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Abstract: Cerebrospinal fluid (CSF) is a symmetric flow transport that surrounds brain and central
nervous system (CNS). Congenital hydrocephalusis is an asymmetric and unusual cerebrospinal
fluid flow during fetal development. This dumping impact enhances the elasticity over the ventricle
wall. Henceforth, compression change influences the force of brain tissues. This paper presents a
mathematical model to establish the effects of ventricular elasticity through a porous channel. The
current model is good enough for immediate use by a neurosurgeon. The mathematical model is
likely to be a powerful tool for the better treatment of hydrocephalus and other brain biomechanics.
The non-linear dimensionless governing equations are solved using a perturbation technique, and
the outcome is portrayed graphically with the aid of MATLAB.

Keywords: congenital hydrocephalus; Darcy number; elasticity; fetal development; Peclet number;
resistance

1. Introduction

Cerebrospinal fluid is an emerging fluid in biomechanics. It has been used by many
researchers for prognosis of pathophysiological disorders. It has a wide interest in terms
of various characteristics of flows under disparate conditions. The development of cere-
brospinal fluid (CSF) is connected to the cardiovascular and respiratory systems. The heart
drives blood flow, including at the beginning of CSF pulsation through the development
and constriction of cerebral veins. The respiration of cardiovascular activity affects the
volume of the spinal subarachnoid space (SAS). Hydrocephalus is a CSF pathology that
can be analyzed to diagnose and predict the disease.

Hydrocephalus is a secretion of an excess amount of CSF in the brain parenchyma.
The ventricles are enlarged with accumulated CSF due to the regular pressure of the
hydrocephalus; on the other hand, the intracranial pressure remains normal. Alternatively,
a large pressure gradient forms across the blockage and thus provides a mechanism
responsible for ventricular expansion and tissue compression. The symptoms may vary for
different age groups.

Bering et al. [1] illustrated the effects of the hydrocephalus in the absorption and
origination of cerebrospinal fluid within the cerebral ventricles. An experiment has been
conducted using dog CSF to determine the resistance and pressure of the fluid flow
followed by injecting a drug into the ventricular volume through various experiments.
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Pressure differences between SAS and lateral ventricles and differences between the ob-
served and predicted CSF pulsatile flow velocities in the anterior area point towards brain
was shown by Lininger et al. [2].

The distribution of any drug in the brain, such as interleukin-2, is controlled by the
transport route contained in the brain and on the various drug effects, such as concentration,
hydrophobicity, and corresponding brain tissue, as was illustrated in S. Kalyanasundaram
et al. [3]. The model shows the intracranial pressure (ICP) in a pulsatile motion, which
results in the changes in cerebral blood volume that occur within a rigid space. At minimum
and moderate values of ICP, the amplitude mainly reflects the cerebral pressure-volume, as
studied by Mauro Ursino [4].

Minor pathway hydrocephalus based on the progression of CSF dynamics was sim-
ulated by Nigel Peter Syms et al. [5]. A three-dimensional fluid construction connection
displaying was used for recreation of contrasted and ordinary non-communicating hydro-
cephalus (NCH) patients at the pre-treatment stage. Assessment of ventricles’ volume and
increase in CSF pressure (prior to shunting) following outcome approval showed that these
boundaries were the most legitimate hydrodynamic lists and that the NCH type does not
have any critical impact on changes, as clearly illustrated in Seifollah Gholampour [6]. The
pressure volume model for a CSF hydrocephalus to predict the nature of ventricle flow
pressure and its excretion volume was developed by Kauffman J and Drapaca [7].

A case report on treatment under intracranial pressure observation with a bilateral
ventriculoperitoneal switch for negative pressure hydrocephalus was clearly estimated
by Sajan Pandey et al. [8]. The instinctive bearings of brain analysis using the various
known methods of mechanics were discussed by Karol Miller et al. [9]. Three-dimensional
computational models of the cerebrospinal fluid (CSF) stream and cerebrum tissue are
introduced for the assessment of their hydrodynamic conditions prior to and then after
shunting for seven patients with non-imparting hydrocephalus, as described by S. Gho-
lampour et al. [10]. Keith Sharp et al. [11] described a model to express the significance
of Taylor dispersion in thesSuperior subarachnoid space (SSS), and “glymphatic system”
spaces might be controlled clinically for the improvement of fluid transportation.

The computational model portrays the pulsatile twisting of the third ventricle due
to the beating of blood vessels and the subsequent CSF elements inside cerebrum path-
ways. This demonstrates that the lateral ventricles’ development prompts an unloading
impact on the strain applied to the dividers of the ventricles. These outcomes may lead
to minimized intracranial strain (ICP) adequacy, as studied by João Apura et al. [12]. CSF
imaging advances that provide a better idea of CSF dynamics and the pathophysiology
of hydrocephalus with an pulse image of CSF dynamics were shown in Shinya Yamada
et al. [13]. A computational study analyzed the effects on the flow and elastic behavior over
the ventricle walls. Differences of the results are processed by clinical data solved with the
Time-SLIP MRI, which entrap ventricular CSF flows for affected patients, as investigated
by Willlam W. Liou et al. [14] and G Soza et al. [15].

A multi-phase poro-elastic model for the mind is important, depending on clinical
information. The model can be utilized to portray the solid brain, the cerebrum with hydro-
cephalus, and the progress between them because of an adjustment of model boundaries
was illustrated by G. S. Yan’kova et al. [16]. The numerical method based on Blasius’s
approach for flow past a flat plate in the case of heat transfer for large Reynolds numbers
has been discussed by Dreglea and Shishkin [17] and also in [18]. There are two models,
namely development and normophysiology, and hypoxic and hypercapnic conditions.
These models process the physiological variables identified especially in adult humans
under both pathological conditions and in normal conditions, which explain the basic
mechanisms analysed by Antonio Albanese et al. [19]. Inlet and outlet boundary conditions
used to improve the computational simulation of hydrocephalus patients were modeled
by Seifollah Gholampour & Nasser Fatouraee [20]. Pathophysiology of hydrocephalus its
different types are clearly explained by Deepak Gupta et al. [21], and a bio-mechanical
model of the brain was studied in a book authored by K. Miller et al. [22].
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Hydrocephalus in porous media has been illustrated by B. Hemalatha and S. Sen-
thamilselvi [23].

Elasticity plays a major role in congenital hydrocephalus, which implies the ventricle
shape. The most well-known treatment for hydrocephalus is the careful inclusion of a
drainage system called a shunt, which is an adaptable cylinder with a valve that keeps
liquid from the cerebrum streaming the correct way and at the appropriate rate. Every
month, the CSF secretion in a human body will be approximately 400–600 (depends on
age). As the CSF acts as a mass transfer, it will secreted and absorbed blood around three
time per day.

In this paper, we develop a mathematical model for unsteady and asymmetric viscous
incompressible fluid flow for porous parenchyma due to congenital hydrocephalus. To
the best of the authors’ knowledge, the effect of elasticity with a chemical reaction on the
hydrocephalus’s asymmetric channel has not been studied in the literature. The purpose of
this paper is to analyze the lateral ventricular elasticity for congenital hydrocephalus in an
asymmetric flow with species concentration. The governing equations of fluid flow are
solved subject to relevant boundary conditions. The influence of various parameters on
velocity, “u”, and species concentration, “c”, is studied, and analytical results obtained are
shown graphically. The problem is characterized in Section 2, and Section 3 incorporates
the solutions for flow and mass transport analysis. The graphical results are presented and
discussed in Section 4. Section 5 contains the summary and conclusions.

2. Mathematical Formulation

CSF is a water-like viscous incompressible Newtonian fluid [3]. CSF can be considered
as an unsteady laminar flow bounded by porous parenchyma pia matter and Dura
matter [11]. CSF is produced by ventricles of choroid plexus more adequate in the first two
lateral ventricles, providing nutrients that remove waste diffusions, and helps to protect
the brain from skull damage. Later, CSF will be absorbed by arachnoid granulation called
Arachnoid villi. The barrier between the CSF and the blood in these granulations is thin,
enabling CSF to pass into the bloodstream, where it is absorbed and passes throughout the
body as a blood.

Congenital hydrocephalus is an abnormal free-convection CSF flow that deforms
the ventricular size. We have discussed the flow shunt by hydrocephalus in which the
fluid flows through porous media. Here, lateral ventricles act as a viscoelastic model. We
extended the paper of B. Hemalatha and S. Senthamilselvi [23] to describe the effects of
hydrocephalus in porous media with elasticity. Viscous and Darcy’s resistance terms are
considered with constant permeability of the porous medium. Let us take the cartesian
coordinates as x and y in which the fluid flows are normal to one another. C refers to
the species concentrations at the walls with mass diffusion coefficient D. Under these
assumptions, the governing equations for CSF in an asymmetric channel with resistance
was incorporated in Figure 1 may be written as:

∂ṽ
∂ỹ

= 0. (1)

Let us consider the Navier–Stokes Equation of [11] Hemalatha et al., with elasticity as

∂ũ
∂t̃

+ Gv0
∂ũ
∂ỹ

=
−1
ρ

∂ p̃
∂x̃

+ ν
∂2ũ
∂ỹ2 +

RN
ρ

ũ +
ν

k
ũ. (2)
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Figure 1. Fluid flow configuration.

The following equation represents the molecular diffusivity of cerebrospinal fluid

∂c̃
∂t̃

+ v0
∂c̃
∂ỹ

= D
∂2 c̃
∂ỹ2 − kc̃ (3)

with suitable boundary conditions,

i f ỹ = 0, then ũ = 0, c̃ = 1;

i f ỹ = h, then ũ = 1, c̃ = 0.

Here,˜ indicates the parameters with different dimensions and units. After the equa-
tions are non-dimensionalized, the governing equations from (1) to (3) will become

∂v
∂y

= 0, (4)

Re
[

∂u
∂t

+ G
∂u
∂y

]
= −∂P

∂x
+ ν

∂2u
∂y2 + Gpu + S2u, (5)

∂c
∂t

+
∂c
∂y

=
1

Pe
∂2c
∂y2 − kc, (6)

with the corresponding boundary conditions,

i f y = 0, then ũ = 0, c̃ = 1;

i f y = 1, then ũ = 1, c̃ = 0.

In the non-dimensional governing equations, the following dimensionless quantities
are introduced:

u =
ũ
v0

; P =
p̃

ρv0ν
; t =

v0 t̃
h

; y =
ỹ
h

;

x =
x̃
h

; G =
stress
strain

(Young′s modulus); c =
c̃
c0

Gp =
Rh2N

νρ
(Particle mass parameter); Da =

K
h2 (Darcy number);

Re =
hv0

ν
(Reynolds Number); Pe =

v0h
D

(Peclet number);

S =
1

Da
; K =

hk
v0

(Reciprocal o f Darcy number); K =
hk
v0

(Chemical reaction parameter).
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3. Method of Solution

The non-linear partial differential Equations (4)–(6) are quite challenging to solve
using an analytical method; therefore, we put forth a perturbation technique to solve the
non-linear PDE. We represent an arbitrary constant perturbation parameter ε(ε << 1) for
the fluid velocity, pressure, and transport diffusivity term using the support of various
parameters such as the Reynolds number, resistance parameter, Youngs modulus, Peclet
number for mass transfer, and the permeability parameter Darcy number.

Let us consider velocity U, pressure P, and concentration C as follows,

U(y, t) = u0 + εeλtu1 + O(ε2), (7)

P(y, t) = u + εeλt p1 + O(ε2), (8)

C(y, t) = c0 + εeλtc1 + O(ε2), (9)

omitting the higher order of O(ε2). Using Equations (7)–(9) in (5) and (6), we get

d2u0

dy2 − GRe
du0

dy
+ (Gp + S2)u0 = g, (10)

d2u1

dy2 − GRe
du1

dy
− (λRe− Gp − S2)u1 = 0, (11)

d2c0

dy2 − Pe
dc0

dy
− KPe c0 = 0, (12)

d2c1

dy2 − Pe
dc1

dy
− Pe(λ + k)c1 = 0. (13)

The base u0, c0 and perturbed part u1, c1 of the momentum and transport diffusivity
equation are given by

u0 = A01em1y + A02em2y +
p

Gp + S2 , (14)

u1 = A13em3y + A14em4y, (15)

c0 = B01em5y + B02em6y, (16)

c1 = B17em7y + B18em8y. (17)

The value of the constants in base and perturb part were clearly illustrated in Appendix A.
Using the perturbation technique, the equations of momentum and species concentra-

tion are assumed as,

U(x, y, t) = u0 + εeλtu1,

C(x, y, t) = c0 + εeλtc1.

Substituting the above Equations (14)–(17) in the above result, we get,

U(x, y, t) = A01em1y + A02em2y p
Gp + S2 + εeλt(A13em3y + A14em4y), (18)

C(x, y, t) = B01em5y + B02em6y + εeλt(B17em7y + B18em8y). (19)

4. Results and Discussion

The analytical solution of the present problem is determined using the perturbation
technique, and the results are portrayed in graph, showing the interesting features and
significance of the physical parameters on velocity and concentration. To study the effects
of elasticity of congenital hydrocephalus in an asymmetric flow channel, the velocity u and
the species concentration profiles C are depicted graphically against y for different values
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of different parameters such as the particle mass parameter, Darcy number S2, Young’s
modulus G, Reynolds number Re, Peclet number for mass transfer, and chemical reaction
parameter K. The graphs were plotted using MATLAB. As the Reynolds number varies
from 150 to 420, we have estimated the error and it has been disported in Table 1.

The Reynolds number of the fluid flow ranges from 150 to 420. The inertial force
increases predominantly as the CSF drains the entire ventricles. In Figure 2, the Reynolds
number significantly increases as the ventricle size increases, after which the fluid gets
drained by lumbar puncture through suction. Hence, the excess fluid passes to the diges-
tive system.

Figure 2. Variation of Reynolds number ‘Re’ in velocity distribution with t = 0.1, G = 0.901, λ = 0.3,
g = 0.37, ε = 0.01, Gp = 0.33.

In Figure 3, there is a lesser resistance after the fluid level increases and then Gp slowly
rises. Henceforth, it can be biologically interpreted that the lateral ventricle deforms back
to its original spot.

Figure 3. Variation of particle mass parameter ‘Gp’ in velocity distribution with t = 0.1, G = 0.901,
g = 0.37, λ = 0.3, ε = 0.01, Gp = 0.33, Re = 150.

There is a significant increase in pressure difference and Young’s modulus of elasticity,
and rate of deformation with strain (G) increases due to congenital hydrocephalus in
Figure 4. It is understood clearly that the rate of deformation increases with the increase in
fluid velocity.
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Figure 4. Variation of Youngs Modulus G in velocity distribution with t = 0.1, λ = 0.3, ε = 0.01,
g = 0.37, Re = 150, Gp = 0.3, Da = 0.33.

The permeability of the fluid medium increases as it retains its elasticity with respect
to its characteristic length of layer considered in Figure 5. The Darcy number is assumed
not to exceed 1, and it increases as velocity of the fluid increases.

Figure 5. Variation of Darcy number Da in velocity distribution with t = 0.1, λ = 0.3, ε = 0.01,
p = 0.37, Re = 150, Gp = 0.3, G = 0.901.

The mass transfer parameter increases advection transport rate in a promising way
compared to the diffusive transport. There is an adequate motion of fluid due to the nature
of the hydrocephalus. Hence, it is understood that the chemical reaction increases as the
fluid transport diffusivity decreases has given in Figure 6.

To understand the characteristic behavior of the velocity and concentration, fluid
flow (v) and (c) are calculated by varying the emerging flow parameters such as Young’s
Modulus, particle mass parameter, Reynolds Number, Darcy Number, and Peclet Number.
The obtained results are influenced graphically to show the different values of various
parameters. We calculated the statistical error as the Reynolds number increases from 150
to 420 to achieve the error approximation.
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Figure 6. Variation of Peclet number ‘Pe’ in concentration distribution with k = 0.03, t = 0.1, ε = 0.06,
and λ = 0.03.

Error Approximation for Dimensionless Number (Re)

Percentage of error for the flow velocity for Reynolds number from 150 to 340 by using
the truncation error is given in Table 1.

Table 1. Error Estimation for Reynolds Number.

Re
Velocity of Fluid Flow

Relative Error |Error|%
True Value Measured Value

150 −4.19 × 10134 1.4536 × 10135 −0.776109002 77.61090023
250 −1.87 × 10135 6.4925 × 10135 −0.776109002 77.61090023
317 −8.37 × 10135 2.8998 × 10136 −0.776109002 77.61090023
322 −3.74 × 10136 1.2952 × 10137 −0.776109002 77.61090023
340 −1.67 × 10137 −1.6688 × 10137 −0.776109002 77.61090023

5. Conclusions

The present study highlights the comprehension of CSF dynamics in the population
affected by hydrocephalus. Further, the upgraded biocompatible material and novel
strategies are recommended to be utilized in the creation of models to limit the danger
of avoidable diseases. Continuous study assists with deciding seriousness of sickness
and increasing the doctor’s understanding during clinical evaluation and anticipation
of patients’ conditions. The development of CSF during constrained convection can be
distinguished at the level of the brain during hydrocephalus. Reynolds Re and Peclet
Number Pe increases significantly with fluid velocity and concentration in the region.

The effect of increasing Elastic (Young’s) modulus parameter increased eventually
as the rates of velocity distributions are enhanced. The effect of velocity distribution is
increased rapidly with increasing Reynolds number. The rate of velocity profile in the form
of a graph is increased with increasing porosity parameter. The concentration of the fluid
layer is enhanced with rises in the Peclet number. The momentum of the cerebrospinal
fluid increases corresponding to the various resistance parameters and porosity parameter,
the Darcy number.

It can be concluded that the establishment of CSF resistance and elasticity are not
adequate to explain the mechanism of ventricular hump and depletion. Therefore, cardinal
studies are needed on the tissue-related effects of brain parenchyma, dura and cranium;
their relationship to cerebrospinal parameters; and how both are altered by the hydro-
cephalic process. Finally, we conclude that our study, along with the neurological literature,
shows that that an active part of the brain elasticity in the etiology of adult hydrocephalusto
can help professionals to identify the statistical findings for various patients.
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Nomenclature

CSF cerebrospinal fluid
x̃, ỹ cartesian coordinates
x, y dimensionless cartesian coordinates
t̃ time parameter
t dimensionless time parameter
c̃ concentration of the fluid
c dimensionless concentraion
SAS subarachnoid space
p̃ fluid pressure
ũ, ṽ velocity of the fluid flow
u, v dimensionless velocity of the fluid flow
h characteristics length
u0 initial velocity of the fluid flow
λ positive real constant
c0 initial concentration of the fluid
u, v Velocity of the fluid
ν Kinematic viscosity of the fluid
ρ Density of the fluid
G (elasticity) Young’s modulus of the fluid flow
p dimensionless constant pressure
K chemical reaction parameter
g dimensionless pressure
k Permeability of the porous medium
D Coefficient of mass diffusivity of the fluid
Pe Peclet number for mass transfer
Re Reynolds Number
Da Darcy Number
Gp particle mass parameter
ε perturbation parameter (ε� 1)



Symmetry 2021, 13, 2087 10 of 12

Appendix A

m1 =
GRe +

√
(GRe)2 − 4(Gp + S2)

2

m2 =
GRe−

√
(GRe)2 − 4(Gp + S2)

2

A01 = −A02 −
p

Gp + S2

A02 =
1

em2 − 1

[
1− p(em1 − 1)

Gp + S2

]
m3 =

GRe +
√
(GRe)2 − 4(λRe− Gp− S2)

2

m4 =
GRe−

√
(GRe)2 − 4(λRe− Gp− S2)

2
A13 = −A14

A14 =
1

em4 − em3

m5 =
Pe +

√
(Pe)2 + 4(KPe)

2

m6 =
Pe−

√
(Pe)2 + 4(KPe)

2
B01 = −B02

B02 =
−em5

em6 − em5

m7 =
Pe +

√
(Pe)2 + 4Pe(K + λ)

2

m8 =
Pe−

√
(Pe)2 + 4Pe(K + λ)

2
B17 = −B18

B18 =
−em7

em8 − em7
.

Here we used MATLAB coding to portrait the graphical form of the above analytical
method.

Hence determine the momentum equation and transport diffusivity equation we use
the following MATLAB coding to predict the nature of cerebrospinal fluid flow velocity
and its concentration.

%%%%%%%%%%%%%%%%%% Momentum Equation %%%%%%%%%%%%
m1 = (1/2) ∗ (Re ∗ G + sqrt((Re ∗ G)2 − (4 ∗ (Gp− s2))));
m2 = (1/2) ∗ (Re ∗ G− sqrt((Re ∗ G)2 − (4 ∗ (Gp− s2))));
A02 = (1/(exp(m2))− 1) ∗ (1− (p ∗ (1− exp(m1))/(Gp− (s2))));
A01 = −A02− (p/Gp− s2);
u0 = (A01 ∗ exp(m1 ∗ y)) + (A02 ∗ exp(m2 ∗ y)) + (p/Gp− s2);
m3 = (1/2) ∗ (Re ∗ G + sqrt((Re ∗ G)2 + (4 ∗ (Re ∗ lambda)− Gp + s2)));
m4 = (1/2) ∗ (Re ∗ G− sqrt((Re ∗ G)2 + (4 ∗ (Re ∗ lambda)− Gp + s2)));
u1 = (exp(m4 ∗ y)− exp(m3 ∗ y))/(exp(m4)− exp(m3));
u = (u0) + ((epsilon ∗ exp(lambda ∗ t)) ∗ (u1));
plot(y, u,′ m−′,′ Linewidth′, 1);hold on
%%%%%%%%%%%%% % Concentration Equation % %%%%%%%%
a1 = sqrt((pe)2 + (4 ∗ k ∗ pe));
m5 = (pe + a1)/2;
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m6 = (pe− a1)/2;
a2 = m5 ∗ y;
a3 = m6 ∗ y;
a4 = exp(a3)− exp(a2);
c0 = exp(a2)− (exp(m5) ∗ (a4)/(exp(m6)− exp(m5)));
b1 = sqrt((pe)2 + (4 ∗ (k + lambda) ∗ pe));
m7 = (pe + b1)/2;
m8 = (pe− b1)/2;
b2 = m7 ∗ y;
b3 = m8 ∗ y;
b4 = exp(b3)− exp(b2);
c1 = exp(b2)− (exp(m7) ∗ (b4)/(exp(m8)− exp(m7)));
c = (c0) + ((epsilon ∗ exp(lambda ∗ t)) ∗ (c1));
plot(y, c,′ m−′,′ Linewidth′, 1);hold on
%%%%%%%%%%% %%%%%%%%%%% %%%%%%%%%%%
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