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ABNORMAL SITUATION PREVENTION IN A HEAT EXCHANGER
Related Applications

[0001] This application claims priority from U.S. Provisional Application Serial
No. 60/847,750, which was filed on September 28, 20006, entitled “Abnormal Situation
Prevention in a Heat Exchanger” the entire contents of which are expressly incorporated by

reference herein.
Technical Field

[0002] This disclosure relates generally to abnormal situation prevention in
process control equipment and, more particularly, to abnormal situation prevention in a heat

exchanger.
Description of the Related Art

[0003] Process control systems, like those used in chemical, petroleum or other
processes, typically include one or more centralized or decentralized process controllers
communicatively coupled to at least one host or operator workstation. The process
controllers are also typically coupled to one or more process control and instrumentation
devices such as, for example, field devices, via analog, digital or combined analog/digital
buses. Field devices, which may be valves, valve positioners, switches, transmitters, and
sensors {e.g., temperature, pressure, and flow rate sensors), are located within the process
plant environment and perform functions within the process such as opening or closing
valves, measuring process parameters, increasing or decreasing fluid flow, etc. Smart field
devices such as field devices conforming to the well-known FOUNDATION™ Fieldbus
(hereinafter "Fieldbus") protocol or the Highway Addressable Remote Transmitter (HART®)
protocol may also perform control calculations, alarming functions, and other control

functions commonly implemented within the process controller.

{0004] The process controllers, which are typically located within the process
plant environment, receive signals indicative of process measurements or process variables
made by or associated with the field devices and/or other information pertaining to the field
devices, and execute controller applications. The controller applications implement, for
example, different control modules that make process control decisions, generate control
signals based on the received information, and coordinate with the control modules or blocks

being performed in the field devices such as HART" and Fieldbus ficld devices. The control
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modules 1 the process controllers send the control signals over the communication lines or

signal paths to the ficld devices to thereby control the operation of the process.

{0005} Information from the field devices and the process controllers is typically
made available to one or more other hardware devices such as operator workstations,
maintenance workstations, personal computers, handheld devices, data historians, report
generators, centralized databases, etc., to enable an operator or a maintenance person to
perform desired functions with respect to the process such as, for example, changing settings
of the process control routine, modifying the operation of the control modules within the
process controllers or the smart field devices, viewing the current state of the process or of
particular devices within the process plant, viewing alarms generated by ficld devices and
process controllers, simulating the operation of the process for the purpose of training
personnel or testing the process control software, and diagnosing problems or hardware

failures within the process plant.

[0006] While a typical process plant has many process control and
instrumentation devices such as valves, transmitters, sensors, etc. connected to one or more
process controllers, there are many other supporting devices that are also necessary for or
related to process operation. These additional devices include, for example, power supply
equipment, power generation and distribution equipment, rotating equipment such as
turbines, motors, etc., which are located at numerous places in a typical plant. While this
additional equipment does not necessarily create or use process variables and, in many
instances, is not controlied or even coupled 1o a process controller for the purpose of affecting
the process operation, this equipment is nevertheless important to, and ultimately necessary

for proper operation of the process.

[0007] As 1s known, problems frequently arise within a process plant
environment, especially within a process plant having a large number of field devices and
supporting equipment. These problems may be broken or malfunctioning devices, logic
elements, such as software routines, residing in improper modes, process confrol joops being
improperly tuned, one or more failures in communications between devices within the
process plant, etc. These and other problems, while numerous in nature, generally result in
the process operating in an abnormal state (i.e., the process plant being in an abnormal

situation) which is usually associated with suboptimal performance of the process plant.
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[0608] Many diagnostic tools and applications have been developed to detect and
determine the cause of problems within a process plant and to assist an operator or a
maintenance person to diagnose and correct the problems, once the problems have oceurred
and have been detected. For example, operator workstations, which are typically connected
to the process controllers through communication connections such as a direct or wireless
bus, Ethernet, modem, phone line, and the like, have processors and memories that are
adapted to run software, such as the DeltaV™ and Ovation”™ control systems, sold by
Emerson Process Management. These conirol systems have numerous control module and
control loop diagnostic tools. Maintenance workstations may be communicatively connected
to the process control devices via object linking and embedding (OLE) for process control
(OPC) connections, handheld connections, etc. The workstations typically include one or
more applications designed fo view maintenance alarms and alerts generated by field devices
within the process plant, to test devices within the process plant, and to perform maintenance
activities on the field devices and other devices within the process plant. Similar diagnostic
applications have been develeped to diagnose problems within the supporting equipment

within the process plant.

{0009] Commercial software such as the AMS™ Suite: Intelligent Device
Manager from Emerson Process Management enables communication with and stores data
pertaining to field devices to ascertain and track the operating state of the field devices. See
also U.S. Patent Number 5,960,214, entitied “Integrated Communication Network for use in a
Field Device Management System.” In some instances, the AMS™ Suite: Intelligent Device
Manager software may be used to communicate with a field device to change parameters
within the field device, to cause the field device to run applications on itself such as, for
example, self-calibration routines or self-diagnostic routines, to obtain information about the
status or health of the field device, etc. This information may include, for example, status
information (e.g.. whether an alarm or other similar event has occurred), device configuration
information (e.g., the manner in which the field device is currently or may be configured and
the type of measuring units used by the field device), device parameters (e.g., the field device
range values and other parameters), etc. Of course, this information may be used by a

maintenance person to monitor, maintain, and/or diagnose problems with field devices.

[0010] Similarly, many process plants include equipment monitoring and
diagnostic applications such as, for example, the Machinery Health® application provided by

CSI Systems, or any other known applications used {o monitor, diagnose, and optimize the
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operating state of various rotating equipment. Maintenance personnel usually use these
applications to mamtain and oversee the performance of rotating equipment in the plant, to
determine problems with the rotating equipment, and to determine when and if the rotating
equipment must be repaived or replaced. Similarly, many process plants include power
control and diagnostic applications such as those provided by, for example, the Liebert and
ASCO companies, to control and maintain the power generation and distribution equipment.
It 1s also known to run control optimization applications such as, for example, real-time
optimizers (RTO+), within a process plant to optimize the control activities of the process
plant. Such optimization applications typically use complex algorithms and/or models of the
process plant to predict how inputs may be changed to optimize operation of the process plant

with respect to some desired optimization variable such as, for example, profit.

[0011] These and other diagnostic and optimization applications are typically
implemented on a system-wide basis in one or more of the operator or maintenance
workstations, and may provide preconfigured displays to the operator or maintenance
personnel regarding the operating state of the process plant, or the devices and equipment
within the process plant. Typical displays include alarming displays that receive alarms
gencrated by the process controllers or other devices within the process plant, control
displays indicating the operating state of the process controllers and other devices within the
process plant, maintenance displays indicating the operating state of the devices within the
process plant, etc. Likewise, these and other diagnostic applications may enable an operator
or a maintenance person to retune a control loop or to reset other control parameters, to run a
test on one or more field devices to determine the current status of those field devices, or to

calibrate field devices or other equipment.

[0012] While these various applications and tools may facilitate identification and
correction of problems within a process plant, these diagnostic applications are generally
configured to be used only after a problem has already occurred within a process plant and,
therefore, after an abnormal situation already exists within the plant. Unfortunately, an
abnormal sifuation may exist for some time before it is detected, identified, and corrected
using these tools. Delayed abnormal situation processing may result in the suboptimal
performance of the process plant for the period of time during which the problem is detected,
identified and corrected. In many cases, a control operator first detects that a problem exists
based on alarms, alerts or poor performance of the process plant. The operator will then

notify the maintenance personnel of the potential problem. The maintenance personnel may
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or may not detect an actual problem and may need further prompting before actually running
tests or other diagnostic applications, or performing other activities needed to identify the
actual problem. Once the problem is identified, the maintenance personnel may need to order
parts and schedule a maintenance procedure, ali of which may result in a significant period of
time between the occurrence of a problem and the correction of that problem. During this
delay, the process plant may run in an abnormal situation generally associated with the sub-

optimal operation of the plant.

10013} Additionally, many process plants can experience an abnormal situation
which results in significant costs or damage within the plant in a relatively short amount of
time. For example, some abnormal situations can cause significant damage to equipment, the
loss of raw materials, or significant unexpected downtime within the process plant if these
abnormal situations exist for even a short amount of time. Thus, merely detecting a problem
within the plant after the problem has occurred, no matter how quickly the problem 1s
corrected, may still result in significant loss or damage within the process plant. As aresult,
it is desirable to try to prevent abnormal situations from arising n the first place, instead of
simply trying to react to and correct problems within the process plant after an abnormal

situation arises.

[0014] One technique, disclosed in U.S. Patent Application Serial No.
09/972,078, now U.S. Patent No. 7,085,610, entitled "Root Cause Diagnostics,” (based in
part on U.S. Patent Application Serial No. 08/623,569, now U.S. Patent No. 6,017,143), may
be used to predict an abnormal situation within a process plant before the abnormal situations
actually arises. The entire disclosures of both of these applications are hereby incorporated
by reference herein. Generally speaking, this technique places statistical data collection and
processing blocks or statistical processing monitoring (SPM) blocks, in each of a number of
devices, such as field devices, within a process plant. The statistical data collection and
processing blocks collect process variable data and determine certain statistical measures
associated with the coliected data, such as the mean, median, standard deviation, eic. These
statistical measures may then be sent to a user and analyzed to recognize patterns suggesting
the future occurrence of a known abnormal situation. Once the system predicts an abnormal
situation, steps may be taken to correct the underlying problem and avoid the abnormal

situation.
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[0015] Other techniques have been developed to monitor and detect problems in a
process plant. One such technique is referred to as Statistical Process Control (SPC). SPC
has been used to monitor variables associated with a process and alert an operator when the
quality variable moves from its “statistical” norm. With SPC, a small sample of a variable,
such as a key quality variable, is used to generate statistical data for the small sample. The
statistical data for the small sample is then compared to statistical data corresponding to a
much larger sample of the variable. The variable may be generated by a laboratory or
analyzer, or retrieved from a data historian. SPC alarms are generated when the small
sample’s average or standard deviation deviates from the large sample's average or standard
deviation, respectively, by some predetermined amount. An intent of SPC is to avoid making
process adjustments based on normal statistical variation of the small samples. Charts of the
average or standard deviation of the small samples may be displayed to the operator on a

console separate from a control console.

[001 6} Another technique analyzes multiple variables and is referred to as
multivariable statistical process control (MSPC). This technique uses algorithms, such as
principal component analysis (PCA) and partial least squares (PLS), that analyze historical
data to create a statistical model of the process. In particular, samples of variables
corresponding to normal operation and samples of variables corresponding to abnormal
operation are analyzed to generate a model to determine when an alarm should be generated.
Once the model has been defined, variables corresponding to a current process may be
provided to the model, which may generate an alarm if the variables indicate an abnormal

operation.

[6017] A further technique includes detecting an abnormal operation of a process
in a process plant with a configurable model of the process. The technique inciudes multiple
regression models corresponding to several discrete operations of the process plant.
Regression modeling in a process plant is disclosed in U.S. Patent Application Serial No.
11/492,467 entitled “Method and System for Detecting Abnormal Operation in a Process
Plant,” the entire disclosure of which is hereby incorporated by reference herein. The
regression model determines if the observed process significantly deviates from a normal
output of the model. If a significant deviation occurs, the technique alerts an operator or

otherwise brings the process back into the normal operating range.



WO 2008/040018 PCT/US2007/079989

[0018] With model-based performance monitoring system techniques, a model is
utilized, such as a correlation-based model, a first-principles model, or a regression model
that relates process inputs to process outputs. For regression modeling, an association or
function is determined between a dependent process variable and one or more independent
variables. The model may be calibrated to the actual plant operation by adjustin ¢ internal
tuning constants or bias terms. The model can be used to predict when the process is moving
into an abnormal condition and alert the operator 1o take action. An alarm may be generated
when there is a significant deviation in actual versus predicted behavior or when there is a

notable change in a calculated efficiency parameter.

[0019] Model-based performance monitoring systems typically cover as small as
a single unit operation (e.g. a pump, a compressor, a colummn, etc.) or a combination of
operations that make up a process unit of a process plant (e.g. crude unit, fluid catalytic
cracking unit (FCCU), reformer, etc.). One particular piece of process equipment is a heat
exchanger. A heat exchanger takes a colder fluid on one side and a hotter fluid on the other
side. When the two fluids pass through the heat exchanger, heat is transferred from the hotter
fluid to the colder fluid. One common abnormal condition in heat exchangers is fouling.
Fouling occurs when residual material from one or both of the fluids builds up on the inside
walls of the heat exchanger. When this happens, the performance of the heat exchanger
detertorates such that with the same amount of fluid, not as much heat is transferred. Also, as
fouling material builds up, there is less cross-sectional area for the fluid to flow through, and
so either not as much fluid will flow, or the driving mechanism (e.g. pump) needs to work
harder to force the fluid through. Because a deterioration in the heat exchanger can
negatively impact the rest of the plant, it is desirable to detect fouling as early as possible, so

that corrective action may be taken.
Summary of the Disclosure

10020] A system and method to facilitate the monitoring and diagnosis of a
process control system and any elements thereof is disclosed with a specific premise of
abnormal situation prevention in a heat exchanger. Monitoring and diagnosis of faults in a
heat exchanger may include statistical analysis techniques, such as regression and load
following. In particular, on-line process data may be collected from an operating heat
exchanger. The process data may be representative of a normal operation of the process

when it is on-line and operating normally. A statistical analysis may be used to develop a



WO 2008/040018 PCT/US2007/079989

regression model of the process based on the collected data and the regression model may be
stored along with the collected process data. Alternatively, or in conjunction, monitoring of
the process may be performed which uses a regression model of the process developed using
statistical analysis to generate an output based on a parameter of the regression model. The
output may include a statistical output based on the results of the model, normalized process
vartables based on training data, process variable limits or model components, and process
variable ratings based on the training data and model components. Each of the outputs may
be used io generate visualizations for process monitoring or process diagnostics and may

perform alarm diagnostics to detect abnormal situations in the heat exchanger.
Brief Description of the Drawings

[0021] Fig. 1 1s an exemplary block diagram of a process plant having a
distributed process control system and network including one or more operator and

maintenance workstations, controllers, field devices and supporting equipment;

[0022] Fig. 2 is an exemplary block diagram of a portion of the process plant of
Fig. 1, illustrating communication interconnections between various components of an
abnormal situation prevention system located within different elements of the process plant

including a heat exchanger;
[0023] Fig. 3 is one example of a shell and tube heat exchanger;

[0024] Fig. 4 is a diagram of an Heat Exchanger Abnormal Situation Prevention

Module employing an extensible regression algorithm for use with a heat exchanger;

[0025] Fig. 5 is one example of a flow diagram for abnormal situation prevention

in a heat exchanger using the Heat Exchanger Abnormal Situation Prevention Module;

[0026] Fig. 6 is a flow diagram of an example of initially training the Heat

Exchanger Abnormal Situation Prevention Module;

[0027] Fig. 7A is one example of a graph depicting a normal operating range for a

process variable within a heat exchanger;

[0628] Fig. 7B is one example of a graph depicting a model for a normal

operating range for a process variable within a heat exchanger;

[0029] Fig. 8 is a flow diagram of an example method that may be implemented

using the example Heat Exchanger Abnormal Situation Prevention Module of Fig. 4;



WO 2008/040018 PCT/US2007/079989

0030} Fig. 9A is a graph showing a received data set and a corresponding
predicted value generated during a MONITORING state of a Heat Exchanger Abnormal

Situation Prevention Module;

{0031} Fig. 9B is a graph showing another received data set and another
corresponding predicted value gencrated by the Heat Exchanger Abnormal Situation

Prevention Module;

[0032] Fig. 9C is a graph showing a received data set that is out of a validity

range of the Heat Exchanger Abnormal Situation Prevention Module;

[6033] Fig. 10A is a graph showing a plurality of data sets in a different
operating region collected during a LEARNING state of a Heat Exchanger Abnormal
Situation Prevention Module and that may be used by the Heat Exchanger Abnormal

Situation Prevention Module to develop a second regression model in a different operating

Tegion: rgg34]  Fig. 10B is a graph showing a second regression model developed using

the plurality of data sets of Fig. 10A;

[0035] Fig. 10C is a graph showing an updated model and its range of validity,
and also showing a received data set and a corresponding predicted value generated during a

MONITORING state of a Heat Exchanger Abnormal Situation Prevention Module:

[6036] Fig. 11 is a flow diagram of an example method for updating a model of a

Heat Exchanger Abnormal Situation Prevention Module;

[0037] Fig. 12 is an example state transition diagram corresponding to an
alternative operation of a Heat Exchanger Abnormal Situation Prevention Module such as the

Heat Exchanger Abnormal Situation Prevention Module of Fig. 4;

[0038] Fig. 13 is a flow diagram of an example method of operation in a

LEARNING state of a Heat Exchanger Abnormal Situation Prevention Module;

0039} Fig. 14 is a flow diagram of an examplie method for updating a model of a

Heat Exchanger Abnormal Situation Prevention Module;

[0040] Fig. 15 is a flow diagram of an example method of operation in a

MONITORING state of a Heat Exchanger Abnormal Situation Prevention Module;

[0041] Fig. 16 is a diagram of an alternative Heat Exchanger Abnormal Situation

Prevention Module employing a load following algorithm for use with a heat exchanger;
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[0042] Fig. 17 1s a detailed block diagram of the diagnostic block shown in Fig,
16
j0043] Fig. 18 is a table showing an array of data points and a corresponding plot

of a function defined by the data points in the array when the array includes two data points;

[0044] Fig. 19 is a table showing an array of data points and a corresponding plot

of a function defined by the data points in the array when the array includes three data points;

[0045] Fig. 20 is a table showing an airay of data points and a corresponding plot

of a function defined by the data points in the array when the array includes four data points;

[0046] Fig. 21 is a table showing an array of data points and a corresponding plot

of a function defined by the data points in the array when the array includes six data points;

[0047] Fig. 22 1s a plot illustrating a triangle formed by three adjacent data points
and the amount of error created by removing a data point from an array modeling a monitored

variable as a function of a load variable:

[0048] Fig. 23 is a plot of the function modeling a monitored variable as a

function of a load variable shown in Fig. 21 with one of the data points removed;

[0049} Fig. 24 is a flow chart of a method of modeling a monitored variable as a

function of a load variable and detecting an abnormal condition;

[6050] Fig. 25 1s one example of an operator display for use with abnormal

situation prevention in a heat exchanger;

[0051] Fig. 26 is another example of an operator display for use with abnormal

situation prevention in a heat exchanger;

[0052] Fig. 27 1s another example of an operator display for use with abnormal

situation prevention in a heat exchanger;

[0053] Fig. 28 is an example of a heat exchanger abnormal situation prevention

system implemented a process control platform or system of a process plant.
Detailed Description

|0054] Referring now to Fig. 1, an exemplary process plant 10 in which an
abnormal situation prevention system may be implemented includes a number of control and
maintenance systems interconnected together with supporting equipment via one or more

communication networks. The process control system 12 may be a traditional process control

10
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system such as a PROVOX or RS3 system or any other control system which includes an
operator interface 12A coupled to a controller 12B and to input/output (I/O) cards 12C, that,
in turn, are coupled to various field devices such as analog and HART” field devices 15. The
process control system 14, which may be a distributed process control system, includes one
or more operator interfaces 14A coupled to one or more distributed controllers 14B via a bus,
such as an Ethernet bus. The controllers 14B may be, for example, DeltaV™ controllers sold
by Emerson Process Management of Austin, Texas or any other désired type of controllers.
The controllers 14B are connected via I/O devices to one or more field devices 16, such as for
example, HART® or Fieldbus field devices or any other smart or non-smart field devices
including, for example, those that use any of the PROFIBUS®, WORLDFIP*, Device-Net®,
AS-Interface and CAN protocols. As is known, the ficld devices 16 may provide analog or
digital information to the controllers 14B related to process variables as well as to other
device mformation. The operator interfaces 14A may store and execute tools 17, 19 available
to the process control operator for controlling the operation of the process including, for

example, control optimizers, diagnostic experts, neural networks, tuners, etc.

[6055] Still further, maintenance systems, such as computers executing the
AMS™ Suite: Intelligent Device Manager application described above and/or the monitoring,
diagnostics and communication applications described below may be connected to the
process control systems 12 and 14 or to the individual devices therein to perform
maintenance, monitoring, and diagnostics activities. For example, a maintenance computer
18 may be connected to the controiler 12B and/or to the devices 15 via any desired
communication lines or networks (including wireless or handheld device networks) to
communicate with and, in some instances, reconfigure or perform other maintenance
activities on the devices 15. Similarly, maintenance applications such as the AMST™ Syite:
Intelligent Device Manager application may be installed in and executed by one or more of
the user interfaces 14A associated with the distributed process control system 14 to perform
maintenance and monitoring functions, including data collection related to the operating

status of the devices 16.

[0056] The process plant 10 also includes various rotating equipment 20, such as
turbines, motors, ete. which are connected to a maintenance computer 22 via some permanent
or temporary communication link (such as a bus, a wireless communication system or hand
held devices which are connected to the equipment 20 to take readings and are then

removed). The maintenance computer 22 may store and execute any number of monitoring

11
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and diagnostic applications 23, including commercially available applications, such as those
provided by CSI (an Emerson Process Management Company), as well the applications,
modules, and tools described below, to diagnose, monitor and optimize the operating state of
the rotating equipment 20 and other equipment in the plant. Maintenance personnel usually
use the applications 23 to maintain and oversee the performance of equipment 20 in the plant
10, to determine problems with the rotating equipment 20 and to determine when and if the
equipment 20 must be repaired or replaced. In some cases, outside consultants or service
organizations may temporarily acquire or measure data pertaining to the rolating equipment
20 and use this data to perform analyses for the rotating equipment 20 to detect problems,
poor performance, or other issues effecting the rotating equipment 20. In these cases, the
computers running the analyses may not be connected to the rest of the system 10 via any

communication line or may be connected only temporarily.

[6057] Similarly, a power generation and distribution system 24 having power
generating and distribution equipment 25 associated with the plant 10 is connected via, for
example, a bus, to another computer 26 which runs and oversees the operation of the power
generating and distribution equipment 25 within the plant 10. The computer 26 may execute
known power control and diagnostics applications 27 such as those provided by, for example,
Liebert and ASCO or other companies to control and maintain the power generation and
distribution equipment 25. Again, in many cases, outside consultants or service organizations
may use service applications that temporarily acquire or measure data pertaining to the
equipment 25 and use this data to perform analyses for the equipment 25 to detect problems,
poor performance, or other issues effecting the equipment 25. In these cases, the computers
(such as the computer 26) running the analyses may not be connected to the rest of the system

10 via any communication line or may be connected only temporarily.

[0058] As illustrated in Fig. 1, a computer system 30 implements at least a portion
of an abnormal situation prevention system 35, and in particular, the computer system 30
stores and implements a configuration application 38 and, optionally, an abnormal operation
detection system 42, a number of embodiments of which will be described in more detail

below. Additionally, the computer system 30 may implement an alert/alarm application 43.

[0059] Generally speaking, the abnormal situation prevention system 35 may
communicate with abnormal operation detection systems (not shown in Fig. 1) optionally

located in the field devices 15, 16, the controllers 12B, 14B, the rotating equipment 20 or its

12
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supporting computer 22, the power generation equipment 25 or its supporting computer 20,
and any other desired devices and equipment within the process plant 10, and/or the abnormal
operation detection system 42 in the computer system 30, to configure each of these
abnormal operation detection systems and to receive information regarding the operation of
the devices or subsystems that they are monitoring. The abnormal situation prevention
system 35 may be communicatively connected via a hardwired bus 45 to each of at least
some of the computers or devices within the plant 10 or, alternatively, may be connected via
any other desired communication connection including, for example, wireless connections,
dedicated connections which use OPC, intermittent connections, such as ones which rely on
handheid devices fo collect data, efc. Likewise, the abnormal situation prevention system 35
may obtain data pertaining to the field devices and equipment within the process plant 10 via
a LAN or a public connection, such as the Internet, a telephone connection, etc. (illustrated in
Fig. 1 as an Internet connection 40) with such data being collected by, for example, a third
party service provider. Further, the abnormal situation prevention system 35 may be
communicatively coupled to computers/devices in the plant 10 via a variety of techniques
and/or protocols including, for example, Ethernet, Modbus, HTML, XML, proprietary
techniques/protocols, etc. Thus, although particular examples using OPC to
communicatively couple the abnormal sitnation prevention system 35 to computers/devices in
the plant 10 are described herein, one of ordinary skill in the art will recognize that a variety
of other methods of coupling the abnormal situation prevention system 35 to

computers/devices in the plant 10 can be used as well,

[0060] Fig. 2 illustrates a portion 50 of the example process plant 10 of Fig. 1 for
the purpose of describing one manner in which the abnormal situation prevention system 35
and/or the alert/alarm application 43 may communicate with a heat exchanger 64 in the
portion 50 of the example process plant 10. While Fig. 2 illustrates communications between
the abnormal situation prevention system 35 and one or more abnormal operation detection
systems within the heat exchanger 64, it will be understood that similar communications can
occur between the abnormal situation prevention system 35 and other devices and equipment

within the process plant 10, including any of the devices and equipment ilfustrated in Fig. 1.

[0061] The portion 50 of the process plant 10 illustrated in Fig. 2 includes a
distributed process control system 54 having one or more process controllers 60 connected to
one or more heat exchangers 64 via input/output (/O) cards or devices 69 and 70, which may

be any desired types of /O devices conforming to any desired communication or controller
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protocol. Additionally, the heat exchanger 64 may conform to any desired open, proprietary
or other communication or programming protocol, it being understood that the /O devices 69
and 70 should be compatible with the desired protocol used by the heat exchanger 64.
Although not shown in detail, the heat exchanger 64 may include any number ol additional
devices, including, but not limited to, field devices, HART® devices, sensors, valves,

transmitters, positioners, etc.

[0062] In any event, one or more user interfaces or computers 72 and 74 (which
may be any type of personal computer, workstation, etc.) accessible by plant personnel such
as configuration engineers, process control operators, maintenance personnel, plant
managers, supervisors, etc. are coupled to the process controllers 60 via a communication line
or bus 76 which may be implemented using any desired hardwired or wireless
communication structure, and using any desired or suitable communication protocol such as,
for example, an Ethernet protocol. In addition, a database 78 may be connected to the
communication bus 76 to operate as a data historian that collects and stores configuration
information as well as on-line process variable data, parameter data, status data, and other
data associated with the process controllers 60 and heat exchanger 64 and other field devices
within the process plant 10. Thus, the database 78 may operate as a configuration database to
store the current configuration, including process configuration modules, as well as control
configuration information for the process control system 54 as downloaded to and stored
within the process controllers 60 and the devices of the heat exchanger 64 and other field
devices. Likewise, the database 78 may store historical abnormal situation prevention data,
including statistical data collected by the heat exchanger 64 (or, more particularly, devices of
the heat exchanger 64) and other field devices within the process plant 10, statistical data
determined from process variables collected by the heat exchanger 64 (or, more particularly,
devices of the heat exchanger 64) and other field devices, and other types of data that will be

described below.

[0063] While the process controliers 60, /O devices 69 and 70, and the heat
exchanger 64, are typically located down within and distributed throughout the sometimes
harsh plant environment, the workstations 72 and 74, and the database 78 are usually located
in control rooms, maintenance rooms or other less harsh environments easily accessible by
operators, mamtenance personnel, ete. Although only one heat exchanger 64 is shown, it
should be understood that a process plant 10 may have multiple heat exchangers 64 along

with various other types of equipment such as that shown in Fig. 1. The abnormal situation
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prevention techniques described herein may be equally applied to any of a number of heat

exchangers 04.

[0064] Generally speaking, the process controllers 60 may store and execute one
or more controller applications that implement control strategies using a number of different,
independently executed, control modules or blocks. The control modules may cach be made
up of what are commonly referred to as function blocks, wherein each function block is a part
or a subroutine of an overall control routine and operates in conjunction with other function
blocks (via communications cailed links) to implement process control loops within the
process plant 10. As is well known, function blocks, which may be objects in an object-
oriented programming protocol, typically perform one of an input function, a control
function, or an output function. For example, an input function may be associated with a
transmitter, a sensor or other process parameter measurement device. A control function may
be associated with a control routine that performs PID, fuzzy logic, or another type of control.
Also, an output function may control the operation of some device, such as a valve, to
perform some physical function within the process plant 10. Of course, hybrid and other
types of complex function blocks exist, such as model predictive controllers (MPCs),
optimizers, etc. It is to be understood that while the Fieldbus protocol and the DeltaV™
system protocol use control modules and function blocks designed and implemented in an
object-oriented programming protocol, the control modules may be designed using any
desired control programming scheme including, for example, sequential function blocks,
ladder logic, etc., and are not limited to being designed using function blocks or any other

particular programming technique.

[0065] As illustrated in Fig. 2, the maintenance workstation 74 includes a
processor 74A, a memory 74B and a display device 74C. The memory 74B stores the
abnormal situation prevention application 35 and the alert/alarm application 43 discussed
with respect to Fig. 1 in a manner that these applications can be implemented on the
processor 74A to provide information to a user via the display 74C {or any other display

device, such as a printer).

[6066] The heat exchanger 64 and, in particular, the devices of the heat exchanger
64, may include a memory (not shown) for storing routines such as routines for implementing
statistical data collection pertaining to one or more process variables sensed by sensing

devices and/or routines for abnormal operation detection, that will be described below. Each
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of one or more of the heat exchangers 64, and/or some or all of the devices thereof in
particular, may also include a processor (not shown) that executes routines such as routines
for implementing statistical data collection and/or routines for abnormal operation detection.
Statistical data collection and/or abnormal operation detection need not be implemented by
software. Rather, one of ordinary skill in the art will recognize that such systems may be
implemented by any combination of software, firmware, and/or hardware within one or more

field devices and/or other devices.

[0067] As shown in Fig. 2, the devices of the heat exchan ger 64, and/or the heat
exchanger 64 itself (and potentially some or all heat exchangers in a plant 10} include(s) one
or more abnormal operation detection blocks 80, that will be described in more detail below.
While the block 80 of Fig. 2 is illustrated as being located in the heat exchanger 64, this or a
similar block could be located in any number of heat exchangers 64 or within varjous other
equipment and devices in the plant 10, in other devices, such as the controller 60, the 1/0
devices 68, 70 or any of the devices illustrated in Fig. 1. Additionally, if the plant 10 or
portion of the plant 50 includes more than one heat exchanger 64, the block 80 could be in
any subset of the heat exchanger 64, such as in one or more devices of the heat exchanger 64,

for example (e.g., temperature sensor, temperature transmitter, ete.).

[0068] Generally speaking, the block 80 or sub-elements of the block 80, collect
data, such a process variable data, from the device in which they are located and/or from
other devices. For example, the block 80 may collect the temperature difference variable
from devices within the heat exchanger 64, such as a temperature sensor, a temperature
transmitter, or other devices, or may determine the temperature difference variable from
temperature measurements from the devices. The block 80 may be included with the heat
exchanger 64 and may collect data through valves, sensors, transmitters, or any other field
device. Additionally, the block 80 or sub-elements of the block may process the variable data
and perform an analysis on the data for any number of reasons. For example, the block 80
that is illustrated as being associated with the heat exchanger 64, may have a fouling
detection routine 82 that analyzes several process variables of the heat exchanger 64 as

further explained below.

[0069]  The block 80 may include a set of one or more statistical process
monitoring (SPM) blocks or units such as blocks SPMI - SPM4 which may collect process

variable or other data within the heat exchanger 64 and perform one or more statistical
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calculations on the collected data to determine, for example, a mean, a median, a standard
deviation, a root-mean-square (RMS), a rate of change, a range, a minimum, a maximum, etc.
of the collected data and/or to detect events such as drift, bias, noise, spikes, etc., in the
collected data. The specific statistical data generated, and the method in which it is generated
is not critical. Thus, different types of statistical data can be generated in addition to, or
instead of, the specific types described above. Additionally, a variety of techniques,
inchuding known techniques, can be used to generate such data. The term statistical process
monitoring (SPM) block 1s used herein to describe functionality that performs statistical
process monitoring on at least one process variable or other process parameter, such as the
R..: and/or AP variable, and may be performed by any desired software, firmware or hardware
within the device or even outside of a device for which data is collected. 1t will be
understood that, because the SPMs are generally located in the devices where the device data
is collected, the SPMs can acquire quantitatively more and qualitatively more accurate
process variable data. As a result, the SPM blocks are generally capable of determining
better statistical calculations with respect to the collected process variable data than a block

located outside of the device in which the process variable data is collected.

{0070} It is to be understood that although the block 80 is shown to include SPM
blocks in Fig. 2, the SPM blocks may instead be stand-alone blocks separate from the blocks
80 and 82, and may be located in the same heat exchanger 64 as another abnormal operation
detection block or may be in a different device. The SPM block discussed herein may
comprise known FOUNDATION™ Fieldbus SPM blocks, or SPM blocks that have different
or additional capabilities as compared with known FOUNDATION™ Fieldbus SPM blocks.
The term statistical process monitoring (SPM) block is used herein to refer to any type of
block or element that collects data, such as process variable data, and performs some
statistical processing on this data to determine a statistical measure, such as a mean, a
standard deviation, etc. As a result, this term 1s intended to cover software, firmware,
hardware and/or other elements that perform this function, whether these elements are in the
form of function blocks, or other types of blocks, programs, routines or elements and whether
or not these elements conform to the FOUNDATION™ Fieldbus protocol, or some other
protocol, such as Profibus, HART", CAN, etc. protocols. If desired, the underlying operation
of blocks 80, 82 may be performed or implemented at least partially as described in U.S.

Patent No. 6,017,143, which is hereby incorporated by reference herein.
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[0071} It is to be further understood that although the block 80 is shown to include
SPM blocks 1n Fig. 2, SPM blocks are not required. For example, abnormal operation
detection routines of the block 80 could operate using process variable data not processed by
an SPM block. As another example, the block 80 could receive and operate on data provided
by one or more SPM blocks located in other devices. As yet another example, the process
variable data could be processed in a manner that is not provided by many typical SPM
blocks. As just one example, the process variable data could be filtered by a finite impulse
response (FIR) or infinite impuise response (1IR) filter such as a bandpass fiiter or some other
type of filter. As another example, the process variable data could be trimmed so that it
remained in a particular range. Of course, known SPM blocks could be modified to provide
such different or additional processing capabilities. While the block 80 includes four SPM
blocks, the block 80 could have any other number of SPM blocks therein for collecting and

determining statistical data.

[6072] With reference to Fig. 3, an abnormal operation detection block 80 may
monitor the heat exchanger 64 to check for fouling. A shell and tube type heat exchanger 64
may mclude a shell portion 70 and a tube portion 74. The shell portion 70 may include an
inlet 78, an outlet 82, and a number of baffles 86. The tube portion 74 may include an inlet
90, an outlet 94, and a number of tubes 98 surrounded by the shell portion 70. In operation,
cold fluid enters the shell portion 70 through the inlet 78, surrounds the tubes 98, flows
around the baffles 86 to create turbulence 102, a continues to the outlet 82. Simultancously,
hot fluid enters the inlet 90, flows through the tubes 98 where the turbulent cold water
absorbs the heat of the fluid, and continues to the outlet 94. Thus, the heat exchanger 64
reduces the temperature of the hot fluid. Of course, the process may be reversed, whereby a
cold fluid enters the inlet 90 and hot fluid enters the inlet 78. The inlets 78, 90 and outlets 82,
94 may also include any number of field devices (not shown), controllers (not shown), valves
106, pumps 110, or other devices that measure and control the fiuid temperature, flow

pressure, flow rate, and other metrics during operation of the heat exchanger 64.

[0073] In a typical heat exchanger application, the several measurements may be
available. Some examples of heat exchanger 64 measurements are Cold Fluid Flow Rate
(£, Cold Fluid Inlet Temperature (7, ;,), Cold Fluid Outlet Temperature (7. ,.;), Cold Fluid
Inlet Pressure (#,;,), Cold Flnd Outlet Pressure (7. ), Hot Fluid Flow Rate (£}), Hot Fluid
Inlet Temperature (7} ;,), Hot Fluid Outlet Temperature (T}, ..., Hot Fluid Inlet Pressure

(P.1n), and Hot Fluid Outlet Pressure (£, 4,,). Some heat exchangers 64 may capture only a
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few of these measures, while others may modify the measurements. One example of a
modified measurement may be to only include a single measurement of differential pressure

instead of separate inlet and outlet pressures.

F0074] Detecting a fouling abnormat situation in a heat exchanger 64 may include
some or all of the measurements described above. One method of fouling detection may
include monitoring a differential pressure. Differential pressure may be measured by 1) a
differential pressure transmitter across the heat exchanger to measure the differential pressure

(AP) directly, or 2) absolute pressure tfransmitters to measure the inlet pressure P, and outlet

i

pressure P on the heat exchanger. Thus,

AP=P,~F, (Equ. 1)

differential pressure (AP) is dependent upon the flow rate of the fluid through the heat
exchanger. Therefore, an algorithm to detect fouling based on AP includes changes in flow
rate, as well. Further, AP may permit a fouling detection block 80 at both the hot and cold

sides of the heat exchanger 64 to measure and detect the P, and P, values.

[0075] Another method of fouling detection may include monitoring overall
thermal resistance (R, ). The heat transfer rate ( Q) in heat exchanger may be calculated

using measurements on either the hot side or the cold side:
Q=m_-C -AT. =m, -C, -AT, (Equ. 2)

where m, and m, are mass-flow rates of the cold and hot fluids, C_ and C, are the specific-
heat of the cold and hot fluids, AT, and AT, are the temperature differences of the cold and

hot fluids with AT =7, T,

* ook e.in

and AT, =T, -1

h.in hoour*

[6076] The total heat transfer may also calculated using the Log-Mean-

Temperature Difference (LMTD) and properties of the heat exchanger.
O=U-4-LMTD (Equ. 3)

where U is the average heat transfer coefficient, 4 is the heat transfer surface area of the heat

exchanger, LMTD is the Log-Mean-Temperature-Difference, defined as:

At - At"t
LMTD =t 2 (Equ. 4)
In{At, /A1)
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where, for a parallel, or concurrent flow heat exchanger:

A!l = r:’z‘in “[(-.m > AIE = Zh.om AI(&(W (Equ' 5)
and for a counter-flow heat exchanger:
Ati = th,m %t{?ONT * Arz = Ih‘(_mr _rf‘.fﬁ‘ (Equ' 6)

[0677] Although A of Equ. 3 may be obtained from product literature, I/ may be
difficult to determine analytically. However, I/ and 4 may be taken logether as a single
vartable, the overall total heat transfer rate. The reciprocal of U4 is the total thermal

resistance, R,,,.
R (Equ. 7)

[0078] Combining the two different equations for O

UA-LMTD = Q =, - C, - AT, (Equ. 8)
or
R = 52 = % (Equ. 9)
6079} For the hot-side flow rate:
1 LMTD (Equ. 10)

'Rm: BT T T T
‘ UA E’r ) C.‘r ’ AT&

An increase in the total thermal resistance using either Equ. or Equ. 10 may indicate fouling

1n the heat exchanger.

[0080] For a given application, the terms C, and C;, may be constant, Because a
fouling detection algorithm may not actually include the value of thermal resistance, but

rather, may only detect when the value changes, Equ. 9 and Equ. may be reduced to:

LMTD LMTD
ror o o
F,-AT, F AT,

(Equ. 11)

[0081} In order to monitor for fouling based on thermal resistance, the heat
exchanger 64 may be monitored for some or all of the following process variables: Flow Rate

(Flow) of either hot or cold fluid (£, or F},), Inlet Temperature of Hot Fluid (73 ,,.), Outlet
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Temperature of Hot Fluid (7}, ,.), Inlet Temperature of Cold Fluid (7% ), and Outlet
Temperature of Cold Fluid (7,...). An abnormal operation of the heat exchanger 64 may be
detected using a variety of methods. In one implementation, abnormal operation of a heat
exchanger may be detected using extensible regression. In a further implementation,
abnormal operation of a heat exchanger may be detected using a simplified algorithm for

abnormal situation prevention in load-following applications.

[6082] Overview of An Abnormal Situation Prevention Module in a Heat

Exchanger

[0083] Under normal operating conditions in a heat exchanger, both R, and AP
may change based upon the load variable (Flow). A regression algorithm, which models
either or both of Ry, or AP as a function of the flow through the heat exchanger 64 may be

used to detect an abnormal situation.

[0084] Fig. 4 is a block diagram of an example abnormal situation prevention
module 150 that could be utilized in the abnormal operation detection block 80 or as the
abnormal operation detection system 42 of Fig. 2 for a heat exchanger abnormal situation
prevention module. The abnormal situation prevention module 150 may be used to detect
abnormal operations, also referred to throughout this application as abnormal situations or
abnormal conditions, that have occurred or are occurring in the heat exchanger 64, such as

fouling conditions indicated by increasing AP and/or R ,. Heremafter, the abnormal

situation prevention module 150 will be referred to as a Heat Exchanger Abnormal Situation
Prevention Module 150. The Heat Exchanger Abnormal Situation Prevention Module 150
may be used to predict the occurrence of abnormal operations within the heat exchanger 64
before these abnormal operations actually arise, with the purpose of taking steps to prevent
the predicted abnormal operation before any significant loss within the heat exchanger 64, or
the process plant 10 takes place, for example, by operating in conjunction with the abnormal
situation prevention system 35. In one example, a heat exchanger 64 may have a
corresponding Heat Exchanger Abnormal Situation Prevention Module 150, though it should
be understood that a common Heat Exchanger Abnormal Situation Prevention Module 150

may be used for multiple heat exchangers 64. Because it is possible that AP and/or &,

could change during normal operating conditions as a function of some load variable, such as
Flow, the Heat Exchanger Abnormal Situation Prevention Module 150 learns the normal or

baseline AP and/or R

Fat

values for a range of values for the load variable (Flow).
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[0085] With reference to Fig. 4, the Heat Exchanger Abnormal Situation
Prevention Module 150 may take, as input, a plurality of process variables, as described
above. For example, the Heat Exchanger Abnormal Situation Prevention Module 150 inputs
may be Cold Fluid Inlet Temperature (7.;,) 152, Cold Fluid Outlet Temperature (7, ..} 154,
Hot Fluid Inlet Temperature (75 ;) 156, Hot Fluid Outlet Temperature (7}, ..} 158, Cold Fluid
Flow Rate (F,) 160, Hot Fluid Flow Rate (#}) 162, Cold Fluid Differential Pressure (AP,)
164, and Hot Fluid Differential Pressure (AP;) 166. Further, the Heat Exchanger Abnormal
Sttuation Prevention Module could repiace the AP inputs with absolute pressure
measurements, Cold Flud Inlet Pressure (P ;,), Cold Fluid Outlet Pressure (P ,.), Hot Fluid
Inlet Pressure (£, ,), and Hot Fluid Outlet Pressure (P),5.,). The Heat Exchanger Abnormal
Situation Prevention Module 150 may then use the absolute pressure measurements to
calculate the AP inputs. In accordance with Equation 11, the Heat Exchanger Abnormal
at block 168 and calculate B

Situation Prevention Module 150 may calculate R at block

a1, fol

170.

10086] The load variables 160, 162 may pass to a corresponding load variable
SPM block 172 while the monitored variable values 152, 154, 156, and 158 may be used in
conjunction with load variable 160, 162 to calculate the monitored variables R,,, 168, 170,
which may then pass to a number of monitored variable SPM blocks 173 along with
monitored variable values 164, 166. SPM blocks 172, 173 may be used to calcuiate statistical
signatures of each of the monitored inputs, as well as the flow rates. In one implementation,
the means (u) calculated in the SPM blocks 172 are the inputs (both x and y) to the regression
blocks. The statistical signatures may also be any of various kinds of statistical data such as
mean data, median data, standard deviation data, rate of change data, range data, etc.,
calculated from the inputs. Such data could be calculated based on a sliding window of the
input or based on non-overlapping windows of the input. As one example, a load variable
SPM block 172 may generate mean and standard deviation data over a user-specified sample
window size, such as a most recent load variable sample and preceding samples of the load
variable or any number of samples or amount of data that may be statistically useful. In this
example, a mean load vaniable value and a standard deviation load variable value may be
generated for each new load variable sample received by the load variable SPM block 172.
As another example, the load variable SPM blocks 172 may generate mean and standard
deviation data using non-overlapping time periods. In this example, a window of five

minutes (or some other suitable time period) could be used, and a mean and/or standard
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deviation load variable value would thus be generated every five minutes. In a similar
manner, the monitored variable SPM blocks 173 receive the monitored variables 164, 160,
168, and 170 to generate second statistical data in a manner siimilar to the load vanable SPM
blocks 172, such as mean and standard deviation data over a specified sample window.

These statistical signatures may also be calculated in either a field device or a host system. In

a further embodiment, for the calculation R, the means of the temperatures and flow rates

may be calculated in the field device with the previously-described equations applied
afterwards., From the SPM blocks 172, 173 the Heat Exchanger Abnormal Situation
Prevention Module 150 passes the values to a plurality of regression blocks 176, 180, 184,

188.

[0087] During a learning phase, the regression blocks 176, 180, 184, 188 each
model the value of a monitored variable (R, and/or AP) as a function of the load variable
(Flow). During a monitoring phase, the regression blocks 176, 180, 184, 188 calculate a
predicted value of the monitored value and compare the monitored variable to the predicted
value. In one embodiment, the regression block 176 predicts the value of AP, as a function of
Fe, the regression block 180 predicts the value of Ry, as a function of F, the regression
block 184 predicts the value of Ry, p as a function of Fy,, and the regression block 188
predicts the value of APy as a function of Fy,. For example, during the learning phase, which
is described in more detail below, the regression blocks 176, 180, 184, 188 create a
regression model to predict data generated from the monitored variables R, AP as a function
of data generated from the load variables (Fy, F,, collectively referred to as “Flow™). The
data generated from the monitored variables Ry, AP and data generated from the load
variables may include monitored data and load variable data, monitored data and load
variable data that has been filtered or otherwise processed, statistical data generated from
monitored data and load variable data, etc. During the monitoring phase, which is also
described in more detail below, the regression model predicts a value for data generated from
R and/or AP during operation of the heat exchanger 64. The regression blocks 176, 180,
184, 188 output a corresponding status 175, 179, 183, 187 based upon a deviation, if any,
between the predicted value of data generated from Ry and/or AP and a monitored value for
data generated from Ry and/or AP, For example, if the monitored value of either or both of
Rioc and AP significantly deviates from their predicted values, the regression block 176, 180,

184, 188 may output a status of “Up”, which may be an indication that fouling conditions are
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present in the heat exchanger. Otherwise, the regression block 176, 180, 184, 188 may output

the status as “Normal.”

[0088] The regression blocks 176, 180, 184, 188 include a load vartable input,
which is an independent variable input (x), from an SPM 172 and a monitored variable input,
that 1s at least one dependent variable input (y), from an SPM 173, As discussed above, the
monitored variables 152, 154, 156, 158, 160, and 162 are used to calculate Ry, in the heat
exchanger 64. As will be described in more detail below, the regression blocks 176, 180,
184, 188 may be trained using a plurality of data sets to model the monitored variables Ry, or
AP as a function of the load variable F. 160 or Fy, 162. The regression blocks 176, 180, 184,
188 may use the mean, standard deviation or other statistical measure of the load variable and
the monitored variables from the SPMs 172, 173 as the independent and dependent variable
inputs (x, y) for regression modehing. For example, the means of the load variable and the
monitored variables may be used as (x, y) points in the regression modeling, and the standard
deviation may be modeled as a function of the load variable and used to determine the
threshold at which an abnormal situation is detected during the monitoring phase. As such, it
should be understood that while the Heat Exchanger Abnormal Situation Prevention Module
150 1s described as modeling the differential pressure and/or thermal resistance variables as a
function of the load variable, the Heat Exchanger Abnormal Situation Prevention Module 150
may model various data generated from the differential pressure and/or thermal resistance
variables as a function of various data generated from the load variable based on the
independent and dependent inputs provided to the regression model, including, but not
limited to, differential pressure and/or thermal resistance data and load variable data,
statistical data generated from the differential pressure and/or thermal resistance data and
load variable data, and differential pressure and/or thermal resistance data and load variable
data that has been filtered or otherwise processed. Further, while the Heat Exchanger
Abnormal Situation Prevention Module 150 is described as predicting vatues of the
differential pressure and/or thermal resistance variables and comparing the predicted values
to monitored values of the differential pressure and/or thermal resistance variables, the
predicted and monitored values may include various predicted and monitored values
generated from the differential pressure and/or thermal resistance variables, such as predicted
and monitored differential pressure and/or thermal resistance data, predicted and monitored

statistical data generated from the differential pressure and/or thermal resistance data, and
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predicted and monitored differential pressure and/or thermal resistance data that has been

filtered or otherwise processed.

[0089] As will also be described in more detail below, the regression blocks 176,
180, 184, 188 may include one or more regression models, with each regression model
provided for a different operating region. Each regression model may utilize a function to
model the dependent Ry, and/or AP values as a function of the independent load variable
(Flow) over some range of the load variable. The regression model may comprise a linear
regression model, for example, or some other regression model. Generally, a linear
regression model comprises some linear combination of functions f{X), g(X), i(X), ... For
modeling an industrial process, a typically adequate linear regression model may comprise a
first order function of X (e.g., Y = m*X + b) or a second order function of X (e.g., Y = a*X’

+b*X + ¢), however, other functions may also be suitable.

[0690] In the example shown in Fig. 4, the (x, y) points are stored during the
learning phase. At the end of the learning phase, the regression coefficients are calculated to
develop a regression model to predict the Ry and/or AP values as a function of the load
variable. The maximum and minimum values of the load variable used to develop the
regression model are also stored. In one example, the regression fits a polynomial of order p,
such that predicted values (y,) for the Ry, and/or AP may be calculated based on the load
variable values (x) (e.g., ypx = ag + a; + ... + a,x"). Generally, the order of the polynomial p
would be a user input, though other algorithms may be provided that autornate the
determination of the order of the polynomial. Of course, other types of functions may be
utilized as well such as higher order polynomials, sinusoidal functions, logarithmic functions,

exponential functions, power functions, etc.

[0091] After the Heat Exchanger Abnormal Situation Prevention Module 150 has
been trained, the regression models may be utilized by corresponding deviation detectors 190,
192, 194, 196 to generate at least one predicted value (y) of the dependent Ry, and/or AP
variables Y based on a given independent load variable (Flow) input (x) during a monitoring
phase. The deviation detectors 190, 192, 194, 196 further utilize a monitored Ry, and/or AP
input (y) and the independent load variable (Flow) input (x) to the regression models.
Generally speaking, the deviation detectors 190, 192, 194, 196 calculate the predicted values
(y) for a particular load variable value and uses the predicted value as the “normal” or

“baseline”™ Ry, and/or AP, Each deviation detector 190, 192, 194, 196 compares the
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corresponding momtored Ry, and/or AP value (y) to predicted R and/or AP value (yp),
respectively, that are generated by the regression blocks 176, 180, 184, 188 to determine if
cither or both of the Ry, and AP (y) is significantly deviating from the predicted value(s) (vp)
(e.g., Ay =y — vp). If the monitored value (y) is significantly deviating from the predicted
value (yp), this may indicate that an abnormal situation has occurred, is occurring, or may
occur in the near future, and thus the deviation detectors 190, 192, 194, 196 may generate an
indicator of the deviation. For example, if the monitored Ry, value (v} is higher than the
predicted Ry, value (yp) and the difference exceeds a threshold, an indication of an abnormal
situation (e.g., “Up”’) may be generated. If not, the status is “Normal”. In some

implementations, the indicator of an abnormal situation may comprise an alert or alarm.

[0092] In a further embodiment, the Heat Exchanger Abnormal Situation
Prevention Module 150 may be reduced when fewer than all of the variables described in
relation to Fig. 4 are available. For example, if the only available measured variables
available are AP, 164, F. 160, Ty 152, Teou 154, T 156, and Ty o 158, then the Heat
Exchanger Abnormal Situation Prevention Module 150 may monitor for fouling using only
R 168 and AP 164 on the Cold Side. Similarly, if the only available measured variables
available are APy, 166, Fy, 162, T i 152, Te g 154, Tuin 156, and Thou 158, then the Heat
Exchanger Abnormal Situation Prevention Module 150 may monitor for fouling using only

Rior 170 and AP 166 on the Hot Side.

[0093]  In addition to monitoring the heat exchanger 64 for abnormal situations,
the deviation detectors may also check to see if the load variable 1s within the limits seen
during the development and training of the model. For example, during the monitoring phase
the deviation detectors monitor whether a given value for the load variable is within the
operating range of the regression model as determined by the minimum and maximum values
of the load variable used during the learning phase of the model. If the load variable value is
outside of the limits, the deviation detector may output a status of “Out of Range” or other
indication that the load variable is outside of the operating region for the regression model.
The regression blocks may either await an input from a user to develop and train a new
regression model for the new operating region or automatically develop and train a new
regression model for the new operating region, examples of which are provided further

below.
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[0094]  One of ordinary skill in the art will recognize that the Heat Exchanger
Abnormal Situation Prevention Module 150 and the regression blocks 170, 180, 184, 188 can
be modified in various ways. For example, the SPM blocks 172, 173 could be omitted, and
the raw values of the Joad variable and the monitored variables may be provided directly to
the blocks as the (x, y) points used for regression modeling and provided directly to the
deviation detectors for monitoring. As another example, other types of processing in addition
to or instead of the SPM blocks 172, 173 could be utilized. For example, the process variable
data could be filtered, trimmed, etc., prior to the SPM blocks 172, 173 or in place of utilizing

the SPM blocks 172, 173.

[0095] Additionally, although the regression blocks 176, 180, 184, 188 are
illustrated as having a single independent load variable input (x), a single dependent variable
(y), and a single predicted value (yp), the blocks could include a regression model that models
one or more monitored variables as a function of multiple load variables. For example, the
blocks could comprise a multiple linear regression (MLR) model, a principal component
regression (PCR) model, a partial least squares (PLS) model, a ridge regression (RR) model,

a variable subset selection (VSS) model, a support vector machine (SVM) model, etc,

[0096]  The Heat Exchanger Abnormal Situation Prevention Module 150 could be
implemented wholly or partially in a heat exchanger 64 or a device of the heat exchanger 64.
As just one example, the SPM blocks 172, 173 could be implemented in a temperature sensor
or temperature transmitter of the heat exchanger 64 and the regression blocks 176, 180, 184,
188 and/or the deviation detectors 190, 192, 194, 196 could be implemented in the controller
60 (Fig. 2) or some other device. In one particular implementation, the Heat Exchanger
Abnormal Situation Prevention Module 150 could be implemented as a function block, such
as a function block to be used in system that implements a Fieldbus protocol. Such a function
block may or may not include the SPM blocks 172, 173. In another implementation, each of
at least some of the Heat Exchanger Abnormal Situation Prevention Module 150 may be
implemented as a function block. For example, the blocks 170, 172, 173 may be
implemented as finction blocks of a regression function block 188. However, the functions
of cach block may be distributed in a variety of manners. For example, the regression blocks
176, 180, 184, 188 may provide the output (y) to the deviation detectors 190, 192, 194, 196,
rather than the deviation detectors executing the corresponding regression models to provide
the prediction of the monitored variables (yp). In this implementation, after it has been

trained, the regression blocks 176, 180, 184, 188 may be used to generate a predicted value
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(ye) of the monitored Ry, and/or AP value (y) based on a given independent load variable
(Flow} input (x). The output (yp) of the blocks is provided to the deviation detectors. The
deviation detectors receive the output (yp) of the regression blocks as well as the dependent
variable input (x) to the corresponding regression hlocks. As above, the deviation detectors
compare the monitored values (y) to the predicted values (yp) generated by the corresponding
regression block to determine if the dependent value (y) is significantly deviating from the

predicted values (yp).

[0097] The Heat Exchanger Abnormal Situation Prevention Module 150 may be
in communication with the abnormal situation prevention system 35 (F 1gs. 1 and 2). For
example, the Heat Exchanger Abnormal Situation Prevention Module 150 may be in
communication with the configuration application 38 to permit a user to configure the Heat
Exchanger Abnormal Situation Prevention Module 150. For instance, one or more of the
SPM blocks 172, 173, the regression blocks 176, 180, 184, 1 88, and the deviation detectors
190, 192, 194, 196 may have user configurable parameters that may be modified via the

configuration application 38.

[0098] Additionally, the Heat Exchanger Abnormal Situation Prevention Module
150 may provide information to the abnormal situation prevention system 35 and/or other
systems in the process plant. For example, the deviation indicator generated by the deviation
detectors could be provided to the abnormal situation prevention system 35 and/or the
alert/alarm application 43 to notify an operator of the abnormal condition. As another
example, after the regression blocks have been trained, parameters of the regression blocks
could be provided to the abnormal situation prevention system 35 and/or other systems in the
process plant so that an operator can examine the regression blocks and/or so that the
regression block parameters can be stored in a database. As yet another example, the Heat
Exchanger Abnormal Situation Prevention Module 150 may provide (x), (v), and/or (yp)
values to the abnormal situation prevention system 35 so that an operator can view the values,

for instance, when a deviation has been detected.

[0099]  Fig. 51is a flow diagram of an example method 275 for detecting an
abnormal operation in a heat exchanger 64 of a process plant 10. The method 275 could be
implemented using the example Heat Exchanger Abnormal Situation Prevention Module 150
as described above. However, one of ordinary skill in the art will recognize that the method

275 could be implemented by another system. At a block 280, a model, such as a model
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provided by the regression blocks 176, 180, 184, 188, is trained. For example, the model
could be trained using the independent load variable (Flow) and the dependent R, and/or AP
vartable Y data sets to configure it to model the Ry, and/or AP as a function of the load
variable (Flow). The model could include multiple regression models that each model the
Ry and/or AP variable as a function of the load variable (Flow) for a different range of the

load variable.

[0100} At a block 284, the trained model generates predicted values (yp) of the
dependent Ry, and/or AP values using values (x) of the independent load variable, Flow (F..
w), that it recetves. Next, at a block 284, the monitored values (y) of the R, and/or AP
variables are compared to the corresponding predicted values (y») to determine if the Ry,
and/or AP 1s significantly deviating from the predicted values. For example, cach
corresponding deviation detector 190, 192, 194, 196 generates or receives the output (yp) of
the regression blocks and compares it to the respective values (y) of Ry and/or AP. Ifit is
determined that the monitored value of Ry, and/or AP has significantly deviated from the
predicted value(yp), an indicator of the deviation may be generated at a block 292. In the
Heat Exchanger Abnormal Situation Prevention Module 150, for example, the deviation
detectors may generate the indicator. The indicator may be an alert or alarm, for example, or
any other type of signal, flag, message, etc., indicating that a significant deviation has been

detected (e.g., status = “Up”).

[0101] As will be discussed in more detail below, the block 280 may be repeated
after the model has been mitially trained and after it has generated predicted values (vp) of the
dependent Ry, and/or AP variables. For example, the model could be retrained if a set point
in the process has been changed or if a value of the independent load variable falls outside of

the range Xmm, Xmax.

[0102] Overview of the Regression Model

[0103] Fig. 6 1s a flow diagram of an example method 300 for initially training a
model such as the model provided by the regression blocks 176, 180, 184, 188 of Fig. 4. The
training of the model may be referred to as a LEARNING state, as described further below.
At a block 304, at least an adequate number of data sets (x, y) for the independent load
variable X (Flow) and the dependent R, and/or AP variable Y may be received in order to

train a model. As described above, the data sets (x, y) may comprise monitored variable {Riot
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and/or AP) and load variable (F ;) data, monitored and load variable data that has been
filtered or otherwise processed, stalistical data generated from the monitored variable and
load variable data, etc. In the Heat Exchanger Abnormal Situation Prevention Module 150 of
Fig. 4, the model may receive data sets (x, y) from the SPM blocks 172, 173, Inone
implementation, the regression model takes a single independent variable X (Flow) and a
single independent variable Y (R, or AP} as inputs. In a further embodiment, the regression
model takes a single X (Flow) and multiple Y (Ry and AP) values as inputs. In either
embodiment, the regression block may perform abnormal situation prevention diagnostics on
cither or both of the cold or hot side. A regression block implemented on one side of the heat
exchanger may include fewer function blocks than a regression block incorporating both the
hot and cold sides. Referring now to Fig. 7A, a graph 350 shows an example of a plurality of
data sets (x, y) received by a model, and illustrating the Heat Exchanger Abnormal Situation
Prevention Module 150 in the LEARNING state while the model is being initially trained. In
particular, the graph 350 of Fig. 7A includes a group 354 of data sets that have been

collected.

[0104] Referring again to Fig. 6, at a block 308, a validity range [xum, Xmax] for
the model may be generated. The validity range may indicate a range of the independent load
variable X for which the model is valid. For instance, the validity range may indicate that the
model is valid only for load variable X values in which (x) is greater than or equal to Xmin
and less than or equal to xyax. As just one example, X could be set as the smallest value
of the load variable in the data sets (x, y) received at the block 304, and xumax could be set as
the largest value of the load variable in the data sets (x, y) received at the block 304,
Referring again to Fig. 7A, xmm could be set to the load variable value of the leftmost data
set, and Xamax could be set as the load variable value of the rightmost data set, for example.
Of course, the determination of validity range could be implemented in other ways as well.

In the Heat Exchanger Abnormal Situation Prevention Module 150 of Fig. 4, the regression

blocks 176, 180, 184, 188 could generate the validity range.

0105} At a block 312, a regression model for the range [Xan, Xmax] may be
generated based on the data sets (x, v) received at the block 304. In an example described
further below, after a MONITOR command is issued, or if a maximum number of data sets
has been collected, a regression model corresponding to the group 354 of data sets may be
generated. Any of a variety of techniques, including known techniques, may be used to

generate the regression model, and any of a variety of functions could be used as the model.
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For example, the model of could comprise a linear equation, a quadratic equation, a higher
order equation, ete. The graph 370 of Fig. 7B includes a curve 358 superimposed on the data
sets (x, y) received at the block 304 iflustrates a regression model corresponding to the group
354 of data sets to model the data sets (x, y). The regression model corresponding to the
curve 354 is valid in the range [Xmpo, Xmax]. In the Heat Exchanger Abnormal Situation
Prevention Module 150 of Fig. 4, the regression blocks 176, 180, 184, 188 could generate the

regression model for the range [Xum, Xmax]-

[0106] Utilizing the Model through Operating Region Changes

{0107} It may be that, after the model has been initially trained, the system that it
models may move into a different, but normal operating region. For example, a set point may
be changed. Fig. 8 is a flow diagram of an example method 400 for using a model to
determine whether abnormal operation is occurring, has occurred, or may occur, wherein the
model may be updated if the modeled process moves into a different operating region. The
method 400 may be implemented by an abnormal situation prevention such as the Heat
Exchanger Abnormal Situation Prevention Module 150 of Fig. 4. Of course, the method 400
could be implemented by other types of modules as well. The method 400 may be
implemented after an initial model has been generated. The method 300 of Fig. 6, for

example, could be used to generate the initial model.

[0108] At a block 404, a data set (x, y) is received. In the Heat Exchanger
Abnormal Situation Prevention Module 150 of Fig. 4, the regression blocks could receive a
data set (x, y) from the SPM blocks 172, 173 for example. Then, at a block 408, it may be
determined whether the data set (x, y) received at the block 404 is in a validity range. The
validity range may indicate a range in which the model is valid. In the Heat Exchanger
Abnormal Situation Prevention Module 150 of Fig. 4, the regression blocks 176, 180, 184,
188 could examine the load variable value (x) received at block 404 to determine if it is
within the validity range [Xmm, ¥max]. Ifit is determined that the data set (X, v) received at

block 404 is in the validity range, the flow may proceed to block 412.

[0109] At the block 412, a predicted value of either or both of Ry, and/or AP (yr)
of the dependent monitored variable Y may be generated using the model. In particular, the
model generates the predicted Ry, and/or AP (yp) values from the total Flow (F. 1) load
variable value (x) received at the block 404. In the Heat Exchanger Abnormal Situation

Prevention Module 150 of Fig. 4, the regression blocks 176, 180, 184, 188 generate the
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predicted values (yp) from the load variable value (x) received from the SPM blocks 172.

173.

[0110] Then, at a block 416, the monitored Ry, and/or AP values (v) received at
the block 404 may be compared with the predicted Ry, and/or AP values (yp). The
comparison may be implemented in a variety of ways. For example, a difference or a
percentage difference could be generated. Other types of comparisons could be used as well.
Referring now to Fig. 9A, an example received data set is illustrated in the graph 350 as a dot
358, and the corresponding predicted value, (y»), is illustrated as an “x”. The graph 350 of
Fig. 9A illustrates operation of the Heat Exchanger Abnormal Situation Prevention Module
150 in the MONITORING state. The model generates the prediction (yp) using the
regression model indicated by the curve 354. As illustrated in Fig. 9A, it has been calculated
that the difference between the monitored R,,, and/or AP value (v) received at the block 404
and the predicted Ry, and/or AP value (yp) is -1.754%. Referrin g now to Fig. 9B, another
cxample received data set is illustrated in the graph 350 as a dot 362, and the corresponding
predicted Ry, and/or AP value, (yp), is illustrated as an “x”. As illustrated in Fi g. 9B, it has
been calculated that the difference between the monitored Ry, and/or AP value {y) received at
the block 404 and the predicted value (yp) is -19.298%. In the Heat Exchanger Abnormal
Situation Prevention Module 150 of Fig. 4, corresponding deviation detector 190, 192, 194,

196 for Ryc. Rigin, AP, APy may perform the comparison.

[0111] Referring again to Fig. 8, at a block 420, it may be determined whether the
Ry and/or AP value (y) received at the block 404 significantly deviates from the predicted
Ryt and/or AP value (yp) based on the comparison of the block 416. The determination at the
block 420 may be implemented in a variety of ways and may depend upon how the
comparison of the block 416 was implemented. For example, if a Ry, and/or AP value was
generated at the block 412, it may be determined whether this difference value exceeds some
threshold. The threshold may be a predetermined or configurable value. Also, the threshold
may be constant or may vary. For example, the threshold may vary depending upon the value
of the independent load variable (Flow) value (x) received at the block 404. As another
example, if a percentage difference value was generated at the block 412, it may be
determined whether this percentage value exceeds some threshold percentage, such as by
more than a certain percentage of the predicted Ry and/or AP value (vp). As vet another

example, a significant deviation may be determined only if two or some other number of
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consecutive comparisons exceed a threshold. As still another example, a significant deviation
may be determined only if the monitored value (y) exceeds the predicted value (vp) by more
than a certain number of standard deviations of the predicted variable value (vp). The
standard deviation(s) may be modeled as a function of the load variable X or calculated from
the variable of the residuals of the training data. A common or a diflerent threshold may be

used for each of the Ry, and/or AP values.

j0112] Referring again to Fig. 9A, the difference between the monitored Rio
and/or AP value (y) received at the block 404 and the predicted value (vp) is -1.754%. If, for
example, a threshold of 10% s to be used to determine whether a deviation is significant, the
absolute value of the difference illustrated in Fig. 9A is below that threshold. Referring again
to Fig. 9B on the other hand, the difference between the monitored Ry, and/or AP value (v)
received at the block 404 and the predicted Ry and/or AP value (yp) is -19.298%. The
absolute value of the difference illustrated in Fig. 9B is above the threshold value 10%, so an
abnormal condition indicator may be generated as will be discussed below. In the Heat
Exchanger Abnormal Situation Prevention Module 150 of Fig. 4, the deviation detectors 190,
192, 194, 196 may implement the block 420.

[0113] In general, determining if the monitored Ry and/or AP value (y)
significantly deviates from the predicted gain Ry, and/or AP value (vp) may be implemented
using a variety of techniques, including known techniques. In one implementation,
determining if the monitored Ry and/or AP value (y) significantly deviates from the predicted
Rioi and/or AP value (yp) may include analyzing the present values of (y) and (yp). For
example, the monitored R and/or AP value (y) could be subtracted from the predicted Ry,
and/or AP value (y»), or vice versa, and the result may be compared to a threshold to see if it
exceeds the threshold. It may optionally comprise also analyzing past values of (y) and (yp).
Further, it may comprise comparing (y) or a difference between (y) and (vp) to one or more
thresholds. Each of the one or more thresholds may be fixed or may chan ge. For example, a
threshold may change depending on the value of the load variable X or some other variable.
Different thresholds may be used for different Ry, and/or AP values. U.S. Patent Application
Serial No. 11/492,347, entitled “Methods And Systems For Detecting Deviation Of A
Process Variable From Expected Values,” filed on July 25, 2006, and which was incorporated
by reference above, describes example systems and methods for detecting whether a process

variable significantly deviates from an expected value, and any of these systems and methods
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may optionally be utilized. One of ordinary skill in the art will recognize many other ways of
determining if the monitored R, and/or AP value {y) significantly deviates from the predicted

value (yp). Further, blocks 416 and 420 may be combined.

[0114] Some or all of criteria to be used in the comparing (y) to (vp) (block 416)
and/or the criteria to be used in determining if (v) significantly deviates from (vr) (block 420)
may be configurable by a user via the configuration application 38 (Figs. 1 and 2). For
instance, the type of comparison (e.g., generate difference, generate absolute value of
difference, generate percentage difference, etc.) may be configurable. Also, the threshold or
thresholds to be used in determining whether the deviation is significant may be configurable
by an operator or by another algorithm. Alternatively, such criteria may not be readily

configurable.

[0115] Referring again to Fig. 8, if it is determined that the monitored R and/or
AP value (y) received at the block 404 does not significantly deviate from the predicted value
(yp), the flow may return to the block 404 to receive the next data set (x, y). If, however, it is
determined that the Ry, and/or AP value (y) does significantly deviate from the predicted
value (yp), the flow may proceed to the block 424. At the block 424, an indicator of a
deviation may be generated. The indicator may be an alert or alarm, for example. The
generated indicator may include additional information such as whether the value (v}
received at the block 404 was higher than expected or lower than expected, for example.
Referring to Fig. 9A, because the difference between the Ry, and/or AP value (y) received at
the block 404 and the predicted value (yp) is -1.754%, which is below the threshold 10%, no
indicator is generated. On the other hand, referring to Fig. 9B, the difference between (v)
received at the block 404 and the predicted value (yp) is -19.298%, which is above the
threshold 10%. Therefore, an indicator is generated. In the Heat Exchanger Abnormal
Situation Prevention Module 150 of Fig. 4, the deviation detector 190, 192, 194, 196
corresponding to the significantly deviating variable Ry, Riotn AP, or AP, may generate the

indicator.

[0116] Referring again to the block 408 of Fig. 8, if it is determined that the data
set (x, y) received at the block 404 is not in the validity range, the flow may proceed to a
block 428. However, the models developed by the Heat Exchanger Abnormal Situation
Prevention Module 150 are generally valid for the range of data for which the model was

trained. If the load variable X goes outside of the limits for the model as illustrated by the
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curve 354, the status is out of range, and the Heat Exchanger Abnormal Situation Prevention
Module 150 would be unable to detect the abnormal condition. For example, in Fig. 9C, the
Heat Exchanger Abnormal Situation Prevention Module 150 receives a data set illustrated as
a dot 370 that is not within the validity range. This may cause the Heat Exchanger Abnormal
Situation Prevention Module 150 to transition to an OQUT OF RANGE state, in which case,
the Heat Exchanger Abnormal Situation Prevention Module 150 may transition again to the
LEARNING state, either in response to an operator command or automatically. As such,
after the inttial learning perjod, if the process moves to a different operating region, it
remains possible for the Heat Exchanger Abnormal Situation Prevention Module 150 to learn
a new model for the new operating region while keeping the model for the original operating

range.

[0117] Referring now to Fig. 10A, it shows a graph further illustrating received
data sets 370 that are not in the validity range when the Heat Exchanger Abnormal Situation
Prevention Module 150 transitions back to a LEARNING state. In particular, the graph of
Fig. 10A includes a group 374 of data sets that have been collected. Referring again to Fig.
8, at the block 428, the data set (x, y) received at the block 404 may be added to an
appropriate group of data sets that may be used to train the model at a subsequent time.
Referring to Fig. 10A, the data set 370 has been added to the group of data sets 374
corresponding to data sets in which the value of X is less than xyn. For example, if the value
of the load variable X received at the block 404 is less than Xy, the data set (x, y) received
at the block 404 may be added to a data group corresponding to other received data sets in
which the value of the load variable X is less than xyun. Simi larly, if the value of the load
variable value X received at the block 404 is greater than xwax, the data set (x, y) received at
the block 404 may be added to a data group corresponding to other received data sets in
which the value of the load variable value is greater than xyax. In the Heat Exchanger
Abnormal Situation Prevention Module 150 of Fig. 4, any of the regression blocks 176, 180,
184, 188 may implement the block 428.

[0118] Then, at a block 432, it may be determined if enough data sets are in the
data group to which the data set was added at the block 428 in order to generate a regression
model corresponding to the group 374 of data sets. This determination may be implemented
using a variety of techniques. For example, the number of data sets in the group may be
compared to a minimum number, and if the number of data sets in the group is at least this

minimum number, it may be determined that there are enough data sets in order to generate a
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regression model. The minimum number may be selected using a variety of techniques,
including techmiques known to those of ordinary skill in the art. If it is determined that there
are enough data sets in order to generate a regression model, the model may be updated at a
block 436, as will be described below with reference to Fig. 14. If it is determined, however,
that there are not enough data sets in order to generate a regression model, the flow may
return to the block 404 to receive the next data set (x, y). In another example, an operator
may cause a MONITOR command to be issued in order to cause the regression modetl to be

generated.

j0119] Fig. 11 is a flow diagram of an example method 450 for updating the
model after it is determined that there are enough data sets in a group in order to generate a
regression model for data sets outside the current validity range [Xym, Xnax]. At ablock 454,
arange [xX 'y, X max] for a new regression model may be determined. The vahidity range
may indicate a range of the independent load variable X for which the new regression model
will be valid. For instance, the validity range may indicate that the model is valid only for
load variable values (x) in which (x) is greater than or equal to X"y and less than or equal to
X'max. As just one example, X"y could be set as the smallest value of load variable X in the
group of data sets (x, y), and x"yax could be set as the largest value of load variable X in the
group of data sets (x, y). Referring again to Fig. 10A, X’y could be set to the load variable
value (x) of the leftmost data set in the group 374, and x"yax could be set as the load variable
value (x) of the rightmost data set in the group 374, for example. In the Heat Exchanger
Abnormal Situation Prevention Module 150 of Fig. 4, the regression blocks 176, 180, 184,

188 could generate the validity range.

[0120] At a block 460, a regression model for the range [X p, X max] may be
generated based on the data sets (x, y) in the group. Any of a variety of techniques, including
known techniques, may be used to generate the regression model, and any of a variety of
functions could be used as the model. For example, the model could comprise a linear
equation, a quadratic equation, ete. In Fig. 10B, a curve 378 superimposed on the group 374
illustrates a regression model that has been generated to model the data sets in the group 374.
The regression model corresponding to the curve 378 is valid in the range [X v, X’ max], and
the regression model corresponding to the curve 354 is valid in the range [Xmm Xmax]. In the
Heat Exchanger Abnormal Sttuation Prevention Module 150 of Fi g. 4, the regression blocks

176, 180, 184, 188 could generate the regression model for the range (X My X Mmax].
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[0121} For ease of explanation, the range [xay, Xmax] will now be referred to as
IXmin_1. Xmax 1), and the range [X v, X vmaxi will now be referred to as [XMIN 2, Xaax 2]
Additionally, the regression model corresponding to the range [Xnn 1, Xamax :] witl be
referred to as fi(x}, and regression model corresponding to the ran 2 [Xmiv 2, Xmax 2] will be

referred fo as f3(x). Thus, the model may now be represented as:

fa (x) forx,, Sy X,
Sx)y= (Equ. 12)

() forx . Sx a0,

[0122} Referring again to Fig. 11, at a block 464, an interpolation model may be
generated between the regression models corresponding to the ranges XM 1, Xmax 1} and
[XmiNn 2, Xmax 2] for the operating region between the curves 354 and 378. The mterpolation
model described below comprises a linear function, but in other implementations, other types
of functions, such as a quadratic function, can be used. If Xaax_1 18 less than Xuy o, then the

interpolation model may be calculated as:

[ Fo Xy 2 )= Si{Xay B )

Xamv 2 T Kaax

}(x =Xy )+ (X ) (Equ. 13)

[0123]) Similarly, if xpax > is less than xmw 1, then the interpolation model may

be calculated as:

(ﬁ Xy )= Loy 2 )

Kparv 1 7 X pax 2

J(x — Xy )t S (Xaw 1) (Equ. 14)

[0124] Thus, the model may now be represented as:

fi(x) for x viv | SXYSX MAX_ ]
JoXw )= il o)
flx)y= Sl Gk SIS By B E P L) forXg o, <x<x MIN_2
Xaw 2 T Xagax o
fo(x) for Xnp 2 =X 5 Xpan s
(Equ. 15)

if xmax 1 s less than xaw 2. And, if Xmax 2z 18 less than x|, the model may be represented

as:
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!f: (x) forxyw, €x< Xpax 2
. ./ 1 (”}:A:ih‘v’ i )= f 1 (x MAX 2 )
flx)y= i - = (X = X P S (X }ofor Xy ER S SV
Npnn 1 T Yy 2
f(x) FOr Xyt SX S X0

(Equ. 16)

[0125] As can be seen from equations 12, 15, and 16, the model may comprise a
plurality of regression models. In particular, a first regression model (i.c., fi(x)) may be used
to model the dependent Ry, and/or AP variable Y in a first operating region (i.e.,

Xune 1 = X 5 Xy ) and a second regression model (i.e., £(x)) may be used to model the
dependent Ry, and/or AP variable Y in a second operating region (i.e., X, , <X < Xyax 2 )

Additionally, as can be seen from equations 15 and 16, the model may also comprise an
interpolation model to model the dependent Ry, and/or AP variable Y in between operating

regions corresponding to the regression models.

{0126} Referring again to Fig. 11, at a block 468, the validity range may be
updated. For example, if Xpax 1 is less than XmiN_2, then Xy may be set to X1 and Xymax
may be set 1o Xymax 2. Similarly, if Xmax_2 18 less than Xy, then xamn may be set to XMIN_2
and Xyax may be set to xmax 1. Fig. 10C illustrates the new mode] with the new validity
range. Referring to Figs. 8 and 11, the model may be updated a plurality of times using a
method such as the method 450. As seen from Fig. 10C, the original model is retained for the
original operating range, because the original model represents the “normal” value for the Ry
and/or AP variable Y. Otherwise, if the original model were continually updated, there is a
possibility that the model would be updated to a faulty condition and an abnormal situation
would not be detected. When the process moves into a new operation region, it may be
assumed that the process is still in a normal condition in order to develop a new model, and
the new model may be used to detect further abnormal situations in the system that occur in
the new operating region. As such, the model for the heat exchanger 64 may be extended

indefinitely as the process model to different operating regions.

(0127} The abnormal situation prevention system 35 (Figs. 1 and 2) may cause,
for example, graphs similar to some or all of the graphs illustrated in Figs. 7A, 7B, 9A, 9B,
9C, 10A, 10B, and 10C to be displayed on a display device. For instance, if the Heat
Exchanger Abnormal Situation Prevention Module 150 provides model criteria data to the

abnormal situation prevention system 335 or a database, for example, the abnormal situation
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prevention system 35 may use this data to generate a display illustrating how the regression
blocks 176, 180, 184, 188 are modeling the dependent Ry, and/or AP variable Y as a function
of the independent Flow (F. ) load variable X. For example, the display may include a graph
similar to one or more of the graphs of Figs. 7A, 7B and 10C. Optionally, the Heat
Exchanger Abnormal Situation Prevention Module 150 may also provide the abnormal
situation prevention system 35 or a database, for example, with some or all of the data sets
used to generate the regression blocks 176, 180, 184, 188, In this case, the abnormal
sifpation prevention system 35 may use this data to generate a display having a graph similar
to one or more of the graphs of Figs. 7A, 7B, 10A, 10B. Optionally, the Heat Exchanger
Abnormal Situation Prevention Module 150 may also provide the abnormal situation
prevention system 35 or a database, for example, with some or all of the data sets that the
Heat Exchanger Abnormal Situation Prevention Module 150 is evaluating during its
monitoring phase. Additionally, the Heat Exchanger Abnormal Situation Prevention Module
150 may also provide the abnormal situation prevention system 35 or a database, for
example, with the comparison data for some or all of the data sets. In this case, as just one
example, the abnormal situation prevention system 35 may use this data to generate a display

having a graph similar to one or more of the graphs of Figs. 7A and 7B.

10128] Manual Control of the Heat Exchanger Abnormal Situation Prevention

Module

[0129] In the abnormal situation prevention modules described with respect to
Figs. 6, 8, and 11, the models may automatically update itself when enough data sets have
been obtained in a particular operating region. However, it may be desired that such updates
do not occur unless a human operator permits it. Additionally, it may be desired to allow a
human operator to cause the model to update even when received data sets are in the validity

region.

[0130] Fig. 12 is an example state transition diagram 550 corresponding to an
alternative operation of an abnormal situation prevention module such as the Heat Exchanger
Abnormal Situation Prevention Module 150 of Fig. 4. The operation corresponding to the
state diagram 550 allows a human operator more control over the Heat Exchanger Abnormal
Situation Prevention Module 150. For example, as will be described in more detail below, an
operator may cause a LEARN command to be sent to the Heat Exchanger Abnormal

Situation Prevention Module 150 when the operator desires that the model of the Heat
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Exchanger Abnormal Situation Prevention Module 150 be forced into a LEARNING state
554. Generally speaking, in the LEARNING state 554, which will be described in more
detail below, the Heat Exchanger Abnormal Situation Prevention Module 150 obtains data
sets for generating a regression model. Similarly, when the operator desires that the Heat
Exchanger Abnormal Situation Prevention Module 150 create a regression model and begin
momtoring incoming data sets, the operator may cause a MONITOR command to be sent to
the Heat Exchanger Abnormal Situation Prevention Module 150. Generally speaking, in
response to the MONITOR command, the Heat Exchanger Abnormal Situation Prevention

Module 150 may transition to a MONITORING state 538.

[0131} An initial state of the Heat Exchanger Abnormal Situation Prevention
Module 150 may be an UNTRAINED state 560, for example. The Heat Exchanger
Abnormal Situation Prevention Module 150 may transition from the UNTRAINED state 560
to the LEARNING state 554 when a LEARN command is received. If a MONITOR
command is received, the Heat Exchanger Abnormal Situation Prevention Module 150 may
remain in the UNTRAINED state 560. Optionally, an indication may be displayed on a
display device to notify the operator that the Heat Exchanger Abnormal Situation Prevention

Module 150 has not yet been trained,

[0132] In an OUT OF RANGE state 562, each received data set may be analyzed
to determine if 1t is in the validity range. If the received data set is not in the validity range,
the Heat Exchanger Abnormal Situation Prevention Module may remain in the QUT OF
RANGE state 562. If, however, a received data set is within the validity range, the Heat
Exchanger Abnormal Situation Prevention Module 150 may transition to the MONITORING
state 558. Additionally, if a LEARN command is received, the Heat Exchanger Abnormal
Situation Prevention Module 150 may transition to the LEARNING state 554.

[0133] In the LEARNING state 554, the Heat Exchanger Abnormal Sitnation
Prevention Module 150 may collect data sets so that a regression model may be generated in
one or more operating regions corresponding to the collected data sets. Additionally, the
Heat Exchanger Abnormal Situation Prevention Module 150 optionally may check to see if a
maximum number of data sets has been received. The maximum number may be governed
by storage avatlable to the Heat Exchanger Abnormal Situation Prevention Module 150, for
example. Thus, if the maximum number of data sets has been received, this may indicate that

the Heat Exchanger Abnormal Situation Prevention Module 150 is, or is in danger of, running
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low on avatlable memory for storing data sets, for example. In general, if it is determined
that the maximum number of data sets has been received, or if a MONITOR command is
received, the mode] of the Heat Exchanger Abnormal Situation Prevention Module 150 may
be updated and the Heat Exchanger Abnormal Situation Prevention Module 150 may

transition to the MONITORING state 558.

[0134] Fig. 13 is a flow diagram of an example method 600 of operation in the
LEARNING state 554. At a block 604, it may be determined if a MONITOR command was
received. If a MONITOR command was received, the flow may proceed to a block 608. At
the block 608, it may be determined if a minimum number of data sets has been collected in
order to generate a regression model. If the minimum number of data sets has not been
collected, the Heat Exchanger Abnormal Situation Prevention Module 150 may remain in the
LEARNING state 554. Optionally, an indication may be displaved on a display device to
notify the operator that the Heat Exchanger Abnormal Situation Prevention Module 150 is
still in the LEARNING state because the mintmum number of data sets has not vet been

collected.

[0135] If, on the other hand, the minimum number of data sets has been collected,
the flow may proceed to a block 612, At the block 612, the model of the Heat Exchanger
Abnormal Situation Prevention Module 150 may be updated as will be described in more
detail with reference to Fig. 14. Next, at a block 616, the Heat Exchanger Abnormal
Situation Prevention Module 150 may transition to the MONITORING state 558.

[0136] If, at the block 604 it has been determined that a MONITOR command
was not received, the flow may proceed to a block 620, at which a new data set may be
received. Next, at a block 624, the received data set may be added to an appropriate training
group. An appropriate training group may be determined based on the load variable value of
the data set, for instance. As an illustrative example, if the load variable value is less than
xmix 0f the model’s validity range, the data set could be added to a first training group. And,
if the load variable value is greater than xyax of the model’s validity range, the data set could

be added to a second training group.

[0137] At a block 628, it may be determined if a maximum number of data sets
has been received. If the maximum number has been recerved, the flow may proceed to the
block 612, and the Heat Exchanger Abnormal Situation Prevention Module 150 will
eventually transition to the MONITORING state 558 as described above. On the other hand,
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1f the maximum number has not been received, the Heat Exchanger Abnormal Situation
Prevention Module 150 will remain in the LEARNING state 554. One of ordinary skill in the
art will recognize that the method 600 can be modified in various ways. As just one example,
if it 1s determined that the maximum number of data sets has been received at the block 628,
the Heat Exchanger Abnormal Situation Prevention Module 150 could merely stop adding
data sets to a training group. Additionally or alternatively, the Heat Exchanger Abnormal
Situation Prevention Module 150 could cause a user to be prompted to give authorization to

update the model. In this implementation, the model would not be updated, even if the

maximum number of data sets had been obtained, unless a user authorized the update.

[0138] Fig. 14 is a flow diagram of an example method 650 that may be used to
implement the block 612 of Fig. 13. At ablock 654, a range [x um, X Mmax] may be
determined for the regression model to be generated using the newly collected data sets. The
range [x’wmin, X Max] may be implemented using a variety of techniques, including known
techniques. At a block 658, the regression model corresponding to the range [X v, X max]
may be generated using some or all of the data sets collected and added to the training group
as described with reference to Fig. 13. The regression model may be generated using a

variety of techniques, including known techniques.

[0139] At a block 662, it may be determined if this is the mitial training of the
model. As just one example, it may be determined if the validity range [Xmm, Xmax] is some
predetermined range that indicates that the model has not yet been trained. Ifit is the initial
training of the model, the flow may proceed to a block 665, at which the validity range [Xny,

xmax] will be set to the range determined at the block 654,

[0140] If at the block 662 1t 1s determined that this is not the initial fraining of the
model, the flow may proceed to a block 670. At the block 670, it may be determined whether
the range {X wmin, X max] overlaps with the validity range [Xmv, Xmax]. If there is overlap, the
flow may proceed to a block 674, at which the ranges of one or more other regression models
or interpolation models may be updated in light of the overlap. Optionally, if a range of one
of the other regression models or interpolation models is completely within the range %"y,
X’max}, the other regression model or interpolation model may be discarded. This may help
io conserve memory resources, for example. At a block 678, the validity range may be
updated, if needed. For example, if X"y 18 less than xyn of the validity range, X of the

validity range may be set to the X"y~
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[0141] If at the block 670 it is determined that the range [x v, max] does not
overlap with the validity range [Xum, Xmax], the flow may proceed to a block 682, At the
block 682, an interpolation model may be generated, if needed. At the block 686, the validity
range may be updated. The blocks 082 and 686 may be implemented in a manner similar to

that described with respect to blocks 464 and 468 of Fig. 11.

[0142] One of ordinary skill in the art will recognize that the method 650 can be
modified in various ways. As just one example, if it is determined that the range [X i,
X’'max] overlaps with the validity range [Xyyn, Xnmax], one or more of the range [X v X max]
and the operating ranges for the other regression models and interpolation models could be

modified so that none of these ranges overlap.

[0143] Fig. 15 is a flow diagram of an example method 700 of operation in the
MONITORING state 558. At a block 704, it may be determined if a LEARN command was
received. If a LEARN command was received, the flow may proceed to a block 708. At the
block 708, the Heat Exchanger Abnormal Situation Prevention Module 150 may transition to
the LEARNING state 554. 1f a LEARN command was not received, the flow may proceed to
a block 712.

[0144] At the block 712, a data set (x, v) may be received as described previously,
Then, at a block 716, it may be determined whether the received data set (x, y) is within the
validity range [Xmin, Xmax]. If the data set is outside of the validity range [Xmn, Xmax], the
flow may proceed to a block 720, at which the Heat Exchanger Abnormal Situation
Prevention Module 150 may transition to the OUT OF RANGE state 562. But if it is
determined at the block 716 that the data set is within the validity range [Xmm, Xmax], the
flow may proceed to blocks 724, 728 and 732. The blocks 724, 728 and 732 may be
implemented similarly to the blocks 284, 288 and 292, respectively, as described with

reference to Fig. 5.

[0145] To help further explain state transition diagram 550 of Fig, 12, the flow
diagram 600 of Fig. 13, the flow diagram 650 of Fig. 14, and the flow diagram 700 of Fig.
15, reference is again made to Figs. 7A, 7B, 9A, 9B, 9C, 10A, 10B, 10C. Fig, 7A shows the
graph 350 illustrating the Heat Exchanger Abnormal Situation Prevention Module 150 in the
LEARNING state 554 while its model is being initially trained. In particular, the graph 350
of Fig. 7A includes the group 354 of data sets that have been collected. After an operator has

caused a MONITOR command to be issued, or if a maximum number of data sets has been
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collected, a regression model corresponding to the group 354 of data sets may be generated.
The graph 350 of Fig. 7B inciudes a curve 358 indicative of the regression model
corresponding to the group 354 of data sets. Then, the Heat Exchanger Abnormal Situation

Prevention Module 150 may transition to the MONITORING state 558,

[0146] The graph 350 of Fig. 9A illustrates operation of the Heat Exchanger
Abnormal Situation Prevention Module 150 in the MONITORING state 558. In particular,
the Heat Exchanger Abnormal Situation Prevention Module 150 receives the data set 358 that
is within the validity range. The model generates a prediction vp (indicated by the “x” in the
graph of Fig. 9A) using the regression model indicated by the curve 354. In Fig. 9C, the Heat
Exchanger Abnormal Situation Prevention Module 150 receives the data set 370 that is not
within the validity range. This may cause the Heat Exchanger Abnormal Situation

Prevention Module 150 to transition to the QUT OF RANGE state 562.

[0147] If the operator subsequently causes a LEARN command to be issued, the
Heat Exchanger Abnormal Situation Prevention Module 150 will transition again to the
LEARNING state 554. The graph 220 of Fig. 10A illustrates operation of the Heat
Exchanger Abnormal Situation Prevention Module 150 after it has transitioned back to the
LEARNING state 554. In particular, the graph of Fig. 10A includes the group 374 of data
sets that have been collected. After an operator has caused a MONITOR command to be
issued, or if a maximum number of data sets has been collected, a regression model
corresponding to the group 374 of data sets may be generated. The graph 350 of Fig. 10B
includes the curve 378 indicative of the regression model corresponding to the group 374 of
data sets. Next, an interpolation model may be generated for the operating region between

the curves 354 and 378.

{0148} Then, the Heat Exchanger Abnormal Situation Prevention Module 150
may transition back to the MONITORING state 558. The graph 350 of Fig. 13C illustrates
the Heat Exchanger Abnormal Situation Prevention Module 150 again operating in the
MONITORING state 558. In particular, the Heat Exchanger Abnormal Situation Prevention
Module 150 receives the data set 382 that is within the validity range. The model generates a
prediction yp (indicated by the “x” in the graph of Fig. 13C) using the regression model

indicated by the curve 378 of Fig. 10B.

[0149] If the operator again causes a LEARN command to be issued, the Heat

Exchanger Abnormal Situation Prevention Module 150 will again transition to the
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LEARNING state 554, during which a further group of data sets are collected. After an
operator has caused a MONITOR command to be issued, or if a maximum number of data
sets has been collected, a regression model corresponding to the group of data sets may be
generated. Ranges of the other regression models may be updated. For example, the ranges
of the regression models corresponding to the curves 354 and 378 may be lengthened or
shortened as a result of adding a regression model between the two. Additionally, the
interpolation model for the operating region between the regression models corresponding to
the curves 354 and 378 are overridden by a new regression model corresponding to a curve
between curves 354, 378. Thus, the interpolation mode! may be deleted from a memory
associated with the Heat Exchanger Abnormal Situation Prevention Module 150, if desired.
After transitioning to the MONITORING state 558, the Heat Exchanger Abnormal Situation

Prevention Module 150 may operate as described previously.

[0150} Heat Exchanger Abnormal Operation Detection Using a Simplified

Algorithm for Abnormal Situation Prevention in Load Following Applications

[0151] The Heat Exchanger Abnormal Situation Prevention Module 150
described above in relation to Fig. 4 may be suited for situations in which an abnormal
condition builds up slowly over time. For example, when fluids with a low fouling capability
(e.g., water) are employed in a heat exchanger 64, residual material from one or both of the
fluids may gradually build up in the inside walls of the heat exchanger over the course of
days or weeks. Measurement values that may be used to detect the residual material build up
may be available for example, every 1 to 10 seconds. In this case, a sample window of 3
minutes may contain 30-300 samples from which to calculate the appropriate statistical
signatures, such as the load variable mean y; the monitored variable mean iy, or the
moniored variable standard deviation 6. With a sample window of 5 minutes it would take
six hours to calculate a regression curve based on just 72 mean values (72 samples x 3
minutes/sample x 1 hr/60 minutes = 6 hr). A six-hour training period for developing the
regression model is not a problem when the abnormal situation takes much longer than six
hours to develop. In other circumstances, however, an abnormal situation may develop in a
much shorter time frame. For example, when the fluids employed in a heat exchanger 64 are
particularly susceptible to quick residual material build up. In these situations a six-hour or

other comparably long training period may be entirely unsuitable.
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[0152] An alternative Heat Exchanger Abnormal Situation Prevention Module
800 having a much shorter training period is shown in Fig. 16. The alternative Heat
Exchanger Abnormal Situation Prevention Module 800 is described in detail in U.S. Patent
Application No. _ (Attorney Docket No. 30203/42623), entitled “SIMPLIFIED
ALGORITHM ABNORMAL SITUATION PREVENTION IN LOAD FOLLOWING
APPLICATIONS INCLUDING PLUGGED LINE DIAGNOSTICS IN A DYNAMIC
PROCESS,” filed on the same day as the present application. The above-referenced patent
application is hereby incorporated by reference herein, in its entirety. The alternative Heat
Exchanger Abnormal Situation Prevention Module 800 includes many of the features of the
Heat bExchanger Abnormal Situation Prevention Module 150 described above, with the
exception of the diagnostics blocks 804, 808, 812, 816. As with the Heat Exchanger
Abnormal Situation Prevention Module 150, in the alternative Heat Exchanger Abnormal
Situation Prevention Module 800, a load variable 160, 162 may be input to a load variable
SPM block 172. The load variable SPM block 172 may calculate the mean u,, the standard
deviation o, or some other statistical signature of the load variable values received over a
specified sample window. A plurality of monitored variables 152, 154, 156, 15 8, 160, and
162, may be used to calculate Ry and Ry, which, with monitored variables 164 and 166,
may be input to a monitored variable SPM block 173. The monitored variable SPM block
173 may calculate the mean [y, the standard deviation oy, or some other statistical signature
of the montitored variable values received over the specified sample window. The statistical
signature values output from the load variable SPM block 172 are input to the diagnostic
blocks 804, 808, 812, 816 as the independent variable x. The statistical signature values
output from the monitored variable SPM block 173 may be input to the diagnostics blocks
804, 808, 812, 816 as the dependent variable y. The diagnostics blocks 804, 808, 812, 816
may calculate the difference Ay between an actual measured value of the dependent variable
y and a predicted value of the dependent variable yp. The diagnostics blocks 804, 808, 812,
816 may determine whether an abnormal situation exists and generate an appropriate status
signal 175, 179, 183, 187 that may be transmitted to a controller or other process control

device.

[0153] A detailed block diagram of an example of a diagnostics block 804, 808,
812, 816 1s shown in Fig. 17. While only one diagnostics block 804 is shown, the following
description is equally applicable to diagnostics blocks 808, 812, and 816, as well. The output

of the load variable SPM block 172 may be input to the diagnostics block 804 as the
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independent variable x 820, and the output of the second SPM block 173 may be input to the
diagnostics block 804 as the dependent variable y 824. The SPM blocks 172, 173 may
operate on common sample windows so that corresponding (x, v} values may be received by
the diagnostics block 804 at substantially the same time. The diagnostics block 8§04 may
implement a learning function 828 and a monitoring function 832. The diagnostics block 804
also may maintain an array of selected (x, y) data points 836. When a new set of (x, v} values
is received from the SPM blocks 172, 173, a determination may be made in decision block
840 whether to implement the learning function 828 or the monitoring function 832. At
decision block 840 the value of the independent variable x of the new data set may be
compared to the values of the independent variable x of the data stored in the array 836. If
the value of the independent variable x in the new (x, y) data set is outside the range of
independent vartable values that have already been received and stored in the array, in other
words, if X < Xmin O X ™ Xmax. WHEre Xy is the smallest value of the independent variable x
stored in the array 836 and Xmax 18 the highest value of the independent variable x stored in
the array 836, then the leamning function 172 may be executed. If the value of the
independent variable x in a new (X, y) data set is within the range of independent variable x
values that have already been received and stored in the array, in other words if X <x <
Xmx» then the monitoring function 832 may be executed. When the learning function 832 is
executed, the new (x, y) data set may be added to the array 836. If X< X, the new data set
may be added to the top or front of the array 836 and the index values of the existing data sets
stored in the array 836 may be incremented by 1. If > Xy, the new data set may be added
to the bottom or back of the array 836 and the index values of the existing data sets are left

unchanged.

[0154] The array 836 may define a function that models the dependent variable y
as a function of received values of the independent variable x. The function defined by the
array may comprise a plurality of linear segments extending between data points defined by
the (x, y) data sets stored in the array 836. For a given value of x, a corresponding value of y
may be predicted using the function as follows. If the received value of x equals one of the
values x; stored in the array 836, then the predicted vaiue of the dependent variable vy, is
stmply equal to the corresponding value y; stored in the array 836. However, if the value of
the independent variable x does not exactly match one of the values x; stored in the array 836,
the predicted value of the dependent variable y, may be calculated by performing a linear

interpolation between the pair of (X, y) dafa seis in the array 836 having independent variabie
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x values that are nearest to the received value of the independent variable x, and which are
greater than and less than the received value of the independent variable x, respectively.
Specifically, if x; < x < X4y, y, may be calculated by performing a lincar interpolation

between the data points (X, i) and (Xi.1, vi+1), according to the formula:

v, = %Lt;ﬂifm(x—\f)—g-h (Equ. 17)
I BGH

[

[0155] Once a predicted value y, has been calculated, the diagnostics block 804
may calculate the difference between the actual value of the dependent variable y of the new
(x, y) data set and the predicted value of the dependent variable y, according to the formula
Ay =y —y;. The diagnostics block 804 may then determine whether Ay exceeds an
established threshold value. If Ay exceeds the threshold value, the diagnostics block may
detect an abnormal situation and generate the appropriate status signal status signal 175, 179,

183, 187.

[0156] Figs. 18-21 illustrate the process of building a model of a monitored
variable as a function of a corresponding load variable according to the alternative Heat
Exchanger Abnormal Situation Prevention Module of Figs. 16 and 17. Each of Figs. 18-21
show the contents of the array 836 as new data sets are received. The data sets stored in the
array are also shown plotted on a coordinate system 850. The horizontal axis 852 represents
load variable values (Flow) and the vertical axis 854 represents monitored variable values

(R and/or AP).

10157] Initially there are no data sets stored in the array 836. A first set of values

(Xq, Ya) 18 received from the SPM blocks 172, 173. The value x, is compared to the minimum
and maximum values of the F |, load variable (X.n, Xmux) Of the data sets stored in the array
836. Since there are initially no data sets stored in the array, no values for X, and X,y have
been established and the value x, cannot fall within the range Xmin < %o < max . Therefore, the
learning function 828 is implemented and the data set (x,, v,) is added to the array 836. Since
there are no other data sets stored in the array 836 at the time that the data set (x,, V) is added
to the array, the dataset (X,, .} is added to the first position in the array and is accorded the

“135

index value “17. Thus, when the array 836 is plotted on the coordinate systemn 850, the point
{x1. ¥1) 856 corresponds to the values (x,, v,) of the first data set received from the SPM

blocks 172, 173.
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{0158] A second set of load (F. ;) and monitored (R, and/or AP) variable values
(Xn. ¥n) 18 received from the SPM blocks 172, 173. Again the received value of the load
variable x;, is compared to the load variable values stored in the array 836. Since there is only
one data set (x,, v.) stored m the array 8306 the received load variable value xs, cannot fail
within the range between X, € xo < me unless x,, is exactly equal to x,. In this example, it is
assumed that x,>x,. The learning function 828 is implemented once again and the data set
(Xn, yu) 1s added to the end of the array 836. Since the data set (x,, v3,) is the second data set
stored in the array 836 it is accorded in the index value “2”. When the array 836 is plotted on
the coordinate system 850, the point (X3, v2) 858 corresponds to the received load and
monitored variable values (xy, y3) received from the SPM blocks 172, 173. Al this point, the
model of the monitored variable (Ry and/or AP) comprises the line segment 860 extending

between and including the data points (x,,y1) 856 and (x2,y2) 858.

[0159] In Fig. 19, a third data set comprising load (F; 1) and monitored (R
and/or AP) variable values (X, v.) is received from the SPM blocks 172, 173. In this case, it
18 assumed that X.>X;,. At this point, Xmin=X, (the lowest value of the monitored variable
stored in the array 836) and X=Xy, (the highest value of the monitored variable store in the
array 836}. Since x is greater than Xy, it does not fall within the range Xmin € x¢ € mx and the
learning function 828 1s implemented again. The data set (x.,y.) is added to the array 836.
Since X>Xpax (X0), the data set {x.,y.) s added to the end of the array 836 and is accorded the
index value “3”. When the array 836 is plotted on the coordinate system 850 as shown in
Fig. 19, the point (x3, y3) 862 corresponds to the received load and monitored variable values
(X, ye) recetved from the SPM blocks 172, 173. Now the model of the monitored variable
comprises the linear segment 860 extending between and including the data points (x,,y;) and

(x2,y2) and the linear segment 864 extending between and including the data points (x3, y2)

and (x3, y3).

[0160] Next, a fourth data set (xg,vq) 1s received from the SPM blocks 172, 173.
In this case, it is assumed that x,<x¢<x.. At this stage, the smallest value of the monitored
variable stored in the array 836 is x; and the largest value of the monitored variable stored in
the array 836 is X¢. In other words Xmin=xX, and X.x=x.. This time, the received value of the
monitored variable x4 is within the range Xmin<X¢<Xmax. Therefore, the monitoring function
832 is implemented with regard to the data set (xg, yg) rather than the learning function 828,

and the data set (x4, yg) 1s not added to the array 836.
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|0161] In implementing the monitoring function 832 with regard to the data set
{Xq, ¥a) the algorithm calculates a predicted value of the monitored variable y; based on the
existing model and the received value of the load variable xy. As mentioned above, it is
assumed that the received value of the load variable x4 falls within the range of x, < x4 < x,
since Xq 1s between the values x;, and x. the predicted value of the monitored variable may be
calculated based on the portion of the model 850 represented by the linear segment 864
extending between and including (x2 y2) 858 and (X3, y3) 862 (i.c. (xb, yp) and (X, vo)).
Recalling Equ. 17, the formula for calculating the predicted value of the monitored variable
Yp i

.};p = m : (xn' - xl ) + }’3
X=X,

or

_Y.o Y,

X‘p X,

v, x, =%, )+ v,

[0162] In alternative embodiments, the function modeling the monitored variable
may be generated by methods other than performing a linear interpolation between the points
in the array. For example, a spline may be generated for connecting the points in the array
with a smooth curve. In a second order, or quadratic spline, a second order polynomial may
be defined for connecting each pair of adjacent points. Curves may be selected in which the
first derivatives of the curves are equal at the points where the curves meet (i.e. at the points

defined in the array).

[0163] In a third order or cubic spline, a third order polynomial may be defined
for connecting each pair of adjacent points. In this case, adjacent curves having equal first

and second derivatives at the points where the curves meet may be selected.

[0164] Once the predicted value of the monitored variable has been determined,
the difference between the predicted value of the monitored variable y, and the received
value of the monitored variable y; is compared to a threshold value. If ys- v, is greater than
the threshold value an abnormal situation is detected. If yy- v, is not greater than the
threshold, the process is operating within acceptable limits, and the monitoring of the
monitored variable continues with the receipt of the next data set. In one example, the

threshold value 1s provided as an absolute value.
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[0165] Confinuing with Fig. 20, a fifth data set (x., v.) is received from the SPM
blocks 172, 173. In this case, it is assumed that x.<x,. When the data set (x., Ve) 18 received,
the smallest value of the load variable stored in the array 836 is x, and the largest value of the
load variable stored in the array 836 is x.. In other words, X, = X, and X, = X.. In this case
Xe < Xg, and the received value of the load variable x, is not within the range of load variable
values already stored in the array 836. Accordingly, the learning function 828 is
implemented with regard to the data set (x., v.), and the new data set is added to the array
836. However, this tiime, since Xe < Xpan (Xo) the new data set is added to the front of the array
836. The new data set (X, ye) 18 accorded the index value “1”" and the index values accorded
to each of the data sets already stored in the array 836 are incremented by 1. Thus, when the
array is plotted on the coordinate system 850 the point (x), y1) 866 corresponds to the data set
(Xe, ¥e) the point (x2, y2) 856 corresponds to the data set (X,, y,), the point (s, v3) 858
corresponds to the data set (x», ¥1), and the point (x4, va) 862 corresponds to the data set (X,
¥e). The model of the monitored variable now comprises the linear segment 868 extending
between and including the data points (x;, ;) 866 and (X2, y2) 856, the linear segment 860
extending between and including the data points (X2, y2) 856 and (x3, y3) 858, and the linear

segment 864 extendmg between and including the points (x3, y3) 858 and (x4, y4) 862.

[0166] Fig. 21 shows the addition of two more data points to the model. A data
set (X, yo) is received from the SPM blocks 172, 173. In this case, X¢is less than the smallest
value of the load variable stored in the array 836 (x; < Xe). Accordingly, the new data set (x,
yr) 1s added to the front of the array 836, and is accorded the index value “1”. The index
values of all the other data sets stored in the array are incremented by 1. Next the data set (X,
¥g) is received from the SPM blocks 172, 173. In this case, x, is greater than the largest value
of the Joad variable stored in the array 836 (x, > x.). Accordingly, the new data set (xg, Vo) I8
added to the end of the array 836 and is accorded the next available index number, which in
this case is the index value “6”. The full array 836 is plotted on the coordinate system 850 in
Fig. 21. The first point (x,, yi) 870 corresponds to the data set {x1, 1), the second point (x,,
y2) 866 corresponds to the data set (x.. y.), the third point (x3, y3) 856 corresponds to the data
set (Xq, ¥e)» the fourth point (x4, y4) 858 corresponds to the data set (xy, vy), the fifth point (xs,
ys) 862 corresponds to the data set (x., y.) and the sixth point (x¢, ys) 872 corresponds io the
data set (X, ¥,). The model of the monitored variable comprises the lincar segment 874
extending between and including data points (xy, v1) 870 and (x», v») 866, the lincar segment

868 extending between and including points (x5, vy

P

) 866 and (X3, y3) 856, the iinear segment
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860 extending between and including points (X1, y3) 856 and (xa, v4) 858, the lincar segment
804 extending between and including points (x4, y4) 858 and (Xs, ys) 862, and the linear

segment 876 extending between and including data points (xs, ys) 862 and (xe, vi) 872.

|0167] In theory there is no limit to the number of points that mav be added to the
array 836 for creating an extensible model such as the extensible model developed in Figs.
18-21. In practice, however, processing constraints may force an upper limit on the number
of points that may be included in a particular model. In this case the question arises, which
point in an established extensible model may be removed when a new point to be added to
the model will exceed the upper processing limit on the number of points in the array without
unduly changing the accuracy of the model. For example, if abnormal situation prevention
algorithm that generated the extensible model of Fig. 21 has a processing limit of five points,
it may be determined which of the data points 870, 866, 836, 858, 802, 872, may be removed

from the array 836 while having the least impact on the accuracy of the model.

[0168] Referring to Fig. 22, a sequence of three points (x;, y1) 880, (X2, y») 882
and (x3, y3) 884 is shown. The three points 880, 882, 884 define a triangle having sides
defined by the line segments (x|, v1) - (X2, v2) 886, (X2, y2) - (X3, y3) 888, and (x4, y1) - (x3, v3)
890. The line segments (x;, y1) - (x2. v2) 886 and (X2, y2) - (X3, y3) 888 form original portions
of an extensible model in the range [x,, x3]. However, if the point (x2, v2) 882 is removed
from the model, the line segment (x,, y1) - (X3, y3) 890 replaces the line segments (X1, vi) -
(%2, y2) 886 and {x2, y2) - (x3, y3) 888. The amount of error between the original function
containing all three points (xi, y) 880, (x2, y2) 882, and (xs, y3) 884 and the simplified
function containing just the two points (X1, yi) 880 and (xs, y3) 884 is simply the area of the
tnangle 892 formed by all three points 880, 882, 884. The area of the triangle 892 may be

calculated by the formula:
1 1
A= ~2~[x, Yo =X ¥y =X, ¥ R X,y XY, — X y2| (Equ. 18)

[0169] If'a point is removed from an extensible model, such as that shown in
Fig. 21, the point to remove may be the one that will leave the modified extensible model as
close to the original extensible model as possible. One way to determine this is to determine
which point, when removed from the original extensible model, will result in the least amount
of error between the original extensible mode! and the modified extensible regression model.

The error introduced by removing any particular point may be determined by calculating the
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area of the triangle formed by the point itself and each adjacent point on either side of the
point using the formula set forth in equation (i8). This process may be carried out for every
point in the original extensible model except for the two points at either end. The triangle
having the smallest area will define the least amount of change between the original
extensible model and the modified extensible model. Thus, the point that forms the smallest
triangle along with its two adjacent neighbors is the best candidate to be removed from the
extensible model when processing constraints require that a point must be removed from the
model in order to improve processing efficiency, or otherwise meet the processing limitations

of the hardware device or systems implementing the abnormal situation prevention algorithm.

[0170] Returning to the extensible model shown in Fig. 21, it can be seen that the
point (x3, y3) 856 is nearly co-linear with the two adjacent points (X, y») 866 and (X4, ya) 858,
Clearly, the area of the triangle formed by these three points will be quite small. Removing
the point (x3, y;) 856 will have a very negligible effect on the overall shape of the extensible
model 900, as can be verified by comparing the extensible model of Fig. 21 with the modified
extensible model 900 shown in Fig. 23. The point (xs, v3) 856 in the original extensible
model of Fig. 21 has been removed from the modified extensible model 900 of Fig. 23. Even
without the point (xs, y3) 856, the modified extensible model 900 of Fig. 23 has substantially
the same shape as the original extensible model of Fig. 21. (It should be noted that the index
values of the points defining the modified extensible model 900 of Fig. 23 have been adjusted
to reflect the removal of point (x, y3) 856 from the original extensible model of Fig. 21. The
reference numbers identifying the points, however, have been left unchanged. Thus, points
(x1, y1) 870 and (x2, y2) 866 in the modified extensible model 900 correspond to the same
points (x;, yi) 870 and (x», y2) 866 in the original extensible model of Fig. 21. Point (x3, ys3)
858 in the modified extensible model 900 of Fig. 23, however, corresponds to point (X4, ya)
858 in the original extensible model of Fig. 21. Point (x4 y4) 862 of the modified extensible
model 900 of Fig. 23 corresponds to the point (xs, ys) 862 in the original extensible model of
Fig. 21, and the point (x5, vs) 872 in the modified model 900 of Fi g. 23 corresponds to the
point (Xs, ¥s) 862 in the original extensible model of Fig. 21.)

[0171] Turning now to Fig. 24, a method 910 is shown for implementing an
abnormal situation prevention system. According to the method, a new point (x, v) is
received at 912. The independent variable x of the new point (x, y) may comprise a statistical
signature (e.g., the mean, the standard deviation, or other statistical measure) of a first

process vartable over a predefined sample window. The dependent variable y of the new
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point (x, y) may comprise a statistical signature of a second process variable. In a heat
exchanger, the alternative Heat Exchanger Abnormal Situation Prevention Module 800 may
monitor the second variable (the monitored Ry, and/or AP variable) as a function of the first
variable (the load F, j, vartable). The abnormal situation prevention system may detect an
abnormal situation when the monitored variable does not behave in a predicted manner based
on the behavior of the load variable. The value of the independent variable x is examined in
deciston block 914. The value of the independent variable x for the new point (x, y) is
compared to the independent variable values of previously received points. If the value of the
independent variable x for the received point is within the range of values for the independent
variable x from previously received points, i.e., if Xpmin € X < Xy Where X 15 the lowest
value of x that has been received and X, is the highest value of x that has been received,
then the monitoring function 916 is executed. If the received value of x is not within the

range between Xmin and Xmay, then the learning function 918 is performed.

[0172] If the value of x for the new point is not within the range of values that
have already been received, the new point is added to the array of points defining an
extensible model at 920. If the value of X is less than x,,, the new point is added to the front
of the array and the index values of the other points already stored in the array are
incremented by 1. If the value of x is greater than Xy, then the new point is added at the end
of the array. At decision block 922, the number of points stored in the array is evaluated to
determine whether the number of points already stored in the array is equal to the maximum
number of points that may be stored in the array. If n # N, the abnormal situation
prevention system continues at 924. However, if n = n,y, a point is removed from the array
at 926. The point removed may be a point (x;, v;) forming a triangle with its neighboring
points having the smallest area A;, as described above. Alternatively, an integral square error
algorithm may be employed for identifying a point that, when removed from the array, will

result in the least amount of error introduced into the corresponding extensible model.

10173] Returning to decision block 914, if the value of the independent variable x
1s within the range of variable values already received, the monitoring function 916 proceeds
by calculating a predicted value of the dependent variable y, at 928, The predicted value of
the dependent variable is calculated based on the received value of the independent variable x
and the extensible model embodied in the points stored in the array. Once the predicted value

of the dependent variable y, has been calculated, the difference value Ay is calculated by

54



WO 2008/040018 PCT/US2007/079989

subtracting the predicted value of the dependent variable vy, from the actual value of v in the
new data point received at 930. The value Ay is then compared to a user defined threshold at
932. If Ay is greater than the threshold, an abnormal situation is detected at 934. If the value
of Ay 1s not greater than the threshold at 932, the status of the monitored process is

considered normal and the abnormal situation prevention algorithm continues at 924.

[0174] One aspect of the Heat Exchanger Abnormal Situation Prevention
Modules 150, 800 is the user interface routines which provide a graphical user interface
(GUI) that is integrated with the Heat Exchanger Abnormal Situation Prevention Module
described herein to facilitate a user’s interaction with the various abnormal situation
prevention capabihities provided by the Heat Exchanger Abnormal Situation Prevention
Module. However, before discussing the GUI in greater detail, it should be recognized that
the GUI may include one or more software routines that are implemented using any suitable
programming languages and techniques. Further, the software routines making up the GUI
may be stored and processed within a single processing station or unit, such as, for example,
a workstation, a controller, etc. within the plant 10 or, altemnatively, the software routines of
the GUI may be stored and executed in a distributed manner using a plurality of processing
units that are communicatively coupled to each other within the Heat Exchanger Abnormal

Situation Prevention Module.

[0175]) Preferably, but not necessarily, the GUI may be implemented using a
familiar graphical, windows-based structure and appearance, in which a plurality of
interlinked graphical views or pages include one or more pull-down menus that enable a user
to navigate through the pages in a desired manner to view and/or retrieve a particular type of
information. The features and/or capabilities of the Heat Exchanger Abnormal Situation
Prevention Module described above may be represented, accessed, invoked, etc. through one
or more corresponding pages, views or displays of the GUI. Furthermore, the various
displays making up the GUI may be interfinked in a logical manner to facilitate a user’s quick
and intuitive navigation through the displays to retrieve a particular type of information or to
access and/or invoke a particular capability of the Heat Exchanger Abnormal Situation

Prevention Module,

[0176] Generally speaking, the GUI described herein provides intuitive graphical
depictions or displays of process control areas, units, loops, devices, etc. Each of these

graphical displays may mclude status information and indications (some or all of which may
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be generated by the Heat Exchanger Abnormal Situation Prevention Module described
above) that are associated with a particular view being displayed by the GUIL. A user may use
the indications shown within any view, page ot display to quickly assess whether a problem

exists within the heat exchanger 64 depicted within that display.

10177] Additionally, the GUI may provide messages to the user in connection
with a problem, such as an abnormal situation, that has occurred or which may be about to
occur within the heat exchanger 64. These messages may include graphical and/or textual
information that describes the problem, suggests possible changes to the system which may
be implemented to alleviate a current problem or which may be implemented to avoid a
potential problem, describes courses of action that may be pursued to comrect or to avoid a

problem, ete.

{0178] The Heat Exchanger Abnormal Situation Prevention Modules 150, 800
may include one or more operator displays. Figs. 25-27 illustrate an example of an operator
display 950 for use with a Heat Exchanger Abnormal Situation Prevention Module 150, 800
for abnormal situation prevention in a heat exchanger 64 of a process plant 10. With
reference to Fig. 25, an operator display 950 may show a heat exchanger 952 number of inlets
954, tubes 956, and other structures illustrative of the actual heat exchanger 952 that is being
monitored. The display 950 may automatically adjust to illustrate an accurate number of
tubes 956 for the physical system that the operator display 950 represents. A portion of the
heat exchanger 952 may include a button or other sclectable user interface structure that,
when selected by a user, may display information 958 about the portion of the heat exchanger

952 associated with the button on the display 950.

[0179] With reference to Fig. 26, upon detection of an abnormal condition, the
operator display 950 may produce a visual indication 960 of the condition or a location of the
condition. In one embodiment, the indication may include a graphical display on the area of
the affected unit or other monitored equipment of the process as represented in the operator
display 800. For example, if the Heat Exchanger Abnormal Situation Prevention Module
150, 800 detects an abnormal situation occurring within one of the tubes 956, the affected
tube may visually change to communicate the fault indication to an operator by changing
color or any other visual characteristic within the display 950. Also, the detection of an
abnormal sttuation may trigger any other visible or audible alarm and communicate the alarm

to the operator.
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[0180] With reference to Fig. 27, selection of the visual indication 960 may
launch a faceplate 962 that may display information 964 about the heat exchanger 952
assoctated with the condition, or other information related to the operation of the heat
exchanger 952, The faceplate 962 may include a mode, status, current or predicted
differential pressure (AP), a current or predicted thermal resistance (Ry.), any value
associated with a process variable, current regression model(s), quality of regression fit, or
any other mformation related to the process plant 10 and the heat exchanger. The faceplate
962 may aiso include user-adustabie conirols to modify any configurable parameters of the
heat exchanger 952. For example, through controls within the faceplate, an operator may
configure any of a learning mode time period, a statistical calculation period, a regression
order, or threshold limits. Further, the operator may take steps to alleviate a detected
abnormal situation. For example, the operator may reduce the flow rate of the product feed,
check for product fouling at the tube inlet or any other portion of the heat exchanger, or turn
on a heat exchanger bypass to clean the heat exchanger. Of course, the operator may make
many other adjustments to the heat exchanger 952 to prevent or alleviate an abnormal
situation. Other information may also be displayed and other variables configured through

the faceplate 962.

[0181] Based on the foregoing, a system and method to facilitate the monitoring
and diagnosis of a process control system may be disclosed with a specific premise of
abnormal situation prevention in a heat exchanger 64. Monitoring and diagnosis of faults in a
heat exchanger may include statistical analysis techniques, such as regression. In particular,
on-line process data 1s collected from an operating heat exchanger. The process data is
representative of a normal operation of the process when it is on-line and operating normally.
A statistical analysis is used to develop a model of the process based on the collected data.
Alternatively, or in conjunction, monitoring of the process may be performed which uses a
model of the process developed using statistical analysis to generate an output based on a
parameter of the model. The output may include a statistical output based on the results of
the model, and normalized process variables based on the training data. Each of the outputs
may be used to generate visualizations for process monitoring and diagnostics and perform

alarm diagnostics to detect abnormal situations in the process.

[0182] With this aspect of the disclosure, a heat exchanger Heat Exchanger
Abnormal Situation Prevention Module 150, 800 may be defined and applied for on-line

diagnostics, which may be useful in connection with heat exchangers and a variety of process
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equipment faults or abnormal situations within a process plant 10. The model may be derived
using regression modeling. In some cases, the disclosed Heat Exchanger Abnormal Situation
Prevention Module 150 may be used for observing long-term fouling within the heat
exchanger. In other cases, the Heat Exchanger Abnormal Siiuation Prevention Module 800
may be used for observing short-term or instantaneous changes with the heat exchanger. For
instance, the disclosed method may be used for on-line, long-term coliaborative diagnostics,
or relatively short-term diagnostics. Alternatively or additionally, the disclosed method may

provide an alternative approach to regression analysis.

[0183] The disclosed method may be implemented in connection with a number
of control system platforms, including, for instance, as illustrated in Fig. 28, DeltaV ™ 970
and Ovation®, and with a variety of process equipment and devices, such as the Rosemount
3420 FF Interface Module, Foundation Ficldbus Function or Transducer Block, Field Device
Interface Module, or Handheld Communicator. Alternatively, the disclosed method and
system may be implemented as a stand alone abnormal situation prevention application. In
either case, the disclosed method and system may be configured to generate alerts and

otherwise support the regulation of fouling levels in heat exchangers.

[0184] The above-described examples involving abnormal situation prevention in
a heat exchanger are disclosed with the understanding that practice of the disclosed systems,
methods, and techniques is not limited to such contexts. Rather, the disclosed systems,
methods, and techniques are well-suited for use with any diagnostics system, application,
routine, technique or procedure, including those having a different organizational structure,
component arrangement, or other collection of discrete parts, units, components, or items,
capable of selection for monitoring, data collection, etc. Other diagnostics systems,
applications, etc., that specify the process parameters being utilized in the diagnostics may
also be developed or otherwise benefit from the systems, methods, and technigues described
herein. Such individual specification of the parameters may then be utilized to locate,
monitor, and store the process data associated therewith. Furthermore, the disclosed systems,
methods, and techniques need not be utilized solely in connection with diagnostic aspects of a
process control system, particularly when such aspects have yet to be developed or are in the
carly stages of development. Rather, the disclosed systems, methods, and techniques are well
suited for use with any elements or aspects of a process control system, process plant, or

process control network, etc.
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[0185]) The methods, processes, procedures and techniques described herein may
be implemented using any combination of hardware, firmware, and software. Thus, systems
and techniques described herein may be implemented in a standard multi-purpose processor
or using specifically designed hardware or firmware as desired. When implemented in
software, the software may be stored in any computer readable memory such as on a
magnetic disk, a faser disk, or other storage medium, in a RAM or ROM or flash memory of
a computer, processor, VO device, field device, interface device, etc. Likewise, the software
may be delivered to a user or a process control system via any known or desired delivery
method including, for example, on a computer readable disk or other transportable computer
storage mechanism or via communication media. Communication media typically embodies
computer readable instructions, data structures, program modules or other data in a
modulated data signal such as a carrier wave or other transport mechanism. The term
“modulated data signal” means a signal that has one or more of its characteristics set or
changed in such a manner as to encode information in the signal. By way of example, and
not limitation, communication media includes wired media such as a wired network or direct-
wired connection, and wireless media such as acoustic, radio frequency, infrared and other
wireless media. Thus, the software may be delivered to a user or a process control system via
a communication channel such as a telephone line, the Internet, etc. (which are viewed as
being the same as or interchangeable with providing such software via a transportable storage

medium),

{0186] Thus, while the present invention has been described with reference to
specific examples, which are intended to be illustrative only and not to be limiting of the
invention, it will be apparent to those of ordinary skill m the art that changes, additions or
deletions may be made to the disclosed embodiments without departing from the spirit and

scope of the invention.
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Claims

1. A method for detecting an abnormal situation during operation of a heat

exchanger, the method comprising:

collecting a plurality of first data points for the heat exchanger while the heat
exchanger is in a first operating region during a first period of heat exchanger operation,

the first data points generated from one or more of a cold fluid flow

rate variable or a hot fluid flow rate variable and generated from one or more of a differential
pressure variable or a thermal resistance variable;

generating a regression model of the heat exchanger in the first operating
region from the first data points;

inputting a plurality of second data points into the regression model, the
plurality of second data points generated from the one or more of the cold fluid flow rate
variable or the hot fluid flow rate variable and generated from one or more of the differential
pressure variable or the thermal resistance variable during a second period of heat exchanger
operation while the heat exchanger is in the first operating region;

outputting, from the regression model, a predicted value generated from one or
more of the differential pressure variable or the thermal resistance variable as a function of a
value generated from one or more of the cold fluid flow rate variable or the hot fluid flow rate
variable during the second period of heat exchanger operation;

comparing the predicted value generated from the one or more of the
differential pressure variable or the thermal resistance variable during the second period of
heat exchanger operation to a respective value generated from the differential pressure
variable or the thermal resistance variable during the second time period of heat exchanger
operation; and

detecting an abnormal situation if the value generated from one or more of the
differential pressure variable or the thermal resistance variable during the second period of
heat exchanger operation significantly deviates from the respective predicted value generated

from one or more of the differential pressure variable or the thermal resistance variable.

2. The method of claim 1, wherein collecting the plurality of first data points and
the plurality of second data points comprise first and second data points generated from one
or more of the cold fluid flow rate, a cold fluid inlet temperature, a cold fluid outlet

temperature, a cold fluid inlet pressure, a cold fluid outlet pressure, the hot fluid flow rate, a
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hot fluid inlet temperature, a hot flud outlet temperature, a hot fluid inlet pressure, and a hot

fluid outlet pressure.

3. The method of claim 2, wherein the differential pressure comprises either a
difference between the cold fluid inlet pressure and the cold fluid outlet pressure or a

difference between the hot fluid inlet pressure and the hot fluid outlet pressure.

4. The method of claim 1, wherein the plurality of first data points comprises
collecting one or more of raw process variable data and a statistical variation of the raw

process variable data.

5. The method of claim 4, wherein the statistical variation of the raw process

variable data comprises one or more of a mean, a median, or a standard deviation.

6. The method of claim 5, further comprising modeling the standard deviation of

the statistical variation of the process variable data as a function of a load variable.

7. The method of claim 1, further comprising generating a new regression model
of the heat exchanger in a second operating region if a second data point generated from one
or more of the cold fluid flow rate variable or the hot fluid flow rate variable is observed

outside the first operating region during the second pertod of heat exchanger operation.

8. The method of claim 1, further comprising modifying one or more of the cold
fluid flow rate, a cold fluid inlet temperature, a cold fluid outlet temperature, a cold fluid inlet
pressure, a cold fluid outlet pressure, the hot fluid flow rate, a hot fluid inlet temperature, a
hot fluid outlet temperature, a hot fluid inlet pressure, and a hot fluid outlet pressure upon

detecting an abnormal situation in the heat exchanger.

9. The method of claim 1, further comprising adding an ordered pair to an array
to model one or more of the differential pressure variable and the thermal resistance variable
as a function of one or more of the cold fluid flow rate and the hot fluid flow rate, a first
value of the ordered pair including one or more of the cold fluid flow rate and the hot fluid
flow rate and a second value of the ordered pair including one or more of the differential

pressure variable and the thermal resistance variable.

10. The method of claim 1, wherein the thermal resistance variable is a function of

one or more of the group consisting of the cold fluid flow rate and the hot fluid flow rate, the
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cold fluid inlet temperature, the cold fluid outlet temperature, the hot fluid inlet temperature,

and the hot fluid outlet temperature.

I A method of detecting an abnormal condition in a heat exchanger, the method

comprising:

calculating data generated from a plurality of first load variables from sampled
values of a plurality of heat exchanger process variables collected over a plurality of sample
windows, the plurality of first load variables including a first fluid flow rate:

calculating data generated from a plurality of first monitored variables from
sampled values of the plurality of heat exchanger process variables collected over a plurality
of corresponding sample windows, the plurality of first monitored variables including a first
differential pressure and a first thermal resistance; and

generating a function modeling the data generated from the plurality of first
load variables as a function of the data generated from the plurality of first monitored
variables by adding points to an array, the points comprising ordered pairs of the data
generated from the plurality of first load variables and the data generated from the plurality of
first monitored variables calculated from corresponding sample windows;

wherein the first fluid flow rate includes one or more of a cold fluid flow rate
and a hot fluid flow rate, the first differential pressure includes one or more of a cold fluid
nlet pressure, a cold fluid outlet pressure, a hot fluid inlet pressure, and a hot fluid outlet
pressure, and the first thermal resistance includes the flow rate and one or more of a hot fluid
inlet temperature, a hot fluid outlet temperature, a cold fluid inlet temperature, and a cold

fluid outlet temperature.

12. The method of claim 11 further comprising:

receiving a new point including data generated from a new load variable value
and from a corresponding new monitored variable value;

and executing a learning function that includes adding the new point to the
array when the data generated from the new load variable value is either less than or
greater than data generated from one of the first load variable values of all other

points in the array.

13, The method of claim 11 further comprising;
limiting the array to a fixed number of points, and removing a point from the

array when adding the new point will exceed the fixed number of points; and
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identifving a point which, if removed from the array, will result in a least
amount of error between a first function defined by the array including the point and a

second function defined by the array excluding the point.

14.  The method of claim 10 further comprising:
receiving a new data point including data generated from a new fluid flow rate
and from one or more of a new differential pressure and a new thermal resistance;
executing a monitoring function when the data generated from the new fluid
flow rate 1s greater than data generated from a smallest first fluid flow rate of a point in the
array and smaller than a largest first fluid flow rate of a point in the array, wherein the
monitoring function further comprises:
calculating a predicted value generated from one or more of the first
pressure differential or the first thermal resistance from the new point based on the
value of the data generated from the first fluid flow rate of the new point and the
function modeling the data generated from the plurality of first load variables as a
function of the data generated from the plurality of first monitored variables;
comparing the predicted value generated from the one or more of the
first pressure differential or from the first thermal resistance to the respective actual
value generated from the pressure differential or from the thermal resistance of the
new point; and
detecting an abnormal condition if the difference between the
predicted value generated from the one or more of the first pressure differential or
from the first thermal resistance and the respective actual value generated from the
pressure differential or from the thermal resistance of the new point exceeds a

predefined threshold.

15, A method for detecting an abnormal situation during operation of a heat
exchanger, the heat exchanger including a shell portion having a cold fluid inlet and a cold
fluid outlet, and a tube portion having a hot fluid mlet and a hot fluid outlet, the shell portion
and the tube portion including one or more flow controllers in communication with one or
more flow control valves, wherein each flow controller is configured to modify a position of
the one or more flow conirol valves to control one or more of a cold fluid flow rate or a hot

fluid flow rate, the method comprising:
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collecting, during a first period of heat exchanger operation, first data sets
generated from a flow rate and one or more of a differential pressure and a thermal resistance,
wherein the flow rate comprises one or more of a cold fluid flow rate and a hot fluid flow
rate, wherein the differential pressure comprises one or more of a cold fluid inlet pressure, a
cold fluid outlet pressure, a hot fluid inlet pressure, and a hot fluid outlet pressure, and
wherein the thermal resistance comprises the flow rate and one or more of a cold fluid inlet
temperature, a cold fluid outlet temperature, a hot fluid inlet temperature, and a hot fluid
outlet temperature;

generating a regression model of the heat exchanger in a first operating region
from the first data sets, wherein the flow rate corresponds to a load variable of the model and
one or more of the differential pressure or the thermal resistance corresponds to a monitored
variable; and

inputting data generated from the flow rate into the regression model to result
in an output from the regression model of a predicted value generated from one or more of
the differential pressure and the thermal resistance;

collecting, during a second period of heat exchanger operation, second data
sets generated from the flow rate and generated from one or more of the differential pressure
and the thermal resistance;

inputting into the regression model the second data sets generated from the
flow rate recorded during the second period of heat exchanger operation;

outputting from the regression model a predicted value generated from one or
more of the differential pressure and the thermal resistance;

one or more of:

comparing the predicted value generated from the differential pressure
with the differential pressure, and
comparing the predicted value generated from the thermal resistance
with the thermal resistance; and

detecting an abnormal situation if the value generated from at least one of the
differential pressure during the second period of heat exchanger operation and the thermal
resistance during the second period of heat exchanger operation significantly deviates from

the predicted values generated from the differential pressure and the thermal resistance.
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16. The method of claim 15, wherein the differential pressure is a function of one
or more of a cold fiuid inlet pressure, a cold fluid outiet pressure, a hot {luid inlet pressure,

and a hot fluid outiet pressure,

17. The method of claim 15, further comprising modifying the position of the
flow control valve if the value generated from one or more of the differential pressure or the
thermal resistance during the second period of heat exchanger operation significantly deviates

from the predicted values generated from the differential pressure and the thermal resistance.

18. The method of claim 15, further comprising generating a new regression
model of the heat exchanger if the tlow rate during the second period of heat exchanger

operation is not within the first operating region.

19.  The method of claim 135, further comprising detecting a location of the

abnormal situation based on one or more of the differential pressure or the thermal resistance.

20, A system for monitoring an abnormal situation in a heat exchanger
comprising:

a data collection tool adapted to collect on-line process data from the heat
exchanger during operation of the heat exchanger, wherein the collected on-line process data
1s generated from a plurality of heat exchanger process variables;

an analysis tool comprising one or more of:

a regresston analysis engine adapted to model the operation of the heat
exchanger based on a set of data generated from the collected on-line process data
comprising a measure of the operation of the heat exchanger when the heat exchanger
is on-line, wherein the model of the operation of the heat exchanger is adapted to be
executed to generate a predicted value generated from a first one of the heat
exchanger process varables as a function of data generated from a second one of the
heat exchanger process variables, and wherein the analysis tool is adapted to store the
model of the operation of the heat exchanger and the set of data generated from the
collected on-line process data, or

a load following analysis engine adapted to generate a function
modeling the data generated from the first one of the heat exchanger process variables
as a function of the data generated from the second one of the heat exchanger process

variables by adding points to an array, the poinis comprising ordered pairs of the data
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generated from the first one of the heat exchanger process variables and the data
generated from the second one of the heat exchanger process variables calculated
from corresponding sample windows; and
a monitoring tool adapted to generate:
the set of data generated from the collected on-line process data,
the predicted value data generated from the first one of the heat
exchanger process variables using the analysis tool, and
a heat exchanger status including a parameter of the model of the
operation of the heat exchanger, wherein the parameter comprises the at Icast one

process variable of the set of data generated from the collected on-line process data.

21. The system of claim 20, wherein the plurality of heat exchanger process
variables comprises one or more of a flow rate including one or more of a cold fluid flow rate
and a hot fluid flow rate, a differential pressure including one or more of a cold fluid inlet
pressure, a cold fluid outlet pressure, a hot fluid inlet pressure, and a hot fluid outlet pressure,
and a thermal resistance including the flow rate and one or more of a cold fluid inlet
temperature, a cold fluid outlet temperature, a hot fluid inlet temperature, and a hot fluid

outlet temperature.

22, Asystem for detecting an abnormal situation in a heat exchanger comprising;

a data collection tool adapted to collect on-line process data from the heat
exchanger during operation of the heat exchanger, wherein the collected on-line process data
is generated from a plurality of heat exchanger process variables;

an analysis tool comprising a regression analysis engine adapted to model the
operation of the heat exchanger based on a set of data generated from the collected on-line
process data comprising a measure of the operation of the heat exchanger when the heat
exchanger is on-line, wherein the model of the operation of the heat exchanger is adapted to
be executed to generate a predictive value generated from a first one of the plurality of heat
exchanger process variables as a function of data generated from a second one of the plurality
of heat exchanger process variables, and wherein the analysis tool is adapted to store the
model of the operation of the heat exchanger and the set of data generated from the collected
on-line process data;

a monitoring tool adapted to generate:

the set of data generated from the collected on-line process data,
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the predicted value generated from the at least one of the heat
exchanger process variables using the analysis tool, and
a heat exchanger status indicating a parameter of the model of the
operation of the heat exchanger, wherein the parameter of the model of the operation of the
heat exchanger comprises the at least one process variable of the set of data generated from
the collected on-line process data;

an operator display including a representation of the heat exchanger having a
plurality of operation areas;

a selectable user interface structure associated with each of the plurality of
operation areas, each user interface structure adapted to display information about the
associated operation area; and

an abnormal situation indicator including a graphical display associated with
one or more of the plurality of operation areas, the graphical display adapted to indicate an

abnormal situation of the heat exchanger during operation of the heat exchanger.

23. The system of claim 22, wherein the selectable user interface structure is
adapted to enable a user to control a configurable parameter of the heat exchanger, the
configurable parameter including at least one of a learning mode time period, a statistical

calculation period, a regression order, a load following array size, and a threshold Limit.
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