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The paper presents a new fully parametric geometrical model of a ventricular
assist device (VAD) together with an example of a comprehensive automated workflow
integrating multidisciplinary tools for geometrical design, fluid dynamic assessment,
and automated shape optimisation. Advanced geometrical constructions are applied to
develop a new fully parametric CAD (Computer Aided Design) model that generates
a stable, watertight geometry of an axial blood pump in both non-uniform B-spline
representation and node-to-node triangular mesh.

The presented example of a fully integrated simulation workflow that combines
open-source software tools within a user-friendly environment, demonstrates its effi-
ciency while benefiting from the fully parametric, easily adjustable VAD model. The
proposed geometrical modelling and numerical simulation approach offers a seamless,
ready-to-use test case for computer aided design, analysis and optimisation of VADs.
The shown results demonstrate the essential advantages of the parametric modelling
approach, showcasing its potential application in performance improvements of an ax-
ial blood pump through shape optimisation. Overall, the paper highlights the viability
of automated, multidisciplinary design workflows in biomedical engineering.
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1. Introduction

This paper presents the construction and example of application of a new com-
putational test case. It is motivated by the design of mechanical aids of human
cardiovascular system, namely the Ventricular Assist Devices (VADs). These are
small auxiliary blood pumps that augment the blood flow in the circulatory system
by helping the weak and failing hearth to provide sufficient blood flow and pressure
in the human body. These mechanical rotary blood pumps are high-performance de-
vices that need to be carefully designed to provide high performance and efficiency
while preserving small size and low power consumption [1, 2]. Further design
constrains arise from the need for bio-compatibility of the device, namely from
the risks of hemolysis (the mechanical damage of red blood cells) and thrombus
formation [3, 4].

The experimental investigation of such devices is very complicated and ex-
pensive, despite the fact that in most cases it can only provide global parameters
of the device, without revealing the complete details of the structure of the local
blood flow field [5]. This is why the use of Computational Fluid Dynamics (CFD)
is one of the key instruments in the analysis and design of VADs. Even with the
use of CFD simulations (sometimes called in-silico models) the development and
optimisation of blood pumps is very expensive and time-consuming. There exist
large number of CFD simulations and studies focusing on various particular aspects
of the VADs design and their numerical assessment. The essential flow features
are discussed, for example, in [1],[6],[7, 8], the turbulence effects in [4],[2],[5],
the non-Newtonian rheology was used in [9],[10]. The hemolysis (blood damage
caused by mechanical stress) is of primary interest in [11],[12],[3]. These numer-
ous studies were performed for different VADs, ranging from simple academic
designs up to quite realistic shapes similar to those being commercially produced
and implanted to patients.

One of the key obstacles in faster progress in modelling of flow and other
biomedical processes in blood pumps is in the rather complicated geometry of the
device and the wide variety of different designs used by different researchers and
producers. This makes the individual studies performed on different geometries
difficult to compare and to assess the mutual performance of various mathematical
models of blood rheology, hemolysis, and thrombosis. In addition, majority of
the used VAD geometries are not fully disclosed, so it is virtually impossible to
replicate the published simulations or use the identical geometry for further studies
by other researchers.

A lack of a simple, but yet realistic common geometrical model of VAD, which
can be used by different authors, led us to the development of a new geometrical
design of a generic VAD that can be used for this purpose. In order to be able to
assess also the influence of different geometrical parameters on the blood pump
performance, efficiency and bio-compatibility, the model was created as fully para-
metric, being completely defined by a list of geometrical parameters that can be
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varied if needed. This kind of fully parametric design is not only suitable for per-
forming case studies looking into the effect of individual model parameters, but
is also perfectly suited for automated shape optimisation, possibly leading to new
designs of advanced VADs.

Geometry variability proves to be a key factor in optimising the performance
of blood pumps, as its systematic changes allow analysing the influence of design
parameters on the hydraulic performance and hemodynamic compatibility of the
VAD [6, 13]. In [6], the design of the impeller and diffuser blades of the left
VAD was systematically modified using a few selected geometrical parameters to
obtain different variants. Then, the effect of these geometrical variables on the
hydraulic performance of the pump was analysed using statistical models. In [13],
selected geometrical parameters were systematically varied and their effects on the
hemodynamics and hydraulic performance of a centrifugal blood pump designed
according to industry guidelines were investigated using CFD.

The main aim of this paper is to present a new computational test case of an
axial blood pump, including an example of the complete automated workflow.

It starts by the generation of a fully parametric Computer Aided Design (CAD)
model, followed by its computational evaluation by means of CFD simulations,
postprocessing of the resulting data, their assessment and final report generation.

The showcased workflow integrates a fully parametric geometry generation
into the CFD simulation loop based on the automated shape optimisation process.
This advanced concept makes it possible to further improve the VAD design, help-
ing to reduce numerous medical complications, allowing to downsize the device,
or enabling its better regulation to allow for active patient lifestyle [14].

The structure of the paper is as follows: The Introduction is followed by a
detailed description of the geometrical construction and generation of the CAD
model in Section 2. The model surface mesh generation and export is briefly
explained in Section 3. The example of use of the newly developed VAD model
within an advanced simulation workflow is shown in the remaining part of the paper.
The basics of the computational grid generation, numerical flow simulations, their
automated evaluation and reporting are given in Section 4. Finally, an introduction
to the automated process of shape optimisation is shown in Section 5.

This paper follows the short proceedings contribution [15], where the first ver-
sion of a newly developed parametric CAD model of a VAD was briefly introduced
and preliminary CFD simulations were presented. Here, the process of generation
of an axial blood pump parametric CAD model is described in detail, including the
incorporation of the generated 3D geometry into CFD simulations.

2. Geometrical construction of a model of an axial blood pump

The basic concept (architecture) and dimensional parameters of the proposed
new simplified VAD model were chosen as a compromise based on previous
published works of different authors. The most important inspirations include [16]
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focused on the design and development of an axial left VAD for adults, [7, 8], where
the design of an axial blood pump and its improved version based on the application
of CFD techniques are presented, [17] with the design of an axial blood pump with
a rotor on magnetic bearings and [2], where the design of a VAD intended for
research purposes was inspired by clinical devices with axial flow.

The considered shape represents a simplified working model of a generic axial
VAD, that retains most of the common flow characteristics and design features
found in real VADs being currently in medical use. This simplification allows for
representing the whole geometry by a limited set of parameters, defining a fully
adjustable model geometry to be used for research and development purposes.

2.1. Tools and methods

The fully automated script-based process for generating the parametric ge-
ometry of the blood pump, its use in CFD simulations, and assessment of its
performance characteristics is shown schematically in Fig. 1.
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Fig. 1. Schematics of the automated process of 3D geometry generation, CFD simulation
and shape optimisation

To develop a fully parametric geometrical model of an axial blood pump, 3D
computer graphics and CAD software Rhinoceros with an integrated Grasshopper
graphical algorithm editor was chosen. The choice of this software environment
was influenced by the fact that Rhinoceros not only excels in modelling spatial
objects using mathematically precise Non-Uniform B-Spline (NURBS) represen-
tation [18], but also provides advanced support for polygon meshes. Therefore,
the generated geometry can be exported in NURBS representation as smooth sur-
faces (e.g., STEP, IGES, SAT format) or as a triangular node-to-node mesh in STL
format. This desirable feature of the chosen modelling software and the adopted
model mathematical representation is the key aspect for automatically generating
high quality scalable geometries and computational grids without compromising
the smoothness of the model surfaces and their perfect watertight fit for the whole
range of admissible parameters.
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The most common type of modelling in CAD applications, the so called
boundary representation (BRep), is used to develop the blood pump CAD model.
BRep is a mathematically precise virtual representation where the modelled object
is defined by the boundaries of its volume [19]. A solid in BRep is represented
by a closed watertight polysurface, as a result of which a triangular node-to-node
mesh can be generated.

The process of the CAD model generation is based on the set of shape param-
eters listed in Tab. 1 with respect to the coordinate system given in Fig. 2. Once the
text file with shape parameters is updated, the generation of a new geometry starts
and all constructions described below are carried out automatically in Grasshopper
with a software tolerance of 0.001 mm. No additional manual interventions are
required during and after the geometry generation.

The design of the entire geometry shown in Fig. 2 is subject to the computa-
tional requirements. Individual surfaces of the CAD model include both physical
boundaries and fictitious interfaces between the future modelling sub-domains and
computational grid blocks. For numerical simulations, the whole solution domain
is bounded by a long straight shroud, inside of which the actual blood pump is
placed for numerical testing. The artificial inlet and outlet boundaries are placed
far enough to allow the flow to fully develop and settle.

Interfaces

Diffuser
Clutch

Straightener

Fig. 2. Structure of the CAD model of an axial blood pump

In the procedure of the CAD model development, a number of common mod-
elling techniques and geometrical transformations are applied to generate curves
used to create surfaces with the required geometrical properties [20, 21]. Since the
n-th-degree Bézier curve C(u), u € [0, 1], is used as the generating curve of many
surfaces in the presented CAD model of the blood pump, its vector equation is
given here.
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Table 1. Set of input parameters for data export and geometry generation

Symbol | Parameter Dimension
Folder Path to the existing folder for STL export
D Shroud diameter 16 mm
DT Tip diameter 15.76 mm
DH Hub diameter 11 mm
DC Clutch diameter 11 mm
L Shroud length 380 mm
LSS Stator shroud length 127 mm
LS Straightener length 27 mm
LSF Straightener front length 12 mm
LI Impeller length 18.3 mm
LD Diffuser length 40 mm
LC Clutch length 0.7 mm
ns Straightener blades number 5
ny Impeller blades number 2
np Diffuser blades number 3
TSB Straightener blades thickness 1.2 mm
TIB Impeller blades thickness 1.2 mm
TDB Diffuser blades thickness 1.25 mm
LDB Diffuser blades length 28 mm
WDB Diffuser blades width 4 mm
s Blades offset 0.75 mm
Helix wrap angle 360°
p Helix shape parameter 1.75
ay Straightener meridian definition 3.5 mm
as Straightener meridian definition 8.5 mm
by Diffuser meridian definition 7.5 mm
by Diffuser meridian definition 0 mm
bs Diffuser meridian definition 3 mm
c1 Diffuser blade centre line definition 3 mm
o Diffuser blade centre line definition 6 mm
dj Straightener blade centre line definition -1.5 mm
n
C(u) = Bin(u)Vi,
i=0
where V; = (x;,¥:,2;),i =0, ..., n, are control points and basis functions

Bin(u) = (Z)ui(l - u)"_i, uel0,1],i=0,...,n,

are n-th-degree Bernstein polynomials.

)

)
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Throughout of this section, the following convention is used to denote geo-
metrical figures: X(u) denotes the mathematical model of the figure, X its CAD
representation.

The CAD model of the blood pump, shown in Fig. 2, consists of three essential
parts — straightener, impeller and diffuser separated by two clutches. The following
subsections describe the detailed procedure for constructing their geometry. The
individual subsections are presented in the same order in which the construction
is programmed in Grasshopper, which helps to clarify the mutual relationships of
the individual shape parameters in the entire parametric CAD model.

2.2. Straightener modelling

The hub of the straightener consists of two surfaces of revolution — front part
Ssr and cylindrical part Sgy. Surface Sgr is generated by revolution of meridian
Mgr around the blood pump axis, which is identical with x-axis. Meridian MgF is
3rd-degree Bézier curve given by control points

V() = (0, 0, 0),V1 = (0, 0,611),V2 = (LSF - az,O, I’H),V3 = (LSF,O, FH),

where rH = DH/2 is the hub radius. To ensure appropriate shape variability of
the straightener hub, parameters a; and a, are limited to a; € (0, DH/2] and
ay € (0, LSF).
Points
Vi3,V4=(LS,0,rH),Vs = (LS,0,rH —rC), 4)

where rC = DC/2 is the clutch radius, are vertices of piecewise linear meridian
Mgy, the definition curve of surface Ssy, see Fig. 3a.

Configuration (3) of control points ensures that meridian Mgg always has
a tangent parallel to z-axis at point V and parallel to x-axis at point V3. Thus, the
tangent continuity of surfaces Ssr and Ssy along the boundaries in plane x = LSF
is preserved, see Fig. 3b, even if the corresponding input shape parameters listed
in Table 1 are changed.

For straightener blade modelling, its mean camber line Cs as 2nd-degree
Bézier curve in plane (x, z) given by control points

Vo= (x3+s+132,0,0), V7 = (x¢ + £32,0), Vs = (x¢ + LSB,0,dy)  (5)

is modelled first, see Fig. 3c. The orientation of the straightener blade is controlled
by the sign of parameter d;: for d; < 0 the blade bends clockwise, the blade is
straight for d; = 0, and for d; > 0 the blade bends counter-clockwise with respect to
(x, z) plane. For the next construction, mean camber line Cg is extruded in negative
y-direction by vector (0, —r — 2, 0) to create auxiliary surface Eg, see Fig. 3d. The
shroud radius r = D /2. Extending the extrusion by 2 mm is sufficient to ensure the
existence of intersections in the following steps.
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Fig. 3. Straightener modelling

Then, a part of auxiliary cylindrical surface Sgt with meridian Mgt || Msyg
is created, see Fig. 3c and d. The cylindrical surface Sst defines the tip of the
straightener blade. Meridian Mgt is obtained by shifting the meridian Mgy by
vector (0,0,r — rH), i.e., there is no gap between the shroud and the straightener
blades. Mean camber lines Csy = Es N Ssy and Cst = Eg N Sgr are constructed
as intersections of surface Eg and the corresponding cylindrical surfaces.

In the next step, two pipes Psy and Pgt of the same radius 7S B /2 and rounded
ends are constructed. The directing curves of the pipes are mean cumber lines
Csu and Cgr, see Fig. 3d. Intersections Bgyy = Ssg N Psy and Bst = Sst N Pst
of the pipes with hub and tip cylindrical surfaces define the boundary curves of
the straightener blade, see Fig. 3e. Pipe Pgy is ng times copied around x-axis, see
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Fig. 3f, to obtain cutting objects to create holes shaped according to curve Bgy in
the straightener hub, see Fig. 3g.

The straightener blade is a composition of the ruler surface given by boundary
curves Bsy and Bgr and the tip surface given by the inner part of cylindrical
surface Sgr after cutting by the pipe Psr, see Fig. 3g. Finally, the straightener blade
is copied ng times around x-axis and the BRep of the straightener is finished, see
Fig. 3h.

Using pipes with rounded ends to define boundary curves Bgy and Bsr results
in curves Bgy and Bgt being offset curves to the mean cumber lines Csy and Cgr,
i.e., the straightener blades have constant thickness 7S B and rounded ends.

2.3. Impeller modelling

The impeller construction, following the straightener construction, is derived
from the position of point V5 given by (4). The basic shape of the impeller hub is
the surface of revolution Sy with piecewise linear meridian Myy given by vertices

V9 = ()C5 + LC, O,FC),V1() = (X9,0, rH),
Vit = (x9+ L1,0,rH),Vi2 = (x11,0,7C). (6)

To define the tip surface of the impeller blades, the auxiliary surface of revolution
Sit with meridian Myt is constructed, see Fig. 4a and b. Meridian Myt is obtained
by shifting the line segment VoV|; of meridian My by vector (0,0, rT — rH),
where »T = DT /2 is the tip radius of the impeller blades. The difference r — T
determines the radial gap between the shroud and the impeller blades. The radial
gap is an important component of the blood pump, and its size can significantly
influence the hemodynamic properties of the pump, especially at low flow rates
[12].

Impeller blade is a right-hand oriented helicoidal surface generated by screw
motion of a rectangular profile perpendicular to both the directing helix and axis of
screw motion (x-axis). The principle of impeller operation requires a variable cross-
section area between the blades. The screw motion is therefore a combination of
translation along x-axis and rotation around x-axis, with the distance of translation
not being directly proportional to the angle of rotation. Thus, the generating helix
H(v) is given by

hv?P .
H(v) = W,rHcos(v),rH sin(v)],v € [0, w], 7

where h = LI — 2s — T1B is the height of the helix. Helix shape parameter p
controls the disproportionality between the distance of translation along x-axis and
angle of rotation around x-axis of screw motion in the following way: for p < 1
the cross-section area between the blades decreases in the flow direction, for p = 1
the cross-section area is constant and for p > 1 the cross-section area increases.
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To ensure the stability of the geometrical construction, as well as sufficient shape
variability of the resulting helicoidal surface, parameter p is limited to p € (0, 2].

Mg —
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7T Mo Ty V12 | o X
1 1 | A\
O H = Vol = \ i
e H = VIR R, N | \\
TIB TIB /ﬁ\‘
s+ S+ = | S
LI i
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X
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Fig. 4. Impeller modelling

Helix as a transcendental curve does not have a NURBS representation, there-
fore it cannot be modelled in a mathematically precise way in CAD systems. Helices
Hiypy and Hyr used in this design to define the impeller blade are constructed as 3rd-
degree interpolation B-spline curves given by a set of definition points calculated
on the theoretical helix (7) for r = rH and r = rT. The number and distance of
the theoretical points were chosen so that the deviations of the interpolation curves
from the theoretical helices were less than the software tolerance 0.001 mm.

Helices Hyy and Hry are used as directing curves for two pipes Py and P
with the same radius 7/B/2 and rounded ends, see Fig. 4c and d. The boundary
curves Brg and By are again obtained by intersection of the pipes with hub and
tip cylindrical surfaces, i.e., Byy = Sy N Py and Brr = Syt N Py, see Fig. 4e.



www.czasopisma.pan.pl P N www.journals.pan.pl
N
S
POLSKA AKADEMIA NAUK

Parametric test case for axial blood pump design and analysis 415

Pipe Py is n; times copied around x-axis to obtain cutting objects to create holes
shaped according to curve By in the impeller hub.

To ensure the stability of the generated geometry, it is necessary to avoid
intersections of the pipes with the mathematical boundaries of surfaces Syy and
Sir along their meridians. Thus, the wrap angle w is limited to w € (0°,360°).
Moreover, the start point A of helix Hyy, and consequently, the start point A" of
helix Hyr, are rotated around x-axis by angle corresponding to the safety distance
d (set to 10% of the blade thickness T/ B) between the boundary By and meridian
My, see Fig. 4d and the detail in Fig. 4e. Similarly, depending on the given wrap
angle w, the constructive algorithm checks for unwanted intersection of pipe Py
and meridian My at the end of helix Hyy, and if so, the end points B and B’ of
both helices are rotated accordingly.

The impeller blade is constructed as a ruled surface given by boundaries By
and By and the tip surface given by the inner part of tip cylindrical surface Syt
after cutting by the pipe Pir, see Fig. 4e. Finally, the impeller blade is copied n;
times around x-axis and the BRep of the impeller is finished, see Fig. 4f.

The above described procedure of impeller blades construction ensures all
the required and easily parametrised geometrical properties of the impeller flow
channels.

2.4. Diffuser modelling

Construction of the diffuser is derived from the position of point Vg given by
(6). The construction is similar to the procedure used in the case of the straightener
modelling, so its description is brief. The diffuser hub consists of two surfaces of
revolution Spy and Sp with meridians Mpy and Mp, see Fig. 5a and b.

Meridian Mpy is the piecewise linear curve with vertices

Vi3 = (x9+LC,0,rC),Vi4 = (x13,0,7H),Vi5s = (x13+ LBD +2s).  (8)
Meridian Mp, is the 3rd-degree Bézier curve given by control points

Vis, Vie = (x15+b1,0,rH), Vi7 = (x13+ LD = b3,0, b3), Vig = (x13+ LD, 0,0).

9)
The mean camber line Cp, of the diffuser blade is the 3rd-degree Bézier curve given
by control points

Vio = (xi3+ s+ 52,0,-WDB + TDB), V5 = (x19 + ¢1,0,0),
Va1 = (x19+ LDB —TDB - ¢3), V2 = (x21 +¢2,0,0),  (10)

see Fig. 5a. The auxiliary surface Ep is created by extrusion of mean camber line
Cp by vector (0, —r—2). Pipes Ppy and Ppr have directing curves Cpyg = Ep NSpy
and Cpt = Ep NSpr, see Fig. 5b. The meridian Mpr of the cylindrical surface Spt
is obtained by shifting the line segment V4V 5 by vector (0, 0, 7 — rH), therefore,
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no gap is between the shroud and the diffuser blades. Boundary curves Bpyg and
Bpt of the diffuser blade are constructed as intersections of the extrusion and the
pipes, i.e. Bpyg = Spu N Ppy and Bpr = Spt N Ppr, see Fig. 5c.

MpT
Viy Mpy

r
rH

LDB s

Fig. 5. Diffuser modelling
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Pipe Ppy is np times copied around x-axis to obtain cutting objects to create
holes shaped according to curve Ppy in the diffuser hub, see Fig. Sc. The diffuser
blade is constructed as a ruled surface given by boundaries Bpy and Bpr and the
tip surface given by the inner part of tip cylindrical surface Spr after cutting by the
pipe Ppr, see Fig. 5c. Finally, the diffuser blade is copied np times around x-axis
and the BRep of the diffuser is finished, see Fig. 5d.

2.5. Clutches modelling

Two clutches, see Fig. 2, are constructed as cylindrical surfaces of revolution
Scr and Scr with linear meridians Mcr, and Mcr given by endpoints VsVg and
V12Vi13, see Fig. 6. The coordinates of these points are given in (4), (6), (8) and
(9). In the case the radius rC of the clutches is equal to the hub radius rH, the hub
meridians Mgy, Mg and Mpy, see Figs. 3a, 4a and 5a, are not piecewise linear,
but are given only by segments V3Vy4, V1oV and V4V 5 in the given order.

Mg, Mcp M Vip Lvlz
AN Viz\ Vis o A W
Vs, LV9 LW
(] A L |
e . /
Lc L Lc —® || Vot
| Scr
(a) SCL/' (b)

Fig. 6. Clutches modelling

2.6. Shroud, inlet, outlet and interfaces modelling

The shroud is a cylindrical surface of revolution consisting of three parts,
see Fig. 7: Sss, SSI and SSD with meridians Mss = V23V24, MSI = V24V25 and
MSD = V25V26, where

Vo3 = (x9 = LS, 0,r), Voq = (x10,0, 1),
Vo5 = (x11,0,7), Vag = (x23+ L,0,7).

The shroud is closed by fictitious inlet Sy, a disk given by the left boundary
B; of surface Sss, and outlet Sp, a disk given by the right boundary Bg of surface
Ssp, see Fig. 7b.

Fictitious left Sy, and right Sy interfaces are generated by revolution of merid-
1ans ML = V10V24 and MR = V11V25 around x-axis.
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Fig. 7. Shroud, inlet, outlet and interfaces modelling

3. Triangular mesh generation and export to STL

The process of node-to-node triangular mesh generation consists of the fol-

lowing steps.

1. Blood pump mesh — To create a closed BRep of the axial blood pump, the
functional surfaces of the straightener, impeller, diffuser and clutches visu-
alised in Figs. 3h, 4f, 5d and 6b are joined into one closed polysurface. Since
the construction procedures described above ensure the water-tightness of
the resulting BRep, the tools for converting BRep to a triangular node-to-
node mesh implemented in Grasshopper can be used. The obtained mesh,
see Fig. 8, needs to be decomposed into meshes of individual surfaces and
grouped into logical sets corresponding to the CFD computational blocks.
Finally, the sets of meshes are exported as STL files into the output folder
given in the set of input parameters listed in Table 1.

2. Shroud mesh — The closed BRep of the shroud is obtained by joining the
cylindrical surfaces, inlet and outlet, see Fig. 7b. Then, the node-to-node
triangular mesh is generated, decomposed and exported as STL files.

3. Interfaces meshes — The interfaces Sp and Sg do not belong to the closed
BRep of either the blood pump or the shroud, therefore, conversion to
a mesh cannot ensure coincidence of the vertices with the already generated
meshes. The meshes of both interfaces were therefore not generated from
surfaces Sy, and Sg, but created directly between the polygonal boundaries
of the impeller and shroud meshes. The polygonal boundaries are located
in planes x = xj9 and x = x11, see Fig. 7a.
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Fig. 8. Node-to-node triangular mesh of axial blood pump

4. CFD simulations

The simulations presented in this section of the paper should demonstrate the
viability of the newly designed parametric CAD model of an axial blood pump
in a fully automated advanced simulation workflow. The particular software tools
being used and described here together with few selected examples of possible
outputs of the performed simulations only aim to prove the declared quality and
functionality of the newly proposed model set-up for research and development of
VADs. The focus of this part of the paper is more on the computational test case
and the associated workflow, rather than on detailed simulations and their results
for certain particular VAD design.

The hydraulic performance and efficiency of the newly designed blood pump
model is evaluated by the means of the CFD. There exist a number of readily
available commercial software packages as well as open-source and in-house built
codes that can be used for this purpose. The below described software package user
case should thus be understood as one of the many possible choices for this task.

In the case presented, the advanced engineering software environment TCAE,
developed by CFD SUPPORT LTD (www.cfdsupport.com), was used. This soft-
ware is structured as a system of independent modules — TMESH, TCFD, TFEA,
TOPT, and TCAA — which can function either as standalone tools or within a fully
automated workflow. In this project, the following modules were utilized:

TZTMESH  for creation of computational meshes,

:JTCF D for setting up the CFD calculation,
+OTOPT

for setting up the optimisation and parametric calculations.
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A significant advantage of TCAE lies in utilising various open-source third-
party software packages and libraries as its computational core, most notably the
OpenFOAM, CalculiX, netgen, gmsh and others. These modules can also easily be
combined with additional third-party or in-house codes, enabling a high degree of
customisation and extensions.

The graphical user interface of TCAE is built upon the open-source visuali-
sation software ParaView, utilizing a modified version of its original GUI while
preserving the majority of its core functionalities. TCAE can be operated both as a
user-friendly "black box" or as a highly configurable and sophisticated simulation
pipeline, depending on the user’s expertise and requirements.

Moreover, the TCAE environment is capable of automatically generating com-
prehensive reports, both for individual CFD simulations and for optimisation tasks
performed using the TOPT module. Additionally, a new software module, TBASE,
is currently under development. This module will aim to build a structured database
of simulation results for various test cases, serving as a foundation for generating
fast and reliable surrogate models using machine learning and artificial intelligence
(MLY/AI) techniques. This will significantly accelerate the design and optimisation
processes by reducing the need for repeated simulations.

Due to these advantages, the TCAE software was employed in this work to
efficiently build the computational case and automatically generate all necessary
configuration files and execution scripts, significantly simplifying the setup, exe-
cution, post-processing, and optimisation procedures. Nevertheless, since the com-
putational core is based on open-source tools, users are not limited to the TCAE
software and can independently build, configure, and manage the entire simulation
workflow outside of TCAE if preferred.

STCAE
STOPT — > =TBASE

J J J Ty v
externaL cooe (SXTCAD SEETMESH (ETCFD 1 TFEA (=)TCAA

Fig. 9. System of independent modules

The aim of the performed and hereafter presented fluid flow simulations in the
newly designed blood pump was to test the basic geometrical model, set-up the
computational mesh generator and the flow solver. The focus is on the automated
workflow, avoiding any later human intervention in the process, aiming for the CFD
based shape optimisation as the final goal.
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4.1. Computational grid generation

Based on the surface mesh of the model exported in the STL format by the
Rhinoceros/Grasshopper software tools, the TMESH module within the TCAE
is used to facilitate the generation of the computational grid by providing the
necessary configuration and executing the freely available OpenFOAM [22] mesh
generation utilities blockMesh and snappyHexMesh, which perform the actual
grid generation. The resulting unstructured polyhedral (hexahedral-dominant) grid
respects both the physical boundaries of the CAD model surface (the blood pump
stator and rotor in this case) including the outer casing shroud, and the inlet/outlet
artificial boundaries as well as the added interfaces between the static and rotating
parts of the model. Special attention is paid to sufficient grid resolution close to solid
boundaries, where the turbulent fluid flow solution can exhibit steep gradients. An
example of such block-based grid generation using TMESH module within TCAE
environment is shown in Fig. 10.

+-0

ComponentColors

2

Fig. 10. The TMESH module environment with partially visible configuration settings for CFD
mesh generation. The left panel shows a portion of the setup interface, including selected
component definitions, mesh input, and patch refinement parameters. The top render window
displays the geometry divided into components, colour-coded by region. The bottom window
shows the resulting surface mesh generated by the SnappyHexMesh algorithm, with evident
local refinement around geometrically complex areas of the axial blood pump

4.2. Flow simulations

The CFD simulations are performed by the open-source CFD toolbox Open-
FOAM, which is set-up and called from the TCFD module of TCAE. For the
computational purposes, the blood pump model is subdivided into two static and
one rotating part. The static straightener and diffuser blocks are defined in a fixed
reference frame, while a rotating frame of reference is considered for the impeller
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block. This approach known as the Multiple Reference Frame (MRF) technique
allows for simple and efficient approximation of flow problems with moving (often
rotating) parts.

Instead of solving fully unsteady flow problem with moving and sliding bound-
aries, a steady flow simulation is performed with "frozen"-like rotor and all the
effects of rotation are included as extra volume forces acting on the fluid in the
local reference frame. The resulting velocity field needs thus be interpreted as being
relative to the given static/rotating reference frame.

In order to determine the working parameters and characteristics of the pro-
posed VAD over the range of admissible (biomedically relevant) operating regimes,
a series of simulations was performed. In this case, the impeller operates at a con-
stant speed of —8000 RPM, rotating around the body’s axis (specifically, the x-axis).
The negative sign indicates the direction of rotation as defined by the right-hand
rule with respect to the global axis orientation. This approach is quite common
in developing rotating fluid machines (pumps, for example), because it allows for
obtaining characteristic curves from which the optimal working regime can be
deduced. The same simulation approach (with fixed rotor speed and variable flow
rate) was used, for example, in another well known VAD study [5].

Basically any single operating regime or a predefined series of simulations,
with systematically varying a single parameter, such as the flow rate, rotor speed,
or a selected geometrical feature of the pump design can be conducted in the basic
setup. It is important to note that this scenario represents a planned (pre-defined)
parametric study rather than an automated optimisation process.

As a typical example of such situation, the simulations presented thereafter are
conducted over a range of working flow rates, with the prescribed inlet flow rate
varied across ten discrete points increasingly up to approximately 1 ¢/min. This
range was chosen with reference to physiological conditions, particularly the wide
variability observed in coronary blood flow (approximately 70—80 m¢/min per 100
g of tissue at rest to up to 300—400 m¢/min per 100 g during exertion [11]). Beyond
this baseline flow rate range, additional simulations were performed at elevated
flow rates to better reflect the typical operational range of blood pumps.

Absolute/ Relative Velocity (Magnitude) (m/s)
00 05 1 15 2 25 3 35 4 45 5 55 6 65 7 15 8 85 90

Fig. 11. Streamline visualisation of the flow field in rotating and stationary segments. In stationary

segments, streamlines are computed based on the absolute velocity, while in rotating segments, the

relative velocity (with respect to the rotating blades) is used. The colour scale indicates the velocity

magnitude, using absolute and relative velocity depending on the segment. This visualisation serves
as an illustrative example of the post-processing capabilities
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For the purpose of this automated design study, the CFD solver was only tested
for the flow of water (instead of blood), modelled as an incompressible Newtonian
fluid. The flow was driven by a prescribed volumetric flow rate at the inlet, while
fixed pressure was kept at the outlet. Turbulent flow was considered for the cho-
sen working regime and the corresponding Reynolds number. The mathematical
model is based on the (incompressible) Reynolds-Averaged Navier-Stokes (RANS)
equations complemented by a two equation turbulence model. Specifically, the
standard Shear Stress Transport (SST) k£ — w turbulence model was chosen for the
simulations presented hereafter. This model involves solving additional transport
equations for the turbulent kinetic energy k and the specific rate of dissipation w.
Further details on the model formulation and its implementation can be found in
[22-24].

The system of governing equations for the flow and turbulence quantities is
discretised by a Finite-Volume Method (FVM). The convective (divergence) terms
are treated within OpenFOAM using the bounded Gauss limitedLinearV 1
scheme for the velocity field, while for the turbulence quantities (k, w) the more
robust (but less accurate) bounded Gauss upwind scheme was used. The gra-
dients are approximated utilizing central difference (1inear interpolation). The
diffusion terms are discretized using the Gauss linear corrected scheme. A
linear interpolation scheme is employed and the face normal gradient is com-
puted using a corrected scheme. All these numerical approximation schemes are
implemented and documented in the OpenFOAM [22].

Kinematic Pressure (m2/s2)
60 -55 -5 -45 -4 -35 -3 -25 -2 -15 -1 05 0 05 1 15 2 25 3 35 4 45 5 5560
e Y A M|

Fig. 12. Kinematic pressure for one flow regime, shown as a representative graphical output

4.3. CFD post-processing and data evaluation

The main focus of the whole paper is on presenting a new computational test
case for VAD design and evaluation. The results shown and described (without
deeper discussion or analysis) serve just as an example of outputs that can be ob-
tained from the performed simulations, using the adopted software tools. Following
the previously described CFD simulations, a sequence of datasets containing the
3D flow fields (including the local velocity, pressure and the turbulence quanti-
ties) were obtained for a range of working flow rates. Based on these datasets, the
internal flow behaviour was evaluated using both qualitative and quantitative ap-
proaches. The qualitative evaluation focused on the visualisation of flow structures
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such as vortices, regions of flow separation, and recirculation zones. The quanti-
tative evaluation included the extraction of some bulk/integral quantities required
to assess the blood pump performance under each of the considered flow regimes.
These metrics include, but are not limited to, total pressure difference (outlet-inlet),
torque, power, axial force and overall pump efficiency. Besides of these essential
performance data characterising the particular design (shape) of the tested blood
pump, some other auxiliary data are provided by the numerical CFD solver to
assure and document the convergence and reliability of the numerical simulations.
The subsequent Figs. 13 — 15 present the key quantities obtained from the indi-
vidual datasets corresponding to flow cases. These graphs serve as an illustration of
the range of information that can be extracted from the CFD simulations and how
such data can support assessment of a specific blood pump design performance.
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InletPartinlet
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(a) Inlet (b) Impeller interface

Fig. 13. Velocity magnitude at different flow rates, representing the scalar value of fluid speed
calculated as the square root of the sum of the squares of its velocity components
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Fig. 14. Power and efficiency at different flow rates. The power is computed as the scalar product
of the resulting torque and the angular velocity. Efficiency is calculated as the ratio of the product
of total pressure difference and flow rate to the computed power

Furthermore, a detailed overview of the test case (such as mesh size, phys-
ical and turbulence models, fluid properties, numerical schemes, and simulation
resource usage), along with the full set of analysed results, is summarised in an
automatically generated report that presents the relevant data in the form of tables
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Fig. 15. Axial and radial forces at different flow rates computed from the integrated pressure and
viscous forces over the torque patch. Axial force is the projection onto the rotation axis, while
radial force represents the orthogonal component

and graphs. The report primarily focuses on the evaluation of the performance and
internal flow characteristics, rather than providing exhaustive details of the test
case and computational setup. It is exported as a web-based document and made
available to the customer or researcher for whom the blood pump design analysis
was intended.

5. Automated shape optimisation

Another example of the use of the newly proposed VAD test geometry is the
possible automated shape optimisation, where the fully parametric CAD model is
essential. In the previous section, it was noted that simulations can be performed
under a single operating regime or as a predefined series, systematically varying a
single parameter such as flow rate, rotor speed, or a geometrical feature of the pump.
However, the presented CAD-CFD model and workflow was already designed with
shape optimisation in mind. All working blocks, the CAD geometry creation by
Rhinoceros/Grasshopper, the grid generation and CFD simulations followed by
automatic data postprocessing, evaluation and assessment within TCAE, can be
linked into a unified workflow process. This is illustrated schematically in Fig. 16,
which outlines the main options. The CFD simulations can be executed in a loop,
with CAD geometry automatically adjusted based on the CFD outcomes and guided
by an optimisation objective defined via a suitable cost function. The parametric
nature of the CAD model is crucial here, as it allows a wide range of shape
configurations to be explored in the search for optimal design.

Within the TCAE environment the optimisation tasks are carried out with the
help of the TOPT module, which offers two main modes to chose from: Design of
Experiments (DOE) or Optimisation.

In the DOE phase, parameter values can be defined as explicit lists or as linear
or geometrical sequences. A Cartesian product of these sets forms a grid of points,
where one simulation (computational case) is run for each point.
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In contrast, the Optimisation mode in TOPT aims to identify parameter com-
binations that minimise or maximise a defined objective function. Two built-in
algorithms are available: Golden Section Search and DIRECT (algorithm based
on DIRECTv2 — Dlvision of RECTangles, version 2). In both cases, TOPT first
performs the DOE runs, identifies the best-performing design, and narrows the
optimisation domain to its neighbouring DOE points (the DIRECT algorithm does
not require a DOE initialisation. The number of initial samples can be set to zero).

It should be noted that optimisation in TOPT module is not limited to the built-
in algorithms. External tools such as the Dakota [25] optimisation tool package
can also be integrated, allowing for more advanced or customised optimisation

strategies.
Y ¢
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no built-in
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Run built-in
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Fig. 16. Axial blood pump — automated process of 3D geometry generation, CFD simulation and

optimisation in TCAE software
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5.1. Optimisation evaluation and reporting

Within this section, an example of optimisation report including individual
outputs is presented. It is an illustration of the successful integration of the newly
developed parametric VAD model into an automated design process.

In addition to evaluating individual CFD cases, the adopted software workflow
is fully equipped to handle parametric studies and optimisation tasks. All relevant
input settings and simulation outputs are automatically collected to support sys-
tematic analysis and comparison across multiple design variants.

A key feature of this setup is the automatic generation of comprehensive,
web-based reports, which combine tabulated data with a variety of visualisations
that help to illustrate and evaluate the key performance metrics throughout the
optimisation process.

Parametric Space

Efficiency

Efficiency —@—
Efficiency - Baseline

Values

0 20 40 60 80 100 120 140
Run

Fig. 17. A portion of an automatically generated HTML report from an optimisation run

Fig. 17 illustrates just a small portion of such report. The left side of the
figure presents a partial output from the Parametric Space, listing a selection of
simulation runs along with their corresponding input parameters and output values.
Each row represents a single run (Run #), defined by unique set of input parameters
(in this report: LDB, LI, LS, c1,d1, p,w) and followed by several output metrics.
In addition to the tabulated values, the report includes plots showing the objective
function, such as efficiency, throughout the sequence of simulations (see right side
of the figure).

Further visualisations include diagrams such as "objective function vs. param-
eter" or "tracked quantity vs. parameter”, providing further insight into the influence
of individual parameters, see Fig. 18. The report enables straightforward compar-
ison between different design configurations and highlights the best-performing
cases. It offers an accessible way to trace how performance responds to changes
in specific parameters. Some additional results and details regarding this initial
optimisation series of simulations can be found in the Appendix of this paper.
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Fig. 18. An illustrative example of "objective function vs. parameter" and "tracked quantity vs.
parameter” diagrams (LD B — Diffuser blades length, LI — Impeller length)

6. Conclusions and remarks

Within the present paper, a new fully parametric CAD model of a simple VAD
was developed and successfully tested by integration into an advanced simulation
workflow. The presented showcase of blood pump automated design, CFD evalu-
ation and optimisation has proved the usability of the chosen workflow, adopted
software tools and their mutual integration. Although all major components of
the presented workflow, except for the Rhinoceros-based CAD module, are built
on open-source codes and may be used independently, the TCAE environment
offers a well-integrated and ready to use software for simulation, optimisation,
and results evaluation. It allows users to benefit from a fully automated process
while still providing full access to individual customisation if needed. The ongoing
development of additional modules, such as the TBASE, further reinforces the soft-
ware long-term potential, particularly in advanced design tasks such as geometry
optimisation, evaluation of blood damage, or other performance related analyses.

The successfully tested geometrical design and full simulation setup (including
computational grids and configuration files for OpenFOAM) will be made available
to the research community for further development and testing. Together with more
detailed reference simulation results and updated mathematical model setup, the
whole newly developed test case will be made publicly available via the ERCOF-
TAC Knowledge Base Wiki page, where number of other test and benchmark cases
are offered for research and development purposes. Thanks to the openly disclosed
VAD geometry and the use of mainly open-source software tools, the future exten-
sions and development of the associated mathematical models, numerical methods,
and solution algorithms can be shared by the scientific community.

Our own aim and goal for future work regarding the presented VAD test case is
to develop, implement and test further more advanced mathematical models includ-
ing biomedical features such as the blood rheology, hemolysis and thrombosis in
order to include these physiological processes in the automated shape optimisation
process briefly introduced in this paper.
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Appendix

This section presents some additional results from an initial series of simula-
tions that focus on computational exploration of the geometric parameter space.
The following results are not intended to represent a completed optimisation study,
but rather to demonstrate the capabilities of the proposed parametric geometry
and numerical workflow. The goal was to test how the design parameters can be
systematically varied, how the workflow can handle multiple design points, and
how the representative results can be analysed.

A total of 137 runs were performed at flow rate Q =5 {/min with seven design
parameters (LDB, L1, LS, c1, di, p, and w) allowed to vary within a pre-defined
range, see Table 2 for details.

Table 2. Overview of the optimisation test setup including parameter definitions

Symbol | Parameter Range
LDB Diffuser blades length [25,30]
LI Impeller length [17,20]
LS Straightener length [22,29]
cl Straightener blade centre line definition [0,5]
dq Straightener blade centre line definition [-2,-5]
p Helix shape parameter [1,1.8]
w Helix wrap angle [270, 450]

The series of simulations was initiated from a baseline variant of the geometry,
starting from which the seven selected parameters were allowed to vary automat-
ically based on the optimization algorithm. Although just a very limited number
(137) of individual simulations was run, some geometries can already be picked up
showing a visible improvement (increase) in efficiency with respect to the original
baseline design geometry. The summary of the original baseline design parameters
and two improved design variants (best performing from the limited simulation
series) are summarised in Table 3.

Table 3. Optimisation results — the baseline case and the two best-performing modified designs

Run # LDB | LI LS c1 dy P w Apior | Efficiency | Power
1 (baseline) | 28 18 27 3 -2 1.75 360 |10209.4|0.333051 [2.55347
105 28.963|16.6111|25.8251|2.67215 |-3.05556 | 1.66049 |315.556| 11130.6| 0.360276 | 2.57446
127 27.284| 19.463 [29.1955|5.03155|-2.45885|1.37654 |355.556|11079.2| 0.360276 | 2.56333

The efficiency shown in Table 3 is calculated for each variant from the total
pressure difference Ap and the power P. The two best-performing variants have
the number 105 and 127. The efficiency n was found to be the same for both of
them, however, the corresponding pressure difference and power are different. The
increase in efficiency with respect to the baseline case was computed as

Ap = Hrun — Mbaseline - 100 %, (11)

Mbaseline
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which leads to

0.360276 — 0.333051

Antos = 100 % ~ 8.2 12

1105 0.333051 ¢ o (12)
0.360276 — 0.333051

Aniyr = 100 % ~ 8.2 %. 13

2 0.333051 ¢ ¢ (13)

Thus, both optimised (improved) designs reached an increase in efficiency of ap-
proximately 8.2 % compared to the baseline case. The increased efficiency in these
cases was achieved by different geometry adjustments. The variant 105 uses more
pronounced rotor impeller helix changes together with more curved straightener
blades, while the variant 127 has longer straightener section, leaving the other
parts similar to the baseline design. These individual geometry changes can be
seen from both the Table 3 showing the corresponding parameters, and the actual
geometrical configurations shown in Fig. 19 together with the resulting kinematic
pressure field.

Kinematic Pressure (m2/s2)
60 -5 -4 -3 -2 -1 (] 1 2 3 4 5 60

| ‘ ‘ \ *
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(b) Run 105

(c) Run 127

Fig. 19. Pressure distribution for the baseline and the two optimized (best performing) designs

The corresponding velocity field represented by streamlines coloured by ve-
locity magnitude is shown in Fig. 20 for the three design variants. The flow fields
are rather similar, with only minor visible changes in the wake behind the diffuser
part, where the baseline design seems to generate more large-scale vortices in the
wake compared to the two improved variants.

This first series of 137 exploratory simulations took in total about 15 hours of
computational time on 10 cores. It provided a thorough test of the complete auto-
matic design and simulation workflow, including an estimate of the corresponding
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Fig. 20. Streamline visualisation of the flow field in rotating and stationary segments. In stationary

segments, streamlines are computed based on the absolute velocity, while in rotating segments, the

relative velocity (with respect to the rotating blades) is used. The colour scale indicates the velocity
magnitude, using absolute and relative velocity depending on the segment

computational cost and required resources. In addition, it also brought some initial
information about the relevance and relative importance of some of the geometrical
parameters.

However, it should be emphasised that a complete and reliable optimisation
study would require a detailed description and validation of the numerical simu-
lation setup together with a much higher number of simulations being performed.
Moreover, in the case of blood pumps, efficiency alone is not a sufficient criterion
for the successful design selection. An appropriate cost function would need to
incorporate multiple criteria, including, among others, the hemodynamic perfor-
mance and hemocompatibility aspects.
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