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WD 2007/ 020378 PCT/ GB2006/ 002902 - 1 LOW PONER
ULTRASONI C FLOW MEASUREMENT  FI ELD OF THE | NVENTI ON The
present invention relates to a nethod of ultrasonic 5

fl ow measurenment for neasuring a flow speed of a fluid
Wb 2807/epRglui t, and to an ultrasonic flow met efei@k2006/002902
nmeasuring a fIOM/speed of a fluid in a conduit

BACKGROUND OF THE | NVENTION 10 U trasonic fIOM/neters

are well known and generatl¥y -fall into two categori es,
namely transit time ultrasonic flow neters and Doppl er
ultrasonic flow neters. Figure 1 illustrates the

oper ati on dGOW RGWER AILTIRASONIC FLOWMEASUREBMEANT f| ow
meter for measuring the flow of a fluid 15 through a
pi pe 10. A direction of flow of the fluid is shown by
BIRIOWVOK. THEeINVEN@SONI ¢ fl ow neter enploys a pair of

ultrasoni ¢ transducers, 12 and 14 attached to an

ext erif® PTEERPPRCANTBNBIOR Heelfitse 6. aThethedneluskraspnic
sy %a@h%em@h@cﬁgroﬁe%@%é & $10GS oBbelihgrPhPEIIE &0 &
di stance L apart, 20 wth the first transducer 12 in an
epsividamepdstri an whtrasenisddend meLgnsfoteneaguring a

oSl T gq§§ downstream f | ow
neaséﬁgﬁgg?g 3 g%&%ét%ﬁan1 u‘?ﬁasonlc signal Yis

emtted fron1the upstrean1transducer 12 towards the

at an angle 0 to the 25

Fansit tine td for the

dovvn S.lﬂt&&ﬁbn&bg ﬂawaméﬂef@GeCﬁb twed 1dawbwhr eaM eaasshoer
14 is nmeasured. Simlarly, to make an upstream fl ow

fakls dréRe ko SALBESTTEEm RATSAs SFraedFghame Ul ErasrRted
Fiomiidie rdounat beppl el aDSAUMSL L F1bQVREHa - Ehe upstream

transducer 12 at an angle 30 Bto the direction of
f | owB{guxet fapdlustirabes "theroparatdest pam Sypharl Lransit

£EAC LG SHRTE" 830U RBPEFUES, mbchtindPRAY" €8ow of a fluid

through a pipe 10. A direction of flow of the fluid is

shown by arrow X. The ultrasonic flow meter employs a pair
of ultrasonic transducers 12 and 14 attached to an external
surface 16 of the pipe 10. The trangducers 12 and 14 are
placed on opposite sides of the pipe 10 a distance L apart,
with the first transducer 12 in an upstream position and the
second transducer 14 in a downstream position.

To make a downstream flow measurement, a downstream
ultraeonic signal Y is emitted from the upstream transducer
12 towards the downstream traneducer 14 at an angle & to the
direction of flow X. A transit time t4 for the downstream
signal Y to reach the downstream transducer 14 is measured.

Similarly, to make an upstream flow measurement, an
upstream ultrasonic signal Z is emitted from the downstream
transducer 14 towards the upstream transducer 12 at an angle
£ to the direction of flow X. A transit time t, for the
upstream signal Z to reach the upstream transducer 12 is

measured.
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t" and td are given by: L c+vcosB (1) L td _ c-vcosB
(2) where c is the speed of sound in the fluid and v
zb(ﬂﬁu.fzhé)w 5 speed. Atransit tinme differengg/éi2005002902
en given by: 4t=t -td 2vLcos9 (3) " C2 - v2 CGs29
Lbually the speed of sound is much |arger than the flow
speed (i.e. vccc). For exanple, pure water at 20C has a
sound speed of 1482 ns-1 as conpared to a typical flow
speed 10 of 0.01 to 4 ns-1. Therefore, Equation (4)
appr Ghemgrassib: tipes 24l asnds tB g Hivem &¥& va 2LcosB
(5) Furthernnri the speed of sound nay be cal cul at ed
froman average—of the upstream and downstream transii)
times t" andc+p®0§@: +td Lc L 2 c2-v2cos2B~c (6) => cz
, (7) to, Thus, substituting Equation (7) into
Equat i on @5?——%&9—#Iow speed may be cal cul ated from (2}
the measured R8Pt times as 20 follows: List v' (8)

where ¢ is the speed of sound in the fluid and v is the flow

speed. A transit time difference At is then given by:

2vLcos@
= a3 {3}

At=t —t
2 ylcostl

Usually the speed of sound is much larger than the flow

speed (i.e. v<<c). For example, pure water at 20°C has a

-1

sound speed of 1482 ms™ as compared to a typical flow speed

of 0.01 to 4 ms™, Therefore, Equation (4) approximates to:

AINZVLCZOSQ (4)
C
2
o c Al (5)
2Lcos8

Furthermore, the speed of sound may be calculated from an
average of the upstream and downstream transit times t, and
ta:

_Ltl Le
« 2 e —v? cos® 6 ¢

ih

(6)

= cm— ) (7)

Thua, substituting Equation (7} into Equation (5), the flow
speed may be calculated from the measured transit times as
follows:

LA:
varf,cosG (8)

Ultrasonic flow meters can be implemented in many ways.
Most commonly they are used in industrial applications where
alternative measurement technologies cannot be used or where

high performance is required. However, such industrial
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2ocos B U trasonic flow neters can be inplenented in
many ways. Mbst commonly they are used in industrial
applications where alternative neasuremnent

\589{%85@% es cannot be used or where 25 hi gh perygBagos02902
pertormance i s required. However, such industri a(f

2007/ 020378 PCT/ GB2006/ 002902 3 ultrasonic fl ow

neters are not suitable for3high volunme production or
consuner markets due to their physical constraints,
power consunption or cost of manufacture. The object of
dlltirasionientilonw metérs auer crte stiiéableofist riai gt svcn]fume

i ndustr.ial ultrasonic fl rretersa r ovj

SR 2y oty PARTTRT bt crer FBnF he s BRrAEEL {hat
B tAHRENBES PbweBVepipt ildh RAT tbed! 8f , mddufsctlesd red
to provide a system which can operate froma battery

for dfe ehieetyedhrShhdentEemmifuFacPYREPER iy
¥ vt SMARYG BT MENELNGAR S0 Chibedd 2nd 15!

aspect of the present invention, there Is provided a
nrovige of mgkhedsand csy¥dam r@ayllrt@nenmcfﬁlomun’ﬁgn@t

|_Qw spe U ondui e
it e tar Bt b Aoy el et G el e desirea
0 prioivd ideg aas s teo prloias stan opetlatekfranda sopaterpffor up
ul trasonic trgnsducers %ﬂag e to %ransmt si gnal s
thriGudiFarenanf 62 Bnd™ g fhelP¥areitted
signals; switching the uItrasonlc flow neter froma

assive state to an active' 20 state at tine intervals
mYp@FhWEhEWEﬂTWNan amount of power used by the
ul tr g LhEOYO B! £Lzd i 4 d%a%%' ¥ReShELSenl Ol LA,
than an amou power us rasoni c ow
tietey iisn prowidedi gemsthndg; Oﬂoexlfta'ramngcaﬁlqmma@mment

ow nmeasurenent. ¢ chi,ng_t he uI SO
roNTs g & Fafd esd i & et s Ehethalff fare
dtHeRl fceimpedshigg: prov1d1ng an ultrasonic flow meter

comprising a microprocessor, a clock, and a pair of
ultrasonic transducers operable to transmit signals through
the fluid and to receive the transmitted signals; switching
the ultrasonic flow meter from a passive state to an active
gstate at time intervals measured by the clock, an amount of
power usged by the ultrasonic flow meter in the passive state
being less than an amount of power used by the ultrasonic
flow meter in the active state; performing an ultrasonic
flow measurement cycle; and switching the ultrasonic flow
meter from the active state to the passive state following
completion of an ultrascnic flow measurement cycle.
According to a second aspect of the present invention,
there is provided an ultrasonic flow meter for measuring a
flow speed of a fluid in a conduit, the ultrasonic flow
meter having an active state in which ultrasonic flow
measurement cycles are performed and a pagsive state, the

ultrasonic flow meter comprising: a pair of ultrasonic
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conpl etion of an ultrasonic flow nmeasurenent cycle.
According to a second aspect of the present invention,
there is provided an ultrasonic flow neter for
WRpfbfesa flow speed of a fluid in a condupérGhifenczse:
ultrasonic flow 30 neter having an active state in

which ultrasonic flow neasurenent cycles are perforned
and a passive state, the ~utrasonic flow neter
conprising: a pair of ultrasonic WO 2007/ 020378

PCT/ GB2006/ 002902 4 transducers operable to transmt
tsiageduserhr opghabhe o wimhnsaid sdgnatei verolgh the fluid

P ArECE RV EnE Aot TR GiheE GROTALS: uFBY bbby

tRinsduaadsi Bamﬁgabb@ramlé he: pagshveistabeat® & aiack
Qperable in_both the active and Easswe states of the
‘{Httrr"“&@%?cfF-PU\A}“ﬁ'é?Eran‘%\r?dm&’ema? 8p?‘60%§§oﬁ’a%’e‘f%kﬂt@tted a

SWAKC Bkt LASEALE ROWITBER! & BEOPEEBEV@%@&/@S Hltde
to the active state at tine intervals nmeasured by the

wWitggieonichélawcnepebrextbra MicrRPrOBERAQY opRe B ke i@
St LEn th@ H%Qr%&ﬁ&’i‘é"f‘i fde%f‘@!xmﬂs{fn EEQ%%E;{@Q& ece to
t he n 10

state assive s | T'ow n of
trlet laa'scmecsthow a‘easLmemmtterva)lel epaanredoiont tlof qimnﬂcr

ed.by the ultras neter _in.the passiv tate
s i S ebeorRaRoh, araret T iGo cRraghe o et e i
Hitdagonie Eho& mkber PFeseHhd RAVEREOBLREOVEEEShd p@éﬁ.@;@
and apparatus for | ow power ultrasonic flow

Shedsufere RMWiRAI ERAP LRI O, agsud trasarier B ek Be3gugpmENt
cé%q%d aRdadibhaet b?g}?&freﬁ uddd! tb? ‘tﬂeauWPQHbﬁJrc afhy Geter

tern ne periods [ow i'n urd flow neter
igy thet pperpivdsstate lgasng Ilowsnrahen azoaﬁqumhecpfrmceqen hesed
pr esent . [ Layent kog enabl es statistical analysis to

nprove accura y and performance, and provides
cont Ihueys ther peesent forerthianggsolviidéb ua dmytlsed saridy

and_temperatyre. FPurthermre. ihe present imvention .
enables a user to determine a flow speed and direction of a
fluid in a conduit, and to determine periods of gas flow in
a liquid flow meter or wet periods in a gas flow meter.
Furthermcore, the present invention enables statistical
analysis to improve accuracy and performance, and provides
continuous correction for changes in fluid viscosity and
temperature. Furthermore, the present invention enables
automatic gelf-testing of the ultrasonic flow meter, as well
as automatic calibration, self checking and correction for
drift in circuit components.

Other preferred features of the pregent invention are

set out in the appended claims.
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automatic self-testing of the ultrasonic flow neter, as
well 25 as automatic calibration, self checking and
correction for drift in circuit conmponents. O her
wiefoerseshsf eat ures of the present invention aper/cB85u6/002902
out in the appended clains. 30 WO 2007/ 020378

PCT/ GB2006/ 002902 5 BRI EF DESCRI PTI ON OF THE DRAW NGS

An enbodi nent of the presert -invention will now be
descri bed by way of exanple with reference to the
acconpanying drawings in which: 5 Figure 1 illustrates

BRIEFODESCRIBTIQN QF {(THH CRAWINGAsit tine ultrasonic
flow nmeter for asuring the flowof a fluid. through a
ol pePRre Bt S SR RERERT CHPCTUTAOR (Uit ot b
ddstbi-35881 By Wd PV Ml @imAGC @i dhNPe f Orace wdinent  of
the present 10 invention; Figure 3 shows the tim ngs of

aFSOTPBRY HRg (A¥3wkgd dn Mhd®breasur enent cycle; and

A 9U§F§uéé‘ Anph Al Showd rt?"%s%éi*ggi@rﬂdof eLaiuid S gRahsic
as welT as an output signa om a phase corparator. 15
tDEEALL EBr SFISCRI PRivOhede rA feRERERRED R)/BAE NENW Kifgar 61214
hSBogchenntic representation of an ultrasonic flow
PEPSFT2D RERoH di ng to an enbodi nent of the present

I nverigoe This W tdcisamitd o reprageéetat?omeyf ka udedakonic
fﬁo nmeasur i n(g %(_Iéjow rate of a fluid i '%lconduit. The

Oy BEBRAT cAFFRARA 7° A5 CORPALEERE 2°F dWip duersent
ifvenepeReessor 22 which has an internal clock 24. The

internal clock circuit uses an external |ow frequency
crysFagusecl | skews the dnisuimngsseibPar yobvat wlitasongc

flow measurement cycle; and

Figures 4a and 4b show transmitted and received signals

as well as an output signal from a phase comparator.

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT

Figure 2 is a schematic representation of an ultrasonic
flow meter 20 according to an embodiment of the present
invention. The ultrasonic flow meter 20 may be used for
measuring a flow rate of a fluid in a conduit.

The ultrasonic flow meter 20 comprises a low power
microprocessor 22 which has an internal clock 24. The
internal clock circuit uses an external low frequency
crystal oscillator to ensure stability over time and
temperature, a 32kHz watch crystal is typically used. 1In
alternative embodiments, the clock 24 need not be internal
to the microprocessor. The ultrasonic flow meter further
comprises a fast clock 26, a clock divider 28, a phase
shifter 30, an array of ultrasonic transducers 32, a gate
34, an amplifier 36, a comparator 37, a counter 38, a phase
comparator 40, a current source 42, a capacitor 44, and a

reading device 46. The microprocessor 22 is the heart of
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25 tenperature, a 32kHz watch crystal is typically

used. In alternative enbodi nents, the clock 24 need

not be internal to the mcroprocessor. The ultrasonic
Woowoebses further conprises a fast cl ock 26pcpggbd@€lozooz
di vider 28, a phase shifter 30, an array of ultrasonic
transducers 32, a gate 30 34, an anplifier 36, a
conparator 37, a counter 88 -a phase conparator 40, a
current source 42, a capacitor 44, and a reading

device 46. The m croprocessor 22 is the heart of WO
tﬁ@OE&@E@ﬁ?&@C&drﬁﬁZﬂ%/&&Z&&&ing 6f alke tsbestmianm steps

| s, the tj f all th t
S8 FPROBF Lo A FIECBEOCRRE. m B (et g™

2i2s ikhenetef6rdi deddplyorlod Adidheett Yy Cosmesdtdd o allll of
the ultrasonic flow neter conponents nentioned above. 5

thge udtragonic uﬂ%wﬂ%— tGOFReaaRESs smeptianad BhyEd as
in t&«ﬁepawé L&fpagd}ﬁtc EE%HEQH%;@{& 1) {dheAdReBas
SI gnal s

can transm t hr oug and receive the
1tnr ghenpried @rtgrmtsh thed a;rrlaaydage;:@nm i B anrdwedd can

Berd® L1 glatd (300N LADINGCTSa £RCHPRIdd gt her

res ec r aNSTt Ter-Tecel ver pair.
tli’raafgeuiabéa sia@mi\let I ar‘u&@@&:rrayn 312 heo@_:‘)ti‘:tsém)atr €l ate omed
transmt uI trasonic nal s. ver, is.also
P&¥i 95—?98?1 Fﬂ%?n’s‘"epta’f%ﬂ Cﬁré‘ns&a r%ah’éyt%e?}ecﬁnfd’éﬂ‘lng a

xfe@'pebhﬁvéf@F&Hérﬁiﬁtr&ﬁ};@:el&:%(iebﬁhﬁg f iRt d 151y Addh
the prior art, a transducer pair 15 may be afflxed on

tEPPESIEEr siHeshe fPHIT evaermeseiver pad et HANSTHe ttldrmqnlc
S lgfgn ne LEGLSLHCEf: i} %é@%&b@@%@&%}%@%éﬁ&ka

ucer I'n a downstream posi a pair
tasisdearr a nuay ove spreaddd afrum thei heamsasr e retrsd Wi I I

bl | d of th d  he duj t
e REel Erat IR Ay T hs PR FEC: At ek pair
nEY bae a fEPRBECHE Copsod it Hide@PbBCLASOktS¥na] ds@rface of

nmul ti plexer that allows any transducer to be connected
the SopdyhAEni vikhk ¢fpe transducer in an upstream position and

one transducer in a downstream position. Thus, a pair of
upstream and downstream transit time measurements will
enable a flow speed of the fluid in the conduit to be
calculated. The array of ultrascnic transducers 32 may be
connected to the microprocessor 32 via a multiplexer that
allows any transducer to be connected to a transmitter or
recelver circuit at any time in any combination.

In use, the ultrasonic flow meter 20 has two operating
states: an active state in which ultrasonic flow measurement
cycles are performed, and a passive state. The ultrasonic
flow meter uses very little power in the passive state such
that an amount of power used by the ultrasonic flow meter in
the passive state is less than an amount of power used in
the active state. Preferably, an amount of power used by
the ultrasonic flow meter in the passive state is at least

one order of magnitude less than an amount of power used in
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receiver circuit at any tinme in any conbination. In
use, the ultrasonic flow neter 20 has two operating 25
states: an active state in which ultrasonic flow

wsueieet cycles are perfornmed, and a passpgBioaéeuen?
The ultrasonic flow neter uses very little power in

the passive state such that an anount of power used by
the ultrasonic flow neter-i’h - the passive state is |ess
t han an anmount of power used in 30 the active state.
Preferably, an amount of power used by the ultrasonic
thieowctéver statehe Newssipre ferabdyi sant aheurt obmowsiased

f ' S anmou 0 i
S5O D b B O it 08 TheCprlolet 48 e W
Idaee pwef erdbly, o AmMmadgmitnideofl epewehansen amyuritheof power
ultrasonjic flow neter in the passive iL%\te is at Ieafst

shab

USRE dPdERS BFUHEGNTtRde | d9Fet RART urt® A" PBke P

pesee uBetihByaehe Vel sfaichi MewpPreterabhyehapas®iud ffate
power used by the ultrasonic flow neter in the

5
1sagdi deastatbree soxdere oft magndsugedeess ofhamgit tarpaint of
ﬂﬁ%i» ,aan ap eﬂgugé% e d10Mer used in the active state.

0

r-amjority of the time, the ultrasonic flow neter
20 i §ornat hwejpassy vef dthe e ime , withehulbrasosi c ofippnerter
O.(including. the fast clack_26,.anplifier_ 36, and the
248 g thevPeries Tk deoiParealReions ot
(Singnaldihgorhkh€astl €164 GBS eRipl22ieThese aed i K reading

conponents_are preferabl chosen such_that they_ draw
deziye AP | Bavar PesR chﬂdsgm 8d91iTRRIF nE IR} TPk iEhe

matropRdcaksbkt 88, | OV QWRSariRugl sohBblehifs &Rd iop‘{z.eeﬁl‘ébly
passive states of the ultrasonic flow neter 20. At
ahiosen suehy §het Tthey hirdawitvaryall iskdek courerp dehern

d'ti%ta%ﬁ.’é&l?t %hgni‘hté&%f‘e%fﬂc‘i{ aR' %%EPSSE PO & clvyé.fqg.n
€ Interrupt srgnal” at"tinmetI, tThé mcroprocessor 2
il ches a2@itvvbeandt pasoinie Stlabwsnefeth@0ulcoasdiie £low

“%%Séij \é%.st ate to the

At time intervals T1, the internal clock 24 sends an
interrupt signal to the microprocessor 22. On receiving the
interrupt signal at time t;, the microprocessor 22 switches
the ultrasonic flow meter 20 from the passive state toc the
active state to perform an ultrasonic flow measurement
cycle.

As shown in Figure 3, at the start of the ultrasonic
flow measurement cycle, the microprocessor 22 sends an
enable signal S1 to the fast clock 26 at time t;. On
receiving the enable signal S1 at time t;, the fast clock 26
starts to output a fast clock signal 82 having a frequency
and period of the fast clock 26. The frequency of the fast
clock 26 is higher than a resonant frequency of the
transducers in the array 32.

There is then a stabilisation delay T2 to allow the

microprocessor 22 and the fagt clock 26 to stabilise.
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active state to performan ultrasonic flow neasurenent
cycle. As shown in Figure 3, at the start of the
ultrasonic flow nmeasurenent cycle, the m croprocessor

RO nemndssan 25 enable signal Si to the fast chEOGERRR6/RER02
time tl. On receiving the enable signal Si at tinme t1,

the fast clock 26 starts to output a fast clock signal
S2 having a frequency armd &eriod of the fast clock 26.
The frequency of the fast clock 26 is higher than a
resonant frequency of the 30 transducers in the array
rzefeTakl e, i he heihcroptansissiosal? oandetky st clddkowst he

eFbob B S Castosronsobs Sae Bet ) Eeueienan

amtgpopabcesyatamomﬂllahcbrf ashreL@pkpéﬁlodstcaﬂ tbetﬁ\rdeﬁSSOO
han .10 ps, which |51}cons rabl %ter t han

mlsyﬁf‘@aiwc?ystléft%’éctr q &t tlﬁf“l: ot 36 il of tﬂ'&v\een

mi@@opPBcahfoR025. séidLra Iheast abgﬁais ab s o sty pi2 thhe
5 m croprocessor 22 sends a clear signal S3 clocked by

feré clagk 2fockT®. clmpr @iearlsFgnars S8 mumber minedLests

&f tegpbsy,at tine t2. Firstly, the mcroprocessor clear
Si gnal resets and activates the clock divider 28 at
t| rreFtlﬁstll'husi;he hreictarpiocesBodi vidaer 2Bysahr$s nempets and

ta ‘g%ﬁ@ﬁg%allﬂs‘? fglrég ge fat cI cgdtghatci

ddede d@v\ﬁtahemwtabﬁlgnah $Apas éﬂgﬁanrsztﬂonprt@w dast
1 gital outgut si gnal at the (lower) resong

cflPéliuéﬁc?to'Fh hEagt Tk EreananEKs af peyokock HVider 28

2e2600d! Hivide HL&hOPEOGERRRr s¢HRAT 8b 95.@' t§3sﬂae§tett% and
activates the phase shifter 307at tine .

H@’@thd@uaadlgltﬁb Phemi stighalof4t ak msél@wﬂ)t gesymans
13 8buERCE 0P (ALY LG PR SRRy O L e Cl OCk

i S passe
Secondly, the microprocessor clear signal 83 resets and

activates the phase shifter 30 at time t,. 1In particular,
the phase shift of the phase shifter 30 is set to zero, and
the output signal 5S4 of the clock divider 28 is passed
through the phase shifter 30 to the transducer array 32.
Since the phase shift is zero, it will be appreciated that
the phase shifter 30 is only optional at this stage.
Instead, at time t;, the output signal 5S4 of the clock
divider 28 could be passed directly to the transducer array
32.

Thirdly, at time tz, the microprocessor 22 enables a
transmitting transducer in the array 32 to transmit the
signal S4 received from the phase shifter 30 to its
corresponding receiving transducer. The gignal 54 is
transmitted at the transducer frequency. Optionally,
multiple pairs of transducers may be in use depending on the

application. Thus, the transmitted signal S4 may be
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t hrough the phase shifter 30 to the transducer array
32. 20 Since the phase shift is zero, it will be
appreci ated that the phase shifter 30 is only optiona

o 200hio%03%d age. I nstead, at tinme t2, the out patr/cE2008m02902
S4 of the clock divider 28 could be passed directly to
the transducer array 32. 25 Thirdly, at tinme t2, the

m croprocessor 22 enabl es 4 transmtting transducer in
the array 32 to transmt the signal S4 received from

t he phase shifter 30 to its correspondin ecei vi ng

st puhsaneeys 1 THer afiagidlt ed4 bysmore gldh 130 gtaﬁanﬁﬁrel tting

tYadlds ygfrlﬁrggﬂﬁqﬁ*ﬂJggklgﬂglIy, 30 nultiple pairs of

ransducers e 'I'n "use depéndi ng on the
appl Fiadl by, EIItEusnl diupriocessort ¢ belhsi gigrialSAShmededs\Wand

007/020378 P 006/ 0Q2902 9 _ sinult eo sl
PaRENERS P Tor s tHrad ORe cer ad g BParbauEgrter
3i8N i§0EcaRed | BptilnsEadd rabky, 26 he n1croprocessor cl ear

signal S3 resets and,6K starts the counter, 38 at tinme t2
A coliht tEBe of st ffBec BRRTEPTOCREIPY 229688 2 PioRalt katthe

tela%huéér Ardy M 13, ddISiBLEEOPLORSREM 1 A2 SENYR @ignal

signal to the ~ transducer array 32 to term nate
5t4r bsbhe st omnafi tthiewss itgrealsdugdrby Thies i rtdrs mltatnsmgtted

BRRL Y har R st A S oo AR, R0kl T

fdnﬁabldﬂr531¢ﬁ T&ﬂxnndﬁkﬂmlbyeﬂhbyntmécm&@mnpmﬁnesymﬁwsuch

at is shorter than a ,m. ni mum ex ed transit, ti
tﬁi‘ra f‘ﬁelgl%‘?ﬁ & Fhathé REATHN $FR ‘i‘?‘inn%‘%ﬂfb%‘rt ttd™ene

tlh%CQh&Ig;hQB FHEANSHRI OFansRi@tihY Peifs@udde td anfdriddedving
S4 is due to 15 arrive at the receiving

tﬁﬁéﬁéﬁG@ér based on the fastest fluid sound speed
expegh gy 1 d\th@ef‘&fé %ﬁ{égﬁ%%%l@@eéeé‘{j%é‘l §4 931 36 O

t he transducer array to activate
arrive at the receiving transducer based on the fastest

fluid sound speed expected, the microprocessor 22 sends a
signai S6 to the transducer array 32 to activate the
receiving transducer. Signal S6 is simultaneously sent from
the microprocessor 22 to the amplifier 36 in order to
activate the amplifier 36 at this time.

The received signal S7 is made up of an initial part
comprising spurious signals S8 and a later part comprising a
received version 59 of the transmitted signal S4 at the
transducer frequency. The received signal S7 ig passed to
an amplifier 36. The amplifier 36 includes a filter (not
shown) which allows only signals at the transducer freguency
to pass. This filtered signal is then amplified by the
ampliZfier 36 to produce an amplified signal. The amplifier
36 is designed to operate over a wide range of signal levels
while preserving the correct phase and fregquency of the

incoming signal S9.
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receiving transducer. Signal S6 is sinmultaneously sent
from the mcroprocessor 22 to the anplifier 36 in
order to 20 activate the anplifier 36 at this time. The

W& SR MAgssi gnal S7 is made up of an initial perigB2006/002902
conpri sing spurious signals S8 and a |ater part

conprising a received version S9 of the transmtted
signal S4 at the transducéP frequency. The received
signal S7 is passed to 25 an anplifier 36. The

anplifier 36 includes a filter (not shown) which

al | o(&‘beoapvrm%aisgrmlst %8 arenddecte powapierdyip tthe
ass. Th| filt naI is_then amp d t .
% VFt e? %ntoef e(‘)ra"%f €4dn lgonQ S|égr$16a l%qee dfirious

s&@'ﬂhﬂﬁl g8, Sife |15eccéasxa:m@dghalomerp$§s@a/eih:aowgrdea Ange 34
of signal Ievels 30 while reseriggg t he correct phase

35RETT PEYDBMRTSHID HEFOUIKC RPN G YhEFT S - wWOhe gate 34
a¢@@7469203431 B /KPP A9%p 12 é@nﬂ@ef&m&cﬁﬂfto

signals S8 are due to powering up the ~receiver chain.
PTREEBE 0BRINRE RS raIElY tid tdfpvecCehBingueyors [xagydigasging

tﬁm‘éa%ﬁ%@%ﬁg signal | d%@cs%ﬁg ;:Bﬁﬁ’i‘%géfrgﬂ{ee 34 after

being passed through the anmplifier he gate 34 S
nacu:spascasswtzih, bgheugat@ a4sunblibigatthr@ annnmalorpatrm of

Pl GREFARGY B TRt U TR SERHCTU R oD B 34

isheimpier Qﬂr&ﬁ;ﬁB:BﬂredZXreﬂsﬁengaEesBénaIlhsbl {thd h&eceived
initial partf of the received gnal S7, and the signal
VEEEReR BE the st test |S§9§iai'p ¢'an anplified version

of sitfRalmsPi£1de SRR \Wdnalekibods oxﬁei@?atgﬁ@mﬂzfo%gh a
signal $S4). The anpllfl ed gated sig IS next

ceapesatonr ugke aprczcbmyaraatd@s;lgaltuerpﬁsbmm%lh afi dileal
o455 3e00eHotl 86, 200 S0 BBl 00T Ll
nnabew. ofi waysy, ad hiesirgitied belgwal Sll |s used to stop
the Firstly, the digital signal 511 is used to stop the
counter 38. In particular, the first edge (rising or
falling) of the digital signal S11 stopes the counter 38 at
time t4. Thus, the counter 38 provides a measurement of the
transit time of the transmitted signal 54 between the
transmitting and receiving transducers. Since the counter
38 i8 clocked by the fast clock 26, the counter 38 measures
the transit time to the nearest fast clock period. The
measured transit time T4 is given by T4=t,;-t;.

In addition, the digital signal 511 is used as one of
the inpute into the phase comparator 40. The other input
into the phase comparator 40 is a non-terminated reference
version of the digital transmitted signal S4. As shown in
Figure 4, the phase comparator 40 acts to compare the phases

of the two input signals S4 and S11 so as to provide a

pulsing output signal S512.
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counter 38. In particular, the first edge (rising or
falling) of the digital signal S11 stops the counter 38
at time t4. Thus, the counter 38 provides a

wEanvhRIRNt of the 20 transit time of the trapgge2bRMo2902
signal S4 between the transmtting and receiving

transducers. Since the counter 38 is clocked by the
fast clock 26, the counterlB8 neasures the transit

time to the nearest fast clock period. The neasured
transit time T4 is given by T4=t4-t2 25 In addition,

t he Hogking % grigfur®l2.i 8 pbade adibirreyice thegviesputbe

in e ph omarat or. 40, The 0 ] t.__.RtQ_the
cAnSul EEaB RRT SRV Bigire o A DR bl 0
Figuse0pa pf ahdiei dlilgiriqelr GhaRsgutéedbsi g vl siAgy shapnt
I, N igqure 4, the phase . conparator, 40 acts to conpare
SHIER e o A e e e
tkAnBhovE 88 é‘i%rpem 410 a0ut BHE 181 gRad Sleind\Br23R3110283€8ge

PCT/ GB2006/ 002902 - 11 gooking at Figure 4, a %hase
ofi therdhabtabt (kraeived) siandhi bléd dhdPulaseiwiegh w of

g o Cval L LD ELg .
PEPRR oLk SRR et Write b B Bppn ene
phasesdbfif erences rigetovechalthendigiigel of rafmmidittsict slighal S4

trapsmtted sjgpal 4 nd.falls a.ising.or falling
abfgeR st ghedh P sestiealcfioBa) “offna il U qodse
widlghhwwi o smi heepulrs irigueet pat and ghadtged 21y aFiiesrel Rb.
dependence upon ng pgﬁse di fference between the

di gi LBl 2t PEREAF R FrboghEens, (ngh shewn fryifigure 4), the

pli18¢85VEHInsl 068 Rhla Fhvet LierpubSee 10 M dHdasdliretent
smaller in Figure 4a and larger in Figure 4b. In a

ipr ererted bavediomrmhe xdsisgosAgen ¢f gihe afgnalge S¢ and
sRy! SLng ehana! f<§12tl'fe°rn§§ckt;.f h&gkagbﬁ{]@SHw rﬁéef?agﬁremen%:, the
ges o

medsurenment 'i's create ased on the rising e S
pufeisggaagsabiSuhdis Sreataddbabed, ohorhe hEallexig edges of

cHe ERERRLE DL SR, phisad P L0 Sl
rising and falling edges allows the cancellation of effects
caused by any slight changes in the shape, quality or
frequency of the received signal 59, whereas there is the
possibility of an offset error if only one edge is used.

The pulsing signal S$12 is used to gate the current
source 42 which provides a constant current with which to
charge the capacitor 44. As the capacitor 44 is charged, a
voltage S13 builds up on the capacitor 44. The voltage §13
is related to the phase difference between the two signals
54 and 8§11,

At time t5;, the microprocessor 22 deactivates the
transducers in the array 32. Similarly, all of the other
componente (except the internal clock 24, the capacitor 44
and the reading device 46) are deactivated by the

microprocessor 22 at this time.
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the signals S4 and 911. This approach of using

alternate rising and falling edges allows the
cancel l ati on of effects caused by any slight changes

w0 2dm@hape, quality or frequency of the reamEieEm6/002902
signal S9, whereas there is the 20 possibility of an
offset error if only one edge is used. The pul sing
signal S12 is used to garelghé current source 42 which
provides a constant current with which to charge the
capacitor 44. As the capacitor 44 is charged, a

vol t Afees1BhpurrpaCifPOt4 hascipaéried 2Rarghg vdheage

' a LWEf t
Piastrgkapiskfinl e sasathy QL70e beveandd one
2d tdgect | Theeseatitng tdanissudér maynbehanaanalo@e-to-

im | arl al | of other _co nent s xcept. t he
FilsplartorBrkeS, AOQ BT ae 8rRARE5E apE iy Hives =
Wiy GegAbreabiutean themiadnytt BE tHeCUrODtagesSeiicl? iat
this time. W 2007/ 020378 PCT/ GB2006/ 002902 - 12
Tlesed he ERpaRReBR A IREENCENi shed charging, the

M crepr gaeshet inptowctihd hdakeadhigr dayheerdfedo read
the voltage. The readi ng device 46 may be an

tavhindgue- €escyihpd atb@hy éx extraneaggchhabt scars s ¢t

. i i SR j s t] f

RTual BydatiTistiny VY fHaBd BE0PhY LOnBRASS Binal!

Sko f (hhiibeextrpr phase hehipade dbifrbdoneaduben@nphase shifter
echnique,descri bed above, an.extra phase shif an be

(i G, BERPEeL FHE TS ias o P ipRaL; PAneH TR L qnte the

fHa@RalkokBaPdtoFhi s, extia jdeasersbhit estiratpesheasthift ds

phase shifter (not shown) before the transmtted
tq Fowghdy pdipgl FhePhare shidseseShphhat obhete fhe phase

A R L e R S L
diffferenrat eby z280 . at Ty andfdrewthher eatheepbhafbow, the
measured voltage is approximately in the centre of the
voltage range that could be produced by charging the
capacitor. As the flow increases, the voltage obtained in
one flow direction will increase, and the voltage obtained
in the other flow direction will decrease by roughly the
same amount. Based on the expected flow rates, the sgystem

is designed such that the phase difference measurements stay

away from 0° and 360° to avoid wrap-around problems.

Once the voltage has been read, the capacitor 44 is
discharged at time t4;. The reading device 46 is also shut
down at this time. All of the other components (except the
micfoprocessor 22 and the internal clock 24) have been shut
down previously. The microprocessor continues to operate
for a short period to carry out mathematical functions using
the measured wvalues. In particular, the voltage measurement

and the counter transit time measurement are then combined
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15 difference is zero. This neans that, at zero flow,
the neasured voltage is approximately in the centre of
the voltage range that could be produced by charging

wheoremeaci tor. As the flow increases, the velkirano6002902
obtained in one flowdirection will increase, and the

vol tage obtained 20 in the_other flow direction wll
decrease by roughly the “sdfe " anount. Based on the
expected flow rates, the system is designed such that
the phase difference neasurenents stay away from 00
tangize0at BOBE A YFaR Megshdepenbl efsthearigndle trainsdge
been read, the capacitor 44 is 25 discharged at
time t6. The reading device 46 is also shut down at
t hi s Thiigecowpletds tdre: otdamurenaponeniswéeaxce s tdescribed

gy 2 d the | _clock 24) h b
B S BRI ST 6P Bhr B BELh O B e T

GRELPEErehRr méa Sidrie e dndd al BoRakt Ye St médd eddrtgalis
functigns using 30 the neasured values, In particul ar,

ne@liysa: hgednesstingeite tAqY ERESEount EFUES sh9tly ishews

tIRASYEEEALa Sl Berkdle) GOMDIHAGE WO ROOLAP2R31Es.  However,
PCT/ GB2006/ 002902 - 13 +{o0 give a nore accurate

Irewdddehenapprecinted gidt thensecondi measargmenfomarebes
a , cribed . | .
B8 RO SHESLERL 1l BRI ol 08501 PR Tend TedBiving ang
tramsung st 1 Bg Nt nEEsduansn tswapged dovnsdr eam neasur enent )
is required to determne the fl ow speed, Fjqgure, . nl
Chond STERES PR Gt e RE PabT 1Rty it S0
diaeuar acchitaté | tedel B deisabed .t hah §oges£LONthe short
measur enent can be nade in substantially the same wa

YA ot haMPeRRA VY RERPENAR OfaR3AFEEIRY IR RIS Pubbles
VRPREF 8 QUREan R & THUR 4 o8 1 8L 1 0h £ FBAS US £ TTRF v iRAYS

is unlikely to give an accurate result on its own. In
nparergmert Ael s hoequisshpire crider Sadf L heepr eserrrctofand
é§HHit%£e§egﬂfégrtéuéi&%ﬂggéﬁiacy and a usable output.
Typically a measurement will be averaged with previous ones
to damp out changes. In addition, a measurement that
differs gignificantly from those around it will be rejected,
as will a measurement where the received signal differs in
timing or amplitude from those around it. In practise this
results in a very stable average even when the input
conditions are not ideal.

Once the required readings have been taken and the
microprocegsor has performed the required mathematical
functions, an ultrasonic flow measurement cycle is complete.
Therefore, the microprocesscr 20 switches the ultrasonic
flow meter 20 from the active state to the low power passive
state.

Preferably, a period of time T6 taken to complete an
ultrasonic flow measurement cycle is less than half of the

time interval T1. Therefore, the ultrasonic flow meter is
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in the fluid mean that a statistical history of
previ ous 15 neasurenents is required in order to
filter, correct and danp the results to give accuracy

v shoRorsmbl e output. Typically a nmeasur enmenteciwids2008802902
averaged with previous ones to danp out changes. In

addition, a neasurenent that differs significantly
fromthose around it will Bé rejected, 20 as will a
measur enent where the received signal differs in
timng or anplitude fromthose around it. In practise
mhrcbe petive sstaten fpar y eswabhanabel figef aten titeen taine

ggkorgoﬁgééécﬂgﬁéi %W%&I i deal . Once the required

ave been taken 'and the 25 m croprocessor has
perf@reﬁdrhhbyreﬂuaredmmaﬁb&nﬂul¢a|1eémuthénn&n egpected
ultrasg i fl ow nmeasur enent c%cle,is CO

| et e.
CHIEPERLFe Ot o S oSHANSE LT PR qpgate . Thus,

tilet LAE@ALEN:E | BVoWRIer?@ of GAReEh8pPEE Vel 5ttt dtridulze
| ow power passive .state. 30 Preferably, a period of
ope#atient aken to conplete an ultrasonic flow

nease&g?@%bf%ﬁl&é Spe!ﬁ%%hbffa&ﬁ@' ﬁ*soéaﬁé}? td idBplete an

i nterva erefore e ultrasonic flow neter is WO
u@@@aﬁoz@3781@wnmezﬁuxymemazngle igbeiwveathalzmpit 2@ us and

ate for s, 1 al_f of he t' er.efor
QohE pBE LB EAmE Il A Blvat"Fal blFye 8l and LMY na
lnlamsan expected tinmescale for a signlflcant change in

t he flom1r hu 5 the ultrasonic, fl ow neter 20

gi vedPaBbaEERETY THRIRIRRIE. B8 ELPORLNETEYh bl yiE end
meri a8 ek 8bMRs T6 Haksmert,0 aQQEE'hEEEv@nvalﬁéé aﬁaczwlfe flsew
nmeasur enent cg;le i s between about 20 ps and 0

0
demendiect PRreta defisiadhiavieragst R@Eﬁra%mump%orhmﬁp f@e
uaqqaggnibnfgggfﬁggép:ﬁﬁpodlnents, the tinme interva
s 2.5,

The timings described in this embodiment are typical
for a system using 2 MHz transducers across 50 mm of water.
However, it will be appreciated that this embodiment is
purely illustrative and the timings and digital logic
functions may be easily adjusted to any frequency or pipe
size and fluid type required.

Preferably, the amount of power used by the ultrasonic
flow meter in the passive state is at least a hundred times
smaller than the amount of power used in the active state.
More preferably, the amount of power used by the ultrasonic
flow meter in the passive state is less than about 100 uW
and the amount of power used in the active state is between
about 10 mW and 100 mW.

In a preferred embodiment of the ultrasonic flow meter
20, an average current consumption of 60 pPA or less is
possible, giving 10 years operation from a typical Lithium C

cell. TFor example, for an ultrasonic flow meter 20 having a

interval T1 of 30 ms and a measurement period Té of 65 us,
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7.5, 15 or 30 ns. However, alternative values may be
used depending on the desired average power
consunption of the wultrasonic flow neter 20. 15 The
wbThdI@sosescri bed in this enbodi ment are typigalcgelheiootoz
systemusing 2 Mz transducers across 50 nm of water.
However, it will be appreciated that this enbodinent is
purely illustrative and th&3tim ngs and digital |ogic
functions may be easily adjusted to any frequency or
pi pe 20 size and fluid type required. Preferably, the
wdBhuat s pht poverrread dfy 1BhprUbE I Beeni dur fipwheepassiine
the passive state is at |east a hundred tinmes snaller

StRER PhetBfoUhErAFOHGWEL CWsBEEPR R RhARE 13T PRETLE NS
cMpr-ener 8f esabhy . ddﬂ%gamenhceiveoy\@at@scﬁd tHe iR rasonic
ultrasonic 25 flow neter in the passive state is | ess
filbanmabent 24 0Oamp \Wvearadie! lopeaabing ofrpemerisuseEd Wan t Be
active state is between about 10 niWand 100 nW in a
typérat r eat eRuvH emerafter ke @??r%\%‘é‘h]r'%cbf |gRTE er 20,

an ave a g gurrent cong f 60 Aor less is 30
tsglggirg € gt A9y é’f? g enP ‘ion froma typical
L|th|uw1C cell. For exanple for an ultrasonic flow

meter 20_having, a interval T1 of 30 ns and a i
neasffehbhtaperid Iy getes accorsiyng 4o s Agbodiment of

tﬁgFgggQg@/ 90992 ort chn DY LBed SEAERE BABTLHoOlA12 A

ess during the passive state of the ultrasonic
ulkowsaster £ 20w amwrew@ntatswgemcuha‘embaofm@mn@u rtrnng

SLREMAEL HE-Shal & Ol Pl LEBRORLE 5T (P LY. B
averag pera g cUrent 5 AL neter
twhbbraparebe f@rZﬂ&antumamgeomérfaowtfnwnﬂwﬁegardmmmgeof

fromQC to_85C. An_.ultrasonic flow peter accordin

P&ﬁeeﬁﬁaarnEﬂF dfWide Fanges &ft PR eRt Fon TR HH S5 e&f flow
ralte, bagisabpbsdnakP ilneds ol Gohh oM TR astH AIRitveS ¥ILEdks .

t hat by nodi fying the

A number of application issues need to be addressed in
order to ensure continued accuracy of the ultrasonic flow
meter across the range of applications likely to be
encountered.

The first of these application issues is the ability to
correct for changes in process fluid, temperature or
viscosity. 1In practise, due to the transit time method
used, the only physical effect on the measured transit time
is due to changes in the sound speed of the fluid (which can
be affected by any of the previously mentioned physical
changes). Therefore, the sound speed of the fluid may be
calculated by taking the average of at least one pair of
upstream and downstream timing measurements to remove the
effect due to flow as in Equation (7). Therefore, a flow
speed calculated according to Equation (8) is independent of

changes in process fluid, temperature and viscosity.
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sof tware paraneters, can be used for a w de range of
tenperatures, for a wide range of flow rates regardl ess
of pipe size, for a wi de range of pipe sizes
wesRrdlems of flow rate, and across any numpetr/gB2006/002902
soni cally conductive fluids. 15 A nunber of
application issues need to be addressed in order to
ensure continued accuracy &f the ultrasonic flow neter
across the range of applications likely to be
encountered. 20 The first of these application issues
i s t ReobbeT i agplbratdnn desuboretfbngelo iheruagseed the

' epper at [ Ly el r ' .
R Ll R i A 2 Tt
The thelowasucedponanss,t suicheasi sheueapacthanges icant be

d d of_the flyid (which 5 be affected
BRRy LGP LRRLY S0P thiars e ST BREGRp DR  Satic e drqReFatire
diigeehpdeagihg. sotmdbriaedcobrihent | thils rffdi ing the

cal cul ated by taking the average of at |east one pair
MeASULEEEREaRE B o S ZRPPRAT nﬁl P LB eherht % o

preTRY¥Ebi PeabBé f €5 thduRud Qnf howeas wBa&quatd Qhils/best
Therefore, a flow 30 speed cal cul ated according to

medeat ha PB3se sshikgreddeds spedchangesats Procdgnals: a

S FERsBo6T Gbabbot=d istel AP K it € B areton of
theltatrefetent@esigmalof tlhesecapacsignald are thien used as

S5 RIS L 01 U

PRkk-eHE 8t LY GEPS1dh WS ttheC @eBeReAte t OL SRS ed signal is
tenperature 5 drift and aging. In order to prevent this
upere 8P hjet ReCceHERE Ut ieadt: r &856| PhadpeComPILRsH @l ow

dBbeht2Holifce PAST CEAM 3 (R G4t QnBerENg b Eed RN 4B0YGe

In this test node, the phase shifter 307is used to
thepatgetnwbosingaahse the rusfldagrcent rhasehpaci-et dgifal faomh

ﬁ%i%%aig'§giégsgigfgséénké¥5ulate a measured phase
difference. This measured phase difference may then be
compared with the actual known phase difference imposed by
the phase shifter 30. Any difference in the measured and
actual values of the phase difference may then be used to
correct for changes in the analogue circuit.

The ultrasonic flow meter 20 can operate a complete
self check by routing the transmitted signal directly to the
receiving transducer. This routing may be done, for
example, using the multiplexer. Using the analogue
component testing method described abowve, the ultrasonic
flow meter 20 is able to determine its own performance
without using the flowing fluid. 1In the event of drifts
from the expected results, a correction factor may be
applied. Preferably, in the event of drifts larger than a
specified acceptable level, the ultrasonic flow meter 20 can

inform a user and shut down to avoid incorrect measurements.
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10 that reference signal. These two signals are then
used as the inputs to the phase conparator 40. In
ot her words, a phase-shifted version of the reference

woahsedsbed signal is used as the recei ved Ficgreao006iiom®02
phase conparator 40, current source 42, capacitor 44
and readi ng device 46 are %5 t hen used to neasure the

44,

vol tage on the capacitor from which it is possible

to cal cul ate a neasured phase difference. This

measur ed phase difference my then be .conpared w.th
the BcEREl e AP THIRRCH Ol £PBRSnER AT IR B HRELERagE
gohi fhes Buneubd fRrensguid {hea rRaswek)and 120guch a

actual values of the phase difference may then _be used
cgge, cbie atkt Fasondvafgedalnmakeba it pkata@d sl stThe

tg' ’g%gfgﬂ% %Ed&%ﬂ?%@ar%%iﬁ@ﬁn?@%ﬁ@d&&ow %:hl% rg€bliving

routing the transm-t signal dire y to the
trevedvcey. t rkmslhssem tHiissproblemg ey Wa rdaveict §lo@s

anpl e, -USI | tiplexer. Usj the, an e
B B oEh o b oo dCARNET ) B D R 2
mbbgas@nérgnaﬁl ,omr?mt af Zbel mﬁab??ed camﬂ}ile:ruﬂ?eisi b&%ema
erformance. w thout using the OW n uid, In the
PEGERECHIITRY (1RFeRNA (08 BxBEETetFTBIRG fumper of
me@bl 86l f Al vHRY 128988 8BPELEK: id¥ efffifeahial mah bhe
event of drifts larger than a specified acceptable

ipgyepsed he Thig eV lE o [IoWPREEEr s RAmrf oy dfapanpgrisds of
0 avoid incorrect neasurenents. WO

aggg‘??%%%% 1°'GB2006/ 002902 17 A furt her

appl Yett amothess wppldlctdont dsbhe pelbiieamtof tlgafasn alock

Liquid tube (ar liquid in a gas_ tuybe). In such a case,

260 e BRS, (Slagh, il BedEta RS i dpeied.

tlehpyeht by dddninke duadlenbbti DYatdénnssluefurded doinued

receiving 5 transducer. To |lessen this 1grob,l em the
AFCPERSHNI FITIRALGREIST tRSy PRELOFRIRER f & ea fce laAtor

n@Pbbl Hder Qi {06 FRGCIMRAKSLEBR! st & Uin Ivnidif tHRASHLALer
anplitude 1s below a

38 is used to measure the number of fast clock periods for a
specific number clock periods of the internal clock 24. BAs
mentioned previously, the internal clock circuit uses an
external low freguency crystal oscillator, such as a 32kHz
watch crystal, to ensure stability over time and
temperature. Deviations from the calibrated condition may
then be corrected for.

For improved accuracy, additional pairs of ultrasonic
transducers operable to transmit signals through the fluid
and to receive the transmitted signals may be provided. 1In
such an embodiment, multiple transducer pair measurements
can be processed and weighted to offer improved flow
information, or multiple transducer pairs can be operated at
different frequencies to give improved performance at lower
flows or improved ultrasonic transmission. A typical

example of this would be for an ultrasonic flow meter for
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predeterm ned threshold for a predeterm ned nunber of
nmeasurenents, then the length of the tine interval nay
be 10 increased. This results in power saving for |ong

[y attenuated signal. Yet another ap@TiCERDIAIN2902
‘?géﬂggﬁgﬁgtes to the fast clock 26. The fast clock
circuit uses a fast starting, tenperature and tine
stable oscillator to ensUTég%dhtinued 15 accuracy.
Periodically the performance of this oscillator my be
tested in a fast clock test step in which the counter
BRFEringe dheo fheusiineat hargeirksre ghergsdagkorR Beei blls

i f.L r i Qds t Qeq]j r ;

1Pty 57 8R MGRRETRAE FinhE WA, Rlrl AT LORER" g ins
cangelits ueemiard2forxhibghial timw faaggueheyecEyoval are more
oscidlator, such as a.32kHz watch _crystal, to_epsure
St B 3e2r Tofle ahA ChER AR P P Be A FOREIRTorT
wheld ald isatiedoc88ethone NElye AN 22 corneokedrf the
For. i nproved accuracy, additional, pairs of ultrasonic
@E?%S%ﬁﬂuﬁiﬂ@ﬁswéﬁgrﬁbF%C?%ﬂt?%ﬁuﬂﬁd% SPEREFs SERP b LKL Ehe
fheth kheatd KO 16€BEIYG 15% &F anadnddReteagrahsemmy be
provided. In such an enbodi nent, frultiple tiansducer
pai r neasurenments can be processed and weighted to
of fery4 e ' r ' i.pl .
pai r MLIRBECE brafe kil it dhedt oF thel: fukhPloR S
pare degurdved ,peétf dsmancke atndewsrood fthas ohisnmpsobgdway
ulLtrasoni c transm.ssjop. A typical_,exanpl,e of thi

(PERERLS GPLEn S0t FASDRY ATFT SRy Tekidr CPOAOD maY Be
2O AT &3 ,PCT/ GB2006/ 002902 - 18 neasuring the flow
in a large bore where daytine use is |likely to be
hi gher but nore variable, but a | ower operating range
is required for night tinme usage where flows are nore
stable but very low. In this case, a set of transducers

5 woul d be used to determne the flow for 10-100% of
t he



desi gned range with a second set with better

sensitivity when the flow is bel ow 10% of the expected

range. Although a preferred enbodi ment of the invention

has 10 been described, it is to be understood that

this is by way of exanple only and that various

nodi fi cati ons may be contenplated. 19 - CLAIMS, 1. A

met hod of ultrasonic flow meadurenent for neasuring a

flowrate of a fluid in a conduit, the nethod

conprising the steps of: (a) providing an ultrasonic

CL&dMBpt er conprising a mcroprocessor, a clock, a

fast clock, and a pair of wultrasonic transducers

operable to transmt ultrasonic signals through the

fil. ui dAahesitodngf culideworiika 190 fegseremett® for measuring a

Eﬁedoninant directéfn of flow and to receive the
GHshRrEE el s? ot Yh)® SAPLAFng iR RedsHmRr @igy the

BekgE HfOM a passive state to an active state at tine

intervals measured by the clock, an amunt of power

used &9) tmo‘aidxrm;o%n a1 ltizagomd ce Flow rme ber PSR N8 ig13a e

HEEPdekaPestdsy, Tt e RaoBoPibekirine ¥ gt of

uﬂaﬂaaonicn@rémmﬂuaﬁrs\apu;abueleastr@w@mi&tmrﬁmunanlc
in the active SE%& t he uI rasonlc Si
AL

ﬁa Pﬁﬁ; ronah cihe i fn F‘Hﬂ Cthex thg o?ﬂ siggrees

Wbt &aﬁfé‘a@miﬁ&i‘@ WoRdcdiord b eLBgr amﬂ dg o NB@SEH VL HE
transit time of the ultrasonic signal wth a counter

EraorRattbed tegmakd; cl ock; (e) conparing the phases of
Lhe {iBnoRd {6 A0Cad SASUE 9 EORTLA nldr PEON U MBive
gepeadedcen upsii e reesite aﬁ Uhhe phesevals measured by the
clock, an amount of power used by the ultrasonic flow meter
in the passive state being less than an amount of power used
by the ultrasonic flow meter in the active state;

(c} transmitting and receiving at least one ultrasonic
gignal in the active state, the ultrasonic signal having an
aggsociated transit time to travel from one ultrasonic
transducer to the other;

{d) measuring the transit time of the ultrasonic signal
with a counter clocked by the fast clock;

(e} comparing the phases of the transmitted and
received signals;

(f) providing a pulsing signal having a pulse width
which varies in dependence upon a result of the phase
comparison step;

(g) charging a capacitor using the pulsing signal;

(h) measuring a voltage on the capacitor;

(1) calculating the flow rate based at least partially
upon the measured transit time and at least partially om the

measured voltage; and



© e e e Ce et et

conpari son step; (g) charging a capacitor using the
pul sing signal; (h) neasuring a voltage on the
capacitor; U calculating the flow rate based at | east
partially upon the neasured transit tinme and at | east
partially on the neasured voltage; and 20 (j)
switching the ultrasonic flowgmeter fromthe active
state,-'"to the passive state follow ng the cal cul ation
of the flowrate. 2. The nmethod of claim1 further

conprising . a step of anmplifyin | east a part af the.
recei&%h g?bﬁ%Jlééi?ﬂet4¥%§ nﬁgagio%oﬂiﬁ?Ys °@t€hf %gilve
Bhase 06 the pagdivfd et el TIl1loRehgothEEcSPERL @6idn of the
phase of the received signal. 3. The nethod of claim1l

&LO¥W BRRE2 in which the phase of the transnitted
signal is adjusted prior to the phase conparison step
such that a result of the phase conparison step is
appr oXhewhetjod 39f atladex A 'furdveratempdisiine aedtep of

ecedin | ai,m further rising a. step pf_ _.
ARELRET SR AT iR Hant o SR ERePfed Fidfpf prior to
PhecpHaHg Ebmpdligonhitedp ! ke phiaskeast th@n@npl { £ B6@ N ignal
signal conprises an upstreamultrasonic_signal and a
BEwASt FRansame rag ghirhagey el thensereived sighaher
conprising: calculating a speed of sound in the fluid

based at |east partially upon an average of the
AeasuThel metinsd tof t¢lmsian florot ied adpse r farwluich asheiphase of

EhlC ErafPnt Vi THEHT S asklush 8 Pr i, %arts FHP<00n
tbapanl son adtesb s @uth siretd.a Gesltile oEt tiosl phagséycomparison

preceding claimin which the at _|east one ultrasonic
stgnals capiproxideately (W&Q° ay sero flow rate.

4. The method of any preceding claim further comprising a

step of discharging the capacitor.

5. The method of any preceding claim in which the at least
one ultrasonic signal c¢omprises an upstream ultrasonic
signal and a downstream ultrasonic signal, the method
further comprising:

calculating a speed of sound in the fluid based at
least partially upon an average of the measured transit
times for the upstream ultrasonic signal and the downstream
ultrasonic signal; and

calculating the flow rate based at least partially upon

the calculated sound speed.

6. The method of any preceding claim in which the at
least one ultrasonic signal comprises a plurality of
upstream ultrasonic signals and a plurality of downstream

ultrasonic signals and the method further comprises:



upstreamul trasonic signals and a plurality of
downstream ultrasonic signals and the nethod further
conprises: 21 averaging the neasured transit times of
the plurality of upstreamultrasonic signals to
provi de an average upstreamtransit tinme; and
averagi ng the neasured transikt tinmes of the plurality
of downstream ultrasonic signals to provide an average
downstreamtransit time. 7. The nethod of any of clains

1 to . gvdfadit #rbﬂ@%@ésuﬂeﬁaﬁﬁraﬁgﬁt Ut § hés OB Crppd %@JralltY

conprises a plurality of upstreamultrasonic signals
afidupsipream| i yragoniowssgnedm tal pravide cami armtageand

he net hod furt.her. calculating a plurality
EPSH:% wr ae%m%ettﬂnec’al &ﬂsat ed flowrate being based
at | easdrfpind alle/ nurdd egRAsit veim@di 6f ofhaIRsTuRATLY

and downstream_ul trasonic signals; and averagi ng the
BEuFWRItTeAM il EASANS MigRAlat BS PEOVHR®ARARYage

? ﬁgﬁegﬁ%g@gﬁ: BimelN€ et hod of any preceding claim
urt her

conprising a test neasurement step in which a
phase-shifted version of the transmtted signal is

used receive nal . .9..The tho of a

pr ecef nghﬁT e“'fhtﬁcft‘fgr %@éfrrﬁFl EF‘ﬁb‘“ﬁ 8¢ chrbc‘a'Y’tcg‘stthe at
sbepr dik uTilﬁ:amixmd figrally cBhBeesé 5 0a Cp Rhra 1k hey
conpri sin the steps of: measuring an anplitude of the

HBSETeRT Wi tgragonim®ianadseasfng Rlveakity B devneLLaan

f Ep\;ﬁ.ﬁiu u e
%?{é%({eét/%{rlrﬁ nse(#}%]r esho &%%o?gghb%rg E?‘z‘?% é&}gfjﬁs jer of
neas walhprlte irg? a lurBild tyevlioflov mayepr ezach ngaldhdianed
By her cqmprising.  providiag addithong! upal s Slepective
pair of upstream and downstream ultrasonic signals; and

averaging the plurality of calculated flow rates to

provide an average flow rate.

8. The method of any preceding claim further comprising a
test measurement step in which a phase-shifted version of

the transmitted signal is used as the received signal.

9. The method of any preceding claim further comprising a

fast clock test step,.

10. The method of any preceding claim further comprising
the steps of:
measuring an amplitude of the received signal; and
increasing a length of said time interval if the
measured amplitude is below a predetermined threshold for a

predetermined number of measurements.



operable to transmt signals through the fluid and to
receive the transmtted signals. 12. The nethod of any
preceding claimin which said time interval is between
about 1 nms and 100 ns and the period of tine taken to
performsteps (c) to (i) of the nethod is between
about 20 pa and 200 Us. 13.- §he-nethod of any precedi ng
claimin which said time interval is |less than an
expected tinmescale for a significant change in the

ow ; . . .
b onr i, dneritb, B o o8R0 bR A FhEL T Redno
peOeidimg tdud aisaiade padtrat efi slbaras@est tardngdreedd | nes
smal |l er than the anount o wer used in the actiive
3Parasla S hratintifod loroany BFeuat e ALt didurcon
tBge V@ WHe ariRiteds@dghuikhe ultrasonic flow neter
in the passive state is Fess t han about 100 pWand the

anount of power used in the active state is between

out lﬂﬂP . u ' ] ter .
?gf n%%%u%g aof]fIO%w r tré@gfl@glg H%ﬁzol%q'ghccgﬁvd'w tdfe t:tlrr{‘ee
ihtemsahi s fhetweest ebouavilngsaandartd wes sirad echien peviicd of

ultrasaoni ¢ fl ow neasurenment re perfor and ,

L6 e e Bertamh Greosr \Bouks et tpg mechod is
Betwesw UKol @8 HRi @nd Robhagpassi ve state being |ess
t han an anmount of power used in the active state, the

ultrasonic flow neter conprising: 23 a pair of

t ' ' { I L
ShL A Lfer AT S S8 pRREEARNG, Lot AP Tt i lad fE Hime
bhbervahais d@E&ake ghaes ano exppreddntimedcalig dudr en  of

flow and t ve t 1tted si l's, th
B EVLENTRTE SATHC adtihg TRAVABRbE! at oo Lransi ( 1ime 1o

travel fromone wultrasonic transducer to the other; a

clock operable in both the active and passive states
14. The method cof any preceding claim in which the amount

of power used by the ultrasonic flow meter in the passive
state is at least a hundred times smaller than the amount of

power used in the active state.

15. The method of any preceding claim in which the amount
of power used by the ultrasonic flow meter in the passive
state is less than about 100 pW and the amount of power used

in the active state is between about 10 mW and 100 mW.

16. An ultrasconic flow meter for wmeasuring a flow rate of a
fluid in a conduit, the ultrasonic flow meter having an
active state in which ultrasgonic flow measurements

are performed and a passive state, an amount of power used
by the ultrasonic flow meter in the pagsive state being less
than an amount of power used in the active state, the

ultrasonic flow meter comprising:



of the ultrasonic flow neter; a m croprocessor operable
to switch the ultrasonic flow neter fromthe passive
state to the active state at tinme intervals neasured
by the clock, the m croprocessor further being
operable to switch the ultrasonic flow nmeter fromthe
active state to the passive 2mate foll ow ng cal cul ati on
of the flowrate; a fast clock connected to the

m croprocessor; a counter clocked by the fast clock and

oper a?' Falf of B Sddis: %fz%%%ahg{a;ggfgsérwfe UH: el e

si gna a phase conparat or opera rovi de
p&liéagtsogaamlttﬁaonmpzsqgﬂaiethmdughmbhehfwuide&tian angle
dependence hase di fference between

BEREEIFREE SE e SR TG ro redbryBanE oo TaRtidn of flow and
Qépéébéﬂﬁeoﬂﬁéa@%éhéﬁhé&%d3@QbﬁﬁﬁsbythEGuPﬂiébéﬁhc signal
signal; and a readlng devi ce operable to read a vol tage

baving a@a@%mq;mtewaéismtt lfémgi Epopravessbromsone
%RE%QQ{,‘? 501:10@1]15?#@416 ttcpq._ LW Late based at |east

e neasure tran3|t time and at | east
partial d:yo@]n éperalslbsl p lHoage thendcvheeecandt passive states
uItr son c transducers, the fast clock, the counter,

PhetBRNLERRAPRI Gt ohov BRFeTHe reading device are

oper apl ﬁlefbﬁf@c@ﬁdﬂ%ﬁﬁmeﬂtot Beitkhr RNt fAsMhic flow
meter _and inoperable in the passive state. 24 17. The

metensHrPR Fhevparaisre gitalicaitm thei achihvehstaee at ‘time
dhEEPPabe Sheds uzL a B :?i-@t 3 ;&kco%éotn'gré%ﬁgﬁ%é& Ofurther

and ura ransnt such
bbangsapelralﬁllﬂ ato cxrw:ns:H ehe ularasehdct £howi hetenefrd.the

| t fl t f |
FoFiYe, SEEEE, fa  tnr pRasiye mtarco RRI ABreng oo a b Tation of
k8astlow rate;

a fast clock connected to the microprocessor;

a counter clocked by the fast clock and operable to
measuce the transit time of the ultrasonic signal;

a phase comparator operable to provide a pulsing signal
having a pulse width which varies in dependence upon a phase
difference between the transmitted signal and the received
signal;

a capacitor operable to be charged by the pulsing
signal; and

a reading device operable toc read a voltage on the
capacitor;

wherein the microprocessor is operable to calculate the
flow rate based at least partially upon the measured transit
time and at least partially on the read voltage; and

wherein the ultrasonic transducers, the fast clock, the
counter, the phase comparator, and the reading device are
operable in the active state of the ultrasconic flow meter

and incperable in the passive state.



a part of the received signal, a phase of the anplified
signal being the sane as a phase of the received
signal, the anplifier being operable in the active
state of the wultrasonic flow neter and inoperable in
the passive state. 19. The ultrasonic flow neter of
any of clainms 16 to 18 furslmyr -conprising a phase
shifter operable to adjust the phase of the
transmtted signal before the transmtted signal is
i nput into the phase conparator, the phase shifter
bei ng operable in the active state of the ultrasonic
fll'iow Thet eitaadonmp‘élcablmu'err oife cgaimi Y6 shawkickOthein
§on c_flow neter bstantla
scr

BBEearoR  ErarerAL s o o abl o3, bEaTeBisphen time

aedoapanyhbBgod o £19S - tz%nsn&uf@uh@dgaal UBLERSERAE 403V
nmeasurenment, the nethod , being substantially as herein
guTarinBdifi 1ASE bR tid Fransilr 84Me-to 4b of the

acconpanyi ng draw ngs.

18. The ultrasonic flow meter of claim 16 or claim 17
further comprising an amplifier operable to amplify at least
a part of the received signal, a phase of the amplified
signal being the same as a phase of the received signal, the
amplifier being operable in the active state of the

ultrasonic flow meter and inoperable in the passive state.

19. The ultrasonic flow meter of any of claims 16 to 18
further comprising a phase shifter operable to adjust the
phase of the transmitted signal before the transmitted
signal is input into the phase comparator, the phase shifter
being operable in the active state of the ultrasonic flow

meter and inoperable in the passive state.

20. An ultrasonic flow meter substantially as herein
deacribed with reference to Figures 2 to 4b of the

accompanying drawings.

21. A method of ultrasonic flow measurement, the method
being substantially as herein described with reference to

Figures 2 to 4b of the accompanying drawings.



