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Abstract

Experimental and computational studies were performed to elucidate the role of turbulent stresses
in mechanical blood damage (hemolysis). A suspension of bovine red blood cells (RBC) was
driven through a closed circulating loop by a centrifugal pump. A small capillary tube (inner
diameter 1. mm and length 70 mm) was incorporated into the circulating loop via tapered
connectors. The suspension of RBCs was diluted with saline to achieve an asymptotic apparent
viscosity of 2.0£0.1 cP at 23°C to produce turbulent flow at nominal flow rate and pressure. To
study laminar flow at the identical wall shear stresses in the same capillary tube, the apparent
viscosity of the RBC suspension was increased to 6.3+0.1 cP (at 23°C) by addition of Dextran-40.
Using various combinations of driving pressure and Dextran-mediated adjustments in dynamic
viscosity Reynolds numbers ranging from 300 to 5000 were generated, and rates of hemolysis
were measured. Pilot studies were performed to verify that the suspension media did not affect
mechanical fragility of the RBCs. The results of these bench studies demonstrated that at the same
wall shear stress in a capillary tube, the level of hemolysis was significantly greater (p < 0.05) for
turbulent flow as compared to laminar flow. This confirmed that turbulent stresses contribute
strongly to blood mechanical trauma. Numerical predictions of hemolysis obtained by
computational fluid dynamic modeling were in good agreement with these experimental data.
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Introduction

The identification of mechanisms of shear-induced blood trauma is essential for all blood-
contacting artificial organ design. Numerous investigations over the past several decades
have sought to identify the critical shear stress and exposure time related to the produced
hemolysis (complete destruction of a fraction of the RBCs in the samples studied). This
research has resulted in an assortment of hemolysis thresholds for a variety of experimental
setups (1-10). However, the mechanisms of shear blood damage are varied and are not
completely identified. Many other parameters in addition to shear stress magnitude and
exposure time are relevant to trauma: such as shear exposure history (11), temperature
(hypothermia or hyperthermia) (12-13), the concentrations of RBCs and plasma components
(14-15), and others. One of the least studied factors is the contribution of turbulence stresses
to hemolysis. While blood flow in the human vascular system is mostly laminar, the use of
cardiovascular devices frequently introduces significantly disturbed and/or turbulent flows.
To date, most of the hemolysis studies examining turbulence involve the use of high velocity
turbulent jets /n vitro (1, 4, 5). Unfortunately these experiments cannot provide a well-
defined shear field. Therefore the relative contribution of turbulent intensity remains poorly
characterized.

This paper presents a relatively simple experimental design that independently prescribes the
level of shear and turbulence within a capillary tube. Accordingly, it has provided
comparative studies of hemolysis in laminar and turbulent flows at the same wall shear
stresses and for the same exposure time.

Commensurate computational fluid dynamic analysis is also presented to demonstrate the
benefit of incorporating turbulence into a predictive model of hemolysis.

Materials and methods.

Experimental fluids

The fluid media consisted of a suspension of washed bovine red blood cells in saline or 10%
dextran solution (Dextran-40, Sigma Chemical Co., St. Louis, MO). Bovine blood obtained
from a local slaughterhouse was collected into plastic bags with 10% sodium citrate. Blood
was filtered through a sterile non-pyrogenic 40 um filter (Microaggregate Blood Transfusion
Filter, Pall Biomedical, Inc.). Then blood was centrifuged (CR 4-12 Centrifuge, Jouan, Inc.,
Winchester Virginia) at 3600 rpm for 15 minutes and the plasma and buffy coat containing
leukocytes and platelets were aspirated and discarded. RBCs were resuspended in four
volumes of standard phosphate buffered saline (PBS, 0.01 M phosphate buffer, 0.0027 M
potassium chloride and 0.0137 M sodium chloride, pH 7.4, 290 mOsm/kg, Sigma Chemical
Co., St. Louis, Missouri), mixed and centrifuged again. The supernatant was discarded and
this procedure was repeated three times. The washed RBCs were resuspended in saline or
10% dextran solution. The hematocrit, measured in a microhematocrit centrifuge (Clay
Adams), was adjusted to a standard value of Ht=24.0 + 0.5%. Gentamicin sulfate (Elkins-
Sinn, 40 mg/ml solution, appx. 0.25 ml per 100 ml) was added to the suspension to prevent
bacterial growth. The viscosity of the suspension was measured at room temperature (23°C)
by a capillary viscometer (Cannon Instrument Company, P.O. Box 16 State College, PA) at
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the shear rate of about 500 sec™1. Plasma free hemoglobin concentration was measured by
spectrophotometer (Spectronic® GENESYSTMD5, Spectronic Instruments, Inc., Rochester,
NY).

Experimental design and protocol

Blood was driven through a closed circulating loop consisting of a centrifugal pump (Bio-
Medicus, BP-80), PVC tubing (Tygon), a water bath, a collapsible reservoir and small-
caliber glass capillary tube (1 mm diameter, 70 mm length) (Figure 1). The capillary tube
was fitted at each end with conically shaped connectors (8 mm length) to minimize entrance
and exit effects (Figure 2). A capillary tube was chosen for several reasons: 1) ease of
fabrication; 2) reduction of priming volume; and 3) ease of producing a wide range of
Reynolds numbers (from laminar to turbulent).

The loop was instrumented with a temperature probe and two Statham type pressure
transducers, and flow probe. The temperature was maintained constant by immersing the
entire circulating loop within a heated water bath. The differential pressure across the
capillary was used to determine the wall shear rate according to the force balance
approximated with equation (1):

A pﬂ,’R2 =2zRLz,, (1)

Here R and L are the radius and length of the capillary tube. This approximation assumes
negligible contribution of the connectors to the pressure (see justification below). The flow
rate was determined by an in-line ultrasonic flow probe (Transonics, Ithaca, NY).

RBC suspensions in saline with viscosity of 2.0+0.1 cP at room temperature of 23°C were
used to study transitional and turbulent flow over a range of Reynolds numbers from 2200 to
5100 and wall shear stresses from 100 to 400 Pa (corresponding flow rates from 0.21 to 0.48
L/min). To provide laminar flow at the same range of wall shear stresses in the capillary
tube, RBCs were suspended in 10% Dextran-40 solution at the same hematocrit with the
resulting viscosity of 6.3+0.1 cP at 23°C. The resulting range of Reynolds numbers for the
flow of these suspensions was from 300 to 1300 at the wall shear stresses from 100 to 400
Pa (corresponding to flow rates from 0.09 to 0.29 L/min). To confirm the existence of
laminar and turbulent flow, the pipe friction factor (1) was calculated from the experimental
data for both suspension media and compared with the theoretical friction factor for laminar
flow

Ay = 641Re (2)

and Blasius friction factor for turbulent flow

0.25
Ay = 0.316/R™ (3)
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Figure 3 shows theoretical and experimental friction factors (A) plotted versus Reynolds
number (Re) over the full range studied. These data demonstrate that, the flow
characteristics obtained in this circulation system closely approximate the ideal laminar and
turbulent conditions except for the slight increase in A5, Within the transitional range (Re
=1000-2000).

A 250 ml sample of RBC suspension was used for each test, which were performed for 90
min. Blood samples were withdrawn every 30 min for measurement of plasma free
hemoglobin as indicator of hemolysis. The tests were repeated from 6 to 12 times for each
shear stress.

In separate pilot experiments, the mechanical fragility of RBCs suspended in each of the
suspension media was measured by using a standard fragility test described previously (16).
Briefly, 3 cc of each RBC suspension were placed into identical vacutainers with five 1/8”
diameter stainless steel shot added. The vacutainers were agitated on a standard rocker
(Thermolyne Speci-Mix, Barnstead/Thermolyne, Dubuque, IA). Liberated plasma free
hemoglobin was determined after one hour of rocking and compared with control samples of
the same suspensions which were not rocked. These tests were performed to verify that the
Dextran does not affect mechanical fragility of RBCs.

Additional pilot studies were performed to evaluate the hemolytic properties of the pump
and tubing. RBC suspensions in each of the applied media were driven through the
circulating system consisting of the pump and tubing, but without the capillary tube. These
studies were conducted at the highest flow rates and highest Re specified by our
experimental protocols above.

Computational analysis

Computational fluid dynamics (CFD) analyses were performed on the flow field within the
capillary tube for all conditions presented above. For the simulation of the turbulent cases,
the Reynolds-averaged Navier-Stokes equations were solved for turbulent incompressible
flow using a two-equation k-epsilon model for turbulence closure The simulations were
preformed using commercial software, CFX 5.3 (AEA Technologies, Inc, Waterloo, Ontario)
and Fluent 5.0.4 (Fluent, Inc., Lebanon, NH) on an anisotropic hybrid mesh consisting of
17000 nodes and 41500 cells. These commercial CFD software packages were used to
predict detailed fluid dynamics of the capillary tube. Two CFD packages were used in order
to resolve the noted pressure drop anomalies (see below). However, both packages predicted
similar pressure drop trends. Being available, both sets of CFD results were used to predict
hemolysis generation. Blood was modeled as a single-phase homogeneous Newtonian fluid.
The assumption of Newtonian behavior of blood was appropriate since shear rates in our test
capillary tube were much higher than 500 s~1. Despite the axisymmetry of the capillary tube,
a full three-dimensional CFD analysis of the tube was required due to the presence of
Coanda flow in the diverging tube outlet. Figure 4 shows an example of a cross-section of
the simulated velocity field in the outlet section with the majority of the flow preferentially
attached to one side. This flow pattern did not oscillate spatially, but was stable in time.
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Using fluid viscosities identical to the experimental measurements, the initial CFD analysis
demonstrated a systematic over prediction of the pressure drop for the laminar flows and
systematically under-prediction for the turbulent flows. To remedy this, the numerical values
of fluid dynamic viscosities were scaled consistent with classical Poiseuille pipe flow
relationships to match the measured pressure drops. In particular, the experimental pressure
drops were successfully matched by adjusting the numerical fluid viscosity consistent with
the equation:

The velocity field and hence the strain rates were not modified. Consequently, the predicted
shear stresses were scaled in proportion to the required viscosity adjustment.

A new numerical model of hemolysis (Optimal 1.0, Optimal LLC, Starkville, MS) was
coupled with CFD to predict hemolysis generation in the capillary tube. This hemolysis
model is based on Lagrangian-Eulerian formulation of cell damage and is unique from the
models described in (10, 11, 17 and 18. Shear stress and time exposure are utilized to
determine cell lysis probability using a non-linear damage function. Cumulative cell lysis is
determined by integration of the cellular damage function over time and space.

Statistical analysis

Results

A two-tailed Student ¢test for unpaired observations and a two-way analysis of variance
(two-way ANOVA) were applied to determine the statistical significance of differences in
plasma free hemoglobin obtained in the RBC suspensions exposed to laminar versus
turbulent flows at each of the wall shear stress level studied. The data shown in the figures
represent mean values + standard deviation. A value of p < 0.05 was assumed to indicate
statistical significance.

No statistically significant difference was found in mechanical fragility of RBCs suspended
in either PBS or Dextran-40 medium (Figure 5). Furthermore, the circulating system --
consisting of the pump and tubing, but without the capillary tube -- produced no
considerable hemolysis after 90 min of circulating either RBC suspension at all flow
conditions applied in the pilot studies specified above. It is worth to note that the flow in the
circulating system without capillary tube was never turbulent even at the highest flow rates
studied in the system with the capillary tube (Re<1000).

Comparison of the pipe friction factors calculated using formulas 2 and 3 and derived from
the experimental results confirmed that the contribution of the collector and diffuser to the
overall pressure drop of the capillary was negligible: both for laminar (p=0.63) and turbulent
(p=0.52) cases.
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When the capillary tube was present, the hemolysis was found to have linear dependence on
time at each shear stress for both laminar and turbulent flow conditions throughout the
duration of the experiment. Figure 6 shows experimentally measured hemolysis levels for
the RBC suspensions exposed to elevated shear under both laminar and turbulent conditions
(see the corresponding Reynolds numbers). The data are presented as mean +/- standard
deviation (n=6-12) for each level of wall shear stress. The results demonstrated that the
presence of turbulence caused significantly greater hemolysis for the levels of the wall shear
stress T, = 200-400 Pa (p<0.05). For both dextran and saline suspensions, hemolysis levels
obtained at the laminar (Re = 300) or transitional (Re = 2200) flow conditions corresponding
to the lowest wall shear stress (100 Pa) were however not significantly different (p=0.08).

The results of hemolysis prediction with the CFD modeling at these experimental conditions
were in good agreement with the measurements reported above (Figure 7). With the
viscosity corrections described previously, both CFX and Fluent CFD analyses provided
sufficiently accurate flow fields from which numerical hemolysis models could predict these
in vitro hemolysis measurements, particularly the relative contribution of turbulence.

Discussion

Blood trauma has been recognized as one of the major problems of assisted circulation. In
fact, the main requirement for improved existing heart-assist devices for destination therapy
is the reduction of blood cell damage. The origin of RBC trauma within heart-assist devices
and other blood contacting artificial organs may be heterogeneous. Prolonged contact and
collision between blood cells and foreign surfaces in regions of flow stasis, cavitation,
extremely high shear forces, and elevated Reynolds shear stresses may induce a variety of
damage mechanisms: complete mechanical destruction of some erythrocytes (hemolysis),
activation of platelets and leukocytes, increased concentrations of inflammatory mediators,
complement activation, and unfavorable changes in mechanical properties of erythrocytes
(9-10, 19-22). The corresponding clinical complications may include anemia, fatigue,
jaundice, hematuria, kidney failure among many others. Mechanical hemolysis can cause
hypercoagulation, bleeding, thromboembolism, renal damage, and neurologic dysfunctions
(stroke, altered mental status, etc.). By the end of the 19 century, it was already established
that hemolysis induces hypercoagulation and intravascular thrombosis (23). Even low levels
of hemolysis drastically increase red blood cell aggregation at low shear conditions (24).
Additionally, plasma free hemoglobin released from destroyed or overstretched red blood
cells may have a detrimental effect on the cardiovascular system producing a strong
vasoconstriction due to its ability to bind nitric oxide, an endothelium-derived relaxation
factor.

Although heart-assist devices have been in existence for several decades, their designs have
been highly reliant upon empirical methods. Modern computational fluid dynamic analysis
has the potential to dramatically improve the efficiency and accuracy of the hemodynamic
design of these devices (17, 25, 26), provided that the underlying models faithfully represent
the physical phenomena. However a comprehensive model for predicting blood damage
remains confounded by the uncertain synergistic effect of turbulence. Qian (27-29) and
others (1, 4, 5, 30-39) suggested that bulk turbulent stresses may play a more important role
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than laminar wall shear stresses in mediating hemolysis. However, none of the prior studies
has directly compared red blood cell trauma due to turbulent versus laminar stresses in the
same flow system at the same wall shear stresses (pressure drop) and at the same exposure
time.

Herein was presented a controlled experimental and theoretical study designed to address
this ambiguity by maintaining all key independent variables constant with the exception of
turbulent intensity. We have demonstrated that the turbulent stresses contribute strongly to
blood trauma generating exponential increases of hemolysis at higher Reynolds numbers in
turbulent flows. The underlying mechanisms of turbulence-induced trauma are not clear. We
may postulate that localized stretching of the RBC’s may be induced by interaction of small
(Kolmogorov scale) turbulent eddies. It is also possible that cyclical stretching of the cell
membrane may result in fatigue fracture. This is clearly a topic for further investigation.

The data generated from this research contributes to the underlying criteria for design of
cardiovascular devices. These data may be used to reduce blood trauma in existing
mechanical circulatory devices by correction of hemorheological parameters or flow
conditions causing turbulence.
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Figure 1.
Schematic of the test-circulating loop.
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Figure 2.
Solid model of capillary tube for CFD analysis. The test segment is 1 mm diameter and 70

mm length and is fitted at each end with conically shaped connectors 8 mm length.).
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Figure 3.

Friction factor values obtained in our circulating system for both laminar and turbulent flows
compared to theoretical values
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Figure 4.
A cross-section of the velocity vector field in the diverging outlet section of the capillary

tube. Some centerline vectors have been graphically clipped out for clarity purposes.
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Figureb.
Mechanical fragility of RBCs suspended in either PBS or Dextran-40 medium
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Figure®6.

Increase in plasma free hemoglobin (hemolysis) vs. wall shear stress obtained for the
laminar and turbulent flow experiments. Data presented as Mean + Standard Deviation.
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Figure7.
Increase in plasma free hemoglobin vs. wall shear stress: experimental (one test) vs. CFD

predictions.
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