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ABSTRACT needed for the transition region or in regions where fast acceleration
causes relaminarization of the flow, in order to improve the accu-
racy of floating elemtrt flow meters. For non-intrusive velocityThe flow in a floating element flow meter (rotameter) was studied measurements inside the metering tube. a laser Doppler anemome-

with laser Doppler anemometry (LDA) and computational fluid ter with refractive index matching was used. A computational fluid
dynamicis (CFD). With the help of refractive index matching to dynamics study was made with a finite volume computer program
eliminate optical distortion by the flow tube, the laser Doppler to solve the Reynolds equations, using a turbulence model to close
anemometer permitted non-intrusive velocity measurements in all these equations so that solutions for the entire mean flow field and
regions of the flow including the immediate vicinity of the float. for turbulence properties ould be obtained.
The computational investigation allowed an insigl-" to the fiow
structure, particularly with respect to the strong velocity gradi- Similarity analyses of the flow in floating element flow meters are
ents in the gap around the float and the recirculation zone above reviewed in the next part of this paper. The two following sections
the float Results were obtained for various flo% rates, different describe the experimental method and the application of computa-
densities of the float material and two heights of the float in the tional fluid dynamics to the flow. Measured and calculated ve;ccity
tube distributions are_ then presented and discussed

INTRODUCTION

ANALYSTS OF FLOATING
Flow miters find widespread application for monitonng and control ELEMENT FLOW METER
of liquid and gas flows in mechanical, automotive and chemical
engineering Many types of flow meters are in common use, but The forces acting on the float lead to equilibnum between the
floating element flow meters have proven particularly appropriate weight of the float piqVq acting downwards and the buoyancy force
for pipe diameters smaller than 100 mm. Improvements ir such pg~4 and the drag force Ft acting upwards, where V; is 'he volume
meters necessitate detaiied investigations of the Pow, using modern and p, is the density of the bob, p is the density of the fluid and 9
techniques of experimental and computational fluid mechanics is the gravitational acceleration:

A floating elcment flow meter consists of a conical transparent
vertical glass tube containing a float or -bob" (figure 1). In the p04V9 = Pg9• + Fi (1)
present study the float is formed of cylindrical and conical sections,
although spherical floats may be used in small diameter tubes The drag force results from the flow field surrounding the float and
The float rises in the tube until a balance is reached between the depends e.g on the mean velocity profile of the upstream flow and
gravitaticnal, buoyancy and drag forces. 'Aithin the flow range u" the separation in the wake of the float. In flow analyses based on
a particular flow meter "depending on the float shape wid density, similar.ty principles, these influences are accounted for by empirica
.he tube shape and the fluid density and viscc*::y). the height of coefficients CL or CT in the drag law for
the float i•, the tube is lineauly proportiona. to the flow rate.

i-. early studies of floating element flow meters, R•.;pel and Um, p- latiz.ar flow ri = CLiDiU (2)
fenbach (1930) proposed the introduction of characteristic d:men- turbulent flow F = CTpD'U' (3)
sionless quantities, to permit the use of experimentally determrined
drag coefficients in flow meter analysis Lutz ý`959) extended these where
ideas by showing that the transfer of flow coefficients from one Pow
meter to another is possible if geometrical similarity exists u = fluid viscosity

Db = maximum float diameterTheories based on similarity considerations can predict the varia- U = velocity in the annular gap around the float at
tion o" Ihe flow coefficient with the Reynolds number in the laminar the mi:mum cross-section
and turbuient flow regimes but not in la•.,nar-turbulent transi-
tional flow. Detailed experimental and com)utationai studies are The volume flow rate througi- the rotameter is
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_ 476), and hence reduced beam d,:'.ortion due to curvatuie ol the

Q kV - D21U (4) °'ube wall The viscosity of the glycerine solution was strongly

temperature dependent, so that the temperature of the gly-cerine

where D is the tube diameter at the top of the aob solution had to be held constant within ±0 3 deg C, using a cool'ng

c~rcuit to remove the energy input to the flow stem from the

Combining equations (1) (2) and /4) gives for lamnar flow pump

QL = oaD (P. - P59

where the constant a is defined as 210 21-

?rmKcs=- (6) ,--
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in terms of the o~t.- ratio m
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and c. ct.nstant A' character, tic of the shape of the float 0 /-'- C120 / 12

Under tie assumption of sinalarity of flows with the same Reynolds 110

number, K can be expressed as - is
S~975

9$3 96

79

The Reynolds number is defined as

pUINDb (9)
Re =5

p '.0

where UJN is the velocity at the rotameter inlet, 25

Using equation (3) instead of (2) yelds for turbulent flow Z

0 0

Q7 = Dsn Apt - P)9 Z /MM Vim
Castes 2 Case 3

where
Fig I- Flow meter geometry

.•m KW.

At low Reynolds numbers the linear resistance law assumed in Three different laminar flow cases were run (Table 1), varying the

equation (2) applies and a is a constant for given in. At higher flow rate (and hence Reynolds number), the density of the float

Reynolds numbers the flow is transitional cr turbulent, and loga and the height of the float in the tube (measured to the top cf the
decreases linearly with log Re. float).

Curves for 0 a,,ainst Reynolds number shoA a linear increase of

log 8 with log I e in the laminar region, followed by a gradual tran-
sition to horizontal curves :n fully turbulent flow Cae Re . M Float density Float hmght

I i18 3.85 160

2 400 7.9V 160
,XPERINTENTAL FACILITY 3 220 7 94 105

Test Section Table 1' Eyperimental Cases

The experimental test section consisted of a glass flow meter 'ube
(Fig 1) forming part of a closed circuit flow system with by-pass, Laser Doppler Anemometer
through which a glycerine solution was circulated by a pump The
tube was mounted inside a rectangular plexiglass container with The laser Doppler anemometer (Durst et al., 19.1) Was a forward

two planar glass windows, which was also filled with glycerine. The scatter system with a rotating diffraction grati--g used for bearm

glycerine solution (index of refraction 1 455) minimized refractive splitting and frequency shifting, similar to the -- 'emometer descri

index differences between the fluid and the tube (index of refraction bed b) Oldengarm (1976). The beam from a U, mW HeNe lase!
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was focused on to the diffraction grating The diffracted beams few iterations for each variable, the coefficients and source terms,
of order +1 and -1 were then focused into the measuring volume which are functions of the variables, are updated (outer iterations)
with the main lens, and the zero'th and higher order diffracted z.nd the whole process is repeated until convergence,, as set by a
beamns were masked off The half angle between the intersecting prescribed limit (typically 10-1 - 10-'1 A -mulhigrid method"
beams r. the measuring volume was 5.06 deg, giving measuring (Hortmann et al . 1990) was used to improve the rate of conver-volume dimensions 1(/e2 intensity level) of approximateiy 0.2 mm gence of the solution. This leads to a linea increae of computing
diameter and 2 mm length The rotational speed of the diffraction time with the number of control volumes ?CV) in comparison with
grating was adiusted to give a fnequency shift exceeding twice the a quadratic increase in the case of single grid methods
mean Doppler frequency

The computational solution domain was one half diametral planeForward scatlered light from particles in the flowing glycerine was of the flow meter. and was subdivided into five blocks This me-collected through a lens and focused on to an aperture in front tnod enabled an easy treatment of obstacles isiue the solution
of a ph--)multiplier The photomultipfier signal was preamplified, domain, because the obstacle walls were identical with the block
band pass filtered and fed to a frequency tracker (TSI model 1096) boundaries Each block consisted of non-uniform grids allowing a
The analog output from the tracker is a voltage proportional to the better rsolution naar the walls.
instantaneous signal frequency, and hence to the velocity (with an
offset proportional 6- the frequency shift, The output voltage The coarsest grid %ith 920 CV ws refined until a grid with 14720
was lo, pass fiitered and cent to an aNeraging digital voltmeter CV was reached Every CV on the cc,'se grid was therefore divided
(Solartron type JM 1860) from which the mean voltage was read into four CV which form the finer grid.

To minimize possible bias of the measurements resulting from drift The boundary conditions were u = v = 0 along tie walls and
in the speed of the rotating diffraction grating, two measurements L = v = 0 along the axis of symmetry. At the input boundary tit:

initial profile for the u-velocity was taken from the experiment, atwere made at each position with positive and negative frequency the outlet boundary zero gradient was assumed for all dependent
snifts of the same magnitude respectively. The average of the two variables For case 2 (higher float position at higher flow -ate)
measurements (a voltage corresponding to zero velocity) was then ir was necessary to extend the solution domain by a section ofsubtracted from the voltage with positive frequency shift, to obtain I was necessary to etend the on d iasetio of
the velocity with the correct sign. The overall uncertainty in mean parallel-walled tube of dianeter equal to the outlet diameter of thevelocity with this procedure was estimated to be at most 2% This flow meter tube and length 40 mm in order to obtain a converged
accuracy in tne laser Doppler measurements is adequate to descr:be solution
the flow structure with sufficient detail for conclusions on improved
flow meter design, and to permit comparison with computational
results RESULTS

COMPUTATIONAL METHOD Measured Flow Field

Velocity profiles for the three cases of Table 1 were measured acrossone diameter of the tube at 15 heights. Fig, 2 shows results forflow n'eter v as carried out by a finite volume, multigrid compu- base 2 Velocities are normalized by the maximum velocity at each
tational program For the mathematical formulation of the flow diameter, radial distance r are normalized by the tube radius R
problem, the conservation equations for mass and momentum in a
cylindrical polar coordinate system can be written as The entry velocity profile is flatter than that expected in fully-

developed laminar pipe flow, in spite of the lov, Reynold, number
a a 10 8The asymmetry must be attributed to the upstream piping AtP + (Pu), + -. (prv) = 0 (12' the next plane (z = 50 mm) the velocity profile is close- to sym-

metric and there is a small reduction in the maximum velocity.
At z = 90 mm, however, a pronounced asymmetry appears again.

+ p9 The peak velocity is now on the other side of the tube comparedu 2p -- 8 Pruv- with z = 0, suggesting the presence of some swirl in the incoming
flow Just upstream of the f (z = 97 mm) an approximately

(a a = symmetrcprofile is again fouud A depression on the tube axis
Or( U - v) =z ' Pz13) indicates an upstream propagation of flow disturbance due to thefloat. In the plane of the float tip (z = 100a mm) deceleration of

the flow immediately in front of the tip is very clear The velocity
a 9 / '9 8 distribution shows a cusp on the pipe axis with a local minimum

0 0 ) + puJ near 0.2 of the maximum velocity. The exact normalized velocitv
on the axis will depend on how dlose the measuring plane lies to the

18 / plane of the float tip, deviations of a fraction of a mm will have a
Or p(irvt- 2 )= , (14) strong influence on the centre-line velocity because of a steep axialr- prv - 2# r r velocity gradient near the stagnation point

where p is the density, u, v and r, z are the velocity components In the next 6 planes (z= 120,134,143,151,152.5 and 160 mm) the
and coordinate directions as defined in Fig. 1, I is the dynamic progressive constriction of the flo* in the decreasing gap betweenviscosity and P is the pressure. the float and the tube wall is clearly shown The flow area isreduced by a factor of 2.8 between the inlet station and the plane

After discretization of these partial differential equations, following of the top of the bob, while the maximum velocity increases onlythe method described by B~ckle et ai (1992), the resulting coupled by a factor of 1.9 between the same stations The differe-ice is
set of equations for u, v and P is solved by a procedure based on the attributable to different velocity profiles in the tube cross section
SIMPLE-algor'.tnm for coiocated grids (Peri6 et al , 1988). After a and in the narrow gap
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Fig. 2: Measured velocity profiles (case 2)

Fig. z(mm) U,..•(cm/s) Fig z(mrn) U,, 4. (cm/s) Fig z~mm) U.,.= (cm/si

a 0 68.2 f 120 57.1 k 160 132.'2

b 50 62.3 g 134 82.5 1 165 114 8

c 90 60.1 h 143 84.3 m 175 84 3

d 97 51.5 i 151 95.1 n 190 58 3

e 100 51.8 5 152.5 117.5 o 210 52 0



A z = 165 mm the flow undergoes a rapid change as a result of The overall features of the flow in the tube aie defined, and a

the sudden increase in cross-sectional area immediatel, above the recirculation zone behind the "bob" and the reattachment length
float The main flow separates from the hp of the bob, leading (i.e. the point where tt- -- ro-streainhne intersects the symmetry-
to a recirculation zone behind the float. Between z = 165 mm line) are shown. T'ie float showed a small rotation in all flow cases
and 175 mm, the peak re"erse velocity increases, indicating that which was not taken into accoun: in the numerical study
the higher measuring plane passes more nearly through the centre
of the recirculation zene Further downstream the cross-sectional
azea occupied by the main flow gradually increases and the peak u
forward flow velocity falls corresponding.y. With increasing di- 71 0.
stance above the float, the wake region indicated by a lo=a ve-
locity m;iimm.m Ln the tube axis steadily diminishes, but a, the
tube cutlet (z = 210 mm) there is still a significant wake region/
By contrast, at lower flow rate (case 1) the effect of the wake bad /21
almost disappeared. -520-

10 C.05 .010 0.5

Comparison between experimental /
and numerical results1mis

The, computed flow field for case 2, i e. Reynolds number 400 and i1

the float height 160 mm is shown as a streamline plot in Fig. 3. -1525
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- 0Fig. 4. Comparison of measure- and computed velocityf profiles (case 2)

0Experimental and computed velocity profiles over a radius of the
flow meter tube are shown in Fig. 4 for case 2. The comparisons
a.e shown in selected measuring planes in the vicinity of the float,

8 where rapid strearnwise changes in the velocity distributions occur.

Profiles are shown at heights z = 100, 120, 152.5 and 165 mm,
corresponding respectively to the tip, the conical portion and theZ/rMM lower tam of the bob, and a station just above the bob.

At the first comparison station (z = 100) the computations mdi-

Fig 3. Computed streamlines (case 2) cate exactly zero velocity on the axis, corresponding to a stagnation

"point at the float tip. The measurements show a low but non-zero

Streamline Contour value Streamline Contour value axial velocity at the tip. The deviation frcm zero is probably at-
a - 0.0131 g 0.0138 tributable to two factors: slight unsteadiness in the position of the
b .0.0087 h 0.0207 float, even under nominally steady flow conditions, and smearing
"c - 0.0044 i 0.0276 of the radial distribution of velocity along the length of the mea-
d 0 1 0.0345 suring volume, which was unavoidably rather long in comparison
e 0.0015 k 0.0414 with the radius.This effect is also apparent at radii up to about
f 0.0069 5 mm, where the computations show a notably steeper velocity

gradient than the measurements, The measured and computed



peak velocities in the profiles agree rather well, ,oJthough the oea. ACKNOWLEDGEMENTS
of the measured profile is located at a lar;er r?.dius At larger ra-
dii, where tne velocity decreases more gradzally toward the wall,
computed arid measured profiles are ir. close agreement Partial financial support was obtained ic, -iis study by the Rota-

Company This support is ýhankitliy a,.knowledged
In the strongly coiverging annuh:l between the bob and the tube
wall, 20 mm above the float tip (. = 120 mm), the computations
reproduce the trend of the lneasureu re,,iia well, although there REFERENCES
are some noteworthy de\ tations The measured points in the region
of rising velocity adjacer'. to the bob are displaced to higher radiusrelative to the compdted velocity profiles Int. he region of falling Buickle, UI., Durst, F., Howe, 8. and Mellhng, A. (1092)
velocivetyone the flowmeter wallct profilesr pthe aegiondf fallg Investigation of a floating element flow meter Submitted foi pu-velocity near t~he flow meter wall, ý,owever,. ceraputed and meF,- blication in Flow Measurem'ents and Instrumentat~or.
sured results deviate more noticeabl:, The discreDancy is linked
with a, apparent deviation from mass conservation in the mea- Durst., F., Melling, A. and Whitelaw, J.H. (1981) Princip-
surements, which is partly attributable !ý flow &iymmetry The les and Practce of Laser-Doppler Anemometry Academic '-ress,
profiles in Fig 2 indicate asymmetry in axi0, velocity at equal ra- London (2nd ed
dii on either side of the axis up to 10%. Possible asyrametry along
diameters inclined to the main measurement planes rou!d also have Hortmann, M., Fer16. M and Scheuerer, G.(1990) Finite
contributed to the mass imbalance volume multigrid prediction of laminar natural cinection bench-

mark solutions, International Journal for Nunerical Methods inAt z = 152 5 mrm. measured and computed velocities appear to be Fluids 11, 189-207.
in close agreement, except for some deviation in the peak velocities
The confinement of the flow iin the narrow annular gap in this plane, Lutz, K. (1959) Die Berechnung des Schwebek~rper-DurchfliBl-
however, makes any differences difficult to resolve. messers, Regelungstechnik, IC, 355-360.

5 mm above the float (z = 165 mmi the flow is characterized by Oldengarm, J, (1976) Development of rotrt:ng diffraction gra-
a strong upwaid flow in an annular region near the flow meter tings and their use in laser anemornet~y, Optics & Laser Tech 69
tube wall ard a recirculation region around the axis occupying
almost half the tube cross-section The forward velocities show a Peri6, M., Kessler, R. and Scheuerer, G. (1988) Comparison
reasonably good match between computations and mesurenients, of finite volume numerical methods with staggered and colocated
but there is a very marked discrepancy in the recirculation zone, grids, Computers and Fluids 16, 389-403
where the measured maximum reversc velocity is only one-third of
the computed value and the measured recirculation region extends Ruppel, G. and U mpfenbach, K.J.- (1930) Stremungstech-
radially to only 9 mm compared with i1 min computationally rsche Untersuchungen an Schwimmermese.n, Technsche Mecha-mik und Therrtodyr-amik, 1, 225-233, 257-267, 290-296
Between 9 mm and 14 mm in the measurements, however, is an
area of almost zero mean velocity, so that the region of forward
velocity is actually smaller than in the computations.

As a whole, good arreement is obtained between experimental and
nume-ical results, apart from the separation region after the float
Efftcts caused by rotation of the floating element and asymmei.y
of ihc on.oming velocity profile could not be taken into .cc',unt
in tae axi-symmetric flow p-edictions A possible further c,.use of
discrcpancies is an insufficient number of numerical nodfs doAr.-
stream of 'h,.. float, where the shear layer develops from the upper
edge of tbe floating element

CONCLUSIONS

This paper emerges from a sequence of s'udies at the authors' in-
stitute related to impruveme,-ts of vohvne and mass flow meters by
modern experimental, analytical an,: numerical techniques of fluid
mechanics. The complementavy .ise of these techniques provides
the best insight into the detain of tne flow and their influence on
the accuracy of volume or soass flow ninter.ng.

The results show that tie computationsi fluid dynamics (CFD)1
code is capable of repr,'ducing the features of the floA indicated by
the measurements by laser Doppler anemometry Qucrtitative di-
sagreement betwern results by the two methods does not t-validate
this conclusion, but points up the difficulties of tti -ierirnental
and computational tasks, particularly in the narrmw 3,1 zular gap
existing in some geometrical planes Tie resultF give a c,,vincing
demonstration of the utility of modern tools of coupu1a&Lun,1 and
experimental fluid mechanics to improving the analysis and de.,gn
of flow meters which traditionally has had to be treatec stm-
empirically. A useful extension of the work would be a sud&. for
Reynolds numbers appropriate to turbulent flow in the flow meter
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