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Abstract

Peristaltic flow is a transport mechanism primarily used in the human body to transport fluids.
This form of transport is characterised by the contraction and relaxation of flexible tubes. Many
studies have been undertaken to investigate this phenomenon. Factors such as amplitude ratio,
wave number and the Reynolds number have been studied to identify their effects on peristaltic

flow.

In this work, the peristaltic flow of power-law fluids under non-isothermal conditions is
investigated using the Computation Fluid Dynamics (CFD) methodology. The effect of
temperature on peristaltic flow will be investigated in various conditions, for example, in
Newtonian fluid (a special case of power-law fluids), non-Newtonian fluid of power-law type

and different values of coefficient a, (g, being exponential coefficient of the temperature

dependent viscosity).

Peristaltic flow for possible industrial applications will be considered, with fluid properties thus
corresponding to those of an oil and a wider range of the Reynolds numbers (1-1000) than for
biological applications. Comparison of isothermal versus non-isothermal flow shall also be

shown.

Flow will be studied in the reference frame which moves with the wave (the wave frame). In this
reference frame, the flow becomes steady. Firstly, isothermal flow models are shown to produce
comparable results with previous works from the literature, therefore proving the validity of the
present computational methodology. These conditions were then applied to non-isothermal

models.
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After this confidence has been established, non-isothermal flow is then investigated. This in turn
affects whole flow field including factors such as change of viscosity and shear stress due to

temperature change.

Streamline patterns, velocity profiles and pressure drop per wavelength are presented to show the
effect of temperature in peristaltic flow. Pressure drop in non-isothermal flow is shown to be
significantly less than that for isothermal case. Thus, for example, in the case of isothermal
Newtonian flow, pressure drop per wavelength is 6305.2 Pa with conditions of the Reynolds

number Re=10, wave number (a) = 0.25 and amplitude ratio (¢) = 0.5. On the other hand, in the

case of non-isothermal flow, pressure drop per wavelength becomes 2054.7 Pa with the same

conditions.

Influence of temperature is then considered in flow of non-Newtonian fluids of the power-law
type. Consistent flow conditions are modelled to give a reasonable comparison. It is found that
Newtonian and shear-thickening fluids are influenced by temperature strongly. However, in the
case for shear thinning fluid, the effect of temperature is relatively small. Thus, for example, in
table 5.2 (chapter 5), pressure drop per wavelength in a case for shear thinning fluids is very
similar, at 49.153 Pa and 55.892 Pa corresponding to viscosity exponential coefficient

a, =-0.034°C'and @, =0 °C™" respectively.

The role of coefficient @, in power-law fluid is clarified in this research. Different values of g
are used and the corresponding results presented. They show that @, has stronger influence on

the flow at regions adjacent to walls.

Vorticity patterns are also presented to show the effect of temperature. Especially, for Newtonian

fluids, temperature affects vorticity differently at the crest and trough sections.

The effect of temperature on peristatic flow in different geometry is shown by streamline patterns,
pressure drops and velocity profile. The variable, h (the mean distance of the wall from the axis

of symmetry) is utilised to produce a model that shows the effect of the geometry in isothermal



flow. After the geometry is changed and resulting effect plotted, non-isothermal flow model is
considered to prove the presence of thermal effects. The results gained by the models indicate
that the temperature effect is stronger at the region adjacent to the wall in different geometries

and the effect of temperature reduced the effect of geometry in pressure drop.

The above study was carried out in order to simulate realistic peristaltic flow. The addition of
temperature by modelling non-isothermal flow has been shown to reduce the impact of the
Reynolds number therefore changing the streamline pattern. This effect has been visualised in a
number of special fluid applications to give a variety of results. The effects shown visually by

CFD represent what peristaltic flow in industrial applications could look like.
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Chapter 1. Introduction

1.1 Introduction

Peristaltic flow has been investigated by many studies during the past few decades and most of
these studies have focused on physiological science. This chapter will briefly introduce the
previous studies to provide an understanding of the history of peristaltic flow. The problem and

objectives that are considered in this research will be stated with an outline of the thesis.

Many studies have investigated the peristaltic flow and factors like amplitude ratio, wave
number and the Reynolds number have been shown to be important in describing peristaltic flow.
Most of studies have only focused upon biological applications therefore, in this study, the
possible use of peristaltic flow in industry with fluids having oil properties and a wide range of
the Reynolds numbers (from 1-1000) is investigated. The main objective of this work is to

investigate the effect of temperature on peristaltic flow.

Finally, the outline of this research is given in order to present a good understanding for the

structure and direction of this work.
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1.2 Brief history of peristaltic flow study

Peristalsis is a progressive wave resulting from area contraction and expansion of an
extensible tube, and propagates a fluid along the length of the tube (Ayukawa et al [11]). As
it propagates, it has a capability of affecting the motion for the fluid contained in the tube. It
was described by Bayliss and Starling [1] as a type of movement where there is contraction

and relaxation.

Yih and Fung [24] speculated that peristalsis may be involved in the vasomotion of small

blood vessels which change their diameters periodically.

In 1971, Jaffrin and Shapiro [9] introduced the basic mechanism of a peristaltic pumping

system.

Takabatake and Ayukawa [19] investigated the effect of the amplitude ratio and the wave
number, which are determined by the geometry of the peristaltic wave. They also studied that
the effect of the Reynolds number on peristaltic flow and the velocity and pressure fields were

obtained and the relationship between the pressure rise per wave number were discussed.

Ayukawa and Takabatake [11] studied the characteristics of a peristaltic flow such as the
periodicity of the flow pattern and effects of the Reynolds number in range of 0.01-1000.

Takabatake, Ayukawa and Mori [20] investigated peristaltic reflux, trapping phenomenon and
pumping efficiency. The effect of the Reynolds number on trapping phenomenon was

investigated.
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Flow structure, pressure and shear stress distribution for zero flow rates were investigated by
Xiao and Damodaran [23]. The effect of Reynolds number on the conditions of different

values of wave number (a =0.01 and « » 0.01) was studied.

In 2006, the effect of power-law on the peristaltic flow was studied by Hayat and Ali [5].
They investigated the distribution of velocity and pressure in three conditions, in Newtonian,
shear thinning and shear thickening fluids on peristaltic flow. However, their work is for

isothermal flow only.

1.3 Problem statements and research objectives

Peristaltic flow is a primary transport mechanism inherent in many tubular organs of the
human body, for example, the ureter, the gastro-intestinal tract and the urethra. It is also used
in material handling systems in industry. The peristaltic pumping system is also used in
medical applications like the blood pump in which the Reynolds number has a moderately
high value. Currently the peristaltic pumping system is one of the most important instruments

to transport material.

Many studies have developed the understanding of fluid phenomenon on peristaltic flow and
its characteristics. However, the effect of temperature on the peristaltic flow has not been
fully investigated yet. It is believed that peristaltic flow is deemed to be significantly
dependent on viscosity. Any change in this property would therefore affect the flow
characteristics. Since viscosity in turn is often dependent on temperature, any changes in

thermal condition (for example by viscous heating) can therefore affect peristaltic flow.

In this work, the effect of temperature on peristaltic flow through an axi-symmetric tube will
be investigated numerically using a commercial Computational Fluid Dynamics (CFD)
software package. The fluid is assumed to be of a power-law type whose viscosity is also

temperature dependent.
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The power-law index will cover the range of fluid behaviour, for shear thinning, through

Newtonian, to shear thickening type.

Various geometries (characterised by different wave numbers and amplitude ratios) will also

be considered under both isothermal and non-isothermal conditions.

1.4 Thesis outline

In chapter 2, a literature review showing previous studies that have investigated aspects of this
flow is provided. The backgrounds such as definition of peristaltic flow, the Reynolds number
and governing equations is introduced to provide an understanding of this flow phenomenon.
The governing equations that are used in numerical calculations for modelling and representing

this flow phenomenon are presented in this chapter along with the relevant boundary conditions.

Chapter 3 describes the methodology which is utilised in this research. This chapter introduces
the use of Computation Fluid Dynamics (CFD) to produce a model that simulates isothermal and
non-1sothermal flow. The specific software used in this work is introduced along with the
hardware. The discussion of boundary conditions in the wave frame is shown in this chapter. The
parameters such as axial velocity, radial velocity, reference pressure and reference temperature
that have to be applied on the inlet, outlet, wall and axis of symmetry to obtain the steady-flow
results are introduced. Grid convergence which is a technique to ensure accurate results

produced in CFD, is also presented.

Chapter 4 presents the initial steps used to produce an isothermal flow model. Results from this
model are compared to previous works from the literature and provide a benchmark for future
investigations. Maximum and minimum velocities with three parameters, amplitude ratios, wave
numbers and the Reynolds numbers were obtained and compared with the results from Xiao et al

[23]. Streamline patterns with various values of the Reynolds number were plotted. The effect of

1-5
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the Reynolds number in condition of @ =0.01 and ¢ =0.7 were plotted and compared to the

results from Xiao et al [23]. The dimensionless time mean flow (Q/ mh*c) was also utilised and

its streamline patterns were plotted. The results for this work are shown in this chapter.

In Chapter 5, simulations of the effect of temperature on peristaltic flow with various conditions,
is discussed. The first case for Newtonian fluid with a wide range of the Reynolds number is
used to show the effect of temperature on peristaltic flow. The effects of temperature on
Newtonian and non-Newtonian fluids are compared. Additionally in this chapter, the influence

of viscosity exponential coefficient a, of in a Newtonian fluid is investigated. The effect of

temperature on the vorticity in peristaltic flow is numerically found for the conditions of a
Newtonian and shear thinning fluid. The temperature effect on different geometries is also

discussed in this chapter.

Chapter 6 provides the conclusions and recommendations from this work. The results of this
research are summarised and a comparison of this work with other results are shown. This

chapter will also provide ideas for further development, better techniques and unsolved problems.

1-6
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2. Literature review

2.1. Introduction

This literature review will discuss some previous works by other researchers related to peristaltic
flow and the current understanding of this phenomenon. Many research groups have studied

peristaltic flow in different directions. .

In order to investigate peristaltic flow, the effects of the amplitude ratio, wave number and the
Reynolds number on peristaltic flow need to be investigated. These factors affect the fluid flow
properties in the form of velocity, pressure and shear change. The studies of the effects of these

factors on peristaltic flow are discussed.

2-2
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2.1.1 Peristaltic pumping (Shapiro et al [9] )

2.1.1.1) Basic mechanism of peristaltic pumping

The basic mechanism of a peristaltic pump can be seen below in Figure 2.1 (Shapiro et al [9]).

No No
Motion Motion
7
G c
C c
EES o, ES
—
S E|
c
_‘____“_____./ W

O

) (b)

Figure 2.1 Conceptual illustration of the basic mechanism in peristaltic pumping. (a) : unsteady flow as

seen in a laboratory frame, (b) : steady flow as seen in a wave frame (Shapiro et al [9]).

In Figure 2.1, (a) in the laboratory frame, shows a long tube closed at both ends, where a
peristaltic wave of contraction is produced by moving a sliding cuff to the right at speed c. Part
(b) of the same figure shows a wave frame of reference which moves towards the right with the

speed c, relative to the laboratory frame; in this wave frame, the waveform appears stationary.

However, in the wave frame, the walls move towards the left with the speed c, and there is a
uniform flow of speed —c in the two large cross-sections. The average leftwards velocity in the
contracted section must exceed cto conserve volume flow of an incompressible fluid. The

velocity profile in this contraction section must be parabolic, assuming for the moment that the
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flow is viscous and inertia-free with velocity of —c at the walls. There is pressure drop from

right to left in the contracted section, due to viscous losses.

Two conclusions can be drawn from the physics in this example.

1) Dissipation is an essential feature of peristaltic pumping. Without this viscous effect, the
flow in the contracted section would have no associated pressure drop.

2) The fluid in the minimum section (trough) moves opposite to the wave direction as seen
in the laboratory frame, while the fluid in the enlarged sections moves in the same

direction as the wave frame (Shapiro et al [9]).

Figure 2.2 shows the configuration of the peristaltic flow which was utilised in the work

conducted by Shapiro et al [9].
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Figure 2.2 Nomenclature for 2-dimensional periodic sine wave.
Four important dimensionless parameters are introduced as following,
h € hca e
a=—, §=—, Re= and €=g 2.1)
A h v ch
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2.1.

1.2) Parameters of the problem

Identifying the problem parameters for peristaltic pumping

There are four dimensionless parameters (Shapiro et al [9]).

2.1.

s—

1) The amplitude ratio, ¢ =% which determine the relative degree of geometric occlusion

or squeeze.

2) The wave number, a = % , is related to the slope and curvature of the wall.

3) The Reynolds number, defined asRe = @Ea , 1s the correct ratio of inertial to viscous
v
terms when inertial effects are relatively small and when peristalsis acts as a pump
(Shapiro et al [18]).
4) The dimensionless time-mean flow (IKZ—Q;) for 2 dimensional flow indicates the
c

dimensionless mean-volume flow per unit area.
The first two (amplitude ratio and wave number) are determined by geometry; the Reynolds

number gives partial description of the flow nature and flow rate is often given as imposed

boundary condition.

1.3) Trapping

“ o 5 .
fz#."*’/

Figure 2.3 Streamlines in a wave frame when a trapped bolus exists in the laboratory frame (Shapiro et al

91)
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In the wave frame, the streamlines are generally similar in shape to the wall but with lesser

amplitude as the axis is approached. An interesting exception to this situation is that, under

certain condition (identified by Shapiro et al [9]) as O > (2;¢) : where O is the time mean

flow rate and ¢ is amplitude ratio), the central streamline splits to enclose a bolus of fluid

particles describing closed streamlines in the wave frame. This bolus is centered under the crest

of the wave as shown in Figure 2.3.

2.1.2 Numerical Analysis of Two-Dimensional Peristaltic Flow

(Ayukawa et al [11])

An investigation was made to determine the influence of wave amplitude, wave number and the
Reynolds number on the flow pattern. They presented the characteristics of a peristaltic flow
such as the periodicity of the flow pattern and effects of the Reynolds number in range of 0.01-

1000.

2.1.2.1) Periodicity of the tflow pattern

The periodicity of the flow pattern is judged from the velocity profiles on sections at the crests

and the troughs.
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Trailing end Leading end

(b) Crest sections

Figure 2.4 Velocity profiles ; ¢ =0.19, a =0.21, Re=210and O = 0, Dashed lines are profiles when
a parabolic wave is imposed at leading and trailing ends, solid lines are profiles when a trapezoidal wave

is imposed (Ayukawa et al [11])

Figure 2.4 presents the longitudinal velocity profiles at eleven locations in the laboratory frame.
The figure shows the trough and the crest sections in the finite region which are gained by
imposing different velocity profiles (via stream function) at inlet. When the velocity profiles on

the sections at the crest and the trough are compared with the next one, the flow is regarded as

periodic if the absolute values of different turn out to be smaller than 107°.
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The solid curves present the results obtained by imposing a trapezoidal velocity profile at the
leading and trailing ends, while the dashed curves are the ones obtained for parabolic velocity

profile.

The velocity profile imposed at the leading end influences the velocity profiles at the crest and
the trough sections in the inner part of the flow region but this influence becomes gradually

weaker as the distance from the leading end increases, becoming negligible after 8 wavelengths.

The regular profiles which are independent of the imposed velocity profiles on the ends are
observed in the central part of the flow region (9" and 10" wavelength region from the leading

ends).

2.1.2.2) Effect of the geometrical shape of the peristaltic wave

The geometrical shape of the peristaltic wave is governed by two dimensionless parameters, the

amplitude ratio (¢ = %) the wave number (o = f 3.

- Calculation
~== Jaffrin

Figure 2.5 Velocity profiles; ¢ =0.4, a =0.3, Re=0.01 and QO =0 (Ayukawaetal [11]);
Reference to Jaffrin is Reference [8] in this work
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Figure 2.5 presents the profiles of U and V for¢ = 0.4 anda = 0.3. For the limitin a — 0,
Shapiro et al [18] pointed out that the profile of U was parabolic at each cross section of the
channel but the profiles (Ayukawa et al [11]) are seen to be slightly deformed from the parabolic
profiles because of the finite value of o . It isthus seenthat a is a significant geometric

factor which dominates the flow field in the peristaltic channel.

2.1.2.3) The effect of the Reynolds number

Two-dimensional peristaltic flows
04 L § ? & L ¥ -
b Crest section ;
- - \\——’—_ r
- \
\ R
b \ 4
U re Fl s
= - 107 1 10 10° 10°
- 162
- Re b
—0-2p -
! — e @ ]
- "//_— g
/
e
~04f Trough section 1
i v ! e 4 e

Figure 2.6 Velocities on the centre axis at the crest and the trough sections for ¢ = 0.2, @ =0.01and

O =0 (Ayukawa et al [11])

WhenRe <1, both velocities on the centre axis at the crest and the trough sections are constant
independently of the Reynolds number. On the other hand, forRe > 1, the absolute values of
velocity on the centre axis decrease and asymptotically approach the solution of a potential flow

as the Reynolds number increases (Ayukawa et al [11]).
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2.1.3 Numerical study of Two-Dimensional Peristaltic Flow (Takabatake et al

[197)

The influences of amplitude ratio, wave number and Reynolds number on the flow were
investigated through numerical calculations. The velocity and pressure fields were obtained and
the relationship between the pressure rise per wave number were discussed. Takabatake et al [19]

introduced the idea of stagnation points, which are the locations where the direction of flow

motion is reversed. The dimensionless time-average flow rate ( / =%) for 2 dimensional flow in
c

the laboratory frame is defined in this study, Takabatake et al [19]. It indicates the dimensionless

mean-volume flow per unit area.

2.1.3.1) Velocity field

The peristaltic flow has four significant dimensionless parameters, the amplitude ratio ¢ ==

QO

h . . . = )
wave numbera = P the Reynolds number and the dimensionless time-mean flow (£ =-=-) for 2

o
By

dimensional (and axi-symmetric) flow; The amplitude ratio and the wave number are determined

by the geometry of the peristaltic wave.
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Ule = 0-5.
et s s T
i
0 s 023 03 075 10 "
X/A 53
Figure 2.7 Longitudinal velocity profiles ¢=0.4, a=0.2, Re=1, Ap, =0 and {(= %) =0.239 for 2
&

dimensional flow (Takabatake et al [19])

When the dimensionless time mean flow (/) is zero, the forward-flow region and the retrograde-
flow region equally occupy half of the one wavelength region but in Figure 2.7, the forward-flow

region is predominant because of the finite value of the time mean flow.

In Figure 2.7, two stagnation pointsS,and.S, appear along the axis near the trailing and the
leading end respectively, separating the central region of a forward flow from two retrograde

flow regions (where flow direction is reversed)

The longitudinal velocity profiles at the sections near the leading stagnation point S, are shown

to be deformed slightly from the parabolic profiles because of the effects of fluid inertia and wall

slope, due respectively to the finite values of Re and « .
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Figure 2.8 Velocities on the centre axis at the crest and the trough section for Re=0.01 and / (==)=0

(Takabatake et al [19])

Figure 2.8 shows the effects of ¢ and a on the velocities on the axis at the crest and the
trough. When « is small, velocities on the axis are constant for all values of ¢ (Takabatake et

al [19])

2.1.3.2) Pressure field

The effects of the Reynolds number on the pressure contours were identified in this investigation

[19]. Figure 2.9 shows the effect of the Reynolds number on pressure distribution along

2
S . : : - AP, .
peristaltic wall when the dimensionless pressure rise per wavelength AP, =- /1‘ is zero
e

(where Ap, is pressure rise per wavelength). The dimensionless pressure rise per wavelength

AP at zero time mean flow (/= 0) is plotted in Figure 2.10.
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o

Figure 2.9 Pressure distribution along peristaltic wall for ¢ =0.4, a =0.2, @G&Z)zOQ%)er
c

dimensional flow and AP, =0; (here p is pressure) (Takabatake et al [19])

Pressure distributions along the wall for various values of the Reynolds number were
investigated. When Re is extremely small, the pressure on the wall is positive at the contracting

part of the channel and is negative at the expansion part.

The distribution along the wall is closely antisymmetric about the midsection. As Re increases,
the positions of the maximum and the minimum pressure move forward (positive x-direction)

and a nearly symmetrical distribution along the wall is found.
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2'5 " 3 L} |

a

Figure 2.10 Pressure rise per wave number for Re=0.01, ¢ (= %) =() for 2 dimensional flow (Takabatake
c

etal [19])

Figure 2.10 (Takabatake et al [19]) shows variation in terms of amplitude ratio and wave number.

This contribution appears at smaller & as ¢ increase.
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2.1.4 A numerical investigation of peristaltic waves in circular tubes (Xiao et al

[23]).

In the work by Xiao et al [23], the computational model developed covered a wide range of
Reynolds numbers (0.01-100), wave amplitudes (0-0.8) and wavelengths (0.01-0.4). Some
results pertaining to the distribution of velocity, pressure and shear stress for different peristaltic

flow conditions characterising flow at moderately higher Reynolds number have been obtained.

2.1.4.1) Flow structure, pressure, shear stress distribution for zero time mean flow

Their paper presented computational results pertaining to the Reynolds number effect on the
flow structure for the case corresponding to the geometric condition of a = 0.01. Figure 2.11

and 2.12 shows the variation of the computed streamlines with the Reynolds number in both the

wave frame and laboratory frame for the case ofa = 0.01and Q/nch2 =0,0=0.2 and¢ =0.7

respectively.
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Laboratory Frame Wave Frame

Figure 2.11 The effect of the Reynolds number on the streamline patterns in the wave frame and

_/
laboratory frame for a = 0.01, Q/;'zrh2 =0, ¢ =0.2 (Xiao etal [23])
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Laboratory Frame Wave Frame

Figure 2.12 The effect of the Reynolds number on the streamline patterns in the wave frame and

laboratory frame for a = 0.01, Q/frch?' =0, ¢ =0.7 (Xiao etal [23])

As it can be seen by comparing the two figures( Fig 2.11 and 2.12), the effect of the Reynolds
number on the flow structure can be seen ; the Reynolds number can be seen to have strong

effect on the flow pattern where amplitude ratio ¢ is larger ; the comparison shown is
between ¢ =0.2and ¢ = 0.7 and the stronger effect of the Reynolds number is discovered in the
case corresponding to ¢ = 0.7 in Figure 2.12 than the case corresponding to ¢ = 0.2 in Figure
2.11. This result implies that inertial force effect on the peristaltic flow is stronger for the case

with a larger amplitude ratio.

ro
I
-
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Figure 2.13 The effect of the Reynolds number on the normalised non-dimensional pressure distribution

for o =0.0land Q/mch® =0,(a) $ =02 (b) ¢ =0.7 (Xiao et al [23])

The effect of the Reynolds number on the normalised, non-dimensional pressure distribution

corresponding to flow cases where the amplitude ratio¢ = 0.2 and¢ = 0.7 respectively is shown

in Figure 2.13. For ¢ = 0.7, the pressure distribution remains a constant in the central part of
one wavelength (i.e 0.2< % <0.8) with the sudden rise in p near the two boundaries of the wave

cycle. Whereas the pressure distribution in the case for¢ = 0.2 varies with the %during the

whole wave cycle and as the Reynolds number increases the maximum non-dimensional

pressure approaches the middle point of the wave cycle.
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Figure 2.14 The effect of the Reynolds number on the shear stress distribution for o = 0.01and

Q/mch®> =0,(a) ¢ =0.2 (b) ¢ =0.7 (Xiao et al [23])

The variation of the non-dimensional shear stress (7/z,,, ) distribution along the peristaltic wall

corresponding to the two cases for ¢ = 0.2 and ¢ = 0.7 are presented respectively. For the range

of the Reynolds number from 0.01 to 1.0, the effect of the Reynolds number on the shear stress
distribution is small for both cases although the variation of shear stress is much sharper for

¢ =0.2than ¢ =0.7.

Both figures present a symmetric feature about the midsection. However, the symmetric feature
is broken if the Reynolds number increase to 10 and 100 and the location for the minimum shear

stress moves downstream. In the case for ¢ = 0.7, the symmetry is maintained for the entire

range with two locations for minimum shear stress appear around 2 g = 0.2 and 0.9.
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2.1.4.2) Reynolds number effect corresponding to the case when «)0.01

In order to study the effect on the flow structure by relaxing the assumption of a =0.01,

computations for cases when a =0.1, 0.2 and 0.4 was investigated.

08 15
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a=0.01-0.1 1
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02 " @=0.01-0.1
U} 0
porc =02 {Uic) 0.5 4
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0.01 01 1 10 0.01 01 5 i
Re Re

Figure 2.15 The effect of the Reynolds number on the maximum axial velocity for different wave number
a.(a) =02 (b) ¢=0.4 (Xiao etal [23])

The effect of the Reynolds number on the maximum axial velocity in the laboratory frame for

different values of wave number corresponding to ¢ =0.2and ¢ = 0.4 is plotted in Figure 2.15.
Figure 2.15 shows a similar trend with maximum axial velocity associating with the Reynolds

number. When Re < 1.0, (U/c),,, remains a constant (which is a function of « ) irrespective
of the Reynolds number. On the other hand, when Re>1.0, (U/c),,, decreases with Reynolds

number.
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2.1.5 On mechanism of the peristaltic flow for Power-law fluid (Hayat et al [5]),

These researchers presented a mathematical model for flow induced by peristaltic waves through
a deformable tube, considering an incompressible power-law fluid. The main goal of this work

was the stream function, axial velocity and pressure gradient for power-law fluid.

2.1.5.1) Pressure drop per wavelength with power-law fluid

Table 2.1 Pressure drop per wavelength along flow direction AP, (in Pa) for different values of

total flux F (=—q; ), wave amplitude ¢ and non-Newtonian parameter m.
e

B -1 -2 -3

¢ 0.2 0.3 0.4 0.2 0.3 0.4 0.2 0.3 0.4
m=0 69.46 100.79 164.16 19234 25947 393.59 31522 418.14 623.02
m=0.2 136.18 242.15 493.62 545.55 866.36 1605.5 1081.5 1672.1 3021.2
m=-0.2 36.82 44.47 5797 6933 81.34 102.61 93.59 109.02 136.29

(In this case, m = n-1 ; n is the power-law index)

The total flux F is defined in the works of Hayat et al [4, 5], as non-dimensional volume flow

rate (ﬁh— ) in the wave frame for their two dimensional model.
C

Table 2.1 presents the value of AP, (Pa) for Newtonian, and non-Newtonian, shear thickening
and shear thinning fluids for different values of F and ¢ . It can be seen from Table 2.1, the value

of AP, (Pa) increases as the increase of F and the amplitude ratio (¢ ).

The value of AP, (Pa) has large magnitude in the case for shear thickening fluid in comparison

with those of Newtonian and shear thinning fluids.
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Table 2.2 Axial velocities (u/c) at the center of the cylindrical tube listed for various values of m

and total flux F (Z%) (In this case, m = n-1 ; n is the power-law index)
c

m F=-1 F=-2 F=-3 F=-5 =-10
-0.2 -2.75 -6.25 -9.75 -16.75 -34.25
-0.1 -2.88 -6.66 -10.44 -18 -36.88

0 -3 -7 -11 -19 -39
0.1 -3.09 -1.27 -11.45 -19.81 -40.72
0.2 -3.16 -7.50 -11.83 -20.50 -42.16

In Table 2.2, the axial velocity (u/c) at the center of cylindrical tube is listed for various values of
m and F. It is evident that an increase in F increases the magnitude of axial velocity for fixed

values of m.

2.1.5.2) The behaviour of axial velocity (u/c) for three values of m

(In this case, m = n-1 ; n is the power-law index)
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Figure 2.16 Radial distribution of the axial velocity (u/c) for a position with dimensionless tube radius of

h=1 for three different values of m when F=-1 (a) and F=-2 (b) (Hayat et al [5])

Figure 2.16 a) presents the behaviour of axial velocity (u/c) for three values of m. The axial
velocity (u/c) for shear thickening fluid near the center of the tube is greater in magnitude as

compared with Newtonian and shear thinning fluids.
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Figure 2.16 b) describes that increase of total flux F(=ih) as the magnitude of axial velocity
@

(u/c) near the center of wall increase for all three values of m.

2.1.6.3) The effect of ¢,Fandmon 4/

(In this case, m = n-1 ; n is the power-law index)
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Figure 2.17 Distribution of the pressure gradient d%z within a wavelength ze [O,27'[]for F=-1 and

$=02(a),F=2and ¢=0.2(b) and F=-1and ¢ =0.4 (c) (Hayat et al [5])
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Figure 2.17 shows the effects of ¢ ,F (:ih) and mon dp/dz . In figure 2.20 a) dp/dz against z
c

for three different values of m with F=-1 and ¢ =0.2 is plotted. It is clear from Fig. 2.17 a) that

smaller values of axial pressure gradient are required to maintain the same flux in the narrow
part of the tube for shear thinning fluids when compared with Newtonian and shear thickening
fluids.

Figure 2.17 b) and c) state that an increase in total flux F (:ih) and amplitude ratio ¢ results
c

in the increase in dp/dz for all three values of m.

Their paper presented analytical solutions for the axial velocity (m/s) and axial pressure gradient
obtained in closed form under long wavelength assumption. The expressions for power-law fluid
were then compared to the results of Newtonian fluid and the agreement between the results of

two fluids. Flow analysis is strongly dependent upon F and m.
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2.2 Background

2.2.1 Introduction

This chapter introduces the definition of peristaltic flow and governing equations. Peristaltic
flow is the flow generated in the fluid contained in a distensible tube when a progressive wave

travels along the tube’s wall.

The Reynolds number utilised in peristaltic flow has been investigated in previous studies and

the general Reynolds number and the Reynolds number in peristaltic flow will be introduced.

Peristaltic flow has a feature of the periodic wave that has situations where the wave is iterated at
regular intervals. The periodic wave is described in this chapter to provide a better understanding

of a characteristic peristaltic flow.

The governing equations, continuity equation, conservation of momentum, balance of energy
and boundary conditions utilised in numerical calculations are introduced to understand the fluid
behaviour in peristaltic flow. Power-law fluid shall be introduced to provide the understanding of

temperature effect on viscosity in this study.
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2.2.2 Definition of peristaltic flow

Peristalsis was described by Bayliss and Starling [1] as a type of movement where there is

contraction and relaxation. Peristaltic pumping is well defined by Jaffrin and Shapiro [9].

This fundamental mechanical event, called peristalsis, can be described as a composition of a
wave of contraction rings that propel contents such as foodstuffs. This peristaltic phenomenon is
exhibited by the oesophagus, stomach, and intestines within animals and humans. The relaxation
and contraction sequence is generated with intestinal sphincters and specific areas with increased
muscle tone to control the forward and backward movement of fluids and solids. Contraction is

followed by relaxation followed by contraction as part of the peristaltic sequence.

Fig 2.18 shows that the gastrointestinal tract consists of a series of hollow tubes and

compartments. Peristaltic fluid occurs in digestive organ in a human body.

i P Relaxation
3 / Crest \\\ /// { g
/ Y / \
/ \ / \
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e ¢ ) . 2
et e
B Trough
—— e
N N
/ \ :
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Figure 2.18 Movement of fluid by contraction and relaxation sequence
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2.2.3 Reynolds number

In peristaltic flow calculations and modelling, the Reynolds number is one of the most important
parameters used and the effect of the Reynolds number in peristaltic flow has been widely
studied. A wide range of the Reynolds number is often implemented in order to prove its effect

on the peristaltic flow when undergoing changes in temperature.

In general, the Reynolds number is defined as

pv,L _v.L _ Inertial force

Reynolds number = -
7 v Viscous force

e v, - mean fluid velocity,

e [ - characteristic length (equal to diameter (2r) if a cross-section is circular),
e 1 - dynamic fluid viscosity,

e v - kinematic fluid viscosity: v=p/ p,

e p - fluid density

In fluid mechanics, the Reynolds number is the ratio of inertial forces (v,p)to viscous forces

(/L) and is used to determine whether a flow will be laminar or turbulent. It is the most

important dimensionless number in fluid dynamics and provides a criterion to determine

dynamic similitude.

At low Reynolds numbers, laminar flow exists where viscous forces are dominant and are
classified by smooth, constant fluid motion. The opposite to this is when turbulent flow occurs at
high Reynolds number because inertial forces dominate, producing random eddies, vortices and

other flow fluctuations.

The transition between laminar and turbulent flow is often indicated by a critical Reynolds

number Re_, which depends on the exact flow configuration and must be determined

experimentally.
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For fluid flow over a flat plate, the characteristic length is the length of the plate and the
characteristic velocity is the free stream velocity. In a boundary layer over a flat plate the local
regime of the flow is determined by the Reynolds number based on the distance measured from
the leading edge of the plate. In this case, the transition to turbulent flow occurs at a Reynolds

number of the order of 10> or 10°.

In peristaltic flow, the Reynolds number is defined as Re = (ﬁg]a and should be noted the
v

different notation to the previous definition above. This Reynolds number is the correct ratio of
inertial to viscous term when inertial effects are relatively small. This definition was described

by Shapiro et al [18].
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2.2.4 Definition of periodic waves

A periodic wave has situations in which wave iterated at regular intervals is used in this work.
The period is the time between successive cycles of a repeating sequence of events. Many
numerical studies use periodic waves in order to define applications. The length scale,

wavelength, the time scale and period are used to characterise a periodic wave.

i
H
lH (Z.t)
=Z
Figure 2.19 An example of periodic waves
o 27, )
H(Z,t)=h—-¢gcos A (Z —ct) 02)

o
The term ("—f—) is simply called as the wave number determining the scale of the wave and the

amplitude, ¢ , represents the magnitude of maximum value (and minimum) of the position of the

wall relative to the mean position.
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2.2.5 Governing equations

The peristaltic model is in the form of the sine curve which is described in periodic waves. Fluid
motion is governed by the equations of continuity (mass conservation), conservation of

momentum and balance of energy equation. The fluid is a temperature dependant power-law

type.

These equations in this thesis are used under these specific circumstances: steady, axi-symmetric

and incompressible.

2.2.5.1 Power-law fluid

A power-law fluid is a fluid for which the shear stress is a function of shear rate at the particular

time, but not dependent upon the history of deformation.

T :K,uoe(a‘T) % _Qv_ ”

~ 23
N o]

where:

K is the flow consistency index
n is power-law index

r is the radial coordinate in wave frame
z is the axial coordinate in wave frame
u is the axial velocity

v is the radial velocity

ou Ov.
— +—1s the shear rate
r Oz
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T is temperature.

Lo s the zero shear rate viscosity ( Kg/(m- s)).

a,(°c™) is a coefficient.

The quantity

wnlou o™ (ou ov du v
N—t+—| X| T+ [DT=U,pX| —+—
or Oz or oz or 0Oz

(2.4)

T=Kue

ou ov]"
—+

- (a,T) e
H = Kuge o oo (2.5)

represents an apparent or effective viscosity that is a function of the shear rate.

If n were to be less than one, the power-law predicts that the effective viscosity would decrease
with an increasing shear rate, requiring a fluid with infinite viscosity at rest and zero viscosity as
the shear rate approaches infinity. It is named as a shear-thinning fluid that has a lower apparent

viscosity at higher shear rates.

If n is equal to 1, the power-law predicts that its shear rate or strain curve is linear and its
constant of proportionality would be known as the viscosity. The shear stress is directly
proportional to the shear rate. Water is considered to be Newtonian, because it continues to

exemplify fluid properties no matter how fast it is stirred or mixed.

If n 1s larger than 1, it is called a shear-thickening fluids as apparent viscosity increase at higher

shear rates. Shear-thickening fluids are rarely encountered.

o
1

(V3]

—
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It is known that temperature affects the viscosity of a fluid. Therefore, the effective viscosity
(2.5) of the fluid will be needed to be considered to demonstrate the effect of temperature on

peristaltic flow.

A power-law module (2.7) for fluid viscosity is used with an exponential dependence on

temperature for non-isothermal flow.

T =Viscosity x Shear rate

olou v du  ov

T =Ku e +- (—+—)
ol x| o & 26)
ou ov|"
. . — K (aiT) o o
Viscosity Hqo€ [ o 62} (2.7)
ou ov.
shear rate = (— +—) o8

or Oz
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2.2.5.2) Conservation of mass

See Appendix part 1.

\ r /
\
e :
/ \
/

Figure 2.20 Cylindrical Coordinate for equations below

The form of the Continuity equation in an incompressible flow is

e op " 7 DO Bz =0 in Cylindrical coordinates (2.9)

It represents that conservation law by equating a net flux over a surface with a loss or gain of

material within the surface and stats conservation of mass.
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2.2.5.3) Conservation of momentum.

See Appendix part 2.

I - component

j+ rg,

vie | ov oP (10 10t,, 1, Or,
+v. —l( P Yt~ - s
) or \ror r ol r oz

(2.10)

6 - component

r 06

= reT
¥ -OF

p(@vo v, +&,_6v9 AT 6\)0): 18P (] i( 2 r9)+16r06+6r&

+v
r 06 Oz

n e
o "or roe r S Oz j dad

(2.11)

/

z — component

) z

+p —= v
o0 "or r o008 oz

(av, ov, v, 0v, szj oP (1 0 Tt 0.
p| —= +-—=4 + ‘
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2.2.5.4) Balance of energy

An energy balance equation is the direct result of the momentum balance equation. An energy
balance is a systematic explanation of energy flows and transformations in a system, based on

the first law of thermodynamics.

In an incompressible flow, density (p) is constant. The balance of energy is defined by

C P o B =k|— + +
o T e T 50 TV e P PR e

(av ) 1(6v9 ) ’ (fiv,)z
+2u L + | — + v, + -
or r\ 060 0z
L’av(, 1 av_jz (6v, 8\2,]2 1 ov, 0 (ve) ’
+ + Lok + | — +r
oz r 06 or 0z ) r 06 or \_r

T 8T v, 0T or {1 0, 0T 1 8%T aZT]

(2.13)

Where,

o is the fluid density
® 4 is dynamic viscosity

e (, isspecific heat

k is thermal conductivity

e T is temperature.
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2.2.5.5) Boundary conditions-general consideration

The boundary is utilized to create the peristalsis motion in order to investigate peristaltic flow
with the thermal effect in this work. The flow problem at hand is shown graphically in Figure 2.1.
The flow in the channel is unsteady by a moving boundary in the fixed coordinate frame (Z,R)

(the laboratory frame).

Rl Z.U

Figure 2.21 Configuration of peristaltic flow in two-dimensional axi-symmetric tube

Figure 2.21 shows the propagation of an infinite sine curve wave which travels along the walls of
an axi-symmetric channel. Equation 2.17 would define peristaltic moving boundary according to

the periodic wave. In the time-dependent laboratory frame

H(Zt)=h-¢ cos(gf)(Z ~cf) (2.14)

Where

e tisthe time.

e his the mean distance of the wall from the symmetric axis (m).
e ¢ is the wave amplitude (m).

e ) is the wavelength (m).

e cis the wave speed (m/s).
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In the fixed coordinates (Z,R) (the laboratory frame ) the flow in the channel is unsteady with a
moving boundary as explained above. However, in this work, a new reference frame (z,r) that
moves with the wave will be used. This is wave frame. The following transformation formulas

relating the two reference frames are
z=Z-ct, r=R,u=U-c,v=V (Transformation formula) (2.15)

In this new reference frame (z,r), the wave frame, the flow will be then steady and travels in the
negative z-direction at inlet; the boundary will also be time independent (Xiao et al [23] and

Takabatake et al [19])

Here (U, V) and (u,v) identify the velocity component in the laboratory and the wave frame

respectively.

The fluid is subjected to a boundary condition formed by the motion of the flexible walls.

However, the boundary will be steady, in a non time dependent status.

In the wave frame (now time-independent), the shape of peristaltic wall (» =7(z)) can be

represented by :

21z
n(z):lr—gcosfz— (2.16)

Horizontal displacement in the laboratory frame is assumed as zero and the fluid velocity

components on the wall are

on(z)

U=-c, v=
0z

2.17)

Therefore, the boundary conditions on » =1(z) for the fluid is derived as
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At the centre line : axi-symmetric conditions are imposed.
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3.1 Introduction

Computation Fluid Dynamics (CFD), utilised in this research is a computation tool for
simulating fluid dynamics. An isothermal flow model was produced using CFD to replicate
previous studies to demonstrate the validity of CFD applications in chapter 4. A non-isothermal
flow model will then be utilised to investigate the effect of temperature on peristaltic flow in

chapter 5.

This chapter introduces the commercial software package CFD-ACE from the ESI group and its
model. The solutions with residual reduction of 4 orders of magnitude and those with residual
reduction of 5 orders of magnitude are compared to show the validation of 4-order convergence.
The model representing an axi-symmetric steady flow fluid in the wave frame and its boundary

conditions imposed at inlet, wall, outlet and axis of symmetry are presented.

In order to obtain accurate data from CFD, grid convergence is used to help ensure that the
solutions are valid. The newly generated model was simulated repeatedly with different numbers
of grid points in both cases of isothermal and non-isothermal flow. This process is essential to

identify an appropriate quantity of grid points in the model.

08
1
[\
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3.2 Computation Fluid Dynamics (CFD)

Computational Fluid Dynamics, or CFD, uses the commercial software package CFD-ACE from
the ESI Group to model the flow of fluids through a processing facility. The package is quite
well known, and its validity is assumed to have been adequate. In addition, results from some
isothermal cases of this study will be compared with previous work from the literature for
validity in chapter 4. The numerical scheme is the Finite Volume Method, and the coupled
system of the governing equations is solved iteratively for the two velocity components,

temperature and pressure.

4-order convergence is adapted (iteration residuals decrease by 4 orders of magnitude). This is
deemed adequate; a comparison of the solutions with residual reduction of 4 orders of magnitude
and those with residual reduction of 5 orders of magnitude shows very small difference. Table
3.1 below shows that there are very small changes between results from 4-order convergence and

5-order convergence.

Table 3.1 Comparison of changes in axial velocity and pressure drop with different numbers of

order convergence.

a =025 ¢=05, a =-0.034 °C"" (Non-isothermal flow)

Residual decrease

by 3-orders of magnitude | by 4-orders of magnitude | by 5-orders of magnitude

AP (Pa) | 26.916 26.760 26.707

u (m/s) | -0.224295 -0.224214 -0.224208

* AP (Pa) per wavelength, u (m/s) at located in 6.5 wavelengths from inlet on the centre line

3-3
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3.2.1 Modelling

Figure 3.1 Computational model of the peristaltic flow.

The model represents an axi-symmetric steady flow fluid in the wave frame, consisting of 12

cycles of peristaltic waves. Key dimensions of the flow field are shown in Figure 3.2.
The boundary conditions in the wave frame are follows:

* At inlet AB: uniform negative axial velocity u = -c; zero radial velocity v = 0; uniform
temperature T = 30°C . This gives a zero flow rate in the laboratory frame. The exception
is in section 5.2.1.2 where a non-zero flow rate in the laboratory wave is prescribed; then
a non uniform u-profile will be imposed at the inlet.

¢ Along the wall: constant negative axial velocity u = -c; radial velocity is prescribed as

function of z, v=— giricsin _217? (see (2.20)); uniform temperature T =30°C .

e At outlet OD: uniform pressure P = 0 (Pa) and temperature are imposed , namely P=0
(gauge) and T = 30°C . However, the thermal condition here applies only on those
sections of the boundary where there is inflow; if there is outflow, the constant

temperature condition will be ignored, and the software calculates the temperature

instead.
. . . .. . ou oT
e At the centre line: axi-symmetric conditions are imposed , namely o = O,~a—- = 0and
s r
iy
or
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All results in this thesis are from the middle part of the flow domain (around section number 7).
Periodicity has been obtained in this middle part of the flow domain; in other words, flow pattern

is no longer affected by the velocity profile imposed at the inlet.

A geometry in CFD software package designed as a form of a sine curve is built corresponding

to valuesof a, ¢.

A=0.02

¥

- - - - - 5 i z

Figure 3.2 Dimension for the geometry (unit: m ): & =0.25,¢ =0.5.

Figure 3.2 shows the dimensions for the geometry utilised in this research.

In chapter 4, the comparison with isothermal results from the literature is presented. The
amplitude ratio ¢ and wave number a are varied but the flow rate (in the laboratory frame) is

kept constant at zero.

The flow velocity imposed at the inlet is obtained from the desired value of the Reynolds number

(Re = (ﬁvf}a ).

3-5
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3.2.2 CFD-ACE applications

For the implementation of a model simulating peristaltic flow with power-law fluid, two
modules, Flow and Heat transfer are selected and used. Mathematical equations are used in those
modules in order to solve problems. A Flow module is used for solving any fluid flow problems,
pressure field calculations and mass flow calculations. It provides detailed information about the
flow field such as vector plots, used to depict the magnitude and direction of the flow velocity.

Streamlines traces can also be provided.

3.2.2.1 Flow module

The flow module is a main module which is used in most simulations. The solution of the
velocity field by solving for the z, r and & momentum equations in cylindrical Coordinate and
pressure field by solving the pressure correction equation will be obtained by activating the flow
module. Conservation of mass is implemented by the time rate of change of mass in a control

volume.

3.2.2.2 Heat transfer module

Heat transfer analysis is performed by the heat transfer module which is an integral part of the
CFD-ACE-Solver. This module is used for all situations where heat transfer processes may
affect a significant impact on the final solution. Activating the heat transfer module implies the

solution of the total enthalpy form of the energy equation.

1) Thermal Field Calculations

The heat transfer module is often used for determining the thermal field within a given
geometry. The energy equation (total enthalpy) can be used to determine the heat transfer

characteristics of system by solving in the heat transfer module.
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Two types of wall boundary conditions are available for the heat transfer module. The first
1s for the boundary condition itself and the second is the ability to add a heat source to the

cells adjacent to the wall boundary condition.

For the wall boundary condition, the heat transfer modules need to know the method to set the
heat flux for each cell face on the boundary condition patch. There are various methods to
specify the information and six methods are available. In this work, only the isothermal
condition (constant temperature) and axi-symmetric condition (on the axis of symmetry) will be

used.
3.2.2.3 Control Panel

All of the model’s physical and numerical settings are made through this panel. The control
panel consists of various panels such as problem type (PT), model option (MO), volume
condition (VC) and boundary condition (BC). The control panel is designed to provide an
environment for problem setup and this chapter will only show the information that is pertinent

to the current simulation. Two significant panels within the control panel will be introduced.

1) Volume Condition (VC)

The volume condition panel is to set the material properties and source terms on a volume-
by-volume basis. For this study, a 2D grid system is used with every structured face as a
separate volume condition. Volume conditions must be activated before volume conditions

are set.

~ N A

f,

l , f

Figure 3.3 Example of structured face and an activated volume condition (red)
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Fluid properties are set in this panel. Fluid properties have been selected corresponding to
oil fluid properties which are adopted from Frene [7]. The properties are assumed as

following.

Density p =860kg/nm’
Specific heat capacity ¢=2000 J/(Kg-°C)
Thermal conductivity k=0.13W /(m-°C)

Dynamic viscosity 1=0.0397 Kg/(m-s)
(a) [ Densty _
. — Constant }
Rho j860 kgim™3
(b) — Specific Heat
~4 Constant A ' |
Cp {2000 Ifkg-darC
(c) — Thermal Conductivity
=4 Constant I
K 0.13 Wjm-dgrC

Figure 3.4 Input for density (a), specific heat capacity (b) and thermal conductivity (c)

In this work, the value of the Reynolds number is defined in the condition of Newtonian

(n=1) and isothermal flow (g, =0 el

3-8
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— Viscosity

-4 Power Law }

Mug 10.11 kgfm-s

a1 |-0.034

a2 |o

Figure 3.5 Example of inputs for viscosity properties (where Mu0 is the zero shear rate viscosity

(Hy), N is power-law index (n), K is the flow consistency index, Al is exponential coefficient of

temperature dependent viscosity (g, ) and A2, A3,A4 and B are set as zero in this work.

2) Boundary Condition (BC)

The inlet subtype allows specifying the velocity direction, temperature, pressure and the
total mass flow rate to be applied over the entire boundary patch. The computational
boundary conditions are set in this panel. In this research, every structured edge is a

separate boundary condition.

When the boundary condition (BC) is selected, the boundary condition panel containing

BC Type and BC Setting appears.

3-9
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Settings

Figure 3.6 Illustration of BC type and BC settings inputs (in CFD-ACE terminology, X-direction

and Y -direction are the axial (z) and radial (r) direction respectively in this work)

In the Figure 3.6, the type of boundary condition is determined in the BC type section. In
this work, four types of boundary conditions, inlet, outlet, wall and symmetry were
selected. In the boundary settings, values of velocity, pressure and temperature etc can be

specified.

Title Evaluation Method

Variable Name Value Units

Figure 3.7 Boundary value regions (in CFD-ACE terminology, X-direction is the axial direction, z
in this work)
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Figure 3.7 shows the regions for applying boundary values. All of the boundary value
regions contain a title that describes the boundary value. The constant option and the
parametric option can be selected in evaluation method and the constant option ensures
that every boundary face on the boundary condition patch will have the same constant

values specified.

For applying equations of the boundary condition (2.20) for the wall, the parametric input
panel will be utilized. The parametric input panel is to enter values for parameters which
are utilized in several inputs for specification of variables such as sine, cosine, tan, time

and coordinates etc.

* Parametric Input - =loi xi

(-2%3.141593*0.0025*. ..

a4
Delete

ik

fv_2 J(-2*3.141593*0.0025*0.

siv | cos | 1an | atan] sortl

s | acos| exe | aes | prir|

x| v| z] m] el

xo | vo| zo0 | mer| 1570

xoo | voo| zoo | ster| user]

Figure 3.8 Input for the parametric input panel
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Examples of boundary settings for inlet, outlet, wall and symmetry are shown in the Figure

3.9,
(a)

S

-

s

i

.
=

.
=

o
G

-

(b)

(©)

(d)

Figure 3.9 Inputs for (a) Inlet, (b) Outlet, (¢) Wall and (d) Symmetry (in CFD-ACE terminology,
X-direction and Y-direction are the axial (z) and radial (r) direction respectively in this work)

3-12



Chapter 3. Methodology

3.2.2.4 CFD-VIEW

CFD-VIEW is part of a suite of CFDRC (CFD Research Corporation) computer program that
analyses computational fluid dynamics (CFD). One of the challenges in computational modelling
is that each simulation generates a large volume of data that must be reduced to extract useful
information that can be applied to engineering problems. To aid in the data reduction process,

CFD-VIEW is the 3 D graphical post-processor.

Figure 3.10 Window of CFD-VIEW

CFD-View supports the data format, the Data Transfer Facility (DTF) that is generated in CFD-
ACE. DTF is a database mechanism that merges all of the codes in the CFD-ACE environment,

including CFD-VIEW. The DTF allows simulation and problem data to be placed in a single file.
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3.2.2.5 CFD-GEOM

CFD-GEOM is a comprehensive interactive geometry and grid generation system for
computational fluid dynamics analysis. CFD-GEOM offers a fully integrated Non-Uniform
Rational B-Spline (NURBS) geometry engine with multi-block structured, multi-domain
unstructured, and multi-element hybrid grid systems. CFD-GEOM is designed for fast intuitive

geometry and grid creation.

3.3 Grid Convergence.

This process, grid convergence, is essential for identifying appropriate quantity of grid points in
a model in CFD. Grid points are utilised in generating meshes in a model. A best model will be

obtained from this process.

Figure 3.11 Grid points and meshes in a CFD model.

A various number of grid points are applied onto the models. Theses models are simulated with
the same volume conditions, boundary conditions and geometry. Then pressure change per

wavelength and velocity are collected in every model.
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9 — —P— = —— — = Z
Point 2 Point 3 Point 1

Figure 3.12 Arrangement of points to measure pressure change and velocity

Two points (1 and 2) are placed at each end of a cycle in order to obtain a value of pressure
change. Point 3 is placed in order to obtain a value of the velocity at the centre axis of the crest
section. The values of pressure change and velocity in each model are compared to ascertain grid

convergence.
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Grid Convergence in isothermal flow

350
= 300
a
= 250
[®)]
| o=
Q@
© 200
>
g
Z 150
)
o
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| -
©
o 50
fee |
w
[72]
o 0
o

64 100 144 196 256 324 400 484
The number of Grid points applied per wavelength

Figure 3.13 Comparison of pressure drop (Pa) per wavelength with the number of grids applied in a wave

cycle (for Newtonian and isothermal flow; Re=1)

Figure 3.13 shows the comparison of pressure drop (Pa) per wavelength in conditions of
Newtonian and isothermal flow. The pressure drop remains nearly constant in range of 324 — 484

of grids.
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Grid convergence in isothermal flow
0.06

0.058
0.056

0.054

Axial velocity (m/s)

0.052

0.06

0.048

64 100 144 196 256 324 400 484
The number of grid points applied per wavelength

Figure 3.14 Comparison of axial velocity (m/s) at point 3 of Figure 3.12 with the number of grids applied
in a wave cycle (for Newtonian fluid and isothermal flow; Re=1)

As it can be seen in Figure 3.14, the velocity profile stays almost unchanged with 400 or more
grid points used. It is revealed that the model with 400 or 484 grids is adequate to produce

appropriate results in these conditions, Newtonian fluid and isothermal flow.

3-17



Chapter 3. Methodology

Grid convergence in non-isothermal flow

Pressure drop per wavelength (Pa)

64 100 144 196 256 324
The number of grid points applied per wavelength

Figure 3.15 Comparison of pressure drop (Pa) per wavelength with the number of grids applied in a wave

cycle (for Newtonian fluid and non-isothermal flow; Re=1)

In Figure 3.15, the pressure drop profile decreases significantly in the range of grids between 64
and 196. However, pressure drop is converged at approximately 24 (Pa) in the range of grids

between 256 and 324.
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Grid convergence in non-isothermal flow

0

-0.05
0
E

> -0.1
o
o

2 015
S
x
<

-0.2

-0.25

The number of grid points applied per wavelength

Figure 3.16 Comparison of velocity (m/s) at point 3 of Figure 3.12 with the number of grids applied in a

wave cycle (for Newtonian fluid and non-isothermal flow; Re=1)

The velocity profile stays virtually unchanged in the range of grids between 256 and 324. An
appropriate model is built by applying 324 grid points per a wave cycle in these conditions,

Newtonian fluid and non-isothermal flow.

Temperature change per wave cycle in the condition of non-isothermal flow is to be insignificant
in this study. However, the pressure drop per wave cycle and velocity are affected by the effect
of temperature. It is revealed that even though temperature was not itself changed significantly

but it still affects the other factors.
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4.1 Introduction

Peristaltic flow has been previously investigated and the study of peristaltic flow has been
developed during the past few decades. The initial step in this study is to produce an isothermal
flow model that is comparable to this previous work. This will provide a benchmark that future
results can be compared to. The results shown in this chapter give comparison between these

previous works and the newly generated computational model.

The following discusses various flow properties and how they compare with previous works.

These include velocity profiles, streamline patterns and the Reynolds number.

4.2 The max and min axial velocity in simulation results

A CFD model was produced with an axi-symmetric tube using variables of

a =0.01, Re=0.01 and varying amplitude ratio (¢ ). This was done in order to provide a

comparison with data produced by Shapiro et al [18] and Xiao et al [23]. The following section

demonstrates the similarities of maximum and minimum velocities.
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4.2.1 Results

Comparison of maximum and minimum velocity

2
Result of Xiao et al [23]
1 4
0 - = - v
N, 02 0.4 06 a3
4 ‘\Q Amplitude ratio (¢ )
Y
Ulc \
T .2 A"
'y
X\
3. N\ — —— —Analytical results
A (Ufc)min

' Analytical results

"y ® (Ulcjmax
\ & Caloulation
\\ results (Uicmin
-5
1 ® Calcuiation
\ results {Licimax

-5 )y

Figure 4.1 The comparison of the max and min axial velocity in simulation result with ¢=0.01 and the
Reynolds number = 0.01 from the results of Xiao et al [23] and of Shapiro et al [9] (m and &, compute
results of Xiao, lines (solid and dashed) from Shapiro, as presented in Xiao’ work, O from this

work).

For verifying the mechanism, a few standard tests are simulated. An initial test is set at the

Reynolds number =0.01 and wave number (a¢=0.01) with various values of amplitude ratio.

The new computational models was generated with o =0.01 verse ¢ =0.2, 0.4 and 0.6. The wave
speed ( ¢ ) was defined by the Reynolds number with mean distance (h) and kinematic viscosity

(v ) and wave number.
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Here h =0.0004167 m
v =0.000127906 m* /s ( when a, is uniform as 0 )
¢ =-0.307 m/s ( for the Reynolds number = 0.01 )

Results of Xiao et al [23] Present work |Relative difference [%]

Maximum Velocity (U/c)

o =0.01 ¢=0.2 0.66 0.64 3.03 %
$=04 0.92 0.94 2.17 %
9=0.6 1.27 1.31 3.15%

Minimum Velocity (U/c)

a =0.01 ¢9=0.2 -0.96 -0.94 2.08 %

$=04 -3.91 -3.45 11.76 %

Table 4.1 Comparison of Xiao’s results (maximum and minimum velocity) and the present work

for Re = 0.01 and Q/nfch2 =0 ( Q/nch® = the dimensionless time-average flow rate for axi-

symmetric flow)

For maximum velocity, the present computational model produced 0.65, 0.94 and 1.31 at
amplitude ratio 0.2, 0.4 and 0.6 respectively and minimum velocity were obtained as -0.94 and -

3.45 at amplitude ratio 0.2 and 0.4 respectively.

To compare the present work with the result of Xiao et al [23], approximate values of maximum

and minimum velocities at the result of Xiao et al [23] were required.

As the result of Xiao et al [23] for maximum axial velocity in Figure 4.1 was enlarged, the

corresponding results produced by Xiao et al [23] at ¢ =0.2, 0.4 and 0.6 can be read off to be
0.66, 0.92 and 1.27 respectively. (On the other hand, we obtained 0.65, 0.94 and 1.31 at ¢ =0.2,

0.4 and 0.6 respectively)

With enlarging the results of Xiao et al [23] for minimum axial velocity in Figure 4.1, the

corresponding results can be read off to be -0.96 and -3.91 at ¢ =0.2 and 0.4 respectively.

(whereas here we obtained -0.94 and -3.45)
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[t can be seen clearly that the results produced by the new computational model are comparable
with the results produced by Xiao et al [23] and Shapiro et al [18]. The maximum and minimum

velocities show identical trends and magnitudes.

The effect of the Reynolds number on the dimensionless velocity (% )

max

@__« Re=0.01-0.1
=
1 .,tﬁs;f : . :
I &2 B 05 a3
Amplitude ratio (¢ )
% \
(U/c)Max \  Re=1.0
\

B Analytical resulis of
Shapiro [18]

Figure 4.2 The effect of the Reynolds number on the maximum U velocity (U/c) of axis for o =0.01,

Q/ mch® = 0 and different values of amplitude ratio from the results of Xiao et al [23] ( (Othe results

from this work).

The effect of the Reynolds number is considered. Xiao et al [23] proved the effect of the

Reynolds number with for a =0.01 and different values of amplitude ratio as Figure 4.2.
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As the flow and boundary conditions are considered, the maximum axial velocity (U/c) at

¢ =0.2 and ¢ = 0.4 with Re=0.1 is obtained as the value of 0.652 and 0.945.

Results of Xiao et al [23] | Present work | Relative difference [%]

Maximum Velocity (U/c)

a =0.01 ¢=0.2 0.66 0.65 1.52 %

¢=0.4 0.92 0.95 3.26 %

Table 4.2 Comparison of Xiao’s results and the present work for a =0.01 verse ¢ =0.2, 0.4 and

0.6 with Reynolds number = 0.1 and 7 =0

With enlarging Figure 4.2, the corresponding result from Xiao et al [23] at ¢ =0.2 and 0.4 can be
read off to be 0.66 and 0.92 respectively, whereas here we obtained 0.652 and 0.945. The

agreement is therefore good.

The Figure 4.2 and the results from this work show a fairly good agreement with the numerical

results of Xiao et al [23], corresponding to a = 0.01, zero flow rate.
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4.3 The effect of the Reynolds number on the streamline pattern

The next step was to compare the effect of the Reynolds number on a model corresponding

tog =0.7, & =0.01. The Reynolds number is defined as Re = (—C—h—)a ( Shapiro et al [16] ). It
A%

represents the ratio of inertial and viscous terms when peristalsis acts as a pump.

Streamlines are plotted with different value of the Reynolds number in order to compare the

results of Xiao et al [23].
The results obtained are compared with the results of Takabatake et al [20] and Xiao et al [23].

This is a standard test problem simulated for the effect of the Reynolds number on the streamline

patterns in the wave frame.
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4.3.1 Results

The comparison of numerical results

Results of Xiao et al [23] ( Wave Frame ) Present work

Re =0.01

Re =10

Figure 4.3 The comparison of the effect of the Reynolds number on the streamline patterns in the wave

frame for & =0.01, ¢ = 0.7 and Q/JZZ‘h2 =0

With the Reynolds number at 0.01, both results have a circulation at the middle of crest. The
arrangement of streamlines in the upper side of circulation is denser in both results. However, in
the present work, a circulation stays higher and is wider in comparison with the result of Xiao et
al [23]. It can be explained that a less quantity of mesh was possibly utilised in the results of

Xiao because the streamline in the results of Xiao is angular.
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With the Reynolds number at 10, new circulation occurs on the top of the crest section and is
squeezed from the wall and the other circulation at the bottom. The two circulations are created
and pressed on to the left side of wall.

Figure 4.3 demonstrates a good comparison between the new computational model and previous
data. It suggests that in the case of changing the Reynolds number the results from the new

model is supported.
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4.4 The effect of the Reynolds number on the streamline patterns for th =0.6
e

In the paper, ‘Peristaltic pumping in circular cylindrical tubes: a numerical study of fluid
transport and its efficiency’ J. Fluid Mech [9], the trapping phenomenon is described with a wide
range of the Reynolds numbers. Trapping phenomenon was theoretically studied by Jaffrin et al
[14] in a two-dimensional channel flow. Takabatake and Mori [20] studied the flow pattern when

the trapping occurred at finite Reynolds numbers. The dimensionless time-average flow rate

(—%2-) for axi-symmetric flow was defined in their paper where Qis the time-mean rate of
c

volume flow. This indicates the dimensionless mean-volume flow per unit area.

2

nch

The next model that will be produced shall incorporate this new form of inlet boundary condition.

It shall display a variable inlet flow. A comparison shall be made with this new model.
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4.4.1 Modification of Inlet condition for the case of th =0.6
e

To apply a same condition ( = 0.6) into CFD-ACE, the parametric option in CFD-ACE on
e

o

the inlet is used.

Firstly, the flow rate, q in wave frame is identified.

The rate of fluid flow in the laboratory frame is given by (Hayat et al [4]),

Q= EU(Z,RJ)G'Y (4.1)

Where h is the position of the channel wall,

The rate of fluid flow in the wave frame is given by
q= |u(z,r)dy (4.2)

With the help of Transformation formula (2.16), the rate of fluid flow in the laboratory frame for

the 2-dimensional model will be

Q=qg+ch (4.3)

The dimensionless time-average flow rate 7, in the laboratory fame for axi-symmetric channel is

defined as follows (from Xiao et al [23])

0 q 2
= +(14+0.5x% ;
mhc ch’n ( %) (4.4)
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Figure 4.4 The flow rate q and u profile

The flow rate g is shown in the Figure 4.4. The flow rate q will be utilised as follows :

;hgz—c: chqzrc +(1+0.5¢%) (4.5)

9 _ 2 (140547 (4.6)

~

mhc mh'c

-
[

T'o apply same applications into the inlet, the value of q is needed. The value of —=—is indicated

n-c

as 0.6 and the amplitude ratio is 0.7 in this case.

Therefore,

hqz =0.60—(1+0.5%0.7>) = g = —0.645x 7 x0.041667> x3 when /= 0.041667m,c=3m/s
mn cC

( Condition for boundary )

q=-0011m/ (4.7)
As it can be seen in Figure 4.4, a velocity profile varies in a quadratic across the inlet area. It will

be expressed as follows
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u=ar’ +b (4.8)
When r = 0, u would be Fc (Referred to Figure 4.4)
b=Fc . u=ar*+Fc

When r =h, u would be ¢

c=ah’*+ Fc

) c—Fc
e =

(4.9)

In this occasion, h and ¢ is given by 0.041667 mand cis - 3 m/srespectively.(cis a condition

for inlet) Therefore, the invariable a will be defined as a =1727.97(1- F).

The u profile varies in a quadratic. The flow rate q will be obtained from the following equation.

g= me’u dr (4.10)
q= ﬁ [10857.17(F -Dr’ ~-18,85Fr]a’r (4.11)

E"l 0.041667
q :L210857.]7(F~1)r4 —18.85Fr2J 4.12)

0
1 , 18.85 )

g= 210857.17(F—1)0.O41667 —TF0.041667 (4.13)
As the value of q (4.6) implies to (4.12), the value of F will be obtained as follows
~0.011=[0.008181361(F ~1)—0.01636F|
F =0.3446
The formula of u velocity profile in inlet can be defined as below.
u=-1132.513*-1.0338 (4.14)
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When ¢ = —3m/s (Condition for inlet )

h=0.041667m

When the u velocity profile (4.14) is applied, the result of the dimensionless time-average flow

o

2

rate

is gained.
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4.4.2 Results

The comparison of numerical results

Results of Xiao et al [23] ( Wave Frame ) Present work

Re=2

Figure 4.5 The effect of the Reynolds number on the streamline patterns in the wave frame for

a=001,$=07, -2 =06

12

The effect of the Reynolds number (Re) on streamline patterns is shown in Figure 4.5. As Re
increases from | to 2, the trapping phenomenon, shown as enclosed streamlines, is seen to be
displaced downstream in the wave frame, here on the left side of the plot. This works results are

closing aligned with those of Xiao et al [23].
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4.5 Summary of isothermal flow

Maximum and minimum axial velocities are demonstrated in section 4.1. Streamline patterns
with the effect of the Reynolds number are presented in section 4.3. Finally in this section 4.4,
the dimensionless time-average flow rate is used and the streamline patterns are plotted. All
results from figure 4.1, 4.2, 43 and 4.5 suggest that the applications in CFD-ACE are
reasonable. Therefore, it is suggested that the boundary conditions, volume conditions and

calculations in CFD-ACE can be assumed to be reasonable results.
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5.1 Introduction

The purpose of the previous chapter was to create an isothermal CFD model that replicated
models from previous studies. This process enabled the creation of a benchmark by which
variables required in the modelling process could be verified. As the data proved comparable,
items such as boundary and volume conditions were identified. The newly created isothermal

models could now be utilised in non-isothermal applications.

Many variables are considered in order to study the effect of temperature on peristaltic flow in

this chapter.

1) The case for Newtonian fluid, with a wide range of Reynolds numbers, is used for
demonstrating the effect of temperature on peristaltic flow. Pressure drop, temperature

change and velocity profiles are used in investigating this effect.

2) The cases for non-Newtonian fluid, shear thinning and shear thickening fluids are
considered in investigating the effect of temperature. This fluid condition is determined
by the value of the power-law index (n). The power-law index (n) has a strong

relationship with shear rate in power-law fluid.

3) The effect of temperature is influenced by the exponential coefficient g, of viscosity.
Thus, the effect of g, on peristaltic flow in Newtonian fluids is investigated in this chapter.

Three different values of q, are utilised.

4) Numerical results for vorticity are obtained for Newtonian and non-Newtonian fluids.
Results were also obtained for isothermal and non-isothermal flow. Each of these figures
is compared in order to define the difference. Vorticity has a strong relationship with

viscosity that is affected by temperature.
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&)

New models were produced with changing a length of h to create different geometries.
(h: the mean distance of the wall from the symmetric axis). The isothermal flow model
firstly shows the effect of geometry upon peristaltic flow and the condition for non-
isothermal flow will be added on the isothermal flow model in order to show the effect of
temperature. The effect of temperature upon different geometries is investigated by
comparable results produced by the isothermal flow models. The temperature effect will

be shown in different geometries by streamline patterns, pressure drop and velocity.
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5.2 Effect of temperature in Newtonian flow for the case when

a=0.25, ¢ =0.50ver a wide range of Reynolds number

The effect of temperature on peristaltic flow is demonstrated for Newtonian fluid over a wide

range of Reynolds numbers (1-1000) whena =0.25, ¢ =0.5. Pressure drop, temperature change

and variations of velocity are shown to demonstrate this effect. Flow patterns will be presented
later, in the section dealing with power-law fluid. The dimensionless time-average flow rate in

non-isothermal flow are investigated in this section.

For isothermal flow, a, =0 °C™" is utilised to produce a result. There is a change in flow patterns

but without any change in viscosity. This is so because under the condition of isothermal flow,

viscosity would stay unchanged.

In the case of non-isothermal flow (g, = —0.034 °C™"), there is a change in flow patterns but with

change in viscosity because viscosity is expected to change in non-isothermal flow as can be

seen from Equation (2.7) below.

Pressure drop and temperature change are presented in Table 5.1 to show viscosity changes

under non-isothermal flow.

A power-law module (2.7) for fluid viscosity is used with an exponential dependence on

temperature for non-isothermal flow.

L] L n_]
Viscosity = Kﬂoea'rljmax(}’,?’o)} 2.7)

Where :
T : temperature (°C).
o 0.11 (kgm s ™.

n: power-law index is 1
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a,: the exponential coefficient of viscosity is -0.034 oc!

Two points are placed at each end side of the wave length as the inlet and outlet. The points 0
and 1 are placed along the central axis to measure pressure values. The other points, 2 and 3, are

placed on the wall to measure temperature change (Figure 5.1).

1
Point 2 Point 3
r
& ) S = & o Z
Point 0 Point 1

Figure 5.1 Arrangement of measurement points

Values of temperature change and pressure drop per wavelength (Table 5.1 and Figure 5.2)

demonstrate the viscosity change in peristaltic flow with non-isothermal flow.

The variations of velocity are shown in Figures 5.3 and 5.4 to present the effect of temperature

on axial velocity (% )

Where U : axial velocity in laboratory frame (”/s )

" m
¢ : wave speed ( A )
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5.2.1 Results

The effect of temperature on pressure drop and velocity variation in peristaltic flow

Isothermal flow

=025 ¢=0.5, a =0°C" Q/m:h2 =0

Re=1 Re=5 | Re=10 [ Re=50 | Re=100 [ Re=500 | Re=1000
AP=P,, ~P,, , (Pa)| 25512 |2133.7|6305.2 | 105884 | 388450 | 8771800 | 34320000
AT=T,, -T, (°C) [0.001 -0.004 [-0.008 | -0.044 |[-0.095 [-1314 [-3.191
Non-isothermal flow

a =025 ¢=05, a =-0.034 °C"’ Q/irchz =0

Re=1 Re=5 |[Re=10 [ Re=50 | Re=100 [Re=500 | Re=1000
AP =P, ~P,. , (Pa)| 26707 |617.67|2054.7 [ 61318 [245170 | 6127100 | 24508000
AT=T, . -T, (°C) |0 0 0 0 0 0 -0.001

Table 5.1 Pressure drop (AP ) and Temperature change (AT ) per wavelength along the flow direction

with Newtonian fluid

Table 5.1 shows temperature change and pressure drop in isothermal flow (a, = 0°C™") and non-

isothermal flow (a, =-0.034 °C") for a wide range of Reynolds numbers. This table shall

demonstrate viscosity change in non-isothermal flow.

With isothermal flow (a, = 0°C™), a value of temperature change is found for all values of the

Reynolds number and the value of temperature change increases as the Reynolds number
increases. The values of pressure drop are higher in comparison with the condition of non-

isothermal flow.
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However, with non-isothermal flow (a, =-0.034 °C_l), temperature change is not found in a

range of Reynolds numbers (1-500) then a small temperature change is found at Re = 1000. The

values of the pressure drop stays lower in comparison with isothermal flow.

The variation of pressure drop in isothermal and non-isothermal flow is plotted in Figure 5.2.

s Variation of Pressure drop
10° ¢ R RS-

IR

: L — — lsothermal flow A
10 3 Man isothermal flow

L 1atpul

10°

10k

Ll

AP (Pa)
o

Lol

vl

ol

“:] 1 i T T (R Il i i TOE 1R § X iz g A, TEn T

10" 10' 10° 10°

Feynolds number

Figure 5.2 Variation of Pressure drop when isothermal flow (q, :OOC"]) and non-isothermal flow

(a,=-0.034 °C")in a wide range of Reynolds number (AP over wavelength: A4=0.02m)

With isothermal flow (a, = 0°C™"), in Figure 5.2, the change in the pressure drop stays higher in

comparison with non-isothermal flow for all values of the Reynolds number because under the
condition of isothermal flow, viscosity is constant. Therefore, shear stress is higher at the region

adjacent to the wall in comparison with non-isothermal flow.

On the other hand, with non-isothermal flow (a, =—0.034°C*'), the change in the pressure is

lower because viscosity decreases by the action of viscous heating around the wall. Shear stress
decreases at the region adjacent to the wall with decreasing viscosity. Low wall shear stress

yields less resistance to the flow, that results in a lower pressure drop.
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It can be explained that temperature change is utilised to reduce viscosity under the condition of

non-isothermal flow. Therefore, as viscosity decreases, pressure drop decreases in this condition.

Figures 5.3 and 5.4 shows the effect of temperature on velocity on the crest and trough section
respectively. These figures will indicate how velocity will be changed in non-isothermal flow

model.

Figure 5.3 Velocity profile on the crest section in ¢, =0 e (left) anda, =-0.034 90 (right)

Figure 5.3 shows the variation of the velocity profile (the laboratory frame % ) along the

central axis at the crest section with Reynolds number (Re)= 1-100.

With isothermal flow, the velocity profiles vary at the cross section of the crest with Reynolds

number 1 — 100. As the Reynolds number increases, the velocity profiles change and the

maximum velocity becomes higher and moves to the wall ( % =1:5),

With non-isothermal flow, the velocity profiles become a similar profile of Re=100. As the
Reynolds number increases, the velocity profiles are unchanged and the maximum velocity stays

unchanged and does not move.
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Figure 5.4 Velocity profile on the trough section in ¢, =0 °C™! (left) and a, =—0.034 °C"" (right)
y I 1

In isothermal flow, as the Reynolds number increases, each model produces different velocity
profiles. An increase in the flow rate (c: the wave speed) yields an increase in the Reynolds

he . .
number, ( Re :(——ja). As increases occur in the Reynolds number, the flow patterns also
1%

change. This case shows the effect of the Reynolds number in isothermal flow.

On the other hand, in non-isothermal flow, as the Reynolds number increases, velocity profiles

stay virtually unchanged and the effect of the Reynolds number is not shown.

It can be concluded that temperature has influenced the flow property for viscosity and any

change 1n viscosity reduced the effect of Reynolds number on peristatic flow in the both crest

and trough section.
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The effect of temperature on the dimensionless time-average rate of volume flow

0/mc=05

Isothermal flow ' Non-isothermal flow

0 /e =06

Isothermal flow . Non-isothermal flow

- = A . ’ . . =5
Figure 5.5 Comparison of the streamline patterns with different value of 9/z#°c for the case

wheng, =0 °C™' (left) and @, = ~0.034 °C™" (right) in Re=10

The dimensionless time-average flow rate is one of the important parameters to control

peristaltic flow. In chapter 4, a model was produced demonstrating the dimensionless time-

average rate of volume flow Q/;zh%. In this section, the condition of non-isothermal flow (q, =-

0.034 °C™') is employed to show the effect of temperature on this model when Q/flhzc =0.5,0.6-

With isothermal flow (a, =0 °C™"), Figure 5.5 shows streamline patterns with different values of

dimensionless time-average rate of volume flow Q/zzh% for the case Re=10. The streamline
pattern is similar with the results of Takabatake et al [20] and Xiao et al [23]. As the value of
dimensionless time-average rate of volume flow Q/nhlc increases, the streamline pattern is

changed in the case of isothermal flow (@, =0°C™").
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With non-isothermal flow (a, =-0.034 °C™"), the streamline patterns is changed by the effect of
temperature. However, as the value of dimensionless time-average rate of volume flow increases,
the streamline patterns stay unchanged. A circulation is located at the middle of the crest and

seen to settle on the upper side of crest.

It is revealed that allowing for temperature effect (with a, =-0.034 °C™') significantly altered the
flow pattern in comparison with isothermal case. On the other hand, allowing for temperature
effect also reduces significantly (here, virtually removes) the dependence of the flow pattern on

flow rate.
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5.3 The effect of temperature on power-law fluids.

Hayat et al [5] studied peristaltic flow for power-law fluids in 2006. They used two dimensional
models which are formulated based upon the fundamental equations of mass conservation and

momentum.

In this present work, an axi-symmetric flow model of power-law type for non-isothermal and
non-Newtonian fluids is used. Thus, an additional balance-of-energy equation with the

constitutive equation for power-law fluids will be employed.

Isothermal situations will be considered while the power-law index (n) is varied to cover the

range of fluid property for shear thinning (# < 1), through Newtonian fluid ( n=1) to shear
thickening (7 > 1). This would show the influence on the items of interest like flow patterns and

pressure variation. Then the condition of non-isothermal flow is added on the models to show the

effect of temperature.
Figures 5.6, 5.7 and 5.8 show the effect of temperature on flow patterns with three values of the

power-law index (0.5, 1 and 2) for isothermal and non-isothermal conditions. The figures reveal

that temperature variations cause changes in viscosity as well as flow patterns.
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5.3.1 Results

The effect of temperature on streamline pattern in shear thinning fluid ( n=0.5)

Isothermal flow Non-isothermal flow

Re =1

Figure 5.6 Comparison of the variation of streamline in shear thinning fluid (in the wave frame) for the

case when a, =0 g (left) and a, =-0.034 ot (right) with Q/fl'ch2 =0

Figure 5.6 shows streamline patterns (in wave frame) in a shear thinning fluid for different

values of the Reynolds number.

In 1sothermal flow, as the Reynolds number increases from 1 to 10, the flow pattern is changed.

As the Reynolds number increases further from 10 to 100, the flow pattern is also changed but
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this further change is only a slight change. With the power-law index (n( 1), viscosity becomes

smaller as shear rate increases. The flow patterns stay unchanged when the Reynolds number is

high.
In non-isothermal flow, as the Reynolds number increases, flow patterns are virtually unchanged.

Viscosity stays lower because the condition of non-isothermal flow is employed. Low viscosity

effect leads to small change in flow patterns.
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The effect of temperature on streamline pattern in Newtonian fluid (n=1)

Isothermal flow Non-isothermal flow

Re=1

Re=1000 Re=1000
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Figure 5.7 Comparison of the variation of streamline in Newtonian fluid (in the wave frame) for the case

whena, =0 °C™' (left) anda, =-0.034 °C™" (right) with Q/mch2 =i
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In this case, for a Newtonian fluid, the effect of temperature is shown by streamline patterns
(wave frame) along a range of Reynolds numbers ( 1-1000 ). With isothermal flow, no
recirculation is presented at the low Reynolds number Re=1. As Re increases to 10, then to 100,
a recirculation region is seen to develop and grow. Furthermore, this recirculation moves
upstream against the flow direction (in wave frame). As Re increases further from 100 to 1000,
the side of the recirculation increases slightly but its location tends to settle at about the crest

section.

With non-isothermal case, on the other hand, the flow pattern does not change significantly as
the Reynolds number increases. Specifically, a recirculation develops very early at the low Re=1
but both the recirculation’s shape and location, which is at the crest section, stay virtually

unchanged as Re increases to the quite high value of 1000.
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The effect of temperature on streamline pattern in shear thickening fluid ( n=2)

Isothermal flow Non-isothermal flow

Re=1

Re =100

Figure 5.8 Comparison of the variation of streamline in shear thickening fluid (in the wave frame) for the

case whena, =0 et (left) and a, =-0.034 i (right) with Q/rwhz =0

Figure 5.8 show streamline patterns in a shear thickening fluid (n ) 1) for isothermal and non-

isothermal flow. Generally, under this condition of shear thickening fluid, an increase in flow
rates yields increases in the shear stress and viscosity is expected to increase by an increase in
the shear stress. Therefore, as the value of the Reynolds number (flow rate) increases, the also

viscosity increases.
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According to the definition of the Reynolds number, Re = (—}E)a , the Reynolds number can not
%

be changed because viscosity (v ) increases with an increase in a value of ¢ (the wave speed

)

With isothermal flow, as the Reynolds number increases, the flow pattern is unchanged. No

circulation is found for all values of the Reynolds number.

With non-isothermal flow, the flow pattern is changed with decreasing viscosity. A large
circulation is located at the middle of crest and smaller circulation is located and deformed to the
top of crest. However, as the Reynolds number increases, the flow patterns stay virtually

unchanged.

It is concluded that temperature change yields decreasing viscosity in non-isothermal flow.
However, as the Reynolds number increases, viscosity increases significantly. Therefore, the
flow patterns are not changed by the Reynolds number even if the effect of temperature yields

decrease in viscosity.
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Pressure drop and temperature change in power-law index (n) for isothermal and non-

isothermal flow

Pressure drop and temperature change are shown in Table 5.2 for the cases of non-Newtonian
and Newtonian fluids when Re=1. The Table 5.2 and Figure 5.9 show the change in the pressure

drop for power-law index (n) with the conditions of non-isothermal and isothermal flow.

n=0.5 n=1 n=2
a, =-0.034 oc! AP:PMU =Py 0 (Pa) 20.617 21.408 62.124
AT:TAoul—nln(oc) 0 0 0
— n=0.5 n=1l n=2
a,=0°C" AP=P,, ~P,,, ,(Pa) 41.612 255.124  24868.4
AT:T&,(}MI - TAIH(OC‘ ) 0 0001 0092

Table 5.2 Comparison of Pressure drop( AP ) and Temperature change (A7) along flow direction in

Newtonian and non-Newtonian fluid for the case of Re=1 with Q/n:chz =0

In the case for a shear thinning fluid, Ap 1s 20.617 Pa for a,=-0.034 °C" and 41.612 Pa for a, =0
°C™' The difference is 20.995 Pa.

In the case for a Newtonian fluid, Ap is 21.408 (Pa) for a,=-0.034 °C”" and 255.124 Pa fora, =0
°C"". The difference is 233.716 Pa.

In the case for a shear thickening fluid, Ap is 62.124 Pa for g, =-0.034 °C'and 24868.4 Pa

fora, =0 °C”'. The difference is 24806.276 Pa.

An increase in power-law index (n) yields an increase in the value of the pressure drop in both
isothermal and non-isothermal flow. However, with non-isothermal flow, the pressure drop
decreases with decreasing viscosity in these three cases (shear thinning, Newtonian and shear

thickening).

5-19



Chapter 5. Non isothermal flow

Temperature change is not shown in the case for shear thinning fluid (n (1) because in this

condition, shear stress could be significantly small so that this fluid property can not yield a

decrease in viscosity around the wall for isothermal and non-isothermal flow.

Therefore, the case for a shear thinning fluid has significantly similar values of the pressure drop
for isothermal and non-isothermal flow in comparison to the other cases, Newtonian and shear

thickening fluid.

x Change in Pressure drop along power law index (n)
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Power law index (n)

Figure 5.9 Change in Pressure drop (Pa) along Power-law index when Re=1 (AP Over Wavelength:
A=0.02m)

As Hayat et al [5] studied in 2006, AP per wavelength increases as the power-law index
increases in isothermal flow. It can be seen in Figure 5.9, that in an isothermal flow, as an the

power-law index increases, AP per wavelength also increases.

However, the change in the pressure drop against the power-law index is reduced by the effect of
temperature in non-isothermal flow. According to Figure 5.9, the slope for isothermal flow is
sharp but the slope for non-isothermal flow is gentle. Specially, with shear thickening fluid, the

pressure drop is dramatically reduced by the effect of temperature.
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5.4 The effect of exponential coefficient a4, of viscosity on peristaltic flow for

Newtonian fluid.

In the previous section, the effect of temperature on velocity field with Newtonian and non-

Newtonian fluids is investigated when a, = —0.034 °C™!. In this section, three different values (0 ,
-0.02 and -0.04 °C™") are utilised to investigate the influence of a, with a Newtonian fluid by

plotting streamline patterns, velocity profiles and the pressure drop..

The effective viscosity is defined as:

ou ov]"
aT
Hop = Kuye PRl @.7)

All terms are defined in previous chapters.

In the case of a Newtonian fluid (n=1), the effective viscosity (2.7) is reduced

,al gt TR P . .
to Hor = K,uo@ . The effective viscosity (2.7) would decrease with increase in absolute
values of a, as q, is negative in this work. This change in viscosity would be expected to change

the flow patterns.
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5.4.1 Results

Streamline patterns and velocity variations for different values of ¢, when Re=1

Wave frame

a,=-0.02 °C™ a, =-0.04 °C™!

Figure 5.10 Comparison of streamline in different values of @, =0 °C”' (Top), a, = ~0.02 °C™' (Left)

and a, =-0.04 °C”' ( Right ) with Re=1 and Q/]L’ch2 =0

Figure 5.10 presents streamline patterns produced by three different values of exponential

coefficient a, of viscosity.

As an absolute value of g, increases, a circulation develops with decreasing viscosity. The
isothermal flow ( a, :O°C’l) produces no circulation at the crest section. However, as an
absolute value of a, increases from 0 to -0.04 °C™! the circulation develops and the circulation
at the middle of crest grows. In the cases fora, =-0.02 °c! and a, =-0.04 °C"., the circulation
is shown at the middle of crest. This fact indicates an increase in an absolute value of a, yields

decrease in viscosity.
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Figure 5.11 and 5.12 shows the variation of the velocity profile along the dimensionless mean

distance ( %) of wall in the crest and trough section respectively. These velocity variations will

prove the effect of @, on velocity. The region where the effect of a, is strong can be indicated.

The variation of velocity profile in the crest section for Newtonian fluid

—e—al=-0.02
—~—al=-0.04
al=0

Ulc

Figure 5.11 the variation of velocity profile in the crest section with different values of g, when Re=1

As an absolute value of g, increases from 0 to -0.02 °C”" then -0.02 °C™" to -0.04 °C™', the velocity

at the region adjacent to the wall ( % =1.5) becomes higher.

This result proves that as an absolute value of a, increases, viscosity decreases. Furthermore,

this phenomenon is strong at the region adjacent to the wall ( % =1.5).
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The variation of velocity profile in the trough section for Newtonian fluid

—e—a1=-0.02
———al=-0.04
al=0

Ulc

Figure 5.12 the variation of velocity profile in the trough section with different values of a, when Re=1

In Figure 5.12, under the condition of non-isothermal flow (@, =—0.02 and a, = ~0.04 °C™"), the

velocity profiles dramatically increase at around wall ( % » 0.4 ) because of decreasing viscosity.

Since the velocity profile is fully developed, velocity is constant in the range ( % (04).

On the other hand, in isothermal flow (a, = 0°C™"), a whole cross section is affected by wall

motion. Therefore, the velocity is changed along whole cross section.

It can be explained that as an absolute value of a, increases, viscosity becomes lower near the

wall. This low viscosity enables the change in velocity.

5-24



Chapter 5. Non isothermal flow

a, =0 a,=-0.02°C" a=-0.04°C"

AP =P,

Ain_1

P, out 0 (Pa) 255.12 44558 39.33

Table 5.3 Comparison of Pressure drop( AP ) in a wavelength between @, =—0.02 °C”" and g, = —0.04

°C™! with Newtonian fluid for the case of Re=1 with Q/ nch® =0

The Table 5.3 shows the pressure drop per wavelength for cases of a, =0, a, =-0.02 °c"! and
a,=-0.04 °C"". As it can be seen, as absolute value of g, increases, pressure drop decreases

with decreasing viscosity.
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5.5 Vorticity patterns and pressure contour in non-isothermal flow with

Newtonian fluid and shear thinning fluid when Re=1

In fluid dynamics, vorticity can be defined as the rotation of the fluid velocity. It is also

considered as the circulation per unit area at a point in a fluid flow field.

To prove vorticity patterns in non-isothermal flow, isothermal flow shall be compared because
viscosity is unchanged; however, it is changed in the condition of a non-isothermal flow. As the
power-law index (n) has a strong relationship with viscosity, vorticity patterns in Newtonian

(n=1) versus shear thinning fluids (n<1) shall be shown.

This is shown through vorticity patterns and pressure distribution in Newtonian and shear
thinning fluids. As viscosity decreases by the effect of temperature, higher values of vorticity

would be expected at the region adjacent to the wall in non-isothermal flow.

According to Equation 2.6, in shear thinning fluid, as the shear stress is significantly small, a

change in viscosity is not expected. Therefore, vorticity would be expected to stay unchanged.
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5.5.1 Results

Vorticity contour and vorticity variations for Newtonian and shear thinning fluids when

Re=1

Figure 5.12 and Figure 5.13 show the vorticity patterns for Newtonian and shear thinning fluids
respectively. Figures 5.14 and 5.15 present vorticity profiles at the central axis of the crest and
trough section respectively. By these figures, the region where vorticity is mostly shown can be

investigated for both cases, isothermal and non-isothermal flow.

Wave frame

n =1 (Newtonian fluid)

a, =-0.034 o] (Non-isothermal flow) a, =0 L (Isothermal flow)

Figure 5.13 Comparison of the variation of vorticity in non-isothermal and isothermal flow with

iy
Newtonian fluid when Re=1 with Q/m:/z" =)

As obtained in the previous section, the effect of a,1s strong at the region adjacent to the wall.
With isothermal flow (a, =-0.034 °C™"), as it can be seen in Figure 5.13, the change in vorticity

is found mostly at the region adjacent to wall.

On the other hand, with isothermal flow (a, = 0°C™), vorticity is mostly found around the region

of the trough section. Vorticity can be detected also at the crest section but it is very small.

In the Figure 5.14, vorticity patterns in non-isothermal and isothermal flow are plotted with shear

thinning fluid.
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Wave frame

n=0.5 (shear thinning fluid)

N

Non-isothermal flow a, =-0.034 °C' Isothermal flow @, =0 °C™'

Figure 5.14 Comparison of the variation of vorticity for shear thinning fluid when Re=1 with

Q/frch2 =0

Vorticity patterns stay unchanged even if the condition of non-isothermal flow (a, =-0.034 & i)

is employed; this agrees with the expectation as viscous effect becomes smaller with shear
thinning fluids. Therefore, this result agrees with the result in Figure 5.6 which shows streamline

patterns for a shear thinning fluid.
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Yorticity Profile in the Crest section
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Figure 5.15 The comparison of vorticity profile between isothermal and non-isothermal flow in the crest

section with Newtonian fluid when Re=1 (r: radial direction)

Figure 5.15 shows the vorticity profile at the central axis of the crest section for isothermal and
non-isothermal flow. With isothermal flow, vorticity increases slowly across the whole cross

section. On the other hand, vorticity increases dramatically at the region adjacent to the wall

(r)6.5x107 m).
This phenomenon demonstrates that viscosity for non-isothermal flow around the wall is much

smaller in comparison with that for isothermal flow.
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Yorticity profile in the trough section

7000 T T == T
Isothermal flow
— — MNaon isothermal flow | |
6000 - H
I“‘
5000 -
{
E f'l
o 4000 - (" .
P
5 /
= 3000 F ! .
=] 1l
= /
2000 | .
1000 - v
Jl,‘ "
U g-—:—::—;:_::—ﬁ—r_——_j—::__r oy f}‘
0 05 1 1.5 2 25
 (m) ; 10_3 Wall

Figure 5.16 The comparison of vorticity profile between isothermal and non-isothermal flow in the trough

section with the condition of Newtonian fluid when Re=1 (r: radial direction)

Vorticity profiles in Figure 5.16 are similar to the results in Figure 5.15. The vorticity increases
considerably at the region (r =2x10"" m) with non-isothermal flow. On the other hand, vorticity

increases slightly in isothermal flow.
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Pressure contour for Newtonian and shear thinning fluid when Re=1

Pressure contour

n=0.5 (shear thinning fluid)

el TN

i
A7\

-

Isothermal flow a, =0 °C"' Non-isothermal a, =-0.034 °C”"'

n=1 ( Newtonian fluid)

TN /’ﬂh\\

Sy d

ra W P ™

. .

- A *r\ | - :
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Isothermal flow a, =0 °C' Non-isothermal @, =—0.034 °C™'

Figure 5.17 Pressure contour for the condition of isothermal and non-isothermal flow with

Q/mf =0

With regards to Table 5.2, the effect of temperature has not occurred in the conditions for a shear
thinning fluid. Therefore, in Figure 5.17, pressure contours and colour for a shear thinning fluid

is not changed when the condition of non-isothermal flow is employed.

In the case for a Newtonian fluid (n=1), colour for pressure contour in non-isothermal flow is

changed when the condition of non-isothermal flow is employed.
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5.6 The effect of temperature on different geometries with non-isothermal

flow in Newtonian fluid.

In the previous sections, the effects of temperature on peristaltic flow with various conditions in

the same geometry corresponding to a =0.25, ¢ =0.5 were investigated. Kyozo et al [11]
studied the effect of the amplitude ratio (¢ =%) and wave number (« =g—) on peristaltic

isothermal flow. The intent of the investigation in this section is to study the effect of

temperature on different geometries that affect peristaltic flow.

//’iR
/ .
__/______ |
I}

I R.V
H(z.) h T
|
| S , Lo 20

Figure 5.18 Configuration of peristaltic flow in two-dimensional axi-symmetric tube

Figure 5.18 shows the configuration of peristaltic flow. The variable, h (the mean distance of the

wall from the symmetric axis) is varied to show the effect of the geometry in isothermal flow.

Utilising the three values of h 0.0045m, 0.004m and 0.0035m, the corresponding wave numbers
are 0.225, 0.2 and 0.175. With same h values, amplitude ratios are 0.556, 0.625 and 0.714

respectively.

In an isothermal flow, in Figures 5.19, 5.20, 5.21 and 5.23, the effect of the geometry is shown

by their velocity profiles, the streamline pattern and the pressure drop.
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In a non-isothermal flow in Figures 5.19, 5.20, 5.22 and 5.23, the effect of temperature on

different geometries is also presented.
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5.6.1 Results

The streamline patterns in different geometries for isothermal and non-isothermal flow

when Re=10 (with Newtonian fluid, n=1)

Isothermal flow Non-isothermal flow

Wave number( % )=0.225, Amplitude ratio( % )=0.556 (h=0.0045m)

Wave number(%)=0.2, Amplitude ratio(% )=0.625 (h=0.004 m )

Figure 5.19 Comparison of the variation of streamline in different geometry (in the wave frame) for the

case when a, =0 o (left) anda, =—0.034 o (right) with Q/ﬂ'chz =)

In the case of an isothermal flow, the decrease in the value of h yields a change in streamline
patterns. While the value of h decreases 0.0045 m to 0.004 m, two circulations are clearly
developed and visualised by the effect of geometry then the circulations’ location and shape stay

unchanged as the value of h decreases 0.004 m to 0.0035 m.
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With non-isothermal flow, the decrease in the value of h does not change streamline patterns. A
circulation’s location tends to settle at the crest section and the flow pattern is slightly changed

but the change is considerably small.

The pressure drop and velocity profiles in different geometries for isothermal and non-

isothermal flow

Figure 5.20 shows the pressure drop in isothermal flow and non-isothermal flow with different

geometries.
Pressure drop along wave number
30000
——— Change in pressure
© 25000 drop with isothermal
o flow
o 20000 ---Change in Pressure
9 drop with non
% 15000 isothermal flo
@ 10000
g
5000
O =
0.225 0.2 0.175
Wave number

Figure 5.20 Change in pressure drop per wavelength in the three different geometries with the case of

isothermal and non-isothermal flow when n=1 (Newtonian fluid)

As it can be seen in Figure 5.20, the decrease in the value of h yields the increase in the pressure
drop in isothermal and non-isothermal flow. However, the values of the pressure drop in
isothermal flow stay higher for all wave numbers. In non-isothermal flow, the values of the

pressure drop have reduced with decreasing viscosity.
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Comparison of velocity profile in the crest section
When the mean radius ( h) vary for isothermal flow

0.5

- Wave number=0.225, Amplitude ratio=0.55

—m=—— Wave number=0.2, Amplitude ratio=0.625

Wave number=0.175, Amplitude ratio=0.71
-1.5

Figure 5.21 Comparison of velocity profile in the three geometries with the case of isothermal flow in the

crest section (Newtonian fluid)

In Figures 5.21 and 5.22, with the effect of wave number (& ) on the velocity on the axis, the
velocity decreases when the wave number ( & ) increases from 0.175 to 0.225 at the crest section.

Figure 5.23 indicates that as the wave number increases from 0.175 to 0.225, the absolute value

of velocity (%) increases at the trough section. These results concur with the results from

Takabatake et al [19].

For isothermal flow, as h varies resulting in changing wave number and amplitude ratio, the

profile ( % ) at the crest section is essentially unchanged near the wall ( r/h ) 1.2 ) in the figure

5.20.
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Figure 5.22 for non-isothermal flow shows substantial variation of % in this section.

Comparison of velocity profile in the crest section
When the mean radius ( h ) vary for non isothermal flow

------- Wave number=0.225, Amplitude ratio=0.556

TR

—=—— Wawe number=0.2, Amplitude ratio=0.625

Wawe number=0.175, Amplitude ratio=0.714

Ulc

Figure 5.22 Comparison of velocity profile in the three geometries with the case of non-

isothermal flow in the crest section (Newtonian flow)

Velocity profiles vary in the whole region because viscosity decreases significantly near the wall

(r/h>14).

The maximum velocity for the isothermal case is found at about r/h = 1.1. Whereas for the non-
isothermal case, the maximum velocity occurs at about r/h=1.4. It can be concluded that the

boundary layer near the wall could be developed earlier (r/h ) 1.4) because viscosity decreases

by the effect of temperature.

It can be explained that with decreasing viscosity, the velocity at the region adjacent to wall is

influenced and velocity profiles vary by the effect of temperature.
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Comparison of velocity profile in the trough section
When the mean radius ( h) vary for isothermal flow

2 ——a-—— Wave number=0.2, Amplitude ratio=0.625

Comparison of velocity profile in the trough section
When the mean radius ( h ) vary for non isothermal flow

Wave numbt 1225, Amplitude rat 556

~——a— Wave number=0.2, Amplitude ratio=0.625

Ulc

Wavwe number=0.175, Amplitude ratio=0.714 1175, Amplitude rat

i z i T @

Figure 5.23 Comparison of velocity profile in the three geometries with the cases of isothermal flow (left)

and non-isothermal flow (right) in the trough section (Newtonian flow)

In Figure 5.23, under the conditions of a non-isothermal flow, the maximum velocity in each
model is found at the region adjacent to the wall. Velocity is virtually unchanged since the

maximum velocity occurs.

On the other hand, in an isothermal flow, the velocity in each model increases constantly.

Therefore, the velocity increases until the central axis (1/h=0).
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5.6 Summary of non-isothermal flow

The results in Figure 5.2 indicate that a pressure drop was influenced by thermal effects. The
effect of temperature on the velocity field with a Newtonian fluid was demonstrated with the
results of Figures 5.3 and 5.4. It is concluded that temperature change yields decreasing

viscosities under the condition of non-isothermal flow. Therefore, the pressure drop decreases.

The dimensionless time-average flow with non-isothermal flow was investigated and the results
were plotted in Figure 5.5. The result shows the effects of the dimensionless time-average flow

was reduced by the effect of temperature.

In this research, the effect of temperature on non Newtonian fluids is investigated. It is observed
that the effect of temperature on peristaltic flow reduces the pressure drop in wavelength in the
cases of shear thickening and Newtonian fluids. However, under the condition of a shear
thinning fluid, the effect of temperature was not shown. In a non-Newtonian fluid, as with shear
thinning and shear thickening fluids, the effect of Reynolds number is not shown in isothermal

and non-isothermal flow.

The effect of a, on peristaltic flow was investigated. As the absolute value of a, increases,

viscosity decreases and the result in Figures 5.11 and 5.12 showed that this effect was stronger at

the region adjacent to the wall.

Vorticity patterns and pressure distributions are plotted in Figures 5.13, 5.14 and 5.15. Vorticity
is powerful in the conditions that viscosities is low. Figures 5.15 and 5.16 demonstrate the
existence of a relationship between viscosity and vorticity. The effect of temperature for the

vorticity on peristaltic flow is powerful at the region adjacent to wall as the viscosity decreases.

Figure 5.19 showed the variation of streamline patterns produced by isothermal and non-
isothermal flow models to show the effect of temperature on different geometries. The
streamline patterns were produced firstly by isothermal flow to show the effect of geometry. A
non-isothermal flow model produced streamline patterns to show the effect of temperature in
different geometries. The results in Figure 5.19 indicated that the effect of temperature reduced

the effect of geometry for streamline patterns and the pressure drop. Figures 5.20, 5.21 and 5.22
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showed the effect of temperature influenced velocities at the region adjacent to the wall in

different geometries.
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6.1 Conclusion.

Peristaltic flow and its parameters have been studied by a number of authors for quite some
time (Shapiro et al [18]). The peristaltic flow with power-law fluids has been investigated more
recently, for example, by Hayat and Ali [5] in 2006. However, the peristaltic flow under non-
isothermal conditions has not been investigated until present work, especially for non-

Newtonian fluid of the power-law type.

This work presents axi-symmetric peristaltic flow in circular tubes with the effect of
temperature in various conditions to provide a possible use in industry. Numerical results in
this research are used for an investigation of the effect of temperature on peristaltic flow.

Comparison with isothermal flow has been made.

The computational fluid Dynamic (CFD) software package CFD-ACE of the ESI group has
been used for the numerical solution. The coupled system of non-linear governing equations to
be solved are those of conservation of mass, momentum and energy. Constitutive relation

appropriate for non-isothermal, power-law fluids has been used.

Incompressible fluid flow in axi-symmetric configuration has been assumed. The software
package solves for the main parameters consisting of 2 velocity components (in axial and radial

direction respectively), pressure and temperature, iteratively.

An isothermal flow model is produced and results are compared to previous work in the
literature. In the case of isothermal flow, velocity profiles and streamline patterns on peristaltic
flow are shown to agree well with previous studies (Xiao et al [23], Shapiro et al [18] and
Takabatake et at [20]). It is shown in this work that non-isothermal flow can be very different

to isothermal flow (Xiao et al [23]).

The comparison of the maximum and minimum axial velocity (U/c) at the Reynolds number =
0.01 is presented. The new computation model is in agreement with the results produced by
Xiao et al [23] and Shapiro et al [18]. The effect of Reynolds number (Re=0.01-0.1) on the

maximum U velocity (U/c) is considered to show a fairly good agreement with Xiao et al [23].
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The new computational model produced in this research achieved a good agreement with the

results of Xiao et al [23]. This is revealed by comparing the effect of the Reynolds number on

€ .

h2

the streamline patterns in wave frame at a = 0.01 ¢ = 0.7 and

Y

2

The dimensionless time-average flow rate ( ) was considered in order to prove validation

of the computation model produced in this study. Again, the results produced by present
computational model are in good agreement with the results of Takabatake et al [20] and Xiao

etal [23].

Thus, it can be concluded that the present computational results of peristaltic flow are trust-

worthy and reliable.
After this confidence has been established, non-isothermal peristaltic flow is considered.

Firstly, the effect of temperature on the U velocity profiles in the case for Newtonian fluid is

examined. The obtained figures show that temperature reduces viscosity, as expected. Velocity

profile (%) in central axis at crest and trough sections is also presented to show effect of

temperature on the flow field.

The effect of temperature on pressure drop per wavelength is investigated. Pressure drop is
shown with respect to change in Reynolds number. As the value of Reynolds number increases,
the change in pressure drop increases. It is shown that with non-isothermal flow, change in

pressure drop with respect to Reynolds number becomes smaller.

In the case for isothermal flow, the forms of velocity profiles (% ) vary with different values

of Reynolds number. On the other hand, for the case of non-isothermal flow, the velocity

profiles become nearly a single curve for all Reynolds-number values up to Re=100.

It is concluded that under the condition of non-isothermal flow, viscosity decreases by the

action of viscous heating around wall. As a result, the decrease in viscosity causes decrease in
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shear stress which yields less pressure drop. The decreasing viscosity reduced the effect of the

Reynolds number.

The following results can be drawn about the effect of temperature on streamline patterns in

peristaltic flow with three different conditions which are shear thinning, Newtonian, and shear

thickening fluid.

1))

2)

The case for shear thinning fluid seems to be not influenced by temperature. Streamline
patterns were transformed by temperature when Reynolds number =1. The effect of
temperature was insignificant with Reynolds number 10 and 100. When Reynolds
number increases from 1 to 10, the streamline pattern was changed in the case for
isothermal flow. However, the effect of Reynolds number was negligible in the case for

non-isothermal flow.

In this case for Newtonian fluid, the effect of temperature is stronger than in the case
for shear thinning fluid. Streamline patterns were dramatically transformed by
temperature with increasing Reynolds number 1-100. The effect of Reynolds number is
strong for isothermal flow but the effect is reduced by temperature. The streamline
patterns were changed with increase of Reynolds number in the case for isothermal
flow. The case for non-isothermal flow shows a single form of the streamline pattern as

Reynolds number varies.

The streamline patterns for shear thickening fluid are influenced by temperature but
they are not significantly influenced by Reynolds number (in both isothermal and non-
isothermal flow). In the range of Reynolds number 1-100, the streamline patterns are
changed by temperature. However, the streamline patterns were virtually unchanged

with increase of Reynolds number.

It can be revealed that under the condition of shear thinning fluid, shear stress is significantly

small as a result of viscosity decreasing with shear rate. Therefore, viscosity stays low even if

the condition of non-isothermal flow is employed.
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With isothermal shear-thickening fluid, as the wave speed increases, higher shear rate is
expected. This results in the viscosity becoming higher. However, since the Reynolds number

1s defined as

hc . . . .
Re = (——Ja , wherev being the kinematic viscosity and c the wave speed
v

the increasing values of both ¢ and v thus tend to cancel out, resulting in the effective value of
Re changing very little. This results in Re (as defined above) having little influence on the flow

field. This applies to both isothermal and non-isothermal flows. On the other hand, temperature
affect viscosity without the compensating effect in the Re expression. As a result, a; has been

shown to affect the flow pattern significantly.

Therefore, the effect of Reynolds number was not shown in both isothermal and non-
isothermal flow. When non-isothermal flow is employed, flow patterns were changed with
decreasing viscosity. However, as Reynolds number increases, flow patterns stay unchanged in

this condition of shear thickening fluid.

It was observed that a higher absolute value of coefficient g, has a larger influence on velocity
at the region adjacent to wall. Therefore, as an absolute value of exponential coefficient a, of

viscosity increases, viscosity decreases.

Effect of temperature on vorticity distribution has also been presented. Under the condition of
non-isothermal flow, vorticity is mostly shown at the region adjacent to wall because viscosity
is low by the effect of temperature in Newtdnian fluid. Vorticity distribution in shear thinning
fluid is also presented. In this case, vorticity patterns stayed unchanged because shear rate stays
very low; in other word, temperature plays an insignificant role in flow of shear-thinning fluids

considered here.

The effect of temperature on different geometry is shown by streamline patterns, pressure drop

and velocity profile. With isothermal flow, as values of h decrease, the profile ( %) at the

crest section is essentially unchanged near the wall ( /4 ) 1.2 ). On the other hand, with non-

1sothermal flow, velocity profiles vary in the whole region because viscosity decreases
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6.2 Recommendation

The non-isothermal flow model with various conditions is considered in investigating the effect
of temperature and the results fairly meet the objectives. However, there are still many ways

for this study could be extended.

This study utilised the method for steady flow which is the flow travels to negative x-direction
in the wave frame. Even though this method has been developed and its applications are
verified by many studies since 1969, it would be quite revealing if the results are presented in
the laboratory frame, and thus unsteady flow configuration, as well. This, however, is only a

mathematical change of reference frames.

In this work, investigation was performed by many different conditions. A wide value of

amplitude ratios and wave numbers would be recommended for the next development.

Three values of power-law index (n = 0.5, 1, 2) and two values of exponential coefficient a, of
viscosity (g, =—0.02 anda, =-0.04 °C™") are utilised in this work A higher quantity of power-

law index and exponential coefficient a, of viscosity would be desirable.

Only one type of fluid properties is used and investigated for proving the effect of temperature
on peristaltic flow. The fluid properties are very important to determine fluid behaviour.
Therefore, many different fluid properties should be utilised to prove the possible use in

industry.

Other ranges of values of parameter like amplitude ratio, flow rate, Reynolds number would
provide a wider coverage of useful configurations. Furthermore, viscoelastic fluids and multi-
phase fluids (for example, mixture of solid and liquids) would provide extension of this work

to many other practical applications.
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Part 1. Conservation of mass ( Continuity equation ) referred from [25]

The conservation of mass is a basic principle of science and engineering. The continuity
equation expresses the basic principle in a particularly convenient form for the analysis of

materials processing operations.
The conservation of mass can be derived from this expression.

Rate of change of mass in AV =Rate of mass convected into A}V — Rate of mass convected out

of AV

Expressed mathematically this is

—(pv,)

y+Ay ]

AxAyAzg—’; = AyAZ[(pvx) v Az ]+ AxAZ[(pvy)

,—(pv)

Z+AZ]

+ Axy|(pr,)| . ~(pv.)

(2-1)
op |0 o G, ]
Leadto 7 = '"L*a; (pv,)+ _8; (pv,)+ % (pv, )J 2-2)
It will be expressed more succinctly as
op
—=—-Ve(pvy),
ot (,0 ) (2-3)

where v is velocity vector.
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Part 2. Conservation of momentum ( Navier-Stokes equation )

Navier-stokes equation is derived from the equation below

- - > - 0 -
YEF=|pv(v.n)dA+— |pvdV
Ajp (v.mdd+— [p

7

(1-1)

The each side of equations above is divided by a stationary differential volume element.

- = - a

Jp v(v.n)dA J'p;)dV

lim ZI? =4 + o
AxBYAZ=0 ) AxAyAz AxAyAz L

Total Forces, according to coordinate X,Y and Z are derived as below.
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=
I p vy ¥ ey
‘ / ;v
N //// p Els
p vvx x "//
- _)—
/ Pl
A
-> / ; N
Vv
P Zlz+Az P VVy Iy
Figure 6.1 Diagram of flux in volume
ZP; - (Gxx _Gxx x+Ax )AJ’ Az + (Tyx y B Tyx VHAY )AXAZ o (sz L “Tx Z+Az )AXAy
+(P, ~ P, DAz + g pAxAyAz
(1-3)
‘S':F; - (O-:»w —0,, y+hy JAXAZ + (Txy - Ly X+Ax JAyAz + (TZJ ’IZ 3 TZ'V|Z+AZ 2y
+(P, ~H |, )AAz +g pAcAyAz
(1-4)
YF =(0 -0, )AAy+(.| ~T.| )AvAz+ (ryzjy ], YAz
+(P. - P )AxAy+ g, pAxAyAz
(1-5)
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im TF = _do,, _afyx Ot _8P+g .
AAYAZ0 A Ox oy 0z ox

im SF __8ny_8rxy_5rzy_ap+ ,
AxAyAz—0 ek Ayz 5y Ox Oz 5y gy

lim Sk =% %% %% OP,
AxtyA—0 oy oz e oy oz g.P

The momentum flux is described as below

2 >

(1-6)

(1-7)

(1-8)

. I pv(v.n)dA
lim =
AxAyAz —0 A)CAyAZ (1-9)
(pi/v_x| —p;vx YAyAz (pvv, ~pvv,| )AxAz
x+Ax ' 4 y+Ay 9%
- AxAyAz AxAyAz
lim
AxAyAz—>0 - =
(pvv, —pvv_ | )AxAy
+ Z+Az z
i AxAyAz

o
Ox

- a - 6 N
(pvv)+—(pvv)+—(pvv,)
oy oz

(1-9)

(1-10)
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= 2 )+, (v |+ vﬁw a?ﬂ ov
ar L gt 2 g P ta TR BT T T e

(1-11)

As a concerning the continuity equation, the equation 3 would be reduced as (4)

oP 0 0 0
ot - _I: Ox (pvx) T _@; (pVy) T a ('DVZ ):I ......... Continuity equation
~op | ev._ ov v
=P P B P == =
Ot ox 7 oy Oz (1-12)
_|pvv.mda s op ov _ ov . ov
llm A —+p VJ\ +vv vZ————
AxdyAz—0  AxAyAz ot Ox oy oz |(1-13)
4
@ "9 a —>
— |lpvdV < >
| rVI PV 5 S5 5y »gp
Iim = - pyV=p—4+v—
Axdyrz—0  AxAyAz AxAyAz ot ot ot

(1-14)
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lim > F =3 —-——>——>— +gyp]>

AxAYAZ—0 AxAyAz oy Ox 0z 0y
(1-15)

\

_Jpvvomda -ap ov  ov. ov
lim = =p==Pl, =l =
x>0 AxApAz ot ox oy oz Hjil-la)
a —
— JpvdV -
, i ov ~0p
Iim m e e
advaz >0 AXAYAz ot ot .
e 0O —»
- v(v.n)dA — |pvdV
e | [pv(v.n il VIP
s + Iim

him ——— lim
AxAyAz —0 AxAyAZ AxAyAz—0 A)CA)/AZ e AXA)/AZ

The Stokes viscosity law would apply into the Navier-Stoke equation above and the equation

will be transformed as

_)

Dv 0 0 - ov
p_B;mpgx__a%———( qu)+V(,u—‘-)+V(.UVV ) (1-19)
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Dv op 0 2 _° v
L= g et (= gV 9) 4+ V(=) + V{ gV
P, =P8, o ay(3u ) Ulay) (HVVY) (120

Dv. op 0,2 _~ ov
Yoo oy =2 O T NV S -
P =P8 52(3” )+ V(u 82) (HVV.) (121

._)
In compressible flow, as Vv=0 , the equation (1-21) will be reduced as

Dv b
PE =Vp+uViv+pg (122)
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Part 3. Conservation of energy

E- cond, y+ dy E adv, y +dy

W

EcrmLX————» —»E cond, x + dx

|

|

' l

V. N, Eewx — |
|

|

1

Ecmdsy Ecdv,y

Figure 6.2 Differential control volume (dx e dy) for energy conservation in two-dimensional flow of a
viscous fluid with heat transfer.

If potential energy effects are treated as work done by the body forces, the energy per unit mass
of the fluid includes the thermal internal energy e and the kinetic energy, V° / 2, where
I/,z

= vx2 +v, ? . Accordingly, thermal and kinetic energy are advected with the bulk fluid

motion across the control surfaces, and for the x-direction, the net rate at which this energy

enters the control volume is

° . V 2 V vl V 2
E agvx— E adv,cvax = pv, [e + ——2—)dy - {pvx [e + —?J + %!ﬁpvr (e + —i—j}dx}dy

0 v?
=——1| pv, | e+— | |dxdy (1-23
5 |i x[ 5 H Y \ )

Energy is also transferred across the control surface by molecular processes. There may be two
contributions: that due to conduction and energy transfer due to the diffusion of species A and

B. However, it is only in chemically reacting flows that species diffusion strongly influences
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thermal conditions. Hence the effect is neglected in this development. For the conduction

process, the net transfer of energy into the control volume is

écond,x_écond,x+dx == ka—T dy" —ka—T'—i ka—T dx dy
ox ox oOx\ Ox

. {kgjdxdy
ox

(1-24)

Where;
X and Y : the x and y component of body force per unit volume of fluid respectively

p : the density of fluid

k : thermal conductivity

T : temperature

Energy may also be transferred to and from the fluid in the control volume by work

interactions involving the body and surface forces. The net rate at which work is done on the

fluid by forces in the x-direction may be expressed as

W e = (X Yxdy + éa; (o, — P, Jaxdy + %(r WV, Mxdy (1-25)

The first term on the right-hand side of Equation (1-25) represents the work done by the body

force, and the remaining terms account for the net work done by the pressure and viscous

forces.

Using Equations (1-23) through (1-25), as well as analogous equations for the y-direction, the

energy conservation requirement may be expressed as

s —a—l:pvx(e +V—7H —E—I:pvv(e +£/—2H 4 —(?—(ka—T) +-a—{k9z—j + (va + va)
ox 2 ov| - 2 ox\ ox) oy oy '

_.é%(PVX)_?j)/_(PV})-{—gx_(GHVX +rxvvy)+—§y—(rﬂvx +crwvy)+c.1 =)

(1-26)
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Where ¢ is the rate at which thermal energy is generated per unit volume. This expression

provides a general form of the energy conservation requirement for flow of a viscous fluid with

heat transfer.
Because Equation (1-26) represents conservation of kinetic and thermal internal energy, it is
rarely used in solving heat transfer problems. Instead, a more convenient form, which is termed

the thermal energy equation, is obtained by the continuity equation by u, v respectively and

subtracting the results from Equation 1-26. After considerable manipulation, it follows that [2]

, Ov. 5
x oy o ax) oyl oy ox Oy

where the term, p(du/dx + 0v/dy) , represents a reversible conversion between mechanical work

and thermal energy, and u®, the viscous dissipation, is defined as

2 2 2 2
b = p (av‘ +i"_y_j +2{(8v’) +(avyj :}—z(&v" +§V—y~) 1r (1-28)
Oy Ox Ox oy 3 ox 6y,J

The first term on the right-hand side of Equation (1-28) originates from the viscous shear

stresses, and the remaining terms arise from the viscous normal stresses. Collectively, the terms
account for the rate at which mechanical work is irreversibly converted to thermal energy due

to viscous effects in the fluid.

[f the fluid is incompressible, Equations (1-27) and (1-28) may be simplified by substituting

._)
continuity equation ( Vv=0 )- Moreover, with de =C dT and C, = C, for an

incompressible fluid, the thermal energy equation may then be expressed as

2 2 2
oT or o(,oT o|(,or ov, Ov, ov, ov, .
pC | vi—+v,— |=—|k—|+—| k—|+p +—=| +2 + == |t+qg
ox Oy ox\ ox) oy\ oy oy Ox Ox oy
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