SYSTEM AND METHOD FOR MEASURI NG FLOW TECHNI CAL FI ELD OF THE | NVENTI ON
[0001] Embodinments of the present invention relate generally to flow
nmeasur i ngweystesss2and nor e particula{Iy t o a system andpraetusea)sines14s
nmeasuring a flow utilizing both a primary fl ow neasurenent techni que and a
secondary flow neasurenent techni que. BACKGROUND [ 0002] A nunber of fl ow
measur enment techniques are currently used call ss fl ow

control l ers. Pri mar EYSTEM mm@f PO MESS VJ?#,I&S ' ergeri ve their
accuracy fromconstants of nature or fromother primary neasurenents such

as mass and tine, include gravinetric techniques, constant pressure
t echnpguescandFcanst ant Tdsl INEENEEANI ques. The first prinmary techni que

gravinetric neasurenent, involves neasur.i i
or v RLL e SRASUeIEn oL ol ves MRS AL s AP ofomem gy ther
sufficient fof, peasidithdi ghefeti@tand Inovse wherelioabsrlpssois syghehi cant
but suffer shortconlqgs in nmeasuring lower rate flows because the ,
g¥8;?aliy haﬂ@dimfiﬁ¢ cientmeaIeT thY dh ?%PWm%&h}ézﬁﬁgsb?Y%w?r%f%%gg% t he

of mcgop-nole ] e;n b pQr chad
Const ant pr obbit S ERERHI L A ar Il & Yol e R arber To keep gas
pressure cons¢amtigdee mass flow is nmeasured based on gas state equations
with the mass flow rate depending on the change in volunme over tinme. This
t echBAGHEROMN \or k wel | over a range of mass flow rates, but may require an

[0002] A number of flow measurement techniques are currently used

to calibrate mass flow controllers. Primary flow
measurement techniques, which derive their accuracy from
constants of nature or from other primary measurements such
as mass and time, include gravimetric techniques, constant
pressure techniques and constant volume techniques. The
first primary technique, gravimetric measurement, involves
measuring the amount of mass either gained or lost over a
time interval. Gravimetric techniques are generally
sufficient for measuring higher rate flows where mass loss
is significant, but suffer shortcomings in measuring lower
rate flows because they typically have insufficient
resolution to measure mass flow rates on the order of

micro-moles per minute.

[0003] The next primary technique, the constant pressure
technique, uses a variable volume chamber to keep gas
pressure constant. The mass flow is measured based on gas
state equations with the mass flow rate depending on the
change in volume over time. This technique can work well
over a range of mass flow rates, but may require an
elaborate system for controlling the volume of the pressure
chamber. Thus, the constant pressure techniqge suffers
limitations in calibrating mass flow controllers because

constructing a constant pressure chamber (i.e. a variable



el aborate systemfor controlling the volune of the pressure chanber. Thus
the constant pressure technique suffers limtations in calibrating nmass 1
fl ow contwol2hevmsizecause constructi ng a constant pr essuPeTalsa0bPU3148 . €. a
vari abl evol ume chanber) can require a significant nunber of noving parts

that can cause nechanical conplications . As the range of mass flow rates

for which the constant pressure chanber is configured increase £
conpl exity aﬁ@l@m%thﬁm@%é)c%ﬁ%téﬁﬁub¥%s§u?%g§§§?8ﬁ?ﬁﬁ?Pma?goo?h%?ggg .

[0004] The tg%Egsp%ﬂﬁPT¥a$'Qﬁhggaﬁgéﬁﬁﬁﬂ&aieébﬂbgy@atibﬁsconabaﬂhevolune
t echni que, r Ies on simlar state equatl ons as the constant pressure

t echni que, butntheofasss$| bhovaretes Beperiderh dhet penehangePrRSHFESsure,

rather than volune, over time. This technjque S - r

cal i brating fB8% ??oﬁ?cﬁﬂ?ﬁbgPE?g %ggﬁﬁggg%f £ % g?ﬁ%#?%%?gpg?atﬁ%ggygfen1
(i.e. there ghe ESNsPBMENPrpaELsy syAgainwibowelep, ihheceerst ant vol ume
techni que suffers deficiencies for calibrating nass flow controllers

becausg dhe %ﬁ@5£§D£dVﬁkEﬂﬁrbe%EBMQMéaga@ehﬁﬁkCabbhnmqh¢,bEhesednGVenta
smal |” range of mass flow ratés. This limtation exists becayse, if % e flow
rate i s too Woghméoreahyiivee, chgrber ¢8l GABllpressare €H&ﬁ§é§n§s§§cigﬁed

with the high mass flow rate w || o] u t r ly {easur ed
and may quicﬁpﬁsﬁﬁggeBrFﬁguggfgfﬁhgﬁﬁggétggﬁsE%f @ﬁggc%g%ge?%%grﬁﬁgugh
| ar ger const aebe@bHEEcBhRMRECha0ae he oarstuuretedatpeactheal volume,

consi derations of safety, space and coshﬁ%s%gblish anuﬁ%per limt on the
q

capabil ity oPVeRi §impow ABdSultE&rERt IHEc & CHGoBSP U géidral , t he

disadvantaQec%ﬁiBEE%ﬁﬁ& fl-QW mBasuLeMBRb11ers because of the simplicity
of the system (i.e. there are few moving parts). Again,
however, the constant volume technique suffers deficiencies
for calibrating mass flow controllers because the constant
volume technique can typically only be used over a small
range of mass flow rates. This limitation exists because,
if the flow rate is too high for a given chamber volume,
pressure changes associated with the high mass flow rate
will be too abrupt to be accurately measured and may
quickly exceed the safety limitations of the chamber.
Although larger constant volume chambers can be
constructed, practical considerations of safety, space and
cost establish an upper limit on the capability of this

flow measurement technique.

[0005] In general, the disadvantage of primary fiow measurement
techniques is that each technique is limited to a
particular flow range where that technique’s uncertainties
and design limitations are best suited. For this reason, .
users must typically employ multiple independent flow
calibrations systems utilizing several different primary
techniques to cover the range of flows for industrial
measurements. Alternatively, users can employ independent

secondary techniques, such as sonic nozzles (also known as



techniques is that each technique is limted to a particular flow range
where that technique' s uncertainties and design limtations are best

sui ted. PWO200W/0B5328aS0N, . UuSers must, typi cal ly enpl oy malrttspéos/oisidependent
flow calibrations systens utilizing Several different primary techniques to
cover the range of flows for industrial neasurenents. Alternatively, users
can enpl oy independent secondary techniques, s\lljﬁ:: as son'ic Porzrfl es %al SO
known ascr i t¢cilidabwi Vent TeREuBES cPT tFEAFLFROW 110221 R%F-S5] ant AGr"F1 ow
meters, ultrasoni fodd o MELLESsofPLl BLoS kU EPI @8 SioL ST HBby TRSBe L PW
nmeters and others. e€se can be used over a range of flow rates but nust be
continual |y €iedins Ateds s SEMMARYe OFr THERG NVENETON [DDB8E ERBOBFMBRES of the
present invention provide systens_and nethods F ow t hat

subst anti al |9V%d%cléa%gee$’?nﬁ%‘€er ﬂ%scﬁ’% d%‘%ﬁ%g%%gggég%%pgt% Wi th
previously deyeloped.§! ow neasurenent net hods and systens. Mre

particul arly, enbodi nents of the present invention provide a system and

met h%qn\,ﬁ\mRﬁ%%s HENG el g ow across a range of flow rates by conbining

t he features—of—a prrmary fiow neasurenent technique with those of
seconddr)s If | Bmboeasenesent tbehnrgaentnisraeried BE9ELAS W&E?mﬁaﬁﬁg of
dynam c flows. [0Q07L One enhodi ne f I ti nogonpri se
a primary fIB@\H[lr%§§u%8ﬁeWFa§§}§tl%ﬁ1 %%ogegéﬁga%sgﬁgé}%gggr é:%gﬁt%%sggt emin
fluid comunicahigatwi thet RespaivEatYgbkowsepasat edent tay premiangla

controller coupled to the primary fl ow neasurenent s§s%em anth he secondary
flow developed flow measurement met ods and systems. oreé

particularly, embodiments of the present invention provide
a system and method for measuring fluid flow across a range
of flow rates by combining the features of a primary flow
measurement technique with those of a secondary flow
measurement technique in order to cover a wider range of

dynamic flows.

[0007] One embodiment of the present invention can comprise a
primary flow measurement system, a secondary flow
measurement system in fluid communication with the primary
flow measurement system and a controller coupled to the
primary flow measurement system and the secondary flow
measurement system. The controller can comprise a
processor and a memory accessible by the processor. The
processor can execute computer instructions stored on the
memory to calculate a flow rate using the primary flow
measurement system in a first mode of operation, and
calculate the flow rate using the secondary flow
measurement system in-a second mode of operation. The
computer instructions can be further executable to switch
between the first mode of operation and the second mode of

operation based on a predefined parameter.



nmeasurenent system The controller can conprise a processor and a menory
accessi bl e by the processor. The processor can execute conputer

i nstructiwozostwsd on the nenory to,calculate a flow race/ussesgdithe
primary flow neasurenent systemin a‘first node of operation, and cal cul ate
the flow rate using the secondary flow neasurenent systemin -a second node
of operation. The . conputer instructions can be further executable to

swi t ¢AOP&T weerpttttrr femsed Rt 3T opet R TR ANI R P s nde Aot ™f - 9pet at i on

based on a predeflned pagANElery( 00081 Agolheto eahodi gent 08 the present

i nvention can conprise a constant vol ume chanber, a sonic nozzle in fluid
conmuni cat i afomsiiry ¢diei const @ntt vel coes Chaiber] unhechamnper e 9a¢ v@E more
configured to direct a_flo

w fluid to st a val anber and
the sonic noZrHEEsS sepebt e %f?%u@%ﬂe?B Pe Qp%népo? %%r 1d ?gfsﬁ%f the fluid
in the system,andha coMhel tRimsoHPARd {:Betél@qﬁ@nﬁ@mlépnfsegubﬁd to
recei ve neasurenents fromthe sensors. The controller can_conpri s

processor antbmf hewoey b@cé@@@b@@eb?rthérﬁm%E%E%o@ the SFBé@séBrthﬁn
execut & COMPUL Sl o nSLLUCLT R, 0PI e 0DuLheq TEIDEN.! O-RBLENI BbaeL garblow

rate as flui® es in e constant vol ume c anber in a first node of
operation, C@éCﬂé@é@véhﬁeébomemeﬁEsafrbmethéusdn$bnmg tﬁh@ughntheléSﬁlc

nozzle in a second node of operation, d switch betwee r node of
operati on an€R®hecBRESAS ﬁDH€°6?365§rﬁPaoﬁ mf@%ﬁ@]a98?sﬁﬁgﬁﬁe ﬁ%gdinent

of the Prese%£oég¥§ek'OnTﬁ@npkBEégg@racHﬁtEQch@é aBaAsUtkergiastlawthahe

conprising f Irst node of operation, calculating the flow r rate as

fluid stored on the memory to calculate the flow rate as fluid
accumulates in the constant volume chamber in a first mode
of operation, calculate the flow rate as the fluid flows
through the sonic nozzle in a second mode of operation, and

switch between the first mode of operation and the second

mode of operation.

[0009] Yet another embodiment of the present invention can include
a method for measuring a flow rate comprising for a first
mode of operation, calculating the flow rate as fluid
accumulates in a constant volume chamber for a first range
of flow rates; for a second mode of operation, calculating
the flow rate as the fluid flows through the sonic nozzle;
and switching between the first mode of operation and the

second mode of operation.

[0010] Embodiments of the present invention, thus, can use primary
measurement techniques to attain accurate measurement
capabilities while using secondary techniques to extend the
flow measurement range of the primary technique. Because
embodiments of the present invention use multiple flow
measurement techniques, the present invention can provide a
flow measurement system that is self-calibrating and

scalable to a wide range of flows.



accunul ates in a constant volunme chanber for a first range of flow rates;
for a second node of operation, calculating the flowrate as the fluid 1
fl ows thrwoghosidesszsoni c nozzl e; and sw tching between tireTfUseas/onmde of
operation and the second node of operation. [0010] Enbodi nents of the
present invention, thus, can use primary neasurenment techniques to attain

accurate nmeasurenment capabilities while usi d i
ext ef80thk fIhew kst ersHteYdRie Hﬁo‘flﬁjeesplﬁr}ﬁe?f ‘%)Tg%% q%‘gérh%érgeg‘ﬁi%&soly

embodi nent s of, JNGH GRANL ATHPTH RN ST et dlow passtisiTents
t echni ques, e present invention can provide a flow measurenment system
that is sel foctal ithriatdmg amtl soaiabiey thley MRS RN FETWELTO01] The

present invention provides an advant age qve i O opsd.- nass flow
measur enent qké’c%rﬁ]q{fé"%s biﬁs]clg?fvo‘%ﬁ% %%tah %%%Sngfr@g%nggﬁé%%gﬁ%%y fl ovn\?

nMeasur ement s, 486 £lueBow Th tse &l w D¥so@al it dxfuat f oy odn ai ndsserddeave cont rol | er
over a range of” flow rates without requiring an independent primary

t echni que ammmd@@@mk%%lm.sTm%rE%ﬁﬂP Tﬂﬁg‘ﬁ‘fg- of present invention
provi de anot her advantage by providing a systemfor calibrating a secondary
f1 ow [190a8{ir efrernd Syt e GAgee Lo ek PRI PFPBHIA PRPRBFY FHBWItage

nmeasur enent system . Because_ the se d ; asu S e.g.

soni ¢ nozzl &%y@?%ﬁ Jc%%_%ewse%%rﬁi c?gt(g%y}%%rl%\% tlén%g%ggg?f%nf%ﬂ;\(/v °

gggsu(fjem?n; l%néé@lﬁﬁ:éxh@n@r syt omtieshad qoe feagurenastanfrool anprsypsren), the
ondary ow neasurenent system does_not have to b

nmeasur enent %&%‘t’éﬁ?@éuﬁém?%’%éﬂ’%?%lf‘ed.Because the segorrlgg?yeglé&omthe rhow

measurement system (e.g. sonic nozzle system) can be
recalibrated in real time based on flow measurements from
the primary technique (e.g. constant volume system), the
secondary flow measurement system does not have to be
removed from the flow measurement system to be

recalibrated.

[0013] Embodiments of the present invention provide yet another
advantage over previously developed flow measurement
techniques because measurements taken using the secondary
flow measurement technique can be compared to measurements
taken using the primary flow measurement technique. If an
error is detected, this may mean that the secondary flow
measurement technigue must be recalibrated. Thus,
embodiments of the present invention can detect when
recalibration of the secondary flow measurement technique

is required.

[0014] Embodiments of the present invention provide yet another
o advahtége over previously developed flow measurement
systems and methods by extending the range of primary flow
measurement techniques through the use of a secondary flow

measurement technique.



[ 0013] Enbodi nents of the present invention provide yet another advantage
over previously devel oped fl ow neasurenent techni ques because neasurenents
t aken usiwg 20év@6s8ondary fl ow measugemant t echni que camrcChaseaspasiesl t o
measurenents taken using the primary fl ow neasurenent technique. If an
error is detected, this may nean that the secondary fl ow neasurenent
techni que nust be recalibrated. Thus, enbodinents of the present invention
can BRIEBEt DWAGRIPEEAN| BFaTIBnDBRAWENESsecondary fl ow neasurement techni que
isr i red._ [0014] Enbodi to4 Nuentd Prriovice yetthe
anot E@&é\ﬁvaﬁﬁ{ragae et Cpormé)\r;LFeggue:I@{d elfvggtlag%gd Ioo%v rreas%r%brrent systens and
met hods by exicnding dhenirimngearod fd reatverfi ye sretisen erent r e ETHRR ¢RIesS

t hrough the use of a secondary fl ow nedasure.nei_[u tec nérgu@ﬂgc(ﬁﬂa ~tion
DESCRI PTI ON &R THEMDRAN NS 00U - 109 Hor tFhpt et & under standi ng of t he

enbodi ment s of ha%c?é i AVERt I Oy Anch tihei @dvenkagest ¢ henesfnuneference
is now made to the follow ng description taken in conjunction with
acconpanyi ngirdtawitgslike wigatuiekeane MR hueral s i ndicate |ike
features and wherein: [0016] FIGURE 1 is a diagrammatic representation of
one eobodi MENtGURE al f1ove nebsyr emeat i ystengs¢0oarior R ¢mbgdiment
diagrammatic representati on of one enbaqdi nent of a sonic nozzle; [0018]
FIGURE 3 is & gf aphPt I TRRTVEEIHC eX&fpTes of performance characteristics

for various enbodi nents of sonic nozzles; and . :
[0017] FIGURE 2 is a diagrammatfc répresentation of one embodilment

of a sonic nozzle;

[0018] FIGURE 3 is a graph illustrating examples of performance
characteristics for various embodiments of sonic nozzles;
and

[0019] FIGURE 4 is a flow chart illustrating one method of
measuring flow rates according to an embodiment of the

present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0020] Preferred embodiments of the present invention are
illustrated in the FIGURES, like numerals being used to

refer to like and corresponding parts of the drawings.

[0021] Embodiments of the present invention provide a system and
method for measuring the flow rate of a fluid (e.g., a
liquid, a gas, a gas vapor mix or other fluid) across a
range of flow rates by combining the. features of a primary
flow measurement technique with those of a secondary flow
measurement technique. In one embodiment of the present
invention, a primary flow measurement system (e.g., a
constant pressure system, a constant volume system, a
gravimetric measurement system or other primary flow
measurement system known in the art) can be in fluid

communication with a secondary flow measurement system



[0019] FIGURE 4 is a flow chart illustrating one method of neasuring flow
rates according to an enbodi nent of the present invention. DETAILED

DESCRI PTIvoN 20¥6/065828 | NVENTI ON [ 0020] F7>r ef erred enbodi nentsTafS2e0de41nesent
invention are illustrated in the FIGURES, |ike nunerals being used to refer
to |ike and corresponding parts of the draw ngs. [0021] Enbodinents of the
present invention provide a systemand nmethod for neasuring the flowrate
of afluid (eegy,, @& |sQuid, NAZghS, SR VAPbRLHIXT of LOY WBFC¢F ui @} across a

range of flow rates by ponbining, the features efop RELSR! vaf Loupmeasur eent

t echni que wi't of " a seconda’ry ow neasurenent technique. In one
enbodi ment ofagberpresentet nvendvtier seqondary flow measurenent system
(e.g., a constant pressure ts%stem a constant vo

I . .
measur ement Ky_¥@niBrtiet iRFCprindrTtHy lésﬁ?%rrg%?e%%';Iﬁ%ﬁﬁ%%gﬁg‘tﬁg :
art) can be in E{yi§ SOPRMOEEALI 08. WM | hranseentdary plevsieasurenenér
system(e.g., a sonic nozzle system a lamnar flow neter, an ultrasonic

flow nmeter, Alcbdiphiamétew keoen,inm th@_rfmit) N&5STMf FONEREBeRSEPCoERET
secondary fIom%ﬂ§ﬁ€§r§$?$%5§y%igﬁ1%Q?&Qré eﬁgeS9EEEm'a@dCQHErQEE%EdSEQ

receive measm d-parameters (e.g., tenperature, pressure or
other fluid papamebesukeawnti Bykbemart Thér oonsenddes, assoei dtedtwinpbet he

primary flow measurenent system and_the secondary flow neasurenent syst
The control | ef, oparatiphist Cﬁﬁdéaéfm%ﬂé?aFPSn?gegnréﬁﬁcﬁggFeﬂHg%T PS@\%%ateren

of afluid u%hggﬁkﬁﬁ Qgiﬁﬁg% ﬁEQ%ﬁ?@ﬁéHEe§§BEe§Y§h@U!@Hda isBcansieqend node
of operation, Can calculate the flowrate of the fluid

of operation, can calculate the flow rate of the fluid

using the secondary flow measurement system. The

controller can automatically switch between modes of

operation based on one or more predefine parameters. The

flow rates calculated by the controller can be used to

calibrate mass flow controllers, mass flow meters and other

instrumentation.

[0022] FIGURE 1 is a diagrammatic representation of one embodiment
of a flow measurement system 10 employing a primary flow
measurement system and a secondary flow measurement system.
Flow measurement system 10 can include a gas source 15 for
providing a gas flow to a constant volume system 20 and a
sonic nozzle system 30 via a system of gas lines 17.
Constant volume system 20 can include a constant volume
chamber 25 and sensors for reading the pressure (e.d.
pressure sensor 26), temperature (e.g. temperature sensor
28) and/or other parameters of the gas in system 10.
Similarly, sonic nozzle system 30 can include a sonic
nozzle 35 and instrumentation (e.g. pressure sensor 31 and
temperature sensor 32), which may be the same as or
different than that utilized by constant volume system 20.
Sonic nozzle 35 can have a non-adjustable cross-sectional

area or an adjustable cross-sectional area. A system of



usi ng the secondary flow neasurenent system The controller can
automatically switch between nodes of operation based on one or nore

pr edef i newpanemssass . The fIOM/rate% cal cul at ed by t heprcontse@siogzi4a€an be
used to calibrate nmass flow controllers, mass flow neters and ot her
instrunmentation. [0022] FIGURE 1 is a diagranmmatic representation of one

enbodi nent of a flow neasurenent system 10 enploying a prinary flo
nmeasur ement §sven &Rdd ar sERoHBatY ??%mﬁﬁ%&@uﬂ%heﬁ?ns§§58h?tﬁrgﬁﬁ Flow

easur ement fp{?&?@‘a1918@%&9%99%&99%%%ez@.15 for providing a gas flow
vol une system

to alponstig Vo and a sonic nozzle system 30 via a system of
gas |, nst a o] y I a t I

OhantO B ip CRURE ey pY TRaRYELEML 60 CBROLDGLICE, SpEOUSLER HVUEE 6y,
t enper at ure (ehgr heaperansnessénsartB8) sandbos ehecapandmsetekcbeoflohe gas

in system10. Simlarly, [ | t 30 includ ic
35 and | nstr GAGRL 8| GRS (B1E0 R oSERFE s Hsor CIR AR PENLr SP0r BORBRRONCa2)

, Wwhich may bg.thessage as10hediiferenl; thae bhak ggisl tEedubY. €9BSEANLO
vol ume system 20. Sonic nozzle 35 can have a non-adjustabl e cross-sectional

dea gr ar abjpastiabhetbeossasecofonbe gpeaanA §)ist ERANSLUHIAES OPeOd. theal ve
and val ve 42) cap regul ate s _flow r f t 10.
%Fap 660 gﬂerggg%em T t%g ggggc h89§ﬂ§a§§%%§&gr 2¥ Een1

[0023] A contPB el've tenperature, pressure-an er

measur enent szhe0pEE Becsanper sagntegabatl atentibecbrowesabe 6L,gassthr ongh
system 10. Controller 60 can determ ne the mass or volunetric flow rate of
a gas througho§ygasm 10SbaSE416RSt RE SEREE LRt KEMGHE LN d SPREPIENFFRIFAt i on

of the 67 (e.g. RAM, ROM, magnetic storage device or other
computer readable memory known in the art). Additionally,
controller 60 can send control signals to valve 40 and
valve 42 to configure the set of valves to direct the gas
flow to sonic nozzle 35 and/or constant volume chamber 25.
It should be noted that while controller 60 is shown as a
single controller, the functionality of controller 60 can
be distributed among multiple controllers which may be part
of constant volume system 20 and/or sonic nozzle system 30.
Moreover, the input and output signals from microprocessor
62 can undergo additional intermediate logic and/or
conditioning (not shown for the sake of simplicity), such

as digital to analog conversion.

[0024] Gas source 15 can provide a flow ofugas through gas lines
17 by virtue of the fact that point 90 is at a higher
pressure than points 92 or 94. As would be understood by
those of ordinary skill in the art, there are a variety of
methods to provide this pressure differential across system
10. When valve 40 and valve 42 are open, the gas will flow
towards points 92 and 94 to eventually exit system 10.

When only valve 42 is closed, the gas will flow towards
point 92 and out system 10. When only valve 40 is closed,

the gas will flow towards point 94 (i.e., through sonic



constant vol une systemor the sonic nozzle system This analysis can be

carried out by mcroprocessor 62, based on software instructions 66 stored

i N conputwo 2n@agsai8e nmenory 67 (e.g.9RAM ROM magnet i c PETaiSags/odxvs ce or

ot her conputer readable nmenory known™in the art) . Additionally, controller

60 can send control signals to valve 40 and valve 42 to configure the set

of valves to direct the gas flow to sonic nozzle 35 a(gd/ copstant vol une
0 ?O:LV are

chamber 25. razzieodys iR nidtled AR BARTR Wntt ol 7%60'3 sV Showt a5 a
Single coniroller, e [LEtonaliiye ol cantsoLher §0.5n SRl 1 bit o
0 iC

anong nul ti pﬁescont ers may be part of constant vol unme system 20
and/ or soni @ynazz ey igystem 0. valbrepvere eprnehpul @S YUt perSiYhats from

m croprocessor 62 can undergo .additi.,onal,inte i i
condi t i oni ngP A" s HOWH 1 R %%#g;%?&@ Jé‘grg#%@g%ﬁ%? to

anal og conversion, 40024]sGase sl £ee 15y saempsovi de a flow of gas through
gas lines 17 by virtue of the fact that point 90 is at a higher pressure

than poirts B2 or, 94, As;would bequpderst opdaby thesedpfinrdheary skill in
t he a{rt t]here are a variety of nmethods to provide this pressure

di fferenti al emos@ssesysoEnT IOURMEN gasvelild anaupal ¥6S45narendbeht the gas

will flowto ds paints 92 and 94 it 10, When only
valve 42 is ¥? %%,c}??fgbajész% ‘?rflg‘f I %%n?%%%ggh%}él ﬁl'?éQ%J%gr%gg%t system 10.
When only valygesdOnt Svel asedehitise gagswinlil1f onreéanar dsIpokhisodage, e.

t hrough sonicg nozzle system 30) . Wen both val ve 40 and vglrvgiéé are
cl osed gas wibntaetleul aPeceh ednsthAft COBPEReCENBABEFVSS. OV

(dP/dt) as the gas accumulates in constant volume chamber
25 to calculate the flow rate. Since the mass of a gas in
a fixed volume is dependant on the size of the volume, the
pressure of the gas and the temperature of the gas and
since the volume and temperature do not deviate
significantly, controller 60 can approximately calculate

the mass flow rate using constant volume system 20 as

follows:

P=Pressure

T=Temp

R=Gas Constant

t=time

V=volume

[0026] As would be understood by those of ordinary skill in the

art, EQ 1 is easily extendable to mixed gases and gas vapor
mixtures. Additionally, a. gas compressibility factor can
be used as is understood in the art. Moreover, controller
60 can calculate the mass flow rate based on dp/dt
according to any scheme known in the art. Additicnally,
controller 60 can be further configured to account for any

changes in gas temperature that may occur using well known



By changi ng whi ch val ves are opened or closed, controller 60 can, thus,
regul ate the flow of gas to constant volune system 20 or sonic nozzle

syst em 30wo[20@2aB}s28hen both val ve 40 and valve 42 are clposas2oosn4ithe
enbodi ment of FIGURE 1 , gas w || %@hulate i n constant vol une chanber 25
and, consequently, the pressure in constant volume chanber 25 will
increase. In this case, controller 60 can use the change of pressure over

time (dP/ dt)thesrmdrty sl acelimi des. | nl tdnstaite Vot ane haibest P to
cal cul ate the fl ow.fat e lrﬁqf"e({i he, ng‘srﬁar%ef" 98514 ac bixed Yol yneL b

dependant oﬁﬁﬁ%?%ize G?L e volunme, the pressure of the gas and the
tgarrpga][ at ur elloitet her galsrluaami & noel 4 thed Vioh sie@ @mdchenpesat idew deatrdtadevi at e
significantly, controller 60 can approxi ely calculate the mass flow rate
g;lng const n%%ﬁXn@ﬁsE%?e&ﬁ%01%5g¥%T?%u£6'P:Pressure T=Tenp R=Gas

nstant t=time V=volune [0026] As would be understood by those of ordinar
ski | 1L00R T hefaperd ey 1t ¢ seeeri}jerks eptablle ?Beﬁ?QEdlﬁggégl%%ﬁ 4% vapor Y

mxtures, AL ORAl Yo 8a88S, FORRA ESELORAL e 18y OBe CBBr bortsedags | s
understood in e art. reover, controller 60 can calculate the mass flow
rate based afes®tibedctorBSDgoTo5ahyoschanelkabwhei AatReCar¥iSAdditional ly,

controller GgegggiggeéugaceragogﬁgggrSgsggigggofﬂtUB?Eeéngtates Patent
Application No. 10/887,591, entitled “Method and System for
Flow Measurement and Validation of a Mass Flow Controller,”
by Tison et al., filed August 7, 2004, which is hereby

fully incorporated by reference herein.

[0028] When valve 42 is opened (with valve 40 remaining closed in
the example of FIGURE 1), gas can flow through sonic nozzle
35. In this case, controller 60 can calculate the flow
rate using sonic nozzle system 30. The mass flow rate
through sonic nozzle 35 can be governed by the temperature
(T) of the gas, the gas heat capacity ratio (V), the gas
constant (R), the gas density (p) (which is either known or
can be calculated based on the gas constant, upstream
pressure and temperature) and the cross sectional area (A)

of sonic nozzle 35 such that:

massflowrate = pA WRT [EQ. 2]

or
[EQ. 3]

PAW
RT

A=cross sectional area of sonic nozzle

massflowrate =

R=gas constant

T=Temperature

P=Pressure upstream of sonic nozzle
p=gas density (known or equal to P/ (RT))

y=Heat capacity ratio



changes in gas tenperature that may occur using well knownthernodynamn c
equations. The volunmetric flow rate can either be calculated in a manner
simlar twothe/sess flow rate or can be cal cul ated baseeCoruseivs/onass fl ow
rate and density of the gas in systent10. [0027] According to enbodi nents
of the present invention, the primary flow neasurenent technique may be
performed as described in 1SO 5725-1 or can include rate of rise techniques
such as those described in United States Patent Application No. 10/887,591,

entitl . hod and m f or o] a i dat{on;9f a Mass
Flomﬂgﬁggﬁgﬁ%%r? o%@ %?2% .e%,a}ﬁ%,M%%$Z§H%§S§§%e7ﬂe %g%kgﬁm%?cﬁgis her eby
ful l'y incor porateel Pypreferiencea hetei hhe [ 90283 uhenpvaleam 49f | soBbened

(with valve 40 remaining closed in the exa of Fl GURE 1 fl
t hr ough soni%oﬁ%&§l%535.C¢%S?ﬂP§nE5¥e,c%%?$$£f?ﬁr6gocégnc%% %%?ggztﬁﬁg flgw

rate using spni¢ pogzle,system 8Re Jhessass hbowreaheothsongh sonktensszl e
35 can be governed by the tenperature (T) of the gas, the gas heat capacity

g?tLgn(gL,C;?ﬁu?ifeg@ﬁit@ﬂMSiF¥% t Rergasrdensi 89nEp) NPRELER FS either known
ed_on _the. ga
tenperature)a%ﬂﬁth@aE? sagh 5 §3C095%§§tg?yp§§rggg1Qﬁ§§§ggﬁ and

8ctronal ~ar ea soni ¢ nozzl e 35 such that:
or PA)gRT megsébowrat epr fE&11d3bE RT Asasvssweettimesakhar éawnktseninc

nozzl e R=gas const ant
pressure (e.g. the pressure at point 92), though the
present invention can incorporate new sonic nozzles that
require a smaller pressure differential as they are
developed. It should be noted that the cross~sectional

area of the sonic nozzle can be adjustable.

[0030] Thus, according to one embodiment of the present invention,
controller 60 can, in a first mode of operation, calculate
a flow rate as a fluid accumulates in a constant volume
chamber based on the change in pressure over time and, in a
second mode of operation, calculate the flow rate as the
fluid passes through the sonic nozzle based on the density
of the fluid or the pressure of the fluid upstream of the

sonic nozzle.

[0031] In the embodiment shown in FIGURE 1, both sonic nozzle 35
and constant volume chamber 25 are upstream of first valve
40. Consequently, when valve 40 is closed and valve 42
opened to direct the gas flow to sonic nozzle system 30,
the pressure will initially rise in constant volume chamber
25 until constant volume chamber 25 equilibrates. When
this occurs, a steady pressure (P) will establish in front
of (i.e., upstream of) sonic nozzle 35. Controller 60 can
be configured to delay calculating flow according to the
second mode of operation until constant volume chamber 25

has had time to equilibrate.



T=Tenper ature P=Pressure upstream of sonic nozzle p=gas density (known or
equal to P/ (RT)) Y=Heat capacity ratio[0029] A s shown in EQ 3 , the nmass
fl ow rat ewonoeyss®em 10 is directly proportional to the prceamsoeos/ougssream of
soni ¢ nozzl e 35. Consequently, cont Iﬁgl | er 60 can calculate the flowrate
based on the pressure upstream of sonic nozzle 35 or the gas' density. For

current sonic nozzles to approximtely adhere to EQ 2 and EQ 3 , the
upst [@38 pr €sguea t( Ppnshonitd visd Uit |SA3erewe 3 r?é:é:‘%rﬁé?eié’mﬁ?%%ﬁ é]eoé’%ure

(e.g. the pressure at point :92)..t hough rese i i GAY
i ncor por aterr?ev?/sso(r?i'g'ng]zl[zaﬁlel%t Ht hL(r}legl'fuiriarcglpgaeloso%faI'Irbtelr é&%?idﬂ ditferential

?ﬁ they aredéel?taht@m@ds Ipte(aj:slrrdHiuthe( 10t edahatt o He dreossrskdtliteiz Reea of
e sonic nozzle can be adjustahle. [003 Thus, _accordi
embodi nent SEHE dr5e§éﬁ’fn)i'n\)“’é‘rﬁblieorﬁird:§ﬁ‘t S ZcZgLﬁ:’, Sirl%ttae%ﬁo;%n node of

operation, calGul Al A rd-QratE A8 @tfduiith acangates 3 nslprconstant
vol ume chanber based"on the change in pressure over tinme and, in a second

node of opersdtdron, calculate the flow rate as the fluid passes through the
soni ¢ nozzl e based on the density of the fluid or the pressure of the fluid
upst [ earBdf ddresespnint gz Aod OG3Ls |af tie et e it EHYWT 8 GURE 1

val Ve 40, _COEBGIr ISPESMAR Vil VB G0 S God ot vaTve 45 somned 1o

direct the gas{dRVid arsaNiKaVOzZater ByEiies Ihndde of egsurabidityinidsally

rise in constiant vol unme chanber
the flow rate in system 10 approaches the upper limit of
constant volume system 20’s range of operability (or other
arbitrary limit, typically in the overlap range),
controller 60 can open valve 42, thereby allowing gas to
flow through sonic nozzle 35. As an example of switching
between using constant volume system 20 and sonic nozzle
system 30 for determining the gas flow rate, assume
constant volume system 20 employs a 10 liter constant
volume chamber 25. If controller 60 detects that the flow
rate (e.g. %rom the rate of pressure change in system 10)
has exceeded 4.5 slpm (i.e. a rate of pressure change
greater than 7 psi per minute), controller 60 can open
valve 42 thereby directing the gas flow to sonic nozzle 35.
Similarly if the detected flow rate drops below a preset
value, say 4 slmp, controller 60 can close valve 42,
thereby directing gas flow to constant volume system 20.
Thus, embodiments of the present invention can employ a
smart system able to transparently switch from low fiow
rate measurements using a constant volume to high flow rate
measurements using a sonic nozzle (i.e., to switch between
the first and second modes of operation). The preset
thresholds discussed above were given by way of example
only and any predefined parameter and threshold can be

used. Moreover, the embodiments of the present invention



25 until constant volume chanber 25 equilibrates. When this occurs, a

steady pressure (P) will establish in front of (i.e., upstream of)1soni C

nozzl e 35WO0CoswmssdzBer 60 can be configured to del ay cal ecratseeg/ofidiesy

according to the second node of opeﬁé?ion until constant vol unme chanber 25

giiu?as It| me to equH i brate.[0032] Current constant volume systens can
urately measure ow rates (e.g. within 1% in a range of .

cubi ¢ centi netreriqqeepariatift N PEEe i 4P 55%%%@614]?%%?38C ﬁg%zﬁgsggr&

sl pm) while current .soni ¢ . £

- 3 'Wf&éf eeﬁlsbf: ACOW Batie) Yo STeasdly eafd ow rates
I'n arange Osry_%teglslomatvolrgeb sI'pm %%3 CO?IAS}EQUentIyt?} eanbodi ments of the
present i nverdv&rbrean anpliye araoyest antverol alev e ydt em 201 HibE at Bonf €ORzzI e

system 30 that have overl appi ng ranges of operability. A s the flowrate in
system 10 appk o%é%r@csr?é“hp]ﬁﬁgrﬁjn?r?‘ of constant volunme system 20' s range

of operability (or other arbitrary limt, typically in the overlap ra
cont 16PBé1 FRceenfigpefv QN AP0 H%?%J%)P%I%EW Bﬁe%?%ttjonY?%w(f%f gughngg%i c

nozzle 35. A s an exammi® of, swid chidd Pt Wesn: as§a g% £0hsé a1 Yot yireo syst em
2 0 and soni ¢ hozzle system%o for det ermyn\%ﬁgrth% gaso?ﬁsow rzte,yas:u?/re

ggztstalnlt voIG%éﬁ;fScyaJtt Bor20e enpl @agsoan10f ot t ehae@Rst Bnt SYIF efel BhafBel 25. |f
rol I er etects that the flowrate (e f e

change in syStanyad)t’ha _%xcé]é%%l%ds%f%l%ﬁl%% %??%.ggn%%%]eséﬁigrgéggggsiﬁgﬁge
greater thanAftﬁéﬁ??eEh@1@ﬁé@%—se@@ﬂéﬁ@l|@fe@Ooﬁaﬂh®peonﬂalHeZdZSthereby

directing the gas ow to sonic nozzle 35. Simlarly_jf
rate drops beVpicalbyesemains stable, tungsten, hengiorggg gSEEBE%ganOW

trichloride gases, and other toxic gasses associated with
semiconductor manufacturing can leave deposits in sonic
nozzle 35 causing the throat area of sonic nozzle 35 to
change. If not accounted for, this can lead to
inaccuracies in calculating the mass flow rate using on
sonic nozzle system 30. Embodiments of the present
invention can recalibrate to compensate for such a change
without requiring removal and replacement of sonic nozzle

35.

[0035] Using the previous example in which the constant volume
system and sonic nozzle system have an overlap range from
3slmp to 5slmp, a gas flow can be introduced to system 10
and controller 60 can calculate the mass flow rate from
constant volume system 20 using EQ 1, above. If the flow
rate is within the overlap range (e.g. 3-5slmp in terms of
volumetric flow rate), controller 60 can cause valve 42 to
open, thereby directing the gas flow to sonic nozzle 70.
“When constant volume chamber 25 equilibrates and a steady
pressure is established upstream of sonic nozzle 35,
controller 60 can calculate the flow rate using sonic
nozzle system 30. If the flow rate calculated using sonic
nozzle system 30 does not match the flow rate calculated

using constant volume system 20 within an acceptable degree



val ue, say 4 sinp, controller 60 can close valve 42, thereby directing gas
flow to constant vol unme system 20. Thus, enbodi nents of the present

i nvent i orwoanosepi2ey a smart system.gbl e to transparent pgTasRash4Inom | ow
fl ow rate neasurenents using a consr@nt volune to high flow rate
measurenents using a sonic nozzle (i.e., to swtch between the first and
second nodes of operation) . The preset threshaolds discussed above were

gi ven by way foferexanpltdichlgaraid Y51 deta théd paarst esrecgcr?uont é5ol d can
be used. Moreover,. t@l%zez@eodgmss quar{g}ga.pr es8HrJinwantdm@nean i ncor porate
const ant vol O§1yls ems ‘and soni c nozzle systens having w der ranges of
operabi | i ty @s duheyw are rdevetoped st itdre T angs Gvdrabmvel ddeotle i m t
the scope of the present invention. [0034] According to one enbodi nent of
the present Ihwentivno%ontroller 60 can use the overlap range of
operability to self-calibrate to account for changes in system 10, such as
changes in the cross-sect'gﬁﬁ”ﬂﬁﬁ%ﬁwof the sqmic n9zzle. Al though the
cross-sectional area of the sqﬁngnozzle typically renmai ns stable,
tungsten, hexafloride and boron trichloride gases, and ot her toxic gasses
associ ated with sem conduct or jganuf acturing can | eave deposits in sonic
nozzl e 35 causing the throat area of sonic nozzle 35 to change. |If not
accounted for, this can Ilzgdndsa’lde‘atﬁé‘tﬁﬁci es iE@t cahculating the mass flow
rate using on sonic nozzl ‘systgjjﬁsp Enbodi n[e ‘s (lf the present invention
can recalibrate to conpensate for such a change wi thout requiring renoval
and repl acenent of sonic nozzle 35. '

A=cross sectional area of sonic nozzle
p=gas density (known or equal to P/ (RT))
R=gas constant

T=Temperature

P=Pressure upstream of sonic nozzle
Y=Heat capacity ratio

massflowrate= flow rate calculated from

constant volume system.

[0036] Controller 60 can now use the new value for the cross
sectional area of sonic nozzle 35 when calculating flow
rates through sonic nozzle 35. 1In this manner, embodiments
of the present invention can use the overlap range (e.g., 3
slpm to 5 slpm) to calibrate the sonic nozzle on a real
time basis. The operating characteristics of the sonic
nozzle allow for one point calibration and extension to
higher flows. Recalibration of sonic nozzle 35 can occur
"according to a predetermined schedule or on an ad hoc -
basis. It should also be noted that if sonic nozzle 35 is
adjustable, the same methodology can be used to determine
the cross-sectional area of sonic nozzle 35 for various

sized openings.



[ 0035] Using the previous exanple in which the constant vol une system and
soni ¢ nozzl e system have an overlap range from3slnp to 5slnp, a gas flow
can be i nwoadwosss2z80 system 10 and é%ntrol | er 60 can calPculst@sE4srass
flowrate from constant vol une system 20 using EQ 1 , above. If the flow
rate is within the overlap range (e.g. 3-5slnp in terns of volunetric flow
rate) , controller 60 can cause valve 42 to apen, thereb dieret tei ng the gas
f 1 ow[ 0033 bniEnbczziea t20 cANE® EGRSATH %Wqﬂﬁo@hﬁ?ﬁjeralz%}/euqsw I ::hb

rates and a
st eady pr essure ias gst g iished jupsteam of g5eM)C Muzzl eyadd,ugionfrol | er 60
can cal cul attd ThéS I'oW Tate usi ng soni c nozzle system30. If the flowrate
cal cul at ed wsin¥g ssaNnive oz l=y shyest & .30 Toe Ifotlate o thedFT ow FatE D
cal cul ated using constant volu stem 20 withi £ ept abt &, degreeof
error, this@afliaRfiiet &P t%sr]&?aﬁgé/c‘?o SR Sti%rﬁglzad;r%g of sonic nozzle 35
has changed. Qontyold e 60, Gan Gl Suth e saNelt arossedethdonal B éhg A) for
sonic nozzle 35 as follows: L = masf wate [EQ 4 ] g%gR}_ r IT§)sflowrate
*RT A=cross fSeot imrz b3 oal Wiindme Mo pafde dens? ty° (kn or equal to
P/ (RT)) R=gas .constant J=Tenper P PL 85 SHT & UPSt §68a0¢ Ofio50Td ¢ nozzl e
Y=Heat capac‘?cfrﬁltj?ogﬁ%r rr%as-s??rg\p/\(?lalta%&:gﬁ ow (?at e cal culated from

system 30. When a steady pressure establishes upstream of

sonic nozzle 35, controller 60 can calculate gamma as

follows:
( massflowrate X
y = pA [EQ. 6]
RT
or
RT *massflowrate. ,
PA )
Y= [EQ.7]

RT

y=Heat capacity ratio

A=cross sectional area of sonic nozzle
p=gas density (known or equal to P/ (RT))
R=gas constant

T=Temperature

P=Pressure upstream of sonic nozzle
massflowrate= flow rate calculated from

constant volume system.

[0038] In addition to calculating an unknown gamma, embodiments of
the present invention can calculate gamma for a gas with a
known gamma to determine if the controller must
recalibrate. Controller 60 can calculated gamma for a gas
for which gamma is already known, such as Nitrogen, using

EQ. 7 or EQ 8. If the calculated gamma does not match the



constant volume system Controller 60 can now use the new value for the
cross sectional area of sonic nozzle 35 when calculating flow rates through
soni ¢ nozawbeo@mesd2a t hi s nmanner, enqt i ments of the pregsemusondemiuodn can
use the overlap range (e.g., 3 slpmto 5 slpm to calibrate the sonic
nozzle on a real time basis. The operating characteristics of the sonic

nozzl e allow for one point calibration and extensign to higher f
Recal i brat i dmosfn smiea ndZdlse %ﬂ@arﬂr&%}d{ﬂteaé%@rtdiﬁbe t%agu%réod:et‘{eﬂ?yn\?hed

schedul e or ,on an ad hqg Qﬁﬁllt% I teshayl & alg hednoted tdaduld wonic
nozzl e 35 i?eaiﬁ}q.lsut a%cre?yt e saorrle em::t hodol glgy can be used tou determ ne the
Cross-sect i qraja landatodd somddinoizzial BF, fiore vadrd olisy st eek bperit 1y 3 0037]

Enbodi ments of the present invention can als ) h ver | range to
cal cul ate Y {Qfardf) 3010 Jdt¢ v c%ﬁs %unrfaovflo Iﬁrée (-?%%s %m&go. Tg

cal cul ate Y o8 95,44 oMb £arh beowh resiesrd o canss ante vohe ten 2

the flowrate for the gas can be deterlﬁ’ﬁed as di scussed nﬁ%es;@ | f tgeamjow
rate i s witrioutdefover | aps rangeayael gto st5° sTHGee E%‘H’Er%’rglé}%/ 60 can direct
the gas flow to sonic nozzle system 30. Wen a steady pressure establishes

upst reameof Gxamicohbzz| €0 35an comes ot hbeubdt ¢ drhe af Lol af 8t §ahieC3E" f ol | ows

massflowate 2 or * =
systemf?b S?fﬁé'g”%g%g%&n AﬁgiuméE§§sgém and a sonic nozzle

system over a range of flow rates. The flow rate
calculated by controller 60 can be used to calibrate mass
flow controllers, as would be understood by those of
ordinary skill in the art. If the constant volume system
and sonic nozzle system have overlapping ranges of
operability, controller 60 can use a flow rate calculated
using the constant volume system to calculate the cross
sectional area of the sonic nozzle, gamma for a particular

gas, the speed of sound for a gas and other parameters.

[0040] According to one embodiment of the present invention, the
system 10 can calibrated using a particular gas and this
information can be extended to other gases. For example,
the cross sectional area of the sonic nozzle can be
determined for the system 10 using Nitrogen gas. This

value can then be used in testing other gases in system 10.

[0041] Thus, embodiments of the present invention can include a
primary fluid flow measurement system (e.g., a constant
volume system), a secondary fluid flow measurement system
(e.g., a sonic nozzle system) and a controller. In a first

‘mode of operation, the controller can be configured to use
the primary fluid flow measurement system to calculate a
flow rate and, in a second mode operation, can be
configured to calculate the flow rate using the secondary

flow measurement system. The controller can automatically



Rl Y=Heat capacity ratio A=cross sectional area of sonic nozzle p=gas
density (known or equal to P/ (RT) ) R=gas constant T=Tenperature
P=Pr essurwoupstmesm of sonic nozzle ssfl owate= fl ow ratrascasouiiat ed from
constant volume system [0038] In a&g?ti on to cal cul ati ng an unknown ganma
enbodi nents of the present invention can cal culate ganma for a gas with a ’
known gamma to determne if the controller nmust recalibrate. Corgéﬁ)lc;]er 60

e

ch as

can cal cul ased tgameetiieena thas Fas WHg GdmmR S ST IKATGTT:
Nitrogen, u%;g%pt%h%atzm%r. EQ8 1y d faddie cal %&tﬁq&ﬁm@%@ﬁ Jwir g ch

t heknown gamre, “thi's coul d indicate that the value for "A" being used by
control |l er 6@rige iofcepeeebidnd yshaula dmeltrr@ddlamlca’etfed?al&dmatﬁ%ﬁg]q y, the

ability to calculate ganma for gas allows.the speed of.-s r agas t
be det er m né§ FBCAE ito f‘?r‘?pgéﬂaeﬂﬁjbts ST HES t%sgné'geaedﬂo%%sr}gau%éé forgasgag
is equal todhe square feet e Yind 003 ovConidnltameB0 wartdrius cal cul ate

the flow rate through system 10 using a constant volune system and soni ¢
nozzl e syst ¢raloverata aranigd ofdfieamip ke OmRAY | B radt E@lﬁrb eat‘é‘%eﬁiy

controller ?#ca be used to calibrate nass flow controllers, as woul d be

und;ar stoog r_[hoo ero:‘(-q"’losredsl'nary skill in the art. If the constant vol une
system and soni ¢ nozzl e system have, ogver i f L
cont FOPTE) GO e 3 IO D Tl e Bip "AREEE S0 £l RRE ARZLLY.

35 that can be employed in various embodiments of the
present invention. Sonic nozzle 35 can have an inlet 102
and outlet 104 and a restricted cross sectional area or
throat 106. Typically, for sonic nozzle 35 to adhere to
EQ. 2 and EQ 3, the upstream pressure (e.g. inlet side
pressure) must be at least two to three times the
downstream pressure (e.d. outlet side pressure). For many
applications, the primary parameter in selecting a sonic
nozzle is the cross sectional area or throat diameter,
which is generally selected based upon the desired flow
range. FIGURE 3 is a chart representing calculations for
exemplary embodiments of sonic nozzles. Axis 110
represents the desired flow range at which the sonic nozzle
will operate, axis 112 represent the pressure upstream of
sonic nozzle 35 and lines 114 represent sonic nozzles
having various throat diameters. In FIGURE 3, if an
embodiment of the present invention was designed to operate
in a pressure range of 10-100 Torr (approximately
represented by area 116), then, by way of example, a sonic
nozzle having diameters from .2 cm to 1 cm could be
selected. According to other embodiments of the present
invention a variable orifice sonic nozzle can be used.
Swagelok Company of Cleveland, Ohio, manufactures needle

valves that can act as variable orifice sonic nozzles.



usi ng the constant volunme systemto calculate the cross sectional area of
the sonic nozzle, ganma for a particular gas, the speed of sound for a gas
and ot herwpar@amssass. [ 0040] Accordggg t o one enbodi mentrCofustévs/opiiesent

i nvention, the system 10 can calibrated using a particular gas and this
informati on can be extended to other gases. For exanple, the cross
sectional area of the sonic nozzle can be determ ned for the stem 10

usi NPMN 1Y 0FEnUGaEs 4 Thi & Fabue cbadtt ReRUSETadedd PTG otter gases in

system 10. [0041] .Thu e i t f1ithe oy eserndJMerion cahd ncl ude a
primry fluf§3 nﬁezgﬁyg?n%%te%gy%ﬁ%g%d egg., a constant volune systen) , a

secondary f lgdictehltownreasuenentTsy steemoce of. FIEEGhi% rddzARE systen) and a

controller. In a first node of operati,on, the controller. figured
to use the rRRgHRetUCE GRS e BTyt em T &5 Clﬁf}%%%é&gf owéryate

and, in a S%ﬁ%dc 'H%dgo \ali O siGan thereorfHgure taxcaliilat éit ke f1 ow
rate using the secondary flow neasurenment system The controller can

aut omat i cal loswitetr petowssrs atherfd rase FRESt pet ATB T "RYnl Hode of
operation. If the des aof operati ve AP JAange operability,
the contr ol IS & b%acice&]:[i%%g%on%gﬁaer yé%ﬁéc))dv/\}%rréeasur ement q‘jsryst emusing a
flow rate calgud@atias f rom tdenpréTesy, fdoveineasilenerin syetierauical # b¥&t i on

data determ ned for one gas can then be used for other_gases I is
a cutaway visi ol xapled’ if $hite rﬁﬁ%?r%ug%t?hja? acag@llcnorbsetaemrrgl oyeﬁ %n

vari ous enboc%ixm%ls Offoé hg,present i nenti &n. 1 SOPhE dozat #nB5vehnmbave an
inlet 102 and outTet 4 and a restricted cross sectional area_or
chamber, the controller can recelve measurements of gas
parameters (e.g., temperature, pressure and or any other
gas parameter known in the art) from one or more Sensors
(step 204) and can calculate the flow rate of the gas (step
206) based on the change in gas pressure over time. This

can be done, for example according to EQ. 1.

[0044] At step 208, the controller can compare the calculated flow
rate to a threshold flow rate 210. If the calculated flow
rate does not exceed the threshold flow rate 210, control
can return to step 204. If, on the other hand, the
calculated flow rate exceeds threshold flow rate 210, the
controller, at step 212, can configure the set of valves to
allow the gas to pass through a sonic nozzle. When the
valves are configured to allow gas to pass through the
sonic nozzle, gas may still accumulate for a short while in
the constant volume chamber. To account for this, or to
otherwise allow the gas to reach an approximately steady
state, the controller, at step 214, can delay calculating
the flow rate for a predefined delay period.

[0045] The controller can receive measurements of various gas
parameters (e.g., temperature, pressure and or any other
gas parameter known in the art) (step 216) and, when the

delay period has elapsed, can calculate the flow rate of



throat 106. Typically, for sonic nozzle 35 to adhere to EQ 2 and EQ 3

the upstream pressure (e.g. inlet side pressure) nust be at |east two tb
three timee 200wnesir8nst ream pressure Qg.g. outl et side pPreTAse@p/0431EOr many
applications, the prinmary paraneter]in selecting a sonic nozzle is the
cross sectional area or throat dianeter, which is generally sel ected based

upon the desired flowrange. FIGJRE 3 is a chart representing cal cul ations
for exenpl aryhendsodivasrd of 0 S T | &S T P6ES ﬁgotﬁ%p?%%%‘gt%o%% ° déSired

fl ow range at, which th i | i i
he aak 1 éP“EﬁegfgesZBxgpé/Héaer@faE@e S Sc 142z 5 epresent the

pressure ups ni'c noz and 1 nes 114 represent sonic nozzles
havi ng vari ouscédidoss, df armeeeaspld n F GURE 3 oriEQand ehdoeld nehe) of The

present invention was designed to operate in_a pre 1
Torr (approx®FREeTy Pepteeihtet " %a?%?%?r?r?%%ﬁ?g%§a§§€gg?Q%Qa%%ggp a
soni ¢ nozzle having dianeters from. n1coulg%be 565%8%%9- ’

e orifice

2
Accorl@0h§ 1t ol ot Hes %m%@@i%%%?s°%fF¥%%R%p%;gE%e?ﬁ9%5¥? ©h Varra
soni ¢ nozzl eb&?xﬁ%l%:? ysed, . Swagsl okr Coppanyieh Cheye| apdicGhhoingabléact ures

needl e val ves ~can act as variable orifice sonic nozzles,[0043] FlIGURE
4is a flow chawtratéusssati ng bne meahgd bh REASERFAQOTEBWCEREEsTAcBor di ng

to an.enbodinent of the present jnvention. T f 4 i
enbodi ment oFeFﬁ%épW%S%ngfiﬂ?gﬁ?ibﬂ? &%hgbé ?%%Pg%%ﬁ?%g nggyggf g?tén one
conput er i nstEughi gASthbapraseuesecut abheiby afcehpuyes ppetessor oéndhare
stored on a conput er nennrg of a controller._ Accordi t e enbgdinent of
the present enuénthorzlehebasrereon| vhetherstsp Qéé?uggﬁegoggpauFé 8 set

exceeds a threshold flow rate. It should be noted however,
that the controller can switch between modes of operation
based on any predefined parameter. For example, switching
between modes of operation can occur based on the magnitude
of the change in pressure over time (dP/dt) or other
arbitrarily defined parameter. Additionally, the parameter
used to determine whether to switch from the first mode to
the second mode can be different than the parameter used to
determine whether to switch from the second mode to the
first mode. For example, the controller can switch from
the first mode of operation to the second mode of operation
based on if (dP/dt) exceeds a particular value and can
switch from the second mode of operation to the first mode
of operation if the calculated flow rate drops below a

predefined value.

[0047] Although the present invention has been described in detail
herein with reference to the illustrative embodiments, it
should be understood that the description is by way of
example only and is not to be construed in a limiting
sense. It is to be further understood, therefore, that
numerous changes in the details of the embodiments of this
invention and additional embodiments of this invention will

be apparent to, and may be made by, persons of ordinary



of valves to allow a gas to accunulate in a constant volunme chanber. A's
the gas accunul ates in the constant vol unme chanber, the controller can
recei ve neax006wei8s of gas par anet 2rs (e.g., tenperaturer/ysc@sousias and or
any other gas paraneter known in thé& art) fromone or nore sensors (step
204) and can calculate the flow rate of the gas (step 206) based on the
change in gas pressure over tine. This can be done, for exanpl.e accq r.di ng
to EQ 1 . [0044] iAt tétepI20BaVERE EEREEEMCEr toar NdemsaSs 1 1081 cul it ed
flowratetoathresh a 2 | f I aled dilwirate does
not exceed tife PR %%efoi gcﬁagtattagl J1981Chcc§:ntr e%gggll% eturn to step 204. If,
on the ot heren{%@(imetﬂtes calculiatac fdhew setE texoseds uechreastid @ [t&W s at e
210, the controller, at step 212 n configure the set of valves to allow
the gas to ﬁélé@nttH%Ugﬁ? &0 (?(z:'ﬂ “e. Wen the valves are configured to
all ow gas to pass through the sonl c nozzle, gas may still accunulate for a
short while in the constant vol une chanber. To account for this, or to
otherwise allow the gas to reach an approxi mately steady state, the
controller, at step 214, can delay calculating the flowrate for a

predefi ned del ay period. [0045] The controller can receive nmeasurenents of
various gas paraneters (e.g., tenperature, pressure and or any other gas
paranmeter known in the art) (step 216) and, when the delay period has

el apsed, can calculate the flow rate ofg the gas based on a pressure
upstream of the sonic nozzle or the density of the gas upstream of the
soni ¢ nozzle according, for exanple, to EQ 2 or EQ 3 (step 218) . The



process of FIGURE 4 can be arbitrarily repeated (step 220) . [004 6 ] In
t he enbodi nent of FIGURE 4 , the controller switches between a first node
of oper atwornogeness2s cal cul ating the flow rate based on trhe/ushasgesiun
pressure over tine) to a second mode” of operation (e.g., calculating the
flow rate based on the pressure or density of the gas upstream of the sonic
nozzl e) based on whether the calculated flow rate exceeds a threshold flow
rat eWHRT $RoUL8IMEDndBed however, that the controller can switch between
nodes of operation,bas o] fi,n a t glr. JFa@r yexanpl e,
smﬁtchinggbetaBEHSESHegggfagg§¥g$%§§%cgn%gggu?éggs25 on the ﬁagnitude of
the ehapegesifgpressure over tinme (dP/dt) or other arbitrarily defined
parameter. Additionally, the paraneter used to determ ne whether to switch
fromthe Bi PEiMAEde SOV RE2SBEGRE ode 5¢aM ' be different than the paraneter
used 1o def eribng uheldes haaSWibaBfr epsten second idermnibe thiorst mode.
For exanple, the controller can swwtch fromthe first node of operation to
t he secondhrodeiofropdrlari osalsasemest SYStEP/idt) exceeds a particul ar val ue
and can switch fr t he secand of rati ifeste ARAR caf
operationaiFOPﬁ§42£%5n%%P geEIS&PS§§%E3$%%g%Egﬁgﬁfgm%ggﬁ%%ﬁﬁgd val ue.
[ 0047}, Altaouah dnide iy eSent measentanemthas sieen déscridrdtrdliedet ai | herein
with reference to the illustrative enbodinments, it should be understood
t hat advwprdesadisption is by way of exanple only and is not to be construed
inalimting %gg%%04§$%§ to be further understood, therefore, that

t he det

numer ous changes I'n ails of the enmbodi nents of this _
a memory accessible by the processor, the memory storing

a set of computer instructions comprising instructions executable

by the processor to:

in a first mode of operation, calculate a flow rate

using the primary flow measurement system; and

in a second mode of operation, calculate the flow

rate using the secondary flow measurement system; and

switch between the first mode of operation and the

second mode of operation based on a predefined parameter.

2. The system of Claim 1, wherein the primary flow
measurement system is one of a constant volume system, a constant

pressure system, or a gravimetric flow measurement system.

3. The syétem of Claim 2, wherein the secondary flow
measurement system is one of a sonic nozzle system, a laminar flow
meter, a variable conductance used as a differential pressure flow
meter, an ultrasonic flow meter, a coriolis flow meter, or a

thermal mass flow meter.

4. A system of determining a flow rate of a fluid
comprising:

a constant volume chamber;



i nvention and additional enbodinents of this invention will be apparent to,
and may be nade by, persons of ordinaryskill in the art having reference to
t hi s descwOpbecsss2Bt i s contenplateg that all such changes/iseasadiiiug i onal
enbodi nents are within the spirit a 8 true scope of this invention as
claimed below. WHAT IS CLAIMED IS : 1 . A systemfor determning a flowrate
of a fluid, conprising: a prinmary flow neasurenment syste sqgondary flow
neasurennmtsqn&ﬂenniziqIin(flﬂﬂﬁﬂﬁﬁ%%&ﬁ%ﬁ?%ﬁ931W%ﬁprﬁ%§né%P§%?ﬁw measur enent
systemy a cqntroller coupled to the primary flow nmeasurenment system and the
secdﬁﬁ%?@eféhﬁﬂ&ﬁE&Surenent system the controller conprising: a processor;
a Menory accessihbee by e practssored the donery atbkewneh sefleidcbput er

i nstructions conprising instructions execut abl e he processor to: in a
firs¢h¢nﬁnﬁ%ﬁa%%eY%&W%ﬁLCQ%QQEEaf%dat??cﬁ??%fénﬂgg%%’the primary flow

neasureneggn%g§geg5n +dy - Sesond smdecpfpapenateos, ofatical Ateitdhe fl ow
rate using the secondary fl ow neasurenent system and switch between the

firsin#ode of operation and the second node of operation based on a

predefined paraneter. 2 . Th S ' - whetel pot hecprigary fl ow
neasurene%tg%QEFE PE ShePD §a§§o%§€;%%n§%?%2%ég§§ em a constant pressure

Syst 80} sQFcRelt 8ViERBhItige f bomsoraS UL BEROONEYSt bar BompTheisgstem of Caim 2
, Wherein the secondary fl ow neasurenent systemis one of a sonic nozzle
system a | am AaPTPFBRFOL/

a memory accessible by the processor, the memory storing

a set of computer instructions comprising instructions executable

by the processor to:
in a first mode of operation, calculate the flow

rate as fluid accumulates in the constant volume chamber; and

in a second mode of operation, calculate the flow

rate as the fluid flows through the sonic nozzle; and

switch between the first mode of operation and the

second mode of operation.

5. The system of Claim 4, wherein, in the first mode of
operation, the flow rate is calculated based on the change in
pressure over time of the fluid.

6. The system of Claim 5, wherein the flow rate is

approximately calculated according to —=——7.

7. The system of Claim 4, wherein, in the second mode of

'operation, the flow rate is calculated based on a fluid pressure.



nmeter, a variable conductance used as a differential pressure flow neter,
an ultrasonic flow neter, a coriolis flow neter, or a thermal mass fl ow
met er. 4 woOAl&yssam of determ ning % flowrate of a fluipdTasomsiosing: a
constant vol une chanber;a sonic noz Pe in fluid comunication with the
constant vol unme chanber; one or nore valves configured to direct a flow of
a fluid to the constant vol une chanber and the sonic nozzle; sensors
configuraﬁ.tdTheaQY@M@no®fp%l@h@t%rsw%@r$h%rf%%iEhea%%C%n%dﬁ?agl?gr coupl ed

to the sensors confjigured cej DEAS L1 9mbhe-86R80h1§, tbhe
cont PR 2T LeRpF IS %ﬁwaF%¢§C%§S%¢¥?% nengéggggégggible bycthe pr%cessor,

the nmenory stor Qﬁﬁgiset of conputer instructions conprising instructions
execy&g?kﬁwm%gikL;mppessor to: in a first node of operation, calculate the
flowrate as fluiRll accunmul ates in the constant volune chanber; and in a
second node of operation, calculate the flowrate as the fluid flows

t hrough the sonic nozzle; and swtch between the first node of operation
and the sgcongnaDdeseEmoper albon. 45 whdbeisystemtof Ekapnd4modgherdein, in

the first node of operation, the flowrate |s cal cul at bas he
changeeiatprassitire &Vey FpriB of FﬁéCFFﬁFﬁg %a?e h8ns§s%gﬁﬁgfggpgﬁ§&5 ,
wherein the flowrate is dmdP V appr ox mat el y calculated accor d ngt o

10. The system of Claim 9, wherein, in the second mode of

operation, the flow rate 1is approximately calculated according to

massflowrate

p)YRT

A=

11. The system of Claim 4, wherein the computer instructions
further comprise instructions to delay calculating the flow rate
according to the second mode of operation to allow the constant

volume chamber to equilibrate.

12. The system of Claim 4, wherein the computer instructions
further comprise instructions executable to:

calculate the flow rate according to the first mode of
operation in an overlap range of flow rates; and

calculate a cross sectional area of the sonic nozzle based on

the flow rate calculated according to the first mode of operation.

13. The system of Claim 12, wherein the cross sectional area

of the sonic nozzle is approximately calculated according to

- massflowrate* RT

PW

4



dt dt RT 7. The systemof Claim4, wherein, i n the second node of
operation, the flowrate i s calculated based on a fluid pressure .8 . The
syst em ofwQ@l2a0am63528 wherein, in the,gsecond node of oper &Cirars2o00se31fi$ ow rat e
is approximtely cal cul ated according to PA) gRT massflowate = RT 9 . The
systemof Claim4 , wherein, in the second node of operation, the flowrate
is calculated based on a fluid density. 10., The system of i
wher ei n, 4. t Hehes esoicEhote ©F2Bperat i BIETTHR ITA(EEES ?%%%%‘?%%%%?am y
cal cul ated according { S = caP} YRt dd. adhersysg erwof C ai m 4
, \/\h%% %khet%%mc%r%u elfé)i{n%t%%ﬁ!\%%i%ﬁ her conprise instructions to del ay
cal cul afpagiowhe f| ow rate according to the second node of operation to
allow=rh67ﬁ§FWaﬁt vol une chanber to equilibrate. 12. The systemof Claim4
, wherei nP conmputer instructions further conprise instructions
executable to: calculate the flow rate according to the first node of
operation in an overlap range of flow rates; and calculate a cross,
sectional 1grearpf &he-&ANHE 0Dazhes paskdrennt hbef towonhes tapEgrateéans
according to the first node of operation. iB. tThe systemof Claim 12,
wher Binthbe cpoREiSeciNERENCAFBBSoPXERBCEBAFC RozzI e is approxi matel y
cal cul ated acgor gy ngh%of%ﬁSEEQW atesRiiRy) 8B Thd. rThetsystiemodf C ai m 12,
wherei n t H8-Cr'o8s sécti onal area

operation in an overlap range; and

calculate a heat capacity ratio of the fluid based on a the

flow rate calculated according to the first mode of operation.

16. The system of Claim 15, wherein the heat capacity ratio
RT* massﬂowrate) )

. _ P4
is approximately calculated according to y = RT

17. The system of Claim 15, wherein the heat capacity ratio

(nnaS§77ovvrate)2
. pA

is approximately calculated according to y= 7T

18. The system of Claim 4, further comprising:

one or more valves to regulated the flow through the system;

and

wherein the computer instructions further comprise

instructions executable to control said one or more valves to

regulate the flow.

19. The system of Claim 18, wherein said one or more valves

comprise:
a first valve downstream of the constant volume chamber; and

a second valve downstream of the sonic nozzle.



of the sonic nozzle is approxi mtely cal cul ated according to massfl

= - p)YgR T 15. The systemof Caim4 , wherein the corrpgter instrugr{gag A
further cwopnic@®si2astructions executable to: cal cul ate the/Usbevonaue
according to the first node of operation in an overlap range; and calcul ate
a heat capacity ratio of the fluid based on a the flow rate cal cul ated
according to the first node of operation. 16. The systemof Caim15

wher ei n th@.héﬁuaqap@t¢my0fa$l@ﬁm24D*W%@é%¥moV?%I%l Wi 63 5P pr ORP bt ef y2
calgglateg according to g =P A . 17. The systemof C aim 15, wherein the
heat™t3pa 1% T3tF0 massflowate 2 p~A is approxi mately cal cul at ed
accordingto g =- RT 18. The systemof Caim4 , further conprising: one

or nore valves to regulated the, flow through the te n i
conput er ?hst riiee i onstElr Phet I etiip is@h?ﬁggPu%??oﬁ%égxg%agagfﬁp?%g%gn%?gl
said _one or. nore, yal ygg.to regulate the flow 19. The systemof Caim 18,

wherein sard one or nore val ve i : i
s conprise: a first valve downstream of t
constant vol unme chanber; and ne

22. The system of Claim 4, wherein the computer instructions
are executable to switch between the first mode of operation and

the second mode of operation based on a predefined parameter.

23. The system of claim 4, wherein the sonic nozzle 1is a

variable orifice sonic nozzle.

24. A method of determining a flow rate of a fluid
comprising:

for a first mode of operation, calculating the flow rate as
fluid accumulates in a constant volume chamber for a first range

of flow rates; and

for a second mode of operation, calculating the flow rate as
the fluid flows through the sonic nozzle; and
switching between the first mode of operation and the second

mode of operation.

25. The method of Claim 24, wherein, in the first mode of
operation, the flow rate is calculated based on the change in

pressure over time of the fluid.

26. The method of Claim 25, wherein, in the first mode of
operation, the flow rate is approximately)célculated according to
dm _dP ¥
dt dt RT



a second val ve downstream of the sonic nozzle.20. The systemof Claim4 ,
wherein the flow rate conprises a mass flowrate. 21. The systemof Caimi4
,  Wher ei rwoheoddessesr at e conpri ses a \éol unetric flow rat @TAR2005l0e318y st em of
Claim4 , wherein the conmputer instfuctions are executable to switch
between the first node of operation and the second node of operation based
on a predefined paraneter. 23. The systemof claimi4 , mherginoégeofonic
nozzl e | 2% vatiabhetlerd oL kv 2hoHrere Wy, A bt RodCor At ¥t Hi AT ng a

flowrate of a f)ui | S1 19" of Dhy Bat bl 92 S8l 2 0pEE ki pRossateul at i ng
t he ??%ﬁﬁﬁ%ﬁ%’é%hglﬁ%gﬁggétﬁu?%t%é i1 & constant vol ume charber for a first

range of flow rates; and for a second node of operation, calculating the

fl t the fluid fl h th : ; u'atl
bet veen Ho 11758 HOHEODT ShpetaLTon antfhe Socoadt heds or aparati on

econd node of operation. 25.

The 8?&?99'&5 Q Rk m:24y E’Q@éeig,afﬁﬁrbﬁ@mété}?y oetleudbteperatpodingheof | ow
rate 1s cal cul ated based on the change in pressure over time of the fluid.

26. The net hod qu),@]ai m 25, wherein, in the first node of operation, the

f I owni¥fRwirsteapproxirat el y cal cul ated according to dm _dPVdt ~dt RT

' 27. The method ofTd ai m 24, wherein, in the second node of operation, the
flowrate is calcul ated based on a fluid pressure. 28. The nethod of Caim
27, wherein, in the second node of operation, the flowrate is

appr oxi magely takcmeahed afc6ldiimg2fle wherein, in the second mode of

operation, the flow rate is calculated based on a fluid density.

30. The method of Claim 29, wherein, in the second mode of

operation, the flow rate is approximately calculated according to

massflowrate

p)yRT

A=

31. The method of Claim 24, further comprising delaying
calculating the flow rate according to the second mode of

operation to allow the constant volume chamber to equilibrate.

32. The method of Claim 24, further comprising:
calculating the flow rate according to the first mode of

operation in an overlap range of flow rates; and

calculating a cross sectional area of the sonic nozzle based

on the flow rate calculated according to the first mode of

operation.

33. The method of Claim 32, wherein the sonic nozzle»is a

variable orifice sonic nozzle.



PA) gRT massflowate = R T 29. The nethod of C aim 24, wherein, in the
second node of operation, the flowrate is calculated based on a fluid
density. 80.2006ve53528t hod of Cl aim 29,-wherein, in the seeomaSoeda431fis
operation, the flowrate is approxiimtely cal cul ated according to
massflowate A = - P)TRT 31. The nethod of C aim 24, further conprising

del aying calculating the flow rate_accqrding ta the second f
operati o4 o dlheweteoddist@iiyof4me’ raf'% BOUTT i er%ﬁc.%%g.aﬁ' e

met hod of C aim 24 ther GorpE i fh iy Cd cahBit &g dbeofdomg riade according
to t ﬁaﬁ s?o%%en%%é%%elrk%t? on I n an ovyerl ap range of flow rates; and

cal cul at;LgoRr&e®RS sectional area of the sonic nozzle based on the flow
r at eAakcﬁ%erdi ng to the first node of operation. 33. The method of
Cl ai m 32, in the sonic nozzle is a variable orifice sonic nozzle. 48
34. The nethod of C aim 32, wherein the cross sectional area of the sonic
nozzle is approximately cal cul ated according to massflowate *R T 35. The
met hod of 3€] ai m32n-wheaebn theimr68s seetébnathar eaoss sREts8RRE AB2Zle is

approxi mately cal cul ated according to ssflowate A = - ..
PP of the sgnic nozzle 1is approx%mateﬂ? caﬁ.c%atced according to

massflowrate

A=
p)IRT

36. The method of Claim 24, further comprising:

calculating the flow rate according to the first mode of
operation in an overlap range; and

calculating a heat capacity ratio of the fluid based on a the

flow rate calculated according to the first mode of operation.

37. The method of Claim 36, wherein the heat capacity ratio
| RT ”‘mcm:ﬂowmte)2

P4
RT

is approximately calculated according to y =

38. The method of Claim 36, wherein the heat capacity ratio

(massj’lowmz‘e)2
. pA

is approximately calculated according to y = I,

39. The method of Claim 24, further comprising:

controlling one or more valves to regulate the flow to the

constant volume chamber and sonic nozzle:

40. The method of Claim 24, wherein the flow rate comprises

a mass flow rate.



p )gR T 36. The nethod of O aim 24, further conprising: calculating the
flowrate according to the first node of operation in an overlap range; and
cal cul at iwQ 200dmeai28capacity rati o of, the fluid based onpaTtuseoosSloasn4s at e

cal cul ated according to the first rrgc?e of operation. 37. The method of

Claim 36, wherein the heat capacity ratio RT *massflowate 2 is

approxi mately cal cul ated according to PA R T 38. The nethod of C ai m 36,
wher ei n t he. heBite capblepdyof ft1vimadss | Bheaeen 2the HpplokxPhat EPYPLAPETI at ed
according to 39¢ E’fewrrggjegd of Claim 24, further conprising: controlling
one or "ADIES VA Ges T regul ate the flow to the constant vol une chanber and
soni ¢ nozzle. 40. The nmethod of Claim 24, wherein the flowrate conprises a
mass flow rate.41. The nmethod of Claim 24, wherein the flow rate conprises
a volunetric flowrate.



