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A COMPRESSION~EVAPORATION SYSTEM FOR LIQUEFIED GAS

Field of the invention

The present invention relates to a compressor-
evaporator system for liguefied gas contained in a tank,
the system comprising extraction and pump means for
extracting and delivering liquefied gas under low
pressure outside the tank, high pressure pump means,
evaporator means operating by heat exchange with a
liguid, and means for conditioning and transferring gas
to a gas pipeline.

The invention relates to the general field of
methods of regassging liguefied gases, and in particular
it relates to liguefied natural gas (LNG).

In practice, some of the natural gas that is
extracted is liguefied in order to enable it to he
conveved in liguid form in tanker ships between
production zoneg and zones where the gas is consumed,
Such & gas transport system thus includes a liguefaction
and storage terminal from which methane tankers are
filled, and then take the ligquefied gas to a terminal for
storing it, putting it under pressure, and vaporizing it
in order to feed gas via a gag pipeline to a terrestrial
distribution network in the congumptlon zone. The
consumption zone terminal is referred to as a

regagification terminal.

State of the prior art

In order to pressurize and heat up to ambient
temperature LNG that is initially in eguilibrium in
storage tanks of the terminal cr in the tanker ships,
with its vapor at a pressure glightly greater than
atmospheric pressure, the state of the art has, until
now, been as shown in Figure 10, congisting in using
initially a low presgure motor-driven pump 302 immersed
in the storage tank 301, and feeding a high pressure

motor-driven pump 303 immersed in a buffer volume 307.
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At the ocutlet from the high pressure pump 303, the liguid
is sent to a heat exchanger and evaporator 304 which is
aither fed with water at ambient temperature when
available in abundance {(sea water, estuary water, ...)
where c¢limatic conditions make that possible, or else is
fed with hot water (that can be obtained by special-
purpese combustion or by recovering heat logses from a
nearby heat-generating machine), serving te ralse the LNG
to high pressure at ambient temperature prior to
injecting it into the gag pipeline 400. The motors 305a
used for driving the high pressure pumps 203 are
generally asynchronous squirrel-cage motors operating at
a fixed and limited speed: a maximum of 3000 revolutions
per minute {rpm} for three-phase alternating current (AL)
at 50 hertz (Hz}, and 3600 rpm for AC at 60 Hz. That
technology leads to pumps 303 presenting a large nunber
of stages and having large dimensions. In particular,
such technology constitutes a definite handicap for any
off-ghore application. Furthermore, high pressure pumps
303 reguire a large guantity of electricity, which
represents the most expensive financial outlay in the
cogt of running the terminal.

Figure 10 ig a diagram showing the principle of the
prior art regagification method at a methane terminal.
The high pressure pumping function and the
heating/vaporizing function are geographically grouped
Logether at the terminal, and the number of transfer
lines 370, 371, and 372 is restricted to one or two. The
diagram shows only cne piece of eguipment per function,
and in addition the valve, regulation, and control
equipments are not shown in order to facilitate
understanding. Only three types of valve are shown in
the diagram. A valve 3V1 is located at the delivery from
an high pressure {HEP) pump 303, and a valve 3V2 is
located at the inlet to the pipeline 400 acting as a
digcharge. The valves 3Vl and 3V2 contribute to
adjusting flow rate and delivery pressure to the pipeline
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409 over the lines 371 and 372, In practice, the valve
3V2 is in gerlies with a stop valve or a check valve.
Finally, a valve 3V3 enables LNG at low pressure to be
recycled to the tank 301 or to a special circuit via a
line 373 for initial cooling purposgses prior te starting
the HP pumps 303. The LNG is extracted from the tank 301
by a low pressure (LP) motor-driven pump 302 and it is
delivered to the inlet of the HP pumps 303, after which
it passes through a heat exchanger and evaporator 304
prior to being injected in the form of gas under pressure
into the pipeline network 400. Water is fed to the
evaporator 304 via a feed clrculit 374 and ig evacuated by
an evacuation circuit 375.

The presence of a cold source at very low
temperature and thalt nesds to be heated in the industrial
process constitutes an opportunity for extraciing value,
and numerous uses exist or have been proposed in prior
publications or patenis. By way of example, mention can
be made of associating the terminal with refrigeration
installations or installations for liguefying industrial
gages. Amongst all of the possible uses for the low
temperature of ILNG, the present description ig limited to
golutions for adapting the compression and heating and
evaporation method in order to recover energy that can be
usad directly by the terminal.

wWhen considering the thermodynamlc asgpeacts 0f the
method, which method consists initially in increasing the
pressure of the LNG by means of pumps, and secondly in
increasing its temperature and its enthalpy by the heat
exchangers and evaporators, two possible schemes can be
identified for recovering energy:

A first scheme consists, during pumping, in raising
the pressure of the liguid natural gas [0 a pressure that
is higher than that reguired, and then in expanding 1t
down to the pressure of the gas pipeline through a
turbine serving to transform sald fluid energy into
mechanical energy. The energy balance is then positive
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since the enthalpy recovered in the turbine by expanding
the gas is greater than the additional energy that nesads
to be provided for pumping.

A second scheme consigts in using the liguid natural
gas as a cold source in a thermodynamic cycle that uses a
hot source at amblent temperature or at a higher
temperature.

These various energy-recovery principles have
constituted the subiject matter in the past of numerous
patents or communications, such as, for example, the
following patent documents: US 2 937 504, US 3 068 659,
FR 2 133 683, CH 569 865, FR 2 200 216, FR 2 318 590,

Us 4 444 015, EP 0 470 532, and also the article XP-

003 079414 {1981) by J. Ribesse {(Distrigaz-Belgium)
entitled "Cyclesg de récupération des frigories contenues
dang le gaz naturel liguéfié" [Cvcles for recovering the
frigories contained in liguefied natural gas].

Thoge documents set out eggentially to describe the
principle of energy recovery cycles, and in general they
do not give an example that could constitute a concrete
applicarion.

US patent No. 5 678 411 describes an application
that 1s more precise, with a turbopump used in a device
implementing natural gas evaporation in a heat exchanger
fed with sea water, the turbine providing drive power to
the pump from the partial expansion of the gas vaporized
by the heat exchanger. Nevertheless, the enthalpy of the
gas is gufficient only to obtain an outlet pressure of
3 megapascals (MPa) to 6 MPa. That pressure is too low
for numerous gas pipelines, and in particular for the
Buropean network in which the feed pregsure is close to
g MPa, and can reach 10 MPa in certain applications.

Thig comes from the characteristics of natural gas, which
1s made up essgentially of methane, having its critical
point situated at 4.596 MPa and 180.% kelvins {X). The
enthalpy difference in adiabatic expansion between

15 MPa, 273 K, and 10 MPa {thus close to the critical
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point) is less than the power reguired for compressing
the ligquid from 0.5 MPa to 15 MPa.

To avold that problem, US patent No. 5 649 425 heats
the natural gas upstream from the turbine to above
ambient temperature by means of a burner running on
natural gas and air. Such heating enables more enthalpy
to be recovered in the turbine and thus compensates for
the pumplng energy, but at the price of the economic loss
represented by the gas that is burnt, and also by the
electrical power used in a high pressure pump. That US
patent No. 5 649 425 proposes a second solution: the pump
is a two-stage pump {(or a pump having two groups of
stages) with the entire flow of LNG passing through the
first pump stage, and with a fraction of the main flow
then being raised to a higher pressure, then heated and
vaporized in the heat exchanger to drive the turbine.

The flow of LNG coming from the first stage is used for
auxiliary functions, such as feeding a power station, for
example.

That solution can be used only insofar as the gas
terminal is coupled to a power station to which it can
deliver gas at two pressure levels.

High pressure pumps also present the following
disadvantages:

a) they are driven by non-regulated squirrel-cage
asynchronous motors revolving at relatively low speed
{3000 rpm to 3600 rpm) and they reguire a large nunber of
gstages {typically ten to 20) to achieve the reguire
pressure rise;

b} such a pump arrangement having a large number of
centrifugal stages leads to machines cf large dimensions
{(typically 6 meters (m) tall) that are expensive, heavy,
and bulky, and that are also relatively intolerant to any
increase in the pressure in gas pipelines, should the
need arise;

c) they are limited in flow rate by the power
limitation of such motors (1 megawatt (MW) to 2 MW) and
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they need to be used in parallel in order to deliver gas
at the rate reguired from the terminal; and

d} their motors are not regulated and their gas flow
rate can be servo-controlled only by means of throttle
valves located on the delivery outlet, and that technigue

is very penalizing in terms of electricity consumption.

Object and brief description of the invention

The invention seeks to remedy the above-mentioned
drawbacks and to make it possible to reduce or even
eliminate the electricity consumption of a regasification
LNG terminal.

The invention thus seeks to provide global and
economically viable solutions for regasification LNG
terminals enabling them to reduce or even eliminate
electricity consumption, or possibly even become
producers of electricity, while simultaneocusly remedying
the above-mentioned drawbacks of existing systems. The
invention is also well adapted to particular
configurations in which the terminal is coupled to a
power station using thermal machines, with the heat
losses from the power station being recovered and
transferred to the heat exchangers and evaporators of the
terminal. The invention is also applicable to any
industrial process implementing compression and heating
Lo ambient temperature of a ligquefied gas.

These objects are achieved by a compressor-
evaporator system for liquefied gas contained in a tank,
the gystem comprising extraction and pump means for
extracting and delivering ligquefied gas under low
pressure outside the tank, high pressure pump means,
evaporator means operating by heat exchange with a
liguid, and means for conditioning and transferring gas
to a gas pipeline, the system being characterized in that
it comprises at least one turbomachine constituted by a
motor-driven turbopump comprising a rotary assembly
having very high bending stiffness on a common shaft



—m —m —m ~— @ @ @ @ @ @ @ ™@ o™@ @ & & /& /& /& /&, /&, /s o/, M/, /s M/ M/, /e /e /e e /e e e e e e e e e e e e e e e o

-

10

15

29

30

35

(31) JP 2006-194440 A 2006.7.27

line, with at least one high pressure pump comprising an
axial suction stage and at least one centrifugal wheel, a
turbine, and a central electrical machine capable of
being used in motor mode or in generator mode and
situated between the high pressure pump and the turbine,
said motor-driven turbopump being arranged in compact
manner inglde a rigld casing that pregents static seals
only with the surrounding medium, the rotary assembly of
the motor-driven turbopump being adapted to present a
high speed of rotation, greater than 12,000 rpm, while
remaining outside the excitation ranges of critical
speeds of rotation, all of the internal portions of the
motor-driven turbopump being immersed in a cryvogenic
fiuid that is the same as the liguefied gas contained in
the tank, the internal cavities of the motor-~driven
turbopump that are under different thermodynamic
conditions being separated by contactless dynamic seals,
and electronic power circuits connected to an electricity
network serving to control the central electrical machine
in motor mode or generator nmode.

Advantagecusly, the speed of rotation of the rotary
assembly of the motor-driven turbopump is several tens of
thousands of revolutions per minute {rpm), and preferably
lies in the range 20,000 rpm te 40,000 rpm.

Various embodiments are possible, and in particular,
in accordance with the invention, a motor-driven
turbopump can be implanted either directly on the
delivery line of the terminal, or in parallel between the
cutlet from a high pressure pump and a regasification
heat exchanger.

I'n an advantageous particular embodiment, the system
includes a first heat exchanger and evaporator interposed
between the high pressure pump and the turbine to
compress and to evaporate the liguefied gas used as the
working £iuld in the motor-driven turbopunmp.

The evaporator meansg may comprise said first heat
exchanger and evaporator interposed between the high
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prassure pump and the turbine, and a second heat
exchanger and evaporator disposed between the turbine and
rthe pipeline to be fed.

In a particular embodiment, the high pressure pump
means comprise exclugively the high pressure pump of the
motor-driven turbopump connected in series between the
tank and rhe pipeline.

The system may include a buffer volume disposed at
the inlet to the high presgure pump of the motor-driven
turbopump .

In a particular embodiment, the sgystem further
comprises a condenser with a first circuit interposed
between the outlet of the high presgsure pump of the
notor-driven turbopump and the first heat exchanger and
evaporator, and a second circuit interposed between the
outlet of the turbine of the motor-driven turbopump and
the buffer volume, the second circullb being in heat
exchange with the first circuit to religuefy the gas
leaving sald turbine.

In another particular emboediment, the high presgsure
pump means comprise a motor-driven pump having its inlet
connected to sald extraction and pump means, and having
its outlet connected to a first circuit of a condenser,
the outletf from said filrst circuit being connected to the
inlet of a heat exchanger and evaporator whose outlet is
connected to said pipeline, said buffer volume is in a
branch connection comnected to the outlet of said motor-
driven pump, and the outlet from the turbine of the
motor-driven turbopump is connected to the inlet of a
second circuit of the condenser, the outlet from said
second circuit being connected to saild buffer volume, the
second cilrcuit being in heat exchange with the first
clircuit to religuefy the gas leaving sald furbine.

Advantageously, the means for evaporation by heat
exchange with a ligquid comprige means for introducing and
evacuating a liguid constituted by water at a temperature
that ig not lesgs than ambient temperature.
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Similarly, the first heat exchanger and svaporator
interposed between the high pressure pump and the turbins
includes means for introducing and evacuating a liguid
constituted by water at a temperature that is not less
than ambient temperature.

In a possible enbodiment, the motor-driven turbopump
includes hydrostatic fluid bearings fed with a f£luid in
the licgulid and compressed state that is the same as the
fiuid available from the outlet of the high pressure pump
of the motor-driven turbopump.

The motor-driven turbopump may also include an
active hydraulic device for balancing awxial forces, which
device ig fed with a fiuld in the liquid and compressed
state that is the gsame as the fluid availakle from the
ocutlet of the high pressure pump of the motor-driven
turbopump .

In a variant embodiment, the motor-driven turbopump
includes an axial fluid abutment fed with a fiuid in the
liquid and compressed state that is the same as the fluid
avalilable from the outlet of the high pressure pump of
the motor-driven turbopump.

In another possible embodiment, the motor-driven
turbopump includes active magneiic bearings and may also
include a magnetic axial abutment.

In yet another possible embodiment, the motor-driven
turbopump includes high speed ball bearings with ceramic
balls.

Advantagecusly, the turbine of the motor-driven
turbopump comprises a rotor of high-strength titanium
alloy of the TA6 V ELI cor TAS E ELI type or of light
alloy of the aluminum-lithium type.

Similarly, the hich pressure pump of the motor-
driven turbopump compriges one or more impellers of high-
strength titanium alloy of the TA6 V ELI or TAS E EBLI
tyvpe or of light alloy of the aluminum-~lithium type.

In a particular embodiment, the central electrical

machine of the motor-driven LTurbopump comprises a
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permanent magnet rotor, the electronic power circult
delivering power abt a fregquency synchronous with the
speed of rotation and at variable voltage in motor mode,
and converting the variable voltage that is created in
generator mode into a rectified constant voltage.

In another particular embodiment, the central
alectrical machine of the motor-driven turbopump has a
one-piece rotor with an excitation coil fed by a rotary
transformer and a rectifier diode bridge for regulating
the excitation of the electrical machine and for
providing a constant voltage in generator mode and
controlled torgue in motor mode.

In yvet ancother particular embodiment, the central
elaectrical machine cf the motor-driven turbopump includes
a sguirrel-cage rotor, the electronic power circuit
delivering power at variable voltage and freguency in
motor mode and converting the variable voltage that is
created in generator mode into a rectified constant

voltage.

Brief description of the drawings

Other characteristics and advantages of the
invention appear from the following description of
particular embodiments of the invention given as
axamples, with reference to the accompanying drawings, in
which:

- Figures 1 to 4 are overall diagrammatic views of a
compressor-evaporator system for liguefied gas
respectively in first, second, third, and fourth
embodiments of the invention:;

~ Plgure 5 is a diagrammatic axial section view of
an example of a motor-driven turbopump that can be used
in a liguefied gas compressor-evaporator system in
accordance with the invention;

- Figure 6§ is a diagrammatic axial section view

showing an example of a central electrical machine
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suitable for use with a motor-driven turbopump in
accordance with the invention;

~ Figure 7 is a diagrammatic view showing the
circulation of fluids in a motor-driven turbopump used in
the context of the embodiment of Figure 1;

~ Figure 8 is a diagrammatic view showing the
circulation of fluids in a motor-driven turbopump used in
the context of the embodiments of Figures 2, 3, and 4;

- Pigure 9 is a block diagram showing the main
modules constituting the electronic power circuits for
controlling the central electrical machine of a motor-
driven turbopump used in the context of the present
invention; and

- Figure 10 ig a diagrammatic view of an example of

a prior art liquefied gas compressor-evaporator system.

Detailed description of particular embodiments

The invention applies in particular to a
regasification terminal for LNG and seeks to reduce or
even eliminate the electricity consumption of such a
terminal by implementing a specific turbomachine referred
to as a motor-driven turbopump (or MTP) suitable for
application to various energy recovery cycles.

The invention relates Lo a compressor-evaporator
system for liguefied gas which further comprises
conventional means implemented to compress and heat and
evacuate liquefied gas, i.e.: extraction and centrifugal
pump means for delivering liguid gas at low pressure
outside the tank; high pressure pump means and means for
evaporation by heat exchange with water at ambient
cemperature or with hot water; and means for conditioning
and transferring gas to a gas pipeline.

The compressor-evaporator system of the invention
includes additional means comprising at least one
specific turbomachine associated with one or more heat
exchangers and with fluid flow and control eguipment for
recovering energy in thermal or electrical form. The
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additional turbomachine may be implanted either directly
onn the delivery line from the terminal going from the
liquefied gas tank and leading to the pipeline, or in a
parallel branch connection between the ocutlet from a high
pressure motor-driven pump and a regasification heat
exchanger.

The additional turbomachine or motor-driven
turbopurmp combines, on & single shaft line: a pump 26; an
electrical machine 11 that can be used in motor mode or
in generator and that can be referred to equally well as
an alternator; and a turbine 29; the electrical machine
11 being disposed centrally between the pump 26 and the
rturbine 29 (Figure 5).

The motor~driven turbopump is designed to be capable
of rotating at a speed that is very much higher than the
speed of conventional high-pressure motor-driven pumps.
The speed of rotation of a motor-driven turbopump is thus
greater than 12,000 rpm and may advantageously be as high
ag several tens of thousands of reveolutions per minute,
typically lving in the range 20,000 rpm to 40,000 rpm,
where the speed merely needs to lie outsgide the
excitation ranges for critical speeds of the motor-driven
turbopump .

The motor-driven turbopump with its central
electrical machine 11 comprises a rotary assembly having
very great stiffness in bending on a common shaft line
and it is arranged in compact manner ingide a rigid
casging 25 that presents static seals only with the
ambient medium (Figure 5).

All of the internal portions of the motor-driven
turbopump are immersed in a common cryogenic fluid in
liquid or gaseous form coming from the tank of liguefied
gas to be evaporated or of the same nature.

The pump portion 26 comprises an axial suction stage
41 adjacent to a first centrifugal wheel 42. One or more
centrifugal wheels may be added to the first centrifugal
wheel 42, where necegsary. A vaned diffuser 43a and a
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volute 43k or a vaned diffuser and a return channel sgerve
to recover the kinetic energy of the fluild at the outlet
from each centrifugal wheel. The successive centrifugal
wheels are thus fed by the return channels. The pump 2%
compregsges the liguid gas introduced into the axial
suction stage.

The turbine 29 comprises a pressurized gag inlet
manifold 46, a vaned nozzle 47 for bringing the gas up to
speed, and a rotor 48 for transforming the kinetic energy
of the gas into mechanical energy.

By way of example, the turbine 29 may be of the
total admission axial type, in a one- or two-stage
application, and it may be supersonic, transonic, or
subsonic.

The turbine 29 may also be of the single-stage
centripetal type.

The central electrical machine 11, which may also be
referred to as an alternator, can operate in motor modse
to deliver the additional power needed to enable the pump
26 to operate properly. The electrical machine 11 can
also operate in generator mode to deliver any excess
energy in the turbine-pump balance in the form of
electricity. The electrical machine 11 18 connected to
electronic power circuits 12 which are connected to an
electricity network 13 for controlling the electrical
machine in motor mode or in generator mode (Figures 1 o
4 and 2.

The electrical machine 1! comprises a stator
magnetic circult 22 and stator colils 23 (Figures 5 and
&) .

tThe electrical machine 11 further comprises a rotor
20 presenting a peripheral speed that ig high, typically
of the order of 250 meters per second (m/fs). The rotor
20 thus needs £o be made using a technology that is
compatible with such a speed of rotation. By way of
example, the rotor 20 may be constituted by a laminated
gguirrel-vage rotor. Under guch circumstances, the
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electronic circuits 12 deliver power at variable voltage
and freguency in motor mode and, in generator mode,
convert the varying voltage from the machine into a
rectified constant voltage.

The rotor 20 secured to a shaft 38 may
advantageously be made, as ghown in Filgure &, in the form
of a one-pilece high-gtrength steel rotor with an
excitation coil 21 fed by a rotary transformer 37
assoclated with rectifier diodes 30 80 as to regulate the
excitation of the machine and provide a constant voltage
in generator mode and a contrcelled torgue in motor mode.

The rotor 20 may alsgo have permanent magnets for
providing power at a freguency that is gynchronous with
the speed of rotation and at a voltage that varieg in
motor mode, and for converting the varyving voltage
delivered by the machine in generator mode into a
rectified constant voltage.

By integrating the electrical machine 11 on a common
shaft 2 between the pump 26 and the turkine 29, a rotary
assembly 1s obtained that presents a hich level of
bending stiffness, thus enabling the motor-driven
turbopump to operate below its critical speed in bending
up to a high speed of rotation cof the order of geveral
tens of thousands of revolutions per minute.

Advantageously, the rotor 48 of the turbine 29 and
the impellers 41, 42 of the pump 26 are made of high-
strength titanium alioy, e.g. of the TAs V ELI or TAS E
ELY type, or of light alloy, e.g. of the aluminum-lithium
type. Such use of alloys having a high value for the
ratio of elastic limit over density makes it possible to
produce a one-piece motor-driven turbopump that is very
compact because even with a delivery pressure of 10 MPa
to 20 MPa, the rotary slementg retaln good mechanical
strength and the number of stages can be greatly reduced,

both in the pump and in the tfturbine.
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The rotary assembly of the motor-driven turbopunp
can be supported by two hydrostatic fluid bearings 31
(Figure 5}.

When the motor-driven turbopump ig fitted with £luid
bearings 31, dvnamic seals 28 can be disposed between the
pumny 26, the fluid bearing 31 gituated beside the pump
26, between gaid fluid bearing 321 situated beside the
pump 26 and the elactriecal machine 11, between the
electrical machine 11 and the fluid bearing 31 situated
beside the turbine 29, and between sald f£luid bearing 31
gituated becide the turbine 29 and the turbine 2§.

The caging 2% of the motor-driven turbopump is
compact, very rigid, and, relative to the ambient medium,
presents seals that are static only. The casing 25 ig
designed to minimize thermal losses between the turbine
29 and the pump 26 while still keeping the bearings in
alignment .

A rolling bearing 44 could optionazlly be provided to
act as an emergency bearing and as an axial rotary
abutment that acts during the appearance of transients in
the metor-driven turbopump so as to take up forces,
particularly when the speed of rotation is too small for
the pressures available in the motor-driven turbopump to
enable forces £o be balanced, or else in the event of a
breakdown.

Nevertheless, it should be observed that all of the
internal portions of the motor-driven turbopump are
immnersed in the same cryogenic fluld in liguid or gasecus
form, with the contactless dynamic sealsg 28 separating
the internal cavities that are under different
thermodynamic conditions.

The dynamic sealing barriers 28 may be made up of
labyrinth seals or simple floating ring seals, or of
pairs of labyrinth seals or floating ring seals with
leakage recovery so as to confine the fluids in each of

the internal cavities of the motor-driven turbopump.
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The fluid bearings 31 are fed with liguid under high
praegssure taken downgtream from the last centrifugal wheel
of the pump 26.

The last centrifugal wheeli{s) 42 of the pump Z& and
the facing stator portion are of ghapes that are designed
in such a manner as %o form one or two fluid flow
constrictions 4%, these constrictions being of section
that ig variable depending on the relative position
between the rotor and the stateor of the pump 26 and
constituting an axial balancer device enabling the local
pregssure field that c¢pposes the regultant of the axial
forces on the rotary assembly to be modified.

The internal ducts and the architecture of the
motor-driven turbopump are designed in such a manner as
to optimize the recirculation needed for feeding the
fluid bearings 31, and the axial balancer device 49,
while also cooling the electrical machine 11 and the
evacuation of fluid to the pump inlet or to the circult
downstream from the furbine 29.

Where appropriate, the active axial halancer device
49 may be replaced by a fluid abutment fed with high
pressure from the pump 26.

The £luid bearing 31, and where appropriate the
fluid abutment, can bhe fed from an additional external
source of the zame fluid in the liguid and compressed
state as the liquefied fluid coming from a main tank and
that is to feed a pipeline. When the main fluid is LNG,
the additional external source may be, for example, a
regasification LNG terminal that has pressurized liguid
natural gas available. The fluid bearings 31 can be fed
from the additional external scurce either permanently,
or else only during trangient coperating stages of the
motor-driven turbopunmp.

The electrical machine 11 can bhe cooled for example
by circulating gas taken from the inlet of the turbine 29
and expanded to a pressure slightly greater than the
pressure of the evacuation circult, so ag to maintain the
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fluid in a thermodynamic state that is gaseous or
slilghtly two-phase. Thisg selection is intended to
minimize logses by viscous friction in the aivgap.

As mentioned above, the hydraulic balancer device 49
and the fluld bearings 31 are fed directly with liguid
natural gas taken from the high pressure portion of the
pump 26 via internal recirculabtions. The fluid bearings
31 may also be fed continuously from high pressure liguid
or gas sources avallable at tvhe terminal, or they may be
fed from such sources merely before and during transient
stages so long as the pressure delivered by the pump 26
is not sufficient.

The architecture proposed for the ﬁot@r—dziven
turbopump makes it posgible to condition all of its
internal volumes with natural gas in liguid or vapor form
so that its seals relative fo the external surrcundings
are purely static. The pump 26, the fluid bearings 31
and possibly also the electrical machine 11 are in a
liguid environment, while the other internal volumes are
in a gageous environment, Each cavity presenting a
different pressure or a different guality of {luid
kbetween adjacent cavities ig confined by the dynamic
seals 28 implemented as labyrinth type geals or as
floating ring type seals, thereby minimizing leaks and
ensuring that the machine doeg not suffer wear by
friction contact. The dynamic zeals 28 are mounted
singly or in palrs, depending on regquirements, and when
in pairs, the low pressure leaks are collected between
each pair of gealing seals and wherever pogssible
evacuated to downstream from the turbine 29 or
reincorporated to the inlet of the pump 26,

In & variant, the electrical machine 11 may be
cooled by circulating a £fluid in the liguid phase. Under
such circumstances, since the electrical machine is
operated in a temperature environment of less than 150 K,

itg performance ig improved. The stator of the
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electrical machine 11 is then lined in such a manner as
to minimize liguid friction losses in the airgap.

In ancther possgsible embodiment, the hvdrostatic
fluid bearings 31 can be replaced by active magnetic
bearings. Such bearings are completely ingsensitive to
wear and thus give the motor-driven bturbopump a very long
lifetime,

Under such cilrcumstances, the hydraulic device 49
for balancing the axial forces acting on the rotary
assembly of the motor-driven turbopump can also be
replaced by an active axial magnetic abutment.

For an application to NG and when the motor-driven
turbepump is fitted with magnetic bearings, the active
magnetic bearings and the electrical machine 11 is
conditionad in natural gas in the liguid or gasecus
state, and the dynamic seals 28 are reduced to Lwo, one
situeated between the pump 26 and the bearing situated
beside the pump 24, and the cther between the turbine 29
and the bearing situated beside the turbine 29.

With fluid bearings or magnetic bearings that
present particularly low bearing stiffnesses, it is
possible to have a gpead of rotation in stabllized normal
operation that is gituated, for example, between the
first two modes of the bearings and the first critical
speed in bending of the rotary assembly.

In the motor-driven turbopump of the invention, the
pump 26 is used for compressing a liquid £luid at low
temperature, such as ligquefied natural gas, and the
curbine 29 provides mechanical energy to the pump 26 by
expanding the same fluid when in the gaseous state,

The electrical machine 11 provides additional
mechanical energy to the pump 26 if the turbine 29 does
not provide enough, or on the contrary it evacuates the
excess energy from the turbine 2% bv producing electrical
power .

Ag shown in Figure 9, the electrical machine 11 is

controlled in motor mode or in generator mode by
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electronic power circuits 12 connected to an electricity
network 13 of freguency £ and of nominal voltage U that
are determined.

The electronic circuits 12 may comprise a rectifier
51, a voltage converter 52, and an inverter 53 interposed
between the electrical machine 11 and the electrical
power supply network 13.

The get of circulits 12 serves to manage power
transfer in both directions from the motor-driven
turbopump to the network 13 when operating in generator
mode, and from the netweork 13 to the motor-driven
turbopump when operating in motor mode. Circults 55
servo-control the torgue and the speed of rotation of the
electrical machine 11 and are connected to the machine,
0o the rectifier 51, and to the veltage converter 52.

The electronic power circuits 12 also include circuits 54
for controlling varicus valves associated with the motor-
driven turbopumnp.

The motor-driven burbopump can be operated at an
appropriate speed regardless of the energy balance
between the pump 26 and the fTurbine 29: when the balance
is in favor of the turbine 29, the electronic circuits
divert excess power to the local network 13 by adapting
its voltage and freguency characteristics, and conversely
they deliver the appropriate frequency and voltage
characteristics to the motor 11 in the event of the pump
26 reguiring more power that is available from the
turbine 29. The device is thus entirely capable of
contrelling transients on starting or stopping the motor-
driven turbopump and of ensuring that the system operates
properly. The electronic circuits are adapted to the
particular technology chosen for the electrical machine
1l

When the electrical machine 11 is of the variable
excitation tvpe, then the electronic circuits can be very
aimple. The constant voltage delivered at the outler of
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the electrical machine 11 enableg the voltage converter
module 52 to be omitbted.

When the electrical machine 11 is of the sguirrel-
cage or permanent magnet type, the voltage converter
module B2 is necessary and a rotor position sensor is
also necessary for controlling phasing in motor mode or
in generator mode.

There follows a description with reference to
Figures 1 to 4 of an application of the above-described
motor-driven turbopump to various types oif cycles for
recovering energy from a regasification terminal having a
ligquefied gas tank 1 with a low pressure motor-driven
pump 2 installed therein to deliver liquefied gas to the
inlet of a high pressure pump via a line 170 (Figures 1,
3, and 4), or 170, 170a {(Figure 2).

For the c¢ycle shown in Figure 1, the single high-
pressure motor-driven pump used is constituted by the
high~pressure pump 26 of the motor-driven turbopump 5 as
described above. The pump 26 is then designed to deliver
pressure higher than the pressure needed for feeding the
gas pipeline 200. The gas coming from the tank 1, after
being vaporized and heated to ambient temperature in a
first heat exchanger and evaporator 4, can thus be
expanded in the turbine 29 down to the inlet pressure for
the pipeline 200, thereby delivering mechanical energy
which reduces the energy that the electric motor il needs
to supply for driving the pump 26, since the change in
enthalpy per pressure unit in the gaseous state is
greater than that in the liquid state.

The gas delivered by the turbkine 29 iz at a
temperature below ambient so it needs to be subjected to
additional heating by passing through a second heat
exchanger 4' operating with water at ambient temperature
{sea water or river water), delivered by a circuit 174"
and evacuated by a c¢ircuir 175,

It is possible to introduce hot water into the
circuit 174 for introducing water to the first heat
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exchanger and evapcrator 4, e.g. water at a temperature
of about 40°C to 50°C, cbtained by recovering heat losses
from nearby plant producing electricity or from some
other co-generation source, s0 as Lo increase the
temperature at the inlet te the turbine 29, with the ho:
water belng evacuated normally from the heat exchanger
and evaporator 4 by the water evacuation circuig 175,
When using hot water, the second heat exchanger 4°
situated downstream from the turbine 29 can be omitted
and the energy produced by the turbine 29 is greatly
incressed. Such a configuration makes it possible for
the energy delivered by the turbine 29 to supply all of
the energy reguired for pumping, and even to provide a
positive balance enabling the alternator 11 to operate as
a generator.

In Pigure 1, there can be seen a regulation valve V1
gituated on the delivery line 171 from the high preassure
pump 246 leading to the inlet of the heat exchanger and
evaporator 4. The outlet from the heat exchanger and
evaporator 4 is connected by a line 172 £o the inlet of
the turbine 29. The outlet of the turbine 29 ig
connected by a line 176 to the inlet of the second heat
exchanger and evaporator 4'. The outlet therefrom 1is
connacted tc a line 177 leading to the pipeline 200 and
having a valve V2 gituated therein for isolating the
pipeline from the compressor-evaporator system
constituting a pressure regulator.

A valve V3 ig situated in a cooling line 173
connected in parallel to the outleit from the high
pressure pump 26 and returning to the tank 1.

In the embodiment shown in Figure 1, the motor-
driven turbopump % is alwavs associated with a first heat
exchanger and evaporator 4 situated upstream from the
turbine 2% and downstream from the pump 26, and where
appropriate it ig also associated with a second heat
exchanger and evaporator 4° situated downgitream from the
turbine 2%.
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The embodiment of Figure 1 makez it possible to
avold installing a complex system for distributing flows
to each turbine 29 of a motor-driven turbopump 5. There
ig no need to prowvide the high pressure pump 26 with
eguipment for cooling or recycling in addition to the
egquipment that already exists. On the contrary, the
pragence of the electronic power regulation circulits 12
enables the gpeed of the motor-driven turbopump 5 to be
regulated sgo that, where appropriate, the regulation
valve V1 situated at the delivery from the high pressure
pump 26 to the line 171 can be omitted.

Pigure 7 shows the arrangement of the various
components and the paths followed by the flows inside a
moter-driven turbopump 5 implemented in the context of
the application shown in Figure 1.

In Figure 7, it can be seen that the dynamic seals
form double barriers 28a, 28b and define cavities 27
between dynamic seals from which leaks through the
dynamic seals can be collected via a line 63 which then
reinjects the fluid recovered from the cavities 27 into
the inlet of the HPF pump 26.

In Figure 7, reference 60 designates a line feeding
the fluid bearings 31 with natural gas in the liguid
state taken from the outlet of the last centrifugal wheel
of the pump 26, or where appropriate, taken directly from
a high pressure ligquid line of the terminal in which the
tank 1 is located. The rate at which the fiuid bearings
31 are fed 1s determined by calibrated orifices 64. The
liguid natural gas is collected at low pressure from the
cutliet of the fluid bearings and 1s reinidected to the
inlet of the pump 26 by a line 61.

The cooling flow of the electrical machine 11 is
taken from the inlet to the turbine 29, expanded through
a calibrated orifice 64', and subjected to additional
expansion through a second calibrated orifice 64"
situated at the outlet from the electrical machine 11
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prior to being reinjected by a line 62a into the inlet of
the pump 24.

Pigure 7 also shows a three-port valve Vi5 situated
in the circuit 173 for cooling the fluid bearings 31.

The fluld bearings 21 can be fed and the electrical
machine 11 can be coocled via ducts pilerced through the
casings of the motor-driven turbopump or via external
pipework.

When a hydraulic device 4% is used for balancing the
axial forces exerted on the rotary assembly of the motor-
driven turbopump 5, that device is provided with
calibration devices on the flow traveling over the back
of the balancing plate for the purpose of adapting the
pressure field so as to cancel the resultant of the
forces.

Figure 2 shows another example of an energy recovery
gycle in which, as in the coyele of Figure 1, a
conventiconal high pressure motor-driven pump 303 of a
terminal {as shown in Figure 10) is replaced by a motor-
driven turbopump 5. However, in the Figure 2 embodiment,
the pressure at the outlet from the high pressure pump 26
of the motor-driven turbopump 5 is not increased. A
fraction of the f£luid flow passing through the pump 26 is
taken from the outlet of the heat exchanger and
evaporator 4 and conveved via a line 172 fitted with an
igolator valve V4 to the turbine 29 in order to be
expanded to low pressure in saild turbine 29 prior to
being evacuated via a line 176 in order to pass through
another heat exchanger 6 acting as a condenser. The
religquefied fluid from the circuit 6b of the heat
exchanger and condenser 6 is reinjected in liguid forxrm by
a line 182 fitted with an isolator valve V5 into a volume
7 that serves to eliminate any bubbleg that might remain
in the condensate and that is situated at the inlet to
the high pressure pump 26.

The main flow of liguefied gas taken by the HPF pump

26 from the line 170a connecting it to the volume 7 flows
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on leaving sald pump in & line 171 fitted with a
regulation valve V1 and passes through a cirzcult 6a of
the condenser 6. The outlet flow from the circuit 6a of
the condenser 6 is taken by a line 178 fitted with an
igolator valve VE to the inlet of the heat exchanger 4
using water at amblent temperature {(introduced via the
circuit 174 and evacuated by the circuit 175). The flow
of liguid passing through the circuit 6a of the condenser
6 acts as a cold source enabling the circult 6 to
condense the fluid flowing in the line 176 at the outlet
from the turbine 29.

As in the embodiment of Figure 1, it is possible to
couple the circult 174 from the heat exchanger 4 for
heating to ambient temperature to a source cf hot water
of the co-generation type in order to increase the
temperature at the inlet to the turbine 29 and thus
increase the energy recovered in the turbine.

At the outlet from the circuit 6a of the condenser
6, a line 177 having a cooling valve V3b gerves to feed a
cooling circuit.

The outlet from the heat exchanger and evaporator 4
is connected by a line 179 fitted with an isolation valve
V2 to a gas pipeline 200.

Valves V4 and V3 serve to isolate the circuit
comprising the turbine 22 and the condenser 6. The valve
V4 gituated in the line 172 also makes it possible to
regulate the flow of filuid conveyed to the turbine 29,

It should be cbserved that the reincorporator of the
terminal {(not shown in the diagrams) for the purpose of
reintroducing a small guantity of recompressed evaporated
natural gas, known as "boll-off gas”®, into the feed line
of an HP pump could also be used to replace the buffer
volume 7.

In order to ensure satisfactory starting conditions
for the HP pump 26, the cold fiuid side of the condenser
6 must initially be cooled to the temperature of ligquid

natural gas. The HP pump portion 26 is aiso cooled by a
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fluid flow that is established by opening the valve V3b,
while the valve V6 is closed so as to isolate the
evaporator 6 {cf. Figure 2). The motor-driven turbopump
5 is started by the alternator 11 operating in motor mode
under the control of the electronic circuit 12, thus
serving Lo cause pressure Lo rise progressively. The
valves V4 and VbH are opened progressively in order to
drive the turbine 29. The flow conveyed to the turbine
29 is regulated by the valve V4 which also acts as a
regulation valve. When stopping the pump, the valve V4
can be cleosed in order to stop feeding the turbine 29,
aftrer which the motor 11 can be stopped.

The presence of electronic cilrcuits 12 for
controlling and regulating the motor-driven turbopump 5
makes 1t possible to envisage omitting the regulation
valve V1 situated in the delivery from the HP pump 26.

The assembly comprising the motor-driven turbopump 5
and the condenser 6 can advantageously be grouped
together on a common platform so as to minimize the
ligquid transfer line and simplify isolation of cold zones
{thermal lagging or cold boxes).

Figure 3 shows another example of a cycle
implementing a motor-driven turbopump 105 in accordance
with the invention.

In this embodiment shown in Figure 3, a conventiocnal
high pressure motor-driven pump 103 analogous to the
motor-driven pump 303 of Figure 10 continues to be used,
comprising a high pressure pump 103a driven by a motor
103b that may be a conventional electric motor.

In the embodiment of Figure 3, which includesg a
motor-driven pump 103 of an existing terminal, a low head
logs regulation valve V7 is inserted in the high pressure
line 184, 186 connecting the outlet line 171 from the
high pressure pump 103a to a conventional heat exchanger
and evaporator 104 whoge outlet isg connected to a gas
pipeline 200 via a line 187 that is fitted with an
isolation valve V2. The heat exchanger and evaporator
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104 comprises in conventional mannser a wabter inlet
circuit 174 and a water outlet circuilt 175.

In parallel with the line 184 fitted with the low
head logs regulation valve V7, a line 18% algo fitted
with a regulation valve V8 is connected fo a circuit 1l06a
of a condenser 106, with the outlet from the circuit 106a
being connected to the inlet line 186 of the heat
exchanger and evaporater 104.

The function of the wvalves V7 and V8 ig to regulate
the flow 0f ligquefied gas taken to the circuit 106a of
the condenser 106.

The valve V8 alsc makes it possible to isclate the
condenser 106 from the emission circuit of the terminal
and it is used for setting up the energy recovery loop.
If the terminal cannot accept any additional head loss on
the emiggicon line 171, it is possible to replace the
valve V7 by a circulator pump implanted in the line 18%
leading to the condenser 106, with the flow rate through
the condenser then being regulated by contrelling the
valve V8 and/or the circulator pump.

In the embodiment of Figure 3, the energy recovery
loop includes a motor-driven turbopump 105% of the above-
degcribed type, a heat exchanger and evaporater 108 using
hot water or water at ambient temperature, the "hot”
circulit 106b or compariment of the condenser 106 and a
uffer volume 107 situated upstream from the pump 24, the
pipework for transferring f£luid, and the various valves
for ensuring that the loop operates properly. The
recovery loop operates in a cleosed cycle,

The fluid introduced into the energy recovery loop
is taken from the emigsion line of the terminal,
dovmstream from the high pressure pump 103a by means of a
line 183 fitted with a valve V9 that feeds the volume
107.

The heat exchanger and evaporator 108 possaesses a
circuit 174" for feeding it with water at ambient

temperature or at a slightly higher temperature delivered
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hy a co-generation source that is available nearby, with
the water being evacuated by a circuit 175".

The fluid delivered by the volume 107 through the
line 107b is admitted as a liguid to the inlet of the
pump 26 of the motor-driven turbopump 105, is pressurized
by said pump 26, and then vaporized and reheated in the
water heat exchanger 108 to ambient temperature or to a
higher temperature if hot water is used at the inlet 174"
of the heat exchanger and evaporator 108. The fluid
flowing in the lines 122, 1923 is then sxpanded in the
turbine 29 where it delivers more mechanical energy than
is required for pumping purposes. The f£luid leaving the
rurbine 29 via the lines 176, 185 is then liquefied at
low pressure in the circuit 106b of the condenser 106 and
ig then recycled by & line 196 into the volume 107 placed
at the inlet to the pump 26.

The excess mechanical energy is transformed into
electricity by the electrical machine 11 operating in
generator mode and it can be delivered to the terminal or
to the local electricity network.

In the embodiment of Figure 3, the implementation of
the energy recovery loop essentially comprising the
motor-driven turbopump 105, the heat exchanger and
evaporator 108, and the condenser 106 can be as follows:

The terminal in which the tank 1 1s situated
operates conventicnally without recovering energy, while
the valve V7 is open and the valve V8 iz closed. To
enable the energy recovery loop to operate, the first
step consists in activating the valves V7 and V8 so as to
astablish a flow of liguld natural gas through the cold
compartment 106a of the condenser 106, the valve V8 being
opened slowly as to ensure that the condenser 106 cools
progressively.

The following step consigts in £filling the energy
recovery locp by opening for natural gas the valve V9,
while the valve V11 situated in the line 189 at the inlet
to the heat exchanger 108 is closed and the valve V10



T T e T e T e T e T e O e O e O s O e, O e, O e B e, O e, T s R e R e N e T e T e T e T e T e T e T e T e T e T e T e T e T e B e B e B e T e T e T e B e T s T e B e D e T e B

O

140

15

20

25

30

35

(52) JP 2006-194440 A 2006.7.27

28

situated in the line 191 is open. The evaporation that
results from cooling ig evacuated to the collection
circuit for cooling the terminal, the valve V9 being
closed again if the pressure in the volume becomes too
great. When there is enough liguid in the volume 107,
the motor-driven turbopump 10% can be activated in motor
mode, pumping at very low speed so as to establish liguid
circulation through the pump. During this period, the
leaks from the fluld bearings 31 are collected and
evacuated via a three-port valve V15 (see Figure 8) to a
low preggure collector circult s0 as Lo establish fluid
flow through the bearings and thus cool them. At the end
of this secuence, the pump portions and the bearings of
the motor-driven turbopump 105, and alsc the hot
compartment 106b of the condenser 106 are at liguid gas
temperature, and the puffer volume 107 is filled with a
gquanticy of liguid that is sufficient o ensure proper
operation of the loop. The valve V9 is then closed as is
the valve V15 for evacuating bearing leaks to the
rerminal, and the loop iz again isolated from gas
emission.

The third step congists in starting the motor-driven
turbopump 105 in motor mode using the electronic circuits
12, the wvalve V11 being open and the valve V1{ closed so
as to feed the turbine 29, which takes over progressively
from the motor and goes on to deliver ensergy in excess of
the needs of the pump 26, enabling the machine to switch
into generator mode,

The energy recovery loop possesses a bypass valve
V12 in the line 190 for bypassing the hsat exchanger and
evaporator 108 so as to enable the temperature at the
inlat to the turbine 29 to be adjusted and consegquently
adijust the temperature at the outlet from the condenser
106, and it also includes a valve V13 bvpassing the
turbine 29 to divert all or some of the flow to a line
124, making it possible for the motor-driven turbopump
105 to be stopped in an emergency in the svent of the
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generator or its electronics breaking down, and if
necessary making it possible to regulate the speed of the
motor-driven turbopump 105. Advantageously, the
electronic power circults can also serve to regulate the
speed of the motor-driven turbopump 105 without prejudice
to performance since in this configuration the entire
pump flow passes through the turbine 29,

The loop is stopped by closing the valve V11 and
opening the valve V10, with the turbine 29 of the motor-
driven turbopump 105 then being fed only by the volume of
gas contained in the heat exchanger and evaporator 108
and the line upstream therefore stopping progressively.
If an emergency stop is necessary, it can be activated by
opening the valve V13.

The porticn 26 of the motor-driven turbopump 105,
and the buffer volume 107, the condenser 106, and the
ligquid lines are contained in a cold box or lagged so as
to avoid heat losgses and sc¢ as to enable the recovery
loop to be paused while full of f£luid but not in
operation. Advantagecusly, the volume 107, the motor-
driven turbopump 105, the condenser 106, and the valve
equipments can be integrated in a common platform.

Figure 4 shows yet another example of a cycle
implementing a motor-driven turbopump 105 in accordance
with the invention.

The solution shown in Figure 4 uses the same
principle as that described with reference to Figure 5,
while avolding the usge of an additional water heat
exchanger such as the heat exchanger 108 in Figure 3.

Ag in the preceding embodiment, a fraction of the
liquefied gas delivered by the terminal from a tank 1 is
taken from the outlet of a traditional high pressure pump
103a upstream from a conventional evaporator 104 in order
to be directed to a condenser 106 that ig to act as a
cold source in an open energy recovery coycle using the
same natural gas as that of the terminal.
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In the embodiment of Figure 4, a fraction of the
natural gas is taken from the outlet from the
conventrional heat exchanger and evaporator 104 of a
terninal to be expanded in the turbine 29 of the motor-
driven turbopump 105 from which the expanded gas then
paagses through the circuit 106b of the condenser 106 in
order to be liquefied and then, after bheling reintroduced
into the volume 107, to flow into the line 170b and be
pregesurized while in ligquid from by the pump 26 of the
motor-driven turbopump 105 and subsequently be reinjected
by the line 200 and the igolation valve V14 elither into
the main flow from the terminal at the inlet of the heat
exchanger and evaporator 104, or possibly into the flow
taken from the pump 103a and acting as a cold source for
the circuilt 106a of the condenser 106. If the flow is
fed to the condenser, then the pump 26 of the moter-
driven turbopunmp 105 must deliver the same high pressure
as the high pressure pump 103a of the terminal.

Ags degcribed above, the solution presented in
Figure 4 differs from that of Figure 3 by using the heat
exchanger and evaporators 104 of the terminal for the
energy recovery loop. It can easily be applied to an
existing terminal by creating, in addition to the above
modifications to the high pressure line (branch
connection, valves V7 and v8), two additional interfaces,
the first upstream from the heat exchanger and
evaporators 104 to reintroduce the liquid natural gas
coming from the motor-driven turbopump 105, and the
second downstream from the same evaporators 104 tce feed
the turbine 29 of the motor-driven turbopump 105. The
recovery loop then comprises the condenser 106, the
motor-driven turbopump 105, and the upstream volume 107,
together with the pipework and the valves shown in
Figure 4, and justified by the above-described
implementation.

Wnen implementing the embodiment of Figure 4, as for
the embodiment of Flgure 3, the first step consists in
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activating the valves V7, V& ia corder to feed the circuit
106a of the condenser 106 with cold fluid.

The circuit compriging the buffer volume 107, the
motor-driven turbopump 105, the pump portion 103a, and
the circuit 106b of the condenser 106 (hot side) is
filled by opening the valve V2, the valves V4 and V14
being closed and the valve V10b in the line 198 heing
open. As above, the alternator 11 is set into operation
at very low gpead in motor mode so as to allow the pump
26 to be used ag a fluld circulating pump and so as to
co0l down the "ligquid® portiocon of the loop. During this
stage, leaks from the fluid bearings 31 are evacuated as
above via the valve V15 to a low presgure collecting
circuit of the terminal,

When the circuitg have been cooled sufficiently and
the buffer volume 107 presents a sufficient guentity of
liguid to enable the pump 26 to operate properly, the
valves Vi0b and V9 are closed and the valve V4 at the
inlet to the turbine 29 is opened progressively, and the
electrical machine 11 is activated in motor mode
simultaneously in order to set the pump 26 into
operation. The electrical machine 11 passes into
generatcor mode as soon as the power delivered by the
turbine 29 makes that possible, and the wvalve V14 is
openad when the pregsure at the outlet from the pump 26
reachas the pressure existing at the inlet of the
evaporators 104 of the terminal.

While operating in a loop, the temperature at the
inlet to the turbine 29 can be adjusted by acting on the
extent to which the wvalve V1i2b in the line 199 is open.
The speed of rotation of the motor-driven turbopump 105
iz regulated by the electyonic contrel circuifs.

The recovery loop is stopped by closing the valve V4
feeding the turbine 29, and closing the valive V14 so as
o prevent high pressure liguid flowing in the reverse
direction through the pump 26 via the line 137. Unlike
the above-description solution, once the wvalve V4 has
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hean closed, there is no large volume of gas trapped
upstream from the turbine 29, go there ig no need to have
a bypasg around the turbine 29 for an emergency stop.

The buffer volume 107 is fitted with valve gystems
enabling the loop to he emptied and enabling excess gas
te be evacuated towards the collector circuit of the
terminal.

The golution of Figure 4 lends itself well to a
configuration in which the condenser 106, the motor-
driven turbopump 105, the veolume 107, and the liguid-
conveying eqguipment are integrated in a common platform,

Figure 8 shows how the various components of the
motor-driven turbopump 5 or 105 and the flows therein are
organized in the applications as described above with
reference to Flgures 2 to 4.

In Figure 8, unlike the diagram of Pigure 7
applicable to the embodiment of Figure 1, it ¢an be seen
that the leaks collected from the dynamic seals Z8a, Z8b
and from coocling the alternator via the line 62b are
evacuated via the line 63 to a point downstream of the
turbine 2% and not to the inlet of the pump 26.

Other elements common to the diagrams of Figures 7
and 8 are not described above.

In the varicus embodinents described, it should be
obhgserved that the heat exchanger and evaporators can be,
for example, heat exchangers of the water-trickle type,
or of the tube and griile type, or indeed of the type
having a coil in a vessel of hot water.

The condenger 106 is typically a plate heat
aexchanger or a tube and griile type heat exchanger.

The system of the invention is described above in
various embodiments with reference to a motor-driven
turbopump 5 or 1(5% agsociated with a condenser 106 and/or
a heat exchanger 4 or 108 and also co-operating where
appropriate, with a traditional heat exchanger and
evaporator 104 and/or a conventiconal motor-driven pump
103a.
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Navertheless, the inventlon i1z applicable to systems
having a larger number of components.

Traditionally, regagification terminals are arranged
cn the basis of grouping together different functions
with batteries of motor-driven HP pumps connected by one
or two high pressure lines to batteries of heat exchanger
and evaporators. The numbers of pumps and evaporators
involved depend on the delivery rate expected of the
rerminal, and the regulation valves sgituated at the
delivery from the HP pumps, and also those situated
downstream from the evaporators, serve to adjusit the flow
rate and the pressure at the inlet to the pipeline.

Starting up a motor-driven HP pump requires a
gpecial sequence. Firstly the motor-driven pump must be
cooled to liguid gas temperature by circulating liguid
natural gas therethrough at low pressure, which liquid
natural gag 1s then recovered in a specific collector
circuit in order to avoid the presence of bubbles of gas
in the liguid and cavitation in the pump when in
operation. It is this cooling seguence that uses a purge
valve 3V3 (cf. Figure 10). During subseguent starting,
and in order to avoid pressure rising too suddenly in the
pump f£fluid so as to avold any hammer effect, a fraction
of the flow is taken from the delivery of the punp and
recyoled to ancther collector circult compatible with the
higher pressure. In the context of the present
invention, a purge pump 3V2b associated with a cooling
circuit ig also used with z motor-driven turbopump 5 or
105, as mentioned in the various embodiments of Figures 1
to 4.
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CLAIMS
1. A compresgsor-evaporator svstem for ligquefied gas
contained in a tank (1), the system comprisging extraction
and pump means {2) for extracting and delivering
liguefied gas under low pressure outgide the tank (1),
high pregsure pump meang, evaporator means (4, 4°'; 104)
operating by heat exchange with a liguid, and means for
conditioning and transferring gas to a gas pipeline
(200},

the system being characterized in that it comprises
at least one turbcemachine constituted by a motor-driven
turbopump {(5; 105) comprising a rotary agssembly having
very high bending stiffness on & common shaft line, with
at least cne high pressure pump (26) compriging an axial
suctlon stage and at least one centrifugal wheel, a
turbine {29}, and a central electrical machine (il)
capable of being used in motor mode or in generator mode
and situated between the high pressure pump (26) and the
turbine {29), said motor-driven turbopump {(5; 105) being
arranged in compact manner inside a rigid casing (25)
that presents static seals only with the surrounding
medium, the rotary assembly of the mctor-driven turbopump
{5; 105) being adapted to present a high speed of
rotation, greater than 12,000 rpm, while remaining
outside the excitation ranges of critical speeds of
rotation, all of the internal portions of the motor-
driven turbopump (5; 105} being immersed in a cryogenic
fluid that is the same as the licquefled gas contained in
the tank (1}, the intermal cavities of the motor-driven
turbopump (5; 105) that are under different thermodynamic
conditions being separated by contactless dynamic seals
(28}, and electronic power circuits {(12) connected to an
electricity network (13) serving to control the central

electrical machine (11} in motor mode or generator mode.

2. A system according to claim 1, characterized in that

the speed of rotation of the rotary assembly of the
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notor~driven turbopump lies in the range 20,000 rpm to
40,000 rpm.

3. A system according to claim 1 or claim 2,
characterized in that it includes a first heat exchanger
and evaporator {4; 104; 108) interposed hetween the high
pressure pumnp (26) and the turbine (29} to compregs and
to evaporate the ligueflied gas used as the working fluid
in the motor-driven turbopump {5; 105},

4. A system according to claim 3, characterized in that
the high pressure pump means comprise exclusively the
high pressure pump {26) of the motor-driven turbopump (5)
connected in series between the tank (1) and the pipeline
(200} .

5. A system according to claim 3 or claim 4,
characterized in that the means for evaporation by heat
exchange with a liquid comprise said first heat exchanger
and evaporator {4) interposed between the high pressure
pump (26} and the turbine (29), and a second heat
exchanger and evaporator (4'; disposed between the
turbine {29%) and the pipeline (200) to be fed.

6. A gysgtem according to any one of claims 1 to 3,
characterized in that it further comprises a buffer
volume (7; 107} disposed at the inlet to the high
pressure pump (26) of the motor-driven turbopump (5;
1955 .

7. A system according to claim 3 and claim 6,
characterized in that it further comprises a condenser
(6) with a first circuit (6a} interposed betweern the
outlet of the high pressure punp {(26) of the motor-driven
turbopump (5) and the first heat exchanger and evaporator
(4}, and a second circult (6h) intrervosed between the
outlet of the turbine (22) ¢f the motor-driven turbopump
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(5) and the buffer wvolume (7)), the gecond circuit (8b)
being in heat exchange with the first circuit {6a) to

reliquefy the gas leaving said turbine {29).

8. A gystem according to claim 8§, characterized in that
the high pressure pump means comprige a motor-dyriven pump
{103a, 103b} having its inlet connected to said
extraction and pump means (2), and having its outlet
conmected to a first circuit {(106a) of a condenser (106},
the cutlet from said first circuit (106a) being connected
to the inlet of a heat exchanger and evaporater {104)
whogse outlet lg connected to sald pipeline, in that said
buffer volume (107) is in a branch connection connected
to the cutlet of said motor-driven pump {103a, 103b), and
in that the outlet from the turbine (29) of the motor-
driven turbopump (105) is connected to the inlet of a
second circuit {106b) of the condenser {106), the outlet
from said second circult {106b) being connected to said
buffer volume (107), the gecond circult (106b) being in
heat exchange with the first circuit (106a) to religuefy
the gas leaving said turbine {(2%).

2. A system according to c¢laim 1, characterized in that
the means (4, 47, 104) for evaporation by heat exchange
with a liquid comprise means for introducing and
evacuating a liguid constituted by water at a temperature

that is not less than ambient temperature.

10. A system according to claim 3, characterized in that
the first heat exchanger and evaporator (4; 104; 108
interposed between the high pressure punmp (26) and the
turbine (29) includes means for introducing and
evacuating a liguid constituted by water at a temperature
that i1s not lesg than ambient temperature.

1i. A system according to any one of ¢laims 1 to 10,

characterized in that the motor-driven turbopump (5; 105)
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includes hydrostatic fluid bearings (31) fed with a fluid
in the liguid and compressed state that is the same as
the fluid available from the outlet of the high pressure
pump (Z26) of the motor-driven turbopump (5; 105}).

12, A system according to claim 11, characterized in that
the motor-driven turbopump {5; 105) includes an active
hydraulic device for balancing axial forces, which device
ig fed with a fluid in the liguid and compressed state
that is the same as the fluid available from the outlet
of the high pressure pump (26} cof the motor-driven
turbopump (5; 105}).

13. A system according to claim 11, characterized in that
the motor-driven turbopump {(5; 10b) includes an axial
fluid abutment fed with a fluid in the liguid and
compregsed state that isg the game as the fluid available
from the outlet of the hich pressure pump (26) of the
motor-driven turbopump {(5; 105).

14. A system according to any one of claims 1 to 10,
characterized in that the motor-driven turbopump (5; 108)

includes active magnetic bearings,

15. A gystem according to c¢laim 14, characterized in that
the motor~driven turbopump {5; 105) includes a magnetic

axial abutment.

16. A gystem according to any one of claims 1 to 18,
characterized in that the motor-driven turbopump (5; 108%)
includes high speed ball bearings with ceramic balls.

17. A system according te any one of claims 1 to 156,
characterized in that the turbine (23} of the motor-
driven turbopump {(5; 105) comprises a rotor (4%} of high-
strength titanium alloy of the TAs V ELI or TA5S B ELT
type or of light alloy of the aluminum-lithium type.
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18. A svstem according to anv one of claims 1 to 17,
characterized in that the high pressure pump {26) of the
motor-driven turbopump (5; 105) comprises one or more
impellers (41, 46) of high-strength titanium alloy of the
TAG V ELI or TAS E ELI type or of light alloy of the
aluminum-lithium type.

19, A system according to any one of claims 1 to 18,
characterized in that the central electrical machine (11)
0f the mctor-driven turbopump (5; 10%) comprises a
permanent magnet rotor (21b), the electronic power
circult (12) delivering power at a freguency synchronous
with the speed of rotation and at variable voltage in
motor mode, and converting the variable voltage that is
created In generatoeor mode into a rectified constant
voltage.

20, A sgystem according to any one of claims 1 to 18,
characterized in that the central electrical machine (11)
of the motor-driven turbopump (5; 105) has a one-piece
rotor with an excitation coil (21la) fed by a rotary
transformer {(37) and & rectifier diode bridge {30} for
regulating the excitation of the electrical machine {11)
and for providing a constant voltage in generator mode
and controlled torgue in motor mode.

21. A system according to any one of claims 1 to 18,
characterized in that the central electrigal machine (11}
of the motor-driven turbopump (5; 105) includes a
sqguirrel-cage rotor, the electronic power circuit {(12)
delivering power at variable voltage and fregquency in
motor mode and converting the variable voltage that is
created in generator mode into a rectified constant
voltage.
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22. A system according to any one of claims 1 to 21,

characterized in that it is applied to a licquefied gas of

the liguefied natural gas (LNG) type.

10

15

20

40

ABSTRACT

The compressor-evaporator system for liguefied gasg
contained in a tank (1) comprises, in addition te a deice
(4, 47) for evaporation by heat exchange with a liguid
and devices for conditioning and transferring gas to a
pipeline (200), a motor-driven turbopump (5) comprising a
rovtary assembly of high bending stiffness on a comnon
shaft line, with at least one high pressure pump (28), a
turbine (29), and a central electrical machine {(11)
capable of being used in motor mode or in generator mode.
The rotary assembly of the motor-driven turbopump (5) is
adapted to present a high speed of rotation, greater than
12,000 rpm, while remaining outside ranges for exciting
critical gpeeds in rotabtion, All of the internal
portions of the motor-driven turbopump (5) are immersed
in a cryogenic fiuid that is the same as the liguefied
gas contained in the tanlk (1). The internal cavities of
the motor-driven turbopump  (5) that are under different
thermodynamic conditions are separated by contactlessg
dynamic sealg. Electronic power circuilts (12) connected
to an electricity network (13) control the central

glectrical machine {11} in motor mode or generator mode.
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