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Abstract—Computational fluid dynamics (CFD) is widely
used to simulate blood-contacting medical devices. To be
relied upon to inform high-risk decision making, however,
model credibility should be demonstrated through valida-
tion. To provide robust data sets for validation, researchers
at the FDA and collaborators developed two benchmark
medical device flow models: a nozzle and a centrifugal blood
pump. Experimental measurements of the flow fields and
hemolysis were acquired using each model. Concurrently,
separate open interlaboratory CFD studies were performed
in which participants from around the world, who were
blinded to the measurements, submitted CFD predictions of
each benchmark model. In this study, we report the results of
the interlaboratory CFD study of the FDA benchmark blood
pump. We analyze the results of 24 CFD submissions using a
wide range of different flow solvers, methods, and modeling
parameters. To assess the accuracy of the CFD predictions,
we compare the results with experimental measurements of
three quantities of interest (pressure head, velocity field, and
hemolysis) at different pump operating conditions. We also
investigate the influence of different CFD methods and
modeling choices used by the participants. Our analyses
reveal that, while a number of CFD submissions accurately
predicted the pump performance for individual cases, no
single participant was able to accurately predict all quantities
of interest across all conditions. Several participants accu-
rately predicted the pressure head at all conditions and the
velocity field in all but one or two cases. Only one of the eight
participants who submitted hemolysis results accurately
predicted absolute plasma free hemoglobin levels at a
majority of the conditions, though most participants were
successful at predicting relative hemolysis levels between

conditions. Overall, this study highlights the need to validate
CFD modeling of rotary blood pumps across the entire range
of operating conditions and for all quantities of interest, as
some operating conditions and regions (e.g., the pump
diffuser) are more challenging to accurately predict than
others. All quantities of interest should be validated because,
as shown here, it is possible to accurately predict hemolysis
despite having relatively inaccurate predictions of the flow
field.

Keywords—CFD, Blood pump, Validation, Particle image

velocimetry.

INTRODUCTION

Computational fluid dynamics (CFD) modeling is
widely used to simulate blood-contacting medical de-
vices such as stents,6,15,29 inferior vena cava filters,2–4,35

artificial heart valves,5,20,21 and mechanical circulatory
support devices.13,14,24,32 Simulations can be used
throughout the medical device total product life
cycle,25 from design ideation to postmarket analysis.
Historically, CFD has been most commonly used for
device design and optimization, and more recently it
has been used as a complement to inform laboratory
experiments conducted to demonstrate device safety or
effectiveness in regulatory submissions to the U.S.
Food and Drug Administration (FDA). As computa-
tional methods and technologies continue to mature,
more influential uses of CFD are on the horizon. To be
relied upon to inform high-risk decision making,
however, the CFD predictions should be shown to be
credible to a degree that is commensurate with the risk
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associated with the decision.1,36 Generally, model
credibility is established by performing verification,
validation, and uncertainty quantification
(VVUQ).1,19,28,31

To provide robust data sets for CFD validation,
researchers at the FDA and collaborators developed
two benchmark medical device flow models: a nozzle
and a centrifugal blood pump.22 Experimental pres-
sure, velocity, and hemolysis data were acquired for
each model in up to three independent laborato-
ries.16–18,22 To assess the state of the technology for
CFD modeling of medical devices, the FDA also ini-
tiated separate open interlaboratory CFD studies in
which participants from around the world submitted
simulation predictions of each benchmark model.
Importantly, in each case the participants were blinded
to the experimental data so as not to bias or influence
the predictions. The results of the first interlaboratory
CFD study of the FDA nozzle were reported by Ste-
wart et al.33,34

The main objective of this study is to report the
results of the second FDA interlaboratory CFD study
of the benchmark centrifugal blood pump. A total of
24 CFD submissions were received using different flow
solvers, mesh topologies and resolutions, time inte-
gration schemes, and turbulence models. Here, we re-
port the complete results of the interlaboratory study
that include comparisons of the CFD predictions with
experimental pressure, velocity field, and hemolysis
measurements at several different pump operating
conditions. As part of the analysis, we also investigate
the predictive accuracy of the CFD results as a func-
tion of the different meshing and simulation parame-
ters used by the participants. Details of the FDA-led
interlaboratory experimental and computational stud-
ies are publicly available online, along with a bibliog-
raphy of publications that are based on these data (h
ttps://ncihub.org/wiki/FDA_CFD).

MATERIALS AND METHODS

FDA Benchmark Blood Pump and Flow Loop

The benchmark centrifugal blood pump (Fig. 1a)
was designed to have a relatively simple geometry and
operate over a wide range of flow, pressure, and pump
speed conditions. The dimensions of the pump geom-
etry and three-dimensional computer aided design
(CAD) files are publicly available at https://nciphub.
org/wiki/FDA_CFD/ComputationalRoundRobin2
Pump. Briefly, the main components of the pump in-
clude the rotor, housing, and outlet diffuser. The pump
rotor is 52 mm in diameter and includes four simplified
blades that are equally spaced in the circumferential

direction about the rotor hub. Each rotor blade is
3 mm wide, 3 mm in height, and 18.5 mm long. All of
the edges between blade surfaces are filleted with
measured radii between 0.17 and 0.60 mm. The pump
housing has an inner diameter of 60 mm and an inner
height of 9 mm. The rotor is centered in the pump
housing with gap clearances of: 4 mm in the radial gap
between the outer edge of the rotor and the housing,
1 mm between the top of the rotor blades and the
housing, and 1 mm between the back of the rotor disk
and the housing. After being propelled by the rotor,
fluid exits the pump through a narrow throat that
transitions to an outlet diffuser (Fig. 1a). The abrupt
geometric transition from the housing to the throat is
known as the ‘‘cutwater,’’ which in the FDA pump was
filleted with a minimum measured radius of 40 lm.
Three identical blood pump models were fabricated
from acrylic to enable optical access for particle image

FIGURE 1. Schematic illustration of (a) the FDA benchmark
blood pump and (b) the experimental flow loop. Adapted from
Hariharan et al.16
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velocimetry (PIV), which was performed concurrently
in three independent laboratories.

The pump was placed in a well-characterized
experimental flow loop to make measurements of the
pressure head, velocity field, and hemolysis (Fig. 1b).
The details of the experimental setups are described by
Hariharan et al.16 and Malinauskas et al.22 To sum-
marize, the pump inlet was connected to a curved,
12 mm diameter tube with a constant radius of cur-
vature upstream of the inlet of 9 cm. A flow-through
heat exchanger maintained the temperature of the
working fluid, which was monitored with an inline
thermistor. A pressure transducer was connected to the
inlet tube to measure the pump inlet pressure. An
ultrasonic flow probe and a second pressure transducer
were used to measure the flow rate and pressure in the
outlet tube, respectively, upstream of an
adjustable clamp that was used to control the back-
pressure on the pump and the flow rate during the
experiments. As illustrated in Fig. 1b, the pump pres-
sure differential (or pressure head) was quantified as
the difference in the pressure between the outlet and
inlet transducers, measured at the same height after
zeroing the transducers prior to each experiment to
compensate for the hydrostatic component. This was
done to enable a direct comparison with pressure
predictions from CFD without having to account for
the hydrostatic pressure between the inlet and outlet
measurement locations in the flow loop.

Fluid Properties and Operating Conditions

PIV and hemolysis experiments were performed
with the benchmark blood pump at six different
operating conditions defined in terms of the two
independent non-dimensional parameters that charac-
terize pump performance, namely the pump Reynolds
number (Re) and the volumetric flow coefficient (U),
defined respectively as:9

Re ¼ qXD2

l
ð1Þ

U ¼ Q

XD3
ð2Þ

where q is the fluid density, l is the fluid dynamic
viscosity, X is the pump angular rotational speed, D is
the rotor diameter, and Q is the volumetric flow rate.
The six pump operating conditions are summarized in
Table 1.

As described by Hariharan et al.,16 interlaboratory
PIV experiments were conducted in three independent
labs using a Newtonian blood analog fluid comprised
of sodium iodide, water, and glycerin. Sodium iodide
was used to match the index of refraction of the acrylic
blood pump to facilitate distortion-free optical trans-
parency for PIV. Prior to starting the PIV experiments
each day, the fluid density and viscosity were mea-
sured. The pump speed (X) and the flow rate (Q) were
then set and fine-tuned to obtain the desired pump
Reynolds number and flow coefficient for each of the
six operating conditions (Table 1). For consistency
with the hemolysis experiments, the PIV measurements
were dimensionalized using nominal Newtonian blood
properties of q = 1035 kg/m3 and l = 3.5 cP. Table 1
also lists the corresponding pump speed and flow rate
for each operating condition, which were calculated
using the nominal blood properties. As summarized,
the pump speed ranged from 2500 to 3500 rpm and the
flow rate ranged from 2.5 to 7.0 L/min.

As described by Malinauskas et al.,22 the hemolytic
potential of the FDA benchmark blood pump was
quantified through in vitro tests at one lab. The six
pump operating conditions were tested in a random-
ized fashion using two identical benchmark pumps and
a comparative clinical control pump. For each exper-
iment, the flow loop was filled with 250 mL of anti-
coagulated porcine blood with the hematocrit (Hct)
adjusted to 36 � 1% and a measured total blood he-
moglobin concentration (Hb) of 11.1 � 0.4 g/dL. The
blood was anticoagulated during collection with acid
citrate dextrose solution A (ACDA) at a ratio of 15
parts ACDA:85 parts blood. The blood density and
the dynamic viscosity at a shear rate of 500 s21 were

TABLE 1. Operating conditions for experimental testing of the FDA benchmark centrifugal blood pump.

Condition # Flow rate (L/min) Pump speed (rpm) Reynolds number (Re) Flow coefficient (U)

1 2.5 2500 209,338 0.00113

2 2.5 3500 293,073 0.00081

3 4.5 3500 293,073 0.00146

4 6.0 2500 209,338 0.00272

5 6.0 3500 293,073 0.00194

6 7.0 3500 293,073 0.00226

Flow rate and pump rotational speed calculated for each operating condition (defined by Re and U) from Eqs. (1) and (2) using nominal blood

properties of q = 1035 kg/m3 and l = 3.5 cP.
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measured to be 1030 � 10 kg/m3 and 3.4 � 0.5 cP,
respectively, which correspond to the nominal blood
properties used to scale the PIV data. Measurements of
plasma free hemoglobin concentration (fHb) were
acquired from blood samples drawn every 40 min
during each two-hour experiment. At least 15 replicate
hemolysis tests were performed with the benchmark
blood pumps relative to eight replicate experiments
with the clinical control pump.

Experimental Data

Both the PIV and hemolysis experiments were per-
formed at all six pump operating conditions to provide
a benchmark data set for CFD validation. Inlet and
outlet pressures were also measured during both PIV
and hemolysis testing. All data are publicly available at
https://nciphub.org/wiki/FDA_CFD/ComputationalR
oundRobin2Pump.

For PIV, a total of four data sets were acquired
among the three labs, with one lab acquiring two
separate sets of measurements to quantify intra-labo-
ratory variability in the data.16 Planar PIV measure-
ments were acquired in a number of different regions
throughout the pump with Hariharan et al.16 reporting
data in five key regions that include: (i) the inflow tube
(see Fig. 1b), (ii) quadrant 1 in a blade passage plane
located 1.2 mm below the top surface of the rotor
blades, (iii) quadrant 2 in the same blade passage
plane, (iv) the outlet diffuser in the same blade passage
plane (see Fig. 2), and (v) a plane in the back-gap re-
gion located 0.5 mm from the back of the rotor disk. A
total of 500–2500 PIV image pairs, depending on the
lab, were phase-averaged with a blade oriented per-
pendicular to the outlet, as illustrated in Fig. 2. The
spatial resolution of the PIV data ranged from 0.25 to
0.55 mm, depending on the lab and the specific mea-
surement region. The planar phase-averaged velocity
and the root mean square (RMS) velocity fields were
reported in each region by Hariharan et al.16

Measurements of the plasma free hemoglobin con-
centration (fHb) for the benchmark blood pump were
significantly higher than those measured for the com-
parator clinical control pump. The measured values of
fHb were also linear with time and generally less than
1% of the total hemoglobin concentration, indicating
that the levels of hemolysis were small enough such
that there was no change in the blood hematocrit
during the experiments. Malinauskas et al.22 report the
mean and standard deviation (SD) of the fHb values
measured at each pump operating condition. In addi-
tion to absolute levels of fHb, the original interlabo-
ratory CFD study problem statement also requested
that participants calculate a corresponding relative
index of hemolysis (RIH) at each condition:

‘‘Please report a Relative Index of Hemolysis
(RIH), defined as the ratio to the value you cal-
culate at 6.0 L/min and 3500 RPM (to three sig-
nificant digits). Thus the RIH at 6.0 L/min and
3500 RPM should be set equal to 1.00. This will
allow us to compare indices regardless of method.’’

Unfortunately, however, there was some ambiguity in
exactly how values of RIH should be calculated. For
this reason, here we calculate RIH values from the
experimental data using the two most common ways
that interlaboratory CFD study participants could
potentially have calculated this quantity. The first is
simply calculated as:

RIH1;i ¼
fHbi

fHb6L=min;3500rpm

ð3Þ

where fHbi is the absolute plasma free hemoglobin
concentration at each condition and fHb6L=min;3500rpm is

the value measured at the pump condition of 6 L/min
and 3500 rpm (condition 5 in Table 1). The second
definition of RIH is defined as:

RIH2;i ¼
MIHi

MIH6L=min;3500rpm
ð4Þ

where MIH is the modified index of hemolysis:

MIH ¼ 106
1�Hct=100ð ÞfHb

Hb

V

QDt

� �
ð5Þ

FIGURE 2. Illustration of the three data acquisition regions
(Quadrant 1, Quadrant 2, and Diffuser) for the PIV
measurements reported by Hariharan et al.16 in the blade
passage plane located 1.2 mm below the top surface of the
rotor blades.
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Here, V is the total blood volume in the flow loop, Q is
the volumetric flow rate, Dt is the time duration of the
hemolysis experiment, and the conventional scaling
factor of 106 is included so as to yield MIH values of
reasonable magnitude.7,26 The advantage of quantify-
ing hemolysis data in terms of MIH is that it accounts
for the blood hematocrit, the total blood hemoglobin
concentration, and the number of passes of blood
through the device in a multi-pass experiment. Addi-
tionally, it is closely related to the dimensionless
hemolysis index that is used in one of the most popular
hemolysis CFD models, the stress-based power law
model (see Craven et al.7 for details). Many interlab-
oratory CFD study participants used the hemolysis
power law model and, thus, may have calculated RIH
values based on MIH. Consequently, here we calculate
both RIH1 and RIH2 from the experimental data and
compare each with the CFD predictions submitted by
the participants.

Interlaboratory CFD Study

The interlaboratory CFD study was conducted by
participants from around the world in a blinded fash-
ion prior to the publication of the experimental data.
The participants were only provided with the geometry
of the pump, the nominal Newtonian blood properties
of q = 1035 kg/m3 and l = 3.5 cP from the experi-
ments, and the velocity profiles and turbulence inten-
sities measured in the inflow tube at the location
illustrated in Fig. 1b. Participants were asked to sim-
ulate the six pump operating conditions listed in Ta-
ble 1. The participants were free to choose the specific
CFD solver, mesh resolution, boundary conditions,
turbulence model, and other simulation parameters.
Participants were requested to submit specific scalar
quantities of interest, such as the inlet and outlet
pressures, shaft torque, and hemolysis predictions.
Field data for pressure, velocity, and several other
quantities were requested at specific locations, includ-
ing the three key regions in the blade passage plane
illustrated in Fig. 2. The field data were to be sub-
mitted with a blade oriented perpendicular to the
outlet. Participants who performed transient simula-
tions were requested to submit time-averaged results.

Comparative Analysis

We performed a detailed analysis of the interlabo-
ratory CFD study results submitted by all participants.
To prevent the potential for bias, we anonymized the
participant data prior to analysis. For the scalar
quantities (pressure head and hemolysis), we analyzed
the results for all pump operating conditions and cal-
culated a percent error between the CFD and the

experimental measurements. For the velocity field, we
performed both qualitative and quantitative compar-
isons. Due to the large amount of data, however, we
restricted the velocity analysis to three pump operating
conditions: (i) 2.5 L/min at 3500 rpm (condition 2), (ii)
6.0 L/min at 2500 rpm (condition 4), and (iii) 6.0 L/
min at 3500 rpm (condition 5). These specific cases
were chosen so as to explore the influence of changing
pump flow rate at a fixed rotational speed and vice
versa. At each condition, we compared the CFD
velocity field predictions with the PIV measurements in
the three key regions of the blade passage plane illus-
trated in Fig. 2 (Quadrant 1, Quadrant 2, and Dif-
fuser).

Quantitatively comparing the velocity field between
the different CFD simulations and the PIV measure-
ments was complicated because each data set had a
different spatial resolution. We, thus, created a high-
resolution interpolation mesh onto which each of the
data sets were interpolated using the Kriging interpo-
lation tool available in the commercial post-processing
software Tecplot 360 (version 2021 R1, Tecplot, Inc.,
Bellevue, WA, USA). The interpolation mesh is shown
in the magnified inset of Fig. 3 and was generated
using the commercial mesh generation software Poin-
twise (version 17.3, Pointwise, Inc., Fort Worth, TX).
Importantly, to facilitate a high-quality interpolation,
the mesh was created with wall-normal layers and with

FIGURE 3. Schematic of the key data analysis steps for
quantitatively comparing participant CFD simulation results
with experimental PIV measurements by interpolating the
velocity field data to a common high-resolution mesh. As
illustrated by the black regions of the PIV data in the lower left
panel, the analysis excluded data within 1 mm of the walls in
the Quadrant 1 and Quadrant 2 regions and 0.15 mm from the
walls in the Diffuser region due to the large experimental
uncertainty in the PIV measurement of near-wall velocity.
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an extremely high spatial resolution that was approx-
imately six times greater than the finest CFD data set.
As illustrated in Fig. 3, each of the participant CFD
data sets and the PIV experimental data were inter-
polated to the nodes of this common mesh, allowing us
to calculate the spatial distribution of the difference
between CFD and PIV in each region. Because of the
large uncertainty in the experimental data at the walls
due to the challenges of accurately measuring near-wall
velocity with PIV,33 near-wall regions were excluded in
this calculation. Specifically, we excluded data within
1 mm of the walls in the Quadrant 1 and Quadrant 2
regions and 0.15 mm from the walls in the Diffuser
region, as shown by the black regions in the lower left
panel of Fig. 3. Finally, to quantify the overall error in
each CFD velocity field prediction compared with PIV,
we calculated a percent global relative comparison
error (e) for each region, defined as:8

e ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn
i¼1

uCFD;i � uPIV;i
maxðuPIVÞ

� �2

vuut ð6Þ

where uCFD;i is the local CFD planar velocity magni-
tude at each mesh node, uPIV;i is the corresponding PIV

value at the same location, maxðuPIVÞ is the maximum
PIV value in the entire region of interest, n is the
number of nodes in the interpolation mesh, and i
represents the ith node.

RESULTS

Interlaboratory CFD Study Participant Submissions

In total, there were 24 interlaboratory study sub-
missions from23participants using awide range ofCFD
flow solvers, reference frame formulations, turbulence
models, and meshes. An overall summary of the sub-
missions is provided in Table 2, and Table 3 lists the
methodological details of each individual participant

submission. All participants used commercial CFD
solvers, except for one who used the open-source soft-
ware code_saturne. Of the 24 submissions, 14 simulated
steady-state flow using a multi-reference frame formu-
lation and a frozen rotor approach with the rotor sta-
tionary and a blade oriented perpendicular to the outlet.
Only 10 of 24 submissions simulated the transient flow
due to the rotation of the rotor using a sliding mesh
interface. One participant (participant 3) submitted
both steady-state and transient simulation results, de-
noted here as submissions ‘3s’ and ‘3t’, respectively (see
Table 3). The k-x shear-stress transport (SST) turbu-
lence model was the most popular choice (13 partici-
pants), followed by different variants of the k-e model
(standard [3], realizable [3], and RNG [1]) and the one-
equation Spalart–Allmaras model (2). One participant
used the Rij-e SSG Reynolds stress model.

As illustrated in Fig. 4, the interlaboratory study
participants used a wide range of different types of
computational meshes. Two-thirds of the submissions
(16 of 24) used a tetrahedral-based mesh, and four each
used hexahedral and polyhedral mesh topologies. The
resolution of the CFD meshes ranged widely, from
rather coarse (about 530 thousand computational
cells) to very fine (76.5 million computational cells).

Only one-third of the CFD submissions (8 of 24)
included predictions of hemolysis. This is likely be-
cause commercial and open-source CFD software
generally do not provide hemolysis models, requiring
users to implement their own model of choice. Of the
three participants who reported the details of their
hemolysis model implementation, one implemented
their model with custom code in a commercial CFD
solver environment and the other two used the CFD
solver flow solution with a hemolysis model that was
implemented as custom software, external to the CFD
flow solver. All but one of the participants who sub-
mitted hemolysis results used the popular stress-based
power law model7 (see Table 3), while the remaining
participant used the strain-based model of Pauli et al.30

TABLE 2. Summary of interlaboratory CFD study submissions.

Simulation option Participant submissions (24)

CFD solver Abaqus/CFD (1), AcuSolve (2), ANSYS CFX (6), ANSYS Fluent (7), code_saturne (1), FlowVision (1),

SC/Tetra (1), STAR-CCM+ (5)

Time integration Steady (14), Transient (10)

Turbulence model k-x SST (13), Standard k-e (3), Realizable k-e (3), Spalart–Allmaras (2), RNG k-e (1), Rij-e SSG (1),

not provided (1)

Hemolysis model Lagrangian stress-based power law (2), Eulerian stress-based power law (4), Unspecified stress-based

power law (1), Strain-based model of Pauli et al.30 (1)

Mesh topology Tetrahedral (16), Hexahedral (4), Polyhedral (4)

Num cells (�106) Min: 0.53, Max: 76.5, Mean: 11.6, Median: 9.4

Num nodes (�106) Min: 0.42, Max: 60.7, Mean: 9.9, Median: 2.8

The number of submissions for each category are denoted in parentheses.
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Pressure Head

A comparison of the CFD predictions with the
pump pressure head measurements acquired during the
PIV experiments is shown in Fig. 5, where we have
omitted CFD results at a single operating condition for
three participants due to suspected reporting errors
(e.g., reporting of a negative pressure head). In general,
most of the CFD predictions were within two standard
deviations of the mean experimental data, except for
the 6.0 L/min, 2500 rpm case (condition 4) for which
only 16 of the submissions were within this range
(Fig. 5a). Of the 24 CFD submissions, 10 of the par-
ticipants (2, 3s, 4, 6, 13–16, 19, and 21) accurately
predicted the pressure head within two standard devi-
ations of the experimental mean at all six pump
operating conditions. As shown in Fig. 5b for condi-
tions 4 and 5, there is not a strong correlation of CFD
percent error in the predicted pump pressure head with
mesh resolution, quantified here in terms of the num-
ber of computational cells. Though not shown, the
same is true for the other operating conditions and also
when the results are plotted as a function of the
number of mesh nodes.

Examining the influence of turbulence model, there
were three models that generally performed the best for

predicting the pressure head across all conditions. The
average predictions from the k-x SST, realizable k-e, and
Spalart–Allmaras models were all within two standard
deviations of the mean experimental data at all six oper-
ating conditions, whereas average predictions from the
other turbulence models were outside of this range for at
least one condition. Among these three top-performing
models, the realizable k-e and Spalart–Allmaras models
had similar percent errors at most conditions that were
slightly less than the k-x SST model (Fig. 5c).

The influence of steady versus transient simulation
type is plotted in Fig. 5d. Here, we see that participants
who simulated steady-state flow using a multi-reference
frame formulation and a frozen rotor approach generally
predicted values of the pump pressure head that had
similar percent errors compared to those participants
who simulated transient flow with the rotor rotating.

Velocity Field

Figures 6, 7, and 8 show comparisons of the planar
velocity magnitude contours from each of the available
CFD predictions with the PIV measurements for
conditions 2, 4, and 5, respectively. In each case, we
omitted any participant with data reporting errors

TABLE 3. Details of individual interlaboratory CFD study participant submissions.

Participant

#

Time

integration Turbulence model Hemolysis model

Mesh

topology

Num Cells

(�106)

Num Nodes

(�106) Blade mesh y+

1 Steady k-x SST L power law tet 2.2 0.42 *

2 Transient Realizable k-e E power law poly 11.1 * 0.5–1.4

3s Steady k-x SST E power law tet 18.5 7.0 1.3–2.0

3t Transient k-x SST – tet 18.5 7.0 1.3–2.0

4 Steady Spalart–Allmaras strain-based tet 10.9 1.9 2.0

5 Steady k-x SST ukn power law tet 8.0 2.9 0.5–0.6

6 Steady k-x SST – tet 8.7 2.5 1.5–2.2

7 Transient RNG k-e – hex 10.1 10.5 *

8 Steady Realizable k-e – tet 10.7 3.7 0.9–1.4

9 Transient Standard k-e – hex 1.6 1.5 1.3–1.9

10 Transient Rij-e SSG – tet 76.5 12.1 *

11 Transient k-x SST L power law hex 19.1 18.9 1.9–2.6

12 Transient Standard k-e – hex 0.53 * 9.9–13.6

13 Steady k-x SST – poly 3.4 11.8 1.5

14 Steady k-x SST E power law tet 11.6 3.1 0.9–1.3

15 Steady k-x SST – tet 8.2 2.4 1.5–2.1

16 Steady Standard k-e – tet 4.1 1.0 4.5–6.0

17 Steady k-x SST – tet 5.7 2.0 0.05–3.1

18 Steady Realizable k-e – poly 2.7 * 1.0–1.8

19 Transient Spalart–Allmaras – tet 15.7 2.8 0.6–0.8

20 Transient k-x SST – tet 2.2 0.68 2.3–3.1

21 Steady k-x SST – tet 10.8 2.6 0.8–1.6

22 Transient k-x SST – tet 5.7 2.0 0.05–3.1

23 Steady Unknown E power law poly 11.1 * 0.4–0.6

L power law: Lagrangian stress-based power law; E power law: Eulerian stress-based power law; strain-based: strain-based model of Pauli

et al.30; ukn power law: unspecified stress-based power law; tet: tetrahedral; poly: polyhedral; hex: hexahedral.

–Hemolysis result not reported.

*Suspected reporting error or not reported.
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FIGURE 4. Cross-section in the Y–Z inlet plane through the computational meshes used by the interlaboratory CFD study
participants.
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(e.g., several transient CFD submissions were with the
rotor blade not oriented perpendicular to the outlet as
requested). For condition 2, within quadrant 1 of the
rotor region, all submissions except participant 1 pre-
dicted similar qualitative velocity distributions with the
highest velocity around and just downstream of the
blade tip (Fig. 6). All participants predicted that a jet
forms in the diffuser that is skewed (to varying degrees)
toward the inner wall, which generally agrees with PIV.
For condition 4 (Fig. 7), the PIV measurements show a
region of high-velocity flow extending to the rotor
housing in quadrant 1. All of the transient CFD sub-
missions predict qualitatively similar high-velocity flow
in this region, whereas none of the steady CFD sub-
missions predict this flow feature. With the exception
of participant 1, all of the CFD submissions predict a
jet in the diffuser that is skewed to vary degrees toward
that outer wall for condition 4, as observed in the PIV
measurements. Finally, for condition 5 (Fig. 8), except
for participant 1, all of the CFD submissions predict
similar qualitative velocity fields within quadrant 1
with the highest velocity around and just downstream
of the blade tip. In the diffuser, however, there was
more variability in the CFD predictions. The PIV data

show that the jet in the diffuser is slightly skewed to-
ward the outer wall. All of the transient CFD sub-
missions predict this outward skewness of the jet,
whereas several of the steady submissions (from par-
ticipants 1, 14, 21, and 23) do not.

The quantitative CFD comparison error (e) for each
of the participants is summarized in Fig. 9. As for
pressure, the velocity error was not generally corre-
lated with the mesh resolution. The largest velocity
errors for most of the participants occurred in the
diffuser for all three conditions (Figs. 9a–c). In the
rotor region, most CFD submissions had comparable
error in quadrants 1 and 2 for condition 2 (Fig. 9a),
but for the higher flow rate conditions 4 and 5 many of
the submissions had a larger error in quadrant 1 than
in quadrant 2 (Figs. 9b, c). Comparing transient versus
steady CFD simulations, the transient results generally
agreed more closely with PIV within the rotor region
of the pump compared to steady CFD (Figs. 9d–f). In
the diffuser, however, the transient and steady CFD
predictions were more comparable.

The influence of turbulence model is plotted in
Fig. 10. In the rotor region, the velocity errors were
comparable for most of the turbulence models, except

FIGURE 5. CFD pump pressure head predictions compared with experimental measurements. (a) Summary of the pump pressure
head from interlaboratory CFD study simulations and interlaboratory PIV experiments in three labs. (b) Percent error in the CFD
results as a function of mesh resolution quantified in terms of the number of computational cells for conditions 4 and 5. (c) CFD
percent error as a function of turbulence model. (d) CFD percent error for steady versus transient simulations. Where present, error
bars represent mean 6 SD.
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in quadrant 1 for conditions 4 and 5 (Figs. 10b, 10c).
At these conditions, the RNG k-e and Rij-e SSG
models performed slightly better than the rest, though
this observation is based on results from a single par-
ticipant using each model. In the diffuser, the realiz-
able k-e and Spalart–Allmaras turbulence models
generally performed the best across all three analyzed
conditions.

Hemolysis

A comparison of the CFD results with the experi-
mental measurements of fHb is shown in Fig. 11a,
where we have omitted results from two participants
due to suspected reporting errors. As shown, one CFD

submission (participant 1) successfully predicted the
absolute levels of fHb within one SD of the mean
experimental data across all pump operating condi-
tions. Of the 30 total CFD hemolysis predictions
submitted for all of the test conditions by the other five
participants plotted in Fig. 11a, only eight were within
one SD of the experimental data. All other CFD
hemolysis predictions were outside of this range, many
by an order of magnitude or more.

Participants were generally more successful at pre-
dicting experimental values of RIH than they were at
predicting absolute hemolysis levels. In Fig. 11b, we
plot RIH1 ¼ fHb/fHb5 for the three participants who
reported values of RIH that were clearly calculated in
this fashion based on their reported levels of fHb.

FIGURE 6. Comparison of planar velocity magnitude contours from PIV and CFD for condition 2 (2.5 L/min, 3500 rpm).
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Here, we see that two participants (1 and 11) accu-
rately predicted RIH1 within one SD of the mean
experimental data at all of the pump operating con-
ditions. In Fig. 11c, we plot RIH2 ¼ MIH/MIH5 for
the remaining five participants who reported values of
RIH that were clearly not calculated based on their
reported levels of fHb. We used this secondary defi-
nition of RIH because most of these participants used
the hemolysis power law model, which is formulated in
terms of a dimensionless index that is closely related to
MIH (see Craven et al.7 for details). Given that there
was some ambiguity in the original interlaboratory
CFD study problem statement on exactly how RIH
should be calculated, it is likely that these participants
may have calculated it based on MIH predictions.

From Fig. 11c, we see that two of the participants (3s
and 14) predicted values of RIH2 that are within one
SD of the mean experimental measurements in all
cases. Overall, 20 of the 25 CFD hemolysis predictions
submitted by the five participants in Fig. 11c were
within one SD of the mean experimental RIH2.

DISCUSSION

The development and validation of improved CFD
predictive models will lead to better tools for designing
and evaluating medical devices, not only for perfor-
mance but also with regards to blood damage safety
(e.g., hemolysis, platelet activation, thrombosis, von

FIGURE 7. Comparison of planar velocity magnitude contours from PIV and CFD for condition 4 (6.0 L/min, 2500 rpm).
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Willebrand factor damage). In this study, we report the
results of the interlaboratory CFD study of the FDA
benchmark blood pump. We analyzed the results of 24
CFD submissions by participants from around the
world who used different flow solvers, mesh topologies
and resolutions, time integration schemes, and turbu-
lence models. To assess the accuracy of the CFD pre-
dictions, we compared the results with experimental
measurements of the pressure head, velocity fields, and
hemolysis at several different pump conditions span-
ning the entire operating range of the device.

In general, though a number of CFD submissions
accurately predicted the pump performance for indi-
vidual cases, no single participant was able to accu-
rately predict all quantities of interest (pressure head,

velocity, and hemolysis) at all conditions. Of the 24
CFD submissions, 10 participants (2, 3s, 4, 6, 13–16,
19, and 21) accurately predicted the pressure head
within two standard deviations of the experimental
mean values for all six operating conditions. As sum-
marized in Table 4, however, none of these participants
accurately predicted the velocity magnitude in all
regions to within 20% of the PIV data at all condi-
tions. The velocity field predictions from participant 4
were all within 20% of the PIV data, except for con-
dition 4 in the diffuser, which had an error of 20.9%.
Similarly, the velocity predictions from participants 14,
19, and 21 were all within 20% of the PIV data, except
in two cases each (see Table 4). Finally, though the
velocity errors for conditions 2 and 4 were not quan-

FIGURE 8. Comparison of planar velocity magnitude contours from PIV and CFD for condition 5 (6.0 L/min, 3500 rpm).
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tified for participant 2 due to a reporting error (they
submitted data with a rotor blade not oriented per-
pendicular to the outlet as requested), their predictions
of the velocity field for condition 5 were generally quite
good, with errors of approximately 5% in the rotor
region and 20.6% in the diffuser. Of these five overall
top participants (2, 4, 14, 19, and 21), three submitted
hemolysis results (participants 2, 4, and 14). As noted
in Table 4, participants 2 and 4 predicted absolute le-
vels of fHb within one SD of the mean experimental
data at two conditions each and RIH values within this
range at three and four conditions, respectively. While
participant 14 had a suspected error in their reporting

of fHb, they successfully predicted RIH values within
one SD of the experiments at all conditions.

Comparing the CFD methodologies used by these
five overall top participants (2, 4, 14, 19, and 21), there
are some similarities. From Table 3 we see that three of
these participants (4, 14, and 21) simulated steady-state
flow while participants 2 and 19 performed more
computationally expensive transient flow simulations.
Two of the participants (14 and 21) used the k-x SST
turbulence model, two others (participants 4 and 19)
used the Spalart–Allmaras model, and participant 2
used the realizable k-e model. Four of the participants
(4, 14, 19, and 21) used a moderately fine tetrahedral-

FIGURE 9. Percent global relative comparison error (e) (Eq. 6) for the CFD predictions of planar velocity magnitude compared with
PIV measurements. (a–c) Summary of the comparison error for all available participants in quadrant 1, quadrant 2, and the diffuser
regions of the pump for operating conditions of (a) 2.5 L/min at 3500 rpm (condition 2), (b) 6.0 L/min at 2500 rpm (condition 4), and
(c) 6.0 L/min at 3500 rpm (condition 5). (d–f) Comparison error of steady versus transient CFD simulations for (d) condition 2, (e)
condition 4, and (f) condition 5.
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based CFD mesh with about 11–16 million computa-
tional cells and the other participant (2) used a poly-
hedral mesh with 11 million computational cells.

It is also interesting to note the accuracy of the
hemolysis predictions of participant 1 considering the
overall inaccuracy of their pressure and velocity pre-
dictions. Remarkably, participant 1 accurately pre-
dicted both the absolute and relative levels of
hemolysis at all pump operating conditions. They,
however, significantly over-predicted the pump pres-
sure head at all conditions, having no prediction within
two standard deviations of the mean experimental
data. Their predictions of the velocity field for the
three analyzed conditions were also relatively inaccu-
rate in many cases. It is, thus, curious as to why their

hemolysis predictions are so remarkably accurate. We
speculate that it may be coincidental and due to the
fortunate selection of model coefficients for the
hemolysis power law model, which is entirely empirical
and can yield an extremely wide range of predictions
depending on the specific coefficients that are used.7

We also analyzed the influence of different CFD
methods and modeling choices used by the partici-
pants. While the number of participants using different
options and approaches was insufficient to determine
definitive trends, we made some valuable observations.
Notably, CFD accuracy was not strongly correlated
with the resolution of the computational mesh. We,
however, caution that this does not imply that CFD
accuracy is independent of mesh resolution in general,
as numerical discretization error should diminish as

FIGURE 10. Percent global relative comparison error (e)
(Eq. 6) for the CFD predictions of planar velocity magnitude
as a function of turbulence model for (a) condition 2, (b)
condition 4, and (c) condition 5.

FIGURE 11. CFD hemolysis predictions compared with
experimental measurements (mean 6 SD) for the (a)
absolute plasma free hemoglobin concentration (fHb), (b)
relative index of hemolysis (RIH1) calculated in terms of fHb,
and (c) RIH2 calculated in terms of the modified index of
hemolysis (MIH).
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the CFD mesh is refined. The lack of correlation of
CFD accuracy with mesh resolution observed in this
study is likely due to the large variability of the
numerical methods (finite volume, finite element),
mesh types (tetrahedral, polyhedral, hexahedral), tur-
bulence models, and reference frame formulations that
were used by the various participants. These other
modeling choices also contribute to the numerical
accuracy, making it difficult to separate out their
individual contributions and to determine definitive
trends.

Investigating the influence of turbulence model, we
found that there were three models (k-x SST, realiz-
able k-e, and Spalart–Allmaras) that generally per-
formed the best for predicting the pressure head across
all conditions. Two of those models (realizable k-e and
Spalart–Allmaras) generally also performed well for
predicting the velocity field, particularly within the
diffuser. Comparing steady versus transient simulation
type, transient CFD predictions of the velocity field in
the rotor region were generally more accurate than
steady CFD predictions. But, otherwise, the results for
the pressure head and the velocity field in the diffuser
were generally comparable between steady and tran-
sient CFD.

Overall, this study highlights the need to validate
CFD modeling of rotary blood pumps across the entire
range of operating conditions and for all quantities of
interest. Such extensive validation is needed because
some conditions and regions are more challenging to
predict than others, as shown here for condition 4 and

the diffuser region of the FDA blood pump. All
quantities of interest should be validated because, as
demonstrated here with participant 1, it is possible to
accurately predict hemolysis despite having relatively
inaccurate predictions of the flow field.

There are, however, several limitations of the study.
Due to the open interlaboratory study design, we were
unable to rigorously quantify the influence of different
modeling approaches and options on the predictive
accuracy of CFD. Doing so would require a study that
is specifically designed to systematically examine the
accuracy of CFD predictions using different modeling
options, which was outside the scope of the present
study. But, it is an area of interest for future work that
is needed in order to establish best practices for CFD
modeling of blood pumps. Toward this end, to enable
the broad dissemination of research by others in this
area, at our website repository (https://ncihub.org/wi
ki/FDA_CFD/ComputationalRoundRobin1Nozzle/ci
tations) we have included a list of published studies
that have used the FDA benchmark nozzle and blood
pump data to evaluate and improve CFD applied to
medical devices.

Also, our validation of the flow field in this study
was confined to comparing with PIV measurements of
the planar velocity magnitude in three regions of the
pump. We did not validate turbulence predictions and,
due to practical limitations with analyzing such a large
amount of data, we did not consider comparisons of
velocity components and we only compared CFD
predictions to PIV data in quadrants 1 and 2 in the

TABLE 4. Summary of velocity and hemolysis results for the 10 interlaboratory CFD study participants who successfully
predicted the pump pressure head within two standard deviations of the mean experimental data.

Participant #

Velocity (% error) Hemolysis (within ± 1 SD of mean exp data: y/n)

Quadrant 1 Quadrant 2 Diffuser fHb/RIH

C2 C4 C5 C2 C4 C5 C2 C4 C5 C1 C2 C3 C4 C5 C6

2 * * 4.7 * * 4.9 * * 20.6 y/y y/n n/y n/y n n/n

3s 7.8 14.4 17.0 6.7 9.4 8.5 33.8 27.0 26.3 n/y n/y n/y n/y n n/y

4 7.2 18.5 13.9 6.7 9.8 8.2 16.1 20.9 11.7 y/y y/y n/y n/y n n/n

6 * * * * * * * * * – – – – – –

13 6.2 23.8 18.3 6.0 9.6 9.8 11.9 25.4 26.3 – – – – – –

14 9.0 17.3 13.4 8.1 10.9 9.5 30.6 21.2 19.4 */y */y */y */y * */y

15 7.3 14.4 15.9 7.0 10.0 8.4 23.4 25.3 28.7 – – – – – –

16 8.5 22.5 17.0 4.5 7.7 6.6 23.8 28.1 28.9 – – – – – –

19 3.0 8.0 4.3 3.2 6.6 5.1 12.1 25.6 25.9 – – – – – –

21 10.0 25.5 18.3 8.8 13.8 11.9 15.3 15.9 21.8 – – – – – –

For velocity, the percent relative error (e) (Eq. 6) is provided in each pump region. For hemolysis, ‘y’ or ‘n’ indicates whether or not the CFD

prediction was within one SD of the experimental mean value for absolute (fHb) or relative (RIH) quantities.

C1–C6 denote pump operating conditions 1–6, respectively.

*Suspected reporting error.

–Hemolysis result not reported.

Bold italics indicates < 20% velocity error.
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rotor region and in the diffuser. While the flow in these
three regions is critical to understanding the pump
performance, the fluid dynamics in some other regions
of the pump may also be important. Future work
should investigate ways to measure the full three-di-
mensional mean velocity and turbulence fields in all
regions of the pump (e.g., using magnetic resonance
velocimetry10,11,23) for direct comparison with volu-
metric field predictions from CFD.

Additionally, the PIV experiments and the CFD
simulations in this study utilize a Newtonian blood
analog fluid, whereas the hemolysis experiments used
whole blood, which is non-Newtonian. Though blood
behaves as Newtonian at high strain rates, the extent to
which non-Newtonian blood rheology affects the flow
field in the benchmark centrifugal blood pump has yet
to be experimentally investigated. The potential influ-
ence of non-Newtonian effects is a common challenge
when interpreting PIV and CFD results of blood flow
using Newtonian blood analogues. A recent CFD
study14 of the FDA blood pump found that non-
Newtonian effects are small at high flow rate condi-
tions (conditions 4 and 5), but have a greater influence
at the low flow rate and low rotational speed case of
condition 1. There are no experimental data, however,
to validate the non-Newtonian flow predictions. Fu-
ture experimental flow studies should investigate using
non-Newtonian blood analog fluids for PIV27 or even
whole blood with magnetic resonance velocime-
try.10,11,23 This is important to consider because non-
Newtonian effects may have some influence on blood
damage, especially thrombosis. While hemolysis typi-
cally occurs in regions of high strain rate where blood
likely behaves as Newtonian, thrombosis usually oc-
curs in regions of low-speed or stagnant flow, where
non-Newtonian effects are more significant.

Finally, it is important to emphasize that this work
is the result of a collaboration between government,
academic, and industry researchers who planned and
participated in the FDA-sponsored interlaboratory
CFD and experimental studies. Thanks to their com-
bined efforts, the results of the FDA benchmark nozzle
and blood pump studies have impacted the develop-
ment of the ASME V&V 40-2018 standard (‘‘Assessing
Credibility of Computational Modeling Through
Verification and Validation: Application to Medical
Devices’’)1 and an FDA Guidance Document12 for
reporting critical aspects of computational modeling
studies in medical device regulatory submissions to the
FDA. Moreover, the benchmark datasets are being
widely used by other researchers to evaluate and im-
prove CFD modeling of medical devices (e.g., see h
ttps://ncihub.org/wiki/FDA_CFD/ComputationalRou
ndRobin1Nozzle/citations) and even to train the next
generation of computational scientists in academia.
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