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Gas flow measurements are pivotal in several medical applications. For instance, mechanical ventilators and
respiratory monitoring applications need flowmeters with strict requirements. This study is concerned with
a three-dimensional computational fluid dynamics (CFD) analysis. The CFD methodology was confirmed
by analyzing the flow characteristics of flexible membrane with trapezoidal orifice plates. Variable arca
orifice meters (VAOMSs) are increasingly being embraced in respiratory monitoring applications, employed
in the context of mechanical ventilation within medical settings. Each system integrates a flexible orifice
plate within the conduit. The simulations are conducted considering realistic deformations in structure
through two-way fluid—structure interactions (FSI) using the Arbitrary-Lagrangian—Eulerian (ALE)
approach. This research paper analyzes using the finite volume method (FVM). A thorough numerical
simulation was performed for the turbulence models. The orifice's thickness and shape significantly influence

pressure drop and deflection.

https://doi.org/10.33971/bjes.25.2.1

1. Introduction

Accurate and continuous monitoring of gas exchanges
during artificial ventilation is pivotal to avoid common side
effects related to uncorrected ventilation, such as volutrauma
or barotrauma (too high an amount of gas delivered to
patients). In this scenario, flowmeters play a crucial role, being
used to accurately measure the right amount of gas. Moreover,
the volumes of gases exchanged by patients (e.g., minute
volume and tidal volume) are estimated by passing the flow
signal through an electronic integrator [1]. The respiratory
system is essential to living systems. The gas exchange
depends on this system, which allows the body to obtain
oxygen from the air and eliminate the gases generated as waste
by-products in cellular reactions [2]. Flow measurements are
essential in mechanical ventilation and in monitoring the
respiratory function of patients and athletes [3]. Moreover,
flowmeters play a crucial role in the noninvasive assessment
of metabolic gas exchange in mechanically ventilated patients
via indirect calorimetry [3, 4] and in noninvasive techniques
for cardiac output monitoring [4, 5]. Among these systems,
orifice meters have several advantages (they are robust, have
short response time and good accuracy, and can be designed
with minimal volume). The principle of work is based on the
presence of an orifice plate within the pipe in which the gas
flows. A pressure drop across the plate that non-linearly
increases with the flow is the orifice meter output (Bernoulli’s
law). The non-linear response can be a drawback because the
lower the flow rate, the lower the sensitivity [6]. Several
patents and studies have been focused on the design of orifice
flowmeters with novel geometrical features of the orifice (e.g.,

fractal-shaped [8] and slotted orifice [7]), but the only solution
allowing overcoming the concerns related to their nonlinearity
is represented by the design of variable orifice meters (VOMs).
Patents based on different configurations (e.g., a flap made of
flexible sheet materials like plastic or stainless steel) have been
proposed [8-10]. VAOMs allow overcoming the concern
related to the nonlinearity of the response of fixed orifice
meters or Venturi meters by using specific designs, all based
on the same solution: the flow passage area increases with
flow. Therefore, the restriction must be designed to allow the
mentioned increment (e.g., by using flaps fabricated with
flexible materials or other solutions) [11-14]. In addition, the
variable orifice flow meter (VOFM) has been developed to
reduce expiratory effort and cost. It has gained popularity due
to its simplicity, robustness, low manufacturing cost, linear
response, and ease of integration with electronic sensors and
digital filters. The VOFM offers several advantages, including
fast and accurate response, silent operation, and the ability to
operate in a wide range of conditions, such as condensation or
secretions in the gas flow exhaled by a patient [15]. There are

Several factors on both the performance and the input-
output relationship of differential flowmeters, such as
restriction design, gas composition, and installation of the
primary and secondary element [16-19]. The flexible
membrane known as the VOFM, transversely positioned in the
respiratory circuit, has one or more trapezoidal plates cut into
it. The use of Mylar® (biaxially oriented polyethylene
terephthalate) is common in several of the mentioned patents
due to its beneficial characteristics such as dimensional
stability, flatness, chemical resistance, fatigue resistance, and
heat resistance up to 230 °C, good electrical resistance, and
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adequate mechanical strength [20-22]. A recent experimental
work by Martinez etal. [28] developed a low-cost test rig
employing Mylar® plates to quantify how variations in plate
length and thickness affect pressure drop across the VOFM,
reporting that longer and thinner plates significantly increase
sensor sensitivity in both linear and non-linear flow regimes.

This study aims to examine the trapezoidal (VOFM) via
mathematical modeling and numerical analysis. We anticipate
that the findings of this work will substantially augment the
recognized influence of the thickness and cross-sectional area
of a VOFM plate on pressure loss.

2. Governing equations

For  unsteady, three-dimensional  incompressible
Newtonian fluid, the governing equations are the Navier-
Stokes equations, which include the continuity equation and
the momentum conservation equations, given by [23].

Mass conservation equation:

op+V.(pv)=0 (1

Momentum conservation equation:

% [pv] + V. fpw}= = Vp + V. {u[Ww+ )]} +£ ()

That Egs. (1) and (2) are nonlinear is not by itself an
unsurmountable difficulty, since such a problem is usually
handled by adopting an iterative approach. Moreover, Eq. (2)
is a vector equation, which, when written in terms of its
components, results in a system of scalar equations that can be
solved sequentially.

3. The geometry of a trapezoidal orifice

Figure 1 illustrates a diagram of a trapezoidal orifice,
which was examined in this study. It possesses a thickness of
0.1 millimeters. To ascertain the theoretical mass flow rate of
incompressible air traversing a measuring orifice, one employs
the Bernoulli equation in conjunction with the continuity
equation. The flow of mass determined in this way refers to
the flow of perfect, non-sticky fluids, a flow coefficient C was
introduced into the theoretical equation for calculating the
mass flowrate, which takes into account its reduction. Thus,
we obtain the dependence on the actual air mass flowrate. As
per the ISO 5167 standard, the fluid mass flowrate gm flowing
through the tested trapezoidal orifice can be written by the
relationship.

43

P 3

Where,
A : is the inlet area of the flowmeter.
A3 : is the passage area of flow obstruction.
Ap : is the difference pressure before and after the orifice (Pa).
p :1is the air density (kg/m?).
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Fig. 1 Geometries and detailed dimensions of a trapezoidal orifice
flowmeter.

3.1. Assumptions and boundary conditions

The boundary conditions of the computational domain
were as follows:

1. The air is assumed to exhibit Newtonian behavior.

2. Incompressible dry air: with a density of 1.18 kg/m?.

3. Unsteady and a k~w SST turbulence model has been used
for the turbulent.

4. The flexible membranes are made of Mylar sheets have an
Elasticity modulus of 2 x 10" Pa, Young modulus of
5.1 x 10® Pa, density 1390 kg/m? and Poisson ratio 0.42.

4. CFD modelling

The flowmeter based on a trapezoidal orifice was subjected
to numerical analyses. Simulations were conducted using the
Ansys Fluent solver. In the current studies, a three-
dimensional (3D) model of a trapezoidal orifice has been
developed to analyze the air flow and pressure drop. The mesh
was generated in the entire domain, including the upstream and
downstream sections of the pipeline. After some of the
preliminary tests, a final mesh contained 2,166,010 elements
with element size is 0.001 m, was used to guarantee mesh-
independent results. The final version of the mesh, is shown in
Fig. 2.
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Fig. 2 Tetrahedral element for a trapezoidal variable orifice flow meter.

Two turbulent models were used, the Shear Stress
Transport k-o turbulence model known as k-w SST is used
[25]. The k- SST turbulence model is widely employed in the
field of fluid dynamics for accurately forecasting adverse
pressure gradient boundary layers and flow separation. The .-
® SST model is a combination of the k- turbulence model by
Wilcox (1988) [26] and the k-¢ turbulence model created by
Launder & Spalding (1972) [27], The objective is to utilize the
k- model for the near-surface areas and the k-¢ model for the
outer boundary layers and free shear layers. The Reynolds
momentum equation of the k- SST model
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In the equations above, k = 0.41 is the turbulence kinetic
energy, x4 is the turbulent viscosity and 9, kinamatic turbulent
viscosity

u=rd

Where w specific turbulent dissipation rate, the force terms
in the momentum equation provide a link between velocity and
pressure.

The turbulent kinetic energy equation of the k-w SST
model
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where ﬂ*:0.09 is a constant taken from Wilcox
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In the equations above, y is distance to the next
surface, 9 is kinematic viscosity of the fluid and || is the
magnitude of mean vorticity
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The specific dissipation rate equation of the k-w SST
model
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where y is a function of Menter’s blending function
y=0.46 F| +0.44(1 — F) and o, is a function defined by
Menter  o,=0,F +0,(1 —F,) where o, =0.65,
0, = 0.856 are calibrated by Menter for the k&~ SST model.

4.1. Discretization method

A commercial finite volume method (FVM) is used to
solve the Reynolds momentum equation of the k-w SST
model, the turbulent kinetic energy equation of the k- SST
model, used one of pressure-velocity coupling methods
SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) for the continuity and the velocity depends on the
pressure gradient or, when discretized, on the difference
between pressure values % cell either side. Computation was
carried out to start first by solving the mass conservation, the
Reynolds momentum equation of the k-w SST model
equations to determine the air flow characteristics and the flow
field in the computational domain. CFD codes provide a
variety of face interpolation scheme to calculate the face value
Ur. When we setting up CFD code and we choosing Second-
order/ Liner Upwind a discretization scheme to put the method
of interpolating the flow variables on the cell faces given the
values of the cell centroids. These schemes calculate the face
value (f) from the owner (P) and neighbor (N) cell centroids.
The choice of turbulence model can affect solution accuracy.
The k- SST model performs better than the stander and RNG
k-epsilon models. The time step size for transient simulation
was 0.002s and number of time steps 500 and 10 iterations that
also affect the solution accuracy. Special care has to be taken
on this aspect of a CFD code and pressure-velocity algorithms
have been subject of continuously revised guidelines over the
years. Coupled with the Finite Volume (FVM) discretization
technique, the Semi-Implicit Method for Pressure-Linked
Equations (SIMPLE) and its derivatives have become one of
the most popular methods for solving the incompressible
Navier-Stokes equations. The fig. 3 below shows flowchart of
The SIMPLE algorithm.
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4.2. Mesh sensitivity analysis

Before delving into the results extraction, it is wise to
check the numerical solution from the point of mesh accuracy
and how it relates to the mesh density. A. mesh sensitivity
analysis was performed for eight different sizes. The first one
contained 629,390 elements, the second 757,643, the third
972,686, the fourth 1,052,664, the fifth 1,180,478, the sixth
1,386,772, the seventh, 1,597,566, and the eighth 1,782,660.
The element sizes for the eight meshes are 0.5, 0.4, 0.32, 0.3,
0.275, 0.245, 0.245, 0.225, and 0.21 m, respectively. Evaluate
eight different meshes under steady-state conditions with a

constant inlet airflow of 0.00204 kg.s™.

Set p*
u*=u,
v¥=y,
p*=

START

Initial guess: p’, u”, v", @

Step 1: Solve discretized momentum
equations
Qi Wy =Xapy Wy +@";_4; ~

p*;;) Ay by

Results: u”, v* L\)

Step 2: Solve pressure correction equation
a; pii=Zag 1y Pi-vp T e+ Plsrp T
AGj-1) P'aj-n taajen Pajen b

No

Results: p’ L\/\/
4 N

Step 3: Correct pressure and velocities
Pij=p*; + P

u’; = u+ dy (p'(i-1.j) — P'y)

Vi =V + dy (P j-1) ~ Py )

Table 1. The election of the most suitable mesh.

No. |Element size| Number of elements | Differential Pressure (Pa)
Gl 0.5 629,390 6903.1006
G2 0.4 757,643 6721.3013
G3 0.32 972,686 6778.2319
G4 0.3 1,052,664 6800.7461
G5 0.275 1,180,478 6749.2871
G6 0.245 1,386,772 6770.5244
G7 0.225 1,597,566 6750.4517
GS8 0.21 1,782,660 6772.3438
6950

©

o 6900

e

5 6850

v o

> 6800

]

a 6750

6700
500,000 1,000,000 1,500,000 2,000,000
Number of element ®

- /

Updated: p, u, v \/'

Step 4: Solve all other discretized transport
equations
QAij Pij =Ai_1, Pi-1j T Ay
Pit1j* Aij-1 Pij-1 "Qiji1 Pij1 T
b

Pij

Check

convergence
N Yes

— Result: ¢

i STOP l

Fig. 3 The SIMPLE algorithm flowchart.

Fig. 4 The variation of the pressure drop with several mesh sizes.

4.3. Mesh deformation

Deformation methods are categorized into two types:
physical analogy-based methods and interpolation-based
methods. Basically, the physical analogy approaches treat the
mesh deformation problem as a physical process that can be
modeled using numerical methods. These approaches are
accurate, reliable, and can be case-optimized by changing the
physical parameters. However, in the interpolation-based
approaches, an interpolation function is used to transfer
prescribed boundary point displacements to the fluid mesh.
These approaches are fast, easy to implement, and stable. Most
of the FSI problems that are currently under investigation are
considered very complicated and large. The mesh moves
according to the bend in the membrane of the orifice, as shown
in Fig. 5, which depicts the mesh deformation of a flow meter
with a trapezoidal variable orifice at three different times.

t=0sec
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t=0.8 sec

t=1sec

Fig. 5 Mesh deformation of the trapezoidal variable orifice flow meter at
different times.

5. FSI formulations

The snapshot of the fluid-structure interaction is illustrated
in Fig. 6. The fluid solver to calculate velocity and pressure is
conducted first in each iteration using the Dirichlet condition.
The traction of fluid acting on the solid wall is computed using
the computed velocity and pressure. This traction is the
Neumann boundary condition for a solid solver. A
convergence check is performed for displacement at the
interface. The solution is convergence when this displacement
is not changed with the previous iteration, and the next time
step is carried out. Otherwise, the process is continued and
repeated for the next iteration.
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Fig. 6 snapshot of FSI coupling method.

5.1. CFD model validation

The validity of the present numerical analysis has been
done by comparing the current CFD results with the results
obtained by the experimental results of Martinez et al. [28] of
variable orifice meter which were cut on Mylar sheets of
elasticity modulus of £ =2 x 10! N/m? and a cutting thickness
of 0.7 mm and orifice thickness of 0.1 mm. Figure 7 illustrates

the sketches of the resolved problem of [28], which is
composed of a rectangular flexible membrane. Table 2
observed that for the mesh studied, the agreement between
present numerical and experimental values of deflection is
reasonably good. On the basis of this comparison, it is
adequate to ensure accurate computation.

Fig. 7 The geometry of the variable area orifice utilized in validation with
Martinez's et al experimental paper [28].

Table 2. Comparison between the deflection of the present numerical
solution and experimental results of Martinez et al. [28].

Experimental results of Martinez et al. [28] Present results

(L/min) (kg/s) Yr (mm) Y (mm)
4.2 0.00008575 0.1 0.04455
11.9 0.00024296 0.2 0.36041
21.3 0.00043488 0.4 0.72521
31 0.00063292 0.8 1.0445
40.6 0.00082892 1.2 1.3169
51.2 0.00104533 1.5 1.5932
61.2 0.00124950 1.9 1.8328
71.6 0.00146183 2.2 2.0858
81.2 0.00165783 2.7 2.3106
89.3 0.00182321 3.1 2.4685

6. Results and discussion

The outcomes of the numerical modelling of the flow
through the VOFM are presented in this section. The
numerical analysis was projected on a trapezoidal flexible
membrane. The transient results are assessed by displaying the
distribution of the velocity and the deflection of the trapezoidal
flexible membrane and the associated stress with time. At
steady states, the results are portrayed by assessing the extent
of the membrane deflection and the associated pressure drop
with various mass flow rates.
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6.1. Flow visualization

Figure 8 presents the velocity contours of a trapezoid
within a longitudinal plane (along the z-axis) extracted four
times every 0.1 s, the membrane deflects to permit more flow
of air until it reaches maximum deflection at # = 1 sec. The
chamber occupying the variable orifice manifests various
velocity statuses: low velocity magnitude at the upstream near-
wall regions and different velocity distributions at the
downstream region. This indicates the formation of eddies
behind the flexible membrane.

Velocity
Contour 1

[m s*-1]

t=0.1 sec
Welocity
Contour 1

t=0.5sec

t=0.8 sec

t=1 sec

Fig. 8 Velocity distribution with different time.

The vertex of a trapezoidal membrane indicates the
maximum velocity. For the same arrangement. Downstream of
the flexible membrane, the altered flow patterns and
asymmetric velocity fields signify vortex shedding and wake
creation. The eddies, produced by sudden expansion and
membrane-induced disturbances, promote mixing but may
also bring unsteady flow behaviors that could affect pressure
recovery and system efficiency. Additionally, the low-velocity
areas upstream, particularly adjacent to the wall limits,
indicate the formation of boundary layers and zones of flow
separation. Such effects are characteristic of interior flows
with intricate geometries and adaptable boundaries, where
viscous forces and inertial effects contend, resulting in spatial
fluctuations in the velocity field.

Velocity
Streamline 1

30

[ms*1]

Skoamine 1

n-nr-:; l . "‘:j

Velocity
Streamline 1

30

[ms*1]

t=1sec

Fig. 9 stream lines with different time.

The distribution of the pressure along the flowmeter z-axis
is depicted in Fig. 10 for a trapezoidal extracted for each 0.1 s
with four times. The figure reveals that the upstream regions
of a trapezoidal remain with constant positive pressure and
along the various times. Downstream of the orifice, the
pressure exhibits notable variations with time. The minimum
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negative pressures are indicated just downstream the edges of
the membrane where the velocity there is maximum. It is worth
to indicated that the efforts of researches and designers is to
reduce the pressure fluctuations at this region to avoid
excessive pressure drop which may add a resistance to the
breathing of patients who using ventilators. The overall
pressure drop will be examined in the next sections.

Pal
t=0.1 sec

Prassure

Contow 2

t=0.5 sec

375

-8

t=0.8 sec
Pressure

Contour 2

t=1sec

Fig. 10 Pressure distribution along z-axis.

6.2. Stress assessment

To assess the life cycles of the flowmeter, it is necessary to
examine the stress distribution within the membrane. Figure
11 portrays the stress distribution at four times for a
trapezoidal membrane. At an early time, where the deflection
in the membrane is ignorable, there is no significant stress;
however, at t = 1 sec, the deflected membrane indicates a
significant stress concentration at the fixing boundary. This
result tells that the deformation of the membrane is pivotal
rather than continuous deformation. The illustration illustrates
that maximal stress is localized near the edge of the circular
orifice, where airflow pressure is greatest or where geometric
discontinuities exist. The maximum Von Mises stress is
approximately 153 MPa at 1 second, remaining below the
yield strength of Mylar, indicating that the sensor structure can
withstand the pressure without incurring irreparable damage.
The remainder of the sensor body exhibits very low stress
levels, indicating a consistent and mechanically robust
construction. These findings validate the structural integrity of
the flow sensor under standard airflow circumstances.

D: Transient Structural

Equivalent Stress 11

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 0.1s

12.494 Max
11.106

9.7175

8.3293

6.9411

5.5529

4.1647

27764

1.3882
3.495e-5 Min

D: Transient Structural

Equivalent Stress 51

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 0.5s

85.303 Max
75.825
66.347
\ 56.869
4739
37912
28.434
18.956
9.4783
0.00022518 Min
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D: Transient Structural

Equivalent Stress 81

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 0.8 s

127.35 Max

. 1132
99.051
84.901

70.751
E 56.601
‘ 42451

28.301
I 14.151
0.00039607 Min

D: Transient Structural
Equivalent Stress 101

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1. s

. 152.92 Max
135.93
118.94
101.95

84.955
67.964
50.973
33.982
I 16.991
0.00042463 Min
Fig. 11 Stress distribution on trapezoidal variable orifice plate at different
times.

6.3. Deformation assessment

Figure 12 portrays the quantified deformation in a
trapezoidal model at four times. At # = 1 s, the figure shows
maximum deflection at the vertex of a trapezoidal membrane.
It is a reasonable result, where the strain in thin material is
obviously greater than the thick material. In some of the next
figure, the displacement will be presented with the various
mass flow rates.

D: Transient Structural
Total Deformation 11
Type: Total Deformation
Unit: mm

Time: 0.1s

0.24669 Max
! 0.21928
0.19187
0.16446
0.13705
0.10964
0.082228
0.054819
0.027409

0
0

D: Transient Structural
Total Deformation 51
Type: Total Deformation
Unit: mm

Time: 0.5 s

1.4105 Max
F 1.2537
1.097

0.94031
078359
0.62687
047015
031344
0.15672

0 Min

D: Transient Structural
Total Deformation 81
Type: Total Deformation
Unit: mm

Time: 08 s

2.0654 Max
. 1.8359
1.6064
— 13769

1.1474
. 031795
- 068846
045898
I 0.22949

0 Min

D: Transient Structural
Total Deformation 101
Type: Total Deformation
Unit: mm

Time: 1. s

2.4685 Max
2.1942
19199
1.6456
13714
1.0971
0.82282
0.54855
0.27427

0 Min

Fig. 12 Total deformation of trapezoidal variable orifice plate at different
times.

6.4. Displacement

An increase in the thickness of the VOFM results in less
deflection and a smaller opening for fluid passage, increasing
the flow resistance. This accounts the importance of thickness
in the design and operation of variable orifice meters. Figure
13 displays the high sensitivity of the flowmeter

1o
ot

y = 14.741x2+ 0.0008x
R =1

Displacement
e = = L2
on (=] [ o

o
o

0 0.0005 0.001

Massflow (kg/s)

0.0015 0.002

Fig. 13 Displacement of the trapezoidal variable orifice flow meter with the
mass flow rate.

6.5. Pressure difference

The relationship between pressure difference and flow rate
is intricate and interconnected. As flow rate increases, pressure
drop tends to rise as well, primarily due to increased friction
between the fluid and the conduit walls. Conversely,
decreasing the flow rate can lead to a reduction in pressure
drop. as shown in Fig. 14. This finding can be used in selection
of proper orifice plate geometry for relevant industrial
applications.
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6,000
—~ y = 2E+09x2+ 64072x
& 5,000 2 = 0.9999
— 4,000
£ 3,000
Q ]
© 2,000
2 1,000
o
£ 0
1,000 © 0.0005  0.001  0.0015  0.002
Massflow (kg/s)

Fig. 14 Variation of the pressure drop with the mass flowrate.

6.6. Drag coefficient

The graph presented in Fig. 15 shows the relationship
between mass flow rate and drag coefficient. This graph is
critical for understanding how changes in the mass flow rate
influence the drag coefficient. As the mass flow rate increases,
the drag coefficient initially rises due to increased resistance
encountered by the airflow within the system. However,
beyond a certain point, the drag coefficient may plateau or
even decrease, indicating an optimized flow condition where
the ventilator operates efficiently. This relationship is essential
for optimizing ventilator settings to ensure effective air
delivery with minimal resistance, enhancing patient comfort
and respiratory support.

2.5
FEN y=611192x2+ 34.249x
5 2.0 R:Z=1
'S
15
[=4]
o
© 10
o0
i
A 0.5

0.0

0 0.0005 0.001 0.0015 0.002
Massflow (kg/s)

Fig. 15 Drag coefficient variation with the mass flow rate.

7. Conclusions

The present paper develops a mathematical description and
a numerical solution of a trapezoidal variable orifice flow
meters (VOFM). This type of flowmeter is vital instrument
accompanied in the mechanical ventilators. The numerical
solution was validated with previous experimental results by
Martinez et al. [28] and its outcomes are trusted. This result
highlights the importance of thickness in the design and
operation of variable orifice meters. In general, an increase in
VOFM thickness results in decreased deflection and a lower
flow aperture, hence enhancing flow resistance. Consequently,
augmenting the thickness requires an elevated flow rate for the
changeover. The relationship between deflection and mass
flow rate explored to determine how different rates affect the
overall displacement of the membrane. It is expected that
higher mass flow rates will result in greater deflection due to
the increased strain on the material. These findings will
provide valuable insights into the behavior of trapezoidal
membranes under varying conditions of mass flow.

8. Recommendations

This study presented the results of a numerical analysis
focused on a flowmeter utilizing a variable trapezoidal orifice.
This work examined other experimental research particularly
that of Martinez et al. used the rectangular shape of variable
orifice flow meters. Future studies should employ diverse
geometries and an expanded array of sheet materials with
varying thicknesses of the flexible membrane. We suggest
investigating the design of a variable diameter orifice,
specifically focusing on circular and elliptical geometries, to
assess their impact on flow characteristics. This design would
enable the orifice to automatically increase, decrease, or
completely close off based on specific flow conditions or the
patient's medical needs. Additionally, using smart algorithms
or ANN for control could help make better decisions about
changing the orifice size to manage flow more effectively. It
is recommended to test the system in changing conditions and
analyze how temperature and fluid humidity affect it to make
it more practical and reliable.

Nomenclature
Symbol Description SI Units
v Fluid velocity vector (u, v, w) m/s
C Flow coefficient | -
CD Drag coefficient | -
p pressure N/m?
fo Body force N/m?
t Time s
k Turbulent kinetic energy m?/s?
qm Mass flow rate kg/s
ui Velocity component in direction i m/s
X,y Cartesian coordinate | -
LJj Count(1,2,3) | -
t Turbulent | -
in Inlet | -
Q| Magnitude of the vorticity vector | = -----
Greek symbols
Symbol Description SI Units
ﬁ* Model constant (Wilcox's constant) | = --——-
0} Specific dissipation rate 1/s
u Air dynamic viscosity kg/m.s
p Air density kg/m?
oy Blended turbulent diffusion coefficient for k | -----
vt Turbulent kinematic viscosity m?/s
4, Turbulent viscosity kg/m.s
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