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Abstract. The flow through the pharynx from the glossopalatal junction (GPJ) to the upper
esophageal sphincter (UES) has been numerically investigated with a non-Newtonian fluid
obeying the power-law with similar rheological indices to a contrast medium used in
videofluroscopy. For that purpose, a three-dimensional model of the transport of food bolus
along the pharynx has been proposed using the immersed boundaries method, which allow
representing the shape of the pharynx using Cartesian grids. The pharyngeal wall has been
considered to be an elastic membrane. Flow fields in terms of the axial velocity, pressure, shear
rate and strain rate were obtained. Results show that the highest velocity concentrates in the
central stream as the fluid enters into the pharynx. In addition, as the flow quits the pharynx, a
recirculation zone appears inside the cavity, resulting in low velocity zone, which increases
with the coefficient of elasticity. A strong dependence on the coefficient of elasticity was
observed on the pressure fields; so that as such a coefficient increases, the pressure in the
pharyngeal wall will increase. It has been also observed that the bolus head travels faster than
the bolus tail, which indicates that the bolus is not only subjected to shear but also to
elongation. Results from this work can be further used for a rheological characterization (shear
and extension) of oral nutritional supplements for patients suffering from swallowing
disorders.

1. Introduction

1.1. Role of bolus rheology when swallowing

Extensional rheological properties play an important role in processes in which the fluid is subjected
to highly decelerated or accelerated flows, particularly important extensional effects are found in flows
through converging or diverging geometries [1]. Many real flows, including those which are
biologically relevant, are complex and can include both shear and extensional components.
Extensional flows can significantly stretch macromolecules, providing orders of magnitude increases
in elastic forces and extensional viscosity [2].

Rheology, defined as the science of deformation and flow of matter, is by common consent a
difficult subject [3]; when it comes to the oral behavior of fluid foods analysis, rheology has been
estimated as a very important factor. The flow behavior and the rate of deformation of a fluid food
inside the mouth are considered as play a critical role in sensory perception and oral transportation.
The rheology of complex polymeric biological fluids is vital to the correct functioning of many
processes in the body.
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1.2.Swallowing assubject of study

Recently, the importance of the extensional rheological properties to study the dynamics of complex
fluids has become an area of important research activity, nevertheless, little information is available
due to generating and sustaining uniaxial elongational flow experimentally remains a challenge [4].
The knowledge of behaviour of fluids does apply to the knowledge of biological functions, such is the
case of swallowing process, which is a neurological function wherein more than fifty pair of muscles
are involved. The pharynx plays a crucial role in this complex process because of its dual function
since it transports both air to the larynx and the bolus to the esophagus in respiration and swallowing,
respectively. Hence, the airway protection needs to be guaranteed, it is for this reason that swallowing
is carried out within a second and it cannot be stopped or suspended before its completion.
Furthermore, carrying out the swallowing process requires the accomplishment of a series of process,
namely, closure of the nasopharynx, tongue pressure, pharyngeal peristalsis, and opening of upper
esophageal sphincter, among others.

Swallowing is divided into three major stages according to the anatomic location of the bolus,
namely, oral, pharyngeal and esophageal. The former one is in turn subdivided into two sub phases,
preparatory and transport phase.

The oral preparatory phase occurs when food enters into the mouth aimed to be transformed in an
appropriate bolus for swallowing. Subsequently, the oral transport phase begins, here, the tongue
exerts a pressure against the palate, forcing the bolus to move posteriorly toward the oropharynx. This
stage has a quite high importance due to the lingual activity since it helps form and maintain the bolus
and also, lingual force might be considered as the main driving force for bolus flow [5]; it should be
noticed that it stimulates the oropharyngeal receptors and thus, triggers the pharyngeal swallow reflex.
Once this stage has been completed, it follows the pharyngeal phase, here, the airway protection and
the bolus transport through the pharynx towards the esophagus are carried out, for this reason, this
phase is considered as the most important and a precise synchronized work of the epiglottis to fold
over the glottis and stop liquid and food from entering the trachea and the pharynx are needed. The
latter phase of swallowing begins when bolus passes though the upper esophageal sphincter (UES).

2. Governing equations
A non-Newtonian shear-thinning fluid was considered in this work because that is the type of fluid
used for the assessment of swallowing process as well as for treating dysphagic patients. Meng et al
[6] suggested that non-Newtonian of fluids would be safer to swallow since they would allow the
neuromuscular system more time to shut off air passages and reduce the risk of aspiration, for this
reason it is important to simulate pharyngeal swallows of non-Newtonian boluses. A density of 1800
kg/m3 and a dynamic viscosity following the Sisko-model were used.

The Navier-Stokes equations can be written as an extension of the following compressible equations
[7].
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whereU is a four-component vector defined by Eq. (2) and F; are the fluxes:
U = (p, pu, pv, pw) (2
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According to the equation of state for an artificial incompressible fluid the pressure is replaced in
Navier-Stokes equation:

p = pc? (3)
where p is the pressure and p is the density considered; c is the sound speed of the fluid. The values for

the coefficients for the Sisko-model, Eqgs.(4) and (5), were obtained from rheological measurements
and are shown in Table 1.
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Table 1.Parameters for Sisko-model

Parameter Value
k 11.0 Pa-s"
n 0.32
Koo 0.42 Pa-s

Srin Eq.(1) is the vector of source terms. For this case, the four terms in Sg are equal to:

Sp=Spu =S =5w =0 (6)

SF:0

Gravitational body forces were considered negligible, since bolus transport is due to the peristaltic
movement [8].

2.1. Numerical resolution.

As the bolus passes through the pharynx, its cross section gets modified in an expedite form as a
consequence of the peristaltic flow. Cook et al. [9] proposed aspatio-temporal shape of the pharynx,
from the glossopalatal junction (GPJ) to the upper esophageal sphincter(UES), and that was the basis
of this work.

To pursue with the numerical simulations, the governing equations had to be discretized in each
node of the computational grid and for this reason, it was necessary to build numerically the
components which allow to represent in an accurate way the physic phenomenon, namely, the pharynx
geometry.

The immersion of the geometry of the pharynx, follows a process illustrated in Figure 1. The nodes
that do not belong to the pharynx surface are blocked by imposing in them constant speeds or a value
of zero, allowing the equations to be solved exclusively in the nodes inside the geometry, i.e. the fluid
will flow only inside the pharynx. For those nodes remaining near the real body surface, within the
flow area, velocity was interpolated at every time step in order to avoid stepped flow in nodes nearby
the blocked areas [12]. Temporal functions (high-order polynomials) of the position of 21 reference
points for 10 different times allowed obtaining the temporal evolution of the pharynx surface. From
these functions, it is possible to know the approximate position of each point at every instant.
Interpolations between these reference points were used to know the position of the remaining points
of the mesh conforming the surface. Deriving over the time the functions corresponding to the change
of position in each point on the surface of the pharynx leads to obtain the radial velocity. The temporal
deformation occurring on the surface is considered to be produced only in the radial direction. Thus,
the two-dimensional geometries used by Chang et al. [3] were converted into three-dimensional
geometries, as shown in Fig. 2 and, which are used in this work.

The generalized coordinate system is solved by extension of the fully explicit McCormack scheme,
second order in time and fourth order in space, developed by Gottlieb and Turkel [10]. The inlet and
outlet boundary conditions used herein are those proposed by Poinsot and Lele [11].
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Figure 2. [llustration in 3D for the three stages simulated

3. Peristaltic flow and movable pharyngeal walls
As abovementioned, the peristaltic flow is responsible of the movement of the bolus through the
pharynx. Fluid motion in elastic tubes has a high practical and theoretical relevance, however, not
much results have been produced due to the complications on the calculation of simultaneous fluid-
structure evolution [13].In order to consider the walls of the pharynx to be movable, an axial velocity
was fixed on the surface (peristaltic wave velocity, ~4.81 cm/s); also, a velocity normal to the wall and
a wall pressure were fixed. The wall pressure was computed considering the pharyngeal wall like a
non inertia membrane according to Predizzetti [13] from:

2 (U'x—R'U’T ﬂ)

=T, ——
Pw n" Rre 1+R"? R

(7
where Re is the global Reynolds number, and U’ is streamwise velocity and U, is the radial wall
velocity both defined byU, = dx/dt: and U, = 0R/0t, R is the local transversal radio of the
pharynx.

The hydrodynamics of the gastrointestinal duct is influenced by its mechanical characteristics. In
this work, we focused on the coefficient of elasticity, K, defined by Eq. (8), hence, values of about 10*
to 10°Pa'm for K were taken. The membrane was considered isotropic, homogeneous, with constant
wall width and a hyperelastic behavior. In Eq (7) t,, is the wall normal stress, which is function of the
principal deformation ratios and of the coefficient of elasticity K.

K = hE (8)

4. Numerical method

The computational domain has as dimensions 5.0 cm x 2.8 cm x 2.8 cm. in x, y and z directions
respectively are: This domain was discretized through a uniform grid distribution employing 150 x
109 x 109 nodes; the grid spacing is 0.3 x 0.25 x 0.25 mm in x, yand z directions, respectively.
According to Hasegawa et al. [12]the total simulation time was fixed in 1.04 s and divided into three
stages: From 0-0.34 s the filling stage with only the entrance (GPJ) open; from0.34-0.54 s, the
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intermediate stage, here both inlet and outlet are open and the emptying stage from 0.54-1.04 s where
the entrance is already close and only the exit (UES) remains open.

4.1. Boundary and initial conditions
A bolus volume of 10 cm’was used, being this amount one of the most commonly used in experiments
and also corresponding to a mouthful; also a preexisting volume inside the pharynx of 2.5 cm’, these
value is similar to the value used by Chang et al. [3].The velocities were imposed at the inlet in order
to assure the right volumetric flow in the pharynx. The oral preparatory phase is represented by a time
of 0 s, where both the GPJ and the UES are closed and it is considered that all velocities are null in the
entire domain.

The change of volume of the pharynx at every time instant, allowed obtaining the inlet and outlet
volumetric flows. The flow rate of the inlet is obtained by the change of volume of the pharynx at the
time step At:

. Avol
Vi _ | o 1Xltarynx (9)
the mean axial velocity at the inlet is given by:
Vv
Uintet = Aﬂ (10)
n

whereA;,, .+ corresponds to the perpendicular area to the inlet flow.

In the intermediate stage, t = 0.34 s to 0.54 s, it is necessary to know the volumetric flow at one of
the two boundaries, and for that, a small and constant inlet and outlet volumetric flow difference was
considered.

The bolus has to be propelled from the oral cavity to the pharynx, the tongue is responsible for
carrying out this task. Therefore, the pressure applied by the tongue had to be considered in the
simulation and itwas modeled by setting a membrane wall pressure, P = P;,;.¢, in the nodes close to
the entrance, allowing the inlet boundary condition adapting to the pressures inside the pharynx. The
membrane wall pressure at these points will be the maximum between Pjy,;.; and the value obtained
locally with Eq. (10).Hiba! A hivatkozasi forras nem talalhaté.

5. Results

Different cases were studied and the identical configuration for the temporal evolution of the pharynx
was used in all studied cases. The value of the volume increased up to Vj,q, ~ 12.47 cm’ at 1= 0.423
s. The value of 12.5 cm’ was not reached (initial volume plus bolus volume), since the emptying
process began at ¢ = 0.33 s. Part of the bolus volume has been evacuated at r = 0.423 s. The coefficient
of viscosity K was varied and remained the same through the whole process; the values of Py were
chosen of the maximums pressures obtained in each simulation. The values used for the most
significant cases simulated are shown in

Table 2.Cases investigated

Case P (Pa)K (Pa-m)
A 2.0 25
B 4.0 50
C 6.0 75
D 8.0 100

5.1. Velocity profiles

5.1.1. Filling stage(0 s < t < 0.33 s; GPJ open and UES closed).Regarding to the velocity,
simulations showed that all the four studied cases presented a same behaviour in the first stage.
Thereby, rises of the velocity were observed at the axis when the fluid (bolus) entered the pharynx and
it is accelerated until reaching the pharyngeal wall which provokes also an increase of pressure.
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Fig. 3 shows some profiles for the velocity in Case B at this stage, the values were close to those
found by Nguyen et al. [13] who found values for the velocity of the bolus head of 37.1 £ 1.1 cm/s
using the technique of videofluoroscopy. It is important to point out that the flow is not necessarily
axisymmetric even though the geometries were generated from revolution surfaces as can be seen
from Figure Swith an isosurface of velocity.

5.1.2. Intermediate stage (0.33 s < t < (.54 s). It was observed in this stage that both the entrance
(GPJ) and the exit (UES) are open but is the entrance that begins to close and the bolus continues its
movement to the outlet. Values under 40 cm/s were observed for this case and those results are in
good agreement with those reported by Hasegawa et al [12] who estimated the maximum velocity
reached in the swallowing process of 50 cm/s.

5.1.3. Emptying stage (0.54 s <t < 1.04 s).At time ¢ = 0.54 s the emptying phase begins and as the
peristaltic contraction occurs, a recirculation zone (negative velocities) is generated and becomes
larger near to the entrance where the GPJ is now closed. The zones with a highest shear rate were still
found near the walls and in the recirculation zone. Recirculation zones with negative velocities were
observed at the occluded zone and this was more relevant as the values coefficient of elasticity K
incremented.

Global velocity at t=0.7 s. Case B
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Figure 3.Velocity profiles for Case B and D (right) and global velocities at the occluded zone (t =
0.7 s)
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Figure 4. Shear rate (left) and viscosity (right) profiles at the occluded zone (t = 0.7 s)
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5.2. Pressure profiles

5.2.1. Filling stage. At this stage, it can be noticed that the process is highly influenced by the
pressure exerted by the tongue to initiate the movement and also by the coefficient of elasticity. As the
latter increased its value, so did the pressure.
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5.2.2. Intermediate stage. Figure 8shows the flow fields in terms of the pressure for Case B, the
pressure in the pharynx reached values around 4 kPa which is the value estimated by Ferguson et al
[14].

5.2.3. Emptying stage. The emptying process is mainly controlled by the volumetric flow, so that the
elasticity level has a little influence. Under real conditions, changes in the coefficient of elasticity
would create changes in the bolus clearance time.

5.3. Extensional viscosity and extensional rate calculation. The calculation of the nominal extensional
strain rate was made by:

. du
€= - b (11)
and the extensional viscosity was reckoned by the

Txx(6,E)—Tyy (£,€) (12)

&

NEte) =

Central lines where plotted in order to have a general idea of the rheological behavior of the fluid used
in the simulations.
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Figure 7. Extensional viscosity and t the occluded zone (t = 0.7 s)
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Figure 8. Pressure profiles for Case B at six different times (0.06, 0.2, 0.46, 0.54, 0.7 and 0.9 s)

Conclusion

A three-dimensional model of the transport of food bolus along the pharynx has been proposed using
the immersed boundaries method, which allows representing the shape of the pharynx using Cartesian
grids. The pharyngeal wall has been considered to be an elastic membrane, and its temporal shape has
been taken from previous experimental works using three-dimensional interpolations. The effect of the
tongue force acting on the bolus was incorporated as a pressure exerted by the pharyngeal wall close
to the GPJ. The effect of the elastic coefficient on the flow behavior has been analyzed.
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