1 2 DEC 2005 WO 02/ 086645 PCT/ US02/ 12051 MASS FLOW MXTFR SYSTEMS AND

METHODS Thi s patent, application clains lority based on provisi bRaPEC 2006
H@Mﬁ% filed on April 13, 2001

patent application U.S. Serial &mﬂm\\ﬂﬂm )
which is fylly incorporated her ence. 5 10 T FI ELD The
pr esent in%a)n /P%E&rel ates to systenmswsand nmet hods for mﬁﬁﬁﬂgﬁﬁﬂd
controlling mass fl ow and, nore specifically, to such systens and net hods
that allow precise nmeasurenent of mass -flow using a flow restriction and
pressure and tenperature sensors. ROUND OF THE | NVENTI ON I n many

di sciplines, the mass flow of a fluid nust be nmeasured with a high degree
of accuracy. For exdd88§ FLOWMETER SYSEEMS ANDCMETHODSact uri ng,

gasses and liquids often need to be delivered in precise quantities to
obtain desired results. Meters are used to neasure the mass of the fluid

actual I'y del i ver edThid pat&aapslivatie \@himd pES Sty RsddesiAstoViBidRal iphieMY dpBlicien €NP! Oy
a flowrestriction, a tenperature sensor, and pressure sensors for

det ecti ng t heUumhsefiale. B0RSS5IECHIDSh E&%ﬁmS,Qbof Wich iORIG §Rofdofdiddtrds Vel |
as the differential pressure across the flowrestriction. Mass flowis

determ ned frgmeferdbl € that correlates the pressure and tenperature
readings with predeterm ned mass flow rates. Such systens require at' | east
two 20 pressure sensors and a tenperature sensor to account for fluid

density, fhuid velocity, and fluimgceingeasitrgrpnder different tenperatures
and upstream and downstream

The present invention relates to systems and methods for measuring and
controlling mass flow and, more specifically, to such systems and methods that allow
precise measurement of mass flow using a flow resiriction and pressure and

temperature sensors.

10 BACKGROUND OF THE INVENTION

Iﬁ many disciplines, the mass flow of a fluid must be measured with a high
degree of accuracy. For example, in medical and semi-conductor manufacturing,.
gasses and liquids often need to be delivered in precise quantities to obtain desired

results.- Meters are used to measure the mass of the fluid actually delivered.
15 Conventional pressure-based mass flow meters employ a flow restriction, a
' temperature sensor, and pressure sensors for detecting the absolute pressure upstream
of the flow restriction as well as the differential pressure across the flow restriction.
Mass flow is determined from a table that correlates the pressure and temperature
readings with predetermined mass flow rates. Such systems require at least two
20  pressure sensors and a temperature sensor to account for fluid density, fluid velocity,
and fluid viscosity under different temperatures and .upstream and downstream

pressures.
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pressures. *@0002* 12 DEC 2005 WO 02/ 086645 PCT/ US02/ 12051 - 24 ThBEC 803
exists for mass flow neters that are sinpler and require | ess conpl ex
calculations to determine true mass flow. RELATED ART U.S. Patent No.
5,791, 369 i.shino et al. discloses a flowrate contrgll hat ,
purportedl‘{/(?ozwg‘?qau%res only one functional pressure trang'!&'{fﬁéolzl.éﬁv\ever, t he
controller disclosed in the '369 patent operates only in the sonic flow
regine, and this systemrequires that the inlet pressure be tw ce the
outlet pressure for the controller to function . properly. The flow
controller of the '369 patent thus operates only with very |ow flow rates,
only with gases, aFitneebexisinfoe mass ot ingtersphas swsirapleand|require fesepotpleam 10
In addition, the '369 patent discloses the use of a second pressure

t ransducer t ocaladationsfordetewhinn tribimagsflavst r eam pressure is nore than hal f of
the inlet pressure, and the controller shuts down when this condition is
net. U S. Patent No. 6,152,162 to Balazy et al. discloses a fluid flow
controller that requires two pressRERARERAREnents, one upstream and one
downstreamof a flow 15 restrictor. The '162 patent does not neasure nass
flow. The ' 162 ‘pat@éft PatestNenpTYy3s9ao Nisiiny etetlediscipseas: fléve ritk guntroller
restriction. Particles in the gas streamcan clog the filter, thereby
changi'ng the thel, puiporiedly,pregifiirgsrandys one fivhctignah prbsfure wanddacanc t ows/et, dse of
their flowrestriction and possibly deviating fromthe initial calibration
setting. U. S. cdarbbertdiddnsedbinkBS'3qD aténd opirhidbordy ér thel k@it flsw segimprand shis e
conpensated 20-nmass flow controller. The system described in the '708

pat ent conbi nestem redpdrestiat the inlet pressure be twice the outlet pressure for the controller to

function properly. The flow controller of the '369 patent thus operates only with very
low flow rates, only with gases, and must have effective pressure regulation upstream.
10  In addition, the '369 patent discloses the use of a second pressure transducer to
determine when'the downstream pressure is more than half of the inlet .pressure, and
the controller shuts down when this condition is met.
U.S. Patent No. 6,152,162 to Balazy et al. discloses a fluid flow éontroller that
requires two pressure measurements, one upstream and one downstream of a flow
15  restrictor. The '162 patent does not measure mass flow. The '162 patent also employs
a filter element as the flow restriction. Particles in the gas stream can clog the filter,
thereby changing thg relationship of pressure drop and flow characteristics of their
flow restriction and possibly deviating from the initial calibration setting.
U.S. Patent No. 6,138,708 to Waldbusser discloses a pressure compensated
20 mass flow controller. The system described in the '708 patent combines a thermal
mass flow controller with a thermal meter coupled to a dome-loaded pressure
regulator. Another pilot pressure regulator using an independent gas source loads the
dome of the pressure regulator upstream of the thermal mass flow controller. The

pilot regulator and the mass flow controller are controlled by a microprocessor so that



mass flow controller with a thermal nmeter coupled to a dome-| oaded pressure
regul ator. Another pilot pressure regulator using an independent g@&s? g
| oads the done of the pressure regul ator upstream of the therrra 0% ow
controller, The ilot regulator and the mass flow controller are
control | ed™V§248 6r‘?fcr oprocessor so that 12 DEC 2005 WO F5T(seH1es1
PCT/ US02/ 12051 -3- innlet pressure is controlled in concert with the flow
rate resulting in an inlet pressure indgpendent flow controller. BRIEF
DESCRI PTI ON OF THE DRAWNGS FIG 1 is a bl ock diagram depicting an
exenplary mass flow nmeter of the 5 present invention;, FIG 2 is an
exenpl ary pl otinlef prastuss i controllad ougncérhwithretealow Rstdsulfihglintn iPeRS8ds0R
illustrating the operation of the present invention; FIG 3 is a sonmewhat
schemati ¢' sedhdependenhiefiowlepitolling an exenpl ary nechani cal systemthat nmay
be used to inplenent a mass flow neter as depicted in to FIG 1; FIG 4 is
a bl ock diagramof a neter ci rcurt errpl oyed by the mass flow rreter of FIG
1; FIG, 5 is a detailed bl BRE DF THE MRAVINGE8t er circuit that
may be enployed by a mass flow met er errpl oyr ng the principles of the
present invention; FIG. 1K &Gbldeki diagiarh |depictipa@ a¥eniphity 9588 loWimeBE oL HRNP! ary
nmet hod of calibrating the nmass flow neter of FIG 1; FIG 7 is a plot of
mass fl ow tshr gugknttidventi®i;er versus fluid pressure for several different
fluid tenperatures illustrating conpensation for different fluid

FIG. 2 is an exemplary plot of mass flow through the meter versus fluid

 pressure illustrating the operation of the present invention;

FIG. 3 is a somewhat schematic'section view depicting an exemplary
mechanical system that fnay be used to implement a mass flow meter as depicted in

10 FIG. 1; |

. FIG. 4 is a block diagram of a meter circuit cmployeci by the mass flow meter
of FIG. 1;

FIG. 5 is a detailed block diagram of an exemplary meter circuit that may be
employed by a mass flow meter employing the principles of the present invention;

15 FIG. 6 is a flow diagram representing one exemplary method of calibrating the
mass flow meter of FIG. 1;

FIG. 7 is a plot of mass flow through the meter versus fluid pressure for
several different fluid temperatures illustrating compensation for different fluid
temperatures;

20 FIG. 8 isl an exemplary plot of mass flow through the meter versus fluid
pressure illustrating the basic principles of operation of the present invention applied
to a non-linear mass flow output;

FIG. 9 is a block diagram of an exemplary flow control system employing a

mass flow meter system of the present invention; and



tenmperatures; 20 FIG 8 is an exenplary plot of mass flow through,t?@&.ge}uﬁr
versus fluid pressure illustrating the basic principles of operatio £<005
the present invention applied to a non-linear nmass flow output; FIG 9 is
a bl ock diggr an exenplary flow control system enploying a nass flow
met er systg%(]g/m‘s?{‘?e present invention; and 1 2 DEC 2005 W?/@Q%‘MS

PCT/ US02/ 12051 -4 FIG 10 is a block diagramof an alternate enbodi nent of
a flow control system DETAILED DESCRI PRl ON OF THE PREFERRED EMBODI MENTS
[1] The follow ng discussion is organized in a nunber of sections. In the
5 first section, the basic operation and theory of the present invention
will be described FIG this &bieckdiagidm af pasalteinatovemimidéners \of tacfiow Kortrslecond
and third sections will describe exenplary mechanical and el ectrical
systens that G&fbe used to inplement the present invention. The fourth
section will describe one nethod of calibrating a mass flow neter system
constructed in accordance with the principles of the sent 10 invention.
The fifth section ‘dabaEbRERGE N OF SHERREFERRFD EMBODIMENTS

t hrough fourth section used as part of a nass flow controller. The sixth
section describeslldn afhedpliewing distusdiominergafized inaswmmbboof sectiving.olln thest em
The final section describes additional considerations that are typically
t aken i nt o’ ac&Estipactiomdke bagissipgutionyarsittieary n§ the pedsemgnention wilchy duscribed

i npl ementation of the present invention. 15 1 . Mass Flow Meter System [ 2)
Ref erring i ni i tie|opntest &f Gmass @owt meter systénng , Tha esgtatideshdathird Gedtfoas &4in i S an

describe exemplary mechanical and electrical systems that may be used to implement
the present invention. The fourth section will des'cribe one method of calibrating a
mass flow meter system constructed in accordance with the principles of the present

10  invention. The fifth section describes the mass flow meter described in the first
through fourth section used as part of é. mass ﬂow controller. The sixth section
describes an alternate embodiment of a masé flow control system. The final section
describes additional considerations that are typically taken into account when
designing and constructing a particular implementation of the present invention.

15 1. .Mass Flow Meter System l-

[2]  Referring initially to FIG. 1 of the drawing, depicted at 20 therein is an
exemplary mass flow meter system constructed in accordance with, and embodying,
the principles of the present invention. The meter system 20 comprises a mechanical
system 22 and an electrical system 24. The mechanical system 22 comprises a flow

20 restrictor 30 defining a restriction chamber 32 and a pressure balancing system 34.
The electrical system 24 comprises a pressure sensor 40, a temperature sensor 42, and

a meter circuit 44,



exenpl ary mass flow neter system constructed in accordance with, and
enbodying, the principles of the present invention. The neter sygtEh 205
conprises a nechanical system 22 and an el ectrical system 24. The

mechani cal 8y?(tem 22 conprises a flow 20 restrictor 30 defini n]g a
restricti oNOCHSBEr 32 and a pressure bal ancing syst em PEVUSEHEOY| ectri cal
system 24 conpri.ses a pressure 'sensor 40, a tenperature sensor 42, and -a
nmeter circuit 44. 1 2 DEC 2005 WO 02/ 086645 PCT/ US02/12051 -5 [3] The
mechani cal system 22 defines a fluid inlet 50 and a fluid outlet 52. The
inlet 50 and outle 2 e cqnnected t ource. or . supply 54 of
pressurized fluid t[%iﬁd ggﬁ%&?aﬁﬁ?\tsé'ﬁmﬁézgfg?qﬁi&tﬂ“ﬂ lﬂie&,SgP-‘l‘g‘b@EfiP%@t??- [ 4]
From t he disc sihgln fqbove, i t_shoul d be apparent that garti culars of the
5" source 54 a 8514 i Rt Berrragngepd tok SgHECe oF BRI Sdefrarraitizgd fivish t he
environment in ich the neter system 20 is used. For exanple, in a

medi cal envi r G2 Aestingten S6:f et Buidarespeptively.a bottle of pressurized gas and
t he destination 56 _nmay be a mxer that nixes the gas with air and

del i vered the mixt {fle” t Brom thadisevmsion abewy, i shrwddbe appatient thespariculprs of the

manuf acturing environnent, the source 54 may be a converter that 10
generates & sUAPCy SHaddestinatiomss meyianesignifieantiy dependingspen theenGronseniay be
a reaction chanber in which the gas is used as part of an industrial ‘
process. |n maRyvhichsthe metqssystern 2011y upnde Fon examsple.tine merdicat enGrpngnent, tizec k
pressure at the destination 56 may be unknown and/or variable.. [5] The
meter system 20WeY 54 maypedashaitle ofpressuiized gas anchihe destinetiatest ey be a ndi%erused as
part of a larger- systemin which pressuri-zed fluid thus flows fromthe
source 54 to thaimizksshé gast withhaisénd felivergh thewpixtre b ipatidnt 8sisg emvaiondlhe

pressure bal anci ng
means. In a manufacturing environment, the source 54 may be a converter that

10 generates a supply of gas from raw materials and the destination 56 may be a reaction
chamber in which the gas is used as part of an industrial process. In many C;l.SeS, the
supply pressure at the source 54 and .back pressure at the déstination 56 may be
unknown and/or variable..

[S]  The meter system 20 of the present invention is thus intended to be

15°  used as part of a larger system in which pressurized fluid thus flows from the source
54 to tiu; destination 56 through the mechanical system 22. The pressure balancing
system 34 maintains a constant differential pressure across the restriction chamber 32.

[6]  As depicted in FIG. 1, the exemplary flow restﬁctor 30 is variable. In

particular, when the meter system 20 is calibrated the flow restrictor 30 defines a

20 predetermined geofnetry and an effective cross-sectional area of the restriction
chamber 32. In the exemplary system 20, the flow restrictor 30 may be changed to
alter the geometry, and in particular the effective cross-sectional area, of the
restriction chamber 32. In other embodiments of the present invention, the flow

restrictor 30 need not be variable, but instead can be fabricated with a preset geometry



system 34 maintains a constant differential pressure across the restric n
chanber 32. [6] As depicted in FIG 1, the exenplary flow restri ct érDEfo dﬁ§
variable. In particular, when the neter system20 is calibrated the flow
restrictor g)o gefi nes a 20 predeterm ned geonetry and an _effective

cross- sect YO4P%%8%ea of the restriction chanber 32. In tpﬁngﬁmﬁ?lary system
20, the flowrestrictor 30 may be changed to alter the geonetry, and in
particular the effective cross-sectional-6area, of the restriction chanber
32. In other enbodinments of the present invention, the flow restrictor 30
need not be vg@% , but instead can be fabricated with a preset, _geonetry
1 2 DEC 2005 5% Bpss-1setonasase-1 JHi massorngy aptipeiide, @ siapdssd 058868 i onal
area. This may or nay ni)t .include a standard orifice, sonic orifice,

| ami nar fl ow né‘hé’ﬁ?ic‘bf ayrangr otlew (Rlempent role¥ariogs geomsirien Hpre agyasigble area
restriction. The use of a preset or variable flowrestrictor may affect the
process of cESWISHeR | hbe sl popraset oy wariahle flpwaresigicior nyy affeedhe pogess@fow. 5
[7] The pressure bal ancing system 34 is preferably a flow controller that
utilizes a neeHirmtiagthoragen syster 04y wilkhs discusssi helaWn a constant differenti al
pressure across the restriction chanber 32 even if the source and
destinati of pressuds a¥he pressimedalancing systamnb4 s prefsublyne Sharcontadller Ity
controllers are disclosed, for exanple, in U S. Patent No. 6,026,849

i ssued Decenbutilizes arg@banical degndgtion diysiem th Srairfain encongt@nt/fifferential iposssiBer .  No.
09/ 805, 708 .filed March 13, 2001 and commonly assigned with the present
application. #zomvbe restintiop rcbambare32badennt thegsosscstanth ddstinatign plessmrdsearan

el ectro-nechanical flow controller as disclosed in the '708 application.
The t eachi ngsunkmbwhloe vargbe. [Satienectanidaltflvey ¢onGBllapmk idiselosadnfonegample,dn por at ed
herein by reference. [8] The pressure and tenperature sensors 40 and 42 are
preferably el B& rRatent No. 6,026,849 issued December 2, 1999, and copending U.S. Patent

10  Application Ser. No. 09/805,708 filed March 13, 2001 and commonly assigned with
the present application. However, the pressure balancing system 34 may also be an
electro-mechanical flow controller as disclosed in the '708 application. The teachings
of the '849 patent and the '708 application are incorporated herein by reference.

8] The pressure and temperature sensors 40 and 42 are preferably electro-

15  mechanical transducers that convert pressure and temperature values into an electrical
signal. These sensors 40 and 42 are operatively connected to the mechanical system
22 to generate electrical signals indicative of the pressure and temperature,
respectively, of the fluid flowing through the mechanical system 22.

[9]  The meter circuit 44 stores or otherwise has access to calibration data

20 relating mass flow rate to pressure and temperature for a given ﬂuld The calibration
data includes a calibration factor calculated for a given restrictor 30 and a gas constant
determined by the characteristics of the gas flowing through the meter system 20.
The gas constant is based on the specific gas density or viscosity as related to

temperature changes.



15 nmechani cal transducers that convert pressure and tenperature val ues iako
an electrical signal. These sensors 40 and 42 are operatively conreBEe B0
t he nechani cal system 22 to generate electrical signals indicative of the
pressure and tenperature, respectively, of the fluid flow ng through the
mechani cal system 22. [9] The neter circujt 44 stores or otherw se has
access to calibration data 20 relating nass flowrate to pressure and
tenperature for a given fluid. The calibration data includes a calibration

factor cal cul d i : Qﬁﬁ{' . ep ned
by the charaé?gfig%%%ga%?h%ﬁgﬂgas P%&?ﬁgqg%?gﬁaﬁegﬁgt%@?%?éﬁéé¥g%$z . The
gas constant i s base n the specifi as densi t r Vviscosity,as | at ed
Lo tenper at MereRany 43 beacdsistt oy ptoit B Olteutonding th AN ooy phfiulat a
and the pressure and tengetature signals, the meter circuit 44 generates a
f1ow out put $TGR&l themeshamiridi Mgero2¢-hel Madewr PoRPopieRdlLMEY bentespigiedtdie
mechani cal system 22. The flow output signal may be recorded or displayed
or used as pé&tsplayed ar psadesrpagti af @uptger eircuiofer controlheg flbidi flow Ifiom fhecroutdee
source 5 54 to the destination 56. [11] Referring nowto FIG 2, depicted

therein at 604itstle dektdatioh 5pr essure versus mass fl ow t hrough the
restrictor 30 when the pressure balancing system 34 is connected across

the restrictor 30[apF deefdriiRghoAPRVEIG. A5 defiefedithereitCatl MW £ plot F pr8&ssre fl oW
output increases linearly with outlet pressure. This curve 80 is an effect

of the 10 idegls,gaRsd Aty tmugﬂ thel@trRorse! Wik th &su&%%%@ggﬁgepwgw g

non-linear conpressibility effects together as describ

equation (1) :COIIIDI}éCt:edI s glgé)rey'éhrlgtro?% as described above. As seen in the figure, the mass

flow output increases linearly with outlet pressure. This curve 60 is an effect of the
10 ideal gas law, which relates volume, mass, temperature, and non-linear
compressibility effects together as described by the following equation (1):
PV =mRIZ (1)
Where:
P = pressure,
15 m = mass,
V = volume,
R = Gas Constant (Universal),
T’ = temperature, and
Z = gas compressibility

3

20 (in the following discussion, a”” above any of these symbols denotes
a mass or volume flow rate)

[12] Dividing both sides of the ideal gas law equation by time yields the

following rate equation (2):

PV =mRTZ 2)



15 20 P = pressure, m= mass, V = volume, R = Gas Constant (Uni vqarzs&éé 20 T
= tenperature, and Z = gas conpressibility (in the follow ng di scussion, é
" above any of these synbols denotes a mass or volune flowrate) [12]
Dividing both sides of the ideal gas |aw equation by tine yields the
following rate equation (2): PV =nRTZ (2)g.12 DEC 2005 -8 [13] Solving for
the rate equation (2) for nmass flowrate yields the follow ng nass fl ow
rate equation (3): mm VP RTZ (3) [14] Rearranging the terns of the mass

flow rate equationiy elsdsid d Qi SRk )i -\ =
sl ope of the |i neglrMporS?%né]%frﬁEé;\@{ pélelz{)yltm%é11 TAAI%I'gi' %APIQ{& ZéP?LtS‘-j% ff'Iilr%(c)a"\ll'gélgope

of equation gn%)ss huwlfgttere?l&ﬁ%nt(@f rel ati onshi p between the mass

m=——2Pp 3)

[14] Rearranging the terms of the mass flow rate equation yields the
5 following slope equation (4):
Am_V__ slope of the linear portion of the plot = CONSTANT
AP RTZ
[15] The slope of equation (4) illustrates the relationship between the mass
flow rate and pressure for a given system and gas. If the pressure increases, the
amount of mass within a certain volume (i.e., density) will increase proportionally if
10 temperature remains constant. Experimental data showed that the temperature only
varied by a fraction of a degree throughout the entire experiment. Since the slope of
the plot remained constant, the end result was the volumetric flow rate for this device
remained constant through the entire pressure range until the pressure differential
pressure (i.e., inlet pressure minus outlet pressure) approached a critical value.
15 [16] In contrast, traditional flow meter devices that rely on pressure
measurements must take into account three factors: inlet pressure, inlet temperature,

and pressure differential across an orifice. The flow rate across an orifice, or similar

flow restriction, is expressed in general terms by the following flow rate equation (5):

. 1 JGp
m=K d2 ) ZTIfo'pz (%)
1

20 Where:



flow rate and pressure for a given systemand gas. |If the pressure
i ncreases, the anount of mass within a certain volume (i.e., dendi 2 PECw009
i ncrease proportionally if 10 tenperature renains constant. Experi nental

data showed thﬁt the tenperature only varied by a fraction of a degree
t hr oughout YOH&'%¥615 re experinment. Since the slope of t ECHYHI108hai ned
constant, the end result was the volunetric flowrate for this device

remai ned constant through the entire pregsure range until the pressure
differential pressure (i.e., inlet pressure mnus outlet pressure)
approached a critical value. 15 [16] In contrast, traditional flow neter
devices that rely on presyssgresswraspsrens ) iemestticttoake i nt o account three
factors: inlet pressure, inlet tenperature, and pressure differential
across an orifice. The pignspedssiradovastrean offeskicgen or simlar flow
restriction, is expressed in general terns by the following flow rate
equation (5): nmrEK a2 1 Tfstemperfiute 20tr¥he bfrestd2tiddEC 2005 WO 02/ 086645
PCT/ US02/ 12051 -9 pl= gas pressure upstreamof the restriction P2 = gas
pressure downstream of Pegbwipatdagadiakessrt enper at ure upstream of restriction
D=f | ow passage di aneter 5 d= restriction hydraulic dianeter (effective flow
di ameter) sG= specific g patiriciomhydaulivaliim&s (BFcasefiaw ammeht of gas
G= specific gravity or normalized molecular weight of gas
Z= compressibility factor of gas
[17]  The term K in this flow rate equation (5) is a factor that is determined
experimentally during the calibration of a given restriction. The term K is dependent
10 on the geometry of the restriction and expansion factors of the gas such as Joule-
Thompson cooling/heating (i.e., the change in tempefauire caused by a sudden change
in pressure). The flow rate equation (5) is only valid for low flows or restrictions that
do not create large gas velocities inside of thém.  When the speed of the gas
approaches the speed of sound, the bulk speed of the gas molecules is larger than the
15 speed at which pressure can travel through the medium. The flow properties take on
significantly different relationships and are called compressible flows, sonic flows, or
choked flows.
A [18]  Therefore, traditional flow controllers relying on pressure drops
employ two pressure sensors and a temperature sensor. Such traditional flow -
20 controllers must also have relatively sophisticated electronics capable of calculating
flow rate by measuring both pressures, calculating the pressure difference (with
custom op amps (analog) or by means of a programmed digital microprocessor and

the needed analog to digital converters), and most importantly, by calibrating the

device to find out the term X.



Z= conpressibility factor of gas [17] The termK in this flow rate equation
(5) is a factor that is determned experinentally during the callbratl

of a given restriction. The termK is dependent 10 on the geonet? >D f 2 qﬁﬂe
restriction and expansion factors of the gas such as Joul e Thonpson
cooling/heating (i.e., the change in tenpgrature caused by a sudden change
in pressure). The flow rate equation (5) is only valid for low fl ows or
restrictions that do not create |arge gas velocities inside of them -

Wien the speed of [{d)e amsh tRPRFRBEINESE &B%r@é@ﬁﬁ&v@ﬁtmﬁplﬂﬁ@eqdaﬁ%nt&l'§6lv%pt%ed of
the gas nolecules is larger than the is speed at which pressure can travel

t hrough the i antly different
rel ati onshi prs(’g‘8 %nlgﬂg‘?/-el‘_@éé 'O%gh%%B‘r?{e%esf?@?‘gﬁl?fegg\é}fongcg% (?f or choked
flows. [18] Therefore, Li&l onal flow controllers relying on pressure
drops enploy two pr ess,y r@lamr?qm@pﬁ{c%@re sens@g) Such
traditional flow 20 contrBIfers nmust also have relatively sophl sticated
el ectroni cs capabl e of cal cuI ating flow rate by neasuring both pressures,
calculating the pressure difference (yth customop anps (anal og) or by
means of a programmed digital mcroprocessor and the needed analog to
digital converters), and m)s rrportant ly, by calibrating the device to
find out the termK 1 appro of the present
i nventi onrS t he equati onr%t oqui v@ kﬁ ?%U%\‘%e%l\?\fc\;ﬁo | d Iooaﬁ]i ke one the
foll ow ng equations (6) or (7 m=RT (for a lamnar flow restriction)

(6) or 5 [20] Where: K is the calibration factor and is determined during calibration

as will be discussed below. It should be noted that the constant, R, in Equations (6-
10) is not the Universal constant, R, of Equations (1-4). Rather, it is a gas-dependent
constant that varies for laminar flow or orifice type restrictions.

10 [21] The case of some gases where non-ideal compressibility must be taken

into account, the following equations (8) and (9) may be used:

S -

or a laminar flow restriction 8
Z(P. T)j (f S ) )]

or

- KJP( 1 . -
= or an orifice fype restriction 9
m RT [Z(P,T)j(f ifice typ ) )

15 [22] Where: Z(P,T) is the compressibility factor that is dependent on
pressure and temperature.

[23] As can be seen by a comparison of equation (5) with any of the
equations (6), (7), (8), or (9), the present invention greatly simplifies the relationship
of mass flow rate to pressure and temperature. In most cases, compressibility does

20  not need to be obtained directly, because the controller will be calibrated such that

compressibility is accounted for in the calibration sequence.



m=RP (for an orifice type restriction) T, (7) [20] Were: K i1s t he
calibration factor and is determ ned during calibration as wll e DEC 2005
di scussed below. It should be noted that the constant, R, in Equations (6-
10) is not :qho /Ol%ni versal constant, R of Equations (1-4). Rather, it is a
gas- depend@ Mt O¥8tst ant that varies for Iaminar flow or YOO pe
restrictions. 10 [21] The case of sone gases where non-i deal
conpressibility nust be taken into acceunt, the follow ng equations (8)
and (9) may be used: m= KP1 1 (for a lamnar flowrestriction) (8) RT,
Z(P,T) or m=KP, _1 (flgr an orifice type restriction) RT, Z(P, T) (9) 15
[22] Where: Z(P, T)[34 tfks gyppicapsiapie mdpressuteothe gasmay glrepdy dbe showingn
pressure and tenperature. [23] As can be seen by a conparison of equation
(5) with any &m¢ pei-idsg)eamprssibility)that(will be igherentin themeasutrnept tekeniy fhavent i on
greatly sinplifies the relationship of mass flowrate to pressure and
tenperat ure. FAWHpdarddyang calibrgiions &n pddition, thedemn RGs gast spreificl so@nhethebt ai ned
directly, because the controller will be calibrated such that
conpr essi bi | i 83 spscifie eenghantpedvio berentered befirs trr during naldeativprte bave HgFC 2005
WD 02/ 086645 PCT/ US02/ 12051 -11
5 accurate mass flow measurement. The calibration sequence may be implemented as
will be described below with reference to FIG. 5.
' [25] After the calibration factor K is calculated using the calibration
sequence, mass flow may be measured using only the following linear slope equation
(10) defining the slope of the plot 60 depicted in FIG. 2:
10 Y =mx+b ' 10)
[26] Where: y =mass flow, x = measured pressure, m = K/RT,.and b is the
zero offset.
[27] With the forégoing basic understanding of the meter system 20 in
mind, the various components of this system will now be described in further detail
15  below.
II Mechanical System
[28] Referring now to FIG. 3 of the drawing, depicted in detail therein is the
mechanical system 22 of the exemplary flow meter system 20, The restrictor 30 of
the mechanical system 22 is formed by a main body assembly 120. The main body
20 assembly 120 defines a main passageway 130 having an inlet 132 and an-outlet 134
and defining the restriction chamber 32. The restriction chamber 32 is arranged
between the inlet 132 and the outlet 134.

[29]' As generally discussed above, the mass flow meter éystem 20

measures the mass flow of fluid that flows through the main passageway 130 from the



[24] At a given tenperature and pressure, the gas may al ready be show ng
sonme non-ideal conpressibility that will be inherent in the neasl} DEFENLH05
taken by the flow standard during calibration. In addition, the termR1s
gas specifjc o only the gas specific constant needs to be entered before
or during gsﬂqu?)?“&ﬁ on to have a highly 5 accurate mass fPEUURA2SE enent .
The calibration sequence may be inplenented as w | be descri bed bel ow
with reference to FIG 5. [25] After thewcalibration factor ICis

cal cul ated using the calibration sequence, mass flow nmay be neasured using
only the follow ng linear slope equation (10) defining the slope of the

pl ot 60 depi cindal 18% tejtig outlet 13% weingpissspneOynd tpRpdratwpresignals generptadshyf thow, x =
measured pressure, m= K/RT, and b is the zero offset. [27] Wth the

f or egoi ng baspressurrdeanseraHt pvigthe ftempraatnret ssnsos 2t eThe2fuid Hlowig throtghetbgar i ous
conponents of this systemw ||l now be described in further detail 15

bel ow. U. Mechigier systenS@6 willrbf p8trrddetb dhereimap thometeped ih@d. Seal§ atetferngkdaati ng,
depicted in detail therein is the mechanical system 22 of the exenplary

fl ow neter sytie@mcAfes offilee vagisvs pacts form@iy thé methenicaksybiami 22aiucisthat reatei2? i S
formed by a main body assenbly 120. The nmain body 20 assenbly 120 defines a
mai n passayewdlyid 18@whamiyngloag thelpaths 1@Acrited Iktein;0 thebetsedl84re @andnagefbeni ng
the restriction chanber 32. The restriction chanber 32 is arranged between
the inlet 132comventionel andthustwill Bdtbe[da}ibédbingletadlr al | y di scussed above, the
mass flow nmeter system 20 neasures the mass flow aof fluid that flows

through the main paskadreasketipliry meuih thaey lasstniBiEC 120 Womprises a main body
| member 140 and, optionally, a variable orifice assembly 142. The main body member
140 defines at leas.t a portion of the main passageway 130, the inlet 132, and the outlet
10  134. The main body member comprises an inlet section 144, an outlet section 146,

and a intermediate section 148. | '

[31] The main body member 140 Mer defines first and second balancing
ports 150 and 152 located upstream and downstream,- respectively, of the variable
orifice assembly 142. The first and second balancing ports 150 and 152 allow fluid

15 communication between the pressure balancing system 24 and the inlet and outlet
s'ectionls 144 and 146, respectively, of the main passageway 130. The first balancing
port 150 and second balancing port 152 are connected to input and output ports 154
and 156, respectively, of the pressure balancing system 34,
[32] The exemplary pressure and temperature sensors 40 and 42 used by the
20  meter system 20 are arranged to detect the pressure and temperature of the metered
fluid flowing through the main passageway 130. In particular, the main body member
140 defines first and second test ports 160 and 162 arranged in the outlet section 146

of the main body member 140. The test ports 160 and 162 may, however, be arranged



WD 02/ 086645 PCT/ US02/ 12051 -12 inlet 132 to the outlet 134 using, T S Y08
and tenperature signals generated by the pressure sensor 40 and the
tenperature sensor 42. The fluid flowing through the neter system 20 will
be referred to herein as the netered fluid. Seals are forned at the
junctures BP®RB¥64Par i ous parts forming the mechani cal syPTERPYROS ch t hat
nmetered 5 fluid flows only along the paths described herein; these seals
are or may be conventional and thus w ||, not be described in detail. [30]
The exenplary mai n body assenbly 120 conprises a nmain body nenber 140 and,
optionally, a variable orifice assenbly 142. The mai n body nenber 140
defines at | e#stheainfed ahd/on idrmetiatengttions alsigagre1M8y ofl 8@, bddhanénibe2t14033, and
the outlet 10 134. The nmin body nmenber conprises an inlet section 144, an
outl et secti oBnotdd embadithet offieqiréeat iddeptigect i on 148. [31] The mmin body
menber 140 further defines first and second bal ancing ports 150 and 152

| ocated upstream agzg] dOMRSeARAM0 RASREEE biYRkY be @bnveh®ondPdridake isddfdrce
assenbly 142. The first and second bal ancing ports 150 and 152 allow fluid

15 comuni cat iRéhdbEinteae tésg%rme@&wﬁzb%leaeaierwnﬁeﬁﬁszﬁmy%@a@emgn el et _and
outl et sections 144 and 146, respectively, of the main passageway 130. The

first bal apci BaheoRtank 3R AAGnE SR0BEHD IR 6. PE laithitd % hecBBRGKIAgT ¢ O

i nput and output ports 154 and 15 respectively, of the pressure

bal anci ng syshmnad 146, 388 sdfd6rsCAHE TR 35 ygeHérﬁ%Séfécﬁiﬁﬂﬂrekﬁg@%ﬁ@wﬁ rse@sors 40
and 42 used by the 20 neter system 20 are arranged to detect the pressure
and t enper at uggs e d ui i L L a geway

130. In parti gzlg?ag;r ,tﬁ{lh%&ﬁe% r?ﬂb%)dit/ﬂen%%{s)geulrré)%ggteglgﬁ?ﬁ%; o??‘?les{ﬁgﬁrgasgﬁignd t est

ports 160 andﬁég;ﬁgk&%ggggn&Qaggﬁagﬁ%gggaﬁ@ﬁ%ion 146 of the main body

menber 140. The test may,  however, be arranged
[34] The inlet, outlet, and restriction sections 144, 146, and 148 of the main

10 body member 140 serve different functions and thus have different geometries. The
inlet and outlet sections 144 and 146 are threaded or otherwise adapted to allow a
fluid-tight connectio_n to be made bet;zveen the maip body memi)er 140 and the source
54 and destination 56 of the metered fluid. The effective cross-sectional areas of inlet
and outlet sections 144 and 146 are not crucial to any implementation of the present

15  invention except that the flow of metered fluid to the fluid destination 56 must mest
predete.rmined system requirements. In the exemplary main body assembly 120, the
inlet and outlet sections 144 and 146 define cylindrical inlet and outlet internal wall
surfaces 170 and 172 and have substantially the same diameter and effective cross-
sectional area.

20 [35] The intermediate section 148 of the main body member 140 serves to
restrict the flow of metered fluid through the main passageWay 130 while still
allowing the flow of metered fluid to meet the system requirements. The effective
cross-sectional area of at !east a portion of the intermediate section 148 of the main

passageway 130 is thus smaller than that of the inlet and outlet sections 144 and 146.
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internmedi ate sections 144 or 148 of the body nenmber 140 in another

enbodi ment of the present invention. [33] The sensors 40 and 42 are or nay
be conventjonal and are inserted or threaded into the test ports 160 and
162. Seal sV%%¥S8Hentional |y formed between the 5 sensRFEUMYINAG 42 and
the test ports 160 and 162. So attached to the nmain body nenber 140, the
sensors 40 and 42 generate electrical prgssure and tenperature signals
that correspond to the pressure and tenperature of the netered fluid

i mredi ately adj acent to the test ports 160 and 162. [34] The inlet, outlet,
and restricti Enpatenlirothe inttrmediaté sectinul 148 8s définel et bemstnin b6 Hyoatyintendler 140
serve different functions and thus have different geonetries. The inlet
and out | et setssiriotien Wall Hidoflthe maie Holdy eashatsbr d400t Ter whtsietiand apall eld0tie al | ow
a fluid-tight connection to be nade between the nmain body nenber 140 and
the 'source Subsantiallyeslindrddal aml s sodiambier smilte @thnfthatiof thelintet @hd oaildtve
cross-sectional areas of inlet and outlet sections 144 and 146 are not
cruci al to anwall spfeetandom.of the present 15 invention except that the
flow of netered-fluid to the fluid destination 56 nust neet predeterm ned

system reqsi r ement 86] | MHehetex §ARMALY offBtieNprodly inkerdRAthyy 82Mhanifdurelinl et
and outlet sections 144 and 146 define cylindrical inlet and outl et

internal wal | witBeitfthe egtiohdIOvagiable briBlcRdetibly 8 43 U DS Had kdsa)| thy rdstRt SRR
di aneter and effective cross- sectional area. 20 [35] The internediate

section 148 oig(d éfehémain HaayheMBEIRID dbifbs IR @Fcidh chi@Bdr3nC Thé BRinfloay of
nmetered fluid through the nain passageway 130 while still allow ng the
fllow of met er gmbbrdodmh bERinuBRreds LM toRAACELHRIL the chiibraidd &84 id§
need to be calculated for each main b<.)dy member 140 to account for variations in the
10  restriction portic;ns defined by individual main body members if a variable orifice
assembly is not used.

[37] If a variable oriﬁce“éssembly. 142 is used, the restriction chamber 32
associated with a given main body member 140 may be alte.rt;,d to calibrate the given
main body member 140. Any number of mechanisms may be used to alter the

15  geometry of the restriction chamber 32.

:[’?’8] In the meter system 20, the exemplary variable oriﬁcé assembly 142
comprises a tube member 220 having an internal surface 222. The internal surface.
222 of the tube member 220 defines the effective cross-sectional area of the
restriction chamber 32.

20 [39] In some situations, the tube member 220 may be made of a rigid
material such as some metals or polymers. In this case, the tube member 220 is made

in a plurality of predetermined configurations each corresponding to a restriction

chamber 32 having a different predetermined cross-sectional area. One of these



cross-sectional area of at least a portion of the intermedi ate section 148
of the main. passageway 130 is thus smaller than that of the int@tDENQ005
outlet sections 144 and 146. 1 2 DEC 2005 WD 02/ 086645 PCT/ US02/ 12051 -14
In particular, the internediate section 148 is defined at |least in part by
an internalVO 88645 ction wall 180 of the main body nenbefCHUHZ12Pfk
restriction wall 180 is substantially cylindrical and has a dianeter

smal l er than that of the inlet and outlejs. wall surfaces 170 and 172. 5
[36] The neter system 20 of the present invention nmay be nmanufactured

wi thout the optional variable orifice assenbly 142. In this case, the
restricti on wapkddetefigifedfconfigrationm is osblected nitve obtbitD ad désime sgebimetry esft tliect i on
chanber 32. The main body nenber 40 nust be manufactured to tight

t ol erances ana¢strictiphehamatier B2.at i on data nmay need to be cal cul ated for each
mai n body nenber 140 to account for variations in the 10 restriction
portions defined b0} ndTM ehsmiplanpiube bisyberr@P® & Bowéves made cfldl defanrablece
assenbly is not used. [37] If a variable orifice assenbly 142 is used, the

restriction chef®Rl sgch tha§Saehathedubd BmBerd2NER dEbimddpthe offsties cid® may be
altered to calibrate the given main body nmenber 140. Any nunber of

nmechani sms sMa¥edtidndl 98 Jf thetredtttiontBamBdr 30898mIEE. OFheldRemplesi tibinb@BberC hamber
32. [38] In the neter system 20, the exenplary variable orifice assenbly

_142 conpri se2@ id Mhd: seRber b@@%lﬁﬁ&s,%ﬁﬁﬂ ﬁlﬂée@,rc_ﬂadth& Wit ae 132}2])6 e
internal surface 222 of the tube nenber 220 defines the effective

Cross-secti on@epcalRg vpon e cirduditanbda! | BNthizhasHeey, (#2mbe thelnd@l 2201 nQ B
situations, the tube nenber 220 nay be made of a rigid
made of elastic (e.g., polymers or natural rubber) or non-elastic (e.g., metal) material.
[41] The variable orifice assembly 142 used by the exemplary meter system
10 20 further comprises a compression wedge 224,' a compression shim 226, first and
second chevron members 228 and 230, .and a compression nut 232 having a threaded
surface 234.
[42] To accommodate this variable orifice assembly 142, the mtennediaté
section 148 of the exemplary main body member 140 comprises the following interior
15  walls in addition to the restriction wall 180: a tube seat wall 240, a compression wall
242, a ‘spaci.ng wall 244, and a threaded wall 246. The tube seat wall 240 is located
upstream of the restriction wall 180 described above and is generally cylindrical. The
compression wa-11 242 is located upstream of the tube seat wall and is generally
conical. The spacing wall 244 is located upstream of the compression wall and is
20 generally cylindrical. The threaded wall 246 is located upstream of the spacing wall
and is threaded to mate w1th the threaded surface 232 of the compression nut 230.
| [43] Axial rotation of the compression nut 230 relative to the body member

140 thus causes the nut 230 to be displaced along a longitudinal axis A of the body

member 140 towards the restriction wall 180. As the nut 230 moves towards the



mat erial such as sone netals or polyners. In this case, the tube ntg‘g[&{ﬁ 220
is made in a plurality of predeterm ned configurations each corre '3@5
to a restriction chanber 32 having a different predeterm ned
cross-sectjonal area. One of these 1 2 DEC 2005 WD 02/086645

PCT/ US02/ 1505298645 hr edet er mi ned configurations is sel ediEPY Y ain a
desired geonetry of the restriction chanber 32. [40] The exenplary tube
menber 220 is, however, nmade of a defornmedle material such that, when the
tube nmenber 220 is deforned, the effective cross- 5 sectional area of the
restriction chanber 32 is changed. The exenplary tube nmenber 220 is made of
metal , but polrestiation wait 48 the abb@30 appliestahtorcenen drd edmprassipnbecdge P4
dependi ng upon the circunstances. In this respect, the fube nmenber 220 may
be made of -eltbroughc thee chgvrom oiemberss228 amt230 adndr cdvhpsessionr shiron22§. asthiec
(e.g., nmetal) material. [41] The variable orifice assenbly 142 used by the
exenpl ary net epmpestieanwedg® 226 compiisesp comenh outsesrficedipThs gitensurfect250224, a
conpression shim 226, first and second chevron nenbers 228 and 230, and a
conpr essi on nuwif t23IPmipeessionywadgel 224 aogages the compressRddval] 242]sudhcthsichowedgtat e
this variable orifice assenbly 142, the internmediate section 148 of the
exenpl ary rai 22boayesmdiably invkidly covardssths Ianpidndiell bxisiAn grheritveard arovetmdninal | s
in addition to the restriction wall 180: a tube seat wall 240, a .
conpr essi on Wwalflth® 42mprssiq@noicdge Bed |defddds, angenarallprdeadibdd ihbve, 2U6 tubkhe t ube
seat wall 240 is located wupstreamof the restriction wall 180 descri bed
above and is gesntbiendd0toqiter thelefifeéile crddfiaectivhap@sititrestrittion2dambes 3R0ocat ed

upstream of the tube seat wall and is generally conical. The spacing wall
244 i s- | ocat edIups BteetitalBystehe conpression wall and is
[44] Referring now to FIG. 4 of the drawing, depicted in detail therein is
10  one exemplary embodiment of a meter circuit 44 used as part of the electrical system
24 of the exemplary flow meter system 20. The meter circuit 44 comprises first,
second, and third summing and scaling syétems 320,.322, and 324. The first summing
and scaling system 320 conibines the calibration factor and raw pressure signal to
obtain a calibraied pressure signal. The second summing and scaling system 322
15 combines the raw temperature signal and the gas constant input to obtain a
compeﬁsated temperature signal.’ The third summing and scaling system 324
combines the calibrated pressure signal and the compensated temperature signal to
' obtain the flow output signal.
[45] The design details of the summing and scaling systems 320-324 will be
20  determined by the specific environment in which the meter system 20 is to be used.
Typically, these systems 320-324 wili comprise signal spéciﬁc components and a
summing and scaling amplifier. The signal specific components convert a raw input

signal in either analog or digital form info a digital or analog conditioned signal

suitable for use by the summing and scaling amplifier associated with the signal



20 generally cylindrical. The threaded wall 246 is |ocated upstream of the
spacing wall and is threaded to mate with the threaded surface d3206C Jfse
conpression nut 230. [43] Axial rotation of the conpression nut 230
relative to the body nmenber 140 thus causes the nut 230 to be displ aced
along a | oWQi%®W¥e4Pal axis A of the body nenber 140 towdtIEUOE0Festriction
wal | 180. As the nut 230 ‘noves towards the 1 2 DEC 2005 WO 02/ 086645

PCT/ US02/ 12051 -16 restriction wall 180,-1-he nut 230 applies a force on the
conpressi on wedge 224 through the chevron nenbers 228 and 230 and
conpression shimz226. The  c ressi on dge. 224 conpr,i ses a conical outer
surface 250. 'FB‘??‘%iJf"gPP%PtF'ag@)eZWW %ﬁﬁ@%%@%ﬁnﬁ@g@ ‘%9‘5“ Bages
the conpression wall 242 such that the dge. 5 224 npves radially inwardly
t owards the I@ﬁ’@?rftﬁais??i‘Fd%% b"ﬁ?‘f‘%é‘eF tged BpRiAEReS: of the conpression
wedge 224 def orns, {féﬁ general ly described above, the tube nmenber,K 220 to
alter the effectivi8rofe Jreer ciralt 4 dapyobe (ipwlemented; wing isexeigpiruig. M
El ectrical System[44] Referring nowto FIG 4 of the draw ng, depicted in
detai| therei §OFRONCREy, FhaPPESaiop SpscificdrisadieteHruib AT CHpspBivars rinning oman ysed
as part of the electrical system 24 of the exenplary flow neter system 20.
The neter & r diipgraisd nEeaepror sueh fy p ReneralsPpeRg MisFRFOmANtEr oF areigitay signdl

scal i ng systens 320,322, and 324. The first summing and scaling system 320
conbi nes the ®HCEIFPRLITon cpBbingtiomnd thesoy matkadsyur Ehe jeyerd | napge of lpnyi given
calibrated pressure signal. The second summ ng and scal i ng system 322 15
conbi nes the rAmplementptomtthe eeledtunsd| syaten 24e wiksdepsndt upon swqbutfadters ot ai n a
conpensated tenperature signal. The third summ ng and scaling system 324
conbi nes t he ezdnhfactutingl cpstesthedesighan hhckground Red coppnsatad the gpentiaur e
signal to .
J environment of the meter system 20. For example, in an embodiment of the present

10  invention implemented with a digital signal processor (“DSP”), the DSP preferably
comprises a memory unit ha.ving look-up tables that store calibration conditions
including but not limited to the original caliBration conditions for the meter. This data
is useful for reférence back to origi-r.lal conditions in the case of pressure and/or
temperature sensor drift. The data is also useful for conducting diaé;losﬁc procedures

15  to determine whether the meter requires calibration or other service. Additionally, the
DSP ﬁemow unit preferably has a look-up table of fluid viscosity vs. temperature for
one or more fluids. This data is useful for use in compensating for changes in fluid
temperature,

[47] Referring now to FIG. 5, depicted therein is one exemplary meter

20  circuit 44 adapted to generate the flow output signal based on analog input signals.
As shown in FIG. 5, the first summing and scaling system 320 comprises a signal
conditioning module 330, an optional arithmetic logic unit 332, an optionalh
linearization amplifier 334, and a first and second summing and scaling amplifiers

336 and 338.



obtain the flow output signal. [45] The design details of the summ ng and
scaling systens 320-324 will be 20 determined by the specific envl 2 diEite pogs
in which the meter system 20 is to be used. Typically, these systens
320-324 will conprise signal specific conponents and a sunm n? and scaling
anpl i fier. WoRO%8¢hal specific conmponents convert a raw FGER021%Fhnal in
either analog or .digital forminto a digital or anal og conditioned si‘gnal
suitable for use by the summ ng and scal.isaig anplifier associated with the
signal 1 2 DEC 2005 WD 02/ 086645 PCT/ US02/ 12051 -17 specific conponents.
The sunm ng and scaling anplifier in turn is designed to generate a scaled
signal based on t hé4&ondhe iaprpessimepignalsis iptdlly. filjeag] antamphifedby tesiampl 44
may be inplenented using discrete circuit conponents, an application

speci fi ¢ i nt eqoaditiching modile 33ASIf@ecessany, tthwafikeredipnessure Hgnahis theéh dppliedioat ed
processor' such as a general purpose m croconputer or a digital signal
processor, or caeoobdih nEihe erithofti¢ logEamitSth entblincitizatior awplificrt3ad4 endothemtvy gi ven
i npl enentation the electrical system 24 will depend upon such factors as
manuf act uri ng thofitst surnmingdasl spalkings arbplifleg 336N df drdardhpetid lbgicaynitaddd arde
operating environnent of the neter system 20. For exanple, in an

enbodi ment sof linesrizati@s emplifid 334 veea hbtorequingd dreefitered presdura sighaliis airegtlygnal
processor ("DSP"), the DSP preferably conprises a nenory unit having.

| ook-up tabl epakdaditto $ieofi®t Shhing aind GBalihgnehpilifien336.i Mk wedond stainingoénd i m t ed
to the original calibration conditions for the nmeter. This data is useful

for reference afilg dnfplifiet 33 @énefulidch &dlibRSion Bighblcbaaad on e qIiBAGN Eactnd/ or
tenperature sensor drift. The data is al so useful for conducting diagnostic

procedures 15 13 Hlak@t kiR adbliatidn@elkE bR theLaipliEE fo e lfirfrstdidiy &id ot her
service. Additionally, the
: scaling amplifier 336 td obtain the processed pressure signal.

10 [49] The second summing and scaling system 322 comprises a signal
conditioning module 340, a scaling and gain amplifier 342, and a summing and
scaling amplifier 344. The signal conditioning module 340 filters and amplifies the
temperature signal to obtain a ﬁlter.ed temperature signal. = The scaling and gain
amplifier 342 generates a gas constant signal based on the gas constant input. The

15 summing and scaling ‘amplifier 344 generates the processed temperature signal based
on the .ﬁiltered temperature signal and the gas constant signal.

[50] The third summing a scaling system 324 comprises a summing and
scaling amplifier 350 and a buffer amplifier 352. The summing and scaling amplifier
generates a flow signal based on the calibrated pressure signal and the compensated

20 temperature signal as generally described above. The buffer amplifier 352 generates
the flow output signal based on the flow signal.

IV.  Calibration Procéss
[511 Referring now to FIG. 5 of the drawing, depicted therein at 360 is a

flow diagram of one exemplary process for calibrating the meter system 20 described



£l

DSP menory unit preferably has a | ook-up table of fluid vi scositY VS.
tenperature for one or nore fluids. This data is useful for use 2nDEC 2005
conpensating for changes in fluid tenperature. [47] Referring nowto FIG
5, depicted therein is one exenplary neter 20 circuit 44 ,adapted to
generate the flow output signal based on gnalog input signals. As shown in
FIG 5, the first summ ng and scaling system 320 conpri ses a signal

condi tioning nodul e 330, an optional arithmetic logic unit 332, an optional
|l i nearization anplifier 334, and a first and second summ ng and scal i ng
anplifiers 336 and 338. 1 2 DEC 2005 WD 02/ 086645 PCTI USO2/ 12051 -18 [ 48]

The raw presspre sigpal..js.initially filtered and anplifi by the signal
condi 1 on no Hhouns 55 IofhbatsBiioh he REiEBRE Frbo i bile calh it Then
applied to one or both of %he arithmetic logic unit 332 and |inearization
anpl i fier 3321HM5g refeEad toas tPUTL.r st sunming and scaling anplifier 336. If
the arithnmetic logic unit 332 and 5 linearization anplifier 334 are not
requi red, the fil {&led Theelrsustepsitgnel thescalibragion | procesaiss éal comech ¢hef flowt
summ ng and scaling anplifier 336. The second summ ng and scaling

anpl i fi er 5338esyddrer 2@ of the DU ibrsatiesowits iagnhibrabdsacteosystdne Aahddatiad gauge
factor. The pressure signal and calibration signal are then applied to the

first summ ngr@Bgte of GaduuiDisaRA dpplied a3sép 364 RRhAbId: BE tHRI RAE SRkt RESUr €
signal. 10 [49] The second summ ng and scaling system 322 conprises a

si gnal - condiyf BN gn T 21r3A0s ofnd GG BAGOYRL L A 1 €7 342, and a

summ ng and sca g anplifrer gnhal conditioning nodul e 340
filters and anpli (g L wkerBenahirs ShRlectfe SPARMR & hb T 8 cree
flow through the DUT. The flow is measured using the calibrated meter system. The
10 gas specific gas constant input is then applied at step 368 to the electronic portion 24
using conventional means such as a digital serial input and/or a set of one or more

switches that can be configured to generate the appropriate gas constant input.

[54] The maximum flow range is then obtained at step 370 by selecting an
appropriate geometry of the restriction cavity 32 by any one of the methods described

15  above.

[55] The flow is then decreased at step 372 to ten percent of the maximum
flow setting of the DUT. The pressure.and temperature signals associated with that
flow are then read and stored. At step 374, the flow rate is increased in increments of
ten percent up to one hundred percent. The pressure and temperature signals

20 associated with each incremental increase in flow rate are measured and stored. The
slope of plot of the pressure signal versus the mass flow rate measured at step 378 by
the calibrated meter system is measured and stored as the calibration factor using
conventional means such as a trim pot or digital serial input.

[56] Referring to FIG. 7, depicted at 380a, 380b, and 380c therein are

25  exemplary plots of pressure signal versus mass flow rate for several temperatures.



anplifier 342 generates a gas constant signal based on the gas cons ant
i.nput. The 15 sunm ng and scaling' anplifier 344 generates the proc JEE 2005
tenperature signal based on the filtered tenperature signal and the gas
constant signal. [50) The third sunm ng a scaling system 324 conprises a
summing and scaling anplifier 350 and a uffer anplifier 352. The sunm ng
and scaling anplifier generates a flow signal based on the calibrated
pressure signal and the conpensated 20 tenperature signal as generally

descri bed ab : ergqanphlfier.352 ge t h o] t put ,;si gna
based on thecpl;hlgovq/l-ggkipr gggwltel“\‘/‘. %‘%rl e?atthgoﬁogr g%{ggis%ﬁyﬁ %%‘F%rpl?%g ﬁ}c{)wth[eo
FIG 5 of the draw.n depi.ct ed repn 60 s a flow diagram of one
exenpl ary pr 8&%%%9%%2% ggﬁ%?tétcf%&gtwgh%aﬁé’f a Wstj?%ﬂ’i A %’é§8’?ﬁ“ﬂgdﬂ@t-2 DEC
2005 19 above. In e follow ng discussion, the particular neter system 20
being calibrated [l Referriag apyeda HE. &sdaptrsediberein 59 ploha83 pf the psesspre3s2
of the calibration process is to connect the flow 5 restrictor 30 of the
DUT in seri esighpk Yersusanass Blost et iretrhieh thegelationshipimgecintbe geasgee signelssdr e or
vacuumis then applied at step 364 to the outlet of the flowrestrictor 30
of the DUT, nasslflolveratd isaibndmears Bdr dxhapleptisy refativhetiip 20hyableen@elinda® iZ €1e0.

[ 53] The next step 366 is to apply pressure upstreamof the DUT to create

fl ow t hr ough cheerflWbrifitbe fl ow i s neasured using the calibrated neter
system The 10 gas specific gas constant input is then applied at step 368

Lo L ot oL 0, oL RBONE R IR, T, D,
;[ g tgﬁgﬁr SLS a;[pE%&%E?fg@?lé\%ﬁ%%dﬁtﬁ?@%?irc])hg ogﬁé{h ‘of Lh5e4'<lritl-1rrpl§ticn%)éicnt}]nrirt] §3|20£/r\{dr ange
linearization amplifier 334. The arithmetic logic unit 332 and linearization amplifier
10 334 implement a function that compensates for the non-linearity of the pressure/mass
tflow rate relationship. For example, the signal conditioning circuitry may perform one
or both of a "piecewise linearization" function or a square root function on the filtered
pressure signal to obtain the compensated pressure signal. In particular, referring
back to FIG. 8, depicted at 384 is a curve corresponding to the inverse of the non-
15 linear curve 382. A curve 386 represents the midpoint of the curves 382 and 384 and
can be used in the linear slope equation (10) described above.
[59] In practice, the meter circuit 44 is preferably manufactured with both
the arithmetic logic unit 332 and linearization amplifier 334 and, as shown in FIG. 5,
switches 390 and 392 configured to allow either of these circuit elements 332 and 334
20 to be removed from the circuit 44. The use of the switches 390 and 392 thus allows
the production of a standard meter circuit 44 that can easily be customized for a

particular environment.

V. Mass Flow Control System



appropriate geonetry of the restriction cavity 32 by any one of t{ng @%ﬁgs
described 15 above. [55] The flow is then decreased at step 372

percent of the maxi mum flow setting of the DUT. The pressure and
tenperature signals associated with that flow are then read and stored. At
step 374, Wﬁé’zﬁ?ﬁéﬁ rate is increased in increnents of tRGTE¥EAH up to
one hundred percent. The pressure and tenperature signals 20 associ ated
with each increnental increase in flow rate are neasured and stored. The
sl ope of plot of the pressure signal versus the nass flow rate measured at
step 378 by the calibrated neter systemis neasured and stored as the
calibration factor[6i ngs genarslfntiesonibdd stose sths undss dova metar mfpthe pogsexi gi t al
serial input. [56] Referring to FIG 7, depicted at 380a, 380b, and 380c
therein are 2besti@niHsaibedpbateshas humperossappicaions alt carclesused aleas sifriphtor at e
for several tenperatures. 1 2 DEC 2005 20 The neter circuit 44 generates
the flow si gnaleané mass Sovgfad oDasaIE variety of flujds a6 5 widy vapissy ofiflow matest &
created by the calibration factor and gas constant input. [57] Referring
now to FI G 8caflbpusddest pdnicsfod Mrged s@stéth OF piidessiiy drhinfdiietesng fluids maee|
versus nmass flow rate in which the relationship between the pressure signal
and 5 nmass flacoirdi@triask Sflavo rates @A limpdreint, € XANGahealsd e Scontimddl @itk héthermay be
non-linear in the case of an orifice. [58] If the pressure/mss flowrate
rel ationship icémpéientsii® E6thin alidte borhplex fshd dimRdzvice Signal will be passed

t hrough one or both of the arithnetic logic unit 332 and |inearization
anplifier 334. Therani theRtibéd ih @ds SecHl Wit bferaite to FIR9Ni$ ZinddeAplagfmibdsf i er 10
334 inplement a function that conpensates for the non-linearity of the
pressure/ nMass flof edhtfoRtGste! 20 WS Nhbrpdres WA RREBplary"Bassi 85@! mePdiot | oni ng

circuitry may perform one
- described above. The mass flow control system 420 is a stand alone device that not
10 only I;:xeasures mass flow rate but allows this ﬂ_ovy rate to be controlled with a high
degree of accuracy for a wide variety of fluids and flow rates. .
[62] The mass flow control system 420 incorporates the flow meter system
'20 described above, and the meter portion of the flow control system 420 will not be
described again except to the extent necessary for a complete understanding of the
15 ﬂow')v conirol system 420.
| [§3] In addition to the flow meter system 20, the flow control system 420
comprises a valve control feedback loop system 422 and a flow coniroller system 424.
The flow controller system 424 is arranged in series with the flow meter system 20
Isuch tha_t the flow controller system 424 determines the mass flow of fluid through the
20 flow meter system 20,
[64] Pret:erably, the flow controller syétem 420 is a mechanical or electro-

mechanical flow controller such as is described in the '849 patent and '708 application

cited above. The flow controller system 424 may, however, be any flow controller



or both of a "piecew se linearization"” function or a square root ﬁéngtion
on the filtered pressure signal to obtain the conpensated pressuré E%ﬁﬂﬁ.
In particular, referring back to FIG 8, depicted at 384 is a curve
corresponding to the inverse of the non 15 |linear curve 382. A curve 386
represents“@ﬁ%mﬂ?ﬂboint of the curves 382 and 384 and CJHT/HEILMEY in the

| i near sl ope equation (10) described above. [59] In practice, the neter
circuit 44 is preferably manufactured with both the arithmetic |ogic unit
332 and linearization anplifier 334 and, as shown in FIG 5, swtches 390

and 392 configured to allow either of these circuit elements 332 and 334 20
to be renpved systemthdl saw inceaase orsdpcreqigcthe few of fluitbthsqugh dhresystswod20idsn2 t hus
allows the production of a standard neter circuit 44 that can easily be
cust omi zed f orelegtricplortmieshamigal eongiot.onnment . V. Mass Fl ow Control System 1 2
DEC 2005 WD 02/ 086645 PCT/ US02/ 12051 -21 [60] As generally described above,
the mass flow met ef65f Irthe preest inventionyibn flowrsighabganeisted bylthesuninging mdher ous
applications. It can be used alone sinply to neasure nass flowrate of a
w.de vari ety atalinguingdifiat 330 of ttle thiwlr suetming find fceling sptstesn 324t is applredide thesed as
part of a larger system of processing or adm nistering fluids where 5

accur at e nass valveworittdl deedbsick lospystemnt22. The vdwe @nial feelbadnibomedtem 422 ot her
conponents to obtain a nore conplex stand al one device. [61] Described in
this section woinpareefhefibncsgriadwith @deSred floavratesipnpl. &y dexised flo te signat r ol
system 420 that incorporates the exenplary mass flow neter 20 descri bed
above. The mashayleqteseitha)l beschahgethad 2Quiral toy thé cinmhnatancs. Fevéxampiehita not 10

only neasures nass flow rate but allows this flowrate to be controlled
with a high medical setiing, a doctor may prescribe that a gas be applied to a patient at a
predetermined flow rate. The predetermined flow rate determined by the doctor
10  would be converted into the desired flow rate signal.
[66] Based on the difference between the desired flow rate signal and the
flow signal generated by the flow meter system 20, the v;dl\./e control feedback loop.
system 422 genei.'ates a flow control signal that controls the flow controller system .
424, If the flow controller system 424 is a mechanical system, the flow control signal
15 wil.l be in the form of mechanical movement (rotational, translational) that operates
the ﬂ(;w controller signal to increase or decrease the fluid flow rate through the
system 424. If the system 424 is an electro-mechanical system, the flow control signal
may take the form of an electrical signal that is converted to mechanical movement at
the s;lrstem 424,
20 [67] The combination of the flow controller system 424 and the flow meter
system 20 results in the fluid output of the system 420 being controllable to a high

degree of accuracy.

VI.  Alternative Embodiment of Mass Flow Control System



degree of accuracy for a wide variety of fluids and fl ow rates. [gé] The
mass fl ow control system 420 incorporates the flow neter system DEC 2005
descri bed above, and the neter portion of the flow control system 420 will
not be described again except to the extent necessary for a conplete
understanding of the 15 flow control syskem 420. [63] In addition to the
flow neter system 20, the flow control system 420 conprises a valve
control feedback |oop system 422 and a flow controller system 424. The

frow control ler Sygsem dedidrafle AN of Hd BssMd cbitolldy YT lipet St em

20 such that the fl'low controller system 424 determ nes the nmass ow of

fluid throug e t 0,,[ @4] .Pref erab the flo
control | er s@ls){)\zen?%ggl Figﬂ}ég ﬁ%g@rﬁ%g P P?ee}%c Pléc-lﬁﬁaglé'hg?ﬁ %cl,ac/\‘i\’ qopg%fler S44
controller such as is described in the 849 patent and 708 application
cited above. O‘PWBHF‘TSOW}’@Bﬁtﬁlﬁqegﬁt“rgy%qt‘éaﬁ?r4%‘tﬁ9ilﬂ ARNIPE acty@or §ontFel g6
controller 1 2 DEC 2005 WO 02/ 086645 PCT/ US02/ 12051 _22 systemthat can

i ncrease or deepledseatvabyeri28w Bie gotudter contreLdRd delversya signala3sy tortie meter

el ectrical or nechanical control. [65] In the present invention, the flow
si gnal gefer airedt B¢. tIfi¢hes antnatogcantod] 526 ad b sgleaonid| dchiator @mBobfheh hie kignsld
sunm ng and scaling system 324 is applied to the 5 valve control feedback

| oop system 438 .is d b@rendkighalabittis dnveeedRas Koll 490 RighyIS LIE MeddtiabR R aE 815 dsh e
flow signal with a desired flowrate signal. The desired flow rate signal

may be presets ppiedBdledie SRFNOLLAD] HRAUESLD30Ys 4 WGk SRUAT t@rg%gggtegrgfed

|
exanmple, in a nedical setting, a doctof may prescribe tha

applied to a sprg'ltnl g%lr}ée.a{n Sither instance, the signal 530 can be identified as Vi, i.e., Voltage

(prime mover).

10 [69] The signal 530 represents the relationship between the Lorentz force
generated in the actuator control 526 and changes in pressure in the valve 528.
Hence, the signal 530 can be used as an indirect pressure indicator replacing,
augmenting and/or calibrating the pressure transducer 40 in Figure 1. For example, in
Figure 10, the pressure transducer 40 is not present and the signal 530 is used in its

15 stead. The signal 530 can also be used as a diagnostic indicator to verify that the
value of R for a given flow restriction has not changed.

[70] Preferably, the meter circuit 44 for the mass flow control system

shown in Figure 10 has at least 128 kilobytes of memory using EEPROM. The
memory for the meter circuit 44 should contain a look up table of values of Vpy, for

20 incremental mass flow rates for various gases and/or flow restrictions. This look-up

table preferably represents values for the equation:

¢ _ Kme

m 11
RT (11)



predeterm ned flow rate. The predeterm ned flow rate determ ned by the
doctor 10 would be converted into the desired flow rate signal. [1625])536@@‘?
on the difference between the desired flowrate signal and the flow signa
gener at ed %y the fl ow neter system 20, the valve control feedback | oop
syst em 422 VREREOPYELs a f1ow control signal that control SPEHESR{1A
controller system 424. |If the flow controller system 424 is a nmechani cal
system the flow control signal 15 will dae in the form of nmechani cal
novenent (rotational, translational) that operates the flow controller
signal to increase or decrease the fluid flow rate through the system 424.
| f the system 424 [78] arTheb,cntalteratichembodithens ysing msignhle530, Fpn.ctlombeagresi gnal
may take the formof an electrical signal that is converted to mechani cal

nmovenent at  ghg &antﬁgasﬁ%“m R0 sjfieih A0 CORIRIINAS WalDe B8 timehd aw AeRt rol | er

system 424 and the fl'ow neter system 20 results in the fluid output of the
system 420 beb&ﬁop@@{eﬁgghgslgh@edta%@e hi gh degree of accuracy. VI.

Al ternative Enbodi rent of Mass Fl ow Control System 12 DEC 2005 -23 [68] An
alternative egiodi ABHLioRl chiiefRSSs | ow control system described above and
in Figure 9 is shovvn In Figure 1 Speci fi caI I y, the flow controller 524

h |
contr ol 828 coup A ¢ o Bl U AL 9‘*“@%%??%%*%%“"% ‘f’f%. VE?L";
signal 530 to {epe%t r@e Sbf 'ﬂlﬁ&i{yﬁldéﬁn&l{lg ttlge%‘%%tﬂ@te%ur

sol enoi d act uBtor con hen e sl Is~a curren Si gn% that i's

converted to ﬁov\\/roxlnétgrg%ysﬂng g lt? be Lge fﬁe ﬁg%g%n CQMO%P?Z\%H ithfle. th

pl ezoel ectricact contr e S g S a voltage sI gnal rom an

i ntegrat ed Enegerﬂesggtuﬁg f\l}.{({' 1,[ts%lft Bl%rexpe%‘?edatgggee off*ﬂﬁd ?ﬂpqpﬁjxd gﬂﬁ&t%@é&sxﬂ@s

identified as

the ambient conditions, the tolerance for error, and the like. The designer may also
10 consider commercial factors such as cost.

[73] The properties of many of both the mgchanical and electrical
components of the present invention will be changed depending upon the
circumstances to "tune” a specific flow meter systefn for a particular use.

[74] For example, the restriction chamber and inlet and outlet openings may

15  be selected based on the type of fluid, expected inlet pressures, and desired flow rates.

[75] In addition, the materials used for the various components must be
selected based on the pressures and types of fluids expected. For example, for air at
low pressures, plastic may be used for many of the components. For caustic fluids
and higher pressures, steel or stainless steel may be used.

20 [76] The electronics will also be customized for a particular en'vironment.
For example, the implementation details of the various summing and scaling systems
described above will be determined once the particular operating environment is

defined.



(prinme nover). 10 [69] The signal 530 represents the relati onsh'E bet ween
the Lorentz force generated in the actuator control 526 and ch QQJ.ESF 295
pressure in the valve 528. Hence, the signal 530 can be used as an
indirect pressure indicator replacing, augnmenting and/or calibrating the
pressure t VP46 40 in Figure 1. For exanple, in Fi REESPY1206he
pressure transducer 40 is not present and the signal 530 is used in its 15
stead. The signal 530 can al so be used ag.-a diagnostic indicator to verify
that the value of Rfor a given flowrestriction has not changed. [70]
Preferably, the neter circuit 44 for the nmass flow control system shown in
Figure 10 has at |[@3bt Aerdiigholile presant invenidonymay be gmbEERDIA foftwe otheenor y
for the neter circuit 44 should contain a | ook up table of values of Vpm
for 20 i ncrenthat athosmsiesdribedv hatias withouty alepatinsy Jeme sthangpint drl essential
restrictions. This |look-up table preferably represents values for the
equat i on: m KefbmcfetitlicsloR tHoEmvakiidn, \WDhO 2preR616 4mboithediSCiné tRp&fbre B bE71]
Thus, an alternative enbodi nent using a signal 530, Vpn" to neasure
changes in pressiderediin atilvespsyts e ithntgtivieandaiet katrictive; tvaboope HitSinvéntiohe mass
flow control systemis descri'bed above. VII. Additional Considerations 5
[ 72] A dess gndingtindicated iy led dppertiR8 icBiim@rafies thad blyake forapogriaionibtion) af t he
present invention by initially determ ning the operating environnent in

whi fhdt heh f | gnchrapey whikE ceiie nthinOthd ehedfigg and hRig BEERivAlGcE BF tHelTRSt W | |
I ncl ude thne

are therefore intended to be embraced therein.,



properties of the fluid itself, the expected range of fluid input and

out put pressures, the anbient conditions, the tolerance for errdr2 pgodpshe
| i ke. The designer may also 10 consider commercial factors such as cost.

[ 73] The properties of many of both the nechanical and el ectrical
conponents of the present invention will .be changed dependi ng upon the
circunstances to "tune" a specific flow neter systemfor a particular use.

[ 74] For exanple, the restriction chanber and inlet and outlet openings nmay
15 be sel ected based on the type of fluid, expected inlet pressures, and
desired flowrates. [75] In addition, the materials used for the various

conponents nust be sel ected based on t sures and types of fluids
expected. For exanple, for air at Iomﬁ%#gggires, pl astic may be used for

many of the conponents. For caustic fluids and higher pressures, steel or
stainl ess st e¥hatgpglapRedised. 20 [76] The electronics will also be

custom zed for a particular environnent. For exanple, the inplenentation
details of tHe varA owss Semmmate cQRWrisedl i ng systens described above will be
determ ned once the particular operating environnent is defined. 12 DEC
2005 WO 02/ 086645t WITh A dB02dtdr2nd an ouflet Wiflvj ddewterdi ngl y, the present

i nvention may be enbodied in fornms other than those described herein

Wi t hout departidi@rdstrfdlHaQing i febttictdén @asdRf hitl a prelvarelbdladisd dyeeendf the
i nvention. The present enbodinments are therefore to be considered in al

respects as hh%ﬂg%ééﬁéﬂ@ap@géﬁggnpqﬁﬁﬁgctive, t he scope the invention 5
y t ed clains’

bei ng indicate e appen claims rather than by the foregoing
descri PLi on: B0 Shsulbn SRS Ratik &y AR aPlesbicoh W TAAY An3Y 148085 ©f
the diameters of the inlet and outlet; and,
a pressure sensor and a temperature sensor upstream from the flow restrictor
10  providing input to a meter circuit having calibration data, whereby the meter circuit

generates a flow output signal based on the calibration data and the input from the

pressure sensor and temperature sensor.

2. The mass flow meter of Claim 1 where the restriction wall defines the

15  restriction chamber.

3. A mass flow meter comprising;
an inlet with a diameter and an outlet with a diameter;
a flow restrictor having a restriction chamber and a pressure balancing system
20  interposed between the inlet and outlet;
the restriction chamber having a cylindrical restriction wall with a diameter less
than the diameters of the inlet and outlet; a conical compression wall located upstream
from the restriction wall, a variable orifice assembly, the variable orifice assembly

having a deformable tube member having an internal surface defining an effective cross-



are therefore intended to be enbraced therein. 1 2 DEC 2005 26 (flcfbgg What
is clained is: 1. A mass flow neter conprising: an inlet wwth a 12805
and an outlet with a dianmeter; 5 a flowrestrictor having a restriction
chanber and a pressure bal anci ng system interposed between the inlet and
outlet; the restriction chanber having a,gylindrical restriction wall wth
a dianeter less than the dianmeters of the inlet and outlet; and, a
pressure sensor and a tenperature sensor upstreamfromthe flow restrictor

10 providi ng bkl 4r€s Bf EH;etIf%Ftrieéi&pbﬂa&ndaa_va &Q?ﬁﬁésicﬁhr(%&gé?a resWRRTRBY. t he

nmeter circuit generates ow out put Signal based om the calibration data

and the input. fromthe ressure,_ se r | ture sensor. 2. The nass
flow nmeter o?lr%la fiﬁ?cfn%}gervreoqrﬁeemtr)eerg’?a?l?’cﬁc?)%ﬁm\;’/\sg]lrgp%é@fi nes the 15 restriction
chanber. 3. A nmass fl ow neter corrpritﬁeictrégﬁ:npan.i nlet with a diameter and an

outlet with a di aftiesby axigl| rgipfipe fostth guiadishlases; 1B ingh RR¥aIb e and
a pressure bal ancing system 20 interposed between the inlet and outlet;
the restrictireptricion ah Ehgi il meves/tovae the aestricionyalk thepnugppliegja; farcg on
di anmeter less than the dianeters of the inlet and outlet; a conical
conpr essi 6n wad ¢ormmesstomdvedgs threagh the fiostnand secord chievon roembet hnd eonopressainl e
orifice assenbly, the variable orifice assenbly having a deformable tube
menber havi nghaandfobded Ble @uripréssion el tadialifinvedrieddforning tHRStRformable tube
member and reducing the effective cross-sectional area of the restriction chamber; and,
a pressure sensor and a temperature sensor upstream from the flow restrictor
providing input to a meter circuit having calibration data; whereby the meter circuit

10 generates a flow output signal based on the calibration data and the input from the

pressure sensor and temperature sensor.

4. The mass flow meter of Claim 1 where the meter circuit further comprises:
a first summing and scaling system that combines the calibration data and the pressure
signal to obtain a calibrated pressure signal,

15  asecond summing and scaling system that combines the temperature signal and a gas
constant to obtain a compensated temperature signal; and,
a third summing and scaling system that combines the calibrated pressure signal and

the compensated temperature signal to obtain the flow output signal.

20 5. The mass flow meter of Claim 4 where the meter circuit is implemented on an

application specific integrated circuit.

6. The mass flow meter of Claim 4 where the meter circuit is implemented on a

digital signal processor.




12 DEC 2005 27 sectional area of the restriction chanber; a conpression
wedge; a conpression shim first and second chevron nenmbers; and,2 8EC 2005
conpression nut; whereby axial rotation of the conpression nut displaces
the nut towards the restriction wall, as the nut noves toward the
restriction wall; the nut applies a forcggon 5 the conpression wedge
through the first and second chevron nenbers and conpressi on shim and
forces the conpression wedge radially i nwards deform ng the defornabl e tube
menber and reducing the effective cross-sectional area of the restriction
chanber; and, a pressure sensor and a tenperature sensor upstreamfromthe
flowrestric OVIdI iLr calibr.ation
data; whereb the rl}gtnéarss g‘fvcu Froftl@amé@ eetgl a#ml c%l\{tﬁbr%} g?rapmesgased on
the calibration data, a%nd t he mgut fro the pressure sensor and

t enper at ur e SEHYY unii forgieringcall fqtﬁwcﬁg‘ilﬁ?nsof Claim| where the neter
circuit further conprises: a first sunm ng and scaling systemthat conbines
the calibration data and the pressure signal to obtain a calibrated
pressure signal; 15 a second sunm ng and scaling systemthat conbines the

t enper at use $i gnalThamthsa flgvsmetenoSClaimt 4 twheodtha ifinst aumoripe asbdoating eyypen at ur e
signal; and, a third summ ng and scaling systemthat conbines the

cal i brat ed PlempHEs: si gnal and the conpensated tenperature signal to
obtain the flow output signal. 20 5. The mass flow neter of C aim4 where
the meter circuit ,ig.d Fp&ﬁmﬁ ?H‘ul@” application specific integrated
circuit. 6. The mass ow neter” of Caim4 where the neter circuit is

i npl enented on a dn%'r&hmenc Ql%lunﬁ;r ocessor. 1 2 DEC 2005

an optional linearization amplifier; and,

10 a first and second summing and scaling amplifier.

9. The mass flow meter of Claim 4 where the second summing and scaling
system comprises:
a signal conditioning module,
15 a scaling and gain amplifier; and,

a summing and scaling multiplier.

10.  The mass flow meter of Claim 4 where the third summing and scaling systems
comprises:
20 a summing and scaling amplifier; and,

a buffer amplifier that generates the flow output signal.



28 7. The mass flow neter of Claim6 where the neter circuit furtl_f? QE
conprises a nenory unit for storing calibration conditions. h Qrs?gﬂas
flow meter of Claim4 where the first summ ng and scaling system
conprises: a signal conditioning nodule; an arithnmetic logic unit; an
optional linearization anplifier; and, 1Qga first and second sunmi ng and
scaling anplifier. 9. The mass flow neter of Caim4 where the second
summi ng and scaling system conprises: a signal conditioning nodule; 15 a

scaling and gai n amgliifst Abw Iﬁaépof@mmﬂageﬁe%e%&%ﬁngﬁmﬂe} bhpi&les a10. The
mass flow neter of Caim4 where the third summ ng and scal i ng systens

gener atos. ¢ ne MBI acRayREErBFaH A AT e Wl sl aRRG l o1 o

Claim 8 where the mater CII‘CUIt further corrprlses a switch for renoving
either the atheHi®ttic logic unit or the linearization anmplifier from the
circuit. 5 12. A nmass flow control systemconprising: a flow controller
capable of controlling a flow rate through the nass fl ow control

5 12, A mass flow control system comprising;

a flow controller capable of controlling a flow rate through the mass flow control
system, said controller connected in series with a mass flow meter;
said mass flow meter comprising an inlet with a diameter and an outlet with a
diameter; a flow restrictor having a restriction chamber and a pressure balancing

10  system interposed between the inlet and outlet; the restriction chamber having a
cylindrical restriction wall with a diameter less than the diameters of the inlet and
outlet; and, a pressure sensor and a temperature sensor upstream from the flow
restrictor providing input to a meter circuit having calibration data; whereby the meter
circuit generates a flow output signal based on the calibration data and the input from

15  the pressure sensor and temperature sensor;
said mass flow meter is connected to a valve control feedback loop system; whereby
the mass flow meter sends the flow output signal to the valve control feedback loop
system and said feedback system compares the flow output signal with a
predetermined flow rate to generate a flow control signal;

20 said valve control feedback loop system is connected to the flow controller; whereby
said feedback system sends the flow control signal to the flow controller to operate

the flow controller to change the flow rate.



system said controller connected in series wwth a mass fl ow rrege{ sai d
mass flow nmeter conprising an inlet wwth a dianmeter and an outl Rﬁ@rzﬂaﬁ
dianeter; a flow restrictor having a restriction chanber and a pressure

bal ancing 10 systeminterposed between the inlet and outlet; the
restriction chanber having a cylindrical ;pestriction wall with a dianeter

| ess than the dianmeters of the inlet and outlet; and, a pressure sensor
and a tenperature sensor upstreamfrom the fI ow restrictor providi ng i nput
to a meter cijgcui t'fh@%’ds?ﬁo&%h@&ﬁsérbt@ﬂl &ﬁil gxfé%hé RSt Bf?(vallgfehﬁ
generates a flow output signal ed on t call tion ta an e i nput
from15 the I and terrperature sensor; said mass flow rreter IS
connect ed to% I%%ﬁ\(}@o%% 61" f eedback | oop system whereby the nmass flow
nmeter sends the flow output signal to the valve control feedback | oop
system and sai d feedback system conpares the flow output signal with a
predetermned flowrate to generate a flow control signal; 20 said valve
control feedback |oop systemis connected to the flow controller; whereby
sai d feedback system sends the flow control signal to the flow controller
to operate flhe flAomassdiiw cintel sysemcdvaysinghe fl ow rate. 1 2 DEC 2005 30
13. The mass flow control systemof Claim1l2 where the restriction wall
defines the restriadlowodbnabiériapabléoflcbntréilings Slot ram teouEH Bl nsi¥s f16Wcontrol
conprising: a flow controller capable of controlling a flow rate through

the mass fl owggntda conﬁbfl%r‘%ﬁﬁne%@ﬂ% SRS Hvith h BlasEAONGEEGD 1 n series with a
mass flow meter; said mass flow meter conprising an inlet with a diameter

and an outlet with,a ﬂg%{%@t fAkter @on%é fs‘ﬁ’lrﬁr 55 Ifes SHifl o ARV oBd G SHLCHIRT

chanber and a pressure ancing s

diameter; a flow restrictor having a restriction chamber and a pressure balancing system
10 interposed between the inlet and outlet;
the restriction chamber having a cylindrical restriction wall with a diameter less
than the diameters of the inlet and outlet; a conical compression wall located upstream
from the restriction wall; a variable orifice assembly, the variable orifice assembly
having a deformable tube member having an internal surface defining an effective cross-
15 sectional area of the restriction chamber; a compression wedge; a compression shim;
first and second chevron members; and, a compression nut;
whereby axial rotation of the compression nut displaces the nut towards the
restriction wall, as the nut moves toward the restriction wall; the nut applies a force on
the compression wedge through the first and second chevron members and compression
20 shim and forces the compression wedge radially inwards deforming the deformable tube
member and reducing the effective cross-sectional area of the restriction chamber;
a pressure sensor and a temperature sensor upstream from the flow restrictor

providing input to a meter circuit having calibration data, whereby the meter circuit



10 i nterposed between the inlet and outlet; the restriction changer @fvhgg
a cylindrical restriction wall with a dianeter |less than the di fePEY 200
the inlet and outlet; a conical conpression wall |ocated upstream fromth
restriction wall; a variable orifice assenbly, the variable orifice
assenbly having a deformabl e tube nenber;;having an internal surface
defining an effective cross 15 sectional area of the restriction chanber;
conpressi on wedge; a conpression shim first and second chevron nenbers;
and, a conpr J . : i i t ess| u

di spl aces t hgé?létﬂ@gst gw&%‘gﬂﬁhg%?@ﬁ%&c% ?tcgﬁé %pfgfogséﬁ%gﬂme ﬁ%\l}g?f © olé/\l}aCr d
the restriction wall: the. nut lies a force on the conpression wedge

t hrough t he PF?%?e%%ﬁméEﬁéﬂﬁm%%@§F8W°ﬁenbers and conpression 20 shi m and
forces the conpressi,on wedge radially i nwards deform ng the defornmable tub
menber and reduci AY9tIARSS qq’éé‘ﬂ‘it"?felscqo%f‘é’ﬁ cler# galye copteel Bedhagle loaps systestsi on
chanber; a pressure sensor and a tenperature sensor ug

restrictor pyhetebdithrympssglow metensends ehe flow eutpuat signal toghe sidlive rerttiod fieedback;
whereby the neter circuit 12 DEC 2005 31 generates a fl ow out put signal
based on $helapl systenh i and skAd afeedtack hgstempubmparesmtlieh €lowp ottt rsenaE R aand
tenperature sensor; said nmass flow neter is connected to a valve contro

f eedback | 00geMiinedTow i i Betalten fIBS SortPWghRL £1d, Sends the flow out put
signal to the valve control feedback 5 |oop system and said feedback

system conmpares thggfl, %&@F&'eeﬁb%ﬂallooﬁf\‘égrﬁerﬁ is 48hdctla"B b lcfgo\% rcg{nt?olfep;
generate a flow control signal; and, sa val ve control feedback ' oop
t [ d_t.o.t f t ler: wh b [ dback t
Stnds the 11 ebori tekfteh ST RRMSAR Mobrcrtel Fea i e BEFATEREHE B ow
controller to change_the fl M/ra%
operate the flow controller to ¢

e.
ange the flow rate.
10

15. The mass flow control system of Claim 12 where the meter circuit further
comprises:
a first summing and scaling system that combines the calibration data and the pressure
signal to obtain a calibrated pressure signal,

15 asecond summing and scaling system that combines the temperature signal and a gas
constant to obtain a compensated temperature signal; and,
a third summing and scaling system that combines the calibrated pressure signal and

the compensated temperature signal to obtain the flow output signal.

20 16, The mass flow control system of Claim 12 where the meter circuit is

implemented on an application specific integrated circuit.

e

a

e

streamfromthe flow



10 15. The mass flow control systemof Caim12 where the nmeter circuit
further conprises: a first summng and scaling systemthat combilre BEE 12008
calibration data and the pressure signal to obtain a calibrated pressure
signal; 15 a second summ ng and scaling systemthat conbines the
tenperature signal and a gas constant tgpobtain a conpensated tenperature
signal; and, a third summ ng and scaling systemthat conbines the
calibrated pressure signal and the conpensated tenperature signal to

obtain the fljow outgUinasd FA -cortPollystehh CofMBESmf |19V\<~ﬁ&9t{he| nﬁbé'f?tﬁmuﬁf i aim
12 where the neter circuit is inplenented on an application specif

i ntegrated ci The mass flow control syst em of
IIEI h]tente n i na I' SSO

Claim 15 where e meter rcu I enented on a digital signal
processor. 18. The mass flow control system of Claim 15 where the first

1of Qaimis where the fi)
i thet e 1 oG ot s AP LSRR ER il 48 i SRR e SmecRd defines

and second summi n% and scaling anplifier. 19. The mass flow control system
of O aimi15 RHEFBEPHEN®Scond sunming and scaling 10 system conprises: a
signal conditioning nodule; a scaling and gain anplifier; and,

5 a signal conditioning module;
an arithmetic logic unit;
an optional linearization amplifier; and,

a first and second summing and scaling amplifier.

19. The mass flow control system of Claim 15 where the second summing and scaling

10  system comprises:

a signal conditioning module;
a scaling and gain amplifier; and,

a summing and scaling multiplier.

20. The mass flow control system of Claim 15 where the third summing and scaling

15  system comprises:

a summing and scaling amplifier; and,

a buffer amplifier that generates the flow output signal.

21. A method for calibrating a flow meter; said flow meter comprising an inlet
20 with a diameter and an outlet with a diameter; a flow restrictor having a restriction

chamber and a pressure balancing system interposed between the inlet and outlet; the



a summ ng and scaling multiplier. 20. The mass flow control systemaof Caim
15 where the third sunm ng and scaling 15 system conprises: a summ? @gﬂ%[-‘ndﬂﬂﬁ'
scaling anplifier; and, a buffer anplifier that generates the fl ow out put
signal. 21. A method for calibrating a flow nmeter; said flow neter
conprising an inlet 20 with a dianmeter apd an outlet with a diameter; a
flowrestrictor having a restriction chanber and a pressure bal anci ng
system i nt erposed between the inlet and outlet; the 12 DEC 2005 33

restriction chamh i . i i Li ' i.cal
restriction \q/:val ll f:(‘)\Ii/lvicltﬂ g&gfagm te‘?a%{aéfs%s&ﬂ?g% %H@ﬁéﬁa@#@%ﬁl@ g%{rkﬁlghzvfl et aRd
outlet; and, _a.,pressure,sensor nd a t erature sensor, upstream fromthe
flow restri c't‘)vd?lpap$8W|e{§f }..eés BWBLEIEC (ﬁgmgte R emieit Pgﬁpyt‘f%a@dnggfggmrgp%ﬁs%n
data; whereby the neter circuit generat ets1 a fl ow output s signal based on
the cal i br at P8h2 (IRRETAHEP YeALOTURBITRAN from the oy reddeipeprogiding ingcto a meter

tenperature sensor; the steps of said nmethod conprising: connecting the
fl ow neter t Girevit bdwngerdboationaiata wharehy the metoptigduitgzeaenatey atfloveogauge
pressure to the outlet; setting a zero point on the neter circuit; 1o

appl yi ng pr esguslebasgddi trroatibratibe daeted the inmadion the plesthrewensonh®f i Ng a gas
specific constant into the calibration data of the neter circuit;

obtaining a @affwatmefdeﬁy@srmeg%gwfﬁ@d Hﬁiﬂoﬁ&oﬁlﬁﬁsi}@fi able orifice assenbly

for a given inlet pressure; decreasing the flow to ten percent of
maxi mum f | ow,

onnecting the flow meter to a referenced flow standard;
applying a negative gauge pressure to the outlet;
setting a zero point on the meter circuit;

10 applying pressure upstream of the meter;
measuring a flow;
entering a gas specific constant into the calibration data of the meter circuit;
obtaining a maximum flow range by adjusting the variable orifice assembly for a
given inlet pressure;

15  decreasing the flow to ten percent of maximum flow;
measuring the pressure and temperature and storing results in the meter circuit;
increasing the flow by ten percent increments up to the maximum flow;
measuring the pressure and temperature at each ten percent increment and storing the
results in the meter circuit;

20 calculating a slope of a graph of pressure versus mass flow rate from the results stored
in the meter circuit;

setting the meter circuit by using the slope.



measuring the pressure and tenperature and storing results in the neter
circuit; increasing the flow by ten percent increnents up to tht2nBEG 206
fl ow, neasuring the pressure and tenperature at each ten percent increnent
and storing the results in the neter circuit; 20 calculating a slope of a
graph of pressure versus mass flow rate fyyomthe results stored in the
nmeter circuit; setting the neter circuit by using the slope. 12 DEC 2005 34
22. The nmethod of Claim 21 where the nmeter circuit further conprises an

arithmetic | @gi c Urtietm@&néd af Claif 2N ivARtd BB nd dirfkhiie furfaf cobiGde8 ahhe graph is
non-linear, the steps of said nethod further conprise: performng a

5 conpensat ed. oy bat ERHAE oTReiTafon ambERE el FRRHE ERPR achtirdBhS "

5 conpensat ed pressur S| gna use 1 n Clrcul

met hod of C am.21 where the hod further conprises the follow ng step:
neasuring a ?&??tg%sto\,%ﬁlél I??tg?‘ii ﬁ%@%gﬂf‘?@sei n the nmeter circuit as a pressure.

10 24. A mass ffJ ow nmeter conprising: _an inlet and an outlet; a flow
restrictor afGerPPESUFE™s Hﬁé‘ilfwgmgf%ft%ﬁ{l A RdHicsrdcRTesata R thebthin et

and outlet, whereby the system maintains a constant volunetric flow through
the flow 3515 coapendagaddrressurepvignel for aise wrsstiinggheimater eirpst. at ure sensor
upstream fromthe flow restrictor providing input to a neter circuit, P
and T respectively, having a stored calibration

23.  The method of Claim 21 where the method further comprises the following
step:
measuring a current and storing results in the meter circuit as a pressure.
10
24, A mass flow meter comprising:

an inlet and an outlet;

a flow restrictor and a pressure balancing system interposed between the inlet
and outlet, whereby the system maintains a constant volumetric flow through the flow

15  restrictor;

a pressure sensor and a temperature sensor upstream from the flow restrictor
providing input to a meter circuit, P and T respectively, having a stored calibration
factor K, a stored gas constant R and zero offset; whereby the meter circuit generates
a flow output signal based on the stored calibration factor, the stored gas constant, the

20 zero offset and the input from the pressure sensor and temperature sensor according to
the equation:
y=mx+b

where y is mass flow, x is P, m is KR/T, and b is the zero offset.



factor K, a stored gas constant R and zero offset; whereby the neter
circuit generates a flow output signal based on the stored cali bratgggn
factor, the stored gas constant, the 20 zero offset and the input from %%e
pressure sensor and tenperature sensor according to the equation: y=nx+b
where y is mass flow, x is P, inis KRRTssand b is the zero offset. 1 2 DEC
2005 35 25. A mass flow control systemconprising: a flow controller
capable of controlling a flow rate through the nass flow control system

sai d control hegr cgpﬂﬁggﬁ(qyicgntﬁrs%,gén%h rigigg'ass flow neter and generating a
voltage signal to a neter circuit; 5 sald ss flow neter conprising an

inflet wth a_dgj ithsa di ter: a flaw restrjctor
havi ng a restaﬁoﬁ?%nggoél%g%?gge;%lrﬁg&g[}ogr{\ﬁe%%ﬂ?‘gr t&ﬁﬁﬁ%’&?‘hﬁ‘e néaygéglg?ﬁ ‘ioﬁfrBL posed
between the inlet and outlet; the restrictipn chanber having a cylindrical
restriction RATFTWIY C‘H‘tﬁﬁﬂﬁh‘éqné‘FCtF‘ig’ssef‘ﬁ%lW“gﬁénfhfﬁ Hretragter %}’fdg ganerafing 8t and
outlet; and, a tenperature sensor upstreamfromthe flow restrictor

provi di ng i nyatagesign! themeier eirccwit;rcuit; said meter circuit having
calibration data whereby the neter circuit generates a flow output signal
based on #$ hesadindss Apwonetdatanprisive amiplet withandidtheter srelgresuletvvithsensor and
the voltage signal; said mass flow neter is connected to a val ve control

f eedback | oodiasysérentlowhesteibir hivigg SBstrictio \WhaEb&Tand @ PiSsstire®alahsivy out put
signal to the valve control feedback |oop 15 system and said feeéback

t fihSt 1 . 1 te t
SySt em Compakgsferh et tk Bl the il ahd WA, thePEASIRI RhRGE qéggg gate to

generate a flow control signal; said va systemis

connected to c§llﬂﬁlrfclaf)1‘@st?i9{}5ﬂ QJah With m%lgtt%}(less than the diameters of the inlet and

outlet; and, a temperature sensor upstream from the flow restrictor providing input to
10 the meter circuit; said meter circuit having calibration data whereby the meter circuit
generates a flow output signal based on the calibration data, the input from the
temperature sensor and the voltage signal;
said mass flow meter is connected to a valve control feedback loop system; whereby
the mass flow meter sends the flow output signal to the valve control feedback loop
15 system and said feedback system compares the flow output signal with a
predetermined flow rate to generate a flow control signal;
said valve control feedback loop system is connected to the flow controller; whereby
said feedback system sends the flow control signal to the flow controller to operate
the flow controller to change the flow rate.
20
26.  The mass control system of Claim 25 where the flow controller comprises a

piezoelectric actuator control and a valve.



sai d feedback system sends the flow control signal to the flow controller
t-0 operate the flow controller to change the flow rate. 20 26. ,The nass
control systemof Claim25 where the flow controller conprises 4 2 DEC 2005

pi ezoel ectric actuator control and a valve. 12 DEC 2005 36 27. The nass
control systemof Caim25 where the flow,controller conprises a sol enoid
actuator control and a valve. 28. The mass control systemof C aim 25 where
the flow controller generates a 5 current signal which is converted to the

vol tage signalh. 2§hemABesntidl Qﬂt&ﬁ)?blaqﬂ%r\b@rgﬂfe R E:&gltl%tlle%c%rﬁbr?segidamt er

and an outlet with a dianeter;” a ow restrictor having a restriction

chanber and i cal e balancing 10 systeminterposed between
the inlet an ol %Qg%ﬁ@{ ;Cglitﬁozﬁg(igt‘@vg'ti on chanber having a cylindrical

restriction wall with a dianeter less than the dianeters of the inlet and
outlet; and, a pressure sensor and a tenperature sensor upstreamfromthe
flow restrictor roviding input to a meter circuit having calibration

dat a; wher eby8t he Themasss eontrol pystem of Glatm 28 tvehereithel flow cantyolier gingragds ased on
the calibration data and the input fromthe pressure sensor and the

t enper at uf e semswsignal which is converted to the voltage signal.

29. A mass flow meter comprising:

an inlet with a diameter and an outlet with a diameter;

a flow restrictor having a restriction chamber and a mechanical pressure balancing
10 system interposed between the inlet and the outlet;

the restriction chamber having a cylindrical restriction wall with a diameter less than

the diameters of the inlet and outlet; and,

a pressure sensor and a temperature sensor upstream from the flow restrictor

providing input to a meter circuit having calibration data; whereby the meter circuit
15 generates a flow output signal based on the calibration data and the input from the

pressure sensor and the temperature sensor.



