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Abstract

Detachment of Descemet membrane (DM) is a defect that occurs in the cornea of the human eye. Most previous examinations
have focused on relatively simple benchmarks, excluding the complex interaction between intraocular fluid flow and delicate
ocular structures such as the Descemet membrane, particularly in detachment issues. This paper simulates the detached
DM as a flexible membrane to explore the convection inside the anterior chamber (AC) of human eye and to evaluate the
cornea transplantation processes. The analysis is conducted numerically by considering the mixed heat transmission and the
fluid—structure interaction (FSI) within a geometry representing the AC. The study of FSI facilitates the simulation of differ-
ent elasticity modulus E of the detached DM (E = 10% to 10'!), which enables the study of various corneas implemented in
transplantation processes. Rayleigh number is varied from 103 to 10° to simulate thermal therapy of temperature difference
from 0.25 to 250 K. The length of the iris accounts the length of the contacting part of the lens S having the isothermal hot
temperature is also explored. Results reveal that the cornea type affects the stress imparted on the DDM and does not affect
the thermal characteristics or the displacement within the anterior chamber. The shrinkage of the iris elevates the convective
thermal characteristic by about 78%. Elevating the thermal therapy AT from 2.5 to 25 K promotes the heat transfer by 47.6%.
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Introduction

Thermal therapy and understanding the rapture risk in the
Associate Editor Joel Stitzel oversaw review of this article. medical field are important clinical management, contrib-
uting to treating eye diseases [1] and controlling blood
flow through arteries [2]. The human eye components
and the walls of arteries are flexible nature structured. To
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that the wall shear stress induced by flow in the FSI analy-
sis was lower than that in the CFD analysis, attributing this
to the disregarded relative motion in the latter analysis.
However, minor differences were reported between the
two approaches (FSI and CFD) in predicting corrosion
of the magnesium device. CFD and FSI approaches are
also explored in a specific medial application: heart valve
design. Luraghi et al. [5] demonstrated that fluid—struc-
ture interaction (FSI) simulations are more efficient than
computational fluid dynamics (CFD) in enhancing vari-
ous stages of prosthetic heart valve design and develop-
ing improved standards for the preclinical assessment of
medical devices. This implies that computational mod-
eling, specifically FSI, can be a valuable tool throughout
the entire design lifecycle of artificial heart valves, from
initial conceptualization to rigorous testing before human
implantation. The ability of FSI to accurately model the
complex interplay between blood flow and the mechanical
behavior of valve components allows for a more compre-
hensive understanding of device performance under physi-
ological conditions. The numerical FSI analysis was in
greater agreement with experimental results than the CFD
analysis. Hence, FSI analysis provides more realistic fluid
dynamic results than CFD, describing the actual behavior
of polymeric heart valves. Malve et al. [6] investigated
outcome differences between FSI and CFD analyses when
modeling a healthy human left arterial bifurcation. Using
FSI, they examined the effect of wall compliance on cor-
onary hemodynamic regarding wall shear stress. They
observed remarkable discrepancies in both the magnitude
and profile of wall shear stress between the two modeling
approaches for compliant and rigid walls.

Relating with the biomedical applications (human eye
and blood flow in arteries) an analogy with the deforma-
tion of solid structures under fluid flow in enclosure or
channel is significantly affected by fluid—structure interac-
tion, FSI [8]. When fluid flow causes structural deforma-
tion, or conversely, when changes in the structure cause
flow dynamics to change, FSI occurs. Heat exchange rates,
temperature distribution, and pressure drops within the
system can be significantly influenced by this dynamic
interaction [9]. Because of the fluid’s movement, struc-
tures respond to the forces applied by the fluid, which
modulates their geometry in FSI scenarios. As a primary
goal, FSI is often used in heat transfer applications to
optimize heat transfer rates and minimize energy losses in
devices such as heat exchangers, pumps, or turbines [10].
As a result of internal or external forces exerted by the
fluid, deformations in FSI problems can alter the geometry
of the enclosure or channel, affecting both the flow field
and heat transfer process [11, 12]. FSI is pivotal in several
industries, including aerospace, automotive, energy, and
biomedical, with applications such as wind turbine blade
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deformation, airplane wing vibration, blood flow in veins,
and cooling electronic devices [13—15].

Convection involving fluid—structure interactions across
various boundary conditions and geometries has been exten-
sively studied in the field of heat transfer [16—19]. As an
alternative to traditional Lagrangian and Eulerian methods,
arbitrary Lagrangian—Eulerian (ALE) techniques have been
particularly prominent. As a result of this technique, the
computational mesh nodes can move or remain stationary
based on the simulation requirements [20, 21]. This adapt-
ability makes the ALE method ideal for simulating complex
FSI scenarios, such as the study by [22], who explored natu-
ral convection in a vibrating vertical channel and discovered
specific frequency and amplitude combinations could reduce
convection efficiency [23].

There are many engineering applications that require
enclosed cavities, particularly those containing internal
obstacles, such as the thermal management of solar panels,
cooling of electronics components, thermal insulation, and
fuel cells [24-26]. The effects of FSI on heat transfer rates
and fluid dynamics within these systems are often studied
[27]. While these studies are complex and computation-
ally demanding, they provide insights into the behavior of
fluid and structural interactions under natural convection
conditions [28, 29]. For instance, Ref. [30] analyzed tran-
sient mixed convection in an open cavity with elastic walls,
showing that flexible boundaries could enhance heat transfer
by up to 17% under certain conditions. As well, Ref. [31]
studied forced convection and FSI inside an open horizontal
channel with two alternating adiabatic baffles. On the bottom
wall of the channel, a constant heat flux was induced, while
on the top wall, a thin compliant segment was present. The
Nusselt number in a baffled channel was enhanced by nearly
94% by compliant wall segments, highlighting the signifi-
cant potential for flexible structures in enhancing convection.

It has recently been shown that flexible wall and fin
materials are beneficial in thermal systems [32]. Adapt-
able elements respond dynamically to changes in thermal
and mechanical loads, improving the system’s ability
to modulate heat transfer in real time [33]. Component
shapes and elasticity can be customized by engineers so
that heat transfer rates are finely tuned to meet specific
operational requirements. Studies of natural convection
in flexible-sided cavities have shown that the wall’s elas-
tic modulus significantly affects heat transfer dynamics
[34]. The internal Rayleigh and Hartmann numbers of a
flexible-sided triangular cavity showed that an increase in
them tends to decrease heat transfer, as shown in a specific
study. Additionally, an inclined magnetic field was shown
to further suppress convection at high external Rayleigh
numbers [35]. The shape of the cavity can also play a role
in the management of the energy transfer. The horizon-
tal rectangular channel is regarded as one of the most
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straightforward and versatile forms of heat exchangers. In
this design, thermal energy is exchanged through convec-
tive processes between the fluid moving within the channel
and its bounding walls [36]. Using a lid-driven trapezoidal
cavity in 3D, researchers demonstrated that flexible side
surfaces could regulate heat transfer rate, with their elas-
ticity directly proportional to the thermal performance of
the cavity [37]. The adaptability of heat transfer introduces
a refined method for controlling and optimizing it under
various operational conditions [38].

Flexible fins play a notable role in enhancing convec-
tive heat transfer. Ref. [39] investigated mixed convection
within a trapezoidal chamber using flexible fins and non-
Newtonian fluids. Their results showed that shear-thickening
fluids, when combined with flexible fins, achieved higher
Nusselt numbers at low Richardson numbers. Other stud-
ies have examined step-channel configurations with flexible
walls positioned at different locations, finding that vertical
flexible walls can increase heat transfer by 7.3% compared
to rigid walls [40]. These results point to the strategic place-
ment of deformable components as a means of improving
system efficiency. Despite the potential benefits of channels
and enclosures, challenges still exist in achieving high ther-
mal efficiency [41].

The shape of the cavity can also play a role in the man-
agement of the energy transfer. The use of phase change
materials (PCMs) in FSI studies adds another layer of com-
plexity and utility. Ref. [42] explored the interaction of
PCMs with flexible baffles in a semicylindrical enclosure.
Their findings revealed that strong flow circulation, espe-
cially at high Reynolds numbers, caused significant defor-
mation of the baffles, resulting in increased heat transfer
without excessive pressure drop. Energy storage systems can
achieve high thermal performance by combining PCMs with
flexible structures [43].

Aside from the typical enclosure designs, recent years have
seen significant interest in channels and enclosures with corru-
gated or wavy walls. The investigation into natural convection
within such uniquely structured enclosures has been driven
by their extensive application across a variety of industrial
and technological fields [44, 45]. Wavy surfaces increase heat
transfer area, which enhances thermal energy storage effi-
ciency [46]. Ref. [47] examined the effect of hybrid nanoflu-
ids combined with wavy walls on heat transfer in a key study.
The researchers detailed how heat is transferred in these wavy
enclosures by natural convection and conduction, highlight-
ing the synergy between the walls’ physical structure and the
hybrid nanofluids’ thermal properties. Similarly, Ref. [48]
studied the dynamics of free convection in a square enclosure
with wavy walls, studying rarefied gaseous flow dynamics.
Moreover, their findings highlight the significant impact enclo-
sure shape has on heat transfer mechanisms, asserting that the

geometrical characteristics of the walls have a substantial influ-
ence on thermal performance.

Focusing the present study on the FSI application in med-
ical field, it is found that most examinations have concen-
trated on relatively simple benchmarks, excluding the com-
plex interaction between intraocular fluid flow and delicate
ocular designs such as the Descemet membrane, particularly
in detachment issues.

The current work aspires to fill this gap by designing
a comprehensive FSI model that simulates the dynamic
interaction between the intraocular fluid and the detached
Descemet membrane. Hence, the present analysis presents
a further technique by integrating advanced heat-FSI pro-
cedures with complicated CFD modeling to investigate the
human eye’s biomechanical and fluid dynamic behavior
under pathological conditions like Descemet membrane
detachment. This outcome examines how fluid flow within
the eye’s anterior chamber interacts with the detached mem-
brane, influencing both its mechanical stability and the over-
all intraocular pressure. The model shows a more profound
experience of the biomechanical consequences of membrane
detachment, delivering valuable insights into potential thera-
peutic strategies and surgical interventions.

Materials and Methods

A model’s schematic diagram, along with its coordinate
system, is illustrated in Fig. 1. The FSI approach is adopted
for the current problem as it brilliant in biological structure,
Luraghi et al. [5], where it simulates the interaction between
the liquefied vitreous and the DDM. This approach robustly
simulates the DDM velocity transmission to the liquefied
vitreous, as taken into account by Ferroni et al. [4]. Although
saccadic and eye motions affect the fluid dynamics inside
the ocular Ferroni, 2020, drug, these two motions are omit-
ted, and the focus is on the fluid motion driven by buoyancy
force. For Newtonian incompressible liquefied vitreous, the
conservation model can be casted as follow.

V*ut =0, (1)
M (W =W VU = — LV P 4y V20 4+ F
aa—f + W = W) VT = VT, 3)

where T and P* correspond to the temperature and pressure
fields, respectively, while w* = (u, v) defines the velocity
vector of the moving mesh. The fluid velocity vector is rep-
resented by u*. The system’s properties include kinematic
viscosity v;, the density p;, and thermal diffusivity a; (appli-
cable to both the liquid and the structure). Furthermore, the
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Fig. 1 Physical model of the anterior chamber of human eye and the
boundary conditions

body force F accounts to the buoyancy force acting in verti-
cal direction, F = (0, fg(T — T,)), where g denotes the gravi-
tational acceleration and f the thermal volumetric expansion
coefficient. The bending of the flexible DMD is modeled
utilizing [23]

d*d

S * % __ P
p— — Vo' =F, 4)

where ¢*, d:‘, and Fj correspond to the stress distribution,
the displacement of the structural wall, and the applied body
forces, respectively. The deformation of the wall structure was
modeled using a hyper-elastic framework, with the stress ten-
sor ¢* calculated through the Neo-Hookean constitutive model:

o* =J"' ) FSF™, ®)

in which

F=(+Vd), J=det(F) and ) = oW, )
- s? 0T T oe

Here, (Tr) represents the transpose operator. The strain (g)
and its associated energy density (W,) are defined as

W, = % w(J =1, = 3) — p In(J) + %A(ln(]))z, @)
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E =

* 3 # 3T # Ty g
(V! + Vid: + Vil vidy), (8)

N —

where the Lame constants are expressed as y; = E,/(2(1 + v))
and A = E,/[(1 + v)(1 — 2v)]. In this context, ], refers to the
first invariant of the Cauchy—Green deformation tensor. The
material properties, Poisson’s ratio and Young’s modulus, are
denoted by v and (E), respectively. At the interface between
the wall and the liquid, the boundary conditions were enforced
to ensure continuity of displacements and forces:

od;

dtb =u*, ¢ -n=-P" + V" C)

At the interface between the DMD and the liquid, the condi-

tions of thermal equilibrium were applied, ensuring continu-

ity of heat flux and temperature:

oT

— and T=T,

™ : (10)

where n represents the unit normal vector to the wall.
Next, the following dimensionless variables were

introduced:

y=2 x=2 _I-T =d_: =2
L’ L’ T,-T,, ° L’ E*’
% * * *2
W=WL’ u=UL, ZV’ szv—,
o o L L2
5 R P Ly N
P2’ 12’ P v E ’
pt(xf \%
EL? Pt ghip(T, — TOL?
E = Vz, pp=—, Ra=>"""—"-"""—,
P Ps He®¢

1D
Although the Rayleigh number is well known in thermal
engineering, it has significant utility in biomedical context.
This includes the elucidation of natural convection mecha-
nisms within biological systems, contributing to a deeper
understanding of physiological heat transfer processes.
The governing equations were converted into their dimen-
sionless representation as follows:

14d o p (12)

p, dr? T

V-u=0, (13)

3—u+(u—w)-Vu=—VP+PrV2u+PrRa9, (14)
T

20 )

%Y u—w)- Vo = V2.

e (u—w) (15)
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In the above, p, = p¢/p, and a, = a;/a, represent the density
and thermal diffusivity ratios, respectively, while Pr = v;/a;
defines the Prandtl number. Furthermore, the effect of buoy-
ancy-driven body forces on the structure was disregarded, lead-
ingtoF, =0.

The scaled boundary constraints for Egs. (12)—(15) are
expressed as

On the hot lens: 16
u=v=0, 6=1, (16)
On the cornea: 7
u=v=0, 0=0, an
On the adiabatic iris:

00 (18)

— =0.

u=v=_0,
Y

For the deformable DMD, the interaction conditions are

od,

E:u and Eo-n=-P+PrVu (19)
The Nusselt number (Nu), a critical measure of thermal
exchange, reflects the heat transfer rate into the anterior
chamber. The local Nusselt number, describing the thermal
exchange at the hot lens, can be formulated through the sur-
face energy balance as follows:

L 30

M= T T 20
00 00\* [00\?

92 _ /(2 929\ 21
on <ax) +<ay) @b

By integrating the local Nusselt number across the surface,
the average Nusselt number (Nu) is obtained, which signifies
the overall heat transfer rate into the cavity:

s
Nu= l/ NudsS. 22)
S Jo

The non-dimensional control equations in Eqgs. (12)—(15),
along with the initial and boundary conditions in Eqgs.
(16)—(19), are solved numerically using the Galerkin-
weighted residual finite element approach (FEM). The
computational domain is divided into triangular elements,
which are adaptively refined at different stages, as illustrated
in Fig. 2. In the finite element method, the determination
of unknown quantities within individual elements relies on
their values at the nodes of those elements. Specifically,
for approximating solutions for velocity, temperature, and
pressure distributions, each of these physical quantities is
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Fig.2 Distribution of grid points for a mesh size of 5901 at distinct
dimensionless time instances: (left) = = 0.001 and (right) = = 10

interpolated using a chosen set of basis functions, denoted
o4
as [ i]i ’

Mesh generation

Set time interval

Solve the energy
Equation

Solve the Momentum
Equation of Fluid

Iterate between the
staggered steps
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time step l using Newton's
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Solve.the Momentur:n convergence
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Fig.3 The summarized procedure of the numerical FEM
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UV~ MU, VikX, Y),
0~ MO DN(X,Y),
P~ ZVPION(X,Y).

(23)

In this context, i serves as an index for individual nodes,
k marks the current step in a time-based iteration, and M
specifies the overall quantity of nodes. The Newton—Raph-
son method is employed iteratively to solve the system of
nonlinear residual equations that arise from applying the
Galerkin-weighted residual approach within the finite ele-
ment method. This iterative process is crucial for achieving
equilibrium in nonlinear (FEA) problems, where the rela-
tionship between forces and displacements is not linear. The

summarized procedure of the FEM applied in coupling with
ALE is depicted in Fig. 3. A detailed description of the finite
element method implementation can be found in [49].

Furthermore, for each variable in the system, the itera-
tive solution process continues until the relative error sat-
isfies the following criterion:

I"i+1 _ 1"1'
T 24

. ‘ <107°.
Fl+1

To validate the current numerical results, a comparison is
conducted between the findings of this study and the numeri-
cal data from [23] for the fluid—structure interaction (FSI)
model and convective heat transfer within a cavity evenly

-8.97
147
133
-10.4
-4.66
0.53
0.31
- 025 0.25
0.81 "
0.20 i
0.75
92
0.70 | 0.15 0.5 0.14
0.65 ‘ - 0.64
. 0.60 ‘
/ - i 0.083
045 | (/__,-—0 05 .
( 03 0.42 0.1 )

(b)

Fig.4 Streamlines (a) and isotherms (b); Mehryan et al. [23] (left) and present study (right) for Ra = 107, E = 104, and Pr = 6.2
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22F o Experiment
-=0- Numerical
| —— Present work

10° 10’ 10
Ra

Fig.5 Comparison among the current overall Nusselt number and
the experimental data confirmed by [50] and the numerical outcome
according to Churchill’s relation by [51] with Rayleigh number
toward rectangular cavity at AR =4 and Pr=6

partitioned by a flexible membrane. The comparison is per-
formed for Ra = 107, E = 10!, and Pr = 6.2, as illustrated in
Fig. 4. Furthermore, results of the current overall heat trans-
fer have been associated among the experimental outcomes
described by [50] and the numerical outcomes that reported by
[51] for natural convection flow into a cavity with temperature
variation toward side partitions, as exhibited in Fig. 5 when
Pr = 6.0. According to these comparatives, it is observed that
the aimed outcomes are remarkably into excellent agreement
among the results of the earlier published works.

Results

The distribution of the velocity and isotherms within the
aqueous humor (AH) are explored with time as shown in
Figs. 6 and 7. Figure 6 depicts eight maps of the velocity dis-
tribution showing, as assumed, straight DM up to = = 0.01
with mostly symmetric recirculation surrounding the DDM.
Then, when the time progresses the buoyancy force emerges
leading to concentrate recirculation at the upper halve of the
AC which results in subsiding the DM as the maps of = > 0.1
show. The allocation development of the temperature within
the AC with time is shown in Fig. 7. It can be seen from
the maps of the figure that at primal times (z = 0.001 for
example), the isotherms are clustered in uniform fashion. As
time goes on, the uniformity of the isotherms is disturbed.
Figure 8 demonstrates multicellular (four cells) circulation
behavior at Ra = 103, while for high Rayleigh number values
(Ra = 10° and 10°), the four cells merge in two main cells as
can be observed in Fig. 8c, d. On the right hand side of the fig-
ure, the isotherms manifest a uniform behavior for Ra < 104,
where the cold isotherms are parallel to the cornea while the
hot isotherms parallel to the iris/pupil. For strong convection,

Ra = 10° (Fig. 8c), the isotherms contract at the pupil region
with stratified behavior. For stronger convection, Ra = 100
(Fig. 8d), thermal boundary layer looks the thinner in this case.

The effect of the elasticity modulus E of the DDM is
investigated in Fig. 9 for Ra = 10°. The figure presents mar-
ginal variations of the velocity distribution and the isotherms
as well with varying E despite the alteration of the profile
of the DDM.

Figure 10 depicts the variations of the AH circulation
and the isotherms with the length of iris (§) at Ra = 10°
and E = 10'°, The figure displays that for the lengthy iris
(shorter S), the DDM bends down notably as shown in
Fig. 10a. Shortening the iris (elongating S), the considered
amount of the isothermal heating source produces multicel-
lular behavior of the vitreous liquid, and the thermal bound-
ary layer shrinks due to the DDM, which slightly bends
down, as can be observed in Fig. 10d.

The averaged Nusselt number (Nu) is adopted to quantify
the heat transmission within the AC, moreover, the structural
behavior of the DDM and the total displacement of the DDM
and the von Mises stress are explored with the dimensionless
time 7 and other three parameter; Ra, E, and S. Because of
the initial condition and progress of heat transfer, Fig. 11a
unveils a declined attitude of the Nu with the time. Beyond
7 = 0.01, the thermal filed looks stable where the highest
Ra number (Ra = 10°) produces maximum Nu where the
percentage rise is 98% when Ra is magnified one order of
magnitude than 10°. As was attributed in Fig. 8, the total
displacement of the DDM is greater for higher Ra number
as can be seen in Fig. 11b. Raising Ra from 10* to 10, the
displacement is 77% further. Consequently, the stress is also
stronger with raising the Ra number as depicted in Fig. 11c.

The time evolution of the Nu for various E’s, (Fig. 12a),
exhibits marginal influenced heat transfer aspect with E. The
total displacement presented in Fig. 12b refers to the tip of
the DDM therefore, the ribs seen in the curve at 7 = 0.01
exemplifies the fluttering of the DDM. The fluttering case
produces a deformed DDM while the tip is almost fixed in
position. For this explanation, the von Mises stress magnifies
rapidly with raising the elasticity modulus as demonstrated
in Fig. 12c, whereas the total displacement does not.

Figure 13a showcases that with shorter iris (longer S,
where S accounts for the span of the heat source entering the
eye), the convective heat transfer magnifies by 117% when
Ra = 10* and 78% when Ra = 10°, both when S expands
from 0.2 to 0.6. On the other hand, the bending down of the
DDM is significant when S = 0.2, where at Ra = 10%, raising
S from 0.2 to 0.4, the DDM percentage deflection is 67.7%,
while when S is raised from 0.4 to 0.8, the percentage deflec-
tion is 20%. This is due to the difference in the circulations
behavior of the vitreous liquid. The von Mises stress mani-
fests almost uniform reduction with increasing S (Fig. 13c).
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Fig.6 Time evolution of the =103 2
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In the same context, the role of the length of the iris is  that is the DDM subsides notably for the lower value of
displayed with the modulus of elasticity for Ra = 10%as S = 0.2, which means the longer iris. Nevertheless, when
shown in Fig. 14. Figure 14a reveals the uniform rise of the the elasticity modulus of the cornea is large as E = 10'!, the
buoyancy augmentation (increasing Nu) with shortening the  drop down of the DDM is mitigated.
iris (increasing S). The reason that led to this behavior is that
the AC is exposed to substantial hot segment represented by
the eye lens which is set at the human body constant tem-
perature. Figure 14b emphasizes what was stated in Fig. 13b
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Fig.7 Time evolution of =1 —4
the isotherms at Ra = 10°, T 0
E=10"5=07

Discussion

The current analysis assumes standing human case, thus the
buoyancy inside his eye affects parallel to the wall involving

7=10"3 2
0.98 F= 0.98
0.93 = 0.93
0.88 k= 0.88
0.83 k= 0.83
0.78 = 0.78
0.72 k= 0.72
0.67 0.67
0.62 0.62
0.57 0.57
0.52 0.52
0.47 0.47
0.42 0.42
0.37 0.37
0.32 k= 0.32
0.27 k= 0.27
0.22 k= 0.22
0.17 k= 0.17
0.12 F= 0.12
0.07 k= 0.07
0.02 = 0.02

the pupil/iris, which are considered flexible. The detached
Descemet membrane (DDM) is assumed to be dangled from
the cornea as shown in Fig. 1 and forming a flexible DDM.
The aqueous humor (AH) filling the anterior chamber (AC)
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Fig. 10 Variation of the steady velocity (left) and isotherms (right) »

evolution by the length of iris (S) at Ra = 10° and E = 10'°

possesses the properties presented in Table 1 [52]. Assum-
ing the dimension L = 5.5 mm, the Rayleigh number can be
drawn to be Ra = 4008 AT, therefore varying Ra from 103 to
10° can be interpreted as varying AT within the rage: 0.25,
2.5, 25, and 250 K, forming a thermal treatment. The exten-
sions of the iris is represented by reducing the pupil aperture
S. The elasticity modulus is varied from 108 to 10! in order
to simulate different corneas as a transplantation processes.

From the behavior of the AC, it is demonstrated that the
buoyancy force develops with time, leading to concentrated
circulation in the upper part of AC and notable bending of
the DDM (Fig. 7). This observation aligns with the aneu-
rysm growth over time reported by [32]. In addition, the
Rayleigh number plays a pivotal role in emerging the buoy-
ancy force in the AC. As previously mentioned, raising the
Rayleigh number is interpreted by raising the temperature
difference between the iris/pupil and the cornea. Hence, the
significant convection is the main cause of sharp deflection
of the DDM. The sharp deflection of the DDM provides free
circulation region, which contribute in throwing the ther-
mal boundary layer, which looks the thinner in the higher
Rayleigh number. Considering that higher Rayleigh number
cases place extra thermal loads on the cornea during opera-
tions implementing laser surgery, in practice, care should be
taken at high Rayleigh numbers.

Varying the elasticity modulus demonstrates marginal
effect upon the thermal and fluid flow (Fig. 9) because of
gravity effect along with assumed standing case of human.
In this study, the thickness of the DDM is taken to (1.2 mm);
however, varying this thickness (left for a future work) may
result in different thermal and fluid flow aspects.

People have different iris configurations [53]; therefore, it is
wise to explore the length of the iris, which affects, as a result,
the length of the contacting part of the lens S having the isother-
mal hot temperature. For the lengthy iris (shorter S). The iso-
therms are contracted at the midspan of the AC, leading to domi-
nant recirculation in the upper half of the AC. Consequently,
the buoyancy force intensifies above the DDM; thus, it bends.
The intensified circulation of the vitreous liquid causes retinal
detachment, retinal tears, or bleeding, which is a critical medical
case, and may cause vision loss. The isotherms consequently are
do not influenced by the DDM.

The excessive increase in the temperature of the vitre-
ous liquid and the deflection of the DDM must be carefully
controlled to prevent thermal injury to the eye during clini-
cal procedures and excessive stresses on the DDM. For this
reason, the Nusselt number and the total displacement, along
with the von Mises stresses, were tracked with the studied
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Fig. 11 Variation of the unsteady a average Nusselt number (Nu), b Total Displacement, and ¢ von Mises stress with 7 for different Ra at

E=10"and S =0.7

parameters (Figs. 11, 12, 13, 14). In this context, the uni-
form rise of the buoyancy augmentation (increasing Nu)
with shortening the iris refers to that the AC is exposed to
substantial hot segment represented by the eye lens which
is set at the human body constant temperature. On the other
hand, the ribs of the total displacement that seen at = 0.01
exemplifies the fluttering of the DDM. The fluttering case
produces a deformed DDM while the tip is almost fixed in
position. Moreover, it is sought that the von Mises stress in
the DDM is a power function of the elasticity modulus E.
This is because the limited deformation in the DDM leads
to concentrated stress.

The current study is limited to a 2D analysis and fixed
DDM thickness. Future research could expand this study to
3D and investigate variable DDM thickness. Additionally,
incorporating the effects of saccadic [3] and eye rotation [4]

@ Springer

on the DDM using FSI analysis would provide vital benefit
to the medical field of ophthalmology.

Conclusion

This paper explores the FSI analysis of convection within the
anterior chamber (AC) of a human eye experiencing Descemet
membrane (DM) detachment. The numerical analysis consid-
ers coupled heat transmission and fluid flow within a geometry
representing the AC, including a flexible membrane represent-
ing the detached DM. The study demonstrates that FSI analysis
enables the simulation of various elasticity modulus for detached
Descemet membrane, an ocular disease, which facilitates the
prediction of corneal behavior in transplantation processes. The
cornea’s elasticity modulus affects the stress imparted on the
DDM but not the heat transfer or displacement. The iris’s exten-
sion lowers the hot segment S, which induces mixed convection
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within the anterior chamber of the human eye, thereby weak-
ening heat transfer. Consequently, when § increases from 0.2
to 0.6, the average Nusselt number rises by 78% at Ra = 10°,
indicating a significant enhancement in convective heat trans-
fer that must be carefully managed to prevent thermal injury to
the eye during clinical procedures. For the general human case,

raising the Rayleigh number is proportional to the temperature
difference between the pupil and the cornea, according to the
relation Ra = 4008AT'. Thus, the thermal treatment of the eye
can be interpreted by controlling the Rayleigh number.
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Table 1 Physical properties of the aqueous humor, AH [52]

Coefficient of thermal expansion, f (1/K) 3x 10
Specific heat, C'J J/kgK) 4200
Viscosity, p (kg/m s) 0.9x 1073
Thermal conductivity, k (W/m K) 0.57
Density, p (kg/m?) 1000
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