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(57) Abrégée/Abstract:

A system and method Is disclosed for acquiring temperature data from a plurality of features in a chamber including capturing a first
Image of an interior area of the chamber, capturing a second image of the interior area of the chamber, identifying a plurality of
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(57) Abrege(suite)/Abstract(continued):
features within the data for the first image and the data for the second image, generating an interior area representation based on

the first image data, the second image data, and the identification of each feature of the plurality of features in the Iinterior area, ana
correlating the interior area representation to temperature information related to the interior area.
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ABSTRACT OF THE DISCLOSURE

A system and method 1s disclosed for acquiring temperature data trom a plurality ot
features in a chamber including capturing a tirst image ot an interior area of the chamber,
capturing a second image of the interior area of the chamber, identitying a plurality of
features within the data for the tirst image and the data tor the second image, generating
an interior area representation based on the first image data, the second image data, and
the identitication ot each teature of the plurality of features in the interior area, and
correlating the interior area representation to temperature information related to the

interior area.
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TITLE

SYSTEM AND METHOD FOR TEMPERATURE DATA ACQUISITION

BACKGROUND

[0001] The present disclosure 1s directed to temperature data acquisition in areas with
complex geometric features. In particular, the present disclosure is directed to

temperature data acquisition on process tubes in a turnace.

[0002] Generally, cnergy efficiency for industrial processes is becoming more
important. For many processes, such as hydrogen production, the etticiency ot the
process 1s related to the ability to monitor/maintain certain temperatures. Measuring
temperature in areas with complex geometric teatures can present several challenges. For
example, when measuring temperatures at specific locations of the features, inconsistency
in taking the measurements at the specitic location on the teature can result 1n
inconsistent measurements. More precise monitoring of the temperature at the specific
location on the featurc can permit improved energy efficiency by permitting more

accurate data to be used for process control.

[0003] One area having complex geometric teatures i1s a furnace (including, but not
[imited to, a steam methane reformer). One type of furnace can utilize numcrous process
tubes (including one contfiguration that has more than 400 process tubes) containing a
catalyst (for example, a reforming catalyst) for transporting a process tluid (tor example,
stcam and a hydrocarbon). The turnace, in one ¢xample, can include vertically extending
process tubes positioned 1n parallel rows with about 30 to 60 tubes in each row. The
distance between two rows of tubes 1s about 2 to 3 meters. The tubes can extend vertically
about 12 meters and have an outer diameter ot 100 to 150 millimcters. The tubes can be
positioned 1n the row with a center-to—center spacing of 250 to 500 mm. About 10 to 20
burners can be positioned between cach set of two rows ot tubes. A total ot erght or more

rows of tubes and nine or more rows of burners can be included in the turnace.

1 -
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[0004] One way to improve the etficiency of a furnace is to maintain a uniformity ot
temperature among the process tubes at a predetermined elevation in the turnace. Thus,
the measuring or monitoring of the temperaturc of each of the process tubces at a
predetermined location or elevation can be needed to obtain the desired etficiency
improvement. [n addition. the process tubes ot a turnace can be under very high internal
pressures (up to about 50 atmospheres) and at very high temperatures (up to about
950°C). Thus, a slight change in temperature can reduce the operational life ot a process
tube. For example, operating at about 10°C above the design temperature for the tube can
reduce the operational lite ot the tube by as much as one halt. The cost ot repairing and/or
replacing the tubes can be high due to the use ot special alloys in the tubes that are needed
to permit the tubes to survive the operational conditions of the furnace. As such, turnace
operators also measure/monitor the tube temperatures to avoid exceeding the tube design

temperature in addition to trying to obtain efficiency improvements.

[0005] In one method of measuring/monitoring the temperature of process tubes, an
operator may use an optical pyrometer. When using the optical pyrometer, the operator
aims the device at a predetermined location on a process tube and then activates the
device. Upon activation, the optical pyrometer measures thermal radiation and displays or
records a corresponding temperature for the predetermined location on the process tube.
The operator repeats the process for each of the tubes. The use of the optical pyrometer
has several drawbacks in that high temperature exposure may occur, the same
predetermined location may not be used for all tubes, the temperature of a selected tube
may not be measured, the same tube may be inadvertently measured twice instead of the
desired adjacent tube, and the process may take too long resulting in temperature

tfluctuations for the tubes.

[0006] Theretore, what 1s needed 1s to provide a method tor measuring the temperature
of complex geometric teatures using a standardized process that permits quicker data

collection.
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BRIEF SUMMARY

[0007] According to one aspect. the disclosure 1s directed to a method tor determining
temperature information on a plurality of tubes in a furnace. The method comprises
capturing a plurality of images of an interior arca ot a furnace. At least some images of
the plurality of images are associated with ditterent portions of the interior area of the
furnace and each image of the plurality of images includes pixel data associated with a
subset of the plurality ot tubes positioned inside the furnace. The method also comprises
identitying each tube of the subset of the plurality of tubes in each image ot the plurality
of 1mages, processing a portion of the pixel data associated with each identified tube to
obtain a value representing a measure of central tendency tor each identified tube of the
subset of the plurality ot tubes in each image of the plurality of images and processing the
value representing the measure of central tendency for each identitied tube to obtain

temperature information for the plurality of tubes.

[0008] Processing the value representing the measure of central tendency for cach
identified tube may comprise determining a temperature value for each identified tube
from the corresponding value representing the measure ot central tendency for each
tdentified tube. The method may also comprise establishing a correlation between
previously obtatned valucs representing measures ot central tendency and corresponding
measured temperatures and wherein determining the temperature value for each identified
tube trom the corresponding value representing the measure ot central tendency uses the
correlation. The method may further comprise generating a geometric model of the
plurality of tubes positioned in the furnace. Alternatively, identitying each tube may
comprise 1dentitying an edge of a tube ot the plurality of tubes and overlaying a grid on
the corresponding image using a geometric model ot the plurality of tubes positioned in
the turnace and the 1dentified edge of a tube. Overlaving a grid may comprise assigning
grid lines to correspond to edges ot cach tube of the plurality of tubes in the
corresponding image. Processing a portion ot the pixel data may comprise identifying a
segment of the grid corresponding to each identitied tube and processing the pixel data
associated with the identitied segment to obtain the value representing the measure of

central tendency tor the corresponding identitied tube.
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[0009] Identifving a segment of the grid may comprise identifying segments located at a
predetermined elevation ot each identitied tube. The pixel data may comprise data tor a
plurality of channels and the processing a portion ot the pixel data may comprise
processing the data for each channel ot the plurality ot channels to obtain a channel value
for each channel of the plurality ot channels. Processing a portion ot the pixel data may
comprise processing the channel values tor the plurality ot channels to obtain the value
representing the measure of central tendency tor the identitied tube. Processing the value
representing the measure of central tendency tor each 1dentitied tube may turther
compnse determining tubes of the plurality of tubes having a plurality ot corresponding
determined temperature values and processing the plurality ot corresponding determined
temperature values for each determined tube of the plurality of tubes to obtain a single
temperature value for each determined tube. Processing the value representing the
measure of central tendency for each identitied tube to obtain temperature information
may comprise generating a value representing the measure ot central tendency tor each

identified tube at a plurality of elevations.

[0010] An additional aspect of the disclosure may comprise correcting for image
distortion in each image of the plurality ot images and correcting for rotational distortion
in each image of the plurality of images. Capturing a plurality of images of an interior
area may comprise capturing the plurality of images in a predctermined sequence. A
turther aspect ot the method may comprise displaying the temperature information for the

plurality of tubes.

[0011] According to another aspect, the disclosure is directed to a method for acquiring

temperature data for a plurality ot featurcs in a chamber. The method comprises capturing

a first image of an interior area ot the chamber. The first image is associated with a first
portion of the interior area. The first image comprises first image data for the plurality of
teatures positioned within the interior area. The method also comprises capturing a
second mmage of the interior area of the chamber. The second image is associated with a
second portron of the interior area. The second image includes second image data for the
plurality of teaturcs positioned within the interior arca. The method further comprises
identitying the plurality ot features within the first image data and the second image data

and gencrating an itertor area representation based on the first image data, the second

4 -
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image data, and the identitication ot each teature of the plurality of teatures in the interior
area. The interior area representation comprises data relating to the plurality ot teatures
positioned inside the interior area. The method also comprises establishing a correlation
between the interior arca representation and temperature information related to the
interior area, and calculating temperatures of the plurality ot teatures in the interior area

from the interior area representation using the established correlation.

[0012] An additional aspect of the method may comprise generating and displaying a
plot of the calculated temperatures. Generating an interior arca representation may
comprise determining each teature of the plurality of features having a plurality of
calculated values, generating a consolidated value for each determined feature of the
plurality of features based on the plurality of calculated values for the corresponding
determined feature and the interior arca representation may comprise the consohidated

value for each determined feature of the plurality of features.

[0013] Further aspects of the method may comprise associating the first image data to a
corresponding identified teature in the first image and calculating a value tor each
identified feature in the first image using the associated first image data. The chamber
may be a furnace and the plurality of teatures may be a plurality of process tubes.
Generating an interior arca representation may comprise generating an interior
representation at a plurality of elevations within the chamber. Another aspect of the
method may comprise generating and displaying a three-dimensional plot ot the

temperature information.

[0014] According to a further aspect, the disclosure 1s directed to a system to acquire
temperature information on a plurality of features in a furnace. The system comprises a
device configured to capture a digital image of an interior arca ot a furnace. The digital
image comprises image data on the interior area of the turnace and the interior area ot the
furnace includes a plurality of teatures. The system also comprises a computing device
having a microprocessor, a memory device and a program executable by the
microprocessor. The computing device 1s configured to receive the image data from the
device. The system further comprises a database storing a relationship between pixel
values and temperature values. The microprocessor and program are contigured to

process the image data to obtain pixel values tor cach teature of the plurality of teatures

-y
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in the digital image and to determine a temperature for each feature ot the plurality of
teatures based on the relationship stored in the database.

10015] One advantage ot the present disclosure 1s improved monitoring of process tube
temperatures to obtain improved turnace ctticiency and to extend the operational lite of
the process tubes.

[0016] Another advantage of the present disclosure is a standardized
measuring/monitoring process.

[0017] Still another advantage of the present disclosure is to reduce the amount of time

that operators are exposed to high temperatures of the furnace.

[0018] Still yet another advantage of the present disclosure is improved cost-savings

and time-savings for the measuring/monitoring process.

[0019] Further aspects of the method and system are disclosed herein. The features as
discussed above, as well as other features and advantages of the present disclosure will be

appreciated and understood by those skilled in the art from the tollowing detailed

description and drawings.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS

[0020] FIG. | shows a cross-sectional view of a furnace.

(0021} FIG. 2 shows a representation of the fields of view of a camera used to acquire

image data from the furnace.

[0022] FIG. 3 shows an exemplary contour plot of temperature ditfercnces for a

predetermined elevation ot a turnace.

[0023]  Wherever possible, the same reference numbers will be used throughout the

drawings to represent the same parts.
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DETAILED DESCRIPTION

10024] The present disclosure now will be described more tully hereinatter with
reterence to the accompanying drawings, in which an exemplary embodiment ot the
disclosure 1s shown. This disclosure may, however, be embodied in many difterent forms

and should not be construed as limited to the embodiments sct forth herein.

0025] The articles "a" and "an" as used herein mean one or more when applied to any
feature in embodiments of the present invention described in the specification and claims.
The use ot "a" and "an" does not limit the meaning to a single teature unless such a limit
1S specifically stated. The article “the” preceding singular or plural nouns or noun phrases
denotes a particular specitied feature or particular specified features and may have a
singular or plural connotation depending upon the context in which it is used. The

adjective “‘any” means one, some, or all indiscriminately ot whatever quantity.
[0026] As used herein, “plurality” means “at least two.”

[0027] FIG. 1 shows a cross-sectional representation of a turnace 102 with process
tubes 104 positioned within an interior area 106 of furnace 102. Furnace 102 may be a
steam methane reformer, methanol retormer, ethylene cracker, platformer reheat furnace,
radiant heat chamber, or other similar type of furnace, rcformer or chamber. Tubes 104
can be positioned in a plurality of rows 112 separated by heating elements or burners 108.
In another embodiment, other features, for example, heat exchanger elements and/or other
suitable structures, in the interior area 106 of the furnace 102 may be used instead or in
addition to tubes 104. Tubes 104 can extend either vertically or horizontally in turnace
102. Burners 108 may be arranged in rows and used to raise the temperature of the
interior area 106 of the furnace 102 to a desired temperature to accomplish the process or
activity to be performed inside the furnace 102. In one embodiment. the rows of tubes
104 and rows ot bumers 108 can be substantially parallel. Along the perimeter of furnace
102 are view ports 110 that permit tubes 104, burners 108 and any other structure or
feature inside furnace 102 to be viewed and/or analyzed from a point exterior to the
turnace 102. In one embodiment. pairs of view ports 110 can be positioned on the

perimeter of the furnace 102 at opposite ends of a row of burners 108,

L7
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10028] Furnace 102 may have view ports 110 at one or more levels or elevations.
Having view ports 110 at more than one level permits greater viewing capability of the

tubes 104.

[0029] The process begins by taking a sertes ot digital images ot the tubes 104 1n
furnace 102 through view ports 110. The digital images may be taken by a digital camera
or any other device capable of capturing digital image intormation. The digital images
may be obtained by pointing the digital camera through cach view port 110 and then
capturing the corresponding image information, 1.e., "taking a picture" of the

corresponding portion ot the interior area.

[0030] In one embodiment, the digital camera may be positioned on a monopod or other
similar device to attempt to maintain desired pitch, yaw, and roll angles in the digital
images and to assist in positioning the lens of the camera in the center ot view port 110.
Further, the camera may be set to a manual mode for maintaining a more consistent

aperture speed and the focus may be set to infinity.

[0031] To obtain an image of the interior area 106 of the furnace 102, which includes
the tubes 104, the camera may be briefly placed up to a view port 110 with the operator
pointing the camera through the view port 110 and subsequently depressing the shutter
button to capture the image and then removing the camera from view port 110. FIG. 2
shows the fields of view 120 of the camera when taking images tfrom several view ports
110. As can be seen 1n FIG. 2, each field ot view of the camera includes a portion of one
or more rows of tubes 104. The pertod of time that the camera is pointing through the
view port 110 should be minimized to protect the camera and operator from excessive
radiant heat cxposure; however, the camera should not be moving when the shutter button
1s being depressed to ensure that the image is not blurred. The procedure can be repeated

tor every view port 110 on the perimeter ot furnace 102.

[0032] The camera may capture an image (or multiple images) through the view port of
a portion of the interior area 106 of the turnace 102. The image may include a row of
tubes 104 located along the left side of the image and another row ot tubes 104 located
along the right side ot the image. [n addition, the image may include an opposing view

port. The opposing view port may be used to capture an image from the opposite wall of
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furnace 102. In one embodiment, the image may include other structures and/or features

of the interior area 106 ot the turnace 102 that are within the field of view of the camera.

[0033] In another embodiment, the portion ot the interior arca 106 captured in an 1mage
may overlap or include similar portions ot the interior area 106 captured in other images.
Stated ditterently, the portion ot the interior area 106 shown in one image may include
structures or features that are also shown in other images. For example, images taken
from adjacent viewports 110 may show opposite sides of the same tube 104. Similarly,
images taken from opposite viewports 110 may show the same tube 104 at different

angles. Furthermore, the images are not required to correspond or map to specific or
exclusive regions of the interior area 106 and may show substantially similar regions or

portions of the interior area 106. In still another embodiment, an image shows a ditferent

portion of the interior area 106, if the image includes one structure or feature that is not
shown 1n another image or shows the same structures or features at different angles or

perspectives than the other images.

[0034] In one embodiment, images of the interior area 106 and tubes 104 from each
view port 110 can be captured according to a predetermined sequence or along a
predetermined path 202 around the perimeter of the furnace 102 as shown in FIG. 2.
Predetermined path 202 can extend in either a clockwise or counter-clockwise direction.
By capturing images 1n a predetermined sequence, the subsequent identification of the
portion of intertor area 106 captured in each image can be quickly accomplished since
cach step ot the sequence or path corresponds to a known portion of interior area 106. In
another embodiment, images of interior area 106 and tubes 104 can be taken in any

desired order or sequence with the additional requirement that the corresponding portion

of interior area 106 be correlated with the captured image. Since furnace 102 can include
view ports 110 on opposite sides of furnace 102 and on each side of a row of tubes 104.
all of the tubes 104 can be included in at least two images and many of the tubes 104 can

be mcluded in at least four images.

[0033] In one embodiment, a single camera is used to capture all ot the images of the
interior area 106 of the furnace 102. Utilizing the single camera to capture all of the
lmages may increase the consistency of subsequent processing and analysis of the HNAZe

data because the images are captured under uniform camera conditions such as uniform

-9 -
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signal to noise levels and uniform sensitivities to different wavelengths. In another
embodiment, a plurality ot cameras may be used to capture images, but subsequent
processing and analysis ot the image data should account tor ditterences in the camera
conditions such as difterences in the sensitivities to ditferent wavelengths and the
ditterences 1n signal to noise ratios as a result ot ditterences in conditions between
cameras and/or models of cameras. The accounting for ditfcrences in camera conditions
1S needed to make image data acquired from one camera correspond with image data

acquired trom another camera.

[0036] When capturing an image of the interior area 106 ot the furnace 102, the camera
can include one or more filters to prevent or reduce certain wavelengths of light from
reaching the imager or sensor. The image or sensor can include charge-coupled devices
(CCDs) and/or complementary metal-oxide semiconductor (CMOS) devices. In one
cmbodiment, the filter can be designed to permit 50% of the light at a predetermined
wavelength to pass through the filter and reach the sensor. The filter 1s further designed to
permit less light, 1.e., less than 50% ot the light, to pass through the filter at wavelengths
that are less than the predetermined wavelength, and to permit more light, 1.¢., greater
than 50% of the light, to pass through the filter at wavelengths that are greater than the
predetermined wavelength. In one embodiment, the predetermined wavelength can be
about 715 nm. In other embodiments, the predetermined wavelength can be between

about 300 nm or less and/or 1000 nm or more.

[0037] The imager or sensor that is incorporated in the camera can include pixels that

record the 1ntensity of light received at the pixel. The number of pixels in the camera

corresponds to the resolution of the camera. In one embodiment, the camera can have a

resolution between about 1 megapixel (approximately 1 million pixels) to about 10
megapixels (approximately 10 million pixels) or more. Each pixel in the imager or sensor
can have one or more components or channels that record the intensity of light. In one
cmbodiment, cach pixel of the imager or sensor can have three components or channels.,
which may correspond to red (R), green (G) and blue (B) colors. The channels or
components ot the pixel can be configured to be more receptive to light at certain
predetermined frequencies and less receptive to light at other predetermined frequencies

when recording the intensity of light. In other words, light at certain predetermined

- 10 -
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frequencies can contribute more to the overall intensity measurement than light at other
predetermined frequencies. When an image is captured, the recorded intensities for each
channel or component of each pixel are stored as image data or pixel data. In one
embodiment, the pixels are contigured to measure the intensity of light in the visible

Spectrum.

[0038] After the images ot the furnace 102 are obtained, the corresponding image data
for each of the images may be loaded into a computer or other processing device for
additional processing and analysis. Each of the images may then be processed using the
computer to correct, 1.¢., reduce or eliminate, any distortion 1n the image. Before each
image can be processed to correct for distortion in the image, a transformation model to
represent each lens and camera combination used to capture images may be constructed
or created. To create a transformation model, a series of radial distortion models may be
created for the lens and camera combination. A radial distortion model determines the
amount of radial distortion that may be introduced by a calibrated lens and camera

combination for a selected focal length (accounting for the possibility of a zoom lens) and

selected focal distance. Once the transformation model has been created for a lens and
camera combination, the transformation model can be applied to the images captured by
that lens and camera combination to correct for any distortion. Methods for distortion
correction are known in the art. Any suitable method for distortion correction may be

used 1n connection with the present method.

[0039] In addition to distortion correction, each ot the images may be processed using
the computer to correct for any rotation or deviation ("rotation correction") from a
specitic position, for example, a "centered position.” Rotation correction can be
performed to correct the vertical orientation of the image ("roll angle"), to correct the "up
and down" angle ("pitch") and the "left and right" angle ("yaw"). In one embodiment, the
roll angle and pitch can be corrected by detecting the edge(s) of the last tube(s) 104 in the
image and the position of the opposite view port 110 and then adjusting the image so the
cdge(s) of the last tube(s) 104 in the image are vertical. In another embodiment, yaw can
be corrected using furnace geometry information. Methods for rotation correction are

known in the art. Any suitable method for rotation correction may be used in connection

with the present method.

“11 -
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[0040] The "corrected” images, may be processed using the computer to detect or
determine the edges of the tubes 104 and/or any other desirable teatures, tor example,
opposing view port 110, in the image. The detected edges of the tubes 104 and the
detected teatures from the image may be adjusted or moditied in view of a geometric
model of the furnace 102. A gcometric model 1s a representation ot the position in space
ot each teature in the turnace (typically represented by x, y, = coordinates and a reference
point). Based on design specitication such as the row spacing, tube-to-tube spacing and
the distance between the wall and the tirst tube, an “as-designed” geometric model can be
developed. Due to manufacturing tolerances and tube movement resulting from thermal
expansion, the tubes and other furnace features may not be located at precisely the same
position as 1n the “as-designed” geometric model. This model can be subsequently
modified to match the actual operating conditions of the furnace by comparing the edges
detected in the images to the geometric model. This allows the tubes or other features to

be 1dentitied.

[0041] The geometrical model is used as the starting point to identify each tube. Edge
detection 1s used to fine-tune the location of the feature, because tubes can bow or move

in a high-temperature environment.

[0042] The edge of the tube banks and location of the view port are estimated based on
a modeling scheme that incorporates both the geometrical information and the result of
the edge detection from the image. The information of the edge detection from image

processing is reconciled with the geometrical data.

[0043] The edge detection algorithm or process estimates the possible location of the
cdges and provides a probability distribution of where each edge may be located. The
probability distribution of the location of the edge is compared with the geometrical
model. Since there are multiple edges that are located at the same time, the error between
the geometrical information and the probability density of the location of the edges are

minimized to derive the tinal location of the edges.

10044]  Using the geometric model and the identitied tube edges and other features, ¢ach
tube 104 in each image may be identified and segmented. Starting with the detected edge

ot the last tube 104 in a row, a grid may be overlaid onto a portion of the image

- 12 -
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corresponding to the tube row. The grid may be unevenly spaced and may be based on
dimensions and configuration tfrom the geometric model such as the tube row spacing and
tube center distance. The vertical lines of the overlaid grid correspond to the edges ot
tubes 104 based on known positions of tubes 104 tfrom the geometric model. The spacing
between the grid lines can vary from 1 pixel to 100 or more pixels depending on the
resolution ot the camera used. The grid may include a row of segments having a
predetermined length and/or height. The segments may be centered around a

predetermined elevation.

[0045] Each segment of the row of segments is then checked to determine if the

segment is part of a tube 104 or is another part of the interior area 106 as part of outlier or
detect detection. If a segment is not part of a tube 104, the segment is discarded. The
remaining segments, which correspond to tubes 104 in furnace 102, are then used in the
analysis to determine a temperature of each ot the tubes 104 in the corresponding image.
In one embodiment, the method used to determine outliers or whether a segment is part of
a tube 1s based on a classification tree. The classification tree is developed using
information from the geometric model. A series of different statistics are tested for a
segment and based on the result of the tests, a segment is determined to be good (part of a

tube) or bad (not a tube).

[0046] The temperature of the tubes 104 is determined based on the pixel data from all
of the images. To determine a temperature value for a tube 104 in an image, the pixel data
in the segment of the corresponding tube 104 is processed to determine a value

representing a measure of central tendency, which is then correlated to a temperature. The
temperature or temperature value 1s a representative value for a tube. The tube

temperature varies along its length and one or more selected elevations are measured to
provide representative temperature value(s) for a tube. The processing of the pixel data,
for example, intensity values, begins with obtaining a value representing a measure of
central tendency, for each channel or component, from the pixel data of the pixels in the
segment. In one embodiment, the value representing a measure of central tendency can be
a median of the pixel data. However, in other embodiments. the value representing a
measure ot central tendency may be a mean, robust mean, mode or other statistical

measure derived from the pixel data. The value representing a measure of central
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tendency tor each channel or component is then correlated to a temperature value. In one
cmbodiment, the temperature value for a segment determined from the value representing
a measure ot central tendency can also be assigned an uncertainty value. The uncertainty
value can quantity the contidence in the determined temperature value. Numerous factors
such as the distance ot the tube from the camera (path length, "d"), the camera angle
(formed by a center line of the camera and the position of tube 104, "a"), the number of
pixels 1n the segment representing the tube, can atfect the confidence of a temperature
value determination. It the pixel data includes multiple channels or components, the
temperature value for each of the channels or components can be averaged using a
statistical averaging technique, for example, average, weighted average, etc., to obtain a

single temperature value for the segment, which corresponds to a tube 104.

[0047] To obtain a correlation between temperature values and the pixel data, a
relationship between known temperatures and pixel data may be formed and stored in a
database or other memory device for accessibility in the future. One technique to obtain
the relationship between pixel data and temperature involves capturing an image of the
interior area 106 and then soon thereafter following the image capture with the
acquisition ot temperature measurements of the tubes in the portion of the interior area
corresponding to the image. The temperature measurements of the tubes may be
pertormed with an optical pyrometer or other suitable device. The values representing a
measure of central tendency from the image, which correspond to tubes 104, are then
compared to the temperature measurements to establish a correlation or relationship
between temperature and pixel value. Other techniques to obtain temperature information
on the tubes 104 can also be used to establish the relationship or correlation to pixel
values. Once a relationship or correlation between temperatures and pixel values is

established, the correlation can be used for subsequent processing of images.

[0048] Once the temperature values for each tube 104 in each image is determined, the
temperature values from the images can be combined together to provide temperature
information on all the tubes 104 in furnace 102. The temperature value from each tube
104 in cach image is extracted and used to generate a representation of temperature

intformation for all of the tubes 104 of the furnace 102. Where a particular tube 104 has

several temperature values as a result of the tube 104 being in more than one image, the
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temperature values may be averaged using a statistical averaging technique, tor example,
average, welghted average, ctc. The uncertainty ot the temperature values may be
included as a tactor when calculating a weighted average. Once the extraction and
processing of the temperature values from the images is complete, a temperature value tor

cach tube 104 1n the furnace 102 may be displayed.

[0049] In another embodiment, instead of determining a temperature value tor each tube
104 in each image, the segment pixel data or the values representing a measure ot central
tendency can be continued to be processed in a manner similar to that discussed above
(including the application of uncertainty values) to generate a representation ot the
furnace 102 1in pixel data or statistical values. The pixel data or values representing a
measure of central tendency in the representation of the furnace can then be converted to
temperatures using the relationship or correlation discussed above to obtain a

representation of the furnace based on temperature values.

[0050] In one embodiment, a multivariate regression method (such as Partial Least
Squares) can be used to establish a correlation between the temperature of the specific
tubes tor which independent temperature measurements are available and the pixel data
from an image. The correlation can incorporate variables including, but not limited to,
channel pixel values, tor example, R, G, B values, d, a, other suitable quantifiable

measurements, and/or combinations thereof. For example, the correlated value of the tube

temperature can be represented as T; (for tube j) and the independent variables as x;;,

where i denotes the i variable, from a partial list of vaniables where x = {R, G, B, 1/d,

1 . . . . .
—, a, ... {. Other variables associated with the tube temperature may include the R, G,

d?
B of the previous and next tubes. The tube 104 temperature at a predetermined location

can be represented as a linear combination of these variables with unknown coetficients

A;such that T;=Y; A;x;;. Given a set of independent temperature measurements, T, where

J=1.2,..., n,which can come from a pyrometer, the unknown coetticients can be

determined by minimizing the error between the actual data and the prediction in the least

squares sense:
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2
. T\ 2 . .
Min{(T; = )% = Min (7;. "‘Z"‘f"”’)
{

These evaluations can be systematically performed with the aid ot standard statistical and
mathematical sottware tools (for example, Matlab®). The tinal result of the evaluations
can generate a correlation between data trom 1mage and temperatures of tubes 104 in the
least squares sense T=); A;x; allowing temperature estimates for all tubes in the images

(not just those for which independent temperature measurements are available).

[0051] Referring to FIG. 3, temperature information regarding the tubes 104 of furnace
102 may be displayed as a contour plot or other suitable (color) graphic representation.
FIG. 3 shows an exemplary contour plot of temperature difference information for the
tubes 104 of a furnace 102 at a predetermined elevation. The plot can identity individual
process tubes and rows. As shown, the plot illustrates that the furnace includes regions ot
above-average temperature 502, regions of below-average temperature 504, and regions

of average temperature 506.

[0052] In one embodiment, the process disclosed herein may be applied to a plurality of
elevations within furnace 102 and may be used to generate a three-dimensional view or
representation of temperature data. View ports 110 can be located 1n upper and lower
portions of furnace 102. Performing the process discussed above with both view ports 1n
the upper and lower portions of furnace 102 permits the generation of a plot for the upper
portion and the lower portion of furnace 102. In one embodiment, additional calculations
incorporating anticipated ditferences in temperature at the various elevations are
incorporated to the three-dimensional plot. Incorporating the anticipated ditferences in
temperatures permits the plot to account for anomalies with specific tubes 104. In another
cmbodiment, multiple rows of segments at different elevations can be analyzed tfrom
images. The use of multiple segments at different elevations can also be used to generate

a three-dimensional representation of temperature information.

10053] In one embodiment, the process disclosed herein may be used to acquire the
temperature of other structures or features that can be located in a furnace or chamber 102

such as vertical walls and ceilings. Upon processing the image data from images. the
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temperature of the structures of the furnace 102 may be determined by correlating the
measured temperature of the structures within the furnace 102 to statistical values
corresponding to the features. This is done in a method that is similar to that described
above for the tubes. These features may have different radiative properties than those ot

the tubes requiring a ditferent set of correlating parameters (B rather than A;j). It s

necessary to determine values of these unknown coetticients from independent

temperature measurements.

[0054] Embodiments within the scope of the present application include program
products comprising machine-readable media for carrying or having machine-executable
instructions or data structures stored thereon. Such machine-readable media can be any
available media that can be accessed by a general purpose or special purpose computer or
other machine with a processor. By way ot example, such machine-readable media can
comprise RAM, ROM, EPROM, EEPROM, CD-ROM or other optical disk storage,
magnetic disk storage or other magnetic storage devices, or any other medium which can
be used to carry or store desired program code in the form of machine-executable
instructions or data structures and which can be accessed by a general purpose or special
purpose computer or other machine with a processor. When information is transterred or
provided over a network or another communications connection (either hardwired,
wireless, or a combination of hardwired or wireless) to a machine, the machine properly
views the connection as a machine-readable medium. Thus, any such connection 1s
properly termed a machine-readable medium. Combinations of the above are also
included within the scope of machine-readable media. Machine-executable instructions
comprise, tor example, instructions and data which cause a general purpose computer,
special purpose computer, or special purpose processing machines to perform a certain

function or group of functions.

[0055] While only certain fecatures and embodiments of the invention have been shown
and described, many modifications and changes may occur to those skilled in the art (for
example, variations in sizes, dimensions, structures, shapes and proportions ot the various
elements, values of'parameters (for example, temperatures, pressures, ¢tc.), mounting
arrangements, use of matenials, colors, orientations, etc.) without materially departing

from the novel teachings and advantages of the subject matter recited in the claims. The
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order or sequence of any process or method steps may be varied or re-sequenced
according to alternative embodiments. Furthermore, in an effort to provide a concise
description of the exemplary embodiments, all features of an actual implementation
may not have been described (i.e., those unrelated to the presently contemplated best
mode of carrying out the invention, or those unrelated to enabling the claimed
invention). It should be appreciated that in the development of any such actual
implementation, as in any engineering or design project, numerous implementation
specific decisions may be made. Such a development effort might be cdmplex and time
consuming, but would nevertheless by a routine undertaking of design, fabrication, and
manufacture for those of ordinary skill having the benefit of this disclosure, without
undue experimentation. The scope of the claims should not be limited by the preferred

embodiments set forth herein, but should be given the broadest interpretation consistent

with the description as a whole.

18



CA 02705949 2010-05-31

07261 USA
What 1s claimed ts: CLAIMS
l. A method tor determining temperature information on a plurality of tubes in a

furnace, the method comprising:

capturing a plurality ot images ot an interior area of a furnace, at least some
images of the plurality of images being associated with ditterent portions ot
the interior area of the furnace, and wherein each image of the plurality of
images comprises pixel data associated with a subset of the plurality ot tubes
positioned 1nside the turnace;

identitying each tube of the subset of the plurality of tubes in each image ot the
plurality of images;

processing a portion of the pixel data associated with each identitied tube to
obtain a value representing a measure of central tendency for each identified
tube ot the subset of the plurality of tubes in each image of the plurality of
images; and

processing the value representing the measure of central tendency for each

identified tube to obtain temperature information for the plurality of tubes.

2. The method of claim 1 wherein the processing the value representing the measure
ot central tendency for each identified tube comprises determining a temperature value
for each identified tube from the corresponding value representing the measure of central

tendency for each identified tube.

3. The method of claim 2 further comprising:
establishing a correlation between previously obtained values representing
measures of central tendency and corresponding measured temperatures; and
wherein determining the temperature value for each identified tube from the

corresponding value representing the measure of central tendency uses the

correlation.
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4, The method of claim | turther comprising generating a geometric model ot the
plurality ot tubes positioned in the furnace.

-

. The method ot claim 1 wherein the identitying each tube comprises:
identitying an edge of a tube of the plurality of tubes; and
overlaying a grid on the corresponding image using a geometric model ot the

plurality of tubes positioned in the furnace and the 1dentified edge of a tube.

6. The method of claim 5 wherein the overlaying a grid comprises assigning grid
lines to correspond to edges of each tube of the plurality of tubes in the corresponding

1mage.

7. The method of claim 6 wherein the processing a portion of the pixel data
COMprises:
identifying a segment of the grid corresponding to each identified tube; and

processing the pixel data associated with the identified segment to obtain the value
representing the measure ot central tendency for the corresponding identitied

tube.

8. The method of claim 7 wherein the identifying a segment of the grid comprises

identitying segments located at a predetermined elevation of each identified tube.

9. The method of claim 1 wherein:
the pixel data comprises data for a plurality of channels; and
the processing a portion ot the pixel data comprises processing the data tor each
channel of the plurality of channels to obtain a channel value for each channel

of the plurality of channels.
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10. The method of claim 9 wherein the processing a portion of the pixel data
comprises processing the channel values for the plurality of channels to obtain the value

representing the measure of central tendency tor the identified tube.

1. The method of claim 2 wherein the processing the value representing the measure
of central tendency for each identitied tube further comprises:
determining tubes of the plurality of tubes having a plurality of corresponding
determined temperature values; and

processing the plurality of corresponding determined temperature values for each
determined tube of the plurality of tubes to obtain a single temperature value

tor each determined tube.

2. The method of claim 1, wherein the processing the value representing the measure

of central tendency for each identified tube to obtain temperature information comprises

generating a value representing the measure of central tendency for each identitied tube

at a plurality of elevations.

3. A method for acquiring temperature data for a plurality of features in a chamber,

the method comprising:
capturing a tirst image of an interior area of the chamber, the first image being

associated with a first portion of the interior area, and wherein the first image

comprises tirst image data for the plurality of features positioned within the
Interior area:

capturing a second image of the interior area of the chamber. the second image
being associated with a second portion of the interior area. and wherein the
second image comprises second image data for the plurality of features
positioned within the interior area;

identifying the plurality of teatures within the tirst image data and the second

image data:
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generating an interior area representation based on the first image data, the second
image data, and the identification ot each teature of the plurality ot teatures in
the interior area, wherein the interior area representation comprises data
relating to the plurality ot features positioned inside the interior area;

establishing a correlation between the interior area representation and temperature
information related to the interior area; and

calculating temperatures of the plurality of features in the interior area from the

interior area representation using the established correlation.

14.  The method of claim 13, wherein the generating an interior area representation
COMpIrises:
determining each feature of the plurality of features having a plurality ot

calculated values;

generating a consolidated value for each determined feature of the plurality ot
teatures based on the plurality of calculated values for the corresponding
determined feature; and

wherein the interior area representation comprises the consolidated value for each

determined tube of the plurality of features.

15.  The method of claim 14 further comprising:
associating the first image data to a corresponding 1dentified feature in the first
image; and
calculating a value for each identified teature in the tirst image using the

associated first image data.

1 6. The method of claim 15, wherein the generating an intertor area representation
comprises generating an interior representation at a plurality of elevations within the

chamber.
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17. The method of claim 13, further comprising generating and displaying a three-

S’

dimensional plot of the temperature intformation.
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