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ABSTRACT

Gravitational conditions in space diverge significantly from those experienced on Earth, and these alterations may have significant effects on
gastric digestion, ultimately affecting the health of astronauts. To understand these effects, the behavior of mixing and emptying in the
human stomach under both reduced and normal gravity is investigated numerically. The solver utilized in this study is developed based
on the open-source toolbox OpenFOAM. The gastric contents consist of water and a soluble food bolus characterized by a density of
1100 kg m�3, viscosity of 10�5 m2 s�1, and diffusivity of 3.09� 10�9 m2 s�1. The effects of gravity magnitude, initial food bolus location, and
terminal antral contractions (TACs) are studied. The numerical results demonstrate that the food retention rate can be increased by up to
�20% in the initial 6min as normal gravity is reduced to zero gravity. The numerical results support that gravity favors the emptying of the
food through the pylorus. The distributions of food concentrations and pH are also significantly influenced by the gravity condition. Under
zero gravity conditions, food in the distal stomach is quickly emptied due to the strong flow dynamics in the antrum. A delay of approxi-
mately 6min is observed when the food bolus is initially located in the proximal stomach. TACs efficiently enhance the emptying and mixing
of the food in the distal stomach, while their effects on the proximal stomach are marginal.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0208898

I. INTRODUCTION

Humans have long dreamed of traveling to and inhabiting outer
space or other planetary bodies. Astronauts or tourists do not experi-
ence gravity while orbiting in space. Even after landing on the Moon
or Mars, humans will live under much lower gravity than that of the
Earth. Prolonged habitation under reduced gravity has deleterious
effects on human health.1 An important problem encountered is space
adaptation syndrome (SAS).2 Symptoms of SAS include nausea, vom-
iting, vertigo, headaches, lethargy, and overall malaise.3 SAS poses a
particularly serious problem during the initial hours of weightlessness.4

Although weightlessness can have a significant impact on human
health by affecting the digestion system, the influence of reduced grav-
ity on gastric digestion remains unclear. As a major step of digestion in
human body, gastric digestion plays a crucial role. Extensive studies
are demanded to gain a clear understanding of gastric digestion in
humans under reduced gravity.

The human stomach can be roughly divided into two parts: the
proximal part, which mainly functions as a reservoir for undigested
materials,5 and the distal part, which acts primarily as a grinder, mixer,
and siever for solid particles.6 The disintegration of ingested food is
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facilitated by a series of periodically occurring antral contractions, con-
sisting of antral contraction waves (ACWs) and terminal antral con-
tractions (TACs). Research with respect to gastric digestion can be
traced back 300 years.7 However, it is only in recent years that detailed
investigations of the gastric digestion process have become possible
due to the emergence of new experimental and numerical techniques.
One emerging experimental technique involves developing realistic
in vitro gastric models, which have been well reviewed in the litera-
ture.8,9 To date, there are still no experimental studies on gastric diges-
tion under reduced gravity, mainly because experiments under
reduced gravity are extremely difficult and expensive. Even with a
drop tower or reduced-gravity aircraft, weightless conditions can only
be achieved for a few seconds, which is far from the timescale required
for real digestion.

The computational fluid dynamics (CFD) method is another
important tool for investigating gastric flows in detail. Simplified yet
insightful CFD models of gastric biomechanics and digestion have
been developed. For instance, Pal et al.10 constructed a simplified
two-dimensional (2D) model of the human stomach geometry and
motility. They investigated the flow behavior of a Newtonian fluid with
viscosity of 1.0Pa s and observed retrograde “jets” through ACWs and
circulatory flow between ACWs. Dufour et al.11 explored how stomach
contractions impact the breakup of liquid drops using models and simu-
lations, finding that viscosity affects drop breakup and identifying spe-
cific breakup conditions. Feigl and Tanner12 conducted a parametric
study to assess the impact of interfacial tension, viscosity ratio, relative
occlusion, and initial drop position on the behavior and breakup charac-
teristics of the drop. Ferrua and Singh13 developed a three-dimensional
(3D) model and used it to analyze the dynamics of two Newtonian flu-
ids, which have the viscosities 1.0� 10�3 and 1.0 Pa s. Trusov et al.14

studied a multiphase flow that incorporated functions of secretory,
motor, and absorption in the antroduodenal portion of the gastrointesti-
nal tract. Each phase was represented by a Newtonian fluid with varying
viscosities. Harrison et al.15 investigated the mixing and emptying
behavior of three aqueous liquid contents within the initial few minutes
using a coupled biomechanical-smoothed particle hydrodynamics (B-
SPH) model. The liquid contents were seen as Newtonian fluids with
viscosities of 1.0� 10�2, 1.0� 10�1, and 1.0Pa s, respectively. Ishida
et al.16 examined the effects of impaired coordination between antral
contraction and pyloric closure, considering gastric contents as
Newtonian liquids with viscosity values ranging from 4.2� 10�3 to
4.2Pa s. The Mittal group simulated the drug dissolution in water17,18

and studied the impact of gastric motility on food digestion and stomach
emptying19 using the immersed boundary method.

In our recent studies, we have investigated the hydrodynamics of
liquid contents,20 species transport, and the “Magenstrasse” for gastric
mixing and emptying,21 as well as the digestion of meat proteins.22

The numerical study confirms that heavy food particles drop to the
distal stomach shortly after ingestion. However, food particles are no
longer heavier than the gastric fluid under zero gravity. There is still
limited knowledge regarding how gravity affects the digestion, e.g.,
how food particles with different properties behave and how the pH of
gastric contents distributes under reduced gravity.

The study aims to enhance our understanding of the gastric mix-
ing and emptying mechanisms under reduced gravity. It will be carried
out using a CFD method, which will be introduced in Sec. II. The
detailed description of the test cases utilized in this study is described

in Sec. III. The effects of reduced gravity on gastric mixing and empty-
ing, as revealed by the numerical results, are discussed in Sec. IV.
Finally, Sec. V presents the conclusions drawn from the study.

II. COMPUTATIONAL MODEL

The digestion in human stomach is an extremely complicated
process. To simulate this process, certain reasonable hypotheses and
simplifications need to be made. The key ones are summarized as
follows:

• The actual contraction rate of the pylorus can reach up to 90%, it
might induce extremely complex flows.23 However, in this study,
the pylorus is assumed to be open and its contraction is not con-
sidered. This assumption is reasonable when water-like gastric
contents are emptied.24 In addition, the present study neglects
tonic contractions, which refer to weak continuous contractions
of the stomach wall. This simplification was primarily due to our
study’s focus on the lower stomach regions and their roles in gas-
tric emptying under different gravitational conditions.
Additionally, the volume of the stomach fundus does not change
significantly during the initial period of digestion.

• Real food boluses are commonly cohesive, exhibiting properties
that resemble those of soft solids.25,26 Here, the food boluses are
treated as unlinked small particles, modeled as soluble species.27

• Real gastric juice comprises various complex components, e.g.,
water, hydrochloric acid, electrolytes, mucus, and enzymes. Here,
the gastric juice is simplified to contain only water and hydrogen
ions (Hþ, the active component responsible for activating diges-
tive enzymes). These are the most important aspects for the func-
tionality of the gastric juice, while the other components are
neglected.

The assumptions described earlier simplify and accelerate the
simulation considerably, while the main characteristics of the stomach
digestion process still can be captured.

A. Geometry andmotilities of the human stomach
model

The size and shape of human stomach do not have a unique
description and vary individually.28 A simplified 3D model that repre-
sents the postprandial state of a human stomach is shown in Fig. 1(a).
It has a volume of 1.17 L, which falls within the normal capacity range
of stomach, i.e., 0.25 to 1.7L.29 The diameter of the pylorus is
20.4mm, which falls within the range observed in previous studies.20

Details regarding the geometry construction can be found in
Appendix A.

ACWs and TACs are schematically illustrated in Fig. 1(b)
(Multimedia view). Each ACW is modeled as a series of rings with dif-
ferent diameters, which press against the stomach surface and move
toward the terminal antrum at the speed of uACW . The imaginary cen-
terline is indicated by the white dashed line. Points S and E indicate
the center where ACWs start and end, respectively. P represents the
center of the pylorus (outlet). TACs are segmental contractions of the
terminal antrum, which occur when ACWs reach the terminal
antrum.28 Since TACs have shorter period of contractions and relaxa-
tions than ACWs and are more occluded,16 they are modeled as addi-
tional contractions and relaxations in the last 4 s of every ACW.
Previous studies have shown that TACs are crucial for generating
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high-velocity retropulsive flows,22,30 which are beneficial for mixing
and breaking down large food particles. The deformation of the com-
putational domain due to ACWs and TACs is modeled using dynamic
mesh techniques. The detailed equations describing stomach motility
can be found in Appendix A.

B. Governing equations

The governing equations that describe the conservation of mass,
momentum, food bolus, and Hþ are given by the following equations,
respectively:

q0
@ui
@xi

¼ _sG; (1)

@ui
@t

þ @ ujuið Þ
@xj

¼ � @p
@xi

þ @sij
@xj

þ qm � q0
q0

gi; (2)

@cF
@t

þ @ uicFð Þ
@xi

¼ DF
@2cF
@x2i

; (3)

@cH
@t

þ @ uicHð Þ
@xi

¼ DH
@2cH
@x2i

þ _scH : (4)

The velocity components ui, kinematic pressure p, food concen-
tration cF , and Hþ concentration cH are the main variables to be
solved. q0, qm, DF , DH , gi, and sij represent the water density, mixture
density, diffusivity of the food species, Hþ diffusivity, gravity accelera-
tion rate, and viscous stress tensor, respectively. _sG is the source term
due to the secretion of gastric juice, while _scH is the source term result-
ing from the increase of Hþ in the secreted gastric juice. Gastric juice,
an acidic digestive fluid, is secreted from the upper wall of the stomach.
For healthy individuals, the intragastric pH ranges between 1.3 and
2.5, which can increase to the range of 4.5–5.8 after eating.31 The secre-
tion rate of gastric juice may increase from 10 to 50ml min�1 after
food intake.32 In this study, the initial pH in the stomach is 5.6, and
the secretion rate of gastric juice is 2.7� 10�7 m3 s�1,

qm ¼ 1� cFð Þq0 þ cFqF ; (5)

�m ¼ 1� cFð Þ�0 þ cF�F : (6)

Here; qF is the density of the food. �m, �0, and �F are the kinematic
viscosity of the mixture, water, and food, respectively. The viscous
stress tensor is calculated as

sij ¼ 2�msij; (7)

and the strain rate is sij ¼ 1
2

@ui
@xj

þ @uj
@xi

� �
.

C. Numerical methods

A finite volume method (FVM) is used to solve the aforemen-
tioned governing equations. The solver is developed based on the
open-source CFD program OpenFOAM 18.06. The solutions are
advanced in time using a second-order implicit-backward method. To
compute the velocity derivatives, the variables at the interfaces of the
grid cells are obtained through linear interpolation. This interpolation
of the interfacial values yields a second-order central difference scheme
for spatial discretization. The pressure at the new time level is deter-
mined using the Poisson equation. The velocity is corrected with the
pressure-implicit with splitting of operators (PISO) pressure velocity
coupling scheme. The default convergence criteria in OpenFOAM are
adopted in this work: The residue tolerance value for pressure is set to
10�6, while 10�8 is used for other variables. The maximum local
Courant number Comax is set to 0.2 to capture the transient motions,
which have small time scales.

D. Boundary and initial conditions

The pylorus is assumed to be fully opened and static, which is a
reasonable approximation for the emptying of water-like gastric con-
tents.15 No-slip and no-penetration boundary conditions are applied
to the stomach wall. The open boundary condition on the outlet (pylo-
rus) allows a small amount of inflow and outflow to maintain mass
conservation. The inflow values for species, including Hþ and food
bolus, are set to 0. The velocity, pressure, and Hþ are assumed to be
uniformly distributed in the initial field. A food bolus is located either
in the proximal or distal stomach. Table I shows the typical boundary
conditions from OpenFOAM and initial values for the simulations.

E. Computational mesh

The computational meshes were generated by ANSYS ICEM
19.2; mesh 1 is used to illustrate the mesh features (mesh 2 is finer but
has a similar pattern of cell distribution), as shown in Fig. 2. Four
prism layers have been created from the triangulated surface mesh.
The majority volume of the interior is filled with hexahedral cells, tet-
rahedral cells are used as transitions between them, and pyramids are

FIG. 1. (a) 3D geometry of the human
stomach model, (b) schematic description
of the dynamics of the contraction waves,
including ACWs and TACs, the green
region represents the area of the gastric
juice secretion. More details on the geo-
metrical construction and mathematical
description of gastric motilities can be
found in Appendix A. Multimedia available
online.
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used to ensure conformity between tetrahedral and hexahedral quad
faces. The overall number of cells for each type is shown in Table II.

Cell orthogonality, skewness, and aspect ratio are commonly
used metrics to assess mesh quality.33 The results of the mesh checks
at different times are listed in Table III. In OpenFOAM, a maximum
face non-orthogonality angle below 70� is considered safe. Generally, a

maximum skewness value up to 0.95 is acceptable, and the threshold
in OpenFOAM is 4. The maximum aspect ratio should be maintained
below 35, and the threshold in OpenFOAM is 1000. It can be seen that
the mesh quality meets the computational requirements well, and there
are no cells significantly distorted even with remarkable deformation
of the geometry during the calculation [see Fig. 2(c)]. Consequently,
good mesh quality is guaranteed throughout the computations,
enabling high accuracy simulations.

III. DESCRIPTION OF TEST CASES

The stomach is initially filled with water and one food bolus. The
food bolus is assumed to be a collection of unlinked small food par-
ticles, which will be rapidly dispersed and mixed by the ambient fluid,
rather than a single coherent body. This assumption is reasonably sup-
ported by Sicard et al.;27 therefore, the food bolus is a soluble species.
To highlight the functional difference between the distal and proximal
stomach, the food bolus is initially located either in the distal or proxi-
mal region, as shown in Fig. 3. In order to study the interaction
between the bolus and gastric flow under different gravity conditions,
a density ratio of qF=q0 ¼ 1:1 is considered. The viscosity of the bolus

TABLE I. Boundary and initial conditions of simulations.

Field Wall Outlet Initial value

ui(m s�1) movingWallVelocity pressureInletOutletVelocity 0
p0 (m2 s�2)a fixedFluxPressure totalPressure 0
cH (mol L�1) zeroGradient inletOutlet 2.5� 10�6

cF (-) zeroGradient inletOutlet Non-uniform

aThe alternative pressure, p0 ¼ p� qgx2.

FIG. 2. View of the computational mesh, which has 602 547 cells. (a) Surface mesh, (b) cross-sectional view of the initial mesh and zoomed view of the left part, (c) the mesh
in the cross section when a TAC is at its most occluded state.

TABLE II. Cell numbers of different types in the meshes 1 and 2.

Type Hexahedra Prisms Pyramids Tetrahedra In total

Number of the mesh 1 101 383 209 112 19 144 272 908 602 547
Number of the mesh 2 663 268 689 420 66 600 926 450 2 345 738

TABLE III. Results of mesh quality check for mesh 1 at different times.

Quality
metrics

Non-orthogonality
(�) Skewness

Aspect
ratio

Maximum
value

t¼ 0 s 60 0.83 7.8
t¼ 60 sa 68 0.88 9.1
t¼ 120 sa 68 0.88 9.3
t¼ 180 sa 68 0.88 9.3
t¼ 1800 sb 68 0.89 9.1

aTACs are considered in the simulation.
bTACs are not considered in the simulation.
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is assumed to be 1.0� 10�5 m2 s�1 (1.1� 10�2Pa s); however, it is
worth noting that real foods exhibit viscosities that range from values
comparable to that of water (�1.0� 10�3Pa s) to as high as 10Pa s.34

The density of real gastric juice is close to that of water, while its viscos-
ity ranges from 1.0� 10�2 to 2.0 Pa s due to the presence of mucins
and pepsins.31 The gastric juice in this study is assumed to have the
same density and viscosity as water, without considering the contained
mucins and pepsins. The physical properties of the food, gastric juice,
and water are provided in Table IV. We consider zero gravity (0G, in a
satellite or space vehicle where a zero gravity environment may occur),
half gravity (0.5G, given tentatively to represent a reduced gravity envi-
ronment), and Earth’s gravity (1G) conditions. Under the 0G condi-
tion, the food is initially positioned at locations “L1” (proximal
stomach) or “L2” (distal stomach) to explore the dynamics at different
stages of digestion. However, under nonzero gravity conditions, only
the initial location L1 is considered because the food rapidly falls from
L1 to L2 when gravity is present. Mesh independence analysis and
qualitative comparison with previous studies can be found in

Appendix B. The direction of gravity is oriented opposite to the
x2-axis, aligning with a common configuration relative to stomach
geometry. A common orientation is focused in the study. However, an
exploration of the effects of stomach orientation on gastric emptying
dynamics is given in Appendix C.

IV. RESULTS AND DISCUSSION
A. Effects of gravity on food retention

We define the retention rate of the food bolus as rgr ¼ VF
VF0

, where

VF is the volume of the food in the stomach, given by VF ¼ ÐVcFdV .
VF0 is the initial volume of the food. The global retention rate of the
food bolus is depicted in Fig. 4(a). Under the 0.5G or 1G conditions,
the food leaves the stomach rapidly, while there is a lag time of empty-
ing under the 0G condition. This emptying lag is particularly evident
when the food bolus is initially located at the position L1 in the proxi-
mal stomach (the case 0GL1). In this scenario, the food is almost
undischarged in the first 6 min. However, after the lag time, the food is
quickly emptied. On the other hand, when the food bolus is initially
located at the position L2, it is emptied more rapidly and experiences a
shorter lag time compared to the food bolus at L1. This is attributed to
the shorter distance between the food bolus at L2 and the pylorus, as
well as the stronger flow dynamics in the distal stomach.

In the 0.5G and 1G cases, the rapid decrease in the food retention
rate rgr can be identified. This is due to the decrease in stomach volume
as a result of ACWs starting from a quiescent state (the first ACW ini-
tiates at 0 s, the second ACW starts at 20 s, and the stomach volume
reaches a minimum value at approximately 39 s). In addition, the fast
emptying of foods in the first several minutes is also related to the

FIG. 3. The initial distribution of the food bolus (located at the location 1 or 2) inside
the stomach, which has a spherical shape with a radius of 3 cm. Locations 1 and 2
are on the stomach axis [see Fig. 1(b), white dashed line], and their center coordi-
nates (in centimeters) are (17.5, 11.0, 0.0) and (13.75, 1.0, 0.0), respectively. The
space around the food bolus is filled with water at t¼ 0 s. The overall capacity of
the stomach is 1.17 L.

TABLE IV. The properties of the food, gastric juice, and water.

Species
Density
(kg m�3)

Viscosity
(m2 s�1)

Diffusivity
(m2 s�1)

Food qF ,
35 1100 �F , 1.0� 10–5 DF ,

36 3.09� 10–9

Gastric juice 1000 1.0� 10–6 DH ,
37 3.3� 10–9

Water q0, 1000 �0, 1.0� 10–6 � � �

FIG. 4. (a) The retention rate of the food in the stomach (rgr ) and (b) the food on the stomach wall (SF ¼ ÐScFdS, integral of the food on the gastric wall).
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small volume fraction of food, nonzero gravity, and an open pylorus.
Gravity drives the food bolus of higher density (compared to water) to
access the pylorus faster. This fast-emptying phenomenon is qualita-
tively comparable with previous in vivo and in silico studies. The
in vivo study by Tougas et al.24 also demonstrated that transpyloric
flow was occurring and was especially rapid just before lumen occlu-
sion by antropyloroduodenal contractions when the pylorus was open.
An in silico study showed that over 50% content (water) was emptied
within 150 s.15 This rapid drop in food retention, however, does not
occur in 0G cases.

After this fast-emptying process in the early stage, rgr changes
almost linearly with time, indicating a nearly constant emptying rate.
The food is emptied slightly slower in the case of 1GL1 compared to
the case of 0.5GL1. However, after around 200 s, the rgr profiles in the
cases 0GL2, 0.5GL1, and 1GL1 become very similar. After about
1200 s, the rgr value in the case 0GL1 becomes lower than those in the
other cases.

Figure 4(b) compares the weighted food fraction (SF , cm
2) on the

stomach wall in different cases. SF indicates the amount of food in con-
tact with the inner surface of the stomach wall. This contact can influ-
ence the adhesion of gastric objects to the gastric mucosa, thereby
prolonging their retention, as observed in an in vitro experiment.38 SF
increases rapidly in cases with nonzero gravity, reaching its maximum

value at around 10 s. Subsequently, due to the gastric emptying, SF
starts to decrease at 10 s. The SF history changes only marginally when
gravity increases from 0.5G to 1G. In the 0G cases, SF slowly increases
until 1100 s (case 0GL1) or 800 s (case 0GL2), then gradually decreases.
During the emptying process, SF in the 0G cases remains lower than
its values in the 0.5G and 1G cases, indicating that the absence of grav-
ity reduces the likelihood of gastric objects adhering to the stomach
wall. Gravity aids the settling of gastric contents toward the lower
stomach, such as the antrum and pylorus, increasing the likelihood of
food particles adhering to the stomach walls, especially along the bot-
tom or greater curvature. In contrast, under zero gravity conditions,
the absence of gravitational force prevents this natural settling, causing
the food to remain suspended within the gastric fluid and distribute
more evenly. This reduces their contact with the stomach walls. The
peristaltic movements, which mix and propel contents, become domi-
nant under the zero gravity condition, keeping the food in constant
motion and further decreasing their likelihood of adhesion.

The food distributions at different time instances are shown in
Fig. 5. The different distributions of the food suggest that variations in
gravity magnitude results in different hydrodynamics and transport of
food species in the stomach. The emptying of food in the proximal
stomach is notably slower compared to the rapid emptying observed
in the distal stomach. This finding aligns with the study by Anvari

FIG. 5. Time-dependent food distributions
(volume fraction) in the cross-plane of the
stomach. The boundary of the food is
tracked by tracking concentration gra-
dients, visualized using color gradients,
where red indicates higher concentrations
of food particles, distinguishing them from
lower concentration or water-dominated
areas.
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et al.,39 which indicated that the effect of gravity on gastric emptying
may stem from changes in intragastric distribution.

As can be seen in the 0.5G and 1G cases, the food settles to the
bottom of the stomach in a short time. This is in line with our previous
study,21 which shows that the heavy food particles settle down to the
distal stomach within a few seconds. The distribution of food is similar
in 0.5GL1 and 1GL1 cases. Notably, the volume fraction of the depos-
ited food has a smaller value in the upper layer, as seen in 0.5GL1 and
1GL1 in Fig. 5, which suggests that the heavy food near the upper layer
(close to the lesser curvature) is emptied more rapidly. Additionally,
the distribution of the deposited food undergoes minimal changes over
time, indicating the poor mixing effects on the heavier food (compared
with water). However, it should be noted that there is evidence of gas-
tric motor dysfunction under microgravity conditions, which results in
weakened gastric motility.40 This reduction in motility may adversely
affect the efficiency of gastric mixing. Moreover, for foods comprising
particles of diverse sizes and densities, the absence of gravitational
forces to facilitate their stratification and movement could lead to sub-
optimal mixing.

It can be seen in Fig. 5 that the food bolus at location L1 is still
suspended in the stomach under the 0G condition at t¼ 60 s. In con-
trast, the food bolus at location L2 is more efficiently mixed with the

water; the food bolus is stretched and transported to the pylorus due to
the effects of ACWs. This observation confirms the poor mixing effects
in the fundus, which is in line with the simulation findings of Harrison
et al.,15 who suggested that the top stomach has limited mixing effects
on the gastric content. In cases 0GL1 and 0GL2, the food that contacts
the stomach wall changes over time. Conversely, in cases 0.5GL1 and
1GL1, the food that contacts the stomach wall remains stable near the
stomach bottom. These findings are consistent with the statistic results
presented in Fig. 4(b). When the gravity is not zero, the increase in its
magnitude has only a marginal influence on the emptying and distri-
bution of the food species.

B. Effects of gravity magnitude on pH distribution

The concentration of Hþ in gastric juice determines the pH dis-
tribution in gastric contents, playing an important role in the activity
of enzymes. The pH distributions at various times are displayed in
Fig. 6. At the same time instance, the results of the cases 0GL1 and
0GL2 show a similar pattern. Under the 0G condition, the pH is lower
in the antrum region and exhibits a local minimum near the fundus
center.

FIG. 6. pH distributions at different times
in the cross-plane of the stomach.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 061908 (2024); doi: 10.1063/5.0208898 36, 061908-7

Published under an exclusive license by AIP Publishing

 17 June 2024 02:33:50

pubs.aip.org/aip/phf


The cases 0.5GL1 and 1GL1 also show a similar pattern. The dis-
tribution of pH is influenced by the food distribution, as the transport
of Hþ in foods encounters higher flow resistance due to the high vis-
cosity of the food. The proximal stomach has lower pH values under
the 0.5G or 1G conditions compared to the 0G condition. This sug-
gests that gravity facilitates the transport of Hþ to the proximal stom-
ach. The deposition of the food at the stomach bottom increases the

outflow resistance, narrowing the passage for outflow. When antral
contractions occur, Hþ are pushed upward. Under the 0.5G and 1G
conditions, the pH level in the bottom region is high, indicating that it
is difficult for Hþ to penetrate into the food near the stomach bottom.

It should be noted that the viscosity of digesta made of solid foods
may be several hundred times higher than that of water. As a result,
the transport of Hþ in solid foods is much slower, and the

FIG. 7. Effects of TACs on gastric retention rate (rgr ): (a) 0G, (c) 0.5GL1, and (e) 1GL1; and weighted food fraction (SF ): (b) 0G, (d) 0.5GL1, and (f) 1GL1.
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corresponding pH distribution can be significantly different from the
findings of this study.

C. Effects of TACs under different gravity conditions

We have examined the effects of TACs under different gravity
conditions within the first 3 min. The TAC starts at 56 s, lasts for 4 s,
and repeats every 20 s. In the 0G condition, TACs have almost no
effects on the gastric retention rate rgr and the inner-surface food con-
centration SF when the food bolus is originally placed at location L1
(in the proximal stomach). However, the emptying and food concen-
tration at the stomach’s inner surface are accelerated by TACs when
the food is originally placed at location L2 (in the distal stomach), as
seen in Figs. 7(a) and 7(b) for comparison. Under the 0.5G and 1G
conditions, the food emptying is considerably enhanced during a TAC
period, as shown in Figs. 7(c) and 7(e). Figures 7(d) and 7(f) also show
that SF is lower when TACs are taken into account. This is partly due
to the fact that TACs accelerate the emptying of food.

Figures 8 and 9 demonstrate the velocity fields obtained from the
CFD simulations of cases 0GL1 and 1GL1, respectively. The flow fields
in a cross-sectional plane of the stomach are shown. The TAC starts at
56 s and approaches the most occluded situation at 58 s. The results
show that the strongest fluid motions exist in the antropyloric region,
while relatively slow recirculation appears between the distal and prox-
imal stomach regions. With the pyloric sphincter being open, the TAC
significantly increases the outflow rate, resulting in a higher emptying
rate.

At the same time, the maximum velocity magnitude in case 0GL1
is smaller than that in case 1GL1. In the 1G case, a region of high
velocity magnitude is found close to the lesser curvature and the pylo-
rus at t¼ 56 s. The velocity near the greater curvature of the stomach
is lower, due to the higher viscosity of the food that deposits on the
greater curvature (as seen in previous results of 1GL1 in Fig. 5), which
creates higher resistance to the flow in that region. At t¼ 57 s, the flow
close to the pylorus region is more intensive and consistently aligned
in a direction toward the exit. At t¼ 58 s, the TAC reaches its peak

FIG. 8. Representative velocity vectors in the cross section during the contraction process of the first TAC, 0GL1: (a) t¼ 56 s, uj jmax ¼ 2.39� 10�3m s�1; (b) t¼ 57 s,
uj jmax ¼ 9.14� 10�2m s�1; and (c) t¼ 58 s, uj jmax ¼ 1.83� 10�2m s�1.

FIG. 9. Representative velocity vectors in the cross section during the contraction process of the first TAC, 1GL1: (a) t¼ 56 s, uj jmax ¼ 1.20� 10�2m s�1; (b) t¼ 57 s,
uj jmax ¼ 9.97� 10�2m s�1; and (c) t¼ 58 s, uj jmax ¼ 2.99� 10�2m s�1.
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contraction, causing some fluids to be pushed back into the stomach
lumen. This retropulsive flow is strong, with a speed many times faster
than that of the TAC. However, the flow away from the TAC is rela-
tively weak. The flow in the proximal stomach is only marginally
affected by the contraction, which explains why the food is retained for
a longer time when it is located in the proximal stomach (see Fig. 5).
Flow recirculation can be observed between two continuous ACWs
and in the region above the ACWs.

Wall shear stress (WSS) is one of the most frequently studied
parameters in the pulsatile flows.41 In the context of gastric dynamics,
WSS at the inner surface of the stomach plays a crucial role. The WSS
generated by gastric flows is defined as

WSS ¼
����qm�mnj @ui@xj

����; (8)

where nj represents the direction normal to the inner surface of the
stomach. WSS is directly influenced by the dynamic viscosity of the
gastric contents and the velocity gradient. Therefore, understanding
the distribution and variation of WSS provides valuable insights into
the complex flow dynamics within the gastric system.

The contour map of WSS shown in Figs. 10 and 11 provides a
comprehensive visualization of the spatial distribution of this impor-
tant parameter at the inner stomach surface. In particular, the antro-
pyloric region and the contraction region are characterized by higher
values of WSS due to the strong flow dynamics in these areas. The
localized high WSS regions can be attributed to the strong mechanical
forces exerted by the fluid flow on the stomach walls. Comparing the
0G and 1G cases at a specific time instance (t¼ 56 s), it can be seen
that the maximumWSS value is higher in the latter case. This observa-
tion can be attributed to the influence of gravity, which contributes to
the enhancement of flow dynamics and consequently leads to
increased shear forces acting on the stomach walls. Furthermore, the
TAC significantly enlarges the high WSS area, especially in the antrum
region. The TAC-induced contractile motions of the stomach walls
intensify the flow and result in heightened WSS values, indicating

enhanced mechanical stimuli experienced by the gastric inner surface.
Interestingly, the upper stomach surface experiences much lower WSS
as the wall movements have only a marginal effect in this region. As
the dominant flow dynamics occur in the antropyloric region and the
contraction region, the upper surface experiences relatively subdued
mechanical forces, leading to reducedWSS values.

To gain a comprehensive understanding of the temporal
evolution of WSS, the history of the surface-averaged WSS�
WSS ¼

Ð
s
WSS�dsÐ
s
ds

;Pa
�
is examined and shown in Fig. 12. The analysis

shows a significant increase in WSS during the onset of the TAC, fol-
lowed by a decline over time. This behavior suggests that the mechani-
cal stimuli experienced by the stomach walls, as represented by WSS,
are augmented during TACs but gradually diminish as the

FIG. 10. Wall shear stress (WSS) of 0GL1: (a) t¼ 56 s, WSSj jmax ¼ 2.04 Pa and
(b) t¼ 57 s, WSSj jmax ¼ 93.6 Pa.

FIG. 11. Wall shear stress (WSS) of 1GL1: (a) t¼ 56 s, WSSj jmax ¼ 26.2 Pa and
(b) t¼ 57 s, WSSj jmax ¼ 1780 Pa.

FIG. 12. Comparisons of WSS over the stomach wall at 0G and 1G conditions.
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contractions subside. Interestingly, a similar trend is observed in both
the 0GL1 and 1GL1 cases, implying that the influence of TACs on
WSS is independent of the gravity condition. Nevertheless, it should
be noted that the absolute values of WSS are higher under the 1G con-
dition compared to the 0G condition, indicating the important role of
gravity in modulating the magnitude of WSS in the stomach.

V. CONCLUSION

A CFD study has been carried out to compare the digestion pro-
cesses in the human stomach under normal gravity (1G) and reduced
gravity (0.5G and 0G) conditions. In the presence of gravity, the food
rapidly settles down into the antrum within a short period of time.
When the food is initially located in the proximal stomach under the 0G
condition, the emptying of the food is delayed by about 6min. The food
concentration on the inner surface of the stomach is apparently reduced
when the gravity is reduced from 1G to 0G. When gravity is present, the
magnitude of gravity and the initial location of the food do not signifi-
cantly affect the food concentration.

The intragastric distribution of food and pH shows significant differ-
ences when the gravity condition varies. However, the distribution
changes only slightly when the gravity changes from 0.5G to 1G. Under
the 0G condition, the food floats in the stomach, while Hþ are transported
to the antrum, leading to low pH values near the pylorus. In contrast, in
the presence of gravity, the food deposits in the distal stomach in a short
time, resulting in lower pH values in the body and fundus regions. TACs
have marginal effects on food mixing in the proximal stomach, regardless
of gravity’s presence. Nevertheless, TACs accelerate the emptying process
by up to 20% under the 0G condition after the food enters the antral
region. In comparison, under the 1G condition, TACs stimulate stronger
mixing and higher shear forces in the antrum and pyloric region.

Our CFD study provides qualitative insights into the effects of
gravity on gastric mixing and emptying, marking an initial step toward
understanding the digestion under reduced gravity. To perform a more
accurate quantitative study, the CFD model should be further improved
in the following aspects: An important task is to consider the real rheol-
ogy of non-Newtonian gastric contents. The transport of highly viscous
gastric contents may be very different from that of the water-like fluids
that are typically studied. For this purpose, the disintegration models of
solid foods should be coupled with the current CFD techniques. In addi-
tion, the dynamics of the pylorus should also be accounted for to make
the simulated gastric emptying process more realistic.
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NOMENCLATURE

Roman symbols

AACW Amplitude of ACWs (m)
ATAC Amplitude of TACs (m)

cF Volume fraction of the food (-)
cH Mole concentration of Hþ (kmol m�3)

Comax Maximum local Courant number (-)

DF Diffusion coefficient of the food (m2 s�1)
DH Diffusion coefficient of Hþ (m2 s�1)
Dsc Distance vectors from points on centerline to points on

the stomach wall (m)
dAC Displacement of antral contractions (including ACWs and

TACs) (m)
gi Gravitational acceleration (m s�2)

hACW Width of ACWs (m)
l10 Arc length on the centerline from the center point of the

contraction to another point of the contraction (m)
n Direction vector (-)
nj Direction normal to the inner surface of the stomach (-)
p Static pressure divided by density (m2 s�2)
p0 Alternative pressure (m2 s�2)
rgr Gastric retention rate of the food (-)
SF Integral of the food on the inner wall of the stomach (m2)
sij Strain rate (s�1)
_scH Source term of Hþ (kmol m�3 s�1)
_sG Source term due to secretion of gastric juice (kg m�3 s�1)

Tlc
ACW Life cycle of ACWs (s)
Tlc
TAC Life cycle of TACs (s)

t Time (s)
tACW0 Start time of ACWs (s)
tTAC0 Start time of TACs (s)
uACW Speed of ACWs (m s�1)

ui Velocity component (m s�1)
uj Velocity component (m s�1)
VF Volume of the food in the stomach (m3)
VF0 Initial value of VF (m

3)

Greek symbols

qF Density of the food (kg m�3)
qm Density of the mixture (kg m�3)
q0 Density of the water (kg m�3)
sij Viscous stress tensor (m2 s�2)
�F Kinematic viscosity of the food (m2 s�1)
�m Kinematic viscosity of the mixture (m2 s�1)

Acronyms

2D Two-dimensional
3D Three-dimensional

ACWs Antral contraction waves
B-SPH Biomechanical-smoothed particle hydrodynamics
CFD Computational fluid dynamics
FVM Finite volume method
PISO Pressure-implicit with splitting of operators
SAS Space adaptation syndrome

TACs Terminal antral contractions
WSS Wall shear stress
WSS Averaged WSS
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APPENDIX A: DESCRIPTIONS OF GEOMETRIC
PARAMETERS, COMPUTATIONAL PARAMETERS, AND
CONTRACTIONWAVES

The centerline equation [units in cm, white dashed line in
Fig. 1(b)] is

x2 ¼ 0:0067x31 � 0:0624x21 � 0:3426x1; x3 ¼ 0: (A1)

The basic frame for constructing the geometry is a profile line and
a series of circles with different diameters. The centerline is composed
of the centers of these circles, which are perpendicular to the centerline.
Then, the geometry is generated with the loft function using
SOLIDWORKSV

R

2016. The loft feature creates a stomach shape by
combining the circles and the profile line (acts as a guide line).

As shown in Fig. 1(b), point S is the center where ACW starts,
and point E is the center where the ACW ends. ACW initiates every
20 s from S and ends after 60 s at E, meaning the life circle of an
ACW is 60 s, so there are always 3 ACWs on the stomach at any
time. The length of the curve SE (LSE) is approximately 129.96mm,
so the velocity of ACWs sliding along the centerline is approxi-
mately 2.166mm s�1. The life circle of a TAC is 4 s.

The stomach motilities are represented by the following equations:

dAC x1ð Þ ¼ n cos
p
2 v 2l10hACW b�1;1

 !
tACW þ tTACð Þ; (A2)

tACW ¼ AACWsin pv t � tACW0

Tlc
ACW

b
0;1

 !
; (A3)

tTAC ¼ ATACsin pv t � tTAC0

Tlc
TAC

b
0;1

 !
: (A4)

Here, dAC is the displacement of ACW, n ¼ Dsc
Dscj j is the direction vec-

tor, Dsc means distance vectors pointing from points on centerline
to points on the stomach wall that have the smallest distance. l10 is
the arc length on the centerline from the center point of the con-
traction to another point of the contraction. hACW is the ACW
width (defined as the arc length of the centerline part corresponding
to that ACW), which is 38mm in our simulations. AACW and ATAC

are the ACW amplitude and TAC amplitude, respectively, they are
both 10mm in our simulation. Tlc

ACW and Tlc
TAC are the life circle of

an ACW and a TAC, respectively. tACW0 indicates the start time of
an ACW (e.g., 0 s, 20 s, 40 s, 60 s, …). tTAC0 indicates the start time of
a TAC (e.g., 56 s, 76 s, 96 s, 116 s, …). vxba;b is a function defined for
a general variable x,

vxba;b ¼ x; a � x � b;
0; x < a or x > b:

�
(A5)

Details regarding the descriptions of geometric parameters,
computational parameters, and contraction waves can be also found
in our previous study.20

APPENDIX B: ACCURACY OF THE NUMERICAL
RESULTS

1. Mesh independence analysis

A mesh independence study has been carried out to verify that
the governing equations are solved precisely. Two mesh resolutions

FIG. 13. The gastric retention rate (rgr ) is used to show the mesh sensitivity. The
solid lines indicate the results from the course mesh (mesh 1, 602 547 elements)
and the dash lines indicate the results from the fine mesh (mesh 2, 2 345 738 ele-
ments). The MPI (message passing interface) parallel calculations are performed
with 48 processors (three nodes of a computer cluster with CPU type 2�E5–267,
each node having 16 processors), and these take around 11 h with mesh 1 and
67 h with mesh 2.

TABLE V. Maximum velocity in different in silico studies, TACs are not considered.

Dimension of
geometry

Maximum
velocity (mm s�1) References

2D 8–10 42
2D 77.4–112.3 43
3D 78–119 13
3D 13.5–62 44
3D 19.9 1GL1 case in this study
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(mesh 1 and mesh 2) are used to calculate the test cases described in
Sec. III. The CFD simulations enable us to view and quantify food
emptying in the stomach. The numerical results of the retention
rate rgr are compared in Fig. 13 to demonstrate the mesh conver-
gence. As seen from Fig. 13, the retention rates are not qualitatively
changed when a higher mesh resolution is used. Based on the mesh-
convergence study, mesh 1 is used in our study.

2. Qualitative comparison with previous studies

Due to individual differences, complexity of gastric digestion,
and simplification of our numerical model, it is difficult to find real-
istic and reliable data to validate our CFD results. However, it is
possible to qualitatively compare our CFD results with those from

previous studies, because the physiological and geometrical parame-
ters in our study are within the range of real values.

Table V shows the maximum local velocity from different CFD
studies with water-like gastric contents. The maximum velocity by our
model is qualitatively comparable with previous numerical studies.

In addition to the maximum velocity values, we have also com-
pared the flow phenomena captured in our simulation with previ-
ous studies. For example, our numerical results indicate that TACs
stimulate strong retropulsive flows; this is in accordance with the
findings from previous studies. Despite assumptions and simplifica-
tions in our CFD model, our numerical results are qualitatively sim-
ilar to those from previous studies.

APPENDIX C: EFFECTS OF STOMACH ORIENTATION ON
GASTRIC EMPTYING DYNAMICS

Our initial model positioned the pylorus slightly above the
antrum, a configuration derived from common geometrical repre-
sentations found in the literature, as referenced in Table 2.12 from
Liu.45 To further explore the impact of stomach orientation on food
emptying dynamics, we have conducted additional simulations with
slight adjustments to the model’s orientation. These simulations are
performed with different directions of gravitational acceleration (gi),
as detailed in Table VI and illustrated in Fig. 14.

The results, shown in Fig. 15(a), indicate that adjusting the ori-
entation from 0� to �60� enhances gastric emptying. This is attrib-
uted to the alignment of the stomach outlet more directly with the
direction of gravity, facilitating easier emptying of gastric contents.
Conversely, changing the orientation from 0� to 60� decreases gas-
tric emptying, as the food settles further from the pylorus and the

TABLE VI. Different directions simulated in this study.

Index �2 �1 0 1 2

Directions
�
�

ffiffiffi
3

p

2
, �1

2
; 0

� �
� 1
2
, �

ffiffiffi
3

p

2
; 0

�
(0, �1, 0)

�
1
2
, �

ffiffiffi
3

p

2
; 0

� � ffiffiffi
3

p

2
, �1

2
; 0

�

FIG. 14. Diagram illustrating various stomach orientations: (a) stomach oriented in
the most common direction of gravity and (b) schematic representation of variations
in the direction of gravity.

FIG. 15. (a) The retention rate of the food in the stomach (rgr ) and (b) the food on the stomach wall (SF ). The solid line represents the conditions under normal gravity (1G),
and the dashed line represents the conditions under zero gravity (0G). The food bolus is initially positioned at location L1.
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outlet becomes higher relative to the food, reducing the likelihood
of emptying.

Regarding the speed of emptying, our findings reveal that the
food empties faster as the orientation changes from 60� to �60�.
Compared to the 0G condition and after the initial lag phase, emp-
tying is slower at orientations of 60�, 30�, and 0�, similar to the case
at �30�, but faster at �60�. Our numerical results suggest that after
the initial lag phase (�6min), food emptying at 0G is faster than at
non-0G conditions for most stomach orientations, including the
most common orientation.

Furthermore, the variable SF (the food on the stomach wall)
also reflects these dynamics; as the food empties more completely,
SF decreases, as illustrated in Fig. 15(b) after 1200 s. These findings
underscore the impact of stomach geometry and orientation on gas-
tric emptying. A wider range of geometrical and positional varia-
tions still needs to be studied in future work to ensure the
robustness and applicability of our model across different scenarios.
In addition, the findings obtained in this study still require further
validations with in vivo experiments.
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