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Abstract: The non-invasive ventilatory support in the Coronavirus (COVID-19)
treatment uses also a mask as an interface between the medical device and the pa-
tient. The choice of this interface is one of the fundamental elements for the successful
implementation of these techniques. The use of suitable equipment is also essential
for their success, especially in continuous positive pressure with the mask (CPAP-
continuous positive airway pressure) or during non-invasive two-level pressure venti-
lation. The criteria such as the ease of use and the required performance must be
brought together in the medical equipment. With this aim, we will design a new
version of the CPAP valve using the 3D printer, we used also the ANSYS software
for the analysis and computation of the flow (CFD).

Keywords: continuous positive airway pressure system; non-invasive ventilation;
3-dimentional printing; computational fluid dynamic.

Mathematics Subject Classification (2010): 93A10, 93C95, 70K99.

∗ Corresponding author: mailto:bentouati.smain@gmail.com

c© 2021 InforMath Publishing Group/1562-8353 (print)/1813-7385 (online)/http://e-ndst.kiev.ua229

mailto: bentouati.smain@gmail.com
http://e-ndst.kiev.ua


230 S. BENTOUATI, M. ISLEM SOUALHI, A. ABDELLAH EL-HADJ AND H.YEKLEF

1 Introduction

Ventilation is the only known treatment available for people with pulmonary failure
caused by COVID-19. The resuscitation machines, that are at the disposal of hospitals,
are complex and very expensive. Their availability is far from being close enough to meet
the large number of patients received. For example, in our intensive care unit (in Medea,
Algeria) we have around 7 machines that are currently functioning. So, given a large
number of coronavirus patients that threaten to overwhelm our medical services, critically
ill patients without ventilation treatment are at risk of losing their lives. To prevent this,
we have designed CPAP (Continuous Positive Airway Pressure) valves, which help with
artificial ventilation. The ventilatory assistance applied to patients in acute respiratory
distress by NIV (non-invasive ventilation) is a very effective technique to avoid tracheal
intubation [1, 2]. In this pandemic situation, the decathlon face mask (diving mask) is
transformed to be used for medical purposes. We used it as the interface between the
patient with coronavirus (Covid-19) and the valve we designed. It is therefore integrated
in the kit shown in Figure 1. This valve is used to maintain continuous positive pressure
throughout the respiratory cycle (during inspiration and expiration), which keeps the
lungs open. NIV is an essential therapeutic mode in resuscitation and the evaluation of
its practical use is very important and gives good results when controlling APE (Acute
Pulmonary Edema) [3–5].

Figure 1: Yellow CPAP valve integrated in the kit, including, in particular, a pressure gauge
(OHMEDA) and a ball flow meter which can vary from 0 to 30 l/min.

For the operation of the CPAP breathing valve, the quantity of oxygen arriving
in an annular chamber is accelerated to the speed of sound as it passes through the
microcannulas. This generates a high velocity flow in the center of the tube, which
creates a zone of turbulence with the effect of separating the patient’s respiratory volume
(lungs and dead volume) from the outside air, without creating an airflow for the patient.
It is the patient who will call for an air-oxygen mixture during inspiration. As we can
see in Figure 2, the CPAP valve, which we manufactured in our laboratory using a 3D
printer, is open on the atmospheric air side and works according to the Venturi effect.
The turbulence zone acts as a virtual two-way valve that keeps the lungs under pressure
during inspiration and creates a brake at expiration [6].

Finally, in this work, we will design a new version of the CPAP valve using the 3D
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Figure 2: Diagram of the Boussignac CPAP System.

printer, the ANSYS software will be used for the analysis of the flow and the optimization
of the parameters of this valve.

2 The CPAP Treatment Principle

For respiratory failure, the CPAP offers pupil oxygen levels, so it is attached to a flow
of O2, see Figure 3. In our case, O2 is delivered to the patient by means of a diving
mask, and the expiratory pressures are set above atmospheric pressure, therefore patients
will breathe spontaneously during CPAP. The therapeutic use of CPAP is based on
the delivery of high O2 flow (FiO2 from 35% to 90% ) creating positive pressures of
the respiratory tract which attract the open alveoli during the expiratory phase of the
respiration allowing a longer time for exchanged gases. This results in physiological
effects at high flow [7].

Figure 3: Profile of CPAP [7].
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3 The CPAP Valve Design

CPAP is a ventilatory mode allowing to maintain in the airways a pressure higher than
atmospheric pressure at the end of expiration [8, 9]. In spontaneous ventilation, the
name is CPAP. In pre-hospital care, spontaneous positive pressure ventilation is indicated
mainly in hemodynamic pulmonary edema (OAP) [10,11] when it is not possible to obtain
a correct haematosis despite the FiO2 of 100% (at least 70% ) and when one wishes
to avoid the tracheal intubation, and it is also indicated in patients with coronavirus
(Covid-19). The non-invasive ventilation mode of this CPAP valve makes it possible to
maintain airway permeability under positive pressure throughout the respiratory cycle,
thus improving haematosis and decreasing respiratory work, this technique was first
described and applied in 1930 for the treatment of OAP [12]. As you can see in Figure
4, the CPAP valve, which we made in our laboratory using a 3D printer, is open and
works according to the Venturi effect [13,14]. Figure 5 shows a section view of the CPAP
valve.

Figure 4: Representation of the CPAP valve that we manufactured (the left image: before
assembly, the center image: complete assembly of the valve, the right image: comparison with
the original valve).

Figure 5: Detailed section view of the CPAP valve.

4 CFD Simulation

In this study, a finite volume method with ANSYS CFD is used to solve the set of equa-
tions system. We use one phase fluid flow instead of 3 phases (air, O2, CO2) in order to
simplify the calculations. The fluid flow is considered to be turbulent. The standard k−ε
turbulence model has been widely used by researchers in many flow phenomena. The
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k − ε model is based on the Reynolds averaged Navier-Stokes (RANS) model. Supple-
mentary terms of the Reynolds stresses are obtained, which require additional equations
to solve them. This model uses two transport equations for turbulent kinetic energy (k)
and its dissipation (ε) to solve for these terms. The governing equations for unsteady
incompressible flow of a Newtonian fluid are given by [15]
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The equations of the turbulent kinetic energy (k) and its dissipation (ε) are shown in
Equations (3) and (4) as below:
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The term Gk represents the generation of turbulence kinetic energy due to the mean
of velocity gradients, which is given as Gk = µtS

2 for the standard (kε) model, where the
modulus of the mean rate of strain tensor S is given as S = 2S2

ij . Sij is the symmetric

deformation tensor equal to 1
2 (uij + uji) The term of Gb is the generation of turbulence

produced by buoyancy. On the other hand, C1ε, C2ε, Cµε, σk and σε are constants whose
values are 1.44, 1.92, 0.09, 1, and 1.3, respectively, [16, 17].

4.1 Boundaries and boundary conditions

Figure 6 shows the mesh of the domain of interest and the different boundary conditions.
There are two inlets. The turbulent intensity was set at 5% and the turbulent viscosity
ratio was set as 10 (default values of fluent). The outlet was set as a pressure outlet,
and the gauge pressure was set at 0 Pa, which means that the static pressure is equal to
ambient pressure. In addition, the backflow turbulence intensity is 5% and the turbulent
viscosity ratio is 10. The walls assumed no slip conditions and they were set to be
stationary, as they do not move during the fluid flow.

Figure 6: Mesh with boundary conditions.
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4.2 Discretization schemes and algorithms

For this CFD problem, the finite volume method (FVM) scheme was implemented and
utilised. A structural meshing technique is used to discretize the fluid domain. The set
of the obtained RANS equations with boundary conditions are solved at each node of the
mesh. The SIMPLEC algorithm (Semi-Implicit Method for Pressure Linked Equations-
Consistent) is adopted in this study to calculate the pressures and velocities for the
solution [18–21]. The solution is also affected by spatial discretization. For this purpose,
the second order is used for pressure and momentum, and the first order is used for
turbulent kinetic energy and its dissipation rate.

4.3 Numerical analysis results

Results of numerical simulations are presented in the following figures. Figure 7 shows
the stream lines at the central plane at 4s.

Figure 7: Streamlines at central plane at the time of 4s.

Figure 8 shows the simulation result of the pressure generated by the CPAP valve
using the ANSYS CFD software. The pressure evolution during one cycle of breathing
is presented here. A lot of physical parameters are introduced with a really very long
computation time just to have this curve. So, we can see clearly the pressure which rises
to around 15cmH2O, then drops back to 5cmH2O. However, in practice (Figure 9(b)),
the pressure remains stable at around 7.5 cmH2O during the inspiration stage.

5 Experimental Test of CPAP

As shown in Figure 9, in the resuscitation service in our region, we are testing our CPAP
valve at the MEDEA hospital with pure oxygen via a ball flow meter that can vary from
0 to 20 l/min of brand (MedilineR), a manometer pressure (OHMEDA) indicating the
pressure variation between inspiration and expiration to measure the positive expiratory
pressure (PEEP).

To pass to expiration, the pressure of the gases exhaled by the patient must exceed the
adjustment pressure of this valve indicated via the manometer. In fact, this pressure is
proportional to the flow of oxygen. Hence, we have chosen to carry out our measurements
by varying different O2 levels in order to have a simple approach close to clinical values,
Table 1 below indicates the O2 flow rate required to achieve the desired PEEP pressures.
We have compared, in Table 1, the practical results between the original Boussignac
valve and our designed valve made in the laboratory using a 3D printer. First, we notice
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Figure 8: Pressure history at the outlet.

that the third column (our valve) reports good results. It is very important to note that
the ICU doctors affirm that these results are very important at breathing difficulties.

Figure 9: CPAP valve integrated into the kit including a Decathlon mask, a flowmeter con-
nected to the wall-mounted O2 and a pressure gauge (the left image (a) with the original valve),
(the center or the right image (b) and (c)) is indicating the variation in expiratory and aspiratory
pressure).

O2flow required(lit/min) PEEP original valve(cmH2O) PEEP obtained(cmH2O)
10 3 2
15 8 5.5
20 10 7.5

Table 1: Comparison of PEEP for experimental and numerical results for different O2 flows.



236 S. BENTOUATI, M. ISLEM SOUALHI, A. ABDELLAH EL-HADJ AND H.YEKLEF

6 Conclusion

In the present work, we have designed and fabricated a CPAP valve. In addition, a
numerical study by the ANSYS software is done. The turbulent fluid flow is analysed in
order to optimize the parameters provided by the valve. The tests that we have carried
out experimentally in the MEDEA hospital, have given a satisfactory result. Finally,
the valve we designed is easy to use in the intensive care unit with the advantage of
providing proven respiratory support in VIN with a positive pressure. The PEEP is
adjustable from 2 to 7.5 cmH2O corresponding to the oxygen flow of 10 to 20l/min,
respectively, according to the needs of patients with coronavirus (Covid-19).

Acknowledgment

The authors wish to thank the DGRSDT/MESRS, Algeria, for their financial support of
this study.

References

[1] E. Mark, N. Stefano and B. Schonhofer. Non-invasive Vebtilation and Weaning. Principal
and Practice. CRC Press, 2nd edition, 2018.

[2] G. Bellani, N. Patroniti, M. Greco, G. Foti and A. Pesenti. The use of helmets to deliver
non-invasive continuous positive airway pressure in hypoxemic acute respiratory failure.
Minerva Anestesiol 74 (2008) 651–656.

[3] F. Templier, F. Dolveck, M. Baer, F. Fernandez, M. Chauvin and D. Fletcher. Labora-
tory testing measurement of FIO2 delivered by Boussignac CPAP system with an input of
100% oxygen. Annales Franaises d’Anesthésie et de Réanimation 22 (2003) 103–107.
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préhospitalière. In. Sfar, editor. Médecine d’urgence 1998. 40e congrès national d’anesthésie
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