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(67)  Animproved heat exchanger suitable for use as
a pre cooler in an internal combustion engine exhaust
gas recirculation system comprises an inner heat ex-
change tube for exchanging heat between said gas and
said liquid coolant. A tubular outer body may surround
at least part of the inner heat exchange tube. Liquid cool-
ant may flow through a cavity formed between the outer
surface of the inner heat exchange tube and the inner
surface of the tubular outer body, cooling gas flowing
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Figure 2

through the inner heat exchange tube. The inner heat
exchange tube may surround a substantially cylindrical
corrugated sheet of material forming a plurality of fins.
At least one of the fins may be in contact with an inner
surface of the inner heat exchange tube. The tubular out-
er body may surround two or more inner heat exchange
tubes, each inner heat exchange tube surrounding a re-
spective plurality of fins.
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Description

Field of the Invention

[0001]
ers.

The present invention relates to heat exchang-

Background of the Invention

[0002] Modern internal combustion engines often use
externally flowed and cooled exhaust gas recirculation
(EGR) to aid emissions control and reduce fuel consump-
tion. Modern gasoline and diesel engines can have high
gas inlet temperatures into an exhaust gas recirculation
system. These high gas temperatures can cause dam-
age to EGR components, for example the EGR valve or
the main cooler.

[0003] It can be of significant advantage to reduce the
exhaust gas recirculation gas temperature prior to con-
tact with these potentially vulnerable components. A co-
axial cooler is a component which can fulfill this function.
[0004] A coaxial cooler which is known in the art com-
prises a heat transfer tube positioned inside an outer
tube. The heat transfer tube has a formed or corrugated
surface which encourages heat exchange and gives
some flexibility to the component.

[0005] Three major drawbacks of this type of prior art
design are:

e Arelatively low heat exchange per unit length;

e A relatively high gas pressure loss caused by the
turbulence induced by the corrugation; and

* Arrelatively poor flow of coolant into the roots of the
outside of the heat exchange tube.

[0006] A pre cooler located upstream in the gas flow
to a valve or main cooler in an EGR system needs to be
compact and of the shortest possible length since space
is at a premium in modern vehicle engine compartments.
[0007] On EGR systems in particular, a low gas pres-
sure drop in the return gas path between exhaust and
engine air intake is critical for engine function. As an on-
going objective, engineers are always looking to reduce
pressure losses in EGR systems, as this allows a greater
flow for the same differential pressure.

[0008] Further, boiling of coolant can cause damage
to components, coolers, pre coolers or even damage to
the engine itself.

[0009] A problem with prior art co-axial heat exchange
tubes of the corrugated type having an inner heat ex-
change tube and an outer corrugated housing with a lig-
uid filled cavity therebetween is that the rate of heat ex-
change per unit length of the heat exchanger is insuffi-
cient in some EGR applications.

[0010] Further, with the known corrugated heat ex-
changer, excessive boiling of coolant can occur.

[0011] There is a need for a compact coaxial cooler
which has a high ratio of heat exchange per unit length

10

15

20

25

30

35

40

45

50

55

to transfer more energy to the coolant with reduced EGR
gas pressure drop whilst at the same time avoiding dam-
aging levels of boiling within the cooler.

[0012] Itis accordingly an objective of the present in-
vention to maximize heat transfer from a hot gas to a
liquid coolant using alternative cooling structures.
[0013] In addition, alternative cooling structures may
experience harsh environmental conditions, such as sig-
nificant temperature gradients, gas pressures, and gas
velocities. It is therefore another objective of the present
invention to minimize the risk of structural failures-such
as cracking or fractures in components of the cooler-due
to physical phenomena (e.g., thermal expansion), to in-
crease the longevity and reliability coolers.

[0014] Manufacturing components for coaxial coolers
typically involves a series of steps to turn raw materials
into useful structures and arranging and securing those
structures to form the coaxial cooler. Poor alignment or
unwieldy components can increase manufacturing time
and cost, while reducing manufacturing consistency and
reliability of the coolers. Thus, a further objective of the
present invention is to include physical features on alter-
native cooling structures that aid in the alignment and
assembly of coaxial coolers.

[0015] These and other objectives and advantages will
become apparent from the following detailed written de-
scription and figures.

Summary of the Invention

[0016] According to a first aspect of the present inven-
tion, there is provided a heat exchanger for cooling hot
gas using a liquid coolant, the heat exchanger compris-
ing: a heat exchange tube for exchanging heat between
the gas and the liquid coolant; a tubular outer body sur-
rounding at least part of the inner heat exchange tube;
wherein the gas flows through a passage in the heat ex-
change tube and the liquid coolant flows between the
heat exchange tube and the tubular outer body; and one
oraplurality offins located inside the inner heat exchange
tube, and contacting with an inner surface of the heat
exchange tube.

[0017] The fins may act to increase heat exchange be-
tween the gas and the liquid coolant by transferring heat
from the centre of the gas flow to the inner walls of the
heat exchange tube, whilst not significantly increasing
the gas pressure drop along the heat exchange tube.
[0018] Each fin may comprise an inwardly extending
fin wall extending between an inner surface of the heat
exchange tube and towards a main central axis of the
heat exchanger.

[0019] A first plurality of fins may extend substantially
radially inwardly towards a central axis of the heat ex-
changer to a longer radial distance than to each of a
second plurality of fins, so as not to cause one fin to be
in close proximity to another fin.

[0020] The main planes of the fin walls preferably ex-
tend in a direction parallel to the main axial length of a
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section of the cooler in which they are fitted. Preferably
the main planes of the fin walls extend radially towards
the main central length axis of the tube in which they are
located so as to provide a plurality of individual gas pas-
sages surrounding a central gas passage having its cen-
tre coincident with a main central axis of the heat ex-
change tube, so that gas flows along the main central
passage and along each of the individual gas passages
surrounding the main central gas passage.

[0021] The heat exchange tube may consist of a
number of substantially straight sections separated by a
bentor curve section. Atleast one of substantially straight
sections will be over least part of its length plain or
smooth. At least one fin will be attached to the heat ex-
change over a length of the substantially straight plain
section. Other straight sections may have a profiled sur-
face that is used without a fin.

[0022] A straight section of the heat exchange tube
may be plain over its full length and have at least one fin
attached to it over the majority of the length.

[0023] A straight section may be a combination of a
plain section with at least one fin attached and a section
of profiled tube without a fin attached.

[0024] The profiled section may comprise helical or an-
nular corrugations or individual forms that improve heat
exchange where there is no fin.

[0025] A corrugated straight section may also be used
to give the heat exchange tube some thermal or vibra-
tional compliance.

[0026] The bentsections of the heat exchange tube do
not have fins. The bent section may be plain, helically or
annularly corrugated or have a profiled geometry to im-
prove heat exchange.

[0027] The embodimentsinclude a heat exchanger for
cooling a hot gas using a liquid coolant, by utilising a
coaxial cooler with an inner heat exchange tube and an
outer body surrounding at least part of the inner heat
exchange tube; the hot gas flowing through the heat ex-
change tube and the coolant flowing in an annulus be-
tween the heat exchange tube and the outer body tube;
the heat exchange tube being smooth over at least part
of its length, and having a fin or a series of fins joined to
the inner surface of the heat exchange tube to increase
heat exchange, whilst not significantly increasing gas
pressure drop.

[0028] There may be fins having at least two different
lengths, so as not to cause one fin to be in close proximity
to another fin.

[0029] A plurality of fins are preferably formed from a
single strip of material.

[0030] A plurality of fins may be arranged as a plurality
of segments, each segment comprising at least one fin.
[0031] A plurality of fins may be manufactured from a
strip of material such that the plurality of fins are formed
into an arc of substantially less than 360°, when uncon-
strained and wherein the plurality of fins form an arc of
nearly 360°, when constrained by insertion into a tube.
[0032] A plurality of fins may be manufactured from a
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single strip of material and may comprise a plurality of
arcs wherein each arc has a radius greater than an in-
ternal radius of a tube into which the fin is designed to
fit, so as to promote efficient heat transfer between the
arcs of the fins and an internal surface of the tube. The
tangent point of the radius of the corner of the fin may
contact the heat exchange tube giving the shortest pos-
sible route for conduction of heat. When thefinis attached
to the heat exchange tube with braze then the meniscus
of the braze will further aid heat transfer by reducing the
route for conduction and thickening the material width of
the fin at its base.

[0033] The heat exchanger may comprise a compen-
sation tube at one end of the heat exchanger to accom-
modate thermal growth and manufacturing tolerances.
[0034] The invention includes a gas to liquid heat ex-
changer comprising: at least one tubular section having
therein one or a plurality of heat exchange walls or fins
extending into a gas passage of the tubular section, the
walls extending along a main length of the tubular section;
and an outer jacket surrounding at least a part of the at
least one tubular section, there being a cavity between
said tubular section and the outer jacket within which the
liquid may pass.

[0035] The invention includes a heat exchanger for
cooling hot gas using a liquid coolant, the heat exchanger
comprising: an inner heat exchange tube for exchanging
heat between the gas and the liquid coolant; a tubular
outer body surrounding at least part of the inner heat
exchange tube; wherein the gas flows through the heat
exchange tube and the liquid coolant flows between the
inner heat exchange tube and the tubular outer body;
and a fin member which fits inside the inner heat ex-
change member, the fin member comprising a plurality
of substantially radially extending walls each extending
along a main length direction of at least a portion of the
inner heat exchange tube, and a plurality of substantially
circumferentially extending connecting portions, each
extending between adjacent ones of the substantially ra-
dially extending walls, and each connecting portion con-
necting a pair of the substantially radially extending walls;
wherein the fin member is of dimensions such as to fit
tightly within the inner heat exchange tube such that an
outer surface of each the connecting portion is in contact
with an inner surface of the inner heat exchange tube.
[0036] In a second embodiment of the present inven-
tion, the heat exchanger comprises at least one inner
heat exchange tube for exchanging heat between said
gas and said liquid coolant, in which the at least one inner
heat exchange tube has an inner surface and an outer
surface. In this embodiment, a tubular outer body sur-
rounds at least part of said at least one inner heat ex-
change tube, in which the tubular outer body has both
an inner surface and an outer surface. In this embodi-
ment, the gas flows through the at least one inner heat
exchange tube and the liquid coolant flows between the
outer surface of the inner heat exchange tube and the
inner surface of the tubular outer body. A substantially
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cylindrical corrugated sheet of material forming a plurality
of fins is configured for orientation within the at least one
inner heat exchange tube, with at least one of the fins
positioned to be in contact with the inner surface of the
inner heat exchange tube.

[0037] A particularfin ofthe plurality of fins may include
a gap formed between a portion of the first end of the
substantially cylindrical corrugated sheet and a portion
of asecond end of the substantially cylindrical corrugated
sheet. The gap may exist as a result of the plurality of
fins being formed from a single pressed and shaped piece
of material, which may be rolled into a substantially cy-
lindrical shape such that opposite ends of the sheet meet
and form said gap.

[0038] The portion of the first end of the substantially
cylindrical corrugated sheet may include one or more
raised protrusions (which may be referred to herein as
"locking clips") that at least partially overlap the portion
of the second end of the substantially cylindrical corru-
gated sheet. Locking clips may friction fit with portions of
the substantially cylindrical corrugated sheet opposite
thereof, mechanically securing the corrugated sheetin a
substantially cylindrical shape.

[0039] The fins may include undulations for increasing
turbulence in the gas, each of said undulations oriented
along the longitudinal axis of said inner heat exchange
tube. The undulations may be periodic, sinusoidal in
shape, or otherwise be substantially nonlinear in a direc-
tion of the longitudinal axis of the inner heat exchange
tube for increasing turbulence in the gas.

[0040] At least one of the plurality of fins may include
one or more radially-extending slots. The slots may form
"V" shaped gaps extending radially from a radially inward
fin tip toward adjacent radially outward fin tips. There may
be any number of slots spaced apart along the longitu-
dinal direction of the plurality of fins. The slots may have
either uniform or non-uniform width, as measured along
the longitudinal axis of the inner heat exchange tube. The
slots may be "bulb" shaped, in that they include a straight
portion and a circular segment portion which collectively
forman "omega" or bulb-shaped gap. In some implemen-
tations, the one or more radially-extending slots have a
minimum width of at least 0.2 millimeters over at least a
portion of the slot.

[0041] A heat exchanger may include a substantially
cylindrical corrugated sheet of material having fins of two
or more lengths. In some embodiments, the substantially
cylindrical corrugated sheet may include three different
fin types, each having different lengths respectively. As
described herein with respect to fin types, "length" may
referto the radial distances of the fin "walls" (which extend
radially outward) between radially-inner fin tips and ad-
jacent radially-outer fin tips.

[0042] In the present invention, some of the heat ex-
changers may include tubular bellows structures opera-
bly affixed to at least one end of said inner heat exchange
tube. The tubular bellows may include an outer lip that
at least partially overlaps the tubular outer body. The tu-
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bular outer body might include an angled protrusion ex-
tending radially outward from the tubular outer body,
wherein a distal end of the outer lip abuts the angled
protrusion. The angled protrusion (also referred to herein
as an "angled retention feature") may encourage the flow
of braze paste toward the joint formed between the outer
lip and the angled protrusion during the brazing process.
[0043] The tubular bellows may be positioned radially
outwardly from the inner heat exchange tube at a position
such that the substantially cylindrical corrugated sheet
of material forming the plurality of fins may not positioned
radially thereunder. In other words, the tubular bellows
may or may not surround the portion of the inner heat
exchange tube containing the fin assembly, depending
upon the particular implementation.

[0044] In a third embodiment of the present invention,
the heat exchanger comprises a plurality of finned heat
exchange tubes (sometimes referred to herein as coaxial
coolers) arranged substantially parallel to each other.
Each coaxial cooler includes an inner heat exchange
tube for exchanging heat between said gas and said lig-
uid coolant, each having both an inner surface and an
outer surface. For each coaxial cooler, a portion of said
gas flows through the respective inner heat exchange
tube. Each coaxial cooler also includes a plurality of fins
contacting the inner surface of said respective inner heat
exchange tube. In this embodiment, the plurality of co-
axial coolers are collectively surrounded by at least one
tubular outer body having an inner surface and outer sur-
face. In this embodiment, the liquid coolant flows be-
tween the outer surfaces of said inner heat exchange
tubes of the plurality of coaxial coolers and the inner sur-
face of said tubular outer body.

[0045] In some embodiments of the present invention,
each of the plurality of fins may be formed from a sub-
stantially cylindrical corrugated sheet of material. A par-
ticular fin of the plurality of fins of a given coaxial cooler
may include a gap formed between a portion of a first
end of the substantially cylindrical corrugated sheet and
a portion of a second end of the substantially cylindrical
corrugated sheet.

[0046] The portion of the first end of the substantially
cylindrical corrugated sheet may include one or more
raised protrusions that at least partially overlap the por-
tion of the second end of the substantially cylindrical cor-
rugated sheet.

[0047] One or more of the plurality of fins of a given
coaxial cooler may include undulations forincreasing tur-
bulence in the gas, with each of the undulations oriented
along the longitudinal axis of said tubular outer body.
[0048] One or more of the plurality of fins of a given
coaxial cooler may have a substantially nonlinear shape
in a direction of a longitudinal axis of said tubular outer
body for increasing turbulence in the gas.

[0049] At least one of the plurality of fins of a given
coaxial cooler may include one or more radially-extend-
ing slots. These slots may have a non-uniform width, as
measured along the longitudinal axis of said tubular outer
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body.

[0050] The plurality of fins of a given coaxial cooler
may include a first, a second, and a third fin type. Each
of the first, second, and third fin types may have different
radial lengths respectively, and may extend inwardly by
different radial distances towards the longitudinal axis of
said tubular outer body.

[0051] Other aspects are as set out in the claims here-
in.

Brief Description of the Drawings

[0052] For a better understanding of the invention and
to show how the same may be carried into effect, there
will now be described by way of example only, specific
embodiments, methods and processes according to the
present invention with reference to the accompanying
drawings in which:

Figure 1 shows schematically in perspective view a
first cooler according to a first specific embodiment
heat exchanger;

Figure 2 shows the first cooler in perspective view
from a first end;

Figure 3 herein shows the first cooler in perspective
view from a second end;

Figure 4 shows schematically the first cooler in per-
spective view showing a gas domain of the first cool-
er;

Figure 5 shows schematically the first cooler in per-
spective view showing a coolant domain of the cool-
er;

Figure 6 herein shows schematically a first fin as-
sembly according to afirstembodiment fin assembly;

Figure 7 herein shows a second fin assembly ac-
cording to a second embodiment fin assembly;

Figure 8 herein shows a third fin assembly according
to a third specific embodiment fin assembly;

Figure 9 shows part of the first fin assembly viewed
from its end;

Figure 10A shows part of the fin assembly of figure
9, and part of a heatexchange tube, showing contact
points between the fin assembly and the heat ex-
change tube;

Figure 10B shows part of the fin assembly and heat
exchange tube of Figure 10A, having brazed con-
nection between the fin assembly and the heat ex-
change tube, illustrating how a joint having good
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thermal transfer characteristics is achieved;

Figure 10C shows schematically a joint between a
fin assembly and the heat exchange tube, which has
a non-optimal heat transfer characteristics.;

Figure 11 herein illustrates schematically part of a
second cooler device according to a second specific
embodiment heat exchanger;

Figure 12 shows a third cooler device according to
a third specific embodiment heat exchanger, having
three bends;

Figure 13 shows the third cooler of figure 12 in its
pre-bent condition during a stage of manufacture;

Figure 14 shows the heat exchange tube of the first
cooler with the two fin sets placed next to their
straight sections of the heat exchange tube;

Figure 15 shows the heat exchange tube for the first
cooler with one of the fin sets in its manufactured
condition prior to insertion in the heat exchange tube;

Figure 16 shows the heat exchange tube for the first
cooler with one of the fin sets partially inserted there-
in;

Figure 17 shows a portion of an undulating corrugat-
ed fin sheet in an unrolled state;

Figure 18 shows a substantially cylindrical radial un-
dulating corrugated fin assembly;

Figure 19A shows an elevated cross-sectional side
view, of a portion of a cooler with a radial undulating
corrugated fin assembly;

Figure 19B shows another elevated cross-sectional
side view, of a portion of a cooler with a radial undu-
lating corrugated fin assembly;

Figure 19C shows yet another elevated cross-sec-
tional side view, of a portion of a cooler with a radial
undulating corrugated fin assembly;

Figure 20 shows a perspective view of a fin assembly
with varying fin heights;

Figure 21 shows a plurality of round radial fin tubes
in a bulkhead assembily;

Figure 22A illustrates an example fin assembly with
decoupling slots having uniform width;

Figure 22B illustrates a cutaway perspective view of
the fin assembly of Figure 22A with uniform width



9 EP 3 355 018 A1 10

decoupling slots;

Figure 23A illustrates an example fin assembly with
decoupling slots 2301-2309 having non-uniform
width;

Figure 23B illustrates a cutaway perspective view of
the fin assembly of Figure 23A with non-uniform
width decoupling slots;

Figure 24 illustrates an example set of locking clips;
and

Figure 25 depicts a portion of a cooler 2500 where
tubular bellows section 2501 is retention fit adjacent

to coaxial cooler.

Detailed Description of the Embodiments

[0053] Therewillnowbe described by way of examples
several specific modes of the invention as contemplated
by the inventors. In the following description numerous
specific details are set forth in order to provide a thorough
understanding. It will be apparent however, to one skilled
in the art, that the present invention may be practiced
without limitation to these specific details. In other in-
stances, well known methods and structures have not
been described in detail so as not to unnecessarily ob-
scure the description.

[0054] In this specification, the embodiments de-
scribed are heat exchangers aimed at exchanging heat
between a gas and a liquid. In various embodiments, the
heat exchangers described are coolers which cool a hot
gas using a liquid coolant. It will be understood by the
skilled person that a cooler is a type of heat exchanger.
[0055] The coolersdescribed herein are particularly al-
though not exclusively aimed at providing pre-cooling pri-
or to a valve component in an internal combustion ex-
haust gas recirculation circuit. In this application, the
coolerisfittedin an EGR circuit between an exhaust man-
ifold and an exhaust gas recirculation valve or an EGR
cooler, from which the recirculated gas is fed back into
an inlet manifold of the internal combustion engine. How-
ever, in other applications, the cooler embodiments de-
scribed herein may be suitable for long route circuit ex-
haust gas recirculation systems, in which an exhaust gas
is sampled downstream of a catalytic converter and is
reintroduced into an air inlet of an internal combustion
engine upstream of the compressor.

[0056] In the following description a flow of coolant is
shown and described in a first direction as indicated by
the arrows in figure 1 herein, but it will be appreciated
that the coolant flow can be reversed so the coolant flows
through the cooler in the opposite direction. Similarly, a
gas flow direction is shown in a first direction in figure 1
herein, opposite to the general direction of coolant flow,
but it will be appreciated that the direction of gas flow can
be reversed. The cooler can be connected in a gas circuit
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so that the gas flow is either in the first gas flow direction
of figure 1, or alternatively in the opposite direction. Sim-
ilarly the coolant flow can be connected in the first coolant
flow direction as shown in figure 1 herein, or alternatively
in the opposite direction. The efficiency of heat transfer
between gas and liquid coolant may be optimal when the
gas and coolant flows are connected in opposite general
directions to each other and as shown in figure 1 herein.
[0057] Inthe embodiments described herein, a hot gas
flow is shown as passing centrally through aliquid coolant
flow, where the liquid coolant flow is contained within an
outer jacket which surrounds a central heat exchange
tube through which the gas passes, and the gas and liquid
are separated by the thin metal walls of the heat ex-
change tube

[0058] Referringto figures 1to 3 herein, there is shown
three views of a co-axial cooler 100 according to a first
specific embodiment. The cooler comprises a tubular gas
passage for flow of gas therethrough, and a tubular outer
jacket surrounding part of the length of the gas passage,
there being a cavity between the inner tubular gas pas-
sage and the outer jacket, so that a liquid coolant can
flow in the cavity between the inner tubular gas passage
and the outer jacket, to cool part of the inner tubular gas
passage. At one end of the cooler, there is a further con-
necting section 104 which is single walled and does not
have an outer jacket, which is cooled by external ambient
air.

[0059] One use of the cooler is to cool the exhaust gas
flow immediately prior to entering the exhaust gas recir-
culation valve component. In use, the cooler component
is fixed in an exhaust gas recirculation circuit of an inter-
nal combustion engine by connecting first and second
ends of the cooler within the circuit. The cooleris inserted
between an exhaust manifold of the internal combustion
engine, and an exhaust gas recirculation valve.

[0060] The cooler 100 comprises: at a first end, a first
flange 101 for connecting the first end of the cooler into
a gas flow circuit; a liquid cooled section 102 having an
inner tubular passage and an outer tubular jacket 103 in
which a liquid coolant passes between the inner tubular
passage and the outer tubular jacket in order to cool the
inner tubular passage; an air cooled section 104 com-
prising a tubular bellows member 105; and at a second
end of the cooler, a second flange 106 for connecting a
second end of the cooler into said gas flow circuit.
[0061] The liquid cooled section outer coolant jacket
102 comprises a first straight substantially circular cylin-
drical section 107; a flexible corrugated central section
108 that has a straight and a bent portion; and a second
straight substantially circular cylindrical section 109.
[0062] The first straight section 107 comprises a first
outer substantially circular cylindrical tube 103; and a first
inner substantially circular cylindrical tube. Extending
transverse to the main axial length of the first section is
provided a coolant outlet tube 110 for draining coolant
from the first tubular section. A first end of the first outer
tube is secured to the first flange 101 by welding or braz-
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ing the end of the outer tube to the flange at a position
surrounding a circular aperture in the flange, and a first
end of the first inner tube is also secured to the first outer
tube 103 by welding or brazing to the inside of said cir-
cular aperture in the end of the flange, so that the inner
and outer first tubes are coaxial with each other and have
a substantially annular cavity therebetween. Liquid cool-
ant enters the annular cavity at a second end of the
straight section where the straight section joins with the
flexible corrugated central section 108, and can pass
through the annular cavity between the inside of the first
outer tube and the outer surface of the first inner tube
and can flow out of the coolant outlet tube 110.

[0063] Within the first straight inner tube there is pro-
vided a first finned insert member 111 which separates
the interior of the first straight inner tube into a plurality
of radially extending gas passages extending along a
length of the first straight section.

[0064] The flexible corrugated central section 108
comprises a first outer corrugated tubular bellows mem-
ber 112, the inner tube member being inside and con-
centric with the outer bellows member so that there is a
cavity therebetween which completely surrounds the in-
ner member and through which liquid coolant can flow.
The corrugated central section 108 is sufficiently flexible
to absorb thermal growth of the inner member during use
of the cooler. A first end of the central corrugated section
108 is fixed to the second end of the first straight section
107, and a second end of the central corrugated section
is attached to a first end of the second straight section
109.

[0065] The second straight section 109 comprises a
second outer substantially circular cylindrical tube 113;
a second inner substantially circular cylindrical tube lo-
cated coaxially within the second outer cylindrical tube
113; and a coolant inlet tube 114 through which coolant
can be passed into the second straight section 109. The
inner heat exchange tube has a finned section that is not
visible. A first end 115 of the second straight section 109
is fixed to a second end of the central corrugated section
108 and a second end 116 of the second straight section
109 is connected to afirst end of the second section 104.
The corrugated section 108 has the second ends of its
respective inner and outer corrugated tubes connected
in gas and liquid tight manner to the corresponding re-
spective first ends of the second straight inner and outer
tubes. The second ends 116 of the second inner and
outer tubes are welded or brazed together so that the
two tubes are located coaxially with each other and with
an annular cavity there between through which liquid
coolant passes.

[0066] In some implementations, the tubular bellows
member 112 may include one or more outer lips (at op-
posite coaxial ends of tubular bellows member 112), that
at least partially overlap with portions of adjacent outer
tubular jacket 103 and/or second outer substantially cir-
cular cylindrical tube 113. The adjacent outer tubular
jacket 103 and/or second outer substantially circular cy-
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lindrical tube 113 may include a protrusion extending ra-
dially (also as shown in Figure 25 as angled retention
feature 2506), which may act as a retention and/or align-
ment feature against which the outer lip can operably
abut. In some embodiments, the protrusion may form an
angle between 15 degrees and 75 degrees with respect
to the longitudinal axis of the portions of adjacent outer
tubular jacket 103 and/or second outer substantially cir-
cular cylindrical tube 113. During assembly of cooler 100,
the angled protrusion or retention feature may encourage
braze paste to flow toward the joint formed by an outer
lip and the angled protrusion.

[0067] Inside the inner tube of the second straight sec-
tion 109 there is provided a second finned member which
separates the interior of the second straight inner tube
into a plurality of radially extending gas passages extend-
ing along a length of the second straight section, similarly
to the first finned member 111 in the first straight section
107.

[0068] Although first finned member 111 is shown to
include six fins, with three fins of a first length and three
fins of a second length, other embodiments may include
fin members having other numbers of fins, having various
lengths and/or shapes. Some fin geometries may be
rounded and form curved petals, while other fin ge-
ometries have well-defined edges (e.g., folds in a metal
sheet). Various fin members described herein may in-
clude additional features, such as slots to account for
thermal expansion of the fin member, or locking clips to
hold the fin member in a substantially cylindrical shape,
among other possible features.

[0069] Withinthefirstand second straight portions 107,
109, there is provided said first and second finned mem-
bers, however the bent section of the central corrugated
section 108 does not contain an internal finned member.
The corrugated section 108 has a degree of thermal com-
pliance due to the outer corrugated bellows part which
is capable of absorbing thermal growth during operation
of the cooler.

[0070] The air cooled section 104 is primarily aimed at
providing a compensation portion to absorb differences
in manufacturing tolerances, vibration and thermal
growth of the cooled section 102. The gas cooled section
104 comprises a single wall corrugated bellows member
105, a first end of which is connected to a second end of
the second straight section 109, and a second end of
which is connected to the second flange member 106.
The second section 104 has a degree of flexibility due to
the corrugated bellows part 105 which is capable of ab-
sorbing vibration and thermal growth during operation of
the cooler.

[0071] The cooler heat exchange tube therefore com-
prises alternating straight sections and bent sections
along its length, wherein the straight sections have inter-
nal finned structures providing heat transfer surfaces
which are aligned in an axial direction along the flow of
gas.

[0072] In a variation, the second section 104 may be
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deleted and instead a corrugated bend and short length
of straight on the heat exchange tube may be used. This,
togetherwith the corrugated outer tube give a component
capable of absorbing build tolerances, vibration and ther-
mal growth.

[0073] Referring to figure 2 herein, there is shown the
first end of the cooler in which the first finned structure
111 can be seen inserted into the inner tube of the first
straight section. The first finned structure comprises a
tubular metal component having in the radial direction a
plurality of flower petal shaped undulations, so that a sin-
gle central passage of the fin component presents a sub-
stantially flower shape central gas passage as viewed in
the main direction of gas flow surrounded by a plurality
of substantially triangular or trapazoid shaped peripheral
gas passages between the fin member and the internal
wall of the heat exchange tube. The finned component
is inserted into the inner straight tube, so that between
the fin component and the inner wall of the inner tube
there are created a plurality of outer gas passages sep-
arated circumferentially from each other by the fin com-
ponent, the outer passages separated from the central
inner passage by the walls of the fin component. The
walls of the fin component extend axially along the length
of the straight section to present a first plurality of heat
transfer walls which are radial to the straight section, and
which are substantially parallel to the axial gas flow, and
a second set of circumferential heat transfer walls which
are concentric with and in contact with the inner cylindri-
cal wall of the inner tube, and which extend axially along
the length of the inner tube, one side of each said cir-
cumferential wall being in contact with the gas flow and
another side of each said circumferential wall being in
contact with the inner wall of the inner tube.

[0074] Referring to figure 3 herein, there is shown the
cooler in perspective view from the second end, showing
the inside of the single walled corrugated tube 105 of the
end section 104. Inside the second straight section 109,
there is a corresponding finned member similar to the
finned member 111 in the first-rate section, which is just
out of view in the view of figure 3.

[0075] Referring to figure 4 herein, there is shown in
perspective view the first embodiment cooler, showing a
gas domain, being component parts and surfaces of the
cooler which are in direct contact with the gas to be
cooled, and to which heat is directly transferred by said
gas. The gas domain comprises an inner surface of: the
inner tubular parts of the first section 102, the first set of
internal fins 111, the second set of internal fins; and an
inner surface of the air cooled section 104.

[0076] Referring to figure 5 herein, there is shown a
view of the first embodiment cooler which shows a cool-
ant domain, being component parts and surfaces of the
cooler which are in direct contact with the liquid coolant
andto which heatis transferred from the component parts
to the liquid coolant. The coolant domain comprises inner
surfaces of: the outerjacket comprising first outer straight
tube 103, outer corrugated tube 112, and second outer
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straight tube 113; outer surfaces of the first straight inner
tube, the inner bent tube, and the second inner straight
tube, the coolant outlet tube 110 and the coolant inlet
tube 114. The coolant domain comprises the whole of
the internal cavity in the straight sections and corrugated
section of the first section 102 together with the coolant
inlet tube and the coolant outlet tube.

[0077] Asseeninfigure5,alongthelength ofthe cooler
the coolant domain extends in parallel with the gas do-
main over part of the length of the gas domain, whereas
the gas domain extends over substantially the entire
length of the coolant domain. The gas domain runs cen-
trally through the coolant domain.

[0078] Although figures 4 and 5 show the gas domain
as containing a single inner tubular part and a single set
of internal fins, other embodiments of the present disclo-
sure may include an array of inner tubular parts and in-
ternal fin assemblies which may be collectively surround-
ed by an outer tube. In such embodiments, coolant may
flow through the coolant inlet tube and pass through a
cavity defined by the outer tube that enclose two or more
substantially parallel inner tubular parts. In this manner,
hot gas may be separated into two or more substantially
parallel inner tubular parts, thereby increasing the effec-
tive surface area between the gas and the liquid coolant,
in turn encouraging greater heat exchange compared to
single inner tubular part and fin arrangements.

Internal Fins

[0079] In the first embodiment cooler, the internal fins
each comprise a substantially radially extending wall ex-
tending between an inner wall of the substantially straight
inner tube and a position near the centre of the gas pas-
sage through the inner tube. The walls extend axially
along a length of the inner tube, and project inwardly into
the central gas passage.

[0080] A plurality of said internal fins may be provided
as part of a fin member. Each fin member comprises a
plurality of substantially radially extending walls joined
together at their radially outermost positions by a plurality
of substantially arced cylindrical walls.

[0081] In a conventional tubular gas to liquid heat ex-
changer, having passage of a gas through a tubularmem-
ber, heat exchange occurs only on the inner facing wall
of the tubular member, this being the only place where
gas comes into contact with the material of the tubular
member. However, by providing a plurality of fins as de-
scribed herein, this provides further heat exchange sur-
faces which the gas may come into contact with. Heat
transferred from the gas to the fins passes by conduction
along the material of the fin, heating up the whole fin and
reaches a position where the fin contacts the inner wall
of the tubular member. Heat is transferred by conduction
from the fin member to the inner wall of the tubular mem-
ber, through the material of the tubular member, and to
the coolant on the other side of the tubular member,
where the outer surface of the tubular member comes
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into contact with the liquid coolant.

[0082] Hence, the overall surface area in the central
passage of the tubular heat exchange member which
comes into contact with the gas flow and through which
heat can be exchanged between the material of the heat
exchanger and the gas is increased by provision of the
fins in the heat exchange tube.

[0083] Referring to figure 6 herein, there is shown in
perspective view a first fin assembly 600. The fin assem-
bly is shown in its condition when inserted into the heat
exchange tube. Priorto insertion the fin assembly is more
open, (see figures 15 and 16 herein). The first fin assem-
bly is formed from a single strip of initially flat metal having
a smooth surface on both sides. The strip is formed into
a fin member which is shaped to fit into a circular cylin-
drical outer boundary (for example an inner surface of a
circular cylindrical heat exchange tube). The first fin as-
sembly comprises a plurality of substantially radially in-
wardly extending longer first fin walls 601 - 606; a plurality
of substantially radially inwardly extending shorter sec-
ond fin walls 607 - 612; a plurality of part circular cylin-
drical or arced outer connecting walls 613 - 618; a plu-
rality of part circular cylindrical firstinner connecting walls
619 - 621 each of which connects together the radially
inward lower ends of a pair of adjacent first fin walls; and
a plurality of part circular cylindrical second inner con-
necting walls 622 - 624 each of which connects together
the radially inward lower ends of a pair of adjacent second
fin walls.

[0084] Figures 6, 7 and 9 show the inner connecting
walls to form parts of a circle. For ease of manufacture
figure 9 shows the inner connecting walls to be a radius
between the fin walls.

[0085] The inwardly facing surfaces of the first inner
connecting walls, facing inwardly towards the central axis
of the fin member, lie substantially on a first circular cyl-
inder. The inwardly facing surfaces of the second inner
connecting walls, facing inwardly to a central axis of the
fin member, lie substantially on a second circular cylin-
der. The inwardly facing surfaces of the second inner
connecting walls lie radially inwardly relative to the in-
wardly facing surfaces of the firstinner connecting walls,
so that the plurality of first fin walls extend radially further
inwards from an outer circumference of the fin member
compared to the plurality of second fin walls.

[0086] The fin member is manufactured from a single
elongate substantially flat smooth sided piece of metal
which is formed into the substantially flower shaped
cross-sectional form as shown in figure 6. The single
elongate strip of metal is folded such that a first end and
a second end of the metal strip form a first outer connect-
ing wall 613. The fin member is formed such that the
outside diameter of the component in an unrestrained
state, where the fin member is not inserted into a heat
exchange tube is larger than the outside diameter of the
component in a constrained state when the component
is fitted inside a heat exchange tube. The fin when fitted
inside the heat exchange tube does not form a full 360°
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as shown by connecting wall 613. There is a small gap
between the two ends of the material to allow for ease
of insertion and tolerances.

[0087] In some embodiments, the small gap shown
along connecting wall 613 may include a set of raised
tabs, protrusions, or "locking clips" as shown in Figure
24. These locking clips extend circumferentially from ei-
ther end of the gap toward the opposite end of the gap.
The protrusions may be raised in either the radially out-
ward direction (to slide on the outside of the opposite end
of the connecting wall) or in the radially inward direction
(to slide on the inside of the opposite end of the connect-
ing wall). The protrusions may have dimensions that cre-
ate an interference or friction fit with the opposite end of
the connecting wall. When assembled, the raised protru-
sions may act to secure the fin member in a substantially
cylindrical shape to prevent it from unrolling and to main-
tain a consistent gap width, which may be beneficial for
some assembly or manufacturing processes.

[0088] The fin member may be formed of a resilient
metal material, such that once formed, it has a resilience
and a tendency to expand into its as - formed shape,
such that when fitted inside a heat exchange tube and
therefore compressed to a slightly smaller diameter cir-
cular cylinder, the outer circumferential surfaces 613 -
618 of fin member contact with, and are urged radially
outwardly against, the inner circular cylindrical surface
of a heat exchange tube, thereby ensuring good thermal
contact between the fin member and the wall of the heat
exchange tube.

[0089] In order to fit the fin member into a substantially
straight circular cylindrical heat exchange tube, the fin
member will be compressed from its more open form to
the diameter of the heat exchange tube and then may be
slightly compressed in the circumferential direction, slid
into the inside of the heat exchange tube, and released.
The resilience of the metal material of the fin member
causes the fin to expand outwards on to the heat ex-
change tube diameter and retain itself by friction inside
the heat exchange tube. However, as a further stage of
manufacture, the circumferentially extending faces 613
- 618 may be brazed, welded or soldered to the inner
facing wall of the heat exchange tube, either at the axial
ends of the fin member, and/ or along the edges between
the first radially extending fins 601 - 607 and a corre-
sponding respective outer circumferential surface 613 -
618.

[0090] Having alternate pairs of relatively longer and
relatively shorter radially extending fins prevents adja-
cent pairs of fins being located in too close proximity to
each other, and thereby minimizes the effect of resist-
ance to gas flow, thereby minimizing the effect of pres-
sure drop and improving heat exchange, and minimizes
the incidence of the inward tips or edges of the fins and
the inner circumferential extending surfaces becoming
clogged with exhaust gas solid/liquid pollutants.

[0091] In the case of the first fin assembly, there are
provided a first plurality of gas passages between the fin
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assembly and the inner walls of the heat exchange tube
which extend in a circumference around the second cir-
cular cylinder. A central gas passage is formed in a sub-
stantially flower petal shape when viewed along a main
axis of the heat exchange tube, said central gas passage
comprising a substantially circular cylindrical central pas-
sage having a plurality of radially extending segments
arranged around said substantially circular cylindrical
central passage.

[0092] Referring to figure 7 herein, there is illustrated
schematically in perspective view a second fin assembly
700. The second fin assembly is manufactured from a
single strip of initially flat metal having a smooth surface
on both sides. The fin member is shaped to fit into a
circular cylindrical outer boundary, for example an inner
surface of a circular cylindrical heat exchange tube. The
second fin assembly comprises a plurality of substantially
radially inwardly extending fin walls 701 - 712; a plurality
of part circular cylindrical outer connecting walls 713 -
718 extending in an outer circumference, each of which
connects together the radially outer edges of a pair of
adjacentfirst fin walls; a plurality of part circular cylindrical
first inner connecting walls 719 - 721 extending in an
inner circumference, each of which connects together
the radially inward lower edges of a pair of adjacent first
fin walls.

[0093] The inwardly facing surfaces of the inner con-
necting walls 719 - 721, face inwardly towards a main
central axis of the fin member and lie substantially on a
first circular cylinder. The outer surfaces of the outer con-
necting walls 713 - 718 face outwardly radially away from
the main central axis and lie on a second outer circular
cylinder. In use, these outer surfaces are in contact with
the inner surface of the central heat exchange tube so
that heat can exchange between the fin member and the
wall of the inner heat exchange tube.

[0094] Along the axial length of each fin, the fin wall is
formed into a plurality of protruding dimples or mounds
which protrude circumferentially into the gas flow be-
tween adjacent fins. Each fin wall comprises alternating
dimples formed successively to one side and then to an-
other of the main plane of the fin wall, so that as gas flows
along the passage bounded by the thin walls, the dimples
or mounds cause turbulent gas flow within the passages.
In the embodiment shown, the dimples are substantially
square shaped frusto - pyramids, but in other embodi-
ments the dimples may be hemispherical, semi ovoid,
frusto - conical, or elongate ridges/troughs. Provision of
the protrusions has the effect of providing additional re-
sistance to gas flow, and therefore has the penalty of
increasing the gas pressure drop through the fin member,
but has an advantage of increasing turbulence in the gas
flow, and increasing the surface area of the fin per unit
length of the fin member which comes into contact with
the gas and therefore enhances heat transfer rate per
unit length of fin member.

[0095] The second fin member is manufactured from
a single elongate substantially smooth sided piece of
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metal which is initially flat and is formed into the substan-
tially flower shaped cross-sectional form as shown in fig-
ure 7. The single elongate strip of metal is stamped or
pressed to form the plurality of dimples or mounds, and
is folded such that a first end and a second end of the
metal strip form a first outer connecting wall 713. The fin
member is formed such that the outside diameter of the
component in an unrestrained state, where the fin mem-
ber is not inserted into a heat exchange tube is slightly
larger than the outside diameter of the component in a
constrained state when the component is fitted inside a
heat exchange tube. The difference in diameter between
the unrestrained and restrained conditions is accommo-
dated by virtue of the two ends of the metal strip forming
the first outer circumferential wall part 713 not overlap-
ping each other and being slidable with respect to each
other over a circumferential distance less than the cir-
cumferential distance of the outer circumferential wall
portion.

[0096] The fin member may be formed of a resilient
metal material, such that once formed it has a resilience
and a tendency to expand into its as - formed shape,
such that when fitted inside a heat exchange tube and
therefore compressed to a slightly smaller diameter cir-
cular cylinder, such that the outer circumferential surfac-
es 713 - 718 contact and are urged radially outwardly
against the inner circular cylindrical surface of a heat ex-
change tube, thereby ensuring good thermal contact be-
tween the fin member and the wall of the heat exchange
tube.

[0097] Inorder to fit the fin member into a substantially
straight circular cylindrical heat exchange tube, the fin
member may be slightly compressed in the circumferen-
tial direction, slid into the inside of the heat exchange
tube, and released. The resilience of the metal material
of the fin member causes the fin to retain itself by friction
inside the heat exchange tube.

[0098] The second finassembly maybeinsertedinside
a heat exchange tube and retained inside the heat ex-
change tube either by friction, or by welding, brazing or
soldering similarly as described herein before with refer-
ence to the first fin assembly.

[0099] Each of the first and second fin assemblies de-
scribed hereinabove, when manufactured and unre-
strained may form a first arc of less than 360°. When the
first and/or second fin assembly is inserted into a heat
exchange tube, the assembly may be compressed such
that it extends over a greater angle of arc than in its un-
compressed state. In the installed state the fin will extend
over an angle of just under 360°.

[0100] The second fin assembly provides a plurality of
radially extending elongate passages along a main
length of the heat exchange tube, each said passage
having a substantially truncated segment shape having
an outer arcuate wall and an inner arcuate wall, said elon-
gate passages being provided between the fin member
and the inner wall of the heat exchange tube. There is
also provided a central gas passage comprising a central
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circular cylindrical passage and a plurality of radially and
circumferentially extending second passages, being sub-
stantially segment shaped in cross-section, wherein the
second segment shaped portions alternate with the first
setof substantially truncated segment shaped passages.
The plurality of radially extending first elongate passages
are separated from the main central passage by the fin
walls. On passing through the second fin member, a sin-
gle flow of gas is divided into a plurality of parallel gas
passages by the fin member, and once passed through
the fin member, the gas flow re-converges into a single
gas flow.

[0101] In each of the first and second fin assemblies
described herein, the fin assembly provides a plurality of
fin walls which extend inwardly from an inner surface of
said inner heat exchange tube towards a main central
axis of said heat exchange tube, and which form a plu-
rality of axially extending gas passages which occupy a
substantially annular region in a direction perpendicular
to said main central axis of said heat exchange tube.
[0102] Referring to figure 8 herein, there is illustrated
schematically a third fin assembly 800 also suitable for
use in the first embodiment cooler herein. The third fin
assembly comprises of the same basic form as figure 7.
Instead of the dimples being formed into the fin material,
the material is pierced on one side, so as to form a plu-
rality of semicircular apertures 801 in the fin walls, and
semicircular projections 802 extending into the gas flow
path. This opens a path for flow of some gas from an
outer gas passage into the inner petal shaped gas pas-
sage and from the inner petal shaped gas passage to
the adjacent outer gas passages.

[0103] Refering to figure 9 herein there is illustrated
schematically in view from one end along an axial direc-
tion, part of a fin assembly in its installed condition. In
this installed condition, a minimum distance 901 between
any two adjacent fin surfaces is preferably 1.5mm or
greater. Gaps smaller than this tend to cause excessively
low gas velocities reducing heat exchange and increas-
ing the likelihood of clogging of exhaust material between
the fins.

[0104] Refering to figure 9 herein there is illustrated
schematically in view from one end along an axial direc-
tion, part of a fin assembly in its installed condition. In
this installed condition, a minimum distance 901 between
any two adjacent fin surfaces is preferably 1.5mm or
greater. Gaps smaller than this tend to cause excessively
low gas velocities reducing heat exchange and increas-
ing the likelihood of clogging of exhaust material between
the fins.

[0105] A gap 902 between the two ends of the formed
fin assembily is required. If the two ends touched or over
lapped when the fin assembly was in its installed condi-
tion, part of the fin assembly may not have the correct
contact with the heat exchange tube (unless the contact
is aresult of friction fit locking clips, as described herein).
The gap does not affect heat exchange. Heat conducted
from the fin to the heat exchange tube is transferred at
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or near the interface 903 at the transition between the
substantially radially extending fin walls 904, 905 and the
arced perimeter portions 906. The fin assembly in its as
manufactured state tends to have a greater external ra-
dius than the internal radius of the heat exchange tube
intowhich itis designed tofitand needs to be compressed
slightly in order to fit inside the heat exchange tube. The
resilience of the material of which the fin assembly is
made cause fin assembly to press against inner surface
of the heat exchange tube when fitted therein.

[0106] Referringto Figure 10A herein, a pair of fin walls
904 and 905 and an outer fin connecting length 906 are
shown in the fin - installed condition inside a heat ex-
change tube 1000. The fin set contacts with the heat ex-
change tube 1000 in a region near the bend between the
substantially radially extending fin walls and the arc
-shaped connecting portions between the fin walls. It can
be seen that radius r1 of the heat exchange tube is small-
er than the radius r2 of the arced outer surface of the
connecting portion 906, as measured from the axial cen-
tre of the fin assembly. This ensures that the fin assembly
contacts the heat exchange tube as near to the end of
the fin walls as possible.

[0107] The difference in radii r1 and r2 should not be
so great as to cause an excessive gap between the outer
fin connecting portion 906 and the heat exchange tube.
An excessive gap in this region would cause loss of heat
exchange.

[0108] Referring to Figure 10B herein, when the fin is
soldered or brazed to the heat exchange tube, a menis-
cus 1101 and 1102 is formed either side of the contact
points between the fin assembly and the inside surface
of the inner heat exchange tube. This meniscus ensures
the best path for heat conduction. The braze will also fill
the gap between the arced outer fin connecting length
906 and the heat exchange tube 1000, as shown in figure
11B further improving heat exchange.

[0109] As shown schematically in figure 10C herein, if
r1 is greater than r2 then the centre of the outer fin con-
necting portion 906 will contact the heat exchange tube.
Even when brazed, the meniscus may not fill the gap
between the outer surface of the arced connecting part
of the fin assembly and the inner facing surface of the
inner tube. This effectively increases the length of the fin
wall and reduces heat exchange occurring through con-
duction between the fin assembly and the inner tube,
leading to a less effective heat transfer than where the
radially outermost ends of the fin walls contact the inner
surface of the heat exchange tube, and are connected
by brazing as shown in figure 10B herein.

[0110] Referringto Figure 11 herein, there s illustrated
schematically part of a second heat exchanger device
1100 showing an internal heat exchange tube 1103 ac-
cording to a further embodiment heat exchanger. The
heat exchanger of figure 11 comprises a first flange 1101
atafirst end of the heat exchanger; a second flange 1102
at a second end of the heat exchanger; an inner heat
exchange tube 1103 extending between the first and sec-
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ond ends; and a corrugated end tube 1104 extending
between one end of the inner heat exchange tube 1103
andthe secondflange 1102. The heatexchanger of figure
11 also comprises first and second outer substantially
straight jacket sections and a central corrugated outer
jacket section surrounding the inner heat exchange tube
1103, similarly as described with respect to the first cooler
embodiment of figures 1 to 5 herein. The second heat
exchanger also has a coolant inlet tube and a coolant
outlet tube. The tube may be fitted with a set of internal
fins as described with reference to figures 1 to 8 herein.
Preferably, the fins will be attached to a smooth section
and the dimples shown in figure 11 will be in a non finned
area. Preferably, the internalfins occupy straight sections
oftheinnerheatexchange tube. The outer jacket, internal
fins, and coolant inlet and outlet tubes are omitted from
figure 11 in order to show in more detail the structure of
the internal heat exchange tube 1103.

[0111] The heat exchange tube 1103 comprises a sin-
gle tubular metal member having a first substantially
straight portion 1105; a curved or angled portion 1106;
and a second substantially straight portion 1107. An end
of the second substantially straight portion 1107 is con-
nected to a first end of the corrugated end tube 1104.
The entire heat exchange tube comprising the first and
second straight sections 1105, 1107 and the curved sec-
tion 1106 is in use surrounded by liquid coolant which is
encased in a cavity between the heat exchange tube
1103 and first and second outer straight tubular sections
and an outer corrugated section.

[0112] The tubular wall of the heat exchange tube is
formed with a plurality of outwardly projecting mounds or
dimples which project into the cavity in which the liquid
coolant flows. The projecting dimples or mounds on the
outside of the heat exchange tube correspond with re-
spective recesses on the otherwise smooth internal heat
exchange tube wall on the inside of the tube. The pro-
jections provide a relatively increased surface area for
heat transfer between the gas on one side of the surface,
and the liquid coolant on the other side of the surface,
compared to a straight circular cylindrical tube.

[0113] The effect of the dimples on the heat exchange
tube was found to cause only a low increase in the tur-
bulence of the exhaust gas. The dimples can be used on
the straight portions of the heat exchange only, on the
curved portion of the heat exchange tube only, or on both
the straight and the curved portion.

[0114] Referring to Figure 12 herein there is shown a
third co-axial cooler according to a third embodiment heat
exchanger, having three bends and four straights. The
cooler consists of a gas inlet boss 1201 a straight section
1202 with a coolant connection tube 1203, a first corru-
gated section 1204, a second straight section 1205, a
second corrugated section 1206, a third straight section
1207 a third corrugated section 1208, a fourth section
1209 with a second coolant connection 1210 and aflange
1211. Inside the cooler is a heat exchange tube 1212
and (not shown in figure 12) a number of fins.

10

15

20

25

30

35

40

45

50

55

12

[0115] Corrugated sections 1204, 1206 and 1208 each
have a small straight section either side of a bent section.
[0116] The heat exchange tube 1212 has a dimpled
section (as illustrated in figure 11 herein) in the length
inside the first straight section 1202. In this section there
are no fins, this reduces heat exchange at the gas inlet
and aids the reduction of localized boiling of coolant in
the outer jacket surrounding the first straight section. The
heat exchange tube 1212 inside the first corrugated sec-
tion 1204 is also corrugated and has no fin. The heat
exchange tube inside second straight section 1205 has
a smooth surface and a fin brazed to it over at least part
of its length. At both ends of the second straight section
1205, the tube has a single line of dimples. The heat
exchange tube 1212 under the corrugated section 1206
is also corrugated and has no fin. The heat exchange
tube 1212 inside the straight section 1207 has a dimpled
section and no fin. The heat exchange tube 1212 inside
the third corrugated section 1208 is also corrugated and
has no fin. The heat exchange tube 1212 inside fourth
straight section 1209 has a smooth surface and a fin
brazed to it over at least part of its length. At the end of
the fourth straight section adjacent to the third corrugated
section 1208, the heat exchange tube has a single line
of dimples. Thus the heat exchange tube is made of sec-
tions of smooth tubing with fins attached, a short length
of tube either side of the finned area with dimples, straight
sections with dimples without fins and a corrugated sec-
tion without fins.

[0117] It is apparent to one skilled in the art that the
gas could flow in the opposite direction entering the cool-
er at the flange 1211. This may be a preferred gas flow
regime if there was a concern with boiling at the corru-
gated bend. The first finned section within the fourth
straight section 1209 would have already substantially
cooled the gas prior to the bend 1208 in the third corru-
gated section. All designs will be variations and depend-
ant on the required ¢ application and boundary condi-
tions.

[0118] Referring to Figure 13 herein, the third cooler
is shown assembled in its straight condition. Fins are
brazed to the heat exchange tube in the second and
fourth straight section regions 1205 and 1207. There are
dimples on the heat exchange tube in the second, third
and fourth straight regions 1205, 1207, 1209. The outer
diameter formed by the crest of the dimples is nominally
atthe same diameter as the internal diameter of the outer
tube. Tolerancing is set to enable assembly.

[0119] Once assembled the first corrugation at 1204
is bent. This action causes both the outer tube and the
inner heat exchange tube to bend together. The assem-
bly is then bent at the second corrugated section 1206
and finally at the third corrugated section 1208. By virtue
of the dimples’ outer diameter being nominally the same
diameter as the inner diameter of the outer tube the heat
exchange tube is maintained in a substainially concentric
condition during bending.

[0120] Refering to Figure 14 herein there is shown an



23 EP 3 355 018 A1 24

inner tube 1401 of the first embodiment heat exchanger
tube 1401 and two sets of fins 1402 and 1403 from the
heat exchanger shown in figure 1.

[0121] Refering to Figure 15 herein there is shown the
heat exchange tube 1401 and one fin set 1403 in its as
- manufactured condition. It can be seen that there is a
substantial width gap 1500 between the ends of the fin
form. The diameter of the fin in this condition is greater
than the internal diameter of the heat exchange tube
1401.

[0122] Referingto Figure 16 herein there is shown one
of the fin sets 1403 partially inserted into the heat ex-
change tube 1401. The gap 1600 between the ends of
the fin form can now been seen to be substantially smaller
than the gap 1500 in the fin set’s unconstrained state.
The fin set 1403 is now compressed and the elasticity of
the material tries to open the fin set outwards. This en-
sures that close contact is maintained between the fin
and heat exchange tube.

Fin Materials

[0123] In various embodiments, the internal fin mem-
bers may be constructed of ferritic stainless steel. Ferritic
stainless steel has a significantly higher thermal conduc-
tivity than 300 series stainless steel and was found to
give a reduced gas out temperature of 18°C lower than
the corresponding gas out temperature using equivalent
fins made of stainless steel 321. The use of ferretic stain-
less steel fins compared to using stainless steel 321 re-
duced the gas outtemperature by up to 18°C under equiv-
alent operating conditions.

[0124] The fins may be manufactured from 309, 310
or Inconel.

Undulating Corrugated Fins

[0125] In addition to the embodiments described
above, other fin geometries may be utilized in the cooler
to further improve the rate of heat transfer between the
gas and liquid coolant. In general, the fins act as conduits
for drawing heat from the center of the gas flow within an
inner heat exchange tube to the outer walls of the inner
heat exchange tube, which is in contact with a liquid cool-
ant. In some instances, the fin geometry may be adjusted
to cause increased turbulence in gas flowing through the
passages defined by the fins. This increased turbulence
encourages greater heat transfer from the gas to the fins.
[0126] Oneexample of fin geometry that provides such
increased turbulence is illustrated in Figures 17 and 18.
Figure 17 depicts a portion of a corrugated undulating fin
sheet 1700 in an unrolled state. Similar to other fin ge-
ometries shown in Figures 1-16, the fins in Figure 17
includes inwardly extending walls and arced outer con-
necting walls that collectively form a corrugated shape.
The corrugations effectively form longitudinal channels
or "fins." The fin sheet 1700 also includes lateral undu-
lations that may perturb gas flowing longitudinally along
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the channels or fins, introducing turbulence that increas-
es heat exchange from the gas to the fin sheet 1700.
[0127] The corrugations of fin sheet 1700 may form
outer fin tips (e.g., outer fin tip 1701) and inner fin tips
(e.g., innerfin tip 1702) connected to each other via con-
necting walls (e.g., connecting walls 1703 and 1704). In
some embodiments, the outer fin tips may include a
straight or arced portion that is substantially larger than
the straight or arced portion of the inner fin tips. Such an
asymmetrical geometry may provide increased contact
between the outer fin tips and an inner surface of an inner
heat exchange tube (when rolled in a substantially cylin-
drical shape, as shown in Figure 18). In general, an in-
crease in surface area contact between the outer fin tips
and an inner surface of an inner heat exchange tube in-
creases the amount of heat transfer between the fins and
the inner heat exchange tube.

[0128] In addition to increasing gas turbulence and
heattransfer, the undulating and other nonlinear fin sheet
geometries may also act to absorb thermal expansion of
the fins, thereby reducing stresses within the fins, at the
interface between the outer fin tips and an inner surface
of an inner heat exchange tube, and/or at the interface
between the fins and the bulkhead interface (e.g., fins
within the finned heat exchange tube 2102 and the head
plate 2101). During operation, the inner fin tips can be-
come very hot in some instances, at or near the temper-
ature of the gas flowing therethrough-resulting in sub-
stantial thermal expansion. The undulations in the fin
sheet 1700 may provide room for thermal expansion hor-
izontally, or circumferentially when rolled into a substan-
tially cylindrical fin assembly (e.g., as shown in Figure
18). This may reduce stresses resulting from thermal ex-
pansion pushing in the radially outward direction and/or
in the coaxial direction (i.e., at the distal and/or proximal
ends of the fin assembly).

[0129] The undulating fin sheet 1700 may be initially
formed from a single strip of initially flat metal, having a
smooth surface on both sides. Then, the strip may be
pressed or otherwise formed into the shape illustrated in
Figure 17. The undulating fin sheet 1700 may be inserted
into heat exchange cavities, including cavities that have
cross-sectional shapes that are oval, circular or substan-
tially rectangular. In some embodiments, the undulating
fin sheet 1700 is rolled into an undulating radial fin as-
sembly, such as fin assembly 1800 illustrated in Figure
18.

[0130] Figure 18 depicts substantially cylindrical undu-
lating fin assembly 1800. Like other fin assemblies de-
scribed herein, fin assembly 1800 may be inserted or
fitted within an inner heat exchange tube, such that the
arced outer connecting walls (such as outer connecting
wall 1801) is at least partially in contact with the inner
wall of the inner heat exchange tube.

[0131] During operation, hot gas flows from an inlet
end of a heat exchange tube to an outlet end of the heat
exchange tube. Gas may enter through the radially cen-
tral region-including the region defined by the radially in-
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wardly facing surfaces of the fin assembly-or through one
of the channels formed from the radially outwardly facing
surfaces of the fin assembly. As gas flows through one
of these channels, it may collide with the walls of these
channels, facilitating a transfer of heat from the gas to
the fin walls. The heat from the fin walls may be drawn
outwardly toward an inner heat exchange tube, which
tube may be cooled using a liquid coolant.

[0132] Although Figure 18 depicts an axially sinusoidal
or wave-like shape, other axial geometries that facilitate
turbulence and/or exchange of heat from the gas to the
fin walls may be used. For example, other geometries
may have undulations that have a different frequency or
amplitude than depicted in Figure 18. Other non-sinusoi-
dal geometries may be used, such as square waves, tri-
angle waves, or sawtooth waves, among other ge-
ometries. Furthermore, such other geometries may also
be non-periodic, asymmetrical, or any other shape.
[0133] Figures 19A-19C show three elevated cross-
sectional side views of portions of the finned heat ex-
change tubes. In each cooler shown, differently shaped
connecting portions may be used, depending on the par-
ticular embodiment. For instance, an inlet or outlet region
may be shaped to fit or abut another component within
an engine. Additionally, some regions may adjust the co-
axial diameter axially (i.e., a reducer), which may in-
crease or decrease gas velocity flowing through those
regions. It should be understood that the present disclo-
sure is not limited to the examples specifically shown in
Figures 19A-19C.

[0134] Referring to Figure 19A, cooler 1900 includes
first substantially straight portion 1901, flexible corrugat-
ed central section 1902, angled section 1903, second
substantially straight portion 1904, and cooling tube sec-
tion 1906, which contains undulating fin assembly 1800.
As shown, first substantially straight portion 1901 and
flexible corrugated central section 1902 have approxi-
mately the same diameter, excluding the diameter of the
tubular bellows corrugations. Angled section 1903 in-
creases the diameter of the annular cavity between flex-
ible corrugated central section 1902 and second sub-
stantially straight portion 1904. Second substantially
straight portion 1904 is coupled to cooling tube section
1906, which contains undulating fin assembly 1800. In
this arrangement, gas may flow from right to left or left
to right, depending on the particular implementation.
[0135] Referring to Figure 19B, cooler 1910 includes
first substantially straight portion 1911, flexible corrugat-
ed central section 1912, second substantially straight
portion 1913, and cooling tube section 1916, which con-
tains undulating fin assembly 1800. As shown, first sub-
stantially straight portion 1911, flexible corrugated cen-
tral section 1912, and second substantially straight por-
tion 1913 have approximately the same diameter, includ-
ing the diameter of the tubular bellows corrugations. Sec-
ond substantially straight portion 1913 is coupled to cool-
ing tube section 1916, which contains undulating fin as-
sembly 1800. In this arrangement, gas may flow from
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right to left or left to right, depending on the particular
implementation.

[0136] Referring to Figure 19C, cooler 1920 includes
first substantially straight portion 1921, angled section
1922, flexible corrugated central section 1923, second
substantially straight portion 1924, and cooling tube sec-
tion 1926, which contains undulating fin assembly 1800.
As shown, angle section 1922 increases the diameter of
the annular cavity between first substantially straight por-
tion 1921 and flexible corrugated central section 1923,
including the diameter of the tubular bellows corruga-
tions. Flexible corrugated central section 1923 is coupled
to second substantially straight portion 1924, which is
itself coupled to cooling tube section 1926, which con-
tains undulating fin assembly 1800. In this arrangement,
gas may flow from right to left or left to right, depending
on the particular implementation.

[0137] Figures 19A-19C depict different cooler config-
urations, each having respective advantages. For in-
stance, the tubular bellows portion of a cooler may be
include "bellows out" corrugations (e.g., tubular bellows
1912 and 1923) or "bellows in" corrugations (e.g., tubular
bellows 1902). From a manufacturing standpoint, it may
be easier to produce "bellows out" corrugations com-
pared to producing "bellows in" corrugations. However,
"bellows out" corrugations may provide less volume for
one or more finned heat exchange tubes to fit into com-
pared to "bellows in" corrugations. Thus, depending on
a desired amount of cooling and manufacturing cost or
time constraints, heat exchangers of the present appli-
cation may use "bellows out" corrugations, "bellows in"
corrugations, or some combination thereof.

Multiple Fin Lengths

[0138] In some embodiments, a fin assembly may in-
clude fins having two or more different lengths. Figure
20 shows a perspective view of a portion of a fin assembly
2000 with three different fin lengths. In embodiments
where all of the fins have a uniform length, the gap be-
tween the fins may become narrow, leading to increasing
drag on gases passing near those parts of the fin. This
may result in lower gas velocities and decreased heat
exchange between the gas and the fin walls. One way
of avoiding the issues caused by narrow channels, while
maintaining a large number of fins, is to vary the lengths
of successive fins. Fin assembly 2000 varies the lengths
of successive fins by utilizing three different fin lengths-
repeating a series of short fins (e.g., fin 2001), medium
fins (e.g., fin 2002), and long fins (e.g., fin 2003)-in order
to fit many fin structures within fin assembly 2000, without
creating an overly narrow gap between the fins.

[0139] While Figure 20 depicts a fin assembly 2000
having three different fin lengths, it should be understood
that any number of fin lengths may be used without de-
parting from the scope of the present application. Suc-
cessive fins in other fin assemblies may also not follow
a symmetrical or periodic fin length pattern. The number
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of fins and the number of fin lengths used in a particular
fin assembly may depend on the fin material, thickness,
the diameter of the inner heat exchange tube, and a de-
sired amount of cooling, among other possible factors.

Arrayed Fin Assembly

[0140] In some embodiments, a cooler may include a
region formed from multiple heat exchange tubes-such
as fin assembly 2000 or other fin assemblies described
herein-arranged substantially in parallel to each other in
the coaxial direction. Each of these heat exchangers may
include an inner heat exchange tube surrounding a fin
assembly. Collectively, the plurality of heat exchangers
may be surrounded by a tubular outer body, forming a
cavity between the inner walls of the tubular outer body
and the outer walls of the inner heat exchange tubes of
the heat exchangers. Liquid coolant may flow through
this cavity, drawing heat away from gas passing through
the heat exchangers. Hot gas provided to the heat ex-
changer array may pass through the heat exchangers,
and furthermore may pass through channels within those
heat exchangers defined by the fin assemblies therein.
In this manner, greater heat transfer may be achieved
over non-arrayed fin assemblies or coolers.

[0141] Asdescribed herein, each heatexchanger with-
in an array may be referred to as a "coaxial cooler," and
a plurality of coaxial coolers may be referred to as a "bulk-
head assembly."

[0142] Figure 21 illustrates a gas domain portion of
bulkhead assembly 2100, which includes a plurality of
finned heat exchange tubes (such as finned heat ex-
change tube 2102) or round radial fin tubes arranged
substantially parallel to each other. The inlets of the co-
axial coolers may be coupled to a head plate 2101, which
may be coupled with other sections of a cooler that act
as achannelforinletoroutlet gas. Although notillustrated
in Figure 21, bulkhead assembly 2100 may include a
tubular outer wall surrounding the plurality of coaxial cool-
ers. Such a tubular outer wall may have a diameter ap-
proximately the same as that of the head plate 2101. The
tubular outer body may include inlet and outlet sections
that allow liquid coolant to flow between and among the
outer surfaces of the plurality of coaxial coolers, thereby
cooling the gas flowing through those coolers.

[0143] Although Figure 21 illustrates coaxial coolers
having fin assemblies with varying fin heights (e.g., fin
assembly 2000 shown in Figure 20), other bulkhead as-
semblies may use coaxial coolers with other fin types
described herein. It should be understood that the varying
fin heights shown in Figure 21 is merely an example, and
that the present application includes bulkhead coolers
with various types of fin assemblies.

Slotted Fin Assembly

[0144] During operation, different portions of a fin as-
sembly used for heat exchange may have significant dif-
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ferences in temperature. For example, the radially out-
ward walls, which are in contact with the inner heat ex-
change tube (where coolant flows) may be substantially
cooler than it’s the radially inward walls, located deeper
inside and farther away from the inner heat exchange
tube. In some instances, this temperature gradient may
not be large enough to produce detrimental effects. How-
ever, in applications where the temperature gradient is
large (e.g., a 90° C liquid coolant and a 1000° C post-
combustion gas), the large temperature differential span-
ning across the height of the fin (i.e., the radial direction)
may create additional stress. Specifically, since heat
causes materials to expand, the large temperature dif-
ferential may cause portions of fins or of the fin assembly
to experience substantially different amounts of thermal
expansion. As one example, the hotter "tip" (radially in-
ward section) of the fin may expand considerably com-
pared to the colder "tip" (radially outward section, closer
to the inner heat exchange tube).

[0145] This differential expansion may result in sub-
stantial stress levels in the fin assembly, particularly at
or near the meeting point of the fin with the inner heat
exchange tube. If the thermal expansion causes the fin
to push on the inner heat exchange tube with enough
force, the inner heatexchange tube may crack or fracture,
providing a leak path through which the gas and liquid
coolant may mix. This type of failure can be significant,
especially in systems where the coolant recirculates
cooled gas directly into combustion chambers of an en-
gine.

[0146] To reduce the mechanical stress applied by the
fins to the inner heat exchange tube due to differential
thermal expansion, decoupling slots may be provided
along the fin height to provide for coaxial, rather than
radial, thermal expansion of the fins. The slots may be
gaps, spanning both radially along the fin height, as well
as coaxially along the fin assembly length. As the radially
inward hot fin tip expands, the slots provide room for ther-
mal growth coaxially to reduce the amount of fin stress
applied radially toward the inner heat exchange tube.
[0147] Figure 22A illustrates an example fin assembly
2200 with decoupling slots having uniform width. As
shown, slots 2201-2204 extend radially outward from the
inner fin tips 2211-2215 (i.e., the radially innermost sec-
tion of the fin). In Figure 22A, decoupling slots 2201-2204
are of uniform width in the coaxial direction. Additionally,
the proximal and distal ends of fin assembly 2200 do not
terminate at the same length; rather, the radially outward
sections of the proximal and distal ends of the fin assem-
bly 2200 are longer than the radially inward sections of
the proximal and distal ends of the fin assembly 2200.
By introducing slots 2201-2204, one section of a hotter
part of the fin assembly 2200 may expand coaxially, rath-
er than radially, thereby accommodating thermal expan-
sion and reducing the mechanical stress applied to inner
heat exchange tubes or other fluid separation surfaces.
[0148] Figure 22B illustrates a cutaway perspective
view of the fin assembly 2200 with uniform width decou-
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pling slots. As shown in the cutaway view, slots 2205 and
2206 may begin at the radially inward fin tip 2211 and
extend radially outward toward the outer fin tips 2221 and
2226. Likewise, slots 2207 and 2208 may begin at the
radially inward fin tip 2215 and extend radially outward
toward outer fin tips 2225 and 2226. Note that the slots
may not extend to the entire radial length of the fins.
[0149] In someimplementations, the minimum coaxial
width of slots 2201-2204 may be 0.2 millimeters. How-
ever, itshould be understood that various slot widths may
be used to effect different levels of cooling and/or account
for different amounts of thermal expansion, without de-
parting from the scope of the present disclosure.

[0150] Figure 23A illustrates an example fin assembly
2300 with decoupling slots 2301-2309 having non-uni-
form width. Decoupling slots 2301-2309 may be of non-
uniform width along the radial length of the fins in the
coaxial direction. In Figure 23A, slots 2301-2309 are of
a first coaxial width at the radially inward fin tips. Moving
radially outward, the coaxial width of the slots widens,
then narrows to form a shape similar to a segment of a
circle. Other slots may take the shape of an omega, an
ellipse, orany other geometry having non-uniform coaxial
width in the radial direction. Such slot geometries may
further reduce the mechanical stress applied to an inner
heat exchange tube due to thermal expansion of the fin
assembly.

[0151] Figure 23B illustrates a cutaway perspective
view of the fin assembly 2300 with non-uniform width
decoupling slots 2301-2309. As shown in the cutaway
view, slots 2301-2303 may begin at the radially inward
fin tip 2311 and extend radially outward toward outer fin
tips 2321 and 2322. Likewise, slots 2304-2306 may begin
at radially inward fin tip 2312 and extend radially outward
toward outer fin tips 2322 and 2323. Further, slots
2307-2309 may begin at radially inward fin tip 2313 and
extend radially outward toward outer fin tips 2323 and
2324. The non-uniform width may be embodied as a
straight slot portion (e.g., straight slot portion 2341) near
the radially inward fin tips (e.g., radially inward fin tip
2311) and a circular segment portion (e.g., circular seg-
ment portion 2342) near the radially outward fin tips (e.g.,
radially outward fin tips 2321 and 2322) . Note that slots
2301-2309 may not extend to the entire radial length of
the fins.

[0152] The particular dimensions of non-uniform slots
may be adjusted to suit a desired amount of cooling, the
expected heat differential between the gas and liquid
coolant, and the size and strength of the inner heat ex-
change tube, among other factors. If the width of the slot
becomes too large, the amount of material between slots
may become too narrow, and the amount of heat transfer
effected by the fin assembly may diminish. On the other
hand, if the width of the slot is too narrow, thermal ex-
pansion may lead to high mechanical stress and cracking
of the inner heat exchange tube. Thus, the particular ge-
ometry, dimensions, number, and placements of the slots
may depend upon the specific implementation or system
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in which the cooler is used.

[0153] Furthermore, as showninFigures 22A and 23A,
the distal and proximal ends of a fin assembly may in-
clude cutaways of material in the shape of partial slots,
such that the coaxial length of the fin assembly at the
radially outward fin tips (where there is no cutaway or
partial slot) is greater than the coaxial length of the fin
assembly at the radially inward tips (where there is a
cutaway or partial slot). Such partial slots may provide
room for coaxial thermal expansion at the distal and prox-
imal ends of a fin assembly.

[0154] Theratio between the width of material between
slots and the widest part of two slots (i.e., the slot "pitch")
may vary among different implementations. In some em-
bodiments, the slot pitch may be greater than or equal
to 0.25; in other words, successive slots may be sepa-
rated by at least four times the width of the slots.

Effect of Relative Flow Direction

[0155] The embodiment coolers herein can be con-
nected in circuit so that the gas flow and liquid coolant
flow can be changed so that the gas coolant are in contra
flow (in the opposite direction to each other), or in parallel
flow (in the same direction as each other). Computer
modelling tests found that by connecting the gas flow and
liquid coolant flow in parallel a significant reduction in the
boiling index could be achieved, without any significant
difference in rate of heat exchange. Therefore, in some
applications, connection of the gas flow and liquid coolant
flow in parallel may be preferred.

Locking Clips

[0156] As described above, a fin assembly may be
formed from a single strip or sheet of initially flat metal.
The sheet may then be pressed and formed into "fins,"
and then rolled into a radial fin assembly. In some em-
bodiments, the two outer edges of the sheet touch or are
in close proximity to each other once the sheet is rolled
into the radial fin assembly (e.g., as shown in Figure 6,
where a gap is present in the very middle of arced outer
connecting wall 613). This gap may accommodate man-
ufacturing tolerances, allowing the fin assembly to be
squeezed and fitinto inner heat exchange tubes of slight-
ly different dimensions.

[0157] Insomeembodiments, the partially openfingap
may include "locking clips" which mechanically couple
the two outer ends of the fin sheet and hold together the
radial fin assembly. Figure 24 illustrates an example set
of locking clips 2400. The set of locking clips 2400 may
be formed from two opposite ends of a corrugated fin
sheet that is rolled or otherwise formed into a substan-
tially cylindrical shape, such that opposite ends of the
sheet meet near the same circumferential location. The
set of locking clips 2400 may include a first end 2410 and
a second end 2420 that collectively form, in some em-
bodiments, a radially outward fin tip 2401.
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[0158] Inthe example setoflocking clips 2400 depicted
in Figure 24, firstend 2410 includes atab 2411 (extending
circumferentially from first end 2410) that partially over-
laps a portion of second end 2420, and is disposed be-
tween tabs 2421 and 2422. Tab 2411 is operably config-
ured to engage with the partially overlapping portion of
second end 2420 in an interference or friction fit. Like-
wise, tabs 2421 and 2422 extend circumferentially from
second end 2420, both of which partially overlap respec-
tive portions of first end 2410. Tabs 2421 and 2422 are
also operably configured to engage with partially over-
lapping portions of first end 2410 in an interference or
friction fit. Collectively, the locking clips may serve to me-
chanically secure a fin assembly in a substantially cylin-
drical shape.

[0159] Asshown in Figure 24, successive locking clips
may alternate, such that successive tabs are formed from
opposite sides of the fin. Note that "raised" protrusions
described above may refer to a change in length in the
radially inward or radially outward direction. Collectively,
the locking clips 2400 form a portion of a radially outward
fin wall 2401 (i.e., an arced outer fin in contact with or
close to the inner heat exchange tube).

[0160] Innon-locking clip embodiments, the size of the
gap between the two ends of the fin sheet may depend
on the exact size of the inner heat exchange tube, which
constrains the radial fin assembly from unrolling. In lock-
ing clip embodiments, the locking clips may act as me-
chanically secure fasteners that maintain a consistent
gap dimension between the ends of the sheet that form
the gap. A consistent gap width may be beneficial for
certain manufacturing processes, such as brazing.

Retention Features

[0161] When assembling a cooler prior to brazing, it
may be desired to have cooler components that can be
assembled without moving relative to each other. Some
interfaces between components within a cooler may be
tack welded, while other joints may be press fit or me-
chanically secured via retention.

[0162] Ifacomponentis fitted into acooler by retention,
the retention method generally needs to be accurate
enough to retain the component in its correct position. In
the present application, an outer body tube or outer shell
may be retained between two reducer castings. The outer
body tube or shell may need to fit closely to the retaining
features in order to maintain its proper position. In some
instances, a square retention feature may act as a back-
stop against which the outer body tube may abut; how-
ever, a square retention feature is poor for braze paste
or welding, as the paste may not flow in a direction that
forms a secure weld or joint.

[0163] Some embodiments herein may include an an-
gled retention feature that provides an accurate align-
ment for brazing or welding of adjacent components,
such as a tubular bellows section and fin assembly. In
some embodiments, the angled retention feature may
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include a chamfered or angled portion between 15 and
75 degrees with respect to the surface of the tubular outer
body.

[0164] Figure 25 depicts a portion of a cooler 2500
where tubular bellows section 2501 is retention fit adja-
cent to coaxial cooler section 2502. Coaxial cooler sec-
tion 2502 includes tubular outer body 2503 and fin as-
sembly 2504. As shown, tubular bellows section 2501
includes lip 2505 that slides over a portion of tubular outer
body 2503. The end of lip 2505 may abut or be in close
proximity to angled retention feature 2506. In this ar-
rangement, braze paste or soldering material may be ap-
plied to angled retention feature 2506 which, when melt-
ed, may flow toward the joint formed between angled
retention feature 2506 and lip 2505. Angled retention fea-
ture 2506 allows the braze paste to be appliedin an area
that is not directly above the joint, while also improving
the flow of the braze paste towards the joint during braz-

ing.
Other Variations

[0165] In various embodiments disclosed herein, and
variations thereof within the scope of this disclosure, a
coaxial cooler having a heat transfer tube, comprises at
least in part, one or more straight sections having a plain
or smooth surface. The plain surface ensures good cool-
ant flow over the heat exchange surface. Eddies of low
coolant flow present in the roots of the corrugations may
be eliminated, and boiling may thereby be very signifi-
cantly reduced. Further, as the heat exchange surfaces
may be plain or smooth, the drag caused by those sur-
faces on passing gas may be much reduced, and so gas
pressure drop may be significantly reduced in compari-
son to a conventional corrugated heat exchange tube.
[0166] In general, providing a smooth heat exchange
surface reduces turbulence, but also reduces heat ex-
change. To achieve a relatively high heat exchange per
unitlength, a plurality of fins are joined to an inner surface
of a heat exchange tube. The heat transfer tube may be
a plain or smooth surface over its whole length, including
any bends in the tube.

[0167] Alternatively, the heat exchange tube may have
corrugations on the bend portion, or on a section of the
straight portion, or on both. The corrugations may be ei-
ther annular or helical. The corrugated section may have
a varying pitch, which improves performance of the heat
exchanger, or facilitates improved assembly of the heat
exchanger.

[0168] Adapter tubes for the coolant inlet and outlet
which join the main heat exchanger body may be
pressed, cast, machined, sintered or 3-D printed in order
to minimise their size. For cost reasons, the adapters
may be formed.

[0169] These exchangers may operate with the gas
flow in contraflow to the liquid coolant, or with the gas
flow coincident or parallel with the liquid coolant flow.
[0170] An outer tube which is positioned around a cen-
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tral heat exchange tube may be partially corrugated or
may be plain and smooth. Where corrugated, the corru-
gations may be either annular or helical. The corrugated
section may comprise a varying pitch along its length, to
improve performance, or to improve assembly.

[0171] The fin components may be made of austenitic
orferritic stainless steel. Ferritic stainless steel has a high
thermal conductivity which may make the fins more ef-
fective for heat transfer. For very high temperature ap-
plications, an Inconel fin may be used.

[0172] The fins may be attached to the inside of the
heat exchange tube by a brazing process or by a welding
process. The fins may be formed in a rolled strip forming
an arc between 0° and 350°. The natural resilience of the
strip material when inserted into the inside of a heat ex-
change tube increases the angle of the arc, pushing the
fin out to contact the heat exchange tube surface.
[0173] Successive fins may be of the same length or
differing lengths. Where fins are all of the same length,
then as the fins extend towards the centre of the tube,
the gap between the fins may become small, causing
increased drag on gases passing in the vicinity of those
parts of the fin, leading to low velocities and relatively
poor heat exchange. To ensure that the fins are as effi-
cient as possible, the fins may be attached to the heat
exchange tube as neartoright angles to the inner circular
cylindrical surface of the tube as possible. This can be
achieved by having a sharp radius of curvature on the
fin on the transition from the circumferential part of the
fin to the radially extending part of the fin which extends
radially into the heat exchange tube. Having a good braze
meniscus on the joint between the fin and the heat ex-
change tube also helps to achieve high heat transfer ef-
ficiency between the fin and the tube.

[0174] There may be between 1 and 30 individual ra-
dially extending fins inside the inner tube. The cooler may
optimally have a heat exchange tube inner diameter of
between 5 mm and 50 mm in preferred embodiments.
[0175] Any of the individual fins structures and fin as-
semblies disclosed herein may be used with any one of
the heat exchanger embodiments disclosed herein in any
combination.

[0176] Dimples formed outward from the heat ex-
change tube may be used to improve heat exchange and
to centre the heat exchange tube inside the outer tube.
The dimples aid concentricity of the inner tube to the outer
casing or tube, especially when a cooler has more than
one bend.

Claims

1. A heat exchanger for cooling hot gas using a liquid
coolant, said heat exchanger comprising:

at least one inner heat exchange tube for ex-
changing heat between said gas and said liquid
coolant, said at least one inner heat exchange
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tube having an inner surface and an outer sur-
face;

a tubular outer body surrounding at least part of
said inner heat exchange tube, said tubular out-
er body having an inner surface and an outer
surface;

wherein the gas flows through the at least one
inner heat exchange tube and the liquid coolant
flows between the outer surface of the inner heat
exchange tube and the inner surface of the tu-
bular outer body; and

a substantially cylindrical corrugated sheet of
material forming a plurality of fins configured for
orientation within said at least one inner heat
exchange tube, wherein at least one of the fins
is in contact with the inner surface of the at least
one inner heat exchange tube.

The heat exchanger of claim 1, wherein a particular
fin of the plurality of fins includes a gap formed be-
tween a portion of a first end of the substantially cy-
lindrical corrugated sheet and a portion of a second
end of the substantially cylindrical corrugated sheet.

The heat exchanger of claim 2, wherein the portion
of the first end of the substantially cylindrical corru-
gated sheet includes one or more raised protrusions
that atleast partially overlap the portion of the second
end of the substantially cylindrical corrugated sheet.

The heat exchanger of claim 1, wherein one or more
of the plurality of fins includes undulations for in-
creasing turbulence in the gas, each of said undula-
tions oriented along the longitudinal axis of said at
least one inner heat exchange tube.

The heat exchanger of claim 1, wherein one or more
of the plurality of fins have a substantially nonlinear
shape in a direction of a longitudinal axis of said at
least one inner heat exchange tube for increasing
turbulence in the gas.

The heat exchanger of claim 1, wherein at least one
of the plurality of fins includes one or more radially-
extending slots.

The heat exchanger of claim 6, wherein the one or
more radially-extending slots have non-uniform
width as measured along the longitudinal axis of said
at least one inner heat exchange tube.

The heat exchanger of claim 7, wherein the one or
more radially-extending slots includes a straight por-
tion and a circular segment portion collectively form-
ing a bulb-shaped slot.

The heat exchanger of claim 6, wherein the one or
more radially-extending slots each have a minimum
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width of at least 0.2 millimeters over atleast a portion
of the respective slot.

The heat exchanger of claim 1, wherein the plurality
of fins comprise a first, a second, and a third fin type,
each of said first, second, and third fin types being
of different lengths respectively, each of said first,
second, and third fin types respectively extending
inwardly by differentradial distances towards the lon-
gitudinal axis of said at least one inner heat exchang-
er tube.

The heat exchanger of claim 1, further comprising:

atubular bellows operably affixed to atleastone
end of said inner heat exchange tube, said tu-
bular bellows including an outer lip, wherein the
outer lip at least partially overlaps the tubular
outer body; and

wherein the tubular outer body includes an an-
gled protrusion extending radially outward from
the tubular outer body, wherein a distal end of
the outer lip abuts the angled protrusion.

The heat exchanger of claim 11, wherein the tubular
bellows is positioned radially outwardly of the atleast
one inner heat exchange tube at a position where
the substantially cylindrical corrugated sheet of ma-
terial forming the plurality of fins is not positioned
radially thereunder.

A heat exchanger for cooling hot gas using a liquid
coolant, said heat exchanger comprising:

a plurality of finned heat exchange tubes ar-
ranged substantially parallel to each other, in
which each finned heat exchange tube compris-
es

aninnerheatexchange tube for exchanging
heat between said gas and said liquid cool-
ant, each having an inner surface and an
outer surface,

wherein a portion of said gas flows through
the inner heat exchange tube,

each finned heat exchange tube further
comprising a plurality of fins contacting the
inner surface of said respective inner heat
exchange tube;

said plurality of finned heat exchange tubes be-
ing collectively surrounded by at least one tubu-
lar outer body, said tubular body having an inner
surface and an outer surface, wherein said liquid
coolant flows between the outer surfaces of said
inner heat exchange tubes of the plurality of
finned heat exchange tubes and the inner sur-
face of said tubular outer body.

10

15

20

25

30

35

40

45

50

55

19

EP 3 355 018 A1

14.

15.

16.

17.

18.

19.

20.

36

The heat exchanger of claim 13, wherein each plu-
rality of fins is formed from a substantially cylindrical
corrugated sheet of material, and wherein a partic-
ular fin of the plurality of fins of at least one of said
finned heat exchange tube includes a gap formed
between a portion of a first end of the substantially
cylindrical corrugated sheet and a portion of a sec-
ond end of the substantially cylindrical corrugated
sheet.

The heat exchanger of claim 14, wherein the portion
of the first end of the substantially cylindrical corru-
gated sheet includes one or more raised protrusions
that atleast partially overlap the portion of the second
end of the substantially cylindrical corrugated sheet.

The heatexchanger of claim 13, wherein one or more
of the plurality of fins of at least one of said finned
heat exchange tube includes undulations for in-
creasing turbulence in the gas, each of said undula-
tions oriented along the longitudinal axis of said tu-
bular outer body.

The heatexchanger of claim 13, wherein one or more
of the plurality of fins of at least one of said finned
heat exchange tube has a substantially nonlinear
shape in a direction of a longitudinal axis of said tu-
bular outer body for increasing turbulence in the gas.

The heat exchanger of claim 13, wherein atleastone
of the plurality of fins of at least one of said finned
heat exchange tube includes one or more radially-
extending slots.

The heat exchanger of claim 18, wherein the one or
more radially-extending slots have a non-uniform
width, as measured along the longitudinal axis of
said tubular outer body.

The heat exchanger of claim 13, wherein the plurality
of fins of at least one of said finned heat exchange
tube comprises a first, a second, and a third fin type,
each of said first, second, and third fin types being
of different lengths respectively, each of said first,
second, and third fin types respectively extending
inwardly by differentradial distances towards the lon-
gitudinal axis of said tubular outer body.
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