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- MEASUREMENT OF LOW LI QUI D FLOW RATES BACKGROUND The prﬁmmmuwmm m on
-relates to the neasurenment of liquid flowrates. Semc

manuf acturers, the health industry, the food industry and othkesss 10
require accurate neasurenent of low liquid fl ow rates. Low [ iquid fTow -
rates tend to break up into a series of droplets of s me t he
desired accuracy approaches the droplet volune, neasur MMIMI‘U
unreliable. U S Patent No. 4,869,722 describes a device tpgf,tries to

address this problem by m)nitoring the droplets released 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 i the user cannot
readily control the droplet sFn§?§ﬁgﬁpéaﬁvBq@EEk@h?ﬁzﬂsneasurenents are
susceptlble to environnental anﬁe and m nor cal m8§€h¥%§atlons. The
dr opl et dsi ze cannot chan@’&E%"’p ENL &F h@WM}Q kO di anet er,
and the liquid flow rate changes with variations in I|qU|d 20 supply

hei ght. Sampling of a droplet is also inaccurate if the droplet forns at

t he funnel nj to surface tension or falls in md-air before inpact
bet ween neéggﬁ%hgﬂgﬂhﬁpervals. This method is al so unsuitable for nmeasuring
higher liquid flow rates not formng droplets, thus limting its

appl i cat i oriBhe présenPaivemtioNoelade 2 tethaleandrdthént dPdigaitt fldve rates026, 683 use

t he buoyancy 25 principle to neasure liquid |level and flow rate. Those

met hods are.not suitable for ve asurenment.s wh error
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damage, adding to nmanufacturing a
tend to break up into a series of droplets of small volume. As the desired

accuracy approaches the droplet volume, measurements become unreliable.

U.S. Patent No. 4,869,722 describes a device that tries to address this problem
by monitoring the droplets released from the tip of a drop funnel 13 onto a liquid
15 atthe top of a reaction cell 16. The reaction cell 16 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
20 supply height. Sampiing 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 n'o{ forming droplets, thus limiting its applications.

U.S. Patent No. 4,244,218 and U.S. Patent No. 6,026,683 use the buoyancy

principle to measure liquid level and flow rate. Those methods are not suitable -
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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.



_mai nt enance costs. 2 SUMMARY OF THE | NVENTI ON The invention relates to the
measurenment of liquid flowrates. In an enbodinent, 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 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
usual |y vented during filling to relieve back pressure and a pressurized

gas can gmer a%T“EW‘PE'q* lql ng. In another feature, liquidis

supplied an draulic stabilization period, 10 the controller
captures a |oad cel| signal and opens a timng window At the end of the
tim ng w nddhetmerdontesitesto thepnerssrementefriquishfioweblessimgaal . The

controller sthemasof t.he coll iqu ver the collection
peri od andgﬁ?g)%frﬁ%ﬁ; g @vgu BN RLOVIHES oy groil%/f'e??” ?Wﬂ"ﬁ&%‘&tfﬁ F‘éﬁ The
duration of asvhReki ahd@nvicrdnsrediondtess Qoubld tIBRAEHIABAlveAas] RN g \@mce

the liquid wells 15 up and overflows the weir, the systemcan nake precise

measur erfent a“@ﬂmg@/\hqwd &l shesollggtioanvassel. Thediqui¢ supplatbiactoecueit rises i s

method: 1 AP ek AOTRE i pitnalE e et BB VEo B Compar cd

with an i npusua:ltwmdd derigg fillitg teeelizes bhelk prddsave batie sRissOfiadd §8s cagndi ng
an error correctl on feedback signal to the controllable valves to adjust

the flow rabP@ Useditadadiiitgia @raiipgl y, the drain and the gas pressure, until
error correction feedback signal is with an acceptable predeterm ned error

mar gi n and/ Dfafﬁditﬁeﬁ'ﬂé?dtur%dllﬁbﬂvi‘srs@bﬁhéé an@ ekl W&Quh@&a@hﬁaﬂbﬂﬁbﬁoa' ow

rate rreasur enment systens and met hods are sensiti've and sui ted
nmeasur el§ owte epitralies saptiies gyead es!l amaﬁenﬁ@@@neahtmm w;ndofw Addbe leed, to

measure a ""i)fiﬁlertﬂ'ﬂﬁﬁ \Hifndl)i/vq%dcofnltr%\ﬂ’eF %&Erésngrl\&ﬂ & cé'afPsC%gnal The

controller calculates the mass of the collected liquid over the collection period

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

flow rates.

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

established.

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

30  physical perturbation.



viscosities. The liquid flowrate systemis sinple, rugged, and | ow cost to
manuf acture, and relatively imune to environnental change and m nor 30

- physical perturbation. 3 BRIEF DESCRI PTION OF THE DRAWNGS Figure 1 is an
* enbodi ment of a systemfor liquid flow rate neasurenent. It also
illustrates a batch nethod with start and stop liquid levels over a tine
interval. Figure 2 is an enlarged viewsof the systemshowing |liquid
novenent at the top 5 of the weir. Figure 3 is a flow chart of a batch

met hod of flow rate neasurenent. Figure 4 is a perspective view of an

enbodi ment gRIEE FESERIPTGKOF MHE DRAWINGS hs at the col l ection vessel.
Figure 5 illustrates an enbodi nent of the system showi ng a systemfor

liquid 10_flow, rate neasyrenent. e r ol
rechani sm FIgeFS rs SBATEOR T B araust oL T e pARRARERE 1S
liquid fl oy sfhes SIBAGY RERIYD With etart and kéog kmdbdelels oner atimesinterdal. of
Figure 6B. Figure 6B is a continuation of Figure 6B and illustrates two.-

f eedback control . nethods that c be inplepented. 15 4 TAl

DESCRI PTI ONIQSEe PHE SpreiHg BN B & R HOPNY '6%'%8"%’535?'ﬁp4155%t?pnc| udes
t he bes§ nﬁgﬁ]e%eﬁ,arryi ng out the invention. The detailed description is
made for the purpose of illustrating the general principles of the

invention and should not be taken in a Iimtbr\ll\g ense. The 5 scope of the
i nvent i on Figuetkism frey dhpryrabatsadnethodif fowhraie MeasuWigmENt i | ustrates

an enbodi mrent of a systemfor lowliquid flowrate neasurenent. The system

10 i ncl udegig, e i Bpeflipsrass didwiopars emeaiinent oivihessjste!n shbinngikduid 36 of
hei ght h provides a passage for liquid supplied froma Iliquid supply inlet
28 to a weipathpehihegadgctier ¥yeserl above the floor of the

Figure 5 illustrates an embodiment of the system showing a system for liquid

10 flow rate measurement. It aiso illustrates a feedback control mechanism.

Figure 6A is a flow chart illustrating a batch method for liquid flow rate

measurement prior to the feedback control methods of Figure 6B.

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

methods that can be implemented.

15



10 collection vessel 20. It is not essential that the bottomof the weir 36
‘extend beyond the bottom of the collection vessel 20 as depicted. It could
- also extend fromthe bottomof the collection vessel 20. The collection
-vessel 20 and the weir 36 are preferably nmade of a |ight weight material
with |l ow surface tension and chem cally non-reactive and/or corrosion
resistant with respect to the 15 collected liquid 30 such as pol ypropyl ene
or a Teflon(r) coated material. However,”stainless steel and other
materials durable, sufficiently rigid and chemcally conpatible with the

cheni cal s b@EDANES DESCRIPTION GFEtHE PR?E#I@&EWIFMB'Z%BL@EN%SSUDD' I ed

through a supply line 40 into the collection vesse a pressure that
exceeds theﬂ¥@%rg ressure, the internal atnospheric 20 pressure, and |ine

friction. THi WINg ERSAripHan inglydss the besfrmage SheArTying-anyhe i U/|§|5132 l@gqval vet
42 into theh0u+d; Al I : eni_n . ce a
t heI wei r opIr?:egdég,t IiéthBﬁ%aé/rfqt@Gﬁ% ni%”eér ?ﬁg\b\g%tl‘ﬁéo%/éﬁ 'Y@%t%tﬁ%dt e&_al

di recti on 3rinoiplex of thelihesritzmn dar'nchsulhoblgchcm‘r@‘t%kléb|iNaWrﬁi?@%§eg$@aMélg up

into d d lets. Jf the weir 36 is a colum or tube dispose

i/gl’?i C;F?; éﬁép%ré?ﬁﬁlﬁ @ieﬁé‘)’i’ > GLEPPINGaH by erfesanssea theiciamsi on vessel 20 as
depicted, the arrangenent will distribute the |load symmetrically across

the illustr&igdefi ilastrated eembddineest ofcebysedtior A8 ligmdaRvaldter nati ve
enbodi nent, the weir 36 need not be centered wth respect to the _
col I ecti on {REAUEPEN 5 Nexsyitamn! Ginclusias awedr 36 Hisppaed inasollettiorcol | ect i on

vessel 20 r t 1. Gl : - L qQui eyel. can be adjusted by
a manual , pgrg?%%i%f -l{glrée\?%tgg b(gcn?l@ﬁgln Fo-é{']i?eeédé g’:égg#’? ﬁorrdlaalﬂq%luq%%?m(ﬂ ain
val ve 44 toliquidrsipply infet 285to 4 wehmopeatthg d2nasbossdgb &R heciaRe dritiewii d 30 i's
dr ai ned &y rﬁlvi&)y throgga the drain line 5 46. Depending on the _
vol atil 1Yy gf’ FHION Yersea<Belt ynoleassendial that theapoemmidle wein 36 extemdl nt ai n
the | nternabegasd MEBaMsh e leolididd) e af lz@%sV@eao%@ed?R Bl LA Ead "

at nospheri c pressure during operation by supplyling a pressur

non-r eact i v&onyte hattomtad théreobedtionctd ssel 28sTkee callectibntvaseer M@undahye 14

control s t h(\?ve?rufé)laye BIeferany made of a light weight material with low surface tension
and chemically non-reactive and/or corrosion resistant with respect to the
15 collected liquid 30 such as polypropylene or a Teflon® coated material.
However, stainless steel and other materials durable, sufficiently rigid and

chemically compatible with the chemicals being measured can be used.

In operation, liquid is supplied through a supply line 40 into the collection vessel
20 at a pressure that exceeds the weir pressure, the internal atmospheric

20  pressure, and line friction. This generates liquid flow through an open two-way
supply valve 42 into the liquid supply inlet 28 leading to the weir opening 32.
Once at the weir opening 32, the liquid overflows the weir 36 in downward
direction 34 to form collected liquid 30 preferably without breaking up into drops
or droplets. If the weir 36 is a column or tube disposed vertically and centered

25  in a cylindrical-shaped collection vessel 20 as depicted, the arrangement will
distribute the load symmetrically across the illustrated first and second load
cells 24, 48. In an alternative embodiment, the weir 36 need not be centered

with respect to the collection vessel 20.



10 gas into the gas inlet or vent 18. The non-reactive gas 12 is preferably
inert to the liquid being neasured to avoid affecting the accuracy of the
-low liquid flow rate nmeasurenents. The sanme 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 ment, 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 load cell or nore than
two load cells. One suitable load cell is the Scainme |oad cell nodel no. -
F60X10C610R dreie 261located et e EattomaodeEmnﬂleamnrameSsm; 26lregulateathssliqggnal such
icates the t otal sensed he | oad

| in t
ol 1 (), v tie fdHeE T tan B a0 lslruPY ameagPeions. ar BEACYSHN er 50

that incl U%ﬁtr@llé@&%h@ﬁro@pﬂ d - % |d’ra|r| sl dasoand R liRg 4601lag! t al
conversion function with ored calibration information, where a digital

si gnal i s gemzadiment ftbe coliectreriqpicbd@ss drajned busgealwtyftd)urowhtl’readnarghm .

di gi tal %I ay. It is not considered essential to the invention regarding
t he typ% o controller 50 that is used. One suitable controller 50 is the
25 M tsubishi FX2N programmabl e |l ogic controller with a known conventi onal
anal og-t o- cﬂ)egjetrmiing:on\tm velatilityrofde digtet bein'gmea&rdmedj itreTdy, be optesddrpts

ith | .og-.t - ' t d al th | oad |1
out put 1 ng TR Game feidl oS8 PSS JERTne GalPGIrars et B 2 Qi e Eo
conput es t hgmEBEReRE pFé%'sh?é:HGHné 'oBHPého%oby %pﬂglng :PF clsRfi-89 ndn- régc

mass for the enpty collection vessel 20 or rea he output value o
the | oad c@assi2mto 48 epilastiohyessel 2&tA Urrreeelsayel/alﬂé tidscantpily trenslup@g bf ng on

[l f f.the t |
s wemiDy  Oasiifia e s inict B SRat P ERedRnrsRPle SoF d2i¥ pedlaras T Bt
val ue fromtheaguigeddifg niehsufed f@ﬁf/@l&eéﬁédﬁﬁf;ttﬁé aE@ur%'cyrEﬁfiﬁe Mv@‘h&wdvﬂb‘%@ the

col l ection vessel 20 contains 5 collected lNquid 30, "and subtract to find
Miquid: Nelegtiedstramental The vemst gesrréetrms\eerﬁﬂ&maﬂab@ usedfo vent thet ed

liquid 30 '|ﬁte?ﬁélcd‘élsa}5rggs§r% S%D{H?gubh gn ree-way valve 14.

In an embodiment, 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 system uses a single load cell or more than two load cells.
One suitable load cell is the Scaime load cell model no. F60X10C610E. The
load cells 24, 48 output an analog electrical signal such as a voltage that
indicates the total mass Mot Sensed by the load cell(s). The analog electrical
20  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
25  Mitsubishi FX2N programmablé 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

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



change in mass AMover an interval of tinme AT. A detailed description of
flow rate neasurenents will be presented bel ow. The volune of the

- collected liquid 10 30 is given by the density relationship: V= Miquid/ P
-Where Vis the liquid volune, 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
liquid 30 along with the conputation of & he change in mass AM over an
interval of tinme AT. Figure 2 is an enlarged. view of part of the system
shown in Fitgtcadlcellst24s A@wshem tiee oplectibnl vepsied2 Onisvempihyt aBé réstiigden thee wei r

36 with liquid i .80 . at th i i 3 The liquid build up 80
ove\rMcorresI _ ﬁIBpPﬁQéI@I g\/‘%g’r"??ﬁ% Eoetﬁ% rB\évg%E(r?f egrlé\gg‘r ?qﬁkﬁﬁé'oﬂﬁ’ésg@i 3s Mgmpm tﬁe
downwar d dinfeethiens RSowdOthdUsorithIgF 86 63%?\ read thé'o%\fma)awfrf)hﬁoégf cpyndi ng

wal I of the weir 36 and reaches the surface 84 of " the collecte quid 30.
A st ream o4l A§ueprasentisg dte tathkenhasa Me@l Ween ta caollechien vees¢le2l camtaingssel

20. This nethod reduc or elimnates. 1qss of liquid frommst or droplets
during a | iCBE‘?"g'eFIGﬁBWd‘rs:zQ’ear}?gﬁlé@rr%%éﬂi'.”dgg"@ependi ng on the volatility or
flammability of the liquid being neasured, the internal gas pressure 38 is

regul ated wth dillii;her Mipreddisi,zed non-reactive gas 12 or vented through
the gas inlet or vent 18 and the three-way valve 14. In an enbodinent, the

gas inlet Vv i ent r.ou e three- 7, valve 14
duri ng theq?‘ﬁ'ﬁ.g%%ﬁg‘?’ééteés]@‘r%H'Peécged;b‘i‘g'gt? i'i&gﬁr&’iﬁr}??‘i’é(cﬁqw“ thes s

punped i nt ehtihge GohlagetAMoves ssehtetfaleftinid AT. A @étAildd dessHptidn Giicw 3 IS a
flow chart of a batch nmethod of flow rate nmeasurenent to inplenent in the

syst em shol#i€ieppymants Wil bewpresenied edow ety ipiuste ohte eallectesl limtithod can
occur %:qug@ti%@w%]abﬁn%c%ﬁgpﬁgyaégggpﬁﬁr allel, or in pipeline fashion. For

brevity, the now ed as carried out sequentially. To
begin the nmethod, the controller 50 will initiate a new flow rate
measur ement at VvV = Miiquia/p :

Where V is the liquid volume, Mjiquiq is the mass of the collected liquid 30, and

p is the fiquid density.

The controller 50 can use the density relationship to calculate the volumetric
15 flow rate Q of the collected liquid 30 along with the computation of the change

in mass AM over an interval of time AT.

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

or droplets during a liquid flow rate measurement.

25 Depending on the volatility or flammability of the liquid being measured, the
internal gas pressure 38 is regulated with either a pressurized non-reactive gas
12 or vented throug._h 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



step 200. At step 202, the controller 50 will store the desired flow rate
Q. At step 208, the collected liquid 30 in the collection vessel 20 is

- drained below a 10 predeterm ned | evel and the two-way drain valve 44

- closed for the duration of the flow rate neasurenent. At step 210, the
controller 50 sends a control signal to the three-way valve 14 to all ow
the gas in the collection vessel 20 to vent through the gas outlet line 16
to relieve back pressure while liquid fillls the collection vessel 20. At
step 212, the controller 50 sends a control signal to the 15 two-way supply

valve 42 to f,ill, ,the collection vessel .20 with liquid fromthe supply line
40. At stepvaﬂ%1§n®rg}9(tgleefﬁ“%8rrotce§§é{\m|éiazBf‘?%H”ﬁ%#i“&ﬂ,‘re?ﬁ V& 9at ﬂgl'ger 50
captures (i p@mped il e)ocRBclidtsleddet DB A drfildrogqnal from the one or
nore load cells 24, 48 opening a timng wndow. At the end of the timng

wi ndow the contrqller_ 50 ain captures (i.e., sanples) the instantaneous
| oad 20 ce'?'lgug? d%?.fl%éﬁg?rﬁ?ﬁgb%%wegﬁfQQWQFEF BigAsUreraepllo ods
dependi ng o j - i Hh iy Re ep
215, the control Ty TEGPRSIERRAME I LD R croid BY rBEAGRAG ufh o
si gnal s Swhi Tiethabeas encurt $euemiisly afonicherenty | iaqizad|idl| quindbipdlire/fishidie

tim i ndow to an jinstantaneous flow rate Q 25 At step 220, the
ci)rr?t Pgl Ymep lggr %5?3&1@? rﬁeﬁ\?@i @ﬁdﬁ’%l’%(ﬂ@%ﬂ%d S8 RFares OtJh%epqLierYg'?HVl-tB%eous

flow rate Q;é\%ih hhé heetfledl tededrtier QP%%ﬂtiétnfﬁ 4 HSwifEJS/f féé%%@%é&{ﬁe ejng\gt rate

Q i s higher an the desired flowrate e cont sends
control sigstep 20. Adstrre20Rcthepamitioge b0 ik store-thedesingg Figwwate Qo4 Att 0

d th f Liquid,.suppld to the.collecti sel 20 at st
D54 50 convEPLLR 1% pottded HEVERIA RdbeoaPeisT yeesab2D0s Eaner how e
desi r edi(f | opredetenine@evel aﬁdqr?@melwaar?r%% §§|ﬁe544ac|eg@8 k& thal R &Hior) 8F OPEN

t he two-way sug}ply val ve at stﬁg 204." In either condition the controller
50 neasur esthgriiove catpaneasurmeentnat stap o tize tonnolteat5® s@rst 4 cohieoldsighaled

reaches. t heodoa DS RpE e 17 Epa v git i Wi TR aasc 7bid Vet 0
equal s the thesugrethe gaouBétdindo16 threlielh@Wack pressure while liquid fills the
collection vessel 20. At step 212, the controller 50 sends a control signal to the
15 two-way supply valve 42 to fill the collection vessel 20 with liquid from the |
supply line 40. At step 214 and after a short stabilization period, the controller
50 captures (i.e., samples) an instantaneous load cell signal from the one or
more load cells 24, 48 opening a timing window. At the end of the timing
window the controller 50 again captures (i.e., samples) the instantaneous load
20 cell signal. The timing window can be various time periods depending on the
accuracy required during the filling process. At step 218, the controller 50
converts the captured (i.e., sampled) load cell signa.ls which represent the

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

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

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



rate data is known and the controller 50 stores that data in nenory 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 liquid into the

- collection vessel 20. At step 232, the controller 50 sends a control

signal to open the three-way valve 10 14 to vent the gas fromthe

col l ection vessel 20 through the gas outlet line 16 and then closes the
three-way valve 14. At step 234, the coltroller 50 sends a control si gnal
to open the three-way valve 14 to supply a non-reactive gas 12 into the

col l ecti oanesr&eboraeol|e¢\t505§aws%ﬁonﬁrbl&sugm@ttbwdearthémeemﬁsappﬂgwbt\m at
signal to open_ two- Wag drain valve 44 to drain out the |iquid. it is
12

deci ded t haleri@Padberber pendifienihe certrofert @ﬁaﬁqusande%fampetﬁsaﬂ*est ep 238,
he fl
Lhe 11 ow f fisfandIRagH A thie B HPGeORd fBGILE dgswgfggsg@&am Bhtie! ep

200 to estab a series o ron curves for a range of flow
rates. O htmenns@&ntamsodd flow ratet@ reecises teeddsinelt ffovdrdter@onat es at step 240.
Figure 4 is a partial cut-away and a perspective view of an enbodi nent of

t he 20 sy showi t i Clui d fr LGl \ 28
(Figure 1) R R G Aihd A %Scb FURE e %A%HFSQ.HL’%HS‘& R g Hofl 36,

bui | ds up adtetd@a Wekfiow®RAHItHE cdRAtroRadSOERITES vl ddtamivaiethdryatiste P8,
directions while clinging to the outside wall of the weir 36 to the |liquid

surface 116nd@istap 2§ t%p@@&ll%r@%@&s a cgotroh sigrdl te#bYbINEMO-WRY syst em
operates | eﬁg%lg%m hb 4V iehe TRy gﬁ%ﬂﬁ%"l metﬁ\m({ g&!&g@.al 3 ggsbw%f i 1ing

process ter tes and drai ning process roug eégi'ns at a

certain |igep23ZB\he chhtrohel BOvséhds baniitBignal tmfopﬁehethe\/\iﬂrdée%y Jaiveor der to
of fset the decreasing drain flow rate due to the receding eguj d I evel 110
where ¥ pr dgteysntthe,gasiliam @egé}\@rca@@deéwﬁqtihﬁ%ugfhth&r%%,%aw dipe 16

non-react| %gc_ﬂ@én Frosks 1Ry ihed. \Né‘%%l‘i/@e’l&%t' ?@E t%ﬁsc%‘?wltroﬁgr 88 skfigugh the

gas inlet I'ncreasing the pressure of ernal  gas atnosphere 9 38
over tineg, cbhtfobhrigheml toatpaenctae theeecwap et wtds supyE iaevan-seddivargasal y
constant flow rate when a eﬁggd&k control mechanismis used. Enbodl ment s

of feedbackedhe FellesHarhagnse BHRPAAS. dam sPalRe!ef o $erdspa,control

signal to open two-way drain valve 44 to drain out the liquid. If it is decided that

15 another new flow rate measurement is required at step 238, the flow rate
measurement method can be repeated beginning again at step 200 to establish
a series of calibration curves for a wide range of flow rates. Otherwise, the flow

rate measurement method terminates at step 240.

Figure 4 is a partial cut-away and a perspective view of an embodiment of the
20 system 10 showing the liquid pumped from liquid supply inlet 28 (Figure 1) into
a weir 36. The liquid rises upward 122 in the weir 36, builds up at the weir
opening 32, and overflows downward 124 in all directions while clinging to the
outside wall of the weir 36 to the liquid surface 110 inside the collection vessel
20. In an embodiment the system operates in a batch flow rate measurement
25  environment where the filling process terminates and draining process through
the drain 26 begins at a certain liquid 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

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



rate in batch nethod flow or steady state flow delivery will be discussed
in5 Figure 5. The liquid collected or flowrate is nonitored by the set of
- load cells 24, 48 under the vessel support 22. The weir 36 also acts as a
- danper to danpen m nor physical perturbation to the collected |iquid
during measurenents. The ratio of the dianeters of the colum weir 36 and
the collection vessel 20 determ nes the danpening effect. 10 Wthout any
moving part in the system 10, the systemg10 is relatively rugged and |ess
susceptible to errors or physical damages. The weir 36 and the collection

vessel mad w surface ten construction terr al such
as pol ypro&% trm etp é’]ré\lgrrPP%%a” CLYUsa ??‘ﬁgo axhigve sLRsENYRIYf the weir
36 can be @@h@tﬂrﬂm@@b fatOWhehe fe@d@bb@%htreﬁmééhé’ﬁls% ¥ opt ”B' wei r

di aneter t,_ desi gn will permt measuring the flowrate of Newtonian fluid

cl ass of I| de rang_e of Kr scosities. A Newtonian fluid has

a const ant uée@meﬂ}s 8% Yeg\gbaghggp meshanisy tonpehiaye coastast drain #ownd
pressure, an@ pALBSARRGH rrB&‘/dor%tF iy eﬁaré’%@vfﬂf‘él%[% wﬁ%%&%%@%é@ﬂﬁere 1.

equation describing a Newonian f Iven be

the shear $tigwesy. Thesliquie collectediar fioandity is sohhereshiepthe edteof loé‘@%éﬂ@ ng that
t he Hagen- Bqi aw i s applicahle (see C.V. Easwaran and S.L. Kokal,
SI AM J. 8% iﬁ/&{r}aert%%veas\%f%@g@ - the rate of flow through the 25 weir
36 (acting as a capillary tube) is given as follows: Q = (7CAP~C4)/(128h)

OP=pgh-+Pf +Mhel@eir \BBealgo ABts &5 & himnmyerste Lifzenstrf ﬁﬁﬁ&%srdal@eﬂhh@aﬂdrﬂt‘é‘ d punp
pressure, requi @ed t overconme weir pressure pgh, liquid friction Pf in

the del i vethe Soleciad QHH'dt‘Hé“”Q W@@ﬁHEﬁm%@tﬁogb‘hé@W%Obﬂ@s@amt@S ofgheés t he
density of cbfnh\WEH 86 and3hé Solldi@icH Wd<kfbh AR nGRoSt r%n&ampenlng effect.

10 Without any moving part in the system 10, the system 10 is relatively rugged

and less susceptible to errors or physical damages.

The weir 36 and the collection vessel 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

15 - 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 ali 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:

20 T =y |

Where t is the shear stress, u 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
25 weir 36 (acting as a capillary tube) is given as follows:
Q = (nAP:)/(128uh)
AP = pgh + Py + P,



his the weir height, Pf is the liquid friction in the delivery system P;
is the internal gas pressure, ~, is the inner dianeter of the weir, 10 1is
- the viscosity of the liquid, and h is the weir height, Since the density

- p, the gravitational constant g, the weir height h, weir inner dianeter -,
are constant, the flowrate Qw |l be directly proportional to AP and 15
inversely proportional to .x. If the viggosity of the liquid increases or
decreases by a certain factor, to naintain the sane flowrate Q the punp
pressure AP will need to be increased or decreased by the sane factor
provi ded t WHeredd [s hairtessyerdifa@ncee e dthedicaidewrenpresseieureguitgdion se,

the fl t i ased. or . d i si.hg O ecreasi ng
the punp pPEEStrE Aer Bk aulEastt il ERHERT Foweras DENORER 4o R Coer hot
form ng ungiernal imephdriedressurenpt he gas above the collected liquid 30.
Referring again to Figure 1 shows a system 10 suitable for carrying out a

bat ch net halthefdensgyiad the dauidat e measurenment. A suitable punp such as a
peristaltic. 25 pu ‘not, sho is used to punp the liquid through the
supply 1i né 'ﬁ%‘eagraglﬁﬁé?%ﬁogﬁfm constant pressure through the two-way

pply _ _
supply val 4es fe walrdeidi®, |iquid supply inlet 28 into the bottomof the
weir 36. A steady flowis established where the two-way drain valve 44 is

cl osed dur Pni§ thadigmiskisigtiemimths d@livesy system,oad cel |'s 24, 48 coupled to the
vessel Support 22 record the jnstantaneous 30 total mass ML of the

col l ection v'é‘stggl'nt%"eﬁlggf‘ R'2PU&es the collected Ii quid 30 at the start

time |iquig. iseMelindeRiigsemrad thy vidwe solid line 100. The instantaneous 11
mass of the liquid at this tine is Miquid = (Motai - Menpty). The nmass ML

at tinE) Thi$ $ha Weoosyngsltbd ligndl, amdverted into digital format for the
controller 50, The, mass M2 at tinme T2 is then sanpled when the | evel of
the col | echdaiths Wﬁlr@e@"tv rises to the dotted line 102. This second mass
measur enent can be sanpl ed

Since the density p, the gravitational constant g, the weir height h, weir inner

diameter ¢. are constant, the flow rate Q will be directly proportional to AP and
15 inversely proportional to p. If the viscosity u of the liquid increases or decreases

by a certain factor, to maintain the same flow rate Q, the pump pressure AP will

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
20  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 heasurement. A suitable pump such as a peristaltic

25 pump (not shown) is used to pump the liquid through the supply line 40 at
substantially constant pressure through the two-way supply valve 42 into the
liquid supply iniet 28 into the bottom of the weir 36. A steady flow is established
where the two-way drain valve 44 is closed during the measurements. A set of
load cells 24, 48 coupled to the vessel support 22 record the instantaneous

30  total mass My of the collection vessel 20 that includes the collected liquid 30 at

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



! nverted into digital format for the controller 50. In order to
'?egzgecgrror of the negsured value of the mass flow rate the system 10 can
- take many sanples over small tine periods using the sanme technique. The
~liquid flowrate Qis derived by the mass change recorded by the |oad
cells 24, 48 over the predetermned tinme interval. 10 The fluid vol une
change over tine can be then calculated fromthe product of mass change
over tinme and a constant termof |iquidltensity. Av= LMp = (M-M)/p 15
wherein AMis the mass change over tine interval T2 and T1 reflecting the

net mass massefthyliqlie dtiteisitthe Mh u.dCQkM‘?o?a m§,y§9ﬂ4e ?r%s%\ﬂ ?}tﬂ I ¢ he

t ed tinme interval, pis UId
ﬁ;ggﬁrgtrjmt t ig1theasamried é\mferQ'ﬁV?H@dIlfOT@ddlgédillfsrrﬁatfm&maemtrmllerrESO Mher val T2

d T1. 2 I t e i qui d.vol unme
gﬂange ngp£§§|\h :ér:gt”grqev;r Mﬁet% Se%r%%g v@en%w byefi@@%e\pﬁlp fﬁgﬁ'ﬂﬂ‘ ner eI Q | s
the |'i qui diddsaw thatditeBVines10NerHis gétdndﬂ%éﬁ%ebélu%%ém%nt g va
and T1, and AT is the tine interval over final neasurement art

rreasur SrerA! O”V%T?dBky‘t%deétﬁi fairas for thesentratler £8. Icmenrderrtmmzﬂtme dredrgfws: 12

= AM N”\H as made th_at t he
I i qui d éﬁé@%c@?é%@gpertlf(égéﬁ-&lgrrn&%a%ls Y\QW%&E}% Sggp\/ (ﬁﬁ%%{&e@i’a@@m ng the
course of SmalslasewenSmall'lfhnelpeﬂbdQﬁJ@n@m Sethe! RECH GRS MEHd IG‘?‘IBV\P te 24,
det erm nedqﬁ%dt he i stant aneoys mass data recorded by the [oad cells

usi ng PeYed Mﬁ%@\ﬂﬂﬁﬁﬁe@@ﬂg@g@corded by the load cells 24, 48 over the
predetermined time interval.

10
The fluid volume change over time can be then calculated from the product of
mass change over time and a constant term of liquid density.
AV= AM/p = (Mz-My)/p
15
wherein AM is the mass change over time interval T2 and T4 reflecting the net
mass gained by the liquid in the collection vessel 20 over the predetermined
time interval, p is the liquid density, and M, M, are the measured total mass
data from the load cells 24, 48 over time interval Toand T;.
20
The liquid flow rate Q can be defined as the liquid volume change over an
interval of time. :
25 Q = AVIAT= (V2-V1)/(T2-T4)
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 T2 and start measurement T.
30

By substitution, flow rate is determined as follows:



~above: 10 V= Miquid/P Were at tine instant T, Miquid = Motai - Menpty
Figure 5 is an enbodinent of a liquid flow rate neasurenent system 41 using
- feedback control nethods. The theory of feedback control is well known,

- thus 15 the description will only describe how the system i npl enents

f eedback control. In an enbodinent, the liquid flow rate neasurenent system
41 describes a batch feedback control fibow met hod. The controller 50
receives the inputs 39, 49, and 51, and outputs the feedback control
signals 55, 57. The controller 50 sends the feedback control signals 55,

57 to the correspondi ng three-way valve 20 14 and two-way drain valve 44. A

pressure sensor 37 generat@s: AR JATHUWE (REMH)METSAt,)Ng the gas pressure in
the collection vessel 20. The |load cells 24,)110%08 provi de an i nput 49
i ndicating the mass of the collection vessel 20 with any collected Iiquid.

| nput 51 ingi cat 2sjred fl te. M. The nitude of _.the feedback
'colr[:trol Si 891'?1%% %@a&%@m@ﬁ&; é%%@ﬁ‘&?wﬁé?n%'éqcﬁﬁipﬁg?gﬁf OR&(Y err?n?ﬂa 25 suns of
i nputs 89, sdBs@ndatpentcidigeddurihd the dlirseoféadabmene drain line 46 at
constant drain rate in a batch nethod, the feedback control signal 55

actuates the three-way valve 14 to adjust the pressure in the collection

vessel 20 [ i - ti.V S into i 18 to
conpensat e NS LA, IR bERTR Ao e Belerined BT T'qhubhedlire

f eedback cemigodatairgsatddabyticidtascdiRe4 us; vengdrairslatishyeip4escfibdd

i ncrease or decrease the drain rate of the collected Iiquid 30 through the

drain |inéP@8e A constant drain rate is reached when the feedback control
Si gnaI? 55, 57 are close to zero indicating that the decrease in nass of
the co ?ected liquid over a specified tinme achieves the drain liquid flow
rate within a predeterm ned=M,gl4@®r margin. In another enbodinment, the
liquid flow rate neasurenent system 41 can be

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

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

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

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

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

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

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



used to inplenment a steady state feedback control flow method. During
'steady state, the anount of liquid supplied into the collection vessel 20
- and the amount of |iquid drained out of the collection vessel 20 are equal
~or within a 10 predeterm ned error margin. At or near zero mass change over
time occurs and 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 hod begins as illustrated in the
flow chart as shown in Figure 6A 15 As shown in Figure 5, inputs 39, 49,
51 are fed ineRe@setps desraass! therdra rate of Heutalleched tncqmldtaﬂjtpw.tIgh ﬂl@tdrtdhrrl ng

st eady stat control. s 5 t to eep,. open e

t wo- vv)elly suplg]ley va4 8§H§ {;grafrhéatggf é%%fr}éef‘?e‘ﬁﬁg'ﬂugb? f?qu&ﬁkr%’f‘go' apralsPx he
entire netgMareléless ente |h6rca§ﬂ?"tﬁét”ﬂh@'db%ré5?e A Ah8s O?‘L ife EQRRY ut?H
transmtting the feedback contro nals 55 and 57 with an error gn i tude
20 based orPVeh@ shedifEddliipe as*@tew@rthewtramumnm flowpateswBbBin apredeteinmiped 51 to
the cogresp rYal ves. The feedback control signal 55 actuates the _
t hr ee- way vaﬁﬂe ?% to increase or decrease the internal gas pressure 38 in

the collection vessel 20. The feedback control signal 57 actuates the
t Wo- way drdnr&in@énefeemmdImerthchhedsqelld)ﬂowqetaemsesaﬁanhm sistdr 41adpshbef the

55 1 5 kept UEBHPARISPERT S e @ Rorbish 6oiraliow MelerdRuiNBSeady  rad
flow rate witestheamewnt bpwd@%@pﬁ%rﬁﬂgthé‘eb'ﬁ c'%n s§§|n§0 BRg A n
4 AT bW

controller 50 to actuate the two-way supply to adj ust
rate of t 198 lippigudrainest eutiafitbe C@Bect@mees;sem%/a‘rda@quaabuewﬁbm’aand input 51 is

th t | gas pressure
Throughe: h?’ﬁ‘?%éﬁmﬁ Spnatdin"hlon AREEATG 0ES: HEAGROWRL e BCRURANE 44
to drain |iigdbraéd Ubﬁn%;ltlﬁb”sféaﬁiy@été micki. Fidfefafofd AL QR We?tﬂ%hﬁradégs' red

equi libriumliqui drain flowrate is Treache
li quid f|owr@&tr@blweétabhééa@mme:@wteo@bnyegaau2:0 b&for& The atehdyStatee al | cl ose

to zero, WAGHE{INtHBG ek b&GiRs RN REE e Ton! cl'uart 2% Fown in Figure
BA.

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

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

corresponding valves.

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

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



5 zero or within an acceptable error margin. The feedback control signals
55, 57, 59 produce offsetting effects to reduce the nmagnitude of the

- error. The magnitude of error nmargin depends on factors such as the

- stability of the properties of the liquid during neasurenents, the shock or
perturbation isolation design, the physical susceptibility design to
environnental 10 perturbation, the respagpse tine of the feedback |oop
versus sanpling rate, the sensitivity of the hydraulic system the
sensitivity of the load cells 24, 48, the mass ratio of collected Iiquid
30 to the é&n"ﬁ?%@ﬂtuﬁ‘?ﬁ g]e tt‘f‘é%‘%’aéffdrﬁﬁ‘e"ql}’%lﬂf"dofqr%'\ﬂ l 8! e fERPYsy st em
41 1 ncl udi ngw e SRl dt8skPdidtb dath &adRoAM Sdifa %ﬁébgﬁér;&araiwﬁé@er%t@% and the
sanpling error. 15 For the sake of conparihg t ertormance of the liquid
del i very sysa@mdet theldesirasislioned flow)ratdhehphfeedizdckpcapesitsigalobs] dqui d are

subst anti al | changed over a reasongbl e range of tenperature variation,
(2) the reSPBrEbats AbCGre e e UBTR bl tednrens N areR pLet uBe vl PRt  ne
mass sagpl izag brithid 29 aBEptabideayt hfargiandi tion of the Iiquid supply and
the drain punping systens can be 20 marntained at reasonably constant

pressure Cg_ﬂdl{gl on, and (4|) the |oad_cells are capable of m nute nass
change det d&\8 168490AcK Gantigl 3i68als SBoidi PP Predugeotisiting edieclsoi reAEradNe he
fol |l ow ng i i i | I i V,

over al | "y TATNERIER (0% n, T8 SRl oG BaldIf deRLLETh facks Sen
liquid to tdsethedtamiityi afrthe esspdrtiebatitite heuidiuntinghmeaaspesseris eheamdekdr 25
the sanpling errors and the susceRti bility to environnental physical

per t ur bat i GFTURBRHQD i58'atioR; $ASIEY. the Physicabswsr@RkBAity designdeensten@menidissel

L L.

Therefore, 't he nass 'of ol lected T
fl ow rate reeasiiivéyrentte hidrauiic zgstem,tthe safsitioity et tHeoloadextiel242@8¢cte be

| ed d t .a. W f 1 liquid flow rate with high
scour acy, REATL Al SPUPaIAC Ipud o iedRe Rornge gahiigns of Senisule fiv | ow
rate nmeasungimeakSrein&MEysIAUS! incRINiAEIHEOD idald RYRHED and the collection

vessel 20 and the sampling error.

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

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

25 the sampling errors and the susceptibility to environmental physical

perturbation should be minimized.

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

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



formng droplets in the collection vessel 20, there are little or no

m ssing droplets that contribute to sanpling errors. Finally the weir 36
- in the collection 5 vessel 20 danpens the liquid novenent in response to

- some mnor environnental physical perturbations and there is no noving
part in the mass detection nethod. Figure 6A and Figure 6B illustrate two
feedback control nethods: (1) a batch cegstant flow nethod and (2) a
steady state constant flow nethod that were 10 described in connection

ith Fi 5., Fi 6A s jdentical to Fi 3 t tep. 228, Thi
heans. the alaidig Taie,midiiah G CHERS b BERCR S5 B P NS SI5dT SRSV Ok BeBidHg 1 o
el ther of t BdandIRRKratl AQleRIPRTS ohlHSbISNEY heibaHEeabfas ThUS,  he

collected liquid 30 shou reach a certain [eve the co Ion vessel
20 and t he twmirgtexpléisqoitie 80llectioniEedsel 80 atheed aad littleeordesmissing | ow r at e

d i ntai ned t ant d stead th hqut  eith f eedb et hod.
F gure 6B 1 AR A0aeeaTED Y GO e RO o o1 HEDRALET 36 41 T olacienep
242. Thes syeadd 28t rBp&R EHeAMuid |n%émémﬁ_rgéﬁ?ﬁ§éjté§@nggﬁﬁt}rConStant flow

met hod 248 share common steps such as previously descri steps 252, 254,
256, 258, 26nvrehmentabphysiesieparturbaiionsinhil énemrciesio Moeingi pat indibef massce i s

the two-way .S I val ve 42 stays open at step 246 for the liquid during
t he st eady g?ﬁﬁ%goﬁgp]%tﬁg t flow nethod, while the two-way supply val ve 42

stays shut at step 250 during the batch constant flow nmethod. The second
di fference FguaéA aniFduredd illustnatertsvesialesibank icahtryl metiraizget) 4 baakghout
the entire stea{dﬁ f?tate Bo stant.. 25 fl ow nmet hod, because the anount of
liquid drai ARSB0L QW Methad @sesRa At sigady statemosatant How methoshibat wesey f1 ow

rate Qoo tBQ%riBé@ﬁﬁrd’d’lmteiCﬁgnWﬂﬁl ﬁghfb the batch constant flow nethod, the
I the '

liquid | evel wl| decrease at esired flow rate Qo until all the

collected li_quid 30 in the collection vessel 20 is fully depleted or the

method is tEIAWRSAE idenfical thEioyep Betrtp sigin 228 ddhis maans the desired flaw
repl eni shed i dhR08LER JBLNRAedetore proceeding to either of the feedback
control methods illustrated in Figure 6B. Thus, the collected liquid 30 should
reach a certain level in the collection vessel 20 and the collected liquid 30 can
15 be drained at the desired flow rate Qo and maintained constant and steady

throughout either feedback method.

Figure 6B illustrates the two feedback control methods starting at step 242. The
steady state constant flow method 244 and the batch constant flow method 248
share common steps such as previously described steps 252, 254, 256, 258,
20 and 262 but have certain differences. The first difference is the two-way supply
valve 42 stays open at step 246 for the liquid during the steady state constant
flow method, while the two-way supply valve 42 stays shut at step 250 during
the batch constant flow méthod. The second difference is the liquid level
remains substantially unchanged throughout the entire steady state constant
25 flow method, because the amount of liquid drained out will be-constantly
replenished by the same supply flow rate Qo without interruption while in the
batch constant flow method, the liquid level will decrease at the desired flow
rate Qo until all the collected liquid 30 in the collection vessel 20 is fully
depleted or the method is terminated since the depleted collected liquid 30 is

30  not replenished in the batch method.



Anot her difference is the steady state constant flow nethod will read a net
zero mass change fromthe load cells indicating a constant flow rate where
- the instantaneous flowrate Qis equal to the desired flowrate Qo at step
- 264 while the batch constant flow nethod will read a mass decrease from
the load cells 5 indicating an instantaneous constant flow rate Q equal to
the desired flowrate Q. Accordingly, in both feedback control nethods
the internal gas pressure 38 in the colfiéection vessel 20 will be adjusted
by supplying or venting a gas such as non-reactive gas 12 in step 274 or

step 278 t aviotheralieRetYs thelefeady Saidicbhotp o PRHBL I Pad SHRZEH T
a new fl| owmaseclcamymfrdncthanged Qells sndieatny adotstant loweiatdeherdéhebat ch

const ant flow rret hod the steady state constant flow pethod, _ the nethods
will respondsies aﬂ?é’uﬁg(oﬂ'h?aé‘étq snegyaldeithadesged Hew s Queksten 2edewhile

col | ecti on ekl SthASROTGlL ALhBaLf rabeRIONBClnEl A IR ANLLS the 15

i nstantaneous flow rate es t esired new flowrate On wthin an
accept abl e nedn:a’nngrangmstantdn@ﬁDsWofBEtarii?ﬂdW\%‘lfe IC5eGLA] twEPe Heshed fiwmeraté or
measuring flow rate of a liquid, conprising: a collection vessel coupled to
a supply vat®e and to a drain valve; a weir providing a passage for the
liquid into the collection vessel, wherein the liquid travels fromthe

bottom to tAwdrdipghy it bethweetibaokl contbf metisods thedntdhealcpld pelssore 3@asel ; a
| oad cell coupl ed to the collection vessel and generating a | oad cell

si gnal i nditB&IPAECHHEVeRSES 2Bwitl e *@Hpiad ti’)bﬁUR/Féké@élorvMemnﬂ [edRDPYEtfed
1 qui 0 1o st 0gSy e PRNED 27 o 280 o the ShEREE AR VENEHE ' 1o
t he collDectbeoactuatskin, step@76iar dtbp A7@orbingdin a constant ﬂow rate at the
desired flow rate Qo. If a new flow rate command change Qn is received during
either the batch constant flow method or the steady state constant flow method,
the methods will respond to the perturbation by actuating the flow rate to the
collection vessel 20 according to the steps shown in Figure 6B until the
15  instantaneous flow rate Q matches the desired new flow rate Qn within an

acceptable error margin.



'sends an electronic signal to actuate the gas valve to vent the collection
vessel or supply a non-reactive gas to the collection vessel. 2. The system
- of claim1, wherein the liquid supply valve and the drain valve are

- control |l able by actuation in response to electronic signals froblOYh&ISE
controller. 3. The systemof claim1, further conprising a gas pressure
sensor generating an electronic signal indicating the gas pressure of the
collection vessel to the controller. 4. The systemof claim1, wherein the
change in the non-reactive gas pressure generates a change in the liquid
flowrate into the collection vessel ifd7response to electronic signals
fromthe controller. 5. The systemof claim1, wherein the |oad cell signal
is either i N nal og signal or a digital signal. LLOYD WSE 18
6. The sysivgr';lllgt %F&ai“ﬂ%’v‘%ﬁv\her ein the controller sanples the load cell
signal after a stabiligatl riod and converts the | oad cell signals to

[ ngi cate liquid f1la'low r'cg?gétgﬁ} gﬁm%a%mgeffqu Ge\R &liquid compsingst em of

claim 1, wherein 4« tslection Wbéarqmﬁi@%ui)ﬁ@%wgn@% quréiﬂ@lﬁ\'/es by

conparing the liquid flowrate into the colleéction vesse d liquid
flow rate desired WRRERYHINgrR: Passanmtk the liguiddntgrthecollactiaravessdhe gas

val ve, the siHpbin thallbgid j | ntil . the 5 feedback error
signal is within a prpggletgg(r,r?%é eF%?bﬁ%%gpxﬁ%ﬁ%P PLg‘q W‘aiﬁia&% PSRt e i s
wi t hi n a pr étettee ephectionavessetf the liquid flow rate desired. 8. The
systemof claim Y %ergi n tpe we'br iﬂcl udes a columm or tube 10 wherein
the top of the wdi Py SeLFOYRIEAHO thecoligetinn yerset and genesatingss tasd ceild
wher ei n t he signauirdidzging4tAeerads 8MHENS IR i const ant
pressure producing a gr@adual overfl ow ateﬁé'ﬁgé?%%"@@ t\tﬁ%e(‘rovl\%he%l 'Hubos't he

col |l ection a controller for converting the load cell signal to indicate the liquid flow

rate into the collection vessel: and
a gas valve coupled to the collection vessel, wherein the controller
sends an electronic signal to actuate the gas valve to vent the collection

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

2. The system of claim 1, wherein the liquid supply valve and the

drain valve are controllable by actuation in response to electronic signals from
the controller.

3. The system of claim 1, further comprising a gas preséure sensor

generating an electronic signal indicating the gas pressure of the collection
vessel to the controller.

4. The system of claim 1, wherein the change in the non-reactive
gas pressure generates a change in the liquid flow rate into the collection

vessel in response to electronic signals from the controller.

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



vessel by gravity without formation of mist or droplets. 15 9. A nethod of
nmeasuring the flowrate of a liquid, conprising: 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 | |0YDWISE
generating a |load cell signal indicating the mass of the collection vessel
20 with the liquid collected; converting the load cell signal to indicate
the flowrate of the liquid into the collection vessel; providing a liquid
supply valve and a drain valve controlla8 e by actuation in response to
electronic signals froma controller; and 25 sending an el ectronic signal

f th troll t ; i |
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or supply a non-reactive gas to the col l'ection vesse 19 10.
The net hod ¢ellsigiianafier astabiizatioonperiad and geneerts thegload celliségrtalatd ¢ si gnal

i ndi cating t . Pr ure of the cgllection vessel to the controller. 5
11. The net Hrgcﬁc%t%ﬁgﬂéqeﬁ\g,ra%w%ﬂ}e E‘g‘gﬁﬁpgivﬁas%lhangi ng the non- reactive
gas pressure to vary the liquid flowrate into the collection vessel. 12.

The method of claim9,_further conprising sanpling the load cell 10 signal
after a stabilizdtion Ihesysdemmf dairvérvhegin the centllesigensrajesl s to

indicate i ?%%@oe{ékoé/}’réraéiﬁnéIgtbgpt%cgﬁ%gﬁrﬁ@%f 'f"gja? ﬁS\%/Srg{e in ﬁéh%gnﬁ{e%%n()d of

claim9 fur rconprising su fromt om of the
weir at a coesseliwitlpadigsid fow radudegigdawheveinfthefeedbackertdresigrigis of t he

weir into the collection vessel b ravity without formation of mst or
dropl et s. actuacfe the gas vaK/e, he sugplg vaYve gnd/or the ctirain valve until t%e
5 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.

8.
The system of claim 1, wherein the weir includes a column or tube
10  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.

15 9. 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
20  with the liquid collected;
converting the load cell signal to indicate the flow rate of the
liquid into the collection vessel;
providing a liquid supply valve and a drain valve controllable by
actuation in response to electronic signals from a controller; and
25 sending an electronic signal from the controller to actuate a gas valve
to vent the collection vessel or supply a non-reactive gas to the collection

vessel.



14. A nethod of neasuring the flowrate of a liquid, conprising: providing
a weir for a passage into a collection vessel; 20 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 tH&Oyolwigeti on
vessel wth the liquid collected; converting the |oad cell signal to

I ndicate the flowrate of the 25 liquid into the collection vessel; and
generating feedback error signals by conparing the liquid flowrate into
the collection vessel with a liquid flowqgate desired, wherein the feedback
error signals actuate a gas valve, a supply valve and/or a drain valve
until the feedback error signal is within a predeterm ned error margin and
the liquid 30 flowrate is within a predeterm ned range of the liquid flow

rate desired. 10.  The method of claim 9, further comprising generating an
electronic signal indicating the gas pressure of the collection vessel to the

controller.

11.  The method of claim 9, further comprising changing the non-

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

12. The method of claim 9, further comprising sampling the load cell
10  signal after a stabilization period and converting the load cell signals to

indicate liquid flow rate into the collection vessel.

13. The method of claim 9 further comprising supplying the liquid
from the bottom of the weir at a constant pressure producing an overflow at
15  the top of the weir into the collection vessel by gravity without formation of

mist or droplets.

14. A method of measuring the flow rate of a liquid, comprising:
providing a weir for a passage into a collection vessel;
20 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
25 liquid into the collection vessel; and
generating feedback error signals by comparing the liquid flow rate into
the collection vesse! with a liquid flow rate desired, wherein the feedback error
signals actuate a gas valve, a supply valve and/or a drain valve until the
feedback error signal is within a predetermined error margin and the liquid

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



