TI TLE OF THE | NVENTI ON Appar atus and Method for Operation in the Lam nar,
Transition, and Turbul ent Flow Regi nes FI ELD OF THE | NVENTI ON [ 0001] The
present invention is related to an apparatus for determining fluid flowin
a pipe.(As used herein, references to the "present invention" or

"inventi on"wWoalianee2o exenpl ary enbodi nents and not neREIHEIMPINT every
enbodi nent enconpassed by the appended clains.) By way of exanple, the
present invention provides a fluid nozzle that is in fluid comunication
with the pipe and that has a contour selected to avoid fluid separation
whil e organizing the velocity pfbBti €F Mbike IJgBETIORal |y, the present

invention is related to nEgsyrenRnt, APRALALUS (£07 o §g£ {faylng fluid flowin
B

a pipe. The exenpl any REASHL SRl ApRaral U nh“EBE %&%L W th an
i nner-surface contour defined by .a conpoln revo 1°6n or

alternatively a conpound of two ellipsoidal bodies of revolutlon, and has a
transit tinme ultrasonic flow net LD BACREROUNDEDFIFHE | NVENTI ON [ 0002] Thi s
section is intended to introduce the reader

[0001] The present invention is related to an apparatus
for determining fluid flow in a pipe. (As used herein,
references to the ‘“present invention” or Tinvention”

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 is 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 1is related to measurement apparatus
for determining £fluid flow 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

[G002] This section is intended to introduce the reader
to wvarious aspects of the art that may be related ifo
varicus aspects of the present invention. The feollowing
discussion is intended to provide information to

facilitate a better understanding of the present
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to various aspects of the art that may be related to various aspects of the
present invention. The follow ng discussion is intended to provide
information to facilitate a better understanding of the present WO

2009/ 114062PCT/ US2009/ 001007 i nventi on. Accordingly, it should be understood
t hat st at ee@e®ii0e2he fol | ow ng di scussion are to be rrEadIS200906m087 | i ght ,
and not as adm ssions of prior art. [0003]The petroleumindustry typically

“enpl oys turbi peandidd trasgpierartels, fiar @ﬁ@g¥5943 aﬂﬁé&%&%ofloﬁk%gte

and other fluid characteristics. € accuracy such neters gener
depends on t het2eRMeTHiA t i ahlde s€ablpriggofiichesakdml afeucd &l ocdad in

profiles to wagh f{&ﬁ& ar %dsggkeggegdm§p§{6§gla@(yfyggngl@uous profiles or

profiles that vary wdely in tine | ead to unpredictable *and hence
unacceptabl e variations in the calibrations of such neters, for instance.

[0004] The axi phoqf OC th Pl oRRS Acialed, Wil B éaﬂ%ﬂgt ydl GurBiasfully

cl osed conduit, e a pipe, depends on the're rve udes o
forces actinggwh vherésemis mht%hScaﬁODeegemeﬁallWOMmmﬁadﬁaﬂfkﬁwetaher

inerti al forcggdo tREECtEfHFH ggggggte §%45gwt| for %end %p ke

fluid particles nmoving at a constant velocity in a cons %lrectlon
whil e the frlmﬁt®malg¢@¢€@bl$eﬁaeemdadpaCQMEf¢qnm£nuuuﬂman¢hatablbttzed by

e sty sGEkhY, LA L o1 ol bR cLLY DodiRes T SOHR LS HIGES Ll Y 0

viscosity may slow the flowrate to zero“a he &t i 9°%f the
inertial forcegcisctd V|§@©&saﬂbyce$uxmm¢chupsskmawmlassth&:prnﬁiﬁss

number and iS ﬁ% %f n ?gf%iin %@ %.%%Iﬂ%f ‘%reé“@%éﬂf%sééh hence
characterize vel ocli prori S.
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 fluid particles moving at a constant velocity
in & c¢onstant 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, is often used in fluid dynamics to

characterize velocity profiles.

[0005] In many industrial applications the inertial
forces dominate. In such <cases, the Reynolds number
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[0005] I n many industrial applications the inertial forces dom nate.ln such
cases, the Reynolds nunber -2- exceeds 5000 and the fluid flowis
characterized as "turbulent”. The nonentum of parallel flow streans is
freely exchanged by small, random eddi es; and the profile, while varying
only to a d@aklostiggizee both spatially and tenporally, iPCTGHA00VEHgE,
blunt, stable, and readily and accurately neasured by both turbine neters

and ul trasoni exoBles S sqtpes, tRerepeRlavears, ampl begthops have required

the measurement of the flows of very heavy crude oils ere Reyno
nunbers are i NtEHRLBITt-0 5060 et Whd okhepergl sebus foor ceSrphmy ais

i nportant rol &é&ﬁ%;@éﬂa‘ﬂqg&g denehar achenoff <hhgepr ofLhern &t Reynolds
nunbers bel ow about 1000, the flow regime is characterized as "Tamnar”; in
| ong strai ghtWipl pesverginel esilyy tor of i FBadpprsaches betparailiad Ishaped but
in any case, {lmbScpilyermly S ablgand whiheut .eddigs. o FTPELEIHY Cana
gradi ents can create reasur'ement probl éms in fthis regine but, W an

i sot her nal pradereiatdlovingassadenent bekh htwthirss onelceinsandineht sapembent s

no i nsuperabl g, probl ems.,; Ihe yse 2B tycoine MRIGS i%g&?%?g£§ggge ﬁ? [ror €

probl ematic however, because of the inferacti‘on of rme ttself wth
the flow ng fredelr§0006 AteRayrrolsdsd mihbdrs Above dD00:hut hdrebowB5009, t he

flow regi me igs;char i "t it | " 1 n.thi e e may
tend to be Ia%%%’r,@g%lteé s%éﬁ&csﬁsst%rgarf?egﬁ%njf trjclhcf V%C{)g?c?yg’oé&n %]é(%v
t opogr aphy ofamnde igee watdscars t Hergleypsi pdhyconhi gimadroaniof tdkee in

by sudden and S SuRTT ChaRBes L SSRh B of T e SiedidFence Aoxke HOLN | be
transitional flwwess beEiavyg dhidee [1@8i0narchel dwotwhakgiisei nberbpeasedrinkddh .

- 3- as “laminar”; in long straight pipes the velocity profile
approaches a parabolic shape, but in any case, 1t 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 1is more
problematic however, because of the interaction of the

turbine itself with the flowing fluid.

{00086] At Reynolds numbers above 1000 but below 5000,
the flow regime is characterized as “transitional”. In
this range, the flow may tend to be laminar, but small
disturbances in fluid wvelecity, in the topography of the
pipe wall, or the physical configuratién of the
measurement instruments themselves may trigger large
vortices accompanied by sudden and dramatic changes in
axial profile. Reference texts describe transitional flow
as being 1like laminar flow that 1s interspersed with
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turbulent 'puffs' and 'slugs', the existence and frequency of which are
dependent on the Reynol ds nunber and other characteristics of the pipe
(geonetry, vibration, etc.). The time-averaged velocity profile before the
puff or slug is essentially the sane as a lamnar profile, and in the
center of t™W@209¢iMo@r slug it is essentially the sanme @#ETAISZUPOUDENT
profile. At the l|leading and trailing edges of the puff or slug the.profile

changes from gaeyshape tdhe olhensiand thicsechangechseasaanpanLedn by the
generation of |arge eddi%s. [ 0007] Nesl %r turgi ne ms?er(sa nor u?t!rqas%ll‘r)l C

meters have peffyPAel aceepiepandant tofe fhandevneadpedivowernt msid other
calibrations beingdoa disfdd cybt 1o gstabl tgsébmg,oovy@fa%gay& t Q. pe, used

in petroleum applications requiring accuracy, such as cust transfer and
product al | ocHi® orimgtaver@gnde Jedoctiitye prhéidal Yefaser thenpsiSubredlior use

in the transi{iopscegi om AF e pOSLLhyeadi splagament JRiAans, WHLN AT ehe
expensive and require freduent mai ntenance. e present i nvention provides
a techni que vwwRrehy @f trhessavid et evlsiondyf Be madentdadper bhe samdl s amd

reliably int B t r.egi ong, Wit hout rom si t.hej [ f.or mance
in the [ am na?%geagl me b% ov&lga?' inA%hghtgu?ﬁﬁlﬁg% %;Héilsrr%%alt}g\?{g {%%9038] 0 the
best of the iWvemois okrmowedde - ptrdide shaogpei 6rompphe cabapn forthde
speci 1 C_PUr DoSe Pasil 118 A ARG % RIbhl8nlBal B LHENSLALAR: &1 Jp W th
an ultrasonic nmeter. Prior-art nozzles use or the“measurement of nass
flow -such aslareo-eddiesd ASME nozzle- with differential pressure
instrunments have a bluff entry and are often characterized by a single

el li psoid as opposed to the conpound cubic or conpound ellipsoid used by

the inventiongleery i bedidhergirn. (FLOURE Smddd Ut rahes A kupbaak CRBVERS i onal
flow nozzle profile. BRI EF SUVWARY OF THE | NVENTI ON
have performed acceptably in the transition region, their

calibrations being too difficult to establish and too
variable to 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 technigque whereby ultrasonic
meters may be made to operate stably and reliably in the
transition region, without compromising their performance
in the laminar regime belcow or in the turbulent regime

above,

[0008] To 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. Prior—-art nozzles used for the

measurement of mass flow —such as a so-called ASME nozzle—
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[ 0009] The present invention pertains to a nethod and an apparatus for
determning fluid flowin a pipe that uses a fluid nozzle in conjunction
with a transit tinme ultrasonic flow nmeter. The fluid nozzle has an inner
surface of a desired contour to transition the fluid flow fromthe pipe to
the neter fvob2aoprgr4p@ter to anal yze the fluid fl ow BRI BRIDESORUATON OF THE
SEVERAL VI EWs OF THE DRAW NG [ 0010] I n the acconpanyi ng draw ngs, the

preferred empdifents af, dita JNaRdan and prefent ed yethads, Ale practisi ng

the invention are illustrated in which: [0011fFigure 1 is a sectional’
schemati c vi é4pDf 248 apphfat Bhafaatssigedsehy iaveriricde pO0LREFiduras 2 is

a compound elc!ﬂp%@cﬂat!o pff’?éi IcgmBBuﬂdr%qwii::n%rn%p?dund ellipsoid used

by the invention described herein. Figure 5 illustrates a

typical conventional flow nozzle profile.
BRIEF SUMMARY OF THE INVENTION

[0009] The present invention pertains to a method and
an apparatus for determining fiuid 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
fluid flow.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF 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 & sectional, schematic view of an

apparatus of the present invention;

f[0012] Figure 2 1is a compound ellipsoidal profile of a

reducing nozzle;

[0013] Figure 3 i1s a graph of full-bore meter linearity
in laminar, transition, and turbulent regimes to Reynolds
number of 1060, 000;
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[0013]Figure 3 is a graph of full-bore nmeter linearity in |am nar,
transition, and turbul ent regimes to Reynol ds nunber of 100,000; WO

2009/ 114062PCT/ US2009/ 001007 [0014]Figure 4 is a graph of a reduced-bore (6
x 4) nmeter linearity in lamnar, transition, and turbulent reginmes to
Reynol ds nivih&s/pio6200, 000 of the present invention; af€CTIRWIPELGuUre 5 isS
a typical flow nozzle profile of the prior art for flow neasurenent by
differential pressure. DETAI LED DESCRI PTI ON OF THE | NVENTI ON

[0014] Figure 4 is a graph of a reduced-bore (6 x 4)
meter linearity in laminar, transition, and turbulent
regimes to Reynolds number of 100,000 of the present

invention; and

[0015] Figure 5 is a typical flow nozzle profile of the

prior art for flow measurement by differential pressure.
DETATLED 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 is 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 gradients resulting-
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 o©f the ncozzle 14. Put
differently, the apparatus 10 provides a reduced-bore
ultrasonic flow meter for measuring flow characteristics

of a fluid within a pipe.

[0017] The fluid nozzle 14 generally comprises an
annular interior surface having a concave-profile portion
and a convex-profile portion. The concave-profile portion
or the convex-prefile portion or any combination thereof
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[ 0016] Referring now to the drawi ngs wherein |ike reference nunerals refer
to simlar or identical parts throughout the several views, and nore
specifically to figure 1 thereof, there is shown an apparatus 10 for
determining fluid flowin a pipe 12. The apparatus 10 conprises a fluid
nozzl e 14 WO RI0grido€onmuni cation with the pipe 12. The RGALERMWRAMas a
surface 16 that is contoured to prevent negative pressure gradients

resul ting fromd |yl deth 95 oiTRe appar ahysc 10, £0URh 86544 ¢ r%‘ﬁi b bhfBe .
ultrasonic flow meter 18 enploying at least one acoustic path in
comuni cat i onTR& t PR IRX f¢eichvarnted idiepant? congedirpposele dpanstiomancaf t he

nozzle 14. Putc diffgrentd.y, Eggiepggr?_{h@s%pdﬂpvi des a reduced-bore

ultrasonic flow neter for nmeasuring flow characteristics of a fluid within
a pipe. [0017] The fluid nozzle 14 generally conprises an annular interior

surface havingogygnCave PG POLLIOR 1900 ,C0DuEX- PLRLLL e, por ti pp, The

concave-profile portion or the convex-profile portion or any conbination
t hereof -6- wanfdee elbi pshi dak, rorzzxlshi ¢4 dry svausaifdaéxafiple exampllee The

convex concavgsplalide 380 £ORLRERLA ' Le RIIILNS CAL, PR,BLHRSON AR, -
cubi ¢ or sinusoidal.

) surface’s contour can be described as a compound of two
ellipsoidal bodies of revolution. The two ellipsoidal
bodies of revolution are formed by the rotation of
ellipses having the form { (X - Xo)%/a® + (Y-Yp)?/b% =1 },
where a and b are the equatorial radii (along the X and Y

axes}, and X, Y, Xy and Yy are numbers in regard to their

respective axes, as is 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 is 0.7 ér less. More
specifically, the ratio can be about .67. The nozzle 14
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 a 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 1000 and 5000.



[ 0018] To prevent negative pressure gradients, the surface 16 of the nozzle
14 by way of exanple can be contoured as a conpound ellipsoid. For exanple,
this ' surface's contour can be described as a conmpound of two ellipsoidal
bodi es of revolution. The two el lipsoidal bodies of revolution are fornmed
by the rot O aW/emr0@l | i pses having the form{ (X - Xo) HTAB2600/0010%%/ bz =1
1, where a and b are the equatorial radii (along the X and Y axes), and X,

Y, X0 and Yo nmberg,d N, 8gakd ; | cLLve axes; '
di scussed in g{g?zaiiT furt#e;br{oel ov%. l?‘gfg%g?kﬁr gtg?ggg étﬁ% éi Z%?ér héfz%ﬁe
nozzle's 14 thtodior20at wigee d2anmet dtheof nohelei ge 12ocupstiseamasf tiheenozzle

14 in one enbgod] I 8z 0. r | ess. ecifi.cally, ratio can_be
about . 67. Thegg%fz% e 1]26 cagna‘ﬁlan\;;e Za I gér%ntqﬁﬁ%et V\“/}éqel(r%%ll %’raengggspi ngfglve
di aneters. Therepsireagnapanty 6 2heoff luid mdbep tBecannbe diuspasedlé

between 1/2 and 3Fpispe @i ters @kt hg Lo thea nd 26_of the.nozzle.

14. [0020] Thggappar at us %%qn%a%h?ﬁcpude a di ?usernjzag' in Bn8" Adiak fa
comprises a throat 20, wherein a ratio of the diameter of
the throat 20 to the diameter of the pipe 12 upstream of

the threcat 20 is 0.7 or less.

[0022] The present invention pertains to a method for
determining fluid flow in a pipe 12. The method comprises
the steps of flowing fluld through a fluid nozzle 14 in
contact with the pipe 12 having a contour defined by a
compound cubic or ellipsoid. There 1is 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 ellipscidal bodies of revolution. The
flowing step can include the step of flowing fluid through
the nozzle 14 where the two ellipsecidal bodies of
revolution e=ach have a form []. The flowing step includes
the step of flowing fluid through the nozzle 14 where a
ratio of the diameter of 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-



fluid conunication with the pipe 12 at a | ocation downstream fromthe fl ow
nmeter 18. The flow neter 18 can neasure fluid in the pipe 12 having a
Reynol ds nunber between 1000 and 5000. WO 2009/ 114062PCT/ 11S2009/ 001007

[ 0021] The present invention pertains to a fluid nozzle 14 for a pipe 12. The
nozzl e 14 opioP/al8s2an i nner surface 16 havi ng a cont oRCTSR@H OBV ent s
negative pressure gradients in the fluid along the inner surface 16 as

fluid flows t 7 h l e COmQr i t hroat 20,
wherein a rat?%Qggyt%Qﬁﬁﬂgﬁé%gf&éPé}héegﬁéégt1ééot3n hgagﬁaﬁ%f%?g F*%e
pi pe 12 upstremadf ntheléhiddat 20hése OcZnorod egds: FOOR2cFhef preisent the

i nvention pertai t hod,.f teymnin luid £l i,n a pipe . The
nmet hod conpri %g% h{éf?g?%tg?s? %f %fﬁf%v{\ﬁs%g f 2ui o t ?lt(')ﬁag%t awf'f')}évi &hﬁozg%% 1%% n
contact with dhengiymnl Zrvayithg dlownheter defi ned by a conpound cubic or
ellLipsoid. There is the step of neasuring the fluid in the pipe 12 with a
transit-tinme ultrasonic flow neter 18 enploying at | east one acoustic path

i n conmuni cat [@R4d t h tlre fHeuicgpeimatiibe pifpehd2 iandntdisppsededappstsaeas of

the nozzle 14),[ 90231 The. fLPWLRY $EP. CN Loglude Lhe s1ep of [Lgwing
nozzle 14 having specified characteristics to control a
flow field that would otherwise be chaotic. The chaos
arises when the flow 1is in a transition region where
neither the viscous forces, which control the velocity
profile at lower velocities and higher viscosities, nor
the inertial forces, which control the velocity profile at
higher velocities and lower wviscosities, are dominant.
Stabilization of the wvelocity profile in the transition-
region 1s important to the satisfactory operation of
transit-time ultrasonic meters 18 in the transition
region. Stabilization 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
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fluid through the nozzle 14 where the contour is a conmpound of two

el li psoidal bodies of revolution. The flowi ng step can include the step of
flowng fluid through the nozzle 14 where the two ellipsoidal bodies of
revol ution each have a form|[1l. The flow ng step includes the stedo of
flowi ng fl WA2ONIYGh the nozzle 14 where a ratio of tRETHSAEPEPITOf ¢t he
nozzle's 14 throat 20 to the dianmeter of the pipe 12 upstream of the nozzle
14 is 0.7 or bgeéntilhe froyirg $fephinleudes shesmdrp, Hfefdioni Aok &

t hrough the nozzle 14 where the ratio is about_.67. The flow ng step can

i ncl ude the sPap*dra¥iangsty raldivd Wﬁ&\??‘nﬁléoﬁéyﬁBFdgoﬂﬁnﬁg‘gl%‘?‘\’/@en
1000 and 5000;%hspughibbec! wedsnezakarddcoThey eige8gPeddenshep: i1 1§ ow ng
the fluid through a diffuser 22 in contact with the pipe 12 downstream from

the flow met evidBout RPN nfEde ORErHGIe® JFeloRe tynGeRPPBANT E hetAppatrat us

10 mekes use pfcihe-dmeldial fenegsceieat ethiby mdLAUGAE NBZZI §rd4c baving
specified characteristics to control a flow field that would ot herwse be
chaotic. The tRAOSFEA i §é‘§nmh‘é<hl_ﬂt¢1ebfel ofPfs Fafea t"f‘-’éhsi tfomn Fé@f“@ﬁemhe#e

nei ther the viscous f05¢SSic Wheh, CORELALLhOR¥&| 0 t Yo PEQT bLEvabuL Dyer
vel ocities and higher viscosities, nor the inertial forces, which control
the velocity bl_fl%f i%réf@éttlﬁinghépp%’éﬁf%c!ﬁq e§r&ﬁ§1Foy\b¥mQ/i S%Gﬁals!o@sf: aiflao"_u .
domi nant. Stapiidzatigpiefyithle ¥el ogddy Ju obhke ddoddheid r gaghtion fegion is
inportant to the satisfactory operation of transit-tinme ultrasonic neters
18 in the traﬁ@ﬁlﬂWﬁftéglrbn?mBilalﬁﬁl i%atoi-éﬁ‘b@‘ﬁﬁﬁ%t-‘t%e_r@éﬁ%ﬂa_t [ @‘hz%lc@t er
factor) of the,yltrasgiiGaimeserr it oele eslabbished Whidsaraci shon.and
made reproduci bl'e, thereby allowng it to be used for ‘accurate flow

measur enent s f8r bappl iredtcons i hahrehie heff tbw mioglzdechdr adtatststy cat have
hitherto been.gdisgouwagded, 42923k The.apparatyus 10 consists of a reducing
nozzle 14 and a transit-tinme ultrasonic flow neter enploying one or nore
acoustic paths. The neter 18 calculates fluid velocity fromthe transit
times of pul sgsopy ul t raspilcc LNEROYs (T aKCL:BE 1 Wbl N BRI ARAINS! detne
direction of fluid flow "The volunetric flow is determned fromthe

vel ocity neasbiewencegle |1 theededni o dresitigerof Tihe cionvenri grs &igure
1, the neter yscei.ght d a apLanged or y i ch

all ows the fo%‘?mﬁ?%cgi éﬁaltgg)xi %fﬂﬁ% o%s?yé%s&%gneﬁt é‘:%?'o e r%l nE[ e\g?dat ed
nunerical |y wkeidat er (6rYfifdhf tThnsverberyeh oandybcanpolibat squeheredy
facilitating u j w r f ater .accyr t ban ul d
be the case Wg?%?lfggﬁéfign%kg, geag?&ng?rergg%(sig'st?égpgh.ﬂm{{l}(’e%%del g%s?]\'&gs
not ed previ oushyberheinnventicdn tagpplicds tetpeatsdive taxss .ul t Fasoneotélaw
met ers enpl oyi as, fLe on (o]0 j . S..C i ati ys a
0. 63-bet a-rat %ggrrneg}ﬁ%i \r%Ige%Eézzﬁeh%an%f%iﬁcsooﬁ?i%onﬂ‘%ﬁsgg f%lrrg r%{é]g?/aé?é;p%g
pressure | ossesoid Anggbdirat ifprdssurise guadicerofs thetinbrzitbelsf Mivanmedengat

the outl et totflgaguﬁaégelépl el&v%iding negative gradients is beneficial
because it prevents against induced boundary layer
separation and, hence, turbulence. In Figure 2, the ratio
cf the nozzle 14 diameter at the outlet to that at the
inlet {(the sc-called beta or P ratio} is 0.67. This ratio
produces an average axial wvelocity in the throat 20 equal
to (1/p%?) 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 is
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[ 0026] Fi gure 2 shows,
the i nvention. The contour

in profile, the contour of the flow nozzle 14 us

is a conpound of two ellipsoids each having

form{ (X - )(0)2/a2(y-y0) 2/b2 =1 1 where a and b are the equatori al

(along the X and Y axes),

and X, Y, X0 and Yo are nunbers in regard to

ed in
t he
r adi

their respdt@prapiE@s. Fl ow enters fromthe | eft. The el IHGIESR@WILOHMOuUr s of
the surface 16 avoid negative pressure gradients wthin the flow along the

surface 16. Avpidl Ag-DegaldMe @iddl bR sl %_Jrgsesa‘:l ehdh Pﬁ‘ggufﬁ J.cltlep#)f]gﬁ

agai nst induced boundary |ayér separation-and, hence, tur

ence

nts
igure

2, the ratio &f-thelWEzz¥esanisdi ApEEe? aret ke seutinaraasethatbetatdre phl et
(the so-call eghpetpaPicr I Atd Hnd1S aqa%te@' %ufcafth&? BGQQH?;%R&@Y&I a%g

axial velocity in the throat 20 equal to (I/p2) about
aver age aX|aIV¥%¢@@$t§0¥®ﬁtﬁ@tybpéslzncrﬁéSﬁﬂeﬁnl@hQ(nQK;kﬁllhethtqad in

the throat 20,jhs,yelaigdfq he axial velocity squared and is

[0027]

The choice of the nozzle 14 $. ratio is governed

by two countervailing considerations:

[0028]

[0029]

[0030]

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 [ ratics lead to more
repeatable performance {See for example the
ASME publication Fluid Meters) . The
calibrations of nozzles 14 having B ratios
larger than 0.75 have sometimes lacked
repeatability.

The constructability and cost effectiveness

of ultrasonic meters 18 diminishes withﬁ

their diameter. Few such meters 18 smaller
than 4 inches in diameter are offered for
sale. Hence, the lowest practical g ratio
for a 6 inch line carrying heavy oil 1is

probably arcund 0.67.

The nozzle 14 in the reduced-bore meter 18 not

only increases the wvelocity, but also flattens the axial

velocity profile, whether the £flow is laminar, turbulent

or transitional. This flattening of the profile means

-11-



therefore roughly five times greater than that in the pipe 12. [The viscous
forces are also i ncreased, because of the smaller internal diameter; but
the overall inertial to viscous force ratio is increased in the nozzle 14
throat 20 by roughly 1.5.] [0027] The choice of the nozzle 14 p ratio is
gover ned bywWOaRMBBUA er vai | i ng consi derations: [0028] EXsEYURIMIGMIT h ] ow
nozzl es 14 used for the neasurenent of mass flow, which devices neasure.

the differentipht PERESHELOPRINC AN MAHACYNrARaNd 2 (BRI B1ERE 59{106“
20, has shown that lower ratios |ead to nore re%eat abl e performance (See

for exanple tHe"ASMECHUBET cahPorTariatdonetier o cht i bhat itgAssetinnzzl es
14 having p rathosn!argel L18anQo5 haveisepehigesnl acked r@@f@élﬁglggy-

[ 0029] The constructability and cost effectiveness of ultrasonic ers 18
di mi ni shes wi RRREPERE NIEMOVEr . aFe R QIRTIPATONEDs 1BCEp@bE erit hamed eddhes in

di ameter are @E{sEpdy, f OangahencEeagfint Bk OWESt 4 g%%tti A %%haiégt a6
i nch I'i ne carrglng heavy oil is probably around 0.67. [0030 e nozzle 14
in the reduce@t®orElafgirinis 8t SRPy Phefébsesis he véleoeifty, bbatal o

flattens the g¥i@lneq with a relatively abrupt contraction - an
extremely long contraction would presumably increase the
velocity/inertial forces without significantly flattening

the profile.

[0031] Figures 3 and 4 provide experimental evidence of -
the improvement to the linearity and repeatability of
ultrasonic meters 18 brought about by this invention.
Figure 3 plots calibration data for a conventional 6 inch
4 path ultrasonic 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 Reyneolds 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 Reynolds number regime was covered by
a fluid having a kinematic viscosity of about 220
centiStokes, the higher regime by a fluid having a
kinematic viscosity of about 20 centiStokes. 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
smoothness and steadiness of flow, the transition may take

place at Reynolds numbers as low as 1500 or as high as

-12-



velocity profile, whether the flowis |amnar, turbulent or

transitional. This flattening of the profile neans -11- that the turbul ent
and lam nar profiles are nore alike and hence reduces the variation in
profile in the transition region. In addition, the increase in axial

vel ocity i sWaawpaisee wit hout an acconpanyi ng i ncrease iHHEREGIEHMMPOY el ocity,
and hence di m nishes the inpact of the eddies. The flattening of the

profile is a beoefiththaktes abt adnadmiddra 401 atiyetyy aQEHQEeEQcﬁ't LAqtion
- an extrenely Iﬁngbcontractl on woul d lEr esunabl y i ncrease

vel oci ty/ i ner EPARLFHr COSTRILARBAL “ditgni fexamidsy Pwapeen ﬁgtt Hée#ﬂ‘bf thés

[ 0031] Fi gur esr8gasd, 4tREQVis %ne@eférf?é‘t 8F axhdepcqsof e, I gprayerspL to
the linearity and repeat abi rasoni c nmeters 18 brought about by

this inventi of°*FeHir¥3 PLEPSs R@é[lnlol%ﬁét i DRSS aCF oy cOHVEnt veRaRbdei nch 4
path ul trasonig; SetRE 48t é ey & the ddteranal 4i §H@ﬁerth%ugﬁeb8£&emé€eks

constant through the neter 18 and no di aneter reducing nozzle 1s enployed)
agai nst the Régndl“ﬁs MFHEr of OF heCHItAdy | frepafepi pepe st igiiewn ion the

figure, to achksﬂgnﬁfa/rnoﬂeg%daum%& §Q9HBJL<@Q dbgd Andran ot Beohul Iy

turbul ent range-1000 to 000-two fluids of different viscosities were
necessary for the calibration process. The | ower Reynol ds nunber regi ne was

covered by a fbessl haVImg@Jmegﬁqu Vs CQRirfe 1% @pu\shggolﬁ%ekk%ﬂkes
t he hi gher fluid having a kinematic viscosity of ab

re
centi St okes. ‘gﬁ Wll Fl%‘ér%e%m T cmPguhe Jetieat fabdes oheat mansrt L8ninegi on
(which typically | hgﬁ hin8 Rgynpldscpunie nSf@gen&ﬁbgpogftQhéogguhd in

dependi ng on |nsta | at1 on spécifics suc s pi pe 12 snoot hness an
st eadi ness of tRh¢owkinehe Pransihd odlavay fake Qitadeest Regmolals medeiver $8as

| ow as 1500 Oéliﬁ‘islé'&!g@o%haQOQP)Fi def er %84f i‘ﬁlr':rlge Q%%%el %%VQ%‘%: gs_

clustered and readily correl ated th Reynol ds nu
regi on, they spanaratadgedofnsiaegdny 0% av tth hoclbbwyoud coratel aedoningt h

Reynol ds nunbgg or. apy QLBer t\ﬁ%ﬂr@%] f This f&@i;laect@& Aol o] rw'le § LhE 6

inch through-bore neter not usef oF clsto y t rans er era ifons~in
the transiti oﬂom@gﬁonOMIH)th@/nbl @Sldanbélesdofreabn’@tySmansmn cone

downstream, as in Figure 1. In the turbulent region above
a Reynoids 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 Reynolds number. The calibrations of
boeth meters 18 can readily be linearized—the meter 18
factor made constant over a wide vrange of 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

mearns.

[0033] In the transition region—at Reynolds numbers
below 5000 and above 1000-~however, the characteristics of
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[ 0032] Figure 4 shows the benefits of this invention. As in Figure 3, it
plots the neter factor of a neter 18 in a 6 inch |ine against the 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 is | ocated
downst r eam¥e® 2W9/814p3ch by 4 inch reduci ng nozzle 14 w tRCHERIGGIWIE 14
profile conformng with the contour of Figure 2 and a head recovery

expansi on conendogwpstrgamy 8% FAgELOUre lnaln e Lyrhulent n ahgve a
Reynol ds nunmber of 5000, the cal icjb(ati on aata Olf:l t%g tkﬁlrogéﬁé%g;‘g ms?gr 18
of Figure 3 aRdt¢he aredGecedtor eakbbenptignofdatigufer 4 thee indiglr, bare
gradual |y i ncgegsi nggneier gl18, factor, i tgb]glgy Q] ds, pu ] ibrations
of both neters 18 can readiJI'lc'?/ub'e Iir?eari ze -t%e n%?%rﬂglgg%gc?o‘%&%‘adgﬁe
const ant over cal Wit rahgefof tiRey nalede muiberios byhappt yames tairen neegient a: .
correction to,theqrgw peLe act ok ba n The, Reynol ds
nunber can be d%tern‘i nedg.fPg#éﬁ%ag%rgﬁgntég,gtggy?ﬁ%&%?elf %g?S%Pef)rg §§t
sound vel oci t 2 bwel 2eperattinns oy thisotdwgriomeaThe [c@A3Bfkkhnibhedbtansitti on
region-at Reypold r I 00qa 1900 hoyever, .t he
characteristics O?e@%’%’& ?%%grr]g%\ée%g 51)% g? E?gﬁ?%sg?a Qhd-4°qPHpgF hand,
dramatical | y. 278 hovlkdl aboMestaisel ald breatrlon cdatsaahor ovhe theoughObore
e g O Thv Al coponlyRstaand iEaL! O Bhediclle ofl 13 an.gf, thi s
meter 18 in the transition regi on wou e too uncertain tor custody
transfer or othertthisghrealioe aippl reatiidns ¢hrudviteriegidon. tAde nealeizbr a8i on
data of the r QI e I, 18 of, Fitgure 4 t he other hand, ar
tightly cl ustggggggngl&{nea%ﬁgons—t aht’ ll:(%gér %%f(g%%fd%teo §6]66 réﬁgeq&lge
Reynol ds nunbeessistrentmewéthl18itcal ubeaticon custddy teghefiers awhdbkiter
characteri zed, . t,he factaar. is 0.9770 15%, performance that is
quite consi s?}?aﬁ}bw ﬁé?{ascluseaag%olrlcc?l}sltogﬁy tlrnang er %ﬁ&ngtlﬁéfnhi §f9488ur acy
applications Figute lramsskt sentiegabnvifwgufeal reguacdebbirenalltyaennoé a
reduced bore [asopi c er 18 .This_configuration_enpl 0. 63 _beta
rati o reduci nrgé%%l?zﬁg'mn@%nl aCCBht eur ¢t ugré?f%f& rHr)'e@c/)\s;%? of 2pt8ssure
|l osses with are@iqiath wdwridal 1404w d8cohigal ed2ffssar cpEpoUnd rekbivpsoi dal
profile of the.reducing nozzle 14. For this_nozz]e 1 a, 0. .67 beta ratio is
enpl oyed. Fl oW enters reomif)ﬁge?ef‘f{”&f 0§34 & tﬁ(a)Jﬁ%h ékoerq‘ eftiGA hi\ “been
descri bed in degwrd 2 nid he ¢onmgoidee Eniyoediinknt prbdd lehefpuhposedating
illustration, it is be understood that such detajl_.js _solely for that
pur pose and tha Zi\/ear irlgt‘i on'ég’o(}:‘”ant & miG&” ﬁerle‘r'n Eyaq'h6o7’seb§lgflll i the art
Wi t hout deparé¢mpipfacom ttHewspntetsafidoscope béft he | nventi on except as it
may be described by the follow ng clains.

[0034] Although the invention has been described in
detall in the foregoing embodiments for the purpose of
illustration, it is to be understood 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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CLAIMS 1. An apparatus for determning fluid flowin a pipe, the apparatus
conpri si ng: a fluid nozzle in fluid conmunication with the pipe and
having a surface with a contour, the contour is substantially defined by a
conmpound of two ellipsoidal bodies of revolution to prevent negative
pressure gradients in the fluid along the nozzle's surface as the fluid

fl ows through the nozzle; and @AAIMEnsit tinme ultrasonic flow neter

di sposed downstream of the nozzle and enploying at | east one acoustic path
in conmunication with the fluid in the pipe. 2. An apparatus for

det er mi ni Ag f| &ind appenetws afpr pdetedmwirdmgartdugd ddopriisi mg:pipe, thg fluid

nozzle in A Wit be,pi pe and having a contour substantially defined
by a conpgggg %?ﬁ?mé)gfﬁgp%%idal bodi es of revol ution; and a

transit-tinme uld rfidsédi eorrboy het Ehuidl spoveaidehet redlh ofhe leipsoAzde and
enpl oyi ngnal1h§agt sQPEACUIH G RALRLLA, COMMUM AR WislBsthg: f4ui,d in the
pipe. 3. An apparatus as described in Caim2 wherein the two ellipsoidal
bodi es of deé¥Bedt POt ap@HBe@byehelloparidid SCderFi pSesehalitign he form

{ (X -X0) 2badte¥en®) #ddile, pMgLera Rr@keihhengauat o i &l odpdiHe (al ong
the X and Y axes), and X, Y, X0 and Yo are nunbers in regard to their
respectiv@oé%égfs surface as the fluild 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 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 of two ellipsoidal
bodies of revolution; 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 two
ellipscidal bodies of revolution are formed by the rotation of
ellipses having the form { (X -Xq)2/a%+(Y-Y,}?/b?=1}, where a and
b are the equatorial radii (along the X and Y axes), and X, Y,

Xp and Y, are numbers in regard to their respective axes.

4. An apparatus as described in claim 3 wherein a ratio of
the diameter of the ncozzle's throat to the diameter of the

pipe upstream of the nozzle is 0.7 or less.

5. An apparatus as described in claim 4 wherein the ratio is
about 0.67.
6. An apparatus as described in c¢laim 5 including a diffuser

in fluid communication with the pipe downstream from the flow
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4. An apparatus as described in claim3 wherein a ratio of the dianeter of
the nozzle's throat to the dianeter of the pipe upstreamof the nozzle is
0.7 or less. 5. An apparatus as described in claim4 wherein the ratio is
about 0.67. 6. An apparatus as described in claim5 including a diffuser
in fluid communi cation with the pipe dowmmstreamfromthe flow neter. 7.
An appar afmgseas described in claim6 wherein the flow neter is configured
to measure fluid in the pipe having a Reynol ds nunber between 1000 and
5000. 8. An apparatus as described in claim7 wherein the nozzle has a

| engt h bet’ween 2&8ndrPaprpes dransieéFsibed), imn capplar &t o8 ea8ideddri Fd@%in claim

8 wherei npkherfliaw dkigGubag wRstdLaM-aPeriibesi 4 hate apgpdi $R9$RE het ween
and 3 pipe dianeters fromthe downstream end of the nozz?e. 10. " A nmet hod

for det er REHPRLCT ITFEer| BoFTeera 190Bea®dmfi%i ng t he steps of:

8. An apparatus as described in claim 7 wherein the nozzle

has a length between * and 3 pipe diameters.

9. An apparatus as described in claim 8 wherein the flow
meter has upstream apertures that are disposed between * and 3

pipe diameters from the downstream end of the nozzle.

10. A method for determining fluid flow in a pipe comprising
the steps of:

flowing filuid through a fiuid  nozzle in fluid
communication with the pipe having a contour defined by a
compound of two ellipscidal bodies of revolution; and

measuring the fluid 4in the pipe with a transit-time
ultrasonic flow meter employving at least one acoustic path in
communication with the fluid in the pipe and disposed

downstream of the nozzle.

11. A method as described in claim 10 wherein the flowing
step includes the step of flowing fluid through the nozzle
where the two ellipsoidal bodies of revolution each have a
form { (X-Xo)./a’+(¥-Yy)?/b*=1}, where a and b are the equatorial
radii {(aleong the X and Y axes), and X, ¥, ¥y and Y; are numbers

in regard to their respective axes.

12. A method as described in c¢laim 11 wherein the flowing
step includes the step of flowing fluid through the nozzle
where a ratio of the diameter ¢f the nozzlie's throat to the

diameter of the pipe upstream of the nozzle is 0.7 or less.
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flowing fluid through a fluid nozzle in fluid conmunication with the pipe
havi ng a contour defined by a conpound of two ellipsoidal bodies of

revol ution; and measuring the fluid in the pipe with a transit-tinme
ultrasonic flow neter enploying at | east one acoustic path in conmuni cation
with the fluid in the pipe and di sposed downstream of the nozzle. 11. A
met hod asldeschi edhpd @lsaidastibhdr éinn alikémf |1ewi witprstiap thec| fidesnghe st ep
of flow n Ui, g h zz) et . Legoidal hadiies of
revolutio%tggcﬁqﬁggggg F%%n?fgﬁxﬁ§%)%¢§{%g(gﬁ$ %g/ 551 ? &%%re a é%d b are
t he equat ¥hea¢ thadinatfal bagehdwe R-8Ad Y axes), and X, Y, X0 and Yo are
nunbers in regard to their respective axes. 12. A nethod as described in
claim 1l wherein the flowing step includes the step of flowing fluid

t hr ough t Ré-no2zethmer es adesgiidedf theElaianetelneivdifg rfdez|8e® hroat to
the di anet@hy,0fyt PRe PiePR; HPShESAM Of WherROZZ! eni $10id CEWh&®SSeatioh3. A

met hod as described in claim 12 wherein the flow ng step includes the step
of fl owi ngifRuble tHiP6ugRWERHE 9382 ZFamvwHet & loMe™fB8T 0 i s about 0.67. 14. A
met hod as described in claim 13 including the step of flowng the fluid
through a diffuser in fluid comunication with the pipe downstreamfromthe
flow neteft®: 15 DRUHREhGE fHesFederibed iTadMailh 1 SHFEPei e heF18d ng step
i ncl udes thepstieprafed ltow REepherf Fubh havieg /@ uRay el dsg nankefdietsween

1000 and 5000 through the fluid nozzle. ,
number betwéen 1000 and 5000 through the fluid nozzle.
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