WD 2009/ 114062 PCT/ US2009/ 001007 TI TLE OF THE | NVENTI ON Appar at us and

Met hod for Operation in the Lam nar, Transition, and Turbul ent Fl ow Regi nes
FI ELD OF WR2OOMVEREY ON (0001] The present invention is rRITAISE0%WIEA
apparatus for determining fluid flowin a pipe. (As used herein,
references to the "present invention" or "invention" relate to exenplary
enbodi nents and not necessarily to every enbodi nent enconpassed by the
appended clains.) By way of eXdiilk,CR NBBprESENTIONenti on provides a
fluid nozzle that is in _fluid comunjcation with the pipe and that has a
contour selected t avoi@pﬂ%ﬁ%§u§eﬁﬁFgﬁf' i Yo FYEht Z¢hg the vel ocity
profile. Mre $Pelifi CAMYAT t HE Pederitld /sht T WPy e el Btey Regimes
measur enent apparatus for determning fluid flowin a pipe. The exenplary

nmeasur enent apparat us incor por gieg 1A Jt0zZle M@l nner- surface contour
defined by a conpound cubic body of revolution or alternatively a conpound

of two ellipsoidal bodies of revolution, and has a transit tine ultrasonic

flow nmeter. ﬁﬁﬁﬁﬁFCUN HE_ L NVENTI ON. [.0002]  This_ sectjon_is intended to
i ntroduce the reader[%%?} F?%%Eta%888P§l8PtﬂﬁeEﬁféﬁ%étkﬂaﬁnbéaaﬁf(kﬁfto
various aspeeirs otttheipiagentliiventban.infhe faldeow ngaLdi ssugsiHydis,
intended to provide information to facilitate a better understandi ng of
the present &fEIRRPPD9/ 124062SPCTPUSECTY 004D tion” or “invention”

relate to exemplary embodiments and not necessarily to
every embodiment encompassed by the appended claims.) By
way of example, the present invention provides a fluid
nozzle that 1is in fluid communication with the pipe and
that has a contour selected to avoid £fluid separation
while organizing the velocity profile. More specifically,
the present invention is related to measurement apparatus
for determining fluid floew in a pipe. The exemplary
measurement apparatus incorporates a nozzle with an inner-
surface contour defined by a compound cubic body of
revolution or alternatively a compound of two ellipsoidal
bodies of revolution, and has a transit time ultrasonic

flow meter.
BACKGROUND OF THE INVENTION

[0002] This section is intended fo introduce the reader
te various aspects of the art that may be related to
various aspects of the present invention. The following
discussion is intended to provide information to

facilitate a better understanding of the present
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invention. Accordingly, it should be understood that statenents in the
follow ng discussion are to be read in this light, and not as adm ssions
of prior #®Q20000008 The petrol eumindustry typically eMSITayRNObBIOAe and
ultrasonic neters, for exanple, to nmeasure flowrate and other fluid

characteri st The accur : h er rally S. on the
continuity énrg‘%r%%{t??ity pg:]fcy% ellng f1 Ui vog1elg§i {%f pri%?i%l%e%gqoo&vmﬁmc%t
they are suljjentethtSpani dlHy e stont hpualis qursefiidresane  proflid eseatihaitn
vary widely in ti{TE | ead tﬁ? unpr edi ct.abl e,and hence, unacceptabl e
variations i the CHI'T brat{ ot of ° stdh* ShePBFs oLt BFLPhsf&fice. [0004] The
axial velocity profile associated with a flowng fluid in a fully closed
conduit, like aqoi pe, depends on the relative nagnitudes of the forces

acting on tHP% ki d, T cReBBALBETgEmehRTLY chessidded asPepyRertunan i al
forces of frdgli gnabalBhees mthed nerbiale fafors  tondla keepellyl doce

particles noving at a constant velocity 1n cdnst an rection, whi
frictional feortestheet weéniddjdcemctdonssiceans, Tabaracterezed dF theh

fluid viscosité%/ tendto;llyowtheglluiddwn. In sone instances, fluid

viscosity miy "0 FRECFPORYr AT Zeld  HECt ABHIBE M 1 27 Fhe tedtlild Tof

the inertialod ocges 491 dhe ridiscous1benees, pbiched s denoynias thg: Reynal ds

nunber and is dinmensionless, is often usedFjl n fluid dynamcs to

charact eri z& WIS Y- pr ot 531 00OCE]S AN tiePUshdDSPF L AP SappF | Gatdfdise he

inertial  TQRGRS Hopy, e 1l SUCR;GRSCRad NELREYDAIS MUY 278 hence
unacceptable variations in the <calibrations of such

meters, for instance.

[0004] The axial velocity profile associated with a
flowing fluid in a fully closed conduit, like a pipe,
depends on the relative magnitudes of the forces acting on
the fluid, which can be generally classified as either
inertial forces or frictional forces. The inertial forces
tend to keep fiuid particles moving at a constant velocity
in a constant direction, while the frictional forces
between adjacent flow streams, characterized by the fluid
viscosity, tend to slow the fluid down. In some
instances, fluid viscosity may slow the flow rate to zero
at the pipe wall. The ratio of the inertial forces to the
viscous forces, which is known as the Reynolds number and
is dimensionless, 1is often used in fluid dynamics to

characterize velocity profiles.

[0005] In many industrial applicaticons the inertial
forces dominate. In such <cases, the Reynolds number
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WD 2009/ 114062 PCT/ US2009/ 001007 exceeds 5000 and the fluid flowis
characterized as "turbulent". The nonentum of parallel flow streans is
freely ex®HbHY&I48$2 smal |, random eddi es; and the profi [RET/USRRIV®IRPEr yi ng
only to a small degree both spatially and tenporally, is, on average,

blunt, stablg.andsreadhdy and ageuraighy meagyured by hath turkine meters

and ultrasonic neters. However, in recent years, applications have
requi red the' teasuranteht Jfhe hendnowsuof ar ypaeaie icr Udew oidts;eamer e s

ooy an i mporrae T Er M08 B, Ry i e S B of S fle L BPORICE k.
Reynol ds  nuithers belgwnabasi11080, 4 henklhiow degid® bsrehasgst e£ized 4@

“lamnar™; in long straight pipes the velocity profile approaches” a
parabol i c sHEIE Tt IYn Afy EHseVeirgdes Rbrtemetialstiabl endngenidifoutand

eddies.  Tenpeialur. r AdLeNk8aCay Cooat e NBRSHLERRAL 4 OBL &R LS o
regime but, with an 1sothermal product, flow neasurenent wth ultrasonic
i nstrunent s eEsEht s ndlowsuper able prebéens. yedhe, useppll ituthions metsers in

this regime i s nore robl emati c_however, becayse of the interaction of the
Lurbi ne i £ SAITIN AT RS T IBRERG PG, 0BDB] AP Reytiol G uRBers SBES
1000 but belovt 5000neré hrelhowdsegivid s cha agherhzedas £4r8nsbt iangle -
In this range, the flow may tend to be lanminar, but small disturbances in
fluid vel ocidf i'WMeFR tBbdgPaphy foF e Hidpe vall | ,ipcrhenphyspéal in

configurati %t@rrﬁiﬁ%n@eﬂﬁgr egﬁggaggﬁy ugents, 4 hg%%k\igg May, iR%%lrolI%r ge

vortices acconpani ed by sudden an ramat1 ¢ changes in
numpers below about 1000, the flow regime is characterized
as “laminar”; in long straight pipes the velocity profile
approcaches & parabolic shape, but in any case, it is
extremely stable and without eddies. Temperature
gradients can create measurement problems in this.regime
but, with an isothermal product, flow measurement with
ultrasonic instruments presents no insuperable problems,
The use of turbine meters in this regime is more

problematic however, because of the interaction of the

turbine itself with the flowing fluid.

[0006] At Reynolds numbers above 1000 but below 5000,
the flow regime 1is characterized as “transitional”. In
this range, the flow may tend to be laminar, but small
disturbances in fluid veleccity, in the topog;aphy of the
pipe wall, ar the physical configuration of the
measurement instruments themselves may trigger large
vortices accempanied by sudden and dramatic changes in
axial profile. Reference texts describe transitional flow
as bpbeing like laminar flow that 1is interspersed with

-3-



axial profile. Reference texts describe transitional flow as being |like
| am nar flow that is interspersed with -3 W 2009/114062 PCT/ US2009/ 001007
t ur bul ent WY EH0ENd “ sl ugs', the existence and frequemSI/UBIINMKIWA are
dependent on the Reynol ds nunber and other characteristics of the pipe

(geonetry, wibralion: ebGr¥s’ THaHL i V- aper aga&ﬂe Vel pCLLY r%'d' g&%{u neq} he

puff or slug is essentially the sanme as a | am nar profi int
center oftfﬁfpuﬁﬂcbrQﬂ&@dﬁpeﬂgeessewnlwmq/Rémnsh@e @&mbenuabdleﬂmer

profile. At e |n and tr edges ,of puf f sl ug the.
profile chaﬁ%gs %ron1d%é Shapi %h?héD hé?eogﬁ r?hlsvg%ﬁﬂbéogs ete.
acconpani ed The thengenes akdon Gfelobaltge;ﬁdﬁllq?e HOQO Neét paf £t @B:blsﬂ%
meters nor ultrasonic neters have perforned acceptably in the tran3|t|on

region, thei¥® ®&PPBFaEibHs Bl nipT®o0adi 13 calined esrapilicsh ad oo the
variabl e to he,used; nttli)@tﬁgk?uglragﬁldgcaltﬂ %S {g&%{iQQlyagﬁHr AGhe %%C*é as

custody transfer and product allocation. e present"tinme the on

|nstrunentsQyﬁhu&ﬁﬁbrpnsélﬂﬁ tr@ttmaﬁmleaﬂuwggaod mnaqunQ|&eges of

dlsplacenent JIet er %h arg expe2§|ve nd req re fre t mai_nt enance.
VPds

The present HS e § o p? Cabré ?Wt?% @penﬁpeFQan/
be made to aperate st@abtyiandnaebiealilsy ddl:dn@ﬁmlterca%}l'tt@@ Geai@R L i\Wnt haut

conprom sing their performance -in the |lam nar regine below or in the

t ur bul ent g@ %%hﬁ&? [ 0008] To the best of the inventors' know edge,

there is no prior application for the specific purpose nmeasuring
[0007] Neither turbine meters nor ultrasonic meters
have performed acceptably in the transition region, their
calibraticons being tob difficult to establish and too
variable toc be used in petroleum applications requiring
accuracy, such as custody transfer and product allocation.
At the present time the only instruments suited for use in
the transition region are positive displacement meters,
which are expensive and require frequent maintenance. The
present invention provides a technique whereby ultrasonic
meters may be made to operate stably and reliably in the
transition regiocn, without compromising their performance
in the laminar regime below or in the turbulent regime

above,

[0008] Tc the best of the inventors’ knowledge, there
is no prior application for the specific purpose measuring
a velocity profile in the transition regime with an
ultrasonic meter. Pricr-art nozzles used for the

measurement of mass flow —such as a so-called ASME nozzle—
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a velocity profile in the transition reginme with an ultrasonic neter.
Prior-art nozzles used for the neasurenent of mass flow -such as a
so- cal | ed WABSMIBYABPYL e- -4 WD 2009/ 114062 PCT/ US2009/ 001 0BA/USRH01007
differential pressure instruments have a bluff entry and are often

characteri zqd by astpgkecebhipsaidlias oppOSEAoLE. ﬁsvgo@ogmf%g&ﬁr

conmpound el | ipsoid used by the invention described herein.

illustrates aetld t yysiecalof teuny elittirarrdl e f il owl ndzzl @ psabigle. IRIlEE)ﬁUMVAI%\é OF
THE | NVENTI 000 ] h resent in entlon pertains to and an
appar at us f or fde é$n1§|§§P %p?y%é/ 158 Di pe Fﬁgpouﬁ§%sn§}*?ﬁ?ﬂdnﬁfﬁQa|n

conj uncti on bwi tithea ma@suohi gesculbeas onrireifl ow mejefe The1fldikdanezzle
has an inner surface of a desired contour to transition the fluid flow

fromthe pi pERICThETRIBILFGaL nel et epzEbeanar§zéethe fluid flow BRI EF
DESCRI PTI ON OF THE SEVERAL VI EWs OF THE DRAW NG [0010] In the acconpanying
drawi ngs, the preferred enbodinent of the invention and preferred nethods
of practicing the inventi 8Rl&Fe SUMMASHY &tFed HEn ANMVENT. IN0011] Figure 1 is a
sectional, schematic view of an apparatus of the present invention; [0012]
Figure 2 is a conpound ellipsoidal profile of a reducing nozzle; [0013]
Figure 3 is [&)C{!I%ph ofraul brbeeatnetefel t NEAr byt aliR sl apd nar , md FROSI t4reN,

and turbulent regines to Reynolds nunber of 100, 000;
an apparatus for determining fluid flow in a pipe that
uses a fluid nozzle in conjunction with a transit time
ultrasonic flow meter. The fluid nozzle has an inner
surface of a desired contour to transition the fluid flow

from the pipe to the meter for the meter to analyze the

filuid flow,.
BRIEEF DESCRIPTICN OF THE SEVERAL VIEWS COF THE DRAWING

[0010] In the accompanying drawings, the preferred
embodiment of the invention and preferred methods of

practicing the invention are illustrated in which:

[0011] Figure 1 is a sectional, schematic wview of an

apparatus of the present invention;

[0012] Figure 2 is a compound ellipsoidal profile of a

reducing nozzle;

[0013] Figure 3 is a graph of full-bore meter linearity
in laminar, transition, and turbulent regimes to Reynolds
number of 100,000;

-



-5 WD 2009/ 114062 PCT/ US2009/ 001007 [0014] Figure 4 is a graph of a
reduced-bore (6 x 4) neter linearity in lamnar, transition, and turbul ent
regi mes tWORYHBIWEE nunber of 100, 000 of the present i REGEI2009/00408@ [ 0015]
Figure 5 is a typical flow nozzle profile of the prior art for flow
measurenent by differential pressure. DETAILED DESCRI PTI ON OF THE

| NVENTI ON [ 0016] Referring now to the drawi ngs wherein |ike reference
nuneral s refE?0Y4] si miFaguoe dderd i ealgpash soft hr onghavkdt-berseves ak views,
and nore specificall]y to ,figure 1 thereof, there.,is shown an apparatus 10

S
for determiWiHg f1UiSFIFbW i nta ptpBiR3L- ThEXappaFaPls 167 okt
fluid nozzl erddinds flud d Wrgscatﬂ&qbé@}t e theypigee 12+ The hozzle 14 has
a surface 16 that is contoured to prevent negative pressure gradients
resul ting frofiFie%y 3%, The apparatus 10 conprises a transit- tine
ultrasonic flow neter 18 enploying at | east one acoustic path in
comuni cation with the fluid in the pipe 12 and di sposed downstream of the
nozzl e 14. Pi01& f f eregbys $héesappanativs 1l providesl @ peddced- bar ehe
ultrasonic flow rretertﬁfor asuring flow characteristics _of a fluid within
a pipe. [00FA*Phe Yt UiY n’gc:]‘za‘%"l’ d"9%° YerBFaF| 9%8&%?%%@‘%?]1 BREFISAT S nt eri or
surface having a concave-profile portion and a convex-profile portion. The

concave-profile portion or the convex-profile portion or any conbi nation
thereof -6 DETAILED DESCRIPTION OF THE INVENTION

[0016] Referring now to the drawings wherein like
reference numerals refer to similar or identical parts
throughout the several views, and more specifically to
figure 1 thereof, there 1is shown an apparatus 10 for
determining fluid flow in a pipe 12. The apparatus 10
comprises a fluid nozzle 14 in fluid communication with
the pipe 12. The nozzle 14 has a surface 16 that is
contoured to prevent negative pressure Jgradients resuiting'
from fluid flow. The apparatus 10 comprises a transit-
time ultrasonic flow meter 18 employing at least one
acoustic path in communication with the fluid in the pipe
12 and disposed downstream of the nozzle 14. Put
differently, the apparatus 10 provides a reduced-bore
ultrasonic flow meter for measuring flow characteristics

of a fluld within a pipe.

[0017] The fluid nozzie 14 generally comprises an
annular interior surface having a concave-profile portion
and a convex-profile portion. The concave-profile portion
or the convex-profile portion or any combination thereof

.



WO 2009/ 114062 PCT/ US2009/ 001007 can be ellipsoidal, or cubic, or
sinusoi dal, for exanple. The convex concave-profile and convex-profile
portions ®4h200kd14863 | psoi dal , cubic or sinusoidal. [001CTIOS2¢%NPENT
negative pressure gradients, the surface 16 of the nozzle 14 by way of

exanpl e can n I conpo el i psoj ample, this
surface's c6%%8u?gcgﬁqﬁggﬁgzgngégpagﬂglgénﬁ%ﬁﬁ%ggfg?%%gférﬁpgsé?ﬁgwiﬁ%dies
of revol uti ohhe Thenvew ebhicpsei-galcfibiadiasd ofoneyolptoonlar ecrarnmed hyart he
rotation of _elljpses having the form{ (X - Xo0)2/a2 + (Y-Y,) 2/b2 =1},
where a and %?a?LP{%%OﬁgﬁLto??%?craﬁi?gﬁﬁﬁ8ﬁaaghe X and Y axes), and X, Y,
X0 and Yo are nunbers in regard to their respective axes, as is discussed
in detail further below. [0019] Aratio of the dianmeter of the nozzle's 14
throat 20 tolYMeBYi anet@r BFeVERBLpi peIELiisst IREGRF DR EheIradizngsi4 itheone

enbodi nent igs,0¢ rles Ep?%i iggl | t ratd o_can about .. 67.
The nozzle 14 6%ﬁ9h§§§ §f|gﬁg h be wé%n%%lzgﬁn&ngipggg fﬁgngget%?g. bﬁhe
upst ream aperanura@srdd aofs t he pepherub8 cablbesdisposediobeteyemiplld 2 and 3 -

pi pe dianeters_ of the downstreamend 26, of the nozzle.14. [0020] The
appar at us 105%%%?%05? uG& & Ol f%%‘ér%f? FESCFHURY EGmANICOMABIN D Ph e

pi pe 12 at alogaidomk]l domstdLamsf remybhachibaw metere 1& ,Jhe filiQuwmier 18
can neasure fluid in the plge 12 having a Reynol ds nunber between 1000
and 5000. - P06 FD09PA14082C PCFLUB2009/001007ed by the rotation of

ellipses having the form { (X - Xo)?/a® + (¥Y-Yg)3/b? =1 1},
where & and b are the eqguatorial radii (along the X and Y
axes), and X, Y, ¥Xp and Ygq are numbers in regard to their

respective axes, as 1s discussed in detail further below.

{0019] A ratio of the diameter of the nozzle's 14
throat 20 to the diameter of the pipe 12 upstream of the
nozzle 14 in one embodiment dis 0.7 ér less. More
specifically, the ratio can be about .67. The nozzle i4
can have a length between 1/2 and 3 pipe 12 diameters.
The upstream apertures 24 of the meter 18 can be disposed
between 1/2 and 3 pipe diameters of the downstream end 26

of the nozzle 14.

[0020] The apparatus 10 can include & diffuser 22 in
fluid communication with the pipe 12 at a location
downstream from the flow meter 18. The flow meter 18 can
measure fluid in the pipe 12 having a Reynolds number

between 100G and 5000.



[ 0021] The present invention pertains to a fluid nozzle 14 for a pipe 12.
The nozzle 14 conprises an inner surface 16 having a contour which
prevents WEYHPVE2pr essure gradients in the fluid al ondQTHES206EH0Zur f ace
16 as fluid flows through the nozzle 14. The nozzle 14 conprises a throat

20, wherein gygatio ofpthe di,apgter of . .the t : he.di.anet er_.of
the pipe 12 ﬁ%str%an1of t%e tEﬁgaﬁnggnféggﬁﬂgﬁggﬁég.L?O%Z%f%fﬁeqﬂ%%%%t
i nvention perd aifis te apmeehodz f or Tdet enpizanileg Lhuidofibovsen aapi peinkd:

The net hod cor? i ses %hehste s of flow ng flui d_throu%h a fluid nozzle 14
in contact WtH The pPpelT31hdvi Ry £XUMBur ‘Yt FhedPb§VEn tEonpE@HHE icifi ¢

or ellipsoi prédhane i §raficest epiaf chEeasuidng: tdgy fipk d;: hRethg Rise12 v th
atransit-tinme ultrasonic flow nmeter 18 enploying at | east one acoustic
path in conmifi éadtiiéh WM eHsSt hehfeugd ithe hewgigde 124and Bheposezzle 14

downst ream - zl e 0 ] | ow. n t.ep can_jinclude the step
of flow ng Qlff%ﬁﬁ%%%o%gﬁ&?ﬁg%%z%gl eJl%elr%ﬁg\rA% t%ﬁ%l%on %ut%hlesdéamgtgr%o rFS of
two el lipsoitded bodbas @0 revotwei anamEher fdOwihg stiep can upskudant ke

step of flow,ng fluid through he npzzl e 14 where the two el lipsoidal

bodi es of rté\fglttmocﬁ‘nt eJ;iH%aQ/J aFfor@?f]. The flowing step includes the
step of flowing fluid through the nozzle 14 where a ratio of the dianeter
of the nozzle's 14 throat 20 to the dianeter of the pipe 12 upstream of
the nozzle 1P02%2l0. 7 Tdre | BE&5eThe ¥NMERIECRE BFLitadngdesot e Bebhogf for

10 T WO, 6 6275, 4 MCTR P 1SRy O TS
the steps of flowing fluid through a fluid nozzle 14 in
contact with the pipe 12 having a contour defined by a
compound cubic or ellipsoid. There 1s the step of
measuring the fluid in the pipe 12 with a transit~time
ultrasonic flow meter 18 employing at least one acoustic

path in communication with the fluid in the pipe 12 and

disposed downstream of the nozzle 14.

{0023] = The flowing step can include the step of flowing
fluid through the nozzle 14 where the contour is a
compound of two ellipsocidal bedies of revolution. The
flowing step can include the step of flowing fluid through
the nozzle 14 where the two ellipsoidal bodies of
revolution each have a form {]. The flowing step includes
the step of flowing fluid through the nozzle 14 where a
ratio of the diameter ¢f the nozzle's 14 throat 20 to the
diameter of the pipe 12 upstream of the nozzle 14 is 0.7
or less. The flowing step includes the step of flowing
fluid through the nozzle 14 where the ratio is about .67.
The flowing step can include the step of flowing the fluid
-8



-8 WD 2009/ 114062 PCT/ US2009/ 001007 having a Reynol ds nunber between 1000
and 5000 through the fluid nozzle 14. There can be the step of flowing the
fluid thr SYHOIYIHEX user 22 in contact with the pipe 12 PEIBUKRELYEHW T r om

the flow neter 18. [0024] In the operation of the invention, the apparatus

10 makes us .t he i Lal, forces created by educi nQzzl e 14 having
speci fi ed cﬁ}iér)‘g%l{i r?s??géotﬁgsc%ﬁlﬂ 5it £ HSW f%@? ‘?Iﬂ‘gt E&BQI g‘%‘&tollf@}\/vi be
chaotic. Thefthadsnoarilges dhen Therél @wn shé ntaet ranspt ican regi,0AgWhele

nei t her the 'sj%?us forces, which control the velocity profile at |ower
vel ocities at%]ldJ ghBFoVPSc i Ftéd Usrdr 24 heni membant f yices, ththi BRPeont ol

the vel oci t yaq@fd de€art rrhOPgE Yebgckbies apd | ower viscosities, are
domi nant. Stabilization of the velocity profile in the transition region

is inmportant to the satisfactory operation of transit-time ultrasonic

nmeters 18 in fransiti region.. Stahilization permts_the calibration
(net er fact{odr({ﬁo]f theh]lijl ?E%sgﬁgé‘ﬁ%rifétogr 0%18 i bjemé%‘ggb?%héhemaﬂ?aratus
preci sion and neslecs epsedud bilee iherebylalfbewerg diediedepyuseddicing
accurate flow neasurenents for applications in which the flowfield

char act eri st Have *hi #aét P8 boetr! et oGhageat qroGFs1csThé Cappar bt os 10
consists of @dedygiend nergke Id1andogpLiansit -4l Meopldiasoni G, d1 owmter,

enpl oying one or nore acoustic paths. The neter cul at es
vel ocity framidws t wanegi t thienes lofv pdksesn ofa ulttnaaswinti on ensrgiyort r aved ieng

wi th and ag%é?%hépet%%reeﬁg%%u%f %ggggs, which control the wvelocity
profile at lower velocities and higher viscosities, nor
the inertial forces, which control the velocity profile at
higher wvelocities and lower viscosities, are dominant.
Stabilization of the velocity profile in the transition
region 1is important to the satisfactory operation of
transit-time ultrasonic meters 18 in the transition
region. Stabkilization permits the. calibration {meter
factor) éf the ultrasonic meter 18 to be established with
precision and made reproducible, thereby allowing it to be
used for accurate flow measurements for applications in
which the flow field characteristics have hitherto been

discouraged.

{0025] The apparatus 10 consists of a reducing nozzle
14 and a transit-time ultrasonic flow meter employing one
or more acoustic paths. The meter 18 calculates fluid
velocity from the transit times of pulses of ultrasonic
energy traveling with and against the direction of fluid
flow. The volumetric flow is determined from the velocity
measurement (s) . In the sectional drawing of the

-0



flow. The volunmetric flowis determned fromthe velocity neasurenent(s).
In the sectional drawing of the -9 WD 2009/114062 PCT/ US2009/ 001007

i nventi onWEIBEHO0G2 the meter 18 enpl oys eight acousti PCTHEZAY/WIMWANged
chordal ly, which allows the four individual axial velocity neasurenents to

be integrat ef;'n {58l Iy 5 Wt hput (gLr %e&{?!“l%r%’a\%ﬁ‘ﬁ%ﬁse c‘-é?!rqrg‘ﬁi eousti
conponents, thereby facilFitating a volunetric flo asurenent of greater
accuracy thamawos! drbenthe chsedasltlly,, fuirisexanrpleys athsi dghe acmlistidagat h.

Nevert hel ess, as noted previ ouslé the invention applies to transit tine

ul trasoni ¢ f6u L mEEAOS il BFFAGTEECRER s oRE atbusiiet pat Rurmally

configurati op; €phOysraco. e3hetarddiOrsLdei H8i PPZZhbapoaRe ta , CAHLAl Ly
di ffuser for recovery of pressure losses. (A betaratio is the ratio of

the nozzle 1% @ibhreinat at hgodumpériro £Rar ameplgrionlestt ) qD026leRigure
2 shows, in é&ﬁ%f’ tes EOnfQig Ofp, o h‘%gqef'%’s?o.z%l@h“ bsed oo dpee o
e ur 0 ng "t he

i nventi on. con I's a conmpound two ellipso6itds each havi

form{ (X - H)g¥ké¢a2coubEYi¥o)pdth2 =Nejerthrdresa awl boaee thhewwguailoy, al
radii (along the X and Y axe%%\y,) and X, Y, X0 and Yo are _nunbers in regard
to their respettiVe FKEOD FIFW ehter sO f rigrte” | 4™ THE 4T YshT o £ow

contours of ddige sUrfage dPingvord Negatiye PIRSSW e Hadt efdsed thi nphe
flow along the surface 16. Avoiding negative gradients is beneficial
because it praveiaerageenstenpbored dbovhdatyrdt@ erat separsti®mandio ke,

turbul ence. Jp, FLOUS, Zea ] M@ r Okl Ner DOFAL 8y 14.¢01 BPBLEL BT fhE Mt ! et
(A beta ratic i1s the ratio of the nozzle 14 diameter at

the outlet to that at the inlet.)

[0028] Figure 2 shows, in profile, the contour of the
flow nozzle 14 used in the inveﬁtion. The contour 1is a
compound o©of two ellipsoids each having the form { (X -
Xo)2/a%? + (Y-Yo)?/b? =1 }, where a and b are the equatorial
radii {aiong the X and Y axes), and X, Y, Xo and Yo are
numbers in regard to their respective axes. Flow enters
from the left. The ellipsoid contours of the surface 16
avoid negative pressure gradients within the £flow along
the surface 16. Avoiding negative gradients 1s beneficial
because 1t prevents agalnst induced boundary layer
separation and, hence, turbulence. In Figure 2, the ratio
of the nozzle 14 diameter at the outlet to that at the
inlet (the so-called beta or B ratic) is 0.67. This ratio
produces an average axial velocity in the throat 20 equal
to (1/8% or about 2.2 times the average axial velocity in
the pipe 12. The inertial force on the £fluid in the
throat 20 is related to the axial velocity squared and 1is
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inlet (the so-called beta or Rratio) is 0.67. This ratio produces an
average axial velocity in the throat 20 equal to (1/(32) or about 2.2
times theWdVWOUYEO@xi al velocity in the pipe 12. The i REIYIKNONGIWE on t he
fluid in the throat 20 is related to the axial velocity squared and is

-10 WO 2009/19]\;1?49 / 07 . er qHQPI y. fLye.tines greater
than that int eéﬁ?ggéﬁgg?ghgg\%gsz%ﬁi&f og?rz:eceld;teearﬁe a sotpﬁgrégsg&e gj ause
of the small2r iniBreavidicamet eforbes tihre ovesal hnicmesstseal, t Bec¥hSE0USE

force ratio jis increased . in the nozzle 14 throat 20 by roughly 1.5.]
L00557 The s R PR nbs b1 iRt ek nebt ey Ioagertizy to

count ervai | ivig €onsi deraki ans:i J 0028]; noxeerdence, ihB fiomw nozzhes 14 ysed
for the nmeasurenment of mass flow, which devices neasure the differential
pressure betdfbety N Upktreadtap and a tap in the throat 20, has shown
that lower Rratios |lead to nore repeatable perfornmance (See for exanple
the ASME publication Fluid Meters). The calibrations of nozzles 14 having
Rratios |arg#7k han The5chaveesafetilmesnbackedl ir @peatabd | ity .gdv@i2:a The
constructability and cost effﬁcti veness of ultrasonic neters 18 di m ni shes

with their B anEt SOV ERE SGbhi hdt ePES18SEARIFPBF: than 4 inches in di ameter

are offered for sale. Hence, the |owest practical (3 ratio

[0028] . Experience with flow nozzles 14 used for
the measurement of mass flow, which devices
measure the differential pressure between
an upstream tap and a tap in the throat 20,
has shown that lower B ratios lead to more
repeatable performance (See for example the
ASME publicaticn Fluid Meters) . The
calibrations of nozzles 14 having B ratics
larger than 0.75 have sometimes lacked
repeatability.

{0029)] . The constructability and cost effectiveness
of ultrasonic meters 18 diminishes with
their diameter. Few such meters 18 smaller
than 4 inches in diameter are offered for
sale. Hence, the lowest practical R ratio
for a & inch line carrying heavy oil 1is

probably around 0.&7.

[0030] The nozzle 14 in the reducéd—bore meter 18 not
only increases the velococity, but also flattens the axial
velocity profile, whether the flow is laminar, turbulent
or transitional. This flattening of the profile means
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for a 6 inch line carrying heavy oil is probably around 0.67. [0030] The
nozzle 14 in the reduced-bore neter 18 not only increases the velocity,

but al so M@O¥AE%he axial velocity profile, whether tMS/P$609/G04007am nar,
turbulent or transitional. This flattening of the profile neans -11 WO
2009/ 114062 R USRO0940810% Lhat e d4ur byl 6811 200, Lampar, prafid es are
nore ali ke and hence reduces the variation in profile n the transiti
region. |n deklicsomedilyes ncheaseriiptarinal ivebaoiftiy ei sin achieevethvd tihodh an

acconpanyi ng_ i ncrease in the .edd vel oci.ty, and hence di m nishes the .

i mpact of t?\ree%ldoi es. inrhgcﬁlgztﬂ i ng Bf lﬂ'%geﬁsé?i PR % beli&t Pt Hatl$ s
obt ai ned wi tdriaiéeda@t iwetyoabr upt conddmdn@ihg athcexbisenely oM ecdq
contraction woul d presunably increase the velocity/inertial forces w t¥|out

si gni fi cant 12 ¥Gtteni AGY tHEP PP of iMeN1POES1 LR gdfeacs amd Shpr cvddiees .
experi nment alrgyi denge: of 1 nthegknprQue .9 the_lineat] d :
repeatability of ult ras%)rrl]%c (r)ret ers 1@8%%38% ggou'gjll bgflet elfgﬂ:l nvtehn tl on-
Figure 3 pl otisaiaiédravioh dat a feranivehyentbanglt 6 ¢aowhradt pahh - an

ultrasonic neter 1 ere the internal dianeter of th ipe 12 is

const ant threoxutgrhe“t‘%](::)gV\rr,gtO 9 lgcgjhﬁaﬁ%m ia‘?%{% P§§l§%§ﬁﬁgz%]‘ér?§s@npttrb‘§/ed)
agai nst t he Reynol ©s/ 1 merbesl oftdiie f | widhbitt Nt gl PeaRel $hawm diedhey
figure, to achieve Reynolds nunbers spanning the lamnar to the fully
turbul ent rdrige-PEODbE+® 100, 000-two fluids of different viscosities were
necessary for the calibration

s

[0031] Figures 3 and 4 provide eXperimental evidence of
the improvement to the linearity and repeatability of
ultrascnic meters 18 brought about by this invention.
Figure 3 plots calibration data for a conventional 6 inch
4 path ultrascnic meter 18 (where the internal diameter of
the pipe 12 1is constant through the meter 18 and no
diameter reducing nozzle is employed) against the Reynolds
number of the fluid in that pipe. As shown in the figure,
to achieve Reynolds numbers spanning the laminar to the
fully turbulent range—1000 to 100,000—two fluids of
different viscosities were necessary for the calibration
process. The lower Reynclds number regime was covered by
a fluid having a kinematic viscosity of about 220
centiStokes, the higher regime by a fluid having a
kinematic viscesity of about 20 centiStckes. It will be
seen from Figure 3 that above the transition region (which
typically lies in a Reynolds number range of 2000 to 5000
- depending on installation specifics such as pipe 12
smoocthness and steadiness of flow, the transition may take

place at Reynolds numbers as low as 1500 or as high as
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process. The | ower Reynol ds nunber regime was covered by a fluid having a
ki nematic viscosity of about 220 centi Stokes, the higher regine by a fluid
havi ng a W AWARE4062 vi scosity of about 20 centi Stokes. |RCUU$200481005een

fromFigure 3 that above the transition region (which typically lies in a

Reynol ds numbgpof ange Qhe 2000160 HQOQ, 'dQ@Qe;éggengtP&h’%fft @llk@:tiﬁg%d and

speci fics such as pipe 12 snpothness and ste ness” o | ow,
transition megadake giacelate®ReyidhdsRaunbeéds asuhioswr as Bl&OObet cas tihgh as

-12 WO 2009/ 062 PCT/ US2009/0Q1007 700Q) the ter 18 factor data are
tightly cl us%%élegnang[‘eryeaﬁ\gw Cor Tl at ea)(%wi T%aﬁggnglﬁds Wuﬂ%e?.o Vi dw
this regi ogotheyaspan a:i@Mg@eghoners | Yuhle rWidh R ObYEiRLs OFigbation

wi th Reynol ds nunber or any other variable, This characteristic renders
the 6 inch tMbtgRlBerEtREaticigreriezetlip fforivelst 68y orghnspse meter

operations ifgthe,ctr Ftion gi Qns w I‘]Hgglﬁ . about 0.
[0032] Figure 4 sh%ws@%%%&lbeng?]iet s(ggsfp(%!l;])?s %ﬂ%?%n. As£1751r1(9 |gu$lléI 3@9%

pl ots the netexnfacion okgacnmeberol8Reynocddé nmordrisnefagdinst 3WE Reynol ds
nunber of the fluid in the line, but the data are obtained froma neter 18
simlar to that of Figure 1: a 4 inch four path neter 18 1is |ocated

downst r eam of0@33] i nchrbyudei nchshedycivig: pezzketid oW t brhtbe nozad e d4.
profile conformng with the contour of Figure 2 and a head recover

expansi on cohe RommEtEgany dd i Figuiee metart Ractarbafedt Nesgiont aibbve

a Reynol ds nunger nof, 30QQ, 1heicati Prat ikl data ofuddie LBreugh Aorsey mefer
18 of Figure 3 and the reduced bore
the line, but the data are obtained from a meter 18

similar to that of Figure 1: a 4 inch fcour path meter 18
is located downstream of a 6 inch by 4 inch reducing
nozzle 14 with the nozzle 14 profile conforming with the
contour of Figure 2 and a head recovery expansion cone
downstream, as in Figure 1, In the turbulent region above
a Reynolds number of 5000, the calibration data of the
through bore meter 18 of Figure 3 and the reduced bore
meter 18 of Figure 4 are similar, a gradually increasing
meter 18 factor with Reynelds number. The calibrations of
both meters 18 can readily be linearized-the meter 18
factor made constant over a wide range o©f Reynolds
numbers—by applying an incremental correction to the raw
meter 18 factor based on Reynolds number. The Reynolds
number can be determined from measurements, by the meter
18, of product sound velocity and temperature, or by other

means.

[0033] In the transition region—at Reynolds numbers
below 5000 and above 1000~however, the characteristics of
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meter 18 of Figure 4 are simlar, a gradually increasing neter 18 factor
wi th Reynol ds nunber. The calibrations of both neters 18 can readily be
| i neari zeW@ HeYeer 18 factor made constant over a w €TV G10Reynol ds
nunbers-by applying an increnental correction to the raw neter 18 factor

based on Rey. d er., T | ds unpbe an.be determ.ned. from
neasur enent sm%yﬁ?ﬁgggnetlgr &58&%\?9%50 uc%tnrggo%n%l€%?5c f?mﬁg}jctﬂ m¥er at’iff e,
or by other noteads.afd6383] the thelibaasibhondaegi arrat tRey nohdse gumesse
bel ow 5000 and abovg 1080- however, the characteristics of -13 WO

2009/ 114062 W17 Us36097 HoF667 Hehe® met&r sS1BT BFeRi GlcesUBC@RES 4alPEF erthe

dramati cal | yoa ASor201 66 abovehitheyealdbragi opydatig. f Q.fratrrseiéﬂur?ugﬁegbiocgr?
meter 18 of Figure 3 are confused and uncorrelated; the calibration o
this neter IMYrdthe ttoansindeortaigyi 6nr wowtddye twoafircervai nther dusitody

transfer or igh. val appli.cations in this region. The calibratjion
dat a of the&%g?ucggggégé%%gﬁgr 9%8 tg]fl Figuie 4 olﬁetﬁgib{gﬁgpﬁgng{ataaroe%
tightly clustier edeandedeanlry censtrants over rtik@rk000 ten BRO0otarge Hfnd,
Reynol ds nunbers. . The nmeter 18 calibration in this region is readil

char act eri zeéd:® t heIhbt ér CiBStP%?oranids TR0 COrABUE peYEEr fhifice Ot%%/ittc? s

quite consistent pMhbh s s d10ls chshdy st r angferyand. of Ber. 4 hilgh v 5
accuracy applications in thetransition region. Figure 1 is a sectiona
vi ew of a reéducédiFor #aditmasdfi creadiéy 18haTacseronedgurtlté ormempt oykt a

0.63 beta raia reducing §ozgl e, 14,and.a conical diffuser 22 for recovery
consistent with its use for custody transfer and other
high accuracy applications in the transition region.
Figure 1 is a secticnal view of a reduced bore ultrasonic
meter 18. This configuration employs a (.63 beta ratio
reducing nozzle 14 and a conical diffuser 22 for recovery
of pressure losses with an 8 path chordal meter 18.
Figure 2 is a compound ellipsoidal profile of the reducing
nozzle 14. For this nozzle 14, a 0.67 beta ratio is

employed. Flow enters from the left.

[0034] Although the invention has been described in
detail in the foregoing embodiments for the purpose of
illustration, it is fto be understocd that such detail is
solely for that purpose and that variations can be made
therein by those skilled in the art without departing from
the spirit and scope of the invention except as it may be

described by the following claims.
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of pressure |osses with an 8 path chordal nmeter 18. Figure 2 is a conpound
el lipsoidal profile of the reducing nozzle 14. For this nozzle 14, a 0.67
bet a rati ¥%Q ¥0%eRpé2oyed. Fl ow enters fromthe left. [O0FAT/UE20MGGHN7t he

i nvention has been described in detail in the foregoing enbodi nents for .
the purpose of illustration, it is tocggyﬁﬂgerstood that such detail is
solely for that purpose and that variations can be made therein by those
skilled in the art without departing from the spirit and scope of the

i nvention except as it. may_be descri bed 2% he followng clains. -14 WO
2009/ 114062 PCT/ US20097 001867aP€EAF|9§81 RS of Ldef e hMi g 3 ui d

flowin a pipss, the: appPasattss COMMpESENEy:a f|UId nozzle in fluid
conmuni cation with the pi pe and having a surface with a contour to prevent

negative pressure gradlents inthe fluid al ong the nozzle s surface as the

o st Somnee oD 102 PRREhena AN BT aNSk LR iasonl o LLo TRieT
(0] e

di sposed downstream nozzl e an oylng % east ole  4colsti'c

path in commipeatdroh Wahiithe & | wiut fiavd hevipitpe.a 2.cofit capparnat Upfearent

determining fluid flowin a he a paratus conpr|S|n% aflud nozzle
Yy

in contact W& the ;n?ﬁ?%ﬁﬁtha%?ﬁélﬁnE nt ourPsub8antitdfiPy defived e
conpound cubigzzs' & eorpewrd &5l iktPeoi €1 uaRd flows through the nozzle;

and

a transit time ultrasonic flow meter disposed
downstream of the nozzle and employing at least one

acoustic path in communication with the fluid in the pipe.

2. An apparatus for determining f£fluid flow in a

pipe, the apparatus comprising:

a fluid nozzle in contact with the pipe and
having a contour substantially defined by a compound cubic

or a compound ellipsoid; and

a transit-time ultrasonic flow meter disposed
downstream of the nozzle and employing at least one

acoustic path in communication with the fluid in the pipe.
3. An apparatus as described in Claim 2 wherein

the contour is substantially defined by a compound of two

ellipsoidal bodies of revolution.

_15_



atransit-tine ultrasonic flow nmeter disposed downstream of the nozzle and
enpl oying at | east one acoustic path in comunication with the fluid in
the pipe. WO 208K 1Wf¢ar at us as described in daim2 wher eiBCT/HREOYGHOBUr i s
substantially defined by a conmpound of two ellipsoidal bodies of

revolution. -15 WO 2009/ 11406 009/ 0 .4 n_a r.at us as .
described in Claim3 V\%ére?&g} %tpﬁggta\l/é\o%%e%% p(g%?(g%}b%%ﬁ?%sB(E)sl?ie\%olwﬁ’ﬁ%%”ére
formed by theherovat edhipboekkilpbesiikaviai tdeofwring §Xe- £Xa)edy &l + K-
Yo)2/ b2 =1}, where a and h are the equatorial_radii (alon the,X and Y
axes), and XN T3 afd Y& dReSiu %Y%“?’ntgreeﬁlantf) t{%ei”r%f‘@szﬁéét ivel Bixes.

5. An apparatyys/p3 desqri hedrin aCaidnd sherend «guhabirQa0f (hhe 1di @neigy of
the nozzle's throat to the dianmeter of the pipe upstreamof the nozzle is
0.7 or |essth®s. XA appar abisSas destr Kbed? i n¥@ @NA 5Ywhersi nnupherfsatio is

about .67. 7re@°£&<§p$’@?€x{aé‘%?ﬁg§%?%§8£%98%&@5?‘ aim6 including a diffuser in

fluid conmuni cation wt ownstreamfromthe flow neter. 8. An
apparatus as described in Claim7 wherein the flow nmeter is configured to

measure fluid in the pipe _havi n% a Reynol gf nurmtfer bet vveﬁn,looo and 5000.
9. An apparatus as destrib88 PRPEFATMS AtheTei T 1hee hBzolaiRad ahesiyth

bet ween 1/2 andadipi pecdi@iet eismettQ AR appar als1as desgrbhed 9 T m9
diameter of the pipe upstream of the nozzle is 0.7 or

less,

6. An apparatus as described in Claim 5 wherein

the ratio is about .67.

7. An apparatus as described in Claim &
including a diffuser in fluid communication with the pipe

downstream from the flow meter.

8. An apparatus as described in Claim 7 wherein
the flow meter is configured to measure fluid in the pipe

having a Reynolds number between 100C¢ and 5000.

9. An apparatus as described in Claim 8 wherein

the nozzle has a length between 1/2 and 3 pipe diameters.

10. An apparatus as described in Claim 9
wherein the meter has upstream apertures that are disposed
between 1/2 and 3 pipe diameters from the downstream end

of the nozzle.
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wherein the nmeter has upstream apertures that are di sposed between 1/2 and
3 pipe dianeters fromthe downstreamend of the nozzle. -16 WO 2009/ 114062
PCT/ US2009/0000a06211. A fluid nozzle for a pipe conpri SIGTES28HW/A0HIger

surface having a contour which prevents negative pressure gradients in the

fluid along the inner l§9rfﬁ0§lg§df}18591@ @%e%hpgpgh&g@rqg@ , and a

throat, wherein a ratio of the dianmeter of oat” t6 the di'ameter of
the pi pe upstreamof the throat is 0.7 or less. 12. A nethod for
determning fluid flowin.a i pe_caonprising the steps of: flowing fluid
through a fluid nozzl earilanPﬁEd uf%r%%?nirbaa‘fﬁg% i ??lnfﬂ‘érpi“’ﬁéc aniig S
contour defimeghbyva peerpourd @i te®fsaigonmoundlghli pseih and neasaw i ng
the fluid in the pipe with a transit- time ultrasonic flow nmeter enploying
at | east oneHcloictids phthdi Alevrmtiiredshofhdi tRZERE f BB in the pi pe and
di sposed downstream of the nozzle. 13. A nethod as described in Caim12
wherein the flowng step includes the step of flowng fluid through the
nozzl e where the contourthscatconpeurdnofa twd ieldf psloé ddhabedees odf the

revol ution. 14, th as, . described.ip Claim13 erein he fl qw ng step
ol udes  ne Tt oFor B RU AT Thr Glgh CERE M et s hE tigont
el i psoi dal ihodies ©f 1&eyolution each have a form ( (X - X0)2/a2 +
(Y-Yo)2/ b2 =1

12. A method for determining fluid flow in a

pipe comprising the steps of:

flowing fluid through a fluid nozzle in fluid
communication with the pipe having a contour defined by a

compound cubic or a compound ellipscid; and

measuring the fluid in the pipe with a transit-
time ultrasconic flow meter employing at least one acoustic
path in communication with the fluid in the pipe and

disposed downstream of the nozzle.

13. A method as described in Claim 12 wherein
the flowing step includes the step of flowing fluid
through the nozzle where the contour is a compound of two

ellipsoidal bodies of revolution.

14. A method as described in Claim 13 wherein
the flowing step includes the step of flowing fluid
through the nozzle where the two ellipscidal bodies of
revolution each have a form { (X - Xg)%/a%? + (Y-Yo)?/b® =1
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-17 WO 2009/ 114062 PCT/ US2009/ 001007 }, where a and b are the equatori al
radii (along the X and Y axes) , and X, Y, Xo and Yo are nunbers in regard
to their WeaRetdee axes. 15. A nethod as described i n RUTAVRHIPNOWIEr ei n
the flow ng step includes the step of flowwng fluid through the nozzle

where a rati [ t t ' h .t di ter_o
t he pipe ups?’r Ce)g}r]r%gfg Qt %g@ng};zﬁ éa iés%eeo. o%1£ %§%£ %%gg}& (r?rggﬁgg gzlrgge){sacar?%ed
in daim 15 Whaxesh, &heé Kl owWi ngostep ¥mcéudesutrherst ep akghlrowitng et d

t hrough the nozzle where the ratio is about .67. 17. A nethod as descri bed
in daim16 TR hg® tHeSstep of flowing the fluid through a diffuser in
flurd communication with the pi pe dowmmstreamfromthe flow neter. 18. A
met hod as described in Caim1l7 wherein the flowing step includes the step

of flowing the fluid havind anREhABI @ rimberibetwesn A0o0on ahd 5000 ein
t hrough the'tﬁéL“fh£W¥ﬁée'sté§ includes the step of flowing fluid

through the nozzle where a ratio o©f the diameter of the
nozzle's throat to the diameter of the pipe upstream of

the nozzle is 0.7 or less.

16. A method as described in Claim 15 wherein
the flowing step includes the step of flowing fluid

through the nozzle where the ratio is about .67.

17. A method as described in Claim 16 including
the step of flowing the fluid through a diffuser in fluid
communication with the pipe downstream from the flow

meter.

18. A method as described in Claim 17 wherein
the flowing step includes the step of flowing the fluig
having a Reynolds number between 1000 and 5000 through the

filuid nozzle.
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