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Abstract. This study presents the 
ow of Hibiscus Sabdari�a Roselle (Sobo), Soymilk
(Soya), and Pap (Ogi) through a modeled intestine. Experimental and Computational
Fluid Dynamics (CFD) techniques were employed, while Autodesk Inventor 2020 version
was used to draw the 3D computational model of the human intestine. ANSYS Fluent 16.0
was utilized as a CFD solver. Deformed boundary walls of the Navier-stokes equations of

uid 
ow were used for modeling. The results showed that 
uid velocity, pressure, density,
and viscosity signi�cantly a�ected the 
ow behavior of nutrients in the intestinal walls.
The density and viscosity of the investigated 
uids ranged between 800{1024 kg/m3 and
0.316{1.095 Pas, respectively, while the maximum and minimum viscosities were observed
with Ogi and Sobo, respectively. The highest drop in the velocity along the whole length
of the intestinal model ranged between 0.8 and 1.5 m, which corresponded to the pulsating
section of the model. The maximum and minimum Reynolds numbers were recorded with
Sobo and Ogi samples, respectively. To ensure e�ective 
ow and avoid complications when
taking food supplements, a 
ow velocity of 0.005 m/s is recommended. The presence of
villi in the intestinal wall augmented heat transfer.

© 2023 Sharif University of Technology. All rights reserved.

1. Introduction

Global attention to the computational simulation of

uid 
ow, heat transfer components, and modeling of
human intestine is growing so as to deep current under-
standing of its complex behavior for healthy living [1{
3]. The utilization of Computational Fluid Dynamics
(CFD) as an a�ordable, crucial, and accurate technique
to comprehend the process and transport the human
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intestine activities is becoming reliable and popular [4{
9]. This technique facilitates the analysis, treatment,
and management of gastrointestinal-related diseases
and the development of new food supplements for
human growth and well-being. Given the preceding,
researchers have renewed interest in the study of 
uid

ow of steady-state, hydrodynamics, laminar, non-
Newtonian, viscous 
uids in a pulsating medium due
to its widespread biomedical and engineering applica-
tions (chemical systems and digestive systems of living
organisms) [10{13].

In the human body, food digestion begins in
the mouth. This is where food is masticated and
moisturized by the saliva amylase; it goes down into
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the stomach through the gullet by peristaltic move-
ments [14]. Peristalsis is contraction in a wave-like
form of the intestinal wall, forcing the 
uid forward
like a peristaltic pump [5,15{19]. According to Imam
et al. [20], the process of peristalsis begins in the
esophagus when food is swallowed and taken to the
small intestine, where it blends, mixes, and moves
Chyme back and forth for nutrients to be delivered and
absorbed into the bloodstream through small intestine
walls.

The movement of 
uid within the small intestine
can be categorized into three patterns: peristalsis,
pendular, and segmentation movements [21{24]. In
pendular movement, Chyme does not propel along
the intestinal tract. It discreetly blends and slices
the food for proper digestion. On the other hand,
segmentation and peristalsis propel Chyme through
the small intestine via sinusoidal muscular shrinkage.
The frequency and force of intestinal contractions
function as slow waves and action potentials in peristal-
sis [25,26]. Peristalsis pushes Chyme via the intestine
in about 180{360 s with an average velocity of 1:67 �
10�4 m/s [27,28].

The small intestine is an extremely multilayered
void organ situated in the top portion of the alimentary
path [18,29]. When humans take liquid and solid
food, liquid foods usually move and get down to the
stomach before solid food, and this food leaves the
stomach at di�erent times. However, it takes solid food
and molten Chyme equal to energy density of about
21=2 h to permeate via the small intestine for body
utilization [30,31]. Having adequate knowledge of 
uid

ow in the intestine is essential for good in vitro-in vivo
relationships for evaluating the e�ect of food prepa-
ration on nutrient absorption. Tharakan et al. [32]
observed that the movement and delivery of nutrients
to the intestine depended on the rate of controlling step
of absorption. Based on the obtained reports, 
uid dy-
namics a�ect the absorption and transmission of food
minerals and vitamins to the intestinal wall; therefore,
it a�ects the delivery and assimilation pro�les as a
function of 
uid properties. This results from the
convective blending of contents in the intestine and dis-
charges from the body with di�usion via food mixture.

Digestion of food can be grouped into chem-
ical and mechanical digestion. Chemical digestion
accounted for the breakdown of lipids, proteins, and
carbohydrates into a smaller unit that the cell �lms
can absorb through catabolic reaction. On the other
hand, mechanical digestion is the moving process
that enhances the blending of food and displacement
via the gastrointestinal tract. The lifeless behaviors
of biological 
uids can be categorized into the non-
Newtonian or Newtonian 
uids [6,33,34]. Newtonian

uids are 
uids with constant viscosity, and the vis-
cosity is independent of the pressure applied to the


uid. Conversely, non-Newtonians have no constant
viscosity; when enough force is applied to this 
uid,
the viscosity changes. Most biological 
uids present
viscous and elastic features via synchronized repository
and delivery of mechanical energy [35,36].

A comprehensive review of the numerical ex-
trapolation of pharmacokinetic characteristics and in-
vitro structures of the intestine to model oral drug
disposition could be found in [12,13]. Marrero et
al. [37] conducted a state-of-the-art review on di�erent
technologies, resources, and structures used to imi-
tate the intestine functionality and control pertinent
physiological factors. Critical scrutiny of the current
challenges, necessities, and drawbacks of the micro-
atmosphere imitation of in-vitro micro
uidic system
models was also conducted.

It is essential to comprehend the food breakdown
and delivery of controlled foods in the intestine to
develop foods with health bene�ts, human growth,
and development. Therefore, this study seeks to
carry out an experimental and numerical investigation
into some parameters that a�ect the delivery of some
selected food supplements (nutrients) to the intestinal
walls. This covers the 
ow parameters such as ve-
locity, Reynolds number pressure, and 
uid physical
properties by simulating intestinal 
ow pro�les. This
research advances available knowledge on the utiliza-
tion of Soymilk, Hibiscus Sabdari�a Roselle, and Pap
as food supplements using modeling and simulation
techniques. This study found biomedical engineering
applications in the development of food delivery tools
for life sciences and medical applications. Moreover,
our results facilitate the analysis, treatment, control,
and management of gastrointestinal-related diseases
and the development of new food supplements for
human growth and well-being.

2. Methodology

2.1. Materials
The materials used for this study are Soymilk, Hibiscus
Sabdari�a Roselle, and Pap. These materials were
sourced from an open market in Ogbomoso, Oyo State,
Nigeria.

2.2. Methods
2.2.1. Computational tools and model
A 3-D computational model of the human intestine
was drawn using Autodesk Invertor 2020 version. The
stable 
ow �eld generated in the modeled intestine due
to the motion of shrinkage waves was simulated. De-
formed boundary walls of the Navier-stokes equations
of the 
uid 
ow were used for the model, and ANSYS
Fluent 16.0 was employed as the CFD solver. The
model and mesh pro�le of the intestine are shown in
Figure 1.
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Figure 1. (a) Intestinal model and (b) mesh pro�le.

2.2.2. Preparation of Soymilk (Soya), Pap (Ogi), and
Hibiscus Sabdari�a Roselle (Sobo) samples

The collected dry beans of Soya were sorted to separate
unwanted materials, after which they were soaked in
water for a minimum of 3 h. The rehydrated beans
were then wet ground to form the desired slurry of the
�nal product, which has the protein content. About
50 ml of the resulting slurry was boiled in a stainless
steel port to improve its taste and 
avor and to sterilize
the product. The slurry was continuously heated at or
near the boiling point for 15{20 minutes. The boiled
slurry was �ltered to remove the insoluble residues.
The resulting solution was collected and kept in glass
bottles for further analysis.

The Sobo was handpicked to remove dirt. About
200 g of the raw sample was cleaned in a sterile
5-liter beaker after being lightly washed and boiled
with 2 liters of water for ten minutes. The excerpts
were received instantaneously and �ltered using a neat,
germ-free muslin cloth. The �ltrates were received
and stored in pre-sanitized bottles for further analy-
sis.

The cereals of the Ogi were collected and sorted
from unwanted materials, after which they were soaked
in water at room temperature for 3{5 days. The water
used for the soaking process was changed every 24 h
and replaced with a fresh one until a frothing foam
was formed on top of the setup with an alcoholic smell.
After foam with alcoholic smell formation, the cereals
were adequately washed on the wet ground to form a
slurry. The slurry was �ltered with a neat, uninfected
muslin cloth, and the �ltrates were collected. About
10 ml of water was boiled in a stainless steel pot to
the boiling point, after which 30 ml of the �ltrate was
added and heated continuously for 10 minutes to form
the pap. The pap was collected and kept in glass
bottles for further analysis.

2.2.3. Physical properties of prepared samples
The density of the prepared samples was estimated by
measuring the mass of a known volume of each sample.

The density was calculated using Eq. (1) [38]. The
viscosity of the prepared samples was determined using
the Stokes' law (falling sphere method), as described
by Yusuf et al. [39]. Steel spheres of known density
and diameter were made to fall freely via a straight
transparent glass tube of 1.5 m height. The transparent
glass tube was �lled with prepared samples, and the
time taken for the sphere to fall between the heights of
0.2{1 m in the transparent glass was measured using
a digital stopwatch. The velocity of the falling sphere
was calculated using Eq. (2) [38], while the viscosity
was determined using Eq. (3) [38]. The experiment
was repeated using four di�erent steel spheres and the
average was reported.

� =
m
V
; (1)

vs =
d
t
; (2)

� =
2r2
s(�s � �)g

9v
; (3)

where � is the sample density, m mass of the samples,
V volume of the samples, d falling distance by the
sphere, t time, � viscosity of the prepared samples,
rs, �s, and vs are the radius, density, and velocity of
the sphere, respectively, and g the acceleration due to
gravity.

2.2.4. Governing equations
The model is governed by Navier-stokes and continuity
equations according to the following assumptions:

i. The 
ow is laminar natural convection;
ii. The 
uid 
ow is steady-state hydrodynamic and

incompressible;
iii. The inlet temperature is 303 K;
iv. The velocity pro�le is entirely developed in the

model;
v. Gravitational e�ect is neglected;

vi. The no-slip boundary condition at the walls is
considered;

vii. Constant heat 
ux thermal boundary condition is
applied.

2.3. Continuity equation
The continuity equation is presented in Eq. (4) [23,40]:

@ �U
@ �R

+
�U
�R

+
@ �W
@ �W

= 0: (4)

2.3.1. Momentum equation
The momentum equations are given in Eqs. (5) and
(13) [23,40].

Radial direction:
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2.3.2. Energy equation
The energy equation is presented in Eqs. 7{13 [23,40]:
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2.3.3. Computational procedure and numerical
algorithm

The geometry of the investigated esophagus was drawn
by ANSYS design modeler. Thereafter, a mesh de-
pendence test was conducted, and the optimum mesh
(Figure 1) was used for all the conducted simulations.
The properties of various 
uids including Chyme, Ogi,
Soya, and Sobo were inputted appropriately. The
no-slip boundary condition was imposed on the solid
boundaries of the model. Then, the equations gov-
erning the 
ow dynamics and heat transport in the
investigated model were then solved using ANSYS
(Fluent 16.0 version) software, whose functioning relies
on the �nite volume method. Given that the 
ow is

Figure 2. Mesh convergence graph.

Table 1. Physical properties of prepared 
uid samples at
20�C.

Fluids Density (kg/m3) Viscosity (Pas)
Chyme 1000 1.0
Ogi 1024 1.095
Soya 920 0.95
Sobo 800 0.316

incompressible, a pressure-based solver was employed
and the inlet velocity was set at 0.005 m/s. The
convergence criterion was set as 1.0e-07. The mesh
convergence graph is shown in Figure 2.

3. Results and discussion

3.1. Physical properties of the prepared
samples

Table 1 shows the physical properties of the samples
prepared at 20�C. The viscosity of the samples varied
between 0.316{1.095 Pas, while their density varied
between 800{1024 kg/m3. Sobo and Ogi had the lowest
and highest densities, respectively. The maximum
and minimum viscosities were observed for Ogi and
Sobo, respectively. It was found that the higher the
viscosity, the smaller the inner friction and the lower
the resistance of the 
uid to 
ow [39]. However, this
property is dependent on temperature. Analysis results
for the physical properties illustrate that Sobo had the
least resistance to 
ow, followed by Soya and Chyme,
while Ogi exhibited the highest resistance to 
ow.

3.2. Velocity
Figures 3 and 4 show the velocity contours of the
non-Newtonian 
uid 
ow across the entire length and
the pulsating part in rhythmical porous media of
the intestinal model. There was a no-slip boundary
condition, and velocity was equal to zero at the walls.
Fluid velocity was higher around the inlet and outlet,
but lower at the pulsating area. This was due to the
enlarged surface area occasioned by the expansion of
the pulsating part mimicking the non-uniform nature
of the real human intestine; these a�ect the number of
nutrients delivered to the intestinal walls. The larger
surface area made possible by expansion through the
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Figure 3. Velocity pro�le across the span of the modeled
intestine.

Figure 4. Velocity pro�le for the pulsating part of the
modeled intestine.

peristaltic movement of the walls leads to a lower 
ow
rate; hence, more nutrients will be delivered to the
intestinal walls. This expansion was due to villi in
the intestine, a�ecting the amount of heat transferred.
Therefore, a larger surface area due to the expansion
implies better heat transfer. The higher the velocity,
the lower the 
ow rate, while the greater the amount
of heat that will be transferred. The presence of
villi in the intestine points to the wave-like nature
of the internal walls. It improves the absorption
characteristics of the intestinal walls as well as heat
transfer properties [23].

The velocity pro�les along the intestinal model
cross-section and velocity streamlines are presented in
Figures 5{9. The �gures reveal the velocity pro�le via
the cross duct sections at 0.8, 1.1, 1.5, and 2.3 m of
the model, respectively. It could be observed that the
velocity of the 
uid is gradually reduced as it 
ows
along with the intestine model. A decline in velocity
was observed at some point and later increased as
the 
uid 
owed. Reduction in the velocity was more
pronounced between 0.8 and 1.5 m, coinciding with
the pulsating section of the model. The drop in the
velocity resulted from the expansion in this region, as
revealed by the pro�le. This variation aligns with the

Figure 5. Velocity pro�le along the cross duct section at
0.8 m of the modeled intestine.

Figure 6. Velocity streamline along the cross duct section
at 0.8 m of the modeled intestine.

Figure 7. Velocity pro�le along the cross duct section at
1.1 m of the modeled intestine.

scienti�c fact that the larger the cross-sectional area,
the lower the 
uid 
ow velocity in a duct. The velocity
variation enhances 
uid absorption by intestinal walls
and intensi�es the peristaltic motion of the 
uid in the
intestine.

Figures 10{13 show the 
uid 
ow at di�erent inlet
velocities along with the axial positions. There was
a propulsive movement of the intestine, pushing the

uid towards the aboral end of the intestine. This
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Figure 8. Velocity pro�le along the cross duct section at
1.5 m of the modeled intestine.

Figure 9. Velocity pro�le along the cross duct section at
2.3 m of the modeled intestine.

Figure 10. Flow velocity with axial position along the
centerline of the domain at an inlet velocity of 0.005 m/s.

was observed for all the 
uid samples considered.
It can be observed that the velocity increased given
characteristics of propulsive wave-like propagation to
the point of 1.1 m at di�erent inlet velocities, and
it remained constant up to the pulsating portion of
the intestinal model, where the velocity suddenly falls
and later rises to the end. In addition, peristaltic
movement of an intestine of wave-like propagation was
relaxed as velocity increased at all inlet velocities of the

Figure 11. Flow velocity with axial position along the
centerline of the domain at an inlet velocity of 0.01 m/s.

Figure 12. Flow velocity with axial position along the
centerline of the domain at an inlet velocity of 0.015 m/s.

Figure 13. Flow velocity with axial position along the
centerline of the domain at an inlet velocity of 0.02 m/s.


uids. Contraction of peristaltic movement occurred
when the velocity dropped in the pulsating parts of
the intestinal model and later proceeded with the
relaxation of peristaltic movement to the end. It was
observed that relaxations always come before and after
the contraction.

In Figure 14, all the 
uids comply with the
relaxation and contraction of peristaltic movements of
an intestine, and all have the same velocity variation
along with the axial positions. There are optimum and
maximum velocities at the center due to the e�ect of
friction in villi.

3.3. Pressure
Figures 15 and 16 present the pressure pro�les across
the length and pulsating part of the intestinal model,
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Figure 14. Average velocity with the axial position for
di�erent 
uids.

Figure 15. Pressure pro�le through the length of the
modeled intestine.

Figure 16. Pressure pro�le for the pulsating portion of
the modeled intestine.

respectively. It can be observed that the 
ow is
laminar and the pressure contour is fully developed.
Figures 17{20 display variation in 
ow pressure with
the axial position through the centerline of the domain
at di�erent inlet velocities. The �gures reveal that
pressure decreases from the inlet to the outlet along
with the axial positions for all inlet velocities. From
the position 1.1{1.5 m, there was an increase in
the surface area of the pulsating part of the model,
resulting in a change in the height of the folds. These
are observed in the human intestine which enhance

Figure 17. Flow pressure with axial position via the
centerline of the domain at an inlet velocity of 0.005 m/s.

Figure 18. Flow pressure with axial position via the
centerline of the domain at an inlet velocity of 0.01 m/s.

Figure 19. Flow pressure with axial position via the
centerline of the domain at an inlet velocity of 0.015 m/s.

Figure 20. Flow pressure with axial position via the
centerline of the domain at an inlet velocity of 0.02 m/s.
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Figure 21. Change in pressure with the axial position for
di�erent 
uids at an inlet velocity of 0.005 m/s.

Figure 22. Change in pressure with the axial position for
di�erent 
uids at an inlet velocity of 0.01 m/s.

nutrient delivery. The fold passively increased the
absorptive surface area of the intestine. It was also
observed that the viscosity of each 
uid has a signi�cant
impact on the intestine due to the peristaltic force
and pressure of the 
uid motion. High viscosity gives
rise to high pressure on the intestine walls and a
lower 
uid 
ow rate. High pressure enhances intestinal
wall expansion with better nutrient delivery due to a
larger surface area by the exerted pressures. Therefore,
expansion due to pressure and villi augmented heat
transfer.

Figures 21{24 show the plots of pressure variation
with the axial position for di�erent 
uid samples. The

uid inlet pressure varied between 20.31{24.52 Pa.
At about 1 m of the intestine, the pressure dropped
suddenly due to the 
uctuating 
ow. The implication
is that the velocity of 
owing 
uid will be low, which
will improve the number of nutrients delivered to the
intestinal walls. Similar observations were made for
all the inlet velocities at 1.3 m. The sudden drop
along the axial position was due to the fold of the
intestine, and it later increased at the exit. Among
all the 
uids considered, Ogi exerted highest pressure,
while Sobo sample exerted the least; this phenomenon
results from the di�erence in the physical properties

Figure 23. Change in pressure with the axial position for
di�erent 
uids at an inlet velocity of 0.015 m/s.

Figure 24. Change in pressure with the axial position for
di�erent 
uids at an inlet velocity of 0.02 m/s.

Figure 25. Change in pressure with the axial position for
Chyme.

of the 
uid (Table 1). It was observed that Ogi had
the highest pressure followed by Chyme, Soya, and
Sobo at every inlet velocity. It can also be observed
from Figures 25{28 that inlet velocity changes with
pressure and 
uid 
ow for all 
uids considered. To
ensure e�ective 
uid 
ow and avoid complications
when consuming these food supplements, especially for
someone under medication, a 
ow velocity of 0.005 m/s
is recommended. This is within the range predicted for
Chyme by Ibitoye et al. [41]. Furthermore, Sobo could
function as an antioxidant because of its high-pressure
drop [1,29,42,43].
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Figure 26. Change in pressure with the axial position for
Ogi.

Figure 27. Change in pressure with the axial position for
Soya.

Figure 28. Change in pressure with the axial position for
Sobo.

3.4. Reynolds number
Figures 29{32 show the variation of average velocity
with Reynolds number along the length of the intestinal
model at di�erent inlet velocities. It was observed that
the Reynolds number increased with an increase in
velocity for all the 
uids. The highest Reynolds number
was observed for the Sobo sample due to its low density
and viscosity, compared with other samples (Table 1).
The highest Reynolds number, after Sobo, corresponds
to Soya, Chime, and Ogi, in order, for all the inlet
velocities used for the investigation. This implies that
under the same condition, the 
uid delivery rate to the

Figure 29. Average velocity with Reynolds number via
the length of the modeled intestine at 0.005 m/s inlet
velocity.

Figure 30. Average velocity with Reynolds number via
the length of the modeled intestine at 0.01 m/s inlet
velocity.

Figure 31. Average velocity with Reynolds number via
the length of the modeled intestine at 0.015 m/s inlet
velocity.

intestinal walls di�ers and Sobo is the best based on
this study. The result of this study is in line with the
observation of Ismail [44], who reported that the inlet
velocity increases steadily up to a certain point before
it suddenly falls in the pulsating part of the tube and
then, rises to the end of the 
ow.

4. Validation of results

To underscore the robustness and accuracy of the
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Figure 32. Average velocity with Reynolds number via
the length of the modeled intestine at 0.02 m/s inlet
velocity.

Figure 33. Variation of pressure with inlet velocities and
axial position [1].

current investigation, the trend of the plots from the
present investigation (see Figures 21{28) was compared
with that found by Adegun et al. [1] (Figure 33). In
addition, the trends of both studies were found to
be of good �t. The optimum velocity of 0.005 m/s
recommended in this study for e�ective 
ow when
taking food supplements, especially for someone under
medication, is within the range of 0.0025{0.01 m/s
submitted by Adegun et al. [1].

5. Conclusions

Experimental and numerical investigation of non-
Newtonian viscous 
uids in a rhythmical porous
medium was carried out, and ranges of inlet veloci-
ties and pressures were examined. The density and
viscosity of the investigated 
uids were in the range
of 800{1024 kg/m3 and 0.316{1.095 Pas, respectively,
while the maximum and the minimum viscosity were
observed in the case of Ogi and Sobo, respectively.
The 
uid inlet pressure varied between 20.31{24.52 Pa.
A sudden drop in pressure of about 1 m along the
intestine led to the delivery of more nutrients to the
intestinal walls. The highest drop in velocity along
the whole length of the intestinal model was noticed
between 0.8 and 1.5 m, which corresponded to the
pulsating section of the model. It can be concluded that

the enlargement of the surface area of the folds with a
decrease in inlet velocity and pressure along the intesti-
nal model enhanced nutrient delivery to the internal
wall. Fluid (food supplements) physical properties can
signi�cantly a�ect the relaxation and contraction of
the movement (peristalsis) along the gastrointestinal
tract and, by extension, impact the healthy living. Ogi
required more pressure for e�ective 
ow at all inlet ve-
locities due to its highest viscosity. To ensure e�ective

ow and circumvent complications when taking food
supplements, especially for someone under medication,
a 
ow velocity of 0.005 m/s is recommended. The
presence of villi in the intestinal wall improves nutrient
absorption and augments heat transfer.

Nomenclature

� Fluid density
m Mass of 
uid
v Volume of the 
uid
d Sphere falling distance
t Time
� Dynamic 
uid viscosity
rs Radius of the sphere
�s Density of the sphere
vs Velocity of the sphere
�l Density of the prepared samples
g Acceleration due to gravity
�Z Axis lies along the centerline of the

tube
�R Coordinate transverse to the center

line
�O Zero shear rate viscosity
� Characteristic time
� Second invariant strain tensor
V Velocity vector
P Pressure
k Thermal conductivity
T Fluid temperature
Cp Speci�c heat capacity
�W Velocity components in the axial

direction
�U Velocity components in the radial

direction
�� Extra shear stress tensor
�_
 Shear rate
�1 In�nite shear rate viscosity
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