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Abstract: Ventricular assist devices (VADs) are implantable turbomachines that save and improve
the lives of patients with severe heart failure. In the preclinical evaluation, a VAD design must be
experimentally or numerically tested regarding its pump characteristics, primarily for its pressure
buildup (pressure head H) since it must provide the cardiovascular system with a sufficient blood
flow rate Q. Those pump characteristics are determined on a test bench. Here, a glycerol-water
mixture is almost exclusively used as blood-analogous fluid, which should reflect the properties
(density, viscosity) of blood as close as possible. However, glycerol water has some disadvantages,
such as a higher density compared to real blood and a relatively high cost. Therefore, the study aimed
to analyze six different blood analogous fluids to select the most suitable one in consideration of fluid
handling, costs, and, most importantly, fluid properties (material and rheological). First, all fluids
were mixed to achieve reference values of blood density and viscosity from the literature. Afterwards,
the pump characteristics (pressure heads and efficiencies via the VAD) were experimentally and
numerically determined and compared among each other and with literature values. Of all six
investigated fluids, only the aqueous–polyethylene glycol 200 (PEG 200) solution matches exactly the
desired blood properties, and the pump characteristics of this fluid are in the expected range for the
analyzed operation point of the VAD. Another advantage is that the cost of the mixture is 35% lower
compared to glycerol water. Additionally, we demonstrate that non-Newtonian flow behavior has
little effect on the pump characteristics in our VAD.

Keywords: blood-analogous fluid; blood pump; ventricular assist device; pump characteristics;
pressure head; efficiency; density; viscosity; glycerol; polyethylene glycol

1. Introduction

Heart failure is a cardiovascular disease with an increasing worldwide prevalence
every year [1]. If the disease is too severe, a heart transplantation is the gold standard for
treatment. However, a pronounced donor heart shortage exists. For example, Germany
recorded 329 transplants compared to 727 patients on the waiting list at the end of 2021 [2].
This urges the development of technical solutions, such as implantable ventricular assist
devices (VADs). These devices maintain the blood circulation in the diseased body; in other
words, they lead to an increase in blood pressure ∆p to compensate for vessel resistance
and achieve a desired flow rate Q in the cardiovascular system.

The majority of implanted VADs operate according to the turbopump principle [3],
and the operating range results from the requirement to maintain the blood flow. For
this purpose, a defined head H must be built up at a certain blood flow rate Q under the
condition of the highest possible efficiency ηi. The head H is calculated by the pressure
increase ∆p via the VAD (Equation (1)) and is given in [mmHg] as a standard practice in
medicine. (Please note that 7.5 mmHg equals 1 kPa, and that the head is defined differently
for standard industrial turbopump application [4].)

H =
∆p

133.3
[mmHg] (1)
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The inner efficiency ηi of the VAD in Equation (2) is the ratio between the useful fluid
power (∆p·Q) and the internal power (M·2πn) at the impeller blades and is stated generally
in [%].

ηi =
∆p·Q

M·2πn
·100 [%] (2)

Whether a VAD meets these requirements can be checked by determining the head
characteristic H = f (Q) and efficiency characteristics ηi = f (Q). These two variables
represent the so-called pump characteristics [4]. Pump characteristic investigations are
performed either in vitro (on the test bench) or in silico (using flow simulations) in the
preclinical evaluation of a VAD [5–8]. Here, a blood-analogous fluid (BAF) is used for
in-vitro and in-silico studies of the VAD’s pump characteristics. These BAFs shall mimic
the fluid properties (density ρ, dynamic viscosity µ) of the blood as close as possible.
Furthermore, a third, important fluid property can be derived from these variables—the
kinematic viscosity ν = µ/ρ.

There are two reasons why it is important to mimic the fluid properties of blood as
close as possible with a BAF when analyzing the flow in a VAD.

The first reason is that deviations in kinematic viscosity between BAF and blood will
also alter the Reynolds number in the VAD flow since Re depends on the kinematic viscosity
ν. This relation can be observed in the pump’s Reynolds number Rep (Equation (3)), which
is a characteristic Reynolds number of a turbomachine. Rep consists of the circumferential
velocity uc and the diameter Dc at the impeller’s casing and the kinematic viscosity ν.

Rep =
uc·Dc

ν
(3)

Here, the Reynolds number should be identical between a VAD operating with a
blood-analogous fluid (in vitro on the test bench) and a VAD operating with blood (in vivo
in the patient) since preliminary investigations in industrial turbopumps have shown that
the efficiency ηi can deviate markedly in a turbopump operating with different kinematic
viscosities in Figure 13.9 in Ref. [4].

The second reason for the same fluid properties is that differences in densities ρ
between BAF and blood will also lead to a difference in pressure heads H. This can be
explained by expanding Equation (1) with Euler’s turbomachinery equation. In doing
so, Equation (4) arises where the pressure increase ∆p can be expressed by the angular
momentum balance, which is connected with the velocities in the VAD. The velocities in
Equation (4) are the circumferential velocity u (which is uniform on a specific radius for an
axial VAD) and the increase of the circumferential component of the velocity in the absolute
frame ∆cu between impeller inlet and impeller outlet.

H =
∆p

133.3
[mmHg] =

ρ (u·∆cu)

133.3
[mmHg]. (4)

If velocities u and cu are the same between BAF and blood in the VAD (which could be
a valid assumption, as will be shown later), a difference in density ρ will lead to a deviation
in head H.

For these two reasons, it is obvious that the consistency of the fluid properties is an
important factor for the correct determination of the pump characteristics of the VAD in
in-vitro and in-silico studies so that similar pump characteristics exist in the VAD on the
test bench and in the implanted VAD.

Regarding this, the most used BAF for determining the pump characteristics in VADs
is a Newtonian glycerol–water mixture [5–12]. Advantages of this mixture over other
BAFs, such as polyacrylamide [13,14] or diethylphthalate–ethanol [15] mixtures, are the
low toxicity, easy handling, and good replication of the blood viscosity. Nevertheless, the
density ρ of glycerol water is higher than those of blood when both fluids have the same
dynamic viscosity µ. This leads to changes in density, kinematic viscosity, and Rep between
the glycerol water and blood, as can be seen in Table 1. According to the above, differences
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in pumping characteristics between a VAD operating with glycerol water and blood are to
be expected.

Table 1. Comparison in fluid properties and Reynolds numbers between BAF (glycerol water) and
blood (typical values from literature studies [16–18] were taken). The pump’s Reynolds number was
calculated for the VAD under investigation, displayed in Figure 1.

Fluid Density
[kg/m3] Dynamic Viscosity [mPas] Kinematic Viscosity [mm2/s] Rep [−]

Blood (typical values
from literature studies) 1050 3.5 3.33 31, 770

Glycerol water
(37.5/63.5%, v/v)

1100
(+5%)

3.5
(±0.0%)

3.18
(−5%)

33, 000
(+5%)

The questions, therefore, arise as to how these different fluid properties affect the
pump characteristics and—if differences in pump characteristic are noticeable—whether
there is an alternative BAF that better replicates the fluid properties of blood than glyc-
erol water but is at least equivalent in manageability, storage, and cost. Regarding
this, some promising investigations with mixtures based on propylene–glycol water and
polyethylene–glycol water were made [19–21]. Unfortunately, none of these mixtures have
been used as BAFs for in-vitro determination of the pump characteristics in VADs so far.

Hence, the aim of this study was to test different Newtonian BAFs regarding their
ability to match fluid properties of blood, as well as their suitability in determining the
pump characteristics for in-vitro and in-silico studies. First, four Newtonian BAFs were
selected and mixed to reach reference fluid properties of porcine blood from literature
studies. Afterwards, these BAFs were used to determine the pressure head of a VAD on
a test bench. Furthermore, the fluid properties were included in CFD simulations of the
same VAD to account for the pressure heads, as well as the VAD’s efficiency. The selection
of the most appropriate BAF was made based on these results, as well as a consideration
regarding fluid handling and costs.

Figure 1. VAD geometry with important geometric information. The figure is taken from Ref. [18].

2. Methods
2.1. Material and Rheological Properties of the Fluids

In total, four Newtonian BAFs were examined. The fluids intend to reflect the fluid
properties of the blood in a VAD flow as close as possible. By this, it is meant that a proper
blood-analogous fluid should mimic the density as well as the viscosity of blood under
high shear conditions, as they are present in VADs. The nearly constant dynamic viscosity
µ of blood at high shear rates is considered as the first, important fluid property. The second
fluid property is the fluid density ρ. These fluid properties were set to µ ≈ 4.0 mPas and
ρ ≈ 1062 kg/m3 as the desired reference values in this study. These values were taken from
the studies of Refs. [22,23], which investigated the fluid properties of porcine blood. Porcine
blood is like human blood in its properties [24] and is often used for in-vitro measurements
with blood in VADs [25–28].

The BAFs are summarized in Table 2. First, a glycerol–water mixture was taken, which
has been used almost exclusively as BAF in experimental VAD research so far [5–12,29].
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Additionally, three further aqueous mixtures based on polyethylene glycol (PEG) and
ethylene glycol have been investigated. These three fluids are Newtonian fluids and have
not been used for in-vitro studies of VADs so far.

Table 2. Investigated Newtonian blood-analogous fluids.

Fluid Rheological
Evaluation

Experimental
Evaluation

Numerical
Evaluation

Glycerol water
(G-W) 3 3 3

PEG 200-water
(PEG200-W) 3 3 3

Ethylene glycol-water
(EG-W) 3 3 3

PEG 8000-water
(PEG8000-W) 3 3 3

The kinematic viscosity ν of the Newtonian fluids was measured using an Ubbelohde
viscometer (number 32,026; Paragon Scientific, Prenton, UK). The measurement accuracy is
±0.17%. Hydrometers (Carl Roth GmbH, Karlsruhe, Germany) with a measuring range of
ρ = (1000− 1200) kg/m3 were used to determine the density. The temperature was set to
(25 ± 0.1)

◦
C. At each measuring point, 10 values were taken and averaged for 30 s. Every

measurement was repeated five times to minimize random errors.

2.2. Experimental VAD Setup for Determining the Pump Characteristics

The pressure head H was experimentally determined for a VAD using different BAFs.
Therefore, the VAD was integrated in a test bench, as shown in Figure 2. The test bench
was constructed according to the guidelines of DIN EN ISO 9906 [30]. The VAD is an
axial turbopump, designed by our institute for research (shown in Figure 2). A full-size
model was made of acrylic material as a research device. The design rationale is explained
in Ref. [16]. The VADs operate at a chosen nominal operation point (Q = 4.5 L/min,
n = 7900 1/min) to achieve a desired design pressure head of H ≈ 74 mmHg.

Figure 2. Test bench with flow-rate sensor (1), throttle (2), volume reservoir (3), VAD (4), pressure
sensors (5), motor with coupling (6), and computer with measuring and control system (7).
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An electric motor (3564K024B; Faulhaber, Schönaich, Germany) drives the impeller. A
digital flow-rate sensor (VMI07, SIKA GmbH, Kaufungen, Germany) monitors the flow
rate in the test bench, which can be adjusted by a throttle. Two relative pressure sensors
(sensor 1: DMU 0,25 ES; Landefeld, Kassel, Germany; sensor 2: P-31-R; WIKA, Klingenberg,
Germany) at four positions along the perimeter before and behind the VAD were used
to measure the VAD’s pressure head H. Eight measurements per fluid (one minute per
measurement) were carried out, whilst control measurements of density and viscosity were
taken between the measurements.

2.3. Numerical VAD Setup for Determining the Pump Characteristics

Besides the experimental analysis of the pressure heads, the blood-analogous fluids
were also investigated numerically. Therefore, the pressure head H, as well as the inner
efficiency ηi, was determined for the different BAFs. For these in-silico investigations,
large eddy simulations (LES) were performed using ANSYS CFX 2022R2 (Ansys Inc.,
Canonsburg, PE, USA). The LES method was chosen to compute a certain amount of the
turbulent flow field directly. Previous work of the authors indicates that this is needed to
guarantee that the flow of the VAD is computed in a proper way [16,18]. The computational
domain includes all hydraulic parts of the VAD (a part of the domain is shown in Figure 1)
and has a size of approximately 19.4 million cells. Grid quality criteria regarding angles,
volume changes, and aspect ratios were kept in recommended ranges [31]. Furthermore,
y+1 -values were kept at around one (time- and space-averaged values at the blades) and
three (maximal value in the domain). Boundary conditions were set as follows: A zero pres-
sure was set as the inlet condition, and a constant flow rate of Q = 4.5 L/min was defined
at the outlet. The rotor speed was equivalent to the experiments with n = 7900 1/min.
During the simulations, root–mean–square residuals dropped below 10−5. Verification
of the grid and the numerical setup is provided in Supplementary Materials, where it is
shown that the head, as well as the analyzed turbulent flow variable, can be reproduced
adequately on this mesh size.

The impeller rotated with a time step equal to a rotor increment of 1
◦
, and the total

simulation time corresponds to 10 rotor revolutions. Time averaging for the pressure heads
and efficiencies were done for the last five impeller revolutions.

The densities and dynamic viscosities, which were determined from the investiga-
tions in Section 3.1, were specified as fluid properties to describe the behavior of the
different BAFs.

Furthermore, a reference simulation (named as “Reference A”) was performed, which
“mimicked” the fluid properties of blood flow from the literature. This is a simulation of the
VAD with the constant viscosity µ = 4 mPas and a density of ρ = 1062 kg/m3 for porcine
blood from Ref. [23].

3. Results and Discussion
3.1. Fluid Properties for the Newtonian Blood-Analogous Fluids

The viscosities of the Newtonian BAFs are shown in Table 3. The standard devia-
tion of all measurement series is <0.05. All BAFs achieve the desired dynamic viscosity of
µ = 4 mPas, but some mixtures have larger deviations to the blood density of
ρ = 1062 kg/m3. Just the PEG 200-water mixture reached this desired density. The high-
est deviations in density were found in glycerol water with ρ = 1110 kg/m3 and PEG
8000-water with ρ = 1012 kg/m3. Both have a relative deviation of ≈ 5% to the fluid
properties of blood from Reference A.
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Table 3. Measured densities and viscosities for a specific mixing ratio and a temperature of 25
◦
C.

The relative deviation to Reference A (Hct ≈ 40%) is given.

Fluid Volume Ratio
[v/v,%]

Density ρ
[kg/m3]

Dynamic Viscosity
[mPas]

Kinematic Viscosity[
mm2/s

]
Blood—Reference A [23] - 1062 4.00 3.77

G-W 40.7/59.3 1110 (+4.5%) 4.00 (±0.0%) 3.60 (−4.5%)
PEG200-W 38.0/62.0 1060 (−0.2%) 3.99 (−0.3%) 3.76 (−0.1%)

EG-W 56.0/44.0 1072 (+0.9%) 3.96 (−1.0%) 3.69 (−2.1%)
PEG8000-W 08.0/92.0 1012 (−4.7%) 3.93 (−1.7%) 3.88 (+2.9%)

3.2. Experimental and Numerical Results for the Newtonian Blood-Analogous Fluids

The experimentally and numerically determined heads H and efficiencies ηi are sum-
marized in Table 4. The heads from experiments and simulations were combined in one
column since they show similar results for each fluid (relative deviation ≤5% between EXP
and CFD).

Table 4. Heads H and efficiencies ηi of the VAD from the experiments and the flow simulations.
The results are compared to the pump characteristics of a reference simulation, which uses the fluid
properties of blood from Reference A. In addition, the costs for one liter of mixed fluid are stated.
The measurement uncertainty for all measured data in the test rig is maximal ±3.0%.

Fluid Head H (CFD|EXP)
[mmHg]

Efficiency ηi (CFD)
[%]

Costs per Liter
[€/L]

Density ρ
[kg⁄m3]

Kin. Viscosity
[mm2 ⁄s]

Blood—
Reference A [23] 73.8 - 31.8 - 1062 3.77

G-W 77.3 74.6 32.0 22.90 1110 3.60
EG-W 74.5 71.1 31.7 14.55 1072 3.69

PEG200-W 73.6 74.9 31.6 14.81 1060 3.76
PEG8000-W 69.8 67.9 31.1 04.52 1012 3.88

PEG8000-W achieved the lowest pressure head with H = (67.9− 69.8) mmHg, which
is a deviation of around −8% to the reference pressure head of H = 73.8 mmHg. The
results of the EG-W and PEG200-W are similar and vary around the desire head of
≈ 74 mmHg. A slight overprediction up to +5% compared to Reference A is found with the
glycerin–water mixture.

Here, it is noticeable that the heads are primarily influenced by the density, with
pressure heads from the simulation increasing with denser fluid. (Please note: this linear
trend is not as clearly visible in the experiments as in the CFD due to measurement
uncertainties). This dependency has been explained already by theoretical considerations
by Equation (4) and is demonstrated again with the results for the fluids with the lowest
density (PEG800-W) and the highest density (G-W) in Table 5.

Table 5. Deviations of density and head between glycerol water (G-W, highest density) and PEG
8000-water (PEG8000-W, lowest density). An averaged value for the head from Table 4 is used.

Fluid Head H
[mmHg]

Density ρ
[kg/m3]

G-W 76.0 1110
PEG8000-W 68.9 1012

Rel. Dev. [%] ≈ 10% ≈ 10%

The differences in head can also be seen in the local pressure field, which is displayed
in the upper subplot in Figure 3. This subplot shows a cylindrical cut in the pressure field
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through the inlet guide vane, the impeller, and the outlet guide vane at a radius r of 80 %
in relation to the casing’s radius Rc.

Figure 3. Time-averaged visualization of the pressures and velocities of simulations with the fluid
properties of PEG 8000-W (left side) and G-W (right side). Visualized in a cylindrical cut through
the impeller and outlet guide vane at a radius r of 80% (r = 0 is at the hub) in relation to the casing
radius rc.

Since the pressures varied markedly between G-W (highest density) and PEG8000-
W (lowest density), potential differences in fluid velocity were investigated as well. The
velocity fields are displayed in the bottom subplots in Figure 3. Here, no marked differences
in velocities exist between G-W and PEG8000-W. This is also the case for all simulations
with all the other BAFs (not displayed here). The reason for the uniform velocities can be
explained by the Euler (momentum) Equation (5) for an incompressible fluid in a steady
state condition:

cj
∂ci
∂xj

=
1
ρ

∂p
∂xi

. (5)

The left term in Equation (5) describes the inertia of the flow (dependent on the
velocities ci, cj), which is balanced by the density-normalized pressure gradients on the
right-hand side. Considering that an increase in density cancels an increase in the pressure
gradient on the right-hand side, similar inertia terms and, hence, velocity fields between
two fluids with different densities can be explained.
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Furthermore, the efficiencies are compared between all BAFs in Table 4. As with the
velocities, the efficiencies in the VAD are similar with ηi ≈ (31− 32)% for all BAFs. Here,
no noticeable influence of the kinematic viscosity on the efficiency is evident. The kinematic
viscosities in our analysis differ to less—with a maximum of 8% between PEG8000-W and
G-W—to change the flow field and, hence, the pump’s efficiency markedly.

When comparing the BAFs among each other, the economical factor is also relevant
since a large amount of fluid (V > 10 liter in our case) is used in the measurement
campaigns. The cost for one liter of each solution is given in Table 4. PEG8000-W is the
cheapest and G-W the most expensive fluid. The costs for EG-W and PEG 200-W are
relatively similar and fluctuate within a range of EUR 14 to 15/L.

4. Comparison of the Pump Characteristics between Newtonian & Non-Newtonian Fluids

Up to this point, we have assumed that the fluid properties of blood are invariant from
the shear rate of the VAD’s flow, which means a Newtonian flow behavior. The reason for
this assumption is that preliminary studies have shown that blood has a nearly constant
viscosity µ at high shear rates above Sij ≈ 100 1/s [32]. These shear rates are exceeded
in most parts of the VAD [16], which is the reason for the Newtonian fluid assumption in
most in-vitro and in-silico investigations, e.g., in [17,33]).

Nevertheless, blood generally has a strong non-Newtonian character due to its shear-
thinning behavior, and there are several areas in the VAD where this Newtonian assumption
strictly does not hold. This can be seen from Figure 4, where volumes with shear rates
Sij < 150 1/s are present in the inlet cannula and inlet guide vane of the axial VAD
under investigation. A non-Newtonian flow behavior might be present in this inlet region,
and the entire VAD flow (and, hence, the pump characteristics) could be affected by
this non-Newtonian behavior since all flow from the inlet region enters the subsequent
rotating impeller.

Figure 4. Areas in the VAD where the shear rates are below the threshold of Sij < 150 s−1. The flow
was computed by a large eddy simulation (from Ref. [18]) with fluid properties of a glycerol–water
mixture.

Hence, it seems interesting to analyze if non-Newtonian fluid effects have an influence
on the pump characteristics in the VAD. Therefore, two non-Newtonian BAFs were also
mixed (see Table 6), and their pump characteristics were compared experimentally and
numerically with the pump characteristics of their Newtonian equivalents.
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Table 6. Measured densities and dynamic viscosities of the non-Newtonian BAFs (at a measuring
shear rate of 2000 s−1) for a specific mixing ratio and a temperature of ϑ = 25

◦
C. The viscosities were

compared at high shear rates to the dynamic viscosity of Ref. [22] (Hct ≈ 40%). The density was
compared to the density value of Ref. [23] (Hct ≈ 40% ).

Fluid Ratio of the Newtonian
Components [v/v,%]

Xanthan Gum
[w/w,%]

Density ρ
[kg/m3]

Dynamic Viscosity
[mPas]

Blood—
Reference A [23] - - 1062 -

Blood—
Ref. [22] - - - 3.80

G-W-X
(non-Newtonian) 35.0/65.0 0.01 1093 3.70

PEG200-W-X
(non-Newtonian) 33.0/67.0 0.01 1053 3.78

4.1. Methods for the Non-Newtonian Fluid Analyses

To create these non-Newtonian fluids, Xanthan gum was added to the glycerol-water
(G-W) and PEG 200-water (PEG200-W) solution by precise scaling (CX-128; Homgeek;
accuracy: ±0.001 g). A HAAKE Mars II rheometer (Thermo Scientific, Waltham, MA, USA)
was utilized to measure the viscosity of the non-Newtonian fluids over a broad range of
shear rates between Sij = (1− 2000) s−1. A double-cone geometry (DC60/1◦ Ti L L09
008) with the corresponding measuring plate attachment (MP-DC 60b) was used, which is
especially suitable for measuring low viscosity fluids [34].

The CFD setup is identical to the previously described one. Just for the fluid properties,
functions of the dynamic viscosity depending on the shear rate µ = f

(
Sij

)
were created

based on the experimental fluid measurements from Table 6 and Figure 5.

Figure 5. Shear-rate dependent dynamic viscosities µ = f
(

Sij

)
for the mixtures of G-W-X and

PEG200-W-X compared to the reference range of porcine blood [22,23].

4.2. Results for the Non-Newtonian Fluid Analyses

Figure 5 illustrates the measured viscosity curves of the non-Newtonian blood analo-
gous fluids. These are compared to Ref. [22], which measured the shear-dependent viscosity
curve for porcine blood at Hct ≈ 40%. Both fluids are within the grey area, which reflects
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the lower and upper bounds of the shear-dependent viscosity from Ref. [22] and fits the
asymptotic reference value in that figure. The densities of the non-Newtonian fluids are
also shown in that table, with PEG200-water matching the reference density of blood from
Ref. [23].

The numerically and experimentally determined pump characteristics of the non-
Newtonian fluids are compared to their Newtonian equivalents in Table 7. There are no
noticeable differences in the pressure heads or efficiencies between the Newtonian and
non-Newtonian fluids. Both exhibit the same trends experimentally as well as numerically.
This is also evident in the LES pressure and velocity plots in Figure 6.

Table 7. Pressure heads and efficiencies of the VAD determined by experiments and flow simulations.

Fluid
Pressure Head [mmHg]

Efficiency (CFD) [%]
EXP CFD

G-W
(Newtonian) 74.6 77.3 32.0

G-W-X
(non-Newtonian) 74.0 76.9 32.8

PEG 200-W
(Newtonian) 74.9 73.6 31.6

PEG200-W-X
(non-Newtonian) 73.6 73.0 32.0

Figure 6. LES-plots of the pressure and the velocity fields of glycerol–xanthan water (left side) and
glycerol water (right side).
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5. Selection to Find the Most Suitable Blood-Analogous Fluid

At first, it can be stated that there is little difference in the pump characteristics between
the Newtonian and non-Newtonian fluids, as can be seen from Table 7. This is consistent
with the assumption that blood has a nearly constant viscosity in high-shear regions [32],
and a Newtonian flow behavior can be assumed for in-vitro or in-silico studies of the pump
characteristics in VADs [5–8,17,33].

Except for PEG8000-W, all experimentally and numerically analyzed BAFs manage to
achieve a desired pressure head of H ≈ 74 mmHg with a relative deviation of maximum
5% to this reference value (see Table 4). Furthermore, the velocities and efficiencies are
similar between all investigated BAFs. Therefore, we can conclude that all fluids based on
glycerol, PEG-200, and ethylene glycol mixtures seem appropriate for in-vitro or in-silico
examinations of the VAD’s pump characteristics. Hence, other factors will lead to the
selection of the most suitable fluid.

For the final selection, costs seem to also be an important influential factor. The most
used fluid to date, glycerol water has the highest costs, whereas the fluids with PEG200
and EG are less expensive (see Table 4). In addition, the fluid properties of blood, such
as density and dynamic viscosity, can also be reproduced much better with the PEG200
and EG mixtures. PEG-200 water achieves exactly the defined values: a viscosity of
µ = 4 mPas and a density of ρ = 1060 kg/m3. The second closest is EG-W with a density of
ρ = 1072 kg/m3. However, we do not recommend the use of the ethylene glycol solutions
due to the much higher toxicity compared to PEG200 or glycerol mixtures [35]. Therefore,
we found PEG200-water as the best choice for a BAF when the pump characteristics are
investigated in VADs.

6. Conclusions

The purpose of this study was to find a blood-analogous fluid that imitates the fluid
properties of blood flows at high shear rates, such as they exist in ventricular assist devices.
Four Newtonian and two non-Newtonian fluids were prepared and investigated. After
their dynamic viscosities matched the desired blood viscosity of µ = 4 mPas, the pressure
heads H of a VAD with the respective fluid was experimentally assessed on a test bench.
Furthermore, numerical studies were conducted to account for more pump characteristics,
such as the efficiency ηi of the VAD.

The desired dynamic viscosity could be achieved by all fluids. Nevertheless, this
caused noticeable differences in densities. Only the polyethylene glycol 200 mixture
matches the desired density (ρ = 1060 kg/m3) and viscosity at a volumetric mixing
ratio of 62:38%. The commonly used glycerol–water solution, the current standard for
in-vitro testing of VAD performances, was furthest from the desired density value with
ρ = 1110 kg/m3. The pressure heads, efficiencies, and velocity fields were comparable be-
tween the glycerol–water and PEG 200–water mixture. In addition, the good manageability
and low toxicity of PEG200-W is comparable to that of glycerol. Nevertheless, the costs
of glycerol-water are more than 35% higher compared to PEG200-W. Considering all of
the stated reasons, PEG-200-water seems to be the most suitable blood-analogous fluid to
investigate pump characteristics in VADs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fluids8050151/s1, Figure S1: Analysis of flow variables on different
grid sizes. Left: Pressure head H. Right: Volume-integrated, resolved turbulent kinetic energy k in the
impeller domain. The red dot indicates the solution on the grid which was applied for the analysis.
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Nomenclature
c velocity, m/s
D diameter, m
Hct hematocrit, %
H pressure head, mmHg
k turbulent kinetic energy, m2/ s2

M impeller torque, Nm
n rotational speed, 1/s
p pressure, Pa
Q flow rate, m3/s
r, R radius, m
ReP pump Reynolds number, −
Sij rate-of-strain tensor, 1/s
SUB-, SUPERSCRIPTS AND OPERATORS
c at the casing (for axial VADs)
x, j spatial directions
v/v volumetric share
w/w mass share
∆ increase
〈. . .〉 time-averaged
′ fluctuation
u circumferential velocity, m /s
V volume, m3

x direction, m
ηi inner efficiency, %
ϑ temperature,

◦
C

µ dynamic viscosity, Pa·s
ν kinematic viscosity, m2/s
ρ density, kg/m3

ABBREVIATIONS
BAF blood-analogous fluid
CFD computational fluid dynamics
EXP experiment
G glycerol
LES large-eddy simulation
PEG 200 polyethylene glycol 200
PEG 8000 polyethylene glycol 8000
Rel. Dev. relative deviation
X xanthan
W water
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