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1 SYSTEMS AND METHODS FOR 5 MEASUREMENT OF LOW
LI QU D FLOW RATES BACKGROUND The present invention
relates to the neasurenent of liquid flow rates-
Sem conduct or manufacturers, the health industry, the
food industry and others 10 require accurate
measurenent of lowliquid flowrates. Low liquid flow
rates tend to break up into a series of droplets of
smal |l volune. As the desired accuracy approaches the
dropl et vol une, neasurenents béconme unreliable. U S
Patent No. 4,869, 722 describes a device that tries to
address this problem by nonitoring the droplets
rel eased fromthe tip of a drop funnel 13 onto a
liquid 15 at the top of a reaction cell 16. The
reaction cell 16 senses the inpact of te'_h dr opl et ,
but the user cannotSY¥EERMBANGMEDIOPS (Sﬁopl et size
or flowrate and the neasurenents are_suscepti %I eto
envi r onment aMEASUBEMENT AMLPVWRIRVIDHLOW RATE '
perturbations. The droplet size cannot change w t hout
altering the funnel opening dianeter, and the liquid
flow rate changes with variations in liquid 20 supply
BAGCKBROWNR, ing of a droplet is also inaccurate if
the droplet forns at the funnel opening due to
Thergrasenttimresition relatelsdp the meagi@mgnt obliguld Boy rpigs+
bet ween neasurenent intervals. This nmethod is also
s‘&?ﬁilﬂ?ﬁ&ﬁt& rh9hufABRRIE | the heBitl iiustry, abie fodd industat &sd others
not tTormng droplets, thus [imtfti n% |t§ arf,pl i cﬂatl ons.
refre @equsale measuemant ofjew Jagiddioy mies LAy ligyid flow rates
t M 1VSIUMeE AshERRSIEE
t?cgﬁo?bﬁggygﬁﬁgn%s? O\iq\/*r at e?ts'%ﬁosggngg{%ds are not
asuutaahlapprdashes drg/dioplet Vpbwne. MaasHEmRee heserae WREigble.
error tolerances exceed the droplet or sub-droplet
U.8Npatent Neak BE00TP20@ssceibss haleeicd that ddesetonmttingssi thisl problem

e S aero Parh Sen e P B aro 2 v
R U op of a RN, Tittle ebMIINTEING senses the impact 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 funne! opening due to surface tension or falls in mid-air before impact -
between measurement intervals. This method is also unsuitable for measuring

higher liguid 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 fo_ measure liquid leve! 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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Enbodi ments of the invention relate to the
nmeasurenent of liquid flowrates. In an enbodi nent,
there is provided a controller, flow contro
conmponents such as val ves, and one or nore |oad cells
coupled to a collection vessel with a weir 5
allowing a liquid to fill the collection vessel. The
liquid supplied to the weir rises wthin the weir
until the liquid overflows the weir. The collection
vessel is wusually vented dufing filling to relieve
back pressure and a pressurized gas can be used to

f Ay ©tRENNVENTIONanot her feature, liquid is
sﬁg%}\d ed and after a hydraulic stabilization period,

é!%@}a&cﬁgx%%n% gtléwle:{n}{%za Sl (?atFatg t %\85%&65 e HPB% [l(ﬂ.ﬂ&i flow rates. In an

Q&Y‘fnteme ﬂ%?@tté H\@decpéiﬁbimﬂhﬁ&raﬂm bmtrcblcu:amrmelems such
na

|| al.cul
caﬂ \yaé\@tseanqi paég)g ”ER(}@ gz{%c Sgﬁ%f‘gkﬁﬁ% %Q%g??g%ﬁ \%fssélhﬁth a weir

félﬁWsﬁ%ﬁ %H%‘f@ﬁwé@?l&cﬂﬁt ewap/Toe hthgl er@lpm:btqth@ e ses
rate. e uration o the ti OW
tWi&imﬁ&welepréﬁ*#tthaégwﬁié’derfg‘“ﬁéglet‘“%érwﬁa C%Bﬁﬂ’gé‘ieg%
and W\zénxiéflaz?%rl%@%li?@'té reliehe b§bﬂ$b%@l§@mmﬁk @rqslsemesiegas can

ERE | ow rates. in another feature,
f e ddimict fadlitbteotirairing.npl emented in a batch constant
flow nethod or steady state constant flow nethod. In

bRthoIRE Roflse, thad i et andatier egstaudd stabdigatien period,

iI's corrpared wi th an input 20
fthe epfilreigr pap@r@%pﬂcgﬁda@qlloﬂgnagna g |0H8n%% Hming y WiISloW 88 the end

QhEGHS rg;'\g‘éss@btﬂé leofirGiRdlcaplifed Bsothenbrdkckbigeal. The

Ive the flow rate of the i d
t dimtrdﬁal cmlcuimas tthhes m§as oﬁﬂ@sféll,lp@ted Sigkid, OV@? H?ﬂ cdcfleeto o] period

¢ org%fgi{a & ro% rﬁe feegdhagck mscn'sg nab eln%/dﬁ" i thé) v MeAGC e, armleejuranon of

d error margin and/or the desired f dwell
rat einiisg wasioabdéesdreg.o e'm@aqqr@mqa@; qusgwjfgcpge the lsqm wells

neand ggﬁﬁrﬂ%\as i3 GAR ﬁggygﬁiﬁhgﬁ nake predisd trie¥SurdRténts of low

wat g t'0” neasure W rates. The systens
amay peéhods can scale, if desired, to neasure a w de
range of liquid flowrates including a range of

VihSHQE etr'f@aaure l?@edﬂa%wcgnfrb!%\fimﬁlbme&}éﬁ iam bacls contant flow

rugge | ow cost to _manufactur and rel atively
i mrthod drat%dmat@iﬁmwﬁ@nt ﬂqa,\g,ﬁ@%hg%dn ?ﬁoﬂbpwethodsat%

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 controllable valves fo adjust the flow rate of the liquid supply, the drain
and tﬁe‘ga’s pressure, until error correction feedback signal is with an

acceptable predetermined error margin and/or the desired flow rate is

estéblished.

The liquid flow rate measurement éystems 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.



10

i5

20

25

30 physical perturbation. 2a In a first aspect of
the invention, there is provided a system for
measuring flowrate of a liquid, conprising: a
col l ection vessel coupled to a supply valve and to a
drain valve; a weir providing a passage for the
liquid into the collection vessel, 5 wherein the
liquid travels fromthe bottomto the top of weir and
overflows into the collectdi on vessel; a | oad cel
coupled to the collection vessel and generating a

| oad cell signal indicating the nmass of the
col l ection vessel with the coIIected liquid; and a

controller faor converti t he | to
ihafiesd agpedof |th%uW8“§<be3}qerfd3 PEﬂVé dc"i‘egy%t%@g@gl | ection
viessefing ﬂd&t@ra&emflaheqummmpwh@des a colum or tube
wherein th of th f
the chrplaiioh {Bosd el bisubly JAR fnt 6 aRakH JE!
punpeg weﬂrf;ﬁ’m:@lhg @pzﬁsis@ge odr thén quiginto tie eolleoclint wassel,
pressure producing

e o e e Ve o BecoaamVBLELPP Ry W Bir A oo into
mg&g;g&,(%lrﬁvgs%patl on of mist or droplets. In a second
t

aspect he 1nvention, there is FrOVIded a e

d
of_ eaigas counispdoe sallogton vesse| 4tk GoneCaeL g Srge!
VI ﬁhﬂgﬂ%' rflagé’{)f @e%@ﬁ&ﬁi@ﬁ ve§iePwith @88 LeRtedNiquid; and

ying lirquid to the weir so the |iquid
over f b @mﬁtrd;lleefwmqnvartmigdm logdtcell signaltin indicate &g E'W flow

vessel | oad cell signal indicating the
ﬁﬁ@éntafih%ﬁ(g%{?ﬁ? %??eén vessel with the liquid _
col | eghembin BeWe frich@les recdhoan oc bk véiegaialthe top of the weir
indicate the fl o rat@cgf t he

oreete hotemadihe anlecltm krsieh gt iberdth She, i Rpymped

Bkt QR Rktokl S tH@ 'vsFenaét aacorf‘stmﬁ begdbu rprpesmxmg prooatiuci ng
an overflow at the to

SUPTRBatene Peche Mpndpiae Solg b SeLpidrvay wipout
BrtatiBh of HARIR Foplets.

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 fiquid to the weir so the liquid overflows the weir and collects
in the collection vessel, '

generating a load cell signa! indicating the mass of the collection vessel
with the liquid collected;

converting the Joad cell signal to indicate the flow rate of the liquid info
the collection vessel: and supplying the liquid from the bottom of the weir at a
constant pfessure producing an overflow at the top of the weir into the

collection vessel by gravity without formation of mist or droplets.



3 BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1 is an

enbodi nent of a systemfor liquid flowrate

nmeasurenent. It also illustrates a batch nethod with

start and stop liquid levels over a tinme 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 flowchart of a batch nmethod of flow rate

measurenent. Figure 4 is a perspective view of an

enbodi nent of the system shoWing liquid paths at the

collection vessel. Figure 5 illustrates an enbodi nent

of the systems i foor liquid 10 flow

@R&F@Eﬁn%%!ﬁ%ﬂ%ﬁ@@?‘ﬁﬂ?ﬁat es a feedback

control mechanism Figure 6A is a flow chart

i Figuet T Btamembotisteoholesyrtemifor liquidlip ratecueasirgment. it aiso
pasurenment prior 0. e ifferval.

Fietess baiehnpop fihdiat STREIGERNEN, ol d0te 3

and illustrates two feedback control  nethods that

cRigutee2 isnan eneraedavievs gf e SYStEN] B Repyving dad SRR 3 the top

P?I?EEFERFSED EMBODI MENTS The fol |l owi ng descri ption

i AcT'GdeS t he best node of carrying out the invention.

- The detail ed description is de _for the r RO of

i Figuea 3 i 2 Agwohari géadalgh mﬁﬁgﬁ&%;ﬁ’f’&’s‘ af?f TRl Bitelty i on
and should not be taken in a limting sense. The 5 |
SEigDee ofis & perspevivel Vien of an deimdimeridf e systemshowingdiquid
the cl ai ns. F'.(ﬁ]ure 1 illTustrates an enbodi nent of a
s?%tf‘érﬂtfrlﬁc‘?"&ﬁf' Y78 f1 ow rate neasurement. The

system 10 includes a weir 36 disposed in a collection.
vEigses 5istratss anssmb@Ement elthg isystempshayvieea sysisasios jevid

¢ Li qui . ‘ 9 .
b p B ERTHEREC § ASOudratys 8 dbeumoobloithinasibnd,o
col | ecti on vessel

20, It i t, tial that t
DI POrS ek el AP GEREY RIS TomdE
t I%tﬁea%g}éne&{tip%r MABRE GbedRAicREoARH rméBMds bt Figow 8B.al so
exten

Figure 6B is a continuation of Figure 6B and illustrates two feedback control

" _methods that can be implemented.
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fromthe bottomof the collection vessel 20. The

coll ection vessel 20 and the weir 36 are preferably
made of a light weight material with | ow surface
tension and chem cally non-reactive and/ or corrosion
resistant with respect to the 15 collected liquid 30
such as polypropylene or a Teflon(r) coated naterial.
However, stainless steel and other materials durable,
sufficiently rigid and chemically conpatible with

t he chem cal s bei ng nmeasured4can be used. In
operation, liquid is supplied-through a supply |line

Seraben HestRIP TR S YR ier ERE) nawﬁa‘?ﬁn'i“%’ﬁé?.h?t

20 pressure, and line friction. This generat eis q
f’ﬂr@/votidswmg glesariptopencitiges Wesgmggpy)f ¢airyigg g% 1hﬁ[ 8ven ion

3’@# gv%gdescgﬁt%n gﬂ%?{jﬁe?o\?éi}u? BG’%)B%? %)Plllh&%tt 'ethe general

?B‘fﬁlbf |é§|/\|§f th@ﬁﬂc\il‘ﬁlﬁtlﬁn aAd IShOKﬂdW(D‘WhB dﬂkaﬂnn @d[rmtﬂg seﬂ&eoT e
ormcol.lecte [ ef e Ki
USOPAh the 'Bb%”t‘o@r'gﬁreg% b’f ?ef?a%ég%gl é@%gg,mgr eaki ng

col um or tube disposed vertlcally and centered %
Figyte hillusicatbs shapekbdimenteefts swsterdsadpwiiguiddlow rate

SR Bl AT el i o,

rated first and second
| Radel 2@ \Qéir 3@ 9f héighiin pedvidesna paseagefodifivicbsitpplied fom a

weir 36 need t b t d i.t h
Btk auny Rt aaEie SS GrSha A7 e E SRfe oot the
béﬁtfe@ﬂ%@@eés@ﬁ@ O isafdtieeBets grlt tfi%ﬂodit&!ym bfaﬂheswetlh% extend

O o o ol WL B3R BT L B
t #?Er‘ﬁucﬂg bﬁg&ﬁé‘&f\ﬁﬁéf cglfé@;'tlﬁn Vabaed 284 The callediion DeddeN20 46d the

, the collected liqui 30 is drai ned

bweg Bﬁ\arewefhramgwaﬁﬁ@far“ahhwﬂgﬁbmaﬁ?f W'“ibé%% Wif3fe tAsion
gﬁ%é@érﬁ calhg/h%(n %a(,ltlk}@ anldﬂa‘r' 'cgrrgﬁbﬁ FedBaRUN B resbbct@)the

tarn the internal ,gas pressure
380Itefctetdﬂeqmm% SUChI eﬂ pOUQWYlez\@ ofta E@f@}ﬁle cogies{natenal.

E—lgg@g?re rf %ﬁ%gﬁﬁ%#%a?&%@&u@ﬁlebﬁu%@ﬁhw tiéhe ofhd

e col i on
V@ﬁ@ﬁlcaﬂ@corﬂpaﬁble&ﬂmye‘mbéme:ambalwﬂmﬁsfeﬁl”f@nshﬂol#ﬁ%ﬂ
of 10 gas into the gas inlet or vent 18. The

NRNS&R65M iGuRias shigpiet RFRIgh ABPpty MRS 40 Irffo the collection vessel
20 at a pressure that exceeds the weir pressure, the internal atmospheric
pfessure and line friction. This generates liquid flow through an open two-way
supply valve 42 into the liquid supply iniet 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 centeréd
ina cylindrical-shaped coliection vessel 20 as depicted, the arrangement will
distribute the load symmetr:cally 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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the liquid being neasured to avoid affecting the
accuracy of the lowliquid flow rate neasurenents.
The sane gas inlet or vent 18 can be used to vent the
internal gas pressure 38 through the three-way val ve
14. In an enbodi nent, the collection vessel 20
together with the collected liquid 30 15 rests upon
a set of load cells 24, 48 through the vessel support
22. Alternatively, the systemuses a single |oad
cell or nore than two load cells. One suitable |oad
cell is the Scaine |load cell nodel no. F60X1 OC61CE.

H‘&ralr} S81h sk 4 tRé botién @BtiEtollantiametssel 20 eauates fhe liquid

h
maﬁ;}gq%[d ggﬁl?c@\é'otlt?;a ngfq %gd':\ @gﬁp%aé)gﬁaﬁ@ %rtfé{fcﬁback
tcﬁ’aﬁ” éocffﬁi d?ﬂr&Jg@m{wd va§ ARSI VaNre iy ta codmiTfiviel 40 -

a conmputer and, typical |
aabatimeot, thegtallerteddiavisk 39 t§rf’r?’l)’j‘%€ 5 i 3 Bfbin tne
%nl bration information, where a digital signal is
geénerated for further processi ng or used for

%Sggi%ﬁ QIQ ngq gmetwga'tfh?yl\,@ﬁ@? ﬁﬂuﬁ Ibg ?%%9[3% ﬁ%g%%rlfééessary to

Srgaﬁﬁaﬂ.k h'% inBndink drésdireds obe smlebmm essseh20 ef higher than
e 25 Mt'subishi FX2N p O%Rgmmm e

Catmqspheren prassuyes q(lﬁgme@;wé}yﬁ ing a pressggzed non- reactwe

Zﬁr;]&a mtté) i Gikeo @fi@VA thrde-May ¥aherratiniels the supply of
controllers wthout anal ogééo di

C@em/mtd mlesgasalyleber venedBal s Qowr@qﬁptlwgga I$ greQera%‘y inert to
otg\ﬁtq H %r—]gg %ﬁlled t 'aQP\@ea:ffeQ:gﬁg d ﬂcduﬂic@ of the low IIC[UId flow

con utés the nmass
Caltd iz drdnieants.dri@lsanid pgsiirdetsy vgggw AgN ge uged MW the

mass for the e

twﬁraakqﬂﬁprg§§ ngt%ftﬁré)ugﬁ%é Frg —%\fagﬁl{als\%gifr 4geaﬂleﬂgt e

col l ection | 20

Shp@membzdlrr\x/esést%p|mll¢%é@§feﬁ%e't%%2tgﬂ% & {’ﬁﬁ% 04{%5{%5‘ liquid 30

col l.ec l\@m, t 2N,
ﬁeSt%B{ﬁ(%rol é%d gg“ns reatéliyt{’l ?10(]5@ E)ll}?égl\j%gﬁ\?zlst%pdff?om %ﬁ %eﬂl
S.

cedltésnat&éy me syeﬁerremﬂa piggteriead 68Ther MRIRD Sy o

e coI | ectio
3 E%ﬂ ?d; C%’I??%ﬁel? gn‘ﬁjﬂaﬁ g@ﬁ '\r}lﬁz;d(;eg IhJ()j Q?O?/ta goamg?dme
Nﬁfa@taeui{lza m&satpfult awanalog ahecdmcaj sianetsiah a5 uplkpgsathat

cal cul at
indicates ﬁua to%é\l ngll{}lma, F\di by the load celi(s). The analog electrical

- signal is captured by a controller 50 that includes a compuiter 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 controlier with a known conventionél
analog-to-digital converter. In an alternative embaodiment, 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, Miquig by storing a
known mass for the empty collection vessel 20 or reading the output'vaiue of
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change in mass AM over an interval of tine AT. A
detail ed description of flow rate neasurenents wl |
be presented bel ow. The volume of the collected
liquid 10 30 is given by the density relationship: V
= Miquid/lJ Were Vis the liquid volunme, Miquid is
the mass of the collected liquid 30, and p is the
liquid density. The controller 50 can use the density
relationship to calculate the volunetric 15 flow
rate Q of the collected ququ 30 along with the
conmput ati on of the change in mass AM over an

id (%%We %Eﬂatsfﬁméﬁ ihdFb@iecRoRvessehRl Eempyemavesingen the

it
F[J pportl 221 \lei il ;%fgén féﬁ%gmfg%sl% Qf‘sth% élfr*}em%cca\g&&ggé&el E@ ®empty-
ﬁlﬂg Esﬂkri gvrP Pn%gorﬁFoiIEP@O cﬂﬁlréa@memutmjt%lueﬁmn load cells
up

over cones the I|qU| urf a
tzanaamnré@emn@ tbe dote] oaes Mhea WP 1AEC ?IE? f’ mv s%l 20 cantains

d d fl I h
SaRSERIRHG Rnife SBRE SER MRS [Lo0e % ﬁEgt ’

surface 84 of the collected liquid 30. A stream of

l'i qui dMiigsic Eddiadal ey and col | ected in the

col l ection vessel 20. This nethod reduces or

etidlinagt aswlrassmalf chilepted liqguid 30ris g@lculatedd}vOfmf%R@'“g the

during a lig flowr e ﬂgafﬂ
sl e G TS T sty Beaenlona o

?%H{e%guretrﬁkﬁ]ts WAt 15 prksetes e STevBge of Ig6ied Tauic
wi th either ressurl zed non-reactive gas 12 or

v%tse@iwmbbﬂ‘gﬂﬁ@ﬂ%ty@%§ HORFR- or vent 18 and the
three-way valve 14. -In an enbodi nent, the gas inlet
or veny =l J.5/pnormal |y vented through the three-way 7
valve 14 during the filling process while a

SSUL ) .z A mdss dbupedletrddiquite30, and
LTt '8§h @@d%%‘%d\éﬁ %‘8% drain process. Figure 3

|§|§trfe| lpichendityof a batch method of flow rate
nmeasurenent to inplenent in the system shown in

S O IaNG eostpesattrang nabuete oot
péowlretl Q dthe cpl}gctggj liqwed aggﬁngﬁvi thE? chlg\yﬁtvnr}}f mee change
gegaﬁ]%%?\m Pvgo%y, p,@e,gglstgrt‘h@mas carried out |
Figure 2 is an enlarged view of part of the system shown in Figure 1. 1t shows
the upward liguid movement 86 inside the weir 36 with liquid build up 80 at the
weir opening 32. The liquid build up 80 overcomes the fiquid surface tension
and overflows the welr 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 th(ough the three-way
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 ortinevityj thiergethai mdlbnow e dassiped

begin the nmethod, the controller 50 will initiate a
new fl ow rate neasurenent at step 200. At step 202,
the controller 50 will store the desired flow rate
Q. At step 208, the collected liquid 30 in the
col l ection vessel 20 is drained below a to
predetermi ned | evel and the two-way drain valve 44
closed for the duration of the flowrate
measurenent. At step 210, the controller 50 sends a
control signal to the threefway valve 14 to allow
the gas in the collection vessel 20 to vent through

igﬁ glgsc%u(?“pltﬁt% Lllllhé‘ Sr&:@s& Qhitelal [ﬂ'é&tbaek npne‘es‘uw@ agtsi 1%is

| ection vesif step 212,
bbmp@dnmmahda eclieimoséﬁ%@‘go@é‘ﬁf‘gé’i f@i”g‘?{g?estso the 15
t wo- way supply valve 42 to fill the collection vesse

B s i cherf 678 biten resthid v flow cstdoneasurasens to14

er a short stabili zat| on
Gmptmmﬂtmthewst@gp{sm% il |ggres Eger | @%ljid gh“?ecognlzed that the

|%§th8§té°?ﬁ %8&2@ ej.e%ggnt‘léqilﬂ cEi@R@htiy o ﬁ‘atdﬂel on@ mpelinedfaghion.

W ow e & 1o ng%\f/:\ﬁarglggé)élgp%quen%aﬁy GH_O

Ct%%}nu@'\e d’ﬂéﬁhog .Ttﬁngsc%ml)l?e?r)sd \Dg .m{?&b%@mﬂ@u sateGagasiflement at

t1'mng W ndow can be various tine
neep 008, Aapendonghesobinaller SOovill stsye Hadrsied ﬂ@mral‘(%Qo At

he fglpés,lstlhg %@R‘%@‘B‘i ﬁq@ﬁ%&) mit?eoccﬁl%%tl?r‘ gk;‘ssgpﬁ@ fscﬁrh%dftﬂslow a
Sdrggléﬂgﬁg}gf@g?/i\/rél t@ﬁﬂ q?,em@wma dramsralvef44tdi@ﬁ9®id’m ﬁn@t@uatlon of
e tim
e AT ARy P PR sin
pafd iR M%Fdhﬁal o thiRakidehpds ia Qmamles:tid)meessei 20 to vent
i nst ant aneous owrate Qwith the desir ‘é’ e
Qbrough thagas @ytiawtr@n%t%re“?‘f@oww@sﬁr? ﬁﬂ? RS i fe

tog e@ tI?Hl [E8def bOAI M2, thé f&,@nﬁ@\lﬁrrsolsieads 5Q:ostmblggnaal to the
con gnal to reduce the opening

snnp:pmy Eap}sylg valvetdd tedil dloe coligstion vesad ggfuvn‘ihqaa\i\ﬁfrom%he
W?P E%ef 48 Aths??;ﬁﬁ hh SRLIRB ¥%ﬁ§ﬁ|sta%(ﬂlz§flor$b§tﬁbcﬂﬂ4e 3éntroller

I nstantaneous flow rate
t Banapﬂmeesj(eel rsampﬂQSn)wnrlmtenigneQéﬁ Iogﬁ@eg gygppb(%rqr@rthggne or

\Slg]rg\?%lo%fjcc%é 23 %%29 l‘ngraon IR RvibdtSy LAVIRBY D SEHHR! timing

elt condition the
C @iridont ﬂhercoﬁﬁoﬂmﬁlﬂmn aan‘tumﬁugn sgmplas) the instantaneous load

i nst ant an flow rate {

opelf pigas ﬁge ;T)ngl winsiony ?ﬁﬁ IX}% LRidRGinRe BLiG ddpRWalrjtéh the
accuracy requnred during the filling process. At step 218, the controller 50
converts the captured (i.e., sampled) load cell sngnals 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 des;red flow rate Qg, the controlier 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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the instantaneous flow rate Q reaches the desired
flowrate Qo. 5 When the instantaneous flow rate Q
equals the desired flowrate Qo, the flow rate data
is known and the controller 50 stores that data in
menory at step 228, and at step 230 the controller
50 sends a control signal to shut the two-way supply
valve 42 to cut the supply of the lLiquid into the
coll ection vessel 20. At step 232, the controller 50
sends a control signal to op&n the three-way valve 10
14 to vent the gas fromthe collection vessel 20

t@? 3@(9 tIF&I S%HE& %tcobterSI%l%l t@@ﬁeﬂi ﬂ@tw@l-waewﬂm;evalve at

e controller

eapi04 In@ﬂthmr mnd$t|cgrthe cootrolles P 0tReaR L] Bgfe\?éh

S Tl AP ey s it

Stﬁ@ dsstantapsdusdiow ritgiateatbeniiendasiied iy rateaif- val ve
4 to drain out the liquid. If it is decided that 15

t%iﬁ ﬂwgﬂnﬂ\r@%u‘g&}ﬁ;ﬁ, wg%q@wﬁ‘e'd‘ésfr@ﬂﬂmw meamo shefow

OW rate neasurenent nethod can
fr@l&ﬁ&ﬁt@ds hﬂgun and ghagaitrolier 58 stgsetipt datade mpq)rg@t sigp 228,

?ajqrclbgtsst%f) ﬁéﬁ\m% {e‘gl%t{cﬁler 513’ LU&Ss £ RbnfolWidhal ISR ted tvid-@ay

rate nmeasurenent nethod
t sligpyadies 4ato snEﬂheMﬂplyIﬁfmﬁ kquid Ingo thereptiertign Vessel 20, At

t
Ao e TS 0 G o o
! ‘1%{? G’erﬁl{l@@ Piﬁs Wuﬂhﬁﬂqe&ﬁgé&%waes?l)m thtaughahegas ogtst line 16
ses upwar in
st Filores Dp AR alde 1 LR ok 5 ROl 5 8Rs o
' orﬂhcll s\flger{a?ﬁat %:S@?’gth\é‘ihr'e@ \Fdy 84 k@ sty a tmuh&edﬁrvmgds 12

the liquid surface 110 _insi
cuﬂtd) tet ¢cﬁ|.ectmss@esel 20. AtistemA3@ e PR Er PRES] ?é"ﬁF‘m'

F‘\? e'ﬂ ol e\f:g‘ram \?MY% 2l § HRAS BLERBMGUIADIf it is demded that

t he process term nates and
d BAbINEN gewrrmem riepewgment hserearlﬁ@% abgepgprise E'PWJ ate

cerqtaaslgga | ‘%rﬂ 88§ \é?ih bégrggt?aetleﬁ”ﬂebfﬂﬁlnpoa%aﬁp&rﬂté&2@(ﬂ td 8&tablish

et the“decreasing drain flow
r atridy of talidraor anees fug a widquange efflow Bigs. (eenwise, the flow

DTSRI RGP DR UGS 2P Burped | nt o t he

col l ection vessel 20 30 through the gas |nlet 1

i fogeadiing ganalpuboway @ngfa ReTsRIHNE VigHsOTAMYEP ﬁ‘gF@”gOf 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
énvironment 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 fo offset thé 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



38 over tine, the drain rate can be conpensated to
achi eve substantially constant flow rate when a

f eedback control nechanismis used. Enbodi nents of
f eedback control nechanismto achi eve constant drain
flow rate in batch nethod flow or steady state flow
delivery wll be discussed in 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 dan‘pegr to danmpen m nor

physi cal perturbation to the collected I|i gu'bd dyéli ng
%ﬁéé’rftﬁﬁ@.ﬁhég%ame%teaﬁhd)eoclfcalnnmsate&riwéhl@@ upgigntially
col um weir and t C At
ctstantifiousratewhe AR gecipﬁ gé{'%i% W t Iiﬁsoﬁ%dany

novi ng-part in the system 10, the system 10 j s .
Ea{vaidiniehty of fsggedck aerfrdl @@g:hgg@gbfﬁtqvogfegetcgng{a%g%a;% ﬂow

physi cal  da - . iberyaall beatisomssed in
{alg dnpatsh g‘igowggte\l@:yﬁéégél\?v@ﬁf gge t ensj on y
RIS BUThE BauidRbRsdted ostioh rats IpTTOPPPIGHYAYERE S P pag cells
welr 36 is a tube, th xact dianeter of the weir 36
@énﬂf%é“'é%ﬂ"li%l"ﬁ?%egwpg?ﬁ?? e rel ationships 15 bel ow. An

optimal weir diameter %% design W l'l‘Hps@ryanFgl %@igéﬁo to

 tiine Weiod6 nsbects as NSRMMET dmIaMREY MUY
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ver i de, ran ' I ddr@s - Nevbdihieatiamétens df the
ﬁ&%@%&%q%cgggf?@%fg ?tg l;,/k%giéngsfs'Irrhghrear, rates n;t a . froct
CRNFHR Weirt3sraer hbLoobection vesselsAfaiermBiRgs Hgdgjapening efiect.

e onobted SRS SRR Lo Btttz

I's given bel ow
20,4 b5y sWhepable th eroheosteaicattameges.is is the

viscosity and y is the shear rate. Assum ng that the

HageRePeBs R the eoliention reapp 200zl e Nade using oW SUHACS

and S.L. Kokal, SIAM J. _ 1a@ § be.
1tgg§i))p cepgiryclipg naq%ep%flowcpﬁaggjﬁwgéneégﬂag ﬂ:\?@rs?éﬁ is a tube

E@%}gxﬁgt Asmitcs apiid wel 36uwae)be silgilated fres thel ERlignstips:

PA<4)/(128h) AP=pgh+Pf +Pi 1 r '
poalswufe ogimpbweli SMteRde FFRION wﬂlmemurﬁ%%rr@ sthér] g?w rate of

' ﬁg\lﬂﬁr{nﬁ”‘% hfd ciass 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 = py
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 = (rAP$.)(128uh)

AP = pgh + P+ P
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overcome weir pressure pgh, liquid friction Pf in the
delivery systemand the internal atnospheric
pressure P;, p,is the density of the liquid, 5gis
the gravitational constant, h is the weir height, Pf
is the liquid friction in the delivery system P; is
the internal gas pressure, 0. is the inner dianeter
of the weir, 10 .t is the viscosity of the liquid,
and h is the weir height, Since the density p, the
gravitational constant g, th&® weir height h, weir
inner dianeter 4k are constant, the flowrate Q w ||

%h%}er @.5'1'4 eRIrQ8QIrE lftfRbnde0 | ARhaMduid Himimpressetey required to
proportional 'to . If the viscosjity i[i) gf.the l'grlrjm'adndthe

| erease et prestre aghdidud Bicket Penihe delivery sy

mai nt ai n thﬁ_@same fl oW at e 0, the punp pressure 4P
viernal RpasRe L Prtledded or decreased by the same

fl\é,gttgé dgﬁggﬂ&eﬁeti@atﬂ, the liquid to be delivered is a
wtonian fluid. Likewse, the flowrate Q can be
i iy tbagsavitaipnal cOPEPEEd by i ncreasi ng or decreasi ng

tﬁ&kmg%imgémure AP, provided that 20 the flow rate
i s kept at a |ével not forni n%ﬁ#ndue m st or droplets
i ¢ i Hiee bgud frigbiondn theedIYRTYEYBERM i qui d 30. Referring

again to. Fi , a system 10 suitable for
cgir’?)}ri‘%ﬁlt%rﬂglui b'ateg w'srret hod of liquid flowrate

a6 e meBt diafkedern dfabé eepunp such as a peristaltic
25 punp (not sh s used to punp the liquid
thﬂ%ﬂ‘@tﬂ‘%%’%%&gyh“fqﬁé’"ao at substantially constant
p Keil REGHEN the two-way supply valve 42 into the
Iﬁgilﬁ%rsﬂppl@/'?nl et 28 into the bottomof the weir

36. A steady flowis established where the two-way

deai n walyve 44 i I Ichgtahf® thE ARk ITRIGHThS welk inner
S ncgftﬁeldégg c%‘ltﬁgﬁééﬁtgg%ﬁéégupl gd o the vessel
S URRAEtEr Rlareeoaisthnt Hie fiowtratet @ mélbbe dEectlygraporiaeal tyAP and

comesRheaarga S0 df e Frpostn of MR nkiGeps prfocreases

r PrLSGHEhcRY, idRamdih thd sdiee 16R rafEh@, thapuat preesyrs AP wil
need to be increased or decreased by the same factor provided that the liquid
to be delivered is a Newtonian fluid. Likewise,‘the flow rate Q can be increased
or decreased by increasing or decreasing 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 fiquid 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 throu-gh 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 instantaneocus
total mass M, 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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11 mass of the liquid at this tinme is Mgwd =
(Mo,al - Menpty). The mass M at tine T, is then
sanpl ed and converted into digital format for the
controller 50. The nmss M2 at time T2 is then
sanpl ed when the | evel of the collected Iiquid 30
rises to the dotted |ine 102. This second nass
nmeasur enent can be sanpled 5 and converted into
digital format for the controller 50. In order to
reduce error of the nmeasurdd val ue of .the mass fl ow
rate the system 10 can take. -many sanples over snal

Ha@ R Iﬂﬂ%d HEIRtIhE & BiRR < @4BRi-aupyTHENE tngas M1 at time

ow rate Is derived by the SS an r
By & henlsomplastand comeried ToelS AN D 3 Badrer i g o e
i nteryal,.. T j | Wieeh Gledsgs obtrer cdlienieddignidodd
(&R %%tgﬁgégqpétrgné%ﬁ}ggpr oduct of masscchan e over 4
ticeetaihe dotiedhisedfR. Teisesend MAFP MGASHEFTPSNT RULERFTP'®

an%;%%éfsatol ' Wgﬁéﬁ-%& f@l\eﬁwb%ohh%um 11 BRIRY & ARIce error of

"'ecting the net nmass
g pRAsedt g bithe tnass foverate Hessystan 10eodpkomabY er

the predeterm ned ti I Nt env ' bW t
seraies e srARR Pt (i TEam S fePolalf. Thldi fow rate
%%’Bér%dllﬂﬁﬂe aRddsschadge 48conded by tesload celis/24, 4i2ovaidhe

. 20 The'liquid flowrate Q can be defined as the

|rredgtamyiord MESCRIENY over an interval of time. 25 Q

= AV/ AT= (V2-Vi)/(T2-Ti) Wiere Qis the liquid flow
rate, AV is the liquid volune change over ti

i Triecfiicvollihesstihrie, ovantimaTansoe fen CRlck!ateH kpiiine gpesuct of

final measurenmgnt T tarbreaRlieaBRsiyT 1. 30 By
JUBES Fhan e&ﬁ’,‘“‘%f"gwa 'fdaétglgg?% deter r ﬁ%{g as fol | ows:

AV= AM/p = (Ma-Mq)ip

wherein AM is the mass change over time interval Tz and Ty reflecting the net
mass gained by the liquid in the collection vessel 20 over the predetermined
time interval, p is the Yiquid density, and Mz, M, are the measured total mass

data from the load cells 24, 48 over time interval Tzand Th.

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

i_nterval of time.
Q = AVIAT= (V2-V )(T2-T+)

Where Q is the liquid flow rate,
AV is the liquid volume change over time interval Tz and Ty, and

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

| By substitution, ftow rate is determined as follows:
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12 Q= AM(paT) = (M-M)/(P(T2-Ti)) Were an
assunption is made that the |iquid physica
properties remain 5 substantially unchanged duri ng
the course of neasurenents. The instantaneous vol une
i nformati on can be determ ned by the instantaneous
mass data recorded by the | oad cells 24, 48, using
the rel ationship descri-bed above: 10 V = Miquid/P
Where at tine instant T, Miquld = Motal - Menpty
Figure 5 is an enbodi ment off2a liquid flow rate
measur enent system 41 using feedback contro

net hods. The theory of feedback control is well
known, thus 15 the description w ]l |y describe
how t he syst emQ rpiiditphis= {'@E%H&J&Tzﬁﬁyr ol. In an
enbodi nent, the liquid flow rate nmeasurenent system
41 describes a batch feedback control flow nethod.
Theere entdselivptios® madeithet she lipid piysical gmperlivs regiin

51, and outputs t f eedback co I gnaks 55, 57.
$H‘é5t§6ﬁ'ﬁ“ryd4nlca?n%‘?5p&§m§ ©ERES eogg’%eg;gl%ﬁécont j‘F"ol signal s
55, 57 to the corresponding three-way valve 20 14 and
two-way drain valve 44. A pressure sensofr, .37, . .
Jbndnstarianeies Yolume inlormatal caft e deteHRINGd Oy jpe dsfprianeous
i | BRiNeEsaE belRln4, HBe ubing the Rllatonadip dEBcribed
|5‘§]aos§irb%é§g#ol?(‘r}1%dutp49 I ndi tca:ati ng the Fgrass of the

@bbllecti on vessel 20 with any collected |iquid.

Input 51 indicates the desired flow rate Qo. The

magni tude of the feedback control signals 55, 57.
corresponds to VheeMgidkfper ence between the 25 suns of
inputs 39, 49 and the input 51. In order to nmaintain
tWReredhitainte instadt F6MajuaCoMeanMaap@i N rate in a batch

met hod, the feedback control signal 55 actuates the

Ry ergétl\@yanv@rhygdi\]n%ngef 2 HS ok h8te rREQAFEMEN $ystdig 41 using
coPT'ectron vessel 2 by introducing a non-_r%faegtlve hus
JasdiEZkiqontol mathogasThéithepy®f feadhasisontighis wejkngwn, thus
flow rate. f | A& i BieintbngdfdegBatk control.
S S Sk R S b

drain valve 44 to . :
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 contral 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

coliected liquid. input 51 indicates the desired fiow rate Qo. The magnitude of
the feedback control signals 55, 57, corresponds to therdi_fference between the

sums of inputs 39, 49 and the input 51.

7 In order to main'tain the drain liné 476 at consiant drain rate in a batch method,

the feedback controi signal 55 actuates the three-way valve 14 to adjust the
pressure in the collection vesset 20 by introducing a non-reactive gas 12 into
the gas inlet 18 to compensate for a flow rate decrease from a receding liqu_id

level. The feedback control signal 57 actuates the two-way drain valve 44 to
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13 increase or decrease the drain rate of the
collected liquid 30 through the drain Iline 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 liquid
over a specified tine achieves the drain liquid flow
rate within a predetermined 5 error margin. In

anot her enbodi nent, the liquid flow rate neasurenent
system 41 can be wused to imd enment a steady state
feedback control flow nmethod. During steady state,

t he anou B ﬁ‘(rbugi’mthe drain
AYifairi YRR df%ﬂe bate@tgmcqm
EdeRte 9 (fse(fﬁ%asc%e amount of 1iquid dr a| ?ﬁ? ﬁorﬁrciﬁlgnals 55

tiRe 460l Rpbianndkais ¢ iGaghed wﬁaaﬁhebfe

predet er ni ned_error A aZesthersiected liquid
&?aﬁ‘f&é?!%‘?etf’ @fwdbcggﬂggi%én &%gg?sé%ordg durin

FVeRE%pELALE tifel dupibveTHiee dfaim iquid fewdals w@un fy Fgﬁ;i&ﬁff@”ed
'S preferabl y established in the collection vessel
XOrPERYBE-t he steady state constant flow net hod

begins as illustrated in the flow chart in
FhGitother @Abobiimdst, fiedigyid HoVETHE MEasUTTRAT sgs%gnmﬂlé:an be

51 are fe th lﬁbdi]):&l’ ond
p‘dﬁeﬁ‘tt@&“{i%{‘!‘% gtsteé«'gdrwcﬁgfe;ft@ég yckgc?:g}rgtﬁlcf]ﬁﬂ*;ﬁéedbac ring steady

Cé’cﬁier He singod of Sguidsupehed tndo tnee@ye@t&thsr@ W amount

I y val ve 4 rat e
fpllcngﬂ ‘{"ﬁ‘g‘e@rﬂﬁrog r},?e(ﬁqilgatsod?}?%ésggqur W#ggm&nnﬁial ns
E‘r%d@feﬁ‘mﬂwédaérﬁ;rqﬁa@tramt obyieat zean smasstdhagoe lpuer Wag PaeRs and

control signals 55 and 57 wth
O e connu e g s b P BTG, TRt R0t

;‘ reﬁ%@ NRWhRAeS ﬁna%ouéétrdnaﬁa@eelcnmgefum ﬂzle$teaﬂyestate
e acC

control signal 55 actuat
v abnatariifiomomiethaddzernoas ll_lg‘ét‘gqt@g%aeﬁ maé{ %saf.hovyn in Figure

pg ssure 38 in the collection vessel 20. The feedback
rol signal 57 actuates the two-way drain val ve 44

to increase_ or decreasge. 2 h®) 1t should
caqswéw@wedn Fidhie . S50 o 51 pu® [7RLd PERBnfRIeD, ttsho
Kd oGPt Bbrird Qﬁahy EQite meldepdjbanktdmntrob&gnai 59 is sent to
eterm ned error eac
f |keap oaee thimivesway SH@WN g’?@ﬁvﬁa{'}éﬁ F}ﬁhﬂ%ednhsgﬁpﬂﬁw fle
S%lm‘mé the Qﬁtlre method. The controller 50 maintains the drain rate constant by
transmitting the feedback control signals 55 and 57 with an error magnifude

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

corresponding vaives.

;Fhe feedback contfo! signai 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 of 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 reachjng 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 comrhand input 51 is executed, the

controller 50 will actuate the internal gas pressure through the three-way valve
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sensitivit

controller 50 to actuate the two-way supply valve 42

to adjust the flowrate of the liquid into inlet 28.

Once a new flow rate command i nput 51 is executed,

the 30 controller 50 will actuate the internal gas

pressure through the three-way valve 14 14 and

actuate the two-way drain valve 44 to drain liquid at

the liquid supply flowrate. At steady state, an

equilibriumliquid supply and drain flowrate is

reached at the desired liquiid fl ow rate when feedback

control signals 55, 57 and 59 are all close to zero,
ereln .t ¥&frahiligBidvatithe l’D@IdlSUﬁPIY

\qgrad‘doz?d fl?ﬁlt'n AT ?i%'fgﬂﬁge‘éﬁor o e

ff@adbm:m@mﬁdlycsltatm @naqtghtwm Bouid soppy V@aaé’éa'” low rate is

of fsettin H5EER doaetel aifndlbes, 57

deaghed a«’fﬁﬂeﬁﬁ C{l Cpﬂ gér@g’rﬁér?r’gfregl n edp?gnds %n

f ety §resér!lcdloseat© zrehe \ﬂﬁabunlthda jotef mesechangsvel Baegyill be at

the liquid durin asurenents, the shock or

Fere gr wbinan Ei’%cﬁ%ﬁﬁb %”%fég?gqh“ t he phyS| caI

susceptibility design to environnenta h

DEd feeliBadlomonttohsignals 56n66, 39 predyee Pﬁ%et¥‘%%aﬁ%‘éﬁ tq ggyce the
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@ég%&qséio %E&Pﬁ %Eemé ntéxldté F)\'fj?th%} P(‘)Hfa?c%ﬁn QEP%rglgs on ll‘alc;ors suc

245 ngohé%t%&h? of ﬂ%ﬁropeﬂilee obthedjuickditréngy ﬂnieqwrgmgotst the sheck or
ned t ot al
ﬁé@ﬁhb%@hgogyg@ﬁ?:qq the @Ewp%é& gﬁéeét \tgf dee gratci envnronmental

.3;9erﬁ99at'ic§h‘3 tl?é’iésﬁ@hé,é)ﬁnewmﬂeeaﬁammp hersgarsprriphgg rate the

t f f
ef[e‘:rf‘?strlteflty |0§m(gjl%§qif¢2$,y§te§y§g% Dt Wl%lcif qwe e §5 c%ﬁﬁqjcﬁe the
t 91% Ry d&faéougé@@%&.a% t@fﬂl\é tembheareasmass aﬁltheaiqbyd flow
uhERANGEd, over reasonabl e ran r.at ur
veate ategasnyer(\@)t sypient 4% H@H@@"Q e ﬁfzct{aﬂéq@gg %F coilectlon
(§3£§%ﬂ¥o%h83ﬁés ﬁﬁﬁ:ﬁ;{er‘r&an the mass sanpling rate,

rau condition of the liquid supply and

ﬁ Eggg\rﬁ’g‘;ﬂn§ gg'%‘% A B}ee %@gggﬁ gf ﬁ’\% lmldnaéyvgﬁgygﬁzm we will

| gad el ¢ |1§tl’i¥;§1yéﬁ\j@&br|oﬁeﬂfesmf figiie ana ssbstastiay unchanged over a
detection. Assumn -

dit i
Csamebagorsel omois i EoRUPLI e fefarf b e
el Ei@'id?a‘{)‘%g go?b!értsqgéte( fhantthe nmsersampnagsatems) the
ased on the ratio of th

cd:wmtledomdlmn of the ligwie SsBplvad R eis ?é!rnpéff%%:\f%e%% can be
a?naqﬁt%nle% t?géscdngbﬁr co8hnt 8aessure condition, and {4) the load cells

are capable of minute mass change detection. Assumlng these conditions are
met then optimizing the following considerations will also help improve the
system: (1) the overail 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 quqid 30
becomes dominant in the low flow rate measurements. The size of the

collection vessel 20 can be scaled up or down fo measure a wide range of



25 the sanmpling errors and the susceptibility to

envi ronnent al physical perturbation should be

m nimzed. In one enbodi ment, the collection vessel
20 is constructed of light weight material such as
pol ypropyl ene. Therefore, the mass of the coll ected
liquid 30 becones domnant in the low flow rate
nmeasurenents. 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 hith accuracy, hence the
overall systemsensitivity is high. Since the flow

- nate g W?Eﬁ%qﬂ SocrsQNhRE U dleoa syatdrodensititity is high.
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anpens the liquid .
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i érl\}ﬂ%hﬁ%ﬁlgwsiéﬁ%b@ad@ﬂ@ntandltheretm odsnoving pait iehemass

const ant w net hod and (2) a steady state constant
fdetectiet Methodhat were 10 described in connection

3
t PigEteeBA 238 Fidlie SBiitasteate heo fexiback contgymetheds: &b Ehuggt‘:h
b t abl i bef ' i .
S e

TEé’sscirib%EQn cohiRebRdithiragurd 30 should reach a certain
level in the collection vessel 20 and the coll ected

l'iquid 30 can.15 be. drai 5 § IHavddsiied fl
Cﬁ‘Hﬁaegﬂ§ gpﬁgaoEgﬂ@?%ﬁ?ﬂg%%eé?g%ggﬁ%?ﬁ?gu hqut o
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f eedback control, nmethods stanti 2.4l

s asty raends BoMeEne F ooty BB B He, SRhiep ol should
Canshantekdiowvarinad c3létioshasesel@drarshths cefiected fguid SO can
previously describ st eps 252 :

Do dranes a4 B siaf oM I By P aoure sorfht afl SRRy
dkﬁ%@gﬁﬂﬁ%nhérkﬁabémqu@ymsupp!y val ve 42 stays open

at step 246 for the liquid during the steady state

C%ri]gst}rg %IB illustrates the two feedback control methods starting at step 242. Thg
steady state constant flow method 244 and the batch constant flow method 248
share common steps such as previohsly 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 metheod, 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, beca'use-the amount of liquid drained out wili be consténﬂy
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 coliected 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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fl ow nmet hod, while the two-way supply valve 42 stays
shut at step 250 during the batch constant flow

nmet hod. The second difference is the liquid |evel
remai ns. substantially unchanged throughout the entire
steady state constant 25 flow nethod, because the
anount of liquid drained out will be constantly
repl eni shed by the same supply flow rate Qo w t hout
interruption while in the batch constant flow

met hod, the liquid |level wi lif decrease at the desired
flow rate Qo until all the collected liquid 30 in
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1. A systemfor 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 5 the collection vessel;
a load cell coupled to the collection vessel and
generating a load cell sigpal indicating the mass of
the collection vessel with the collected Iiquid; and
a controller for converting the load cell signal to

CLAMM8ate the liquid flow rate into the collection

vessel ; 10 wherein the weir_includes a colum _ or tube
wher el-n t Hesysigmder measyiing flow tate g6 Hayid cCHBRAINE: of

the Cé)h&g‘chbm é’s’é‘fﬁ@uplé@fb %ﬁﬁ;ﬂy RaivBnkite & dtainSvaive;
punped bot t'om of welr at a constant

pr essmwelrmr@ddmg @glaﬁsg%&udhe llqw@trfhp dve eqllectien vessebf
%H?rew He ig‘qﬂ e%\ne?s & ltﬁ&'bb%‘m“tgﬁ'?ee‘og%f v&{iraé{dzot é{verﬂows into
ornmation of m st or

thetdodiectioh vesasiuring the flow rate of a liquid,

. '. f N .-
Cor 4Bl L% B Aoetin {dholaESORIEHT 91 con
sibeallindjuatthgothe midsavef théd eollextion aesket vithdloe solldcted [iqend and
[l ecti t
ot Ao ER SainéBed BEO8 R sBnafB JndSite 176 FRRY fow
i€ irltd ehdl eblleelidreedsdl; converting the | oad cell signal
to indjcate the flow rate B"f t he

ol | CRRFTBIN Bl NCHARS oI AEeRaargi e fanshitneuer

- BUHREWY bottdiR oMHd calfecfions PEESEARNd RIFRSSH tee [id iChitaped

an overflow at the top of the weir 25 into the
rem the bpormaidke eyt greppptapt preskdg: Predieing ﬁaﬁa%a'

FrstioRat ﬂ(@@b‘é}tﬁhe wair iB3hé B&lfechbn VEePhy gHRRY MAthout
SYSTEMS AND THODS FOR .
formation of mist or droplets.

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

providing a weir for a passage. int_o a collection vessel,

supplyikng 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.
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MEASUREMVENT OF LOW LI QUI D FLOW RATES The i nventi on
relates to systens and net hods of neasuring | ow
liquid flow rates. The system provides a controller,
fl ow system conponents, and one or nore |load cells
coupl-ed to. a collection vessel. The collection vesse
includes 5 a weir that serves as a passage to all ow
liquid to rise within the weir until the liquid
overflows the weir. After the liquid supplied passes
a hydraulic stabilization period the controller
captures a |oad cell signakgand opens a timng

wi ndow. At the end of the tim ng wi ndow the
controll er captures another |oad cell signal. A
control I er cal cul at eAHdteastasthefDishscot | ect ed
liquid over 10 the collection period and the fl ow

The dur at on of L%\Z%T%’ﬂﬁé%fhﬁﬁﬁﬁ‘%éég%é“?n the d
overf| one 1 EERBUREWRNEOE: ke LU EEBYY BATRS"

measurenents of low flow rates. In another feature,

feedback control nechanisns are inplenented | .
Thetiotertiongtates o systerss kod ra?thi@Sé)rﬂrg%f‘&&?“EP% v i Fiow

rzi(t:t%gt iP]aeF tay]sfét%ﬁw\é‘ﬁ%@ﬁ%@% c d’ﬂﬁ?l%ﬂﬂd@‘éwgm cdrsonents, and one or

nmeasure

owrate |s c aredvvi h
_ mdTB W ad oalteclipdixt fosa gofledionfyasre!. ﬁé\@é@gg‘i‘%} ‘é‘?ﬁSSL',“Cmes

i A R A R e
ligUiRwerfiaws tHeewdir ahftecihe lianis ejerplicg RESSET &, yﬁ{ﬁlﬁqc

e e el
timing window. At the end of the timing window the controller captures another ‘
load cell signal. A controller calculates the mass of the collected liquid over
the collection periad and the flow rate-such as mass rate and/or the volumetric
rate. The duration of the timing window depends on the measurement
desired. Since the liquid wells up and ovetflows the weir, the sy_stem can
make precise measurements of low flow rates. In another feature, feedback
control mechanisms are implemented in the batch constant flow method or
steady state constant flow method. In both methods, the instantanecus
measured flow rate is compared with an input command derived from flow
rate calibration, sending an efvor correction feedback signal to the controlied
valves to actuate the flow rate of liquid supply and the drain and the gas

pressure, until Jero error or an acceptable error margin is reached or the

desired flow rate is established.

Fig. 1



