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Field of the Invention
- [002]  The invention relates generally to a tool and method for forming enhanced heat
tranisfer surfaces.
Background of the Inventi;m

[003]  This invention relates to enhanced heat transfer surfaces, such as the surfaces (and
particularly the inner surfaces) of heat &ansfer tubes, that facilitate heat transfer from one side of
the surface to the other. Heat transfer tubes are comm.only used in equipment, such as, for
example, flooded evaporators, falling film evaporators, spray evaporators, absorption chillers,
condensers, direct expansion coolers, and single phase coolers and heaters, used in the
refrigeration, chemical, petrockiemical, and food-processing industries. A variety of heat transfer
mediums may be used in tJhese appﬁcaﬁons, including, but rot limited to, pure water, a water
glycol mixture, any tyfe of refrigerant (such as R:22, R-134a, R-123, etc.), ammonia,
petrochemical fluids, and other mixtures.

[004]  Anideal heat transfer tub;: would allow heat to flow completely uninhibited from the

interior of the tube to the exterior of the tube and vice versa. .However, such fice flow of heat
. ' )

across the tube is generally thwarted by the resistance to heat transfer, The overall resistance of

the tube to heat transfer is calculated by adding the individual resistances from the outside to the
inside of the tube or vice versa, To improve the heat transfer efficiency of the tube, tube
manufacturers have striven to uncover ways to reduce the overall tesistance of the tube. One

such way is to enhance the outer surface of the tube, such as by forming fins on the outer surface.
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As $yE30H .ofldecRtl Bdvaticds li¥iiancing the outer tube surface (see, e.g., U.S. Patent Nos.

5,697,430 and 5,996,686), only a small part of the overall tube resistance is attributable to the
outside of the tube. For example, a typical evaporator tube used in a flooded chiller with an
enhanced outer surface but smooth inner surface typically has a 10:1 inner resistance:outer
resistance ratio. Ideally, one wants to obtain an inside to outside resistance ratio of 1:1. It .
becomes all the more important, therefore, to develop enhancements to the inner surface of the
tube that will significantly reduce the tube side resistance and improve overall heat transfer
performance of the tube.

[005] It is known to provide heat transfer tubes with alternating grooves and ridges on their
inner surfaces. The grooves and ridges cooperate to enhance turbulence of fluid heat transfer
mediums, such as water, delivered within the tube. This turbulence increases the fluid mixing
close to the inner tube surface to reduce or virtually eliminate the boundary layer build-up of the
fluid medium close to the inner surface of the tube. The boundary layer thermal resistance
significantly detracts from heat transfer performance by increasing the heat transfer resistance of
the tube. The grooves and ridges also provide extra surface area for additional heat exchange.
This basic premise is taught in U.S. Patent No. 3,847,212 to Withers, Jr. et al.

[006)  The pattern, shapes and sizes of the grooves and ridges on the inner tube surface may
be changed to further increase heat exchange performlancc, To that end, tube manufacturers have
gone to great expense to experiment with altemative designs, including those disclosed in U.S.
Patent No. 5,791,405 to Takima et al., U.S. Patent Nos. 5,332,034 and 5,458,191 to Chiang et-al.,
and U.S. Patent No. 5,975,196 to Gaffaney et al.

[007]  Moreover, some types of heat transfer surfaces work by using the phase change of a
liquid to absorb heat. Thus, heat transfer surfaces often incorporate a surface for enhancing
boiling or evaporating. It is generally known that the heat transfer performance of a surface can

be enhanced by increasing nucleation sites on the boiling surfaces, by inducing agitation near a
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singlé-fihidSe” heah 4bsferl shofAGE Mor by increasing area and surface tension effects on

condensation surfaces. One method for enhaﬂcing boiling or evaporating is to roughen the heat
transfer surface by sintering, radiation-melting or edging methods to form a porous layer thereon.
A heat transfer.surface having such a porous layer is known to exhibit better heat transfer
characteristics than that of a smooth surface. However, the voids or cells formed by the above-
mentioned methods are small and impurities contained in the boiling liquid may clog them so
that the heat transfer performance of the surface is impaired. Additionally, since the voids or
cells formed are nop-uniform in size or dimension, the heat transfer performance may vary along
the surface, Furthermore, known heat transfer tubes incorporating boiling or evaporating
surfaces often require multiple steps or passes with tools to create the final surface,

[008]  Tube manufacturers have gone to great expense to experiment with alternative
designs including those disclosed in U.S. Patent No. 4,561,497 to Nakajima et al., U.S. Patent
No. 4,602,681 to Daikoku et al., U.S. Patent No. 4,606,405 to Nakayama et al., U.S. Patent No,
4,053,163 to Kuwahara et al., U.S. Patent No. 4,678,029 to Sasaki et al., U.S. Patent No,
4,794,984 to Lin and U.S. Patent No. 5,351,397 to Angeli.

[009]  While all of these surface designs aim to improve the heat transfer performance of the
surface, there remains a need in the industry to continue to improve upon tube designs by
modifying existing and creating new designs that enhance heat transfer performance,
Additionally, a need also exists to create designs and patterns that can be transferred onto heat
transfer surfaces more quickly and cdst—eﬁ"ectively. As described below, the geometries of the
heat transfer surfaces of the invention, as well as tools to form those geometries, have

significantly improved heat transfer performance.
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P T L 3 30 Bdmary of the nvention

[0010]  The invention relates to a tool assembly that can be used to improve heat transfer
surfaces, such as may be formed on a tube, and thereby enhance heat transfer performance of
tubes used in at least all of the above-referenced applications (ie., flooded evaporators, falling
film evaporators, spray evaporators, absorption chillets, condensers, direct expansion coolers and
single phase coolers and heaters, used in the refrigeration, chemical, petrochemical and food-
processing industries).

[0011]  The tool assembly includes rods having tips shaped to form the desired surfaces and
positioned in a tool holder. The tool assembly is configured so that, when in use, the tips extend
from the tool holder to cut the tube surface but retract within the tool holder when cutting is
complete. In this way, the tips are protected from chipping or dulling when not in use. The rods
are preferably made of carbide. The strongest carbide is only available in rod form. Thus, with_.
the rod configuration of the invention, the tips may be formed of the strdngest available material
for cutting. Different geometries can be imparted to the rod tips so as to create different
surfaces. However, regardless of the geometry of the rod tips, the rod tips may be re-shaped
multiple times before the rods must be replaced. This significantly reduces tooling and material
costs. Moreover, the rods are removable from the tool assembly. Thus, when a tip becomes
chipped or dull, the rod may be removed for re-shaping of its tip or replaced altogether.

[0012]  The tool assembly can be used to form a plurality of protrusions on the tube surface
that significantly reduce tube side resistance and improve overall heat transfer performance. The
protrusions create additional paths for fluid flow within the tube and thereby enhance turbulence
of heat transfer mediums flowing within the tube. This increases fluid mixing to reduce the
boundary layer build-up of the fluid medium close to the inner surface of the tube, such build-up
increasirig the resistance and thereby impeding heat transfer. The protrusions also provide extra

sutface area for additional heat exchange. Formation of the protrusions in accordance with this
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invefitiii Far bsiiIhe Mot df up to five times more surface area along the inner surface

of the tube than with simple ridges.

[0013]  The tool assembly may also be used to create a plurality of cavities that significantly
decrease the transition time to move from one phase to the next, for example to move from
single-phase to evaporation. The cavities result in thin film boiling within the cavity, and, given
that the heat transfer coefficient is inversely proportional to the film thickness, thereby enhances
heat transfer. Protrusions creating cavities also provide extra surface area for additional heat
exchénge.

[0014]  The method of this invention includes using the tool assembly, which can easily be
added to existing manufacturing equipment, having a cutting tip to cut through ridges on the tube
~surface or directly into the tube surface to create layers and to lift the layers to form the
protrusions. In this way, the protrusions are formed without removal of metal from the inner
surface of the tube, thereby eliminating debris which can damage the equipment in which the
tubes are used. Finally, the method may also include flattening or bending the tips of the
protrusions. The grooves, protrusions and flattened tips on the tube surface can be formed in the
same or a different operation,

[0015]  The tool assembly may be sued to enhar;ce the inner or outer surface of a heat transfer
tube or may be used on flat heat transfer surfaces, such as are used to cool micro-electronics.
Such surfaces may be suitable in any number of applications, including, for example,
applications for use in the HVAC, refrigeration, chemical, petrochemical and food processing
industries. The physical geometries of the protrusions may be changed to tailor the tube to a

particular application and fluid medium,
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FAs T L L) g 7 o, Bt Blescription of the Drawings -

{0016]  FIG. la is a fragmentary perspective view of the partially-formed inner surface of one
embodiment of a tube of this invention.
[0017]) FIG. lbisa éide elevation view of the tube shown in FIG.1a in the direction of arrow
a.
[0018] FIG. Ic is a side elevation view similar to FIG. 1b except that the protrusions
protrude from the inner surface of the tube in a direction that is not perpendicular to tube axis s.
(0019]  FIG. 1d is a front elevation view of the tube shown in FIG. 1a in the direction of
arrow b,
[0020]  FIG. leis a top plan view of the tube shown in FIG.1a. -
[0021]  FIG. 2 is a photomicrograph of an inner surface of one embodiment of a tube of this
invention.
[0022]  FIG. 3 is a photomicrograph of an inner surface of an alternative embodiment of a
tube of this invention.
[0023]  FIG. 4 is a side elevation view of one embodiment of the manufacturing equipment
that can be used to produce tubes in accordance with this invention.
[0024]  FIG. 5 is a perspective view of the equipment of FIG. 4.
[0025]  FIG. 6a s a perspective view of one embodiment of the tool of this invention.
{0026]  FIG. 6b is a side elevation view of the tool shown in FIG. 6a.
[0027]  FIG. 6o is a bottom plan view of the tool £ FIG. 6b.
[0028]  FIG. 6d is a top plan view of the tool of FIG. 6b.
{0029]  FIG. 7a is a perspective view of an alternative embodiment of the tool of this
invention.
[0030] FIG. 7bis a side elevation view of the tool shown in FIG. 7a.

[0031]  FIG. 7cis a bottor plan view of the tool of FIG. 7b.
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[oos2y: TRIG) R Broppididotbe the tool of FIG. 7.

[0033]  FIG. 8a is a fragmentary perspective view of the partially-formed inner surface of an
alternative embodiment of a tube of this invention where the depth of the cut through the ridges
is less than the ridge height,

[0034]  FIG. 8b is a fragmentary perspective view of the partially-formed inner surface of an
alternative embodiment of a tube of this invention where the depth of the cut through’ the ridges
is greater than the ridge height.

[0035]  FIG. 9ais a fragmentary top plan view of the inner surface of another embodiment of
a tube in accordance with this invention.

[0036]  FIG. 9b is an elevation view of the tube shown in FIG. 9a in the direction of arrow
22,

[0037]  FIG. 10a is a fragmentary view of an inner surface of a tube of this invention,
showing the tool approaching the ridge in direction g for cutting a protrusion from the ridge in
direction g.

[0038] FIG. 10b is a fragmentary view of an alternative inner surface of a tube of this
invention, showing the tool approaching the ridge in direction g for cutting a protrusion from the
ridge in direction g.

[0039] FIG. 1la is a schematic of the inner surface of a tube in accordance with this
invention showing the angular orientation between the ridges and grooves, whereby the ridges
and grooves are opposite hand helix. |

[0040]  FIG. 11b is a schematic of the inner surface of a tube in accordance with this
* invention showing the angular orientation between the ridges and grooves, whereby the ridges
and grooves are same hand helix.

[0041]  FIG. 12 is a bar graph comparing the tube-side heat transfer coefficients of various

tubes of the prior art and of tubes in accordance with this invention.
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[0op) "I FIG) E3iibibar’ ghaphidoftlring the overall heat transfer coefficients of various tubes

of the prior art and of tubes in accordance with this invention.

[0043]  FIG. 14 is a fragmentary perspective view of a partially-formed boiling surface on the
inner diameter of a heat transfer tube according to an embodiment of the invention.

[0044] FIG; 15A is a fragmentary perspective view of the partially-formed boiling surface of
the embodiment of FIG. 14.

[0045]  FIG. 15B is a photomicrograph of a perspective view of the partially-formed boiling
surface of FIG. 15A.

[0046] FIG. 15C is a cross-sectional view of the partially-formed boiling surface of FIG.
15A.

[0047]  FIG. 16A is a fragmentary perspective view of a boiling surface on the inner diameter
of a heat transfer tube according to an alternative embodiment of the invention.

[0048]  FIG. 16B is a cross-sectional view of the tube shown in FIG. 16A.

[0049)  FIG. 16C is a photomicrograph of a top plan view the boiling surface of FIG. 16A.

[0050]  FIG. 16D is a photomicrograph of a cross-section of the boiling surface of FIG. 16A.

[0051] FIG. 17A is a fragmentary perspective view of a boiling surface on the inner diameter
of a heat transfer tube according to an alternative embodiment of the invention.

[0052] FIG. 17B is a cross-sectional view of the tube shown in FIG. 17A.

[0053]  FIG. 18A is a fragmentary perspective view of a boiling surface on the inner diameter
of a heat transfer tube according to an alternative embodiment of the invention.

[0054]  FIG. 18B is a photomicrograph of a cross-section of the boiling surface of FIG. 18A.

[0055]  FIG. 18C is a cross-sectional view of the boiling surface of FIG. 18A.

[0056] FIG. 19 is a perspective view of a grooving tool.

[0057}] FIG. 20A is perspective view of a tool according to another embodiment of the

invention.
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00587 TFIG! ZbBlibia beksBebliveHew of a boiling surface formed by the tool of FIG, 20A.

[0059]  FIG. 20C is a photomicrograph of the boiling surface of FIG. 20B.

[0060] FIG.21isa p'erspective view of an embodiment of the manufacturing equipment than
can be used to produce heat transfer tubes in accordance with this invention.

[0061] ~ FIG. 22 is perspective view of a tool according to another embodiment of the
invention.

[0062]  FIG. 23A is a cross-sectional view of a boiling surface on the inner diameter of a heat
transfer tube in accordance with an alternative embodiment of the invention.

[0063] FIG.23Bisa photomicrograph of the boiling surface of FIG, 23A.

(0064]  FIG. 24A is a cross-sectional view of a boiling surface as it is formed with a tool in
accordance with an embodiment of the invention.

[0065]  FIG. 24B is a cross-sectional view of a boiling surface as it is formed with a tool in
accordance with an alternative embodiment of the invention.

[0066]  FIG. 24C is a perspective view of a tool tip according to an embodiment of the
invention that may be used to form the boiling surfaces of FIGS. 24A and 24B.

[0067]  FIG. 24D is an alternative perspective view of the tool tip shown in FIG. 24C.

[0068]  FIG. 25 is a perspective view of an alternative tool embodiment of this invention with
recessed tips,

[0069]  FIG. 26 is a perspective view of a the embodiment of FIG. 25 with exposed tips.

[0070) FIG.27isa berspecﬁve view of a rod of the embodiment of FIGS. 25 and 26.

[0071)  FIG. 28 is a perspective view of a rod guide of the embodiment of FIGS. 25 and 26.

[0072]  FIG. 29 is an alternative perspective view of the rod guide of FIG., 28.

[0073)  FIG. 30 is a perspective view of the rod of FIG. 27 positioned in the rod guide of

bl

FIGS. 28 and 29.
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[00p4] "TFIGH 51518 pertpdctivd™Hew of the rod of FIG. 27 positioned and secured in the rod

guide of FIGS. 28 and 29 with a screw.

[0075]  FIG. 32 is a perspective view of the tool holder of the embodiment of FIGS. 25 and
26.

[0076]  FIG. 33 is an alternative perspective view of the tool holder of FIG. 32.

[0077]  FIG. 34 is a perspective view of the rod/rod guide assembly of FIGS. 30 and 31
positioned in the tool holder of FIGS. 32 and 33.

Detailed Description of the Drawings

[0078] It should be understood that a tube in accordance with this invention is generally
useful in, but not limited to, any application where heat needs to be transferred from one side of
the tube to the other side of the tube, such as in multi-phase (both pure liquids or gases or
liquid/gas mixtures) evaporators and condensers. While the following discussion provides
desirable dimensions for a tube of this invention, the tubes of this invention are in no way
intended to be limited to those dimensions. Rather, the desirable geometries of the tube will
depend on many factors, not the least important of which are the properties of the fluid flowing
through the tube. One skilled in the art would understand how to alter the geometry of the
surfaces of the tube to maximize heat transfer used in various applications and with various
fluids. Furthermore, although the drawings show the surface as it would be when found on the
inner surface of a tube, it should be understood that the surface is suitable for use on the outer
surface of a tube or on a flat surface, such as is used in micro-electronics.

[0079]  FIGS. la-e show a partially-formed inner surface 18 of one embodiment of the tube
21 of this invention. Inner surface 18 includes a plurality of protrusions 2. Protrusions 2 are
formed from ridges 1 formed on inner surface 18. Ridges 1 are first formed on inner surface 18
such as by, but not limited to, deforming, cutting, broaching, or extruding. The ridges 1 are then

cut to create ridge layers 4, which are subsequently lifted up to form protrusions 2 (best seen in

10
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FIGEY [ End Wb ¥, Culisdgfdt Hifting can be, but does not have to be, accomplished using

tool 13, shown in FIGS. 6a-d and 7a-d, or tool assembly 510, shown in FIGS. 25-34, both of
which are described below,

[0080] Ridges ! are formed on inner surface 18 at a helix angle o to the axis s of the tube

(see FIGS. 1a and 1e). Helix angle . may be any angle between 0°-90°, but preferably does not

-exceed 70°. One skilled in the art will readily understand that the preferred helix angle o will

often depeﬁd, at least in part, on the fluid medium used. The height e of ridges 1 should
generally be greater the more viscous the liquid flowing through tube 21. For example, a height
e, of greater than zero (preferably, but not necessarily, at least 0.001 inches) up to 25% of the
inside diameter of the tube (D)) will generally be desirable in a tube sample used with highly
viscous liquids at low temperatures. For purposes of this application, D; is the inside diameter of
tube 21 measured from inner surface 18 of tube 21. The axial pitch Py, of ridges 1 depends on
many factors, including helix angle o, the number of ridges 1 formed on inner surface 18 of tube
21, and the inside diameter D; of tube 21. While any pitch P, may be used, the ratio of P, /e. is
preferably at least (.002, and the ratio of e/D; is preferably between approximately 0.001-0.25.
Again, however, one skilled in the art will readily understand that these preferred ratio values
will often depend, at least in part, on the fluid medium used and operating conditions (e.g., the
temperature of the fluid medium).

[0081]  Ridge layers 4 are cut at an angle 0 to axis s that is preferably between approximately
20°;50°, inclusive, and more preferably around 30°. The axial pitch Py, of protrusions 2 may be
any value greater than zero and generally will depend on, among other factors, the relative
revolutions per minute between the tool (discussed below) and the tube during manufacture, the
relative axial feed rate between the tool and the tube during manufacture, and the number of tips
provided on the tool used to form the protrusions during manufacture. While the resulting

protrusions 2 can have any thickness S, the thickness S, is preferably approximately 20-100% of

11
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pitch By, I"Fhdhérghtle, of BrdtllbiSdd-2 is dependent on the cutting depth t (as seen in FIGS. 1b,

8a, and 8b) and angle 0 at which the ridge layers 4 are cut. The height gp of protrusions 2 is
preferably a value at least as great as the cutting depth t up to three times the cutting depth t. It is
preferable, but not necessary, to form ridges 1 at a height e and set the cutting angle  at a value
that will result in the height ¢, of protrusions 2 being atl least approximately double the height e
of ridges 1. Thus, the ratio of e,/D; is preferably between approximately 0.002-0.5 (i.e., e,/D; is
double the preferred range of the ratio e,/D; of approximately 0.001-0.25).

(0082]  FIGS. 1a and 1b show cutting depth t equal to the height e of ridges 1 so that the base
40 of protrusion 2 is located on the inner surface 18 of tube 21. The cutting depth t need not be
equal to the ridge height e;, however. Rather, the ridges 1 can be cut only partially through
ridges 1 (see FIG. 8a) or beyond the height of ridges 1 and into tube wall 3 (see FIG. 8b). In
FIG. 8a, the ridges 1 are not cut through their entire height e, so that the base 40 of protrusions 2
is positioned further from the inner surface 18 of tube 21 than the base 42 of ridges 1, which is
located on the inner surface 18. In contrast, FIG. 8b illustrates a cutting depth t of beyond the
ridge height e, so that at least one wall of the protrusions 2 extends into tube wall 3, beyond the
inner surface 18 and ridge base 42.

[0083]  When ridge layers 4 are lifted, grooves 20 are formed between adjacent protrusions 2.
Ridge layers 4 are cut and lifted so that grooves 20 are oriented on inner surface 18 at an angle ©
to the axis s of tube 21 (see FIGS. le, 11a, and 11b), which is preferably, but does not have to be,
between approximately 80°-100°.

[0084]  The shape of protrusions 2 is dependent on the shape of ridges 1 and the orientation
of ridges | relative to the direction of movement of tool 13. In the embodiment of FIGS. 1a-e,
protrusions 2 have four side surfaces 25, a sloped top surface 26 (which helps decrease resistance
to heat transfer), and a substantially pointed tip 28. The protrusions 2 of this invention are in no

way intended to be limited to this illustrated embodiment, however, but rather can be formed in
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any[Shbpel Mot Estdkin/olulids™Mh tube 21 need not all be the same shape or have the same

geometry.

[0085]  Whether the orientation of protrusions 2 is straight (see FIG. 10a) or bent or twisted
(see FIG. 10b) depends on the angle B formed between ridges 1 and the direction of movement g
of tool 13. If angle B is less than 90°, protrusions 2 will have a relatively straight orientation,
such as is shown in FIG. 10a. If angle B is more than 90°, protrusions 2 will have a more bent
and/or twisted orientation, such as, for example, is shown in FIG, 10b,

[0086]  Tool 13 may be used to cut through ridges 1 and lift the resulting ridge layers 4 to
form protrusions 2. Other devices and methods for forming protrusions 2 may be used, however.
Tool 13 can be made from any material having the structural integrity to withstand metal cutting
(e.g. steel, carbide, ceramic, ete.), but is preferably made of a carbide. The embodiments of the
tool 13 shown in FIGS. 6a-d and 7a-d generally have a tool axis q, two base walls 30, 32 and one
or more side walls 34, Aperture 16 is located through the tool 13. Tips 12 are formed on side
walls 34 of tool 13, Note, however, that the tips can be mounted or formed on any structure that
can support the tips in the desired orientation relative to the tube 21 and such structure is not
limited to that disclosed in FIGS. 6a-d and 7a-d. Moreover, the tips may be retractable within
their supporting structure so that the number of tips used in the cutting process can easily be
varied.

[0087]  FIGS. 6a-d illustrate one embodiment of tool 13 having a single tip 12. FIGS. 7a-d
illustrate an alternative embodiment of tool 13 having four tips 12. One skilled in the art will
understand that tool 13 may be equipped with any number of tips 12 depending on the desired
pitch Py of protrusions 2. Moreover, the geometry of each tip need not be the same for tips on a
single tool 13. Rather, tips 12 having different geometries to form protrusions having different

shapes, orientations, and other geometries may be provided on tool 13.
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[0088Y. TEatl $ift Biis fril e b Yhe intersection of planes A, B, and C. The intersection of

planes A and B form cutting edge 14 that cuts through ridges 1 to form ridge layers 4. Plane B is
oriented at an angle ¢ relative to a plane perpendicular to the tool axis q (see FIG. 6b). Angle ¢
is defined as 90° — 6. Thus, angle ¢ is preferably between approximately 40°-70° to allow
cutting edge 14 to slice through ridges 1 at the desirable angle 0 between approximately 20°-50°.

[0089] The infersection of planes A and C form lifting edge 15 that lifis ridge layers 4
upwardly to form protrusions 2. Angle ¢y, defined by plane C and a plane perpendicular to tool
axis g, determines the angle of inclination o (the angle between a plane perpendicular to the
longitudinal axis s of tube 21 and the longitudinal axis of protrusions 2 (see FIG. 1c)) at which
protrusions 2 are lifted by lifting edge 15. Angle ¢; = angle o, and thus angle @; on tool 13 can
be adjusted to directly impact the angle of inclination @ of protrusions 2. The angle of
inclination @ (and angle ¢,) is preferably the absolute value of any angle between approximately
-43° t0 45° relative to the plane perpendicular to the longitudinal axis s of tube 21. In this way,
protrusions can be aligned with the plane perpendicular to the longitudinal axis 5 of tube 21 (see
FIG. 1b) or incline to the left and right relative to the plane perpendicular to the longitudinal axis
s of tube 21 (see FIG. 1c). Moreover, the tips 12 can be formed to have different geometries
(i.e., angle @, may be different on different tips), and thus thé protrusions 2 within tube 21 may

incline at different angles (or not at all) and in different directions relative to the plane

-perpendicu]ar to the longitudinal axis s of tube 21.

[0090]  While preferred ranges of values for the physical dimensions of protrusions 2 have
been identified, one skilled in the art will recognize that the physical dimensions of tool 13 may
be modified to impact the physiéal dimensions of resulting protrusions 2, For example, the depth
t that cutting edge 14 cuts into ridges 1 and angle ¢ affect the height e, of protrusions 2.

Therefore, the height ¢, of protrusions 2 may be adjusted using the expression

14
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I g€ Aditdd Cigy” 0. 1L LD L
or, given that ¢ = 90— 0,
& =t/ sin(0)
Where:
t is the cutting depth;

@ is the angle between plane B and a plane perpendlcular to tool axis
q; and

B is the angle at which the ridge layers 4 are cut relative to the
longitudinal axis s of the tube 21.

Thickness S, of protrusions 2 depends on pitch Pyp of pfotrusions 2 and angle ¢. Thetefore,
thickness S, can be adjusted using the expfession
Sp="Pygpsin(90 - @)
or, given that ¢ =90 -8,
Sp =Py psin(6)
Where;
Py is the axial pitch of protrusions 2;

0 is the angle between plane B and a plane perpendmular to tool axis
q; and

8 is the angle at which the ridge layers 4 are cut relative to the
longitudinal ax1s s of the tube 21.

[0091]  FIGS. 4 and 5 illustrate one possible manufacturing set-up for enhancing the surfaces
of tube 21. These figures are in no way intended to limit the process by which tubes in
accordance with this invention are manufactured, but rather any tube manufacturing process
using any suitable equipment or cénﬁguration of equipment may be used. The tubes of this
invention may be made from a variety of materials possessing suitable physical properties

including structural integrity, malleability, and plasticity, such as, for example, copper and
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copfpefialloys] it dodlaliitbm alloys, brass, titanium, steel, and stainless steel. FIGS.

4 and 5 illustrate three arbors 10 operating on tube 21 to enhance the outer surface of tube 21.
Note that one of the arbors 10 has been omitted from FIG. 4. Each arbor 10 includes a tool set-
up having finning disks 7 which radially extrude from one to multiple start outside fins 6
having axial pitch P,o. The tool set-up may include additional disks, such as notching or
flattening disks, to further enhance the outer surface of tube 21. Moreover, while only three
arbors 10 are shown, fewer or more arbors may be used depending on the desired outer surface
enhancements. Note, however, that depending on the tube application, enhancements need not
be provided on the outer surface of tube 21 at all.
[0092]  In one example of a way to enhance inner surface 18 of tube 21, a mandrel shaft 11
onto which mandrel 9 is rotatably mounted extends into tube 21. Tool 13 is mounted onto shaft
11 through aperture 16. Bolt 24 secures tool 13 in place. Tool 13 is preferably locked in
rotation with shaft 11 by any suitable means. FIGS. 6d and 7d illustrate a key groove 17 that
may be provided on tool 13 to interlock with a protrusion on shaft 11 (not shown)'to fix tool 13
in place relative to shaft 11.
{0093].  In operation, tube 21 generally rotates as it moves through the manufacturing process,
Tube wall 3 moves between mandrel 9 and finning disks 7, which exert pressure on tube wall 3.
Under pressure, the metal of tube wall 3 flows into the grooves between the finning disks 7 to
form fins 6 on the exterior surface of tube 21.
[0094] The mirror image of a desired inner surface pattern is provided on mandrel 9 so that
mandrel 9 will form inner surface 18 of tube 21 with the desired pattern as tube 21 engages
mandrel 9. A desirable inner surface pattern includes ridges 1, as shown in FIGS. 1a and 4.
After formation of ridges 1 on inner surface 18 of tube 21, tube 21 encounters tool 13

positioned adjacent and downstream mandrel 9, As explained previously, the cutting edge(s)
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141fiEo] 1 A s thFouftliibdebd W form ridge layers 4. Lifting edge(s) 15 of tool 13 then lift

ridge layers 4 to form protrusions 2.

- [0095]  When protrusions 2 are formed simultaneously with outside finning and tool 13 is

fixed (i.e., not rotating or moving axially), tube 21 automatically rotates and has an axial

movement. In this instance, the axial pitch of protrusions Pyp is governed by the following

formula:
.P — 1)0,(1 .ZO
ap — Z/

Where:

Py is the axial pitch of outside fins 6;

Z, is the number of fin starts on the outer diameter of tube 21; and
Z;is the number of tips 12 on tool 13.

[096]  To obtain a specific protrusion axial pitch Py p, tool 13 can also be rotated. Both tube
21 and tool 13 can rotate in the same direction or, alternatively, both tube 21 and tool 13 can
Totate, but in opposite directions. To obtain a predetermined axial protrusion pitch Py, the
necessary rotation (in revolutions per minute (RPM)) of the tool 13 can be calculated using the
following formula:

RPMtuba(Pu,o 'Zo _'Pa,p 'ZI)

‘RPM{on[ = 7 .P
1 “ap

Where:
RPMupe is the frequency of rotation of tube 21;
«Py,0 18 the axial pitch of outer fins 6;
Z, is the number of fin starts on the outer diameter of tube 21;

Py is the desirable axial pitch of protrusions 2; and

Z; is the number of tips 12 on tool 13.
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(0978 it Sl otk Tebbation is negative, then tool 13 should rotate in the same

ditection of tube 21 to obtain the desired pitch Py . Alternatively, if the result of this calculation

is positive, then tool 13 should rotate in the opposite direction of tube 21 to obtain the desired

pitch P, .

[098] Note that while formation of protrusions 2 is shown in the same operation as
formation of ridges 1, protrusions 2 may be produced in a separate operation from finning using
a tube with pre-formed inner ridges 1. This would generally require an assembly to rotate tool
13 or tube 21 and to move too] 13 or tub.e 2] along the tube axis. Moreover, a support is
preferably provided to center tool 13 relative to the inner tube surface 18, |

[099]  In this case, the axial pitch Py, of protrusions 2 is governed by the following formula:

Pyp=X:/(RPM + Z) |
Where:
Xa is the relative axial speed between tube 21 and tool 13 (distance/time);
RMP is the relative frequency of rotation between tool 13 and tube 21,
Py is the desirable axial pitch of protrusions 2; and
Z; is the number of tips 12 on tool 13.

[0100]  This formula is suitable when (1) the tube moves only axially (i.e., does not rotate)
and the tool only rotates (j.e., does not mdve éxiélly); (2) the tube only rotates and the tool
moves only axially; (3) the tool rotates and moves axially but the tube is both rotationally and
axially fixed; (4) the tube rotates and moves axially but the tool is both rotationally and axially
fixed; and (5) any combination of the above,

[0101) With the inner tube surface of this invention, additional paths for fluid flow are
created (between protrusions 2 through grooves 20) to optimize heat transfer and pressure drop.
FIG. 9a illustrates these additional paths 22 for fluid travel through tube 21. These paths 22 are

in addition to fluid flow paths 23 created between ridges 1. These additional paths 22 have a
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helisFahglE o Bfati&ito tHe-bibeBHs 5. Angle oy is the angle between protrusions 2 formed

from adjacent ridges 1. FIG. 9b clearly shows these additional paths 22 formed between
protrusions 2. Helix angle o and thus orientation of paths 22 through tube 21, can be adjusted
by adjusting pitch P, , of protrusions 2 using the following expression

P o= P, -tan(e)- 7D,
" 7D, (tan(a) + tan(a, )) £ P, -tan(a)-tan(a,)- Z,

Where:

P, is the axial pitch of ridges 1;

o is the angle of ridges 1 to tube axis s;

0, is the desirable helix angle between protrusions 2;

Z; is the number of tips 12 on too! 13; and

Djis the inside diameter of tube 21 measured from inner surface 18 of tube 21.

[0102]  Ifridge helix angle & and angle 1 of grooves 20 are both either right hand or left hand
helix (see FIG, 11b), then the "[-]" should be used in the above expression. Alternatively, if
ridge helix angle o and angle = of grooves 20 are opposite hand helix (see FIG. 11a), then the
"[*+]" should be used in the above expression.

[0103]  Tubes having the surfaces described above outperform existing tubes. FIGS. 12 and
13 graphically illustrate the enhanced performance of two examples of such tubes (boiling tubes
Tube No. 25 and Tube No. 14) by demonstrating the differences in the enhancement factors
between these tubes. The enhancement factor is the factor by which the heat transfer coefficients
(both tube-side (see FIG. 12) and overall (see FIG. 13)) of these new tubes (Tube No. 25 and
Tube No. 14) increase over existing tubes (Turbo-B®, Turbo-BI®, and Turbo B-II®). Again,

however, Tube Nos. 25 and 14 are merely examples of tubes in accordance with this invention,
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variety of applications.

[0104)
described in Tables 1 and 2 of U.S. Patent No. 5,697,430 to Thors, et al. Turbo-B® is referenced
as Tube II; Turbo-BII® is referenced as Tube IIL; and Turbo B-III® is referenced as Tube Vi,
The outside surfaces of Tube No. 25 and Tube No. 14 are identical to that of Turbo B-II®. The

inside surfaces of Tube No. 25 and Tube No. 14 are in accordance with this invention and

include the following physical characteristics:

241335.1

— PCT/US2006/011074
Othd® £95%5, O Iibgh inadd. il Bbeblance with this invention outperform existing tubes in a

Table 1. Tube and Ridge Dimensions

Tube No. 25 |Tube No. 14

Outside Diameter of Tube[0.750 0.750
(inches)
Inside Diameter of Tube D;}0.645 0.650
(inches)
Number of Inner Ridges |85 34
Helix Angle o of Inner(20 49
Ridges (degrees)
Inner Ridge Height 0.0085 0.016
e; (inches)
Inner Ridge Axial Pitch  [0.065 0.052
Py (inches)
P, /e 7.65 3.25
er/D; 0.0132 0.025

Table 2, Protrusion Dimensions

~ |Tube No.25 |Tube No. 14
Protrusion Height 0.014 0.030
ep (inches)
Protrusion Axial Pitch 0.0167 0.0144
Pgp (inches)
Protrusion Thickness 0.0083 0.007
Sp (inches)
Depth of Cut into Ridge ~ [0.007 0.015
t (inches)
20

The physical characteristics of the Turbo-B®, Turbo-BII®, and Turbo B-III® tubes are
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MorbbGar] el 11 ksa” t3. #hfdt A8 protrusions on Tube Nos. 25 and 14 had the following

characteristics:

Table 3. Tool Dimensions

Tube No. 25 (Tube No. 14

Number of Cutting Tips (3 1

Zi

Angle ¢ 60° 60°

(degrees)

Angle o 2° 2°

(degrees)

Angle t 89.5° 89.6°
1(degrees)

Angle B 69.5° 40.6°

(degrees) :

Number of  Outside|3 N/A

Diameter Fin Starts

Tool Revolution per Minute|0 1014

Tube  Revolution  per|1924 0

Minute

Xe ‘ 96.2 147

(inches/minute)

[0105] FIG. 12 shows that the tube-side heat transfer coefficient of Tube No. 14 is
approximately 1.8 times and Tube No. 25 is approximately 1.3 times that of Turbo B-I0%, which
”is bunently the most popular tube used in evaporator applications and shown as a baseljﬁe in
FIGS. 12 and 13. Similarly, FIG. 13 shows that the overall heat transfer coefficient of Tube No.
25 is approximately 1.25 times and Tube No. 14 is appro;gimately 1.5 times thaf of Turbo B-1II%,

[0106]) As shown in FIG. 14, other embodiments of the invention include heat transfer
surfaces with primary grooves 108 on the inner surface 104 of tube 100, also having an outer
surface 106 and tube wall 102. As one skilled in the art will understand, the number of primary
grooves 108 may vary depending on the application in which the heat transfer surface is to be

used and depending on the fluid medium used. Primary grooves 108 may be formed by any
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method-Heli8ih 1D ot ihited ', cutting, deforming, broaching or extrusion. Primary

grooves 108 are formed on inner surface 104 at a helix angle o (not shown) to the axis s of the
tube 100. Helix angle o may be any angle between 0° and 90°, but preferably does not exceed
70°. One skilled in the art will readily understand that the preferred helix angle o will often
depend, at least in part, on the fluid medium uged.

[0107]  The axial pitch of the primary grooves 108 depends on many factors, including helix
angle a, the number of primary grooves 108 formed on inner surface 104 of tube 100, and the
inside diameter of tube 100. For purposes of this application, the inside diameter is measured
from inner surface 104 of tube 100. An axial pitch of 0.01 inch to infinity (if the primary
grooves 108 extend paralle] to the tube exis s) is preferable.

[0108]  Certain embodiments of the invention also include protrusions or fins 110.
Protrusions 110 may be cut and lifted from inmer surface 104, as shown in FIGS. 15A-C.
Protrusions 110 are preferably cut at an angle 6 to axis s to tube 100 (see FIG, 15C). The height
€p of protrusions 110 is dependent on the cutting depth t and angle  at which inner surface 104
is cut. The height e, of protrusions 110 is always a value greater than the cutting dépth t.
Preferably, the cutting depth t is greater than the depth of primary grooves 108. However, the
cutting depth t may be less than or equal to the depth of primary grooves 108 as well.

[0109]  The axial pitch Pyp of protrusions 110 may be any value greater than zero and
generally will depend on, among other factors, the relative revolutions per minute between the
tool used to form the protrusions 110 (such as tool 13 discussed above or modified tools 300,
325, and 350, or retractable tool assembly 510, described below) and the tube 100 during
manufacture, the relative axial feed rate between the tool used to form the protrusions 110 and
the tube 100 during manufacture, and the number of cutting tips provided .on the tool used to

form the protrusions 110 during manufacture. Preferably, protrusions 110 have an axial pitch
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Pop Bf bietbveshl BOLDHE. 193Liflchds! e axial pitch Py, and height will generally depend on the

number of protrusions, which height e, decreases as P, , decreases.

[0110]  The shape of protrusions 110 is dependent on the shape of inner surface 104 and the

orientation of inner surface 104 after primary grooves 108 have been cut relative to the direction

* of mavement of the tool used to form the protrusions 110. In the embodiment of FIGS. 15A-C,
protrusions 110 have four side surfaces 120, a sloped top surface 122, and a substanﬁally pointed
tip 124,

[0111]  The tips 124 of protrusions 110 optionally may be flattened to create boiling cavities
114, as shown in FIGS. 16A-D. Alternatively, the tips 124 of protrusions 110 may be bent to
create boiling cavities 114, as showﬁ in FIGS. 17A-B. In other embodiments, the tips 124 of
protrusions 110 may be thickened to create boiling cavities 114, as shown in FIGS. 23A-B. In
still other embodiments, the protmsié)ns 110 may be angled toward each other; such as shown in
FIGS. 18A-C, to create boiling cavities 114. One with skill in the art will understand that the
tips 124 of protrusions 110 may remain substantiaily straight (not bent or flattened) and
substantially perpendicular to the inner surface 104 of the tﬁbe 100 if a condensing surface is
desired. However, if a boiling or evaporation surface is desired, the creation of boiling cavities
114 may substantially increase the efficacy of the boiling surface. The creation of boiling
cavities 114 creates a path for fluid flow and increases the transition from liquid to vapor.

[0112]  The protrusions 110 of this invention are in no way intended to be limited to the
illustratgd embodiment, however, but rather can be formed in any shape. Moreover, protrusions
110 in tube 100 need not be the same shape or have the same geometry.

[0113]  As shown in FIG. 15A, secondary grooves 112 may be located between adjacent
protrusions 110. -Secondary grooves 112 are oriented at an angle t (not shown) to the axis s of
tube 100, Angle T may be any angle between approximately 80° aﬁd 100°. Preferably, angle 7 is
approximately 90°.
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[01F4]2 "TCebhlfi Bhibodithehtl ot the invention also include methods and tools for making

boiling surfaces on a tube. A grooving tool 200, such as that shown in FIG. 19, is particularly
useful in forming‘primary grooves 108. Grooving tool 200 has an outer diameter greater than
inner diameter of tube 100 so that when pulled or pushed through tube 100, primary grooves 108
are formed. Grooving tool 200 also includes an aperture 202 for attaching to a shaft 130 (shown
in FIG. 21).

[0115]  Tool 13, shown in FIGS. 6A-D and FIGS. 7A-D, may be used as described above to
form protrusions 110 and secondary grooves 112. While preferred ranges of values for the
physical dimensions of protrusions 110 have been identified, one skilled in the art will recognize
that the physical dimensions of tool 13 may be modified to impact the physical dimensions of
resulting protrusions 110, For example, the depth t that cutting edge 14 cuts into inner surface
104 and angle ¢ affect the height e, of protrusions 110. Therefore, the height ¢, of protrusions
110 may be adjusted using the expression:

e =1/sin(90 - @)

or, given that @ = 90 ~ 9;

e, =t/ sin(0)

Where:

t is the cutting depth;

¢ is the angle between plane B and a plane perpendicular to too axis q; and

01s thc.angle at which the layers are cut relative to the longitudinal axis s of the tube 100.

Thickness S, of protrusions 110 depends on pitch Pyp of ﬁrotrusions 110 and angle o.
Therefore, thickness Sy can be adjusted using the expression:

Sp=Pypsin(90 - @)

or, given that ¢ =90 - 6,
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Where:
P, is the axial pitch of protrusions 110;
¢ is the angle between plane B and a plane perpendicular to tool axis q; and
- B is the angle at which inner surface 104 is cut relative to the longitudinal axis s of the
tube 100.

[0116]  Alternatively, tool 13 may be modified to create a variety of different surfaces. As
explained above, the geémetry of the tips on a single tool 13 need not be the same, For example,
FIG. 22 illustrates a modified tool 300 with two pairs of tips 318, 320 having different
geometries to create a boiling surface with inclined protrusions 110, such as is shown in FIGS.
18A-C. To create such a surface, the neighboring tips 318, 320 are formed with different angles
@1 (which determines the angle of inclination @ at which protrusions 110 are lifted). Changing
. the inclination angle o of the protrusions 110 is possible to obtain a particular gap g between
protrusions 120 at the opening 116 of the boiling cavity 114, which affects the curved fluid flow
s along the surface 104,

Thus, the gap g obtained may be calculated as follows:
. 2t +sin . .
g = p-(1-sin(p))~g(90 - ¢,)-[—;;1—§f’—’)~p sin(g)-( -sm(«p))}

Where:

p is the axial pitch of the protrusions 110;

@ is the angle between plane B and a plane perpendicular to tool axis g;

@1 1s the angle of the tool 300 between plane C and a plane perpendicular to tool axis g;
and

tis the depth of cutting,
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[OLE7L. Tl ke tald Embolaitablid’ b the invention, the tips 124 of protrusions 110 may be

flattened or bent (such as shown in FIGS. 16A-D) using flattening tool 400, shown in FIG. 21.
The flattening tool 400 preferably has a diameter greater than the diameter of protrusions 110 on
inner surface 104. Thus, when flattening tool 400 is pushed or pulled through tube 100, the tips

124 of protrusions 110 are bent or flattencd. Flattening tool 400 includes an aperture 402 for
attaching to shaft 130,

[0118]  In other embodiments, the tips 124 of protrusions 110 may achieve a shape similar to
the flattened or bent tips 124 shown in FIGS. 16A-D without the use of a flattening tool 400, For
example, tool 13 may be modified to incorporate, in addition to tips 12 that cut and lift
protrusions, a tip or tips for flattening the tips 124 of protrusions 110, For example, modified
tool 325, which is shown in FIG. 20A and which can otherwise have the same geometry as tool
13, includes a flattening tip 316 which bends or flattens the protrusions after formation.

Modified tool 325 may be used to create a boiling surface such as that shown in FIGS, 17A-B
and 20B-C.

[0119]  Boiling surfaces for use on héat transfer surfaces may also be achieved by creating
protrusions 110 with thickened tips 124, As shown in FIGS. 23A-B, heat transfer surfaces with
thickened tips 124 can be used to create boiling cavities 114, FIGS. 24C-D illustrate a modified
embodiment 350 of tool 13 that may be used to create protrusions 110 with thickened tips 124,

[0120]  In these embodiments, the tips 302 of modified tool 350 include two cutting edges
360, 370, a first cutting edge 360 oriented at an angle fi; relative to a plane perpendicular o the
tool axis q and a second cutting edge 370 oriented at an angle 3 relative toa plane perpendicular
to the tool axis q (angles P, and P3 are analogous to angle ¢ shown in FIG. 6b). Adjusting‘ angles
P2 and B adjusts the angle @ at which the ridges 1 or tube surface 104 are cut and thus the

resulting shape of the protrusion. By cutting into a ridge 1 or tube surface 104 at two angles,
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protiudibit’ with ' fhfine: RhAfhRE i cker tip, as shown in FIGS. 23A-B and 24A-B, can be

formed.
[0121]  Protrusions 110. with thickened tips 124 can be obtained using the following
formulas, with reference to FIGS, 24A-B:

| N sin(p, -¢,) sing,
t—y cosp,

Where:
92 is the angle between projection of the first site of a cutting edge and direction of too|
feed (2= 90°- By);
¢3 15 the angle between projection of the second site of a cutting edge and direction of
tool feed (3= 90°- By);
t1s the full depth of cutting; and
t1 s the depth of cutting for the first site of cutting edge, then the protrusion tips 124 will

be as shown in FIG. 24A and, the gap g may be calculated as follows:

. t—1,)-sin(p, -
g=p-(l-sin(p,))~ )-sin(p, - ¢,)
sin(g,)
If the following is true;

p_sin@,-g,)-sing,
-1 cosp,

then the protrusion tips 124 will be as shown in FIG. 24B and the gap g may be
calculated as follows:
&=P-c08(P3-02)-(1-sin(p2)-cos(02)-(ta(@3-92).
[0122]  FIG. 21 illustrates one possible manufacturing set-up for enhancing the surfaces of
tube 100. These figures are in no way intended to limit the process by which tubes 100 in
accordance with this invention are manufactured, but rather any tube manufacturing process
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using*diiyuithbfei §duipmehtbibehfiburation of equipment may be used. The tubes 100 of this

invention may be made from a variety of materials possessing suitable physical properties
including structural integrity, malleability and plasticity, such as, for example, copper and copper
alloys, aluminum and aluminum alloys, brass, titanium, steel and stainless steel.

[0123]  In one example of a way to enhance inner surface 104 of tube 100, a shaft 130, onto
which flattening tool 400 is mounted through aperture 402, extends into tube 100. Tool 13 is
mounted onto shaft 130 through aperture 16, One of skill in the art will understand that modified
tools 300, 325, or 350 may be substituted for tool 13 and/or flattening tool 400 Aret'noved,
depending on the surface desired to be formed. Grooving tool 200 is rotatably mounted onto
shaft 130 through aperture 202, Bolt 132 secures all three tools 200, 13, 400 on the shaft 130,
The tools 13 and 400 are preferably locked in rotation with shaft 130 by any suitable means.
FIGS. 6B and 7B illustrate a key groove 17 that may be provided on tool 13 to interlock with a
protrusion on the shaft (not shown) to fix tool 13 into place relative to shaft 130,

[0124]  Although not shown, when the method and/or tool of the invention is used to create
an inner surface of a tube, the manufacturing set-up may include arbors that can be used to
enhance the outer surface of tube, as discussed above ahd shown in FIG. 5. Each arbor 10
generally includes a tool set-up having finning disks 7 which radially extrude from one to
multiple start outside fins having axial pitch Pyo. The tool set-up may include additional disks,
such as notching or flattening disks, to further enhance the outer surface of tube. Note, however,
that depending on the tube application, enhancements need not be provided on outer surface of
tube at all. In operation, tube wall moves between mandrel and the arbors, which exert pressure
on tube wall.

[0125]  The mirror image of a desired inner surface pattern is provided on grooving tool 200
so that grooving tool 200 will form inner surface 104 of tube 100 with the desired pattern as tube

100 engages grooving tool 200. A desirable inner surface 104 includes primary grooves 108, as
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shoWhl TGS Ldfier #hithifioh"df primary grooves 108 on inner surface 104 of tube 100,

tube 100 encounters tool 13, positioned adjacent and downstream grooving tool 200. The cutting
edge(s) 14 of tool 13 cuts through inner surface 104. Lifting edge(s) 15 of tool 13 then lifts inner
surface 104 to form protrusions 110.

[0126] When protrusions 110 are formed simultaneously with outside finning and tool 13 is
fixed (i.e., not rotating or moving axially), tube 100 automatically rotates and has an axial

movement. In this instance, the axial pitch of protrusions 110 Pypis governed by the following

formula:
P -7
Ez ,= a‘,a 0
3, Z’
Where:

Py is the axial pitch of outside fins;
Z, is the number of fin starts on the outer diameter of tube; and
Z;is the number of tips 12 on tool 13.
(0127]  To obtain a specific protrusion axial pitch Pyp, tool 13 can also be rotated. Both tube
100 and tool 13 can rotate in the same direction o, alternatively, both tube 100 and tool 13 can
rotate, but in opposite directions. To obtain a predetermined axial protrusion pitch Py, the

necessary rotation (in revolutions per minute (RPM)) of the tool 13 can be calculated using the

following formula:
RPM. . = RPMtﬂbe(‘Pa,a ' Zo - Pa,p i ZI)
tool Z! . Pa,p
Where:

RPMup is the frequency of rotation of tube 100 ;
Py is the axial pitch of outer fins;

Z, is the number of fin starts on the outer diameter of tube;

29

92413351




_Wo2006/205002 PCT/US2006/011074
FrOp; Y i bR e-hdal fichof protrusions 110; and

Z; is the number of tips 12 on tool 13.

[0128] If the result of this calculation is negative, then tool 13 should rotate in the same
direction of tube 100 to obtain the desired pitch P,,. Alternatively, if the result of this
calculation is positive, then tool 13 should rotate in the opposite direction of tube 100 to obtain
the desired pitch Py 5.

[0129] Note that while formation of protrusions 110 is shown in the same operation as
formation of primary grooves 108, protrusions 110 may be produced in a separate operation from
primary grooves 108 by using a tﬁbe 100 with pre-formed primary grooves 108. This would
generally require an assembly to rotate tool 13 or tube 100 and to move tool 13 or tube 100 along
the tube axis. Moreover, a support (not shown) is preferably provided to center tool 13 relative
to the inner tube surface 104, -

[0130] In this case, the axial pitch P,, of protrusioné 110 is governed by the following
formuiaé

Poy=Xa/ RPM - Z)

Where:

X is the relative axial speed between tube 100 and tool 13 (distance/time);
RMP is the relative frequency of rotation between tool 13 and tube 100;
Pa is the desirable axial pitch of protrusions 110; and

Z; is the number of tips 12 on tool 13.

[0131]  This formula is suitable when (1) the tube 100 moves only a};ially (ie., does.not
rotate) and the tool 13 only rotates (i.e., does not move axially); (2) the tube 100 oaly rotates and
the tool 13 moves only axially; (3) the tool 13 rotates and moves axially but the tube 100 is both
rotationally and axially fixed; (4) the tube 100 rotates and moves axially but the tool 13 is both

rotationally and axially fixed; and (5) any combination of the above.
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[0182) Twit thd 1fner dhbd Birfabl 104 of this invention, additional paths for fluid flow are

created through secondary grooves 112 to optimize heat transfer and pressure drop. FIG. 15A
illustrates these additional paths for fluid travel through tube 100. These paths are in addition to
the fluid flow paths created between primary grooves 108. These additional paths have a helix
angle o, relative to the tube axis s. Angle o, is the angle between protrusions 110 formed from
adjacent primary grooves 108. Helix angle o, and thus orientation of these additional paths
through tube 100, can be adjusted by adjusting pitch P, of protrusions 110 using the following

expression

- P, -tan(a )+ 2D,
P " 7D, -(tan(@) + tan(a,)) £ P, , - tan(at ) - tan(e, ) - Z,

Where:

P, is the axial pitch of primary grooves 108;

o 15 the angle of primary grooves 108 to tube axis s;

o, is the desirable helix angle between protrusions 110,

Z; is the number of tips 12 on tool 13; and

D; is the inside diameter of tube 100 measured from inner surface 104 of tube 100.

[0133] FIGS. 25-34 illustrate another tool assembly 510 that can be used to form the heat
transfer surfaces described above. Tool assembly includes a rod 512 having a tip 514 (see FIG.
27) for forming protrusions on the surface (énd partictilarly the inner surface) of a heat transfer
tube. The rod 512 may be of any material having the structural integrity to withstand metal
cutting (e.g., steel, carbide, ceramic, etc.), but is preferably made of a carbide (such as tungsten
carbide). The tip 514 is preferably, but does not have to be, formed integrally on an end of the
rod 512, The geometry of the tip 514 is preferably, but does not have to be, the same as the tips

12 of tool 13, as shown in, and described above with respect to, FIGS. 6a-d.
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(0184 TTRd i3T5 i5 Shid Ho"d"tod guide 516 (shown in FIGS. 28-29) having a head end

518 and a tail end 520 and provided with a shaft 522 dimensioned to receive the rod 512 (see
FIGS. 30-31). The shaft 522 preferably extends through the rod guide 516 so-as to have an
opening at or proximal to both the head end 518 and the tail end 520 of the rod guide 516. The
tip 514 extends from the shaft 522 opening at the head end 518 of the rod guide 516. After the
rod 512 is slid into the rod guide 516, a screw 524 (best seen in FIGS. 25-26) may be engaged in
the shaft 522 opening at the tail end 520 of the rod guide 516‘. Adjustment of the screw 524
adjusts the amount that the tip 514 extends from the shaft 522 opening at the head end 518 of the
rod guide 516. The amount of extension of the tip 514 will, in turn, set the cutting depth (t) of
the tip 514 into the ridges 1 or inner surface 104 of the tube. A second screw 528 may be
inserted in a screw hole 530 (shown in FIGS. 30-31 at the head end 518 of the rod guide 516)
provided along the length of the rod guide 516. This second screw 528 locks the rod 512 (and
thus the tip 514 extension) in place relative to the rod guide 516. |

[0135}  The head end 518 of the rod guide 516 is preferably provided with a centering plane
532. In use, the centering plane 532 contacts the tops of the ridges 1 or the inner surface 104 of
the tube to be cut by the cutting tip 514. Through such contact, the centering plane 532 keeps the
tool assembly 510 centered within the tube during inner surface enhancement.

[0136]  The rod guide 516 is then inserted into a tool holder 534, best seen in FIGS. 32-33.
The tool holder 534 includes a head portion 536 and a rod portion 544 that defines the tool
holder longitudinal axis (not shown). The head portion 536 has an outer wall 542 (shown as
being cylindrical but that can be of any suitable shape) and is provided with hollow shafts 546
that extend substantially through the length of the head portion 536. Each shaft 546 preferably
has an opening at or near the top wall 540 of the head portion 536 and at or near the bottom wall

538 of the head portion 536. The axis of each shaft 546 is positioned at an angle of preferably 0°

to 90°, inclusive, with the longitudinal axis of the tool holder 534. Shafts 546 are dimensioned
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to reCelve.rotIgiiHkIE L6 doittdcd 542), which is slid into a shaft 546 on the tool holder 534, as

shown in FIG. 34,

[0137]  The tool holder 534 may be provided with any number of hollow shafis 546
depending on the number of tips 514 desired to be used in a particular application. Depending
on the desired pitch (P,,) of the ridge protrusions, not all of the hollow shafts 546 need be
occupied with a rod guide 516 and rod 512. Moreover, the geometry of the tips 514 on the rods
512 provided in a tool holder 534 need not be the same. Rather, tips 514 having different
geometries to form protrusions having different shapes, orientations, and other geometries may
be provided in the tool holder 534. For example, as explained above with respect to FIGS. 18A-
C and 22, providing tips 14 having different angles ¢1 will result in protrusions having different
angles of inclination @. In this way, tool assembly 510 may be used to create a boiling surface
with inclined protrusions as shown in FIGS, 18A-C.

[0138)  Moreover, as explained above with respect to FIGS. 23A-B and 24A-D, by providing
tips 302 having multiple cutting edges, protrusions with thickencd tips 124 may be formed to
create nucleate boiling cavities,

[0139]  Referring now to FIGS. 25-26, a washer 548 and a mandrel 550 are threaded onto the
rod portion 544 of the tool holder 534. The washer 548 includes a base 552 from which a
plurality of prongs 554 extend. The prongs 554 of the washer 548 are positioned facing the
bottom wall 538 of the head portion 536 of the tool holder 534. The top wall 540 of the head
portion 536 of the tool holder 534 is preferably provided with a threaded hole 556 in which a rod
558 is screwed. A sizing spacer 560 (mounted 6n the rod 558) is positioned adjacent the head
portion 536 of the tool holder 534, and a biasing element (in this case spring 562, also mounted
on the rod 558) is positioned adjacent the sizing spacer 560. The biasing element may be any
structure (including, but not limited to, a spring, including a flat spring, disc spring, helical

spring, coil spring, zigzag spring, etc.) and be made from any material capable of compressing
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and Bkpartling-{iffelitding, Bullddtiitted to, rubber, metal, plastic, etc.). A nut 564 is screwed

on the end of the rod 558 to retain the spring 562 and sizing spacer 560 on the tool assembly 510.
Note that a screw having a head and a shaft (not shown) can easily be substituted for the rod 558
and nut 564.

[0140] When assefnbled, the head end 518 of each rod guide 516 contacts the sizing spacer
560 and the tail end 522 of each rod guide 516 contacts the base 552 of the washer 548. The
distal end of the rod portion 544 of the tool holder 534 is provided with threads 566 so that the
tool assembly 510 can be screwed onto the end of a guide rod (which can be fixed or rotate) that,
with the assembly shown in FIGS, 25-26 attached to it, extends through the inside of a tube to
enhance the tube surface.

[0141]  Inan equilibrium state (shown in FIG. 25), tips 514 (fixed in rod guides 516) do not
extend beyond the outer wall 542 of the head portion 536 of the tool holder 534 and thus are
protecied. In use, the mandrel 550 forms ridges on the inner surface of a tube, which are in turn
cut and lifted by tips 514 to form the desired protrusions. One of skill in the art will understand
that the mandre] 550 can be replaced with a grooving tool 200 (shown in FIG. 19) to form
grooves 108 (instead of ridges 1) on the tube surface (assuming, of course, that a force is applied
to the tool assembly 510 to effectuate exposure of the tips 514 from the too] holder 534). Tips
514 would then cut into tube wall 104 (instead of upstanding ridges 1) to form protrusions, as
shown in FIG. 15A.

[0142]  During this process, the mandrel 550 (or grooving tool 200) bears against the washer
548 which in tum bears against the rod guides 516. Under such pressure, the rod guides 516
. slide along their respective holioiw shafts 546 of the tool holder 534 toward the sizing spacer 560.
In particular, the base 552 of the washer 548 exerts a force on the tail ends 520 of the rod guides
516 and pushes them along shafts 546, In this way, the tips 514 are pushed beyond the outer

wall 542 of the head portion 536 of the tool holder 534 (as shown in FIG. 26) and exposed for

34

§241335.1




WO 2006/105002 o PCT/US2006/011074
cuttifiplant] fiftiE B ithe” i gef M oklinner tube surface 104 to form protrusions, as deseribed

above in connection with FIGS. la-c and 15 a-c. The rod guides 516 bear against the sizing
spacer 560 which in turn compresses the spring 562. Contact between the prongs 554 on the
washer 548 and the bottom wall 538 of the head portion 536 of the tool holder 534 prevents
further movement of the rod guides 516. Thus, the height of the washer prongs 554 controls the
amount by which the rod guides 516 (and thus the tips 514) are pushed relative to the tool holder
534 and thus impacts the amount by which the tips 514 are exposed and consequent resulting
cutting depth (t) of the tips 514 into the tube surface. Washers 548 having different height
prongs 554 may be easily substituted on the tool assembly 510 and used to accurately control
how far the tips 514 will extend beyond the outer wall 542 of the head portion 536 of the tool
holder 534 and theb resulting cutting depth (t) of the tips 514,

[0143]  After cutting and lifting with tips 514, the newly-formed protrusions contact the
sizing spacer 560, which regulates the height of the protrusions cut by tips 514. Protrusions that
are too high are flattened by the sizing spacer 560 until they reach the specified height. The
height of the protrusions may be easily adjusted by substituting spacers 560 having different
diameters on the tool assembly 510. The spacer 560 may also be used to flatten some or all of
the resulting protrusions to form nucleate boiling cavities, such as shown in FIGS. 16A-D, 17A-
B, and 20B-C. Altematively, a rod 512 with a tip 514 having the geometry of flattening tip 316
(shown in FIG. 20) may also be inserted into the tool holder. In this way, a rod tip (or tips)
positioned in the tool holder may also perform the flattening function.

[0144]  When protrusion formation is complete and a force is no longer exerted on washer
348, the compressed spring 562 causes the assembly 510 to return to its equilibrium state (shown
in FIG. 25), meaning that the spring 562 forces the sizing spacer 560 to push the rod guides 516

back until the sizing spacer 560 contacts the top wall 540 of the head portion 536 of the tool
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holdgt 34, Thithi { Wty tetdd ghildles 516 slide along shafts 546 to retract the tips 514 back

within the outer wall 542 of the tool holder 534.

[0145]  Given the forces being applied to the different components of the tool assembly 510,
the washer 548, tool holder 534, rod guide 516, and sizing spacer 560 shoﬁld preferably be made
from materials capable of retaining their structure when subjected to such forces, For example,
these components may be made from metal, including carbide, steel, etc.

[0146]  To remove the tool assembly 510, it need only be unscrewed from the guide rod (not
shown) by unscrewing the distal end of the rod portion 544 of the tool holder 534, However,
oftentimes the tool assembly 510 will become firmly fixed on the guide rod and thus unscrewing
can be difficult. The force required to unscrew the too] assembly 510, if done by hand, can cause
damage to the tool assembly 510. Thus, it is preferable (but not required) to provide holes 568 in
the outer wall 542 of the tool holder.534. A device can be inserted into the holes 568, and the
tool assembly 510 unscrewed using torque.

[0147]  The design of this tool assembly 510 results in a number of benefits. If a tipSl4ona
rod 512 wears down, the rod 512 can easily be removcd for reshaping or the entire rod 512
replaced. The rod 512 containing the worn tip 514 can be removed from the rod guide 516 by
removing screw 524 or 528 from the rod guide 516 and sliding the rod 512 from the rod guide
516. Altematively, the entire rod guide 516 can be removed from the tool holder 534. Either
way, tip 514 on an existing rod 512 can be reshaped and returned to the rod guide 516 or a new
rod 512 with a new tip 514 can be inserted into the rod guide 516. Another bengfit of this tool
design is that tips 514 on the rods 512 can be re-shaped multiple times before the rods 512 must
be replaced. This significantly reduces tooling and material costs, Moreover, the tool assembly
510 can easily be used on tubes with different wall thicknesses by using washers _548 having

different prong 554 heights to adjust how much the tips 514 protrude from the tool holder 534
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durihlasé ah«%‘t”'tw Mjﬁsﬂnﬁ- & B the tips 514 extend from their respective rod guides 516,

as described above.

[0148]  The foregoing is provided for the purpose of illustrating, explaining and describing
embodiments of the present invention. - Further modifications and adaptations to these
embodiments will be apparent to those skilled in the art and may be ma_de without departing

from the spirit of the invention or the scope of the following claims.
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we claims
1. A tool assembly for cutting metal comprising:
a. a holder comprising a longitudinal axis, an exterior top wall, an exterior bottorm

wall, an exterior outer wall and at least one substantially hollow shaft, wherein the at least one
shaft extends through the holder and comprises a first opening and a second opening;
b. at least one rod assembly comprising:
i a rod guide having a head end and a tail end,
ii.' a rod having a tip shaped with a tip geometry énd positioned in the rod
guide, wherein the tip extends from the head end of the rod guide,
wherein the at least one rod assembly is positioned in the at least one shaft of the holder
and whierein the head end of the rod guicie is capable of extending from the first opening of the at
least one shaft and wherein the tail end of the rod guide is capable of extending from the second

opening of the at least one shaft;

c. a washer positioned substantially adjacent the exterior bottom wall of the holder
and adapted to apply pressure to the tail end of the rod guide to cause the at least one rod
assembly to move a distance along the at least one shaft and the tip to extend beyond the outer
wall of the holder when a force is éxerted on the washer;

d. a spacer positioned substantially adjacent the exte:rior top wall of the holder and
adapted to apply pressure to the head end of the rod guide to cause the at least one rod assembly
to move albng at least a portion of the at least one shaft to retract the tip within the outer wall of

the holder; and

e. a biasing element positioned substantially adjacent the spacer.
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2. ADE 00 Evdehtbly o dldifn"1 Hvherein the at least one shaft extends at an angle between

0°-90°, inclusive, relative to the longitudinal axis of the holder.

3. The tool assembly of claim 1, wherein the position of the rod in the rod guide is
adjustable.

4, The tool assembly of claim 1, wherein the rod is removable from the rod guide.

5. The tool assembly of claim 4, wherein the tip of the rod can be reshaped and repositioned
in the rod guide.

6. The tool assembly of claim 1, wherein the tip is adapted to form protrusions on an inner

surface of a tube by cutting and lifting metal,

7. The tool assembly of claim 6, wherein the tip geometry comprises at least one cutting
edge.
8. The tool assebly of claim 7, wherein the tip geometry comprises at least two cutting
edges.

-9 The tool assembly of claim 6, wherein the tip geometry comprises at least one lifting
edge.

10.  The tool assembly of claim 1, wherein the at least one rod assembly comprises a plurality

of rod assemblies,
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11, J* IThE toby ﬁ@dbﬂhly oF olatdn] M"Wherein the tip geometry of the tips of the rods of at least

two of the plurality of rod assemblies differs.

12. The tool assembly of claim 1, wherein the at least one rod assembly is removable from

the holder.

13. The tool assembly of claim 1, wherein the washer cotnprises a base and at least one prong
having a height and extending from the base, wherein the base is adapted to apply pressure to the
tail end of the rod guide and wherein the height of the at least one prong at least partially controls

the distance the rod assembly moves along the at least one shaft.

14, The tool assembly of claim 1, wherein the biasing element is adapted to expand when the

force relaxes to exert an expansion force on the spacer,

15.  The tool assembly of claim 1, the biasing element comprises a spring.

16. A tube having an inner surface enhanced by fhe tool assembly of claim 1.
17. The tube of claim 16, Wwherein the tube comprises protrusjons.

18.  The tube of claim 17, wherein the protrusions are flattened, bent, or inclined relative to

each other to form nucleate boiling cavities,

19. A method of enhancing the inner surface of a tube comprising:

a. providing a t00l assembly comprising:
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P T W@ I I Holtied. 8dmipsing 2 longitudinal axis, an exterior top wall, an exterior

bottom wall, an exterior outer wall and at least one substantially hollow shaft, wherein the at
least one shaft extends through the holder and comprises a first opening and a second opening;

(i)  atleastone rod assembly comprising:

arod guide having a head end and a tail end;
a rod having a tip shaped with a tip geométry and positioned in the rod
guide, wherein the tip extends from the head end of the rod guic%e,
wherein the at least one rod assembly is positioned in the at least one shaft of the holder
and wherein the head end of the rod guide is capable of extending from the first opening of the at
least one shaft and wherein the tail end of the rod guide is capable of extending from the second
opening of the at least one shaft; ”

(iif)  a washer positioned substanﬁa}ly adjacent the exterior bottom wall of the
holder and adapted to apply pressure to the tail end of/the rod guide to cause the at least one rod
assembly to move a distance along the at least one shaft and the tip to extend beyond the outer
wall of the holder when a force is exerted on the washer; )

(iv) = spacer positioned substantially adjacent the ext(erior top wall of the
holder and adapted to apply pressure to the head end of the rod guide to cause the at least one rod
assembly to move along at least a portion of the at least one shaft to retract the tip within the
outer wall of the holder; and

(v)  abiasing element positioned substantially adjacent the spacer;

b. positioning the tool assembly in the tube;
C. causing relative rotation and relative axial movement between the ,tube and the

tool assembly; and:

d. forming protrusions on the inner surface of the tube with the tip.
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20; P L mblfsd-bEbraih SoETHs comprising exerting a force on the washer, wherein the

force causes the washer to apply pressure to the tail end of the rod guide to cause the at least one
rod assembly to move a distance along the at least one shaft and the tip to extend beyond the

outer wall of the holder.

2. The method of claim 19, further comprising flattening the protrusions, bending the
protrusions, or inclining adjacent protrusions relative to cach other to form nucleate boiling

cavities.

22, The method of claim 19, further comprising removing the rod from the tool holder,

reshaping the tip of the rod, and repositioning the rod in the tool holder.

For the Applicants
REINHOLD COHN AND PARTNERS

¥ V"JJ%‘Z///
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