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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

15 following equation:

F.=2Mx&

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



typical Coriolis force flow sensor, a tube, through
which fluid flowis to beestablished, is vibrated.
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devi ces use pick off sensors conprising nmagnet and
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flow for a given angular velocity.

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



current is proportional to the velocity of the magnet

relative to the coil. In low fl ow applications,
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A sensing aperture having a predetermined shape is situated between the light

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

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.

Figure 10 conceptually illustrates the sensing aperture of the Coriolis mass

flow sensor shown in Figure 5.
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[ustrative embodiments of the invention are described below. In the interest
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 appreciated 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



Figure 1 illustrates a Coriolis based mass fl ow sensor
and controller in accordance with enbodi nents of the
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separate operational systens: a Coriolis sensor pick

of f, and drive system A, an appl.i cati on and contr ol )
oySeERPEES B e pasSeBRdor 5 BRUGH I @PrgEsystom B provides
system nterfaces with the Coriolis sensor 1. The

appini igrfpehiamdiseohtand previdesaeniolyignal vies Bewicanteolfdgrise such as
for a user 5, and provides control signals to a flow
contvabve @evi ce such as a valve 6. The purpose of the

sensor pick off and drive systemA is to control and

sense the notion of the Coriolis sensor 1 for the

pur pose THe slep&erofmhd\gnb@ HEk v arBisivE sPyerdA & to control and sense
function of Coriolis force, and relative density as a
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the ti erence rel ates hase
on%.side of the sensor tube to the other indicating
rel 8% mss flow. 2. Frequency -the resonant

frequency of the sensor tube that relates to the
rel ative _density of the asured terial.
ichoiandeine

3. .
Tenper at UlesXeMPRRY REI5T B M esyale e mipedesbree data values
tenperature of the sensor tube. The application and

corip iths applisateon aBdiwonolebtemB:i n conj unction with
calibration constants to present the desired mass fl ow
units to the user 5. It also uses Fregquency in
conj unct i on. whelluitalthdnrat ddferown shantlstet o the phasetlag bfone side of
desired density
the sensor tube to the other indicating 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

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
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.



and/or volunetric flow units to the user 5.
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system B uses the mass or volunme flow unit output in

conmparison wth the user's set point input to contral o
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sensors, pick off sénsors conprisi ng naghet and col
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ot o 16 COPBLS Rk it B aoiiid Sunvite trvdh e cear depe. For
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oppespleg it kpeie Grosiolis fupss Sewnisneors.tHek agigasors somprising magnet
nounted on the tube and the coil is nmounted on the

staatlicofl pairs pedipigalywchted dh ¢hecidow twhiel wharothe Coricdisdo@eg induced
of the magnet's field, inducing a current in the coil
Thiisplaodineants eSpdRtedP @ bt Oftedtedt0 The cvitl @@ taghét ddemounted on
magnet relative to the coil. Since this is a velocity

%Hﬁﬁg@ﬂ_ﬁctu}egﬁf& SxNBPIRCIE YnagdBist A8t 6n ShORBL andt She coil is
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practice this places a |arge accuracy burden on
velocity of the magnet relative to the coil. Since this is a velocity measurement, the
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

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



the time measurenment circuitry. This may limt the
ultimate sensitivity of nmass fl ow O neasurenent by
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devi ces disclosed herein. The entire specification of

U. S. Patent No. 5,555,190 is incorporated by reference

her ei n. HggeBallastiadswstexamplrnnordenphsfionCensioidsvice employing
mass fl ow sensing device enpl oyi ng concepts discl osed
hergeheeptsT Hclobddubéreat e ThEalluslatesl Gasslist mavy S6WsSienging device 500
devi ce 500 5 includes, anong other things, a flow tube

s902nMiddy, AmbMRY bthed Shisdst HWMoRkuBE302 &ifKBYASE 5 BlétfaRd near a magnet
vibrate the tube 502.  Light sources 510 are positioned
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processi ng devices, such as the signal processing
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sources 510 and photo detectors 512 are . ]
incorporated by reference. Other embodiments are envisioned that use modal sensing

15 or sinusoidal curve fit, wherein the received signal is compared to a reference using

least squares phase determination, for example.

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.



part of an optical sense circuit inplenmented on an
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wGe ous06e4510 and photo detectors 512 conpri se Paf/Us208€044066
LEDs and 20 phot odi odes to sense the nDtion of the

zztnzo(r) ft be 50 ag& dﬁ% H@nsgafqoﬁl e(g ﬁlﬁ rh&gﬁe é\gtsaeglgprtsé(ﬁggmploymg

each side of the sensor tube 502. In other
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functions as a coil 616 to drive the tube. The coi
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Alternatively, the sensor tube 602, drive device

604, 616 and pick off sensors io 606,608 all nmay be

cont ai nedlltaxhathiety, e sdnsersiube 662, 2iriverdes sk @ éd 6 and pick off sensors
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exanpl e, certain enbodi ments nay enploy a housing 612
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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
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phot odi ode active 20 surface is close to but slightly

layger than.the dianmefer .of the sensor tube 602. As .

¢ e BouteoeTuPES! & miSipulroSr FRRGUGR FeadBaGsinsoidal output
bet ween the LED and phot odi ode, occluding the |ight

f e tiedetestor. TRie ralyeapsptiniropecs side; ofnibe tehs ¢anche measured
the light path between the LED and detector is

pdpt phase differaicendwhiorCarodis indweed Howteffeetst . As t he tube

noves about this rest position in a vibratory fashion,

the light reaching thedetector will alternately be at

a m ni ruLEeD predudes hight with dispecific ditensitgidikalib@iohp Uthe distribution
fromthe detector. The relative outputs from each side

ofis khewh Whse Gaiksha -MeRwhethidmity RbasRedhd ther£ISGEstEL from the
to Coriolis induced flow effects. An LED produces

i . Cficint 6RS] et . _ .
o S LD R ERREL TR S AP Oyl it e
i ntensi t egreases as,the radial distance fromthe,K . i
casier o efth RGP Bi BE it Bletld AT Suks Moot inensity
t he IiPht source is brightest. in the center and gets .
didhtes gl igaching he nhetadpidevpriss netpaly jryrespansg te gie vibrating tube
Thus, the intensity of the Iight reaching the

phoeang taeughathé Eghtrmath, bt alse based epdreswsitiontofi ghe tube relative to the
vi brating tube noving through the Iight path, but also
barhdpah. tWigh gesdimpler.K)/phitediodb arraxdeateny gluswatedén Figures 3 and
light path. Wth the sinple LED phot odi ode arrangenent

i 14 agbhaéRbritRe fibgUs estichl d dechratdl iaBBe tthOtwikh® thePRw sensor
is critical to accurately nmeasure the twist in the

Lg%a;sgi%gg'tio ééﬁ%evoﬁégé%%‘st bOnR&AKd é&%@@ﬁ? gﬁ?ﬂ %Ens%fs.  he

en the"two sensors. Such matching o
peak to peak voltages is difficult to achi eve because

the 1 eSRORSSuI AT el AEIS pe vy Eles P EHEP PRHLE tefuse the
response is not linear. Only at specific points in the optical path will the two legs of
the tube produce 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.

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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is the tube produce matching peak to peak voltages.

This need to precisely align the tubes can have the
webdosotssaf | oweri ng manufacturing yi el ds and i PCT/@8B0H4066

nanufacturing tine and costs. If however, the response

were |inear, t wo of the tub could be | ocat ed

anyARHERlePIFk offrf@nnrﬁeafbe %@g ST pBgikidesHa pasgmember 720 to

vol tages woul d match. 20 Clher enbodi ment s usi ng

optwiieh theeflewriubeopdl i stiachade 4 yliverpriapgemdnitdnet shown in Figure 5),

i near optical response. Anong other things, the |ight

emsutleds hycolilhandLmBpnes acanglintanb ag dhdven pr Ghuees A fandt4B, is used to

power distribution. The i mge of the flow tube

bl agkafeOths Gk 262.t M@ lopebdl diclootftsagsdrEbre( SibgAOWIn ifi$st and second
passed through a series of |enses and apertures.

iBalImbddiH HhARE 920 a'Flfﬁ?f @mlﬁ’srtbétegod' ! Q{ehﬁltl%% Bhfﬁ‘ﬂém in which

sen or 700 wth suc optlc pick o sensors

f qyl\%} s\%(r)] Sol% B%lq)/oéltesc}%a%r co k% eﬁ Arr{F n?%mgger on} hcéll ﬁgc?,f I?31. Figure 7

rive
(no shown i n Fi gur such as a col

net

ar rSAAYe ik flosseapey q wﬁhloglar E‘ZLRPH??A I u?«?ss GEnavgd to better
vibrate the tube 702. The optical pick off sensors are

di shpewedmernfthe eomponants.svelhas the Slowi tabe 7¢dbdul e bodi es

730. Figure 6 illustrates an alternative enbodi nent in

whi ch the two optical bodies 730 are conbined into a

si ngl e ofu exrdbdddlodyw 8 dne & thaoptical sirownkss f78@ if shown in Figure 8, and
sensor 700 with one of the optical nodules 730 renoved

1ol O Hglirk Oris 8 ReionIMEewlof tHtem NP PFERsHoSvinS theltompohdifts internal to the
flow tube 702. An expl oded view of one of the optical

Modyb&ige 730 ASighPMRcd Sudhi 94h e ED 766165 alepc%b@ﬂ{sﬁ%t bferfing 732 in
sectlonal view of the nmodule 730 show ng t

onpo peahR ’}3? %{]ggilt § %]A? 1s'§?tqglle:§ 1n7 t?hg op'% g,h& t<§ Qe%r %g élght from

SUC as an di spose 0 eni
opéh‘? E@Bl;_g%l te% Z(%geg;(l_)\g!@llggh zlﬂf | e 73%r1|e§te§ IgE:lll'le?gl ydpelrgentdlcular to the

opening 732, has a lens 738 is situated therein. A mirror 742 is positioned between
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

11



the LED 706. A second opening 740, which is oriented

general ly perpendicular to the opening 732, has a |l ens
WO 3@s5i068934 t uated therein. A mrror 742 is posiPCDOSINNG/044066

between is the second opening 740 and a third opening

h i s generall a lel to, the f. t open

¢ Rd1a Fds g%‘@ﬁr %apméihﬁgrtrhwe% V&}Pleéﬁ? QPR %{}ﬁr sigpare light
aperture 746 and has a | ens 748, a tube 750 and a di sk
75 2ipgefinisriguare switts e¥Rp hpetteess.e I mthesjemhedingenth ¢helight pipe 734
A light detector, such as a photodi ode 708, is also
r e ceiyvdeding ro;rQsheecrttdnaUslmpembmgr thad sqiidre |Alglott griypeol Y@oh, (triangle,
or integrating bar, has a light inlet 734a that
I e6Qhar€ pehiaghti, e2€)) fNEleoﬁh& & FRcH @orensifernt d8Rtbuabh kg a circular
734b that emts the light. The Iight pipe 734 defines

sa G ;IS@U DIRGUAERE, 98 SEEFLRRs, IARtIHLURCELANS h&iuce a uniform
scranb mx up,” the Iight by reflecting P e

I| h i nside surfaces of the light pipe 734.
% &5§5%25?§% bri ghtness of the |ight output by the

LED 706, transform ng the Gaussian optical output into
a flat power distribution The out put of the LED 706

e 5l e BB BB T e
pl B 7%% tA’zCOSr H’@ ¥ |U@‘h 12}316%2317[%2%0%%%%' n0801ts I the shape of the

cross sectional shapes other than square. Al nobst any
polyangte. (The mirgire and tensgsare peritcapsiio fetng ap impgd of the tube, and the
produce a nmuch nore uniformdistribution than a

10 Ci tréanlgalar kérghig gpepeare i heocated hods imsgredf the tubefedgs.eThe blocking
can al so be used to produce a uniformlight

di gpdrtRet74OMs cikduldr® prblibs htatestRNBiediviaoh Sf htgﬂterays striking the
sensrng aperture 754 is in the shape of a triangle.

. %}Lg{gnc%g}{%reg ﬁaﬁﬂ%btde‘?&ﬁ r7|0§g t he photodi ode 708 is

e trran The mirrors and | enses
are conflgured to form an |nage of the tube, and the
triangul ar sensing aperture 754 is |ocated at the

i mge Oﬁfhe I?l?bet Wise&%ﬁionl@ ‘Eué?l ﬁ’lﬁ%fivﬂ%n it vibrates, it moves through the
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 source, 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

(A4,5) to the total area of the triangle (4,,,):

N

T — nh

1!

12



aperture 746 is circular to provide a telecentric
distribution of light rays striking the sensing
wap@sihesves 754 and the detector 708. The tube 7BCT/1US2004/044066
positioned such that, when it vibrates, it anes

t hrough l.igh ath established by the Ii

o ¢t od 4% Gt 708 Gervep b any giecion dhe Muiehit incesapessand s it
a shadow 770 in the triangul arly-shaped |na%ih such

t hagovenan [thgypPPQsHe Waeetica ¢ broaélmk&tdserems higmotion generates a
occluded image of the light source, as generally shown

i n skeguave vith a Pk to peanyeliage whihpeus inatdhefos emsi lag of the tube. The
aperture 754 allows a sinple calculation of the power

enteilk fgpddievoagé addiedey F€lted Th iRUAbIRUST T B aifindtidd of y in Figure
rati o of the power not bl ocked by the tube 706 to the

st otial spewels er%ﬁaémltdﬂenegh%%%peqecm&m vt}te%foteeﬁtécp%ék to peak

’t o the rati o of° the area of the senS|ng aperture not

bloc he e t al e of

trivsh %$e Q{ A&% ﬁattéhﬁg.lam%};g ag\ff%Alseg? o? ube eﬂ‘fﬁ l%a\(:t;eeds sucﬁl that the
one direction, the throu | ncrease and as it

movalies AFY Foes Sious theduks ¢ g %rgtt%fﬁ tﬁ%lﬂ?ﬁ@éﬁ@%ut

decreases. This notion generates a sine wave with a

peak toépeak vol tage which nmust match for each |le 8 of

t he tubdigurpd]l ;ﬁéaws o pesarRnSE AU e EvedtHeistipya 18p grasy per hour
to the slope of T as a function of y in Figure 5 11.

Si et having dnsoutsideldiingier obh. 3mmeaad cuive 8L aptoriasd,000 gram per hour
constant. Therefore, the peak to peak voltage can be

1o mattgtecithvargy droogsids dR@ddierl @8 @i, thith the btarggubar lape@ired54 having a
such that the values of y range fromthe tube dianeter

L0 1efdgt bf 1 3NGhe FLANI2 sHWBURE sibheSOIOMR réspBndeLaRAASRL, 802. As
curves: curve 8017is for a 100 gram per hour

shown in Figures 11 and 12, the slopes of the curves 801, 802 are constant in the

linear response regions 811, 812 of the curves. Thus, it is not necessary for the two

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

15 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 triangle 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 body 730. Light
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tube having an outside dianeter of 0.3mm and curve

802 is for a 3,000 gram per hour io tube having an
wosioasd44di aneter of 0.8 mm wth the triangul BET/US2004/044066

aperture 754 having a height of 1.5 nm Figure 12

h s of S rves 801, . As

S 15 g BB Ers aiehS e o 8 o0 STt ety dagoted above,
801 802 are constant in the |inear response regions
g1 the Bdes ofithe hght pine/k$. mixHhe lighttto pehipvs a sauieres syan inepsity pattern.
the two legs of the tube to be |located at exactly the
v allu ¢heoil lugtrated embodiencpt ake tightpedlet T3ttt momgledvdnk| polished so that it
mat ch. The two | egs of the tube need only be | ocated

I N fiiddgiohd BEArmirRFRONGEngANGEtidE cTahE Nighed ARDMYGn, e example in
the 100 gram per hour tube (curve 801), wth on feg of

sUheidiibe 1y oﬁ.@ﬁ daf?rotr ag ﬁfﬁﬁ@drlﬁ%@\gﬁee {ngﬁﬁpgﬁé's@ nd openings

Ieg can be any ere wthint opti cal pat

9B 0 Y TR R PR 6L e
- 0.3=1.2
o R AL sy 2 v

could be enpl oyed. Two |I%ht det ect ors may ed

opgh thedight ppihcaiphlished v.%hght@aumdq@omﬁée hght pipe 734. In the
respectlve detectors wll vary with novenent of the
t ubmbodinentskavor m agate 6etisdsrnalg miardrh 87 L aorpapagnated ivto the module
fit into the desired package size. Figure 9 generally

10Shewsy vhe |ight path through the nodul e body 730.

Lightfromthe LED 706 enters the light inlet 734a of
the light pipe 734. As noted above, the sides of the

|'i ght  piTRe nfdthghifrok P92 Wir8dhl tHeQigREMEMR 16hsSBYANtRate® UPlhe second
|nten3|ty pattern. In the il lustrated enbodi nent, the

%E%mggtﬂl@t THS rAtHrrbls 7 gs 1%@?1 p%rbl%l}ﬁg sesc%PEi %ﬁémhé into the third

S as a mrror ange |rect Ion O

1 Bpging 48 T ﬁl@fﬁ%‘%&éﬁ ocks firfic [y rbinrio e square,

openln s 732 740 to direct the |I% into the second
0pEVFIhEEIFUD . The, ight paesey troughsthe degist /48 gad the sensing aperture 754 and is

15 received by the photodiode 708. The lenses 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

20 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.

14



between the light outlet 734b and the turning mrror
772 so that the tube 702 noves through the |ight path

wesdoabssghed by the light emtted fromthe |ightT/psme4/044066

w

734. In the enbodi nent shown in Figure 6, the turning

mrrors{72 are.in [ e ule i od

731. Th gzlf: u?%cﬁléérm&%rgé@@gﬁ g%sgg%:e{asa e f‘ﬁeg Hfusgﬁtg%le Pﬂlé’ , as the
lens 738 situated.in the second openi ng 740, The

i ARG PLg DA F @adéﬁ%aéﬂ Rraﬁtce$ et WCSSNEY A6 Aiapgers apparent
into the third opening 744. The bl ocking aperture 746

bl tekeseskilgd in hmrtthavingithe henefit of thedeardings deredv. e Rurthermore, no
density. The |light passes trough the |l ens 748 and the
sehgiitagoaperctinteadatbth thadietaslsiof rrongiuedadn by dedign herein shown, other
phot odi ode 708. The | enses 738, 748 and the bl ocking

apefanUsse ddtBibédd ne theOBlalRs BBIoML ailtNisatheR@ste f dviddnt @atQhe particular
1:1. The LED 706 and phot odi ode 708 are connectable to

el Ehbb e n ﬁwlééquabbbeemgp%glaﬁelgﬂw n{odfifi @LACPXY'*IT Bght \tl{‘?iations are
el ctronics to be located at a distance Trom the

e Sy o Heb G 58, e PG RRET M ot Y prtecion
enbodi nents,, the LED 706 and phot odi ode 708 are al so

| oeauebyhergings as et fordhingthe clapriPdoWody 730 with fi ber

optics |inks connecting themto the passive optics
conmponents | ocated in the nodul e body 730. This all ows

use in high tenperature applications, for exanple. The
particul ar enmbodi ments di scl osed above are

illustrative only, as the invention nmay be nodified

and practiced in different but equival ent manners

apparent to those skilled in the art having the

benefit of the teachings herein. Furthernore, no

l[imtations are intended to the details of

construction or design herein shown, other than as

described in the clains below It is therefore evident

that the particul ar
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enbodi nents di scl osed above may be altered or nodified
and all such variations are considered within the
waeecappcamd spirit of the invention. Accordi ngl pCT/UR®04/044066
protecti on sought herein is as set forth in the clains
bel ow. CLAI M5 WHAT | S CLAI NED%&I . A Coriolis nmass
fl ow sensor, conprising: a ff e; 5 a tube
position sensor, including a |ight source; a |ight
pi MHASAISEGLAIMERIS; | et situated to receive |ight
fromthe light source, and a light outlet for emtting
light received fromthe |ight source; io a |ight
det ect ofl. f or Ar@ewdlisimass oghgensaropamising: ght pi pe | i ght
outlet; and a drive device for vibrating the flow
tube, sudlowttnde; t he fl ow tube noves through a Iight
path between the light outlet of the |ight pipe and

sthe |'i ghtyudeiRRioAsensdr, ildigdi®ri ol i s mass flow sensor
of claiml1, wherein the light pipe i defines a

pol ygon- shapeg: section. 3. The Coriolis nmass
fl ow sensor g?%g{ﬁﬁﬁ?z, wherein the |ight pipe defines

a generally square. cr,oss section. 4 Tge Corioli SS .
1 ow sensor Bf'€0r Bk Eving & Hat fnlatiped; ooy g he light
aperture having a predeterm ned shape situated between
the |ight outlet éq;urgq,émpliaghght outlet for emitting light received from the
light source;
10 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

15 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

20 pipe and the light detector, the sensing aperture passing a portion of 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.
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O pipe and the light detector, the sensing aperture
passing a portion of the light emtted fromthe |ight

wonosetssef the |ight to the |ight detector, suedm/UBBIN4/044066

10

20

the light entering the light detector has the
predet erm ned shape.5. The Coriolis mass fl ow sensor

of claimd4, erei.n.the predeterm ped. sha i S .
opt 78 1 ol TS0 Ta G hasrPt 9 GRir e Npgisen the predetermined
position sensor. 6. The riglis mass flow sensor of

c| SHRPS & OP{imercd;th inprove thediearity; (i dle whe pasifign sensor.

triangle. 5 7. The Coriolis mass flow sensor of claim

1, wherein the light outlet is angled to direct the ]

| i ght e t t ebhef Comelishmassi i sensor ef claim 4, obsteie the predetermined
direction. 8 The Coriolis mass fl ow sensor of claim

1, shhpe tshaariagglapri si ng an optics nodul e body, wherein

the light pipe is received in a first opening defined

in the optics nodule body. io 9. The Coriolis mass

fl ow sensor TDhe Cbabls. Bassview aeisot € ctiphi G Sviedelu | the highiyoutlet is
defi nes a second openi ng having an axis oriented

gefplal th ik anS NSt eit&] AOmakd BeitfoutlBEn fhi desitedORRREHA,

t he "'second openi ng having a |l ens therein receiving

light fromthe light pipe [ight outlet. 10. The

Coriolig masgd b@%@%&ﬂ%‘gmo&f senbdt ({ﬂcr?aém\(’)‘%?ﬁﬁﬁé? cBHl%risiélg an optics

optics nodule 1s nes a t eni ng havin

2GR S BT sRRERh Ll Rt DT s M o

detector, and the sensing aperture situated therein.
11modHebedy.i ol i s mass flow sensor of claim 10, further
conprising a mrror adjacent the second and third

openings to direct [ight fromthe second opening into
t he 9. The Coriolis mass flow sensor of claim 8, wherein the optics module

body defines a second opening having an axis oriented generally transverse to an axis
of the first opening, the second opening having a lens therein receiving light from the

light pipe light outlet.

10.  The Coriolis mass flow sensor of claim 9, wherein the optics module
body defines a third opening having an axis oriented generally parallel to the axis of
the first opening, the third opening having the light detector, and the sensing aperture

situated therein.

11.  The Coriolis mass flow sensor of claim 10, further comprising a mirror
adjacent the second and third openings to direct light from the second opening into the

third opening.
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O third opening.12. The Coriolis mass fl ow sensor of
claim 10, further conprising a blocking aperture

werdosatsad in the third opening, the bl ocking aper/usae4044066

10

20

bl ocking a portion of the light emtted fromthe |ight
outlet of the light pipe. 13. The Coriolis mass flow

sensor qf claimJlQ, .furth conpri si a lens. sjtuated. .

in the ¥hi r dBpERMIALS mMass eﬂﬁ% S%Df cﬂf?%a% ’ffflgh?r comprising 4
sensor of claim9, further conprising a mrror .
adjlekéng aperture jsitated i e dhird OBE@H&ng@ placking epertyegplpcking a
fromthe light outlet of the |ight pipe into the

s godich ajzbaligly.entifed fibm tiplighsloudetndske figlowipensor of

claim 14, wherein the light outlet of the Iight pipe

and the mrror are on generally opposite sides of the

flow tuBe. IFhe ThéoliSanaslficey sassr Hf chains @ Asfinthef cahpiising a lens
1, further conprising: a second |light source; a second

| isgtDite@iP@ic BBV HiSkndhgl | ght inlet situated to receive
light fromthe second Iight source, and a |ight outlet

for emtting light received fromthe second |i ght

sour ce;q4and ' . ; Ly . _
Ui ght from heSCGRIR thisd gfﬁt\&dgeitnggiﬁcé%{?f%uftﬁﬁg%r. dciprisipg a mirror

Car.i al i fl . I.Si:ng: : .
t l?(ﬁlieagﬁrllt:tlh?%%sf ahd Wond %ig%lq%sgt%%{e'gﬂl@ghffo@% f(t)}%‘le?l\({:\%l%t %%ﬂet S the li ght

0] on sensor,

pipe into the second opening.

15.  The Coriolis mass flow sensor of claim 14, wherein the light outlet of

the light pipe and the mirror are on generally opposite sides of the flow tube.

16.  The Coriolis mass flow sensor of claim 1, further comprising:

a second light source;

a second light pipe having a light inlet situated to receive light from the second
light source, and a light outlet for emitting light received from the
second light source; and

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

outlet.
17. A Coriolis mass flow sensor, comprising:
a flow tube;

a tube position sensor, including
a light source;

a light detector for receiving light from the light source;
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a light detector for receiving light fromthe |ight
source; a sensing nenber defining a sensing aperture

wo boseesr4si t uat ed bet ween the |ight source andpd11eS2004/044066

20

| ight detector, the sensing nmenber bl ocking a portion

f the light x<] li ght . h

Che. 11 ght - ert EATAG TS AEHLYERERY S RN eln stuated between
predeterm ned shape; and a drive device for vibrating

the flow tube, subh lighasowpe apd he tlighe detso@s ther saging amember
i ght path between the |ight source and the |ight

detector. 18. Thel&@dangh ipsrtimasel thedghs ecrsoreddfy thedight detector,
17, wherein the sensing aperture is in a shape to

optim ze the |ineagh t$haof tHeh@ight!bentp@sd t ihen 1pANSedtectdbO has a
19. The Coriolis mass flow sensor of claim1l7, wherein

the sensing apertdit&idrsiddd shii; Sh@pe of a triangle.

20. The Coriolis nass ow sensor of claim217, further

conpri s 5Igv$idla}i{]i Dl Py faﬁﬂq%?’tihg %'tﬁ&htsu&g:rt]tgatt atﬁii:itfgéﬁ{ Gfbe moves

to recél fromthe |gh°sourCe,

outlet for emtting |ight receiyed. fromthe I|jght

source. i 2 1@“01*5% a%@l“ﬁ Eﬂrt]lP Eetﬁﬁ%%?ﬁlﬁ&} %‘E‘ﬁ%ecﬂndé#‘eggglgidﬁ?ecmr'

20, wherein the |ight pipe defines a polygonal square

cross section. 22. The Coriolis mass f|ow sensor of )
clai m 28, whBteeCaripkie masghiovi ssasagedli glagn gl Gewbergin fhe sensing
square cross section. 23. A Coriolis mass fl ow sensor,
capprtiusiing a fhape fd quiniind e lmehritylof thegubepgsition sensor.

19.  The Coriolis mass flow sensor of claim 17, wherein the sensing

aperture is in the shape of a triangle.

20.  The Coriolis mass flow sensor of claim 17, further comprising a light
pipe having a light inlet situated to receive light from the light source, and a light

outlet for emitting light received from the light source.

21.  The Coriolis mass flow sensor of claim 20, wherein the light pipe

defines a polygonal square cross section.

22. The Coriolis mass flow sensor of claim 20, wherein the light pipe

defines a generally square cross section.

23. A Coriolis mass flow sensor, comprising:

a flow tube;

a light source;

first means receiving light from the light source for converting the light from a

Gaussian power distribution to a flat power distribution;
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first means receiving light fromthe |ight source for
converting the light froma Gaussi an power

wolb@soedduwt i on to a flat power distribution;a |Pghus2004/044066
detector for receiving light fromthe first nmeans; a

he 11 ou Hige oy Ke RIS HERT b Y dti¥feard Voen an

the fl ow tTube noves f{

out put of, .the fir ans and the |ight detector, 24.

The. Cord OTTS O5ist Tor SrEWaBE A9 dha sl That b Hlgw tube moves
conprising second neans for shaping the |ight reaching

the |ight debewghp light gath bgpsenay ampysef the first means and the light

detector.

5 24.  The Coriolis mass flow sensor of claim 23, further comprising second

means for shaping the light reaching the light detector into a desired shape.
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