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As part of the development of a domestic counterpart, the impeller of the RotaFlow centrifugal pump (Maquet,
Germany) was modernized within the framework of research into the operating conditions of centrifugal pumps
used in extracorporeal membrane oxygenation (ECMO) therapy. A novel rotor impeller design was proposed,
featuring two types of blades: the primary elongated blades responsible for generating most of the pressure, and
secondary shortened auxiliary blades. A three-dimensional computational model of the RotaFlow pump was
created incorporating the redesigned impeller. To evaluate the effectiveness of the modernization, the new design
was compared to the original Maquet impeller. Computational simulations were conducted to analyze key fluid
dynamics parameters, such as turbulence intensity and flow velocity, within the typical operating range of the
pump (flow rates from 1 to 5 L/min at a pressure drop of 350 mmHg). Mathematical modeling demonstrated that
the new blade configuration yields improved flow characteristics compared to the original design.
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INTRODUCTION

Although ECMO pumps are designed for specific
flow rates and pressures, in practice they are frequently
used across a wide range of hemodynamic conditions.
In certain clinical scenarios, these pumps must generate
high pressures of 300-400 mmHg to overcome the re-
sistance of the oxygenator membrane and deliver flow
rates of up to 5 L/min to meet the patient’s needs [1].

Centrifugal pumps commonly used in ECMO are
compact, with impeller diameters not exceeding 50 mm,
such as the RotaFlow (Maquet, Germany) [2], CentriMag
(USA) [3], and Deltastream Medos (Germany) [4]. How-
ever, reducing impeller size inevitably requires higher
rotational speeds and results in larger incremental chan-
ges when adjusting hemodynamic parameters. Empirical
data indicate that halving the impeller diameter reduces
efficiency by 5-10 percentage points [5], largely due
to altered surface area—to—volume ratios and increased
hydraulic losses.

Small pumps are often operated in ECMO at minimal
flow rates, even though they are designed for higher
operating points. This mismatch reduces efficiency and
increases turbulence and stagnant flow zones, as blood
spends more time within the pump. Operating outside the
intended range of application further decreases efficiency
and, at higher speeds, prolongs blood exposure to shear
stress, thereby exacerbating hemolysis [6].

Shear stress and increased blood exposure time dra-
matically elevate hemolysis, while the thrombogenic po-
tential of ECMO circuits is also attributed to mechanical
factors that trigger biochemical cascades. Hastings et al.

[7] investigated thrombus formation in vivo, showing that
the centrifugal pump, tubing, and connectors are the main
contributors to thrombogenesis within ECMO systems.

Today, evaluation methods allow for pump perfor-
mance testing not only under validated conditions for left
ventricular bypass (LVB) [8-10], but also under ECMO-
specific conditions [11]. Importantly, pumps optimized
for favorable flow characteristics in LVB may not de-
monstrate comparable performance in ECMO, undersco-
ring the limitations of their universal application.

The most appropriate solution would be the develop-
ment of a range of pumps tailored to specific applica-
tions, with effective flow and pressure ranges designed
for different clinical modes and compatible with oxy-
genators of varying resistance. An example of this ap-
proach is the Jarvik family of implantable systems [12].
However, such specialization is prohibitively expensive,
and in practice, pumps continue to be used as universal
components across all ECMO operating modes.

A more feasible alternative is to optimize or redesign
the pump impeller. The goal of such improvements is
either to reduce rotational speed while maintaining the
required pressure and flow, or to enhance fluid dyna-
mics within the pump, thereby shortening blood exposure
time. In this study, we propose a method for optimizing
the RotaFlow pump impeller. The modification reduces
hemolysis by lowering the impeller’s rotational speed
and improves overall pump performance under high-
load conditions.
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MATERIALS AND METHODS

The following section provides an overview of the
process used to upgrade the rotor of a RotaFlow pump.
The initial stage involved scanning the pump compo-
nents to reconstruct a detailed 3D model. Scanning was
performed using a 3DMakerpro Seal 3D scanner (China),
achieving an accuracy of 0.01 mm. Based on the scanned
images, sketches and 3D designs of each component
were created individually. The final pump assembly was
rendered in the SolidWorks PhotoView 360 graphics
module, where materials and textures were applied. The
resulting model of the pump is shown in Fig. 1.

The pump rotor is divided into two elements: cap and
impeller. The impeller, in turn, consists of blades speci-
fically designed to generate pressure while minimizing
shear stress on the blood flowing through the pump. This
model consists of a combination of two types of blades:
a primary elongated blade and an secondary shortened
blade. This configuration aims to reduce hemolysis by
improving flow distribution and lowering localized shear
stresses. An example of the conversion from the original
impeller design to the optimized configuration is shown
in Fig. 2.

The blade combination incorporates an equal number
of each blade type — three primary elongated blades and
three secondary shortened blades — arranged alternately
on the cap to ensure sectoral symmetry. Each primary
blade is positioned 50° behind the subsequent secondary
blade in a clockwise direction. The secondary blade is
a truncated version of the primary blade, with its length
reduced to one-third of the primary blade.

Both blade types feature a streamlined profile, con-
structed using a simplified geometric method in which
the blades are defined along a circular arc. This profile
was further optimized through computational hydrody-
namic modeling to minimize shear stress on the blood
as it passes through the device.

The process of creating the impeller is illustrated in
Fig. 3, which presents a schematic drawing of the blade
construction and the profile of the central arc.

The blade construction proceeds as follows. Circles
1 and 2 are drawn at the beginning and end of the bla-
de, with diameters D, and D,, respectively. On the end
circle (2), point A is selected and connected to the circle
center O. From radius OA, an angle equal to the sum of
the inlet (B,) and outlet (j3,) blade angles is measured.
At this angle, draw radius OB on the starting circle (1).
The intersection of segment OB with circle (1) defines
point C. A ray is then drawn through points A and C
until it intersects the wheel inlet circle at point D. Point
D represents the starting point of the blade, while point
A'is its endpoint. From A, a ray is drawn at an angle f3,
relative to AO, measured counterclockwise. From the
midpoint E of segment AD, a perpendicular is dropped,
intersecting the ray from A at point O,. Point O, becomes

the arc center, with segments AO, and EO, equal to the
blade arc radius R;. With O, as the center, arc AD is
drawn, forming the centerline of the blade profile. Con-
ventionally, arc AD is taken as the blade length. Under

Fig. 1. Reconstructed 3D model of the RotaFlow pump (Ma-
quet, Germany)

Fig. 2. Impeller blade profiles of the original (O) and modi-
fied (M) RotaFlow pump designs

Fig. 3. Structural design of the main blade in the modified
RotaFlow pump impeller. Abbreviations: R,;;,, inlet blade ra-
dius; R,, ;,, inlet impeller radius; R, ., outlet blade radius;
R outlet impeller radius

im out?
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boundary conditions, the blade tip circle and blade root
circle coincide with the rotor inlet diameter (3) and the
rotor diameter (4). In this case, the radius of the wheel
blades is determined by formula (1):

&

L D, cos B,—Dj-cosB,

(M

The profiles of the inner and outer walls of the main
blade were constructed using the same geometric me-
thod, with parameter adjustments applied to define the
blade thickness (Fig. 3, b). In the example shown, the
middle arc of the blade was designed with an inlet angle
(B,) of 33° and an outlet angle (J3,) of 22° for the modi-
fied model. In practice, the inlet and outlet angles can
vary between 10° and 60°, depending on hydrodynamic
calculations tailored to the specific operating conditions
of the device.

The additional blade was constructed using the same
method as the main blade, but with the arc length redu-
ced to one-third of the main blade’s arc. Among several
design variations tested, the ¥ length ratio provided the
optimal performance, outperforming both shorter (%4)
and longer (%) blade ratios.

Each blade includes a localized thickening at the mid-
point of the curvature, with a maximum thickness of no
more than 4 mm. This corresponds to approximately
1.5-2 times the thickness at the trailing edge.

Computational fluid dynamics (CFD) analysis

The geometries of the two pumps, reconstructed from
measurements of actual device components, were con-
verted into CAD format for export to computer-aided
design systems. Numerical simulations of flow inside
the three pump configurations were performed using a
commercial computational fluid dynamics (CFD) packa-
ge FLUENT 14.2 (ANSYS Inc., Canonsburg, Pennsyl-
vania). Both structured and unstructured meshes were
employed to compute flow fields, with details of the
meshing procedure available in [13].

Flow distribution was obtained by numerically sol-
ving the governing fluid dynamics equations using an
unstructured finite-volume mesh in FLUENT 14.2.
Zero-pressure and high-pressure boundary conditions
were applied at the pump inlet and outlet, respectively,
corresponding to the pressure head the pump is expected
to overcome at a given rotational speed. Pump walls
were assumed rigid, with a specified roughness of 5 pm,
representative of die-cast surface quality.

Blood was modeled as an incompressible Newtonian
fluid, with a density of 1060 kg/m® and a viscosity of
0.003763 Pas [14]. The standard k-¢ turbulence model
was applied to solve the flow equations. Simulations
were performed at pump rotation speeds of 2000, 2500,
3000, and 3500 rpm. Solution convergence was defined
at 10,

For both the computational model and the physical
mock-up, the rotor speed range was set between 1100
and 3500 rpm. In the numerical model, a minimum mesh
element size of 50 um (tetrahedral elements) was applied.
This resolution provided a balance between accuracy
and computational efficiency, allowing simulations to be
performed with less time and software resources.

Modeling of flow and head-capacity curve
(HCC) characteristics

The head-capacity curve of two impeller designs —
the original and the modified — were evaluated using the
frozen rotor method. At the pump inlet, the pressure was
set to 1 mmHg, while the outlet pressure was adjusted to
achieve flow rates ranging from 1 to 5 L/min. Minimum
turbulence conditions were imposed at the inlet, with an
intensity of 1% and a turbulence scale of 0.1 mm.

Simulation and analysis of flow in ECMO operating
mode were carried out under slightly modified boundary
conditions. In this case, pressure—flow characteristics
were assessed for both pumps at an outlet pressure of
350 mmHg, with flow rates of 1, 3, and 5 L/min. To ac-
count for increased turbulence under these operating
conditions, the inlet turbulence parameters were doubled,
which now had the following values.

Under these conditions, the flow distribution and tur-
bulence parameters (turbulence intensity and turbulence
scale) were evaluated across different areas of the pump,
including the horizontal section of the rotor. Analytical
comparisons of turbulence patterns between the two im-
peller designs were then performed.

A numerical assessment of turbulence was conducted
using the Reynolds number (Re). The highest flow velo-
cities were observed at the outlet of the rotor channels,
while lower velocities were detected at the pump inlet
and outlet regions. The Reynolds number was calculated
for the flow domain based on simulation data and using
formula (2):

R 2r’m
Cimp v

v="n/p, (2)

where dynamic viscosity = 0.0035 kg-m'-s™'; blood
density p=1050 kg'm; & — permissible maximum rotor
angular velocity; r — rotor radius.

RESULTS
Hydrodynamic characteristics

The CFD models were evaluated by comparing the
numerically predicted head of the original rotor design
with that of the optimized design. The pressure—flow
relationships are presented in Fig. 4.

In the graphs, solid lines correspond to the four-
bladed rotor prior to modification, while dashed lines
represent simulation data for the redesigned rotor with
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three long and three short blades. The line colors indicate
the specified pump rotational speed. An increase in head

is observed when the rotor is optimized.

Turbulence and flow distribution

Fig. 5 illustrates fluid motion in the transverse axial
section of the volute at the rotor outlet. The flow struc-
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Fig. 4. Measurement of the Rotaflow pump’s head-capacity curve (HCC). Solid lines represent the original rotor, dashed lines

correspond to the modified rotor
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Fig. 5. Distribution of turbulence intensity in a cross-sectional view of the pump, comparing the original (O) and modified

(M) impeller designs
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ture in the section perpendicular to the radial stream
exhibits a symmetrical vortex that fills the entire outlet
area. The color scale indicates turbulence levels (scale
and intensity) at flow rates of 1, 3, and 5 L/min. Velo-
city distributions in the longitudinal section are shown
in Fig. 6.

Table 1 presents the numerical changes in flow struc-
ture, highlighting the dynamics of blood flow improve-
ment achieved with the optimized impeller design. Key
turbulent flow parameters — scale, intensity, and exposure
time — were analyzed.

A numerical assessment of turbulence was also per-
formed using the Reynolds number (Re). The highest
flow velocities were observed at the outlet of the rotor
channels, while significantly lower velocities were re-
corded at both the pump inlet and outlet regions.

1 L/min

3 L/min

5 L/min

DISCUSSION

The calculations and experimental tests of the two
centrifugal pump samples demonstrated that hydrody-
namic performance can be moderately improved without
the need for a complete redesign of the pump. The head-
capacity curve of the optimized rotor maintained flat flow
characteristics up to 5 L/min, consistent with typical
centrifugal pump behavior, while the average pressure
at a fixed rotational speed increased by 80—-90 mmHg.

This improvement allows the rotor speed to be redu-
ced by 70-100 rpm, resulting in an increase in hydraulic
efficiency of approximately 3—5%. In addition, the six-
blade configuration enhanced flushing of the central axial
zone, thereby reducing exposure time. The maximum
particle passage time decreased by 0.10-0.15 seconds.

0 1.0 2.0 3.0 4.0 5.0

6.0 7.0 8.0 9.0 10.0 [m/s]

Fig. 6. Distribution of flow velocities in the longitudinal section of the pump with the original (O) and modified (M) impeller
designs. Zones of active turbulence and flow stagnation are highlighted
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Flow visualization showed a reduction in turbulence
scale, with vortex size decreasing in the optimized mo-
del. At the same time, the average flow velocity and the
number of visible vortices were moderately reduced.
Collectively, these changes may contribute to a slight
reduction in the overall mechanical load on blood cells.

A critical factor in optimizing centrifugal pump per-
formance is maintaining smooth velocity transitions
between surfaces in the flow region to minimize turbu-
lence. This effect is evident in Figs. 5 and 6. While high
Reynolds numbers were observed in both rotor models,
the values were approximately 500 points lower in the
modified design.

The distribution patterns of flow velocity vectors and
turbulence parameters indicated turbulence at the rotor
outlet and at the junction where channel flows entered the
spiral volute. However, cross-sectional velocity vector
plots showed a more balanced and uniform flow in the
optimized rotor, contributing to reduced energy loss and
lower shear stress.

Clear differences also emerged in the recirculation
patterns at different flow rates. In both rotor models,
decreasing flow rate led to the formation of recirculation
zones at the junction of the spiral volute and the outlet
tract, associated with a sharp edge commonly referred
to as the “tongue”. Notably, this recirculation zone was
significantly larger in the original model, resulting in
increased exposure time.

At higher rotational speeds and reduced flow rates,
mutually oriented vortices, identified as Taylor—Couette
vortices, were observed in both designs within the up-
per and lower gaps between the rotor and the housing
(Fig. 7).

Analysis revealed that vortices at the blade tips were
more pronounced in the original rotor compared to the
modified design. This effect is attributed to the lower
flow velocity and higher impeller rotation speed.

At low flow rates, the maximum number of particle
trajectories with prolonged exposure times was observed.
Under these conditions, particles tended to remain longer
in the pump volute, with up to 30% of total trajectories

Table 1
Flow parameters of the pump with the original and modified impeller designs
Flow parameters (Pressure 350 mm Hg, (Pressure 350 mm Hg, (Pressure 350 mm Hg,
flow rate 1 L/min) flow rate 3 L/min) flow rate 5 L/min)

Model Original Modified Original Modified Original Modified
Impeller rotation speed, rpm 3470 3375 3535 3445 3595 3505
Turbulence scale, mm (avg./max.) | 0.37/0.70 | 0.44/0.68 | 0.33/0.62 | 0.26/1.03 | 0.71/1.02 0.71/1.2
Turbulence intensity, % 40/211 20/118 18 /247 30/223 13 /474 15/823
Exposure time, sec (avg./max.) 0.53/0.87 | 0.32/0.51 | 0.28/0.438 | 0.3/0.45 0.27/0.34 | 0.31/0.41
Maximum speed, m/s 3.5/9.0 3.4/89 3.6/93 3.6/9.0 34/92 3.5/9.1
Reynolds number 25505 25034 26026 25322 26243 25531

Fig. 7. Formation of Taylor—Couette vortices in the flow path of the pump at a flow rate of 1 L/min
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entering recirculation zones. The presence of Taylor—
Couette vortices substantially increased the residence
time of particles, as these vortical structures promoted
reverse flow and swirling motion. This reverse swirling
was especially evident in the inlet pipe near the wall
(Fig. 7).

To validate these findings, additional simulations
were performed using both water and Newtonian blood
models. The reverse flow phenomenon was consistently
observed at 1 L/min and persisted at 3 L/min. However,
at 5 L/min, the phenomenon was absent.

Pump efficiency is a key economic and technological
parameter. Modern standards require that centrifugal
pumps achieve a minimum efficiency of at least 65%
at nominal load to ensure energy-efficient operation.
In ECMO systems, however, this indicator decreases
sharply due to the necessity of miniaturization.

According to an empirical rule, pump efficiency is
strongly dependent on impeller size. For geometrically
similar pumps, doubling the impeller diameter increa-
ses efficiency by 5—8 percentage points [5]. This is due
to changes in the surface-area-to-volume ratio and the
resulting reduction in relative hydraulic losses, and is
explained by efficiency gain formula (3):

AN = 6% - log(D,/D), 3)

where D, and D, are rotor diameters before and after
modification. Similarly, an increase in pump flow rate
contributes positively to efficiency, as shown by ratio (4):

N = 0.8 + 0.0323 - log(Q), )

where Q is volumetric flow rate [m*/h]. An empirical
rule for the practical application of affinity laws states
that a 10% increase in speed results in an approx. 10%
increase in flow and a 21% increase in pressure; a 10%
decrease in speed reduces the flow by 10% and the pres-
sure by 19% [5]. The modified rotor design leveraged
these principles. Although the rotor speed was reduced,
the improved impeller geometry preserved both flow rate
and pressure head. Consequently, the rotor modifications
resulted in a slight increase in overall system efficiency,
as summarized in Table 2.

CONCLUSION

The laws of affinity for centrifugal pumps are valid
within approximately £30% of the nominal rotational
speed, with an accuracy of about 5%. However, when
designing pumps for ECMO applications, other factors
become equally critical, particularly blood trauma and
low priming volume, which are especially important in
pediatric use.

To address these requirements, the flow path must
incorporate smooth geometric transitions and a highly
efficient impeller that operates effectively at minimum
speeds and relatively low flow rates. These conditions,
however, make it inherently difficult to achieve the high
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Table 2

Comparison of pump efficiency using the original
and modified rotor designs

Efficiency, %
Rotor Original Modified
Flow rate 1 L/min 47.7 48.3
Flow rate 3 L/min 39.7 40.2
Flow rate 5 L/min 14.0 15.2

efficiencies typically expected of centrifugal systems.
Furthermore, it is not practical to operate pumps across
their entire HCC range, since large deviations from the
design operating point inevitably result in loss of hyd-
raulic efficiency and unstable flow regimes.

The results of this study demonstrate that transiti-
oning to a rotor design with three long and three short
blades offers clear advantages, including improved hy-
drodynamics and reduced shear stress. Nonetheless, the
development of a line of pumps that can cover the flow
and pressure range for different patient populations re-
mains essential.
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