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ARTICLE INFO ABSTRACT

Keywords: This work aims at designing an affordable digital flow meter suitable for air flows encountered in biotechnology

Flow meter laboratories (10 to 1,000 Nml/min, in 4 to 8 mm diameter pipes, under 1 to 8 bar). It builds on the classical

Low Reynolds number orifice flow meter designs (pressure difference-based and robust) and recent pressure sensors improvement

E:I?ﬁnar (allowing one sensor to measure from 1 to 10,000 Pa). While orifice flow meters are well-established for

Transition turbulent regimes, owing to their ability to deliver an almost constant discharge coefficient value, their
application in low Reynolds number conditions (such as the ones above) is underrepresented. In these
conditions, the pressure difference strongly depends on the Reynolds number, potentially posing a challenge.
To address it, this article aims to derive design guidance for low Reynolds number cases, using a numerical
workflow, based on the CFD framework OpenFOAM. Taking advantage of recent turbulence development of
transitional turbulence, it is able to cover laminar, transition, and turbulent regimes. The predictions were
extensively validated against experimental data (average MAPE of 5.43 %, NSE of 0.98, and CCC of 0.99).
Once confidence has been built, the numerical workflow was used to explore the targeted design-space (f
ratio from 0.0375 to 0.10, r* ratio from 1.0 to 2.0, and Reynolds number from 1 to 400). Results aligned
with established design principles: a low g ratio and high dimensionless thickness (r*) are needed to ensure a
measurable pressure difference. Two candidate designs emerge: f§ = 0.11 and r* = 1.75, and # = 0.0625 and r*
= 1/8. Still, from a practical point of view, a machining tolerance analysis showed that realizing the optimal
system could be quite a feat. Specifically, it requires drilling a very small orifice diameter (0.25 or 0.44 mm)
while demanding tight machining tolerances (+ 0.01 mm), making fabrication non-trivial. Overall, the study
demonstrates that a low Reynolds number orifice flow meter for biotechnology applications is technically
feasible, but its practical implementation requires precise manufacturing or external calibration of each of the
units.

1. Introduction microorganisms from producing undesired byproducts (such as acetate
by E. coli when lacking oxygen). Therefore, air is classically blown

Numerous fields of engineering involve gas delivery to a system. in excess in the early stages of the culture (when biomass content is

In some cases, this gas supply has to be finely controlled, while in low), then at full capacity in the late stage (when biomass content

some other cases, an approximate value (+10%) is sufficient. Industrial is high and the culture is intentionally restricted in carbon source to
bioprocesses fall into the second category for several reasons. First, the

employed gas is air, most of the time. Hence, it is a readily available
and low-cost commodity that has no chance of hindering the process’s
economic balance. Second, gas flow rate is not the primary lever of gas
transfer modulation in bioprocesses. Indeed, usually, acting on the gas
flow rate, even to a large extent, only induces a minor improvement in
gas dissolution and can even be detrimental, e.g., flooding the stirrer.
On the contrary, agitation is the main operation variable, as it allows
for efficiently modulating bubble dispersion. Third, supplying excess
air is favorable in almost any biotechnological process. For example, even though slightly [4].
in the case of classical aerobic respiration processes, it prevents the

maintain a favorable carbon/oxygen ratio, avoiding byproducts) [1,2].
Another example of this need for excess air can be found in large-
scale photosynthetic cultures. Indeed, efficient microlagae cultures can
accumulate molecular oxygen (originating from photosynthesis) up to
toxic levels (above 200 to 300% of the saturation). Therefore, sparging
high air flow rates is a strategy to lower the culture oxygen content [3].
Finally, even the Crabtree-positive yeasts (e.g., Saccharomyces cerevisiae)
benefit from increased oxygen delivery over their fermentative stage,
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Fig. 1. Simplified schematic of an orifice flow meter with the essential
characteristics. Scaling is intentionally inaccurate and was reduced for the sake
of compactness.

In a nutshell, an exact regulation of the air flow rate is not strictly
needed in a bioprocess context. An affordable sensor operating within
an adequate range and allowing for data logging would be sufficient
for process monitoring. Still, such sensors are challenging to find,
especially in the range of interest for laboratory bioprocesses (10 to
1,000 Nml/min). Flow metering solutions classically encountered in
biotechnology laboratories are: rotameters, which can be reasonably
priced but do not allow for data logging, and mass flow controllers,
which are expensive and may be too capable for the intended use. This
work aims to explore alternatives with the hope of finding an inter-
mediary solution. While, many other options, of varying complexity
and accuracy, exist, and the kind reader is referred to Frank M. White’s
book (chapter 6) for an extensive review [5]. This work will focus on
the orifice flow meter, as they possess advantages uniquely alleviating
the constraints imposed by a biotechnology environment: convenient
handling of moist gases, operation under high pressures, robustness
against foam/culture backflows, ease to clean, to name a few.

An orifice flow meter is a monitoring system based on the pressure
drop across a flow restriction. Classically, the restriction is a plate
featuring a round hole placed in the center of a circular tube. This ease
of conception allows such a flow meter to be affordable, relatively easy
to manufacture, and robust (no moving parts). Therefore, it is not a
surprise that they garnered a lot of attention and have been studied for
almost a century now [6,7] and have been applied in a wide variety
of contexts beyond flow monitoring. In details, what is making this
technique popular in the industry is an highly convenient trait: the dis-
charge coefficient (Cd) is almost constant in the turbulent flow regime,
with a value of 0.6 [8]. Consequently, pressure drop and flow rate
can be related in a reliable manner. This very favorable behavior also
explains why most of the works on this type of flow meter have focused
on the turbulent regime, up to a point where it has been standardized
by the International Organization for Standardization (ISO) [9], for
Reynolds numbers above 5,000 (based on the pipe diameter).

Comparatively, the laminar regime has received far less attention.
Indeed, under such conditions, the discharge coefficient evolves with
the Reynolds number as it is the result of the blending of two phe-
nomena: the friction losses and the restriction losses. This somewhat
unfavorable behavior was identified quite early in technology develop-
ment by Johansen [6] and reviewed by Merritt almost four decades
later [8]. It is of specific interest in the case at hand, as flow rates
encountered in bioprocesses would fall into this category. Indeed, 10
to 1,000 Nml/min, in 4 to 8 mm internal diameter pipes, under 1 to
8 bar, leads to pipe Reynolds numbers ranging from 1 to 400.

Fortunately, this scientific landscape is not totally uncharted, and
pioneering contributions are to be acknowledged. Among them, Jo-
hansen’s one is paramount as it explained most of the system operating
parameters, which can be summarized as follows. First of all, simi-
larly to the turbulent regime, the system is governed by the f ratio,
the r* ratio, and the Reynolds number (Fig. 1). As a side point, the
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kind reader may note that, depending on the author and the physical
considerations, the Reynolds number can be defined using the pipe
diameter (when flow rate is considered) or the orifice diameter (when
close the restriction hydrodynamic is considered). Independent of the
p ratio, the discharge coefficient initially rises as 0.2 \/R_e (orifice-
based). Then, it overshoots with a magnitude depending on the g
ratio, before stabilizing around 0.6 [6]. For round orifices, an orifice
Reynolds number of 10 is considered the limit for the linear rise [8].
This point corresponds to when a laminar jet appears. It is followed
by an unconditional transition to a turbulent jet regime for an orifice
Reynolds number of 150 (even though the pipe Reynolds number
is still low and the upstream flow is laminar). This succession of
hydrodynamic events yields a complex behavior as acknowledged by
Golijanek-Jedrzejczyk and Mrowiec in their experimental study [10]
or by Borutzky et al. when the attempted different empirical modeling
approaches [11]. Their goal was to assist scholars and engineers who
may mistakenly choose a value of 0.6 for the discharge coefficient
in low Reynolds number flow, leading to measurement errors. Still,
modeling has not only been used in an empirical manner. Indeed, given
the intricacy of the system, Computational Fluid Dynamics (CFD) has
also been employed.

Similarly to the experimental investigations, CFD modeling of the
system tends to focus on turbulent configurations, as they are of pri-
mary interest from an applicative point of view. Not only do the
technique allows for reproducing experimental results and obtaining
a detailed understanding of the flow pattern (vena contracta, reattach-
ment length, ...), but it also allows for the design of new systems [12].
Finally, it can helping spotting some limits of the system that are diffi-
cult to access experimentally, such as the possibility of a compressibility
effect (with Mach number reaching 0.3) at the orifice level [12,13].

Focusing on numerical studies dealing with the laminar regime, one
can note the work of Sahin and Ceyhan [14], later expanded by Tunay
et al. The first team has been able to reproduce the results of Johansen
numerically, for an orifice Reynolds number below 150 (using an in-
house finite difference code). Then, the authors studied the influence
of the orifice thickness (from 1/16 to 1/2 pipe diameter) on the system
behavior experimentally (discharge coefficient only) and numerically
(flow pattern). They showed that a dimensionless thickness of 1/8, or
more, leads to a reattachment of the flow within the orifice. Extending
these investigations, Tunay et al. explored the system behavior in both
laminar and turbulent regimes [15]. They have been able to iden-
tify that increasing the orifice thickness widens the jet diameter and,
consequently, shortens the reattachment length. Also, the asymptotic
behavior of the system is not altered, and the discharge coefficient
converges around 0.6. While insightful, this study lacks critical details,
such as the management of the laminar/turbulent flow cooccurrence
or the required domain size (upstream to capture flow acceleration,
and downstream for the fully developed outflow condition to be valid).
Nevertheless, they showed that mainstream CFD codes were mature
enough to tackle this problem.

While, until now, dimensionless quantities, agnostic to the fluid
itself, have been discussed in this introduction, it is also important to
consider the fluid nature in practical cases. Indeed, because of their
density, liquids will naturally induce a higher pressure drop across
the system, allowing for an easier operation compared to gas. Also,
compressibility effects can be neglected in liquids, while they may
matter in the case of gases. This observation leads to an interesting
and favorable behavior described in Page et al. seminal work [7]. By
inducing a downstream pressure at least 0.53 times lower than the
upstream pressure (for air, as y = 1.4), the flow rate through the orifice
becomes independent of the downstream pressure. It conveniently lim-
its the need for pressure monitoring to the upstream section. This trait,
while elegantly reminding that the compressibility has to be kept in
check, also underlines the challenges associated with the application
of orifice flow metering to gaseous fluids: low pressure drop for low
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flow rates and compressibility for high flow rates, even though this is
quite far from the intended application here.

For the sake of completeness, multi-hole and slot orifice flow meters
are also to be mentioned, as they are a slight modification of the
technique. The rationales for these designs are broad, ranging from
pressure drop management [16,17] and reduced sensitivity to upstream
flow disturbance [18], to multiphase flows [19], which can exhibit very
specific flow patterns (segregated flow upstream and mist downstream).
Also to be mentioned are the exotic use cases of orifice flow meters,
as they have been applied to non-Newtonian flow viscosity measure-
ment [13], microflow rate measurement (0.1 to 200 pL/s, through
20 pm holes) [20], and rate of atmosphere change in food packaging
(though pinhole) [21].

The objective of this work is to investigate numerically the pos-
sibility of designing an orifice flow meter adequate for bioprocess
laboratory applications, as done for their own fields by other au-
thors [12,13]. Still, this objective poses a challenge not tackled to
date: modeling the system in a transition regime. With this aim in
mind, the OpenFOAM open source CFD framework will be used as it
allows for an easy and wide spread of the results. Simulations will
be run in laminar, transition, and turbulent regimes and compared to
experimental data to validate the CFD predictions and the relevance of
the selected models. Finally, once confidence has been built, the tool
will be used to modulate classical orifice flow meter design so that it
serves the needs of a bioprocess laboratory.

2. Numerical methods
2.1. Governing equations

This work assumes that the system’s (Fig. 1) behavior can be mod-
eled as the incompressible flow of a Newtonian fluid. While the second
assumption stands for air under practically any circumstances, the
incompressibility assumptions will have to be checked a posteriori, by
verifying that the Mach number stays below 0.3, especially at the orifice
level. With this set of assumptions, the Navier—-Stokes equations can be
used to describe the system. In this case, the dimensionless variant of
the continuity equation and the momentum equation is used:

Vieu* =0 (€8]
ou* * * * ® % * *

+ V¥ ®uf)= -V —V*.§ (2)
ar*
with the following scalings:

UD

xt =X, ‘r*=ﬂ, w=2, p*=Eu=L, Re=22 3)

D D U pU?2 U

This formulation is intentionally general as it will have to deal with
the three flow regimes encountered in this work: laminar, transition,
and turbulent. While laminar flow modeling is straightforward, details
regarding transition and turbulent flow have to be described. Based
on the literature review, laminar and turbulent flow (turbulent jet)
coexist for an orifice Reynolds number of 150 and above. So, the
k-wSSTLM model, introduced by Langtry and Menter [22], was used
whenever the orifice Reynolds number exceeded 150, while the pipe
Reynolds number remained below 2300. This model was introduced
a decade and a half ago to allow scholars and engineers to resolve
transition flows in a wide variety of contexts. Its two main features are
a turbulence indicator field (y) and a transition Reynolds number (Rey,,
based on momentum thickness) that conditions the onset of turbulence.
Therefore, it allows for solving concomitantly laminar and turbulent
flows (based on k-wSST, for their turbulent part).

For cases featuring a pipe Reynolds number of 2300 and above, a
fully turbulent flow was assumed, and the k-©SST model was used [23].
This model differs from the one classically used for orifice flow meter
simulation. Indeed, most authors used the standard k-e¢ [12,15,16,24],
without specific justification, or the RNG-k-¢ model [18], even though
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the Reynolds number remained moderate, around 36 000, while the
model was developed for high-shear configurations [25]. Still, a rea-
son for this choice might be that the model performed well on the
backward-facing step benchmark, which is relatively similar to the case
at hand. Despite the introduced dissimilarity with the community, this
work relies on the k-wSST model to describe turbulence, as it allows
for maintaining consistency with the model used to approach transition
cases, while reinforcing the originality of this work by applying a
different turbulence model.

2.2. Internal geometries & computational domain dimension

In this work, the pipe is considered circular. The orifice is placed
along the center line of the pipe and is circular. Consequently, the
system was reduced to a 2D-axisymmetric domain (Fig. 2, detailed in
the coming section). The two quantities that then define the system
are f and r* ratios. The B ratio was varied between about 0.2 and
0.8 to mimic the experimental setups in the case of the validation
runs against Johansen’s dataset. In a similar manner, the r* ratio was
varied between 1/16 and 1/2 when results were compared to Sahin and
Ceyhan’s experimental ones. No bevel was designed on the back-facing
side of the orifice, as none of these two investigators reported using
one. Finally, pressure monitoring was adjusted following their reports,
i.e., on both sides of the orifice for Johansen, and at a classical “D D/2”
couple for Sahin and Ceyhan.

Experimental evidences and numerical practices suggest that, apart
setting the g and ¢* ratios, the computational domain size should be
considered carefully. Johansen [6] visually noticed upstream pertur-
bations to span over 0.5 pipe diameter. Still, the importance of the
upstream pipe length does not lie in the orifice-induced perturbation,
but in the need for having a fully established and swirl-free flow reach-
ing the system. Consequently, the ISO standard advises for up to 65 pipe
diameters, for flows having crossed several incidents upstream of the
flow meter [9], while also suggesting the use of flow straighteners to
shorten this length. Still, from a practical point of view, five to tens of
diameters are usually employed experimentally (5 for [26], 12 for [17],
20 for [7], 37 for [19], 46 and 10 for [6], 170 for [14]). Similarly,
downstream sections are also quite long (advised at a minimum of 6
pipe diameters by the ISO standard, the employed values ranged from
4 to 30, with an extravagant report at 140). The aim of these long
downstream pipes is to avoid any perturbation that could alter the
system through back-propagation.

From a numerical standpoint, those values are to be minimized, as
computing excessively long domains would lengthen the calculations
and increase their RAM impact. Furthermore, unperturbed flow, espe-
cially a laminar one, is quite easy to generate numerically. Therefore,
authors used rather short domains (2.5 upstream, 7.5 downstream pipe
diameters in [12], 21 and 3 pipe diameters in [15], 0.5 and 37 pipe
diameters in [16], 10 and 10 pipe diameters in [18]) most of the time
without justification. This lack of justification is somewhat problematic
as the outflow conditions assume a fully developed profile, without
verifying it. The same problem may arise when an inlet boundary
condition is somewhat unknown, or not specified as its fully-developed
profile, such as it is often the case for turbulent quantities (especially,
dissipation rate, for more detail, the kind reader is referred to Merci
et al.’s interesting work [27]).

Therefore, a 20 upstream and 20 downstream pipe diameters, 2D-
axisymmetric domain was investigated to identify an adequate length.
The objective was two fold: allow some pipe length for the inlet
conditions to establish (especially in transition and turbulent regimes),
and ensure that a long enough domain was simulated to ensure the
validity of the fully developed outflow condition.
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Fig. 2. Top - Simplified schematic of the geometry with the different boundary (color-marked) and the equations associated the different fields for laminar,
transition, and turbulent cases. Bottom - Schematic of the computational domain with the areas marked for the specific meshing strategies. Scaling is intentionally

inaccurate and was reduced for the sake of compactness.

2.3. Boundary conditions

The inlet of the pipe was described as a Poiseuille flow in laminar
and transition regimes, while it was chosen as a flat profile in the
fully turbulent regime, with a turbulence intensity of 7% [28] and a
turbulent length scale of 7% of the pipe diameter [27]. In any case, the
outlet conditions were chosen as those of a fully developed flow, which
explains why extensive downstream length may have to be simulated to
avoid introducing artifacts. A null velocity was imposed at the walls as
well as the relevant wall functions for the turbulence-related quantity,
i.e., handling the viscous sub-layer when relevant (y*-dependent). For
transition cases, the value of the turbulence indicator field (y) was set
to 1 at the inlet, as advised by the authors of the model. The value of
a momentum deficit Reynolds number (Re,,) triggering the transition
was set to 584, which corresponds to a turbulence intensity of 1%. This
threshold was chosen based on the suggestion of the turbulence model
authors’ guidelines [22]. Yet, as the configurations tested here differ
from the one considered for the model establishment, the value will
be challenged and shown not to have any influence within a 0.1 to
10% turbulence intensity range (see Section 3.3). Finally, Fig. 2 (Top)
displays the detailed equations as well as the boundary that applies to.

2.4. Numerical implementation

OpenFOAM v2506 was used to mesh the geometry and solve the
set of equations. Depending on the cases at hand, simpleFoam (steady
state) or pisoFoam (transient) solvers were used. Spatial and time dis-
cretization was led using second order schemes. In steady state, implicit
and explicit under-relaxations were relied upon (coefficients between
0.7 and 0.95). Turbulence models and associated wall functions were
drawn for the library. Turbulence model coefficients were checked to be
in line with the referred publications. Regarding wall functions, previ-
ous research showed that their different variants yielded nondiscernible
differences [24]. As this implementation of OpenFOAM relies on an
implicit segregated approach to solve the system of equations, scaled
residuals of 10~® or below, for all fields, were considered sufficient to
ensure convergence.

3. Validation

Before diving into the design of a new system, the robustness of
the numerical tool must be validated. This stepwise process starts by
ensuring mesh and domain independence, continues by ascertaining
low sensitivity to the most uncertain parameters, and finishes with a
validation against experimental data.

3.1. Mesh convergence

Mesh convergence was carried out under the most stringent condi-
tions in an extended setup (20 diameters before and after the orifice).
The conditions were set as follows in order to maximize the gradients,
hence mesh requirements: pipe Reynolds number of 10°, § of 0.2 (to
maximize flow acceleration), turbulent intensity of 3.5% (0.5 x the
reference value), and a turbulent length of 3.5% (0.5 x the reference
value in pipe). The monitored outcome was the dimensionless pressure
drop, i.e., Euler number, between the two pressure taps.

The basic mesh setup was composed of 10 radial divisions per diam-
eter, 10 axial divisions per diameter, with an expansion ratio of 2 in the
radial direction (smaller cell close to the wall). This setup leads to a 2:1
ratio in the flow direction near the pipe axis. From this coarse setup,
several variations were investigated to identify a mesh representing
the best compromise between mesh size, accuracy, and computational
time. This exploration was carried out in a systematic manner over
different regions of the computational domain (Fig. 2 - Bottom). The
first parameter to be tested was the initial mesh refinement (refined
twice and thrice). Then, an increased local refinement in the region of
interest (upstream compression - 2 pipe diameters before the orifice -
and downstream wake - 6 pipe diameters after the orifice) was tested
to better capture the flow acceleration and the wake (refined once
to thrice). In addition, the effect of wall refinement was investigated
(refined once to four times). Finally, mesh density in the vicinity of
the orifice tip (box centered on the tip, spanning over 1/20 of the
diameter in all directions) was also increased to finely capture the flow
detachment (three to six refinement levels).

All in all, this systematic screening amounted to 217 simulations,
the results of which are displayed in Fig. 3. For this setup, the theo-
retical value of the Euler number is 836.70. Indeed, assuming a pipe
Reynolds number of 10° is a good approximation of the higher limit
case, the value of Cd would reach z/(x +2) = 0.6110 [8]. The Euler
number was preferred for this analysis as it magnifies the differences
between configurations, while being easily linked to the discharge
coefficient (Eq. (4)).

1-p
2p*Eu

As one can see, most of the meshes reach a value of 750, or more,
once a sufficiently large number of cells is used (above 25,000). Still,
not all the strategies have the same effect, as underlined by the colored
markers. Wall refinements (green markers) induce a high increase in
the number of cells, while only moderately improving the predictions.

Cd = ()]
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Fig. 3. Results of the mesh convergence analysis. Marker types - background mesh refinement. Colors - variations of a single parameter for the coarser background
mesh. Shaded area - theoretical value +0/—1% area. f ratio of 0.2, r* ratio of 1/12, domain size —20 to +20 pipe diameters.

Region of interest refinement (yellow markers) allows drawing nearer
to the converged value at a lower cost, but it is tips refinement (red
markers) that is the most effective. Still, when used individually, these
strategies do not allow for predicting Euler numbers at least 1% close
to the theoretical value. Furthermore, the kind reader will note that
in some cases, extreme exploitation of a strategy leads to a diminution
of the performance, i.e., pushing a specific refinement procedure too
far led to degraded predictions. While this may seem counterintuitive
at first, it echoes CFD good practices, which advise not to impose
an abrupt mesh resolution transition, at the risk of inducing mesh-
related errors. Apart from practitioners’ know-how, this behavior was
demonstrated analytically, by Baker and van Meter, to originate from
the difference in numerical precision in the advection scheme across
the refinement interface [29] (even though guard cells are used, like in
this work).

Overall, numerous meshes met the 1% deviation from the theoreti-
cal value criterion, rendering the ultimate choice quite open. The mesh
with medium background refinement, followed by twice refinement
steps in the region of interest and three at the wall and the tip level was
retained (black dot). The rationale for this choice was that it smoothed
the transitions between the different refinement zones of the mesh. Yet,
many other possibilities could have been chosen and would surely have
led to satisfactory results too.

3.2. Computational domain independence

Obtaining mesh-converged results is only the first part of the quality
control of a CFD case. One also has to ensure that the domain is large
enough to ensure that far-field conditions do not unduly influence the
results. In the case at hand, two points are to be verified in terms of
computational domain dimension. First, the velocity profile impinging
on the orifice has to be established to match the experiments to be
compared to. Second, the velocity profile at the outlet of the domain
must also be established to agree with the chosen set of boundary con-
ditions and avoid back-propagating any artifact. Therefore, the stability
of the velocity profile was measured by comparing its evolution each
one-diameter distance, over the domain. As velocity is a vector profile,
the Root Mean Square Variation (RMSV) of the axial component was
chosen as an indicator. One should note that this value is to be com-
pared to the reference velocity to get a sense of its importance. As the
simulations are performed in a dimensionless framework, the reference
velocity is unity, easing the contextualization of the metric. Finally,
as several configurations are to be simulated (§ ratio from 0.2 to 0.8,

laminar, transition, and turbulent flows), the domain independence has
to be assessed for all of them.

Fig. 4 presents the RMSV for all the representative conditions. The
first criterion (fully established profile impinging on the orifice) can be
evaluated over the —20D to —1D domain. As one can see, the laminar
flows fully develop in less than three diameters. The transition and
turbulent conditions show no difference with respect to the g value
in this section of the pipe, which is expected. In addition, they both
require 10 pipe diameters to show a relative variation of less than 103
(with respect to a value of 1). Therefore, the inlet section of the domain
can be considered long enough to avoid artifacts.

The second criterion (fully established profile at the outlet of the
domain) can be evaluated over the +1D to +20D domain. Similarly to
the inlet section, the laminar flows fully developed relatively rapidly
once the orifice is past (in less than seven diameters). The transition
and turbulent conditions show convergent trends with dependency on
both pipe Reynolds number and g values. Still, once 20 pipe diameters
are reached, the four profiles fell below the 10~3 threshold, ensuring
the validity of the chosen set of outflow boundary conditions.

3.3. Sensitivity analysis

In order to ensure the robustness of the results, a sensitivity analysis
was carried out. Inlet turbulent intensity (1,,) and turbulent length
(L) were modulated by + 50% in the case identified as the most
sensible one during numerical prototyping, i.e., a pipe Reynolds number
of 5,000.

In addition, with the aim of testing the transition model, a case with
a pipe Reynold number of 200 was chosen (laminar flow in the pipe and
turbulent jet after the orifice). For this case, the value of the momentum
deficit Reynolds number (Rey,) triggering the transition was varied
between 1,136 and 73, corresponding to turbulence intensities of 0.1
and 10%, respectively. The results of the sensitivity analysis can be
found in Table 1. As one can see, despite a sizable variation in the
inlet turbulence parameters, only a minor effect on the Euler number
can be observed. These results can be explained by the fact that
the k-wSST has been designed to increase robustness with respect to
freestream turbulence values, combined with the extensive pipe length,
which allows ample distance for the flow to settle. These results align
with those of Shah et al. who varied inlet turbulence intensity from
3 to 7% (reference value of 5%) and did not report any substantial
variation in the simulation outcome (from —0.22 to +0.35% on the
discharge coefficient value) [12]. Regarding the sensitivity towards the



V. Pozzobon Flow Measurement and Instrumentation 111 (2026) 103454

10
- --e- Re=1,B=02 --&-Re=10%B=0.2
o 1 - Re=1,p=0.8 --*-Re=10%RB=08
5 i --e- Re =200, =0.2 — 107 threshold
5 107 e Re=200,B=08
G>J 3 10—2 . o

S
4? a ] ..o Y. W L .'::g-_._.*
8= 107 e e =
E m “e.. o. =0 L AEET Py
> 107 e et
0 : s s e,
X 0% i . i =
< Y H H
100 y .
-20 -15 -10 —5 0 5 10 15 20

Number of diameter from the orifice (-)

Fig. 4. Variation of the velocity profile over one diameter distances across the domain for g ratio if 0.2 and 0.8, laminar (Re = 1), transition (Re = 200), and
turbulent (10°) flows. Reynolds numbers are to be understood as pipe Reynolds numbers. The value at the orifice level is not calculated as the velocity vector
profile does not span over the same diameter as the other profiles. * ratio of 1/12, domain size —20 to +20 pipe diameters.

Table 1

Results of the sensitivity analysis. Upper section - Sensitivity over the turbulence inlet value. Lower section - Sensitivity over momentum
deficit Reynolds number triggering the transition. Case setup: * ratio of 1/12, domain size —20 to +20 pipe diameters.

Test case Parameter span Beta Euler number Variation coefficient
Average Standard deviation Min. Max.
Re = 5.000 I = 3.5 to 10.5% 0.2 809.28 0.15 809.11 809.51 0.018%
oY L, = 3.5 to 10.5% 0.8 1.3102 0.0117 1.2963 1.3285 0.893%
Re = 200 Transition turbulence intensity 0.2 672.86 0.30 672.60 673.18 0.044%
- I =0.1to 10% 0.8 0.78 0.00 0.78 0.78 0%

momentum deficit Reynolds number triggering the transition, it can
also be deemed negligible. In the case of the g ratio of 0.2, this can
be explained by the design itself, which forces flow acceleration and
induces extreme shear at a very defined position, as opposed to a flat
plate or a wing profile. In the case of the § ratio of 0.8, this can be
explained by the fact that the acceleration is not sufficient to trigger
a transition to turbulence. Therefore, the case features a laminar flow,
showing, as expected, no sensitivity to the tested parameter.

3.4. Comparison with experiments - Johansen’s dataset Cd=f(})

Johansen’s seminal dataset, published in 1930, was used to validate
the numerical workflow predictions [6]. This dataset spans over orifice
Reynolds number ranging from 1 to about 30,000 for § ratios of 0.209,
0.401, 0.595, and 0.794, and a t* ratio value of 1/12. The exper-
iments were carried out with different fluids, to ensure measurable
pressure drops at low Reynolds numbers. As the data were available
in a tabulated format, they were extracted manually using a dedicated
software. Unfortunately, Johansen did report experimental uncertainty
in his article. Therefore, an experimental accuracy of + 0.025 on the
discharge coefficient was assumed, as it is the one reported for modern
days sensors at a pipe Reynolds of 10,000 [10,18].

Fig. 5 (Top) presents the comparison between experimental data
(lines and shadings) and simulations (markers). The layout was chosen
to match Johansen’s one, i.e., discharge coefficient versus the square
root of the orifice Reynolds number. Contrary to the common practice,
lines and shadings were used to draw experiments as it was found to
enhanced readibility is this particular case. Finally, given the span of
the dataset, the inset proposes a magnification of the low Reynolds con-
figuration, where most of the discharge coefficient variation happens.
As one can see, the agreement between the numerical predictions and
the experimental data is good over the wide range of tested Reynolds
numbers and f ratios.

Still, while confronting experimental and numerical discharge coef-
ficient is a first step toward building strong confidence in the numerical
workflow predictions, Johansen’s work allows to go further. Indeed,

the author also reported the physical characteristics of the flow. The
main feature is the appearance of a vena contracta at sufficiently high
Reynolds numbers. Johansen attributed it a contraction ratio of about
0.8, with respect to the orifice diameter, at a position of 0.1 pipe
diameter downstream. The numerical workflow was able to reproduce
the vena contracta (Fig. 5 (Bottom left)). Furthermore, in addition to
reproducing, it predicted with an excellent agreement to Johansen’s
data: a contraction ratio of 0.81 (at the same position as Johansen) (Fig.
5 (Bottom right)). To demonstrate the robustness, another simulation
(Reynolds of 20,000, and g ratio of 0.5) yielded a contraction ratio of
0.82. This consistency is a token of the robustness of the workflow.
Finally, Johansen also reported temporal characteristics of the flow.
Indeed, he described that, in the case of a turbulent jet, large pe-
riodic structures could be observed at a regular interval of 1 pipe
diameter downstream. These structures are likely to be the largest
vortices originating from the jet external shear layer. This observation
is in agreement with some theoretical work showing unconditional
instabilities appear in the setup [30], but are not to be mistaken
with acoustic effects that the system can induce [26]. Still, this type
of structures cannot be reproduced by conventional RANS models.
Therefore, an LES approach was deployed in an effort to validate the
workflow capabilities as much as possible. The kind reader may note
that the relevance of LES modeling in a 2D axisymmetrical setup will
not be discussed here. From a technical standpoint, the Smagorinsky
model (Cs = 0.094) coupled with van Driest wall damping was used to
approach the phenomenon. The simulations were initialized with their
RANS counterparts and were run for a time long enough to obtain a
periodic behavior. Fig. 6 (Top) presents a visualization of a flow in the
vicinity of the orifice for a g ratio of 0.5 (the same as Johansen for
these observations) and a square root of the orifice Reynolds number of
150. The color map represents the dimensionless velocity fluctuations
magnitude, while the isolines allow for vortices identification using
the Q criterion [31]. As one can see, the vortices appear in the shear
layer at the periphery of the jet. The structures become of a distinctive
enough size about 1 pipe diameter downstream, which is Johansen’s
observation location. Moving from a qualitative appreciation of the
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Fig. 5. Top - Experimental data (lines and shadings) extracted from Johansen’s dataset and simulations (markers) carried out in this work. r* ratio of 1/12,
domain size —20 to +20 pipe diameters. Bottom left - Close-up view of the flow around the orifice for a § value of 0.209 and a square root of the orifice Reynolds
number of 150. Color map - dimensionless turbulent kinetic energy. Vector field - velocity direction. Tubes - streamlines, colored by velocity magnitude. Bottom
right - Axial velocity profile, 0.1 pipe diameter downstream. Vena contracta point extracted as the location of the mean between the extrema.

results, Johansen defined the Strouhal number of the phenomenon as
St = %, and obtained a stable value of 0.59 + 0.04. By monitoring
the pressure signal at the same location, and processing it using a Fast
Fourier Transform, it is possible to recover the characteristic frequency
obtained numerically (defined as the center of the top 90+ % inten-
sity frequency band) (Fig. 6 (Bottom Right)). With this procedure, a
Strouhal number of 0.52 + 0.07 is obtained, which is in good agreement
with Johansen’s report. This is all the more true as the flow tends
to expand in this zone, leaving the estimation of the frequency quite
dependent on the probing location.

Finally, the quality of the LES simulation was assessed by com-
puting the ratio of the resolved kinetic turbulent energy to the total
kinetic turbulent energy (sub-grid kinetic turbulent energy computed as
(Vygs/lsgs)?s With I, = C,A). The results are presented in Fig. 6 (Bottom
Left), where it can be seen that most of the domain is very well resolved
(above 80%), while 3% of the volume is dramatically under-resolved,

i.e., where the vortices start to appear, in the vicinity of the orifice.
Still, the mesh can be deemed adequate for the intended purpose.

3.5. Comparison with experiments - Sahin and Ceyhan’s dataset Cd=f(1*)

Another dataset of reference worth comparing with is the one by
Sahin and Ceyhan, who explored the effect of the 7* ratio for a g
ratio of 0.5, while Johansen used a single * value and varied the g
ratio. The two datasets are thus complementary. A major difference
is that Sahin and Ceyhan restricted their investigations to the laminar
regime (orifice Reynolds number below 150). Another difference is the
definition of the ¢* ratio the authors used, based on the orifice diameter,
which is uncommon, and was converted to the classical * = ¢/D
definition in the present work. In a process similar to the one applied
to Johansen’s data, Sahin and Ceyhan’s data were extracted manually.
Fig. 7 presents their data and their numerical counterparts obtained
with the proposed workflow. The presentation is the same as the one
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Fig. 6. Top - Close-up view of the flow around the orifice for a # value of 0.5 and ¢* ratio of 1/12 and a square root of the orifice Reynolds number of 150.
Color map - dimensionless velocity fluctuations magnitude. Contour lines - vortices location identified as Q criterion isolevels. Bottom Left - Pressure signal 1
pipe diameter downstream (5 dimensionless time units) at mid-height and its Fast Fourier Transform. Bottom Right - Resolved turbulent kinetic energy in the
domain spanning from O to 1 pipe diameter downstream, 100 dimensionless time units after entering periodic regime.

chosen by the authors, ie., discharge coefficient versus the square
root of the orifice Reynolds number. As one can see, the agreement
between experimental measurements and numerical prediction is quite
good.

In addition to their experimental exploration of the problem, Sahin
and Ceyhan opted for a numerical approach to resolve the flow near
the orifice. Their main conclusion is that as the r* value increases,
the magnitude of the vena contracta decreases up to a point where the
detachment does not occur anymore. They identify this transition as
happening when the ¢* ratio increases from 1/16 to 1/8. Consequently,
these configurations have been reproduced for the highest Reynolds
number (most susceptible to detachment) with the presented workflow.
Fig. 8 presents the flow field for three configurations: * = 1/16, r*
= 1/8, and r* = 1/2. Paying close attention to the upper streamline
inflection of the outlet of the orifice, one can see the flow stays attached
to the inner part of the orifice from * = 1/8 and on, agreeing with
Sahin and Ceyhan’s calculations. Also, increasing the value of the ¢*
ratio leads to a more pronounced development of the velocity profile
within the orifice (axial dimensionless velocity around 5.6 for r* =
1/16, and 6.2 for t* = 1/2), reinforcing the confidence one can have in
the workflow.

3.6. Summary & assumption discussion

In addition to the aforementioned qualitative agreements, quantita-
tive agreement, and summary of the span validation tests are presented
in Table 2. Three metrics have been used to evaluate the ability of
the workflow to reproduce the experimental data. The Mean Absolute
Percentage Error (MAPE) measures absolute distance and yields a devi-
ation percentage that is easy to interpret. The Nash-Sutcliffe Efficiency
(NSE) allows for weighting for outliers owing to its quadratic nature
and also offers an easy interpretation: close to 1 is good, 0 means
using the average value of the observation would have delivered the
same prediction, and a negative value is worse than using the average
value [32]. The Concordance Correlation Coefficient (CCC) is an ad-
vanced metric that quantifies how similar two methods are (e.g., two
analyzers processing the same samples, or, in this case, experimental
readings and numerical predictions) [33]. A value close to 1 indicates
good agreement, values close to O or negative values indicate poor
concordance due to either systematic bias, reduced correlation, or both.

Still, while the agreement is good within the validation space, the
coming sections will explore uncharted territory (in terms of g and ¢*
ratios), which requires further caution. First of all, regarding the mesh
convergence, while it was validated for a § ratio of 0.2 and ¢* ratio of
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Summary of the validation performance metrics over the two datasets and their respective operating
conditions. MAPE - Mean Absolute Percentage Error. NSE - Nash-Sutcliffe Efficiency. CCC - Concor-

dance Correlation Coefficient.

Dataset p * Reynolds (orifice) MAPE (%) NSE CCC

0.209 10.2 0.95 0.977

0.401 6.02 0.961 0.982

Johansen 0.595 1/12 1 to 30 000 354 0.976 0.988

0.795 5.37 0.976 0.989

172 4.28 0.986 0.993

. 1/4 4.13 0.988 0.994

Sahin and Ceyhan 0.5 18 1 to 150 5.08 0.977 0.989

1/16 3.90 0.988 0.994

Overall - - - 5.43 0.975 0.988
4 conditions has been analyzed, the effect of their potential variation in
time was not assessed. Nevertheless, given the performance delivered
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0.8

v

Fig. 7. Experimental data (lines and shadings) extracted from Sahin and
Ceyhan’s dataset and simulations (markers) carried our in this work. g ratio
of 0.5, domain size —20 to +20 pipe diameters.

1/12, with a pipe Reynolds number of 10°, it may not apply to the most
extreme design cases: f = 0.0375 and * = 1/8, and # = 0.08 and ¢* =
2. Therefore, an autoconvergence study on these cases was carried out
using Celik et al. guidelines [34]. For the two cases, the extrapolated
error was 3.23% and 0.34%, respectively. This level of convergence was
deemed good enough to be confident in the results.

In addition to the adequacy of the meshing procedure, the incom-
pressibility assumption is also to be challenged. To do so, the case
featuring the smallest restriction and the highest volumetric flow rate
(p ratio of 0.0675, flow rate of 1,000 NmL/min under 1 bar, in a 4-mm
diameter pipe) was analyzed. In this case, assuming air to be at room
temperature (20 °C - 293.15 K), the Mach number value reaches 5.7
1072, In addition, going further and accounting for the presence of a
vena contracta with a 0.8 contraction ratio, the effective cross section
gets further reduced, and the maximum Mach number value rises to 9.0
10~2. Consequently, considerations about the fluid compressibility can
safely be kept at bay.

Still, while the above assumptions could be validated, some are
inherently tied to the chosen modeling approach, and their limitations
are to be plainly acknowledged. For example, the turbulence models
assume steady state turbulence, even in the transition regime, where
intermittency can be encountered. Also, resorting to a 2D geometry
can be criticized as turbulence in an intrinsically 3D phenomenon.
Finally, while sensitivity to the most difficult to characterize boundary

by the workflow on the validation datasets, these limitations can be
thought to be of marginal influence on the results at hand.

4. Application to system design

With enough confidence build thanks to the extensive validation of
the workflow against other scholars’ work, it is now time to apply the
tool to design a measurement system for the intended application. The
goal is to measure a flow of air, ranging from 10 to 1,000 Nml/min, in 4
to 8 mm internal diameter pipes, under 1 to 8 bar. These configurations
lead to pipe Reynolds numbers varying between 1 to 400 (as the
air dynamic viscosity does not depend much upon the pressure in
the envisioned pressure range [35]). Therefore, laminar and transition
regimes can be expected.

Now that physics and numerics have been considered, it is im-
portant to lay out clearly the design expectations. First and foremost,
a satisfactory design will have to allow for at least 1 Pa pressure
difference for the lowest flow rate. In terms of a dimensionless quantity,
this requirement translates into a minimum Euler number of 6 10°
(assuming air at room temperature, in the worst-case scenario, ie.,
minimum flow rate, maximal pressure, and pipe diameter). Second,
the design has to be realizable, i.e., to be at least plastic machining
compatible. The rule of thumb taken here is that the hole cannot be less
than 1/20 of the material thickness (i.e., t* < 204), with a minimum
diameter around 0.5 mm. Thirdly, as much as possible, the pressure
vs. Reynolds number characteristic curve should exhibit a monotonic,
relatively simple shape (linear, quadratic, ...), in linear or log-log
scale.

Finally comes a preliminary delineation of the design space with
envisioned designs and their confrontation with already established
knowledge. The objective of this last point is to avoid simulating
designs that can be ruled out a priori. The goal is to limit computational
impact, provide easy-to-interpret results, and keep the article under a
reasonable word count.

4.1. Potential designs

From the literature, four levers of action on the discharge coefficient
can be identified: the g ratio, the ¢* ratio, the number of holes, and the
shape of the holes. Therefore, four designs can be envisioned (Fig. 9):
the canonical one with a small g ratio, the high 7* ratio one, a multi-
hole variation of the canonical design, a slotted orifice variation (not
pictured), or a diverging one aiming at exacerbating the g ratio.

The first thing to be remembered is that resorting to multi-hole
and/or slotted orifices tends to increase the value of the discharge
coefficient (Eq. (5)). While this trait is beneficial at high Reynolds
numbers (pressure drop is easily measured and should be minimized
to limit head loss), it is the contrary in the case at hand. Therefore, a
multi-hole and/or slotted orifice design can be ruled out. This comment
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Fig. 9. Four designed envisioned to delineate the design space.

leaves only the manipulation of the g and ¢* ratios on the table. Authors
agree that in all circumstances the first modulator of the discharge
coefficient is the g ratio [17,18]. With this consideration in mind, the
diverging design might seem a good idea. Indeed, it would increase
the g ratio without resorting to drilling a smaller orifice. Still, working
a bit of math out shows that this strategy would offer only marginal
modulation. Indeed, when introducing the volumetric flow rate into the
equation, one can derive the main dependencies of the pressure with
respect to operating parameters (Eq. (6)). Assuming d < D, ie., f is
small, which is the case, the pressure drop only depends on the flow
rate and the orifice diameter. Therefore, an upstream expansion would
not yield any significant performance improvement.
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4.2. Tested designs

The above considerations leave only two levers to act on: the orifice
thickness and its length. Therefore, a systematic variation of the two
parameters was tested over the 1 to 400 pipe Reynolds number range.
p ratio was either to 0.05 or 0.10, while the * could take the values 0.5
or 1.0. The aim of both low f ratio (defined as below or equal to 0.1, the
lower range of the ISO standard [9]) and high ¢* ratio is to maximize
pressure difference at low flow rate. The simulations were run linearly
spread in pipe Reynolds number square root space, to mimic Johansen,
Sahin, and Ceyhan’s formatting. Still, upon processing the results, they
turned out to be more legible in log-log scale (Fig. 10). As one can
see, all the designs operating curves follow a clear quadratic downward
trend. The g ratio is the first modulator of the Euler number value,
while the ¢* ratio is a secondary modulator. Furthermore, the latter
is only effective at low Reynolds numbers. From a practical point of
view, this translates into the fact that increasing the orifice length will
increase the pressure at low flow rate, but not substantially modify
it under high flow rate conditions. Moving closer to the application,
the question of the measurable pressure difference comes into play. As
this indicator is dependent on the pipe diameter and the fluid density
(Eq. (6)), in the case of air, it depends implicitly on the pressure.

11

Therefore, the limits, given by a minimal and maximal measurable
pressure difference of 1 Pa and 10,000 Pa, respectively, were drawn
in shaded grey for the extreme pipe diameters classically encountered
in biotechnology laboratories (4 and 8 mm).

From a design perspective, none of the tested variations would be
able to monitor the flow in the desired range of flow rate and pressure.
The one closest to achieving this feat would be the 4 mm diameter pipe
setting, with a g ratio of 0.10 and a r* ratio of 1.0. Also, while not as
efficient, it is interesting to note that, in the 8 mm diameter pipe setting,
it is the system with a g ratio of 0.05 and a ¢* ratio of 1.0 that would
yield the best performances. These observations can be difficult to
summarize as they mix dimension-bearing and dimensionless features.
Taking a step back, and remembering that for low g ratio values, the
pressure drop depends primarily upon the orifice diameter (Eq. (6)),
it can be concluded that a diameter around 0.4 mm would be a good
start. Still, drilling such a small hole seems challenging. Furthermore,
imposing the same constraint on both pipe diameters (4 and 8 mm) in
terms of minimal flow rate (10 Nml/min) neglects the fact that small-
diameter pipes are used for low flow rates, while larger-diameter pipes
are used for high flow rates. As this article intends to demonstrate the
feasibility of the workflow and not necessarily design a one-size-fits-all
solution, nor case-dependent solutions, it will focus on optimizing the
system in the 4 mm diameter pipe setting, as it is the most stringent,
but unfortunately, the one of direct applicability for the author.

4.3. Conventional machining

Noting the trends and value obtained in the case of a 4 mm diameter
pipe (Fig. 10 (Left)), the most economical option would be to lengthen
the orifice depth so that the anticipated results would be somewhat
above the ones of the yellow curve (f ratio of 0.10 and a ¢* ratio of
1.0). This option offers the sizable advantage of bringing the orifice
diameter close to 0.5 mm, making it machinable using conventional
means. In addition, with the 1/20 hole diameter to support thickness
ratio rule of thumb for plastic materials, it allows achieving r* ratio
values as high as 2.0. Therefore, g ratios from 0.08 to 0.12, and ¢* ratios
from 1.0 to 2.0 were investigated. The adequacy criterion is set to meet
the detection criterion, at a flow rate of 10 Nml/min (pipe Reynolds
number of 3.46 in a 4 mm diameter pipe), of a pressure drop of at least
1 Pa (minimum Euler number of 1.11 10, rounded up to 2.0 10°). In
order to be conservative, the simulations were run at a pipe Reynolds
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number of 2, and the resulting Euler numbers were drawn for all the
tested configurations (Fig. 11 (Left)). As one can see, the # = 0.11 and
t* = 1.75 configuration meets the desired criterion and was, therefore,
retained.

The retained design was therefore simulated over the targeted range
of Reynolds numbers (Fig. 11 (Right)). In addition to the ideal design,
four configurations were simulated to account for potential + 0.01
and 0.05 mm machining tolerances. The results draw several com-
ments. First of all, the retained design fulfills all the desired criteria.
It ensures a measurable pressure drop (of at least 1 Pa) over a 10
to 1,000 NmL/min for pressure ranging from 1 to 8 bar, in a 4 mm
diameter pipe. Furthermore, the characteristic curve is easy to fit, in
log-log scale, using an order 2 polynomial expression. Finally, it offers
reasonable accuracy for the tightest machining tolerance (+ 0.01 mm),
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with flow rate estimation error varying from + 4.6% (best case scenario
over the pressure and flow rate ranges) to + +9.2% (worst case scenario
over the pressure and flow rate ranges). The main advantage of this
approach is to make the system readily functional, as a newly produced
unit could be used relying on the order 2 polynomial expression as a
calibration curve (implicitly accepting an uncertainty up to 10%). Still,
while achievable, this tolerance can be regarded as tight.

Resorting to a wider margin (+ 0.05 mm) induces inadmissible
uncertainty (from + +24.2% to + +52.1% over the pressure and flow
rate ranges). Therefore, for units realized with this level of mechanical
tolerance, it would be necessary to calibrate them externally. This can
be achieved by setting the unit inline with a mass flow meter and
drawing a device-specific calibration curve (recording the pressure drop
on the orifice flow meter and the flow rate on the mass flow meter).



V. Pozzobon

[l

- - Targeted Euler number

10

w & nomo

10

Euler number (-)
w mc\\uxwu‘

N}

r

10

0.0625

B()

0.075 0.0875 0.1

Flow Measurement and Instrumentation 111 (2026) 103454

Fitted trend (order 2)
— B =0.0625,t*=1/8

2 — +/-0.01 mm
machining tolerance
Pressure dependent
Euler number limits

Euler number (-)

2 5

3
101 510 102 2

Pipe Reynolds number (-)

Fig. 12. Left - Euler number at a pipe Reynolds number of 2 for the different geometries (defined by their g, as r* ratio is fixed at 1/8). Right - Euler number
versus pipe Reynolds number of the chosen configuration. Green shaded area - impact of machining tolerances. Grey shaded area - Minimal and maximal Euler
numbers to be achieved based on a minimal measurable pressure difference of 1 Pa and a maximum measurable pressure difference of 10,000 Pa, pressure and

pipe diameter dependent.

While posing no particular challenge, this procedure is less convenient
than having a readily functional system.

4.4. Advanced machining - clockmaking

If one decides to go beyond conventional machining, talented crafts-
manship can be brought to the table, such as clockmaking, where ex-
perts can drill 0.15 mm diameter holes with a tolerance of + 0.01 mm.
Still, restrictions apply, such as the fact that the metal sheet to be
pierced cannot exceed 0.5 mm in thickness. Exploring this avenue
would lead to orifice flow meters of variable g ratio (0.0375 to 0.1)
but fixed ¢* ratio of 1/8 (in the case of a 4 mm diameter pipe). Fig. 12
(Left) reports how such low f ratios would influence the Euler number
for a pipe Reynolds number of 2. As one can see, for a § ratio of 0.0625,
i.e,, an orifice diameter of 0.25 mm, the targeted Euler number can
be reached. Analyzing this configuration with a + 0.01 mm machining
tolerance (Fig. 12 (Right)) shows that the system characteristic curve
can be fitted satisfactorily with an order 2 polynomial expression. Fur-
thermore, the machining tolerance would result in flow rate estimation
error varying from + 6.5% (best case scenario over the pressure and
flow rate ranges) to + +14.2% (worst case scenario under low flow
rate and high pressure conditions). Taking a step back, this approach
represents a substantial improvement over the conventional machining
high tolerance case (+ 0.05 mm). Thus, while an external calibration
of the unit remains advisable, it is possible to envision its use out
of the box, provided other sources of uncertainty, such as pressure
tap realization or temperature/absolute pressure drifts of the pressure
sensor, are controlled.

5. Conclusion

The goal of this work was to investigate the feasibility of an afford-
able low-Reynolds-number flow meter for application in a biotechnol-
ogy laboratory (10 to 1,000 Nml/min, in 4 to 8 mm diameter pipes,
under 1 to 8 bar). For this purpose, the orifice flow meter concept was
opted for as it possesses advantages relevant in a biotechnology envi-
ronment (handling of moist gases, high-pressure operation, robustness
against foam/culture backflows, ease of cleaning). CFD was chosen as
the means for these investigations. The proposed numerical workflow
represents a substantial improvement over existing work. The main
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advancement is its coverage of the laminar, transition, and turbulent
regimes while offering excellent comparison with experiments. Once
validated, it was applied to the orifice flow meter design itself. The
cornerstones design rules familiar to the community were acknowl-
edged, and a low p ratio, high * ratio design emerged. Still, the specific
application to biotechnology laboratory flows proved to be a challenge
as the required orifice diameter (0.25 or 0.44 mm), while achievable,
necessitated a very tight (+ 0.01 mm) machining tolerance, or external
calibration of each of the units. In a nutshell, while such a flow meter
is realizable, it is not a trivial thing.

Nomenclature

Latin symbols Property Unit
C, Turbulence model coefficient (0.09) -

cd Discharge coefficient -

Cs Smagorinsky coefficient -

D Pipe diameter m

d Orifice diameter m
Eu Euler number -

f Vortices frequency 1/s

I Turbulence intensity %

k Turbulent kinetic energy m?/s’
L Turbulent length %

1 Turbulent subgrid length m

n Surface normal vector -

p Pressure Pa
Q Volumetric flow rate m3/s
R Pipe radius m

r Running radius m
Re Reynolds number -

S Shear rate tensor Pa/m
St Strouhal number -

U Reference velocity m/s
u Velocity vector m/s
v Orifice velocity m/s
t Orifice thickness m

X Position vector m
y* Dimensionless wall distance -
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Greek & Other  Property Unit

symbols

B Orifice diameter to pipe diameter ratio -

y Turbulence indicator field -

A Cell characteristic size (cubic root of the m
volume)

u Dynamic viscosity Pa.s

v Kinematic viscosity m?/s

P Density kg/m?

T Time s

w Specific dissipation rate 1/s

\% Nabla operator -

Subscript & Superscript Description

* Dimensionless

sgs Sub Grid Scale

0, Momentum deficit Reynolds number

triggering the transition
turb Turbulent
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