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-,Background O The Invention Field O The Invention The presi i [
relates to a pressure-type flow rate control apparatus for Imllmmmml;mm'mﬂ
sem conductor manufacturing facilities and chemical plants. Mrgg ..
specifically, this invention concerns an inproved pressure-type PI8w rate
control apparatus in which the flow rate of a fluid which is supplied at
sub- soni ¢ speeddmproved Fssturedype Eloy Rate Contrel ARpasathew enpirical fornmul a,
and 10 then the flowrate of the fluid to be supplied is controlled
accurately on the basis of this enmpirical fornula. Description of the Prior
Art I n seni condBackgrowdOf Tbe Inventions acilities, chemical plants, etc., a
plurality of gaseous reactants are supplied at respective specific rates
and are normally reacted in a reactor to produce 15 an object or target
gas. In this pr%&%?,ﬂf‘?l'{"ﬁﬁﬂ%act ant gases are not supplied at accurate
flow rates, thefhebREnEMOSLCRIIAAAS b PRESURLPSERISratétBM N apparaiiForifte ainBSUl T,
unreacted gases remain in the produced object gas, Reactant gases remai ning
unr eact ed i m%dv%m@efycf@wge@mwfa %@h@m@mafgn Morg spegifigally, tgla fveRtiogas

Wher e sucChRomddmd Bh Rfi6RE pRasrd-§p@idW A% doftrollaPirfud ifi wiich Melfldwiialof & AB@Er N

t hat expl osions 20 may occur in subsequent tacilities, and, accordi ngl

speci al m¥dudhiewrplied b sibsowg sRegds i ARcrRIner accuiiRlnusings neieEwitcalfogada. apd | g

t her pf or e tRAGIRSEAW MteldP tHe T be a.LbFlina.*, SnytolidaQicéur ¥y bt Badi of IS Bxfipitical DE
supplied, and a mass flow controller has been used as gas flow rate

controll erf°r§’£“larmny pl ants However, a mass flow controller has nmany

problems; for i mei@pien ofith: PRiok @katively slow response tine, 2) poor flow
25 rate accuracy at |qow fl ow rates, 3%_nurrer,ous operational difficulties,

and 4) high codk gemigagdudiqqmanyiaciuring fagilities chemicalplagtsectt oy RIPLRIIE 8356 t hat

there is 3eRRARME afeQupphbd A\EpEAQc HREHE P afM ard ﬂ&ﬁallﬁw‘a&t@d 1 aGedtior & pridacereans
other_than a mass flow controller. In response, the present inventors

devel Dped 28 opEe o5 13rest 43y J8 thig Rigress ifdhesrrtanbeasey sl supplicdal aerueat fvetesne

same in URRkME deficAIRRAGSRodedsAbveARPAdGa h ki, MBreackf ga503 Fénaid fh thd) S
pressure-type flow rate control 30 apparatus, fluid is forced through an

orifice umiRIpcedobieft®dt conditions such that the flow velocity of the fluid

I S super-soni cRefdidat ga'_%e§ r%m@iﬂin@&ﬁﬂe@d%&édﬁ;dih@%@@h&i mﬁilb@&%ﬁi&rﬂ%ftﬁeof mul a
t hat has been used hitherto for calculating the flow rate of fluid. Below

i s di scus$bigctgas Yhere el @ wrearted gasas FRIORYC. it Gls & BagiFylar corcerhy syiplosionsi pe

has 200 UPS$iaky@adhr R BBicht fd&lﬁﬁés?ﬁﬂ‘a@ior&h%ﬂ’y etihll RRAsY fdladobted Bire@bvelthe and is
supplied 35 to a downstream pi pe at a downstream pressure of P2; here the

upst r eam [S¥RIeEYFUBrepctedi g t he downstream pressure P2 are expressed in

absol ut e pressuyyig¥Ridi@Secessary tZcohiroliaSculfdiélythe oM tratbd \6F ghdeO WS Hedhblie@ndd hi ons
of the fluid passing the ori |§e change great|y oncepiagle flow vel ocity of
the fluid waésd@%gonff r bascheen ved ausn dow rpgeantrallss abpanyiplagts Heyigyes 3mass

condi t i onglowkRehtder 159 Raky pobles; fdr hstant€ AT HRAhtivéIN SloWQuUpeist Ema) J)lpeay float € Q i s
gi ven by: (g: SC 9p2 (P1 - Pz2))'iz/.Liiz 5 but under critical (sonic)
condt i ondate asrracys Ve HQn ras; pumerousparational difficyltics. and ) kgh eetst hat t he
formula: Q = SEbr thik/rehsdi |t Uss P preABEklY Soserd that WIrEis a need to improve the

accuracy of gas flow rate control by means other than a mass flow controller. In response, the
present inventors developed a pressure-type flow rate control apparatus and disclosed the same in
unexamined Japanese patent application no. 10-55218. In this pressure-type flow rate control

30 apparatus, fluid 1s forced through an onfice under critical conditions such that the flow velocity of
the fluid is super-sonic.

FIG. 5 is an explanatory diagram of a theoretical formula that has been used hitherto for

calculating the flow rate of fluid. Below is discussed a case where a fluid flowing into an orifice
through a pipe has an upstream pressure upstream of the orifice which 1s set at P;, and 1s supplied

35 to a downstream pipe at a downstream pressure of P,; here the upstream pressure P; and the
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downstream pressure P, are expressed in absolute pressure values.




wherein T is the absol ute tenperature of the fluid at the tinme of passing

«.the orifice; 10 Sis the sectional area of the orifice hole; and Cis a

proportional coefficient. It is known m hydrodynamics that the critical
conditions at which the velocity of a flyid reaches sonic velocity are
expressed by the critical value rc of priéssure ratio P2/P1 The critical
value rc is given by P2 / P, =rc (2 /gn + 1) -' usinhg the gas specific
heat ratio n. U5is&aewn Gardhs flowratreqpditionsiofthy fipid passing thagpifics changesyeatiyonsee Cp
i s the spagé fibvwe vaIesly of B AGidir¥ackds thd ¥pedd| o sdhnat Undey dnabiiticdd (95-S6Hi).coldibnEy i S
t he specific¢c heat capacity of J‘Q&)f uid at constant yolume. In the case of
t wo- at om rRSfEG RIS velgeitigs reaghed, wasiieam tiowrate Q IsgIven Py, and rc = 0.53 In
the 20 case of npakcaeaP, - Pl &ev?at om nol ecul ar gases, n =8/ 6 = 1.33 and
rc = 0.54. Thus these val ues nay R@ expressed ?s_rg 0.5 Probleps That The
Inven?ion I's To babinder apifal (somcksonpitigns, oneg seic vlocly Basheengaqhed. dhip foyndithata s e
where, W tige fohgulatpst ream pressure P, constant and the downstream pressure
P2 variable, critical conditions and non-critical conditions are 25

consi dered. Si n&=§%ﬁfircal conditions obtain when P2 / P, <- rc (_ 0.5) the

regi on of the ding@k asBdwaeis@ppiable; rc P, (0.5 Pl) constitutes a sonic
regi on. Conversely, where P2 > rc P1 (0.5 P,).is an sub-sonic region

)
(non-critical corsren biidje absaluteiemprratcrofibsfiud at thedtng ofpagsingithe qnicgn der
non-¢gitical comdk the@dttional firek HEthSoHTFcsAGleC region), the flow rate Q of the
fluid that passes ‘L:he orifice may be expressed by: 30 Q¢ = SC (P2 (P1 -
Pz))'iz/.hvz SiApttayApgrartiqnal cegtlicerlsi on: o = K~z (Pi - P2)) /2 the
proportional cqgpiskadvin 1K hiEYdyasmRY aeES elicilconditrsds/atiwhich thd vélocityiof a flbi@w r at e
formula is derived from Bernoul I}lévé th_eoijvem but Bernoul Li's theorem

rel ates t GeACBREAPNIE BTlRRILY PR FEPARTES By the FRtifRliatue o presyivigiatia ByRy The arificalct ya
gas flow, HR¥RMEEivendR MY BSSHEN2 /(nd BAE)axRg iR BspRafiERdak Jati@acuUr , and
therefore it is unsurprising that the above-nentioned flowrate formula Q
give¥ errors \AMSEWI‘I‘S%F@({*‘%‘IH%’E'E%I flow rates. Wien the pressure change
of the fluid ispysh@hlgy,i.e. where the change in specific weight of the

fluid is small, incaonpressibility of the fluidis apProxi mat ed. \Wiere a
fluid satisfies grer-pishespectiodedtcamstty ofthe fuidiay cpustast RFss¥Be | ui d can be

control | ed sati shct Rithd spediid MGt daPacity bf B¥lGidhEconShadiwbiame] N many cases,
however, these fltllj-.ipd copdi tions Iail to be Z)a%sfi_eg. As a result, if this
flow rate for mulithe Sasgebero-atem molegiarsases (6% Vi) na7 EdFt Aortdda™ 8t Hn geat
pr ecp®i on.caGE Abrlin&)] thirce-hid thldRRAE Pdsés, BEBVI6CUB BYarldir] €0 58 MwatheveaaRECmAAL ent
applicatign no. 10-55218_in which pressure ratio Pz/P~ is constrained to be
smal | er t PaART$Eed 384T 8t pressure ratio r~ in order to 10 obtain critical

condi ti ons, and préilerhd PHut Tk EnventioPRIToRdlved under such critical conditions.
The theoreti cal ,flogfrate f rmé]a is.therefore: Q¢ = _KP>> and the
éi% i

proportional co¥ithwferenge todl cysspd brlow issregse whers, withdheypstacampyessife Py under

t hese cnticgmtantaiddie dodRSireaiipresiurOM vaAitte, €6ticdDRRdINEAs 2l RENEHtRA dofifitions are
downstream fluid conditions, with the result that the flow rate can be

cont$l | e@quﬁdg?iE“&tCﬁBﬁ’aéﬁ?@itgﬂs. biagnaben P2/ &1 r67 ek e regionaf thediagram ng such
Nt gh ACCURAEIE P8 /P, 449 P EontRiied DhonloTediBlR Cohfifel! W€ P> LM Eold PR o ©

realized. the critical conditions are not obtalned,” then use of ¢ =
KP, 20 t o selosmicgpgioth@on-rmhigaleonditionts).a fluid will gwe rise to considerable

errors Further nun&n68 Bodvk, WienT e'ﬂ?&q %ﬁn&é?ﬁ&-ﬂﬁie&l%ncin{i&x\fé"lﬁh%{e%uiﬁ-%rﬁ@' a, the

critical conditions are reallzeglhas as_the actua owrate I's great,
but as t heegianpthe BaverapeQq of thedbud thigepasspssthe enfinepnay de gxpsesped bynd t he downst r eam

presgyre Pz con@r_ﬂc&(@ﬁthgynﬁlq esult, the non-critical conditions
soneti mes occur. In such cases, since the flowrate fornula @ = KP, no

| onger hol ds go8implifyyeg thisgspresston:
Qc=K P (P, - Pz))m,
the proportional constant K may be expressed by:
K=SC/T"
35 This flow rate formula is derived from Bernoulli's theorem, but Bernoulli's theorem relates

to ideal conditions where a fluid is non-compressible. In actual gas flow, however, compression



25 .control will be substantially inaccurate. Thus, the prior art
..pressure-type flow rate control apparatus has two serious shortcom ngs.
Firstly, since the theoretical flow rate fornula used under non-critical
conditions, is predicated on the basis t;at the fluid ~s non-conpressible,
| arge errors can arse when it is used to control the flowrate of a
conpressible fluid under non-critical conditions. Secondly, even when the

f1 ow rat e 238 oR3psien Rormlly-ocgys, and fherefere itds wispPrising,\hat theahre-peqtiopgd flow rate

condi ti ong%nﬁlﬁa@z@gdeseﬁ@fmfehwﬁ@kemmchhm&&a occur as the dovvnf]tream
pressure | NCIr eases a resu r eat rors can aril se s e the
appl i cabl e f|ovWPealttb°wrsﬁswﬁ'ﬁ|cwgotltth%ﬂlg 5 spa érwlred?ﬁﬁlc%aﬂsxm—sp lc waight ofy, = K

(Pz (P~ - tRZfivid isZmall Hddhprdsdibifiyof tiRYR ik iprdeaREd Wigte/a fliid satisfied sﬁdhn&éal
obj ec{ of the pre ent i nvention to provi agsafgr?lrlcal formul a 3 5 which

is ap Ilcé’BP‘E‘“%s’t e flovy Frtapt s tlidganibg confre adda tqrily psngthis flgp rafe fsmplaclis p e

fluid UndQﬁan@Qﬁbe@ hbwéver theSOMAY Edrdtidns @11 Eb BeQatsfidd. IRl a rtAR, if tiVidvaial fBfimuda
conpressi bl e uid under non-critical. conditions with hi gh precision using

said flowl %ﬁeé- theflw fateppn pgj bR gergrolled with gregt pregisoBeond obj ect of the present

invention to aciycedfglyl @b n&@rﬁb&% &fcyloﬁﬂﬁﬁfe@the(aforéshﬁ\f!at%ﬁtaﬁplﬂ:ﬁﬁ&ﬁﬁ) tdhssaptd re
range of flow rates us der Crl%}fggfntcon Itions, and using the

.Nn
above nent'Yishduessyre fatip 3@@ 1§ ﬁ?ﬂs‘if?‘{‘ﬁéllm P%?r?ﬁ!}r:a Icalpressyre ratigyr: ip GE4T 10§ ons,

whi | g0 al wapgin@iicdl @bddibnyyaad tmerﬂotvhae fs|cohteblled undaelaich Eritichl donditiéts. TIN- CT | tacal
conditions, The invention of 1 is an inproved pressure-type flow rate

control aﬁb‘SFe&Pﬂ§]°wdﬂéf%’t‘léhsz Efc 't hat when a fluid is passed through an
orifice for flowd=ake, control, the fluid flowrate Qc of the fluid passing
t hrough the orifié:gl i s calc Iatedbﬁ}/ the formula: @ = KPz "' (P, _ Pz) (K
i s a proporti ondnd ©eROPAHPRAl FRnstagt S&r“’énéﬁnstants) 10 fromthe pressure P,
upst ream of theK);t.'s{';i/(rtll‘2 and the pressure Pz downstrearn of the orifice. The
i nvention of cIa m2 is, an inproved sure-type flgow rate control

appaﬁat us conprd i"ﬁ@gea‘fflyo‘}“ﬁ? & FWF‘?‘@@H‘?‘PW% 5 I“Bi‘v\ﬁ? dess notdepapdiopdhe val ve
provi ded QEwastiRhm BulditoaditicHeShifleBetesilthatalhe fiow ldteQb.lh bd svmtrolfd wifhrdagam
pressure sensor provided bet ween said orifice and sad control valve to

det ect an MF¥tPeam pressure P,, a downstream pressure sensor provided on a

rFJ)i pef IOn a 15 dqm&l {relb’reﬁlﬁfbl‘éhlﬁﬁte%r a{cumﬁmg@ﬁdhihlcgaa at:ausigﬁ:eﬂclsw aﬁt@&ﬁg&?slrmarﬂn@r essg e
Z, owrate ca culatin a or ul atin al cul ate r e, ,
by: Q = [€pycahpqnditions a5 se ‘F%rggﬁ?élaic’a“‘iﬁ @P&'@&%aﬁf‘r’g’é%ﬁi@% e&ﬁhe‘ésaf’ggﬂﬁ%t?stream
pr esgwte E@cc(n%ﬂh@ﬂ%@v kate c?‘taﬂrumnltgmrifaé t&o@ﬂﬁde@e{bﬂe errdRd mt a][ljd n % e e &
constants WJrate settl r ecting a se ow rate, ,
for fluid to b% preceren if & KPdouied 7 B, W faf ol theqritiea) gonAisians ator

det er m ni fgahded ds Wiigaathe agtiidl fioweRe &, graalbuld theTR™Y aRdedrta¥Y, thaufstredd presiuek sai d

calculated flowrate, Q, and_a drive upit for ontrolllf é‘ eni ng. and
closing) thao hEpIstrea) Rf%ss‘ffspaﬁﬂnﬁgﬁe a‘T"i‘{‘}W‘i’g‘Fé‘%F‘F‘f"é ORI Sﬁ@“"‘t%"szero

so that t Recul!IRwach@hRs,@incd the b ditélfokaulk @c SUKIM Inb Eshgétholds gosip M Fotvaad Si de i's

contéﬁlledtob sal set flowrate, Q. 25 The invention of claim3 is an
i nproved Pl wib iRl 3cEHatec ont r ol appar at us according claim2 which
is permtted tOT\Bﬁbefh@ ﬁomqﬁéssm@ayp@mbwraaboxﬁ@nsbpwaﬁeaa@mfa&@mS §Hopcorsh@Ci ty

ofthefILlj_‘deIovgrﬂ? idorjfi i Iowertansonlcvelomy he
Cnvent i on TFt, pigahehparetica FrpRE e rused ynder noprsEtea!l BARIHIoNS 15RS
appar at us tigmags thal th@fled is@iohdcotpredsible, (h@gétehﬁi'sblajﬂ@'lsfa g it aluBed @ comfdl thelﬂowal ve
provi ded on i pe_on .an ypstream 30 Sld orificge, .a_pressure
sensor on ?&?ﬁfp@g‘?feﬁg‘ﬂﬁﬁgﬁ%{&@éﬁﬁ?%?ﬁgﬁl n§ef yoFYef‘i"@’@ﬁHﬁaﬁg’arﬁtﬂ contr ol
val v3) f or feleRadd AYPAWhich Btapplivablp usdes mt&aﬂondnaoﬂpmse‘drmmdﬂw S6iditR>ns €4aS Or
provi ded on ag@éﬁ& on_a downstream si dp?.aOf the orifice for detecting a
downst r eaffFPr QVISCAMBIBSSUE 2 WESHCY i3 AL rg2h MR ISP Efgi ng on t he
basi s of tpgicablefion e fofhilis tiesh e tongerToiniubaQe H KPs Dut @c PK RNEP, SR,
downst r eam pres ure Pz Eliil]e] Per fluid flowing out of the orifice is under
critical condit B'HE‘“(Y eimyertifor _sonic) or not, non-critical flowrate
cal cul ati ng IMe AlRCordifigly, qallsatﬁlrsnbbjag oftihel reseROMvéntivh i@ﬁbviam@rtpirﬁalsfoﬁnula
cal Cj’g at eWth ?sy\allpgaﬁcagfe w% hlgl?l recision to the actual flow rate of a compressible fluid under non-

critical conditions, and to control the flow rate of a compressible fluid under non-critical conditions

with high precision using said flow rate empirical formula.



Q. - KPz.m (Pi _ Pz) 5 (K = proportional constant; mand n = constants)
from said upstream pressure P, and said downstream pressure PZ, critica
"flow rate cal culation neans for cal cul ating under critical conditions said
calculated flowrate, Q, by: Q@ = KP, (K = proportional constant), flow
rate setting neans for selecting a set flowrate, @, for fluid to be
supplied on said downstream si de, subtraction nmeans for detern1§9gg a flow

rate d| f f er enc ¥ is econdabisetof the@resent gention & achieve highjacouragy confrel, of A ow

rate, fiovf Rfes oL IKPhandR &m&hlrc@hdm&isvmmgn thic Aoveai d
f1 ow rate ‘%ng%'%r"gﬁ‘]g\‘ﬁ’gygf e zgrgﬁgsg that the flowrate of fl u?d to be

suppl i ed tentidned ﬂ@vmﬁmmahfsvr@rlﬂ undegnoneitica cpnekipions, wile alsyays wonitoping, ), | ot o

& The i nygnapl, fﬂifnd&hﬁd&hxﬁléaﬁor%nwmp&ﬁdu@ﬁsessure type flow rate control
apparatus according to clains 3 or 4, wherein a crltlcal g)ressure ratio r~

(= PA/ P,) is &hdiovantiomef clam driganigpiayed prassureitype;tlopfatg cqntio) apparaus, 1, g { he
specific Ql%%cth'l%d ift tl'%f w&éﬁ% flvhds Jaditd tﬁﬁUél?axﬂﬁfﬁ'c@ﬁﬁl 116Y r&gp Ednvipl, tht Fluidhfswei n
(6]

when pressure rati P, 1s not higher than the critical pressure ratio,
r~, the fka!nGcofsrhqﬁd@wsmbﬂwghﬁ&&‘ﬁﬁlﬁﬁlﬁ‘é@t%w formMe, and when pressure
ratio Pz / P, i chiggerpthpp critical pressure ratio, r~ the fluidis

judged to be un er non- crltlcal condltlons Brief Descri ptlon O The
Dr awi ngs FI G 1(K§a§r®°&§>ﬂ§ﬁ?@&%§% NG € PR Pat e enpirical formula with

flowqgate neas ug i 1120 %@ b B Supd MR of IR briFicé hrldaRd préRBdiP, deistréah{ef tR: drifice
cons |tut|onal | agr am show n nbodi nent_ of an inproved pressure

a first
type flow rate vawlommagugmumpmeiweﬁnﬁ ityRedlow ?Teﬁ?t@?%”af mul a
according 0 r'ish% ao nEﬁ@erﬁ)r éomf@lﬂﬁg B\ Faka Boritd] vhlvePRslided h b ipalon dh ﬁlg;tredﬁl
n

show ng a 3eR0 odi ment of an i nproved pressure pe fI

contr ol apqdapﬁiaulsﬁflﬁ% Gy URSHTCBR PEFSUECHPNSPT Ry ifedihetvresp Fﬂﬁ‘f%f‘fléfy et ?ﬂ‘f t he
present 3&@9@0‘ dtder aﬁl {Rtrefim ipResrd®, a&ﬂ&ﬁﬁstﬁéﬁrﬁﬂ}eﬁﬂm&&ﬁaré\»{l&Woﬁ atpi;ﬁ ona
corresponding to different control flow rate for

expl Enat odgwaiitraayn side effthe orifice frdstest 3 doymsIPYRIFSSUTE ﬁglﬂoﬁé‘?e Bi?@ﬂlf‘?ﬂg gﬁmﬁlf?rh erto.

30 Referergglgﬂmﬁq@hcgla%d%@lrg@aégs .an i nproved pressure type flow rate
control apparatus; an |rrE2r oved pressure-type flow rate control apparatus

(NFCS); 4 an orQ“«l—clépz "AB aP)orifice hole; 6 an upstreampipe , 8 a

downst ream pi pe gohQa@RpsRahp ?e@iﬁ‘r@!’l%&bﬁi&dc&ﬁﬂﬁ&ﬁn pr&s@ur&PQ@Wé&tK @am pressur e
sensor; 14 a tenperature sensor; 15a p egsur e rati o cal tlon ﬁrzga?‘? 15b
at

critical opdftiona ﬁ@ls}aﬂfd aad1) 2P Co%@“tS)é QW (YR IS AP He cng g e

cal E% a][ ' ?{a} o, [TROROP fluid ecs"ublﬁieﬁ 8h sdid @Wrsdath G Gibtradtion mcﬂﬁafﬁt’:‘deteﬂ:iﬁngarﬂow
critrica (0]

)W fat e cal cul ati on neans; 18f|o rat setti a
subt ract i awe daffarence, 29, betwesn v flapirgte Qnpnd. sa'ﬂf ‘ﬁfl?‘&Fat‘?igﬁv"gE g‘i""%\“‘ﬂ
tank; 26 g, d{ c%gtwlﬁl{gQB en&éaﬁd@l %!he&:bﬁtfbl RalpEto aaﬁst&hé/@dvvﬁte @Afference, M, to
control e plpe; a valve, 32 a ch

riv
upstr eam mer@§9 thatthe ﬂQW sateiefithesfyid tohe s g:g?téhe ‘g"’@s‘fﬁa é‘gr’%c"?’g?lfeg ® %qud P, );
r~ a crltlgtqi“yrg{eL@s Q- a calculated flowrate, & a set flowrate, and OQ

a flowrate difference.
25 The invention of claim 3 is an improved pressure-type flow rate control apparatus

according claim 2 which is permitted to operate under non-critical conditions whereby the velocity
of the fluid flowing from said orifice is lower than sonic velocity.
The invention of claim 4 is an improved pressure-type flow rate control apparatus
comprising an orifice for controlling flow rate, a control valve provided on a pipe on an upstream
30 side of said orifice, a pressure sensor on said upstream side provided between the orifice and said
control valve for detecting an upstream pressure Py, a downstream pressure sensor provided on a
pipe on a downstream side of the orifice for detecting a downstream pressure P, critical conditions
judging means for judging on the basis of the pressure ratio between upstream pressure P, and said
downstream pressure P, whether fluid flowing out of the orifice is under critical conditions (1.e.
35 super-sonic) or not, non-critical flow rate calculating means for calculating under non-critical
conditions a calculated flow rate, Qc, by:
Qc =KP; " (P - Py)"



Descriptiron O The Preferred Enbodinments 5 FIG 1 is a diagramconparing a
.flow.rate enpirical fornula enployed under non-critical conditions
according to the present invention with nmeasured flow rate val ues. The
inventors examned a prior art theoretlcsa flow rate fornmula that has been
used under non-critical conditions. The pnor art flow rate formula, which
~s derived fromBernoulli's theorem Qx = K (Pz (P~ - Pz))'/z 10 This
may be re- V\/rittéﬁ‘a%OPOQB“ﬂmWB"(Md“ ‘P‘“‘E‘?m?)z The prior art flow rate

formula is an ageH @ldQphRaMPr@sttdIBind BRY B&hsir@anPPredsBie PIRFiBSE AW Sat | UI d.
Wth a fluid such, for exanple, as an inconpressible liquid the flowrate

fornul a i §alaﬂmqne%ﬂén%foae%}aaﬂew}ﬁ%%ﬁg}wondvepnaa%saktuﬂﬁt%d ﬂqvmter Qe-dYfornula to
a conpressible fjuigpsuch as gas, it 15 is necessary to establish an
enpirical formula havi ng a plurality of paraneters w thout greatly changing
the structure olKfgweposfonpliganstasdul a. Accor di ngly, the inventors proposed
the enpirical fQoEithd setfdp rmeakiFor EBI&Ph uePﬁéﬂrﬁé“@)s'faiﬂxﬁ&‘mqm%ﬁi\@d9@£a?dmters
m and n, for the purpose of close %I ng. Here i onal const ant
Kis givedonystreaesdy. pubteactionipeans owéﬁ*ﬂewmﬂﬁ M @Fﬁ‘i‘ﬁ@“}?&{ .ibgweesetflew ons of
gas flow apd @bﬂlsﬁh%al&ﬁm% ki Qc,land b Arifd daitYor Joﬂﬁ"ol ¢onBtél vakk fo bring
represents the downstream side pressure PZ in kPaA opascal absol ute

pr essur e) satfawaatg iffarencea 4Qstozerp se thatthe flow s offluid to) PPPPB the, d@wnmeew rate
25 (pg/ M Rydd 1s3akedIed trRda detdRAdhi] @1s The vertical broken line at Pz = 4.8
[kPaA] indicates the position of the critical value r~ and the region (A)
to the left of HaEventin of daim isan BHPrensd BresFeyPCHOW B FANFYl dARATaNi | e t he
regi on ( Blicdofidg¥8 claint orQf whét6in hichAical eﬁulre(?ﬂloqn(ﬂlgdﬂ) if\ufatdd aboRding to:
conditions. In FIG_ 1, the plack rhonmbuses plott are the neasured val ues
of flow rate. PEradd®rdd)m n are so deternined that the above-mentioned

enpi rical formilgis @ specifitteat rﬁtf())of‘thel?ﬁﬁd MbiebulkSdediled/ B gjpev)Whi ch are
substantially equal to the neasured values; it was found that m= 0.47152

and B = 0. 59492 Whetgia vhep prepsyregatiqiRe Py ischot ugher tham ths isrtcal presseres#der-dhoi r i cal

fornul a amgids pl %e%%mﬁdﬂexbdrﬁ‘@i‘l cORHitRIMS Iind Wherl preddgtt @fiotPH AP, il i%@héfﬂ{aﬂ%ﬁncal
provided by the flowrate enpirical fonnula fit with and match with hi gh

preci si on PRRYTSRUS gy e thyid|izudeed o P%@dmpm%mﬁﬁm of non-critical

conditions. 35 BpiefDésclipidn OLThODrawhigs t 00, the enpirical formula fits with
t he measured val ues near the broken I|ne Since fittin or matching is
effected with t W -flidediagransempanag miloy ratg empiical formylagthfoseratgmsasured m par t
of rapi on vLids @llerGbh-tisdl con@ifigist | ons. 7 According to the study by the
inventors, the values of the two paraneters m n _depend on the range where
the flow rate EIG t2gs peonstintiona] diaggam showingpofirat embadimenfcad ay imniensd fyessuge-47152
and n Otﬁ,%%% r&t Qorﬁgpiﬁ{)ﬁ%k ﬁsmgrh_nteh%wfc@lrmﬁv :‘M&%r%uia*’h%ccfrhnﬁ%‘tdtﬁé fredefit 0 10 10
sccm but the flowrate range is to 100 or O to sccm then m and
nwil dewvﬁlﬂté’nfromthose val ues. Studying the parameters m n, which are

variabl e for tIpeG BUYS »esmSuttfionhl dlagrmsmlwgemnagmes&ﬂm'om mr&ve@plreeﬁeectl ve
flow rate ranges, in teens of scattered val ue ranges, is noted that 0.40

< m%o. 5emaﬁaweatseonaolrmmetusssm%ﬁeemcsﬂrﬂ%aﬁsé?w!a ancmmns i the B ol

si tuati onjnvemionmum val ues of the paranmeters m n selected fromw thin the
above val ue ran%;'es are used, depend| ng on the range of flowrate to be
control | ed. 10FH-4 ina diegramvhich somparesfloygmates corgespanding t¢ differentisanteol flgw gaterer | v
exanpl es gghgrted fromwi thin the above menti oned val ue ranges. However, it

shoul d be noted that the values m = = 0.5 obtai ned f r om Ber noul I|
t heorem are nof! %%lhﬂf@h@ﬂ%ngraﬁwfﬁedh@aﬂ%fweumégs begmpsed hitherto.
30 Reference Numerals

2 designates an improved pressure-type flow rate control apparatus; 3 an improved
pressure-type flow rate control apparatus (NFCS); 4 an orifice; 4a an orifice hole; 6 an upstream
pipe , 8 a downstream pipe; 10 an upstream pressure sensor; 12 a downstream pressure sensor; 14 a
temperature sensor; 15a pressure ratio calculation means; 15b critical conditions judging means; 16
35 a control circuit; 17 flow rate calculation means; 17a critical flow rate calculation means; 17b non-
critical flow rate calculation means; 18 flow rate setting means; 19 subtraction means; 20 a valve

drive unit; 22 a control valve; 24 a gas tank; 26 a regulator; 27 a supply-side pipe; 28 a valve; 29 a



means that the actual fluid is nuch different froman ideal fluid or

. hon-conpressible fluid. The present invention was nade by discovering a
flowrate enpirical formula that holds good for and is 15 applicable to the
actual fluid. Thus, if the equation Q¢ = KPZ"' (P, - Pz) (0.40 < m< 0 50,
0.50 < n <0.65) is used mflow rate corﬁrol under non-critical conditions,
then flow rate control can be achieved with great precision. This formul a
can repr odoueolaiddpinet30 valve @a@mbwﬂﬂf@ﬂpm Fean wrstrepnppressuie; Pifan t he
equati on %wnstnléalﬁ)gresﬁlre(, Pa pressﬁ?e)ratloz(g ascrﬁil@ﬁl'leﬁg Q.2 ELFREN AN bdre, Bs

t heorem At time, It p055| le to achi eve flow rate control

wi th hi gh sgirflowi retecandinQ a flew wkeglifferesicet he regi ons of non-critical and
critical conditi y the equation: Q¢ = KP, as

t heoreti cal fonrllj&ﬁ unagjr?mgrgﬁél}%e;yg%%giﬁﬁ\?g{rﬁs FIG 2 is an hypotheti cal
exanpt e showi ng FAlGid ippdiegramsamparing atflowgnte gmpirical formulasapiayed uegder pan-gitical

| nproved pp, ESccBMH% th 11 Pres &tk ivErRidh Wt nRRRALA I MSrateValli. GhHe fmb&uedzepi ri cal
formula of t resent” invention is enployed. Said inproved pressure-type
flow rate ezsamtm Pripp prh thgergacabflow r%@r@ﬂwaw beca upﬁésméermﬁ%r@nteqabmnwﬂm is to
be suppl i eﬂﬂeya&%a&maﬁrférmufaamemqwee%m BerfoullfYfeo¥&h @61 ty of the fluid
flowing froman orifice 4 is |ess than sonic velocity Sai d i mproved
pressure-type flQw KR4 Dol apparatus 2 conprises said orifice 4 having
30 apporifice hah nfhgbe dwhislaseam pi pe 6, a downstream pipe 8, an upstream
pressure sensor 10, a downstream pressure sensor 12, a tenperature sensor
14, a control ciQecUf®:""1B,-R2Nal ve drive unit 20 and a control valve 22.

Sai d control cirg P;.orlaﬁ R (AR ormlaGOPACLHER ftmillaGiten sﬁmemo% nROfpRsdile | t-1 N
programe. Alternativel » an electronic circuit my used, or. an

el ect r oni dluig W!'@latﬂ“&*ﬁﬂda foyexunnls. apan Pedepresst bé‘lqg‘ér‘ilbﬁ ﬂ%‘bﬁ‘ﬁﬁf?@“ 48y be used.
Sai d cont ngliceis Edéhrrateﬂy@ns%ﬁpfé S8t this AW 'ratt Porfah ¢/ SnipPRsiBR AR shéh z{s%'és it

cal cul ating the calculate | ow rate‘a% according to said enpirical

for nfd a, 1*5! wssm@eg@bltsmgem@aﬁ% forguliadpvigg:e phirty:pf garametersyyithauteready of f1 uid
to flow, =~ %rsﬁggw@@rﬁ)hﬁgmgfo}gup‘aor determning a flowrate

di fference ~ég tzﬂ between said calculated flowrate @ and set flow
rate Q. Said flAéwr‘fha&lé inyestosnprerqey thagmpiacal Sreglat ed from Q@ - Q. On an
upstream si de Och”!@P |mr(p[_oyeyd pressure-type flow rate control apparatus 2
are connected a gas t'ank 24 cont ai ni ng hi gh-pressure gas, a regulator 26
for adjusting tn@irgﬁgdumdésvgw@metﬁrsvn@nwg‘wtbmgwﬁeffé@gfft@ga%ﬁ,@per | evel ,
and g val \b?opgﬁloﬁé?%ném}é'gr%n%i}“ d gas from supply-side pipe 27 to a cont r ol
val ve 22. a downstreamside” of the inproved pressure-type flowrate are
connected a contKr‘o$ éTFd;?e pipe 29 for flowng gas at a regulated flow rate,
a valve 30, a ChafoGbrkdd outFHth e AMatérifl ¥BRirkths bOga8 Abwaid FbsYiR sHpeRitTR, T. 10
Next, the control operatl on of the inproved pressure-type flow rate control
apparatus 2 is SFCalthepbsessa axis eepispratsthedavastiram sdepressuieBap kBak peci fi ¢

pressure 'léloﬁé’sl@ﬂ'ab&ﬂxt d@esiabﬂ TRGHRIn¥e Skis RpRkdBs ot rat¥) ISSCUMiIReAEPWRSt r eam
side, said control-si e 29 is set at a | ow gressure by the dry pu

34, Hns | docbuippppdsasimmsardsendiias Hie vy Srasonne i B < b kAl glgies Bie) hng t he

upstream pr&Sehbi the brititl vatie &,Qh@mgaegldn%wmdfm 1ifs © répshlun@&BriRELSSUr e
sensor 10. At the sane tine he downstream pressure Pz of gas supplied

from sai d Sefditiong avhile the regien @Mﬁ%ﬁ right pf the Hee 15 8 “’1$té’aé‘ﬂﬁk‘éﬂ°‘b9“t§aﬁ @ndiMst r eam

pressure sensor AG. flthdbladkHort SRl 58 ﬂ@fmaaﬁedo@am B aRUBlafidtéd
orifice 4 is nmeasured by said tenperature sensor . In this enbodi ment,

the vel ocit§ at?fsoldﬁémf'!“-‘@ltbﬁt theghpysgnantionedeppiris] ff"i“&’éa QRoT P23 (Bis Poeyieldywer 20

t hamesoni Gal&!vafidh afe SstafialipEquiido tHR SneBRdiARlucs, 3 veas Funt ARt AF=Y/0 PBR antth ANd
thus non-critical conditions are always maintained. The pressure ratio

Pz/P, is OR&%¥fore not determ ned by said control circuit 16 and no
conmparison is ngpgea Fa'fbsfd&?veG'ﬁbh'tH@dboV@lnHﬁloﬂed enipghical forfulh Qﬂe?l&t@@@ﬂh ment,

the flowrate of fluid ~s controlled on the basis that the fluid is always

under nonDblagk sauersy. fapppiedithagthe Valuefeprp‘z'dﬂqby flow eate gmpiriqabforauly Gpwith and

match with high precision the measured values in the whole region (B) of non-critical conditions.
35 In critical region (A), too, the empirical formula fits with the measured values near the broken line.
Since fitting or matching 1s effected with two free parameters m, n, a fitting area also appears m

part of region (A) of critical conditions.



25.The upstream pressure Pl, downstream pressure Pz and gas tenperature T
.are inputted into said flowrate calculation neans 17. In said flowrate
cal cul ati on neans 17, the proport| onal constant K is calculated fromthe

gas tenperature T, and Pz"' (P, - Pz) is ,fieterm ned fromthe two pressures
P, and Pz, and flnaIIy the caI cuI ated flowrate Qc is determ ned |n
accordance wth Q = KPz" ". Said calculated flow rate

i ndi cates the i n‘%‘icarﬁt“éﬁ%@ﬁémﬂ 'EMh? a‘t’@‘t‘lff’ therealues of the %‘@lm&‘@ﬁr%ﬂ’gﬂ@%‘ﬂ %r om
orifice 4.ihJhRgd icgbihe flbwYits AtebetontrdiRd fHd 'agov'éQnéﬁﬁo&H RBLEsSA =10 71 §and n =

downstream side ~s inputted as said set flowra vra said flowrate

setting mehrd9dae aBaF%Pl“s'étthefrP’EﬁR/"Yhateéh@w gfedts P Ffbloéﬁ%’é’“ﬁtgﬁtelfbﬂ’éateéﬁtge ¥l at ed

flow rate ¢35 186 6r 0 3ALWOD S&km, ak@msaetuqvambtm&frb&ﬂm@émwht 19 and the flow
rate difference 0Q is obtained froma If the flow rate

di ffePence ~Q iYudyygths RAsMeterER. 3, wéucmatfvvafla‘tltefor the gupose,nf fftme of waichingng | f

the differgpsgnd thesregtﬁawelﬂm ratt R@Best MRerfrs @Nsamd&d \l'aﬁ.leeéﬁfggss ftliyfotedindtloy rate
di fference ~ hus_qutputted to the valve drive unit 20, and the

control vaf®e 02529 3nd 0§8 %bﬁ?é%ﬁeé%f imanagiug flopyjate gentrof siiyation eptapum wlues & ~Q
to zero. ARSHUrahddGS My n sclddted BlobhSitHRNhS alive vallld ANFE bikakddy ddpBatEngSeh théahed T t he
flowrate i s insufficient éw:Q > 0), then the patency of the control vaI ve
22 ~s sl i ghdley tptahegeritplleqni | st if the flowrate (OQ < 0) is excessive,

thenjphe pat engy=of47¢Unal= 0/5949E aazpeblﬁe&wogétta}eymrragiummestsél@&an%nbrI ngi ng
~Qto zero. The inproved pressure-t ow rate control apparatus 2 has
ig&'@ﬁ‘?‘

t he advant‘&‘&’éﬂ ftlﬁaltovmt@n@nﬁwlteera%% git phould bg ngtsdphat the walves M3 8 dr =Pz

are cont i nUOsHiYed TRASBYRSH' edterh 8% Wbt withif e aRRBInkESRE vahORmhed. Tifis cont r ol
val ve 22 can be const ant I_{ controlled at a high speed such that ”—}E flow
1§

rate can Hecapptiatthy achg! fhid is mpch diffsreatiram apideal fluid qﬁrwfwé@sa bleflyid

aut omat i ¢ adrésyntaawemﬂin viaB $a8@BEdifdoVing 2 MBwIrhie Wnpidit R f&FRIalthdt Bbld Lod\brandds =
KPz'" (P, Pz which is the essential point of the 10 present invention
accu?%tel y"Pé‘i@ﬁ lég’s@%a‘t“ﬁ‘é ‘I“Flow rate of a fluid not only under non-critical

condi tions, but Thhs$ e thd\&BsticaQct= KBI(PG QPG {0 ANSmi<) ﬁﬂoaoeaa@isgqﬁt&wm t he
critical vaI ue, as expl ai ned abhove. The HH())roved pressure-ty flow rate

control aglestrategentrel E‘HW RqResritial cendisions, dhey florate smttobtqmbﬁgdmvati ¥ith gteato | y

under nNon-dcistdnChis forRelh tAraESroduRl hndihftéh thdlachial AeAred REhadn8 bR fhan the
non-critical conditions and gritical conditi oni 15 FIG 3 is a_ bl ock

di agr am s f8WtiaR Qc FK BpePar Py dhat sdsmed SromB Hetheoress ditihespme time s

pressyir e- tpRbld oAvhis AR WA kol FRIPRIpR piSisidh inthe Whéle 6NRE fepfond ofdh-BHHicAI
according to the present invention,  Sal d second enbodi nent is different

from t he fand euticakaonditions by cmploging additionally e ggalon o t he i nternal arrangement
of the control @c=<Kkpt 16 of the inproved pressure-type flow rate control

apparatus 3, and is identical to the first enbodi nrent ~n all ot her
respects. Only whibeorpticalfioppyds wader ciptical sondiians.ai ned bel ow, while the ot her

parts (identicalpi@ar s hypohetitl exaRPRIARFN ﬂt@oﬁéﬂﬁteﬁﬂ%ﬁ%fﬁ'ﬂ?@%%embhe

pressure ratio Pz/P, is caI cul ated fromthe upstream pressure P, and
downd? r earfh dNRravedpressiretype flpw rate,eanirel AppRIAYS 'aéfthéﬁhﬁtler@tplw%@ﬁewa pHbef I uid is

under cri tor&eit uﬁentmrwﬁméye@@aldq fpRbvEd &s@urew flolwQ¥te et hppaafiie! | ed
under critical conditions us 25 while the flowrate is

Cont r ol | cdetigRaon RseutibRal MO v pRled $pd ner-ilicplsopditions, Le. fapyelecity( p,

pz)" such oth@fﬂutd%“tﬁngntatalﬂcwmegsm%lsadcvétoctitbe strictest way pOSSI bl e at
any given nonent. The inproved pressure- t¥ pe flow rate control, aratus 3
T

of the second er$B'6d‘F‘h‘€Yﬁd Rressyrertypp oY rafp eRtrglapparatus ; sorairisessaid onifige & New

FI ova@Cont ra@ brifeHoRMa, mﬁ@k@leaﬁm;ser@hdswmwnﬁ p %@8?& uﬁﬁi‘é&hlpﬁﬁ&rﬂeﬁﬁﬁ o8 ratio
cal cul ati on neans 15a cri t| cal conditions cg nmeans 15 critical flow

rate cal c@PHBSHRY™ RESSTHES SEASQT 17, 8 (RmpeTafyre sensor 143 °P%H CEtIE ¥4 Y?g’f%alh‘% % 7b,
fl ow rat e an@i tdntgl viBRN3. 18 and a subtraction circuit 19. |If the upstream
pressure P~ and_dqwnstream qressure Pz are inputted thenbthe ressure

ratio cal cul ati O GenieLcicy 16 proanly cruprisgya mMicERseampUter ad abuslPrograpme. ¢ o

value r i summra;z gflelectdhid cttahmayrbe?ased &r dnefrériicitcit e Flgedbral pueidse

condH)l ons |ng nmeans. 15b g% S (ﬁlon‘}; ared with Cl‘ltlf l“ val ue r~. As

ment{bned P é?‘ta tampugeatﬂay B ¥s£¢. Oa1d cuirq)grquit 1P§°’5P'§‘F€ﬁ Py ratq cploptation maaps 17
for calculating the calculated flow rate Qc according to said empirical formula, flow rate setting

means 18 for setting a set flow rate Qs of fluid to flow, and subtraction circuit 19 for determining a



10.1h two-atom nol ecular gas, r~ = 0.53; in non-linear three atom nol ecul ar

gas, 'r~ =20.54; and it can be expressed as r~ =about 0.5. If r > r~, then
the fluid is under non-critical conditions and the calculated flowrate Qc
is calculated from QC =~z m (Pl - P2)n by said non-critical flowrate

calculating neans 17b. If r 5 r~, then the fluid is under critical
conditions, and the calculated flow rate Sc Is calculated from Q = KP, 10
by said criieq @dffarense AQHE Qs 21Q0) baveerdgaidsalpyated flow rate Qpand spiflavesate Qs | s
const ant | ygeh@sk g didReie AQIE telchibdlattSasRdR- g i tical or non-criti cal
conditions, thereby making it possible to estimate the actual flow rate by
a proper flow r Qnanfupptreamaideof te improvedpecssyrestype o rate sonirplanparatys? y&t ween
said set f 2SNk i f i Siti y

Sai d gubt ranyeiedh g SNSRI b HNGHAP Bl < BRULG! 2 CFol SUAPREPIINERTY 1
contrdl ( cafdsdighpresprnpasttoa propertevsl anda pbve 28 forgupplyingsaid gagfiomysuprly-piler ence
QQ t 0 Zer GupdI 4 cGdPRIR22r esul ts fromdifferent flow rate control

formul ae. A plotted line wth black rhonbuses shows results obtai ned when Q
= KP,, the fl| owQns dovngiream sideiof the irergvadaressitiertyRp PV caprte connested 2 epntiplder
critical %ma%gjelzo fsr flovasy PR al i8I fRIW raRf a YR J0e0iHAMSer(3INERAM dey plnhF5d
conditions and non-critical conditions). This fornula is equivalent to the
prior art tFessag ryasypreBHPR-ol Systen). The 20 other plotted line, wth black
triapgl es, showgxt iR cofsdlbpctatdRloPind GRpradddiprdsiife-YpERow NRy\edalroMipbitué Dis
Systen) Wth a maxi mumflow rate of 80 [ SC , the systemis so prearranged
that when ckplaingd. G spid ppsticar 6Me & SPOWYIFLA SPefilic Betsureinipplipddo sdywpplysider at e

wi |1 be 8Qfe 253G e dnlthd dowastRaindfic idt Dt ise Bipk R s s_t:lkh‘iaw»@ﬁ%ﬁﬁre%?ﬁ)efd?)w
rate, the better the critical conditions (sonic region) are satisfied. As
the 25 f| dWWatte decreases, the fluid noves into non-critical conditions
(sub-soni c regi @Rk is shpplicf® thE hfkirea Sipd 65y fht Bshtlol Nifvev¥al thdMAfKirdaBYTARES) |
the fluid is controlled in all the regions using the flowrate fornula Q =
KP, bhly. Paef thisgasigimeasuygddy spifl apsiream progspreysgpser l‘gAgﬂ@a@n}e time therdopingtegpm

condi ti oNgr@6fe PR ba ufiflic@ REmishE ofifiée €6 thel doRWktieaiQide $s hdidbeid Hovwever,
when the set flowrate is snmall, the fluid is under non-critical

condi t i onslowngteam @resyyresenson 12. lspnthe tamperafig,efieas prysingihrquehsaidorifige diis t i cal

condi t i onspdagirkdbytsRidi&hpefshire bdnSorfilbow rate accurately. Hence, it is possible
that even if the set flowrate is 10% wong results will cone out; for

exanpl e, flow rnthis embgdiment, theyelogity of thefluad flawing fam the orifice hlkyta is ssh dgwer

mechami s M4 s6ME o&s&tf,tbpadjwﬂjng the@khan§iGite VPEe SRR 34 biy hian-chawever, Q =
KP,, flowrate fornmula applicable under critical conditions, is enployed

under cri tPeditions ai@lwaypmaintaied The gesssurotio PR jisthereforiot determined by said kpz

(P, - PZ) cobthff cifcur 1800 fid Sflparhidh Tthale fath tRAGiedl vaIuE Al THuONA ki éMbadintefit, Used.
Therefore, a correct flowrate Q_ proportional to the set flowrate, is
cal cul at edhefiny aterpf Aridascopfrelied op ghsdasis that thefluid by yersr aan-qritigal congitions) | s

assured, 3gpshgWY, AwadsRidRgddL ed |ine with black triangles mFIG 4. 11
Need| ess to sa the present invention is not restricted to the

abov&? ment i onedhg HpYEIMBISEsYre Ay dopgsticampecsiiity a8l st mpRERIUIE HeasgBRutEEd dnto
vari at i onga @R¥whste RGO kgt 7R RAG HbW Gatk EMADE me&s17! th@propsiaial of t he

present | rcl:\cfr?snt;n{ Igrl]s caEL{a?e(c:l tfrsomcgle éag %enlpréé?urllé ’IF,Oa?lg P,"(P, - P,) is determined from the two
pressures P, and P,, and finally the calculated flow rate Qc is determined in accordance with Qc =
KP,"(P, - P,)". Said calculated flow rate Qc indicates the instantaneous flow rate of the fluid being
30 supplied from orifice 4.

The target flow rate of the fluid to be supplied to the downstream side 1s inputted as said
set flow rate Qs wia said flow rate setting means 18. Said set flow rate Qs, and the above-mentioned
calculated flow rate Qc are inputted into said subtraction circuit 19 and the flow rate difference AQ
is obtained from AQ = Qs — Qc. If the flow rate difference AQ is positive, then the flow rate is

35 insufficient, and if the difference AQ is negative, then the flow rate is excessive.
A flow rate difference AQ signal is thus outputted to the valve drive unit 20, and the

control valve 22 is so controlled as to bring the flow rate difference AQ to zero. Accordingly,



5 According to the invention of claiml1, a flowrate Q of fluid passing

- through an orifice, that is, the actual flowrate, is calculated by: Q@ =
~z " (P~ - Pz)"~ the enpirical forrmula that accurately reproduces the
actual flowrate of fluid. As a result, Pl I nproved pressure-type flowrate
control apparatus that can control flowTate wth high precision 10 can be
mat eri alized. According to the invention of claim2, a calculated flow rate
Q@ is cal cdivgiments pip agfomatiqathy maqq sothat ifithe flovarate 15 wsuiBeipnt (4Q >VPithendheset 1 ow

rate s, 3REnd FaRicbRtol VALYE ik Slighfly fRithde) WKL i¥ the Molwte A k@YisleRdeSsive,
di fference 0Q (= ro. An inproved pressure-type

- @ or @ - ) to ze np d
f1 ow rat e they ggy of:capt! é(%]ﬁ“szzt‘H%th&FFdE‘E‘}Ht‘P‘HPbYa‘HEPg’é’StAQtHé""P-I ow rate of a

fluid accur at el @fstoRld pResflirdfps RO cht& @ALrbINBp RS Phdd@he MV Akg8 tHaZ e
According to the invention of claim3, when a f flowi ng out of the

. ul
orifite | SPElraEPrsIte Riand desunstreasy pressptsfs arecpptinupyshgyeguipd dsausltathoe f1 ow

rate cont r@kni@PRaREMS offonGbivait 22 EabeRonsabily &indBlledd s high §5e8d QUc tiat e ghl ¥
accurate, |nproved pressure-t ow rate control apparatus can 20 be

-type fl . I
provi ded. fle¥datedimby qoptralisd with é@hﬂ’r"ﬁﬁ‘%f at g fhighspeed pagtavtqmpficallyiall af the gagne
control | eqiptchat when fluid flowng fromthe orifice is under critical
conditions, the flow rate fornula appljcaple under critical conditions 25
i s enpl oyed, wHinf dowEascmpEcal fasmplaiQe KR (P ethichiitthe essentig) raus qkthet e

enpi 10 cal pr@REdiventRRREJuEAY SxprIEs the TRV etk lof 4 Al n6IUAR] dnldértidn-crifidaP¥onditofs, C =
KPz "' (P, - Pz)" is enplaoyed to control flow rate. Even if the fluid

. , _ I
changes f Pyhalsorindsrcaticat epnditionginan prga atiscertto the cxtical vales 29 s¥plzined phoverlde e

thi's changgpiidd pr&@ur@—@épb YR Gatd oo Dipp R el catBerbBR bk e fordoftrdlfind Md A
fluid can be controlled with great precision, According to the invention of

claim5, ionlyjugdgsgenrical qopdipopghut alse agagee yncipdme bath nencrifigaljcqnditigps Ao
critical cahétdn@ition®r non-critical conditions by nerely neasuring the
upstream si de pressure P~ and the downstream side pressure Pz, Thus, all

ki nd® of fluid EXn Hea blosk diagrama ghowang the qperayipngl state of p sgeppdembodiment ¢l oved
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25 while the flow rate is controlled under non-critical conditions using flow rate:

Qc=KP," (P, -Py)"
such that the flow rate is controlled in the strictest way possible at any given moment.
The improved pressure-type flow rate control apparatus 3 of the second embodiment is
the best mode and is therefore named NFCS (New Flow Control System). Said control circuit 16
30 comprises pressure ratio calculation means 15a, critical conditions judging means 15b, critical flow
rate calculating means 17a, non-critical flow rate calculating means 17b, flow rate setting means 18
and a subtraction circuit 19.
If the upstream pressure P; and downstream pressure P, are inputted, then the pressure ratio
calculation means 15a calculates the pressure ratio P,/P,, and its value r is memorized. Said value r
35 is inputted to said critical conditions judging means 15b and is compared with a critical value r..
As mentioned earlier, said critical value r. 1s given by:
(2 /(n + 1) "™,
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reglons using the flow rate formula Q = KP; only. As a result, when the set flow rate is great, the

critical conditions are satisfied and the correct flow rate 1s indicated. However, when the set flow
rate is small, the fluid 1s under non-critical conditions. Accordingly, the flow rate formula

30 applicable to critical conditions fails to reflect the flow rate accurately. Hence, it is possible that
even 1If the set flow rate is 10%, wrong results will come out; for example, flow rate = 0. At low
flow rates, therefore, an additional mechanism to correct the prior art FCS was needed.

In NFCS, however, Qc = KP;, flow rate formula applicable under critical conditions, is

employed under critical conditions, and under non-critical conditions, Qc = KP; ™ (P, — P,)", the

35 empirical formula for non-critical conditions, 1s used. Therefore, a correct flow rate Q, proportional
to the set flow rate, is calculated and linearity with respect to set percentage of flow rate Q is

assured, as shown by the plotted line with black tniangles in FIG. 4.
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25 is employed, while when the fluid is under non-critical conditions, the empirical formula
applicable under non-critical conditions .
flow rate Qc = KP, ™ (P, — P)"
1s employed to control flow rate. Even if the fluid changes from critical conditions to non-
critical conditions, therefore, this change will be followed at high speed and the flow rate of the
30 fluid can be controlled with great precision.
According to the invention of claim 5, it is possible to judge accurately whether a fluid is
under critical conditions or non-critical conditions by merely measuring the upstream side pressure

P, and the downstream side pressure P,. Thus, all kinds of fluid can be controlled.
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fluid is judged to be under critical conditions, and if pressure ratio P, / P, is higher than said critical

pressure ratio r., the fluid is judged to be under non-critical conditions



