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ABSTRACT 

Centrifugal separation is a highly efficient technique for accelerating the 

sedimentation of blood constituents in a cylindrical container through high-

speed spin-up rotation. Few studies have reported on the separation of different 

blood constituents from homogeneous mixture of whole blood. In this study, the 

process through which blood constituent sedimentation occurs in a spin-up 

rotating cylindrical container is numerically investigated. Whole blood is 

considered a homogeneous mixture of red blood cells (RBC) and plasma, which 

are both considered incompressible viscous liquids. The Euler multi-fluid VOF 

(volume of fluid) model is introduced to simulate the separation of RBCs and 

plasma. The effects of the rotation speed and the geometric construction of the 

cylindrical container on the sedimentation and stratification of different blood 

constituents are studied. A stable interface between the RBC layer and plasma 

layer forms earlier in a high position. With an increase in the rotation speed, the 

interface between the RBCs and plasma layers forms more quickly. In the 

cylindrical container with a helical groove on the outer wall, a stable vortex 

occurs near the groove, which forces red blood cells to move toward the lower 

location of the groove, resulting in a conical distribution of the RBC layer and a 

larger volume fraction of plasma near the exit at the top. This allows for 

sufficient precipitation of the plasma, improving the separation efficiency. 
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1. INTRODUCTION 

Separating blood into different constituents for the 

purpose of storage or transfusion is a commonly 

performed medical procedure. Since the blood 

constituents–red and white blood cells–as well as platelets, 

which are suspended in plasma, have different densities, a 

common separation technique is to accelerate their 

sedimentation by centrifugation and then collect the 

different constituents individually. 

This study is focused on the cylindrical containers 

that are crucial components of the blood centrifuges. 

Various cylindrical container structures are available, 

each affecting the flow field and subsequently impacting 

the movement of blood constituents. As a result, the 

cylindrical container construction plays a significant role 

in the separation of blood constituents. Figure 1 illustrates 

the specific mechanism for the separation of plasma. 

Blood is injected from the top and reaches the bottom of  

 

Fig. 1 Principle for the blood separation in a 

cylindrical container 

 

the hollow cylindrical container through a vertical tube 

connected to the inlet of the container. The blood is 

separated into different constituents through centrifugal 

force. As the cylinder rotates at high speed, the denser red 
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blood cells are forced toward the outer wall and precipitate, 

allowing stratification of the blood. The plasma is 

collected at the top. This process ensures that the different 

blood components are separated effectively. The device is 

a few centimeters in diameter and rotates at several 

thousand revolutions per minute. The blood enters 

through the top and flows through the central channel, 

reaching the lower section of the centrifugation cylinder 

where sedimentation occurs. The walls rotate at a high 

angular velocity, causing the blood constituents to also 

rotate at the same high speed and precipitate during the 

process. The blood is transported upward along the inner 

wall by centrifugal force, and the different blood 

components are collected at the top. 

Currently, the study of the phase separation process 

in a separator cylinder is limited to experimental 

observation. However, in recent years, numerical 

simulation methods have become an effective and 

economical means of studying the blood separation 

process. Computer Fluid Dynamics (CFD) has been 

widely used in blood flow and separation studies 

(Haghighi & Asadi Chalak, 2017; Haghighi & Aliashrafi, 

2018). Previous numerical studies have often treated 

blood as a single-phase fluid, either a homogeneous 

Newtonian fluid or a non-Newtonian fluid with shear-

thinning properties (Abugattas et al., 2020; Haghighi et 

al., 2020; Han et al., 2022; Li et al., 2023). To study the 

process of blood separation, blood must be considered a 

multiphase fluid. Two models can be applied to simulate 

multiphase blood: the first model considers RBCs to be 

pseudo-fluid and is typically simulated using the Euler-

Euler two-fluid method and blood flow is generally 

simulated using the Eulerian-Eulerian two-fluid approach 

(Huang et al., 2009; Jung & Hassanein, 2008; Yilmaz et 

al., 2011; Qiao et al., 2019). The second model regards 

RBCs as suspended particles in blood, which more 

accurately reflects the effect of RBC deformation on 

hemodynamics. The first model is typically utilized for 

hemodynamic analysis in vessels with large diameters. In 

contrast, due to the large computation consumption 

required by the second model, it is commonly used for 

simulating blood flow in capillary vessels. and 

microfluidic chips under low-flow conditions (Wu & 

Feng, 2013; Yin et al., 2013; Xiao et al., 2016; Ebrahimi 

& Bagchi, 2022).  

In recent research on blood centrifuge devices, 

Schenkel et al. focused solely on the movement of the 

RBC phase within its collection zone, treating it as a 

single-phase liquid model (Schenkel et al., 2013). 

However, the process of separating the various 

constituents of the blood in the separation cylinder has not 

been studied in detail. In this study, the separation 

cylinder is not fully filled with blood during the separation 

process. Therefore, whole blood is considered to be 

separated as it is injected, resulting in the coexistence of a 

gas-liquid free surface with a multiphase fluid. When 

simulating the separation process, it is important to 

consider the multi-phase flow of blood, including the 

movement of interpenetrating and mutually soluble 

liquids, the separation of different constituents of the 

stratification, and the free surface of the liquid in contact 

with the air. 

The Euler-Euler model is a widely used blood 

simulation method, that treats particle flow as a 

continuous fluid flow. However, the gas-liquid interface 

clarity obtained by this model is not as good as that of the 

Volume of Fluid (VOF) model. To prevent the interface 

diffusion induced by the Euler-Euler model, due to the 

empirical closures required in the averaged equations, the 

Euler-Euler method is combined with the VOF method in 

ANSYS Fluent, resulting in the Euler Multi-fluid VOF 

(MF-VOF) model used in this study. 

When the MF-VOF model is used, the interaction 

between the air and blood will be simulated by the VOF 

interface tracking algorithm. Moreover, the interaction 

between the plasma and the RBCs is simulated by the 

Euler-Euler model, as the RBC are dispersed in the 

plasma. The MF-VOF model combines the advantages of 

both models. Therefore, theoretically, this coupled model 

can be used to the simultaneously study RBC motility 

behavior and liquid surface shape changes. The MF-VOF 

model has primarily been used for gas-liquid flows in 

mixed or transitional states, such as churn flow, plunging 

jet flow, intermittent flows, and other chemical industries 

(Shonibare & Wardle, 2015; Parsi et al., 2016; Akhlaghi 

et al., 2019). However, it has rarely been applied to blood 

simulation. 

Chen et al. investigated complex multiphase flow in 

an industrial degasser using the MF-VOF model and 

compared it with the Euler and DPM-VOF models (Chen 

et al., 2019). The MF-VOF model accurately describes the 

dispersed interface, as well as the ladle and sharp 

interfaces, and is in good agreement with the experimental 

results. Meng et al.  analyzed the spiral separator using the 

MF-VOF model and compared it with the Euler-Euler 

model (Meng et al., 2023). The MF-VOF model was 

determined to be more effective in describing the distinct 

boundary between the two phases and results consistent 

with previous literature were produces. 

This paper presents a numerical simulation of the 

process of separating different components in separation 

cylinders with different structures. For the first time, The 

Eulerian multi-fluid VOF model is adopted to investigate 

the complex multiphase flow behavior in a separation 

cylinder. The simulation considers whole blood to be a 

mixed flow medium of RBC and plasma phases using the 

MF-VOF model. The effects of rotational speed and the 

outer wall structure of the separation cylinder on the 

plasma separation process are investigated, which can 

help to understand the separation mechanism of blood 

components in the separation cylinder. 

2. MODELS AND METHODS 

Blood is essentially a non-Newtonian fluid (Haghighi 

& Pirhadi, 2019), that exhibits non-Newtonian properties 

(e.g., shear thinning phenomena and viscoelasticity) 

mainly at lower shear rates (<100/s) (Ling et al., 2021; 

Kannojiya et al., 2021). It has been experimentally 

confirmed that blood can be modeled as a Newtonian fluid 

under high shear rate conditions. Therefore, blood is 

considered to be a multiphase Newtonian fluid inside  

a high-speed rotating separator cylinder. In this paper,  
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(a)                                                           (b)                                                               (c) 

Fig. 2 (a) Smooth wall (b) Ring groove structure (c) Helical groove structure Separation cylinder geometry 

model 

 

blood is considered as a fluid model consisting of two 

components, the RBC phase and the plasma phase, 

because blood still behaves as a liquid even at 98% RBC 

accumulation. In a previous study, blood had a mixed 

density of 1080 kg/m3 and a mixed viscosity of 0.0035 

kg/(m-s) (Gijsen, 1999), and plasma had a density of 1000 

kg/m3 and a viscosity of 0.001 kg/(m-s) (Jung et al., 2006). 

Therefore, based on an RBC volume fraction of 45% (Dill 

& Costill, 1974), the density and viscosity of RBCs in the 

centrifugal environment were set to 1178 kg/m3 and 

0.0065 kg/(m-s), respectively, according to the weighted 

formula. 

2.1 MF-VOF Mode 

The MF-VOF model allows for the tracking of 

dispersed and sharp interfaces, while the continuous and 

discrete phases are treated as interpenetrating continua, 

still allowing for different velocity fields for each phase. 

The mass conservation equation and momentum 

conservation equation for each phase are given by the 

following equations: 

The continuity equation is described as follows: 

( ) ( ) 0q q q q q
t
    


+ =


                                           (1) 

The momentum equation in the Eulerian model is as 

follows: 

( ) ( )
dq q q q q q q q q q qp p g F

t
         


+ = −  − + + +


    (2) 

( ) q

2

3

T

qq q q q q q q I        
 

=  + + −  
 

             (3) 

where q stands for the different phases: p for plasma, 

a for air and r for RBC. q  is the volume fraction of the 

phase;  is the velocity vector of the phase;  is the 

material density of the phase; g is the gravitational 

acceleration; is the pressure that the phases share together; 

dF is the interphase trailing force. 

In the Euler-Euler model, each computational cell is 

occupied by interpenetrating phases whose total volume 

fraction is equal to 1. 

1i =                                                                          (4) 

The interphase traction force exerted between two 

liquid phases is calculated by the Schiller and Naumann 

model: 

3

4

Cp r p dF u u
d dr

  
= − −                                            (5) 

The drag coefficient Cd is given by the following 

equation: 

( )24 0.6871 0.15Re , Re 1000
Re

0.44, Re 1000

S
C

d


+ 

= 
 

                 (6) 

The relative Reynolds number Re is given by the 

following equation: 

r

Re
P pV V d



−
=                                                         (7) 

The mixture density and viscosity as a weighted sum 

of the volume fractions of both plasma and red blood cell 

phases are calculated as follows: 

p p r rmix    = +                                                    (8) 

p p r rmix    = +                                                    (9) 

The VOF interface tracking model is used to describe 

the free liquid level between gas and liquid. Its continuity 

and momentum equations for the incompressible two-

phase flow can be expressed as follows: 

( )=0                                                                          (10) 

( )
( ) ( )mix

p g
mix mix mixt

 
    


+ =  +  +


  (11) 

2.2 Geometric construction of the Cylinder 

In this paper, we compare three types of separation 

cylinders with different outer walls. The main structure of 

the cylinder has the same dimensions and only the outer 

wall is partially optimized, as shown in Fig. 2. Figure 2(a)  
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Fig. 3 Separation Cylinder Mesh 

 

 

Fig. 4 Comparison of the tangential velocity with five 

different mesh densities 

 

shows the separator cylinder structure with a smooth outer 

wall, and Fig. 2(b) shows a periodic ring groove at the 

bottom of the outer wall of the separator cylinder. Unlike 

Fig. 2(a) and (b), Fig. 2(c) shows a helical groove in the 

middle of the outer wall of the cylinder in the opposite 

direction of rotation. The meshing is carried out using 

Fluent's MESHING, while the Poly-Hexcore mesh type is 

used as shown in Fig.3, with a mesh count of 0.88 million 

and mesh refinement at local dimensions such as the top 

and the groove. Its unique polyhedral mesh is better suited 

to complex geometries. Compared to tetrahedral meshes, 

polyhedral meshes reduce the number of cells, which 

significantly reduces computation time. Five different 

densities of meshes are set up for the independence test. 

Figure 4 shows the tangential velocities obtained using 

five different density meshes at the same height and time. 

It is obvious that the change in the number of meshes is 

not significant when the number of meshes is greater than 

0.88 million Therefore, 0.88 million are chosen as the 

number of grids for this simulation. 

2.3 Simulation Setup and Modeling Parameters 

Numerical simulations are performed using the 

computational fluid dynamics software ANSYS Fluent. 

SIMPLE pressure-velocity coupled format is used to solve 

the second order windward format with second order 

accuracy. Initially, the bottom of the container is occupied 

by the static mixed blood and the upper part of the 

container is full of air. The container is rotating acted by 

the centrifugal device while the blood is injected through 

the inlet. The separation process is transient and the blood 

flow is considered as a turbulent flow. The turbulence 

modeling is performed using SST k-ω, which is of higher 

accuracy in considering the transport of turbulent shear 

stress near the wall. The outer wall is set as a moving-wall 

with the lead axis as the rotational axis to simulate the 

rotational motion, and the rotational speed was 

3000~5000 r/min. To ensure that each rotational cycle has 

enough computational steps to guarantee the 

computational precision (Dai et al., 2021), a step size of 

10-4 s is set for the transient simulation. The RBCs are 

considered to be spherical particles with each having a 

diameter of 8×10-6m spherical particles, given a velocity 

inlet of 0.5 m/s and RBC volume fraction of 45%. The 

outlet is defined as the outflow. The residual value used 

as a convergence criterion in this study was 10-3。 

2.4 Validation of Feasibility 

Due to the lack of experimental data available for 

validation in previous studies on centrifugal devices. 

Therefore, the free liquid surface height obtained from the 

simulation at speed of 300 rpm is compared with the free 

liquid surface height calculated by the isobaric surface 

formula in a rotating container with equal angular velocity, 

as shown in Fig. 5. 

Isobaric surface formula is as follows: 

2 2

2

r
z

g


=                                                                     (12) 

where z stands for the height of a point on the free liquid 

surface and r stands for the distance between this point 

and the axis of rotation. 

It can be seen that the two curves converge roughly. 

Therefore, the results of this simulation are considered to 

be reliable. 

 

 

Fig. 5 Comparison of simulated free liquid level 

height and calculated free liquid level height 
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Fig. 6 Variation on distribution of RBC volume fraction of RBCs at different moments at the rotational speed of 

3000 r/min in a cylinder with smooth outer wall structure 

 

 
Fig. 7 Density mapping distributions and local velocity vectors at different moments (a) t=0.11s, (b) t=0.2s, (c) 

t=0.61s (d) t=1.48s of blood for separator cylinders with smooth outer wall structure at 3000r/min 

 

3. RESULTS AND ANALYSIS 

3.1 Whole Blood Separation in a Cylinder with a 

Smooth Outer Wall  

The simulation involves the separation of whole 

blood into different constituents using a separator cylinder 

with a smooth outer wall structure as shown in Fig. 2(a). 

The separation cylinder is injected with whole blood at a 

height of h=0.07 m and rotated at a speed of 3000r/min. 

Figure 6 shows the volume fraction distribution of the 

RBC phase at different moments. At the initial time point, 

the RBCs and plasma are mutually soluble. The cylinder 

containing the blood sample begins to rotate around the 

central axis. The viscous nature of the blood causes it to 

be driven by the rotating outer wall thus following 

rotation. Under the influence of the centrifugal force, the 

liquid surface becomes parabolic from the horizontal 

surface and eventually approached the wall. At Fig. 6 

t=0.4s, the RBCs are concentrated in the upper part of the 

separation cylinder, and then gradually separated from the 

blood, forming a clear stratified interface at t=1s, as 

shown in Fig. 6. During the period from the formation of 

the phase interface to the discharge of the plasma from the 

outlet, the distributions of the different constituents at the 

interface are relatively stable. 

The cross-section at x=0 shows the density 

distribution of the blood and the local velocity vector 

distribution during the separation of the RBC phase from 

the plasma phase, as shown in Fig. 7. Initially, the wall  

(a) 

(c) 

(b) 

(d) 
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(a)h=40mm 

 
(b)h=60mm 

 
(c)h=80mm 

Fig. 8 Distribution of radial RBC volume fraction at different height positions 

 

surface drives the liquid to rotate, forming a paraboloid on 

the whole blood surface, and the blood velocity vector is 

upward, as shown in Fig. 5(a). When the liquid surface 

touches the top wall, the fluid velocity near the wall turns 

downwards and forms a vortex on the top wall, as shown 

in Fig. 7(b). The downward fluid meets with the upward 

fluid from the bottom in the middle of the cylinder, 

causing a change in velocity direction. After a period of 

centrifugal action, all the blood is completely close to the 

outer wall surface of the separation cylinder, and the RBC 

first appear to separate in the upper part of the cylinder, as 

shown in Fig. 7(c). During the process of RBC 

precipitation, the internal flow field undergoes significant 

changes. The fluid moves upward, reaches the top, and 

then flows downward along the top wall. The upward 

velocity of the fluid from the bottom wall is restricted to 

the middle. When the phase interface stabilizes, the RBC 

phase and plasma phase inside the separator cylinder 

come to a relative rest with the outer wall. Vortices are 

observed at three turns inside the separator cylinder, as 

shown in Fig. 7(d). The bottom fluid injected from the 

inlet moves upward along the outer wall under centrifugal 

force to the already formed plasma layer. A sudden 

change in velocity leads to vortex and transient RBC 

separation. 

To better characterize the separation efficiency, the 

period of time from the initial mixing state to the 

formation of a clear layered interface is defined as the 

separation time, which is denoted by Tseparate. Therefore, 

the formation of the clear phase interface shown in Fig. 6 

roughly infers that the separation cylinders with smooth 

structure are in the range of 0.8-1.0 s at 3,000 rpm.  

Straight lines are drawn on the separation cylinder at 

different heights, as shown in Fig.7(d), the lines drawn at 

40mm,60mm, and 80mm correspond to the bottom, center, 

and top, respectively. As the separation process proceeds, 

the volume fraction of RBCs at three different heights 

changes with time, and RBCs at the same height aggregate 

to the outside, which is reflected in the graph as the radial 

depth increases, the volume fraction of RBCs increases. 

When the RBC volume fraction curve shows less 

fluctuation and no abrupt change, the separation tends to 

stabilize, that is, a clear stratified interface appears. As 

shown in Fig. 8, the curves for heights h=40mm and 

h=60mm fluctuate very little after 1.0s, representing 

Tseparate between 0.8s-1.0s, and the curve of h=80mm is 

almost unchanged after 0.8s, representing Tseparate between 

0.6s-0.8s, which is consistent with the results shown in 

Fig.3. As shown in Fig.8, by comparing the details  

of volume distribution between the smallest time periods  
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Fig. 9 Separation time for the blood at three height 

levels under different rotational speeds and RBC 

sedimentation time estimated by Stokes formula 

 

within 0.2s, it is concluded that at 40mm Tseparate is 

approximately equal to 0.90s, at 60mm Tseparate is 

approximately equal to 0.87s. at 80mm Tseparate is 

approximately equal to 0.78s. 

Following the stabilization of the stratification 

interface, a decrease in the volume fraction of RBCs near 

the wall at h = 80 mm is observed, as shown in Fig. 8(c). 

This decrease is caused by the vortex located at the top of 

the separation cylinder in Fig. 6(d), which carries both 

plasma and RBCs near the wall surface. As a result, the 

volume fraction of RBCs decreases. Despite the presence 

of the vortex at the top, the phase separation time at a 

height of 80 mm is faster than that at the bottom and 

middle. The separation time becomes earlier as the height 

increases. 

3.2 Effect of Rotational Speed on the Separation Time 

The selection of the most suitable centrifugation 

speed for separation is influenced by various factors. 

While a strong centrifugal field can cause cell damage, the 

applied centrifugal force should also be sufficient to allow 

the cells to move through the medium. A centrifugal speed 

that is too low will significantly decrease the separation 

efficiency. To analyze the impact of rotational speed on 

the separation of various blood constituents, the 

separation process in a separation cylinder with smooth 

outer wall rotating at speeds between 3000 and 5000 r/min 

is investigated. 

The sedimentation of spherical particles in stationary 

Newtonian fluids is generally described simply by Stokes' 

formula and is based on several key assumptions, 

including the spherical shape of the particles, the 

negligible effects of the fluid boundary, the fluid being 

stationery and Newtonian, and the negligible interactions 

between particles. Currently, there is no detailed 

theoretical description of the separation between different 

components of a fluid rotating at high speed in a 

separation cylinder. The main reason for the stratification 

of blood constituents in the separator cylinder is the 

centrifugal force generated by high-speed rotation. 

Although the process details differ, the settlement time in 

the separator cylinder can be roughly estimated by 

replacing the gravitational acceleration with a much larger 

centrifugal acceleration and the Stokes settling rate 

equation is as follows: 

( ) 2

1 22

9

ad
v

 



−
=                                                        (13) 

where
1  is the particle density,

2  is the fluid density, the 

centrifugal acceleration 2a r=  , r  is the distance from 

the center of the plasma layer to the rotor axis, d  is the 

particle diameter, and  is the fluid viscosity. The 

thickness of the plasma layer is used to represent the 

distance traveled by the RBC particles to settle, which in 

turn is used to calculate the settling time and compare it to 

Tseparate as defined in Section 4.1. Figure 8 shows the 

curves of various rotational speeds at different height 

positions (h=40mm, 60mm, and 80mm) in the separation 

cylinder. The results indicate that the time for the 

formation of a stable RBC-plasma interface between the 

two phases decreases as the position of the blood in the 

separation cylinder increases. Additionally, the time for 

phase separation decreases as the rotational speed 

increases, which is consistent with the curves fitted to the 

formula of the Stokes settling time calculation. 

3.3 Effects of the Geometric Structure of the Outer 

Wall of the Cylinder on Whole Blood Separation 

3.3.1 Whole Blood Separation in the Cylinder with a 

Ring Groove on the Outer Wall 

In this section, whole blood separation in the 

separation cylinder with a ring groove on the outer wall 

(see Fig. 2(b)) is simulated, in which the height of the 

initially injected blood is h=0.07m. Figure 10 illustrates 

the distribution of the volume fraction of the RBC at 

different moments during the separation process. When 

the cylinder rotates about its central axis at the speed of 

3000r/min, the free liquid surface is gradually become 

concave upward and RBC separation still occurs in the 

upper part of the cylinder (see t=0.01s-0.4s in Fig. 10). An 

obvious fluid stratified interface is stably formed at t=0.8s, 

which is earlier than that for the whole blood separation in 

the cylinder with a smooth outer wall. However, the 

plasma is still not completely precipitated from the RBC 

layer, which exists near the ring groove and in the upper 

region. 

Unlike the distribution of RBCs in the cylinder with 

a smooth outer wall, the uniform distribution of RBCs 

oscillates periodically in a cylinder with an annular groove 

on the outer wall (see t=1s-4s). This is due to the presence 

of the annular groove. As shown in Fig. 11, when the 

blood flows from the bottom of the cylinder at high speed 

to the lower region of the groove, the groove deflects the 

moving blood to the inner region and a vortex is generated 

near the groove. The location of this vortex is not fixed. 

When it appears in the lower part of the ring groove, it 

induces the plasma to roll up and enter the RBC layer. (see 

t=1.58s, t=1.64s, and t=1.68s). At t=1.59s-1.62s, the 

vortex moves upward, and transports the mixture of 

rolled-up plasma and RBCs. Simultaneously, due to  

the high-speed rotation and continuous separation, the re- 
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Fig. 10 Variation on distribution of the volume fraction of RBCs at different moments at the rotational speed of 

3000 r/min in a cylinder with a ring-groove on the outer wall 

 

 
Fig. 11 Local velocity vector for the blood rotates about the central axis of the cylinder with a ring-groove on the 

outer wall at the speed of 3000r/min 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 12 Local density distribution and stream trace of the separator cylinders with smooth outer wall 

structure(a)and axial velocity distribution near the wall(c); Local density distribution and stream trace of the 

separator cylinders with ring outer wall structure(b)and axial velocity distribution near the wall(d) 

 

mixed blood is pushed to the wall, causing the RBC 

volume fraction to gradually increase until separation is 

complete once again. 

After the different constituents of the liquid are 

stratified and the interface is stabilized, an unprecipitated 

plasma appears in the upper region of the RBC layer (see 

Fig. 10). To clarify this finding, the local streamlines and 

density distributions in the top region near the outer wall 

of the separator cylinders with two different 

configurations are compared, as shown in Fig. 12. An 

obviously larger vortex is generated in the upper part of 

the cylinder with an annular groove on the outer wall, 

which causes the plasma near the top to infiltrate the cell 

layer, resulting in the phenomenon of plasma 

nonprecipitation in the cell layer. A further comparison of 

the profiles of the axial flow velocity for the fluid near the 

outer wall of the separation cylinders with the two 

different structures is shown in Figs. 12(c), and 12(d). Fig 

12(c) shows that the axial flow velocity for the fluid in the 

container with a smooth outer wall decreases slowly with 

increasing height after the stratified interface is stabilized. 

As time elapses, it fluctuates slightly approximately 0, 

indicating that the liquid in the middle part of the 

container reaches equilibrium. Exceptionally, the liquid 

near the top flows downward, corresponding to the vortex 

in Figs 7(d) and 12(a). For the cylindrical container with 

an annular groove on the outer wall, the vortex generated 

near the annular groove structure (see Fig. 11) accelerates 

the liquid flow on the near-wall surface above the annular 

groove, the axial velocity for h=0.04m is larger in Fig. 

12(d), by comparing with that in Fig. 12(c). It is likely that 

the presence of a counterclockwise vortex near the top 

causes a downward axial velocity. However, there is a 

small increase in the axial velocity below the vortex, 

which is mainly caused by the lower clockwise vortex. 

Under the combined effects of these two vortexes, the 

fluid in the middle part of the RBC layer moves toward 

the axis of the container, and the stronger entrainment of 

the vortexes leads to the infiltration of plasma into the 

RBC layer, as shown in Fig. 12(b). 
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Fig. 13 Variation on the distribution of the volume fraction of RBCs for the blood separation in a cylinder with a 

helical groove on the outer wall at the rotational speed of 3000 r/min 

 

3.3.2 Whole Blood Separation in the Cylinder with a 

Helical Groove on the Outer Wall 

Finally, whole blood separation in the cylindrical 

container with a helical groove on the outer wall (see Fig. 

2(c)) is analyzed.  Similar to the flow in the containers 

with the above two structures mentioned above, the liquid 

surface initially deforms into a parabolic shape (refer to 

t=0.2s in Fig. 13). Then, the whole blood is gradually 

separated into RBCs and plasma. Moreover, RBCs appear 

near the outer wall in the upper part of the cylinder under 

the influence of centrifugal force (t=0.4s). However, the 

distribution of these two phases during separation are not 

symmetrical due to the asymmetrical distributions of the 

helical grooves on the outer wall (see t=0.6s-4s). In 

contrast to the stable phase interface formed in the 

container with a smooth outer wall and that with a 

symmetric ring groove on the outer wall, the stratified 

interface in this container gradually changes from an 

approximate plumb line to an oblique straight line inclined 

toward the outer wall. Additionally, red blood cells 

gradually accumulate in the lower part of the separation 

cylinder, resulting in narrow distribution at the top and a 

wide distribution at the bottom in the revolving section. 

Incomplete precipitation of plasma in the RBC layer also 

occurs near the helical groove. 

After the stratified interface is formed, as the RBCs 

tend to move toward the outer wall, the RBCs layer 

becomes thicker. Due to the presence of the helical groove, 

a vortex is generated in the vicinity of the helical groove 

during the movement of the liquid inside the cylindrical 

container toward the wall, as illustrated in Fig. 14. And 

this vortex is relatively fixed, which is different from that 

induced by the ring groove, this vortex existing in the 

plasma layer transports the interior liquid upward, while 

that in the RBC layer transports the liquid near the wall 

downward. Therefore, RBCs are continuously deposited 

in the lower part of the helical groove, as shown in Fig. 

14(c) and Fig. 14(d). Consequently, the RBCs distribution 

narrow at the top and wide at the bottom in the revolving 

section(x=0). The liquid transported downward by the 

helical groove collides with the whole blood injected from 

the bottom that is moving upward under centrifugal force. 

This collision forms two vortexes with different rotational 

directions, deflecting the velocity direction of the liquid 

located between the two vortexes toward the center of the 

container (refer to Figs. 14(e) and 14(f)). This 

phenomenon is similar to the incomplete precipitation of 

plasma in the bottom RBC layer that occurs in the 

containers of the two configurations mentioned in the 

above sections (refer to Figs 7(c) and 12(c)). 
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Fig. 14 Local density distribution and path line for the separation of blood in the cylindrical container with a 

helical groove in the outer wall 

 

 

Fig. 15 Density distribution of the fluid in the cylindrical containers with three different structures when the 

separated plasma flows out of the outlet 

 

(a)                                                      (b)                                                    (c) 
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Fig. 16 Volume fraction of plasma in cylindrical containers with three different configurations at height of 0.085 

m when the separated plasma flows out of the outlet 

 

Finally, when the separated plasma flows out of the 

outlet, a comparative analysis of the density distribution 

of the fluid in the cylindrical containers with three 

different structures is given, as shown in Fig.15, this 

reveals that air occupies the central region inside the 

container, the denser RBC layer is located close to the wall, 

and the plasma layer is positioned between the air phase 

and the RBC layer. An obvious phase interface is formed 

between the air and plasma layers. The stratified interface 

between the RBC layer and the plasma layer agrees with 

the phase separation interface shown at t=4s in Fig. 6, Fig. 

10, and Fig. 13. There is nearly no difference between the 

plasma layer distribution inside the container with a 

smooth outer wall and that inside the container with a ring 

groove on the outer wall. Both have an annular shape. 

However, the plasma layer distribution inside the 

container with a helical groove on the outer wall is cone 

shaped, wide at the top and narrow at the bottom. The 

plasma volume fractions of three different wall structures 

extracted at a height of 0.085m are shown in Fig. 16. It can 

be seen that changing the wall structure causes a change 

in the plasma volume fraction close to the outlet, which is 

highest in the spiral trough vessel. This structure facilitates 

efficient plasma collection at the outlet. 

4. Summary and Conclusions 

In this paper, the separation of blood plasma from a 

homogeneous whole blood in a spin-up rotating cylinder 

is numerically investigated by using Ansys Fluent 

software. Whole blood is regarded as a mixture of two 

mutually soluble incompressible viscous liquids, RBCs 

and plasma. The Eulerian multi-fluid VOF model is 

employed to simulate the sedimentation and stratification 

of different blood constituents. The effects of the 

rotational speed and the geometric configuration of the 

cylinder's outer wall on the process of plasma separation 

are investigated. The results show that under the strong 

centrifugal force, the sedimentation of RBCs occurs near 

the outer wall of the cylinder, and an obvious interface 

between the RBC layer and plasma layer first forms in the 

upper region of the cylinder. As the rotational speed 

increases, a stable fluid stratified interface forms earlier. 

The relationship between the time for the formation of a 

stable fluid stratified interface and rotational speed is 

presented, which is nearly consistent with the 

sedimentation time estimated by the Stokes formula. 

Moreover, in the cylinder with a ring-groove on the outer 

wall, the formation time of the RBC-plasma phase 

interface is shorter than that in the cylinder with a smooth 

outer wall, but the ring-groove structure could lead to 

nonuniform distribution of RBCs in the cell layer with. In 

the cylinder with helical groove on the outer wall, a stable 

vortex formed near the groove could continuously 

transport the RBCs to the lower part of the groove. 

Subsequently, the RBC layer has narrow distribution at the 

top and wide at the bottom in the revolved section, in other 

words, the RBC layer presents the shape of hollow 

truncated cone. Therefore, the plasma in the upper part of 

the cylinder can be fully precipitated, and the 

concentration of plasma at the outlet is higher, to 

improving the separation efficiency of the plasma. 
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