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(57) Abstract: A method of controlling cooling water treatment may involve measuring operating data of one or more downstream
heat exchangers that receive cooling water from the cooling tower. For example, the inlet and outlet temperatures of both the hot and
cold streams of a downstream heat exchanger may be measured. Data from the streams passing through the heat exchanger may be
used to determine a heat transfer efficiency for the heat exchanger. The heat transfer efficiency can be trended over a period of time
and changes in the trend detected to identify cooling water fouling issues. Multiple potential causes of the perceived fouling issues can
be evaluated to determine a predicted cause. A chemical additive selected to reduce, eliminate, or otherwise control the cooling water
fouling can be controlled based on the predicted cause of the fouling.

[Continued on next page]



WO 2019/094747 A [IN 0] 00P 00 0000 O 0O

HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ, LA, LC,LK, LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))



WO 2019/094747 PCT/US2018/060071

COOLING WATER MONITORING AND CONTROL SYSTEM

CROSS-REFERENCE
[0001] This application claims the benefit of U.S. Provisional Patent Application No.
62/584,671, filed November 10, 2017, and U.S. Provisional Patent Application No.
62/720,605, filed August 21, 2018, the entire contents of each of which are incorporated

herein by reference.

TECHNICAL FIELD
[0002] This disclosure relates to cooling water systems and, more particularly, to cooling

water control systems.

BACKGROUND
[0003] Water cooling towers are used in large capacity heat exchange systems, such as those
found in oil refineries and chemical production plants. Cooling towers are used to remove
absorbed heat from a circulating water coolant by evaporating a portion of the coolant in the
cooling tower. The remaining coolant can be extracted from a reservoir or sump at the base
of the tower by a pump, and supplied through the heat load on a continuous basis. Because a
large quantity of water evaporates in such a system, scale, silt, or other water contaminants
may build up in the recirculating water over time.
[0004] To help prevent or limit the extent to which fouling occurs on surfaces contacted by
the recirculating cooling water, various chemicals may be added to the cooling water. In a
typical operating environment, a technician may take samples of cooling water from the
cooling water system and perform chemical analysis on the samples. The technician may
adjust the type of chemical added to the cooling water based on the analysis. Oftentimes, the
technician may only be onsite at the facility to perform cooling water analysis on a limited
basis, such as once a week or once a month. As a result, changes in facility process
conditions may not be detected until some time after the process conditions have altered.
Moreover, even where cooling water chemistry is changed to account for changed process
conditions, such charges are generally reactionary rather than predictive changes to prevent

undesirable cooling water conditions.
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[0004a] Any discussion of the prior art throughout the specification should in no way be
considered as an admission that such prior art is widely known or forms part of common

general knowledge in the field.

SUMMARY
[0004b] It is an object of the present invention to overcome or ameliorate at least one of the
disadvantages of the prior art, or to provide a useful alternative.
[0004c¢] In one aspect, the present invention provides a method comprising: monitoring, by
one or more processors, a heat transfer efficiency of at least one heat exchanger and
establishing a heat transfer efficiency trend for the heat exchanger, the heat exchanger having
a process stream-side and a cooling water stream-side; detecting, by the one or more
processors, a change in the heat transfer efficiency trend; receiving, by the one or more
processors, data indicative of scale fouling on the cooling water stream-side; receiving, by the
one or more processors, data indicative of corrosion fouling on the cooling water stream-side;
receiving, by the one or more processors, data indicative of biofouling on the cooling water
stream-side; determining, by the one or more processors, a predicted cause of the detected
change in the heat transfer efficiency trend based at least on the received data indicative of
scale fouling, corrosion fouling, and biofouling; and controlling addition of a chemical
additive into a cooling water that is in fluid communication with the cooling water stream-
side of the at least one heat exchanger based on the predicted cause.
[0004d] In another aspect, the present invention provides a method comprising: evaluating a
plurality of heat exchangers within a cooling water circuit and identifying at least one of the
plurality of heat exchangers that is a critical heat exchanger; monitoring a heat transfer
efficiency of the critical heat exchanger, establishing a heat transfer efficiency trend for the
critical heat exchanger, and detecting a change in the heat transfer efficiency trend indicative
of fouling; receiving data indicative of a plurality of different potential fouling mechanisms
occurring in the critical heat exchanger, including scale fouling, biofouling, and corrosion
fouling; determining a predicted cause of the change in the heat transfer efficiency trend
based on the received data indicative of the plurality of different potential fouling
mechanisms; and controlling addition of a chemical additive into a cooling water that is in
fluid communication with the critical heat exchanger based on the predicted cause.
[0004e] In another aspect, the present invention provides a system comprising: a cooling

tower that reduces a temperature of a cooling water stream through evaporative cooling; a
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heat exchanger having a cooling water inlet, a cooling water outlet, a process stream inlet,
and a process stream outlet; a first plurality of sensors positioned to measure a temperature of
a cooling water stream entering the heat exchanger through the cooling water inlet, a
temperature of the cooling water stream exiting the heat exchanger through the cooling water
outlet, a temperature of a process stream entering the heat exchanger through the process
stream inlet, and a temperature of the process stream exiting the heat exchanger through the
process stream outlet; a second plurality of sensors configured to measure parameters
indicative of a plurality of different potential fouling mechanisms occurring in the heat
exchanger, including scale fouling, biofouling, and corrosion fouling; a pump positioned to
inject a chemical additive into the cooling water stream; and a controller communicatively
coupled to the first plurality of sensors, the second plurality of sensors, and the pump and
configured to: receive data from the first plurality of sensors, determine a heat transfer
efficiency for the heat exchanger based on the received data from the first plurality of
sensors, establish a heat transfer efficiency trend for the heat exchanger over a period of time,
and detect a change in the heat transfer efficiency trend, determine a predicted cause of the
change in the heat transfer efficiency trend based on the received data indicative of the
plurality of different potential fouling mechanisms; and control addition of a chemical
additive into the cooling water based on the predicted cause.

[0005] In general, this disclosure is directed to techniques and systems for monitoring and
controlling cooling water. In some examples, the conditions of the cooling water in the
cooling water circuit are monitored and/or controlled by evaluating the thermal performance
of one or more downstream heat transfer units through which the cooling water is conveyed.
For example, a heat exchange network may include one or more cooling towers that are
fluidly connected to and supply cooling water to multiple heat exchangers. The cooling water
may pass through one side of each heat exchanger while a process fluid to-be-cooled passes
through another side of the heat exchanger, with the fluids being separated by a solid metallic
wall. Heat exchange across the heat exchanger can take place in a co-current (parallel) or
counter-current (opposite) direction.

[0006] To deploy the cooling water control system, multiple heat exchangers within the
cooling water circuit can be surveyed to identify one or more heat exchangers that are critical
to the operating performance of the facility at which the heat exchangers are located. For
example, the heat exchangers may be evaluated to determine their fouling history, the
availability of a bypass heat exchanger within the circuit should fouling conditions become
material, sensitivity to water-side fouling, or other conditions indicating that the heat transfer

3
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efficiency of one or more particular exchangers is critical to the user’s process integrity. To
the extent a heat exchanger identified as being critical is not already instrumented for
monitoring, various monitoring equipment may be added to monitor the performance of the
heat exchanger. For example, temperature sensors to measure the temperature of the cooling
water stream entering and exiting the heat exchanger as well as the temperature of the process
stream entering and exiting the heat exchanger may be added. As another example, a sensor
to measure the flow rate of cooling water passing through the exchanger and/or differential
pressure sensors to measure pressure drop across the exchanger may be added.

[0007] Independent of the types of parameters monitored for the critical heat exchanger, a
parameter corresponding to the heat transfer efficiency of the heat exchanger may be
determined based, at least in part, on the temperature data. For example, a trend of the heat
transfer efficiency of the heat exchanger may be established to provide a reference from
which future deviations from the trend can be determined. The heat transfer efficiency of the
heat exchanger can be subsequently monitored and changes in the heat transfer efficiency
detected. Changes in the heat transfer efficiency trend may indicate incipient or accelerating
fouling, which can provide detectable evidence for taking interventional cooling water
control action to stop or mitigate the effects of such fouling.

[0008] In practice, changes in heat transfer efficiency trend can have many different cooling
water-related root causes. The appropriate cooling water control action to mitigate a detected
negative deviation in heat transfer efficiency trend can vary depending on the underlying root
cause. In some examples according to the present disclosure, the cooling water control
technique involves obtaining data indicative of multiple different types of potential root
causes that may be causing fouling leading to deteriorating heat transfer efficiency
conditions. For example, an array of sensors may be provided to measure different
characteristics and parameters of the cooling water that passes through the heat exchanger
whose thermal efficiency characteristics are being monitored. The sensors can provide data
indicative of different types of fouling mechanisms, such as scale fouling, corrosion fouling,
and biofouling. A single sensor measurement or parameter may be associated with a
particular fouling mechanism. Alternatively, multiple different parameters of the cooling
water may be measured to provide data indicative of a particular fouling mechanism.

[0009] In either case, a predicted root cause of the fouling leading to the changed heat
transfer efficiency trend can be determined based on the data associated with the different
types of fouling mechanisms. For example, data associated with each particular type of
fouling mechanism may be scaled and/or weighed to identify a particular cause or mechanism

4
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that is more likely than the other causes or mechanisms being evaluated to be causing the
fouling. Cooling water control actions can then be taken to counteract the predicted fouling
cause. For example, one or more chemical additives selected to counteract the predicted
fouling cause can be introduced into the cooling water and/or the rate of such chemical
additive(s) can be adjusted. Additionally or alternatively, the cooling water tower may be
blown down, replacing a portion of the circulating cooling water with fresh makeup water.
[0010] In some applications, the heat transfer efficiency of the critical heat exchanger is
monitored to evaluate the efficacy of the corrective action(s) taken in response to the
predicted fouling cause. For example, the heat transfer efficiency of the critical heat
exchanger may be monitored to detect a second change in the heat transfer efficiency trend,
e.g., indicating that the heat transfer efficiency is deteriorating at a slower rate than prior to
taking the corrective action(s). If a change in the heat transfer efficiency trend is not detected
in response to the corrective action(s) and/or the heat transfer efficiency trend deteriorates
even further than prior to taking such corrective action, it may be determined that the
predicted root cause is not the actual root cause of the fouling problem. Accordingly, an
alternative predicted root cause can be identified and one or more alternative cooling water
control actions taken. As one example, one or more chemical additives selected to counteract
the alternative predicted fouling cause can be controlled in lieu of the additives controlled to
counteract the original predicted fouling cause.

[0011] By accurately and rapidly detecting and reacting to incipient fouling conditions on the
cooling water side of the heat exchanger, more severe fouling may be avoided. In some
applications, real-time monitoring and control are provided to facilitate rapid response to
unexpectedly deteriorating heat exchanger thermal efficiency conditions. This rapid
intervention may extend the service life of the heat exchanger until the next physical cleaning
in a way that is not achievable if the heat exchanger becomes fully fouled before detecting the
fouled conditions.

[0012] In one example, a method is described that includes monitoring a heat transfer
efficiency of at least one heat exchanger and establishing a heat transfer efficiency trend for
the heat exchanger. The heat exchanger has a process stream-side and a cooling water
stream-side. The method includes detecting a change in the heat transfer efficiency trend.
The method further involves receiving data indicative of scale fouling on the cooling water
stream-side, data indicative of corrosion fouling on the cooling water stream-side, and data
indicative of biofouling on the cooling water stream-side. The method includes determining
a predicted cause of the detected change in the heat transfer efficiency trend and controlling

5
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addition of a chemical additive into a cooling water that is in fluid communication with the
cooling water stream-side of the at least one heat exchanger based on the predicted cause.
[0013] In another example, a method of controlling a cooling water system is described. The
method involves surveying a plurality of heat exchangers within a heat exchanger network to
identify at least one critical heat exchanger. The method includes monitoring a heat transfer
efficiency of the critical heat exchanger, establishing a heat transfer efficiency trend for the
critical heat exchanger, and detecting a change in the heat transfer efficiency trend. In
addition, the method involves receiving data indicative of scale fouling on the cooling water
stream-side, receiving data indicative of corrosion fouling on the cooling water stream-side,
receiving data indicative of biofouling on the cooling water stream-side. The method also
involves determining a predicted cause of the detected change in the heat transfer efficiency
trend, where the predicted cause includes a cause selected from the group consisting of scale
fouling, corrosion fouling, and biofouling. The method further involves controlling addition
of a chemical additive into cooling water that is in fluid communication with the cooling
water stream-side of the at least one critical heat exchanger based on the predicted cause and
detecting a change in the heat transfer efficiency trend in response to the controlled addition
of the chemical additive into the cooling water.

[0014] In another example, a method of controlling cooling water treatment is described.

The method includes receiving data from a plurality of sensors indicative of at least a
temperature of a cooling water stream entering a heat exchanger, a temperature of the cooling
water stream exiting the heat exchanger, a temperature of a process stream entering the heat
exchanger, and a temperature of the process stream exiting the heat exchanger. The method
also involves determining a heat transfer efficiency for the heat exchanger based on the
received data from the plurality of sensors and establishing a heat transfer efficiency trend for
the heat exchanger over a period of time. The method further involves detecting a change in
the heat transfer efficiency trend and controlling addition of a chemical additive into the
cooling water stream in response to the change detected in the heat transfer efficiency trend
for the heat exchanger.

[0015] In another example, a system is described that includes a cooling tower, a heat
exchanger, a plurality of sensors, a pump, and a controller. The cooling tower reduces a
temperature of a cooling water stream through evaporative cooling. The heat exchanger has a
cooling water inlet, a cooling water outlet, a process stream inlet, and a process stream outlet.
The plurality of sensors are positioned to measure a temperature of a cooling water stream
entering the heat exchanger through the cooling water inlet, a temperature of the cooling

6
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water stream exiting the heat exchanger through the cooling water outlet, a temperature of a
process stream entering the heat exchanger through the process stream inlet, and a
temperature of the process stream exiting the heat exchanger through the process stream
outlet. The pump is positioned upstream of the heat exchanger and configured to inject a
chemical additive into the cooling water stream. The controller is communicatively coupled
to the plurality of sensors and the pump and configured to: receive data from the plurality of
sensors, determine a heat transfer efficiency for the heat exchanger based on the received data
from the plurality of sensors, establish a heat transfer efficiency trend for the heat exchanger
over a period of time, detect a change in the heat transfer efficiency trend, and control the
pump in response to the change detected in the heat transfer efficiency trend for the heat
exchanger.

[0016] The details of one or more examples are set forth in the accompanying drawings and
the description below. Other features and advantages will be apparent from the description
and drawings, and from the claims.

[0016a] Unless the context clearly requires otherwise, throughout the description and the
claims, the words “comprise”, “comprising”, and the like are to be construed in an inclusive
sense as opposed to an exclusive or exhaustive sense; that is to say, in the sense of

“including, but not limited to”.

BRIEF DESCRIPTION OF DRAWINGS
[0016b] Preferred embodiments of the present invention will now be described, by way of
example only, with reference to the accompanying drawings, in which:
[0017] FIG. 1 is a flow diagram illustrating an example heat exchanger network containing
multiple heat exchangers in which a cooling water monitoring and control system according
to FIG. 2 may be implemented.
[0018] FIG. 2 is a conceptual diagram of an example cooling water monitoring and control
system.
[0019] FIG. 3 is a flow diagram illustrating an example ammonia production process in
which a cooling water monitoring and control system according to FIG. 2 may be
implemented.
[0020] FIGS. 4-7 show example raw and smoothed temperature data for flow streams on a
heat exchanger.
[0021] FIG. 8 shows example cooling water flow rate data for the heat exchanger providing
temperature data illustrated in FIGS. 4-7.

6a
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[0022] FIG. 9 is a graph showing example heat transfer coefficients calculated using the
smoothed temperature data and flow rate data from FIGS. 4-8.

[0023] FIG. 10 is a graph showing example heat transfer coefficients calculated using the
smoothed temperature data and flow rate data from FIGS. 4-8 overlaid with periodicity
markers.

[0024] FIG. 11 shows example oxidation-reduction potential (ORP) values for the cooling
water stream corresponding to the flow rate data in FIG. 8.

[0025] FIGS. 12—15 show example raw and smoothed temperature data for flow streams on
another example heat exchanger.

[0026] FIG. 16 shows example cooling water flow rate data for the heat exchanger providing
temperature data illustrated in FIGS. 12-15.

[0027] FIG. 17 is a graph showing example heat transfer coefficients calculated using the
smoothed temperature data and flow rate data from FIGS. 12—-16.

[0028] FIG. 18 is a graph showing experimental heat transfer coefficients calculated using
smoothed temperature data over period of time.

[0029] FIG. 19 is a bar graph showing aggregate fouling scores for different potential fouling
mechanisms associated with the data in FIG. 18.

[0030] FIG. 20 is a graph showing experimental heat transfer coefficients calculated using
smoothed temperature data over a period of time.

[0031] FIG. 21 is a bar graph showing aggregate fouling scores for different potential fouling

mechanisms associated with the data in FIG. 20.
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DETAILED DESCRIPTION
[0032] This disclosure is generally directed to cooling water monitoring and control systems,
including systems and techniques for controlling the addition of one or more chemical agents
to a cooling water source used for thermal exchange with one or more comparatively hot
streams. The one or more chemical agents added to the cooling water may prevent or
minimize the extent to which fouling deposits on heat exchange surfaces in fluid contact with
the cooling water. This can improve the efficiency of the facility in which the heat exchange
network with controlled cooling water chemical addition is implemented.
[0033] While the systems and techniques according to the disclosure can be implemented for
any desired cooling water system and any heat exchanger application, in some examples, the
techniques are implemented in systems of networked heat exchangers. The cooling water
side of the networked heat exchangers may be fluidly coupled with each other such that
cooling water recirculates through the network and passes through multiple heat exchangers
within the network, e.g., in series and/or in parallel. In applications where multiple heat
exchangers share recirculating cooling water, the heat exchangers may be surveyed to
identify one or more critical heat exchangers within the network on which further monitoring
may be performed for controlling the cooling water system. The heat exchangers may be
evaluated to identify one or more particular heat exchangers within the network which, based
on their likelihood of fouling, their current performance relative to overall design, sensitivity
to water-side fouling and/or their criticality to the overall process, should be monitored more
closely than other heat exchangers in the network. Such a heat exchanger may be designated
a critical heat exchanger and thermal efficiency monitoring may be performed on the heat
exchanger for controlling the cooling water system that supplies both the critical heat
exchanger(s) as well as other heat exchangers within the network.
[0034] FIG. 1 is a flow diagram illustrating an example heat exchanger network 100
containing multiple heat exchangers in which a cooling water monitoring and control system
according to the disclosure may be implemented. As shown in this example, multiple heat
exchangers 104A-104E are fluidly connected to a cooling water stream supplied by cooling
tower 102. Cooling water flows in parallel through heat exchangers 104A and 104B
followed, in series, through heat exchangers 104C—104E before returning to the cooling
tower. Each heat exchanger 104 has a process stream-side and a cooling water stream-side,
which are divided from each other and allow thermal energy to transfer from the a process
stream passing through the process stream-side to a cooling water stream passing through the

7
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cooling water stream-side. While heat exchanger network 100 in FIG. 1 is illustrated as
having five heat exchangers, it should be appreciated that a heat exchanger network may have
fewer heat exchangers (e.g., two, three, four), or more heat exchangers (e.g., six, seven, or
more) and the disclosure is not limited in this respect.

[0035] In applications where there are multiple heat exchangers in a network, one or multiple
of the heat exchangers (and, optionally, all of the heat exchangers) may include sensors as
described in connection with heat exchanger 104 in FIG. 2. A controller managing the
cooling water system can receive data from the sensors. The data can provide information
concerning the heat transfer efficiency of one more heat exchangers being monitored within
heat exchanger network 100 and/or the characteristics of cooling water flowing through the
system. The characteristics of the cooling water flowing through the system received by the
controller may be indicative of potential fouling causes occurring within the heat exchanger
network, as also described in greater detail below. Accordingly, cooling water control
actions may be taken to try and mitigate detected fouling within the heat exchanger network
100.

[0036] While data may be collected relating to the heat transfer efficiency of all heat
exchangers within heat exchanger network 100, in practice, the number of exchangers
needing to be monitored and the different fouling conditions in each heat exchanger may
make such expansive monitoring impractical. Accordingly, in these applications, an initial
survey of multiple of the heat exchangers within the network (optionally, all of the heat
exchangers within the network) may be performed to identify one or more particular heat
exchangers for which further monitoring is appropriate. The survey may involve obtaining
historical operational, historical design, and/or current performance data for the heat
exchangers being surveyed to designate one or more heat exchangers as being more critical
than others within the network for monitoring (e.g., only one heat exchanger, two heat
exchangers, or more heat exchangers as being critical).

[0037] The particular attributes of a heat exchanger within heat exchanger network 100 that
may make it a critical heat exchanger for further monitoring can vary depending on the
specific application. In general, the survey may seek to identify which heat exchanger or heat
exchangers within heat exchanger network 100 have a more significant impact on the
efficiency and operability of the overall process in which the heat exchanger network is
integrated if fouled. As one example, if a particular heat exchanger in heat exchanger
network 100 has a history of fouling on the cooling water side at a faster rate than other heat
exchangers within the network (e.g., potentially dictating the cleaning cycle for the entire

8
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heat exchanger network) such an exchanger may be designated a critical heat exchanger. As
another example, if the operating performance of a particular heat exchanger in the heat
exchanger network 100 is deviating from its design operating performance more than other
heat exchangers within the network, such an exchanger may be designated a critical heat
exchanger. While performance characteristics for criticality may vary, e.g., depending on the
design configuration and target operating characteristics of the heat exchanger, parameters
such as a cooling water velocity less than 1 foot/second through the exchanger and/or a
cooling water stream exit temperature greater than 140 degrees Fahrenheit may indicate a
higher likelihood of fouling warranting the heat exchanger being designated a critical heat
exchanger.

[0038] In evaluating whether a particular heat exchanger in heat exchanger network 100
should be designated a critical heat exchanger for further monitoring, the availability of
bypass heat exchangers may be taken into account. A bypass heat exchanger may be another
heat exchanger within heat exchanger network 100, e.g., that is in parallel to the heat
exchanger being evaluated for criticality. The bypass heat exchanger may be off-line or may
otherwise have additional throughput capacity. In the event that the main exchanger becomes
fouled, the bypass heat exchanger may be brought online and/or additional flow directed from
the main exchanger to the bypass heat exchanger. Accordingly, while fouling in the main
exchanger being evaluated for criticality may be impactful, the availability of the bypass
exchanger to redirect flow without shutting down the entire heat exchanger network and/or
process may lead against designating the main exchanger is a critical exchanger.

[0039] A controller associated with the cooling water control system may receive data
associated with the criticality of multiple heat exchangers within heat exchanger network 100
and identify one or more critical heat exchangers within the network on which further
monitoring should be performed. For example, data associated with historical operational,
historical design, and/or current performance data for the heat exchangers being surveyed
may be stored in a memory associate with the controller. Software executing on the
controller can then analyze the stored data to identify with one or more heat exchangers
within heat exchanger network 100 as being a critical heat exchanger. Alternatively, a user
implementing the cooling water control method may designate a particular heat exchanger or
heat exchangers as being critical based on site-specific factors.

[0040] Independent of the characteristics and process used to designate a particular heat
exchanger as being critical, the heat exchanger so designated may be monitored to obtain
information and insights into the state of the cooling water flowing through the heat
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exchanger. For example, sensors may be added to monitor streams flowing through the
critical heat exchanger to provide data relating to the thermal efficiency of the heat exchanger
for controlling the cooling water system.

[0041] FIG. 2 is a conceptual diagram of an example cooling water monitoring and control
system 10, which may be implemented for a heat exchanger 104 designated as being a critical
heat exchanger according to a survey performed on a network of heat exchangers. In the
illustrated example, system 10 includes a cooling tower 102, one or more heat exchanges

104, and a pump 106 that can introduce one or more chemical agents into a cooling water
stream being recirculated through the heat exchange network. A controller 136 manages the
overall operation of system 10. In operation, a comparatively hot process stream can pass
through a process stream-side of heat exchanger 104 while a comparatively cold cooling
water stream passes through a cooling water stream-side of the exchanger. The fluids may be
separated by a solid wall surface within the heat exchanger to prevent mixing of the fluids.
Thermal energy can transfer from the comparatively hot process stream to the comparatively
cold cooling water stream, resulting in a reduction in the temperature of the process stream
and an increase in the temperature of the cooling water stream. While the example system of
FIG. 2 includes only a single heat exchanger 104 for purposes of illustration, a heat exchange
network utilizing the concepts of the present disclosure may include multiple heat exchangers
(e.g., each configured as heat exchanger 104 is described), as discussed above with respect to
FIG. 1.

[0042] Heat exchanger 104 in the example of FIG. 2 includes a cooling water inlet 108 and a
cooling water outlet 110. The heat exchanger also includes a process stream inlet 112 and
process stream outlet 114. A cooling water stream 116 can enter heat exchanger 104 through
the cooling water inlet 108, flow through one or more divided pathways inside of the heat
exchanger, and exit the heat exchanger through the cooling water outlet 110. Likewise, a
process stream 118 can enter heat exchanger 104 through the process stream inlet 112, flow
through one or more divided pathways inside of the heat exchanger that are separated from
the cooling water stream, and exit the heat exchanger through process stream outlet 114. In
some configurations, the cooling water stream and the process stream flow in co-current
directions through the heat exchanger. In other configurations, the cooling water stream in
the process stream flow in countercurrent directions through the heat exchanger. In general,
heat exchanger 104 can be implemented using any desired type of heat exchanger design,
such as a shell and tube heat exchanger, a plate heat exchanger, or other type of thermal
transfer device.
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[0043] In the illustrated configuration, cooling water stream 116 is delivered to heat
exchanger 104 from an upstream cooling tower 102 and recycled back to the cooling tower
after passing through the heat exchanger. As indicated above, cooling water stream 116 may
pass through one or more heat exchangers before entering heat exchanger 104 and/or through
one or more heat exchangers after passing through heat exchanger 104 before returning to
cooling tower 102. At cooling tower 102, thermal energy transferred to the cooling water
stream flowing through the heat transfer circuit can be removed and discharged to
atmosphere. For example, cooling tower 102 may bring the cooling water stream in direct
contact with air, resulting in a reduction in the temperature the cooling water stream through
evaporative cooling. The cooling water may be delivered to a sump or reservoir before being
drawn out and passed through the heat exchange network.

[0044] In addition to water loss through evaporation, cooling water may be periodically
removed from the heat exchange system. A discharge line 120 can be used to bleed-off (or
“blow down™) a portion of the sump or reservoir water while the system is operating. In any
case, a “make-up” water line 122 can supply fresh water to the cooling system to make for
water losses through evaporation or deliberate dumping.

[0045] In practice, a variety of issues may impact the thermal performance of heat exchanger
104 from the cooling water side of the heat exchanger. For example, if the cooling water
contains a high level of solids (e.g., silt, debris) the solids may partially or fully plug the
cooling water fluid pathway through heat exchanger 104. As an example, the cooling water
may cause deposits to form on the internal surfaces of heat exchanger 104 contacted by the
cooling water.

[0046] For example, the evaporation of cooling water can lead to the concentration of salts
(e.g., calcium, sodium, magnesium) in the cooling water stream recycled through the system.
These salts can form scaling deposits on surfaces of heat exchanger 104 contacted by the
cooling water. As another example, if the cooling water contains organic materials and
microbes, biofilms can deposit on surfaces of heat exchanger 104 contacted by the cooling
water. As yet a further example, corrosion products can develop within the cooling water
stream, e.g., due to the oxidation of metal component (e.g., iron, aluminum, and/or zinc).
These corrosion products can also deposit on surfaces of heat exchanger 104 contacted by the
cooling water. Independent of the mechanism or cause of the fouling, a build-up of a barrier
layer on the surfaces of heat exchanger 104 contacted by the cooling water can reduce the

efficacy of thermal transfer through the heat exchanger.
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[0047] To help reduce or eliminate potential fouling conditions in the cooling water stream
passing through the heat transfer network, one or more chemicals may be added to the
cooling water to inhibit formation and/or deposition of foulants. In the configuration of FIG.
2, system 10 includes one or more pump 106 A—-106Z (collectively referred to as “pump 106™)
fluidly connected to one or more respective chemical additive reservoirs 124A-1247.
(collectively referred to as “chemical reservoir 124). Pump 106 can operate to add one or
more chemicals to the cooling water that are selected to inhibit the formation and/or
deposition of foulants on surfaces contacted by the cooling water. Example chemical
additives that may be injected into the cooling water include, but are not limited to, polymers
(dispersants and scale inhibitors), organophosphorus compounds such as phosphinosuccinic
oligomer (PSO, scale and corrosion inhibitor), zinc (corrosion inhibitor), orthophosphate
(corrosion inhibitor), polyphospahtes (scale and corrosion inhibitors), biocides, and
combinations thereof. Additionally or alternatively, one or more chemical additives may be
injected into the cooling water to adjust the pH of the cooling water. Examples of pH
adjusting control agents include mineral acids, organic acids, and inorganic bases.

[0048] In the illustrated configuration of FIG. 2, pump 106 is illustrated as adding chemical
additive to the cooling water between cooling tower 102 and heat exchanger 104. In practice,
the chemical additive may be introduced to the cooling water stream at any suitable location,
such as a sump associated with the cooling tower. Moreover, while system 10 in FIG. 2
illustrates a single pump 106 fluidly coupled to a single chemical additive reservoir 124,
pump 106 may be in selective fluid communication with multiple reservoirs containing
different chemicals and/or system 10 may include multiple pumps each configured to
introduce a different chemical into the cooling water. By providing multiple different
chemical additives, include some or all of those discussed above, the type of chemical
introduced into the cooling water can be changed based on changing conditions of the cooling
water.

[0049] To control the addition of chemical additive into the cooling water in system 10, the
thermal performance of heat exchanger 104 may be monitored. The thermal performances of
heat exchanger 104 may be monitored to evaluate the efficiency with which thermal energy is
transferring from the comparatively hot process stream to the comparatively cold cooling
water stream. The heat transfer efficiency of heat exchanger 104 may greatest when the heat
exchanger is new or has undergone cleaning. For example heat exchanger 104 may be
periodically cleaned using chemical and/or mechanical cleaning implements to remove
fouling on the process and/or cooling side of the exchanger, providing heat exchange surfaces
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of the heat exchanger are clean and substantially or entirely unfouled. Over time in service,
fouling deposits may build up on the process stream side and/or cooling water stream side of
the heat exchanger heat transfer surfaces. As a result, the heat transfer efficiency of heat
exchanger 104 may deteriorate during the course of service from one cleaning to the next
cleaning.

[0050] To help monitor the heat transfer efficiency of heat exchanger 104, multiple sensors
may be deployed to monitor different operational aspects of the heat exchanger. In the
example of FIG. 2, system 10 includes a temperature sensor 126 that measures a temperature
of cooling water stream 116 entering heat exchanger 104 and a temperature sensor 128
measuring a temperature of the cooling water stream exiting the heat exchanger. The system
also includes a temperature sensor 130 measuring the temperature of the process stream 118
entering heat exchanger 104, and a temperature sensor 132 measuring the temperature the
process stream exiting the heat exchanger. While the temperature sensors are illustrated
schematically as being positioned immediately adjacent heat exchanger 104, the temperature
sensors may be positioned at an upstream or downstream location from the heat exchanger,
provide the temperature sensors provide a suitably accurate measure of the temperature of the
respective stream entering or exiting the heat exchanger.

[0051] System 10 may include additional and/or different sensors to measure different
operational parameters of heat exchanger 104. For example, the system may include one or
more flow sensors to measure the flow rate of cooling water stream 116 and/or process
stream 118. In the illustrated example, system 10 shows a flow sensor 134 positioned to
measure a flow rate of the cooling water stream exiting heat exchanger 104. In other
examples, the flow rates of the cooling water stream 116 and/or process stream 118 may be
determined based on pump speeds or other information within the operating environment
indicating the massive fluid conveyed through the heat exchanger. Other sensors that may be
usefully employed in system 10 include pressure sensors (e.g., to measure a differential
pressure of the cooling water stream and/or process stream across the heat exchanger).
[0052] In addition to monitoring characteristics of heat exchanger 104, system 10 can
monitor online and/or receive data from offline analysis sources concerning the
characteristics of cooling water flowing through the system, including heat exchanger 104.
The data can provide information indicative of the potential fouling characteristic and
corresponding fouling cause(s) on the cooling water-side of heat exchanger 104. This can be
used in combination with heat transfer efficiency information from heat exchanger 104 to
control the cooling water in system 10.
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[0053] Typical causes of fouling that may be observed in practice include fouling caused by
scale, fouling caused by corrosion, and/or fouling caused by biological sources (so called
biofouling).

[0054] As used herein, the term “scale fouling” refers to fouling of a heat exchange surface
by particulate matter from or formed in the cooling water including, but not limited to,
constituents such as calcium carbonate, calcium phosphate, magnesium silicate, silica,
manganese oxides, aluminum phosphates, silt, and sand.

[0055] The term “corrosion fouling™ refers to fouling of a heat exchange surface by
corrosion-formed deposits, such as primarily metal oxides, which may be formed in situ or by
breakage and re-deposition from elsewhere in the system.

[0056] The term “biofouling” refers to fouling of a heat exchange surface by biological
organisms, their extracellular molecules, or metabolic by-products.

[0057] To obtain information indicative of one or more potential fouling causes on the
cooling water-side of heat exchanger 104, system 10 can generate and/or controller 136 can
receive information associated with different potential fouling mechanisms. Each potential
fouling mechanism may be associated with a single parameter being measured or may be
associated with multiple parameters being measured, which collectively provide information
on the likelihood that a potential fouling mechanism is the actual underlying fouling
mechanism. For example, multiple different parameters associated with each potential
fouling mechanism being evaluated in system 10 may be measured and collectively
considered in determining whether the potential associate fouling mechanism is likely
actually underline fouling mechanism.

[0058] To obtain data indicative of different fouling conditions in mechanisms within the
cooling water flowing through heat exchanger 104, system 10 may include multiple different
sensors 135A-135Z (collectively “sensor 135”) providing information concerning the fouling
conditions on the cooling water-side of heat exchanger 104. For example, in FIG. 2, system
10 is illustrated as having at least one sensor 135A providing information indicative of scale
fouling on the cooling water side of heat exchanger 104, at least one sensor 135B providing
information indicative of corrosion fouling on the cooling water side of the heat exchanger,
and at least one sensor 135C providing information indicative of biofouling on the cooling
water side of the heat exchanger.

[0059] Such sensors can be implemented in number of different ways in system 10. For
example, one or more of the sensors can be positioned in line with cooling water flowing
through heat exchanger 104 (e.g., upstream or downstream of the exchanger) either directly
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or via a slipstream pulled from the main cooling water stream. Alternatively, one or more of
the sensors may be implemented as an off-line monitoring tool that is not in direct fluid
communication with cooling water flowing through heat exchanger 104. In in these
applications, cooling water flowing through heat exchanger 104 may be extracted from the
system and transported to an off-line analysis system. Such off-line analysis may involve
direct evaluation of the sample, e.g., using one or more sensors, or may involve further
processing on the sample, such as performing wet chemistry processing on the sample to
generate data associate with the sample. In either case, data generated by sensor 135 and/or
otherwise associated with cooling water under evaluation can be received by controller 136,
e.g., for storage in memory and/or further processing.

[0060] For example, the following table illustrates example cooling water data that may be
obtained using online and/or offline monitoring techniques along with example capture

frequencies for the data:

Wet Chemistry Tests (Example Frequency)

Parameter Frequency
m-Alkalinity Weekly
Total Hardness Weekly
Suspended Hardness Weekly
Calcium Hardness Weekly
Magnesium Hardness Weekly
Total Ortho Phosphate Weekly
Soluble Ortho Phosphate Weekly
Total Zinc Weekly
Soluble Zinc Weekly
Total Chlorine Weekly
pH Weekly
Traced Product Level (ppm) Weekly
ORP Weekly
Conductivity Weekly
Nitrite Weekly
Nitrate Weekly
Dispersant Polymer Weekly
Triazole Weekly
Calcium Cycles Weekly
Microbial Tests (Example Frequency)
Aerobic Bacteria Weekly
Anaerobic Bacteria Weekly
Online Monitoring (Example Frequency)
Temperature (°F) 5 minutes
Conductivity (uS/cm) 5 minutes
pH 5 minutes
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ORP (mV) 5 minutes
Steel Corr. Rate (mpy) 5 minutes
Copper Corr. Rate (mpy) 5 minutes
Traced Product Level (ppm) 5 minutes
Dispersant Polymer Level (ppm) 5 minutes
Turbidity (NTU) 5 minutes
Background Channel (ppm) 5 minutes
Cell Fouling (%) 5 minutes

[0061] Analysis data such as that exemplified in the forgoing table may entered into and/or
stored in a computer-readable medium accessible by controller 136 for performing the
analysis and control techniques described herein. It should be appreciated that the computing
functionality attributed to controller 136 in system 100 may be performed on any one or more
controllers associated with the system, be it physically onsite or remotely located, and the
functionalities described herein are not limited to being performed on any specific hardware
device or combination of hardware devices. Accordingly, the description of certain
computing functionalities being performed on controller 136 is for purposes of discussion,
and the disclosure is not limited in this respect.

[0062] To evaluate the likelihood that fouling conditions in system 10 are being caused by
scale, controller 136 can receive data associated with a scale fouling mechanism. Sensor 135
in system 10 may generate, and controller 136 may receive, data concerning a concentration
of phosphate in the cooling water, a concentration of calcium in the cooling water, a
concentration of manganese in the cooling water, a concentration of aluminum in the cooling
water, a concentration of iron in the cooling water, a concentration of phosphate in the
cooling water, a concentration of alkalinity in the cooling water, and/or a concentration of
silica in the cooling water. Increased concentrations of one or more of these components may
be associated with an increased risk of scale fouling.

[0063] As another example, sensor 135 may be implemented using an optical sensor to
provide a measurement indicative of a concentration and/or size of particles in the cooling
water. For example, an optical sensor may be used to measure the turbidity and/or light
scatting characteristics of the cooling water. An increased concentration of particulate in the
cooling water may be associated with scaling fouling constituents, suggesting a scale fouling
mechanism. Additionally or alternatively, an optical sensor may be used to measure fouling
formation on a surface of the cooling water stream-side of heat exchanger 104 or an analogue
thereof, such as a metal coupon or test strip exposed to the same cooling water conditions the

heat exchanger is exposed to. The optical sensor may optically evaluate the foulant formed

16




WO 2019/094747 PCT/US2018/060071

on the surface being monitored to determine the characteristics of the foulant and,
correspondingly, whether the foulant is associated with a scale fouling mechanism (or
corrosion or biofouling).

[0064] Controller 136 may receive additional or different data indicative of a potential scale
fouling mechanism and use the information to control the cooling water system. As one
example, controller 136 may receive data corresponding to pressure drop across heat
exchanger 104 on the cooling water side and calculate a C-factor (thermal conductance
factor) based on the pressure drop. A decrease in C-factor over time may include the
formation of scale fouling.

[0065] To evaluate the likelihood that fouling conditions in system 10 are being caused by
corrosion, controller 136 can receive data associated with a corrosion fouling mechanism.
Sensor 135 in system 10 may generate, and controller 136 may receive, data concerning a
concentration of iron in the cooling water and/or a concentration of copper in the cooling
water. Increased concentrations of one or more of these components may be associated with
corrosion fouling constituents. As another example, a linear polarization probe may be used
to make resistance measurement indicative of corrosion conditions in the cooling water.
[0066] As still another example, an optical sensor may be used to measure fouling formation
on a surface of the cooling water stream-side of heat exchanger 104 or an analogue thereof,
such as a metal coupon or test strip exposed to the same cooling water conditions the heat
exchanger is exposed to. The optical sensor may optically evaluate the foulant formed on the
surface being monitored to determine the characteristics of the foulant and, correspondingly,
whether the foulant is associated with a corrosion fouling mechanism. When an analogue is
used to measure fouling conditions within system 10 rather than making direct measurements
on a surface of the cooling water-side of heat exchanger 104, the analogue may or may not be
formed of a same metallurgy as a metal defining the cooling water stream-side of the heat
exchanger.

[0067] In one example configuration of system 10, a model or test heat exchanger may be
used in conjunction with heat exchanger 104 to provide insights into the corrosion behavior
occurring in heat exchanger 104. The model heat exchanger may be a different heat
exchanger than the main heat exchanger 104 and may have a smaller capacity. A tube or
coupon of metal functioning as an analogue to the cooling water-side of heat exchanger 104
can be placed within the housing. The model heat exchanger can be fluidly connected to the
cooling water and/or process streams passing through heat exchange 104, e.g., by taking a
slip stream(s).
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[0068] To evaluate the likelihood that fouling conditions in system 10 are being caused by
biofouling, controller 136 can receive data associated with a biofouling mechanism. Sensor
135 in system 10 may generate, and controller 136 may receive, data concerning a
concentration of adenosine triphosphate in the cooling water, an amount of total organic
carbon in the cooling water, and/or an oxidation-reduction potential of the cooling water.
These constituents may be associated with biological activity in the cooling water that can
cause biofouling.

[0069] Additionally or alternatively, an optical sensor may be used to measure fouling
formation on a surface of the cooling water stream-side of heat exchanger 104 or an analogue
thereof, such as a metal coupon or test strip exposed to the same cooling water conditions the
heat exchanger is exposed to. The optical sensor may optically evaluate the foulant formed
on the surface being monitored to determine the characteristics of the foulant and,
correspondingly, whether the foulant is associated with a biofouling mechanism. As still
another example, a fluorometer may be used to measure fluorescence caused by excitation of
biological molecules in the cooling water, providing an indication of biological activity in the
cooling water.

[0070] Controller 136 may receive additional or different data indicative of a potential scale
fouling mechanism and use the information to control the cooling water system. As one
example, controller 136 may receive data corresponding to a biological assay performed on
the cooling water, such as an assay for planktonic and/or sessile activity. The results of the
assay can provide a measure of the level of biological organisms in the cooling water and,
correspondingly, the likelihood of a biofouling mechanism.

[0071] System 10 may include other sensors 135 provide information concerning the state of
the cooling water in the system and a potential fouling mechanism occurring on the cooling
water-side of the heat exchanger. For example, in addition to monitoring a temperature of the
cooling water flowing through heat exchanger 104, a pH sensor may monitor a pH of the
cooling water. As another example, in situations where a chemical additive is introduced into
the cooling water stream to counteract a potential fouling cause, the additive may include a
fluorescently tagged polymer or inert fluorescent tracer that can be fluorometrically analyzed
to determine a concentration of the chemical in the cooling water. Controller 136 may
evaluate the consumption rate of the chemical additive based on fluorometric response to
help determine whether the detected cooling water fouling is associated with a fouling

mechanism being treated or a potentially a different fouling mechanism.
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[0072] System 10 in the example of FIG. 2 also includes controller 136. Controller 136 can
be communicatively connected to the sensor components and controllable components of
system 10 to manage the overall operation of the system. For example, controller 136 can be
communicatively connected to pump 106, cooling water inlet temperature sensor 126,
cooling water outlet temperature sensor 128, process stream inlet temperature sensor 130,
process stream outlet temperature sensor 132, flow sensor 134, and sensors 135.

[0073] Controller 136 includes processor 138 and memory 140. Controller 136
communicates with communicatively connected components via a wired or wireless
connection, which in the example of FIG. 2 is illustrated as a wired connection. Controls
signals sent from controller 136 and received by the controller can travel over the connection.
Memory 140 stores software for running controller 136 and may also store data generated or
received by processor 138, e.g., from temperature sensors 126, 128, 130, 132, and flow
sensor 134. Processor 138 runs software stored in memory 140 to manage the operation of
system 10.

[0074] Controller 136 may be implemented using one or more controllers, which may be
located at the facility site containing heat exchanger 104. Controller 136 may communicate
with one or more remote computing devices 142 via a network 144. For example, controller
136 may communicate with a geographically distributed cloud computing network, which
may perform any or all of the functions attributed to controller 136 in this disclosure.

[0075] Network 144 can be configured to couple one computing device to another computing
device to enable the devices to communicate together. Network 144 may be enabled to
employ any form of computer readable media for communicating information from one
electronic device to another. Also, network 144 may include a wireless interface, and/or a
wired interface, such as the Intemet, in addition to local area networks (LANSs), wide area
networks (W ANs), direct connections, such as through a universal serial bus (USB) port,
other forms of computer-readable media, or any combination thereof. On an interconnected
set of LANSs, including those based on differing architectures and protocols, a router may act
as a link between LANSs, enabling messages to be sent from one to another. Communication
links within LANs may include twisted wire pair or coaxial cable, while communication links
between networks may utilize analog telephone lines, full or fractional dedicated digital lines,
Integrated Services Digital Networks (ISDNs), Digital Subscriber Lines (DSLs), wireless
links including cellular and satellite links, or other communications links. Furthermore,
remote computers and other related electronic devices may be remotely connected to either
LANSs or WANSs via a modem and temporary telephone link.
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[0076] In operation, temperature sensors 126, 128, 130, and 132 can generate data indicative
of a temperature of a respective fluid stream entering or exiting heat exchanger 104.
Likewise, flow sensor 134 can generate data indicative of a flow rate of cooling water exiting
heat exchanger 104. Controller 136 can receive data from the sensors deployed throughout
system 10 and use data generated by the sensors to determine a heat transfer efficiency of
heat exchanger 104. With reference to information stored in memory relating received
temperature information and/or flow rate information to heat transfer efficiency values,
controller 136 can determine heat transfer efficiency values for the heat exchanger.

[0077] In some examples, controller 136 can determine the heat transfer efficiency of heat

exchanger 104 using Equation (1) below:

meATwater

Equation 1: U-Value:

AT mrpxHeat Tr. Area xF,
[0078] In Equation (1) above, U-Value is the heat transfer efficiency, m is the mass flow rate
of the cooling water stream, C;, is the specific heat of the cooling water stream, ATyater 1S @
difference between the temperature of the cooling water stream exiting the heat exchanger
and the temperature of the cooling water stream entering a heat exchanger, Heat Tr. Area is
an amount of surface area of the heat exchanger over which thermal energy is transferred
between the process stream and the cooling water stream, Fyis a correction factor
corresponding to a geometry of the heat exchange and AT, yrp is a log-mean temperature
difference. Parameters such as the specific heat of the cooling water stream, the heat transfer
area of heat exchanger 104, and a correction factor, may be stored in a memory and/or
calculable based calculate information stored in memory. For example, a user may use a user
input device to store information in memory 140 of controller 136 corresponding to the
specific heat of the cooling water stream (e.g., the specific heat of water), and characteristics
corresponding to the geometry of heat exchanger 104.

[0079] The log-mean temperature difference in Equation (1) above may be calculated using

Equation (2) or (3) below.

. (Tprocess,in - twater,out) - (Tprocess,out - twater,in)
Equation 2: AT, =
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log, T — -
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(Tprocess,in - twater,in) - (Tprocess,out - twater,out)

Equation 3: AT yrp = T — :
process,in water,in

lo
€ Tprocess,out - twater,out
[0080] Equation (2) may be used in circumstances where the cooling water stream and the

process stream flow in a counter-current direction. Equation (3) may be used in
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circumstances where the cooling water stream and the process stream flow in a co-current
direction. In both Equations (2) and (3), Tprocess.in 1S the temperature of the process water
stream entering the heat exchanger as measured by temperature sensor 130, Tprocess, out 1S the
temperature of the process stream exiting the heat exchanger as measured by temperature
sensor 132, tyaeerin 1S the temperature of the cooling water stream entering the heat exchanger
as measured by temperature sensor 126, and tyacer, out 1S the temperature of the cooling water
stream exiting the heat exchanger, as measured by temperature sensor 128.

[0081] Controller 136 may receive data from the sensors in system 10 and determine the heat
transfer efficiency of heat exchanger 104 continuously or on a periodic basis. For example,
controller 136 may determine the heat transfer efficiency of heat exchanger 104 at least once
per day, such as at least once per hour, at least once per minute, or at least once per second.
The frequency with which controller 136 calculates the heat transfer efficiency of heat
exchanger 104 may vary depending on the sampling rate of the sensors in system 10, the
processing capacity of controller 136, and/or an operator input selecting the frequency with
which the heat transfer efficiency should be calculated.

[0082] In practice, it is desirable if heat exchanger 104 exhibits a high heat transfer efficiency
that remains high (e.g., substantially constant) during the service interval of the heat
exchanger. In practice, however, the heat transfer efficiency of heat exchanger 104 may
decrease over time is fouling builds up on the process stream side of the heat exchanger
and/or on the cooling water side of the heat exchanger. By monitoring the rate at which
fouling builds up on the heat exchanger and the corresponding rate at which the thermal
efficiency changes for the heat exchanger, interventional action may be taken on the cooling
water side by controlling pump 106 to control the addition of one or more chemical additives
to the cooling water stream in response to detecting changes in thermal efficiency.

[0083] In some examples, controller 136 establishes a heat transfer efficiency trend for heat
exchanger 104 over a period of time. The period of time over which the heat transfer
efficiency trend is established may begin when the heat exchanger is first placed in service
(e.g.. is new or following cleaning). This is when heat exchanger 104 is least likely to be
fouled. Alternatively, the period of time over which the heat transfer efficiency trend is
established may begin after the heat exchanger has been placed in service for a period of
time. For example, the heat transfer efficiency trend may be begin when changes are made to
the cooling water stream (e.g., following blow down) and/or changes are made to the process
stream (e.g., change in temperature, pressure, composition) flowing through heat exchanger
104.
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[0084] Independent of when the period of time for measuring the heat transfer efficiency
trend for heat exchanger 104 begins, controller 136 may measure the heat transfer efficiency
for a period of time effective to provide a statistically reasonable trend of the heat transfer
efficiency behavior. For example, controller 136 may measure the heat transfer efficiency of
heat exchanger 104 for at least 1 day, such as at least 5 days, at least 10 days, at least 20 days,
or at least 30 days. In some examples, controller 136 measures the heat transfer efficiency of
heat exchanger 104 for a period of time ranging from 1 day to 120 days, such as from 5 days
to 100 days, from 10 days to 45 days, or from 5 days to 30 days. In some examples,
controller 136 measures the heat transfer efficiency as a rolling average over a certain number
of preceding days, such as a proceeding period ranging from 5 days to 50 days.

[0085] Controller 136 can generate heat transfer efficiency values based on sensor
information received during the period of measurement. Controller 136 can further perform
statistical trend analysis on the heat transfer efficiency values determined during the period of
measurement to identify a trend for the heat transfer efficiency of heat exchanger 104.

[0086] In some examples, controller 136 may fit a curve to heat transfer efficiency values
plotted on a y-axis of a graph with corresponding measurement time plotted on the x-axis of
the graph. In one example, the curve is a first order equation having the form y=m*x+b,
where y is the heat transfer efficiency, x is the time, m is the slope of the curve, and b is the
intercept of the curve. The slope of the curve “m” can be stored in a memory associated with
controller 136 as a trend corresponding to heat transfer efficiency of heat exchanger 104. In
other examples, a higher order polynomial curve may be fit to the data.

[0087] In some examples, controller 136 processes the temperature data received from
sensors 126, 128, 130, and 132 and/or flow data received from sensor 134 prior to calculating
the heat transfer efficiency. For example, controller 136 may smooth the data using a
statistical smoothing algorithm to remove noise and outliers from the data. Controller 136
may then determine the heat transfer efficiency using smoothed temperature values.
Alternatively, controller 136 may calculate heat transfer efficiency values for the raw data
and apply the smoothing algorithm to the calculated heat transfer efficiency values.
Subsequent trend analysis and change detection may be performed using the smoothed data.
[0088] Controller 136 can continue receiving measurements from the sensors in system 10
and generating heat transfer efficiency values based on the received sensor data after
establishing a heat transfer efficiency trend. Controller 136 can compare heat transfer
efficiency information for heat exchanger 104 to the heat transfer efficiency trend determined
for the heat exchanger and detect if there is a change in the heat transfer efficiency trend. For
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example, controller 136 may determine a heat transfer efficiency trend for a measurement
period and compare that trend to the earlier-established trend. The measurement period can
be comparatively short (e.g., a day or less) or longer (e.g., a day or more, such as a week or
more). In applications where controller 136 fits a first order equation to the heat transfer
efficiency data calculated based on data received from heat exchanger 104, the controller may
determine a slope of the heat transfer efficiency during the measurement period. Controller
136 may compare the slope of the heat transfer efficiency trend of heat exchanger 104 during
the measurement period (comparison period) to the slope of the earlier-established heat
transfer efficiency trend (baseline period).

[0089] A variety of different indicators may be used to divide a data set of heat transfer
efficiency data into a baseline period and a comparison period for purposes of relative
comparison and quantification of trend change. In some example, heat transfer efficiency
data is split based on an event impacting the operation of system 10 into a baseline period
before the event and a comparison period after the event. Example events include: plant
shutdown and startup (e.g., turnaround), the changing of a piece of equipment the cooling
water contacts (e.g., pump, heat exchanger), a water chemistry upset in the cooling tower
water and/or associated chemical feeds (e.g., a change in the concentration of a chemical
species in the water greater than 10%, such as greater than 20%, greater than 50%, or greater
than 100%), a change in operating temperature, a change in process stream composition or
conditions, and combinations thereof. The heat transfer efficiency trend data before the event
can form the baseline period, and the heat transfer efficiency trend data after the event can
form the comparison period. Controller 136 may be informed of the event through user input
via a user interface or other monitored data received by the controller indicating the
occurrence of the event.

[0090] As another example, controller 136 can establish a moving average (e.g., having a
period ranging between 10 days and 3 months) of heat transfer efficiency trend data as a
baseline and compare later heat transfer efficiency trend data to the moving average to
provide the comparison. As yet a further example, controller 136 can divide monitored heat
transfer efficiency data into two periods (e.g., a baseline period and a comparison period)
based on duration and compare the two periods to each other. For example, controller 136
can divide monitored heat transfer efficiency data into a baseline period generated over a
baseline duration and a comparison period generated over a comparison duration. The
baseline duration and comparison duration may be the same as or different than each other.
In some examples, the baseline duration and comparison duration each range from a length of
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one week of monitored heat transfer efficiency trend data to 6 months of monitored heat
transfer efficiency trend data, such as from 2 weeks of monitored heat transfer efficiency
trend data to 4 months of monitored heat transfer efficiency trend data, or from 1 month of
monitored heat transfer efficiency trend data to 3 months of monitored heat transfer
efficiency trend data.

[0091] Independent of the technique used by controller 136 to divide data corresponding to
heat transfer efficiency into a baseline period and a comparison period, in some applications,
controller 136 compares the change in heat transfer efficiency over the two periods to each
other. For example, controller 136 may determine a percent change in the heat transfer
efficiency over the baseline period and the comparison period by comparing the slopes of
fitted trend lines for each period.

[0092] As the duration or length of the baseline period may be different than the comparison
period, controller 136 may normalize the calculated heat transfer efficiency change over each
period to a standardized duration. For example, controller 136 may adjust (e.g., linearly
extrapolate) the calculated change to an annualized (12 month) period or period of other
duration. By way of illustration, where the duration of the baseline period is 3 months,
controller 136 can multiply the calculated heat transfer efficiency change for the baseline
period by 4 to annualize the change to a 12 month basis.

[0093] Controller 136 can compare the heat transfer efficiency trend from the baseline period
to the heat transfer efficiency trend for the comparison period. Controller 136 may perform
the comparison by comparing the time-adjusted (e.g., annualized) change in heat transfer
efficiency over the baseline period to the time-adjusted change in heat transfer efficiency
over the comparison period. In different examples, controller 136 may calculate a difference
between the two values (e.g., by subtracting the time-adjusted change in heat transfer
efficiency over the baseline period to the time-adjusted change in heat transfer efficiency
over the comparison period), a ratio of the two values, or other parameter representing a
comparison between the two values.

[0094] Controller 136 may determine if the heat transfer efficiency trend during the
measurement period differs from the earlier-established heat transfer efficiency trend by more
than a threshold amount. The threshold amount may be greater than or equal to 1% of the
earlier-established heat transfer efficiency value (e.g., slope), such as greater than or equal to
5% of the earlier-established heat transfer efficiency value, greater than or equal to 10% of
the earlier-established heat transfer efficiency value, greater than or equal to 25% of the
earlier-established heat transfer efficiency value, or greater than or equal to 50% of the
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earlier-established heat transfer efficiency value. For example, the threshold amount may
range from 1 percent to 50 percent of the earlier-established heat transfer efficiency value,
such as from 2 percent to 25 percent, or from 5 percent to 20 percent.

[0095] Where controller 36 determines a parameter representing a comparison of heat
transfer efficiency over two periods—for example, a difference between a time-adjusted
change in heat transfer efficiency over a baseline period to a time-adjusted change in heat
transfer efficiency over a comparison period—the threshold may be one or more discrete
values rather than a percentage. When the parameter is a difference in annualized U-value
(e.g., the change in annualized U-value over comparison period minus the change in
annualized U-value over the baseline period), the threshold value may be zero or less
BTU/hr/ft2/degF per year, such as -10 or less BTU/hr/ft2/degF per year, -25 or less
BTU/ht/ft2/degF per year.

[0096] If the heat transfer efficiency trend is deviating negatively from the earlier-established
heat transfer efficiency trend, it may be indicative that the heat exchanger is fouling faster
during the measurement period than during earlier operation. If left untreated, the more rapid
fouling may reduce the operating efficiency of heat exchanger 104, potentially necessitating
costly and unplanned shutdown to clean the exchanger before the next scheduled cleaning.
For example, when the parameter corresponding to comparison between the two monitored
time periods is determined to be at or below the threshold, controller 136 may determine that
problematic cooling water fouling is likely occurring. By contrast, if the parameter is
determined to be above the threshold, controller 136 may determine that problematic cooling
water fouling is likely not occurring.

[0097] To help respond to the detected change in heat transfer efficiency trend, controller 136
can determine a predicted cause of the change in heat transfer efficiency trend and control the
cooling water system based on the predicted cause. Controller 136 may determine a
predicted cause of the change in heat transfer efficiency trend based on the data received
corresponding to different potential fouling causes on the cooling water-side of heat
exchanger 140. For example, controller 136 may receive data corresponding to a potential
scale fouling root cause, a potential corrosion fouling root cause, and data corresponding to a
biofouling root cause. From the different received data, controller 136 can determine a
predicted or most likely fouling cause from the different causes being evaluated based on the
received data. Controller 136 can then control cooling water system 10 based on the

predicted fouling cause.
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[0098] In some examples, controller 136 applies a weighting factor to each data parameter
received that corresponds to the different types of fouling mechanisms being evaluated to
determine a lead or predicted fouling cause. Each weighting factor can correspond to the
predictive strength and probative value a particular data parameter has on determining the
underlying root cause of a cooling water-side fouling problem. A particular weighting factor
may be determined based on causal analysis of empirical data relating a particular parameter
to a particular fouling mechanism. The weighting factor may be further adjusted upwardly or
downwardly based on application-specific factors related to the particular cooling water
process being monitored and controlled. Controller 136 may determine the weighting factors
to be used for each particular data parameter, or the weighting factors may programmed into
a memory associated with controller 136 and used by the controller to determine a predicted
cause of fouling associated with the detected change in heat transfer efficiency trend.

[0099] Although the specific weighting factors applied by controller 136 can vary based on
the application, Tables 1, 2, and 3 provide ranges of exemplary weighting factors that may be
applied to different parameters that can be associated with different types of fouling
mechanisms. In the table, percentage of baseline refers to the parameter as measured after
detecting a change in heat transfer efficiency (e.g., increase in fouling rate) as compared to
the parameter as measured during a low fouling rate (e.g., baseline) operating conditions.
Likewise, percentage of KPI (key performance indicator) refers to the value for the parameter
as measured after detecting a change in heat transfer efficiency (e.g., in a fouled state) as
compared to the target value for the parameter for target system (e.g., baseline) operating
conditions. Further, it should be appreciated that the fouling parameters listed in the

foregoing tables are examples and the disclosure is not limited in this respect.

Table 1: Example parameters corresponding to scale fouling and associated example
weighting factors.

Scale Fouling Parameter Number Weight

Optical Fouling Measurement of

Surface % > Baseline | 0.5 to 4

Turbidity % > Baseline | 0.25to 1
Light Scattering % > Baseline | 0.25to 1
Temperature % > Baseline | 0.5t0 4
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pH % > Baseline | 0.5t0 4
PO4 Concentration % > Baseline | 0.5t02
Ca Concentration % > Baseline | 0.25to 1
Mg Concentration % > Baseline | 0.25to 1
Al Concentration % > KPI 05t02
Mn Concentration % > KPI 05t02
Fe Concentration % > KPI 05t02
Silica Concentration % > Baseline | 0.5t02
Alkalinity Concentration % > Baseline | 0.25 to 4
Water Treatment Chemical Conc. % < Baseline | 0.5t02
Water -side C Factor % > Baseline | 0.5 to 2
Dispersant Polymer Consumption % > Baseline | 0.5 to 2
Cooling Water Treatment Feed
Rates % > Baseline | 0.5t04

Table 2: Example parameters corresponding to corrosion fouling and associated example

weighting factors.

Corrosion Fouling Parameter Number Weight
Linear Polarization Measurements | % > KPI 0.5t02
Pitting Index % > KPI 0.5t02
Optical Corrosion Measurements | % > Baseline | 0.25to 1
Coupon Corrosion Rate % > KPI 0.5t02
Localized Coupon Penetration % > KPI 05t02
Temperature % > Baseline | 0.25to 1
pH % <Baseline | 0.5to4
Iron Concentration % > KPI 05to4
Copper Concentration % > KPI 0.5t02
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Water Treatment Chemical Conc. | % < KPI ‘ 05t02 ‘

Table 3: Example parameters corresponding to biofouling and associated example weighting

factors.

State of Microbial Control Indicators Number Weight

Fouling of Test Surfaces (microbe sensor) % > Baseline | 0.5 to 4

Turbidity % > Baseline | 0.25t0 1
Light Scattering % > Baseline | 0.25t0 1
Fluorescently Observed Microbial Activity % > Baseline | 0.5 to 4

ATP Sensing % > Baseline | 0.5 to 2

Planktonic Assay Methods % > KPI 05to4

Sessile Assay Methods % > KPI 05to4

Ambient Temperature % > Baseline | 0.25t0 1
TOC Concentration % > KPI 05t02

Oxidant Residual Levels % < KPI 05to4

Oxygen Residual Levels % < KPI 025to01
Oxidation Reduction Potential % < Baseline | 0.5 to 4

Amperometric Measurements % < Baseline | 0.5 to 4

Decay time of oxidant residuals % > Baseline | 0.5 to 2

Oxidant Consumption % > Baseline | 0.5 to 4

Concentration Ratio of Fluorescent Bioactivity

Probes % > Baseline | 0.5 to 2

Cooling Water Treatment Feed Rates % < Baseline | 0.5 to 4

[00100] Controller 136 can apply a weighting factor by multiplying a respective data

parameter by its corresponding weighting factor. Depending on the number of data points
available for a particular parameter, controller 136 may average multiple measurements of
the parameter and apply the weighting factor to an averaged value of the parameter. For

example, controller 136 may determine a mean, median, or mode of the multiple data points
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to provide an average of the parameter, and then apply the weighting factor to the averaged
parameter. The period over which the measured parameters being averaged are taken may
begin upon detecting the change in heat transfer efficiency trend for heat exchanger 104. The
change in heat transfer efficiency trend may signal a change in cooling water conditions
corresponding to changing fouling conditions. Accordingly, measurements made prior to
detecting the change in heat transfer efficiency trend may be omitted in some case where the
data may not be reflective of the changed conditions of the cooling water.

[00101] To identify a predicted cause of potential fouling that may be causing the detected
change in the heat transfer efficiency trend, controller 136 may determine an aggregate
fouling score for each fouling mechanism being evaluated as a potential root cause.
Controller 136 may determine the aggregate fouling score by summing the weighted
parameter associated with a parameter fouling mechanism. For example, controller 136 may
determine an aggregate scale fouling score by summing each weighted data parameter
indicative of scale fouling. Controller 136 may determine an aggregate corrosion fouling
score by summing each weighted data parameter indicative of corrosion fouling. Further,
controller 136 may determine an aggregate biofouling score by summing each weighted data
parameter indicative of biofouling.

[00102] In practice, the number of data parameters associated with each type of fouling being
evaluated as a root cause of the detected change in heat transfer efficiency may vary. For
example, the number of parameters measured corresponding to a potential scale fouling cause
may be different than the number of parameters measured corresponding to a potential
corrosion fouling cause, each of which may be the same as or different than the number of
parameters measured corresponding to a potential biofouling cause. In situation where this
discrepancy exists, the summed total of the weighted parameters corresponding to each type
of fouling mechanism may be normalized based on the number of parameters. For example,
controller 136 may divide the summed total of the weighted parameters corresponding to
each type of fouling mechanism by the number of parameters. This can provide an aggregate
fouling score for each type of potential fouling mechanism being evaluated that is normalized
to allow cross-comparison between the different fouling scores.

[00103] Controller 136 can determine a predicted cause of fouling attributable to the detected
change in heat transfer efficiency trend by comparing the aggregate fouling score for each
type of potential fouling mechanism to each other. For example, depending on how the
weighting factors are scaled, controller 136 may identify a smallest (minimum) or largest
(maximum) one of the aggregate fouling scores. Controller 136 may then establish a fouling
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cause associated with the identified aggregate fouling score as the predicted cause of the
detected change in heat transfer efficiency. Controller 136 can then control one more
chemical additives introduced into the cooling water system based on the predicted cause.
[00104] In some examples, controller 136 compares each of the aggregate fouling scores
corresponding to different potential fouling mechanisms to one or more threshold values.
Controller 136 may determine a predicted cause of fouling—or that fouling is not likely
occurring—based on the comparison. The specific threshold value(s) against which
controller 136 compares each of the aggregate fouling scores may vary, e.g., based on the
magnitude of the weighting factors applied. However, in some applications, controller 136
compares each of the aggregate fouling scores against a first threshold, such as a first
threshold of 0.25. This threshold value can vary depending on the magnitude of the
weighting factors used and the fouling tolerances of the user implementing the systems.
Independent of the specific value used, if an aggregate fouling score is below the first
threshold, controller 136 may indicate that the fouling mechanism associated with the fouling
score is unlikely to causing fouling and no action is needed. For example, where the heat
exchanger is blocked with loose debris in the cooling water unrelated to fouling, comparison
of the aggregate fouling scores to the threshold may reveal that corresponding change in heat
transfer efficiency trend is not caused by scale, corrosion, or microbial fouling.

[00105] Additionally or alternatively, controller 136 may compare each of the aggregate
fouling scores against a second threshold. The second threshold may vary from the first
threshold by a factor of at least 2. In some examples, the second threshold is greater than the
first threshold. For instance, in an example where the first threshold is 0.25, the second
threshold may be 0.5. Again, though, different threshold values may be used depending on
the specific weighting factors applied to the data. If an aggregate fouling score is above the
second threshold, controller 136 may indicate that the fouling mechanism associated with the
fouling score is like causing fouling and remedial action is needed. If the aggregate fouling
score is between the two thresholds, the controller may issue warning to a user interface (e.g.,
with or without taking action), indicating that close monitoring of potential fouling is needed.
[00106] Controller 136 may control system 10 based on the predicted fouling cause by taking
actions to counteract the predicted fouling cause. As one example, controller 136 may
control system 10 to blow down cooling tower 102. As another example, controller 136 may
control system 10 by controlling addition of a chemical additive selected to counteract the
predicted fouling cause. For example, where the predicted cause is scale fouling, controller
136 may control addition of a scale inhibitor and/or pH control agent to inhibit scale fouling
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formatting in the system. As another example, where the predicted cause is corrosion
fouling, controller 136 may control addition of a corrosion inhibitor and/or pH control agent
to inhibit corrosion fouling in the system. As still another example, where the predicted
cause is biofouling, controller 136 may control addition of a biocide and/or biodispersant to
inhibit biofouling in the system.

[00107] While the foregoing remedial actions are described as being performed by controller
136, it should be appreciated that operator intervention may or may not be needed to perform
some or all of the actions. For example, in practice, controller 136 may issue a user alert
(e.g., visual text and/or graphics) on a computer user interface providing control instructions
and/or a recommended course of action for addressing a predicted fouling cause. An operator
may interact with plant equipment—either manually or through a controller interface (e.g.,
computer) controlling the plant equipment—to implement the desired actions counteracting
the predicted fouling cause.

[00108] In applications where there are multiple different chemical additives available for
introduction into the cooling water, controller 136 may select one or more of the different
chemical additives to be introduced into the cooling water by controlling valve(s) and/or
pump(s) fluidly coupling the one or more different chemical additives to the cooling water
stream. For example, controller 136 may vary the type of chemical additive introduced into
the cooling water and/or the rate at which the chemical additive is introduced into the cooling
water based on the detected change in heat transfer efficiency trend and predicted fouling
cause.

[00109] In some examples, controller 136 starts pump 106 or increases the operating rate of
pump 106 in response to detecting a change indicating that the heat transfer efficiency trend
for heat exchanger 104 has decreased by more than a threshold amount compared to the
earlier-established heat transfer efficiency trend and based on the predicted fouling cause.
Additionally or alternatively, controller 136 may stop pump 106 or decrease the operating
rate of pump 106 in response to detecting the change and based on the predicted fouling
cause (e.g., where the chemical being introduced into the system may increase to the
predicted fouling cause).

[00110] Controller 136 can continue receiving data from the sensors in system 10 and
calculating a heat transfer efficiency for heat exchanger 104 after controlling the system (e.g.,
adjusting a chemical additive introduced into the cooling water) based on the predicted
fouling cause. Controller 136 may monitor the heat transfer efficiency trend for heat
exchanger 104 following changes made to the chemical additive(s) (e.g., type and/or rate).
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Controller 136 may determine if the heat transfer efficiency stabilizes (e.g., remains
substantially constant), returns toward the previously-established trend, or deviates further
from the previously-established trend. In applications where the heat transfer efficiency trend
remains constant after taking counteracting action—which can correspond to a negative
deviation initially detected—or the trend decreases further, controller 136 may determine that
the predicted fouling cause is not the likely actual cause. For example, controller 136 may
monitor the heat transfer efficiency trend after taking counteracting action to address the
predicted fouling cause and determine if the trend changed by more than a threshold amount
(e.g., greater than plus or minus 5%, such as greater than plus or minus 10%). In cases where
fouling continues to exists in process continues, the trend may remain negative but be at a
different (shallower or lower) slope than prior to taking interventional action.

[00111] In such applications, controller 136 may determine an alternative predicted cause of
the detected change in the heat transfer efficiency trend. Controller 136 may determine an
alternative predicted cause of the fouling be comparing the aggregate fouling score associated
with the remaining potential fouling mechanisms (e.g., excluding the aggregate fouling score
for the fouling mechanism already identified as the predicted fouling cause). Depending on
how the weighting factors are scaled, controller 136 may identify a smallest (minimum) or
largest (maximum) one of the remaining aggregate fouling scores and establish a fouling
cause associated with the identified aggregate fouling score as the alternative predicted cause
of the detected change in heat transfer efficiency. Controller 136 can then control one more
chemical additives introduced into the cooling water system based on the alternative
predicted fouling cause.

[00112] Controller 136 can monitor the heat transfer efficiency trend in response to the
actions taken to counteract the alternative predicted fouling cause. Controller 136 may repeat
the process until a predicted fouling cause is identified that appears to be the root cause of the
change in heat transfer efficiency trend originally detected. Additionally or alternatively,
controller 136 may issue an output (e.g., user alert) indicating that the detected change in heat
transfer efficiency trend is likely not associated with cooling water-side fouling (e.g., caused
by scale fouling, corrosion fouling, or biofouling). For example, the change in heat transfer
efficiency trend may be caused by bulk debris entering heat exchanger 104 and plugging the
exchanger. As another alternative, the detected change in heat transfer efficiency trend may
be caused by process-side fouling on heat exchanger 104 and not cooling water-side fouling.
[00113] Controller 136 may take a variety of different control actions within system 10 in
addition to or in lieu of controlling pump 106 to change a type or concentration of chemical
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additive in the cooling water. As one example, controller 136 may increase the rate at which
cooling water flows through heat exchanger 104 in response to detecting a change in the heat
transfer efficiency trend for the heat exchanger. For example, if controller 136 detects a
sudden change in the absolute magnitude of the heat transfer efficiency of heat exchanger 104
and/or a significant decrease in the heat transfer efficiency trend (e.g., indicating rapid
fouling), that may be indicative of heat exchanger plugging due to silt, debris, or other matter.
Accordingly, increasing the flow rate of cooling water passing through the exchanger may
help flush particulate matter lodged within the heat exchanger. Controller 136 may control a
pump (not illustrated) supplying cooling water from a sump associated with cooling tower
102 to heat exchanger 104 to control the flow rate of cooling water supply to the heat
exchanger.

[00114] A cooling water monitoring and control system according to the disclosure can be
implemented in any process where a thermal exchange fluid is used to transfer thermal
energy with one or more process streams through a heat exchanger. Example process streams
that may flow through the hot side of heat exchanger 104 include, but are not limited to,
organic-based chemicals, crude oil, derivatives of crude oil (e.g., refined or partially refined
crude oil products), and intermediary or final products in an ammonia production process.
For example, the heat exchanger may be integrated in a polymer production plant organic
monomer, oligomer, and/or polymer flows through the process side of the heat exchanger.

As another example, the heat exchanger may be integrated into a power plant that generates
electricity from a renewable or non-renewable source. The process streams flowing through
the hot side of heat exchanger 104 may generally be liquid phase, although may be vapor
phase, and/or a liquid-vapor multi-phase stream. For example, heat exchanger 104 may be
integrated into an air separation plant such that a process stream on the process stream-side of
the heat exchanger is a gas.

[00115] Although FIG. 2 illustrates an example monitoring and control system containing a
single heat exchanger, as discussed above with respect to FIG. 1, example applications may
include multiple heat exchangers in series and/or in parallel. Controller 136 can receive data
from the sensors and determine a heat transfer efficiency trend for each of the connected heat
exchangers. Controller 136 can detect a change in the heat transfer efficiency trend of at least
one, and optionally multiple, of the heat exchangers being monitored and control addition of
the chemical additive to the cooling water stream based on the detected trend. In some such
examples, controller 136 may determine a predicted fouling cause and control cooling water
system 10 based on the predicted fouling cause upon detecting a change in the heat transfer
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efficiency trend (e.g., exceeding a threshold amount) of multiple of the heat exchangers. In
this case, the detection of changed heat transfer efficiency trends for multiple heat exchangers
may indicate the fouling conditions are actually changing as opposed to receiving errant
sensor data from one particular heat exchanger.

[00116] FIG. 3 is a flow diagram illustrating an example ammonia production process. As
shown in the illustrated example, the example process includes multiple cooling heat
exchangers through which cooling water may be conveyed. One or more (e.g., all) of these
example heat exchangers may be monitored using the techniques and systems described
herein, and chemical additive to the cooling water stream controlled based on the heat
exchanger efficiency trends.

[00117] The techniques described in this disclosure may be implemented, at least in part, in
hardware, software, firmware or any combination thereof. For example, various aspects of
the described techniques may be implemented within one or more processors, including one
or more microprocessors, digital signal processors (DSPs), application specific integrated
circuits (ASICs), field programmable gate arrays (FPGAS), or any other equivalent integrated
or discrete logic circuitry, as well as any combinations of such components. The term
“processor’” may generally refer to any of the foregoing logic circuitry, alone or in
combination with other logic circuitry, or any other equivalent circuitry. A control unit
comprising hardware may also perform one or more of the techniques of this disclosure.
[00118] Such hardware, software, and firmware may be implemented within the same device
or within separate devices to support the various operations and functions described in this
disclosure. In addition, any of the described units, modules or components may be
implemented together or separately as discrete but interoperable logic devices. Depiction of
different features as modules or units is intended to highlight different functional aspects and
does not necessarily imply that such modules or units must be realized by separate hardware
or software components. Rather, functionality associated with one or more modules or units
may be performed by separate hardware or software components, or integrated within
common or separate hardware or software components.

[00119] The techniques described in this disclosure may also be embodied or encoded in a
computer-readable medium, such as a non-transitory computer-readable storage medium,
containing instructions. Instructions embedded or encoded in a computer-readable storage
medium may cause a programmable processor, or other processor, to perform the method,
e.g., when the instructions are executed. Non-transitory computer readable storage media
may include volatile and/or non-volatile memory forms including, e.g., random access
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memory (RAM), read only memory (ROM), programmable read only memory (PROM),
erasable programmable read only memory (EPROM), electronically erasable programmable
read only memory (EEPROM), flash memory, a hard disk, a CD-ROM, a floppy disk, a
cassette, magnetic media, optical media, or other computer readable media.

[00120] The following examples may provide additional details about cooling water

monitoring and control systems and techniques according to the disclosure.

EXAMPLES

EXAMPLE 1 - Ammonia Plant

[00121] Temperature sensors were installed on a heat exchanger in an ammonia plant to
measure the inlet and outlet temperatures of the flow streams to the heat exchanger as well as
the flow rate of cooling water through the inlet of the heat exchanger. The heat exchanger
was a syngas cooler that passed syngas through the hot or process side of the heat exchanger
while cooling water flowed through the cold side of the heat exchanger. The heat exchanger
was a counter-current shell-and-tube exchanger. The syngas was supplied to the shell side of
the heat exchanger at a target flow rate of approximately 99,000 1b/hr, while the cooling
water was supplied at a target flow rate of approximately 1,000,000 Ib/hr.

[00122] The cooling water was supplied from a cooling tower that had a recirculation rate of
approximately 80,000 gallons/minute. The cooling tower had a capacity of approximately
500,000 gallons and exhibited a temperature differential of 12 degrees Fahrenheit. The
cooling water exhibited a FRC of 0.5 ppm as Cl,. The cooling water was initially controlled
with a combination of three chemical additives: a corrosion inhibitor (Nalco® 3DT129)
provided at a concentration of 35 ppm, a scale inhibitor (Nalco® 3DT191) provided at a
concentration of 75 ppm, and a yellow metal inhibitor (Nalco® 3DT199) provided at a
concentration of 10 ppm.

[00123] The data from the four temperature sensors and an ultrasonic flow sensor were
communicated by wired connection to a third part data logger. The data logger wirelessly
transmitted this raw data to a cloud server. From the cloud server, the data was accessed and
analyzed on a personal computer using spreadsheet software.

[00124] Temperature data from the heat exchanger were smoothed using local regression
with a span of 0.1. FIG. 4 is a graph of the cooling water inlet temperature (degrees
Fahrenheit) versus time showing the raw measurement data 200 along with smoothed data
202 overlaid. FIG. 5 is a graph of the cooling water outlet temperature (degrees Fahrenheit)
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versus time showing the raw measurement data 204 along with smoothed data 206 overlaid.
FIG. 6 is a graph of the process stream inlet temperature (degrees Fahrenheit) versus time
showing the raw measurement data 208 along with smoothed data 210 overlaid. FIG. 7is a
graph of the process stream outlet temperature (degrees Fahrenheit) versus time showing the
raw measurement data 212 along with smoothed data 214 overlaid. FIG. 8 is a graph
showing cooling water flow rates (gallons per minute) for an example period of time.

[00125] Heat transfer efficiency values and trends were calculated using the smoothed
temperature data produced from the temperature sensors installed on the heat exchanger. The
heat transfer efficiency trends were used to control the cooling water system, including the
chemical additives introduced into the cooling water. FIG. 9 is a graph showing heat transfer
coefficients calculated using the smoothed temperature data over the example period of time.
The sharp valleys in these data correspond to when water flowrate was decreased.

[00126] FIG. 10 shows heat transfer coefficients calculated for the heat exchanger based on
received temperature and flow rate data over an example range of dates. FIG. 11 shows the
oxidation-reduction potential (ORP) for the cooling water stream over the same example
range of dates, which is indicative of the concentration of biocidal chemical additive in the
cooling water. The data in FIGS. 10 and 11 are sectionalized into five periods of
experimental analysis. In the first period, data establishing a heat transfer efficiency trend
were established. The data showed a downward trend in heat transfer efficiency. In the
second period, the cooling water flow rate was increased, resulting in an increase in the heat
transfer coefficient for the heat exchanger proportional to the change in flow rate. In the third
period, the trend of the heat transfer efficiency was monitored and observed to decrease.
[00127] A changing trend in the heat transfer coefficient, particularly toward the end of the
third period, indicated accelerating fouling conditions. Accordingly, interventional action
was initiated. The cooling water was evaluated and microbial biofoulants suggested as the
cause of the fouling. In phase 4, biocide dosage was increased to the cooling water, resulting
in an increase in the heat transfer coefficient. To understand if this heat transfer improvement
was in response to biocide dosage increase initiated upon detecting the changing trend in the
heat transfer coefficient or some other factor, the biocide dosage was decreased in phase 5.

The data show that the heat transfer coefficient again decreased.

EXAMPLE 2 - Vinyl Plant
[00128] Temperature sensors were installed on a heat exchanger in a vinyl plant to measure
the inlet and outlet temperatures of the flow streams to the heat exchanger as well as the flow
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rate of cooling water through the inlet of the heat exchanger. The heat exchanger had a
propylene stream passing through the hot or process side of the heat exchanger while cooling
water flowed through the cold side of the heat exchanger. The heat exchanger was a counter-
current shell-and-tube exchanger. The propylene was supplied to the shell side of the heat
exchanger at a target flow rate of approximately 270,000 Ib/hr, while the cooling water was
initially supplied at a target flow rate of approximately 4,600,000 Ib/hr.

[00129] The cooling water was supplied from a cooling tower that had a recirculation rate of
approximately 85,000 gallons/minute. The cooling tower had a capacity of approximately
1,000,000 gallons and exhibited a temperature differential of 10 degrees Fahrenheit. The
cooling water exhibited a FRC of 0.5 ppm as Cl,. The cooling water was initially controlled
with a combination of three chemical additives: a corrosion inhibitor (Nalco® 3DT177)
provided at a concentration of 37 ppm, a scale inhibitor (Nalco® 3DT390) provided at a
concentration of 28 ppm, and a yellow metal inhibitor (Nalco® 3DT197) provided at a
concentration of 10 ppm.

[00130] The data from the four temperature sensors and an ultrasonic flow sensor were
communicated by wired connection to a third part data logger. The data logger wirelessly
transmitted this raw data to a cloud server. From the cloud server, the data was accessed and
analyzed on a personal computer using spreadsheet software.

[00131] Temperature data from the heat exchanger were smoothed using local regression
with a span of 0.05. FIG. 12 is a graph of the cooling water inlet temperature (degrees
Fahrenheit) versus time showing the raw measurement data 220 along with smoothed data
222 overlaid. FIG. 13 is a graph of the cooling water outlet temperature (degrees Fahrenheit)
versus time showing the raw measurement data 224 along with smoothed data 226 overlaid.
FIG. 14 is a graph of the process stream inlet temperature (degrees Fahrenheit) versus time
showing the raw measurement data 228 along with smoothed data 230 overlaid. FIG. 15is a
graph of the process stream outlet temperature (degrees Fahrenheit) versus time showing the
raw measurement data 232 along with smoothed data 234 overlaid. FIG. 16 is a graph
showing cooling water flow rates (gallons per minute) for an example period of time. The
step change in water flow rate was caused by an intentional decrease in the water flow.
[00132] Heat transfer efficiency values and trends were calculated using the smoothed
temperature data produced from the temperature sensors installed on the heat exchanger. The
heat transfer efficiency trends were used to control the cooling water system, including the

chemical additives introduced into the cooling water. FIG. 17 is a graph showing heat
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transfer coefficients calculated using the smoothed temperature data over the example period
of time.

[00133] In this example, the heat transfer coefficient trend during the period of measurement
was substantially flat despite the fact that an operational change was made to reduce the
cooling water flow rate back to its original design value during the monitoring period. In this
example, the baseline period used in the analysis was defined as the period before the
operational change in the water flow rate; the comparison period used in the analysis was
defined as the period after the operational change. The heat transfer trend data in this
example did not show a significant change between the baseline period and the comparison.
This suggests that the extra water and associated electrical pumping costs incurred by the
operator for making the operation change are likely not justified and operator may revert back

to the baseline operating conditions.

EXAMPLE 3 — Expanded Monitoring of Ammonia Plant Operation

[00134] Expanded monitoring and experimental testing following the principles of the
present disclosure were performed at the ammonia plant described in EXAMPLE 1 over a
five month experimental period. Temperature data from the heat exchanger were smoothed
using local regression. Heat transfer efficiency values and trends were calculated using the
smoothed temperature data produced from the temperature sensors installed on the heat
exchanger. FIG. 18 is a graph showing heat transfer coefficients calculated using the
smoothed temperature data over the example period of time.

[00135] The monitored heat transfer trend data shown in FIG. 18 were analyzed using Excel
to detect a change in the heat transfer efficiency trend equal to or greater than a threshold
value, which may be indicative of a fouling problem. The heat transfer coefficient data were
divided into two periods for comparative analysis relative to each other, enabling detection of
the change. The first period ranged from February 1 to April 15 in the example, while the
second period ranged from April 16 to June 30 in the example. The data for the first period
are represented with triangle symbols on FIG. 18, while the data for the second period are
represented by square symbols. The dividing time between the two periods was determined
based on visual inspection of the data for purposes of the working example. In other
applications, the monitored data may be divided based on the occurrence of external events,
comparison of new data to a moving average, or other comparative techniques consistent with

principles described herein.
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[00136] In the present example, heat transfer coefficient trends for the two time periods were

characterized by fitting a first order curve having a slope and an intercept to each heat

transfer coefficient trend. The annualized percent change in the slope of the heat transfer

coefficient over the monitored period was also calculated by comparing the annualized heat

transfer coefficient trend line slope for each period. The percentage change in the annualized

heat transfer coefficient trend was then calculated by subtracting the annualized benchmark

period (first period) from the annualized comparison period (second period). The data for the

example are provided in the following table:

Actual Percent Annualized Percent
Start End Change Change
First Period
Time (X-axis) 1-Feb 15-Apr
U-Value (Y-Axis) 113.82 121.21 6% 31.2%
Second Period
Time (X-axis) 16-Apr 30-Jun
U-Value (Y-Axis) 124.42 113.65 -9% -41.5%
Difference in
Annualized Change
(Comparison Slope
- Benchmark Slope) -73%

[00137] A comparison between the annualized benchmark period (first period) and the

annualized comparison period (second period) was negative, indicating a deteriorating heat

transfer efficiency for the heat exchange, e.g., which may be indicative of fouling build-up.

In this particular working example, the difference was -73% on an annualized basis, which

indicated a significant deterioration in heat transfer efficiency given the expected operating

conditions. Different thresholds can be established for specific applications against which the

percentage change in monitored heat transfer efficiency can be compared to decide whether

further analysis of fouling causes is warranted.

[00138] To determine a predicted fouling mechanism for the heat exchanger given the

magnitude of the change in heat transfer trend, data indicative of cooling water scale fouling,

corrosion fouling, and biofouling for the time period of interest were obtained and analyzed.

The data were obtained using a combination of online sensors, offline sensor, and wet

chemistry tests, with the results stored in a computer-readable medium accessible by a

computational program performing the predicted fouling analysis. Individual readings for the

monitored parameters were averaged over the benchmark period (first period) and separately
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averaged over the comparison period (second period) and the percent change between the

comparison period and the benchmark period determined. For this particular working

example, the example parameters in the following table were monitored over the time period

of interest:

Time Period Baseline Comparison
Feb 01 - April April 16 - June
15 30
Change

Triazole 221 1.52 -31%
Turbidity (NTU) 5.75 422 27%
Conductivity (uS/cm) 4958.12 3981.24 -20%
Steel Corr. Rate (mpy) 1.11 0.93 -16%
Dispersant Polymer 11.21 9.79 -13%
Souble Zinc (ppm Zn) 1.46 1.34 -8%
Traced treatment chemical
dose (ppm) 38.75 35.96 -7%
ORP (mV) 423,98 397.31 -6%
Total Zinc (ppm Zn) 1.55 1.46 -6%
Cell Fouling (%) 5.41 5.22 -3%
Dispersant Polymer (ppm) 71.73 69.46 -3%
Total Ortho Phosphate (ppm
PO,) 12.05 11.70 -3%
pH 7.71 7.62 -1%
Soluble Ortho Phosphate
(ppm PO,) 11.05 11.00 0%
Nitrite (ppm NO,) 41.82 43.50 4%
Calcium Cycles 5.34 5.72 7%
Calcium Hardness (ppm as
CaCOs) 151.09 166.00 10%
Temperature (°F) 64.52 71.04 10%
Aerobic Bacteria (cfu/ml) 3.12 3.44 10%
Total Hardness (ppm as
CaCOs) 403.64 468.60 16%
Nitrate (ppm NO;) 140.64 164.85 17%
m-Alkalinity (ppm as CaCO3) 74.00 86.80 17%
Magnesium Hardness (ppm
Mg)

253.82 302.60 19%
Copper Corr. Rate (mpy) 0.02 0.02 22%
Total Chlorine (ppm Cly) 1.81 237 31%
Anaerobic Bacteria (cfu/ml) 0.22 0.41 87%
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[00139] From the example data reproduced above, an aggregate scale fouling score was
calculated using parameters indicative of scale fouling, an aggregate corrosion fouling score
was calculated using parameters indicative of corrosion fouling, and an aggregate biofouling
score was calculated using parameters indicative of biofouling. The scores were calculated
by applying weighting factors to each percent change determined according to the table
above for each parameter of interest between the comparison period and the benchmark
period. An aggregate score for each potential fouling mechanism was then calculated by
averaging the all the weighted parameters designated as being associated with that potential

fouling mechanism. The results of the analysis are provided in the following table:

Value (%
Change x
Biofouling Indicators Weighting | Weighting)
ORP -4.00 0.25
Turbidity 0.25 -0.07
Aerobic Bacteria 4.00 0.41
Anaerobic Bacteria 4.00 3.49
Nitrite 2.50 0.10
Nitrate 2.50 0.43
Score 0.77
Scale Fouling Indicators
Turbidity 1.00 -0.27
Temperature 2.50 0.25
pH 4.00 -0.05
PO4 2.00 -0.01
Ca 1.00 0.10
Mg 1.00 0.19
Score 0.04
Corrosion Fouling
Indicators Weighting
Temperature 1 0.10
pH -4 0.05
Steel Corrosion Rate 4 -0.64
Copper Corrosion Rate 4 0.90
Azole -2.5 0.78
PO4 -2.5 0.01
Zn -2.5 0.21
Score 0.20
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[00140] As seen above, an aggregate biofouling score of 0.77 was determined, which was
significantly greater than the scale fouling score and corrosion fouling score of 0.04 and 0.20,
respectively. FIG. 19 is a bar graph showing the aggregate fouling scores for the different
potential fouling mechanisms. The data indicate that the predicated fouling mechanism
associated with the detected change in heat transfer trend for the heat exchanger is biofouling.
Accordingly, corrective action to mitigate the biofouling, including controlling the addition
of one or more chemicals to the cooling water to reduce or eliminate the incipient biofouling
can be undertaken.

[00141] The result of the predictive cause and treatment analysis outlined above for this
example matched our hypothesis based on our domain knowledge of the ammonia plant and
known challenges with respect to ammonia leakage into the cooling tower. This source of
ammonia creates a nitrogen source for the biofilms and microbial systems to grow in the
water. The baseline case had a high ORP value ~ 424 mV (during the period in which the U-
Value had an increasing trend) and the comparison case had a lower value ~397 mV. The
data suggest that an aggregate biofouling score greater than or equal to 0.5 may be an
appropriate threshold, for some operating cases, for determining that biofouling is
problematic and taking corresponding remedial action.

[00142] The experimental example was also useful to quantify an ORP set point in the real
system, which is typically a trial and error process. With the present analysis of heat transfer
coefficients, we were able to demonstrate that an ORP around 425 mV is a better set point to
inhibit microbial growth (for the particular experimental system). At the same time, we did
not see much difference in corrosion scores between the baseline and comparison cases,
confirming our hypothesis that a 425 mV ORP set point did not cause corrosion stresses. It is
highly interesting to note, however, that as ORP goes down from 424 mV to 397 mV between
the baseline and comparison cases, corrosion stress seems to increase. This might suggest
microbiological induced corrosion. This is counter-intuitive since less ORP generally means

lower corrosion rates, where MIC is not a factor.

EXAMPLE 4 - Expanded Monitoring of Vinyl Plant Operation

[00143] Expanded monitoring and experimental testing following the principles of the
present disclosure were also performed at the Vinyl plant described in EXAMPLE 2 over a
four month experimental period. Temperature data from the heat exchanger were smoothed
using local regression. Heat transfer efficiency values and trends were calculated using the
smoothed temperature data produced from the temperature sensors installed on the heat

42



WO 2019/094747 PCT/US2018/060071

exchanger. FIG. 20 is a graph showing heat transfer coefficients calculated using the
smoothed temperature data over the example period of time.

[00144] The monitored heat transfer trend data shown in FIG. 20 were analyzed using Excel
to detect a change in the heat transfer efficiency trend equal to or greater than a threshold
value, which may be indicative of a fouling issue. The heat transfer coefficient data were
divided into two periods for comparative analysis relative to each other for detection of the
change. The first period ranged from November 16 to January 16, while the second period
ranged from January 17 to March 16 in the example. The data for the first period are
represented with triangle symbols on FIG. 20, while the data for the second period are
represented by square symbols.

[00145] Heat transfer coefficient trends for the two time periods were characterized by fitting
a first order curve having a slope and an intercept to each heat transfer coefficient trend. The
percent change in the heat transfer coefficient over the monitored period was also calculated
by comparing the heat transfer coefficient at the beginning of the monitored trend for each
period to the heat transfer coefficient at the end of the monitored trend. The percent change
for each period was subsequently extended from the monitored time period to an annualized
(12 month) basis, e.g., to allow the two periods to be compared against each other on a
standardized basis even if the actual periods were of different duration. The percentage
change in the heat transfer coefficient trend was then calculated by subtracting the annualized
benchmark period (first period) from the annualized comparison period (second period). The

data for the example are provided in the following table:

Actual Annualized
Percent Percent
Start End Change Change
First Period

Time (X-axis) 16-Nov 16-Jan

U-Value (Y-

AXis) 75.16 67.58 -10% -61%

Second Period

Time (X-axis) 17-Jan 16-Mar

U-Value (Y-

AXis) 68.58 68.13 -1% -4%
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Difference
in
Annualized
Change
(Comparison
Slope -
Benchmark
Slope) 57%

[00146] A comparison between the annualized baseline period (first period) and the
annualized comparison period (second period) was positive, indicating that heat transfer
efficiency for the heat exchange is trending upwards (in a desirable direction). In this case,
the baseline period and comparison period were separated by an exchanger maintenance
event (e.g., exchanger cleaning) that found debris fouling. Accordingly, the techniques
described herein were used to determine whether or not debris fouling could be distinguished
from other types of fouling, particularly scale fouling, corrosion fouling, and microbial
fouling.

[00147] To explore this hypothesis based on the trend date, data indicative of cooling water
scale fouling, corrosion fouling, and biofouling for the time period of interest were obtained
and analyzed. The data were obtained using a combination of online sensors, offline sensor,
and wet chemistry tests, with the results stored in a computer-readable medium accessible by
a computational program performing the predicted fouling analysis. Individual readings for
the monitored parameters were averaged over the benchmark period (first period) and
separately averaged over the comparison period (second period) and the percent change
between the comparison period and the benchmark period determined. For this particular
working example, the example parameters in the following table were monitored over the

time period of interest:

Time Period Baseline Comparison
Nov 16 - Jan 16 Jan 17 - Mar 16

Change
pH 7.72 7.93 3%
CONDUCTIVITY
(uS/cm) 2865.17 2930.00 2%
CALCIUM HARDNESS
(ppm as CaCO») 874.17 850.17 -3%
FREE CHLORINE (ppm 0.63 0.65 4%
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Clz)
0-PO4 (filtered) (ppm
POy) 6.81 6.36 -7%
IRON (ppm Fe) 0.46 026  -44%
COPPER (ppm Cu) 0.01 0.02 49%
MILD STEEL
GENERAL
CORROSION RATE
(mpy) 0.35 023  -35%
COPPER GENERAL
CORROSION RATE
(mpy) 0.06 0.03]  -51%
TURBIDITY (NTU) 5.23 1.85 -65%
TRIAOLE (ppm) 0.42 0.67 60%
ORP (mV) 745.35 676.91 -9%
TEMPERATURE (def F) 79.16 78.13 -1%

[00148] From the example data reproduced above, an aggregate scale fouling score was

calculated using parameters indicative of scale fouling, an aggregate corrosion fouling score

was calculated using parameters indicative of corrosion fouling, and an aggregate biofouling

score was calculated using parameters indicative of biofouling. The scores were calculated

by applying weighting factors to each percent change determined according to the table
above for each parameter of interest between the comparison period and the benchmark

period. An aggregate score for each potential fouling mechanism was then calculated by

averaging the all the weighted parameters designated as being associated with that potential

fouling mechanism. The results of the analysis are provided in the following table:

Biofouling Indicators Weighting
ORP -4.00 0.37
Turbidity 0.25 0.46
Aerobic Bacteria 4.00 0.00
Anaerobic Bacteria 4.00 0.00
Nitrite 2.50 0.00
Nitrate 2.50 0.00
Score 0.14
Scale Fouling Indicators Weighting
Turbidity 1.00 -0.65
Temperature 2.50 -0.03
pH 4.00 0.11
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PO4 2.00 -0.13
Ca 1.00 -0.03
Mg 1.00 0.00
Score -0.12
Corrosion Fouling Indicators | Weighting
Temperature 1] -0.013
pH -4 -0.112
Steel Corrosion Rate 4| -1.38
Copper Corrosion Rate 4 1.96
Azole -2.5 -1.5
PO4 -2.5 0.17
Cu 4 1.96
Fe 41 -1.78
Score -0.09

[00149] As seen above, aggregate biofouling, scale fouling, and corrosion fouling scores of
0.14,-0.12, and -0.09, respectively, were determined. FIG. 21 is a bar graph showing the
aggregate fouling scores for the different potential fouling mechanisms. In general, the lower
the value for a particular aggregate fouling score (including negative values) for this example,
the less likely the corresponding fouling mechanism is to be causing fouling in the system
under evaluation. As the fouling scores are all less than 0.25 in this particular example, the
data confirm the hypothesis that neither scale fouling, nor corrosion fouling, nor microbial

fouling were an operative fouling mechanism in this heat exchanger.
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CLAIMS:

1. A method comprising:

monitoring, by one or more processors, a heat transfer efficiency of at least one heat
exchanger and establishing a heat transfer efficiency trend for the heat exchanger, the heat
exchanger having a process stream-side and a cooling water stream-side;

detecting, by the one or more processors, a change in the heat transfer efficiency
trend;

receiving, by the one or more processors, data indicative of scale fouling on the
cooling water stream-side;

receiving, by the one or more processors, data indicative of corrosion fouling on the
cooling water stream-side;

receiving, by the one or more processors, data indicative of biofouling on the cooling
water stream-side;

determining, by the one or more processors, a predicted cause of the detected change
in the heat transfer efficiency trend based at least on the received data indicative of scale
fouling, corrosion fouling, and biofouling; and

controlling addition of a chemical additive into a cooling water that is in fluid
communication with the cooling water stream-side of the at least one heat exchanger based

on the predicted cause.

2. The method of claim 1, wherein monitoring the heat transfer efficiency comprises
receiving data from a plurality of sensors indicative of at least a temperature of the cooling
water stream entering the heat exchanger, a temperature of the cooling water stream exiting
the heat exchanger, a temperature of a process stream entering the heat exchanger, a
temperature of the process stream exiting the heat exchanger, and a flow rate of the cooling

water.

3. The method of claim 2, wherein monitoring the heat transfer efficiency for the heat

exchanger comprises determining the heat transfer efficiency according to an equation:

MmCpATyater

U-Value:

AT pmrpXHeat Tr. Area XFg
wherein U-Value is the heat transfer efficiency, m is the mass flow rate of the cooling water

stream, C, is the specific heat of the cooling water stream, ATwaeer is a difference between the
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temperature of the cooling water stream exiting the heat exchanger and the temperature of the
cooling water stream entering a heat exchanger, Heat Tr. Area is an amount of surface area of
the heat exchanger over which thermal energy is transferred between the process stream and
the cooling water stream, F:is a correction factor corresponding to a geometry of the heat
exchanger and AT ypp 1S a log-mean temperature difference calculated using a following

equation if the cooling water stream and the process stream flow in a counter-current

direction:
AT _ (Tprocess,in - twater,out) - (Tprocess,out - twater,in)
LMTD —
] Tprocess,in — twater,out
08eT E—_ )
process,out water,in

or calculated using a following equation if the cooling water stream and the process stream

flow in a co- current direction:

_ (Tprocess,in - twater,in) - (Tprocess,out - twater,out)
ATy yrp = T p— -
process,in water,in
log. —
process,out water,out

wherein Tprocess,in 1S the temperature of the process water stream entering the heat exchanger,
Tprocess, out 1S the temperature of the process stream exiting the heat exchanger, twater,in 1S the
temperature of the cooling water stream entering the heat exchanger, and twater, ou 1S the

temperature of the cooling water stream exiting the heat exchanger.

4. The method of claim 3, further comprising smoothing the data corresponding to the
temperature of the cooling water stream entering the heat exchanger, the temperature of the
cooling water stream exiting the heat exchanger, the temperature of the process stream
entering the heat exchanger, and the temperature of the process stream exiting the heat
exchanger,

wherein determining the heat transfer efficiency comprises determining the heat

transfer efficiency using smoothed temperature values.

5. The method of any one of the foregoing claims, wherein:

establishing the heat transfer efficiency trend comprises fitting a first order curve to
the heat transfer efficiency monitored for the heat exchanger over a period of time, the first
order curve having a slope, and

detecting a change in the heat transfer efficiency trend comprises determining a
change in the slope equal to or greater than a threshold amount.
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6. The method of any one of the foregoing claims, wherein establishing the heat transfer
efficiency trend comprises determining the heat transfer efficiency for the heat exchanger at

least once per day over a period of time.

7. The method of any one of the foregoing claims, wherein receiving data indicative of
scale fouling comprises receiving data selected from the group consisting of a concentration
of phosphate in the cooling water, a concentration of calcium in the cooling water, a
concentration of manganese in the cooling water, a concentration of aluminum in the cooling
water, a concentration of iron in the cooling water, a concentration of silica in the cooling
water, an optical measurement indicative of particles in the cooling water, an optical
measurement indicative of fouling on a surface of the cooling water stream-side of the heat

exchanger or an analogue thereof, and combinations thereof.

8. The method of any one of the foregoing claims, wherein receiving data indicative of
scale fouling comprises receiving data from one or more sensors in line with the cooling

water stream-side of the heat exchanger.

9. The method of any one of the foregoing claims, wherein receiving data indicative of
corrosion fouling comprises receiving data selected from the group consisting of a
concentration of iron in the cooling water, a concentration of copper in the cooling water, an
optical measurement indicative of corrosion on a surface of the cooling water stream-side of
the heat exchanger or an analogue thereof, a linear polarization resistance measurement
indicative of corrosion rate on a surface of a probe in the cooling water stream-side of the

heat exchanger, and combinations thereof.

10. The method of claim 9, wherein the analogue is a coupon of metal formed of a same

metallurgy as a metal defining the cooling water stream-side of the heat exchanger.
11. The method of any one of the foregoing claims, wherein receiving data indicative of

corrosion fouling comprises receiving data from one or more sensors in line with the cooling

water stream-side of the heat exchanger.
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12. The method of any one of the foregoing claims, wherein receiving data indicative of
corrosion fouling comprises receiving data from one or more sensors associated with a model
heat exchanger different than the heat exchanger for which heat transfer efficiency is

monitored.

13. The method of claim 12, wherein the model heat exchanger receives and passes
through cooling water that is also passed through the heat exchanger for which heat transfer

efficiency is monitored.

14. The method of any one of the foregoing claims, wherein receiving data indicative of
biofouling comprises receiving data selected from the group consisting of a concentration of
adenosine triphosphate in the cooling water, an amount of total organic carbon in the cooling
water, a residual concentration of an oxidizing agent in the cooling water, an oxidation-
reduction potential of the cooling water, an optical measurement indicative of particles in the
cooling water, an optical measurement indicative of fouling on a surface of the cooling water
stream-side of the heat exchanger or an analogue thereof, a fluorescence measurement

indicative of microbial activity, and combinations thereof.

15. The method of any one of the foregoing claims, wherein receiving data indicative of
biofouling comprises receiving data from one or more sensors in line with the cooling water

stream-side of the heat exchanger.

16. The method of any one of the foregoing claims, further receiving, by the one or more
processors, data indicative of at least one of a temperature of the cooling water and a pH of

the cooling water.

17. The method of any one of the foregoing claims, wherein determining the predicted
cause of the detected change in heat transfer efficiency trend further comprises determining,
by the one or more processors, an aggregate scale fouling score based on the received data
indicative of scale fouling, an aggregate corrosion fouling score based on the received data
indicative of corrosion fouling, and an aggregate biofouling score based on the received data

indicative of biofouling,.

18. The method of claim 17, wherein
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determining the aggregate scale fouling score comprises summing each weighted data
parameter indicative of scale fouling and determining an average thereof;

determining the aggregate corrosion fouling score comprises summing each weighted
data parameter indicative of corrosion fouling and determining an average thereof;

determining the aggregate biofouling score comprises summing each weighted data
parameter indicative of biofouling and determining an average thereof; and

determining the predicted cause of the detected change in the heat transfer efficiency
trend comprises identifying a maximum one of the aggregate scale fouling score, the

aggregate corrosion fouling score, and the aggregate biofouling score.

19. The method of any one of the foregoing claims, wherein determining the predicted
cause of the detected change in heat transfer efficiency trend comprises applying a weighting
factor to each received data parameter indicative of scale fouling, corrosion fouling, and

biofouling.

20. The method of any one of the foregoing claims, wherein controlling addition of the
chemical additive comprises controlling a chemical additive selected to counteract the
predicted cause, wherein the predicted cause is selected from the group consisting of scale

fouling, corrosion fouling, and biofouling.

21. The method of any one of the foregoing claims, wherein controlling addition of the
chemical additive comprises at least one of:

increasing a flow rate at which the chemical additive selected to counteract the
predicted cause is introduced into the cooling water stream, and

initiating a flow of the chemical additive selected to counteract the predicted cause.

22. A method comprising:

evaluating a plurality of heat exchangers within a cooling water circuit and identifying
at least one of the plurality of heat exchangers that is a critical heat exchanger;

monitoring a heat transfer efficiency of the critical heat exchanger, establishing a heat
transfer efficiency trend for the critical heat exchanger, and detecting a change in the heat

transfer efficiency trend indicative of fouling;
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receiving data indicative of a plurality of different potential fouling mechanisms
occurring in the critical heat exchanger, including scale fouling, biofouling, and corrosion
fouling;

determining a predicted cause of the change in the heat transfer efficiency trend based
on the received data indicative of the plurality of different potential fouling mechanisms; and

controlling addition of a chemical additive into a cooling water that is in fluid

communication with the critical heat exchanger based on the predicted cause.

23. The method of claim 22, wherein detecting a change in the heat transfer efficiency
trend indicative of fouling comprises performing a comparison between a measurement

period heat transfer efficiency trend and an earlier-established heat transfer efficiency trend.

24, The method of either of claims 22 or 23, wherein determining the predicted cause of
the detected change in heat transfer efficiency trend comprises applying a weighting factor to

each received data parameter indicative of the plurality of different fouling mechanisms.

25. The method of any one of claims 22-24, wherein determining the predicted cause of
the detected change in heat transfer efficiency trend further comprises determining an
aggregate scale fouling score based on the received data indicative of scale fouling, an
aggregate corrosion fouling score based on the received data indicative of corrosion fouling,

and an aggregate biofouling score based on the received data indicative of biofouling.

26. The method of claim 25, wherein

determining the aggregate scale fouling score comprises summing each weighted data
parameter indicative of scale fouling and determining an average thereof;

determining the aggregate corrosion fouling score comprises summing each weighted
data parameter indicative of corrosion fouling and determining an average thereof;

determining the aggregate biofouling score comprises summing each weighted data
parameter indicative of biofouling and determining an average thereof; and

determining the predicted cause of the detected change in the heat transfer efficiency
trend comprises identifying a maximum one of the aggregate scale fouling score, the

aggregate corrosion fouling score, and the aggregate biofouling score.

27. A system comprising;:
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a cooling tower that reduces a temperature of a cooling water stream through
evaporative cooling;

a heat exchanger having a cooling water inlet, a cooling water outlet, a process stream
inlet, and a process stream outlet;

a first plurality of sensors positioned to measure a temperature of a cooling water
stream entering the heat exchanger through the cooling water inlet, a temperature of the
cooling water stream exiting the heat exchanger through the cooling water outlet, a
temperature of a process stream entering the heat exchanger through the process stream inlet,
and a temperature of the process stream exiting the heat exchanger through the process
stream outlet;

a second plurality of sensors configured to measure parameters indicative of a
plurality of different potential fouling mechanisms occurring in the heat exchanger, including
scale fouling, biofouling, and corrosion fouling;

a pump positioned to inject a chemical additive into the cooling water stream; and

a controller communicatively coupled to the first plurality of sensors, the second
plurality of sensors, and the pump and configured to:

receive data from the first plurality of sensors, determine a heat transfer
efficiency for the heat exchanger based on the received data from the first plurality of
sensors, establish a heat transfer efficiency trend for the heat exchanger over a period of time,
and detect a change in the heat transfer efficiency trend,

determine a predicted cause of the change in the heat transfer efficiency trend
based on the received data indicative of the plurality of different potential fouling
mechanisms; and

control addition of a chemical additive into the cooling water based on the

predicted cause.

Ecolab USA Inc.
Patent Attorneys for the Applicant
SPRUSON & FERGUSON
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