it is preferred that the image is not just of the flare
burner and/or the flame, but of three to five times the maximum expected flame length.
The regions of interest may be fixed with respect to the camera field of view, or they can
translate with the flare. Translating regions of interest may be advantageous for reducing
the required computing power, or for eliminating regions where calculations are difficult,
such as where the sun saturates the image. The regions of interest cannot be too small or
too large. Too small and the movement of clouds will affect the measurements, and too
large smoke which does not occupy the entire ROI will not have enough of an impact on
the statistics for the entire region of interest. In practice, regions of interest of 2500 to
10000 pixels are possible. Also, it is believed to be preferred to have 20 to 50 regions of
interest in each frame as the smoke determination is dynamic with this technique. At least
a third of the regions of interest should represent background regions with no smoke. The

other regions can be compared to these.

[00066] Once again, for each ROI, a number of metrics are calculated. These
calculations can be based on the current frame, such as average standard deviation of
intensity for each of the color channels. Also important are the same quantities in the
maximum pixel representation. In this training stage, many different inputs are useful. As
a result of the training, it will become evident which inputs are the most useful and which
are redundant. However, each region cannot be considered independently, it is important
to consider the information from all the ROIs in a frame. As mentioned previously, we will

assume that at least a third of the regions represent background regions.
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[00067] Important information can also be determined from the transition of smoke
from one region of interest to the next. It is believed that results will be improved if it 1is
known that smoke is most likely to occur in the regions of interest nearest the flame and
can only propagate to adjacent ROIs. This can be used to eliminate many false positives,

or Markov models can be applied when constructing the neural network.

[00068] Using common visual signals machine learning can develop a library of
shapes, colors, intensities, and dynamic signatures of various flaring situations. Using this
library of information, the system i1s able to identify normal, abnormal, and alternate flare
situations and provide visual indications and the best recommendations and actions for an

operator of the flare system.

[00069] Some key features include use of general-purpose cameras which result in a
low cost. Also advanced video analysis such as background image cleaning for atmospheric
conditions including high sunlight, low light, humidity, and background gas issues is used

to enhance the models used to deliver the recommendations.

[00070] Operating instructions are provided with clear indicators of flare system
performance. This will include color coded graphics for the operator to immediately
understand the impact of changes being considered to improve the performance of their
flare system. This will enable the operator to make the best decision when they are faced

with adjusting the operation of the flare system.

[00071] As 1s usual for this type of neural network, the system will be trained, and

the results of the training shall be encoded into the production system. To do this training,

a training data set must be created. The possible classifications for each ROI should be

‘no-smoke’ 200, ‘smoke’ 202, and ‘unknown’ 204. See FIG 4. The unknown ROIs 204

should be weighted accordingly when determining the merit figures for the neural network.

For this image shown in FIG. 4, the flare being tested is not in the field of view. In FIG.
21
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4, two ROIs with smoke 202 are indicated, and one ROI with unknown 204 1s indicated.
This determination is not completely evident in a single frame; but is more evident as the
video is played back as the smoke can be seen to move against the background. It can also
be seen that raw opacity, calculated with a current frame comparison of blue intensity to a
maximum pixel representation over the last, for example, 30 frames, which is displayed in

green text, is not always an acceptable indicator of the presence of smoke.

[00072] FIGS. 5 and 6 show four variables calculated from these regions of interest
along with similar calculations from 10 other video clips. These variables were input into
a MatlLab neural network Pattern Recognition tool (nprtool) which provided a useable
model and showing proof of concept that the smoke index can be determined by

comparison with a historical value (average (FIG. 5) or standard deviation (FIG. 6)).

[00073] After the neural network has been trained, the network can be taken and
configured as part of the controller 24 to output a smoke indication, along with a

measurement uncertainty for the system 10.

[00074] It should be appreciated and understood by those of ordinary skill in the art
that various other components such as valves, pumps, filters, coolers, etc. were not shown
in the drawings as it is believed that the specifics of same are well within the knowledge
of those of ordinary skill in the art and a description of same is not necessary for practicing

or understanding the embodiments of the present invention.

[00075] Any of the above lines, conduits, units, devices, vessels, surrounding
environments, zones or similar may be equipped with one or more monitoring components
including sensors, measurement devices, data capture devices or data transmission devices.
Signals, process or status measurements, and data from monitoring components may be
used to monitor conditions in, around, and on process equipment. Signals, measurements,

and/or data generated or recorded by monitoring components may be collected, processed,
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and/or transmitted through one or more networks or connections that may be private or
public, general or specific, direct or indirect, wired or wireless, encrypted or not encrypted,
and/or combination(s) thereof; the specification is not intended to be limiting in this

respect.

[00076] Signals, measurements, and/or data generated or recorded by monitoring
components may be transmitted to one or more computing devices or systems. Computing
devices or systems may include at least one processor and memory storing computer-
readable instructions that, when executed by the at least one processor, cause the one or
more computing devices to perform a process that may include one or more steps. For
example, the one or more computing devices may be configured to receive, from one or
more monitoring component, data related to at least one piece of equipment associated with
the process. The one or more computing devices or systems may be configured to analyze
the data. Based on analyzing the data, the one or more computing devices or systems may
be configured to determine one or more recommended adjustments to one or more
parameters of one or more processes described herein. The one or more computing devices
or systems may be configured to transmit encrypted or unencrypted data that includes the
one or more recommended adjustments to the one or more parameters of the one or more

processes described herein.

SPECIFIC EMBODIMENTS
[00077] While the following is described in conjunction with specific embodiments,
it will be understood that this description is intended to illustrate and not limit the scope of

the preceding description and the appended claims.

[00078] A first embodiment of the invention is a process for determining an apparent
presence or absence of smoke from a flare burner associated with a processing plant, the
process comprising a) obtaining a visual image of the flare burner and an area surrounding

the flare burner; b) analyzing the visual image by segmenting the visual image into a
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plurality of regions of interest; and, calculating a smoke index for each of the regions of
interest based on a historical intensity of a plurality of pixels within each of the regions of
interest; and, c) determining the apparent presence of smoke based on the smoke index for
the regions of interest by comparing the smoke index to a threshold smoke index level,
and, d) indicating the apparent presence of smoke for the regions of interest when the
smoke index is at or above the threshold smoke index level. An embodiment of the
invention is one, any or all of prior embodiments in this paragraph up through the first
embodiment in this paragraph, wherein the smoke index of the pixels are calculated by
determining an intensity value for one or more pixels in a particular region of interest by
subtracting a background intensity value, wherein the background intensity value of each
pixel comprises a maximum intensity value for that pixel from a series of visual images.
An embodiment of the invention is one, any or all of prior embodiments in this paragraph
up through the first embodiment in this paragraph, wherein the smoke index is based on an
opacity determination. An embodiment of the invention is one, any or all of prior
embodiments in this paragraph up through the first embodiment in this paragraph, wherein
the smoke index of each region of interest is calculated with the following equation, 100%
* (1-INTnow/INTbackground), wherein INTnow represents an average intensity value of
one or more pixels in a particular region of interest, and wherein INTbackground represents
a maximum intensity value for the one or more pixels in the particular region of interest
determined from a series of visual images. An embodiment of the invention is one, any or
all of prior embodiments in this paragraph up through the first embodiment in this
paragraph, wherein the series of visual images comprises between 20 to 70 frames
preceding the visual image. An embodiment of the invention is one, any or all of prior
embodiments in this paragraph up through the first embodiment in this paragraph, wherein
the intensity value is a color intensity value. An embodiment of the invention is one, any
or all of prior embodiments in this paragraph up through the first embodiment in this
paragraph, wherein the regions of interest are moving in relation to the flare burner. An
embodiment of the invention is one, any or all of prior embodiments in this paragraph up

through the first embodiment in this paragraph, wherein the regions of interest are static in
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relation to the flare burner. An embodiment of the invention is one, any or all of prior
embodiments in this paragraph up through the first embodiment in this paragraph, further
comprising adjusting at least one process condition of the processing plant based on a
difference between the smoke index is at or above the threshold smoke index level; and,
repeating steps a) — ¢). An embodiment of the invention is one, any or all of prior
embodiments in this paragraph up through the first embodiment in this paragraph, wherein
the at least one process condition is adjusted to maintain the smoke index at the
predetermined set point. An embodiment of the invention is one, any or all of prior
embodiments in this paragraph up through the first embodiment in this paragraph, wherein
steps a) — ¢) are repeated until the smoke index reaches a predetermined level. An
embodiment of the invention is one, any or all of prior embodiments in this paragraph up
through the first embodiment in this paragraph, further comprising calculating a reliability
value for each smoke index calculated. An embodiment of the invention is one, any or all
of prior embodiments in this paragraph up through the first embodiment in this paragraph,
further comprising increasing a weighting to non-camera based values used for determining
the smoke index based on the reliability values. An embodiment of the invention is one,
any or all of prior embodiments in this paragraph up through the first embodiment in this
paragraph, further comprising obtaining a current process condition information of the
processing plant; and, when a number of the calculated smoke indexes with a reliability
value above a predetermined level is below a minimum amount, determining the apparent
presence by comparing the current process condition information with a database having
process condition data and apparent smoke probability associated with the process
condition data. An embodiment of the invention is one, any or all of prior embodiments in
this paragraph up through the first embodiment in this paragraph, further composing
obtaining a current atmospheric condition information at the flare burner; and, when a
number of the calculated smoke indexes with a reliability value above a predetermined
level is below a minimum amount, determining the apparent presence by comparing the
atmospheric condition information with the database, wherein the database further

comprises having atmospheric condition data and apparent smoke probability associated
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with the atmospheric condition data. An embodiment of the invention is one, any or all of
prior embodiments in this paragraph up through the first embodiment in this paragraph,
further comprising obtaining an audio signature of the flare burner corresponding to the
visual image, and wherein the smoke index for each regions of interest is calculated based
on the audio signature. An embodiment of the invention is one, any or all of prior
embodiments in this paragraph up through the first embodiment in this paragraph, further
comprising obtaining an UV image of the flare burner corresponding to the visual image,
and wherein the smoke index for each regions of interest is calculated based on the UV
image. An embodiment of the invention is one, any or all of prior embodiments in this
paragraph up through the first embodiment in this paragraph, further comprising obtaining
a temperature at a predetermined position spaced from the flare burner corresponding to
the visual image; comparing the temperature to a threshold temperature; and, performing

an action when the temperature meets or passes the threshold temperature.

[00079] A second embodiment of the invention is a process for determining an
apparent presence or absence of smoke from a flare burner associated with a processing
plant, the process comprising obtaining a plurality of visual images of the flare burner and
an area surrounding the flare burner, wherein the plurality includes an image with no smoke
and an image with smoke, and wherein the presence or absence of smoke has been
predetermined; analyzing the visual image by segmenting the visual image into a plurality
of regions of interest; and, calculating a smoke index for each of the regions of interest
based on a historical intensity of a plurality of pixels within each of the regions of interest;
and, determining the apparent presence of smoke based on the smoke index for the regions
of interest by comparing the smoke index to a threshold smoke index level; and, comparing

the determination with the predetermined presence or absence of smoke with the image.

[00080] A third embodiment of the invention is a system for process for monitoring
a flare burner associated with a processing plant and configured to receive a gas to be

combusted, the system configured to determine an apparent presence or absence of smoke
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from the flare burner, the system comprising at least one camera configured to obtain
images of the flare burner and an area surrounding the flare burner; and, a controller in
communication with the camera and configured to receive the visual image of the flare
burner; and, analyze the visual image by segmenting the visual image into a plurality of
regions of mterest; and, calculating a smoke index for each of the regions of interest based
on a historical intensity of a plurality of pixels within each of the regions of interest;
determine the apparent presence of smoke based on the smoke index for the regions of
interest by comparing the smoke index to a threshold smoke index level; and, indicate the
apparent presence of smoke for the regions of interest when the smoke index is at or above

the threshold smoke index level.

[00081] Without further elaboration, it is believed that using the preceding
description that one skilled in the art can utilize the present invention to its fullest extent
and easily ascertain the essential characteristics of this invention, without departing from
the spirit and scope thereof, to make various changes and modifications of the invention
and to adapt it to various usages and conditions. The preceding preferred specific
embodiments are, therefore, to be construed as merely illustrative, and not limiting the
remainder of the disclosure in any way whatsoever, and that it is intended to cover various
modifications and equivalent arrangements included within the scope of the appended

claims.

[00082] In the foregoing, all temperatures are set forth in degrees Celsius and, all

parts and percentages are by weight, unless otherwise indicated.

[00083] While at least one exemplary embodiment has been presented in the
foregoing detailed description of the invention, it should be appreciated that a vast number
of variations exist. It should also be appreciated that the exemplary embodiment or
exemplary embodiments are only examples, and are not intended to limit the scope,

applicability, or configuration of the invention in any way. Rather, the foregoing detailed
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description will provide those skilled in the art with a convenient road map for
implementing an exemplary embodiment of the invention, it being understood that various
changes may be made in the function and arrangement of elements described in an
exemplary embodiment without departing from the scope of the invention as set forth in

the appended claims and their legal equivalents.
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CLAIMS

Claimed Is:
1. A process for determining an apparent presence or absence of smoke from a
flare burner associated with a processing plant, the process comprising;:
a) obtaining a visual image of the flare burner and an area surrounding the flare
burner;
5 b) analyzing the visual image by:
segmenting the visual image into a plurality of regions of interest; and
calculating a smoke index for each of the regions of interest based on a
historical intensity of a plurality of pixels within each of the regions of interest;
c) determining the apparent presence of smoke based on the smoke index for
10 the regions of interest by comparing the smoke index to a threshold smoke index level; and
d) indicating the apparent presence of smoke for the regions of interest when

the smoke index 1s at or above the threshold smoke index level.

2. The process of claim 1, wherein the smoke index is calculated by:
determining an intensity value for one or more of the plurality of pixels in a
particular region of interest by subtracting a background intensity value,
5 wherein the background intensity value of each pixel comprises a maximum

intensity value for that pixel determined from a series of visual images.

3. The process of claim 2, wherein the smoke index of each region of interest
1s calculated using an equation comprising;:
100% * (1-INTnow/INTbackground),
5 wherein INTnow represents an average intensity value of one or more pixels in a

particular region of interest, and wherein INTbackground represents a maximum intensity
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value for the one or more pixels in the particular region of interest determined from a series

of visual images.

4, The process of claim 3, wherein the series of visual images comprises

between 20 to 70 frames preceding the visual image.

5. The process of any one of claims 1 to 4, wherein the plurality of regions of
interest are moving in relation to the flare burner or wherein the plurality of regions of

interest are static in relation to the flare burner.

6. The process of any one of claims 1 to 4, further comprising;:
adjusting at least one process condition of the processing plant based on a difference
between the smoke index at or above the threshold smoke index level; and,

repeating steps a) — ).

7. The process of any one of claims 1 to 4, further comprising;:

calculating a reliability value for each smoke index calculated; and,

wherein the step of indicating the apparent presence of smoke for the plurality of
regions of interest utilizes at least one non-camera based value, and wherein in the process
further comprises:

increasing a weighting to the non-camera based value used for indicating the

apparent presence of smoke based on the reliability values.
8. The process of claim 7, wherein the non-camera based value comprises a

current process condition information of the processing plant or a current atmospheric

condition information at the flare burner
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9. The process of any one of claims 1 to 4, further comprising:

obtaining an audio signature of the flare burner corresponding to the visual
image, and wherein the smoke index for each of the plurality of regions of interest is
calculated based on the audio signature; or

obtaining an UV image of the flare burner corresponding to the visual image,
and wherein the smoke index for each of the plurality of regions of interest is calculated

based on the UV image.

10. A system (10) for monitoring a flare burner (14) associated with a
processing plant and configured to receive a gas (16) to be combusted, the system (10)
configured to determine an apparent presence or absence of smoke (28) from the flare
burner (14), the system (10) comprising:

at least one camera (12) configured to obtain visual images of the flare burner
(14) and an area surrounding the flare burner (14); and,

a controller (24) in communication with the camera (12) and configured to:

receive the visual images of the flare burner (14); and,
analyze each visual image by:
segmenting the visual image into a plurality of regions of interest;
and,
calculating a smoke index for each of the plurality of regions of
interest based on a historical intensity of a plurality of pixels within each
of the plurality of regions of interest; and,

determine the apparent presence of smoke (28) based on the smoke index
for the plurality of regions of interest by comparing the smoke index to a
threshold smoke index level; and,

indicate the apparent presence of smoke (28) for the plurality of regions

of interest when the smoke index is at or above the threshold smoke index level.
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