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ARTICLE INFO ABSTRACT

Keywords: Several kinds of researches have been conducted on peristaltic flow of non-Newtonian fluid in
Axial position modelled oesophagus, stomach and intestine. However, further investigation is still needed es-
Flow temperature pecially in the area of mechanical shear stress, the influence of inlet temperature and velocity,

Flow velocity
Heat transfer
Modelled intestine

Nutsselt number and the history of strain rates experienced by fluid particles. This study presents
the numerical investigation of thermo-physical properties of non-Newtonian fluid in a modelled
intestine. The properties investigated were fluid temperature, velocity, Nutsselt number and wall
shear stress. Numerical simulation was performed by solving 3D Navier-Stokes and continuity
equations. The intestinal model was drawn by using Autodesk Inventor 2017 while the numerical
investigation was conducted by using ANSYS FLUENT 16.0. The Computational Fluid Dynamics
solver employs the Finite Element Method (FEM) to discretize the governing equations. Chyme,
Hibiscus Sabdariffa Roselle (Sobo), Soymilk (Soya) and Pap (Ogi) were the working fluids used for
the investigation. Analyses of the results showed that the variation of fluid temperature and heat
transfer with axial position across the length of intestinal model were not significantly influenced
by the variation of the inlet velocity. Expansion of the model about the pulsating part enhanced
heat transfer and nutrient delivery to the intestinal walls. Variation of the inlet velocity did not
affect the average Nutsselt number. Chyme and Sobo had the highest and lowest Nutsselt number,
respectively. Sobo displayed the best fluid properties considering flow behaviour while Soya dis-
played the best properties for thermal history. The results presented in this study are of countless
importance in medical, paramedical, engineering applications, thermoregulation system, ther-
motherapy, and biomedical disciplines, where analyses and investigation of gastrointestinal tract
history can be understudied.

1. Introduction

Digestion is an intricate process that includes the breakdown and transformation of food into elements that can be absorbed by the
body for effective human growth (Ehsan et al., 2020), and the process initiates from the mouth and ends in the large intestine. The
anus is where the end products of undigested fluids are being eliminated from the body. From the biological point of view, movement
of food or Chyme from the mouth to the anal passage is as a result of proper nutrition (Adegun, 2020). This involves several forces and
reactions that lead to three important motions within the gastrointestinal tract, which are the segmentation, peristalsis and pendular
movements (Adegun, 2020; Hayat et al., 2017). The pendular movement does not propel the Chyme along the intestinal tract but
moderately mixes and chops the contents so that it can be properly digested, while peristalsis and segmentation are a sequence of
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wave-like muscular contractions that drive the Chyme via the small intestine. The human small intestine is a highly multifaceted
hollow organ positioned at the upper part of the intestinal tract and it consists of the intestinal epithelium, submucosa, muscularis
mucosa, lamina propria and serosa (Chen et al., 2017; Schulte et al., 2019). Food in liquid form naturally gets to the stomach before
solid and semi-solid food, and as a result, there is a time difference in the rate at which food at different states leaves the stomach,
but the small intestine transports foods in all states at about the same rate. It takes approximately 150 min for half the solids and
liquid Chyme of the same caloric density to pass through the small bowel for energy to be available for the body (Fonseca, 2011;
Hari et al., 2012).

The intricate mechanical behaviours of physiological fluids can be categorized as either Newtonian or non-Newtonian fluids
(Tripathi and Anwar Bég, 2013; Dejam, 2018; Adegun, 2020). The viscosity of a Newtonian fluid is independent of pressure while
non-Newtonian viscosity changes when pressure is applied. Recently, researchers have focused on their resources towards non-
Newtonian fluids due to their enormous technological and industrial applications (Alokaily, 2017; Cortez et al., 2018; Dejam, 2018;
Alokaily et al., 2019). The fluids used in petrochemical, chemical and food industries are non-Newtonian (Farooq et al., 2019).

It has previously been established that fluid motion enhances heat transfer, since it brings hotter and cooler chunks of fluid into
contact, initiating higher rates of conduction at a greater number of sites in a fluid (Mernone 2000; Srivastava, 2007; Nadeem et al.,
2012). However, the rate of heat transfer through a fluid is much higher by convection than conduction. Studies have shown that
convection heat transfer strongly depends on the fluid properties such as dynamic viscosity, thermal conductivity, density, specific
heat, as well as the fluid velocity (Ellahi et al., 2014; Cengel and Ghajar, 2015). Heat transfer is the exchange of the sensible and latent
forms of internal energy between two media as a result of a temperature difference. Heat transfer in tube flow occurs from the hot to
cold particles by conduction when the fluid layers are static and by convection when the fluid is in motion. Convection heat transfer
is complicated by the fact that it involves fluid motion as well as the heat of conduction (Marciani et al., 2001; Adegun, 2020). The
ratio of heat flux by convection to the heat flux by conduction is determined by a dimensionless number, called Nusselt number.

The functional attributes of many traditional foods are being discovered, while new food products are being developed with
beneficial components. This is due to the new techniques which can increase the thermal efficiency of working fluid and thus reduce
overall health crises (Abrar et al., 2020).

Many researchers have applied mathematical, computational and numerical techniques to study the peristaltic flow of fluid in the
human digestive system. Alokaily et al. (2019) studied the characterization of peristaltic flow during the mixing process in a modelled
human stomach. Geometric model was implemented into the open-source code Open-FOAM while parametric study was performed on
wave width, fluid viscosity and wave speed. Retropulsive jet induced near the recirculation and pylorus between pairs of consecutive
antral contraction waves were investigated based on the selected parameters. It was concluded that the mixing efficiency increased
with a decrease in viscosity and wave width. It was suggested that further studies should be conducted on the disintegration of food
particles due to mechanical stresses and strain rates experienced by fluid particles. Adegun (2020) performed numerical simulation on
laminar flow of non-Newtonian fluids in a rhythmical non-permeable medium. The study presented the flow of orange juice, chyme
and watermelon juice via a modelled oesophagus. ANSYS FLUENT, SolidWorks and Computational Fluid Dynamics technique were
adopted for this study. It was reported that the highest pressure built up in the tube was observed with orange juice while water
melon juice had the least presure. The study was concluded by recommending flow velocity of 0.005 m/s for effective fluid flow and
heat transfer in a tube.

In 2015, Tripathi et al. (2015) simulated peristaltic viscoelastic bio-fluid flow in asymmetric porous media using differential
transform method. Dynamics mathematical model was developed to study the peristaltic flow of non-Newtonian physiological liquid
in a 2-D asymmetric channel and the influence of fractional parameters (volumetric flow rate, pressure difference and wall friction
force) on peristaltic flow characteristics were computed. They concluded that the fractional parameter had a significant influence on
the flow of physiological fluid.

The current investigation is conducted to improve the previous analytical and numerical works of (Ellahi, et al., 2014;
Tripathi et al., 2015; Tripathi et al., 2016; Ismail, 2017; Adegun, 2020). This study seeks to advance knowledge on peristaltic
bio-fluid using Computational Fluid Dynamics and 3D modelling techniques. An intestinal model with different geometries have
been conducted, and these include curved tube (Tripathi et al., 2016), straight pipe (Ismail, 2017) and non-uniform rectangular duct
(Ellahi et al., 2014) among other geometries. Therefore, this study is conducted using a non-uniforn circular tube. Ismail (2017) re-
ported that the presence of villi (expansion) in the small intestine enhances nutrient absorption by the intestinal walls, however,
further study is required to investigate the heat transfer characteristics of villi. Several numerical and computational solver/tools
have been utilized to critically investigate fluid flow in modelled intestine. These include Computation Fluid Dynamics Solver (Ansys
Fluent, OpenFoam, MAPLE17 Numerical Quadrature, COMSOL MultiPhysics, etc.) and CAD tools (Solid Works, Autodesk Inventor,
AutoCAD, Corel Draw etc.).

This study also investigated how the structuring of foods can influence the delivery of nutrients to the wall of the small intestine
using numerical techniques. It investigates and establishes whether villi could significantly influence intestinal walls heat transfer
characteristics. This will help to predict the in-vivo performance of food after ingestion and establish the physiological and physico-
chemical factors affecting chemical reaction and delivery processes in the human body. The general sketch of the problem is shown in
Fig. 1. This article is presented in the following outline: first, methodology, where the computational model and governing equations
were developed. The results and discussion are then presented and lastly, the summary and conclusions.
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h;: diameter of intestine; 4,: diameter of pulsalting parts

Fig. 1. General sketch of problem.
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Fig. 2. Modeled intestine (a) and mesh generated domain of intestine (b).

Table 1
Thermo-physical properties of fluids considered in this study.
Fluid Density (kg/m3®)  Viscosity (Pass)  Specific heat capacity (J/(kg*K)) ~ Thermal conductivity (W/(m+K))
Chyme 1 000 1.000 4180 0.600
Pap (Ogi) 1024 1.095 1840 0.536
Soymilk (Soya) 920 0.95 3970 0.501
Hibiscus sabdariffa roselle (Sobo) 800 0.316 2 470 0.491

Source: Berk, 2013

2. Methodology
2.1. Fluid property

The thermo-physical properties of the fluid used are presented in Table 1. This is comprised of density, viscosity, specific heat
capacity and thermal conductivity.

2.2. Computational tool and model

The research focuses on incompressible and viscous fluid flow through the mouth to the lower part of the gastrointestinal tract
(GIT) and small intestine. AUTODESK INVENTOR 2017 commercial version was used for the computational modelling of the human
intestine as well as the steady flow field generated inside the modelled intestine. The movement of the contraction waves within the
alimentary canal was simulated using a commercial version of CFD solver, ANSYS FLUENT 16.0. Navier-stokes equations of fluid
flow with deformed boundary walls were used for the model. Fig. 2 shows the mesh generated domain and the modelled intestine.

2.3. Governing equation

The model is governed by the continuity equation and Navier-Stokes equations with the following assumptions: (i) The flow is a
laminar natural convection; (ii) It is assumed to be a steady-state hydrodynamics incompressible fluid flow; (iii) The inlet temperature
is 303 K; (iv) The velocity profile is fully developed in the model; (v) The velocity along the radial direction is assumed to be zero,
i.e., velocity along the radial direction is insignificant when compared with axial velocity; (vi) The effect of gravity is neglected; (vii)
No slip boundary condition at the walls is employed; (viii) The thermal boundary condition of constant heat flux is applied.
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2.4. Continuity equation

The continuity equation that governs the numerical model is presented in Equation (1):

U, 10U, U,
-7 =0 1
or + r o0¢ + ox M

where U, is non-zero velocity component, r is non-dimensional radial coordinate, ¢ is non-dimensional azimuthal coordinate, and x
is non-dimensional axial coordinate, thus, U, = U, = 0. There, Equation (1) is reduced to 9U,/dx = 0. It confirms that U, does not
depend on the radial component of the tube which implies a thinned wall tube and also U, = U,(r) = 0 is the same for all values of
x, thus U, = U, (7).

2.5. Momentum equation
Radial direction:

2 %0, 1 02U, , 0%,
U, U, Uy oU, o, Uy dp 2 taom t o7
+ U — + — +U,—L + — )= - = 4+ or rs o¢ ox= 2
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where p is fluid desity, t is time, u is dynamic fluid viscosity, and g is acceleration due to gravity.
Azimuthal direction:
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Substituting U, = Uy=0 and dU,./dx = 0 into equations (2) and (3), gives dp/or = 0 and 9p/d4 =0.0p/dr =0 and 0p/d4y =0 show
that pressure depends only on axial direction and imposing steady state condition yields oU,/dt = 0.

ap U, 1 0°U, d°U, 10U,
— = + + = + =+ = 5
ox = P8x u[ o Troe T T ar ()
Neglecting gravitational effect, Equation (6) is the momentum transport equation for the model.
9 o%U
A 6)
0x 0x?2
2.6. Energy equation
The energy transport equation for a steady for flow is:
0’T  k 0*T  0°T | koT oT oT oT
S+ L I+ 2 49y =0C, U, = 4 Uy — + U, 7
orz  r2og* ox* ror P =06 |Ur or ¢ o¢ X ox @
where k is thermal conductivity, T is fluid temperature, C, is specific heat capacity, ¢(;) is viscous dissipation term.
Eliminating the viscous dissipation term ¢;):
2 pC
o 10T _ P [Ux aT @®)
ox2  r or k ox
Energy Transport Equation for flow within the tube is presented in Equatoin (9):
2 U
o°T = _xa_T )

ﬁ a O0x

where a = (k/ pCp), constant.

2.7. Flow in porous medium

Since the intestine is a porous medium and the flow is a laminar natural convection, which is also assumed to be a steady-state
hydrodynamics incompressible fluid flow. Therefore, the Darcy’s law is applied and is presented in Equation (10):

L
K = M=

AP (10)

where P is pressure, L is length of flow, q is fluid flow rate.
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Fig. 3. Temperature flow profile across length of intestinal model.

2.8. Shear stress

The relationship between the shear stress and shear rate for a power law non-newtonian fluid is presented in Equation (11):
c=Hy" (11)

where o is shear stress, y is shear rate, H is consistency of the power-law fluid, and n is power-law index.
2.9. Evaluation of mean Nusselt number

Nusselt number represents the rate of heat transfer across the wall. The tendency of the model and the pulsating part in providing
heat transfer augmentation is critically examined and governed by Equation (12):

ae.x) . _ hx)d,

M0 = -y T Tk

(12)
where T,, is wall temperature, Tj, is bulk fluid temperature, q is fluid flow rate, and dj, is hydraulic diameter of intestinal model.

3. Results and Discussion

3.1. Temperature

Figures 3 and 4 show the temperature contour profile across the entire length of the fluid domain and pulsating part of the
modelled intestine, respectively. Figs. 5-8 show the temperature contour along the duct of the intestinal model. It was observed from
Figs. 9-12 that the temperature increases from the inlet to the outlet of the model for all the fluids samples. This rise in temperature
as the fluid moves towards the outlet is as a result of an expansion at the pulsating section of the intestine. These heats are being
transferred to other body fluids which at times result in sweating and heat dissipation through the skin. The expansion and the
presence of villi do not only enhance nutrient absorption as reported by Ismail (2017), it could also be observed that it improves heat
transfer characteristics of the intestinal walls. However, the results are shown in Figs. 9-12, the variation of the temperature of the
flowing fluid and heat transfer with axial position across the length of intestinal model was not significantly affected by the variation
of the inlet velocity, and that was the reason why the temperature profiles of all the fluids align on the same line curve for all the
inlet velocities (Figs. 9-12). A change in temperature was also observed at the pulsating part of the model and latter increased to the
end. This was due to the change in surface area as a result of peristaltic movement in the intestine which enhances fluid delivery to
the intestinal walls.

3.2. Nusselt number

Figures 13-16 show the variation of Nutsselt number along with the axial position of the intestinal model for different inlet
velocity. Chyme and Sobo had the highest and lowest Nutsselt number, respectively. It was observed that Ogi, Chyme and Soya
displayed a similar pattern of heat transfer while Soya exhibited the best heat transfer followed by Ogi. The trend of the plots shows

that Soya and Ogi can compete favourably well with Chyme in the human body, hence recommended for a patient under medication
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Fig. 4. Temperature flow profile for pulsating part of intestinal model.
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Fig. 5. Temperature flow profile along cross duct section at 0.08 m of intestinal model.
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for better nutrient delivery and quick recovery. The result shows that Sobo does not exhibit good heat transfer property and does not
compete favourably with the characteristics of Chyme. With critical analysis of Figs. 13-16, it was observed that variation of the inlet
velocity does not obviously influence the average Nutsselt number and heat transfer characteristics of all the fluids considered in the
study. The trend of the curves was strongly in line with what was observed within the temperature profiles (Figs. 9-12). It could be
found that Sobo is the best fluid considering flow behaviour while Soya is the best for thermal history.

3.3. Shear stress

The variation of average wall shear stress with axial position along the length of the intestinal model is shown in Fig. 17. As
shown in Fig. 17, wall shear stress decreases to the length of 0.1 m before it becomes constant and decreases at the pulsating parts
of the model. Ogi and Sobo present the highest and the lowest wall shear stress, respectively. Ogi has the highest wall shear along
the length of the model followed by Chyme. The shear stress and shear strain relationship do not pass through the origin and this is
an indication that the fluids under investigation are non-Newtonian (Fig. 18). For non-Newtonian fluid, viscosity is not constant and
the shear stress is imparted onto the boundary as a result of the loss of velocity (Tanner, 2014).
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Fig. 6. Temperature flow profile along cross duct section at 1.1 m of intestinal model.
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Fig. 7. Temperature flow profile along cross duct section at 1.5 m of intestinal model.
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Fig. 8. Temperature flow profile along cross duct section at 2.3 m of intestinal model.
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Fig. 9. Variation of flow temperature with axial position across length of intestinal model for inlet velocity of 0.005 m/s.
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Fig. 10. Variation of flow temperature with axial position across length of intestinal model for inlet velocity of 0.01 m/s.

310
309
o 308
< 307
g 306
305
5 304
303
& 302
301

300

—— Chyme
—m— Soya
—4— Ogi
—%— Sobo

0 02 04 06 08 10 12 14 16 1.8 20 22 24
Axial position (m)

Fig. 11. Variation of flow temperature with axial position across length of intestinal model for inlet velocity of 0.015 m/s.
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Fig. 12. Variation of flow temperature with axial position across length of intestinal model for inlet velocity of 0.02 m/s.
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Fig. 13. Variation of Nusselt number along with axial position of intestinal model for different fluids at an inlet velocity of 0.005 m/s.
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Fig. 14. Variation of Nusselt number along with axial position of intestinal model for different fluids at an inlet velocity of 0.01 m/s.
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Fig. 15. Variation of Nusselt number along with axial position of intestinal model for different fluids at an inlet velocity of 0.015 m/s.
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Fig. 16. Variation of Nusselt number along with axial position of intestinal model for different fluids at an inlet velocity of 0.02 m/s.
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Fig. 17. Variation of average wall shear stress with axial position along length of intestinal model.

8 r
—— Chyme
5[ — ogi
e;"6'—Soya
@
5 —— Sobo
g
54T
g0
§2_ .
1F
0 1 1 1 1 1 1
0 1 2 3 4 5 6

Shear rate (s™)

Fig. 18. Variation of shear stress with shear rate along length of intestinal model.

4. Summary and Conclusions

Numerical investigation of a laminar viscous fluids flow in a rhythmical porous medium within the range of different inlet velocities
were carried out using four different food samples (Chyme, Ogi, Soya and Sobo) as working fluids. The effects of temperature, wall
shear stress, and Nusselt number on nutrient delivery to the wall intestine were investigated. It could be inferred from the study
that Villi does not only enhance nutrient absorption by the intestinal walls, it also improves intestinal wall heat transfer properties.
Expansion along the model about the pulsating part enhances heat transfer and nutrient delivery to the intestinal walls. Soya and
Ogi can function in place of Chyme in the human body, therefore, they are recommended for a patient under medication for better
nutrient delivery and quick recovery. The trend of the curves shows that the four fluids considered for the investigation are non-
Newtonian. The peristaltic force is responsible for the passage of all the fluids from inlet to the outlet of the modelled intestine. This
study expands understanding on heat transfer, shear stress, velocity of fluid flow in human intestine and delivery of nutrient to the
intestinal wall. However, further studies should be done on non-Newtonian fluid, especially on the variation of inlet pressure and
Reynolds number on fluid flow Phenomena as related to nutrient delivery in the small intestine.
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