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Technical Report

A cost-effective and reliable method to predict
mechanical stress in single-use and standard
pumps

The suitability of oil-water emulsions to predict shear forces in stirred bioreactors un-
der cost-effective and time-saving conditions has been demonstrated several times,
but no application to pumps has been described so far. In this report, the drop sizes
in a model oil-water system were determined for the Levitronix PuraLev® multi-
use (MU) series (PuraLev® 200MU and PuraLev® 600MU), a peristaltic pump
(Masterflex® I/P Easy Load), and 4-piston diaphragm pump (Quattroflow 1200-
SU, where SU is single-use) using inline endoscopy. It was determined that the
Sauter mean diameter could be used as a comparison criterion to estimate me-
chanical stress in pumps. The investigation showed that PuraLev® MU pumps are
characterized by up to 59% larger Sauter mean diameters than their counterparts
at comparable operational conditions. This indicates lower hydrodynamic stress in
the PuraLev® MU pumps. Using computational fluid dynamics, a well-streamlined
fluid flow and low turbulent energy dissipation rates were found in the PuraLev®
MU pumps, which correlated well with experimental results. A calculation model
was used to predict the Sauter mean diameter by combining both experimental and
computational fluid dynamics data. Good agreement with deviations below 13%
was determined between model predictions and experimental data.
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depends on the type of pump and pump settings. For single-
use (SU) technology based applications, which have increased

Mechanical stress can result in undesired cell damage, which is
accompanied by qualitative and/or quantitative product loss [1].
In order to maintain the quality of biomass, the levels of mechan-
ical stress need to be determined. To date, numerous studies
relating to the evaluation of hydrodynamic stress on cell cul-
tures generated by impellers in stirred tank reactors have been
carried out in the biotechnological industry (e.g. [2—4]). Since
pumps are also used in cell culture processes, shear forces in-
side the pump head also have to be considered. Previous studies
have revealed that pumping processes induce mechanical stress
within systems [5-7]. The magnitude of the mechanical stress
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in popularity during the past 10 years [8], peristaltic pumps, sy-
ringe pumps, and diaphragm pumps are commonly used. How-
ever, these pumps generate high local mechanical stresses due
to the pulsating flow and pressure as well as the compression of
the pump tubing. Alternative pump types reducing mechanical
stress are required.

The magnetically levitated Levitronix® pump systems facili-
tate pulsation-free transfer of fluids. They are centrifugal pumps
and have the advantage of being bearingless. In addition, use
of these pumps reduces mechanical stress in fluids, as shown
in hemolysis studies where thrombus formation was minimized
[9-12]. Furthermore, cell death rates determined by Blaschczok
et al. [13] revealed that magnetically levitated PuraLev® pumps
caused lower mechanical stress to mammalian cells (Chinese
hamster ovary (CHO) suspension cell line) than peristaltic
and diaphragm counterparts (Masterflex® I/P Easy Load and
Quattroflow 1200-SU). In addition to biological systems, non-
biological model systems enable an estimation of mechani-
cal stress under reproducible, cost-effective and time-saving
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conditions [14]. The use of both floccular [14-18] and oil-
water emulsion systems [1, 17, 19] has already been described
elsewhere. In contrast to floccular systems, oil-water emulsion
systems guarantee easy detection by the use of inline endoscopy.
Furthermore, the morphology of emulsion drops is comparable
to mammalian cells [13]. The suitability of oil-water emulsions
to predict shear forces in stirred bioreactors has been demon-
strated several times (e.g. [1, 14,20-22]), but no application to
pumps has been described so far.

This paper describes the determination of Sauter mean di-
ameters of an oil-water emulsion system in a pumping process
by using inline endoscopy in combination with an automatic
image analysis (SOPAT GmbH, Germany). The centrifugal-type
PuraLev® multi-use (MU) pump series (Levitronix® GmbH,
Switzerland), a peristaltic pump, and SU 4-piston diaphragm
pump were investigated. Up to now no comparable studies have
been published, so this paper is the first description of using the
Sauter mean diameter as a comparison criterion to estimate the
mechanical stress of conventional and SU pumps. Furthermore,
experimental and computational fluid dynamics (CFD) data on
PuraLev® pumps were combined to predict Sauter mean diam-
eters, using a previously described calculation model.

2 Material and methods
2.1 Model system

All experiments were performed using a commercial oil-water
emulsion, as described by Wollny [1]. First, 5 L deionized water
was poured into a stirred tank and mixed with a surfactant (Tri-
ton X-100; Goyrfactant = 0.18 mL/L). After complete dissolution of
the surfactant, oil (Mobil EAL Arctic 22, Eberhart Schmierstoffe
AG, Germany; ¢,j = 1.28 mL/L) was added via the syringe port
and distributed by the investigated pump (PuraLev® 200MU,
PuraLev® 600MU, Quattroflow 1200-SU, Masterflex® I/P Easy
Load; Fig. 1A and B).
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Figure 1. Setup of pump cir-
cuit are exemplarily shown for
the Puralev® 200MU and im-
ages of the pumps: (A) ex-
perimental setup, (B) PuraLev®
200MU, (C) PuraLev® 600MU,
(D) peristaltic, and (E) 4—piston
diaphragm pump.

2.2 Experimental setup and pump types

The cylindrical, baffled stirred tank (Fig. 1A) was equipped with
three Rushton turbines, which were exclusively used to mix the
surfactant. During the pumping process, the impellers were not
used. The fluid was circulated by the pump in a closed loop.
As shown in Fig. 1A, the oil was added via a syringe port (2)
in front of the pump (3) and was homogeneously distributed
throughout the reactor by the pumping process (1). A clamp-
on flow meter (4) (Levitronix® GmbH, Switzerland) and a SU
pressure sensor (5) (SciLog BioProcessing Systems, USA) were
integrated into the closed loop to monitor the volume flow rate
and pressure for different pump settings. The endoscope probe
(8) (SOPAT-VF; SOPAT GmbH, Germany) was equipped with a
charge-coupled device camera to record images of the emulsion
drops inside the vessel. In order to guarantee sharp pictures, a
strobe flash was triggered and then reflected in a rhodium mirror
at the tip of the endoscope lens through a fiber optic cable (6).
Subsequently, the images were processed using automated anal-
ysis software on a separate computer (7). The experiments were
carried out for two different sizes of centrifugal PuraLev® MU
pumps (PuraLev® 200MU and PuraLev® 600MU, Levitronix®
GmbH, Switzerland; Fig. 1B and C), which were compared to a
peristaltic pump (Masterflex® I/P Easy Load, Cole Parmer, USA)
and a 4-piston diaphragm pump (Quattroflow 1200-SU, Almat-
echnik AG, Switzerland; Fig. 1D and E). The investigations were
performed at a constant flow rate of 3.4 L/min and with identical
pressure drops in the range of 0.03—0.61 bar, which were varied
by using a hose clamp and by selecting different tubing lengths
and diameters. It was found that the pressure loss in front of the
pump was negligible, so that pressure measurement was only
required behind the pump.

2.3 Measurement and image analysis

For all experiments, a 16-mm-thick inline endoscope probe
(SOPAT-VF; Fig. 1A) was introduced into the tank directly

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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beneath the inlet in order to guarantee that individual drops
were not recorded more than once, even at low rates. To generate
real-time images, the probe-based microscope was connected toa
high-speed camera and stroboscope. Simultaneously, the camera
and strobe flash were triggered by the image acquisition SOPAT-
CamControl to ensure high-contrast images. As the probe is
capable of measuring drops from 5 to 350 um, the technique
was suitable for determining drop sizes in a pumping process.
Over the experiment time of 1 h, 50 images were recorded every
minute with a frame rate of 7.5 frames per second. In doing
50, at least 300 drops were detected at each measurement point,
guaranteeing statistical certainty [22]. Automatic image recogni-
tion provided by the SOPAT software (SOPAT GmbH, Germany,
www.sopat.de) was realized to determine the drop size distribu-
tion. Panckow et al. [23] provide an overview of the measurement
principle and describe the particle recognition process. The drop
sizes are expressed by the Sauter mean diameter, which is most
commonly used as the representative diameter of particles in
dispersions. The Sauter mean diameter is defined as

3
=d}
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ey

2.4 Numerical model

The fluid flow patterns of the PuraLev® 200MU and PuraLev®
600MU pumps were simulated by means of a CFD code (Fluent
14.0 by ANSYS, Inc.). This approach was already described in
detail by Blaschczok et al. [13]. Briefly, the fluid domains of the
centrifugal pumps were subdivided into two zones to describe
impeller rotation using the multiple reference frames method-
ology, with the inner zone containing the rotor. Body-fitted un-
structured grids consisting of approximately 2.5-10° (PuraLev®
200MU) and 3.7-10° (PuraLev® 600MU) control volumes were
generated to spatially discretize the fluid domains. Assuming
a time-invariant fluid flow, the Reynolds averaged mass and
momentum equations were solved using the standard k-¢ tur-
bulence model as provided by Fluent. The walls of the pump
housing and impeller were treated as nonslip boundaries with
standard wall functions. The flow rates and pressure drops were
defined by inlet velocity and pressure outlet conditions, respec-
tively. All equations were discretized using the first-order upwind
scheme, and semi-implicit method for pressure-linked equations
(SIMPLE) algorithm was chosen for pressure—velocity coupling.
Convergence was assumed when the residuals decreased to be-
low 107>, To date, simulations are not available for the 4-piston
diaphragm and peristaltic pumps, because their fluid domains
change over time.

3 Results and discussion
3.1 Drop size as a measure of hydrodynamic stress

3.1.1  Sauter mean diameter

For all experiments, the Sauter mean diameter decreased over
the pumping time and reached a steady state at the end of the
experiment. By way of example, the curve shapes for the cen-
trifugal PuraLev® 200MU pump and the peristaltic pump were
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compared with each other (Fig. 2A and B). As shown in Fig. 2A,
the Sauter mean diameter decreased from ds;gmin = 78 um
to d32,60 min = 33 wm during the experiment for the PuraLev®
200MU at a pressure drop of 0.03 bar. Furthermore, smaller drop
sizes were determined as the pressure drop increased. This in-
dicated that mechanical stress was dependent on impeller speed
in the PuraLev® 200MU (Fig. 2A), which is in agreement with
previous findings with CHO suspension cells [13]. The Sauter
mean diameter for the peristaltic pump was ds; g min = 10 um at
the end of the pumping process for all pressure settings (Fig. 2B).
These results show that the Sauter mean diameters are indepen-
dent of the pressure drop and dependent on the mechanical stress
in the pumps used; the higher the mechanical stress, the smaller
the Sauter mean diameter.

In spite of single measurements, at least 300 drops were de-
tected at each measurement point, so that statistical certainty
is guaranteed. The highest deviations were calculated for the
PuraLev® 200MU (ds34 min & 42 wm) and PuraLev® 600MU
(d52,6 min £ 21 pm) at a pressure drop of 0.03 bar in the first few
minutes. The Sauter mean diameter decreased with increasing
pumping time and pressure drop ending in standard deviations
(SDs) no greater than d;; £ 0.5 um for both the PuraLev®
200MU and PuraLev® 600MU in the remaining time. In contrast
to the centrifugal pump types, the comparison pumps showed
SDs below ds; £ 1.9 um at a pressure drop ranging from 0.03 to
0.61 bar.

3.1.2 Drop size distribution

It is well known that the Sauter mean diameter can be signif-
icantly influenced by single drop sizes, and especially by larger
drops, because of the cube of the drop diameter in Eq. (1).
Therefore, drop sizes are given in a semilogarithmical, cumula-
tive number distribution Q, (class number: 50) at the beginning
(%o min) and at the end (#go min ) of the experiment for the PuraLev®
200MU and peristaltic pump, at a flow rate of 3.4 L/min and a
pressure drop of 0.61 bar (Fig. 2C). This enables a comparison of
drop size between two different time points. It can be seen that
similar drop size distributions were detected in a range from 10
to 100 um. The drop size distributions can be approximated by
log-normal functions, since a larger number of small drops were
detected in the peristaltic pump and the curve is steeper than
for the centrifugal-type PuraLev® 200MU for both time points
(#0 min; %60 min)- As pumping time increased, the drop sizes in both
the PuraLev® 200MU and the peristaltic pump decreased. It
should be emphasized that the drop size class with the largest
volume fraction was close to the lower detection limit of the
photo-optical measurement technique used.

3.1.3 Measured Sauter mean diameter as comparison
criterion

After 50 min, the Sauter mean diameter reached a steady state
and thus the average value of the Sauter mean diameters mea-
sured in the last 10 min was used as a comparison criterion
(measured Sauter mean diameter ds,,,) to estimate the me-
chanical stress of the investigated PuraLev® MU pumps, the
peristaltic pump and 4-piston diaphragm pump. The measured
Sauter mean diameters ds, ;,, for all investigations are shown in
Fig. 2D. The largest drops of ds,,, = 36 um were obtained at
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Figure 2. Comparison of the Sauter mean diameter: (A) Sauter mean diameters ds, for the PuraLev® 200MU and (B) for the peristaltic
pump, (C) cumulative number distribution Qq for the PuralLev® 200MU and the peristaltic pump, (D) measured Sauter mean diameter
d32,m for the PuraLev® 200MU, Puralev® 600MU, 4-piston diaphragm pump, and the peristaltic pump. The Sauter mean diameters ds;
and the measured Sauter mean diameters ds; ,» were determined at a flow rate of 3.4 L/min and a pressure drop ranging from 0.03 to
0.61 bar. The cumulative number distributions Qg are exemplarily shown at the beginning (to min) and the end (t¢o min) of the experiment
for a flow rate of 3.4 L/min and a pressure drop of 0.61 bar. The resulting SD of the different Sauter mean diameters ds, (n = 300) and

measured Sauter mean diameters d3; m (n = 10) are shown.

0.03 bar with the PuraLev® 200MU. Under the same con-
ditions, the PuraLev® 600MU showed a similar drop size
(ds2.m = 34 um). In contrast to the PuraLev® MU series, the
comparison pumps exhibited a smaller measured Sauter mean
diameter ds, ,, of 19 pm for the 4-piston diaphragm and 10 um
for the peristaltic pump, indicating stronger mechanical stress
in the emulsion system. In general, a decrease in the measured
Sauter mean diameters was observed for the PuraLev® 200MU,
the PuraLev® 600MU and the 4-piston diaphragm pump with
increasing mechanical stress. In contrast, the peristaltic pump
showed a measured Sauter mean diameter of ds, ,, = 10 pum for
all pressure settings, thus, the mechanical stress was independent
of the pressure drop for the peristaltic pump, which is in agree-
ment with previous findings with CHO suspension cells [13].
Moreover, it should be noted that the variation between the
average values of Sauter mean diameters in the last 10 min
and the SDs became smaller as the pressure drop increased.
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The highest SDs were calculated for the PuraLev® 200MU
(dsym £ 2.4 um) and PuraLev® 600MU (ds,,, £ 4.3 um) at
a pressure drop of 0.03 bar.

3.2 Fluid flow pattern

The predicted fluid flow pattern in the PuralLev® 200MU
and PuraLev® 600MU was found to agree well with previous
investigations, which are explained in detail by Blaschczok
et al. [13]. Briefly, the fluid enters the PuraLev® pump
through the inlet, is subsequently redirected by 90°, and trans-
ported outwards through the blade-to-blade passage. In the
blade-to-blade passage, the fluid quickly gains momentum and
enters the volute. As is typical of centrifugal-type pumps, it was
found that the flows in the four blade channels were similar
to each other. This was also described by Chua et al. [24] for a

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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centrifugal-type blood pump. The authors stated that the axially
symmetric design allowed the magnetically suspended impeller
to be easily controlled for more balanced radial thrusting force.
Similar to the findings of Zhang et al. [12], no visible small
localized vortexes or flow disturbances were observed in the re-
gion between the blades. Furthermore, the flow in the PuraLev®
200MU was predominantly tangential with only low axial disper-
sion through the gap between the impeller and housing. In con-
trast to the PuraLev® 200MU, the PuraLev® 600MU displayed a
secondary flow through the rotor central core, which was similar
to the flow described by Zhang et al. [12] for the CentriMag® and
by Taskin et al. [25] for the Levitronix UltraMag® blood pump.
In the PuraLev® 600MU, a portion of the fluid flowed axially
downwards through the gap between the impeller and housing
cavity walls, and provided an excellent surface washing in the
gap. In general, the fluid flow pattern was well streamlined and
aligned for both the PuraLev® 200MU and PuralLev® 600MU,
which corresponded with the findings of Zhang et al. [12].

Based on steady-state fluid flow, the local dissipation rates
were estimated in order to predict drop size for the PuraLev® MU
pumps. The representative turbulent energy dissipation rates
(TEDR) for both the PuraLev® 200MU and PuraLev® 600MU
were determined at each pump setting from the CFD predic-
tions based on the volume-weighted frequency distribution of
the TEDR. These distributions were qualitatively and quantita-
tively comparable to data obtained in previous studies with the
PuraLev® 200MU published by Blaschczok et al. [13]. The CFD
results showed small TEDR in a large amount of the control
volume (= 95%), which dominated the drop breakup. Thus,
the representative TEDR were determined at a maximal volume
fraction of the fluid domain. With increasing impeller speed (i.e.
pressure difference), the representative TEDR increased from 3.4
to 91.5 m?/s’ in the PuraLev® 200MU and from 4.1 to 72.2 m?/s>
in the PuraLev® 600MU. In comparison to investigations on the
hydrodynamic sensitivity of mammalian cells, the TEDR deter-
mined were lower by two orders of magnitude than the threshold
energy dissipation rate for lethal cell damage of 6.4-10° m?/s® re-
ported by Godoy-Silva [3]. The highest TEDR were found in
small volume fractions of the fluid domain, for example the
gap between the impeller and housing, and at the surface of the
impeller near the impeller tips, which was negligible for these
investigations.

3.3 Calculation of the predicted Sauter mean
diameter

An initial calculation model was carried out by Shinnar [21]
using the impeller’s Weber number. On this basis, further work
was performed by Lee et al. [26], Zerfa and Brooks [27], and
Angle and Hamza [28], which considered the breakup of drops in
a coalescing system (Eq. 2). The value of the constant C depends
on the impeller type and C; reflecting the tendency of drops to
coalesce. It was therefore decided to test the equations developed
in the above-mentioned studies for their applicability to this
investigation.

dj;z =C-(1+C - ) We™* (2)
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The application of Eq. (2) showed a deviation of over 76% as
a result of the predicted Sauter mean diameter calculation being
affected by empiric, process-related constants. In contrast, the
universal approach by Wollny [1] shows more promising results.
Equation (3) presents the correlation between power consump-
tion as well as impeller speed, and can be used to determine drop
size in inertial (b = 2/5) and viscous ranges (b = 1/3). In gen-
eral, Wollny’s [1] approach includes three different correlation
equations. These equations (Eq. 3) represent three different ways
of calculating the predicted Sauter mean diameter. For example,
Eq. (4) describes the relationship between the power input and
predicted Sauter mean diameter ds; .

d32‘p = C2 . 87b = C3 . u73b = C4 . Weil’Sb (3)

dzp = G g (4)

The power input constant C, is a function of the number
of tests N, the measured Sauter mean diameter ds, ,,, and the
representative TEDR ¢ (Eq. 5).

N

Cz=$ Z (dsz,m : Sb) (5)

i=1

The applied constants are interdependent; thus, the rotation
speed constant C; can be calculated from C, (Eq. 6) and the
constant for the Weber number C; from C; (Eq. 7).

C3 = Cz . 871’ . MSb (6)

The equation for the constant C, includes the Weber number
(We = p-n?-d3y™!) and peripheral speed (u = 7-d;-n), where
n is the impeller speed, d; is the diameter of the pump impeller,
and y is the interfacial tension.

c'd 1.5b
C4:C3‘<p I) (7)

y-

In this case, the predicted Sauter mean diameters were deter-
mined in viscous range. As shown in Table 1, good agreement
between the predicted and measured Sauter mean diameters
(ds2,p» d32,m) Was obtained for all pump settings for the PuraLev®
MU pumps. Smaller drop sizes were generated by the PuraLev®
600MU, indicating higher mechanical stresses compared to the
PuraLev® 200MU. This result is in line with the experimen-
tal measurement. Finally, the calculation of the predicted Sauter
mean diameter ds, , resulted in a deviation lower than 13% when
using the correlation with Eq. (3). Thus, the calculation models
can be used to determine the predicted Sauter mean diameter in
accordance with Wollny’s model [1].

4 Concluding remarks

The estimation of mechanical stress during pumping processes
is beneficial as it contributes to the reduction of cell damage
to shear sensitive cells used in biopharmaceutical manufactur-
ing. In contrast to biological systems, model emulsion systems
enable mechanical stress to be predicted under time-saving, cost-
effective, and reproducible conditions [1]. To estimate mechan-
ical stress in pumps, emulsion drops were detected using inline
endoscopy, whose suitability for reliable drop size detection in
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Table 1. A comparison of the measured Sauter mean diameter with predictions as a function of power input (Eq. 4) based on the Wollny’s

model [1]
Pump p (bar) n (rpm) & (m?/s’) ds3p (um) Relative deviation (%)
CFD predicted Predicted ds3 Measured d3;,m
PuraLev® 200MU 0.03 1800 3 35 36 3.9
0.30 3700 31 16 15 9.3
0.61 5100 91 12 12 4.3
PuraLev® 600MU 0.03 1600 4 30 34 12.1
0.30 3100 29 16 14 10.9
0.61 4200 72 11 11 4.1

liquid/liquid model systems is known [1,29-32]. However, the
application of this particular measurement technique to pump-
ing systems was successfully demonstrated for the first time.
The inline endoscope technique showed low SDs (below 15%)
in the measured Sauter mean diameter, which indicates reli-
ability of drop size measurement. Wollny [1] already showed
the dependency of drop sizes on mechanical stress, which was
confirmed by this study. Consequently, the investigations re-
vealed that the Sauter mean diameter is suitable for the compar-
ison of different pumps (PuraLev® 200MU, PuraLev® 600MU,
4-piston diaphragm and peristaltic pump) under similar condi-
tions (i.e. pressure drop and flow rate). In contrast to the bearing-
less PuraLev® MU pumps, the comparison pumps were found
to have smaller measured Sauter mean diameters, indicating
higher hydrodynamic stress and agreeing with previous investi-
gations using CHO suspension cells [13]. So far, the PuraLev®
200MU generated the lowest mechanical stress and the peri-
staltic pump generated the highest mechanical stress under the
tested operational conditions. The CFD simulations showed a
well-streamlined and aligned fluid flow as well as representative
TEDR, which were two orders of magnitude lower than those
that cause cell lysis [3]. Furthermore, the representative TEDR
obtained for the centrifugal pump were used to determine the
predicted Sauter mean diameters based on a model originally
developed for stirred vessels [1]. Good agreement with devia-
tions below 13% was found between the predicted and mea-
sured Sauter mean diameters. Thus, the model can be applied to
the pumps investigated, although a wider range of operational
conditions need to be considered as part of future studies.

Practical application

The development of shear sensitive pumps is necessary
to avoid cell or even product damage in the biotechno-
logical industry. As a result, conventional and SU pumps
intended for use under aseptic conditions have to be de-
signed in such a way that they generate low levels of me-
chanical stress. In this study, Sauter mean diameters were
determined by a cost-effective and time-saving method that
used a model oil-water emulsion system. This is the first
description of using the steady-state Sauter mean diame-
ter as a comparison criterion to estimate the mechanical
stress inside different pumps.

316

The authors would like to thank the Commission for Technology
and Innovation (CTI, Switzerland) for their financial support (no.
13236.1 PFFLI-LS).

The authors have declared no conflict of interest.

Nomenclature

\% [m/s] Flow rate

C [-] Constant

c [m?/m?] Concentration

d [m] Stirrer diameter

ds [m] Sauter mean diameter

d30,m [m] Measured Sauter mean diameter
d32p [m] Predicted Sauter mean diameter

dgq [m] Drop diameter

dy [m] Pump impeller diameter

k [m?/s?] Turbulent kinetic energy

N [-] Number of tests

n [s71] Impeller speed

p [Pa] Pressure drop

Q [-] Cumulative number distribution

t [s] Time

u [m/s] Peripheral speed

We [-] Weber number

Greek symbols

y [N/m] Interfacial tension

€ [m?/s3] (Turbulent) energy dissipation rate
Pec [kg/m?] Fluid density of the continuous phase
¢ [-] Volume fraction of dispersed phase
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