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Abstract²The effect of a cutout on the pump pressure-flow 

characteristics and the impeller stability was quantified using 

computational fluid dynamics analysis in order to provide good 

hemocompatibility of the monopivot extracorporeal circulation 

pump. As a result, the following findings were clarified. The 

pump pressure is lower in the cutout model than in the 

no-cutout model. The impeller stability with respect to the 

buoyancy of the impeller is better in the cutout model than in 

the no-cutout model. The impeller stability with respect to the 

impeller tilt is better in the cutout model than in the no-cutout 

model. Therefore, the cutout model, in which the geometry 

corresponds to the commercialized pump, was likely to be better 

than the no-cutout model because the stability that has the 

possibility to decrease the gap instantaneously to increase 

hemolysis despite the impeller rotational speed slightly. 

I. INTRODUCTION 

The extracorporeal circulation pump is generally used for 
heart failure patients during heart surgery and/or for other life 
support treatments during surgery. Since the monopivot 
extracorporeal circulation pump, the impeller of which is 
supported at a single contact point by a monopivot bearing, is 
an effective pump in which the area of the contact point 
between the impeller and the casing is quite small,  
thrombogenesis around the bearing is inhibited[1][2][3]. At 
present, the pump is expected to be adapted for heart surgery 
and operative cardiac support for several weeks. 

One of the most important problems is erythrocyte rapture, 
which is referred to as hemolysis. Since hemolysis increases 
with increasing shear rate and decreasing gap width between 
the impeller and the casing of the pump, it is important to 
improve the pump pressure-flow characteristics (referred to 
in industry as pump performance) in order to decrease the 
impeller rotational speed and to maintain the impeller 
rotational stability to maintain the gap width so as to decrease 
hemolysis. In particular, since the impeller of the pump was 
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supported by a single pivot in the monopivot pump, the 
impeller stability in pump driving might be diminished by 
hydraulic force. Therefore, the cutout was adopted in the 
impeller in order to achieve impeller stability, where the flow 
path is spread over the impeller tip region. However, the 
effect of the cutout on the pump pressure-flow characteristics 
and the impeller stability has not yet been clarified from a 
fluid mechanical point of view. 
In the present study, the effect of the cutout on the pump 
pressure-flow characteristics and the impeller stability was 
quantified using computational fluid dynamics (CFD) analysis 
in order to clarify the effect and obtain good 
hemocompatibility of the monopivot extracorporeal 
circulation pump. 

II. METHOD 

A.  Objective pump 

Figure 1 shows the overall geometry of the objective 
monopivot pump which is a commercialized extracorporeal 
circulation pump (MERA centrifugal pump, Senko Medical 
Instrument Mfg. Co., Ltd.). The impeller, the diameter of 
which is 50 mm, is a closed impeller having four straight flow 
paths that are covered by a top shroud and a bottom shroud. 
The impeller is supported by a monopivot bearing. The 
impeller rotates like a gyro as a result of motor torque through 
the radial magnetic coupling [3]. 

Figure 2 shows the impeller geometries of the cutout 
model and the no-cutout model which were compared in  the 
present study. In the cutout model, which corresponds to the 
commercialized pump, each flow path has two cutouts on the 
impeller tip: a front cutout with a horizontal spreading angle of 
90 º and no vertical contracting and a rear cutout with a 
spreading angle of 90 º and a vertical contracting angle of 45º, 
each having a depth of 4 mm, as shown in Fig. 2(a). On the 
other hand, in the no-cutout model, which is a virtual pump, 
the flow paths have no cutouts on the impeller tip, as shown in 
Fig. 2(a). 

B. CFD analysis method 

The model geometry was generated using 3D-CAD 
software (SolidWork, Dassault Systèmes SolidWorks Co.). 
The calculation meshes were made using commercially 
available software (Gridgen, Pointwise Ltd.) based on the 
model geometry. The number of calculation cells was 
approximately 1,000,000 meshes consisting of unstructured 
meshes. Calculations were conducted using commercially 
available fluid analysis solver software (STAR-CCM+ 6.02, 
Computational Dynamics) based on the finite volume method. 
The working fluid was approximated to be a Newtonian fluid 
having a density of 1,050 kg/m

3
 and the viscosity was 3 cP. 

Unsteady analysis was conducted using the sliding mesh 
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method and the standard k-£ model as the turbulent model. The 

boundary conditions were set at an inlet flow rate of 4 L/min 

and a pump outlet pressure of 0 mmHg, where the rated 

rotational speed of the impeller was 2,806 rpm. These 

conditions satisfy the pump pressure of 200 mmHg which is 

defined as a driving condition for the extracorporeal 

circulation use in the cutout model [3]. 

C. Calculations 

First, in order to evaluate the pump-flow characteristics, 

the pump pressure P, which is the difference between the inlet 

pressure and the outlet pressure, was calculated as follows: 

P = Pautlet - Pinlet (1) 

where P;ntet is the inlet pressure, and Pautlet is the outlet 

pressure. 

Next, the hydraulic force on the impeller in the direction 

of the axis of rotation, Fz, was calculated in order to evaluate 

the impeller stability [ 4]. This force was calculated based on 

the area integral of the pressure on the impeller surface as 

follows: 

Fz = L CTz dA ~ L Pz dA (2) 

where the viscous hydraulic force was negligibly small. The 

negative value of Fz is defined as a buoyant force. 

Furthermore, the hydraulic force moment on the impeller 

around the center of the pivot, Mx and My, were calculated in 

order to evaluate the impeller stability about the x and y axes, 

respectively, as follows: 

z 

Impeller t 
x~y 

Fig. 1 Computational domain of the pump 

Flow path 

(a) cutout model (corresponds to commercialized model) 

(b) no-cutout model 

Fig. 2 Geometry of the objective comparison models 

Mx = L (YO'z - ZO'y) dA, My= L (ZO'x - XO'z) dA (3) 

where x, y, and z are the distances from the center of the pivot 

bearing in the orthogonal directions, and ax, cry, and O'z are the 

stresses in each of these direction [5]. The smaller the 

absolute values of Mx and My, the more stable the impeller 

rotates. Moreover, positive values of Mx and My, indicate that 

the impeller is tilted toward the outlet side. 

III. RESULTS 

A. Pump pressure-flow characteristics 

Figure 4 shows the phase variation of the pump pressure 

under the condition of the rated impeller rotational speed and 

the rated flow rate. The amplitude of the phase variation 

changed only slightly between the cutout model and the 

no-cutout model. 

Figure 5 shows the result of average pump pressure with 

standard deviation during a single rotation. The pump 

pressure was 193 mmHg in the cutout model. Since the 

experimental condition resulted the pump pressure of 200 

mmHg at the same rotational speed, the validation of the CFD 

analysis was confirmed at the error of within 4%. On the other 

hand, it was 211 mmHg in the no-cutout model. Therefore, 

the rated impeller rotational speed of the cutout model was 

3 % higher than that of no-cutout model. 

B. Impeller stability against the buoyant of the impeller 

Figure 6 shows the phase variation of the hydraulic force 

on the impeller. The amplitude of the phase variation varied 

only slightly between the cutout model and the no-cutout 

model. 

:;----· 

(a) pump pressure 

F, 

9 C±> 9 

( c) hydraulic force moment on the impeller 

Fig. 3 Pump pressure, hydraulic force on the impeller, and 

hydraulic force moment on the impeller 

2737



  

Figure 7 shows the results for the average hydraulic force 
on the impeller with standard deviation during a single 
rotation. The average hydraulic force on the impeller over a 
single rotation was 2.8 N in the cutout model and 1.7 N in the 
no-cutout model. Therefore, the buoyancy of the impeller in 
the no-cutout model was greater than that in the cutout model. 

C. Impeller stability with respect to impeller tilt 

Figure 8 shows the phase variation of the hydraulic force 
moment on the impeller about the center of the pivot. Figures 
8(a) and 8(b) show the moments about the x and y axes, 
respectively. The amplitudes of the phase variations varied 
only slightly between the cutout model and the no-cutout 
model. 
 

 
Fig. 4   Phase variation of the pump pressure 

 

Fig. 5 Average pump pressure 

 

Fig. 6 Hydraulic force on the impeller 

 
Fig. 7 Average hydraulic force on impeller 

Figure 9 shows the average hydraulic force moment on 
the impeller about the center of the pivot with standard 
deviation during a single rotation. Figures 9(a) and 9(b) show 
the moments around the x and y axes, respectively. The 
average hydraulic force moment on the impeller about x axis 
was -0.19 N·mm in the cutout model and -1.13 N·mm in the 
no-cutout model. The average hydraulic force moment on the 
impeller about the y axis was 6.47 N·mm in the cutout model 
and 7.85 N·mm in the no-cutout model. Therefore, the 
impeller stability in the cutout model was higher than that in 
the no-cutout model. 

IV. DISCUSSION 

A.  Pump pressure-flow characteristics 

The lower pump pressure in the cutout model as 
compared to that of the no-cutout model is related to the 
effective impeller diameter. The existence of the cutout 
decreased the impeller diameter, the ³GHIDXOW´ diameter of 
which was 50 mm in the no-cutout model. 

 

 

(a) rotation about the X axis 

 

(b) rotation about the Y axis 

Fig. 8    Hydraulic force moment on the impeller 

 about the center of the pivot 

 

 
Fig. 9 Average hydraulic moment on impeller 
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B.  Impeller stability with respect to the impeller buoyancy 

The hydraulic force on the impeller depends on the 
pressure distribution on the impeller. Thus, the pressure 
contours on the surface of the cutout model and no-cutout 
model are shown in Figure 10. It shows that there is larger 
high pressure area in the volute area in the cutout model than 
in the no-cutout model. Fluid velocity transforms to pressure 
increase in the volute area. Therefore, the transformation 
from the fluid velocity to the pressure increase becomes more 
easily in the cutout model than in the no-cutout model 
because the effective volute area in the cutout model is larger 
than that in the no-cutout model. In this pump, high pressure 
in the volute region turns to the pushing force on the impeller 
toward the pump casing. So the pushing force on the impeller 
toward the casing is larger in the cutout model than in the 
no-cutout model. Therefore, the stability with respect to the 
buoyancy of the impeller was considered to be better in the 
cutout model than in the no-cutout model. 

C.  Impeller stability with respect to the impeller tilt 

Both models generate high pressure around the impeller 
tip. In the cutout model, the pressure increases gradually in 
the radial direction because pressure increases both in the 
volute region and the cutout region. As such, the hydraulic 
force moment is easily balanced in the circumferential 
direction despite the existence of the outlet. This indicates 
that   the   small   hydraulic   force   moment   on   the   impeller 
stabilizes the impeller rotation with respect to impeller tilt. 
On the other hand, in the no-cutout model, the pressure 
increases dramatically in the radial direction because the 
pressure increases only in the volute region. Thus, the 

 
(a) cutout model 

 
 

(b) no-cutout model 

Fig. 10   Top view of pressure contour on the impeller 

hydraulic force moment in the circumferential direction is 
difficult to balance if the outlet is present. This reflects the 
result of the large hydraulic force moment on the impeller, 
which tilts the impeller rotation toward the outlet side. 
   In our previous pump performance study, the no-cutout 
model had not rotated regularly under some driving 
conditions while the cutout model had rotated. Thus, the 
cutout was used to stabilize the impeller rotation. In the pump, 

the minimum gap is several hundred Pm between the impeller 
and the casing. The previous shear stress analysis suggested 
that the maximum shear stress attained several hundred Pa [3]. 
Therefore, some impeller tilt has the anxiety to increase the 
shear stress resulting high pump hemolysis. Moreover, in a 
previous flow visualization study, the cutout was found to 
change the flow direction around the impeller [6]. Therefore, 
the cutout in the impeller is important in order to smooth the 
flow and to circumferentially balance the pressure increase. 

V. CONCLUSION 

Based on computational fluid dynamics analysis of the 

flow in the monopivot circulatory pump, the following 

conclusions were obtained: 

1) The pump pressure is lower in the cutout model than in 

the no-cutout model. 

2) The impeller stability with respect to the buoyancy of the 

impeller is better in the cutout model than in the 

no-cutout model. 

3) The impeller stability with respect to the impeller tilt is 

better in the cutout model than in the no-cutout model. 

At present, the cutout model, the geometry of which 

corresponds to the commercialized pump, was likely to be 

better than the no-cutout model. It is because the stability is 

like to be more important that has the possibility to decrease 

the gap instantaneously to increase hemolysis. In the present 

study, we compared only two models. But it may be possible 

to improve the geometry of the flow path including cutouts in 

the future with considering both the pump-flow 

characteristics and the impeller stability with respect to the 

buoyancy of the impeller and the impeller tilt. 
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