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(57) A heater system (10) includes a heater bundle.
The heater bundle includes atleast one heater assembly,
where the heater assembly includes a plurality of heater
units (52), and more than one of the heater units (52)
defines at least one independently controlled heating
zone. The heater bundle includes a plurality of power
conductors (56) electrically connected to the independ-
ently controlled heating zone. The heater system (10)
includes means for determining temperature and at least

FIG. 1

HEATER BUNDLES WITH LOCAL POWER SWITCHING

one power switch (120), the power switch (120) disposed
proximate the heater bundle. The heater system (10) in-
cludes atleast one controller (15) configured to modulate
power to the independently controlled heating zones (62)
through the power conductors (56) based on the deter-
mined temperature to provide a desired power output
along a length of the heater assembly. The controller is
configured to provide power to the power switch (120).

Processed by Luminess, 75001 PARIS (FR)



1 EP 4 057 775 A2 2

Description
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The presentapplication is a continuation-in-part
application of U.S. Serial No. 16/272,668, filed February
11, 2019, and titled "Heater Bundle for Adaptive Control,"
which is a continuation application of U.S. Serial No.
15/058,838, now U.S. Pat. No. 10,247,445, filed March
2, 2016. The contents of the above disclosures are in-
corporated herein by reference in their entirety and to
which the skilled person can refer to when reading the
present disclosure.

FIELD

[0002] The present disclosure relates to electric heat-
ers, and more particularly to heaters for heating a fluid
flow such as heat exchangers.

BACKGROUND

[0003] The statements in this section merely provide
background information related to the present disclosure
and may not constitute prior art.

[0004] A fluid heater may be in the form of a cartridge
heater, which has a rod configuration to heat fluid that
flows along or past an exterior surface of the cartridge
heater. The cartridge heater may be disposed inside a
heat exchanger for heating the fluid flowing through the
heat exchanger. If the cartridge heater is not properly
sealed, moisture and fluid may enter the cartridge heater
to contaminate the insulation material that electrically in-
sulates aresistive heating element from the metal sheath
of the cartridge heater, resulting in dielectric breakdown
and consequently heater failure. The moisture can also
cause short circuiting between power conductors and the
outer metal sheath. The failure of the cartridge heater
may cause costly downtime of the apparatus that uses
the cartridge heater.

SUMMARY

[0005] The present disclosure provides a heater sys-
tem that includes a heater bundle. The heater bundle
includes at least one heater assembly, where more than
one ofthe heater assemblies includes a plurality of heater
units, and more than one of the heater units defining at
least one independently controlled heating zone. The
heater bundle includes a plurality of power conductors
electrically connected to the independently controlled
heating zones. The heater system includes means for
determining temperature and at least one power switch
disposed proximate the heater bundle. The heater sys-
tem includes at least one controller configured to provide
a control signal to the at least one power switch such that
the power switch modulates power to the independently
controlled heating zones through the power conductors
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based on the determined temperature to provide a de-
sired power output along a length of more than one of
the heater assemblies.

[0006] In variations of the present disclosure, which
may be implemented individually or in any combination:
the at least one power switch is disposed within an en-
closure; the heater system further includes a temperature
regulation device that cools the enclosure; the tempera-
ture regulation device cools the enclosure using a liquid;
the temperature regulation device cools the enclosure
using forced air; the forced air is provided inside the en-
closure and outside the enclosure; the enclosure is
sealed from an outside atmosphere; the temperature reg-
ulation device cools the enclosure using an interior fluid
cooling flow and an external fluid cooling flow, each of
the cooling flows being coupled by a heat exchanger; the
temperature regulation device cools the enclosure using
at least one of a thermoelectric element and a refrigera-
tion system; the at least one controller is disposed within
the enclosure; the at least one controller is remote from
the heater bundle and communicates with the one or
more power switches through at least one of wirelessly
and over the plurality of power conductors; and a heat
sink is disposed proximate the at least one power switch.
[0007] In another form, a heater system includes a
heater bundle, and the heater bundle includes at least
one heater assembly, where more than one of the heater
assemblies includes a plurality of heater units, and more
than one of the heater units defining at least one inde-
pendently controlled heating zone. The heater bundle
includes a plurality of power conductors electrically con-
nected to the independently controlled heating zones.
The heater system includes means for determining at
least one of heating conditions and heating requirements.
The heater system includes at least one power switch
disposed proximate the heater bundle. The heater sys-
temincludes at least one controller configured to provide
a control signal to the at least one power switch such that
the power switch modulates power to the independently
controlled heating zones through the power conductors
based on the at least one of heating conditions and heat-
ing requirements to provide a desired power output along
a length of more than one of the heater assemblies.
[0008] In variations of this form, which may be imple-
mented individually or in any combination: the heater sys-
tem includes an enclosure and the at least one power
switch is disposed within the enclosure; the at least one
controller is disposed within the enclosure; the at least
one controller is remote from the heater bundle and com-
municates with the one or more power switches through
at least one of wirelessly and over the plurality of power
conductors; the at least one of heating conditions and
heating requirements are selected from the group con-
sisting of life of the heater units, reliability of the heater
units, sizes of the heater units, costs of the heater units,
local heater flux, characteristics and operation of the
heater units, and entire power output; and a heat sink is
disposed proximate the at least one power switch.
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[0009] In yet another form, a heater system includes a
heater assembly having a plurality of heater units, each
heater unit defining atleast one independently controlled
heating zone. The heater assembly includes a plurality
of power conductors electrically connected to the heater
units. The heater system includes at least one power
switch disposed proximate the heater assembly. The
heater system includes at least one controller configured
to provide a control signal to the atleast one power switch
such that the power switch modulates power to the inde-
pendently controlled heating zones through the power
conductors based on at least one of heating conditions
and heating requirements to provide a desired power out-
put along a length of the heater assembly.

[0010] In variations of this form, which may be imple-
mented individually or in any combination: the heater sys-
tem includes a means for determining temperature; the
heater system includes a means for determining heating
conditions or heating requirements; and a heat sink is
disposed proximate the at least one power switch.
[0011] The present disclosure also provides an appa-
ratus for heating fluid. The apparatus includes a sealed
housing defining an internal chamber and having a fluid
inlet and a fluid outlet. The apparatus includes a heater
system that includes a heater assembly. The heater as-
sembly includes a plurality of heater units, each heater
unit defining at least one independently controlled heat-
ing zone. The heater assembly includes a plurality of
power conductors electrically connected to the heater
units. The heater system includes at least one power
switch disposed proximate the heater assembly. The
heater system includes at least one controller configured
to modulate power to the independently controlled heat-
ing zones of the heater units through the power conduc-
tors based on at least one of heating conditions and heat-
ing requirements to provide a desired power output along
a length of the heater assembly. The controller is config-
ured to provide power to the at least one power switch
The heater assembly is disposed within the internal
chamber of the housing, and the heater assembly is
adapted to provide a predetermined heat distribution to
a fluid within the housing.

[0012] Further areas of applicability will become ap-
parent from the description provided herein. It should be
understood that the description and specific examples
are intended for purposes of illustration only and are not
intended to limit the scope of the present disclosure.

DRAWINGS

[0013] In order that the disclosure may be well under-
stood, there will now be described various forms thereof,
given by way of example, reference being made to the
accompanying drawings, in which:

FIG. 1 is a perspective view of a heater bundle con-
structed in accordance with the teachings of the
present disclosure;
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FIG. 2 is a perspective view of a heater assembly of
the heater bundle of FIG. 1 in accordance with the
teachings of the present disclosure;

FIG. 3 is a perspective view of a variant of a heater
assembly of the heater bundle of FIG. 1 in accord-
ance with the teachings of the present disclosure;
FIG. 4 is a perspective view of the heater assembly
of FIG. 3 in accordance with the teachings of the
present disclosure, wherein the outer sheath of the
heater assembly is removed for clarity;

FIG. 5 is a perspective view of a core body of the
heater assembly of FIG. 3 in accordance with the
teachings of the present disclosure;

FIG. 6 is a perspective view of a heat exchanger
including the heater bundle of FIG. 1 in accordance
with the teachings of the present disclosure, wherein
the heater bundle is partially disassembled from the
heat exchanger to expose the heater bundle for il-
lustration purposes;

FIG. 7 is a block diagram of a method of operating
a heater system including a heater bundle construct-
ed in accordance with the teachings of the present
disclosure;

FIG. 8 is a perspective view of a heat exchanger
including the heater bundle of FIG. 1, an enclosure,
and a temperature regulation device in accordance
with the teachings of the present disclosure;

FIG. 9 is a block diagram of an enclosure and a tem-
perature regulation device in accordance with the
teachings of the present disclosure;

FIG. 10 is a block diagram of a plurality of power
switching networks disposed within an enclosure
and proximate to one or more heater assemblies in
accordance with the teachings of the present disclo-
sure; and

FIG. 11 is a block diagram of an enclosure and a
temperature regulation device in accordance with
the teachings of the present disclosure.

[0014] The drawings described herein are for illustra-
tion purposes only and are not intended to limit the scope
of the present disclosure in any way.

DETAILED DESCRIPTION

[0015] The following description is merely exemplary
in nature and is not intended to limit the present disclo-
sure, application, or uses.

[0016] ReferringtoFIG.1,aheatersystemconstructed
in accordance with the teachings of the present disclo-
sure is generally indicated by reference numeral 10. The
heater system 10 includes a heater bundle 12 and a pow-
er supply device 14 electrically connected to the heater
bundle 12. The power supply device 14 includes a con-
troller 15 for controlling power supply to the heater bundle
12. A "heater bundle", as used in the present disclosure,
refers to a heater apparatus including two or more phys-
ically distinct heating devices that can be independently
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controlled. Therefore, when one of the heating devices
inthe heater bundle fails or degrades, the remaining heat-
ing devices in the heater bundle 12 can continue to op-
erate.

[0017] In one form, the heater bundle 12 includes a
mounting flange 16 and a plurality of heater assemblies
18 secured to the mounting flange 16. The mounting
flange 16 includes a plurality of apertures 20 through
which the heater assemblies 18 extend. Although the
heater assemblies 18 are arranged to be parallel in this
form, it should be understood that alternate positions/ar-
rangements of the heater assemblies 18 are within the
scope of the present disclosure.

[0018] As further shown, the mounting flange 16 in-
cludes a plurality of mounting holes 22. By using screws
or bolts (not shown) through the mounting holes 22, the
mounting flange 16 may be assembled to a wall of a
vessel or a pipe (not shown) that carries a fluid to be
heated. At least a portion of the heater assemblies 18
are be immersed in the fluid inside the vessel or pipe to
heat the fluid in this form of the present disclosure.
[0019] Referring to FIG. 2, the heater assemblies 18
according to one form may be in the form of a cartridge
heater 30. The cartridge heater 30 is a tube-shaped heat-
erthat generally includes a core body 32, aresistive heat-
ing wire 34 wrapped around the core body 32, a metal
sheath 36 enclosing the core body 32 and the resistive
heating wire 34 therein, and an insulating material 38
filling in the space in the metal sheath 36 to electrically
insulate the resistive heating wire 34 from the metal
sheath 36 and to thermally conduct the heat from the
resistive heating wire 34 to the metal sheath 36. The core
body 32 may be made of ceramic. The insulation material
38 may be compacted Magnesium Oxide (MgO). A plu-
rality of power conductors 42 extend through the core
body 32 along a longitudinal direction and are electrically
connected to the resistive heating wires 34. The power
conductors 42 also extend through an end piece 44 that
seals the metal sheath 36. The power conductors 42 are
connected to the power supply device 14 (shown in FIG.
1) to supply power from the power supply device 14 to
the resistive heating wire 34. While FIG. 2 shows only
two power conductors 42 extending through the end
piece 44, more than two power conductors 42 can extend
through the end piece 44. The power conductors 42 may
be in the form of conductive pins. Various constructions
and further structural and electrical details of cartridge
heaters are set forth in greater detail in U.S. Patent Nos.
2,831,951 and 3,970,822, which are commonly assigned
with the present application and the contents of which
are incorporated herein by reference in their entirety and
to which the skilled person can refer to when reading the
present disclosure. Therefore, it should be understood
that the form illustrated herein is merely exemplary and
should not be construed as limiting the scope of the
present disclosure.

[0020] Alternatively, multiple resistive heating wires 34
and multiple pairs of power conductors 42 may be used
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to form multiple heating circuits that can be independently
controlled to enhance reliability of the cartridge heater
30. Therefore, when one of the resistive heating wires
34 fails, the remaining resistive wires 34 may continue
to generate heat without causing the entire cartridge
heater 30 to fail and without causing costly machine
downtime.

[0021] ReferringtoFIGS. 3to 5, the heater assemblies
50 may be in the form of a cartridge heater having a
configuration similar to that of FIG. 2 except for the
number of core bodies and number of power conductors
used. More specifically, the heater assemblies 50 each
include a plurality of heater units 52, and an outer metal
sheath 54 enclosing the plurality of heater units 52 there-
in, along with a plurality of power conductors 56. An in-
sulating material (not shown in FIGS. 3 to 5) is provided
between the plurality of heating units 52 and the outer
metal sheath 54 to electrically insulate the heater units
52 from the outer metal sheath 54. The plurality of heater
units 52 each include a core body 58 and a resistive heat-
ing element 60 surrounding the core body 58. The resis-
tive heating element 60 of each heater unit 52 may define
one or more heating circuits to define one or more heating
zones 62.

[0022] Inthe presentform, each heater unit 52 defines
one heating zone 62 and the plurality of heater units 52
in each heater assembly 50 are aligned along a longitu-
dinal direction X. Therefore, each heater assembly 50
defines a plurality of heating zones 62 aligned along the
longitudinal direction X. The core body 58 of each heater
unit 52 defines a plurality of through holes/apertures 64
to allow power conductors 56 to extend therethrough.
The resistive heating elements 60 of the heater units 52
are connected to the power conductors 56, which, in turn,
are connected to a power supply device 14. The power
conductors 56 supply the power from the power supply
device 14 to the plurality of heater units 52. By properly
connecting the power conductors 56 to the resistive heat-
ing elements 60, the resistive heating elements 60 of the
plurality of heating units 52 can be independently con-
trolled by the controller 15 of the power supply device
14. As such, failure of one resistive heating element 60
for a particular heating zone 62 will not affect the proper
functioning of the remaining resistive heating elements
60 for the remaining heating zones 62. Further, the heater
units 52 and the heater assemblies 50 may be inter-
changeable for ease of repair or assembly.

[0023] In the present form, six power conductors 56
are used for each heater assembly 50 to supply power
to five independent electrical heating circuits on the five
heater units 52. Alternatively, six power conductors 56
may be connected to the resistive heating elements 60
in a way to define three fully independent circuits on the
five heater units 52. It is possible to have any number of
power conductors 56 to form any number of independ-
ently controlled heating circuits and independently con-
trolled heating zones 62. For example, seven power con-
ductors 56 may be used to provide six heating zones 62.
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Eight power conductors 56 may be used to provide seven
heating zones 62.

[0024] The power conductors 56 may include a plural-
ity of power supply and power return conductors, a plu-
rality of power return conductors and a single power sup-
ply conductor, or a plurality of power supply conductors
and a single power return conductor.

[0025] If the number of heating zones is n, the number
of power supply and return conductors is n +1.

[0026] Alternatively, a higher number of electrically dis-
tinct heating zones 62 may be created through multiplex-
ing, polarity sensitive switching and other circuit topolo-
gies by the controller 15 of the power supply device 14.
Use of multiplexing or various arrangements of thermal
arrays to increase the number of heating zones within
the cartridge heater 30 for a given number of power con-
ductors (e.g. a cartridge heater with six power conductors
for 15 or 30 zones.) is disclosed in U.S. Patent Nos.
9,123,755, 9,123,756, 9,177,840, 9,196,513, and their
related applications, which are commonly assigned with
the present application and the contents of which are
incorporated herein by reference in their entirety and to
which the skilled person can refer to when reading the
present disclosure.

[0027] With this structure, each heater assembly 50
includes a plurality of heating zones 62 that can be inde-
pendently controlled to vary the power output or heat
distribution along the length of the heater assembly 50.
The heater bundle 12 includes a plurality of such heater
assemblies 50. Therefore, the heater bundle 12 provides
a plurality of heating zones 62 and a tailored heat distri-
bution for heating the fluid that flows through the heater
bundle 12 to be adapted for specific applications. The
power supply device 14 can be configured to modulate
power to each of the independently controlled heating
zones 62.

[0028] Forexample, aheatingassembly 50 may define
an "m" heating zones, and the heater bundle may include
"k" heating assemblies 50. Therefore, the heater bundle
12 may define m*k heating zones. The plurality of heating
zones 62 in the heater bundle 12 can be individually and
dynamically controlled in response to heating conditions
and/or heating requirements, including but not limited to,
the life and the reliability of the individual heater units 52,
the sizes and costs of the heater units 52, local heater
flux, characteristics and operation of the heater units 52,
and the entire power output.

[0029] Each circuit, or selected heating zone, is indi-
vidually controlled at a desired temperature or a desired
power level so that the distribution of temperature and/or
power adapts to variations in system parameters (e.g.
manufacturing variation/tolerances, changing environ-
mental conditions, changing inlet flow conditions such as
inlet temperature, inlet temperature distribution, flow ve-
locity, velocity distribution, fluid composition, fluid heat
capacity, etc.). More specifically, the heater units 52 may
not generate the same heat output when operated under
the same power level due to manufacturing variations as
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well as varied degrees of heater degradation over time.
The heater units 52 may be independently controlled to
adjust the heat output according to a desired heat distri-
bution. The individual manufacturing tolerances of com-
ponents of the heater system and assembly tolerances
of the heater system are increased as a function of the
modulated power of the power supply, or in other words,
because of the high fidelity of heater control, manufac-
turing tolerance of individual components need not be as
tight/narrow.

[0030] The heater units 52 may each include a tem-
perature sensor (not shown) for measuring the temper-
ature of the heater units 52. When a hot spot in the heater
units 52 is detected, the power supply device 14 may
reduce or turn off the power to the particular heater unit
52 on which the hot spot is detected to avoid overheating
or failure of the particular heater unit 52. The power sup-
ply device 14 may modulate the power to the heater units
52 adjacent to the disabled heater unit 52 to compensate
for the reduced heat output from the particular heater unit
52.

[0031] The power supply device 14 may include multi-
zone algorithms to turn off or turn down the power level
delivered to any particular zone, and to increase the pow-
er to the heating zones adjacent to the particular heating
zone that is disabled and has a reduced heat output. By
carefully modulating the power to each heating zone, the
overall reliability of the system can be improved. By de-
tecting the hot spot and controlling the power supply ac-
cordingly, the heater system 10 has improved safety.
[0032] The heater bundle 12 with the multiple inde-
pendently controlled heating zones 62 can accomplish
improved heating. For example, some circuits on the
heater units 52 may be operated ata nominal (or "typical")
duty cycle of less than 100% (or at an average power
level thatis a fraction of the power that would be produced
by the heater with line voltage applied). The lower duty
cycles allow for the use of resistive heating wires with a
larger diameter, thereby improving reliability.

[0033] Normally, smaller zones would employ a finer
wire size to achieve a given resistance. Variable power
control allows a larger wire size to be used, and a lower
resistance value can be accommodated, while protecting
the heater from over-loading with a duty cycle limit tied
to the power dissipation capacity of the heater.

[0034] The use of a scaling factor may be tied to the
capacity of the heater units 52 or the heating zone 62.
The multiple heating zones 62 allow for more accurate
determination and control of the heater bundle 12. The
use of a specific scaling factor for a particular heating
circuit/zone will allow for a more aggressive (i.e. higher)
temperature (or power level) at almost all zones, which,
in turn, lead to a smaller, less costly design for the heater
bundle 12. Such a scaling factor and method is disclosed
in U.S. Patent No. 7,257,464, which is commonly as-
signed with the present application and the contents of
which are incorporated herein by reference in its entirety.
[0035] The sizes of the heating zones controlled by the
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individual circuits can be made equal or different to re-
duce the total number of zones needed to control the
distribution of temperature or power to a desired accu-
racy.

[0036] ReferringbacktoFIG. 1, the heater assemblies
18 are shown to be a single end heater, i.e., the conduc-
tive pin extends through only one longitudinal end of the
heater assemblies 18. The heater assembly 18 may ex-
tend through the mounting flange 16 or a bulkhead (not
shown) and sealed to the flange 16 or bulkhead. As such,
the heater assemblies 18 can be individually removed
and replaced without removing the mounting flange 16
from the vessel or tube.

[0037] Alternatively, the heater assembly 18 may be a
"double ended" heater. In a double-ended heater, the
metal sheath are bent into a hairpin shape and the power
conductors pass through both longitudinal ends of the
metal sheath so that both longitudinal ends of the metal
sheath pass through and are sealed to the flange or bulk-
head. In this structure, the flange or the bulkhead need
to be removed from the housing or the vessel before the
individual heater assembly 18 can be replaced.

[0038] Referringto FIG. 6, a heater bundle 12 is incor-
porated in a heat exchanger 70. The heat exchanger 70
includes a sealed housing 72 defining an internal cham-
ber (not shown), a heater bundle 12 disposed within the
internal chamber of the housing 72. The sealed housing
72 includes a fluid inlet 76 and a fluid outlet 78 through
which fluid is directed into and out of the internal chamber
ofthe sealed housing 72. Thefluid is heated by the heater
bundle 12 disposed in the sealed housing 72. The heater
bundle 12 may be arranged for either cross-flow or for
flow parallel to their length.

[0039] The heater bundle 12 is connected to a power
supply device 14 which may include a means to modulate
power, such as a switching means or a variable trans-
former, to modulate the power supplied to an individual
zone. The power modulation may be performed as a func-
tion of time or based on detected temperature of each
heating zone.

[0040] The resistive heating wire may also function as
a sensor using the resistance of the resistive wire to
measure the temperature of the resistive wire and using
the same power conductors to send temperature meas-
urement information to the power supply device 14. A
means of sensing temperature for each zone would allow
the control of temperature along the length of each heater
assembly 18 in the heater bundle 12 (down to the reso-
lution of the individual zone). Therefore, the additional
temperature sensing circuits and sensing means can be
dispensed with, thereby reducing the manufacturing
costs. Direct measurement of the heater circuit temper-
ature is a distinct advantage when trying to maximize
heat flux in a given circuit while maintaining a desired
reliability level for the system because it eliminates or
minimizes many of the measurement errors associated
with using a separate sensor. The heating element tem-
perature is the characteristic that has the strongest influ-
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ence on heater reliability. Using a resistive element to
function as both a heater and a sensor is disclosed in
U.S. Patent No. 7,196,295, which is commonly assigned
with the present application and the contents of which
are incorporated herein by reference in its entirety.
[0041] Alternatively, the power conductors 56 may be
made of dissimilar metals such that the power conductors
56 of dissimilar metals may create a thermocouple for
measuring the temperature of the resistive heating ele-
ments. For example, at least one set of a power supply
and a power return conductor may include different ma-
terials such thata junction is formed between the different
materials and a resistive heating element of a heater unit
and is used to determine temperature of one or more
zones. Use of "integrated" and "highly thermally coupled”
sensing, such as using different metals for the heater
leads to generation of a thermocouple-like signal. The
use of the integrated and coupled power conductors for
temperature measurement is disclosed in U.S. Applica-
tion No. 14/725,537, which is commonly assigned with
the present application and the contents of which are
incorporated herein by reference in its entirety.

[0042] The controller 15 for modulating the electrical
power delivered to each zone may be a closed-loop au-
tomatic control system. The closed-loop automatic con-
trol system receives the temperature feedback from each
zone and automatically and dynamically controls the de-
livery of power to each zone, thereby automatically and
dynamically controlling the power distribution and tem-
perature along the length of each heater assembly 18 in
the heater bundle 12 without continuous or frequent hu-
man monitoring and adjustment.

[0043] The heater units 52 as disclosed herein may
also be calibrated using a variety of methods including
but not limited to energizing and sampling each heater
unit 52 to calculate its resistance. The calculated resist-
ance can then be compared to a calibrated resistance to
determine aresistance ratio, or a value to then determine
actual heater unit temperatures. Exemplary methods are
disclosed in U.S. Patent Nos. 5,280,422 and 5,552,998,
which are commonly assigned with the present applica-
tion and the contents of which are incorporated herein
by reference in their entirety and to which the skilled per-
son can refer to when reading the present disclosure.
[0044] One form of calibration includes operating the
heater system 10 in at least one mode of operation, con-
trolling the heater system 10 to generate a desired tem-
perature for at least one of the independently controlled
heating zones 62, collecting and recording data for the
at least one independently controlled heating zones 62
for the mode of operation, then accessing the recorded
data to determine operating specifications for a heating
system having a reduced number of independently con-
trolled heating zones, and then using the heating system
with the reduced number of independently controlled
heating zones. The data may include, by way of example,
power levels and/or temperature information, among oth-
er operational data from the heater system 10 having its
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data collected and recorded.

[0045] Inavariation ofthe presentdisclosure, the heat-
er system may include a single heater assembly 18, rath-
erthan a plurality of heater assemblies in a heater bundle
12. The single heater assembly 18 would comprise a
plurality of heater units 52, each heater unit 52 defining
at least one independently controlled heating zone. Sim-
ilarly, power conductors 56 are electrically connected to
each of the independently controlled heating zones 62
in each of the heater units 52, and the power supply de-
vice is configured to modulate power to each of the in-
dependently controlled heater zones 62 of the heater
units through the power conductors 56.

[0046] Referringto FIG. 7, a method 100 of controlling
a heater system includes providing a heater bundle com-
prising a plurality of heater assemblies in step 102. Each
heater assembly includes a plurality of heater units. Each
heater unit defines at least one independently controlled
heating circuit (and consequently heating zone). The
power to each of the heater units is supplied through
power conductors electrically connected to each of the
independently controlled heating zones in each of the
heater units in step 104. The temperature within each of
the zones is detected in step 106. The temperature may
be determined using a change in resistance of a resistive
heating element of at least one of the heater units. The
zone temperature may be initially determined by meas-
uring the zone resistance (or, by measurement of circuit
voltage, if appropriate materials are used).

[0047] The temperature values may be digitalized. The
signals may be communicated to a microprocessor. The
measured (detected) temperature values may be com-
pared to a target (desired) temperature for each zone in
step 108. The power supplied to each of the heater units
may be modulated based on the measured temperature
to achieve the target temperatures in step 110.

[0048] Optionally, the method may further include us-
ing a scaling factor to adjust the modulating power. The
scaling factor may be a function of a heating capacity of
each heating zone. The controller 15 may include an al-
gorithm, potentially including a scaling factor and/or a
mathematical model of the dynamic behavior of the sys-
tem (including knowledge of the update time of the sys-
tem), to determine the amount of power to be provided
(via duty cycle, phase angle firing, voltage modulation or
similar techniques) to each zone until the next update.
The desired power may be converted to a signal, which
is sent to a switch or other power modulating device for
controlling power output to the individual heating zones.
[0049] In the present form, when at least one heating
zone is turned off due to an anomalous condition, the
remaining zones continue to provide a desired wattage
without failure. Power is modulated to a functional heat-
ing zone to provide a desired wattage when an anoma-
lous condition is detected in at least one heating zone.
When at least one heating zone is turned off based on
the determined temperature, the remaining zones con-
tinue to provide a desired wattage. The power is modu-

10

15

20

25

30

35

40

45

50

55

lated to each of the heating zones as a function of at least
one of received signals, a model, and as a function of
time.

[0050] For safety or process control reasons, typical
heaters are generally operated to be below a maximum
allowable temperature in order to prevent a particular lo-
cation of the heater from exceeding a given temperature
due to unwanted chemical or physical reactions at the
particular location, such as combustion/fire/oxidation,
coking boiling etc.). Therefore, this is normally accom-
modated by a conservative heater design (e.g., large
heaters with low power density and much of their surface
area loaded with a much lower heat flux than might oth-
erwise be possible).

[0051] However, with the heater bundle of the present
disclosure, it is possible to measure and limit the tem-
perature of any location within the heater down to a res-
olution on the order of the size of the individual heating
zones. A hot spot large enough to influence the temper-
ature of an individual circuit can be detected.

[0052] Since the temperature of the individual heating
zones can be automatically adjusted and consequently
limited, the dynamic and automatic limitation of temper-
ature in each zone will maintain this zone and all other
zonesto be operating atan optimum power/heatfluxlevel
without fear of exceeding the desired temperature limit
in any zone. This brings an advantage in high-limit tem-
perature measurement accuracy over the current prac-
tice of clamping a separate thermocouple to the sheath
of one of the elements in a bundle. The reduced margin
and the ability to modulate the power to individual zones
can be selectively applied to the heating zones, selec-
tively and individually, rather than applied to an entire
heater assembly, thereby reducing the risk of exceeding
a predetermined temperature limit.

[0053] The characteristics of the cartridge heater may
vary with time. This time varying characteristic would oth-
erwise require that the cartridge heater be designed for
asingle selected (worse-case) flow regime and therefore
that the cartridge heater would operate at a sub-optimum
state for other states of flow.

[0054] However, with dynamic control of the power dis-
tribution over the entire bundle down to a resolution of
the core size due to the multiple heating units provided
in the heater assembly, an optimized power distribution
for various states of flow can be achieved, as opposed
to only one power distribution corresponding to only one
flow state in the typical cartridge heater. Therefore, the
heater bundle of the present application allows for an
increase in the total heat flux for all other states of flow.
[0055] Further, variable power control can increase
heater design flexibility. The voltage can be de-coupled
from resistance (to a great degree) in heater design and
the heaters may be designed with the maximum wire
diameter that can be fitted into the heater. It allows for
increased capacity for power dissipation for a given heat-
er size and level of reliability (or life of the heater) and
allows for the size of the bundle to be decreased for a
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given overall power level. Power in this arrangement can
be modulated by a variable duty cycle that is a part of
the variable wattage controllers currently available orun-
der development. The heater bundle can be protected
by a programmable (or preprogrammed if desired) limit
to the duty cycle for a given zone to prevent "overloading”
the heater bundle.

[0056] With reference to FIG. 8, the heater system 10
as described above is incorporated into an example ap-
plication of the heat exchanger 70. It should be under-
stood that the heat exchanger 70 application is merely
exemplary and should not be construed as limiting the
application of the present disclosure. As shown, the heat-
er system 10 includes at least one power switch 120
(shown schematically) disposed proximate, or near, the
heater bundle 12. The controller 15 is configured to pro-
vide a control signal to the power switch 120 such that
the power switch 120 modulates power to the independ-
ently controlled heating zones 62 (FIG. 4) through the
power conductors 56 based on the determined temper-
ature to provide a desired power output along a length
of at least one of the heater assemblies 50.

[0057] With the power switch 120 proximate or near
the heater bundle 12, as opposed to being at a remote
location/cabinet, the number of individually isolated/in-
sulated conductors that extend from the remote loca-
tion/cabinet to the heater bundle 12 can be significantly
reduced. Further, integrating switching for the heater as-
semblies 18 can reduce the number of conductors de-
pending on the type of power being used (e.g., DC, single
phase AC, 3-phase AC, and 3-phase AC with common
and/or ground conductors, among others).

[0058] In one form, the power switch 120 is disposed
within an enclosure 200, and the power conductors 56
are elongated outside a boundary of the heater assem-
blies 18 to extend into the enclosure 200 to be physically
connected to the power switch 120. In one variation of
the physical connection, the power conductors 56 may
form either a pin or receptacle shape, while the mating
power switch forms a receptacle or pin shape, respec-
tively, for a "plug-in" style connection. Cooling can be
provided to the enclosure 200 using an optional temper-
ature regulation device 300 (also shown schematically).
The enclosure 200 can be implemented in a variety of
designs/geometries, (e.g., a junction box, a termination
enclosure, among others) which are configured to en-
close one or more electronic devices, including but not
limited to the power switch 120, the controller 15 or other
controller(s), associated electronics, and/or a wireless
communication component, among others. With a wire-
less component, the controller 15 may be remote from
the heater bundle 12 and communicate with the power
switch 120 remotely. The controller 15 may also be re-
mote and communicate with the power switch 120 over
the power conductors 56. In one form, the enclosure 200
is sealed such that the components within are protected
moisture intrusion and are sealed from an outside atmos-
phere. Further, the enclosure 200 protects the compo-
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nents within from damage during installation/opera-
tion/maintenance.

[0059] The temperature regulation device 300 can be
implemented by any device/system that is configured to
control the temperature of the enclosure 200. For exam-
ple, the cooling may be provided by a liquid (e.g., radiator)
or forced air, and the forced air may be inside the enclo-
sure or outside the enclosure. In one variation, the en-
closure in cooled by an interior fluid cooling flow and an
external fluid cooling flow, each of the cooling flows being
coupled by a heat exchanger. In still another variation,
the enclosure is cooled by at least one of a thermoelectric
element and a refrigeration system. In yet another form,
a heat sink (e.g., extruded Al cooling fins) may be em-
ployed near or proximate the power switch 120, either
alone or with the temperature regulation devices 300.
Further specifics of exemplary temperature regulation
devices 300 are described in greater detail below.
[0060] With reference to FIG. 9, an auxiliary heat ex-
changer 300-1, (as the temperature regulation device
300), and enclosure 200-1 are shown in a schematic for-
mat. In this form, the auxiliary heat exchanger 300-1 in-
cludes a housing 308, an aperture 310, a fan driver 312,
a fan 314, and a chamber 316.

[0061] The enclosure 200-1 includes an interface sur-
face 202, conductor aperture groups 204 extending
through a thickness of a housing 208 (provided as indi-
vidual apertures for ease of illustration), a chamber 210
defined by the housing 208, a ventilation aperture 214,
and an outlet aperture 216. In one form, the enclosure
200-1 includes one or more power switches 212 and a
controller 213 disposed within the chamber 210. As set
forth above, an optional heat sink 215 is disposed prox-
imate the power switches 212 to draw heat away from
the power switches 212. In one form, the controller 213
is configured in a similar manner as the controller 15
when determining the control signal to be provided to the
power switches 212 (via duty cycle, phase angle firing,
voltage modulation or similar techniques) to each zone.
As set forth above, the enclosure 200-1 (and thus the
power switches 212) is disposed proximate to (e.g., ad-
jacent and/or near) the one or more heater assemblies
18 of the heater bundle 12.

[0062] In one form, the one or more power switches
212 are electrically coupled to the controller 213 and in-
clude, for example, a bipolar junction transistor (BJT), an
insulated gate bipolar transistor (IGBT), a metal-oxide
semiconductor field-effect transistor (MOSFET), ad-
dressable switches, an operational amplifier, transistor
drivers, an integrated circuit, a combination thereof,
and/or the like. In some forms, the number of the power
switches 212 corresponds to the number of heating
zones 62 of a respective heater assembly 18. As an ex-
ample and as shown in FIG. 10, each of the heater as-
semblies 18 include n heating zones. As such, each of
the power switches 212-1, 212-2, 212-3, 212-4, 212-5,
212-6 respectively include n power switches arranged in
parallel to selectively and independently supply power to
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a respective heating zone 62 of the heater assembly 18.
It should be understood that in other forms, each of the
power switches 212-1,212-2,212-3,212-4,212-5,212-6
may have other numbers and/or types of power switches
to selectively and independently supply power to a re-
spective heating zone 62 of the heater assembly 18 and
is not limited to the example described herein.

[0063] Referring also to FIG. 10, the controller 213 is
configured to selectively activate (or send a control signal
to) the one or more power switches 212 and thereby se-
lectively activate one or more heating zones 62 of at least
one heater assembly 18. In one form, the controller 213
is configured to activate the one or more power switches
212 to allow power from the power supply device 14 to
be provided to the heater assembly 18. As an example,
to activate the power switches 212 (e.g., one or more
BJTs), the controller 213 is configured to selectively pro-
vide a biasing voltage to the one or more power switches
212. In order to execute the functionality described here-
in, the controller 213 may be implemented by a micro-
controller that includes one or more processor circuits
configured to execute machine-readable instructions
stored in one or more nontransitory computer-readable
mediums, such as a random-access memory (RAM) cir-
cuit and/or a read-only memory (ROM) circuit. Further-
more, the controller 213 may include one or more voltage
drivers for providing a biasing voltage to the one or more
power switches 212.

[0064] While the controller 213 is shown as disposed
within the chamber 210, in other forms, the controller 213
may be positioned externally from the chamber 210. Ac-
cordingly, the enclosure 200-1 may include a wireless
communication circuit that enables the controller 213 to
activate the one or more power switches 212, and the
controller 213 may communicate with the wireless com-
munication circuit via a wireless communicationlink (e.g.,
a Bluetooth communication link, a near-field communi-
cation (NFC) link, an ultrawide band (UWB) communica-
tion link, a wireless fidelity (WiFi) communication link, a
Zigbee communication link, a cellular communication
link, a long term evolution (LTE) communication link, a
5G communication link, and/or other similar wireless
communication links). Furthermore, in one form, enclo-
sure 200-1 includes an additional power supply system
(e.g., an additional power supply and one or more power
regulator circuits) electrically coupled to the wireless
communication circuit and the one or more power switch-
es 212 when the controller 213 is positioned externally
from the enclosure 200-1 and when the one or more pow-
er switches 212 are not connected to the power supply
device 14. Accordingly, the additional power supply sys-
tem is configured to provide power to the one or more
power switches 212 in response to the wireless commu-
nication circuit receiving a signal from the controller 213
to selectively activate the one or more power switches
212.

[0065] While the controller 213 and the controller 15
are illustrated and described as separate components,
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it should be understood that the functionality of the con-
troller 213 may be performed by the controller 15, and
vice versa, in other forms.

[0066] Inone form and referring to FIG. 9, the auxiliary
heat exchanger 300-1 may be an air-cooled heat ex-
changer that cools the enclosure 200-1 and the compo-
nents therein using forced air. While the auxiliary heat
exchanger 300-1 is illustrated as using forced air to cool
the enclosure 200-1 and the components therein, it
should be understood that the auxiliary heat exchanger
300-1 may be an induced air-cooled heat exchanger in
other variations.

[0067] Inoneform, air flows into the chamber 316. The
fan 314, in response to being activated by the fan driver
312, forces air toward an external surface of the housing
308, as indicated by the dotted arrows of FIG. 9. Further-
more, the fan 314 forces air into the chamber 210 via the
ventilation aperture 214, as indicated by the dotted ar-
rows of FIG. 9, to reduce the temperature of the compo-
nents within the enclosure 200-1. Air that is forced into
the chamber 210 the ventilation aperture 214 may exit
the enclosure 200-1 via the outlet aperture 216. While
FIG. 9 illustrates one ventilation aperture 214 and one
outlet aperture 216, it should be understood that any
number of ventilation apertures 214 and outlet apertures
216 may be included in other variations of the present
disclosure. Furthermore, the ventilation aperture 214 and
the outlet aperture 216 may be positioned at various lo-
cations of the housing 208 and are not limited to the spe-
cific illustrations herein.

[0068] In one form, the fan driver 312 includes one or
more controllers, integrated circuits, power regulator cir-
cuits, and discrete electrical components that are config-
ured to activate the fan 314. In one form, the fan driver
312 is electrically coupled to the power supply device 14
via a hardwire link (e.g., a twisted pair cable) that is at
least partially disposed in the aperture 310. As an exam-
ple, in response toreceiving power from the power supply
device 14, the fan driver 312 activates the fan 314.
[0069] With reference to FIG. 11, a heat exchanger
300-2, as the temperature regulation device 300, and
enclosure 200-2 are shown. The enclosure 200-2 is sim-
ilar to the enclosure 200-1 described above, but in this
form, the enclosure 200-2 does not include the ventilation
aperture 214 and the outlet aperture 216. As such, the
enclosure 200-2 is sealed from the heat exchanger
300-2.

[0070] In one form, the heat exchanger 300-2 defines
an interior fluid system and an exterior fluid system, and
the heat exchanger 300-2 includes an exterior fluid inlet
320, an exterior fluid outlet 322, an interior fluid inlet 326,
an interior fluid outlet 328, an inlet plenum 330, an outlet
plenum 332, a tube sheet 334, one or more interior fluid
conduits 336, one or more baffles 338, a housing 340,
and a chamber 342. In one form, the heat exchanger
300-2 is configured as a u-tube heat exchanger. It should
be understood that the heat exchanger 300-2 may have
various other configurations in other forms (e.g., a float-
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ing head heatexchanger, a straight-tube heat exchanger,
among others) and is not limited to the configuration de-
scribed herein.

[0071] The heat exchanger 300-2 is configured to re-
duce the temperature of the enclosure 200-2 via fluid
flowing through the interior fluid system and the exterior
fluid system. Specifically, fluid (e.g., gas, water, coolant,
among others) flowing through the heat exchanger 300-2
absorbs heat from the enclosure 200-2, thereby reducing
temperature of the enclosure 200-2.

[0072] In oneform, the interior fluid system is provided
by the interior fluid conduits 336 provided in the chamber
342 within the housing 340, the inlet plenum 330, the
interior fluid inlet 326, and one or more apertures of the
tube sheet 334. During operation, fluid flows through the
interior fluid inlet 326 and the inlet plenum 330, where it
enters the interior fluid conduits 336 via the apertures of
the tube sheet 334. Fluid through the interior fluid system,
which may be referred to as interior fluid, then exits the
heat exchanger 300-2 via the one or more apertures of
the tube sheet 334, the outlet plenum 332, and the interior
fluid outlet 328.

[0073] Inone form, the exterior fluid system s provided
around the interior fluid system within the chamber 342
and includes the baffles 338 extending within the cham-
ber 342, the exterior fluid inlet 320, and the exterior fluid
outlet 322. During operation, fluid enters the chamber
342 via the exterior fluid inlet 320 and flows through the
chamber 342 in accordance with a flow path defined by
the arrangement of the baffles 338 and exits the exterior
fluid system via the exterior fluid outlet 322. Fluid flowing
through the exterior fluid system may be referenced to
as an external fluid. In one form, one or more pumps,
conduits, and reservoirs (not shown) are fluidly coupled
to the heat exchanger 300-2 to regulate the flow of the
interior and exterior fluids into and out of the heat ex-
changer 300-2.

[0074] Unless otherwise expressly indicated herein, all
numerical values indicating mechanical/thermal proper-
ties, compositional percentages, dimensions and/or tol-
erances, or other characteristics are to be understood as
modified by the word "about" or "approximately" in de-
scribing the scope of the present disclosure. This modi-
fication is desired for various reasons including industrial
practice, material, manufacturing, and assembly toler-
ances, and testing capability.

[0075] Spatial and functional relationships between el-
ements are described using various terms, including
"connected," "engaged," "coupled," "adjacent," "next to,"
"on top of," "above," "below," and "disposed." Unless ex-
plicitly being described as being "direct," when a relation-
ship between first and second elements is described in
the present disclosure, that relationship can be a direct
relationship where no other intervening elements are
present between the first and second elements, and can
also be an indirect relationship where one or more inter-
vening elements are present (either spatially or function-
ally) between the first and second elements. As used
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herein, the phrase at least one of A, B, and C should be
construed to mean a logical (A ORB OR C), using a non-
exclusive logical OR, and should not be construed to
mean "at least one of A, at least one of B, and at least
one of C."

[0076] The description of the disclosure is merely ex-
emplary in nature and, thus, variations that do not depart
from the substance of the disclosure are intended to be
within the scope of the disclosure. Such variations are
not to be regarded as a departure from the scope of the
disclosure.

Claims
1. A heater system (10) comprising:

a heater bundle (12) comprising:

at least one heater assembly (18) comprising a
plurality of heater units (52), more than one of
the heater units (52) defining at least one inde-
pendently controlled heating zone (62);

a plurality of power conductors (56) electrically
connected to the independently controlled heat-
ing zones (62);

means for determining temperature;

at least one power switch (120) disposed prox-
imate the heater bundle (12); and

at least one controller (15) configured to provide
a control signal to the at least one power switch
(120) such that the power switch (120) modu-
lates power to the independently controlled
heating zones (62) through the power conduc-
tors (56) based on the determined temperature
to provide a desired power output along a length
of the at least one heater assembly (18).

2. Theheater system (10) according to Claim 1, further
comprising an enclosure (200), wherein the at least
one power switch (120) is disposed within the enclo-
sure (200).

3. Theheater system (10) according to Claim 1 or claim
2, further comprising a temperature regulation de-
vice (300) that cools the enclosure (200).

4. The heater system (10) according to Claim 3, where-
in the temperature regulation device (300) cools the
enclosure (200) using a liquid cooling medium.

5. The heater system (10) according to Claim 3, where-
in the temperature regulation device (300) cools the
enclosure (200) using forced air.

6. The heater system (10) according to Claim 5, where-
inthe forced airis provided inside the enclosure (200)
and outside the enclosure (200).
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The heater system (10) according to one of Claims
3 to 6, wherein the enclosure (200) is sealed from
an outside atmosphere.

The heater system (10) according to Claim 7, where-
in the temperature regulation device cools the en-
closure (200) using an interior fluid cooling flow and
an external fluid cooling flow, each of the cooling
flows being coupled by a heat exchanger.

The heater system (10) according to any one of
Claims 3 to 8, wherein the temperature regulation
device is at least one of a thermoelectric element
and a refrigeration system.

The heater system (10) according to any one of
Claims 2 to 9, wherein the atleast one controller (15)
is disposed within the enclosure (200).

The heater system (10) according to any one of
Claims 1 to 10, wherein the at least one controller
(15) is remote from the heater bundle (12) and com-
municates with the at least one power switch (120)
through at least one of wirelessly and over the plu-
rality of power conductors (56).

The heater system (10) according to any one of
Claims 1 to 11 further comprising a heat sink dis-
posed proximate the atleast one power switch (120).

A heater system (10) comprising:
a heater bundle (12) comprising:

at least one heater assembly (18) compris-
ing a plurality of heater units (52), more than
one of the heater units (52) defining at least
one independently controlled heating zone;
a plurality of power conductors (56) electri-
cally connected to the independently con-
trolled heating zones (62);

means for determining at least one of heating
conditions and heating requirements;

at least one power switch (120) disposed prox-
imate the heater bundle (12); and

atleast one controller (15) configured to provide
a control signal to the at least one power switch
(120) such that the power switch (120) modu-
lates power to the independently controlled
heating zone through the power conductors (56)
based on the at least one of heating conditions
and heating requirements to provide a desired
power output along a length of the at least one
heater assembly (18).

The heater system (10) according to Claim 13, fur-
ther comprising an enclosure (200) disposed proxi-
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mate the plurality of heater assemblies, wherein the
at least one power switch (120) is disposed within
the enclosure (200).

The heater system (10) according to Claim 14,
wherein the at least one controller (15) is disposed
within the enclosure (200).

The heater system (10) according to any one of
Claims 13 to 16, wherein the at least one controller
(15) is remote from the heater bundle (12) and com-
municates with the at least one power switch (120)
through at least one of wirelessly and over the plu-
rality of power conductors (56).

The heater assembly (18) according to any one of
Claim 13 to 16, wherein the at least one of heating
conditions and heating requirements are selected
from the group consisting of life of the heater units
(52), reliability of the heater units (52), sizes of the
heater units (52), costs of the heater units (52), local
heater flux, characteristics and operation of the heat-
er units (52), and entire power output.

The heater system (10) according to any one of
Claims 13 to 17 further comprising a heat sink dis-
posed proximate the atleast one power switch (120).

A heater system (10) comprising:

a heater assembly (18) comprising a plurality of
heater units (52), more than one heater unit de-
fining at least one independently controlled
heating zone;

a plurality of power conductors (56) electrically
connected to the heater units (52);

at least one power switch (120) disposed prox-
imate the heater assembly (18); and

at least one controller (15) configured to provide
a control signal to the at least one power switch
(120) such that the power switch (120) modu-
lates power to the independently controlled
heating zone through the power conductors (56)
based on at least one of heating conditions and
heating requirements to provide a desired power
output along a length of the heater assembly
(18).

The heater system (10) according to Claim 19 further
comprising a means for determining temperature.

The heater system (10) according to any one of
Claims 19 to 20 further comprising a means for de-
termining heating conditions or heating require-
ments.

An apparatus for heating fluid comprising:
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a sealed housing (72) defining an internal cham-
ber and having a fluid inlet and a fluid outlet; and
the heater system (10) according to Claim 19,
the heater assembly being disposed within the
internal chamber of the housing,

wherein the heater assembly (18) is adapted to
provide a predetermined heat distribution to a
fluid within the housing.

23. The heater system (10) according to Claim 19 further
comprising a heat sink disposed proximate the at
least one power switch (120).
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