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Article info: 
In this article, an extracorporeal membrane oxygenator (ECMO) is simulated 

in 2D geometry using computational fluid dynamics (CFD). Momentum and 

mass transport equations were solved for the laminar flow regime (30 < Re < 

130 for the blood channel) using the finite element method. In this study, the 

software COMSOL was used as the solver. To this end, the main problem of 

ECMO devices is the pressure drop and the risk of thrombus formation due to 

blood stagnation, so to solve this problem, the oxygen transfer rate to blood 

should be increased. Therefore, to optimize the oxygen transfer rate of  blood, 

three basic parameters were examined: blood flow velocity, oxygen velocity, 

and membrane thickness. Blood flow was considered at five different 

velocities (0.2, 0.4, 0.5, 0.6, and 0.8 mm/s). Results showed that increased 

blood flow velocity adversely affected oxygen permeability, increasing 

oxygen permeability from about 60% at 0.2 mm/s to about 24% at 0.9 mm/s. 

In addition, five different membrane thicknesses (0.04, 0.06, 0.08, 0.2, and 0.3 

mm) were investigated, and, as expected, better oxygen exchange occurred as

the membrane thickness decreased. We also found that the diffusion rate is

about 40% for the 0.4 mm/s thin films and about 25% for the same inlet

velocity and larger film thickness. Furthermore, the oxygen diffusivity

increases from 28% to 38% as the oxygen gas velocity increases. However,

oxygen velocities above 0.8 mm/s should not be used, as the range of oxygen

diffusivity variation decreases with higher oxygen gas velocities.
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1. Introduction

A method for treating patients with severe 

respiratory failure is artificial respiration for the 

patient using mechanical ventilation. However, 

the ventilator is not sufficient for acute 

respiratory patients in some cases. One of the 

alternative treatments is the use of membrane 

blood oxygenators (MBOs), which usually refers 

to extracorporeal membrane oxygenation 

(ECMO) [1, 2]. While the ECMO device for 

severe respiratory patients can be an essential 

rescue device, clinical use is limited due to the 

high risks of complications. However, the 
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success of the Conventional ventilatory support 

vs. Extracorporeal membrane oxygenation for 

Severe Adult Respiratory failure (CESAR) study 

and the emergence of type the flu (H1N1) in 

2006 and 2009 respectively, resulted in an 

increase in the use of ECMO devices in patients 

[3, 4].  

Scientists study ECMO devices and factors 

affecting the oxygen uptake rate, trying to 

improve the exchange of oxygen with the blood. 

Accordingly, experimental or numerical works 

can be used to study these devices and predict 

oxygen exchange rates. Still, since practical 

work is much more expensive than numerical 

simulation, researchers are more inclined to use 

numerical simulation. By mathematically 

modeling the oxygen transfer rate in hollow fiber 

membrane oxygen generators can predict the 

rate of oxygen transfer well [5, 6]. In this 

modeling, they used the term "Effective 

diffusivity" instead of molecular diffusion of 

oxygen for absorption by blood hemoglobin. 

Catapano et al. [7] proposed a porous medium 

model to predict the behavior of hollow fiber 

membranes; in this method, they show that 

making hollow membranes behave like a porous 

medium is acceptable. In ECMO’s 70 years of 

evolution, the membrane of ECMO systems has 

gone through three generations, from a PDMS 

flat membrane to a hollow fiber membrane [8]. 

Evren [9] also used the convection-diffusion 

equation to model the gas transfer of oxygen to 

water in micro-porous polypropylene 

membranes  and showed that using these 

equations would produce acceptable results for 

predicting the rate of oxygen exchange to water; 

however, the processes involved in the uptake of 

oxygen by hemoglobin were not modeled. Zhang 

et al. [10] used the computational fluid dynamics 

(CFD) method to predict oxygen exchange rates 

in hollow fiber membrane-based oxygen 

generators to solve blood flow and mass transfer 

equations in which oxygenation of the blood is 

considered as a convection-diffusion process and 

the hollow fiber membrane bed is considered as 

a porous medium. Comparing the results 

obtained from the CFD method with the 

experimental results obtained from the 

commercial Medtronic Affinity NT blood-gas 

oxygenator, showed that computational fluid 

dynamics can be used to predict the flow field, 

pressure distribution, and oxygen transfer in 

oxygen generators. 

The membrane of most oxygen generators is 

based on hollow fibers as the basic unit of gas 

exchange [10]. Hollow fiber-based oxygen 

generators were originally designed to allow 

blood to flow through the hollow fibers and the 

exchanged gas to penetrate them through an 

enclosed sheath [11]. In these devices, due to the 

high resistance to flow and shear friction caused 

by blood, the pressure is high to deal with these 

forces and proper blood circulation. The device 

needs a pump, which increases the possibility of 

hemolysis and thrombotic reaction [11, 12]. 

Changes in the configuration of this type of 

device significantly reduce the pressure drop but 

increase the initial volume (Priming volume) 

and, ultimately, reduce the efficiency of gas 

exchange, which makes the device unsuitable for 

short-term and premature infants [13-17]. In 

addition, blood flow is not uniform in this 

configuration, and stagnant areas, secondary 

flows, and high incision areas may be present, 

leading to high levels of heparin to dilute the 

blood, with risks and complications for the 

patient. Understanding these limitations, 

microfluidic devices have been developed to 

create a smoother and more uniform blood flow 

in the vicinity of the gas exchange membrane 

with optimum pressure drop, low initial volume, 

and suitable gas exchange capability [18, 19]. 

ECMO microfluidic devices attempt to mimic 

one or more features of the main gas exchange 

interface of the lung tissue. The high surface-to-

blood ratio (300 cm per meter), its low thickness 

(1 to 2 μm), and the small size of the perfusion 

channels in the blood lead to high permeability 

in gases. In these microfluidic devices, the 

membrane is usually polydimethylsiloxane 

(PDMS) [20-26]. Dabbaghi et al. [27] 

introduced a new concept in which a closed gas 

holding chamber is created on either side of the 

blood channel called the four-side microfluidic 

blood oxygenator (fsMBO). They also 

demonstrated that the performance of such 

devices was superior to that of the equivalent 

double-side microfluidic blood oxygenator 

(dsMBO). They showed that such a design 

would increase the gas exchange level without 



JCARME          Numerical simulation of . . .             Vol. 13, No. 1 

3 

affecting the channel's geometry or flow 

characteristics. By examining the impact of the 

ECMO device's capillary channel height at three 

different heights (30, 60, and 100 micrometers), 

Lindsay et al. [28] concluded that while the 

pressure drop and gas exchange are nearly 

identical for all three designs, the capillary 

channel with a height of 60 micrometers had a 

higher wall shear rate. Dong Han et al. created a 

new portable ECMO system to make it easier for 

patients receiving ECMO support to move 

around since they must use the ECMO 

equipment continually [29]. 

Due to the advantages and disadvantages of 

different types of ECMO and blood oxygenators, 

the use of microfluidic systems has increased 

recently. In this study, the process of oxygen 

exchange with blood, a disposable microfluidic 

ECMO system with three channels for blood, 

membrane, and oxygen gas was investigated. 

This study examines the effects of essential 

parameters such as blood flow velocity, oxygen 

gas velocity, and membrane thickness. First, 

various velocities are considered to examine the 

effect of blood flow velocity on the oxygen 

diffusion rate into blood channels. Then, five 

different film thicknesses are investigated to 

check the amount of oxygen exchange at 

different film thicknesses. Finally, the effect of 

oxygen gas velocity on the diffusivity into blood 

channels was examined to optimize this 

phenomenon. The results of this study will help 

improve the efficiency of membrane oxygen 

exchange systems. 

2. The ECMO model description

The patient's venous blood or deoxygenated 

blood, is removed with a catheter from the 

patient's right atrium and passes through the 

ECMO cycle [1]. The blood is pumped and 

mixed with other fluids such as heparin (Heparin 

is an anticoagulant (blood thinner) that prevents 

the formation of blood clots), if needed. A 

membrane (gray channel) separates two 

compartments (Fig.  1): one for the deoxygenated 

blood (red channel), and the other for sweeping 

gas (blue channel). Oxygen in the gas penetrates 

through the membrane's pores and enters a fluid 

boundary layer close to the membrane surface. 

The oxygen boundary layer formed near the 

surface of the membrane, which contains more 

oxygen, reduces the pressure gradient of oxygen 

in the membranes of the ECMO device, thereby 

reducing the oxygen flux of the membrane. 

Finally, after crossing a boundary layer, it 

penetrates a large part of the plasma by the 

diffusion mechanism, where it can be 

transported to red blood cells by hemoglobin. 

The physical and stationary parameters used in 

the oxygen exchange simulation in the ECMO 

system are given in Table 1. 

Fig. 1. Schematic of the thematic geometry studied in 

the present study, the boundary conditions, and the 

one-way transmission system. 

Table 1. The main blood and oxygen-related constant 

parameters. 

Parameter Symbol Value 

Solubility coefficient of 

O2 in plasma [10] 
𝑎 

Diffusion coefficient of 

O2 [10] 
𝐷𝑏

Number of binding 

sites of Hb [30] 
n 

Partial pressure of O2 at 

50% blood saturation 

[30] 

𝑃50

O2 density d 

Blood density [10] ρ 

Blood viscosity [10] μ 

9.37 × 10−4
(𝑚𝑜𝑙 𝑚−3𝑚𝑏𝑎𝑟−1)

1.8 × 10−9
(𝑚2𝑠−1)

2.85 

38.7 (𝑚𝑏𝑎𝑟) 

1331 (𝑔𝑚−3)
1050 (𝑘𝑔𝑚−3)
2.9 × 10−5
(𝑚𝑏𝑎𝑟 𝑠) 
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In the present study, the issue of oxygen 

diffusivity through the membrane process into 

the blood channel is considered, and we 

examined parameters such as gas and blood inlet 

velocity as well as membrane thickness that can 

have a significant impact on the performance of 

the ECMO system. Fig. 1 is a schematic of the 

geometry studied. 

3. Numerical model of ECMO systems

3.1. Governing equation and boundary

conditions

Flow distribution in blood and gas 

microchannels was numerically solved in 2D 

using COMSOL Multiphysics (version 5.6) 

Software and adapted to describe the flow along 

the microchannel, a laminar flow regime for 

blood and oxygen gas channel was adapted 

(Reynolds numbers are between 30 and 130). 

The momentum equation for the laminar flow 

regime is solved simultaneously with the mass 

equation. The following is the Navier-Stokes 

equation: 

(1) 
( ). [ ( ( ) )

2
( . ) ]

3

Tu u pI u u

u I

 



 = − +  + 

− 

(2) .( ) 0u =

 h    ρ represents the blood density, 𝑢 stands 

for the flow velocity vector field, 𝑝 represents 

the pressure, 𝜇 represents the blood viscosity, 

and 𝑇 represents the matrix transposition. In Eq. 

(1), the left side represents the acceleration 

forces and the right side represents the pressure 

gradient and the adhesive forces. The following 

assumptions are also considered in these 

equations: simulation is steady, blood and gas 

flow are assumed to be incompressible, non-slip 

condition in the walls of the blood chamber; 𝑢 =
0, there is no reverse -flow, the direction of flow 

is perpendicular to the inlet plates and the outlet 

pressure is set to 1 atmosphere. 

The set of governing equations was solved using 

the finite element method. The convergence 

criterion is based on the residual error in the 

motion equation, which was set to 10-3.  

Furthermore, as shown in Fig. 2, the geometry 

consists of three rectangular channels, from left 

to right, blood channel, membrane channel, and 

gas channel, respectively. Also, each airway and 

blood way has an entrance and an exit, and each 

has a wall. Channel dimensions and sizes are 

shown in Table 2. 

3.2. Oxygen transport model 

The general mass transport equation was 

developed from the standard convection-

diffusion mass transport equation to model these 

prosses [21, 23, 31]. The partial differential 

equation of oxygen transfer in the blood and the 

steady state condition can be written as follows 

[32]: 

𝐷𝑒𝑓𝑓 indicates the effective diffusivity of oxygen

into the bloodstream, which includes the effects 

of oxygen uptake by hemoglobin and is first 

introduced by Mocros and Leonard [31] 𝐷𝑒𝑓𝑓 is:

(4)
1 ( )

b
eff

D
D

P
=

+

Fig. 2. Comparison of the proposed model with the 

results of the numerical solution and the experimental 

data. 

Table 2. Channel dimensions. 

Height of the 

channel 

Width of the blood and 

air channel 

Membrane 

thickness 

21 mm 0.4 mm 0.04 -0.3 mm 
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In Eq. (4), 𝐷𝑏 is the oxygen diffusion coefficient 

in plasma, 𝜆(𝑃) a mathematical equation 

developed to calculate the oxygen concentration 

in blood hemoglobin, denoted by [𝐻𝑏]. This 

relationship is defined according to Eq. (5), 

which is as follows. In this equation. 𝜆(𝑃) 
represents the concentration of oxygen in 

plasma: 
 

(5) 2
1.34[ ].

( )
OHb S

P



=  

   

And also, for 
2OS  we have: 

 

(6) 2
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And from Hill's equation, we have [10, 33]: 
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where 𝑆𝑂2is the oxygen saturation concentration, 

n is the number of hemoglobin binding sites 

known as the Hill coefficient, and 𝑃50 is the 

partial pressure of oxygen when it is at 50% of 

its saturation state. The parameter 𝑛 is the Hill’s 

equation for a specific blood type. By matching 

the experimental data [10] at saturation state 

with the Hill curve, 𝑛 = 2.84, and 𝑃50 = 38.7 

mbar was obtained. The parameter 𝑃50 depends 

on temperature, T, and pH, which is expressed as 

follows for cow blood [31]: 
 

𝑃50          
= 38.75⨉10(−0.41)(7.4−𝑝𝐻)⨉10(−0.024)(37−𝑇) 

(8) 
 

Combining Eqs. (4 and 8), the effective 

influence of 𝐷𝑒𝑓𝑓 is: 
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(9) 

 

By coupling the oxygen mass balance in the 

plasma and the membrane surface, boundary 

conditions are obtained to solve the mass transfer 

equation. The oxygen flux in the boundary 

condition is equal to the amount of oxygen 

diffusivity in the PDMS membrane layer as 

follows [30]: 
 

2 2, ,

1
. .( ).O m m G O O wall

m

J D a P P
t

= −  (10) 

 

where 𝐷𝑚 represents the diffusion coefficient of 

oxygen in the membrane, 𝑎𝑚 is the solubility of 

oxygen in the membrane, 𝑡𝑚 is the thickness of 

the membrane layer, 𝑃𝑂2.𝑤𝑎𝑙𝑙 is the partial 

pressure of oxygen in the thin film wall and 𝑃𝐺.𝑂2 

represents the partial pressure of oxygen in the 

gas channel. The two parameters 𝐷𝑚 and 𝑎𝑚 are 

related to the permeability of the membrane.  

Overcoming the resistance of the boundary layer 

on the blood side is a significant challenge in the 

development of oxygenators. To prevent fluid 

turbulence and thrombosis, most oxygen 

generators are designed to operate in laminar 

flow regimes. Based on the Blasius solution for 

the laminar boundary layer equations, the 

relationship between the thickness of the 

 oundary layer (δ) along the mem rane surface 

in position x and the Reynolds number is as 

follows [34]: 

 

4.9

Rex

x
   (11) 

 

3.3. Problem validation 

 

To validate the proposed model and compare 

them with previous works, the effect of urea 

depletion rate on the inflow of blood flow was 

presented by Islam et al. [35] and also, with the 

experimental results provided by the 

manufacturer [35] (Fig. 2). The results were 

obtained by varying the blood flow rate while 

maintaining all other conditions constant as are 

depicted in Fig. 2.  

There is an acceptable correlation between the 

results obtained, with the maximum error against 

the experimental method data being 

approximately 15% and the maximum error 
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against the numerical solution being 

approximately 3%. 
 

3.4. Mesh independence study 

 

The governing equations and related boundary 

conditions from above are solved numerically 

using the finite element method using COMSOL 

Multiphysics (version 5.6). As shown in Fig. 

3(a) quadrilateral grid is used for meshing. A 

coarser mesh is used in the blood and oxygen gas 

channel than in the membrane thickness channel. 

Four different meshes (25105, 46400, 48720, 

52200, and 105000) were investigated. 

According to the results of Fig. 3(b), the network 

with 48720 cells has been selected as a suitable 

computational network because by increasing 

the number of cells from 48720 to 105000, the 

oxygen concentration profile does not 

appreciably change. Therefore, to prevent the 

increase of computational volume and reduce the 

solution time, the network with the mentioned 

number of cells has been used. Table 3 shows 

some mesh quality indicators including 

skewness . 

 

4. Results and discussion  

4.1. The effect of different blood velocity 

 

Blood flow velocity can have a significant effect 

on increasing the diffusivity of oxygen in the 

blood channel of ECMO systems. Therefore, we 

examined blood flow in five velocities, including 

0.2, 0.4, 0.5, 0.6, and 0.8 mm/s. The oxygen 

concentration profiles at the outlets of the gas 

channels, membranes, and blood channels at 

different blood inlet velocities are given in Fig. 

4(a). In Fig. 4(a), which shows the oxygen 

concentration profile at the exit of the blood 

channel, it is clear that as the velocity decreases, 

more oxygen enters the blood. Still, as the blood 

velocity increased, the oxygen could enter the 

blood channel with greater slope and velocity. 

The concentrations of blood, membrane, and 

oxygen channels are all shown in this figure, as 

well. Also, the percentage of oxygen diffusivity 

in the blood channel is shown in Fig. 4(b), which 

shows the rate of oxygen diffusivity from the gas 

channel to the blood channel.  

 

 
 

Fig. 3. (a) Grid geometry with a number of 48720 

elements and (b) the oxygen concentration profiles at 

the outlet of blood, membrane, and gas channels for 

four different meshes. 

 

Table 3. Number of elements in channel and 

skewness 
  

Number of elements Number of elements 

48720 10500 

Number of 

elements in 

membrane 
15120 

Number of 

elements in 

membrane 
30000 

Skewness in 

membrane 
0.31 

Skewness in 

membrane 
0.34 

Number of 

elements in 

channels 

33600 

Number of 

elements in 

channels 
75000 

Skewness 

channels 
0.842 

Skewness 

channels 
0.875 
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Fig. 4. (a) The oxygen concentration profile at the 

outlet of blood, membrane, and gas channels and (b) 

indicates the percentage of oxygen diffusivity into the 

bloodstream. 

According to the presented results, an increase in 

the velocity of blood entry has a negative effect 

on oxygen diffusivity, so at velocities of 0.8 and 

0.9 mm/s, the percentage of oxygen diffusivity is 

26% and 24%, respectively. 

However, the highest oxygen efficiency was 

observed at lower blood flow rates, so the 

oxygen diffusivity percentage reached 60%. 

Also, to show better results and compare the 

distribution of oxygen concentration along the 

channels,  concentration contours at three blood 

flow velocities of 0.2, 0.5, and 0.9 mm/s are 

shown in Fig. 5. As is clear from this figure, by 

reducing the blood flow velocity, oxygen has the 

opportunity to permeate the boundary layer 

formed near the membrane into the blood, which 

is not possible at high velocity. 

As shown in Fig. 4, as blood velocity decreases, 

there is more chance for oxygen exchange 

between the blood channel and the oxygen 

channel, and it leads to better oxygen exchange. 

At first, O2 enters a fluid boundary layer close to 

the membrane surface, and in these areas, 

viscous forces are more dominant than 

convection forces.  

In the case of O2, the oxygen boundary layer near 

the membrane surface (which contains more 

oxygen) reduces the oxygen pressure gradient in 

the ECMO membranes, thereby reducing the O2 

membrane flux. In the next step, O2 is diffused 

from the boundary layer and reaches most of the 

flowing plasma, and is finally absorbed by the 

hemoglobin in the red blood cells.  

Fig. 5. The oxygen concentration contour along three 

channels of blood, membrane, and gas at three 

different inlet velocities; (a) 0.9 mm/s, (b) 0.5 mm/s, 

and (c) 0.2 mm/s. 

Boold velocity (mm/s) 

Length (mm/s) 

Membrance 
(mm/s) 

Blood channel 

Oxygen channel 

Blood velocity 

C
/ 

C
0
 

Δ
s 0

2
 (

%
)

(a) 

(b) 

(c) 

(a) 

(b) 
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Most of the resistance to oxygen diffusivity into 

the bloodstream is due to the oxygen boundary 

layer formed near the membrane in the 

bloodstream. [12, 36, 37]. From Eq. (11), we 

know that the thickness of the boundary layer 

has a reverse relation with blood velocity, 

meaning that higher blood flow velocities reduce 

the thickness of the boundary layer and make 

oxygen exchange more efficient. In the present 

study, as blood and oxygen gas both enter from 

one side, by increasing blood velocity, the blood 

has less opportunity to exchange oxygen with the 

oxygen channel and therefore reduces the 

percentage of oxygen diffusivity in the blood 

channel (Fig. 4(b)). However, as shown in Fig. 

4(b), as the velocity of the blood increases, the 

rate of the changes in the percentage of oxygen 

diffusivity into the bloodstream decreases. This 

is due to the resistance of the boundary layer, 

which falls at high velocities of the boundary 

layer and makes the gas exchange more efficient. 

As can be seen from Fig. 5, one of the key 

parameters of oxygen permeability is the 

permeation resistance of this layer, by increasing 

the blood flow velocity the thickness of the 

boundary layer near the membrane reduces, 

making permeation more efficient.   
 

4.2. The effect of different membrane thickness 
 

At a constant rate of blood and gas inflow, the 

percentage of oxygen diffusivity for different 

membrane thicknesses (0.04, 0.06, 0.08, 0.2, and 

0.3 mm) was studied. However, it was expected 

that a decrease in membrane thickness due to a 

decrease in oxygen concentration resistance 

would result in a higher percentage of oxygen 

diffusivity. At the blood and gas inlet velocity of 

0.4 mm/s, the oxygen concentration profiles at 

the channel outlet and the oxygen diffusivity 

percentage are presented in Fig. 6. As expected, 

at lower membrane thickness or significantly 

thinner thickness (0.04 mm) due to reduced 

membrane diffusivity resistance, the percentage 

of oxygen diffusivity was higher about 40% 

(Fig. 6(b)). The concentration contour along the 

channels and membranes is shown in Fig. 7 for 

three different thicknesses, and the difference in 

the percentage of oxygen in the blood channel is 

shown qualitatively. 

 
 

 

 
 

Fig. 6. (a) The oxygen concentration profile at the 

outlet of blood, membrane, and gas channels for 

membranes of different thicknesses and (b) a 

percentage of oxygen diffusivity into the bloodstream 

relative to membrane thickness 
 

As can be seen in this figure, better oxygen 

permeation occurs as the membrane thickness 

decreases. To determine the concentration of 

oxygen in the three channels of blood, 

membrane, and oxygen, three types of column 

coloring are used, which are related to the blood 

channel, membrane, and oxygen channel, from 

left to right, respectively. 

 

4.3 The effect of different gas velocity 

 

The gas flow rate varies from 0.2 mm/s to 0.8 

mm/s, while the blood flow velocity remains 

constant (0.4 mm/s), thereby increasing the 

amount of oxygen entering the channel. The 

increase in oxygen gas flux is proportional to the 

increase in oxygen concentration across the 

membrane.  

As the oxygen gas flow rate increases, the 

concentration gradient across the film also 

increases, as shown in Fig. 8(a).  
 

C
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Δ
s 0

2
 (

%
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Membrance thickness (mm) 
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Fig. 7. The oxygen concentration contour along three 

channels of blood, membrane, and gas at the same gas 

and blood velocity of 0.4 mm/s and three thicknesses 

of (a) 0.04 mm (b) 0.06 mm, and (c) 0.3 mm. 
 

 
Fig. 8. (a) The oxygen concentration profile at the 

outlet of blood, membrane, and gas channels for the 

oxygen gas velocity of different inputs and (b) the 

percentage of oxygen diffusivity in the blood channel 

relative to the velocity of the various inlet gases. 

Oxygen concentration profiles at various gas 

velocities (0.2, 0.4, 0.5, 0.6, and 0.8 mm/s) and 

oxygen gas diffusivity at the outlet of three gas, 

membrane, and blood channels are shown. A 

relatively good increase in oxygen diffusivity 

from 28% to 38% was observed with an 

increased gas flow rate. Of course, it should be 

noted that as the inlet gas velocity increases, 

there is no significant difference in the percent 

oxygen diffusion at higher velocities, only at the 

lowest inlet gas velocity which showed a 

difference of 10%. 

 

5. Conclusions 

 

In this study, the emission and diffusivity of 

gases in a microfluidic system were analyzed 

numerically. This study sheds light on blood and 

oxygen gas inlet velocity and membrane 

thickness as effective parameters for increasing 

oxygen permeability. To predict and validate the 

developed mathematical model, simulation 

results were compared with numerical and 

laboratory data supporting model validation. The 

following can be mentioned as the most 

significant outcomes of the present numerical 

solution:  

The highest oxygen efficiency was observed at 

lower blood flow velocities (0.2 mm / s), so the 

oxygen diffusivity percentage reached 60%. 

Also, the concentration profile at the output 

showed qualitatively increased oxygen 

diffusion. Decreasing the thickness of the 

membrane increases the concentration gradient 

along the membrane, which in turn causes 

oxygen diffusion into the blood. Increasing the 

velocity of the inlet oxygen gas does not 

significantly affect the oxygen emission and 

diffusivity because we observed a maximum 

increase of 10%. 
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