31 August, 2005 | Inproved Pressure-Type Fl ow Rate Control Apparatus
Background O The Invention 5 Field O The Invention ention
relates to a pressure-type flow rate control apparatus for use mainly in
sem conductor manufacturing facilities and chem cal plants. Mre
specifically, this invention concerns an ihproved pressure-type flow rate
control apparatus in which the flowrate of a fluid which is supplied at
sub-soni ¢ speeds | qn(iﬁ&%rﬁrsﬁdrear,%ummﬁkxtemn&mApﬁﬂmlenpi rical fornula,
and 10 then the flowrate of the fluid to be supplied is controlled
accurately on the basis of this enpirical fornula. Description of the
Prior Art In sem cofidigloahd ORTHE Bentidnng facilities, chemcal 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
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It is therefore necessary to control accurately the flow rates of gases to be supplied, and a
mass flow controller has been used as gas flow rate controller at many plants. However, a mass
flow controller has many problems; for instance, 1) a relatively slow response time, 2) poor flow

25 rate accuracy at low flow rates, 3) numerous operational difficulties, and 4) high costs.

For this reason, it has been previously observed that there is 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 is forced through an orifice 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 is set at Py, and is supplied

35 to a downstream pipe at a downstream pressure of Py; here the upstream pressure P and the

downstream pressure P, are expressed in absolute pressure values.



35 to a downstream pi pe at a downstream pressure of PZ'! here the Egstream
pressure P, and the downstream pressure P2 are expre e

pressure val ues. 31 August, 2005 2 i It is known that the flow rate
conditions of the fluid passing the orifice_change greatly once the flow
vel ocity of the fluid reaches the speed of 3ound. Under non-critical
(sub-sonic) conditions, before sonic velocity is reached, the downstream
flowrate Q is gi viis Koywn DatthSow Ride ¢drditionsRF e fhiid paasingsth aitificervliange greatly omb
(sonic) condij] ' n feoliS
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absol ute terrmﬁaesnni;wiocty]'eréabhdddthaﬂowmcamﬂewweﬁaegvmyt he orifice; 10 S
is the sectional ar (P @e hol e; and C is a proportional
coefficient. f hya ynmam cs that the critical conditions at
whi ch thg& vel oci ty lmt uxalcnf drigical (sansaedndﬂiosmnhcs: senit gelpdity has beer xqrlpdsie 8 funditime
critical val ”tﬁefom g pressure ratio P2/Pl. The critical value r, is given
by P2 / P, =7, '? /(n + 1) using the gas specific heat ratio n. 15 Said
speci fic heat ratlcQHSC&g‘?/en by: n=Cp/Cv, where Cp is the specific heat
capacity of the fl t essure, and Cv is the specific heat
capacity of the fl 3’Pg“s§{’°"§a§§§t {lca\B/%i une. In the case of two-atom nol ecul ar
gases (e.g. 02, H2)wherem:T%t}ie fbsalutt tefgpecatge nﬂhﬁ:ﬂﬂdﬁﬁhc time bﬂassnmheas&ceof
nonl i negt , t hr ee- atomy! c%C;‘:Jall I OPRE Srifdd 1o1e8 / 6 =1.33 and r, 0. 54. Thus
t hese val ues may Bbe ex6 ed°as 1% d‘l\f Probl ens That The Inventlon I's
To Solve Wth referaeqheesaproﬁdr@mascoeﬁicimtwsed below is a case where, with
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crltlcal condi ti ons™ ARTTHBAYHR cond con nce
crithcal Condeichﬁrsemobﬁlaumy awfaapreﬁad by the critical yahfe r. efpr&spyre ratie P&@g |’Id1ncmical he
di agr am where ). 5 _P,) Shaliit UL € a soni G negi Conversely,
where P2 > r er“lshglﬁénéj 34 srcan(w(é1 ﬂsoni"c‘:sm T8R° nlorcfhg% 1k

conditibns). As neﬂatdspmﬁiblah:ummdrgmnbh:e flui d I s under non-critical
conditions (in the Y € FQ” region), the flowrate Qc of the fluid that
passes the orifice "ma ’expressed by:

where Cp is the specific beat capacity of the fluid at constant pressure,

and Cv is the specific heat capacity of the fluid at constant volume.
In the case of two-atom molecular gases (e.g. O;, H;), n=7/5=1.4, and r, = 0.53. Inthe
20 case of nonlinear, three-atom molecular gases, n =8/ 6 = 1.33 and r, = 0.54. Thus these values may
be expressed as 1. = ~0.5.
Problems That The Invention Is To Solve
With reference to FIG. 5, discussed below is a case where, with the upstream pressure P,
constant and the downstream pressure P; variable, critical conditions and non-critical conditions are
25 considered. Since critical conditions obtain when P; / P, < r.(= ~0.5), the region of the diagram
' where P, < 1, P; (0.5 P;) constitutes a sonic region. Conversely, where P; > r. P (=0.5 P;) is an
sub-sonic region (non-critical conditions).
As mentioned above, when the fluid is under non-critical conditions (in the sub-sonic
region), the flow rate Qc of the fluid that passes the orifice may be expressed by:
30 Qc=SC (P, (P, - PY)VHT"2,
Simplifying this expression:
Qc=K(P; (P~ Pz))ms
the proportional constant K may be expressed by:
=8C/T"A
35 This flow rate formula is derived from Bernoulli's theorem, but Bemoulli's theorem relates

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



30 @ = SC (P2 (P, - P2))"2/T"2- Sinmplifying this expregssjon:
Qc=K(P2(P,-P2))"2, the proportional constant K may b %Bﬁ@@?ééﬂya—
K=SC/ T"2. 35 This flowrate fornmula is derived fromBernoulli's theorem
but Bernoulli's theoremrelates to ideal conditions where a fluid is
non- conpressi ble. In actual gas flow, however, conpression 31 4] gqt
st2 2Ad5 3 and expansion normally occur, and therefore it is unsurprising
that the above-nentioned flow rate fornula gi ves errors when conpared
mnth actual flow rates. Wien the pressure cﬁange of the fluid is smll,

.e. where the change in specific weight of the fluid is small
|nconpreSS|b|I|ty of the fluid is approximted. Wiere a fluid 5 satisfies
such ideal comngieipansion npansllyoocoust andotherefierefit is msumnsbtg theh thecaboge-mentioned

satisfactoril usm this~flow rate forml a. however, these
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t he pr oportlonal const ant s given by: 15 K=SC/ T"a._ Advantageously under
these criti caPltfindedi 4 eﬁgsultt Hhi) Aaw rafs dommpuly iseused othedflgye rafe capnot e controlled

domstreamflvwﬂﬂgﬁg k ans: wi.th the result that the flowrate can be
controlled gr preci sion. However, a prerequisite for attaining

such high accur acwocnrdmgw thatigvenitort pravicwslyt filetl thefordaaidopatérit application inboi ums
are real If the critical conditions are_not aobtained, then the use
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critical ondi tions are rea ong as the actua low rate is great,
but as the flcn‘tlcala:badmdns:r%msoreuhai flowstateeformpulads therefof’t and t he

downst r eam pressu:ics_ converge, and, as a 25 result, the non-critical
condi tions sonetines™gdcur. In such cases, since the flowrate

and the proportional constant K is given by:
15 K=SC/T"2.

Advantageously under these critical conditions, the flow rate Qc does not depend
on the downstream fluid conditions, with the result that the flow rate can be controlled
with great precision.

However, a prerequisite for attaining such high accuracy in flow rate control is that

20 the critical conditions are realized. If the critical conditions are not obtained, then the use
of Qc=KP, to control the flow rate of a fluid will give rise to considerable errors.

Furthermore, even if Qc=KP,; is used | as the flow rate formula, the critical
conditions are realized as long as the actual flow rate is great, but as the flow rate
decreases, the upstream pressure P; and the downstream pressure P; converge, and, as a

25 result, the non-critical conditions sometimes occur. In such cases, since the flow rate
formula Qc=KP; no longer holds good, the flow rate control will be substantially
inaccurate.

Thus, the prior art pressure-type flow rate control apparatus has two serious
shortcomings. Firstly, since the theoretical flow rate formula used under non-critical

30 conditions, is predicated on the basis that the fluid is non-compressible, large errors can

arisc when it is used to control the flow rate of a compressible fluid under non-critical




formul a Q=KP1 no | onger holds good, the flowrate control wl)|
substantially inaccurate. Thus, the prior art preSSLwéﬂ4%¥£E$1¥£§Q§te
control apparatus has two serious shortcomngs. Firstly, since the
theoretical flowrate formula used under non-critical 30 conditions, is
predi cated on the basis that the fluid is non-conpressible, large errors
can arise when it is used to control the flowrate of a conpressible fluid
under non-critical 31 August, 2005 4 conditions. Secondly, even when the
flowrate formula Q=KP1, which is applicabﬂe under critical conditions,
I's used, non-critical conditions can occur as the downstream pressure P2

I ncreases. As a result, great errors can arise since the applicable flow
rate fornul a eonditioms. Seankbgeen WhermbledloRr e forminlast Q&I Wh{dhlis apgligable-under
Summary of the.lnyention In accordance with the invention, there is

provi ded a prdial eenditnossis y5ed, aer-cabpalconditions,eanqcqur 45 the AGWHSIRE RISTSUHEN
111,05, Do Rl ouly Ry o g s i BRI oy, i e

iE const ant;
and m and n aelopgersbamils QoKPy, tit QK Ps-#2))*.upst ream of the orifice and
the pressure P2 downstreamof the orifice, wherein the apparatus is
adapted to operate under non-critical conditions where the velocity of the

fluid fl ow ng out gl[,ﬂmaﬁbfltﬁylig%&@oﬂs | ower than sonic velocity. 15 In
anot her aspect, there is provided a pressure-type flow rate control

appar atus conpr i dnagecardanse iWithcthe frorentiomtthere inprovidedsapatssyureetype flowaitevcahtrel
provi ded on a si.de, of sai.d orifice,.an_.u

' { . t
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detect an UpPHUi@ ASWYaRDsRalRblatdl BlWNSt r eam pressure sensor provided on a
downstream pi pe on a downstream side of the orifice to detect a downstream

pressure 1®0 P2, R¢FRy"BatR)cal cul ation means for cal cul ating a cal cul at ed
flowrate Q by: fromu m si de sure Pi and the

=KP2" ( Pl P2 tre r
downst ream si de p%(;lgﬁrp RYSHO c?%smélt;p PP&B%‘T“&]&%&% nt; and mand n are

constants), flow rfedne tegirbdsife PEgREeaflof ¥Rd blifite MdRe phdsQitye T8I wWaBtréMi of the
fluid to be supplied on said 25 downstream side, subtraction neans for

det er mi ni ng &Uicehereia the epraraintis adepted toweperateivadersnan-gritival eenditions vdirge thee
cal culated f lvgi’(“cftﬁto?th%ui@ﬁgwﬁlgdédt\ﬁ%lﬁ’ Qiiﬁ oh%cg PS%\rwgrl thgr? Qgrﬁc %Ql%city.

15 In another aspect, there is provided a pressure-type flow rate control apparatus
comprising an orifice for control of flow rate, a control valve provided on a pipe on an
upstream side of said orifice, an upstream pressure sensor provided between the orifice and
the control valve to detect an upstream pressure P;, a downstream pressure sensor provided
on a downstream pipe on a downstream side of the orifice to detect a downstream pressure

20  P3, a flow rate calculation means for calculating a calculated flow rate Qc by:

Qc=KP,"(P;-P2)"
from upstream side pressure P; and the downstream side pressure P;
(K is a proportional constant; and m and n are constants),
flow rate setting means for setting a set flow rate Qs for fluid to be supplied on said
25 downstream side, subtraction means for determining a flow rate difference AQ between the
set flow rate Qs and the calculated flow rate Qc, and a drive unit to control (open and
close) the control valve to bring flow rate difference AQ to zero, so that the flow rate of
fluid to be supplied to the downstream pipe is controlled to be the set flow rate Qs, wherein -
the apparatus is adapted to operate under non-critical conditions where the velocity of the
30  fluid flowing out from said orifice is lower than sonic velocity.

Preferably, a critical pressure ratio r.(=P»/P;) is determined by:



close) the control valve to bring flowrate difference AOto zerg so that
the flowrate of fluid to be supplied to the domnstré%hé%ﬂﬁ&ﬂhéﬂgggtrolIed
to be the set flowrate Q, wherein the apparatus is adapted to operate
under non-critical conditions where the velocity of the 30 fluid flow ng
out fromsaid orifice is lower than sonic velocity. Preferably, a critical
pressure ratio rr(=P2/Pl) is determ ned by: 31 August, 2005 5

re=(2/n+l)"" (11-"t (n is the specific heat ratio of fluid nolecul e defined
by Cp/Cv) wherein when the pressure ratio Pé/P,is not hi gher than said
critical pressure ratio rr, the fluid is judged to be under critical
conditions, and if pressure ratio P2/P, is higher 5 than said critical
pressure ratio rr,ra@aHt)H i s judged to be under non-critical conditions.
I n anot her aspect,, there is ovi ded ressur e- e, bl e control
apparatus conpri P ﬁpﬁﬁﬁgﬁgﬁrﬂﬁ%°€@ﬁppgﬁﬁ?ﬁ%&¥ﬁﬁﬂkygﬁgév control val ve
provided on a pi payRieidvhethb pRARIS rifo PL/Pli8 0P hightChan Akid URfichPAREsure ratio
pressure sensor provided between the orifice and "the control valve for
measuri ng an ryphe flaihisgudgsitocberynden critival stonditions rand 56 pressurn satio PP p isohigherd

d . pe. downst ide of the orifice for . 1
Gownst r eant prBe e €oTsRl Brege stio o by FRGHS ydsad 1o e vadh nor Rl Sopdibon
the basis of the Ir@Bm Sspetl] MeRCl iB0idell: BREMIBAPEPIION Ml ofhtrdlibphistus

downstream pressure P2 whether fluid flowng fromthe orifice is under
critical condompsising(dnrotificsofor conteq)ling flowt rateta contiebvalve previded on [agwipe gnean

cal cul ating neans for, cal,cul ati ng under non-critical candii] :
calculated f |“8§\F?a§1} Eld@?bv: O@K%EW%WWSSPW §e§soa{$f) g%? i’f@%g? %éeo%rg?cgnatn;d
and in and n @ ol Siattl for rhéa@iiti bl upbRéane préskure 35 b Alowns@edn Presdure sensor
downstream pressure P2, critical flowrate calculating nmeans for

cal cul at iy orerdded enta dawnstrsat pinsnen faderesiteam side @ffthe grifice forunepsuring @

oK, (K2, SRBORP 035" e el B AL T3REnk B b e
subtracti on peaBrelratio Betweelith mgstream! pressund B, sid fherdonestréih pedsemerP, wiwtier

set flowrate s and said calculated flowrate Qc, and a-drive ynit to
control the S®id8awing fromtheodficeis undenenticg! sendaignsdin  oMC AeIPR) AR 390

cero:, such e Bok) T Skl of 9, Do) VAl Robhabieoianad o
ratio r, (I5P2cilchlated fibed paterQodg: by:
Qc=KP,"(P1-P2)"
(K is a proportional constant; and m and n are constants)
from said upstream pressure P; and said downstream pressure P;, critical flow rate
calculating means for calculating under critical conditions said calculated flow rate Qc by:
20 Qo=KP, o
(K = proportional constant),
flow rate setting means for setting a set flow rate Qs for fluid to be supplied on said
downstream side, subtraction means for determining a flow rate difference AQ between
said set flow rate Qs and said calculated flow rate Qc, and a drive unit to contrql the
25 control valve so as to bring said flow rate difference AQ to zero, such that the flow rate of
fluid to be supplied to the downstream pipe is adjusted to be the set flow rate Qs, wherein a
critical pressure ratio r{=P,/P;) is determined by:
r~(2/n+1)VeD
(n is the specific heat ratio of fluid molecule defined by Cp/Cv)
30 wherein when the pressure ratio P,/Pyis not higher than said critical pressure ratio

I, the fluid is judged to be under critical conditions, and if pressure ratio P»/P, is higher



re=(2/n+l) " *-'t (nis the specific heat ratio of fluid nolecule defined by
Cp/ Ov) 30 wherein when the pressure ratio P2/P,is not 3l August, 2003; 4
critical pressure ratio rr, the fluid is judged to be under critical
conditions, and if pressure ratio P2/P1 is higher 31 August, 2005 5a than
said critical pressure ratio rr, the fluid is judged to be under _
non-critical conditions. Brief Description of the Drawings FIG 1 is a
di agram conparing a flowrate enpirical forpula with flowrate 5 neasured
val ues under non-critical conditions. FIG is a constitutional diagram
showing a first enbodi nent of an inproved pressure-type flowrate control
apparatus using an enpirical flowrate fornula according to the present
i nventi on. FIthan said sritacal pressure vaticonzthe diuidyis gudget tmbagnder seu-eniticdconditiornt
of an inproved 10 pressure-type flow rate control apparatus using an
enpirical flowrate fornula according to the present invention. FIG 4 is
a di agram whi ch cOpRe & chipfivn 't tRSDeWILRsPoNdi ng to different control
flowrate formulae. FIG 57is an explanatory diagramof the theoretical
fornmul a that has HB36n lused diagrahi chmpaung Reflowerate ehipinicad | forrauldewith nidave sraten
i nproved pgessure-t flowrate control.apparatus; 3 an inproved
pressure-t p@?ﬁsﬁﬁd%ﬁﬁ‘&‘%ﬁmw &r%ﬂ’é‘o NFCS); 4 an orifice; 4a an
orifice hole; 6 arFIG2Q i&%bb&%ﬁt&ﬁmﬁ%{@ém shBWngOa GRB E@bodiéat RF RA; improved
val ve; 32 a chanber; 34 a drive punp; Pl an upstream pressure; P2 a )
downst r eam prisessuiedype flawsate sontrel appatatns(ysing anenypirical flove rate faymulaaccordingoa
cal cul ated fl : . set flowrate; and AQ a flow rate difference.
Description éﬁqu%gé"gplev%ﬁ%d Enbodiments 5 FIG 1 is a diagram conparing a
flow rate enpiri c#IGl 8risndl constititi Gt didghaR 'shoWihgCd bdcofidlembodiiféritiocfa@ improved
accordi ng1 to the present invention with nmeasured flow rate val ues. The,

S

i nvent or stO e pPresswEdYRe How sate spntrolnppaiatyssingransmpirieal fowy vtg foriomla acperdingden
used under nep: crili conditions. The prior art flow rate fornula, which
is derived f?%nﬁ%%épkgﬁe?‘?&; theorem is: ' ”

FIG. 4 1s a diagram which compares flow rates corresponding to different control

flow rate formulae,

FIG. 5 is an explanatory diagram of the theoretical formula that has been used
15  hitherto.

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
20 upstream



Q@=K(=2 (P1-P2))U2. 10 This may be re-witten as: Q@ = KP21n (P .1 - P
2)In. The prior art flowrate fornmula is an accurate ﬁir_&!!ﬂﬂ&ép%plied
to an inconpressible fluid. Wth a fluid such, for exanple, as an

i nconpressible liquid the flowrate fornmula_is applicable accurately
enough. To adapt this flowrate formula to d conpressible fluid such as

gas, it 15 is necessary to establish an enpirical fornula having

plurality of §patelmidedins: 3¢ 2 vdvs 340 ermbyr. 3¢ A drivs mgnt ﬁlea“éPFt{?él“m“‘éS‘H? Pedr m of

the formul a. fsakGitdure;ifaGrdsEHERNOTS /IPORAZARCal Mffucs P4 Edlcubiled! ANVl
Q=KP2nm( pl1l-P2)" and int rg%ch)rs lapgrrgpgrs in and gpdfor t he purpggseaof

cl ose fittinget gy gte; and @@aﬂpﬂﬁﬁ?f‘ ff8fe constant K i s given by: K=SC/ TIn,

and is worked out fHQF; (fthﬁn(ﬂ?ﬁﬁ@r@fer&@ﬂhﬁdd@:ﬂéﬂ?f gas flow and absol ute
tenperatyre, T. In Fl the abscissa axis represents the downstream

side predsure P2 i rFIRPhI a(%sraamannmﬂw teertineal formyla erpleyes uiderJpa-cebical

represents flQuifigls@cddrdi mresbnt%veﬁilmgaml%éﬂ6&%m&u& PRAendlsandar d
conditions. The vertical Dbroken | ne at P2 kPaA% i ndi cates the

position of tefamined @ prgfartheorptical flow gatg farpul arﬂ@gb@rbemse wndepgonrcitical Gpnditfaas.

line is a regn@rpnumzeﬂovpfatetfbﬁ.mla, WhRRGd deriQ8BfrontBemBulliBthebRM RN (B) to the
right of the line is a region upder non-critical conditions. In FIG 1, the

bl ack rhonbuses pl Rz Q’a?r(git]l’“i@ neasured val ues of flow rate. Paraneters

in, n ai@ so deter muahyigeas-whifteh ADove- mentioned enpirical formula Q¢ = KP2
' (Pl - P2)" yields 30 val ues \M'ln ch are substantially equal to the neasured

val ues; it was f ourf¥ T KBz (;Pn—_zb ‘47152 and n = 0.59492. The flow rates

deri ved from t he abperbRsH iRt BRI isgabcmm@&ﬁen&bﬂiéﬁdaanwnprmsﬁrek
squares. is.noted that the values provided the flow rate enpirical

formul a f| t viuidy Wahip fiyigisuck, f05 SKpmple s abPEEﬁ"B‘ieﬁFP){%'F@“%%@ﬁ‘Péﬂe tosmplads i n the

whol e regi on apflicaBb a&ﬁﬁtél?f énbh@ﬁ*l‘o ﬁ%@ﬂﬁs‘ fRRGrateIomluth 6 aichhprédsibl M@ Such A4 gas, it
too, the enpirical fornmul t he neasured val ues near the brokeéen

line. B nce i pacesssny Wtahb%h@mewglrﬁcel few%wwgwpmalm ﬂara@@wﬁwa*m geadlyym n,

a fitting argRadindQneaR8atcdr fdim oPelforafuld €9i on (A) of critical conditions.
31 August, 2005 7 According to the study by the inventors, the val ues of

the two paranet er s AcRordinglietheinvensers propesed thegapitsal fermuia flowrate is to be
control l ed. The abeye-gpntippnpg values in = 0.47152 and n = 0.59492 are

applicable in the range V\/nere he flowrate is O to 10 seem but if the
fl ow rate range i s andintroduced two parameters, m and n, for the purpose of close fitting. Here, a

20 proportional constant K is given by:

K=SC/T"

and is worked out from the material conditions of gas flow and absolute temperature, T.

In FIG. 1, the abscissa axis represents the downstream side pressure P; in kPaA
(kilopascal absolute pressure). The ordinate axis represents flow rate Q in SCCM, i.e. flow rate

25 (cc/min.) under standard conditions. The vertical broken line at P, = 4.8 [kPaA] indicates the
position of the critical value r., and the region (A) to the left of the line is a region under critical
conditions, while the region (B) to the right of the line is a region under non-critical conditions.

In FIG. 1, the black rhombuses plotted afe the measured values of flow rate. Parameters
m, n are so determined that the above-mentioned empirical formula Qc = KP; ™ (P, - P;)° yields

30 values which are substantially equal to the measured values; it was found that m = 0.47152 and n =
0.59492.

The flow rates derived from the above-mentioned empirical formula are plotted with
black squares. It is noted that the values provided by the flow rate empirical formula fit with 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 is effected with two free parameters m, n, a ﬁtti:ig area also appears in
part of region (A) of critical conditions.




O to 100 or O to 1,000 seem then in and n will deviate fromthagse val ues.
5 Studying the parameters in, n, which are variable fdl of

fitting or matching according to the respective flow rate ranges, in termns
of scattered value ranges, it is noted that ,0.40 < in < 0.50 and 0.50 < n
< 0,65. Hence, in an actual flow rate control situation, optinmmvalues of
the paraneters in, n se|lected fromwthin the above value ranges are used,
dependi ng on the rafigferdRgrtofhesfydy by theyipveptors, B vplagsiof the tp PargmEess my o flepend Ay

tnh= 0559492, & r@@gﬁhér}a & fRRQNS is t@%%ﬂww-ﬁmgﬂb&%{l@ n{* o.fw lts\ﬁliahd'lh a
e apbove-nentli val ue, I anges. wever, | snou e n e a e .
values in = obé?&ﬁa@@ﬂf‘v&b‘&m ¢ Frage Yhaatedewsyr 150 te 10 peca vhlg%gﬂwtwamlﬁ

t he above- nend PMeG: ¥ & LE0's8E on nl RhdSn wilRRGKatetFdAL thbdQamed ual fluid is nuch
different froman jdeal fluid or non-conpressible fluid. The present .

i nvention was madeSHYIRE BE PAFRIRFIERY M 1 WRIGH s vanablsdon thepurpass phiiffiae enfmatching s
good for and idsordihd tRP tespeRtIcrIdvPratd YangdS, linlRkmd df@tditered Rblfie ranfes! N6 nOQY &t ©50
Q@ = KP2m(Pr - P2r é]0.40 <in <.0,.50, 0.50 <n<0.65) is usedin flow
rate control DAURP- SN0 TR € Q165 Henar-if anctual sy ratq qopfrelsiteationy ApFERmyalesRf
achi eved W t hthgp&aheterd i & k&lécBidl frohilivithih M MBb @ VAR rdng 8y 26118 RP&hdIR ok helriifie
act ual measureg_@val ues nuch better than the equation ¢ = K P21n (Pl -
P2)"2 that i setdlemiriste bawmradlédnoul 1i's theorem At the same tine, it is 20
possi bl got 0 achi evig =fg aM52 aldes OB949] as\bdciticl aBdve Pir@mblydrampled el @b Of
the regions of non-critical and critical conditi onsﬂ%‘errp oyi ng

addi ti onal | y Yiun g abavewpentioned valppranges. Howeypp itishopld b that thegafucy i< Q. b &=

condi tions. H $obtdinddHroMIBENGAN D Blobrem!arenor Withid tf WY dfiertdRePRRlcahiged ahisSt at e
of a first enbodinent of 25 an inproved pressure-t_(gpe flow rate control

appar at us i n MnERHattheacapiivid isqpuchahiffrens from ap idsal fhndaraion-compresiiblefluid sThe
enpl oyed. SaigfesesiveMsh wis fidt! b disooNerirdg LW Ale@nipRithl BimAR BAf RidiSodd foPand is
desi gneg on the basis that the fluid is to be supplied under non-critical
condi ti bhs, j apglicablg &0 thepeiedl fiyid. of the fluid flowing froman orifice 4 is

I ess than sonic velmgi ifthe ce@hthnl G RESYP, L EPIOES<hYP0 50] 1058 < ALD BPREAln
apparatus 2 conprises said orifice 4 havin 30 an orifice hole 4a, an

upst ream pi pelagy ras cariiph urdepaon-giitisal conditions, then flewsrafe sopted grppbesachisnid wWith sreat

downstream PIRSECTRE RBAkL & reroll@RTRRA Ahtéh tre QTR Meahflod RIS HEIPberter thiiithé
16, a valve drive unit 2Q, and g control valve 22. Said control circuit 16

2
primrily corfftatierQcx KPrr @ cBapubatis deryedfram Bemoyli's reprgma Mibe same time, it is
Al 't er nagd vel Ypossitle RBlaBifibvedIdncrateichibt] twith Righ pfeckitRGn the whdlR of HRGdiGHRIoF néii-dritidAlt
and a general purpose 35 personal conputer may be used. Said control
circuit 16 cémheitcacopditiopsbyrcmploxingaiditionsfly thegawatio for cal cul ating the
cal culated flow rafg{gpaccording to said enpirical formula, flowrate
setting mneans 18 for setting a set flowrate @ of fluid to flow, and
subtraction circui s theorptinal fgemedp yader eigfical conditions. "

FIG. 2 is an hypothetical example showing the operational state of a first embodiment of

25 an improved pressure-type flow rate control apparatus in which the empirical formula of the
present invention is employed. Said improved pressure-type flow rate control apparatus 2 is
designed on the basis that the fluid is to be supplied under non-critical conditions, i.¢. the velocity
of the fluid flowing from an orifice 4 is less than sonic velocity.

Said improved pressure-type flow rate control apparatus 2 comprises said orifice 4 having

30 an orifice hole 4a, an upstream pipe 6, a downstream pipe 8, an upstream pressure sensor 10, a
downstream pressure sensor 12, a temperature sensor 14, a control circuit 16, a valve drive unit 20
and a control valve 22,

Said control circuit 16 primarily comprises a micro-computer and a built-in programme.
Alternatively, an electronic circuit may be used, or an electronic circuit and a general purpose

35 personal computer may be used. Said control circuit 16 comprises flow rate calculation means 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




31 August, 2005 8 flowrate difference AQ (= & - ) .hetween saj
calculated flowrate @ and set flowrate . Said fl ' ence
zXQ may be calculated fromQ - . On an upstream side of the inproved
pressure-type flow rate control apparatus 2gare connected a gas tank 24
cont ai ni ng hi gh-pressure gas, a regulator 26 for adjusting the gas pressure

5 of the high_pressure gas to a proper |evel, and val ve_ 28 for_ supplyi ng
said gas fromﬂgﬁﬁf? ?z"-f'g‘ie:fé’ Aé)f_p(gs‘zgcflﬁt‘&eeﬂ Sl F%‘F“W%ﬂaﬂ%" B Qqgnd setdlgw e F%am
side of the i Spid@vedatpaERRHEnQ ARG bE LaldiaifbnaQe—-g@annected a control - side
pi pe 29 for flow ng gas at a r.S%u ted flow rate, a_valve 30, a chanper 32,
and a dry punp 34 OB aBppstrain s %‘lc'ﬁ‘hﬂ’i‘?pﬁ?}’ pregsyreniyps flovy e qopftel 2ppardiiied ate i on
of the i Nproveshngt@isgss Gmk Y4 Conkdikiig Righ-BreSARY gad)a rERIRAGA6YSr adjubting tRIEDE pleldich
On said ypstre S de, a gas under @SpECIfIC grgésur s 'Slrjﬂg?l led to said
suppl y- sPde Bﬁg]% 1gky PregifTeigas 9 RIoRsT sl paalye 28 fe surpking seid@as Bom syRIY-piis e
29 is set at pipt 2Mo REENVEVEOY2.the dry punp 34. Gas is supplied to the

upstream pi pe 6 by fhe control valve 22, and the upstream pressure 15 P,
of this gas is neasHdPadoyssiean ﬂdﬁﬁ%‘g‘i WnpRR e Brestredt YRGB Faterqse compectade contil-

time, the dowsigd pipead foPflGGiSEER aPZ rephlagd Ho® ¥Rg laivaRe B0, Qrohsmbed 39 nfl h 6 phndp B4
the downstream side i s neasured by said downstream pressure sensor 12.
Al so, the t enfPSFLAS 3 aYM RYEE- passing through said orifice 4 is neasured by
fsiau d terr]per at UL e SK&aGhe éoﬂltr?lldﬂnzﬁabd_nﬁof&lﬁélﬁilékdwmbrcszsgﬂﬁt dﬂ@n‘a_ﬁe)boﬁtf'ollhﬂﬁr_ ks id
owing fromthe orifice hole 4a is set |ower, t han soni¢ velocity by
adj usting t e ERifgt: n i upsteam s, #1835 uBdRtp seepifiRaeseHe s ShRates fo i Gapplsid?
condi tions argiped A\@ife oibthe HeWriaehm SBE siid Ssnbal-Gdd pipd 1 Pt Bila ot pridir€6Pihe dROt
determ ned by said control circuit 16 and no conparison is nmade with the
critical val P34 Thys, in this embodiment, the flowrate of fluid is

control |l ed on the h@&iiSsuppiadd té the upstidhl pips 6¥y \HRYRnt1G8Ive 2D And the upfRhm pressure
condi t\llvﬁgs, a]%h P2/ P1 > r. always holds good. 25 The upstream pressure
P,, dowhdtre OEF"&@W@W%W PUIPFERPrTs s eentord DAt thytamedine the owistpam
flow rate calgtisat POST giPaipplicl fron fAidSctifide & bOMe BiBire Gk BlnicAdrdBRRgidl7, the
proportional ,constant Kis cal cu}hgg ed fromthe gas tenperature T, and

P2r( P, - P2) Yo¥msfrepmnrissure sonses i Hlso. thedempsratue of gas ppssing throygh saidiorifics 418 | y

t he cal cul at aflcafireyby aildeipFerattred@isef 1. ned i n accordance with Q¢ = KP2n( Pl
- P2)- Said calculated flow rate indicates the instantaneogus flow rate

of the fluid bei nd®tiperakpdpmant thervelogity,pf the yd Howing fromtheertiqeibglg 4ads st lgFer he
fluid tzobe shgbhiedeibanttyadplanpihd &RMsBRLEQ UR d}ﬁdﬂuﬁﬁ SthrAts absleritkat f1ow

rate  via said . flowrate setting nmeans 18. Said set flowrate % and the
above- ment i orfepfitions are always maintained.” The pressure ratio P,/P, is therefore not determined by said

control circuit 16 and no comparison is made with the critical value r.. Thus, in this embodiment,
the flow rate of fluid is controlled on the basis that the fluid is always under non-critical conditions,
i.e.P,/ P, >, always holds good.

25 The upstream pressure P;, downstream pressure Pz and gas temperature T are inputted into
said flow rate calculation means 17. In said flow rate calculation means 17, the proportional
constant K is calculated from the gas temperature T, and P;"(P, - P;) is determined from the two
pressures Py 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 is inputted as said
set flow rate Qs via 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 thé 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,




calculated flowrate Qc are inputted into said subtraction circuit 19 and
the flowrate difference AQ is obtained fromAQ = @wl ow
rate difference AQis positive, then the flowrate is 35 insufficient, and
if the difference AQis negative, then the flowrate 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. Ardistensgrsancmptizally made sopthanf te gy uaie Fapsudicient(AQT Bhhen thg) | v
made so that ,.:,aftene,r@ftﬁé QQrbidhRe b2 is sightlyf ihGbR0H, whiRifthOdow FHREAJ D) is BRESREY
of the control valve 22 s slightly increased, whilst if the Tlowrate (AQ
< 0) is excestnibe patenge af eorolyalve gé ys Hightlydpduced. theecby bringing Q3¢ 26§t | y
reduced, thereby DfjeighRledprédsire-tfRMRw Al ottfIPEPYRHs RHEShE hévahtdBethitay 1 at e
control apparatus 2 has the advantage that the 5 upstream pressure Pl and
downst r eAm pr&@ssEmepresurg Peand siavnsisanpressure Boane eatinygysly measygad; As ¢ Fsult, §i5eni ng
and cl osi ng chpeﬁiﬁg%%r{cﬂ:lflclms}ﬁ@loygon?rgl it ﬁ%a&@@éﬁﬁﬁt%%oﬁﬂmeﬂ od d 1figh Gpbesubl @A the

speed such that t ow rate can be controlled wth high precision, at a
hi gh speed aniPvamatesanbs comrped syith high prerisien, aea high spaed and autpmatigaly albatdhgsamg ¢ 5|
formula Q = &R2 m (Pl - P2) which is the essential point of the 10 present
i nvention accurately expresses the flowrate of a fluid not only under
non-critical condiThedlew, rate prpirigal formmiadQe = KP: T (R aiP2)Cwhieh isitksrrssantial gringefdhe

adj acenjot 0 tH&efilihvehtil ackRAttl§ exRSssthe AW B FANEE nol Bty uhdBPhéh&lical conditions,
pressure-type flow rate control ‘apparatus 2 can therefore be used for
control ling fimtilep ynder crisieal pongifipar inprpreaadiapantio theyrdicalivalue, as sxplaingdaboyen The,

SRR oy e M ~ o ,
area incl udi m@g&%r%&eﬁﬂgtﬁ&}m@%mM1 bhrARus3Nen thefefdrd sﬂse&ﬁﬂ%&aoﬁg@ fluiGot

FIG 3 is a agr an i ng the operational state of a second

enbodi ment oforbhmdennop-srtigabeangdiiens, bwiglsodn an arenineledinghinpen-¢riticalcondjtins end

enpirical forgula.apaRhdi Ng to the present invention. Said second

enbodi nent is d!l:?]?erent fromthe first enbodinent nerely in regard onI1)_£l to
pggcg@entof €

the intk nal arrand®ehis 2block dagremshewing dieoperptionaletass ofiafecanghs _
pressure-ty p%résglﬁt\!yg)tbﬁhgw A0 Ednfbl apﬁ%%%%/ ﬁ%}%%?@pmﬁﬂ&l FotmbE Q8L fiRg tolthe fri@ntl | 1 St

enbodi nent in all ler respects. O Is different are 20_expl ai ned
bel ow, whi | e inveation: Raid sqoend emborligont is defferqahfrers the fjrat epbedimeptangrely in fepard paly to
second e”b()d'tﬁ@aiﬂfemaf;l}ﬁngn%ﬁtsdﬁﬁe dolrbIidel 1Y of' it inpldved FeGlrel MM BretomEdi€am

t
pressure Pl and downstTeam side P2, and it is conti nuousl(%/qldeter_m‘ned
whet her the fappardiug & anhig édentégal tojtiecefirstamborigrentip all pihen reepseiel Qulp what isdiferent ayp

ow 1ot 15 R Eg L o o e R I R row rate: e
= KP2m (' | -P2)' dJuthe sedond ernbndimignd the pressure satiodhPr isichlewlated fromdhaupstreamasessiigy
possi bl e at  §N¥nLoWnbrddR P, and it is continuously determined whether the fluid is under critical or
non-critical conditions. The flow rate is controlled under critical conditions using:
Qc=KP,
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 Ie.
As mentioned earlier, said critical value 1, is given by:
@2 /(n + 1)™eD,



The inproved pressure-type flow rate control apparatus_3 of the d
enbodi nent is the best node and is therefore naned NF@Q-&M%MWI
Systen). Said control circuit 16 30 conprises pressure ratio calculation
means 15a, critical conditions judging maanﬁngb, critical flow rate

cal cul ating neans 17a, non-critical flow raté calculating nmeans 17b, flow
rate setting neans 18 and a subtraction circuit 19. If the upstream

pressure Pl and dowh&t¥ossem prokesylar gasmp= 4,54, in aeirlincagithree giom mepleculyr g3s frrd-54;

ratio cal cul %agea,{&a%ﬁegs‘@@asc,al_-%hﬁags the pressure ratio P2/ Pl, and its
value r is nmenorized id value.r 35 is |nPutted to said critic

condi ti ons j udgi ng Heatsthenthe Qyid 'ﬁ%‘d?fd&?ﬂ'&fl@a cangiions and the) calgpl a%ﬂﬂ@“l’tﬁ)Qc}ﬁs
menti oned ear lcheglate®fbd: Critical value r, is given by: (2 /(n + 1) d"1).
31 August, 2005 10 In two-atom nplecular gas, rr = 0.53; in non-linear

three atom ol ecul aRegasP2T®1=Pg" 54: and it can be expressed as r. =about

oS Ifr >r0, theBygmngﬂ!@allfﬁ,mﬂwcﬂﬁ[ﬁg%&ﬂ @l conditions and the
calculated flowrate Q is calculated from 5 Q=KP2m(Pi -P2) by said

non-critical flow r#ire reshensheflvigis undersaticalyepnditipns; agl thecalquipsad floperake|Qgiig | s
under criticalcandi £&RNs, and the calculated flowrate Qc is calculated
from Q=KP1 10 by sai d critical flowrate calculating neans 17a. In this
manner, it is const&tKPichecked whether the fluid is under critical or
non-critjgcal  condi ntlc e 1%6he! ible to estimate the actual
flow rate by a propgr&ﬁsc’bw ratog‘p%tg??rlu g Jllzl nally, the flowrate difference
4Q bet ween said set ﬁtthr@manmret w@mﬂsdmkqdaﬂv@p@ﬁteﬂmﬂllmdm@@rncsl-cntwal
deter m ned DY c5iding wRtchdolaking 1tg::|ro§s%1é£o (B Ll (63! U 195 koot it rak ol

actuated to 15 contr open) e control brin

rate difference XQ Fialke ﬂomraemféemmﬁ@mmat@etﬂwaéﬁ@#@démw ate
control fOf”Uhéﬁmégpks%ﬁﬁﬁFP i cu&i@fmdléﬁ%?ﬁ@ &fnﬁszullsta%tuatedto
ow rat e or

obtalned when ornmul a i nt'ended appl i cabl e

to fluid undeﬁonﬁruol(ploequp@mmetqoemvaixa?aZ@pmmsﬂgwmdﬂereweM@Eéfgu ons
(under critical copgji %glté'ﬂcf]nﬁfﬁfefchpﬁﬂ ﬁf&&h&dl?&%ﬁ. THB Bﬁﬁﬂ%ﬁ:ﬂléck
ow Cont r

equi val ent to the prior Syste lotted

[ine, with bl doRbaser me@ulmmdmn ReskiPt the @bwa#tnéurmﬂatlmdtréfwmm’mme
rlow  Cont 1ol w3iad ldk: crifibdi o B il ¥ dPbeehcbeiBld (udfdhbitical RRAAYRLEAN | S

SO prearrange en th
non-critical conditions). This formula is equivalent to the prior art FCS (Flow Control System). The

20 other plotted line, with black triangles, shows the results obtained with the NFCS (New Flow
Control System).
With a maximum flow rate of 80 [SCCM], the system is so prearranged that when the fiow
rate reaches 100% of the set flow rate, the flow rate will be 80 [ SCCM] It is considered therefore
that the greater the flow rate, the better the critical conditions (sonic region) are satisfied. As the

25 flow rate decreases, the fluid moves into non-critical conditions (sub-sonic region).

In the prior art FCS (the line with black rhombuses), the fluid is controlled in all the
regions 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 is indicated. However, when the set flow
rate is small, the fluid is 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 if the set flow rate is 10%, wrong results will come out; for example, flow rate = 0. Atlow
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, is used. Therefore, a correct fiow 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 triangles in FIG. 4.



rate reaches 100% of the set flowrate, the flowrate ﬁ'll be B&MSQ‘CCMJ.H
I's considered therefore that the greater the flow ratwes t he
critical conditions (sonic region) are satisfied. As the 25 flowrate
decreases, the fluid noves into non-critical conditions (sub-sonic region).
In the prior art FCS (the line with black rhonbuses), the fluid is
controlled in all the regions using the flowrate fornmnula Q = KP, only. As
a result, when the set flowrate is great, fjhe critical conditions are
satisfied and the correct flowrate is indicated. However, when the set
flow rate is small, the fluid is under non-critical conditions.

Accordingly, the f | a | cabke rltlcal con | td

fails to reflect t#gw‘f"‘{bg%v%r aq{cmj (’cqﬁté‘fné&%ll @%Ct El'fe[ % rﬁSé‘ﬁ‘f &N ?ﬂce’évégn
if the set flmssibRithai sveh(Pithe/scd oW Bftelis B0%] WrorRORBuIRWvill bérhe SUETBE Exaniple\
rate = 0. At Iow flowrates, therefore, an additional mechani smto correct

t he prl or ar tieCEiaad. didawdlow rates drreforien edditional mechanismite wowrest therpionarta
appl i cabl e urﬁ% ';fe‘ﬁxl conditions, is enployed under critical
conditions; an ‘J’%%heé non-criti cal conditions Q@ = KP2 m(P, - P2), the

35 enpirical for mIhNKGS, hooRver, Qo-KP,, flow gité ifstifula afplidaisle undéredritical cdndiions,
correct flow rate, Q proportlonal to the set flowrate, is calculated and

linearity w tihemployed pndes caitie o‘é’ﬂé’é&?ﬂ&g@ddm‘iﬂl nap-oriicel conditionss OorKB; "BsP2)",
shown by the

11 appl ?/cabl éﬂé %hbﬁé? i| fgg}nuig"ofﬁgoﬂ-gﬁéc e I?Iﬂg{’ﬁss B %Pfcﬁl?rﬁfm?’l oW r afhc)wggtg§2
accuratel y. ifeopoetionad to the sﬂdksw bdte, it bﬂbulateé rand lmédiﬂy sth rfsi;pwt tosseEpérsentdfyof

wrong result WI|| Qe out r exa flowr At | ow Iow
r at eg there &4 15 8R§pHed H@éﬁ’%\? platied 1 186?‘1"3653"(1‘}?8%81%@ - FCS was
needed. a0 N NFCSNe@&Ié’s"sV’E‘J rs%lQ;th &;"ﬁr?g’ WV ehitbs if A6 Congn&&P'té ‘iﬁ@' g:lﬁnoned

critical conditions, 1Is e er cr|t|ca t1ons;
non-critical euﬂmdlmanmSIt 1@ctql’déz|(n?lerdt®d that thangesrpnd waadttldnsrrtruy abefmade without

non-critical ,conditio .used. Therefore, a correct flowrate Q
propor ti onal W&ﬁ%h‘gg&tb? FiY P‘é‘“f"@?ef’gﬂ’&dﬁrﬁ?ma%ﬁ‘ UoRd |inearity with respect
to set percentage of flowrate Qis assured, as shown by the plotted |line

with black triangles in FIG 4. 10 Needl ess to say, the present invention
i s not restrictedEffectstof thobwwventions i oned enbodi nents. It is to be

under stoqd that changes apd,vagiation de w t hout ep i.ng fr.om
the spirit or scog‘gc‘%ﬁ"}gh é@g P?@&WB %ﬁp BY I?Wegf’rﬂaf(rah't‘la?}?@s*@%
Accor di ng totmb@gﬂaﬂ&iﬁo%sﬁﬁﬁs %abﬁﬁlﬂaw%lﬁealcalafédw rate Q¢ of fluid
passi ng through an orifice, that is, the actual flow’rate, is cal cul ated

by. Q=KP2' (Pi pZQc—KPhné(Pe-Rﬂl,rl cal formul a that accurately reproduces the

actual flowrate ﬁlf e];rlxp%gal fAS tmfla that accurately reproduces the actual flow rate of fluid. Asa

result, an improved pressure-type flow rate control apparatus that can control flow rate
20  with high precision can be materialized. .
According to the second aspect of the invention, a calculated flow rate Qc is
calculated by:
Qc=KP,"(P1-P,)"
and is compared with a set flow rate Qs, and a control valve is so controlled to
25 bring a flow rate difference AQ(=Qs-Qc or Qc-Qs) to zero. An improved pressure-type
flow rate control apparatus that can control and set the flow rate of a fluid accurately and at
a high speed can therefore be materialized.
When a fluid flowing out of the orifice is under non-critical conditions, the
- improved pressure-type flow rate control apparatus can be actuated, and therefore a highly
30 accurate, improved pressure-type flow rate control apparatus can be provided. |

According to the third aspect of the invention, the flow rate is so controlled that



result, an inproved pressure-type flow rate control apparatus that can
control flowrate 20 with high precision can be mterM@&iﬁi ng to
t he second aspect of the invention, a calculated flowrate Q¢ is

cal cul ated by. QC=KP2'"(Pi-P2)" and is conpared with a set flowrate Qs,
and a control valve is so controlled to 25 bring a flowrate difference
AQ =Qs-Q or x-() to zero. An inproved pressure-type flow rate control
apparatus that can control and set the flowshate of a fluid accurately and
at a high speed can therefore be materialized. Wien a fluid flow ng out of
the orifice is under non-critical conditions, the inproved pressure-type

flow rate contr,ol at.us can be agtuated, and.therefore a _highly 30
accurate, i npr‘"é\?@dﬁ'ﬁa g-fi%%et?‘f’lo&ﬁtclsdf N%P?Wﬂéﬁﬁgmsmﬁé%“béﬁe formula
provi ded. Accg?ﬂid&gletlgldgp@ﬁﬁm[ﬂuﬁ&&gpt of the invention, the flowrate is
so controlled at 31 August, 2005 12 when fluid flowng fromthe orifice

is under critical €sKBtions, the flowrate fornula applicable under
critical conditions: Pl, is. enpl oyed jle when the fluid.js under .
non-critical condi t§ ﬁgyﬁew%%ﬂé‘w ﬂﬁ‘%@r%‘é“ﬁ‘ﬁ‘ﬁﬂf‘&ﬁb‘f% g&rthe empirical
non-critical  eeiid agieablb i PhtcritoatRAdiioRl: P2) " 15 enpl oyed to control

flowrate. Even if the fluid changes fromcritical conditions to
non-critical condi floorrste @¢rekRe®1eP2)t hi s change will be followed at high

d and the fl t the, f yi d trol|ed wit t .
Srectsion. 10 11 1+ B8y ' aupl tio e EVgs e i Flanits Fofl il comisions
critical condid h&erifiéal Rfditiohs, theérdfors, ORI éHaBBS WA BEEfooWelBATHEH Sibell *}glldlthe

upstream side pressure Pl and the downstream “side pressure P2.” Thus,
ki nds of fl1 ui Howantelps theofluid srn be comollad gith greatqmecisisn\hat is clained is: 1.

pabsed tAPough anfial PRSEBIEROMAR: GRRBHE Wiy STRAE & vty Setealbitifont ormh

cal cul at teol Pycﬁticﬁtaﬁﬂiﬁd@i byHaeredy fadufing the @i@lehinQidd préSsuied PPand M8 doWnstiiéhnd
r n n

are Constant Sk pressure ;. Thus, all kinds of fluid can be controlled.



fromthe pressure Pi upstreamof the orifice and the pressure P2 downstream
of the orifice, wherein the apparatus is adapted to Angust, 2005
non-critical conditions where the velocity of the fluid flowi ng out from
said orifice is lower than sonic velocity. 2. A pressure-type flow rate
control apparatus conprising an orifice for control of 10 flowrate, a
control valve provided on a pipe on an upstream side of said orifice, an
upstream pressure sensor provided between t orifice and the control valve
to detect an wupstream pressure Pi, a downsiTeam pressure sensor provided
on a downstream pipe on a downstreamside of the orifice to detect a
downstream pressure P2, a flow rate calculation neans for calculating a
cal cul ated flow r aYvhatis dgimedsiste =Kp2n{ Pi - P2) " from upstream si de pressure

P1 and the dopnst ' i i -
mand n ar e opnat duthy e yhE AR defirel iopafuud ARG (BBl FRAN e pRRRY,
Qs for fluid thoough anwopifice st flow sate donteldyinftidfow sitelQc iscdddulated bgn neans for

determning a flow rate difference AQ between the 20 set flowrate Q and
the calculated flo Tlﬁ?%(bc?ﬂand a drive unit to control (open and cl ose)

the controt val ve g&o;.hr.i . ggtsjd' r ro, so that the
flowrate %)f flui %S%%rgﬁg%%%%cé tot’ ﬁ‘ﬁ?@&%&r"ﬁ%ﬁ% pI ge Is controlled to
be the set flow raiem@se prebsure Ppupdtieamogiithe atifisc asl thadqpessdret Ry dyvarstrtam of ter
non-critical cgndit ongﬂﬁgﬁere the,veJ@omtg of the fluid.fl ?WI ng.out fro
sai d orifice GHICCoWBFreIAR aBRATARS {SAdgptedyio operaty undepponserifical P%ﬁtmso‘ma
control appar ¥ | . | 4L Ll pressure
ratio rr(:PZI%?@??gg%P%mgﬁn%gﬂ ﬁrlacnif %51 r?%ﬁcﬁ%qpl%bp?ﬁnisgﬁl? tﬁgﬁg{)t%ci fic heat

ratio of fluiZd nolAgutssurtdipe fidwbratCodiivgl apperatisnconhprising en mrifics Uor confroloof
P2/Piis n | gher, t han jd criticgl,pressure ratio 30 rg tEequi. I S
judged t ofthe HeRtEpter A GopEal VSR ArPYIgL on o ine on A0olpsirEam e, ob $pid orifice, an

hi gher than u?ﬁt'r&bn? ptdsbira lseiof pPoVided Bétiveerd the drifivef dridi e iconirdI0esdee iPd&&t an

under non-critical conditions. 31 August, 2005 14 4. A pressure-type flow
rate control uppipcanapresswo Pnra downstrgamqressiceesensor provided ohiandpwristisomrpipeon a

trol I i ded. ' t i de of i fi .
pst  eam pr eQ8RPEEERSigF Of sinilics B st R SPHEEH Pristian Bar p Bougtresi ione
for measuri ngnead®forRalcuREng Alcakalata Mhw rate GRWIS r €am pressure sensor
provi ded on a downstreawége on 5 a downstream side of the orifice for

]

measuri ngl5a downstQeskd: Mire P2, critical conditions judging neans for
judging on the bagg, Rgst}egt% side presture f'lagni et:) ﬁcgv\{r\nes%aﬁlhs?de pressure P;
(K is a proportional constant; and m and n are constants),
flow rate setting means for setting a set flow rate Qs for fluid to be supplied on said
downstream side, subtraction means for determining a flow rate difference AQ between the
20  set flow rate Qs and the calculated flow rate Qc, and a drive unit to control (open and
close) the control valve to bring flow rate difference AQ to zero, so that the flow rate of
fluid to be supplied to the downstream pipe is controlled to be the set flow rate Qs, wherein
the apparatus is adapted to operate under non-critical conditions where the velocity of the
fluid flowing out from said orifice is lower than sonic velocity.
25 3. A pressure-type flow rate control apparatus according to claim 1 or 2, wherein a
critical pressure ratio r(=P»/P;) is determined by:
te=(2/n+1)V@D
(n is the specific heat ratio of fluid molecule defined by Cp/Cv)
wherein when the pressure ratio P»/P;is not higher than said critical pressure ratio
30 r., the fluid is judged to be under critical conditions, and if pressure ratio Po/P; is higher

than said critical pressure ratio rc, the fluid is judged to be under non-critical conditions.



upstream pressure P1 and the downstream pressure P2 mhgihgr quig 5!omﬁng
fromthe orifice is under critical conditions (in a jfau r not,
a non-critical flowrate calculating neans for cal cul ati ng under
non-critical conditions a calculated flowrate Q 10 by: Q=KP2m( pl-P2)
(Kis a proportional constant; and mand n are constants) from said
upstream pressure Pl and said downstream pressure P2, critical flow rate
cal cul ati ng neans for cal cul ati ng under crig'cal conditions said cal cul ated
flowrate Q by. 15 Q=KPl1 (K = proportion constant), flow rate setting
means for setting a set flowrate @ for fluid to be supplied on said

downstream si de, subtraction neans for determning a flowrate difference
AQ between s%i d sBtPresie-hpediQE ralgfoatiplianparayy earaprising an oziice der copfeplling

drive unit to la G . 1 {.rgﬂn ' I :
di fference AQﬂtS‘gnltzafae?ci suc‘ﬁ%ﬁ%bmd% Jg)l\){v%rgﬁgaao} tdﬂflﬁﬁl tﬂ%ogtﬁoﬁggg’t%n
t he downst r eanpshicfia pressmd seasor préviddakbdtiveersthe ofifiowanditie: dgntrolwalvefor neeasuring

critical pressure ratio r,(=P2/Pi) is determined by. r,=(2/n+l)"/tTMLt, (n
i s the speci f ¥EURNISRIDAESSHIEH 1, £ AQMASERMILPIGPRIG SEnSPRTOKifedon @ downsirggn pEhePn

then e P5ESE UEhnsghd) AL e 8ot MR, ol s i
pressure raticoniitioBd judgihggheans fohgndgiag cbncthet basid of rthe Jwessureatatio betwedrh the
flurd is Udgt?pds&%gm bperesus{]ugee 51 ggg-tﬁé idtoi“%gtlrea?r? r];])gésglllrg n1§2. whether fluid flowing from the
orifice is under critical conditions (in a sonic region) or not, a non-critical flow rate
calculating means for calculating under non-critical conditions a calculated flow rate Qc
10 by:
Qc=KP;"(P1-P2)"
(K is a proportional constant; and m and n are constants)
from said upstream pressure P and said downstream pressure P», critical flow rate
calculating means for calculating under critical conditions said calculated flow rate Qc by:
15 Qc=KP,
(K = proportional constant),
flow rate setting means for setting a set flow rate Qs for fluid to be supplied on said
downstream side, subtraction means for determining a flow rate difference AQ between
said set flow rate Qs and said calculated flow rate Qc, and a drive unit to control the
20 control valve so as to bring said flow rate difference AQ to zero, such that the flow rate of
fluid to be supplied to the downstream pipe is adjusted to be the set flow rate Qs, wherein a
critical pressure ratio r.(=P,/P;) is determined by:
1=(2/n+1)VeD
(n is the specific heat ratio of fluid molecule defined by Cp/Cv)
25 v{rhcrein when the pressure ratio Po/Pis not higher than said critical pressure ratio
I, the fluid is judged to be under critical conditions, and if pressure ratio P»/P; is higher

than said critical pressure ratio 1, the fluid is judged to be under non-critical conditions.




