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For over a century, centrifugal pumps (CP) have been
used in various applications, from large industrial
pumps to flow pumps for aquariums. However, the use
of CP as blood pumps has a rather short history.
Consequently, the hydraulic performance data for a
blood CP are limited. The aim of our investigation was
to study the hydraulic performance and the heat genera-
tion of three commercially available CP: Bio-Medicus
Bio-Pump BP80 (Medtronic), Rotaflow (Jostra Medizin-
technik), and DeltaStreamTM DP2 (MEDOS Medizintech-
nik AQ).

The study was performed using a circuit primed with a
water-glycerin mixture with a dynamic viscosity of
0.00272 pa/s. Pressure-flow curves were obtained by a
stepwise stagnation of the pump outlet or inlet. The
temperature changes were observed using ThermaCAM
SC2000 (Flir Systems).

The pumps’ performance in close to clinical conditions
(‘operating region’) was analysed in this report. The
‘operating region’ in the case of the BP80 is positioned
around the pressure-flow curve at a pump speed of 3000
rpm. In the case of the Rotaflow, the ‘operating region’
was between the pump pressure-flow curves at a speed of
3000 and 4000 rpm, and the DP2 was found between 7000
and 8000 rpm.

The standard deviation of mean pressure through the
pump was used to characterise the stability of the pump.
In experiments with outlet stagnation, the BP80 demon-
strated high negative association between flow and
pressure variability (r�/�/0.68, p B/0.001). In experi-
ments with the DP2, this association was positive (r�/

0.68, pB/ 0.001). All pumps demonstrated significantly
higher variability of pressure in experiments with inlet
stagnation in comparison to the experiments with outlet
stagnation.

The rise of relative temperature in the inlet of a pump
was closely related to the flow rate. The heating of fluid
was more pronounced in the ‘zero-flow’ mode, especially
in experiments with inlet stagnation.

In summary, (1) the ‘zero-flow’ regime, which is
described in the manuals of some commercially-available
pumps, is the use of the pump outside the allowable
operating region. It is potentially dangerous and should,
therefore, never be used in clinical settings. (2) Using
centrifugal pumps for kinetic-assisted venous return can
only be performed safely when the negative pressure at
the inlet of the pump is monitored continuously. The
maximum allowable negative pressure has to be defined
for each type of pump, and must be based on pump
performance. Perfusion (2006) 21, 373�379.

Introduction

For over a century, centrifugal pumps (CP) have
been used in various applications. The exploitation
of industrial pumps is regulated by the extended
set of rules and instructions based on the exact
knowledge of the hydrodynamic characteristics of
each specific pump. However, the use of CP as blood
pumps has a rather short history. The majority of
CP used for extracorporeal circulation (ECC) are
non-metallic, volute pumps.1 These pumps are
preferred for ECC because they do not have a
mechanical seal, and are considered leak proof.

CP have several advantages over the roller pump.

It is believed that they do not produce high

pressures when tubing is temporarily obstructed or

kinked, do not produce spatulated emboli from

compression of the tubing, and cannot pump large

gas emboli. However, as everywhere in nature, the

advantages are accompanied by disadvantages. The

most important disadvantages are that the pump has

to operate inside a narrow area of pressure-flow

curve, and it has a tendency to heat the pumped

fluid.2

The aim of our study was to evaluate the

hydrodynamic performance and heat generation of

some commercially-available CP (Bio-Medicus B

io-Pump BP80, Medtronic, Rotaflow, Jostra Medi-

zintechnik, and DeltaStreamTM DP2, MEDOS Medi-

zintechnik AQ) in the controlled experimental

condition.
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Materials and methods

The study was performed using a set primed with a
water-glycerin mixture with a dynamic viscosity of
0.00272 pa/s, which corresponds to the viscosity
of blood with a Hct of 25% (Figure 1). The speed of
each pump in the study was changed stepwise (by
1000 rpm) from 1000 rpm to the maximum allowed
by the drive console. The flow rate was changed in
steps of 1 L/min by gradual stagnation of the pump
outlet or inlet3 for each pump speed. After stabilisa-
tion, the flow, and inlet and outlet pressures were
recorded by Windaq software (DtaQ Instruments,
Inc). A distribution of temperature in the CP was
observed by infrared camera (ThermaCAM SC2000,
Flir Systems). The average relative temperatures
before a pump (AR01) and at the inlet of a pump
(AR02, eye of an impeller) were analysed for each
pump in the study (Figure 2). The relative tempera-
ture at the base of the pump (AR03) was analysed
only for the DeltaStreamTM DP2, because of a
persistent hot area at the base of the pump, absent
in other pumps included in the study. The average
relative temperature at the AR01 was used for the
standardisation of findings for the different pumps.
All temperatures in this study are presented as a
difference between the relative temperature at the
AR01 and the AR02 inside the pump.

The ‘operating region’ was projected on the
pressure flow-curves for each pump in the study.
The ‘operating region’ was defined by the range of

pre-oxygenator pressures and flows. For the set used
in the University Hospital Maastricht for adult
patients, the pre-oxygenator pressure was in
the range of 280�390 mmHg at flows from 3.9 to
5.2 L/min. The pumps’ performance inside or close
to the ‘operating region’ were analysed in this
report. The ‘operating region’ in case of BP80 was
positioned around the pressure-flow curve at a
pump speed of 3000 rpm (Figure 3a). In the case of
a Rotaflow, the ‘operating region’ was between the
pump pressure-flow curves at speeds of 3000 and
4000 rpm (Figure 3b), and for DP2 it was found to be
between 7000 and 8000 rpm (Figure 3c).

All data are presented as mean9/standard devia-
tion of the mean. One-way ANOVA procedure was
used for the comparison of mean values. Pearson’s
correlation coefficient was used to measure an
association between temperature changes and
hydrodynamic data. A p value B/0.05 was consid-
ered to indicate statistical significance.

Results

The pressure-flow curves for each pump in the
study are presented in Figure 3.

The shut-off pressure (ie, pressure developed by a
pump at complete outlet occlusion) for the
BP80 at 3000 rpm was 547.69/12.7 mmHg. This
value was significantly higher than the shut-off
pressure for the Rotaflow at 3000 rpm (333.59/

Figure 1 The circuit diagram for centrifugal pump evaluation. Pressure 1 � pressure at the inlet of the pump; Pressure 2 � pressure at the

outlet of the pump (Truwave PX � 600F pressure transducer, Edwards Lifesciences LLC, Irvine, USA). Flow probe � flow measurement in

circuit (HT207 medical flowmeter, Transonic System Inc., NY, USA).

Hydrodynamic performance and heat generation by centrifugal pumps
Y Ganushchak et al.

374



1.3 mmHg, p B/0.001), and the DP2 at a pump speed
of 7000 rpm (360.89/2.8 mmHg, p B/0.01). In experi-
ments with inlet stagnation, the BP80, at a pump
speed of 3000 rpm, the inlet pressure decreased to
�/517.49/8.7 mmHg. With similar conditions, the
RTF and DP2 demonstrated significantly less nega-
tive pressure at the inlet of the pump (�/284.39/1.9
and �/266.99/109.4 mmHg, respectively, p B/0.01 in
comparison to the BP80).

The standard deviation of mean pressure through
the pump was used to characterise the stability of
the pump (Figure 4). In the case of the BP80, at a
pump speed of 3000 rpm, the mean value of the
pressure standard deviation was 3.39/1.5mmHg.
The Rotaflow had a significantly more stable flow
at this condition (1.59/0.4 mmHg, p B/0.001). The
DP2 also demonstrated a lower variability of pres-
sure at 7000 rpm, in comparison to the BP80 (2.39/

0.4 mmHg, p B/0.05). There was no statistically
significant difference in stability of pressure be-
tween the Rotaflow and the DP2.

In our experiments with flows higher than
4.0 L/min, the BP80 performance was relatively
stable (the standard deviation of pressure was
2.49/0.5 mmHg) and only with decreasing of flow
(increasing of outlet stagnation) did the pump
become progressively unstable (Figure 4). Pearson’s
correlation coefficient yielded a high negative asso-
ciation of pressure variability and flow for the BP80
(rtcgqa�/�/0.68, p B/0.001).

DP2 pumps also demonstrated the dependence of
the pump’s stability from the flow. However, this
dependence was positive (r�/0.68, p B/0.001). If
at flows B/3 L/min the average standard deviation
of the developed pressures was 1.89/0.1 mmHg,

this parameter significantly rose to 2.29/0.1 mmHg
(p B/0.01) at flows �/3.5 L/min, and reached 2.79/

0.3 mmHg at flows �/4 L/min.
In the case of the Rotaflow, we failed to determine

any association of pressure variability and flow
(r�/0.21, p �/0.05).

During experiments with gradual inlet stagnation,
all pumps showed the same trends as in experi-
ments with outlet stagnation (Figure 5). However, in
these experiments, variability of developed pressure
was significantly higher than during the outlet
stagnation (Table 1).

All pumps demonstrated an increase of relative
temperature at the inlet of the pump (Figure 6). The
Rotaflow showed the highest difference in relative
temperature between AR01 (before pump) and the
AR02 (inlet of pump), 0.579/0.218C. The mean
differences in relative temperature in the cases of
the BP80 and the DP2 were significantly lower
(0.349/0.21 and 0.349/0.178C, respectively).
All pumps demonstrated a statistically significant
association between the rise of relative temperature
at the inlet of a pump and the flow rate (BP80
r�/�/0.60, p B/0.01; Rotaflow r�/�/0.59, p B/0.05;
DP2 r�/�/0.49, p B/0.05). However, only in experi-
ments with the BP80 did we find an association
between the rise of relative temperature and varia-
bility of pressure through the pump (r�/0.90,
p B/0.0001).

In experiments with entire flow stagnation
(‘zero-flow regime’), all pumps showed rapid
rising of temperature difference in 90s on 2-48C
(Figure 7a,b). The heating of the fluid was more
pronounced in experiments with inlet stagnation
(Figure 7b).

Figure 2 Infrared image of DeltaStreamTM DP2. The average relative temperatures in marked areas were taken in analysis for each pump in

the study. AR01 � the area before pump. AR02 � area at the inlet of the pump (eye of an impeller). AR03 � base of the pump. AR03 was

analysed only for the DeltaStreamTM DP2, because of persistent hot area at the base of the pump, absent in other pumps included in the

study.
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The hot area at the base of the DP2 (Figure 2)

was an unexpected finding of our study. The

relative temperature at the base of DP2 exceeded

by 5.59/0.18C the temperature before the pump in

experiments with gradual outlet stagnation. The

difference reached was 14.69/1.28C in experi-
ments with inlet stagnation. The temperature of

this area was not related to the flow, but was

highly associated with the pump speed (r�/0.91,
p B/0.0001).

Discussion

CP were thought to be safe, harmless, and easy to
operate. Apparently, this is a gross misconception.

Figure 3 The pressure-flow curves and ‘operating region’ of centrifugal pumps. (a) Bio-Medicus Bio-Pump BP80, Medtronic, (b) Rotaflow,

Jostra Medizintechnik, and (c) DeltaStreamTM DP2, MEDOS Medizintechnik AQ
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Several clinical studies are associating the use of

CP with platelet destruction and hemolysis,4,5 con-

tinuous microemboli during ECMO support,6 higher

inflammatory response and neutrophil activation.5,7

The numerous materials dedicated to the use

of industrial CP underline that operating of CP

requires a great deal of knowledge and understand-

ing of the hydrodynamics of pumps.2,8

Any CP has to be operated inside the so called

‘sweet zone’. ‘Sweet zone’ is defined as an area on

the pump’s chart where the efficiency of the pump is

highest.2 The position and size of this area depends

on the pump’s construction.2 The exploitation of the

pump outside the ‘sweet zone’ affects the pump

performance. Operating the pump in the area to the

right of the ‘sweet zone’ causes extreme turbulence

and classic cavitation.2 A positive association of

pressure variability with flow (r�/0.68, p B/0.001),

and a higher variability of pressure developed by
the DP2 in our experiments at flows higher than

3.5 L/min (pump speed of 7000 rpm) could be
explained by the shifting far to the right from the

‘sweet zone’. Our data from the same experiment
with the BP80 showed the opposite trend, with
incensement of pressure variability with decreasing

the flow rate. This fact could be explained by a shift
to the left from the ‘sweet zone’. If the pump

operates to the left from the ‘sweet zone’ it is very
inefficient, with excessive recirculation of fluid
inside the pump and cavitation.2 The incensement

of the internal recirculation and possible cavitation
could explain the positive association between the

temperature rise and decreasing the flow. This
process is especially pronounced in the case of the
BP80, where we also found a direct relation of

temperature changes with variability of pressure
(r�/0.90, p B/0.0001).

Significantly less stability of all pumps in the

study, revealed in experiments with gradual
inlet stagnation, could also be explained by the
inherited quality of CP. With increasing the nega-

tive pressure at the inlet of pump, the situation
might arise when pressure in the eye of the impeller

falls lower than the vapor pressure of the liquid
or saturation pressure of the gas. In this case,
vaporous and gaseous cavitation can occur, and

Figure 4 The standard deviation of pressure through the pumps

with increasing of outlet resistance and decreasing of produced

flow

Figure 5 The standard deviation of pressure through the pumps

with increasing of inlet resistance and decreasing of produced

flow

Table 1 Variability of pressure developed by centrifugal pumps

Pump Pressure variability (SD) mmHg p B/

Outlet stagnation Inlet stagnation

BP80 at 3000 rpm 3.39/1.5 4.99/1.6 0.002
Rotaflow 1.59/0.4 2.19/0.8 0.008
DP2 2.39/0.4 4.69/1.6 0.0001

Figure 6 The difference in average of relative temperature

between the AR01 (before a pump) and the AR02 (inlet of a

pump) with increasing of outlet resistance and decreasing of

produced flow.
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the capacity of the pump will be reduced.8

The conditions when one or other CP starts to

cavitate depend on the construction of the impeller

and volute.2 The minimum suction pressures

higher than the vapor pressure are the pump’s

minimum requirement curve, an obligatory part of

industrial pump charts. As a general guide, the

pressure at the suction connection of a pump

has to be at least 10% higher than indicated at

the minimum requirement curve. Some experts

recommend keeping suction pressure 50% higher

than the minimum required to avoid incipient

cavitation.2 If, for any reason, suction pressure falls

lower than the minimally required, cavitation is

unavoidable.
The other inherited characteristic of CP, espe-

cially the CP we are using (volute, magnetic drive

pumps), is heating up of the pumped fluid.2 The

heating of pumped fluid always takes place. During

exploitation in a ‘sweet zone’, this rise in tempera-

ture is hardly noticeable, and a constant flow

through the pump prevents over-heating. However,

heat generation dramatically increases if the pump

operates outside this zone. Additionally, at shut-off

(zero-flow) regime, all power supplied to a CP
(except for small bearing losses) goes to heating the
liquid within the pump. The rate of the rise of the
temperature depends on the amount of liquid con-
tained in the casing and the power losses (shut off
horsepower) of the pump.

More pronounced warming of fluid in experi-
ments with inlet occlusion could also be related to
the extensive vapour cavitation near the eye of the
impeller. The collapse of bubbles as fluid travels
from the start of the impeller vane to its tip is a high-
energy exothermic process. Liquid microject of
collapse develops pressure �/1 Gpa,2,9 and the
temperature at the point of collapse could reach
5000 K.9

We could not find an explanation for the presence
of a persistent ‘hot’ area in the base of the DP2.

Study limitations

All temperatures in this study are presented as a
difference between the relative temperature at the
AR01 and AR02. The differences in thermo con-
ductivity of materials at AR01 and AR02 could affect
the values of the difference in relative temperature.
However, the investigation of all pumps was carried
out on the same set and at similar temperature
regimes. Hence, the inherited error in deriving
temperature difference(s) was the same in all experi-
ments. That is why we believe it is correct to use
these values in demonstrating the trends in warming
the fluid by CP.

Our literature and experimental study demon-
strated that operation of CP is not trouble-free and
a simple process. The situation where a CP will be
operated outside the allowable region could
often appear during clinical perfusion. That is
why the constant control of operating conditions
and its comparison with a pump performance
chart are absolutely necessary for the safe operation
of CP.

Conclusion

(1) The ‘zero-flow’ regime, described in the man-
uals of some commercially available pumps, is
the use of the pump outside the allowable
operating region. It is potentially dangerous
and should, therefore, never be used in clinical
settings.

(2) Using CP for kinetic-assisted venous return
can only be performed safely when the nega-
tive pressure at the inlet of the pump is

Figure 7 Average of relative temperature difference between the

AR01 (before a pump) and the AR02 (inlet of a pump) in 90s of (a)

outlet stagnation; (b) inlet stagnation.
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monitored continuously. The allowable nega-

tive pressure has to be defined for each type of

pump and must be based on the pump’s

performance.
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