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PULSED FLOW/CFD/WALL SHEAR STRESS

Pulsed flow has the effect of raising the wall ashstress which is one key
parameter of the cleaning enhancement in the clganiplace (CIP) system. In this
study, the effect of type of pulsed flow was coes@dl to improve the cleaning
efficiency of the CIP system. To indicate the clagrefficiency of pulsed flows, wall
shear stresses of various types of pulsed flows werestigated by using the finite
volume method of the commercial computational filjtiamics code (FLUENB.3.26).

In addition, the influences of pulsation parametand the geometry of the channel
flow on wall shear stress were also investigatdue Turbulent pulsating flows of
incompressible fluids; the electrolytic solutiondanater, were simulated through the
cylindrical pipe, corrugated channel of plate heathanger and parallel plates under
isothermal condition. Type of pulsed flow was cloéedazed by functions of velocity
at the inlet boundary which were periodic functisuich as rectangular wave, saw
tooth wave, sinusoidal wave, trapezoidal wave athgular wave. As the results of
the study, the numerical simulation of differenpayof pulsed flows shows that
pulsating flow with the rectangular waveform of gation gives the greatest wall
shear stress. Pulsed flows whose flow velocity satidchange can generated higher

wall shear stresses than the pulsed flows whose flelocity gradually change.
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Meanwhile, wall shear stress increases with the amplitude and mean velocity inlet of
pulsation. But it is inverse proportion to the frequency of pulsation. This is obviously
seen only in the corrugated channel. Moreover, the effect of the geometry of the flow
channel shows that the complicated channel of plate heat exchanger also gives higher

wall shear stresses than the simple geometry as the parallel plates.
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CHAPTER |

INTRODUCTION

1.1 Background and Significance

The inspiration of this study came from the wijito improve the cleaning in
place (CIP) system. The CIP system is one of tanthg techniques that are
employed to remove the fouling from the surfacehs equipment. Fouling is the
undesired deposit that accumulates on the surfa¢keoequipment, especially the
heat transfer surface of heat exchanger. Foulingctly affects the performance of
heat exchanger which relates to economical aspebeiindustries. The effectiveness
of heat exchanger is decreased by the increaseesbyre and lower heat transfer
(Kakag and Liu, 2002). Consequently, an additiamost is introduced to the industrial
sector (Pritchard, 1988). In addition, fouling laykat found in food processing can
be the source of the microbial contamination. Tdastamination directly affects the
quality of food product. Because of these foulimghpems, there are many researches
about the appearance of fouling in the equipméetfaouling reduction by modifying
the geometry of the equipment (Jun and Puri, 200%)e composition of the surface
(Rosmaninho, Rizzo, Miller-Steinhagen, and Meld&0etc. However, the regular
cleaning is still necessary.

In CIP system, water and cleaning chemical areulated to remove the
deposits from the surfaces of the equipments. Teanmg efficiency is affected

mainly by chemical concentration, temperature dnid flow. Therefore, one way to



enhance the cleaning is fluid flow adjustment. Adaoy to other researches,
pulsating flow can be one application of the fldidw adjustment of CIP system

(Gillham, Fryer, Hasting, and Wilson, 2000; Bleledentiihomme, Bénézech,
Legrand, and Le Gentil-Lelievre, 2009). Howeveg #ifect of type of pulsating flow

on the cleaning efficiency has not found in theriture survey. Meanwhile, wall
shear stress which imposed by the flow is one efkéy parameter of the deposit
removal. Shear stress of fluid flow helps to remtwe deposits from the equipment
surface by breaking down the swollen deposit I1§¢itham et al., 1999). Therefore,

the effect of types of pulsed flow on wall sheaess$ that implicitly indicates the

cleaning efficiency was considered to be the majedaive of this study.

To indicate the cleaning efficiency of variouseagof pulsed flows, wall shear
stresses of turbulent pulsating flows are investida Due to the complexity of
turbulent pulsating flow and the complexity of fileev domain (channel of plate heat
exchanger), the finite volume method of the commércomputational fluid
dynamics code (FLUEN%.3.26) was employed to analyze wall shear strdéss o
turbulent pulsating flows in cylindrical pipe, plea plates and plate heat exchanger
in order to see the trend of using various typews$ed flows in cleaning system. In
addition, the effects of pulsation parameters aedyeometry of flow channel on wall
shear stress were also investigated in order to tj@ useful results for the cleaning

enhancement.



1.2 Objectives

The objectives of this thesis are discussed irfidl@wing points:

1.2.1 To study the effect of type of pulsed flowm wall shear stress in
cylindrical pipe, parallel plates and channel ohatel heat exchanger by using
numerical simulation.

1.2.2 To study the influence of amplitude, frequeand mean velocity inlet
of pulsed flow on wall shear stress by using nuoasimulation.

1.2.3 To study the influence of the geometry ofrvfichannel on wall shear

stress by using numerical simulation.

1.3 Scopeand Assumptions of Work

1.3.1 Wall shear stresses were obtained by thmeengional fluid flow
simulations in cylindrical pipe, parallel platedathannel of plate heat exchanger.
1.3.2 A commercial computational fluid dynamicsdeo(FLUENT®6.3.26)
was employed to simulate the flows through the el@nof cylindrical pipe, parallel
plates and channel of plate heat exchanger.
1.3.3 Types of fluid flow which are chosen to gmal wall shear stress
(1) Steady flow
(2) Pulsed flow — Rectangular waveform
(3) Pulsed flow — Saw tooth waveform
(4) Pulsed flow — Sinusoidal waveform
(5) Pulsed flow — Trapezoidal waveform
(6) Pulsed flow — Triangular waveform

1.3.4 Flow was incompressible flow.



1.3.5 Flow was performed under isothermal conditio
1.3.6 The entrance effect was negligible.
1.3.7 The characteristics of each type of pulded fdepended on mean

velocity, amplitude and frequency of pulsation.

1.4 Outcomes of the Research

1.4.1 Better understanding of wall shear stressidution of pulsed flows
and turbulent pulsating flow phenomena in differgabmetry of flow channel which
have been used to improve the cleaning systenffereit geometry of flow channel.

1.4.3 To understand the influences of amplitudegjidency and mean velocity
of pulsed flow on wall shear stress. These leathpwove the cleaning efficiency.

1.4.4 To understand the effect of type of pulgaflow on wall shear stress.
This leads to improve the cleaning efficiency.

1.4.5 For the cleaning efficiency evaluation, éfiect of type of pulsed flow
on wall shear stress has led to other analysisdditify the effect of type of pulsed
flow on the cleaning efficiency, the force accuntiola that generated by different
type of pulsed flow can be another way to consider.

1.4.6 This study is the basic application of CRidwledge for the cleaning

technology.



CHAPTER I1

LITERATURE REVIEW

The literature review section will focus on foulimgheat exchanger, cleaning

in place (CIP) system, pulsed flow and wall shéss analysis.

2.1 Foulingin Heat Exchanger

Heat exchangers are devices that provide heednsfer between two medium
due to temperature difference. They are used iida wariety of applications such as
power production, chemical and food industries, ctebmics, environmental
engineering, waste heat recovery, air conditioningfrigeration and space
applications. There are various types of heat exgdia which are employed in
different applications. Nevertheless, there is aavoidable problem of using heat
exchanger in most of the above applications. Thablpm is fouling on the heat
transfer surface of heat exchanger. Fouling is tinelesirable substances that
accumulate on the heat transfer surface. Foulingctly affects the performance of
heat exchanger which relates to economical aspebeiindustries.

This section focuses on type of fouling, effedt§omling on heat exchangers
that help to understand the significant of foulindieat exchangers. It also focuses on

fouling in dairy process and summary of the pulgdhterature.



2.1.1 Typeof Fouling
Because of the diversity of process condition]ifgqucan be classified
into the following categories.
2.1.1.1 Particulate Fouling
This fouling occurs when the solid particles ire throcess
stream accumulate on the surface by the effectaity. For example, the deposit of
unburnt fuel or ashes in boiler and the depositusit in air-cooled condenser.
2.1.1.2 Crystallization Fouling
This fouling occurs in the crystallization of ig@anic salts
which are supersaturated during heating or codiingeat exchangers, like crystal
deposition of salts in cooling water system.
2.1.1.3 Corrosion Fouling
The corrosion products of the reaction betweenosore fluid
and the heat transfer surface can foul on the seidd heat exchanger. For example,
alkali metals and sulfur can cause corrosion iffiggd boilers.
2.1.1.4 Chemical Reaction Fouling
Fouling deposits are formed by the chemical reactvithin
the process stream which does not participate Whi¢hheat transfer surface. For
example, the deposits are formed by the produbydfocarbon polymerization.
2.1.1.5 Biofouling
This is the deposition of biological materialsukog is known
as microbial fouling when the deposits are micraoigms. Meanwhile, it is called

macrobial fouling if the deposit compositions areaweed, water weeds and



barnacles. For example, the biofouling on the serfaf power plant condenser which
circulate with seawater.
2.1.2 Effectsof Fouling
When there is fouling in heat exchangers, theilectiveness is
decreased. Lower heat transfer and the increadingessure drop are two major
results of build-up of fouling on the heat transarface.
In heat exchanger, thermal analysis is governethbyconservation of

energy. The rate of heat transfer, Q, is given by:

Q=U,AAT,, =U,AAT, (2.2)

where Q is the rate of heat transfer in W; and U, are the overall heat transfer
coefficient based on the inner surface and outdase, respectively in W/AK, A
and A, are the inner and outer heat transfer area, résplgctn m? andAT,, is the
mean temperature difference in K. From the equafh), the overall heat transfer

coefficient can be calculated from:

(2.2)

1
UA =UoA, ==

whereR; is the total thermal resistance to heat flow agitbe surface between inside
and outside flow in K/Wh; andh, are heat transfer coefficient for inside and aldsi
flow, respectively in W/MK, k is thermal conductivity of heat transfer surface

material in W/m.K and is the thickness of the wall in m.



The equation (2.1) and (2.2) are employed to aeaheat transfer in

general heat exchanger. For the tubular heat egenas shown in Figure 2.1

Fouling Deposit

out

Tube wall Tube wall

@ (b)

Figure2.1 Tubular heat exchanger of clean tube (a) antkéowbe (b)

(Kakag and Liu, 2002)

The overall heat transfer coefficient of the cléaoular heat exchanger
is given by:

1 1
Ui =UeA == In(ry /1) 1 (2.3)

R
hA  27kL  hA

where r; andr, are inside radius and outside radius in m, reggdygtandL is the
length of the tube in m.

whereR; can be calculated from:

1 +In(r0/ri)+ 1

(2.4)
hA 2kl  hA

R =



If there are the deposits on heat transfer suréecéen Figure 2.1 (b),
fouling adds an insulating layer on the heat transfurface. The total thermal
resistance can be obtained by adding the insideoatside thermal resistances of the

deposits in the equation (2.4). Thus, the totaintfa resistance is given by:

1 Ry In(/r) Re 1
4 +
hA A 2kL A hA

R = (2.5)
where Ry and Ry, are the fouling resistance based on inner andr csieface,
respectively. Therefore, the overall heat transfeefficient based on inner surface

area under fouled conditionds, can be calculated by:

U, - 1 _ 1 (2.6)
RA 1 g  AlM/L) Ag
hi fi 27Zk|_ A\) fo hoA\)

The equation (2.3)-(2.6) show that fouling incesathe heat resistance
at the heat transfer surface and lower heat tran3teus, the increment of heat
transfer surface is required, in order to makepifoeess stream meet the heat transfer
requirement.

Build-up of deposit also increases pressure diop, to the increase of
surface roughness and the decrease of cross secganof the flow channels. This

effect can be described by the following equation:

AP=4f[£J p‘fﬂ (2.7)
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whereAP is frictional pressure drop in Nff is the Fanning friction factot, is the
length of the tube in nd; is inner diameter of the tube in mjs density of fluid in
kg/m® andun, is mean velocity of flow in m/s. The incrementpoéssure drop leads to
increase the pumping power.

Consequently, an additional cost is introducedht industrial sector.
The cost is in the form of increased capital exjieme, increased maintenance cost,
loss of production and energy losses (Pritchar8819

2.1.3 Foulingin Dairy Process

In dairy process, the heat is introduced to tloee@ss stream in order to
killing the spoilage organisms and pathogens whialise foodborne disease in
humans. It can warrant the safety to the customdriacrease the keeping quality.
Heat exchangers are used in the continuous induesting systems. The selection of
heat exchanger in dairy thermal process dependth@rrheology of material and
thermal condition. Normally, plate heat exchangams employed in the processes,
which their temperature below 1 such as thermization, pasteurization and pre-
heating in sterilization. Because plate heat exghanonsists of a series of thin plates
which cannot tolerate high pressure and high teatper conditions. Meanwhile,
tubular heat exchangers are used in the high meesswd high temperature process,
like in heating process of sterilization and ultgihtemperature (UHT) process (Britz
and Robinson, 2008).

In thermal processing of milk, fouling can be sigtiished into type A
and B (Burton, 1988), depending on reactions ofifigumechanism. Fouling type A
occurs when protein in milk, which is call@dactoglobulin denatures at temperatures

70-80°C and becomes the active form pflactoglobulin. This active form can
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aggregate with other proteins and deposit on thiace of heat exchanger. It is soft
voluminous, curd-like and its color is white or ane. Meanwhile, fouling type B is
formed by the precipitation of mineral in milk sues calcium phosphates and
calcium citrates which are supersaturated at teatper above 1XC (Lanlande,
Tissier, and Corrieu, 1985). It is hard, brittedagrey in color.

Fouling in dairy process not only causes presduop and lower heat
transfer but it also is the source of contaminationdairy product. In fouling,
microorganisms can attach and grow better tharheruhfouled surface. Fouling is
used to protect microorganisms from cleaning, esfig¢chermophile microorganism
(Hinton, Trinh, Brooks, and Manderson, 2002). Beseaaf these problems, there are
many researchers who try to understand the fodbngation. Grijspeerdt, Hazarika,
and Vucinic (2003) used 2D and 3D computationaidfldynamics (CFD) to
investigate flow pattern of milk between two comated plates. The calculations
identified the influence of corrugation shape omnliftg. Because of the angle of
corrugation shape, the reverse flow regions weeated. The longer heating time of
fluid particle causes more fouling in the reverssvfregions. As same as Bonis and
Ruocco (2006), they used CFD simulation (COMSOL tipalysics v.3.2a) to study
the deposit of-lactoglobulin on the plate heat exchanger surfabey found that the
temperature and velocity distribution could be usedxplain the fouling distribution.
The stagnation regions and the regions where thd flas slowed down were the
weak spots with respect to fouling, because théaobtime between fluid and heating
wall was longer than other regions. At the sameetithe outlet channel where the
fluid temperature increases from°60to 97C, the most of the fouling is created due

to B-lactoglobulin denaturation. These outcomes lethtonew plate heat exchanger
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system, designed for the uniformity of flow distriton. The new system could
reduce the deposited mass to 1/10, compare to uhent system (Jun and Puri,
2005). Moreover, Rosmaninho et al. (2008) studredrelationship between surface
properties and fouling. They found that the diffexe of surface composition (TiN
modified surface) affected surface energy propenigich related to fouling. The
deposition rate was higher for the surface havimghdr surface energy. TiN
modified surfaces also reduced the remains of depad®r cleaning. This useful
results led to reduce fouling by using surface ryinly as part of an anti-fouling

strategy.

2.2 Cleaningin Place System

Cleaning in Place (CIP) System is a closed clept@chnique which is daily
used to remove the deposits from the process @apgcially in the dairy industry. In
CIP system, water and chemicals from the storagkstare circulated through the
target food equipment and pipework by the managéwofahe automation system.

2.2.1 Cleaningin Place Cycles

The cleaning procedure consists of a series analg cycles which
employ the different medium for the different puspoof cleaning. The cleaning
regimes generally involve the following cycles (€ryet al., 2006; Heldman and
Lund, 2007).

2.2.1.1 PrerinseCycle

The circulation of water is used to remove produsidues

and loosely bound substances from the surface. Mé&tmsed for 3-10 min.
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2.2.1.2 Detergent Cycle
The action of the cleaning chemical (acid or ah& to
release the deposit from the surface and the niajiricleaning take place during this
cycle. For alkaline solution, the equipment is ok by circulation of the solution at
75°C about 10 min. If the detergents are alkaline awcil solutions, after the
circulation of alkaline is introduced to the equigm rinsing with warm water is
employed. Then, the acid solution is circulateddbout 5 min. at 6&. But the hot
equipment, like pasteurizer, requires longer catiah times and stronger solutions.
2.2.1.3 Postrinse Cycle
The circulation of water is used to remove the adépand
cleaning chemical from the surface of equipment.
2.2.1.4 Disinfection Cycle
The aim of disinfection is to kill the microorgams that
present on the surfaces of the equipments. Thiscste be finished by the circulation
of disinfectants (hydrogen peroxide, peracetic aid sodium hypochlorite) or hot
water.
2.2.1.5 Final Rinse Cycle
The circulation of cold water is used to removee th
disinfectants from the system before starting @ process.
Some of these cycles could be repeated or onttiedg the procedure,

depending on the cleaning strategy.
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2.2.2 General Reaction Scheme
In the detergent cycle, when the detergent salatiare circulated to
remove the deposits from the surface of the equipmibere is a heterogeneous
reaction between the detergent solutions and deplasier. The general sequence of
the mechanisms that occur in this cycle can begoaitzed into the following steps
(Heldman and Lund, 2007):
2.2.2.1 Bulk Reaction
The detergents in the bulk fluid react with thesdilved soil or
water hardness (calcium and magnesium salts) irbtiie fluid. If there is a large
amount of soil or salts in the bulk fluid, the dgents that are available for the
deposit removal will be consumed by the reactiamvben detergents and soil or salts.
Thus, the amount of soil and water hardness retatdee remaining detergents.
2.2.2.2 Transport to Surface
The mass of detergents is transported to the cdé fouled
layer by the turbulence of flow and the moleculdfudion.
2.2.2.3 Transport into Fouled Layer
The detergents are transferred through the lafyéouling by
capillary or molecular diffusion. These cause teaction zone in the whole area of
fouled layer.
2.2.2.4 Cleaning Reaction
When the detergents contact with the fouled latlyeme are the
physicochemical transformations (soaking, swelliegyulsification, etc.) and the
chemical reactions (hydrolization, saponificati@alubilization and so on) in the

fouled layer. These reactions help to overcomectiteesion forces of deposit bond
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and adhesion forces of bond between deposits anidcsuof the equipment.
Consequently, fouling is easier to remove fromdhdace.
2.2.25 Transport Back to Interface
The products of the reactions diffuse through fthéed layer
by concentration gradients.

2.2.2.6 Transport toBulk

When the deposit bond and bond between deposgitsaface
are weaken by the cleaning reaction, the reactiodycts are transported to the bulk
fluid by concentration gradients and the turbuleofcguid flow.

The example of the reaction scheme in the detémgarte is the stages
of dairy deposit cleaning. The reaction starts wiite swelling stage. When alkaline
solution contacts and reacts the deposit and cassetling of protein matrix
(Christian and Fryer, 2006). In this stage, theamieg rate increase with the
temperature, exposure time and the chemical coratemt. After that the swollen
deposits were removed by shear forces of fluid ffowd molecular diffusion. The rate
of cleaning is relatively constant. This stagealiexl uniform stage. Finally, when the
swollen deposit is thin, the rate of cleaning decahhis stage is known as decay
stage. The removal of the residues occurs by s$teass and mass transport. This
stage requires more time than first two stages.

2.2.3 Thelnfluencing Factors of the Cleaning Rate

To remove the deposits from the surface of equignteere are many
different parameters on the cleaning rate. Thesanpeters are both of system
parameters and operational parameters. The maiordathat affect on the cleaning

rate can be listed as the following parameters:
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2.2.3.1 Nature of the Deposits
The nature of the deposit will determine the sitenof the
deposits bond and bond between the deposits afatsuin the cleaning procedure,
this factor is used to choose the type of clearaggnts which must achieve the
desired cleaning reaction.
2.2.3.2 The Amount of Soil and Saltsin the Cleaning Solution
When there is a large amount of soil or saltsc{uat and
magnesium salts) which disperses in the solutiom Jarge amount of detergents will
be consumed by the reaction between detergentsdmpersed soil or salts. The
remaining detergents may not be enough to reatt thi2 deposits. This causes the
lower effectiveness of the cleaning solution.
2.2.3.3 Typeof Cleaning Agentsor Detergents
To achieve the desired reaction of the deposibreah) type of
detergents must correspond to the nature of theosiiepalkaline solutions are
normally used to react with organic deposits, mdaleyacid solutions are used for
mineral deposits.
2.2.3.4 Detergent Concentration
To overcome the strength of the deposits bond lamwald
between the deposits and surface, the necessargyemould be supplied to the
fouled layer. Detergents also provide the chemaargy to deposit layer. This
chemical energy can be raised by the increasimgtErgent concentration. The effect
of the detergent concentration on the cleaningwai® studied by many researchers as

summarized in Table 2.1.
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Table 2.1 Influence of detergent () concentration on cleaning rates

M odel* References
ki=a Gy Jennings, 1959, 1963, 1965
Inkgr=a+ bGy Gallot-Lavallee, 1982
Inky, = a +bGy - cCop Gallot-Lavallee et al., 1984

Remark: *a, b, c are positive constants

2.2.3.5 Temperature
Heat is one form of energy that is supplied tofthded layer
to overcome the strength of the deposits bond amdl between the deposits and
surface. Therefore, as temperature increases,|tlamicg rate increases (Fryer and
Bird, 1994). The effect of temperature on the clegmate can be expressed in the
form of an Arrhenius-type equation (Gallot-Lavalle@982; Jennings, 1959;
Hoffmann and Reuter, 1984; Schlussler, 1970). Meggoin dairy deposit cleaning,
Gillham et al. (1999) found that temperature stigragfected the cleaning rate in the
swelling stage and uniform stage. Meanwhile, whea teposit-liquid interface
temperature exceeded®) the length of decay stage decreased signifigantl
2.2.3.6 Fluid Flow
Shear force and turbulence, imposed by fluid flgrgvides
the mechanical energy to the deposit layer. Thexgynalso helps to overcome the
strength of the deposits bond in the cleaning o The increment of flow rate
and the fluctuation of flow induce greater shearcdéoon the deposit layer. This
reduces the cleaning time. As in dairy depositrileg, Gillham et al. (1999) also
studied the effect of fluid flow on the cleaningteraunder fixed temperature

conditions. The study range of Reynolds numbe03 t& 5000. They found that the
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total cleaning time, could be reduced by the ineeeaf Reynolds number which
mainly affected the length of decay stage.

The mechanical effects of fluid flow on the cleamrates can
be expressed in the form of mathematical modelshvhre the relationship between

the cleaning rate and a variety of flow parameésrsummarized in Table 2.2

Table 2.2 The mechanical effect on cleaning rates

Relation* Parameter range
In ko, = a + bv® 0.3<V<1.9 m/s
Inkip,=a+bV+c?® 0.3<V<1.9 m/s
Ink; = a+ bV? 0.3<V<1.9 m/s
k,=a+h, @ 1<t,<14 Pa
In ko, = a + br,,® 0.19<,<7.5 Pa

Remark: *a, b, c are positive constants.

Sources; M Gallot-Lavallee (1982)? Timperley (1981)" GraRhoff (1983)

These are main factors which must be considerey oarefully for

planning and building the cleaning system.

2.3 Pulsed Flow

Pulsed flow or pulsating flow is one kind of thesteady flows whose velocity
and pressure varies with time periodically. Thiswilcan be found in biological
system as well as engineering field. In mammaliardiovascular system, pulsating
flow is in the form of the rhythmic change in blefidw velocity with time. This

rhythm is caused by cardiac action and respirattbich are controlled by a portion
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of the autonomic nervous system. In Engineeringhss turbomachinery, rotor blade
aerodynamics, etc., pulsating flow is normally geted by motive forces of
reciprocating or peristaltic positive displacemgnimps. These forces are most
commonly caused by the acceleration and deceleraifothe pumped fluid. The
uncontrolled energy is appeared as pressure spikbsation is the example of
pulsation that usually leads the way to componeilure. Thus, there are many
researches that attempted to describe the chasdicteiof the flow in order to be the
benefit of the development of those fields.
2.3.1 Previous Studies Relating to Pulsed Flow

Ishii (1990) investigated the velocity distributiof pulsatile flow in
circular pipe with sudden expansion. The Poissamatgn for the stream function
and the vorticity transport equation of the Navitokes equations were solved using
finite different method (ADI difference method angwind scheme). The flow was
considered as incompressible viscous flow. Theadteristics of pulsatile flow were
controlled by cosine waveform for the various Rdgsand Womersley number. As
the results of the study, he found that the vejodistribution of pulsatile flow in
circular pipe without back step became plug flonewlthe Reynolds and Womersley
number increased. Additionally, the reverse flowoabppeared near the wall and
increased when the Womersley number increased.tHéowelocity distribution of
pulsatile in the circular pipe with back step flotlie reattachment length extended
downstream and the vortex behind the back stepgcktd backward when the

Reynolds number increased.
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Peacock, Jones, Tock, and Lutz (1998) studiedtiset of turbulence
of pulsatile flow in a straight tube by the expesimh Pulsatile flows with the
sinusoidal component, which generated by a Scotéte ynechanism, were detected
the onset of the flow instabilities by using hdirfiwall shear stress probes. At the
same time, centerline velocities and instantaneoliametric flow were measured by
using a Laser Doppler Anemometer and an ultrasdland probe, respectively. The
onset of turbulence was in the form of the critipabk Reynolds number. From the
experimental data, the critical peak Reynolds nuncberelated with the Womersley
and the Strouhal number as a power law functian agjuation (2.8):

Re

peakeiica)

=169 st 7 (2.8)

where Repeamcan is the critical peak Reynolds number. This peaii®&ls number is

defined from the maximum velocity of flow.is the Womersley number and St is the
Strouhal number. Moreover, there was a good agneeofevelocity profile between
the laminar experimental data and the theoreticatliptions from Poiseuille’s law
and Womersley’s solution. On the other hand, theas no adequate theoretical
prediction for transitional and turbulent profiles.

Yakhot, Arad, and Ben-Dor (1999) studied laminalspting flow in a
rectangular duct and parallel plates by using dindifference method. The
characteristics of pulsatile flow were induced lyusoidal waveform of pressure
gradient. High-order-accurate scheme was chosedisgsetization scheme. The
induced oscillating velocity and wall shear stresddifferent flow conditions that

varied with frequency and aspect ratio of the duete analyzed. As the results of the
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study, the frequency of pulsating flow affected gghdag or shift of the induced
velocity and wall shear stress with respect to ith@osed pressure gradient. In
parallel plates, at high frequency, the oscillatmgan velocity and the wall shear
stress had phase lags of @d 45, respectively. Meanwhile, there was no phase lag
between the mean velocity and pressure gradietiteatow frequency of pulsation.
These phenomena could be found when flows werguare and rectangular duct.
The influence of aspect ratio on velocity profiescillating velocity and wall shear
stress showed that flow in the square duct wast@ifieby two dimensional effects.
Meanwhile, flow in rectangular duct with higher aspratio had velocity profiles at
center plate similar to velocity profile of one dinsional flow between parallel
plates. The difference was found only near the sidé# of rectangular duct where
disappeared in parallel plates, the amplitude efitldluced velocity and the wall shear
stress decreased when approaching the side wiadiselcaused by the friction effects
in the duct especially at the corner of the duct.

Misra, A. Pal, B. Pal, and Gupta (1999) studiedilizging entry flow in
a plane channel with pulsating walls by using nuca¢method. The study flow was
unsteady laminar flow of an incompressible visctiow whose flux varied with time
in the form of cosine wave. This flow behavior vaigdied in the entrance region of
plane channel whose walls oscillated along theimab direction. The vorticity
transport equation of the Navier-Stokes equatioas solved using finite different
method (ADI difference method and central diffeescheme). From the numerical
computation, they found that the velocity profile ascillating flow was flat in the
entrance region and tend to be parabolic shapewnstream region. The maximum

axial velocity increased with the length of chanri&hen the channel stayed still,
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wall shear stress never vanished and there wasclo flow in the channels. On the
other hand, when the channel walls moved with Higlquency, there were reverse
flows near the wall at different time intervals it the time period. These can be
concluded that oscillation of channel walls affetts behavior of the entry oscillating
flow.

Karago6z (2002) investigated the behavior of timeitear oscillating flow
in a two dimensional channel by using both of atiedy and numerical methods. The
flows were considered to be incompressible flowe Tpressure gradient of the
oscillating flow varied sinusoidally with time. Theharacteristics of the oscillating
flow were controlled by frequency parameter in tben of Womersley number. In
the case of analytical method, mass and momentwatieqs were solved by using
similarity transformation. Meanwhile, the finite lume technique was used to solve
mass and momentum equations for numerical methbd. central difference and
hybrid scheme were employed to discretize the sivir and convective terms,
respectively. As the results of the study, theres veagood agreement between
analytical and numerical solutions. The velocitpfple seemed to be quasi steady
solution when the frequency of oscillation was Io&t. the same time, when the
frequency parameter increased, the velocity proésembled the plug flow and the
effects of oscillation became dominant in the nealt region. The high values of the
frequency parameter also gave rise in the amounangplitude of skin friction
coefficient. Moreover, there was phase lag betwhennduced velocity and pressure
oscillation, whereas, the skin friction coefficidrdd phase lead of 2%ith respect to

the imposed pressure gradient.
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The similar flow characteristics were found in tlaeninar pulsating
pipe flow which was studied by Unsal, Ray, Durstd &rtunc (2005). They studied
the behavior of laminar pulsating flows in a pipgng analytical and experimental
method. The flow was considered as incompressiBl@mus flow. The characteristics
of pulsating flow were controlled by sinusoidal vweésrm of mass flow rate. The
analytical solutions were obtained by solving masd momentum equations using
Bessel function, whereas, the velocity distribusiomere measured by using a hot-
wire anemometer for the experiment. The resulthefstudy showed that there was a
good agreement between the analytical solutions thadexperimental data. The
velocity distributions changed with the variatiohfreequency of pulsation. At very
low frequency, the velocity profile resembled thargbolic profile of the steady
laminar flow. The corresponding phase lags were oatmzero. The velocity
amplitudes in the center region of the pipe de@@&and the accelerating profiles
tended to be flatter with the increase of frequen®n the other hand, the velocity
amplitudes at near wall region increased and tleldeating profiles appeared to be
more inflections near the pipe wall with the in@eaf frequency. In addition, the
increase of mass flow rate amplitude also inducedeninflections in the velocity
profiles at near wall region.

Moreover, the frequency of pulsation also affedtse velocity
distribution of the turbulent pulsating flow in app. He and Jackson (2009)
investigated the behavior of turbulent pulsatirayflin a pipe by the experiment. The
periodic pulsating flow was incompressible flow.eTmstantaneous velocities were
measured by using a two-component Laser Dopplenfomeeter system. The results

of the study showed that the amplitude of veloatgdulation was affected by the
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frequency of pulsation. In the lowest frequencyegcdbe velocity profile was similar
to quasi-steady shape which the amplitude of vglagas highest at the center of the
pipe. When the frequency of pulsation increaseel nilaximum amplitude of velocity
was reduced and tended to locate near the walipef pn the high frequency cases,
the amplitude of velocity was constant in the cempt of the pipe. This behavior
was called a frozen slug-like behavior. This bebaef flow was also found when the
axial and radial components of root mean squarbutence fluctuation were
considered. In addition, they found that the resgoof turbulence to the imposed
pulsating flow initially occurred in the wall regicand then propagated into and cross
the core of pipe.

2.3.2 TheEffect of Pulsed Flow on the Cleaning Enhancement

From section 2.2.3, one of the factors which dffae cleaning rate in
the cleaning in place procedure is fluid flow. Thestor leads many researchers to
enhance the cleaning efficiency by using fluid fladjustment.

Gillham et al. (2000) investigated the whey pnotecleaning
enhancement using pulsed flows. This investigatmmsed on the experiment.
Pulsating flows of sodium hydroxide solution weengrated by a bellow unit and a
piston unit in pulsed cleaning devices. The cooditof pulsing was studied at a
steady flow Reynolds numbers of 580, the charasttesi of pulsed flow were
controlled by amplitude and frequency of pulsafifsaquency was less than 2 Hz and
the amplitude was greater than the steady flowciglo These pulsed flows were
employed to clean the deposit of whey protein itulaular heat exchanger. The
performance of pulsed flow was indicated by obsegnthe progress of cleaning and

thermal resistance of the deposit during clean&sg t As the results of the study, the
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alkaline pulsating flow could enhance the cleamaig of whey protein removal by
breaking down the swollen deposit. The cleaningsr@t the uniform stage and decay
stage were raised, and then the overall cleaning tvas reduced. The enhancement
was controlled by the combination effect of amml#uand frequency of pulsation.
Meanwhile, the thermal resistance monitoring alsoresponded to the cleaning
progress. There was a rapid decrease in the theesiatance of the deposit when the
cleaning system was operated by pulsating flow.

There is another study that corresponds to theystd Gillham et al.
(2000). Blel et al. (2009) studied the effect abuient pulsating flow on the bacterial
removal during a cleaning in place procedure. Timbulent pulsating flows of
sodium hydroxide were characterized by the pulsatiparameter (mean velocity,
amplitude and frequency). Pulsating flows were gateel by solenoid valve in
pulsation generator system. The range of amplitaiie frequency of pulsed flow
were 0-0.81 m/s and 0-2.86 Hz, respectively. THkses were flushed through the
cylindrical pipes with the deposit &acillus cereuspores. To evaluate the cleaning
efficiency of pulsating flow, the cleaning efficien of pulsating flow was compared
to the cleaning efficiency of steady flow. The desl contamination oB. cereus
spores after cleaning procedure and the removatikinvere analyzed. The results of
the study showed that the pulsating flow was mdiecsve than the steady flow in
the cleaning procedure. With the same of mean igloaf flow, the residual
contamination was less important in pulsed flovhe Effective removal rate constant
of pulsating was greater than the steady flow a& Weing pulsating flow generated
higher shear stress at the wall which made it e&sibreak down the deposit. Pulsed

flows with high pulsation parameters (amplitude dretjuency) also remained the
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effectiveness even at moderate mean velocity. Asesas pulsating flow with the
recirculation at low mean velocity, the recircutetiat the core of the pipe induced
high fluctuation shear rate at the wall which mad=asier to remove the soil from the
surface. Moreover, the statistical analysis showhkdt the bacteria removal
enhancement was controlled by the combination gldémde and frequency effects.
For Bacillus cereuspores removal, the optimal amplitude and frequeme 0.73 m/s
and 2.5 Hz, respectively. Thus, the cleaning edficy can be enhanced significantly

by using pulsating flow in the cleaning procedure.

24 Wall Shear Stress Analysis

A shear stress is the tangential component of factieg on a surface per unit
area. For all laminar Newtonian fluid, the relasbip between shear stress and strain
rate can be defined by Newton’s law of viscositgr aminar flow between parallel
plates, Newton’s law of viscosity can be writtenrasquation (2.9):

du
H dy (2.9)
wherer is a shear stress in N7np is the dynamics viscosity in N.s?nu the velocity
of fluid along the plate boundary in m/s ani the height of the boundary in m.

In a turbulent flow, the flow variables vary witime. The instantaneous

velocity component can be decomposed into a steaehn value and a fluctuating

component as in equation (2.10):

U=u-+Uu (2.10)
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where, u; is the instantaneous velocity component in mysis the steady mean
velocity component in m/s and is the fluctuating velocity component in m/s. The

effects of turbulent fluctuation on fluid motion rcebe described by Reynolds-
averaged Navier-Stokes (RANS) equations. For ingesygible flow of Newtonian

fluid and the effect of gravity is ignored, RANSuagions can be written as:

M g0 1P 10f 8 (2.11)
ot OX; pox  poX | OX

I

wherex is vector componentpis the mean value of pressure in K/mis density in

kg/m® andt is time in s. From the viscous term in equatiod{®, the turbulent shear

stress becomes:

6 =S pUl] i | (2.12)

J

The difference between shear stress of laminav 8ad turbulent flow is the

extra stress terms—(puu; ) which are called the Reynolds stresses. Thesssats

involve the fluctuating velocity of the flow. Theenolds stress is dominant except
the near wall region. Therefore, in the turbuldotWf the Reynolds stress is a good
approximation for the shear stress except in thanity of a solid boundary.

Consequently, the wall shear stress is given by:

T,=MH du (2.13)
dy yoo
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There are many researches in various fields whiaodysabout wall shear
stress, for example in biomedical engineering, feadineering, etc. In biomedical
engineering, wall shear stress is one parameténé¢hates to flow characteristics in
blood vessel or in the airways of body. Thus, tekdvior of wall shear stress of flow
in arteries and in the airways of the lung werdaistd (Green, 2004; Ooi, Blackburn,
Zhu, Lui, and Tae; 2007). In cleaning in placeteysof food processing, shear stress
of fluid flow is one important factor that helps temove the deposits from the
equipment surface by breaking down the swollen diépayer, especially in uniform
and decay cleaning stage. Shear stress increasetheiflow velocity, turbulent flow
can generate greater shear stress at the wall mosdelayer than laminar flow.
Reverse flow that causes by oscillatory flow andsating flow also increase wall
shear stress. Qi, Scott, and Willson (2008) mod&éedaminar pulsating flow of an
incompressible Newtonian fluid through rectangwact using Green functions. The
characteristics of pulsed flow were controlled bg periodic pressure gradient. The
analytical solutions were obtained in the form o&&hn function for volumetric flow
rate, velocity distribution and wall shear stresgribution. From the calculation, the
various flow effects over one period of pulsatioeras investigated. In one period,
there was the appearance of bulk flow reversabatesime over a cycle. The flow
reversal started in some regions, especially nedlr ne@gion, then, followed by the
flow reversal in the whole cross-section. From toenparison of wall shear stress
between the steady flow and pulsed flow, the marinwall shear stress of pulsed
flow was greater than the steady flow. For low péyithere was a phase lag between
the flow rate and pressure gradient approachédv@ifereas, the phase of wall shear

stress shifted £5espect to the periodic pressure gradient. Howevieen the period
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became larger, all phase lag and shift disappe&edeover, from the solutions, it
could be concluded that the flow reversal in pitgptiow and phase lag or shift were
determined by the properties of the fluid, the digiens of duct and the parameters
of pressure gradient. The study of Qi et al. canddirmed by the experiment of Blel
et al. (2009). They studied the effect of turbulpatsating flow on mean wall shear
stress and the fluctuation energy of the shear dtes studied investigated the flow
in a straight pipe using electrochemical measureéraed spectral analysis to measure
wall shear stress and the fluctuation energy of shear rate, respectively. The
turbulent pulsating flows were characterized by thdsations parameter (mean
velocity, amplitude and frequency). Pulsating flomesre generated by solenoid valve
in pulsation generator system. The range of ang®itand frequency of pulsed flow
were 0-0.81 m/s and 0-2.86 Hz, respectively. THeced of pulsating flow were
compared to the steady flow. As the results ofstinely, with the same mean velocity
of flow, pulsating flow generated greater mean vgaikar stress and the fluctuation
energy of the shear rate than steady flow. Wallaslstress increased with mean
velocity of the flow. At the same time, both of diyme and frequency induced
higher wall shear stress and fluctuation energthefshear rate respect to the steady
flow. But frequency of pulsation was more effectiom the shear stress than
amplitude of pulsation. The amplitude had the digait effect on wall shear stress
when the mean velocity is low. In addition, theiradation flow at the center core of
pipe also induced high fluctuation energy of theastrate. In addition, there are some

previous studies relating to wall shear stressysisl
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Mao and Hanratty (1986) measured the time vanatd wall shear stress
imposed by sinusoidal turbulent pulsating flowsaipipe. The pulsating flows were
characterized by the oscillation of pressure gradigith high frequency and low
amplitude. The wall shear stress variation was oreasby using electrochemical
technique which gave the relationship between nrassfer of species in the flow
and the velocity gradient at the wall or wall shetress. The results of the study
showed that the imposed oscillation of pressureligra had no effect on the time-
mean velocity gradient at the wall. The time-averagtensities of turbulent
fluctuations of velocity gradient at the wall werelependent of Reynolds number
and the oscillation of pressure gradient. Both ludge averaged velocity gradient and
the intensity of velocity gradient at the wall weskifted from the phase averaged
pressure gradient. Moreover, the amplitude andelbéshe velocity gradient at the
wall also shifted to the imposed oscillation.

Nishimura and Matsune (1998) used finite elememthod to study the
behavior of vortices generated by pulsed flow ignametric and symmetric channel.
The study showed that there was rotating vortefurrow of channel. The channel
geometry affected on the behavior of vortices. Vbodgex expanded in each furrow
during deceleration phase and shrank during thela@tion phase. The frequency of
pulsed flow affected on the vortex strength. Anr@msent of frequency led to promote
vortex strength which caused higher wall sheasstre

Metwally and Manglik (2004) studied the effect aifrrugated-plate channel
geometry and Reynolds number on the flow field &owhl wall shear stress. The
steady laminar flows of viscous Newtonian fluids revestudied by using finite

difference methods. To study the effect of chargesmetry, the channel geometry
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was described by the corrugation aspect ratio féota 1. Meanwhile, the Reynolds
number was varied from 10 to 1000 when the effdctReynolds number was

considered. Their results showed that with increasiorrugation aspect ratio, the
furrow of the channel was deeper, swirl flows wegenerated in the corrugation
troughs. The peak wall shear stress increasedthgticorrugation aspect ratio as well.
At the same time, the increase of Reynolds prodsomdar effect as the increasing
of corrugation aspect ratio.

Jensen, Friis, Bénézech, Legentilhomme, and Ledi¢R005) predicted local
wall shear stress variations by using computatifinad dynamics (CFD). The steady
turbulent flow was flowed through the pipe with ieaus diameter changes (gradual
and sudden expansions and contractions). Predvesédidshear stress by CFD code
(STAR-CD) was compared with the actual wall sheaess which measured by
electrochemical technique. For wall shear streggliption, the Reynolds average
Navier-Stokes (RANS) RNG &-model was chosen for turbulence modeling. The
performance of near wall modeling between two-lay@del and wall function was
also studied. As the results of the study, Thers avgood agreement of the trend of
the variation of mean wall shear stress and wasktress fluctuation along the pipe
between the prediction and the measured data. dhation of mean wall shear stress
and wall shear stress fluctuation could be seeriacithp at the expansion and
contraction part of the pipe. The two-layer modebvided better qualitative
comparison to the measured data than wall funcetiodel.

The previous studies that relate to pulsating féowl wall shear stress analysis

are summarized in appendix A (Table A.1).
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2.5 Conclusion

The literature review of fouling shows the type fotiling, the significant
effects of fouling on the heat exchanger efficieaey the study of fouling in dairy
process. These are the initiation of the cleanmggss. From the cleaning procedure,
it showed that fluid flow is one factor that affedhe cleaning rate. To enhance the
cleaning efficiency, pulsating flow can be one ailon of the fluid flow adjustment
of CIP system. But the effect of type of pulsedivlon the cleaning efficiency has not
found in the literature survey. Meanwhile, wall ahestress is one parameter that
helps to remove the deposits from the equipmenfasarby breaking down the
swollen deposit layer. It is also enhanced by &soity and pulsating flow. Thus, the
effect of types of pulsed flow on wall shear strsg implicitly indicates the cleaning

efficiency was considered to be the main objeabivihis study.
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MATHEMATICAL MODELS

This section focuses on the mathematical models dbscribe the physical
phenomena of fluid flows in the study system. Thggical phenomena of fluid flow
are described by mathematical models that basehercanservation of mass and
momentum. In this section, the mass and momentunseteation equations are
presented first. Because this study focuses orutthellent flow, the mean flow and
the effect of turbulence on mean flow properties @so considered. Thus, the mass
and momentum conservation equations of turbulent fivhich can be written in the
Cartesian form of Reynolds-averaged Navier-StoKRANS) equations and the

turbulence models with near wall treatment willdsesented later.

3.1 MassConservation Equation

The general form of the mass conservation equdtiothe case that there is

Nno mass source in the system is given by:

op 0
— +—(pu 3.1
o o) (3.1)

wherep is density in kg/m u; is the instantaneous velocity component in m/s

vector component artds time in s.
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3.2 Momentum Conservation Equation

The general form of the momentum conservation tgudor the case that

there is no momentum source in the system is desthy:

ot o P9 ox O

J

olpw) .\, 9lpu) _ _@+i( %} (3.2)

wherepg is the gravitational body force in Nfmpis the mean value of pressure in

N/m? andp is the dynamics viscosity in N.s?m

3.3 Reynolds-averaged Navier-Stokes (RANS) Equations

When there is the appearance of turbulent flumnatin the system, the
velocity and all other flow properties vary randgmiith time. The easy way to
describe the phenomena of turbulent flow is to raefihe velocity and other flow
properties in the composition of mean component aniime varying fluctuating
component. Therefore, the instantaneous velocity lia decomposed into a steady

mean value and a fluctuating component as in egu#8.3):
(3.3)

where, u; is the instantaneous velocity component in mysis the steady mean

velocity component in m/s angis the fluctuating velocity component in m/s.
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Because of the effect of turbulent fluctuationlse tmass and momentum

conservation equation can be written in the timeraged form:

op O ( —

0.9 (5 3.4
P ox (p ) (3.4)
o(pu) o(p) op 0 oo

i . i/ _ [ n T 1 U 3.5

ot i X P9 Ox " X, ﬂaxj PUY, (3:3)

Equation (3.4) and (3.5) are called Reynolds-ayeniaNavier-Stokes (RANS)
equations. The additional terms that representefifect of turbulent fluctuations,
— puu;

.U; , which are called the Reynolds stresses. The Registress can be related to

the mean velocity gradients by using Boussines@tigsis as in equation (3.6):

— ou ou; | 2 ou

— pUL; = 44 {— + —JJ - —(pk + b —k]d- (3.6)
. ox; ox | 3 ox )"

wherey is the turbulent viscosity in kg/m.s, k is the widnt kinetic energy in ffs®

and ¢g; is the kronecker delta. The turbulent viscosity,in equation (3.6) can be

determined from turbulent kinetic energy, k, tudmil dissipation rates and the

specific dissipation rate). These are obtained fromekand ke turbulence models.
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3.4 Turbulence Models

3.4.1 Standard k-g¢ Model
The standard k- model is a semi-empirical model based on model
transport equations for the turbulent kinetic egefk) and its dissipation rates)(

which are presented in equation (3.7) and (3.8peetively:

Dk & 4, ) ok ,

LA | N L F 3.7
Pt ox Hﬂ GJGXJ} HS" = p (3.7)

De 0 M |0 | € 2

L | L RN A (T 3.8
Pt ox Kﬂ ng axj} k( LH4S = pCy,2) (3.8)

where
s=.255, (3.9)
ou, :

o (3.10)
box OX,

J

wheree is the turbulent dissipation rate irf/si. Sis the deformation tensor in 18
is the mean strain rate in 1fg ando, are the turbulent Prandtl numbers for k and
respectivelyC,. andC,, are constants.

The turbulent viscosityy;, is computed by combining k and as

follows:

= pC,— (3.11)
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whereC, is a constant.

The model constants have the default values tle#trchined from
benchmark experiments of simple flows using air aater as follows:
ox=1.0,0, = 1.3,C1, = 1.44,C,, = 1.92 andC, = 0.09.

3.4.2 RNG k-¢ Model

The RNG ke model was derived using renormalization group theo
The transport equation of the turbulent kineticrggek is similar to the standardek-
model as in equation (3.12). But the significarftedence between standard and RNG
k-¢ models is the additional strain rate term in tlasport equation of the turbulent

dissipation rateg, as in equation (3.13), (3.15) and (3.16):

Dk 0 ok 5
P =" | Qb = |+ 1S — pe (3.12)

Dt 6xj[ aij

D¢ 0 oe & .

==\ a g, — |+Z(CuS* - pC, € 3.13
P D axj( o Hefr 6ij k( 14 S — pCy, ) (3.13)

where
Hett = M+ Ly (3.14)
n
C#png(l— j

CZ.&' = 2¢ l+ ﬂ?]g 2 (315)
77:5E (3.16)
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whereues is the effective viscosity in kg/m.gg andp are constants.

For the RNG ke model, the model constants have the default vadses
follows: ok = 1.393,0, = 1.393,Cy, = 1.42,C,, = 1.68,C, = 0.0845,; = 4.38 and
B =0.012.

The RNG ke model also includes the effects of swirl or raiatiby

modifying the turbulent viscosity as the followifghctional form:

k
Ty arr

whereuy is the turbulent viscosity without swirl modifiean in kg/m.s,os is a swirl
constant which its default value is set to 0.07 @rid a characteristic swirl number.
3.4.3 Realizable k-g¢ model
The transport equation of the turbulent kinetiergy, k, is same as the
standard ke model as in equation (3.18). Meanwhile, the transpquation of the
turbulent dissipation rate;, is based on a transport equation for the meaarsqu

vorticity fluctuation as in equation (3.19):

X.
J

oy ) OX,

2
pRe_ 0 Hu +ﬂJ§78:|+C1$06—C2L (3.19)

K+A+ve

J
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where

C, = ma{ 043 nz 5} (3.20)

The model constants have the default values dewsl ox = 1.0,
o.=1.2andC, = 1.9.

Another difference between the realizable krodel and the standard
and RNG ke model is that the realizableskmodel contains a new formulation for
the turbulent viscosity. This model can satisfy thathematical constraints on the
Reynolds stresses. The turbulent viscogityis obtained from the same formula as in

the standard k-model, butC, is no longer constant. It is computed from:

c,- * (3.21)
A) + A%ki

where

U'=,SS +Q,Q (3.22)

Q, =Q; - Zgijka)k (3.23)

Q, =Q; — 5,0, (3.24)

] [

WhereQ_ijis the mean rate of rotation tensai, is the angular velocity in rad. The

model constand, equals to 4.04 ank is given by:
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As=+/6cosp (3.25)
where
§=5cos'(Vaw) (3.26)
w32 (3.27)
S
S= 5SS (3.28)

3.4.4 Standard k- modé€

The standard k» model is an empirical model based on model tramspo

equation of the turbulent kinetic energy, k, ane sipecific dissipation ratey which

are computed from the following transport equations

Dk o 4, | oK ) .

= | u+ B | 4 SP - ppf K 3.29
P o ax[[ﬂ akjale #S = pB 1, ke (3.29)
Dw © M, | 0w O 2 2

e T N L TR 3.30
P o axj[(ﬂ %jaxj} a S = pBlyo (3.30)

where
1 7 <0

f, =1 1+6807
1+ 400z7

k

50 (3.31)
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g % a,+Re/R,
a | 1+Re/R,
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" 1+Re/R

_1+70y,
7 1+80y,
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(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)
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p= ﬂ{l—ﬂ—ic‘*HMi)} (3.41)
B
whereF(M;) is the compressibility function which is given by:

(3.42)

M2 =2 (3.43)
a

=~

wherea is a speed of sound in m/s.
The turbulent viscosityy, is obtained from the combination of k and

as follows:
u=a X (3.42)

The model constants have the default values dewisl o, = 1,
0 = 052,00 = 1/9, B, = 0.09,4 = 0.072,R; = 8, R = 6,R,, = 2.95,C = 1.5,
M = 0.25,0¢ = 2.0 andv,, = 2.0.
3.4.5 Shear-Stress Treansport (SST) k-® model
The SST ke model derived from the blending of the accurate
formulation of the ke model and the free-stream independence of themlodel in
the far field. The transport equations of the tleht kinetic energy, k, and the

specific dissipation rate), are presented in the following equations:
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pOK_ O A K | min(uS? 1008 ko) — pf ke (3.43)
Dt ax]. OX.

oy ]

Do 0 U, | 0w ) 2 1 ok ow
—— = || g+ | = |+ apS - 21-F = —"= (3.44
Pt o H/HG j ax}wtp ppo”+21=FR)po,,——~—~ (3.44)

2] j J J

where

a, = 1 (3.45)

F llak,l +(1- Fl)/o-k,Z
a, = 1 (3.46)

F/ Op1™t a- Fl)/aru,Z
F, = tanh@®;) (3.47)
®, =min m Jk ,SO?ﬂ , 4pli 5 (3.48)

009y py°w ) o,,D)y

D' = may 2p—+ L. K@ 4510 (3.49)

0,2 @ OX; OX;

wherey is the distance next to the surface in m.
Meanwhile 8, a andg are computed as same as the standardriedel
in equation (3.33), (3.36) and (3.41), respectiv8lyt for the SST ks model,a., in

the equation (3.36) is defined as the followingadmn:
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a,=Fa, ., +1-F)a,, (3.50)
and

Bia K*

Ay =—F— = (3.51)
B. o, B
/Bi 2 K*

Qpp="—5— - (3.52)
ﬂ‘” O-{u,Z V ﬁoo

wherex is the von Karman constant (0.4187).
As same as.,, for the SST ks model,f; in the equation (3.41) is given

by:

B=FRp.+1-F)B, (3.53)

Another difference between the standard kaodel and the SST &-

model is that the turbulent viscosity, in the SST ke model is computed as follows:

oK 1
= 3.54
#h w ){ 1 SFZ} ( )
ma )
a ao

wherea can be obtained from equation (3.37) &ads given by:

F, = tanh(@®3) (3.55)



45

®,=max 2

Jk 500@ (3.56)

009y ' py’w

The default values of model constants are defirmsd follows:
oK1 = 1.176,0{a),1 = 2.0, Ok2 = 1.0, Op2 = 1.168,a; = 0.31,ﬁi,1 = 0.075 and

.2 = 0.0828.

3.5 Near Wall Treatment and Wall Boundary Conditions

The appearance of the wall directly affects themeelocity and other flow
properties that describe the transport phenomefiaidfflow. In the near wall region,
viscous damping reduces the tangential velocityctfiations, while kinematic
blocking reduces the normal fluctuations. Thereftine accurate predictions of wall-
bounded turbulent flows are essential.

3.5.1 EnhanceWall Treatment

The ke models are only valid for turbulent core flowseyhneed the
additional near wall treatment to describe wall4bded turbulent flows. Based on the
viscous sub-layer region that needs to be resaivatis work, the flow is almost
laminar and the viscosity has a major effect omtieenentum, heat and mass transfer.
The enhance wall treatment was chosen to predi¢ébwanded turbulent flows.

Enhance wall treatment predicts turbulent flowsha near wall region
by the combination of a two-layer model and enhamat functions. The two-layer
model is used to determine the near-wdield andy;: .

In the two-layer models, the turbulent viscosity,is evaluated by the

length scalel,, as in the following equations:



= pC,1 Kk
where
|, =yG (L-€ e
C = KC;3/4
Re, = py_\/E
y7;
and A,=70
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(3.57)

(3.58)

(3.59)

(3.60)

wherey is the normal distance from the wall at the celiters in m and Reés the

turbulent Reynolds number based on the wall digtanc

The near-walle field is also computed by the length scalks,as

follows:

where

L =yG @-e™")

2C

>
Il

(3.61)

(3.62)

(3.63)
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Meanwhile, momentum boundary condition bases emddd law-of-
the-wall by Kader (1981) in the enhance wall fumet which were developed by

smoothly blending an enhanced turbulent wall watmihar wall law as follows:

1

- 1
u" =e Uy, + €Uy, (3.64)

whereu" is the dimensionless velocity which is definedadi®ws:

;U = |t (3.65)

where U, is the friction velocity in m/sz, is wall shear stress in N/m2. And the
blending function in equation (3.64) is given by:
_aly)’

I'= 3.66
1+by ( )

where a=0.01, b=5 andy" is the dimensionless distance from the wall whigh

defined as follows:

gt =Y (3.67)
U

When the effect of pressure gradients and themnal counted, the

enhance wall functions can be modified using ther@gches of White and Christoph

(1997) as shown in the form of the deriva’elg«l};%:
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+ + 1 +
du” _ AU o Uiy (3.68)
dy+ dy+ dy+
where
du: b 1 + + 22
—ub = = |1+ ay* J1- pu” —y(u) (3.69)
M L foa ) )
4 dp
_ dp 3.70
“ pU? dx =70
o9
_ 3.71
p pc U T, ( )
_oV? 3.72
"2, o

whereqy is heat at the wall in &, is the specific heat capacity of fluid in J/kgKyis
the temperature of the wall, K aads the model constant.
3.5.2 Wall boundary conditions
For the ke» models, they provide the sufficient resolutiorptedict the
flow in near wall region. The wall boundary condits for the k equation correspond
to the wall function approach as same as tlemedels, while the value @ at the
wall is defined as follows:

2
o, = p—UTaf (3.73)

Y7
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wherew” in the laminar sublayer is given by:

a)*:min(a)\;, 6 2] (3.74)
By’

" 160 (3.75)
Py k; >25
k; =ma 1.0,&J (3.76)
y7;
whereks is the roughness height in m.
and the value oo™ in the laminar sublayer is given by:
o =+ QU (3.77)
VB, dy

3.6 Concluson

In this section, the conservation equations of nagk momentum, including
the Reynolds-averaged Navier-Stokes (RANS) equstithe turbulence models ¢k-
and ke models), near wall treatment and wall boundarydd@mns that describe the
transport phenomena of turbulent flow in this wavkre presented. In this study,
these equations were solved through the mesh etenimnthe space and time
discretization of the finite volume method in theonumercial software

(FLUENT®6.3.26).



CHAPTER IV

RESEARCH METHODS

This thesis aims to study the influence of typepafsed flow, pulsation
parameters and the geometry of channel flow on slatlar stress. To approach the
objectives of this thesis, the apparatus that ursetlis work and the study methods
will be described in the following section. Themhgetstatistical methods and the

simulation methods of the FLUENT 6.3.26 will be tfised later.

4.1 Apparatus

In this study, the following apparatus were used:

(1) The HP Pavilion a63851 Home PC: Ifitalord™ 2 Duo Processor
E6550 2.33 GHz with 2.00 GB of RAM.

(2) SUT-High Performance Computing Cluster (SUTEHB: Parallel
Processing 100 InféXeor® CPUs 45408 MHz with 111262 MB of RAM.

(3) An operating system of Microsoft Windows XPofesssional version
2007-2008 Service Pack 2 for the personal companer the operating system of
Linux for the SUT-HPCC.

(4) The commercial software: GAMBIT, FLUENT®6.3.26, Microsoft

Office Professional Edition 2003 and 2007.
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4.2  Study Methods

The following methods are used to achieve theabivges of this thesis:
4.2.1 Wall Shear Stress Prediction

This section aims to test the response of the cential software
FLUENT®6.3.26 on wall shear stress generated by pulsdlivgs. This section
consists of the turbulence model testing and whkas stress prediction. The
turbulence model testing was investigated to fireguitable turbulent model for wall
shear stress analysis. Meanwhile, wall shear spnestiction was studied in order to
find the pulsating conditions that are suitable floe program to analyze the wall
shear stress.

4.2.1.1 The Turbulent Model Testing

In this section, Standardd-RNG ke, Realizable ke model,

Standard ke and SST ke model were employed to predict wall shear strefss o
sinusoidal pulsating flow with mean velocity 1.47/smamplitude 0.4 m/s and
frequency 2.5 Hz. The cylindrical pipe was usedbw the flow domain. The
numerical data of mean wall shear stress of pufsmels was compared to the
experimental data of Blel et al. (2009). The tuemilmodel that predicted the closest
mean wall shear stress was used in wall shearsgbresliction and wall shear stress
analysis of pulsed flows.

4.2.1.2 Wall Shear Stress Prediction

The most suitable turbulent model from the turbtlsodel

testing was employed to predict mean wall shearsstigenerated by sinusoidal
pulsating flows in the cylindrical pipe. The puisgt conditions were shown in Table

4.1. Fluid properties and flow condition based loe éxperiment of Blel et al. (2009).
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The numerical data of mean wall shear stress cfepluflows was compared to the
experimental data. The pulsating conditions thatg@am gave the closest results
compared to the experimental data were chosen mdratothe characteristics of

pulsating flow for wall shear stress analysis.

Table 4.1Hydrodynamic parameters for each pulsating cooliti

Sample Mean velocity Amplitude of Frequency of
(m/s) pulsations (m/s) | pulsation (Hz)

A 1.47 0.40 2.50

1.21 0.73 2.50

C 1.03 0.60 2.86

D 1.02 0.81 1.66

E 0.78 0.73 2.50

F 1.47 0.00 0.00

4.2.2 The Effect of Type of Pulsed Flow on Wall &ar Stress

The following types of flows were studied:

(1) Steady flow

(2) Pulsed flow — Rectangular waveform

(3) Pulsed flow — Saw tooth waveform

(4) Pulsed flow — Sinusoidal waveform

(5) Pulsed flow — Trapezoidal waveform

(6) Pulsed flow — Triangular waveform

From wall shear stress prediction, the charadtesiof pulsed flows
were controlled by pulsation parameters which ai@lsle to simulate by FLUENT

6.3.26 as shown in Table 4.2. Pulsed flows werauitad in the cylindrical pipe,
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parallel plates and corrugated channel of plateé kgahanger. To investigate the
effect of type of pulsating flow on wall shear sgewall shear stresses of different
pulsating flows were compared under the same puogsatondition, flow domain,

flow condition and length of time by using statisliprocedure.

Table 4.2Hydrodynamic parameters for the study of the ¢féét¢ype of pulsation on

wall shear stress

Sample Mean velocity Ampl_itude of Frequlency of
(m/s) pulsations (m/s) | pulsation (Hz)

B’ 1.21 0.73 2.50

C 1.03 0.60 2.86

D’ 1.02 0.81 1.66

Remark: *are cases that are studied in parallel plateschadnel of plate heat

exchanger.

4.2.3 The Effect of Amplitude of Pulsation on WalShear Stress
Sinusoidal pulsating flows with pulsating conditias shown in Table
4.3 were simulated in cylindrical pipe, parallehtgls and corrugated channel of plate
heat exchanger. Mean wall shear stresses gendrgt@dised flow with different
amplitude of pulsation were compared under the sawean velocity inlet, frequency
of pulsation, flow domain, flow condition and lehgtf time.The results of the study
were in the form of the relationship between wakka stress and the amplitude of

pulsation.
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4.2.4 The Effect of Frequency of Pulsation on Walbhear Stress
Sinusoidal pulsating flows with pulsating conditias shown in Table
4.4 were simulated in cylindrical pipe, parallehtgls and corrugated channel of plate
heat exchanger. Mean wall shear stresses gendrgt@dised flow with different
frequency of pulsation were compared under the sassn velocity inlet, amplitude
of pulsation, flow domain, flow condition and lehgtf time.The results of the study

were in the form of the relationship between wakka stress and the frequency of

pulsation.

Table 4.3Hydrodynamic parameters for each pulsating coolitihat studied the

effect of amplitude of pulsation on wall sheaesg

Sample Mean velocity Ampl_itude of Frequ_ency of
(m/s) pulsations (m/s) pulsation (Hz)

G 1.02 0.20 1.66

H 1.02 0.40 1.66

| 1.02 0.50 1.66

J 1.02 0.60 1.66

K 1.02 0.70 1.66

D’ 1.02 0.81 1.66

Remark: *are cases that are studied in parallel platescaadnel of plate heat

exchanger.




Table 4.4Hydrodynamic parameters for each pulsating coorlitihat studied the

effect of frequency of pulsation on wall sheaess$r
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Sample Mean velocity Ampl_itude of Frequ_ency of
(m/s) pulsations (m/s) pulsation (Hz)

L 1.02 0.81 1.00

D 1.02 0.81 1.66

M 1.02 0.81 2.50

N 1.02 0.81 2.86

4.2.5 The Effect of Mean Velocity of Pulsation olVall Shear Stress

Sinusoidal pulsating flows with pulsating conditias shown in Table

4.5 were simulated in cylindrical pipe, parallehtels and corrugated channel of plate

heat exchanger. Mean wall shear stresses gendrgt@dised flow with different

mean velocity inlet of pulsation were compared urtle same amplitude, frequency

of pulsation, flow domain, flow condition and lehgtf time.The results of the study

were in the form of the relationship between whtar stress and mean velocity inlet

of pulsation.

Table 4.5Hydrodynamic parameters for each pulsating comdlitihat studied the

effect of mean velocity inlet of pulsation on wsltlear stress

Sample Mean velocity Ampl_itude of Frequ_ency of
(m/s) pulsations (m/s) pulsation (Hz)

0] 0.78 0.73 2.50

P 1.02 0.73 2.50

B 1.21 0.73 2.50

Q 1.54 0.73 2.50
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4.2.6 The Effect of Geometry of Flow Channel on WhBhear Stress
With the same type of pulsed flow, pulsating ctiods, flow condition
and length of time, wall shear stresses of flowgpamallel plates and corrugated
channel of plate heat exchanger were comparedutty she effect of geometry of

flow channel on wall shear stress.

4.3 Statistical Methods

In this study, the Analysis of Variance (ANOVA) svamployed to indicate
mean wall shear stress differences that genergtddfbrent type of pulsed flow. The
comparison tests (t-test and Duncan’s multiple eatept) were used to determine
which of the mean differences are significant. Te¢ail about the ANOVA and the
comparison tests are presented in the following@ec

4.3.1 t-Test of Two Independent Samples

The t-test of two independent samples is useddess the significance
of the difference between the means of two indepehgamples which are randomly
drawn from normally distributed populations. Buetlstandard deviations of the
populations are not known. The test hypothesitasve as follows:

Hoiy—1,=0

Hyoimy— 1, %0
whereu; andu, are the mean of the population 1 and 2, respégtiv® is the null
hypothesis. This hypothesis assumes that there difference between the mean of
two samplesH, is the alternate hypothesis which assumes thed theghe significant
difference between the mean of two samples. Totkesthypothesis, the following

equation is used:



57

t— (X —%) — (1, — 1) (4.1)
\/Sfﬁzz
n n

wheret is the value which belongs to t-distribution definrby degree of freedom (df)
= (m-1) + (>-1), X, and X, are the mean of the sample 1 and 2, respecti8ejndS,
are the standard derivative of the sample 1 anceshectively.n; andn, are the

number of sample 1 and 2, respectively. To satisty hypothesis;- u, must equal

to zero. The new equation for t-value is:

t:@ (4.2)
$.s
n n

To accept or reject the null hypothesis, the dated t-value is compare
to t-value from the t-distribution table (Table B.WWhen the calculated t-value is
higher than t-value from table, the null hypothesisejected. This means there is the
significant difference between the mean of two dasip

In this study, the t-test of two independent sasplas employed to test
the mean differences between mean wall shear steswo different pulsating
conditions.

4.3.2 Analysis of Variance (ANOVA)

Generally, the Analysis of Variance (ANOVA) is ds& assess the

mean differences between three groups of samplesooe. The test hypothesis is

shown as follows:



Ho oy = 1, = 11y

Hatw # uy;

i J;

i, j=1, 2,3 at least one couple
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To test the hypothesis, the total variation is asafed into two

components; the variation between groups of sangidsthe variation within group

of sample. If the variation between groups of sa®ps greater than the variation

within group of sample, it means that the meanredtifice between groups is greater

than the mean differences within group. Thus, thié hypothesis is rejected, there is

the significant difference between the means &t l@@ouple of samples.

In the following, the general data layout for age-factor design is

presented in Table 4.6. To assess the signific#férehce for the single-factor

design, the One-Way ANOVA is employed to test tipdthesis as follows:

Table 4.6 The general data layout for a completely randoth&egle-factor design

Factor (Treatment)

1 2 ] k
X11 X12 X Ak
X21 X22 %j Xk
Xi1 Xi2 % Xk
Xn1 Xn2 X Xk
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To estimate the variance between the groups oplearthe estimated

variance is in the following form:

D (% —%)?
_n=2x

1 (4.3)

s?
whereS;? is the estimated variance between the groupseobéween groups mean

square,X; is the sample mean of data from populafiand X, is the grand mean of all

observations in the data set.
To estimate the variance within the group of sanphe estimated

variance is in equation (4.4):

k

> ” (% = %;)°
7 = Jtict (4.4)
k(n—1)

whereS? is the estimated variance within the group ontitein group mean square.
To compare the variance between the groups andithen the group,
the comparison can be stated in the form of thatie-which belongs to F-distribution

defined by degree of freedom (df) kX), k (n.-1) as follows:

_S
F= s (4.5)
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When the calculated F-ratio is higher than theatier from the F-
distribution table (Table B), the null hypothesisrejected. This means that there is
the significant mean difference between group®astlone couple. The summary of

the One-Way ANOVA is presented in Table 4.7.

Table 4.7ANOVA table for the completely randomized singsestor design

\S/S:Jigiec})r? f I?:erg(ra%eosmof Sum of Squares| Mean Square F-ratio
Between K s?
Groups k-1 nY (% -%)’ S? o

(regression) = e

Within Group Sh PV 2
(error) K(n-1) Z‘ié()& %) .
k n
Totals kn-1 D% —R)?
j=1i=1

When there are more than one factors are considéie Factorial
Analysis of Variance (Factorial ANOVA) is used tgsass the significant mean
difference between groups. From the two-factor éat ANOVA, the main effects
of each factor and the interaction of factors aseased by the estimation of variance
as in Table 4.8 and 4.9.

In this study, the two-factor factorial ANOVA wassed to assess the
mean differences between mean wall shear strediff@fent types of pulsed flow and

different pulsating conditions.



Table 4.8ANOVA table for a two-factorial design
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Source of | Degrees of Sum of Sauares Mean E_ratio
Variation Freedom q Square
n Sz
Factor A n-1 k> (% -X%.)? S, g@
i=1 e
d 2 S
Factor B k-1 my (X, - x,) S Y
i=1 e
k n 5 SZ
Factor AB | (k-1)(n-1) | rY D (% —% - X, +X.) Sis ?
j=1i=1 e
Between S w2 2 S
Replications| -1 kng;(xm x) > S
Error (nk-1)(r-1) By subtraction s
k n
Totals rkn-1 D2 Y -V
j=1i=1m=1




Table 4.9The general data layout for a two factorial design

Replication
Factor m
B Factor A
1 2 i n 1 2 i n 1 2 [ n
1 X111 X211 Xi11 Xn11 Xiim | Xe1m | «-- | Xiam Xnim X11r Xo1r Xi1r Xn1r
2 X121 X221 Xi21 Xn21 Xioam | X22m | ««+ | Xi2m Xn2m X12r X22r Xi2r Xn2r
] Xij1 | Xoj Xij1 Xnj1 Xim | Xejm | - | Xim Xnjm Xijr | Xojr Xijr Xnjr
k Xik1 | Xek1 Xik1 Xnk1 Xikm | Xekm | «-- | Xikm Xnkm Xikr | Xokr Xikr Xnkr
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4.3.3 Duncan’s New Multiple Range Test (DMRT)

The ANOVA indicates at least one couple mean @stiris significant,
but does not indicate which of the mean differenaees significant. To determine
which of the mean differences are significant, doenparison tests are employed.
Duncan’s new multiple range test (DMRT) is a muéipomparison tests that the F-
test does not need to show the significant diffeesn The procedure of DMRT is

described as follows:

(1) CalculateS, from the following equation:

S =y (4.6)

where S is the standard error of the treatment m@a8Eis the mean square of error

andn is the number of treatments.

(2) Calculate the Least Significant Range (LSR) from:

LSR=(SSH(S,) (4.7)

whereSSRis the significant studentized ranges, this valae be obtained from the
SSR table (Table B.3) for new multiple range tests.

(3) Rearrange the means in order.

(4) Compare the mean difference of every coupleezitment with the
LSR-value at the same range. If the mean differéngeeater than the LSR-value, the

means of these couple are significant different.
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In this study, the DMRT was employed to indicathick of the
differences of mean wall shear stress of diffetgpés of pulsed or different pulsating

conditions are significant.

4.4 Simulation Methods

To achieve the objectives of this study, numerisahulation using the
commercial software FLUEN®6.3.26 was employed to analyze wall shear stress in
the study system. In this section, the simulatioathuds which consist of the
geometry of the flow domain, mesh generation, plalsdefinition and solver are
described as follows:

4,41 Geometry

In this study, pulsed flows were simulated throtigd cylindrical pipe,
parallel plates and corrugated channel of platé &ezhanger in order to predict wall
shear stress and study the effect of flow channelall shear stress generated by
pulsed flows. All of flow channels were createdhnee dimensional geometries using
the commercial software GAMBF.

4.4.1.1 Cylindrical Pipe

To analyze wall shear stress of pulsed flows thnhothe
cylindrical pipe, the dimension of pipe based oa #éxperiment of Blel (2009). Pipe
made of stainless steel with the average absotutghness 0.3+0.@8n. The inner
diameter is 23 mm and the total length is 1630 mnvas separated into three zones;
zone 1 with 690 mm length, zone 2 with 250 mm Iargid zone 3 with 690 mm
length as shown in Figure 4.1. Wall shear stregsze investigated in zone2 in order

to eliminate the entrance and exit effects as sasrtbe experiment.
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Figure 4.1 The geometry and dimensions of the cylindricakpip

4.4.1.2 Channel of Plate Heat Exchanger
The channel of plate heat exchanger that usece tthé flow
domain is the corrugated channel of chevron plawesiel RS22. The schematic
diagram of the chevron plate and the charactesistiqlates are shown in Figure 4.2

and Table 4.10, respectively.



Symmetry axis

P

(b)

Figure 4.2(a) Schematic representation of a chevron plate;

(b) Corrugations dimensions.

Source:Fernandes et al. (2005)

Table 4.10The geometrical characteristics of the chevrotegla
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Material Stainless steel AISI 316
Plate Model RS 22
Area, A (nf) 0.015
Length, Ly (m) 0.265
Width, wr (m) 0.102
Effective length, L (m) 0.190
Effective width, w (m) 0.072
Area enlargement factob, 1.096
Corrugation angle3 30
Wavelength of corrugation 102 (m) 10.000
Distance between plates, bx>1(n) 2.600
Thickness, <10° (m) 0.500
Thermal conductivity, k (Wik™) 16.300
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In this work, wall shear stresses were considemg in the
corrugated part of the chevron plate heat exchadder length of the flow domain is
equal to the effective length, L, 190 mm lengthc&ese the corrugated plates are
symmetry as in Figure 4.2, therefore, flows wemnwated through the half of
corrugated channel plates as shown in Figure 4l#& €orrugated channel is

characterized by the following sinusoidal function:

x(y) = %sin{z—ﬂ(y—&j}rg (4.8)

190

Figure 4.3The 3D corrugated channel of the chevron plates
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The characteristics of the flow domain that crdatm

GAMBIT ™ are shown in Figure 4.4.

190

o .

Figure 4.4 The flow domain of the corrugated channel

From Figure 4.4, the hydraulic diametef, Of the corrugated channel is 0.00517 m

or 5.17mm which is computed from the following et
N
D, =— 4.9
= (4.9)

whereV is the volume of the corrugated channel ihandA is the surface area of the

chevron plates in fn
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4.4.1.3 Parallel Plates
To study the effect of geometry of flow channelwall shear
stress, the dimensions of parallel plates are obetr by the dimensions of the
corrugated channel. The length of parallel plage$90 mm. The hydraulic diameter,
Dy, of parallel plates is 5.17 mm which based on higdraulic diameter of the
corrugated channel. The characteristics of the fldamain that created in

GAMBIT ™ are shown in Figure 4.5.

2.7

190

Figure 4.5The 3D geometry of the parallel plates
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4.4.2 Mesh
To analyze wall shear stress of pulsating flowsagidinite volume
method of FLUENT6.3.26, the governing equations of fluid flow améeprated over
a control volume to yield a discretized equationthe form of algebraic equation.
This control volume is called grid, element or meghich created by dividing the
computational domain into discrete control volumlesthis study, mesh was created
by GAMBIT™ with the following steps. First, all edges in tmedel were divided
into small pieces by mesh edges command. Ther2Dhmesh on the boundary of the
flow domain was created using mesh faces commaimally; this 2D mesh was
extrapolated into the body of the domain using magbme command. It made flow
domain volume was broken into the discrete voluriég shape of the 3D elements
depends on the geometry of the computational daridie basic shape of the volume
elements that generated by GAMBYTare hexahedron, wedge, tetrahedron and
pyramid. The point that is used to store the comjputal data at any position of the
domain is defined as the nodal point or node. Thmber of nodes and the node
pattern associated with the volume element shapthid section, the optimum mesh
size procedure and the mesh characteristic of #aeh domain are presented as
follows:
4.4.2.1 The Optimum Mesh Size Procedure
For numerical method, mesh size is indispensildethe
accuracy and the convergence of the numerical teestib find the optimum mesh
size, first, rough mesh was created. Mesh sizesgaso 5-8% of the entire domain
size. Then, this mesh was employed to be the flomain of the computation with

the specific conditions (pulsating conditions, duproperties and flow condition).
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Second, the density of mesh in the first step waseased by mesh refining. Again,
the fine mesh was simulated with the same condites in the first step. Then, the
numerical results of rough mesh were comparedn rinesh. If the difference of the
numerical results was higher than the criteria (184 fine mesh would be refined
again until the difference of numerical resultsdEen rough mesh and fine mesh was
less than the criteria. The summary of the optimmash size of flow domains that

used in this study is shown in the Table 4.11.

Table 4.11The summary of the optimum mesh size of flow dorsai

. Cylindrical Corrugated Parallel
Flow Domain Pipe Channel Plates
Number of Mesh
Elements 457,704 2,372,258 194,504
Number of Faces 1,384,296 5,301,581 633,100
Number of Nodes 469,245 752,274 244,263

4.4.2.2 Mesh Characteristic of Cylindrical Pipe
The entire flow domain was created from blocks of
hexahedron mesh element. In axial direction, therial size of mesh is 5 mm as in
Figure 4.6. Non-uniform mesh in the radial direstivas performed to satisfy’y
value limits (y<5) valid for the enhance-wall treatment which wessd for wall
shear stress analysis. The height of first row elesfrom the wall of pipe is 0.02875
mm. The height of row increased with growth facta2. The non-uniform mesh in

radial direction is shown in Figure 4.7.
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Figure 4.7 The hexahedron mesh elements in the radial directi the flow domain.
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4.4.2.3 Mesh Characteristic of Corrugated Channel

The entire flow domain was created from blocksetfahedron
mesh element. Generally, the interval size of fleenents of the entire flow domain
started from 0.001 mm to 0.6 mm. The small elemem®e generated in the narrow
region of the plate, whereas, the larger mesh elesneere created in the wide region
of the flow domain.

Because of the complexity of flow domain and tleadition
that the first row elements must satisfywyalue limits (y<5) valid for the enhance-
wall treatment, at the contact point of plates waisas circular with 2 mm diameter.
In this case, it was assumed that flow will nevewfthrough those cutting zones. The
height of the first row elements from the wall i9@ mm. The height of row
increased with growth factor 1.15. The 3D mesh eleis of the corrugated channel

are shown in Figure 4.8 and 4.9.

Figure 4.83D mesh elements of the modify corrugated channel
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Figure 4.9 Part of 3D mesh elements of the modify corrugatehnel

4.4.2.4 Mesh Characteristic of Parallel Plates
The entire flow domain was created from blocks of
hexahedron mesh element. The interval size of ldraents of the entire flow domain
started from 0.05 mm to 1.9 mm. To satisfywglue limits, the height of the first row
elements from the wall is 0.05 mm. The height of iacreased with growth factor

1.15. The 3D mesh elements of the parallel platestaown in Figure 4.10 and 4.11.



Figure 4.103D mesh elements of the parallel plates
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4.4.3 Physical Definition

After mesh was generated, the physical models theude fluid
properties, flow conditions, boundary and initiahditions were defined as follows:

4.4.3.1 Fluid Properties

In wall shear stress prediction, the numericaladatas

compared to the experimental data of Blel (200®usl the working fluid based on
the fluid in the experiment of Blel (2009) which svéhe electrolytic solution of a
mixture of potassium ferricyanide, potassium feymide and sodium hydroxide.
The density of this solution is 1028 kg/rand its dynamic viscosity is 0.985x10
kg/m.s at 22C. For the rest of the study, water afGQvas used to be the working
fluid. The density of water at 80 is 988.1 kg/m and its dynamic viscosity is
0.547x10° kg/m.s.

4.4.3.2 Flow conditions

In this study, flows were considered to be turba&e The

steady and unsteady state flows were assumedrmrlémt steady flow and turbulent
pulsating flow, respectively. Two working fluid weassumed to be constant object
property and incompressible. The characteristigsutdating flow were controlled by
the pulsating condition in Table 4.1-4.5. For flowthe cylindrical pipe, pipe was laid
on horizon level; the effect of gravitation could ignored. On the other hand, when
fluid was flowed in the corrugated channel and &ralates, both of flow domains
were on vertical level; the effect of gravitationutd be considered. Flows were
performed under isothermal condition. And the opegapressure was equal to

101325 Pa.
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4.4.3.3 Boundary Conditions
Boundary conditions on the surfaces of flow doreamere
defined for the flow simulation by FLUEN'B.3.26. The following boundary
conditions are available in FLUEN®.3.26. and were chosen to be the boundary
condition on the surfaces of flow domains:
(1) Atthe Inlet Surface
The velocity inlet was defined as the boundarydtoon
at the inlet surface of the flow domain. The floiredtion is perpendicular to the inlet
surface. The velocity inlet could be set as a @ntsand periodic function for steady
flow and pulsating flow, respectively. The periodimctions are presented in the
following equation.

Rectangular waveform pulsation:

ut) =t 2 i(l‘ Cgm”jsin(znﬂf) (4.10)

T na

Saw tooth waveform pulsation:

ut) =u+ 2, i(coiﬂ”jsin(Znnf) (4.11)

T na
Sinusoidal waveform pulsation:

u(t) = u+u, sin(2t) (4.12)
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Trapezoidal waveform pulsation:

- 8, &1 . (nx [ 3nr :
u(t) = u+7;{F(Sl{7j+su(7jﬂsm(2nnf) (4.13)

Triangular waveform pulsation:

- 8up = ( 1 r(nﬂ'jj .
ut)=u+—- 5 Sin — | [sin@naf ) (4.14)
T

n=1\ N 2

whereu is the instantaneous velocity inlet in misis the mean velocity inlet in m/s,
Up is the amplitude of pulsation in m/s afds the frequency of pulsation. The
periodic velocity inlet boundary conditions werephgd to the inlet surface using
User-defined functions (UDF) in FLUEN'6.3.26. The source code of the periodic
velocity inlet boundary conditions are shown in epgix C.
(2) Atthe Outlet Surface

In the cylindrical pipe, the outflow boundary caiah
was employed to be the boundary condition at owafigtipe. The zero diffusion flux
condition was applied at the outflow plane. Theditans of the outflow plane are
extrapolated from the upstream flow within the dom8y extrapolation, the outflow
velocity and pressure were updated in a mannarllyfdevelop flow assumption.

In the corrugated channel and parallel platesptessure
outlet boundary condition was applied at the oulatface. The outlet pressure was
extrapolated from the upstream condition. The gapiggssure was set to be zero

Pascal by the assumption that fluid was sent otlid@tmosphere.
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(3) Atthe Wall
Wall boundary condition was applied at the wall of
domains. These walls were the stationary wall. maeslip boundary condition was
enforced at walls means that fluid sticks at thd.wWéaus, the velocity of fluid is zero
at the stationary wall.
(4) Atthe Symmetry Plane
Symmetry boundary condition was applied at the
symmetry plane of the corrugated channel and thellphplates. At the symmetry
plane, the flow patterns have mirror symmetry. ®hierzero flux of all quantities a
symmetry boundary. The normal velocity componetit@symmetry plane is also zero.
The positions of the boundary conditions of each

computational domain are presented in Figure 4113, 4.14 and 4.15.

rT

Outlet

Figure 4.12The positions of boundary conditions of the cytiodl pipe
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Figure 4.14The positions of boundary conditions of the

corrugated channel (large view)
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Figure 4.15The positions of boundary conditions of the patgllates

4.4.3.4 Initial Condition
The initial velocity in each component based oa telocity
inlet at t=0 of each pulsating condition. Whileg tinitial gauge pressure was set to be
zero Pascal.
4.4.4 Solver

Based on the finite volume method of FLUENT3.26, the pressure
based solver was chosen to solve all variablesnimwmpressible flow simulation.
Using this solver, each iteration consists of thiefving solving steps:

(1) Fluid properties are updated based on theentgolution.

(2) The momentum equations are solved by usingipiuated pressure

and face mass fluxes.
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(3) The pressure correction equation is solvedubiyng the recently
obtained velocity field and the mass-flux.

(4) The face mass fluxes, pressure, and the \gléeld are corrected
by using the pressure correction obtained from &gp

(5) The turbulent quantities are solved.

(6) Check for the convergence of the equations.

From the turbulent testing model the RNG knodel was used to
predict wall shear stress of pulsed flows with énéanced wall treatment. The second
order upwind difference scheme was chosen to pgredamentum in each control
volume. Turbulent kinetic energy and turbulent ghigSon rate in each control
volume were predicted by the second order upwirigéréince scheme and the first
order upwind difference scheme for flows in cyliledt pipe and the channel of plate
heat exchanger and parallel plates, respectivéig. SIMPLE algorithm was applied
for the iteration procedure. For the simulationdjmsize of time step and the number

of iteration per time step are presented in appebDdiTable D.1 and D.2).

45 Conclusion

This section described the apparatus that were iasthis study, followed by
the study methods used to achieve the objectivihisfthesis. The wall shear stress
prediction, the studies of the effects of type afspd flow, amplitude, frequency,
mean velocity inlet and the geometry of the flovachel on wall shear stress were
described. After that, the analysis of variance @ mean comparison tests of the
statistical methods were presented. This showeld that used to compare the mean

wall shear stress of various types of pulsed flow. analyze wall shear stress of
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pulsed flow, the finite volume method was employedolve the problems. Thus, the
simulation methods were focused as the later stubjBlge simulation methods
consisted of the description of the geometry ofvftlomains which are the cylindrical
pipe, the corrugated channel and the parallel pldtben, the mesh creation of each
domain was presented with the optimum mesh sizecepire and the mesh
characteristic of each computational domain. Thesigal model of the problem such
as fluid properties, flow conditions, boundary anidial condition were described as
well. Finally, the solving step of pressure-basenlves in FLUENT®6.3.26,
discretization scheme and the solution algorithmpi@ssure-velocity coupling were

presented in the last part of this section.



CHAPTER V

RESULTS AND DISCUSSION

By working on the study methods and simulationhods that are shown in
section 4.2 and 4.4, the results of wall sheasstpeediction are presented in the first
part of this section. Then, the effect of type ofsed flow on wall shear stress is
shown in the form of instantaneous wall shear siresean wall shear stress, wall
shear stress distribution and velocity vector ofv# in the channel flows. Next, the
influences of amplitude, frequency and mean vejdaiet of pulsation on wall shear
stress are presented in the form of the relatignbleiween those factors and wall
shear stress. Finally, the effect of the geometffjoav channel on wall shear stress is

presented in the form of mean wall shear stresiseakast of this section.

5.1 Wall Shear Stress Prediction

5.1.1 Turbulence Model Testing
To find the most suitable turbulence model thdt e used to predict
wall shear stress of pulsating flows for the studgection 4.2.1-4.2.6, Standard: k-
RNG k=<, Realizable ke model, Standard k-and SST ke model were employed to
predict wall shear stress of sinusoidal pulsatilogv fwith mean velocity 1.47 m/s,
amplitude 0.4 m/s and frequency 2.5 Hz. The floveseansimulated in the cylindrical
pipe domain. The numerical data of mean wall sleeess of pulsed flows was

compared to the experimental data of Blel et 108 as shown in Figure 5.1.
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Figure 5.1 The comparison of mean wall shear stress betweeaxperimental data

and the numerical data predicted by various tgptee turbulence model

Figure 5.1 shows that there is much differencewbeh the
experimental data and the numerical data. Howdkierke models are greater than
the kw models in the wall shear stress prediction. Thiterdinces between the
experimental data and the numerical data that giesdliby the k: models are about
33.5-34.3%. Meanwhile, The differences between d@kperimental data and the
numerical data that predicted by the kiodels are about 43.7%. Within the group of
the ke models, there is no significant difference betweesan wall shear stress
predicted by the standardek-RNG ke and realizable k- models as same as the
comparison within the group of theckimodels. However, to find the most suitable

turbulence model for wall shear stress analysispuaised flow, researcher also
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considered the flow characteristic in the domairhew the domain is complicat
such as the corrugated channel, the recirculalan possibly occt The ke model
that includes the effect of swirl on turbule and has the term that improves
accuracy for rapidly strained flo' is the RNG ke model. TheRNG k-¢ model has
alsoproven superior to the standar-e model in general (Bysan, 1993)Thus, the
RNG k< model was chosen to be the represent turbulent Intotiés study.
5.1.2 Wall Shear Stress Predictiol

Wall shear stresses generated by pulsed flows pukbating condition
that were shown in Table 4.1 were predicteing FLUENT®6.3.26 in order to fint
the suitable pulsating conditions for wall sheaest analysis. The fluid properti
flow domain and flow condition based on the expeninof Blel et al. (2009). Th
comparison between the numerical data of mean shear stress of pulsating flo

and the experimental data is shown in Figure
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Figure 5.2 The comparison of mean wall shear <s between numerical de

andexperimental data of each pulsating condi
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Figure 5.2 shows that there are some differenoesveen the
numerical data and the experimental data. Withsésme mean velocity inlet, the
comparison of mean wall shear stress between pélssdsample A) and the steady
flow (sample F) is seen that there is a little eliéihce between them when they are
analyzed by the numerical simulation, whereas, meghshear stress of pulsed flow
is much higher the mean wall shear stress of stflagly in the experiment. This
contrast is caused by the difference of the metloggo of wall shear stress
measurement between the experiment and the siwmlalihe electrochemical
technique was used to measure wall shear strefiseirexperiment of Blel et al.
(2009). This technique considers mass transfeheimical species by measuring the
diffusional currents given by a redox reaction bé telectrolytic solution. These
currents are transformed into the dimensionlessfof Sherwood number which
relates to the wall shear rate and wall shear stréserefore, the increase of the
fluctuation generated by pulsating flow could beited by this technique. By the
method of this technique, the increase of the diaitbn can cause the increase of wall
shear stress. Meanwhile, wall shear stresses weatned by solving the Reynolds-
averaged Navier-stokes (RANS) equations in the migalesimulation. For RANS
equations, wall shear stress is affected by theouss force of the flow that acts on the
wall only. The effect of mass transfer of chemispécies in the flow is neglected.
The increase of the fluctuation generated by puigdtow could not be captured by
the numerical simulation. Although, pulsed flow g@nerate higher wall shear stress
than the steady flow, the difference between mealh shear stress of pulsed flow
and steady flow cannot be explicitly seen by nuoasimulation. However, there are

some samples that the difference of mean wall stteass between numerical result
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and the experimental results were accepted suckaagple B, C and D. The
differences between the experimental data anduheencal data are about 5.8-17.6%.
With the pulsating conditions of sample B, C andFDUENT®6.3.26 can predict the
closest mean wall shear stress compare to the imgrdanl data. Therefore, these
pulsating conditions were used to control the afterastics of pulsating flow for wall

shear stress analysis.

5.2 The Effect of Type of Pulsed Flow on Wall Shedstress

With the same pulsating condition in Table 4.2|l\shear stresses generated
by different type of pulsating flow were analyzeader the same flow condition by
using finite volume method of FLUEN'6.3.26. Wall shear stress analysis was done
in the cylindrical pipe, corrugated channel andaper plates. In these flow domains,
the instantaneous wall shear stresses correspottietgelocity inlet function. For
example, the pulsed flow with sinusoidal waveformose velocity inlet varies with
time as sinusoidal function generates the inst@uias wall shear stress that also
varies with time as sinusoidal function as in Fegbr3. As same as pulsed flow with
the trapezoidal waveform pulsation that also ceedtee trapezoidal waveform
pulsation of wall shear stress as in Figure 5.4 Tistantaneous wall shear stress
varies periodically in the same phase as the Wgladiet. This can be seen in both of

Figure 5.3 and 5.4.
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Figure 5.3 The variation of velocity inlet (a) and the ingtameous wall shear stress
(b) with time for the sinusdidaveform pulsation (mean velocity 1.02 m/s,

amplitude 0.81 and frequen®$ Hz) in corrugated channel.
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Figure 5.4 The variation of velocity inlet (a) and the ingtameous wall shear stress
(b) with time for the trapezalidiaveform pulsation (mean velocity 1.02 m/s,

amplitude 0.81 and frequend§61Hz) in corrugated channel.

When the time-averaged wall shear stresses or mvailnshear stresses of
various types of pulsating flows were considereldgeré are some significant

differences between mean wall shear stress gedemtedifferent type of pulsed
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flows. These differenc can be seen in all flow domains. In cylindrical gighe
results show thatylsed flow generates higher mean wall shear sthessthe stead
flow. At the same time, within group of pulsed flewpulsed flow with the
rectangular waveform pulsation geates the highest mean wall shear st Pulsed
flow, which behaves likdrapezoidal wave, also generates significantly éighall
shear stress than the triangular waveform pulsafid@anwhile, mean wall she
stresses generated by saw tooth and sinal waveform pulsation are not statistice
different from both of mean wall shear stressettaggezoidal waveforrpulsation and

triangular waveform pulsation. These results caselea in the Figure 5

45
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Mean wall shear stress (Pa)

Type of pulsed flow

Figure 5.5 The effect of type of pulsed flow on mean w

shear stress in the cylindrical pipe
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In corrugated channel of plate heat exchanger amallpl plates, the respon
of mean wall shear stresses to pulsating flow @eddy flow similar to the respon
in the cylindrical pipe. However, there are soméed#nces between the respons:
mean wall shear stress on different type of pufs®d in the cylindricalpipe and the
other ones. In corrugated channel and paralleéplgiulsed flow, which behaveke
rectangulamwave, generates the highest mean wall shear siPetsating flow witk
the trapezoidal waveform generates greater meanstahr stress than tisawtooth
and triangular waveform pulsation. Meanwhile, meeatl shear stresses generatec
sinusoidalwaveform pulsation are not significantly differdndbm mean wall shee
stressed of trapezoidisawtoothand triangular waveform pulsation. The influence
type of pulsed flow on mean wall shear st in corrugated channel and para

platesare shown in Figure 5.6 and 5.7, respecti
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Figure 5.6 The effect of type of pulsed flow on mean wall steteess

in thecorrugated channel of plate heat excha
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Figure 5.7 The effect of type of pulsed flow on mean w

shear stress in the parallel plates

The response of mean wall shear stress on diffexgre of pulsed flov
correspond to wall shear stress distribution and velocitgfipe of pulsed flows ir
each flow domain.

Generally, wall shear stress distributionpulsating flows in the cylindrice
pipe has a pattern of the distribution as igure 5.8 and 5.10Wall shear stress
constant around the circumference of [ In axial direction,wall shear stress
greatest at inlet of pipe, theit gradually decreases idownstreamregion. This
phenomenon occurs because of the entrance effedt. sWear stress will reduce ur
flow velocity profile is fully develope The flow pattern is in the form of plug flc at
high velocityas in Figure !9, whereas, the div seems to be thPoiseuille’s type

flow at low velocity as shows in Figure 5..However, there is different pattern o
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wall shear stress distribution. This pattern caridoed in the pulsating flow with the
rectangular and trapezoidal waveform pulsation. WVtree flow velocity suddenly
changes, the reverse flow occurs at near wall regigipe. It makes wall shear stress
in downstream region is higher than the upstreasitipo. The second wall shear
stress distribution and the flow velocity profileeashown in Figure 5.12, 5.13 and

5.14, respectively.
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Figure 5.8 The wall shear stress distribution of pulsed fleith sinusoidal wave
form (mean velocity inlet 1.02 m/s, amplitude 0r81s,

frequency 1.66 Hz) in the cylindrical pipe at §.4
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Figure 5.9 The velocity profile of pulsed flow with sinusoidaave form (mean

velocity inlet 1.02 m/s, amplitude 0.81 m/s, freqay

1.66 Hz) in the cylindrical pipe at 1.4 s
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Figure 5.10The wall shear stress distribution of pulsed fl@ith sinusoidal wave

form (mean velocity inlet 1.02 m/s, amplitude 0r81s,

frequency 1.66 Hz) in the cylindrical pipe at §.6
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Figure 5.11The velocity profile of pulsed flow with sinusoldaave form (mean
velocity inlet 1.02 m/s, amplitude 0.81 m/s, freqay

1.66 Hz) in the cylindrical pipe at 1.6 s
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Figure 5.12The wall shear stress distribution of pulsed floithwectangular wave
form (mean velocity inlet 1.02 m/s, amplitude 0r81s,

frequency 1.66 Hz) in the cylindrical pipe at &.2
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Figure 5.13The velocity profile of pulsed flow with rectanguiwave form (mean
velocity inlet 1.02 m/s, amplitude 0.81 m/s, freqay

1.66 Hz) in the cylindrical pipe at 1.2 s
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Figure 5.14The reverse flow of pulsed flow with rectangulaawe form (mean
velocity inlet 1.02 m/s, amplitude 0.81 m/s, freqay

1.66 Hz) in the cylindrical pipe at 1.2 s
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In parallel plates, wall shear stress distributias the similar pattern as in the
cylindrical pipe. When the flow velocity is high,all shear stress is highest at the
inlet of parallel plates. Then, it gradually de@esin downstream region because of
the entrance effect as in Figure 5.15 and 5.16. vEhecity profile is in the form of
plug flow as in Figure 5.17. This pattern is aleers when the flow velocity is high as
in Figure 5.18. But at low velocity, not only thdet region of plates but also the near
symmetry plane region can be seen the high wallrs$teess. This is because the flow
is similar to the Poiseuille’s type (Figure 5.1%ieh the maximum velocity is in the
center region of the flow channel. Thus, high vealéar stress can be found near the

symmetry plane of the parallel plates.
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Figure 5.15The wall shear stress distribution of pulsed flgith triangular wave
form (mean velocity inlet 1.02 m/s, amplitude 0r81s,

frequency 1.66 Hz) in thexagllel plates at 2.0 s
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Figure 5.17The velocity profile of pulsed flow with triangulavave form (mean

velocity inlet 1.02 m/s, amplitude 0.81 m/s, freqey 1.66 Hz) at
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Figure 5.18The wall shear stress distribution of pulsed fl@ith triangular wave
form (mean velocity inlet 1.02 m/s, amplitude Oréis,

frequency 1.66 Hz) in the parallel plates at 1.6 s
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Figure 5.19The velocity profile of pulsed flow with triangulavave form (mean
velocity inlet 1.02 m/s, amplitude 0.81 m/s, freey 1.66 Hz) at
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As same as the cylindrical pipe, when the flonoegl immediately changes,
there is the reverse flow occurs in the channgdavéllel plates as in Figure 5.21. It
causes higher wall shear stress in this region epespto the surrounding as shows in
Figure 5.20. This phenomenon can be found wheriidiaes are pulsating flows with

rectangular and trapezoidal waveform pulsations.
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Figure 5.20The wall shear stress distribution of pulsed floithwectangular wave
form (mean velocity inlet 1.21 m/s, amplitude 0n7/3, frequency

2.5 Hz) in the parallel plates at 1.1 s
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Figure 5.21The reverse flow of pulsed flow with rectangularmedorm (mean
velocity inlet 1.21 m/s, amplitude 0.73 m/s, frecy

2.5 Hz) in the parallel plates at 1.1 s

For wall shear stress distribution in corrugatedrmel of plat heat exchanger,
there is no explicit difference between the genptddéed flows and the flows whose
velocity suddenly change, because of the compleitthe flow channel geometry.
Typically, wall shear stress is high at the fur@ithe corrugated plates as in Figure 5.22
and Figure 5.23. The velocity is also high in thést of plates as in Figure 5.24. This
is because this part of plate obstructs the flowhen serpentine channel, pressure is
dropped and the velocity is increased as in Figugs. At the same time, in the
converging-diverging channel, this part of plateé anly obstructs the flow but also
reduces the cross-section area of the flow chanites causes the raising of the

velocity in this region as shows in Figure 5.26 dAidnally, the vortices that occur in
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both of those channels are another cause of thease of wall shear stress in the

furrow region of the corrugated plates
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Figure 5.22The wall shear stress distribution of pulsed fleith trapezoidal wave
form (mean velocity inlet 1.02 m/s, amplitud@Dm/s,

frequency 1.66 Hz) in the corrugated channélats
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Figure 5.23The wall shear stress distribution of pulsed fleith trapezoidal wave
form (mean velocity inlet 1.02 m/s, amplitude 0/, frequency

1.66 Hz) in the corrugated channel at 1.5 géatiew)

Figure 5.24The velocity profile of pulsed flow with trapezaidvave form (mean
velocity inlet 1.02 m/s, amplitude 0.81 m/s, freqay 1.66 Hz)

at the medium plane of corrugated channel, Tirbes1.
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Figure 5.25The velocity profile of pulsed flow with trapezaidvave form (mean
velocity inlet 1.02 m/s, amplitude 0.81 m/s, freqay 1.66 Hz)

at the plane z = 0.00433 m of corrugated chafele 1.5 s

Figure 5.26The velocity profile of pulsed flow with trapezoldaave form (mean
velocity inlet 1.02 m/s, amplitude 0.81 m/s, freqay 1.66 Hz)

at the symmetry plane of corrugated channel, Tirbes
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Although there is no explicit difference of walhesar stress distribution
between the general pulsed flow and the flows whvesacity suddenly change in the
corrugated channel of plate heat exchanger, tHeréifces can be observed in the
cylindrical pipe and the parallel plates. The pheapa of wall shear stress
distribution and the velocity profile of pulse flshow why mean wall shear stresses
of pulsed flow with the rectangular and trapezomaveform pulsations are higher

than the others.

5.3 The Effect of Amplitude of Pulsation on Wall Skar Stress

With the same mean velocity inlet and frequencypolsation, wall shear
stresses that generated by pulsed flows with @iffeamplitude of pulsation as in
Table 4.3 were analyzed under the same flow canditThis study was done in the
cylindrical, corrugated channel of plate heat exgea and parallel plates. The results
show that the maximum wall shear stresses and medh shear stresses are
proportional to the amplitude of pulsation. Thesktronships can be seen in all three
domains as show in the Figure 5.27-5.29. Becawsetnease of amplitude raises the
instantaneous velocity of the flow. This gives l@ghkelocity gradient at the wall that

relates to the wall shear stress in the channel.
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5.4 The Effect of Frequency of Pulsation on Wall Skar Stress

With the same mean velocity inlet and amplitudepafsation, wall shear
stresses that generated by pulsed flows with @iffefrequency of pulsation as in
Table 4.4 were analyzed under the same flow camdifihe flows were simulated
through all flow domain; cylindrical pipe, corrugdtchannel and parallel plates. The
effect of frequency of pulsation on wall shear sérés presented in the form of the
relationship between mean wall shear stress amgudrey of pulsation. As the
results of the study, in the cylindrical pipe, meeall shear stress is proportional to

the frequency of pulsation as shows in Figure 5.30.
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Figure 5.30The relationship between mean wall shear stregshenfrequency

of pulsation of pulsed flow in the cylindrical gip
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On the other hand, mean wall shear stress antiedfjgency of pulsation are

inverse proportional in the parallel plates as showFigure 5.31.
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Figure 5.31The relationship between mean wall shear stregshenfrequency

of pulsation of pulsed flow in the parallel plates

Although both of mean wall shear stresses in thi@drical pipe and parallel
plates vary with the frequency of pulsation, in @#tedy range of frequency, the
effects of frequency on mean wall shear streskhasd flow domains are quite small.
These results correspond to the study results af M@ Hanratty (1986) who studied
the wall shear stress in a turbulent pulsating pipe. One of their results showed
that the frequency and the imposed oscillation hadeffect on the time-mean
velocity gradient at the wall and wall shear streggeanwhile, the study results of
Blel et al. (2009) showed that the frequency ofptibn affected on mean wall shear
stress; the frequency of pulsation was more effecin the increase of wall shear

stress than the amplitude. The contrast betwesrsthdy result and the study results
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of Blel et al. (2009) causes by the differenceh&f methodology of wall shear stress
measurement between the experiment and the siomuéstidescribed in the section 5.1.2.
However, the influence of frequency on mean wadlag stress is increased by
changing the geometry of flow domain. When the fldamain is more complicated
as in the corrugated channel of plate heat exchlarige effect of frequency of

pulsation on mean wall shear stress is obviousin s in Figure 5.32.
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Figure 5.32The relationship between mean wall shear stregshenfrequency

of pulsation of pulsed flow in the corrugated ahan

Figure 5.32 shows that mean wall shear stressrdake varies with the
frequency of pulsation. This result correspondthtoresults study of Nishimura and
Matsune (1998) who studied vortices and wall steersses in the channel with
sinusoidal wavy walls for pulsatile flow. Their tds showed that the time-averaged

vortex strength decreased when the frequency ofagild flow in the form of
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Womersley number increased. This phenomenon catderved in both asymmetric
channel and symmetric channel. Figure 5.33 showseffect of frequency on the

growth of vortices which appears in the converdiingerging channel of plate heat

exchanger.

| 40e-04

Figure 5.33The velocity vector of sinusoidal pulsating flovitlwthe similar
mean velocity but different frequency; 1.66 Hz¢ayl

2.86 Hz (b), in the converging-diverging channel
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The growth of vortices in the channel troughs éases the wall shear stress.
When the time-averaged vortex strength decreasals,stvear stress also decreases.
This is the reason why wall shear stress is inversgortion to the frequency of

pulsation in the corrugated channel of plate hgehanger.

5.5 The Effect of Mean Velocity Inlet of Pulsatioron

Wall Shear Stress

To analyze the effect of mean velocity inlet onlwhear stress, pulsed flows
with the pulsating condition as in Table 4.5 wearaudated through all flow domain;
cylindrical pipe, corrugated channel and parallatgs under the same flow condition.
The effect of mean velocity inlet of pulsation oallshear stress is presented in the
form of the relationship between mean wall sheasstand mean velocity inlet. As
the results of the study, in all three domains, meall shear stresses increase with

mean velocity inlet of pulsation as shows in Figbirgb, 5.36 and 5.37
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Figure 5.34The relationship between mean wall shear stredsrezan velocity

inlet of pulsation of pulsed flow in the cylindricpipe
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The result of the cylindrical pipe correspondshte study results of Blel et al.
(2009) that mean wall shear stress increases watimmelocity inlet of pulsation. At
the same time, the result of the corrugated chatoreésponds to the study results of
Metwally and Manglik (2004) who studied the respon$ the growth of vortices on
Reynolds number of laminar flows in sinusoidal agated-plate channels. For their
study results, when the Reynolds number of flowaased, the vortex strength also
increased. This causes the raising of wall sheasstwhen mean velocity inlet of

pulsed flow increases.

5.6 The Effect of the Geometry of Flow Channel on

Wall Shear Stress

In this study, wall shear stresses generated lseg@ulows in the corrugated
channel of plate heat exchanger and parallel plages analyzed in order to study the
effect of the geometry of flow channel on wall shsiess. Pulsating flows with the
same pulsating condition were simulated throughbiblh channels under the same
flow conditions. The results of the study show tma&an wall shear stresses generated
by pulsed flows in the corrugated channel are gretitan in the parallel plates as
shows in Figure 5.38. This is because the complexitthe corrugated channel
creates the vortices in the channel troughs asgar& 5.39 and 5.40, whereas, they
rarely appear in the parallel plates as in Figu#&l5As the explanation in the
previous section that the growth of vortices insesawall shear stress in the channel.
This is the reason why wall shear stresses inaheigated channel are higher than in

the parallel plates.
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Figure 5.38The velocity profile of pulsed flow with sawtoothawe form (meal
velocity inlet 1.02 m/s, amplitude 0.81 m/s, freouye1.66 Hz) a

the plane =0.00433 m of corrugated channel, Time
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Figure 5.39The velocity profile of pulsed flow with sawtoothawe form (mean
velocity inlet 1.02 m/s, amplitude 0.81 m/s, freqey 1.66 Hz) at

the symmetry plane of corrugated channel, Times1.4

it

Figure 5.40The velocity profile of pulsed flow with sawtootfave form (mean
velocity inlet 1.02 m/s, amplitude 0.81 m/s, freqey 1.66 Hz) at

the plane x = 0.0012 m in the parallel plates, & s
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5.7 Conclusion

In wall shear stress prediction, there are sorfferdnces between numerical
simulation of FLUENT6.3.26 and the experimental data. However, thelltseof
the numerical simulation give the trend for wakkahstress analysis. As the results of
the study, type of pulsed flow affects to wall shetress in the flow channels.
Pulsating flow with the rectangular waveform of gatlon gives the greatest wall
shear stress. Pulsed flows whose flow velocity sntjdchange such as pulsed flow
with the rectangular and trapezoidal waveform déations can generate higher wall
shear stresses than the pulsed flows whose floaciglgradually change such as
pulsed flow with the sinusoidal and triangular wiaven pulsation. For the effects of
pulsation parameters (amplitude, frequency and mredortity inlet of pulsation) on
wall shear stress, wall shear stress is propotboiine amplitude and mean velocity
inlet of pulsation. Meanwhile, the effect of freqeg in the cylindrical pipe and
parallel plates is not obvious as in the corrugateahnel where wall shear stress is
inverse proportion to the frequency of pulsatiohisTis one effect of the geometry of
the flow channels. The complicated channel of plagat exchanger not only
increases the wall shear stress but also affeetsegponse of wall shear stress on the

frequency of pulsations.



CHAPTER VI

CONCLUSIONSAND RECOMMENDATIONS

This study aims to serve the cleaning enhancement using pulsed flow. In this
study, wall shear stress which is one key parameter of the cleaning enhancement was
analyzed by using numerical simulation in order to implicitly indicate the efficiency
of pulsed flows in the cleaning process. The conclusions of wall shear stress anaysis
are presented in the first part of this section. Then, the recommendation for the future

work will be focused later.

6.1 Conclusions

6.1.1 There is a limit of using numerical simulation in wall shear stress
prediction. In this study, wall shear stresses were analyzed by using the finite volume
method which based on solving the Reynolds-averaged Navier-Stokes (RANS)
equations only. This causes the difference between the numerical data and the
experimental data. However, the numerical results can give the possible trends for
wall shear stress analysis of pulsed flow.

6.1.2 The results of study of the effect of type of pulsed flow on wall shear
stress show that pulsating flow with the rectangular waveform of pulsation gives the
greatest wall shear stress. Pulsed flows whose flow velocity suddenly change such as
pulsed flow with the rectangular and trapezoidal waveform of pulsations can generate
higher wall shear stresses than the pulsed flows whose flow velocity gradually change

such as pulsed flow with the sinusoidal and triangular waveform pulsation. This can
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be inferred that pulsed flows whose flow velocity suddenly changes can enhance the
cleaning efficiency better than pulsed flows whose flow velocity gradually changes.
However, only wall shear stress analysisis not explicit enough to identify the cleaning
efficiency of different type of pulsed flow.

6.1.3 The results of study of the effect of amplitude, frequency and mean
velocity inlet of pulsation on wall shear stress show that wall shear stress increases
with the amplitude and mean velocity inlet of pulsation. Meanwhile, the effect of
frequency is obviously seen in the corrugated channel, wall shear stress is inverse
proportion to the frequency of pulsation.

6.1.4 The effect of the geometry of the flow channel shows that the
complicated channel of plate heat exchanger not only give higher wall shear stresses
but also more effective response of wall shear stress on the frequency of pulsations

than the simple geometry as the parallel plates.

6.2 Recommendations

6.2.1 Turbulence models such as the Reynolds stress equation models, large
eddy simulation (LES) and direct numerical simulation (DNS) might be the
aternative tools that give the accurate numerical results for wall shear stress
prediction.

6.2.2 In wall shear stress analysis, mass transfer of chemical species in the
flows should be additionally considered with the solving the Reynolds-averaged
Navier-Stokes (RANS) equations.

6.2.3 From the study results, only wall shear stress anaysis is not explicit

enough to indicate the cleaning efficiency of different type of pulsed flow. The study
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of force accumulation on the surface deposit, which is generated by different type of
pulsed flow, might be another way to clarify the cleaning efficiency of different type
of pulsed flow.

6.2.4 To clarify the cleaning efficiency of different type of pulsed flow using
numerical simulation, the chemical reaction and the mechanism of the deposit

removal should be considered in the simulation in order to obtain the realistic results.
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APPENDIX A

SUMMARY OF THE STUDIESTHAT RELATETO

PULSED FLOW AND WALL SHEAR STRESS



Table A.1 Summary of the previous studies that relate teguiflow and wall shear stress

b=

ed

Theme of Year | Researcher Research Detail of research Results
Resear ch Procedure
- Velocity profile became plug flow when the
_ S Reynolds and Womersley number increase.
. Studied the velocity distribution of _ 1y reyerse flow near the wall increased with
1990 Ishii CFD pulsatile flow in circular pipe with | b
sudden expansion. Womersley number.
- The reattachment length increased with the
Reynolds number.
. The onset of turbulence was shown in the form ¢
1998 Peacock et Experiment Stud|e_d the onset of tgrbulence of the critical peak Reynolds number which correla
al. pulsatile flow in a straight tube. .
with the Strouhal number.
Pulsed
Flow ; ; - At
Studied the oscillating entry flow Velocny_proflle of_ oscillating flow ten_ded to be
, . . . parabolic shape in downstream region.
1999 | Misra et al. CFD in a plane channel with pulsating At high f f oulsati I th
walls - At high frequency of pulsating wall, there were
' reverse flows near the wall.
- The pulsating flow could enhance the cleaning
rate. The cleaning rates in the uniform and gec
stage were raised. The overall cleaning time W
2000 | Gillham etal| Experiment Studied the whey protein cleaning reduced.

enhancement using pulsed flow.

- The enhancement was controlled by the
combination effect of amplitude and frequency
pulsation

a
as

of

0ET



Table A.1 Summary of the previous studies that relate teguiflow and wall shear stress (continued)

Theme of
Research

Y ear

Resear cher

Research
Procedure

Detail of research

Results

Pulsed Flow

2002

Karag06z

CFD and
Analytical

Studied the behavior of the
laminar oscillating flow in a 2D
channel.

- Velocity profile seemed to be quasi steady
solution when the frequency of oscillation was
low.

- Velocity profile resembled the plug flow when the
frequency parameter increased.

- There was a phase lag between the induced
velocity and pressure oscillation.

- There was a phase shift between the skin friction
coefficient and the imposed pressure gradient.

2005

Unsal et al.

Experiment and
Analytical

Studied the behavior of laminar pipe decreased and the accelerating profilesetend

pulsating flows in a pipe.

- At very low frequency, the velocity profile
resembled the parabolic profile of the steady
laminar flow.

- The velocity amplitudes in the center region of

to be flatter with the increase of frequency.
- The velocity amplitudes near the wall increased

and the decelerating profiles appeared to be mpre

inflections near the pipe wall with the increase
frequency.

2009

He and
Jackson

Experiment

Studied the behavior of
turbulent pulsating flow in a

pipe.

- In the lowest frequency case, the velocity peofil
was similar to quasi-steady shape.

- In the high frequency cases, the amplitude of
velocity was constant in the center part of the

pipe.

3



Table A.1 Summary of the previous studies that relate teguiflow and wall shear stress (continued)

[

ad

lien

all

Theme of Year | Researcher Resear ch Detail of research Results
Research Procedure
Studied the effect of turbulent | - ;Tulsgtlnr? flciw was more ((ajffecnve than the steg
, ulsating flow on the bacterial owin the cleaning procedure.
Pulsed Flow| 2009 Blel et al. Experiment P . ST - The bacterial removal enhancement was
removal during a cleaning in S .
controlled by the combination effect of ampligu
place procedure
and frequency.
- The imposed oscillation of pressure gradient hg
Studied the time variation of no effect on the time-mean velocity gradient at
1986 Mao and Experiment wall shear stress imposed by the wall.
Hanratty P turbulent pulsating flows in a | - Both of phase averaged velocity gradient and t
pipe. intensity of velocity gradient at the wall were
shifted from the phase averaged pressure gtaq
The . Studied the behavior of vortices. There was rotating vortex in furrow of channel.
combination _— . - The frequency of pulsed flow affected on the
Nishimura generated by pulsed flow in :
of pulsed | 1998 CFD . . vortex strength. An increase of frequency led td
and Matsune asymmetric and symmetric . :
flow and channel promote vortex strength which caused higher w
wall shear ' shear stress.
stress
- The frequency of pulsating flow affected phase
lag or shift of the induced velocity and walesh
Studied laminar pulsating flow| stress with respect to the imposed pressure
1999 | Yakhot et al. CFD in a rectangular duct and gradient.

parallel plates.

- In parallel plates, at high frequency, mean vigjo
and the wall shear stress had phase lags retati
the imposed pressure gradient.




Table A.1 Summary of the previous studies that relate teguiflow and wall shear stress (continued)

Theme of Year | Researcher Research Detail of research Results
Resear ch Procedure
- Flow in rectangular duct had velocity profiles at
vakhot et al Studied laminar pulsating flow | the center plate similar to the velocity profilie
1999 (continued). CFD in a rectangular duct and parallel 1D flow between parallel plates. The amplitufle o
plates. (continued) the induced velocity and the wall shear stress
decreased when approaching the side wall.
The ) ][\Iﬂodelfed the laminar p_ltj):satmg - There was the appearance of bulk flow reversal at
combination . . OW ot an Incompressiovie sometime over a cycle.
of pulsed | 2008 Qietal. Analytical | Newtonian fluid through - The maximum wall shear stress of pulsating flow
flow and rectangular duct using Green was greater than the steady flow
wall shear functions. '
stress
- Pulsating flow generated greater mean wall shear
Studied the effect of turbulent fr:;ensztzr;g;r}leoauctuatlon energy of the shear r
2009 Blel et al. Experiment pulsating flow on mean wall - Wall shear stress increased with mean velocity),

shear stress and the fluctuatior
energy of the shear rate.

N

amplitude and frequency of pulsation.
- Frequency of pulsation was more effective on t
shear stress the amplitude of pulsation

he

£El



Table A.1 Summary of the previous studies that relate teguiflow and wall shear stress (continued)

Theme of Year | Researcher Research Detail of research Results
Resear ch Procedure
Studied the effect of corrugated- Swirl flows were generated in the corrugation
Wall shear Metwall plate channel geometry and troughs when the furrow of the channel was
stress 2004 and Manylik CFD Reynolds number on the flow | deeper.
9 field and wall shear stress of the- The peak of wall shear stress increased with the
steady laminar flow. corrugated aspect ratio and Reynolds number.
Studied the local wall shear - 1
o - The variation of mean wall shear stress and wal
Wall shear stress variations of the steady . )
2005 | Jensen et al|. CFD : shear stress fluctuation could be seen expliaitly
stress turbulent flow through the pipe . ; .
) ; \ the expansion and contraction part of the pipe.
with various diameter changes

FET
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STATISTICAL TABLE



Table B.1 t-Distribution table

136

df =01 0.05 0.025 0.01 0.005 .001 0.0005
00 t,=1.282 1.645 1.960 2.326 2.576 3.091 3.291
1 3.078 6.314 12.706 31.821 63.656 318.289 | 636.578
2 1.866 2.920 4.303 6.965 9.925 22.328 31.600
3 1.638 2.353 3.182 4.541 5.841 10.214 12.924
4 1.533 2.132 2.776 3.747 4.604 7.173 8.610
5 1.476 2.015 2.571 3.365 4.032 5.894 6.869
6 1.440 1.943 2.447 3.143 3.707 5.208 5.959
7 1.415 1.895 2.365 2.998 3.499 4.785 5.408
8 1.397 1.860 2.306 2.896 3.355 4.501 5.041
9 1.383 1.833 2.262 2821 3.250 4.297 4.781
10 1.372 1.812 2.228 2.764 3.169 4.144 4.587
11 1.363 1.796 2.201 2.718 3.106 4.025 4.437
12 1.356 1.782 2.179 2.681 3.055 3.930 4.318
13 1.350 1771 2.160 2.650 3.012 3.852 4.221
14 1.345 1.761 2.145 2.624 2977 3.787 4.140
15 1.341 1.753 2.131 2.602 2.947 3.733 4.073
16 1.337 1.746 2.120 2.583 2921 3.686 4.015
17 1.333 1.740 2.110 2.567 2.898 3.646 3.965
18 1.330 1734 2.101 2.552 2.878 3.610 3.922
19 1.328 1.729 2.093 2.539 2.861 3.579 3.883
20 1.325 1.725 2.086 2.528 2.845 3.552 3.850
21 1.323 1721 2.080 2.518 2831 3.527 3.819
22 1.321 1717 2.074 2.508 2.819 3.505 3.792
23 1.319 1714 2.069 2.500 2.807 3.485 3.768
24 1.318 1711 2.064 2492 2.797 3.467 3.745
25 1.316 1.708 2.060 2485 2.787 3.450 3.725
26 1.315 1.706 2.056 2479 2.779 3.435 3.707
27 1.314 1.703 2.052 2473 2771 3421 3.689
28 1.313 1.701 2.048 2.467 2.763 3.408 3.674
29 1.311 1.699 2.045 2.462 2.756 3.396 3.660
30 1.310 1.697 2.042 2457 2.750 3.385 3.646
60 1.296 1.671 2.000 2.390 2.660 3.232 3.460
120 1.289 1.658 1.980 2.358 2.617 3.160 3.373
o0 1.282 1.645 1.960 2.326 2.576 3.091 3.291




Table B.2 F-Distribution table, o = 0.05

_dr2/df1 1 2 3 4 5 6 7 8 9 10 12 15
1 161.4476 199.5 215.7073 224.5832 230.1619 233.986 236.7684 238.8827 240.5433 241.8817 243.906 245.9499
2 18.5128 19 19.1643 19.2468 19.2964 19.3295 19.3532 19.371 19.3848 19.3959 19.4125 19.4291
3 10.128 9.5521 9.2766 9.1172 9.0135 8.9406 8.8867 8.8452 8.8123 8.7855 8.7446 8.7029
4 7.7086 6.9443 6.5914 6.3882 6.2561 6.1631 6.0942 6.041 5.9988 5.9644 5.9117 5.8578
5 6.6079 5.7861 5.4095 5.1922 5.0503 4.9503 4.8759 4.8183 4.7725 4.7351 4.6777 4.6188
6 5.9874 5.1433 4.7571 4.5337 4.3874 4.2839 4.2067 4.1468 4.099 4.06 3.9999 3.9381
7 5.5914 4.7374 4.3468 4.1203 3.9715 3.866 3.787 3.7257 3.6767 3.6365 3.5747 3.5107
8 5.3177 4.459 4.0662 3.8379 3.6875 3.5806 3.5005 3.4381 3.3881 3.3472 3.2839 3.2184
9 5.1174 4.2565 3.8625 3.6331 3.4817 3.3738 3.2927 3.2296 3.1789 3.1373 3.0729 3.0061
10 4.9646 4.1028 3.7083 3.478 3.3258 3.2172 3.1355 3.0717 3.0204 2.9782 2913 2.845
11 4.8443 3.9823 3.5874 3.3567 3.2039 3.0946 3.0123 2.948 2.8962 2.8536 2.7876 2.7186
12 4.7472 3.8853 3.4903 3.2592 3.1059 2.9961 29134 2.8486 2.7964 2.7534 2.6866 2.6169
13 4.6672 3.8056 3.4105 31791 3.0254 2.9153 2.8321 2.7669 27144 2671 2.6037 2.5331
14 4.6001 3.7389 3.3439 3.1122 2.9582 2.8477 2.7642 2.6987 2.6458 2.6022 2.5342 2.463
15 4.5431 3.6823 3.2874 3.0556 2.9013 2.7905 2.7066 2.6408 2.5876 2.5437 24753 24034
16 4.494 3.6337 3.2389 3.0069 2.8524 2.7413 2.6572 25911 2.5377 2.4935 24247 2.3522
17 4.4513 3.5915 3.1968 2.9647 281 2.6987 2.6143 2.548 24943 2.4499 2.3807 2.3077
18 4.4139 3.5546 3.1599 2.9277 2.7729 2.6613 2.5767 25102 2.4563 24117 23421 2.2686
19 4.3807 3.5219 3.1274 2.8951 2.7401 2.6283 2.5435 2.4768 24227 2.3779 2.308 22341
20 4.3512 3.4928 3.0084 2.8661 2.7109 2.599 2514 24471 2.3928 2.3479 2.2776 2.2033
21 4.3248 3.4668 3.0725 2.8401 2.6848 25727 2.4876 2.4205 2.366 2321 2.2504 2.1757
22 4.3009 3.4434 3.0491 2.8167 2.6613 2.5491 2.4638 2.3965 2.3419 2.2967 2.2258 2.1508
23 4.2793 34221 3.028 2.7955 2.64 2.5277 24422 2.3748 2.3201 2.2747 2.2036 2.1282
24 4.2597 3.4028 3.0088 2.7763 2.6207 2.5082 24226 2.3551 2.3002 2.2547 21834 2.1077
25 4.2417 3.3852 2.9912 2.7587 2.603 24904 2.4047 2.3371 2.2821 2.2365 2.1649 2.0889
26 4.2252 3.369 2.9752 2.7426 2.5868 24741 2.3883 2.3205 2.2655 2.2197 2.1479 2.0716
27 4.21 3.3541 2.9604 2.7278 2.5719 2.4591 2.3732 2.3053 2.2501 2.2043 21323 2.0558
28 4.196 3.3404 2.9467 27141 2.5581 2.4453 2.3593 2.2913 2.236 2.19 21179 2.0411
29 4.183 3.3277 2934 27014 2.5454 24324 2.3463 2.2783 2.2229 2.1768 2.1045 2.0275
30 4.1709 3.3158 2.9223 2.689%6 2.5336 2.4205 2.3343 2.2662 2.2107 2.1646 2.0921 2.0148

LET



Table B.2 F-Distribution table, a = 0.05 (Continued)

_df2/dfl 1 2 3 4 5 6 7 8 9 10 12 15
40 4.0847 3.2317 2.8387 2.606 2.4495 2.3359 2.249 2.1802 2124 2.0772 2.0035 1.9245
60 4.0012 3.1504 2.7581 2.5252 2.3683 22541 2.1665 2.097 2.0401 1.9926 19174 1.8364
120 3.9201 3.0718 2.6802 24472 2.2899 2175 2.0868 2.0164 1.9588 1.9105 1.8337 1.7505
inf 3.8415 2.9957 2.6049 2.3719 22141 2.0986 2.0096 1.9384 1.8799 1.8307 1.7522 1.6664

Table B.2 F-Distribution table, a = 0.05 (Continued)
df2/df1 20 24 30 40 60 120 INF
1 161.4476 199.5 215.7073 224.5832 230.1619 233.986 236.7684
2 18.5128 19 19.1643 19.2468 19.2964 19.3295 19.3532
3 10.128 9.5521 9.2766 9.1172 9.0135 8.9406 8.8867
4 7.7086 6.9443 6.5914 6.3882 6.2561 6.1631 6.0942
5 6.6079 5.7861 5.4095 5.1922 5.0503 4.9503 4.8759
6 5.9874 5.1433 47571 45337 4.3874 4.2839 4.2067
7 5.5914 47374 4.3468 4.1203 3.9715 3.866 3.787
8 5.3177 4.459 4.0662 3.8379 3.6875 3.5806 3.5005
9 51174 4.2565 3.8625 3.6331 34817 3.3738 3.2927
10 4.9646 4.1028 3.7083 3478 3.3258 3.2172 3.1355
11 4.8443 3.9823 3.5874 3.3567 3.2039 3.0946 3.0123
12 47472 3.8853 3.4903 3.2592 3.1059 2.9961 29134
13 4.6672 3.8056 3.4105 31791 3.0254 2.9153 2.8321
14 4.6001 3.7389 3.3439 3.1122 2.9582 2.8477 2.7642
15 45431 3.6823 3.2874 3.0556 2.9013 2.7905 2.7066
16 4.494 3.6337 3.2389 3.0069 2.8524 2.7413 2.6572
17 4.4513 3.5915 3.1968 2.9647 281 2.6987 2.6143
18 4.4139 3.5546 3.1599 29277 27729 2.6613 25767
19 4.3807 3.5219 3.1274 2.8951 2.7401 2.6283 2.5435
20 4.3512 3.4928 3.0984 2.8661 2.7109 2.599 2514

BEl



Table B.2 F-Distribution table, a = 0.05 (Continued)

dra/dr1 20 24 30 40 60 120 INF
21 4.3248 3.4668 3.0725 2.8401 2.6848 25727 2.4876
22 4.3009 3.4434 3.0491 2.8167 2.6613 2.5491 2.4638
23 4.2793 3.4221 3.028 2.7955 2.64 2.5277 2.4422
24 4.2597 3.4028 3.0088 2.7763 2.6207 2.5082 2.4226
25 4.2417 3.3852 2.9912 2.7587 2.603 2.4904 2.4047
26 4.2252 3.369 2.9752 2.7426 2.5868 24741 2.3883
27 421 3.3541 2.9604 2.7278 2.5719 2.4591 2.3732
28 4.196 3.3404 2.9467 2.7141 2.5581 2.4453 2.3593
29 4.183 3.3277 2.934 2.7014 2.5454 2.4324 2.3463
30 4.1709 3.3158 2.9223 2.6896 2.5336 2.4205 2.3343
40 4.0847 3.2317 2.8387 2.606 2.4495 2.3359 2.249
60 4.0012 3.1504 2.7581 2.5252 2.3683 2.2541 2.1665
120 3.9201 3.0718 2.6802 2.4472 2.2899 2.175 2.0868
inf 3.8415 2.9957 2.6049 2.3719 2.2141 2.0986 2.0096
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Table B.3 The Studentized range upper quantiles q (k, df; 0.05)

Number of treatments

of 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1 18 27 32.8 37.2 40.5 431 454 47.3 49.1 50.6 51.9 53.2 54.3 55.4 56.3 57.2 58 58.8 59.6
2 6.09 | 833 9.8 10.89 11.73 12.43 13.03 13.54 13.99 14.39 14.75 15.08 15.38 15.65 1591 16.14 16.36 16.57 | 16.77
3 45 591 6.83 7.51 8.04 8.47 8.85 9.18 9.46 9.72 9.95 10.16 10.35 10.52 10.69 10.84 10.98 1112 | 12.24
4 393 | 504 | 576 6.29 6.71 7.06 7.35 7.6 7.83 8.03 821 8.37 8.52 8.67 8.8 8.92 9.03 9.14 9.24
5 3.64 4.6 522 5.67 6.03 6.33 6.58 6.8 6.99 7.17 7.32 747 7.60 7.72 7.83 7.93 8.03 8.12 821
6 346 | 434 49 531 5.63 5.89 6.12 6.32 6.49 6.65 6.79 6.92 7.04 7.14 7.24 7.34 7.43 751 7.59
7 334 | 416 | 4.68 5.06 5.35 5.59 5.80 5.99 6.15 6.29 6.42 6.54 6.65 6.75 6.84 6.93 7.01 7.08 7.16
8 326 | 404 | 453 4.89 517 54 5.6 5.77 5.92 6.05 6.18 6.29 6.39 6.48 6.57 6.65 6.73 6.8 6.87
9 32 395 | 442 4.76 5.02 524 5.43 56 5.74 5.87 5.98 6.09 6.19 6.28 6.36 6.44 6.51 6.58 6.65
10 315 | 388 | 433 4.66 491 512 53 5.46 5.6 5.72 5.83 5.93 6.03 6.12 6.2 6.27 6.34 6.41 6.47
11 311 | 382 | 426 5.58 4.82 5.03 52 5.35 5.49 5.61 571 581 59 5.98 6.06 6.14 6.2 6.27 6.33
12 3.08 | 3.77 4.2 451 4.75 4.95 512 5.27 54 551 5.61 571 58 5.88 5.95 6.02 6.09 6.15 6.21
13 306 | 373 | 415 4.46 4.69 4.88 5.05 5.19 5.32 543 5.53 5.63 571 5.79 5.86 5.93 6.00 6.06 6.11
14 3.03 3.7 411 441 4.64 4.83 4.99 513 525 5.36 5.46 5.56 5.64 5.72 5.79 5.86 5.92 5.98 6.03
15 301 | 367 | 4.08 4.37 4.59 4.78 4.94 5.08 52 531 54 5.49 5.57 5.65 572 5.79 5.85 591 5.96
16 3.00 | 365 | 4.05 4.34 4.56 4.74 4.9 5.03 5.15 5.26 535 544 5.52 5.59 5.66 5.73 5.79 5.84 59
17 298 | 362 | 4.02 431 4.52 4.7 4.86 4.99 511 521 531 5.39 547 5.55 5.61 5.68 5.74 5.79 5.84
18 297 361 | 4.00 4.28 4.49 4.67 4.83 4.96 5.07 517 5.27 5.35 543 55 557 5.63 5.69 5.74 5.79
19 296 | 359 3.98 4.26 4.47 4.64 4.79 4.92 5.04 514 523 5.32 5.39 5.46 553 5.59 5.65 5.70 5.75
20 295 | 358 3.96 4.24 445 4.62 477 49 5.01 511 52 5.28 5.36 5.43 55 5.56 561 5.66 571
30 289 | 348 3.84 411 4.3 4.46 4.6 4.72 4.83 4.92 5 5.08 5.15 521 5.27 5.33 5.38 343 5.48
40 286 | 344 | 3.79 4.04 4.23 4.39 4.52 4.63 4.74 4.82 4.9 4.98 5.05 511 517 5.22 5.27 5.32 5.36
120 2.8 3.6 3.69 3.92 4.1 4.24 4.36 4.47 4.56 4.64 471 4.78 4.84 4.9 4.95 5.00 5.04 5.09 513
INF | 277 3.32 3.63 3.86 4.03 4.17 4.29 4.39 447 4.55 4.62 4.68 474 4.8 4.84 4.89 4.93 4.97 501

oFlT



APPENDIX C

SOURCE CODE OF THE PERIODIC VELOCITY

INLET BOUNDARY CONDITIONS



C.1 Thesampleof source of thevelocity inlet boundary condition:
Rectangular waveform pulsation.
#include "udf.h"
DEFINE_PROFILE (unsteady velocity,thread,position)
{ face tf;
real t = CURRENT_TIME;
real k = 0.81,
real L =0.301204819277109;
real Vave=1.02;
begin_f_loop (f,thread)
{
rea i =1,
real n=50,;
real bn,B,TB =0;

for (i = 1;i <=n;i++)

{
bn = (1.-(cos(i* 3.14285714285714)))/i;
B = bn* (sin((i* 3.14285714285714*)/L));
TB =TB+B;
}
F_PROFILE (f,thread,position) = Vave+((2.*k)/3.14285714285714)* TB;
}

end f loop (f,thread) }
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The sample of source of the velocity inlet boundary condition: Sawtooth

wavefor m pulsation.

#include "udf.h"

DEFINE_PROFILE (unsteady velocity,thread,position)

{

face tf;

real t = CURRENT_TIME;

real k = 0.81,

real L =0.301204819277109;

real Vave=1.02;

begin_f_loop (f,thread)

{

rea i =1,
real n=50,;

real bn,B,TB =0;

for (i = 1;1 <=n;i++)

{
bn = (cos(i* 3.14285714285714))/i;
B = bn* (sin((i*3.14285714285714*t)/L));
TB =TB+B,;

}

F_PROFILE (f thread,position) = Vave+(-(2.¥k)/3.14285714285714)* TB;

}
end f loop (f,thread) }
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C.3 Thesampleof source of the velocity inlet boundary condition: Sinusoidal
wavefor m pulsation.
#include "udf.h"

DEFINE_PROFILE (unsteady velocity,thread,position)

{
face tf;
real t = CURRENT_TIME;
begin_f_loop (f,thread)
{
F_PROFILE (f,thread,position) = 1.02+(0.81* sin(3.14159265358979323846
*2%1.66*1));
}
end_f_loop (f,thread)
}

C.4 Thesampleof source of the velocity inlet boundary condition:
Trapezoidal waveform pulsation.
#include "udf.h"
DEFINE_PROFILE (unsteady velocity,thread,position)
{
face tf;
real t = CURRENT_TIME;
real k = 0.81,

real L =0.301204819277109;
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rea Vave=1.02;
begin_f_loop (f,thread)
{
rea i =1,
real n=50,;
real bnl,bn2,bn3,B,TB =0;

for (i = 1.;i <= n;i++)

{
bnl = sin((i* 3.14285714285714)/4.);
bn2 = sin((3.*i* 3.14285714285714)/4.);
bn3 = (1/(i*i))* (on1+bn2);
B = bn3* (sin((i* 3.14285714285714* t)/L));
TB = TB+B;

}

F_PROFILE (f thread,position) =Vave+(((8.*K)/(3.14285714285714
*3,14285714285714))* TB);

}

end_f_loop (f,thread)
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The sample of source of the velocity inlet boundary condition: Triangular

wavefor m pulsation.

#include "udf.h"

DEFINE_PROFILE (unsteady velocity,thread,position)

{

face tf;
real t = CURRENT_TIME;
real k = 0.81,
real L =0.301204819277109;
real Vave=1.02;
begin_f_loop (f,thread)
{ rea i =1,;

real n=50.;

real bn,B,TB = 0;

for (i = 1.;i <= n;i++)

{
bn = sin((i* 3.14285714285714)/2.)/(i*i);
B = bn* (sin((i* 3.14285714285714*)/L));
TB = TB+B;

}

F_PROFILE (f,thread,position) = Vave+((8.4k)/(3.14285714285714

*3.14285714285714))* TB;

}
end f loop (f,thread)



APPENDIX D

SUMMARY OF THE SIMULATION TIME



TableD.1 The summary of the simulation time for the cylindrical pipe
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. . Maximum
Size of Time Number of . )
Sample . Iteration per Times(s)
Step (s) Time Step Time Step
A-Q 0.01 300 30 3.00

TableD.2 The summary of the simulation time for the corrugated channel and

paralel plates
Order of Size of Number of '\I/lt?erxgpgrqq
i TimeSt : '
Sample Calculation Tlm(e;)Step ® preTime Times (s)
Step
B,O,P,Q First 0.001 250 30 0.25
Second 0.005 150 30 0.75
Third 0.01 50 30 0.50
Tota 450 15000 1.50
D,G,H,J First 0.001 350 30 0.35
Second 0.005 210 30 1.05
Third 0.01 70 30 0.70
Tota 630 20400 2.10
L First 0.001 500 30 0.50
Second 0.005 300 30 1.50
Third 0.01 10 30 0.10
Tota 810 25800 2.10
M First 0.001 200 30 0.20
Second 0.005 280 30 1.40
Third 0.01 50 30 0.50
Tota 530 17400 2.10
N First 0.001 175 30 0.18
Second 0.005 315 30 1.58
Third 0.01 35 30 0.35
Tota 525 17250 2.10




APPENDIX E

STATISTICAL DATA OF MEAN WALL SHEAR

STRESS COMPARISON TEST



Table E.1 Theanaysis of variance of flowsin the cylindrical pipe
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Between-Subjects Factors

Number of data
Rectangular 769
Sawtooth 769
Sinusoida 769
Type of pulsed flow
Steady 769
Trapezoidal 769
Triangular 769
C 1344
Sample B 1572
D 1698
Tests of Between-Subjects Effects
Dependent Variable: wall shear stress
Type Il
Source Sum of df Mean F Sig.
Square
Squares
Corrected | 5084 9542 17 122,644 13.000 000
Model
Intercept 76994.187 1 76994.187 8217.750 .000
Type of
pulsed flow 639.451 5 127.890 13.650 .000
Sample 1433.766 2 716.883 76.514 .000
Type of
pulsedflow |, 14g 10 1.045 0.112 1.00
* Sample
Error 43061.090 4596 9.369
Total 124306.629 4614
Corrected
Total 45146.044 4613

Remark: a. R Squared = 0.046 (Adjusted R Squared = 0.043)
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Table E.2 The mean wall shear stress comparison test between different types of

pulsed flows in the cylindrical pipe

Type of Number of Subset
pulsed flow data 1 2 3 4
Steady 769 3.5015
Triangular 769 3.9432
Sinusoida 769 41431 41431
Sawtooth 769 4.1804 4.1804
Trapezoidal 769 4.3655
Rectangular 769 47182
Sig. 1.000 0.153 0.180 1.000

Means for groups in homogeneous subsets are displayed. Based on observed means.

The error term is Mean Square (Error) = 9.369.

Alpha=0.05.

Table E.3 The mean wall shear stress comparison test between different samples of

pulsed flows in the cylindrical pipe

Subset
Sample Number of data
1 2
B 1572 3.6771
1344 3.7647
D 1698 4.8711
Sig. 0.430 1.000

Means for groups in homogeneous subsets are displayed. Based on observed means.

The error term is Mean Square (Error) = 9.369.

Alpha=0.05.
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Table E.4 The analysis of variance of flowsin the corrugated channel of plate heat

exchanger
Between-Subjects Factors
Number of data
Rectangular 397
Sawtooth 397
Sinusoidad 397
Type of pulsed flow
Steady 397
Trapezoidal 397
Triangular 397
B 1380
Sample
D 1002
Tests of Between-Subjects Effects
Dependent Variable: wall shear stress
Type Il
Source Sum of df Mean F Sig.
S Square
quares
Corredted | 117652.550° 11 10695.687 | 16.277 000
odel
Intercept | 4338438.604 1 4338438.604 | 6602.332 .000
Type of
pulsed flow 36632.655 1 36632.655 55.748 .000
Sample 76040.691 5 15208.138 23.144 .000
Type of
|sed fl
PUSSATIOW | 734.688 5 146.938 0.224 0.952
* Sample
Error 1557343.558 2370 657.107
Total 5996661.531 2382
Corrected
Total 1674996.118 2381

Remark: a. R Squared = 0.070 (Adjusted R Squared = 0.066)
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Table E.5 The mean wall shear stress comparison test between different types of

pulsed flows in the corrugated channel of plate heat exchanger

Type of | Number of Subset
pulsed flow data 1 2 3 4
Steady 397 33.4787
Sawtooth 397 40.0359
Triangular 397 40.6851
Sinusoidal 397 43.0515 43.0515
Trapezoidal 397 45.7989
Rectangular 397 52.51739
Sig. 1.000 0.118 0.131 1.000

Means for groups in homogeneous subsets are displayed.

Based on observed means.
The error term is Mean Square (Error) = 657.107.

Table E.6 The mean wall shear stress comparison test between different samples of

pulsed flows in the corrugated channel of plate heat exchanger

Group Statistics

L Std. Error
case N Mean Std. Deviation Mean
Wall shear B 1380 39.25299003 | 2.626300365E1 | 0.706976293

siress D 1002 47.19685170 | 2.620149026E1 | 0.827736550




Table E.6 The mean wall shear stress comparison test between different samples of pulsed flows in the corrugated channel of plate heat

exchanger (continued)

Independent Samples Test

Levene's Test

for Equality of

t-test for Equality of Means

Variances
95% Confidence Interval of
the Difference
Sig. (2- Mean Std. Error
F Sig. t df Lower Upper
tailed) Difference Difference
Equal variances
.253 0.615 -7.295 2380 0.000 -7.943861675 1.088965506 -1.00792802E1 | -5.80844251
assumed
Wall_shear_stress
Equal variances not
-7.298 2159.828 0.000 -7.943861675 | 1.088560184 | -1.00785967E1 | -5.80912663
assumed

F&I
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Table E.7 The anaysis of variance of flowsin the paralel plates

Between-Subjects Factors

Number of data
Rectangular 369
Sawtooth 369
Type of pulsed flow Sinusoida 309
Steady 369
Trapezoidal 369
Triangular 369
Sample B 936
D 1278

Tests of Between-Subjects Effects

Dependent Variable: wall shear stress

Type Il
Source Sum of df Mean F Sig.
Square
Squares
Corrected | 735 hg32 11 248.372 12,172 000
Modéd
Intercept 112854.129 1 112854.129 5530.825 .000
Type of
oulsed flow 1776.240 5 355.248 17.410 .000
Sample 829.021 1 829.021 40.629 .000
Type of
pulsed flow 21.724 5 4,345 213 957
* Sample ' ' ' '
Error 44930.871 2202 20.405
Totad 160234.732 2214
Corrected
Total 47662.965 2213

Remark: a. R Squared = 0.057 (Adjusted R Squared = 0.053)




156

Table E.8 The mean wall shear stress comparison test between different types of

pulsed flowsin the parallel plates

Type of Number of Subset
pulsed flow data 1 2 3 4
Steady 397 5.5130
Sawtooth 397 6.8070
Triangular 397 6.9135
Sinusoidal 397 7.2893 7.2893
Trapezoidal 397 7.7371
Rectangular 397 8.5229
Sig. 1.000 0.172 0.178 1.000

Means for groups in homogeneous subsets are displayed. Based on observed means.
The error term is Mean Square (Error) = 20.405.

Table E.9 The mean wall shear stress comparison test between different samples of

pulsed flows in the parallel plates

Group Statistics

case N Mean Std. Deviation Std. Error
Mean
Wall shear B 936 7.84562290 4.686335973 0.153177683

siress D 1278 6.60691721 4.538162616 | 0.126944716




Table E.9 The mean wall shear stress comparison test between different samples of pulsed flows in the parallel plates (continued)

Independent Samples Test

Levene's Test for

Equality of Variances

t-test for Equality of Means

95% Confidence Interval of

the Difference

Mean Std. Error
F Sig. t df Sig. (2-tailed) Difference Difference Lower Upper
Equal variances assumed 1173 0.279 -6.257 2212 0.000 -1.238705690 | 0.197958094 | -1.626908839 | -.850502540
Wall_shear_stress Equal variances not
acsumed -6.226 1977.426 0.000 -1.238705690 | 0.198943116 | -1.628865843 | -.848545536

LS
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THE STRUCTURE OF FLUENT ©6.3.26
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F.1  The structure of FLUENT ®6.3.26

The FLUENT®6.3.26 includes the following program:

F.1.1 GAMBIT - the pre-processor for the geometrgdelling an: mesh
generation

F.1.2 TGrid -the preprocessor for the volume mesh generation.
program generata®lume msh from the existing boundary stees

F.1.3 FLUENT - the solvethat includes the operations of setting bounc
conditions, defining fluid properties, executing solution, refining the mesh a
viewing the post processing rest

F.1.4 Filters the translators that used to import the surfacevahtsme
meshes from CAD/CAE packag

The structuref Program is shown in Figure.1

GAMBIT Geometry or Mesh

-geometry setup | Other CAD/CAE Pack |—
-1D/3D mesh generation l -

2D/3D Mesh Boundary Boundary and/ or
Mesh Volume Mesh
k. 4 h
FLUENT
-mesh import and adaption I‘{I;)Rlll:'li)nngulnr mesh
-physical models -
-boundary conditions B -3D tetrahedral mesh

-material properties Mesh -1D or 3D hybrid mesh

-calculation
-postprocessing

Mesh

Figure F.1 Basic program structure
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Abstract

Pulsed flow has the effect of raising the maximum wall shear stress which is one parameter of
cleaning enhancement in cleaning in place (CIF) system. Thus, types of pulsed flow are considered to
improve the cleaning efficiency of CIP system. To indicate the cleaning efficiency of pulsed flows, wall
shear stresses of various types of pulsed flow in cylindrical pipe were investigated by using finite volume
method of the commercial computational fluid dynamics code (FLUENTT). As a result of the study, there
are some differences of mean wall shear stresses between the numerical simulations and the
expermental data. These wall shear stresses were generated by pulsed flows whose velocity varies with
time as sine function. Acdcitionally, the numercal simulations of varous types of pulsed flow showed that
wall shear stress comesponads to the velocity inlet function. Mean wall shear stress is proportional to mean
velocity inlet, amplitude and frequency of pulsation. Maximum wall shear stress and frequency of wall
shear stress are also proporional to amplitude anag frequency, respectively. Meanwhile, type of pulsed
flow also affects to mean wall shear stress. When pulsead flow ehaves like rectangular wave, it generates
the highest wall shear stress.

Keywords: Computational fluic gynamics (CFD), Pulsea flow, Wall shear stress

1. Introduction mineral deposit on the heat transfer surface [3).

During thermal treatment in dairy industry, Builg-up of fouling recuces heat transfer because

there is an undesired builg-up of deposits on the an insulated propery of the fouling increases the

surfaces of pipes and equipments, especially heat heat resistance at the heat transfer surface. This

exchangers. The undesired deposits, fouling, can effect leads to energy losses in dairy thermal

be created when denatured protein in milk, system. Fouling also increases the pressure drop

especially /5 -Jactoglobulin and some saturated due to the increase in surface roughness

and the cecrease in cross section area of the
flow channels [11]. For safety impact, fouling is
the source of contamination in cainy proguct
because of the accumulation of microorganisms.
Fouling is used to protect micreorganisms from
cleaning, especially thermophile microorganisms

[7]- These proklems lead to an attempt of fouling

water to remove loosely bound substances from
the surface; 2. Cleaning — removal of the ceposit
from the surface by the chemicals. In this step,
the deposit is swollen after react with the
chemicals. Then, the swollen deposit is removed
from the surface by shear forces and diffusion; 3.

Interringe — removal and rinsing away of the
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Nomenclature

C.,.C,, .a.b constants

b frequency (Hz)

k the turbulent kinetic energy (J})
¥ the rate constant

f time (s)

S the deformation tensor

§; the mean strain rate (')
ulf) instantanecus velocity (m/s)
; average velocity (m/s)

i, amplitude velocity (m/s)

i velocity component (mis)

u' fluctuating components (m/s)
x Cartesian coordinate

Greek symbols
ol O, the inverse effective Pranatl

numbers for k and £,

respectively
£ turulent gissipation rate(W.kg“)
n,.0 the coefficients
<) the kronecker delta
2 density (kg/m?)
i dynamic viscosity (kg.m .s7)
1, turbulent viscosity (kg.m™ .87}
Ty wall shear stress (Pa)
Subscrpts
i.j.k equal to 1, 2 and 3 which

comespond to X, y, Z in

Cartesian coordinate

reguction. The deposits can be reducec by
modifying the geometry of heat exchangers
(especially in plate heat exchangers) [10] and
surface properties of heat exchanger [13].
Cleaning in place (CIP) is one part of
cleaning systems which is used in large-scale
procuction. In the CIP system, chemicals in the
solution  tanks are circulatec through the
equipments by a supply pump. The flow circuit is
regulated by the pneumatic valves. At the same
time, pressure and temperature are recorded in
oroer to check the progress of cleaning.
Typically, there are five basic steps in the

cleaning procedure: 1. Prernse — rising with

shear stress. There is another study that related
to Gillham's study. Blel et al. [2] stucied the
gffect of turbulent pulsating flow to the bactera
removal in straight pipe. Pulsed flow can reduce
the number of bactera more than steady flow.

The bacteria removal s affected by the

chemicals from the surface; 4. 3anitizing -
rnsing  with  the sanitizer to  inactivate
microorganisms; 5. Postrinse - removal of
sanitizer with water from the system.
The cleaning efficiency is affected by chemical
concentration, temperature and fluid flow [4].
Therefore, one way to enhance the cleaning is
fluid flow adjustment. Gillham et al. [5] studiec
the effect of pulsed flow on cleaning
enhancement of whey protein soil in tube. The
results of this stugy show that pulsing both
increases the rate of cleaning and changes
cleaning rate behavior. Because reverse flow,
generated by pulsec flow, can increase wall
2. Material and Method
2.1 Flow domain and computational mesh
To investigate wall shear stress of
pulsed flow by using commercial CFD code, fluig
was flowed in a cylingrical pipe (22 mm inner

ciameter and 16320 mm length) mace of
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combination of amplitude ang frequency of
pulsating flow. Moreover, the recirculation of
pulsating flow induces high fluctuating shear rate
at the wall. This effect can enhance ceposit
removal as same as Gillham's study

Wall shear stress affects on the cleaning
rate as show in Table. 1. Thus, wall shear stress
could be consicered as one parameter which is

used to indicate the cleaning efficiency of flows.
Table 1 Models Expressing the effect of wall

shear stress on cleaning rates.

Relation Wall shear stress
range (Fa)
r=a+br, 1-14 [14]
hr=a+br, 0.19-7.8 [8]
mhr=a-bhr, 0813 [9]
hr=a-br, 1-50 £
In this stuay. a commercial

computational  fluid dynamics (CFD) code
[FLUENT®) was employed to predict the shear
stresses. generated by pulsed flow at the wall of
pipe, compare with the experimental cata which
was measured by Blel et al [1]. The effects of
amplitude, frequency and type of pulseo flow on
wall shear stress were investigated as well. The
expected results might e useful for the cleaning
in place enhancement in pipe and tubular heat
exchanger which is nomally usec in cairy

Process.

AL the inlet of cylincrical pipe, fluid
flowed with velocity as show in Table. 2. The
turbulence inlet  conditions were Set  as
turbulence intensity anc a hyoraulic ciameter.
The turbulence intensity varied with the mean
velocity of pulsed flow. The outlet was set as
outflow boundary and no-slip conditions were
applied to the wall. In the comparson between

the numerical cata and the experimental data,

stainless steel (average absolute roughness
0.3+£0.05um). The cylindrical pipe was separated
into 3 zones (Zene1 820 mm lengths, zone2 250
mm lengths and zone? 620 mm lengths) as in
Fig.1. Wall shear stresses were investigated in
zoneZ in order to eliminate the entrance and exit
effects as same as the experiment [1]. The
entire flow domain was created from blocks of

hexahecral and wedge mesh elements in

GAMBIT™. The total number of mesh elements
is 228,852 elements. Mon-uniform mesh in the
radial direction was performed to satisfy the 7
value limits (y™=5) valid for the enhance-wall
treatment which was used for wall shear stress

analysis as in Fig.2.

- Jone | o Jone ) e Zone 3 +

Fig.1 Flow gomain ithe cylincrical pipe with 23

mm inner giameter andg 1630 mm length).

Y
% \\—-—--1-"/‘-
Fig.2 Example of hexahedral and wedge mesh

elements in the racdial direction of flow comain.
2.2 Computational Methods

The finite volume method of CFD cocde
(FLUENT®E) was employed to investigate wall
shear stress of pulsating flow in cylinarical pipe.
Steady and unsteady conditions were assumed
for turbulent steadgy flow anc turbulent pulsating
flow, respectively. The velocity inlet could set as
a constant and pericdic function as in Eq. (1)-(4)

for steady flow and pulsating flow, respectively.
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fluic material was assigned to be electrolytic
solution. The density of the solution is 1028
kg/m® and its dynamics viscosity is 0.985 x 107
Pa.s. Meanwhile, water was adopted for the
analysis of wall shear stresses that are
generatec by varnous type of pulsed flow.

Table 2 Hydrodynamic parameters for each

pulsation condition

MNG. Mean Amplitude of Frequency of

velocity | the pulsations | the pulsations
(m/s}) (m/s) Hz}
A 1.47 0.40 2.50
B 1.21 0.73 2.50
C 1.03 0.60 2.86
o 1.02 0.81 1.66
E 0.78 0.73 2.50
F 1.02 0.20 1.66
G 1.02 0.40 1.66
H 1.02 0.50 1.66
1 1.02 0.60 1.66
J 1.02 0.70 1.66
K 1.02 0.81 2.86
L 1.02 0.81 2.50
M 1.02 0.81 1.00
N 1.47 0.00 0.00
o 1.02 0.73 2.50
P 1.54 0.73 2.50

The Reynolds stress,— pux’. | can be
related to the mean velocity gradients by using

Boussinesq hypothesis as in Eq. (7).
(e 2u)
— Pui . = f _
! | ox.  Ox )

Sine wave: u(x}:i—i—u‘! sin( 2 77%1) (1)

Square wave:

S
w()=u+ e S 12T ) @)

T ol ¥ A

Triangular wave:

=
ESS

T

ﬁﬂ”ﬂmmm(a

2)

u(t)=u+

Saw tooth wave:

2, ‘*_-"ccsn?f‘ ,
> [sin( 2n770)  (4)

T PR 1 r

In this stuady, fluic was assumed to be

ulf) =u+

constant object property anc incompressible.
Pipe was laic on horizon level; the effect of
gravitation could be ignorec.  Flow  was
performed under iscthermal conagition.

The numerical model was based on
solving the conservation of mass, momentum of
turbulent flow  which can e wrtten in the
Cartesian form of Reynolds-averaged Navier-
Stokes equations as in Eq. (5)-(6).

o o
L+ = (pu)=0 (5)

ot &x;

EI:JOU:J"',,L [puu] =
ct 6x; !

rate in each control volume. The SIMPLE

algorthm was appliec for the iteration procedure.

3. Results and Discussion
3.1 Mean Wall Shear Stress Predictions
Fig. 3 shows the comparison of mean

wall shear stress between the numerical data
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The turbulent viscosity, i, , in BEq. {7} can be
geterminec from turbulent kinetic energy, k, and
turbulent dissipation rate, £. Both of k and £
are obtained from RNG k- £ model in Eq. (8)4(9)
which was more accurate and reliable for a
wider class of flows than the standard k- £
moaoel, especially for prediction of the wall shear
stress [7]. Due to the k- £ models are not valid
in the near wall region. Thus, enhance wall
treatment was added to captured flow behavior

in viscous sub-layer.

Dk _ ¢ ifo« 8&“-+ §*—pe. (8
}C’ DI - ax”:. !\ -.Ur-‘!e,l;'f = : ;U:t JG g
pe &l ge |
_ =1 aa#:'""_ 1
D o Y ogx |
AN ) ©)
E i bl - 3
+_[\C1=JU:S‘ _pC|Iz€_]
k
Where f, = U+ 1, (10)
()
(12)
(12)
(14)

The second order upwing difference
scheme was chosen to  precict momentum,

turbulent kinetic energy and turbulent dissipation
same mean velocity of flow, the amplitude of

pulsations is more effective on mean wall shear
stress than the frequency when analyzed by

numerical simulaticn as in Fig. 4-5.

and the experimental data. Both of the numerical
data and the experimental data show that mean
wall shear stress increases with mean velocity of
flow. However, there are some differences

between the numerical gata and the

experimental data.

1z

B Experivents|

o, results
[-u ]
- B Mumericel
ga resilts
@
.
= o
E I
B
=
@ .
@ L

a

A B c C E M

Cases
Fig.3 The comparison of mean wall shear stress
between the numercal oata anc the
experimental data.

The comparison of mean wall shear
stress between pulsed flow (case A) and steacy
flow (case N) is seen that there is no difference
between them when they are analyzed by
numerical simulation [12]. Whereas, mean wall
shear stress of pulsed flow is higher than mean
wall shear stress of steady flow in the
experiment. Additionally, for the experimental
results, the frequency of pulsations is more
effective on mean wall shear stress than the
amplitude when the mean velocity is the same

(Case C and D). On the other hang, for the
3.2 Wall Shear Stress Distribution of pulsed
flow

Because of the entrance effect, wall

shear stress is highest at the inlet of pipe. Then
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Fig.4 The effect of amplituce of pulsations on

mean wall shear stress by numerical simulation.
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Fig.5 The effect of frequency of pulsations on
mean wall shear stress by numerical simulation.

These differences are caused by the
difference of the methodology of wall shear
stress measurement between the experiment
and the simulation. Electrochemical technigue
[1], which considers mass transfer of the

chemical in the flow in form of Sherwood
number and transform it into wall shear stress,
were used to measure wall shear stress in the
experiment. Meanwhile, for the numercal
simulation, wall shear stress was obtained by
solving the  Reynolds-averaged Navier-Stokes
equations which coes not consider mass transfer

of the chemical in the flow.
3.3 The Effect of Type of Pulsed Flow on Wall
Shear Stress by Numerical Simulation

Wall shear stress comesponds to the
velocity inlet function as shown in Fig. 8 When
the velocity inlet is sine or square function, the
varation of wall shear stress with time is sine or

square function as well.

wall shear stress is decreased to the finite value
when flow is fully developed as show in Fig. 6.
This phenomencn can be seen in every kind of
flows, including pulsed flows, except the flow
whose velocity is changed immeciately such as
pulsea flow with square function of velocity inlet.
When velocity inlet is change suddenly. there is
reverse flow near the wall of pipe. This flow
causes the increasing of wall shear stress as in

Fig. 7.

Fig.6 Wall shear stress distribution of general

pulsea flow in pipe.

Fig.¥ Wall shear stress distrbution of pulsed

. crogr

flow with square function of velocity inlet at the

time that velocity inlet changes sucdenly.

i

Mean velocity inlet (ms)

. ¥ = 6.5965x - 1.873 r
= - Bi=posad
e
£ £
55 ,/‘:
=t Py
-Es
I:;
81
=
[
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Fig.8 The varation of velocity inlet () and wall
shear stress () with time for sine wave.

Mean wall shear stress increases with
mean velocity inlet, amplitude and frequency of
pulsation. Mean welocity inlet is the most
effective on the mean wall shear stress as in Fig.
4.5 ang 9 Maximum wall shear stress and
frequency of wall shear stress are also
proportional to mean velocity inlet, amplitudge
and frequency of velocity inlet, respectively.

Mean wall shear stress is also affected
by type of pulsec flow as Fig. 10. When pulsed
flow ehaves like rectangular wave, it generates
the highest wall shear stress. Meanwhile, mean
wall shear stresses, which are generated by saw

tooth, sinuscidal anc triangular wave, are not
statisticalty cifferent. Therefore, only wall shear

stress analysis is not encugh to clanfy the
cleaning efficiency of different type of pulsed
flow. Consequently, the force accumulation on
the surface deposit, which is generated by
gifferent type of pulsed flow. should be

investigated for future work.
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