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ULTRASONI C LI QUI D FLOW CONTROLLER BACKGROUND Fi el d of
the I nvention The present invention relates to |iquid

woOl2ow/0omwbr ol | ers and nore particularly to an PCT/US2005/022944

ultrasonic liquid flow neter that may be used in a
liquid flow controller. D scussion of Related Art
Various prior art techniques for neasuring a flowrate
of a fluid, such as a liquid _qr. gas, flowing in a
condui t, for exanpl e, a pipe or tube, are known,

i ncluding the | ow
neLuaing Lhe LIRR ASIMCRIGTD FESW IORTRBLISH | O,
al so known to incorporate these and other types of
flow nmeters in feedback {@Eps so as to control
the flow of a fluid in a$§§%§§#§’ ring manufacture of
sem qagld uethe Invéatwnces, nany different fluids nust be

precisely and accur nse

Durt s s e ghes b ERg P 1S pR0 A Bhf o an
ARRRNRUMEI floRkemef Bhtsmdybeliged ih eaiqeﬂ ffeconitpileal | y
posi ti oned beneath a nozzle that then dispenses a
predet erm ned anmount of fluid (e.g., water, slurry,

et chamtous@bfodRd@eL Rt Or treat the wafer. As the
| evel of 1T ntegration on sem conductor wafers

| ncr e¥asieys prigreftdeclniquesdgimegsiings oy jake ettt sych as a liquid or gas,
gg Wa Qi 850 exkiflple e%ﬁ?@!)lecubéﬂrﬁlte%b\}vﬁ 3hd1Riing RY a3 flow meters,

use orm’i nt erconnects between the various devices

@miokis ﬁvacfeeﬂommytersem differentisb prasstitediovsmpterc & is also known to
nﬁ&rﬁgrlfi e&%ésg hl?c? tfl&?}tfspeWﬂeﬁ hetetSh ?ee\%&cn SRR %B?% as to control the

ograp a result, several

ﬁmmoé&ﬁe@wmawe&been developed to "flatten" or renove

f ﬁref %@Engrééa%%gaicﬁ&é tfl os?rﬁg: ?HM&@ rmA’Mytc%i‘g e&netglglf&@%tﬁg?e precisely
sidcicwatply alispsised ﬁ)r obeon z{:whfelrmﬂa&'rbear@ treptednEon qampbnm a

éﬂngﬁ%{lpmg\gppaaﬁusf ?llfp%af'era gcbléqgtfe%F r%q %1 ﬁfg pogl‘ﬁg%el%vbgneath a nozzle that

e HisFdness agfietie@imbe Aincwlt oLflwl &nf. swattislgiry,retbhamiggte.) to coat or
surface irregularities as the wafer is rotated agai nst

HeahBie"afing pad. The pl anarization fluids used in CWP

may  t XPihe flveNofe @bt dﬁl%émlc@n&@foﬁ-‘ ﬁvafwdiuéra&sbu rsﬁiifa&e linegalarities
comercially prepackaged form i ncl

bave beramncra ssFipUsgBoRIeA e AP XpHRle: rg?tglh gﬁ ua‘?(f 19 Efonpbmterconnects

Qét@'&?hr th& | BRHuSIRARIHE b Wafer fdf 1QH t\ab @cﬁﬂilal §fae frieGulbiitibis@hat may
q&onents are m xed together, the resultin

s Witwubssguentphefolitogrpritiy stenst &g aﬂ%ﬁ“%aile@?rgl processes have been
developed to “flatten” or remove surface irregularities from a wafer without damaging the

devices being formed on the wafer. One example of such a process is chemical-mechanical
planarization (CMP) which is a polishing method that uses a planarization fluid, usually
including abrasive particles and/or chemical etchants, to grind away surface irregularities as
the wafer is rotated against a polishing pad.

The planarization fluids used in CMP may typically be provided to wafer
manufacturers in a commercially prepackaged form, which may include two or more fluid
components that are combined prior to planarizing a production run of wafers. Once the fluid
components are mixed together, the resulting planarization fluid is distributed to wafer

planarization machines and used to polish semiconductor wafers.



pl anari zati on machi nes and used to polish

sem conduct or wafers. A significant di sadvantage of
woamesmaticonal pl anarization systens is that thecT/uS2005/022944

pl anarization fluid cannot be m xed cl ose to where

(and when) it will be used. Rather, the fluid

conponents are m xed and stored in a storage tank,

whi ch usually requires a contihnually running notor,

punp, or mixer to agitate the fluid and prevent the

conponegnt.

or cvangouprank iR Rt o PO B R Rk laf e

fléarizanh flofd dahﬁ)tbh wiixkd cldse Wo\ulhfnie Ged atioarit \algldmulsed QRather, the fluid

opmpeT A morents e it ioaet oMot PR sbliEse popunaty

iggeg iefor, qmﬁlpﬁdlﬁﬁi%ﬁo apita¢ e iflngl aad q’}re&errttthermaipbyent fluids from
agi tating.the I.n
PR ol R GhEAGH e 5ES Foldgemha R AR 1t o e
ﬂlﬁd af W{%lﬁfd&@%@%&tdg@@ﬁlﬂ@ ﬁlsﬁeﬁkﬁmﬁﬂl@ﬁﬂnﬁ Qiouﬁto;ﬁ-h@d’fgﬁlxmg of the
pically present in the planarization .
R NAE S DA O TR S—_—

SR8RuAT bSikatifll ¥eTHhids T MeaRIRIANDS nAxiHg SRITROST ﬁlh@ﬁi‘ia‘cﬂfn ﬂuld on an
pl anarization fluids sup I|ed to wafers is critic

e Hais I b ML B R ERIE S B EERS Dpicaly présent n
Mﬁﬁ‘zh@ uidl hRWubTEL: &S ﬁleﬁlngll fd M GAMHIh 1B Be 438 Kodnhter
uracy often needed to i nplement point-of-use m xing
mfxnp_d anarization fluids. Thus, a need exists for an
accur t
Us egﬁpoﬁmg};ﬁ) %glﬁngtgi ibhsWr %}aﬁr}é‘?%@gﬁ‘%‘?% :plﬁlgleél t? ngem critical to
ﬂirbpﬁr aimnu&etdrmglo@emooodl@tm tdg‘rlcema Fofeentional Agw metess anghilow

Vil é) fa yse 1l )ISI 09 e ht -?Ef H& lﬁlfxm ld)"f‘Blanarlzatlon
PP gk ARV SRR bRFASEI% Bhurhs

fsipe CThusfa teb@exyistefoe at adonwatn smalhsizahluid ﬂmascmtrodlelf thetanay be used

ter is vi de t copprise 8 cond
i terinat B s Ehutalfte GOHREAREA iftseF RS Hhdior Paullctbing to atiow
Bet-cE- 8 ORNIRY drraccubite dfspensing bf wchslomsc transducer is
di sposed at a first position along a |l ength of the
conduit, and the second ultrasonic transducer is

di sposed at a secoriNIMRARY OF THFOMVENTEHONNGt h of the
conduit that is spaced apart fromthe flrst

Ssiti
The. 1AFotII to PBSBIFRE of 1 REER GV tone Bl frgopigdiopgmeter 1s provided

ﬁlﬁlad?)ﬁghtsesaa bohdiit 2 @bk ﬁ%%ﬁ&traﬁk(ﬁﬁ@ﬂ a 86nd QriRERItMEsdAcer, and a
second ultrasonic signal, and the second ultrasonic

¢qnambetud&e fifsg ul@rgmicqmngglcgrds dispasediatia firpiositienang a length of the
&Hntd[li@lsaﬁﬁl lﬂ% sééog@ i tra?cfh‘#c trreﬁls&lﬁzgxeﬂs Ylf%p(gs]a@ atf d sre&;ndlﬂo&ﬁ@i?'élf)ﬁﬁhe length

I's confi gur ed
aﬁtbs sonduit thet Jatseacpclhaaaftu from the dics msefepm IEhp Ais Hltrasapigiagsducer is
S I
2ihghldf s %&gﬂ fﬁg%wa@wngﬁnaggmgg%ﬁavgg%%ﬁgga ggggqﬁ% @1, and the
sacmm ldtnamnn tmnsg;inadr ig @)nﬂgltred toi tregsnait thefséeond plirasqnic signal and to
trans t et ween I
]ée(:%lﬁ%%he glﬁsa nﬁ‘%onéc S&%Iﬁl(lj r eeccgln%(ié :1:|s| ctgggéﬁéjd td cl;orsé‘&%@la(fe the first
" received ultrasonic signal and the second received ultrasonic signal and generate a resulting

time-domain signal, analyze the resulting time-domain signal to determine a difference in
transit time between the first received ultrasonic signal and the second received ultrasonic
signal, and calculate a rate of flow of a fluid in the conduit based upon the determined

difference. Advantageously, the first and second ultrasonic signals may be transmitted after a
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signal, and calculate a rate of flow of a fluid in the

conduit based upon the determ ned difference.
wadvwrnageous! y, the first and second ul t r asonPCT/US2005/022944

signals may be transmtted after adeterm ned del ay

relative to a reference event, such that only the

recei ved ultrasonic signals are conpared to cal cul ate

the rate of flow of the fluids_According to one

enbodi ment, a nethod of deternmning a rate of flow of

c%tefn]nﬂl' délg% %la(fgg g:ual TefehcPEVRML, g@cq{ thal BRIy TR RAGyLIUMPIsbRE Signals are

acts o irst and seéond ultrasonic signals
ca)mpalgdao d:aécn@ﬁtththgfratt piflayoeidh¢ flyidy ecei ving the first and

S€co r}\ grdquﬁg' 8&% e(fnbsodgrl?e%lt sa me‘flli S‘osf dgtgfrﬁlﬁfng% 8 of ﬁ&zv gf dfilidina

recei've rasoni c sig second recelve
aohduitis providesi Ghamethod g;cmlmrsast @tsa)f serslingt firstgnd serendiulfragonic signals

SO RS B TR At omsois

thé fisst rec€io@l Meshonic sigasiand thesecg)nd Irecanveld tllresoniecsigndl to generate a

ei ved yl trasonic sjgnal Icu atin te.
TSI OB SERH A 0GOS Erep e gt O ine o
cﬂﬁ%@i&d@ i @ensti t{r}ﬁdﬁfeﬁﬁ&ﬁ ]}heﬂﬁ-‘r@tcté&éﬁﬁg ult@séhid sigdahexnd the second received
enbodj nent, the act of cros may j nclude
HersenicHizag. andegleplating the st pifaN kb faapr e pndatpspi oon te
rdrhfRaiffer§lc@gnal to generate a first frequency-donain
representation, performng a Hubert transform and a

Four iAscording e p dirthepembasimens dbnipt pEereTserelaling Baprlude
rﬁﬂﬂ%ngtaq?ogﬁé}q{a%f@m@or%ﬁe G refcéﬁ&lf'ﬁﬁ%hfé‘%@hﬂo generate a first

epresentation, multiplying t first and second
frequaquayrioynagioepiesentasion. stipmiing HEberbigesfosn anda Jeyisy garsform on
e Ee?:IQSHA Fecaged‘ JIE%UI%Q gfg %Qg'?érféra'ieeéjge@ %hé&? .doRBf representation,
pert orm ng I nver s i er tran on"th
mﬁh;iplyﬁligrtge ﬁméamlesnwd dreguenpy-epsia s@msattmms tqge@erﬁe igenegate a
t .resultin ¢
{e il et olaIE BT alof: il Blrfor M Uk e fiirm on the
rRileitg frcﬁquamcmdodmm fepratentadinpto geera’a tlumnmlnntg tinge-dlanpadn signal.

;: E_)La (g:n% ﬁn%g 4 %ﬁéec%(%:]i c%?s%n‘& 18V<°tn grh an uttra@orﬁé flé‘? H’leter is
p&lohaadsmm @niprigiaal coﬁcé[jlﬂt b Girst elt@sone t&nsdmemdhspdsbd aad'm;t(posmon
n t t di
SipPit s Rl QT BIA TGS Ee B e A S EBHGRA fecond

flfadonicSignRR &R B ulfrdsoit tramsdhder Sﬁspb@:ﬁlat 4 89dond gbsition along the
transmt the second ultrasonic sjgnal, .and to receive

length of the corgutithal sripaced ppmbiiom Hied T nodtifR: F%Far%sﬁlﬂtt’fhf‘eﬁecond

&1%}%5110% ﬁan‘d'tﬂe@&v&ih@ Gt LiitraSdn®Cdigriat at He)ﬂo@\%i@tleﬁﬁrth& comprises a
first and second ultrasonic transducers,
ummgucsrp@t elearisailysesnplad tsrthe fest ndrsseong ﬁ&r@%%wsducers to initiate
tilin{sfn%fz)p of R IR ahe se%gﬁdeﬁl éésogl%ts%ﬁﬂk DG aQRleAYinELUMy I’éﬁtlve toa
0 a reference event a controller to process
feiffarertce aneht,sed o n@htméleletp\pweﬁlther farsicand seoong W&P@efhh*iaasomc Slgnals and
?eetér%}me an(%ffgreg 1B ﬁ[ﬂ%%@ﬁvekﬂl re‘i:élgieofk?l?et f‘l%lergceq\%ﬁ %Hys?tﬁé glpa? and receipt
rece rasoni c Si recei pt
s&the smtomcbxeeelvmldllmﬂsbma&@ml celgivgriathe refbrangeeyentto t he
ref erlgnc%?dn?gv onetembodiment, a method of determining a rate of flow of a fluid in a
conduit is provided. The method comprises acts of transmitting a first ultrasonic signal from a
first position disposed along a length of the conduit, and transmitting a second ultrasonic signal
from a second position disposed along the length of the conduit, the second position being

spaced apart along the length of the conduit from the first position by a distance. The method
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Accordi ng one enbodi ment, a nethod of determ ning a

rate of flow of a fluid in a conduit is provided. The
worbtsmd4wonpri ses acts of transmitting a firstPCT/US2005/022944

ultrasonic signal froma first position disposed al ong

a length of the conduit, and transmtting a second

ultrasonic signal froma second position disposed

along the length of the conduigt., the second position

bei ng spaced apart along the | ength of the conduit

fflﬁ?&{?célgﬁngeh FeakivR%id firQMitofie SRl %%@ sechR®position, receiving the

0 er cofipri ses rece|V|ng the first ultrasonic
sstaydaltraaonie hgnaé et:tbﬂ ﬂrspwnttqnodﬁterm@n@ a$paef efirsopssetinn@f at least one
Itr sS0ni, ¢
g [S}ée gstoaind 6?086619& so%c & %lS 1111 fh%tﬂufﬂo gﬂr?'gésgi?g toﬁlg lﬁl‘rg%%e'gn éér% and
sseumdnilirasbiic sigoais © dstegnuab 8 dlfferdnh@lrrftimﬂ bbtwesnoessips phige first

lﬁﬁl %lél'{:? gfgpr%lﬁg Iée\égigﬁ; (ffl e’tﬁ 2%%‘8& durllt%tesgrcl)lcr:] giﬁﬁl% ‘tl\a{glgﬁgl?{élgtlr?épggﬁke of flow of
thé guitlibastd upbrt thaﬂaﬁmmnai s@aal of@mj)ageeme iapd theﬁetbimxan&bchffﬂﬂnce in
ultlg;asonl al cul at i

by e edb PSR R0t e ) g O SBRTEy he 4O frasonic

fghapagat i on and the determined difference in tine
between the receipt of the first ultrasonic signal and
the recei pt of the second ultrasonic signal. BRI EF

DESCRI PTI ON OF EH@@BEWR@IGN@IHM@@WWN@S drawi ngs
are not intended to be drawn to scale. In

dr awi Thg gscompeny ngIdAYINgapredPt IREadyo pe QWWP&%\F"&@O A B5 drwings,

e%@ﬁheiﬂ?cal orl gty ﬁgﬁﬁal Jbrﬁf)%ﬁén@ it &/ '119idfrﬁ§d {nSvafiS Ry RNt €dpresented
y a Ik nuner al Eurposes of Clar|ty, not ever

y
b;mﬂ;iimwmeraha?orb@lmoa@af elrifynnehpEery compeyenignay be lehpded in every
(g%gwgngisﬂl? Etlag’lrag]s is a schematic bl ock diagram of one

cl osed-1 oop nonitoring and control
syst éfiGf bis a sphpmnaﬂlcfolocwdagtamqf iong embodimpof 8 Cl@ﬁedtlh@ monitoring

venti.on G
SR ST foraisTe Ry RS RIRER b AR
aspedis. bfs at sokenhatic dizigrannof dab @:nb&hmsntavf bh oltdsanicatvanmeiof
one .emhodi nment tﬁf an uItrasonl c liquid flow controller

ACugingi'n greds SEPRIVESP t he invention: FIG 4 is a
t | mi IIGU3 Ry ok didgdsah bBdrerghbodiencaap IuHrascﬁmculquﬁ@ﬁmm cantroller

ghal s accord#tggn‘to aspects of the invention; FIG 5
?%Orglr%lt%ﬁ?pﬁ?tﬁﬁ WERYPSt r ati ng one exanpl e of a method

for dgtes maineg tagMnd ifitgrathg Gnef dxitinple d€ slgtshinftGsignals according to
aspects of the rnvention; FIG 6 is a diagram

speisfthg INMEtioBY at i ve neasurenent error; FIG 7ais a
ti m nggds a0 W bibsemtin@bbith Gl @ESnHIO6f @Jn@ﬁhbd)ﬂ)ir determining flow rate

of a fluid according to aspects of the invention;

FIG. 6 is a diagram illustrating relative measurement error;

FIG. 7a is a timing diagram illustrating cross-correlation;

FIG. 7b is a timing diagram illustrating a result of a cross-correlation process of two
perfect sinusoids;

FIG. 8 is a diagram of an example of a result of a cross-correlation process performed
on arbitrary signals;

FIG. 9 is a flow diagram of one example of a method for determining the transit times

of upstream and downstream of ultrasonic waves;
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FIG 7b is atimng diagramillustrating a result of a

cross-correl ation process of two perfect sinusoids;
wOhkae/084768 a di agram of an exanpl e of a result POT/US2005/022944

cross-correl ation process perforned on arbitrary

signals; FIG 9 is a flow diagram of one exanple of a

nmet hod for determning the transit tinmes of upstream

and downstream of ultrasonic_waves;FIG 10 is a fl ow

di agram of one exanple of a method for determnining the

f I OWH@L R ; ?fa fBwididthdin b eﬁﬁﬁ‘}qy bfa mBMed fdr @eteﬂﬂming tlﬂ: ﬂow rate of

diagramillustrating variable flowrate of a flurd

saflwd inku¢onduiDERAl LED DESCRI PTI ON Vari ous enbodlnents

and aspeqls atdE% a'tano{ll e 111 DawbRSoH SE%E s 8did iR a@%cﬁﬁtl

with'reference he ‘act onpanyli ng ti gures.

be appreciated that this invention is not I|n1ted |n

its application to t ruction and the

arrangenent of conpoﬁggfs setﬁ?or%ﬁﬁﬁﬁﬁthe fol |l ow ng

d es ¢ Naplouemimydinmdnitdsi ragieetd theneof el tovabe dugeusseﬁhm detall with

SRS LR L2£aR301 0 Ol heh 2Rad Meph oy 1 1ok BB e

15&@ apéli%?tlalfto ft{b&ﬁtaﬁlb of ¢di’f§thﬁﬂemﬁrﬁltth@am?angélﬁem bﬁwnqﬁ»dents set forth in
ereln or 1 ustrative poses on t

the fdlowinedlrasiEon A Pl B e &ra%l&&?sﬁﬁ Wefgf??}ﬁ%flcaf’?@ﬁof other

AhBoRinRREs A0 BEIRE frhctk® oNeitbeingleamide Buttin vireoue xal 4 dﬁdmples of
froma simlar role in other enbodi ments. Als

st 5 eI 6 PRV O SO G Phrpeser oy hpartcuta,acts,
ﬁ%&@éﬁnd%aﬁ@é&iﬁdug&a %ccﬁ‘lﬂ&tl@ﬂ Qith @n@ Sthbdin & R e ﬂlts'ﬁﬁed to be

ting. The use of "including," "conprisin
exiehdpchiiom a'supitar 891 ingher embpdiEp. n@lso tb%ghrgsgp%gy plgﬂ{grmmology

e

{HEDEEh LB Bl R0l GACANRRAS BB oo

“ntdudingyh&oniprising,,” o/drivings “eorttaningd fingolyngs laad paréasiens thereof
nven n.i

Ihelgem,tlolrngant L& &88?%82 é fe%xg%_stggﬁlte?egﬁ& ?& ?@1&{;\,&? o S tPT:reo s well as

uﬁnmnﬂy&hsn1 In one exanple the fluids being

nDn|t red an ontr
waf er agwgﬁ?rg Cf ﬂqtl‘le %rlesen 13}%1&%’3 ar{%lu%e 2?%%9&1 gcéngatus for
Hene e and dilesetlmvcgﬂédnt}nl ofi‘lomlif fluidsiitt ®s)stem. tThené exaingplepthe fluids

sen conduct or nyf cturln and th t he .
beREHOT t9Fe g PR Py PR %96%180’%%% ‘8# f%l%"ﬁI {nsa‘ama‘
Aashreain(eMP Machihel Howéved e 1ﬁvesltlexmmuc1hnﬂal tofirfield of
exanpl e, systens used, to nanufacture ceutical

TR ROr RIS BT Ing 2Rbihe BRFRIAHI BB On Frariped e may be

Bpavd %%1%9&@&%?1&61@&1 ﬂ@fdQH En)( dyst@m,su&ﬁd& e eximgfe, ‘éydtdﬂns used to

any type of pr OCGSS echnol (?I es for use_at proces
manufacture pharmaceutical products According to some embodiments, there are provided

process-transparent (i.e., can be used with any type of process) technologies for use at process
tools that provide real-time measurements of fluid chemical concentration and/or flow rate.
These technologies have significant applications in monitoring and control systems, including
point-of-use blending and delivery, for all liquids-based process areas, including, but not
limited to, semiconductor manufacturing.

The determination of certain chemical and physical properties of liquid chemicals has
become increasingly important to semiconductor device manufacturers. This is driven by
several challenges facing process and equipment engineers, including: 1) the impacts liquid

chemicals have on wafer surface defects, device performance and yield; 2) the high cost of the
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tools that provide real-tine nmeasurenents of fluid

chem cal concentration and/or flow rate. These
woeatsrokwgi es have significant applications i NPCT/US2005/022944

nmonitoring and control systens, including point-of-use

bl endi ng and delivery, for all |iquids-based process

areas, including, but not limted to, sem conductor

manuf act uri ng. The determ natigan of certain chem ca

and physical properties of liquid chem cals has becone

AfE Ecﬁ%ﬁqdnu : Le %{sseh '@ﬁ(ﬁ%@?éseﬁ Pro%@sgésqﬁ@ %ﬁﬁ&fcm\%g 9) the environmental

manu t I ven several chall enges
mmc;t o eﬁﬂmgﬂes@mrmmnqymhpm@néwas@e ridesq faetprg @il ggntribyte to the

él]rabllgg af; elI\l/t- 'é’glléé %1}?%&%%?%&%% gl"é@?nglﬂ% \;A@gfflt X elr {Ta?i‘gﬁs chemical

moskseef thefluid conponents used in |iquid-based

processes e Iy

i npad onzs?ntlg?zlg s&sg%?sp 11}clu§|v§5ﬂobegpéglletr{1aﬁld%]e§ér Q&%]Eagé{.ﬁéte point-of-use
S8BHFLin pﬂ'dbegeocﬂﬁmhmaﬁ padviidedmibination hbottt OertalIIEproperties of liquid

cieeisehdrsii Bl ied; St BadRR AR Bl Beusgensor ueh

M\x&ﬁ&thl@mh a8y t@iBologyhiighdeged ﬂo@dﬂr@@;l’iﬁdusirj/ ehiadlemgrsl However,

neters, lack accurate pojnt-of-use s n Cess

iPoBIge R ETeAEsPopFltERs PORY-OF HECTBRr 3RO PRap gl i monitoring
RNARBEEJ sPfer®f Wittlthe didCITHOInE-81-Sse btk 1156 mebdsé, pRidtss and equipment
limted to, concentration and flow rate. Poi nt - of - use

Fainses Say Savaihecappbility thascelese ppeessdesoameRic ey gmical
%?&n\l}hﬁm REGHRR: §<9a;?(‘1jé15§1§$0 {BAHShT Firdehédst s%ﬂﬁﬁ@ -and minimize

er to realize t egreatest benefit
poirmetal ispacs Srsthernash sUoMt-oEuwhemisadp] ‘Fﬁﬁhf’r&?ﬁfi delivepgsystem
1%552becac,’oné tro?i]t:cﬁ:%ﬁlg QBB rmit bl cIoH@ol"’lhéjan?Jun%QJf BhenPbal4$Rd in a process by

rate ters, process and equil pnent engi neers
simyltdnameslt mwsmmmbqntrytwrmné dlowi reteat e peiotelsuse.

devel red NG
sor afo?t}%g 8$e sen§o:§' ‘t:eg%ugorf Isg%kﬁl&p%ﬁ%é&ﬁiegogﬁ?gge é@ﬁfo%%ss tooés satisfy
it Aeads Z@ ieBit uisenmﬂlﬁttrm mearsplambnt &lmnahtmlzmmm,-m‘auswe no moving parts,
oi nt - of -use che bl.en d del |ver o
B9 e e 5 AR e I B B AT Rl
a&ﬁ@ﬂdfbt and)f)reé:llbieﬁﬂ addhBo tegpropride ﬂbmamﬁ&angeyfor spe01ﬁc manufacturing
si mul t anequs uring concentrat.i on.and at e
SPUPHED Y A PR SR L e s el fspfigotuse
saveh@peslosipee mokigdring ah@EontsEofdiquidreheaials kalas, for example, CMP
satisfy the needs for in-situ use: real-tine
#%{lvEtent , conpact size, non-intrusive, no noving

part SF 0 ﬂeﬁdsp Hé&ﬁ@@ﬁ:sﬁlfs%ﬁﬁ@ée@ﬂ%bﬂ owrers] § isXfteq desh@ble i b&int-of-use
t hat these sensors should have high reliability

@l@émaé@qntmb%tems deveshoeapabiley ta pecyraiahiseh gt #&*mg’ceélqmd flow.

r
LA AP O AU o s 08 S

systeat adording poaspectodt the mversios ol he sekemol08 gb dlysirased includes a
?‘&fi‘#oh@oﬁé Ueﬁveafb%htﬁ;%ﬂéﬂ x%icﬁ’p ild!ﬂgWs,das GREX LR SinSMGBwa4. Tt is to be

or “exanpl e, sturry Fairds”
appreciated that although the following discussion will refer primarily to element 102 being a
controllable or variable valve, element 102 may also be another type of fluid actuator such as,
for example, a pump. The valve 102 may be, for example, an electronically controlled variable
valve that may be adjusted to vary the flow of the fluid through the system. The valve 102 is
controlled by a controller 106 as indicated by line 108. The controller 106 may be, for

example, a microprocessor-based controller. A fluid flow meter 110 may be positioned
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To provide desired results for process tool owners, it
is often desirable that point-of-use chem cal contro

weysicmsehave t he capability to accurately set PamaS2005/022944

determne liquid flow Referring to FIG 1, there is
illustrated a bl ock diagram of one exanple of a fluid
control system according to aspects of the invention.

The system 100 as illustrated4ncludes a controllable

val ve 102 through which fluid flows, as indicated by
chiqv&h%ér@a{n? %&Qzﬂ 1 éssShB\Qn \t/)\ll?? 991(1 gd 1ﬂtt}?edal{vbﬁ‘lt ﬁ#et:llafglﬂlgﬂ the tlow

oW ng I scussi on rimril
mbtenblrﬁ)tmalyOﬂtebetwgipf be plaxet m9$ttealha|0étl@rva arlP? leee ﬂ@w ¢fethe fluid may be

I%L,aesﬁ}% y ﬁ?zﬂo@}a%et%} fl?) tf’?a“? n%&%%&ﬁﬁagﬂt@%f hJ %)%'trglleqqg&l Ak Hdicated by

or ‘exa
i 118X Mmllltstramah meHIé‘rc t,rio nma:@dainplecthn tflowl rimd M miagbe gntegral to the

45 0T R B B B 018 1 by g e

byo. at is enbe aplpteeiateli iat & flomdhetet O nimy HeiimegralOgith thiaentire fluid line

controller 106 e, for, exanple, a

b S acs GonE abeiogh or pha TR dlinerych et th Ao mgfer 110 may
rhBuRRMIPE PGS dtRN@tieonns tifain of the valve 102, as
shown, Those skilled in the art will_a 8 eci ate thg

the fAesarding et leash oprgpbodinasnh s W@trvll%@ %{naz gjadapted to use

HRSHb M S Rh ab ReloWahty8f the auldTBl%vfdl:d)lﬁ& Bk floRandtérlii1d tdM¥nitor the
be neasur ed by the flow neter 110 that may communi cat e

{ipw lof the duidand ﬁfmqnerpl thopalve 2ty 6‘?1\2%@&eﬁ§ﬁdlr?tﬁ af flaw, thegeby
i_’fjoguﬁ‘g ﬁ%@dj}o'o c(’):dtl(él oflthe AR ﬁ)ﬂﬁrg_;}lst@m 108, eInfdn@\é&nﬁgdlﬁknt control

ntegral to the flu | Tne 104, such that
o1 the aurmﬂ@w ipechigyed hea ﬁ¢11§ﬂ065318teh1em Pdichghes Buidl flowgneterrld O dip

ff'eF(?oacf( Ql\éfn@ﬁ&lié c%%es.l 1%343( sybSm! & 1P E ﬁfﬁ iRt S fRY mEtlalel 10

oW et er rntegra e entire flurd .
priotheced @dl¢learonivesignbleingioasive Dﬁﬂlle datg ﬂf fovbetihe fluidithroyghabe fluid line

uid | uch t he f
L g g Sl Y BT RO mey b
inpuiath tea@stroltzn €06 b sighatpritdpcddhyy thaetntrolldrd 06 iIsGﬁputrH.yantvetuator

%“{jﬁ%t%g o %ﬂg% r@:@ls ot e ﬁg%}/ ?8%/\/1 (%g § hc}, 1%_%1@6 1{588 % con{rg’l tlgl)? halveel 02 so as
{ol vayy @t rdidref ﬁd“uasdecméd tachRR¢ theldedited ratabiftuid 2wt The desired fluid

achieve a desired rate of flow, th re rovi di ng .

AP B BRI RalS Bt BN PBRTERS [ g Pty b F ey Bitop fluid may
8- thd MuQPRLdPIRA ITeRtsyste&RNDO BbmQfsotifde 114 whidh fria?%é |f6r example,
achi eved by a control gsten1|n which the f flo

ARvsHeam plepntdn fhe syee ROG R sivEAge olcmess pidjbe ks, Jifjs source 114 may
ﬁﬁéﬁl‘ﬁ@ Bns@$ tal ll)nh'ys fode thbrhali !)rgo the cohf81dr! 194y agﬁicﬁifateli:bg line 116,

produces an el ectronic sign i ndi cative of the rate
pichfab egiypeintstand limits pfithe Amewry wf flnid apailable, qemﬁ%ram PreJHES

#nggfllt&ﬁgr? dleﬁ‘§ vﬁa o a"n&? E)E%{y B A¥lafBow 8AL of th@ﬁulﬁqup @(S}Jfroller 106

I nput to the control :
May bg adapted todesach lnformat@ncmdtqﬂaﬂr finphts] Q@djust thenﬁw rqt@oféﬂwd in
?ﬁ YatQpg driving the valve 102 (as indicated by line
@) and ‘may be used to control the valve 102 so as to
vary bhhdditiat,es dfustfreitaimna*iGr ks thei qoetiolien 1 8@ miae becdaupled to a user

1n":f‘eri”ace ?lf{ v%ltueh may e rdexgllngl\év a g-I;Q ic%ﬁ? 'barls%g ugelr %ixtgrface. The user
interface 118 may allow a user to monitor the system and to provide input to the controller 106,
as indicated by line 120. The user may be able, via the user interface 118, to observe
parameters of the system (provided by the controller 106) and to provide inputs to the

controller 106 such as, for example, a desired flow rate of the fluid, fluid flow rate set points
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flow rate may al so be an i nput paraneter to the
controller 106. For exanple, the fluid may enter the
woRbosos7ab ed portion of the system 100 from a BOUMUSE005/022944
114 which may be, for exanple, an upstream elenent in
the system 100, a storage elenent, and the Iike. The
source 114 may include sensors that may provide
information to the controllergl06, as indicated by
line 116, such as set-points and limts of the anmount
a%]zi &ﬁelﬂ Wl h&p & hﬁlﬁé' pﬁie@bh‘&cﬁ}er P@@l%a?}“&ﬁput to the user interface 118
|on density, possi bly an initial
vfahmw 1nﬁ»treatafn mcﬂuﬂnﬁg @rdxarfrlﬂe, actunltﬂcm tagg; outod-ligriyalgyens, and data

adapted.to such r.
n&ea‘ja eﬂ‘entt P]%d (#Jal%aoc\lls%sg }g}oﬁ 1{1@8 QiBn F%&}l%}t tlla%E abx%gaﬁéd thhQthe
cdfitilblter 00H magbé ¢dupkt tadnether systétr&ompptet meteadoll piodsiveall ag,0Ging

user interface 118 which may be,
CPBgle&?éﬁ%F%r“gen‘ﬁF%% cal |y based user interface. The

user Iiig tdi‘lfjé‘ apprecihied timatheabhtollen] Mfsmay liecpmgammed Wllth @ne of a variety
system to provide, i t.to the tro as
AR on mppling teoghve Te hede Shiyrip e gpkiicy M pp Berammed

WiRed mbad] %rftﬁéﬁlﬂeje&d Iﬁaﬁ u@@ﬁ@iﬂd@er@ af mﬁﬁ‘aleé Sndjﬂuuﬂd”thtermined during
system (provi ded by the cont r ol l@% 106), and to

qahpratian ogaptbe degrerd Mhich thpghe JOn 1spen aé%%ﬁél%{%%% of flow

Ses e ShphduRias al%fdeﬁcli‘i%ecf inlﬂeﬂll ui lzdihlﬂoﬁl&-@WnédiUQ Babnt Application
poil nt sand upper_and | ower

Fmak Nol 10431 _ﬁ@% fﬂﬁ&/AWUt%u%OOt%ﬁr@H@ %%%TEMrﬁl‘@? MF&S{Q@ FOR A MASS
%%W%@NTRBELHR P@US P&ﬂe%lib@catfoiaYSeﬁaqw he/628680@led July 17,

ow rate, out-o | ar s, dat a _nmanage
2008, ahtitled M@&E@%AWARAB@% F@Btl?l?e% SURE @@N&%&T@N INA
I C l;
T
Ineottercxeppleckhe contioterusayrbeiadeped aciee gf[_rgodeﬂ-freq:”sadppilwgézontrol

hat th )
%@Hﬁg#‘gﬁr&e fol\ 9‘%“ ety ont re?lléOdﬁlgcrlrs ? or con R (?{ng tﬁontml

Algdritem T2 i :JIS 1hdbpermemeofahmiaﬁ1cutah fuid dlowing ih elle syaymkaed does not require
rogra Wi nodel for the

Earielhgesnateg ot it v LT oBF o RRAmT Brpyy meod s

Gabrited &t Al Q.S ayent Ne. GlesH1ae td Georbé Shu-King Chehy evhiths herein

i's opened so as to,control the rate of flow of the
INFQIPerated By FeiFrERaT LS S Yescribed in detail in

C OMDAY Y rdMWE GndlentbodAéi?the APP icterll | DRapes duﬁllltrMDmc ﬂow meter that
10/ 131, 603, fil ed Apr| | 24, 2002, entitled SYSTEM
EHREE (Fare the TS PEICR N B IREP et rape s e<Riough the Haid to
%%hlﬁrf‘eacﬁé ﬁ@w §§£ bﬁhe Moid. ARh62R uiBRourddisbiRdrshidby/bebd used to measure
entitled METHODS AND APPARATUS FOR PRESSURE
BOVRESATINEN i1 mawfmsggm@ww\ﬂwﬁmwmcaﬁs Hiege vltrasound

&%Ec&%@ﬂcglﬁ}%@rﬁc{t ﬂ&\%ﬂh@yccﬁﬁé fresgge% deQdeHlT&J Use f¥ehfi®@huctdrn

e contro be adapted to use
maﬂufmdtﬂlngfmé@blnadfblmelamdlCGWr ol al gor| thmto drive the

v al v eRleQrzing ‘é ZLL‘I% gec[‘lgrggs ﬂlﬁ]s%Jafég %&eﬁlaﬁ&%‘} RAC Kmbodiment of an ultrasonic

"neuron
flow meter according to aspects of the invention. In a system, such as system 100 (see FIG. 1),

fluid flows through a tube or conduit 130, as indicated by arrow 132. In the illustrated
embodiment, a first ultrasonic transducer 134 is mounted to the conduit 130 at a first location
and a second ultrasonic transducer 136 is mounted to the conduit 130 at a second location,
positioned a distance 138 away from the first ultrasonic transducer. According to one example,

each ultrasonic transducer 134, 136 may comprise a piezoelectric transducer (vibrator) that
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algorithmthat is independent of the particular fluid
flowng in the system and does not require a priori

wanwstoedge of the dynami cs of the system At | e@stuSe06/022944

enbodi nent of this nmethod is described in detail in

U S. Patent No. 6,684,1 12 to Ceorge Shu-Xi ng Cheng,
which is herein incorporated by reference inits
entirety. According to one enbadi nent, the flow neter
110 may be an ultrasonic flow neter that is adapted to

chclSdets Ia?lerzgélél{% i &r: l:@féhl%ﬂ(t u(iﬁi‘r eﬁnﬁﬂl@q&ﬁ'zﬁc%iéecﬁanate) and a pair of

roug determ ne the flow
eﬂ@:tredetsffmt dpelyiﬂgmncblecmcwhbwﬁo metpreag@@nﬁrdc eeEaraip elsmeply dlach of the

u t?aesg?kl %r?gsdhgerms E’géemg}l O@‘ﬁ’d&@%ﬁ ﬁltr%gonfié \Vé\gﬁvﬁeﬂ an electrlc voléage is

urrng naf an sem conduct or s,
apblidathertiogarslengyqreducy pi eledtiiy valtage wherhlam@ewtﬁema&tmfmla@ yave.

T TN T, T

dnd@E en ulsragdnicusdve agceivess dh enmxamld the mttﬁas«mrbtmisdmets ey each be

Pllrfg\fiilﬁ]%qr (aﬂieozg%’l%wg\c g%g&ﬁ trh o C Cglgxgﬁ‘ldg?na& grtog‘ élgrfﬁff f the conduit
1_13>X)a asflllwtlgteg koW, Lhiaueld Be ﬁpﬂﬁﬁlaﬁe’d tﬁﬂmltih.ultrasbﬁﬁ traaslucers 134, 136
I ndi cat e

( arrow 13 I n th il]ustrated enhodi nent

08 PPt PRI aERR T SHBTIEBAEBAD) AL AL R e capsble
SR WlRRodt eiferdy ihola € HithRRhAedAd@L B3R Bausing at least some of
ul trasoni c transducer 136 is nounted tg the conduit . .
haEneRey & RIERABAE ap BE@?Q%W&@%@WI&&@BO“& dhectiuic ﬁ%e within the
ARt {90 d: I%ﬁanflﬁlé She WirhsoBR Wahddubdr@d UsEhay R8GO0 H dYbrtion (e.g.,
to one exanple, each ultrasonic transducer 134,

3
oreshalfpefy tings ovalisirativaly sl thealirasems tiasdreers 3y 1Y6dpay be disposed at
éen)@g)%t[&ég HERS o hall §30Q iRGdiated if %Qnﬂ §a, 8b S/¥B Btin (JfS) Patent No.

ead zirconate-titanat and a pair of
&D¥cia8oubich isdrerealpmbgipmgteé fy eftferellqel ig ltS/@mtr%tIg]e to the
pi ezo Iectr| er
P, 2 BB A Iy GOl Yot g ke
Mﬂﬁﬂsvatchakle ad the sacohd aigesons tappluced 36 ey &t connasteld twensecond

R EE ml h DO P S o BRI 1610 may e

dotflectekA6 aiugiveticiiult A4, as stewniliytlinad ¢6amd amvmdgﬁan&naibﬁeach of the

nd/ or an _ult{ras ve receiver. ILn one e
FRCArgiserond St Path d s aY bé rpestln ayinff g R RisGpeneration)
AiRR 98, Q6 iddicate@ G ilint 8500 Ehelsh@thes®ay be drfonni.edcHangedrfrom one state
exterior surface of the conduit .130, a

|
fojagpther) by ¢ trégest ¢ieputs d YA Rt BRY Belude: sl A G se e of other

LiARE ISR hshishd 4Thels3RtcREado,Nab nks be |aﬂ&1g‘éb aRhdhat #8th@hdlaFigger
shapes may alternatively be used, provided t hey

sephbra the trigeereieyih };52uthe3 Y ehavgestalys, therdy anfiplpghe first and
thﬁH Jltr&éaﬁlc %Hﬁﬂ!:érs 135301 fk s @k Hahdnidind 8@&He SBATE FOF example,

energ propagate as ul trasonic waves traveling
whemthg First hléramnw tepnsdngeit IFdiiseonpgotad; ip theraneifer qifcuit 348 (i.e., is

g anﬁ]gg(ﬁfﬂlfrgsonfcufavg lﬁ&{eﬂ&&y ltffe Jﬁé&ﬁ%ﬁ%&{l? tI‘A‘I% uceil'%% 1Wnnected to

rn
thle repeivat mmeit 31445 tol rb¢e;vetthmuluas0nusz®w¢ gertﬁl‘?éﬁdshi’db@ st 111\321801110

%ansduce}(lﬁe 19 mgga(?%r om tﬁé trigger circuit 152 may then cause the switches to change

state, such that the first ultrasonic transducer 134 becomes connected to the receiver circuit 144
and the second ultrasonic transducer 136 becomes connected to the transmitter circuit 148. In

this manner both upstream (i.e., moving against the flow of the fluid) ultrasonic waves and
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end portions of the conduit 130 as illustrated in

Figs. 7, 8a, 8b, and 9 in U S. Patent No. 6,055, 868,
wohbwhosmo her ei n i ncor porated by reference i n PC$/US2005/022944
entirety. According to one enbodi ment, the first

ultrasoni c transducer 134 may be connected to a first
switch 140 and the second ultrasonic transducer 136

may be connected to a second. g tch 142, A first

tepni nal of each of the first and second sw tches 140,
T OF BB B o AR B el eneicd and
re¢eitl. and second switches 140, 142 nmay be connected to

a trap: ter v, At | r

i ndi C&? ?l]aliv rSiE og @1 ﬂw vﬁﬁ%%ﬁé {hgle))n(ﬁl'lt 1@9‘ ély ;élﬁe/teffﬁﬁned by
rfitasering thehamg mﬁerf foo hotb e updtzbre uttmscanmvh‘ewa)ld loydownstreaggirasonic

cl f
S LR B PSS ST Sl o
beftken ﬂ%p@@énhﬂtrwoﬁﬁ nged aslihé dovatreanh thrasaddwivel 1ggeport10nal to

si gnal th er, |rcut the swtche .
e Teveaiale Tuih 8P By v e g SPnar e Re G ER g troueh
tHé EJrASRMBE; of ﬁrﬁ}'lﬁﬁ’&l Gaenhs ccihaéht 13816 st ttvexafie takanforiht upsidam and
recei ve states. For exa when, the first. ul trasonj

Ao BRSO oS Ve THOBRET B oaliEtPtie SAErTegL] - 136
shBfid bk (1R samb Saind @tk R tASe @ﬂelehaersﬁ&g@ bEappesEmPEHOE @ @rn)/ Sfluid flow
the second ultrasonic tr ansducer 136 .i s _connecte ﬁ(;j
miebe iBdieAekRY BRI it TS higRIcpeltiHe DERPRSGRFY i the flow rate
%ﬁﬂeeﬂlgg Pﬁ? 8L ggtexﬁﬁnéd%rﬁ {le SE1obiky 6ﬁ§@ﬂ‘lﬁlg tﬁit"i\{hzdié ¢8loulddd from the

sl gna romthe trigger circuit en cause
trameit Hves eftbsultrasopisarayes drqugle thedlyidy al@%‘é?tﬂotlh@l}‘ﬁicﬁlwrameters of the

a i
S LA S REE QTR SPASCAE] b,
t r ansaheoringliB 6nd3@nbmlusen¢,@rimsdfhdv meter ineluding feriifragonic
Ni .S e

00 3 B0} BRI e o ot
mradﬂﬁmmmgam following nrathoidn Qhwtlmh takh:efofr leanlv offin tipséream ultrasonic

fluid trasoni ¢ wav t

RS a'n?i Baoyvg%trgara ?tfqg%m? Vvaﬁ% Prog\%?aﬁ " ert\%ee% he el.ﬁ@%sﬁﬁ i¥ §nsducers

%aﬁlﬁmb’asb&d dsihg 1o exagipleya m&tfhsmaiticagcohbhtlbn bewealksent ahd received
oth an upstrea

nic ve and a . downstream
Rt SO BTG SRR o B o (g DRieP G pegmay then be
S RMRURA IR veRrity d8@e filidleteFrained froﬁiltlﬂEtrﬁhsftftﬁfe&i‘\ffﬁence Averaging
bet ween the upstream ult rasonl C and t

GehEICT BarPRFTPLARSHP diiaveh 8°55FS) 6b6t hF Bﬁa%uretna?nfswed Fajpwlations.
ﬁa e thefB¥Y, Qhd {fai?ﬁtleﬂsl%héiecff' SUEEGribed ih ARrLibelow I0is tyBeabpreciated

ere is no fluid flow ng through the conduit 130, or
tanythe lignid ﬂpw ek el axgnirolis ey may be Hagtemmed ik e or more
;e?srof{l&@ruytﬂglg kdr E‘?fﬁ‘ﬂﬂ %%Wemaﬁéﬁéﬂwl&ldﬂﬁves to
propagat e e two trasoni c transducers 134,
136 smezfmldg beFIEh, therms, illustated Rnsembrgimentef & ylfresonis diguid flow

0
L BEpBPRF RS Sk cpon A ALV b g

tltraimwa;:a}nscblcerdﬁé dnd & sﬂcommldtrasloowtnaastdgcer 136, as described w1th reference

to FIG. 2. Flow of the fluid between the two sensors is indicated by arrow 132. Propagation of

upstream and downstream ulirasonic waves is indicated by arrows 200. As discussed above,
the flow meter 110 may include a switching circuit 202 that allows the two ultrasonic
transducers 134, 136 to be switched between transmit and receive modes. The flow meter 110

may further include a controller 204 such as, for example, a micro-processor based controller,
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of the fluid may be determ ned fromthe velocity of

the fluid, that may be calculated fromthe transit
woiows®oefot he ul trasoni ¢ waves through the fl upPdT/uazms/022944

various physical paraneters of the system such as the

cross-sectional area of the conduit, specific density

of the fluid, etc. According to one enbodi nent, a

liquid flow meter including _tiQ ultrasonic

transducers, such as illustrated in FIG 2, may be

adapted to et [ o [T N E ith
U Br G P P SfohiE iy of RENGH ettt ifheflace wit
othacdyswein @mpumtsr émnmaﬂmmabothe coniller M dnay idwdest digitakpignal

%ﬂc{es{s&i@ﬁ?b s Stf%%)% Peﬁ%%ﬁ\gsgegr%%?ﬁﬁﬁﬁgﬁm fr?m Texas

IR aaphts, In@ Iﬂﬁtt@ﬁﬂﬂ:tpm&ltedamuﬂml fitw meteb bl%mbmmld@mg a stand-

recei ved signals. transi ffer
ol bt ek Aaa abaey <aan kered e HRLEIEEAThiGaRa m G
?ﬁ‘ﬂ Wwhitipda88ltha dentidner 202l ) He)thé)sfantehmnfak controtlet 166 isen &HG. 1) or may
romthis transit tine_di ffer(?nce.

ver agi n
bp BOTIAR ESRAG. Bhe APBPRGA0" 6 TG HETRE ARBoeas Pt flow
nidhS 176 RS WierBal & rfddddaal Bt i ons. The nethod, and
variations thereof, are described | re detail .
bel oRefortingite FiG dpticeerplwealtcbaneeRaple AEA Vi g ctperamy for sent (ie.
tﬁﬁ! &eﬁg Wd kRGeS sRedPHd RiwnSifeati\BrastRiY sizfalpr g leRimEE

or nore sets of instructions for perform 3
uﬂtsv@essamsdmt hidrmay keawitshedcdta transmheodend apayibg gonteplie (yia an

aBPl%erdré?ecﬁoﬂlé v<5l agé’ glt §u?&§§ td> T eﬁf@tﬁ%mﬁ%npsfemaﬁgnal 302. Ultrasonic

asoni c |1 r 110 accordlng to aspects
tahsdube 1Bhwan boqmratﬁﬁg b bwitehe toaecairpymedsip A¢ted a&OIFﬁ’SPQI!dmg

ul trasonic.trans 34 an e

B T

sgéanVS 0afto bdr@etdckddiattebib wﬁﬁlgﬁdh 802 s b@aniszmsmltted) is affeatet cboth the
arrow 132. Pr

opa n . of, upstr ea
SO0 BORP G 0 EBS DG Ve SHE a0 G ALl Slarty, he
s%’c@ﬁiH% &%lt@b@\/r%y bt Ry gblea o ﬁﬁﬁlﬁfasdxﬁ@trm&‘udemﬂ&jd ¢heaeceive mode and
swtc circuit Zo%that al]o the two ,ult

rsaroseet $9 necibe Fnsa oo Letson bggleet | ShGRY fenerae an
E‘t‘?eiaﬁles%ﬁﬂ s\@lamecﬁat m-lé@%ulgée@&'&nﬂﬁb@ﬂetécl& B’i&ﬂtrefsbllilt; h&ﬁsducer 136 as
nc

ude a controller 204 such as, for exanp
upstmam Ipcm:e@ssgljﬂl 98sdtie tzmﬂ diffranee M fiiae tims t%‘F‘%&F é‘%ﬁfﬁ%?“feé signal

Ezﬁ cielxef 0 8L tﬁ% 56%?%1 nal bb&h'elstb%é/n nshitdf & 91% AR AL 13 Wdth the

ace w r System conponents. In one
@xamflpmpagdnmn obtht sighdldm th2 (Mldmtﬁ thevetel 8ow of thgiftuid. Thus, according

ocessor P uch
BB IR, e o Pufiien e QT o nfatom oy be
detenlnfneﬂ JQushg bapipsedant d dotvastrebinarahsnoipsions; sich m&hﬁm}e pieflow of
tg ovi ded as a st andal torne uni t
¢

ERCed 2L L2080 B0 B S
ﬁalre{nlrgtérﬁ thﬁgsy}s&nl:hg‘%llscll)sseﬂ@bml ch case the controller

be t'he sanme unit as controller 106 (ble {1 d
1) orAq«ml;dmgéo anes@@@ﬂa@@t demiepovignals 303706 sibe graitally ggged using,
f%[j%c \ﬂﬁﬁé gﬁ‘g‘ctﬁ &Hés?s %ﬁﬁ?ﬁtﬁGof altR8srhitOV¢ BT 205 of the flow

SCus |n nore detail bel ow
meter circuitry may 1nclude a transmitter digital-to-analog (D/A) converter circuit 206 that may

comprise a storage element 208, such as, for example, a FIFO, and a D/A 210. The storage
element 208, which may be, for example, a first-in-first-out non-volatile memory device, may

store one or more digital sequences that may correspond to a desired sent signal. More
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Referring to FIG 4, there is illustrated one exanple

of a timng diagramfor sent (i.e. transmtted) and
woeowsicoedo upst r eam and downstream ul trasoni ¢ sPQUAIS3005/022944
For exanple, ultrasonic transducer 136 nmay be swi tched

to transmt node and may be controlled (via an applied

el ectronic voltage or current) to generate a

downstream sent signal 302. U4rasonic transducer 134

may cooperatively be switched to recei ve node to

c

s%% 1§%a'ilx,3he &glgage: gg@%{t %?8 gl??ﬁ&h}%r%@ q]dﬁ \ﬁ?&cec"ch%p her3é storage
clepoemic Y@s aétiyart bSOt dpotrchi@r e, wteetdo ﬁfetlé/A 21R@ng egnverted into an

'ﬁlgg g%%tgogc 53% e n t Bn% ﬁ g&nél ?nagfbg ?“ft&%ﬁ bp ¥ thch}E which may

RNfbr Einﬁlplcazi Bandf)asfs boluwpﬁss tﬁﬂter ﬁlhd,lambhﬂﬁd by kariveramtplifer 214. It should

svvltchln cut etrl
isppcei £t b s Bt E IR LhaBiftion sppmnel provide o
HhdhAgPRtehdyabjeetisasthe Hlér 10yt @niittairis oértaim@nmlsndiments and the
U trasonic transduce 134 may erate %1 t fied
it LR 24Deonrcled e Wi EHE Y A mpL eret A o g gpifie
éi'écftlﬁﬁ‘i% @&hé’l rﬁafy%ﬂélddéca%ﬁhé@@la@ﬁ: SMBhin € aifduite0e] tv afl aﬁprgﬁ&ke one of

. The time difference Dtu(thetlrret&a\kenfor

hobbnvsis tengdvgeTs 308 186 Waewpenssde Beingexcisrd by e applied Afalog
éo@%ﬁﬁlc S%QQ ﬁi@ﬁltﬁ?&ﬂ: tdRORET 138K )36 MapbSRratd dantrRdnibwave,
th th speed of propagation of the signal in the
thtrgbyjpradm:mgrﬁethprgh@dmnsfrpmpqyf sigirpd 393 Qrithe uppHeam sent 31gnal 306. Itis
3¢ ggéjrla{i&e& ﬁa@ﬁ@ﬁgﬂsﬁ‘m@r Traf?t 308 Y&?tlﬁ&ﬁhe aﬁ!’i‘iﬁoﬁ@ @I%Qleﬁ)cfs or modified

propagat1 on o e signa mtenremmnrat%l
relplhermrentseor, th@slﬁmgntbsitownu@dm@/am thast sDlgA &1 the affy The exact elements

?‘ﬁ; e rrrllsr% P(Eli?ffél t%? are n ?#rlt cgleto Etl%tlﬁve?l 101{, :Epdggaggcwﬁgﬂtﬂ&f%lctlons to

érm ned from one or
p?mdhc\i af ekacmonmmglatmht rpayrlmmtdatosdrwé thehwtrasgrie ansdagsts to produce

ed above, or d t.
%S]é?fgllﬁ 9815 Ve ;ffaBSém c1rf: @ggéra%d(rﬁgfg r% 1pl§r]p§ﬁ&§ as one
@é&ﬁl@lﬂ of an eppresriatedlegict ahd s yiot 1h’&ﬁ<i1®1 to Refimitingn @uﬂﬂmr Fit Bould be

: atra tte it 205 of.th
i AP e i b Bt orehe BT o b Gy P Elrap psaucers
(32 96 hARVEY daftfe t@hdnGittert cird(i0203) sépareiranemnitiet Sitvults may alternatlvely
storage el enent 208, such as, for exanple, a FIFO and
%dl@rethga%ﬁdB?eége el ement 208, which may be, for

examigilady, Whes b rdcBivéd §igital 904 or30B aMRkdticktBer MRARSONIC transducer 134
devi ce, may store one or nore digital sequences . that

<Pml>36cfb¢ reseipeshuignabmay bedyiecid bydhg ulgpsgpig transducer which produces an

Q{Qdét%ﬁﬁes%ngf it &shdnse ! Bis %E&F@l%lgaﬁﬂﬁﬁiae ZBed Y BQUIMRE LiS&iit 207 of
I glt sequence that, when the storage el enent 208

fhe flawtmetertcirduitry. Foreexemplerthe fesgivatdectionic signel may bergppfipd by an

%ﬁﬁlfﬁn 9 fﬁﬁ\%ﬁ{&eﬁ% LR 3% x@i‘ﬁ?llx g ﬁ% ?&Ic} biE, aélb@ﬁ?sls or bandpass

S ana ectroni ¢ si te
filtdrt A v@thhe minsmtttelralycuué% ftbe ﬁ@@r@ﬂrﬁ) h@y ée bmﬁt@éazs@erf@m

92&%%%&‘ r?i%nt% :,]"f(‘)lmsbg'n%larg d ﬁgﬁ)be aﬂaﬁ%ﬂ 1{8%{]13 ?‘naggeéc-%?cﬁ%@#rﬁ/gﬁ) L&verter circuit

%?'ptp Feci aus
200t wiislpmiag cérvan gehleteetrsnia pigndl hea dlgmz{lssrghsls(hs:im'g AAXPAPe knd store the

BiheB e D AT AR L4 0. o

is to be appreciated that the receiver circuit 207 may include additional elements, or modified

__)
-n_)

replacements for the elements shown, as known to those skilled in the art. The exact elements
of the receiver circuit 207 are not critical to the invention, provided the circuitry functions to

receive the electronic signal préduced by the ultrasonic transducers in response to receiving
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out put of the D/A 210 connected to the input of the

driver anplifier 214. The anplified el ectronic signa
waoayostonero be applied, via the switching circui PCRAR2005/022944

an appropriate one of the ultrasonic transducers 134,

136. In response to being excited by the applied

anal og el ectronic signal, the ultrasonic transducer

134 or 136 may generate an ulfyrasonic wave, thereby

produci ng either the downstream sent signal 302 or the

str.eam sent . si gnal [t [

RESTFRRARERY b 2P i OprpEe;BREESHL BORAIENRM. The
releBeBtitcait 207 illsiitéd ia FIG his powided esoferxample of heapprapsiate device

3 BB BIR R Bt 208 SRR s
cBbhitsinged! altbMativey baptevitiédoior eqoh altiastendt trameduwcir B34i 136y

functions to pro e an el ectronic signal .that nm .

s edRemane e b1 P pOR Lo PR P B s e ing the
tﬁﬁ%i&@t‘janﬁh&fe%ﬁ’ii—drﬁoﬂ%‘fﬂﬁ-cir&hﬁ’y to slamwint tab” tine,Giiiidi26:8 by line
illustrated in FIG_ 3 is provided as one exanpl e of an.

3B Fenal hec PaERATLA SR HESRRGE TSt 128 16 DR GO At Fowg e
iEclﬂ&Ft&pr’ lire!3 15,231%{1&% B eneBRRY 1@hd. attedkdohattingd iiyobigBpresented @y a

Il l'ustrated enbodi ment of Fig. 3, hoth ultrasonic
digitshewntee vajua gAN. Tiop, eagh peat piggal 302,306 may befransaiitted at a known

r&%ﬁ&e%&mgrgﬁr tilﬁgﬁ\ﬂrtl‘?att fhal baASVEY S dombtastl TCHbEIE b8BYpreciated that
a ely Be

ternativ rovided fof each transducer. _
aBherighdt thy barefradlerte ratsuiiceagh sprisiemb a0 s0GPdhsepe gative moment
igligid be | 1598 mayRfernatively be sent at
i
d differsniureletivevhoroént jir e Gew sart sighalGOR.osilenggis ieadiffgrance between the

response. This electraniG Si applied to a
tve 6@%"@?“%‘?7“&%5 F‘n ‘5%’70%? Yke ltl%ﬂgévsve Hn%?“ér?&g ircuitry. For
exanBegerriide Reckiavetding eame embodimegnthe flrayneter circuitry may

anplified b n amplifier and fijlter f ]
SRS R W B L 5
Jouhte£226 t0Bedth téuntibgatttingnard dd ©N frorm aniititid @5lue bheunt, zero for

filter 218 may be gmtted jin certain e dinents.. The

pmals Whep ﬂ@qq@ﬁntﬁ%ﬁgﬂﬁe}cs%s&\l £ PIQRAEs Ay 6853?'89'%]? alg?aé pn B 228 that
i6Ah Ren, GRPNRIth @ cotidl §att D3E 2fhewdhied] gt 230,apue eceibie the end-of-count
el ectronic signal to a diagi

: i ital signal (using Al ) .
signal, siggets thygorpeaglpmengd %gspwlaqhe esgggaééqeﬂce&g &eﬁééé% to provide
ik SRR AthaMRAhCAudB heRBprop@te ERASHRIcAran@uberFiGY4 oM tB generate an

It 1's to be appreciated ?hat the receiver circujt 292
wttagsoniaotavete Thusdihe comealersd0d raesthe grasands ransgpcer 134 or 136 to

i £HEG Winé19 tHeOa8ve
%@g%ﬁg@?gﬁlgﬁggggﬁﬁS%gé exa%?mgﬁgﬁgﬁfgag%ﬁ§he rgceiven
mpmentiin RO N, frespevtive efrwhighcwlirasopictiigasduesy dnieingrised to transmit the
@qui%%gngpe circuitry functions to receive the

Mot C signal produced by the ultrasonic

t r anskheeentsoligate 286 prap selude, foeecenplentyid ANBois 832834 @s illustrated.

]?lﬂge\}é:g Ijil?ei %ir/l*rdlregali}zoigr fr:"lg isiled % tchle g]ger%iﬁgreg{:b&ﬂi%n%gg%avﬂ % pﬁG 3. The

e recelv
¢dnkruBgateat chayrinélhd@ ang apgropriaty éicketiryatbatarts teixigepltiee DA enverter

St A8 nt e A hT B R AL PP Es0 0y e ane

" feB&i®d 8 kent and received ultrasonic waves. The control gate 230 may be driven by a clock

oscillator 236 that may be the same as, or different from, the clock oscillator used to drive the
switching circuit 202 (see FIG. 3).
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circuits may alternatively be provided for each

ul trasoni c transducer 134, 136. Referring again to
wOehkae/0d4760ne aspect of the invention may incl uBeT/US2005/022944

synchroni zing the transmtter and receiver portions of

the circuitry to a known "zero" tinme, as indicated by

line 310. Each of the upstream and downstream sent

signals may then be sent at ajknown tine, indicated by

line 312, relative to the zero tine. This known tine

may Q%c&rgﬁlgg % & te%%ogf)ﬁ‘reﬂ& %Ee%c%egjgr 59@5'%5@5 YR der ercd\{ry may also

each®sen e transmtted
mclkdmwmumeﬂ 0itha rrmymisntbe Mggbned\éqs shpwn batingdd) bethg |c9m§p§1er 204

BP0 bR B RS L8 R s
g%ﬂﬁal@t latgaﬁthslamﬁud‘ I &ti mebempptenhtecﬂ that therealg@Mgmay be equal to, or

pons to th el ative eve nt
S ey P S et e R e B o PR g counter
2‘310 rﬂ@dﬁesll\ﬂ it mBE pifok 8026 end-oSdoghedigndDah lire24D trm‘glgg& theh@ntrol gate

di fference. between the two relative mome | S, known

200 Wi T Y HEY ESE oG LD CORSTER IR 200 KRR 5

@ge@\gﬁéjét% &tPne enbodi nent, the fI ow neter ci rcuitry
may include a counter 226 haV|n ;et val ue, N

c ont Mgk kehe apnyeCiared dapt Fatles thap .tr.*&gelz% e fq%slveroiﬂﬁb@fedmn the

?@Fﬁo”c&lﬁfép bdddaPbe dsedBor ﬁﬁérﬁ)atHQIyt e Ncbivea /@ cohndriet aikcuit 220
ue of count, zero for exanpl e When the counter. 226

mecu aentiously crpnertngthe sigbrl pravidsd qn lise hintogdigitah gequence
(ﬁﬁﬁg Mﬁ‘?zig%nd lstBrntl%g digfRREqfefled iR sf%re%@ Richizht B3t €10430%r, continuous

con upon recel pt of the end-of-count
aplerptiah may be gag‘éﬁcmt b@awahmlge the|tisteerhen 208 trasonje e ve in deing

(geltegltetdio %S r%u %‘ &% ] 3'69 b%é‘s&ﬂ'% E@en%ﬁ&"ﬁz %réaﬁ@r) the signal on line

naI cau
24I4tW1Hscmam lnrttearssﬂljdmg ariﬂ&lduscstormg ﬁletresugmg@gtaéseanence may be of little

C._wave. cont.r
e TRSERG o Pioird e HRiersh Tt 40 H e BURRRAEE A
dbnldries Oifduit Z\er'&‘lt’@c@k/eraarm seare ﬂgltklnhtmmly wigenaf is dakelz ﬁtaothe 31gnal
ative ect.i

TSN RN 1 RN T

Sl dbhdnk, AFOWe MingHyde set-HSl Corfedpindad a gale a3 @llg‘]ﬂy before amval of the
i nclude, for exanple, two AND gates 232

R ErsRRe TRROV80! SR CBEETaP St FIC bt TRy the vaue

Gndy ¥R 3P8 %bﬁé%oﬁﬂf@%@nf@ﬂbrt@%ﬁ%hé genFhifasodic wWdves 302 or 306 are
control gate I ncl ude any appropriate CIrCUIt

iravamitteds esg + dightly lggg@r themd. fp RiTBRARED theroqEiver aifqutsRRy “Bgon” (e,
%ﬁl SR ENRT kR ing (aht'é):éUofl elg(%l%h §(§ tht 1 RAESres M 8ebived Mrasonic

as to generate and receive the sent and received
whttes 36ber H8imlpetsbut Tieercogh thet it gwséotzsw%garas@mw% gjme storing
C il . .
. h
Bt PaliL BENORE Ay Ay il O8I dT2e sy bl et ARiger bofl he
sausidithind peeive cinduits.202 (see FIG 3). According to one

© nb 0 S#‘l}up,;}ﬁ% gff erlgr%gr{t Pli] m%/ ‘S.{Sreoafdlélﬂ?remege’ﬁtﬂﬁh ©Ff the sent ultrasonic

circ
waves 302, 306 and the storage element 224 may store digital representations of the received

ultrasonic waves 304, 308. It should be understood by those skilled in the art, that the time
delay between transmission of the upstream ultrasonic wave 306 and transmission of the
downstream ultrasonic wave 302, or vice versa, should be sufficiently long to avoid
interference between the two ultrasonic waves, but not too long, as the flow rate of the fluid

could change over longer time intervals. The controller 204 may access the storage elements
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i nclude a counter 240 that may also be triggered (as
shown by line 238) by the controller 204 to begin

woawstoosgof rom an i nitial value or count, for egamsk@®s/022944

zero up to a value Mthat is generally |arger than
value N. It is to be appreciated that the value M may
be equal to, or nearly equal, to N or may be slightly
| arger or substantially |argefs than N Wen the
counter 240 reaches M it may provide an end- of - count
2\?}?} %ﬁlm g QoAvellPt?otngﬂgarﬁlgr t!b étggx%rt?]ésp 8i ﬁﬁ’lr}gﬁrgéenﬁﬁ&?s f313;90cessmg to

, trigger ceiver A/'D converter
rmuvaunfonﬁéi(bntsoclmglntmpﬁ@b@ ipvipaggtion of tha gltepaerdc watesjinsthe fuid and

PRIECI

pErBRY BT e A el S OBk FLPBE SRR LT e jgglement
r&ﬁwmhﬁdumﬁﬁmmﬂﬁuﬁéﬁemnhﬁﬁmkhy the receiver A/D

ggﬂx :d}esﬁ C‘IfCL%)%Ig% él’l)%ezi}oa Eﬁ{l} g{ glt ﬁst %i%ﬁte §1Q CH)%V tream ultrasonic

viHved is@kop&ﬂﬂbki@lﬁ@ the(auerageglih Dvelizty aaditiersfone tha gvdzrb@ 11qu1d flow rate.
digital sequence in stgra el ement . 224. Ho . At
Assprding e gae %@dgti%ﬁh%vlfggo‘iv Fle Py peigte gf?‘so&l a difference (A1)

bgwg defl the JH‘?SI{ fiflE (A’i’p%@ tHa% Eﬂeﬁﬁﬁﬁ@aﬁbﬁc VWRVEardS AR Eme (Aty) of the

scte I or t t he signal 302 being sent, or
cbwastr@hmltrdtspnm hewe aBecanse, the dast tsmqu Ithecsignt) ylfrrsonig avays|may be

<§1ﬁ al; %neﬂléellst é‘%{) Zjﬂ egh gﬁttgneﬁg&er%&% %f 9 b% :agteltnnﬁed directly, i.e., by

cB hREeiOhe reldtive BEs i vatbclehé rabeleéttstgnaish&@4 aodiB@seare Mélvc‘cayather
r| ger the receiyver é{D con ert %lrcu it 220 t
t@‘i

measigenagnts of the transi g{ngs QIR =9qICF {he sgeqd o'£ gﬁoyagatlon of

th@@lhaidﬁfé Wivao @l thd @Y iedwanthé va@cl%«t tHeahid Ivnﬁlajdt‘heﬁ blé calculated.
information about a received ultrasonic wave.

In
enmbodihaereasuredivaluga piists dvdy atgaclated tothe élé‘iapcé‘rsbﬁBYF&n f‘%? tyo
Jl{r{g‘?}m\é B HeuSdrd, G :Jg% ilk%ﬁ RpRaoh bY@k ulfasdiiewh RS ﬁ‘l ¥€¢uid, and the
rasoni c waves é)% IS expected, as shown in
elc@ity 4f thalfluraceariling kosthe rdfasionslinge M may be set to
correspond to a tinme shortly afier the sent ultrasonic

waves 302 or 306 are transmitt-€é- e.g., slightly (1)
larger than N. In this manner,“the receiver circuit
may "turn on" (i.e., begin convertlng and storing

data) soon enough so that no portion of the received

ul trasoni ¢ waves 304 or 30§IL§_£QSt, but | ate enough

that it does not spend a | arfgecanount of tine storing )
data that is of little use. Alternatively stil

countvérerepis threspedsolpaangaition of ihg yEraseid Wa‘teﬁ i the §H§1rr‘( fs the velocity

@fqﬁe fll?ﬁ Gho/E 1s§h5 ﬁlléﬂafwce (e gh URtantd B34 Pf@ ?b&l’v@éﬁetﬁé twiPdtrasonic

resentation of he sent
ﬂudrisdla:smn i[ﬁihmmneé pR2gatign endethel flowiof Svidimipe cendujfmrn pailel, and if

tore I | v, terval of
g R
ﬁrhe,seclstihatl thesekloaity tolithe dlufd upstnanm ardalowinsteeanidh rojatiyelywerstant over
Eg{%{ﬁr %rg% rg?rv%llp?gd e%’etfcgrg it El %ac'n%nll %ut\’\@l\é %pgéggf Bl%gagatlon of
the ultrasonic waves in the fluid may be estimated by averaging the downstream (with the

flow) and upstream (against the flow) transit times (Atq and At,) over the distance covered (2L)

according to the equation:
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downstream ul trasoni ¢ wave 302, or vice versa, should
be sufficiently long to avoid interference between the

wouemeoswasoni ¢ waves, but not too |ong, as thectiusmos/022944

rate of the fluid could change over |onger tine

intervals. The controller 204 may access the storage

el ement s208, 224 in a conventional manner to retrieve
these digital representations;for processing to

recover information such as the speed of propagation

of the ultrasonic waves in the,fluid and the rate of

flow of the fluid. ExarrpI@s‘(;z—aJ—gorlthrrB that the 3
control l er 204 may i npl ementtbAfzecover such

information are described bel ow. As discussed above,

the transit time of the upstream and/or downstream

ul t r THO RicRsuraMBSertisce At B¥otdi@ndly ticfoinnda:aver age | i qui d
velocity and therefore the average liquid flow rate.
According to one enbodi nmedts A4 by i qw d flow rate may @
be determned froma differen

£ F andiE (AR Terdtgndays e SR LD S hr RPiSGtohl S equions ()

a%dt(i)aaﬁ§ bbrfdrinify sofffeatiRinatibg nthaiRtibRavkMk tHedsIWifg formula for At:
wave. Because the start tines of the sent ultrasonic

waves nmay be synchronized ,(as Z#own in FIG 3), the )
time difference Dt may be detérnined directly, i.e.,

by corrparln%the relative tines_at |chthe rece ed .

si gnalihgrefge basrysciies kpcvm (@carishs, - is spAee (o gy b pisiyfeformined

BESEHH %mréloﬁf\mﬂl@%tﬁfh Fhid ﬂcﬁﬂséﬁd drh&¥Ese- detehBn8d 868, equation (3)

once t e speed ropagati on of the ultrasoni c waves
giventdyeve r-hdelOp@y kfrf uid ey by epledpted from thgformylas o, v,

may then be cal cul ated. {The measured val ues of Dtd and
Diu are related to theeitan élzbef&ué;nthetwo (6)
ul trasoni c transducers, Mhe speed of propagation of

the Wiermsioad, (hp%&!l@ﬁng tﬁatttﬁ@vd‘ldcl}ty df tha mdidt ib eubé@hitiytiass €an the
to the relationships: D =-

the fluid accor

speqd 9f propagatiop2f t hﬁh‘gfaéorec Waves isthg ﬂéé‘dca&ﬂ“%%é%? l%ﬁ“’ai?hﬁed to:
the ultrasonic waves in the fluid, v is the velocity

of the fluid and L is the distance (e.g., distance 138

in FIG 2) between the two ult3asonic transducers. |f o)
t he sound propagati on and tAhe ttowof fluid in the

conduit are pargﬁlt&le%1 and i f ]]t%g stream and
down<pf dgrreloping the hifuay bega Q@E Esed over a
relatively small interval of time, such that the
velocity of the fluid upstream and downstreamis
relatively constant over t he pedsured time interval @)
and therefore essentially canczg] s out, the speed of
propagati on of

The rate of flow (e.g., volumetric or mass) of the fluid may then be calculated from the
velocity of the fluid and various physical parameters of the system, such as the cross-sectional
area of the conduit through which the fluid is flowing, the specific density of the fluid, and the
temperature of the fluid. For example, based upon the simplification in equation (7) above, the
volumetric flow rate of the fluid, Q, is given by the formula below, wherein A represents the

cross-sectional area of the conduit:

A’

Y )
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the ultrasonic waves in the fluid may be estimated by
averaging the downstream (with the flow) and upstream
woagwimstsot he flow) transit tines (Dtd and Dt upCOAUSR005/022944
the di stance covered (2L) according to the equation: 2L
(3) At,, +At, The neasured difference Dt is also given
by the formula: At = 11 - Atd (4) Thus, replacing Dtu
and Dt in equation (4) with e representations from
equations (1) and (2) and perform ng some nathemati cal
mani &EJ: Qlta#s%%v T %' et ItlfésflLﬁchﬁla‘} fl’ileh BUHAE nfidPabed B th@tvqum@trlc flow
- V Therefore ecause known measured L
ritm ofithe flpid amydmg tqnqsam(e} andrfbleri shgeidg densin | amnaﬁ%t {tgpto be
aggfem?te%ﬁm F §)§)vera stgm loa\ﬂ[)etersa ﬂge f\f}g @%gsl-%é)%/tl(gr%i ﬁ%gbﬂﬁg f(fnrdgimthe
lemh dfehceinduit aalth@hgh rtcmriemeemnt thanahe c&@asgmi@nal\aeqa;nf the conduit),

agg ﬁ@t%g%;&l X egfﬁy 3&%&: ﬁ%%\ér?allyh geltét%%e?%ur%pg%efrngéﬂé d"gftle%fore %n one

chibBdinleht, 3 Sdpetatv ye@Sor mayt H’e:encﬂhd.eddn the systapu mcaaul(a B temperature

og g}eifiﬂn;g@r%lgrg\gdet tg%%'\lr}e%fltg?rg seto ¢l fg%g?l q?@f 'I('he contrm 26)4Pmay be
Mﬂi:ﬁtad Mdth ]gaffoxﬂﬁﬁﬁﬁ toQddjulst e eauwlﬁlomy flbwexte bfethe ﬂuld_ from the

G e e vel sty o, e LT A0 et s

eg( Elﬁﬁlw% \%@iﬁﬁdrﬁ Rfhe JF B@sRfiodalfre£ ONHEIEdndlifd bgHTiheehEh of ihe conduit

urd is ovmnqmothe specific denS|t of the flu

vaﬁdemn@rawéqm@f%ﬁ Emand Uk HPERAON Py B SEFITE e G 204, for
e the lédl{q{lﬂ hbib B tih Ehe cBntﬁﬂléﬁfn'aj@Qd {isf }heaﬁmﬂﬁtxort &rolumetric flow
rr’etrlc w rate of ui d, (5 gi ven by the

rﬁtc teradcaurs ébreuch emeneestye Aepe@ﬁmég@mtlgnq |$émllarly, temperature dependent

varl %0%15 ?I? ?1% e}?ﬁ?ﬁ‘l ogﬁﬁlg of {qstetﬁlﬁ%\gﬂp%mggrature BQ}{)E‘I@@& dtb:R8Y for example,

e determ ned based upon
m Iadzookalpm’mib rto adjﬁ$t(ﬂw qalaw@umf oftrhass flpwirafe soasepulit iy tengperature
sity information.
({%ger}%tgmtvgnét 3“5 tﬂe gp = f%ggé)%gt&g%\?gfdgl system
par arfet exampld, lcdambming equatisss-(Spatd (Bndeldsir ea of the
conduit, the

0= 2LAAt
(At, + AL, Y

10)
Within equation (10), the effective cross-sectional area term A and the transducer separation
term L may be combined into a single mechanical dimension function K that is a function of

temperature T as shown in equation (11) below:

__K (THAt : (11)

(A2, +Ar,)
A calibration fluid with a known speed of sound propagation (c;) may then be flowed through
the conduit 130 at a known volumetric flow rate (Q;) to determine the function K(T) for

different temperatures by measurement of the transit times At, and Atq and their difference At.
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| ength of the conduit (although to a | esser extent

than the cross-sectional area of the conduit), and the
weoepewiohswodensity of the fluid, nay be tenperaPdrais2005/022944
dependent. Therefore, in one enbodi ment, a tenperature
sensor may be included in the systemto neasure the
tenperature of the fluid and provi de these

nmeasurenents to the control |l gg.204. The controller 204

may be programTed with information to adjust the

f the calibration

PSR s Bty P Ohea B S| s OlciPtan
ﬂmmmtﬂnqiemtwedmachﬂEmrre@b@Irl@@X bomplenanidss: For exanpl e,
variations in the cross-sectional area of the conduit
and/or the length of the conduit wth tenperature may
be known and such i nfor tFQﬂ)If(ﬁyAzbe stored in the
controller 204, for exag e(m Ve 2I ook-up table, so
that the controller may adjust t‘he cal cul ati on of
volunetric fl ow rate to account for such

te aIure de ent .var.i a :
vsfbg%l%ﬁ"&s& gpﬁndvg lﬁlmﬁil?rb ntz‘ch? ﬁeﬂﬁgﬁ Sﬂb%dcbe]grllgcmeasured. In this
rStRA& Vatia@bnst 1ﬁ €hefvoUintbtrid fldw tam‘fhxe @textrperatipy effdctsmnidlee mechanical

dittgqg%&%gpf tgﬁ c%ﬁ%ﬁg‘gg ’bF [tagﬁx,? oag)lé?lgl &%g% ﬁi{ a Ifumbegl)f‘J i ffer‘élt&%lulds

t enpREAtiHE 0 $eH ) dRM is NRsiratd @fl@w dfagiaheofane ennbd)dlment of a method

density of the fluid. For exanple, conbin ans
forpleatiing e flprerpief theyfhud. dn @ diiistenA2¢: i‘@?)tfanﬁlﬁeme fhor

cﬁ)(vfna‘r:eéh‘y\ﬁtr&s bR %Va@ce b Bgﬁ)lleasﬁfe@féals'&;@lﬁﬁh AnPRGedon8 step 322, the transit

ransducer separationh termL may be conbined into a
tienwyl, of thre apsaeam altrasomewsveonay hermetasurad/paletiaed. j s is4o be appreciated

t
it PRGN o UL SR
RERBsAnd@Alc(Gilgns Maycd the bwdearfsit tivesl ha\ff&rbe«zrgcletetrtmmed the speed of

condwt 130 at a known v flow rat
RGTBR A TSGR AR T r e f e iR ok Sl pone
Mat%%?’dfb%{@fiﬁ stef 3340 Adch@itRith ohd ertsodBhent &nivcoipuitationhlly
|

eir Dt .F tifi f ds .hav
coprstnbfo oD BIED AFEOTLRY At TRk AN B R AR fRged of

t
Pﬁ%aggﬁo% df%e@ér%be “ggéﬁg?%fﬁ%@%ﬁta@sﬁﬁg@gggs%ﬁaraqaatoh@ao)
ﬁlmugbﬂab aﬂvoeyed Ehie prbsedurd may be paslodicaliyepsagrdnas indigated y fing 326, to
%1P{?1g1 an, a%g'li’%%tg geco#clrbftt dig %ﬁfg n%\ﬁ%ﬁ Ptk ARBisdrfic ARs in the fluid,

erature effects on the
Which may bahffe:htaalﬂjyspamtem suclmes tb@h?dmetaﬂmayf thesytstgre N hiuptignay be

%é’ff%#‘? ‘%Oﬁlfathsaﬁlng%glggm? ?rggdllc% l}r %}rﬁf;pt%léagiaeég !)H?fl%stem environment,
SicR 8¢ @Aperatues) ehaEk Okl TRRI stepf328 tiresttansidtifo diffeadnceiNernaynip
the flow rate of the fl ui

et mefiogs fr st st bripaapas e e By By b Fg n e

BRteFEAS LM aRkdah ﬁEﬁgb(ﬂﬂl@ed Upof 8§fien &) @Peq@ddfon @lb)i‘glven above.
tranS|t tine Dtu of he UStreaml.“trasonlC%W n'BIY
B dresaination ofihe fpwrateimay po pagiogisalberengidets iadiggied by Tine 332, to

nearly continuously measure the velocity of the fluid and accurately detect any changes

(12)

therein. In general, as the flow rate of the fluid may be expected to change more frequently
over time than the speed of propagation of the ultrasonic waves in the fluid, steps 328-330 may
be repeated more frequently than steps 320-324, although the present invention is not so

limited.
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that steps 320 and 322 may al so be perforned in the
reverse order without affecting any |ater processing

wandeadwol ati ons. Once the two transit tines havashwen22944

determ ned, the speed of propagation of the ultrasonic
waves in the fluid may be determ ned (for exanple,

usi ng equation (3) above) in step 324. According to

one enbodi ment it is conputatjgnal ly convenient to
simply maintain a record of Dtu+Did which is directly

i ndigati f speed.o Q

MR R A S L R e

thekbretRnaneBssad 2 nRbRveEAt, i Aty pdch ¢1ﬁﬁuhesﬂdsmyatdoe to be determined. In
periodically repeated, as indicate b

bt POWIsbesiicn e e i edrenie suphy gt s of fhe upstream
a\%{l1 8\219%&519 Rk rPch@a\!‘éls bRk kndVRY, ¢ rria? bk BRadukddl dikectly, by

be affected by paraneters such as the
cbmmnmgathmtlmemt whitgh the/rsteivad ultragenic inavessp4 lgad é(b?sw Eesgired, rather

neasur ene I
{!)%bfﬁ&adf?fl‘éedgf O &8y e e??] o ﬁlv ﬁ%%#r@rﬁ%g Ka rR{]A This may be
PaR BRI hiWaBtag€dua REQL lehdd tio RA0NS. SFIeyp, a3 2183vtrhlﬁ Fﬂ@aﬂj siehsuring At

time difference Dt nmay be cal cul at ed (nethods for
dmfstbnnasr@e wprs@oersatel thep pelowlatingdt frore mepgyeenangipf Pheagd da. This is

e fluid in t
30 P BT LM Bl BB 4330y on
dEbRe dﬁérﬁfr MAIIRAbE mmamf:e tabsecibled withdt Synaytrise ep@rmc&ﬂummhlhty)f Aty
repeated, as indicated by Iine 332,

t
ang A4 hag wg@@,teq*.@(gg itreg e{rﬂrete% pbeqr{d};&t‘b,f re?gqcétlvre[yu yfd‘lu% [Afya minimum,
c%ﬁbﬁﬂ @&O & X 6t & ?cjtsuﬁmépﬁ gﬂ 88d M BLEMWD: deb e ISMBLAAssodtted with it.

wrate o may be expected to change
Inaddition, decaasdt thg/re dovanty bnermea‘sltramen’t ey ol exith@feasuring At directly, rather

ropagati on of .the ultrasonic v
e Biasmatots ok SRnpaceni e Bt e, therey
ShSIRE a3R8e 3hrat@bdntion@h détbenifatien efthe iffowanteiof theifidigrause the

SO Iinited.According$to ong egbo iment, the flowrate
glappedhiEne PEETY PEATHICERYS BY BRIt hay t heref ore be

UNNeGEISAING tb Qné@ﬁﬁdﬁﬁenpteHCMt%nd MRAE Ed degerinfied biityone of
rate’ is to be determ ned. In other words, because the

sygtlanathanatiprlnecssres. el ose exembitaenielppe drssfigmctroyiinyimsthogs may be
&sr:c? toucf?a?ﬁtg{ fre F@c@l%?d %@M&?Meﬁm Wity @iﬁ(ﬁmh@ aWaF&Sex%Sle a certain point,

neasure directly, {
mmmpilmg bedienibg omld avinhiof the recaiyed sigrdls/may bg detestedrind recorded

ves 304 a d 30
%@ra] od erftp%;/ as l?rcgl?r%r,ét r%? t?rh%/ gl?}% e& t@étgfgésq t%lg ?ﬁbﬁvﬁﬁét%gtam% (r)]t;jthe sent
dkrchl 30D 366, melbeelpxmennmdnaml timealveand ttleegpooeisf reeeptiert of the
Ieast ﬁmo re

ShepAing ppj 1& ﬂ%l@f?ll rd?%g’spa éO?&%émAgeragln&ecfm%ues as known in the
ﬁﬁhrfaly|t1@dnl bR@sdd toﬁmpnmmaswum of the tifncMhaaswerderDoder aBhiies of such
i s because, in nmeasuring, Dt dlrectl%ﬁép e is gnlé?one ine of
WEASSITAEREn In thisveAnDE At A £ 112Y b ypa (}i"d%%f AOFasIng ©
fabhyBheasBlente s &l ?'B@ Qecded mﬁﬁ £ chtidfabidrilytacciByte GRAUE SN, this

eac measur enen Diu and Dtd h s associated with it
mathed mey netehersesixaple lﬁﬁ@nﬁ@émsﬁa’é%%ect ively. Thus, at a

mi ni "l efore, in another example, rather than detect a single point within the received
signal, such as at the beginning or end, the entire signal may be detected, digitized (using A/D
222), and stored in storage element 224. A cross-correlation between the sent signal and the
received signal may then be performed in order to determine the transit time Aty or Ata. It is to

be appreciated that although the various processes of cross-correlation and transforms
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calculation of Dt from neasurenents of Ditu and Dtd has

two degrees of error associated with it. In addition,
woeowmeer6b here is only one neasurenent invol ve#CWiuSkn05/022944

measuring Dt directly, rather than two, this my

require |l ess processor tinme and may be repeated nore

qgui ckly, thereby enabling a nore accurate continuous

determ nation of the flow ratg of the fluid because

the el apsed time between neasurenents may be reduced.
d@%&sgéﬁen&v L A& &RE df'of'?difl(lem&ﬁg Hn RfmPbtina 8t e SBEd signals

rmned using one several nmathematica

302,304 s306snd BOS, dreercerbimphematisphrspesgerctiapebe pasfprmed on the digital

CIrCUI r t ho y be used to detect the received
IrERAPLO Iééﬁﬁlgﬁg?mgg known in the art. For exanple, a

cer t @rassoir¢litionfioa kmvanrptt@mamcblegqmm thg compamgithp phases of two
S!%‘?alts gr?q:érg eclg%/ gr?r%@plg Stegdl t@ﬁ%as a mgﬁ]%ﬁtﬁg%ceoqre%qmlhg ?oot'hg gggree of
phgieeRthind tenkea it sgratst Foi erampfe, tefierisgtotFIGH g’/ha:lnd 3@,2f a Cross-

306, .nanely rel atjve nonent f,
cPBEBH Brie By e BT PRLO T et ol ARy e one

sBingMA0Scddthe 38 34AVL HRGI(FIG. TOChokGules/ouldbe Iarpem44mt a single

t e art, may then be used t ro C
g, e il 6 el PYE DG 85 MRS s,

HEBASIHE IER bR rebdivddtigha RBART not %i&:aﬂiﬁﬂe @rﬁcﬂm}glcb@cle sinusoids, the
neasur ed. However, because avera%

reqiof fherperielationsis 2 Bignalefor SEmple, BHPAMA lraFI&a@f  Lpeak 86 pf yhich
c%ﬁg hidsSo BRARM IR, wiel it TR cBRYd fi8ialPRe ﬂl@&lc[cﬁ,akl Phase-
OMe circunstances. Therefore, in another exa
macl‘wér Thiraby pefoseinga aessgprelptisindetween meﬁemwétrafs@e%wwm and
nal uch_as
té? po@gyg pesel e‘? él(t:rta glwbxgdg)e%tﬁ%l gge dt? sft ﬂgl’e Ai/h%a}glgétz c%e?e?rglﬁlgd.
Siindlaidy] biy peﬁdrﬁm@yaecreéseumalamﬂﬁbbmdénalnmm ldmspeib tavo P06 and the

GOHETPOBBI BB ORGS0 el ARG CHy EARIUT fed. Because

dab i BnPhdd 18¢eivel digndltmdyhal ©a BetapitRheRida], Bdaﬂdfhadertalhtummkatlon T,
the various processes of cross-correlation a

nerfammé i RS aSEITeR A Pl SIBY BT GRBCT g 2n mumber of

{lhﬁﬂ&@urafn@nﬁ PR s &Rl ab 8, REaHIng Aslthe A&
S|gn s 302, 304, 306 and 308, the actual nathematica

procedures may be perfornedﬂ6ﬁ2ﬂhe di gital 13)
repr Gael r?%s Q/falef]tt}ﬁlﬂﬁoetséf% Lesgougn%&r&ﬂérﬁﬂeaﬁlfe‘a@o héhieve a
a known mna |ca process tha conpares t he "phases

ametdegres oﬁ;matllrscyan theprabpdlatiers ofgthe wansib titmes ffgm thetcherelatirgsiechnique
a(u&%ﬁng{xé# %g&l}g\gnr 52 I’Q(g/: W gmrﬁ g sﬂeE\?ic qfe%tﬁ‘&v&ft d and ISQ therefore

or exa

thore kinfeSeffidient alrea a%ragmg ameqmca@tmmn@k af smgie-mn’enethod

ﬁerforned betmeen two perfect single cycle sinusoids,
eqsuremeRf§y i ng" one signal 340 across the other 342 in

ti me Adcbidingfa bne élﬂlﬁ)dﬁrﬂ&iﬂJ the sudtiblerl2€4 map Bahro@thﬂmmd veith an
single point in tine af which the signals

aﬂgqr piof §pt ﬁﬁp&tﬂgao?s,;fp@ef@fmmgﬁ cprﬁ atiqn Qpgrafion %’Ehg m'o pairs,

upstream and downstream, of sent and received signals. The sent signals 302, 304 may be any
of a variety of signals including, for example, a chirp signal or a signal encoded with a known
data stream or with error-correcting codes. In a preferred embodiment, a chirp signal may be
used, however, it is to be appreciated that many other signals may be used and may be selected

according to a variety of design considerations. In particular, it may be preferable to select a



10

15

20

25

30

because the sent and received signals woul d not
typically be perfect single cycle sinusoids, the

woeswslon4wb t he correlation is a signal, for exagplus2008922944

shown in FIG 8, a peak 346 of which corresponds to
the time point, t3, when the sent and received signals
are nost cl osely phasematched. Thus, by performng a
cross-correl ati on between theysent ultrasonic wave 302
and the corresponding received ultrasonic wave 304,
stlégag ey sc‘dbtstaﬁﬁd"ig irtbnu 8% c@ﬁeuﬁi ®inB¢ 57 ol A%h'fﬂ)ls%hlﬂ}’as Q¥ herein,

orn1ng a cross-correlation between the sent
rgfetsrtagcrgna;l theakergfiequgney inkaleconined helren pvgr itebaidyidih. For

S0 I

FabbRr G B R ond MRLCETY o ATl TRl B lower frequency
ﬂga)execoadmgatotcme asmetmif\thednmntl&, tlwrsdntssignekmayi be Stelermd SuCht at its
dur at.i erf t rr t
tf% glhb%)ge%po :ij;lar\rl;ﬂa 1gtrl11tol?ﬁ1e%?tras$1ln@{rbl%ﬁu i \Iﬁ]ﬁ% I
Hedogleetrip oltﬂatonﬁmmsmeare miag hawe a:imnaml blaad:bvlelthcmé operating frequency

accor.di n h ti onshi T, =

P s BrbraRsrEaieas £ Vo weral Eh mad uire R B R Jolebr e
Haﬁﬂl\b}idﬂﬁdldtf@q@éhby mﬁge of thanlerashafr tﬁﬁsdmfceraeﬁzw ta@axintizé ¢féiciency. In
calculatlon of th éﬁﬂ?lt ti

th | at
G T ST 18RS B P S 5 e B IR POV PR Prrgith of
P8R KIBASKF £ FBdlenSandd FR4@RHz to4FokES a{doer ®méiiretion of 150
time-efficient than averagi ng an eqU|vaIent nunber of
wyicrageeengoiiak Ih@ttmb@amee&m%éhaé gach a chirp siearl dgbut gnogi@mple of a sent
s?%ﬂﬂ?{%ﬂﬁw e Jsgfarﬁ(%ﬂé fngéﬂti%ﬁ iR s Mn%SQﬁI&Q EWQteV&énlals may

gori'thm or  set instructions for perf ormng a
awrlreaised, laswﬂblpﬂapatepl@wd(bﬁ thaseskilgsl ip dierast, Anysignaldwviaad

%m@ae flstl%g n;.&:ho 3 éi eCPStl%/n%Eﬁj) ﬂo?s%%t}/ A5 gr l’ﬁglg Hﬁléﬂltg}g ﬁor?ee 'ﬂfag be desirable
asrsud:hmyg’@,l mbpbe msﬂyrpdeteqted{by Iherqliies u@naainlquanadlsmga(mg the receiver

R R N R R T T S

chi r ;pmsingtvako thaye dfakillde the aftpihve wathemiaticall probe:ss bEcross-correlation in

reci ated that many signhal s i used and .
Hayms éogléané%ffﬂéwa%@emﬁh@ plioR.OL i s tpfhe fEgygyey domain.
TIRASHRE4RBbAdRNE S0 ondexBMble] Bl b&ftrollbd mayEte ﬂ?@gr@tﬁﬁhﬁ@fo@ﬁkférrﬂ @ cross-
sel ect asignal that is substa tl

al |
Wrﬁ&élo’é)?et%‘fnstée sent rF‘i?"éefié’rgéil é@%g rH%‘F‘eﬁ‘hanO f "éP odiment,
tthQ cOtRMENA rbyde prodrBfified loGREHBMCY trhfdfRmUMtRY fﬁgrﬁﬁsdto transform
fashion over its bandw dth. For exanple, a chirp
hegiirto fequsney deresji earesyentations perferyireguengyslomain, m'HFl@lllféPOH of one
O thd ﬁ‘&ﬁ%néyf cﬁ)ﬁg %mséq?atloﬁO@qﬁéj&cﬁﬁ%lé)gcoec g att SPHE bthef frécﬁl%ncy

I nvent signal “may be s such
qictrmnbmpmrmti@n @mﬁlp aspunnes dqn@aua ab@mrngoméhe IfllH@plled result into the

[
380 e GABCHESE B 0T TR AR e e i
am thospsssalyi phgsefmacee amcythnamespdnﬂs ’mibfe tomnsip tlmﬁz @ty Ady. thor this

%ferL?eS%tthg cdc’n nherszl g?n%ly b% I?)? }nay 1rP</:luHe a d1g1ta1 51gn|'211 proc s%‘?’SI bl'e

Referring to FIG. 9, according to one embodiment, the controller 204 may be

programmed with an algorithm to perform a fast Fourier transform (FFT) on each of the sent
and received signals, for example, sent signal 302 and received signal 304, to transform them
into frequency domain representations. An effective Hilbert transform may then be performed

on one of the frequency domain representations by adding a 90 degree phase shift to each
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bandw dt h and frequency range of the ultrasonic
transducers so as to maximze efficiency. In one
wexerspersot he sent signals 302, 304 were sel ecPem/uS205622944

chirp signals having a bandw dth of 50 kil ohertz (kHz)
over a frequency range of 440 kHz to 49CkHz and a tine
duration of 150 m croseconds (ns). It is to be

appreci ated that such a chirpsysignal is but one

exanpl e of a sent srgnal that may be used and the

on I's not
pgﬁltgﬁg‘feguﬁgy Sqipone eanlc} 2 dd ge%re%%‘h?ﬁtetlﬁigt tg gg{hglg éé:{%é ?requency
cérhipsentsiad tHeadnultiplying thartwvo fneap;ensy dpmeelin h:axppemgatlons as dlscussed below

m(r:ﬁt’g & nﬁ%%ﬁc{tllgpc ?%as n eP glgesco (9%6 Bglarog% dstg gér %’n FP'T on the
figdt glgadl (H8y3 908 faaamﬂnyled@heﬂgmmqm ynd mréﬂlnurtrtmnsmrm a@cbzmﬂ“ér on the

transd he recei ver |rc £ OV]
SS£000 PR (1P ST EHE LY SUTt P Pt Bl 4t fbsggranstorm on
aREn KNP 4 AinéthRe tige (§ kbthpridenpérivemiigta, cohhéutlon of the 51gnal with the
mat hemat i cal process of cros corr Lation in

feistigl 11/t V\@afa.tww RN o] B e et ay ok eguency

dbﬁaﬁqh{% r EXBOHEBE Y mign FHTEShOHBberf@&0foeth BOthe Gigalgit is
he controller may be ramed to perf .
aprvaamr, dot rhereéw bavniseisnelePenoRel PEas Bl H il R edal g that i

all %o{lmee oﬁggﬁ%pﬁtrgnsgdéﬁggﬂ% ﬁk%ratl O%Bﬁentstalﬁﬁ all sine components

con gﬂganned to performa
ater teemsfoomen mnosxtrrecompgn@nt% iscopresnesdsopTataiag fhgwsignal in the real and

11%%?}1% ‘%ﬁB A[E]%bljal Ep{aﬁgrg'% #FrQ ?éacﬁ RE fre QEANahd RIMGACYgnals and

| cCa one 0O requency domai n
percfmmﬁs@m @ffacnwsHiu;crutrassfoomrpm one cafcrlm firguensy dpmaigeRsessatations is

f
o et b FR RS oFit Ry b SR gnals and
pefferntihg’® Hilbérairamsforene amBET on the mdak of the sdnears] rgeedned yigpals.

indicate the tine nt at. which,the si 0%

cl osi_ﬁ? C‘ﬁlﬁrﬁﬁg IPr"b‘/ttE%é%e %ﬁa%iﬁﬂlﬂfgc%g%%s po %1 ﬁc 1o§ ﬁo dquency
dofraiSepredentiBotbyithe cotbpldx cdriugatetf $hep111]ﬁqn cﬁs@encm@,omam representation
controller 204 may be or, may inc

(bc,% oapliplythe tpq@fféqqp?qz@ dfnaalplr resgntaécng & %l %aglfegc}bﬁcgna%] ?s ep 354)),
TR HEA mvetrééeEFCrQﬁtth@hlhmph&%sumytep 85¢) e gamfonadt Mick imto the

an algorithmto performa fast Fourier trans

(Bt G G eRSe S B Ema A RGP A e & Bl Tbilry, Asa

r§ Ror fleGRBert3ARs fafpdr REREY Gflor sipnal, ind4d oﬂaneblﬁ anié sipml T,
eminto frequency domai n representation

oevﬁtmudmemb@mmt in tigef Whish Meyertsigalif2 ﬁéﬁ? rearlﬁ%’o&%ﬁl 304 are
0858l PRaLHRRNEN O FORPH Uk SPRAPRILAL 3080 AU e g
T;o rrpmmamplnpthatlme Poidegprespophiag ¢o At iof Ats gy da gidicated by a zero

egati.ve f

ing rné%%%ali iqt %rﬁ'flrﬁ(ogp éger side, I}}o %lgi&a%gglh% u%éaﬁ gncf Qﬁrgest
&gbtwu peak islttmas@ﬁm lmma rinoa ktep 3 %8¢ &m@bmroltehmayc cm:tany) f @variety of
may erform.an FF
@Oyﬁérch{ﬂéltl%*ﬁo §%§6t)‘= thef%? O QsSHRg i Sieral it’
A‘!UQ k. T sReed & dppRRdftcdRhdr Bithoddbh tHeStep ©F pﬁﬂﬂ)rrﬁlr@maleffécﬁtve Plilbert

, for exanple, received signal 304. Perfornrng
tmub@rm onanefthe fe@igncy domain representations was described as adding a 90 degree

Qmme thé: transit time

phase shift to each positive frequency component and a -90 degree phase shift to each negative
frequency component, similar results may alternatively be obtained by adding a -90 phase shift

to each positive frequency component and a 90 degree phase shift to each negative frequency
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a signal that is a function of time (t) conprises

performng a convolution of the signal with the
woéunwioemo- 1/ttt. When the Hubert transform of PCIIS2005/022944

signal is then exam ned in the frequency domain, for

exanpl e, by perform ng an FFT on the Hubert transform

of the signal, it is apparent that there has been a

si gn-dependent phase shift rejzative to the origina

signal; that is, all cosine conponents are transforned

cb&ggneﬂg gﬁt; %1}41?}%13 tff)ﬁ' HOHP ARERL Rie @Y UoRtaln rEhrBRnGAGRANE BéForming an

tran cosi ne co onents i's corresponds
in@rseddTanitmghultihbedsiegfal in the real and inmaginary
pl aNGSq to’% gpg&gt% %’hat Elﬁlgh%&h? BodvE b1 ggflthﬁ?&& &gcrfb@@ in8fs of sent
and receive ormng an effective
stduble302 ahd sesifed ngrmh3Q51n theafgotithm mmeqla@bﬁcb}sedl omsgnfsignal 306 and

sent 0 h t I
rfcﬁgveg eblf%bg ag]dl%ltongfl%’ gﬁ ri t?a sito}e(né 21?1 Pgn Eﬂﬁ:‘r HR sent or
rBRivie@ kigh#1®r an thsleesss- cérraa'tﬁ)ﬁm)lf theae’td aadlreléﬁ'vredmgnalse Qothboth the
of the sent and re d sl s. The.controll er .
B hpES ot N BRI RS, e T DT h R Y 5 hesonic
WAvESHERACHuid ‘%Hﬁ?'b@ dbeRtifsEdREGHIE fo Qnatidhe3Fa5BRt.EX should also be
conj ugate of the other frequency, domajn re%r es%n atjon

a@pre@‘ated that in qstlsy t lesate ths ZPIoSERSIRE {n TpmRiSnihe yuistrate terms
?I%r ot @ﬁeﬂtrbﬁﬁ%b’caﬁeﬁ lﬂ?stér}f ﬁl%ﬁ&ﬂ& b& RERRly Berh §>¥1Spto3p'él%ﬂmng the

orm an I nverse on the nultiplied resu
ifetreFFI5e step 56.r Brismey he Pftrfobta@d(bﬂ oRswringd attﬂil%%uleaheé’u rsult have
&%‘tlﬁ[ or%) ﬁr%glaf) B GRS n%'tﬂ:g cie§ néa?' foﬁcr ﬁeﬁfjth& Qanﬂﬁmg rate, or
or c arity. of the Hubert
euuemasmy, thase PComd 2 quist-ratvdersisgh ﬁae mulh@teé digqenenderein
in na Qq
rglere%%ﬁgﬂn ?]ﬁ% l)e% see% fo ze?o I (1% Q%gegf gltg?heeclg\?eg% d?'FPIt n s{%}gtj*j(ﬁm
ar e IResdrring mﬁi ty Fifihais encgeethcipeel] oftpndmggmnrof themlttqsm;c wgves in the

R

d&éi‘mmé)&t RRe diffdicted iadrahdit tincseevees ﬂﬁ&ﬂpﬂ@amruhsasgma lwaife and the
that is flanked, on either side, by a | argest %05|t|ve
@e\allstr%mdulaasoawg@éfﬁ witheifirsy detgumiRing r ferféeaéwgrgaqlt qriof Aty and Ata.
P fh ¢, th
i e B AP Boi n e
@E@B@pﬁ‘@agﬁw&lo@ﬂmlwa’ﬁes 1nahwcﬂtt1dh us d¢terndiest tb¢ floweate hfthe fluid. This
transit t| |t oul [ e6i
SRRt O e Bt O mithe oo RF pE IR £ Bl fip bl Msired 0
dccaatlyahsnion teMRwahtetolf thefflugd) l,l?szlef;ysodxﬂﬁn,l for example, less often than the
representation

LRSS B Rl oSt T8 20,00,8, 0,800 B i

32%%0%@5@ %eﬁﬁ%ﬁeﬁa&hfoft&@p&d@hpmp@tmweﬁﬁé glra@nizywaves in the
nponent, simlar results my Eﬁ%ernatlvel

%‘B@aﬁﬁwghﬁhea%‘?drf& PECTR OB TS Tves JHe oty ot
1y BV Qo ﬁ’lﬁ@ﬂ]?éf‘%§ s@h%s %e%@néiﬁﬁfﬁ?regﬁ?&lﬁlo sifdhdute Atchnd determine

eacﬂ negative frequencyconponent hen multip ¥| nﬂg
thheatt vﬁﬂcfw eﬁheﬂmyl o e Ofmppa@s@ﬂ ﬁﬂhﬁdﬁ%asawe waves in the fluid may

RASa 80 GP itk byt

L
Tﬁhﬁ‘teﬁiﬁsn lmab éd desnrable torepdafe tbaamtasurement of the speed of the ultrasonic waves

in the fluid periodically or in response to a detected change in the system environment in order
to account for longer-term variations in the speed of propagation and maintain accuracy of the

calculation of the flow rate of the fluid.
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signal 302 and received signal 304, the al gorithm may
al so be used on sent signal 306 and received signa

wQGaQae/obareaddi ti on, the Hubert transform may bePCT/US2005/022944

performed on either the sent or received signal or on
the cross-correlation of the sent and received
signals. Once both the transit tinmes Diu and Dtd have
been determ ned, the speed ofy4u opagati on of the
ultrasonic waves in the fluid may be determ ned

accongdl ng; ng ?c% L@&Uoﬁfﬂw&@ )che%ﬂt\‘(ﬁler by W%Eht @h 8Rof@Bm similar to
appreC|a in or

er to locate th Zero Crossing
that dsstcﬁbechﬁﬁ; refdrencb® @m‘mlwngmts and At @ ctréﬂrrrt@ dej¢rntifgeAt. For example,

|ed resul t obt
Asenihes iy S prsrp R o PR Py e fetaion etveen
r§ée|ﬁ&d 3%ﬁald3_ﬁhl lafid T@M\é@l&lg‘iﬁr 308( frael lrd@ylt efithel cnosujcdrtl&gltlom may be a
mul tiplied result have, essentia o _appreci ahl e
e L ing feperic i oA cc o Ui pouh it W D RES Py pegels ar
hék @lose‘P}? }?aké ﬁﬁt@ﬁéd 8 hat tHeh@se c@@sﬁ(ﬁﬂs ’[\d}"tﬁél tigb difftkdhce At. In other
ternms of the nultiplied frequenc

wasgs, e seass-serrebrionsy thséwe eceiver! 9 lmy nerid eéimseiug tha igicates by

}fé)g/etnﬁd?l\‘cﬁ Swilstrdarh &a?érgf%cé@gi sigfaf ﬂeﬂé t@%e @Ei?tb([‘ inftfind-dukh that it
once e Sp eed ropagatti on of the ultrasonic ,

apaaaest0|alr1\teweﬂfelsamdtlmags tes thedipstesam raeedyedisigaale Jhps, s dfme shift

emrent..an algorith
B b T SR el RIS o B PGk B B
tHA@ohip Siak &ctittwieh Hasab iuttrasenietranduceisevithoursty neahto recalculate either
ul trasonic wave without first determ ning or
Qé“m%@é%¢|ng either of Dtu and Dtd. Thus, as shown in
FIG & dlsngSQ@Xb()Q’@ Rehd &an?ﬁ' 1h¥ c6@totel ZMQﬁ’ayaH@lelﬁ%nUaSﬁde domain
along wth c, the speed of propagati on of the waves 1
arprs-corelhden bebvese s WHoreceived Sty TP apengre el g pagtroller may

Hsﬁ'le?%eﬁgﬂé{ﬁfb?fs, %flchsefseclﬁ FFT 3B G2 ARG 3RO Wt gﬁh@s 15%&%&&@3/ domain

i'ne as often as desired
xapmmmlensywhmmthp éneqmemey fdrenin represergftionhmay b%m&ltlplz%w by

11’1818}) %‘%rbne ffr%é 7 rreagn e??e%éhtrﬁ%% %9 tl%e%%&gie%%o@ﬁ@a@@oﬁ%other

ar e t eps
'n‘rmuemyemmamsremhwmw tathqethalmvrreﬂ@edumh@w e same, or similar,

G5 "?‘i' ;ﬁ; grre nt Wg{’gsnf %?1 q%{ratgc[ 2 ﬁ?\gﬁ gﬁﬁq (ﬁf gE E%gné)ée O¥a method

for dgagaiihgthedlow he otﬂt}terfhmb i ctepd 6@ Fth“ mhdyebefperfounedmy each of the

likely.no sh i me. i pLer al c
L) L BN SBE Sy Pt g e
ikt Sedof b putife dohiRgiet phede stifienag pe adiedfio guch }pagmw forquedcy

t he uItrasonlc waves | ui d over

TR APdY 0 degies ek{aéﬁgr badgeuheh AR TFeete seapasgofone of
1h8 ﬁfe&%néyé&ﬁdﬁ repRBEMRIIRAE sudhltha¥Ede JdebeRtb atth€F¥Dand phase shift
update t'he neasurenent of the sgeed the ul trasoni

wau)@sn pneffasve Hilbat trosfoanpebi iy bane peropRed e stegdla The phase
g Gal Be P@rﬁﬁﬁﬁg@ oh Bitfel ﬁe@éﬁéﬁi@nﬁtﬁi’ﬂefi@%ﬁbn o a%rﬂeﬁfve@orather than

accou er-termvariations in th

o Dipklring renformed ereganh eceiverbdgnehds 398 infiep baaban @mFEF inggpy be
g%%otrxggd & (2‘}@ JrdfeGeiveli I Pélg Uhg a@ﬁlﬁ&‘i ShR&GriAn@RET may bﬁ performed

the contro I npl ement an al gorit
on i lother tegeived signal. Next, the two frequency domain representations may be

multiplied together (e.g., by multiplying one frequency domain representation by the complex
conjugate of the other frequency domain representation) in the frequency domain (step 364),

and the multiplied result transformed back into the time domain using, for example, an inverse
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that described with reference to determ ning Dtu and

Dt in order to determine Dt . For exanple, the
woaniecrookieer nay be progranmed with an al gorit hRCTAS2005/022944

performa cross-correl ati on between received signa

304 and received signal 308. The result of the

cross-correlation may be a signal having a peak that

corresponds to a tinme point aswhich the two received

signals are nost closely phase matched and t hat

FETREP ApPud 5oLt P PEPEp ey ) il any o

tedhgigat s 168Ye ¥icd crossitg iAthewadultingttingt donmaiti Gatabgefoyrediiovior clarity as

e T T T e
e%ﬁﬁw‘ﬁ%@)%r%hﬁﬂﬁoﬂ@lﬁ Rén htee (@@tneﬁm recei ved signal .

his "tine s di he ti ne, di
Dr b Stk apPiseise it EhcH L SpONE LSO et AB eI ecar perations
WRWARE s &ANoH Elﬁfl@sfﬁﬁélﬁls\@ﬁﬁ%mﬂ QhaRBEvENEirdsoRic Walv e 80 m)pératlons
transducers W t hout agi need to recalculateﬂglther

ary actuails pesfermeden ghecligi @Hreéqy@a‘p@ns ¢fhesg é’g%"il%l prgfor? ﬁigcrete FFTs
S0 o0k kst (%‘91% ni5¥%e (Maes] aﬁﬁ%ﬂﬂtlrﬁ’icéﬂoﬁ%f g Bdddency domaln reII)resentatlon

cross-correlation between the two received S|gna S.
veithothb epmplsoaequijugatetof grecodlier ey |b@ perfp@aeql R Roirhy-point multiplication

I?encﬁél%'i Uﬁ%less ;ftclp fiffthe(d bgF redifted h@RL oM BECribdMnethods may be

S|gna sin reqguency I'n representations where
indupefideatpfeciuid fowing in therspstemared manke yrag toseloafe fiyid yelepity fora

‘&gg&gg gﬁ%é Mk L n¥ ﬁglg N n% a1 Yyafi rgl)dr? hc::mlcah mixtures, and

T on e“tonpl ex conj’ugate o
the Bk enthyutdayaj pnon’z &powelségetdithiedhiid andawitieut ﬂlhéﬂpeCIﬁC system

clﬁggwrr }??qahggetegtcg?r?gm lﬂ?\/ﬁ?%g r%ggr%geerpﬁoc{ ts’eI uf asgrrnb vaalggsu LJch as the speed
h f oftfof ﬂﬁ@va@éﬂsﬁlmﬂhe&luld)(wl&tdvat tha:tdluid)mayjbet) @renion nafugssary to
t e m1rate t e flui In.ste FET ma
s e 1o o ehihe iest6 Brab Sty P Birsgh v inthe
ﬁlﬁd a9 B8 E)@r(ddldahﬁﬁi‘ebéﬂie@ ih (160 T8 eife SRV OF the fluid may then be calculated
represen

ations. In a next step 362,
kretshenon sevien SR ior eAUHgN Ha) BIBEAPOY ViR oy glopey Guhe nuid and
El{o% RG] 9&}5&89@@%%@%&&@0&%& ee phase shi ft added
to eac negative frequency conponent of one of th

f r equdteenativielaivhiere dp sRogd At propagaton of fagulrpsgnicvpyes of the fluid is
l&;&?}ﬂ ifl Q&\Jaﬁ r ekdtpiE, %I?eﬁrﬂl orpfﬁ@%ﬁreﬁ i’Bés{ batd ®fH b bartichlafuid, the rate

Ctlve ert trans bei ng perfornmed on
dﬁf@vsdfghmﬂuld T bp kalewlatgdh bEFSt:d mﬂy eﬁ’éatlﬁé (DA YPEAbOYE véithoHEgver

d
% ﬁlgﬁﬁgz %tgﬁro KH E&eri eziglg%lg,trtbg %beer?{)f J%ﬁ gE%b%tr(E)ch:t%eeu trasonic wave
witaedid ﬁffi'} m;:ﬁﬂﬁbd Sbtsihe@ifr@6 8 lookrupFble thadyis gﬂzeﬂehié ortheebntroller.
e re upe {ra
B 902 il N SRS IR R of UOBH b  B s

NS, as WHIB ad Mo fhe G5HEE BE proppamionifor efoh @S e tvatious Msidyayridsavith
nultlgw%ed together (e.g., by multiplying one
PR@EERFey domai n representation by the conpl ex

According to one embodiment, averaging techniques or filtering, such as Kalman

filtering, may be used to improve accuracy of the measurements. In some instances, the speed
of propagation of the ultrasonic waves in the fluid may vary with the temperature of the fluid.
Therefore, in another embodiment, a temperature sensor may be incorporated into the system,

located, for example, in the conduit 130 (see FIG. 2) to measure the fluid temperature. The
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conjugate of the other frequency domain
representation) in the frequency domain (step 364),
wanaetoaezéoul ti plied result transformed back i nPOTHIS2005/022944
time domain using, for exanple, an inverseFFT (step
366). To detepnine Dt (step 368), the controller may
i npl emrent any known technique to | ocate a zero
crossing in the resulting tig._domain signal (referred
to for clarity as Trr), as discussed above. The fl ow
t il i i ' fodicall
el iy it ARG g e B R Byl
i gthe ultrasonic

adjustitie tenstremantp pbdeterminatipnstof dietshendg PIRassins ¢
al gari.t a na ' reat J ' -

oBLESIR, B ELPR g RETR GRBE  Fpet.

dependas omiationn \Res exanipde, ogfeiag 6. al,dt iaknavat thyt the flow rate of fluid

.perfarmed on the.digital represen ' of. .t he .
llg?. @fﬁ’g%_S“’ﬁ*haé'rcgfl%ﬂg{ﬁd%‘{;?oét%g cots g{ cg*}ﬁgg E{E)%se{etc{lgh oFthe conduit.
Raftef af sHows inBYG.he, ths adidan faw fastpt inclat deoter off thoemnduit, as shown by

frequency domai n represe tion Wwih the co s s
ST} S DY SR Eot B PP AL 262 due o fition
bR B the YuRLinA cofBahittviidh M@ d16m thafflowher fhiddanthe va¢es @fthe conduit.

It is further to be appreciated that the abo

Toess e BRSEELA deagtsam HIERSGRR EHTgFS TR pepgmetical. In

a?{iiﬂwl Rk differbR® iS Vb & BR1RBh thBpshean sRTddvhst&dnC ultradoRic wavefronts
urd velocity for a variety of different fl

jds .. .

mayolaucittemperetechyseaRgTaEe mayg ect the qtdhe fluid in the conduit.

' ' e dth-deMintiH Ubrr ¥ BiBfok & th
T&‘E’%ﬁréégféeewgﬁl{y{ﬁg&ﬁag‘?gaan W Ehout f1Uj d-speci fic
nsypsirementa| THis eoricotion fhetomal; alsndel thrid-sneadin) By Ehegpntroller may
DIORS & iftidde 38R0 ffent QfreSRAGRtors f
R R e e
vatais fiuidsi d nay be) are not necessary to cal cul ate the
velocjty of the fl yi i . D
oL OGBS ey PRIl RREL 88 o,
tBasppreshtédvarises alftheonsa redifitcatfdnsend impriveenidngs willmeadily occur to

hen he. cal cu e ased upon.eguat j '
dhess e it s bR e B GaRlR yroftrepreG A HbRa o be
JARQOMhiPAYEbsoR), atbdraieingsdstodk within thy sopervfthel ingentfohuAdeordingly,
Al ternatively, where the sgged ofﬂﬁy&ﬁpggfion of the
the foregemgidesciglienansrdraesare, PY VP UKBRA PR Yadvance, for
exanmglgat iddseed wpon nmeasured test data with a
particular fluid, the rate of flow of the fluid may be
cal cul at ed based upon equation (9) given above w t hout
ever determning either Dtu or Dtd. For exanple, the
speed of propagation (c) of the ultrasonic wave in the
fluid may sinply be obtained froma | ook-up table that
is accessible to the controller. The | ook-up table nmay
i nclude data indicative of the speed of sound
propagation for various fluids, as well as how the
speed of propagation for each of the various fluids
varies with tenperature. According to one enbodi nent,
averagi ng techniques or filtering, such as Kal man
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filtering, may be used to inprove accuracy of the
nmeasurenents. In sone instances, the speed of

wonroeagsatcd on of the ultrasonic waves in the fl BCTUSBOS/022944

vary with the tenperature of the fluid. Therefore, in
anot her enbodi nent, a tenperature sensor may be

i ncorporated into the system |ocated, for exanple, in
the conduit 130 (see FIG 2).otQ nmeasure the fluid
tenperature. Thecontroller 204 may utilize information
provi ded by the tenperat urg 1S§0gor to periodically

adj ust the neasurenents and determ nations of the
speed of propagati on of the ultrasonic waves in the
fluigd and{ar t

any Enow‘(g{ng% ure p%!ﬂ%ge f@%@?ﬂl 5(ir1§1%%05@'ll{etﬁe%eth0d
e)@@ﬂi}phﬁnga@fﬁfrl ng to FIG 11, it is known that the

fl ow n_a conduit i{...130,
ey g 5% apedteagd B TE S gL aoBEE RnR of A i
Condtébélva&tehBEt and Secsibuitradoniclslgials;l1, the fluid may

St s S e e A e B IR
( SN0 R¥naRitE @ VEsulBE )1mdldl©mtaﬁa sigrnlal;t i on between the
fluird and condui t ich mg he fl ow

flui .
near anaheingdherssting tiae-doma ? Jf‘h FEPgIee d‘&ﬁ&“ﬁ?ﬁ‘é? Tpnsit fyme

ang AN 8B el LAHOSHICsi YRy &fcf i35 §e‘éoﬁﬁi§¢cm€3d dlltﬁmomc signal; and
symmetrical. In addition, the difference jn

bet wealenlating theyateros Ha & thedipihia thesnduif ?%S%%‘B’RP &he ie detormined
ts may vary with tenperature because

ll\g&r{rgéelrflgdt%ure may affect the flow of the fluid in the
conduit. Therefore, the controller may apply a
tenpgrat upg. g&%&&%ﬂlmqo%ﬁé&h't o Qiectr@srs cBﬁ’el ‘Jﬂ@gbcomprlses
measr enen I's corréction factor
fl ui gerfpminigfd Bouritthensfotrh en cashtof el fisst rmy’efl nlﬂaéﬂi’@ signal and the
data se that tati d

560 R ) B RO R Befnoncy-lomag epresentation and o
f I s&mﬁiﬁlfrdc}ﬁMicyglombinSepimnﬁahdnedespwmwlm aspects of at
| eas i nvention

appr @@ﬁgﬁ}@ﬂgngg %Irs(lj algc} sgf?rg',‘[gﬁqugxﬁg domaléa erlbrgéae[itlagﬁnsttggg%gr to generate

i n@fe@uﬂﬁﬁ@ﬂé@eﬂﬂﬁdon{aﬁﬂfépﬂes&nmomrantlo those skilled in
the art. Such al te:ﬁatl ons, cati

and o
i mpr aeréqungsanal%erqe Ogﬂgféamf Ir?sugllngifrﬁﬂ%ency- omain

di RpleQsiHiin tAEeRfehd féﬁlﬁﬂ@tﬂné ﬂoﬂiﬁn wighdli n t he scope of
the invention. Accordingly, the foregoing description

and drawi ngs are by way of exanple only. What is

cl ai ged i ?h&'ﬂ@ﬂag@o@clalﬁ ﬁﬁhﬁ@&oﬁﬁprﬁﬁ@@&%ﬂl ng a rate of

flowof a fluid in a conduit, the nethod co risin

act s agding ewsrnfiamgsitive % degrrg Pbase Skl and o nsgabiNe 3 dyegizphase shift to
al ofg 8815111t A Sqlge& c&Bg orfe hi of hE BRY Hba@ndy@onidin fepredéihtion and

secon Cross-corre atlng the first
r etheisseedd Gbqueassodingais regrﬁamamd, ande second received

ultr PRl 8’16 other of a positive 90 degree phase shift and a negative 90 degree phase shift
to each negative frequency component of the one of the first frequency-domain

representation and the second frequency-domain representation.

4, The method of claim 1, wherein the act of cross-correlating comprises:
performing a Fourier transform on the first received ultrasonic signal to generate a first

frequency-domain representation;



o]

signal to generate a resulting tinme-donmain signal;
analyzing the resulting tine-donmain signal to
wdetmroswe a difference in transit tinme betweeRCTHS2005/022944
first received ultrasonic signal and the second
received ultrasonic signal; and calculating the rate
of flow of the fluid in the conduit based upon the
determ ned difference. 2. Thegnethod of claiml1,
wherein the act of cross-correlating conprises:
performng a.E [ f : ' i
e fied A kR T ol e G O e B chl Ehived
ulultrastio signalitg paerate gemdrfwgrenay-dpmein répresqutehiey - domai n

representation.and a secaond fre i | t
repr ’é‘gg’ll?tyé‘%gl tg?l ?rs?%rglpsg%qnﬁ\% & %encﬁg‘i’{?’iﬂg?(‘if’?%gﬁ % tﬁbél S fggpther to generate
andesgaREqhergdemain-reimemitatiore pndsent at i ons t oget her

to generate a.resulting frequency-domain : .

repr %?&ﬁ‘l’g‘lgi%ﬁ‘?veésﬁ & Obréqgfrg?sﬁ?q'ﬂbonatﬁe I L\rl}ignrl‘%fem SnPdomain

rdph RBEERINTD @Bk e the esultihg fhefdomgiuaimyt. domai n

representation to generate the resulting tine-donain

signal. 3. The nethod of claim2, further conprising

act s;0f 1 addhfBoPstRnPbf daiRe L4, fittheDédnIRYIng @n pbtas setting DC and

shift and a negative 90 degree phase shift to each b ¢

Nyauistiatedemsed theresp g Hisaraay-dempais fepresentpiion tp zprggprior to the act o

pyf&% ¥ irﬂ@ﬁ@ FBurfcf REREERA AlthOR skl frdtfiefsCdRtin representation.
requenhcy-donal n representation; and addi ng the ot her

of a positive 90 degree phase shift and a negative 90

degree phag em?rﬁ&f ¢ 2h§ o?ﬁ&iﬂls Negafhkith thé £ade zing the resulting

conponent of e one of the first frequency-domain .

r efinedemsiaisigoal camgriseh docgiénermdrd eresingndihinigasgsalting time-domain

representation. 4. The nethod of claim1, wherein the

actebt cross-correlating conprises: performng a

Fourier transformon the first received ultrasonic

signal to,.generate.a first fr - ' e
repr Zs ent 3?‘? IBF\@B‘&?@%‘V Hgims lFﬁ gﬁeiﬁég ??ngﬁsﬁ?{ g%rrﬁagtnocf dgtermining 2
Foseb®sf propuaaioaronatioast e «feleafiret and seioud ultascnicesignalsdn the fluid.
signal to generate a second frequency-domain
representation; nmultiplying the first and second

f r eqigency THOMBINGd bEIMIASE Mhalkinahsad: ofi@ildutting thegata ef Aowe of the
a resulting frequency-dqQumi n representatiqn; and

VI8 DpieHFPem P ERUBSHEARPE 15 REERETT P S TSHHLY than the act of
I egdbhdifige fHe QRMeR_E YrofsaBLM I epresentation to generate

the resulting tinme-domain signal. 5. The nethod of any

of clains 3-4, further conprising an act of setting DC

and 9. The method of any of claims 7-8, wherein the act of determining the speed of

propagation comprises:

determining a first transit time of the first ultrasonic signal between first and second
positions that are spaced apart along the length of the conduit;

determining a second transit time of the second ultrasonic signal between the second

and first positions; and

calculating the speed of propagation based upon the first and second transit times and a

distance between the first and second positions.

10.  The method of claim 9, further comprising an act of periodically updating the

speed of propagation of the at least one ultrasonic signal in the fluid by periodically
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Nyqui st-rate terns of the resulting frequency-domain
representation to zero prior to the act of performng

woOheosiny@o se Fourier transformon the resulti ngCT/US2005/022944

frequency-domai n representation. 6. The nmethod of any
of clainms 1-5, wherein the act of analyzing the
resulting tinme-domain signal conprises |ocating a zero
crossing within the resul tingg.inme-donmain signal. 7.
The method of any of clainms 1-6, further conprising an
act { :

origpBfing e ST Ly EBE Ry OB O e REY galulaing
fluhe sbeed;ofﬁfhlmgammod of claim?7, wherein the act of
calculating the rate of flow of the fluid based upon
the determned difference is perforned nore frequently
t han1t.he Bat methodlefcdxinmi 10] wieréih ¢hesoradalohlatimgthea tpag offlow of the

d e@lgi] fﬁcﬁﬁ%ﬁg%?aﬁggg‘%%@ggg 81;3 ?%ggfgticiv? %aﬁ\é\@g ro%irtlﬂeS cﬁegg&nﬂl%h dBference

defrarthe dpetDofprégagsiont ransit tine of the first
ul trasoni c signal between first and second positions
that are spaced apart along the Iength of the conduit;

det enpi ni TRk RetHOEOMGhy oF ABSst1-11, WBerefn thdieet SLeadidg the first and
ultrasoni ¢ signal between the. s con

spess pitegsenic ggploneiudps b At f‘ﬁ&al g‘eﬁm%ﬂls &iﬁ apq ssfond
RRR6HC YRR £OS a fdl%lﬁtr RELnBAR6R Ofla &Hi@)rb inhl.ti nes and a

di stance between irst and second positions. 10.
The nmethod of claim9, further conprising an act of

perlqglcaAhxh Qﬁgﬂ@gnkggcégﬁ%gﬁgf propagati on of the

at | east one ultrasonic signal in the fluid by
peri edbudiitt yr epeating the acts of detepnining the

first tﬁQ%lt§a§§r}]quar}sﬁ|?c§§ 'disp5§egﬁtsa ﬁl@fjpogﬁ]l%n QE)B%_Qflength of the conduit, to

cal cdl ropagati-on. he et
of traﬂsamtm ﬁlrét ulmtseme signdlfand tmtce@fe acatand lulitaserc sipealy at e

t he ,agf(‘@ng]llftlig?%{}\cl: %agg%u&‘grc ldls?l ?% ah ds%?&nd%fomﬁ%l %Hl#?ﬁlr o gth of the

angbridbie ttapis epaced apmcthmgﬂ:te ifiost position, Theansmit iwdsearind aliasafic signal
cla f sending the first and

Br%?WFgggﬂ 5?&%8?@“? %@udes an act of digitally
3 y nt ReshiEdIRE céofiguiel teiroardrslaramsfind I’Etamdmiltcassriig pigheg and the

froma digital represe ion of a h|r

AP SRR sEhE Mg P i%??ﬁ?ﬂfes% {is g Brtcipin sedal o
analyze the resulting time-domain signal to determine a difference in transit time between
the first received ultrasonic signal and the second received ultrasonic signal, and to

calculate a rate of flow of a fluid in the conduit based upon the determined difference.

14.  The ultrasonic flow meter of claim 13, wherein the controller is further
configured to:
perform a Fourier transform on the first received ultrasonic signal to generate a first

frequency-domain representation;

perform a Hilbert transform and a Fourier transform on the second received ultrasonic
signal to generate a second frequency-domain representation;

multiply the first and second frequency-domain representations together to generate a

resulting frequency-domain representation; and
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a first ultrasonic transducer, disposed at a first
position along a length of the conduit, to transmt a

woiostooded r asoni ¢ signal and to receive a secoRdT/US2005/022944

ul trasonic signal; a second ultrasonic transducer

di sposed at a second position along the | ength of the
conduit that is spaced apart fromthe first position,

to transmt the second ultrasegic signal and to

receive the first ultrasonic signal; and a controller

confi - ik St ' : ;
i r AR PR loR o e R Ry G representation
si ¢mgeneratedherspdiing Emerdemainkighalg ti me- domain signal, to

anal yze the resulting tinme-domain signal to determ ne

a difference in transit tinme between the first

receiled Ohe nwesmiciley gegl ofalaimt Idewbeeinnht qoatrelley écfurther
oFERRE &SRB nalnoh Suig LR Fue SR B alescnan
wiztfogrientoeerfddnind the inMetse Foonidrdrafidform orethe resolfing Fraquend@domain
wherein the controller is further configured to:

SBEPBIAY Fourier transformon the first received
ultrasonic signal to generate a first frequency-donain
representation; performa bert transfaqrm and .
Four 6t 1R SRar A s aknar el el tharadhsogtoler is

Si gier $AAMGROE tcPnalyde HE GRRInk KR WRRE M sty locating a zero crossing
representation; nmultiply the first and second

f r ST readting time-dppaiasighdlt i ons together to generate

a resulting frequency-donai n representation;

andper form an inverse Fourier transformon the .

r esul ¥7i ng The eligeands ey maien of asiy 08 slaimsal3r o Wheyeijdhgegoniraller is

th [ | R [ [ : ' .

11 SutE o a ] AR S I RprackSn o E oy AR lrasoni
f usighas ingbsfliid by detetnaining e DT trangit tiyyaefithe frstulwasonic signalfbetween

th Firdt gl?djieli:&ﬂifqaofsi'ﬁ&gsu 8%1%%{189 g@ is&oﬁfﬁén%ﬁ B ith?: @Féo‘ﬂd fiftfaSonic signal
prior to performng e 1 nverse Fourier transtorm on
t héetwesutht sevgnd arelfiretnoyitidayrendraice atieg te tspeed of propgatidinieased upon

ul t.r nic flow nmeter of any. of clains,13-15. . wherein..

¢ ndheiog preap Sl B (s e Qi T o B g O ions
r eslohg thedergtin@thkosvatnit.si gnal by | ocating a zero

crossing wthin the resulting tine-domain signal. 17.

The ultrasonic flow nmeter of any of clains 13-16,

wher ejign t Mae aRAtdNN flGW mieter bLU1AIHEN7, GAGEInGhE @atrbier is configured to
determ ne a Spﬁﬁd of. propagatjon of the fi

1 and
secofyat theras Shflew of G dluid Fased ypan #}elﬂe@rrﬁv@%@fsrﬁﬁ?erﬁnﬂéhe speed of
a ?hﬁﬁ&u%ﬁﬁnsit time of the first ultrasonic signa
bet ween
19.  The ultrasonic flow meter of claim 17, wherein the controller is configured to
calculate the rate of flow of the fluid based upon the determined difference, the speed of

propagation, and a cross-sectional area of the conduit.

20.  The ultrasonic flow meter of claim 17, wherein the controller is configured to
calculate the rate of flow of the fluid based upon the determined difference, the speed of
propagation, a cross-sectional area of the conduit, and a specific density of the fluid in the

conduit.
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first and second positions, determ ning a second
transit time of the second ultrasonic signal between

woheoeecwnd and first positions, and cal cul ati RQTHUIS2005/022944

speed of propagati on based upon the first and second
transit tinmes and a di stance between the first and
second positions along the length of the conduit. 18.
The ultrasonic flow neter of glaim17, wherein the
controller is configured to calculate the rate of flow
of t

Che. Soed!BUISFaRagaR B St P FF 28 (il Pl e

met es tigfingCdiRuin) chérativéle taipitedttd the fost andiecend ilsasonic transducers, to

confl ured tqQ ca ate the rate of f. f e fluid

b BEHH g e Sbe e S raé%%ﬂgraﬁe% &3t géthitned delay
pPr RRaY&to OBfereaabflev@ncr 0ss- secti onal area of t he

conduit. 20. The ultrasonic flow nmeter of claim 17,

wherein the controller is configured to calculate the

rateoof f lrﬁa/massohlaelow rﬁétél dramed 2upaerdif ﬂledieﬁ@g itonR Ghitiates
propag at i on,

di fference, gf
crigeeption of the ﬁrﬂt a r»@lfultreﬁ@me aaenlr gfter aﬁ?foad detrmineddelay relative
deﬁﬁhé%ﬁQ&mE%%nf'“'d in the conduit.21. The ultrasonic

| ow neter of any of clainms 13-20, further conprising:
atimng circuit, operatively coupled to the first and
seco ul sidg® iNitiate
tranggrss%g%ﬁog&ﬁ%hggﬂﬁg#ggégF%eﬁond ul trasonic
si gnalcendait er a first determ ned delay relative to a
refer e.event | f it t
cl ai i s":F It{,aﬁomc fran%%rhcer clfgﬁg Efzalsfr’frgf ts{tLlofr?] ij'\{topg% gegrgﬂ)l of the conduit, to
r eﬁﬁﬁtnllt@l’ﬁrﬁtfulﬁ‘d’semﬁ bigsdl aadmb re@tenceuint uiissomicsigiagnal s
r ef :lraeq‘%@g 8& 1cert§a§1r r %s?c%lgc? tnalrsselc ah! V?mrgr% al&ré the length of the
C OpgdLis thafis spacedfghuti fiom the ffirgt pbsitidnl, torsmemit tltersacnmd uitesgnic signal
di sposed at a i;ﬁ% gosili n along a length of the
coﬁHUPf“mWBﬂP FOYC PRt ul trasonic signal and to

I eceia\inifg SIRMRNShetkivEIR SO 16 @bt and seb8adfittasonic transducers, to
ultrasoni ¢ transducer, djsp oslguat a se %3%885|t|0n

al Bifipie rasmissige AL Be firshandsreng; wiraspge sigaals stgrmipgd delay

frrératlvaeoatlere%ncpeenr b@d, to transmit the second
ul trasonic signal and to receive the fjrst ultrasonic

si gnalcontsplier e nigrcess the frst andoslggqrgtrec\egw ulér@mcewqag apg determine a
fi Hﬁfereﬁ@@m%ﬁfe%ﬂvéﬁh trc%c?ﬁﬁ@@f the ﬁfs@ﬁ%él%erﬂt%asoﬁle sichd] tah@feBeipt of the

transm ssi on _ st and second ultrasonic
si epeahdreedivadrulizasdeic signdl meletivgdo Hy reference event.

24.  The ultrasonic flow meter of claim 23, wherein the determined delay is the same

for the first and second ultrasonic signals.

25.  The ultrasonic flow meter of any of claims 23-24, wherein upon receipt of the
first and second received ultrasonic signals, the controller performs a cross-correlation
between the first and second received ultrasonic signals to determine the difference in time
between receipt of the first received ultrasonic signal and receipt of the second received

ultrasonic signal relative to the reference event.

26.  The ultrasonic flow meter of any of claims 13-25, further comprising:
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relative to a reference event; and a controller to

process the first and second received ultrasonic
woeigwas’eand determine a difference in tinme bePGEAIS2005/022944

recei pt of the first received ultrasonic signal and

recei pt of the second received ultrasonic signa

relative to the reference event. 24. The ultrasonic

flow neter of claim 23, whereipn the determ ned del ay

is the sane he first and second ultrasonic signals.

25. Th - :

wner atieetisARAEL oot e FL Bd RLoRRnE s B Eatilo pibyide e

uIﬁmaamhxmnﬁﬂgnakéumahmknmnmbdbﬂemomaﬂknrns a

cross-correl ati on between the first and second

received ultrasonic signals to determ ne the

diffeﬂencéhéﬁhﬁﬂdﬁeﬂunmumumﬁhﬁpef@Mnmﬂ3€hemﬁhﬂsbnmﬁﬂng

recei ved uItrason C S r.ecei t he s con .

r eceiA\/ROSTHEL LR °cge§?‘8{9falf‘ ﬁé’i a&fils?/cém& Bltrflﬁoéuc Ségné‘ &Rd go provide

evalifirst 3Rd sebhiRl wiirdsofis 8igh4ls fd thyviiredirse@ind altbas@fic cdduwsrs for

13-25, further conprising:a receiver circuit to

r eB#ISPESIe first and second ul trasonic signals and to

provide the first and second received ultrasonic

signals to the controller. 27. The ultrasonic fl ow

met er28of ARG uFRsARicAlawsmetst ofgny pfi¢lims r13t25n§‘i"h"s‘” REpriging:

trangmidetRf mqu[tCé%l{chngy asnedtad ® ehdhorfihed Bkt 20 decdRE AREsonic

ultrasonic signals and to provide the first and second

uI transdenstse togeepingl the fiist andeseqand yltragendc sgnadsiad (e preyide Hiedirst and

[ The ultrasonic fl ow

?ég 39(}11%8%?% Lg[?aSB]FI@QI HAISZSL% thPJ‘co fr ﬁlrleirher conprising: a

receiver circuit, switchably connected to each of the

first,and I ' T

s oRnd SR R b0 AFRIHRTS2S R RN Eompriing

the fa traﬂtmmdclseit,anqbonﬂmetn viedinihg ciaciitrand switcgnbllygom@cted to each

o e%ﬁ%g? fﬁf déli)taas%c tr?nsp{l%gso{% C%nerate\!t\fle%tst 2ind Scof¥itrasonic

t I 6ipBdR dridad pfdvrde lﬂlilet firstradd pevosd vieragonict di’@lalslt(li‘l‘thﬁ dirst iandcagicdond
and, swi t chab ected.to each of the first and

s e BlePnIA trany ﬂS IFAS¥%rs, to generate the first

and second uItrasonlc signals and to provide the first

and second uItraso c si to th flrst nd sec
ul t r 28oni dh %Plgﬁgoé W me 1:049?36\ %og 9, Jthereipt eﬁrﬁlésmltter ircuit

ul tgcedi ¢ flow neter of claim27 or 29, wherein the
transmtter circuit includes: a _storage circuit to
st or & SHrRgetcr Uit Wrsfose digitalrersersnighions g6 the firg pltiasenicdignl and the

si gnahd ARdsohi}ignal; and
a digital to analog converter, electrically coupled to the storage circuit, to convert the
digital representations of the first ultrasonic signal and the second ultrasonic signal to

analog representations.

31.  The ultrasonic flow meter of claim 30, wherein the digital representation of the
first ultrasonic signal is the same as the digital representation of the second ultrasonic

signal.

32.  The ultrasonic flow meter of any of claims 30-31, wherein the transmitter

circuit further includes:
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second ultrasonic signal; and a digital to anal og
converter, electrically coupled to the storage

WwWOoi20@t004760t 0 convert the digital representati orReTAR2008022944

first ultrasonic signal and the second ultrasonic
signal to analog representations. 31. The ultrasonic
flow neter of claim30, wherein the digital
representation of the first yktrasonic signal is the
same as the digital representation of the second

ul t rasoni .. gnal . . . '

any o) Sr TR o g BeGiddl K ARRDR orhf BHEE bl
f wegrbeentatiotst atdles: a filter, electrically coupled to the

digital tg. analo onverter filter.

opr SRR ale el CFOUeA Ry Bty Bl 1F Ry Bboe
CQibRetatithstane td prb¥ies the fitte@phalég/replogentatibhsetp it firstaind gecond
representati ons and to.provide the filtered anal og

r epfFaseRin fransdpgees f?’btr‘l‘rﬁ@‘%o%t and second ultrasonic
transducers for transm ssion. 33. The ultrasonic flow
meter of any of clains 13-32, rein ch of th

fi r s33-andThsedisasenie oy Faediod 2 Qe “§S?%%ﬁd&@?“ﬁﬁngfmeﬁmtmm
ul £ BRI QLoD EiERIShA0&ds-an 3ftrasobiiEcHiplsigagioni ¢ f1 ow met er

of claim 33, erein the ultrasonic chirp signal is
digitally synthesized. 35. The ultrasonic flow neter

of agy ofpgl lﬂﬂréﬁ'ﬁ‘ni? (ﬁbﬁjmetmg EBinD33, Réhefliint @ltrasonic chirp signal is
representations of the first ultrasonic signal and the
setigitably ayrthesizodi ¢ si gnal correspond to a chirp signal.

36. A nethod of determning a rate of flowof a fluid

in a conduit, the nethod conprising acts of: (a)

t r anssu t t Thegilmasbhic slowuhdterad emy of okiigs 30-31.rvdrerein the digital
position. .dis ed along .a | f j ko

t rEPSHREPRY esfgréto I Sg’in? P lggag%lh&gthgis?;ctﬁaﬁ?utf%l‘ra%?lhwagl%ngg:%g spond fo
posdHinpaigndi. sposed al ong the | ength of the conduit, the
second position being spaced apart along the | ength of
the conduit fromthe first position by a distance; (c)

r eceBy.i NYA tnighddi of Sbtethihing e @aié of Sdvgofd flaitl it heondeic dimdmethod
position; (d) receiving the second ultrasonic signha

at CopEising aels °hosi t i on;

(a) transmitting a first ultrasonic signal from a first position disposed along a length of

the conduit;

(b) transmitting a second ultrasonic signal from a second position disposed along the
length of the conduit, the second position being spaced apart along the length of the conduit
from the first position by a distance;

(c) receiving the first ultrasonic signal at the second position;

(d) receiving the second ultrasonic signal at the first position;

(e) determining a speed of propagation of at least one of the first and second ultrasonic
signals in the fluid;

(f) processing only the received first and second ultrasonic signals to determine a
difference in time between receipt of the first ultrasonic signal and receipt of the second
ultrasonic signal; and

(g) calculating the rate of flow of the fluid based upon the speed of propagation
determined in act () and the difference in time between the receipt of the first ultrasonic

signal and the receipt of the second ultrasonic signal determined in act (f).
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(e) determining a speed of propagation of at |east one
of the first and second ultrasonic signals in the

wohmethp4766) processing only the received firstPanas2005/022944

second ultrasonic signals to deternmine a difference in
time between receipt of the first ultrasonic signa

and recei pt of the second ultrasonic signal; and (Qg)
calculating the rate of flowgf the fluid based upon
the speed of propagation deternmined in act (e) and the
difference in tine between the receipt of the first

ul trasonic signal and the receipt of the second

ul t r 83.0oni Thesmgthad oftkédimrifi whetein thezeet (e €QmBides: The met hod
of cl.aim.36 rein.the t C ri :

det eldﬁﬁeﬂl?lﬂlé‘g 3\?‘#15 Fgflsntt}r%en%fﬁ © ?I%tsr')e}tr%sgnlt I%ié%%isof: fyyeen the first and second
ul pas@t@gi ¢ si gnal between the first and second

posi tions; . determ ni a second transit .ti.ne,of the

S ecoflerepiing 8 sriond Spramesiisro Rl eio NETa Rempr iop seoond
pogidtfirgpositieds; cul ati ng the speed of propagation of at

| east one . of the first and second ultrasonic signals .

.t RECHRTE b SEERIOASERTEENG O AT 1645t QR SR Ayrcpng schon pltrasonic

t i gBMIFAGhd N84 BAsed apsmahdBiseRRedoRe rhhdittime3ntd theddnoe between
positions. 38. The nmethod of claim37, further

c otk firs ppdysegerdspositionsreasuri ng a tenperature of the
fluid in the conduit; and adjusting a value of the
di stance between the first and second posjtions based
upon 38he Themethad of daisf37% Rethen aompriping agieolondui t.  39.

The 'Efetamglg%fte alge?é e?@thefffﬁ{cfi $e oRENRL,; Lsd ng acts of:

repeati ng, —at Irst rate of repetition, the acts (f)
and (djpstirgredvaperof i distdncs betpyeruttherrst angd ssgnmd gogitions based upon the

“{e’gée)r?'g{%'t"f% ug@ﬁllrtg‘j:gslq%guiitn act (e) at a second rate of

iont ower than the first rate of
repetition. 40. The nethod of claim 36, further

conpr.i.si ng, act f. .r.e i at .a first.rate of
repetiti o%,he F]ﬁtilogﬁ’f %lalf‘f%?g’ﬁ@‘gf(cﬁﬁpn ot 3?t§ng%i ng whet her
a t engramig)aes okt hfe@f tdpetitibn] the héte (ff anidig);tandhas changed
subsequept to the act (e);.and updating.the s d. of
pro pé’g‘é? l?ﬂlllyd'B%*’é‘rnﬁ%??eSBg?d??fo?Pa%%f“ fiﬁe’?rég%dﬂ §€ﬁ?e)oat g second rate of
defepetiionahdt @ sldwiaithdnhie: firsipR I8 tepettionf the fluid in the
conduit has changed.

40.  The method of claim 36, further comprising acts of:

repeating, at a first rate of repetition, the acts (f) and (g);

determining whether a temperature of the fluid in the conduit has changed subsequent

to the act (e);and
updating the speed of propagation determined in act (¢) in response to a determination

that the temperature of the fluid in the conduit has changed.

41.  The method of claim 36, wherein the act (g) includes an act of
calculating the rate of flow of the fluid based upon the speed of propagation determined in
act (¢), the difference in time between the receipt of the first ultrasonic signal and the
receipt of the second ultrasonic signal determined in act (f), and a cross-sectional area of

the conduit.
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41. The nethod of claim 36, wherein the act (Q)
i ncl udes an act of calculating the rate of flow of the

wobhmethobmsed upon the speed of propagati on det ecmiusems/022944

in act (e), the difference in tine between the receipt
of the first ultrasonic signal and the receipt of the
second ultrasonic signal determned in act (f), and a
cross-sectional area of the conduit.42. The nethod of
claim4l, further conprising acts of: neasuring a
tenpegratu f Ui g Lie @and adjustin
t he g?bssig%%gﬁggg?ﬁéggg’%lh%ﬂgn@g%g%?%s%gsed uLon thg
t enpatreasuning addmpehaurt lofithd fiuid in e cooddtipnd 43, The

h f im36,. i ncl .
cal cffutinegn i e B e RSy DedthoRloue o e i

t hia thpemduief propagati on deternmined in act (e), the
difference in tine between the receipt of the first
ul trasonic signal and the receipt of the second

ul tr agoni Th&mneihal otkediaris medcti(p) iacltiddsfah actaf
cross-sectional area of the conduit

[ , an speci fi L
e g he g of T af o RGP te S92 OFREPRGAIAD detgpmined i
cl &t (@)4Be dffffdnBeh tR MR eh A racHist obfhe fif® aB#AEIHDsighal and the
tenperature of the fluid in the conduit; adjusthgglthe

cr tseiptsa thg ssprnd wirasenie signal deteHiRg i apf{Beticrapoisctiqnal area of the

t epRALALUA G spdeifichRndityWr thelflhid RenEQREAML ; and adj usting
{ hooHauE el gp%éﬁsi?)}!yof the fluid based upon the

tenperature of the fluid in the conduit.
44.  The method of claim 43, further comprising acts of:

measuring a temperature of the fluid in the conduit;

adjusting the cross-sectional area of the conduit based upon the temperature of the fluid

in the conduit; and
adjusting the specific density of the fluid based upon the temperature of the fluid in the

conduit.



