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Abstract: The 90°- bend represents the most common
structural element in piping systems and canhave a signif-
icant impact on the measuring accuracy of flowmeters in-
stalled downstream. Within the type-approval procedure
of water meters, its impact is emulated by means of a seg-
mental orifice plate with a segment area of 7% (SOP7). In
research and development, coverage rates of 33% (SOP33)
ormore are sometimes used as an alternative. The purpose
of this study is to evaluate the comparability of the flow
conditions and their influence on the measurement devia-
tion of flow meters, which is the basic requirement for us-
ing SOPs as a substitute for the 90°- bend.We present laser
Doppler measurements downstream of an SOP33 and a
90°- bend and describe the flowdevelopment in a distance
range from 2 to 30 diameters. Besides a quantitative com-
parison with performance indicators, the measurements
are used to model the response of an ultrasonic and elec-
tromagnetic flow meter, including recent investigations of
an SOP7. The results demonstrate the consistently poor
agreement between the SOP7 and the 90°- bend, whereas
the SOP33 provides similar flow conditions starting at a
distance of 10 diameters. Further studies are necessary to
develop a disturbance generator emulating the near-field
range.

Keywords:Flowmeasurement, standardization, disturbed
flow conditions, LDA.

Zusammenfassung: Der 90°- Krümmer ist das am häufigs-
ten vorkommende Bauteil in Rohrleitungen und kann die
Messgenauigkeit von stromab installierten Durchflusssen-
soren signifikant beeinträchtigen. Im Rahmen der Bau-
artzulassungsprüfung von Wasserzählern wird sein Ein-
fluss mit Hilfe einer Segmentblende nachgebildet, die 7%
des Querschnitts abdeckt (SOP7). In der Forschung kom-
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men auch größere Abdeckungsgrade wie 33% zum Ein-
satz (SOP33). Ziel dieser Studie ist es, die bei der Ver-
wendung der Blenden vorausgesetzte Vergleichbarkeitmit
den Strömungsbedingungen des 90°- Krümmers und de-
ren Einfluss auf die Messabweichung von Durchflusssen-
soren zu evaluieren.Wir zeigen Laser-Doppler-Messungen
stromab einer SOP33 und eines 90°- Krümmers und be-
schreibendie Strömungsentwicklung imAbstand von 2 bis
30 Durchmessern. Unter Einbeziehung der Messdaten ei-
ner SOP7 wird ein quantitativer Vergleich mittels Kenn-
zahlen durchgeführt und der Einfluss der Strömung auf
einen Ultraschall- und elektromagnetischen Durchfluss-
sensor modelliert. Die Ergebnisse zeigen eine durchgän-
gig schlechte Übereinstimmung zwischen der SOP7 und
dem 90°- Krümmer, während die SOP33 ab einemAbstand
von 10 Durchmessern ähnliche Strömungsbedingungen
erzeugt. Die Darstellung des Nahfelds erfordert die Ent-
wicklung eines neuen Störkörpers.

Schlagwörter: Durchflussmessung, Normung, gestörte
Strömungsbedingungen, LDA.

1 Introduction

In flow measurement applications, installation compo-
nents such as bends, valves and pumps create flow dis-
turbances deviating from the swirl-free and symmetric ref-
erence state. The most commonly used part in domes-
tic and industrial piping systems is the 90°- bend (see
Fig. 1 a). Non-ideal flow conditions can have a significant
impact on themeasuring accuracy of flowmeters installed
downstream. The development of meter designs and stan-
dardized type-approval procedures are therefore accom-
panied by tests including the most relevant flow distur-
bances.

At test facilities, the construction of a reproducible
measurement section with bends is not always possible,
especially for larger pipe diameters. For this reason, the in-
vestigatedflowconditions are emulatedbymeans of desig-
nated disturbance generators. In legal metrology, tests are
limited to a small selection of disturbed flow categories.
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Figure 1: Geometrical specifications of the test objects. (a): 90°- bend according to the standards for butt-welding pipe fittings [6, 7] in DN
100 (inner diameter D = 100.0mm) with a bending radius of 1.425 ⋅ D; (b): Segmental orifice plate (SOP) according to the standards for water
meters [4, 3] in DN 80 (D = 80.0mm) with a segment area of A ≈ 7% (segment height s = 12.5% ⋅ D); (c): SOP in DN 100 (D = 100.0mm) with
A ≈ 33% (s = 36.75% ⋅ D).

In addition to a pair of swirl generators representing the
single-vortex structures created by double bend configu-
rations, the standards for water meters [4, 3] include a
segmental orifice plate (SOP) that aims at creating “an
asymmetric velocity profile usually found downstream of
a protruding pipe joint, single [ 90°-] bend or a gate valve
not fully opened”. Due to its frequent appearance, the
90°- bend constitutes the most important element in the
aspired emulation range. As depicted in Fig. 1 (b), the cir-
cular segment area of the standardized SOP covers ≈ 7%
of the pipe’s cross section (SOP7).

Outside the context of standardized testing, the vari-
ety of disturbance generators is much larger. In research
and development, SOPs with a covered area of ≈ 33%
(SOP33, see Fig. 1 c) or higher are sometimes used as an
alternative to improve the performance of meters exposed
to the 90°- bend.

90°- bends have been investigated for over a hundred
years and the internal flow phenomena are well under-
stood. A historical review is given by Kalpakli [15]. Re-
cent experimental and numerical studies regarding vor-
tex structures, pressure losses, flow separation and swirl
switching include [12, 24, 9, 26], whereas studies inves-
tigating the impact on flow meters include [27, 16]. The
standards for butt-welding pipe fittings [6, 7] distinguish
between bending radii of around 1.0, 1.5 and 2.5 pipe di-
ameters, 1.5 being the most common in piping systems
smaller thanDN400. Inside thebend, the fast-moving core
flow experiences a stronger centrifugal force and shifts to-
wards the outer radius, while the slowly moving fluid is
forced to escape along the wall and returns towards the
pipe center from the side of the inner curvature. This re-

sults in a highly asymmetric velocity profile downstream,
superimposed by a pair of counter-rotating non-axial ve-
locity structures, referred to as Dean vortices [10] (see
Fig. 7).

The flowdevelopment downstream of an SOP7was in-
vestigated byEichler [13],whodescribed adisplacement of
the core flow to the opposite side of thepipe at a distance of
one diameter. Further downstream, the velocity peak was
found located on the orifice side. An SOP33was studied by
Straka et al. [23]. A much stronger asymmetry and again,
the shift of the peak velocity region as a result of the Dean
vorticeswere observed. In contrast to the 90°- bend,where
the rotating movement guides the low velocity region to-
wards the pipe center, the Dean vortices downstream of
the SOPs were found to initially guide the accelerated core
flow towards the pipe center.

In view of these differences, the emulation of the
90°- bend cannot be a generally valid one-to-onemapping
independent of the downstream distance or the geometri-
cal parameters of the SOP, despite the mutual presence of
asymmetry and Dean vortices. Given the potential conse-
quences for the efficiency of legal metrology controls and
the development of reliable flow meters, the purpose of
this study is to evaluate the comparability of the flow con-
ditions and their influence on themeasurement deviations
of flow meters, which is the basic requirement for using
SOPs as a substitute for 90°- bends.

We present laser Doppler anemometry (LDA) mea-
surements downstream of an SOP33 and a 90°- bend and
demonstrate the qualitative differences of the near- and
far-field flow development through a description of the
flow patterns. Furthermore, we carry out a quantitative
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comparison by means of performance indicators, includ-
ing the measurements of an SOP7 investigated by Eich-
ler [13].

An analysis with performance indicators is a mathe-
matical tool to describe the individual features of a (dis-
turbed) velocity profile. It can be used to quantify the
degree of similarity between different flow conditions, in
which a transferability to the measuring error of flow me-
ters is implied through the comparability of the effect
caused by the extent of a certain flow feature.

In addition, the LDAmeasurements are used to model
the response of an ultrasonic (UFM) and electromagnetic
flow meter (EFM) and describe the meter errors resulting
from the different flow conditions. UFMs and EFMs are of-
ten found in industrial piping systemsandare increasingly
used in domestic applications.

Both the flow analysis and the performance of the
modeled flow meters exposed to the flow conditions cre-
ated by the orifices and the 90°- bend allow for an evalua-
tion of the disturbance generators with regard to the qual-
ity of the emulation.

2 Methods

2.1 Experimental setup

LDA measurements of the axial and horizontal velocity
componentsw and uwere taken downstream of the SOP33
and the 90°- bend at distances of approximately 2, 5, 10,
15, 20 and 31 pipe diameters (D). The flow test facility in-
cluding the measurement sections built in the nominal di-
ameter DN 100 (D = 100.0mm) is illustrated in Fig. 2. The
geometrical specifications of the test objects in DN 100 as

well as the SOP7 investigated by Eichler [13] in DN 80 are
depicted in Fig. 1, whereas the LDA setup is illustrated in
Fig. 3.

Figure 3: LDA setup consisting of the 2D laser probe (ILA GmbH
fp50-shift with wavelengths of 532 and 561 nm), its traversing sys-
tem and the optical access. Prior to the measurement campaign,
the probe was calibrated on a velocity standard [25] at the National
Metrology Institute of Germany (PTB).

Special care was taken with regard to the alignment
of the LDA probe and the installation of the measure-
ment setup. The flow conditioners, pipes, the SOP33, the
90°- bend and the optical access are connected by center-
ing rings using a sliding fit with a tolerance of 40 µm. All
components including the glass pipe have a wall rough-
ness≤ 5 µmand the same inner diameter of 100.0mmwith
a tolerance of ±50 µm. At the end of the inlet section, fully

Figure 2: Long-term ultrasonic and laser measurement facility (LULA) at the National Metrology Institute of Germany (PTB). LULA provides
an inlet section of 6m preceded by a flow conditioning package including a tube bundle straightener and a Zanker plate as defined in
ISO 5167 [2]. There are two measurement sections for the investigation of the segmental orifice plate and the 90°- bend with a length of
3.5 and 4m, respectively. A KROHNE Optiflux 5300 with an expanded uncertainty of U = 0.2% (k = 2) [20] is used as a reference meter.
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Figure 4: LDA measurement grid as described by Straka et al. [22]
with Nφ = 20 radial paths (Δφ = 9°) and a total of 303 points. The
red line indicates the position of the horizontal grid path with y = 0
(φ1 = 0°), used for the definition of the maximum horizontal velocity
umax .

developed reference conditions were verified by means of
LDA measurements. On every location in the LDA grid de-
picted in Fig. 4, a minimum number of 25 000 velocity val-
ueswas determined.Within each time frame, the averaged
values were normalized with the mean flow rate of the
reference meter according to the procedure described in
VDI/VDE 2640 [1].

Measurements were performed at a water tempera-
ture of 30 ∘C (kinematic viscosity ν = 0.8 × 10−6m2 s−1)
and volumetric velocities wvol of 0.4 and 4.0ms−1. This
corresponds to flow rates of 11.32 and 113.20m3 h−1 and
Reynolds numbers Re = wvol ⋅ D/ν of 5 × 104 and 5 × 105.

2.2 Quantification by means of performance
indicators

In the quantitative analysis, we used modified versions of
the profile, asymmetry and turbulence factor (KP, KA, KTu)
from a set arranged byMüller [19] to evaluate the flow con-
ditions at test rigs in the framework of disturbance tests
according to the standards for heatmeters [5]. In combina-
tion, they describe the shape, asymmetry and turbulence
and cover all major flow features of the axial velocity com-
ponent. As suggested by Straka et al. [22], mean and max-
imum values are used to obtain a representation for the
entire profile. In addition, we introduce themaximumhor-
izontal velocity umax as an estimate for the swirling inten-
sity of the Dean vortices.

2.2.1 Definition of the mean profile factor

The mean profile factor ⟨KP⟩ is given by

⟨KP⟩ =
1
Nφ

Nφ

∑
i=1

∫
R
−R(wm − w)dr

∫
R
−R(ws.m − ws)dr

(1)

and constitutes the arithmetic mean of the individual val-
ues of KP for the Nφ = 20 radial paths of the LDAmeasure-
ment grid (see Fig. 4). For a wide range of disturbed flow
conditions, it describes the profile shape of a velocity dis-
tribution, that can be either pointed (⟨KP⟩ > 1), flattened
or concave (⟨KP⟩ < 1) or equal to a fully developed refer-
ence (⟨KP⟩ = 1). (Due to the definition with the velocity in
the pipe center, these correlations are not necessarily ap-
plicable at the presence of a strong asymmetry.)

In the equation, w and ws denote the local velocities
of the measurement data and the reference profile in the
axial direction, whereaswm andws.m designate the respec-
tive values in the pipe center. As a reference, the analytical
profile described by Gersten and Herwig [14] with updated
constants given in Merzkirch [17] was used. The terms in
the numerator and denominator placed in brackets are in-
tegrated over the radial position r in the closed interval
of r = [−R,R], where R denotes the pipe radius. Both in-
tegrals can be solved analytically after replacing the LDA
data points with piecewise sub-splines as described by
Akima [8]. Moreover, the wall function defined by Straka
et al. [22] is used to interpolate the velocity distribution
between the outermost measurement points and the wall.
(The representation with sub-splines and the wall func-
tion are also used below for the calculation of KA, QUFM
and QEFM.) A comprehensible derivation of KP including a
graphical representation is given in Müller [19].

2.2.2 Definition of the mean asymmetry factor

The mean asymmetry factor ⟨KA⟩ is given by

⟨KA⟩ =
1
Nφ

Nφ

∑
i=1

!!!!!!
∫
R
−R r ⋅ w dr

∫
R
−R w dr

⋅
1
D
!!!!!! ⋅ 100 [%] (2)

and corresponds to the arithmetic mean of the absolute
values of KA in the grid paths. It describes the radial dis-
placement of the profile’s velocity centroid expressed in
percent and is therefore a measure for the degree of asym-
metry. In the equation, the first term within the vertical
bars is equivalent to the mathematical definition of a geo-
metrical centroid. A division by the pipe diameter D yields
a relative difference with respect to the path length.
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2.2.3 Definition of the maximum turbulence factor

The maximum turbulence factor KTu.max is given by

KTu.max =
max (Tu)
Tu s
, r ≤ 0.2 ⋅ R (3)

and corresponds to themaximumvalue ofKTu. It describes
the ratio between the highest degree of turbulence Tu
within a specified core region of the pipe (r ≤ 0.2 ⋅ R) and
the theoretical degree of turbulence Tus in the center, us-
ing an approximation described by Durst et al. [11]. Tu is
the coefficient of variation for the velocity samples at each
grid point calculated as the ratio between the standard de-
viation to the mean.

2.2.4 Definition of the maximum horizontal velocity

In contrast to the performance indicators representing the
axial component, the maximum horizontal velocity umax
defined as

umax :=
max (|u|)
wvol
, y = 0 (4)

is based on the horizontal velocity component u in the di-
rection of x. It describes the absolutemaximum of u on the
horizontal grid path, where y = 0 and φ = 0° (highlighted
red in Fig. 4), normalizedwith the volumetric velocitywvol.
Although a complete visualization of the two-vortex Dean
structure as illustrated in Fig. 7 (i) requires the measure-
ment of both secondary components u and v, umax allows
for a good approximation of the swirling velocity.

2.3 Modeling of flow meters

In what follows, the mathematical models used to sim-
ulate the response of an ultrasonic and electromagnetic
flow meter are described. In contrast to mechanical meter
designs, the basic form of UFMs and EFMs can be calcu-
lated from the LDA measurement data using the specified
assumptions. In the results section, the deviations of the
flow rate resulting from the disturbed inflow conditions
are described as a percentage error given by

ε =
Q(φ) − Qref

Qref
⋅ 100 [%] , (5)

where Q(φ) denote the modeled UFM and EFM flow rates.
Qref is the reference flow rate calculated with regard to
fully developed measurements. ε is expressed by a mean

and standard deviation with respect to the angular posi-
tion φj (j ∈ [1,Nφ]) of the beams and electrodes. In the cal-
culation of ε, the correction factors in Eq. (6) and (8) are
eliminated.

2.3.1 Ultrasonic flow meter

Theflow rateQUFM of a transit-timeUFMwith the transduc-
ers positioned at an angle ofφj (see Fig. 5) can bemodeled
using the equation given by

QUFM(φj) = k ⋅ A ⋅ wp , (6)

where k is a Re-dependent correction factor and A = π ⋅ R2

the pipe’s cross section. Moreover,wp is the averaged path
velocity along the ultrasonic beams calculated from the
difference of the transit times tAB and tBA, which corre-
spond to the signal times from transducers A to B and B
to A, respectively.

Figure 5: Illustration of a transit-time ultrasonic flow meter in reflec-
tion mode. The transducers A and B have an axial distance of Δz and
are located at φj (here: 63°). tAB and tBA correspond to the ultrasonic
transit times from A to B and B to A, whereas ur and w denote the
radial and axial velocity components.

For aderivationofwp in adirect path arrangement, see
Moore et al. [18]. In a reflection alignment as illustrated in
Fig. 5, the radial velocity component ur can be neglected
(assuming dur/dz = 0 along the axial distance between
the transducers Δz), as its influence on the propagation of
the ultrasonic signal is compensated after the reflection on
the wall. If it is further assumed that dw/dz = 0 along Δz,
wp is independent from the inclination angle α and can be
calculated representatively along a radial pathwith length
D given by

wp =
1
D
⋅
R

∫
−R

w dr . (7)

In Straka et al. [23], the same model calculated from
LDA measurements was compared to clamp-on UFMs in
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reflection mode (Δz ≈ 0.5 ⋅ D) exposed to the flow distur-
bance downstream of an SOP33. For the measurement dis-
tances greater than one diameter, the comparison resulted
in deviations of ≈ 1%.

2.3.2 Electromagnetic flow meter

An EFM measures the voltage induced across the fluid
through a magnetic field, which is proportional to the
fluid’s average velocity. For a circular cross section and the
electrodes positioned perpendicular to the magnetic field
at angles of φj and φj + 180°, the flow rateQEFM can be cal-
culated according to

QEFM(φj) = k ⋅∬
A

w ⋅W(φj)dA . (8)

Here, k is aRe-dependent correction factor, whereasW(φj)
denotes the weight function as described by Shercliff [21]
given by

W(φj) =
R4 − R2 ⋅ r2 ⋅ cos (2 ⋅ [φj − φ])

R4 − 2 ⋅ R2 ⋅ r2 ⋅ cos (2 ⋅ [φj − φ]) + r4
(9)

and depicted in Fig. 6, which accounts for the different
weighting of the flow field as a function of the distance to
the electrodes. In proximity to the point electrodes,W(φj)
increases without bound and is therefore cut off at a max-
imum value of 2.5.

In contrast to UFMs, an EFM is generally not affected
by non-axial velocity components, as only the flow per-
pendicular to the magnetic field contributes to the cre-

Figure 6: Contours of the Shercliff weight function [21] given by
Eq. (9) used for the model of the electromagnetic flow meter. The
point electrodes A an B are located at the pipe wall with angles of
φj and φj + 180° (here: 27°, 207°) perpendicular to the magnetic
field.W(φj) is cut off at a maximum value of 2.5 in proximity to the
electrodes.

ation of the potential difference. However, the model ig-
nores the axial extent of the magnetic field and thus also
assumes dw/dz = 0 along the sphere measurable for the
electrodes. Other 2D and 3D basedweight functions for cir-
cular and rectangular cross sections and different meter
designs have been derived theoretically and numerically.
An overview is given by Yin et al. [28].

3 Results and discussion

3.1 Description of the flow patterns

For the quantitative comparison of the LDAmeasurements
downstream of the SOP33 and 90°- bend, contours of the
secondary velocity component u and the axial velocity
componentw are presented in Fig. 7, 8 and 9. Its values are
specified inmultiples of the volumetric velocitywvol, while
the stream-wise distance between the disturbance and the
measurement plane is expressed in multiples of the pipe
diameter D.

3.1.1 Segmental orifice plate

As depicted in Fig. 8, the orifice geometry of the SOP33 lo-
cated on the left results in a primary displacement of the
core flow towards the opposite (right) side of the pipe. At
a distance of 2.0D, the velocity values are highly acceler-
ated and show amaximum of 1.9 ⋅wvol. At Re = 5 × 104, the
recirculation zone behind the orifice is still visible through
the negative velocities, while the flow at the higher Re has
already reattached on the wall. Looking at the non-axial
component u in Fig. 7 (a), the dominant horizontal move-
ment is directed towards the left, realizing the expansion
of the flow over the entire pipe’s cross section as the recir-
culation zone decreases.

Following a singular symmetric state measured at a
distance of 5.1D, the secondary motion (now in accor-
dance with the Dean vortex structure) results in a shift of
the core flow to the left, similar to the observations made
by Eichler [13] and Straka et al. [23] for the SOP7 and SOP33
in DN 80 and DN 200, respectively. After falling to a min-
imum at 15.2D, the velocity values of the asymmetric pro-
files increase again, and the radial distance of the peak
velocity region gets smaller. Meanwhile, the values of the
secondary component u and accordingly the rotational ve-
locity of the Dean vortices constantly decreases. Compar-
ing the different Re numbers, the (normalized) peak veloc-
ity values at Re = 5 × 105 are smaller starting at 10.2D,
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Figure 7: Contours of the non-axial velocity component u in the horizontal direction of x, normalized with the volumetric velocitywvol for the
segmental orifice plate with a segment area of ≈ 33% at Re = 5 × 105 (a–d) and the 90°- bend (e–h), presented at measurement positions
between ≈ 2 and 21 times the pipe diameter (D); (i) schematic illustration of the Dean vortex structure.

Figure 8: Contours of the axial velocity component w normalized with the volumetric velocitywvol for the segmental orifice plate with a cov-
ered area of ≈ 33%. Measurements are presented at downstream positions between 2.0 and 30.5 times the pipe diameter (D), at Reynolds
numbers of Re = 5 × 104 (a–f) and 5 × 105 (g–l). Note that the profiles at 2.0D (a, g) use the color scale on the left.

which complies with the characteristics of a fully devel-
oped turbulent pipe flow.

3.1.2 90°- bend

In accordance with the flow phenomena inside the
90°- bend, the LDA velocity profiles measured at a dis-
tance of 2.4D (see Fig. 9 a/g) are highly asymmetric and
have the shape of a crescent. The peak velocity regions

are located at the outer left wall with maximum values of
1.3 ⋅wvol and an areawith low values of 0.8 ⋅wvol is enclosed
within the pipe center. At this position, the strength of the
Dean vortices superimposing the flow have a maximum of
u = 0.25 ⋅ wvol (see Fig. 7 e).

Further downstream, the axial velocity values con-
verge, resulting in a flat profile at 10.7Dwith velocities be-
low 1.1 ⋅ wvol. As the disturbance relaxes towards the fully
developed state, the velocities rise again, whereas the ra-
dial distance of the peak velocity and the values of u con-
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Figure 9: Contours of the axial velocity component w normalized with the volumetric velocitywvol for the 90°- bend at Re = 5 × 104 (a–f) and
5 × 105 (g–l), presented at measurement positions between 2.4 and 30.8 times the pipe diameter (D).

stantly decrease. Again, the (normalized) velocity values
at the higher Reynolds number of Re = 5 × 105 are smaller
throughout all the measurement positions.

3.1.3 Qualitative comparison

With the orifice and outer curvature wall located at the
left, both disturbances are oriented so that the Dean vor-
tices downstream are equally aligned, rotating in accor-
dance with the illustration in Fig. 7 (i). In the case of the
90°- bend, its magnitude (≈ 0.25 ⋅ wvol at 2.4D) correlates
with the development of the crescent-shaped asymmetric
profile, while the SOP initially causes a displacement to
the right.

However, in between a distance of ≈ 5 and 10D, the
flow development downstream of the SOP33 shows sim-
ilarities with the close-range effects downstream of the
90°- bend, as the core flow is heading left, displacing the
slower flow on the orifice side. Since the rotational mo-
mentum of the secondary motion is far below the level of
the 90°- bend (≈ 0.12 ⋅wvol at 5.1D), themechanism creates
an asymmetry but is insufficient to develop the crescent-
shaped profile. As the velocity values downstream of the
90°- bend converge, the profiles optically show a high de-
gree of resemblance. This means, that the SOP33 repro-
duces the 90°- bend starting at ≈ 10D, but does not repro-
duce the disturbance in the close-range distance.

In comparison to the SOP33, the degree of asymme-
try downstream of the SOP7 observed by Eichler [13] is
muchweaker, especiallywith respect to the radial distance

of the core velocity region. No optical similarity with the
90°- bend can be determined in neither the near- nor the
far-field range.

3.2 Analysis with performance indicators

In what follows, the experimental results are represented
by performance indicators. This includes the mean profile
factor ⟨KP⟩, the mean asymmetry factor ⟨KA⟩, the maxi-
mumturbulence factorKTu.max and themaximumhorizon-
tal velocity umax, calculated according to Equations (1), (2),
(3) and (4). The development of the performance indica-
tors within the measured distance range of ≈ 2 and 31 D is
depicted in Fig. 10. To allow a comparison with the SOP7,
Fig. 10 includes the PIV measurements by Eichler [13],
taken at measurement positions between 1 and 25 diam-
eters at Re = 4 × 105.

3.2.1 Mean profile factor

The similarities in the courses of the mean profile factor
⟨KP⟩ (describing the peakness/flatness of the profile) illus-
trated in Fig. 10 (a) in between ≈ 10 and 31D quantitatively
confirm the optical resemblance between the 90°- bend
and the SOP33. Within that range, ⟨KP⟩ rises from approx-
imately 0.1 to 0.8, meaning that the profiles are compara-
tively flat in comparison to the fully developed reference
conditions, where ⟨KP⟩ = 1. In the case of the SOP33, the



26 | M.Straka et al., Segmental orifice plates and the emulation of the 90°-bend

Figure 10: Performance indicators calculated from the LDA data downstream of the segmental orifice plate with a segment area of ≈ 33%
(SOP33) and the 90°- bend at Reynolds numbers (Re) of 5 × 104 and 5 × 105; (a): mean profile factor ⟨KP⟩; (b): mean asymmetry factor ⟨KA⟩;
(c): maximum turbulence factor KTu.max; (d): maximum horizontal velocity umax . Included are the PIV measurements by Eichler [13] of the
standardized segmental orifice plate with a segment area of ≈ 7% (SOP7) at a Re number of 4 × 105. For a better orientation, the measure-
ments are connected by dotted lines. For the SOP33 at a distance of 2.0 diameters, the values of KA (13.2 and 10.4%) and KTu.max (14.2 and
13.2) for Re = 5 × 104 and 5 × 105 were cut off.

relaxation takes place at a noticeably faster rate, indicated
through the slightly higher slope.

At a 2.4D distance to the 90°- bend, the negative val-
ues reaching a minimum of ⟨KP⟩ ≈ −0.9 comply with the
low values of the velocity in the pipe center and the con-
cave shape of the profile. In contrast, the peak values up to
⟨KP⟩ ≈ 1.8 in the case of the SOP33 at 5.1D correlate with
the steep profiles and the high velocities in the pipe cen-
ter. Despite the differences 2.0D downstream of the SOP33
(again due to the variation of the velocity in the center),
the courses of ⟨KP⟩ exhibit no clear Re-related effects.

As for the SOP7, the development of ⟨KP⟩ is clearly
different. While the missing peak observed for the SOP33

at the temporal symmetric state is simply not covered by
the measurement positions, the values are much higher
throughout the entire range, meaning that the profiles are
much less flat or less disturbed.

3.2.2 Mean asymmetry factor

Starting with the 90°- bend, the mean asymmetry factor
(describing the radial displacement of the velocity cen-
troid) depicted in Fig. 10 (b) initially falls to an interme-
diate low of ⟨KA⟩ ≈ 0.2% at 5.6D, as the velocity val-
ues of the crescent-shaped profile converge. Further down-
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stream, the peak values and thus, also ⟨KA⟩, rises to amax-
imum of 0.5% at 15.7D (Re = 5 × 105) and subsequently
falls towards the end, because the radial distance of the
velocity peak decreases.

As for the SOP33, ⟨KA⟩ has a very high value of 10.4%
at the strongly asymmetric profile at the 2.0D measure-
ment position (Re = 5 × 105) and reaches an intermediate
low of 0.3% at the (nearly symmetrical) state at a distance
of 5.1D. With the core velocity region shifted to the left,
⟨KA⟩ increases to a maximum of 1.1% at 10.2D and sub-
sequently falls. In comparison to the 90°- bend, there is
a similar progression starting at ≈ 15D. Once again, the
relaxation towards fully developed conditions emerges at
a higher pace, expressed through the lower ⟨KA⟩ at the
last measurement position. For both the SOP33 and the
90°- bend, the lower Re is connected to higher values of
⟨KA⟩, presumably due to the constantly higher (normal-
ized) velocity values.

The SOP7 creates comparatively high values of ⟨KA⟩
throughout all measurement positions, exceeding the val-
ues of the 90°- bendand the SOP33 starting at≈ 15D. In the
case of the SOP7, the displacement of the velocity centroid
is connected to the large peak velocities. Furthermore, the
development of ⟨KA⟩demonstrates themuch slower abate-
ment of the flow disturbance.

3.2.3 Maximum turbulence factor

A significant increase of the maximum turbulence factor
KTu.max (describing the extent of velocity fluctuations) il-
lustrated in Fig. 10 (c) can be observed in proximity to all
the disturbances, relaxing towards a nearly constant level
at a distance of ≈ 15D. A comparison between the SOPs re-
veals the correlation between the height of the orifice ge-
ometry and the turbulence intensity, connected to the pro-
duction of turbulence kinetic energy in the recirculation
zone.With amaximum value of 13.2 at 2.0D (Re = 5 × 105),
KTu.max for the SOP33 exceeds the value of the SOP7 and
the 90°- bend by a factor of 4.4 and 3.3. It can be con-
cluded, that the higher values of KTu.max also correlate
with the faster transition of the flow disturbance towards
reference conditions, expressed through the relaxation of
⟨KP⟩ and ⟨KA⟩.

3.2.4 Maximum horizontal velocity

As observed qualitatively, umax (describing the maximum
non-axial velocity in the horizontal direction) depicted in
Fig. 10 (d) has higher values in the case of the 90°- bend,

meaning that the rotation of the Dean vortices in the case
of the SOP33 is comparatively lower. Throughout the mea-
surement range, the values decrease in an exponential
manner.

As for the SOP7, umax is smaller in proximity to the dis-
turbance (by a factor of 3 in comparison to the SOP33), but
abates at a much smaller rate, exceeding the SOP33 and
the 90°- bend at distances of approximately ≈ 9 and 16D,
respectively.

3.3 Modeled meter performance

To demonstrate the errors in the calculation of the flow
rate, we model the performance of an ultrasonic flow me-
ter in reflection mode and an electromagnetic flow me-
ter according to Equations (6) and (8), which are exposed
to the flow conditions downstream of the SOP33 and the
90°- bend. The percentage errors εUFM and εEFM are cal-
culated according to Equations (5) and included in Fig. 11
as a function of the downstream distance, expressed by a
mean and standard deviation with regard to the angular
position of the ultrasonic beams and electrodes. Again, the
PIVmeasurements of the SOP7byEichler [13] are included.

3.3.1 Ultrasonic flow meter

In the case of the 90°- bend, the error calculated for an
ultrasonic flow meter εUFM (see Fig. 11 a) has a value of
−11.1 (±0.5)% at 2.4D (Re = 5 × 105) and decays expo-
nentially to a minimum of −1.6 (±0.2)% at the measure-
ment position at 30.8D. Throughout the range, the mean
error has a negative value and the angular dependency ex-
pressed by the standard deviation is below 0.7%.

The negative sign can be linked to the consistently
flattened and partially concave shape of the velocity pro-
files, quantified also by ⟨KP⟩ in Fig. 10 (a). At fully devel-
oped reference conditions, the integral in Eq. (7) yields
values for the averaged path velocity wp in the range of
wp ≈ 1.05 ⋅wvol, because the radial distance is not weighted
in the line integral, resulting in an over-representation of
the high velocities in the center region. Compensated by
a Re-dependent correction factor k in the range of ≈ 0.95,
k ⋅wp equalswvol and the correct flow rate canbe calculated
by multiplication with the pipe’s cross section. When ex-
posed to a comparatively flattened profile,wp takes on val-
ues closer to wvol, resulting in k ⋅ wp < wvol and a negative
deviation of the calculated flow rate with a maximum of
−5% for a theoretically uniform profile, where wp = wvol.
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Figure 11:Meter error of an (a): ultrasonic flow meter (UFM) and (b): electromagnetic flow meter (EFM) expressed by a mean and standard
deviation with regard to the angular position of the beams and electrodes, respectively, calculated from the LDA measurements downstream
of the segmental orifice plate with a segment area of ≈ 33% (SOP33) and the 90°- bend at Reynolds numbers of 5 × 104 and 5 × 105. Further
included are the PIV measurements by Eichler [13] of a standardized segmental orifice plate with a segment area of ≈ 7% (SOP7) at a Re
number of 4 × 105. For a better orientation, the measurements are connected by dotted lines. For the SOP33, ε EFM = 12.1 (±1.2)% at Re =
5 × 105 and a distance of 2.0 diameters was cut off.

In the case of a concave profile as observed up to a dis-
tances of 5.6D to the 90°- bend,wp takes on values smaller
than wvol and the flow rate deviation falls below −5%.

At 2.4 and 5.6D, the crescent-shaped profiles in Fig. 9
(a/b, g/h) feature high and low velocities in the wall-near
region opposing each other, which to some extent balance
out in the path integrals calculated from r = −R to R. For
this reason, the standard deviations of 0.5 and 0.3% (Re =
5 × 105) are relatively low.

In comparison, the errors downstream of the SOP33
are initially positive, showing a maximum of 9.2 (±3.6)%
(Re = 5 × 105) and a higher standard deviation, especially
at a distance of 2.0D. Beginning at ≈ 10D, the course of
εUFM is in line with the 90°- bend. This is different in case
of the SOP7, which causes a much lower mean error rang-
ing from 1.7% to −1.9% within the measurement range.
Since the disturbance abates at a slower rate, εUFM in-
tersects with the courses of the 90°- bend and SOP33 at
≈ 25D.

3.3.2 Electromagnetic flow meter

As depicted in Fig. 11 (b), the profiles downstream of the
90°- bend cause an exponentially decaying negative mean

error εEFM and a low standard deviation for the model
of the electromagnetic flow meter. In comparison to the
UFM, the error is smaller, reaching a maximum deviation
of −2.1 (±0.3)% at 2.4D (Re = 5 × 105).

In contrast to the evident correlation between εUFM
and ⟨KP⟩, the measurement deviation of the EFM is influ-
enced by a variety of effects related to asymmetry (⟨KA⟩),
shape (⟨KP⟩) and the peak velocity. In the presence of an
asymmetry, the velocities in proximity to one or both elec-
trodes may be increased, increasing the value of the sur-
face integral in this strongly weighed area, whereas sec-
ondly, the velocities in the greater part of the cross section
are reduced, partially reducing the surface integral.

In case of the 90°- bend and the SOP33 starting at
10.2D, the second effect is predominant, resulting in a neg-
ative error. In the case of the SOP33 at 2.0D, the first ef-
fect outweighs the second for most angular positions, be-
cause the peak velocities are very high. Here, the mean
error is positive, reaching a maximum of 12.1 (±1.2)% at
Re = 5 × 105. As for the (nearly symmetrical) pointed pro-
file at 5.1D, the velocity values in proximity to both elec-
trodes are comparatively low, resulting in a negative error
with a value of −5.2 (±0.2)%.

Following the fluctuations at 2.0 and 5.1D, the error
curve of the SOP33 is similar to the 90°- bend starting at
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≈ 10D. In comparison, the SOP7 causes a maximum error
of only 0.4 (±1.2)% at 1.0D, falling towards −0.0 (±0.1)%
and −0.1 (±0.3)% at 13 and 25D, respectively.

4 Conclusions

This study examined SOPs and their ability to reproduce
the flow disturbance created by a 90°- bend. On the ba-
sis of LDA measurements of an SOP33, a 90°- bend and
recent investigations of an SOP7, we demonstrated the
downstream flow development by means of a qualitative
description of the flow patterns and a quantification with
a set of performance indicators. Furthermore, the varying
influence of the disturbed flow conditions was illustrated
through the performance of an ultrasonic and electromag-
netic flow meter.

Bothmeters were emulatedwith amodel representing
the flow measurement principles in a basic form. Accord-
ingly, the study did not reflect on the bandwidth of model
variations and accuracy classes available on the market.
In the upper price range, EFMs are usually equipped with
some type of internal flow conditioning, for example a re-
duced rectangular cross section geometry to homogenize
the inlet flow profile. A single-beam alignment (in direct
path or reflection mode) is widely used for ultrasonic heat
and water meters in households and common for clamp-
on devices, whereas most in-line sensors for industrial
applications use multi-beam alignments and chord paths
with proprietary weighting. Elaborate meter designs are
generally superior to the appliedmodels regarding the sus-
ceptibility towards the inflow conditions and may show a
smaller absolutemeasuring error for anydisturbance.Nev-
ertheless, it can be expected that there are similar relative
differences resulting from the unequal flow conditions cre-
ated by the 90°- bend and the orifices. Consequently, an
assessment of the disturbance generators with respect to
their ability to verify the compliance with the maximum
permissible error limits at the presence of a 90°- bend is
transferable to advanced meter designs and their respec-
tive accuracy classes.

The results showed, that the SOP7 provides an insuffi-
cient degree of asymmetry and secondary components in
comparison to the 90°- bend. Major differences could be
determined in terms of the qualitative flow development
and by means of performance indicators. Both the error
curves of the UFM and EFM showed, that the absolute me-
ter error caused by the SOP7 is below the 90°- bend by at
least a factor of 2 within a range up to 15 diameters. Us-
ing a single disturbance generator to cover the superordi-

nate category of asymmetric flow disturbances in a stan-
dardized test is justifieddue to the expenditure of time. But
while a representation of pipe joints and gate valves seem
plausible given the geometrical similarities, the SOP7 does
not serve as a substitute for the 90°- bend.

Abetter similarity couldbedetermineddownstreamof
the SOP33 within a distance range of approximately 10 to
20 diameters. This makes it a reliable test object in prepa-
ration for a flow meter installed in a similar distance to
a 90°- bend. However, the characteristic crescent-shaped
profiles in close proximity to the 90°- bend could also not
be reproduced. In the flow disturbance test according to
the standards for water meters [4, 3], the distance to a me-
ter under test is specified by profile sensitivity classes pro-
vided by themanufacturer, ranging from0 to 15 pipe diam-
eters. A meter calibrated at a distance of, for example, five
diameters to the set of disturbance generators is attested to
be installed at an equal distance behind a 90°- bend and
other components. Given the different flow development
up to a distance of 10 diameters, the SOP33 does not rep-
resent a suitable alternative for the SOP7.

In the interest of consumer protection and prevention
of market distortions, further studies are necessary to de-
velop a disturbance generator that creates the profile of
a 90°- bend in the entire calibration range. Building on
the results of this study, a revised orifice design must deal
with the insufficient intensity of the Dean vortices follow-
ing the shift of the velocity core region or prevent the shift
by changing the direction of rotation.
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formed as part of a research project in cooperation with
FLEXIM Flexible Industriemesstechnik GmbH.
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