- 4 JUL 2005 WD 0210 9 5 7 9 7 PCTIUS01/51618 1 GAS DELI VERY AT H GH FLOW
RATES Field of the Invention This invention is related to the dghi#ry of
gases 5 at high flow rates, and nore specifically, this invention is
related tq a nethod and systemfor delivering high purit j uct or
gases aﬁ”ﬂ#ﬁﬁ”?@6m1 rates. Background of the Invention 1d¥¥@§ éﬁﬁgga gr ow ng
~need in sem conductor manufacturing to deliver specialty gases to the point
of use at high flow rates. Conventional lconpressed gas storage vessels
(i.e., cylinders and ton containers) have liquefied gas under its own vapor
pressure at 15 anbi ent tenpepat GERYAiTtﬁﬁ ua EbwiﬁA '%hdramn from the
vessel, the liquid evapof§Ees—ag—aﬁ—equkvageﬂg—fa%e—ﬁgﬁ-account for the
decrease in pressure. This consunes energy fromthe remaining liquid in the
tank. In the_, absence _of heat fransfer to the vessel, the liquid 20
tenperature~%&%£§79§eﬁgﬁﬁggﬁggéi83rresponding drop in the vapor pressure.
Further vapor w thdiawahvesyeohuakl ye3uhedoks the bHeqtiivergndft ke sfdow of
vapor reduced. Along with [iquid subcooling, .rapid._vapor . 25 w t hdrawal and
uncontro Iedaﬁe%%gPrgﬁgVeFaFﬁgth@nasFBFSgéng%§éEagﬂ¥0 %ﬁ&ﬁces vi ol ent

boi ling at thevenMessgl iwakbsatdhi sor estkthounagar syevem gormetastable |iquid
droplets into the vapor phase. |n addition, the conventional sources of
conpressed ¢a8liverapge beplverr3pysaeliisreduehpsr 92acdecteddeh lavs

-tenperature pr+@s _ flow restriction in the process line |leads to

condensation. The presence of |iquid droplets in the
Background of the Invention

10 There is a growing need in semiconductor
manufacturing to deliver specialty gases to the point
of use at high flow rates. Conventional compressed gas
storage vessels (i.e., cylinders and ton containers)
have liquefied gas under its own vapor pressure at

15 ambient temperature. As the vapor 1s withdrawn from
the vessel, the liquid evéporates at an equivalent rate
to account for the decrease in pressure. This consumes
energy from the remaining liquid in the tank. In the
absence of heat transfer to the vessel, the liguid

20 temperature drops, leading to a corresponding drop in
the vapor pressure. Further vapor withdrawal
eventually subcools the liquid and the flow of vapor

reduced.

Along with liguid subcooling, rapid vapor
25 withdrawal and uncontrolled heat transfer to the
storage vessel also induces violent boiling at the
vessel walls. This results in carryover of metastable
liquid droplets into the vapor phase. - In addition, the
conventional sources of compressed gas storage deliver
30 saturated vapor. A decrease in its temperature or a
flow restriction in the process line leads to

condensation. The presence of ligquid droplets in the



- 4 JUL 2305 R O 021095797 PCTIUSOV51618 2 vapor streamis detrjinental to
nost instrunments and therefore needs to be mnim zed. The prébJUén?n

therefore, was to deliver high. vapor flowates fromconventional sources,
with miniml 5 |iquid carryover and without |iquid subcooli Jhe prior art
has di scV84°¥ohe ways of ~ delivering high vapor flow raﬂé@%ﬁ%%ﬂ%
conventional sources, but none of the grior art teaches or suggest a nethod
and system for such delivery at high fléwTrates 10 usi ng an external source
with optiml heat transfer fromthe storage vessel walls to the liquid as

well as mnimzin | j qui for QN . lines. US.
Pat ent No. gx'r%ér 95\9'15%%7%%&%5%%%1{@%%?%% ?ﬁgﬁgs%s 1{?1rs§@618érr?§§f‘%a%e“ ed gas
froma storageerveSsed heeds o shelhabiohnzedl.um and uses the distillate to
deliver ultra-high purity vapor to the point of use. Additional processing
steps are invol verthaspaghlémguehéedrgas, 2QsUts deatiandr Noiglb, ¥ 8359

di scl oses i ngieasi ng the heat transfe.rL bet ween the anbi ent and the gas .
cylinder plat@FIRCa GRS DI ReRt 1 Thati REFEsSE i ¢ RV altering air

flow rate i migeigabineiovdd agdi Rogchbns 1hkfadahbdcrdngabinet. This
enhances the heat 25 transfer fromthe anbient to the cylinder. The

resulting flow ratgel 5reoPPRFRLLYS! ¥ibewosBonesle s dpcrease in delivery
flowate is still not” significant enough to neet the current demands. U.S.

Patent No. 5J8bivquingiBeglsearar| f4uef Fedes3d wonmmassent a2 bunped into
S‘;gpor ators, ;Y0 Chs COPNE font NEs ! LAY g1 BLO MAPA Rase befarg, deliyering the
method and system for such delivery at high flow rates
10 using an external source with optimal heat transfer
from the storage vessel walls to the ligquid as weli as
minimizing the liguid droplet formation n the process

lines.

U.S. Patent No. 6,122,931 discloses a system that
15 transports liquefied gas from az storage vessel to a
distillation column and uses the distillate to deliver
ultra-high purity vapor to the point of use.
Additional processing steps are involved using

liguefied gas.

20 U.S. Patent No. 6,076,359 discloses increasing the
heat transfer between the ambient and the gas cylinder
placed in a gas cabinet. The increase is achieved by
altering air flow rate in the cabinet and adding fins
internal to the cabinet. This enhances the heat

25 transfer from the ambient to the cylinder. The
resulting flow rate is comparatively low. However, the
increase in delivery flowrate is still not significant

- enough to meet the current demands.

U.S. Patent No. 5,894,742 discloses a liquefied
30 compressed gas pumped into evaporators, which convert

the liquid into vapor phase before delivering the gas



- 4 JUL 2005 WO 02/095797 PCC/ US01/51618 3 to the point of use. Using a
nunber of such evaporators, each corresponding to a use point. @Ilyog@ﬁ for

hi gh t hroughput through the delivery systemU. S. Patent No. 5,6 1“5 .

di sctoses the use of a 5 storage vessel fitted with an internal heat
exchangeWO 2fHi7%h nmintains the tenperature of the |iqui dPgEY-'%H¢¥rface. The
heat is transferred to the interface either by radiation or conduction

t hrough the gas phase. 10 U. S. Patent Blo- 5, 644,921 di scl oses superheati Qo

t he vapor withdrawn froma storage vessel containing |iquefied conpressed

gas heated using an external heat _exchanger. This superheated vapor is then
used to excHarng® Rt with - 1 i YaLBIpRaBB B¢ T paLsiThft he 15 vapor through

heati ng tubes;dgamissss | nedbe tbaukdpoRhage. tEhks w&eolso ihe anapars and i nduces
liquid boiling to maintain a mninmm vapor pressure in the vessel. The

cool ed vaporf®s hiEh derewehedt t BhtREIBorhe 8FlaFery AYStHe net hods
presented in the patents discussed 20 above provide neans of supplying

addi tional energyt®. theteénguild- t hr 6Ughoext dimall osew ddss Howevlera t hese

met hods ar e {?O%égfép&@?é&tf%%érﬁt LEQhSQHrf‘(ﬁﬁe%alc%@iﬁsé?& eaftorage and

requi re addi equi pnen i S makes 0S€ 1 nventlons capl "25
i ntensi ve. Furidtermaimesens nveat tenpeorkyraddieshet He guisdtmmof suppl yi ng

addi ti onal ener to th ste . There_i no t.eachi or_,suggesti on on
met hods of l@fle%(%‘yefa%?%g teﬁzgv%?%%uésh 5?ntsr%§lﬁ§1€gr %roeécir}g;f an teesl?@avﬁ ch allows
for optiml epeiatilon oddibeidel overpnsysténn 30 rddigchase Rjaet al .,

"Perfor rrancep}zliélsde'COSt Conparison for Various Bul k Electronic Specialty Gas

10 U.S. Patent No. 5,644,921 discloses superheating
the vapor withdrawn from a storage vessel containing
liguefied compressed gas heated using an external heat
exchanger. This superheated vapor is then used to
exchange heat with the liquid phase by passing the

15 wvapor through heating tubes immersed in the ligquid
phase. This cools the vapor and induces ligquid beiling
to maintain a minimum vapor pressure in the vessel.

The cocled vapor is then delivered to the point of use.

All the methods presented in the patents discussed

20 above provide means of supplying additional energy to
the liguid through external sources. However, these
methods are not adaptable to existing sources of
compressed gas storage and require additicnal
equipment. This makes those inventions capital

25 intensive. Further, these inventions only address the
issue of supplying additicnal energy to the system.
There is no teaching or suggestion on methods of
decreasing the various heat transfer resistances, which

allows for optimal operation of the delivery system.

30 Udischas R. et al., “Performance and Cost
Comparison for Various Bulk Electronic Specialty Gas

Delivery Solutions”, presented in Workshop on Gas



Del i very Sol utions", presented in Wrkshop on Gas - 4 JUL 2005 WO 02/095797
PCTI USO1h1618 - 9 D stribution Systens, SEM CON West 2000 conpargg Lﬂﬁ
econoni ¢ advant age of various delivery systens for conpressed ga % %e

maxi mum del ivery flow rate used for the conparison was 40 dard liters
per mn¥ %ﬁ¥ amoni a flowing for two hours and 1000 s¥ 'Hp Iomnng for
one hour. Yucelen B. et al., "H gh Flow Delivery Systens for Bulk Specialty

Gases", presented in vwrkshop on Gas ~Distribution Systenms, SEM CON West 2000
di scl osed that 10 externally heating the ton containers can deliver high

o e el uho0008 BUL TG KAEHBAR! E? PARRY cdibbialyze The

noi sture carryover OM/rates TR Ri'ew of the prior
art, there iscanmeed fdvantaly® nﬁih@dland QﬁéuamnMnath@mﬁeﬁnﬁ|tates t he
mnthdramal of va or S fromthe |st|n sources of col I esse st orage

(cylinders &nd"Ron°cofit dfners) athfgh Flgwdeehvery ng an ext ﬁ% heat
source; 2) pfoposes aompaptsoh S@EaM@@ysWhh@hﬁﬁ|KthﬂSHp@mMUﬁﬁl heat

transfer _20 fron1the storag vessel the | i evel ops a
et hod 5 del T ok NFBRCDABR LPRow dtes SN TIoe g At o0y ke ¥ opl of
formation |n51@@ln@rg@gsanglﬂ@@r SUMVARY OF THE | NVENTI ON 25 One aspect of
this invention is directed to a nethod for controlling the tenperature of a

liquefied conpregsedigassi.ned %tlorag@l&g%Sﬁlovpmrleéfgg PASSNY oy |1 quefied
conpressed gas into a stora%F vessel ; positioning a tenperature measuri ng

means onto thelkhaPPegbastyt ke sesipr #Ss66Tgas sttor Yegsen Gigsitioni ng at
Distribution Systems, SEMICON West 2000 disclosed that

10 externally heating the teon containers can deliver high
flow rates (up to 1500 slpm). The focus of the paper
is to analyze the moisture carryover in the vapor at

high flow rates.

In view of the prior art, there is a need for a

15 method and system which 1) facilitates the withdrawal
of vapors from the existing sources of compressed gas
storage (cylinders and ton containers) at high flow
rates using an external heat source; 2} proposes a
control strategy which allows for optimal heat transfer

20 from the storage vessel walls to the liquid, and 3)
develops a method to deliver high wvapor flow rates
while minimizing liquid droplet formation in the

process lines.

SUMMARY OF THE INVENTION

25 One aspect of this invention is directed to a
method for controlling the temperature of a liquefied
compressed gas in a storage vessel comprising passing a
liquefied compressed gas into a storage vessel;
positioning a temperature measuring means onto the wall

30 of the compressed gas storage vessel; positicning at
least one heating means proximate to the storage

vessel; monitoring the temperature of the compressed



| east one heating neans proximte to the storage vessel; nonitoring the

tenperature of the conpressed - 4 JUL ?005 WO 02/095797 PC rUﬁg &é%&ng -5-
gas within the storage vessel with the tenperature nmeasuring d

adj usti r{g the output of the heating nmeans to heat the Ilq;uefl ed ?cjorrpr essed
gas in WA&28G?hge vessel. 5 In another embodiment, this

directed to a nethod for maintaining the evaporation of a Ilquefled
conpressed gas in a storage vessel duri ig— vapor delivery conprising passing
a liquefied conpressed high-purity sen conductor gas into a storage 10

vessel ; p05|t|on|l%a tgﬁrgerg %§ang%%g hng .apans o ergecu\g%ll of the

storage vessel> positi oni hg oné héati ng rrean proximate to the
st orage vessmeia,suzrﬂmgtmeang thedt enpesatiuge tofe td\ﬂ:pcmwmfest&@d gas within the

st orage ves with the tenperatur suri nmeans; |t|on|nga

pressur e rrei?ﬁ’i]ﬁbg rﬁ%‘%ﬁgsagga eagufg'lh&t 5{;{1&8&3 g&rogéjer %3Sl toring the
pressure oftHhestcorpgessedsgas within the storage vessel vmth the pressure
measuri ng nmeans; aSSI ng}f}a portion of a %ds qut of the st%{age vessel ; and

adj usting the heat" 2879kPptt SBPOEAESREt thd SreaE Tt FFaiint & SCtdsSi r ed

pressure. |ryel @aehber rerbedi feRtnihhl $hicnwentddisn dff ected to a nethod
for delivering a liquefied conpressed gas with a high rate of flow

conpri sing 2@-%%?‘5%%%% %O‘I“PﬁﬁéfSP@dgé‘énﬁPe%é&%ag}? ﬂ’iﬂﬁsteyl EEnitbnduct or gas

into a storaggyesseliveesi EbapkRgidg b%@%%rn@tlérﬁl@ﬁe%«ﬂéd‘g neans onto the
wal | of the conpressed gas storage vessel; positioning at |east one heating
means proxi RAEIPSFRE BiEPagELyEyseemiconductor gas into a storage

10 vessel; positioning a temperature measuring means onto
the wall of the storage vessel; positioning at least
one heating means proximate to the storage vessel;
monitoring the temperature of the compressed gas within
the storage vessel with the temperature measuring

15 means; positioning a pressure measuring means at an
outlet of fhe storage vessel; monitoring the pressure
of the compressed gas within the storage vessel with
the pressure measuring means; passing a portion of a
gas cut of the storage vessel; and adjusting the heat

20 output of the heating means to maintain a desired
pressure. '

In yet another embodiment, this invention is
directed tc a method for delivering a liquefied
compressed gas with a high rate of flow comprising

25 passing a liquefied compressed high-purity
semiconductor gas into a storage vessel; positioning a
temperature measuring means onto the wall of the
compressed gas storage vessel; positioning at least one
heating means proximate to the storage vessel;

30 monitoring the resulting temperature with the
temperature measuring means; positioning a pressure
measuring means at the outlet of the storage vessel and

monitoring the vessel pressure; adjusting the heat



30 nonitoring the resulting tenperature with the tenperature measuring

means; positioning a pressure measuring means at the outlet of thdUsthage
vessel and nonitoring the vessel pressure; adjusting the heat - 4 JUL 2005
WO 02/ 095797 PCTI US01151678 6 output of the heating neans to heat the

| i quefi &P 0P essed gas in the storage vessel to contr SCHHERVSMI&por ati on
of the liquefied conpressed gas in the storage vessel; and controlling the
flow of the gas 5 fromthe storage vesS8et. In yet another enbodinent, this
invention is directed to a nethod for delivering anmonia with a high rate

of flow conpri,si ssing a high-purity, |Li i r d anmoni a gas
into a ton é%hlﬁﬁﬂéf,'@ﬁa&ﬁﬁ %éﬁﬂﬁ%%%ﬁt%%rﬁ%%%ug 5 g%ngeﬁﬁé%Wall of the ton
cont ai ner; posigdedHad) @ds | Basthonet hiead ¢ nge Apabstoproxicmaiie the t he ton

container; nonitoring the. therppcouple; positioni a pr.essure transducer at
the outl et TIPRTE LW ot et - Anet Hohi COFPRGSCRE Jassah TH%r esaur !

noni toring tdieranpsr agesyei ghind ossnofolhengl tHuekied egmphessed ammonia in
the ton container; adjusting the tenperature fromthe output of the heating
means t o°hedt*dhe1g qiie?T 2% afffd?® S in the ton container; boiling the

l'i quefied conpressed,@manbeh2d sgesicOAYeCthYe andenuebeatie boiling
regimes; controlling the evaporation of the_liquefied conpressed ammonia in
the ton cont&iifsitamde? ¢ HBSEoPdebdT véehhler A8l 8BTENBEi Mikg Pedii®s; and

control ling the fdovwphy QOHPALSiH50PAE0ENE0R BOBKALNGALy2T i Flisridwention is
also directed to a systemfor delivering a sem conductor process gas with a
high rate ofoHRERY TORPFIBPRER adas otAhe ve58B| COPRPANRIAYG a

10 positioning a thermoccuple onto the wall of the ton
container; positioning at least one heating means
proximate to the ton container; monitoring the
thermocouple; positioning a pressure transducer at the
outlet of the ton container and monitoring the vessel

15 pressure; monitoring the average weight loss of the
liquefied compressed ammonia in the ton container;
adjusting the temperature from the output of the
heating means to heat the liquefied ammonia in the ton
container; boiling the liquefied compressed ammonia

20 under convective and nucleate boiling regimes;
controlling the evaporation of the liquefied compressed
ammonia in the ton container under the convective and
nucleate boiling regimes; and controlling the flow of
ammonia from the ton container.

25 This invention is also directed to a system for
delivering a semiconductor process gas with a high rate
of flow comprising a storage vessel containing a
liquefied compressed semiconductor process gas; a
temperature measuring means positioned onto the wall of

30 the storage vessel; a pressure probe positioned at the
outlet of the storage vessel; a heating means
positioned proximate to the storage vessel, wherein the

temperature probe and pressure probe is used to adjust



| i quefied conpressed sem conductor process gas; a tenperature nmeasuring
nmeans positioned onto the wall of 30 the storage vessel; a pressuré [ dhg
positioned at the outlet of the storage vessel; a heating nmeans positioned

proximate to the storage vessel, wherein the tenperatur robe _ pressure
probe i ¥UEWSFY adjust - 4 JUL 2005 WD 021095797 PCT/ u%d%/@%é?gﬂg t he

out put of the heater to heat the liquefied conpressed sem conductor gas in

t he conpressed gas storage vessel and emabling the high flow of

sem conductor gas fromthe conpressed gas storage 5 vessel; and a val ve neans

to control the 1w af the, sepaondyct arogas fL oy pd kram the storage
vessel . The ‘st orage vesselh is acylinder or a ton €ontainer. The liquefied
may be amoricanprasdraalermichinaiucder ayeks hidridgencomoneneedchlasri ne or 10

per fl uoropropane. Generally, the nper at,ur asuring nmeans is a

t her mocoupl & e hei g %@%ser]a;b%#n%g?%‘?n%&l% aﬂ,\?f" 2%heating j acket or a
hot flui d heaiidgrahsftenr ded deorAs hisesberessedt est ermrhiggh fl ow rates
means th 15 speed at. which the gas flows fromthe storage vessel in this
vent | o, FESTE. AUhood S I vunt S O LT het NE oF AP Gif fidw r at es
“refers to tRamiforgh@adr dalartiywimbottoh0bhs| prorAgeusedshkarei n, storage
vessel nmeans any the 20 contai ner holding the liquefied gas in this

i nvention. For purpoEédase (HsSShvishtd onY1HEcst BF age t¥essel s are

cylinders or-drarh iGRIY ai Refes.1 iGhkeri 4y RESy Obe Sér@rﬁ@ﬁ?a,vﬁg’él%b%eﬁ;ﬁpam e of
storing liquefied gases are also contenpl ated herein. 25 As used herein,
proxi mat e r &MY 1% a Pesiicgipgen bromine, chlorine or -

10 perfluocropropane. Generally, the temperature measuring
means is a thermocouple.. The heating means is a
ceramic heater, a heating jacket‘or a hot fluid heat
transfer device.

As used herein, the term high flow rates means the

i5 speed at which the gas flows from the storage vessel in

this invention. For the purpose of this invention, the

term high flow rates refers to that of greater than or
about 500 slpm.

As used herein, storage vessel means any the
20 container holding the liquefied gas in this invention.
For purposes of this invention, the storage vessels are
cylinders or ton containers. Other typeé of storage
vessels capable of storing liquefied gases are alsoc

contemplated herein.

25 As used herein, proximate refers to a position
indicating an immediate vicinity. In at least one
embodiment, proximate refers to the position of the

heating means as being close to the vessel.

Detailed Description of the Drawings

30 Other objects, features and advantages will occur

to those skilled in the art from the following



indicating an imediate vicinity- In at |east one enbodi nent, proxinmate
refers to the position of the heating means as being close to the véggel005
Det ai | ed Description of the Drawi ngs 30 Ot her objects, features and

advant a will_occur to those skilled in the art fromt owing - 4 JUL
2005 V\%%S’Z?%%?g? PCT/ USO /51618 - 8 description of pr ep’grdéeggk%%%%di nent s

and the acconpanying drawi ngs, in which: Fig. 1 provides a schenmatic
representation of heat transfer across 8he vessel walls in this invention; 5
Fig. 2 provides a typical boiling curve-for a liquid; Fig_ 3 provides a
schematics tq the.experi tal .setup for delivering.,high vapor flow rates in
this invent$8ﬁ?r15tﬁpﬁ:q§96P3V§%%§e SRR TR nggdttgevariation of

ammoni a fl owatabepandisiy facaiegperahureivhth tine, Fig. 5 provides a

schematics for delivery systens; Fig. 6 provides a flow diagr for the
delivery system Fafd it ?saagggﬁ@%%%Fc§e8FePﬁ8%BF6?8t9anﬁﬁﬁnia
delivery systemhsbetaidaddesoré ptéosedf whhes! nvenhienihhiestinwention allows |
for optimal heat transfer to _the liquefied gas_in a storage vessel by
confining the 20FRigquidd BAYIERSi A ?Y%écé%ng@éQFBH gHdVRuélréafe boiling

regi me. The jRygRGi;on provides transfer heat flux of up to about 180 kWn 2
to deliver up to about-1000 sl pm of ammonia while maintaining the liquid
close to anbi ent Fiiehper dtifrel dopned eaBBETAEAEShAS Shews*PRE1PSNtAdnsf er heat

flux to be abauh 9% KM el LYeRifY vapor flow rates in this

invention; _
10 Fig. 4 provides a schematics for the variation of
ammcnia flow rate and surface temperature with fime;
Fig. 5 provides a schematics for delivery systems;
nvﬁig. 6 provides a flow diagram for the delivery
system; and
15 Fig. 7 is a schematics of the prototye ammonia
delivery system.

Detailed Description of the Invention

This invention allows for optimal heat transfer to

the liquefied gas in a storage veésél by confining the

20 liquid beoiling in free convection and nucleate boiling
regime. The invention provides transfer heat flux of
up to about 180 kWm™” to deliver up to about 1000 slpm
of ammonia while maintaining the liquid close to
ambient temperature. One embodiment has shown the

25 transfer heat flux to be about 93.5 kWm™? delivering
about 500 slpm of ammonia. Similar transfer heat
fluxes and flow rates are applicable for other similar
semiconductor gases and determined by the

characteristics ©f those gases.

30 The present invention can deliver high wvapor flow
rates at relatively low surface temperature, where the
surface temperature 1is expected toc be not more than

20°C above the bulk liguid or the ambient temperature.



about 500 sl pmof ammnia. Simlar transfer heat fluxes and flow rates are
applicable for other simlar sem conductor gases and determ ned by the
characteristics of those gases. 30 The present invention can deli VZrJUhiZ%
vapor flow rates at relatively |ow surface tenperature, where the surface
t enper at WY ¥3®pected to be not nore than 20C above t hECBHSRVPWYi d or the
anbi ent tenperature. - 4 JUL 2005 WO 021095797 PC P/1JS01151618 9 The
delivery of high vapor flow rates at relattvely low heater tenperature can
be conducted by enhancing heat transfer fromthe heater to the vessel. The

present inveptio l.lLows t use of all e 5 _avail abl e 3 a for heat
transfer by Ehee%agrlr\{aelry r?eathls%ﬁr‘{:%?ogu%{%o‘ﬁsr %Sugg g?igE%gg?Vl Elgg bath, to
the |iquid phasecrAteanterat wte at@gybal tonsuachdeviyngnhandingi heaikni ng hi gh

vapor flow rates at |qw surfac tenperatures, as || as enhanci ng heat
transfer to tHEFGF i qdicd Wﬁh%?tgﬁetgyg?%ﬁﬁﬁﬁe thods of this invention
have the potential of reducing liquid drogl ets in the vapor _phase w thout
any additional i ASEr BREREAE ol By spRr AeabYRgtERei8psE phasEEn the

vessel . A meansifiabicedycima-dothet heoexhespat-andedd Lot ghnakteeakstance to
heat transfer is also provided. In the progosed system a heat source

external to NERE spsrem i SUReRs otBappry ehergyotolfévapobatt - the |iquid.

The heat soukge qeuhd Perpidder & beatidy siaGkelyOLi18,B0Lchhbydngn direct
contact with the 20 vessel. In the case of a hot 7 urd (I'ike water "or oil),

subner gi ng t Redvasdeltaimime High dveaeh bieersateneakohest spediseance to heat
transfer (seecfahleillres | nd NG LRSEsOLnRREALLNHcbRCKRLNsER REALRES are

10 liguid. Furthexr the system and metheds of this
invention have the potential of reducing liquid
droplets in the vapor phase without any additional
instrumentation by superheating the wvapor phase in the
vessel. A means for reducing both the external and

15 internal resistance to heat transfer is also provided.

In the proposed system, a heat source external to
the system is used to supply energy to evaporate the
‘liquid. The heat source could be either a heating
jacket or, a hot fluid in direct contact with the

20 vessel. In the case of a hot fluid (like water or
oil), submerging the vessel in the fluid bath offers
the lowest resistance to heat transfer (see Table 1).
In the case of a heating jacket, the heaters are
designed for higher temperature to compensate for a

25 poof contact between the heaters and the vessel. This
allows sufficient energy to be transferred to the
liquid even if the effectiveness of the heater-vessel
contact deteriorates with time. Frequent changes of
the compressed gas vessel, which is inevitable at high

30 flow rates, may reduce the contact effectiveness. 1In
addition, it is difficult to exactly duplicate the
contact after every cylinder change. Using a

conductive grease or rubber between the heating jacket



designed for higher tenperature to conpensate for a 25 -poor contact between "~
the heaters and the vessel. This allows sufficient energy to be jtnangfgrred
tothe liquid even if the effectiveness of the heater-vessel con%act
deteriorates with tinme. Frequent changes of the conpressed gas vessel, which

i s inevit¥9®03t7%Ri gh 30 flow rates, may reduce the contacPCPUPBEE V&ness. In
addition, it is difficult to exactly duplicate the contact after every
cylinder change. Using a conductive gred$eor rubber between the heating

j acket 4 JUL 2005 WO 02/095797 PCT/US01/51618 - 10 and the vessel further

reduces the exterpal contact _ resistance. A ¢ontrol. strafe i roposed to
mnimze the aPﬁtggﬁaWeF§§§SF§H§%m¥bIﬁgﬁFeFr%%% fﬁga}?%% %éggéfg 51liquid

contact. The strategyiceonfines the |iquid evaporation in the convective. and
nucl eate boiling regine. This objective is achieved by nonitoring the

tenperature of theavesselrcsurfaca ddgv Genpacioddd ddhenihimuid and the
pressure of the vessel. A decrease in 10 the surface tenperature indicates
that the heat IPFaknafr 6@cLRé MR Sohrad 63 Stestlel e Yesselnan the

energy reqyiredsfion Lbavidrvaparzatdenedty @ gimged oy 1a481qThis indicates
a high external "heat transfer resistancé. |Increasing the ténperature of the
heat 15 sour c@VERBTaftE@nd 16r tHeatd Wy §cad et rrichdrEaseat ¢ WecheaRd flux in such

a scenario. An_jLRAcLease f t r i &N Si pressure
i cat es i hat “ReC heat 1 G ram tha vecrar Tor the Tranr o LA8rERE Bl NS R

ener gy requiregmperatiuge ¢ivapey ivassedn suTitiss Q0N navcad et vhehokbet of vapor
filmboiling (whieh A Rereases dNq s nal resistpncestg peat Lrapsfer.
10 the surface temperature indicates that the heat flux
from the heat source to the vessel is less than the
energy required for liquid vaporization at a given flow
rate. This indicates a high external heat transfer
resistance. Increasing the temperature of the heat
15 source (hot fluid or heating jacket) 1ncreases the heat
flux in such a scenario. An increase in the surface
temperature with decreasing pressure indicates that the
heat flux from the vessel to the liquid is less than
the energy reguired for ligquid vaporization. This
20 indicates the onset of vaper film boiling, which
increases the internal resistance to heat transfer.
Reducing the heater temperature enhances the heat flux

in this scenario.

The same heating source is also used to transfer
25 heat to the vapor phase, thus resulting in delivery of
superheated vapor. This minimizes the number of liguid
droplet in the gas phase and reduces the use of
elaborate instrumentation to prevent vapor condensation
in process lines. The superheated vapor provides the
30 energy required to evapcrate ligquid drbplets present in
the vapor phase. The superheated wvapor also
conpensates for cooling across flow restrictions

minimizing vapor condensation.



Reduci ng the heater tenperature enhances the heat flux in this sc e g}g The
same heating source is also used to transfer 25 heat to the vap @h Q

thus resulting in delivery of superheated vapor- This mnimzes the nunber
of liquid droplet in the gas phase and reduces the use of el aborate

i nst r umeWOa2i8s%f o prevent vapor condensation in processPETHE’SIFHe

super heat ed vapor provides the 30 energy required to evaporate |liquid

dropl ets present in the vapor phase. Jhel superheated vapor al so conpensates
for cooling across flow restrictions mnimzing vapor condensation. - 4 JUL
?005 WO 02/095797 PC rTUSOL/ 51618 - ]1 This invention does not require the
use of novel stoTagé +8ysatd ongAgesancdeFEEli re 1B yd sanye ©¥Vehpor  fl ow

rates fromtgeossg %gg@a' cafp resnededasest o agf g gftsar%g%é 5?“%%@9“0' ng

capi tal |nvestnen neetlng cust oner needs. The egy proposed in the
i nvention c@h@woreteheftpqutheewapaeathonaﬂnCEMEHEﬂnMettQW% ahdra®@cleate

boi l'i ng reglgg #2 Ln rea%Bﬁgééggcggg%altrag%f rﬁhein%lgg% eased heat

flux at a glven erat ure an op i flow 10
rate delﬁweryusfhmebaaesdef t fhe BMYBMEanpm@hﬁSEﬁtIhtﬁthﬂﬁW@nt1®ﬁ|ance
around the |I§ % g g resied %as %ontalner delivering va or at a flow
rate F, as re&préSent Heb 19505t FERPPIPE P72 ePLdd e GERF O 39 (1) The
required enengyléarevapatizat ireqimEAMIs( Rhatkasirg) tites lwames as sensible

heat | oss (drog in liquid te erature, bl or he transfer C% from a heat
20 source. | STeRELFAt eAtCReat 16F 98&6???& b adt

temperature leads to an optimal method for hlgh flow

10 rate delivery.

The basis of this invention relates to the energy
balance around the liquid in a compressed gas
container, delivering vapor at a flow rate F, as

represented by eguatiocn (1).

THCPL%L_:Q_FAHVGP(]})?GI) (l)

The required energy for vaporization, FAHv.p (Psat).
either comes as sensible heat loss (drop in liquid

temperature, T;) or heat transfer (g) from a heat
20 source. AHyap (Psst) 1s the latent heat of vaporization at

saturation pressure, Ps;r- The symbol m represents the

mass of liquid and Cp; is its heat capacity.

To maintain a constant ligquid temperature (dT./dt
=0), the heat transfer to the liguid must equal the
25 energy required for vaporization at a given flow rate.
The heat transfer source could either be an external
heater or the ambient. The rate of heat transfer from
a heat source depends on the available surface area

{A), overall heat transfer coefficient (U) and the

0 =UAT, - T,)



saturation pressure, P,at- The synbol mrepresents the nass of liquid and
Cpj is its heat capacity. To nmaintain a constant liquid tenperatucre ﬂgﬁmmﬂt
=0), the heat transfer to the liquid nmust equal the 25 energy required fo
vaporization at a given flow rate. The heat transfer source_could either be
an ext er YQ92%F87er or the anbient. The rate of heat transfdfUPM8H®a heat
source depends on the avail abl e surface area (A), overall heat transfer
coefficient (U and the 0 = UA(T, - TZ }2--4 JUL 2005 WO 02/ 095797
PCT/ 801/ 51618 - 12 tenperature difference between the source and the
liquid as s ti C cal Ly presents the
resi stance D%%ﬂ%afaﬁgggngg %%8%%%ﬁ%qh sod%&%ﬁggé%h #lﬁ%?d across a
cross-secti onigfid héTyegsel a/\‘aléplsowrhnlmheqhagmbe, (ZTd,. Tw,,t, TW' and TL
represent the tenperature of t'he heat source, outside vessel wall, inside
vessel wall and the)10 liquid, respectively. The relationship of the overal
heat transfer coefficient, U to the coefficient for heat transfer fromthe |
heat source to.the vessel, h0"t, thermal conductivity of the vessel walls,
kw, and the coefficient for heat transfer fromthe walls to the 15 |iquid,
hs" is S%OMMFP§ OT’sEhEmatﬂggyi fé%f@gé$@g thezﬁeéfstangékto’keg§) Equati on
(3) assunes a Tong cylindrical storage vessel length, L, with an |nternal
radius, r an@r@mﬁf@xtéw@m Yhadihgst Spuﬂ¢ﬁet@st@@ah@@uudeac0055eathernal
conduct|V|ty 1 Lr / ( L)edsfix or giyven.. rage, vessel
However , the %n %rn%FE% fﬁz%ﬁh %§§%l wgylg. A 9LNE fl%&ge, ?},

TWopt: TWin and T; represent the temperature of the heat

source, outside vessel wall, inside vessel wall and the
10 1liquid, respectively. The relationship of the overall
heat transfer coefficient, U, to the coefficient for
heat transfer from the heat source to the wvessel, hgus
thermal conductivity of the vessel walls, k,, and the
coefficient for heat transfer from the walls to thé

15 ligquid, hip, 1s shown below.

v 1 mk/n)
UA 2mrLh 2mLh, 27k, L (3)

oul

Fguation (3} assumes a long cylindrical storage vessel
of length, L, with an internal radius, r; and an
external radius, r,. The resistance due to the thermal
20 conductivity (In(ro/ri})/(24k,L)) is fixed for a given
storage vessel. However, the internal (1/(2A4r;Lh;s))
and external (1/(24r,Lhe.,:)) heat transfer resistance
depends on the operating parameters and the heat
source. Typical heat transfer resistance values for

25 wvarious conditions (described later) are listed in

Table 1 below.

Table 1: Comparison of Resistance to Heat Transfer

based on Fig. 1



and ext er nal

(1/ (24rOLh,,,,t)) heat transfer resistance
operating paraneters and the heat

source.

depends on t
Typi cal

val ues for 25 various conditions (described later) are listed in

bel ow.
4 JUL 2
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2nr LhmmN\3 NI YTS Anbi ent Hot Free Nucl eate
l'ing

st ed
ut si de

di aneter gnd WebBLin. [wall thickness. [The heated length is assumed 5| to be 5
ft. For the8escatouleatitensrnah adi ent| t enperatyne; of. 241G apd shot wat fer
t enper at urje q%g?r i $ Tusedfefor the iinternal heakctfapsfgr resistance,
propertieg of—afeni a|&esapbierdt tenperature are used. , The correl atipn used
to cal cul dte £Re.heat transfer (10 evefificients kﬁnrf m " Heat ahd Mass
Transfer", pten 5, Pgﬁiyhs(ﬁhaﬁic | Engi neerZmHandbook? /7t h  Ed.,
MG aw Hi Il f§9$ﬁjTa le T iTlustrates| that still anbient air offers | maxi mum
resi stancdg to external heat transfer. [Using
Ambient Hot Free Nucleate Film
Rir Water | Convection Boiling Boiling
1 1000 15 7 14

0.7

i0

15

20

The listed values are calculated for an alloy

steel ton container with 24 in.

outside diameter and

0.5 in. wall thickness. The heated length is assumed

to be 5 ft

For these calculations,

an ambient

temperature of 21°C and hot water temperature of 27°C

is used.

For the internal heat transfer resistance,

properties of ammonia at ambient temperature are used.

The correlation used to calculate the heat transfer

coefficients are taken from “Heat and Mass Transfer”,

Chapter 5,
Ed., McGra
Table

maximum resistance to external heat transfer.

these values in the above equations,

Perry’s Chemical Engineers Handbcok,

w-Hill, 1998.

1 illustrates

7th

that still ambient air offers

Using

it can be shown

that the heat transfer from ambient air is only

sufficient to deliver about 7 slpm of ammonia without

significant ligquid subcooling.

This calculation

assumes a 10°C drop in liquid temperature from

subcocoling

In the absence of external heat sources,

the heat transfer from the ambient limits the rate of

vaporizati

rates without liquid subcooling,

on of liquid.

To obtain high vapor flow

external heat sources

like a heating jacket or hot fluid bath can be used,



15 these values in the above equations, it can be shown that the heat
transfer fromanbient air is only sufficient to deliver about 7 SlAerﬁ\l]c?flUS
anmoni a without significant liquid subcooling. This cal culation assunes a
10C drog in Ii_gui d tenperature from 20 subcooling. In the_absence of external
heat sod¥@&¥%5the heat transfer fromthe anbient linits PhEUPYA0Ys

vapori zation of liquid. To obtain high vapor flow rates without liquid
subcool i ng, external heat sources |ikel& heating jacket or hot fluid bath
can be used, - 4 JUL 2005 WO 0 2/095 79 7 PC/USOL/ S1GL8 - 14 both of which

are known in the art- |n addition to, this, the heating neans in this
i nvention | PE&wt 5%1! VheFRdeESotREF Cdramle ﬁé%}rt'er?albra Het°appt opri at e

devi ces and uretdodsh&KnpatiAgt headrst froferarovirdidig haatl Scdwiddhe vessel .
Usi ng hot water bath can significantly reduce external heat transfer
resi stance aS'SHHES i ALRFADFET RMIh hed &ds @ Tofotd He atR R Beket , t he

resistance tReals t5AAShEt nwhk! 1 @eReNd 0N HNE CONEACT, rDefBep Hdie: | acket

and the vessel. The presence of air 10 gaps between the jacket™ and the vessel’
will reduce thedthetyanseer sPAdagailotactasags th ran ato¥niHowavieky a  hi gher

heat i ng | ackelqEUPELALYLE) CABLGOMANSALE. Hls &1 A0S £OMLAGE, befveen the

heater and the vesse acing a thermally conductive et ween t he
heater 15 afthhhke Vesséh tha skse erthandedthethemcketansfles. As stated

above, the que t.oLr e gef ficj.ent al e 0 i nt er nal
resi stance. %oeéﬁée%?gggaﬁéf gggftTrﬁéraﬁlrﬁq‘jeerfng{ﬁ%ef%@%a%s&gﬁ%e I%{;?e%%t depends
on the tenpédratween dihterfenketbetvkearnd heeswadl. 20 tendetdeetcquid and t he

boi 11 ngy ghar act erf 511,68, 0LntN8 o et tha b ISNSL Ay 1oy Pogks oI LLL
transfer since air acts as an insulator. However, a
higher heating jacket temperature can compensate for a
poor contact between the heater and the vessel.
Placing a thermally conductive fluid between the heater

15 and the vessel can also enhance the heat transfer.

As stated above, the overall heat tranéfer
coefficient also depends on the internal resistance to
heat transfer. The internal heat transfer coefficient
depends on the temperature difference between the wall

20 and the liguid and the boiling charactéristics of the
ligquid. In general, the pool-boiling characteristics
can be brozadly divided into four regimes as 1lllustrated
by a typical beoiling curve in Fig. 2. The boiling
curve 1s a log-log plot of the heat flux per unit area

25 (Q/A) against the temperature difference between the
wall and the liguid (Twij,~T:}. The four regimes are,
free convective boiling, nucleate boiling, vapor film
boiling, and radiation boiling. The schematics on top
of the curve represent the characteristics of each

30 regime. 1In free convective boiling, the heated liquid
next to the hot wall rises due to natural convection
currents and evaporates at the vapor-liquid interface.

In the nucleate boiling regime, vapor bubbles form on



can be broadly divided into four reginmes as illustrated by a typical boiling
curve in Fig. 2. The boiling curve is a log-log plot of the heat fb;ﬁ ﬁga
unit area 25 (QA) against the tenperature difference between the "~ b d
the liquid SFM ,-T,,). The four reginmes are, free convective hoiling,

nucl eat BT vapor film boiling, and radiation boi HAUSHREEchemati cs
on top of the curve represent the characteristics of each 30 regine. In free
convective boiling, the heated |iquid Itext to the hot wall rises due to
natural convection currents and evaporates at the vapor-liquid interface.

In the nucl eate boiling regine, vapor bubbles.formon - .4 JU_. 2005 WO

02/ 095797 PENTSHI b8 18 “THleT5EsEP haFl Lafd AT $85 (')Lnltﬁé%laf:&ui d- gas
interface wihlit congdesssnggi Ant BRebBLk Kkl Nguiudd . As alshehet enper at ur e

di fference increases, the,bub%les coal esce on the |I. surface and form a
vapor film ﬁ?ﬁ@??%F%F?e@é?f@&ePﬁea%nFFFﬁﬁﬁéPIFH&.bﬁ%@ﬁ@ﬁgﬁoFﬁésFﬁnperature

di fference isnhiighefain ERb$aFEOLAR, fbhR Bakepel Feak. transfer is |ower
conpared to nucleate b0|I|ng: At  still higher tenperature difference, the
wal | temperggireredickeasestsifnbriitantly Péshctighg the I6TPEdRAMIT6Nn heat

transfer. 1nyfpisS LeOLNME, htﬂghéﬁa&nf Luxs tedihe | iqw d.agaik ipcreases with

an increase 1n the tenperatdre difference. "However, pﬁ[s regime i s of
little practicaisise forlawari agngasetotwahniiclegmgekatidiey.( gidat er than

about 1000(35%%?# %g@h%§ gg#bgggFgggngigke&ggcggn%gg%?%aﬁl vessel materials.

Typi cal val ues eat anster resistance in erent boiling regines
for amoni a aempdratedei AincTabbeslsikngl iheat: 1yr amsfidrtingt és are obtained in

free copvection angd, nHeLeat ¢ RQLLINY KEOLIES hgime, the heat Fflux
to the liguid again increases with an increase in the
temperature difference. However, this regime is of
little practical use for heating due to wall
temperatures (greater than about 1000°C) near the

15 melting point of the conventional vessel materials.

Typical values of the heat transfer resistance in
different boiling regimes for ammonia are listed in
Table 1. High heat transfer rates are obtained in free
convection and nucleate boiling regimes at

20 significantly low temperature difference (Tw;,—T;} due
to low resistance to heat transfer in the liguid phase.
In the film-boiling regime, the vapor film acts as an
insulator. This reduces the heat flux to the liguid
due to a higher heat transfer resistance in the vapor

25 phase. This illustrates that to deliver high vapor
flow rates from compressed gas containers, the rate of
vaporization must increase by reducing the overall heat
transfer resistance. The energy for vaporization can
be supplied by using an external heat source. Low

30 resistance to internal heat transfer can be obtained by
controlling the liguid boiling in the free convective

or nucleate bolling regime.



20 significantly |low tenperature difference (Tw;,,-TL) due to |ow resistance
to heat transfer in the liquid phase. 1In the filmboiling regine;itle MBpor
filmacts as an insulator. This reduces the heat flux to the liquid due to
a higher heat transfer resistance in the vapor 25 phase. This illustrates

t hat to WeIrAB79hi gh vapor flow rates from conpressed ga®CHBMIALINSr s, the
rate of vaporization nust increase by reducing the overall heat transfer
resi stance. The energy for vaporizati-oné&an be supplied by using an external
heat source. Low 30 resistance to internal heat transfer can be obtai ned by
controlling the Ii C]UI d boi I%gll n the_free convective nucl eat e boiling

regime. - 4 JUL 2085 Va5SH 98T 94 of FOPCFPEGTS S PEES Cci‘%)reﬁ%e apor

del i vered frqm convents onal s sonpEEs8edingasigoukces espnsatigated since it is
inequilibrium with the |iquid present inside the container. In the process

pi pi ng the \i*éi‘&d? fc‘?ﬁ Eoorlduer eaoREl AR Ve y tBe| GRBIai&eder atlit 618 process

lines or tenpey PIE)(% QHé'GQpéfpéé‘ﬁlelgoQC'a@%St% flaw st 1 ction. A drop
in terrperature of the saturated vapor will result in condensation. The :

presenceSof JdwaK dtQiF@?ﬁF@tlsr@ran berogess i heResl oo tER@ ST IHERT @R | on.
Suppl ying e I%yn %;% %$f?ﬂag8£o£9 QOFPSQSE%%&? tﬁ%%lpco‘}s!' figct can

m nimze the urd droplets eriments were
conduct ed td:@wadmltlereth@f tleas&btilraiye@fvasomgwndri (I@Hlellmem; to deliver

hi gh 15f|owrCies of . ﬁgnmni. Th é tablish a
relationship > Bt e\/\Ifesc’aa‘rltjf vap}gér3 %%&)r% atuhe surO ac énn*pgr ature. The
experi nment al destet itpewisad t@rthesinagrm\entanlon. Supplying energy

10 to the vapor to compensate for any cooling effect can

minimize the formation of liquid droplets.
Example

Experiments were conducted to evaluate the
feasibility of using ton containers to deliver high
25 flow rates of ammonia. The experiments were used to
establish a relationship between the vapor flow rate

and the surface temperature.

The experimental setup used for testing the .ton
containers is shown in Fiqure 3. A 4130X alloy steel
20  ton container filled with ~530 1lbs of ammonia was used
for the experiment. Twelve ceramic heaters were used
to control the surface temperature of the ton
container. The heater is a mesh of ceramic squares,
1”x1” in size, covering a continuous heating filament.
25 Each ceramic mesh 1is 6“x19.5"1in size and is rated for
3.6 kW. These heaters were spaced ~1” apart and tied
together in sets of four along the length of the mesh.
Three of these sets were placed side by side along the
length of the container. A one-inch thick insulation
30 was used on top of the heaters and the whole assembly

was clamped to the bottom of the ton container using



containers is shown in Figure 3. A 4130X alloy steel 20 ton con ainshﬁfilled
with -530 | bs of anmonia was used for the experinent. Twel ve cet e aters
were used to control the surface tenperature of the ton container. The
heater is a nesh of ceram c squares, 1"xi" in size, covering a continuous.
heat i ng Y PHMSAY”. 25 Each ceramic mesh is 6"x19.5"in siz@cgﬂ%mF@“@ﬁted f or
3.6 kW These heaters were spaced -1" apart and tied together in sets of
tour along the length of the mesh. Thrlide of these sets were placed side by
side along the Ilength of the container. A one-inch thick insulation 30 was

used on top t-h eat er n I | anped ot he bottom
o T hen ooP s¥adin%, AL nzﬂ-ﬁ% AT e R Y H B s e i a0
steel wi res.thEhitothehtsungf are aangemrent Tlovered €2b0aipkr.the total surface
area of the ton container. The surface tenperature was nonitored and

control l ed at sixxh ferente | 0orté onsSULSI RYsSmbhetspreauphas distributed in a
zigzag pattern on the heated surface area. The thernocoupl es were tag-wel ded
to the surf&Gtr tdh Tohtd herreot obPaPh1PRE BFGBY surface tenperature.

Each t hes nmDaaupl i Waso hs€dit O r Ot EQ! 13 Sekighahephers rusiond taesi npl e on-of f
10 controller. This setup allows for maintaining_a uniformtenperature
across the HRRtaf stifeEes IJFRA - anhdfi BPETBACPEPES SWEEE enedsuMed d5d8sed on

average weighti 0SS, OV8ke 38010 B0n NEBLPEE hed. tBi gbtdishews thevariation
of the amonia flow 15 rate (right y-axis) and the surface tenperature (left

y-axis) witBuiirce Tiempeesease- i nbzdle Shefaecovpérperat weed dads to a
cor respondi ng,{\cSFagesLy LR 2UPYI 3sYAROL Lhppwikabg-deld vered by the ton

cont ai ner .
10 controller. This setup allows for maintaining a

uniform temperature across the heated surface. The
ammonia flow rates were measured based on average

weight loss over a 30 to 50 min period.

Fig. 4 shows the variation of the ammonia flow

15 rate (right y-axis) and the surface temperature (left
y-axis) with time. An increase in the surface
temperature leads to a corresponding increase in the
ammonia vapor flow rate delivered by the ton container.
The pressure and ligquid temperature, which were also

20 monitored during this experiment, remained constant.
The increase in heat flux at higher surface temperature
leads to higher vaporization rates, which increases the
flow rate. A constant pressure and ligquid temperature
indicate that energy supplied by the heaters was

25 adequate and all the energy was utilized to vaporize
ammonia and maintain the flow rate. The observed
temperature difference at various flow rates along with
the actual heat flux to the liquid is tabulated in
Table 2. The heat flux is calculated using the ammonia

30 flow rate and heat of vaporization.

Table 2: Experimental Result

Temperature Difference Average Ammonia Average Heat




The pressure and |liquid tenperature, which were also 20 nonitored during this
experinment, remained constant. The increase in heat flux at higher surface
tenperature |eads to higher vaporization rates, which increases thelUlf aggw
rate. A constant pressure and liquid tenperature indicate that energy

suppl i edvVOY2PR@heat ers was 25 adequate and all the ener g§CWESOMI®IS zed to
vaporize ammonia and maintain the flow rate. The observed tenperature
difference at various flowrates along wgth the actual heat flux to the
liquid is tabulated in Table 2. The heat flux is cal culated using the
ammoni a 30 flow r nd heat of_ vaporization. : i sul t
Tenperature Different®B.A-@EageCAMDNI a AveRlageakeatr} 4 JULFROOS5(CAMD

02/ 095797 PCT/USO /51618 - 18 (Tw' -Tl) (C Elpwate (F) Fl uxu(&*A) (sl pm
(kWm 2) 2. 81562861 —3-33327+6225—422-36370-60—5-56492-93-51 The"
maxi mum heat flux that can’be transferred to I}ﬂ%id anmoni a aﬁrp%g nucl eat e
boiling is 1.5x103 kWn 2 J%is heat fl ux corrgi onds to the %gigﬁ of maxi mum
between 5 the nucleate and apor filmboiling gine on the irffng curve
shown in Fig. 2. The naxhnyglheat flux is calgg&ated using a.gocrel ation
taken from"Heat and MasS Transfer”, Chapter 5,” Perry's Chem cal Engi neers
Handbook, 7t Ed., MGawH[l, 1999. Using the feat 10 transfegr gorrelation
for nucleate boiling, it can be further shown that the tenperature

di fference between t(he vessel wall (Iwo' ) and the paik firquid (T,) at this

4

The maximum heat flux that can be transferred to liguid
ammonia during nucleate boiling is 1.5x10° kWm?. This
heat flux corresponds to the point of maximum between
5 the nucleate and vapor film boiling regime on the
boiling curve shown in Fig. 2. The maximuun heat flux
is calculated using a correlation taken from “Heat and
Mass Transfer”, Chapter 5, Perry’s Chemical Engineers
Handbook, 7% Ed., McGraw-H3ill, 1999. Using the heat
10 transfer correlation for nucleate boiling, it can be
further shown that the temperature difference between
the vessel wall {(Tw;,) and the bulk liguid {T;) at this
point of maximum heat flux is ~20°C for ammonia. In
the experiment, the observed temperature difference
15 between the outside vessel surface (Twmg) and the bulk
liguid {(T;) was less than 6°C at a flowrate of 492
slpm. This shows that even at such high flowrates the
liguid was just at the onset of nucleate boiling.
Still higher flcwrates can be easily achieved in this
20 regime due to enhanced heat transfer. Conceptually,
using the above experimental configuration 7890 slpm of
ammonia can ke delivered while still boiling liquid

ammonia in the nucleate regime.

The experimental data presented above demonstrates
25 that a range of vapor flow rates can be delivered from

ton containers using an adeguate heat source and



poi nt of maxi mum heat flux is -20C for ammonia. In the experinent, the
observed tenperature difference 15 between the outside vessel surface (Tw't)
and the bulk liquid (TL) was less than 6C at a flowate of 492 slbdil Tis
shows that even at such high flowates the Iliquid was just at the onset of
nucl eat eYBIHWHG? Still higher flowates can be easily abh’ESE@E this 20
regi me due to enhanced heat transfer. Conceptually, wusing the above
experinmental configuration 7890 sl pm efiSafamonia can he delivered while still
boiling liquid amonia in the nucleate regine. The experinental data

present ed above depppnstrates 25 that a range of vapor flow rates can be
del i vered frotRtiohl td9t b RefyrdéiSry LaAe: % heat® HiredH® - 4 Jul 2005

WO 02/ 09579m REI/ USED/ BEL8 19 greantdioldding the, 1 faae daspenatture. The
data also shows that these high flow rates can be achieved just at the

onset of nucteatee RFPhgOLANPFdrE edPSysif®m is illustrated in Fig. 5. The
5 system consists of the follow ng conponents: 1) conventional conpressed
gas source (i.e., Agasetyrradesystedn contldivsdmptey) Hediisolrce;T8) val ving
means (i Ee' sy YALYeS.L0; cRt el (hhe Hclﬂ‘%ﬂné‘ %ngaaéngfgtoé/\! ng fromthe gas
source; 4) pr}éssure measuring neans (1.e., pressure transducer to nonitor
t he pressurecomvéeiel gaslsoompek;sses) geenperatas el ingasurday aeansied,. e. ,
tenperature _sensor.to neasuring the tenperature w.thin the ., source); 6)
a heater cont?dl“Bo%*t3%Eont r23I g’te‘ﬁale]C hseoéltr?ce’an ﬂavférij(%)v{/n%%l$gil'ted ‘cont r ol
the gas fl owalwe&i go d65nbrotlhe=olfilbd iafesHen dave fliguirey refer tihe fl ow of

the gas and_the dashed I45Mne represents control |oo s(. The corrspressed gas
st or age Vess%c’flsi§01rlFFFed -pﬁessurre measuring mean l.e., pPressurc

10 transducer to monitor the préssure in the gas source);
5) temperature measuring means (i.e., temperature
sensor to measuring the temperature within the gas
source); 6) a heater control box to control the heat;
and 7) a flow switch to control the gas flow. In Fig.

15 5, the solid lines in the figure refer to flow of the

gas and the dashed line represents control loops.

The compressed gas storage vessel is filled with
liquefied gas under its own vapor pressure at ambient
temperature. This results in a liqguid phase at the

20 bottom of the container and a vapcr phase at the top.
The gas to be delivered is withdrawn from the vapor
phase by fully opening the valve. 1In this
configuration the pressure transducer reads the vapor
pressure inside the vessel. The temperature sensor is

25 used to monitor the surface temperature at the bottom
of the wvessel, which is always in contact with the
liquid phase inside. The temperature is monitored at
least, if not more, at three different locations. An
average of these readings is used in the control logic.

30 The temperature sensor can be an infrared sensor or a
tag~welded therxrmocouple. The control box can be a

computer or a real time logic controller. The heat to



liquefied gas under its own vapor pressure at ambient tenperature. This
results in a liquid phase at the 20 bottom of the container and a vapor
phase at the top. The gas to be delivered is withdrawn fromthe vapor JUlpkgse
by fully open|‘% the valve. In this configuration the pressure t ransducer
reads t h¥ARH8F™7pressure inside the vessel. The tenperat BFEUSEIRISH is 25
used to nonitor the surface tenperature at the bottom of the vessel, which
is always in contact with the |[|iquidphase inside. The tenperature is
nonitored at least, if not nore, at three different locations. An average
of these readings is used in the control logic. 30 Th erature sensor can
be an infrar e sehSbrIGr VESSEdgivel déd SEREFADC HTPINE © %ﬁeﬁe trol box can be a
conputer or a-heat. tine logic controller. The heat to - 4 JUL 2005 WO

02/ 095797 PCT/US01151618 - 20 the storage vessel is transferred using the

heat ~ source. TheTHQaBeEQUEB%r%%” c@% 8l %CK%Ek%%aﬁq%fat%r &y rgcirculating
liquid bath. The tenperature of 5 flurd in the liquid bath is mai nt ai ned

t hrough an e&@erﬂelaheaGeﬂlanddlt@thlowTheteemeanaﬁwnﬂleﬁ Uséng a
f1owreter. The,}gcket tﬁgaﬁ?‘[ pGa@n b%%hpqge&%q%g%ln%%iecéﬁf&iéﬁ dhike a

re5|stance heater in t erlnental setu a rectrcul ati ng hot
fluid. 10 Lom&serheathEEaﬂsfendre$msﬁan@ere&eobﬁmamﬂtndllﬂé uyesged i s
subner ged inff hea ed |I% |d ba Ilke gatern'g; O%J %pd the fluid is
recircul ated™ TT™ ﬁgétl é & (SPESE W& Y s used, then it
is preferabéEetermeetg qaﬂdnc@nwesgmeameeomeemhhemxiaﬂié i ncrease the
cont act area between ter and.the vess
experimen up or by a rec1rculat1ng hot fluid.
10 Lowest heat transfer resistance is obtained if the
vessel is submerged in a heated liguid bath like water
or oil and the fluid is recirculated. If a heating
jacket (electric or hot fluid) is used, then it is
preferable to use a conductive grease or rubber to
15 increase the contact area between the heater and the

vessel.

The control strateqgy proposed for the delivery
system is schematically shown in Figure 6. The control
decisions are based on comparing the value of the

20 pressure, P, and surface temperature, T, at current

time, t, to the values at a previous time, t-At. This
improves the safety of the delivery system by putting
an upper bound on the temperature {(Tn:x) and the
bressure {Prax) and also ensures an uninterrupted

25 delivery. A decrease in the surface temperature with
increasing flow rate is a warning of inadeguate heating
supply. The surface temperature will drop if the heat
transferred by the heaters is less than the heat
required for vaporizing ligquid to maintain a flow rate.

30 An increase in surface temperature with a decreasing
pressure indicates boiling in the vapor film regime. In

this case the energy transferred from the vessel to the



The control strategy proposed for the delivery systemis schematically shown
in Figure 6. The control decisions are based on conparing the val uaé i Hbie
20 pressure, P, and surface tenperature, T, at current tine, t, to the
values at a previous tinme, t-At. This inproves the safety of the delivery
systen1690ﬂﬁﬁﬁﬁﬁb an upper bound on the tenperature (Tnd%?”ﬂﬁﬁﬁﬂﬁ@ pressure
(Pmax) and al so ensures. an uninterrupted 25 delivery. A decrease in the
surface tenperature with increasingflddwrate is a warning of inadequate
heating supply. The surface tenperature will drop if the heat transferred
by the heaters is,less,than_the at _required for v rizing liquid to
maintain a ?1%%?+%t%? 1§6SAﬁkFHC£§SS%n?%g¥uFFggérﬁgﬁgg?hture with a
decreasi ng pressuretiadicates boiling in the vapor filmreginme. In this
case the energy transferred fromthe vessel to the - 4 JUL 2095 WO

02109- 5797 PCT/ USth8461802%1 ol @uhe: tSohessot panche enarma resuitied for
vapori zation. Under no flow conditiaon &no process denmand for the as) the

valve is | ef#2$ll FheopRhvandst ReThr £8sdVeCRRB 25 eMFeRRaFBIEs 3@ad by the

transducer apdntbe,sePs0L sake 60RSt ARt  FHASRLRESSSd NG d Ssdddded with the
gas. \When the customer requires gas a flow switch is opened, which triggers

the control ¥vepcoTheapressdihe mBrepssaslinheigad iStlad rittd: filow @mdl- dependi ng
on the flowyalg, 10 EUEt%ﬁ%EaQEqBQ graturg %ﬁ%@e%mﬁﬁQ§1@§sc apt or

decreases. This triggers the controller”to increase e heater tenperature
t o mai nt ai n ehtohstanggpressheecohtirogaseocpt aThecipredatienglfoms daheat er

(I'iquid bath or lacketed), .o Lhel Lha ELULG{SIPELAYLE O pig, fl ow 15
rate can he e?%e%%lve?y useg to con%rol tﬁe heagp
10 the surface temperature either remains constant or
decreases. This triggers the controller to increase the
heater temperature to maintain a constant pressure. In
case of a recirculating fluid heater (liquid bath or
jacketed), either the fluid temperature or fluid flow
15 rate can be effectively used to control the heat
supplied to the vessel. The heat supplied by the
electric heaters is controlled by the voltage applied
to the heaters or by cycling the heaters on and off.
The heaters supply energy to the liquid phase leading
20  to liguid vaporization, which maintains a constant
pressure in the vessel. Any drop in pressure due to a
further increase in the flow rate demand‘at a constant
or decreasing surface temperature increases the power
to the heaters to vaporize more ligquid. The increased
25 heat input maintains the liguid at a constant

temperature.

As the flow rate demand reduces the pressure in
the vessel increases due to vapor buildup, it also
increases the surface temperature due to heat build up.

30 When both these conditions are satisfied the controller
reduces the heater temperature. The heater temperature
is also reduced in the fgllowing two scenarios.

Firstly, if a pressure or temperature upper bound is



supplied to the vessel. The heat supplied by the electric heaters is
controlled by the voltage applied to the heaters or by cycling the jpeaggrs
on and off. The heaters supply energy to the liquid phase leading 20 to

| iquid vaporization, which maintains a constant pressure_in the vessel. Any
drop in WB@%@?PF? due to a further increase in the flow rEFE"’%&Hﬁ%“ at a
constant or decreasing surface tenperature increases the power to the
heaters to vaporize nore liquid. The Tnefeased 25 heat i nput mai ntains the
liquid at a constant tenperature. As the flow rate demand reduces the
pressure in . ihe,vesseb 1n6agases fdug et o MaRQre bulldup,ifeal §0 increases
the surface Eerrperajtureedue tg heat Eﬁi d up. 30 Wien both t hese condi tions
are satisfietheheacongrohiée thedpeessure hHeat@dgcrenperat (YapoThel heat er

tenperature i re Lo _the fol ] ow Lo i{stly, if a
pressure or lf%%‘)%#ifm egggggrkggt&ng’eifgu{e }M%%Lﬁ%bj@%&@%zi%%t]g&%g? PCT/ USO
/S1 618 - 22 lomachede Sécendhvyftchf ishehsurkfeaat et ¢ enpef atmwrehas thacreasi ng

whi |l e th% pressure if.ffcrea i ng (vapor film boiling). Every tine before
re-enteri’ng $He tontrot~ 1'6op-“the flow switch is checked to confirmthat the
5 gas is. still needed, Heati n%ht he whol e vessel also results in heat

transfer to the VEpdripRakRei ANPHE VESSEL P TeAUstS b sBpRt heat ed: vapor

in the CQntaif@rﬁstfletﬁxﬁﬁéSvaFBQr vaek tihe wiwerdeated vapos heh@s in the 10
evaporation of any netastable [iquid droplets that ma%/ have carried over
into the vapb? PRAREICHFEAIYARPARg 1T IHEr Kt Rapor Fronf¥hResEonpressed gas

source mnigmzesythe chansepcehovaraer veiiensathonih nphbe

10 evaporation of any metastable liquid droplets that may
have carried over into the vapor phase. Withdrawing
superheated vapor from the compressed gas source
minimizes the chances of vapor condensation in the
process lines, which can be a significant problem when

15 withdrawing saturated vapor. Any drop in temperature
or a flow restriction can result in droplet

condensation in the lines while using saturated vapor.

Example of Bulk Ammonia Delivery System

The following is a description of a prototype,
20 bulk ammonia delivery system, to be installed at the
customer site, which uses & possible variation to

control strategy proposed above.

The delivery system consists of a ton container
housed in and supported by a sheet metal enclosure.

25 The ton container i1s a horizontal pressure vessel with
an internal volume of ~450 I and weighs ~529 kg. The
ton housing has thermal insulation applied internally.
The housing is horizontally split at approximately the
ton centerline. The top half i1s hinged to provide

30 access for maintenance, installation and removal of the
ton container. The edges are sufficiently rigid to

avoid distortion. Three circumferential supports built



process lines, which can be a significant problemwhen 15 w t hdraw ng
saturated vapor. Any drop in tenperature or a flowrestriction can result in
dropl et condensation in the Iines while using saturated vapor. BEkaibl80%f

Bul k Amoni a Deljvery System The following is a descripti
bbb

20 bulkvgﬁﬂHWFﬁyhelivery system to be installed at the

r.ot ot ype,
di'te. " which

uses a possible variation to control strategy proposed above. The delivery
system consists of a ton container houéed”in and supported by a sheet netal

encl osure. 25 The ton container is a horizontal pressure vessel with an

i nternal vol.
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detectors, whiich mMyidwsdtde tee skingiswdiace Tdrerpariatialr ees At each end of
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i ncor por at ed "Hrftf
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heaters, 127 inside radius x 11”wide x 28"
ciéumferential length are used. . The heaters are
installed in the housing between the supports in two
groups of two. The heater arrangement on the
cylindrical section of the ton container is shown in
Fig. 7. ©®ach band has a maximum operating temperature
of 850°F and is rated for ~3.75kW at 440 V, single
phase power. Each band is equipped with a mounting
flange on each end, suitable for spring attachment.
Springs are connected to the inside of the housing such
that the heaters exert a clamping force against the
vessel when the ton container is lowered into position.
This geometry of band/spring/ton surface ensures that
at no time do the band heaters carry the weight of the
ton container and provides optimal surface contact
between the heater and the vessel. This configuration
will also allow changing of ton containers without the

need for repeated adjustment.

Each heater band 1s connected to a process
controller and is eqguipped with two thermocouples. One
thermocouple is used for control of the temperature set
point and the other for over temperature monitoring.
The process controllers for the four heaters are

mounted in a common control box. The control box



groups of two. The heater arrangenent on the cylindrical section of the ton
container is shown in 15 Fig. 7. Each band has a maxi num operating _ [
tenperature of 850F and is rated for -3.75kWat 440 V, single phas% Wo&@?.
Each band is equi pped with a mounting flange on each end, suitable for
spring altOSUWSHY. Springs are connected to the inside ofCTRSVH3$E ng such
20 that the heaters exert a clanping force against the vessel when the ton
container is lowered into position. Th¥§ geonetry of band/spring/ton surface
ensures that at no tine do the band heaters carry the weight of the ton

cont ai ner an rLovid i,al,sur - and the
vessel . Thi sggg)%g;égsuﬁ)zjt% trg\?\ﬁ}}éja egagceea ﬁoggvaﬁg#]uaﬁglﬁgé ﬁ&?%% %ﬁ‘?g}iﬁér S

wi t hout the boeedntonrasefredted tatipestatentes BEdotohgatgre bangna s connected to a
process cont.roller and is equipped with two thernocouples. One 30 '
t her mocoupl e S GEEF £5F control of the tenperature set point and the ot her

for over tenperature nonitoring.., The pré)c ss controllers for the four

heaters are nount¥d 94¢ & Eohfsh ot ot W THe RIOHTT BT e boXt 4PFeEt2005 WO

02/ 0957975 PCH/sUSHHA61 5 24 heaRit i s Ponetordiar-d e heat ers hbsough the power
junction box and reads the tenperatures through the signpal junction box.
Bef ore the bégienthivdgsst Fowhel pries RFes 18t pointPOENT st gnfekelein t he

uni versal confypldeedhadiealerighersrdsuned off1 wheo thecpaessure set point
is reached and turned back on when pressure falls bel ow the set oi nt. The

pressure wi | IPFEY- dfda @RV withidk sl L due heaterpeenperadtrgadet poi nt
is entered infqLach LLRIOCASS SO b Bl 10 R &P 4PPRES! ELL to the

heat er ,
10 process controller to put an upper limit to the heater

temperature. An over temperature condition sends a
signal to the universal controller through the control
box, which shuts the heaters off. 1In addition to the
over temperature signal, the heater process controliers
15 will provide a signal to the universal controller in
the event of heater burn out or failure, which will
initiate an alarm, shut off power to the heaters and

initiate an auto switchover to the standby unit.

The two infrared surface temperature sensors are
20 connected to the universal controller and act as the
primary safety devices by limiting ton container wall
temperature. They have a maximum configurable value of
125°F. Below the configured surface temperature, the
sensors allow the heaters to operate. If the surface
25 temperature set point is reached on either sensor, this
signal overrides the pressure control process described
above. The universal controller shuts off power to the
heaters and initiates an automatic switchover to the
standby unit. A temperature sensor is also mounted in
30 the process tubing for vapor temperature measurement
and the signal is sent to the universal controller. 1In
this invention, the temperature measuring means is any

temperature sensor, preferably a thermocouple. The



~tenperature. An over—-tenperature condition sends a signal to the universal
controller through the control box, which shuts the heaters off. In addition
to the over tenperature signal, the heater process controllers 15 'QI .
provide a signal to the universal controller in the event of heate J b?%5out
or fail WO 2WAEh will initiate an alarm shut off power®¢HVEHEABat ers and
initiate an auto switchover to the standby unit. The two infrared surface
tenperature sensors are 20 connected t4 the universal controller and act as
the primary safety devices by limting ton container wall tenperature. They

have a maxi m confjgurabl e.value o 125F. | ow t he.confi red surface
o ot ator o EEHESPLLAHE 201 £y BLHBOber agsh. HHE! QU1 (ARG, Ul L oot
tenperature sed pioendveésageachedhentent hafrsepsiosentshirs isd gnatpawet ri des t he

pressure contro% grocess descri.bed The univgg;al controller shuts off
a

bove
top %Fsp%ﬁﬂtiﬁPPFé98§eanl§uFBﬁaFP@t§ﬁ ¢Hover to the standby

power to the

unit. A tenperature sensor is also nmounted_in 30 the process tubing for vapor
tenperature neasuf@fRRfataRe €hETSTEREF VElBENEIEG UHe WAV drials®ont rol I er.

In  thisg nvegpthenisthselegperatHr-eingaskr i RguiBARSIHS AMhg t enperature
sensor, preferably a thernocouple. The 4 JUL 2005 WO 02/05%79?
PCTI USOL/ 516957925 thenperattiPe 8Nef ePEAEEVRetWedr fREUSHT M HFer ature and

the average_gém%ﬂg é¥03%9%53r€9 $ERSBERkS t6AMRARY i f& @ set point
configured in the controller. Tenperature difference value greater than the

Sperator the opporfuRiTgEForretie abara” tasmaad or SaReIt &.d he of her ton
cont ai ner. Tohesuemarizeswvhecbedt rol, Sfrafléegpf the goddrowing are
- 10 satisfied: 1) the toncontainer surface temperature
below set point; 2) ton container vapor pressure below
set point; 3) no heater over temperature; 4) all
heaters operating; 5) ton container sufface/vapor
temperature differential below set point. TIf any one
15 of conditions 1), 3) or 4) is not met, power to the

heaters is turned off and auto-switchover to the second

ton is initiated by the universal controller.

The test of the prototype delivery system
established that an average ammconia flow rate of 600
20 slpm can be maintained for ~2.5 hrs at a delivery
pressure of 90 psi without significant liguid sub
cooling. The test also established that using the
above configuration a maximum ammonia flow rate of 800
slpm can be delivered for 30 mins without significant

25 pressure drop in the ton container.

As used in this invention, the semiconductor gases
may be any liguefied compressible gas, and preferably
ammonia, hydrogen chloride, hydrogen bromide, chlorine

and perfluoropropane.

30 Although the invention described above operates

fully, certain variations are contemplated. Some of



heaters is switched on, it all of the followng are 10 satisfied: 1) the
toncont ai ner surface tenperature bel ow set point; 2) ton container vapor
pressure bel ow set point; 3) no heater over tenperature; 4) all -~Hedlle?(§5
operati rig; 5) ton container surface/vapor tenperature differential bel ow set
poi nt. WOA&H¥3d¥Ne 15 of conditions 1), 3) or 4) is not me¥CTHEWE o t he
heaters is turned off and auto-sw tchover to the second ton is initiated by
t he universal controller. The test of-tdfe prototype delivery system

est abli shed that an average amonia flow rate of 600 20 slpmcan be

mai nt ai ned for -2. rs.at a delivery.pressure .of .90 i w.thout significant
liquid sub tg'beolr?qul.ﬂ'ﬁ?énto&tm%}’sﬁegéfgsl F?ﬁgéjtgﬁld‘fl%gﬁiheg THd *%bove

configuratiaresggmxi mrum anmonia fl ow rate of 800 sl pmcan he delivered for
30 ruins without significant 25 pressure drop in the ton container. As used

in this inventiomnd he SeRLONHYSERN nE3SBE ABBY PR AN |dfuafi&d-Lonpressi bl e
gas, and preferagla% amoni a, hydrogen chl ori de,” hydrogen brom de, chlorine

and perf | uoriopfopEnehBve shbughlife | ARéAt COM IdEREEHED dbove oper at es

ful'ly, certaifegrariali qns, & L. £opLERPL At edy sSATRIAar 4 Hflat2005 WO
02/ 095797 PCT/ DS01/51618 26 the nodification may require redesigning the

storage vessdlairfie Wigr atpivessehomyibeidediagied as an integral part of
the vessel walls- This configuration will 5 offer heat transfer coefficients
simlar to that Wt aisredhentesnagsa (hokel ifquisd latrh beTheddse of internal s
(like fins) gan he added 0. fhe sigrage vesse e N9 Sa08 1 N dieat transfer
This has the potential to deliver high flow rates at

10 even lower temperatures. The heat transfer will be
enhanced, if all the available outer surface of the
vessel is heated and highly conductive internal fins

extending into the liquid are present, both in the

vapor and liguid space.

15 Exterhal fins can also be édded to enhance the

heat transfer from the fluid bath to the vessel.

A thermocouple or a thermal well may be included
in the storage vessel to enable direct ligquid
temperature measurements. This allows for a more

20 robust control when the liquid temperature, rather than

the vessel pressure is maintained constant.

Molecular sieve bed or other separation unit
operation, like distillation at the exit may be used to
reduce impurities like moisture in the vapor phase,

25 thus, delivering ultra high purity gas to the point of

use.

Venting some percentage of the initial vapor
headspace to an abatement system will reduce light
impurities leading to delivery of ultra high purity

30 gas.



This has the potential to deliver high flowrates at 10 even | ower
tenperatures. The heat transfer will be enhanced, if all the ava“lﬁﬁlﬁgputer
surface of the vessel is heated and highly conductive internal fins

extending into the liquid are present, both in the vapor_and |iquid space.
15 ExteVﬂ%?”%?ﬁ? can al so be added to enhance the heat tTanSt8rt¥om the
fluid bath to the vessel. A thernocouple or a thermal well may be included

in the storage vessel to enable direct 4% quid tenperature measurenments. This
allows for a nore 20 robust control when the |iquid tenperature, rather than
the vessel press i i nt.ai o) l.ar .sieve bed or other
separation unit E%ggrgfﬁ%ﬁﬁgﬁ%gggﬁf§¥$%$g%?ogggﬁggﬁﬁ é%i%’nay be used to
reduce i npucbhieésubike muglest ure iiguhe eapprrphaseca?b bchussidgldd/ering ultra
hi gh purity,gas to th oint of .use. Venting me _percentage of the initial
vapor headggﬁgg 98-§§egﬁﬁfﬁﬁ%%ﬁds§% S we i rggﬁcgﬁﬁiéﬁpgi Sri45 es | eadi ng
to deliverycehtulifwea shicghh puy itydiBlegase 4cdbbht2005uiAWLARAIN5797

PCT/ USOLJ51618 27 Thi.s invention may also be o e%ate in.a continuous node.
A 1§ qui & ovEBBFALEPUCA be eI TheT Baset®oR "PHE pr oSs e ivent i on. The

exi sting sterageratentaiens can be avdt ihedukoyageeptrildequith product 5
continuously. Liquefied gas is gﬁgged into this evaporator, where it is

cont i nuous! Ye¢aF&r SEFAWS diF gaceblie BPoBticC™t &Sthe &&QHr%ﬁeuse. The

rate of punpi Bampikly dependiaieddecd | emer at ewdeared gek2gia f | awd at e demand
and the required vapor_ tenperature i
flow rate demand and the reguired vapor temperature

10 will control the heat flux to the evaporator.

Specific features of the invention are shown in
one or more of the drawings for convenience only, as
each feature may ke combined with other features in
accordance with the invention. Alternative embodiments

15 will be recognized by those skilled in the art and are

intended to be included within the scope of the claims.



10 will control the heat flux to the evaporator. Specific features of the

i nvention are shown in one or nore of the drawi ngs for conveni ence éﬁlﬁﬂ e
each feature may be conmbined with other features in accordance with the
invention- Alternative enbodinents 15 will be recognized by those skilled in
the art and are intended to be includédfwi thin the scope of the clains. 4
JUL 2005 -28 What is clained is: 1. A nethod for controlling the tenperature
of a liquefied conpressed gas in a storage vessel conprising a. passing a

i quefi ed wiapresselatmsdi 180 a storage vessel; b. positioning a tenperature
measuring nmeans onto the wall of the conpressed gas storage vessel; c.
positioning at | east one heating neans proximte to the storage vessel; d.
noni toring the hemeenalaureof-dhe-LanRiessed t%%;_é&'a{t_hlrré dihes stionage aressel
with the tenperature neasuring neans; and e. adjusting the output of the
heati ng nee@PYesHeAtIaheln| fgoeprade coppressedmghssindt he st orage vessel . 2.
The nmethod of claim1l wherein the |iquefied conpressed gas is a

sem conduct oB -pprecesfgyas ldavediiad farmnarsey @y ladmsistitryaste anmoni a,

hydr ogen chlggg% 1,hydrogen brom ne, chlorine and perfl uoropropane. 3. The
met hod of claim I Wherein the tenperature neasuring neans is a thernocouple.
4. The nmethod of claim1l wherein the heating neans is a ceramc heater. 5.
The met hod ofo.clpaismtiomicmceian tehwer@diineg megany ling anedrentdri jtdeketall 4 JUL
2005

of the compressed gas storage vessel;

c. positioning at least one heating means proximate to the

storage vessel;

d. monitoring the temperature of the compressed gas within
the storage vessel with the temperature measuring means; .

and

e. adjusting the output of the heating means to heat the

liquefied compressed gas in the storage wvessel.

2. The method cof claim 1 wherein the liquefied compressed
gas 1s a semiconductor process gas selected from the group
consisting of ammonia, hydrogen chloride, hydrogen bromine,

chlorine and perfluorcopropane.

3. The method of claim 1 wherein the temperature measuring

means is a thermocouple.

4. The method of claim 1 wherein the heating means is a

ceramic heater.

5. The method of claim 1 wherein the heating means is a

heating jacket.



-29 6. The nmethod of claim 1l wherein the heating neans is a hot fluid heat
transfer device. 7. A nmethod for maintaining the evaporation of a liquefied
conpressed gas in a storage vessel during vapor delivery conpri-séndgl 8005
passing a liquefied conpressed high-purity sem conductor gas into a storage
vessel ; b. positioning a tenperature neasédPing neans onto the wall of the
storage vessel; c. positioning at | east one heating neans proximate to the
storage vessel; d. nonitoring the tenperature of the conpressed gas within
t he storage ses3dle wethddefi erfpematiumhareasurtirg heeanslg nearposid oMoty a
pressure nfﬁsurin means ag an_outlet of the storage vessel; f. nonitoring

u S

g

the pressuft'bf FHRECOhPrESSEdigRiCRithin the storage vessel with the

pressure neasuring nmeans; passing a portion of a gas out of the storage
vessel ; and h. adjusting the heat output of the heating nmeans to nmaintain a
desired presdur & mthedvdidodaiart adeliingeihsy evarnaupdticat dorpridsiefigd with

a high rat f W, C rising S] | ] e i gh-purity
sem conduc %ﬁpréége?ngggaiﬁtgr%g%rggésgggsglJ§E9§%%59a§§gp§$§%§§F ioning a
t enper at ur eompasEinddg means onto the wall of the conpressed gas storage

vessel ; c. positioning at |east one heating neans proximte to the storage
vessel ; d. meni erdgigid ke riefid ftiidi) deameisidd eriwhipuhie: y teimpietaidilc or

nmeasuri ng means;
gas into a storage vessel;

b. positioning a temperature measuring means onto the wall

of the storage vessel;

c. positioning at least one heating means proximate to the

storage vessel;

d. monitoring the temperature of the compressed gas within

the storage vessel with the temperature measuring means;

e. positioning a pressure measuring means at an outlet of

the storage vessel;

f. monitoring the pressure of the compressed gas within the

storage vessel with the pressure measuring means;

g. passing a portion of a gas out of the storage vessel;

and

h. adjusting the heat ocutput of the heating means to

maintain a desired pressure.

8. A method for delivering a liquefied compressed gas with

a high rate of flow comprising

a. passing a liquefied compressed high-purity semiconductor

gas into a storage vessel;



e. positioning a pressure neasuring neans at the outlet of the storage
vessel and nonitoring the vessel pressure; f. adjusting the heat_gu g} if
the heating neans to heat the liquefied conpressed gas in the st rL@ fessel
to control the evaporation of the liquefied conpressed gas in the storage
vessel ; and g. controlling the flow of th&)gas fromthe storage vessel. 9. A
nmet hod for delivering ammonia with a high rate of flow conprising a. passing

a high-purity | guetiiedicenre AR #eBa%irindt theRd0 RN A N1 10
positioning a thernocoupl é€ onto the wall of the tdn container; c.

posi tioni ng af kéascoopsekesd 9 SmedrsageoNe®8ed ito the ton container; d.
nmoni toring the thernocouple; e. positioning a pressure transducer at the

outlet of the {e8i¢0BhaNEERANGRNICHRN HRGrliRG YRSSR JUBSHHY tho the
nonitoring the average weight | oss of the liquéfied conpressed ammonia in

the ton cont stpeage- vgsgeIl ;1005 -31 g. adjusting the tenperature fromthe
out put of the heating neans to heat the |iquefied ammonia in the ton

container; RA. REhkipgithBe chieaueliad icemMmELaseed (3PDRjaURdRr  convective and
nucl eate boiling reginmes; i. controlling the evaporation of the |iquefied
conpressed &ammpeiratiumet heasomwicgntgiamer; under the convective and nucleate
boiling reginmes; and j. controlling the flow of anmonia fromthe ton

container. 10. ;A-SYSLEMNEOL PllWliieNthe® <SR TNGOMAUGOM PIORESR ARt M th a
high rate of flow conprising a. a storage vessél containing a |iquefied

conpressed &émi strdageorvegsedesndgapnitoring the vessel pressure;

f. adjusting the heat output of the heating means to heat
the liquefied compressed gas in the storage vessel to
control the evaporation of the liquefied compressed gas in

the storage vessel; and

g. controlling the flow of the gas from the storage vessel.

9. A method for delivering ammonia with a high rate of

flow comprising

a. passing a high-purity liquefied compressed ammonia gas

into a ton container;

b. positioning a thermocouple onto the wall of the ton

container;

c. positioning at least one heating means proximate to the

ton container;
d. monitoring the thermocouple;

e. positioning a pressure transducer at the outlet of the

ton container and monitoring the vessel pressure;

f. monitoring the average weight loss of the liquefied

compressed ammonia in the ton container;



b. a tenperature neasuring neans positioned onto the wall

of the storage

vessel; c¢c. a pressure probe positioned at the outlet of the storage vessel;
d. a heating neans positioned proxinmate to the storage vessel, whérigirdlgshe
tenperature probe and pressure probe is used to adjust the output of the

heater to heat the |iquefied conpressed-sém conductor gas in the conpressed
gas storage vessel and enabling the hi gh fl ow of sem conductor gas fromthe

conpressed gas 94298 # g fur \Eloe t@%ﬂﬁhtc%ﬁ e ttheadd v of
ow n

t he sem conddct or = gas fron1the storage vessel

means to heat the liquefied ammonia in the ton container;

h. boiling the liguefied compressed ammonia under

convective and nucleate beoiling regimes;

i. controlling the evaporation of the liquefied compressed

ammonia in the ton container under the convective and

nucleate boiling regimes; and

j. controlling the flow of ammonia from the ton container.

10. A system for delivering a semiconductor process gas

with a high rate of flow comprising

a. a storage vessel containing a liquefied compressed

gemiconductor process gas;

b. a temperature measuring means positioned onto the wall

of the storage vessel;

c. a pressure probe positioned at the outlet of the storage

vessel;

d. a heating means positioned proximate to the storage

vessel, wherein the temperature probe and pressure probe is

used to adjust the ocutput of the heater to heat the

liquefied compressed semiconductor gas in the compressed

gas storage vessel and enabling the high flow of

semiconductor gas from the compressed gas storage vessel;

and

e. a valve means to control the flow of the gsemiconductor

gas flowing from the storage vessel.



