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INTERCOOLING AND AFTERCOOLING MULTI-STAGE TURBOCHARGER SYSTEM

CROSS REFERENCE TO RELATED APPLICATIONS

{30611 The present application claims priority to U.S. Utility Patent Application
13/835,726 filed March 15, 2013, the contents of which are incorporated herein by reference in

their entirety for all purposes.

FIELD OF THE INVENTION:

(0002] The present wvention velates to a multi-stage turbocharger system. Particularty,

but not exclusively, the present invention relates to a two stage turbocharper system,

BACKOGROUND

RULERY Turbochargers are well known devices for supplying air to the intake of an
migrnal combustion engme gt pressures above atmospheric pressure {(hoost prossures) A
conventional turbocharger esseutially comprises an exhaunst gas driven trbine wheel mounted
on a rotatable shatt withiv ¢ torbine housing connected downstroam of an enging outlet
manifold. Rotation of the turbine wheel rotates a compressor wheel mounted on the other end
of the shaft within a compressor housing. The compressor wheel delivers compressed air to the
engine fotake manifold,

{3304 One known approach to improving twrbocharging efficiency and reducing

ermesions for an engine with 2 wide speed/load vange is to provide a sequentisl two slage

turbocharging systern, comprising one velatively small high pressure twrbocharger and another
relatively large low pressure turbocharger. The turbochargers are arranged in series so that

exbaust from the engine flows first through the smaller turbine of the high pressure turbocharger
and then through the larger wrbine of the low pressure turbocharger. The compressors of the
two turbochargers are also arranged in series, with ar Bowing first through the relatively large
compressor of the low pressure wrbocharger and then through the relatively small compressor
of the high pressure turbocharger.  For high altitude large engine operation, air-to-water

intereoolers and aftercoonlers, which also may be referred to as water-to-alr intercooiers and

1
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aftereoolers, can be employed o provide cooling of the intske flow after compression by the
fow pressure and high pressure turbochargers prioy to delivery of the intake aiv o the intake
manifold in ovder fo increase efficiency and power ouiput.

[O005] One problem with water cooled multi-stage turbocharger systems involves the
complexity of the plumbing requived to provide water to the infercooler and aftercosier to
adequately cool the intake air flow. The plurabing and other peripherals associated with aie-to-
water mfercoolers and aftercoolers hinder access i the engime’s V-cavity and other peripheral
components, mhibiting serviccabtlity. Furthermore, instaliation costs are tnereased due to the
complexity of the plumbing requived to support aw-to-water intercooling, avd shipping and
packaging costs are increased as well due to the large footprint and profile created by the
support frame and other components required fo support and opemsie the airc-to-water
mtercooters along with the associated plumbing.  Therefore, there remains room for further

mprovements in this technology area.
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SUMMARY

{0061 There is disclosed heretn an alternative or fruproved multi-stage turbocharger
systern that mcludes an air-fo-air ntercooler between the stages and an air-to-water afiercooler
after the stages and before the tntake to the oyhinders of the internal combustion engine.

[o067] According to one aspect, @ system 18 disclosed that includes a turbocharged
wiernal combustion engime which includes at least one high-pressure furbocharger with a fivst
high pressure turbine situated i a first exhaust passage from the iternal combustion engine and
at teast one low pressure turbocharger with a low pressare turbing sttuated 1w the first exhanst
passage downstream of the first high pressure turbine. The low pressure twbocharger further
mchudes & low prossure compressor operably connected to the low pressure turbine with the low
prossure compressor situated in a first intake passage of the intersal combustion engine. The
high pressure turbocharger turther includes 4 first high pressure comypressor connected with the
first high pressure turbine with the first high pressure compressor stivated in the first intake
passage downstream of the low pressure compressor. The twbocharged internal combustion
engine further inchudes an air-to-aiy infercooler in the take passage botween the low pressare
compressor and the high pressure compressor and an air-fo-water aftercooler in the intske
passage downstrears of the high pressure compressor and upsiream of an wtake wantfold of the
mternal combnstion engine,

{B068] According to one cmbodimoent, the at least one hugh pressure turbocharger
ichades at least two high pressure turbochargers with respective first and second high pressure
turbines connected o respective ones of first and second exhaust passages. The first and second
exhaust passages come together and form g first commuon exhaust passage that s connected t©
the low prossure twrbine of the low prosswre turbocharger. The at least two high prossure
turbochargers Rurther include respective first and second high pressure compressors that are
connected to respective ones of second and third intake passages that branch from the first

irtake passage downstroam of the low prossure compressor,

G069 According to a further embodiment, the at lzast one low pressure twrbocharger
mehudes first and scoond low pressure turbochargers with fivst and sceond low pressure furbines

operably conpected with reapective ones of first and second low pressure compressors. The at

least one high pressure tarbocharger moludes at feast four high pressure turbochargers with
it b & B4R &

SUBSTITUTE SHEET (RULE 26)



WO 2014/151406 PCT/US2014/025663

respective first, second, third and fourth high pressure turbines operably connected to respective
anes of first, second, thivd, and fourth oxhaust passages. The fivst and second exbaust passages
come together and form a first common exhaust passage that is connected to the first low
pressure turbine of the first low pressure turbocharger. The third and fourth exhaust passages
come together and form a second corsroon exbaust passage that is connected to the sccound fow
pressure furbine of the second low pressure turbocharger. The first and second low pressure
turbochargers include first and second outlets that come together at the frst intake passage
upstream of the air-te-air intercooler, or the first and scoond outlets can be connected directly to
the wtercooler,  The first wntake passage branches dowusiream from the air-to-atr ntercooler
it scoond and third intake passages. The at least four high pressure turbochargers further
mctude respective first, seeond, third and fourth high pressure cornpressors that are connected to
respective ones of second and third intake passages that branch from the first intake passage.
The second intake passage s connected to the fivst and third high pressure compressors and the
third intake passage is connected to the second and fourth high pressure compressors. Each of
the first, second, third and fourth high pressure compressors is connected o the airto-water
aftercooler.

EiEH According yot another embodiment, the internal combustion engine 18 more than
2000 horsepower. 1o a further erbodiment, the cogine 18 operated at high altitodes

(3311 In yet another aspect, & method includes operating a combustion engine fitted
with a sequential two-stage {or multi-stage) turbocharging system 1 which an mtake tlow is
passed via an infake passage through an air-to-air intercooier after passing through a compressor
of at lcast one low pressure turbocharger and then through an air-te-water aftorconier atter
passing through a compressor of at least one igh pressure turbocharger. The intake How is
provided o the intake of & plursiiy of cvlinders sfier passing through the sir-to-water
aftercooler.

16612 Agcording to one embodiment of the method, the at least one high pressure
trbocharger nchudes al least twvo high pressure turbochkargers with respective first and second
high pressure turbines connected o respective ones of first and sccond exbaust passages. The
first and second exhaust passages corne together and form a first comumon exhaust passage that
is connected to the low pressure turbine of the ow pressore turbocharger. The at least two high

pressure turbochargers further include respective first and second high prossure corapressors
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that are connected o the respective ones of sccond and third intake passages that branch from
the intake passage downstrearn of the low pressure compressor.

o013 According to a further embodiment of the method, the at least one low pressure
turbocharger includes first and secord low pressure turbochargers with firgt and second low
pressure turbines operably cosnected with respective ones of first and second low pressure
compicssors. The gt least one high pressure turbocharger ncludes at least four high pressure
turbochargers with respechive first, sceound, thid and fouwrth gh prossure turbines operably
connected to respective ones of first, second, third, and fourth cxhaust passages. The first and
second exhaust passages come together and form a first conmon oxbaust passage that is
connected to the first low pressure turbine of the first low pressure turbocharger. The third and
fourth exhaust passages come together and form a sccond common exhgust passage that &
connected to the second low pressure wrbine of the second low pressure turbocharger. The first
and sceond low pressure corpressors mclude first and second outlets that come together at the
iiake passage upstream of or at the air-to-air intercooler.  The inlake passapge branches
downstream from the air-to-air interopoler into second and third intake passages. The at least
four high pressure turbochargers furtber wclade respective fivst, second, third avd fourth bigh
pressure compressors that are connectad o the respective ones of second and third intake
passages that branch from the fivst mdake passage. The sccond wtake passage 18 comnected 1o
the first and third high pressure compressors and the third intake passage is connected to the
secend and fourth high pressure compressors. Each of the first, seeond, third and fourth high
pressure compressors is connected to inlets of the airto-water afiercosler.

RLIEY Other aspects, crobodirsents, features and applications of the present invention

will be apparent frow the following descripbion.
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BRIEF DESCRIPTION OF THE DRAWINGS

HIRY Figure 1 &5 a schematic iflustration of a two-stage turbocharging systen,
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BETAILED DESCRIPTION

[0016] For the purposes of promoting an understanding of the principles of the invention,
reference will now be made to the embodiments illustrated in the drawings and specific
language will be used to describe the same. It will nevertheless be understood that no limitation
of the scope of the invention is thereby intended, any alterations and further modifications in the
illustrated embodiments, and any further applications of the principles of the invention as
illustrated therein as would normally occur to one skilled in the art to which the invention
relates are contemplated herein.

160171 Referring to Figure 1, the schematically illustrated scquential two stage
turbocharging system 10 coroprises an internal corobustion engine 12 with a high pressure
turbocharger stage or systemn 14 and a low pressure turbocharger stage or system 16, High
pressure turbocharger system 14 includes b least ome relatively small high pressure
turbocharger 100a, and low prossure turbocharger system 16 inchudes at least one relatively
large tow pressure turbocharger 200a connected in series to the exhaust systens 18 of intornal
combushion engine 12 such as a dicsel cogne. The high pressure turbocharger 1084 coraprises
a reatively smali exhaust turbine 102z and a relatively small compressor 104a. The low
prossure turbocharger 200a comprises a velatively farge oxhaust turbine 2023 and a relatively
largs compressor 204a.

{30318 The turbocharging systemy 10 delivers compressed aie to the engmne 12, air-io-air
inierenoler 20, and air-io-water aftercocier 22 via ap air inlet 24u to the low pressare
compressor 204a. As used herein, Yair” inchudes fresh air alone or g mixture of fresh air and
another compouent or coraponents, such as any exhanst gas that may be recireulated for minng
with the fresh air and/or fucl that 1s mjected or mixed at the compressor. I one embodiment,
engine 12 s a large engne greater than 2000 horsepower and turbocharmng systern 10 48
particularly suited for high altitude operation, such as at 5008 fect or more above sea iovel
Compressed mict atr 18 outlet frorn compressor 204a either directly or via an ntake passage 26
it an inlet of air-to-air intercooler 2. The compressed indet air is cooled o intercooler 20 via
an air-te-air hoat exchange process, and then cutlet fo take passage 26 for delivery of cooled,
compressed inlet afr to high pressure compressor 104a via a second intake passage 28a. High

prossure compressor 104s further compresses and ocutlets the cooled, corapressed nlet atr t©
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aftereooler mlet 3802, The highly compressed mlet air 13 then cooled further by air-to-water
aftercooler 22 and delivered o intake manifold porbon 32a for combustion by one or more
eyhnders {not shown) of engine 12 that ave connected o intake manifold portion 32a.

[6019] After the twbocharged indet am v combusted m the respective cylinder or
cylinder(s) of engine 12, the exhaust gas is outlef into an exhaust wmanifold portion 34a where it
is delivered to the nlet of tugh pressure turbine 1624 to drive high pressure compressor 104a.
The cxhaunst gas s then outlet frovw high pressure turbine 1024 wto & firgt exhanst passage

portion 40a that is connected to a first common cxhaust passage 42a. Exhaust gas s delivered
to an et of low pressure turbine 2024 froro fivst common exhaust passage 428w order o dnive
fow pressure compressor 204a. Exhaust gas leaves low pressure turbine 202a from an outlet
that 13 connected to first oxhanst outict portion 44s.  Fust exbaust outlet portion 448 s
connected to an exhaust outlet 48 having a conventional afterireatment system 46 fo treat the
cxhaust gas for crnissions prior to boing outlet to straosphere. The after-trestment systern 46
may be one of 2 variety of types of after-treatment systems, inchiding conventional systema
generally known to one of ordinary skill in the art. Tvpes of affor-treatment systoms
contemplated include those designed to remove particulates, nitrogen-oxide compounds, and
other regulated cmissions.

{26 In one ombodument, fwbocharging system 10 ncludes 2 low  pressure
turbocharging system 16 that includes 8 second low pressure wurbocharger 200b. Sccond low
pressure turbocharger 20605 reccives air Hlow from an air indet 24b connected fo the low pressure
conpressor 2804b. Compressed inlet air i3 outlet from compressor 204b etther directly or via a
conncction to mtake passage 26 where s combined with compressed tnlet air from first low
pressure compressor 204a for delivery to the indet of arto-atr intercooler 28, The combined
flow of compressed inlet air 18 cooled in interconior 20 via an air-io-air hoat cxchange process,
and then outlet to miake passage 26,

(6211 in a further embodiment, turbocharging system 10 includes a high pressure
turbocharging system 16 that includes at least two gh pressure turbochargers 100 and 100b,
The cooled, compressed inlet air from intercooler 20 48 delivered via the first or common intake
passage 16 to sccond intske passage 2¥e snd to g thind mdake passage 28b. Sccond intake
passage 28a is connected to high pressure compressor 104a via first intake passage 28a where

operation of high prossure turbocharger 200a continues as discussed above. Furthermore, high
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prossure turbocharging system 14 includes second high prossure turbocharger 100b with a
secend high pressure compressor 104b comnecied to third intske passage 28b.  Second bigh
pressure compressor 104b further compresses and outlets the cooled, compressed inlst abr to
afiercooler indet 30h. The highly comprossed inlet air s then cooled further by air-to-water
afterconler 22 and delivered to intake manifold portion 32b for combustion by one or more
cylinders (not shown) of engine 12 that arc connected o intake marufold portion 32b.

0022} Exhaunst gas that is outlet from the cylinder or oylinders comnected o infake
manifold portion 32b 1s collected in a scoond exhaust manifold portion 34b where it is delivered
to the et of second high pressure turbine 102h to duve second high pressure comprossor
i4b. The exhaust gas 18 then outlet from sccond high pressure turbine 102b mnto 8 sccond
exhaust passage portion 40b that 5 connccted to first common exhaust passage 422, Exhaust
gas is then delivered to an inlet of low pressure turbine 202 from first comraon exbaust passage
42a i order 1o drive low pressure compressor 204a as discussed above.

{23 In a further embodiment, turbocharging syetermn 10 inchudes a high pressure
turbocharging system 16 that includes four high prossure turbochargers 1004, 100b, 100¢ and
100d. The cooled, compressed indet air frovo jntercooler 28 s deliversd via first or common
mtake passage 26 to second intake passage 28z and to third intake passage 28k, Second mtake
passage 28a 18 conpected to high pressure coropressor 104a via first totake passage 28a where
operation of high pressure turbocharger 100s and aftercooling and combustion of the inlet air
continues s discussed shove, Furthermoore, third high pressure turbocharger 100¢ meludes a
third high pressure compressor 104c counnected to second intake passage 2Ra. Third high
pressure corapressor 104c further compresses and outiets the cooled, compressed inlet air o
aftercooler inlet 38¢. The highly compressed inlet ar i3 then cooled further by water-to-air
aftereooler 22 and delivered to intake manifold portion 32¢ for combustion by one or more
evhaders {not shown} of engine 12 that are connected fo wiake margfold portion 3¢,

{3024 Exhaust gas that i3 cutlet from the cylinder or cylinders connected o intake
manifold portion 32¢ 1 collected i a second exbhanst margfold portion 34c where 1t is delivere

to the et of third high pressare turbine 162¢ to drive third high pressure compressor 14de.
The exhaust gas 15 then outlet frora third high pressure turbine 102¢ into a third exhaust passage

portion 40c that 15 connected 0 a second common exhaust passage 42b. Exhaust gas i then
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delivered o an inlet of sccond low pressure turbine 202b from second common exhaust passage
42b v order 1o drive low pressure compressor 204b as discussed above,

G025 Third intake passage 28 1s connected to second high pressare compressor 104b
where operation of second high prossure turbocharger 100 and sftercooling and combustion of
the inlet alr contivues as discussed above, Furthermore, fourth high pressure turbocharger 158d
mnctudes a fourth high pressure compressor 104d connected to third mrdake passage 28b. Fourth
high pressure corpressor 1944 further compresses and outlels the cooled, compressed yolot ar
to aftercocler miet 30d. The highly compressed inlet air 18 then cooled further by water-to-air
afiercooler 22 and delivered to fotake wmanifold portion 324 for combustion by one or more
cylinders (not shown} of engine 12 that arc connected to intake manifold portion 324,

{33261 Exhaust gas that 15 outlet from the cylinder or eylinders connected 1o intake
manifold portion 32d 18 collected in a second exhaust manifold portion 344 where it 15 delivered
to the mlet of fourth high pressure turbine 102d 1o drive fourth high pressure compressor 1044,
The exhaust gas is then outlet from fourth high pressure turbine 102¢ into a fourth exhaust
passage portion 40d that 13 connected to second common exhaust passage 42b to combine with
the exbanst flow from third high pressure turbine 102¢ in second comumon exhaust passage 42b
to drive low prossure compressor 204b as discussed above.

[0027] In one embodiment, the air to air intercooler 20 1s an intercooler that uses outside
air to cool the intake air after it has been compressed by low pressure turbochargers 200a, 200b.
Air-to-water aftercooler 22 can be located on top of engine 12 and connected with plumbing
that provides cooling water or other fluid from a separate circuit (not shown) to the core of
aftercooler 22. The plumbing can further be connected with a heat exchanger or radiator to
reject the heat added to the cooling water from the compressed intake air flow into aftercooler
22. The compressed inlet air passes through fins of one or more stages of aftercooler 22 before
being outlet to the intake manifold portions 32a-32d.

[0028] intercooler 20 does not require power or fluid for operation and therefore can be
readily incorporated into turbocharging system 10 with the air-to-water aftercooler 22 without
requiring any plumbing additions, modifications or packaging for cooling water. As a result,
the serviceability of engine 12 is enhanced while aftercooler 22 can be a modular component
employed with turbocharger systems that only use an air-to-water aftercooler without

intercooling, such as with single stage turbocharging systems. Furthermore, systems that

10
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employ only air-to-air intercooling and air-to-air aftercooling may lack sufficient power or
exhibit less than optimal performance at high altitudes. Thus, the present turbocharging system
10 provides sufficient power and efficiency for high altitude operations without sacrificing
serviceability and modularity or imposing packaging limitations created by air-to-water
intercooled systems.

[0029] According to one embodiment of a method of use, operation, or application, two-
stage turbocharging system 10 includes high pressure turbocharger system 14 and lower
pressure turbocharger system 16 to maintain power output at high altitude. For example, using
a two-stage system 10 allows the same power output at high altitude as that achieved at sea
level. In order to achieve such power output levels at high altitudes, the same amount of air
needs to be introduced to the cylinders of engine 12 as during operation at sea level. Therefore,
a two-stage turbocharging system 10 including a high pressure turbocharger stage 14 and a low
pressure turbocharger stage 16 is used to achieve the boost level to accommodate the required
air flow at high altitude. The two-stage turbocharging system 10 allows the high boost levels to
be achieved by maintaining relatively low turbine rotor speeds on both the low pressure and the
high pressure turbines. This reduction in turbine speed often translates into improved
turbocharger durability.

[0030] In another embodiment, a method of retrofitting and/or a retrofitted system is
disclosed. An internal combustion engine 12 includes a single stage turbocharging system and
an air-to-water aftercooling system 22. In one example, the engine 12 is employed in power
generation where RAM air is not available. To retrofit or convert the engine 12 for use in a
two-stage turbocharging system 10, a low pressure turbocharging system 16 is added to the base
or high turbocharging system 14. The low pressure turbocharging system 16 includes the air-to-
air intercooler 20. Thus, no additional plumbing or support structure is required to be added to
support the low pressure air handling system, reducing complexity and the weight of the two-
stage turbocharging system 10. In one particular retrofit method, an engine 12 employed with a
power generation system having a single stage turbocharger and air-to-water aftercooler 22 is
modified by adding a modular low pressure air handling system including one or more low
pressure turbochargers 16 and an air-to-air intercooler 20 to provide a two-stage turbocharging

system 10 that can be employed in mining trucks and equipment operated at high altitudes.

11
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{031 it will be appreciated that foatures and meodifications that can be made to the
turbocharging system of Fig. 1, such as for fustance the inclusion of 4 wastegate around the low

pressure turbine(s), and application of the system o an engine including the inclusion of an
oxhaust gas re-circulation systom.  Exhaust gas flow control valves can also be provided 1o
modilate the exhaust gas flow to the bigh pressure and low pressure twrbochargers in varied
gpergting conditions, and 1 accordance with various possibie control regiraes.

0032} Torbines may be of a fixed or vanable geometry type.  Variable geometry
turbines differ from fixed geometry turbines i that the sive of the mlet passageway can be
varied to optimize gas flow velocitios over a vange of voass flow tates so that the power onipnt
of the turbine can be varied to suite varying engine demands. For mstance, when the volume of
exhaust gas being dehivered 1o the turbine 18 relatively low, the velocity of the gas reachuing the
turbing wheel is maintamed at 8 level which ensures efficient turbine operation by reducing the
size of the annular indet passagewsy. Turbochargers provided with a varable geometry turbine
are referved to as variable geometry turbochargers,

{33 Although two stage turbocharging systems comprising fixed geometry turbines
may i some reepects provide an alternative o the use of relatively coroplex and enpensive
variable geometry twrbechargers, the turbochargers of one or both stages of the two stage
turbocharging systern could be a variable geometry turbocharger {of any type). This may be
desirable for instance o further improve control over the turbocharging system and the ability to
aptirnize turbocharging performance across a wide tange of cogine conditions.

HB634] in the above described embodiments of the invention there four paraliel high
pressure turbines. However, it will be appreciated that a turbocharging system according to the
prescat investion could for nstance include a single high pressure turbine. For example, the
high pressure turbine could receve an oxhaust gas flow from al of the cylinders from a muli-
evhader engine. Tnosuch embodiments, the outiet frovg the high pressore turbine can low to a
single low pressure turbine located downstream of the high pressure turbine, or the flow may be
sphit between two (or more) low pressure turbines downstrcam of the bigh pressure turbine.
HIRRY Furthermore, it will be appreciated that a furbocharging system according o the
prosent invention could for instance include two paralicl high pressure turbines. For example,
cach of two high pressure turbines could receive an exhanst gas flow from a respective bank of

cylinders fromn a multi-cylinder engine (for instance cach recetving exhaust gas from one bank

12

SUBSTITUTE SHEET (RULE 26)



WO 2014/151406 PCT/US2014/025663

5

of 2 "V" configured engine}. o such embodiments, the outlet from cach hich pressure turbine
can be combined upstrcam for flow to 5 single fow pressure trbine located dovwnstream of the
high pressure turbines, or the flow may be split between two (or more) low pressure furbines
downgtream of the high pressure turbines.

FIRTY In embodiments comprising wore than one high pressure turbing, the high
pressure turbines can be linked to 2 corornon high prossure compressor or o separate respective
high pressure compressors,  In embodiments comprising more than one low pressure turbine,
the low pressure turbines can be hinked to0 a common low pressure compressor of 10 separate
Cepective 10w prossuie Cotapressors,

{37 In embodiments comprising more than one high pressure turbing, the high
pressure turbines can be linked to 2 cororaon high prossure compressor or o separate respective
high pressure compressors. In embodiments comprising more than one low pressure turbine,
the low pressure turbines can be hnked t© a cornmon low prossure corapressor or i separate
rEapective low pIessuie COmpTEssors,

{35 Alternatively, rather than providing two scparate high pressure turbines to receive
exhaust gas flow from two separate banis of eogine ovhoders, a single twin enfry high pressure
turbine could be included 1 & turbocharger systom according o the prosent invention
Moreaver, 10 a turbocharger systom according to the present fovention Comprising one of more
high pressure turbines, cach of the high pressure turbines could be configured as a twin-entry
turbing.

133391 Similarty, it will be appreciated that a nurbocharging sysiem in accordance with
the present tnvention could have roore than one set of sequentially comnected turbochargers
gperating it parailel. For instance, a first hurbocharging systers generally as described above
could receive an exhaust gas flow from a first set of ovhinders of a multi-cvlinder combustion
engme, and & sccond sequential fwrbocharging arrangemceot as descrbed above could receive
exhanst gas flow from a sccond set of cylinders of the cngine {cach "set” could comprise &
stngle eyhinder).

{401 towill further be appreciated that the present invention 1s not funited to a two
stage scquentisl turbocharging system, but could be embodied n & turbocharging systern

comprising more than two furbine stages convected in series.
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(38411 While the invention has been ihHustrated and described in detail in the drawings
and foregoing description, the same s o be considered as illustrative and not restrictive
character, it being understood that only certain exemplary embodiments have been shown and
described, Those skilied in the art will appreciate that many roodifications are possibie in the
example embodiments without materially departing frow this tnvention.  Accordingly, all such
modifications are itended fo be included within the scope of thus disclosure as defined m the
following claims.

[0042] inn reading the claims, it 1s intended that when words such as “a,” “an,” “at loast
oune,” or “at Jeast one portion” are used there is no riention to Urowt the clatm {o only one ftem
unicss specifically stated to the contrary in the claim. When the language “at least a portion”
andior “a portion” 18 used the wom can mclude 8 portion and/or the entire item unless

specifically stated to the contrary.

14

SUBSTITUTE SHEET (RULE 26)



WO 2014/151406 PCT/US2014/025663

WHAT IS CLAIMED IS:

1. Au internal cormbustion engine system, comprising:

an fternal combustion enging meluding at loast one intake passage for rocetving and
delivering an air flow to at feast a portion of a pharality of cylinders of the internal combushion
enging and gt least one exhaust passage for recerving exhaust gas from at least a portion of the
plurality of cylinders;

at least one high-pressure turbocharger with a first bigh pressure turbine situated in the at
fcast one exhanst passage from the miternal combustion enging;

at feast one low pressure turbocharger with a first low pressure turbine sifated in the at
least ono exhaust passage downstream of the first high pressure turbine;

the low pressure turbocharger further incloding a first low preasure compressor operably
corrzcted to the low pressure turbine with the low pressure compressor situated 1n the gt least
one intake passags,

the high pressure turbocharger further inchuding a first high pressure compressor operably
connected with the first bigh prossure turbine with the fivst high pressure compressor situated in
the at least one intake passage downstream of the low pressure compressor;

an air-to-aty fnterconler in the at least one intake passage between the low pressure
conpreasor and the high pressure compreasor; and

an atr-to-water attorcooler in the at least one intake passage downstream of the high
pressure compressor and upsiream of an intake manifold of the intersal corbustion engine.
2. The system of clatm |, wherewn the at least one high pressure turbocharger includes at
fcast two high pressure turbochargers with respective first and second high pressure turbines

sitnated inrespective ones of fust and second exhaust passages,

3. The system of claim 2, wherein the first and scoond exhanst passages come together
downstream of the first and second high pressure turbines and forrs a first common exbaust
passage that 1s connected fo the first low pressure turbine of the at least one low pressure

turbocharger.
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4. The system of claim 2, wheren the at least two high pressure turbochargers further
fnclnde respective first and second high pressure corpressors that are situated 1o respective anes
of second and thivd intake passages that branch from the af least one intake passage downstream

ot the first low prossure ComgRessor

5. The system of claim 4, wheren the st least one low pressure turbocharger includes first
and sceond low pressure turbochargers with respective first and second low pressure turbines

operably connected with corresponding ones of first and sccond low pressure compressors,

&, The system of claim 1, wheren the at feast one high pressure turbocharger includes at
icast four hugh pressure turbochargers with respective first, scoond, thurd and fourth hugh pressure

turbings situated w respective ones of first, second, thivd, and fourth exbaust passages,

7. The system of ¢laim 6, wherein:

the at least ene low pressure turbocharger includes first and second low pressure
turbochargers with respective first and second low pressure turbines operably connected with
corresponding ones of first and sccond low pressure compressors;

the first and second exhanst passages come together downstream of the first and second
high pressure furbines and form a first common exhaust passage that is connected to the first low
prossure turbine of the first low pressure mrbocharger; and

the third and fourth exbaust passages come together downstream of the first and second
high pressure turbines and form g second common exhaust passage that 1s eonnccted to the

second low pressure turbine of the second low pressure hurbocharger,

2. The system of clarm 7, wherewn the first and second low pressure compressors include

outlets divectly connected to or that come together upstream of the air-tp-air intercooler,

9. The system of claim 8, wherem the first intake passage branches downstream from the

atr-to-atr intercooler duo second and thurd intake passages.

18, The systern of claim 9, wherein:
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the at least four high pressure turbochargers further include respective first, second, third
ang fourth high prossure compressors,

the seoond wtake passage is connected to the first and third bigh pressure compressors;
ani

the third intake passage is connected to the second and fourth high pressure compressors.

FE The system of clamm 1, wheran cach of the fivst, second. third and fourth mgh pressure

conmpressors s connected separately to the air-to-water aftercooler.

12, The system of claim 1, wherein the internal combustion engine s greater than 2608

horsepower.

13, A method, mcluding:
operating & combustion engine fitted with a multi-stage turbocharging system, wherein
operating the combustion engine inchudes:
passing an frdake flow via anntake passage through an aie-to-air ntercooler afier
passing the intake flow through a low pressure compressor of at least one low pressure
turbocharger;
passing the compressed and conled intake flow from the air-te-air intercooler
through a hugh pressure compressor of at least one hugh pressure turbocharger;
passing the compressed wntake flow from the at least one high pressure
turbocharger through an air-to-water afterenoler; and
introducing the cooled and compressed mtake flow from the air-to-water

attercooler inte an intake of a plurality of cylinders of the combustion cngine.

{4, The methed of claim 13, wherein the at least one high pressure trbocharger inchudes at
leant two high pressure turbochargers with respective fivst and sceond hugh prossure turbimes
recetving exhaust from respective ones of first and secound exhaust passages connected to the

murality of cvhinders.

17

SUBSTITUTE SHEET (RULE 26)



WO 2014/151406 PCT/US2014/025663

15, The method of claim {4, wherein the first and second exhaust passages come fogether
dowusiream of the fivst and sceond high pressure turbines and forr a first corrmon oxbaust

passage that is connected fo a low pressure turbine of the af least one low pressure turbocharger.

16, The method of claim 15, wherein the at least two high pressure turbochargers further
melude respective first and second hugh pressure corapressors that are connecied o the
respechive ones of second and thurd intake passages that branch from the intake passage

downstream of the low pressure compressor,

17, The method of claim 16, wherein the at least one low pressure turbocharger inciudes first
and sceond low pressure turbochargers with first and second low pressure turbines operably

connected with respective ones of first and second low pressure compresaoss.

18, The method of claim 13, wherein the at least one high pressure turbocharger inchudes at
lcast four high pressure turbochargers with respective first, second, third and fourth high pressure
turbines operably connected o respective anes of first, second, thrd, and fourth exhaust

19, The method of claim 1S, wherein:

the first and second exhaust passages come together downstrearn of the first and second
high pressure turbises and form a first common exhanst passage that is conpecied to a first low
prossure turbine of the at least ane low pressure turbocharger; and

the third and fourth exhaust passages corse together downstream of the third and fourth
high prossure furbines and form a scoond commeon oxhaust passage that is conngcted to g second

low pressure turbine of a second low pressure turbocharger.
28, The method of claim 19, wheretn the fivst and sccond low prossure compressors nclude

first and sccond outlets that come together at the intake passage upstream of the air-to-atr

mterocooier,
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21, Themethod of claim 20, wherein the intake passage branches downstream from the air-

to-aty fntercooler into second and third ntake passages.

22, The method of claim 21, wherein the gt least four high pressure turbochargers further
inchude respective first and second high pressure compressors recetving intake flow from the
seeond intake passage and third and fourth high pressure compressors receiving intake flow from

the therd mitake passage,

23, The method of claim 22, wherein cach of the first, second, third and fourth high pressure

COMPTosaoTs 18 separately connected to the air-to-water afterconier.

24, Themesthod of claim 13, 1ncluding operating the combustion enging at a ngh altitude,
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