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Nomenclature

Dimensional quantities

Symbol

Xo

Interpretation

PCL and ACL mean width
Wave speed

Wavelength

Components of velocity that are imparted to the fluid by cilia tips

Cilia length

Velocity vector

Velocity component in fixed frame
Velocity component in wave frame
Pressure in fixed frame

Pressure in wave frame

Extra stress tensor

Temperature at the center of the tube
Temperature at the ciliated wall
Temperature

Concentration at the center of the tube
Concentration at the ciliated wall
Concentration

Specific heat constant

Thermal conductivity of fluid
Coefficient of mass diffusivity
Body force per unit mass
Relaxation time

Viscosities

Constant density of fluid

Reference position of fluid particles

Dimensionless quantities

Symbols
ek

Wek)

M

Br(k)

Meaning

Slip parameter
Weissenberg number
Effective viscosity
Brinkman number
Schmidt number
Soret number
Conductivity ratio
Mass diffusivity ratio

Pressure gradient at the airways entrance
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1. Introduction

Secretion of mucus is typically the first line of defense for the human airways. Goblet and
ciliary cells are the two main cell types on the mucous membrane of the human airway
epithelium. Goblet cells are the specialized secretory cells that secrete a viscoelastic na-
ture fluid called mucus. The mucus consists of 95% of water, 2%—-3% of macromolecular
glycoproteins, 0.1%-0.5% of proteoglycans, and 0.3%-0.5% of lipids, DNA, and proteins.
Energy from the hydrolysis of adenosine triphosphate (ATP) opens the pores in a goblet
cell’s plasma membrane, triggering the process of exocytosis. The exocytosis, in turn,
causes the pores to extend into the airway lumen and secrete mucus quickly. By trapping
and clearing inhaled particles, bacteria, and irritants, mucus helps to protect the airways.
However, for mucus hypersecretion in chronic obstructive pulmonary disease (COPD), ab-
normally high mucus secretion occurs, resulting in excess mucus in the airway lumen. The
mucus, in turn, forms the airway surface layer (ASL) and blocks the airway passage. The
ASL further comprises two immiscible layers: the upper peri ciliary layer (PCL) and the
lower airway ciliary layer (ACL). The mucus buildup may impair lung function, impede
mucus clearance, and block airways. This excess of mucus can also trap dust, allergens,
and pathogens in the air, increasing respiratory symptoms and raising the risk of infec-
tion. To effectively treat airway blockage and enhance respiratory health, it is essential to
comprehend the processes driving mucus hypersecretion [13, 15, 28, 29, 31, 34].

The human airways’ mucous membrane epithelium contains ciliary cells found within
goblet secretory cells. The structure of ciliary cells is hair-like. A ciliary cell uses the
energy from ATP hydrolysis to execute a series of effective and recovery strokes. A cil-
iary cell moves the fluid forward during the effective stroke and returns to its initial state
in the recovery stroke. A series of effective and recovery strokes cause a ciliary cell’s
whip-like swaying motion. A large number of ciliary cells work together to produce a
metachronal wave through their collective swaying movements. With varying amplitudes,
this wave propagates in the shape of an envelope along an elliptical path at a wave speed
[2, 9, 20, 21, 24, 30, 33, 35]. This wave, in turn, makes removing foreign objects like
dust, germs, and debris easier, avoiding their buildup and possible damage to the airways.
However, ciliary cells may not function properly when there is an increased volume of
mucus, leading to impaired mucociliary clearance (MCC) and restricted ciliary function.
The excess mucus can hinder the movement of the cilia, causing mucus buildup, airway
blockage, and difficulty clearing the mucus [10, 11, 27, 37]. Understanding the role of
ciliary cells in hypersecretion is crucial to developing treatments that can improve mucus
clearance and alleviate respiratory symptoms.

In their investigation, Magbool et al. [23] considered the effects of mucociliary flow’s
concentration and temperature of Phan-Thien-Tanner fluid in an airway channel. The
ACL and PCL, two layers of immiscible fluids, were regarded as the components of ASL.
The PCL had the highest temperature and velocity, whereas the ACL had the highest
concentration. Recently, Ashraf et al. [5] proposed a two-layered mucociliary mathemat-
ical model. In their model, the ciliary movement and pressure gradient at the airway
channel entrance induced the flow. They characterized the rheological properties of mu-



A. Alaidrous, H. Ashraf / Eur. J. Pure Appl. Math, 18 (1) (2025), 5581 4 of 30

cus in the airways using third-grade fluid. They employed the Adomian decomposition
method to solve the formulated nonlinear partial differential equations. They found that
the pressure gradient at the channel entrance and the high Deborah number had significant
effects. As far as the author knows, previous research has yet to investigate the thermal
and concentration aspects of Johnson-Segalman mucociliary fluid flow while considering
the hypersecretion scenario of mucus. Further investigation is required to comprehend the
flow dynamics related to the mucociliary flow with airway mucus hypersecretion to fill this
research void.

Most biofluids exhibit viscoelastic properties, such as mucus, vaginal discharge, develop-
ing embryos, synovial fluid, and fallopian tubal fluid [8, 14, 19, 26]. Because viscoelastic
fluids come in a wide range of varieties, it is still not possible to provide a fluid model
that fully captures all their rheological properties. Many models have been developed in
the literature to characterize and forecast the behavior and physical attributes of various
materials with viscoelastic fluid characteristics. The Johnson-Segalman fluid model is a
type of viscoelastic fluid that allows for non-affine deformations. From this model, one can
recover both the Maxwell and Newtonian fluids as special cases. The spurt phenomenon
can be used to explain this model, which refers to the significant increase in volume until
a critical pressure gradient is reached. At this point, there is only a minor increase in
the driving pressure gradient [6, 16, 18, 22, 25, 32]. As the mucus moves, it continuously
grows, making the Johnson-Segalman fluid model useful for analyzing mucociliary trans-
port in the human airways.

Mathematics modeling of non-Newtonian fluids produces extremely nonlinear ordinary and
partial differential equations. These equations are complex to solve for closed-form solu-
tions because of their nonlinear nature. Several analytical techniques have been developed
to find approximate series solutions for related issues to overcome this challenge. Differen-
tial, ordinary, and partial equations have been solved numerous times with the Adomian
decomposition method (ADM). One distinctive feature is that ADM is not constrained by
tiny parameters, linearization, or perturbation. Instead, we obtain a convergent solution
in a straightforward manner by solving recursive relations. Hosseini and Nasabzadeh [17]
provided the criteria for the rapid convergence of the solution obtained through ADM.
The first few terms of the series solution can be computed to find an accurate approxima-
tion solution. In our case, the mucociliary flow of Johnson-Segalman fluid in the human
airways makes finding an exact solution challenging. We employ ADM in this analysis to
solve a set of nonlinear partial differential equations [1, 4, 12, 36].

This paper aims to improve the mathematical model of two-layered mucociliary transport
in human airways, as proposed by Ashraf et al. [5], within the context of human airway
mucus hypersecretion in COPD. This analysis is unique as it focuses on the scenario where
the secreted fluid fills the airway channel lumen. The mucus comprises two immiscible
layers, the ACL and PCL, which can trap dust, allergens, and pathogens under specific air-
way entrance pressure gradient conditions. We characterize the secreted mucus using the
Johnson-Segalman fluid model. This analysis focuses on investigating the response of the
Johnson-Segalman fluid to concentration and temperature changes in a finite, symmetric
airway channel in a mucus hypersecretion context. We will utilize the smaller Reynolds
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number and long wavelength assumptions to simplify the resultant PDEs. In turn, we
will make use of the ADM to solve subsequent PDEs for velocity, pressure gradient, tem-
perature, and concentration up to second order. We will show a graphic representation
of the temperature, velocity, and concentration distribution to acquire a thorough un-
derstanding of mucociliary transport in the case of mucus hypersecretion. By examining
the corresponding graphs, we will explore how various parameters influence the ACL and
PCL velocities, temperatures, and concentrations. Additionally, we will observe how high
Weisenberg numbers affect the velocities of both mucus layers. We will also compare the
Johnson-Segalman and Newtonian fluids for velocities, temperatures, and concentrations.

2. Mathematical Modelling

2.1. Formulation of the Problem

We consider the two-layered mathematical model of mucociliary two-dimensional Johnson-
Segalman fluid flow in a symmetric airway channel of finite length. We improve the math-
ematical model proposed formally by Ashraf et al. [5] in the context of mucus hypersecre-
tion in chronic obstructive pulmonary disease (COPD). We hypothetically assume that
the inner surface of the channel lining the membrane of mucus is populated densely with
goblet secretory and ciliary cells. The ciliary cells’ swaying movements, in turn, generate
a metachronal wave, which, along with the airway entrance pressure gradient, induces the
flow. In addition, we consider a scenario in which the goblet secretory cells poured out a
large volume of mucus. The secreted mucus fills the airway channel lumen and forms the
airway ciliary layer (ACL) and periciliary layer (PCL). The flow of ACL and PCL occurs
in immiscible fluids with differing viscosities, densities, diffusion parameters, and thermal
conductivities.

Fig. 1 illustrates a schematic representation of the symmetric airway channel. In this rep-
resentation, we place the X-axis at the midplane of the airways channel, and the Y-axis
is perpendicular to it. The mean half-width of the PCL is denoted by a, and the mean
half-width of the ACL is denoted by ay.
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Figure 1: Schematic description of the model.

This type of flow is described by the velocity vector of the form:

vk — |0 (X,Y,1),V*(X,Y,D),0|, k=A,P (1)
Also, we obtain
S® = 8W(X,Y,1), (2)
T = TW(X,Y,1), (3)
k) = ¢(X,Y, 7). (4)

Here V(¥) depict the velocity vector, C*) represents the concentration, and T7®) signifies
the temperature. We use respectively the k = A and k = P in the superscript to repre-
sent the ACL and PCL. The extra stress tensor is represented by S, and the velocity
components in the X and Y directions are represented by U® and V&), respectively.
The propagating periciliary metachronal wave H is defined as

Y —H = (X0 =+ a—i—aecos(QT?T(Y—cf)) , (5)

in which e indicates cilia length, A indicates wavelength, and ¢ denotes the speed of wave.
The periciliary metachronal wave and the interface between the periciliary and airway
ciliary layers both adhere to the same physical laws, and as a result, the latter exhibits
comparable properties. The shape of a wave, a key scientific concept, is determined by the
balance of forces acting on a fluid. In a similar manner to the definition of the periciliary
metachronal wave, this balance of forces also shapes the interface between the two fluids.
Since this metachronal wave travels along the interface, it can be referred to as the airway
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ciliary metachronal wave H; [5, 7]:

Vi = = f(X0) =+ |ar + alecos(%“(y —al. (6)

In a symmetric channel, the cilia’s movement follows an elliptical pattern. So, the per-
pendicular location of cilia is governed by the following equation:

— — _ 2 — _

X =g(X,1) :Xo—l—aeozsin(;(X—ct)), (7)
here o represents the eccentricity of elliptical path and X represents the reference position
of the fluid particle. If the no-slip condition is present, the velocities of the fluid particles
are determined solely by the cilia tips. Consequently, the components of velocity X and
Y can be calculated as follows:

U = X |x_x, = 09 + 0x9-9,X = dg + dx9U. ®

V=0 |x_x, = 0f + 0xf.0:X = 0;f + 0xfU. (9)
When Eq. (5) and Eq. (7) are used into Eq. (8) and Eq. (9), the following components
of velocity imparted by the cilia tip to the fluid particles are obtained:

i — 2% [acea cos(3E (X — cl))
— 2% [aeacos(2E (X — ct))]

(10)

— 2 [acearsin(ZE(

_ 2z

X
T [aeavcos( B (X —ct))]

<t
Il

(11)

2.2. Governing Equations

The continuity equation, extra stress, linear momentum conservation, energy equation,
and concentration all govern the flow situation under investigation [3, 5, 6, 18, 23, 32]. We
introduce and apply these governing equations in the following order:

e Equation of continuity: The equation of continuity guarantees the conservation of
mass throughout the flow. The continuity equation for an incompressible fluid is stated

as follows:
v. vk = (12)

The velocity vector (1) identically satisfies the equation of continuity (12).

e Extra stress tensor: For the incompressible Johnson-Segalman fluid, we define the
extra stress tensor to account for viscoelastic effects and spurt phenomena in the following
way:

S® = 24, D®) 4 ¢*), (13)

~ ~ ~ N ~ T
&8 4 A® [ &) 4 6 <W(k> _ ekD(k)> + (W<k> _ ekDoo) &(k)] — 26, (14)
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where the implicit nonlinear viscoelastic behavior and spurt phenomena of the fluid is
taken into consideration by &(k), the viscosities are ji and 7, the relaxation time is )\gk),
and the slip parameter is e;. The symmetric and skew-symmetric components of the

velocity gradient denoted by D® and W(k), respectively are defined as
A 1 . - T < 1 - ~ T
D) — 5 {gradV(k) + (g'radV(k)) ] , WH = B [gradV(k) — (gradV(k)> ] , (15)

where we represent the gradient operator with grad and transpose with 7.
Remark:- In Eq. (14), setting e, = 1 and 7 = 0 recovers the extra stress tensor for

Maxwell fluid whereas setting 7 = /\gk) = 0 yields the extra stress tensor for Newtonian
fluid.

e Conservation of Linear Momentum: The relationship between the forces acting
on the fluid and its momentum change rate allows the momentum balance to describe
the behavior of the incompressible Johnson-Segalman fluid. We define the balance of
momentum as follows:

p“(k)Df\A/(k) =Vv-Sk _vp 4 pRgE) (16)

where f*) represents body force per unit mass, P represents pressure, % represents
material time derivative, and p*) represents constant fluid densities.

e Energy Equation: The transfer of heat within the human airways is governed by
the energy equation, which defines how heat is transferred within the fluid. The energy

equation is defined as
FOCE D7) = (V2P 4 1 (§00 ), (17)

(k)

where the thermal conductivity as y(*), the specific heat constant as c , the constant

)

ratio due to thermal diffusion as Dgr, and the coefficient of mass diffusivity as ﬁg; .
e Concentration Equation: The concentration equation accurately describes the distri-
bution and variation of substances within respiratory mucus. We define the concentration
equation in the following way

D0® = pPv2E® 4 DjffT VAT, (18)
0

Here, C’}k) denotes the specific heat constant, Dxr represents the constant ratio due to

thermal diffusion, and ﬁg) is used to denote the coefficient of mass diffusivity.

2.3. Dimensionless Coordinate Transformations

We introduce a wave reference frame (x, y) to facilitate the analysis of mucociliary flow.
Since this frame propagates at wave speed ¢, therefore, we can investigate steady behavior
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of the mucociliary flow. Through the dimensionless transformations the coordinates in
the wave reference frame (z, y) and the fixed frame of reference (X, Y, ) are now related
to transform the velocity components in the fixed frame of reference (U®), V(%)) to the
wave reference frame (u(®), v(%)), pressure in the fixed frame of reference (P) to the wave
reference frame (p), and extra stress tensor (S*)) from fixed frame of reference to the
wave reference frame (S*)). Following dimensionless transformations we scaled for this
purpose:

Y4 ¥ o0 7 i
_ Y w_ UM —c (k) _ (k) _ P
x T Y o’ U c ' v ca ’ P pA)’
~ ~ ) Q(k
(5:@, hl:ﬂ, h:E7 p:$) S(k) - S(A)av (19)
a a a (fra +174) A cHA
-~ k al A
ab_ Ay TV - €Y =Co
1 ’ T]_ — TO ’ Cl - CO '

We can more effectively investigate the mucociliary flow within the reference wave frame
and simplify the study owing to these transformations. Egs. (5), (6) and (12)-(18) follow-
ing the application of dimensionless transformations (19), utilizing the smaller Reynolds
number (Re — 0) and long wavelength (8 — 0) assumptions subsequently yields

h(xz) = £[1 + ecos z], (20)
hi(x) = £[0 + decos z], (21)
d,u® + 9,0 =0, (22)
2 3
sty L [ (Ve)? (1) b (90)"] )
M 1+ (We(k)) (1 — ei) (8yu(k))

M3,SP) = dyp, (24)
any(k) = —Br(k)Sél;)Byu(k), (25)

SgS
8yyc(k) = _%any(k)7 (26)

Dk

B

AR fia
in which We®) = 21~ is used to represent Weissenberg number, M = ————— is used to
a - A+ 1A
represent effective viscosity, Brk) = # is used to represent Brinkman number,
x®) (T — Tp) B
[0 0D
Sy = # is used to represent Schmidt number and Sp = ApiKT is used to
DM pa f14(C1 — Co)

represent Soret number.
In biological flows, the maximum velocity, temperature, and concentration occur at the
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midplane of the airway channel. Shear forces, fluid velocities, temperatures, concentra-
tions, and temperature and concentration gradients are the same at the ACL-PCL interface
[5, 23]. Consequently, we have the following boundary conditions in dimensionless wave
frame of reference:

A
S (,0) = 0, (27)
v (z,0) =0, (28)
9, T (x,0) = 0, (29)
8,CY(x,0) =0 (30)
ua(cg) (.’L‘, hl) = ua(c];) (:Ba h1)> (32)
v (@, hy) = 0P (z, hy), (33)
T (2, hy) = TP (2, hy), (34)
A, T (x, hy) = ¢8,T" (x, hy), (35)
8,C Y (x, hy) = 119,C ) (2, hy), (36)
CD(z, hy) = CP)(z, hy). (37)
Da,h) = (38)
C®(x,h) = (39)
@) (z,h) = —1 — 2weaf5 cos(2nz), (40)
2) (z,h) = £27e(sin(27x) 4 2meaS sin(2mx)cos(2mx)). (41)
P (A)
In Eq. (35) and Eq. (36), ( = =+ denotes for conductivity ratio and Il = ( 3 denotes

for mass diffusivity ratio. The condition of the pressure gradient at the airway channel
entrance is described as [5]:

dzp(0) = —¢. (42)

After integrating Eq. (24) concerning ‘y’ and invoking the boundary conditions (27) and
(31) into resulting equation, one finally arrives at

MS:S:IZ) = ydzp. (43)

Putting Eq. (23) into Eq. (43) and Eq. (25), respectively we have

2 3
o,u® = G [(ayuw)) ydup — M (ayu“f)) ] + ydap, (44)
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2 4 6
0y, T®) = —G {(ayu““)) +6 (0,u®) -G (9,u) ] . (45)
Substituting Eq. (45) into Eq. (26), we get
2 4 6
8,,C® = J® [<8yu(k)> +68 (0,u®) - 6P (,u™) ] . (46)

In this section, we have derived three nonlinear partial differential equations, namely Eq.
(45), Eq. (46), and Eq. (44). The first two are second-order, while the third one is first-
order. All these equations seem to be unsolvable by exact methods. In the next section,
we will look for upto second-order solution using the ADM while taking into account the
boundary conditions (28)-(30) and (32)-(42).

3. Solution of the Problem

We can write Eqs. (44)-(46) in operator form by denoting the nonlinear terms: (Oyu(k))Q,
(Gyu(k))g, (Byu(k))4 and (8yu(k))6 with Ni(u®), No(u®)), N3(u®) and Ny(u®)) respec-
tively and defining one fold L, = d, and two fold L,, = 0, linear invertible operators as
shown below:

Lyu®(z,y) = G [Nl(u(k))ydmp - MN2(U(IC))} + ydap, (47)
LyyT® (2,9) = =G [Ny (u®) + GPN3(®) — PN, ®)] . (48)
Ly, C® (z,y) = J¥ [Nl(u(k)) + G Ny (u®)y — Gi’“’m(u(’ﬂ)} . (49)

We define respectively the inverse operators of one L, and two L,, folds operators as
follows

L' = [ (50)

L;yl(*) = //(*)dydy. (51)

Following the application of the inverse operators (50) and (51) respectively to Eq. (47)
and Egs. (48) and (49), one acquires

2
ub(z,y) = G |dopLy N @By = ML No(u®)| + Ldop+ D @), (52)

T (@,y) = =G4 [ LM @) + G L No(u®) = G L Na(u®) | D8 (@)y+ D (),
(53)

CO(a,y) = I [t Ny (@) + G Lt Ny () = G LNy ()] 4D (@)y+ DY (@),
(54)
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Here, Dik) (z), Dék) (z), Dék) (x), Dik) () and Dék) () represent the arbitrary functions.
The u*(z,y), v*(x,y), dwp, T*(x,y), and C¥(z,y) are now decomposed as follows:

D) = >l a,y), (55)
=0

oa,5) = 3 o ,p), (56)
=0

dyp = i dapi, (57)
=0

T®) (z,y) = i 7 (@,y), (58)
=0

=3P, (59)
=0

The nonlinear terms Ny (u®), No(u®), N3(u®)), and Ny(u®)) are now expanded with
the following form of infinite series of Adomian polynomials:

(l~c)):§314£k)7 N2 iB iE N4 ZF
= (60)

After inserting the Adomian polynomials (60) and the series of decomposition (55)-(59)
into Egs. (52)-(54), we finally get

dypL, IZA y— ML 123

O,y + > uM (2,y) = DP @)+ L dxpow

(61)
)+ Z 1! = D (2)y + D () — G | L1 3" AW + L, ST B
=0 =0
-aPr,) Z F* (62)

C’(()k) (z,y) + Z C’l-(k) (x,y) = Dik) (x)y + Dék)(:z:) + g
i=1

—cPr- 1ZF

Ly 2 AV +GPL ZE
=0

(63)
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Eqgs. (61)-(63) respectively give rise to the component of zeroth order and a recursive
relations of the form:

2
ug” (@,y) = D (@) + S-dapo, (64)
S a2, y) = GV | dopLy VS ANy — MLt ST B (65)
=1 =0 =0
13" (2,y) = D3 (a)y + DY (), (66)
STy = -G L) Y AP +GPL Z BN -GS EP 67)
=1 =0 1=0
Gy (x,y) = D““)( y + D< >< ) (68)
S 0 Z AV +6f Z EY -~ cP LN FY (69)
=1 =0

After making use the decomposmon series (55)—(59) on Adomian polynomials (60), and
in turn using binomial expansion, we get

AP — (ayugk>)2, 40 =2 (a,u) (9,u") (70)
B = (0,) . B =3(0,uP)” (9,41, (71)
EW — (ayugk>)4 . EW—y (ayug’“)>3 (ayug’“)) : (72)
B = (00) . EP =6 (0,u) (9,0 (73)

Invoking the decomposition series (55)-(59) into the boundary conditions (28)-(30) and
(32)-(42) lead to the following results:

uS (@) = ul7 (@, k), WV (@) = P (@ ), S (@) =uép><x,h1>, (74)

ugp) (z,h) = =1 — 2weaf3 cos(2nz), ugp) (x,h) =0, gp) (z,h) = (75)
o @0 =0, of(@0)=0, v (0 =0, (76)
U(()P) (z,h) = £27e(sin(27x) 4 2meaS sin(2mx)cos(2mx)), ng) (x,h) =0, Uép)(l’, h) =0,

(77)
o\ @ hy) = o8 k), o (@ hy) =0 (@, b)), o8 (@, ) = o8 (2 ), (78)
0,T\Y(2,0)=0, 9,7 (x,0)=0, 0,7\ (x,0) =0, (79)

T (2, hy) = T (2, hy), T (@) =T (2, b)), T8V (@, hy) = T (@, ),
(80)
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0yTY (. hy) = AT (@, h), 0, TN (2, hy) = COTT (2, h), 0TS (w, hy) = CO,TE (1, ),

(81)
T (@, h) =0, T (2,h)=0, TS (x,h) =0, (82)
9,059 (z,0)=0, 9,cP(,00=0, 09,0 (x,0) =0, (83)
C§V ) = C§ (@, h), O (@ ) = O (@, h), 8 (,he) = O (),

(84)

0,05 (@, hy) = 110, (2, hy), 8,0\ (w, hy) = 110,C\7) (2, hy), 0,05 (w, hy) = 110, C") (2, hy),
(85)
c{P@,n)y=0, @ n) =0, Pz n) =0, (86)
dzpo(0) = =&,  dxp1(0) =0, dzp2(0) = 0. (87)

3.1. Velocity

After solving Eq. (64) and Eq. (65) using the concern Adomian polynomials from Eq.
(60), in turn utilizing appropriate boundary conditions given in (74) and (75) into the
resulting equations, we respectively acquire the zeroth, first, and second order solutions
of both ACL and PCL as follows:

uéA) (z,y) = —1 — 2meaf cos(2mx) + %dxpo (y2 — h2) , (88)
1 1

ufV(@,y) = 7 (dapo)” [0 (4" = hd) + 402 (b = 1")] + Sdopr (v — 1), (89)
1 1

uf (2,y) = = (dop0)* (2dop1 = 3Mdapo) [T (4° = h) + T (b = 1)) + 7 (depo) (o)

1
X (2dap1 + 3dapo) [G(;‘” (v —nd) + &t (nf - h4)} + 5dep2 (7 = 1) (90)

u((]P) (z,y) = —1 — 2meaf cos(2mx) + %dxpo (y2 — h2) , (91)

u(z,y) = % (dzpo)” (y* = 1) + %da,-m (v* = 1?), (92)

() = "¢ (depo)! (2dapr — 3Mddgpo) (4 — 1) + § (depo)(dep) (2 + 3dspo) (4 — 1Y)
+ édzp2 (y> — h?). (93)

Substitution of Egs. (88)-(90) into Eq. (55) for k = A and Egs. (91)-(93) into Eq. (55)
for k = P yield respectively the ACL and PCL velocities.

Using decomposition series (56) into Eq. (22), in turn the resulting equation for £k = A
upon using Egs. (88)-(90) and for £ = P upon using Eqs. (91)-(93) along with associated
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boundary conditions (76) and (77), we respectively obtain the zeroth, first, and second
order solutions of both ACL and PCL as follows:

véA) (z,y) = —47%eaf3 sin(2mx)y — édmpo (y3 - 3h2y) + dzpohdzh, (94)
o (2,y) = —% (dzpo)® dezpo [T1 (4° — 5hiy) +4T2 (b — 2Y) y] + (dupo)® [T1h3dyhn

— ATy (h3dyhi — h3dyh)] y — édmpl (v* — 3h%y) + duprhdsh, (95)
o§(@,) = — o (depo)® (2depr — 3Mdupo) duupo + Adupo (2daps — 3Mdgupo) [Ts (47 — Thy)

+ 704 (h§ — h8) y] + (dupo)* (2dup1 — 3Mdypo) [T3hidehy — Ta (R3dyhy — hPdyh) ]y

1
4
x (y° — 5hiy) + 565 (ht - nY) y} + <2dxpg (duop1)? + 3 (dupo)? dzpl) [GgA)h:fdxhl

<4dxp0dxpld:m:pl + 2o (dep1)? + 6dupodeepodapr + 3 (depo)® dmm) [GY‘)

—4G\") (h3d,hy — h3dzh)} y — édmpg (y* — 3h%y) + dypahd,h. (96)

v((]P) (z,y) = £2me(sin(2nz) + 2meaf sin(2nz)cos(2nz)) — 4rea B sin(2mz)(y — h)

~ Sdaapo (5" — 31%y) + dupohdsh, (97)
o (@) =~ 52 3 (dar)? dearo (4 = 519) + 20 (dep)® Kodahy] — Sdaamn (s — 35%)
+ dyp1hdyh, (98)
v (@,y) = —% [(dzp0)3 ((2dyp1 — 3Mdypo) dawpo + Adepo (2deap1 — 3Mdaapo)) (y" — 7ThOy)
— 42 (dupo)’ (2aps — 3Mdupo) W duhy| — o [ (dapodem deaps + 2dsepo (dop)”
+ 6dypodezpodept + 3 (dupo)’ dmm) (y° —5n'y) — 20 <2dxp0 (dep1)” + 3 (dupo)’ dxpl)
x h*dghy] — édmm (v* — 3h*y) + dupahdsh. (99)

When we make use of Egs. (94)-(96) into Eq. (56) for k = A and Egs. (97)-(99) into the
Eq. (56) for k = P respectively acquire the ACL and PCL velocities.

3.2. Pressure Gradient

The following components of zeroth, first, and second-order pressure gradients are derived
by solving Eqs. (94)-(99) and applying the related boundary conditions (78):

6(1 4 2meaBeos(2mx))h + 3 (2ecos(2mx) + me*afcos(4nx)) + 6 (I's — I'g)

3 (h3 — b3 + h2hy) + 2h3 ’
(100)

dpr = -
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_ 6A(dapo)® (4) 5 AP 5 4 (P) 5. 415 2
dxpl—m [401 (To — 13) + GI7) (S = h*hy — Tg) + G\ (7 — B2 + 4h° — 5hyh )},
(101)
6 A 4 PN2 (17 16
dyps = 2 (dopo)t (2dypr — 3Md, G hT — 7hSh
P2 = 512 =312 —7h3 + 3h2hy + 203 [42( po)” (2dap1 pO){( 1 ) (b1 !

2
+ 13K — ThSh — Ty —Tg) — 7 (GY”) (n7 + rlo)} + dypo (dupr)? {a@ (h3 — 5hihy — 4

o)
— 4ht 440ty — 206\ (n] - n)} — dopodupr ~3 {2dap1 (1§ — 5h%hy — 4h°)
X (3depo — 2dyp1) Ts}]. (102)

By inserting the pressure gradient components from Eqgs. (100)-(102) into Eq. (57), we
can get the pressure gradient d p.

3.3. Temperature

Substitution of Adomian polynomials (70), (72) and (73) into Egs. (66) and (67). After
applying the correct boundary conditions (79)-(82) to the resultant equations, the com-

ponents of zeroth, first, and second-order are derived when we set £ = P followed by
k=A:

Ty (w,y) =0, (103)
oA
T (,y) = 225 [15G5") (depo)® (4° = 1) = 28G4" (dopo)* (5° = A§) — 70 (dupo)® (4" — 1)
+ 17 (1), (104)
o)
TQ(A) (z,y) = —ﬁ [56G§A)A (d$p0)4 (y6 — h?) + 140d . pod.p1 (y4 — h4) + 4G§A) {15G5A) (dmpo)6
x A (y® = 1Y) + 28 (dupo)® dupr (v° — h?)} - 7G5V {8G§A)A (dapo)® (4" = 11°)
15 (dapo)” dupr (4* — 15 }| + T8 (. ), (105)
Ty (2,y) = 0, (106)
o)
1 (,y) = 225 15657 (dopo) (y7 = 17) = 28G5 (dapo)* (4 — 1°) =70 (dupo)” (3" — )]
GgY (4) 6,7 (4) 4,5 2,3 g (P)
+ Tosc (156" (dapo)® ] — 2165 (dupo)* b = 35 (dopo)” B | (y — ) — =2 [15G]
X (dapo)° B +21GS” (dapo) B + 35 (dupo) ] (y — 1), (107)

aP)
T2(P) (z,y) = 8310 [56G§P> (dxp0)2 A (y6 — h6) + 140d . pod.p1 (y4 — h4) + 8G§P) {15G5P) (d;,;po)6
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X A (" = 1) + 28 (dap)® dapn (5° = 1) } = 767 {8GE) (dupo)® A (4" — 1)

5 - o

+ G5 {2061 (d,p0)® BTA + 28 (dopo)® dupi} | — G {2617 (dupo)® A

[420“’) (depo)* RN + 35d,podapr b

. - G(A)

+36{Y {QOGY‘) (dupo)® A + 28 (dupo)® dxplh(f} — 3564 {2G§A) (dupo)® hAA

+ 3 (depo)” depr T} | (5 — ). (108)

[42(:( ) (dwpo)* h3A + 70d,podypi 3

When we make use of temperature components calculated in Egs, (103)-(105) into Eq.
(58) for k = A and Eqgs. (106)-(108) into Eq. (58) for k = P, we get the final ACL and
PCL temperature expressions.

3.4. Concentration

Using Adomian polynomials (70), (72), and (73) is the first step towards solving Egs.
(68) and (69). By applying the boundary conditions of concern (83)-(87) to the resultant
equations, we obtain the concentrations components of zeroth, first, and second-order
when we set respectively the k = P followed by k = A:

ci (@) =0, (109)
Oy (a,y) = 8402(),4) 1565V (dopo)® (v — 1) = 28G5 (dupo)* (4 = 1) = 70 (dupo) (y* — i)
+ 0 (2, hy), (110)
i (z,y) = 840:() 5 [56G< A (dapo)* (4° — BS) + 140d,podapy (y* — h*) + 4GLY {15G§A) (dupo)®
% (1= M) (3% = ) +28 (dapo)” dupr (5 — 1) b — 7G5 {8GY (1 = M) (dapo)®
X (y'0 = 1) + 15 (dopo)” dupr (4 = 15) }| + C87) s ). (111)
e (@) =0, (112)
o () = (P() 55 (15687 (doo)® (7 = 17) = 28G5 (dupo)* (v = b°) = 70 (dpo)” (4" — 1)
840G
A P
105Jg(G)() (156" (dupo)® b = 21G5" (dupo)* B = 35 (dapo)” B | (y — ) + 10‘; I(GQP)

[15G< ) (dapo)® T + 201G (dupo)® BS + 35 (dupo)? hi’] (y — h), (113)



A. Alaidrous, H. Ashraf / Eur. J. Pure Appl. Math, 18 (1) (2025), 5581 18 of 30

(P)
J
CéP) (z,y) = _W [56G§P) (depo)® A (y° — BO) + 140d,podepr (y* — B) + SGz(aP) {15Ggp) (dypo)°
5

x A (y8 - h8) + 28 (da;pg)?’ dep1 (y6 - hG)} — 7G51P) {SGgp) (clgcpo)8 A (ylo - th)

7P
+ 15 (dzpo)” dupr (y° — %) H +—L [42G(1P) (dzpo)* h3A + 35dypodyapi i
105G,
+ G5 {2061 (dupo)® HTA + 28 (dopo)® dupi | — G {2617 (dupo)® A

(4)

J
+ 5 (dypo)’ dxpthH (y —h) - W [42G§A) (depo)* WA + 70dypod.p1 b3
5

+ 365 {2061 (dupo)® WA + 28 (dapo)® dupr 1} = 3565 {261 (dupo)® niA
+ 3 (depo)” dupih] Y] (5 — ). (114)

Putting the concentration components from Eqgs. (109)-(111) into the Eq. (59) for k = A
and from Egs. (112)-(114) into the (59) for kK = P, one gets the final expression for con-
centration.

Remark: By putting the We = 0 into Egs. (88)-(114), we can obtain the expressions for
Newtonian mucus velocity components, pressure gradient, temperatures, and concentra-
tions.

4. Results and Discussion

A mathematical model incorporating a finite narrow two-dimensional channel comprising
two layers (ACL and PCL), where the Johnson-Segalman fluid model characterizes the
mucus rheological properties secreted within the airways, was considered [5]. The ADM
and the theory of lubrication approximation have been employed to obtain the series form
up to the second-order solution of the resultant simplified set of non-linear PDEs. The pri-
mary focus of this section is to provide an estimation of the quantitative variation impact
of slip parameters (e4 and ep), Weissenberg numbers ((We)4) and (We))), Brinkmann
numbers (Br(A) and Br® )), pressure gradient at the airway channel entrance £, conduc-
tivity ratio ¢, mass diffusivity ratio II, Schmidt number Sy, and Soret number St involved
in the present analysis. Graphs are displayed and discussion is made to seek the impacts
of aforementioned involved parameters on the velocity (u versus y plots), temperature (7
versus y plots) and concentration (C' versus y plots) (see Figs. 2-9). Variation impact
of high Weissenberg numbers ((We)*) and (We))) on velocity is demonstrated and
analyzed (see Table 1 and Table 2).

4.1. Velocity

We constructed the graphs shown in Figs. 2 and 3 to examine the effects of variation
on ey, ep, & (We)@, and (We)®) on mucociliary velocity. These graphs show plots of
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velocity against normal distance. The velocity rises as normal distance does. The effects of
e4 and ep on the two layers’ velocities are shown in Figs. 2(a) and (b). The velocity and
both e4 and ep have a direct relationship. In other words, a rise in e4 and ep causes the
ACL and PCL to undergo a velocity increase. (We)) has very little influence on velocity,
whereas (We)) has a significant effect. For both layers, prolonged relaxation times are
correlated with an increase in (We)(4) and (We)(") as the Weissenberg number is directly
proportional to the fluid’s relaxation time and inversely proportional to the observation
time. The fluid behaves viscoelastically, with the elastic effects becoming more apparent
as the relaxation time increases. Furthermore, we can state that both layers’ velocities
rise with increased ACL and PCL relaxation times. The variation impacts of £ on velocity
are presented in Fig. 3(a). These graphs show that there is rise in the velocity as the
values of £ increment. The influence of £ on velocity is apparent. That said, we add that
the both layers velocity tend to increase with increasing pressure gradient at the airway
entrance. This figure shows that both layers’ velocities increase as £ values do. When
there is a rise in the pressure gradient at the entrance, the fluid flows more swiftly. The
Johnson-Segalman and Newtonian fluid velocity comparison is shown in Fig. 3(b). We
demonstrated that when mucus is characterized using the Johnson-Segalman fluid, it flows
more quickly in the ACL and PCL than the Newtonian fluid.

2.6 iy ' ' ' 7 3F
20 [ S I e
------ E N, ] e e I
1.5¢ "~.\:: _______ o d
= 1.0} g =
= o5} iE =
0.0} of &
-0.5¢
Al ea=0.1,1.1,2.1,3.1 i I e =020304,05 ]
00 02 04 06 08 10 00 02 04 06 08 1.0
(a) (b)
y y
IR 4.'
2 o W
—_— e~ 2. ]
=1 12 3
B 5 qf 1=
of ol Iz
b We)®=0.34,0.44,0.55,0.66 1 _4f We)P=0.36,0.37,0.38,0.39 18
00 02 04 06 08 109 00 02 04 06 08 1.0
(©) " (d) v

Figure 2: The variation impacts of (a) ea, (b) ep, (c) (We)™ and (d) (We)™ on velocity u.
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‘ o
2.0f
------------- ) . A ~
1.5} ; 2r =
Ty =
= 10 N 5 . @
X 08f- e 2 o
- I S T S ; =
0.0} ™ Y i 1 ]
=
~0.61 Johnson-SegalmM £
1.0F§=21,22,23,24 . 1 _4f Newtonian fluid 18
0.0 0.2 0.4 0.6 08 1.0 0.0 0.2 0.4 0.6 08 1.0
(a) y b

y

Figure 3: The variation impacts of (a) £ on velocity u and (b) comparison between the Johnson-Segalman fluid
and Newtonian fluid for velocity w.

When the Weissenberg number of a Johnson-Segalman fluid is low, it exhibits more vis-
cous effects, and when it is high, it demonstrates more elastic effects. A high Weissenberg
number causes the fluid to flow easily with more velocity, while a low Weissenberg number
results in more viscous behavior. This value offers a quantitative analysis that differen-
tiates fluids that are viscous and viscoelastic. The effects of a high Weissenberg number,
(We), on the ACL and PCL velocities of Johnson-Segalman fluid are displayed numeri-
cally in Table 1. These statistics clearly show that when there is an increment in the values
from 1.0 to 10.0, the mucociliary velocity reduces and the flow direction inverts. It may
assist the fluid in maintaining its structure by exhibiting resistance to deformation. On the
other hand, Table 2 demonstrates that as the values of (We)™) increase from 1.0 to 10.0,
velocity increases rapidly, potentially causing the fluid to break down its structure or offer
lesser resistance to deformation, behaving more like a liquid. The effects of (We)(4) and
(We)(P ) are vice versa on ACL and PCL velocity. Different effects of high Weissenberg
numbers are shown in ACL and PCL velocities; (We)*) influences the direction of flow,
whereas (We)(?) forces the fluid to move more easily and quickly in the forward direction.

Table 1: Variation impact of high Weissenberg number (We)<A) on velocity.

(We) A =1.00 (We)A) =5.00 (We)A) =10.00
y  uW@y) uPr,y) uD(@y) uP(zy) oWD(z,y) uP(z,y)

0.0  2.31568 2.39972 11.4225 9.25325  -29.7104  -64.4501
0.2  2.17309 2.25658 10.9828 8.81956  -27.2559 -61.747
0.4 1.75015 1.82635 9.01264 7.51723  -30.3327  -53.6409
0.6 1.05404 1.106563  -0.76465 5.34247  -126.173 -40.141
0.8 0.07215 0.09247  -43.2254 2.2885 -646.53 -21.2634
1.0 -1.26441  -1.22322  -183.468  -1.65501  -2447.23 2.96882
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Table 2: Variation impact of high Weissenberg number (We)*) on velocity.
(We)P) =1.00 (We)P) =5.00 (We)P) =10.00

y  uW@,y) uP(zy)  uD(z,y) uP)(z,y) u(z,y) uP)(z,y)

0.0 418.307 418.899 3.96301 x 107  3.96334 x 107  9.45422 x 10° 9.45443 x 10°
0.2  400.517  401.108  3.79475 x 107 3.79507 x 107  9.05244 x 10°  9.05265 x 10°
0.4 347.148  347.712  3.28998 x 107  3.29016 x 107  7.84711 x 109  7.84722 x 10°
0.6 258.195 258.627  2.44870 x 107  2.44826 x 107  5.83822 x 10°  5.83792 x 10
0.8 133.653  133.670  1.27089 x 107  1.26874 x 107  3.02577 x 10°  3.02435 x 10°
1.0  -26.488 -27.514  —2.43432 x 105 —2.49344 x 107 —5.90229 x 10®8 —5.94113 x 108

4.2. Temperature

Figs. 4 and 5 display the impact of several parameters, namely e4, ep, (We)A), (We)P),
BrA, Br(P) 11, and ¢, on the ACL and PCL temperature. Figs. 4(a) and 4(b) specif-
ically show the impact of e4 and ep on temperature. Significantly, these characteristics
display contrasting impacts on temperature. An increased value in ey causes a drop in
temperature, whereas an elevation in ep leads to a boost in temperature. Similarly, the
variations in (We)4) and (We)(P) also have different impacts on temperature, as seen in
Figs. 4(c) and 4(d). An increase in the (We)) leads to a fall in temperature, whereas an
increase in the (We)") causes the temperature to increment. The temperature variations
can be ascribed to the relaxation time. Changes in the ACL’s relaxation time impact tem-
perature, with prolonged relaxation times resulting in lower temperatures. Conversely,
prolonged relaxation times of the PCL tend to cause an increase in temperature. Fig.
5(a) and 5(b) depict the opposite effects of Br(4) and Br(") on temperature. With the
increment in Br(Y), the temperature decreases, while with the increment in Br("), the
temperature rises. This temperature variation is a result of the interplay between thermal
diffusion and viscous dissipation. The viscous dissipation rate rises as Br() increases,
but the thermal diffusion rate falls. Consequently, the temperature rises by the increase
in thermal diffusion and falls with a decrease in viscous dissipation. Conversely, as Br(®)
rises, the rate of viscous dissipation rises and the rate of thermal diffusion falls. Because
of viscous dissipation, the temperature rises. Conversely, an increment in thermal diffu-
sion causes the temperature to decrease. The temperatures of both fluid layers increase
when the parameter II increases, as seen in Fig. 5(c). Fig. 5(d) illustrates the correlation
between temperature and £, showing that a higher value of £ correlates to the rise in tem-
perature. Thus, there is of directly proportional relation between the temperature and
pressure gradient condition. Fig. 6 presents a comparison between the Johnson-Segalman
fluid and Newtonian fluid in terms of temperature. This figure suggests that mucus char-

acterized by the Johnson-Segalman fluid has a higher temperature than the Newtonian
fluid.
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Figure 6: The comparison between the Johnson-Segalman fluid and Newtonian fluid for temperature T'.
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4.3. Concentration

The variation impacts of e4, ep, (We)) and (We)P), Br), Br(P) ¢ 11, Sy and St on
the ACL and PCL concentrations are plotted in Figs. 7-9. The concentration decreases as
the values of e4 and ep tend to increment, as delineated in Figs. 7(a) and 7(b). Figs. 7(c)
and 7(d) elucidate how (We)) and (We)) affect the concentrations of ACL and PCL,
respectively. These graphs show that the concentration reduces with increasing (We)(A),
while the concentration increases with increasing (We)("). The behavior of (We)) and
(We)P) can be associated with the relaxation time of ACL and PCL, respectively. As the
ACL relaxation time increases, the concentration reduces. Conversely, PCL concentration
increases with increasing relaxing time.
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Figure 7: The variation impacts of (a) ea, (b) ep, (c) (We)™) and (d) (We)") on concentration C.

Figs. 8(a) and 8(b) are plotted to seek the impacts of Br(4) and Br(”) on concentration. It
is delineated that by the increase of Br(), the concentration increases minutely, whereas
by the increase of Br(¥), the concentration decreases. Since Br®*) is directly proportional
to viscous dissipation and inversely proportional to thermal diffusion rate. At this, we can
add that with the increment in viscous dissipation of ACL, the concentration increases,
and with the increment in thermal diffusion rate, the concentration decreases. The recip-
rocal impacts of thermal diffusion rate and viscous dissipation rate of PCL are observed.
Fig. 8(c) illustrates the effects of £ on concentration. From this figure, one perceived
that the concentration decreases with an increase in &—moreover, the more the pressure
gradient value at the airway entrance, the lesser the concentration. Fig. 8(d) illustrates
that the concentration also rises as the value of II increases. As II represents the quotient

of Dg‘) and D)(BP). It can be said that II is directly proportional to DfBA) and inversely

proportional to D%P). The decrease in diffusivity of the fluid is the cause of the increase
in concentration. Decreased diffusivity generally leads to reduced mixing and slower diffu-
sion, resulting in a less complete mixing of the material and increased concentration. The
concentration tends to decrease when the values of Sy and St increase, as observed in
Figs. 9(a) and 9(b). An increased value of Sy elucidates that the mass diffusivity is lower
than the viscosity, leading to higher solute concentration and reduced diffusion within
the mucus. A significant Sp suggests that temperature gradients promote solute trans-
port, which affects mucus concentration. These parameters depict the distribution and

movement of solutes throughout the mucus layers, ultimately influencing the effectiveness
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of mucociliary clearance. Fig. 9(c) compares the concentration levels between Johnson-
Segalman and Newtonian fluids. It indicates that when the mucus is characterized as a
Johnson-Segalman fluid, the concentration exceeds that of the Newtonian fluid.

ABr®=1113,1619 -10f Br®®=11,1.2,1.3,1.4

C(x,y)
Solid PCL

o:o otz 0:4 0:6 0:8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

C(x,y)

Dotted ACL

Figure 8: The variation impacts of (a) Br*), (b) Br"), (c) € and (d) II on concentration C.
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Figure 9: The variation impacts of (a) Sy and (b) St on concentration C' and (c) comparison between the
Johnson-Segalman fluid and Newtonian fluid for concentration C.

5. Concluding Remarks

The present prospective analysis has been conducted to theoretically investigate the ther-
mal and concentration aspects of human airways using the mathematical model of two-
layered mucociliary transport. The model has used the scenario of mucus hypersecretion
in COPD. The Johnson-Segalman fluid model has characterized the viscoelastic nature of
secreted mucus within the airway channel lumen. The subsequent set of nonlinear PDEs
has been first simplified using the theory of lubrication approximation. The ADM was
then used to solve subsequent PDEs in series form up to the second-order. Velocity, tem-
perature, and concentration have been used as flow variables to characterize mucociliary
transport. The variation impact of the parameters of interest like slip parameters (e4
and ep), Weissenberg numbers ((We)*) and (We))), Brinkmann numbers (Br(4) and
Br® )), pressure gradient at the airway channel entrance &, conductivity ratio ¢, mass
diffusivity ratio II, Schmidt number Sy, and Soret number St have been observed. We
have concisely outlined the significant results of the present mathematical analysis in the
following manner:

e When the values of e4, ep, (We)(A), (We)(P), and ¢ increase, the ACL and PCL’s
velocities tend to increase. Higher Weissenberg numbers have distinct influences on the
velocities of ACL and PCL. Higher values of (We)("") accelerate fluid flow in a favorable
direction, whereas higher values of (We)( reverse the direction of flow.

e The ACL and PCL’s temperature elevates by the increase of ep, (We)(P), Br®) ¢ and
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&. The temperature of the ACL and PCL layers rises because of viscous dissipation, but
thermal diffusion reduces the temperature of these layers when Br(¥) increases. On the
other hand, it decreases when e4, (We)), and Br(4) increment. An icremet in Br(4)
results in an increase in temperature in the ACL and PCL layers because of thermal dif-
fusion. However, the temperature within these layers is reduced by viscous dissipation.

e The ACL and PCL’s concentration decreases with increasing ea, ep, (We)@), (We)(P),
¢, Sy and Sy while it increases with increasing (We)¥), Br(4) and II. The concentration
of ACL increases with viscous dissipation, while it decreases with thermal diffusion rate,
while PCL’s viscous dissipation and thermal diffusion rate differ. The pressure gradient
at the airway channel entrance reduces concentration due to decreased fluid diffusivity.

e The comparison between Johnson-Segalman and Newtonian fluids for velocity, temper-
ature, and concentration reveals that Johnson-Segalman fluid flows with more velocity,
higher temperature, and more concentration.

The findings of this analysis suggest that when we characterize secreted mucus by the
Johnson-Segalman fluid, mucus clearance in the respiratory system improves, particularly
in patients of severe COPD. It’s essential to grasp the rheological properties of mucus and
consider environmental influences to develop successful treatments for COPD, particularly
in scenarios involving hypersecretion of mucus in the airways.
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