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TUBULAR ANVIL ; STRUCTURE MANUFACTURED BY THIS METHOD

Field

This disclosure relates to friction stir welding tube end joints on heat exchangers.

Background

The friction stir welding (FSW) process is being used in a number of heat
exchanger applications to connect certain elements in the heat exchanger. For example,
in the FSW process as applied to shell and tube heat exchangers, a solid state welding or
stirring process is used wherein the ends of tube walls are “stirred” into surrounding tube
sheet material without introducing dissimilar metals and without adverse effect to metal
grain structure. Examples of the FSW process in heat exchanger applications are
disclosed in U.S. Patent 8,439,250 and in U.S. Published Patent Application No.
2013/0037601.

Because of the unique loading factors resulting from the FSW process, FSW has
only been successfully applied to tubes with a thick gauge, for example greater than
about 0.100 inch wall thickness. Overall, thin gauge tubes, for example about 0.100 inch
wall thickness or less, can be more desirable for heat exchangers because they save
material cost and decrease thermal resistance. However, the problem of employing FSW
thin gauge tubes is difficult because the geometry of the FSW weld nugget can make it
difficult to retain a satisfactory weld depth and can also increase the sensitivity and cost

of pre-weld and post-weld machining processes.

Summary

Processes are described that use FSW to connect a tube to another element. The
tube can be, for example, a tube of a heat exchanger and the element can be, for example,
a tube sheet of the heat exchanger. The heat exchanger can be any type of heat exchanger
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design in which it is desirable to connect a tube to another element. One example of a
heat exchanger in which the described process can be used includes, but is not limited to,
a shell-and-tube heat exchanger. It is to be realized that the process is not limited to use
with heat exchangers, and can be used in any application in which one wishes to connect
a tube to another element using FSW.

The described process can be used on tubes having any wall thickness. However,
the process can be used on thin gauge tubes, for example tubes having a wall thickness of
about 0.100 inch or less. When the tubes are used in a heat exchanger, the tubes can
carry a working fluid or a cooling fluid depending upon the heat exchanger design.

In one specifically described example process, a unique anvil technique is utilized
that enables FSW tools to join thin gauge tube ends into tube sheets of a heat exchanger
with maximum depth of penetration and allows for a cost-effective approach to pre-weld
and post-weld preparation using tube end cutting tools.

In one embodiment, a process of connecting a tube to an element includes
inserting an end of the tube into a hole in the element that extends from a first surface at a
first side to a second surface at a second side of the element. The end of the tube is then
immobilized with respect to the hole. A tubular anvil is then installed into the end of the
tube from the first side of the element, with the tubular anvil having a flared end
positioned at the first surface of the element. FSW is then employed to weld the end of
the tube, the flared end of the tubular anvil, and the element at the first side of the
element to intermingle material of the tube, the tubular anvil and the element. The first
surface of the element is then machined to remove the friction stir weld between the end
of the tube and the tubular anvil, and the tubular anvil is then removed from the tube.

In one embodiment, the material of the anvil is not intermingled with the material
of the tube and the element so that the FSW weld is formed only between the tube and the
clement.

In another embodiment, the tube is a process tube and the element is a tube sheet
of a heat exchanger, for example a shell and tube heat exchanger.

In another embodiment, a structure includes an element and a tube. The element

has a first surface, a second surface, and a plurality of holes extending through the
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element from the first surface to the second surface. The tube has a first end and a
second end, with the first end of the tube disposed in one of the holes in the element, and
the tube has a thickness of about 0.100 inch or less. In addition, the first end of the tube
and the element are FSW to one another at the first surface of the element.

In one embodiment, the element of the structure is a tube sheet and the tube is a

process tube of a heat exchanger, for example a shell and tube heat exchanger.

Drawings

Figure 1 is a cross-sectional view of an embodiment of a shell and tube heat
exchanger to which the FSW technique described herein can be applied.

Figure 2 is a schematic flow chart of a FSW process described herein.

Figure 3 is a schematic depiction of a portion of the tube sheet and process tubes
inserted into the tube sheet.

Figure 4 is a close up view of the portion contained in circle 4 of Figure 3.

Figure 5 depicts a mandrel of a tube end machining device being inserted into the
anvil tube.

Figure 6 depicts the mandrel fully inserted.

Figure 7 depicts the machining device machining the ends of the anvil tubes.

Figure 8 depicts optional solid tapered anvils that can be inserted into the ends of
the anvil tubes.

Figure 9 is a schematic, cross-sectional depiction of the anvil tube machined flush
with the end of the tube sheet.

Figure 10 is a schematic, cross-sectional isometric depiction of the result of FSW.

Figure 11 is a schematic, cross-sectional isometric depiction of a bevel cut on the
FSW zone.

Figures 12A, 12B, and 12C illustrate another example of a machining tool that
can be used to machine the FWS weld.

Figures 13A, 13B, and 13C illustrate another example of a machining tool that

can be used to machine the FWS weld.
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Figures 14A, 14B, and 14C illustrate another example of a machining tool that
can be used to machine the FWS weld.
Figures 15A, 15B, and 15C illustrate another example of a machining tool that

can be used to machine the FWS weld.

Detailed Description

This description describes a process and resulting product that uses FSW to
connect a tube to another element. The tube can be, for example, a tube of a heat
exchanger and the element can be, for example, a tube sheet of the heat exchanger. The
heat exchanger can be any type of heat exchanger design in which it is desirable to
connect a tube to another element. One example of a heat exchanger in which the
described process can be used includes, but is not limited to, a shell-and-tube heat
exchanger. It is to be realized that the process is not limited to use with heat exchangers,
and can be used in any application in which one wishes to connect a tube to another
element using FSW.

For sake of convenience, the process and product will be described with respect to
a shell-and-tube heat exchanger 10 illustrated in Figure 1. However, the heat exchanger
illustrated in Figure 1 is exemplary only. The shell-and-tube heat exchanger 10 is
configured to exchange heat between a first fluid and a second fluid in a single-pass,
primarily counter-flow (the two fluids flow primarily in opposite directions) arrangement.
The heat exchanger 10 has a plurality of tubes 12, a tube sheet 14 at each end of the
tubes, optional baffles 16, an input plenum 18 for a first fluid, an output plenum 20 for
the first fluid, a shell 22 in which the tubes 12 and the tube sheets 14 are disposed, an
inlet 24 in the shell 22 to the input plenum 18 for the first fluid, and an outlet 26 in the
shell 22 from the output plenum 20 for the first fluid. In addition, the shell 22 includes an
inlet 28 for a second fluid and an outlet 30 for the second fluid.

The first fluid and the second fluid are at different temperatures. For example, the
first fluid can be at a lower temperature than the second fluid so that the second fluid is

cooled by the first fluid.
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During operation, the first fluid enters through the inlet 24 and is distributed by
the manifold or plenum 18 into the tubes 12 whose ends are in fluid communication with
the plenum 18. The first fluid flows through the tubes 12 to the second end of the tubes
and into the output plenum 20 and then through the outlet 26. At the same time, the
second fluid is introduced into the shell 22 through the inlet 28. The second fluid flows
around and past the tubes 12 in contact with the outer surfaces thereof, exchanging heat
with the first fluid flowing through the tubes 12. The baffles 16, if used, help increase the
flow path length of the second fluid, thereby increasing the interaction and residence time
between the second fluid in the shell-side and the walls of tubes. The second fluid
ultimately exits through the outlet 30. As discussed further in U.S. Patent 8,439,250,
which is incorporated by reference herein in its entirety, the ends of the tubes 12 are FSW
to the tube sheets 14.

Each of the tube sheets 14 is a mechanically rigid plate comprising a plurality of
holes extending through the tube sheet from a first surface 32 facing the manifolds 18, 20
to a second surface 34 facing the interior of the shell 22. Each end of each tube 12 is
joined to the tube sheets 14 at the holes. The tube sheets 14 and if used, the baffles 16,
hold the tubes 12 in an arrangement that facilitates heat transfer between the fluid flowing
along the outer surfaces of the tubes and the fluid that flows through the tubes. In one
exemplary embodiment, the tubes 12 and the tube sheets 14 can be made of aluminum or
alloys thereof. The tube sheets 14 can be circular, rectangular, triangular, or any other
shape.

The tubes 12 can have a cross-sectional shape that is cylindrical, triangular,
rectangular, or any other shape that can suitably fit into the holes in the tube sheets 14.

For many applications, such as Ocean Thermal Energy Conversion (OTEC),
nuclear heat exchangers, chemical plants, and the like, it is important that the heat
exchanger 10 provide excellent separation between the first and second fluids. As a
result, it is important that the tubes 12 are joined with tube sheets 14 to form substantially
hermetic seals. Further, in many applications, OTEC applications in particular, it is also
important that these seals are substantially corrosion resistant. Therefore, it is preferred

that the tubes 12 are joined with the tube sheets 14 using FSW in such a manner that the
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tubes and the tube sheets form seals that are both substantially hermetic and substantially
corrosion resistant.

FSW is a well-known method for joining two elements of the same or differing
material. Conventional FSW employs a rotating probe that is forced into the interface
between the two elements. The immense friction between the probe and materials causes
material in the immediate vicinity of the probe to heat up to temperatures below its
melting point. This softens the adjoining sections, but because the material remains in a
solid state, its original material properties are retained. Movement of the probe along the
weld line forces the softened material from the two pieces towards the trailing edge
causing the adjacent regions to fuse, thereby forming a weld.

As opposed to other common joining techniques, such as fusion welding, brazing,
etc., FSW has several performance advantages. In particular, the resultant weld is
comprised of the same material as the joined sections. As a result, galvanic corrosion due
to contact between dissimilar metals at the joint can be reduced or eliminated.
Furthermore, the resultant FSW weld retains the material properties of the material of the
joined sections.

Although in the illustrative embodiment FSW is typically used to join two
clements that are formed of the same material, in some embodiments of the present
invention, FSW is used to weld clements that are formed of dissimilar materials.

Furthermore, although the illustrative embodiment comprises tubes and tube
sheets that each are made of aluminum or aluminum alloy, it will be clear to one skilled
in the art, after reading this specification, how to specify, make, and use alternative
embodiments of the present invention wherein materials other than aluminum are used.
The materials used can include any material suitable for joining a tube and tube sheet
using FSW, including, without limitation, aluminum and alloys thereof, titanium and
alloys thereof, stainless-steel, copper, bronze, plastics, and the like.

Turning to Figure 2, an example process 50 of connecting the tubes 12 to the tube
sheets 14 is illustrated. Initially, first ends 40 of the tubes 12 are installed into the holes
in one of the tube sheets 14. The installation process can include a step 52 of inserting

the first ends 40 into the holes in the tube sheet 14. This can be seen in Figures 3 and 4
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which illustrate an example of a plurality of the tube ends 40 inserted into the holes in the
tube sheet 14. The holes extend from the first surface 32 at a first side of the tube sheet
14 to the second surface 34 at a second side of the tube sheet. After the ends 40 are
inserted, the installation is completed through a step 54 of immobilizing the ends 40 of
the tube 12 with respect to the holes.

The tube ends 40 can be immobilized in any manner that one finds suitable so that
the tube ends 40 are fixed within the holes so that the tubes cannot be rotated relative to
the holes and the tube ends cannot be easily pulled out of the holes. In some
embodiments, the outer diameter of the tubes is less than the diameter of the holes to
facilitate insertion of the tubes into the holes. In another embodiment, the outer diameter
of the tubes is only slightly less than the diameter of the holes. It is desirable for the
tubes to be inserted into the holes such that the end face of each tube is generally flush
with the surface 32 in order to reduce the amount of machining in a later step described
below. However, the end faces of the tubes may project slightly beyond the surface 32.

In one embodiment, the tubes are immobilized with respect to the hole by using a
mechanical expander to expand the ends of the tubes that reside within the holes. When
expanded, the outer diameter of each tube end 40 is substantially equal to the diameter of
the holes. This forces a portion of the tube wall into contact with a portion of the
sidewall forming the hole so that friction substantially immobilizes the tubes in holes. It
is not necessary to expand the entire length of the tube ends 40 that are disposed within
the holes, although the entire length of the tube ends could be expanded. It is to be
realized that the tube ends 40 can be immobilized in any manner, not limited to
mechanical expansion, that one finds suitable so that the tube ends 40 are fixed within the
holes.

The opposite ends of the tubes can then be installed into the opposite tube sheet
14, or installation of the opposite ends can wait until the other steps in the process 50 are
completed.

Once the tubes are installed into the tube sheet, a tubular anvil 44 is installed into
the ends 40 of the tubes 12 in a step 56. With reference to Figures 3 and 4, the anvil

installation process includes the anvils 44 being inserted into the ends 40 of the tubes 12
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from the first side of the tube sheet 14. To prevent the tubular anvils from falling into the
tubes 12, the anvils 44 can have a flared end 46 positioned at the first side of the tube
sheet 14 so that the flared ends 46 have a diameter greater than the diameter of the rest of
the anvil 44. The anvils 44 preferably have a length that is sufficient to allow a mandrel
of a machining device, described further below, to lock into the inside of the anvil 44. In
one non-limiting embodiment, it has been found that an anvil length of approximately
3.0-4.0 inches works adequately.

After the anvils 44 are inserted into the tube ends 40, the anvil installation is
completed by press-fitting the flared ends 46 of the anvils into the ends 40 of the tubes
12. This immobilizes the anvils 44 in the tube ends 40. The press-fitting of the flared
ends 46 can be achieved by, for example, using a mallet or hammer to pound on the
projecting ends of the anvils 44 to force the anvils 44 further into the tube ends 40.
However, any means of forcing the anvils 44 further into the tube ends 40 can be used.

Additionally, the tube ends 40 may be provided with a flared feature before
inserting the anvils 44. For example, the inside diameter of the tube ends 40 can be
drilled with a tapered drill bit or tapered reamer that cuts a slight taper into the tube end
40 that matches or closely matches the taper of the anvil 44. Tapering both the tube end
40 and the anvil 44 will allow the anvil 44 to fit tighter into the tube end 40 and require
less force from a mallet or hammer. Furthermore, the tapered anvil 44 will cause less
galling and scrapping when forced into a tapered tube end 40 versus a non-tapered tube
end 40. Reducing and/or eliminating galling and scrapping of the inside of the tube ends
40 helps to avoid preferential sites for corrosion when corrosive fluids such as seawater
are processed through the tubes 12.

As shown in Figures 3 and 4, after the anvils are installed, a portion of the flared
ends 46 will project from the tubes 40 beyond the surface 32. The projecting portion of
the anvils 44 and any projecting portion of the tube ends 40 can then be machined off so
that the anvils and the tubes are flush with the surface 32 of the tube sheet 14.

Figures 5-7 illustrate an example technique of machining the anvils 44 to make
them flush with the surface 32. The machining can be performed using any suitable

machining device that can cut the anvils 44 (and if necessary the tubes 12) so they are
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flush. In the illustrated example, a machining device 100 that can be used includes a
mandrel 102 that is sized to fit within the anvils 44 and that can lock onto the inside of
the anvil tubes. The machining device 100 also includes a cutting device 104 that
performs the actual cutting or machining of the projecting portions of the anvil tubes (and
the tube ends 40) to make them planar with the surface 32. A suitable machining device
of this type that can be used is the Mini K Beveling Machine available from USA GBC
LLC of South Houston, Texas.

As shown in Figures 5 and 6, the mandrel 102 is inserted into the anvil tube 44
and locked into place on the inside of the anvil. The drive motor is then engaged and the
cutting device driven into the anvil tube end as shown in Figure 7 until it becomes flush
with the surface 32. If the tube end 40 is not already flush with the surface 32, the tube
40 is also simultaneously cut. Figure 9 shows the flared ends 46 of the anvils 44 and the
tube ends 40 being flush with the surface 32 after machining. Once machining is
complete, the mandrel 102 can be withdrawn and the process can proceed to FSW.

With reference to Figure 8, in some embodiments, smaller diameter anvil tubes 44
may collapse inward from the resultant FSW load. If this occurs, an additional tapered
anvil or plug 110 can be inserted into the flared end 46 of the anvil tube 44 prior to FSW
to prevent the tube walls from collapsing. However, if the anvil tubes do not collapse,
this step of inserting the tapered anvils 110 can be omitted. In the illustrated example, the
anvils 110 are solid structures. However, any form of anvil structure can be used as long
as it prevents collapse of the anvil tube 44.

Returning to Figure 2, the end 40 of the tube 12, the flared end 46 of the tubular
anvil 44, and the tube sheet 14 are then FSW at step 58 at the first surface 32 to
intermingle material of the process tube, the tubular anvil and the tube sheet. The FSW
process is a well-known method for joining two elements of the same or dissimilar
material and need not be described in detail. Further information on the FWS process can
be found in U.S. Patent 8439250. In summary, FSW employs a rotating probe or pin that
is forced into the interfaces between the tube end 40, the flared end 46, and surrounding
surface 32. The immense friction between the probe and the materials causes the

material in the immediate vicinity of the probe to heat up to temperatures below its
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melting point. This softens the adjoining sections, but because the material remains in a
solid state, its original material properties are retained. Movement of the probe along the
weld line forces the softened material towards the trailing edge causing the adjacent
regions to fuse, thereby forming a weld. The probe will stir together the material(s)
forming the tube sheet ligament 120 (i.c. the material of the tube sheet 14 located
between adjacent tubes), the tube end 40, and the flared end 46 of the anvil tube 44. So
the flared end 46 of the anvil tube provides added material that is used to form the weld
between the tube end 40 and the tube sheet 14. If the tapered anvil 110 is used, it is
preferred that the FSW pin tool does not impact the anvil 110 and material of the anvil
110 does not form part of the weld. Therefore, the anvil 110 performs a support function
only and a later machining step is not required to remove the anvil 110 from the anvil
tube. However, in some embodiments discussed further below, material from the anvil
110 may form part of the FSW weld and therefore the anvil may need to be part of the
machining step to remove the anvil.

Figure 10 illustrates the results of the FSW weld 130 resulting from step 58. The
tube end 40 is welded at a maximum depth and the flared end 46 of the anvil tube 44 is
welded with a minimum depth. A portion 132 of the weld 130 occurs between the flared
end 46 and the tube end 40 which welds the anvil tube 44 to the tube 12.

Returning to Figure 2, after completion of the FSW step 58, the process proceeds
to step 60. In step 60, the first surface 32 of the tube sheet 14 is machined to remove the
FSW weld 132 between the end 40 of the tube 12 and the flared end 46 of the tubular
anvil 44. Machining can be performed using, for example, the machining device 100 or
using a different machining device. When the machining device 100 is used, the mandrel
102 of the machining device 100 is again inserted into the tubular anvil 44 and locked
into place as discussed above for Figures 5 and 6. The machining can include using flat
cutters of the machining device 100 to machine the weld zone 130 until the weld scroll
has been machined away by the flat cutters. In addition, beveled cutters of the machining
device 100 can be used to bevel cut the weld zone to machine away the weld 132

between the process tube and anvil tube.
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Figures 12A-C, 13A-C, 14A-C and 15A-C illustrate additional examples of
machining tools that can be used to remove the FSW weld 132 between the end 40 of the
tube 12 and the flared end 46 of the tubular anvil 44. In each of these examples, the anvil
110 is used to help support the tubular anvil 44. In one embodiment, the material of the
anvil 110 does not form any part of the FSW weld zone 130 or the weld 132 and
therefore the anvil 110 can be removed prior to or after machining. In another
embodiment, which is depicted in Figures 12A-C, 13A-C, 14A-C and 15A-C, material
from the anvil 110 does form part of the FSW weld zone 130 and machining is required
in order to remove the anvil 110.

With reference to Figures 12A-C, a two-piece end mill 150 is illustrated that is
used to remove the FSW between the end of the tube 12 and the flared end 46 of the
tubular anvil 44. Prior to the FSW process, the anvil 110 was installed to help support
the tubular anvil 44 and prevent it from collapsing during FSW. The end mill 150
includes a hollow cutter 152 that can be movable toward and away from the weld zone
130 as indicated by the arrow, and a central probe 154 disposed in a bore of the cutter
that is independently movable relative to the cutter 152 toward and away from the weld
zone 130 as indicated by the arrow.

The probe 154 can project past the end of the cutter 152 and touch a flat face of
the anvil 110 to locate its position as shown in Figure 12A. As shown in Figure 12B, the
probe 154 can then retract back into the bore of the cutter 152 until it is flush with the end
thereof, and the cutter 152 can begin rotating and move towards the weld zone 130 while
the probe 154 remains stationary. The cutter 152 can cut or machine to a predetermined
depth, for example anywhere from about 0.005 inches to about 0.035 inches, from the
point where the probe 154 touched the anvil 110.

Alternatively, the probe 154 can remain on the anvil 110 surface where it touched
and the cutter 152 can move downward until it is flush with the probe tip and the weld
zone 130. The cutter 152 can then begin rotating and cut to the predetermined depth.

After cutting takes place, both the probe 154 and the cutter 152 can retract to a

designated position above the tube sheet 14, for example to a distance about 0.005 inches
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to about 0.050 inches above the tube sheet, and translate to the next tube sheet hole to
repeat the process.

As shown in Figure 12C, after cutting, the anvil 110 and the tubular anvil 44 can
be removed from the end 40 of the tube 12.

Figures 13A-C illustrate a two-piece end mill 160 with a cutter 162 that is similar
to the cutter 152. However, instead of a probe, a spring-loaded or dampening sensor 164
is disposed in the bore of the cutter 162. The sensor 164 is configured to find the location
of the anvil 110 surface and can be compressed into the bore of the cutter 162 when the
cutter 162 engages the weld zone 130 and begins machining. The end of the sensor 164
can include a bearing 166 that rotates on the anvil 110 during rotation of the cutter 162.
The distance of travel or compression of the sensor 164 determines and controls the depth
of the cut by the cutter 162. Figure 13A shows the end-mill 160 being moved downward
so that the sensor 164 can engage the anvil 110. Figure 13B shows the sensor 164
engaged with the anvil 110 and the cutter 162 rotating during machining. Figure 13C
shows after cutting, with the end mill 160 removed so that the anvil 110 and the tubular
anvil 44 can be removed from the end 40 of the tube 12.

Figures 14A-C illustrate another two-piece end mill 170 with a cutter 172 that is
similar to the cutter 152. In this embodiment, the end mill 170 includes at least one
external depth finder or sensor 174 rigidly attached thereto that functions similarly to the
sensor 164 in Figures 13A-C. The depth finder 174 includes a bearing 176 that rotates on
the surface 32 of the tube sheet 14 during rotation of the cutter 172. In another
embodiment, the end mill 170 includes a plurality of the depth finders 174, for example
three of the depth finders 174, that are equally circumferentially spaced around the cutter
172. Figure 14A shows the end-mill 170 being moved downward so that the depth
finder(s) 174 can engage the tube sheet 14. Figure 14B shows the depth finder 174
engaged with the tube sheet 14 and the cutter 172 rotating during machining. Figure 14C
shows after cutting, with the end mill 170 removed so that the anvil 110 and the tubular
anvil 44 can be removed from the end 40 of the tube 12.

Figures 15A-C illustrate an example of a one piece end mill 180 that is movable

toward and away from the weld zone as indicated by the arrow. The end mill 180
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includes a cutter 182 that functions like the cutters 152, 162, 172. The end mill 180 also
includes a recess 184 to accommodate the anvil 110 during machining. To locate the
tube sheet 14 and control the depth of machining, the end mill 180 also includes one or
more sensors 186 each of which functions as a depth stop. The sensor 186 functions
using load feedback, pneumatic sensing, electrical sensing, magnetic sensing, or the like.
The sensor 186 is used to control the depth of cutting, with cutting being stopped once
the sensor setting is reached. Figure 15A shows the end-mill 180 being moved
downward to engage the tube sheet 14. Figure 15B shows the cutter 182 rotating and
being withdrawn upward after completion of machining once the desired depth has been
reached. Figure 15C shows after cutting, with the end mill 180 removed so that the anvil
110 and the tubular anvil 44 can be removed from the end 40 of the tube 12.

Figure 11 illustrates the FSW weld 130 after the machining of step 60 using any
of the machining techniques described herein. The flared end 46 and the tube end 40 are
beveled. The weld 132 has been machined away so that the flared end 46 and the tube
end 40 are no longer welded together.

Returning to Figure 2, after the machining step 60, the anvils 44 are removed
from the tubes 12 in step 62. The anvils 44 can be removed in any manner one finds
suitable. For example, the anvil tubes 44 can be removed with a pull hammer or pushed
out of the tubes 12 with a rod from the opposite end of the tubes 12. Removal is possible
because the FSW weld between the anvils 44 and the tubes 12 have been removed which
permits removal by overcoming the press-fit force between the remaining flared ends 46
and the tube ends 40.

In another embodiment, when the tube wall thickness is about 0.100 inch or
larger, the anvil tube 44 does not need to be machined off until it is flush with the surface
of the tube sheet. A wall thickness of 0.100 inch or larger could have enough weld land
to join the tube 12 to the tube sheet with sufficient weld depth. In this embodiment, the
anvil tube 44 can still be forced into the tube end 40 as described above to prevent the
process tube wall from collapsing. However, the anvil tube can remain projected from
the surface of the tube sheet. The FSW pin tool will translate around the projected anvil

tube without interfering or engaging with the anvil tube or dislodging it from the process
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tube. After the FSW has been completed, the anvil tube may be removed with a hammer
or slide hammer without machining it free. After the anvil tube is removed, the FSW
scrolls can be machined using the machining device as described above. Additionally,
the process tubes 12 can still be machined as discussed above with a beveling cutter to
leave a chamfered entrance to the process tubes.

The machining device 100 and the end mills 150, 160, 170, 180 can be operated
by a machine, for example computer numeric controlled (CNC), programmable, and/or
automated machinery, or they can be operated manually by use of semi-automatic and/or
automatic power tools.

In one embodiment, a process of connecting a process tube to a tube sheet
includes inserting an end of the process tube into a hole in the tube sheet that extends
from a first surface at a first side to a second surface at a second side of the tube sheet.
The end of the process tube is then immobilized with respect to the hole. A tubular anvil
is then installed into the end of the process tube from the first side of the tube sheet, the
tubular anvil having a flared end positioned at the first side of the tube sheet. The end of
the process tube, the flared end of the tubular anvil, and the tube sheet are then FSW at
the first side of the tube sheet to intermingle material of the process tube, the tubular
anvil and the tube sheet. A machining device is then used to machine the first surface of
the tube sheet to remove the friction stir weld between the end of the process tube and the
tubular anvil, and then the tubular anvil is removed from the process tube.

In another embodiment, a process of connecting a tube to an element includes
inserting an end of the tube into a hole in the element that extends from a first surface at a
first side to a second surface at a second side of the element. The end of the tube is then
immobilized with respect to the hole. A tubular anvil is then installed into the end of the
tube from the first side of the element, the tubular anvil having a flared end positioned at
and projecting from the first surface of the element. The end of the tube and the element
are then FSW at the first side of the element to intermingle material of the tube and the
element while translating around the projected flared end of the tubular anvil without

intermingling the material of the tubular anvil with the tube and element. The tubular
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anvil is then removed from the tube, and the first surface of the element is machined to
remove a friction stir weld scroll on the end of the tube and the element.

In an embodiment, a heat exchanger includes a tube sheet having a first surface, a
second surface, and a plurality of holes extending through the tube sheet from the first
surface to the second surface. A process tube having a first end and a second end is
secured to the tube sheet, and the first end of the process tube is disposed in one of the
holes in the tube sheet, and the process tube has a thickness of about 0.100 inch or less.
The first end of the process tube is friction stir welded to the tube sheet at the first surface
of the tube sheet.

The examples disclosed in this application are to be considered in all respects as
illustrative and not limitative. The scope of the invention is indicated by the appended
claims rather than by the foregoing description; and all changes which come within the

meaning and range of equivalency of the claims are intended to be embraced therein.
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CLAIMS

1. A process of connecting a tube to an element, comprising:

inserting an end of the tube into a hole in the element that extends from a first
surface at a first side to a second surface at a second side of the element;

immobilizing the end of the tube with respect to the hole;

installing a tubular anvil into the end of the tube from the first side of the element,
the tubular anvil having a flared end positioned at the first surface of the element;

friction stir welding the end of the tube, the flared end of the tubular anvil, and the
clement at the first side of the element to intermingle material of the tube, the tubular
anvil and the element;

machining the first surface of the element to remove the friction stir weld between
the end of the tube and the tubular anvil; and

removing the tubular anvil from the tube.

2. The process of claim 1, wherein the element is a tube sheet of a heat exchanger,
the tube is a process tube of the heat exchanger, and the process tube has a thickness of

about 0.100 inch or less.

3. The process of claim 1, installing includes inserting the tubular anvil into the end
of the tube, and thereafter applying force to the tubular anvil to create a press fit between
the tubular anvil and the tube with a portion of the flared end extending beyond the first

surface of the element.

4. The process of claim 3, wherein machining includes using a machining device
having a mandrel, and installing further includes inserting the mandrel of the machining
device into the tubular anvil, and using the machining device to machine the portion of
the flared end of the tubular anvil that extends beyond the first surface of the element to

make the flared end flush with the first surface of the element.
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5. The process of claim 1, wherein immobilizing the end of the tube comprises

mechanically expanding the end of the tube.

6. The process of claim 1, wherein after installing the tubular anvil and prior to
friction stir welding, installing a solid tapered anvil into the tubular anvil to prevent

collapse of the tubular anvil during the friction stir welding.

7. The process of claim 1, wherein machining includes using a machining device
having a mandrel, and machining the first surface includes inserting the mandrel of the

machining device into the tubular anvil.

8. The process of claim 1, wherein machining the first surface of the element

includes machining the first surface using a two-piece end mill.

9. The process of claim 8, wherein the two-piece end mill includes a cutter with a
center bore, the cutter is movable toward and away from the first surface of the element,
and the two-piece end mill further includes a probe disposed in the center bore that is
movable independently of the cutter toward and away from the first surface of the

element.

10.  The process of claim 8, wherein the two-piece end mill includes a cutter with a
center bore, the cutter is movable toward and away from the first surface of the element,
and the two-piece end mill further includes a spring-loaded sensor disposed in the center

bore.

11.  The process of claim 8, wherein the two-piece end mill includes a cutter with a
center bore, the cutter is movable toward and away from the first surface of the element,
and the two-piece end mill further includes at least one depth finder that is rigidly

attached to the two-piece end mill at a location external to the center bore.
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12.  The process of claim 1, wherein machining the first surface of the element
includes machining the first surface using a one-piece end mill with a cutter that is
movable toward and away from the first surface of the element, and the one-piece end
mill further includes at least one depth stop sensor that controls depth of penetration of

the cutter into the first surface of the element.

13. A structure formed by the process of any one of claims 1 to 12.
14.  The structure of claim 13, wherein the structure is part of a heat exchanger.
15. A structure, comprising:

an element having a first surface, a second surface, and a plurality of holes
extending through the element from the first surface to the second surface;

a tube having a first end and a second end, the first end of the tube is disposed in
one of the holes in the element, and the tube has a thickness of about 0.100 inch or less;
and

the first end of the tube and the element are friction stir welded to one another at

the first surface of the element.
16.  The structure of claim 15, wherein the structure is part of a heat exchanger, the
clement is a tube sheet of the heat exchanger, and the tube is a process tube of the heat

exchanger.

17.  The structure of claim 16, wherein the heat exchanger is a shell-and-tube heat

exchanger.
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