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A heat exchanger that Is constructed with a heat exchanger shell having inlet and outlet plenums and fluid inlet and outlet ports,
and a tube sheet construction disposed In the heat exchanger shell. The tube sheet construction includes at least two separate
tube sheets and a plurality of tubes that extend between the separate tube sheets. Each tube sheet includes at least two planar
tube sheet segments and an interstitial layer disposed between the at least two tube sheet segments, and at least one sensor
element supported by each of the interstitial layers. A control monitor controls flow through the shell by a feedback control from the
sensor to an inlet control valve and/or a stimulus device excites the media layer.
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ABSTRACT

A heat exchanger that is constructed with a heat exchanger shell having inlet and
outlet plenums and fluid inlet and outlet ports, and a tube sheet construction disposed 1n the
heat exchanger shell. The tube sheet construction includes at least two separate tube sheets
and a plurality of tubes that extend between the separate tube sheets. Each tube sheet includes
at least two planar tube sheet segments and an interstitial layer disposed between the at least
two tube sheet segments, and at least one sensor element supported by each of the interstitial
layers. A control monitor controls flow through the shell by a feedback control from the

sensor to an inlet control valve and/or a stimulus device excites the media layer.
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MULTI-SEGMENTED TUBE SHEET

Field of the invention

The present invention relates in general to tube sheets that are typically used in such
applications as filtration and heat exchange. More particularly, the present invention relates to
an improvement in the construction of a tube sheet that enhances the function of the tube sheet
and enables the tube sheet to be manufactured with less expense. Even more particularly the
present invention relates to an improved tube sheet construction for providing greater process
control by employing an active media layer for a tube sheet used in particular in a heat

exchanger construction.

Background of the Invention

[n the field of filtration and heat exchange, there is a device commonly used to develop
separate regions; conﬁmonly referred to as a tube sheet. The tube sheet is meant to be
supported in a housing or tank and is used primarily for the support of a plurality of filter or
coupling elements that are usually in the form of filter tubes for filtration or heat exchange. By
way of example refer to US Patents 3,715,033; 4,609,462 and 5,128,038 which describe
various filter constructions in which the filter tubes are supported by the tube sheet essentially
forming a boundary region by which filtration or even heat exchange can be affected. For heat
exchanger application one may refer to US Patents 4,485,547; 4,782,571 and 4,827,605 that
show the use of tube sheet constructions. The tube sheet provides a support for the tubes, but
also functions as a bulkhead to the media on either side of the tube sheet; effectively
maintaining a discontinuity so that transformation can take place.

In actual operation, there are times when differential pressures on opposing sides ot
the tube sheet are in excess of normal operating differential pressures; substantial pressures in
and of themselves. In order to overcome the differential pressure and maintain structural
rigidity the tube sheet is typically produced of a substantial thickness, and machined to a high

tolerance to accept the tubes. One particular disclosure of a tube sheet is shown in the "462

patent as tube sheet 32.
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This tube sheet thickness solves the problem of structural rigidity while

simultaneously serving the purpose of a bulkhead and a means to maintain the spacing
between the tubes. This comes at a cost. The machining process which typically is by drilling
or water jet cutting is a slow and costly process to produce the sufficiently rigid, high
tolerance barrier required.

In a typical tube sheet construction the tube sheet may be formed of a metal material
such as stainless steel and can have a thickness on the order of %2 inch. A sheet of stainless
steel is fabricated to various diameters; between less than one foot in diameter up to a
diameter of greater than 5 feet in diameter, and then holes [one to 2500 or more holes] are
drilled with a conventional drill bit or water jet cutter to facilitate insertion of the tube
elements. This process is cumbersome and very time consuming; as much as 20 hours or more
to produce one sheet 5 feet in diameter.

The vast majority of tube sheets in use are fabricated in this fashion, whether it is for
use in a heat exchanger, filter, for reverse osmosis, distillation, or as a condenser, evaporator,
or for fuel cell applications. An objective of the present invention is to provide a multi-
segment tube sheet wherein, instead of drilling a one-piece thick plate, the tube sheet 1s
formed in multiple segments which are then fastened together to prbvide structural rigidity.

Another objective of the present invention is to provide an improved tube sheet which
eliminates the costly and time consuming steps to manufacture as with present day tube
sheets.

Still another objective of the present invention is to provide an improved tube sheet

structure including a stacked assembly of thinner sheets, that when assembled together

provide the structural integrity of the present day tube sheet but at a substantially reduced

manufacturing cost.

A further objective of the present invention is to provide an improved tube sheet
structure including a stacked assembly of thinner sheets, and in which the thinner sheets are
more readily processed for creating holes therein such as by being punched on an automated

press, burned with a laser or a plasma cutter, or formed by being printed using additive

manufacturing technologies; ie 3D printing as but one example.
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Another objective of the present invention is to provide an improved tube sheet
construction including an interstitial layer referred to herein as a media layer so that the tube
sheet functions both as a tube sheet as well as a multifunctional sensor device.

A further objective of the present invention is to provide an improved tube sheet
construction that provides, in addition to multiple sheet segments, a unique intermediate layer
referred to herein as a media layer for providing any one of a number of additional functions
including filtration and the sensing of parameters such as temperature or pressure associated a

heat exchange process.

Summary of the Invention

To accomplish the foregoing and other objects, features and advantages of the present
invention there is provided an improved tube sheet structure and associated method of
manufacturing such a tube sheet, while solving the above mentioned problems associated with
present tube sheet constructions. The present invention solves the problem of maintaining the
high tolerance, tube spacing, and structural rigidity of the tube sheet. This 1s achieved 1n
accordance with the present invention by manufacturing the tube sheet out of multiple thinner
layers of sheet that are critically aligned to each other and to the tubes in the assembly process,
and then fixing this assembly together to achieve the final structural integrity and bulkhead
characteristics of a tube sheet.

For the present invention the same end-use tube sheet in this arrangement will take a

fraction of the time to manufacture, due primarily to the substantially reduced thickness of

individual sheets, if punched on an automated press, burned with a laser or a plasma cutter, or
printed using additive manufacturing technologies [ie 3D printing as but one example] and
assembled and fixed. An added feature in accordance with the present invention is that
layering of the tube sheet allows interstitial placement of materials creating a non-
homogeneous device that in its entirety functions both as a tube sheet as well as a
multifunctional filtration device or membrane. Fixing the thin sheets into contact serves the
purpose of maintaining the bulkhead effect and the structural integrity, as well as the desired

tube spacing. One or more fasteners are used to secure all layers or sheets together as a unitary
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mass functioning as a tube sheet. By “fasteners” reference can be made to any one ot a

number of devices or techniques by which the individual layers or sheets are secured together.

To accomplish the foregoing and other objects, features and advantages of the present
invention there is provided a tube sheet construction that includes at least two planar tube
sheet segments, multiple holes being provided in each sheet in a predetermined pattern, each
hole for accommodating a tube sheet tube, the tube sheet segments being aligning so that all
hole patterns of each sheet align, an interstitial layer disposed betWeen the at least two tube
sheet segments, and at least one sensor element supported by the interstitial layer.

In accordance with other aspects of the present invention_including fasteners for
securing the tube sheet segments and interstitial layer together; including a control monitor
external to the tube sheet construction and responsive to a signal from the sensor element;
wherein the sensor element senses temperature; including multiple sensor elements all
disposed within the interstitial layer; wherein the sensor element senses pressure; including a
plurality of tube sheets constructed and arranged for the support of the tube sheet tubes
therebetween; including an interstitial layer with each tube sheet and each separate sensor
element sensing a pressure at its respective tube sheet; including a plurality of tube sheets
constructed and arranged for the support of the tube sheet tubes therebetween; including a
control monitor external to the tube sheets and responsive to a signal from the respective
sensor elements to determine differential pressure.

In accordance with another embodiment of the present invention there is provided a

heat exchanger that is comprised of a heat exchanger shell having inlet and outlet plenums and

fluid inlet and outlet ports, and a tube sheet construction disposed in the heat exchanger shell,
the tube sheet construction including at least two separate tube sheets and a plurality of tubes
that extend between the separate tube sheets, wherein each tube sheet includes at least two
planar tube sheet segments and an interstitial layer disposed between the at least two tube
sheet segments, and at least one sensor element supported by each of the interstitial layers.

In accordance with still other aspects of the present invention including multiple holes
being provided in each tube sheet in a predetermined pattern, each hole for accommodating a
tube sheet tube, the tube sheet segments being aligning so that all hole patterns of each sheet

align; including fasteners for securing the tube sheet segments and interstitial layer together;

4
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including a control monitor external to the tube sheet construction and responsive to a signal

from each sensor element; wherein the sensor element senses temperature; including multiple
sensor elements all disposed within the interstitial layer; wherein the sensor element senses
pressure; including at least three tube sheets constructed and arranged for the support of the
tube sheet tubes therebetween.

In another embodiment of the present invention there is provided a combination of a
tube sheet and a plurality of elongated tubular elements supported with the tube sheet, said
tube sheet comprised of a plurality of separaté planar tube sheet segments, and multiple holes
being provided in each planar tube sheet segment in a predetermined pattern, each hole for
accommodating one of the plurality of elongated tubular elements, all of the tube sheet
segments being aligning so that the hole pattern of each segment aligns with the hole pattern
in all other segments. Each elongated tubular element has a flanged top end and a contiguous
tubular shaft with the flanged top end having a diameter greater than a diameter of the tubular
shaft, said flanged top end supported over a first one of said plurality of separate planar tube
sheet segments, and a securing piece constructed and arranged about the tubular shaft of the
elongated tubular element and supported under a second one of said plurality of separate
planar tube sheet segments. The securing piece is for engagement with the tubular shatt to
provide a compressive force against the tube sheet segments that are disposed between the
flanged top end and the securing piece.

In accordance with another version of the present invention there is provided a tube

sheet construction that is comprised of a plurality of separate planar tube sheet segments,

multiple holes being provided in each planar tube sheet segment in a predetermined pattern,
each hole for accommodating an elongated tubular element, an active planar layer disposed
parallel with the plurality of separate tube sheet segments, and fasteners for securing all of the
planar tube sheet segments and the active planar layer together and arranged so that all planar
tube sheet segments and said active planar layer are maintained in intimate contact. The active
layer comprises a layer in which one of an external stimulus is applied to the layer and a
response 1s elicited from the layer.

In still another version of the present invention there is provided a tube sheet

construction that is comprised of a plurality of separate planar tube sheet segments, multiple

J
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holes being provided in each planar tube sheet segment in a predetermined pattern, each hole
for accommodating an elongated tubular element, a passive planar layer disposed parallel with
the plurality of separate tube sheet segments, and fasteners for securing all of the planar tube
sheet segments and the passive planar layer together and arranged so that all planar tube sheet
segments and said passive planar layer are maintained in intimate contact. The passive layer 1s

formed as a flow control layer.

Brief Description of the Drawings

It should be understood that the drawings are provided for the purpose of illustration
only and are not intended to define the limits of the disclosure. In the drawings depicting the
present invention, all dimensions are to scale. The foregoing and other objects and advantages
of the embodiments described herein will become apparent with reference to the following
detailed description when taken in conjunction with the accompanying drawings in which:

FIG. 1 is a schematic diagram of a prior art heat exchanger system;

FIG. 2 is a schematic diagram of a heat exchanger system incorporating the improved
heat exchanger construction particularly an improved tube sheet construction associated with

the heat exchanger;

FIG. 3 is an enlarged view of the heat exchanger vessel incorporating an improved

tube sheet construction;

FIG. 3A is an enlarged but fragmentary cross-sectional of one of the tube sheets shown

in FIG. 3:

FIG. 4 is an enlarged cross-sectional view through the tube sheet construction;
FIG. 5 is a schematic diagram of an alternate embodiment of the present invention

showing the use of a control monitor for sensing differential pressures within the tube sheet

construction;

FIG. 6 is a schematic diagram of a still further version of the present invention
showing the use of a stimulus device for exciting a media layer, as well as a sensing circuit;

FIG. 7 is a cross-sectional view through an alternate embodiment of a tube sheet;

FIG. 8 is a fragmentary cross-sectional view showing another embodiment ot the

present invention including a securing piece associated with the filter tube;

6
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FIG. 9 is an enlarged cross-sectional view showing the construction at one filter tube
and employing a securing nut;

FIG. 10 an enlarged cross-sectional view showing the construction at one filter tube and
employing a push nut;

FIG. 10A is a fragmentary perspective view illustrating the push nut disposed on a filter
tube

FIG. 11 is a fragmentary cross-sectional view of another embodiment of the present
invention employing the securing piece; and

FIG. 12 is a fragmentary cross-sectional view showing the use of the securing piece

assoclated with each filter tube and a sensor.

Prior Art Diagram

Refer now to FIG. 1 there is illustrated a typical control system for the heat exchanger 10.
This includes a feedback loop having several lengths of coupling piping for interconnecting
components that form the feedback loop. This feedback loop essentially extends from the shell
side outlet 16 of the shell 12, through the various components shown in FIG. 1 and back to the
shell side inlet 15 of the shell 12. The basic heat exchanger construction 1s formed by the shell 12
and the tube sheet structure that is comprised of a pair of solid tube sheets 20 spacedly supported
internally from the shell and a plurality of tubes supported by the tube sheets and extending
therebetween. FIG. 1 also depicts the tube side inlet at 13 and the tube side outlet at 14 where the
main fluid is being processed. In FIG. 1 the tube sheets 20 are considered as of conventional
design; in other words constructed of a one-piece solid metal member.

The aforementioned feedback loop is considered as including, in series, a suction
accumulator 30, a hermetic compressor 32, a fan cooled condenser 34 and a recelving tank 36,
the function of which is well known in the art. In this arrangement one of the control elements
includes a thermal expansion valve 24 that is controlled via the capillary 26 from a detection
bulb 27. The TXV thermal expansion valve 24 is of the diaphragm type having a coarse
presetting of the valve seat relative to the valve stem of the valve 24. In such an arrangement

the diaphragm mounted valve stem of the valve controls the flow through the valve stem/seat
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pair. This control of the valve 24 is from the pressure bulb 27 by way of the gas filled
capillary tube 26 spanning the distance from the TXV bulb 27 to the diaphragm of the thermal

expansion valve 24. Under operating conditions, the controlled flow of the shell side ot the
heat exchanger provides feedback to the TXV thermal expansion valve 24 in order to control
fluid flow about the tubes 22 that are mounted between the respective tube sheets 20.

The feedback control loop controls modulating the gas or liquid entering the shell side
of a heat exchanger at 15 and exiting at 16 in FIG. 1 by the action of a gas filled bulb 27 fitted
to a capillary tube 26; the other end of which is connected to the diaphragm of the TXV
thermal expansion valve 24. This bulb 27 is clamped by clamp 28 so as to be in intimate
contact with the piping, along with the preferred use of a thermal paste at the bulb 27.

The temperature of the process gas, which is a function of the heat load rejected as the
tube side fluid passes, causes a change in gas pressure in the bulb 27 which is transmitted
through the capillary tube 26, to the diaphragm of the TXV thermal expansion valve 24. This
is a risky endeavor because the precise location of the TXV bulb 27 is not assured, nor is there.
perfect conduction of the temperature or consideration for the manufacturing tolerances of the
multitude of devices that have to work in concert to cause the valve actuation to control the
flow at valve 24, which ultimately determines the volume of heat transfer fluid available to

change the temperature of the fluid transiting the tube side of the heat exchanger.

Detailed Description of Alternate Embodiments

As mentioned before, in accordance with the present invention the tube sheet 1s

constructed out of multiple thinner layers of sheet material that are aligned to each other and
to the tubes in the assembly process, and then fixing this assembly together to achieve the
final structural integrity and bulkhead characteristics of a tube sheet. In the drawings of
co-pending U.S. Application Serial No. 14/535,596, (attorney docket number 03413-1),
several different versions of tube sheet constructions are set forth such as in FIGS. 1-4, along
with a diagram in FIG. 5 which is an illustration of the application of the principles of the
present invention to a filtration structure.

In accordance with one aspect of the present invention there is provided a method of

manufacturing a tube sheet by forming a plurality of separate thin tube sheet segments such as

8
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shown in FIG. 7 as layers or sheets 1-6. The next step is forming multiple holes in each sheet in
a predetermined pattern such as illustrated at 11. Each hole 11 is for accommodating a tube
sheet filter tube 8. A next step is aligning all of the plurality of tube sheet segments 1-6 so that
the hole pattern of each sheet aligns with the hole pattern in all other sheets of the plurality of
tube sheet segments and securing all of the tube sheet segments together to form a unitary tube
sheet such as with the use of fasteners 12 in the embodiment of FIG. 7. Most likely several
fasteners would be employed throughout the tube sheet in order to provide a secured unitary
structure. All fasteners or other securing means is meant to hold all sheets or layers together. In
this embodiment, as well as in other embodiments described herein, the fasteners are arranged
so that all separate layers are held in intimate contact with an adjacent layer so as to maintain a
solid tube sheet structure without any gaps between layers. This intimate contact also applies to
contact with any media layer that 1s used.

Additionally, one aspect of the present invention allows for stacking, not just the tube
sheet layers, but in effect the stacking and retention of other filtration or conversion media
between the segmented tube sheet layers. One can envision a circumstance where, in this now
discontinuous tube sheet device, the interstitial layer is attached to electrical contacts and the
interstitial layer is itself a device that counts passing target molecules (see the sensing circuit 87
in FIG. 6 as an example of a means by which counting can occur). This extra media sheet 1s
illustrated in the drawings herein. For instance, the media layer may be in the form of an
energized interstitial layer that is able to sense any number of differences across the breadth of
the device such as, for example, differential pressure where a single heat exchanger utilizes a
plurality of tube sheets. Yet another envisioned interstitial layer within one or more layers of
the tube sheet could be used for measuring the temperature differential across the tube sheet and
providing feeding back in real time to enhance computational fluid dynamics software to form
an improved open or closed-loop arrangement that enables a new type of highly interactive tube
sheet construction.

[t is noted that the “media” layer, identified herein by a layer 60 in the drawings and also
referred to as an interstitial layer, can take on a multitude of forms. Such a media layer 1s, for
one thing, of a different material than that of the other layers comprising the tube sheet.

This layer may be referred to herein in this particular application as being either a “passive
9
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layer” or an “active layer. In either case this layer describes an intermediate layer that 1s
essentially a subcomponent of the whole assembly (tube sheet) but working in concert with
the whole assembly to provide unique characteristics not possible with existing tube sheet
constructions. A “passive” layer may be considered as one in which, by the selection ot
different materials for that layer (and different than other layers of the tube sheet), one can
provide different effects upon the fluid flow through the system, while at the Same time not
being considered as providing any active stimulus or response. An “active” layer, on the other
hand, may be considered as one in which either an external stimulus is applied to the layer or a
response is elicited from the layer. Examples of a “passive” layer are where the media layer
provides filtration, flow control, shock absorption, magnetic characteristics, dosing, chemical
or medical treatment, or ion exchange. Examples of an “active” layer are where the media
layer is used to sense a parameter within the tube sheet such as pressure or temperature
(response) or where the media layer is externally excited such as by applying a magnetic field
to the layer (stimulus). Other examples are set forth herein.

For filtration and heat exchange applications it is common to construct the tube sheet
of a metal material such as stainless steel. However, in accordance with the present invention
the tube sheet, or certain layers thereof, can also be formed of an insulative or non-metal
material such as a glass reinforced plastic material. Also, alternating conductive and
non-conductive materials for the various layers can be provided, examples ot which are set
forth later.

Referring now to FIGS. 2, 3, 3A and 4, a typical tube sheet heat exchanger apparatus is

shown at 40 and of the type to which the present invention is directed to improve upon system
operation by the incorporation of the improved tube sheet construction of the present
invention. As opposed to, for example, an indirect measurement of the temperature
somewhere on the exiting shell side tube, direct measurements of the temperatures can now be
taken within the tube sheet itself. This is accomplished by means of incorporating within a
separate media layer of the tube sheet sensors, which for this particular embodiment are
temperature sensors, such as sensors 65 depicted in FIGS. 3A and 4. In another embodiment
described herein pressure is sensed, and in still other embodiments any number of other

parameters can be sensed directly within the tube sheet itself. With sensors n=1 to no upper

10
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limit, embedded in the media layer 60 of FIG. 3A, a remarkable temperature resolution may
be discerned directly and acted upon appropriately with one of several new opportunistically
devised control algorithms designed with the new embodiment of the tube sheet device in
mind. For instance, one can decouple the bulb and capillary arrangement (see FIG.1) and, for
example, fit a control valve with a stepper motor; in other words an EXV electronic expansion
valve 25 (see FIG. 2); driven by the control monitor 70 that may run an algorithm that 1s
capturing real time data at potentially every entrance and every exit of the tubes 1n the tube
sheet, as well as at intermediate positions of the heat exchanger tubes. In FIG. 2 the
improvement in accordance with the present invention is set forth while still illustrating the
known components of the suction accumulator 30, hermetic condenser 32, fan cooled
compressor 34 and receiving tank 36.

In FIGS. 2 and 3 the placement of the tube sheets 50 is illustrated. In this particular
embodiment the tube sheets 50 are illustrated as installed at both ends of the heat exchanger in
FIG. 3 resulting in improved operating characteristics and energy efficiency of the heat
exchanger. This provides for the refinement of computational fluid dynamics (CFD) sottware
and the modeling and construction of more efficient heat exchangers. The control of the heat
exchanger will also become more standardized because, unlike with the capillary tube and
bulb arrangement, the sensors 65 embedded in layer 60 will remain in intimate contact with
the layer and in the precise location with respect to the process measurements necessary to
optimize the system. Additionally, if one temperature sensor fails, the system will continue to
operate at a very high level of reliability. If one item fails in the temperature feedback loop in
the prior art system in a heat exchanger example, control is lost and the system fails. The
present invention utilizes increased operational efficiency, and reliability of a heat exchanger.
FIG. 2 also illustrates in dotted outline an optional further tube sheet 50’ spaced between the
end tube sheets. The tubes 52 may pass through this center tube sheet 50’ or may be connected
in various ways at the center tube sheet 50°. Also, additional tube sheets with a sensor layer
may be employed along the tubes in order to facilitate additional measurements; including, but
not limited to, such measurements as temperature, force or pressure.

FIGS. 3. 3A and 4 illustrate further details of the improved tube sheet construction

including a multi-segmented tube sheet 60, where n=2 is the minimum number of separate

11
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sheets and there is no upper limit; and the minimum tube count n=1 and there 1s no upper
limit. In this particular embodiment the multi-segmented tube sheet is shown with only two
main sheets identified as sheets 62 and 64 arranged such that the tubes 52 have ends thereot
basically supported between the sheets or segments 62 and 64. In addition there i1s shown the
single media sheet or layer 60 disposed just below the top sheet 62 as viewed in FIG.4. In this
particular embodiment there is provided a flanged surface 66 of each tube 52 and that 1s
disposed essentially between the two -sheets 62 and 64. The flange 66 is considered as a part of
and affixed at the end of each tube 52 and is the means by which the tubes are held 1n place
relative to the sheets. The first sheet 62 essentially functions in this case as a hold down to the
tubular elements 52 and all other sheets including the additional sensing layer 60 that may act
as a filtration barrier or a conversion medium to the process media as it passes from the
unprocessed side to the processed side, and which may or may not be installed at this location
depending on the desired action on the media as it transitions from the primary to the
secondary side of the tube sheet. The tube sheet stack in the assembled form may be
permanently constructed as with rivets, weld, solder, braze, epoxy, etc. (see fasteners 73) or
constructed with removable fasteners such as bolts, screws, removable rivets, etc. or simply
floated between some reference points to facilitate loading of the media while simultaneously
serving the purpose of a traditional tube sheet acting simply as a bulkhead and the
demarcation location between the primary and secondary sides of the tube sheet.

In the embodiment shown in FIGS. 2-4 there are multiple sensors 65 imbedded in the
sensing layer 60. However, even a single sensor can be provided per sensing layer. Also, more
than two segments of tube sheet media layers can be provided in which case temperature
sensing can occur at multiple locations of the tube sheet. In this regard co-pending U.S.
Application Serial No. 14/ 535,596 filed on November 7, 2014, illustrates several different
tube sheet constructions having multiple layers such as six layers shown in one embodiment.
In one embodiment there are several separated media layers in a single tube sheet '
construction. In that case one or more sensors could be imbedded in one or more of these
sensing layers. Also, more than two tube sheets may be employed with each spaced along a
transverse length of the heat exchanger or filter. The more tube sheets provided, each having a

sensing media layer, the broader spectrum one can obtain of the sensed parameter.

12
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In FIG. 2 herein there is depicted in dotted outline a middle tube sheet 50°. Additional

tube sheets may also be stacked along the tubes with each having the capability of having one
or more sensing layers using one or more temperature or other parameter sensors. In that case
the one or more sensors of the middle tube sheet 50” would also connect to the illustrated
control monitor 70. Refer also to FIG. 5 discussed hereinafter for an illustration of the use of a
middle tube sheet 50’ having signals also coupling from that tube sheet to the control monitor
70. The middle tube sheet 50° is permeable to flow from 435 to 46.

In FIG. 2, in addition to the control monitor 70 there is also depicted a recerver box 67
that essentially represents the receipt of a signal from a sensor, or more than one sensor, on or
imbedded in the layer 60 of one of the tube sheets 50, and a receiver box 68 that essentially
represents the receipt of a signal from a sensor, or more than one sensor, on or imbedded in
the layer 60 of the opposed tube sheet 50. Thus, there is illustrated in FIG. 2 control lines that
connect each box 67, 68 with a corresponding tube sheet sensor 65, and coupling from there
to the control monitor 70. The output of the control monitor at line 69 connects to the valve 235
to control flow through the valve 25 under electronic control from the control monitor 70.

In FIG. 5 there is illustrated another embodiment of the present invention in which
differential pressures are measured. In FIG. 5 many of the same reference numbers are used as
previously described in FIG. 2. In addition to the output of the control monitor 70 coupling to
the valve 23, it is also noted that the differential pressure can be displayed at the display 61. In
FIG. S, in addition to the control monitor 70 there is also depicted a receiver box 67 that

essentially represents the receipt of a signal from a sensor, or more than one sensor, on or
imbedded in the layer 60 of one of the tube sheets 50, and a receiver box 68 that essentially
represents the receipt of a signal from a sensor, or more than one sensor, on or imbedded 1n
the layer 60 of the opposed tube sheet 50, and a third receiver box 63 that essentially

represents the receipt of a signal from a sensor, or more than one sensor, on or imbedded 1n
the layer 60 of the middle tube sheet 50°. Thus, there is illustrated in FIG. 2 control lines that
connect each box 63, 67, 68 with a corresponding tube sheet sensor or sensors, and coupling
from there to the control monitor 70. The output of the control monitor 70 at line 69 connects

to the valve 25 to control flow through the valve 25 under electronic control from the control

monitor 70,
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The following are additional examples of various embodiments of the present

invention using primarily active media layers either using a response or stimulus concept. For
the “response” concept this means that a sensing occurs from certain sensors at the media
layer. For the “stimulus’ concept this means that there is an external stimulating of an element
at the media layer. An example of a “stimulus” concept is schematically illustrated in FIG. 6
wherein the control monitor is substituted by a stimulus device 80 for imparting a stimulus to
the media layer of the tube sheet.

With reference to a tube sheet construction as in FIG. 3A and 4, and with the
excitation concept of FIG. 6, the main layers 62 and 64 may be a pair of respective insulative
layers. These layers 62 and 64 may be constructed of non-conductive material such as a glass
reinforced plastic and the interstitial layer 60 made of a sintered copper. A charge 1s then
imparted on layer 60 by means of the stimulus device 80 which is schematically illustrated 1n
FIG. 6. This stimulus device connects directly to layer 60 to impart an electrical or magnetic
charge or bias on layer 60. The stimulus device 80 may comprise an electrical charging circuit,
battery device, or magnetic flux device. This well insulated media layer 60, between insulated
layers 62 and 64 functions as an electrostatic filter within the superstructure of the tube sheet
device. As flow passes through the tube sheet in FIG 6, the flow passes through an energized
metallic layer 60 placed between layers 62 and 64, particles are trapped on the surface of layer
60. Reversing the flow to back flush layer 60 removes or reverses the charge and releases the
particles out of the system. '

Another operational arrangement using the tube sheet construction illustrated in FIG.
3A and 4 provides for magnetic particle filtering. Such filtering can take place in many
different applications including for heat exchange, as in the co-pending U.S. Application
Serial No.14/535,596 (attorney docket number 03413-1), as well as in embodiments described

herein, and regardless of the number of tube sheet layers that are provided. Thus, the layer 60
in FIG. 4 may be constructed from a material that when activated by an external electric
current or coupling with another magnetic field (stimulus device 80 in FIG. 6) be imbued with
magnetic properties thus creating the ability to filter out magnetic particulate directly at the
tube sheet. In this case, the layers 62 and 64 may be constructed of a non-magnetic material so

as not to magnify the strength of the magnetic layer 60, or one may want exactly that etfect
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and in which case the layers 62 and 64 would both be of a material that exhibits magnetic
susceptibility, such as those with ferromagnetic (e.g. iron), ferrimagnetic (e.g. magnetite), or
antiferromagnetic (e.g. iron manganese, nickel oxide) and in the case of antiferromagnetic
organic molecules (e.g. S-dehydro-m-xylene).

In the example just set forth a further feature can be added so as to essentially provide
a hybrid system in which both “stimulus” and “response” is enabled. As indicated above the
stimulus device provides an excitation signal to the media layer. In addition an external
sensing circuit 87, also depicted in FIG. 6 detects changes in the magnetic flux at layer 60 due
to the passing particles of magnetic, ferromagnetic, or antiferromagnetic properties. Now the
magnetic layer 60 provides both functions in connection with a sensing device (87) and a
filtration device (80), simultaneously or alternatively.

Still another embodiment of the present invention can be practiced in which a plasma
layer is essentially established within the tube sheet. Such a plasma layer can be envisioned as
being applied to any of the embodiments described herein as well as other embodiments of the
tube sheet disclosed in co-pending U.S. Application Serial No.14/535,596 (attorney docket
number 03413-1). With respect to the tube sheet version illustrated herein in FIG. 4 the layers
62 and 64 are of sufficient construction to contain the plasma therebetween, such as being
constructed of a high performance glass material. The gas basis of the plasma 1s delivered to
this interstitial location via some number, where n=1 with no upper limit of modified tubes 52
into the zone between layers 62 and 64. In this case the stimulus is essentially a device for

delivering the charge on the gas such that a plasma is created in the zone between layers 62

and 64, or in other words at the layer 60. As flow passes through the tube sheet, 1t passes
through a plasma layer 60 placed between layers 62 and 64. In this way particles are

annihilated in an example of this embodiment that may be part of a decontamination heat

exchanger.

In still another embodiment for practicing the present invention there is provided an
active layer that functions as a UV light delivery zone. In this regard refer to a further version
of a tube sheet as illustrated in FIG.7 herein. In this version layer 4, or other layers, may be a
natural or synthetic quartz or engineered glass product that selectively transmits in the UV

spectrum. The UV dose is delivered to this interstitial location via some number, where n=1
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with no upper limit of fiber-optic tubes 8 into the zone between layers 3 and 5, in other words
into layer 4. As flow passes through the tube sheet, it passes through the intersticies of layers 3
to 5. The flow passing will be dosed with UV light emanating from layer 4, and any living
matter will have its DNA disrupted or possibly annihilated in an example of this embodiment
that may be part of a sanitation device. In FIG. 7 there is provided fiber optic elements or
tubes 8a, 8b. The layer 3 reflects into layer 4 but only at the tubes 8a, 8b. At the location of the
tubes aligned holes in other layers are optional.

A further embodiment that is contemplated provides the media layer as one that can
control the flow level through the tube sheet by means of specific restrictions imposed by this
layer. Refer to FIG. 7 herein. For example, the media layer 10 may be constructed ot a
uniform material such as for filtering, in configuration but provided with one or more
restricting orifices 19 through the surface thereof to control flow rate. The size (diameter) of
each orifice 19, as well as the number of orifices determines the flow rate through the tube
sheet. Such a media layer thus functions as a throttling mechanism within the tube sheet itselt
so as to modulate the output flow given some input condition such as flow and/or pressure. A
media layer with one or more orifices 19 can also function for filtration through the non-
orifice locations. Thus, any one media layer may be considered as having multiple functions.
In FIG. 7 the orifices 19 are shown as aligned with the holes 11, however, in other
embodiments the orifices may not be so aligned. If the layer 10 is somewhat porous then
orifices can be provided at many different locations 1n layer 10.

An alternate embodiment of the present invention is now illustrated in FIGS. 8-12.
FIG. 8 is a fragmentary cross-sectional view showing another embodiment of the present
invention including a securing piece associated with the filter tube. FIG. 9 is an enlarged
cross-sectional view showing the construction at one filter tube and employing a securing nut.
FIG. 10 an enlarged cross-sectional view showing the construction at one filter tube and
employing a push nut. FIG. 10A is a fragmentary perspective view illustrating the push nut
disposed on a filter tube. FIG. 11 is a fragmentary cross-sectional view of another
embodiment of the present invention employing the securing piece. FIG. 12 is a fragmentary
cross-sectional view showing the use of the securing piece associated with each filter tube and

a sensor. The embodiments described in FIGS. 8-12 represent a further improvement to the
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tube sheet construction. This primarily involves use of a securing piece that is constructed and
arranged to be disposed about the tubular element or filter tube and functions, 1n concert with,
the flanged end of the elongated tubular element to provide a compressive force against the tube
sheet segments that are disposed between the flanged top end and the securing piece. This
construction may be used in a tube sheet construction such as illustrated in the fragmentary
cross-sectional view of FIG. 8. In this particular embodiment the tube sheet construction is
shown as including a media layer 10, although, the principles of the present invention may also
be used in a tube sheet construction where there is no media layer provided.

The fragmentary cross-sectional view of FIG. 8 illustrates the flanged end at 9. This
may be constructed of a grommet that is crimped about an end of the elongated hollow tubular
element 8. In other embodiments of the present invention, this flanged member 9 may also be
crimped about other locations along the elongated tubular element 8. FIG. 8 also 1llustrates a
securing piece in the form of a nut 75 that is threadedly engaged with the element 8. In this
regard, refer to the somewhat more detailed fragmentary cross-sectional view of F1G. 9
illustrating the nut at 75 engaged with the elongated tubular shaft 8 which has external threads
79. Reference may also now be made to the fragmentary cross-sectional view of FIG. 10 to
show a different embodiment of the securing piece. This is illustrated as in the form of a push
nut 76. Refer also to the fragmentary perspective view of FIG. 10A that shows further details
of the push nut 76. The push nut 76 functions so that it can be forced onto the shaft of the filter
tube but is constructed so that it is locked in place once pushed on and not easily disengaged
from the filter tube 8. In FIG. 10 the filter tube 8 is shown as having a smooth outer surface.
However in another embodiment of the present invention, it may be provided with small
circular indentation rings that assist in the positioning and engagement of the push nut 76 with

the filter tube 8.

Reference is now made to FIG. 11 which is a further fragmentary cross-sectional view
showing multiple tubular elements 8 with a grommet or flanged end illustrated at 9 and with a
securing piece in the form of a nut 75 under the layer 6. The flanged end 9 1s disposed above
the top layer 1 of the multiple tube sheet segments. The nut 75 is disposed under the
bottommost layer 6 of the plurality separate planar tube sheet segments. By tightening the nut

75, there is a compressive force between the nut 75 and the flange 9 providing a compression of
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the tube sheet segments therebetween. Even though a cover is provided with additional
fasteners 12, the tube sheet segments may be relatively large in diameter and by providing the
securing pieces as described herein, there 1s additional compression and additional tension on
the tube sheet segments at virtually every location of the filter tubes. Although a securing piece
1s 1llustrated at each of the tubes 8 in FIG. 11, it 1s also possible to provide a securing piece at
only predetermined ones of the elongated filter tubes 8. The use of securing pieces can be
arranged to provide a series of securing pieces spread throughout the tube sheet construction,
each associated with a filter tube as 1llustrated, so that there are several locations where
additional compression 1s applied. Also, the tlanged end 9 is provided so that it engages firmly
with a top surface of the engaged tube sheet segment by virtue of the hole in the segment being
smaller than the diameter of the flanged end, leaving an annular engagement surface of the
flanged end directly against the tube sheet segment surface; usually the upper surface thereof.

One particular advantage ot the embodiment illustrated in FIG. 10 with the push nut is
that 1t makes the entire structure more tamper proof or tamper resistant. As also previously
indicated, this combination of the flanged end and the securing piece introduces another level of
tension for the securing of the tubes to the sheet segments.

Reference 1s now made to the fragmentary cross-sectional view of FIG. 12 which shows
the principles of the flanged end and securing piece applied to a simplified tube sheet
construction including layers 60, 62 and 64. In this embodiment there 1s also provided on each
of the filter tubes 8, a flanged end at 9 and a securing piece at 75. In this particular embodiment
there may also be provided an O-ring 78 between each of the securing nuts 75 and the layer 74.
This O-ring 78 can provide additional sealing between each filter tube and the tube sheet
construction. In addition, FIG. 12 also 1llustrates a sensor 77. Multiple sensors may be
provided in the layer 60 although only one sensor 77 1s shown in FIG. 12. This may be a
temperature or pressure sensor or virtually any other type ot sensor such as for tlow control. In
addition, as illustrated in dotted outline in FIG. 11, sensors 77 may also be provided in different
layers of the tube sheet construction. In FIG.12, the sensor 77 is illustrated in a media layer 60.
In FIG. 11 the two sensors 77 shown in dotted outline are in respective planar tube sheet

segments 1 and 6 by placing sensors at different locations within the tube sheet construction

18



CA 02908260 2016-03-15

different parameters can be sensed such as different pressures or temperatures across the tube
sheet construction.

Having now described a limited number of embodiments of the present invention, it
should now be apparent to those skilled in the art that numerous other embodiments and
modifications thercof are contemplated as falling within the scope of the present invention, as

defined by the appended claims.
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CLAIMS:

1. A tube sheet construction that includes at least two planar tube sheet segments,
multiple holes being provided in each sheet in a predetermined pattern, each hole for
accommodating a tube sheet tube, the tube sheet segments being aligned so that all hole
patterns of each sheet align, a planar interstitial layer including at least one of a stimulus
device coupled to the interstitial layer for stimulating the interstitial layer and a sensing device
coupled to the interstitial layer for sensing a parameter at the interstitial layer, and fastening
means for securing all of the planar tube sheet segments and the interstitial layer 1n parallel
and arranged so that all planar tube sheet segments and said interstitial layer are all maintained

in intimate contact so as to form a solid tube sheet structure.

2. The tube sheet construction of claim 1 wherein the sensing device comprises at least

one sensor element supported by the interstitial layer.

3. The tube sheet construction of claim 1 wherein the interstitial layer 1s disposed

between adjacent planar tube sheet segments.

4, The tube sheet construction of claim 1 including a control monitor external to the tube

sheet construction and responsive to a signal from the sensing device.

. The tube sheet construction of claim 1 wherein the sensing device comprises a sensor

that senses at least one of temperature and pressure.

6. The tube sheet construction of claim 1 wherein the sensing device comprises a sensor

element and further including multiple sensor elements disposed within the interstitial layer.

7. The tube sheet construction of claim 1 including a plurality of tube sheets constructed

and arranged for the support of the tube sheet tubes therebetween, and wherein each tube sheet
20
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has an interstitial layer disposed between the at least two tube sheet segments, and the sensing

device includes at least one sensor element supported by the interstitial layer.

8. The tube sheet construction of claim 6 including a control monitor external to the tube
sheets and responsive to a signal from the respective sensor elements to determine one of

temperature, force and pressure.

9. The tube sheet construction of claim 1 wherein the tube sheet construction forms part
of one of a filtration device, a heat exchanger, a sanitation device, a reverse osmosis device, a
distillation device, a condenser, an evaporator, a fuel cell, a transfusion device and a blood

warming device.

10.  The tube sheet construction of claim 1 wherein said interstitial layer comprises an

active layer and further including a device for eliciting a response from the active layer.

11.  The tube sheet construction of claim 1 wherein the interstitial layer comprises one of

an active layer and a passive layer.

12.  The tube sheet construction of claim 1 wherein each said tube sheet tube has a top end
and a contiguous tubular shaft, said top end supported over a first one of said separate planar
tube sheet segments, and a securing piece constructed and arranged about the tubular shaft of
the elongated tubular element and supported under a second one of said plurality ot separate
planar tube sheet segments, said securing piece for engagement with the tubular shaft to
provide a compressive force against the tube sheet segments that are disposed between the top

end of the tube sheet tube and the securing piece.

13.  The tube sheet construction of claim 12 wherein the securing piece i1s comprised of

one of a threaded nut and a push nut, and the top end of the tube sheet tube 1s a flanged top

end.
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14. The tube sheet construction of claim 13 wherein the threaded nut abuts a lowermost

planar tube sheet segment.

15. The tube sheet construction of claim 13 wherein the flanged top end 1s disposed
between adjacent planar tube sheet segments and the securing piece is disposed under a

lowermost planar tube sheet segment.

16. A tube sheet construction that 1s comprised of a plurality of separate planar tube sheet
segments, multiple holes being provided 1n each planar tube sheet segment 1n a predetermined
pattern, each hole for accommodating an elongated tubular element, all of the tube sheet
segments being aligned so that the hole pattern of each segment aligns with the hole pattern in
all other segments, a planar interstitial layer disposed parallel with the tube sheet segments, at
least one sensor element supported by the interstitial layer, and fasteners for securing all of the
planar tube sheet segments and the interstitial layer together and arranged so that all planar
tube sheet segments and said interstitial layer are all maintained 1n intimate contact so as to

form a solid tube sheet structure.

17. A tube sheet construction that 1s comprised of a shell having inlet and outlet plenums
and fluid inlet and outlet ports, and a tube sheet construction disposed in the shell, the tube
sheet construction including at least two separate tube sheets and a plurality of tubes that
extend between the separate tube sheets, wherein each tube sheet includes at least two planar
tube sheet segments and a planar interstitial layer disposed parallel with the at least two tube
sheet segments, at least one sensor element supported by each of the interstitial layers, and
fasteners for securing all of the planar tube sheet segments and the interstitial layer together

and arranged so that all planar tube sheet segments and said interstitial layer are all maintained

1n intimate contact so as to form a solid tube sheet structure.
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18. A tube sheet construction that 1s comprised of a plurality of separate planar tube sheet
segments, multiple holes being provided in each planar tube sheet segment in a predetermined
pattern, each hole for accommodating an elongated tubular element, an active planar layer
disposed parallel with the plurality of separate tube sheet segments, and fasteners for securing
all of the planar tube sheet segments and the active planar layer together and arranged so that
all planar tube sheet segments and said active planar layer are maintained 1n intimate contact,
said active layer comprising a layer in which one of an external stimulus 1s applied to the layer

and a response 1s elicited from the layer.

19. A tube sheet construction that 1s comprised of a plurality of separate planar tube sheet
segments, multiple holes being provided 1n each planar tube sheet segment 1n a predetermined
pattern, each hole for accommodating an elongated tubular element, a passive planar flow
control layer disposed parallel with the plurality of separate tube sheet segments, and fasteners
for securing all of the planar tube sheet segments and the passive planar layer together and
arranged so that all planar tube sheet segments and said passive planar layer are maintained 1n

intimate contact.
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