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a b s t r a c t

Given the complex motility of the intestinal wall featuring villous structure, the mechanisms by which
the motility can enhance mass transfer and absorption in the small intestine have been a mystery. In this
work, the challenging task to couple the intestinal lumen flow and the contraction movement of the villi
is tackled by a multi-physics model. The effects of motility of an entire duodenum on the mass transfer
and absorption under the influence of ambient flow can be systematically explored. It is revealed that the
top of the villi plays a major role in mass absorption. For a rat duodenum, the pendular movement can
enhance mass transfer and absorption by up to about 72%. With the introduction of ambient flow,
although the absorption amount increases, the enhancement of mass transfer by pendular activity is
inhibited. Specifically, the average enhancement factor decreases sharply from ~1.35 to ~1.05.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Obesity and diet-related chronic diseases including type-2 dia-
betes, cardiovascular disease, hypertension, hyperglycemia and
hyperlipidemia have become a significant and growing public
health issue worldwide (Fonseca, 2012; Moxon et al., 2016). To
effectively address these issues, digestion and absorption process
in the human body must be taken into account for rational formu-
lation design of functional foods and drugs, so that nutrients or
functional molecules can be delivered at desired time and location
(Bakalis et al., 2009; Gouseti et al., 2014; Bornhorst et al., 2016;
Lentle, 2018).

It is widely recognized that the small intestine is a most impor-
tant organ for digestion and absorption. The proximal part of the
small intestine, i.e., the duodenum which receives pancreatic juice
and bile and mixes with partially digested food from the stomach,
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Nomenclature

Symbols
Ci concentration of species i (kg m�3)
Cin inlet concentration (kg m�3)
Di diffusion coefficient of species i (m2/s)
F volume force vector (N/m3)
I unit vector (–)
Ni mass flux of species i (kg m�2 s�1)
p pressure (Pa)
u fluid velocity (m s�1)
v velocity of intestinal wall motility (m s�1)
N total number of villi over an area of 2l � 2l
n number of villi over a length of 2l
2 l length of a section (mm)
L length of the duodenum (mm)
R radius of the duodenum (mm)
h length of a villus (mm)
d width of a villus (mm)
w distance between two adjacent villi (mm)
f frequency of the pendular activity (Hz)
Am maximum amplitude of the strain (s�1)
K mass transfer coefficient (m s�1)
K
�

average mass transfer coefficient (m s�1)

K�� average mass transfer coefficient for the case without
movement(m s�1)

L total length of the rough surface in 2D (mm)
m amount of nutrients absorbed (mol m�1)
vin inlet velocity (m s�1)

Greek Letters
x density of villi(number/mm2)
l fluid viscosity (Pa s)
q density (kg m�3)
_e longitudinal strain rate (s�1)
a enhancement factor
a
�

average enhancement factor
d length of the rough surface in 2D (mm)

Subscript
a total
b bulk
m max
s surface
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plays a vital role in food processing, both physically and chemically
(Riahi and Roy, 2011; Schulze, 2015; Wright et al., 2016). Some
researchers further revealed that nutrients need to be transported
to the intestinal wall before being absorbed through the epithelial
cells of the intestinal villi. Hence, the villi play a critical role in the
process of digestion and absorption (Wang et al., 2010; Lim et al.,
2014).

Over the past decades, significant efforts have been devoted to
the experimental and simulation study of the digestion and
absorption process in the small intestine. As far as experimental
research is concerned, in view of the high cost and ethical con-
straints associated with in vivo trials, in vitro bionic experiments
using gastrointestinal animal and human models are thus an alter-
native approach (Tharakan et al., 2010; Lentle and Loubens, 2015).
As a matter of fact, it is a challenging task to design well-controlled
experiments for the digestion and absorption study due to the
inherent complexity of the small intestine. Lentle et al. used longi-
tudinal spatiotemporal mapping (Canto et al., 1996; Lentle et al.,
2007; Janssen and Lentle, 2013; Lentle et al., 2013) to examine
the pendular movement of mucosa and associated villi in the prox-
imal duodenum of the rat. Geometric details and movement pat-
tern of the duodenum and villi were revealed. Lentle and his
groups (Lentle and Janssen, 2008; Lim et al., 2013) took the distal
ileum of the squirrel as the research object. With the help of a cam-
era and a microscope, they recorded the movements of the mucosa
and associated villi. Moreover, the contraction of longitudinal mus-
cles was characterized using strain rate mapping. The length and
width of the villi as well as their density, and hence their move-
ment pattern were also reported. This provides a certain reference
value for scholars engaged in simulating the contraction move-
ment of the small intestine, such as the geometric distribution of
the intestinal wall villi and the verification of the villi contraction
movement. However, visualization of the flow pattern in the intes-
tine could hardly be realized in experiments. As a result, the influ-
ence of villi motion on the flow field and hence mass transfer in the
intestinal lumen remains a mystery. In this regard, transport the-
ory together with numerical simulation is a powerful tool to reveal
these mysterious phenomena.

Many computational efforts can be identified as well. Stoll et al.
(2000), Jeffrey et al. (2003) used state-of-the art numerical meth-
ods to explore the fluid flow in the lumen driven by the peristaltic
contractions of the wall. Their work provides new insights into the
pressure and flow profiles in the lumen and quantifies shear stres-
ses between lumen and wall. However, whether the enhancement
of mass transfer can be assessed during non-propagating longitudi-
nal contraction (i.e., pendular activity) of the intestinal wall is yet
to be known. De Loubens and his groups (Lentle et al., 2013)
approximated the gut lumen as a smooth cylinder and found that
‘real-time’ non-propagating longitudinal contractions could offer
in-situ localized and weak mixing of viscous fluids and augment
mass transfer in the vicinity of gut wall. Their seminal work con-
sidered a whole rat duodenum and investigated how wall move-
ment could lead to nutrient mixing and mass transfer in the
intestinal lumen. However, in their numerical model, the intestinal
wall was assumed to be a smooth surface without villi. Moreover,
nutrient absorption was not explored.

Listed above are the modeling work focusing on the whole duo-
denum at macroscale. Some other papers discussed the influence
of the villi movement on the local flow field and the mass transfer
from a microscopic point of view. Loubens and his groups (Lim
et al., 2015) used the lattice-Boltzmann model (LBM) to gain an
in-depth understanding of the effects of villi movement on the
flow, as well as mixing and absorption of nutrients in the intestinal
lumen. However, the investigated systemwas just a very small sec-
tion of the duodenal lumen involving few villi only. The bulk flow
in the lumen induced by the global motility of the intestinal wall
was not taken into account. Localized phenomena captured by
their model may not be sufficient to understand digestion and
absorption in the whole duodenum.

Brasseur and his group (Wang et al., 2010) used a two-
dimensional (2D) LBM method to simulate villi movement and
fluid flow. The unique contribution of their work is to couple ‘‘mi-
cro” flow caused by coordinated motions of mucosal villi with
lumen-scale ‘‘macro” flow generated by gut motility. It was found
that microscale contraction motions of villi can enhance the
macroscopic advective flux and hence the nutrient absorption rate
by creating a ‘micro-mixing layer’. In 2017, they further extended
the model to 3D (Wang and Brasseur, 2017). Their findings demon-
strated the necessity of coupling microscale flow (induced by villi
motion) and macroscale bulk flow (driven by gut motility). They
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also pointed out the potential importance of villi movement in the
intestinal absorption. However, the adoption of the lid-driven cav-
ity flow to approximate the macroscale bulk flow remains ques-
tionable. Moreover, the villi scale models developed so far
assumed simplified villi movement (Lim et al., 2015; Wang et al.
2010), which lacks sound connection with motility.

Most studies of mixing driven by intestinal motility simplified
intestinal lumen surface as a smooth wall without villi. Many of
them investigated non-propagating circular contractions, i.e. seg-
mentation contractions (Grivel and Ruckebusch, 1972; Gwynne
et al., 2004), and propagating coordinated circular and longitudinal
contractions, i.e. peristaltic contractions (Schulze-Delrieu, 1999)
that propel the luminal content along the small intestine
(Janssen et al., 2007). Mixing generated by non-propagating longi-
tudinal contractions, i.e. pendular contractions (Christensen, 1971;
Lammers et al., 1996; Melville et al., 1975) has not been rigorously
investigated.

In this work, a multi-physics model is developed to simulate
mass transfer and absorption in a duodenum. The unique features
of the model are three-folds: (1) the simulation of a complete rat
duodenum with its hierarchical structure taken into account
allows a holistic understanding of mass transfer and absorption
mechanisms, (2) the motility of the duodenum together with its
villi is implemented using the moving mesh method, (3) the influ-
ence of villi movement on mass transfer and absorption can be
evaluated under different bulk flow conditions. Analysis methods
are also developed to quantify the enhancement of mass transfer
and absorption by gut motility, specifically the pendular move-
ment investigated in this work.
Fig. 1. Schematic diagram of the rat duodenum simplified for the simulation study: (a) a
cross-sectional view of the tube with associated villi, which is the simplified 2D system
2. Modeling and analysis methods

2.1. Geometry construction and simplification

The duodenum is approximated as a tube with a radius of R
(mm) and a length of L (mm) between the pylorus and the pancre-
atic duct (see Fig. 1(a)). Finger shaped villi are uniformly dis-
tributed on the inner surface of the tube. As a first step towards
3D simulation of the system in Fig. 1(a) with tremendous amounts
of villi, this work investigates the 2D system in Fig. 1(b), which is
the cross-section of the tube and associated villi. A 2D villus is a
rectangle of width d with a round cap (Fig. 1(b)). It is assumed that
villi are arrayed uniformly over the inner surface of the wall. To
implement pendular movement of the wall, the proximal duode-
num should be divided into 10 sections with each section of length
l (de Loubens et al., 2013). The total number of villi over an area of
2l � 2l can be calculated as:

N ¼ 4l2x ð1Þ
wherex is the area density of villi (i.e. number of villi per mm2 area
of gut mucosa). For the cross-sectional 2D view in Fig. 1(b), the
number of villi over a length of 2l is:

n ¼
ffiffiffiffi
N

p
¼ 2l

ffiffiffiffiffi
x

p ð2Þ
The total widths of n villi is given by:

da ¼ nd ð3Þ
where d is the width of a single villus. The intervillous space
between two adjacent villi becomes:
cylindrical tube with finger shaped villi distributed on its’ inner surface, and (b) the
simulated in this work.
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w ¼ 2l� nd
nþ 1

¼ 2l� 2ld
ffiffiffiffiffi
x

p

2l
ffiffiffiffiffi
x

p þ 1
ð4Þ
2.2. Governing equations

In this study, transport of nutrients is coupled with fluid flow,
and nutrient absorption is implemented as a boundary condition.
The flow in the duodenum is a laminar flow described by the con-
tinuity equation and the Navier-Stokes equation for an incom-
pressible fluid.

qr uð Þ ¼ 0 ð5Þ

q
@u
@t

þ q u � rð Þu ¼ r � �pI þ l ruþ ruð ÞT
� �h i

þ F ð6Þ

where q is the density of the fluid (kg/m3); u is the fluid velocity (m/
s); p is pressure (Pa); I is a unit vector; l denotes the viscosity of the
fluid (Pa�s); and F is the volume force vector (N/m3).

Advective and diffusive transport of nutrients is described by:

@ci
@t

þr � �Dircið Þ þ u � rci ¼ 0 ð7Þ

Ni ¼ �Dirci þ uci ð8Þ
where Di is the diffusion coefficient for species i (m2/s); ci is the
concentration of species i (kg/m3); u is the flow velocity (m/s)
obtained by solving Eqs. (5) and (6); Ni is the mass flux
(kg/(m2�s)). Glucose, as a key carbohydrate for most living organ-
isms, is investigated in this work. The diffusion coefficient of
glucose at 25 is 6.7 � 10�10 (m2/s) (Gouseti et al., 2014). Based
on the Stokes-Einstein equation, at the body temperature, the diffu-
sion coefficient of glucose in water becomes 8.97 � 10�10 (m2/s).

2.3. Boundary and initial conditions

As described in the last section, coupled momentum and mass
transfer phenomena have been modeled. The boundary conditions
for these two physics are indicated in Fig. 2.

It is assumed that constant nutrient supply comes from stom-
ach through pylorus. The fluid with a constant glucose inlet con-
centration, Cin, flows into the intestine at a fixed inlet velocity of
vin. The outlet gauge pressure is set to 0 Pa. Non-slip boundary con-
ditions are applied to the wall of the duodenum (including the sur-
face of villi). It is assumed that the nutrient transfer and absorption
process in the duodenum is a diffusion controlled process. Thus,
the surface concentration of the glucose at the duodenum inner
wall is set to zero, implying that glucose can be instantaneously
absorbed once reaching the inner surface of the duodenum. The
initial glucose concentration and fluid velocity in the lumen are
both zero. For a 2D system, only half of the lumen should be inves-
tigated due to the symmetrical geometry.

The challenging task in this work is to simulate mass transfer
and absorption in a continuously changing geometry. The move-
ment of duodenum wall together with associated villi is imple-
mented using the moving mesh method. A velocity, v, is specified
for the duodenum inner surface (including the villi surface). The
Fig. 2. The model geometry with boundary conditions (written in black, blue and red
mathematical expression of velocity can be determined by the
motility of the duodenum, which is derived in the next section.

2.4. Motility specification: simplified pendular activity

The motility of duodenum leads to the change of the simulation
domain. The simplified pendular activity caused by the longitudi-
nal contraction of the muscle is investigated in this work. As shown
in Fig. 3, the cyclic evolution of the longitudinal strain rate _e along
the axial direction can be expressed by a sinusoidal function:

_e x; tð Þ ¼ A xð Þsin 2pftð Þ ¼ A xð Þsin 2p t
T

� �
ð9Þ

where _e is the rate of strain with a positive value (i.e. _e > 0) indicat-
ing local lengthening and a negative value (i.e., _e < 0) indicating
local shortening; f is the cyclic frequency of the pendular activity,
whose period is T; t is time. A(x) is the maximum amplitude of
the strain rate (de Loubens et al., 2013), which changes along the
axial direction (see Fig. 2(b)):

A xð Þ ¼ Amcos 2p x
4l

� �
¼ Amcos p x

2l

� �
ð10Þ

Fig. 3 shows that the shortening section and the lengthening
section, each of length 2 l, are adjacent to each other. Within one
cycle, the same section experiences both shortening and lengthen-
ing (see Fig. 3(b)). The velocity of the movement of the wall with
associated villi can be obtained by integrating the longitudinal
strain rate along the axial length.

v x; tð Þ ¼
Z x

0

_e x; tð Þdx ð11Þ

Plugging Eqs. (9) and (10) into Eq. (11) yields:

v x; tð Þ ¼
Z x

0
Amsin 2p t

T

� �
cos p x

2l

� �
dx ð12Þ

After integration, the velocity becomes:

v x; tð Þ ¼ 2l
p
Am sin

p
2l

x
� �

sin 2pftð Þ ð13Þ

And the maximum velocity of intestinal wall movement is:

vm ¼ 2l
p
Am ð14Þ

The velocity in Eq. (13) is then specified for the moving wall to
implement the pendular activity.

2.5. Quantification and analysis of mass transfer and absorption

The mass transfer coefficient (K) can be calculated to quantify
the significance of nutrient transfer from bulk to the absorption
surface in the lumen. It is given by:

K ¼ J= Cb � Csð Þ ð15Þ
where J is the flux of the nutrient absorbed through the intestinal
wall (mol�m�2�s�1); Cb (mol/m3) is the bulk concentration, which
is equal to the inlet concentration; Cs (mol/m3) is the concentration
text respectively for momentum transfer, mass transfer and deformed geometry).



Fig. 3. Illustration of the pendular activity: (a) simulation domain that is half of the lumen with villi on the wall, (b) maximum amplitude of strain rate along the axial
direction, (c) spatial and temporal distribution of the strain rate, and (d) spatial and temporal distribution of the velocity of the moving wall.
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of the nutrient on the absorption surface, i.e., the inner wall of the
duodenum. For a diffusion controlled process, Cs is zero.

It is understandable that the nutrient flux is not uniformly dis-
tributed on the rough absorption surface (see Fig. 2), which holds
for the mass transfer coefficient as well. An average mass transfer
coefficient can be derived as:

K
�

tð Þ ¼
RL

0 KddRL

0 dd
ð16Þ

where L is the total length of the rough surface in 2D.
The enhancement of mass transfer due to the pendular activity

can be quantified by an enhancement factor, which is defined as:

a tð Þ ¼ K
�

tð Þ
K��

ð17Þ

where K�� is the average mass transfer coefficient for the case with-
out pendular movement of the wall.

Averaging the enhancement factor over time in one cycle offers
an average enhancement factor:

a
� ¼

R T
0 adt
T

ð18Þ

The amount of nutrients absorbed within time t can be obtained
through integration of the flux over the absorption surface and
over time.

m tð Þ ¼
Z t

0

Z L

0
Jdddt ð19Þ

For a 2D system,m is the amount of nutrients absorbed per unit
length with a unit of mol/m.

2.6. Simulation procedure

The focus of this work is to quantitatively evaluate the effect of
pendular activity on mass transfer and absorption in the intestinal
lumen. A two-step simulation scheme is designed. The first step is
a steady state simulation of mass and momentum transport in the
lumen with a fixed geometry, i.e., without the pendular activity.
After that, the moving mesh model is activated to implement the
pendular movement of the intestinal wall. A transient solver is
used to solve coupled mass and momentum transfer in a time-
variant geometry. The solution from the 1st step steady-state sol-
ver becomes the initial condition for the 2nd step transient solver.
All the governing equations are solved using Comsol Multiphysics
software (COMSOL, xxxxCOMSOL, 2018).
3. Results and discussion

The duodenum of the rat is selected in this work to demonstrate
the efficacy of the introduced method. Detailed geometry of the
lumen and villi are listed in Table 1. The parameter values for
the pendular activity are also given.
3.1. Mesh independence study

Six different meshes have been tested for the base case study,
whose settings are given in Table 1. The number of grids ranges
from 7795 to 85785. As shown in Fig. 4, different from the coarse
grids in bulk, fine grids are used to capture the sharp gradients
adjacent to the absorption surface.

As can be seen from Fig. 5, increasing the number of grids from
7795 to 33,987 leads to significant differences in the enhancement
factor profile and the mass absorption profile. Further increasing
the number of grids to 71,317 results in slight change of the
enhancement factor. Negligible differences can be identified
between the scheme with 71,317 grids and the scheme with
85,785 grids. The computational time increases with the number
of grids in the mesh. All simulations were carried out on one node
of a high performance computing cluster, which has the Intel (R)
Xeon (R) CPU (E5-2660 v4 @ 2.00 GHz and 14 cores). Running cases
in Fig. 4 costed respectively 191 s, 239 s, 761 s, 1515 s, 1803 s, and



Table 1
Parameter values of the pendular activity for a rat duodenum.

Parameters Notation Value References

Length of a section 2l 9 mm (Lentle et al., 2012)
Length of the duodenum L 45 mm (Lentle et al., 2012)
Radius of the duodenum R 3 mm (Lim, 2015)
Length of a villus h 0.667 mm (Holm et al., 2001)
Width of a villus d 0.156 mm (Guseinov and Guseinova, 2008)
Density of villi x 9 mm�2 (Barry, 1976)
Distance between two adjacent villi w 0.171 mm Eq. (4)
Frequency of the pendular activity f 0.56 Hz (Lentle et al., 2012)
Maximum amplitude of the strain rate Am 0.21 s�1 (Lentle et al., 2012)
Maximum velocity of intestinal wall movement vm 6.14 � 10�4 (m/s) Eq. (14)
Inlet concentrations Cin 200 mol/m3 (Leiper, 2015)
Inlet velocity vin 0–2 � 10�4 m/s (Janssen and Lentle, 2013)

Fig. 4. Six different sets of grids tested in the mesh independence study.

Fig. 5. Comparison of results in one cycle under different meshes: (a) the evolution of enhancement factor, and (b) the evolution of absorbed mass.

6 Y. Zhang et al. / Chemical Engineering Science 213 (2020) 115406
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2455 s. Based on the above analysis, the mesh with 71,317 grids is
adopted in this study, as it offers high prediction accuracy with
decent computational efficiency.

3.2. Analysis of flow field and concentration field

For all cases investigated in this work, one cycle motility pro-
cess was simulated with a time step of 0.01 s. Multi-physics model
provides comprehensive spatial distribution data at any time
Fig. 6. Velocity distribution at four time instants during one cycle of the pendular activit
local lengthening and negative strain rate indicates local shortening, the arrows indicate
(c) when the inlet velocity is 2 � 10�4 (m/s). The length of red arrows in (b) and (c) is p
instant, which can be used to quantify the effect of the motility
of the intestinal wall on mass transfer and absorption.

Fig. 6(a) shows the strain rate along the moving wall together
with the velocity of the moving wall at four different time instants,
which correspond to the four instants in both Fig. 6 (b) and (c). It
can be seen that local lengthening and local shortening of the
intestinal wall result in flow in both radial and axial directions.
Taking the flow field at t = T/4 as an example, within the sections
of 0 to l, 3l to 5l, and 7l to 9l, the strain rate is positive (see Fig. 6
y: (a) the strain rate and the velocity of the moving wall, positive strain rate means
the direction of intestinal wall movement, (b) when the inlet velocity is 0 (m/s), and
roportional to the magnitude of velocity.
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(a)). Local lengthening of the wall occurs in these sections, which
can be confirmed by the moving direction of the intestinal wall
(Fig. 6(a)). The red arrows adjacent to the villi in Fig. 6(b) point into
the inter-villous region, implying the nutrient in the intestinal
lumen flows into the inter-villous region within the local lengthen-
ing sections. On the other hand, local shortening of the wall occurs
within the sections of l to 3l, 5l to 7l, and 9l to 10l (see the negative
strain rate at t = T/4 in Fig. 6(a)). In Fig. 6(b), the arrows point out
from the inter-villous region, indicating the movement of villi
pushes fluid out from the inter-villous region. In summary, the
pendular activity of the duodenum caused fluid to be drawn into
the inter-villous region for the local lengthening section and be dri-
ven away from the villi for the local shortening section.

Fig. 6 also shows that the velocity magnitude in the simulated
region is relatively large at t = T/4 and t = 3 T/4, and relatively small
at t = T/2 and t = T. This is because the magnitude of wall velocity
reaches the maximum value at T/4 and 3 T/4, and becomes zero at
T/2 and T (see Eq. (13) and Fig. 6(a)). Moreover, local lengthening
sections become local shortening ones after T/2, and vice versa. It
leads to the directional change of the velocity field after T/2 (see
Fig. 6(b)).

After introducing the bulk flow in the axial direction (i.e., the
positive x direction), the flow filed becomes quite different (see
Fig. 6(b) and (c)). Original velocity in positive x direction is
enhanced, while original velocity in negative x direction is
inhibited.
Fig. 7. Concentration field together with stream lines of flow at four time instants durin
when the inlet velocity is 2 � 10�4 (m/s).
The evolution of glucose concentration field during one cycle of
the pendular activity is given in Fig. 7, where the streamlines of
flow field are also plotted.

It can be seen from Fig. 7(a) that the regular vortex flow is
formed by the pendular activity of the intestinal wall. Two adjacent
vortexes are opposite in direction, i.e., when a region has a clock-
wise vortex, it’s adjacent region has a counter-clockwise one. There
are five vortexes in total and each one covers a length of 2l, half of
which has local lengthening wall and the other half has local short-
ening wall. Furthermore, the streamlines are dense when t = T/4
and t = 3 T/4, and the streamlines are sparse when t = T/2 and
t = T, especially in the inter-villous region, which indicates higher
velocity existing at t = T/4 and 3 T/4. This observation is consistent
with the results in Fig. 6(b). The directional change of the velocity
field after T/2 leads to the directional change of vortexes (see Fig. 7
(a)). In addition, Fig. 7(a) shows that the concentration gradient
mainly exists in the entrance region, that is, near the left boundary
of the simulation domain. This phenomenon implies that the axial
transport of nutrient cannot be promoted significantly by the vor-
tex flow generated by the pendular activity. The nutrient mole-
cules are restricted in the region of the first vortex and it’s quite
difficult for them to move across the boundary to the second vortex
region.

However, after introduction of the ambient bulk flow, the nutri-
ent almost spreads throughout the entire domain (see Fig. 7(b)).
Concentration gradients can be clearly identified above all villi.
g one cycle of the pendular activity: (a) when the inlet velocity is 0 (m/s), and (b)
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At the same time, there are fewer vortexes, specifically in this case,
the counterclockwise vortexes have been suppressed.
3.3. Analysis of mass transfer and absorption

The distribution of absorbed flux of nutrient on the villi surface
during one cycle of the pendular activity can be plotted for further
analysis. For a diffusion controlled process in this work, nutrient
concentration on the villi surface (Cs) is 0. According to Eq. (15),
the mass transfer coefficient is linearly proportional to the absorp-
tion flux, thus they can be plotted in one figure using the same
curve but two different axes. A larger mass transfer coefficient
indicates a higher absorption flux. Fig. 8(a) shows that, without
ambient bulk flow, the absorption mainly occurs in the region
between 0 mm and 9 mm, i.e., 2l. The flux becomes negligible
beyond 9 mm. It confirms the finding in Fig. 7(a) that nutrient is
restricted in the region of the first vortex.

In order to have a clear view of the flux distribution in the
entrance region, the section between 0 mm and 5 mm is plotted
in Fig. 8(b). It’s interesting to observe a nonuniform distribution
with a number of spikes with peaks and valleys. The number of
Fig. 8. Mass transfer coefficient and absorption flux on the surface of villi at five time in
flow is zero: (a) distribution along the entire wall, (b) distribution along the section be
between t = 0 and t = T/2, (e) comparison between t = 0 and t = 3 T/4, and (f) compariso
spikes is equal to the number of villi and the location of the peak
of the flux corresponds to the peak of a villus. This phenomenon
tells us the protruding structure of villi does affect nutrient absorp-
tion. For a villus, although the absorption capability of the valley
area is not inferior to that of the peak area (in this case, all nutrient
molecules reaching the villi surface, no matter where of the villi,
can be absorbed immediately), the top of the villus does has the
highest absorption flux indicating its key role in nutrient absorp-
tion. The absorption flux in the valley area can be as low as 0 indi-
cating the great difficulty for nutrient molecules to be transported
into the inter-villous region. The peak values of flux gradually
decrease along x and beyond 4.5 mm (i.e., l/2), they become almost
negligible. This finding can be confirmed by the concentration dis-
tribution in Fig. 7(a), where concentration gradients mainly exist in
the region between 0 to l/2.

In Fig. 8(c), the absorption flux at T/4 is compared with that at
t = 0. Note that the results for the case without pendular activity
are the same as the results at t = 0 in Fig. 8. Local lengthening activ-
ity can be identified for this section of wall between 0 to l/2 (see
the wider spikes in red at T/4 than the black ones at t = 0, and
the positive strain rate in Fig. 6(a)). The spikes shift to the right,
stants in one cycle of the pendular activity when the inlet velocity of ambient bulk
tween 0 mm and 5 mm, (c) comparison between t = 0 and t = T/4, (d) comparison
n between t = 0 and t = T.



Fig. 9. Mass transfer coefficient and absorption flux on the surface of villi at five time instants in one cycle of the pendular activity when the inlet velocity of ambient bulk
flow is 2 � 10�4 (m/s): (a) distribution along the entire wall, (b) distribution along the section between 0 mm and 5 mm, (c) comparison between t = 0 and t = T/4, (d)
comparison between t = 0 and t = T/2, (e) comparison between t = 0 and t = 3T/4, and (f) comparison between t = 0 and t = T.

Fig. 10. The comparison of average mass transfer coefficient and enhancement factor between cases with and without ambient flow: (a) evolution of the average mass
transfer coefficient during one cycle of the pendular activity, and (b) evolution of the enhancement factor.
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confirming the local lengthening activity. The red spikes are also
higher than the black ones indicating enhanced mass transfer
and absorption. At T/2, the strain rate is decreased to 0 (see
Fig. 6(a)), the blue spikes become even wider and higher (see
Fig. 8(d)). After that, this section of wall starts to experience local
shortening (see the negative strain rate in Fig. 6(a)). The flux distri-
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bution at 3T/4 is almost identical to the one at T/4 (Fig. 8(e) and
(c)). At the end of one cycle, the flux distribution returns to the
one at t = 0 (Fig. 8(f)).

After introducing an ambient bulk flow, the absorption flux is
increased dramatically. The peak value in Fig. 9(a) is 2.07 � 10�3

mol/m2�s, which is more than 3.6 times higher than the peak value
of 5.82 � 10�4 mol/m2�s in Fig. 8(a). Another big difference
between Fig. 9(a) and Fig. 8(a) is that, for the case with ambient
bulk flow, absorption occurs throughout the whole duodenum.
Concentration gradients can be observed above all villi in Fig. 7
(b), while it exists in the entrance region only in Fig. 7(a).

Taking a closer look at the section between 0 to l, a number of
spikes with peaks and valleys can be identified as well (Fig. 9(b)).
The peak value of flux decreases from 2.07 � 10�3 mol/m2�s to
around 0.52 � 10�3 mol/m2�s within the section between 0 mm
and 4.5 mm (i.e., l). Beyond l, the peak value of flux remains more
or less the same. As shown in Fig. 9(c)–(f), similar to the case with-
out ambient flow, the spikes become wider and higher during 0 to
T/2 implying local lengthening activity experienced by this section
of wall. From T/2 to T, local shortening movement offers thinner
and shorter spikes.

It has been shown in Figs. 8 and 9 that the absorption flux and
mass transfer coefficient is not uniformly distributed on the rough
Fig. 11. Evolution of absorbed mass by the duodenum when there is no ambient
bulk flow: comparison between the cases with and without pendular activity.

Fig. 12. Effects of ambient bulk flow onmass transfer enhancement by the pendular activ
under different inlet velocities of the ambient bulk flow, and (b) the average enhance
horizontal axis using the logarithmic scale and the dashed line corresponds to the horiz
absorption surface. The distribution is influenced by the structure
of the villi. In this study, spikes with peaks and valleys have been
observed. In order to see clearly the evolution of absorption flux
or mass transfer coefficient during one cycle of the pendular activ-
ity, the mass transfer coefficient is averaged over the villi surface

using Eq. (16). The average value is given in Fig. 10(a), where K
�
cor-

responds to the case with pendular activity and K�� corresponds to
the case without pendular activity. Regardless of whether there is
an ambient bulk flow or not, mass transfer has been enhanced by

the pendular activity. During one cycle of this activity, K
�
increases

from K�� to a maximum value at T/2, then it decreases back to
around the original value at the end of the cycle. Introducing the
ambient bulk flow leads to the significant increase of the mass
transfer coefficient (see the blue lines well above the black lines
in Fig. 10(a)). It is because axial transport of nutrients has been
greatly enhanced by the ambient flow (see Fig. 7 and comparison
between Fig. 8 and Fig. 9).

The enhancement of mass transfer due to pendular activity can

be quantified using Eq. (17), which is a ratio between K
�
and K�� . The

results in Fig. 10(b) shows that the maximum enhancement is
achieved at T/2 regardless of the ambient flow condition. For the
case without ambient flow, the enhancement factor can reach as
high as 1.72, indicating a 72% increase of mass transfer due to
the implementation of pendular activity. However, the maximum
enhancement factor for the case with ambient flow is much lower,
i.e., 1.1. Although the introduction of the ambient bulk flow can
increase the mass transfer coefficient (see Fig. 10(a)) and hence
the absorption flux (see comparison between Fig. 8(a) and Fig. 9
(a)), the enhancement of mass transfer due to the pendular activity
is inhibited. It implies that pendular activity becomes less impor-
tant for the enhancement of nutrient transfer and absorption when
the ambient bulk flow is introduced into the system.

The amount of nutrients absorbed by the duodenum can be
obtained using Eq. (19), which is given in Fig. 11. Without pendular
activity, the mass increases linearly with time, indicating a con-
stant absorption speed (i.e., the constant slope of the black curve
in Fig. 11). The implementation of pendular activity can lead to
the increase of absoprtion speed and hence the absorption mass.
Two absorption speeds can be identified. The first and last quarters
of the cycle have similar absorption speed as that of the case with-
out pendular movement. However, from T/4 to 3T/4, the absorption
speed is much higher (see the larger slope of the middle section of
ity: (a) evolution of the enhancement factor during one cycle of the pendular activity
ment factor as a function of the inlet velocities. The solid line corresponds to the
ontal axis using the linear scale.
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the blue curve in Fig. 11). This finding is consistent with analyses
above on mass transfer coefficient and enhancement factor, where
the maximum enhancement is achieved at T/2 and the period from
T/4 to 3 T/4 is critical for enhanced mass absorption by the pendu-
lar activity (see Fig. 10).
3.4. Effects of ambient bulk flow on mass transfer enhancement by
pendular activity

As discussed above, introducing ambient bulk flow will inhibit
mass transfer enhancement by the pendular activity. A number
of different inlet velocities have been tested. The evolution of the
enhancement factor during one cycle of the pendular activity is
plotted in Fig. 12 (a). The pattern of the curves under different inlet
velocities is the same. The maximum enhancement is achieved at
T/2.

The average enhancement factor quantified by Eq. (18) is plot-
ted as a function of the inlet velocity. When the inlet velocity
increases slightly from 0 m/s to 6.25 � 10�6 m/s, the average
enhancement factor decreases sharply from 1.35 to about 1.06.
Further increase of the inlet velocity to 5.0 � 10�5 m/s leads to a
slight decrease of the average enhancement factor to 1.05. For
velocities above 5.0 � 10�5 m/s (up to 2 � 10�4 m/s), the average
enhancement factor maintains at 1.05. It shows that at velocities
higher than 5.0 � 10�5 m/s, the mass transfer can be enhanced
by 5% due to the pendular activity and this value is not affected
by the inlet velocity. Although pendular activity becomes less
important for the enhancement of nutrient transfer and absorption
when the ambient bulk flow is introduced into the system, a 5%
enhancement can be ensured.
4. Conclusion

This work introduced a multi-physics model to quantitatively
investigate how the motility can affect nutrient transfer and
absorption in the duodenum. A unique feature of the current
approach is that the movement of hierarchical structured lumen
wall has been implemented using the moving mesh method. The
structures of villi have been explicitly taken into account in the
simulation.

It is found that the pendular activity can lead to regular vortex
flow in the lumen. The absorption occurs mainly in the entrance
region, i.e., the first vortex region. The mass transfer can be
enhanced by the pendular activity and the maximum enhance-
ment is achieved at T/2. At T/2, the maximum enhancement ratio
is 1.72, indicating that mass transfer and absorption can be
enhanced by 72%.

After introducing ambient bulk flow, axial transport of nutrients
can be significantly improved. Absorption occurs over the entire
duodenum. Thus the mass transfer coefficient and the amount of
mass absorbed can be drastically increased as compared with the
cases without ambient bulk flow. However, the mass transfer
enhancement due to the pendular activity is inhibited. Slight
increase of inlet velocity of bulk flow from 0 m/s to 5.0 � 10�5

m/s can lead to drastic decrease of average enhancement ratio
from 1.35 to 1.05. Within the inlet velocity range investigated in
this work (0 m/s to 2 � 10�4 m/s), a 5% enhancement of mass
transfer due to pendular activity can be ensured.

Another interesting finding from the simulation results is that
the absorption flux is distributed nonuniformly along the lumen
wall. This distribution is affected by the villi structure. In this work,
distribution curves of spikes with peaks and valleys are observed.
The top of the villus demonstrates the highest absorption flux indi-
cating its key role in nutrient absorption. The valley area, however,
due to the high mass transfer resistance, has almost negligible
absorption flux. A small scale 3D simulation of the first 4.5 mm
section of the duodenumwas carried out. Its’ steady state solutions
confirm the critical role in nutrient absorption played by the top
part of the villi.

Although the specific system studied in this work is the rat duo-
denum, the modeling approach is generic and should be applicable
to the investigation of the small intestine of other animals such as
rabbits, pigs, and even humans. In a future work, the microvilli will
be coupled into the current model system. Moreover, motility of
the small intestine other than the pendular activity, such as seg-
mentation and peristalsis, will be also taken into account. It has
to be pointed out that the current geometry adopted for the 2D
simulation cannot capture all features of a real 3D structure. If
quantitatively-precise predictions are needed, modeling a com-
plete 3D duodenum with all villi involved may be necessary in
the future. In order to realize that objective, a lot of challenging
issues have to be addressed, which include the implementation
of the moving mesh approach for the motility of a complicated
3D structure as well as high computational complexity and mem-
ory demand. The results and conclusions offered by the current 2D
model, however, have captured correctly the key trend of data and
have already deepened our understanding of the mechanism of
digestion, specifically in this study, howmotility can enhance mass
transfer and absorption in duodenum with villi explicitly consid-
ered. It should also be noted that the finding of enhanced mass
transfer led by the well-coordinated local movement of the
hierarchical-structured wall in this paper has the potential to
inspire new ideas in the design of novel mixers or reactors, such
as soft elastic reactors (Delaplace et al., 2018; Liu et al., 2018;
Xiao et al., 2018).
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