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Computational fluid dynamics (CFD) is increasingly being 
used to develop blood-contacting medical devices. However, 
the lack of standardized methods for validating CFD simula-
tions and blood damage predictions limits its use in the safety 
evaluation of devices. Through a U.S. Food and Drug Admin-
istration (FDA) initiative, two benchmark models of typical 
device flow geometries (nozzle and centrifugal blood pump) 
were tested in multiple laboratories to provide experimen-
tal velocities, pressures, and hemolysis data to support CFD 
validation. In addition, computational simulations were per-
formed by more than 20 independent groups to assess current 
CFD techniques. The primary goal of this article is to summa-
rize the FDA initiative and to report recent findings from the 
benchmark blood pump model study. Discrepancies between 
CFD predicted velocities and those measured using particle 
image velocimetry most often occurred in regions of flow 
separation (e.g., downstream of the nozzle throat, and in the 
pump exit diffuser). For the six pump test conditions, 57% of 
the CFD predictions of pressure head were within one stan-
dard deviation of the mean measured values. Notably, only 
37% of all CFD submissions contained hemolysis predictions. 
This project aided in the development of an FDA Guidance 
Document on factors to consider when reporting computa-
tional studies in medical device regulatory submissions. There 

is an accompanying podcast available for this article.  Please 
visit the journal’s Web site (www.asaiojournal.com) to listen. 
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Computational fluid dynamics (CFD) can be a valuable tool 
for characterizing flow fields by predicting velocities, pressures, 
and shear stresses using numerical techniques. Over the past 50 
years, CFD applications have expanded from examining flows 
around airfoils and automobiles to the development and evalu-
ation of blood-contacting medical devices.1,2 The advantages 
of using CFD in device design are that simulations can 1) pro-
vide insight into device performance without having to produce 
costly prototypes, 2) provide data on critical regions that are not 
easily accessible for measurement or visualization (e.g., small 
gap regions between a blood pump blade tip and the housing, 
within the hinge of a mechanical heart valve), and 3) predict dif-
ficult-to-measure physical quantities which may impact blood 
damage, such as wall shear stress and particle residence time.3,4

Although the U.S. Food and Drug Administration (FDA) 
does not require CFD simulations in the evaluation of blood-
contacting medical devices, international standards for heart 
valves5,6 and implantable circulatory support devices7 recog-
nize that experimentally validated CFD simulations may be 
used to characterize the flow fields within and around these 
devices, and to assess their hemolytic and thrombogenic 
potentials. However, the ISO 14708-5 standard indicates that 
the use of CFD should be limited to the design stage and that 
it is more appropriate for evaluating relative design changes 
rather than assessing absolute quantities.7 In effect, the use 
of CFD as a regulatory tool for predicting absolute values of 
blood damage (e.g., hemolysis, thrombosis) as part of a safety 
evaluation of a medical device is not well established.

A key aspect for instilling confidence in the predictive capa-
bility of a CFD simulation is through verification and validation.8 
Verification refers to assessing the accuracy of the numerical 
solutions of the governing equations and includes mesh design 
and sensitivity, spatial and temporal discretization accuracy, 
and convergence criteria. Validation refers to determining 
whether the simulation is an accurate representation of the real 
world that is being modeled.8 For blood-contacting medical 
devices, CFD validation has two important components: valida-
tion of the flow field, and validation of the predicted biological 
response. Flow field validation is often conducted by comparing 
the computational simulations with experimentally measured 
values of pressures and fluid velocities within devices or device 
models. Validation should consider the full operating range 
of the device because different types of CFD models may be 
required to resolve the flow depending on whether it is laminar, 
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turbulent, or transitional.8 Other validation issues that need to 
be considered in the CFD analysis include how well the model 
input parameters (e.g., fluid properties, inlet and outlet bound-
ary conditions) accurately mimic the validation experiments.9–14

Computational predictions of biological responses are based 
on flow field metrics (e.g., high shear stresses and exposure times, 
stagnant flow regions) which are believed to contribute to hemo-
lysis, platelet activation, and thrombosis.1,2,11,15 Although many 
constitutive blood damage modeling equations have been pro-
posed based on empirical data,4,15–17 there are no widely accepted 
techniques for accurately predicting absolute levels of hemoly-
sis or thrombosis. Variants in computational hemolysis models 
include determining red blood cell damage based on different 
fluid stress-exposure time power-law models,15,16 strain-based cell 
models,2,18,19 and energy dissipation models.20 Modeling of throm-
bosis can be even more challenging as platelet activation and 
thrombosis initiation depend on multiscale linked hemodynamic 
and biochemical processes, such as platelet margination to vessel 
walls,21 and advection, diffusion, and surface reactions.2,22,23 As 
blood damage test data are usually only obtained in one labora-
tory, the results may only be applicable for the specific blood, test 
model, and test conditions used in the individual experiments. 
The lack of multi-laboratory-derived experimental blood damage 
data further hinders adequate validation of these computational 
models, and their use for regulatory evaluation.

Because CFD has the potential to impact medical device inno-
vation and evaluation, the FDA initiated a project to assess the 
current status of CFD device modeling and to address the limita-
tions which impede its utility as a regulatory tool.10 As validation of 
simulations is a major concern in the acceptance of CFD in regu-
latory practice, this project focused on creating two well-defined, 
“benchmark” flow models (a nozzle and a blood pump) that could 
be tested to establish reliable and publicly available experimental 
datasets. For each flow model, measurements of velocity, pressure, 
and hemolysis were acquired in up to three independent labo-
ratories. To evaluate the current state of CFD use, computational 
studies open to anyone were performed on each model using 
FDA-specified test conditions. Particle image velocimetry (PIV), 
CFD, and hemolysis testing results from the first study on the noz-
zle model have previously been disseminated through a series of 
publications.9,10,24,25 The primary goal of this article is to summarize 
the FDA initiative and to report recent findings from the second 
benchmark study using the blood pump model.

Methods

The two models were designed to provide flow characteris-
tics which are representative of those in medical devices (e.g., 
laminar, transitional, and turbulent flows; gradual and sudden 
changes in flow areas; flows around rotating components). 

Physical models were fabricated out of polished transparent 
acrylic for experimental testing.

Study 1: Nozzle Benchmark Model

For the first study, a bidirectional nozzle model was created 
in which the flow diameter changed either suddenly or gradu-
ally (Figure 1).9,10,24 Particle image velocimetry measurements 
were acquired in three laboratories using a newtonian blood 
analog fluid which matched the refractive index of the nozzle 
models. The flow rate was adjusted so that the velocity field and 
pressure along the model could be measured at Reynolds num-
bers in the nozzle throat which corresponded to laminar (Re = 
500), transitional (Re = 2000), and turbulent flow regimes (Re = 
3500, 5000, 6500). Computational fluid dynamics simulations, 
conducted under the same flow conditions as the PIV experi-
ments, were received from 28 different groups. Hemolysis test-
ing was also conducted in three laboratories; however, the flow 
rates were increased so that measurable hemolysis data could 
be obtained. Specifically, the hemolysis tests were performed at 
blood flow rates of 5 and 6 l/min for the sudden contraction at 
the entrance (corresponding to average throat Reynolds num-
bers of 6650 and 8020, respectively), and at a blood flow rate of 
6 l/min for the gradual contraction at the entrance (n = 26–36 
repeats at each of the three test conditions).

Study 2: Blood Pump Benchmark Model

The second benchmark model was a centrifugal blood pump 
designed to have simple geometrical features and to operate 
over a wide range of flow and pressure conditions (Figure 2). 
The acrylic rotor (5.2 cm in diameter) had four filleted blades 
(3 mm tall and 3 mm wide) orthogonally positioned on a 4 mm 
thick rotor base, attached to a stainless steel shaft (3.2 mm in 
diameter). The shaft was sealed against blood leakage by using 
two spring-loaded, polymer-filled PTFE seals (Bal Seal Engineer-
ing, Foothill Ranch, CA) and grease (Molykote 111, Dow Corn-
ing, Midland, MI) recessed within the rear housing. Preliminary 
hemolysis testing was conducted to demonstrate that the shaft 
seal system was no different than if a saline-flush seal system 
was used. Using spacers, 1 mm clearance gaps were set between 
the housings and the front and back of the rotor during the PIV 
and hemolysis tests. Quality control measurements ensured that 
the physical dimensions were within 1% of the design specifica-
tions and surface finishes had Ra < 0.6 μm (Ra = 0.24 ± 0.23 μm, 
Contour GT-k 3D Optical Microscope, Bruker AXS, Madison, 
WI) for the blood-contacting pump components.

For both the PIV and hemolysis tests, the blood pump model 
was incorporated into a closed recirculating flow loop ( Figure 
3) in which the flow rate, pre- and postpump pressures, fluid 

Figure 1. FDA benchmark nozzle model with internal diameters and nozzle throat length identified. 
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temperature, and pump speed could be controlled and measured. 
All tubing in the loop was ½" ID PVC, except for a 3/8" ID sec-
tion downstream of the pump outlet which was clamped to adjust 
the backpressure on the pump. To increase the sensitivity of the 
hemolysis tests, custom-designed blood bag reservoirs26 and flow-
through heat exchangers were used so that the test loop could be 
operated with a minimum blood volume of only 240 ml.

To examine the effect of flow rate and rotational speed on 
hemolysis, six pump operating conditions, spanning flow rates of 
2.5–7 l/min at pump speeds of 2500 and 3500 rpm (Table 1), were 
chosen for detailed analysis as reflected on the pressure versus 
flow rate hydrodynamic characterization curves (Figure 4A). Pre-
liminary testing using prototype designs determined that outside 
of the six chosen operating conditions hemolysis was minimal 
(speed < 1800 rpm), or could potentially be caused by cavitation 
(flow rate > 7 l/min) or excessive tube clamping (backpressure > 
350 mm Hg) in addition to the fluid forces within the blood pump.

Particle image velocimetry testing of the blood pump mod-
el.  Particle image velocimetry experiments were performed con-
currently at three laboratories using a newtonian blood analog 
fluid composed of 50–53% saturated aqueous sodium iodide 
solution, 16–17% glycerin, and 31–33% water, by weight. The 
dynamic viscosity of the fluid varied between 4 and 7 cP at 25°C, 
the density ranged from 1.600 to 1.750 g/ml, and the refractive 
index was 1.48–1.49 to match that of the acrylic models. Because 
of the difference in density and viscosity of the PIV fluid compared 
with blood, the flow rate and pump speed were scaled using the 
Reynolds number and flow coefficient (Equations 1 and 2).

Pump Reynolds number (Re) = D2ρΩ µ  (1)

Flowcoefficient Q D3ϕ( ) = ( )Ω  (2)

where ρ is the density and µ  is the dynamic viscosity (mea-
sured on each test day), Ω is the angular pump speed (rad/s), D 
is the impeller diameter (5.2 cm), and Q is the flow rate.

The PIV measurement systems incorporated a double-pulsed 
Q-switched multimode nd:yAG laser (λ = 532 nm) with a rep-
etition rate of 8–15 Hz as the illumination source. Using a 
lens system, the laser beam was focused into a thin laser sheet 
(0.5–0.8 mm thick) for planar illumination of 10 µm fluorescent 
polymer spheres which acted as tracer particles for visualiz-
ing the flow (Polysciences, Inc., Warrington, PA). The specific 
gravity of the spheres was approximately 1.1, while that of the 
fluid was 1.6–1.8. Best practice procedures for performing PIV 
in the nozzle study were followed for analyzing the pump.24 
Image capture was via a charge coupled device (CCD) or 
complementary metal-oxide-semiconductor (CMOS) camera 
connected to a computer. Particle image velocimetry measure-
ments were made at 11 sampling planes covering the inlet, 
mid-blade, front and back rotor gaps, blade tips, cutwater, and 
the exit diffuser regions of the pump. The spatial resolution of 
the PIV velocity measurements depended on the required field 
of view in the sampling cross-sections. For example, a coarse 
resolution of 0.4–0.6 mm was used to capture images of an 
entire pump quadrant to measure the velocity field between 
the rotating blades. The PIV resolution was 0.28–0.33 mm for 
the exit diffuser region, whereas a higher resolution of 0.15 mm 

Figure 2. A: Assembly drawing for FDA benchmark pump model. B: Enlargement of rotor showing dimensions of rounded blade edges. C: 
Computer model of pump. 
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was used for resolving the large velocity gradients near the cut-
water edge. The ensemble-averaged two-dimensional velocity 
field was obtained by averaging the cross-correlation results of 
500–2500 pairs of images captured at the same rotor position 
(i.e., with one of the blades positioned 90° to the outlet). Fluid 
shear rates were calculated from the velocity fields. The pres-
sures at the pump inlet and exit were also measured for com-
parison to the blood experiments and the CFD simulations.

Computational fluid dynamics simulations of the blood 
pump model.  As summarized in Table 2, 23 participants from 
five different countries submitted 24 simulations for the CFD 
pump challenge. The identity of each participant was removed 
from the submitted simulations before the analysis of the CFD 

results. Overall, 14 steady-state and 10 transient simulations 
were received. Steady-state simulations used a frozen ro-
tor, multiple reference frame approach with the impeller in a 
fixed position. Transient simulations directly modeled the ro-
tation of the impeller relative to the static pump housing us-
ing a sliding mesh approach. All but one of the participants 
used commercial CFD software. The most popular choice of 
turbulence model was the k–ω shear-stress transport model, 
followed by variants of the k-ε turbulence model (realizable, 
standard, RnG; Table 2). A majority of the CFD submissions 
(16 of 24) used a tetrahedral mesh topology, whereas the other 
participants performed simulations using either a hexahedral 
(4) or polyhedral (4) mesh. The three-dimensional volumetric 
pump meshes that were used by the participants ranged in size 
from relatively coarse (0.53 million computational cells) to ex-
tremely fine (76.5 million cells).

An analysis was performed to compare CFD results for field 
data and scalar quantities at the six pump-operating condi-
tions. Field data included velocity, shear stress, and turbulent 
viscosity provided on defined cross-sectional planes through 
the volume of the pump and on various surfaces of the rotor, 
pump housing, and exit volute. For each sampling plane, the 
results from each CFD simulation were interpolated using a 
kriging interpolation tool (Tecplot 360, Tecplot, Inc., Bellevue, 
WA) onto a common mesh having a resolution six times greater 
than any of the submitted data sets. Mesh generation software 
(Pointwise, v. 17.3, Pointwise, Inc., Fort Worth, TX) was used 
to create the common “interpolation meshes” with high-reso-
lution wall-normal layers to resolve large, near-wall gradients.

Scalar quantities included inlet and outlet pressures, shaft 
torque, absolute plasma hemoglobin concentration (pfHb), 
and a relative hemolysis index (RHI). The relative hemolysis 
index was defined as the hemolysis predicted at each test 
condition normalized by the predicted value at condition 5. 
Condition 5 was used for normalization because preliminary 
testing showed that a measurable level of hemolysis would be 
present at this test point.

Hemolysis testing of the blood pump model.  The six pump-
operating conditions were randomized for hemolysis testing at 
one laboratory. In all cases, two benchmark pump models and 
a clinical control pump were run simultaneously at the same 
flow rates and backpressures for comparison. Eight separate 
porcine blood pools were used to conduct 16 replicates for the 
blood pump model and 8 replicates for the control pump at 

Figure 3. Hemolysis test loop containing the following compo-
nents (clockwise starting at the pump): FDA blood pump model, flow 
probe, pressure (P) transducer, clamp to control the backpressure, 
blood temperature thermistor, custom-made blood reservoir, heat 
exchanger, and prepump pressure/blood sampling/fill port. 

Table 1.  The Six Test Conditions Used to Evaluate the FDA Benchmark Blood Pump Model Using Hemolysis Testing and CFD 
Simulations

 
Test Conditions for Hemolysis Experiments and 

CFD simulations Nondimensional Quantities

Condition # Flow Rate (L/min) Pump Speed (rpm) Reynolds Number Flow Coefficient

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

Particle image velocimetry measurements were performed at flow rates and rpm values approximately 10% lower to account for differenc-
es in test fluid properties. The pump Reynolds number and the nondimensional flow coefficient are defined by Equations 1 and 2, respectively.

CFD, computational fluid dynamics; FDA, Food and Drug Administration. 
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each test condition. Each blood pool was obtained from two to 
three slaughterhouse animals or live donors and anticoagulated 
with acid citrate dextrose solution A (ACDA). Blood was filtered 
through a 75 μm polypropylene mesh, and the hematocrit was 
adjusted to 36% via hemoconcentration using a centrifuge or 
dilution with phosphate-buffered saline (PBS). After pre-rinsing 
each flow loop with PBS, 250 ml of blood was added and main-
tained at 25°C. Each experiment was run for a total of 120 min-
utes, and samples were drawn every 40 minutes. At each sam-
pling time point, the test flow parameters (flow rate, shaft rpm, 
blood temperature, pre- and postpump pressure, and shaft seal 
gland temperature) were recorded, 1 ml of blood was drawn and 
discarded from the sampling port, and two 2 ml blood samples 
were pulled for analysis. After centrifugation, pfHb levels were 
determined using the Cripps method to quantify the hemolysis.27

Statistical Analysis

Statistical analysis results are reported for sample numbers 
(n) as mean ± standard deviation (SD), with variability defined 
by the coefficient of variation (i.e., SD/mean × 100%). For 
comparing the pressures and hemolysis levels among the six 
pump test conditions, analysis of variance (AnOVA) tests were 
performed with a Tukey posttest if a significant difference was 
identified. For data sets that did not pass the assumption of nor-
mality and equal variance, even after log transformation of the 

data, a nonparametric AnOVA test was performed. The Grubbs 
extreme studentized deviate test was used to determine outli-
ers in the hemolysis results at each test condition.28

Results

Study 1: Nozzle Benchmark Model

Particle image velocimetry measurements showed good 
agreement (<10% variability among the laboratories) when Re 
was either laminar (Re = 500) or turbulent (Re = 3500–6500). 
However, when the flow was transitional in the nozzle throat 
(Re = 2000), the downstream center-line velocity measure-
ments had greater interlaboratory variability as they were espe-
cially sensitive to the inlet conditions.24

The PIV measurements of velocity were compared with 28 
CFD simulations received for the nozzle.9,10 Participants were 
able to simulate the center-line velocity within the entrance 
tube and throat of the nozzle reasonably well, but pronounced 
discrepancies occurred because of flow separation in the 
downstream sudden expansion region (Figure 3 in Stewart et 
al.9), particularly for transitional and low Reynolds number tur-
bulent flows (Re = 2000–3500).

Hemolysis testing showed comparable results between 
the three test laboratories (Figure 4A in Herbertson et al.25). 
Hemolysis was greatest for the “sudden contraction” nozzle 

Figure 4. A: Pressure head versus flow rate characterization curves for the benchmark pump model using 36% hematocrit porcine blood 
at 25°C. The six test conditions used for hemolysis testing, PIV measurements, and CFD simulations are identified with numbered circles. B: 
Pressure head measured during hemolysis and PIV tests (mean ± SD) at the six pump test conditions compared to individual (black circles) 
and mean predictions (red circles) from the CFD simulations. The number of samples used to determine the mean values for each group are 
indicated in the legend. CFD, computational fluid dynamics; PIV, particle image velocimetry; SD, standard deviation. 

Table 2.  Summary of CFD Participant Submissions with the Number of Submissions Indicated in Parentheses for Select 
Parameters

Parameter Participant Submissions (24)

CFD solver (alphabetical) Abaqus/CFD, AcuSolve, ANSYS CFX, ANSYS Fluent, Code_Saturne, FlowVision, SC/Tetra, STAR-CCM+, 
In-house

Time integration Steady (14), transient (10)
Turbulence model k–ω SST (13), realizable k−ε (3), standard k−ε (3), RNG k−ε (1), Rij−ε SSG (1), Spalart–Allmaras (1), not 

provided (2)
Mesh topology Tetrahedral (16), hexahedral (4), polyhedral (4)
No. cells (×106) min: 0.53, max: 76.5, mean: 11.16, median: 9.4
No. nodes (×106)* min: 0.42, max: 60.7, mean: 9.9, median: 2.8

*Two participants did not report the number of nodes.
CFD, computational fluid dynamics; SST, shear-stress transport.
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configuration and at the highest flow rate of 6 l/min (Re = 8000). 
Because hemolysis was minimal below Re = 6500, blood dam-
age testing was performed at different throat Reynolds numbers 
(Re ~6500, 8000) than for the CFD and PIV analyses (Re = 
500–6500). Hence, the experimental hemolysis results could 
not be directly compared with the values predicted by the CFD 
participants for the nozzle model.

Study 2: Blood Pump Benchmark Model

Particle image velocimetry testing of the blood pump 
 model.  Results of PIV testing were compiled from a total of 
four separate data sets received from three laboratories. At 
each test condition, the pressures measured during the PIV 
and hemolysis experiments (Figure 4B) were not significantly 
different from each other (AnOVA, p > 0.05).

For brevity, PIV and CFD velocity results are mainly presented 
at test condition 5 in a cross-sectional plane located 1.2 mm from 
the top surface of the impeller blades. This upper-blade plane 
allowed for examination of flow within the body of the pump 
and also coincided with the mid-axis plane for the exit diffuser 
region. The velocity magnitude inside the pump increased radi-
ally outward with a maximum velocity of 8.7 ± 0.5 m/s occur-
ring at a radial location of r = 25.4 ± 0.75 mm and trailing behind 
the vertical blade tip ( Figure 5). The corresponding blade veloc-
ity (calculated as 2πNr, where N is the 3500 rpm pump speed 
and r is the 25.4 mm radial location along the blade) was 9.3 
m/s. Good agreement between the three laboratories was also 
observed for the velocity magnitude along a diagonal line (at 
45°) through the first quadrant of the pump (Figure 6A), with 
variability for the four datasets of 5–25%.

At test condition 5, the outlet jet in the exit diffuser was 
skewed toward the outer wall in all four data sets (Figures 5 and 
6B). This asymmetry created a large recirculation region near 
the inner wall of the pump diffuser (see Video, Supplemental 
Digital Content, http://links.lww.com/ASAIO/A129, which dem-
onstrates the exit jet and recirculating flow pattern). For flow 
rates above 4.5 l/min (i.e., conditions 4, 5, and 6), the exit jet 
angled toward the outer wall for both pump speeds (2500 and 
3500 rpm). However, for Q = 2.5 l/min (test conditions 1 and 
2), the jet was skewed toward the inner wall of the exit diffuser.

Computational fluid dynamics simulations of the blood 
pump model.  Where noted, results that were deemed to be 
unreliable due to suspected participant reporting errors were 
not included in the present analyses. For the CFD pressure 
head predictions (n = 19–21 at each test condition), 57% were 
within the one standard deviation bounds defined by the pres-
sure measurements made during the hemolysis and PIV experi-
ments at each test condition (Figure 4B). The variability in CFD 
predictions of pressure head was greatest for conditions 3–6.

For this summary, only the velocity results for 12 of the 14 
submitted steady-state simulations are presented because of sus-
pected reporting errors in two submissions. Comparison of the 
interpolated participant velocity field data in the blade passage 
plane for condition 5 showed that the steady-state CFD simula-
tions qualitatively predicted similar flow patterns in the pump, 
but highly varied flow patterns in the diffuser (Figure 7). In most 
of the CFD submissions, the maximum velocities occurred 
around the front, outer, or trailing edge of the impeller tip with 
values slightly greater than the impeller tip speed (9.52 m/s, r = 
26 mm). Subtle differences in the CFD-predicted flow patterns 
for a few participants included small regions of low-speed flow 
in the vicinity of the cutwater (Figure 7E, H, I, and K) and along 
the upper wall of the pump housing (Figure 7B and G).

All participants predicted separated flow in the diffuser, 
but the location of the exit jet and recirculation zone varied. 
Three submissions (Figure 7A, K, and L) predicted that the flow 
attaches to the inner wall of the diffuser, whereas two partici-
pants (Figure 7C and F) predicted that the jet forms roughly 
in the center of the diffuser. The other seven steady-state CFD 
simulations shown in Figure 7 all predicted skewed flow 
toward the outer wall of the diffuser, which is more consistent 
with the PIV experimental observations (Figure 5).

Within the rotating region of the pump, the velocity magni-
tude predicted by the steady-state CFD submissions compared 
reasonably well with the PIV data (Figure 6A and C). At x = 
0.035 m within the diffuser, however, only two of the steady-
state CFD submissions accurately predicted the location and 
magnitude of the detached jet when compared with the experi-
ments (Figure 6B and D). A preliminary analysis indicates that 
this may be at least partially due to the same choice of turbu-
lence model in both submissions (realizable k–ε).

Hemolysis testing of the blood pump model.  The blood 
used in the tests had an adjusted hematocrit of 36 ± 1%, a vis-
cosity of 3.4 ± 0.5 cP (measured at a shear rate of 500 s−1 at 
25°C), and a density of 1.03 ± 0.01 g/ml, which matched the 
blood parameters used by the CFD modelers. During the 2 
hour hemolysis tests, the loop blood temperature remained at 
25 ± 1°C, and the temperature of the shaft blood seal gland 
stabilized at 27–29°C.

Hemolysis generation occurred at a constant rate over time 
(i.e., for pfHb vs. time, 88% of all hemolysis tests had r2 > 

Figure 5. Contour of PIV two-dimensional velocity magnitude for 
the upper-blade plane within the pump and expansion region of the 
exit volute (averaged from the results of four datasets from three 
laboratories) at pump condition 5. The average PIV image resolu-
tions for the (1) blade-passage, (2) cutwater (dashed outline box), 
and (3) exit diffuser regions were 0.39, 0.15, and 0.27 mm, respec-
tively. Solid outlines of the pump hub (centered at coordinates 0,0) 
and two orthogonal rotor blades are shown. 

http://links.lww.com/ASAIO/A129
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0.95). Figure 8 shows the in vitro pfHb results for the blood 
pump model at the six operating points. Of the 96 total pump 
hemolysis tests (six test conditions with 16 repeats each), a 
total of four single outliers were identified at four separate 
test conditions. Hemolysis levels were statistically different 
between the two extreme test conditions and most of the other 
test conditions (by AnOVA test after removal of outliers). Spe-
cifically, condition 1 was statistically different from conditions 
3–6, and condition 6 was statistically different from all of the 
other conditions. levels of hemolysis in the clinical control 
blood pump loops (data not shown) were significantly lower 
at each test condition as compared to the benchmark blood 
pump model (AnOVA, p < 0.05).

Computational fluid dynamics predictions of hemolysis were 
reported only in 8 of the 24 blood pump submissions. Because 
of suspected reporting errors by three participants, absolute lev-
els of generated plasma hemoglobin for direct comparison to 
the experimental hemolysis results are not presented. Instead, 
the participant-provided relative hemolysis values are com-
pared with the experimentally calculated RHI results. As shown 
in Figure 9, the computationally derived values of RHI from the 
eight participants vary widely, even though seven of the eight 
participants used a shear stress–based power-law model.4,16,29

Discussion

Computational fluid dynamics modeling is a valuable tool 
in the design stages of medical device development, but the 
lack of standard procedures for demonstrating the validity of 

complex flow field simulations and blood damage predictions 
limits its use in risk-based evaluations. This article provides 
an overview of our collaborative research efforts to contribute 
publicly available data to help improve the use of CFD as a 
credible tool in the safety evaluation of blood-contacting med-
ical devices. The main goals of our project are to: 1) establish 
a set of benchmark models that are representative of cardio-
vascular medical devices and provide experimental data (for 
velocity, pressure, shear stresses, and hemolysis) which could 
be used for validating CFD practices; 2) understand current 
practices of applying CFD to medical devices by facilitating 
open CFD challenges; 3) collaboratively develop standards for 
applying CFD in the regulatory evaluation process for medical 
devices; and 4) promote the further development of methods 
to reliably predict blood damage (e.g., hemolysis, thrombosis, 
platelet activation).

Two benchmark flow models, a nozzle and a centrifugal 
blood pump, were characterized under varying flow condi-
tions using PIV analysis (to measure the velocity, shear stress, 
and pressure fields) and hemolysis testing (to determine blood 
damage potential) for comparison to computational predic-
tions. Experiments were performed in multiple laboratories to 
establish ranges of measurement error and to make the results 
as robust as possible. All details about the benchmark models, 
the CFD simulation challenges, and the available experimental 
results can be found at https://fdacfd.nci.nih.gov.30

Analysis of the nozzle benchmark model revealed that CFD 
predictions of the velocity field in even a simple, steady-flow 
model may present challenges, as many of the simulations 

Figure 6. Profiles of two-dimensional velocity magnitude, |Uxy|, at a pump condition of 6 L/min and 3500 rpm for the PIV data (A, B) and for 
12 of the steady-state CFD submissions (C, D) at the same locations. Velocity magnitude extracted along a line between the two rotor blades 
(as shown in the inset in A) is plotted versus radius from the pump centerline for (A) PIV and (C) CFD. Velocity profiles in the diffuser extracted 
at x = 0.035 m (as shown in the inset in B) are plotted versus distance from the inner wall for (B) PIV and (D) CFD. 

https://fdacfd.nci.nih.gov
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were unable to accurately predict velocities and shear stresses 
in the recirculation zones downstream of the sudden expan-
sion.9 Moreover, this study also demonstrated the modeling 
issues associated with accurately predicting transition from 
laminar to turbulent flow, which often occurs in medical 
devices.4,10,11 Based on the nozzle analysis, a list of 21 “CFD 
Best Practice” guidelines were developed that include justi-
fying the choice of a turbulence model and its parameters, 
identifying and quantifying the necessary boundary and ini-
tial conditions, confirming numerical convergence, perform-
ing a grid refinement study, and validating the simulation to 
reliable experimental data obtained in similar types of mod-
els using quantitative measures.9,10 These and other important 

considerations for verification and validation of computational 
modeling used to evaluate medical devices are described in an 
FDA Guidance Document12 and a draft American Society of 
Mechanical Engineers (ASME) standard.14

The significance of this project is further exemplified by 
the use of our interlaboratory PIV data for the nozzle model 
by multiple groups as a benchmark data set for validating 
and improving in-house, open-source, and commercial CFD 
solvers. In the laminar flow regime, White et al.31 used this 
model to assess the lattice Boltzmann method, and Trias et 
al.32 concluded that treating the blood as newtonian instead 
of a non-newtonian fluid led to an underestimation of the 
hemolysis levels. Several studies have also used the nozzle 

Figure 7. Interpolated contours of three-dimensional velocity magnitude, |U|, for the upper-blade passage plane at pump condition 5 for 12 
of the 14 steady-state CFD submissions. Example regions where flow varied between simulations are identified in panels A (zone 1: diffuser 
jet), B (zone 2: upper wall of housing), and E (zone 3: below the cutwater tip). 
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PIV data to validate advanced turbulence models. Fabritious 
et al.33 used a genetic algorithm-based optimization method 
to derive improved model coefficients for some of the most 
common RAnS turbulence models, including k–ε, k–ω, and 
Spalart–Allmaras. Janiga et al.34 used the PIV data at Re = 6500 
to show that their large eddy simulation (lES) model predicted 
the temporally averaged flow velocities better than commonly 
used RAnS models. Zmijanovic et al.35 showed that the down-
stream jet breakdown location for transitional flow through the 
nozzle was strongly affected by the solver numerics (grid size, 
temporal integration scheme, time step) and low-level inlet 
perturbations. Bhushan et al.,36 Delorme et al.,37 and Passerini 
et al.38 used the data to validate their hybrid RAnS/lES, lES/
immersed boundary method, and direct numerical simulation 
solvers, respectively.

Subsequent experimental studies have also been performed 
on the nozzle model to more fully characterize the flow fields 

for CFD validation. To resolve flow regions with large velocity 
ranges and gradients (such as the region downstream of the 
nozzle throat where a high-velocity jet is bounded by recir-
culation zones at the walls), Raben et al.3 used increased PIV 
image spatial resolution, ensemble correlation, dynamic range 
enhancement, and phase correlations to increase signal-to-
noise ratios and measurement accuracy compared with the 
original multi-laboratory PIV measurements. As local velocity 
uncertainty was found to vary greatly and depend largely on 
local conditions such as particle seeding, velocity gradients, 
and particle displacements, suggestions for improving PIV 
measurement practices in medical device evaluations have 
also been proposed.3,24 Recently, high spatial resolution two-
component laser Doppler velocimetry (lDV) measurements in 
the jet shear layer downstream of the nozzle throat at Re = 
5000 showed that peak turbulent shear stresses of 1000–2000 
Pa, which may impact predictive models of hemolysis, were an 
order of magnitude higher than the peak viscous shear stresses 
(<100 Pa).39

As CFD is often used in the design and evaluation of cir-
culatory assist devices,1,2,4 the second benchmark model con-
sisted of a centrifugal blood pump with a simple rotor and 
housing geometry. Pressure head measured across the pump 
matched well between the PIV and hemolysis tests, whereas 
some individual CFD predictions varied significantly from the 
experiments. Although the majority of the pressure head esti-
mates from the CFD submissions were within the experimental 
bounds, this does not imply that these models are considered 
validated for the present blood pump. To use CFD to predict 
hemolysis in blood pumps, validation should be performed at 
two different levels. The first level of validation should focus 
on the fluid dynamics including pressure, velocity, and viscous 
and turbulent stresses. The second level should focus on vali-
dating predictions of the biological response (e.g., relative and 
absolute levels of hemolysis). The amount and rigor of valida-
tion required at each level is a function of two factors: 1) how 
influential the model is in the decision-making process, and 
2) the consequence to the patient if the decision made based 

Figure 8. In vitro hemolysis results for the blood pump model at 
the six operating points (n = 16 replicates). Circles indicate four out-
liers removed from the statistical analysis. Condition 1 was statisti-
cally different from conditions 3–6, and condition 6 was different 
from test conditions 1–5 (p < 0.05). 

Figure 9. Relative hemolysis index (hemolysis normalized to the results from test condition 5) for the six pump test conditions for the CFD 
submissions and hemolysis experiments. At each test condition, results from the eight CFD participants that submitted hemolysis data are 
followed by the RHI value (mean + SD) obtained in the hemolysis experiments (ninth bar labeled with an “E”). RHI, relative hemolysis index; 
SD, standard deviation. 
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on the model results is wrong.14 Hence, as the influence of 
the computational model increases in the regulatory decision-
making process, the rigor of validation required to establish its 
credibility will also increase accordingly. An important, and 
often overlooked, aspect for medical devices is to ensure that 
the geometry used in the CFD simulation is the same as the 
finished, fabricated device and not the nominal “as-designed” 
device. If the fabricated and design dimensions differ signifi-
cantly in critical regions of the device (e.g., rotor tip gap of a 
ventricular assist device, radius of curvature on a sharp corner, 
surface roughness), this may impact predictions of the local 
flow fields, shear stresses, blood damage, and the overall per-
formance of the device, regardless of whether the physics are 
accurately modeled.

This summary article mainly focused on one pump operat-
ing condition (6 l/min, 3500 rpm), one plane for the velocity 
field analysis (i.e., in the upper-blade plane that transected the 
cutwater and exit tube), and only the steady-state CFD sub-
missions. Reports detailing further results of the CFD and PIV 
analyses throughout the entire pump, such as the shear stress 
fields, will follow. Within the body of the pump, which is dom-
inated by rotational flow from the spinning rotor, velocity fields 
measured in three laboratories using PIV matched well to most 
of the steady-flow CFD simulations. The largest discrepancies 
between the CFD and PIV results occurred in the prediction 
of where the flow separates within the diffuser region. Particle 
image velocimetry experiments at high flow rates consistently 
showed a jet angled from the center of the exit volute toward 
the outer wall of the diffuser, whereas several CFD simulations 
predicted it on the inner wall or central core of the diffuser. 
Our subsequent studies will focus on analyzing how different 
simulation models and input parameters, such as turbulence 
model, mesh density, and solver type (steady versus unsteady), 
affect the accuracy of the CFD results in comparison to the 
interlaboratory PIV and hemolysis results.

The benchmark blood pump model met its design goal of pro-
ducing more hemolysis than the clinical blood pump at each 
test condition. This demonstrates that the source of the hemoly-
sis was primarily caused by the blood pump model and not the 
other components of the flow loops (e.g., backpressure clamp, 
reservoir, heat exchanger). However, the hemolysis results for 
the pump model were found to be limited for blood damage 
validation as the six pump test conditions did not create highly 
differentiable levels of hemolysis (i.e., generated hemolysis 
levels for conditions 2–5 were not significantly different from 
each other). Although the variability in the hemolysis results 
was high (coefficient of variation was 58–133% for the test 
conditions), it was comparable to the variability reported for in 
vitro testing of a clinical blood pump (18–94%).25 The hemo-
lysis level increased significantly at test condition 6 compared 
with the other test conditions. In preliminary experiments 
using high-speed video recording of sodium iodide solution at 
7 l/min (and 25°C), intermittent cavitation bubbles were visu-
ally observed at the cutwater lip. Further studies are needed to 
determine whether increased blood damage occurred because 
of infrequent cavitation or from increased flow-induced shear 
stresses at this test condition.

notably, only 37% of all CFD submissions provided a hemo-
lysis prediction (11 of 28 submissions for the nozzle, and 8 of 24 
submissions for the pump). Possible reasons for the low response 
rate are that hemolysis solvers are not standard in commercial 

software and users have to implement the models themselves, 
or there may be a lack of confidence in the hemolysis models. 
Hariharan et al.15 recently identified some common user errors 
in CFD predictions of hemolysis (e.g., incorrect hemolysis units 
based on experimental data, improper mass-flow weighting). 
We also observed errors in the benchmark pump study, as three 
of the eight submitted absolute hemolysis data set predictions 
did not correspond to their calculated relative hemolysis (RHI) 
values. This again emphasizes the need for credible verification 
and validation of hemolysis predictions, both on a relative and 
absolute scale, to support CFD simulations. To help with the first 
step in this process, Hariharan et al.15 provided idealized flow-
based benchmarks to verify the implementation of commonly 
cited power law-based hemolysis models in CFD.

A limitation to the current study is that the hemolysis results 
may only be applicable to the specific blood properties (i.e., 
porcine blood, 36% hematocrit, 25°C, ACDA anticoagula-
tion, blood age up to 56 hours) and pump model used during 
testing in one laboratory. Taskin et al.16 reported that power 
law–based predictions of hemolysis using equation constants 
from experiments in other laboratories could not accurately 
reproduce absolute hemolysis levels in blood pump models in 
their laboratory. However, they did find that an Eulerian sca-
lar transport model of hemolysis estimation could be used for 
making relative hemolysis comparisons.16 As many factors can 
affect blood damage test results (e.g., blood species, variabil-
ity between donors, blood age, anticoagulation, hematocrit, 
platelet count, temperature, plasma protein and lipid content, 
glucose level, and pH),40 we advocate interlaboratory blood 
damage testing over a range of blood preparation conditions to 
generate robust data for validation on a relative and absolute 
scale.25 To this end, the FDA is currently working with device 
industry partners through the Medical Device Innovation Con-
sortium (www.MDIC.org) to develop other benchmark test 
models and data sets for improving predictive models of blood 
damage (hemolysis and thrombosis).

In summary, as noted in the FDA-recognized ISO circula-
tory support device standard,7 the current recommended use of 
CFD is limited to evaluating relative changes during the device 
design stage rather than assessing absolute values of predicted 
quantities. To be further considered as a regulatory-grade tool, 
CFD simulations must undergo a systematic hierarchical vali-
dation of predictions of the flow field, shear stress distribution, 
and biological response in a device. Commonly used models of 
blood damage rely on calculations of shear stresses from local 
velocity gradients. If CFD cannot accurately predict flow pat-
terns in a device, then it cannot provide reliable predictions of 
the local shear stress field and, consequently, mechanical blood 
damage.3,24 Our aim was to generate detailed hydrodynamic 
characterization and hemolysis data for flows through a nozzle 
and blood pump model to support needed improvements in 
CFD validation processes for medical devices. Besides the pos-
sibility of damage to red blood cells and platelets from high 
shear stresses, it is also critical to identify recirculation zones 
in medical devices as they can be the nexus for thrombus for-
mation. Our two benchmark CFD challenges identified signifi-
cant discrepancies between experimental and computational 
results that were most prominent in regions where the flow 
area expanded and flow separation and recirculation occurred. 
Clearly, more work is needed to identify computational mod-
eling techniques which can better resolve transitional and 

www.MDIC.org
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separating flows, as these characteristics are likely to occur in 
blood-contacting medical devices. Through the generation of 
standards,14 FDA Guidance Documents,12 and publicly avail-
able experimental benchmark models and data sets, industry, 
academia, and regulatory bodies can continue to collabora-
tively develop CFD methodologies to improve the credibility of 
simulations, which will eventually impact the safety and effec-
tiveness evaluations of medical devices.
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