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Abstract

The present work compares the results from a Large Eddy &tionl(LES) and the result of
two Laser Doppler Velocimetry (LDV) measurements. The wimtuses on a model of a vor-
tex flow meter, a common flow meter type in process industy.méasuring principle is that
the frequency of a vortex street, generated by a sheddeistmrquired by pressure or velocity
sensors. The shedding frequency is proportional to the fimikrate. Tests are performed at a
Reynolds number of 61400, based on the pipe diameter. A @mgitary LDV measurement is
also performed at a Reynolds number of 62800. All result®iarmalized with the bulk velocity
to be comparable to each other. A comparison of the meamsivise velocity profiles shows
excellent agreement between the numerical and experilmaathods. The variance of the two
velocity components is also in good agreement between testigated results. It is shown that
it is possible to capture the vortex shedding frequency tajyais of primary LDV data at the
investigated Reynolds number. Velocity fluctuations dusdcondary vortices are highlighted
both in the LES and LDV results. Post-processing of the feegy spectra is implemented uti-
lizing Bayesian probability theory which strengthens tenéhating frequencies and attenuates
the noise. The fundamental shedding frequencies found merioal and experimental methods
are shown to be within the limits of theoretical estimatiofitie redundant results strengthens
the reliability of each individual method.

The results from flow simulations and measurements are iassdavith uncertainties. The
different types of uncertainty contributions are describedthadresults are evaluated taking
calculated uncertainty contributions into account. FerltbV cases, estimated uncertainty con-
tributions from the test setup, are included in the end tesul
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1. Introduction

A vortex flow meter consists of a bfubody, positioned in a pipe section. At high enough
Reynolds numbers, a von Karman [1] vortex street is cedtmvnstream the bitibody. The
frequency of such a von Karman vortex street is propodioo the mean velocity of the sur-
rounding fluid. This proportionality is used in vortex flow tees. Due to its widespread usage,
and to the transient flow it creates, it is chosen as a suitafjksct for the present work, where
the results from numerical and experimental methods argaosl.

Comprehensive reviews of numerical and experimental xdlbev meter related research is
presented by Pankanin [2] and Venugopal et al. [3]. The itamme of boundary layer control
on the bldt body, to achieve a stable signal, is highlighted. Achenljélchoticed an oscillation
of the boundary layer up to the stagnation point when examgifiow around a cylindrical rod.
Boundary layer control is accomplished by a well defined ssjmn point, i.e. sharp edges, of
the bluf body. Hans et al. [5] and Hans and Windorfer [6] show thatrdggng a triangular
bluff body, called a shedder bar, with one side facing the flow, ggesto secondary vortices.
Zhang et al. [7] compares Unsteady Reynolds Averaged N&taes (URANS) simulations to
experiments with dferential pressure transducers. Zhang et al. get numeridadgerimental
results with good agreement regarding the shedding frexyéimough a fixed value boundary
condition for the inlet velocity is used in the numerical pedure. In the experimental results
for water, there are signs of harmonics present in the frecyuspectra for the lower velocities,
which indicates an energy contribution from secondaryieest There are however no indication
of secondary vortices in their numerical results.

In the present work, Large Eddy Simulation (LES) is utilizestead of URANS, to enhance
the possibilities of secondary vortex prediction. LES isfprable when it comes to studying un-
steady flow phenomena like von Karman vortex streets. lsspected to give more accurate
results than URANS simulations, due to higher mesh resolnd less modelling.

Laser Doppler Velocimetry (LDV) is one of the most accuragasuring techniques to deter-
mine the fluid velocity through a well defined measurementinm. Velocity measurements are
also more prone than piezoelectric transducers to be stilslesip the small fluctuations origi-
nating from e.g. secondary vortices [6].

The present work presents the results from one numerical BE§ Reynolds number of,
Rey = 6.14 x 10%, whereD is the pipe diameteRg; = 1.43 x 10%, whered is the hydraulic
diameter of the shedder bar. These results are comparegéoiental results from LDV mea-
surements performed at the flow facilities of'SBweden, for the same geometry at identical
Reynolds numbers. Complimentary LDV results are acquirethfthe flow facilities of PTB,
Germany, aRe, = 6.28x 10%, corresponding tRey = 1.46x 10*. A vortex flow meter model is
constructed, consisting of a shedder bar mounted in a gipss phe glass pipe enables optical
access for the LDV. Measurements are performed downstieashiedder bar.

The results are compared in terms of the mean streamwiseitietowith corresponding
uncertainty values. The variance of the spanwise and swesanvelocity components are com-
pared between the numerical and experimental resultantasteous fields of velocity, pressure
and vorticity are presented from the numerical results. &dwpiired vortex shedding frequencies
of the numerical and experimental results are derived antpeoed to theoretical values based
on the mean velocity profile and the Strouhal number.
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Section 2 describes the test case. Section 3 gives desasptf the numerical and exper-
imental methods. The results are presented in Section 4e wie conclusions are found in
Section 5.

2. Test casedescription

Section 2.1 gives a detailed description of the object itigated in the present work. Sec-
tion 2.2 describes the compared cases.

2.1. Test object

A model of a vortex flow meter is constructed. Figure 1 showa®drawing of the model.
A triangular shedder bar is welded to two supporting flat belnéch in turn are welded to a

Fig. 1: CAD drawing of the investigated vortex flow meter miodée flow direction is indicated by an arrow. The view
has been restricted in the streamwise direction to enhaaitzlity.

supporting stainless steel flange. This construction isried into a glass pipe. The assembly
is concentrically connected to a stainless steel pipe wathigiés of the same dimensions in the
upstream direction. The inner radius of the glass pipe i%4sialler, than the upstream pipe,
since it was originally used in another work. Hence, ther@ ssnall forward facing step in the
streamwise direction in connection to the attachment paifithe supporting arms. The flange is
specified as DN100, PN16 according to Bidandards.The shape of the shedder bar is carefully
selected to ensure a stable separation point. Venugophl[8t stated that an ideal bftibody
should have sharp edges to be independent of the Reynoldsenutdence, the object of the
present work is a triangular equilateral iron bar, with ghedges of 60 Each side has a length
of d = 0.23D, whereD is the pipe inner diameter. The assembly makes it possilpetimrm
optical measurements of the flow in an object which to a laxgers resembles the inside of a
vortex flow meter.

2.2. Compared cases

The present work compares results from thre®edent investigations, as shown in Table 1.
The first investigation is a LES &®e, = 6.14 x 10*. Two LDV studies are also carried out.
The first one is performed at SP, Sweden. The input to the LEB8lation, i.e. the viscosity;,
and bulk flow,Uy, is identical with those 08§P, which is why these two cases have an identical
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Table 1: Cases compared in this work.

Case Rey Rey | UP T o) o) 4
LES 6.14x10* 1.43x10* | xP x N X X
SP 6.14x10* 143x10*| -9 x X - N
PTB 6.28x 10* 1.46x10* | - X X X -

a) All variables are normalized with the bulk velocityy.
b) x: Shows that the quantity is included in the investigateskca
°) -: Shows that the quantity is not included in the investigatase.

Rey. The third case represents complementary measuremeriedoaut on the same object at
PTB, Germany. It has a slightly high®s, due to diferences inv andUy,. TheLEScase is
investigated both in terms of streamwise mean velotjtyas well as the variance in streamwise
and spanwise directiom;?(ux) ando?(uy) respectively. The frequency content of the sampled
signal,uy, is also calculated. For th®P case,o?(uy) was not acquired. For theTB case, the
investigation ol is excluded. Table 1 summarizes the extracted data for eeseh &\l data are
normalized by the streamwise bulk velocity,.

3. Methodology

The numerical procedureis described in Section 3.1 whitti®@e3.2 gives a general overview
of the numerical methods. Section 3.3 describes the expatahmethods.

3.1. Numerical procedure

Section 3.1.1 describes the computational domain anddesla motivation of the selection
of the inlet boundary condition. Section 3.1.2 gives a baokgd to the analysis of mean values.
Section 3.1.3 describes the transient analysis.

3.1.1. Computational domain and mesh

The computational domain represents a pipe section witmsarted shedder bar, see Fig.
1. The dimensions match the physical model used in the expetal measurements, described
in Section 2.1. A Cartesian coordinate system is used, whegpresents the streamwise direc-
tion. Origo is located at the intersection of the pipe cdimeeand the downstream facing edge
of the triangular shedder bar. The inlet is positione®BD upstream origo, while the outlet is
positioned 665D downstream origo. In total, the computational domain csingif 163 x 10’
hexahedra cells. The block structured o-grid around theddrebar and the supporting arms
enables a well defined cell concentration within the impdrteundary layers.

The inlet boundary condition imappedwhich means that the instantaneous velocity from
an internal plane downstream from the inlet is mapped tortlet.ilt enables the flow to develop
both in terms of average profiles and turbulence. To ensuegkgible correlation between the
inlet and the mapping plane, the length between the inletlachapping plane is chosen based
on the results from a LES of undisturbed pipe flow, shown in BigThe undisturbed reference
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Fig. 2: Undisturbed pipe flow &e> = 6 x 10%.

case has a domain length ofD@nd consists of .2 x 10° hexahedra cells and the Reynolds
number isRe= 6 x 10*. Figure 2(a) shows that the two-point-correlation drogsdiy for low
separation distancegD. The two-point-correlatiorByy, is negligible for a normalized separa-
tion distance ok/D > 0.2. A distance between the inlet and the mapping planébos3hosen
to ensure that any correlation is extinguished. The totthdice from the inlet to the mounting
points of the model is B, to avoid an uneven pressure distribution from the bloclagesed
by the model to propagate upstream, into the mapped regioa efergy spectrum of Fig. 2(b)
shows that the simulation of undisturbed flow is well resd\&nce it has a characteristic profile
compared to the-5/3-slope, representing th&Ilmogorovdecay. Hence, a proper transport of
energy through the turbulent scales is established.

3.1.2. Mean profiles

The calculations are performed with a time st&p= 5x 10° s. The corresponding average
CFL-number [8] iSCFLayg = 0.01, while the maximunCFLmax = 0.6 in the vicinity of the
separation point at the edge of the triangular shedder harinstantaneous velocity components,
uy anduy, are sampled every time step at the same positions as theisregssits, described
in Section 3.3.2. Data from the first 8 s simulation time isleded to make sure that stable
conditions are reached. The data is averaged frgm= 8 s toteng = 20 s, which corresponds
to 2.9 flow-through times. The mean profile of thEScase is defined as

Zl~

N
Uy LEs(Xi)/Up = Z UxLes(Xi, tstart + jAD), 1)
=1

whereN is the number of samples amdis the probe position. The mean profile of the stream-
wise velocity componentiy s, is normalized with the bulk velocity,. The numerical results
are presented with an uncertainty. The reported unceytaintis defined by the normalized
standard uncertainty of the mean,

o(UyLES)

U(UX,LES) = +k R k = 2, (2)



whereN is the number of observations in each pointThe coverage factde = 2, yields a level

of confidence of approximately 95%. Estimated uncertaiomyticbutions due to selection of
turbulence model, selection of boundary conditions andneéfscts, are excluded deliberately.
The estimation of these types of uncertainties in numestalies is an active area of research
[9, 10].

3.1.3. Transient analysis

The transient analysis of tHeES case is based on data from one probe. That probe is lo-
cated at the pipe centr&/d = 0.4 downstream of the backward facing edge of the triangular
rod. The position is chosen to enable comparison of the teetmithe acquired experimental
data, described in Section 3.3.2. A robust locally weigheggession method, originating from
Cleveland [11], is used to smoothen the spanwise velocigfations. The robust method is not
influenced by a small number of outliers within the compuotai span, which has a width of
0.1 s. This operation enhances the visibility of the fundatalevortex shedding and simplifies
identification of secondary vortices. The calculation & Wortex shedding frequency is however
performed based on unfiltered data. The expected sheddigadncy is approximated by

fo= Y ©)

whereSt = 0.26 is the expected Strouhal number for a triangular bodyee Btreamy is the
velocity andd the diameter of the shedder bar. The triangular shape n&tasly insensitive
to changes irRe due to its stable separation point. In a confined space hmwesg in the
present work fs; is expected to be dependent of the distance to the wall. Wh#egives an
approximation of the relationship between maximum velgcitax, and mean velocity)y, for
turbulent pipe flow in smooth pipes as

Umax = (1 + 1.3/¢)Up. (4)
Colebrook [13] approximates the the friction factoras

¢ = (1.8 Iog%)z. (5)

Sincefg; « v, the shedding frequency is expected within a range®&6 8 fs; < 4.57 Hz, where
the lower limit is given by = Uy, and the higher by = unaxinserted into Eq. 3.

The triangular shedder bar orientation is optimized fonalgletection by pressure transduc-
ers that are either located at the shedder bar itself or gpigieewall. Measurements and sim-
ulations of velocity fluctuations in the present orientatéze susceptible to secondary vortices,
which interfere with the primary vortices of the vortex &trg5]. Since the number of oscillations
is fairly limited due to the relatively short simulation tanthe acquired data is post-processed
carefully. Hence a moving average is utilized when perfagvd Fast Fourier Transform (FFT),
as described by Welch [14]. To resolve the low frequenciesigmum time frame of 25 s is
chosen. The data within each time frame is convoluted witlvasSian filter to reduce frequency
leakage. Further improvement of the result is achieved bgrjporating Bayesian theory.

Bretthorst [15] basically states that the posterior prdigliensity for f of a discrete data
set,D, with variancer?, is given by

P(fID,o, 1) x exp{iz)}, (6)
6
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wherel is the prior informationC(f) is the normalized result of the FFT, given by
1 2
C(f) = S IFFT )

whereN is the number of observations. Equation. 6 gives a propmaticelationship for the
probability density off, and the absolute magnitude is not of great importance stloirk.
Hence, the results are scaled to yield a maximum amplitudeiof for both theLESand theSP
case. The Bayesian theory is incorporated to enhance tbeamse frequency and suppress the
noise of the acquired signals. The described method is akst for the experimental data.

3.2. Numerical method

The simulations of the present work are performed with ther®©AMR open source CFD
tool, which is based on the finite volume method. The tempdisaretization is described in
Section 3.2.1 and the spatial discretization of the comyederm is described in Section 3.2.2.
The pressure-velocity coupling is explained in Section3.2

3.2.1. Backward gferencing in time

The backward temporalfierencing scheme, used in the present simulations, is sexoled
accurate [16]. This scheme stores the values from two pusuime steps, resulting in a larger
data overhead than the standard first-order backward sehdifip The time term is thus dis-

cretized as
9 f dv = 3(opgpV)™ — HopgpV)™ ' + (opgpV)™ 2
3t ppaV = .
%

8
2At ®)
Superscripm indicates the current time step.

3.2.2. Central dfferencing in space

The convection scheme is discretized using the second-cedéral diferencing (CD) scheme
[18]. In a 1D example, the face valug, is calculated according to

& = lfﬂfp+(1 lle)fN- 9

~ |IPN]| ~IPN|
The distance between the position of the cell cenfeand the neighbour cell centrdl, is
denotedPN|. The shortest distance between the cell fdgeand the cell centre\, is denoted
[fN.

3.2.3. Pressure-velocity coupling

The pressure-velocity coupling is realized by a PIS®MPLE-algorithm, also known as
PIMPLE. The main part of the PIMPLE algorithm is inheritedrfr the transient PISO-algorithm
(Pressure Implicit with Splitting of Operators) by Issa][2®hich originally was intended as a
non-iterative approach to solve coupled pressure and itetoansport equations by splitting up
the solution in several steps. It includes one predictqr, stdere initial values for the velocity
field are approximated. Two subsequent solutions of thesprescorrection equation yields the
correct pressure field and updates the solution of the wgléield. In the non-iterative version
of PISO, the corrections of the pressure and velocity fietdsfallowed by a solution of the
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transport equations for other scalar fields, such as tunbelgquantities, and the solution is con-
sidered to be reached at that time step. This requires very sime steps to keep the accuracy.
The steady-state SIMPLE-algorithm (Semi-Implicit Metifod Pressure-Linked Equations) by

Patankar and Spalding [20] iterates over the solution ofitbenentum equations, the pressure
correction equations, and the turbulence equations, eomitergence is reached. In the SIMPLE
algorithm, the variables are under-relaxed according to

g™l = o™+ (1- )™, (10)

which improves convergence. Hegesymbolizes an arbitrary variable. Indexdefines the
current time step. The relaxation factat, may be specified in the interval @ « < 1. The
PIMPLE algorithm is based on the PISO algorithm, but intrmelian outer correction loop and
under-relaxation in accordance with the SIMPLE algorithithe simulations presented in this
work are performed with three outer corrector loops at eawcé step.

3.2.4. Turbulence model

When using LES, the incompressible Navier-Stokes equatioa filtered in space which
results in
a_oi + (9(0|0J) = _la_p + azvi — 67-_”
at T ax, | pox | oxdx 0%
where the notation ~ indicates a filtered variable. The BiieNavier-Stokes equations contain
the subgrid-scale Reynolds stress tensor,

(11)

Tij = \75/] - Y. (12)

Since it represents stresses in the subgrid-scales, it @abhenresolved, hence it needs to be
modelled. The turbulence model invented by Smagorinskj; [21

A 1
Tij = 2UsgeSij + §Tii5ij,

a 1(00; 00; (13)
SIJ - 2(3Xj * 0% )’

Msgs = C%pA2|§|

is used in the present work. Equation 13 includes the Ioaalarfistrain,éij, and the subgrid-
scale eddy viscosity,sgs A is the filter length scale. The Smagorinsky constantis se¢te 0.1

for pipe flow [22, 23]. In the present work, van Driest dampivag been used to further reduce
the SGS Reynolds stress near the solid boundaries.

3.3. Experimental method

Section 3.3.1 contains a summary of the hardware in the LRWesy. Details of the measur-
ing plan is described in Section 3.3.2

3.3.1. LDV setup
The core of the primary LDV system at SP consists of a MellestGeries 543 argon air-
cooled ion laser system [24]. One channel is used in the pragerk. The laser produces
a monochromatic, coherent and highly collimated light besinich is split into a beam pair
8



with a base wavelength of = 5145 nm. One of the beams is shifted by 40 MHz. Using
a frequency shifted beam enables detection of low and negpérticle velocities, which is
important due to the expected recirculation region behivelghedder bar. The light beams
are directed to an 83 mm fiberoptic probe which focuses thenbea the measuring volume
within the glass pipe, shown in Fig. 3. The power output of ldeer is adjustable between

Fig. 3: Photograph of the fiberoptic probe, positioned imfraf the glass pipe. Flow direction is from left to right.

300- 750 mW. The beam diameter i58 mm + 5% and the beam divergence is stated to be
1.1 mm + 5%. This corresponds to a beam quality measurkl®f= 1.2. The corresponding
measuring volume is estimated t@08 mn?. The data acquisition is relying on a TSI PDM
1000-2 photo multiplicator [25] with a maximum frequency3®0 MHz. The AD converter for
the intensity measurement has a 12 bit resolution. Ther&aksignal from PDM 1000-2 is sent
to a FSA 3500 Signal Processor, which extracts the frequigricgmation from the electrical
signal and transfers it by IEEE1394 (FireWire) to the colidro The system is controlled with
the TSI FlowSizet" software.

3.3.2. Measurements

LDV measurements are performed at twéelient laboratories. The primary measurements
are performed at SP. These measurements are perforrReg at6.14 x 10%, whereRg, is the
Reynolds number based on pipe diameBgrcorresponding tRRey = 1.43 x 10* based on the
hydraulic diameter of the shedder bér45 positions are covered along tkaxis in a Cartesian
coordinate systeny, = 0,z = 0, i.e. along the centre of the pipe, as shown in Fig. 4. Treee i
higher concentration of measuring points close to the strdolar, to capture the expected wake
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Fig. 4: The pipe section with the inserted shedder bar, showWrand Z directions. Probe positions indicated with red
dots.

properly. The larger dots have an equidistant spacinglofdotal measuring range downstream
the back edge of the shedder bar of &/d < 20.4 is covered. Measurements of the streamwise
velocity componentyy, are made at each position. The measurements are averaysg0 s

in each point. The standard deviations are calculated samebusly. The measurements are per-
formed twice with intermediate traversing to ensure mezsent reproducibility and bulk flow
stability. The bulk flow rate is measured with an inductivevflmeter calibrated against a ball
prover. The ball prover serves as the primary standard ofEhealibration facilities. The aver-
aged bulk flow ratelJy,, acquired during the measurements is used as input to thedds8ribed

in Section 3.1. Based on the calculated variance of theratrése velocity,o2(uy), a suitable
point of investigating the spanwise fluctuatiouss,is found to be at the end of the wake. Due to
the sparse concentration of seeding in that region, the umiegsvolume is however positioned
closer to the shedder bar, where the backward flow increhsesimber of particles. Hence, the
focal point foruj-measurements is positionedxat = 0.4 downstream of the backward facing
edge. This yields a good Signal to Noise Ratio (SNR), due tereeficial balance between parti-
cle counts and velocity fluctuations. The post-processitigeounsteady LDV data is performed
according to Section 3.1.3, though the time frame of the mgpaverage, according to Welch
[14], is setto 4.1 s.

Complementary LDV measurements are performed on the sardelrabPTB, in Berlin.
These measurements are performedRas = 6.28 x 10%, or Rgy = 1.46 x 10*. Since the
Reynolds number is slightly fferent from that during the measurements at SP, all resudts ar
scaled with the bulk flow rate, to enable comparison of thesmeaments. At PTB, the bulk flow
is simultaneously acquired with an inductive flow meter dgithe LDV measurements. Instead
of the glass pipe used at SP, a glass chamber was used at P& BnEn diameter of the glass
chamber matches the inner diameter of the attached pipeifispgeas DN100, PN16. Hence, the
LES model does not fully resemble the measurement situati®TB. The forward facing step
is missing in that installation. As the results reveal, tifeuence of the pipe diameter is however
negligible. The size of the chamber window at PTB restrisesdownstream measuring range to
0 < x/d < 5.64. Within that range, 27 probe positions are covered by hb¥ measurements.
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In these 27 positions, 8 reproduced measurements whefedatrt, with intermediate travers-
ing. In the experimental cases; and its corresponding standard deviation,is given by the
LDV systems. Since the measurements includes repetitigsunements at each probe position,
the averaging of the experimental data is defined as

M
Uyexp(Xi)/Up = % D u(xig), (14)
=

whereM is the number of repeated measurements in each point. Theitedimeasurement
uncertainty ofliexpis given by

U(Txexp) = +tk VA2 + B2k = 2, (15)

where capital Latin letters represent typ@nd typeB uncertainties [26]. In this case, the type
A uncertainty refers to the normalized standard deviatiescdbed by Eq. 2, though with cov-
erage factork = 1. TypeB represents the estimated measurement uncertainty offéremee
instrument, i.e. the LDV. In this case, 0.2% of the readingdded, based on ITTC [27]. The
same number is used for both experimental set-8psindPTB. The results are presented as an
expanded uncertainty at a confidence level of 95%, coveeagerk = 2. It should be noted that
this work does not include a comprehensive uncertainty utliy minor changes in ambient
conditions and uncertainties originating from the flow rigs

4, Results

The LESresults are here compared to the experimental resul8P@ind PTB. Section 4.1
presents the instantaneous velocity and pressure fieldeaBS case. Section 4.2 shows the
results from comparisons between the numerical and expeatathcases, regarding mean profiles
of ux and standard deviation af anduy. Finally, Section 4.3 shows the probability density
functions of the frequency,, for theLESandSPcases.

4.1. Instantaneous velocity and pressure fields

An instantaneous flow field of thieES case is displayed in Fig. 5. Figure 5(a) shows the
normalized velocity magnitudéy|/Uy, in a plane with normal pointing in thedirection, while
Fig. 5(b) shows the same property in a plane with the normtiiér-direction. Both planes are
laterally restricted in the streamwise direction to enteansibility of the interesting regions close
to the shedder bar. The visible range-4 < x/d < 20, with origo located at the downstream
facing edge of the triangular shedder bar as referencerd-f§fa) shows that the blockag@ezt
of the shedder bar forces the velocity to increase at thewaslit between the arms of the model
and the pipe wall. Due to the fragile glass pipe, the desigs sti#l chosen as the preferable
solution. The data analysis focuses on the pipe centrevihere the influence from the model
arms is negligible. Figure 5(b) shows that there is a staidersell-defined separation point at the
edge of the triangular shedder bar. The triangular form efstedder bar produces a distinctly
separated flow. An instantaneous pressure field is showrgir6Fi
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Fig. 5: Velocity magnitude at 20 s simulation time.
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Fig. 6: Pressure distribution at 20 s simulation time.

The distinct pressure drop over the triangular shedderdsawell as the downstream pres-
sure recovery, is shown in Fig. 6(a). Figure 6(b) shows haflibw separation gives rise to
strong corresponding pressure fluctuations located almpdrders of separation. Compared to
Fig. 5(b) the pressure fluctuations coincide with the dastohange of velocity magnitude be-
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tween the separated flow and the recirculating region.

Hunt et al. [28] show that eddy zones are identified by defimagions where the second
invariant, 11, of the deformation tensofu;/0x;, is less than a negative threshold value. This
is today slightly redefined as th@-criterion, where positive values @) identifies vortex re-
gions. For confined spaces, with strong vorticity, a higkeshold ofQ is needed, to highlight
the interesting areas. The correlation between the stroggspre gradients and the generation
of vortices is clearly shown in Fig. 7. Here, half of the corgtional domain of th& EScase

Fig. 7: Iso-surfaces of = 1.5 x 10%, colored with|u|. Half the computational domain is shown, i.e.<0z < D/2.
Geometry and symmetry surface colouredmbypots indicate probe positions.

is shown, i.e. 0< z < D/2. The dots indicate the probe positions. The semi-traespaipe
wall, the model and the horizontal cutting plane are coldung the static pressur@, Lower
pressure regions are represented by darker shades. Tharface ofQ = 1.5 x 10* is coloured
with the velocity magnitudeuy|. It is shown that correlated vortex structures originatesifthe
separation region at the edge of the shedder bar. The vartetges are coupled to the pressure
minima, which are visualized in the horizontal plane, altimg path of separation downstream.
It is also shown that the fluid is forced towards the narrotvatiove the supporting arm, due to
a negative pressure gradient in that area. This is alsoeisib-ig. 5(a). The vortical structures
are less coherent closer to the pipe wall. Hence, the bestiSiRnd at the pipe centre.

4.2. Mean profiles

Figure 8 shows the mean profiles of the streamwise velagity),, along the centre line of
the pipe, downstream the triangular shedder bar. The méa@s/are represented by dark curves.
The gray curves represent the estimated uncertainty. ltldHwe noted that the uncertainty
estimation of the_.EScase only includes typ& contributions. Since the number of observations,
N, is large in the simulation compared to the experimentsntrenalized deviationy/ VN, is
negligible. For the LDV measurements, the typeontribution is the dominating source for the
combined measurement uncertainty. It is also noticed tiratihcertainty estimation is relatively
large, caused by the velocity fluctuations. Still, the agrest between the mean profiles of three
cases is remarkably good. At no pointis the mean value df #&result outside the boundaries
of the uncertainty estimates of the experimental cases. diifierences in spatial measuring
range is noted between the experime®@Bland PTB cases, where the latter is restricted in the
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Fig. 8: Normalized average streamwise velodiky,Ub, in black, surrounded by uncertainty estimations in gray.

streamwise direction due to the size of the measuring chanfigure 8 also shows that the
mean velocity is zero at a downstream distance from the srdxdd ofx/d ~ 2.6, which defines
the end of the wake.

It is also of interest to compare the variance of the streammwelocities directly, which
gives an indication of the amount of turbulence. The vamgaoicthe instantaneous streamwise
velocity, 0?(uy) /Uy, is shown in Fig. 9(a). It is shown that there is a good agreeinetween

03
—LES
---sp
- - PTB
0.2f

o?(uy)/Up
o?(uy)/Up

% 26 s 10 15 20
x/d

(b) Spanwiseg?(uy)/Up.

(a) Streamwiseg2(uy)/Up.

Fig. 9: Variance of velocity components

the numerical results and the results from the two experiaieases. It is also shown that the
maximum ofo?(uy) /Uy, is located ak/d ~ 2.6 which coincides with the zero crossingigf/ Uy,

in Fig. 8. The slight overestimation @f?(uy)/Uy, in the numerical result is explained by the
stable bulk flow of the numerical case, which is further disad in Section 4.3. For the results
of the two experimental cases it is shown that some of theggradithe spanwise fluctuations is
transferred closer to the downstream facing edge of thedgrdshr. The results for the variance
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of spanwise velocity(;rz(uy)/ub, is missing from theSPcase, according to Table 1. Hence, for

o-z(uy)/Ub, a comparison is made betwelelBSandPTB. The results are shown in Fig. 9(b). As
shown, thePTB case captures the spanwise fluctuations really well, comap@artheLES case.
The results confirms the previous findings regarding thegeltan of the wake.

4.3. Transient results

An optimal position for a frequency measurement with LDV \Wbbe at the end of the
wake, i.e. atx/d =~ 2.6 since there is where the velocity fluctuations are largastprding
to Section 4.2. However, the amount of seeding does not genarhigh enough burst rate
for the LDV measurement at that position. Instead, Fig. ldwsha subset of the normalized
spanwise velocity fluctuationsy/Uy, from probe data positioned atd = 0.4 downstream the
backward facing edge of the shedder bar, along the cerdrefithe pipe. The spanwise velocity
fluctuations in Fig. 10, are filtered according to Section®.1n the SP dataset, the velocity

el
)
—LES
-0.8 : :
0 0.1 0.2 0.3 0.4 0.5
0.8, . .
a / \\ /
2 //‘\ // ! //
3>\ 0 @ \\ @// \\ !
L \ P \
---SP ~ " @
-0.8 : .

Fig. 10: Normalized spanwise velocity fluctuationg/Up, from the LESand SPresults. Influences from secondary
vortices are indicated by circles.

fluctuations due to the primary vortex shedding is clearkible. The influence of secondary
vortices is highlighted with circles. The primary fluctuats of theLESare not as distinct as in
the SPdataset, but some influence of the secondary vortices #reistile.

The probability distributions from the probe data posiédratx/d = 0.4 is shown in Fig. 11.
The energy contribution from the secondary vortices inSaata results in a first harmonic,
highlighted with a circle for consistency. For thEScase, a distinct first harmonic is not visible
which is explained by the irregular appearance of secondamtyces in theLESdata. For the
spanwise velocityy2(0.4d) ~ 0.08. As stated in Section 3.1.3? is used in the post-processing
to enhance the properties of the probability distributiondtionP(f, |D, o, 1). As mentioned in
Section 3.1.3, the FFT:s are further processed throughdsayéheory to enhance the resonance
frequency and suppress the noise. Both probability diginhs have a large energy content
at f < 6 Hz. They both have an amplitude peak within the theordyiczdtimated Strouhal
frequency range,.86 < fg; < 4.57 Hz, where the peak of thd=Sresult is slightly more distinct.
The probability density function for the experimen&# results, show more evenly distributed
energy contents fof < fs;compared to theESresult. This is due to the unavoidable instabilities
of the flow rig during the measurements. Even though the taiogy of the rig is exceptional,
dynamic dfects from upstream piping and inherent dynamics of the systdl always dfect
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Fig. 11: Posterior probability density distributions oéthESandSPresults. Influence from secondary vortices on the
SPresults is indicated with a circle.

the results. Here it can be seen as an additional energyilmatitn to the low frequencies of the
SPresult. The stability of the flow rig can not be compared todtability of theLESsetup, in
which the inlet boundary condition has been adjusted tal\tied average bulk velocity),, at
each time step.

5. Conclusions

A Large Eddy Simulation (LES) is performed, of turbulent fldwough a vortex flow meter
model at a Reynolds number Bl = 6.14 x 10*, based on the pipe diamet®r This corre-
sponds tReg = 1.43x10% based on the triangular vortex shedder bar diametémser Doppler
Velocimetry (LDV) measurements are carried out on the matiéhe same Reynolds number.
Complementary LDV measurements are performed at a sliiiglyerRe, = 6.28 x 10%, cor-
responding tdRey = 1.46 x 10°. The results are normalized with the bulk velocity, to be
comparable. The mean velocity profiles show excellent ageeé¢. This shows in particular that
the mapped inlet boundary condition that is applied in th&li€appropriate to achieve a fully
developed turbulent flow profile, at the current Reynolds bemAlso the variance of the data
has an excellent agreement. There is a sligifeddnce in the streamwise variance, which is
caused by dynamicfkects from the test rigs, according to spectral analysis @gttperimental
data. The spanwise fluctuations are investigated to hightite possible presence of secondary
vortices in the numerical and experimental results. It maghthat secondary vortices appear
regularly in the experimental case and irregularly in thenatical case. This indicates that the
utilization of LES with a mapped inlet boundary conditioraétes irregular detection of sec-
ondary vortices. The frequency content is investigatedguai moving average together with a
Gaussian filter. The results are post-processed utilizaygBian probability theory, to strengthen
the resonance frequencies and suppress the noise. Thamesdrequency of both the numeri-
cal and experimental cases appear within the expecteddtiemdirange of 86 < fs; < 4.57 Hz,
based on the Strouhal numb®t= 0.26. The frequency spectra of the experimental data contains
a first harmonic, explained by the regular appearance ofnskry vortices. The experimental
measurement uncertainty of the reference instrumentsnahedied in the total uncertainty of
the mean results. It can be concluded that both technigeesfiiciently accurate to study the
investigated unsteady flow phenomena at the present Reyynotdber.

16



Acknowledgements

The corresponding author would like to take the opportutaityxpress his gratitude towards
the founders of the work, Vinnova — Swedish Governmentalnggedor Innovation Systems.
He is also grateful towards his employer SP — Technical Rebdastitute of Sweden, who
has given him the opportunity to perform the present workrasdustrial Ph.D. student. The
simulations were performed on resources at Chalmers Cénti@omputational Science and
Engineering (C3SE) provided by the Swedish National Infrecsure for Computing (SNIC). A
special thanks is directed towards the LDV experts at PTBag&teinbock and Martin Straka,
who assisted during measurements. Also, Dr Thomas Ledgher,initiated the cooperation
between SP and PTB regarding the LDV measurements, is atddged.

17



6. References

(1]
(2]
(3]

[15]
[16]

[17]
(18]
[19]
[20]
[21]
[22]
(23]
[24]
[25]
[26]
[27]

(28]

T. von Karman,Uber den Mechanismus des Widerstandes, den ein bewegtpeiia einer Flussigkeit erfahrt,
Gottinger Nachrichten, mathematisch-physikalischesgéa(1911,1912) 509-517,547-556.

G. L. Pankanin, The vortex flowmeter: various methodsnwestigating phenomena, Measurement Science and
Technology 16, doi:10.103@8957-023316/3/R01.

A. Venugopal, A. Agrawal, S. Prabhu, Review on vortex fioeter - Designer perspective, Sensors and Actuators
A: Physical 170 (2011) 8-23.

E. Achenbach, Distribution of local pressure and skiation around a circular cylinder in cross-flow upRe =

5x 108, Journal of Fluid Mechanics 34 (1968) 625-639.

V. Hans, H. Windorfer, S. Perpeet, Influence of vortexistures on pressure and ultrasound in vortex flow-meters,
in: XVI IMEKO World Congress, 2000.

V. Hans, H. Windorfer, Comparison of pressure and utitasl measurements in vortex flow meters, Measurement
33 (2003) 121-133, doi:10.10/80263-2241(02)00057-X.

H. Zhang, Y. Huang, Z. Sun, A study of mass flow rate measerg based on the vortex shedding principle, Flow
Measurement and Instrumentation 17 (2006) 29-38.

R. Courant, K. Friedrichs, H. Lewyber die partiellen Oferenzengleichungen der mathematischen Physik, Math-
ematische Annalen (1869) 32—74.

L. Zou, L. Larsson, M. Orych, Verification and validatiafi CFD predictions for a manoeuvring tanker, Journal of
Hydrodynamics, Ser. B 22 (2010) 438-445, doi:10.181601-6058(09)60233-X.

J. P. Hessling, Deterministic Sampling for Propagatifodel Covariance, SIAMASA J. UNCERTAINTY QUAN-
TIFICATION 1 (2013) 297-318.

W. S. Cleveland, Robust Locally Weighted Regressioth @moothing Scatterplots, Journal of the American Sta-
tistical Association 74 (1979) 829-836.

F. M. White, Fluid Mechanics, Seventh Edition in SI UniMcGraw-Hill, 2011.

C. F. Colebrook, Turbulent Flow in Pipes, with PartemuReference to the Transition between the Smooth and
Rough Pipe Laws, Journal of the ICE 11 (1939) 133-156.

P. Welch, The Use of Fast Fourier Transform for the Eation of Power Spectra: A Method Based on Time
Averaging Over Short, Modified Periodograms, IEEE Trarisaston Audio Electroacoustics AU-15 (1967) 70—
73.

G. L. Bretthorst, Lecture Notes in Statisticcs, Spenyerlag, 1988.

H. H. Ferziger, M. Peric, Computational Methods fouill Dynamics, Springer, 3 edn., ISBN 3-540-42074-6,
2002.

OperVFOAM, OperVFOAM, The Open Source CFD  Toolbox, User  Guide, URL
http://foam.sourceforge.net/docs/Guides-a4/UserGuide.pdf, 2013.

H. Versteeg, W. Malalasekera, An Introduction to Cotagional Fluid Dynamics, The Finite Volume Method,
Pearson Education Limited, Essex, England, 2 edn., ISBN0BT8-127498-3, 2007.

R. I. Issa, Solution of the Implicitly Discretised FtlFlow Equations by Operator-Splitting, Journal of Computa
tional Physics 62 (1986) 40-65.

S. V. Patankar, D. B. Spalding, A Calculation Procedfoe Heat, Mass and Momentum Transfer in Three-
dimensional Parabolic Flows, International Journal oftHéel Mass Transfer 15 (1972) 1787-1806.

J. Smagorinsky, General Circulation Experiments wfite Primitive Equations, Monthly Weather Review 91 (3)
(1963) 99-164.

M. Rudman, H. M. Blackburn, Large Eddy Simulation of Butent Pipe Flow, in: Second International Conference
on CFD in the Minerals and Process Industries, Australig-508, 1999.

J. G. M. Eggels, F. Unger, M. H. Weiss, J. Westerweel, .RAdrian, R. Friedrich, F. T. M. Nieuwstadt, Fully
developed turbulent pipe flow: a comparison between dinectearical simulation and experiment, Journal of Fluid
Mechanics 268 (1994) 175-209.

Air-Cooled lon Lasers Operating Manual, Series 543 &ades 643, Melles Griot, Carlsbad, California, 1999.
Scattered Light Separation and Photodetector SysteaeMPDM, TSI Incorporated, USA, 2012.

Working Group 1 of the Joint Committee for Guides in Mgy (JCGMWG 1), Evaluation of measurement data
— Guide to the expression of uncertainty in measuremen®3.200

ITTC, Recommended Procedures and Guidelines, UringrtAnalysis Laser Doppler Velocimetry Calibration,
7.5-01-03-02, in: International Towing Tank ConferendgQ@

J. Hunt, A. Wray, P. Moin, Eddies, Streams, and ConvetgeZones in Turbulent Flows, in: Center for Turbulence
Research, Proceedings of the Summer Program, 1988.

18



