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Were P. (the Coriolls force vector) is the result of
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fl ow sensor, a tube, through which fluid flowis to be
1 Mass ﬂow measurement based on the Coriolis force effect is achieved in the

following manner. The Coriolis force results in the effect of a mass moving in an
established direction and then being forced to change direction with a vector
component normal to the established direction of flow. This can be expressed by the

1s  following equation:

Fc=2ﬂxa“.=

Where F, (the Coriolis force vector) is the result of the cross product of M (the

momentum vector of the flowing mass) and & (the angular velocity vector of the

rotating coordinate system).

20 In a rotating system, the angular velocity vector is aligned along the axis of
rotation. Using the "Right Hand Rule", the fingers define the direction of rotation and
the thumb, extended, defines the angular velocity vector direction. In the case of the

typical Coriolis force flow sensor, a tube, through which fluid flow is to be
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vibrated. Oten the tube is in the shape of one or
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constantly changing. The result is a dynamic tw sting
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15 Mass flow measurement is achieved by measuring the twist in the sensor tube
due to the Coriolis force generated by a fluid moving through the sensor tube.
Typical known devices use pick off sensors comprising magnet and coil pairs located
on the flow tube where the Coriolis force's induced displacement is expected to be
greatest. The coil and magnet are mounted on opposing structures, for example, the

20  magnet is mounted on the tube and the coil is mounted on the stationary package wall.
The coil will move through the magnet's field, inducing a current in the coil. This

current is proportional to the velocity of the magnet relative to the coil.

In low flow applications, however, the tube is relatively small. This makes it

difficult or impossible to mount sensing hardware on the tube itself. Prior art
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the tube itself. Prior art 2 WO 2005/068944
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vi brations have been | argely unsatisfactory.

p? B2URL4, ent i on addresses short coni ngs ass%&f@?zg(&‘m‘m“
Wth the prior art. SUMVARY OF THE I NVENTION In

accorsdhiioss i sehsingsthe atbe vitfratiohg hpye dsemiargdl ysersatisfacenry.aThe present
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path between the |light outlet of the light pipe and
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detector, 1s a triangle in exenplary enbodi nents.
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therein that receive the conponents. To achieve the

desired pagkagfc Shérire bV MTEIRGRIRE YA iPLinAH Bervien the light
various direction and mrrors

outlet of the light pipe and the light detector. The sensing aperture passes a portion of

15 the light emitted from the light outlet of the light to the light detector, such that the

light entering the light detector has the predetermined shape. The shape of the

sensing aperture, and thus the light reaching the light detector, is a triangle in

exemplary embodiments.

The various components may be situated in one or more optics module bodies,
20 which may define openings therein that receive the components. To achieve the
desired package size, the openings may be oriented in various directions, and mirrors

and lenses may be employed to direct the light as necessary.
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ﬁgga?oﬁﬁg{”ﬁ‘e foll ow ng detail ed description anﬁgﬁﬂ%ﬁ&"ﬂ“ﬂ“
reference to the drawings in which: 5 Figures 1 and 2
are bl ock di agr BREFRDESGRIEIION OF THE DRAWINGS
Coriolis mass flow controller and sensor in
accor dandether tbjecis pt advanfageshef {hecsentionlivill | tlesome apparent upon
Figure 3 is a block diagramgenerally illustrating
por tieadisg die follcaingodeétsiledadescriptibo\and aipbs eefereptoy @ dawings in
optical pick off sensor in accordance with the present
di schishtr e. 10 Figures 4A and 4B are front and side
sectional views, respectively, of the flow sensing
portion of a Coriolis nass flow controller using an
opti cal MHigke! ind2nsoblock Hagrame cbndeptuallypRlustpeiniiiav€oriolis mass
view of a Coriolis mass fl ow sensor in accordance with
ot heflovasgeller Mmfl séfzer ipraeeduncelwitle hspsets of thé-pgsene diclosura
per spective view of an optics nodul e body for a
Coriolis mass is flow sensor in accordance with
addi t i ondligwas fas b dlagk didgeanppemedly ilistrefimsportdonsFofguCariolis mass
is a perspective view of a Coriolis nmass fl ow sensor
shoviitow rle¥icg employmgvart bptizake piok toff sens@rdinl acctidabyce with the present
renoved. Figure 8 is an expl oded view of one of the
opt i disclésardul es shown in Figure 5. Figure 9 is a
sectional view of one of the optics nodul es shown in
Figure 5. 20 Figure 10 conceptually illustrates the
sensi ng dimnrtsadcant 4B fre fGot andlside spamsal Vidvsyresprtively, of the flow
shown in Figure 5.

sensing portion of a Coriolis mass flow controller using an optical pick off sensor.

Figure 5 is a perspective view of a Coriolis mass flow sensor in accordance

with other aspects of the present disclosure.

Figure 6 is a perspective view of an optics module body for a Coriolis mass

s flow sensor in accordance with additional aspects of the present disclosure.

Figure 7 is a perspective view of a Coriolis mass flow sensor shown in Figure

5 with one optics module body removed.
Figure 8 is an exploded view of one of the optics modules shown in Figure 5.
Figure 9 is a sectional view of one of the optics modules shown in Figure 5.

20 Figure 10 conceptually illustrates the sensing aperture of the Coriolis mass

flow sensor shown in Figure 5.
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chart illustrating response curves showi ng |inear
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is a chart showi ng the sl opes of the curves
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of the t dWhiky éhet inwentigs isiefiscepsiblentp vanous ppdifitetions and altemative
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t hat thedésodptitenteleirpofespecifid erabodirsentdis net iaehded|to limit the invention to
enbodi ment, nunerous i npl enentation-specific decisions

nust the paiitalat dornaCiscdvsed! e aedel amens/, tispanértion is to cover all
goal s, such as conpliance with systemrel ated and

busi ngsdifications, @fuiesiams, rant atternatives Elling within aliey spfititoandaaepe of the
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Figure 1 illustrates a Coriolis based mass fl ow sensor

and cont r giphseativeembRAGRENEASTARe Mivérliof AROdbsEHYRH Deloby. tTRGhe interest
present invention. It is conprised of essentially

of clarity, not all features of an actual implementation are described in this
specification. It will of course be appreciated that in the development of any such
15 actual embodiment, numerous implementation-specific decisions must be made to
achieve the developers' specific goals, such as compliance with system-related and
business-related constraints, which will vary from one implementation to another.
Moreover, it will be ::Lppreciated that such a development effort might be complex and
time-consuming, but would nevertheless be a routine undertaking for those of

20  ordinary skill in the art having the benefit of this disclosure.

Figure 1 illustrates a Coriolis based mass flow sensor and controller in
accordance with embodiments of the present invention. It is comprised of essentially
two separate operational systems: a Coriolis sensor pick off and drive system A, and

an application and control system B. The Coriolis sensor pick off and drive system



two separate operational systens: a Coriolis sensor
pi ck off and drive system A, and an application and
control system B. The Coriolis sensor pick off and

' em 5 WD 2005/ 068944 PCT/ US2004/ 044
?‘Rbéﬁ@@%‘mh the Coriolis sensor 1. The ap%%%’t%éﬂﬁw“
and control system B provides an interface for a user
5, anidtepiacesiwitdsthe Gotiokd sessogialThe mpplavafidroando@ntrolodystem B provides
devi ce such as a valve 6. The purpose of the sensor
pi ck afihtecfack for b uger Sy atderoviddscottool Gignals o a fioe cemtns devibe such as
the notion of the Coriolis sensor 1 for the purpose of
det erawdiveg) rel ati ve mass flow as a function of
Coriolis force, and relative density as a function of
resonant frequency. The exenplary sensor pick off and
drive systBmparmgpsovf e seostnpek affitmd dridlelsystemt A i theontrol and sense
application and control systemB: 10 1. DeltaT -- the
tiqre de hfodivebf the tCudiblis Snsdrdsfot the phpophefsietdrmning retatiee mass flow
side of the sensor tube to the other indicating
rel atdsve fongnf bfoGoridlis Fore umd cylative tdessityesoaafahction of resonant
frequency of the sensor tube that relates to the
rel atfratmestensity of the nmeasured material. 3.

Tenperature - an RTD is neasured to determ ne the
tenperature of 15 the sensor tube. The application

and cont r dihesxamplaryBense pichokfl ad drive systymuAcirbvidesvthteh data values
calibration constants to present the desired mass flow

uni t stottke dpplcatisf andeonkrbl Hbtem Bises Frequency in

conjunction with calibration constants to present the
desired density and/or volunetric flow units to the

user 5. Tenpéer deltnE--ithe time diffeomcethaprelasato tie pbise24p of one side of
both mass flow and density cal cul ati ons. The

appl i cati on andhexsendor albe sythe etheBndissihg relative mass flow.

2. Frequency -- the resonant frequency of the sensor tube that relates to

the relative density of the measured material.

3. Temperature — an RTD is measured to determine the temperature of

15 the sensor tube.

The application and control system B uses DeltaT in conjunction with
calibration constants to present the desired mass flow units to the user 5. It also uses
Frequency in conjunction with calibration constants to present the desired density
and/or volumetric flow units to the user 5. Temperature is used for compensation of

20 both mass flow and density calculations. The application and control system B uses
the mass or volume flow unit output in comparison with the user's set point input to

control the valve 6 that regulates flow to the desired setting.



the mass or volune flow unit output in conparison with
the user's set point input to control the valve 6
that regulates flowto the desired setting. 6 WD
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Coriolis mass flow sensor as disclosed herein. The

Cori ol i s Fipas # Isawbeindiagrah concéprabdly iflustiatingvpsRREO b a Coriolis
tube 2, with a drive device 3 situated relative

t her @hgs fiodv 8shsbrOasvdikyléseé hedelm. Theb€orolisFhasl flOMf scmedISOludes a
4 are positioned relative to the tube 2 so as to

MEasfiée sérld6r tube Wit a dfivd devide BDGtuted viative tKeRétb b ia§ to vibrate the
force. Mass flow neasurenent is achieved by nmeasuring

the fupé 3t Pidk $fPGerS&PA00re hosfoned! Hdative th AR 146 £ Qb la$ to measure the
force generated by a fluird noving through the sensor

t D ErwidTH the BRI R 10 ChridiRq¥We. Cori ol i's mass flow
sensors, pick off sensors conprising magnet and coil
pairs are typically located on the fl ow tube where the

Cori ol i s Nig¥sGRW mbddtieREntld achicBl 8¢ aitRAkink ShecrhR 6 8 skilbor tube
be greatest. The coil and nagnet are nounted on

0PPOSiiend thd CHASIL Bfce gefdrated BRI fRid MAGindREIORSN the sensor tube. For
mount ed on the tube and the coil is munted on the

st at L, QRBleY iPREIADCOorHs | masd MBwWCBhdorsMplck JIP¥Bsdrd cAMpriOM magnet
of the magnet's field, inducing a current in the

COI | and LBl Paird hek Bficall§ 10GERRBh tHeFIHR ubOWhEE the'ErRfts & induced

the magnet relative to the coil. Since this is a
YE! Ofkdik HEASH Bl $ e ghondke! OBlel Yoil 3R el 4rBEmounted
sdlagnaf'l% cies at t maxitrrumér en theeflﬂcgwtuk[)lléef"lacrossesoulle on

5 g P 1 B W RS G855 e
S| 9NAbudtPbn 'the %ﬁ@ﬁﬁga&g%mw{lﬁgc&m Gilf ﬁc{)vgfiﬁga&ﬁ duft of the

the zero crossi ng tween two v |

enoghicrd Al ALLEE o AiSPhARERoR | ALIRAEY Biforonal to the

measur enent CiTcul
nsi

lrrie?st [lctn ﬂgﬁ? lﬂ%ifnn?qtﬁ%%rse aélg?]i?: tgtla tg&l.ogingg‘ P ifs laovvt\:lloca)g measurement, the
15 velocity, and thus the signal, is at the maximum when the flow tube crosses its rest
point (zero crossing). The Coriolis force induced twist causes a phase shift in the
velocity signal that is detected by measuring the difference in the zero crossing times
between the two velocity sensors. In practice this places a large accuracy burden on

the time measurement circuitry. This may limit the ultimate sensitivity of mass flow

20 measurement by this technique.

U.S. Patent No. 5,555,190, assigned to the assignee of the present application,
discloses digital signal processing methods and devices for determining frequency and

phase relationships of a vibrating sensor tube such as the tubes disclosed in



U S. Patent No. 5,555,190, assigned to the assignee of

the present application, discloses digital signa
processi ng net hods and devi ces for determni ning

frequency and phase relationships of a vibr

s"gﬂg‘&ﬂsmﬁ\é’b“e such as the tubes disclosed in %WSNO‘W“MG
2005/ 068944 PCT/ US2004/ 044066 conjunction with the

Cor i adohjunetmswitt te/Coeinkis massdow seasinglieddes dBdlokbsl Itkdin. The entire
The entire specification of U S. Patent No. 5,555,190

i s i repedificutioh ofiUISy PateritNe 5,565,090 @ intorpotaled 18 réference herein.
illustrates an exenplary Coriolis mass fl ow sensing

devi ce enpl oying concepts disclosed herein. The

i 11 ustrat &iguces ilbkiracsmssemplaryy Geiodis mgssibww seasingdeviée employing
i ncl udes, anong other things, a flow tube 502 with a

coi | ohdps diskcdsed heminr. Thedljusatted Dbribhs wiaky b dehgng device 500
tube 502. Light sources 510 are positioned on the
Sisdesin¢ladys, srhehgt cokier titingspa floaptulsd 502heith & ol § LBOsitad near a magnet
where the displacenent is expected to be the greatest.

Phot ogli4q6lefhrad¢ the tive 50PNDight sdeicess rdie pdsttichadioi the Bideenear the top
pl aced on the opposite side of the tube 502 facing

t he |dr@httos 6f4he floflitbe JiRewnsiothe dikplaeerhan 3 &cpected ® be the greatest.
connected to 10 sensor electronics that process the

Si gnaphRtdarsdes Yesthér photd BfechRiOS @2 EatiR&H B Sadelidn thé6pposite side of

sensor el ectronics may enploy digital signal

Pr ocags hitg 508 \¥Ach@Sthe $ightlsodfte (518, ThePRbto dRIOBASFI2Ee connected to
met hods disclosed in U S. Patent No. 5,555,190, or the

| QCK deRsoR BlRbthdnic® that %Jc@é@ Is3eceflicd GoRSRE phdto Wetsetors 512. The
Pat ent Application . 09/641,698, which is

i ncorseggoﬁgﬁgﬁ oo b ERPL -dquafﬁgmﬁ_'ﬁp&gésméic@&%uch as the signal

envi st one at use€e nodal sensing i's or sinusoidal

curv %rf)clegsin @fh%?dl%{!?@se? &f @3/ qqteﬁ{ H.aé,Sé 51900 8P e qgckt A amplifier

a referenc usi ng eas squar es phase etermnati on,

f g | il ' ot | U
o, g 1 A0SR 5 SRR RRen 05 by, v i
Pt BlprRFRREH 56 CTBLEPAR SRR AL B SRR i

apsd po@%gn%sggglecﬁzt'v% rﬂi vsvﬁézreiﬁ%g){elc Ved srfél{aﬂsec%m%grgﬁ tggq'eference using

least squares phase determination, for examnple.

In one specific embodiment, the Light sources 510 and photo detectors 512 are
part of an optical sense circuit implemented on an optical sense printed circuit board
(PCB). The light sources 510 and photo detectors 512 comprise infrared LEDs and

20  photodiodes to sense the motion of the sensor tube 502, As shown in Figure 3, there
are two sets of LEDs 510 and photodiodes 512, one set to sense each side of the
sensor tube 502. In other embodiments, other types of light sources and detectors

may be employed, using light of virtually any wavelength.



20 phot odi odes to sense the notion of the sensor tube

502. As shown in Figure 3, there are two sets of LEDs

510 and phot odi odes 512, one set to sense each side of

t r tube 502. In other enbodinents, o

‘&ﬁé&"%@?sﬂght sources and detectors nmay be éﬁﬁ"wg"&“o“
using light of virtually any wavel ength. 8 WD

2005/ 0689 Figre3TANSREAO4B GUuED6Ie a Klogolie madsA\flawdsedfdr 600 employing
illustrate a Coriolis nmass fl ow sensor 600 enpl oyi ng

opt i capticali pitk off bersans Ghe flowsensingywridan&iorigelpdostthoflow @ehsor tube
i ncludes the flow sensor tube 602, to which a magnet

604 i 602aid wiibled magndt 604 exchtiablied. GaifaraUEDS60@4atidghemdddss 608 are
are coupled to an optical sense PCB 610, positioned

on eiddipled % &lEopticaltsbise ORG 1DepsstlontdiBLeithebllde ofthe flbiv@¥hsor tube
sensor tube 602, magnet 604, LEDs 606, photodiodes 608

angd R$EB. THkOneW Sendbrl tubé Bwtnﬁgnw gokj DEBs BO8) Ppho@dRodds 6080and PCB
whi ch a cover 614 is attache A I'mH inductor

f uncti@nse A siua€l witid @ HoGsitl 6126 td WRich WRBver 1@ i€ Bitdched. A 1ImH
616 is positioned outside the housing 612.

Al ter lﬂa.sdta&efhﬂouohm §&fi§91r6 tb B0 B Zubed rFHeQofl ¥Y 6 GEpositioned outside
604, 616 and pick off sensors 10 606,608 all may be

cont ahPRgusHgldlbn the housing 612, or selected

conponents In addition to or in place of the coil 616

may be positioned outside the housing 612. For

exanpl e, CAltdnititel9 A0 dtrniBiNiuBe 5B dAVP HNceP60aM161aRE pfekDff sensors
havi ng a wi ndow defined therein. This allows the

I, ght 6@ CA1l RES KRNBhine® RAtH @Rt BAKIAE d1080f Seléted components in

pl aced outside the housing 612. In still further
enbod ARy h?w of Bﬁ‘)la%@ 9B <61t 6F4 ﬁaﬁ’;rbé?ﬁosﬁ{oﬁed Sut$i@9BE RBusing 612. For
fromthe housing 612, for exanple u3|ng fiber optic

cabl ey Tljes cJH%ﬁ Qﬁbodﬂﬁﬁit&r ARy nglBg raI i e F?z hWa Wi‘rﬁlow defined

Cori o? 'S mass oW sensi ng dev oyed |

235 ?Lf-g&gge e'gl\r{]lg ragg\?g g}ie 11@2 agﬁr?ré; l}?@% %gn%(?xlb glgo?% rc}lE@@tol‘ '69!?' to be placed

outside the housing 612. In still further embodiments, the sensor electronics are
15 remoted from the housing 612, for example, using fiber optic cable. This may be
desirable, for example, when the Coriolis mass flow sensing device is employed in a

hazardous environment.

As disclosed above, the light source 606 and detector 608 may comprise an

infrared LED matched to an infrared photodiode. The size of the photodiode active

20  surface is close to but slightly larger than the diameter of the sensor tube 602. As the
tube 602 vibrates, it moves through the path between the LED and photodiode,
occluding the light from the LED. The tube 602 may be positioned so that the light

path between the LED and detector is partially broken when the tube is at rest. As the

tube moves about this rest position in a vibratory fashion, the light reaching the



infrared LED matched to an infrared photodi ode. The
si ze of the photodi ode active 20 surface is close to
but slightly larger than the diameter of the sensor

t As the tube 602 vibrates, it noves

tﬁggﬁ"g%ﬂ%‘et ween the LED and phot odi ode, occ*’g@ﬁﬁ%&m‘mﬁ
the light fromthe LED. The tube 602 may be positioned

SO t desectariwill| altginatelyolet 44 abneinierem ot exiliBl providhgtaegtuspidal output
is partially broken when the tube is at rest. As the

t ubefrom\thes detbort  Thei rslatiesoutpus fromamach side off iHertabeocay be measured
fashion, the light reaching the 9 WO 2005/068944

PCT| fdppb3d Aifedého€s duded Ectialis inducéd dw efferat el y be at a

m ni mum or maxi mum provi di ng a sinusoi dal output from

the detector. The relative outputs fromeach side of

t he t ube 4AmbEDeprodeeviightl with@rsperdificsmtedsityf disteibatém. dihe distribution
Coriolis induced flow effects. An LED produces |ight

W t his&newe & bd Gavissitue Adhd Nghd irgdnsitddcreases ad e radial distance from the
distribution 5 is known to be Gaussian -- the |ight

I nt ecenter yf the dighicpace arrdaka. (mothal walts tlarlipht $oudda ik beghtest in the
center of the |light source increases. In other words,

t he ¢en@htind géts Gienrhed tbwardghthe peripheryt dfahe g s&urc@ Mg £th® intensity
di mer towards the periphery of the |light source.

Thusef thé fghtteshthgitie pifftodidiR Jatighriot lbRBGR Iré@otisdo the vibrating tube
phot odi ode varies not only in response to the

Vi br@biiag tHretyd th Wbk BGhHuE Sb@besédien the ghitidadthhe tbé relative to the
al so based on the position of the tube relative to the

@ | lightpatAatWith Wk il EEDIpiBlotioldirigerhad iiM@ated in Figures 3 and
arrangenent illustrated in Figures 3 and 4, alignnent

of tAeytigmBehtiof titel tubé Bakititd 1@ 8CuFaRlE IntadiRABE iRist Ihethe flow sensor
twist in the flow sensor tube as peak to peak

vol t @gess gRifto Pk VBIdeEEtu? Bt WaRRed B8wlefhSHRILASSIs, SUCH

mat chi ng ‘of tHe peak to peak voltages is difficult to
achi eve because the response is not linear. Only at

speci fi ¢ $ieh Makching dtfike Bk k& plak RokdpedMs! diffictie 1d ¥¥Dieve Because the
of 1s the tube produce matchi ng peak to peak

vol t Refdse il %ﬂiﬁh‘ﬁﬁdoﬁﬁ a?é&@ifﬁ%ﬁltﬂnitgé‘oﬂtﬁﬁl ﬁa‘tlp%‘ﬂl HeRwo legs of

have the effect of |oweri'ng manufacturing yields and

LNCT §HEahdeProduce matching peak to peak voltages. This need to precisely align the
tubes can have the effect of lowering manufacturing yields and increasing
manufacturing time and costs. If however, the response were linear, the two legs of

the tube could be located anywhere in the linear region and the peak to peak voltages

would match.

20 Other embodiments using optical sensing optimize the system to achieve a
linear optical response. Among other things, the light emitted by the LED is
conditioned to produce a flat power distribution. The image of the flow tube blocking
some of the light from the LED (shadow) is passed through a series of lenses and

apertures. Figure 5 illustrates an exemplary Coriolis mass flow sensor 700 with such
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manufacturing tinme and costs. If however, the response
were linear, the two legs of the tube could be
| ocat ed anywhere in the linear region and the peak to

woul d match. 20 O her enbodi ne '
Rg@lﬁgogﬁ‘;;}gg‘ﬁ& ng optimze the systemto achi evg@véﬁbﬂ(ﬁwss
i near optical response. Anong other things, the |ight
em t tapicdlypitkheff lséSoiss The ands flowrseskot G0 irmtidesa dadel meémber 720 to
power distribution. The imge of the flow tube
bl ockwiigh tirofieay @fbetA0R id atgbhedt ro drivé errdrigEBmémt(ackshpwh Sn Figure 5),
passed through a series of |enses and apertures.
Fi gursach aé lalcdf tan@ nfgn@ran@ngemehnasy shoomi ia| Higuresés ahd @B, is used to
sensor 700 with such 10 WO 20051068944
PCT/ Ug/afd4th® 44H361H)2. OFHel dptital ickkof béns6e e B8poséd én fEsS Snd second
fl ow sensor 700 includes a base nenber 720 to which

the fépmsaltHbfile BelidsS730t tRaghed ihAtrates %€ altdritive @AbBliment in which
(not shown in Figure 5), such as a coil and nmagnet

ar r angle /e lopAsal BHGRE 73(Nark| BHbRIRd 4o ANIndBoptical Y6®EH 7310 Figure 7
vi brate the tube 702. The optical pick off sensors are

di spogges itk ﬂb«r%&n@ndo@eﬁtﬁr&e f WY bystiehl MBAELT7IO/RSed to better
730. Figure 6 illustrates an alternative enbodi nent in

whi Crbhok@@m%%th@%hﬁ&len@%bﬁ% tHSHoR e OPDI Nned into a
single optical body 731. Figure 7 shows the flow
sensor 700 with one of the optical nodules 730 renoved

to better A@é}%d&@quffohbﬁtﬁeamaﬁﬁb@mssmhs Sdwhli€ Figure 8, and
flow tube 702. An expl oded view of one of the optical

MOAU! 5uré 9Qs & SecBBRAWiel bt HedhdfRile130306wink %e':dogijbf)ﬁen% ihfrnal to the
a sectronal view of the nodule 730 show ng the

conpapgRis7ict e TLQlﬁlsoﬁrE’e E\Ii'@) as IR EBDE7063 disPodel 44 first opening 732 in

source, such as an 6, IS dlsposed In a first
open 9'74 3fuatéd 1 'tﬂé‘& €733 3 rdcSive light fr
sHua@g ?ﬁlet‘,ﬁg %ngrl?l 7%21%to recei ve n% ?r%lfn v 1g om

LED 7,
gene r@? Fy per p e %I %%gkﬂ g% 7‘tﬁﬁ WhyggIlée:%lér?&d%jé?akg%r%endmular to the
| ens p%§1ng %82,{ l%/a\g gtnlgrﬂi 7t3|§ ¢ %HatedAhcm:lB " N mirfer 743 is positioned between

pOSI t1rone
15 the second opening 740 and a third opening 744 that is generally parallel to the first

opening 732. The third opening 744 defines a circular blocking aperture 746 and has
a lens 748, a tube 750 and a disk 752 defining a sensing aperture 754 situated therein.

A light detector, such as a photodiode 708, is also received in the third opening 744.

The light pipe 734, or integrating bar, has a light inlet 734a that receives light

20 from the LED 706 and a light outlet 734b that emits the light. The light pipe 734
defines a generally square cross section that functions to scramble, or "mix up," the
light by reflecting the light off the inside surfaces of the light pipe 734. This evens

the brightness of the light output by the LED 706, transforming the Gaussian optical

output into a flat power distribution. The output of the LED 706 has a bright spot in
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15 the second opening 740 and a third opening 744 that
is generally parallel to the first opening 732. The
third opening 744 defines a circular bl ocking aperture
746 and has a lens 748, a tube 750 and a disk 752
d‘@f’izﬁqsﬁﬁsg‘é‘ sensing aperture 754 situated t herg?T{.gSZO%IM4"66
i ght detector, such as a photodi ode 708, is also
r eceithetiddle ankiés ditnned towaeds thgoutedr4dgeshehild Gib butpupss tiadshuare light
or integrating bar, has a light inlet 734a that
I eceipies7I4i ig Buar® Vithreven blighthds) T 6thanembodimeris, thellipitpipe 734
734b that emts the light. The |ight pipe 734 defines
a genedyadefivie SIS seRticnad Sapseethérafar Rbrel UAIGlosOREy fdlygon (triangle,
scranble, or "mx up,” the light by reflecting the
|'i ghtsq@iré, pEﬁlﬁ%]an Stcy 6viB prddaces math bR Unifehth dRtrRtidS than a circular
This evens the brightness of the I[ight output by the
LED T3 pibé. 208Hep mittHoMs, tsheh 4041 EGde) cAPALLE B use@Ub Prdduce a uniform
into a f?at power distribution. The out put of the LED
706 n%?t@mgah@ht spot in 11 WD 2005/ 068944
PCT/ US2004/ 044066 the m ddle and is dimrer towards the
out er edges, while the output of the square |ight
pi pe 734 is square with even brightness. In other
enmbodi menlis thetithastdateg einbpdipenté 3the semingdgkitore 754 is in the shape of a
cross-sectional shapes other than square. Al nost any
pol yageanglel r Aecvadingly, the ligheentg@idgtthg photodibde J08Mslih the shape of the
produce a nmuch nore uniformdistribution than a
Ci I Culidigled THeGhitroRi 49 lers¥sheé coitighied So fobii@h iASge of the tube, and the
di ffusers, can al so be used to produce a uniform
| joghtirighigGlaf bdasihy @pertukd794N§ Idchtbdi St thin®/de 6 the hib¥RIAES , The blocking
the sensing aperture 754 is in the shape of a
tri anglfiwe M6 RrGichiEt 1o profige b itdlEden®io ook RE light rays striking the
phot odi ode 708 is in t%e shape of the triangle. Tﬁe
M 1T QERigNPertB0 I SParid tRe §ALkdrgpg.ed to form an imge of
the tube,” and the 1o triangular sensing aperture 754
Is located at the inmage of the tube edge. The bl ocking
aperture 746 is circular to provide a tel ecentric
di stri but The bk 702 ghposittynsd Siichi thathghéhit vikiaes iingoves through the
aperture 754 and the detector 708.

light path established by the light emitted from the light pipe 734 -- the tube 702

15 creates a shadow 770 in the triangularly-shaped image, such that the light pattern at
the detector 708 is an occluded image of the light sourée, as generally shown in
Figure 10. The triangular shape of the sensing aperture 754 allows a simple
calculation of the power entering the photodiode 708. Throughput (7) is the ratio of
the power not blocked by the tube 706 to the total power entering the photodiode 708,

20 which reduces to the ratio of the area of the sensing aperture not blocked by the tube

{Ans) to the total area of the triangle (4r0):

12



The tube 702 is positioned such that, when it
vi brates, it noves through the |ight path established
by the light emtted fromthe |light pipe 734 -- the

be 702 s creates a shadow 770 in the
twpéﬂ'lﬂ?f@ﬁy shaped image, such that the |ighPCHEEReYHe0%
at the detector 708 is an occluded image of the light
source, afAsgtheeuts! T02 mbeesrin ione diréction,cthd Ghrodgiput increases, and as it
triangul ar shape of the sensing aperture 754 allows a
Si nplM@oves dh chd epposite difectidrethp alvoughpat dgckeagest MPhis motion generates a
phot odi ode 708. Throughput (7) is the ratio of the
poversifidlavelvathkestal b pear voltipe whRA niudt inbieh foiteadh 189 WEhe tube. The
entering the photodi ode 708, 20 which reduces to the

rati gpegk td }S@k%ﬂﬁgbeqfs dtr&ﬁ‘i Selaed BYthe RRpE OF & Q! fuldtRGlPd in Figure
bythetube " b) tot etotal area of the triangle

(A M11. Sinfe thlS by ,dcﬁ&aom&pgé/s@gg #cbnstant. Therefore, the peak to peak
PCT/ US2004/ 044066 As the tube 702 noves in one

di r eGlyiagh cdnlGe HafcReDBPIdng 128 BofARES of HRAUBES arellocdlV &R that the
in the opposite dlrectlon t he t hroughput decreases.

Thi's J%h@ﬂy%@@?r&h%eﬁg e GhflEe B VIR tHhddhe ﬁ)e%ﬁak to peak
vol tage whicth nust nmatch for each I eg of the tube. The

peak to peak voltage is directly related to the slope

of T as apfgneli Abvidltwh redpofedufves:S cirke 861 INCRr hNDG gtatn per hour
by definition linear the slope is constant. Therefore,

t he pgekndvih Tg%%'ﬁtmd%@'dn% of 80mBE anPdEesh2as fdr%"ﬂ)O@Sgram per hour

both | egs of the tube are | ocated such that the

vy u ecﬁbé)ﬁaviilg" ﬁn:gl?snfer cﬁﬂhét&eoftolmﬁmd Wit eShiatguldr RBerture 754 having a

triangle heirght. Figure 11 shows tvvo response curves:

curve, g%f’f $5T00 q’gé‘%@é SIASRA o él%é&lg?poh Védwesa@’m 802. As

outS| di aneter mm an

3: 00 gx} @@:uégolqr and {ﬁh%ﬁo \{)Wkge Uﬁ(ﬁ' ﬂ@z grc q&rl\sta.nt in the

di ane i angu r apeFt ur

havi n&cgr SR e onslsﬁ 1 o Yhfied 2TRRCHSs hiSheBlsOHRF For the two

of the res onse urve
legs of the tube to be located at exactly the value of y where the peak to peak voltage

1s  will match, The two legs of the tube need only be located in the linear response range
as described above. For the 100 gram per hour tube (curve 801), with on leg of the
tube located in the allowed range, the opposing leg can be located anywhere within
the optical path from the tube diameter (0.3 mm) to the triahgle height (1.5 mm). The

allowed manufacturing range is thus 1.5 - 0.3 = 1.2mm.

20 Other sensing arrangements are contemplated. For example, a square sensing
aperture could be employed. Two light detectors may be used side by side, wherein

the light reaching the respective detectors will vary with movement of the tube.

The mirrors and lenses allow the components to fit into the desired package

size. Figure 9 generally shows the light path through the module bedy 730. Light
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shown in Figures 11 and 12, the slopes of the curves

801, 802 are constant in the |I|inear response regions

811, 812 of the curves. Thus, it is not necessary for

t | egs of the tube to be |located at ex I he
v@ﬁ&é&gﬂfsgﬁ"?v\her e the peak to peak voltage is ﬁﬁ’!’gﬂg’*"”“‘“‘ﬁ*‘
mat ch. The two | egs of the tube need only be | ocated

i Nt hieorh ikhieclRD 1766 poters ehe lighy énletdiS4al of the ilighUpipb 034 . AFadted above,
the 100 gram per hour tube (curve 801), with on | eg of

the theikides ofeietliptt pipe ThimiN tholighd to sohipere a iieare) RPASIntRGsity pattern.
| eg can be | ocated -anywhere within the optical path

f r omihhge filubeateli @nsidanent,(thd lightjoutler 733b i hrglddodnd }hﬂibmﬂt so that it
(1.5 nm. The allowed manufacturing range is thus 1.5

- 0. Fuctibng B3k rditoftd1Eange Bivédlign AF AR BEHTE A S, for example, in
contenpl ated. For exanple, a square sensing aperture

caul tripfte &R ALk miMEr 7720t siflglk® Gefetn MR fike aHE Q6cond openings
side by side, wherein the |ight reaching the

r espegshi7ye 16l 8 &e U 1ighirtd th\é%ééanobEhxﬁE’VWE'ﬁﬁe fibe vbfls positioned
tube. The mrrors and | enses allow t he conponents to

fit igaiveech i ﬁ?ﬁ bl 7BR5 KROBe nfthikE mEb:g?‘fz%th&QH@EﬁE 1762 moves
shows the |i pat h t hrough the nodul e body 730.

h !
L SO AT Aot g e e

734. eﬁ‘ﬁ;opﬂeﬁfjsh%m\{ﬁ igule e R iR g%nﬁ)ﬁeﬁb bhhte a@:ﬁ irftd the module
mx the light to ac 'eve a square, even inten

pat t n the illustrated enbodi ment, the Ilght

oﬁ’tl g{oa%&]lb is angl ed and polished so that it

functions as a mirror to change direction of the

l'i ght. Asﬁgﬁi’x‘ﬁln ARb&s the 'ﬂﬁﬁt § oGhY 18ns"7 S%n{lé{&f‘inriﬂe second

mrror 772 1S Si uate getvveent irst and second

Openloﬁgﬁ%gﬁ? 'Eh”eomfr Gf%g&éctsttﬁg hH‘u onegx@tsgcohﬁ%géﬁ&%ﬂx% the third

openi e tub I'S pPoOS et we

A e N R A 8 g e
by tg%rul B e’fﬂctl}%ﬁp]?_asgeg @oﬁ@xeth{: Legp?4§)&1%§he7 S:H%Q%etr!l}%'i'ﬂ and is

ure o, urning mrr
ar € Ichte%%d% etlge odlécgelﬁgo Ci'lﬂe Tenses 738, 748 and the blocking aperture 746

function to maintain a magnification of 1:1.

The LED 706 and photodiode 708 are connectable to electronics outside the
module body 730, allowing the electronics to be located at a distance from the optics.
This facilitates use in environments that may be hazardous to the electronics. In other
embodiments, the LED 706 and photodiode 708 are also located remotely from the
module body 730 with fiber optics links connecting them to the passive optics
components located in the module body 730. This allows use in high temperature

applications, for example.
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10 body 731. The turning mnor 772 directs the |ight

into the lens 738 situated in the second opening 740.

The m nor 742 directs the light fromthe second

opening into the third opening 744. The bl ockin

a%grsz 88996 bl ocks str ay light to maintain t 8('?’{/%@2004/044066
square, even density. The |light passes trough the

| ens 748 Jhe pariculas rembedimeptsr dis¢lesed Sabosgarg dllysyative only, as the
recei ved by the photodi ode 708. The | enses 738, 748

and tifreenbbromky hemagdified andpridiged inditferentrbut equieslent siannegs apparent
magni fication of 1:1. The LED 706 and phot odi ode 708

are aorthwse skilikdeinttoe &t batingothe benefitiofSthel eachings heoginil Eurthermore, no
body 730, allowing the electronics to be |located at a

di st dingieatibrioare tiltendedtto dse. detalliof chmptruttidnadradesigh cherein shown, other
environnents that may be hazardous to the el ectronics.

| B otthar as? Besefiteddinme tefaimé beloWEDIt 7i6 Gharefdrepbvideand ithed ehe particular
708 are also located renotely fromthe nodule body

730 wnibddimeasrdiRsed shove Aey beanared br Mgdified ahd all sk variations are
passi ve optics conponents |ocated in the nodul e body

730. chhdiGered WaHm thé Scob alti §iritt FREIREALI0A. Accordingly, the protection
appl i cations, for exanple. 14 WO 2005/ 068944

PCT/ Y9200 ibRth4986set fHR] iPRE Llaftd WlovenDodi ment s

di scl osed above are illustrative only, as the

i nvention may be nodified and practiced in different
but equi val ent manners apparent to those skilled in
the art having the benefit of the teachings herein.
Furthernmore, no Ilimtations are intended to the
details of construction or design herein shown, other
s than as described in the clains below It is
therefore evident that the particular enbodi nents
di scl osed above nay be altered or nodified and al
such variations are considered within the scope and
spirit of the invention. Accordingly, the protection
sought herein is as set forth in the clains bel ow
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15 CLAIM5S WHAT IS CLAIMED IS: 1. A Coriolis mass flow
sensor, conprising: a flow tube; a tube position
sensor, including a |ight source; an optics nodul e
body defining first and second openi ngs, the second

openi ng having an axis ori general ly transverse
to an axis of the first o a light pipe

g el ¥§.r st opening of the optics nodule

Y, pe having a light inlet situated to
1r eceAvEortidlghhadslow sdrsot,icohiprisingt ce, and a |ight
outlet for emtting light received fromthe |ight
sour 88owfubgns situated in the second openi ng of the

opt i for iving light fromthe Iight
pi pegF\.}b'g@ﬁ)t%ﬂi(gﬁ)p:%g?%’oraﬁp%dﬁfgedet ector for receiving

|'i ghg Iightsoutdee | i ght pipe light outlet; and a drive
devi ce for vibrati ng the flow tube, such that the flow

t ubeamoptiss modude hody definigp firsiand sbenndeapenintgs, thegheond opening
outlet of, the light pipe.and the |ight detector..,?2.

The Cor i ohaag-a&xis pbighted,genprally transierserto A asispf g fiast
light pi p(?pegﬁ{rg;nes a pol ygon-shaped cross section. 3.

The Corio Ass fl ow sensor of claim2, wherein the

| i gha lightpepeledceived imthegfirseopdning sfheoptics oxdukedwidypthe light pipe
4., The Coriolis _mass flow sensor of claim1, further

conpri si Mipvingse lghtigles sevated to repeive Mghbirprcthe dightsonsee, and a
R e i SB Yol Bfflind Sight HiveH eroh ¥ 1t ol
a lens situated in the second opening of the optics module body for receiving
light from the light pipe light outlet;
a light detector for receiving light from the light pipe light outlet; and
a drive device for vibrating the flow tube, such that the flow tube moves through

a light path between the light outlet of the light pipe and the light detector.

2. The Coriolis mass flow sensor of claim 1, wherein the light pipe defines a

polygon-shaped cross section.

3. The Coriolis mass flow sensor of claim 2, wherein the light pipe defines a

generally square cross section.

4, The Coriolis mass flow sensor of claim 1, further comprising a sensing aperture
-having a predetermined shape situated between the light outlet of the light pipe and the
light detector, the sensing aperture passing a portion of the light emitted from the light
outlet of the light pipe to the light detector, such that the light entering the light detector

has the predetermined shape.

S. The Coriolis mass flow sensor of claim 4, wherein the predetermined shape is

optimized to improve the linearity of the tube position sensor.
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light detector, the sensing aperture passing a portion

of the light emtted fromthe light outlet of the

light pipe to the |ight detector, such that the |ight

entering the light detector has the predeterm ned

shape. 5. The Coriolis mass flow sensor of claim4,

wherein the predeterm ned shape is optimzed to

i mpr is i3S : BSRhi ]
6'6. T’Eﬁé@%g%lﬁlé% 'S nag@éf ?%)\}'vto?glnagﬂgtzﬁo ﬁlg:t%?av\hergieﬁéhape sa

trianglepr edet ermi ned shape is a triangle. 7. The
Coriolis mass flow sensor of claim1l1, wherein the
light outlet is angled to direct the light emtted

7 A B B g B

ow sensor

dieget teslighh @liked Ao the Sighhetlal it hidesirabdiredtienhavi ng an
axis oriented generally parallel to the axis of the
first opening, the third opening having the |ight
det egt o5, .and t he.sensin ttyre.situated .therein
8.9 THE Pl yoass AIQW Sphsol,of Blaim 1. Bphersin g optics dnodply body
deERRP b it Epéhifd hivihg 2f] teld %Fa@rgﬁ%:a%it fHe" i of the first
openi ngs tg% Clil gii:t F?’gﬁ?ﬁﬁﬂgﬁwt%nsec open(lsng ir%st%
opening, tiertHird opeminghavih®. thd ightGisteadr, andsessehking apertsrersituated
of ,claim8, further conprising a bl ocking aperture
thefeityated in the third openi ng, the bl ocking aperture

bl ocking a portion of the light emtted fromthe
light outlet of the light pipe. 11. The Coriolis nass

9.f | oWTseeDoslihasy fownséibor b tlali '8, Qarthdr icdmpeisihgl emsrror adjacent
situated in the third opening. 12. The Coriolis mass

the seppnd and shird ppertingstodirectlightdrons dhesdcond gpening intorthe third
adj acent the first and second openings to direct
ope fromthe light outlet of the |ight pipe into the

10.  The Coriolis mass flow sensor of claim 8, further comprising a blocking aperture
situated in the third opening, the blocking aperture blocking a portion of the light
emitted from the light outlet of the light pipe.

11.  The Coriolis mass flow sensor of claim 10, further comprising a lens situated in

the third opening.

12, The Coriolis mass flow sensor of claim 1, further comprising a mirror adjacent
the first and second openings to direct light from the light outlet of the light pipe into the

second opening.

13.  The Coriolis mass flow sensor of claim 12, wherein the light outlet of the light

pipe and the mirror are on generally opposite sides of the flow tube.
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second opening. 13. The Coriolis mass fl ow sensor of
claim 12, wherein the |ight outlet of the light pipe
and the mirror are on generally opposite sides of the
flow tube. 17 14. The Coriolis mass flow sensor of

1ot Ko s SREAeRGprat o D iber corthiini (oo

receh\ggcdnug@ltg&ggéthe second |ight source and a

light outlet for emitting |ight received fromthe

secoh dt_ecolnddight pmarlmmngamhgla: islet sihcitdd vgireceim hghtcﬁ‘omdhe second
recei vi ng

out | et . &gh gsr(])glrcfer OrH nghtsc?u% et gor elzr(I]ittlnéO f:é‘m rece? ed from the second
light source; and

a second light detector for receiving light from the second light pipe light outlet.
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