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DETAILED DESCRIPTION

[012] In the present disclosure, a high accuracy mass flow verifier is described that
uses a plurality of critical flow nozzles of different sizes. The use of multiple critical flow
nozzles allows the HAMFV to operate over a wider flow range while not exceeding the
inlet pressure requirement of the HAMFV. For a relatively high flow rate verification
range, nozzles having relatively large sizes provide a relatively low inlet pressure to the
HAMFV, so that the HAMFV meets the maximum inlet pressure requirement for MFVs

(safety requirement). For a relatively low flow rate verification range, nozzles having
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105Pa), Tvp is the standard fenperature ( 273.15 K),

where P is the chanber gas pressure, V, the chanber
volunme, and T is the gas tenperature.



[018] The MFV 100 includes a controller 160 that

recei ves the output signals fromthe pressure sensor

170 and the tenperature sensor 180, and controls the
owenabiioneof the upstream valve 120 and the davmisRe©AaRMHI6
val ve 150. The controller 160 neasures a rate of rise

in pressure of the fluid within the chanber after the
downstream val ve is cl osed, and using the neasured

rate of rise of pressurg qvep\time and the tenperature
to cal cul ate the:f%\gfﬁr—afe— )the fluid fromthe OUT
into the chanber accordi néﬁ Eq (1), thereby

verifying flowymeasurenment by the OUT. [019] A typi cal
mass flow verification procedure is as follows: 1. 2.
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[018] The MFV 100 includes a controller 160 that receives the output signals from the

pressure sensor 170 and the temperature sensor 180, and controls the operation of the
upstream valve 120 and the downstream valve 150. The controller 160 measures a rate
of rise in pressure of the fluid within the chamber after the downstream valve is closed,
and using the measured rate of rise of pressure over time and the temperature to
calculate the flow rate of the fluid from the DUT into the chamber according to Eq. (1),

thereby verifying flow measurement by the DUT.

[019] A typical mass flow verification procedure is as follows:

1 Open both the upstream valve 120 and the downstream valve 150;
2 Give a flow set point for the DUT;
3. Wait  until  the chamber pressure is at steady state;
4 Start to record the chamber gas pressure and the chamber gas
temperature for flow calculation;
5. Shut the downstream valve 150 so that the chamber pressure rises;
6. Wait for a period for flow verification;
7. Open the downstream valve 150;

8. Stop recording the chamber gas pressure and the chamber gas
temperature;

9. Calculate and report the verified flow based on Eq. (1).

[020] The critical flow nozzle 140 is configured to maintain the flow of the fluid to a
critical flow, at which point the varying chamber pressure or the downstream pressure of
the nozzle will not affect the inlet mass flow into the chamber volume. In the critical flow
condition, the flow through the nozzle (Q;,) is determined by the upstream pressure of
the nozzle (P,) only and it is not affected by the downstream pressure of the nozzies

(Pg) as described by the following equation:
4



7. Open the downstream val ve 150, 8. Stop recording

t he chanber gas pressure and the chanber gas
tenperature; 9. Calculate and report the verified
fwowdasae on Eq. (1) [020] The critical fl owWwdigz208/031496
140 is configured to maintain the flow of the fluid to
a critical flow, at which point the varying chanber
pressure or the downstream pressure of the nozzle wll
not affect the,jalel. Aass (il aw)into the chanber

volume. In the critical flow condition, the flow
through the né2zle (Q is determned by the upstream
pressure of the nozzle (Ps) only and it is not
affected by the }domstreﬂg{,essure of the nozzles
(Pd) as descrfded by t-he-Ffollow ng equation 4 Q', =C
A P (.41.y, DE(2) forrth- <r-1 + (3) where (4)
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where £, (M,y,T)= RT 2y \ [ 2
M y+1 v +1

(4)

In the above equations, C is the discharge coefficient of the nozzle, A is the cross-
sectional area of the nozzle orifice, P, is the upstream pressure of the nozzle, Py is the
downstream pressure of the nozzle which is also the chamber pressure of MFV 100, R

is the universal gas constant, T is the gas temperature, M is the gas molecular weight,

and y the ratio of specific heats of the gas which is defined as y =C,/C,, where C; is

heat capacity of the fluid at constant pressure, and C, is heat capacity of the fluid at
constant volume. In order for the critical flow condition to be satisfied, the ratioc of the
upstream pressure to the downstream pressure of the nozzle must be less than the
critical pressure ratio, a,e, which is determined by the properties of the fluid or gas in the

chamber, according to Eqg. (3).

[021] As long as the critical flow condition of Eq.(3) maintains, the downstream
pressure of the nozzle or the chamber pressure will not influence the mass flow rate
across the restriction, and the only way to increase the flow rate is to increase the

upstream pressure according to Eqg. (2).

[022] The critical flow based MFV has a critical flow nozzle or orifice at the entrance of
the chamber of a ROR verifier, as iflustrated in FIG 1. If both the upstream valve 120
and the downstream valve 150 of the MFV 100 are open and the flow of the DUT is at
steady state and the critical nozzle is properly sized, the pressure ratio between the
downstream pressure of the restrictor (the chamber pressure) and the upstream
pressure of the restrictor is less than the critical pressure ratio a,.. Therefore the flow
across the flow restrictor is a critical flow and independent of the chamber pressure
according to Eq. (2). At this steady state moment, the flow through the restrictor is
equal to the flow delivered by the DUT and the upstream pressure of the restrictor (the
downstream pressure of the DUT) is constant. When the downstream valve 150 is shut

d
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[24] The critical flow period of MFV is defined as the
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ual the flow f the QUT t he essur
SPURb 2] oo aebi PR, Bl Ve i B meriod, Beghlat Tomyhoush the
sthablieis Lhtmnl o, chbked oot efenading cauiter Ipeismemnt he&t affect the inlet

C'?IB\R/ 'aﬁé‘}he 4pg¥y 51%%5&9@9 %ngz%{vrvhlcﬁ :é LES h%vd%g%?t eam pngssure of

Oow Ca no nee
séﬁeuBUEhl |Atﬁt|eaﬁheoﬁﬂtpﬁb&@'s§ertw d*emsmmaemtehé*owxna@r ﬁr@ps and the

V@bwr’?@re@%td‘r@s%ﬂretch%é‘ﬂ)m\/cmﬁ@éé' ctor and the DU for
flow verification cal cuI ation. This is opposite to

PEREL | R nals ey e ARy RS e e it preseyee rato
Mg dutitgethp fles sarifeatiors thel flout thoogit rengese alilorigatshe galencritical

f
rﬂ&\m %ﬂ@x ﬁg} % r\%r)M:g c%ﬁerﬂgqréé%% ef Wl ?éteé\}gtféﬁt?%e‘ QDU_Istream

ore t’he extern

aﬁEPSWTé of e Blas wfacfb@lba@ﬂwmmw*zaﬁaher fctustien of the goivpiglow of
cmnrb@r vak & fU/vOchés@ nEéqnoz(zib)toft@é cfﬁdn@a@r Q@lh&@'@b&x&wto the flow

| ustrating e crjtical
&7 Bine Gl 1o e HEgOREE BT ot HB 7117 dalpitggpeen Hhe OUT
bas@dwelww boOow Tdréicgioaph 210 represents the pressure
of the fluid within the chanber, which rises when the
dgmft FRAT M@étﬁéfe si$ h@h%aﬁacmss@mme,%%mm#\%sm Poluding a

low rate o |urd across the critical nozzle
oPufally Phl‘ré@ifsfqr@\/\ﬁt%“rﬁﬂé th%ﬁﬁ%rﬂ%lneﬁ%es TReAEPIdpPGEavith one

fbm%bméhtodf te MR¥ehts distigdeat ethd MARIFG 20w (Tshconﬁgured to verify
nce

CFeBr BT e TR TRRrEar = 1HE oF RBY T PSt L ugh e M. or and
n6REl gy way of expinpiec dlhe dAMINOREdNGlhamw,a ¢chaenbei wilurge 310, a pressure
Clé‘é’r@@?ﬁzd)%qérﬁb'érgtuy}é ééns&%%a% SGlet ?'F‘Ze i’\tl\fﬂé QBWHtr‘%\Q{ﬂ%Qfe 370 and

upstream pressure of the nozz is al so
dé\fahﬁ%‘i%%irﬁf p’]*%‘é st é""Bﬁ”t“ﬁ%“Wa‘VeAﬁoe?”dtehé”tbcﬁ'l ffolwc’&}zz‘e 330 for
f baon iplef. i Dk ¢1p8Rs 316 b iebbied a Fib@wr frt i &P she BO thrbgyh any
dovvnsft gtressure of the DUT changes. 1029] If the
cﬁ'?ﬁr%é SH'@ §ure can be kept al ways | ower than the
critical pressure ratio |i nmit duri ng the flow
verification, the flow through the nozzle will always
be at the criti cal flow condition and the varying
chanber pressure will not disturb the downstream
pressure of the DUT, which substantially mnimzes the
fluctuation of the actual flow of the DUT. The inlet



WO 2009/ 117169PCT/ US2009/ 031496 [031] Each one of the
plurality N of critical flow nozzles 330 is |ocated

adj acent to a corresponding one of the inlets 315. In

tWe 2e09bodtrent illustrated in FIG 3, N = 2, RCTAS2408831496
illustrated enbodi nent includes two inlets and two
critical flow nozzles, one at each inlet. It should of
course be understood that Nis not limted to 2, and

t H&¥1li fFaeh Res okimbadliraitnNsf ctitial tdvanbetesridy b dcetetti@cent to a
t rb@ﬁe?poh@rh@toﬁe arntﬂe @m&@BK@SIHQF%’J@@&J}E%WUS&%@EF“‘rﬁ E'N’"” 2, ie.

of cri ow nozzl es one O

pﬁ‘ﬁ %{Fﬁtﬁﬁdr\r”‘otrodwef"ﬁ nclifes 1o vinlpis 221 &0 gdigalifowinsezies @ne at each
adjlaic eltshdwd af C@,rrﬁeesmndergtgo@ﬂet of istroe nMﬁécI foe@”éﬁeaﬂhxteﬁ other

3 e nment | ustr ted in FIG

6"9%“" e‘“ﬁotz“?rg’g%krf m%c% BoR b 2 s ars%e rc@grﬁp\?ar‘%gumber
I t(9r§hf@mhdﬂ ar Of@om%@OVbeozar@der stood that in other
enmbodi nents, the critical flow nozzles can al so be

| gozzy e@a@ﬁ‘ﬁ&r 8f %Q%M#QW N%@@rt\’(@' Mﬁvs no/aee ﬁb il R ated adﬁoent to a
up streamval ves | s selected ened base

¢ PR PRS iR R PTHraTgitep R0 o HBY Crpes P sz eamiFIC 3
althe ofitvel nogiEsr @anvaady eferathe koL vaved not ts)'?tﬁrldl\ﬁaﬁl:&ﬂse be

fl Th f
u%\érgt%ii ftrlra(f% oﬁrrer %ﬁ{bog%en ﬁwr X rrgaeﬁcﬂy 'ﬁ%zz?ﬁecaf‘l%% be located

['ow nozzl'es 'I's act
vé’ﬁfof&? dat instrepariabeds. [Q88Yf tﬁaomstmm oblveshes pllagtal fotye Bpened
ofhabdd & &Rlriold QW BAZL Laﬁosth%?g%s (§r &Qérfﬂu%' rtfp@ ér‘?d all other upstream

mai ntain, during a critical
. VRlyes 9P 94955t dHEBngihé ieenfiant vqﬂﬁcaa'er rp@mdedThqrrzf@rer p@iwone of the

r atigabiowt fazbh Attt MEOUTRG trie oG vietifi@bn hérRw nozzl e
substantially constant and substantially insensitive

LgOnB_ 2: E%&eﬂscgr{rel %‘Wf?l@ﬁaﬁt};’gof%r& ggl ﬂovE pr%] ges?r’og;taﬁse boqﬁgurep (?o maintain,
eXpinsss Pdigalfow tinpreperiodtts §a 1.1 orw for thet pazzieodhendt is Actfveted, the

tlﬂ&N' ratd o€ Mthd e tfb@N W%thﬁ:apﬁ&N br?oz%@agudsYanQQFyab&%gant and
anal o to eﬂuatlon 5) as =

(Al

(é)‘bS“t”é'ﬂ {RRgsdiva, to (vpriatiop in Pre?ﬂuje W§h‘8rt6%§h§'@8?ﬁ d’néﬂe manner
adescribéd hireGnozrdve. trhe eathehoticdl b@résslkfm flOtZrEb&t;canovxIthﬁe period
d| S f he . nozzl e,

(60 Ml SARaLIG EPs “Hit RBabiel e Bt Aroni® =
vvlth equation (5) above. Note that the crltlcal flow
tine period tot; i/ defined,between a point in tine
when t he downéﬁtream yaly Ve, 5, /Shut, to a point in tine
when a ratio betweén 'Pd*and t),, exceeds the critical
pressure rati®limt ap, when the i-th critical flow
nozzle is activat ed. [35] As seen in Eq. (6), for all

ol —\Meret/("% crqi ti o@lis flRWsbdiiBRaReEd 8L (H: rmz%e thro for the i-th

or { he i-th critical flow nozzle iIs inversel
pf‘%‘fﬁ G isatisthgraenereticisatfos ts b iarzier @ad Afl OHTEFtVH'éab‘es are as
i défimes réatnief:ai cdrjumatidrozizd equaTbre s;rabbr/é:al\rotfel AW Perchifsdl flow time

t °£r °€a§e’8 %Pnedjei&eq\g%%zéggl{rﬁ@ tm) \sz%w E?e (%wnstrer%]vg&rs shut, to a

| p@measmugvrrehe retid betwadn ) o Mextads tHeititiieds e ateaimit « ,
charge the volunme longer in order to increase the
pregsieeiitidingdovApyzZialidctiginde increase the signal to

noi se ratio. The longer verification period can also

proew d@s gapnan &aa@sw rf@rrmnt(r dllat a 19207 isca ﬂoxbemésa%dod Q,(i=1,

t NL olr he rutFr cg{cﬁ oW n%ﬁe rérrnve sgé/l preqoMnsE@%ﬁ% CIOSFY seé(rohai area A
i ﬁfﬁhev@ wrhea!éew uozaty  amdcritieg dawaderiod ty fof ore ifasszdd ow 1, ..., N)
Ve thi 84 InBlesERRRRIAldKy tr%rnolzggvs% ow range, for

exanpl e - 100 sccm Nitroge equi val ent fl ow.
Therefore if a HAVFV 300 has multiple inlets with
different size of critical flow nozzles, the HAMFV 300

can choose an inlet whose critical flow nozzle has a
relatively small size, which provides a |arge /co for

low flow verification. [37] There is a maxi muminl et
pressure requirenent for MFVs, for exanple, the




[ 0381 The HAMFV 300 includes a controller 380
configured to selectively activate one of the
plurality N of critical flow nozzles 330 (say the i-th
nepzb@jiifier a flow verification operation, byY@pPeaeoag31496
the corresponding i-th upstream val ve (i = 1, N) and
ctpggidn%bal | ot her uEst ream val ves 360. In

Rereatihg e BRI TGH ReFIOLHBS iHAME \haalk i Flrgmtevolume
ormngehen desi teidcrbh@whe atRsirerdhhihgeatPPand RdH@E irRchs@fnd Hignal to

e s lie t he user.
1608 R SR BEyealeh PRbecEn R et gt BeargRen date
f bowwleweto fd ot itofilter eoirtiedndasormanhosde. clonbefml tlverwags, the large
u§§ue J%hﬁe grtt@éﬁ’ f%\% 'eﬁn%pccaatn' |91gr099 mgur Qaemﬂ&h{%r mgss flow
i nformati on era ran
tYﬁi'f'FQ’tlﬁ’f‘demﬂé‘é”y for ‘?\hlf'QWefﬁﬁ@ﬁjlfﬁfemamﬁfmé té)@ﬂ soi eNitr@.0 (N2)

t B@ﬂ/a‘«ﬁe@ai ﬂﬁ\l/l viek)ras it %alasr\0neo ohs 'hﬂﬁfp leet@:l vkt erer%fwt size of
ormation it

Criti ed on the |n

e TBl e TRy RE5 o Pl p AP BRR g oz
r ang@ivelpdmtheizd y\p\EhcprO\lﬁdanadar@E t.g&s jowl frowt Jeeifigaties.ent
application, to "activate" a critical flow nozzle

NRARAS  THeM: @E%éémmﬁﬁebgbﬁésﬁ&é réme%w f%rgvlm f?%rféx% le, the

rate i s being verit ow t hrou
t RAYMER et alespyrevp @o“ﬂE}/e‘Sm@fi b@o‘@?‘%@anﬂﬁ@ rofRr éfOOPh“éCm N2

quul\ﬁéretnhﬂwgh\ct:mm@ ftd tha)l trfd vt peezlre td\faldrm@alﬂb\sfbxésed MFV,

% ca ow cond Iti&% lsc{u sed ageo ve. one,

8! %@i‘ﬁ “psé{eé’ﬁ RPEAT® 1 8l HEZ3) & iy '%&Veﬁfﬁt 8d"By" %

opEtiomey agal of thcheozapshoelam, Val the szoe pespurding fiow. tHYEdFY 300
it .. ' | .

C{; éh%@ée %%g}“ét&ﬁ%ﬁé gr’gltc?iggyvﬁlggﬁgggs ﬁrélatﬂ%ﬂ%rﬁ@@éé 'Erfa@meets the

fl[n@WﬂH@Z(Q|pfepr€$SUE rpquirement fgy high Rlew veritcebn. ép thig way, HAMFV 300

codf bgsiets fid YRE ivbafickieh faJn@éa‘VtJ @ér? Hfh fidWe rdtd Wltnbi dicﬂaﬂmg the
manner described in

ar a
PP T SR e ﬁ‘%&sfo e GerLbie ”b%/p‘vrﬁﬁty N of critical
citavt nadzlearha38 Wjffetdme cfdssuselctfonaimrédrse devowcss, 399ohk avibodiments,
rl% r%utgagn ttxpc? foS ﬁ'{ N tcﬁgcal ﬂgvb r%?%@ ﬁavet %ﬁﬁrgrl\toé/rv eée@goréﬁglréas
to sati i cal ow con I on

cssqnne @mbocﬂlrn@mtSt @hé\l ;g@mqabaOEwozziﬁs thaee ﬁ@§215é0“0”?‘4<’1‘]535f what are
ofige8fbodi ment, the controller 380 is further

configured to cont rol the oper ation of t he downstream

LB, TR AhES PR BB P TR el ol SR et one
wafyth¢ peratigntl pokiliter! BBOnezales @aiwehanm nbetley for adlow verification
ﬂ&eﬁ%%fw i c?p%n ?ﬁ@%ﬁ%%o@xd?\ Aty strleéHw Jailth B 1” th\?} and closing all

ownstreamv velscose-
c@}hw@ww 3@@8&*@9. \fa@"c,f‘ser(‘%t?ﬁ’d“?”t dhe erlecdien piiae ég* anf-'e is based
appirRNdsAd Elovatatd NEfichEM rahddBsd biehediinst §Ra0be alHieh may be
370 Pa % Fe upstream val ves 360, so that the

G vdpe " can nmeasure the pressure and

tenperature of the fluid within the chanber by using
t He9lpriesse pmbedmsir thg 20ntsaidr 3aPeetaives erfiRresfiicadipg epmmand from
32UostiBRRAEL bvelder The nRNENRLEGT co3BRaddnBsy HeBSe H&anormatton

rate of rise in pressure and the tenperature that
FelsPReiesipb APYITRI Sof dPaoe ﬁéd Ao iR dres ofin (i %ﬂtmdtﬂnem the
f ¢trolidnessdanére @eléd‘ﬂ/@y talaa/a@drsamkebf @6 euuraitn gl difOcrEdal_ flolk) nozzles

her gbf\zp\é&jefrn&%ﬁp%c R?Siv ﬁec%‘{ﬁést“ the eisHecp%F?ra q%?%(clfvg\%mge and
nﬁbz zm yfiuiche gont iInghé @ressstoappﬂltfémprtessmwetes ermsiveal dpy nozzle
t Reardemerakane %@f@)%ofor 3hE ﬂGﬁthgé’J ﬁg/vtererr@k&mé; venﬁed by the
nmeasur enent s Mﬁt critical tine period
the i-th critical flow nozzlg, so that flow
verification by the mass flow verifier is
substanti al ly i ndependent of the varying chanber

pressure and the external volune between the nass fl ow
verifier and the DUT. [43] In operation, a nmethod of
verifying neasurenent of a flow of a fluid by a device

may i nclude placing a plurality N of critical flow



[45] In sum a method of increasing accuracy and
operational flow range of a nass flow verifier, which
verifies the fl ow nmeasurenment by a fluid delivery

devi2o@/ 11y i nclude providing a plurality N OfCT/US2009/031496
critical flow nozzles between the flow neasurenent

devi ce and the chanber, then selectively activating

one of the Ncritical flow nozzles so as to restrict

f IRAWITOF) to Aew tHreligt tiset koigal fidaencelee OF @urB27d fow dffihd Miidthrough
\rqgéz{ez cﬁtl&lﬁts )I Js\nﬁ\ﬁézrz%t il %% IStf %esce”n%a tﬂto\llqucougp v\aglggfsg%qigbcivlg In one
pregdedimeniatcntios! f'%n@m@mb%@cﬂmﬁ@bmpanmlomﬂydhe upstream valve
prc@ﬁéé—ﬂoﬁdiﬂgmﬁétroﬂﬁ’dﬁl Rhw r‘i&@len%zél@slr@% o@r{e?&%{'rregm valves.,

upstream of the nozzl e is less than the critical

pr. ratjo urther ingcl
Sé(%‘%itl Rg" ﬁ“VS‘B? he 'r%rl] ik ﬁcé‘?g?‘%é%F%? Ghe crith é'%ﬁ controler is
f ICQWIgnlcwzﬂoe\(erlh/a@edlownrase dieter@dT fil tw wmennie ideatribed in paragraph

rapge. kg, fhfeti“crﬁji/'@é/mlo@;rh%é%l@@ﬂ?x' M s@te&gd BY ﬁ}% AhBoler 380,

requi r ement ‘met hods "an

déRciyinBem dtrodeyice AP 69\958 thi o doaipdesyedairtl np@ﬁﬁaémftnw lbeting such

Ofasff@§&sfy|tﬁ’é"’cr%v@él'ﬂf)w(’c@ﬁdh% duﬁﬁ@%' iy AbRlimb 8¥dd 19Vt the nozzle.
range ( by may of exanple, 1 100 sccm N2 equi val ent ).

rac bout % readin rror has
AgOﬁ?a % aP qu{?nepgl tge rcfﬂg%‘%}r ﬁ??t %eﬁgh?rhg@gg%@ HRfntrol the
adersyigt efrtse dawnsitneeme/as/e 37 Detht lupwireser Vdles D othe masgere sensor
(%PV\@% t‘ﬂg t@%%h% Se:l'\S(BI‘035%OQ)OSL§:% J'}A/Q% tl’%qwnﬁé“&%%%’can measure
e not exceeding the maxi numin pressure %
ofngdgimEe aoeﬁetﬁrrrsef Breragaurs Phiver Brigeviph Ke chanfber after the

eq@uivvaleant YalveBRCaMER CTid cealonéd ooy a@z/atleeszaraf e ou@@dmvates if

ext er nal I nme sensi t t can chi

B GO CHEI Tl P e B0 e e SEHTeERCRRERg ‘gves 300,

sisnghae threacoireltee B0 téremebsure geugessgret dvel températiostt.the Auid within
t I a

o8 Tt P 3% alefscit o Sad R ME TS BREARGr 350

nﬁ?'v‘@ﬁpt&ﬂeb’ ghecexsyplieg. 380 48] vyeEs| beceta & rilsenbodiieaBtie sand the

h@é’r@pég&@% tﬂ@ﬁ?ﬁéshﬁgas‘éfedst}é%%%%teatﬂg ﬂewtra@@strfeqrwd from the device
provi di ng

accuracy flow v on at a w
P g teaTgertanascei m e (b Sebcipasine BF Sop gdushent by the
undecstand t hat the concepts inplicit in these
enbodi ments may be used in other enbodiments as well.

Tg&zﬁr Fﬁgétggtro‘ﬁfoftt@ ith & al W h%le‘ t§/ thé %r‘itr%ﬂersé%l()e!h)é pressure

al ms now fo [048] "I n these clains,
r §PRI0E ﬁaé thepteAp et B asRBSY r?fﬁt ﬁ@ﬁfwg e @?ak? dngpstrements within the

| REgRACGH: f)@r idiB 4 forNigdEh NGO nORR seiMaHSy venﬂcatlon by the mass

eC|f| ly so
e P By st 20 1EL oSS SRl Sissafpuond e
okextelral vaunhobswesrbibdinees tisw dedier afoeite DhiToughout thi s
di scl osure that are known or |later cone to be known to

those of oREdioRas ek ok vérﬁylﬁdj%e%t}rerﬁérﬁ B%PBERSBhYiuid by a device
i ncor porated herein by referen and are inte

nded t
& ST DY N PRFTHES! Ioh 508 ORI Ty bath of the fuid
dibs@lees athbeb&i in ainsass Mb@neelthrtaad e dede cated tied dchating an i-th
g)l.(lgl Pf:’tl’n Y\ch?caq ﬂesguonglesvweﬂ h]e; Nﬁ}égsheﬁgdnstﬁé Qg‘slrlrre? ﬂ%\ﬁ r?te verification
t eerge @mhsna grsd tywadeyr opdnéngpthevi-bi ensyeanh Byela Cls}ism haH other
p@gggkﬁpgm@gnless the element is expressly recited
using the phrase "neans for" or, in the case of a

nﬁ“ggdfr&hglb@gﬁtﬂggétﬁenﬁow A!erﬁfg gqlz fbg\% {l;wélrl Irt]}?lug?q 8} V&S and the

verifying flow neasurenent of a fluid by a fluid
delivery device, the mass f1'®w verifier conpri si ng:

a chanber defining a plurality N of inlets, the
chanber configured to receive at each of the inlets a
flow of the fluid fromthe device; a pressure sensor
configured to neasure pressure of the fluid within the
chanber; a plurality N of critical flow nozzl es,



during a critical flowtine period tcfj (i=1,, N) for

the i-th critical flow nozzle, the flow rate of the

fluid through the i-th critical flow nozzle

swosv@ntiiad | y constant and substantial |y i nseR&i/g§2¢/031496
to variation in pressure wwthin the chanber. 2. The

mass flow verifier of claiml1, further conprising a
controller configured to selectively activate one of

t HEOWHRtREa) Valve NedEptoet fadie fdvolalangzzicespdiiofroma tifid @wice though
vehd LinGaki AR GREhAHAA N e gt?@liz‘éesi‘?‘e.fﬂké?gv isvl\%]gfegﬁfre ha%‘ge along
Tge Hassflowverlfler of clarm 2, rein the

cofit VY PREP- 376 TP evnigte okt Tlutiniattne shashbascedch @l jeady state. Then
adhd TY@NrﬁtrSﬁr'h cdiamaet tﬁ% o@t!%eofgh?lfil@dnhﬂey {sN!d%Ed,_Cs][o!tﬁét t%?éssérle QWhe fluid
nQz S n.a desir ow rate verification

r Ao PRERE B B8R Do e rafe® et e eerature o
t yipreflod inthibefchamber ardmadheitiass ¢rltiost foertinte rriodf,,; elr abmputing
3.the flow ratd SthdRliq SRERES Loy fLE3
vale\/eosW raeach ups',tream' \93{)\% Qég'lédé{hg% g%xwm%tﬁggw%eagﬁémem by
core BY pograsedhreiia rathieeripdtion eariod eiole ME¥Zs eihin the critical flow
mitefee;be{moeag,mean@j of trte?ﬁh Glob 41, Crfdhw &ﬁd@wmaza?cth%% tﬁ@ﬂthlbr%zzle and
activate ni n e correspondi ng upstream val ve
ar%eséwgs‘%nggJ&Fdeﬁ?sﬁ%?muﬁstg? ég'hwr\‘?ézf'?/é@%a‘” ubstRidiathp genstant and
f [sowstardiallf ineensiifve ¢b diemisk, ofvthe peisaure agihincthe tche@aberf | Bawides, the
n ' t he carrespondin .
aEErEL SR AR 4R LT Bl ALY O, P B B oRgpined for
4 CoORReingithe Betdteeriti cal flow nozzle is |ocated

adj acent to the correspondi ng upstream valve. 7. The

M) f lrosuny el inkined obhceh@hdradourdcyrdnb @he GOSAN IGh ABhga of a mass
d(ﬂvvnst ream.\yv
f

SRR S PL R 2ab) PPt RLE oy o
Thevigassa plliaity \Weoficfiliet flof nedz@s imeByeen the flow measurement device and
the chamber, then selectively activating one of the N critical flow nozzles so as to restrict
flow of the fluid across the selected nozzle. In this way, the flow rate of the fluid through
the selected nozzle is substantially insensitive to variations in pressure within the
chamber as long as ratio of pressure downstream of the nozzle and pressure upstream
of the nozzle is less than the critical pressure ratio ap,.. The method may further include
selecting an optimal orifice size for the critical flow nozzle, based on a desired flow

verification range, the fluid type and the maximum inlet pressure requirement for MFVs.

[046] The methods and systems described above improve the accuracy and
repeatability of mass flow verification, especially for low flow range (by way of example,
1 - 100 scem N2 equivalent). An accuracy of up to about +/-0.5% reading error has
been attained for this range. Further, these methods and systems can increase the flow
verification range (by way of example, 1 to 3000 sccm N2 equivalent), while not
exceeding the maximum inlet pressure (by way of example, 100 torr for all flow range of
N2 equivalent). Because critical flow nozzles are used, external volume insensitivity can
be achieved. The improvements described above can be achieved using a single
manometer, thereby reducing the unit cost. In sum, a high accuracy in-situ mass flow

verifier can be pravided for tools used in semiconductor and other materials processing.

[047] While certain embodiments have been described of systems and methods for

providing high accuracy flow verification at a wide flow range and low inlet pressures, it
11



wherein for aII I (i=1,, N), the critical flowtine
period taj (i= ., N) for the i- th critical flow
nozzle is |nversely proportional to the

CWO8M8eutd onal area Al of said Mo critical fIEAS2009/031496

nozzl e; and wherein at | east two of the

plurality N of critical flow nozzles have different
Cr.oSS-sec areas. 9. The mass flow verifier of

c|’% %‘P%u”f@aﬁ W%H@n@%ﬁ%ot%w“%w heegvemap@ments may be used in

v @thief |eca>bd|omnrsadsg®ell STheeb@tdci@! ¥f hisghbplicatibh iisCarhitel v J' to the

nQﬁ%%?ﬁa{ﬁB relatively large size are configure
rovide a relatively low inlet pressure to the M-V.

10. The nmss flow verifier of claim8, wherein when
t K8 ed thewe §RIEW feirenceds P slemenion thapigeulargs netlintendedity mean

| owe Gl an(yC@{e fihiewy %élﬁ&aﬁw s Qt‘é{eﬂgbxﬁ rhBbabhy 8l Mor%rmJ\ﬂ structural
S1 Z o, I ncrease he nmeasurenent ti

tﬁ@?éﬁ?”oﬁgr%%gﬁ%@ a@c@?d@?ﬂﬁﬁsﬁﬁéhﬁéﬁgﬂﬁkﬁ@ﬁwﬁmeTiCks”med

Theovgwst thisaliscleureftha aredinoeh ar Bitel comeltd heknosanPthosd Bitbrdinary
: £ . rete

ST E SEISE RSO 6000, TRRRILE LGTHELTLIS o o

V@PWW@SSQS* belthg meims. wiferasiver. Dhibing- diW‘QﬁﬁﬁtheC%ﬂ\ isf Intxwded to be

n@é@llﬁﬁe& tothe public, Fe3a@RRE LOWREGLOcRbLAYL DR é‘xbl%'ltg recited in the
%a?ng therethrough to satisfy a critical

i YR CRIT iSRS § feﬂetqoagruemwrtﬁhﬁ@rw@éqn@&fﬁép §C. §112,
alsdthl\ﬂimﬁ@la;ﬁh tuneese e eiévaéntfxé emr@@wdﬂetatemmgﬁr@rthe@ms@ ﬂrﬁeans for”

rﬁrﬂﬁ‘\e cager é)ftazr%gtkoé l %\rlnv e!éﬁesr’vt lsSe e usm% %rase S ep }oy
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P' is pressure of the fluid upstreamof the i-th
critical flow nozzle, y is the ratio of specific
heats of the fluid defined as 7=Cp/C," where Cp is
heat capacity of the fluid at constant pressure, and

CLAQMSi s heat capacity of the fluid at constant vol une,
and (Xp, is critical pressure ratio representing
t he maxi num al | owabl e rati o between Pd and Pi, for

1. WhAGRask iew REifih forUerﬁng"ﬂB@Sﬁea@@}%Hleﬁm aoﬂulﬁhb(? aMluid delivery
critical nozzles will renmain substantially constant

deVl@ndlesm@SlﬂamvémﬁeyC@mBleﬁsgt ive to any variation in

v e?’ Sl?sai%réber \éid?ftl%lfl%a ﬁg‘raﬁy%bg%ets Elgaeggorﬁ’ l%\h%WO recelve at each

of thé U1éth@tloGost thg BURIN61A thoddviddl t he dovvnst ream vaI ve
t he upstream val ves, the pressure sensor, and t
t eHPEPRI QP ASEegoabured ig measure piggiephthe ﬁ@l%ﬁbﬁl&h? ghamber;

pr eéhﬁﬁl &Q:Elftm?ll'ﬁcﬁ/g ngﬁlﬁe axH cHiti 1 n@gz d fo%?ce{i1 Hdjacent to a

sur e’ of ['urd wthin the ¢ er ater
corredpoiisig @mmfiad indets, acl asea] ﬂOIWImgzlb ﬂ@amda@mrexﬂn phthe chimber

e to ca ulatetheflowrate he fluid fromth
clongye BB heldhE R Chadas de\fl??efpé%%ﬁ\?a} oF P HBa St ehapding inlet;
bwa&%mdf%Y 1§ FH 114 Whanshascdd @y®hbl2i8ts &fnﬁ%ﬁ%’d% maintain,

13, wherein the critical flowtime period tef,,
duringreecritichl Gow tmeabemfokiow (rolzz| e, N)sfod dfci irtb @ribealvilronnegzle, the flow

rate (gfgiug%l jdﬁht | t]Whle Ctélr&,%%ﬁdkf B \s/t%latlaj{,y?olgg’tgg’%(déuéles&}ggantlaﬂy
mserishﬁze% lv&ﬂw&r’éh 19%@@%&&%& Qvithid th@ chhitbér, age, as given by: V
.(a fg(M,7, T) where V' is the volune

of the chanber in the nmass fl ow verifier,

2. The mass flow verifier of claim 1, further comprising a controller configured to
selectively activate one of the plurality N of critical flow nozzles for a flow verification

operation by the mass flow verifier.

3. The mass flow verifier of claim 2,
wherein the controller is further configured to selectively activate said one of the
plurality N of critical flow nozzles based on a desired flow rate verification range for the

mass flow verifier, and based on fluid type of the fluid.

4, The mass flow verifier of claim 3,

further comprising a plurality N of upstream valves, each upstream valve associated
with a corresponding one of the critical flow nozzles;

wherein each one of the critical flow nozzles can be activated by opening the

corresponding upstream valve and closing all other upstream valves.

5. The mass flow verifier of claim 4, wherein each critical flow nozzle is located before

or after the corresponding upstream valve.
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apo is the initial pressure ratio between the upstream
and the downstream of the nozzle at the nonent before
the downstreamvalve is shut, C is the discharge
coefficient for the i-th (i=1,. , N) critical flow
nozzle, A (i=1, . N) is the cross-sectional area

6. Of Tfl@x?i& Of?&iéﬁeﬁ r%"iltclaflrﬁu IMﬂ@re agh 'EHE ?}og&f 19(%2:%1_'@ 1|¥ ;llozc-zg%ed

of “gas properties eflne
adjac’.bh(ty) -the E@tasponding dpsbbamyalve7+1, where Mis the
nol ecul ar weight of the fluid, Ris the universal gas
constant, T is the tenperature of the fluid, and 7 is

7. theyd ﬁﬁtaésoﬂm veRg&idfichileatistRf cdhisridinglh downdRamN8ve configured

mass flow verifier of claim 14, erein upon

to tuscdri Ma;humff fbwtdfehé fluid fom i catletiof §w dhembre by the
controller, the pressure sensor and the tenperature
sensor are configured to nake neasurenents within the

8. Crirhé gads AdWiReB&i@didiney, -for the i-th critical fl ow
nozzle, so that flow verification by the mass flo

vewherewrfor all 6 (ib&t-ant N thy ciitierd ferdene pefod tre(iThr-yi nb‘) for the i-
th cr&cgllw ngzz‘?e 1%% \‘;er igﬁ%)fﬂ?ﬁ%égﬁ?rﬂﬁé cré&y- mo&ﬁta%% of 8fd i-th

OW veril
cr1t1ca1 ﬂow nozzle; and

wherein at least two of the plurality N of critical flow nozzles have different cross-

sectional areas.

9. The mass flow verifier of claim 8, wherein when the desired flow rate verification
range is relatively high, critical flow nozzles having a relatively large size are configured to

provide a relatively low inlet pressure to the MFV.

10. The mass flow verifier of claim 8, wherein when the desired flow rate verification
range is relatively low, critical flow nozzles having a relatively small size are configured to

increase the measurement time, thereby increasing accuracy of the measurement.

11.  The mass flow verifier of claim 1, further comprising a temperature sensor configured

to measure temperature of the fluid within the chamber.

12. The mass flow verifier of claim 1, wherein the i-th critical flow nozzle (i=1, ..., N) is
configured to allow the fluid flowing therethrough to satisfy a critical flow condition during
its critical flow time period t.¢;, and wherein the critical flow condition for each one of the N

critical flow nozzles is given mathematically by:

4

Zd < apc pud (_2___“)7“1
£, y+1

where

Q>
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16. The mass flow verifier of claim 14, wherein upon
activation of the i-th critical flow nozzle (i=1, . ,
N), the controller is configured to verify the
measurenment of the device b a) opening the
dofnis resaure A thedluadh sithion the aﬁam@ertané dpwrlﬁr%pfsﬁ @rth critical flow
Ixmé#ﬁlve based on the desired flow verification range and
e fluid type received fromthe host controller or
t hB, igpedssure of the flddd upiticamopfahd i-dwrdehl MHov mbzzﬂ@ t he DUT
the host controller or the user;

uﬁv i thy Fatiosafisaedifie heats eifhe Axiddsdined anHedCa V%heéf’a@gﬂs Nat
capaSitPdthe @1@1@%@9h§tbr{tgﬁessure and C q% héﬁ %ﬁéa[cﬁt? 8 i& at stant

pressure an nperature o int
volumkaarder for flow verification cal cul ation; )

shut .t he. downstream val ve, .so,that .t he pres thin
t hpe b“r%%éf Prefsypesratio represe@% "‘i‘?é‘é%?“u%i E@ rﬁ‘i‘%l‘é%tﬂﬁe%n Pqand

P, foﬁmldhrffo\ﬁ SRR REMEGo R catnd dtthd N‘Mﬂtﬂ:‘al"n&zlifes @ha 'f@ﬁém
for a period less than the critical flow period tef,

subsfaptialtyheonistanhandcyubstaetidllyfihspnsitive td any fapiatiph gwpressure w1th1n the

Cha'\{)erlflcatlon g) open the downstream val ve
M9t hin a critical tine period as nmeasured from when
t he downstream val ve was shut; and h) conpute

the flowrate of the fluid into the chanber using:
13. on{%@BSS\ﬂO‘HViﬂﬁQTO(@Cmm7 Pia)dt , T where V, is the

c h@ ol.ep1 h&ac%ﬁ P'IIJI%HJ'C(y g(grl}%h OMtreérﬁ VER/@, the

st an ga amaalﬂe
upstream Valves the pressure sensor, and the temperature sensor; and

wherein the controller is further configured to measure a rate of rise in pressure of the
fluid within the chamber after the downstream valve is closed, using the measured rate of rise
to calculate the flow rate of the fluid from the device into the chamber, thereby verifying

measurement by the device.

14.  The mass flow verifier of claim 13, wherein the critical flow time period t.; for the i-
th critical flow nozzle is defined between a point in time when the downstream valve is shut,
to a point in time when a ratio between Pqand P, exceeds the critical pressure ratio limit, o,
as given by:

‘o Vc'(apc—apO)
T Co A, f,(M,y,T)

where

V. is the volume of the chamber in the mass flow verifier,

apo 1s the initial pressure ratio between the upstream and the downstream of the nozzle
at the moment before the downstream valve is shut,

C;is the discharge coefficient for the i-th (i=1, . . ., N) critical flow nozzle,

A;(i=1, ..., N) is the cross-sectional area of the nozzle throat for the i-th nozzle,

fz(M, v, T) is a function of gas properties defined as
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P, is the standard gas pressure which is 1.01325e5 Pa,
ko is about 6 x107in SCCM units and 6x104 in SLMunits
Pis the pressure of the fluid neasured by the
pressure sensor T is the tenperature of the fluid

red Sy tie Lﬁ razu € sensor. 17. The nass fl ow
AﬂdﬁT in the device conprises one
a mass f om/ ss flow controller; and a

flgﬁ@%atro controIIer. 18 A et hod of verifying
measurenent of a flow of a fluid by a device,
cohbmnh¢m@kmpha®®n@taﬂbb@nah|ty N of critical flow

g S alon trgzgléﬁx path of the fluid between a
el YA ﬁﬁ% P60 verifier and the device;

acthygkuag @@uwe@mh@ﬂgupﬁndhe N critical flow nozzles
(1=1, t hat durlng a critical flowtine

peY isghe raio Of(SPeC_lﬁC heats pfjthg8pjdaed for said i-th nozzle,
flow of the fluid across the i-th nozzle and pressure
of the fluid upstreamof the i-th nozzle remains

15. suibbé aatd Bdw yedHasifaiimaldd wheiest @i @ti’rvgltidrnsf&hesi -thi arigical flow

o the rise of the pressure hin t he chanber
HOZZiealersﬁhﬁ GoRtrrilery the greseire FW%?”?H ¢ RIS RS pisiopfigured to

makgﬁl\éhﬁ?erhé}ﬁé‘%hhpﬁe brifihl 'tlﬁleeﬂerl'oﬂtt %f&nﬁe chaghesl 1¥Rinbezle, so that

an 1 nlet valve upstream of anber and an outl et
ﬂowwahﬁeatnbmlvlzrysthe ewss B6wivksfiehia nﬂ@ranauakiy kre#@pertﬂ@ehef the varying

chanfhes s ST yP s ar et e PERS bR <D o SR nE BT

st eady state; cl osing the outlet valve
downstream of the chanber so that pressure of the .
16. f | Gheimpegflows veafier @@Iarrntlm wheteen enpanaséivationef the i-th critical flow

nozz{e] 1—1ng rTElQ err%?rtoﬁ? 1S cglll %u?%cg {oe\?ﬁ%*ggvﬁ}e%gasue%e% of thF dfvice by:

eratUr e Cri eri od

t Oa)‘ﬁ;ﬁﬁiﬂlﬂg&h@dﬁ\aﬁﬁre@h Valweeandfacpvasguhei-of upshearﬁ lvaivel based on the
w thin the chanber and using the neasured rate of

e
desirggl flgpedcaiiicationprangerpi Bt PpswrGeted Tem fhfehast eintrolleR St the user;
t| f r 19.
a By ogﬂ%?geélrﬁg)??nlﬂﬁwe b9tnd hitk SoARIRE bRIHYRer,

|n each one of
cr etwaitihg Hhidlvpraosem eshinghe chamber reaches a steady state and stabilizes;

d) start to measure the pressure and the temperature of the fluid within the chamber
for flow verification calculation;

e) shut the downstream valve, so that the pressure within the chamber rises;

f) keep measuring the pressure and the temperature of the fluid within the chamber for
a period less than the critical flow period tcg; for the i-the critical flow nozzle, for flow
verification;

g) open the downstream valve within a critical time period as measured from when
the downstream valve was shut; and

h) compute the flow rate of the fluid into the chamber using:

k. stpV a’( )
Qu = P dt

stp
where V. is the chamber volume in the mass flow verifier,

Ty is the standard gas temperature which is 273.15K,
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constructed and arranged so that for the i-th nozzle,
flow of fluid through that nozzle is restricted during
acritical flowtine period tat; (i=1, . , N for that
nozzle, so that a critical flow condition is satisfied
duPjpng thesstandardi gad prestre whit.is THa 32%&tShibd of cl ai m 18,

V\,hre t omput | t he rate of the

'3 aﬂ%‘ﬁ% 1@2‘3 Sg:fg\ﬁé‘ng ﬁ‘ﬁ{]‘%‘elr%ﬂ gaﬁ/\{f%'isrml a given by:
kOP $4 the Yresdur® of BRtfRiid measuréM"E}V thePréthre Eeop NMeasur ed
by the pressure sensor and the tenperature sensor

dufiihdhetterapsraturd ¢fche flowd measiwsd batthe fempsraginesensot.he
critical flow period such that the varying chanber
pressure has not inpact on the downstream pressure of

17. t hehPhdhss 1A} verfierRifRemaf whefdietidedicacsmpasey oas df:
operatignal flow range of a mass flow verifier that

vet Mepeldowmeier e mast floy cantrolisy snsasliowstin copgollee of

the flowrate of the fluid, the mass flow verifier

i ncluding a chanber configured to receive flow of the
18. f | Aimethodot vdm“ymg aveaswasientesfenlovdeva fleid by pd@ssyc@nprising:

R TSV B out Bt b i e
acha?x%“rgé‘frﬁgs howRRARY MdlROp&sat ure of the fluid within

t he chamber, the method conmpri’sing: providing a
pl ztmlarbﬁlmg/aﬂ\[ -tf ongroif thechdIcrifital Wlovoredzéss (I8t wee M)t $rethh{ dwing a

suremsnt e and h er;,and .
C““CEE ‘?Et“i‘?/eeﬁ"ipoggtfi Vabi ng %ﬂiﬁfg’ﬁgg‘%esaﬁ léﬁ?‘i Nzl flgy gfyfhe fluid across
the i IPASAASarkiproRER FTIhA161ApSSARANOf 11 i URHbI AR s\RbSRStially

closing all other upstreamvalves. 22. The method of

consfgntang sghzstamtmllwmen&l@ﬁ@tq e pige sethedr¢sagearithoptheripmber;

t héeafugl%gltﬁé fél? filtg \%‘lvo%vga?(i) rz{ fl{)\%?atﬂ; fgﬁﬁﬁv etﬁ] %%che tPg\?%‘ietg ?ﬂl inlet into
the chaiibdrn@hii@uxi Mldnvialeipstpdas 6£ithe ch@ﬂbldarraﬁﬁaﬁtoufléitrvalv(l%\éﬁ)wnstream of
the chamber are kept open,;

allowing a flow rate of the fluid into the chamber and a pressure of the fluid within
the chamber to reach a steady state;

closing the outlet valve downstream of the chamber so that pressure of the fluid
begins to rise within the chamber; and

making measurements of fluid pressure and fluid temperature within the critical flow
time period t.; to measure a rate of rise of pressure of the fluid within the chamber and using

the measured rate of rise of pressure to compute the flow rate of the fluid along with the

measurements of fluid temperature.

19. The method of claim 18, wherein each one of the N critical flow nozzles is
constructed and arranged so that for the i-th nozzle, flow of fluid through that nozzle is
restricted during a critical flow time period t.; (i=1, . . ., N) for that nozzle, so that a critical

flow condition is satisfied during t.¢; (i=1, . . ., N).

20. The method of claim 18, wherein the act of computing the flow rate of the fluid

comprises using a mathematical formula given by:
17



kT, Y, i[ﬁj
in Pstp d t T

where P and T are measured by the pressure sensor and the temperature sensor during

the verification period which is within the critical flow period such that the varying chamber

pressure has not impact on the downstream pressure of the DUT.

21. A method of increasing accuracy and operational flow range of a mass flow verifier
that verifies measurement by a flow measurement device of the flow rate of the fluid, the
mass flow verifier including a chamber configured to receive flow of the fluid from the flow
measurement device, a pressure sensor configured to measure pressure of the fluid within the
chamber, and a temperature sensor configured to measure temperature of the fluid within the
chamber, the method comprising:

providing a plurality N of critical flow nozzles between the flow measurement device
and the chamber; and

selectively activating one of the N critical flow nozzles by opening a corresponding

upstream valve and closing all other upstream valves.
22.  The method of claim 21, further comprising selecting an optimal orifice size for the

critical flow nozzle, based on the desired flow verification range, the fluid type and the

maximum inlet pressure requirement for MFVs.
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