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A B S T R A C T

Small-diameter ultrasonic flow meters present an interesting industrial internal-flow problem due to their
unique geometry and complex interaction with fluid flow. In order to efficiently evaluate and optimise these
flow meters, their flow physics must be accurately understood and predicted. In this study, computational fluid
dynamics is used to predict the turbulent flow inside a residential ultrasonic flow meter with an intrusive two-
stand configuration. Reynolds-averaged Navier–Stokes (RANS), with 𝑘 − 𝜀 and 𝑘 − 𝜔 SST turbulence models
are evaluated in a wall-modelled and a wall-resolved grid. The simulation results are compared against laser
Doppler velocimetry, pressure drop, and vortices visualisation experiments in both qualitative and quantitative
manners. Numerical results qualitatively agree with experimental data although some discrepancies are
predicted by the 𝑘 − 𝜀 model. Overall, the results that best predict the flow structures, axial velocity, and
pressure drop are achieved by wall-resolved RANS 𝑘−𝜔 SST model. While minor differences are predicted by
the wall-modelled 𝑘 − 𝜔 SST, it is concluded that this approach is a good candidate to perform time-efficient
studies due to the reduced computational cost.
1. Introduction

Ultrasonic flow meters are highly accurate instruments that rely on
the propagation of ultrasounds to measure the flow rate of a moving
fluid through a conduit [1]. Compared to non-ultrasonic technology,
ultrasonic flow meters have several advantages: the equipment is easy
to handle and install; the flow regime can be laminar, transitional,
or turbulent; pressure drop is reduced; measurement accuracy, under
favourable conditions, can be as low as 0.5%; purchase, operating, and
maintenance costs are very reasonable, and the fluid can be single or
multi-phase [2].

One of the most widely used instruments of this family is residential
ultrasonic meters for water measurement. These flow meters work
following the transient time method where two ultrasound waves are
sent and received by transducers. The speed of the sound wave varies
due to its interaction with the medium, making it possible to predict
the volumetric flow based on the time differential. Traditionally, in
ultrasonic flow meters, the sound can be assumed to travel in a straight
line where the velocity profile along the sound path line is integrated,
providing a difference in time of flight which is used to estimate the
flow rate [3]. Nevertheless, as the technology advances, more advanced
techniques such as multi-path and reflected sound-path (where the
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sound is redirected by reflectors inside the pipe between transducers)
are more commonly used to obtain a more accurate measurement [4].

In terms of fluid mechanics, an ultrasonic flow meter with these
characteristics presents an interesting wall-bounded flow problem. Un-
derstanding and evaluating how these devices work from a fluid me-
chanics perspective allows confidently evaluating and optimising res-
idential flow meters for diverse inlet flow conditions and to minimise
the load on the network. To obtain so, numerical methods with compu-
tational fluid dynamics (CFD) are an efficient candidate to predict the
fluid flow in these devices.

Among previous studies in this area, CFD simulations are commonly
used to study the inlet effects for various bent pipe configurations [5].
Studies on the effectiveness of CFD as a tool to analyse transducer lo-
cation in reflected sound-path ultrasonic flow meters without intrusive
geometries have been reported in [6]. CFD has also been employed
to study the effect of a header [7,8] and flow conditioners in the
steadiness of the flow for gas reflected sound-path ultrasonic flow
meters [9,10]. Commonly, the literature compares numerical results
against experimental data [11,12], which is generally based on particle
image velocimetry (PIV) to study possible design improvements and
inflow configurations [13]. However, previous publications only con-
sider the interaction of diverse inflow conditions with a large diameter
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Fig. 1. Schematic of a reflected sound-path two-stand ultrasonic flow meter.
ultrasonic flow meter without invasive geometries in the flow. Up to
date, the main assumption is to model the flow meter as a straight
section of pipe, hence, there has not been any reliable study that numer-
ically predicts the interaction of the flow with an intrusive two-stand
configuration ultrasonic flow meter (see Fig. 1).

In this study, CFD tools with different Reynolds-averaged Navier–
Stokes (RANS) turbulence modelling are analysed together with exper-
imental methods to verify and validate the flow prediction throughout
the flow meter. Unsteady RANS and other high-fidelity methods such
as large-eddy simulation (LES) are not considered due to their high
computational costs. Laser Doppler velocimetry (LDV), pressure drop,
and vortical flow structure visualisation experiments are chosen to
perform this validation. Section 2 presents the numerical and experi-
mental methods and their theoretical background used to predict the
flow. Section 3 shows and discusses the results obtained together with
a quantitative and qualitative verification of the methods. Finally, a
summary and discussion of the findings are presented in Section 4.

2. Methodology

The governing equations using in this study are the incompressible
form of Navier–Stokes equations, excluding heat transfer. These are
written following Einstein’s summation convection in their convective
form [14] as
𝜕𝑢𝑖
𝜕𝑥𝑖

= 0, (1a)

𝜕𝑢𝑖
𝜕𝑡

+ 𝑢𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗

= −
𝜕𝑝
𝜕𝑥𝑖

+ 𝜈
𝜕2𝑢𝑖

𝜕𝑥𝑗𝜕𝑥𝑗
, (1b)

where 𝑥𝑖 is the 𝑖th axis in Cartesian coordinates with 𝑖 = 1, 2,
3 corresponding to the streamwise (𝑥), lateral (𝑦), and vertical (𝑧)
directions, respectively. (𝑢1, 𝑢2, 𝑢3) = (𝑢, 𝑣,𝑤) are the components of
the velocity field. 𝑡 is time. 𝑝 is the kinematic pressure, and 𝜈 is the
molecular kinematic viscosity. These equations are further developed
to the RANS methods used in this study.

The RANS equations are developed by applying the Reynolds de-
composition 𝑢𝑖 = ⟨𝑢𝑖⟩ + 𝑢′𝑖 to Eqs. (1a) and (1b), where the angle ⟨⋅⟩
operators represent the mean value in time and the prime superscript
⋅′ represents its fluctuating part. The RANS equations are, therefore,
written as
𝜕⟨𝑢𝑖⟩
𝜕𝑥𝑖

= 0, (2a)

𝜕⟨𝑢𝑖⟩
𝜕𝑡

+ ⟨𝑢𝑗⟩
𝜕⟨𝑢𝑖⟩
𝜕𝑥𝑗

= −
𝜕⟨𝑝⟩
𝜕𝑥𝑖

+ 𝜈
𝜕2⟨𝑢𝑖⟩
𝜕𝑥𝑗𝜕𝑥𝑗

−
𝜕⟨𝑢′𝑖𝑢

′
𝑗⟩

𝜕𝑥𝑗
, (2b)

The Reynolds stress tensor 𝑅𝑖𝑗 = ⟨𝑢′𝑖𝑢
′
𝑗⟩ can be approximated by the

Boussinesq hypothesis and obtain closure by the two RANS turbulence
models applied in this study: 𝑘 − 𝜀 [15] and 𝑘 − 𝜔 SST [16]. In this
study, the equations of fluid motion are solved numerically by the
general-purpose software OpenFOAM [17].

2.1. Computational domain and grids

A simplified version of a two-stand ultrasonic flow meter based
on flowIQ 2200 of the manufacturer Kamstrup A/S, is parametrised
and generated with Computer-Aided Design (CAD). These ultrasonic
2

Table 1
Geometry parameters values and relationships. Note that the 𝑖, 𝑜, 𝑚, 𝑠, 𝑐 subscripts
stand for inlet, outlet, meter, stand, and constriction respectively.
Parameter Value

𝐷 20 mm
𝐷𝑖 0.865𝐷
𝐿𝑖 5𝐷
𝐿𝑜 5𝐷
𝐿𝑚 9.5𝐷
𝐿𝑐 2.25𝐷
𝐿𝑠 1.25𝐷
𝐷𝑠 0.6125𝐷
ℎ𝑠 0.7785𝐷
𝛼𝑠 (rad) 𝜋/4
𝛼𝑐 (rad) 𝜋/3

flow meters estimate the volumetric flow rate with a correction curve
determined by calibration instead of a processing equation. In addition,
these meters take a flow measurement every 4 s and update their dis-
play every 30 s by integrating the previous measurements into a mean
value. The simplified geometry is designed taking into consideration
the difficulties of manufacturing and the areas that could lead to low-
quality numerical grid generation. Hence, the geometry chosen in Fig. 2
exhibits a compromise between real flow meter fidelity, numerical, and
experimental applications. The geometry is parametrised as shown in
Table 1 with a pipe diameter of 𝐷 = 20 mm, consistent with the pipe
diameter of the reference flow meter: Kamstrup flowIQ 2200.

Two types of hexahedral-based grids are used in this study: a wall-
resolved and a wall-modelled grid. Both grids are compared in order
to validate the methods and to select the best approach towards time-
efficient numerical studies.Walls are considered perfectly smooth and
the wall model used is based on the prediction of 𝜈𝑡 based on the turbu-
lent kinetic energy (named nutkWallFunction in OpenFOAM). Moreover,
a grid independence study based on RANS 𝑘−𝜔 SST model is performed
(see Appendix) and symmetry boundary conditions are applied at the
𝑥 − 𝑧 plane, hence, results are mirrored while post-processing the data
to display the full pipe.

2.2. Initial and boundary conditions

A standard simulation for the nominal flow of the flow meter
according to the industry standards is defined. Therefore, all numerical
simulations performed in this study follow the same conditions:

(a) Pure water as fluid medium.
(b) Inlet volumetric flow of �̇� = 1.6 m3 h−1, equalling a uniform

𝑢𝑖𝑛𝑙𝑒𝑡 = 1.41 m s−1.
(c) Inlet temperature of 𝑇 = 20 °C, equivalent to 𝜈 = 1.00381 ⋅

10−6 m2 s−1.
(d) Linear limited divergence scheme with correction of the velocity

gradient in interpolation weights (2, conditionally bounded).
This scheme is implicit, bounded, and second-order accurate to
avoid stability restrictions [18,19].
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Fig. 2. Parametric description of chosen flow meter geometry for 𝑦-normal (top), and 𝑧-normal (bottom) planes. Note that sharp edges at the stands are filleted with a constant
radius of 1 mm in order to ease the extrusion layer generation of the grid. Furthermore, note that the origin of coordinates is located at the mid-point of the constriction section.
Fig. 3. Raster image of the test pipe and stands used in the experiments.
2.3. Inflow turbulent conditions

Following the best practices in CFD for internal-flow problems in
circular pipes [20,21], RANS initial turbulence conditions are calcu-
lated as follows,

𝐼 = 0.16Re
−1
8 , (3a)

𝑘 = 3
2
(

𝑢𝑖𝑛𝑙𝑒𝑡𝐼
)2 , (3b)

𝜀 = 𝐶𝜇
𝑘

3
2

𝑙
, (3c)

𝜔 = 𝜀
𝐶𝜇𝑘

, (3d)

where Re is the Reynolds number, 𝑙 is the turbulent length scale
(𝑙 = 0.038𝐷 for internal-flows in circular pipes), and 𝐶𝜇 = 0.09 is the
turbulence model constant coefficient. Furthermore, in order to ensure
fully developed flow conditions before the flow starts conditioning due
to the upstream stand, the solution field is mapped at the inlet at a
distance of 4𝐷.

2.4. Experimental methods

Current non-intrusive experimental methods such as PIV and LDV
are capable of yielding qualitative and quantitative data with minimum
influence on the flow. However, the experimental setup and flow
conditions must be properly adapted to the methods to generate high-
quality data. In this regard, a 1:1 pipe and stand set are manufactured.
On the one hand, the pipe is manufactured by drilling a well-polished
polymethyl methacrylate (PMMA) block in three operations; whereas
additive manufacturing is chosen to fabricate the stand set. PMMA is
chosen as a material in order to minimise the light diffraction between
water and the material since both compounds have similar refractive
index (𝑛water = 1.333 and 𝑛PMMA = 1.4906). On the other hand, the
stands are fabricated with black Acrylonitrile Butadiene Styrene (ABS)
powder. Finally, two passing holes are drilled in the pipe together with
a thread in the stands to accurately fix them in place with screws
(Fig. 3).

The pipe and stands are placed on a test bench with accurate
control of volumetric flow and temperature of the flow, maintaining
3

constant conditions throughout the tests. In order to perform the exper-
iments, silver-coated glass-hollow neutrally-buoyant reflective particles
of 15 μm in diameter are introduced in the string. Experiments yielding
velocity data at 𝑥-normal planes are taken by means of LDV.

Regarding LDV, a 100 mW Nd:YAG (neodymium-doped yttrium
aluminium garnet) laser of a wavelength of 𝜆 = 532 nm is used to
obtain the measurements, taking a minimum of 500 valid bursts per
point. A 2D traverse unit (motorised and programmable in the 𝑦 and
𝑧 axis where the change in 𝑥 direction is done manually) is likewise
used to take with control the measurements at different points. A
uniformly spaced grid of 232 points to evaluate the cross-sectional (𝑥-
normal planes) axial velocity is created (Fig. 4). To account for the light
diffraction, raytracing methods are employed taking into consideration
the media between the measurement points and the laser probe.

Moreover, pressure drop data is taken by two OMEGA PX429-100GI
high accuracy pressure transducers with a measuring uncertainty of
±0.08% placed right up and downstream of the measurement pipe.

Finally, a valve is introduced into the test bench that allows the
inclusion of controlled air bubbles in the flow. As depicted in Fig. 5,
a manual ball valve controls the gas fraction into the water, allowing
to visualise vortical structures at different levels of intensity. A flow
conditioner is likewise placed downstream of the air insertion location
in order to radially distribute the bubbles uniformly. Since the air
bubbles coalesce at the low-pressure regions in the flow, a record of
this phenomenon with a high-speed camera at 9000 fps is used to
qualitatively analyse the problem and make a comparative study of the
flow behaviour and vortical structures.

3. Results and discussion

Numerical and experimental results are hereafter depicted. Con-
cerning numerical methods, the studied cases are divided by grid and
turbulence model: RANS 𝑘 − 𝜀 and 𝑘 − 𝜔 SST; wall-resolved and wall-
modelled grids. Moreover, the pipe and stand walls are considered
perfectly smooth in all cases regarding wall functions. The main objec-
tive of this study is to validate numerical results by discussing a series
of depictions between methods. However, since the studied case is non-
canonical in the fluid mechanics field, it is necessary to describe and
analyse the physics and flow structures involved beforehand. Therefore,
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Fig. 4. LDV experimental setup schematic and cross-sectional data acquisition grid.
Fig. 5. Vortices visualisation experimental setup.
a thorough comparative analysis is performed. The analysis is com-
posed of, firstly, the description of the flow behaviour and structures in
the system. Secondly, a pressure drop comparison of the flow for both
numerical and experimental methods. Thirdly, a more detailed study
is performed where a general qualitative study with velocity contours
of the flow, is shown. Finally, a quantitative comparison of velocity
profiles at regions of interest in the flow is presented. All results
are similarly discussed and described followed by their corresponding
figures.

3.1. Flow behaviour

The ultrasonic flow meter analysed is composed of a symmetrical
3D geometry along the 𝑥 − 𝑧 plane. The two stands are identical and
located immediately upstream and downstream of the constriction. This
geometrical configuration is used in residential ultrasonic flow meters
to obtain a consistent flow profile throughout the flow meter measure-
ment volume, minimising inflow dependence without compromising
pressure drop. In terms of flow mechanisms, three regions of the flow
can be discerned:

• The upstream pipe.
• The upstream stand and constriction.
• The downstream stand and pipe.

In numerical solutions, sufficiently high and local pressure gradients in
the flow yield vortical structures which can be predicted by vortex vi-
sualisation methods like the 𝜆2 criterion [22], whereas experimentally,
the inclusion of air in the flow of water and its uniform distribution al-
lows the visualisation of coalesced bubbles in the low-pressure regions
where vortices are formed. The geometry of the system can be seen in
Fig. 6, showing a depiction of the instantaneous and averaged images
of the vortex visualisation experiments at different intensities as well
as numerical 𝜆2 iso-surfaces.

Throughout the upstream pipe region, the fully developed turbulent
flow evolves to an adjusted and slightly skewed profile towards the
upper section of the pipe. This is the result of the constriction created
by the presence of the upstream stand. The upstream stand region is
composed of gradual and steep cross-sectional area changes due to the
stand and reflector placement. Since cross-sectional gradients are not
axially uniform throughout the stand, the flow is accelerated unevenly
4

and high-velocity gradients in 𝑧-direction occur, yielding two symmetri-
cal coherent structures in the form of vortices immediately downstream
of the stand. These vortices propagate throughout the constriction
yielding high vorticity regions. Subsequently, the flow interacts with
the downstream stand. This region is greatly defined by the presence
of an adverse pressure gradient. The geometry of the downstream
stand disrupts the flow with a sudden section change followed by an
elongated tail section. This causes boundary-layer detachment, high
vorticity, and high shear; yielding complex flow conditions.

Regarding the experimental results, the instantaneous frame in
Fig. 6 shows the uniform distribution of air bubbles and their size
compared to the experimental setup. Some coherent structures can
be visualised by the experiment. The low gas fraction case yields the
visualisation of a higher vortex intensity and vice-versa. Both cases
display the initial formation of vortices from the upper section of
the upstream stand. In addition, the high gas fraction case likewise
displays the roll-up of another vortex from the bottom sides of the
upstream stand. These vortices evolve and diffuse upwards through the
constriction to finally break and diffuse on the upper section of the
downstream stand. Concerning the numerical 𝜆2 contours, both cases
display a high degree of agreement with the experiments, where the
location and shape of the vortices predominantly match. Nevertheless,
𝑘 − 𝜀 predicts a higher diffusivity of the vortices which deviates from
the experiment.

The most characteristic flow structure in the system is the vortices
throughout the constriction. Due to the importance of the constriction
for the flow measurement in ultrasonic flow meters, performing a
qualitative study of this pipe section is certainly important to ensure
the validation of the numerical methods.

3.2. Pressure drop

The momentum loss as a consequence of shear stresses and pressure
gradients due to fluid-solid interaction is characterised by the pressure
drop (𝛥𝑝). This parameter is a common quality metric for wall-bounded
flows due to the importance of energy losses in internal-flow systems,
metrology, and large pipe networks [23].

Diverse pressure drop experiments are performed where the radial
position of the pressure transducers is changed ensuring results repeata-
bility. One final experiment is performed after repeatability is ensured
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Fig. 6. Vortices visualisation experiment with two different gas fractions (a and b). From top to the bottom: instantaneous frame from the experiment, time-averaged image of
experiment, wall-resolved 𝑘− 𝜀, and wall-resolved 𝑘−𝜔 SST results respectively. The difference of gas fraction in the experiments is achieved by varying the amount of air in the
pipe, where high-intensity 6(a) and low-intensity 6(b) vortices are visualised. Vortices intensity in the CFD simulations is defined by iso-surfaces of 𝜆2 = 4 ⋅ 104 and 𝜆2 = 105 6(a);
and 𝜆2 = 104 and 𝜆2 = 3 ⋅ 104 6(b) for 𝑘 − 𝜀 and 𝑘 − 𝜔 SST, respectively. Furthermore, the positive axial flow direction follows left to right.
Fig. 7. Pressure drop comparison between RANS and experimental results. Experi-
mental results show the mean value and standard deviation (𝜎) of the performed
experiment. Note that RANS does not display any fluctuation due to the averaging
operation of the method.

where 5 pressure measurements are taken each second during a long
acquisition time of 75 minutes. Experimental and numerical results of
𝛥𝑝 are shown in Fig. 7 where all results predict the pressure drop inside
the standard deviation of the experiments. Whereas, 𝑘−𝜀 tends to over-
predict 𝛥𝑝 with values of 105.4% and 115.1% of the experimental mean
for its wall-modelled and wall-resolved grids, respectively; 𝑘 − 𝜔 SST
shows better agreement with a prediction of 98.2% and 104.9% of the
mean experimental value for its wall-modelled and wall-resolved grids,
respectively.

Both numerical models and grids accurately predict pressure drop
throughout the flow meter. RANS 𝑘−𝜔 SST shows a better agreement,
while RANS 𝑘 − 𝜀 tends to slightly over-estimate 𝛥𝑝.

3.3. Velocity distribution

Axial velocity contours are shown in this section to perform a
comparative analysis between experimental LDV data, and numerical
methods. Fig. 8 shows axial velocity data for both LDV experiments
and numerical methods at different cross-sections in the pipe.

Fully-developed turbulent pipe flow is predicted and measured by
all methods at 𝑥 = −5𝐷 where minimal differences can be qualitatively
seen. The vortices regions throughout the constriction and their prop-
agation can be more clearly seen at 𝑥 ∈ [−1, 1]𝐷. The formation and
propagation of these vortices drive the flow to accelerate towards the
5

centre region of the pipe throughout the whole constriction. The latter
effect can be distinctly seen at 𝑥−1𝐷. Furthermore, the vortices diffuse
from the central bottom region towards the bottom-sides (𝑥 = 0𝐷) and
upper-sides pipe walls (𝑥 = 1𝐷), elongating and stretching throughout
the constriction. Since the constriction is not long enough for the flow
to develop to be fully turbulent, the upstream stand influences the
incident flow towards the downstream stand as seen at 𝑥 = 1𝐷. At this
cross-section, both RANS models predict a similar axial velocity with a
region of high velocity at the pipe centre and two symmetrical lower
velocity regions towards the upper sides of the pipe, which is consistent
with the experimental observation.

According to the results obtained, all numerical methods are capable
of accurately predicting the majority of the flow in a qualitative man-
ner. Minimal differences can be seen between the two grids evaluated,
with the exception of the predicted vortices size by 𝑘 − 𝜔 SST at 𝑥 =
−1𝐷. Whereas RANS 𝑘−𝜀 predicts high diffusivity affecting the vortices
propagation, 𝑘 − 𝜔 SST predicts the flow more accurately with more
defined shear layers in agreement with the LDV data.

3.4. Velocity profiles analysis

To deliver a precise and more complete study of the flow, the
numerical and experimental axial velocity profiles along 𝑦 for diverse
𝑥-normal planes are evaluated and compared as shown in Fig. 10.
The profiles evaluated are depicted in Fig. 9 by the dashed lines at
𝑧 = [−0.2125,−0.125, 0.125]𝐷 respectively to 𝑥 = [−1, 0, 1]𝐷. The results
of 𝑊𝑅 𝑘 − 𝜔 SST are chosen to define these locations since 1D LDV
cannot reproduce sufficient data to locate the vortices centres. These
specific locations are chosen to compare the location and magnitude of
the vortex regions, which are the most representative locations of the
flow.

Minor asymmetries of LDV data can be seen in Fig. 10. Due to
the low value of the pipe diameter (𝐷 = 20 mm), slight deviations in
the experimental setup in terms of manufacturing and stand placement
can affect the perfect symmetry of experimental results. Despite these
experimental inaccuracies, experiments are ensured to be repeatable
and accurate.

At 𝑥 = −1𝐷 (Fig. 10(a)), five extrema are seen. Experimental results
show a clear deficit of velocity as two minima at the vortices location,
where three maxima are seen at the pipe centre and close to the walls.
Both RANS methods and grids predict the velocity deficit in agreement
with the experiments. However, only 𝑘−𝜔 SST matches the magnitude
of the experiments where 𝑘 − 𝜀 underestimates the velocity deficit.
Regarding the three maxima, both numerical methods and grids agree
with LDV data at the pipe centre, although only 𝑊𝑅 𝑘 − 𝜔 SST agrees
with LDV data near the wall.

Experimental data at 𝑥 = 0𝐷 (Fig. 10(b)) shows a velocity maximum
at the centre of the pipe and two minima consistent with the vortices
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Fig. 8. LDV experimental results and CFD axial velocity contours at planes 𝑥 ∈ [−5,−1, 0, 1]𝐷. The abbreviations 𝑊𝑀 and 𝑊𝑅 stand for wall-modelled and wall-resolved grids
respectively. Note the reference frame location at the constriction and the cross-sectional changes due to the system geometry throughout the streamwise direction.
locations at the near-wall regions. In this profile, both grids of 𝑘−𝜔 SST
agree at all locations with LDV data. However, although 𝑘− 𝜀 likewise
agrees with experimental data at the pipe centre, it overestimates the
velocity at the near-wall regions where vortices are located. Further-
more, negligible differences in the velocity profiles between grids can
be seen at this location.
6

At 𝑥 = 1𝐷 (Fig. 10(c)), LDV data shows a profile characterised by
the presence of inflexion points, with a global maximum at the pipe
centre. Experimental data at this location shows slightly higher asym-
metry due to spurious reflections made by manufacturing constraints.
Similarly to Fig. 10(b), 𝑘−𝜔 SST generally agrees with the experiments,
where the wall-resolved grid shows the highest agreement. On the other
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Fig. 9. Wall-resolved RANS 𝑘−𝜔 SST surface streamlines and axial velocity profiles. Here the vortices locations at 𝑧 = [−0.2125,−0.125, 0.125]𝐷 are more obvious for 𝑥 = [−1, 0, 1]𝐷
respectively.
Fig. 10. Quantitative analysis of the velocity profiles at different locations in the flow meter. The dashed lines in Fig. 9 represent the evaluated locations of the different figures.
Blue and red lines represent the methods using the wall-resolved or the wall-modelled grid, respectively.
hand, 𝑘 − 𝜀 overestimates the velocity overall and does not agree in
terms of gradients with the experimental data for any of the grids
analysed.

The velocity profiles at other locations are also analysed displaying
results consistent with Fig. 10. Hence, for the sake of simplicity and
space limitation, these are not shown. In summary, the RANS methods
evaluated are able to predict the flow structures inside the flow meter
constriction. In terms of axial velocity gradients and magnitude, how-
ever, 𝑘−𝜔 SST agrees with experimental data more than 𝑘−𝜀. Overall,
RANS 𝑘−𝜔 SST is capable to predict much more accurately the vortices’
locations and the axial velocity than 𝑘−𝜀, where wall-resolved 𝑘−𝜔 SST
does predict the flow inside 2𝜎 experimental levels of uncertainty.

4. Conclusions

This study showed the applicability of current CFD methods with
diverse fidelity levels and their accuracy when tested in a simplified
version of a reflected sound-path residential ultrasonic flow meter.
The geometry analysed yields a complex internal-flow problem at a
moderate Reynolds number of the order of 104. CFD with RANS 𝑘 − 𝜀
and 𝑘 − 𝜔 SST turbulence models were evaluated. In addition, LDV
together with pressure drop and vortices visualisation experiments
7

were performed to verify and validate the numerical results both in
qualitative and quantitative manners.

Both numerical models and grids studied were accurately capable
of predicting the majority of the flow throughout the measurement
region of the system although RANS 𝑘−𝜔 SST showed an overall higher
agreement with the experiments than RANS 𝑘 − 𝜀. Coherent structures
in the form of vortices were predicted by all models, nevertheless,
RANS 𝑘− 𝜀 was not capable of correctly predicting the magnitude and
propagation of lower-intensity vortices. Pressure drop was predicted
by both models inside 2𝜎 uncertainty margins where RANS 𝑘 − 𝜔 SST
yielded the highest agreement. Hence, the measurement region of the
flow meter was consistently accurately predicted by 𝑘 − 𝜔 SST.

Negligible differences in the predicted axial velocity were seen
between the wall-resolved and wall-modelled grids for all methods,
where the results on the wall-modelled grid were obtained with a factor
of 25 times less computational time required than for the wall-resolved
grid. A summary of the findings is shown in Table 2.

Finally, the work done in this study showed the robustness and
accuracy of CFD methods against experimental data to predict complex
wall-bounded flows. Future studies aim to optimise the internal geom-
etry of the flow meter based on CFD by using wall-modelled 𝑘−𝜔 SST
as the most time-efficient and accurate method.
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Table 2
A summary of the comparison between different numerical methods and experimental data.
Grid Turbulence model 𝛥𝑝∕⟨𝛥𝑝⟩𝑒𝑥𝑝 Vortices propagation Vortices magnitude Velocity profiles

Wall-modelled 𝑘 − 𝜀 1.054 Inaccurate Underestimated Relatively inaccurate
𝑘 − 𝜔 SST 0.982 Relatively accurate Relatively accurate Relatively accurate

Wall-resolved 𝑘 − 𝜀 1.151 Inaccurate Underestimated Relatively inaccurate
𝑘 − 𝜔 SST 1.049 Accurate Accurate Accurate
Fig. A.11. Grid independence study represented as pressure drop in function of grid quality for RANS 𝑘 − 𝜔 SST.
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Appendix. Grid independence

A grid independence study is performed with the criterion of obtain-
ing pressure drop mesh independence for RANS 𝑘 − 𝜔 SST turbulence
model. The converged grid is likewise used for all RANS models to
obtain an identical resolution comparison.

On the one hand, regarding wall-modelled simulations, a fixed
5-layers extrusion-mesh is defined with the first wall-adjacent cell
thickness of 40 μm and an expansion ratio of 1.25. The coarse grid
is defined by 20 cells along the pipe diameter. Subsequently, refined
grids are doubled in the number of cells. Fig. A.11(a) shows the
8

convergence of pressure drop through refinement cases. The fine mesh
shows convergence with 2.07 million cells.

On the other hand, for the wall-resolved cases, a fixed 15-layers
extrusion-mesh is defined with the first wall-adjacent cell thickness
of 2.5 μm and an expansion ratio of 1.1. To ensure an adequate cell-
volume gradient between the bulk mesh and the extrusion layers,
two oct-tree refinement levels of 3-cells wide are specified near the
walls: refinement level 2 at 1 mm, and refinement level 3 at 0.5 mm
from all wall-type patches. Hence, refinement level 1 corresponds to
the bulk mesh. The coarse grid is defined by 40 cells along the pipe
diameter. Subsequently, refined grids are doubled in the number of
cells. Fig. A.11(b) shows the convergence of pressure drop through
refinement cases. The fine mesh shows convergence with 23.7 million
cells.
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