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Abstract—Numerical calculations of the aqueous humor dynam-
ics in the anterior chamber of a rabbit’s eye are presented to
delineate the basic flow mechanisms. The calculations are based
on a geometrical model of the eye, which represents the Trabec-
ular meshwork (TM) as a multilayered porous zone of specified
pore sizes and void fraction. The outer surface of the cornea is
assumed to be at a fixed temperature (corresponding to the ambient
temperature), while the iris surface is assumed to be at the core
body temperature. Results are obtained for both the horizontal
upward-facing orientation of the eye, and the vertical orientation
of the eye. Parameters varied include: the temperature difference
between the iris and the cornea to underscore the important role of
buoyancy in driving the aqueous humor flow; and, the pupil size
reflecting different levels of ambient light. Buoyancy is observed
to be the dominant driving mechanism for the convective motion
in both orientations of the eye. Variations in the pupil size appear
to have little influence on the IOP or flow distribution in view of
the dominant role of buoyancy in controlling the flow motion. The
study provides distributions of the shear stress and flow patterns
and delineates the important role of the eye-orientation on these
results.

Keywords—Aqueous humor, Fluid dynamics, Trabecular mesh-
work.

INTRODUCTION

The fluid dynamics of the aqueous humor (AH) in the
anterior chamber of eye and drainage mechanisms through
the Trabecular Meshwork (TM) are not fully understood.
The small size of anterior chamber and complexities of flow
measurements inside the living eye make detailed flow data
difficult to obtain. Computational simulation of the flow
in the anterior chamber can therefore be very useful in
producing the required understanding of the flow mecha-
nisms. Eye diseases such as glaucoma are often linked to
obstruction of the outflow and high fluid pressure inside the
eye. The pressure inside the anterior chamber of the eye
with respect to the atmospheric pressure is recognized as
intraocular pressure (IOP). Increased IOP sustained for a
long time can damage the optic nerve in the eye and can lead
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to blindness.?® The goal of this paper is to perform a first-
principles flow simulation using a model of a rabbit’s eye
and to analyze the effect of the resistance of the drainage
system on the flow distribution.

Aqueous humor enters the eye in the posterior chamber,
and is formed by secretion and ultrafiltration in the highly
vascularized ridges projected from the ciliary body of the
posterior chamber. The bulk flow rate of the aqueous hu-
mor into the anterior chamber of normal human eye varies
in the range of 1.5-2.5 wl/min,?? while for pigmented rab-
bits it varies in the range of 1.0-2.5 ul/min.?? It enters the
anterior chamber through the pupil between the lens and
iris. More than 80% of the aqueous humor in the rabbit
eye exits through the Trabecular Meshwork (TM) into the
Schlemm’s canal,'> which is located in the vicinity of the
junction between the iris and cornea. The aqueous humor
is then discharged into the venous system, either through
the aqueous veins or through the episcleral veins. Another
exit pathway for the AH is the uveoscleral drainage system
where the AH enters the iris root and passes between the
muscle bundles in the ciliary body to the choroid and out
through the episcleral tissues. This pathway contributes lit-
tle to the outflow in rabbit eyes (20%) and is neglected in
the present study.'?

Blood flow in the iris and ciliary body maintain their
temperature at the body temperature (37°C).>> The outer
surface of the cornea (0.6 mm thick)? is generally main-
tained at 32-33°C'7-?3 by the tear film evaporation, but the
inner surface of the cornea is at a higher temperature, and
is only 2-4°C less than the body temperature because of
the thermal resistance provided by the cornea. However,
this small temperature gradient (2—4°C) across the anterior
chamber is believed to be the dominant mechanism driving
the fluid flow in the anterior chamber of the eye.

The outflow network system of the eye consists of a
graded porous mesh from the inside of the eye to the outside.
These include: (1) the uveal and corneoscleral meshwork,
(2) the juxtacanalicular tissue (JCT), (3) the endothelial wall
of the Schlemm’s canal, (4) the Schlemm’s canal, and (5) the
aqueous veins. Both the uveal and corneoscleral meshwork
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have negligible resistance because of their bigger pore size
(25-75 um).> It is believed that the tortuous flow passage
in the JCT accounts for the most of the flow resistance™ !>
because of its very small pore size (~1.0-2.0 um)®?® and
the presence of the extracellular matrix gel in the open
spaces.

Geometrical modeling of the TM is an extremely chal-
lenging task, and although efforts have been made to study
the role of the TM and Schlemm’s canal on the outflow
resistance through very idealized models,”'* ' none of the
computational flow simulations reported to date' %> have
included the TM in their calculations. In the present study,
the TM is modeled as an annular porous gutter with a
specified pore size and void fraction.”!® This is the first
flow simulation reported where the geometry of the TM is
directly modeled.

Scott?’-?8 has presented a finite element model for calcu-
lating the temperature rise in an eye induced by the exposure
to infrared radiation, but the intraocular flow field was not
determined in their work. Heys et al.'? have developed a
two-dimensional model of the coupled aqueous humor-iris
system for determining the contribution of aqueous humor
flow and passive iris deformation to the iris contour shape.
Their model predicts the iris contour and the iris to lens
contact, which is primarily a function of the aqueous flow
rate, the permeability of the TM and posterior pathway and
iris modulus. Heys and Barocas'® have extended this work
to predict the effects of accommodation on the iris position
and the pressure distribution in the anterior chamber. The
azimuthal symmetry in these models due to the neglect of
the gravity and buoyancy effects, and the neglect of the
effect of the TM on the pressure distribution, restricts the
capabilities of the model in accurately predicting the flow
mechanisms inside the eye.

The two studies reporting flow simulations in the eye,
and most relevant to the present work, are those of Canning
et al.' and Heys and Barocas.!! Canning et al.' solved the
flow profile inside the anterior chamber using a simplified
three-dimensional computational model and analyzed the
deposition of particles leading to the formation of struc-
tures inside the eye. Heys and Barocas!' presented three-
dimensional flow simulations, but neglected the effect of
TM on the transport and deposition of pigment particles.
Through experimental observations, the TM is believed to
play a major role in the entrapment of particles through its
pores.>

The long-term goal of the present study is to develop
a model for identifying the mechanisms for the develop-
ment of Krukenberg-spindles, Hyphemas and Hypopyons,
which are related to the deposition of particles in the an-
terior chamber. The TM resistance and the strength of the
buoyancy driven flow determine particle deposition rates
and locations, and how they are related to different patho-
logical conditions of the eye. The goal of the present paper
is to report a comprehensive 3-dimensional flow simulation

where the details of the TM are represented as a graded
porous structure, and the flow patterns and the pressure dis-
tribution in the anterior chamber for different parametric
conditions are analyzed to delineate key flow mechanisms
and parametric effects. Both the horizontal, upward-facing
orientation of the eye and the vertical orientation of the eye
are considered in this paper.

MATHEMATICAL MODEL

Geometrical Model of the Rabbit's Eye

In this paper, attention is focused on a rabbit’s eye, whose
shape and geometry are slightly different from those of the
human eye. The depth of the anterior chamber of the rabbit
eye is in the range of 5-6 mm and diameter in the plane
of the iris root is 12 mm. The iris, which is the front ex-
tension of the ciliary body, has a slightly elliptical shape
with a vertical axis 11-12 mm long. The pupil changes its
diameter depending on the amount of the light falling on
the eyeball. It has been experimentally found that iris-tissue
is incompressible and linearly elastic under small deforma-
tions.'? The biconvex crystalline lens located at the back
of the anterior chamber is enclosed in a capsule suspended
by the ciliary body with zonular fibers. AH secreted in the
posterior chamber by the ciliary body enters the anterior
chamber through the small gap between the iris and lens
which is estimated to be few microns (210 pum) wide.!' In
this paper, the anterior chamber is modeled as a hemispheri-
cal geometry with a diameter of 12 mm. The iris is modeled
as arigid surface at the bottom of the hemispherical anterior
chamber with a circular aperture at the center (the pupil)
from which the flow enters the anterior chamber of eye.
Since the velocity profile and the flow pattern in the ante-
rior chamber is buoyancy driven it is unlikely that the inlet
profile will have significant effect. Therefore, for simplicity
we have assumed a flat inlet velocity profile of AH through
the pupil (of radius 2.5 mm unless otherwise specified).
However, the validity of this assumption is tested, as shown
later.

The cornea is an avascular and transparent tissue with
thermal properties close to that of water. It is modeled
as a rigid hemispherical shell with a constant temperature
(Tc). The temperature drop between the iris and the cornea
(generally considered to be in the 2—4°C for the open eye)
provides the buoyant force mechanism to drive the AH. This
temperature drop is treated as a parameter in the present
study, and is varied between 0.02°C (eye-lids closed) to
6°C. The AH is assumed to be viscous liquid with properties
close to those of water (Table 1).

As noted earlier, the TM is treated as annular porous
zone at the bottom of the anterior chamber. It is assumed
to have a thickness of 1 mm normal to iris surface and an
annular width of 1.2 mm in outflow direction. The part of
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TABLE 1. Properties of AH used in simulations.

Properties Value
Dynamic viscosity (u, kg/ms) 0.001
Specific heat (Cp, J/kg-K) 4182
Density (o, kg/m®) 1000.0
Thermal conductivity (K, W/m-K) 0.6

Volume expansion coefficient (8, 1/K) 0.0003

the TM immediately adjacent to the anterior chamber is the
uveal meshwork followed by the corneoscleral meshwork.
This part of the meshwork has negligible resistance to out-
flow due to its bigger pore size.”?! We treat this part of
TM as an annular porous zone with 0.2 mm width and a
resistance coefficient corresponding to 100 um pore size
and 0.5 void fraction. The remaining part of TM represents
the JCT, and is treated as a porous zone (packed bed) with
a specified average pore size (0.6 um) and a void fraction
of 0.5. Since the majority of the pressure drop (6 mmHg)
occurs in the TM, the void fraction and width of the JCT are
adjusted to achieve the desired pressure drop. Since the JCT
structure is rather complex with superimposed fibrocellular
sheets that are filled with extracellular matrix gel in the
open spaces, the exact void fraction is difficult to deter-
mine. So in this paper, we have selected JCT parameters
that will provide the right pressure drop since this is a key
aspect for correct simulations. Therefore, the void fraction
was arbitrarily set to be 0.5 and the width of JCT adjusted
to yield the correct overall pressure drop across the TM.
This width is determined to be 1000 wm, which is larger
than the physiologic dimensions reported. A different void
fraction of the JCT would have yielded a different width
to achieve the same pressure drop, but this aspect was not
considered further since the key issue was to achieve the
correct pressure drop, and different combinations of void
fraction and JCT would achieve the desired pressure drop.

Governing Equations

The steady three-dimensional incompressible Navier—
Stokes equations are solved with the inclusion of buoyancy
terms for natural convection’>** and Darcy pressure drop
terms in the porous zone. The density appearing in the
buoyancy term is assumed to satisfy the Boussinesq ap-
proximation. The resulting nondimensional forms of the
momentum, energy, and continuity equations are given by
Egs. (1)-(3) below.

Momentum-equation:

U wu; 1 82U, 5 Grp ; aP
79X; T Rep \9X,0X,; "\ Re} aX;
(1)

where m represents the index of the coordinate direction in
which gravity is acting and §;,, is the Dirac-delta function.

The second term in the right-hand side of Eq. (1) (buoyancy
term) is included in the momentum equation only for the
co—ordinate direction (denoted as m) in which the body
forces are acting (gravity forces).

Energy equation:

U 0 1 1 0% )
'3X;  PrRep \9X;dX,
Continuity equation:
aU,;
—L _0 3)
0X;

The following non-dimensional variables are used in
Egs. (1)-(3):

X y z
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where Tj, is the temperature of AH at inlet and 7¢ is the
corneal temperature that is used as the reference tempera-
ture for the calculation of all property values. The charac-
teristic speed Ui, is 2.12 um/s and the characteristic length
D is the diameter of the iris surface in the model, which
is 12 mm. The important nongeometrical parameters that
appear in the governing equations are the Reynolds number
(Rep = £4L), the Prandtl number (Pr = ), and the

3,2 . .
Grashof number (Grp = 228281 values of interest in

the present study are: Rep = 0.025, Pr = 7.0, and Grp =
1.017 x 10?-3.051 x 10* (AT = 0.02-6°C). The values
of Rep and Pr chosen are representative of AH flow, while
Grp or AT is parametrically varied to represent a range of
corneal temperature conditions (from eye-lids closed to low
ambient temperatures).

To model the flow in the porous regions representing the
TM, Ergun’s Eq. (4) is solved where the pressure gradient
term (%) is represented by the sum of a viscous loss term
(the Darcy term) and an inertial loss (Brinkman) term.
Thus,

ip 1

P
——=—[+C—uiu; 4
o o 22I | “)

which, in nondimensional form, is written as
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The porous media model (Eq. (5)) incorporates empir-
ically determined flow resistances (specified through the
permeability « and the inertial resistance factor C,) in the
porous region. Equation (5) combined with the continuity
equation provides a solution to the velocity field in the
porous zone. In laminar flows through porous media, the
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pressure drop is typically proportional to velocity. An order
of magnitude analysis shows that the viscous term (first
term) in Eq. (4) is more important compared to the inertial
resistive term (second term). The inertial term can therefore
be neglected from the above equations for the porous zone;
however, the term is included in the code used here, and is
retained in the simulations for completeness. It should be
noted that a preliminary calculation of the Brinkman’s term
indicates that this term is small (order of 0.001) and can be
neglected.

To get appropriate values of the constants « and C», a
semiempirical correlation, derived from the Ergun equa-
tion* is used. These correlations for the permeability o and
inertial resistance factor C, are applicable over a wide range
of Reynolds number and for various packing levels, and are
given as:

D¢’ 3.5(1 —¢)
* = 15001 — e 2= 3
(1 —¢) Dpe

where D), is the mean particle diameter of the packed bed
and ¢ is the void fraction (defined as the void volume di-
vided by the volume of the packed bed). The particle di-
ameter (Dp) for the porous medium representing the TM
is evaluated by the relation (ﬁDp =d), where d is the
pore size. It is assumed here that the TM is a homogeneous
porous matrix with an ordered arrangement of particles and
interstitial pores.

Boundary Conditions

The iris and cornea are modeled as stationary rigid
boundaries, and no-slip boundary condition is imposed
along these surfaces. The normal secretion rate from cil-
iary body is 2.5 ul/min and to satisfy this inlet flow rate
through the pupil, (circular aperture of radius 2.5 mm), a
flat inlet flow profile of 2.12 pm/s magnitude is used for
all simulations except for the cases where the pupil size is
varied. Since most of the flow drains out into the aqueous
veins passing radially through the TM, and the collector
channels, the upper and lower surfaces of the annular TM
are assumed to be impermeable walls (no-slip boundary
condition). The pressure in the aqueous veins under normal
condition is 9 mmHg,'* so the outlet boundary is treated
as a pressure outlet boundary condition with a specified
pressure of 9 mmHg (1.2 kPa). The inclusion of the TM in
the present simulation, and the incorporation of a realistic
pressure outlet boundary condition, is a distinct improve-
ment over previously reported efforts.! 1012

For the temperature, the iris and the incoming flow
through the pupil are specified to be at the core body
temperature (37°C). The temperature of the cornea is set
at constant value, which is varied from 31 to 36.98°C to
understand the importance of buoyancy in AH dynamics.
The large temperature difference studied (6°C) reflects the
upper end of potential temperature gradients in the eye,

and may be reflective of conditions in extremely cold cli-
mates. The lowest temperature difference studied (0.02°C)
represents conditions when the eye-lids are closed, and the
corneal surface is not directly exposed to the ambient. Un-
der these conditions, buoyancy effects are likely to be rela-
tively weaker, and the details of the inflow velocity profile
through the pupil may play an increasingly important role.
The choice of Dirichlet boundary condition on the corneal
shell is based on the results of the previous experiments and
simulations,>*-?® which predicts the corneal temperatures
to be 37+0.5°C and a temperature difference of 2°C across
the anterior chamber.

NUMERICAL PROCEDURE

The commercial CFD-package FLUENT is used for all
simulations reported in the present work. The numerical
procedure is based on a control volume approach where
the computational domain is divided into a number of cells
or elements, and the governing equations discretized into
algebraic equations in each element. The control-volume
approach leads to discretization equations, which express
the integral conservation of mass, momentum, and energy
in each control volume. The discrete values of the variables
are stored at the cell-centers, but the convection terms in
the discretized equation must be interpolated at the cell
faces from the cell-center values. A second-order upwind
scheme is used for deriving the face values of different
variables in the momentum and energy equations. For the
pressure equation, a second-order accurate discretization
scheme is used. For preserving second-order accuracy, a
multidimensional linear construction approach is used to
compute the quantities at the cell interfaces. In this approach
Taylor-series expansion of the cell-centered solution about
the cell centroid is used, and the face value ¢ is computed
usinggy = ¢ + V¢ - AS where ¢ is the cell-centered value
in the upstream cell and AS isthe displacement vector from
the upstream cell to the face centroid.

A structured multiblock solver is used for the numerical
solution. The system of algebraic equations are solved us-
ing the Gauss—Siedel scheme. Although the Gauss—Siedel
scheme rapidly removes the high frequency errors in the so-
lution, low frequency errors are reduced at a rate inversely
proportional to the grid size. A W-cycle multigrid scheme is
used to accelerate the convergence by applying corrections
on the coarser grid-levels. The coupling between velocity
and pressure is handled using the SIMPLEC-algorithm,?
which uses the conservation of mass equation to derive a
pressure corrector equation, and uses a pressure and ve-
locity correction step to yield continuity satisfying velocity
fields at each iteration.

The equations in the porous region (TM) are solved
simultaneously with the equations in the anterior cham-
ber region. To avoid exacerbating convergence issues, it is
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FIGURE 1. (a) Schematic of a Rabbit’s eye, (from Mullenax?*). (b) Geometrical model used for the simulation. (c) Details of the

anterior chamber (from Huillier and Sbirlea’). (d) Model of TM.

critical to have high quality orthogonal grids with moderate
aspect ratios. The commercial package GRIDPRO was used
in the grid generation process and only hexahedral cells of
aspect ratio less than three in the computational domain is
used. The geometry is divided into 29 blocks, with four
blocks representing the porous zone, five blocks located
in the core of the hemispherical anterior chamber, and the
remaining 20 blocks defining the periphery (Fig. 1). For the
cases reported in this paper, 300,000 hexahedral cells are
used. To demonstrate grid independence, simulations are
run with 600,000 and 1,000,000 cells. Less than 2% varia-
tion in the magnitude of the maximum velocity is observed

between the 300,000 cell calculation and the 1,000,000 cell
calculation (Fig. 2(b)), and justifies the use of 300,000 cells
for the simulations.

RESULTS AND DISCUSSION

Role of Buoyancy

In order to confirm the dominance of buoyancy as the
driving mechanism for the AH dynamics, three simulations
are performed for the horizontal upward-facing eye. These



Numerical Solution of Ocular Fluid Dynamics in a Rabbit Eye 535

(b)
14E-03 AT 1000,000
2 1oe03 v il N 600,000
% oo / \ 300,000
=  8.0E-04 .
E T.0E-D4 / '\.\
§ 6.0E-04 / \
5.0E-04 \
4 DE-D4 \\..
3.0E-04 Y
*  20E-04 // \\
1.0E-D4 / S
0.08+00 =g ottty e g

Along central axis (m)

FIGURE 2. (a) Topology and mesh in the vertical mid-plane
(center of the corneal-surface coincides with the zero of co-
ordinate axis) (b) Velocity magnitude along the central axis
of the anterior chamber for 300,000, 600,000, and 1,000,000
hexahedral cells (central axis starts from the corneal-center).

simulations are performed for a 2°C temperature difference
between the iris and the corneal surface. The three simu-
lations correspond to no-buoyancy (Fig. 3(a)), no inflow
through the pupil (Fig. 3(b)), and combined inflow and
buoyancy (Fig. 3(c)). For the no buoyancy case, the body
force terms were not included in the momentum equations.
For the no-inflow case, since a mass-conserving numerical
procedure is employed, combined with pressure bound-
ary conditions at the outlet, there is no outflow as seen in
Fig. 3(b), and the AH simply recirculates in the anterior
chamber due to buoyancy. Without buoyancy, the magni-
tude of the maximum velocity is 2.12 um/s (which is the
inlet velocity), while with buoyancy alone (Fig. 3(b)), the
magnitude of the maximum velocity is 1020 um/s, which
is nearly 480 times greater than the no-buoyancy case. With
combined buoyancy and inflow (Fig. 3(c)), the maximum
velocity is nearly the same (within 10%) as with buoyancy
alone (Fig. 3(b)) indicating that buoyancy is the dominant
driving mechanism for the AH flow. The flow patterns are
quite different with and without buoyancy, with a recircu-
lating flow pattern and a corner vortex in the presence of
buoyancy (Figs. 3(b) and 3(c)). Without buoyancy, the flow
enters through the pupil and leaves through the TM with-
out any recirculation or corner-vortex in front of the TM
(Fig. 3(a)).

Effect of Inlet Profile

For analyzing the effect of the inlet velocity profile,
simulations are performed for both a flat velocity profile and
aparabolic velocity profile (Fig. 4(a)) at the inlet aperture of
the anterior chamber. In both cases, the average velocity and
mass flow rate through the aperture is maintained constant.
The line plots of the velocity magnitude along the vertical
centerline (Fig. 4(b)) does not show any difference between
the two inlet profiles since the flow is primarily driven by
the buoyancy forces, and the inlet velocity profile does not
play a major role in altering the anterior chamber flow
distribution.

Effect of Eye Orientation
Velocity Contours

As seen in Fig. 3, gravity plays a major role in deter-
mining the flow pattern of AH inside the anterior chamber.
In the horizontal upward-facing position, (Fig. 5(a)) the
gravity direction is perpendicular to the iris surface, and
the flow field is axis-symmetric. In the vertical orienta-
tion (Figs. 5(b) and 5(c)), gravity destroys the symmetry
in the vertical (Y-Z) plane. For these two orientations,
the flow profiles and recirculation zones are completely
different.

For the horizontal position (Fig. 5(a)), the warmer fluid
entering the pupil rises upward, and moves down the corneal
surface leading to two large symmetric recirculation zones.
The highest velocities (1.14 mm/s) occur midway along
the vertical axis of symmetry. Just next to the TM there
is a smaller recirculation zone, which shows the effect of
the resistance of TM on the outflow. All features of the
flow field are identical about the vertical axis of symmetry
including the exit flow rates through the left and right TM.

For the vertical orientation of the eye (Fig. 5(b)), the
warmer fluid rises upward along the iris surface and then
turns downwards as it encounters the higher resistance in
the upper TM regions. The flow then descends along the
corneal surface toward the lower TM. A portion of the
recirculating flow exits through the small pores of the TM.
Further, no secondary eddy is observed in the vicinity of
the TM as in the horizontal configuration. The highest
velocities are located near the middle of the iris surface
(0.79 mm/s) and just upstream of the mid-corneal surface
(0.627 mm/s). The stagnation zones and regions of large
curvature are of special interest because particles or cells
in the AH can get trapped in these regions and lead to
the development of blockages, which can increase the IOP
(e.g., as in pigmentary glaucoma). Clearly, in the vertical
orientation the iris and the corneal surface are subjected
to higher velocities and therefore shear stresses than in the
horizontal orientation.
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For the vertical orientation, the streamlines plotted in
the horizontal mid-plane passing through the center of the
pupil reflect the flow path of the AH, (Fig. 5(c)), produced
by pressure differences in the horizontal mid-plane. In the
horizontal plane, at each x-location, the cross-sectional area
in the vertical plane is different with the maximum area at
the mid-plane and minimum area at the TM end. Therefore,
there is pressure variation (although small) in the x-direction
with higher pressures at the corners (lower cross-sectional
area) and lower pressure at the mid-plane (higher cross-
sectional area). This pressure difference drives the flow in
the horizontal plane from the corners to the center in the
x-direction. In the z-direction, the cross-sectional area of
the vertical plane is a minimum at the outermost corneal-
surface location (lowest value of z), and therefore pressure
increases as one moves away from the iris leading to a flow
from the corneal surface toward the iris. From the iris, there
is inflow through the pupillary opening.

(a)
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In order to clarify the difference of flow profiles in TM,
the velocity contours and streamlines are plotted separately
in the region of TM for both horizontal and vertical ori-
entations of the eye (Fig. 6(a—e)). The magnitude of the
outflow velocity is of the order of 1 u/s (Fig. 6(e)), and
is comparable in both orientations. There is no significant
variation of the outflow through the TM even in the ver-
tical orientation. This is illustrated in Fig. 6(e) where the
velocity magnitudes in the upper TM and lower TM are
nearly identical. Reason for this is that the outflow through
the TM is primarily controlled by the pressure drop and the
resistance in the TM and the small circumferential pressure
variations in front of the TM do not play a significant role in
the outflow. One key difference in the vertical and horizon-
tal cases is the presence of the recirculation zone in front
of the TM for the horizontal orientation. Because of this
recirculation upstream of the TM-corneal surface corner,
a significant fraction of the TM outflow is routed past the

FIGURE 3. Streamlines and contours of velocity magnitude. (a) Without buoyancy, (b) with buoyancy and no inflow, and (c) with

buoyancy and inflow. AT = 2°C.
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FIGURE 4. (a) Flat and parabolic velocity inlet profile. (b) Comparison of velocity magnitude along the central Z-axis for the flat
and parabolic velocity inlet profile. AT = 2°C, pore size = 0.6 um, horizontal orientation.
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FIGURE 5. Streamlines and contours of velocity magnitude. (a) Horizontal orientation, vertical mid-plane; (b) vertical orientation,
vertical mid-plane; and (c) vertical orientation, horizontal-mid-plane. AT = 2°C, pore size = 0.6 um.
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TM in vertical midplane in the TM. AT = 2°C, pore size = 0.6 um.

TMe-iris root junction in the horizontal orientation. This Temperature Contours
indicates the potential of protein or other particles being
entrapped in the recirculation region leading to deposition
in the TM and increased resistance to the outflow.

Contour plots for the temperature are shown in
Fig. 7 for both the horizontal and vertical orientations of
the eye. The AH gets heated as it moves toward the center
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FIGURE 7. Contours of temperature. (a) Horizontal orientation, vertical mid-plane; and (b) vertical orientation, vertical mid-plane.

AT =2°C, pore size = 0.6 um.

of the pupil along the warmer iris surface. Consequently,
the temperature gradient decreases from the iris root to the
pupil center. The AH is warmest at the center, and due
to buoyancy lifts up toward the cornea with a plume-like
characteristic. Thus, buoyancy is responsible for generat-
ing the flow, and the plume-type thermal characteristic. The
largest temperature gradients are located at the stagnation
point (mid-point of the corneal surface) and these tem-
perature gradients diminish rapidly as the flow descends
along the relatively cooler corneal surface. For the vertical
configuration, the temperature gradient is relatively high
close to the lower root of the iris, which diminishes as
flow rises vertically upwards along the heated iris surface.
Along the corneal surface the highest temperature gradient
occurs close to the upper regions as the flow turns along the
cooler corneal surface due to resistance of the upper part of
the TM. The flow gets cooled while descending along the
corneal surface and temperature gradient attains its lowest
value on the corneal surface near the lower part of the TM.

Pressure Contours

The pressure variations in the anterior chamber region
are considerably smaller than the pressure drop across the
porous TM and therefore the pressure contours in these re-
gions are plotted separately in order to preserve clarity in the
contour plots. Heys et al.' report in their simulations on the
eye model that the pressure is essentially uniform inside the
anterior chamber, which is supported by the present predic-
tions. The pressure contours in the TM region are plotted in
Fig. 8(a) for the horizontal eye orientation. Along the TM,
from the anterior chamber to aqueous veins, the pressure
decreases from the normal IOP of 15 mmHg (~1.93 KPa)’
inside the anterior chamber to 9 mmHg (~1.2 KPa)’ cor-
responding to the pressure in the veins. The pressure varia-
tions in the TM are relatively linear along the radial direc-
tion in the horizontal planes parallel to the iris surface, and
appear to be nearly uniform normal to the iris surface, Figs.

8(a) and 8(b). Therefore, flow in the TM regions is essen-
tially radially outwards from the anterior chamber to aque-
ous veins. It should be noted that in the present work the fo-
cus is on reproducing the correct pressure drop and the out-
flow velocity in the TM, and not in reproducing the details
of the local pressure distributions in the TM. The modeling
of the TM in the present case is representative of the entire
outflow network, and comparison of local pressure distribu-
tions with experimental observations was not considered in
view of lack of consensus of the data and the mechanisms
leading to increased resistance in the TM pathway.

The pressure contours in the anterior chamber (excluding
the TM-zone) are plotted in Figs. 8(c) and 8(d) for two
different orientations of the eye. As mentioned earlier, the
differences in pressure in the anterior chamber are very
small and are related to velocity differences induced by
the buoyancy driven flow. For the horizontal position, Fig.
8(c), the pressure is high close to the TM. The pressure
is also high near the mid-point of the cornea, where the
AH-velocity reduces as it approaches the stagnation point
on the corneal surface. The pressure decreases from the
stagnation point as the flow moves downward along the
corneal surface until it reaches the iris—TM juncture where
the pressure increases. In the vertical orientation (Fig. 8(d)),
as the flow moves upwards along the iris surface, pressure
decreases slightly. However, the added frictional resistance
of the TM and the reduced cross-sectional area (with higher
frictional drop) causes lower velocity and elevated pressure
in the region close to the upper iris—=TM juncture. As the AH
descends along the corneal surface, the pressure decreases.
However, beyond the corneal mid-point, the pressure begins
to increase as the flow approaches the lower portion of TM.
In the lower half of the anterior chamber higher pressures
and lower velocities are encountered relative to the upper
half. Thus, the lower half is likely to be more susceptible to
particle deposition, build-up, and blockages. The pressure is
relatively uniform across the horizontal plane in the vertical
orientation.
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AT =2°C, pore size = 0.6 um.

Shear Stress Contours

The rubbing between the peripheral iris and anterior
zonular packets causes most of the pigmentary liberation
from the posterior iris surface in Pigment Dispersion Syn-
drome and Pigmentary glaucoma.'” The anterior border
layer of the iris is composed of fibroblasts and pigmented
melanocytes, both of which are oriented parallel to the iris
surface?® and which could be the secondary source of pig-
ment particles in the anterior chamber. The wall shear stress
along the iris surface is analyzed to understand the role of

shear stress in detaching the pigment granules from the
anterior layer of the iris surface. For the two orientations
of the eye the wall-shear stress is plotted in Fig. 9 for a AT
= 2°C. Tables 2 and 3 show the dependence of the average
shear stress with AT which shows increasing shear stress
with increasing temperature difference across the cornea.
Canning et al." derived a linear relationship between the
wall shear stress at the iris surface and the temperature
difference across the anterior chamber. This was given as
79 ~ 6.7 x 107* x AT Pa for the vertical orientation of
the eye. The wall shear stress in the present model also

TABLE 2. Nondimensional velocity, average Nusselt number, and Iris shear
stress variation with temperature difference (Horizontal position).

0.02°C 2°C 4°C 6°C
Umax/ Unlet 212 538 1024 1387
Nu (Nusselt Number) 4.54 5.56 6.18 6.56

Wall shear stress (Iris, Pa) 7.0 x 1078 1.16 x 1073 2.12 x 1073 2.94 x 1073

TABLE 3. Non-dimensional velocity, Average Nusselt No and iris shear stress
variation with temperature difference (vertical position).

0.02°C 2°C 4°C 6°C
Unmax/Unlet 6.7 373 552 680
Nu (Nusselt number) 4.54 5.49 6.12 6.56

Wall shear stress (iris, Pa) 2.0 x 1075 2.17 x 1073 3.79 x 1073 5.17 x 103
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FIGURE 9. Wall shear stress plot for the anterior iris surface. (a) Horizontal orientation and (b) vertical orientation. AT = 2°C, pore

size = 0.6 um.

shows an approximately linear relationship with AT, but
the proportionality constant is 1.0 x 1073, which is 1.49
times larger then the constant predicted by Canning et al.
This difference may be due to the simplifications applied in
the model by Canning ef al. in the momentum and energy
equation, which allowed them to solve the equations in a
closed form and avoid numerical simulations. The magni-
tude of the shear stress predicted is much less than that
required for the endothelial cell detachment, which is in the
range between 0.51 and 1.53 kg/m/s? as reported by Gerlach
et al® So it is unlikely that fluid shear stress could detach
pigments from the anterior iris surface, but the plot of shear
stress gives insight about the location on the iris surface
from where the probability of detachment of the cells is
maximum in case of some specific diseases or presence
of free pigment granules in the anterior iris layer. For the
horizontal orientation, the wall-shear stress is maximum
near the inner periphery of the iris, while for the vertical
position the maximum shear stress zone is located in the
lower half of the iris surface close to the pupil (Figs. 9(a)
and 9(b)).

Effect of AT Across the Anterior Chamber

As noted earlier, the driving mechanism for the AH
is the temperature difference across the anterior chamber.
A reasonable temperature difference between corneal and
iris surface is AT = 2°C, but conditions such as the out-
side ambient temperature, and whether the eye is open or
closed, can cause variations in the corneal temperature. In
this study, the temperature difference across the anterior
chamber has been varied from 0.02 to 6°C, with 0.02°C
corresponding to the case when the eye-lid is closed and
the corneal temperature is close to the body temperature
(Fig. 10(a)). The flow patterns and the velocity magnitudes
are quite different between the 0.02°C and the 2°C cases.

In the horizontal orientation of the eye, for the 0.02°C case,
the center of the primary recirculation is shifted toward the
iris surface and the magnitude of the maximum velocity
is close to the inlet velocity through the pupil. Since the
flow velocities are small the secondary re-circulation zone
near the TM is not present any more. When the temperature
difference is increased to 4°C (Fig. 10(c)), the profile is
similar to the normal temperature difference (2°C) case but
the magnitude of the maximum velocity is increased by a
factor of 2. A similar profile is observed even for a temper-
ature difference of 6°C with 2.57 times larger magnitude
of maximum velocity compared to the 2°C temperature
difference case.

For the vertical orientation of the eye, at a low AT of
0.02°C, the streamlines are skewed inwards close to the iris
surface (Fig. 10(d)). This is because at this low AT, the
buoyancy-induced flow is weak and comparable in magni-
tude to the inflow that enters the anterior chamber orthog-
onal to the iris surface. As a consequence, the resulting
velocity vector near the pupil aperture is at an angle to
the iris surface. When AT is increased to 2 or 4°C (Figs.
10(e) and 10(f)), the buoyancy induced flow directed up-
wards along the iris is considerably stronger (by an order of
magnitude) than the inflow, and consequently the flow near
the iris surface is essentially parallel to it. By increasing
the temperature difference from 2 to 4°C, the increase in
magnitude of the maximum velocity is 1.5 times, which is
less than the two times increase for the horizontal orienta-
tion. Heys and Barocas'' found that the velocity increased
by 1.5 times when the temperature difference across the
anterior chamber increased from 3 to 7°C, but the flow pat-
tern itself was not significantly affected by this temperature
increase. Thus, their observations are generally consistent
with our predictions.

The average heat flux across the cornea for AT = 2°C
is 550 W/m?2 and for AT = 4°C is 1230 W/m2, which is
in agreement with the results of Heys and Barocas,'! who
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AT = 4°C. Vertical orientation, (d) AT=0.02°C, () AT=2°C, and (f) AT=4°C.

report the average heat flux of 800 W/m? for AT = 3°C. For
the horizontal and vertical orientation respectively, Tables
2 and 3 report the nondimensional maximum velocity, the
average Nusselt number and the shear stress for different
values of AT across the anterior chamber. There is a dif-
ference of two orders of magnitude in maximum velocity
inside the anterior chamber when AT is increased from
0.02 to 6°C, which shows the dominance of buoyancy on
AH flow inside the eye. The non-dimensional heat trans-
fer coefficient (Nusselt number, Nu) at the corneal surface

shows increases with increasing temperature differences.
For both orientations of the eye, Nu has the same value
(4.56) at AT = 0.02°C (expected since buoyancy does not
play a major role) and increases to 6.56 for AT = 6°C.
The similar values for Nu for the two orientations at AT of
6°C is somewhat unexpected since buoyancy is important
at this AT, and the flow patterns are different. However,
these are average values and while the averages are close,
significant differences in the local values are obtained. As
noted earlier, the wall shear stress on the iris surface has
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approximately linear relationship with AT. The constant of
proportionality for horizontal orientation of the eye is 0.53
x 1072 while for the vertical orientation it is 1.0 x 1073,
Clearly the shear stress values are significantly influenced
by the orientation of the eye, with values for the vertical
orientation that are nearly two times those of the horizontal
orientation.

Effect of Pupil Size

Since the size of the pupil opening varies with the in-
tensity of the light in the surroundings, we simulated the
flow for two different diameters of the pupil—5 mm and
3 mm. The same flow rate and depth of the anterior chamber
was maintained. No major change in the IOP or velocity
profile of the AH is observed. This behavior of the flow is
a consequence of almost negligible effect of inlet velocity
on the flow profile and the dominance of buoyancy.

CONCLUDING REMARKS

A three-dimensional model for the anterior chamber
of the eye is developed in order to investigate the flow
and pressure distribution inside the eye. The computational
model includes a two-layer porous matrix model for the
complex Trabecular Meshwork. The IOP predicted inside
the anterior chamber and the pressure drop across the TM
(corresponding to real pore size of the JCT) are found to be
close to experimental observations for a normal eye. The
following major observations are made from the computed
results.

1. Predictions verify the dominance of the buoyancy
as the driving mechanism for the AH flow.

2. The two orientations of the eye, horizontal and ver-
tical, lead to different flow patterns and tempera-
ture distributions. The horizontal orientation leads
to corner recirculation along the iris—=TM junction
while no such corner recirculation is observed for
the vertical orientation.

3. The pressure drop mostly occurs across the TM.
Within the anterior chamber, the variations in pres-
sure are relatively small.

4. The surface shear is higher in the vertical orien-
tation (by a factor of nearly 2). The surface shear
is correlated with pigmentary cell removal, but the
levels in the anterior chamber are not high enough
to lead to cell removal. The average Nusselt number
is not significantly influenced by the orientation of
the eye, although there are significant differences
in the local values.

5. The temperature gradient across the anterior cham-
ber is the key parameter controlling velocity mag-
nitudes, and shear rates. Increasing the temperature
difference from 0.02°C to 6°C produces increases
in the velocity magnitudes by greater than two or-

ders of magnitudes and comparable increases in
shear stress. The average shear stress is shown to
have a linear dependence on the temperature dif-
ference.

6. The pupil opening has little or no influence on the
AH flow pattern or velocity magnitudes.
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