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domain. At the previous stages of research, we developed a model to describe the flow
of a multiphase multicomponent mixture in the antroduodenum, taking into account
the processes of mass transfer between phases, biochemical reactions, mass sources
and effluents. In this article, we propose an improvement of the model for describing
the multiphase flow in the whole stomach and duodenum, taking into account the gas
phase. The mathematical formulation of the problem includes the balance equations
of mass and momentum for a multiphase medium with mass sources. Boundary
conditions take into account the peristalsis of the tract. In numerical experiments we
studied the influence of the density of food particles on the distribution of volume

Keywords: fractions of phases, mass fractions of food components and enzymes, pH level in the
Numerical simulation; Multiphase flow; digestive tract. In the future, it is necessary to continue working with the rheological
Food; Enzymes; Acidity properties of the flow.

1. Introduction

The stomach is a sophisticated organ with unique physiology and biochemistry [1]. The four key
components of gastric digestive function are food storage, acid secretion, enzyme secretion and
motility [2]. The normal rate of gastric emptying of chyme into the duodenum is very important for
further digestion and absorption [3]. The duodenum mixes gastric chyme with pancreatico-biliary
secretions, reduces food particles to simple nutrients that can diffuse into the blood [4], and
increases pH value of the chyme [5]. The diseases of the stomach and duodenum are often associated
with helicobacter infection [6, 7], high acidity in the tract lumen [8], alcohol consumption [9], smoking
[10], unhealthy diet [11, 12], stress [13] and other reasons [14]. However, many pathophysiologic
mechanisms associated with environmental factors and individual features remain unclear.
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The existing experimental equipment is mainly aimed at medical purposes for diagnosing the
state and functions of the organs of the digestive system and the gastrointestinal tract [15]. At the
same time, it is still very difficult to obtain the characteristics of the digestive process in the human
body in a fed state [16]. Therefore, it is very important to develop non-invasive approaches for
research tasks [17]. Computational fluid dynamics (CFD) models have a number of advantages: saving
time and resources for research, the ability to control input parameters, evaluate and predict process
characteristics at any point in the computational domain [18-23]. One of the first models of the
stomach created on the basis of magnetic resonance imaging (MRI) data to study the role of
peristaltic waves in the antrum [24, 25]. Recent studies use three-dimensional models to describe
gastric motility, drug dissolution, food mixing and transport (from stomach to intestine) with
different rheological characteristics [26-29]. Chyme in the stomach is considered as a Newtonian fluid
[30, 31], shear thinning fluid [32], or multiphase medium [33, 34], and in the intestine as a Newtonian
fluid [35-37], non-Newtonian fluid with a kinematic viscosity described by the power-law model [38],
Bird—Carreau fluid [39], suspension of rigid particulates in a viscous Newtonian fluid [40].

The presence of a gas phase in the stomach is not often considered using CFD models. A small
amount of air enters the stomach when food is swallowed, so in the next phase of digestion, a bubble
forms in the upper part of the stomach [4]. Also, gas can be contained in the food taken or formed
as a result of biochemical reactions in the gastrointestinal tract [41]. At the same time, experiments
have shown that most of the gas passes from the stomach to subsequent sections of the tract [42].
In this regard, taking into account the gas phase in the model seems to be important for a more
correct description of gastric processes. Hao et al., [33] developed a 2-D model of multiple-phase
flows for the simulation of gastric emptying. At the entrance to the stomach atmospheric pressure is
set, at the exit from the stomach a constant speed (0.3 mm/s) is set. Because of such boundary
conditions, the stomach is emptied. Ishida et al., [43] determined vertical position of the air-liquid
interface using the outflow flux at the pylorus assuming that the interface remained flat during the
process. Imai et al., [44] considered the effects of posture on mixing in the closed stomach using free-
surface modeling, assuming that viscous traction of gastric gas is negligible. The presented works do
not consider the change in the density and viscosity of the medium during the action of digestive
juices on food. It is reasonable to continue work in this field, paying particular attention to the
mixture rheological properties, the individual shape features and parameters of the stomach and
duodenum in normal conditions and disease.

This study is performed within the general multilevel model of functional disorders accumulation
in a human body, developed by a team of authors [45]. For more detailed description we considers
“meso-level” models of the cardiovascular, respiratory [46], digestive, neuro-endocrine [47], and
other systems. At the previous stages of research, the developed “meso-level” model was used to
describe the flow of a multiphase multicomponent mixture in the antroduodenum, taking into
account the processes of mass transfer between phases as a result of the dissolution of food particles,
biochemical reactions that contribute to the transformation of more complex food components of
the mixture into easily digestible elements, mass sources and effluents component due to the
processes of secretion of digestive enzymes and absorption of nutrients [48]. The model also
describes the peristaltic movement of the walls of the tract. At the previous stages, we did not
consider the gas phase in the stomach. Also, the digestive processes were considered only in the
lower part of the stomach (antrum). Therefore, we eliminated these shortcomings and introduced
some new features into the model. This article is devoted to the study of digestion processes in the
whole stomach and duodenum, taking into account the gas phase.
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2. Methodology
2.1 Conceptual and Mathematical Statement of the Problem

The stomach and duodenum are considered as a complex-shaped biochannel with moving
boundaries. A mixture of food particles and digestive juices in the cavity of the tract is considered as
a multiphase medium. The first phase is a multicomponent liquid with components dissolved at the
molecular level. It is assumed that food particles are liquid phases and have different viscosities,
exceeding the viscosity of the first phase. The gas is considered as a separate phase with a low density
and viscosity compared to the other phases. The mathematical formulation of the problem is based
on the use of the laws of conservation of mass and momentum for the phases and components of
the medium. When writing Eq. (1) — (3), we use the Eulerian approach, where the liquids phases are
treated as interpenetrating continua. It is assumed that each phase occupies a certain proportion of
the total volume of the mixture. The exchange of momentum between phases due to friction forces
depends on the difference in the velocities of the interacting phases. Therefore, we do not work with
particles directly and no not consider surface tension. We apply the assumption of sphericity of
particles of secondary phases only to use the ratio for the coefficient of interfacial interaction.
Interfacial interaction coefficients also depend on the viscosity and density of the medium and
change in the process of digestion. The main conservation equations for the first phase and food
particles are given in a previous publication [45]. Later we expanded the list of components of the
first phase and at the current time it describes 21 components: water, hydrochloric acid (HCl), sodium
bicarbonate (NaHCO3), the reaction product with hydrochloric acid and sodium bicarbonate (carbon
dioxide and sodium chloride), dissolved proteins, fats, carbohydrates, chemicals, polypeptides,
pepsin, peptidases, amino acids, trypsin, bile salts, emulsified lipids, lipase, monoglycerides, amylase,
polysaccharides, monosaccharides, glycosidases [48].

Mass conservation equations for the gas phase:
a —_
a(pmocm) +V (P, 0, V) =S, reQ,tel0;T) (1)

where py is the density of the gas phase, kg/m?3, (J) is an index of gas phase, o is a volume fraction
of the gas phase, vy is a velocity vector of the gas phase, m/s, Sy is an intensity of the mass source
of the gas phase, kg/(m3:s), r is a radius vector of spatial points, Q is a closed area (the interior of the
area and its border), t is the time.

The momentum conservation equations for the phases are written taking into account the
hypotheses about the equality of the phase pressures, the proportionality of the interfacial
interaction forces to the difference in the velocities of the interacting phases:

0
E(a(l)pm"m) +V (0P Vi Vi) = =0y VP +V 1) +

1
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J J
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Where p is a pressure, Pa, j, g are indices of phases, when the index is equal to one, it denotes the
first phase (multicomponent liquid), T is a deviatoric part of the Cauchy stress tensor for a viscous
incompressible fluid, g is a vector characterizing the action of mass forces, m/s?, Kiq); is a coefficient
of interfacial interaction of the g-th and j-th phase, kg/(m?3:s), m' ., is a term determining the
intensity of mass transition from the j-th phase to the i-th component of the first phase, m" ;. is
the term of the intensity of the mass transition from phase of particles of larger size to the phase of
particles of smaller size. The rate of mass transition into the components of the first phase is
proportional to the fraction of the components in the phases of food particles. Particles of the
smallest size do not dissolve.

The viscosity of the first phase is assumed to be variable and depends on the concentration of

food components [49]:

2
m:[nﬁj (4)
11(}‘5) 1 —a / C’max
Ny =N (1+ O exp(Inn, + (D€, )KM,)), (5)

Where nyq is a viscosity of fat and carbohydrate solution, Pa-s, a is a volume fraction of micellar
particles, and amax — hypothetical maximum volume fraction of micellar particles at "tight
arrangement", nw) is the viscosity of water (equals 0.7-10° at a temperature of 37°C), Pa-s, C is a
volume concentration of the i-component (fats and carbohydrates) of the first phase, kg/m3; n is
the parameter of intrinsic viscosity, m3/kg, which represents the volume occupied per unit mass for
infinite dilution conditions, K is a dimensionless parameter.

The density of the first phase is also variable and is calculated by averaging over the components.
Kinematic boundary conditions are set on the walls of the stomach and duodenum. The wall
boundary condition is set at the inlet. So, the gastroesophageal sphincter is assumed to be closed. In
the outlet section the pressure values and the conditions of equality to zero of the tangential
components of the stress vector are set.

2.2 Description of the Method for Constructing the Geometry of the Computational Domain and the
Numerical Method

Previously, we developed an algorithm for constructing a computational domain based on the
results of an ultrasound study [50]. Peristalsis parameters also are given in our previous publications
[45, 50]. Images of the stomach were obtained in planes parallel to two main anatomical planes:
horizontal (parallel to the ground level) and middle (dividing the human body into two symmetrical
halves). A 2D shape of the stomach is obtained from the images and a "center line" is drawn. The 3D
domain construction is based on the approximation of a real geometric shape by a finite number of
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ellipses. Ellipses are located in the normal plane to the "central line" of the stomach. The duodenum
is supposed to be a round C-shaped tube. The resulting computational domain is shown in Figure 1.

Stomach

Duodenum

— Qutlet section

@
£ X
”'“_:_:lm 0100 0.200(rm) 0.000 0.100 0.200 ()
0.050 0130 0.050 0.150
(a) (b)

Fig. 1. (a) The computational domain (b) The computational mesh

When using numerical approaches to solve the systems of equations included in the
mathematical formulation of the problem, questions inevitably arise related to the reliability of the
results obtained. It should be noted that the use of numerical methods in itself introduces some error
into the results obtained. In addition, the use of a coarse mesh can lead to errors at large
deformations due to the propagation of peristaltic waves. Due to the impossibility of obtaining an
analytical solution, it is necessary to check the computational stability of the numerical solution, as
well as to analyze the differences in the obtained flow characteristics at different grid sizes and time
steps. The question of the rational choice of the calculation parameters is also important due to the
significant computational complexity of the problem (solution of the conservation equations for
many phases and mixture components), it is necessary to obtain a stable solution with a small error
in the minimum possible calculation time.

From the point of view of the physiology of the process, special attention should be paid to the
characteristics showing the mass of various food components and enzymes located in the stomach
and intestines. We used the total mass of sodium bicarbonate in the domain as a measure of
comparison, which is calculated during one cycle of peristaltic activity after the start of the simulation
(18 s). Table 1 shows the study results of the solution sensitivity depending on the grid size and time
step. Relative error indicates the error of the solution relative to a fine grid with a fine time step. In
numerical experiments, it is rational to use a grid with 59920 elements and time step equal to 0.01
S.

The phase of digestion in which food begins to pass into the intestines is considered. The
peristalsis of the tract is supposed to be periodical. The shape of the peristaltic waves in the antrum
and duodenum is given by the sinusoidal law. The main parameters of the waves (periodicity, width,
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amplitude, speed) are given in the previous publication [45]. The displacements of the boundary
nodes of the mesh occur only in the corresponding elliptical cross-section imitating circular muscle
contractions.

Table 1
Study of the sensitivity of the solution depending on the grid size and time step
Mesh element No of elements  Time scale Time step, s Relative error, %
coarse 27467 coarse 0.02 3.87
coarse 27467 normal 0.01 1.61
coarse 27467 fine 0.0025 0.74
normal 59920 coarse 0.02 0.69
normal 59920 normal 0.01 0.13
normal 59920 fine 0.0025 0.08
fine 273567 coarse 0.02 0.07
fine 273567 normal 0.01 0.03
fine 273567 fine 0.0025 -

The CFD analysis is carried out in Ansys Fluent. 32 cores with frequency of 2.4 GHz (AMD Opteron
processors) are used in numerical experiments, which takes about 324 h for calculating a 30-minute
digestion with a standard mesh element and time step. For calculations, the pressure-based solver is
used; for time discretization, implicit schemes of the first order of accuracy are used, which are stable
with respect to the size of the time step. User defined functions (UDF) are applied for setting mass
sources, interphase interactions, dynamic mesh.

At the initial moment of time, the first phase contains only the water component, therefore its
density is 1000 kg/m?3, viscosity is 7-10* Pa-s. The density of the gas phase is 1.14 kg/m3, the viscosity
is 1.86-107° Pa-s.

3. Results

Two scenarios are considered in numerical experiments. In the first scenario, the density of food
particles is assumed to be higher (equal to 1046 kg/m?3) than the density of the first phase
(multicomponent liquid). The density of food particles is 950 kg/m3 in the second scenario. The
viscosity of the food phases is 2:103 Pa-s in both scenarios. At the initial moment of time, the gas
phase is located in the upper part of the stomach with a volume fraction of 0.5. This value is set to
avoid the instability of the solution at the beginning of the calculations. Food particles of different
sizes are considered as separate phases. The total volume fraction of food phases is 0.9 in the lower
part of the stomach and the initial part of the intestine. Medium sizes and initial volume fractions for
each food phase are given as in the previous paper [45].

3.1 Volume Fraction of Phases

The calculation results show that already 2 minutes after the start of the simulation, phase
separation occurs due to the difference in densities. The gas phase is concentrated in the upper part
of the stomach. In the first scenario, the food phases are concentrated in the lower part of the
stomach, and a small amount of food particles are contained in the lower part of the duodenum
(Figure 2 (a)). Liquid solution (first phase) forms a layer in the stomach between gas and food. The
rest of the first phase is observed in the upper and middle parts of the duodenum. In the second
scenario, a liquid solution is observed in the antrum and the descending part of the duodenum (Figure
2 (b)). Food particles are located in the middle part of the stomach and in the ascending part of the
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duodenum. After 30 minutes, the volume of food particles in the stomach decreased by about 1.5
times due to dissolution with hydrochloric acid, the transition of food components into solution
(multicomponent liquid) and transport to the intestine (Figure 3). The volume of the liquid phase in

the stomach increased due to the secretion of gastric juice, the volume of the gas phase also
increased due to the term on the right side of Eq. (1).
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Fig. 2. Volume fraction of the second phase (food particles with the largest size), t=2 min (a) Scenario 1
(b) Scenario 2
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Fig. 3. Volume fraction of the second phase (food particles with the largest size), t=30 min (a) Scenario 1
(b) Scenario 2
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3.2 Dissolved Proteins

Figure 4 shows the distribution of the mass fraction of dissolved complex proteins. After 30
minutes, food components dissolved in the liquid phase are found in the upper part of the stomach
(Figure 4 (a)) as a result of the mass transfer from the food phases due to the dissolution of particles.
The mass fraction of dissolved proteins reaches 0.01 in the first scenario, while the maximum values
of the mass fraction of proteins are found at the boundary between the food phases and the liquid
phase. Near the gas-liquid interface, the mass fraction of dissolved complex proteins is about 0.003.
In the second scenario, dissolved complex proteins are observed only in the antrum, their mass
fraction reaches 0.003 (Figure 4 (b)). The field of volume fractions of dissolved complex fats and
carbohydrates visually coincides with the field of volume fractions of dissolved complex proteins.
Differences are observed only in absolute values due to the different component composition of food
particles. A similar picture is observed for pepsin, an enzyme secreted in the stomach.

(a) (b)
Fig. 4. Mass fraction of dissolved complex proteins, t=30 min (a) Scenario 1 (b) Scenario 2

3.3 Trypsin

Figure 5 shows the distribution of the mass fraction of trypsin, which transforms complex proteins
to polypeptides. Trypsin is produced by the pancreas and enters the intestine through the biliary
system. In the first scenario, the mass fractions of trypsin in the duodenum reach 3-10°3 at the time
t=30 minutes (Figure 5 (a)). The concentrations are lower in the second scenario, the maximum values
of the mass fractions are 1-1073 (Figure 5 (b)). Higher concentrations in the first scenario are explained
by the presence of a regulatory effect. Since the concentrations of dissolved proteins in the stomach
in the first scenario are higher, the mass source of trypsin is more intense.
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(@)
Fig. 5. Mass fraction of trypsin, t=30 min (a) Scenario 1 (b) Scenario 2

3.4 Polypeptides

Figure 6 (a) shows the distribution of the mass fraction of polypeptides in the first scenario. The
polypeptides are predominantly found in the stomach due to the action of pepsin on complex
proteins. Due to the lower density of polypeptides compared to complex food components, high
concentrations are observed not at the boundary separating the food and the liquid phase, but in
higher layers. In the intestine, there is a relatively small amount of polypeptides formed under the
influence of trypsin. Figure 6 (b) shows the distribution of the mass fraction of polypeptides in the
second scenario. Polypeptides are found in the duodenum and antrum, where they are formed from
complex proteins under the influence of trypsin. At the same time, the concentrations of
polypeptides in the second scenario are higher, the volume fractions reach 4-10*. Therefore, the rate
of enzymatic reaction is higher under the influence of trypsin in the intestine. The higher reaction
rate partially explains the lower concentrations of complex proteins in scenario 2 (Figure 4 (b)).
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Fig. 6. Mass fraction of polypeptides, t=30 min (a) Scenario 1 (b) Scenario 2
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3.5 Amino Acids

In the first scenario, the maximum concentrations of amino acids are observed in the region of
the upper intestine (Figure 7 (a)). Here is a small amount of polypeptides, which under the influence
of intestinal enzymes (peptidases) are transformed into amino acids. In the second scenario, amino
acids are found in the descending part of the duodenum and in the antrum (Figure 7 (b)). The
maximum concentrations of amino acids are lower than in the first scenario, mass fractions reach
1.7-107. Thus, in the first scenario, the conversion of polypeptides into amino acids under the action
of intestinal enzymes (peptidases) is carried out at a faster pace. It should be noted that intestinal
digestive enzymes (including peptidases) within a few minutes after food intake are distributed
throughout the duodenum and have an active effect on food components. In the future, their
concentration increases much more slowly.

1.20e-004 1.73e-005
9.00e-005 1.30e-005
6.00e-005 8.66e-006
3.00e-005 4.33e-006

0.00e+000

0.00e+000

(a) (b)

Fig. 7. Mass fraction of amino acids, t=30 min (a) Scenario 1 (b) Scenario 2

3.6 pH Level

Figure 8 shows the distribution of the pH level in the digestive tract, as one of the main factors of
mucosal damage. In the first scenario, an increased level of acidity is observed in the upper part of
the stomach due to the release of hydrochloric acid. The presence of food particles helps to reduce
the concentration of acid and decreases the pH to 4-5 in the middle part of the stomach. In the lower
part of the stomach, under the influence of sodium bicarbonate secreted in the antrum, the acidity
decreases and the pH level is about 7.5. In the duodenum, an alkaline environment is observed with
a pH level of up to 8.3.This distribution of acidity satisfactorily correlates with the available
experimental data in the stomach and duodenum [51]. In the second scenario, the upper and middle
part of the stomach has a neutral level of acidity due to filling with gas and food particles (pH is about
7). In the antrum and in the region of the pyloric opening, an abnormally high level of acidity (pH=2)
is observed, which can lead to damage to the mucous membrane. In the area of the descending part
of the duodenum, the acidity is also slightly increased (pH=6).
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Fig. 8. pH level, t=30 min (a) Scenario 1 (b) Scenario 2

Thus, the results of numerical simulation show significant differences in the level of acidity with
previous calculations, for example, for a single-phase medium [45, 48]. In the first scenario, protein
digestion is more pronounced in the upper part of the stomach and in the upper part of the
duodenum. In the second scenario, active transformation of food is observed in the antrum and the
descending part of the intestine.

4. Conclusions

This study examined the digestive processes in the entire stomach and duodenum, taking into
account the gas phase. We studied the influence of the density of food particles on the distribution
of volume fractions of phases, mass fractions of food components and enzymes, pH level in the
digestive tract. It should be noted that 30 minutes after the start of digestion, phase separation is
observed, since the model does not take into account the transfer of mass from the liquid phase to
food particles (water absorption). Also, other mechanisms for removing excess fluid are not taken
into account. For the same reason, a high level of acidity is observed, since the acid is not absorbed
by food particles. In reality, the content in the tract should become more homogeneous over time.
In the future, more careful work with dynamically changing rheological properties of the contents of
the tract is necessary. It seems appropriate to take into account the influence of food properties on
the parameters of tract motility. It is also necessary to take into account the decrease in the volume
of the stomach as it empties [52]. For these purposes, we are planning to conduct experimental
studies to obtain individual parameters of stomach geometry and motility in response to food intake
of various compositions.
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