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FLOW RATES BACKGROUND The present invention relates to the neasurenent of

liquid fl ow rates. Sem conductor nmanufacturers, the health m

food industry and others 10 require accurate measurenent oflmn mmﬂ ‘m‘lmmlflow
rates. Low liquid flowrates tend to break up into a series of ,droplets of
smal | volunme. As the desired accuracy approaches the dropl et vo ume

measurenents becone unreliable. U S. Patent No. 4,869, 722 d |
device that tries to address this problem by nonitoring themmmmnmm\mm\m
rel eased fromthe tip of a drop funnel 13 onto a liquid 15 at thgtep of a

reaction cell 16. The reaction cell 16 senses the inpact of the droplet)
but the user cannot readily control the dropl et Si ze or flowrate and the

measurenents are susceptible to @@E m nor physi cal
perturbations. The droplet size %ﬁtg ange WI out a tering the funnel
openi ng di aneter, and the I| UI d I\bﬁw @# ‘ %8 Aﬁg-__sons in
liquid 26 supply height. 4 n@ﬁt Vﬁ\s‘{:curate if the
droplet fornms at the funnel open| ng due to surface tension or falls in
md-air before inpact between nmeasurenent intervals. This nmethod is also
unsui tabl e for neasuri n's hi gher liquid flow rates not form ng droplets,
thus limiti BACKGCRPMNRations. U S. Patent No. 4,244,218 and U.S. Patent

No. 6,026,683 use the buoyancy 25 principle to neasure liquid | evel and

flow rate. Thespréminmarenton rektests thabheaswement pf liguidfflogurates.e
nmeasurenents where error tol erances exceed the droplet or sub-droplet

range. Floatation devices h ve del i kLGal ;
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mai nt enapce Fe%[% cu?atéW%Ye@lénTUEldmwlfmm iloveliquidflomerade®s t o
nmen

t he neasure |qU| flow rates n an_enbodi nent i,nventi on
provi des a ctxﬂmdrtolbreal,( upliote  8atieHPf @Wﬁ@ﬁ?@aglu’&wﬁ@ '@ﬁhk'/% 3'5‘?1% one or

| oad cel | | ed t
lrrioaﬁi a'to 11 PRUAE Bg[o&cﬁegﬁﬁvesﬁﬂ% @H?égfﬁgélﬁ g&ésrﬁie)gtls:’k;ﬁddotnge ta h’e&%:t? ‘i ses

within the weir until the liquid overflows the weir. The olletgtlo zqtjssel
"is usually vens elaatdlthmg4f869 72ydescrigs %d@Vlﬁﬁé‘RatptF'@%%la BlETH i zed

gas can be used ta faci . liSuid
suppl i ed andP¥fpeptof Iggss'féé%ﬁr&zf&@gﬁgggﬁgd f%ﬁ%l L%ﬁﬁ!roga |§u|
captures;a | aﬁﬁhect%' | ofsd hoﬁr&énqeemﬁeaeactmmgemmdemsesothetnmamnofttfe t he
timng WI ndow ontro er capt ures anot herh@bé) nal

control | er careplegbes thmesemm@t reaghly controkt |S&FeoQ/ref?°Vt’ ﬁ%tecadlq 8 i on

peri od andtheflowraesuc I URRior iphiysiake. The
duration of fHPARUGINRG Wrﬁd%%cgét' ge(r)rﬁ rt8 @%%egscntragﬁg‘ﬁﬁh desi rrggw Si nce the

l'iquid wells phetyppatRiMg. W@rd‘rbpleﬁsnzbe:aweot charige witsoetalesingrihrdumieici se
Teasurenerit Sop%fmngog\llameter and the liquid flow rate changes with variations in liquid
20  supply height. Sampling of a droplet is also inaccurate if the droplet forms at
the funnel opening due to surface tension or falls in mid-air before impact
between measurement intervals. This methbd is also unsuitable for measuring

higher liquid flow rates not forming droplets, thus limiting its applications.

U.S. Patent No. 4,244,218 and U.S. Patent No. 6,026,683 use the buoyancy
25  principle to measure liquid level and flow rate. Those methods are not suitable

for very low flow rate measurements where error tolerances exceed the droplet

or sub-droplet range. Floatation devices have delicate mechanical parts prone

to calibration errors and physical damage, adding to manufacturing and

maintenance costs.



flow rates. In another feature, feedback control is inplenented in a batch
constant flow nethod or steady state constant flow nethod. In both nethods,
t he i nstantaneous neasured flow rate is conpared with an i nput conmand,
e.g., 20 derived fromflow rate calibration, sending an error correction

f eedback signal to the controllable valves to adjust the flow rate of the

|l iquid supply, the drain and the gas pressure, until error correction
feedback signal is with an acceptable predeterm ned error margi n and/ or the
desired flowrate is established. 25 The liquid flow rate neasurenent

systens and SHMMABYZ0E THEINVEN QN wel | suited to neasure |ow flow

rates. The systens and nethods can scale, if desired, to neasure a w de

range of i qtibinlbRibr ?él?tfésita%é'ﬁ*\é&u%méﬁt}@f Rfuid iswaatds. #sanThe i quid
flowrate systemis sinple, rugged, and |l ow cost to nmanufacture, and

rel ativel y iembodintentetheiingentiont proviclesrgyeontreller firy cgotrplsameanents such

perturbation. 3 BRI DESCRI PTI ON, OF, T i b S, :
Ebod mant | g1 YA 9157 of (e 1019 Grllr e et Slienr Yasse B weir
illustr afseS_a?HoQﬁﬁgga_|ia%td1@ﬂfixthfbo$|b@ﬁén Qaskai! Pie liguidistipbtae ts thevaeiraisesme
interval. Figure is an enlarged view of the system show ng |iquid

movenent at within tlo® wWeitodntil tee igiid overftavsthe weiraThe sallegiignvessehispat ch

met hod of flow rate - € [We]Vls [ i i

embodi ment | dreueig EpIREHRSTIThe to TflivE thoichrBsRRpRERES Yot Ed Besddr
Figure 5 illgstisad estRilitgetndinmmnt of the system showi ng a system for
liquid 10 flow rate neasurenent. It also illustrates a feedback control
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(Tow rate madicnenieabpola ) i An st Rt on PiaR SRR R e, 63" ©
Figure 6B i Sthg c‘b‘hh'f'rUIIBHé‘éﬂ)tQFbs)é Id%icgclélﬁsigﬁaiiagﬁh bpénshitiating wintdoweAtltrecénd

control nethods that can be inplenente 4 DETAI LLED DESCRI_ETI ON OF THE
PREFERRED EMECHE MENTS Window dhe eantigllercapturesianetherdpad £s!l sianabethe node of

carrying out_the inv i T t Dt i

pur pose of i‘f?ﬂ%"["?&f?%@%%t%ﬁggglo ;gjgeleg%iﬁ%?%&sh(g@aﬁi’g r?mﬁﬁﬁ%@ha{éﬁﬁ)&oul d
not be takengpdittie flowirhfenslchessmasshrate and/or the volumetric rate. The duration of

| the timing window depends on the measurement desired. Since the liquid wells

15 up and overflows the weir, the system can make precise measurements of low

flow rates.

In another feature, feedback control is implemented in a batch constant flow
method or steady state constant flow method. In both methods, the
instantaneous measured flow rate is compared with an input command, e.g.,
20 derived from flow rate calibration, sending an error correction feedback signal
to the controllable valves to adjust the flow rate of the liquid supply, the drain
and the gas pressure, until error correction feedback signal is with an
acceptable predetermined error margin and/or the desired flow rate is

established.

25  The liquid flow rate measurement systems and methods are sensitive and well
suited to measure low flow rates. The systems and methods can scale, if
desired, to measure a wide range of liquid flow rates including a range of
viscosities. The liquid flow rate system is simple, rugged, and low cost to
manufacture, and relatively immune to environmental change and minor

30 physical perturbation.



+5 scope of the invention is determ ned by reference to the clains. Figure 1
illustrates an enbodi nent of a systemfor lowliquid flow rate neasurenent.
The system 10 i ncludes a weir 36 disposed in a collection vessel 20. The
weir 36 of height h provides a passage for liquid supplied froma |iquid
supply inlet 28 to a weir opening 32 disposed above the floor of the 10
collection vessel 20. It is not essential, that the bottomof the weir 36
extend beyond the bottom of the collectidn vessel 20 as depicted. It could
al so extend fromthe bottom of the collection vessel 20. The collection
vessel 20 agR{FEPEYCRFTIONCOP HIEDRAWINGS of a |ight weight material

with | ow surtace tension and chem cally non-reactive and/ or corrosion
resistant with respect to the 15 collected |Liquid 30 . such a I | ene
or a Tefl on Fd@eetiisan ém%d.'m%\/\%f\/aeﬂ’ﬁg'fnaﬁg’ﬁl“%@@ f&%@teﬂ%%ﬁﬁﬁ%%g _glrg‘lx’al s
durable, sufifiigifal bibditWhbiRowanteahtistsoTaaH! bldls tbhatinte rewatal s
bei ng nmeasured can be used. In operation, liquid is supplied through a
supply line 40 into the collection vessel 20 at a Ereasure thaﬁ %ﬁc%eds t he
wei r pressurfiguiend is ap enteigedvievs phide tystam shewdng Aauid feygment 3t 1ot
Thi s gener at $ %bﬂﬁéd fl ow t hrough an open two-way supply valve 42 into the
liquid s ppﬁg P I'et’" 28 leading to the weir opening 32. Once at the weir
opening 32, the liquid overflows the weir 36 in dowward direction 34 to

f orm col | ectiigute Jis d flow ghast ef abrichinetns obilQw kategNERSYBIEdr ops or
droplets, If the weir 36 is a colum or tube disposed vertically and
centered 25 gy L 'f%’dré%fw%fsﬁlén%dimén\v@sﬁ@s shdahgliqdid t he
ar r angenent ﬂ@Pﬁag¥%?3g%éte whe oad symetrically acr%%i t he iI%ustrated
first and segathd at telcolddtion24ssald. In an alternative enbodi nent, the weir
36 need not be centered wth respect to the collection vessel 20. 5 A
drain 26 | ocg i i 60INeEG/sté SHBRAR) a4y steplfordticRd t he
liquid IeveI€b$&%§W#%%§ﬁgfébgﬁ“ggwhggtaggugﬁgd by a nanua?, periodic, or

f eed- bacly cofféw chteadedsaiemartir batgo iHustratesayfeddapek oanyel machanisMdrain | ne
46. In an enbodi nment, the collected liquid 30 is drained by gravity through.
the drain |ine » nding W f id e idtdei ng

measur ed, itEWHgaég'ﬁggggggbﬁﬁyggggpﬁggﬁ%ﬂ%héh%ﬁ?gmﬂg éas pressure 38 of
the col | ecti grasessmetntdsticrito e fesdbiak woatrobseltterdscofiffigeeudi. duri ng
operation by supplying a pressurized non-reactive gas 12 into the

col l ection vegssel .20. A three.wa t gas
into the gasﬁigHIr%ﬁéd? e\/“e‘?ﬂqugpoq%é}éﬂ%ﬁgr%%ﬁ@@@ggg?sf% %%grBé?’(kereé%tl}gl i nert
to the |iquighdpeddOtnaeaad veAniderpnicd. af fecting the accuracy of the |ow
liquid fl ow rate nmeasurenments. The sanme gas inlet or vent 18 can be used to

vent the internal gas pressure 38 through the three-way valve 14. In an
enbodi melt, the collection vessel 20 together with the collected |iquid 30
15 rests upon a set of load cells 24, 48 through the vessel support 22.
Alternatively, the systemuses a single load cell or nore than two | oad
cells. One suitable load cell is the Scaine |oad cell nodel no.
F60X10C610E. The load cells 24, 48 output an anal og el ectrical signal such
as a voltage that indicates the total nmass Mocai sensed by the | oad
cell(s). The analog electrical 20 signal is captured by a controller 50
that includes a conputer and typically includes an anal og-to-digital
conversion function with stored calibration information, where a digital
signal is generated for further processing or used for generating a digital
display. It is not considered essential to the invention regarding the type
of controller 50 that is used. One suitable controller 50 is the 25

M t subi shi FX2N progranmabl e logic controller with a known conventi onal
anal og-to-digital converter. In an alternative enbodi nent, controllers

wi t hout anal og-to-digital converters may be used along with load cells
outputting digital signals directly into controllers. The controller 50
conmputes the nmass of collected liquid 30, M;qu~d by storing a 30 known
mass for the enpty collection vessel 20 or reading the output val ue of



. 6 the load cells 24, 48 when the collection vessel 20 is enpty and resting

on the support 22. We will refer to the nass of the enpty collection vessel
as Menpty. After this is known, the controller 50 can read the output val ue
fromload cells 24, 48 representing the total mass Mota; when the
col l ection vessel 20 contains 5 collected liquid 30, and subtract to find
M;quia: Miquid = Motal - Mnpty The ans flowrate mof collected Iiquid
30 is calculated by conmputing the change 1n mass DM over an interval of
time DT. A detailed description of flow rate neasurenents will be presented

bel ow. The ‘@é‘g/ﬂﬁ.ﬁ_dé@cmﬁmw THEUPREFEFREDSEMBODIMENTSe densi ty

rel ati onshi p: gui a~p Where Vis the liquid volunme, M;qU;a is the

f the collected liquid 30, and p is the |iquid density. The ..
Cont o I er  Sinecialiowew descrissnaingiunes i Beatiade &Y e APt tist\Estaer i

1o 11 ow ot 512 ali08 AILhSEIER Aieh 7 RiRoes M vacomematien of e

change in ma erva ure 2 I's an enl arged vi ew
of part of thimca)es entrhiaveniion Ehdshoult. ndttbestaten in hdimitingsansée.qliel
novenent 86 inside the weir 36 with | iCﬂEi d tbui | d U%BO at _the weir opening
32. The Bi quic@Pslfitae ifyesyopve AetsrRuNehBY refalr esiarh e &8 M ensi on 20 and

overflows the weir 36 in the downward direction 88, 90 due to gravity and

flows al ong m?@reswmu@@&sﬂgnwuoduhehhef avsiyste@6foanalv ligaichitmwy rdte surface 84
of the collected liquid_30. A streamof liquid,js, estahl.ished and collected

| .

in the col | goehewemedelNosysten 0 AREHdes ANRIEES dRPOSPAR AALECHAs of

0 the ¢ . s o P et

Dependi ng_orVasve! o1 ¢ el 6, 8ot & rofbS o ddabp ey IATSLEORA froa |
the int e{_na||icﬂﬁc$s?gsmulew?&%iameiﬁgpﬁaingom/\dlsbpe?d ?bovatrmtﬁmﬁthid )
non-reacti ve as or vente rou I, Nl e oy, vent. an e

t hr ee- walp va@Q%@CliQU Vﬁﬁs%t‘r?QaW§d1%ﬁg?nti£$h%£.eibmt@fn 8£t.h\?ev.ﬁ?" %g exiendy mal | y
vented thr Oggé\/&daethtekl{cﬁf‘dw the r%%l}él%'tiﬁﬁl}/%éggl%o 8 dEE@:téd.'li ba\dd RIgsesenghi | e

a pressuriz non-rteactlve ga S punp Into the collection vessel 20
during a drafromphedestom BF ther eol@clien xesse\?Q: Thet cadectiomsesse! At stithsr £ 1 ow

t t 1o i t m.shown .i.n Fi - ._shoul d
be. T ecoqni 28OV 1 e Bl ABbIBAYE &h datur el dadBrial wih W SRR iedsot
paral l el, or,in-RERELHINSJrRfHcAve aRfloriofdsion réshtanBiifto cespelct tathe be

described as carried out sequentially. To begin thegsmethod, the controller

50 will initcaltested hguidfilosucteas palyasamienmer atTefioap coeted metefiadp 202, the

controller 50 will store th esire . - ;

col l ected |iGOW&v8D Stainass S@%&la&‘{ ?@ﬁ%ﬁ%@@?‘g% s‘eﬁsg%iﬁ‘%%ﬁ“igﬁbdwéﬁglo
predet er m neghdpuelily 2aeh3diBId WithWay cHerilichly Belry rhéasliesieshr be usbd. dur ation
of the flow rate neasurenent. At step 210, the controller 50 sends a

control signal to the three-way valyve 14 to al t he. ' . ion
vessel 20 t oﬁ\/%?ra&'ﬁpoﬁfﬂj‘ﬂgt'%ﬁu%%{?%o%m%q ?iSng%meoﬁfgﬁ?g?/éeg%li%ﬁmés}%s g%t e
whi | e | i qui dohidtlaSprielgueothlaekécsts pespéir Bhasshie themntdidal dtfesphefic ol | er 50
sends a control signal to the L .
20 pressure, and line friction. This generates liquid flow through an open two-way
supply valve 42 into the liquid supply inlet 28 leading to the weir opening 32.
Once at the weir opening 32, the liquid overflows the weir 36 in downward
direction 34 to form collected liquid 30 preferably without breaking up into drops
or droplets. If the weir 36 is a column or tube disposed vertically and centered
25  in a cylindrical-shaped collection vessel 20 as depicted, the arrangement will
distribute the load symmetrically across the illustrated first and second load
cells 24, 48. In an alternative embodiment, the weir 36 need not be centered

with respect to the collection vessel 20.



- 15 two-way supply valve 42 to fill the collection vessel 20 with |iquid
fromthe supply line 40. At step 214 and after a short stabilization
period, the controller 50 captures (i.e., sanples) an instantaneous | oad
cell signal fromthe one or nore |load cells 24, 48 opening a timng w ndow.
At the end of the timng w ndow the controller 50 again captures (i.e.,
sanpl es) the instantaneous |oad 20 cell signal. The tim ng wi ndow can be
various tine periods depending on the accuracy required during the filling
process. At step 218, the controller 50 converts the cgptured (b.?. .

sanpl ed) | oaddeeh R6docatat sit e battersmfdbe sollectionyesseb?0 regulatestBediad i qui d

30 over the tim M ndqw t .o _an instant I tep 220,
the control |'%V8T5J8ﬁ%w%'83%%e'5383&? géijgﬁ%@lfﬂé\%%@aﬁ%g rtfégd*i@r?gﬁ ant aneous
flow rate Qc\eyinhm@@araﬁshrr&ghfd ave-valyelrein vdlfe Bhdoiandramiicsduls dn ow rate Q
i s higher than the desired

low rate Qo, the control]er 50 sends a gaontrol
signal to redokedimentdperroigetes liawid 8Os drain BbIQPWfé(It{7Epr‘t?‘8$r§th&ethe
anount of |i‘&*|i d supplied to the collection vessel 20 at step 224. 30
Conver sel5y, the instantaneous flowrate Qis less than the desired flow
rate 8 Qo, the controller 50 sends a control signal to open the two;way
suppl y val veDeperstiep ordHe volatiityt tfshe dignist beiog rersuwedt it B1aYeRe BBCHEAVIILs

d he i fl i [ I [
Cleps 214 M BBRAARS INEAE PHSPIFRAEobco T B sE o ARl p et it o 1

flowrate B8R ¢ iEsduns darhgtpeuatidn byvsupplging e gresssirizée ndesieastive | ow
rate Qo, t%aétgﬁ)c?v\%hr a?tg data is k%own and ?%Ve control | er 5@@%@{6228%[9& dat a

in memory atgas &pintedhe satieciionstassebz) A Haregonay ¥RIVEr145eP ¥ o)

si gnal é%czréjé%ﬁq?%ﬁ%g{@e%%ﬁ 1‘éaLFH8’£§>§,-rte%cﬁ\l/'é 855@2ﬁ§'@rpéf§réﬁlyiﬂo}#t td qui d

into th Sstep the contro 0 sends a

control si gnk l{RicPBEIMgteasiredeo sapicaffetingithéaccoracymf thadowdiguid iéaw't he
coll ection vessel 20 tﬁ

rough the gas outl et Iin[e%G aﬁd thgg cl og s the
three-way valaiemensurementsy THeH2NH gag diet 8f YN SocbRgLSEY LB PHbI"Si gnal
to open the : 0 tiqe gas 12 into the
col l ection V@gésrg?f@%ﬁ"p@s\éfeeééﬁ@’@ﬁﬁgégfg%tepg?)r grgﬁlgows/ends a control signal
to open two-way drain valve 44 to drain out the liqujd, If it is.decigded
that 15 anot inean pewodinant, e categlionapsse! thqgﬁih@rﬂ@lﬂh the g¢! t%‘;ﬂ?l“‘f’rﬁf | ow
rate neasurenent nethod.can t L F%@ ep 200 to
establisty a geesﬁ HROGA %eéloﬂ)?%f?%%p%ﬁr@g@p@my%% e rgﬂ%@%?gf | ow r at es.
O herwi se, t hgefrlativeljatife spasmresesd simgtehivaddt aalinirmaoresthan twodpadgelis Fi gur e

aystom b0 Shomeritehis Tngud oo oBarne ad &l mocehe-Faus 1B A" 0,
into a weir a6y J@g i{,jigxg @ggpggﬁ aHag@raeé@igail gghalesmi ds AGolthgé tiskgt up at

t he weir opening ows wnwar inall directrons while
clinging to irtcates shelotalhbssMthsensed byghe doacheel(Bytihe analeaedectical

batch 1 80 + SlosanisueaRtuERY 2500HoTe oI e piRTaiEt AR BSedhes 1N @
term nat es aﬂiﬁ%&ﬁ?ﬁ %ﬂaﬁiﬁﬁ%@%&l"ﬁ&%&iéﬁ%rﬂft@nmvi%shﬁ&j paliwatiancer t ai n

liquid level ow t p Eenlng of the weir 32. In order to offset
t he decr easi mformaiion fwieveradigitdLsignal isigeneeatedifagfuringn Paotassid aneSthere a

progressi ve yacuum i enerat.e ver,ti g, L = ki gas
2P umped O aAEng e P LaL i T oRsRiered Hspéel e FRENIUE 95
i ncreasi ng t hgg MRTPiHeStypl Jf BbAiroRdr BRtharigrosgdedre sulall8 coneroller 6@ s thee
drain rate can be conpensated to achieve substantjally constant

fl
when a f@8dbaditsubisiiFo{2NrperaramEnabls logie GONERBSIVIHR AN PR oont £g|
hani sm t hi i :
g;a g ag;' :{n at g q?}%&g%oﬁ—ﬁfq%fé&ﬁqr@rg@n%ﬁ LR RLE b tptent, EinRRflefd Rithatt

scussed in . o
analog-to-digital converters may be used along with load cells outputting digital

signals directly into controllers.

The controller 50 computes the mass of collected liquid 30, Miiquia by storing a
30 known mass for the empty collection vessel 20 or reading the output value of



+5 Figure 5. The liquid collected or flowrate is nonitored by the set of

| oad cells 24, 48 under the vessel support 22. The weir 36 also acts as a
danper to danpen m nor physical perturbation to the collected Iiquid during
measurenents. The ratio of the dianeters of the colum weir 36 and the
col l ection vessel 20 determ nes the danpening effect. 10 Wthout any noving
part in the system 10, the system 10 is relatively rugged and | ess
susceptible to errors or physical danages. The weir 36 and the collection

vessel 20 can be nade using | ow surface tension construc%{ihineesgat eriﬁ‘l‘? such
as pol ypr opyheiead télis e 4whesshe soleatione/essRb2@ &M P NGO HE wei r
36 can be cal cul ated fromt el at i ' iR veBRse | el

di aneter ~~ %@@P@@%V&P ng'lr et E%@sﬁ&g?%lg& ?%G%PB@&@}%Cg&EfV Newt onli\/l%&% uid
class of i Gifidlsn@fis ¥pbwnkiecomrgRr 60 odrseasi the emitput vidue omdleadiogl!s has a
constant viscosity at all shear rates at a con?tant tﬁnﬁ)erat %rﬁ%g@rﬂam
pressure, ar2#,d@epeeshnting thedots) massdoparBarthe CollReHPY YEES? Maingn
equati on descrij bjng. a. j o I iven below. 20 ~=~'y Where ~ is
the sheaP stfr%@g{,e“g'!q%'&%%@%QB&%%@ f!’@(ﬂﬂ'ﬂ”lds the shear rate. Assum ng
that the Hagen-Poiseuille law is applicable (see C.V. Easwaran and S. L.

Kokal , SI AM J. Apidliquidvafvhotal Semghp01, 1992), the rate of flow through the
25 weir 36 (acting as a capillary tube) is given as follows: Q =

(~0P==4) | (1285, Rladdivd BItI31 cofl ot fEidED IsSodiéiRamiudssesmmpdiing ereence,

i.e. the liqg punp pressure, required to overcone weir pressure ggh,
liquid frictggandd inimassahelvevan intsyead ofiimad\T.H detailed sigscaphief: BhEPY
pressure P;, pis the density of the ligui ' j ' Lid
constant, h iasr,em%awéemeﬁ% \ﬁfﬁ'tt?e prfesiegchﬂﬁelg}/vqﬁ'ihg @?ﬁ'@??’ggﬁ?#lﬁﬁééggﬁl Ivery
system P isgnthe LAY | JSHRRy PEIRESHERP: ~~ IS the inner dianmeter of the
wei r, 1OFO~ igoﬁgw\l?lﬁs o@i%t%'/ ofyt he | iund, and h is the weir height, Since
the density p, the gravitational constant g, the weir height h, weir inner

di aneter ~~ are cYrsMumiig/Pthe flowrate Qwi ll be directly proportional to
DP and 15 inversely proportional to p.. If the viscosity ~ of the liquid

| nereases or HGEARSHEK M GIURR, M6 ithe hassat tietollectes liqurie 30, endr at e
Q the punp pressure OP wll need to be increased or decreased by the sane
factor provi gdd thdhquitdtdensityui d to be delivered is a Newtonian fluid.

Li kew se, the flowrate Q can be increased or decreased by increasing or

decreasing t Py L I  thBTRW é Bsicliaavti@vslunsetkept  at
a |l evel not %Prﬁ rd@ﬁgég%ﬁlﬁs eotpg(ﬁ%\ﬁgﬂgfglbpﬁﬁ%fﬁg tgas _
15 flow rate Q of the collected liquid 30 along with the computation of the change

in mass AM over an interval of time AT.

Figure 2 is an enlarged view of part of the system shown in Figure 1. It shows
the upward liquid movement 86 inside the weir 36 with liquid build up 80 at the
weir opening 32. The liquid build up 80 overcomes the liquid surface tension
20 and overflows the weir 36 in the downward direction 88, 90 due to gravity and
flows along the surrounding wall of the weir 36 and reaches the surface 84 of
the collected liquid 30. A stream of liquid is established and collected in the
collection vessel 20. This method reduces or eliminates loss of liquid from mist

or droplets during a liquid flow rate measurement.

25  Depending on the volatility or flammability of the liquid being measured, the
internal gas pressure 38 is regulated with either a pressurized non-reactive gas
12 or vented through the gas inlet or vent 18 and the three-way valve 14. In an

embodiment, the gas inlet or vent 18 is normally vented through the three-way



above the collected liquid 30. Referring again to Figure 1 shows a system
10 suitable for carrying out a batch nethod of liquid flowrate
nmeasurenent. A suitable punp such as a peristaltic 25 punp (not shown) is
used to punp the liquid through the supply line 40 at substantially
constant pressure through the two-way supply valve 42 into the liquid
supply inlet 28 into the bottom of the ir 36. A steady flowis
establ i shed where the two-way drain vaI$§J44 is closed during the
measurenents. A set of load cells 24, 48 coupled to the vessel Qr t
record the |va9teah4 alueog$h60|llngtpavceﬁés\eimma@l’fe%%‘z@glW%E“‘i V98§§u&0'§0 that
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collection vessel 20. At step 212, the controller 50 sends a control S|gna| to the
15 two-way supply valve 42 to fill the collection vessel 20 with liquid from the
supply line 40. At step 214 and after a short stabilization period, the controller
50 captures (i.e., samples) an instantaneous load cell signal from the one or
more load cells 24, 48 opening a timing window. At the end of the timing
window the controller 50 again captures (i.e., samples) the instantaneous load
20  cell signal. The timing window can be various time periods depending on the
accuracy required during the filling process. At step 218, the controller 50
converts the captured (i.e., sampled) load cell signals which represent the

mass of the collected liquid 30 over the timing window to an instantaneous flow

rate Q.

25 At step 220, the controller 50 executes a decision block that compares the
instantaneous flow rate Q with the desired flow rate Qo. If the instantaneous
flow rate Q is higher than the desired flow rate Qo, the controller 50 sends a
control signal to reduce the opening of the two-way supply valve 42 to reduce
the amount of liquid supplied to the collection vessel 20 at step 224.

30 Conversely, if the instantaneous flow rate Q is less than the desired flow rate




+ By substitution, flowrate is determ ned as foll ows: 12 Q = ~M (p~T)
(M2-M-)/ (P(TZ-T~)) Where an assunption is nade that the liquid physi cal
properties remain 5 substantially unchanged during the course of
nmeasurenents. The instantaneous vol ume information can be deternined by the
i nstant aneous mass data recorded by the load cells 24, 48, using the

rel ati onship described above: 10 V = qu%gd/P Where at tine instant T,
M~quld = Motai - Menpcy Figure 5 is an“enbodiment of a liquid flowrate
measur enent system 41 using feedback control nethods. The theor

f eedback comQe aheicontreller &0 sands anontrobsignal t@e’nan ﬁbteu -\ooav fSUBHE{/;Nadi@ 8tibe
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met hod.  The | ﬁ&%{éﬂéo% ire oy FaQé‘ﬂ Wah thE eekiedfiawdte %mamb§214 sm@26urpilit s
t he feedback contr ol gnhal s 57. The controller 50 sends the feedback

control si grtaésnﬁénta&éoue prMera@Q @.ﬁﬁbﬁﬂﬂ%d?ﬁ'f%ﬂ%{ya% Pe 20 14 and
two-way drain valve 44. A pressure sensor 37 generates the input 39

| ndi cal ing tAhelane RiESAEOLE TblFrafo] Eqidiome gesirbd A rdtecQbot flk s 24,

48 provi de an I'npu Indicating the mass of the collection vessel 20 W|th
any col | ect egté tHets i6.knowruand the cahtoalies S0tsieregdbat datafin emaneatger
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f eedback co sl gna actuates'the three-way valve 14 to adjust the
pressure in step 233, Ittm:t:onhnol{mféﬁefbelm Ebyonfm)'r%@mﬁi|tQ@P§nﬁB%mr€§d‘l’?¥/¥aB§s 12
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two-way drai gnyshetectddes he thk8e-way valve 14. At step 234, the controller 50 sends a
control signal to open the three-way valve 14 to supply a non-reactive gas 12
into the collection vessel 20. At step 236, the controller 50 sends a control
signal to open two-way drain valve 44 to drain out the liquid. If it is decided that

15  another new flow rate measurement is required at step 238, the flow rate

measurement method can be repeated beginning again at step 200 to establish
a series of calibration curves for a wide range of flow rates. Otherwise, the flow

rate measurement method terminates at step 240.

Figure 4 is a partial cut-away and a perspective view of an embodiment of the

20  system 10 showing the liquid pumped from liquid supply inlet 28 (Figure 1) into
a weir 36. The liquid rises upward 122 in the weir 36, builds up at the weir '
opening 32, and overflows downward 124 in all directions while clinging to the
outside wall of the weir 36 to the liquid surface 110 inside the collection vessel
20. In an embodiment the system operates in a batch flow rate measurement

25  environment where the filling process terminates and draining process through
the drain 26 begins at a certain liquid leve! 110 below the top opening of the
weir 32. In order to offset the decreasing drain flow rate due to the receding
liquid level 110 where a progressive vacuum is generated over time, a
pressurized non-reactive gas 12 is pumped into the collection vessel 20

30  through the gas inlet 18. By increasing the pressure of internal gas atmosphere



“increase or decrease the drain rate of the collected liquid 30 through the

drain line 46. A constant drain rate is reached when the feedback control
signals 55, 57 are close to zero indicating that the decrease in mass of
the collected Iiquid over a specified tinme achieves the drain liquid flow
rate within a predetermned 5 error margin. In another enbodi nent, the
liquid flow rate nmeasurenent system 41 c§? be used to inplenent a steady
state feedback control flow nmethod. During steady state) the anmpunt of
liquid supplied into the collection vessel 20 and the annuat og liquid
drai ned out 3% ovérdine| thecirarrate:sae bexprapensaiemio ashigre gHRASEENYRY

d i ned in. Al ; [
B s r ccoreaarn fongratn et a i BBRk SORER ARERRSAIBRRY T 27T C0 T ow

rate is preferably established in the collection vessel 20 before the
steady st at eEppbdinaattsfdf deedidkambntregmeshasism taigehigve gonsfanharain §aWchar t

as shown in Figure 6A. 1 sho in Fiqure i : are fed
into the cor@®in *éatCQcWeﬁ?‘PészPE\ggﬁégmﬁ?é‘&“g%‘?“‘}t%ﬁgﬁ"?‘hﬁ‘?Ph%%é?é%‘y state
the feedRacky; gnRl cr@cied Sraw Faekeatoripesd biiend vot eidpad apfis y

val ve 42%at kﬁ'ﬁgfge?s)?g%?ihgﬂgdcogugpl y flowrate during the entire nethod. The
control | er 504 8 andembetvassersuipportd? constant by transmitting the

f eedback control signals 55 and 57 with an error magnitude 20 based on the

di fference ' ie{]@%’n d4PpaAtnihBpghySidaltgeriureation to
correspondi %ﬁ%e%égﬁ)ﬁtgfgabac égﬁ?)r ol gi gnal_ SE 3étct _ua%bes t he three-way
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l'iquid 30 th hE phhng 14 sydtem feadbagktaranoriskrelatigalglrugded s kept
W thin g&preg\gwﬁﬁg(ﬁ@p%?bﬁmgi ns%/nen_ reachﬁlg the desired flowrate

unl ess a newafd tess susseptibiedoddriaipor physicsl damages the controller 50 to

actuate the two-way supply valve 42 to adjust the flowrate of the liquid
into inlet 28he@aie3@ anevthélooilectiorevessehdfdandsumasle ysinglave gdace t he 30

troller 50 will actuate the i. | t :
Valve 14 1ienien sorlonmatenal sy ar SonelaREe 3 Y QPR PR APETS The
i quid suppl yd Loy 'hBetedlof the M 36 8ae beasal@latietiifhurm tiw Félgtionstipppl y and

drain flowrate is reached at the desired liquid flow rate when_ feedbac
control $§ gnbklvaAn btimatiwed darseterid. clesign Wil pasmit MeAsHENG thenBow 681 Ofhass

change over time will_ b t 5.zerp, or, Wt hi n _ac L.e err Qi n.
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factors such as t stats)lllty of the properties of the |iquid durig&%
measur enent s pressureank can beataseribad ibyra PRSIPRrADRtISEPEIRIIGEN IR M al

susceptibility design to .envifonL : [ jon, the response tine
of the feedb&&lwaﬁ% SR %Qﬁ%’ﬁ’ﬂ%ﬂ'ﬁ@?%ﬁ%gg’g‘{'u vity of the hydraulic
system g@e sensitivity of the load cells 24, 48, the nmass ratio of
collected liquid 30 to the conmbined total mass of the liquid flow rate
measur ement  $yaeem lthersHeaadistrgss he isciblel \dsaasity langluy i 186 shaar tate. col | ecti on
vessel 20 and the sanpling error. 15 For the sake of conparing the
performance of the liquid delivery systemwe wll assune: (1 ) the physical
properties ofsdd gl Lﬁlﬁ% 1b| flcatvier(sée CeXsEashbear ange of
tenperature v'%érélugrﬁhgrgﬁéﬁg)% t é}?gggs'glhjgleeqta?’hrrg%? t he f(eedback | oop s many
orders fast erS.LhKokah&!|Akks. ApptpMatiy, 2t €501, 3)992)etheyatect flew duesohited of

the liquid suppl nd,.t he drain, punpi syste be 20 mai ntai ned at

r easonabl?y cdﬁg'féﬁf(a ?'&éﬁ@ec%l}%ym%,%&xvfrk%@@gﬁ oad cells are capable
of m nute nmass change dgtegiimn4 QEE% Ang these conditions are net then
optim zing the follomjng CQHMQ e¥ t ﬁz will also help inprove the system
(1) the overall system\pPengghitvPtdyPbased on the ratio of the nass of
collected liquid to the collection vessel should be as high as possible,
and (2) 25 the sanpling errors and the susceptibility to environnental
physi cal perturbation should be mnimzed. In one enbodi nent, the

coll ection vessel 20 is constructed of light weight nmaterial such as

pol ypropyl ene. Therefore, the mass of the collected liquid 30 becones

dom nant in the low flow rate nmeasurements. The size of the 30 collection
vessel 20 can be scaled up or down to neasure a w de range of



15 liquid flowrate with high accuracy, hence the overall system
sensitivity is high. Since the flow rate neasurenent is a continuous flow
nmet hod that avoids formng droplets in the collection vessel 20, there are
little or no mssing droplets that contribute to sanpling errors. Finally
the weir 36 in the collection 5 vessel 20 danpens the liquid novenent in
response to sonme m nor environnent al phyﬂ')cal perturbations and there is no
noving part in the mass detection nmethod.  Figure 6A and Figure 6B
illustrate two feedback control nethods: (1) a batch constant flaw pethod
and (2) a sWébehe APas thepressare diffesenaeei.Rothet lichtid REFW WGS%@@W%\HE?O[%
connection with Figure 5. Figur A 1s.1denty t i tep
228 Thi s méREaH WeshTesau R eap s s RAE IElhe delVel SGid B s
proceedi ng t i 0 k control nmethods illustrated in Figure
6B. Thus, tbl@ego%lgzrﬁ:quéh%@%Bf%%g?gﬁouI d reach a certain level in the

col I ection vessied d2Bsiandf thediquid,| ected |iquid 30 can 15 be drained at the
desired flow rate Qo and r’rfli nt ai ned constant and steady throughout either

f eedback Smetthigdhe gravitatiops! £ongidbh at es the two feedback control methods
starting at he(steady state constant flow nethod 244 and the

bat ch consta‘lf]{s‘ecﬁ?(%)/\;vﬁ?r%%lﬁga 248 share common steps such as previously

descri bed stmps tibRquidFdctictbib, thaselivey system62 but have certain

di fferences. The fijrst ﬂifference is the two-way supply valve 42 stays open
at step 246 Rid¢ theBEINGLPAS BIFISHEt he steady state constant flow met hod,
whil e the two- ys shut at step 250 during the batch
constant fl \(I)\%'gn@%l%@@gplﬂﬁaemgeeg%ﬁ%dﬁ%ﬁérence is the liquid | evel renains
subst antjigal |y jshehaggratytdftioegioidt antie entire steady state constant 25 flow
met hod, because the amount of liquid drained out will be constantly

repl eni shed Ibis 1ﬂ"l@eW%'ét|‘i‘§'§i§'\'§bppI y flowrate Qo without interruption while in
the batch constant flow nethod, the liquid | evel will decrease at the
desired flowrate Qo until all the collected liquid 30 in the col]|ection
vessel 20 i ssfndblthe depkiy pdthey glabitatimidicdnstant gr thienaeisdieightde weieingepl et ed
collected liquid 30 is 30 not repl enished in the batch method. né[tg Anot her
di fference idiatetesbeamycansiart, tanbew rater vl hetdisetiviprerognakio Al ang: o

st ant ahooulsVEIRSl Pearbreo i ta e By B TR AT PR decRiere,

while the ba [fe%? QY ATRINP thed drhe HRRArafe BIRe BoA] stireonPt it
| oad cells SB?% I ca '?flé&;t%{’l tc?’mt an!tngﬂ\eous gonstl:ant fl OW@I’ at%p?eﬁ%g]iq&ia t he
e

desired flowneed ¢éo Re.inckeasediongegreasadiit thersasap iastocriovidad thet |
| ntevnal gas, press Yeig 33'5”@%@&:@0% haat | RRWES SAL 16Q ke b O BelinekadeY

suppl yi ng or eactive gas 1 step 274 or step

282, and theot wacM@Xed i iRciealsiy o décrd8sibg the buaireprassust AR, prdvided thasp
278 to maintain a constant flowrate at the desired fl new

. wrate . If a
f1 ow rat 20 cothefiowcatenigkenh at 8 Ieval &1o) EIMINY URFUBINIREPT grr?é"%aﬂ'& %}%Sﬂ%t ant
fl ow nethod of the s at nstant flow nethod, the nethods w ||
respond to tﬁboﬁ%ﬁ%%@%ﬁ%@l lf/ﬁa:‘gf'uati ng the flowrate to the collection
vessel 20 according to the steps shown in Figure 6B until the 15
i nstantaneous flow rate Q matches the desired new t%h?e\'\%orr%ts:\?ry% %ttg‘bgtc%”

Referring again fo Figure 1 shows a system 10 sui
method of liquid flow rate measurement. A suitable pump such as a peristaltic
25  pump (not shown) is used to pump the liquid through the supply line 40 at
substantially constant pressure through the two-way supply valve 42 into the
liquid supply inlet 28 into the bottom of the weir 36. A steady flow is established
where the two-way drain valve 44 is closed during the measurements. A set of
load cells 24, 48 coupled to the vessel support 22 record the instantaneous
30 total mass My of the collection vessel 20 that includes the collected liquid 30 at

the start time liquid level represented by the solid line 100. The instantaneous



-acceptable error margin. 17 WHAT IS CLAIMED 1. A system for neasuring
flowrate of a liquid, conprising. a collection vessel coupled to a supply
valve and to a drain valve; a weir providing a passage for the liquid into
the collection vessel, wherein the liquid travels fromthe bottomto the
top of weir and overflows into the collection vessel; a |oad cell coupled
to the collection vessel and generating i1|oad cell signal indicating the
mass of the collection vessel with the collected liquid; and a controller

converting the load cell signal to indicate the |liquid flowrate {Jnto t he
col l ecti on veassedf the. ligpitbakiiis Bmeds Mikad m(MetardVlenmy) ¢ Hee Massi 1 aLiypey

LL1e 2 S ISR e e

el ectronic si@ﬁ?ﬂ contro € systemo aim1, further

conpri si ng anassWmal Yitec Pyl then tsamigied adlehahéilevel vé feetollestet kjuid t3le
controller sends an electronic signal to actuate th%%g%q val ve to vent the

col | ecti on visesdp toe dettpgiliped QRofNiscsrRaANGMgES MEGSH salLpe sAMPiCd el . 4.
The system of i - : i Si 1 in
an el st pon ot B 4BRALCRREE o1 4R8 cBnfioferBIP Y HiderapEicaIaner 8t 19
to the cont rtakInesasred Tatussyisthemads fibwiratehewlystem rl Otdan takamgany n t he

non-reactive gas pressure generates a ch e inthe liquid flo ate jnto
the col | ect i HNRIES YRS ﬁﬁ‘af”g%%%@o %Ué‘lﬂ@?ggéﬁﬂ@ E%CEH%%U%- #ESWF\@JOW%%
control [ er. Q is derived by the mass change recorded by the load cells 24, 48 over the

predetermined time interval.

10
The fluid volume change over time can be then calculated from the product of
mass change over time and a constant term of liquid density.
AV= AM/p = (M2-M4)/p
15
wherein AM is the mass change over time interval T, and T4 reflecting the net
mass gained by the liquid in the collection vessel 20 over the predetermined
time interval, p is the liquid density, and M, M are the measured total mass
data from the load cells 24, 48 over time interval Toand Ty.
20
The liquid flow rate Q can be defined as the liquid volume change over an
interval of time.
25 Q = AV/IAT= (V-Vq)/(T2-Ty)
Where Q is the liquid flow rate,
AV is the liquid volume change over time interval Tzand Ty, and
AT is the time interval over final measurement Tz and start measurement T4.
30

By substitution, flow rate is determined as follows:



6. The systemof claim11, wherein the weir includes a colum or tube
wherein the top of the weir is above the bottom of the collection vessel.
18 7. The systemof claim®6, wherein the liquid is punped fromthe bottom
of the weir at a constant pressure producing a gradual overflow at the top
of the weir into the collection vessel by gravity wi thout formation of m st
or droplets. 8. The systemof claim1, m@ rein the load cell signal is
either an electronic analog signal or a drgital signal. 9. The system of
claiml1, wherein the controller sanples the load cell signal after a
stabilization period and converts the load cell signals to indicate |liquid

flowrate into the collectigQn | 1 St of claim1l1, wherein
the controller generates fe@dbé@éngr)d'r&43'%gf@¥5'ﬁg]onpari ng the liquid
flowrate into the collection vessel with a liquid flow rate desired)

wherein the feedback error signals actuate the gas valve, the supply valve
and/ or the diVhere aalaseumptipn is madedbabthekictid shYSIFaIRICPEEISS BRIFHN a

b1 cdet or i newerrge SEnERE Sk b der JihdRerbr "0 Roa o

measuring flowrate of a liquid, conprising: providing a weir for a passage

into a collection vessel; supplying liquid to the weir so the |iquid
overflows t Hehensistarippeeus YelBMg informaiopdiandsg peterywadpy %%H@F%HC{PH@O% | oad

cell signal indi | f it | | | Wk hhgui d
col | ect ed; dﬂagl%ﬁﬁ%{e%%f’ﬁ‘gee‘% gzﬁfeog)gdc%?lﬁ%’éggpé@g tﬁﬁz;é%g?ﬁé@ﬂe&e{‘%iégévégglt e of
the liquid igdggyet he coll ection vessel.

10
V= |Vlliquid/p

‘ Where at tlme InStant T, M|iqu]d = Mtota| - Mempty

Figure 5 is an embodiment of a liquid flow rate measurement system 41 using
feedback control methods. The theory of feedback control is well known, thus

15  the description will only describe how the system implements feedback control.

In an embodiment, the liquid flow rate measurement system 41 describes a
batch feedback control flow method. The controller 50 receives the inputs 39,
49, and 51, and outputs the feedback control signals 55, 57. The controller 50
sends the feedback control signals 55, 57 to the corresponding three-way valve
20 14 and two-way drain valve 44. A pressure sensor 37 generates the input 39
indicating the gas pressure in the collection vessel 20. The load cells 24, 48
provide an input 49 indicating the mass of the collection vessel 20 with any
collected liquid. Input 51 indicates the desired flow rate Qo. The magnitude of
the feedback control signals 55, 57 corresponds to the difference between the

25 sums of inputs 39, 49 and the input 51.

In order to maintain the drain line 46 at constant drain rate in a batch method,
the feedback control signal 55 actuates the three-way valve 14 to adjust the

pressure in the collection vessel 20 by introducing a non-reactive gas 12 into
the gas inlet 18 to compensate for a flow rate decrease from a receding liquid

30 level. The feedback control signal 57 actuates the two-way drain valve 44 to



+19 12. The nethod of claim 11, further conprising providing a liquid supply
valve and a drain valve controllable by actuation in response to electronic
signals froma controller. 13. The nethod of claim 11, further conprising
sending an el ectronic signal fromthe controller to actuate a gas valve to
vent the collection vessel or supply a non-reactive gas to the collection
vessel . 14. The nmethod of claim 11, furthgr conprising generating an

el ectronic signal indicating the gas preg ure of the collection vessel to

the controller. 15. The nethod of claim 13, further conprisin ing the
non reacti veangeasproeseeraagecthealraint taée thﬁl@n@”eptﬂﬁ} lroéztl@nBﬁh@L{Q%é% d{'g@Ctgl on

{rom t he borlPAGr ehestast i T el e et I teRgPRaR EBRLALSBnaR g

the top of t Y@blbsé%QeFmdrc@tnhgqhatqne\ms@sebm rga@s/ofthemdbctﬁd tﬁqmdratlon
of m st or droplet :

d of claim1l, further co
sanpl i ng theovanadsmmmmectm@ﬂeacfm\t%rtha dsaiadiauid; Hew satepwithipp g?ﬁﬁfei%mﬁe?@'l ng
the | oad cell ‘%éal s toindicate liquid flowrate into the collection
vessel . 8. qflﬁ%r tHBd of claim 11, further conprising generating feedback

error signals by conparing the liquid flowrate into the coll ectlon vessel
with a liqui |¢h draiher embodimsémtethe Ndid 8pwy ratremessd e tesystem< g‘Pﬁaﬂ Beact uat e

a gas val ve, val nd/or f ro
signal is wi %‘ toa'?'ﬂﬁ/% g?rﬁ SRy %ﬂaf%%e%?‘ﬁ‘}‘lﬁoﬁﬁa‘mh%ﬁ? d|§ ? {r(ee?'([a
wWithin a pre%g&{r%%%drﬁrm Qi dupplibd Mtbdhé lcewedtrnevedsel 2@dnd the amount
. A9L. A&. A9 ALS5r A9n AL5. AL?. A&nr . A& A& AL! . A9r . A A9 Ay5 , . A I R
A[ 1 2J% e  of liquid drained out of the collection vessel 20 are equal or within a
10 predetermined error margin. At or near zero mass change over time occurs and

is recorded during the steady state method. Therefore, the desired flow rate is

preferably established in the collection vessel 20 before the steady state

constant flow method begins as illustrated in the flow chart as shown in Figure

BA.

15 As shown in Figure 5, inputs 39, 49, 51 are fed into the controller 50. It should
be pointed out that during steady state the feedback control signal 59 is sent to
keep open the two-way supply valve 42 at the established supply flow rate
during the entire method. The controller 50 maintains the drain rate constant by
transmitting the feedback control signals 55 and 57 with an error magnitude

20 based on the difference between the sum of inputs 39, 49 and input 51 to the

corresponding valves.

The feedback control signal 55 actuates the three-way valve 14 to increase or
decrease the internal gas pressure 38 in the collection vessel 20. The feedback
control signal 57 actuates the two-way drain valve 44 to increase or decrease
25 the drain rates of the collected liquid 30 through the drain line 46. The feedback
control signal 59 is kept within a predetermined error margin when reaching the
desired flow rate unless a new flow rate command input 51 is sent to the
controller 50 to actuate the two-way supply valve 42 to adjust the flow rate of
the liquid into inlet 28. Once a new flow rate command input 51 is executed, the

30 controller 50 will actuate the internal gas pressure through the three-way valve
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vessel 20 and the sampling error.

15  For the sake of comparing the performance of the liquid delivery system we will
assume: (1) the physical properties of liquid are substantially unchanged over a
reasonable range of temperature variation, (2) the response time of the
feedback loop is many orders faster than the mass sampling rate, (3) the
hydraulic condition of the liquid supply and the drain pumping systems can be

20 maintained at reasonably constant pressure condition, and (4) the load cells
are capable of minute mass change detection. Assuming these conditions are
met then optimizing the following considerations will also help improve the
system: (1) the overall system sensitivity based on the ratio of the mass of
collected liquid to the collection vessel should be as high as possible, and (2)

25  the sampling errors and the susceptibility to environmental physical

perturbation should be minimized.

In one embodiment, the collection vessel 20 is constructed of light weight
material such as polypropylene. Therefore, the mass of the collected liquid 30
becomes dominant in the low flow rate measurements. The size of the

30 collection vessel 20 can be scaled up or down to measure a wide range of
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Figure 6A and Figure 6B illustrate two feedback control methods: (1) a batch
constant flow method and (2) a steady state constant flow method that were

10  described in connection with Figure 5.

Figure 6A is identical to Figure 3 up to step 228. This means the desired flow

rate Qo has been established before proceeding to either of the feedback

control methods illustrated in Figure 6B. Thus, the collected liquid 30 should

reach a certain level in the collection vessel 20 and the collected liquid 30 can
15 be drained at the desired flow rate Qo and maintained constant and steady

throughout either feedback method.

Figure 6B illustrates the two feedback control methods starting at step 242. The
steady state constant flow method 244 and the batch constant flow method 248
share common steps such as previously described steps 252, 254, 256, 258,
20 and 262 but have certain differences. The first difference is the two-way supply
valve 42 stays open at step 246 for the liquid during the steady state constant
flow method, while the two-way supply valve 42 stays shut at step 250 during
the batch constant flow method. The second difference is the liquid level
remains substantially unchanged throughout the entire steady state constant
75  flow method, because the amount of liquid drained out will be constantly
replenished by the same supply flow rate Qo without interruption while in the
batch constant flow method, the liquid level will decrease at the desired flow
rate Qo until all the collected liquid 30 in the collection vessel 20 is fully
depleted or the method is terminated since the depleted collected liquid 30 is
30  not replenished in the batch method.
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the batch constant flow method will read a mass decrease from the load cells
5 indicating an instantaneous constant flow rate Q equal to the desired flow rate

Qo.

Accordingly, in both feedback control methods the internal gas pressure 38 in
the collection vessel 20 will be adjusted by supplying or venting a gas such as
non-reactive gas 12 in step 274 or step 282, and the two-way drain valve will

10  be actuated in step 270 or step 278 to maintain a constant flow rate at the
desired flow rate Qo. If a new flow rate command change Qn is received during
either the batch constant flow method or the steady state constant flow method,
the methods will respond to the perturbation by actuating the flow rate to the
collection vessel 20 according to the steps shown in Figure 6B until the

15 instantaneous flow rate Q matches the desired new flow rate Qn within an

acceptable error margin.
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1. A system for measuring flow rate of a liquid, comprising:

a collection vessel coupled to a supply valve and to a drain valve;

a weir providing a passage for the liquid into the collection vessel,
wherein the liquid travels from the bottom to the top of weir and overflows into
the collection vessel;

a load cell coupled to the collection vessel and generating a load cell
signal indicating the mass of the collection vessel with the collected liquid; and

a controller converting the load cell signal to indicate the liquid flow rate

into the collection vessel.

2. The system of claim 1, wherein the liquid supply valve and the
drain valve are controllable by actuation in response to electronic signals from

the cohtroller.

3. The system of claim 1, further comprising a gas valve coupled to
the collection vessel, wherein the controller sends an electronic signal to
actuate the gas valve to vent the collection vessel or supply a non-reactive

gas to the collection vessel.

4. The system of claim 1, further comprising a gas pressure sensor
generating an electronic signal indicating the gas pressure of the collection

vessel to the controller.

5. The system of claim 3, wherein the change in the non-reactive
gas pressure generates a change in the liquid flow rate into the collection

vessel in response to electronic signals from the controller.

8. The system of claim 1, wherein the weir includes a column or

tube wherein the top of the weir is above the bottom of the coliection vessel.
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7. The system of claim 6, wherein the liquid is pumped from the
bottom of the weir at a constant pressure producing a gradual overflow at the
top of the weir into the collection vessel by gravity without formation of mist or
droplets.

8. The system of claim 1, wherein the load cell signal is either an
electronic analog signal or a digital signal.

9. The system of claim 1, wherein the controller samples the load
cell signal after a stabilization period and converts the load cell signals to

indicate liquid flow rate into the collection vessel.

10.  The system of claim 1, wherein the controller generates
feedback error signals by comparing the liquid flow rate into the collection
vessel with a liquid flow rate desired, wherein the feedback error signals
actuate the gas valve, the supply valve and/or the drain valve until the
feedback error signal is within a predetermined error margin and the liquid

flow rate is within a predetermined range of the liquid flow rate desired.

11. A method of measuring flow rate of a liquid, comprising:

providing a weir for a passage into a collection vessel,

supplying liquid to the weir so the liquid overflows the weir and collects
in the collection vessel;

generating a load cell signal indicating the mass of the collection vessel
with the liquid collected; and

converting the load cell signal to indicate the flow rate of the liquid into
the collection vessel.
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13. THe method of claim 11, further comprising sending an
~ electronic signal from the controller to actuate a gas valve to vent the

collection vessel or supply a non-reactive gas to the collection vessel.

14.  The method of claim 11, further comprising generating an
electronic signal indicating the gas pressure of the collection vessel to the
controller.

15.  The method of claim 13, further comprising changing the non-

reactive gas pressure to vary the liquid flow rate into the collection vessel.

16.  The method of claim 11, further comprising supplying the liquid
from the bottom of the weir at a constant pressure producing an overflow at
the top of the weir into the collection vessel by gravity without formation of

mist or droplets.

17.  The method of claim 11, further comprising sampling the load
cell signal after a stabilization period and converting the load cell signals to

indicate liquid flow rate into the collection vessel.

18.  The method of claim 11, further comprising generating feedback
error signals by comparing the liquid flow rate into the collection vessel with a
liquid flow rate desired, wherein the feedback error signals actuate' agas
valve, a supply valve and/or a drain valve until the feedback error signal is
within a predetermined error margin and the liquid flow rate is within a
predetermined range of the liquid flow rate desired.



