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Understanding digestion process in the duodenum, a complex bio-system with various unique characteristics, has
been a challenge due to experimental restrictions. This work developed a comprehensive duodenal model that
takes into account key features including curved geometry, pancreatic secretion and wall peristalsis. It is the first
attempt to simulate dense granular flow together with pH-dependent enzymatic reactions of starch-based
multicomponent particles under near-real physiological conditions. Numerical experiments enhanced our un-
derstanding of the duodenal digestive environment by analyzing the distributions of particles, enzyme and pH as
well as the evolution of particle properties. The inclination of the duodenum was found to inhibit the digestive
performance, even by half when completely lying down, due to a higher proportion of particles in the proximal
acidic region. Additionally, a rise in gastric acidity significantly lowered the digestion rate in a lying posture,
while changes in gastric acid concentration below 25 mmol/L had minimal impact in a standing case. The model
developed will be valuable for optimizing food formulation, drug delivery and even the design of bio-inspired

reactors.

1. Introduction

Starch-based foods, such as cereal, are major energy sources for daily
activities and closely associated with human health. The digestive pro-
cess in the gastrointestinal tract plays a crucial role in their bioavail-
ability. After being ingested, starchy foods are preliminarily broken
down in the mouth and stomach before entering the small intestine,
where chyme is hydrolyzed thoroughly by enzymes and the final prod-
uct, glucose, is absorbed through the intestinal wall. The duodenum, the
first and shortest segment of the small intestine, is vital for starch
digestion. a-amylase, the enzyme responsible for hydrolyzing starch into
disaccharides, is primarily secreted into the digestive tract through the
duodenal papilla, which is located in the descending limb of the duo-
denum [1]. Additionally, the duodenum serves as the pH transition
section in the gastrointestinal tract. The alkaline intestinal secretions
neutralize the acid chyme from the stomach, providing a favorable pH
environment for a-amylase action. Furthermore, the duodenum is a
complex organ with curved tubular geometry and a rich assortment of
motor patterns, which also influence the digestive process.

* Corresponding authors.

However, our understanding of the digestion behavior in the com-
plex duodenal system remains limited due to constraints in in-vivo
measurements and in-vitro lab equipment. A complementary approach
to experimental studies is the development of in-silico models. Compared
with compartmental models [2,3], Computational Fluid Dynamics
(CFD) models are capable of reproducing the details of the gastrointes-
tinal tract as accurately as possible and providing a means to investigate
transport and mixing in the gastrointestinal (GI) tract [4]. Past simula-
tion studies have primarily focused on diverse intestinal motilities, such
as peristalsis [5,6], segmentation [7,8] and pendulation [9,10]. These
muscular motions have been verified to positively influence mass
transfer and absorption in the intestinal tract. Reconstructing the
tortuous geometry is another key modeling interest. Palmada et al., for
example, generated an anatomically realistic CFD model based on CT
scan slices of the duodenum [11]. Next, they validated the model against
an in-vitro physical model with C-shaped geometry and peristaltic con-
tractions [6].

Despite extensive modeling efforts on these physiological features,
most in-silico experiments only ended with the analysis on mass transfer
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phenomena, excluding chemical reactions. Upon entering the duo-
denum, partially digested food exists as a slurry of solids and liquid.
Driven by intestinal motility, chyme is slowly propelled forward and
mixed with digestive juice secreted from the pancreas. Pancreatic
amylase permeates into porous particles and hydrolyzes the starch
within. Meanwhile, alkaline secretions neutralize gastric acid,
improving the pH environment for starch digestion. The digestion re-
action in a region is affected by multiple factors, including substrate
concentration, enzyme concentration and pH level. An independent
investigation on the mixing level of a specific component, e.g., enzyme,
is not sufficient to fully elucidate digestive behavior, which a common
drawback of past studies.

Earlier simulation studies, such as that by Trusov et al. [12], treated
each phase in the chyme as a continuum, overlooking the specific
characteristics of particle behavior. In a circumstance with gravity, wet
granular foods with higher density than water tend to assemble at the
bottom region of a curved tubular organ and escape due to wall peri-
stalsis. In dense particle flow, handling complex interactions between
particles and the continuous phase is essential. More importantly, as
porous structures composed of multiple components, starch-based par-
ticles undergo various changes during the digestive process, e.g., size,
density and starch proportion [13,14]. Modelling these granular evo-
lutions in the intestinal tract is of great significance as well.

In this study, we will develop a 3D modeling framework for the
digestion of starch-based foods in the duodenum. At a first approxima-
tion, the model reproduces key duodenal details, including C-shape
geometry, wall peristalsis, gastric emptying and intestinal secretion, to
create a near-real physiological environment. It is important to note that
nutrient absorption is not modeled since it has minimal influence on the
digestion reaction and has been researched fully in the past. Beyond
various environmental factors, a key contribution of this study is to
characterize the complex digestive behavior of solid foods. The fluid-
particle multiphase flow and the evolution of starch-based porous par-
ticles during digestion will be modelled. After model validation, it will
be applied to conduct parametric studies on physiological factors, such
as duodenal posture and gastric acid concentration.

2. Methods

The digestion of starch-based foods in the duodenum is a multi-
physics field coupling process. Fig. 1 illustrates all the components in
this model, including gastric emptying, intestinal secretion, wall peri-
stalsis, neutralization reaction and particle hydrolysis. The foods studied
are porous particles composed of starch, indigestible substrate and
water. The acidic fluid mixed with particles enters the duodenum
through the pylorus. Driven by wall peristalsis and gravity, the chyme
moves forward and mixes with the alkaline secretion containing the
enzyme. The neutralization reaction adjusts the pH that determines the
enzyme activity. The starch-based particles undergo hydrolysis by the
enzyme, resulting in size shrinking and porosity increase.

2.1. Geometry construction

The duodenum is approximated as a smooth C-shaped tube with a
total length of L and a radius of Ry in a relaxed state (see Fig. 2(a)). The
pylorus with a radius of r; serves as the entrance for chyme into the
duodenum. Considering the size difference between the pylorus and the
duodenum, a hemispherical burst region is constructed at the front end.
A secretion port with a radius of r is located at the inner ring of the
curved tube, at a distance L' from the pylorus. As shown in the y-z view
of Fig. 2(a), the angle between the direction of gravity and the z-axis is 6,
which can be adjusted to mimic different intestinal postures.

2.2. Boundary and initial conditions

The boundary and initial conditions adopted for the multiphase flow
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Fig. 1. A conceptual diagram of the digestion of starch-based particles in
the duodenum.

simulation are illustrated in Fig. 2(b). The model features two inlets, i.e.,
the pylorus and the secretion port. It is assumed that the supply of chyme
from the stomach remains constant. At the pylorus, the fluid with a fixed
concentration of hydrochloric acid C%, flows into the duodenum at a
constant velocity v}’. Starch-based particles, characterized by diameter
d), density &), indigestible ratio #) and available reaction area A) are
also introduced at the pylorus with the same velocity vg and a constant
mass flow rate P;). At the secretion port, a mixture of a-amylase and
sodium bicarbonate with concentrations C? and C,,,, respectively,

enters the duodenum from at a velocity 0. Although the pancreas and
bile secrete a complex mix of enzymes and electrolytes, this study fo-
cuses only on the starch-digesting enzyme and the primary electrolyte.
The outlet boundary condition is set to be 0 Pa gauge pressure for the
fluid phase and particles are allowed to escape. The absorption of the
intestinal wall is not modeled. No-slip and no-flux boundary conditions
are implemented to the wall of the duodenum, and particle reflection
implies no energy loss during collisions with the wall. It is assumed that
the duodenal lumen is initially filled with water.

Peristalsis is the primary means of intestinal motility that propels
chyme through the duodenum, causing the geometry to evolve over time
(see Fig. 2(c)). In reality, it can occur throughout the small intestine and
gradually diminishes after traveling a distance. In this study, peristalsis
is simplified to contraction waves that initiate sequentially at the pylo-
rus, propagate along the duodenum at a constant velocity, and eventu-
ally dissipate at the outlet. As depicted in Fig. 2(c), two or three
successive contraction rings may be present in the duodenum simulta-
neously, followed by relaxed sections returning to their initial radius.
Hence, the propulsive peristaltic wave can be represented by a piecewise
function.

ifl ;Ct € (g + 2Nﬂ,% + 2N7r) ,Nisinterger

R =Ry —Ancos <% (1- ct))

else
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Fig. 2. Illustration of the model setting: (a) initial geometry from front and lateral views, (b) boundary conditions, (c) geometry evolution due to peristalsis.

R=Ro (€8]

where R [m] is the local radial displacement of the wall from the center
line. I [m], A;, [m], 2 [m] and ¢ [m/s] are respectively coordinate along
the center line, amplitude of wave, wavelength and speed of wave.

2.3. Conversation equations

2.3.1. Dense discrete particle method

The dense discrete particle method (DDPM) is employed to resolve
the two-phase flow of fluid and particles. This methodology is valid for
dense particulate flow where the inter-particle interactions are signifi-
cant. Although the overall solid volume fraction in the duodenum is not
very high, particles might become extremely dense in specific regions, e.
g., at the bottom. In DDPM, particles are tracked by group of parcels,
each representing many particles. The inter-particle collisions are
calculated indirectly using the kinetic theory of granular flow (KTGF),
which is computationally less demanding. This makes DDPM a feasible
approach for simulating digestive processes that occur over extended
periods.

The conservation equation for the continuous phase is solved using
the Eulerian multi-fluid model. In the intestine, the flow is typically
considered as laminar flow. In this study, the fluid, composed of water
and dissolved components, is treated as incompressible. The continuity
and momentum equations are written as follows, respectively:

0
2 (ay) 4V o (050y15) = S @

2
5 (@Pr) +V o (ap; V5 0 ) = ayVp+V
oT+ap € +Kp(ly — &)+ Snn (3

where ay [-], s [kg/mg] and @ [m/s] denote the volume fraction,
density, and velocity of the fluid phase, respectively. p [Pa] is the
pressure shared by both the fluid and particle phases. 7; [Pa] is the fluid
phase stress-strain tensor. Kp represents the interphase momentum

] -
exchange coefficient. S;q5s and S mon are the mass and momentum source

terms from the particulate phase. The particle velocity u, is calculated
from the lagrangian approach where each particle is tracked by inte-
grating all the forces exerted on the parcels. The governing equation of
the motion for particles are written as:

@ 3uCqRe (af - ﬁ,,)
P
my——=m, +my,
dt 4p,d2

§(/’p — )

P + Finteraction + Fpg + Fwn (4)
p

The five terms on the right side of the equations represent the drag force,
buoyancy force, interparticle interaction force, pressure gradient force
and virtual mass force, respectively. For spherical particles with low
particle Reynolds number, the drag coefficient C4 can be quantified by
the model proposed by Gidaspow [15].
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The force acting on a particle resulting from interparticle interaction is

computed from solid phase stress tensor given by the kinetic theory of

granular flows:

N 1 —

Finteraction = — my,— Ve T @)
Pp

where 7, is the granular phase stress tensor. The force arises due to the
pressure gradient in the fluid:

T:Pg = — mpp*fﬁfVﬂf (8)
Pp

The virtual mass force, which accelerates the fluid surrounding the
particle, is expressed as:

ou,

S )]

Fon = — Coury | 4,V —
P
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where C,, is the virtual mass factor. The last two forces are significant
when the density of the fluid is close to that of the particles.

2.3.2. Species transport model

The mixing and transport of chemical species in the continuum
phase, including the enzyme, hydrochloride acid and sodium hydrogen
carbonate, are modeled by the species transport equation:

0 N
op (P YD) +V @ (apf¥e) = = V e apdi+ oSy + Sy 10
Ji= —pDVY, an

where Y;, jl- [kg/m2~s] and Sf_i[kg/(mg-s)] denote the local mass frac-
tion, diffusion flux and net production rate by chemical reaction of
species i in the fluid phase, respectively. D; [m?/s] is the diffusion co-
efficient for species i in the mixture. Sp; [kg/(m3-s)] is the net rate of
heterogeneous reaction. The mixture density, which is location- and
time- dependent, can be calculated based on the volume weighted
mixing law:

=D P a2

where p; [kg/m3] and y; [-] are the density and volume ratio of species i,
respectively.

2.4. Neutralization reaction model

The pH level in the duodenum is determined by the neutralization
reaction between hydrochloric acid, a primary component of gastric
acid, and sodium bicarbonate, a primary component of intestinal
secretion [16]:

NaHCO3 + HCl — NaCl + Hz0 + CO2 13)

The mass source in the species transport equation Eq. (10) due to the
homogeneous reaction in the fluid phase is proportional to the product
of hydrochloric acid and sodium bicarbonate:

Si = knCrciChaco, 14

where k, is the rate constant of the neutralization reaction [L/(mol-s)].
S; is negative for the reagents and positive for the reaction product.
Molar concentration of the i-th component C; [mol/L] is obtained by the
following equation:

_ Yipy

C:
! Mw.i

(15)

where M,,; [g/mol] is the molar mass of the i-th component.

The local pH level is calculated by a piecewise formula based on the
concentration of the excess component, either hydrochloric acid or so-
dium bicarbonate [17].

Cra + V/Cra® + 4K .,
2

—lg

Chrct > Cnacos

pH = (16)

Kona (Kpu2C +K
lg\/ pH,l( -pH,2“NaCO3 w) CHCI < CNaCO3

Kpi1 + Chacos

where K1 [mol/L] and K,y 2 [mol/L] are the first and second disso-
ciation constants of carbonic acid, respectively. K, [mol?/L?] is the ion
product of water. The enzyme a-amylase, which acts on starch, is very
sensitive to pH level. The pH-dependent activity of a-amylase can be
calculated by the following empirical function [18]:

1

Q9 =——
10-pH Koo
1+ Ka +10%m
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Here K41 = 1075878 and K, = 1078873, which were obtained by fitting
the above equation against the experimental data from literature [19].
The fitting result is given in Supplementary Material, Fig. S1.

2.4.1. Particle hydrolysis model

The mass source from the enzymatic reaction of starch-based parti-
cles is described by a modified form of an established particle hydrolysis
model [20]. It accounts for both diffusion and hydrolysis occurring on
the surface and within the interior of porous particles, leading to re-
ductions in particle size and starch proportion. However, solving the
diffusion equation for a large number of particles over a transient pro-
cess is highly complex and demands excessive computing resources. Our
recent work has demonstrated that diffusion resistance within a particle
is negligible for the intestinal digestion of cooked rice particles when the
initial size is less than 0.5 pm [21]. Consequently, the diffusion of sol-
utes, i.e., enzyme and maltose, within a particle can be neglected, pro-
vided the initial particle size is sufficiently small (e.g., 0.1 pm).

The rate of starch hydrolysis in a particle Q, [kg/s] can be expressed
as the sum of the surface reaction rate Qg [kg/s] and the internal re-
action rate Qi [kg/s]

Qp = Qur + Qine (18)
Yoy (1) (1 5)Car
ur = K. 1C. 19
VinaxAiV, (1 — C.
Qe — LoV (1~ 1) e 20)

K, +C.

where Vg [kg/ (m?-$)], K,y [mol/L], Ap [m?], A;[m~1] and I’A [m?] are the
maximum rate of product formation per unit area, equilibrium constant,
external surface area, internal surface area per unit particle volume and
particle volume. 5,[-] represents the ratio of indigestible components
and can be calculated using the following equation based on the initial
ratio.

1-¢°
=1y (21)

Here &, [-] is the porosity of a particle where pores are filled with water.

&) and 75 are their initial values.

& = Ps —Pp (22)
Ps — pf

where p, [kg/m>] and pf[kg/m3] denote the densities of the solid and

liquid phases, respectively. p, [kg/m3] is the granular density, which

decreases due to the internal reaction.

app pf Qint
o (1 7) v, @3

It implies that the space occupied by the solid component will be pro-
gressively replaced by liquid during the digestive process. The change in
the mass of a particle results from both surface and internal reactions.

om, _

M Qu—(1-%)aq,
5 = Qur (1 pS>Q,m 24

Then the diameter and volume of a particle can be computed by
d, = {/6V, )z = {/6my/ (p,7) (25)
The mass transfer rate of maltose from the discrete phase to the

continuous phase is computed by summing the mass sources from all
particles in a cell zone:
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Np
Sp,m = ZKstp (26)
=1

where ks, denotes the mass increase ratio when converting starch to
maltose (162:171). Likewise, the mass source term in the continuity
equation Eq (1) is the sum of granular mass changes in a cell zone:

& om,
2ot

smass -

27)

2.5. Quantitative analysis

Given the variability in the mass of reactive substrates, i.e., starch, in
the duodenum due to continuous injection and discharge of particles,
evaluating the digestive environment based solely on the hydrolysis rate
is inadequate. Therefore, a digestion rate coefficient kdig[s’l], repre-
senting the digestion rate per unit mass of starch, is introduced to pro-
vide a more rigorous assessment.

o Qp.sum (28)

The total digestion rate Q, sum [kg/s] in the duodenum is given by adding
up the starch hydrolysis rates in all particles:

N
Qaum =Y Qj (29)
=1

The total starch mass M; gm [kg] in the duodenum is calculated based on
the mass and properties of each particle.

- y (ﬂf,’ - Pw>
Ppj — Pw

(30)

N L
Mx.xum = § Mp.j (ppJ pW)ps
=] (p° - )p j
P w JFpJ

where M,; [kg] and Ppj [kg/m?’] are the mass and density of the j-th
particle. p,, [kg/m>] and p, [kg/m’] are density of water and starch,
respectively. 77, [-] is the ratio of indigestible component in a particle.

The superscript “0” denotes the initial state of a particle.

The distribution of particles is a crucial factor for elucidating the
digestive environment throughout the duodenum. To quantitatively
compare particle distributions in different cases, the proportion of par-
ticles in the proximal duodenum at time t, denoted as P;, is counted. The
proximal duodenum is defined as the segment prior to the secretion port,
as marked in red in Fig. 2(b).

Data collection at the outlet of the computational domain allows us
to examine how the duodenal passage influences particle evolution. The
residence time of a particle, s, is determined by its entry and exit times.
The hydrolysis ratio of a particle upon exiting the outlet is computed
based on its initial and final properties.

pgipp ) (dp)3 (31)

Hpou =1 <1 - (1-n) (o —r4) (dg)s

2.6. System specifications

The parameters for the duodenum geometry, peristalsis movement
and inlet conditions at the pylorus and secretion port are based on the
average physiological data. The specific values used in the base case
simulation are listed in Table 1. Given the variability in gastric emptying
rates for different meals [22], the rate of cooked rice particles injected at
the pylorus is set to 1 x 10 kg/s, equivalent to 36 g emptied per hour.
Materials properties at body temperature (37 °C) are provided in
Table 2. The initial size of particles upon injection into the duodenum
was 0.1 mm, which is sufficiently small to neglect solvent diffusion
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Table 1
Values of physiological parameters used in the simulation.
Parameter Value References
Geometry Length L 25 cm [25]
Radius Ry 2 cm
[25]
Pylorus Radius rp 2.5 mm
[26]
ity 0 0.007 m/s
Flow velocity v{ / [27]
Concentration of HCI CJ;, 10 mmol/L [24,28]
Particles injection rate F) 1 x 10° kg/s -
Secretion Distance from pylorus L’ 9.6 cm [29]
Radius ry 1 mm
[30]
ity v0 0.01 m/s
Flow velocity v? / [31]
Concentration of NaHCO3 Cz'izacog 100 mmol/L (31]
Concentration of enzyme C° 26.5 mmol/L (32]
Peristalsis Amplitude of wave A, 6.65 mm [33]
Wavelength 4 10 cm
[33]
Speed of wave ¢ 2 cm/s

[16]

resistance around the particle. The diffusivity of a-amylase is computed
by the Einstein-Stokes equation, with the diameter of 7 nm [23].

Beyond the base case, 29 additional cases were designed for an
orthorhombic parametric study, varying the leaning angle and the acid
concentration from the stomach. Specifically, the leaning angle ()
investigated were 0°, 22.5°, 45°, 67.5° and 90°, which alter the direction
of the gravitational force as described in Table 3. The acidity of the
gastric solution varies significantly with dietary factors and meal timing,
with pH levels in the distal gastric compartment typically ranging from
1.5 to 3 [24]. Six concentrations of hydrochloric acid C?zcz: 5,10, 15, 20,
25 and 30 mmol/L were therefore chosen for further study.

2.7. Numerical implement

The meshing and simulation were carried out using ANSYS Fluent
software. For the transient simulation, the phase coupled SIMPLE
scheme was employed for pressure-velocity coupling and the least
squares cell-based method was used for spatial discretization to ensure
efficient convergence. The convergence criterion requires the residuals
of all equations to be below 1 x 10”3, Automatic local cell remeshing was
enabled to maintain stable dynamic mesh calculations. The mesh was
reconstructed at every time step when cells marked for remeshing were
detected. The time step was set to 0.002 s. Mesh independence analysis
was conducted by testing five different meshing schemes (see Supple-
mentary Material, Fig. S2). A scheme with 73,811 mesh elements was
adopted. The computational time for an 800 s simulation is approxi-
mately six days.

3. Results and discussion
3.1. Base case analysis

Fig. 3 illustrates in detail the evolutions of starch-based particle
digestion and the digestive environment in the duodenum. The simu-
lation was conducted for 800 s to allow the system to reach a steady
state. Fig. 3(a, b & c) plot the total starch mass, total starch digestion rate
and average digestion rate coefficient in the duodenum calculated using
Equations (28), (29) & (30). Fig. 3(d, e & f) display the distributions of
pH, enzyme concentration and particle density at four representative
sampling times. The colormap for enzyme concentration is presented on
a logarithmic scale, while the colormaps for pH and particle density are
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Table 2
Values of physicochemical properties in the simulation.
Parameter Value References
Cooked rice particles  Diameter dg 0.1 mm —
injected at the Porosity eg 0.5
pylorus N A [20]
Indigestible ratio 77, 0.2
Available internal area 1.39 x 10°
A8 m?/m*
Maximum reaction rate 1.3 x 10°
Vinax kg/(m?S)
Michaelis constant K, 1 x 10
mol/L
a-amylase Molecular Weight 226.2g/ Estimated by
mol Einstein-Stokes
Diffusivity 1.75 x 10 equation
1162
maltose Molecular Weight 342.3¢g/ [34]
mol
Diffusivity 4.5 x 1010
m/s”
hydrochloric acid Molecular Weight 36.5g/ [35]
mol
Diffusivity 7 x 10°
m/s”
sodium bicarbonate Molecular Weight 84 g/mol [35]
Diffusivity 1.75 x 107
9 m/s?
sodium chloride Molecular Weight 58.4 g/ [36]
mol
Diffusivity 1.5 x 10
m/s
carbon dioxide Molecular Weight 44 g/mol [37]
Diffusivity 2.2 x 107
m/s?
Values used in Eq. Neutralization kinetic 2.56 x 107
14)-(17) constant ky M ls? [35]
First constant of 4.9 x 107 (171
carbonic acid mol/L
dissociation Kpp 1
Second constant of 5.62 x 10
carbonic acid 1 L/mol 171
dissociation Kpy 2
pH-dependent 105878 [19]
parameter of enzyme
activity Ka1
pH-dependent 108873 [19]
parameter of enzyme
activity Kaz
Table 3

Different duodenal postures implemented by altering the direction of the
gravity.

Leaning angles 0° 22.5° 45° 67.5° 90°
Gravity 0, -1, (0, —0.92, (0, —0.71, (0, —0.38, , 0,
direction (x, 0) —0.38) -0.71) —0.92) -1)
Y, 2)
Tllustration of | e =
posture p \\77 N\ py \// { 7'\
K K XK

on a linear scale.

At the early feeding stage (from 0 s to 60 s) in Fig. 3(a), the mass of
starch in all injected particles is directly proportional to the simulation
time due to the constant injection rate. However, as shown in Fig. 3(b),
the hydrolysis rate is initially limited. This phenomenon can be
explained by the visual distribution maps (see Fig. 3(f)). At 10 s, most
particles are located in the proximal segment, where the enzyme con-
centration is extremely dilute and the enzyme activity is inhibited by the
acidic environment. As time progresses, the hydrolysis rate throughout
the duodenum climbs significantly, which is driven by triple factors. The
major mechanism is an increasing number of particles in the bottom
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region where both the pH and enzyme concentration are favorable for
the hydrolysis reaction (see Fig. 3(d, e & f)). Secondly, the excessive
secretion of sodium bicarbonate neutralizes hydrochloric acid from the
stomach, expanding the areas with high enzyme activity (see Fig. 3(d)).
Besides, the enzyme secreted from the midpoint of the duodenum
gradually spreads throughout the entire domain (see Fig. 3(e)). The
average digestion rate coefficient in Fig. 3(c) represents the average
digestive environment surrounding the particles. Its rapid rise in the
initial stage indicates an increasingly higher proportion of starch being
hydrolyzed in regions with more favorable enzyme activity and
concentration.

After 60 s, the increase in the rate coefficient slows down. It suggests
that, although the number of particles in the duodenum continues to
rise, the digestive environment (specifically enzyme concentration and
pH level) remains basically stable in the bottom region where most
particles reside. In other areas, the distributions of these factors keep
evolving. Particularly in the proximal duodenum, the intestinal secre-
tion containing the enzyme and alkaline electrolytes are transported
along the outer ring of the C-shaped tube. Around 400 s, the curves of
starch mass and digestion rate in Fig. 3(a & b) begin to plateau, signing
the homeostasis of the duodenal system.

Fig. 4 displays the residence time and starch hydrolysis ratio of
particles exiting the duodenum between 600 and 800 s. The information
collected in this steady period can be extrapolated to represent the
whole digestion process, which lasts several hours. A total of 33,049
particles were captured. Regression analysis shows a positive linear
relationship between the hydrolysis proportion and the residence time
in the duodenum. The average residence time was found to be 211 s. For
comparison, the transit time of non-disintegrating capsules in the human
duodenum, tracked using magnetic markers, ranged from 7 to 245 s
[38]. Worsge et al. also applied a similar noninvasive tool, which could
display the position and orientation of a magnetic pill in the body, to
assess the small intestinal transit time [39]. Based on their data, Nagar
et al. calculated the transit velocity along the intestine, finding the
magnitude in the duodenum to be around 1.5 x 10% m/s, comparable to
the average value from this simulation case (1.1 x 103 m/s) [40].
Additionally, Wright et al. estimated that the front of a testing solution
(methylene blue) took about 122 s to pass through an in-vitro duodenum
model [41]. The higher average value obtained in this simulation is
attributed to the nature of particle flow. The escape of wet porous par-
ticles, which are denser than water, from the bottom region of a curved
tube require overcoming gravity, thereby increasing transit time.

The average digestion rate coefficient during the steady stage (600
~ 800 s) is 1.88 x 10 s71. The average starch hydrolysis ratio in par-
ticles exiting the duodenal is 28 %. Due to the operational challenges
and ethical restrictions of human experiments, direct evidence from
previous publications to validate the simulation data is lacking. How-
ever, these results could be indirectly proven through animal experi-
ments or in-vitro gastrointestinal simulators. For instance, Martens et al.
examined in-vivo starch digestion kinetics in four small-intestinal seg-
ments of growing pigs, finding hydrolysis ratios of 28 % for ground
barley and 19 % for ground maize in the first segment (i.e., duodenum
and proximal jejunum) [14]. The digestion kinetics constant obtained
from an in-vitro simulated gastrointestinal study using chewed, cooked
rice grains was approximately 1.6 x 102 s~! [42], which is very close to
the simulated value. Gonzalez et al. investigated the digestion of starch
dispersions in an in-vitro intestinal model using a dialysis membrane,
estimating a digestion rate coefficient for potato starch at6.17 x 107 s™!
[43]. The higher digestion rates observed in this simulation may result
from the fact that the computational case used cooked rice, which is
more sensitive to enzymatic action and has more pores for hydrolysis
compared to the uncooked starches used in the referenced experiments.

3.2. Effect of duodenal posture

The posture of the duodenum varies with human body posture and
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Fig. 3. Simulation results of base case. (a) total starch mass, (b) total starch digestion rate, (c) digestion rate coefficient, (d) pH distribution, (e) enzyme distribution,
and (f) particle distribution.
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individual anatomical differences. To investigate the impact of posture
on digestion, simulations were conducted by changing the leaning angle
as specified in Table 3 while keeping all other parameters consistent
with the base case. Fig. 5 presents the simulation results for different
postures. As detailed in the previous section, the evolution of the
digestion rate coefficient over time is plotted in Fig. 5(a). The results
indicate that lying down leads to an extremely low digestion rate in the
early stage because the inclination delays the contact between starch

Chemical Engineering Journal 500 (2024) 156965

particles and the secreted juice. After a period of rapid growth, the
system with a completely lying posture (i.e., 90°) stabilizes, whereas the
other cases (i.e., 0°, 22.5°, 45°, 67.5°) enter a phase of gradual increase
in the digestion rate coefficient. From 600 s to 800 s, all five groups
fluctuate around a fixed level, which declines as the leaning angle goes
up.

The average coefficient Edig over this period for each posture is
calculated and shown in Fig. 5(b). It clearly demonstrates a negative
linear relationship with the leaning angle. The completely lying posture
restrains the average coefficient by nearly half compared to the standing
posture. Fig. 5(c) depicts the spatial distributions of pH and particles in
the duodenum at 800 s, shedding light on the adverse effect of duodenal
inclination on the starch digestion. As the leaning angle climbs, a
growing number of starch particles are found in the proximal acid re-
gion, where enzyme activity is inhibited. The proportion of particles in
the proximal region, represented by columns in Fig. 5(b), provides a
quantitative evidence for this observation.

Fig. 5(c) shows the average residence time and digestion ratio of
particles exiting the duodenum between 600 s and 800 s. An increase in
the leaning angle negatively impacts on the digestion ratio, indicating
less granular change during this period. As the leaning angle increases
from 0° to 67.5°, particles pass more quickly through the duodenum
because the height difference between the bottom and the outlet lowers.
The combined effect of shortened residence time and a worsening
digestive environment gives rise to a reduction in the digestion ratio.
However, when the C-shaped tube further rotates to a lying posture (i.e.,
90), the average residence time goes up resulting from the loss of the
gravitational acceleration in the proximal segment. This suggests that
the primary mechanism impairing hydrolysis performance in a lying
system is the inhibited enzymatic reaction, due to a higher proportion of
particles distributed in the acidic environment.
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Fig. 5. Simulation results for different duodenal postures. (a) evolution of digestion rate coefficient. (b) average digestion rate coefficient from 600 s to 800 s as well
as proportion of particles in the proximal region at 800 s. (c) average residence time and average digestion ratio of particles exiting the duodenum (d) pH distribution
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Regarding the relationship between the postprandial posture and
food digestion, previous clinical studies primarily focused on the
mechanisms in the stomach [44-46]. This study is the first to explore the
postural effects on the digestion process in the duodenum, which is a
crucial organ with multiple functions as well. The finding presents a
positive impact of the standing posture on starch digestion rate in the
duodenum. However, faster duodenal digestion does not necessarily
lead to more digestion in the entire digestive tract. Hirota et al. [44]
suggested that a postprandial supine posture, due to delayed gastric
emptying, could increase the overall digestion amount of dietary car-
bohydrates throughout the gastrointestinal tract.

3.3. Effect of gastric acid concentration

The acidity of chyme emptied from the stomach varies with food
property and meal timing [24]. Among the cases formulated in the
system specifications section, the influences of gastric acidity on diges-
tion under leaning angles of 0° (standing posture) and 90° (lying
posture) were selected for detailed analysis.

The temporal evolutions and averages of the digestive rate coeffi-
cient for different inlet concentrations of hydrochloric acid are plotted in
Fig. 6(a) & (b), respectively. In a standing posture (¢ = 0°), an increase
in the inlet acid concentration has a slightly negative effect on the
average coefficient when the concentration is below 25 mmol/L. The
corresponding pH distributions in Fig. 6(c) show that at 800 s, the acidic
region gradually expands as the inlet acid concentration increases, while
the bottom space of the duodenum remains alkaline. The majority of
particles, which deposit at the bottom, are thus hydrolyzed by the
enzyme with high activity. For the case with an inlet acid concentration
of 30 mmol/L, the digestion rate coefficient in Fig. 6(a) sharply de-
creases at around 560 s and subsequently maintains at an extremely low
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level. Consequently, Fig. 6(b) presents a notable reduction in the
average value when C%, rises to 30 mmol/L. This phenomenon can be
understood by analyzing the temporal variation of pH distribution (see
Supplementary Material, Fig. S3). The bottom region, where most
starch-based particles accumulate, becomes acidic from 560 s, creating
an unfavorable environment for starch digestion. By contrast, the
average digestion rate coefficient in a lying posture experiences a
decline at an almost steady slope. Fig. 6(c) shows that even in the 30
mmol/L case, there is still a small alkaline region at the bottom of the
distal duodenum, providing a high enzyme activity region for some
particles. This difference from the standing posture reflects the adverse
impact of the lying posture on acid-base mixing.

Excess gastric acid is a contributor to functional dyspepsia, and pa-
tients commonly take medications, e.g., proton pump inhibitors (PPIs)
and Hj receptor blockers, to suppress or neutralize gastric acid [47]. The
results presented here suggest that altering body posture may be a po-
tential alternative to alleviate the symptom of functional dyspepsia,
particularly for carbohydrate-rich meals. A lying position could help
maintain a certain level of starch digestion ability in the duodenum,
even with excessive inflow of gastric acid.

3.4. Biparametric orthogonal analysis

The joint effect of duodenal posture and gastric acid concentration is
analyzed further according to the experimental design outlined in the
system specification section. Fig. 7(a) presents the average digestion rate
coefficients for all thirty cases. It is evident that, regardless of the leaning
angle, the digestion rate is inhibited by an increase in gastric acidity.
Regarding the impact of duodenal posture, a negative trend is observed
in cases with low gastric acid concentration, i.e., C}<25 mmol/L, as
previously explained.
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Fig. 6. Effect of gastric acid concentration in standing and lying postures on (a) digestion rate coefficient, (b) average digestion rate coefficient from 600 s to 800 s,

and (c) pH distribution at 800 s.
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Fig. 7. (a) Effect of duodenal posture and gastric acid concentration on the average digestion rate coefficient. An example in marked region when gastric acid
concentration is 30 mmol/L: (b) average digestion rate coefficient, and (c) pH distribution at 800 s.

However, both standing and lying postures (i.e., 0° and 90°) are more
favorable for digestion than other postures when the acidity at the py-
lorus exceeds a specific threshold, as marked by a dashed box in Fig. 7
(a). Taking the case set of 30 mmol/L as an example (see Fig. 7(b)), the
valley-like curve can be understood with the help of the pH distribution
depicted in Fig. 7(c). As discussed in the previous section, alkaline
secretion mixes more effectively with gastric acid in a standing posture,
thereby creating a relatively beneficial environment for starch digestion.
Meanwhile, the tilted posture leads to a banded region of unreacted
alkaline fluid at the inner ring of the duodenum. In a fully lying case,
some particles pass through this region, allowing them to be hydrolyzed
at a higher rate.

4. Conclusion

With the objective of understanding the digestion behavior of starch-
based granular food in the complex duodenal system, this study devel-
oped a 3D multi-physics model that replicated the key characteristics of
the duodenum and simulated coupled fluid-particle multiphase flow
along with a series of mass transfer and reaction phenomena in a near-
real physiological environment. The evolutions of the digestive envi-
ronment and particle properties were analyzed through in-silico exper-
iments. The results demonstrated that the distributions of both particles
and pH are crucial to the digestive efficiency of the duodenum. In a
normal standing posture, most particles aggerate in the distal duodenal,
where the pH level is optimal for starch digestion. As the duodenum
leans, the digestion rate coefficient is restrained by up to half due to the
increased proportion of particles in the proximal acid region. An in-
crease in gastric acid concentration could effectively inhibit the diges-
tive reaction in a lying posture. For a standing posture, a growth in the
inlet acidity within a given range has little effect, but triggers a steep
decline when it exceeds a threshold value.

The findings in the current work offer new insights into how human
eating habits influence food digestion. The long-hold belief that standing
is beneficial for digestion could be supported by a new understanding.
These insights will hopefully assist doctors and nutritionists in diag-
nosing and treating related diseases, e.g., dyspepsia. In future studies,

10

the effects of certain intestinal diseases, e.g., inadequate pancreatic
secretion and weak wall motility, can be explored further by parametric
studies. Moreover, the duodenal model developed in this study could be
used to simulate the in-vivo delivery of drugs, particularly enteric-coated
tablets, to optimize pill design and drug usage habits.

Despite reconstructing key features, this model still differs from the
real duodenum in some details. For instance, microstructures on the
inner wall such as folds and villi may intensify the mixing and digestive
reaction in the intestine. Additionally, the presence of gas in the gut,
which can influence the flow of chyme, has not been considered.
Addressing these complexities will be a challenge for future research.
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