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Ultrasonie  cross-eorrelution flow  measnrement
technique waz doveloped in the ewrly seventiern
Although this technique has cerixin advantages
over the more conventional transit the approsach,
ernst-correlutinn metery did not gain  aceeplance
due io the comples Juim proceesing algorithm
required and to the poor understanding of the
physical mechunism that the technigue is bated on.
In the kusi fowr years thers hny boen 3 congeptrisd
effort to develop fondamental undersinnding of the
crosscorrelation principle. This effoct resnited in 2
mare acenrats and reliable flow mater expahle of
continuous operation at temperstures of up to
320°C.

In this papar, & theoretical treatment of the
interaction between turbulent fluw and ultrasonic

waves bx outlined. This npproach prevides a clased ©
form relationship between ultrasanically messured

fuid velacity and the aversgs flow velacity. The
relationship has been verilied by = number of
alibration measurements carried cut for different
temperatures, [lows and different pipe sizee
Examples of the usc of the Improved ultrasonlc
crom-correletion flow meter (CROSSFLOW™ In

nuclear power plants are also giver.

{. Introduction

Operation of any ultrasonic cross-correlation flow
meter Is hased on the fuct that when an ultrzonic
bewm travels across a pipe it is affected by random
fluctuation present in the flow. Whea the affectml

xigoal is proccsscd, a randam signal Xa(t), which

is a sigoature of mrbulence flucmarors in the
flow, ¢an be oblained. I » second eltrasonic
haam is tapsmincd 8 conmin dismmce L
downsweam of the first heam it will produce
another eanilom signa) Xb{t). U distance L is
sufficicntly short then Xa(1) will be approximately
cqual 1o Xb(t+T'), where T'=1/Vm and Vm is the
measared fuid veloclty in the pipe {1].

The advamsges of the cross-comciation approach
sver the mora convantional trangit thna spproach
arc related to ihe fullowing features af the cross-
carrelation flow melers -

= ulrasonic beams are transaited perpendicular o
the pipe susface yo that there i3 ao beam

Ontarin Hydro, Tarynto, Canada ‘

refraction, and the flow veloely is mewsured
dircctly by measuring time of travel of the fluid
betrween the two heams

eypical value of 1* is of the order af 100 m4, in
contrast to transil iime moters, where a typical
difference in tramsit times is of the order af I
ms
meavaement resulls are independent of the speed
of sound: this makes moler pedformance
indepandent of tunperatvre wd of the pipe
matenpl

measured flow velocity ic determined only by

the axial valocity in tha pigé and is pol sensitive
10 the radial vehucity coaponeat

" As '« temlt of these feanwres meter accuracy is

independant of emperature, and, in principle, it
can be used for measuring multiphacs and mixed
flows, Howcver, in practics, the cross-comrolardon
tzchaique was used only for specific applicationm
such 35 water . sand or water -coal mixrurs, whers

_ ths us of other nstrumenty was not feasible. Two

major reasons preveated wider acceptasce and
further development of the ernss-correlation
meters for purs liquide

1) Calculation of the cross<comrcladon function
could be done oly by bulky and expensive analop
cquipment. At present, (his problem Is caslly
resulved by using personal comptiters and modem
data acquicidon software. .

2) Pwsical mmbrpretation  of the measurcd
velocity in terms of the avernge flow velocity s
significantly moye difficult than for tranxit time
meters.

One of the examples of succaseful upplicstivn of
the cross-carralatios tethnigue is agsaciated with
the pon-iavasive ulirasunic cross-correlation flow
meter {ur pure liquids develaped by Canadian

* (General Electrie for Ontaria Hyibrs [2). The mater

was cafibrazd 3t the Onturio Hydro calibration
facillty copahle of producing flowa & high
temperamres (up w 20)°C) and high velacities
{up 10 § mis) in pipes of 3540 +m in diamcter..
Calibration results and the use of the meter in
Onario Hydro nuclexr power plants eonfirmed its
high zceurscy snd ts t2mperalure stability {3).
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understanding of the measured veloeity Vm
reguires hemer quantitative analysis of the cffect
of flow pertutbstions on the ultrasoaic wave.

B. Effect of flow turbulence in a pipe un an
ultrasonic wave in pure liquid

Normally ihe smplitude of veloclty and pressure
flusruadons in ulgescnic wave is very small, and
the flow velocity field (including mrbulent
yelocity floctuation). is not affected by ulirasonic
wavas. The total velocity field in the flow in the
presence of olrasonie waves, U%(er), can be
described as a superposition of the uaperiwrbed
\wrbulent velncity ficld Ua (1.1) and a perrurhation
U duz 1 an ulrazenic wave

U*=Vo+ U . (C))

Aa ultrasonic wave ln a turbulcms flow can be
described  gpproximately by a  linecar wawe
cquation with cocfficicnts which are functions of
time and coordinates and are detcrmined by the
known wrbulent velocity distihution Uo end by
it derivatives [$]. The maximum frequency of
Wrbulent flow pulsativa in a pipe s estimatod as
Val i, where A, Is the Kolmogorov scale |6]
This frequeacy for cypical pipc flow is of the
order of 1 kHz, and is rouch smaller then a typical
frequency of te vlrasonic wavs. 1n thia case, an

ultrasonic wave can be represented in the form of

a bigh frequency periodic function with Juw
frequency perturbed amplitude A and phase @ :

Ur.0) = Alr.t)cos(a -1+ k- r+ @) (6)

Analysis of the wave equation for an ulmasonic
wave ip & iwrbuleat flow shows that in cqustion
(6) amplinde A is found from a solmtion 0 2
complex differential syuation. Cocfficicats in this
cquation are determined bry the turbolent velocity
ficld Uo. In conwrast, phasc @ has a simple
physical interpretation. 1 an ultrasonic wave is
induced by an ultrasonic source at r= 0. thes arr
=D

. D )
() = @, +(@/ CH U r.0)dr @)
-0

where Unr is the mdial component of the velocity
Uu { projection of the velocity vector Lo onto the
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dircedon of the ultrasonic heam), C is spesd of
sgund in the liguid, @, isu constant

Tl\th'. if signals Xa (1) aod Xb(t) rcpresent phase
changes of the ulrasonic wave'then they ae
determincd by cxpression (7) and can be

interpreted in [exms of turbulcnt parameters of the -

flow. A more ngorous analysis can he perfomned
10 obain Vm us s function of sulstical
chargeteristics of aurbulencs ln the law, The maig
problom in such ae anslysis iy that these smrtwical®
chanmcscistics ars wot very well known even fort
long sraight pipes However simple approximate
estimatian of Vm cxn bo madc.

C. Estimation of the Measured Vilocity for o
Siraight Pipe. .
The integrel in equation (7) is approvimalely
proportional to the product of the inwcnsity of
mrbulens velocity pulsulions, U, . ad of the scale
of trbuleace, X,: '

D
A, - IU,,,(r.t)dr (R
a

and is thercfore proportonal ta the turbulent
viscosity , since g, = u, + &, [6).

The mubulem viseosity M, s widely used ia
many turbulence models and can be calculated for
2 numbsr af different pipe configuratioar A
ynpical shape of the disgribution of 4, in a pipe
is showa an Figurc 2. This shapc, according o the

Nikuradze data (7] is indepandent uf the Reynolds
number. .
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Figure 2. Qualictive Disaibution of the Effestive

. Turbuleat Viscusity in a Pipe. {7] ©
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undcrstanding of the measured veloaity Vm
requires hener quantitative analysis of the cffect
of flow perturbations on the ultrasonic wave.

B. Effect of flow turbulence in a pipe un an
ultrasonic wave in pure liguid

Normeily the amplitude of velocity and pressure
fluctuadans in ulasonic wave is very small, and
the flow velosity field (incloding mrbulent
velocity fluctuaton). is not affecicd by ulirasonic
waves. The total velocity field in the flow in the
presence of altrsanie wavas, U»(t), can be
described as a supcrposition of the unperdurbed
wrbulent velocity ficld Uo (2.1) and a pernurbation
U due o an ulrasanic wave

CUr=Vo+U , @)

An ulirasonic wave in a wrbulent flow can be
described  approximately by a  lincar wave
equation with cocfficicnts which are functions of
time and coondinates and are dotcrmined by the
known turbulent velocity distrihution Uo and by
its derivatives [S). The maximum frequeacy of
turbulent flow pulsation m a pipe s cstimated as
Va/ A,.,where A, is the Kolmogorov scale |6j
This frequency for typical pipc flow is of the
order of 1 kHz, and is much smaller then a typicsl
frequency of the ultrasonic wave. In this case, an
ultrasonic wave can be represeated in the form of
a high frequency periodic function with low

* frequency perturbed amphitude A and phasc @ :

Ulr.t)= A(r,D) cbs(m t+kr+ @) (6

Analysis of the wave equation for an plrasonic
wave in R iubulent ow shows ihat in equation
(6) amplimde A is found from a solution 10 a
complex dilferzniial squation. Cocfficicents in this
cquation are determined by the turbulent velocaty
ficld Uo. In conwast, phasc @ bas a simple

physical interpretation. If an. ultrasonic wavs is

induced by an ultrasonic source at r= 0, then arr
=D

. o :
() =@y +(@/ C) Uy (rnar
N

where Ur is the radisl compoenent of the velocity
Uo ( proiection of the veloeity vector Uo onto the
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dircetion of the ultrasenic heam), C is speed of
sound in the liquid, @, is u conslant

Thus, if signals Xa (1) and Xb(t) represent phase
changes of the ultrasonic wave then they arc
determined. by cxpression (7) and can be

mterpreted in lerms of turbulent parameters of the

flow. A more ngorous analysis cas he performed
o ohtain Vm as 3 function of -statistical
characieristics of nurbulence in the fow, Tho main
problom in such as anslysis i that these smtistical
chesacteristics ars nof very well known even for:
long swuight pipess However simpls approximate
estimatian of ¥m can be made,

C. Estimation of the Measured Velocity for a
Straight Pipe.

The integral in 2quation (7) is appronimalely
proportional 1o the product of the incnsity of
trbulant velocity pulsations, i, , and of the seale

of wrbuleace. 4,:

D
A, = [Us(ridde &
a

and is thercfore proportional to the turbulent
‘viscasity, xince g, =1, A, [6).
The nicbulent vvi'scpsity, H, is widely vsed in

many turbulence models and can be calculated for -

a numher af different pipe configurations. A
ypical shape of the distribution of 4, in a pipe
is shown an Figurc 2. This shape. according to the
Nikuradze data (7] is independent u( the Reynolds
number. -
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A typical trend of the boiler [ccdwuter flow [or
different plant power levels 18 shown in Figure 4. The
flow rate is proportional tn the power lovel, which
dropped frowm 100% of the full power valuz 100 90%

and incroased agnin in 98% percent.
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Figure 4. Typical Peedwatcr Flow Tread Obtained
Using CROSSFLOW in- a Nuclear Power Plant
- Reactor Powar was at 100%, 90%, and 93% of full
power.
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