1 SYSTEM FOR HEATI NG TANKS OF LI QUEFI ED GAS BY | NDUCTI ON The present

I nvention concerns a systemfor the delivery of gas stored in a vessel in
liquefied form said vessel including inits |lower part a |liquefied phase
of said gas and in the wupper part a gaseous phase of said gas, this vessel
i ncluding a neans for connecting the vessel to a nmeans for utilization as
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| i quefy at anbient tenperature, and because of this fact pose difficulties
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pressure and/or their flow rate during utilization. Aliquefied gas is
conposewssel tons mernefor utiligatich as wefj esea wsean foe disatingy the lowet pare at Baid15
other. This equilibriuminplies that at a given tenperature a |liquefied gas
has 5a weddseldet erm ned pressure and that this pressure varies as a function
of the tenperature according to a relationship that is specific to each
gas. Thus, Figure 1 shows an equilibrium curve for the liquid and vapor
phases of trimethylsilane (referred to as 3 M5), which indicates the
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20 tenperature. It is found t pressuré 1 ncr eases as ture
| NCT €aSEResHBANE G&iousSStSPs necessary for the fabrication of integrated circuits. Some of

these specialty gases, such as HCI, Clp, HBr, N2oO, NH3, WFg, BCls, and 3MS, to cite only

10 some of them, liquefy at ambient temperature, and because of this fact pose difficulties in
their distribution. These difficulties are directly related to their pressure and/or their flow

rate during utilization.

A liquefied gas is composed of two phases, liquid and gaseous, in equilibrium with each
15 other. This equilibrium implies that at a given temperature a liquefied gas has a well-
determined pressure and that this pressure varies as a function of the temperature
according to a relationship that is specific fo each gas. Thus, Figure 1 shows an equilibrium
curve for the liquid and vapor phases of trimethylsilane (referred to as 3MS), which
indicates the pressure of the gas in equilibrium above the liquid phase as a function of

20  temperature. itis found that the pressure increases as the temperature increases, and vice

versa.

When the gaseous phase is withdrawn from a tank of liquefied gas, part of the liquid must



-When the gaseous phase is withdrawn froma tank of liquefied gas, part of
the liquid nust 2 be converted into gas to regenerate the gas in proportion
to the anobunt used in order to namintain the equilibrium The liquid thus
"begins to boil using the available energy (typically the energy of the
external nmedi um surrounding the tank) 5, As the rate of withdrawal is

I ncreased, this energy requirenent will increase, and the liquid wll boil
violently, thus 5 creating a substantial risk of entrainnent of
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the temperature — and thus the pressure — will drop since the equilibrium must be

10 maintained.

An external contribution of energy through heating makes it possibie to limit the cooling and

pressure drop observed. Several solutions are thereby conceivable.

15 One solution illustrated by Figure 1 comprises heating the foot or bottom of the tank while
controlling the heating using the pressure in the tank. Heating is allowed when the pressure
is below the pressure that corresponds to ambient temperature, and heating is stopped
when the liquid reaches or is at ambient temperature. By keeping the gas at a temperature
slightly below ambient temperature, it is possible to avoid having to lay out the distribution

20 network under the restriction that there be no cold point along it. Such a system is

described in United States Patents 5,761,911, 6,076,359, and 6,199,384,

In general the heating techniques used up to now to increase the flow rates of liquefied



-I'n general the heating techniques used up to nowto increase the flow rates
of liquefied 3 gases conprise heating the body of the tank using a
resistive heating elenment of the heating belt or heating ribbon type, or
"even hot air. This type of heating has the drawback that energy transfer
is substantially limted by the therma conduction fromthe heating

el enment to the tank, which results in alimtation of the usable flow rate
despite a 5 substantial energy input. In other words, such installations
have aghees enmpyipe dfcfatiog dhe podytofehgeaek abing 4 hegigivieshddtiegpslebleatodthe
Increasing the flowrate for a gas comng froma tank where the gas is
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tenperature. In both of these cases one solution that can be enp IS
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produci ng an 15 increase in the tenperature of the tank, at |east locally,
such that inmpurities absorbed on the tank walls, such as CO, CQ2 , etc.,
desorption, which results in the delivery of gas containin
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particul arl i/ in the field of sem conductor fabrication (but also in other
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increasing the flow rate and/or the pressure of the gas delivered by a
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10 with respect to the liquid in the tank at ambient temperature. In both of these cases one

solution that can be employed is that described in the patents referenced above, by
increasing the power transferred by the heating system. In this case, it is quickly
established that the heating system can reach a temperature above 100°C, the heating
energy being fransmitted by conduction to the tank and/for to the liquid, producing an

15  increase in the temperature of the tank, at least locally, such that impurities absorbed on

the tank walls, such as CO, COg, etc., undergo desorption, which results in the delivery of

gas containing impurities such as CO, COg, etc., which is unacceptable for the user,

particularly in the field of semiconductor fabrication (but also in other technical fields).

20 Thus, we are today confronted with the problem of increasing the flow rate and/or the
pressure of the gas delivered by a reservoir (tank, efc.) without producing additional
impurities, which would run counter to the intended purpose (since on the contrary the

vaporization of the gas already makes it possible to eliminate the impurities present in the



-inpurities, which would run counter to the intended purpose (since on the
contrary the vaporization of the gas already nakes it possible to
elimnate the inpurities present inthe 4 liquid that are not readily
“vaporizable). The systemin accordance with the invention nmakes it possible
to overcone these drawbacks and is characterized in that the liquefied gas
and/or the shell of the vessel are 5 electrically conductive el enents and
in that the nmeans for heating conprises neans for el ectromgnetic

i nduct iliquiddapbdreamatreadigatapogzatielal t ernating magnetic field in the shel
and/or the liquid so as to heat the shell in its |ower part and/or the
liquid in the vessel. The proposed invention conprises heating tanks of
l'iquefied gas by induction: it has been found that a very superior
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liquid form 20 The first type of demand can be, for exanple, to provide
t he garoposseakiswastidrocomatises peating tanksmfi!lqueﬁed gas dty indpctess itrleesabesre t he
equi librium pressure of the gas with the liquid in the
found that a very superior efficiency is obtained that can reach 80 to 90% for steel, for
10 example. Induction heating makes it possible to move away from the fransfer of energy by
conduction since the currents induced by the inductor directly heat the material of the tank
within its thickness. Thus, a performance is produced that is found to be five to ten times

higher than the performance of a heating system using a heating element of equal installed
power, for example, for a liquefied gas such as Cy4Fg, without bringing about substantial

15 desorption of impurities from the surface of the vessel.

The invention can in particular serve to respond to two types of demands that can be

generated by a user of gas stored in a vessel, particularly in liquid form.

20 Thefirsttype of demand can be, for example, to provide the gas in gaseous form at a point
of utilization at a pressure above the equilibrium pressure of the gas with the liquid in the
tank at ambient temperature (when the tank is not heated). In this case, the invention

makes it possible to heat the tank and/or the liquid (or the gas) without causing the



-tank at anbient tenperature (when the tank is not heated). In this case,
the invention makes it possible to heat the tank and/or the liquid (or the
gas) without causing the 5 desorption of inpurities fromthe inner surface
"of the tank and without risks in terns of use safety, as the tenperature
of the vessel in the vicinity of the means for heating by electromagnetic
I nduction remains | ow and does not pose a danger for the user. Inpurity
desorption remains limted to the extent that the pressure called for at
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gas in the reservoir that is 5 to 10C higher than the anbient tenperature
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t he gasequs phase, in particular for their packaging and purification. The
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I mproving the productivity of the installation. In addition, the invention
of f er s thageasklaputayeferably over the entire height of the tank.

10  The second type of demand can be to increase the flow rate of gas at the outlet from the
vessel over that for the case in which said vessel is not heated, but doing this without
substantially increasing the temperature of the walls of the vessel (in general, a value less
than 35°C for the outside temperature of the vessel) in order {o avoid the desorption of
impurities from said walls.

15
The invention can thus be applied to the distribution of specialty liquefied gases, to the
conversion of liquefied gases into the gaseous phase, in particular for their packaging and
burification. The invention allows the transfer time to be considerably reduced, thus
improving the productivity of the installation. In addition, the invention offers the advantage

20 of avoiding the elevated surface temperatures (40-50°C) that promote the desorption of

light species such as CO and COs into the product. The surface temperature of the tank

generally does not exceed approximately 30°C with induction heating as described in the

presentinvention. When a transfer takes place from a first vessel to a second vessel, it will



-20 of avoiding the el evated surface tenperatures (40-50C) that pronote the
desorption of light species such as CO and CO2 into the product. The
surface tenperature of the tank generally does not exceed approxi mately
"30C with induction heating as described in the present invention. Wen a
transfer takes place froma first vessel to a second vessel, it will 6
preferably be ensured that the second vessel is cooled sufficiently that
the gas in the second vessel is condensed at |least as fast as it is

evapor Eptr@ﬁératny tblaeerfduréd 1R IB8lsecdhe veBye N icBblekSsutitieniynihagthd gat e theat i ng
of small-capacity tanks (50 liters or less). It is 5 applicable to any
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said reservoir and the generator 1s controlled to function with
i nductor. The alternating magnetic field is preferably created u3| ng a
generator operating at a frequency between 50 Hz and 4 MHz. 10 Though it is
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gener at or nerator  of .f uenci es and 100 kHz.
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cool ed netal tube, and for each type of naterial to be heated the 15
i rpedari@id BrserRy andiraanssater scaAntrofied ungtio Wit thisdrdysiters bal anci ng
‘capacitances) is matched as closely as possible to the characteristic
i npedance of the generator. The inductor is preferably positioned around
the foot of the tank or under the base of the tank when the vessel is a
t ank artheantiemdtingendgrigtiorfiedd i$ ipeefeestde crented elsowy & hyenzodtoowpefatinheat a
frequency between 50 Hz and 4 MHz.
10
Though it is possible to use the mains frequency (50 Hz or 60 Hz) or high frequencies, it is
preferable, in order to limit costs, to use a medium-frequency generator, that is, a generator
of frequencies between 1 kHz and 100 kHz. The inductor is then made of either Litz wire or
metal ribbon, or of cooled metal tube, and for each type of material to be heated the
15 impedance of the resonating circuit (inductor plus load plus balancing capacitances) is
matched as closely as possible to the characteristic impedance of the generator. The
inductor is preferably positioned around the foot of the tank or under the base of the tank
when the vessel is a tank and around the bottom of the vessel or below the bottom of the
vessel when it is a vessel other than a tank.
20

The heating means preferably comprises at ieast one turn of a conductor, preferably

encircling at least 20% of the vessel.



.vessel when it is a vessel other than a tank. 20 The heating neans
preferably conprises at | east one turn of a conductor, preferably
encircling at |east 90% of the vessel. 7 Wen the inductor is to be placed
~under the bottom of the vessel, its shape can be adapted to each type of
vessel bottom In general, to achieve-heating at a mninmal effectiveness,
the nmeans for electromagnetic induction heating in accordance with the
invention will consist of at |east one turn of conducting wire of any cross
sect i oWheeriee atductdr isi tohba ptduedkureles thé tattohreat thel vesse(witd Bhape wah Hmut
ferrites being arranged, generally with even spacing, along this turn).
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part of the vessel (or can even be situated bel ow the vessel, with at
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the intent is to increase the flowrate of the gas fromthe ves eI.
extend from the lower part of the vessel (or can even be situated below the vessel, with at

least one turn below the vessel at a minimum when the intention is to heat the underpart of
the vessel) to the top of the vessel. The lower part of the vessel can have one or more

10 turns running solely under the vessel (for example, the base of a tank) or oniy from the
lower side portion of the vessel, when a tank is involved, or a combination of the two, in
particular when the vessel is one that has bottom and side walls that form a singie
continuous surface, as is the case for the vessels in Figure 8 and subsequent figures as
described below.

15
In general, however, when the intent is to increase the flow rate of the gas from the vessel
to the user, the means for electromagnetic induction heating will be placed solely at the
lower part of the vessel (contrary to the case described above where it can be located at
any position), preferably at a height that corresponds as much as possible to that of the

20 hquid in the vessel. In the case of an inductor placed around the foot of the tank, the height
of heating will typically be limited to 50 mm. In any case, the objective is to concentrate the
heating on the liquid phase in order to be able, for example, to use control of the

temperature in proportion to the pressure (as described in the patents cited above). In



.to the user, the nmeans for el ectromagnetic induction heating will be placed
solely at the Ilower part of the vessel (contrary to the case described
above where it can be |located at any position), preferably at a height
“that corresponds as nmuch as possible to that of the 20 liquid in the
vessel. In the case of an inductor pl%ced around the foot of the tank, the
hei ght of heating will typically be I'imted to 50 nm In any case, the
objective is to concentrate the heating on the liquid phase in order to be
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pressure (as described in the patents cited above). Ih 8 effect, tanks of
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makes it possiple to operate with several types of inductors according to
t he>matlem rafe ghihedagfenathe 7298t t anks to be heated. Taking into account
the favorable efficiency of induction heating, it is possible to control
the heating of 10 two or nore tanks sinultaneously froma single
generator. It is also possible to use a single inductor that preferably
woul d rfakenaratdreagireferahiy nseddhat miakes dnpossitid te lopetaie yatt selicanidypes whose
use is planned and that is wapped on top of itself or in a helix for
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nunber of inductors necessary but |leads to a | ower efficiency.

Never t ilceast the BfloFata fficiency of induction heating, it is possible to control the heating of

10 two or more tanks simultaneously from a single generator.

It is also possible to use a single inductor that preferably would make at least a turn over
the tank with the largest diameter whose use is planned and that is wrapped on top of itself
or in a helix for tanks of smaller diameter. This solution makes it possible to reduce the
15 number of inductors necessary but ieads to a lower efficiency. Nevertheless, tests have

shown that even in this configuration the gas flow rates are more than 5 times higher than
those that can be achieved using resistive heating systems (test conducted on C4Fgin 10-

liter and 50-liter tanks).

20 The tests were carried out using a half-bridge generator of the type used in industrial
induction baking with a Litz wire inductor (wire made of multiple fibers insulated from one
another and twisted). Other embodiments are possible such as an industrial type generator

(half bridge or full bridge, series or parallel circuit) — used particularly in the iron and steel



-shown that even in this configuration the gas flowrates are nore than 5
times higher than those that can be achieved using resistive heating
systens (test conducted on C4F8 in 10- liter and 50-liter tanks). 20 The
“tests were carried out using a half-bridge generator of the type used in
industrial induction baking wwth a Ligtz wire inductor (wre made of
multiple fibers insulated fromone another and tw sted). O her enbodi nents
are possi ble such as an industrial type generator (half bridge or full

br i dge industryes inhegidresitineht e caupled to-a wated-goaled icdlictot. Yhiereffidiendyristhemd
steel 9 industry or in heat treatnent - coupled to a water-cool ed i nductor.
The ef feveheretieri Shisher seution batticatarlyThiitedits esiaguahks opaesssisinadde/ opui t ed
to heating tanks or vessels nade of alumnum 5 In general, any type of
gener atafimipapabl e of automatic frequency adaptation can be enpl oyed,
coupled with an inductor preferably nade of Litz wire, a netal sheet, or a
netal tube with the stipulation that the inductor be properly dinensioned
and the adaptation to the generator be properly controlled. It is also
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hol | ow tube in which a cooling fluid circulates), wth or without ferrite
i n eachihe geaerafgide properly controlled. Itis also possible to use a fixed-frequency generator
provided that in this case the value of the capacitance for compensation of reactive energy
10 s optimized as a function of the nature of the tank to be heated; itis also possible to use a

pilotable variable-frequency generator if it is adapted fo the resonance frequency of the

oscillation circuit.

Each inductor can be made of Litz wire, metal strap, or cooled metal tube (for example, a
15 hollow tube in which a cooling fluid circulates), with or without ferrite in each case, and
made of one or more layers in each case. The inductor is preferably placed on the vessel
in such a way that the heating will be concentrated on the liquid phase of the liquefied gas.
But the invention is also applicable to the case of a vessel containing a fluid that is in the
supercritical state.
20
The invention will be understood better with the help of the following examples of

embodiments, given as nonlimiting examples, together with the figures, which represent

the following:



-made of one or nore layers in each case. The inductor is preferably placed
on the vessel in such a way that the heating will be concentrated on the

|l i quid phase of the liquefied gas. But the invention is also applicable to
"the case of a vessel containing a fluid that is in the supercritical

state. 20 The invention will be undersggood better with the help of the
foll ow ng exanpl es of enbodinents, given as nonlimting exanples, together
with the figures, which represent the following: to Figure 1, a

| i qui d—aporFiguoeill, abiguidrvapsneguiiiriunt carve fonttimiettandiane 33MS; Figure 2, a
first type of closed inductor for a cylindrical tank; Figure 3, a second

type of—i ndwguee f arfirgt toyé bhelbs&dinduank ford @pinGridal tank;hi rd type of inductor
fora tank; 5 - Figure 5, a first exanple of use of the invention with side

heat i ng_of tFigurBase s%fcoh@ﬂ/pet@fqﬁdudfbrgﬁél‘@ c‘}llncﬁflc%?Fa(P]'Rd exanpl e wi th heating
through the bottom Fi gure , an exanple a multi-tank enbodi nent;
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tank;
— Figure 6, a second example with heating through the bottom;
— Figure 7, an example of a multi-tank embodiment;
— Figure 8, an example of an embodiment of the invention for gas contained in a
10 large-capacity reservoir of any shape;
— Figure 9 represents another example of an embodiment of the invention with a
large-capacity reservoir;
— Figure 10 shows the performances obtained with the system in Figure 9;
— Figure 11, an example of application of the invention in the case of withdrawal of

15 liquid into a tank;

—_ Figure 12, gas flow rate variation curves for gas issuing from a tank for the case of

the prior art and the case of the invention.

Figure 2 represents a first type of inductor called a “standard cylinder” inductor. This
20 inductor is dimensioned in such a way that it fits the diameter of the tank. It comprises
insulating matérial in which a conductor 1 is wound in the form of turns 10. ltis installed by
sliding it lengthwise along the tank. The number of turns 10 is adapted to the material of

the tank, as indicated above. The set of turns 10 (connected with one another in series



-Figure 10 shows the performances obtained with the systemin Figure 9;
Figure 11, an exanple of application of the invention in the case of

wi thdrawal of 15 liquid into a tank; Figure 12, gas flow rate variation
“curves for gas issuing froma tank for the case of the prior art and the
case of the invention. Figure 2 repreggents a first type of inductor called
a "standard cylinder"” inductor. This 20 inductor is dinmensioned in such a
way that it fits the dianeter of the tank. It conprises insulating materi al
i n whi andéorcpardled) éorml ansindoetivth windidge whosenepidst 2irang 4 Qe ldonhectedtbadd ed by
sliding it | engthw se along the tank. The nunber of turns 10 is adapted to

t he matgljustdbleffrequbAcy afdtnainfy ddﬂl@n@@ér%ia@b@%&shﬂibﬁmﬂﬁ?ur@b)tE!ér'%%nt%Qnade
(connected with one another in series 11 and/or paral form an I nduction
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each tank i ameter and each materi al is the one that offers the best
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pancake" inductor. This 10 inductor is placed under the base of the tank
and is T8 Fﬁedtothe geonetry of the tank. It consists of an insulating
mat eri al containing concentric turns 10 of electric wire connected

Figure 3 represents a second type of inductor called a “standard pancake” inductor. This
10 inductor is placed under the base of the tank and is adapted to the geometry of the tank. It
consists of an insulating material containing concentric turns 10 of electric wire connected
at 11, 12 to the alternating current generator. The number of turns is in turn also adapted to
the material to be heated. Elements made of ferrite or magnetic sheet 14 (transformer
type) can be installed on the interior face of the inductor to concentrate the magnetic field

15  toward the bottom of the tank, and the inductor itself can be arranged in multiple layers.

The connection of the turns in series-parallel makes it possible to adjust the impedance of

the circuit to match that of the generator.

20 Figure 4 represents a third type of inductor called a “pancake belt" inductor. This inductor
can be wound around the foot of the tank. Itis made of flexible insulating material on which
the turns are wound and is rectangular in shape in the figure (but any shape that can be

wound around this tank could be considered). It is dimensioned (L) in such a way that it will



-at 11, 12 to the alternating current generator. The nunber of turns is in
turn also adapted to the naterial to be heated. Elenents nmade of ferrite
or magnetic sheet 14 (transfornmer type) can be installed on the interior
"face of the inductor to concentrate the magnetic field 15 toward the bottom
of the tank, and the inductor itself g¢an be arranged in nultiple |ayers.

The connection of the turns in series-parallel nakes it possible to adjust

t he i npedance of the circuit to match that of the generator. 20 Figure 4

r epr esanake at lehstrahe typeobthei tadkiof e le@iestbdiameteraits alsyhb @) ts"linmiteiss 8¢ to Thi s
i nductor can be wound around the foot of the tank. it is nade of flexible
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shape in the figure (but any shape that can be wound around this tank
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i nductor, and the inductor itself can be constructed in nultiple |layers. A
cur r entcogstrygied iy mulfinie layeesy. A Uren pevelrgergenenzioeisdonpectedrid trkvends 2he
conductor 20. This solution - (called a "pancake belt inductor"”) - although
it doesand2 gfitbe icdedudier 20 Sthieswutinn of (cabeda Gyandake beh diduetarys—aihbugh
sufficient in nunerous 10 applications, the flow rates of gas issued froma
tank cdhdedsmagrdvidriglel et gasrgh efftgerzytia ndletheless amply sufficient in numerous

10 applications, the flow rates of gas issued from a tank containing liquefied gas being 5 to 10

times higher than those obtained using traditional heating systems.

Figure 5 describes a first variant of the implementation of the heating of a tank of liquefied
gas in accordance with the invention.
15 |
The tank 56 contains in its lower part a liquid 57 to be vaporized and above the liquid 57 a
gaseous phase 58 of this same liquid, the gas being conducted to the utilization equipment
61 through the intermediacy of the valve 59 and the line 60. Connected to the line 60 is a
means 51 for measurement of the pressure of the gas coming from the tank 56. This
20  pressure means is connected (electrically, for example) via the dashed line 52 to the
generator 53, to initiate the operation of the generator when the measured pressure is
below a certain setpoint value and stop the generator when the measured pressure is

above the setpoint value. When the generator 53 is started, this causes an alternating



-times higher than those obtained using traditional heating systens. Figure
5 describes a first variant of the inplenentation of the heating of a tank
of liquefied gas in accordance with the invention. 15 The tank 56 contai ns
“inits lower part a liquid 57 to be vaporized and above the liquid 57 a
gaseous phase 58 of this sane liquid,4he gas being conducted to the
utilization equipment 61 through the internediacy of the valve 59 and the
line 60. Connected to the line 60 is a neans 51 for neasurenent of the
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connected (electrically, for exanple) via the dashed line 52 to the

gener ate@ictrical coihddiibh liné 84 MARICIO BAIRS l'fé@lﬁlﬁ(j] of th8 148 @h&/or BE&IbIY e |ﬁﬁmﬁ5 ured
e

pressure is below a certain setpoint value and stop the generator n the

measur IS ati ; I 1t ne I S
tarted P EEEHORebReutPa A TnB T A b onk A Tow ek nife PR Lct or
55 (as.d ,hed, for. e le,. in Fiqure .2 or 4 la.the electrical
connectd @%ﬁ%{j %gu%% a Wﬁ%ﬁt%aﬁgg% H%ngﬁ] thg tapk glﬁ‘:é%c’t %ﬁ%'éﬁe?%@ﬁﬁmpﬁégﬁ%l y
the liquid 5 by electro neti ¢ induction. The fact that only the |ower
bar 8 obehter Hlaw s aBrabs QUG ol Raddtione ad of s iewif Ao Ripmotes
liquid in the tank due to the difference in tenperature 5 between the upper
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possi blandlties salgrthesHest gagsibliendindigrobhded By &% e 64/ @b&sitdhldi@ MBeRde by

the magnetic field on the scale.

10
Figure 6 represents a variant of Figure 5 that operates in the same manner, the inductor of
Figure 2 or 4 being replaced by an inductor, for example, of the type described in Figure 3

placed under the tank 56.

15 Figure 7 repfesents a multi-tank system wherein each tank is equipped with a system in
accordance with the invention (either variant from Figure 5 or 6, with a single means for
pressure measurement per group of tanks); the systems for distribution of liquefied gas in
the semiconductor industry frequently use two (or more) tanks, which are used in an
alternating manner when the pressure of one of them fails below a certain threshold. The

20  control means then coordinates switching from one tank to another so as not to interrupt
distribution of the gas. The multi-tank set of Figure 7 includes n tanks 76a, 76b, 76c, ...
(see left part of the figure) connected via the valves 79a, 79b, 79c¢, ... and the line 70 to the

equipment 100 and n other identical tanks 86a, 86b, 86c¢, ... (see right part of the figure) to



-the magnetic field on the scale. 10 Figure 6 represents a variant of Figure
5 that operates in the sane manner, the inductor of Figure 2 or 4 being
repl aced by an inductor, for exanple, of the type described in Figure 3
"placed under the tank 56. 15 Figure 7 represents a nulti-tank system
wherein each tank is equipped with a gystemin accordance with the

I nvention (either variant from Figure or 6, with a single neans for
pressure neasurenent per group of tanks); the systens for distribution of
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tanks, which are used in an alternating manner when the pressure of one of
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switching fromone tank™t o ano so as not to’interrupt distribution of
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(see left _ _ _
and thp}hl i negagpgﬁ%ggﬁpm%grw nt 100 and n other identical tanks 86a, 86b,

86¢, he ligg e figure) to 14 which "switching" takes place
when the pressure in tank 76 fails below a predeterm ned value, that is,
wher the gas has been withdrawn too rapidly fromthe tank or when the tank
Is enpty. The tanks 86 are respectively connected via the val ves 89a, 89b,
and 89cTtengressuee |maasBOmeat trhearey @pandt 81 00eadhurd hibe ppressuree ofrdlas ugasent
means 71 and 81 neasure the pressure of the gas,
respectively, in the zones 70 and 80 and a signal (electrical) is sent via 72 and 82,
respectively, to the generator 73, which sends an alternating electrical signal via the lines
74a, 74b, 74c, ... for one part and 84a, 84b, 84c, ... to the inductors, respectively, 75a,
10 75b, 75¢, and 85a, 85b, 85c, ... for induction heating of the liquid 77a, 77b, 77¢, ... and
87a, 87h, 87c, ... so as to produce the gas 78a, 78h, 78c, ... and 88a, 88b, 88¢, ...
respectively, when that is necessary. A sheet 101, 201 is also placed between the base of

the tanks and the scale 102, 202 with grounding 103, 203.

15 The generator 73 can, with the use of a pressure sensor 71, 81 for n tanks, manage the
heating of the necessary n inductors 75, 85 in series, in paraliel, and/or in sequential mode.
When the pressure of the n tanks (on the one side) falls below a predefined threshold, the
automation switches over {o the n tanks on the other side, which thereby ensures
continued distribution. The tanks that have been switched out continue to be heated until

20  their pressure rises to the pressure corresponding to the ambient temperature so they can
take up the relay if necessary. The induction heating system in accordance with the
invention makes it possible to rapidly return to the gas pressure corresponding to the

ambient femperature, in comparison to heating systems by conduction from the prior art.



-respectively, in the zones 70 and 80 and a signal (electrical) is sent via
72 and 82, respectively, to the generator 73, which sends an alternating

el ectrical signal via the lines 74a, 74b, 74c, ... for one part and 84a,
"84b, 84c, ... to the inductors, respectively, 75a, 10 75b, 75c, and 85a,
85b, 85c, ... for induction heating ofsthe liquid 77a, 77b, 77c, ... and
87a, 87b, 87c, ... so as to produce the gas 78a, 78b, 78c, ... and 88a,
88b, 88c, ... respectively, when that is necessary. A sheet 101, 201 is

al so pl aced bet ween the base of the tanks and the scale 102, 202 with
groundi ng 103, 203. 15 The generator 73 can, with the use of a pressure

sensor Fidure&ldépittsihé &mg@torrmrmﬁetzhafheh&mdtm i®Fidunes Bemaspasid ralgomtuct ors
75, 85 in series, in parallel, and/or in sequential node. Wen the

pressungeaf the n tanks (on the one si de) falls below a predefined
threshold, the automation swtches over to the n tanks on the other side,
whi ch thereby ensures continued distribution. The tanks that have been
switched out continue to be heated until 20 their pressure rises to the
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of an enbodi nment

10 In Figure 8 a reservoir 300 containing a liquid 302 and a gas 301 is supported, via
intervening feet 313, 314, by a scale 304. The heating inductor 303 is positioned below and
right up against the reservoir (see cross section A — A). It is electrically connected by the
line 305 to the generator 306, which receives a contro! signal via the line 307 from the
pressure sensor 308. This is connected via 309 to the gas line 310 coming from the

15  reservoir 300 and via the line 311 to the equipment 312. The operation is identical to that
described previously. The inductor (made of one or more elements connected in series
and/or parallel) has the proper shape to conform to the lower part of the reservoir 300, over

a more or less substantial length (in both directions).

20  Figure 9 represents another example of an embodiment of the invention applied to large-
capacity reservoirs, also known as a “Ton-Tank” (a reservoir generally oriented
horizontally). Multiple inductors branched in parallel 404 are used in Figure 9 to distribute

the heating power over the reservoir 401. Each inductor 404 has ferrites 405 that make it



-of the invention with this type of reservoir is represented in Figure 8,
The typical capacity of such reservoirs is approximately 450 liters to
1,000 liters. 10 In Figure 8 a reservoir 300 containing a liquid 302 and a
"gas 301 is supported, via intervening feet 313, 314, by a scale 304. The
heating i nductor 303 is positioned below and right up against the
reservoir (see cross section A - A). ﬂ is electrically connected by the
line 305 to the generator 306, which receives a control signal via the line
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(a reservoir generally oriented horizontally). Miltiple inductors branched
i n Par datiem adthegieseyob G Inbetivggndhe resenddis suppart elemenés AB2withghpaikof over
the reservoir 401. Each inductor 404 has ferrites 405 that nake it 16

possi bltmnds 406ritbenpasst arotihe theagpsetvolr. fi el d and i nprove the efficiency. The
reservoir 401 rests on a scale 403 and is connected to a distribution |ine
411 that has a pressure sensor 408, a pressure regul ator 409, and a
flowrreter 410 The i nductors used are of the "pancake belt" type used flat

and ar sent in ure . 4. They are. install ed | ow t 5 botto
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fabrication of liquid crystal flat panels (LCD screens), known also as TFT (“thin fiim

10 transistor”) screens, employs high-purity gaseous ammonia (NH3). Flow rates on the order
of 500 to 1,000 L/min are necessary for these fabrications. NH3 is a liquefied gas with a
low standard density but with a very high heat of vaporization (approximately 1200 kJ - kg

1). For this reason it is particularly difficuit to distribute at such flow rates since the

necessary heating power becomes very high.

15
The procéss in accordance with the invention, by virtue of its excellent energy efficiency,
makes it possible to limit the installed heating power. Tests performed on a 450-L_ reservoir
showed that a nominal power on the order of 8 kW sufficed fo obtain a flow rate of 500 slm
while maintaining the pressure in the reservoir. A theoretical calculation makes it possible

20  to show that at ambient temperature (20°C), a power of approximately 7 kW is necessary

to vaporize 500 L/min of NH3, this without including the smaller thermal losses. Power



- bands 406 that pass around the reservoir. The system of Figure 9 was tested
with anmonia NH3 in liquefied form The process of fabrication of liquid
crystal flat panels (LCD screens), known also as TFT ("thin film 10
“transistor") screens, enploys high-purity gaseous ammonia (NH3). FI ow rates
on the order of 500 to 1,000 LImn agre necessary for these fabrications.
NH3 is a liquefied gas wwth a |ow standard density but with a very high
heat of vaporization (approximtely 1200 kJ kg 1). For this reason it is

parti cuheaduyerdefifsi atittie toatlei oF rthdUhuctionsysierhlapWinr RE8S iriliditéd targzesessary
heati ng power becones very high. 15 The process in accordance with the
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500 L/ mn_.of NH3, .thi i ncl
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roximately 7.5 k which is to say that the efficiency

| f W .
\t;:t %Z%&%ﬁ%ﬁgﬁ@rwfﬁl%%i%ﬁﬁ% regendoi; Eemel 0°Gria 22He. @renaypd éa sexaralieiugs used

to evaporate ammoni a was close to 90% Use of induction heating made it
possi bireqgicedswibhvirediiienal regishve heating: response tine was 5 obtai ned according
to the invention. Less than half an hour was necessary to preheat 250

The performance obtained with a 450-L reservoir of NH3 for a flow rate of 500 L/min is
10 summarized in Figure 10. Curve A1 represents the pressure of the gas (in absolute value)

expressed in 105 pascal as a function of time expressed in minutes, Curve Ao represents

the flow rate of the gas in L/min (converted, like all the measurements of flow rate in the
present application, to the value at standard conditions of temperature and pressure, that
is, to “standard liters per minute” or sim — according to the U.S./British designation) as a
15 function of time. Heating of the vessel is stopped at time T in Figure 10 (approximately 19

minutes after the start of the withdrawal). The pressure of the gas, which was maintained

constant between 7 and 7.5 x 105 Pa despite gas withdrawal, declined when heating was

stopped (T), curve Aq. On the other hand, the flow rate of the liquid was maintained a good

10 minutes after cessation of the heating, with the ammonia benefiting from the energy

20 previously stored during the heating.

The invention applies preferably to liquefied gases, but also to vessels containing only a



- kg ammoni a contained in a 450-L reservoir from 10C to 22C, conpared to
several hours required with traditional resistive heating. The perfornance
obtained with a 450-L reservoir of NH3 for a flowrate of 500 L/mn is 10
“sunmarized in Figure 10. Curve Al represents the pressure of the gas (in
absol ute val ue) expressed in 105 pasc as a function of tinme expressed in
m nutes. Curve A2 represents the flowrate of the gas in L/mn (converted,
like all the neasurenents of flowrate in the present application, to the

val ue afassbaaigpask coody bl PSratichigineEah tesand vBESSISI @gﬂliémértipml_as%tcp
"standard liters per mnute" or sim - according to the U S./Britis
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wi thdrawal ). The pressure of the gas, which was maintained constant
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was naintained a good 10 minutes after cessation of the heating, with the
amoni aarngeerdinuid angl/er supercrdical er gyen oithe aeetytans typs (wroditerdvelding gealses or
heating. The invention applies preferably to |iquefied gases, but also to
vesSel gyasentuaedimyelding). a 18 gaseous phase or only a supercritical phase
in the sane vessel. It applies particularly to so-called specialty gases
(notably SF6 , N20, NH3, HC, Cl2, etc.) utilized in the production of
sem conductors (particularly the precursors) as well as gases of the CO2

type (qg&g@g@ti\,@.@éﬁ{g;ézi quid and/or supercritical) or even of the acetyl ene
er we

type (or o I'ng gases or 5 gases used in welding).
The example below was carried out on tanks of identical volume (10 L), all containing

CaFs.
10 Two types of heating are compared:
— heating of the foot of the tank using a 1-kW resistive belt composed of high power
density elements linked to one another,
—_ heating by induction with a generator capable of delivering a power of approximately
900 W—1 kW.
15

For reference, a test was also carried out without heating. Figure 12 shows the flow rates

of gaseous C4Fg withdrawn in each case:
— curve G4 corresponds to heating with the resistive belt,
— curve Co corresponds to heating by induction in accordance with the invention,

20 — curve Cg corresponds to the absence of heating.



- Conpar ati ve Exanpl e: The exanpl e bel ow was carried out on tanks of

I dentical volunme (10 L), all containing C4F8. 10 Two types of heating are
conpared: heating of the foot of the tank using a 1-kWresistive belt

" conposed of high power density elements |inked to one another, -- heating
by induction with a generator capabl e;f delivering a power of
approximately 900 W1 kW 15 For reference, a test was also carried out

wi t hout heating. Figure 12 shows the flow rates of gaseous C4F8 w t hdrawn
in eac ] ' ' reesi:stl | t,
curve. Qoar v nd e (2 ey SRRp e e BP e vl GRS T R

I nvention, 20 - curve C3 corresponds to the absence of heating. 19 The
cur ves thewuse gia resistive etetriobalHmavingtbelsamefniamioil pdveeri Tiveefidw cate§ obtaireedC2) i n
relation to the use of a resistive electric belt having the same nom nal
power . af@enfthesrdeadEStimbs highed (2 ldmimcrhpadde s Lahirh. By eoraprigpmethe(fl L/ mi n
conpared to 4 L/mn). By conparison, the flow rate in accordance wth the

I nvent irge ih act@dahtaWith fiResntidhas tdmtirh8€higheEthah &1 Bet@sh ddletd 8o heatiig t he
tank takes place. The various applications of the invention:

5  of the tank takes place.

The various applications of the invention:

A first application for which the heating of liquefied gas reservoirs in accordance with the

invention can offer a real advantage is the distribution of these liquefied gases at a very

10  high flow rate.

In a first case the invention can be applied using the pressure of the tank to monitor the
heating. The liquid—-vapor equilibrium curve of the liquefied gas makes it possible to know
at any time the value of the temperature of the liquid in the interior of the reservoir. It is
15  thus possible to heat the reservoir just the amount necessary to maintain the pressure such
that ambient temperature is not exceeded. Provided that there is no colder point along the
distribution lines downstream, this makes it possible to avoid the heating of said distribution

lines as the risk of recondensation of the gas in the distribution line is then avoided.

20 In a second case, it is possible to apply the invention to keep the temperature of the
reservoir constant. Heating of the distribution lines downstreamm then becomes
indispensable when the temperature to be maintained at the reservoir is higher than the

ambient temperature along the distribution lines.



-Afirst application for which the heating of liquefied gas reservoirs in
accordance with the invention can offer a real advantage is the
_distribution of these liquefied gases at a very 10 high flowrate. In a
first case the invention can be applied using the pressure of the tank to
noni tor the heating. The |iquid-vapokyequilibriumcurve of the |iquefied
gas nmekes it possible to know at any 9ine the value of the tenperature of
the liquid in the interior of the reservoir. It is 15 thus possible to heat
the reservoir just the anmpbunt necessary to naintain the pressure such that
anbi ent tenperature is not exceeded. Provided that there is no col der point
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the heating of said distribution |iheS as the risk of recondensation of
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by transfer in the gaseous phase: the ability to wthdraw a gaseous_ phase
at hi gHoePBIRGaRivBCcieasmihe pradueiidiyof sich insigllationsgingalar aathecoolingeapacity e t o
package this quuefied(?as in other packages. The flow 5 rates obtained
t hr ougHot the parkapes indendasytoi raceive dhel iedigds is atleast eqguivalaniiakeat af the
possible to appreciably increase the productivity of such installations,
i nsof arindisctionéhemdiogi ng capacity for the packages intended to receive the
liquefied gas is at |east equivalent to that of the
10  This type of transfer in the gaseous phase offers the advantage of purifying the liquefied
gas since it amounts to the execution of a single-stage distillation. In addition, induction
makes it possible to limit the temperature of the surface of the parent reservoir, thus
avoiding desorption from the walls of the reservoir of volatile species that could
contaminate the liquefied gas.
15
Another application of the invention comprises withdrawing the gas in its liquid form into a
tank: the gas can be pushed in liquefied form through a dip tube using its own vapor
pressure rather than using a carrier gas such as nitrogen, for example, which runs the risk
of dissolution in the liquefied gas. In this case one proceeds, for example, as described in
20 Figure 11:in this figure the tank 500 rests on the scale 501 (in order to monitor its weight,
and thus its emptying). At the foot of the tank there is arranged an inductive ribbon 502 as

described above with its associated generator that heats the liquid 508, which vaporizes

into 509: the pressure of the gas in 509 increases in such a way that the liquid 508 can rise



- induction heating. 10 This type of transfer in the gaseous phase offers the

advantage of purifying the liquefied gas since it amobunts to the execution

_of a single-stage distillation. In addition, induction nakes it possible
tolimt the tenperature of the surface of the parent reservoir, thus

avoi di ng desorption fromthe walls of,fhe reservoir of volatile species

that could contam nate the Ilquefled gas. 15 Another application of the

i nvention conprises withdrawing the gas in its liquid forminto a tank:
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vapor pressure rather than using a carrier gas such as nitrogen,
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figure the. t nk 50 est e sca (|n order to nonitor |ts wei ght,
and tthOY?g 8H$P§%HB)°°@¥ﬁFWE BQO?géztank there is arranged an

i nductive ribbon 502 as descrlbed above with its associ ated generator that
heats the liquid 508, which vaporizes into 509: the pressure of the gas in
509 increases in such a way that the liquid 508 can rise 21 in the dip tube
50475 pass through the valve 505, and be distributed through the piping 510
to the equipment 507 in liquefied form Monitoring of pressure regulation
506 is also provided on |ine 510, controlling the heating of 502. 5 22



- CLAIM5S 1. Systemfor delivering gas stored in a vessel, particularly in
liquefied form said vessel having in its lower part a |liquefied phase of
_said gas and in its upper part a 5 gaseous phase of said gas, this vessel
including a nmeans for connecting a nmeans for utilization as well as a
means for heating, characterized in that the liquefied gas and/or the
shell of the vessel are electrically €onductive elenents and in that said
means for heating conprises an el ectromagnetic induction neans capabl e of
creati g Aamsl ternating magnetic field in the shell and/or the liquid so as
to heat the 10 shell and/or the liquid in the vessel. 2. Systemin
accordance with Claim1l, characterized in that the alternating nmagnetic
field is produced using a generator operating at a frequency that is

bet ween 50 4 . : t [ C j . 3 .2,
char ac?l erize s?e?ﬂ? ra?%gnéiage?@@ ﬁé?%e)éa@%hBéH@Q%ﬁé% tcl)'alrjré?h?ac{ i)BrnLri' %é‘ qui qui d
| evel therein, 4. Systemin accordance.wth Caim3. characterized in that
2 sheet of - aPSSRRIR R s SR & fgies) eitasg L RHRABPEERY ¢ he
scale to protect the scafle,from agnetic field disturbances., 5. SZstemin
accér dance ﬂaﬁﬁ‘)‘bﬁw%h%?e‘%r?@'%%%é'ﬂ"?ﬁgsﬁlé{i@%@"&ﬁa{?%ﬂ Pr SRENGHNg RdNCeRe 23

el ectric generator that produces the alternating magnetic field supplies
sever al for utilization as well as 2 means for heating, characterized in that the liquefied gas

~and/or the sheli of the vessel are electrically conductive elements and in that said
means for heating comprises an electromagnetic induction means capable of

creating an alternating magnetic field in the shell and/or the liquid so as to heat the

10 shell and/or the liquid in the vessel.

2. System in accordance with Claim 1, characterized in that the alternating magnetic

field is produced using a generator operating at a frequency that is between 50 Hz

and 4 MHz.
15
3. System in accordance with Claim 1 or 2, characterized in that the vessel is placed
on a scale fo monitor the liquid level therein.
4. System in accordance with Claim 3, characterized in that a sheet of electrical
20 conductor is placed between the inductor and the scale to protect the scale from

magnetic field disturbances.

9. System in accordance with one of the preceding claims, characterized in that the



“inductors. 6. Systemin accordance with one of Clains 1 through 5,
characterized in that the 5 heating neans conprises at |east one turn of a
. conductor, preferably encircling at |east 90% of the vessel. 7. Systemin
accordance with Claim6, characterized in that each turn is at least 1 nm
in thickness. 10 8. Systemin accordagge with one of ainms 1 through 7,
characterized in that the vessel is a"tank, generally oriented vertically.
9. Systemin accordance with one of Clains 1 through 7, characterized in

that the 15cuessehehsra®dr thBepaRNREaIthy dMefiARgt MbhNetRy fi@lﬂtmtpi'ié'é)@e{l'é}ﬁk"
type. 10. Utilization of the systemin accordance with one of Cains |

through 9 tezf@yrkde a gas to a point of utilization at a pressure above
the equilibriumpressure of the gas with the liquid in the tank at amnbi ent
tenperature. 20 11. Utilization of the systemin accordance with one of
Clains 1 through 9 to increase the flowrate of the gas w thout

subst arét_l al lSX/s{er}ﬁrir(\a RS aﬁ@eewﬁtﬁ%%rg’rt 8[a?m8f1 {hrllgug}'rv\a %l éharggte%"iggd L% Sa?lthe
5 heating means comprises at least one turn of a conductor, preferably encircling at

least 90% of the vessel.

7. System in accordance with Claim 8, characterized in thateach turnis atleast 1 mm
in thickness.
10
8. System in accordance with one of Claims 1 through 7, characterized in that the

vessel is a tank, generally oriented vertically.

9. System in accordance with one of Claims 1 through 7, characterized in that the

15 vessel is of the generally horizontally oriented “Ton-Tank” type.

10.  Utilization of the system in accordance with one of Claims 1 through 8 to provide a
gas to a point of utilization at a pressure above the equilibrium pressure of the gas
with the liquid in the tank at ambient temperature.

20

11.  Utilization of the system in accordance with one of Claims 1 through 9 fo increase

the flow rate of the gas without substantially increasing the temperature of the walls

of the vessel.



