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Applicability of Narrow Groove Theory in Designing Washout Fea-
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Abstract— High and low shear regions in rotary blood pumps
require sufficient washout flow to minimize blood residence
time, thereby preventing hemolysis or regions of stasis that can
lead to pump thrombosis. Spiral groove bearings (SGBs) both
enhance pump washout and reduce erythrocyte exposure to high
shear. Narrow groove theory (NGT) has been used as an analyt-
ical tool to estimate the flow performance of a flat SGB during
the design stage. However, NGT cannot accurately predict the
performance of a conical SGB. In this study, we formulated an
analytical model from the established NGT by adding an inertia
correction term to incorporate variations in centrifugal force,
which improved washout prediction in a conical SGB. The mod-
ified NGT model was then validated by comparison with exper-
imental results. The results show that the modified NFT analyt-
ical model can reasonably predict washout rate when the spiral
groove geometry favors creep flow conditions. The conical half
angle of the SGB had the most significant impact on washout,
with a decrease in half angle leading to large increases in wash-
out flow. Small half angles also maintained viscous pumping at
larger Reynolds numbers. In summary, the modified NGT can
be a useful tool for designing conical SGBs for rotary blood
pump washout within the creep flow regime.

I. INTRODUCTION

Spiral grooves are typically machined or etched onto a ro-
tor surface to provide hydrodynamic bearing stiffness to rotat-
ing components. As they rotate, the spiral grooves pump fluid
along the length of the narrowing groove, building pressure in
the fluid film while generating an inward flow in the bearing
gap [1, 2]. Thus, spiral groove bearings (SGBs) intrinsically
act as hydrodynamic bearings and viscous pumps, and flat
SGBs have demonstrated utility in promoting blood flow
(washout) while assuming a load-bearing role in centrifugal
blood pumps [3-6]. Pump washout prevents extended blood
exposure to high shear rates for an extended period of time,
causing hemolysis and platelet activation and increasing the
severity of sub-lethal red blood cell damage [7-10]. Regions of
stasis also lead to thrombus formation, which can cause pump
failure and high mortality rates [11-14]. In addition to improv-
ing washout, SGBs are hypothesized to protect red blood cells
from high shear rates in the bearing gap by entraining cells in
the bearing grooves; this has been visually demonstrated at a
1% hematocrit [15-17]. Based on their washout and erythro-
cyte protection capacity, SGBs may improve RBP safety.

The load-bearing capacity of SGBs was first characterized
by Muijderman in an analytical model termed narrow groove
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theory (NGT) [1, 2]. From the Navier-Stokes equations, Muji-
derman derived an expression for the radial pressure rise along
the SGB surface and presented a special case for pressure rise
in the presence of transverse leakage flow in a flat bearing gap.
Bootsma expanded upon Muijderman’s work by incorporating
an unspecified leakage flow term into the pressure equations
for both conical and spherical SGBs [18]. The NGT has been
validated for predicting the load capacity of flat, spherical, and
herringbone-grooved SGBs, both experimentally and compu-
tationally [2, 3, 18, 19]. One shortcoming of the NGT is that
centrifugal forces acting on fluid in a flat bearing gap reduce
load capacity measurements below theoretical predictions [2].
A correction to the load capacity equation to address centrifu-
gal forces was then proposed but was found to be accurate only
at low speeds where centrifugal forces were negligible.

The NGT has also been used to approximate SGB leakage.
Kink and Reul resolved flow patterns in flat SGBs with a com-
putational model and validated the NGT for approximating
leakage in sealed SGBs for axial blood pumps [4]. Chan et al.
addressed the effect of centrifugal forces on mass flow in an
unsealed flat SGB gap with an inertia correction term that de-
scribes diminishing transverse flow as bearing gap increases
[19]. Amaral et al. altered flat SGB geometry to maximize
leakage flow and demonstrated agreement between experi-
mental flow curves and the NGT with Chan’s correction [3].
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Figure 1. Diagram of a conical spiral groove bearing with geometry labeled.
Subset shows the bearing gap with groove dimensions specified.

NGT applicability as a flow prediction tool has been lim-
ited to flat SGB geometries. Here, we have assessed the NGT
for conical SGBs (Fig. 1) and introduced an empirical inertia
correction term to improve flow approximation. We examined
a conical SGB because of its ability to generate washout flow
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in an axial direction, which may be useful in promoting wash-
out in miniature axial-flow ventricular assist devices. In addi-
tion, we have demonstrated the effects of groove geometry
variations on flow generation through benchtop experiments.
Finally, we discuss the limitations of the NGT as a leakage
flow prediction tool for conical spiral groove geometries.

II. METHODS

A. Analytical SGB Washout Model

To explore NGT accuracy for conical SGB washout, we
first adapted Muijderman’s equations describing the pressure
and mass flow in a flat SGB gap to a conical surface. Nomen-
clature for the NGT is listed in Table 1.

The following system of equations was derived, starting

with the equation for pressure rise in a flat SGB gap:

_6n (71 _ Se(1+y)Y
b=z, wrgn—=d M
where g; and Y are both geometric functions given below,
_ yH? cota(1—-H)(1-H3) @)
91 = (1+yH3)(y+H3)+H3 cot? a(1+y)?2
&)

_ H?(1+cot? a)(y+H?)
T (1+yH3)(y+H3)+H3 cot? a (1+y)2

Transforming this equation for a conical gap and inte-

grating over the transverse bearing length gives
; 2 2 _g2

P(S) — 677"-’51;12(0 g1 ( 225 ) _ 6222(:;:) Yln(s?z) (4)

To quantify the gap leakage in a flat bearing, Muijder-

man used (1) to solve the pressure rise over the ungrooved

bearing surface from an arbitrary radius, 73, to 7. The pres-

sure equation becomes logarithmic, and the pressure at 1; can
be set to 0. The flow term can then be solved as a function of

PTb' Similarly, the pressure rise along an ungrooved conical
bearing surface can be solved between an arbitrary transverse
length, Sp,, and S1, which gives

P h3
Se=— 2 0 5)
61(1+V)in(g)
TABLE L NOMENCLATURE FOR THE NARROW GROOVE THEORY FOR
FLAT AND CONICAL SGB GEOMETRIES
Symbol Quantity
P Pressure rise over transverse bearing surface
P* Modified pressure rise over transverse bearing surface
P, Pressure rise at an arbitrary transverse length
n Dynamic viscosity
h Gap between bearing ridges and mating journal surface
ho Groove depth
hy h+ h,
H h/hy
w Angular velocity
r Spiral groove bearing radius (integration variable)
n Inner spiral groove bearing radius
7, Outer spiral groove bearing radius
N Transverse bearing distance from conical origin
Transverse bearing distance at r;0f a conical spiral groove
S; bearing
Transverse bearing distance at 1, of a conical spiral groove
S, bearing
Sp Arbitrary transverse bearing length
S; Mass leakage flow rate through the bearing gap
t Conical half angle
p Fluid density

Symbol Quantity
a Groove angle
y Ridge width to groove width ratio

The pressure rise at the transverse length, F, , is solved
using (4) from £, to Py, substituting (5) for S;, which solves
the leakage flow in the bearing gap. Finally, the corrections
for centrifugal forces were incorporated. To correct for iner-
tial effects, we derived a term from Navier-Stokes equations
in cylindrical coordinates. We reduced the inertial term to

2
- [ ar. ©)
Amaral and Chan utilized (7) to correct the pressure rise
for a flat bearing and found agreement with experimental data

[3, 19]. Transforming the integral to the conical coordinate
system and integrating, we can write the inertia term as

—ip sin(t)? w?s? (8)
This term was subtracted from the pressure term in (5)

and (4) for the overall pressure rise along the conical surface,
giving a modified pressure equation:
P*(s) = P(s) — %p sin(t)? w?s? )
Scaling bearing geometries up (5:1) enabled 3D printing of
otherwise unprintably small features. Similitude estimated
flow generation of the original-sized bearings from the scaled
experiments. To accurately represent flow generated by an
original-sized bearing in a blood pump, we matched the thin
film Reynolds number (Equation 10) between scaled experi-
ments and blood pump operating conditions, thus preserving
the balance of inertial and viscous forces acting in the bearing
gap. To match Reynolds number experimentally, we used
57wt% glycerol and reduced the operating speed from 20,000
to 1,940 rpm (Table 2). The nondimensionalized flow coeffi-
cient was then used to estimate original bearing flow genera-
tion from the scaled experimental data according to Equation
11, with B denoting the flow coefficient, Q the mass flow rate,
® the angular velocity, and h the bearing gap [20].

Uh
Re =22 (10)
QM
p=-% (11)
TABLE II. SIMILITUDE SCALING OF MINIATURE CONICAL SGB
Kinematic vis- oD hy om Reynolds
cosity (m*/s) (mm) | (um) P number
Original 3.01887E-06 7 60 20,000 126.8
Scaled 7.3232E-06 35 300 1,940 126.8
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B.  Experimental Setup

We prototyped (Objet30 Pro, Stratasys, USA) and tested
(Fig. 2) the SGB designs. Bearings were driven by a motor
(EC22, Maxon Motor, USA), wherein the x-y-z axes were in-
dependently controllable (Benchtop CNC Mill, MicroKinet-
ics, USA). We measured X, y, and z bearing forces (Nano43
F/T Sensor, ATI Industrial Automation, USA). The bearings
were centered radially and positioned with a 2 mm axial gap,
then driven at a constant speed while decreasing the axial gap
in 25-pm increments. The inflow and outflow of the bearing

To motor

|

Force transducer

s TO z stage

Fluid inlet s

SGB

Fluid
reservoir

Fluid outlet d

To x-y stage
Figure 2. Spiral groove bearing (SGB) test rig to evaluate flow and force
generation. The SGB was mounted to a motor and z-axis stage to adjust
bearing gap. A mating journal surface in a fluid reservoir was mounted to an
x-y stage for centering. Flow and force data were measured.
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Figure 3. Calculated spiral groove bearing (SGB) force (a) and mass flow
rate (b) using conical narrow groove theory are compared to previously
reported calculations using the flat narrow groove theory [3]. A 90° half
angle was used in the conical formulas, emulating a flat bearing. Calculations
were performed with and without centrifugal force correction (8).
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gap region were connected to a loop with a flow probe (Bio-
ProTT Clamp-On Transducer, em-tec, Germany). We varied 5
bearing parameters: groove depth, groove angle, ridge-to-
groove width ratio, conical half angle, and rotational speed
(Table 3). Each bearing was tested in triplicate. All theory cal-
culations for comparison were completed in MATLAB
R2016a (MathWorks, Natick, MA, USA). Statistics were ana-
lyzed in MATLAB using one-way ANOVA with post-hoc
Tukey Honestly Significant Difference test. We calculated sin-
gle-parameter correlations between geometry and perfor-
mance using a Pearson correlation coefficient. All results were
significant (p<0.05).
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Figure 4. The narrow groove theory with inertial correction (11) is compared
to Chan et al. [19] Conical spiral groove bearings (SGBs) with half angles
15°, 30°, and 45° were compared. The inertia correction proposed by Chan
(Theory—Chan) was weighted by the sine squared of the conical half angle
(Theory-Conical), which gives a more accurate approximation of leakage
flow rate as the conical half angle is varied. The proposed correction also
approaches Chan’s correction for a flat SGB as the half angle increases.

TABLE III. BEARING DESIGNS TESTED EXPERIMENTALLY
t ()
(o) hﬂ (pm) a ( ) rpm Y
Baseline 1 (BLI1) 15 300 27.5 1940 1
. 1450, 2,
Variation from BL1 15 400, 500 | 22.5,32.5 2425 05
Baseline 2 (BL2) 30 300 25 1940 1




L 1450, 2,
Variation from BL2 30 | 400, 500 20, 30 2425 05
Half angle variation 45 300 22.5 1940 1

III. RESULTS

A. Empirically Modified Analytical Model

The conical NGT was verified against the flat NGT calcu-
lations reported by Amaral et al. [3]. The conical pressure and
mass flow rate equations were solved with a 90° conical half
angle, equivalent to a flat SGB, and all other geometric inputs
matched those reported by Amaral et al. (Fig. 3).

Fig. 4 shows that viscous pumping by conical SGBs was
overcome by centrifugal forces as the bearing gap increased,
demonstrated by a diminishing mass flow and flow reversal in
the bearing gap. The gap at which flow reversal occurred was
significantly correlated with the conical half angle (Pearson
coefficient: -0.83, p<0.001). To reflect the dependence of flow
reversal on the conical half angle, we proposed a modified in-
ertia correction based on the study by Wimmer [21], who clas-
sified flow phenotype in a grooveless conical gap with a mod-
ified Froude number:

Fr = 2000 (10)
where g is gravitational acceleration, ® is the rotational
speed, and r is the radius of the base of the cone. Weighting
the Froude number with the sine of the half angle captured the
balance of centrifugal and body forces in the conical gap.

In the conical SGB gap, the Reynolds number is more im-
portant than the Froude number, but since centrifugal forces
are strongest in a flat bearing gap and weakest in a cylindrical
gap, the correction in (8) was further weighted by the sine of
the half angle squared, as this matched experimental results
most closely (Fig. 4). The proposed correction is shown below:
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Figure 5. Flow curves comparing the narrow groove theory (NGT)
and experimental data at different rotational speeds for 15° and 30°
conical half angles. The NGT overestimates the bearing gap at which
centrifugal forces alter viscous pumping trends, and small bearing
gaps serve to enhance viscous pumping instead of choking flow.
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Figure 6. Leakage flow for each bearing design. Narrow groove theory only
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trend more closely in 15° bearings. Flow rate in 30° bearings varies less with
changes in operating parameters, and they produce lower flow rates overall.
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used for significance. *p< 0.05; **p<0.01; ***p<0.001



P*(s) = P(s) —%p sin(t)* w?s?. (11)

This correction predicts leakage flow more accurately than

Chan et al.’s (8) over the tested bearing gap range for small

conical half angles, and it approaches (8) as the half angle in-
creases [19]. Results are shown in Fig. 4.

B. Validation of the Modified Analytical Model

The modified analytical model in Equation 11 was then
used to predict leakage flow in the SGB at different rotational
speeds, gaps, and conical half angles for comparison to exper-
imental results. The analytical results were then compared
with the experimental results accordingly. Fig. 5 demonstrates
the relationship between bearing speed and flow rate with re-
spect to the conical half angle.

For a 15° half angle, the modified analytical model cor-
rectly predicts that flow increases with speed but overestimates
the magnitude. At 2425 rpm, NGT predicted +24% flow from
baseline versus 11% measured; at 1450 rpm, NGT predicted a
-25% flow, versus -12% measured. For a 30° conical half an-
gle, flow decreased as speed increased (NGT: +23% at 2425
rpm, -24% at 1450 rpm; experimental: -10% at 2425 rpm, +4%
at 1450 rpm). Theory was more accurate at lower bearing
speed for both half angles (15% and 0.4% error for 1450 rpm;
34% and 47% error for 2425 rpm). Theory and experimental
data trended similarly when flow was positive; however, the-
ory predicted flow reversal at a larger gap than measured
(NGT: +204 um £17 um larger than experimental mean).

Although theory predicts flow independent of conical half
angle, experiments demonstrated interaction between half an-
gle and other bearing parameters. In the 15° half angle, there
was a positive correlation between groove depth and flow rate
but not in the 30° half angle. In the 15° half angle, a decrease
in ridge-to-groove width ratio (1:1 vs 1:2) increased flow by
175% but only by 111% in a 30° bearing; whereas the NGT
predicted a 5% increase in flow for both 15° and 30° bearings.

Flow sensitivity to geometry and operation was examined
(Fig. 6). Theory suggests groove depth and rotational speed
should impact flow most (groove depth: +40% from baseline;
speed: £24%), but experiments indicate groove depth and
ridge-to-groove width ratio impact flow most (groove depth:
+54% from baseline; ridge-to-groove width ratio £87%). Flow
correlated negatively with both half angle and ridge-to-groove
width ratio (Pearson coefficients: -0.32, p<0.05, and -0.49,
p<0.001, respectively). NGT also estimated the flow reversal
gap; it overestimated the flow reversal gap for all designs but
correctly predicted a negative relationship between rotational
speed and reversal point and between ridge-to-groove width
ratio and reversal point. Increasing the groove angle reduced
the reversal gap, opposite of NGT prediction. Half angle had a
negative correlation with reversal gap in both NGT and exper-
iments (NGT: -0.92, p<0.001; experiment: 0.83, p<0.001).

IV. DISCUSSION

In the past, NGT overestimated bearing load capacity and
flow reversal bearing gap because it neglected inertia [2, 3,
19]. Although we found that accounting for inertia does not
fully describe conical SGB gap flow behavior, we did identify
correlation between flow reversal gap and conical half angle
empirically and formulated an NGT correction term that cap-
tures half angle dependence. We also assessed NGT flow pre-
diction with varied bearing geometry for RBP washout.

Discrepancies between the conical theory and NGT may
occur because NGT includes an edge effect correction to com-
pensate for undeveloped boundary layers at the spiral groove
entrance, but conical theory does not. Since bearing eccen-
tricity will invalidate the edge effect calculations, leading to
overestimated pressure, flow, and force generation, we ne-
glected edge effects in the conical NGT formulation.

Chan’s correction improved NGT for flat SGB flow but not
conical (Fig. 4), so we weighted it by the sine of the conical
half angle squared to account for conical SGB. NGT is most
accurate for flow in 15° (more cylindrical) half angle bearings,
as indicated by the area between the experimental and theoret-
ical curves. Experimental flow rates were highest at small half
angles, suggesting better utility in an axial, rather than centrif-
ugal, pump configuration. In all SGB geometries, NGT over-
estimates maximum flow gap and flow reversal gap. Thus,
NGT only applies to washout at small conical half angles.

Although conical NGT predicts flow behavior independent
of half angle, experiments suggest that flow behavior is de-
pendent on half angle, particularly when inertial effects were
dominant. Flow increased as groove depth increased from 400
to 500 um in a 15° SGB (matched NGT), but decreased in a
30° SGB (mismatched NGT). We hypothesize this is because
centrifugal forces are more closely aligned with the transverse
length of the gap in the 30° SGB. Similar discrepancies be-
tween NGT and experiment flow were demonstrated by 1) in-
creased flow in a 15° SGB as speed increases, but decreased
flow in a 30° SGB with increased speed, and by 2) larger flow
increase with increased groove width for a 15° bearing than a
30° bearing. We found NGT estimates flow most accurately at
channel Reynolds numbers <1 and at rotational Reynolds
numbers <3000, where viscous forces dominate flow behavior.

Past studies demonstrate significant half angle-dependence
of centrifugal force on flow behavior in a conical annulus [21-
23]. In these experiments, a rotating cylinder (0° half angle)
forms a set of stable Taylor vortices with equal radii up to a
Taylor number of 2500. A rotating cone, however, demon-
strates a meridional cross flow that drives fluid near the rotat-
ing cone radially outward and fluid near the stationary wall in-
ward. This meridional flow destabilizes Taylor vortices and
causes spiraling Ekman-Couette rolls to form at lower Taylor
numbers. The cross flow is apparent at half angles as small as
8 degrees and increases in magnitude as the half angle in-
creases, until Taylor vortices are no longer formed at 45°.
These studies demonstrate the significant half angle-depend-
ent impact of centrifugal force on flow behavior in a conical
annulus. The present work’s half angle flow dependencies in-
dicate the need for an analytical or empirical model that in-
cludes centrifugal and convective inertial effects for estimat-
ing SGB flow beyond the creep flow realm.

NGT is traditionally used to maximize SGB stiffness, ne-
cessitating small groove depths and bearing gaps (10-20 um)
[24]. SGBs designed for washout over stiffness in an RBP
might require geometries that allow convective flow with
larger grooves and bearing gaps (>30 pm) to avoid supraphys-
iological shear rates [6]. This study demonstrates that NGT
cannot predict convective flow and that NGT approximates
washout flow best for small half angle SGB geometries, which
also had the largest pumping capacity. To accurately predict
washout in an SGB, we recommend an empirical model in an
operational area of interest. Further investigations will aim to
develop an empirical model for conical SGB design.
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V. CONCLUSION

This study evaluated the accuracy of an analytical
model—the NGT—in predicting flow generated by conical
SGB designs. When compared to experimental results, the
NGT was insensitive to changes in the conical half angle,
leading to the formulation of a novel inertia correction to im-
prove NGT accuracy. The NGT is more accurate for small
conical half angles because they favor creep flow conditions.
Bearings with a smaller conical half angle generated larger
flow rates and maintained viscous pumping capacity as both
bearing and channel Reynolds numbers increased. Because of
NGT’s inability to predict interactions between groove geom-
etry and the conical half angle, empirically derived models
may be more useful in targeting a specific flow for a conical
SGB design. We will focus on those models in future studies.
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