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LI QU D FLOW RATES BACKGROUND The present invention

relates to the nmeasurenent of liquid flow rates. *159159*

Sem conduct or manufacturers, the health |ndustry, the
food industry and others 10 require accu

regsurement of Tow | qurd 11w nates. “Low 1 auia 11 RN

smal | volune. As the desired accuracy approaches the *Goooo2
dropl et vol une, neasurenents becone unreliable. U S.
Patent No. 4,869, 722 describes a device that tries to
address this problem by nonitoring the droplets

rel eased fromthe tgysTEMSEND mEmpﬁngf}.‘-@nto a
liquid 15 at the top of a reaction cell .

bt the. user MEASSICRRENTOF CRF LDy **3%‘54'89 55

or flowrate and the nmneasurenents are susceptible to
envi ronment al change and m nor physi cal

B@f@ The dropl et size cannot change w t hout
tering tE{; funnel opening dianeter, and the liquid

| ow rate changes with variations in I|q uid 20 supply
E@l%ﬁ%e”tﬁémtio%d e!ﬁte%t%wpmsﬁsv@m@&f ligyidcHpvat %teﬁf
the droplet forns at the funnel opening due to

Seiit@sRucteNBaABfaetursd, ltise hBakh thoistry DRleOfoBdiimdastty and others
bet ween neasurenent | ntervals. This method is al so

refuig acamraterrpeasweiant of lowiigweflow tmiest awslinvidifiow rates

R O RRE RNl ol S B st B SRR Bt
atthigabyaparmmche? the drogepl@uine, measuremenglbatdney ahreliadie.
flow rate. Those nethods are not suitable for very

Ul QV‘PéﬂgﬁY"Rfoag%Wﬂé% é{"gs{nﬁe ®h&tQFied 8 Efi@%%@sthis problem
excee roplet” or sub-dro t range. oatati o
byl evonitesingdhe duiemletsarmasedrfm ctlaé tipa:ﬂasdrppduenelt‘xﬁ onto a liquid

aﬁ@mﬁlﬁ%rﬂg{f l???ﬁg{'éﬁggprggnl—gﬁgy |o‘510c‘sq n%ggéns%%dtheQmpact of the
droplet, but the user cannot readily control the droplet size or flow rate and the
measurements are susceptible to environmental change and minor physical
perturbations. The droplet size cannot change without altering the funnel
opening diameter, and the liquid flow rate changes with variations in liquid
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 method 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 usé the buoyancy
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.
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2 SUMVARY OF THE I NVENTI ON The invention relates to
the nmeasurenent of liquid flow rates. In an

enbodi ment, the invention provides a controller, flow
control conponents such as valves, and one or nore

| oad cells coupled to a collection vessel with a weir
5 allowng aliquidto fill the collection vessel. The
liquid supplied to the weir rizes wthin the weir

until the liquid overflows the weir. The collection
‘SQFIEW‘AI"W OF Iy INVERTIGN during filling to relieve
back pressure and a pressurized gas can be used to
facilitate draining. In another feature, liquid is
th}?ﬁr‘r’%@it'(ﬁhffl%tﬁﬁé?%%ﬁ MERsHRTenLefdisud BawiraieSpt #8d,

tyr,Ql; ; r I j

SRR e N EnEATHH8Es B cARDIBE Hlorp LR BRfbonents such
aisncibve s, laadod oombes loaaptalls eouplent toea colbandionelelssel with a weir
signal . The  cantroller calcula the mass of . th -
2Prins 2 daricdti i Be 6P TeHITL ISR I I POaPieship Tigaveir rises
Wi R ReRWHE Bie TRES olakRwANHeWeil. Mhe/ 8d11I6TREA Vessel is
rate. The duration of the timng w ndow depends on
tuseahy ssntedrmsiingdédng tedrelisve back Ipeessugeiadd\eepiessabzeggas can

nd overfl o he weir, the system can nmake precise

a %ﬁdgtr?egﬁfﬁa&%dl? W% 1 ow rates. In another feat ure,

f eedback control is inplenmented in a batch constant
fih enothestfeaitrarligsiccieduppliad andattsr anbydraclic stabhiadtion period,

ot h hods, .t h i ngt ant anequs .neasured fl ow rate i
55 BBt S oA <0 ot 4P TR gl sl e end
fof e fidirey GAdoW Bid edhtraliendapEiréd aRdIher IRl ¢elldihral. The
f eedback si glnal to the controllable valves to adjust
\y

eretpllenFaiadiatesitherneass eiing collppleg, liquitkowerthe codaetiamperiod

A% REGRW e sHBh Ik rﬁéésonfaté %a%}tth@gomﬁ&he%é 98&uration of

i's wth an acceptabl e predeternm ned error margin

dimel tioring éndieg depends owthanedssirereshibdhdsisdue Ginc@bthEnuid wells
ure S%HS; ens and. et hods are

sortd pyetting EMET: THF SEeI SR a kR STPORE AoRm L aTegts of low
Tiogey sits¢ ens and net hods can scale, if desired, to

nmeasure a wide range of liquid flow rates including a

{13 ré%%thoefr 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.,
derived from flow rate calibration, sending an error correction feedback signal
to the controliable 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.

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

physical perturbation.
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viscosities. The liquid flow rate systemis sinple,
rugged, and low cost to manufacture, and relatively

i mmune to environmental change and m nor 30 physica
perturbation. 2a In a first aspect of the invention,
there is further provided a systemfor neasuring flow
rate of a liquid, conprisidg: a collection vesse
coupled to a supply valve and to a drain valve; a
weir providing a passage for the liquid into the
col l ection vessel, 5 mherein the liquid travels from

I Qq‘ré’toéstp%'a Bptﬂehﬁvérgfq déﬂ%(g% f@ﬂ%r&‘féﬁﬁl{eg\’fﬁé@érﬂ fof Ne

col 'ecti'on vesse cou _
nueHdueiogi flow x&!e:oéla legod, gengrisirigng a | oad cell  signal
indicati col | ct| on vessel with the

Lol EaURion feoEel 2alblel 16 o SuRRY KRV ANCLE, A Aaih HalVEne
| oad z60bik p?cb\ﬂcﬂ‘iﬂp d @aés%‘é'eQ‘éF the MEJ id irfig itk Ebﬂ%tloﬁQ/ersgég

into the coll i on vessel the weir inclu _
wheseinthe liguid treweelsfrormethe haitonn dxptfm‘ tolphta‘ weir and iovedloowssinto

tﬁ%]gglpeqctt&)gr{)&%f ll;he coll ection vessel and wherein the

fromthe bottomof the weir at a

constadohd mens:@upl@dnbcud@ cbeLtidndfeadEPAnPYEREFBNG A lobASell
top of the weir into the collection vessel by gravi

Swrlahmwcatw thgmass efthercollegtionyessebpiitbitbe coliected élau>tt/vd and
ﬁ: gg%ﬁc&ftdlgﬁfdr'ﬁ gm\?véh@g thép‘c?%defélgalgh’glvc Oﬁ%ﬁ%&%&h%ﬂ Phow
raﬁeontcﬁhhag:cﬂdemtﬁmrl vq‘essrela passage into a collection

T MR EEE G S HTTENS
i 856 th&@&%rﬁtdf 5k Boll@ibn %#Eels bﬁﬂ @JI’ﬁJrQW tﬁ@thgﬂ% i5Mimped

mass of the collection vesse
froon thecheltomad the weimaf a ¢m19taxatcbres$wre33rgdad:mg(a graduaht e

oS BYTRILE 5 B S o S G

foreatice of ralst ar droplets.

In a second aspect of the invention, there is provided a method of measuring
the 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;

converting the load cell signal to indicate the flow rate of the liquid into
the collection vessel; and 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.

In a third aspect of the invention, there is provided a system for measuring
flow rate of a liquid, comprising:

a collection vessel coupled to a supply valve and to a drain valve:
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constant pressure producing an overflow at the top of
the weir into the collection vessel by gravity w thout
formation of m st or droplets. In a third aspect of
the invention, there is provided a systemfor
measuring 30 flowrate of a liquid, conprising: a
coll ection vessel coupled ©b a supply valve and to a
drain valve; 2b a weir providing a passage for the
liquid into the collection vessel, wherein the liquid
travels fromthe bottomto the top of the weir and

coupPeteT BroRbfe a Fapos 6L LBNIRFERED o BRRHVspe
wiRiréin the Siggidatravelsliroat thecodtiven tath tob dfhlee it amd owerflows

vessel with the collected liquid; a controller for
intethe collegionheessghd cel | signal to indicate the Iiquid
{1 v 168l ol RBpichao ik LBREUBA WR38LINd BEferdiifg 16AL R
coup e 'ection vessel erefn the

stgmll indi¢ating themassaof theeotlectiorcvessghwaithttbe actiected quhiei
gas val ve

O o bRy B daeveginatbe igad 68 sighal Baadicatt the RRid flow
ré’{e%ﬁfﬁ@donebﬁoﬁ DesddM 41 aspect the liquid supply

val ve and drarn valve are controllable by
act ua gamvaalne rcegp@ﬁlste the celledionorissek VQME@ the sentralier

control |.er t [
SRfbar 9 EbronF SRl R el fevepl Eiglo b hd dellpoton
V2Bl Gtdupshhpa nehaehtve gastaial colledticavesgelt he gas
pressure of the collection vessel to the controller.

Preferably, in the systemof the third aspect, the
r
SRRy, T hRanPaEbGBehp SRR Y NG BUCRE A ave are
oetisiablerby atstpamsrelrt @spbese¢ tmalectrenigrsgrsalé from theecontroller.
t ler. 2 bl h t f th
Siefrrebly. fie.svam dufe Wi aseeet e oo dae piastre

%b?@eﬁé%iﬂb M elécﬁblﬁibts@néirﬁi'@trngahé sad?bysuﬁerbfttﬂ@
systemof th third aspect, the controller sanp

edllectiondesss! |to megemtrcdlﬁ drreferablybin thesayiséem of the thlrd aspect,
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.

Preferably, in the system of the third aspect, the load cell signal is either an
electronic analog signal or a digital signal. Preferably, in the system of the
third aspect, 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. Preferably, in the system of the third aspect, 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.
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peri od and converts the |l oad cell signals to indicate
liquid flowrate into the 25 collection vessel.
Preferably, in the systemof the third aspect, the
controller generates feedback error signals by
conparing the liquid flowrate into the collection
vessel with a liquid flow sate desired, wherein the
feedback error signals actuate the gas val ve, the
supply valve and/or the drain valve until the

f eedback error signal is within a predeternined error

mar.gi n and th .
b7 Gt Brert i BiveBHoR Hhefd s e A inatist dmeastring
tt?éflovb"r‘at% cffCéJIrciLhd 3éd?ﬁ}§rti51 : the invention, there is

provid rreasurlng the flowrate of a

| i qupd)Vld:lOﬁ}@rW@lll’lf@ a pAYSAGH intp a calestionoyesgefassage

into b { [

so ¢ APPSO YESGEH b e B g S, thel Qefr dfiibots
il the ctlebon vessalessel ; generating a | oad cell si gnal

i ndicating the ss of the col | ec |on ves

| i qugan%@%'lf‘s& '@gg e ignd! .'r}pgcatmg Gdaa%%P "?’ﬁ%w&Ft'%Vessel
Wltﬂqréqﬁhﬁld&ﬂle‘iz rate of the liquid into the

col | ection vessel'; 10 providing a liquid supply valve

and a dr alcnnveﬂtmg the ltadoddlladigealdg indicatedhe dlowi rate of the

response to.electronic signals froma controller; and
gAY e d

(FOUPENYT %75 si gnal from the control ler to

act uarévidingasliyad ¥8pply¥akeNand Beirainl Vagd t@rﬁtrM%ﬁﬁ@bYOf
supply a non-reactive gas to the collection vesse

agiiatind insesrRAnsertotaiectianic signalsferm aesgntralierhand
conpr, N | . i cat
the senasREarEebhficTn g SER ATLEEURER oLERIEE datdaive
tocoant khlel cmllecﬂ'dweve!ﬁidh od sopplly mendreeddtivagasdd thaygollection
furt her conprise changing the non-reactive gas

Pesure to vary the liquid flowrate into the

coI | ection vessel. 20 The nethod of the fourth. aspect

may further conprise sanpling the |oad cell
The method of the fourth aspect may further comprise generating an

electronic signal indicating the gas pressure of the collection vessel to the
controller. The method of the fourth aspect may further comprise changing the
non-reactive gas pressure to vary the liquid flow rate into the collection vessel.
The method of the fourth aspect may further comprise sampling the load cell
signal after a stabilization period and converting the load cell signals to
indicate liquid flow rate into the collection vessel.

In a fifth aspect, there is provided a method of measuring the 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;



signal after a stabilization period and converting the
|l oad cell signals to indicate liquid flowrate into
the collection vessel. In a fifth aspect, there is
provided a nethod of neasuring the flowrate of a 25
liquid, conmprising: 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
col l ection vessel; generating a |oad cell signa

i ndi cating the mass of the coIIection vessel 30 wth

t he | [ d; 2d he |
S gnsprvasting e b e Tanas 1S miitats e gt el ptfe fiia into
tHé@mehbﬁnggg g@§sel and generating feedback error

signals by conparing the liquid flowrate into the
col | genemtingdeedhacki arrorsigna)siby conmparing: edigeid e rate into

W40t 5T oS e e DB AR BB oror

sfgﬁgcﬁo@a&a@ré Eés yapeah slu?f:)wl FdN e and for eddrbiy value dnér ther
gin and the liquid owrate is within a

femcﬁw@k@;rmrﬁwal éﬁw‘géh'ﬂfa presletergiined errenmag rdthediuic
| r
G5l RoR @ ool lNée, (ROR Qe findld ot e RBiea.
measurenent. |t also illustrates a batch nethod W th
start and stop liquid I evels over a tine interval.
Figure 2 is an enlarged view of the system show ng
liquid novenent at the top 5 of the weir. Figure 3 is
a flow chart of a batch nmethod of flow rate
nmeasurenent. Figure 4 is a perspective view of an
enbodi nent of the systemshowing liquid paths at the

collection vessel. Figure 5 illustrates an enbodi nent
of the system showing a systemfor liquid 10 flow
rate neasurenent. It also illustrates a feedback

control nechani sm



10

15

Figure 6Ais a flow chart illustrating a batch nethod
for liquid flowrate neasurenent prior to the

f eedback control nethods of Figure 6B. Figure 6B is a
continuation of Figure 6B and illustrates two feedback
control methods that can be inplenented. 15 4

DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS The
foll owi ng description includes the best node of
carrying out the invention. The detailed description
i s made for pEose of illustrating the genera

:rﬁmrﬁfl PE@@%‘IPTt'Q VERE I RIRAVINGS0ul d not be taken in

alimting sense. The 5 scope of the invention is

@?L%m Resh Bybogirmestsie spstémefot liguiasow FtgWwigaslrement. It also
ustrates an enbodi ment of a systemfor |low |liquid,

fllusiyateg a batghneathomwith sﬁr&aggﬂ@ﬁwd lpials quer a tims interval.
36 disposed in a collection vessel 20. The weir 36 of
heg@iat2 [s B BHIHGSd ieRPEFRABSysRIM IshBWirth Fai® m@’rématahe top
l'iquid supply inlet 28 to a weir opening 32 di sposed
abdhewelte f1 oor of the 10 coll ection vessel 20. It is

not essential that the bottomof the weir 36 extend

lreg@réds e fléwtér%'ﬁ of a bARhGALIREL df3bW BRE PhealiréSent.
depicted. It could also extend fromthe bottom of the
col l ection vessel 20 The col | ection vessel 20 and the

Vg yress issa @eb?rF@ch%HleW fbae eptbodimeghef mérsgﬁterﬂﬁhew'rm liquid
‘éﬁé Bs LW S IfeRE6n eG4 on  and chenical ly non-reactive
né /or corrosion resistant with respect to the 15

collected |iguid 30 such as pol ypropyl ene or a
'IFeQ'PW r'BJSHQEﬁS@P aEbedimaent ofrtmé\yerem shaywinges sysieaeior liquid

2 %eé@r@h‘eﬂi } bR sEratsdh kL& ! éﬁgrtr!og hAfism.

emcally conpatible with the chemca
neasured can be used. In operation, liquid is supplied

tTHE WA &5 2 diow Shart Histiatingha @ai%n@é*rqcbtqnh@wdvf@%éate
?fﬁeééur@wrm i Eoeﬁégeggssa@%tra%%gafgﬁ BREBa ! he

i nt ernal pressure, Iction.

épls generates I| uid flow through an open two-way
USWIS/OR &8 9 consinyation @frf:e‘QPqu@B@néiulrblﬁﬁtSﬁt?ﬁl\@@ fe_@back control

| padioad th 9&9@ §g 32. Once at the weir

openingt3§5&¥ﬁ%&ﬁrgﬁr overflows the weir 36 in

downwar d
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direction 34 to formcollected liquid 30 preferably

W t hout breaking up into drops or droplets. If the
weir 36 is a columm or tube disposed vertically and

centered 25 in a cylindrical -shaped collection vesse
20 as depicted, the arrangenent will distribute the
| oad symmetrically across the illustrated first and

second load cells 24, 48. In &n alternative

enbodi nent, the weir 36 need not be centered wth

| GERRILERDERERIBTIGRIOF THiEPRERERRED e BiMERs

regulates the liquid level. The liquid |evel can be

arthe fdliRevityy daseriptioal inclndes dtk bestanotie@fichaging out the invention.
controlled drain through a two-way drain valve 44 to

dthe Fetaled descriphiomis Mare den therurbese ok Ynsieaingiine egnaial
o B R R G FAL Kb AR ENhHAE sefisdOrne

pendi n vol a
necaper @dheiinverdipnbe detwesised py referemdentoaths ddims.
internal gas pressure 38 of the collection vessel

qflgm@tl‘?ﬁusttr%?@s aﬁteméhisopé @?ét%‘ffo‘i‘ YW qgu %pfgc{vﬂ%tgn

ressuri zed non-reac
tﬂmeaeorlelneae:rttl Ehe\sqstem 1@0ncléddéd nereingy d\@idﬁédlﬁla collection

encel a0 Hrigviriidd EeGeiobth Jisvides Aoaseagefaigpd sapRlied from a
tlﬁqun(ﬁ QGP'!"Z?H'F%Qff%%g’i"?%?gﬁ'f'g é?dl@ ééjd ahbGet Hé’ﬂ%&r"bﬁf the

accuracy te neasur enen
Tedlectiom vgaseliddl. ditis ot eemntﬂa&trmnh@bottendofttbemt 36 leetend

B e YR BT e oo kPral s feheid Rpotid &Ro extend
tfegrftthembotiohtof the GMeLesH @éséél %' q*héQ;ouééncrne\%s%eVE@%n% the

set of load cells 24, 48 through the vessel
2yeir 3Ry ar@rmatqrafélwnacﬂm@f gyghtewemmaéesalnrgtreldmamm tension

RGN 05k S o B a0 e

| e ctead liqui@ 480 ABhaist polyprapyrnal 1t TREAT bedtbd shaeabl
e t hat |nd| cates the total nmass

ol
W%WSVGF §é?H§'8tag %ﬁﬁq' REdIdRer matariady durahde. andficsently rigid and
edifhich Eor%?aﬁbl%qﬁi'th ihe @rgeg@%%doéw %é:é;élrﬂjtréﬁ? kér‘? rbeglgsed.

that inc ude a conput er typi ca

a\nal 0g-t O- %I_ tal conversion function with stored _
JRIGAsTatieR diquid is supplied through a supply line 40 into the collection vessel

20 at a pressure that exceeds the weir pressure, the internal atmospheric
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
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.
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informati on, where a digital signal is generated for
further processing or used for generating a digital

di splay. 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 tsubish
FX2N programmabl e | ogic controller with a known '
conventional analog-to-digitdl converter. In an
alternative enbodi nent, controllers wthout

20 alN6 2600880t athE BBUSH 6the FaYe o rHv@terDoREgWatds the liquid
load cells outputting digital signals directly into

develr dhe dinuid IFwel caore adjustedsby adnantalspetiedigsesfest-back

col | 1 QUi 0 [Well] tori a, 30,
iRotiti ab el s ot W MBSl et a8
@rhpodimert U eadollectedhiyuiddad i€ étdise @By gidvinttaroddrethe drain line
collection vessel 20 is enpty and resting on the

port 22. W will refer to the mass of the enpty
coll ection vessel as Menpty. After this is known, the

Oaperadihgbndhe vamtiligast th8iqid Belhg eéakuréd otma9ask necessary to
cells 24, 48 representing the total mass Motal when

tRaINYN|tee intera) 838 eresmuire gt efithe colledianevaseg! B9 glhigher than
SN eRE BLethe O Bpet A Lol et ey npg reactive

asc 12 attedhd golbemtiputvesget 2@ A dgragg/eay valvadg aﬁﬂtn}g}l@theasupply of
i nt e f ti AT. A il cripti .0 ow. .
SRt hesan RNt 1 BeT B BOBHEaR ebon 2 hEra/eiadnert
ahelidQiCOtihg ThessUredw AvoiOafRRtihg thé %%Eurl%ﬁgto??néjﬁig@liGMd flow

/| P Were V i qui

relationship: V-- Miquid is th

veteimsasNreanis. Thetsaeeaas indét arlent 4Bl et leriuséed)to dent the

. TS A ] 0
ShorfRfoathieahie s ekt PR TimEway Wi dPace <ne
volunetric 15 flowrate Q of the collected liquid 30
dna@tyemibodinnent, Bengnlieation nessel 2ietoghthegavith thermmdlsctan liquid 30

0 [ nt f L W FElgure 2 i s an _enl ed
vrlg’g’\{/% %POHp rSt% E éfl'otaﬁece '9?@5&%&%%. tﬁe I'yleéﬁﬁ'les u.f.p ofttaig hows
tAleeraptiasig, theqystbrogesandingié 1bas cai ot hréehan 8o Wddcells.
liquid build up 80 at the

One suitable load cell is the Scaime load cell model no. F6OX10C610E. The
load cells 24, 48 output an analog electrical signal such as a voltage that

indicates the total mass Mt sSensed by the load celi(s). The analog electrical

- signal is captured by a controller 50 that includes a computer and typically

includes an analog-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
Mitsubishi FX2N programmable logic controller with a known conventional
analog-to-digital converter. In an alternative embodiment, controllers without

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

known mass for the empty collection vessel 20 or reading the output value of



10

15

20

25

weir opening 32. The liquid build up 80 overcones the
liquid surface tension 20 and overflows the weir 36 in
t he downward direction 88, 90 due to gravity and
flows al ong the surrounding wall of the weir 36 and
reaches the surface 84 of the collected liquid 30. A
streamof liquid is established and collected in the
col l ection vessel 20. This net®od reduces or
elimnates loss of liquid frommst or droplets
e IBS |I? QH' @'8 Wh%W th@&%ll@@lﬂﬁ%@é@l‘tﬂ) @éniﬁy’éﬂﬂ'r@gtlr@on the
e vo at i l'ammability of the |iquid being
nsmmm‘eﬂz Weewnhrat%mme gmsmfét%% emptpgoliectioaguassebas Mempty.

%{{‘? I§ ﬁelgldeP rﬁ%%érfgoﬁ?ﬂ ng g%ri (re%ag%{hvi%ﬁgﬁt vq]IH%‘?fom load cells

t D4 ess YedreYahtirR) thé- toldd nidss Mg;ﬁpﬂh@ﬁﬂ!he cbhsctiddsydsseP20 contains
or vent 18 is normally vented through the three-way 7

veelested liquid i39y apdsubirert edinst Moess while a

pressuri zed non-reactive gas 12 is punped into the

col I ecjpj,or I uring a drain process. Figure 3
is a fl 6Wdch§¢tttqofm %atch met hod of flow rate

E?E%Fé%es"{ e i SPIEHE LR RGP SRS HecoBputing the

Qﬁ{% ﬁﬁﬂa% ‘ALM o§89é’r¢5ﬁtéﬁ)a|l Bf ti@NEHIA @Bﬁdllléd description of flow
par alT el pi peline fashion. For brevity, the

rratemeasumme@w Wél hieprasentatl belovarheaw!wue of the collected liquid
entiall T net hod, the controller 50
wsﬁllil Qweﬁb tt ea&ﬁéﬁﬁ?@sm%{‘% nmeasurenent at step

200. At step 202, the controller 50 will store the
desired ¥ Miyis/ate Qo. At step 208, the collected
liquid 30 in the collection vessel 20 is drained bel ow

V@%r@r\?%et?wgr%}%egﬂhﬁ\éelM..ﬁﬂ%P tlﬂt he¥% ngc{og.b&e\é%q\ﬁ?d 30, and

ose uratio
npas theeliopnitl deAsitgt ep 210, the controller 50 sends a
control signal to the three- vvay valve 14 to allow the

38l i B L BB, Afalahof il AR YRS Wmet

| flowirdtd Ql dfthé faelleaéblllaoidl wamgsmth He cathpetatibn 21 e change
the controller 50 sends a control signal to the 15

t oMRgy AN sye)ag amteevad of tiperd |1 the col | ection vessel
20 with liquid fromthe supply line 40. At step 214

aRiuaé e an @hargteds\n@bldflpéattmﬁe R9&ichtishéhe n¢9l’§dr@|1| ®fshows
50 captures (i s). an i nstantaneous | oad cell
Sp%lépwagdoﬂﬁqlqi]gww%}t 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
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.

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
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nore |l oad cells 24, 48 opening a timng w ndow. At the
end of the timng w ndow the controller 50 again
captures (i.e., sanples) the instantaneous |oad 20
cell signal. The timng w ndow can be various tine
peri ods depending on the accuracy required during the
filling process. At step 218, the controller 50
converts the captured (i.e., sanpled) |oad cel

signals which represent the nmass of the coll ected

|v‘a‘ﬂ}él fq %grlﬂ%%%gih‘iﬁ?tdr&é& M@S‘%ré@stﬁ&ebr}ﬁr\afgé&'ﬂ@@@%s 12 is

rate step 220, the controller
epummdamta thee coldgationbless&l 201dunn@aphaéspnohess
i nstantaneous flowrate Qwith the desired flow rate

?ﬁgu{ffe %12 élb?lﬁéﬁ%m éP&B%gCh fsd é'ftf?ovﬁété r@%&%@%g@?@ﬁb

low rate the contro
domierokentsinghalsystenn sbdowe in Iﬁeagwpem-ihgt shoulddet nmoogaized that the

St dak SentenBAbs Gancuted Sobariel ¢b hbipeiag fashion
%W[ﬁ%ﬁ@ Mthe 'nﬁethB& MH‘%WB@BS@&%J& \caika cQt 's%qhéﬁﬁally To
than the desired flow rate Qo, the control

Jeagis the owibeadithe |cgngller06Q)p/dhmttlaée amwﬁwsa@pmasurement at

Kool s SteElare dng sPafiolatcdo ffelais BRAeAtR Fapdho. At
Qtap st i dsiRictelidli@B0riatse €Bllédiont\RiR8eRdd ist @ra?r?éa below a

until the instantaneous flow rate Q reaches the

deepetedminesevat andlhie Bvoawal draie vales éﬁtcm@@idgr theoduration of
C}Q%ﬁlo&ﬁﬁé’%éaéﬁ@m@ﬁ?'ﬁﬁesq gﬁp{e{h%@n%llé ES &8 ?X"a {o%ttrol signal

nown and t con stores
ito thetineg-aby stlep 12060, alloamtlheegaﬁnetpem&th‘cm a@enieﬂ letervent

JarBhBerars et oS B 5o Phex presshte whis iae s the
Ctliefbm QQSQ/@fi@elAt g%p M2 thé %Bn@%l?er 5@%%‘5 chhirSf“s@Qal to the

sends a control g to open the three-way va
1tW0tWaV§HPPb’h@“®é to 6Mhmeolmtlbeoaeseal 2ewitklliqa@ from the

B89 2, 9B ind bl 4550008 ISR 4 convoter

smdaptares:@@t rimpslegnah irstatBABotid R adERiEsiy@N fih Yise dfie or
a non-reactive gas 12 into the collection

we%féaﬂcﬁe"ﬁ\t%sﬁégmf@mg 2 Hienipg Mindpw it the enshefsthg timing
GRREBR/ the%o@m%hlert 50 %BQﬁ‘\ éé’ﬁi’ur‘%@y(l dr @g%ﬁ%ﬁﬁe[f’rﬁtgﬁtaneous load

drain out the Iiquid: dec

cell signal. The tlmlng wmdow 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.

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 desilred 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.

Conversely, if the instantaneous flow rate Q is less than the desired flow rate
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15 another new flow rate neasurenent is required at
step 238, the flow rate neasurenent nethod can be
repeat ed begi nning again at step 200 to establish a
series of calibration curves for a wde range of flow
rates. Gtherwi se, the flow rate neasurenent nethod
termnates at step 240. Figure 4 is a partial cut-away
and a perspecti.ve view of an drbodi mrent of the 20
system 10 showing the liquid punped fromliquid supply

i ' L gt ! ivEy's valve at
oehechylfaRia stnds it Sl Rhopell e itely'subBYy
ogiepi20g. BReithardomdéion thecodiratiend@ Measures ahd compares the

s Bk MY th%{é%ﬂﬁgfg’égfrg%low 76 B8 Wtbp€5 1478 220 until
apkligsthhRimevas IRl rakd Q teuchBs eRd adsimBd flolatesmet em
operates in a batch flow rate neasurenment 25

e R IR R AT
Crgltd 6%(23; sl Ay He ddiftrdirel 8y dtbsitABt @RENA 'F&_er%P{ %‘t\?vstep 228,

wel r . In order to offset the decreasing drain
randkatistept23Q the qontredend0 sendsiaddnénpébighaltonstertéha two-way
progressi Ve vacuum i nerat ed aver, tine, a..
ST R Bhe 3 ORD S B B ciab B ftion yesse! 20. A
cstbp @30 te vestedller 30 s¥hdshy chml‘bltsl@@l’@obéh e fteeByay valve
increasin% the pressure of interna as atnosphere 9

38 v eentthagastirm drarcalleciion wessebel Hyrpehdar eds cutlet line 16
. . |
PB4 BER,SU50% PR ey R 32 AL48Y 228 B B ey 0 sence o

f emdiziclgnad td opén thecthmoes-svayt valas hiday upplysd ABH-résetivie gas 12
flow rate in batch nethod flow or steady state flow

dBfq ther seligction yessg! £0. & sten 2365 the gonlolier Stheendgaicentrol

r . e ' t)e pf
S QTR A IO SR DY RBEL s b8
aanrethacnewdiovaraiameasuremdahiserquired at plepsaitlthe flow rate

bt Rdntted PR TSI FRFEoap Briacr s Y siep 200 to establish
CokuBs WeLAlibratienduives 1604 Wegd raye/ SERRY ra8s deHRIIARE $he flow
t he danmpening effect. 10 Wthout "any noving part in

t e gipasgrement methad terminates atstepl 240. vel y rugged and
| ess susceptible to errors or physical damages.

Figure 4 is a partial cut-away and a perspective view of an embodiment of the
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
environment where the filling process terminates and draining process through
the drain 26 begins at a certain liquid level 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

through the gas inlet 18. By increasing the pressure of internal gas atmosphere
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The weir 36 and the collection vessel 20 can be made
using |l ow surface tension construction material such
as pol ypropylene. If the weir 36 is a tube, the exact
di aneter of the weir 36 can be calculated fromthe

rel ati onshi ps 15 below. An optinmal weir dianeter j,
design wll permt neasuring the flow rate of

Newt oni an fluid class of liqui®¥s of very w de range of
viscosities. A Newtonian fluid has a constant

V38608t firheathedditairs AR@Icah MetSorfpefs 6836 abhiel/e RBE RIntiaRy
and pressure, and can be described by a one-paraneter

r ersitani floay ratgderen Afeedpektqany ol EYCNPBISAY iSa98sht oni an

fluid is given below. 20 i=y Wiere r is the shear

SERRimehts dff8edb KKt ﬁf&%nis?’n 'icf‘ﬁcﬁ@@ércoh%ﬁt dram flow
Assum ng that the Hagen- Poi seui | |l aw i s applicable

(@é@ inchatchpasthaddtovaatstegdy sta(gmng dgivany will b@pﬂlscussed in

5 , f £l h
Zaois e (9l el BabkLot by T Mariofey bV B 408 ces
fm,|431\@nd@t‘ﬂe(\teQEel éUdp(oltZXD) AP=pgh+Pf +P; 10 V\here
AP is the pressure difference, i.e. the liquid punp

PR I3 pRbEhs oaRECLE FuPEh byBERR G Bfgroaton o

| thieegoN@btert mﬁ@hanhg ni¥Rssenents. The rafio oh ehalg@irshdtersddf the
the liquid, 5 is the ?rawtatlonal constant, h is

t FRIUEY Wetﬁ&figaﬂd thercqllgchior vessrli2d deteenings the damwening effect.
d ; ni er.nal

W{hﬁ)@'ﬁlﬁﬂ H&ﬁﬁ%ﬁeﬁ in ltl'? ﬁe}n\/\gﬁrtﬁg sx%@c‘r? gbﬁigéiéﬁvely rugged
vausctdﬁsstguscéptlﬂsie tblecqmrsior physichl damadpes wei r  hei ght

Since the density p, the gravitational constant g, the
wWEhe wedi 3hant theveolledtioneressel 20 can be made using low surface

tension construction material such as polypropylene. If the weir 36 is a tube,
the exact diameter of the weir 36 can be calculated from the relationships
below. An optimal weir diameter ¢. design will permit measuring the flow rate of
Newtonian fluid class of liquids of very wide range of viscosities. A Newtonian
fluid has a constant viscosity at all shear rates at a constant temperature and
pressure, and can be described by a one-parameter rheological model. An
equation describing a Newtonian fluid is given below:

T =y

Where 1 is the shear stress, p is the viscosity and y is the shear rate.

Assuming that the Hagen-Poiseuille law is applicable (see C.V. Easwaran and
S.L. Kokal, SIAM J. Appl. Math., 52, 1501, 1992), the rate of flow through the
weir 36 (acting as a capillary tube) is given as follows:

Q = (nAP¢.*)/(128ph)

AP = pgh + P¢+ P
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di aneter ~, are constant, the flowrate Qw | be
directly proportional to AP and 15 inversely
proportional to .t. If the viscosity of the liquid

i ncreases or decreases by a certain factor, to

mai ntain the same flowrate Q the punp pressure AP

wll need to be increased or decreased by the sane
factor provided that the liquil@ to be delivered is a
Newt oni an fluid. Likew se, the flowrate Q can be
WIRERRARIS tRE pREEUeaaffErENcd e eRSTidlad Wunﬁ’@?fe%%ﬁf@gequwed to
the punmp pressure AP, provided that 20 the flow rate

| svekepheateiapiessele poht, lfopsdvfriedion it ure the delivary dysteheansd the

i.n theagas Ebove the c IIected liquid 30. Referring
d@tﬁrﬂalt masy ?@Ci?re:?ﬁb‘v% a system 10 suitable for

CASIHE LS Oaﬂ{éaﬁ%l met hod of liquid flow rate

asurenent . Sui e punp such as a peristaltic 25
pgns;iherg]awsatmm) cosstased to punp the liquid through

the sup [ine 40 at substantially constant pressure
tl'hlsotlﬁ HB%ﬁB W\}g way supply valve 42 into the |iquid

qugltwe h@uuatfn&?od it AeldRfiveqidyaraml the weir 36. A
steady flow is established” where the two-way drain

v%.llséhetmte@atgasedewmng t he measurenents. A set of

| oad,cells 4 48 ¢ ed. to the vessel support 22
rbeddt *ZFF‘H f?é?%ﬁ?{gﬁ&f?u‘g %0 total mass M of the

cold @,@t\h%s\@sﬁﬁe #&uitihakqg i ncl udes the collected
[Mquid 30 at” the start time liquid |evel represented

By ist the wail hdight,ne 100. The i nstantaneous 11 nass of
the liquid at this time is Miquid = (Motal, -
Menpty). The nmass M at tinme T, is then sanpled and

CQlﬂhﬁ@ rtﬁ@@eh@’hp?dﬂh@' drﬁ{ntétﬁfﬂéﬁboﬁﬁénf @ethEQ/Vél(FeﬁHgﬁf ho@eir inner

mass time T2 I1s then sanple [ evel
cﬂllatrmerccb;l aremmtantMIedlmrate@ &dll be dirbetlyjptdp@dtlémmeo AP and

i S second,mass,. neasur enent anpl ed 5 and
ORGSO PRIGTR B holf b aeoTon of Fe (K5 feasesar dcreases

Iy grc@%.ﬁ %cf&dt&ﬁaﬁ{témrth@ nﬁ@ﬁomg Uéefhevamgﬁa‘?é%éd?s AP will

mass flow rate’ the system 10 can
ovesd Emlaﬁ? inaréasedoer dectsassd by thé eamanfactos phovided thattkee liquid

liquid flowrat IS rived by the ss change .

Hlodss Helvelst e Neydan B ik Jike e off g 218 & 4R be increased
péregiressed Byl indreéBsihglop déalteastify the pump pressure AP, provided that
the flow rate is kept at a level not forming undue mist or droplets in the gas

above the collected liquid 30.

Referring again to Figure 1 shows a system 10 suitable for carrying out a batch
method of liquid flow rate measurement. A suitable pump such as a peristaltic
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
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
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The fluid vol unme change over tinme can be then

cal culated fromthe product of nmass change over tine
and a constant termof liquid density. AV= AMp =
(M2-ML)/p 15 wherein AMis the mass change over tine
interval T2 and T, reflecting the net mass gai ned by
the liquid in the collection vessel 20 over the
predetermined tine interval,1p is the liquid density,
and M, M are the neasured;total mass data fromthe

| gi l— W dThd mZ4s Wihat ti
|rﬁ3ﬁ%| gﬂfh:eg\l/azﬁdataﬁﬁclggggﬁi ?I neciytgs I%E&PI qui énvo uFre me

chaﬁ@feerme@mpéﬁﬂ an%p@nmed)mtcv digital frsmet forAlre gpatroller 50. The

riBo Mt e is R Enibied bR bl b ohficen iy a0

Trilsesatadhé\ﬁolttédthhe ﬂOZWhisﬂé&fdh@ may¥€ mddstisemBRESaH BERAMpled
T2 and start measurenment T1 30 By substitution, flow

raftckConryafeddpia digtaliormat fOé\AEe cantroligr-50aip ppertozeduce error of
HE e AL Aot Al BeE Rl SR el B heny

wam;alegeﬂed smaﬂglmélpen@dﬂ ssingfthesamiy eahnigse. The Iqu|d flow rate
i(ﬁSt nt.aneous, vol une i nformati on can be determnm ned
t

REYEHh PY AR 9SS FASH9848a0TIEE d1dbE 193d CaES Phatd ovRr the

qﬁghgtegﬁj,mgcﬁt,m@s,h@gvgme rel ati onship descri bed above:
= Miquid/P Were at tine instant T, Miquid =

I\/total - Menpty Figure 5 is an enbodinment of a |iquid

r. r n m 41 ysin
fh?ewflwgtv%lurrnelgsclﬁaﬁgg otvch’ r%teecan be en galculated from the product of

mass change over time and a constant term of liquid density.
AV= AM/p = (M2-M4)/p

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 T, and Ty.

The ligquid flow rate Q can be defined as the liquid volume change over an

interval of time.

Q = AV/AT= (Vo-Va)(T2-Ty)

Where Q is the liquid flow rate,
AV is the liquid volume change over time interval T, and T4, and

AT is the time interval over final measurement T, and start measurement Ty.

By substitution, flow rate is determined as follows:
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f eedback control nethods. The theory of feedback
control is well known, thus 15 the description wl]l
only descri be how the system i npl enents feedback
control. In an enbodinent, the liquid flow rate

measur enent system 41 describes a batch feedback
control flow nmethod. The controller 50 receives the
inputs 39, 49, and 51, and olZputs the feedback
control signals 55, 57. The controller 50 sends the

f eedback control signals 55, 57 to the correspondi ng
three-way valve 20 14 and two-way drain valve 44. A
pressure sensor @F HdHeNdD) es(MAWl1)/(miliz-T39 i ndi cati ng
the gas pressure in the collection vessel 20. The | oad
cells 24, 48 provide an input 49 indicating the nass
ol/héfears abs @hption isieadelthA0hw ighicpiysica | pr65é8Es remain
liquid. Input 51 indicates the desired flow rate Qo.
Thbstangally uaehariged dringdgheaskse ohmesisusgrgaalss 55, 57,
corresponds to the difference between the 25 suns of
inputs 39, 49 and the input 51. In order to nmaintain

fTive ids@intaridold viflurak icfoRskbBsn cehdeddtaiined B thatifftantaneous
met hod, the feedback control signal 55 actuates the

hrsedalgyecardes buthedoadicals 2¢h48, ysirg the eelationship described

%globgcti on vessel 20 by introducing a non-reactive gas
into the gas inlet 18 to conpensate for a flow

rate decrease froma receding liquid 30 |evel. The

feedback control signal 57 actuates the two-way drain

valve 44 to 13 Y ndVwas® or decrease the drain rate of

the collected liquid 30 through the drain Iline 46. A

V¥heretttinge dnstantat MiwsiaeMened NMien t he feedback

control signals 55, 57 are close to zero indicating

Figirel 1R HLEMBATRNEM STESFyAd IbRE a8 hBELRIMEN K Ysfem 41 using
over a specified time achieves the drain |iqui ow

fegdbagktganyroh matlers. dinei theary of feedbackeentiel.is well known, thus
- j Li quind. £ . t
LB ERA T geldte At S LTRSS convo

f eedback control flow method. During steady state,
imanagrekediment,| thg lindidsigypratedneaswetitent spsteet# describes a

e n n f-J 1 quid drajined .out of.th
U583 lecPBnP0 ol P APng e G B B0 1 bR a0
doedat &rirane dugsute therie@iback Son @bl §1§34Is27, §7MRAE controller 50
change over time occurs and
sends the feedback control signals 55, 57 to the corresponding three-way valve
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

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

level. The feedback control signal 57 actuates the two-way drain valve 44 to
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is recorded during the steady state nethod. Therefore,
the desired flowrate is preferably established in
the collection vessel 20 before the steady state
constant flow nethod begins as illustrated in the flow
chart as shown in Figure 6A. 15 As shown in Figure 5,
i nputs 39, 49, 51 are fed into the controller 50. It
shoul d be pointed out that ddaBing steady state the
feedback control signal 59 is sent to keep open the

ﬁﬁ?@%é &F&%‘&lré/ehs\éatlh\é%ré% r%ﬁe Bhﬁme%ll%@{éoslﬂﬁﬁ’d %QRHMUQH AW drain

uring the entire nethod.” The control
nled @i A sohstantidesim ratatls rmmmemy\e faedbsm( t:oh‘mgl sigals 55,

S5 Are gss 3 2Be o AneRas Bl hdpasefl (ealssied liauid

Oévérrboéﬁéclf% tich® ét!ﬂﬁ’eﬂe'%ﬁhé PaintiquidBowate’ REMARHIpRAetermined
val ves.  The feedback control signal 55 actuates the

t@relenagginval ve 14 to increase or decrease the
internal gas pressure 38 in the collection vessel 20.

Tihead RSPk odFErt! Ple IRjUEN BbWIAteaficdal ﬁé‘inérlilesy‘sﬂé?n WAYcan be

drain valve 44 to increase or decrease 25 the drain
r@ﬁ@stoufnnlemeobaISéeﬂcb/ostataqf@edbaw contsldlow metihiedi Puring steady

B e apieEns BEIATA Sur BRI 4, Piatan JeSseFRbgnd she amount

d@tsnomﬁdfah@w bat 6f thel Rysckoneyedd QO arr@te@u@omrwndml aput
51 is sent to the controller 50 to actuate the

t REGIREST YRR POV 1aFaing At op NGy Zef0 TABS £NaNge aver tine occurs and

.tigerek:é)rgi%'d.dddrgy)thggégéd)zﬁat ?h%z ﬁQﬁrQo?%’ @ttﬁsﬁgmﬂprate is

aprtetﬁeﬂablyf dstablighednalthg @sllgutessuasset R0 befdretthe steady state
14 ang actuate th
VSeTRAnG ot begtgias | HeSaedin s @ovgﬁaﬁﬂs o in Figure

rghe. At steady state, an equilibriumliquid supply
and drain flowrate is reached at the desired |iquid

=P8 SHPAN SBed JEGS haBerh AR BYaHTHERE kange R Should

g?‘?{??mﬁg? glﬂ% Ha_][_ *a%nﬁg gﬁebaﬁ/{( é?t:gfoé[] tth\ré" Jbgglﬁgﬁg?&ﬂgcgfﬁ%@ %g ds sent to

pk@ﬁmceelmmcsbm ‘Way sefpbécvalve ¢2raidioe estabéshMgnppludbmofate

f qu_]rg(_i O;%r&th{réemg%%rc]i. %Hg%o%roﬁerrﬁ mantaing tﬂg%ealn ra?e constant by
transmitting the feedback control signals 55 and 57 with an error magnitude
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
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

controller 50 will actuate the internal gas pressure through the three-way valve
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as the stability of the properties of the liquid
duri ng neasurenents, the shock or perturbation

i sol ati on design, the physical susceptibility design
to environnmental 10 perturbation, the response tinme of
the feedback | oop versus sanpling rate, the
sensitivity of the hydraulic system the sensitivity
of the load cells 24, 48, the14mass ratio of collected
liquid 30 to the conmbined total mass of the liquid

f4 t

i Pho PERRRE S HRY SRR 10 B Wl e Jguid supply
tfhwv sHepAt sigady state, dibefollibtibe |xake sobplycampﬂainangfld)\heate is
erforman f the | d delivery s
S athed B e deriesripid oV seBouhen feSdiadk anitia! sigbals 55, 57
3&!*665@5% all c)bské%'}%?&%teé’r\éﬁ{ W’é toTeﬁ"i‘ﬁé’é!sa@"\ r%eaé\ﬂﬁ tPhe will be at
tenperature variation e response ti
fzezdlvagkthimmep acseptable errdenargiast er t han t he nass
sanmpling rate, (3) the hydraulic condition of the
iR SLABURRIUN BB LRSS UEAED BYBROAGS YR ERBRA0 rBfuce the
mai nt al ne F easgnabl 'y’ cohstant pressure % rtion,
amdg(lml)det hfethlec&wbrcéhésnagretudepzftdrmroﬁanglm depends en factors such
h se condi tions ar t
A SRS B mraP TS Gitie il S0 sp S Bients dhe shock or

fk%rﬁnbﬁ%rﬂé%létfdﬁ dei§d QAR p@\}%lcbh@&‘éﬁhﬁillfy @é@iéﬁ% environmental
sensitivity based on the ratio of mass of

durtwbaten |thguespansettinee mth@aadbﬁclvéx@vergu@lsampbeg aate, the

SR8 BSRS89 550 B 2845, v

peat;sl Fdtid obdfbll@bmd gy v 301tOItNe 28hbindt R rﬁﬁ&odf tﬂﬁ%ﬂtq,und flow
the coll ection vessel 20 is constructed of

BRyIeaSHEABP 3y SERTBH TBclinghersleated i BB, therestlection

rnpe%%epﬁotaha tﬁ@'sbﬁfﬂhﬁgéridﬂ!“ d 30 becones dom nant in
the low flow rate neasurenents. The size of the 30

C ction vessel 20 can be scal ed up or .down t
n'g%fstB?éa e\if geMranige the pesformapee of fh%w@@@hwwmﬁte@h we will

aé%“s‘dlh?é’ 1) ﬂ%“§r$y3ﬁ g&%rﬂ& oP N lﬁrgré‘%ﬂﬁétta'n\’éﬁ uhéhan(%ad over a

|nce w rate neasurenment is a cont
fﬂeewon@bllaoangaaf temp:erdmrefvcamatmg, (@) o etsponsettinee of the

BEUBSA PR E WA St BIG BE bt S Sp P e
thRIrdeid cafdifich bNedRIUi®SLPHP and the drain pumping systems can be
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)
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

collection vessel 20 can be scaled up or down to measure a wide range of
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5 vessel 20 danpens the liquid novenent in response to
sone mnor environnental physical perturbations and
there is no noving part in the mass detection method.
Figure 6A and Figure 6B illustrate two feedback
control nethods: (1) a batch constant flow nethod and
(2) a steady state constant flow nethod that were 10
described in connection with Fbgure 5. Figure 6A is
identical to Figure 3 up to step 228. This neans the

drgid BGwirkMvith %‘i% Locrasy hegreanbahkrahadtdal @nsitivity is high.
proceeding to either of the feedback control nethods
i Sihoetthaflew rate Fiegsuensd@nt iFlausontinkieus doneretd thgtipdoids

3 houl d ain | i the call ' -
JBEBER rIfta T s edRelth Sas iR derk Ha il SERS Mlssing
dirdbRas tiadt doneitsiRs it samblieg/et@dre FRamtheNRER B8Nk collection
constant and steady throughout either feedback

neasset20 aguensaBeiliguigsmoseeent iferasnense elBarie BB r ol

R 0 T

ngétbetiorR dfkthsdhar e common st eps such as previously
descri bed steps 252, 254, 256, 258, 20 and 262 but

h tai p-diff . The first differ kS

e SR Al BEIRRTBe 105 o Bl 1D baten
t éndtamficly ehathod ahbg254 eashtysdtateecariantiw nidtiowd that were
nmet hod, while the two-way supply valve 42 stays shut

adesgripedipeonnestie) With&i®dech constant fl ow net hod.
The second difference is the liquid |level renains

SEigStaBA i§lidéhti¢apigbag§@ﬁé 8 ipaeaep 2B ehigthéass feedédired flow

state constant 2 ow net hod, because the anpunt of

| iad@ i basibaed establighed betore peteating to eipereefitbaégediack

BT B bR B RPo! B SEFECHBYHR, 2 choui
| @aeh avcéitaiddevedas theatolicttiod @ess@@d hrosvthe adliected liquid 130 can
all the collected |CL@Cl)Jid 30.in the coll eétion v

ssel
Joe Aeaings B e iDw raierao AeCBANAINGd CANAENbANd Steady

SIPEGgRAR BBl RikMbaeRM&RBED |1 quid 30 is 30 not
repl eni shed in the batch nethod. 16 Anot her

S\j:{gru?(fr, ggﬁﬁléslt?pé{ag Iﬁ%y\?oagged%%%ﬁ eco%t?g }ng’moc{sl sota\évrtlrrggtaht%?ep 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,
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
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

not replenished in the batch method.
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mass change fromthe |oad cells indicating a constant
flowrate where the instantaneous flowrate Qis

equal to the desired flowrate Qo at step 264 while

t he batch constant flow nethod will.read a nass
decrease fromthe load cells 5 indicating an

i nst ant aneous constant flow rate Q equal to the

desired flowrate Qo. Accordilgly, in both feedback
control nethods the internal gas pressure 38 in the
FHIRES diFBrarReSIEthe Stelidy! st AMsEitaRbvPMeBHRPIII RadH net zero
venting a gas such as non-reactive gas 12 in step 274
agnass efparrgPfroamitetlbad calls insicadingi ancongtaet figw rateovingre the
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the perturbation by actuating the flowrate to the
co?lectlon vessel 20 according to the steps shown in
Figure 6B until the 15 instantaneous flow rate Q
rcstidisgiynén beli feedbadncontoal methedethevntainal gas pressure 38in

3@%3&”3@%?}?&%@ aw ﬁ]#)e aq}tf?s&ﬁ%@‘ls%gwﬂn%oﬁgen%g a gas such as

awrl-eLictioa gwes@ah s:@plW&d)rtsm;ﬁzszlmd/th\eaﬂwoewap@rém valve will
drai n val ve; ir providing a passage for the

ke @ctyatas 9 S{tﬁré 28 quré&n 8A8 Je Bwintain ysepsiant flaw ratejat the

t

RSB PRSI LPIHEOMG0 bR el HEhGe R regpived during
Geothyelr ¢fok batdhhmntsoi rtélow metiwribseiheasidadye seita@tbngant fieanethod,
CE|| ﬁaﬁnal ndlcatlng the nmass of the coll ection

Vg seethaf's i Freposditedie @ertbERatien inactuating e dow ate to the
fdame@ﬁxsweéésemqoté&okdmg t&mé st%Pg%b\Ah%'F'? e yuhbfthe
liquid flow rate into the collection vessSel; 18

v aétamque flow rate R mMadeesathealasmedarev fibe rateeQeiwithinan

t s above the bottom of the collection
J§§§§F“%€§”§Eé%g ﬁ the liquid is punped
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fromthe bottomof the weir at a constant pressure
produci ng a gradual overflow at the top of the weir
into the collection vessel by gravity w thout
formation of mst or droplets. 15 2. A nethod of
measuring the flowrate of a liquid, conprising:
providing a weir for a passage into a collection
vessel ; supplying liquid to tilife weir so the liquid
overflows the weir and collects in the collection
§Eé ; 20 generating a load cell signal indicating
ss of the collection vessel wth the |iquid

col | ec onvertln t he lo ceI i gnal. .to indicate
Che T bu 1 ok SRR R ERSHING Jow GAtereR S B b RIBASIG
vessel 5 caféttimPRlskeNgoudISd td Qlé'uﬁ fyr\FHNé BRd @@htd}mrﬁfalve
the weir at a constant pressure pr oduci ng an over
at t hea wspr pﬂbvum agassage farttbe ligaiddotd thet dadlectiers sessel,
b\xhgrre&llﬁ/ ¢ tey liquid travelsffo orﬁ%e %gttg}:n trgt te tgpr) og\r/velr andS 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 for converting the load cell signal to indicate the liquid flow
rate into the collection vessel,
wherein the weir includes a column or tube wherein the top of the weir
is above the bottom of the collection vessel and 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.

2. A method of measuring the 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;

converting the load cell signal to indicate the flow rate of the

liquid into the collection vessel; and 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.



