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(Rﬁﬂz f’Oﬁ%g%rE@Eneﬁmtypmal ROR flow verifier may include a chamber volume, a

pressure sensor, a temperature sensor, and two isolation valves, one upstream and one

downstream. The valves may be closed during idle, and may open when a run is
initiated, allowing flow of fluid from the MFC (or MFM) through the flow verifier. Once
fluid flow has stabilized, the downstream valve may be closed, and as a result the
pressure may begin to rise in the volume. The pressure transducer may measure the
pressure rise. This measurement may be used to calculate the inlet flow rate to the
MFV, thereby verifying the flow accuracy performance of the DUT.

[004] The accuracy of a MFV may be improved by increasing the measurement time.
It is more challenging, however, to construct a MFV that provides high measurement
accuracy for very low flow rate range and at the same time provides a wide flow
verification range with low inlet pressures.
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[010] FIG. 2is a graph illustrating a critical flow period.

[011] FIG. 3 illustrates a high accuracy mass flow verifier including a plurality of inlets

and critical flow nozzles, in accordance with one embodiment of the present disclosure.

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, nozzies 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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DUT 110 is typically a mass flow controller or a mass
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shuts on and off the flow of fluid from the DUT 110 into the chamber 130. The MFV 100
further includes a pressure sensor 170 and a temperature sensor 180 configured to
measure the pressure and the temperature of the fluid within the chamber 130,

respectively.

[016] The basic principle of a ROR MFV is a mass balance over the chamber 130.
Using the mass balance equations, and applying the ideal gas law to the gas in the
chamber, the inlet gas flow rate can be obtained by measuring the gas pressure and the
gas temperature in the chamber of MFV according to the following equation:

3



further includes a pressure sensor 170 and a
tenperature sensor 180 configured to neasure the
WEe@ssune and the tenperature of the fluid w tPCTUS19689/031496
chanber 130, respectively [016] The basic principle of
a ROR MFV is a mass bal ance over the chanmber 130 Using
t he mass bal ance equations, and applying the ideal gas
law to the gas i e the inlet gas flowrate
can be obtai@ge §¥£§éasﬂﬁfEﬁ'the gas pressure and the
gas tenperature in fhe clda r of MFV according to the
foll ow ng egﬁgtlon(l) [017] where kO is a conversion
const ant, ly 6 x 107 in seem (standard cubic
centineters per mnute) units or 6 x 104 in sl m
[0(13} awdaredk ] ist @ rcdnp@sioni cﬂiﬂx&@)ﬁt Urmnﬁ@y 6P§t1@7|1§ dcb@ ﬁtandard cubic

es Pa), Tstp is t
VRRIEE el ER LS £ 578 iRy Sengit d1ass pet Tiwie) unts: Py s
thetmanrmard gassireds SUBES x MO° PAR TGhRTAE stavabin®mpaRAurE (123,15 K),
ér tb%%?ure [0184 TVI\/FV 100 i ncludes a
Wegit oFI P AB6CheS RIERWes Ve HE 507pbe" ’é‘?‘@‘ﬁﬁl ang g the gas
tehipergiuessur e sensor 170 and the tenperature sensor
180, and controls the operation of the upstreamvalve

10380 TR 1B RS oy s e thal o e prisionais rom the

pressuTe sehdwe 1TDambdhe %nbmratbl‘!ﬁséiﬁw%(r eamcoalryIe theoperation of the

oy A D ot e Ve TR i, Mt Tieodrs Sl et mpasures a rate

oﬂm if Ipowgsuad e thé flidewifhiruine o‘hlamb\et bﬁer@h@ dehs’tréd'm@ vaive is closed,

gglgs g’tﬂ%ﬁ%\:g{)‘s&l@cﬁ éat&#q[s%léﬁ prgs?tir;g énlwq g%Ias;,v’cempera’ture to

calmﬂatéltb@ﬂowmatpmmleéiﬂtma fiosn & tbto‘rlmmmelcl@ﬁtﬁmmbbrdtr@eto Eq. (1),
upstream val ve 120 and .t tream val ve 150, 2
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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 nozzles

(Py) as described by the following equation:
4
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Tis the gade&hper dt Iar
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critical pressure ratio, a,., which is determined by the properties of the fluid or gas in the

chamber, according to Eq. (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 Eq. (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 illustrated 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
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[026] As seen from equation (5), the critical flow period t. is dependent on the gas
properties, the gas temperature, and the geometry of the MFV including the critical flow
nozzle and chamber volume. If the verification time of a MFV is within the critical flow
period, the flow across the nozzle is a constant critical flow and the rising chamber
pressure does not disturb the downstream pressure of the DUT. This greatly minimizes
the downstream disturbance to the DUT.

[027] The flow restrictor such as a critical flow nozzle or orifice separates the chamber
of a ROR verifier from the external plumbing to the DUT as long as the critical flow
condition of Eq. (3) holds. If the flow verification period is within the critical period, the

critical flow through the restrictor is equa' to the flow rate of the DUT and the pressure
6



[025] where apO is the initial pressure ratio between
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essur

i B tSBY O 5 e Iy Lo PG CrRBOPY e guse vt sk #at he it

flge eh@dweTLh‘rB;\t/refamr;:&essqu@ongé 10377 (v\gﬂbwmlélﬁﬁwé@@gnétf‘iﬁ%ssure of
o eter e a ctored L n

th&’hg}r@g A JF}% *&)Eéj' Y Ea”? %PS?SfﬁﬂS AELMEtI 39 gipps. and the

doBleaki gredsurs oﬂthgn?apfhcmdrigast rating the critical flow
period, as well the response of the critical flow

MFV. 100 The graph 210 represents .the syre of .

BRE T e s e S IS b G resaure rati

hrdmvamg mmcv\a‘l/eracat&ncthesfeﬂ/ fﬁl’rmggrta@ hoﬂr}f@wmeq)weﬁem st the critical
acros i.ti.cal

10 el e pRtupo B KBRSt oS Brn 5 Fefinstream
ptfelssumepﬁltm&)DUﬁf wikFeY suﬁsﬂannbllgamemmzass fRe@uBtuatidb of the actual flow of

r ence
TP BT care e bLprBas haSRH ia Meicsanirt siliherngal o the fow
rat@pfthe DST a Toeiet is calneet to ieteadinkl tbavextehel Kolsmegetween the DUT

(2% '; ?Og SULe WI'| | not affect the inlet flow and

Y dam FEQ%%PB of the nozzle (which is also the

downst ream pr essur e of
[030] FIG. 3 illustrates a high accuracy mass flow verifier (HAMFV) 300 including a
plurality of inlets and a plurality of critical flow nozzles, in accordance with one
embodiment of the present disclosure. The HAMFV 300 is configured to verify
measurement of a flow rate of a fiuid by a device 399, such as an MFC, an MFM, or and
FRC, by way of example. The HAMFV 300 includes a chamber volume 310, a pressure
sensor 320, a temperature sensor 350, an outlet 372 with a downstream valve 370, and
a plurality N of inlets 315 with an upstream valve 360 and a critical flow nozzle 330 for
each inlet. The chamber 310 can receive a flow of the fluid from the DUT through any
one of the N inlets.



the DUT) After the critical flow period |apses, the
inlet flow rate drops, and the downstream pressure of
wo b@dDUTechanges [029] | f the chanber pressur ePCHOS1989/031496
kept always |ower than the critical pressure ratio
limt during the flow verification, the flow through
the nozzle will always be at the critical flow

[asadetau@rmnarw the Bluvaity N FiledTIBly Mﬁ%@g&? it V#atﬂpédjacent to a

stream g;oressure of

%Sé’toﬁﬁ'{‘g gnr&ﬁ?ﬁenmtsz% t Rhe epbedimars Hlusratetién BIEL GaN = 2, ie.
th‘el ibwstiated debédifediiaelddLivof ihrw é’rﬂ t%%scr&leﬁ fBszgle% one at each

I |t
s FRBPGS 1o R SRchsh e bgpa i 8 et et P, aod v in ot

ebﬁbd\bﬁ@mtd; tige ENEMISER tndyhBadi¥ ofeOthah I20WeYE hihd b%# Ie%ndmg number
3 i|lustrates a high accuracy nass

5{5%%?% h@ 2 PGS 980N 9ZA8Fudi ng a plurality of inlets

and a plurality of critical flow nozzles, in

[Oé%@}:oEdemoae\Mtfhe ﬂu%h@nmtwlcﬂm fled rtoEQeQ@@@%Wocated adjacent to a
ur e 8? is configured to verif

y
esé’aPiPr%ﬁf‘e the VHSH&P%V@&@&@GQ f'wederspocamaewl@séram»n FIG 3,
theuciitica narvidd-Gre Maféﬁll\/bft@rth@n&bs?r@&n byveay 105818 Surse be

o By et b sob S Pty A g, SoWgise2 s Ganasiso be locatee

befatd tte Bylreant haldedl O\UMR! sem@ ykré8m3vAlesaRbselected to be opened
| ur al Lqﬁyf N of inlets 3%15 with an upstream val ve 360

bases A 1 H9v Fte e AuLbesaser pier Saléhtvpﬁl apd qfhether upstream

vamrcl&bﬁ dLaing res @il fiow Veicafiort heidkl W%réfb@nohﬂeone of the
i nl et s[031] Each one

0 one
cflial ?%#’[%Sys Uﬁfesﬁwgﬁr Nf‘?"b\ﬁ'ﬁ‘&%‘ﬂ”é%ef@éo i s
| ocated adj acent to a corresponding one of the inlets
[033p Eact biee ehﬂhediluralhy N bfl anigitdl do@chdzBlek 1380 3s corPﬁgure% to rhaintain,

thelll ted e drret es two inle
dgring %F”%C& mS\HQHggg‘If P’one {OrgB%IH"OiZFI'Féﬂ‘hePt‘t §f?&UY"ﬂed the
flay ratmmethbeﬂuumdtercs@bowet baticaN ﬂoﬁl m\@tzlélmbts@amalcy %onstant and
t he

t .
bk isanfhitte, SERg0 Bob Rsahib iy T kBer begate dog manner
deguebed®n RIG. arabbve: arhd h\?erlelzéI%(pf&Slah férasd caal Mw tiMe period
ot MR bR e et B FAOE B REH BY apebrr B aioe ) as
360 In the enbodinent illustrated in FIG 3 , the
critical nozzlesyare lLocajiey after the upstream val ves

It shoul d ofh;cem;s-eﬂﬁf ood that in other
enbodi nents, the 'C|4t <l ¥ nozzl es can al so be
| ocat ed bef Pe t he upstream val ves One of the upstream

val ves is séel’ected to be opened based on the flow rate

range and the gas S\/)or other fluid) type, and ail other
(Odplst weeim A (7 = is cross-sectional area of the nozzle throat for the i-th

nozzle, C; the discharge coefficient for the i-th nozzle, and all other variables are as
defined earlier in conjunction with equation (5) above. Note that the critical flow time

period t; is defined between a point in time when the downstream valve is shut, to a

point in time when a ratio between P, and P, exceeds the critical pressure ratio limit a,

when the i-th critical flow nozzle is activated.

[035] Asseenin Eq. (6), foralli(i=1, ..., N), the critical flow time period ty; (i = 1, ...,
N) for the i-th critical flow nozzle is inversely proportional to the cross-sectional area A
of the i-th critical flow nozzle. The critical flow period t; for the i-th nozzle (i= 1, ..., N)

can thus be increased by decreasing the nozzle size.
8



val ves are closed during the whole flow verification
period Therefore, only one of the critical flow
Womow2l1€d69 s activated during the flow verifi caR@DEOS2009/031496
period [033] Each one of the plurality N of critical
fl ow nozzles 330 is configured to maintain, during a
1038]; tBYclcremsivg the restiead fiowdpariodf the HAMEV 300\I)3arﬁ chargkathe volume

oSSk b LU Db o

noéﬁ@nwlantﬂw@rlgelbmrdinaucmﬂ bgnqdnmnslsb iprevided mode indddsOrendnt data

r the. mann descri bed
Samﬁ ?%Sté tfie \;\%%c{/]ﬂg nﬂf’%p Bt Siuééa e Xpress pghesfeotlwot s, the large
valyei af itheatritichoilovt pmdmnnmdrdve the émuradyeand reheammﬁty ¢@lmass flow

veF i@ﬂoﬂoégée%aﬁgr}orbf‘oﬁ ﬁi’\ﬂf an% ’t\)j ?'er;(g%?tj %(ggﬁj;gwmigpgen (N2)

qulva(ant fow, Nereforec nfoaﬁ#ld%\ﬂ|3@ﬂa183annemplefmtetsewm®ziﬁeeent size of
1. | Bl OE.
C”g‘g% ;ﬁ?\tlvcr{ogélteg pg? %\?géi cn cl%oste @eﬁﬂ% %%’%rgpal flow nozzie has
a relgtivelp sewll size, wkick efdvited adangblt@,rfon Inwdlowj venititation. Wi t h
equation (5) above Note that the critical flow tine
@ﬁr i9drd 6f Iy haxifiehl neg Pr%%gﬁrgnregupé?hé}ﬁ b M fwh V\gample the
e downstream va vels in tl
mXimEM Blebdregsere da AV Fah\oeixdckeeetegsﬂh@w dﬂGtToazrafor 3,000 sccm N2
r e g £
eqﬁglgfzéﬁgﬁlg\g gﬂf\:dtcle(/c’ér% e(ft Fgg%)] My ﬁ]ﬂett g?eésuF%to %69; &f floly f? ed MFV,
whigh s the upsgieant Reesshiet ptme f:mtaw flpwmqazeieL asl Htvefse tq the:cross-
sedtiold) afed oflt P@ n'ozztlﬁ tibatt AC 84y thh QUNROZAL Gt o ;Hlé}‘@hﬁ eLXmFv 300
proportiona e cross-sectional area
can-chpogy heiinlal wioseveritea! flow mazaledrastd idtively (ba/ogpérzedhiat meets the
mds&hlimfiRikt br‘é@sdég &46 frfeneiol high f verh‘kat&ﬁ\oéé%%v&? HAMFV 300

I ncreased asi ng the hozzl e size
cahrﬁ:ﬁ@'&sitsw@owrfetecvertﬂp@tmn fanew tpeenotightflow tg/Mithgaiovielating the

m%ﬁ&%l‘éhﬁre&ﬂrg %@ﬂ%ﬁ{ Lﬁbr@fropee lat feQs t%rcﬁ Plué‘ﬂ y N of critical

pressure ChaQT% and hence i'ncrease t
f!owOn@ZéIQSahavg erepoprges-sedionsli arges.oPfpeaissd ie anmal embodlments

@%%bﬁ’ R QhWéMTcSWﬁ&W 334185 $a0P 'd%ﬁérf? cb@ss“s%%ﬁor?a@ areas. In

|ter out the nmeasurenent nol se ese
sofife emipgienent, uaél df critigel S@thmlesmam Peps$- @@lott@aﬁl areas that are
qitdrRgiove the accuracy and repeatability for mass flow
verification, especially for low flow range, for
le 1 - 100 seem Ni trogen %ﬁ@ equi val ent fl ow
(3%

(03ler 6heHAMAV 380 Rae Bsonels" AD epiderschip aeleciifathactivate one
of Ghd bR NSHF % t:@gl ﬂ‘é{}v' idzemb BbeQ%W%letﬁ%ozilQ)efo%%\ﬂ/ vication

can choose an inlet whose critical flow nozzle has a
OPEEAtRN| RiePRENINGEINE CITOIPONGARE M E@%Rﬁaab‘@'\é? ( ar'ge- t\brandrggsing all

oth&Wipklr &4 8K ES BE@L inhel it B! BeisticRtidrpd tﬁé‘ mH "8k is based
pressure requirement for MVs, for exanple,
on the desired flow rate verification range and on the fluid or gas type which may be

supplied by the user.

[039] In one embodiment, the controller 380 receives a flow verification command from
a host controller or a user. The flow verification command may include the information
of the desired operational flow range and the fluid type. In this embodiment, the
controller 380 then selectively activates one of the plurality N of critical flow nozzles
based on the information it received relating to the desired operational flow range and
the type of fluid or gas. In the present application, to “activate” a critical flow nozzle

means: to make it possible for the fluid (whose flow rate is being verified by the

9



maxi mum inlet pressure to a MFV should be |ess than
100 Torr for 3,000 seem N2 equival ent flow According
W@ 00Bq17189 , the inlet pressure to a critical fPONURBNEEW1496
MFV, which is the upstream pressure of the critical
flow nozzle, is inverse to the crosssectional area of
the nozzle throat, Ah for the sanme anount of inlet

HAMPWY) KA tr00g 1o @Bt &RRaSRwW r'?@zz|en| @1‘ colRgs ecﬁdv& bﬁ?la flpid through

flownozzle has a relatively | size't

e RRIMAYh NeF2is) Ml salisly V‘@q@]l“ﬁé‘nﬂﬂ\l\t cerstitiom @thLfSIS@dvabove In one
eMBédﬂfﬂeﬁﬁfal @ifcdiMolvHogzIe@Yay WVat%g%ycd'H%n éto%gghét(_t?stream valve

te verjfjcation range to very
C%r %Sﬁa g fothat ¢riigaltfiew negxenend ¢lasieq a&bp@gsuwséream valves.
requi renment Therefore, at least two of the plurality N

[0a] cUpbn Q@hva‘t:bﬂ%fﬁﬁ@ﬂtfﬁ%nf@Vﬂo@' ﬁcfz@feem* 1, N), the controller is
Cr.0SS- Sect | &b%ﬁ ar eas cour se, enbodi nent s,

CoRPEeAnQn Ve lPwdatq %fr thei RYT ‘PltB‘é\/WF Slgseripd in paragraph

alstivef eNﬁéﬁ tr@nas &rtﬁ@ﬂiﬂb\ﬁ m»eizz@r(.e% 10N WTBe160BO 8 w&oﬁwtrouer 380,
ow nozzl es have CI‘ 0ss-sectional areas

i e i fusonts 22 foygsihrotsl thagpieciedorth Reralridee Bow being such

asatielyltes cRZQ) T Eorditiondiing S @fﬁkéMWﬂrﬁ@béNcﬁi & 9ﬂﬁe nozzle.
of the plurality N of critical flow nozzles f

th nozz for flow verification operatlon
ﬁgn{ ng"t heé“%%ﬁ%%@pé%lcr‘?@”gﬁq h&??pé?t wilier veanfigurerl te ?Lont'"o‘ the
operhﬂorﬁﬂdh@d@@hﬁ@eaﬁh? k/alz)é l3e0, ﬂh@ﬁp@ﬁé‘éﬁﬂ#@h\é@%@%e'd@e%@e sensor
sel ecti he i - nozzl e i s based
o B e PEATES ST B0y Bt PHTCRMTAIINF d4GOISH o8 FapHasasure
arid ldbtérmrnegasrateybﬁgsé\hm qdne%aﬁnye e tﬁélmﬂdl ﬁﬂglhymbh&a‘w after the
ne . enpo e controller ceives a
COPEEAET TS & FORS L ontin BT BehGEtVemians | 6 dgracivates,
amewna'f@%tfth@mgMﬁﬁﬂtéslcicﬁéfdbﬂgsm?lde ma?y afhf\\ ehaldigstichm va!ves 360,
nmat | e desired operationa ow ran
sq e ey ST A HERUI PR SCORTPYIS G g it
théhamrﬁtﬁrew |umt;ythac;sreysa1r65se<ne@r abo taie MeUfeMpetra‘tu#‘é 8énsor 350,
critic sed on nfo\;rmtm

b
reRbevEBy T HoTIRIGE SR nEef oufaRe e P LS BRGI Nf pisgsure and  the

tehﬁd@%u@rtdaﬁ iheas yeasakdftb @bl&ul@te '@ésﬂolmraité‘lef ’méa‘ﬁ,l@trom the device
027

ation, tivat a cr flown
s B tRRics B de Gl O 5 Sion ity 419 b deeaerisment by the
devadee39% being verified by theHAMRFV) to flow through
that critical flow nozzle O course, the flow of the

o¢eb HphT PR BlinE it Pith T Hetd By bl e the pressure
sasbo dnhdrehnd 1ermoe¢atuta saisof Iawvcmﬁlgnr@i toayake neatuneateats Within the
o BRI RRPER Y HELSRE" SR b P Pt By Rl et PR e mass
flaval veeser| &4él]bstdnmall>amaepamdetmm avfthe hearying lthambtr edsstiteoand the
eﬂemal voILSme betWeeh tl@ ma VE/: \(/)grtlflre(r)glng the' BUT.

[043] In operation, a method of verifying measurement of a flow of a fluid by a device
may include placing a plurality N of critical flow nozzles along the flow path of the fluid
between a chamber in a mass flow verifier and the device (DUT), then activating an i-th
one of the N critical flow nozzles (i = 1, ..., N) based on the desired flow rate verification
range and the gas type by opening the i-th upstream valve and closing all other

upstream valves.

[044] In the beginning of the flow verification, both the i-th upstream valve and the
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configured to verify the flowrate of the DUT in the

manner described i n paragraph above Wien the i-th
we@eiwiieaby f | ow nozzle (i =1, , N) is sel ect edP@lUS1089/031496

controller 380, the fluid fromthe device 399 fl ows

t hrough the selected i-th nozzle, the fl ow being such

as to satisfy the critical flow condition during the

dewndticaa! vdluret Kape opeit fPthd fdw (é?cf) 0gt Q@ioﬂ%%ﬂ ﬁorﬂwqgf&]devu@e though
the controller
thgeip ‘317? 'é‘t?nﬁ“s %mbrealtott}?es"%‘@%‘t i anthére lsrf@ eapIE rabange along
theaflo\/\epﬁﬁoandtth@ﬂbWS&téQﬂMé/th& o #bhahiber %a%ﬁ%%téad state. Then
sor, 320, erature sensor 350, in 8’
‘{}Wc“ﬁtée% H?@SW &\E %’é'epgféhe Re2[8kRrds slagedisp é’?ahpfﬁ'asswe of the fluid
witlaih ehedthanhise beGinBR@BSAIN Bned, nidasurbhidings dﬁ"ptr@ésﬂret 5}% temperature of
he downstream val ve is cl osed
thégﬁ?rgf'é‘ 9 @F 0336’ SeeiVares VIR Crd}rcatj@%&smﬁmﬂ@@ tcmfcpr computing

thafflpoptd ity flait atb®ding gdm;qt 1931Eﬁd the @ﬂfg?@:thsﬂmv%?éa%ﬁrement by

g P Pt osdnS DaH Mol ealionceHPa St edVEHAS within the crical flow

tirhe Imebﬁttclfl,r@flﬂéd trdvethe | iltih chowdié gl bheheLMadRRFosB eI St Hozzle and
ensor BZCg&End the t enperature sensor

r
prféﬂ“g ‘gs 80 Li' &P5IraR ?r‘éhI@ZZISS@”T%ﬁ“%é@t'ad‘héonﬂant and
sutatamtiafly sSesitive 1ar1B8 Siseenfand prdtRutLWRINH %é‘rcﬁarﬁwlaért BEssdes the

q |\,_-}{ns(ﬂsurjqﬂto Cﬁ]ecglatetheflowrate of the
SRTIORM Y HEMERANEEN HitoPYhArehiBRdrY Loes mat ﬁ@e@éo Ea d(@if)rmmed for
cédrgutiebthe/ s faténg the fl ow neasurenent by the device

399 [042] Upon activation of the i-th critical flow

z] e the.controller 380, th essure sensor and
O st e e PSS Sy AT P g ow range of a mass
ﬂoveaesruree;manctrsvwﬂéhm fidemebsdremaht by aRuiekeliRdy tidice, I3y include
flow nozz o that flow
pr@glslnplac;ay %9? ¢figal %nqqzlg\%t\‘; eqgn, tae flpw measurement device and
the thainast, ﬁt@rﬂds;eléoﬂ@paﬂd@m}ig ofe biithe ‘gkﬁtfrybélglo?ﬂgﬁﬂ'@@é SO as to restnct
S

U R AT I N T RO - T

thmeseléqzeTgwgnﬁaswrmrﬁnt@fy msEhsmveoto ?aﬂétld)lné lh?/préséi@é( | Gighin the
i ncl ude cin critjca

st &8 et Preaponsir N Fe bt mssyre upstream

ofachanbedie isness tmas shd J:rﬂWaMBészUr@ Fat@rd.. t Tiee ﬁhemoleiené;DUE}ler include
activati tica

s%%cgt?p b ?Ptlmalnc%ﬂce ﬁjzeb{ég giae 8Ht'cte\515°\°fe%qu d b???ﬂNOPa"’l geswed flow

vergicatidncahge the Buig &/ parathd ttie maaisniny et Pyessprete@rdntht for MFVs.
i-th upstream val ve and closing all other upstream
of, the fl.ow

1048} ' P 7hhat b o REM" te et Bl dfeevgndne accuracy and
rebhetdbmmfmmﬂmwl vegifieatien kegiteciapye for fiaw fliow earﬁdeowy (miycrﬁ @xample

+ 2 IOOHREND L TRhD A bA5ab B 4D 4 A Bor v
began&ﬁtameel fohtaisgangd. ofgther, 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 provided 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



the flow path, and the flow rate of the fluid into the
chanber reach a steady state Then the downstream val ve
waroovheriout | et of the chanber is closed, so theE€T/US2009/031496
pressure of the fluid wthin the chanber begins to
rise Then, neasurenents of pressure and tenperature of
the fluid into the chanber are made within the
iscloi be gaderstood thatrtbe pencends iropllcitfinthesenprabodimehisemay GW used in
et %m%d WLy achy
°Verif HB?\%J !51?1 \A%\l/{/ rreasg'lroe%rrgér? OE% % %p%ﬁgo%é E’UE%C‘ pHgly to the
CWWQWW$EN@Nﬁﬁ¢Wf|cat|on period of the MFV is within the
critical flowtine period tcf , defined for the i-th
[038F Z|rPthedd OMin®d réBRAEE i
préssurg o? % g e g? %egan?n&% FW]% ém&kﬂ?ﬁg%é ﬁm%ggd to mean
“ne AR PR awiasalswclwystsaﬁtat@m dbub tattirdome at ingre.” All structural
mmm bhdv i S
a i @q&@alérﬁ? tb! thE QEmEPt@ B V%’Z‘{L}\%}e éfﬂb?ﬂ@%ﬁ&.de%nbed

nber Besides, the external vol une

tha?whphghwmée thet aned@awn @ Irserdone tei begthofvorto those of ordinary
SIIPTPIHG! 10 afBxdrb QW @b a@é&?he«‘e(h 3*1 F%ffn%ng?tg}%dargfmtended to be

I ncreasi ng accuracy an opera i ona ow r'ange
emaﬂi@ﬂm%wr‘?fql%ms wMptgevere mothing disklgsed cmrem is intended to be
d&REsRed RBRL, u*B)(c %(]5érHi'eQ?\Igfe\lvhéftﬁéﬁ’sQﬁVdl%‘f‘osu@ﬁé éxpﬁ:clltﬁldr%cnted in the

providin a plura critical OW Nn0zz
Clpigisnebin daie Ef"?fﬁﬁmriéé@ hecivBpiTuatieyndss the dravisnsieirseld S.C. §112,

ti I; fud

sﬂr(]tggﬁzbrigrlagig an‘é@étsgth?g%e%n‘r{%t@gr;gr\%gsol?frecatgg Hé'm% hLi ‘f’wﬁise p%‘é(ns for”
o H] thetcase plox Methodivlaimi Hewigment frretiteshusing @eo:lhraa@estep for.”

fluid through the selected nozzle is substantially

insensitive to variations in pressure within the

chanber as long as ratio of pressure downstream of the

nozzl e and pressure upstream of the nozzle is |ess

than the critical pressure ratio apc The nethod nay

further include selecting an optimal orifice size for

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

inlet pressure requirenent for MFVs [046] The net hods

and systens descri bed above inprove the accuracy and

repeatability of mass flow verification, especially

for low flow range (by way of exanple, 1 - 100 seem N2

equi val ent) An accuracy of up to about +/-0 5% reading

error has been attained for this range Further, these

nmet hods and systens can increase the flow verification

range (by way of exanple, 1 to 3000 seem N2

equi val ent), while not exceeding the maxi mumi nl et

pressure (by way of exanple, 100 torr for all flow

range of N2 equival ent) Because critical flow nozzles

are used, external volune insensitivity can be

achi eved The i nprovenents descri bed above can be

achi eved using a single
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manonet er, thereby reducing the unit cost In sum a
hi gh accuracy in-situ mass flow verifier can be
Wee@woiitEaed f or tools used in sem conduct or and BEFES2009/031496
mat eri al s processing [047] Wile certain enbodi nents
have been described of systens and net hods for
provi di ng high accuracy flow verification at a w de
Whadve clailged and | ow i nl et pressures, itis to be

oot I e e S e Rkt Rehlig0 g abid delivery
daties, phepnass ﬂ@/mverﬁﬂarbompwm.l cation is limted sol el y

r of e BT B Mo gt FiRlanetwer Sogures to receive
edcht ofride thiato arffearof trenfuidiiomand yevisee” unl ess

f t ated, t t her " re " All

rrus PR e iR B Re ¥ reaR v rerrel o e B et
clifmitdre vari ous enbodi nents descri bed throughout thi s

t host PRy Bl Lid T POeY, el tioRBreadseBlarged Suacent to o
comespppdingbee ohmeemlatsb@'adhefneca} Kt/gw .noazd lm&atdihqﬁs&askﬂd)ftr@

reover,. nothin

o SRR EFLp Yt IR FURER RGeSt srrowen the

C(prmzslppndmg adedr dl ess of whet her such disclosure is
explicitly recited in the clainms No claimelenent is

tob under th rovi.sions of 35 US C 112, =
s xt RPEIEE 4B E YHor e b el S Ral Y Sazs adiied bthaintain
dyrgngi @ emhoaisﬂcwgttmheoepbd apdi = ﬂeanS\J)ffoxrt’hth criticat fhdv aeste, the flow
e .el is recited, usi t he
B 8o B B, B BUdh b ERA! ol B Skl Sfpstant an
swkesltarﬂsalbjrméeemttwertm f/grmamgnﬁri pwssEasuthenbatchahber. f | ui d by
a fluid delivery device, the mass flow verifier

ZCOYTpﬁ-hg %sﬁ;o&?\ﬁw‘g ofjgl lnp' ”%rf?.eP'cB'»‘bE Hﬁ% '\#o%grﬁ’éer coﬁwﬁgured to

er con red to rece ive eac
s¢ledtvely activatovensf oftthe pluralitgd N Dbmlttchbfl@empczies forpr 8o wedfication

%eer?ﬁ )fﬁ@fnjw e Jprdeasure pressure of the fluid

anber, a plurality N of critical flow
nozzl es, each cri t| cal flow nozzle |ocated adjacent to
3a coWh%W@ﬁﬂD\Mge@frﬁé op¢lainhd, i nlets, each critical flow

nozz,geld %E%Gn # fs%m\gﬁfcoh&gilrce AS chn%lg E&N@té L8%one of the

path o romt
pPlurplityly lf eriiisalitomt rezatesdianed Pmbalesirethiéveiate feificatian iangé for the

mtasélﬂow vihier ! J}gi BasEH ﬁrﬂbfd' f{?é offthgr?{éﬂ‘)zz' e is configured

nt ai n, cal wtinme period tcfl
(i N) forthel-th critical flow nozzle, the
41 | owTh%lfY@S@ﬂowweﬂffqr@f@lamhé,ough the i-th critical flow
nozzl e substantially constant and

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 upsiream valves.

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

before or after the corresponding upstream valve.

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

adjacent to the corresponding upstream valve.
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substantially insensitive to variation in pressure
wi thin the chanber 2 The mass flow verifier of claim
waoobartiber conprising a controll er confi guredP@DUS2009/031496

selectively activate one of the plurality N of

critical flow nozzles for a flow verification

operation by the mass flow verifier 3 The mass fl ow
veri fih@rmass dlowi merifier afhelaiei M, thehaonsmpiginy al aownstream valve
ch f <P vel ctiv one of
P ol R B APnF aERe oD e P Be B reoar
deS| red flowrate verification range for the mass fl ow
8veri fhemasgigwiygetier obalaim i d type of the fluid 4 The

mass flow verifier of claim3, further corrprl sing a

pI ur whéieYn for afl j RSt r eam MalY¥esa fl@\?ﬁlpne%{gﬁ myglvey N) for the i-

¢ g t ed vvlthacorres ondi ng one Eritical
“f dela nezzle (prpyaspely @mﬁm@f fofthe Iseossrseciiarall afdaody of said i-th

cmmzﬂkﬁ\sn@ﬁ@,gﬁdactlvat ed by opening the correspondi ng
upstream val ve and closing all other upstreamvalves 5

The ss flow verifier of claim4, wherein each
crit Yr‘T’B%re"T @tgwsﬁ &9 Pithe elyrgitalNead crtigabflew opzzigs mavetdifierent cross-
s&gibh&spesydi ng upstream val ve 6 The mass flow verifier
of claim4, wherein each critical flow nozzle is
o the carrespondi ng upstream val ve7

I ocaﬁnﬁd ad cent tI
9The %?ais WV\)’@F I§Tiob Clagp Sewhpiginwhery Uhetdr@érr@%@mw&itgwﬁgﬂcanon

raagd W’(Wé@ﬂ‘ing}l‘ﬁbﬂtﬁ:a@ﬂm g &ndving é”'rélatﬂ)%lyqé hiye Qj%fconﬂgured
roman outl et of teca 8

torfgg\gdef%@\p\,v&ly 'PWé'?'eb?reﬁ%?Fﬁtﬁe MRMerein for aII i (i =
1, N), the critical flowtinme period tcfl (i =1, ,

10N)  Bhe triaes ﬂewtvbrifGHrldf clamh 8f WRdYeMORRdethk ek MENSR Fate verification
r oss ect ional area /A, of said

porti.ona
oG R T O o i B oS v vl STistiize 4 corfioured
totih@emdeltha ndaguingdnt Gime! thealby il P¥siRZadcBRch Y Bie measurement.

di fferent crosssectlonal areas 9 The mass fl ow

verifjer of n when the desired flow
at eﬂ\}/er 1% @RVY itk ”fs%{n%fedl""g” rel HERSFPMRTISHIY, acteneratyre sensor
cdrifigwed o z‘leesurbaympgaa;mé ef takiftviel witHirathgehaimper. ar e

configured to provide a reI atively lowinlet pressure

t The. f f. im38 .
%ergfen%m%eﬂr&’{’ H%ﬁﬁggf ?3%' ?Y%\%??r éé*'éee{}ar%f”i“faé Q{’WWSHZ?%HQ:Q' - N)
is icgnfigeirext fovadiby thefhyid (ﬂDWing tledrethrawhrio zatishs a leatdan flovd condition
dJr%bqtts'chﬁéa){ f!g\’mlﬂle pse'rl% feis arghd 9 oﬁgrle%%g gritical flow condition for each one

of the N critical flow nozzles is given mathematically by:

e

£y 2
—3a = —
oyl

i

where
Pais pressure of the fluid within the chamber and downstream of the i-th critical flow
nozzle,

Puis pressure of the fluid upstream of the i-th critical flow nozzle,

7 is the ratio of specific heats of the fluid defined as y = C,/C,, where C; is heat

capacity of the fluid at constant pressure, and C, is heat capacity of the fiuid at constant

volume, and

a, is critical pressure ratio representing the maximum allowable ratio between P4 and
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to increase the nmeasurenent tinme, thereby increasing

accuracy of the neasurenent 11 The mass flow verifier
w@Rooeh#ilne 1, further conprising a tenperature BENES009/031496

configured to neasure tenperature of the fluid within

the chanber 12 The mass flow verifier of claim1,

V\herel nthe i-th critical flow nozzle (i =1, |, N) IS

Pe oh it flow efdhaflyidactone eatruone 6f tm\ﬁ\}rtg:tuw ebetitd aNgBmbR

sSRsthrtially Borfstdrit 'aﬁ@gul{gét%aﬁyp m\%ﬁﬁétﬂle tot%h{éo rﬂait(tpfsn érg[giletﬁ§l§ﬁ,|Wlthln the

flow timnme period erein
C%ﬂ?ﬁrtlon for each one of the Ncritical flow nozzles

is given mathematically by where Pd is pressure of the

181 ui Cth\@lrhéusﬁloﬁd\%rﬁBla&'%?J d downstream of the i-th
criti fl ow nozzl e, PUIS ressure of the fluid

upst Y"E%Jr?frbthe@ﬁatr@ﬂet Is furthericeafiguredto srorel tee dgwnstretaiﬂrevalve the
upsmeam\m‘ue%% bsuhe fl as, g = Op
& P e T ELEoE anal b e i
const rgressure and Cv is heat capacity of the
flui W %rte‘ bR<ceanheller i urtker eanfiowerdo ordasinsad rafe @b s @ pressure

ofrtaé ﬂ@ldﬁ/\ﬁl}hﬁﬁtﬁ@%étﬂgeﬂ%r Mdﬂﬁ}@%g WREBlEhald %ﬁl%‘é&ﬁé\erg]easured

Puf or whi ch fl ow of [ ui acr oss eac

ra[teh@?Ns% 19 (Gatcs(ate 3, flew raler of thenfitiich frioub dheadevied info the chamber,
thedy vanfyingnressuRsh a bl #hd Yevisensi tive to any

variation in pressure within the chanmber. 13 . The
147&55 flow Vgl‘lfl er of claim7 , wherein the controller
s f (% HEPs Eomveigis shiceln ddrvhaseinthrcitioabfiny tmenperbd &, for the

i- th leaticHd SbweRETIY & &@‘ﬁwed%‘éﬁmé&rneasﬁ&ﬁﬁ nf S Rhen ﬁ%qjomgtream valve is
wherein the contro

. ?r$er at UL Sensor ;
hGr P e PR Y e ”taofﬁ%‘@d%%‘f!%erapu ane Fofexepeds the critical pressure
rag@ﬁ@,ﬁuge,ggghggbpl uid within the chanber after the

downst réam valve'is closed, using the neasured rate of

rise to calculate the flowrate of the fluid fromthe

device iptQggut he g,ha)nber t hereby verifying nmeasurenent
by the = e mass flow verifier of claim 13,

wherei n fhel, CﬁlQMd’aF)flowtlne period tcfJ for the

i-th critical flow nozzle is defined between a point
whatet i me when the downstream valve is shut, to a point

in time when a ratio between Pd and Pu exceeds the

Vi Y RImP RS UhEnb & ih the B oW PSiier 2 91 VN Y

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

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

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

fo(M,y, T) is a function of gas properties defined as

172 1/{y~1)
RT 2 2
fuloap) <[ 222 2]

M y+1 y+1
where

M is the molecular weight of the fluid,
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where Vc is the volune of the chanber in the mass flow
verifier, apO is the initial pressure ratio between

W0 b@oapasy eam and t he downstream of the nozzl ePEX/US1089/031496
norment before the downstream valve is shut, Clis the

di scharge coefficient for the i-th (i=1,... , N
ritical flow nozzle, Al(i = 1, N) |s the
i‘?&%u@\é%wl@ﬁﬁlc%ﬁté@ of the nozzle throat for the i-th

nozzle, fg(M Y, T) is a function of gas properties

Tdetherteshpamtird of theMluids ahie ol ecul ar wei ght of the
fluid,Ris the universal gas constant, 7 is the

ui d, d Yis th t f
/SRR Ba0be bty FLey i S r2ti e, of

verifier of claim14, wherein upon activation of the
15.- t hTbe intdse abwfvleﬁﬂ\érmﬂz;léllrﬁ 1Bywhérincydhrtil fion oﬁ"ﬂwee i-th critical flow

e se nd the tenperature sensor ar
”g%ﬁSE%L g eRe Prrs3uie SshBR NG FTParRere pensot alle configured

tot nna‘ee p@as@drﬂen&fwﬁm tﬁeh@ntilcaltthné ‘béltlécpf‘-il fdr 1. ?’vogrﬁllcgl ' flow’nozzle,
atjon the mass flow verli

S‘S T ant "%m\%% "?%@éé'&%&*&%ﬁ fegw t’ﬁ’@c'%aﬁ yHEYjartipdriedtependent of the

Vyes chomanytethos axtana gkl VORRSAREh hB&n ARl LMer and
th\ée[gu{l er and the DUT. 16. The nmass flow verifier of

m 14, wherein upon activation of the i-th critical
flownozzle(i =1, , N, the controller is
1& onf Tigrimads flow \vemﬂe‘ry)f tlbt?n M&ﬁhﬁr@uﬁ&l&bn Qktivdaen @f‘v‘fh'quh BMtical flow

eni n h eam val ve and activating t
nc?z)z{ (pugst?e acfov @%{g%aorg\qqqqetodggfy,ﬂ@%mepg,wement of the device
bwerification range and the fluid type received from

the host controller or the user; b) giving a fl ow set

p0| nd) d)p}anmgeth@Ldb\Mmytrédrre vbmstarmoéﬂtlw&idgeﬂheQRh UBSratFENalve based
chanmber reaches a

n nt i
st ea ymset a Sﬁ 49 s\feéﬁ?? Iof’e@ng%l)a”g:”éer fluigl dynpetesived f1ean the host
pr essuntrellexrl thehaserenperat ure of the fluid within the
chanber for flow verification calculation; e) shut the
downgtgidagra Vial\set paint tb tieet DUMeyphe S centvdliehbintht heer:
chanber ri ses;
¢) waiting until pressure within the 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 ty; 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:
0, - foTweVe i[fi)

P air\ T

sip

where V. is the chamber volume in the mass flow verifier,
Tstp is the standard gas temperature which is 273.15K,

Py is the standard gas pressure which is 1.01325e5 P,
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f) keep neasuring the pressure and the tenperature of
the fluid within the chanber for a period |ess than
wo b@arited cal flow period tcfJd for the i-the cPCT/US2N09/031496
fl ow nozzle, for flow verification; g) open the
downstream valve within a critical tinme period as
measured from when the downstream val ve was shut; and
kori§ ak@yiut 0'tih § COMpunitsearel % 10hie SUMiiidtsi nt o t he chanber
usi ng: where Vc is the chanber volume in the mass fl ow
P{rcthp PressureTditie fiyd measeredrindhelprgasuresaparrat ur e whi ch
is 273. 15K, Pstp is the standard gas pressure which
T jsdhe tempaters wihe Buidmegsgiad [ the tombdratusc@visoni t s and
6 x 104 in SLMunits Pis the pressure of the fluid

1ﬂeasﬂ{eeﬂa§é’flc§vh@erme?§§éiélﬁ) ’§Wéln THeSad e do ggﬂ?@%%g%gf of

the fluid nmeasured by t tenperature sen
a ass ﬂ?‘i" GWt?fe?WfﬁsérﬂOWfCOB r @H% and apfirey edtig conkeoligevi ce
conprises one of a mass flow neter, a nmass flow

180Nt A eldtietd, of&@ﬂfyﬁhg%é%uF@ﬁérﬂ of8 ‘%\R/Q:'f Eglﬁnd]t% ab‘dé'(ﬁcteh egm%smg

veri fy| ng nmeasurenent of a flow of

deV| acin plurality N of cr|t|

£} oS BRI G Bh et ApERdrERe b0 e fawbeatheatrine fui
beawedraarorimber iR amgss flolvoldriner drfd tRe danek:t he devi ce,

activating an i-th one of the Ncritical flow nozzles

(i = ,..50 th ri.n critical flowtine _
Cor astvating it 8nk B efl iR rutiodslesabr i o Ny shitbat daring a
crmbamwftmtdwerfddugfpb aar 0s S\l)tdléﬂnéd fohsa@za @oz@rédﬂm @ﬁﬁh@rf@m
| ui d %streamo nozzl e renuai

a%ﬁa&? F%h{*} NG7Ee A0gReesare afrffa gwswaﬁﬁ%arﬁpf x}*el'ﬁé@?@—ﬁrwms

sdb@tahhﬁlyrdoaﬁtaﬁtf aridngubRlaRESlyriesansting i thbeise bame®ressure within the
SI ng the fluid to flow along a flow path fromthe

te though the i-th inlet snto the chanber, while
an i cueing tiad fidia tpBdw eld Ry @fﬂottvhfatiﬁ:ﬁaiﬁbﬁé danek meugwﬂqleeith inlet

olfhESharEba whEor Blet Bie PREFLBNE ALB b Lt e
dcavrmresmwfewefﬁhahhﬁr éieLkeI;’bt vpéhi n the chanmber to reach a

the. Situfiset e R g RabeSRdhe ot re e BT el g fuid wihi
the icammérttb&%@adhm%tebWQt@ and maki ng neasurenents of

I:lr thcf% ng t %uoru et va?ve Ao%ngtrgaem clflwra%b\émr gcp {hat prre]essure of the fluid
begins to rise within the chamber; and

making measurements of fluid pressure and fluid temperature within the critical

flow time period {;; 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 f4; (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:
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flow tinme period f 1to neasure a rate of rise of
pressure of the fluid within the chanber and using the
wore@sota® rate of rise of pressure to conpute RPEEUSI009031496

rate of the fluid along with the neasurenents of fluid
tenperature 19 The nethod of claim 18, wherein each

one of the Ncritical flow nozzles is constructed and
arrangedk§07‘1;helf horpthe i-th nozzle, flow of fluid

thro gh—ﬂ'ra[l;*mz#% restrlcted during a critical

flow tine perf’lod = , N for that nozzle,

so that a critical flow condltlon is satisfied during

wh&ElP dnd T Erd measur®) b@thel ?fsrﬂ?é Q&%o?g?&[fﬁi t%ﬂ?)éra dd?@%%%orr] during

the act of conputing the ow rate o
thg offpifiralios ey IQﬁ’gWE\'CPrelﬁ heithin itlsalcrifiest rflova pgiiade audy et rtbe Frarying
chafthel pASsSuiERRAS WolhhJukt Brlﬂ%ep\{] %%Héﬁp SER3Ae Ak bhlz‘
terrperature sensor during the verification perro
which is within the critical flow period such that the

2V ar yi iBetBph PhdicreRsings ap@ragys arbreiabanal fiow fange of a mass flow

veRiQ¥NHbl ERMed HRSSUFPhedt bl BQ‘IMea@urémeﬁt dRjidaogt RE {low rate of the
i ncreasi ng accuracy and operational flow range o

Al dbe fMase 1P YTiier elalinave Fhamess GRfiguIPe e Aecebip fiovf pbipe fluid
frofR A G PiasdRWRE alicd, eplb e rs@ﬁ@or@onf@ﬁeé k! h@as&r@epressure

mass_flow verifier including a chanber confi gur ed

ofr Beefiid withhw!iest chambel (and Arlgmperbure| Wsﬁ‘éﬁﬁfﬂ%ﬁ%ﬁwﬂo measure
tefR¥idtGe AR RRBHARN FRNGRIMHEPTh: HHEIRA éo%m@ﬁgur e

pressure of the fluid wthin the chanmber

tenperature sensor configured to neasure tenperature

of tREVIFING; & PRt A Phertah Bk Mozeae beiassdthe flow measurement
deSAVFIIdIh@gharRb&Vhsd ng a plurality N of critical flow

nozzl es between the fl ow neasurenent device and the

chanb nd sel ectively actlv tin e of th

Cri t?eieﬁﬂt"’%b’ oAFYEYY e hyPfofhi Crg%%r}k’éls pﬂ?ﬁﬂ'?ﬁgby opening  a

canRShoRAMY MsstreamaratleCdroisdisih bl otaéhgfstr@mtvbwam val ves
22. The nethod of claim 21, further conpri si ng

27} ol oI HHES ST o Tete” GBEPFERe SPRIHLRT PPURR wifce size for
thé emg@i flolvendzki| dasedpen rddddied mawi vaxifizdtioh ebngy, @SS Blie type and

the m l’)'(lnrn?nrnr? r]e‘t presrsu%Fr\équlrement for MFVs.
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