
lable at ScienceDirect

Chinese Journal of Chemical Engineering 81 (2025) 76e86
Contents lists avai
Chinese Journal of Chemical Engineering

journal homepage: www.elsevier .com/locate/CJChE
Full Length Article
Acid-base regulation in duodenum by intestinal fluid secretion:
A simulation study

Yulan Zhao 1, #, Yifan Qin 2, #, Xiao Dong Chen 1, Jie Xiao 1, *

1 School of Chemical and Environmental Engineering, College of Chemistry, Chemical Engineering and Materials Science, Soochow University, Suzhou
215123, China
2 Department of Chemical Engineering and Biological Engineering, Monash University, Melbourne 3800, Australia
a r t i c l e i n f o

Article history:
Received 20 August 2024
Received in revised form
8 December 2024
Accepted 19 December 2024
Available online 7 March 2025

Keywords:
Mixing
Bioreactor
Computational fluid dynamics (CFD)
Acid-base environment
Intestinal physiology
This article is part of a special issue entitled: IPIC3 pu
Chemical Engineering.
* Corresponding author.

E-mail address: jie.xiao@suda.edu.cn (J. Xiao).
# These authors contributed equally to this work.

https://doi.org/10.1016/j.cjche.2024.12.014
1004-9541/© 2025 Chemical Industry and Engineering
AI training, and similar technologies.
a b s t r a c t

Up to now, how the secretion modes of intestinal fluid (i.e., pancreaticobiliary secretion and wall
secretion) can regulate intestinal acid-base environment has not been fully understood. Understanding
the regulation mechanism is not only of great significance for intestinal health but may also lead to
optimized designs for bio-inspired soft elastic reactors (SERs). In this work, the mixing and reaction of
acidic gastric juice and alkaline intestinal fluid in a 3D duodenum with moving walls were modelled. A
unique feature of this model is the implementation of both pancreaticobiliary and wall secretion of
intestinal fluid as boundary conditions. This model allowed us to quantitatively explore the influence of
secretion modes on pH regulation. The results demonstrated that coexistence of both pancreaticobiliary
and wall secretions is the key to maintain the average pH in the duodenum at about 7.4. Their coexis-
tence synergistically promotes the mixing and reaction of acid-base digestion liquids and provides a
suitable catalytic environment for lipase in the intestine.
© 2025 Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights are reserved, including those for text and data mining, AI training, and similar technologies.
1. Introduction

The acid-alkaline environment (pH) in the intestine should be
properly regulated in order to maintain the health of the digestive
tract. The pH level influences the digestion rate of food by con-
trolling the activity of enzyme [1], and the dissolution behavior of
drugs [2]. Inappropriate regulation may lead to various intestinal
diseases, e.g., intestinal motility disorders, duodenal ulcers and
dyspepsia [3,4]. The pH level in the duodenum can be affected by
multiple factors, e.g., gastric emptying, intestinal movement and
intestinal fluid secretion. Among them, the intestinal fluid secretion
plays a dominant role [5]. There are two secretion modes, i.e.,
pancreaticobiliary secretion and wall secretion. The former con-
tains bile and pancreatic juice (pH 7.1 � 8.2) and is secreted from
the opening at the confluence of the bile duct and pancreatic duct
in the descending duodenum [4]. The alkaline intestinal fluid (pH
7.5 � 8) secreted by the wall is from the Brunner’s gland and small
blished in Chinese Journal of
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intestinal gland. The Brunner’s gland located in the submucosa
primarily secretes alkaline mucus, which is composed of mucin,
water and inorganic salts such as bicarbonate, sodium and potas-
sium. Mucus is capable of lubricating and protecting the intestinal
wall [6]. The small intestinal mucosa contains many deep crevices
lined with glandular epithelium. Cells lining along the crevices
form the intestinal glands, or crypts of Lieberkühn, and produce a
large amount of water and electrolytes [7].

The impact of duodenal intestinal fluid secretion on the intes-
tinal environment has been investigated in many experimental
studies. The deacidification capabilities of different intestinal fluid
secretions in pigs were compared by Glad et al. [8], where the
pancreaticobiliary secretion was found to play a key role in
neutralizing gastric acid in the duodenum. Similar evidence was
observed by Dutta et al. [9,10]. In patients with pancreatic secretion
disorders, the pH in the duodenal lumen is much lower than that in
healthy people. However, with a different in vivo pH measurement
method, the change in the intestinal pH environment caused by the
impaired pancreatic secretion was found negligible [11]. Several
studies focused on the effect of duodenal ulcer, which inhibited the
secretion amount of digestive juice from the intestinal wall. It was
found that the pH in the patients' intestine was lower, demon-
strating the importance of wall secretion of intestinal fluid in the
process of gastric acid neutralization [12e17]. However, a human
ustry Press Co., Ltd. All rights are reserved, including those for text and data mining,
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experiment conducted by Bendtsen et al. [18] saw little difference
between patients with duodenal ulcer and healthy people.
Furthermore, a view proposed by Ainsworth et al. [19,20] stated
that there was a compensatory relationship between pan-
creaticobiliary secretion and wall secretion. When wall secretion
was inhibited by hormones, the concentration of secretin in human
serum increased, stimulating the secretion of bile and pancreatic
juice. Although reported efforts improved our understanding of the
acid-base regulation in the intestine, there are many questions
remain unanswered. Are pancreaticobiliary secretion and wall
secretion equally important? If yes, how do they synergistically
regulate pH in the intestine? Why did some existing experimental
studies report contradictory results? In vivo experiments were not
capable of measuring the real-time evolution of pH distribution in
the entire duodenum due to the operational complexity and ethical
issues. Did the difference in measurement locations in different
studies lead to contradictory conclusions?

In-vitro biomimetic models offer an effective way to explore the
human digestive tract. The function of pancreaticobiliary secretion
has been simulated in several in-vitro intestinal models, e.g., Tiny-
TIM [21], dDuo [22], and a bio-inspired soft elastic reactor [23].
An in-vitro semi-biomimetic intestinal model with pan-
creaticobiliary secretion was designed by resorting to the pancre-
atic lobular tube tissue of guinea pigs [24]. However, the secretion
function on the intestinal wall is hard to be reproduced in vitro. The
biomimetic models have been mainly used for drug solubility test
and food digestion experiment. Buffer systems such as phosphate
and acetate were often designed to keep intestinal environment pH
at a fixed value [2]. Under physiological conditions, the neutrali-
zation capacity comes from the bicarbonate in the intestinal fluid.
The pH is dynamically changed under the influence of factors such
as intestinal motility, intestinal fluid secretion rate and secretion
mode [25e27]. Therefore, the influences of the two intestinal
secretion modes on the intestinal environment cannot be explored
with the existing in-vitro biomimetic systems.

In-silico experiments are promising in addressing the limita-
tions of in-vivo and in-vitro experimental studies listed above.
Compared with in-vivo experiments, computer simulations can
offer dynamic tracking of the process, which can capture the
spatially and temporally distributed information on fluid flow and
mass concentration. Compared with in-vitro digestive models,
simulation models can implement certain complex structures and
functions, such as various secretion modes and versatile motilities
of the wall. For instance, by establishing a 2D duodenummodel, the
process of secreting digestive enzymes by the intestinal wall was
simulated. The results verified that the wall secretion could pro-
mote the mixing of digestive enzymes and intestinal fluid [28]. By
establishing a 3D gastrointestinal model, the reaction between
digestive juices were simulated. Also, the impact of digestive juice
secretion dysfunction on the intestinal pHwas investigated [29,30].
The pore structure of the pancreaticobiliary opening was consid-
ered in this model. The major duodenal papilla, i.e., the
pancreaticobiliary port, is a small hole with a diameter of about 2�
5 mm [31]. Intestinal fluid flows into the intestinal cavity through
this hole, which influences the mass transfer, mixing and reaction
of fluids in the intestine. Previous studies focused on either pan-
creaticobiliary secretion or wall secretion. The significance of
coexistence of two secretion modes and their respective contri-
butions to neutralizing gastric acid remain unknown. Also, the
mechanism of acid-base regulation through intestinal fluid secre-
tion in the duodenum has not been explored.

This work aims at quantitatively assessing the respective
contribution of each secretion mode to the intestinal digestive
environment. A 3D duodenum model that features both pan-
creaticobiliary secretion and wall secretion was developed. The
gastric emptying of acidic solution and the periodic segmentation
movement of the intestinal wall were taken into account. By
tracking distributions of pH and enzyme activity in the intestine,
the impact of intestinal fluid secretion mode on the intestinal
environment was quantitatively analyzed to deepen our under-
standing of intestinal pH regulation, which is critical for the in-
testinal health.

2. Modeling and Simulation Methods

2.1. Geometry construction

The duodenum is modelled as a 3D rocket-shaped tube with a
prespecified length L (m), as illustrated in Fig. 1(a). The geometry of
the real duodenum in the human body is curved, often in the shape
of a “C" or “L" [5]. As a first approximation, it is simplified as a
straight tube, which is an assumption commonly adopted by pre-
vious computational fluid dynamics (CFD) models, as stated in the
review article by Palmada et al. [32]. We improved the conventional
straight tube geometry by implementing an axial-location-
dependent tube radius. In this way, the realistic small opening of
pylorus can be captured. The new geometry can offer a smooth
transition from this small opening to the bulk lumen of the duo-
denum. While the current geometry does not fully capture the
anatomical complexity of the duodenum, it remains representative
and capable of reproducing the key physiological phenomena un-
der investigation.

In consideration of the gap between the pylorus radius r1 (m)
and the duodenum radius R0 (m), a transition segment of length l1
(m) is constructed in the front end of the model. A circular hole for
the injection of bile and pancreatic juice is located on thewall of the
duodenum. According to the anatomy data, the axial distance from
the pylorus to the hole is l (m), and the radius of the hole is r2 (m).
The geometric parameters are listed in Table 1.

2.2. Governing equations

The digestive phenomenon in the duodenum is extremely
complex. It is very difficult tomodel themass transfer and reactions
of all components involved in vivo. As a first step towards a
comprehensive understanding of digestive environment, this
simulation mainly focuses on the transport and reaction of the
secreted electrolytes in the water.

2.2.1. Momentum transfer
The flow in the duodenum is a laminar flow of an incompress-

ible fluid [41], which can be described by the continuity equation
and the Navier-Stokes equation:

vr

vt
þV$ðruÞ ¼ 0 (1)

v

vt
ðruÞ þ V$ðruuÞ ¼ �Vpþ V$

�
m
�
Vuþ ðVuÞT

�
� 2
3
mðV$uÞI

�
(2)

where r is the fluid density (kg$m�3), u is the velocity vector of fluid
(m$s�1), p is the fluid pressure (Pa), m is the fluid viscosity (Pa$s), I is
the unit tensor, and t is the time (s).

2.2.2. Mass transfer
The species in the fluid involves hydrochloric acid, sodium bi-

carbonate, sodium chloride, carbon dioxide. The mass fraction of
each component follows the transport equation below:



Fig. 1. 3D duodenum model with (a) its geometry and (b) boundary conditions and (c) its shape change in one cycle of segmentation movement. In subplot (b), 1 and 4 are the
duodenal inlet and outlet, respectively. 2 refers to the pancreaticobiliary port. 3 refers to the intestinal wall that secrets intestinal fluid.

Table 1
Parameter values used in the 3D duodenum model.

Parameters Notation Values References

Geometry Pylorus radius r1 4.63 � 10�3 m [33]
Pancreaticobiliary port radius r2 2.5 � 10�3 m [31]
Duodenum radius R0 0.02 m [34]
Duodenal length L 0.25 m [34]
Transition segment length l1 3 � 10�4 m [33]
Axis distance from pancreaticobiliary port and the pylorus l 0.1 m [33]

Segmentation motility Amplitude ε 25% [35]
Frequency f 0.1667 s�1 [34]
Wavelength l 7 � 10�2 m [36]

Secretion at the duodenal inlet Initial concentration c1,H 10 mol$m�3 [2]
Volumetric flow rate Fg 1.667 � 10�7 m3$s�1 [33]

Wall secretion Initial concentration cw,N 10 mol$m�3 [15]
Rate of produced bicarbonate Qw 8.333 � 10�7 mol$s�1 [15]

Pancreaticobiliary secretion Initial concentration cp,N 40 mol$m�3 [37]
Sodium bicarbonate output Qp 2.778 � 10�6 mol$s�1 [15]

Diffusion coefficients Hydrochloric acid DHCl 7 � 10�9 m2$s�1 [38]
Sodium bicarbonate DNaHCO3

1.75 � 10�9 m2$s�1 [38]
Sodium chloride DNaCl 2.5 � 10�9 m2$s�1 [38]
Carbon dioxide DCO2

2.47 � 10�9 m2$s�1 [38]
Reaction rate constant k 1 � 104 m3 mol�1$s�1 [39]
Dissociation constant of carbonic acid K1 4.9 � 10�4 mol$m�3 [30]

K2 5.62 � 10�7 mol$m�3 [30]
The ionic product constant of water Kw 1 � 10�8 mol2$m�6 [30]
First and second lipase dissociation constants (equal to � lg(Ka1) and � lg(Ka2)) pKa1 5.8 [40]

pKa2 10.1 [40]
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r
vYi
vt

þV$ðruYiÞ¼ �V$Ji þ Si (3)

where Yi is the mass fraction of component i in a multi-component
mixture. Ji represents the diffusion flux of component i. In a ther-
mostatic digestive system, the diffusion rate is only dependent on
the concentration gradient. The intensity vector due to molecular
diffusion process can be expressed by Eq. (4):
Ji ¼ � rDi;mVYi (4)

where Di;m is the diffusion coefficient of component i, m2$s�1. Their
values are given in Table 1.

Si in Eq. (3) represents the generation or consumption rate of
each component. The reaction of sodium bicarbonate and hydro-
chloric acid in the duodenum is irreversible [39,42]. The chemical
equation is:
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HClþNaHCO3/
k
CO2 þNaClþ H2O

In a thermostatic system, the rate of the neutralization reaction
is proportional to the product of hydrochloric acid and sodium
hydrogen carbonate concentrations:

Si ¼MikcHClcNaHCO3
(5)

ci ¼
rYi
Mi

(6)

where k is the reaction rate constant (m3$mol�1$s�1). ci is the
concentration of component i (mol$m�3). which can be calculated
by Equation (6). Mi is the molecular weight of component i
(g$mol�1). The saturated solubility of carbon dioxide under physi-
ological conditions is 25 mol$m�3 [27]. The maximum concentra-
tion of carbon dioxide in this work is 6 mol$m�3, which indicates
that carbon dioxide dissolves completely in the intestinal fluid.
2.3. Initial and boundary conditions

The initial and boundary conditions for the duodenummodel are
shown in Fig. 1(a) and (b). The initiation of the simulation is a tube
filled with water only. The duodenum is a multi-opening lumen. To
simulate the emptying of gastric acid, the fluid containing hydro-
chloric acid is injected from the inlet 1, i.e., the pylorus. Inmost cases,
the rate of gastric emptying evolves with time [43]. In this simula-
tion, the research emphasis is the secretionmode of intestinal fluid,
so the injection rate of gastric content is controlled to be a constant.
The flow velocity of the acidic fluid at inlet 1 (v1) can be computed
by:

v1 ¼
Fg

pr12
(7)

where Fg is the volumetric flow rate of gastric juice at the duodenal
inlet (m3$s�1). Wall contraction of stomach results in the volu-
metric flow rate, about 8�10 ml$min�1 [33]. c1,H is the initial
concentration of hydrochloric acid in gastric juice secretion
(mol$m�3). And the concentration of hydrochloric acid at the py-
lorus is set to 10 mol$m�3, corresponding to a pH value of 3 [2].

The pancreaticobiliary port (i.e., inlet 2) secretes pancreatic juice
and bile, which contains diverse enzymes and electrolytes in re-
ality. As the aim of this study is to investigate the in-vivo acid-base
environment, enzymes are not taken into account herein.
Furthermore, only sodium bicarbonate is simulated herein, which is
the major alkaline electrolyte in the pancreaticobiliary secretion
[15]. The velocity vp of intestinal fluid secreted at the pan-
creaticobiliary port is defined (m$s�1). It can be calculated based on
Fig. 2. Boundary conditions for different cases: (a) base case, (b
the bicarbonate secretion rate Qp (mol$s�1), bicarbonate concen-
tration cp;N (mol$m�3) and the area of the secretion port.

vp ¼ Qp

pr22cp;N
(8)

Similarly, the intestinal wall is assumed to secrete bicarbonate
aqueous solution only. The flux of bicarbonate secretion from the
wall Fw (mol$m�2 $s�1) can be defined by the formula below:

Fw ¼ QwMNaHCO3

Yw;NAw
(9)

where Qw is the rate of bicarbonate produced from the intestinal
wall (mol$s�1). Aw is the effective area of wall secretion region (m2).
It is equivalent to the inner surface area of the cylinder excluding the
area of pancreaticobiliary port, as shown in Fig. 1(a).MNaHCO3

is the
molecular mass of sodium bicarbonate (kg$mol�1). Yw;N is the mass
fraction of sodium bicarbonate in the wall secretion, which can be
calculated by cw;N according to Eq. (6). Theparameter values for each
boundary condition are illustrated in Table 1. Absorption of water
and electrolytes through the intestinal wall is not considered.

In this study, two extreme cases were also designed: pan-
creaticobiliary secretion only (see Fig. 2(b)) and wall secretion only
(see Fig. 2(c)). As shown in Table 2, the total sodium bicarbonate
secretion rate for each case is controlled to be identical so as to
evaluate the impact of different secreation scenarios. This
assumption is reasonable given the compensatory mechanism be-
tween duodenal wall secretion and pancreaticobiliary secretion,
which is regulated neurally [4,5]. This mechanism ensures
adequate alkalinity to neutralize acidic components entering the
duodenum, even if one mode of secretion is impaired. Ainsworth
et al. [20] demonstrated this mechanism by using indomethacin to
inhibit bicarbonate secretion from the duodenal wall. While the
compensatory effect may not completely maintain a constant total
secretion, our model’s assumption serves as a reasonable approx-
imation. Also in this simulation, the bicarbonate secretion rates (Qp

and Qw) are assumed to remain constant over time. A study by You
et al. [44] demonstrated that, in normal subjects, the bicarbonate
secretion rate shows a slight increase over an extended period (e.g.,
240 min). However, given the relatively short simulation time
(20 min) in this work, this variation is considered negligible. One
should note that in reality, bicarbonate secretion rates are regulated
by various mechanisms, including oral stimulation, gastric
emptying, and intestinal physiology [6]. Consequently, the out-
comes of a short-term simulation using a steady secretion rate may
not accurately represent the mixing behavior throughout the entire
digestion process. Additionally, the inflow rate of gastric juice
should be dynamically adjusted based on the pressure difference
between the stomach and the duodenum. Without a stomach
) pancreaticobiliary secretion only, (c) wall secretion only.



Table 2
Model Settings for different cases.

Number Case Qp/mol$s�1 Qw/mol$s�1

1 Base case 8.333 � 10�7 2.778 � 10�7

2 Pancreaticobiliary secretion only 3.611 � 10�6 e

3 Wall secretion only e 3.611 � 10�6
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model, it is impossible to account for reflux phenomena in certain
cases. It is important to note that Base case is set based on human
physiological data, from the results of some clinical trials by
Wolosin et al. [15].

As mentioned above, there may be a synergistic effect from both
pancreaticobiliary and wall secretions. It is important to identify
the appropriate range of secretion rate ratio from two secretion
locations. This information can be used to tell the possibility of
certain gastrointestinal diseases, since if the optimal range of
secretion rate ratio is not achieved, the acid-base environment in
the lumen will become unacceptable, leading to the risk of
gastrointestinal diseases. This may help clinical management of
gastrointestinal disorders. In addition to the two extreme cases,
Case 1, Case 2, Case 4, Case 5, Case 6, Case 7, and Case 8 are also set,
with their Qp/Qw values being 12.5/0.5, 12/1, 8/5, 6.5/6.5, 5/8, 3/10,
and 1/12, respectively. On the basis of the data of Base case (Qp/Qw
is 3/10) [15], one can change the ratio of secretion rates from two
secretion locations, while keeping the total secretion rate of sodium
bicarbonate unchanged, based on the compensation mechanism
between the duodenal wall secretion and pancreaticobiliary
secretion mentioned above.

Segmentation is the main form of intestinal motility that pro-
motes the mixing in the duodenum. As shown in Fig. 1(c), this
movement leads to ring-shaped contractions at fairly regular in-
tervals along the gut, which are gradually replaced by another set of
contractions in the previous relaxing sections. Contraction and
relaxation occur sequentially at the same location, moving chyme
forward and backward cyclically [45]. The wall displacement at any
given time is described by a sinusoidal wave, effectively simulating
the contraction and relaxation cycles.

PðxÞ ¼ �εR0 sin
�
2p
l

x
�
; x2½Xmin;Xmax� (10)

where ε is the percentage of amplitude; R0 represents the radius of
duodenumoutlet at rest (m); l is thewavelength (m). Xmin and Xmax
indicate the start and end positions of the contraction wave of
segmentation movement, respectively (m). The segmentation
movement of the intestinal wall is periodic with a certain frequency
(Eq. (11)):

Pðx; tÞ ¼ �εR0 sin
�
2p
l

x
�
sin ð2pftÞ; x2½Xmin;Xmax� (11)

where f is the frequency of segmentation movement (s�1). The
shortest distance from any point of the intestinal wall to the
duodenal central axis can be obtained. That is, the radius after wall
contraction is represented by Eq. (12):

R¼R0 � εR0 sin
�
2p
l

x
�
sin ð2pftÞ; x2½Xmin;Xmax� (12)

2.4. Quantification of digestive environment

The digestion rate of starch in the duodenum depends heavily
on the pH level. The activity of amylase is greatly affected by the
acidity and alkalinity of the intestinal lumen environment [46].
According to the formulas derived by Kamaltdinov et al. [30], pH
value can be expressed by a piecewise function depending on a
concentration value of the substrate which is in excess.

pH ¼

8>><
>>:

�lgðcHClÞ if cHCl � cNaHCO3

�lg

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K1 �

	
K2 � cNaHCO3

þ Kw



K1 þ cNaHCO3

s !
if cHCl < cNaHCO3

(13)

where K1 and K2 are the dissociation constants of the carbonic acid
(mol$m�3). Kw is the ionic product constant of water (mol2$m�6).

The volume-averaged pH in the duodenal lumen is:

pH¼

ð
ðpHÞdVð

dV
¼

PN
j¼1

�
ðpHÞj � Vj

�
PN
j¼1

	
Vj

 (14)

The pH-dependent activity of the enzyme corresponds to the
ratio of the equivalent enzyme concentration for a specific pH level
to the total enzyme concentration. The variation in the activity can
be linked by the linearized form of the Michaelis function [40]:

s ¼ EpH

E
¼ 1

1þ 10�pH
.
Ka1 þ Ka2

.
10�pH

(15)

where s is pH-dependent enzyme activity. Ka1 and Ka2 are the first
and second dissociation constants of the enzyme respectively.

Similarly, the volume-averaged activity (s) of the enzyme is
obtained:

s¼

ð
sdVð
dV

¼

PN
j¼1

	
sjVj



PN
j¼1

	
Vj

 (16)

The amount of sodium bicarbonate at the time of t can be ob-
tained as well. The sodium bicarbonate in the simulation consists of
three portions: the amount consumed by the neutralization reac-
tion (na), escaped from the duodenal outlet (nt) and remained in
the intestinal lumen (nb):

na ¼nt � nt � nb (17)

nt ¼
ðt
0
ðFtctÞdt (18)

nb ¼ cb

ð
dV ¼ cb

XN
j¼1

	
Vj



(19)

where Ft (m3$s�1) and ct (mol$m�3) are the volumetric flow rate of
intestinal fluid and the average concentration of sodium bicar-
bonate at the duodenal outlet, respectively. cb (mol$m�3) is the
average concentration of sodium bicarbonate in the lumen.

2.5. Computational settings

The meshing and simulation were conducted using ANSYS
Fluent. SIMPLE is used in the pressure velocity coupling algorithm
for the transient flow problem. A user defined function (UDF) was
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compiled to implement the wall motion based on Eq. (12). The
adjustment of grid cells was conducted using dynamic mesh
method specifying diffusion smoothing and automatic remeshing.
The residuals of all equations were set to 0.0001. The time step for
each system was 0.05 s. Under these configurations, the conver-
gence requirement could be met in each time step. Simulation re-
sults were processed by ANSYS CFD-post and MATLAB.
3. Results and Discussion

3.1. Mesh independence analysis

Mesh independence studies were carried out by testing five
different grid schemes. The number of cells were 40326, 61165,
86347, 132511 and 150562, respectively. Unstructured triangular
mesh was employed. The average velocity, concentration of sodium
bicarbonate and pH value were selected for mesh comparison.
Though the digestion in the intestinal cavity is a long process,
usually lasting several hours, this study simulates only the initial
20 min when the acid-base environment is varying. When the grid
number reached 132511 and beyond, the variations of average ve-
locity (see Fig. 3(a)), average pH (see Fig. 3(b)) and concentration
distribution of sodium bicarbonate (see Fig. 3(c)) were not signifi-
cant with the increase of grid number. Therefore, a grid number of
132511 was adopted for simulation.
Fig. 3. Simulation results obtained under different meshes: (a) the distribution of velocity m
along the axis at 20 min; (c) evolution of average pH over time.

Fig. 4. The distribution of velocity fields in one cycle of segmentation movement: (
3.2. Comparison of different secretory modes

The effects of different secretionmodes on themass transfer and
mixing in the duodenum were investigated by implementing the
three cases listed in Table 2. Fig. 4 shows the distribution of velocity
streamlines in one cycle of segmentation movement in the duo-
denum. The black arrows indicate vortexes. The pancreaticobiliary
port is indicated by a thick blue arrow.

For the base case (see Fig. 4(a)), the maximum velocity of the
flow field obtained from the simulation was 0.003 m$s�1, which is
in the range of the measured average velocity of chyme flow in the
human intestine (0.0002 � 0.005 m$s�1) [26]. The intestinal wall
contracts to a maximum amplitude at T/4, where T is the cycle
period of one segmentation movement. This movement leads to a
symmetrical distribution of vortices in the relaxation area. At T/2,
the intestinal shape returns to its initial state, and the symmetric
vortices disappear. The flow velocity in the original relaxation re-
gion becomes relatively higher due to the inward extrusion by the
wall. In the second half of the cycle, one can see an opposite evo-
lution of velocity field. When the wall secretion is discarded (see
Fig. 4(b)), the jet flow from the pancreaticobiliary port becomes
very strong to disturb its nearby vortex. It may go against the acid-
base mixing because the vortex is expected to promote the trans-
port of the pancreaticobiliary secretion toward the intestinal
entrance as illustrated in Fig. 4(a). In comparison, the
agnitude along the axis at 20 min; (b) concentration distribution of sodium bicarbonate

a) base case; (b) pancreaticobiliary secretion only; and (c) wall secretion only.



Fig. 5. Evolution of concentration fields over time: (a) base case; (b) pancreaticobiliary secretion only; (c) wall secretion only.

Fig. 6. Evolution of the amount of sodium bicarbonate over time (a) consumed by hydrochloric acid in the lumen, (b) discharged from the intestine, and (c) remained in the lumen.

Fig. 7. Spatial distribution of pH in the intestinal lumen over time: (a) base case; (b) pancreaticobiliary secretion only; and (c) wall secretion only.

Y. Zhao et al. / Chinese Journal of Chemical Engineering 81 (2025) 76e8682



Fig. 8. Evolution of (a) average pH and (b) average enzyme activity in the intestine
over time. (The experimental data in the graph are from the study of Maurer et al.
[47].).

Fig. 9. Effect of the ratio of pancreaticobiliary secretion to wall secretion on (a) average
pH, and (b) average enzyme activity in the intestine.
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disappearance of the pancreaticobiliary secretion in Fig. 4(c) has a
negligible effect on the flow of the chyme.

Fig. 5 illustrates the distribution of sodium bicarbonate con-
centration in the intestine over time. Fig. 6 shows temporal evo-
lutions of three states of sodium bicarbonate, including consumed
by neutralization reaction, remained in the duodenum and escaped
from the outlet. In the base case (see Fig. 5(a)), the alkaline fluid
secreted from the pancreaticobiliary port spreads in both di-
rections, accelerating its contact with the acid solution from the
stomach. In comparison, the sodium bicarbonate in the case with
pancreaticobiliary secretion solely (see Fig. 5(b)) demonstrates a
trend to transport downward. The above phenomena can be used to
understand results depicted in Fig. 6. When the system has pan-
creaticobiliary secretion only, the consumption of sodium bicar-
bonate due to reaction is inhibited, and the loss resulting from
discharging goes up.

As shown in Fig. 5(c), wall-only secretion creates solely a thin
layer of sodium bicarbonate close to the inner surface of the tube. In
Fig. 6(c), this case exhibits relatively lower amount of sodium
bicarbonate remained in the lumen, which could be understood
from two aspects. According to the design for case study, excluding
the secretion from the pancreaticobiliary port means a higher
amount of the wall secretion. On the one hand, more sodium bi-
carbonate is consumed by acidic gastric juice in the region close to
the entrance, in particular during the initial period (see Fig. 6(a)).
On the other hand, secretion in the posterior part is easier to flow
out of the tract, as given in Fig. 6(b).

The distribution of pH in the intestine over time is depicted in
Fig. 7. The expansion of the acidic region in the base case is slowest
among the three cases. It can be explained based on the analyses of
the velocity fields and concentration fields above. The base case
system possesses both two secretion modes, which can offer a
relatively higher intensity of vortex that promotes the acid-base
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mixing and neutralizing reaction. For the case of pancreaticobiliary
secretion only, the sodium bicarbonate in the intestinal lumen is
the most (see Fig. 6(c)), but this secretion mode is not conducive to
neutralization with acidic gastric juices. Thus, the ability of intes-
tinal fluid to neutralize gastric acid is strongest when two secretion
modes coexist. As plotted in Fig. 8(a), the average pH in the base
case is maintained at a relatively high level. The simulation results
for the base case are almost consistent with the data measured in a
previous in-vivo experiment, where 16 healthy volunteers swal-
lowed IntelliCap capsules after a meal, demonstrating the effec-
tiveness of the model [47]. However, a drastic growth of the
simulated average pH in the early stage was not observed in that
experiment. It may be attributed to the limitation of the experi-
mental technology that can only measure the pH value at a specific
position instead of the average level throughout the entire duo-
denum. Especially at the very beginning, the neutralization taken
place near the entrance could not be captured by experimental
measurement. Therefore, this numerical method has the advantage
of obtaining more comprehensive details in the digestive tract.

The activity of pancreatic lipase, which is the major enzyme for
breaking down fat, is evaluated based on Eq. (15). Fig. 8(b) shows
the evolution of average activity with time for the three cases. It can
be found that their trends are basically consistent with those of the
average pH (see Figs. 8(a) and 9(a)). When the two secretion modes
coexist, the average enzyme activity remains stable at a very high
level, about 80%, as pancreatic lipase is an enzyme which is most
active in a near-neutral environment [40]. In contrast, the activity
of lipase in other two cases is inhibited to a large extent.

3.3. Effect of the proportion of the two secretion modes Qp/Qw

The simulation results in the previous section reveal that the
coexistence of the two secretion modes can greatly promote the
acid-base reaction in the tract, and consequently provide a superior
pH environment for lipase digestion. It raises an intriguing ques-
tion: what is the optimal proportion of pancreaticobiliary secretion
to wall secretion? Eight cases differing in this proportion were
conducted to investigate its effect.

Fig. 9 shows the average pH and the average lipase activity in the
lumen, respectively. When the Qp/Qw is in the range of 10/3 � 12.5/
0.5, the trend of pH change and the pH value at around 20 min are
very close. The simulation results obtained for these conditions are
in general agreement with the data measured in the in vivo
experiment mentioned above in which 16 healthy volunteers
swallowed IntelliCap capsules after a meal [47]. This suggests that a
ratio of 10/3 � 12.5/0.5 is a suitable ratio range of the two secretory
modes, providing a suitable pH environment in the gut. When Qp/
Qw is 1/12 � 5/8, a dramatic reduction in pH tells that the ability of
intestinal secretion to neutralize gastric acid is significantly dete-
riorated. For patients with exocrine pancreatic insufficiency, the
decrease in the ration of pancreaticobiliary secretion, causing the
Qp/Qw to be out of the optimal range, lowers the average intestinal
pH, even far below the physiological level in a normal human. This
phenomenon was also observed by Dimagno et al. [48] in patients
with pancreatitis.

As shown in Fig. 9(b), trends in pH and average enzyme activity
are consistent. The conditions within the optimal range of Qp/Qw
(10/3 � 12.5/0.5) provides a suitable environment for the survival
of lipase. And its average enzyme activity is basically more than
80%. In contrast, in the range of Qp/Qw (1/12 � 5/8), the average
enzyme activity reduces to 0.6, suggesting that an imbalanced
acid-base environment in this range leads to an imbalance in the
conditions for lipase survival. Additionally, a more acidic envi-
ronment gives rise to a decline in the average activity of lipase. As
a result, fat in the duodenum cannot be digested in time. Patients
with exocrine pancreatic insufficiency are prone to suffer from
functional dyspepsia and malnutrition [49] and take pancreatic
enzyme preparations to enhance the intestinal concentration.
From the simulation results, acid suppressants that can ease the
acidic intestinal environment for digestive enzymes could be an
alternative treatment method. A potential choice, for example, is
proton pump inhibitor, which has been widely used in the treat-
ment of diseases such as acute pancreatitis and are effective in
clinical practice [50].
4. Conclusions

This study developed a preliminary 3D duodenummodel taking
both pancreaticobiliary secretion and wall secretion into account.
The effects of these two secretion modes on the intestinal envi-
ronment were analyzed comprehensively by comparing fluid flow,
mass transfer and pH variation. When two secretion modes co-
exist, higher allocation of pancreaticobiliary secretion is capable
of creating a more conducive in-vivo environment for lipase
digestion. However, the deficiency of each mode impairs the
neutralization ability of intestinal fluid to gastric acid, and conse-
quently suppresses the activity of lipase.

Beyond providing valuable insights into intestinal physiology
and associated diseases, our numerical simulations of the intestine
have the potential to inspire advancements in the design of bio-
inspired soft reactors for process intensification. For instance,
simulation results demonstrate that peristaltic motion applied to
the intestinal wall significantly enhances mixing efficiency. Unlike
conventional agitation techniques, this novel mixing mechanism
generates a gently sheared environment, which is particularly ad-
vantageous for preserving shear-sensitive microorganisms
involved in the process. Additionally, the findings related to liquid
injection modes within the intestine can guide the design of more
effective jet injection systems in chemical reactors. This approach
enables a more uniform distribution of reactants, minimizes dead
zones, and enhances overall reaction efficiency.

It should be pointed out that the model established in this
work is currently different from a real intestine in many ways.
Some unique physiological features, e.g., curved geometry, wall
microstructures and absorption, have not been taken into account.
The absorption function, in particular, is likely to affect the elec-
trolyte concentration. The contents in the intestine are composed
of liquid, gas and even solid in most cases. A multi-phase flow
simulation should be conducted in the future. Moreover, a
comprehensive gastro-duodenum model is currently being
developed by integrating separate models for the stomach and
duodenum [51e54]. Regulatory mechanisms of bicarbonate
secretion, such as feedback control in response to pH levels in the
intestinal lumen, should also be incorporated as our understand-
ing of these processes improves. Anyway, this work makes the
first effort to incorporate a comprehensive secretory system into
an in-silico intestine model.
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